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1. WHY STUDY GALOIS REPRESENTATIONS?

Here we discuss the link between analytic L-functions and L-functions attached to varieties.
Let F' be a number field and X a smooth projective variety over F'.
Define the partial Euler product

Cx(s) = H ¢(X moduw,q, ?), Re s >qim x 0.
v good place of F

Here X modv denotes the smooth projective variety over k(v) ~ F,, obtained by reduction of a smooth
proper model of X over the valuation ring of F,.

Example. Let X be an elliptic curve over F. Then
* 1_aq178+q1£_23 * * * —
Ce(s) = H 1 1:5 1 T—s = ("F(s)(p(s—1)L*(E, s) 1’ ay = @+ 1-#E(k(v)).
E has good reduction at v ( ~ )( v )

We would like to do the following.

(1) Fill in the “bad” factors to obtain an L-function with a good functional equation, analytic contim-
ation, etc.
(2) Relate (% to arithmetic properties of X. (E.g., Birch-Swinnerton-Dyer conjecture, etc.)

A clue for (1) comes from Artin representations:

Gr = Gal(F/F) ! GL(W) = fd. v.s./C

P

Gal(F'/F) = Gal. gp. of finite Gal. extn.
Note that F'/F is unramified at all but finitely many places. We define the Artin L-function of p to be
L(s,p) = H det([1 — p(Froby)q, *]|wr ), W» = subspace of W fixed by inertia at v.

v

Grothendieck gave a related description of (% using continuous p-adic representations
Gr — GL(Hét,c(va Qp)) =: GL(W").

These are unramified almost everywhere, including at all good places away from p. Here the ith cohomology
group W* above vanishes for 7 > 2dim X. Grothendieck proved that if we remove the contribution of p-adic
places to (% (s) then

Cls) =[] L7 (s, ),
where L*(s, W?) is like the Artin L-function without the “bad” factors and the p-adic places:

L*(s,W%) = H det([1 — Frob, g, *]|w) "
good vip

Note: The expression for L*(s, W*) requires some care, since g, * is a complez number acting on a p-adic

vector space. What has to be proved is that the characteristic polynomial for the action of Frob, on W*
has rational coefficients (and is independent of p), so evaluation using ¢, * makes sense (and the Riemann
Hypothesis ensures absolute convergence of the product in a suitable right half-plane depending only in
dim X).

We conclude from all this that it is a good idea to study L-functions of reasonable p-adic representations.
Representation theory can often be used to fill in the bad factors later.



Eternal dangerous bend: The case of v|p is tricky! The complication is that “unramifiedness” is not

the right notion corresponding to “good reduction” for p-adic representations of Galois groups of p-adic
fields.

2. MODULAR GALOIS REPRESENTATIONS AND MODULARITY LIFTING THE OREMS
Definitions.

Definition. A p-adic representation of G is a continuous linear representation p : Gp — GL(W), where
W is a finite dimensional vector space over a p-adic field K (i.e. a finite extension K/Q,) and p is unramified
at almost all places v of F'.

Example. The repsentation V,(E) = T},(E) ®z, Q, arising from the Tate module of an elliptic curve E over
F is historically the first really interesting example.

Example. Etale cohomology, with compact support: W = Hét (X%, Qp) for any separated F-scheme X
of finite type. (Note that this is unramified at all but finitely many places, even if X is not smooth. The

proof rests on properties of constructible ¢-adic sheaves.)

Remark. In the definition of a p-adic representation it is equivalent to take the coefficient field to be @p,
because of the following fact: any compact subgroup of GL, (@p) is contained in GL,, (K) for a finite extension
K/Q,. The proof of this uses the Baire Category Theorem. [Warning! It is false if we consider C, instead
of @p!] So we could do everything over @p, but we will find it more convenient to take the coefficient field
K to be locally compact.

Definition. A mod p representation of G is a continuous representation 5 : Gp — GL(W), where W is a
finite dimensional vector space over a finite extension k/F,. Note that GL(W) is thus a discrete topological
group, so the continuity condition entails that p factors through a finite Galois group Gal(F’/F).

Example. The p-torsion of an elliptic curve: E[p](F) ®p, Fpr.
Example. Etale cohomology: H: (X7, Z/pZ).

ét,c
Remark. It is “equivalent” to take the coefficient field to be F,.
Reduction of Galois representations.

Proposition. Any p-adic representation p : Gp — GLx (W) has a Gp-stable Og-lattice A C W3 i.e. p
induces a map p: Gp — GLo, A = GL,(Ox) - GL, (k) where k = O /m. O

(Here by a lattice we mean a finitely generated O g-submodule of W such that K ®¢, A = W.) It is not
hard to see that the characteristic polynomial of p is independent of the choice of lattice A.

Theorem (Cor. of Brauer-Nesbit Theorem). Let p** = @{Jordan-Holder factors of p}. Then p°° has the
same characteristic polynomial as p, and is determined up to isomorphism by its characteristic polynomial,
and is therefore independent of the choice of A.

In light of the theorem, we shall henceforce call p*® “the” reduction of p. Here are a bunch of things to
watch out for:

(1) p°° is often denoted p, even though it is certainly not just the “reduction mod p” of p in general.
(2) P°° may be unramified at some places where p is ramifield. For example, if p(I,) C 14+ m-Mat, Ok,
then the inertia at v simply “disappears” mod v.
(3) If p*¢ is irreducible, then in fact the only stable lattices in W were of the form 7¢A, where 7 is a
uniformizer for K and ¢ € Z.
(4) Irreducibility is not the same as absolute irreducibility = irreducibility over k.
(5) p might be absolutely irreducible over K, yet 5°° could be not only reducible, but even completely
trivial! (Hence completely reducible...)
Exercise: If p is reducible then any Jordan-Holder filtration of p induces a similar filtration for p**. So the
last warning above is “one-directional”.
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Modular Galois representations. Let f € Si(T'1(IN),x) be a Hecke eigenform of weight k& > 1. Let
Ky C C be the field generated over Q by all the Fourier coefficients as(f) of f for primes £{ N. Then K is
a number field containing the values of the Nebentypus x. Let A be a place of Ky lying over p.
Theorem (Deligne, Deligne-Serre, Ribet). There exists a unique continuous irreducible p-adic representaion
pra: Go = GLo(Ky )
unramified at all £ Np, such that for all such £ we have
sum of eigenvalues of Froby = Tr(py x Froby) = as(f)[= T (¢)-eigenvalue of f]
and
detopry = x- 6];_1
where €, : Gg — Z,; C OIX(M 1s the p-adic cyclotomic character.

In particular, for £ Np, the characteristic polynomial of ps x(Froby) is
2 — ae(f)t+ X(f)fkil S Kf[t] C Kf’)\[t],
a non-obvious integrality property. Note that this polynomial is independent of \.

Remark. The independence of A and the precise control on the unramified primes implies that the collection
{ps.r}x is a “compatible” family of of representations, with respect to Ky-characteristic polynomials, just
like {V,E}, is a “compatible” family of representions with respect to Q-characteristic polynomials. Cf.
Serre’s book Abelian (-adic representations.

Let us look at the partial Artin L-functions
1

—1
L = det (1 — Froby) - £7° = =L .
<S7pf7>\) H e ( pf,)\( To @) ) H 17a£(f)€75+X(£)€k7172s (Saf)
UtNp YUNp
Remark. Note that for a complex conjugation ¢, det ps x(c) = x(—=1)ep ' = (=1)*(—=1)*"1 = —1, so all the

representations produced by the theorem above are odd!

Now consider the (semisimplified) reduction p; , : Gg — GLa(ky »), which is continuous and semisimple,
but might be reducible. In general, we say a mod-p representation p is modular if it is isomorphic over Fp
to some py y.

Just suppose p; ) happens to be absolutely irreducible. By the last remark, it, too, is odd. Serre’s
conjecture is concerned with when mod-p representations with such properties are in fact modular.

Note that py, does not determine k£ or N. There could be congruences “g = f” modulo A for some
eigenform g € Sy (T'1(N'), x') (with the congruence taken in the sense of Fourier coefficients, say, relative to
a p-adic place of Q over A\ on K and some chosen p-adic place of K;). This would imply that P = Pg -
This is actually abusive notation, since to obtain such a comparison, we might need to extend scalars on the
residue fields of these reductions.

Wiles’s insight. The prototype of a modularity lifting theorem is the following.

Theorem (Not really a theorem). Given any p-adic representation p : Go — GL2(Q,) such that p is
irreducible and modular over Fp, and p is “nice” (at p, in the sense of p-adic Hodge theory!) then p is
modular.

In this seminar, we’ll focus on those p such that
oo, ~ (5 0,)
where D, is the decomposition group at p, ¥» is an unramified character, and v; is e’;_l times an unramified

character. These representations are “essentially like the ones that come from elliptic curves with good
ordinary reduction at p”.



3. APPLICATIONS OF THE METHOD

Serre’s conjecture.

Sato-Tate.

Gross-Zagier, Heegner points, Kolyvagin (need to provide a finite map Xo(Ng) — E over Q, which
is done via Faltings’ theorem and the “modularity” of Vy(FE)).

FLT. (Modularity of the Galois rep. attached to the Frey curve.)



Lecture 2: Serre’s conjecture and more
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Fix embeddings Q < C and Q — Q,,, and let k denote a finite subfield of the residue field of Q,,.

1. SERRE’S CONJECTURE

Here’s the conjecture:

Let p: Gg — GL2(F,) be irreducible and odd. Then there exists a newform f whose Galois representation
py : Gg — GLy(Q,) satisfies p; = p. (Here p; always means semisimplication!) Moreover f is of level N (p)
and weight k(p) to be discussed below.

Remark. Apropos of reduction mod p: If V is a Q,-vector space and G C GL(V) is a compact subgroup,
then there exists a G-fixed lattice in V for the following reason. Pick any lattice L C V. Then the G-stabilizer
of L is open and of finite index. So A = dec gL C V is also a lattice, and it is definitely G-stable. The

same works with coefficients in any finite extension of Q,, or even in @p (since we saw last time that in this
latter case the image is contained in GL,(K') for some subfield K of finite degree over Q.

The level N(p). Serre conjectured that N(p) = Artin conductor of 7, which has the following properties.

e (p,N(p)) =1
e For ¢ # p, the f-adic valuation ordy; N (p) depends only on p|,, and is given by

ordy N (7) = ; m dim(V/ V%)

Here, we set K = lerz to be the the field cut out by p, and G to be image under p of the lower-

numbered ramification filtration at £ of Gal(K/Q). In other words, if w is a place of K over ¢,
then

Gj=p{o el |ordy(ox —x) > j,Vo € Ok w}.
The filtration goes

G():ﬁ(.[g) DG DGy D -

The first step is of index prime to ¢, while the latter groups are all /-groups. If K is tamely ramified
or unramified at ¢, then ord, N(p) = dim(V/V!¢). The Hasse-Arf theorem ensures that the proposed
formula for the ¢-adic ordinal above is actually an integer.

The weight k(p).

Theorem (Deligne). Suppose f is a newform of weight < p and level prime to p (so x¢ is unramified at

p). Suppose f is ordinary at p, meaning a,(f) € Z;. Then py has a unique I-dimensional unramified

quotient; i.e.
— k—1 *
pf|Dp ~ (awo ﬁ)

for unramified characters o, 3 : D) — F; and w the mod-p cyclotomic character.

It follows that
— wk—l *
pfle ~ ( 0 1) .
This can be seen concretely in the case of elliptic curves E with ordinary reduction: for py = V;(E) the
“connected-étale sequence”
e — &P — Ep"]/EP")°

associated to the p™-torsion on the Néron model € has last quotient is unramified. Now take limits on generic
fibers to deduce the theorem in this case.



Serre conjectured that

k(D) == 1+pa+b “most of the time”
- l+pa+b+p—1

is the minimal weight at prime-to-p level. Here a < b are integers to be defined below. In the ordinary, low
(< p) weight case, a =0,b=k — 1.

We need to detour into the structure of I = I, C Gg. By definition I, < I — I;, where I,,, the wild
ramification group, is the largest pro-p subgroup.

Proposition. I; =2 Hom(Q/Z, F;) = lim_ For = Ty Ze(1). O

Think: Z minus the p-part. The Tate-twisting notation records how the canonical Frobenius element in
D, /I, acts on the abelian quotient I; of I,. The map from left to right is g — g(6,.)/6, where 2=1 = p.
The action of Frob, € D, /I, is by raising to the pth power on the right side. The composite quotient map

¢T : It %F;r

is called the level-r fundamental character, though the more canonical collection is its p-powers (thereby
being “independent of the choice of F,”).

We can deduce that

(ﬁhp)ss = ()8 )?2) :

To see this, note that p is assumed irreducible. On one hand I, is pro-p, so by a counting argument it
must fix a nontrivial subspace when acting on a vector space over a finite field of characeristic p. On the
other hand I, /I, is abelian, so it has no irreducible 2-dimensional representations. Hence P, is not itself
irreducible; i.e. it is upper triangular, so its semisimplification splits as a direct sum of characters.

Now since p|7, extends to a representation of Dy, the pair {x1, x2} must be preserved under the Frobenius
action of D,/I,. In other words, we have

{xﬁ’ =Xx1 or {x‘f = X2 x’fz =Xx1

Xo = X2 X5=x1 x5 =x1

In the first case, each, x; factors through I; — F’. In the second case, each y; factors through I; — IF;.
So in the first case we can write x1 = w?, x2 = w’ for 0 < a < b, where w : I; — l'mIF;r — [ is the mod-p

cyclotomic character. In the second case we can likewise write y; = ¢*tP?, x5 = P+ where ¢ : I, — F;z
is the level-2 fundamental character. These are the a,b in Serre’s conjecture.

The exceptional case k(p) = 1+pa+b+p— 1. Now we address where this case comes from (but without
precisely defining it). Consider the special cases

A, ~ (1)
and

plr, ~(571).
In the first case the guess is k(p) = 3. In the second case the “standard” guess (a = 0,b = 1) is k(p) = 2.
But a naive combinatorial estimate says that the number of representations of the second type is roughly
twice as much as the number of the first type. On the other hand these are certainly fewer modular forms
of weight 2 than of weight 3. The “corrected” guess of p 41 for the second case when a = 0 and b = 1 could
provide the necessary extra modular representations.

Note: p|p, “comes from” a finite flat group scheme over Z, if it arises in weight 2; this property depends

only on the restriction to inertia, and it can be characterized in purely Galois-theoretic terms. This leads to
a special case in Serre’s conjecture related to the case k(p) = 2.



Emerton on Serre’s conjecture. Matt Emerton has a version of “modp local Langlands” which gives
the following picture. There is a natural action of GLy(Ay) (with Ay the finite adeles) on

HomGQ (ﬁ’ @Hl (X(N)’FP)) = ®7Tq(p)7

where the right side is a “factorization” into local “mod p automorphic” representations. Here m,(p) is finite
length but not necessarily irreducible, and depends only on p|p,. Supose p = p; for f € SP°V(N). Then in
fact

p— H'(X(N),Sym* 2 F).

Here Symk_2 FIQJ is viewed as a local system on X (V) as the Tate module of the “universal elliptic curve”
(up to some subtleties at the cusps). The right side is almost the same as [need to clarify appearance of
GL2(Z/pZ)-invariants below)

(Hl(X(N(p)) F )®Symk QF )GLz (z/pz) ®7T lc(Np ®Symk QF )GLZ(Z/pZ 0

[This needs to be extended a bit more to explain the relation with “independence” of the N and the k in
Serre’s conjecture.]

2. HECKE ALGEBRAS

Let V. = S3(T(N)) for N squarefree. Let T C End(V) be the Z-subalgebra generated by all Hecke
operators T'(p),pt N and Up, p|N. (Recall that U, : Y~ ang™ — > anpq™.)
Fact: T is finite over Z.

Proof. One approach is to show that T preserves a lattice in V', by using the arithmetic theory of modular
curves (with models over Z). An alternative which is easier to carry out rigorously and involves just topo-
logical/analytic tools is to embed V into H!(Xo(N),C) and extend the T-action to this space and prove it
preserves the lattice of integral cohomology (which can also be studied in terms of group cohomology). This
will be addressed in all weights > 2 in Baran’s later lecture. O

Fact: The natural map from T¢ := T ®z C onto the subalgebra C[T'(p),U, | p € Z] C End(V) is an
isomorphism; that is, T¢ acts faithfully on V. This will also be proved in Baran’s lecture (in any weight at
least 2).

Fact: V is a free T¢ module of rank 1.

Proof. Tt is enough to construct a cyclic vector f; i.e., T — T f gives a surjection T¢ — V. (It is automatically
then injective since T acts faithfully on V.) By multiplicity 1, we have V' = @, . forms s, Vi where V; is the
generalized Hecke eigenspace corresponding to f;. It suffices to check the existence of a cyclic vector for
each V;, due to the Chinese Remainder Theorem for coprime maximal ideals of T¢ (which corresponding to
eigenforms). The existence of a cyclic vector for each V; can be done explicitly. (I

By the last fact, H'(Xo(N),C) = V @& V is free of rank 2 over T¢. Consequently H'(Xo(N),Q,) is free
of rank 2 over ']I‘— The latter is Tg -linearly isomorphic to H (Xo(N )5 Qp) which also has a Gg-action
(that is Hecke equwarlant due to an alternative way to define the Hecke action via correspondences between

modular curves over Q). So we obtain a “modular” Galois representation:

Gg — GL, T@P

GLo(‘integral’)

We'd like to produce a Gg-stable Ty —lattlce inside our rank 2 ']I‘ module. This approach gets involved
with delicate commutative algebra propertles of integral Hecke algebras (Gorenstein condition, etc.), and in
more general settings it is simpler to bypass such subtleties at the outset. So we will use a slicker method
with wider applicability which avoids making such a Hecke lattice.
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Example. Counsider level N = 33. Then dim(S2) = 3. The cusp forms in question come from two elliptic
curves. The first y? + y = 3 £ 22 has conductor 11, giving rise to

F=a]J=¢")?(—¢"") =q—2¢" — ¢* + 2¢* + ¢" £ 2¢°

of level 11, hence f'(z) := f(3z) is level 33. The second y? + zy = 2® + 2% — 11z gives rise to g =
g+ ¢*+ ¢ — ¢* —2¢° + 240 in level 33. Observe that f = g mod 3, which is no accident. Indeed, the Hecke
algebra T acting on the lattice Zf & Zf' & Zg in Sy is generated over Z by Us, which acts by

9= =g, f = f, f—f=3f.
From this we can find
T = Z[z]/(z + 1)(z® + = + 3).
So SpecT lying over SpecZ has two irreducible components,
SpecZ = SpecZ[x]/(x + 1), SpecZ[z]/(x* + x + 3),

which happen to meet at the fiber over (3) € SpecZ. (This is precisely the reason for the congruence observed
earlier, as we will see in a moment.) The fiber in question consists of a single maximal ideal m € Spec T, the
kernel of
T %% 7 .

If we consider the completed localization Ty, then we claim that after a suitable conjugation, Gg — GLQ(T@3)
factors through GLg(Ty,). Once this is done, then using the two specializations Ty, — Zs corresponding to
the two elliptic curves then recovers the 3-adic Tate modules of these elliptic curves as deformations of a
common mod-3 residual representation.

But how to make the representation land in GLy(Ty,)? Consider the 3-adic eigenforms associated to min-
imal primes of T below m, of which there are 2 and so actually the ones from the elliptic curves above (for
a unique prime over 3 in the quadratic field associated to the second component of T). This gives represen-
tations from Gg into GL2(Z3) which are conjugate modulo 3. One checks that these mod-3 representations
are irreducible, and hence absolutely irreducible (due to oddness). Thus, the local fiber product ring

R=17Z3 XF3Z3={(&,b)€Z3XZg|aEmed3}

contains S = Ty and we get a representation Gg — GL3(R) upon fixing an isomorphism of the mod-3
reductions. Note that the traces in R at Frobenius elements away from 3 and 11 all lie in .S, since Ty € T “is”
the trace (as can be checked modulo each minimal prime of the reduced Tg, ). This is the key to descending
the representation into GLa(.S), as we explain next.

3. DESCENT FOR (GALOIS REPRESENTATIONS

Let R be a complete local ring with maximal ideal mg. Let p : Gg — GL,(R) be residually absolutely
irreducible and continuous. Suppose further more that p is odd. Let S be a complete local subring of R with
local inclusion map, so mg = mg N S and we get an induced isomorphism of residue fields S/mg = R/mg.
Assume that trp(g) € S for all g € Gg.

Theorem. If n = 2 and the residue characteristic is not 2 then some GLa(R)-conjugate of p is valued in
GL2(S).

Proof. The argument is elementary, and apparently due to Wiles. By oddness, we can assume (é 91) € imp.
For any (%) € imp, the trace 2a = tr((24) + (24) (§ °)) liesin S, so a € S. Similarly one finds d € S.
By residual irreducibility there is g € Gg with p(g) ~ (* %) where u is an R-unit. Conjugate by (49), and
we find that p(g) ~ (* 1) for some g. Messing around with this and the previous idea, one can condude that

b,c € S as well. O

Note that the preceding argument did not use the completeness of S. Now we use it. [Where do we ever
use completeness of R or S below?] Taking S and R as above, and imposing no hypotheses on n or the
residue characteristic, we have:

Theorem. Assume p: G — GL,,(R) is residually absolutely irreducible, where G is any group at all. Then
some GL,(R)-conjugate of p is valued in GL,(S5).



Proof. By Jacobson Density and the residual absolute irreducibility of p, there exist
Z1,..., 22 € p(G) C My (R)

such that Z; span M,(k), where k = R/mpg is the residue field. It follows that the x;’s themselves freely
span M, (R). (Relate them to a basis by a matrix; the reduction of that matrix mod mpg is invertible over
k, so it must be invertible over R itself.)

Let B be the S-submodule of M, (R) freely spanned over S by the z;. It is free of rank n2. The claim
is that B is in fact an S-algebra containing p(G). To see this, take y € p(G). We can write y = > a;x; for
a; € R. For each 1 < j < n?, the trace tr(yz;) is equal to >, a; tr(z;x;). Consider the matrix

(tr(ziz;)) € Mp2S.

Due to non-degeneracy of the trace pairing for matrix algebras over a field, a matrix of traces of products
of basis elements for a matrix algebra over a field is invertible. So the reduction of this matrix mod mg (the
same as its reduction mod mg) is invertible. Hence it is invertible itself, so the a; are in S and hence y € B.
Thus, p(G) C B. In particular 1 € B. It’s not hard to check B is closed under multiplication, so it’s a finite
S-algebra that is free of rank n? and contains M,,(S).

If &/ denotes the residue field of S, then since the map M, (S) — M,(R) induces the injective map
M, (k") = M, (k) modulo maximal ideals we conclude that the inclusion M, (S) — B induces an injective
map M, (k') — B ®g k'. But B ®g k' has rank n?, so M,(S) — B is a map between finite free S-modules
of rank n? and induces an isomorphism modulo mg. Thus, it is an equality. 0

4. UNIVERSAL DEFORMATION RING

As before let k be a finite field and p : G — GL,, (k) an absolutely irreducible representation of a profinite
group G. A lifting of p over a complete local Noetherian ring A with residue field k is a representations
p: G — GL,(A) equipped with an isomorphism p ® 4 k = p. We will be especially interested in the case
when G = Gq,s, the Galois group of the largest extension of Q unramified outside of a fixed finite set of
places S, or when G is the Galois group of a local (especially p-adic) field. These groups satisfy a certain
finiteness property ®,: their open subgroups have only finitely many indexs open subgroups.

Claim. Assume that G satisfies ®,. There exists a complete local noetherian ring Rz and a deformation
puniv : Gg,s = GLy(R5) such that for any deformation (p4, A) there exists a unique ring map Rz — A such
that pa factors through pusiv, up to residually trivial conjugation. (Here the map GL,(R5) — GL,)(A) is
induced by the map R; — A.)

The proof of this will be explained next time by Mok.

Example. Let G be a finite group of order not divisible by p and consider G % GL,, (k) where the charac-
teristic of k is p. Then R; = W(k), the ring of Witt vectors for k. This will follow from the vanishing of
p-torsion group cohomology for G and the computation of the “reduced” cotangent space to the deformation
ring as in Mok’s talk next time.

Example. Suppose 7 : Gg.s — GLa(k) is odd, and H*(Gg, Ad®(5)) = 0. Then Ry = W (k)[X1, X2, X3]. So
generically, one expects the universal deformation ring to be 3-dimensional over W (k).

5. HECKE ALGEBRAS AGAIN

Let p : Gg,s — GLa(k) be absolutely irreducible. Pick a level N. Let fi,..., f be all the newforms of
weight 2 and level dividing IV, such that p; ~ p ® F,; we assume this set of f;’s is non-empty! Let f; have
coefficients contained in K;, a number field with maximal order O;, and let O; » be the completion of O; in

Q.-
Let T be the W (k)-subalgebra of [ O; spanned by the images of all the T'(¢) with (¢, Np) = 1.

We have a map T — O; » — F, sending T'(¢) to tr p(Froby), independent of i. Call the kernel m C T, and
let Ty, be the completed localization. Thus, the representation

pri : GQS — GLQ(H O@,\)

admits a conjugate valued in GLg(T,,), by using the same kind of argument carried out earlier with the
elliptic curves of levels 11 and 33. Note that the residue field of Ty, is equal to k.



By universality of R we obtain a local W (k)-algebra map R; — T, satisfying tr pFrob, — T'(¢), so
this map is surjective. An R = T theorem says that this map identifies Ty, with a certain quotient of Rz
determined by local data. (In practice one needs some more flexibility, such as to include a Hecke operator
at p, or to impose determinant conditions, to invert p before claiming to have an isomorphism, etc.)
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Let G be a profinite group and p : G — GL,, (k) a representation defined over a finite field k of characteristic
p. Let A be a complete discrete valuation ring with residue field k, e.g. A = W (k). Let Cp be the category
of artinian local A-algebras with residue field k, and local morphisms. Let @A be the category of complete
Noetherian local A-algebras with residue field k, i.e. the pro-category of Cy.

1. DEFORMATION FUNCTORS

Define Def(p) : €y — Sets by
Def (p)(A) = {(p, M, 1)}/ ~
where M is a free A-module of rank n, p : G — GL4(M) is a continuous representation, ¢ : p @4 k = p is
an isomorphism, and two such triples are equivalent when the representations are isomorphic in a manner
which respects the ¢’s. Define the framed deformation functor Def" (p) by

Def™(p)(4) = {(p, M. 1. )/ ~
where [ is a basis for M lifting the standard basis for ™ under ¢. Morally, Def" is the set of liftings of p
into GL,, (4).
There is a forgetful functor Def” — Def.
Equivalent definitions are

Def2(p)(A) = {p: G — GL, A| p mod m4 = 7},
Def(p)(A) = Def2(5)(A) /(conjugation by T, (A) := ker(GLy (A) = GL,(k))).
Note: it is easy to see that Def=(p)(A) = Jim, Def" (p)(A/mY). It is also true (but requires an argument)

that Def (p)(A4) = Jim, Def (p)(A/m%)). In other words “we can compute these functors on the level of artinian
quotients”, so we just need to consider them on the category Cj.

2. p-FINITENESS

We cannot hope to represent Def(5) or Def™(p) in Ca (which only contains Noetherian rings) unless G is
“not too big”.

Definition. We say G satisfies the p-finiteness condition if for every open subgroup H C G of finite
index, there are only finitely many continuous group homomorphisms H — Z/pZ (i.e., only finitely many
open subgroups of index p). (This holds if and only if for any such H, the maximal pro-p quotient of H is
topologically finitely generated.)

We are interested in two cases.

(1) G = Gk for alocal field K finite over Q; (allowing £ = p!).
(2) G = Gk,s for a number field K and S a finite set of ramified primes.

In case (1), H = Gk for a finite extension K'/K, and the p-finiteness condition follows from the fact
that the local field K’ of characteristic 0 has only finitely many extensions of any given degree (such as
degree p). For (2), H corresponds to some finite extension K’/K unramified outside of S, so the index-p
open subgroups of H correspond to certain degree-p extensions of K’ unramified away from the places of
K’ over S. Thus, the p-finiteness follows from the Hermite-Minkowski theorem, which says that only
finitely many extensions of K of bounded degree unramified outside S.

Returning to the general situation, assume G satisAﬁes p-finiteness. By Schlessinger’s criterion, we will
eventually see that Def" (p) is always representable in €y, so there exists a universal framed deformation ring
RﬁD € @A and a universal framed deformation pﬁD satisfying the natural universality property. We will also
see that Def(p) is itself representable by a universal deformation ring (Rz, pusiv), at least when Endg (p) = k.
This will be the case if p is absolutely irreducible, and also if n = 2 and p is a non-split extension of distinct
characters.



3. ZARISKI TANGENT SPACE TO THE DEFORMATION FUNCTORS

Let k[e] denote the ring of dual numbers of k. The tangent space to a functor F : Ca — Sets is
F(k[e]) =: tp. Initially this is just a set; the hypotheses of Schlessinger’s criterion give it a natural structure
of k-vector space (compatibly with natural transformations in F).

Let V' € Def(p)(k[e]) = tpet()- Then by definition there is given a specified isomorphism V/eV = 3, so
we obtain an exact sequence

0—=eV—->V—=>p—0.

But it is easy to see that €V is naturally k[G]-isomorphic to p as well. Hence we see

Ipet(p) = Ethlc[G] (p,p) = H'(G, Ad(p));
this respects the k-linear structure on both sides.

More explicitly, given p € Def™ (5)(k[e]) we can write p(g) = p(g) + e®(g)p(g) for ®(g) € Ad(p). One can
compute that the condition that p is a group homomorphism is the 1-cocycle condition on ®. So tp 0 @ =
ZY(G,Ad(p)). Similarly one checks that two framed deformations are conjugate under I'o(kle]) = I, +€M,, (k)
if and only if their associated cocycles differ by a 1-coboundary. We conclude that tpesz) = HY(G, Ad(p)),
and

dimy, BY(G, Ad(p)) = dim Ad(p) — dim H*(G, Ad(p))
is the number of framed variables. The p-finiteness hypothesis says precisely that dim Z', dimH' < oo.
If moreover Endg(p) = k then h°(G, Ad(p)) = 1, and we are in the representable situation. The forgetful
functor DefZ(5) — Def(p) induces a map R; — R%', which turns out to be formally smooth, and thus
realizes R'ﬁ:' as a ring of formal power series (in some number d of variables) over R;. The number d is
precisely the number of framed variables, which in this case is n? — 1.

Concretely, what is going on is that if p has only scalar endomorphism (so likewise for any lifting of p)
and we consider the universal deformation R; then to “universally” specify a basis which residually lifts
the identity is precisely to applying conjugation by a residually trivial matrix which is unique up to a unit
scaling factor. And we can eliminate the unit scaling ambiguity by demanding (as we always may in a unique
way) that the upper left matrix entry is not merely a unit but & equal to 1. Thus, the framing amounts
to specifying a “point” of the formal Rz-group of PGL,, at the identity, which thereby proves the asserted
description of the universal framed deformation ring in these cases as a formal power series ring over Ry in
n? — 1 variables. To be explicit, over

R7(p) = RD)[Yisli<ij<n, )20,
the universal framed deformation is the lifting puniv equipped with the basis obtained from the standard one
by applying the invertible matrix 1, + (Y; ;) where Y7 := 0.
It must be stressed that we will later need to work with cases in which 7 is trivial (of dimension 2), so Rj
does not generally exist. This is why the framed deformation ring is useful.

4. REFERENCES

e Mazur’s articles in “Galois groups over Q” and “Modular Forms and Fermat’s Last Theorem”.
e Kisin’s notes from CMI summer school in Hawaii.

5. MORE ON ZARISKI TANGENT SPACES TO DEFORMATION FUNCTORS

From now on fix G to be either G for local K or Gk g for a number field K. Fix 5 : G — GL, (k) and

suppose the characteristic of the finite field k is p. If F' is a deformation functor represented by R € éA,
recall that

F(A) = HomA_alg(R, A), tr = F(k’[e]) = HOIIIA_Bng(R7 k[e]) = HomA_alg(R/(m% + mAR), k‘[e])
The last equality is because the A-algebra maps are local morphisms, so in particular they send mg to ek[e],
and hence m% to zero. But by general nonsense we have
mpg

2
:k _
R/(m%z + mpR) @m%+mAR’



where the second summand is square zero. Thus we see
mpg

tp = Homy(—————,
F k(m%aLmAR

k) =tg,

where for A € @A we define the reduced Zariski cotangent space of A to be
m4 +mpR’

*

(2

Ezercise. Fix a map A % Bin @A. Then f is surjective if and only if ty « t) — tp is surjective. [Use
completeness... it’s a Nakayamal’s lemma sort of thing.]

A corollary of the Exercise is that if d = dimy, tp = dimy, t}; then we can pick a k-basis z1, ..., zq of t}, lift
it to a collection ; € mr C R, and then the map A[X7, ..., Xy4] — R sending X; to Z; will be surjective. A
priori bounds for the number of generators in the kernel (and hence on the dimension of R) can be obtained
by estimating certain H?s in the cohomology of G, which will be discussed later. These dimension bounds
are sometimes useful, but usually not strong enough to give good control on R.

6. EXAMPLES

A local case. Let K/Qy be local with ¢ # p and G = Gk. Let p be the trivial representation of dimension
n. Then in particular Endg p 2 k, so only the framed deformation functor is representable. In this case
we can actually construct RD (p) by hand. If p : G — GL, A is a deformation of the trivial representation
P, then G lands in the kernel T', A C GL,, A. Now I')yA = I, + M,,(m4), explicitly, which is a pro-p group
isomorphism to the additive group M, (A4). In particular p factors throug h the maximal pro-p quotient of
G.

In particular p|r, factors through the p-part of the tame quotient I82m¢ = ;¢ /I¥id of the inertia Ik of
K. The picture to keep in mind is the tower of field extensions

K <« KW <y Ktame o, 7

Now from the structure of local fields we know that the p-part of 2™ is
tame,
1ieme®) — 7,.(1).

Here the twist means that if o € I'2*®) then Frobg o Froby' = 0 where ¢ = (7 = #(Ox /my). Fix a lift

€ G of Frobg and 7 a topological generator of 1t2me() YWhat we can conclude is that a lift p to any A is
K P

specified by the images of f and 7, subject to the relation
p(f)p(r) = p(7)p(f).

So we can take
R7(p) = Al{ fijs mish<iy<al /1
where the ideal of relations I is generated by the ones given by the matrix equations

Un + (fi))]ln + (i) = [T + (73)][In + (fij)]-

A global case. For a global case we’ll consider characters of G = Gk 5. Note that we have a wonderful
fact in this case. The Teichmiiller lift [] : & — W (k) is a multiplicative section of W (k) — k. This allows us
to twist any character p by the Teichmiiller lift [p~!] of its reciprocal. to conclude that R(p) = R(1) where
1: G — k> is the trivial character. In other words, the universal deformation of a character p is just a twist
of the universal deformation of the trivial character (using the same coefficient ring).

Arguing just like in the local case, it follows that any lift p to A of the trivial mod p character p, must
factor through the maximal pro-p quotient G;L?,’ép )

Let us specialize now to the case K = Q [the case of a general number field is similar, but requires class
field theory]. Assume p € S, since otherwise stuff is boring. By the Kronecker-Weber theorem we know that
G(%gl?s = Ilses Z; , which implies that the maximal pro-p quotient is

ab,
ari? = T @)D x (1 +pz,).
£€S,0=1(p)

of the abelianization of Gk s.



So we can, in this case, simply take R = A[[Galjé(p)]] to be the formal group algebra over A. From the

description of Gal?’s(p ) we can be very explicit:

A[{Xe}ees =100, T1
{(Xe+ 1P — D}yes e=1(p))
In particular if S = {p, 00} then R = A[T].

For a general number field K this relates to the Leopoldt conjecture which says that rkz, (Ga;g’s(p )) = 1479,
where 79 is the number of conjugate pairs of complex embeddings of K.

7. LocAL AND GLOBAL

We can relate the two examples from the last subsection in the following manner, which will be extremely
important later in one of Kisin’s key improvements of Wiles’ method. Let G = Gk.s, p: Gk,s — GL, (k) a
fixed residual representations, and X a finite set of primes. For each v € ¥ we have

Bla, : Gx, = Gy = Gg — Gr.5 5 GLy (k).

We have local framed deformation rings RY := R"(5|¢, ). Define a variation of the global framed deformation
functor by

DefD’E(ﬁ)(A) = {(pa, {Bo}tves)}/ ~
here, p4 is a deformation of p and S, is a basis for p4|g, which reduces to the standard basis for p. Then
in fact DefD’E(ﬁ) is also representable, by a ring le(g For each v € ¥ we have a forgetful map

Def™(p) — Def(pla, )
and hence on the revel of representing objects, an algebra
RY — RP%.
In concrete terms, this is saying that if we form the universal deformation of o equipped with a framing

along ¥ and then forget the framing away from v and restrict to G, the resulting framed deformation of
?la, with coefficients in RID(E is uniquely obtained by specializing the universal framed deformation of p|¢,

along a unique local A-algebra homomorphism RE — R[D(ig.
Hence, by the universal property of completed tensor products (to be discussed in Samit’s talk rather
generally) we get an important map

A v
inC A- (Note that we have to take the completion of the algebraic tensor product, which is not itself a complete
ring. For example, Afz] ®a Afy] is a gigantic non-noetherian ring, but the corresponding completed tensor
product is Afz,y].) This is a rather interesting extra algebra structure on the global framed deformation
ring, much richer than its mere A-algebra structure; of course, this all has perfectly good analogues without
the framings, assuming that p and its local restrictions at each v € ¥ have only scalar endomorphisms.

This idea of viewing a global deformation ring as an algebra over a (completed) tensor product of local
deformation rings is the key to Kisin’s method for “patching” deformation rings in settings going far beyond
the original Taylor-Wiles method (where only the A-algebra structure was used).
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1. SOME OBSERVATIONS

Fix p : Gg,s — GLa(k) absolutely irreducible, and let p : Gg s — GL2(R) be the universal deformation.
We're interested in the map R — Ty, for some Hecke algebra defined in terms of p. Note that the Hecke
algebra is 1-dimensional, and even finite free over Z,. The universal deformation ring R, however, often has
dimension > 1 and nonzero p-torsion. In other words, the surjection R — Ty, is not even close to being an
isomorphism in general.

Example. Consider X((49) which is an elliptic curve. [Cf. Nigel Boston’s papers on explicit deformation
rings for the details of this example.] Let p the representation from the 3-torsion of E, and let S = {3,7, 0o}.
Boston computed the universal deformation as

Z
p: GQS — GL2 (73[[1‘17.%‘2“%‘3]]) .

(1+z)3 -1

Just by looking at the ring on the right side, it’s clear that its dimension is at least 2. (This example doesn’t
illustrate the phenomenon of p-torsion, but oh well...)

Morally, the reason for the higher dimension of R is that we are not imposing any local conditions at all
for the places in S.

A key observation is that even when we succeed in proving a modularity lifting theorem, we don’t know
until we’re done that R is Z,-finite and flat. In other words, even when in fact R turns out to be nice, we
have very little grasp of why it is nice without proving an R = T theorem.

However, this is really not so bad. For example, if we could show that R[1/p] = T,,[1/p], that’s totally
fine. After all, we're trying to study deformations of p over p-adic integer rings, which are p-torsion free and
reduced, so we rig the Hecke algebra to have the same properties. In other words, we only care about
the “p-adic points” of R so we can just as well study the structure of R[1/p]/nilpotents. And via Kisin’s
methods, it turns out that a thorough understanding of the “sructure” of this ring is attainable in interesting
cases and is exactly what is needed for modularity lifting theorems. Things we would like to know:

e Characterize in some moduli-theoretic manner the connected components of its spectrum (e.g., so
we can detect when two p-adic points lie on the same component).
e Dimension.
e Singularities, i.e. the extent to which an appropriately defined notion of smoothness fails to hold.
For the last point, it is just as good in practice to pass to a formally smooth R-algebra (such as a power
series ring over R). So we can consider the framed deformation ring.

Remark. A key point is that R[1/p] is very far from being a local ring. For example, say R = Z,[z] (which
is a rough prototype of the sort of ring that arises). Then

R[1/p] = Zy[x][1/p] = {f € Qp[z] | denominators are bounded powers of p} C Qp[z].

This ring has lots of Q,-algebra maps Z,[z][1/p] - Ox[1/p] for finite extensions K/Q,, sending x into m.
Hence it has lots of maximal ideals.

2. DIGRESSION ON JACOBSON RINGS

Definition. A Jacobson ring is a Noetherian ring A such that any p € Spec A is the intersection of the
maximal ideals containing p.

Clearly a quotient of a Jacobson ring is Jacobson. Less evident, but in the exercises of Atiyah-MacDonald,
is that a finitely generated algebra over a Jacobson ring is Jacobson. Note that any field is Jacobson, as is any
Dedekind domain with infinitely many primes (but not a dvr, nor a local ring which is not 0-dimensional!).
In particular, a general localization of a Jacobson ring is certainly not Jacobson, though localization at a
single element is (since it is a finitely generated algebra).

1



A consequence of the definition is that if Xo = MaxSpec(A) N Spec A = X, then j is a dense quasihome-
omorphism, which means that Uy = Xo N U ¢ U is a bijection between the collections of open sets in X
and X. Jacobson rings abstract the nice properties enjoyed by algebras of finite type over a field.

Claim. If R is a quotient of a formal power series ring over a complete dvr A with uniforizer = then R[1/7]
is Jacobson, and for all maximal ideals m C R[1/w], the quotient R[1/7]/m is finite over the fraction field
K = A[1/7] of A. Moreover, every K-algebra map from R[1/7] to a finite extension K’ of K carries R into
the valuation ring A’ of K’, with the map R — A’ actually a local map.

Note it is elementary that every K-algebra map from R[1/7] to a finite extension K’ of K has kernel that
is maximal: the kernel P is at least a prime ideal, and R[1/7]/P is an intermediate ring between the field
K and the field K’ of finite degree over K, so it is a domain of finite dimension over a field (namely K) and
hence is itself a field. Hence, P is maximal.

Also, everything in the Claim can be deduced from facts in rigid geometry concerning K-affinoid algebras,
by using the approach in deJong’s IHES paper Crystalline Dieudonné theory via formal and rigid geometry.
For convenience, we give a direct proof using commutative algebra, avoiding rigid geometry (but inspired by
it for some of the arguments).

The proof of the Claim is somewhat long (and was omitted in the lecture).

Proof. To prove the claim, first note that if the claim holds for R then it holds for any quotient of R. Hence,
it suffices to treat the case when R = A[xy,...,x,] is a formal power series ring over A. We first check the
more concrete second part of the Claim: for finite K'/K, any K-algebra map R[1/7] — K’ carries R into
the valuation ring A’ of K’ with R — A’ moreover a local map. In other words, we are studying A-algebra
maps R — K’. This can be uniquely “promoted” to an A’-algebra map

A/®AR—>K/,

and we can pass the tensor product through the “formal power series” formation since A’ is a finite free
A-module. In other words, we can rename A’ as A to reduce to the case K/ = K. So we claim that any
A-algebra map R — K must be “evaluation” at an n-tuple in the maximal ideal of A. If we can show it
carries each z; to some qa; in the maximal ideal of A then the map kills z; — a; for all i. By completeness
of R it would be legal to make a “change of variables” renaming x; — a; as x; to reduce to the case when
the map kills all z;’s. Since the quotient of R by the ideal generated by the z;’s is identified with A, after
inverting m we get K (as a K-algebral), so we’d have proved what we want.

Let’s now show that indeed each z; is carried to some a; in the maximal ideal of A. By composing the
given A-algebra map R — K with the natural inclusion Afx;] — R we are reduced to the case n = 1. That
is, we wish to prove that any A-algebra map A[xz] — K must carry z to an element a in the maximal ideal
of A. This map must kill some nonzero f € Afz], as A[z][1/7] has infinite K-dimension as a vector space,
and we can write f = w¢fy for some e > 0 and some fy not divisible by 7. Thus, fy also dies in K, so by
renaming it as f we arrange that f has some coefficient not divisible by 7. This coefficient must occur in
positive degree, as otherwise f would be a unit, which is absurd (as it is in the kernel of a map to a field).
Now by the formal Weierstrass Preparation Theorem (in one variable —see Lang’s Algebra), if d > 0 is the
least degree of a coefficient of f not divisible by 7 then f is a unit multiple of a “distinguished” polynomial:
a monic polynomial in z of degree d over A with all lower-degree coefficients divisible by 7. Scaling away the
unit, we can assume that f is a monic polynomial of degree d > 0 with all lower-degree coeflicients divisible
by m. Hence, A[z]/(f) = A[x]/(f) by long-division of formal power series (thanks to completeness of A!).

(35 P)

Our map of interest therefore “is” an A-algebra map
Alz]/(f) = K

and so it carries z to an element a of K that is a root of f. Since f is monic over A, we see a € A. Since f has
all lower-degree coefficients in the maximal ideal, necessarily a is in the maximal ideal too. That completes
the proof of the second part of the Claim.

Now it remains to show the first part of the Claim: R is Jacobson, and if M is a maximal ideal of
R[1/7] then R[1/7]/M is of finite degree over A[l/n] = K. We argue by induction on the number n of
variables (motivated by the method of proof of the analytic Weierstrass Preparation theorem over C or
non-archimedean fields), the case n = 0 being trivial. Also, it is harmless (even for the Jacobson property)



to make a finite extension on K if we wish. We will use this later, to deal with a technical problem when
the residue field k is finite (which is of course the case of most interest to us).

Assume n > 0, and consider a nonzero f € R = Afzq,...,2,] contained in some chosen nonzero prime
or maximal ideal; clearly f can be scaled by m-powers so it is not divisible by 7. We want to get to the
situation in which f involves a monomial term that is just a power of a single variable. Pick a monomial
of least total degree appearing in f with coefficient in A*. (Such a term exists, since f is not divisible by
7.) This least total degree d must be positive (as otherwise f(0) € A*, so f € R*, a contradiction). By
relabeling, we may suppose x1 appears in this monomial. If n = 1, this term is an A*-multiple of a power of
x1, so we're happy. Now assume n > 1 and consider the homogeneous change of variables which replaces z;
with x; + ¢;x1 for all ¢ > 1 (and leaves x; alone), with ¢; € A to be determined in a moment. Each degree-d
monomial

arzit -zl
in f (before the change of variable) with total degree d contributes

alcéz - -cﬁ{‘xf
to the ¢ term after the change of variable (with i; = d — (ia + --- + iy,)). All other monomials can only
contribute to z{ with coefficient in maximal ideal of A. Thus, these other terms can be ignored for the
purpose of seeing if we get x{ to appear with an A*-coefficient after the change of variables.

To summarize (when n > 1), whatever ¢;’s we choose in A, we get after change of variable that 2¢ appears
with coefficient h(c) for some polynomial h in n — 1 variables over A that has some coefficient in A* (since
i1 is determined by g, ..., i,). Thus, h has nonzero reduction as a polynomial over the residue field k of A,
so as long as this reduction is nonzero at some point in k”~! we can choose the ¢’s to lift that into A”~!
to get the coefficient of 2¢ to be in A*. If k is infinite, no problem. If k is finite (case of most interest!),
for some finite extension k' of k we can find the required point in £~ 1, so go back and replace A with
the corresponding unramified extension (and the chosen prime with each of the ones over it after scalar
extension) to do the job.

The upshot is that after a suitable change of variables (and possible replacement of A with a finite
extension in case k is finite), we can assume that f contains some x¢ with an A*-coefficient. Thus, if we
view f in

R = (Afxa, ..., zn])][x1]
then it satisfies the hypotheses of the general Weierstrass Preparation (with complete coefficient ring) as
in Lang’s Algebra. This implies that f is a unit multiple of a monic polynomial in x; whose lower-degree
coefficients are in the maximal ideal of R’ = A[za,...,x,] (which means A if n = 1). We can therefore scale
away the unit so that f is such a “distinguished” polynomial, and then do long divison in R'[x;] due to
completeness of R’ to infer that
R/(f) = Rul/(f) = B2/ (F).

This is a finite free R’-module!

We may now draw two consequences. First, if P is a prime ideal of R[1/7| containing f then R[1/7]/P is
module-finite over the ring R’[1/7] which is Jacobson by induction, so R[1/7]/P is Jacobson. Hence, P is the
intersection of all maximals over it, whence we have proved that R[1/7] is Jacobson. Second, for a maximal
ideal M of R[1/7] containing f, the ring map R’'[1/7] — R[1/7]/M is module-finite so its prime ideal kernel
is actually maximal. That is, we get a mazimal ideal M’ of R'[1/7] such that R'[1/n]/M’ — R[1/x]/M is of
finite degree. By induction, R'[1/7]/M’ is of finite degree over K, so we are done. O

3. VISUALIZING R[1/p]

Let R = Afz1,...,z.]/(f1,..., fm) and K be in the last subsection. Observe that Homioe a—alg(R, A') =
Hompyac(a)—alg (R[1/7], A'[1/7] = Frac(A’)) for any finite dvr extension A’ of A. This suggests the following
geometric perspective on the ring R[1/7]: it corresponds to the locus of geometric points (z;) with coordinates
in Frac(A) lying in the open polydisk {|z1],...,|z,| < 1} at which the convergent power series fi, ..., fn all
vanish. To make this viewpoint precise, one must regard the spaces in question as rigid analytic spaces.



4. FINAL THOUGHT

We'll see that for Galois deformation rings R, the completions of R[1/p] at maximal ideals are deformation
rings for characteristic zero representations corresponding to the maximal ideals in question. This is very
interesting, since R itself was entirely about deforming modp things!

5. BACK TO EXAMPLES OF EXPLICIT UNIVERSAL DEFORMATION RINGS

Caveat: These sorts of examples are kind of “useless”. The reference for N. Boston’s examples is Inwv.
Math. 103 (1991).

Example 1 [loc. cit., Prop. 8.1.] Let E : 4> = 2(2%—8z+8), an elliptic curve with complex multiplication
by Q(v/—2). Let p be the representation on the 3-torsion:

Go,{27,3,5,00} — GL2(F3).

In general we know that there is some surjection Zs[T1,...,Ty] — R(p) where we know the smallest d is
(by NAK) d = dimmg/(m%,3), and mp/(m%,3) = H'(Gg (22,3,5,00}, Ad(p)). Here the adjoint module is
Ad(p) = Endr, (p) with Gg f22.3,5,0} acting by conjugation via p. In this particular case one can compute
that d = 5, so
R(p) = Z[ T, .., T3]/

where the ideal of relations has the form
for

f=8u'—8ul+1,g=8¢—4u, u=(1+T4T5)"?
and § (which may involve all the T;s) is obtained by choosing a certain presentation of a pro-3 group (coming
from a wild inertia group, perhaps for the splitting field of 57), and setting § = det(p" (y) — 1) where y is
a particular generator in said presentation. Consequently one can write down some “explicit” deformations
of p by looking for solutions to the relations above in a Zs-algebra...

Example 2 [Boston-Ullom]. Let E = X¢(49) and p = pg 3 the representation on the 3-torsion:
Go,3,7,00) = GLy(F3).
In this case the universal deformation ring is particularly simple:
R Zs[Ty,...,Ty] /(1 +Ty)* — 1).

We have (1+T4)% —1 = Ty(T? +3T4+3). The quadratic factor is irreducible over Q3, but not over Q3(v/=3).
So, loosely speaking, Spec R has two irreducible components but three “geometric” irreducible components:
Ty = 0 and T} equal to either of the conjugate roots of the quadratic factor. For example, to recover the
3-adic Tate module of E one considers the map R — Zs given by mapping all T;s to 0. This is a sort of
“canonical” Zs-point of Spec R. Since the quadratic factor of the relation is Qs-irreducible, so that quadratic
field cannot be Q3-embedded into Q3, every Zs-point lies in the Ty = 0 component.

The lesson to take from this seems to be that it can be hard to detect components, or more generally
aspects of the geometry, of Spec R, when only looking at p-adic points over a small field like Q,; we have to
expect to work with points in many finite extensions in order to effectively probe the geometry. All this is
by way of motivation for our interest in characteristic zero points of deformation rings, and (for example)
our willingness to throw out all possible nastiness at p by studying R[1/p] instead of R itself.

6. BACK TO CHARACTERISTIC 0

Now let A be a p-adic dvr with fraction field K and residue field k. Let R = A[X,,...,X,]/I be the
universal deformation ring of a residual representation p : I' — GLy(k), for a profinite group I' satisfying
the requisite p-finiteness conditions (e.g. G for local K or Gk g for a number field K).
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Remark. We have seen above that for any maximal ideal m C R[1/p], the residue field R[1/p]/m is of finite
degree over k. The intuition for this fact is that these closed points of Spec R[1/p] correspond to Galois
orbits over K of K-solutions to I = 0 in the open unit n-polydisk. (The case n = 1 is a consequence of
the Weierstrass Preparation Lemma. One can relate the geometry of Spec R[1/p] to the geometry of the
aforementioned “rigid analytic space” I = 0. For example, if R[1/p] is connected (no nontrivial idempotents)
then I = 0 is connected in the sense of rigid geometry. Omne can also match up the dimensions of the
components. The input for this equivalence is the (self-contained!) §7 of de Jong’s THES paper Crystalline
Dieudonné theory ..., but we won’t use it.

We also saw above that any K-algebra map R[1/p] — K’ for a finite extension K'/K is actually given by
sending all the X;s to elements z; € mg: C O C K'. In other words, R C R[1/p] actually lands in Ok/!

Now fix a K-algebra map z : R[1/p] - K’ into a finite extension of K. (“Contemplate a p-adic point of
Spec R”.) Let

ps : "= GLn(R) — GLy(R[1/p]) — GLn(K')
be the specialized representation. (In the Boston-Ullom example above, when we take = : R[1/3] — Q3 to
be the map sending all the T;s to zero, then p, is the 3-adic Tate module of X(49).)
Goal: Understand the dimension dim R[1/p|w, = dim R[1/p]}, . (Here (-)" denotes completion.)
For instance, is this complete local ring regular? Perhaps even a power series ring over K'? If so, then its
dimension is dimm,, /m2.

ur

Theorem. Let p;niv : T — GLn(R[1/ply,) be induced from p "™ by the natural map R — R[1/ply,. Then
the diagram

univ

I = GLn(R[1/p]}.)

Pz
cont

GLy (K")

commutes, and in fact p;m is the universal for continuous deformations of p.

More precisely, if one considers the category e of complete local noetherian K'-algebras with residue field
K’, and the functor on the category C of artinian quotients of objects in € which picks out those deformations
of px which are continuous for the p-adic topology on such artinian quotients, regarded as finite-dimensional
K'-vector spaces, then R[1/p|y . is the representing object.

Remark. If A is a complete local Noetherian F-algebra and the characteristic of F' is zero, and A/m = F’
is a finite extension of F', then there exists a unique F-algebra lift F/ < A. Why? By completeness we have
Hensel’s lemma and by characteristic zero we have F’/F separable. So we can find solutions in A to the
defining polynomial of F’ over F.

Why do we care about the theorem?

(1) The deformation ring R[1/p]}, is isomorphic to K'[T1,...,T,] if and only if R[1/p];, is regular (by
the Cohen structure theorem), and the power series description is precisely the condition that the
corresponding deformation functor for p, is formally smooth (i.e., no obstruction to lifting artinian
points in characteristic 0). This holds precisely when H?(T', Ad(p,)) = 0. So that is interesting: a
computation in Galois cohomology in characteristic 0 can tell us information about the structure of
R[1/p] at closed points.

(2) (m,/m2)¥ = H. . (T,Ad(p:)), by the continuity condition we imposed on the deformations in the
theorem.

Combining (1) and (2), we can check regularity of R[1/p] at a closed point and in such cases then even
compute dim, R[1/p] by doing computations in (continuous) Galois cohomology with p-adic coefficients!

7. PROOF OF THEOREM

Step 1: Reduce to the case K’ = K. Here is the trick. Set A’ = Og-. Note that A’ ®, R is local because
(N @A R)/mp =N @, k=Fis afield. The A’-algebra A’ @, R is the universal deformation ring of p ®y k'
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(where £’ is the residue field of K’) when using A’-coefficients; this behavior of deformation ring with respect
to finite extension of the coefficients will be proved in Samit’s talk. Consider the diagram

K' ®k R[1/p] —>K’

(A" @A R)[1/p]

|

ANy R—— N

Bzercise: (A" @a R)[1/ply , = R[1/ply, as K'-algebras.
So we can rename A’ as A, completing the reduction.

Step 2: Observe that since p is absolutely irreducible, so is p,. Consequently any deformation of p, has
only scalar endomorphisms.

Step 3: Consider any deformation

N

GLy(K)
where A is a finite local K-algebra with residue field K. We would like to show that there exists a unique
K-map R[1/p]},. — A which takes P to @, up to conjugation. Why is this sufficient? Because if so, then

there would be lifts of p, to GLy(A), one coming from p,  and the other being 6, which are GLy(A)-
conjugate to one another by some matrix M. Upon reduction to GLy(K), the matrix M would centralize
pz. So by Step 2, M must be a scalar endomorphism ¢ € K*. Consequently we can replace M by ¢~ 'M
to conclude that the two lifts are conjugate to one another by a matrix which is residually trivial. The
latter is precisely what we need to prove that p,  is universal. (Note that if we used framed deformations
throughout then this little step wouldn’t be needed. It is important because in later applications we will
certainly want to apply the Theorem to cases for which p is not absolutely irreducible. The reader can check
that the proof of the Theorem works in the framed setting once the preceding little step is bypassed.)
The map we need is the same as making a local K-algebra map

R[1/plm, — A

with the same property with respect to 6, since A is a complete K-algebra. (Note that this “uncompletion”
step is only possible since we already did Step 1! We originally completed R[1/p|m,, which is a K-algebra
and generally not a K’-algebra.) The latter is the same as a K-algebra map R[1/p] — A such that R[1/p] —
A — K is the original point =, which takes p=  to 6. (“It’s all a game in trying to get back to R”.) In other
words, we wanted a dotted map in the diagram

R—>R1/p—a7—>A

SN

A

(The existence of Z is by one of the propositions from §6.) But R[l/p} is just a localization of R and A is
a A[1/p]-algebra (it is a K-algebral), so in fact the existence of a unique dotted map above is equivalent to
the existence of a unique dotted map « in the diagram
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such that o takes p to #. Now unfortunately A is not in the category @A [typically it is something like
KIt]/(t7)], so 6 is not quite a deformation of p, so we cannot appeal directly to the universal property of
(R,p™"). Instead we need to mess around a bit.

Here’s the point. A = K @ my4 and my is a finite-dimensional K-vector space which is nilpotent.

Claim. my = li%ml where the limit is taken over A-finite multiplicatively stable A-modules I.

(Idea of the proof: take products and products and more products. By nilpotence and finite-dimensionality
of m4 over K, you don’t have to keep going forever. Then take the A-span offinite collections of such products
to get the desired I's.)

Write Ay for A 1.

Lemma/Fzxercise: Any A-algebra map R — A lands in some A;. (Hint: choose I containing the images
of all the X’s.)

So it’s enough to show two things.

(1) For some I we have a map R — A; giving a deformation 6; of the “integral lattice” version pz of
pz. The image of T' under p is topologically finitely generated (since GLy (R) is essentially pro-p
and I satisfies the p-finiteness condition), so then there exists some Iy such that 6 factors through
GLN(Ag,), giving a map 0y, : I’ - GLy(Ag,).

(2) The map from (1) is unique.

Indeed, by then comparing any two I and I’ with a common one, we’d get the desired existence and
uniqueness at the level of coefficients in A.
To prove (1), note that A; € Ca and 0; deforms pz, and hence p. Here is the picture:

The induced map R — Aj respects the map to A coming from the fact that pz deforms p, because if not,
then we would have another map R — Ay — A, which contradicts the universal property of R.
To prove (2) just use the uniqueness from the universal property of (R, p" ) for deforms on Cx.



Lecture 5: Schlessinger’s criterion and deformation conditions

Brandon Levin

October 30, 2009

1. WHAT DOES IT TAKE TO BE REPRESENTABLE?

We have been discussing for several weeks deformation problems, and we have said that we would like
our deformation functors to be representable so we can study their ring-theoretic properties. We have stated
that the framed deformation functor is always representable and that the unrestricted deformation functor
is under certain hypotheses, but we have yet to prove either assertion.

There is a general theory of functors on C the category of Artin local A-algebras. My goal in this section
is to, in as concrete terms as possible, describe what it takes for such a functor to be representable and how
we might verify these properties. I then verify these properties for D; with Endy(p) = k.

Along the way, I will point out some subleties of the relationship between Cy and Ch.

Let k be a finite field. Recall that Cj is the category of local Artin A-algebras with residue field &k, where
A is any complete noetherian ring with residue field k. One can just think of A = W (k) in which case every
local Artin ring with residue field £ admits a unique A-algebra structure. Denote by C) the category of
complete local Noetherian rings with residue field k.

We are interested in functors F' : Cy — Set. We say F' is representable if there exists R € C’A such that F
is naturally isomorphic to Homy (R, ). (Technically you might call this pro-representable but it won’t cause
any confusion to just say "representable”).

Elementary Properties of Representable Functors On Cy

I If F is representable, F'(k) = Homy (R, k) = single point. We assume from now on that F'(k) is the
one point set.
II If F is representable, F(k[e]) = Homg(mgr/m% + ma,k) = tp is a finite dimensional vector space
over k.
IIT If F is representable, then F' commutes with fiber products, i.e. if A — C and B — C are two maps

in Cp then the natural map
(1) F(A Xc B)—>F(A) XF(C) F(B)
is a bijection.

Exercise 1.1. If you have not seen it before, you should verify that fiber products exist in C induced by

set-theoretic fiber products. This is not true in C (See Conrad’s example in Mazur’s article 7).

Exercise 1.2. Show that there is a natural multiplicative map k — End(k[e]) given by a — a4 where

aq(T + ye) = x + aye.



Remark 1.3 (Tangent Space). Without knowing F' is representable, its worth noting what is required for
the tangent space to make sense. Let tp := F(k[e]). The natural map k& — FEnda(k[e]) induces scalar
multiplication on tr. We also know k[e] is a group object in Cy compatible with scaling. Functoriality gives
a map

F(K[] xx k[d]) — tr.

If we can identify the LHS with ¢z x tr, then we are set. The LHS does admit a natural map to F'(k[e]) X p(x)

F(k[e]) =tp x tp. If this map is bijective (a special case of (IIT)), then tF has a vector space structure.

Exercise: Check for F' representable that the vector space structure on tp given functorially as above is
the same as the natural vector space structure on Homy(mg/m% + my, k).

It turns out that property (III) along with the dimy tp < oo is necessary and sufficient for F' to be
representable. However, I will not prove this because it is far too general to be useful. It could be quite
difficult to check (III) for every possible pair of morphisms. Luckily, we don’t have to! And this leads us to

Schlessinger’s criterion after a brief definition.

Definition 1.4. A map A — B in Cy is small if its surjective and its kernel is principal and annihilated by

ma.

Theorem 1.5 (Schlessinger’s Criterion). Let F' be a functor from Cy to Sets such that F(k) is a single
point. For any two morphism A — C and B — C consider the morphism (1).

Then if F has the following properties:

H1 (1) is a surjection whenever B — C' is small.
H2 (1) is a bijection when C' =k and B = kle].
H3 tp is finite dimensional

H4 (1) is a bijection whenever A — C and B — C are equal and small.

then F is representable.

I will return to the proof at the end given sufficient time, but one essentially makes clever use of the
structure of Artin local rings working at each nilpotent level to build the representing ring as an inverse limit
(see Schlessinger [?]. We denote the criterion by (SC).

Schlessinger’s criterion is just one of many ways to show the deformation functor is representable. It has
the advantage that it is concrete and allows one to really exploit the fact that we are working over Artin

rings.

Proposition 1.6. Assume that Endg(p) = k and G satisfies the p-finiteness condition. Then the deforma-

tion functor Dj is representable.

Proof. 1 leave it to the reader to verify the following useful fact Gl,(A x¢ B) = GI,,(A4) X a1, ) Gl.(B) as

groups. This says that given any two lifts p4 and pp which agree when pushed-forward to C come from a



lift to the fiber product. The only difficulty then in verifying H1 through H4 will be the ambiguity coming
from conjugation.

In what follows p4 and pp will always lifts of p. We assume we have maps A — C and B — C satisfying
the hypotheses in (SC). Further, we denote by p4 and pp the respective push-forwards of p4 and pp under
the given maps.

(H1) We are given pa and pp such that g4 = MpgM ~* for some M € Gl,(C). Since B — C is surjective,
we can lift M to Gl,(B). Replacing pp by MpgM~! in the same deformation class yields compatible lifts
which can then be lifted to A x¢ B.

(H2) Here we start with p and p’ over the fiber product such that p4 and pp are conjugate to p/4 and p/z
respectively. Choose conjugators M4 and Mp. Note that if M, and Mp were equal, we could lift them to
Gl,,(A x¢ B) and we would be done. This is true in general with no hypotheses on A, B, and C.

We are free to multiply Mp on the right by any matrix N such Nog N~ = pp. Let Stab(pg) be the set
of such N. Further note that Mg" * M, is in Stab(jg). If we can lift this to Stab(pp) then we are done.

Hence a sufficient condition for the desired map to be injective is that:
(2) Stab(pp) — Stab(pg)

is surjective.
This is clear since for C' = k, Stab(pp) = k*. I leave it as a exercise to show that for B = k[¢] and C' = k,
the equation (2) holds without any hypotheses on p.
(H3) Follows from p-finiteness of Galois groups, given that (H2) implies the existence of the tangent space.
(H4) T leave it to the reader to verify that surjectivity of (2) follows from the following lemma:

If Endg(p) = k and pga is any lift of g, then
EndG(pA) = A.

Set L = Endg(pa) and note that L is an A-submodule of End(p4) which contains the scalar matrices
A x I. Further, we have that L x4 A/m4 = Endg(p). By Nakayama, L is generated over k by any lift of I.
Thus, L = A. O

If p is absolutely irreducible then it will satisfy the above hypothesis by Schur’s lemma. However, there

is important other case where p is not irreducible but still satisfies Endg(p) = k.

Proposition 1.7. Let k be any field, and let V' be any representation of G with a G-stable filtration V; C
Vo C...CV, =V such that:
I Vi41/V; is one-dimensional with G acting by ;.
IT The x; are distinct.
IIT The extension V;/Vi—1 — Vi1 /Vier — Vig1/Vi is non-split for all i.
Then Endg(V) = k.



Proof. Before you read this proof, I recommend doing the 2 by 2 case by hand which I may or may not have
gotten to in the lecture.

Let M € Endg(V) i.e. M commutes with the G-action. We want to show that M is a scalar. We first
note that V; is the unique 1-dimensional subspace on which G acts via x;. For if V{ were another, we could
build a Jordan-Holder series Vi € V3 U V) C ... and thus x; would appear at least twice in Jordan-Holder
decomposition which can’t happen since y; are distinct.

It follows then that M preserves Vi and by induction the whole flag. Let M act on Vi by multiplication
by a. We claim that M = al. Consider M —al : V — V also in Endg (V). Since M — ally, = 0, it factors
as a morphism

T:V/Vi = V.

By induction, the induced map V/V; — V/V; which is G-invariant is multiplication by a scalar ¢. If ¢ # 0,
then T'|y, would give a splitting of the extension where i = 1 and so we can assume ¢ = 0.
Thus, T is actually a G-invariant map

V/Vi = Vi

If T = 0 we are done, else let V; be the first subspace on which it is non-trivial. Then T : V;/V,_1 — V7 is

an isomorphism as G-modules, contradiction. ([

Remark 1.8. Schlessinger’s criterion is a statement purely about a functor on Cy. However, once we know
F is representable, its quite natural to talk about its points valued in complete local Noetherian rings for we
have Homy (R, A) = Homa (R, lim A/m4™) = lim F(A/ma™). In fact, that’s really what we were interested
in all along, for example, Z,-deformations, not representations on Artin local rings. So we must ask ourselves,
are the points of our universal deformation ring valued in C what we want them to be?

Let A be a complete local Noetherian ring. Its clear the any deformation to A yields a map Rg“i" — A
(here’s where you use that your representation is continuous). However, the other direction requires an
argument. Denote A/m’ by A,,. We are given deformations p,, € D5(A,,) such that p, ® A, is equivalent
to pp—1. If p, formed a compatible system of lifts, we would be fine, but we have conjugations interfering
at each level. In this case, it can be resolved quite easily. Assume we have compatibility up to p,. Given

that M (pp11 ® A,)M~1 = p, change p, 11 by any lift of M to Glx(A,) and proceed by induction.
We will return to this point again later where the argument will require some extra input.

Remark 1.9. (Framed Deformations) The fact mentioned earlier that Gl,(A x¢ B) = Gl,,(A) X a1, (c) Gln(B)
implies that the framed deformation functor DE commutes with all fiber products and thus is representable.
However, (SC) is probably way to fancy a way to prove existence for framed deformations. For the record,

I give a proof that RE exists.

Proof. Since Gly (k) is finite, p is trivial on some finite index subgroup H of G. For any lift, we have that

pa(H) C ker(Gly(A) — Gl(k))



which is a p-group for any A € Cx. Thus, palg factors through maximal pro-p quotient of H which by
p-finiteness is topologically finitely generated. Pick generators gi,. .., g;. Also, pick coset representatives for
Gjt1,- -, gm for G/H.

Any lift p4 is determined by where the {g;} are sent. Consider the power series ring R = A[[X} ;] where
1<i,j< Nand1l<1[<m. Iclaim that we can construct the universal framed deformation ring as a

univ

quotient of R such that the universal framed deformation p is given by g; goes to the matrix (X f j). Let
S be the set of relations in G amongst the g;. For any relation, we can consider the corresponding relation
on matrices under the map g; goes to (ij) We form the ideal I in R generated by these relations. Then

DﬁD is represented by R/I. O

Before we move on to deformation conditions, I would like to recall several different interpretation of the
tangent space which will be useful in the future. We would like to give a concrete interpretation of the
abstract t; := Dj(k[e]). Let (V,7) be a deformation to k[e] where 7 is an isomorphism V/e — p. Consider

the following exact sequence of k-vector spaces:
02V =V oV/eV 0.

Simply because G commutes with the action of k[e], this is an extension of G-modules. Further one can
identify via 7 the terms on both ends with p.

Hence we get a map t; — Ext(p,p). It is an exercise to show the map is bijective. By general non-
sense, one can identify this Ext-group with H'(G,ad(p)). Note that ad(p) is just End(p) where G acts via
conjugation (ad stands for adjoint).

I will give you the map Ext(p, p) to H*(G,ad(p)), but I leave it to you to check that the vector space
structures on t; and H'(G,ad(p)) agree.

Given an extension 0 — V/ — V — V" — 0 choose a splitting ¢ : V" — V just as vector spaces. The

1 — ¢ is a co-cycle with values in ad(p).

map g — g@g-
In the next section, as we impose various deformation conditions, we will eventually want to keep track

of the effect on the tangent space.

2. DEFORMATION CONDITIONS

As we have mentioned already several times in this seminar, whether in the local or global situation, the
unrestricted universal deformation ring if it exists will be far too ”big” to be useful. Hence we will want
to impose some conditions on what kinds of deformations we allow. Deformation conditions can come in
different varieties. Often we have global representations on which we impose local conditions at finite set of
primes. At these local places, we might impose matrix conditions for example, fixed determinant, ordinary,
etc. We could also impose conditions coming from geometry or p-adic Hodge theory: flat, crystalline,
semi-stable. I will discuss some of these in more detail later.

In Mazur’s article [?], he defines the notion of deformation condition quite generally such that everything

we will talk about probably fits into that framework. However, for our purposes and for the purpose of



intuition, the definitions are unilluminating. Instead, I will give two different perspective from which one
could derive all the definitions.

Functorial Perspective If D is the deformation functor, a deformation condition should define a subfunctor
Dy of Ds. Further, if Dj is representable, then D7 should be as well. One could use the term relatively
representable as Mok did, but its not necessary.

The first statement is usually immediate for any deformation condition. The second one is not. This is
a place you might use Schlessinger’s criterion, maybe you know already that Dj satisfies Schlessinger then
you just have to show the D}, does too. We will see an example of this soon.

Deformation Space Perspective If Dj is represented by Rz, then we can talk about Spec Rj; as the space
of all deformations of p. Personally, I find this picture quite compelling.

A brief aside. Say p is modular, then Akshay explained that we get a surjective map R; — T', a Hecke ring.
In geometric language, Spec T is a closed subspace of the deformation space which includes the closed point
corresponding to p. Imagine this as the locus of "modular” deformations. Given a representation coming
from an elliptic curve, etale cohomology, or somewhere else, whose reduction is p, its natural to ask does it
land in that locus. Our goal then, as I understand it, is to impose enough purely representation theoretic
condition to cut out the "modular” locus. Then whatever representation we started with will presumably
have those properties and hence will be modular.

From this perspective then a deformation condition is just a closed condition on the space of all deforma-
tions. More concretely, there exist an ideal I such that for any f: R — A, f o puniv satisfies the deformation

condition if and only if f factors through R/I.

Remark 2.1. We can connect the two perspectives as follows: let D’ be subfunctor of D and assume they
are both representable by R and R’, then we get a natural map R — R’. I claim this map is surjective. It
suffices to check that the map on cotangent spaces is surjective. But the map on cotangent spaces is dual to

the map on tangent spaces which is injective because D'(k[e]) C D(kl[e]).

Remark 2.2 (Relative Perspective). There is relative perspective which doesn’t require D; to be repre-
sentable. Given any deformation p to A, we can ask if the subset of maps Spec B — Spec A such that the
pullback of p has a given condition is represented by a closed subset of Spec A? If this holds for all A and if
the univeral deformation ring exists then we can apply it to (Rj, p"V), This is the perspective Kisin often

takes.
2.1. Determinant Condition. Let G be any local or global Galois group.

Definition 2.3. Let A € Cy, and let § : G — A* be a character. We say a representation p on a free rank
n A-module has determinant § if A" : G — A* factors through 6.

Consider the functor of deformations with fixed determinant ¢ (assume that p has determinant §). I claim

this is a deformation condition.



Here the second perspective is most natural. Let 6"V : G — R3 be the the determinant of the universal
deformation of p assuming it exists. Then let I be the ideal generated by 6"V (g) —i(6(g)) where i : A* — R*
is inclusion coming from algebra structure. Then, R;/I represents deformations with determinant §. Its
usually denoted by R3.

I haven’t worked it out, but I suspect it would quite a bit more tedious to show for example that the
determinant condition defines a subfunctor which satisfies Schlessinger’s criterion or that it is relatively
representable.

Note that even if Dj is not representable, the same proof goes through for any (4, p) to show relative

closedness as in Remark 2.2.

2.2. Unramified Condition. Let K be a global field and let S be a finite set of primes. We denote by
Gk,s the maximal Galois group unramified outside S. Take p to be a residual representation of G s which

happens also to be unramified at some v € S.

Definition 2.4. Let p4 be any deformation of p. We say that p4 is unramified at v if pa|g,, is unramified

for any choice of decomposition group Gk, .

In showing this is a deformation condition, I will illustrate the relative perpective. Again, let p4 be any
deformation of p. Consider any map f : A — B. The push-forward f.(pa) will be unramified an v iff its
trivial on the inertia group Ik, (for some choice of inertia).

Let J be the ideal in A generated by the entries of {I — pa(g)} for all g € I, . Then, one can verify that
A/J represents the unramified at v condition. This is the relative condition; if R; exists, we can apply the

same argument to construct the universal deformation ring unramified at v.

2.3. Ordinary Deformations. We will go into extensive detail in this section as the notion of ordinary will
play a prominent role in what is to come. There seem to be several definitions of ordinary floating around.

I chose one that is both concrete and sufficiently general for now.

Definition 2.5. Let G = G be a local Galois group where the residue characteristic is p. Let ¢ : G — Z;

be the p-adic cyclotomic character. An n-dimensional representation p of G is ordinary if

P % * %

p|1K ~

where e; > ex > ... > ep—1 > 0. Implicitly we are including Z, — A so that the definition makes sense

over any A-algebra and hence on our category Cj.

Before we continue, let me say where this condition is coming from.



Example 2.6. If F is an elliptic curve over K a local field of residue characteristic p which has good ordinary

reduction at p, then the representation of G on T,(E) is ordinary. In particular, it has the form

Y(g)xilg)  *
0 x2(9)

where x;1 and x» are unramified characters on G .

g —

There is an corresponding notion of what it means for a modular form to be ordinary, but I won’t get

into it here.

Remark 2.7. Note that though ¢ is non-trivial on I for any e # 0 (in fact its infinitely ramified), its
possible for ¥¢ to be residually trivial. The residually trivial case will be of interest to us later on, but for
now, we assume that all 1¢ are residually distinct and non-trivial. Its not hard to work out exactly when

this happens based on K, p, e;.

Next, we would like to show that if we conjugate p such that p|;, is upper triangular, then p will be upper

triangular. This follows from the following useful lemma.

Lemma 2.8. Let p: Ik — Gly(A) be a representation, A € Cy landing in the upper triangular matrices with
residually distinct characters along the diagonal. If MpM ™~ is also upper triangular with same characters

occurring in the same order, then M is upper triangular.

Proof. We prove it in two steps. First we show that p preserves a unique flag. We know this fact residually
using a Jordan-Holder component argument as in Proposition 1.7. Let M =2 AN with G acting through p.
Let Ly C M be the line corresponding to e; on which p acts by x1. We want to show that given any m € M
on which G acts via x1, m € Li. From there, it is a simple induction on N.

Consider the quotient N = M/L;. I claim N contains no non-zero v on which G acts via y;. Assume
there existed such an v. Filter N by m’} N, and let ng be the smallest n such that v ¢ m’ N. Clearly G acts

on the image of v in mzole/mZON via the character x;. However, its not hard to see that for any n,

WEN/mN 2y iy @ (5 /(L k)

as k[G]-modules. The RHS breaks up as the direct sum of copies of g quotiented by the y; subspace and
hence x; doesn’t appear anywhere in semi-simplification (using residual distinctness). Hence the flag is
unique.

To say M is upper triangular is equivalent to saying M preserves the flag which we have now shown to be
unique. Again, by induction on N, it will suffice to show the M preserves L;. Let e; € Li. Our hypotheses
imply that

MpM_lel = pe; = x1€1.
Multiplying by M ~! and using that M ~! commutes with x;, we get

p(M~er) = x(M~'ey).



By uniqueness then, M ~'e; € L; and hence M~ preserves the flag so M does as well. ([

Corollary 1. If p is ordinary, then it lands in a Borel subgroup, i.e. is upper-triangular with respect to

some basis.

Proof. By assumption, we can conjugate p|; to be upper-triangular so it suffices to show that p(g) is, where
g is some Frobenius element. Since ¢ are invariant under conjugation by g, we see that p(g) satisfies the

hypotheses on M in the previous lemma and hence is upper-triangular. ([l

Corollary 2. The ordinary deformation functor satisfies (SC) and so is representable under the assumption

that the residual representation is non-split in the sense of Proposition 1.7.

Proof. By Proposition 1.7, the residual deformation satisifies the necessary conditions for the universal
deformation functor to exist. We denote the ordinary deformation functor by Dgrd; it is clearly a subfunctor
of D;. As a subfunctor, injectivity of the map (1) is automatic in Hl, H2, and H4. Hence it suffices to check
that (1) is surjective under the hypotheses of H1, namely when B — C' is small.

We are free to choose ordinary lifts p4 and pp
pa=MppM~1L.

Since p4 and pp are both ordinary M satisfies the hypotheses of the previous lemma and so is upper-
triangular. We can choose a lift M’ of M to Gl,(B) which is upper triangular. Changing pp by M’
maintains its ordinary form. Hence, we have p4 and pp agreeing after push-forward and both have ordinary

form and so their fiber product will also be ordinary. O

Exercise 2.9. (Continuity) Let A be complete local Noetherian ring and set A,, = A/m”. Given a com-
patible system of ordinary deformations p,, show that there exist an ordinary deformation p4 such that

pA® A, = pp. Hint: See Remark 1.8.

As a final comment, it is possible to interpret ordinarity as a closed condition at least under the assump-
tions of residually distinct and nonsplit, but I did not haveto write it up. Hopefully, I will have a chance to

present it in seminar. Otherwise, feel free to ask me about it afterwards.



Lecture 6: Presentations of deformation rings

Samit
November 6, 2009
Notes by Sam Lichtenstein

This lecture is about getting bounds for the dimension of deformation rings, by bounding the number of
generators and relations. The reference for this lecture is Kisin’s article in CDM, or stuff from his Hawaii
notes.

1. LOCAL SETUP AND STATEMENT
Let K/Q, be finite, O = O, 7 a uniformizer, k = O/(n), I a profinite group satisfying the p-finiteness
condition “®,”, and 5 : I' - GL, (k) a mod 7 representation. We consider deformations to complete local

noetherian O-algebras with residue field k. The framed deformation ring R%‘ always exists, so we have a
universal representation

o
I "% GL,(RY).
Assuming Endr p = k, we also know Rj exists, and we then get a universal deformation

univ

I'"— GL,(R,).
Recall that
D3 (k[e]) = Homy (mpo /(m2a, 7), k) = Z'(T, ad p)
and D5(kle]) = HY(I',ad p) as k-vector spaces.

Theorem. Let r = dimy Z1(T',adp). Then there exists an O-algebra isomorphism

Ofzt, ..., 2]/ (f1,. .-, fs) 2 RS
where s = dimy, H3(T', ad ).

Corollary. (i) dim RpD >1+n?—x(T,adp) =1 +n? — h%(adp) + h'(adp) — h?(ad ).
(ii) dim R, > 2 — x(T, ad p).

Proof of corollary. From O we get a contribution of 1. hence we get dim RﬁD > 1+dim Z'—h2. Now (i) follows
formally noting that dim Z° = dim C° = n2. (Use h! = dim Z! — dim B! and dim B! = dim C° — dim Z° =
dim C° — h%.) Then (ii) is immediate using the fact that R%’ is basically a PGL,-bundle over Rp. O

2. PROOF OF THEOREM 1

Using completeness [exercise] we can choose a surjection
¢: Ofx] := Oz, ..., 2] — RﬁD.

(Send the z;’s to elements which reduce to a basis for the tangent space Z!(I", ad p) of the framed deformation
ring.) The problem is to show that the minimal number of generators of the kernel J = ker¢ C O[z] is at
most s. Let m = mo[z] C Ofz] be the maximal ideal (7, z1,...,2,). It would suffice to construct a linear
injection (J/mJ)* < H?(I',adp). There is a subtle technical problem in an attempt to construct such an
injection. We explain the problem, and then the fix to get around it.

For each v € T’ choose a set-theoretic lift p(y) € GL,(Oz]/mJ) of p7(y) € GL,(0[z]/J) = GL,(R"Y).
We need to make this choice so that p is a continuous function of . It is not clear if the map

O[z]/mJ — O[x]/J
admits a continuous section as topological spaces, so it is not clear how to find a continuous p. To handle
this problem, we now prove:

Claim: For r > 0, let J, = (J+m")/m" € O[z]/m" and let m, = m/m". For r > 0, the natural map
J/mJ — J,./m,J, is an isomorphism.
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Proof. The map is surjective, and for injectivity we have to show that J N (mJ + m") = m] for large 7.
Certainly mJ lies in the intersection for all r, so since J/mJ has finite length we see that the intersection
stabilizes at some intermediate ideal for r > 0. This stabilizing ideal must then be the total intersection.
But by Artin-Rees applied to mJ as a finite Ox]-module, the intersection of all (mJ+ m”)’s is mJ. O

By the Claim, to prove the desired result about minimal number of generators of J, we can replace O[z]
and RP := RE with their quotients by rth power of maximal ideal for some large r. The quotient of
RY by rth power of its maximal ideal is universal in the category of complete local noetherian O-algebras
whose maximal ideal has vanishing rth power (exercise!). So working within this full subcategory of local
0-algebras, we can still exploit universal mapping properties. But we gain the advantage that now our rings
are of finite length as O/7"-modules, so in particular they’re all discrete with their max-adic topology and
hence the Galois representations which arise have open kernel. We can therefore find the required continuous
section, working throughout with local rings whose maximal ideal has a fixed but large order of nilpotence.

So we now proceed in such a modified setting (so the definition of J changes accordingly, but the Claim
shows that this does not affect J/mJ, which is to say the minimal number of generators of J). In particular,
in the new setting we will construct a k-linear injection of J/mJ into H?(T', ad p), thereby finishing the proof.

For f € (J/mJ)*. let

ps(7,0) = f(B(8)p() " A7)~ = 1),
where we apply the map f “entry-wise” to the given matrix in Mat, «,(J/mJ). That is, the map ¢ has the
form
2 5 Matyxp(J/mJ) L Mat,sn (k).
Now we observe the following facts.
(1) g7 € Z2(T'adp).
(2) [ps] € H3(T,adp) is independent of the choice of lift p.
(3) f > [py] is k-linear.
(4) f > [py] is injective, but more precisely we have [¢¢] = 0 < we can choose p to be a homomorphism
“mod J;” where J; = ker(J — J/mJ 5 k) & f =0 J; = 1.
Note that (4) provides the desired linear injection, and hence proves the theorem; (1)-(3) are necessary to
make sense of (4).
Let us prove the facts above.

(1) This is a formal computation, which goes as follows. Note that we can identify Mat,, x» (J/mJ) under
addition with (1 +Mat,,x,(J/mJ)) under multiplication, since J C m. Using this identification, we
have

dog(y,6,€) =058, €) — 0 (8, €) + pr(7,0€) — (7, 6) € Matyxn (k).
If we want to prove this is zero, it’s enough to check “upstairs” in Mat,, x,, (J/mJ), i.e. before applying
f. Thus we really want to check that

(P(AEE)P() ™ A(8) " p(1) ™) x (P(10)p(€)p(vde) ™)

x (p(y8€)p(5e) ™ p() ™) x (B()P(8)p(6) ") =
The trick is to insert the bracketed term (which is 1) below:

1.

insert

—
p(Y)A(3e)p(e) ™ p(8) p(y) ™ A7) A(8) ™ A(0) ple)plyde) ™"

~ e N~ N~ o~ _1\ ?

x p(y8€)p(de) " p(y) < (p(v)p(8)p(vd) ™) = 1.
Now observe that the bracketed terms below reduce to 0 in Mat,, x, (k) and hence can be commuted
with one another (!):

I II
P(Y) P(0€)A(e) " (0) ™ p(7) L p(78)p(0) ™ (8)ple)plyde) !
X p(y6e)p(3e) 1 p(7) Tt x (A()B(E)A(v8) ™) = 1.
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After swapping I and I7 one sees that in fact everything cancels magically. (Is there is a “conceptual”
proof of (1)7)
(2) This is similar to (1). First write p"*¥(y) = a(y)p(y) for some

a:T — 14+Mat,x,(J/ml).

The idea is to show formally that a(y) (which is of course a continuous 1-cocycle on I') changes ¢y
by da. This is done with a similar “insert 1 cleverly and commute stuff” trick as in (1).

(3) OK.

(4) The last equivalence in (4) is clear. For the other two equivalences, the implications “<” are OK.
The implication that [p;] = 0 implies we can choose p to be a homomorphism mod J; follows from
the previous calculation [omitted] that p ~~ a - p changes ¢ by da. In particular, if ¢ is already a
coboundary, then by changing the choice of lift we can make ¢ = 0, which is the same as saying our
lift is a homomorphism mod Jy. So the crux of the matter is the second “=".

Here’s the situation. We have a diagram

(m]
Puniv

r GL,(0[z]/J) = GL,(R"P)

S e

GL,(0[z]/mJ) GL,(0[2]/J ;) ———— GL,(k)

I«

We'd like to prove that O[x]/J; — O[x]/J is an isomorphism. By the universality of RY we get the
map
O[z]/3 % 0[«]/I; < 0[]/

and again by universality the composition is the identity. Now it would be enough to check that
J C Js. Note that the image of z; in Oz]/J maps to x; + a; € O[z]/J; where a; is some element of
J. It will suffice to show that if g(z1,...,z,) € J then g maps to g itself in Ofz]/J.

First we claim that J C (m? 7) [recall that J = ker(O[z] — RY)]. Indeed, if g € J then
g = go+ > gizi + O(m?). Moreover gy € (7) and each g; lies in () since the z;’s map to a basis
of m/(m?, 7). Thus g € (m?, 7). Consequently, it’s enough to show what we want for g € (m?, 7).
[This will be important later on!]

But if g € (m?, 7) then under O[z]/J — O[z]/J; we still have

g=4go+ Zgil“i +O0(m?) — go + Zgi(ﬂ% +a;) + O(m?),

and the observation is that when we subtract off ¢ from this we get > g;a; in the O(m) term, which
[by inspection] is in mJ C J;. Similarly one sees that the higher order terms vanish mod J;.

This concludes the proof of (4), hence the claim, hence the theorem.

3. COMPLETED TENSOR PRODUCTS

Example. Let R be a Noetherian ring, and consider R[z] ®g Rly] = R[z,y]. However R[z] ®r R[y] is
something weird, being just a part of Rz, y]. It’s easy to see that it does at least inject into R]x,y]. The
idea is that M ® Rf < MY for any free R-module R’ (here I is an arbitrary index set) but this map fails
to be an isomorphism.

To check the injectivity, note that it’s OK for M finite free, which allows one to deduce it for M finitely
presented, and then pass to a direct limit to conclude the general case. Applying this to I = Z and M = R[z]
gives what we want in our case. But to see that our map R[z] ® R[y] — R[z,y] is not surjective, observe
that >~ a™y™ is not in the image!

Definition. Let O be a complete Noetherian local ring and R,S complete Noetherian local O-algebras
(meaning the structure maps are local morphisms). Assume at least one of the residue field extensions
0/mo C R/mpg and O/mo C S/mg is finite. Then set m < R ®o S to be the ideal generated by

mp ®o S+ R®o mg.



[Note: (R®o S)/m = kg ®k, ks is not necessarily a field, or even a local ring, but it is artinian.] Now define
the completed tensor product RQ¢S to be the m-adic completion of R ®¢ S.

Universal property. R®¢S is the coproduct in the category of complete semilocal Noetherian O-algebras
and continuous maps. It is thus the universal (i.e. initial) complete semilocal Noetherian O-algebra equipped
with continuous O-algebra maps from R and S.

Example. We have Oz]®0O'[y] = O’[z,y] when O’ is any complete Noetherian local O-algebra. We also
have

(O[[xh v 7'73T]]/J)®O(O/|Iyla crey yS]]/J/) = O/[[xh ey Ty YLy ey ys]]/(Jw]],)
in this setup.

4. GLOBAL SETUP AND STATEMENT

Let F be a number field, and p a prime. Let S be a finite set of places of F' containing {v|p}. Fix
an algebraic closure F/F and let Fs C F be the maximal extension unramified outside S. Let Grg =
Gal(Fs/F). Let ¥ C S be any subset of places [for now; later we’ll impose conditions].

For v € ¥, fix algebraic closures F,/F, and choose embeddings F' < F,, or, what is the same thing,
choices of decomposition group Gal(F,/F,) = G, C Grs. Now let K/Q, be a finite extension, and O, T,
and k be as above. Fix a character ¢ : Gp g — 0*.

Let V}, be a finite dimensional continuous representation of G g over k such that det V, = ¢ mod .

Since we're fixing det = 1) in this subsection, we’ll be dealing (from now on in this talk) with ad’ V4, rather
than ad V. [More on this later.] A caution is in order: if p| dim Vj, then ad” Vj, is not a direct summand of
ad Vj. Usually the scalars in ad Vj; give a splitting, but when p| dim V4, the scalars actually sit inside ad’ V.
Hence we shall assume from now on that p { dim V.

For each v € ¥ fix a basis 8, of V. We're going to consider deformation functors (and the representing
rings) with determinant conditions. Set DY'¥ to be the functor of framed deformations of Vi |q, with the
basis (,, with fixed determinant ¢ mod 7, and let RUD“Z’ be the ring (pro-)representing it. This always exists.
Likewise let DE;/’ be the functor of deformations V4 of Vi with determinant v mod w, equipped with an

A-basis BU of Vy lifting 3, for each v € 3. Let R%’g’ be the ring representing it. Again, this always exists.

We have analogous respective unframed counterparts RY and R% g under the usual condition that Vj has
only scalar endomorphisms as a representation space for G, and G g respectively.

Now define Rg’w = @UezRE’d’ [completed tensor product over O]. Since each RJ*¥ has the same residue
field, in this case the completed tensor product actually is local! Let mg be its maximal ideal. Analogously

define Rg and my. Denote the maximal ideal of the local ring RE”E’ by mID;’ < and likewise that of R? g by
mpgs.
There is a natural R%-algebra structure on R% g Vvia the universal property of ®¢. Indeed, for each v € X,

by restricting the universal deformation of Vj valued in R%’ g to Gy, C Gp,s the universal property of R}f

induces a canonical local O-algebra morphism RY — R% 5- We then use the universal property of completed
tensor products.

Theorem. Fori > 1 let h% (resp. ¢%) denote the k-dimension of the kernel (resp. cokernel) of the map

0; : H'(Gps,ad’ Vi) = [[ H(Gy,ad’ V).
vEY

Then we have an isomorphism of Rg-algebms
Ry ¢ = Re[a1, ..., ]/ (f1,- - frrs)
where r = hi, and s = c3, + h% — hi.
To get the desired presentation, as in the proof of Theorem 1, first consider a surjection

B := R¥[z1,....2,] > Ryg



5

where 7 = dimy, coker(my/(m$, 7) — mps/(m% g, 7)); this surjectivity uses completeness. Dualizing, we
have
r = dimy, ker(Homk(mF’s/(m%’S, 7), k) — Homy,(my/(m%, 7), k)).
Using the computation from Mok’s lecture, this is
dimy, ker 61 = hlz.

The key point that makes these computations work is that the completed tensor product represents the
product of the functors represented by the RY, which is most easily checked by computing on artinian points
(for which the completed tensor product collapses to an ordinary tensor product). That then brings us down
to the elementary fact that the tangent space of the product of functors is the product of the tangent spaces.

Denote by m the maximal ideal of B, and by J the kernel ker(B — R% g). Now comes a delicate

technical point. Like in the proof of Theorem 1, we can set-theoretically lift p : Grpg — GLH(R%S)
to p : Gps — GL,(B/mJ), not necessarily a homomorphism, and there arises the problem of finding a
continuous such p. We seek a better method than the trick as earlier with finite residue fields because we
wish to later apply the same technique to future situations involving characteristic-0 deformation theory, for
which the residue field is a p-adic field and not a finite field. The reader who prefers to ignore this problem
should skip the next section.

5. CONTINUITY NONSENSE

To explain the difficulty and its solution, let us first formulate a general situation. Consider a surjective
map R’ — R between complete local noetherian rings with kernel J killed by mg/, and assume that we are
in one of two cases:

Case 1: residue field k is finite of characteristic p, so R and R’ are given the usual max-adic topologies
that are profinite. These topologies are the inverse limits of the discrete topologies on artinian quotients.

Case 2 (to come up later!): residue field k is a p-adic field and R and R’ are Qp-algebras, whence uniquely
k-algebras in a compatible way (by Hensel). Their artinian quotients are then finite-dimensional as k-vector
spaces, and so are naturally topologized as such (making them topological k-algebras, with transition maps
that are quotient maps, as for any k-linear surjections between k-vector spaces of finite dimension). Give
R and R’ the inverse limit of those topologies (which induce the natural k-linear topologies back on the
finite-dimensional artinian quotients).

In both cases, let p : G — GL,(R) be a continuous representation. We seek to make an obstruction
class in a “continuous” H?(G,ad p) (over k) for measuring whether or not p can be lifted to a continuous
representation into GL,, (R'). The problem is to determine if p has a continuous set-theoretic lifting (moreover
with with a fixed determinant if we wish to study deformations with a fixed determinant, assuming that p
doesn’t divide n).

We saw earlier how to handle Case 1 when R is artinian, by a trick. That trick rested on p at artinian level
factoring through a finite quotient of G. Such an argument has no chance of applying when k is a p-adic field
in interesting cases, and we’re sure going to need that later when studying generic fibers of deformation rings
and proving smoothness by proving vanishing of a p-adic H2. So we need an improvement of the method
from artinian Case 1 which addresses the following two points:

(i) what to do when k is p-adic,

(i) how to incorporate additional things like working with a fixed determinant.

Actually, (ii) will be very simple once we see how to deal with (i), as we will see below. This is important
because in practice we want to deal with more general constraints than just “fixed determinant” and so
we want a general method which works for any “reasonable property”, not just something ad hoc for the
property of fixed determinant.

To deal with (i) (and along the way, (ii)), we will use a variant on fix from artinian Case 1. That argument
allows us to reduce to deal with the case when R and R’ are artinian, but we need to show in that artinian
setting we can make a continuous set-theoretic lifting without the crutch of “factoring through finite quotient
of G” (which is available for finite & but not p-adic k).

First conjugate so the reduction pg : G — GL, (k) lands in GL,(Of). Then by using the method from
Brian’s talk on p-adic points of deformation rings, we can find a finite flat local Og-algebra O-lattice A
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inside of R with residue field equal to that of O and containing the compact p(G), and then we can find a
similar such A’ in R’ mapping onto A. We’d like to lift

p:G— GL,(A)

to GL, (A") set-theoretically in a continuous way. Note that GL,(A’) — GL,(A) is surjective.

The point is that GL,(A) and GL,(A’) are respectively open in GL,(R) and GL,(R’) with subspace
topologies that arise from the ones on A inside R and A’ inside R’ which are their natural topologies as
finite free Og-modules. This makes them profinite, much as GL, (R) and GL,(R’) were in the case of finite
k. So we have reduced ourselves to the following situation, in which we will use an argument suggested by
Lurie that also gives another approach for handling the case of finite k£ as well.

Let H' — H be a continuous surjective map of profinite groups, and p : G — H a continuous homomor-
phism. We claim that there is a continuous set-theoretic lifting G — H’ of p that also respects properties
like “fixed det” in the case of intended applications. To see this, let F' — G be a surjection from a “free
profinite group”. The composite map

F—-G—H
can be lifted continuously to F — H' even as a homomorphism by individually lifting from H to H’ the
images of each member of the “generating set” for the free profinite F'. Those individual lifts can be rigged to
have a desired det, or whatever other “reasonable homomorphic property” can be checked pointwise through
a surjection, and so such a property is inherited by the map F — H’. But what about G — H'? If we can
find a continuous set-theoretic section of F' — G then composing that section with F — H’ will give the
required G — H’. So our continuity problems will be settled once we prove the following fact.

Claim: If f : G’ — G is a continuous homomorphism between profinite groups then it has a continuous
section (as topological spaces).

Proof. For closed normal subgroups N’ <« G’ and N := f(N’) = closed normal in G, consider continuous
sections s : G/N — G’ /N’ to the induced quotient map G'/N’ — G/N arising from f. For example, such
an s exists if N’ = G’ (so N = G). If (N’,s) and (M’,t) are two such pairs with N’ containing M’, say
(M',t) > (N, s) if
t:G/M — G' /M’ and  s:G/N — G'/N’

are compatible via the projections G/M — G/N and G'/M' — G'/N’.

I claim that the criterion for Zorn’s Lemma is satisfied. Let {(N/,s;)} be a chain of such pairs, and let
N’ = N/. Then the natural map

G'/N' — lim G'/N;

is surjective (since an inverse limit of surjections G’ /N’ — G'/N/ between compact Hausdorff spaces), yet also
injective and thus a homeomorphism. Likewise, for N := [ N; the map G/N — @ G/N; a homeomorphism,
and I claim that N = f(N’). Indeed, if z is in N then f~!(x) meets each N/ in a non-empty closed set, and
these satisfy the finite intersection property since {N/} is a chain ordered by inclusion, so f~!(x) contains a
point in the intersection N’ of all N]. That says x is in f(N’) as desired. (The inclusion of f(N’) inside of
N is clear.)

It follows that the compatible continuous sections s; : G;/N; — G}/N! induced upon passing to the
projective limit define a continuous section

s:G/N = G'/N',

so (N',s') is an upper bound on the chain {(N/, s;)}.

Now we apply Zorn’s Lemma to get a maximal element (N’,s). This is a continuous section s : G/N —
G'/N'" where N = f(N’). I claim N’ = {1}, so we will be done. If not, then since N’ N U’ for open normal
subgroups U’ in G’ define a base of opens in N’ around 1 (as N’ gets its profinite topology as subspace
topology from G'), there must exist such U’ so that N’ N U’ is a proper subgroup of N'. Replacing G’
with G'/(N'NU’) and G with quotient by image of N' N U’ in G brings us to the case where N is finite
and non-trivial yet (N',s) retains the maximality property (no continuous section using a proper [closed]
subgroup of N’ normal in G’). We seek a contradiction.

Since N’ and N are finite, the quotient maps ¢’ : G’ - G’ /N’ and q : G — G/N are covering spaces with
finite constant degree > 0. By total disconnectedness, these covering spaces admit sections. Composing s



with a section to ¢’ gives a continuous section G/N — G’ to
¢ Lasan.

Composing such a section with ¢ gives a continuous map ¢ : G — G’ so that f(t(g)) = gmod N, so
by profiniteness of G and finiteness of N we get an open normal subgroup U in G such that for each
representative g; of G/U there exists n, € N such that f(t(g;u)) = n;g;u for all w € U. But n; = f(n}),
so replacing t on ¢;U with (n)~!t for each i gives a new ¢ so that f(t(g;u)) = g;u for all u € U and all 4,
which is to say ft = 1. This exhibits a continuous section ¢ to f, contradicting that N was arranged to be
nontrivial and maximal with respect to the preceding Zorn’s Lemma construction. Hence, in fact N above
is {1} so we are done. O

6. PROOF OF THEOREM 4

Returning to the situation of interest, we now have a continuous p that can even be arranged to satisfy
det p = ¢ mod mJ. Still following the argument from the proof of Theorem 1, define for f € Homy (J/mJ, k)
the continuous 2-cocycle ¢ as before, and observe that this time the determinant condition entails that
[pf] € H?(Grs,ad’ V;). The proof of the well-definedness of [p;] is as before. Also we still have the
equivalence that [¢f] = 0 if and only if p can be chosen to be a homomorphism mod ker f.

Now for the restriction of p to each G,, we know we can find a continuous lift, namely coming from the
universal representation p, at v:

Gy % GL,(RY) = GLy(RE) — GL,(B)
where the other maps are the obvious ones. Hence the class [¢;]|q, € H*(G,,ad’ V4) is always trivial. In

other words, we have a k-linear map Homy (J/mJ, k) 2 ker 05 satisfying f — [p]; the target has dimension
h% by definition. Therefore [easy exercise| it suffices to show that dimjker® < ci. (All we need is the
inequality, because we can always throw in extra trivial “relations” f; = 0 into the denominator of R? 5°)

Let I = ker(my/(m3;, 7) — mps/(m g, 7). Then Homy (I, k) = coker(6;). So it is enough to construct
a linear injection ker ® < Homy (1, k).

Step 1: Observe that I = ker(m/(m?* ) — mps/(m% g, 7)) because we chose the x;’s to map onto a
basis of coker(ms/(m$, ) — mps/(m3 g, 7). (In other words, none of the extra stuff in m dies when we
map to mp g.)

Step 2: We next claim that J/mJ surjects onto I. To prove this, first note that the map J/mJ] —
m/(m?, 1) comes from tensoring

0—=J—m-—=mpg—0
over B with B/m and then reducing mod m. We need to show that this map is surjective onto I. Fix
r €1 C m/(m? 7). We know
J/mJ — ker(m/m? — mp,s/mgs).
We can lift  to Z € m/m?  Since # maps to zero in mpg/(m% g, 7), Z maps to 7rmod m, g for some
r e R%S. But now we can just choose some 7 € B mapping to r € Rﬁ,s (i.e. mod J). Now replace T with
7 — (77 mod m?) so that 7 has vanishing image in mF,S/m%S. That says 7 is in the image of J/mJ in m/m?
so z is hit by J/mJ as desired.

Step 3: By Step 2 we get Homy (I, k) — Homy(J/ml, k) D ker ®. So we need to show that ker & C
Homy (I, k). In other words, if [pf] = O then we claim that f : J/mJ — k should factor through I, or
equivalently vanish on K = ker(J/mJ —» I). Or equivalently, we need to show that K = JN (m?,7) C
Js = ker f. But in fact this is really what we showed at the end of the proof of Theorem 1 when we showed
property (4) of ®.

7. THE FRAMED CASE

Let

2

n:mg/((mg)?, ) = mE g/ ((mF g)%, 7).

Then 5 .
RF:;{) = R27w[[x17 tet 7xr‘:‘]]/(f17 s ~7frD+sD)7
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where 75 = dimy, cokern and r™ 4 s5 = hZ + dimy, ker .

The proof is the same as in the unframed case, just with extra squares floating around all over the place.
But now our H’s have turned into Z’s (that is, elements of the tangent space which were cohomology classes
are now cocycles) so it’s better to phrase the result as above.

8. FORMULAS FOR r’S AND s’S

Theorem. Suppose that {v|p} C 3, that {v|oc} C S, and that S — X contains at least one finite prime.
Then (with notation as above)

Z dimy, (ado Vk)G"’

v|oco, g3

Remark. We also have rJ > #% — 1,70 Z r4+#S—1,s8 =s—#X +1.

Proof. Let Y = ad’V;, and X = YY(1). (In the notation of Rebecca’s talk, X = Y”; it is written as a
“twisted Pontrjagin dual” here because instead of being Hom into Q/Z (trivial G-module) the target is given
the action of the cyclotomic character.) Recall the end of the Poitou-Tate exact sequence (from Rebecca’s
talk)
H*(Gps,Y) — [ H*(Gy.Y) = H(Grs,X)¥ = 0.
vES
Split the product into two pieces:

[, Y) = [ H2(Go.Y) x J] H*GW,Y).

veS veEY vES—X%
The claim is that as long as the second factor is nonzero (which it is by hypothesis), it surjects onto
H(GFrs, X)V. Indeed, trivially H (G s, X ) < H°(G,, X) since restricting to the decomposition group gives
more invariants. Dually, we have H°(G,, X)¥ — H°(Grs, X)V. But by the Tate pairing, H*(G,, X )V =
H2(G,,Y). On each factor, the last map in the Tate-Poitou sequence is none other than the composition
H*(G,,Y) 2 H%(G,, X)V - H(GFs,X)V. Thus the claim is true.

Now we do a little diagram chase. We have
H*(Grs,Y) = [[H(G.,Y) x [ H*(Gw,Y) = H*(Grs,X)¥ —0.
veEXD veES—%

The claim is that H*(Gp,s,Y) — [[,cx H*(Gy,Y). Indeed, given (ay)s € [[,ex H2(Gy,Y), suppose its
image in H*(Gp,s,X)" is 7. Since [[,cq_x H*(Gy,Y) — H*(Gp,5, X)), we can find

(bo)s—s € [ H*G..Y)

veES—%
such that the image of (b,)s_x in H*(Grs, X)V is —y. Then

(a0)s X (by)s—x € ker(][H*(G,,Y) - H*(Grs, X)),
whence this tuple is in the image of H*(Gps,Y). Projecting onto the [I.cx factor proves the claim. But
the surjectivity of H*(Gr,5,Y) — [[,ex H*(Gy,Y) says precisely that ¢ = dim coker 6, = 0.

Consequently we have h = h*(Gp,5,Y) — Y o5 h*(Gy,Y). So by the formulas at the end of Theorem 4,

s=-hy+ch+hy=—h'"(Grs,Y)+ Y h(Gn,Y)+h(Grs,Y) = > B (Gy,Y).
IS vED
Now recall that we have assumed throughout that Endg, ; Vi = (ad V;)"s = k (since we need this

to make sure the unframed deformation ring even exists!). In particular, (ad’V;)¢s = 0. That is,
h(Gr,s,Y) = h’(G,,Y) = 0. So we can add h°(Gps,Y) — 3 5, h°(Gy,Y) to s and nothing changes.
But now we recognize from the equation above that in fact s = x(Gr,5,Y) = >, o5 X(Go,Y).

We now invoke the Tate global Euler characteristic formula. [Reference: Milne, Arithmetic Duality
Theorems Ch. I, Thm. 5.1.] We conclude that

X(Grs,Y) =Y h%(G,,Y) —[F: Q] dimy Y.

v|oo
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We also have for v < o0o,v { p, that x(G,,Y) = 0. For v < 0o, v|p, we have x(G,,Y) = —[F, : Qp]dim; Y.
For v|oo, we have x(G,,Y) = h°(G,,Y). One sees that in s = x(Grs,Y) — 3, 5, X(Go,Y), the degree
contributions all cancel out, so there are no non-archimedean terms. Of the archimedean places, all those in
Y cancel as well, and we are left with the statement of the theorem. ([l



Notes on Galois Cohomology—Modularity
seminar

Rebecca Bellovin

1 Introduction

We’ve seen that the tangent space to a deformation functor is a Galois coho-
mology group H', and we’ll see that obstructions to a deformation problem
will be in H2. So if we want to know things like the dimension of R or
whether a deformation functor is smooth, we need to be able to get our
hands on the cohomology groups. Secondarily, if we want to “deform sub-
ject to conditions”, we’ll want to express the tangent space and obstruction
space of those functors as cohomology groups, and cohomology groups we
can compute in terms of an unrestricted deformation problem.

For the most part, we will assume the contents of Serre’s Local Fields and
Galois Cohomology. These cover the cases when G is finite (and discrete)
and M is discrete, and G is profinite and M is discrete, respectively.

References:

Serre’s Galois Cohomology

Neukirch’s Cohomology of Number Fields

Appendix B of Rubin’s Fuler Systems

Washington’s article in CSS

Darmon, Diamond, and Taylor (preprint on Darmon’s website)

2 Generalities

Let G be a group, and let M be a module with an action by G. Both G
and M have topologies; often both will be discrete (and G will be finite),

1



or G will be profinite with M discrete; or both will be profinite. We always
require the action of G on M to be continuous.

Let’s review group cohomology, using inhomogenous cocycles.

For a topological group G and a topological G-module M, the ¢th group of
continuous cochains C*(G, M) is the group of continuous maps G* — M.
There is a differential d : C*(G, M) — C**}(G, M) given by

(df) (9155 9i01) = g1 -f(g2- -, 9in1)

n

+ Z(_l)]f(gh < 959541 - - 7gi+1)

j=1

iz
+ (—1)i+1f(gl, cey i)

It is easy to check that d? is zero, so we have a complex C*(G, M). Then we
define HY(G, M) := kerd/imd.

If G is finite and M is discrete, this is just ordinary group cohomology, see for
example [3]. But for G or M profinite, taking the algebraic group cohomology
gives the “wrong” answer. For example, if L/ K is a finite Galois extension of
fields and M is a module equipped with a trivial action of G := Gal(L/K),
then the algebraic cohomology group H'(G, M) = Hom(G, M) classifies
subextensions K C K’ C L with Gal(K’/K) isomorphic to a subgroup of
M. It would be nice if we could relax the finiteness hypothesis on the exten-
sion L/K and still have H' meaningfully classify subextensions. But infinite
Galois theory tells us that only closed subgroups of Gal(L/K) correspond
to subextensions K C K’ C L, so our definition of H' will have to take
topological information into account somehow.

For an explicit example where algebraic and continuous group cohomology
differ, see Brian’s notes from Hawalii, exercise 2.5.2.

2.1 Functorial properties

As we have defined it, Galois cohomology is functorial in the coefficients,
that is, given a morphism M — M’ of G-modules, there is are morphisms
HY(G,M) — H'(G,M'"). Suppose 0 — M’ — M — M" — 0 is an exact
sequence of topological modules, and there is continuous section M” — M (as
sets, not modules!). Then 0 — CY(G, M') — C(G, M) — C* (G, M") — 0 is



exact for every i, and by homological algebra nonsense, we get a long exact
sequence

<= H(G,M') = H'(G,M) - H'(G,M") = HT (G, M) — - -

In all the cases we will care about, this hypothesis will be satisfied, because
surjective maps of discrete topological spaces have continuous sections, and
proposition 1, chapter 1 of Galois Cohomology tells us that continuous sur-
jections of profinite groups have continuous sections. In particular, if M is a
finitely-generated Z,-module or a finite-dimensional QQ,-vector space, we will
have a long exact sequence.

For finite groups G and discrete G-modules M, recall that for all subgroups
H C G, we have a restriction map

res: H'(G,M) — H'(H, M)
and a corestriction map

cor: H'(H, M) — H'(G, M)
If H is normal in G, we also have an inflation map

inf : H(G/H, M") — H'(G, M)

For G profinite and M discrete, we still have a restriction map
res: H'(G,M) — H'(H, M)

If H is a closed, normal subgroup of G (so that the quotient G/H makes
sense), we also still have an inflation map

inf : H(G/H, M") — H'(G, M)

However, to define a corestriction map, we need to assume H is open in G
with finite index. In that case, we define it “at finite level” (as discussed in
section 2.2) using the definition from finite group cohomology, and take the
limit.

When G is a finite group, or G is profinite and M is discrete, for any
normal subgroup H there is a spectral sequence H?(G/H,HY(H,M)) —
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HPT(G, M). This is because cohomology groups HY(G, M) are the derived
functors (taken in the category of all G modules if G is finite, but taken in the
category of discrete G-modules if G is profinite) of the functor M + M¢, and
M — M is the composition of M — M and M — (MH)“/" In particu-
lar, the low-degree terms of the spectral sequence give us the Hochschild-Serre
exact sequence

0— HYG/H,M") ™ H\(G, M) S H'(H, M)'" - H*(G/H, M™) ™ H*(G, M)
The first four terms are the usual inflation-restriction exact sequence.
Recall also that in finite group cohomology, there is a cup-product pairing

HP(G, M) x H1(G,N) = HP*(G, M ® N) given on the level of cochains by
(U913 Gps Gptts - -+ Gpra) = (91,2 9p) © g1+ Gp¥(Gpt1s - -+, Gpra)-
The same applies for profinite groups G and discrete G-modules. However,
if we want to allow more interesting topologies on the coefficient modules,
we may not be able to define the tensor product of modules. Instead, we
use the same formula to say that whenever there are (continuous) maps of
G-modules M — P, N — P, there is a cup-product H?(G, M) x H'(G, N) =
HPM(G, P).

2.2 Reducing to the Finite/Discrete Case

Now let’s allow G to be profinite (still assuming M to be discrete).

Theorem 2.1. Let (G;) be a projective system of profinite groups, and let
(M;) be an inductive system of discrete G;-modules (the maps are all com-

patible). If G =mG; and M = lim M;, then HY(G, M) = lim H(G;, M;).
In particular,
Corollary 2.2. For profinite G, HY(G, M) = hﬂHq(G/U, MY) for ¢ > 0,

where the limit is taken over all open normal subgroups of G.

This corollary lets us reduce many statements to the equivalent statements
at finite level. For example, classical group cohomology tells us that for a
finite group G, H(G, M) is torsion for ¢ > 1, so for profinite G, H1(G, M)
is the colimit of torsion groups, so is itself torsion.
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It also lets us make definitions at finite level, and then take a direct limit. For
example, in order to define corestriction for profinite groups, we recall the
definition of the corestriction map cor : H4(H/(HNU),M) — HY(G/U, M)
for open normal subgroups U C G of finite index. By applying the above
corollary, we obtain a homomorphism cor : H4(H, M) — HY(G, M).

Now let’s relax the assumption that M is discrete. Then we have the following
results due to Tate (see [4] or Appendix B of [1]):

Proposition 2.3. For T' = §mT,, T, finite, if i > 0 and H™YG,T,) is
finite for every n, then H'(G,T) = @Hi(G,Tn).

Proposition 2.4. If T' is a finitely generated Z,-module and i > 0, then
HY(G,T) has no divisible elements, and H(G,T) ® Q,>H (G, T ® Q,).

If we wanted, we could have first defined group cohomology for discrete G-
modules, and then defined H(G, T) by @H%G, T,) and H(G, T ® Q,) by
HY(G,T) ® Q,, instead of via continuous cochains. Then these propositions
show we would end up with the same theory (at least for the coefficient
modules we care about).

These propositions also give us generalizations of the inflation-restriction
exact sequence and the five-term exact sequence associated to the Hochschild-
Serre spectral sequence.

Proposition 2.5. Suppose H is a closed normal subgroup of G.

1. There is an inflation-restriction exact sequence

0— HY(G/H,T") - H'(G,T) — H'(H,T)

2. Suppose that p is a prime and for every G-module (resp. H-module)
N of finite p-power order, H'(G, N) and H*(G,N) (resp. H'(H,N))
is finite. If M is discrete or a finitely generated Z,-module or a finite-
dimensional Qp-vector space, then there is a Hochschild-Serre exact
sequence

0— HY(G/H,M") — HY(G, M) — H'(H, M) - 7*(G/H, M) - H*(G,T)



2.3 New Phenomena

However, there are some genuinely new phenomena when our groups are
profinite, even if our coefficients are still discrete. For example, there is the
notion of cohomological dimension:

Definition 2.6. Let p be a prime and G a profinite group. If for every
discrete torsion G-module M and for every q > n, the p-primary component
of HY(G, M) is zero, and n is the smallest integer with these properties, we
say that n is the p-cohomological dimension of G and denote it by cd,(G).

Removing the requirement that the coefficients be torsion, we make the fol-
lowing definition:

Definition 2.7. Let p be a prime and G a profinite group. If for every
discrete G-module M and for every q > n, the p-primary component of
HY(G, M) is zero, and n is the smallest integer with this property, we say
that n is the strict p-cohomological dimension of G and denote it by scd,(G).

Of course, we could have infinite cohomological dimension or strict cohomo-
logical dimension.

Note that these are not interesting concepts when G is assumed finite! Recall
that for any finite cyclic group G, HX(G,Z) = Z/#GZ and H}(G,Z) =
HI(G,Z) for all r € Z.

Examples:
e Let G = Z. Then for every p, cd,(G) =1 (see [3, Ch. XIII, Prop. 2]).
But H*(G,Z) 2 HY(G,Q/Z) = Q/Z, so scd,(G) = 2.

e Let Gy be the absolute Galois group of Qy. Then for all p, cd,(Gy) =
scd,(Gy) = 2. This is a manifestation of the general fact that if & is the
residue field of K, then c¢d,(Gk) < 1+ cd,y(Gy), with equality when
cd,(Gg) < oo and p is different than the characteristic.

3 Local Duality

Now let’s try to say something about group cohomology we care about as
number theorists. Let K be a p-adic field, i.e., a finite extension of Q, and
let p,, be the group of nth roots of unity in K.
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From now on, we will be considering Galois cohomology, that is, group co-
homology where the groups in question are Galois groups. If K is a field, we
will write H(K, M) to mean H (G, M), and if K'/K is a Galois extension
of fields, we will write H*(K'/K, M) to mean H'(Gal(K'/K), M).

Proposition 3.1. e HY(K, p,) =pu, N K
o HU(K, ) = K* J(K")"
o H*(K, ) = Z/nZ
o H(K, p,) =0 fori>3
Proof. The first assertion follows by definition. For the casesi =1 and i = 2,

use the exact sequence 0 — u, - G, — G,, — 0 and look at the long exact
sequence in cohomology:

0 — HYK,u, — HYK,G,,) > H(K,G,,) =
- HYK,pu,) — H(K,G,,) > H(K,G,,) —
— H*(K,p,) — H*(K,G,,) > H*(K,G,,)
By Hilbert’s Satz 90, HY(K,G,,) = 0, which implies that H'(K,u,) =
K*/(K*)". In addition, H*(K,G,,) = Q/Z, with the isomorphism given
by the inv map, by the theory of Brauer groups. This implies H?(K, pi,,) =

Z/nZ. For i > 3, the assertion is a theorem of Tate, and is proved in (|2,
§4.3, Prop. 12]). O

In particular, this has the striking corollary

Corollary 3.2. For M a finite Gx-module, H (K, M) is finite as well.

Proof. Over a finite extension K'/K, M becomes a G g-module isomorphic
to a direct sum of p,,’s. We have a spectral sequence H*(Gal(K'/K), H/(K', M)) =
H™I(K, M), so by the proposition, H (K, M) is finite. O

Now we can state Tate’s local duality theorem:

Theorem 3.3. Let M be a finite G-module and set M' = Hom(M, p) =
Hom(M, G,,). Then for 0 <i <2, the cup-product

HI(K, M) x H* (K, M') = H(K, p) = Q/Z

18 a perfect pairing.



One of the consequences is the Euler-Poincaré characteristic. For a finite
Gr-module M, we define the Euler-Poincaré characteristic to be

_ #H(K, M)#H*(K, M)
; #H (K, M)
Then one can show that (M) = p~»@#MN = 1/(O : #MO), where N =

[K : Q] and O is the ring of integers of K. In particular, if the order of A
is relatively prime to p, then x(A4) = 1.

xX(M)

We can extend the concept to the case where M is a finite free Zy,-module or
a finite-dimensional (Q,-vector space by making the more familiar definition

X(M) := h®(M) — h'(M) + h*(M)

where h'(M) := rk H(K,M). If M is a free Z,-module of rank k, take
My, = M/"M, so that x(M) = lim Llog, x(M,,) = —kNw,(¢). In particular,
if ¢ # p, then x(M) = 0.
Here are some interesting special cases:
e Take M =7Z/nZ and i = 1. Then this theorem says we have a perfect
pairing H'(K,Z/nZ) x HY(K, 1) — Q/Z, which in particular says
that Hom(Gg,Z/nZ) is dual to K*/(K*)™. This is the duality given

by local class field theory, and if K contains the nth roots of unity, Tate
duality becomes the Hilbert symbol K*/(K*)" x K*/(K*)" — Q/Z.

e If F is an elliptic curve (or A is an abelian variety) over K, there is an

action of Gk on the torsion E(K)[m], so we have the perfect pairing
HY(K, E(K)[m]) x H(K, E(K)[m]') — Q/Z

But the Weil pairing tells us that E(K)[m] is dual to E(K)[m], which
for elliptic curves implies we have a pairing

HY(K,E(K)[m]) x H'(K, E(K)[m]) — Q/Z

3.1 Unramified Cohomology

We're going to be interested in a subgroup of H' called the unramified co-
homology. We define

Hi (K, M) := H(K" /K, M)

8



to be the cohomology classes vanishing on inertia. For example,

e H (K,M)= H°K,M)

o H! (K,M) = ker(H'(K,M) — HYK"", M))—this is by inflation-
restriction. If M is finite, the order of H! (K, M) is the same as the
order of H°(K, M), because there is an exact sequence

0 — MO — M" 25 T/ (Frob —id)MT — 0
The lefthand term is H°(K, M) and the righthand term is H! (K, M).

o Hi (K,M)=0 fori> 2 because Gal(K""/K) = Z has cohomological
dimension 1.

Why do we care? For one thing, suppose p is an unramified representation
and ¢ € H} (K, M), and consider the corresponding deformation p’. Then p’
restricted to I is the trivial deformation, so p’ is still unramified.

Going back to elliptic curves, let’s briefly make K a global field with F an
elliptic curve (or abelian variety) defined over it. Define the finite set of
places S to be the union of the archimedean places, the places where E has
bad reduction, and the places v where v(m) # 0, and define Kg to the be the
maximal extension of K unramified outside of S. Then E[m] is a G g-module,
so we have the exact sequence

0— E(K)m] — E(K) S E(K)—0
The long exact sequence in cohomology gives us
0— E(K)m] — E(K) S E(K) — H' (Gg, E(K)[m))
" 0 — E(K)/mE(K) = H' (G, E(K)[m))

We are interested in E(K)/mE(K) because of its role in the proof of the
Mordell-Weil theorem. In fact, its image in H!(Kg, E(K)[m]) is exactly the
subgroup of cohomology classes unramified outside S.

Going back to the general theory, let’s look at what happens in the Tate
pairing. I claim that if #M is relatively prime to p, then H! (K, M) and



H! (K, M') exactly annhilate each other. To see this, note that the inclusion
H! (K, M) — H'(K, M) is compatible with cup-product, so the cup-product
map

H' (K, M)x H' (K,M') — H*K,K")

factors through H2,.(K, FX), which is zero. So we only need to check that the

ordersof H! (K, M) and H} (K, M") match up, i.e., that #H" (K, M) /#H} (K, M) =
#H! (K, M'). By the argument above, H! (K, M) has the same number of
elements as H°(K, M), and H! (K, M’) has the same number of elements as

HY(K, M’), which is identified with H?(K, M) by Tate duality. Since #M

is relatively prime to p, the Euler characteristic of M is 1, which implies the

desired equality.

4 Global Euler Characteristic and Poitou-Tate
Long Exact Sequence

4.1 Local Conditions

We are going to care about deformation problems more restricted than “all
deformations to A”, and we’ll want to identify tangent spaces of restricted
problems with cohomology groups, ideally subgroups of the cmhomological
tangent spaces we already know about. For example, if we ask for de-
formations preserving the determinant, we find that the tangent space is
HY(G,ad”p): let C : G — adp be the cocycle representing an infinites-
imal deformation, i.e., the deformation is p'(g) = (I + eC(g))p(g). Then
det(p') = (1+eTr(C)) det p, so keeping the determinant unchanged is equiv-
alent to Tr(C') = 0, that is, C' is actually a cocycle valued in ad’ p.

Since we're interested in deformations of global Galois groups, we’re also go-
ing to be interested in deformations satisfying local conditions. That is, if
v is a place of F', there is a homomorphism G, — G, so by contravariance,
we have a restriction map H(G, M) — H'(G,, M). This lets us try to un-
derstand global cohomology classes in terms of their restrictions to the local
Galois groups. For example, we could look at the subgroup of everywhere
uramified cohomology classes:

{c € H(G, M) | res,(c) is unramified}
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We make the following definition:

Definition 4.1. Let £ = (L,) be a collection of subgroups L, C H'(G,, M)
such that for almost all places v, L, = H} (G,, M) (this is called a family of
local conditions). The generalized Selmer group is

HM(Gp, M) = {c € HY(Gp, M) | res,(c) € L,Yv}

We also let £P (the dual) denote the family of local conditions (L?), where
LP is the annhilator of L, under the Tate local duality pairing.

Here’s an example of a family of local conditions: Fix a finite set S D S, of
places of a global field F, and let p : Gp — GL,(R) be a representation of
the absolute Galois group of F'. Then we set

o Ly=H! (Gpad"p)if ¢ S, (#p
o Ly=H'(Gpad’p)ift e S

e L, the conditions for ordinary deformations

4.2 Global Euler-Poincaré characteristic and Poitou-
Tate

The Poitou-Tate nine-term exact sequence is the following: Let F' be a num-
ber field, and let S be any set of places containing the archimedean places
and the places v with v(#M) # 0,

0 — HO(Fs, M) — P°(Fs, M) — H2(Fg, A')
— Hl(Fs,M) — Pl(FS,M) — Hl(Fs,A,)v
— H2(Fs, M) — PX(Fs, M) — H"(Fg, A')"

This bears some explanation, since we haven’t defined the groups P?, or the
maps in the sequence. Let A be a finite G p-module. We define

Pi(Fs, M) := ﬂHi(Fv,M)

veS

11



Here the restricted product is taken with respect to the unramified cohomol-
ogy classes, that is,

PY(Fg, M) = {(cy)ves € HHi(Fv,M) | ¢, € H..(F,, M) for almost all v € S}

veS

Moreover, for archimedean places v € S, we replace H 9 by the modified Tate
cohomology group H'. In particular,

Pl = ] 0 [] 2 M)

vESNSoo VESso

Pl(FSaM) = lL[Hl(FmM)
veS
P*(Fs,M) = @D H*(F,,M)

vES
(by passing to a finite extension where A is unramified).

These groups have topologies: in order, excluding the zero terms, they are fi-
nite discrete, compact, compact, discrete, locally compact, compact, discrete,
discrete, finite.

Now we want to say what the maps are. The maps H' — P? are evident.
For the maps P' — H?7% note that local duality gives an isomorphism
Pis(PY4)Y for 0 < i < 2; composing with the (Pontryagin) dual of the
homomorphism H?~% — P?~% gives the desired map. That leaves the maps
(H?)" — H" and (H')" — H?. Denoting the maps H’ — P’ by oy, there is
a non-degenerate pairing keray x ker ay — Q/Z, which defines the desired
maps.

A theorem due to Poitou and Tate (independently) states that this sequence
is exact, and all of the maps are continuous.

Now we would like an analogue of the local Euler-Poincaré characteristic,
for global Galois cohomology. We need to assume that S is a finite set,
containing Sy, and the places v with v(#M) # 0. First of all, we show that
if M is a finite Gg-module, then H'(Fg, M) is finite. It is also true that
H'(Fs, A) is finite for ¢ # 1, but this is harder (this is Theorem 8.3.19 in
Neukirch)

Proof. We can pass to a finite Galois extension F’/F such that Gp g acts
trivially on M. Then H*(G /g, M) is finite, because it’s equal to Hom(F§, M),

12



which classifies Galois extensions of F’ unramified outside S with Galois
group a subgroup of M, and there are finitely many of these (Hermite-
Minkowski). Then use the spectral sequence or inflation-restriction to say
that H'(Fs, M) itself is finite. O

Now we define the global Euler-Poincaré characteristic to be

#H (Fs, M)#H?(Fg, M)
#HY(Fs, M)

X(Fs, M) :=

We have the formula

#HO(F,, M) #HO
- 10 | e

(s, M M FHO(F, AT

(4.1)

VESs VES

Note that this formula is in terms of the cardinality of the cohomology groups.
In this seminar, we will be interested in the case where the cohomology
coefficients are vector spaces (either over finite fields or over p-adic fields), so
we would like a formula in terms of the dimensions of cohomology groups as
vector spaces.

So suppose that M is a finite dimensional vector space over a finite field
k = F,. Then the cohomology groups H'(Gg, M) are vector spaces over k,
so we may take the base ¢ logarithm of 4.1 to get

log, X(Fs, M) = Y (H(Fy, M) = log | #:M])) = ¥ (A°(F, M) = 0(F,, A1)

VESo VES

5 Product formula

The formula we want to prove is due to Wiles: Let M be a finite G p-module
and let £ be a collection of local conditions. Then

#HE(F, M)  #H°(F,M) #L,
L, ~ gmean L gmE

where the product runs over all places of F'.

We choose a finite set S of places of F' as follows: S contains all archimedean
places of F', all non-archimedean places whose residue characteristic divides

13



#M, all places where M is ramified, and all places p where L, # #H'(G,/I,, M™).
Let Fg be the maximal extension of I’ unramified outside S, and let G5 be
Gal(Fs/F).
For any finite discrete Gp-module M, we have an exact sequence
0— H (F,M)— H' (Gg, M) — @pes H' (G,,, M)/ L,

Taking this exact sequence for M* and hitting it with Hom(—, Q/Z), we get

1L = H(Gs, M*)Y — Hpo(F,M*)Y =0

veES

Here the V refers to Pontryagin dual. The identity (H'(G,, M*)/LP)V =
L, follows from local duality: Hom(H'(G,, M*)/LP Q/Z) is the subset of
HY(G,, M) killing L? under the Tate pairing, which is to say that it is L,
again.

Next we want to merge this exact sequence into the Poitou-Tate exact se-
quence:

0 — HO(Gs,M) — PO(Gs,M) — Hg(Gs,A/)V
— Hp(F,M)— [[ Lo = H'(Gs, M*)" — Hpp(F, M*)Y — 0
veES
If this sequence is exact, we have
#HL(F, M)  #H(Ggs, M)#H?*( GS,M’ H#L
#H.,(F, M) #HY(Gg, M")#PO(G

veS

because H?(Gg, M')" has the same number of elements as H?(Gg, M'). The

formula for x(Gg, M') is x(Gg, M') = HUGSOo %, which yields

#HL(F,M)  #H°(Gs, M) HHO(F,, M)
#HL,(F, M) #H(Gs, M) #P( Gs, H #HO(F,, M) H#Lv

HO M L
_ # ((GS7 ) H #HZTFU ) by the definition of P°

O(Fy, M)

The last line follows because outside of S, L, = H} (F,, M) and M is unram-
ified, so we can apply the argument that #H! = #H° to say the quotient
is 1.

14
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Lecture 8: Hecke algebras and Galois representations

Burcu Baran
February, 2010

1. Z-FINITENESS OF HECKE ALGEBRAS

Let S; denote the complex vector space Si(I'1(IV)) of cusp forms of weight & > 2 on
I'1(N). Let T be the Z-subalgebra of Endc(Sy) generated by Hecke operators T), for every
prime p and diamond operators (d) for every d € (Z/NZ)*. In this section our aim is to
prove that T is a finite free Z-module. As it is clear that T is torsion-free, it is enough to
show that T is a finitely generated Z-module. We show this in Theorem 1.6.

We begin with some general constructions for any congruence subgroup I' of SLs(Z). Let
{e, €'} be a C-basis for C2. The group I' acts on C? via the embedding SLy(Z) < SLz(C)
with respect to the basis {e,e’}: for y = (2%) €T and cre + cz¢’ € C2,

v - (cre + c2e’) = (acy + bea)e + (cey + dea)e’.

This action induces an action on V; := Sym*~2(C?).
Fix any zp in the upper half-plane h. Let f be any element of the C-vector space M (T")
of modular forms of weight k on I'. We define the function If : I' — V}, by

(1.1) )= [ et e

Z0

for every v € T.

Proposition 1.1. The function Iy in (1.1) is a 1-cocycle and its class in H'(T',V},) is
independent of z.

Proof. First, we show that Iy is in Z'(T, Vj). Let 74 = (i Z) and 72 be elements of I'.

Since flxy1 = f, we have

W L) = /Wkw+wuuw+@a“%@w,

Z0

(12 - [T e

N /mo (n(2)e + ) 2 f(nz)d(nz),

20
Y17Y2%0

- L (ze+ /Y2 f(2)dz.

120

It follows that

m~umrwwm:/“ (w+&k%@w+/m?m+&k%@whwnn

Y120 20

Y17Y220

as desired.
Now we show that Iy modulo BY(I', V4) is independent of zy. Choose z1 € h. For any
v € T the difference [ (ze + &) 2 f(2)dz — []7 (ze + ¢/)F 72 f(2)dz is equal to

/Wzo(ze + )2 f(2)dz — /ZO (ze + )72 f(2)dz.

21 Z1

The calculations in (1.2) with vz replaced by z; show that f,;yzzl"(ze + eV 2f(2)dz =
v - fzzlo (ze + €)*=2 f(2)dz. Hence, we see that the difference is a 1-coboundary.
]
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By Proposition 1.1 we can define the C-linear map
(1.3) §: Mg(T) — HYT, V)
by j(f) = Iy, where Iy is given in (1.1).
Proposition 1.2. Choose zy € h. The restriction
§:Se(l) — HYT, V)
fo= (v~ /vzo(ze + e’)k_Qfdz),
20

of (1.3) is injective.
Proof. For any h € Sg(T") consider the holomorphic map
(ze +€)2n(2) 1 h — V.
Since b is simply connected, we can choose a holomorphic function G, : h — Vi so that
dGp, = (ze + €' )*"2h(2)dz. For any o = (CCL Z) € SLy(Z) we see that

d(Gro) = G(o(2))do(2),

az+b N Ek—2 dz
- (B ) e

= ((az+Db)e + (cz +d)e)* 2 (h|po)(2)dz,

where (h|,0)(2) = (cz + d)~*h(c(2)). Therefore, for every o € SLy(Z) we have
(1.4) Gho =0 -Ghjo + Vo

for our fixed choice of antiderivative Gy, of (ze 4+ €/)¥2(h|0) and some v, € Vj.
Let SLa(Z) act on the holomorphic maps G : h — Vj, as follows:

(0xG)(2) =0 - (Go™1(2)).
For each member h of SLy(Z)-orbit of h (under o — h|xo) we choose an antiderivative Gj,
as above, so by (1.4) for every o € SL2(Z) we have
(1.5) oxGp = Gh‘ka—l + co

for some ¢, € V.
Consider f € Sk(I") in the kernel of j; that is, the 1-cocycle

YZo
v [ ek €2 = Grlrz) ~ G )
20
is a 1-coboundary. Then, for every v € I we have
(1.6) Gr(yz0) = Grlz0) =7 v —v

for some v € Vi. Our aim is to show that f = 0.
For v € T' the equation (1.5) becomes

(1.7) ’Y*GfZGf-f—C'y

for some ¢, € Vi. We evaluate this equation at yzy and obtain that ¢y = (v * Gy)(20) —
G ¢(v20). By using equation (1.6) we see that ¢, = - (Gf(7 7 20) —v) — (G¢(20) —v). We
may replace Gy with Gy — (G¢(20) — v), so (1.7) becomes

(1.8) ’y*GfZGf

for all v € T.

Recall that for the upper half-plane b, we topologize h* = b U P1(Q) using SLy(Z)-
translates of bounded vertical strips

{z € h|Im(z) > ¢, a < Re(z) < b}



for a, b € R and ¢ > 0. Now we prove the following claim.
Claim 1: As we approach any fixed cusp in bh*, the function Gy remains bounded in V.

Proof of Claim 1: Let s € h* be any cusp and choose o € SLy(Z) such that o(s) = oc.
To prove the claim, it is enough to prove that o * Gy is bounded as we approach oo in
h. By (1.5), this is just an antiderivative of f|ro~!. Thus, it suffices to prove that each
coefficient function of (ze + €’)*=2(f|,o~!)(2) has bounded antiderivative as Im(z) — oo in
any bounded vertical strip {z € b|[Re(z)| < a} where a € R*. Since f € Si(I'), we have
(flee™H)(2) € Sk(oTa™1). Let f(z) := (flko~1)(2). Since f is a cusp form for cT'c~?, for
any a > 0 there exists ¢ € R™ such that
1f(2)] < e ™) as Im(z) — oo

uniformly for |Re(z)| < a. Thus, for any z € [—a,a] and yo > M > 0 the coefficients of
Gj(z+1iY)—Gj(z+iyo) are linear combinations of terms fy}; y" f(x + iy)dy with uniformly
bounded coefficients. This integral is bounded above by |P,.(Y)|e=Y +|P.(yo)|e =, where
P, is a fixed polynomial of degree r, and as Y — oo this tends to |Pr(y9)\e*690 uniformly
in |x| < a. This shows that each coefficient function of (ze + ¢')¥~2(f(2)) has bounded
antiderivative as Im(z) — oo in the mentioned vertical strips. Hence, Claim 1 follows.

Using the SLy(Z)-invariant bilinear pairing B : C? x C?> — C defined by the determi-
nant, we obtain the induced bilinear pairing

BkZVkXVk*)C,

which is also SLz(Z)-invariant. For wy = (ze + €/)*~2 fdz, consider the 2-form

(1.9) Bi(wp,@p) = (k—2)!|f|*det(ze + ¢, Ze + )2 dz A dz,
N dxdy
= (k=21 @)y | f? 2

where z = « +1y. Since f is a cusp form, By (wy,ws) has finite integral over a fundamental
domain F of I'. Before computing this integral, we compute By(wy,@¢) in another way.
Since wy = dGy = gdz for g = (ze + ¢')¥72f,

By(ws,@5) = Bi(g, 9) dz A d=.

But g is holomorphic, so % = 0 and hence

0Bk(Gy,g
Bk(gag): k(azf g)

Thus, we see that

Bi(wy, @) = %dz A dz = d(Bi(Gy,g)dz).

By using this equality and Stoke’s Theorem we obtain
(1.10) / Bk(o.}f,a)f) = / Bk(Gf,déf).
F oF

Now, we want to compute faF Bk(Gf,déf). To do this, for each cusp ¢ we choose
v € SLy(Z) such that v(c) = co. We define the “loop” R, around ¢ in F to be y~*(L)
where L is the horizontal segment joining the two edges at a common “height” h emanating
from oo in y(F). Define the “closed disc” D, = v }(UL) where Uy is the closed vertical
strip above L including co. Then, this integral is equal to

(1.11) lim ( Bp(Gy.dGp)+ > / Bi(Gy,dGy)).
h=reo (F'=UcDe,n) ce{cuspsof F} Ren

To calculate the first integral in (1.11) we prove the following claim.

Claim 2: For any ~ € T', the pullback v*(By(Gy,dGy)) is equal to By (Gy,dGy).



Proof of Claim 2: Let v € T". Since By, is SLy(Z)-invariant, we have
V" (Bi(Gy,dGy)) = Bp(Gyvy, d(G 7).
Since v € T, by (1.8) we see that Gy = v~ '*Gy. With this equality we obtain Gy =
=1+ Gy. Thus, the above equality gives us
Y (Br(Gy,dGy)) = Bi(y'-Gy,d(yt-Gy)),

= Bi(v -Gy d(Gy)),

= Bk(Gf,déf).
The last equality holds because By is SLa(Z)-invariant. Hence, Claim 2 follows.

By Claim 2, the integrals on edges L; and Lo of F such that Ly = «yLs for some v € T’
cancel. That gives us

(1.12) / Bi(Gy,dGy) =0
O(F~UcDe 1)

for any h. Now, consider any cusp c of F' and the loop R, around it. We want to compute
limp, o0 va} By(Gy,dGy). Choose o € SLa(Z) such that o(cc) = c. We have

/ Bi(Gy,dGy) =/ o*(Bi(Gy,dGy)),
Rcn o~ (Re,n)

(1.13) = / Bi(Gyo,dGyo);
Gil(Rc,h)

the last equality holds because By, is SLo(Z)-invariant. The loop 071 (R.. ) is a loop R
around oo at height h. By equation (1.4), the function G0 is just o- G|, , up to translation
by a constant in Vi. Thus, as By is SLo(Z)-invariant, instead of computing the limit
with integral (1.13), we may compute it with fRoo X Bi(Gy|,0,dG),s) with any choice of
antiderivative G ¢, 0. We do this by calculating the Yintegrals of the {e, ¢’ }-coefficients of the
integrand.

By Claim 1, any antiderivative G's|,, is bounded in V) as we approach oo in a bounded
vertical strip, and d@ﬂw has an explicit formula in terms of the cusp form f|zo. Thus, for
any a > 0 there exists b > 0 such that

—bIm(z)

[fli(2)| < e as Im(z) — oo

uniformly for [Re(z)| < a, so lim, o0 [p . By(Gy,dGy) = 0. As a result, for each cusp c
of F' and the loop R, around it limp_,oo fR.’ Bk(Gf,déf) = 0. Hence,

(1.14) Jim > / Bi(Gy,dGy) = 0.
c€{cuspsof F} Re.n

By (1.12) and (1.14), we see that the integral (1.10) becomes

/ Bk(ch,cf)f) =0.
F

In (1.9), we computed By (wy, ) explicitly. Thus, this gives us

Nk dzdy
(- 220 [ 1 S5 o,
F Y
The function inside the integral is nonnegative, so f = 0, as promised. |

From now on, we assume that I' = T'; (N). By Proposition 1.2, we have injective C-linear
map

(1.15) §: Sk — HYT, V).
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Now, we want to construct operators acting on H!(T', V}) compatible via j with the Hecke
operators acting on Sy and preserving the Z-structure on H!(T', V4). To do this we view
Hecke operators acting on Si as double cosets I'al’ where « is an element of

(1.16) A= {8 eMy(Z)|det(8) >0, = (é I) mod NY}.

It suffices to construct some T}, acting on H!(T', V},) for every a € A such that

(i) the map j in (1.15) carries [T'al']-action on the left to T,-action on the right,
(ii) T, preserves the Z-structure on H'(T, V) coming from the one on V.

The following three lemmas give such Ty,.

Lemma 1.3. Choose o € A and coset representatives {c;} for the left multiplication action
of T in Tal', so that Tal' = [[;_, Tey. For every i and v € T, define j[i] uniquely via
a;y = viayp). There is a well-defined operator

T, :H T, Vi) — HYT, V).

c (VHZ(deta)Hafl'C(%)),

which does not depend on the coset representatives.

Let Ty := a 'TanT. Using the natural finite-index inclusion 11 : To < T and the
finite-index inclusion 1z : Ty, — T defined by 12(8) = aBa™t, the resulting composite map
of the restriction and corestriction maps

HY(T, V}) — 5 HY(Ta, Vi) —=— HY(T, V)

along to along ¢1

is the operation T,.

Proof. We first show that if we use another choice of coset representatives {a}} for I' in
Tal’, then the operator T, on 1-cocycles (valued in 1-cochains) changes by 1-coboundaries.
Consider

!/ ~
QG = i

where 7; € I' for every i. Since we have a;y = v;a;; for every i and v € I', with the new

choice of coset representatives we obtain 7; 'afy = Vﬂj_[il] oy Writing ;= ﬁi'yi'?j[%7 we

get
!/ ! !
QY = Vi)

for every i and v € I'. With the new choice of coset representatives {/}, for ¢ € Z}(T, V)
and v € I we have the equalities



=
@D
-+
Q
~—
o
L
2
L
o
—~
=
~
I
[

(det o)ty 71471 C(’?ﬂi’?fﬁ%

i=1 i=1
= Z(det o) L AT (R + Z(det a)* ot 'C(’Yi:yji[il])’
i=1 i=1
= Y (deta) Loy 150 e(5) + Y (deta) lag by - e(3))
i=1 i=1
Z(det ) las - e(vy,),
i=1
= ) G + Z det @)* 1y ajpf - (75,
+ Z(det ) ot e(y),
i=1
= ) (deta)*a; - e(yi) + (v w0 — vo),
i=1

where vo = .1 (deta)*~ta; " - ¢(5; ). Hence, we have shown that the operator T, on
1-cocycles does not depend on the chosen coset representatives if we view its values modulo
BY(T, V). Now, we want to show that it is a well-defined operator.

We choose coset representatives {a;} for I\I'al' so that I' = [[T'n(a ;). We can do
this by [1, Lemma 5.1.2]. Since we have a;y = ;a; for every v € T', we see that (o tay)y =
(o 'via)a~tagy). Since ata; € T for every i, we have (oflozi)’y(a Ya;p))7t € T. Thus,
it follows from [2, p. 45] that

Cor: HY(T,V},) — Hl(Fka)

c = fy — Z o 041 c((a” 1011)7(04_ aj[i])_l

= Za;la el ya))
i=1

where ;v = 7;a;};). To compute the restriction map along 2, observe that the isomorphism
Vk — Vk
v a-v

is equivariant for the I'y-action on the left-side and I'-action on the right-side via the em-
bedding t2. Thus, the restriction map is computed as follows

Res: HY (T, Vi) — HYT, Vi)
c = (vealcaya™)).
As a result, we see that the composite map Cor o Res is the desired map. Hence, T, is a

well-defined action HY(T, V).
|

Lemma 1.4. The T,-action on H(T', V}) is induced by scalar extension of the analogous
operation on HY(T, Sym*~2(Z2)).

Proof. Since k > 2, we have (det )" 'a; ' = (deta)*2((deta) a; '), with (deta)a; ' a

3
matrix having Z entries. The result then follows from the cocycle formula for T',.
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Lemma 1.5. Consider the action of T,, on HY(T,V}) that we defined in Lemma 1.3. The
injective map j in (1.15) carries the [Lal]-action on Sk over to the Ty-action on HY(T, V)
for every o in A as in (1.16).

Proof. Choose a € A and coset representatives {a;} for I'\I'al', so I'al’ = [[I", Ta;. For
[ € Sk we have f|y[Tal'l = 37" | f|xei. Now for each i and v € ', we compute Iy, o, (7)
via (1.1):

YZ0
Ifjeor(y) = / (2 + )2 (flras)dz,

Z0

Y20
= ot / i - (ze + )2 (f|pai)dz,

20
@ivz0
= ;' (detay)F! / (ze+ €2 f dz.

Q20
The last equality follows by the calculations that are similar to the ones that we did in (1.2).
Since for v € T" right multiplication by v permutes I'a;, for every i and v € I" there exists a
unique j[i] and y; € T" such that a;y = y;p;). By using this equality we compute

YiQj[i] 20

Iarar)(7) = (deta)™! Z ;b / (ze+ €2 f dz,
i=1

;20

n YiQ[i] 20 @;izo
= (deta)k_IZai_lo (/ (ze+e’)fdz—/ (ze+ e 2fdz),
i=1

Z0 20

n Vi Q4] 20 Vi %0
= (deta)kflzafl : (/ ’ (zeJre’)fder/ (ze+€')fdz
i=1 v

120 20

_ /aizo(ze-‘re/)fdz)’

20

n Qj[i] 20 YiZ0
= (deta)k_lzai_l-(%-/ (ze+e')fdz+/ (ze+¢€')fdz
i=1

20 20

;20
— / (ze +€')fdz) by similar calculations done in (1.2),

20
n Qj[4] %0 n YiZo
= (deta)k_l(ZVQj*[il]./ (ze+e')fdz+2a;1-/ (ze+¢€')fdz
i=1 Zo

i=1 zo

n

QG20
—Za;1~/ (ze+¢')fdz) sinceai_lvi:'yaj_[il],
i=1 %o

n

Yizo
= (deta)kfl(Zai_l-/ (ze+€)fdz+ (y-v1—v1)),
i=1 Z0
where vy = 31" ;! -fzaoizo (ze+€') f dz. Therefore, we see that for every o« € A and f € Sg

we have the quality j(f|x[[al]) = Tu(5(f)) in HY(T', V}). Hence, the lemma follows.
|

Theorem 1.6. Let T be the Z-subalgebra of Endc(Sk) generated by Hecke operators T,
for every prime p and diamond operators (d) for every d € (Z/NZ)*. Then T is finitely
generated as a Z-module.

Proof. By Proposition 1.2, we have C-linear injection
j: S — HYI, Vi)

for I' = T'1(N). By Lemma 1.3, for every o € A (see (1.16)) we have a well-defined action
T, on HY(T', V}). By Lemma 1.5, the action T, on H' (T, V}) is compatible with the action
of [[al] on Sg.
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Let T’ be the Z-subalgebra of Endc(H!(T, V})) generated by the T, for every a € A.
Then, by Lemma 1.4, the Z-algebra T’ is in the image of the Z-subalgebra of Endz (H' (T, Sym*~2(Z2))).
Since H! (F,Symk_Q(Zg)) is a finitely generated Z-module, T' is also a finitely generated
Z-module. By construction, the T’-action on H!(T, V}) preserves Sk, so we get a restriction
map
v: T — Endc(Sk)
defined by v(T') = Ts, for every T' € T'. The image of v in Endc(Sk) is T. Therefore,

since T’ is finitely generated Z-module, T is finitely generated Z-module.
|

2. SOME COMMUTATIVE ALGEBRA

In this section we again assume that I' = I'; (N). Remember that we denote the C-vector
space Si(I'1(N)) of cusp forms of weight k on I by Si. Let Si(I', Q) be the space of cusp
forms with in Sy with Fourier coefficients in Q. By [4, Thm. 3.52], we know that Sy has a
C basis that comes from Si(T", Q) and so we have a surjection

Sk(I', Q) ®q C — S

Actually, this basis also spans the Q-vector space Si(I', Q) and so this surjection is in fact
an isomorphism. This “justifies” the following two definitions.

Definition 2.1. For any field F' with characteristic 0,
Sk(F, F) = Sk(l“, Q) ®Q F.

Remember that T is the Z-subalgebra of Endc(Sy) generated by Hecke operators T), for
every prime p and diamond operators (d) for every d € (Z/NZ)*.

Definition 2.2. For any domain R with characteristic 0, we define
Tr:=T®zR

acting on Sy (T, Frac(R)).

Remark 2.3. By Theorem 1.6 we know that Tp is a finite free R-module.

Let £ be a prime number. Fix an embedding Q C Q. Let K be a finite extension of
Q/ in Q. Let O be its ring of integers and A be its maximal ideal. Consider the finite flat
O-algebra Tp.

Proposition 2.4. The minimal prime ideals of To are those lying over the prime ideal (0)

of O.

Proof. Let P be a minimal prime ideal of T. Since T is a flat O-algebra, the going down
theorem holds between T and O (see [3, Thm. 9.5]). Therefore, PNO = (0). Now, suppose
that P’ is a prime ideal of Tp such that P’ C P and P’ N O = (0). As Ty is an integral
extension of @, there are no strict inclusions between prime ideals lying over (0). Thus,
P’ = P. Hence, the proposition follows. |

The K-algebra Tk is Artinian. Hence, it has only a finite number of prime ideals, all of
which are maximal. By Proposition 2.4, the natural map

To = To®o K =Tk
induces a bijection
(2.1) {minimal prime ideals of Ty} <> {prime ideals of Tk }.

Moreover, since O is complete, T is A-adically complete and by [3, Thm. 8.15] there is an
isomorphism
Tp = H Th.
m

The product is taken over the finite set of maximal ideals m of Ty and Ty, denotes the
localization of T at m. Each Ty, is a complete local O-algebra which is finite free as an
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O-module. With this isomorphism we see that every prime ideal of T is contained in the
unique maximal ideal of Ty. Hence, we have a surjection

(2.2) {minimal prime ideals of Tp} — {maximal ideals of Tp}.

Let Gk be the absolute Galois group of K. Suppose f = > a,q™ is a normalized
eigenform in Si (T, K). Then T + (T—eigenvalue of f) defines a ring map T — K and so
induces a K-algebra homomorphism ©; : Ty — K. The image is the finite extension of
K generated by the a,, and the kernel is a maximal ideal of T x which depends only on the
G i-conjugacy class of f. Thus, we have the map

(2.3) ) ncimalized eigenforms in
’ L Sk (T, K) modulo Gk —conjugacy

defined by ¢(f) = Ker(©y).

} — {maximal ideals of Tk}

Proposition 2.5. The map ¢ in (2.3) is a bijection.

Proof. For any maximal ideal m of T, all K-algebra embeddings T /m < K are obtained
from a single one by composing with an element of Gi. Thus, we can make the identification

{maximal ideals of Tk} = HomK_alg(TK,F)/(GK—action).
Thus, to prove the proposition it is enough to show that the G g-equivariant map
¢ : {normalized eigenforms in S, (', K)} — Hompg _a1e (Tk, K)

defined by ¢(f)(T) = (T—eigenvalue of f) is bijective. To do this, consider the K-linear
map

(24) 0: Sk(l—‘7?) — HOIDK_VSP(TK,K)
f = (af:THal(Tf)).

If we can show that § is an isomorphism of K-vector spaces, then we claim we are done.
Because in (2.4) we claim that f € Si(T', K) is a normalized eigenform if and only if oy
is a ring homomorphism. To see this, suppose f € Si(I', K) is a normalized eigenform, so
there exists a K-algebra homomorphism O : Ty — K defined by Tf = ©4(T)f for every
T € Tk. Clearly 6(f) = ay where

ap(T) = a1(Tf) = ar(O4(T)f) = ©5(T)as(f) = ©4(T)
for every T' € Tk. Thus, ay is a K-algebra homomorphism. Conversely, consider any
K-algebra homomorphism o : Txr — K, so a(T) = a1(Tf) for some unique f € Si (T, K).
Let A\, = a(T),) for every T,, € Tk. Then we have

a(TTof)=a(TT,) =a(T)a(T,) = A\ar(Tf) = a1 (T A f)

for every T € Tx and n > 1. Taking T' = T, for every m > 1 gives T, f = A, f for every
n > 1, proving that f is an eigenform. Moreover, as « is a K-algebramap, 1 = a(id) = a1(f).
Hence, f is a normalized eigenform in Si(T', K).

Now, we will show that § is an isomorphism of K-vector spaces. For injectivity, suppose
0(f) = ay is the zero map, so a1(Tf) = 0 for every T' € Tx. In particular, a,(f) =
a1(T,f) = 0 for every n > 1, which implies that f = 0. To prove surjectivity of ¢, it is
enough to show that
(2.5) dimgzHomg _vsp (T, K) < dimzSi(T, K).

Since Homg —vsp(Tk, K) = Homz(T K). Ac-
tually, with this identification, studying the map § is the same as studying the K-bilinear
mapping

K), we can work with Homz(T4

Ffvslﬂ —vsp’?

Sk(T,K)x Txy — K
(f ’ T) = al(Tf)
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between finite-dimensional K-vector spaces. Thus, to prove (2.5), it is enough to show that
the map

e: T — Homp(Sy(T,K),K)
T = (f=al(l))

is injective. Suppose €(T) vanishes for some T. Thus, for every f € Si(I', K) and for
every integer n > 1 we have a1(T,Tf) = a1(TT,f) = 0. Therefore, Tf = 0 for every
f € Sk(T,K). Since Ty acts faithfully on S (T, K), we get T = 0, proving that the map €
is injective. Hence, the proposition follows.

|

Combining the bijections (2.1) and (2.3) and the surjection (2.2), we have the following
diagram.

{minimal prime ideals of T} —» {maximal ideals of T}

!

(2.6) {prime ideals of Tx}

!

o normalized eigenforms in
1 Si(TI', K) modulo Gk —conjugacy

Let m be any maximal ideal of Te, so m is the kernel of a map ® : Tp — F,. We want
to attach a residual representation py, over Fy to m using the diagram (2.6). Let {f1,..., f.}
be a set of representatives of all normalized eigenforms in E such that in the diagram (2.6)
their corresponding minimal prime ideals gy, in Tp are inside the maximal ideal m. For
each 17, let p} be the corresponding prime ideal in T, so p} NTo = py,. Thus, for each
i, we have a map

@fi:TO — O
Tn —> an(fi)

with kernel py,. Since each pf, C m, the map ® : To — F, factors through Im©y, for
each 7 as follows,

ImOy,

VAR RN
To — Fg.
N\ : /
ImOy,

For each i, the quotient Tr /¢, is a finite extension Ky, of K. Let Oy, be its ring of
integers and ky, be its residue field. Each map Im O, — F, lifts to Oy, , lifting the embed-

ding of the residue field of Im Oy, to an embedding of k;, into Fy. The above commutative
diagram tells us that for every integer n > 1, we have

an(f) = . =an(fr)

in F,. Consider the semisimplified residual representation Py, associated to each f;; it is
defined over ky,. For every prime p such that p JN{ we have

tr(ps, (Frob,)) = ... = tr(py, (Froby))
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over F;. We obtain a similar result for the determinants of py, (Frob,)’s when we compare
the characters Yy, associated to f;’s. Therefore, we obtain

Pr = .. E Dy,

over F;. We let py denote this common residual representation.

3. THE MAIN THEOREM
In this section we prove the following theorem.

Theorem 3.1. Let K be a finite extension of Qg such that its ring of integers O is big
enough to contain all Hecke eigenvalues at level N. Let X be its maximal ideal, k its residue
field and m a mazximal ideal of To. Consider the associated residual representation

Pm : Gqg — GLa(k)
over k. Assume py is absolutely irreducible. Then there exists a unique deformation
Pm : G — GL2((Tw)red)
such that

(1) pm is unramified at every prime p such that p N,
(2) For every prime p such that p /N, the characteristic polynomial of pm(Frob,) is
22 — Tpz + p*~1{p).

Before proving this theorem, consider the following theorem which was proved by Akshay
in his talk. The corollary of this theorem will be the main ingredient while proving Theorem
3.1.

Theorem 3.2. Let R be a complete local Noetherian ring and let p : Gq — GL2(R) be a
residually absolutely irreducible representation. If S is a complete local Noetherian subring
of R which contains all the traces of p, then the Galois representation p is conjugate to a
representation Gq — GL2(S5).

Corollary 3.3. Let O be the ring of integers of a finite extension of Qg, with mazimal ideal
and residue field k. Let X be a finite set of places of Q containing £. Let p: Gq — GLa(R)
be the universal deformation unramified outside X for an absolutely irreducible representation
p: Gq — GLa(k) unramified outside X, taken on the category of complete local Noetherian
O-algebras with residue field k. The traces tr(p(Frob,)) for all but finitely many primes
p & % generate a dense O-subalgebra of R.

Proof. Let Mg be the maximal ideal of R. By succesive approximation, it is enough to show
that such tr(p(Frob,)) generate R/(\, M%) as k-algebras. Let Ry := R/(\, M%). The ring
R; is the universal deformation ring for p for k-algebras with residue field k£ such that the
square of the maximal ideal is zero. Let S be a k-subalgebra of Ry generated by tr(p(Froby))
for almost all primes p ¢ 3. Being a subring of Ry, the square of the maximal ideal of S is
also zero. If we can show that R; = .5, then we're done.

By Theorem 3.2 we have the following commutative diagram (up to conjugation) which
lifts p

Gq —— GLy(9)

Also, since R; is the universal deformation ring of g we have the following commutative
diagram (up to conjugation) which lifts g

Gq —= GLa(Ry)

|

GL2(5)
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As a result we have the following composition of maps

Rl — S Rl
which carries p; to itself and hence is the identity map. Thus, S = R;. |
Proof of Theorem 3.1. Let f be a normalized eigenform in Si(I', K) such that the corre-

sponding minimal prime ideal p in T is contained in m (see diagram (2.6)). By Deligne,
we have a Galois representation py over O associated to f whose residual reduction is py:

Gq —2% GL,(0)
|
GLa (k)

Let (R, p: G — GL2(R)) be the universal deformation of py, unramified outside N¢. Then
py corresponds to an O-algebra map R — O, so the diagram

Gq —%= GLa(R)

N

GL2(0)

commutes up to conjugation by 1+ Maz(A) in GL2(O). By Corollary 3.3, we see that the set
of tr(p(Frobgy)) for every prime g { N¢ generates a dense O-subalgebra in R.
Consider the map

where the product is taken over minimal primes p; contained in m, with f the corresponding
normalized eigenform in Sy, (T, K). Consider the embedding

(Tm)red — H To/Pf

prCm
T, — []7, (modpy).
pr
With the identification
H 0 = H To/py
prCm psCm

Haq(f) — HTq (modpy),
pr

we see that all tr(p(Frob,)) for ¢ f N¢ land in the closed subalgebra (T )req. Since they
generate dense algebra in R, the ring R also lands in there under 7, say inducing h : R —
(Tw)rea- Thus, we get

pm : Gq 2 GLy(R) 2 GLy((Th )rea)-

This gives existence and also uniqueness since any other p}, would give another map h' :
R — (Tw)rea and compatibility with traces of representations then forces tr(p(Frobg)) —
Ty. Thus, h and h’ coincide on a dense set, hence h = h'. By checking in each To/py = O,
we see that pm(Frob,) has the expected characteristic polynomial for every ¢t N¢.
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4. REDUCED HECKE ALGEBRAS

In this section, let K be a finite extension of Q, and O its ring of integers. For any
ring A, let T4 be the A-subalgebra of T 4 generated by the Hecke operators T, for p t N¢
and diamond operators (d) for every d € (Z/NZ)*. Fix a maximal ideal m of To. We
have a map To — F, with kernel m. Since Tp is an 1ntegral extension of To and Fy is
algebraically closed, this map can be extended to Tp. Let m’ be the kernel of this extended
map, so it is a maximal ideal of Tp. Consider common (up to isomorphism) residual
representation py for all normalized eigenforms f whose corresponding minimal primes py
(see (2.6)) are contained in m'. Call it pr,. In this section we prove the following theorem.

Theorem 4.1. If the Serre conductor N (py) is equal to N then the O-algebra (To)g is
reduced.

Proof. Since the Serre conductor A (pn) is equal to N, the minimal possible level of a
normalized eigenform f such that p; ~ pn over F, is N. Thus, such f are newforms. To
prove the theorem, we will show that (’i‘o)m ®e K, which contains (To)m, is reduced. We
have the equality
(To)m @0 K = [[(Tx)px
PK

where the product is taken over all prime ideals px of the Artinian ring ’T‘K such that
pr N 'i‘o C m and (’i‘K)pK denotes the localization of ’T‘K at px. Thus, each pg in the
product corresponds to a newform. To prove the theorem it is therefore enough to show
that (Tx), is a field when p corresponds to a newform.

Assume the prime ideal p of Tx corresponds to a newform f € Si(T", K) of level N. We
can increase K to a finite extension. Thus, without loss of generality we can assume that K
is big enough to contain the Hecke eigenvalues of all normalized eigenforms at level N. Since
Sk(T, K) is faithful T x-module, the localization (Sy(T, K)), at p is faithful (T k )p-module.
If we can prove that (Si(T, K)), is one dimensional as a vector space over K then we are

done, because this would force (TK) to be equal to K.
We have
Sl K) = K f & (6D S,(T, K))

where the direct sum is taken over all newforms g of level N, and S4(T', K) is spanned by
g(vz) for the divisors v of N/N,. By multiplicity one, for every g which is different from f,
there exists a prime ¢ { N/ such that

aq(9(v2)) = aq(9(2)) # aq(f(2))
for every v|(N/Ngy). We know that (T, — a4(f)) € p and it acts on g(vz) as
(Tg —aq(f))g(vz) = Ty(g(vz)) — aq(f)g(vz)
(aq(9) — aq(f))g(vz).

><

By the above argument, (aq(g) — aq(f)) € But (Tk), is Artin local, so its maximal
ideal is nilpotent. This forces (®g¢f Sq(T, ))p = 0. As aresult, (Sx(I',K)), = Kf and
the theorem follows. |

e K
K
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Abstract

These are lecture notes, for a “modularity seminar”, and
I make no claim to originality. I have attempted to give refer-
ences, but these references do not necessarily reflect the his-
tory (I might reference one source for a proof of a theorem,
when the theorem was first proven by another). Please send
corrections to Marty Weissman at weissman.marty@gmail.com.

1 Notation

k will always denote a nonarchimedean local field. It will not hurt
to assume that k = Q,.

The valuation on k will be normalized in such a way that
val (k) = Z.

O will always denote the valuation ring of k.

The letter @ will always denote a uniformizing element of , i.e.,
val(@) = 1.

We write IF; for the residue field of k: F; = O/@O. Here q = pf
for some positive integer f and some prime number p.

We use boldface letters, like X to denote varieties over k. We use
ordinary letters, like X, to denote the k-points of such varieties
(with their natural topology).

We often use the language of categories, functors, and natu-
ral transformations. In these notes, we typically define functors
only half-way: we describe a functor on objects, and leave it to
the reader to determine the functor on morphisms when we say
something like “For every object X, F(X) is... F extends to a func-
tor from...”

2 (-spaces and groups

Definition 2.1 (Bernstein) An {-space” is a locally compact Haus- '], Bernstein. Represenations of p-adic groups.
Harvard University, 1992. Lectures by Joseph
Bernstein. Written by Karl E. Rumelhart.



dorff topological space, in which every point has a basis of open compact
neighborhoods. Let Sp, be the category of £-spaces and continuous maps.

When X is an /-space, the space of “smooth” functions on X is
defined to be:

C®(X) ={f: X — C: f islocally constant}.

The subspace C°(X) consists of compactly supported smooth func-
tions.

Proposition 2.2 Let X be an (-space, and U an open subset of X with
complement Z = X — U. Then the linear maps “extension by zero” and
“restriction to Z” yield a short exact sequence of complex vector spaces:

0—C(U) = CP(X)—=CZ(Z) —0.

Example 2.3 Let X = k, where k is a nonarchimedean local field. Let
U = k* be the open subset of nonzero elements. Then “extension by
zero” and “evaluation at zero” yield a short exact sequence of complex
vector spaces:

0— CP(k*) = CZ(k) - C —0.

Compare and contrast this with the archimedean case — there one should
work with Schwarz functions, where one finds that “extension by zero”
and “Taylor expansion at 0” yield a short exact sequence of complex
vector spaces:?

0 — S(R*) = S(R) — C[[T]] — 0.

The following fact is discussed properly in Chapter 3.1 of
Platonov and Rapinchuk3:

Fact 2.4 Let X be an algebraic variety over a nonarchimedean local field
k. There is a “natural” topology on X = X(k) for which X is an (-space.
In other words, there is a functor from the category of varieties over k
(and regular maps) to the category of {-spaces (and continuous maps),
which equals the functor of k-points after forgetting the topology.

In particular, GL, (k) is an ¢-space, P! (k) is an {-space, etc..
In fact, this functor can be uniquely characterized by just a few
properties; in unpublished notes?, Brian Conrad proves:

Theorem 2.5 Let R be a topological ring. There is a unique functor
X +— X(R) from the category of affine finite-type R-schemes to the
category of topological spaces, such that

1. Forgetting the topology yields the functor of R-points.

2. The functor is compatible with the formation of fibre products.

Of course, there is nothing special about C
here — its topology is not being used. Every-
thing we discuss will go through, as long as C
denotes an uncountable, algebraically closed
field of characteristic zero.

2 Emile Borel. Sur quelques points de la théorie
des fonctions. Paris., 1894. Original from
Columbia University.

3 Vladimir Platonov and Andrei Rapinchuk.
Algebraic groups and number theory, volume 139
of Pure and Applied Mathematics. Academic
Press Inc., Boston, MA, 1994. Translated from
the 1991 Russian original by Rachel Rowen.

4 Brian Conrad. Weil and Grothendieck
approaches to adelic points. Unpublished
notes, available online.



3. The functor carries closed immersions to topological embeddings.

4. The functor applied to X = Spec(R[T]) yields the given topology
on X(R) = R.

Furthermore, when R is Hausdorff, closed immersions of schemes yield
closed embeddings of topological spaces and when R is locally compact,
X(R) is locally compact for all X.

It should be noted that Conrad extends this further, removing

the affine hypothesis under the hypothesis that R* is open in R,
and inversion is continuous on R* — these conditions are satisfied
when R is a local field.>

Definition 2.6 An {-group is a group in the category of {-spaces. In
other words, an £-group is a group G, endowed with a topology for which
G is an {-space and the unit, inverse, and composition maps:

pt—=G, G—=G, GxG—=G
are continuous.

Proposition 2.7 Let G be a topological group. Then G is an (-group® if
and only if the identity element has a basis of neighborhoods consisting of
open compact subgroups of G.

Proor: If G has a neighborhood basis around the identity consist-
ing of open compact subgroups, then translation of these open
compact subgroups gives a neighborhood basis around any point
in G. It follows quickly that G is an /-space.

Conversely, if G is an ¢-space and a topological group, then
there is a neighborhood basis of the identity consisting of open
compact subsets of G. Let V be such a compact open subset con-
taining the identity of G. Define

Ky={x€G:xVCVand x 'V C V}.

Then Ky is a subgroup of G, and a subset of V. It is the intersec-
tion of compact sets, hence compact. The proof that Ky is open is
a bit tricky, and we refer to the notes of Paul Garrett 7.

QED

Corollary 2.8 If G is an algebraic group over a nonarchimedean local
field k, then G = G(k) is naturally a {-group.

Here are a few examples of (-groups arising as G(k), and open
compact neighborhoods of the identity.

5 The situation is more subtle when R is the
ring of adeles for a global field; such a ring is
locally compact and Hausdorff, but R* is no
longer open in R.

6 This is given by some authors as the
definition of an /-group. I find it more
natural to think about groups in a category
and prove the equivalence.

7 P. Garrett. Smooth representations of totally
disconnected groups. Introductory notes,
available online. Updated July 8, 2005.



Example 2.9 Let G, denote the additive group over k. Thus G, =

(k, +) is the additive group of the field k. Let val : k* — Z denote the
valuation on k, normalized to be surjective. For m € Z, define a compact
open subgroup of G:

Ky = {x € k: val(x) > m}.

Then
Ga = U Ky, {0} = m K.

mez meZ

Note above that the additive group G, is the union of its compact
open subgroups. This is not typical, for {-groups. But it does hold
for groups G = G(k), whenever G is a unipotent group over a p-
adic field k. This plays a very important role for harmonic analysis
on unipotent p-adic groups.

Example 2.10 Let G, denote the multiplicative group over k. Thus
Gm = k* is the multiplicative group of the field k. A choice of uni-
formizing element @ € k* determines a decomposition of topological
groups:
k* = 0" xZ.

The compact open subgroups

Uy ={x €k*:val(x —1) > m},
for m > 1, form a neighborhood basis at the identity in k*.

Of course, G;; = GLy, and the above example generalizes to
GL,, without much difficulty.

Example 2.11 Let GL,, be the algebraic group of n by n invertible
matrices. Let @ be a uniformizing element of k. A neighborhood basis of
the identity in GL, = GLy(k), consisting of compact open subgroups, is
given by:

Ky ={g € GL,(O%): ¢ =1, modulo @" Oy }.

3 Representations

Smooth representations

Let G be an /-group. Nothing will really be lost if one takes G =
GL, (Qp) in what follows.

Definition 3.1 A representation of G is a pair (7t, V'), where V is

a complex vector space (often infinite-dimensional!) and m : G —
Aute (V) is an action of G on V by C-linear automorphisms. Let Repg
be the category of representations of G and G-intertwining C-linear
maps.



Let Op(G) be the set of open subgroups of G — recall that
Op(G) is a basis of neighborhoods of the identity in G. For any
subgroup H C G, and any representation (77, V) of G, we write
VH for the H-invariant subspace of V. We write Vy for the H

co-invariant quotient8 of V, ie., 8 Let W be a vector space upon which H acts
trivially. Then every H-intertwining map

from W to V factors uniquely through V.
Vu =V/[H-1]V, [H - ”V = SP“”C{T[(}Z)U - U}veV,heH- Every H-intertwining map from V to W
factors uniquely through Vy.

Definition 3.2 When (71, V) is a representation of G, the subspace V°
of smooth vectors is defined by:

ve= |y VA
HeOp(G)

A representation (71, V') of G is called smooth if V.= V. Let Rep

denote the category® of smooth representations of G and G-intertwining 9 The category Rep is an abelian category
: with enough injectives and arbitrary direct

C-linear maps. e, OHER I y

Proposition 3.3 If (71, V) is a representation of G, then (7t, V*°) is a

subrepresentation™ of (7t, V'), and (7t, V*°) is smooth. This defines a *© A subrepresentation of (7, V) is just a

functor from Repg to Reps. If (o, W) is any smooth representation of G-stable subspace.

G,and ¢ : W — V is a morphism in Repg, then ¢ factors uniquely

through the inclusion V*° — V.

Proor: The proof is not difficult, and is left to the reader.
QED

The category Repg; is usually not semisimple. However, for
compact groups the category is semisimple and we discuss this a
bit further.

Let K be a compact £-group. Let K be a set of representatives
for the isomorphism classes of irreducible smooth representations
(abbreviated irrep hereafter) of K — in other words, if T is an irrep
of K then there exists a unique p € K such that T = p.

Lemma 3.4 Every irrep T of K is finite-dimensional and factors through
a finite quotient of K.

PrOOF: Let (7, W) be an irrep of K, and let w be a nonzero vector
in W. Let H C K be an open subgroup such that w € WH. By
compactness of K, we find that #(K/H) < oo. Choosing represen-
tatives k1, ..., k; for K/ H, we find that

Spanc{7(k)w}rek = Spanc{(kj)w}i<i<g.

By irreducibility, the left side is all of W. The right side is finite-
dimensional, and so dim(W) < d = #(K/H).



Now, each vector T(k;)w is fixed by the open subgroup k;Hk; .
Hence we find that

d
t(kj)w € WN, where N = (") k;Hk; %
i=1

Observe that N is an open normal subgroup of K, so K/N is a
finite quotient of K, and 7 factors through this quotient.

QED

Definition 3.5 Let (71, V') be a smooth representation of K, and (t,W) &
K. The t-isotypic subrepresentation of V is the image Vr of the natural
injective K-intertwining operator:

W ®¢ Homg (W, V) — V.

The T-isotypic subrepresentations of a smooth representation
(7, V) of K are certainly semisimple — they are isomorphic to a
direct sum of copies of 7.

Theorem 3.6 Let (71, V') be a smooth representation of K. Then the
inclusions of isotypic subrepresentations yield an isomorphism

Pv.=v.

ek

Proor: Schur’s orthogonality (for finite groups) implies that the
distinct isotypic subrepresentations of V have zero intersection.
Thus it remains to prove that every vector v € V can be expressed
as a finite sum of vectors in isotypic subrepresentations.

Butifv € V, thenv € VH for some open subgroup H C K.
With the techniques of the previous lemma, we find that v € yN
for some open normal subgroup N C H C K. Let W C V be
the smallest subrepresentation of K containing v. We find that W
is finite-dimensional, and the representation of K on W factors
through the quotient K/N.

From the complete decomposability of representations of finite
groups, we find that W decomposes into a finite number of K/N-
isotypic components. Pulling back, we find that W decomposes
into a finite number of K-isotypic components. In particular, v can
be expressed as a finite sum of vectors from isotypic subrepresen-
tations of V.

QED

It is important to contrast the case of compact ¢-groups (which
are really no more difficult than finite groups) with noncompact
{-groups. The simplest example of a noncompact ¢-group is Z —



every representation of Z is smooth. The category of represen-
tations of Z is isomorphic to the category of C[T=!]-modules,
transferring the action of n € Z to the action of T" € C[T*!].

There are plenty of examples of non-semisimple representations
of Z; one may take (71, C?) for example, where

71(1)—((1) 1)

There is a short exact sequence of Z-representations:
0—-C— (1,C?) -C—0,

where we write C here for the trivial representation. This is essen-
tially the best we can do for “decomposing” the representation 7t
into irreducibles.

One might also consider an infinite-dimensional representation,
like the space V. = C(Z) of compactly (finitely) supported C-
valued functions on Z, on which Z acts by translation 7:

[(n)f1(x) = f(x +n).

Then (71, V) has no irreducible subrepresentation, though it has in-
finitely many irreducible quotients. Indeed, summation yields a
trivial irreducible quotient

:V—=Co L(f)= Y f(n).

nez
In fact, one can show

Theorem 3.7 Let (71, V') be a representation of Z. If V is finitely-
generated as a C[T*'|-module, then there exists an irreducible quotient
of V.

Proor: Consider V as a C[T*!]-module. Every irreducible rep-
resentation of Z is a character (one-dimensional) x, : Z — C*
(this will follow from Schur’s lemma, proven a bit later), for some
z € C*, where we define

xz(n) =z"

If Hom(V, xz) = 0, then we find that V/m,V = 0 for every
maximal ideal m, = (T — z) of C[T*!]. From Nakayama’s lemma,
it follows that V = 0.

QED

Thus the moral is: smooth representations of noncompact groups
often do not have irreducible subrepresentations; but usually
(assuming a finite-type hypothesis) have irreducible quotients.
Another example of this phenomenon is given by the following



Example 3.8 Let V = CZ(k) be the space of smooth (i.e., locally
constant) compactly supported functions on k, viewed as a representation
of k = Gy(k) by translation:

[t(¢)f](x) = f(x+g), forallg ek, x €k, f € V.

Then V has no irreducible subrepresentation. Indeed, we will see that
all irreducible subrepresentations are characters — but if translation of

a function acts as a character, the function cannot be compactly sup-
ported. However, every irreducible smooth representation of k occurs as
a quotient; if (1, C) is a smooth character of k then the following gives a
nontrivial k-intertwining map from (7, V) to (,C):

fr [ Fpteax,
where we fix the Haar measure for which O has measure 1.

Contragredience, admissibility

When (71, V) is a smooth representation of G, the linear dual
space V' = Hom¢(V,C) is a representation of G via:

[ (g)M)](v) = AMr(g ™ )v) forall A € V!, 0 € V.
But this representation is rarely smooth:

Definition 3.9 If (7, V) is a smooth representation of G, define V. =
(V") — the space of smooth vectors in the linear dual of V. Let 7t denote
the resulting representation of G on V. The representation (7, V) is
called the contragredient representation of (71, V). The contragredient
defines a contravariant functor from Repg to itself.

It is very important to note that the contragredient does not define
a duality — there is a natural transfomation of functors from the
identity functor to the double-contragredient, but this is not a
natural isomorphism. The contragredient functor does define a
duality for admissible representations:

Definition 3.10 A representation (7t, V') of G is called admissible if it
is smooth and for all H € Op(G), dim(VH) < c.

We may characterize admissible representations also as follows:

Proposition 3.11 Let (71, V) be a smooth representation of G. Let K be
a compact open subgroup of G. Then (7, V') is admissible if and only if
for every T € K, the (K, T)-isotypic component Vy is finite-dimensional.



PRrROOF: Suppose first that every (K, T)-isotypic component of
V is finite-dimensional. Let H be an open subgroup of G. Let
H' = HNK; then K/H' is finite. Define

J= () kH'k
kek/H’
Then we find that | is a normal subgroup of K, | is open compact,

and | C H.
It follows that VH ¢ VJ and:

Vi=P(vr).

T

But there are only finitely many isomorphism classes of irre-
ducible smooth representations of K for which v/ # 0, since there
are only finitely many isomorphism classes of irreducible repre-
sentations of the quotient group K/J. Hence V/ is a finite direct
sum, of finite-dimensional spaces. Hence V/ is finite-dimensional,
and so VH is finite-dimensional. Hence V is admissible.

The converse is similar, and left to the reader.

QED

Proposition 3.12 Let (71, V') be an smooth representation of G. Then

(7, V) is admissible if and only if the natural homomorphism V — V is
an isomorphism.

Proor: If (77, V) is admissible, one may choose an open compact
subgroup K C G, and decompose V into its isotypic components:

V=@ V..
TeR

The linear dual of V is then a direct product of finite-dimensional
spaces:
V' =[] Hom(V¢,C).

ek

One may check that the smooth vectors in V' are now:
V=V,
Tek

It follows that V is admissible.
The details and other converse are left to the reader.

QED

The following theorem is much deeper.
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Theorem 3.13 (Jacquet) ** If G is a connected reductive algebraic
group over a local nonarchimedean field, and (7t, V') is an irreducible
smooth representation of G = G(k), then (71, V) is admissible.

Corollary 3.14 If G is a connected reductive algebraic group over a
local nonarchimedean field, and (7t, V') is an irreducible smooth rep-
resentation of G (or a representation of finite length), then (71, V) is
admissible and V is isomorphic to its double contragredient.

Schur’s lemma

Theorem 3.15 (Jacquet) '* Suppose that G has a countable basis for its
topology. Let (7t, V') be an irreducible smooth representation of G. Then
the dimension of V is countable and Endg (V) = C.

Proor: (We have followed DeBacker’s notes®3) Let 0 #= v € V,
and let K be a compact open subgroup of G for which v € VK.
Then G/K is a countable set (since G has a countable basis for its
topology) and we may choose representatives g1, g2, . .. for this
countable set of cosets. We find that

SPanC{ﬂ(g)U}geG = Spanc{7t(gi)v}i=12,..-

The left side is a nonzero subrepresentation of V, hence equals V
by irreducibility. The right side is a countable-dimensional vector
space, and the first assertion is proven.

For the second assertion, consider any e € Endg(V), and a
nonzero vector v € V again. The operator e is uniquely deter-
mined by e(v), since e(7t(g)v) = m(g)e(v), and the vectors 7(g)v
span V as a complex vector space.

It follows that the map e +— e(v) is an injective C-linear map
from Endg (V) to V. Hence Endg (V) has countable dimension.
But since V is an irreducible representation of G, we know that
Endg(V) is a skew-field. Consider the (commutative) subfield:

C((i’) - EndG(V).

If C # C(e) —i.e., if e is not a scalar endomorphism of V — then e
must be transcendental over C. But note that C(e) is uncountable-
dimensional as a C-vector space since the set

{(e=c)t:ceC}

is uncountable and C-linearly independent. This is a contradic-
tion.

Hence C = C(e) — every element of Endg (V) is a scalar endo-
morphism.

QED

** Hervé Jacquet. Sur les représentations des
groupes réductifs p-adiques. C. R. Acad. Sci.
Paris Sér. A-B, 280:Aii, A1271-A1272, 1975.

2 Hervé Jacquet. Sur les représentations des
groupes réductifs p-adiques. C. R. Acad. Sci.
Paris Sér. A-B, 280:Aii, A1271-A1272, 1975.

3 S. DeBacker. Some notes on the representation
theory of reductive p-adic groups. Available
online.
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This adaptation of Schur’s lemma has the usual consequences:

Corollary 3.16 If G is an abelian (-group with countable basis for its
topology, then every irreducible representation of G is one-dimensional.*4

Corollary 3.17 Let G be an {-group with countable basis for its topol-
ogy. Let (71, V') be an irreducible smooth representation of G. Let Z be
the center of G. Then there exists a smooth character x : Z — C* such
that

n(z)v=x(z)-vforallze Z,v e V.

When G is an /-group with countable basis for its topology, and
center Z, it is often convenient to consider not the category JRepg,
but rather the full subcategory consisting of representations with
a given central character. If x : Z — C* is a character of Z, and
(71, V) is any smooth representation of G, we say that (77, V) has
central character y if 7r(z)v = x(z) - v for all z € Z. Of course, not
all smooth representations of G have a central character (though
irreps do). We define Repg | to be the full subcategory of Rep,
whose objects are those smooth representations with central char-
acter x.

Corollary 3.18 If (71, V) and (o, W) are two irreducible smooth repre-
sentations of G — an {-group with countable basis for its topology — then
Homg(V, W) is either zero or one-dimensional.

Induction, Compact Induction

Our treatment of smooth induction follows Bernstein *5, to some
extent. Let H be a closed subgroup of an ¢-group G. Let (77, V) be
a smooth representation of G, and let (¢, W) be a smooth repre-
sentation of H. Restriction of representations is quite simple:

Definition 3.19 Define'® Res$;7t to be the restriction of 7t to H. This
extends to a functor, Res%, from Rep to Rep$y.

Induction of representations, as usual, is not as simple.

Definition 3.20 Define C[[H\sG, W]] to be the vector space of func-
tions f : G — W such that:

f(hx) =o(h)(f(x)), forall x € G,h € H.
This is a representation of G by right translation:

[gf](x) = f(xg) forall x,g € G.

Define Ind%W to be the subspace C[[H\sG, W]]* of smooth vectors for
this action. This extends to a functor, Ind$, from Rep§y to Rep.

4 We call a one-dimensional smooth repre-
sentation a character.

5]. Bernstein. Represenations of p-adic groups.
Harvard University, 1992. Lectures by Joseph
Bernstein. Written by Karl E. Rumelhart.

16 We always put the smaller group below,
and larger group above, in our notation for
induction and restriction.
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More concretely, an element of Ind%W is a function f : G — W
which satisfies the following conditions:

1. f(hx) =c(h)(f(x)) forallx € G, h € H.

2. There exists an open subgroup K C G such that f(xk) =
f(x) for all x € G. In other words, f is uniformly7 locally
constant.

There is an important subfunctor of Ind$;, called compact induc-
tion:

Definition 3.21 Define ind$,W to be the subspace of Ind$,W, consist-
ing of those functions f € Ind%W satisfying the additional condition:

There exists a compact subset X C G such that f(g) = 0 unless
g € H - X. In other words, f is compactly supported, modulo H.

Theg ind%lf\éis a G-subrepresentation of Ind%W; it yields a subfunctor
indy C Indy.

Compact induction is simpler in many ways; for example, the
condition of uniform local constancy simplifies to the condition

of local constancy. Of course, if H\G is a compact space, then the
functors ind$; and Ind$; coincide. Less trivially,

Proposition 3.22 If (0, W) is an admissible representation of H, and
H\G is compact, then IndSW is an admissible representation of G.

ProoF: We leave the proof as an exercise. This can be found in
Proposition 9 of Bernstein’s notes™ as well.

QED

Frobenius reciprocity can now be formulated in the smooth
setting:

Theorem 3.23 Let (7, V') be a smooth representation of G, and (o, W)
a smooth representation of H, a closed subgroup of G. Then there is a
natural isomorphism:

Homg(V, IndSW) = Homy (ResGV, W).

This identifies Ind$; as a functor which is right adjoint to the functor
Res%. Both functors are exact.

Most typically, the functor ind$; of compact induction is used
when H is a closed and open (clopen) subgroup of G; in this case,
H\G is a discrete space. It follows that

7 The uniformity is that K can be chosen
independently of x.

8. Bernstein. Represenations of p-adic groups.
Harvard University, 1992. Lectures by Joseph
Bernstein. Written by Karl E. Rumelhart.
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Lemma 3.24 Let H be a clopen subgroup of G. Let (o, W) be a smooth
representation of H. Then there is a natural isomorphism of representa-
tions of G:

indGW = W ¢y C[G].

From the adjointness of ring extension and pullback, we find
that

Theorem 3.25 (p. 125 of Cartier) * Let H be a clopen subgroup of
G. Let (71, V) be a smooth representation of G, and (o, W) a smooth
representation of H, a closed subgroup of G. Then there is a natural
isomorphism:

Homg (indGW, V) = Hompy (W, Res$V, ).

This identifies ind$, as a functor which is left adjoint to the functor
Res$. Both functors are exact.

Pullback, corestriction

Suppose now that B = T x U, where T, U are closed subgroups
of an /-group B. Let p : B — T be the projection map. There is a
functor given by pullback:

Definition 3.26 Let (17,Y) be a smooth representation of T. Define
p*n: B — Autc(V) by

p*n(b) = n(p(b)).

Then (p*n,Y) is a smooth representation of B, and p* extends to a
functor from RepT to Repg.

Of course, one may introduce the general pullback of smooth
representations, including restriction to a subgroup as well as the
above pullback as special cases. The pushforward functor is defined
by coinvariants:

Definition 3.27 Let (0, W) be a smooth representation of B. Define
p«W = Wy = W/[U — 1]W to be the space of U-coinvariants of W.
Then, since T normalizes U, it follows that o(T) stabilizes [U — 1|W
and hence the action o of T on W descends to an action p.o of T on
Wu = p«W. This extends to a functor ps from Repy’ to RepT.

In this situation, we have the following adjointness theorem.

Theorem 3.28 (p. 125 of Cartier) *° Let (17,Y) be a smooth represen-
tation of T, and (o, W) be a smooth representation of B. Then there is a
natural isomorphism:

Homp(p<W,Y) = Homp(W, p*Y).

This makes p. a left adjoint to p*.

9 P. Cartier. Representations of p-adic groups:
a survey. In Automorphic forms, representations
and L-functions (Proc. Sympos. Pure Math.,
Oregon State Univ., Corovallis, Ore., 1977), Part
1, Proc. Sympos. Pure Math., XXXIII, pages
111-155. Amer. Math. Soc., Providence, R.L,

1979-

*° P. Cartier. Representations of p-adic groups:
a survey. In Automorphic forms, representations
and L-functions (Proc. Sympos. Pure Math.,
Oregon State Univ., Corvallis, Ore., 1977), Part
1, Proc. Sympos. Pure Math., XXXIII, pages
111-155. Amer. Math. Soc., Providence, R.L,

1979-
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Indeed, the coinvariants Wy; can be naturally identified with a
module obtained by extension of scalars:

Wu = W ®¢p C[T],

where C|[T] is viewed as a C[B]-module via the trivial action of
U. The result follows from adjointness of ring-extension and pull-
back, suitably interpreted.

4 Representations of GLo, external theory

Hereafter, we let G = GLy(k), where k is a nonarchimedean local
field; very little will be lost by taking k = Q). As usual, we study
the representations of a complicated group G, by understanding
the representations of “easier” subgroups, and the functors of
restriction and induction.

In addition, we drop the adjective “smooth” hereafter; all
groups will be /-groups, and all representations will be smooth.
By “irrep”, we mean an irreducible smooth representation.

By the external theory, we focus our attention on subgroups H of
G which arise as H = H(k) for algebraic subgroups H C G. The
primary subgroups of interest are:

_{(g Z);a,dekX,bek},

2):a,d€kx}%kx><kx,
u:{(é Z{):bek}%k.
0).

These subgroups arise as the k-points of algebraic subgroups

B = TU C G. At the level of k-points, one has a semidirect
product decomposition B = T x U. We write p : B — T for the
canonical projection.

Representation theory of T

Corresponding to the obvious isomorphism T = G, x Gy, there
is an isomorphism of ¢-groups: T = k* x k*. The algebraic
characters and cocharacters of T are:

X*(T) = Hom(T,G,,) = Z2,

Xo = Xo(T) = Hom(Gy,, T) = Z2.

Perhaps this treatment of the torus T is
excessive in notation, for such a simple
case. The advantage is that everything here
generalizes easily to split tori of any rank.
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There is a canonical perfect pairing:
Xe xX* = Z,

given by the identification Hom (G, Gn) = Z.

We write T, for the maximal compact subgroup of T; there is
a unique maximal compact subgroup, and T is isomorphic to
O x O*. While this isomorphism is non-canonical, there is a
canonical isomorphism:

X. g T/TO/

given by sending a € X, to a(@) € T/T,; the choice of uniformiz-
ing element @ does not affect the T,-coset of a(@). The complex
dual torus of T is defined by:

T = Hom(X.,C*) = X* @z C* = C* x C*.

Since T is abelian, the irreps of T = k* x k* are one-dimensional
— they are given by a pair x = (x1, x2) of (smooth) characters

X1, X2 kX — C*.

We will pay particular attention to the unramified characters of T
— these are given by pairs (x1, x2) of characters, which are both
trivial on O*. Writing T, = O x O, the unramified characters
are just H om(T/Ts,C*). Thus the unramified characters of T are
described easily by the dual torus:

Homyy,(T,C*) = Hom(T/To,C*) = T = Hom(Z,T).
Much more generally, local class field theory implies that
Homeont (T, C*) 2 Homeont (Wi, T).

The unramified characters correspond to those continuous ho-
momorphisms from W to T that factor through the quotient
Wi = Z. We follow the convention that the unramified character
of T corresponding to t € T should correspond to the unramified
character of Wj, which sends a geometric Frobenius element to ¢.
This is known as the local Langlands corresponence for T, and
was generalized by Langlands to arbitrary tori in an article that
took thirty years to publish (finally in Pac. J. of Math.?").

Jacquet functor, supercuspidals

For the classification of irreps of G = GL;(k), and more generally
in the classification of irreps of reductive p-adic groups, the most
important method is parabolic induction and Harish-Chandra’s
theory of cuspidal representations.*

21

2 This is the local analogue of the dichotomy
between Eisenstein series and cuspforms.
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Definition 4.1 Let (71, V') be a representation of G. The Jacquet func-
tor is
jg =p.o Res(B; D Repl — RepT.

In particular, J[§V = Vy is the space of U-coinvariants of V, viewed as a
smooth representation of T.

Definition 4.2 Let (17,Y) be a representation of T. The functor of
parabolic induction is

IS = Ind§ o p* : Repy — Rep.

In particular, I§Y consists of uniformly locally constant functions f
G — Y which satisfy

f(tux) =n(t)(f(x) forallt € T,u € U,x € G,
and G acts on this space of functions by right translation.

Theorem 4.3 The functor J§ is left adjoint to IS, for a representation
(71, V) of G and a representation (,Y) of T, there is a natural isomor-
phism:

Homg(V,ISY) = Homr(J§V,Y).

Proor: Adjointness of Res§ and Ind$ implies

Homg(V,ISY) = Homg(V, Ind$ p*Y) = Homp(ResSV, p*Y).
Adjointness of p* and p. implies

Homp(Res§V, p*Y) =2 Homp(p«Res§V,Y) = Homr(J§V,Y).

The naturality of these isomorphisms, i.e., the adjointness of func-
tors, implies the adjointness of IS and J§ as required.

QED

In what follows, it will be more convenient to use the normalized
parabolic induction and Jacquet functor. Let 6 : T — RZ, be the

character?3 given by * This is usually called the modular character.
It describes the effect of T-conjugation on a
a 0 Haar measure on U. Something like it should
k) — | a/d | . be used whenever carrying out induction and
0 d restriction involving non-unimodular groups

(like B).
Viewing characters of T as pairs of characters of k*, we find that

s= (1117

We write I§6'/2 for the functor which on objects sends a represen-
tation 7 of T to I§ (17 ® 6/2). Similarly, we write 5~1/2]$ for the
functor which sends a representation 7 of G to 6~ 1/2 ® | Cn.
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One advantage of this normalization is that unitarizability is
preserved; if x is a unitary character of T (it has values in the unit
circle in the complex plane), then there is a natural Hermitian
inner product on I 61/2x; this implies that subrepresentations
of I g 61/2x have complements - it eventually yields complete
reducibility of I§6'/2x.

The adjointness of | g and Ig implies adjointness of the normal-
ized functors; in particular,

Homg(V,I$6Y2Y) = Homr(6 Y25V, Y).

The following result makes the representation theory of p-adic
groups much easier, in some ways, than the representation theory
of real Lie groups:

Proposition 4.4 The functors I§ and ]§ are exact. Same for the func-
tors Igél/z and (5’1/2]1(33.

Proor: (Sketch) Exactness of the functor Ig is easy, as is left-
exactness of J§. To demonstrate the right-exactness of J§, it suf-
fices to demonstrate the right-exactness of the “U-coinvariant
functor” p.. This follows from the fact that U is the union of com-
pact subgroups — the functor of coinvariants for a compact group
is exact (a basic result in group homology with coefficients in a
vector space over a characteristic zero field) — and the exactness of
direct limits.

For the normalized functors, the result follows by exactness of
twisting, which is trivial to check.

QED

A useful basic result is that I§ and J§ are compatible with
twisting and central characters, in a simple way:.

Proposition 4.5 Let x = (x1, x2) be a character of T. Then IS x has
central character x1)2. Furthermore, let xo be a character of k* and
write xox for the character (xox1, Xoxz2) of T, then there is a natural
isomorphism of representations of G:

I§ (xox) = (xo o det) @ If x.
Proor: The proof is straightforward and left to the reader.
QED

The Jacquet functor gives an initial classification of irreps of
G = GLy(k):

Definition 4.6 A representation (71, V') of G is called supercuspidal if
J§V =0.
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This would not be such an interesting definition if it were not
for the following nontrivial theorem, due in various parts, and
somewhat independently, to various authors (Bernstein 24, Cassel-
man?>, Adler and Roche?, among possible others):

Theorem 4.7 The following conditions are equivalent, for an irrep
(71, V) of G, whose central character is x : Z — C*:

1. (7, V) is supercuspidal — JSV = 0.

2. Forallv € V,and A € V = (V')*, the matrix coefficient my, ) is
compactly supported, modulo Z; here m, 5 € C®(G) is defined by

Mo, (8) = AM7(8)0)-

3. There existsv € V and A € V, such that m, , # 0 and m,, ) is
compactly supported, modulo Z.

4. (7, V) is injective in the category Mep( .
5. (71, V) is projective in the category Rep¢: .

In particular, if (77, V) is a smooth representation of G which
possesses a central character, there are subreapresentations Ve,
Vind such that V*° is supercuspidal, and V™ has no supercuspidal
subrepresentation (nor quotient), and V = V¢ @ Vind,

The description of supercuspidal representations of G is beyond
the scope of these notes; let us just say that all such representa-
tions arise via compact induction, from irreducible representations
of compact-modulo-Z subgroups of G, e.g., Z - GLp(O). We refer
to the excellent recent book of Bushnell-Henniart 7 for more.

Geometric Decomposition

Consider now an irrep (77, V) of G which is not supercuspidal;
that is, | g V # 0. A priori, | g V is just a smooth represenation of T.

Lemma 4.8 The representation |§V is finitely-generated as a T-module.

PrOOF: Let v be a nonzero vector in V, and let H be an open sub-
group of G fixing V. The compactness of B\G = P!(k) implies
that there are a finite number of double cosets in B\G/H. Choos-
ing representatives g1, ..., g for these cosets, we find that V is
generated — as a B-module - by the finite set {71(g;)v}1<i<4. Thus,
since U acts trivially on Vi;, we find that Vi; = | g V is gener-
ated — as a T-module — by the projections of the vectors 7(g;)v for
1<i<d.

QED

*4]. Bernstein. Represenations of p-adic groups.
Harvard University, 1992. Lectures by Joseph
Bernstein. Written by Karl E. Rumelhart.

*5 W. Casselman. Introduction to the theory
of admissible representations of p-adic reductive
groups. 1974. Unpublished manuscript,
available online.

2 Jeffrey D. Adler and Alan Roche. Injectivity,
projectivity and supercuspidal representa-
tions. J. London Math. Soc. (2), 70(2):356—368,
2004.

7 Colin J. Bushnell and Guy Henniart.

The local Langlands conjecture for GL(2),
volume 335 of Grundlehren der Mathematischen
Wissenschaften [Fundamental Principles of
Mathematical Sciences]. Springer-Verlag, Berlin,
2006.
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It follows that
Lemma 4.9 The representation J§V has an irreducible quotient.

Proor: The proof is somewhat difficult, and we just sketch the
idea. Note that the choice of uniformizing element @ yields a
decomposition T = X, x T, of {-groups, where X, is (non-
canonically) isomorphic to Z2. One may first decompose J§V
as a representation of the compact /-group To:

TSV =@ J5V)y.

peT,

Each Te-isotypic component is then a representation of Xe & Z2.
In other words, each Ts-isotypic component is a C[X,]-module.
Since J§V is nonzero, there exists a ¢ € T, such that (J§)y # 0.
Thus to check that | g V has an irreducible quotient, it suffices to
check that (J$ V), has an irreducible quotient as a C[X,]-module.
From our previous study of the representations of Z, it suffices
(by Nakayama’s lemma) to check that (J$ V), is finitely-generated
as a C[X,]-module. But this follows from the fact that J$V is
finitely-generated as a T-module, and T, acts via a character on

(]g V)¢.28 # In fact, just knowing that J$V is finitely
generated as a T-module is enough to show
QE.D that it has an irreducible quotient, using
a Zorn’s lemma argument. It is not really
When (7, V) is an irrep of G, we find that 6~1/2]J$'V has an necessary to use the T-isotypic components.

irreducible quotient — a character x of T:
Homr (67 V2§V, x) #0.

We choose to use the normalized functors, for reasons that will
become clear. It follows that

Homg(V,I§6"%x) #0,

and so V is a subrepresentation of Igél/ 2x. Thus the non-supercuspidal
representations arise as subrepresentations of principal series — rep-
resentations parabolically induced from characters of tori.

For this reason (and since we are not prepared to discuss su-
percuspidal representations here), we study the representations
Igél/ 2x — the principal series representations of G. The key to
studying these representations is the Bruhat decomposition:

01
G = Bl BwB, w-(l 0).

Here BwB is an open subset of G, and B is its closed complement.
The short exact sequence of C-modules:

0 — CZ®(BwB) = CZ(G) —» CZ(B) = 0



is in fact a short exact sequence of smooth representations of

B x B by left and right translation. From this (and a little work
to check right-exactness) we obtain a short exact sequence of B-
representations (by right-translation):

0 — IU(8Y2x) — I§6"2x — 1'(5%x) — 0,
where:
I“(x) = {f € CZ(BwB), such that f(tux) = x(t)6'/*(x)f(x)},

I'(x) = {f : B— C, such that f(tux) = x(t)6"/%f(x)} = C.

An explicit and nontrivial®® computation demonstrates that:

STRIR (I (6 2 x)) = 1, 5TRIE (NS Ph)) = i

To summarize, there is a short exact sequence of T-representations

0— x¥ %5*1/2]51551/2)(—))(—)0. (1)

Here,
x=(xux2), x°=x2xi)

If x and x% are distinct characters of T, then the short exact se-
quence splits and:

571/2]BGIBG§1/2X ~ X @Xw
Lemma 4.10 If W is any subquotient of I$6'/%x, then J[SW # 0.

Proor: If ]gW = 0, then W is supercuspidal. It follows, from
irgectivity and projectivity of supercuspidals3®, and the fact that
Iy 61/2x has a central character §'/2x; x», that the subquotient W
of Ig 81/2x also arises as a submodule. Hence

Hom(W, 1§62 x) # 0.

By adjointness,
Hom(J$W,6Y2x) # 0.

This contradicts the fact that W is supercuspidal.

QED

Corollary 4.11 The representation I§ 5Y/2x has length at most two.

Proor: The exactness of the functor ]g, the previous lemma, and
the fact that 6=1/2] g I g 81/2x is two-dimensional implies this corol-

lary.

* A geometric argument — that BwB is
isomorphic to B x U as a k-variety — implies
that I*(6'/2x) is one-dimensional. Seeing that
1'(81/2x) is one-dimensional is easier. One
identifies the projection of I*(6'/2x) onto

its U-coinvariants with an integral over U

— tracking through the T-action proves the
result.

39 Really, it is deceptive to utilize injectivity
and projectivity of supercuspidals for this
sort of result. The proof of injectivity and
projectivity of supercuspidals relies on results
like this lemma, to my recollection. It is much
better to prove this lemma using Jacquet’s
lemma, and compact subgroups with Iwahori
decomposition.
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QED

The precise conditions for reducibility of Igél/ Zx are given by
the following

Theorem 4.12 The representation 1 g 612 is reducible if and only if

xi=|-lxe orxi=1-1"xe
Equivalently, I$6'/2x is reducible if and only if

X = 5i1XZU‘

This theorem requires a lot of work — we refer to the exposition of
Tadic for a nice treatment. Partial results follow from Frobenius
reciprocity and the short exact sequence (??): we find that

EndG(Igél/ZX) o HomT(é_l/zfglg(Sl/Zx,x).
We find two cases:

1. The space Endc(lg’dl/ 2x) is one-dimensional, if y # x%, or
if x = x¥ and the extension 5’1/2]](331551/2)( of x by itself is
nontrivial.

2. The space EndG(Igél/ 2x) is two-dimensional if y = x® and
the extension 6~ 1/2J$I$51/2x of x by itself splits.

By Schur’s lemma, if Endg(I$6'/2x) is two-dimensional, then
Igél/ 2y is reducible; but the above observation implies that xy =
x®, and Theorem ?? implies that there is no reducibility when
X = x“ (only when x = 6*!x™). Hence we find that

Corollary 4.13 The representation I 5Y/2 is either irreducible, or else
is a nonsplit extension of one irreducible representation of G by another
irreducible representation of G.

Proor: If I$51/2y is reducible, we find that its G-endomorphisms
form a one-dimensional space. Hence it cannot be decomposed
into the direct sum of irreducible representations. Since it has
length at most two, the result follows immediately.

Q.E.D

One example is particularly easy to see, and important for ap-
plications:

Example 4.14 Considering x = 6~/2, we find that 1551/2)( = ISC
is a reducible representation of G, of length two. There is a short exact
sequence of smooth representations of G:

0—C— I§C — St — 0.
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The embedding of C into ISC takes a complex number to the correspond-
ing constant function on G. Since its image is clearly one-dimensional,
and I§C is infinite-dimensional, there must be a nontrivial quotient.
This quotient is called the Steinberg representation.

The symmetry between x; and )» manifests in a rational family
(rational, in the parameter x € Homicont(T,C*)) of intertwining
operators, from Igdl/z)( to Igél/z)(w.

Proposition 4.15 Suppose that x # x“. Then Ig&l/ 2y is isomorphic to
1661/2y.

Proor: By Frobenius reciprocity, there is a natural C-linear iso-
morphism

Homg (I§6"?x, I§6"2x™) = Homr (67 V2J§ IS 612 x, x*).
Recall the short exact sequence of representations of T ??:
0— XY = 67 12JS156 2 — x — 0.
It follows that if x # x%, then the above sequence splits, I g x and
Ig x? are irreducible, and hence are isomorphic to each other.
Q.ED

In fact, the intertwining operators, which exist by Frobenius
reciprocity, form a complex algebraic family over (a Zariski-dense
subset of) the variety Homicont (T, C*). However, these operators
have zeros and poles, which correspond to the reducibility points
of the principal series representations.

Unramified principal series

Especially important for global applications are the unramified
principal series; these are the representations I$4'/2y, when y :
T/To — C* is an unramified character of T. In particular,

X= (XLXZ)/ Xi(x) = S-l[')al(x)/

for some nonzero complex numbers s1,s;. The pair (s1,52) can be
thought of as an element of T, if one wishes to be canonical. For
simplicity, we define

I(s1,82) = 1](3351/2){, when x ( g 2 > — (Szlial(ﬂ)lsgal(d)‘

From Proposition ??, when s; # sy, there is an isomorphism:

1(51,52) = 1(52,51).

We find a reducibility point when x; = | - |*!x2. In other words,
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Proposition 4.16 The unramified principal series 1(s1,s;) is reducible
if and only if sy = q*'sy. Here, we recall that q = #(O /@) is the order
of the residue field of k.

Proor: This follows from the previous result on reducibility of
principal series representations, and changing notation.

QED

If s = g~ 's,, then we find that

2 (xuxa) = (1 M2 17 2%) = (172 1 7 %)
It follows that
IS5V = |det| ~1/252" 4D @ 16,

In this case, I§6!/?x has an irreducible subrepresentation and
irreducible quotient:

0 — | . ‘—1/250al(d6t) N 1(51,52) N | . |—1/ZSval(det) ® St — 0.

If s; = gsy, then one finds a similar short exact sequence, with a
twisted trivial representation as a quotient, and twisted Steinberg
representation as a subrepresentation.

To summarize, we have a two-dimensional complex algebraic
variety?* T = MSpec(C[s{?,s5°"]), acted upon by a finite group
W = {1,w}, where w switches s; and s,. There’s a W-stable
subvariety T,.4 cut out by the equations s; = g*1s;.

There is a complex algebraic family (see Bernstein3* for the
precise meaning) of representations I(s1,sz) of G, parameterized
by (s1,s2) € T, which is generically irreducible, and everywhere
satisfies the conclusion of Schur’s lemma. The group W = {1, w}
acts on T, and on the Zariski-open irreducible locus T — T}eg.
Intertwining operators make this complex algebraic family of
representations into a W-equivariant sheaf, when pulled back to
T = Theq-

In any case, we find that the irreducible constituents of unram-
ified principal series representations are parameterized by the
following data:

1. An unordered pair {s1,s,} of nonzero complex numbers,
such that s; # g*!s; or...

2. An ordered pair (s1,52) of nonzero complex numbers, such
thats; = q_lsz and an additional “bit of information”
encoding whether one takes the twisted trivial subrepresen-
tation or twisted Steinberg quotient representation.

To such data, we associate the following Langlands parameters:

3! We identify complex algebraic varieties
with their C-points here.

321.N. Bernstein. Le “centre” de Bernstein.
In Representations of reductive groups over a local
field, Travaux en Cours, pages 1-32. Hermann,
Paris, 1984. Edited by P. Deligne.
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1. The GL,(C)-conjugacy class containing the semisimple
element ( 501 502 ) (Note that this only depends on, and
uniquely determines, the unordered pair {s;,s,} of nonzero
complex numbers.

2. The GL,(C)-conjugacy class of the pair (¢, N), where ¢ is
51
0
N is a nilpotent element of M;(C) satisfying tNt~! = gN;
for any such (sq, s ), there are two such conjugacy classes of
pairs: one contains (t,0) and the other contains (¢, N) with

N:(g(l))

The first case can also be thought of as a conjugacy class of pairs
(t,N) with tNt~! = gN; but when s; # g*!s;, the only nilpotent
N satisfying that identity is zero. In the second case, the extra “bit
of information” given by whether N = 0 or N # 0 corresponds
to the extra “bit of information” given by whether one chooses the
twisted trivial representation of the twisted Steinberg representa-
tion, respectively.

If an irreducible constituent of an unramified principal series
representation (77, V) corresponds to a parameter (f, N) as above
(t semisimple in GLy(C) and N nilpotent in M,(C)), then the
standard (degree 2) L-function of (77, V) is:

the semisimple element (with s; = g~ !sp), and

L(rt, Stand) = det(1 — tX|Ker(N)).

5 Representations of GLo, internal theory

Let K be an open compact subgroup of G = GLy(k). It is im-
portant to study representations with K-fixed vectors; in order
to have a good category of representations, we define RepX to be
the category of smooth representations of G which are generated
(as G-represenations) by their K-fixed vectors. These are called K-
spherical representations. For general K, this category is not stable
under subquotients!

Let H(G, K) be the Hecke algebra of compactly supported, K-bi-
invariant functions on G:

H(G,K) = C*(K\G/K).

If (7, V) is a K-spherical representation, then VX is naturally an
H(G, K)-module, via

m(f)o = [_f()m(g)odg.
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If f1, f» € H(G,K), then
n(f1)r(f2)v = n(f1 = f2)o,

where the convolution is defined by

i+ fal(g) = [ A0 )

In fact, this gives an equivalence of categories, from the cat-
egory of modules over the convolution algebra H(G, K) and the
category of K-spherical representations.

These categories are somewhat mysterious in general, but when
K = GL;(0O), we have the category of unramified representations.
These are well-understood; moreover in the factorization of auto-
morphic representations, irreducible unramified representations
occur for almost all primes.

Unramified representations

Hereafter, let K = GL,(O). The remarkable theorem about the
spherical Hecke algebra is the following:

Theorem 5.1 Define, for f € H(G, K), the Satake transform Sf €
c=(T)

571 = o)™/ [ flutydu = o()"/2 | f(tu)au.

Then
Sf e H(T,T,) = C(T/T,)" = C[X.]",

where W = {1,w}. Moreover, S determines an isomorphism of algebras:
H(G,K) = C[X,]V.

In particular, this theorem implies that H(G, K) is a commutative
C-algebra! Highest weight theory, for the algebraic representations
of GL,(C), implies that

C[Xo(T)]" = C[X*(T)]" = Rep(GL(C)),

where Rep(GLy(C)) is the complexification of Ky of the category
of finite-dimensional algebraic representations of GL,(C) - i.e.,
the complexified representation ring of GL,(C).

As the category of spherical representations of G is equivalent
to the category of H(G, K)-modules, which is equivalent to the
category of C[X;!, X5']"-modules. It follows that an irreducible
unramified representation of G is one-dimensional — determined
by two nonzero complex numbers (s1, sp), modulo switching;
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there is a natural bijection between the isomorphism classes of
irreducible unramified representations of G and unordered pairs
{s1,52} of nonzero complex numbers.

More canonically, there is a natural bijection between the set of
isomorphism classes of irreducible unramified representations of
G and the W-orbits on T.

Connection to unramified principal series

Let I C K be the Iwahori subgroup, consisting of matrices in
GL;(0O) whose lower-left entry is in @O. Recall that T, = T(O) =
O x O*. The following is a fundamental theorem of Borel and
Matsumoto:

Theorem 5.2 Let (71, V') be an admissible (smooth and finite-length
certainly suffices) representation of G. Consider the natural projection
map V. — Vi from V onto the space of J$ V. This projection map
induces an isomorphism of complex vector spaces:

Vi (vi)®.
A corollary of this result is the following:

Corollary 5.3 If (7, V) is a K-spherical admissible representation of
G, then JSV # 0. If moreover, (71, V) is an irreducible unramified
representation of G, then J§V has an unramified character of T as a
subquotient.

By adjointness, and what we know about unramified principal
series, we find that

Corollary 5.4 If (7, V) is an irreducible unramified representation of
G, then (7, V') occurs as a subquotient in an unramified principal series
representation 11(33(51/ 2x, where x : T/To — C* is uniquely determined
by V up to the action of W.

From this result, we find that an irreducible unramified repre-
sentation (77, V) of G yields two pairs of complex numbers:

1. Since (71, V) is associated to an irreducible H(G, K)-module,
we obtain two “Hecke eigenvalues” s1, s, (up to switch-
ing). These are called the Satake parameters of (7, V), since
they arise from the Satake isomorphism from H(G, K) to
H(T,T.).

2. Since (7, V) occurs in an unramified principal series repre-
sentation, we find that (77, V) is a subquotient of I(y, ), for
nonzero complex numbers t1, t, uniquely determined, up to
switching.
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Furthermore, although the unramified principal series representa-
tion I g 61/2x may be reducible, it has a unique unramified subrep-
resentation — the twisted trivial representation (with unramified
twist, of course) is always unramified, and the twisted Steinberg
representation is never unramified (has no K-fixed vectors).

The connection between these is the following significant theo-
rem:

Theorem 5.5 The unordered pair {sq,s,} equals the unordered pair

{tl,tz}.

Let 775, 5, denote the irreducible spherical representation of
GL, (k) with parameters s1,s, € C*.

The impact of this theorem, for the theory of modular forms, is
the following: Let f be a classical modular form for a congruence
subgroup I'g(N); suppose that f is a cuspidal newform, of some
Nebentypus, for good measure. Then one associates to f an auto-
morphic representation IT = ®’ 71, where the (restricted) tensor
product is over all places v of Q. At all primes p not dividing N,
the representation 71, is irreducible and unramified.

The previous theorem tells us that the eigenvalue of the T,
operator (and the Nebentypus character), which determines the
Hecke eigenvalue and hence the Satake parameter for the repre-
sentation 71, also determines the isomorphism class of the rep-
resentation 77,. The representation 71, is precisely the irreducible
unramified constituent of the unramified principal series I(s1, s2),
where (s1,s7) is the Satake parameter deduced from the Hecke
eigenvalue of T).

Slightly more generally, if p divides N, but p? does not divide
N, the representation 71, ends up being isomorphic to a twist of
the Steinberg representation; proving this requires some analysis
of the Iwahori Hecke algebra H(G, I) instead of H(G, K).
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1. SOME NOTATIONS.

Let $ = {z € C;J(z) > 0} be the Poincaré upper-half plane.

Let k and N be two integers, and, as usual, I'o(/N) be the subgroup of
SL(2,Z) of matrices whose lower left entries are divisible by N. It acts on
$ by fractional linear transformations: [‘CL Z] cz = Zjifl .

Let x be a Dirichlet character modulo ¢: it defines a character on I'o(N),
by evaluating x at the upper left entry. It will be convenient to define

x(n) = 0 if the integer n is not coprime with N.

If X is a finite set, | X| denotes its cardinality; we reserve the letters p, ¢
for prime numbers, and n, m for integers.

The letters K, E,k (resp. K)) denote fields (resp. the completion of K
with respect to the valuation associated to \), and Og, O, stand for the
rings of integers of K, K in the relevant situations.

The set of adeles of Q is denoted Aq, and for a finite set of primes S

containing oo, one denotes Aq g = H Q. X H Z,. The finite adeles are
veSs véS
denoted Ay.
For a complex number z, the notation e(z) stands for exp(2miz).

The notation f(z, A) <4 g(z) means that for any A, there exists a real
number C'(A) such that for any z, |f(z, A)| < C(A) - |g(x)|; if one adds “as
1
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x — o0”, it means that the last inequality holds for z > x(A) for some
real number x(A). In the same spirit, the notation f(x) = 0z-,(9(7))
(resp. f(x) = Oz—z,(g(x))) means that the quotient f(z)/g(x) is defined in
a (pointed) neighbourhood of zy, and that |f(z)/g(x)| tends to zero (resp.
stays bounded) when z tends to xg.

Some spaces of funtions: let X be a locally compact Hausdorff space.

e C.(X) is the space of continuous compactly supported complex valued
funcions.

e C°(X) denotes the subspace of smooth functions in the latter (when
X is a manifold, this means “locally constant” if the manifold is
totally disconnected).

2. MODULAR FORMS
2.1. For any holomorphic function f defined on $ and v € I'o(N), we
define:
fi,(2) =x() ez +d)Ff(y-2)
Consider the following properties:

(M1): For any v € Io(N), f|, = f. This implies, by Fourier analysis, that

for any o € SL(2,Z), there exists a positive integer h(c) (with h(I) = 1)
such that one has an absolutely convergent decomposition:

f,(2) =Y ealfs0)e(nz/h(0))
neZ

The holomorphy at 700 is then expressed by:

(M2): For any o € SL(2,Z), c,(f, o) = 0 for all negative n.
“Cuspidality” is:

(M2'): For any o € SL(2,Z), ¢,(f,0) =0 for all n > 0.

2.2. The space of modular forms of weight k, level ¢ and nebentypus x
is the set of holomorphic functions satisfying (M1) and (M2) above; the
subspace of modular forms satisfying (M2') as well is called the space of
cusp forms, noted Si (N, x). The latter is finite dimensional (as is the first),
and equipped with the Petersson inner product, invariant under the group
action (it is a quotient of a Haar measure on $) = SO2(R)\SL2(R)):

- . pdxdy
(f.9) = /F W

Note right now that by taking v = —I, (M1) gives f(z) = (—=1)*x(=1)f(2),
so if x and k don’t have the same parity, the space of modular forms is {0};
we shall exclude this case.
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2.3. Hecke operators. On the space of modular forms of weight k and level
q, one has the so-called Hecke operators, defined as follows. Let n > 1 be an
integer, and let Ag(N) = {y = [2¢}] € Ma(Z) : det(y) > 0,Nlc, (a,N) =
1}. For a € Ag(N), one defines first:

10 = oot tyto) e 47 (D)

To define the level n Hecke operator, one considers the set {a € Ay(N)
det(a) = n} on which I'y(N) acts on the left. One proves that one can write
it as a finite disjoint union U;I'y(/N)c;, and one defines:

Ta(f)(2) = ) _(To,; ))(2)

J

More explicily, one has:
a b
{a € Ag(N) : det(a)=n}= ] |J To) [o d]

(a7Q):1
from which one deduces (x(a) =0 if a and N are not coprime):

T(f)() =nt Y x(a)d—’ff(“jb)

ad=n

a>0
0<b<d—1

With this definition, one sees easily that the T,,’s preserve the modularity
and cupsidality. One can then give the action of the T}, for p prime, on
the Fourier expansion of a modular form (but the modularity is hardly seen
from this expression):

o If (p. N) = 1, T,(f)(2) = 32, cpn(fe(nz) +x(p)p* ' 32, en(f)e(pnz)

— p is called a good prime.

o If p|N, T,(f)(2) = >_,, con(f)e(nz) — p is a bad prime.
The Hecke operators preserve the space of cusp forms; the Hecke operators
at good primes all commute, and are normal with respect to the Petersson
inner product. These important facts are explained in Miyake [M], as are
the multiplicativity relations. In particular, if f is an eigenfunction for
all the Hecke operators at good primes, with eigenvalues {a,(f)}, one has
cp(f) = c¢r(1)ap(f) at good p. To diagonalize further the Hecke operators,
and get a good definition of L-series, it is necessary to introduce

2.4. Newforms and oldforms. Suppose y defines a Dirichlet character
modulo N, for N’|N. For any cusp form g in Six(N’, x), one checks easily
that z — g(dz) defines an element of Si(N, x), for any d|(N/N’). Let

SPUN, x) = U {z—g(d2) : g€ SN, )}
X factors through N'|N
d|(N/N')
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be the space of oldforms, and let
SE(N, x) = SN, 0+

be the space of newforms (it may be zero!). Then it can be shown that
the whole Hecke algebra (i.e. including bad primes) can be diagonalized
on the space of newforms. The primitive Hecke eigenforms (those with
c1(f) = 1) have pairwise distinct systems of eigenvalues outside a finite
number of primes (“multiplicity one”, well explained in the adelic setting
by Casselman [C], cf. Gelbart [G] as well). Their L-series have an Euler
product, absolutely convergent if R(s) > 1+ k/2:

Lis, f) =Y a"n(f) ~ L6 1)

n

with

Lis. fo) = (1 —ap(f)p™" + X(p)pk—l—zs> -
) <1 o f>ps> i (1 —az(p, f)ps> B

at a good prime p, and

L(s, fy) = <1 - ap(f)ps> h

at a bad prime, along with an analytic continuation (easy to see with the
Mellin transform), functional equation — c¢f. Bump [Bu], Miyake [M], Iwaniec
[1], etc.

When one proves a theorem, one can often reduce it to the case of new-
forms, thanks to this decomposition.

2.5. Ramanujan conjecture. Let f be a primitive newform. The Ra-
manujan conjecture is the following inequality:

lap(f)| < 2p'2

for good p, which is equivalent to |a;(p, f)| = p%. It has been a theorem
for 35 years now, proven by Deligne for weight greater than two. In the case
of bad p one can compute the possibilities for a,(f) rather explicitly (see
[M]).

2.6. Rationality properties. Let f € Si(IV, x) be a eigenform for all the
Hecke operators at good primes, with Hecke eigenvalues {af(p)},yv. Then:

Q(f) == Qlas(p),x(p) : p IN)

is a finite extension of Q, and all the Hecke eigenvalues are integers in this
extension. If the nebentypus is trivial, then this extension in totally real.
Serre explains all of this in terms of arithmetic geometry in his Durham

lectures.
4
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2.7.  An interesting problem is the evaluation of the dimension of the space
of cusp forms, when one or more of the parameters (k, V) vary. For instance,
using Eichler-Selberg trace formula one can prove that (see Knightly-Li [KL]
theorem 29.5):

k—1
12
uniform in k£ > 2 and N, where (N) = q[[, 5 (1 +p~1) and 7(N) is the

number of divisors of N.

W dim(Sx(N.x)) = "Ly + 0(N1/2T<N>)

Similarly, one can bound the dimension of the space of newforms using the
Petersson trace formula (Iwaniec-Luo-Sarnak [ILS]), and one has a uniform
estimate for N squarefree, k > 2:

k—1

@ dim(SE™ (N, ) =

o)+ 0( (kN7

with o(N) =g ][, n(1 - p~ 1) the Euler phi function.

3. REPRESENTATION THEORY

If G is a locally compact group, V' a complex topological vector space (C
is endowed either with the discrete or the euclidean topology), a represen-
tation of G in V' is a group homomorphism p : G — Aut(V'), such that the
mapping (g,v) € G X V — p(g)v € V is continuous. One says: “(p,V) is
a representation”, or simply “let p be a representation”. But this notion
is not sufficient in applications: if G is an algebraic group (over Q say),
then G(R) has a natural structure of a Lie group in which case the notion
of (g, K)-module is important. On G(Q,) for p > 2, one is led to consider
also “smooth” representations. On G(Aq), the notion of “automorphic rep-
resentation” has at least three interpretations. The point of this section
is to provide some background and references on this topic. We chose to
minimize the amount of references, but all that follows can be found in any
serious book on the subject.

3.1. Let $ be a Hilbert space. A unitary representation is a representation
(p, $) such that p(g) is unitary for any ¢ in G. Examples:

(1) Given f € L?(G) (dg here is a right Haar measure), put

R(g)(f)(h) :== f(hg)

Then (L?(G), R) is a unitary representation of G, called the right
regular representation. Indeed, let fi, fo € L*(G), =,y € G. As

[R(x) fr = R(y) foll2 < |1 = foll2 + [[R(zy~") f2 = foll2, it suffices to
prove that for any f € L?(G):
fn 1) = 1 =0
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By using exactly the same argument, and approximating f with
compactly supported continuous ¢, it suffices to do it for ¢ instead
of f, and this is trivial.

One can extend this idea to the general situation, and prove using
the uniform boundedness theorem that if for any v in a fixed dense
subset of  and w € §, the mapping g — (p(g)v,w) is continuous
then p is a representation: see [Wal] lemma 1.1.3, [War]| proposition
4.2.2.1, [Ro] chapter 13.

(2) With exactly the same proof, the right action of G on L2(H\G) (H is
a closed subgroup of G, both of which are unimodular say) provides
a representation.

(3) If G is compact, and (p, $) a representation, one can show that one
can put an inner product on $), without changing the topology, so
that p becomes unitary: see lemma 1.4.8 of [Wal] (the idea is to
average over GG the inner product of course).

One says that (p, ) is irreducible if $ has no closed nontrivial G-invariant
proper subspaces. When a representation is not irreducible, it may (or
may not) be a Hilbert sum of irreducible subrepresentations. Two unitary
representations (p, 9), (o', H’) are equivalent if there exist a G-equivariant
linear homeomorphism between § and $)’: it can be shown that such an
isomorphism can be chosen to be an isometry (cf. [Bo2|, 5.2). Note that if
(p,$) is an irreducible unitary representation of G, then span(p(g)v : g €
G) is dense in $). This implies that the Hilbert dimension of ) is less than
card(G), and therefore the set of unitary irreducible representations of G up
to equivalence (or isomorphism) is a well defined object: it is denoted G.

THEOREM 3.1 (Schur’s lemma). If (p, ) is irreducible, then Homg($, $) =
Cldg. Furthermore, if (p/,$)') is another (not necessarily irreducible) uni-
tary representation, then any nonzero element of Homg($, 9') is a positive
real scalar multiple of an isometry.

Reference: [Wal] section 1.2, [KL] proposition 10.14.

APPLICATION: Let Z denote the center of G, and let (m,$) denote an
irreducible unitary representation of G. Then Schur’s lemma implies that
the action of Z on §) is by a unitary character; i.e. there exists a continuous
character w; : Z — S! such that 7(2)z = wy(2)z for any z € $: this is
called the central character of .

REMARK: Let (9, (-,-)) be a Hilbert space. A convenient way to check
that a unitary representation (p,$)) is irreducible is to prove that any G-
invariant continuous inner product (-, ), on $ is a multiple of (-, -). Indeed,
if p contains a nonzero invariant closed proper subspace $)o then under the
decomposition ) = $Hy ﬁOL we can change the inner product on Y)& by
positive scalars while leaving the one on £y unchanged and this preserves
the G-invariance property. But such a modification inner product on $ is

clearly not a scalar multiple of the given one, so no such $)g exists.
6
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Conversely, if (p, ) is irreducible, and (-, -), is a G-invariant inner product
on £, let $ be the Hausdorff completion of (£, (-, -),): the natural embed-
ding (9, (-,+)) = (', (-,-)5) is continuous, G-equivariant, with dense image.
By Schur’s lemma, it is a scalar multiple of an isometry: this proves our
contention.

LEMMA 3.1. Let (p,$) be a unitary representation of G, and let ' be a
closed G-invariant subspace. If (p,$) is a Hilbert sum of irreducible repre-
sentations, then so are (p,$') and (p,H/9’).

Proo¥r: Using duality and/or orthogonal complements, it suffices to treat

9/, Let’s write:
9 =P

i€l
where $); is an irreducible closed G-subspace of §) (the set of index I is at most
countable if § is separable, which will be the case in all our applications).
We can also assume $ /S’J’ £ 0.

The projection p onto $/$)’ is G-equivariant, so £/’ is spanned (in the
Hilbert sense) by the p($);) (¢ € I). In particular, some p($);) is nonzero.
But this projection is a closed G-invariant subspace of /), so the set 2~ of
collections of pairwise orthogonal closed G-invariant irreducible subspaces of
/%’ is non-empty. By Zorn’s Lemma there is a maximal element in 2", and
the corresponding Hilbert direct sum is a closed G-invariant subspace W of
$H/9’. We just have to rule out the possibility that it is a proper subspace.
If so, then clearly its orthogonal complement (in $)/$)’) contains no closed
irreducible G-invariant subspace, so by replacing $)’ with the preimage in £
corresponding to W we arrive at the case when the nonzero $)/$)’ contains
no irreducible G-invariant closed subspaces. It has already been seen that
such a situation cannot occur. QED

3.2. In some common situations, unitary representations are Hilbert sums
of irreducibles representations: this is the content of the next theorems.

THEOREM 3.2. Let G be a compact group. Then any unitary representation
18 a Hilbert sum of irreducible representations. Furthermore any irreducible
representation is finite dimensional.

References: [Wal] prop. 1.4.1 and 1.4.2; [Ro] chapter 5 or the excellent [BR]
chapter 7 for instance.

REMARK: Let (p, $)) be a unitary representation of G, and K be a compact
subgroup. One can therefore write:

H =P
i€l
where each $; is a K-irreducible closed subspace of §). This decomposition

is not unique (think of the trivial representation, for which any Hilbert basis
7
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provides such a decomposition), and two $);’s may be unitarily K-equivalent.
One usually rewrites the decomposition as follows: for each (isomorphism
class of) irreducible representation 7 of K , let I; be the set of ¢ € I for
which (p| ., ;) is equivalent to w. The cardinal number m; = card(I;) is the
multiplicity of min py,.: by Schur lemma, this cardinal number is independent
of the decomposition we started with. One writes () = @, Hi = Mmap,
and the above Hilbert sum is written:

H= @5’)(7‘1’) :ém,ﬂr.

ek TeK

One says that p is K-admissible if m, is a finite cardinal for each 7w € K.
We’ll see later on that any irreducible unitary representation of a con-
nected reductive group is admissible (for K a maximal compact subgroup
in the archimedean case, and maximal compact open subgroup in the non-
archimedean case).

3.3. The next examples require the use of the integration in topological
vector spaces. A thorough treatment can be found in Bourbaki, Integration,
chap VI, §1,2 and chap VII, §2 for the application on representations; [War]
section 4.1.1; [Ro| section 6 for some comments. Let (m,$)) be a unitary
representation of a locally compact group G (so ) is a Hilbert space, though
to integrate continuous vector-valued functions it suffices to assume that
is locally convex and quasi-complete). Let f € C.(G), v,w € $), one can
consider the absolutely converging integral:

lo(w) = /G £(9) {m(g)v, w) dg

The mapping w — [, (w) is continuous and linear, therefore by Riesz’ repre-
sentation theorem it defines an element of §) denoted

w(f)o = /G f(g)m(g)vdg.

It is clearly linear in f and v, continuous as ||7(f)v| < || f]li||v] and can
be extended by density to L'(G) (actually even to the space of compactly
supported complex measures, cf. Bourbaki): in particular, one checks easily
that f € L'(G) — 7(f) € End($) is a continuous homomorphism of Banach
algebras.

REMARK: It is sometimes convenient to consider a continuous function f
whose support is contained in a compact subgroup K of G. If K is negligible
in G, then 7(f) as defined above is zero. However, the same arguments shows
that the integral [, f(k)m(k)vdk is absolutely convergent: by an abuse of
notations, we will denote this integral =(f)v. As soon as the Haar measures
are suitably normalized, this defines the same operator in the case K is also

open, so we hope this won’t cause any confusion.
8
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THEOREM 3.3. Let (m,%) be a unitary representation of G. Assume the
existence of a delta-sequence (fp)nen in Co(G), i.e. satisfying:

supp(fnt1) C supp(fn), [ ] supp(fn) = {e}

n>1
Vn €N, Yg € G, fulg) = fulg™ ), fu > o,/ fo=1
G

such that the operator w(fy) is compact for all n. Then (m,$) is a Hilbert
sum of irreducible representations, each occuring with finite multiplicities.

References: [Wal] proposition 1.4.1, [L] T §3. Note that the invariance of
the f,, under g — g~ ! insures that 7(f,) is self-adjoint: the proof uses the
spectral decomposition of such operators.

REMARK: This theorem is fundamental in the theory of automorphic forms:
the most common proofs that the space of cusp forms splits as a sum of
irreducible representations is based on it — though Jacquet-Langlands seem
to have a purely algebraic proof of this fact.

REMARK: Let G be a locally compact group. One says that G (actually its
stellar algebra: see [Dix], 13.9) is liminal if for any (7, $)) irreducible unitary
representation of G, and any f € C.(G), w(f) is compact. We'll see later
that all reductive groups over locally compact fields are liminal, and to what
extent this plays a role in the tensor product theorem.

THEOREM 3.4. Let G be a locally compact group, K a compact subgroup of G,
and (m,9) a unitary representation of G. Assume that 7 is K-admissible.
Then there exists a delta-sequence satisfying the condition of the previous
theorem, and therefore (m,$) splits as a Hilbert direct sum of irreducible
representations.

PrOOF: (cf. [Bo2], 5.9 corollaire) If p € K occurs in 7, denote its character
Xp: by hypothesis 7(x,) is compact. As any central function f of K is a
uniform limit of linear combinations of characters (cf. [Ro], 7.1, proposition),
so 7(f) is compact as well (the subspace of compact operators is closed
in End($)) for the topology of uniform convergence on bounded sets). To
conclude, one uses a delta-sequence made of central functions (by averaging
over K of course), and one applies the previous theorem. QED

4. THE CASE OF REDUCTIVE GROUPS

In this section, let G be a reductive algebraic group over a local field F’
(say F'=R or Q, for some prime p). One denotes g its Lie algebra. Let K
be a compact subgroup of G(F') such that:

e if F' is archimedean, K is a maximal compact subgroup of G(F) (e.g.
K =03R)if G=GLy, FF=R)
e if F' is non-archimedean, K is open (e.g. K = GLy(Z,) if G =
GLy, F =Qp)
9
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THEOREM 4.1. Let (7,$) be an irreducible unitary representation of G(F).
Then (m,$) is K-admissible.

References: for F' archimedean, cf. [Wal] theorem 3.4.10, [Bo2] théoreme
5.27. In the non-archimedean case, it is quoted by Cartier in [Cor] and it
is discussed in the unpublished notes of Garrett [Gal]. As we are mainly
interested in the case of G = GL(2), refer to [Su] theorem 5.1. for the real
case, and to [BH] in the p-adic case, where the smooth representations are
completely classified — so that one is left to observe the admissibility.

COROLLARY 4.1.1. Let (w,$) be an irreducible unitary representation of
G(F), and f € C.(G). Then ©(f) is compact.

References: Théoréme 5.27 in [Bo2| for the real case. In the p-adic case,
C°(@Q) is dense in C.(G) (for its natural inductive limit topology, stronger
than the uniform convergence): as the subspace of compact operators is
closed in End(9)), it suffices to prove the claim for f € C°(G). But for
such an f, it is immediate that one can find a compact open subgroup K
of G such that f(kgk™') = f(g) for any g € G, k € Ky, in which case one
concludes as in the proof of theorem 3.4.

REMARK: This proves that the (stellar algebra of) reductive groups are
liminal, as claimed above.

Before we state the next corollary, which will be useful in our discussion
of the tensor product theorem, let’s recall that given two Hilbert spaces
91,99, the bilinear map induced by

(1 ® 22,71 @ y2) = (T1,Y1)1 (T2, Y2),

provides £ ® £ with a non-degenerate inner product, whose completion
is denoted $;®9: cf [Bour-EVT], chap V, §3, No 1 and 2. Let Gy,G5
be two locally compact groups, and let (m;,$;) (i = 1,2) be two unitary
representations. Then m1 @7y denotes the unitary representation of G1 X G
on ;29 deduced from the representation on the pre-Hilbert space $1®5)2,
itself induced by:

(m1 ® m2)(g1, 92) (21 ® 22) = T1(g1)71 ® T2(g2)T2.

Let’s briefly justify this is a unitary representation: first, for any g1 €
G1, 92 € Ga, the operator m1(g1) ® m2(g2) is unitary ([Bour-EVT], V, §4,
No 1, proposition 3 and the paragraph following proposition 2); as for the
continuity, given that G = G X G2 acts by unitary operators, it suffices
to prove that the mappings g € G — 7(g)v are continuous for v in a total
subset of $;®9s (cf [War] section 4.1.1 page 219): if we take this total
subset to be {x1 @ 2 : x1 € H1, 22 € N2}, our contention is clear.

It is easy to see that T @y is irreducible if w1, o are. Indeed, let @ be
a G1 X Go-invariant continuous inner product on $1®$-. Fix two nonzero
vectors xa,y2 € $o: then the inner product on $); defined by (z1,y1) —

Q(z1 ® 2,1 ® y2) is continuous and Gi-invariant, so is equal to (-,-); up
10
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to some constant by irreducibility of m;. One determines the constant the
same way, by varying e, yo. Conversely:

COROLLARY 4.1.2. Let G1,G2 be two reductive groups over two local fields
(maybe distinct). Then any irreducible representation m of G = G1 X Ga is
equivalent to a representation of the shape w1 ®ma, with w1, o irreducible.

Reference: [Dix] proposition 13.1.8, where it is proven that if at least one of
G1, G are of type 1, then the conclusion holds (see also [GGP] appendix to
chapter 2 and [Ro], section 20). It can be shown (cf. [Dix], theorem 5.5.2
and 13.9.4) that a group is of type 1 as soon as its stellar algebra is liminal,
which is the case here, by the corollary 4.1.1.

REMARK: The previous corollary was stated only in the case of reductive
groups: it is of course true in the generality of type 1 groups, as the references
justify it.

4.1. Smooth vectors and (g, K)-modules. References: [Bu| chapter 2,
[Wall], and [Wal] chapter 3. As we mentionned earlier, there are also more
algebraic counterparts of representation theory. In the case of archimedean
Lie groups, (g, K)-modules play an important role. Let G be an archimedean
reductive Lie group, g its complex Lie algebra, K a maximal compact sub-
group.

One can attach canonically to g an associative unitary algebra U(g) called
the (complexified) universal enveloping algebra, which gives rise to differen-
tial operators acting on C2°(G). We will denote 3 the center of U(g) (if G is
of inner type, this is also the set of elements z in U(g) such that Ad(g)z = z
for any g in G, cf [Wal] 3.4.1: this is the case for GL,(R)), which is finitely
generated, and generalizes the Laplace-Beltrami operator: cf [Wal] section
0.4.

A (g, K)-module is a complex vector space V' (without topology), together
with

e a structure of a K-module, continuous in the following sense: if
v € V, then there exists a finite dimensional subspace W, such that
Kv C W, and the mapping K — Aut(W,,) is continuous (therefore
analytic),
e a structure of a g-module,
such that:
(1) k- X -v=(Ad(k)X) - k-vforke K, X eg,veV,
(2) %(exp(tX)v)h:O = Xv for v € V and X in the Lie algebra ¢ of K.

In these conditions, one can prove that V is a semisimple K-module (cf.
[Wal] lemma 3.3.3). The (g, K)-module V is admissible if the p-isotypic
subspace V' (p) is finite-dimensional for any p € K.

FUNDAMENTAL EXAMPLE: Let (7,$)) be a unitary representation of G. Let

$H*° be the subspace of smooth vectors (i.e. the vectors v € § such that
g € G+ m(g)v is smooth). The real Lie algebra gr acts on $°° by dr(X)v =
11
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%(exp(tX)v)h:OT, hence an action of g. Garding’s theorem states that >
is dense in ) (exercise: use a d-sequence of smooth functions to prove it,

—

cf [Wal] section 1.6). Write $ = @pegﬁ(p): one can prove that $H°° N

$(p) is dense in §(p) for any p € K. Define § = @peg(ﬁ(p) N H).
Then $H is stable under the action of K, g, satisfies the aforementioned
compatibilities and is called the (g, K)-module associated to the unitary
representation (m,$)). By construction, $)i is dense in §). One can prove

that $x is irreducible (=contains no algebraic submodule) if and only if
the representation 7 is (topologically) irreducible, thanks to this density: cf.
[Wal|, theorem 3.4.11 — this uses the admissibility of 7.

REMARK: Note that if (7,$)) is admissible, as H°° N H(p) is dense in H(p),
it must be equal to it. This implies that given an irreducible (necessarily
admissible) unitary representation of a reductive group G, its associated
(g, K)-module is actually @pef{ $9(p), and that the K-finite vectors of §) are
smooth.

REMARK: A (g, K)-module does not afford a representation of G. However,
one can define an “extension” of G, called the Hecke algebra and denoted
He, such that (g, K)-modules correspond naturally to Hg-modules: see [Bu]
proposition 3.4.4.

REMARK: There is a version of the Schur lemma for irreducible (g, K)-
modules: cf [Wal] lemma 3.3.2. One can say a bit more in the case of
an irreducible unitary representation of G(R) for reductive G: the center
of the universal algebra 3 acts on $°° by a character (here this means an
homomorphism of C-algebras x : 3 — C), this is the content of lemma 1.6.5
of [Wal].

REMARK: The complex conjugation on g extends to an conjugate-linear
anti-automorphism on U(g) (cf [Wal] 1.6.5) denoted x — z*. The proof of
lemma 1.6.5 (ibid.) implies that if © € U(g), then for any v,w € £, with
(7, $) unitary representation of G, (dr(z)v, w) = (v, dr(z*)w). In particular
if x = x*, then dn(x) is self-adjoint. This applies to the Laplace-Beltrami
operator A of SLo(R) acting for example on L?(SLy(Z)\SL2(R)), giving
a representation-theoritic proof of such self-adjointness in this case, usually
proved by Green’s identity, cf [Bu] section 2.1.

REMARK: About K and 3-finiteness, useful in the context of automorphic
forms. If (7, $) is a unitary representation, a vector v is K -finite if w(K)v is
finite dimensional: this makes sense for any vector in the representation. If v
is a smooth vector, then v is 3-finite if d7(3)v is finite dimensional. However,
it is technically important to define it for non-smooth vectors as well: this is

fThe limit in consideration is with respect to the norm of $: when $) is a space of
functions, the derivative can also taken with respect to the pointwise convergence, which
may not be coherent with the latter. For instance, the smooth vectors in L?*(R) is not
C=(R)!
12
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way distributions play an important role in the theory of automorphic forms,
often implicitly. In this context, a vector v € § defines a (vector-valued)
distribution Ty, : C2°(G) — $ by:

T,(0) = /G o(g)m(g)vdy.

One says that v is 3-finite (as a distribution) if span{zT, : z € 3} is a finite-
dimensional subspace of $)-valued distributions, where xT;, is the distribution
defined for x € U(g) by:

(+T) () = /G (% #)(g)n(9)dg.

(Here and below, for x € U(g) the notation ¢ * & denotes the action of x on
C° (@) arising from the action of g via differential operators.) Note that if v
is smooth then 2T, = Tjr(,), and that in the case where (7, ) is the right
regular representation of L?(G), f € L?(G) is 3-finite in the above sense if
and only if the real valued representations ¢ — [ (p*2)gf(g)dg span, when
z varies in 3, a finite dimensional subspace of (real valued) distributions (by
using the right regular representation on C°(QG)).

4.2. Smooth representations of non-archimedean groups. References
[BH] chapter 1, [Bu] chapter 4 for a thorough discussion of this topic. This is
the p-adic counterpart of the preceeding paragraph. Let G be a totally dis-
connected locally compact group, K an open compact subgroup. A smooth
representation of G is a vector space V together with an group homomor-
phism 7 : G — Aut(V) such that

(1) any v € V is smooth, i.e. the subgroup {g € G : 7(g)v = v} is

compact and open in G.

In this situation, the restriction of the representation m to K is semisimple
(cf. [BH] lemma 2.2). Tt is said to be admissible if furthermore the space of
K-fixed vectors VX is finite dimensional: this implies that one can write

V=V

peK
where each V(p) is finite-dimensional.

FUNDAMENTAL EXAMPLE: Let (7, $)) be a unitary representation of G; de-
note by $°° the subspace of smooth vectors in $), which is stable under G.
Then the corestriction of 7 to $°° is a smooth representation of G.

Note that £ is dense in $): indeed, if v € V', then 7w(f)v € $H*> for any f €
C°(@G). Let € be the filter generated by open and compact neighbourhoods
of the identity and let f. be the characteristic function of ¢ € €: then
m(fo)v —¢ v, as claimed. This density implies that given an admissible

unitary representation (m, £)), then (7, ) is irreducible if and only if (7, H°°)
is algebraically irreducible.
13
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REMARK: Smooth representations of G are in one-to-one correspondence
with smooth representations of the Hecke algebra of G: cf [BH] section 1.

CASE OF GL3: SPHERICAL REPRESENTATIONS. Here F' denotes a non-
archimedean field, and O its integers with maximal ideal pr, @ a uni-
formizer and gp the cardinality of the residue field. As we mentioned ear-
lier, the smooth irreducible representations of GLy(F') are classified (up to
equivalence), and fall into three families: principal series, special represen-
tations and supercuspidals (see [BH]) . We will need later a few facts on
unramified representations (as defined in the following result):

THEOREM 4.2. Let (m, V') be a smooth irreducible representation of GLa(F)
which is unramified in the sense that it contains nonzero spherical vectors;
i.€.,

VGLQ(OF) = {U cV : 7['(]{;)2} = forall k € GLQ(OF)} 75 {0}

Then (7, V) is equivalent to an unramified principal series representation,
and furthermore the space VGL2(OF) is one-dimensional.

~

This means that m = (1, x2) for some unramified quasi-characters of
F*. The one-dimensionality result comes from the fact that the spherical
Hecke algebra is commutative (cf [Bu] theorem 4.6.2)

A natural question is, given a unitary irreducible representation w of
GL;y(F), how to determine the characters 1, x2 from 7: this leads to the
introduction of Hecke operators in this local setting.

First of all, an unramified quasi-character y of F' can be written y(x) =
|z|t, for some t € C (uniquely determined modulo 2i7wlog(qr)~1Z). As it
is known that m = (1, x2) and m = 7(x2, x1) are unitarily equivalent, it
suffices to determine the set {q%1 , qﬁ? of complex numbers (here the ¢;’s are
actually imaginary, as the quasi-characters x1, y2 are unitary). By looking
at the central characters, one has for any z € F*:

wr () = x1(2)x2(z)

so this gives a condition on q}l qi?.

To determine completely our set, it suffices to get a condition on the sum
q? —i—qﬁ?. Let ¢p denote the characteristic function of the (compact and open)
subset GL2(Op)[% 9] GL2(Op); then for any vector v, m(g)v is spherical
(if non-zero). Thus, in our setting, if one denotes vy a non-zero spherical
vector in m(x1, X2), T(po)v and v are colinear, more precisely — and this will
end our discussion:

_ /2 t2
m(po)v = qp " (dp + qp)v.
For a proof, see for example [Bu] proposition 4.6.6: the standard notation for
the operator (o) is T'(pp) or Ty, — we'll see later that the Hecke operators
introduced in section 2.3 “correspond” to these T'(pr)’s once the adeles are

introduced.
14
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5. THE ADELIZATION OF A MODULAR FORM AND ADELIC HECKE
OPERATORS

In this section, we use the same notation as in section 2.

If G is an algebraic group over Q (we'll use G = GLg only), we’ll denote
g = (gv)v<co an element of G(Aq). Given a place v of Q, and an element
gv € G(Qy), we'll denote also g, the element of G(Aq) whose component at
v is gy, and at w # v is 1. We'll denote sometimes gy the “finite” part of g
(i.e. (9f)o0 =1 and (gs)p = gp for p prime). For G = GLj, we recall that a

maximal compact subgroup of G(Aq) is K = [],<., Kv, With Koo = O2(R)
and K, = GLy(Z,) for p prime; the center of G(Aq) will always be denoted
Z(Aq). If N € N, we'll denote Ky(NN) the subgroup of Ky made of matrices

whose lower left entry is in NZ (so the component at infinity is 1).

5.1. From a classical modular form to an automorphic form on
GLy(Aq)-

References: [KL] section 12.2, [G] §3, [Bu] section 3.6, [BCSGKK] section
7.

Let f be a modular form of weight k, nebentypus x and level N. The
Dirichlet character y is associated with a finite order idele class character
of AG/Q* denoted wy called the adelization of x: see [KL] section 12.1 for
its construction. The strong apprimation theorem states that:

GL2(Aq) = GL2(Q)GLJ (R)Ko(N).

This means that any element g in GL2(A) can be (non-uniquely) written
g = Yhook, with v € GL2(Q), heo € GL3 (R),k € Ko(N) (in other words
the continuous map GL2(Q) x GL3 (R) x Ko(N) — GL2(Aq) is surjective).
See [KL] section 6.3 for an elementary proof in this setting.

One can prove as a consequence that vol(Z(Aq)GL2(Q)\GL2(Aq)) <
oo: cf [KL] section 7.11. We will still denote w, the character on Ky(N)
defined by the evaluation of w, at the lower right entry.

DEFINITION 5.1. Let f be a modular form of weight k, nebentypus x and
level N. The adelization of f is the function ¢y : GLa(Aq) — C defined
by:

©7(9) = 3(hoo, 1) ~F f(hoo - D)wy ()

where:
(1) heo € GL3 (R),k € Ko(N) are chosen so that g = vheok for some
7 € GL2(Q),
(2) for any z € C — R, j(heo, 2) = det(hoo)Y?(cz + d), if one write
hoo = [ 4]
REMARKS:

15
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e This is well defined (i.e. the number ¢;(g) does not depend on the
choices of v, hoo, k) because of the modularity of f: see section 12.2
of [KL].

e The function ¢y is continuous. Indeed, its restriction to the (open)
subset YGL3 (R)Ko(N) (for any v € GL2(Q)) is continuous by
definition, so by the “gluing lemma” ¢ is continuous on GLa(Aq).

e For any v € GL2(Q), g € GL2(Aq), ¢r(v9) = ¢(9)-

e For a fixed finite adelic point g¢, goo — @ (goo, g) is smooth.

e For a fixed g € GLJ (R), g5 — ¢(goo,gy) is locally constant on
the finite adeles.

The last three points are obvious.

As the title of this section indicates, the function ¢ is actually an auto-
morphic form on GLy(Aqg): we list below the properties statisfied by ¢ to
inherit such a name: the proofs are to be found in [KL] or [G].

(1) (GL2(Q)-left invariance) For any v € GL2(Q), g € GL2(Aq), one

has: @r(vg) = ¢r(9).

(2) (K-finiteness) For ko, = [ %0 581 € SOy (R), ks € Ko(N),g €
GL2(AQ), ¢f(gkscks) = w(ky)exp(2mikd)ps(g), where k € Z is
the weight of f. In the adelic setting, the condition of K -finiteness
on ¢ means that the subspace span(R(g)ps : g € K) is finite-
dimensional. The link with the classical setting is that all finite-
dimensional continuous representations of the circle group SO2(R) =
R/(27Z) are direct sums of 1-dimensional representations with the
character 6 — exp(ik6) for various k € Z.

(3) (3-finiteness) One has the differential equation: Apy =% (1 - %) ¢,
(where the Casimir operator A acts on the infinite component). This
implies that ¢ is A-finite: this, and the next item, implies that ¢
is 3-finite, as the center of the universal algebra is generated by A
and I). In other words, the subspace span(ps *x Z : z € 3) is finite
dimensional.

(4) (Action of the center) For any z € Z(Aq),g € GL2(Aq), vr(zg9) =
wy(2)p(9).

(5) (Growth condition) For any norm || - || on GL2(Aq), there exists a
real number A > 0 such that: ¢(g) < ||g||*. In other words, ¢
is moderate growth. This point is not obvious: see [Bol] section
5, Borel-Jacquet in [Cor| and [Wal] for norms on Lie groups. It is
simpler to prove that if f is a cusp form, then ¢ is actually bounded:
this is because of the basic fact that f is cuspidal if and only if the
mapping geo € GL (R) = 5(go0, 1) ¥ f(goo - 4) is bounded: see [KL]
proposition 12.2.

16
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(6) (Cuspidality) If f is a cusp form, then ¢; is cuspidal, in the sense
that for any g € GLa(Aq) :

| er(laslg)dz=o,
Q\Aq

See [KL] proposition 12.3 for a proof (if the form is unramified, then
[G] proves it as well, but for general levels, one has to use all the
cusps).
We tried to list the properties so that they are easily modified to define
an autmorphic form on a general reductive group G over Q (even over a
number field); the cuspidality condition is more difficult to handle, as one
has to write the vanishing condition on the unipotent radical of any parabolic
Q-subgroup of G.

It is important to notice that since ¢ is bounded for f cuspidal, |py| is
square integrable on Z(A)GL2(Q)\GL2(Aq).

REMARK: By using the strong approximation theorem, one can characterize
the image of Sk(NV, x) under this construction (which is clearly linear in f):
refer to [KL] section 12.4.

5.2. From a classical cuspidal modular form to a unitary automor-
phic representations of GL2(Aq). We keep the same notations, and refer
to [G] for more details that we won’t cover (chapter 5 is especially relevant).

DEFINITION 5.2. Let f be a cuspidal modular form of weight k, nebentypus
x and level N. The unitary automorphic representation attached to f is
the restriction of the right reqular representation of GLa(Aq) on the closed
subspace 95 of LE(Z(Aq)GL2(Q)\GL2(A),w,) defined by:

9y :=span(R(g)py : g € GL2(Aq))

This unitary representation is denoted y.

REMARK: see the appendix for a definition of the space of cuspidal functions
L§(Z(AqQ)GL2(Q)\GLa(A), wy).

REMARK: We chose to work with unitary automorphic representations; if
instead one wishes to work with the more algebraic theory of (admissible)
automorphic representations, one can attach to a modular form f the Hgr,,-
submodule HgL, ¢ of the space of automorphic forms on GLy with central
character w,: here Hgr, denotes the adelic Hecke algebra, which is a re-
stricted tensor product of the local Hecke algebras — cf [Bu] section 3.4.

The main result is the following:

THEOREM 5.1. Let f be a cuspidal modular form of weight k, nebentypus x
and level N. Assume that there exists a finite set of primes S such that f
is a Hecke eigenform for the T),, p ¢ S. Then the unitary representation ms

15 1rreducible.
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We will sketch the proof below — references: [Bu] section 3.6, and [G]
section 5.B. We will need the tensor product theorem and multiplicty one
to achieve that.

5.3. Hecke operators. Let f be a cuspidal modular form of weight k,
nebentypus x and level IV, and ¢y its adelization. We denote w the adeliza-
tion of the Dirichlet character x. Let p be a prime not dividing ¢ (for
simplicity).
Let H) be the compact open subset of GL2(Q,) defined by
H, = GLy(Z, )[pO]GLg(Z )

For p € L3(Z(A)GL2(Q)\GL2(Aq),w), we define:

/fgk

By using the disjoint union decomposition:
p—1
H, = J[57]6L2(2,) U [§ ] GLa(Z))
b=0
one proves easily that (cf [G] lemma 3.7):

Tp(@f) = §0p1—k/2Tp(f).

On the other hand, by using the disjoint union decomposition:

Hy, = U GL?(ZP)[%)]Z] U GL2(Zp)[€ (1]]
b=0
one sees that if ¢ is GLy(Z))-invariant on the right then

o) =0+ 1) [ o (gky[52]) dhy
GL2(Zp)

The last integral can be modified in order to adelize the ramified Hecke
operators. Reference: [M2] and [We] chapter VI.

REMARK: In [KL] section 13, it is explained how to use f to construct a
smooth function ¢ on GL2(Aq) as a product ¢ = [], ¢y, where 1o is
integrable modulo the center for weights > 3 and the finite components
are smooth and compactly supported modulo the center: this is technically
important in order to use the (relative) trace formula.

6. THE TENSOR PRODUCT THEOREM

In this section, we collect some facts leading to the statement and proof
of the tensor product theorem. Again, our choice is to deal with unitary
representations, for two reasons:

e Automorphic representations are not representations of GLa(Aq),

but of the Hecke algebra, which is difficult to define (see [Bu] section

3.4). It is simpler to define unitary representations in this context.
18
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e Sooner or later in the theory, one really needs properties of Hilbert
spaces, compact operators, trace class operators. The author is not
sure to what extend a completely algebraic theory can do the job.

6.1. A construction. Let G denote the algebraic group GLs; all the no-
tations introduced in the preceding section remain in force. For each place
v < oo of Q, let (my, $y) be a unitary representation of G(Q,). Denote (-, ),
the inner product of §,. Let’s assume that there exists a finite set of finite
primes Sy containing co such that for any v ¢ Sy, the space of K,-fixed vec-
tors is one-dimensional. For each place v ¢ Sy, we choose a unitary vector
in HXv which we will denote £). We will construct a unitary representation
7 of GL2(Aq) which is usually denoted

—
- @

<00

but one has to keep in mind that it might a priori depend on the choice of

¢0 = (£D)vgs, (and so ® 7, would be a better notation).
<00
Step 1: construction of the Hilbert space on which GL2(Aq) will act:
reference [Gui.
For each finite set S of primes containing Sy, one denotes by $g the

prehilbert space
s = ®~6v
vES

By general properties of the tensor product of modules, one does not have
to choose any order on the set of places. For two such sets S,T with S C T,
there is a unique mapping jsr : 5 — $Hr defined for each family (z, €

HUES $y) by:
Jor (@ an) = Rze® Q) €.
vES vES veT—-S

It is obvious that these mappings are injective Put on $)g the (positive
definite) inner product (-, -) ¢ induced by

(R w0, @ yo)s = I1 (@ v0),

vES vES vES
See section 4 for some facts on these tensor products. One sees immediately
that the embeddings js7 are isometric for these inner products. Denote
H*8 the inductive limit of the system (s, jsr) (the directed set is the
set of finite sets of primes, ordered by inclusion), and jgs : H5 — $H28 the
canonical embedding.

For z,y € £, there exist a finite set of places S, and elements zg, yg
of $g such that z = js(zg),y = js(ys) and we define an inner product on
y)alg by:

(,y) = (zs,¥s)s
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This is well-defined, and this makes each jg an isometry. Finally, denote
by $ the completion of $*# for this inner product: this space is denoted in

—
[Gui] as ® o

<00

REMARK: In [Gui], it is proved that canonically there is no dependence

on the vectors £°: this is Proposition 1.3 loc. cit., which can be applied as
the space of K,-fixed vectors is one-dimensional (for another choice &', one
has &} = a, €0 for a unique complex a,, of modulus one, so the hypothesis is
trivially satisfied). Of course, the choice of the finite set Sy is unimportant,
by general properties of inductive limits.

REMARK: If z = ® T, is a vector in $)g, one often denotes its image in

veS
£ using the notation ®xv ® ®§3: this is an abuse of language, as the
veES v¢S

latter makes sense only in the algebraic infinite tensor product ® 9y as

V<00

defined in Bourbaki, Algebre, chap II, §3, No 9, but this is common.

Step 2: construction of the representation.

For each finite set S of primes containing Sy, GL2(Aq,s) acts on $g
via the unitary representation X),.gm,: unitarity and continuity of this
representation has been checked in section 4. One sees at once that one
gets an inductive system of unitary representations (of course by using the
K,-invariance of the £J’s), and so one gets an algebraic representation 7218
of GL2(Aq) on $?8 by unitary operators. One can extend by uniform
continuity each operator 7%8(g), for g € GLa(Aq), to a unitary operator on
the completion $, which we denote m: 7 affords an algebraic representation
of GL2(Aq) by unitary operators, so we need only justify the continuity of
this action.

It suffices to prove that the mappings g € GLa(Aq) — 7(g)z € H are
continuous for each z in a total subset of §) (see section 4), so it is sufficient
to check this continuity for z of the shape = = jg(xg) for some finite set S
of primes containing Sy. Because of the topology on the adeles, it suffices
to prove the continuity of g € GLa(Aq,r) — m(g)x € $ for T a fixed finite
set of primes with .S C T, but in this case one has:

m(g)xr = jr <® Ty (go)Tw @ ® Wv(Qv)fS)

veS veT—-S
and the continuity is clear.

We have therefore constructed from the data the unitary tensor product
representation m, denoted in the litterature

—_—
=@

<00
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— g0
A slightly better notation would be ® m, a priori, but because of the
v<o0
remark we made above, if one changes the family £€°, one canonically gets a
unitarily equivalent representation.
REMARK: If furthermore all the local representations m, are irreducible,
then so is their unitary tensor product: this is a simple adaptation of an
argument given in section 4. See [G], §4.C.
REMARK: Let 7 be a unitary representation of GLy(Aq) constructed as
above from irreducible unitary representations m, of GL2(Q,). Then the
restriction of 7 to GL2(Q,) splits as a Hilbert direct sum of irreducible
representations, all equivalent to 7,: this means that (the equivalence class
of) m, is uniquely determined by 7.

REMARK: If an irreducible unitary representation 7 of GL2(Aq) is equiv-
alent to a unitary tensor product as above, then 7 is admissible. Indeed,

any p € K is equivalent to a unitary tensor product representation ®pv,

where p, is an irreducible representation of K, for each place v, almogt all
of which are trivial of dimension 1 ([Bu], lemma 3.3.1): each of these local
representations appear with finite multiplicities in their respective space,
which proves the claim.

REMARK: If one is interested in the algebraic theory of the automorphic
representations, one has to modify slightly the above construction to a more
algebraic one: this is explained in Bump (ibid.).

6.2. The tensor product theorem. In this section, one is interested in
a converse statement of the previous construction. We take G = GLsy, but
this would work mutatis mutandis for a reductive group over a number field,
as these are liminal.

THEOREM 6.1 (The tensor product theorem). Let m be an irreducible uni-

tary representation of G(Aq). Then there exist a finite set Sy of primes

containing oo, an irreducible unitary representation m, of G(Q,) for each

place v such that m, is spherical for v ¢ Sy, and a unitary K,-fized vector
¢

€0 for each v ¢ Sy, so that 7 is equivalent to ® 7y for €0 = (§B)U¢SO.

v<00

REMARK: see [Bu] section 3.4 for a statement and proof of the algebraic
counterpart, as well as Cogdell in [CKM] lecture 3 for a statement without
proof of the various versions of the tensor product theorem.

REFERENCES: Depending on the strength of the statement, there are more
or less difficult proofs of this result.

e Godement in [Go] §3.2 assumes furthermore that = is admissible.
Under this assumption, he considers the restriction of 7 to G(Qy),

which is also admissible, and therefore splits as a Hilbert direct sum
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of irreducible representations by theorem 3.4. As m is irreducible,
the Schur lemma insures that any continuous operator in the space
of m commuting with |, @) and with the operators commuting with
T aiqy) A€ scalars, so that @) is a factor representation.

As G'is of type 1, this implies that @) is isotypical, i.e. isomor-
phic to a Hilbert direct sum of equivalent representations (cf [Dix]
or [Ro] section 20). Therefore, one has at one’s disposal a family
of irreducible unitary representations m, of G(Q,) for each place v,
and the rest of the proof is a tedious construction allowing to “glue”
together the local pieces. Note that along the way one chooses uni-
tary K,-fixed vectors, getting for each choice a factorization into a
unitary tensor product — hence another justification in this context
of the “independence” in the choice of £°.

In [GGP] chapter 3 §3.3, there is a proof which does not make use of
any admissibility condition. As a consequence, this proves that any
irreducible representation of G(Aq) is admissible, as explained in the
previous subsection. Without a doubt, one could adapt Godement’s
arguments in order not to assume that 7 is admissible, as this is used
only to find the local pieces m,: [GGP] get these another way, yet
the rest of the proofs are pretty close.

If one is only interested in unitary cuspidal representations, one can
prove first the admissibility of these, and use Godement’s argument,
or even the algebraic tensor product theorem on the space of K-finite
vectors: in the last case, one gets a factorization into a restricted
tensor product of smooth representations, which are unitarizable
because 7 is.

To prove the admissibility of an irreducible unitary cuspidal au-
tomorphic representation (7, Vy), that is (a unitary representation
equivalent to a) G(Aq)-invariant irreducible closed subspace of the
space L3(Z(Aq)GL2(Q)\GL2(A),w) for some unitary character w

of the idele class group, one can proceed as follows: let p = ®pv €K ,

where p, is an irreducible representation of K, for each pl;ce v. As
K is totally disconnected, and p is finite dimensional, there exists
an open compact normal subgroup K of K such that the restriction
of p to K7 is trivial.

One wants to prove that V;(p) is finite dimensional. The latter
is contained in the space of Kj-fixed vectors in V; which we denote
VK1 Note right now that VX is stable under the restriction of
the right regular representation of GLy(Aq) to GL2(R), so that it
suffices to prove that V.51 (ps) is finite dimensional.

Consider ¢ = gy € C°(G(Aq)), where:

— the function (defined on GLy(Af)) ¢ is the characteristic func-

tion of K7,
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— the archimedean component ¢, € C2°(GL2(R)) is arbitrary.
The mapping R(¢p) defined for f € L(Z(A)GL2(Q)\GL2(Aq),w)

R(o)(f)(x) = /G g, Py for any 2 € Gla(Aq)
2(Aq

is a compact operator on L3(Z(A)GL2(Q)\GL2(Aq),w), and so is
its restriction to V,. But for f € VX1 2 € GLy(Aq), one has:

(R(g))(x) = vol (1) / 00 (U00) (800 Ao

GL2(R)

which is also a compact operator. As a consequence, theorem 3.3

implies that V.51 splits as a Hilbert direct sum of irreducible repre-

sentations (V;);e1 of GL2(R), each occuring with finite multiplicities.
We also have:

V5 () = EDVi(ne)
el

so it suffices to prove that only finitely many 7 are such that V;(poo) #
{0}.

One the other hand, 3 acts by characters on the smooth vectors
of V> for each i € I: in particular, there exists a complex number
A such that V := ker(A — Ald) # {0} (here we take the kernel
in V2°), where A denotes the Casimir element of GLa(R). This
subspace V' is obviously stable under the action of GLy(Af) and
of GL2(R): therefore it must be dense in V;. This implies that
A acts by A on each V> (by using the self-adjointness of A). By
the classification of irreducible unitary representations of GLy(R),
there are only finitely many equivalence classes of representations of
GLy(R) containing p.o, with central character weo, such that A acts
by A on the smooth vectors: this ends the proof.

REMARK: This argument works in generality for reductive groups
(use [Bo2] théoreme 5.29), but instead of using the Casimir element,
one can argue as follows — this affects the last paragraph of the
previous proof: 3 acts by characters on the smooth vectors of V,>° for
each i € I: let x be one of them. Let V be the space of smooth vectors
son which 3 acts through x: V is dense in V; for the same reasons.
This implies that for any v € V., dr(z) = x(z)v as a distribution,
for any z € 3 (by taking a sequence in V tending to v), and so that
on any smooth vector of Vi, 3 acts through x. This implies that
the infinitesimal character of each V; is x, and again, there are only
finitely many irreducible unitary representations containing p.., with
central character wy, and infinitesimal character Y.

23



D.TROTABAS

7. PROOF OF THEOREM 5.1

Let f be a cuspidal modular form of weight k, nebentypus x and level
N. Assume that there exists a finite set of primes Sy such that f is a Hecke
eigenform for the T}, p ¢ Sy: we may and will assume that Sy contains the
divisors of g. We wish to prove that that the unitary representation (¢, 7y)
we attached to f in section 5 is irreducible.

To simplify the proof, we’ll make use of the strong multiplicity one the-
orem, which asserts that given two irreducible unitary cuspidal representa-

tions 7 = ®7rv, = ®7r; of GL2(Aq) are equivalent if and only if there
v<00 v<o0o
exists a finite set of primes S (containing or not oo) such that m, =
for each v ¢ S. This theorem holds actually for irreducible automorphic
representations, and can be proven using Whittaker models (cf [Bu] section
3.5, [Go] §3.5 and [G] §6) or the Rankin-Selberg L-function (as in [CKM]
theorem 9.3): in any case, the proof makes use of the algebraic theory of
automorphic forms, in the sense that Whittaker models are smooth models,

not unitary representations.

As L3(Z(A)GL2(Q)\GL2(AqQ),wy) is GLy(Aq)-invariant, iy is a sub-
space of it. Also, as LZ(Z(A)GL2(Q)\GL2(AqQ),wy) splits as a Hilbert
sums of irreducibles, then so does (¢, 7f) by Lemma 3.1. We may there-

fore write: -
Ny = @f)i
el
where each $); is a closed subspace of £y stable and irreducible under
GLy(Aq). We have to prove that card(I) = 1.

To do so, let’s denote m; the representation of GLa(Aq) on $;. By the
tensor product theorem, for each i we can write (with alleged notations)

—_—
Y
T = ®7Ti,v-

<00

To prove the theorem, due to the multiplicity one theorem, it is sufficent to
prove that m; , = 7; , for any p ¢ Sy and each i,j € I.

As the adelization of f, ¢y, is in 7, we can write, in a unique way — with
convergence in L?:
Pr= Z Pi

i€l
with ¢; € $; — {0}. If K’ denotes the product of the GLy(Z,)’s for p ¢ Sy,
then ¢y is K’ right invariant, and we can assume that so are the ¢;’s (if not,

one writes ¢¢(g) = WIK,w(k:)cpf(gk)dk = >, [i ¥ (k)pi(gk)dk with

1 = the characteristic function of K’, and the job is done, or one simply

projects on the K'-invariant vectors).
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Let 7 € I. By the tensor product theorem, one can write §; = ®S§M,
v<00
and so there exists a set J such that:
pi=
jeJ

where z; is of the form z; = js,(vs;) with zg5, € ;5. — see section 6 for
the notations. As we did above, one can assume that each of the z;’s are
K'-invariant, i.e. that S; C Sy. All this proves that the 7;’s are unramified
outside S;.

Let p ¢ Sy be a prime. Obviously, all the m;’s have the same central
character (namely w): so do all the m;, (for various i’s). To prove the
theorem, it is sufficient to prove that the m;, share the same eigenvalue
under the Hecke operator T}, we introduced in section 4.2. We defined in
section 5.3 the adelization of the classical Hecke operator T,. By hypothesis,
we have:

Tpor = As(p)ey
and so, by continuity for each i € I:

(3) Topi = As(p)ei-
As each z; is a “pure tensor”, say x; = ®,x;, (for p & Sy, xj, = f?,p, the
K,-fixed vector), one has :

Tpz; = Q) wj0 @ (T(w)p))-
v#p
The vector z;, is Kp-invariant, so by denoting c;, the Hecke eigenvalue of
Ti,p+
Tp(2jp) = CipTjp-
By comparing with (3), one gets A¢(p) = ¢; for any i € I, so we get exactly
what we wanted. QED

8. APPENDIX

8.1. Appendix 1. Let G be a locally compact unimodular group, H a
closed unimodular subgroup of G, Z the center of G (or more generally a
closed subgroup of the center) and w : Z — $! a character. We want to first
define in this appendix what is meant in the literature by L*(ZH\G,w),
as it was mentioned in section 5.2. So let L*(ZH\G,w) (L?(w) is a useful
abbreviation if no confusion arises) be the space of classes of functions (the
equivalence is equality almost everywhere on H\G) f : H\G — C such that:

(1) f is Borel-measureable on H\G,
(2) |f| is Borel-measureable on ZH\G,
(3) for any z € Z, f(zx) = w(z)f(x) for almost all z € H\G,

(4) sz\G |fI? < o0

We claim that:
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(1) L*(ZH\G,w) is a Hilbert space for the inner product (-,-) defined
by:

(f. ) = /Z o @

(2) The space of bounded continuous functions Cy(Z H\G, w) satisfying:

f(zz) = w(z)f(x)
for all z € H\G, is dense in L?(ZH\G,w)

Let (f,,) be a Cauchy sequence in L?(ZH\G,w). One can find a subsequence
n, such that:

H‘Pn—i—l - (PnH <2™"

This implies that the series ) - [©n+1 — @n| converges almost everywhere
on ZH\G, and thus that >~ _n(@n+1 —¢n) is absolutely convergent almost
everywhere on H\G: this proves the first claim.

To prove the second claim, note first that the subspace L?(ZH\G,w) of
functions with compact support in ZH\G is dense in L?*(ZH\G,w): for
instance, if K is a (large) compact subset of ZH\G, f x Charg will do the
job (K’ is the inverse image of K under the projection H\G — ZH\G).
Then, let f be in L2(ZH\G,w), and let ¢, a continuous d-sequence in G.
Consider the function:

fulz) = /G F(29)¢n(g)dg

It is well-defined: denoting by K,, a compact of G containing the support of
n, one has:

/Z H\G!fn(w)Pda: < /Z e ( /G [en(9)Idg /G | f(a:g)\QCharKn(g)dg> dz
< vol(Kyp) X /G lon(9)Pdg x / |f(2)2dx

ZH\G

The function f,, is continuous, as this is easily seen after a legal change
of variable and a use of Lebesgue dominated convergence theorem, and its
support is compact (because it is the convolution of two such functions).
This ends our contention.

8.2. On cuspidal functions. We refer to [L] and [Bol] (especially chap

8) for a rigorous definition of this space, in the classical setting. In the

litterature, given a unitary Grossencharakter w : Aa /Q* — C*, the space
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of square-integrable cusp forms is often “defined” by:
L3(Z(Aq)GL2(Q)\GL2(Aq), w) =
{f : GLy(Q)\GLy(Ag) — C : for all z € Z(Ag), f(29) = w(2)/(g)

for almost all g,/ |f|? < oo and
Z(AqQ)GL2(Q)\GL2(Aq)

| £ ([4t)9)de =0 for atmost at g}
Q\Aq

The problem is that the last condition is not a closed one, a priori. One
option is to define this space as the closure in L?(w) ~which we defined in
the previous paragraph — of the space of bounded continuous satisfying the
above (well defined) conditions: this is what Lang does.

Another possibility is to consider, for a compactly supported function
¢ on U(AqQ)\GL2(Aq) (here U denotes the usual unipotent subgroup of
GLy), the linear form:

f e LAw) = Ap(f) = / F(9)e(g)dg

U(Q)\GLz(Aq)

This mapping is well-defined, and continuous: indeed, the support of ¢,
viewed as a function on GLy(Aq), is contained in a set of the shape U(Q)S2,
where Q) is a compact subset of GLy(A) — this is because Q is cocompact
inside Aq. So one has:

A (F)] < llellc /Q | ()| de

To finish, one covers Q with finitely many (say m) relatively compact open
sets U; of GLy(A) such that the projection GLy(Aq) — GL2(Q)\GL2(Aq)
induces on each U; a homeomorphism onto its image — which is possible by
the discreteness of GL2(Q) in GL2(Aq):

/ F(@)ldz < m / | (@)lde x sup;(vol)(Uy)
Q Z(AqQ)GL2(Q)\GL2(Aq)

this proves the continuity, because vol(Z(Aq)GL2(Q)\GL2(Aq)) < occ.
Finally, to see the link with the cuspidal condition, one notes that:

Ap(f) = / W (9)e(9)dg
U(AQ)\GL2(A)

where
= Lzlg)dx
Wit = [ 1([45o) e

and the space of cusp forms can be identified with the intersection of the
kernels of all the A, when ¢ varies among such functions (it is a posteriori

easy to see this, by using convolution with a d-sequence).
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Lecture 11: Hecke characters and Galois characters

Andrew Snowden
January 28, 2010

1. INTRODUCTION

Let K be a number field, let A} be its idele group and let G be its absolute Galois group. Class field
theory states that there is a natural map (up to a choice of normalization)

AL /K> — G

which identifies G52 as the profinite completion of A} /K*. Equivalently, class field theory can be stated
as an isomorphism

{finite order characters of Aj /K*} = {finite order characters of G }.

Thus we have a description of the finite order characters of G.

A p-adic character of Gk is a continuous homomorphism Gg — 6; ; since Gk is compact any such
character takes values in ¢ for some finite extension F//Q,. There are many interesting p-adic characters
which are not of finite order: for instance, the cyclotomic character x,. Since & is profinite, p-adic
characters of G are limits of finite order characters, and so we can use class field theory to understand
them. Define a p-adic Hecke character (of K) to be a continuous homomorphism A /K* — 6:, again,
the image is always contained in ¢ for some F finite over Q,. We then have an identification

{p-adic Hecke characters of K} = {p-adic characters of G }.

induced by class field theory.

We thus have an understanding of p-adic characters of the Galois group. However, this is not the end of
the story: there are compatible systems of characters. Such a system consists of a p-adic character ¢, of Gg
for each prime p such that for each place v of K the quantity v, (Frob,) is independent of p in a suitable
sense. We would like to understand the collection of compatible systems. The Langlands program suggests
that compatible systems of characters should correspond to automorphic representations of GL;(Ak), so
we now examine these objects.

What is an automorphic representation of GL1 (K)? To begin with, it should be an irreducible subrepre-
sentation of GL; (A k) acting on the space of automorphic forms on GL; (A k) by right translation. (Recall
that an automorphic form on GL; (K) is a function K *\GL;(K) — C satisfying certain natural conditions.)
Since GL1 (A k) is commutative, such a representation must be one dimensional. It is thus spanned by some
non-zero automorphic form f. Since Cf is stable by right translation, we find f(zg) = Ay f(x) for all
z,9 € GL1(Ak). Taking o =1, we find A\, f(1) = f(g) and so f(1)f(xzg) = f(g)f(x) holds for all  and g.
Since f is non-zero we find that f(1) is non-zero; scale f so that f(1) = 1. We then find that f is a homo-
morphism, and since it is invariant under K* it also satisfies f(K*) = 1. The properties of automorphic
forms that we did not list amount to f being continuous. A continuous homomorphism A /K> — C* is
called a Hecke character. We have thus shown that every automorphic representation of GL1 (K) is spanned
by a Hecke character. It is clear that the character is unique. It is also not difficult to show that every Hecke
character spans an automorphic representation. We thus have an identification

{automorphic representations of GL;(K)} = {Hecke characters of K}.

Consider now the diagram

{Hecke characters of K} < — — > {compatible systems of characters of G}
I
* i
v
{p-adic Hecke characters of K} =——————= {p-adic characters of Gx}

We have already explained the bottom map. The right map takes a compatible system of characters {1, }
to its pth member 1,. The top arrow means “we expect a relationship.” Given a top arrow, the left arrow
is obtained by going around the diagram.



As we have introduced it, the left arrow might seem the most mysterious: it is given by combining three
operations, one of which is itself somewhat unclear. However, it is actually quite accessible. We will explain
this in the coming sections. Once one has this left arrow, it is not difficult to understand the top arrow.
The story goes like this. There are certain special Hecke characters, the algebraic ones. Given an algebraic
Hecke character f one can build a p-adic Hecke character f, for any prime p. Each f, is associated to some
p-adic character 1, of Gx and these v, form a compatible system. In fact, this is a bijection, that is, every
compatible system arises from a unique algebraic Hecke character.

2. THE caseE K =Q

We begin by considering the case K = Q. The general case does not differ much from this case except
that it is more notationally complicated. We have

AL/Q =]]2z; xR.
p

Here R denotes the group of positive real numbers under multiplication. Each Z) has its usual topology
and the product has the product topology; it is profinite.

Let f be a Hecke character. The restriction 7 of f to [[Z) is a finite order character, as is any continuous
homomorphism from a profinite group to C*. The restriction of f to R+ is of the form x +— x® for some real
number a. We call f algebraic if this number a is an integer. Let a, be the Hecke character which is trivial
on [[Z, and on R is given by the standard inclusion Ry — C*. Then an arbitrary Hecke character f is
algebraic if and only if it is of the form na for some finite order character n and integer n. The character
1 and the integer n are then uniquely determined.

Now let f be a p-adic Hecke character. The restriction of f to R is then trivial. The restriction of f to

H#p Z/ is of finite order. The restriction of f to Z; is a continuous homomorphism Z; — 6: It is not
difficult to classify all such maps, but we will not do this. We call f algebraic if this restriction is of the form
x + 2" on a compact open subset of Z . Let o, be the p-adic Hecke character which is trivial on R4 and

[[Z; and on Z; is given by the standard inclusion Z; — Q; . Then an arbitrary p-adic Hecke character
[ is algebraic if and only if it is of the form nay for some finite order character n and integer n. Again, 7
and n are uniquely determined.

Let f be an algebraic Hecke character. We can then write f = nal, . Define a p-adic Hecke character f,
by fp = nay. (Here we are implicitly identifying the roots of unity in C and Qp so that we may regard 7
as being valued in either field.) Under class field theory, the p-adic Hecke character a,, corresponds to the
cyclotomic character x,. Thus f, corresponds to 1, = n'x}, where 5’ is the finite order character of G'x
corresponding to 7. Since the X, form a compatible system, we thus see that the v, do as well. Therefore,
starting from a Hecke character f we can produce a system {f,} of p-adic Hecke characters and from this
obtain a compatible system {1, } of one dimensional Galois representations.

3. THE GENERAL CASE

Let K be an arbitrary number field. We will find it convenient to treat p-adic Hecke characters and normal
Hecke characters (which we now call co-adic Hecke characters) simultaneously. Thus let p be a prime or co.
Let C), be Gp or C correspondingly (one could use C, in place of Qp). A p-adic Hecke character is then
just a continuous homomorphism

Ag /K" = C)F.
We fix an emedding K — C), for each p. We explain how this large number of choices can be cut down at
the end of the section.

Let f be a p-adic Hecke character. We regard f as a character of

Ax = (K®Qy)* x [J(K e Qu)~
L#p
which is invariant under K *. (If p = oo then Q, means R.) Of course, f restricts to a finite order character
on the second factor since ¢-adic and p-adic topologies do not interact. On the first factor, however, f can
be much more complicated. We say that f is algebraic if its restriction to the first factor is given by a
rational function on an open subgroup, in the following sense. Regard K ® Q, as an n-dimensional Q,
vector space, where n = [K : Q,], and let z; : K ® Q, — Q, be the n coordinates. Then we want f to be
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a rational function function of the x;, with coefficients in Qp, after it is restricted to some open subgroup
of (K ®Qp)*. (Note that we do not say compact open here. If K ® Q, = R then we allow f to be the
absolute value character. This is an algebraic function when restricted to the open subgroup R.)

We now give a nicer reformulation of this algebraic condition. Define a weight to be a character of the
torus Resg (G,) over Q, that is, a weight is a homomorphism of algebraic groups

w (Resg(Gm))a = (Gn)g-

Here Res denotes restriction of scalars. A weight gives a homomorphism K* — QX which we also call
w. For f to be algebraic, it is equivalent to ask that there exists a weight w and an open subgroup U of
(K ®Qp)* such that f(z) = w(z) for z € K* NU. The weight w is then unique and called the weight of f.

Before continuing we give an example. Let K = Q(v/d) be an imaginary quadratic field. Let u be a root
of d in K and let v’ be a root of d in C. We fix an embedding K — C by u +— u/. Let f be a (co-adic)
Hecke character. At infinity, f gives a map (K @ R)* — C*. Now, (K ® R)* is isomorphic to C*. Every
homomorphism C* — C* is of the form

reia — 7Aaeinﬁ — e log r+in6

where a is a complex number and n is an integer. We wish to rephrase this classification in terms of K.
Every element of K can be written as x + yu with  and y in Q. In these coordinates, r is given by the
positive square root of 2% + dy? while €% is (z + du’)/+/22 + dy2. We thus find that every homomorphism
(K ®@ R)* — C* is of the form

x + du’
V2 + dy?
where a is a complex number and n is an integer. Of course, a and n are uniquely determined. We find that

this is a rational function of z and y if and only if « — n is an even integer, say 2m. In this case, the above
formula can be written as

T+ yu (31‘2 +dy2)a/2 < > — <$2 +dy2)(a_n)/2($+du/)n

x4+ yu s (z— du')"(z + du’)" ™,
Thus if we identify K ® R with C via u — «' then any algebraic character (K ® R)* — C* is of the form
2z z"Z™. Of course, n and m are uniquely determined, but if we use the embedding u — —u’ then n and
m are switched.
We now examine the same example from the point of view of weights. Let T" be the torus Resg(Gm). It
can be thought of as the group of all matrices inside of GLy(Q) of the form

(a )

The group of characters T — (Gm)§ is a free abelian group of rank two, generated by the two characters

Ty r y _
<dy x)»—)x—&-uy, (dy x>n—>x uzx.

We thus see that the maps K* — QX coming from weights are exactly the ones of the form

(@ +uy) = (z 4+ uy)"(z —uy)™.
(Here we identify T(Q) with K* by letting = + uy correspond to the matrix whose top left entry is x and
bottom right entry is y.) Thus the homomorphisms (K ® R)* — C* which come from weights are exactly
the ones z — 2"2z"™. This shows that our two characterizations of algebraic homomorphisms agree in this
case.

We now return to the general setting. Let f be an algebraic co-adic Hecke character with weight w. For
any prime p let v, be the homomorphism A g — C,¢ which is trivial on the prime to p components of A &
and given by w(z) for z € (K ® Q,)*. Since f is algebraic of weight w, the character n = fa;}oo is locally
constant on A, that is, its kernel is open. It is not difficult to see that there is a number field M such
that n takes values in M *. Choose an embedding of M into Qp. We now define f, to be nay, ,. We have
thus associated a family of algebraic p-adic Hecke characters {f,} to our initial Hecke character f. Letting
¥, be the character of G associated to f, we also get a system {v,} of Galois characters. In fact, this is
a compatible system.



Throughout we have been assuming an embedding of K into C), for each p. This was actually not
used in our first characterization of algebraic. However, it was used to move between f and f,. We now
explain a nicer set-up that requires fewer choices. The idea is to work with a field of coefficients. Let M
be a number field. For a place v of M define a v-adic Hecke character to be a continuous homomorphism
A /K* — M. Then, in this setting, one need only choose an embedding K — M. That is, after having
picked an embedding one can take an algebraic v-adic Hecke character and form from it a system of algebraic
Hecke characters indexed by the places of M.

4. CONCLUSION
We have a diagram

{algebraic Hecke characters} =———= {compatible systems of characters}

{certain p-adic characters of Gk}

{algebraic p-adic Hecke characters}

{all p-adic Hecke characters} =————= {all p-adic characters of Gk}

We now explain this. Equal signs mean isomorphism. The top left vertical arrow is our construction to go
between algebraic Hecke characters and algebraic p-adic Hecke characters. It is clearly an isomorphism, since
one can run the construction in reverse. The bottom left vertical arrow is just the inclusion of the algebraic
characters into all characters. The bottom horizontal arrow has already been discussed. The “certain p-adic
characters of Gi” are just those that come from algebraic Hecke characters. The middle horizontal and
bottom right vertical arrow are evident. The top right vertical arrow takes a compatible system to its pth
member. It is injective since a compatible system is determined by any of its members. We now come to
interesting part. We have shown how to attach to an algebraic Hecke character a system of p-adic Hecke
characters, and therefore a system of p-adic characters of Gi. As we stated, this is a compatible system.
This gives a map from the top left to the top right. It is easily seen to be injective. A more difficult result
is that it is surjective — every compatible system is associated to an algebraic Hecke character. A diagram
chase now gives the surjectivity of the top right vertical arrow.

A natural question one may now ask is: which are the “certain” p-adic characters of G that arise from
algebraic Hecke characters? One answer is provided by the diagram: they are exactly those that fit into a
compatible system of characters. There is a better answer, though, one that is intrinsic to the character.
Namely, a p-adic character of Gg comes from an algberaic Hecke character if and only if it is Hodge-Tate.
This is a condition from p-adic Hodge theory.



AUTOMORPHIC FORMS ON QUATERNION ALGEBRAS

ANDREW SNOWDEN

Let F be a totally real number field and let D be a quaternion algebra over F'. Define an algebraic group
G over F by G(A) = (A®F D)™ for an F-algebra A. It is easy to see that if F’/F splits D then Gp/ is
isomorphic to GL(2). Thus G is a reductive algebraic group. We therefore have a theory of automorphic
forms and representations for G. We will look at the basics of this theory in these notes.

To begin with, let us examine the spaces on which automorphic forms are functions. Let f be an
automorphic form on G(Ar). By definition, f is a function G(Ar) — C subject to the following:

e f is left invariant under G(F).

e f is invariant under a compact open subgroup U of G(Ap f).

e f is finite under translations by a maximal compact subgroup K of G(F' @ R).
e f is finite under the center of the universal enveloping algebra of G(F ® R).

e f satisfies certain continuity and growth conditions.

For simplicity, let us consider the case where f is invariant under the center Z of G(Ar) and transforms
under K by a one dimensional representation o, i.e., f(gk) = o(k)f(g) holds. Then f defines a section of a
line bundle determined by ¢ on the space

X(U)=G(F)\G(Ar)/ZKU.

Our first task is to describe this space.

The most important thing to initially consider about X (U) is the contributions of the infinite places.
At an infinite place v the division algebra D has two possibles behaviors: it can either split or not. In
either case, DS is a four dimensional real Lie group. If D, is split then G, looks like GLy(R) and so its
maximal compact is the two dimensional orthogonal group. We thus find that G, /K,Z, is a copy of the
upper half plane. In particular, it is a one dimensional complex manifold. If D, is non-split then G, is the
multiplicative group in the Hamilton quaternions. This group is an extension of the rank 2 unitary group
by Ry. Thus G, = Z,K, and so the quotient G, /Z, K, is a point. We therefore find

G(F ® R)/Zo K = h"

where n is the number of infinite places at which D is split. This computation is significant for two reasons.
First, we see that the quotient is canonically a complex manifold, so we can make sense of holomorphic
functions on it. And secondly, if n = 0, that is, if D is non-split at all infinite places, then this space is just
a point.

Consider the case n > 0. Since G(F ® R) is non-compact, strong approximation gives

GAr)=GF)G(FeR)U
and so the usual computation show that
X(U)=TU)\b"

where I'(U) is the arithmetic group obtained from intersecting G(F') and U. (This assumes something about
U: the norm map U — [[ G;,,(OF ) is surjective. For a general U, X (U) will not be connected but will have
finitely many connected components, each of the above form.) Thus X (U) is a complex manifold obtained
as the quotient of n copies of the upper half plane by the action of a totally discontinuous subgroup. When
n =1 (and F # Q) these spaces are called Shimura curves. In contrast to the modular curves, they are
compact — no cusps need to be added to obtain a compact space.

Now consider the case n = 0. Strong approprixmation no longer applies to G(F ® R) since this group is
compact. However, we do not really need to use strong approximation. Since KZ contains all of G(F @ R)
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we can completely ignore the infinite places. We find
X(U) = G(F)\G(Ary)/ZsU.

Since U is a compact open subgroup of G(Ap, ), this quotient is discrete. In fact, it is a finite set; this
follows from it being discrete and having finite volume. Thus in this case, automorphic forms on D are
simply functions on a finite set. There are therefore no continuity or analytic conditions placed on the forms
— they are just functions on a finite set!

We did not consider the most general possible set-up. One does not need to assume Z-invariance: one
can allow f to transform under Z by a character. Also, the representation o of K, which plays the role of
the weight, does not have to be one dimensional. (One must then take f to be vector valued.) The rank
two unitary group has irreducible representations of all dimensions, so when D is non-split at infinite places
one might want to consider such representations of K.

We now change directions and consider automorphic representations of G(Ag). Such a representation
decomposes as a tensor product ®m, over the places of F', where , is an irreducible admissible representation
of G,. For almost all places, D, is split, and so G, is isomorphic to GLy(F). The local invariants (such
as conductor, L-series and e-factors) at these places are defined as usual. We now consider a place v at
which D, is non-split. The group G, is compact modulo its center. This implies that the representation
7, is finite dimensional. The maximal compact subgroup K, of G, has a natural filtration Kq()n) obtained
by looking at the group of elements congruent to 1 modulo powers of the maximal ideal. There is a unique
minimal 7 such that 7, contains K\ in its kernel. The number n + 1 is called the conductor of , (or
perhaps the exponent of the conductor). The prime power p”*! is the local contribution of 7, to the level.
Note that this exponent is never 0 — even when , contains the full maximal compact subgroup K, in
its kernel the conductor is 1. The reason for this will be evident later — suffice it to say for now that the
Galois representations coming from modular forms on a quaternion algebra are always ramified where the
quaternion algebra is, so these places should appear in the conductor.

We can additionally attach local L-functions and e-factors to m,. This goes quite similarly to the GL(1)
case (Tate’s thesis). For a Schwartz function ¢ on D, one considers the integral

(s, ) = /D o) e m () || di.

The elipses in the exponent is a normalizing factor, which is not important for the present discussion. One
then finds that there is a unique Euler factor L(s,m,) such that the quotient

Z(S, o, 7Tv)
L(s,my)
is an entire function of s and for some choice of ¢ is equal to 1. Furthermore, there is a functional equation
Z(1—s,¢,m¢ Z y
( S7¢77T’U) :6(877(-71,/(#,0) (87¢77r ).
L(1—s,mY) L(s,my)

Here v, is a non-trivial additive character of F,,, ngS denotes the Fourier transform of ¢ with respect to v,
and 7/ denotes the contragredient of m,. The factor €(s, m,,%,) is of the form s — ab®. The base b of this
exponential is equal (or almost equal) to the conductor of 7.



Generalities on Central Simple Algebras

Michael Lipnowski

Introduction

The goal of this talk is to make readers (somewhat) comfortable with statements like “*the*
quaternion algebra over Q ramified at 2,5,7,11.” Statements like this will come up all the time,
when we use Jacquet-Langlands.

The Basic Theorems

Definition 1. A central simple algebra (CSA) over a field k is a finite dimensional k-algebra
with center k and no non-trivial two-sided ideals.

Some examples:

e Any division algebra over k is clearly a central simple algebra since any non-zero element is
a unit. For example, we have quaternion algebras:

H(CL, b) = spank{l, ivja Zj}

with multiplication given by

i’=a,j>=0b,ij = —ji.

For example, when £k = R,a = b = —1, we recover the familiar Hamilton quaternions H.

e Let GG be a finite group and p : G — GL, (k) be an irreducible k-representation. Then
Endg(p) is a division algebra by Schur’s Lemma. Hence, it is a CSA.

o M, (k) is a CSA. Indeed the left ideals are of the form

* 0 x 0
* 0 x 0
* 0 x 0
* 0 x 0

and right ideals have a similar “transpose” shape.

A first step to understanding division algebras are the following basic theorems.

Double Centralizer Theorem 1. Let A be a k-algebra and V' a faithful, semi-simple A-module.
Then

C(C(A)) = Endy(V),

where the centralizers are taken in End,(V).



Classification of simple k-algebras. Every simple k-algebra is isomorphic to M, (D) for some
division k-algebra D.

Proof. Choose a simple A-module S (for example, a minimal left ideal of A).

A acts faithfully on S since the kernel of A — End(S) is a two-sided ideal not containing 1.

Let D be the centralizer of A in the k-algebra Endy(S). By the double centralizer theorem,
A=C(D),ie. A= Endp(S).

But S is a simple A-module. Thus for d € D multiplication by d is an A-linear endomorphism

d: S — S and hence is either 0 or invertible, by Schur’s Lemma. Since the inverse is also A-linear
and D = C(A), it follows that D is a division algebra.

It follows that D is a division k-algebra and so .S = D" for some n. Hence,

A = Endp(D") = M, (D).

Noether-Skolem Theorem. Let A be a simple k-algebra and B a semi-simple k-algebra. If

f,g: A— B

are k-algebra maps, then there is an invertible b € B such that

for all a € A.

The Brauer Group

We note the two following facts:

Proposition. If A and B are CSAs over k, then A ®;, B is a CSA over k.
Proposition. Let A be a CSA over k. Then A ®; AP = Endy (V).

We define an equivalence relation on the set of CSAs over k by

A ~ BifA ® M, (k) = B ®; M,,(k)for some positive integersn, m.

This allows us to define the Brauer group of k, Br(k), to be the set of equivalence classes of
CSAs over k.

As of right now, this is only a Bruaer set. But we can endow it with a group operation

[A][B] = [A & B].

e This operation is well-defined on equivalence classes since M,,(k) @k M, (k) = M, (k).
e [t is clearly associative and commutative.

e [k] acts as the identity.

e [A°PP] is the inverse of [A]

Some examples of Baruer groups:



e If k is algebraically closed, then Br(k) = 0. Indeed, any CSA A is isomorphic to M, (D) for
some division k-algebra D. But for any element d € D, k[d] is a finite field extension of k.
But £ is algebraically closed! Hence, D = k. But then A ~ k.

e Br(R) = {[R], [H]}.

e By a theorem of Wedderburn, all division algebras over finite fields are commutative. Hence,
Br(finite field) = 0.

Extension of Base Field

Proposition. Let A be a CSA over k, K D k a field extension. Then A ®y K is a CSA over K.
In this statement, K need not necessarily be finite over k.

Corollary. If A is a CSA over k, then [A : k] is a square.

Proof.
[A: k] =[A®k: k|

But A ®; k is a CSA over k and so is isomorphic to M, (k) for some n. Thus, [A : k] = n?. O
Note that if L/k is any field extension, then

Br(k) - Br(K): A— A®y L
defines a homomorphism. We let Br(L/k) denote its kernel.

Brauer Groups and Cohomology

There is a natural isomorphism H*(L/k) = H*(Gp, L*) — Br(L/k). This is very handy, as it
allows Br(L/k) and H?(L/k) to play off each other. For example, it is not otherwise clear that

Br(k) is torsion or that H?(Gy, k*) = H*(G¥, k*) for a local field k.
Here is a slightly more general version of the double centralizer theorem that we’ll find useful.

Theorem. Let B be a simple k-subalgebra of A. Then D = Cy(B) is simple, B = Cy(D), and
[B:K|[D:k]=[A:E].

Proposition. Let A be a CSA over k. Let L C A be a (commutative) field containing k. Then
TFAE:

(a) L =Cy(L).
(b) [A: k] =[L:k?
(¢) L is a mazimal commutative subalgebra of A.

Along with this criterion, the following is an exercise in using the double centralizer theorem.

Corollary (CFT, 3.6). Let A be a central simple algebra over k. A field L of finite degree over k
splits A iff there exists an algebra B representing the same Brauer group element containing L and
such that [B : k] = [L : k]?.



We can give some additional information about splitting fields of A.
If Ais any CSA over k with [A; k] = n?, there is a variety/k Isom(A, M, ) which represents the
functor

k-algebras — Sets : R — { isomorphisms A ®; R — M, (R)}.

Indeed, this is easy to represent, since a map of k-algebras is a linear map determined by a
non-vanishing determinant and preservation of the algebra’s structure constants, all algebraic
conditions. The variety is non-empty since it contains at least one k point (all CSAs split over an
algebraically closed field). Furthermore, it can be checked that this is smooth (by Grothendieck’s
functorial criterion for smoothness). Hence, the k*® points are dense. In particular, A-splits over
some finite separable extension.

CSAs and 2-cocycles

This entire section follows Milne’s treatement in CFT almost verbatim.

Let L/k be a finite Galois extension.
Let A(L/k) = {A: A= CSA overkcontainingLof degree[A : k| = [L; k]*}.

By Noether-Skolem, for any o € G, there exists some e, € A* such that

oa = eyqae,’ for alla € A.(1)

We see that e e el = ¢pa(o,7) (1) centralizes L and hence lies in L*. Because the multiplication

in A is associative, we easily see that ¢4 : G x G — L* is a 2-cocycle. Furthermore, it’s clear that
different choices of €/ lead to a cocycle ¢y which differs from ¢4 by a coboundary. Thus, we get a
well-defined cohomology class.

Claim (CFT, 3.12). The elements e,,o € G, are linearly independent over L.

Proof. dimp,(A) = dimg(A)/dimy(L) = n = |G|. Thus, it suffices to show that the e, are linearly
indepedent.
Let {e,}, be a maximal L-linearly independent subset. We assume, for a contradiction, that

J#G. If 7 ¢ J, express

e, = Zageg. (%)

oced

for some a, € L. But we compute e,a in two different ways:
First, by the defining property e,ae;! = 7a, we have

era = Tae, = Z(Ta)ageg.

oeJ

On the other hand, by our assumption (*) and the definiting property applied to each e,, we get

era = Z AyCol = Z a,(ca)e,.

oeJ oeJ

Hence a,(0a) = a,(7a) for each o € J. But a, is non-zero for some o € J, whence ¢ = 7. This
contradicts 7 ¢ J. O



Suppose that A and A" are isomorphic elements of A(L/k). By Noether-Skolem, we can find an
isomorphism f : A — A’ such that f(L) = L and f| is the identity map.
Note that if we choose elements e, € A which satisfy (1), (2)4 then the elements f(e,) € A’
satisfy (1), (2)ar with cocycle ¢4. Hence, the cohomology class only depends on the isomorphism
class of A. Furthermore, if L-bases {e,} C A and {e,} C A’ both have the same cocycle, then
extending e, — €/ by L-linearity clearly gives an isomorphism A = A’.
Hence, we have an injective map

A(L/k)/ =— H*(L/k).

But this map is surjective too. Given a 2-cocycle ¢, we can just define an algebra by (1) and (2).
Namely, let

A(¢) = Breglo

with defining relations

eqae, ' =caforallo € G,a € L

eser = ¢(0,T)e,, for all o, 7 € G.

By the cocycle relation for ¢, it follows that the above defines a k-algebra.

Fact (CFT, 3.13). A(¢) is a CSA over k. Furthermore, this construction is a group

homomorphism: [A(9)][A(¢')] = [A(¢ + ¢')].

This isomorphism is actually functorial:

BA(L/K) L BA(E/R)
! o 3

B’I“(L/k’) inclusion B?"(E/k?)

where the vertical maps are ¢ — A(¢). Since both the Brauer groups (resp. H?s) are limits under
inclusions (resp. inflation maps) of finite Galois extensions L/k, the above diagram implies that
there is a canonical isomorphism

H*(k) = Br(k).
This implies the otherwise unobvious fact that

Corollary. For any field k, Br(k) is torsion. For any finite extension L/k, Br(L/k) is killed by
[L: k]

Proof. The same results are true for cohomology groups. ]



Brauer Groups of Local Fields

Usually, the invariant map of local class field theory is constructed by pure group cohomology. We
give an alternate presentation based more directly related to CSAs.

Let D be a central division algebra over non-archimedean local field K, say n*> = [D : k. Let K
have ring of integers Ok, maximal ideal p = (), and residue field & of size q.
It has a valuation satisfying the usual properties:

o [a| = 0iff a =0.
e For all o, 8 € D, |af| = |a||5].
e For all a, B € D, |a, B| < max{|al, |5]}.

We define || as the scaling effect of right multiplication by «. This is equivalently the absolute
value (in K) of the determinant of right multiplication by = as a map from D, as a K-vector
space, to itself. Then it is clear that the first and second properties from the above list hold. But
the triangle inequality is less obvious.
But this actually reduces to the commutative case.
Indeed, we want to show that if |x| < 1, then |1 + z| < 1. But the way we’ve defined it,

2] = | Nictay e () [
So we just need to show that if [Nxp k(%) < 1, then [Nk k(1 + )|k < 1. But this is a result
that we know to be true of commutative field extensions. Hence, it’s true here too.

Define |a| = (1/q)°"4®), giving the normalized valuation on D.

By the way we’ve defined the valuation, ord extends the usual valuation on any field extension
L/K.

We know that any element x € D is contained in a field extension K[z]/K of degree < n (since
any maximal subfield of D has degree n over K'). Hence,

ord(D*) C n"'Z.

As usual, we define

Op={a€eD:|al <1}

P={aeD:|al <1}.
The absolute value is discrete and multiplicative. So, just as in the case of fields, any element 7 of
largest absolute value generates the two sided ideal P. And any element of Op can be expressed
uniquely as u x 7™ for some m > 0. Thus, any two-sided ideal can be expressed uniquely as P™.
In particular, if p denotes the prime ideal of K, then pOp = P°Op for some integer e, the
ramification index. In particular, ord(D*) = e~'Z, implying that e < n.
Also, if |a| =1 for some a € D, then a € OF. Hence, j = Op/P is a finite division algebra, and
hence a field. Let f = [j: k]. If j = k[a] and « is a lift of a to Op, then

f=1:k <[K[a]: K] <n.
Exactly as in the case of commutative fields, we see that n? = ef. Note that Op is a free
Ok-module of some rank, say m.



e Op ®p, K =D, som=n?

e Op ®p, k= 0Op/pOp. Thus, n? = dim;, Op/pOp. But we can filter

OpDPD..DP =pOp.

Each successive quotient, of which there are e, has dimension f as a k-vector space. Hence,
n? =ef.

But since e, f < n the equality ef = n? implies that e = f = n.

=1k < [Kld: K]
Also, we know that the field kfa] = j, so K[a] is an extension of K with residue field j.
But the maximal commutative subfield of D has degree n over K. Thus,
n > [Kla]: K] > [j: k] =n.

Thus K[a]/K has both degree and residue degree n. Thus, K|a]/K is unramified.
Since every CSA is in the same class as some division algebra, we know that every CSA is split by
an unramified extension. Hence,

Br(K) = Br(K""/K).

The Local Invariant Map

We can use this Brauer group perspective to directly define the invariant map

invg : Br(K) — Q/Z
and the fundamental class of class field theory.
Any CSA over K is split by some unramified field extension A C L/K. By Noether Skolem, there
is some a € A* such that

Frob(z) = aza™ for all z € Gr/k-

We define

invg(A) = ord(a) (mod 7).

But Frobenii are compatible: if L/ C L C K is a tower of unramified field extensions, then
Froby, kx| = Frobg /- Thus, this map does not depend on choice of splitting field.
Also, if A/K is split by L and A’/K is split by L', then A ®; A’/K is split by LL'.

Furthermore, if Frob(x) = axa™", Frob(z') = a'va, then

Frob(z @ 2') = (a @ 1)(1 @k a)(z @ ') (1 @1 a) Ha @i 1)~

Thus, we get a homomorphism from CSAs over K to Q/Z. Furthermore, M, (K) — 0, because it
is already split over K. Thus,



Br(K) — Q/Z: A~ invk(A)
is a well-defined group homomorphism. The above work we’ve done also easily shows that

Br(L/K) — 1/|L : K|Z)Z.

for an unramified extension L/K.
Here’s the most important example of this:

e Let L/K be an unramified extension of degree n with o = Frob. Let ¢ be the 2-cocycle

1 ifi+j<n-—1

7 otherwise.

¢(0j7 Uj) = {

This is the 2-cocycle of the fundamental class uy/x € H*(L/K). In particular, it maps to
1/n € 1/nZ/Z via the invariant map, invj ., of Galois cohomology.
It has associated CSA A(¢) = @,e;L with mutiplication determined by

eiae; ' = co'afor alla € L
and
Citj ifi+5<n-1
61‘6]' = X
Tei+j—n Otherwise.

So in particular, ey is the identity and L is identified with Ley. But e} =e,_1e; = mep = .
Hence,

invic(A(6)) = ord(e;) = %

Hence, we have a commutative diagram

H*(L/K) 7N 1/nZ)7Z.
L }
Br(L/K) % 1/n7)7.

It commutes because it commutes on a generator ¢ of H*(L/K). Since the top row is an
isomorphism, so is the bottom row. Hence, we get a canonical isomorphism

invg : Br(K) — Q/Z
for any local field K.



Brauer Groups of Global Fields

The following is the fundamental exact sequence of class field theory

0= Br(K) =" @, Br(K,) — Q/Z — 0.

None of the exactness comes easily. In fact, it’s not even immediately clear why the first map is
well-defined, i.e. why is it impossible for infinintely many of the local invariants to be non-zero
simultaneously?

For this, we could return to the variety of ismorphisms Isom(A, M,,). This is a variety over k. If we
spread it out to some ring of S-integers Og, then we'd get a variety V/Og which represents the
functor

Og-algebras — Sets : R — { isomorphisms A ®; R — M, (R)}.

We could check that this is a non-empty smooth variety. Furthermore, over the residue fields
k,,v ¢ S there is a point. By Hensel’s Lemma, these lift to O, points. (This is a “reason”, but not
a proof.)

Exactness of the above sequence is the essence of the proofs behind class field theory. For details,
see CFT.
Another miracle happens over global fields (containing a primitive n'* root of 1, call it ¢).
We define the Milnor K-group, K»(K) to be K* ®z K* modulo the relation
u®z (1 —u) =1 whenever u, 1 —u # 1.
Now, consider the algebra A(a,b; () over K generated by i, j subject to the relations:
" =a,j" =b,ij = (Ji.
The Milnor relations are satisfied by the A(a, b; () and so define a homomorphism
Ky (k) — Br(k).
It turns out that
Ky (K)/nKy(K) — Br(K)[n|
is an isomorphism! (Merkuryev-Suslin)
In particular, combining the class field theory exact sequence with this miracle, we see that any
2-torsion element of Br(K) is in the class of a unique quaternion algebra (up to isomorphism).

References
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Warning — these notes were written for AV’s personal use and have
not been checked in any way whatsoever, nor have they been edited for
coherence beyond adding one or two sentences. AV makes absolutely no
warranty of correctness and these should be used with extreme caution.
The talk sketched a proof of Jacquet-Langlands between the quaternion
algebra ramified at {co, 11} and GL, at level 11.

1. THE ADELIC QUOTIENT ASSOCIATED TO A QUATERNION ALGEBRA

D the quaternion algebra ramified at {11,00}. This is represented by = + yi +
2j + wk, where 12 = —11,5%2 = —11,k* = —1; also ij = 11k, jk =4, ki = j.

We want to have some “concrete” understanding of the adelic quotient Q*\ (D ®
A)*/AXU, where U is a maximal compact subgroup of (D ® A)*. It comes with
Hecke operators T}, for each prime p.

The maps! ¢ — Cliff(g), E +— End(E) give bijections:

e Maximal orders in D, i.e. quaternion rings? of discriminant —11.
e Isomorphism classes of supersingular elliptic curves over Fii;
e (Definite) ternary quadratic forms of 1-discriminant —11.

This set is equipped with the structure of a p+ 1-valent directed graph from the
Hecke operators; they are represented by matrices

1 3 2 3 43 46
(o) a=(B7) (5 5) =)

Exercise. Why are these matrices not symmetric?
We describe each of the three realizations in turn.

1.1. Mazimal orders.— Write o = Z[%} Then o[k] is a maximal order.

. . i
O, :::1:+yz+22']—|—w x=z,y =w(2).

The group of units (elements of norm 1) is simply {£1, +k}.

Write w = W, a cube root of 1, and v = W, with norm 6. Then

Oy =2Z+4+7Zj+ 2w+ Zv

is another maximal order. The group of units is {+1, +w, +w?}.

O and O, intersect in an order that has index 2 in both. We can describe the
passage from O to O, as follows (with ¢ = 2w):

O, = % + (z € O : tr(zq) even).

The element ¢ has the property that tr(q) = 0,N(¢) = 0 modulo 2.

More generally: Given any maximal order B, there exist p + 1 neighbours B’.
Namely, there exist exactly p + 1 elements of B/pB of trace and norm 0. For each
such z, let z* € B be a lift that has norm divisible by p?. Set B’ = % + (z*)*.

1Given a ternary quadratic form q the even Clifford algebra gives a ternary quadratic form of
the same discriminant. For instance

az? + by? + cz® — (i,j,k\iz = —bc,j? = —ac, k? = —ab)
Note that upon composition with “trace form” we get the map “multiplication by disc,” at least
over a field.
2A quaternion ring over R is free of rank 4 together with an involution x +— x* so that the
characteristic polynomial is as expected (roots z,z* with multiplicty 2).
1



1.2. Supersingular elliptic curves.—

The p-neighbour operation is described thus: For each supersingular elliptic
curve and prime p # 11, we can consider the p 4+ 1 different curves formed by
quotienting by a subgroup of order p. This gives a d x § matrix whose columns add
up to p+ 1, a “Brandt matrix.”

There are two supersingular j-invariants in characteristic 11, namely, 1728 and
0. Over C these are represented by points i,w. The j-invariant of all points
3i,i/3, (i+1)/3, (i+2)/3 satisfy the equation 2% — 1535420162 — 1790957481984 = 0,
which has roots {0,1728} in F1;. On the other hand, j(3w) = —12288000, as are
two of the other Hecke translates; the other Hecke translate (w+1)/3 has j-invariant
zZero.

There is a 2-isogeny from 3% = 2% — z to y? = 23 + 1 in characteristic 11.
622 + 5z + 1 224+ 92+ 10
rz—1 ’ (x —1)2
1.3. Quadratic forms. — There are two quadratic forms, represented by ¢; :=

22+ 9%+ 322 — 2,22 + 9% + vy — yz — 2w + 422, and they have respectively 8 and
12 automorphisms. The total mass of the genus is 5/24.

Example of q1. The associated quaternion algebra spanned by 1,7 = eges, j =
eze1, k = eies has relations

i?=-3,j2=—j -3,k = —1,jk =" ki=j*,ij = 3k*

For instance esejeze; = e%e% + 2€§<61763> = —3 — e3e;. Note that we can write
this as (z — 2/2)? 4+ y? 4+ 1122/4; in other terms, in terms of the basis €] = ey, e} =
e, ey = 2e3 + e it is @? + y? + 1122, Note that k' := ele}, = k,j’ = ehe}| =
2§+ 1,7 := ehel = 2i — k. These satisfy

§7?% = —11,k? = —1,i? = =13 — 2(ik + ki) - - - = —11,...

Note ki = j*, so also i*k* = j, that is ik = j. So ki+ik = j+j* = —1 and so on. In
particular, B, is isomorphic to the suborder of D spanned by k, (j —1)/2, (i +k)/2.

2. THE CUSP FORM OF WEIGHT 11

There is precisely weight 2 one cusp form of weight 11, viz.
aJJa-a)?[Ja-a"")? =q—-2¢" ¢’ +2¢" + " +2¢° —2¢" . ..

(Note that it is congruent to A modulo 11.) This corresponds to the elliptic curve
vty =a’—a®

which is in fact X;(11) not Xo(11). We denote by N(p) the number of points on
this curve modulo p. So N(2,3,5,7) =5,5,5,10... whereas a, = —2,—1,1,-2.

Ezercise. Why are all the numbers are all divisible by 57

The trace formula. — By the Lefschetz formula, the number of fixed points of T},
is 2(p+1—ap). (So, 10,10, 10, 20.)

The contribution of each cusp is 2.

The fixed points of T}, on X(11) are parameterized by pairs (E, A) together with
a cyclic p-isogeny 9 : E — F that fixes A. In other terms, F has CM by some order
o that has an element of norm p. Once we fix 0 and an element ¢t € o of norm p,
the remaining question is whether ¢ acting on 0/11 fixes a line; if we suppose that



3

the p # 11 and that 11 is unramified in o, this will be so just when o is split at 11;
if so, there are two such points.

The orders of small discriminant split at 11 are Z[/—2] and Z[/—7]. These
orders are both of class number 1.

In all cases each solution (up to sign) contributes +2 if unramified at 11, +1
else.

Example. There is an element of norm 2 in Z[y/—2], namely 4/—2; also

L V=T
=",
, 14/—11
Ezample. Norm 3: +£1 & /=2, =5—.
Ezample. Norm 5. We need to solve 20 = z2+dy?; the solutions are ilig —19 iBig -1

Ezample. Norm 7. We need to solve 28 = z2 + dy?. The solutions are +1 +

v —6, % V=19 \/=7. But 1+ /=6 contributes +4 (class number two) and /—7
also does (two orders). Total 8 + 4 + 4 = 16.

Ezample. Norm 13. % V=51 same for 43. Class numbers are 2 and 1. Total
+12. Finally v/—13 gives +4 — class number two. total 20. Correct (a13 = 4).

3. THE TRACE OF BRANDT MATRICES

The trace of T}, on the split side is a summation

- %:h(o)(l + (‘31)).

I'll sketch why the trace of T, on the quaternionic side is

—11
1 - —).
0 pr1eEh@- ()
0,
Why are these equal? We need to check

Z h(o) =p+1,
[JPN

and there are two ways to proceed:

(1) Compute the trace of T, on forms of weight 2, level 1.
(2) Use the fact that (> q"2)3 > ¢ = oo q”2)4.

Sketch of proof of (1): Tl explain it in terms of CM elliptic curves: Suppose o
is inert or ramified at 11 and A € o has norm p. (Let H be the Hilbert class field,
and choose a prime above p). For each ideal class J of o, the elliptic curve E;,
when reduced mod p, comes equipped with a p-isogeny F; — FEj, i.e., a loop in
the adjacency graph.

Example. Let us reconsider norm 3 from this perspective. It is the norm of
v/=3, @ in inert orders.

First, v/—3. It gives rise to the CM elliptic curve with j-invariant 0, y? = 2% — 1.
However, there are two CM-maps over Fy1, namely 2 — (z and z — —(z.

On the other hand, v/—11 gives rise a CM elliptic curve of j-invariant —32768.
Explicitly, with @ = 4 x 24 x 539 and b = 16 * 5392, it is y?> = 23 — az — b,
a curve of j-invariant —2!%. This curve is the minimal model (!!) and it has
conductor 23272112, On the other hand, over Q(y/—11) it becomes the curve



4

y? = 423 — 242 — /539, which does have good reduction at the prime above 11; it
has j invariant 1728 € Fq;.
Remark. You can construct the curve with conductor 121 by twisting. It is

2 = 23 — 9504 + 365904.

Alternate. If you are proficient with ternary quadratic forms [...]
The file contained a section concerning computations at level 121 (esp. local
representations at 11). These have been commented out.



Automorphy, Potentially Automorphy and Langlands
Base Change

Alexander Paulin

February 18, 2010

Automorphic Galois Representations

Notation

Let F' be a number field (not necessarily totally real) and n € N. Let Sy, S, denote the set
of all finite and infinite places of F' respectively. For v € Sy U S, we denote the completion
by F, and for v € Sy we denote by O, the ring of integers. Let Ar denote the adeles over F
and A% their finite component. Fix algebraic closures F' and F, and let Gp := Gal(F/F)
and G, := Gal(F,, F,). We fix embeddings ' C F,, which induces embeddings G, C Gp.
For S C S} a finite subset let G g denote the Galois group of the maximal extension of F
(contained in F') unramified outside S. For v € Sy \ S let frob, € Grg denote the frobenius
element at v.

Automorphic Representations of GL,,

Let 7 be an automorphic representation of GL,,,r. Rather than defining such a representation
let us recall its predominant features:

1. 7 is a complex vector space with a tensor decomposition

=Ty ®(®v€5’wﬂ-oo,v)

where 7 is an irreducible, smooth, admissible representation of GL,(A%) and 7, is
an irreducible, admissible Harish-Chandra module associated to the Lie group GL,,(F,).

2. We have the restricted tensor decomposition
Tp = ®es, T

where 7y, is an irreducible, smooth, admissible representation of GL,(F,) (v € Sy).
Moreover, for almost all finite places 7y, is unramified, i.e. posesses a GL,(Op,) fixed
vector. Let S; C Sy denote the set of finite places of I for which 7y, is ramified.

1



Recall that for any v € Sy the Satake Isomorphism induces a natural bijection:

{ Semisimple conjugacy classes of GL,(C) }

!

{ Isomorphism classes of unramified, irreducible, smooth admissible complex
representations of GL,(F,). }

Hence for every v ¢ S, we get the semisimple conjugacy class T, € GL,(C). By Strong
Multiplicity One the set {Y,},¢s, determines 7 up to isomorphism.

Fix k € Z. In the case where n = 2 and F' is totally real if we demand that the Harish-
Chandra modules at co are all holomorphic discrete series of weight k, then 7 is associated
to a cuspidal Hilbert modular newform g of parallel weight &k > 2. If v ¢ S, and T, is the
usual Hecke operator at v then if T,g = a,g we have the equality

a, = trace(Y,).

Now fix a prime p € N and an algebraic closure Q,. Also fix an isomorphism ¢ : Q, = C.
Let p be a continuous (for the p-adic topology) representation
p:Gr— GL,(Q,),

which is unramified outside the finite set S, C Sy. Hence p factors through Gpg,. For
ve S\ S, let ¢, C GL,(C) denote the semisimple conjugacy class associated to p(F'rob,).
Here was are implicitly using the isomorphism ¢. The information {¢,}.¢s, determines p up
to isomorphism by Tchebotarev density.

Definition. p is automorphic if there exists ™, an automorphic representation of GL, r and
a finite subset S C Sy such that

1. S, CSandS,CS.
2. {¢v}v¢$ = {Tv}vés-

We say that p is potentially automorphic if there exists a finite extension E /F, contained in
F, such that p|g, is automorphic.

Global Langlands Reciprocity Conjecture. If p is semisimple, deRham (at all places
over p) and unramified outside of a finite set of primes then p is automorphic.

Of course conjecturally all local data should match under the Local Langlands correspon-
dence.



In the Hilbert case this implies that the traces of Frobenius away from S, arise as eigenvalues
of Hecke operators on of the space of Hilbert modular forms.

Now let F' be totally real and D a quaterion algebra over F. If p is 2-dimensional then
we say it is automorphic for D if we can find 7p, an automorphic representation of D,p,
such that p is associated to wfl, its Jacquet-Langlands transfer. Informally this is saying
that the traces of Frobenius away from S, arise as eigenvalues of Hecke operators of the
space of automorphic forms associated to D. Of course there is a converse to this - to any
cuspidal Hilbert eigenform 7 of parallel weight k£ > 2 there is an associated 2-dimensional
p-adic representation of G.

1 Langlands Base Change

Let E/F be a finite extension (contained in F'). We have the natural inclusion Gx C Gp. If
p is a representation as in the Global Reciprocity Conjecture then p|q,, is also of this form.
If we where to believe the reciprocity conjecture then if 7 is associated to p there should be
an automorphic representation of G L, g, denoted 7', associated to p|q,.

This "base change” transfer is also predicted by Langlands principle of Functoriality.
More precisely, let G = Resg/p(GLy/p). The L-group of this groups is

"G =( J] GLa(C)) xGp

Ge\GFr

where the G acts by permutations. Thus there is a natural L-homomorphism

LGL,r = GL,(C) x Gp =" G

which is the diagonal embedding. Functoriality in this case would transfer an automorphic
representation of G L, r to an automorphic representation of G. However, observing that
G(Ar) = GL,(Ag), we see that an automorphic representation of this latter group is simply
an automorphic representation of GL,, /.

We have the following;:

1. For E/F a solvable extension functoriality has been established in this case by Lang-
lands (n = 2) and by Aurthur and Clozel (n > 2). They use the trace formula to
establish functoriality for cyclic extensions of prime degree, then the result follows by
induction. We denote the functorial transfer by BCg,r (BC for base change).

2. If E/F is solvable and 7 is an automorphic representation of GL, p associated to
a Galois representation p then p|g, is automorphic with associated representation

BCE/F(’R')

In the Hilbert case we have the converse:



Theorem. Let E/F be a solvable extension of totally real number fields. Let p be a 2-
dimensional p-adic representation of Gr. Suppose that pla, is automorphic with associated
representation ©', a cuspidal automorphic representation of GLs g all of who infinite compo-
nents are holomorphic discrete series of weight k > 2 (i.e. coming from a Hilbert eigenform
over I of parallel weight k). Then there is a cuspidal automorphic representation of GLy/p
all of whose infinite components are discrete series of weight k such that 7' = BCpjp(m)
(i.e. coming from a Hilbert eigenform over F of parallel weight k).

The proof of this result relies on a determining the image of the base change map and then
determining the fibres. Because 7’ is associated to a representation of G which extends
to Gp it is invariant under Gal(E/F). This ensures that it is the base change of some
automorphic representation of GL,,r. The trick then is to find a lift with the desired
properties.

Corollary. If p is a two dimensional p-adic representation of G what becomes automorphic
(of parallel weight k > 2) over a solvable totally real extension then p is already automorphic
(of parallel weight k).

Hence constructing solvable extensions will be important to us. In particular it will
be important to construct solvable global extensions with prescribed local behaviour. In
this regard we have the following theorem (an extension of the classical Grunwald-Wang
theorem):

Theorem. Let F' be a totally real number field and {v,--- ,v,} C Sy. Let K;/F,, be a finite
Galois extension for each i. Then there exists a totally real solvable extension E/F including
K;/F,, as the local extension at v; for each i, such that E/F can be chosen to be unramified
at any auzilliary finite set of places.

For a proof of this see Brians number theory handout.



Lecture 16: Review of representation theory

Andrew Snowden
February 26, 2010

In the first (and main) part of these notes, I review the representation theory we have done this semester,
highlighting the points that are of most relevance to us. Then I will state a modularity lifting theorem and
make a few remarks about how the rerpesentation theory is used in the proof. In my next talk, I will give
an outline of the proof of this modularity lifting theorem.

1. REPRESENTATION THEORY

The lectures we have had on representation theory centered around these topics:

e The theory of admissible representations of GL(2,Q,) (or more generally, GL(2, F') with F/Q, a
finite extension).

e The theory of automorphic representations of GL(2); in particular, the correspondence between
Hecke eigenforms in the classical sense and automorphic representations.

e The Jacquet-Langlands correspondence, relating automorphic forms on GL(2) with those on a divi-
sion algebra.

e Base change, relating automorphic forms on GL(2) over two different fields (one a solvable extension
of the other).

I will go through each of these four topics and remind us of the key points for our applications. I will also
throw in some material abouth the Langlands correspondence (both local and global) that we may not have
covered.

1.1. Admissible representations. Let F/Q, be a finite extension and let G be the group GL(2, F)). Fix
an algebraically closed field K of characteristic zero (one always takes K to be the complex numbers or the
closue of some Q). A representation of G on a K-vector space V is smooth if the stabilizer of any vector in
V is an open subgroup of G; it is admissible if it is smooth and for every open subgroup U of G the space V'V
is finite dimensional. We are most interested in irreducible admissible representations. Here “irreducible”
has its usual sense: the only stable subspaces are 0 and the whole space.

An easy way to construct admissible representations is through induction. Let o, 8 : F'* — K* be two
continuous characters. Continuity amounts to the condition that the restriction of @ and g to the group of
units U should factor through a finite quotient of Up. Let V = V(«, ) be the space of all locally constant
functions f : G — K which satisfy the identity

H((7 5 )9) =etsmlg] " o)

forall a,b € F*, z € F and g € G. We let G act on V by right translation: (gf)(¢’) = f(¢'g). It is quite
easy to see that this makes V' into an admissible representation of V. A more difficult result is the following:
if o871 is not equal to |- | or |-|~! then V is irreducible. Here |- | is the norm character of F'*, which takes
a € F* to ¢~ ¥ where ¢ is the cardinality of the residue field. These irreducible admissible representations
are called the principal series.

When a8~ is equal to |-|*! the representation V (a, ) is no longer irreducible. Rather, it is indecompos-
able and has two Jordan-Holder constituents. One of these constituents is one dimensional while the other
is infinite dimensional. Precisley, say a8~! = | - | and write o = 7| - |'/2 and 8 = y~!| - |~*/2. Then V(a, )
has a unique irreducible subrepresentation St(y) which is infinite dimensional. The quotient V(«, 3)/ St(7)
is one dimensional and G acts on it through the character g — ~y(det g). Write St in place of St(y) where
is the trivial character. The representation St is called the Steinberg representation. One has St(vy) = St ®~.

We have thus completely analyzed the representations V(«, ). There are many irreducible admissible
representations of G which do not appear inside of these reperesentations, however; these are called the
supercuspidal representations of G. We now have the following classification of the irreducible representations

of G.

Theorem 1.1. Let V be an irreducible admissible representation of G over K. Then V is equivalent to one
and only one of the following:



An irreducible principal series V(a, B) with o~ # |- |1,

A one dimensional representation corresponding to a character g — y(detg).
A twist St ®7 of the Steinberg representation St.

A supercuspidal representation.

This theorem almost follows by our definition of supercuspidal. The one part that does not is its assertion
that the principal series and twists of Steinbergs are inequivalent. The one dimensional representations are
often counted as principal series. We will sometimes treat them as such and sometimes not.

An irreducible admissible representation V' of G is called unramified if it has a vector which is invariant
under the maximal compact subgroup GL(2, OF). It is a theorem that V is unramified if and only if it is a
principal series of the form V' (¢, 8) with o and § unramified characters of F* (where here unramified means
trivial on Ur), or a one dimensional principal series given by ¢g — vy(det g) with v unramified. Note that an
unramified character of F'* is determined by a single number, namely, its value on any uniformizer.

Key points: (1) The irreducible admissible representations of G fall into three classes: principal series,
twists of Steinberg and supercuspidal. (2) The unramified representations of G are exactly the principal
series representations coming from unramified characters. These are parameterized by (unordered) pairs of
numbers (elements of K*).

1.2. The local Langlands correspondence. Keep the notation of the previous section. We have an exact
sequence
0—Ir — Gal(F/F) B3 Z -0

where I is the inertia subgroup of the Galois group. The Weil group of F' is by definition the subgroup of
Cal(F/F) given by val~'(Z). We call a representation of Wy on a K-vector space V' Frobenius semi-simple
if some fixed Frob in Wy acts semi-simply. Recall that a Weil-Deligne representation of F with coefficients
in K is a pair (V, N) where:

e 1V is a K vector space with an action of Wr which is Frobenius semi-simple and under which inertia

acts through a finite quotient.
e N is an endomorphism of V' which satisfies

gNgil _ qvalgN
where ¢ denotes the cardinality of the residue field of F'. Equivalently, N defines a Wg-equivariant
map V(1) — V where V(1) is the twist of V by the character g — ¢"#9.

The collection of all Weil-Deligne representations forms a category and this cateogry is abelian. The following
theorem is not difficult:

Theorem 1.2. Let ¢ # p be a prime number. There is then an equivalence of categories:

Weil-Deligne representations Continuous Frobenius semi-simple representa-
with coefficients in Q, tions of Wr on Q, vector spaces

Sketch of proof. Let (V, N) be a Weil-Deligne representation. Let p denote the action of Wr on V. Define
a new representation p’ of Wr on V by

p'(Frob” g) = p(Frob”g) exp(Nte(g)).
Here Frob € Wp is a fixed Frobenius element, g is an element of the inertia subgroup Ir of Wg and
ty : Ir — Zy is the tame f-adic character. One easily verifies that p’ is a continuous Frobenius semi-simple

representation. We have thus defined a map of categories. One must then check that it is in fact an
equivalence, which is not difficult. O

It is not difficult to classify two dimensional Weil-Deligne representations:

Theorem 1.3. Let (V,N) be a two dimensional Weil-Delgine representation of F with coefficients in K.
Then (V,N) falls into exactly one of the following three cases:
o V is a direct sum of two characters of Wg and N = 0.
o V is irreducible under Wg and N = 0.
o V is a direct sum W ® W(1) where W is one dimensional (and thus acted on by a character v of
Wg); N kills W(1) and maps W isomorphically onto W (1).



We can now state a version of the local Langlands correspondence for GL(2).

Theorem 1.4. There is a natural bijection

Irreducible admissible represen- Two dimensional Weil-Deligne repre-
tations of GL(2, F) over K sentations with coefficients in K ’

Under thie bijection, the principal series correspond to direct sums of characters, the supercuspidals to
irreducibles and the twists of Steinberg to the Weil-Deligne representations with non-zero N. More precisely,
the principal series V(a, ) corresponds to the representation o @& B’ where o and 3’ correspond to o and
B by class field theory. One can make a similar statement for twists of Steinberg.

Key points: (1) Two dimensional Weil-Deligne representations fall into three classes. (2) There is a natural
bijection between two dimensional Weil-Deligne representations and irreducible admissible representations of
GL(2, F). This bijection preserves the trichotomy on each side and on principal series and twists of Steinberg
can be computed in terms of class field theory. (3) Weil-Deligne representations basically correspond to
continuous f-adic representations of the Weil group for any ¢ # p, and these are almost the same thing as
representations of the absolute Galois group.

1.3. Automorphic representations. Now let F' be a number field and let Ap be its adele ring. An
automorphic form on GL(2) over F is a function f : GL(2, Ar) — C satisfying a number of properties, the
most important of which is that it is invariant on the left under GL(2, F'). The set of all automorphic forms
forms a vector space /. This vector space carries an action of GL(2, Aé) by right translation. Furthermore,
the Lie algebra and the maximal compact of GL(2, Fi,) act on o/ (that is, o/ is a Harish-Chandra module
for GL(2, Fo)). (The full group GL(2, F,) does not act on &/ as it destroys the K-finiteness condition.)
An automorphic representation of GL(2, Ap) is something of the form m¢ ® 7o where 7y is an irreducible

admissible representation of GL(2, A?) and 7 is an irreducible Harish-Chandra module of GL(2, F,) such
that 7y ® T is equivalent to a submodule of Ap. There is a certain condition called cuspidal that one
can impose on automorphic forms. The set of all cuspidal forms forms a vector subspace 27g of @/p which
is stable under the various actions of pieces of GL(2, Ar). An automorphic representation is cuspidal if it
appears inside this cuspidal space.

Say for the moment that F' = Q. As we have discussed earlier in the semester, classical modular eigenforms
correspond bijectively to automorphic representations 7w for which 7., is a discrete series representation.
More precisely, say f is a newform of level N and weight k and let m be the corresponding automorphic
representation. We can then write 7 = 7y ® T and further decompose 7 as a restricted tensor product
®mp, where m, is an irreducible admissible representation of GL(2,Q,). The Harish-Chandra module 7 is
completely determined by the weight k. For primes p not dividing the level, 7, is an unramified representation
of GL(2,Qp). As we have seen, such representations are determined by two numbers; the representation ,
corresponds to the eigenvalues of the Hecke operators T}, and T}, , acting of f. (There is a precise formula to
take these two numbers and produce two characters a and 8 of Q) such that m, is equivalent to V'(«, 3).)
For primes p dividing N the representation m, is not unramified. I imagine that it is possible to determine
mp from a classical point of view; however, this is probably a bit complicated. This is one of the main
advantages of the formulation in terms of automorphic representations: the information at ramified primes
is more readily accessible.

When F # Q the discussion of the previous paragraph carries over but is a bit more complicated.
The reason that it becomes more complicated is that the corresponding classical picture becomes more
complicated. For example, in the setting of Hillbert modular forms the space which plays the role of the
modular curve can be disconnected: it will be a disjoint union of spaces of the form h”/T'; where b is the
upper half plane and the I'; are certain arithmetic groups. The proper analogue of a modular form is then
a tuple (f;) where f; is a function on h™ invariant under T';. The Hecke operators then permute the f; in
addition to acting in the usual fashion. This additional bookkeeping required makes the classical point of
view much more cumbersome to deal with. It is another reason for swithcing to the representation theoretic
perspective.

Key points: (1) Classical modular forms correspond to automorphic representations of GL(2, Aq) satisfying
a certain condition at infinity. (2) Automorphic representations are built out of irreducible admissible
representations at each finite place and a Harish-Chandra module at infinity. Almost all of these irreducible



admissible representations are unramified and the two parameters that determine them correspond to the
two Hecke eigenvalues in the classical picture. (3) Automorphic representations are much better to deal with
for certain applications: even in the most basic case of classical modular forms they give easier access to
information at ramified primes; in more complicated situations, they remove the cumbersome bookkeeping
that is present in the classical picture.

1.4. The global Langlands correspondence. Let f be a modular form on the upper half plane of weight
k and level N which is an eigenform for the Hecke operators T}, and T}, , away from IN. As we discussed in
the first semester, there is a Galois representation

pre: Gq = GL2(Qy)

which satisfies and is uniquely determined by the following property: if p # ¢ is a prime not dividing N
then py, is unramified at p and the characteristic polynomial of py¢(Frob,) is given by T? — a,T + ap,
where a, and a, , are the eigenvalues of f under 7}, and T}, ,. The representation ps, is “odd,” that is, its
determinant on a complex conjugation is —1.

As we have seen, in certain situations it is better to use automorphic representations in place of modular
forms. This is one of those situations! The above result can be generalized and refined, and to state the
improved version it is better to use automorphic representations. Let F' be a totally real number field and
let 7 be an automorphic representation of GL(2, Ar) such that 7 is a discrete series representation. Then
there is a Galois representation

Pt GF — GLQ(Q@)

which satisfies and is uniquely determined by the following property: if v is a place of F' which does not
lie above ¢ then pr ¢|GF ., corresponds to m, under the local Langlands correspondence. The representation
pr¢ is also odd: its determinant on any complex conjugation is —1. (Note that the condition that 7 be
discrete series is equivalent to the condition that the corresponding classical modular form be holomorphic.)

The above result is clearly more general than the first one since it permits F' to be a totally real field rather
than just Q. However, even for FF = Q it is a stronger result: it specified the local Galois representation
everywhere except at £ in terms of the corresponding local component of the automorphic representation. The
local Galois representation at £ is much more subtle: it is not determined by the corresponding component
of the automorphic representation.

It is expected that the p, , give all the Galois representations which are odd, ramified at finitely many
places and satisfy some local condition at ¢ (coming from ¢-adic Hodge theory). This has basically been
proved for F' = Q but is still open for all other F. The most critical intermediate result in the proof for
F = Q is a modular lifting theorem; we will prove such a theorem in this seminar.

Key point: Given an automorphic representation 7 of a toally real number field which is discrete series at
infinity, there is a corresponding Galois representation pr . (Or rather, one for each ¢.) The restriction
of pr¢ to a decomposition group away from ¢ corresponds to the local component of 7w under the local
Langlands correspondence. Furthermore, p, , is an odd representation.

1.5. The Jacquet-Langlands correspondence. Let F' be a number field. Let G be the algebraic group
GL(2) over F. Let D be a quaternion algebra over F' and let G’ be its unit group, regarded as an algebraic
group (so G'(A) = (D ®F A)*). One then has the notion of an automorphic representation of G'. The
global Jacquet-Langlands correspondence is the following theorem:

Theorem 1.5. The is a natural bijection:

Automorphic  representations of G
{Automorphic representations of G’ } < {which are essentially square integmble}
at all places where D ramifies

(An irreducible admissible representation of GL(2, F,) is essentially square integrable if it is a twist of the
Steinberg or supercuspidal, i.e., not principal series.) Furthermore, if T is an automorphic representation of
G’ and 7 the corresponding automorphic representation of G then m, is determined completely by «.. Two
special cases: (1) if D splits at v and we identify D, with Ma(F,) then wl, is identified with 7,; (2) if 7, is
the trivial representation then m, is the Steinberg representation.



Assume that D is ramified at all infinite places; this is the case we care most about. For a compact open
subgroup U of (D ® Aé)X let S2(U) denote the space of all functions

D*\(D® AL)* /U - C.

Note that the double quotient above is a finite set; we really do mean all possible functions, there is no
possible continuity condition to impose. For a place v of F' at which U is maximal compact and D is
split there is a natural Hecke operator T, that acts on So(U). The Jacquet-Langlands correspondence
implies that if f is a parallel weight 2 holomorphic cuspidal Hilbert eigenform whose associated automorphic
representation is essentially square integrable at the places where D is ramified then there is an element
g of So(U) which is an eigenvector for all the Hecke operators and has the same eigenvalues as f. (Here
U is determined from the level of f.) Therefore, as long as we are in a situation where the appropriate
local conditions are in place, we can work with Se(U) instead of the space of Hilbert modular forms. This
is advantageous because functions on a finite set are very easy to think about! For instance, there is an
obvious integral structure on Sz(U) (take integral valued functions) and so the notion of a mod p modular
form on D is evident.

Key points: (1) One can move automorphic forms and representations between GL(2) and quaternion
algebras; the only obstructions are local and fairly simple. (2) By taking D to be ramified at infinity,
automorphic forms on D can be thought of as functions on a finite set.

1.6. Base change. Let 7 be an automorphic representation of GL(2, Ar) with F' a number field, such that
Too 1S discrete series. As we have seen, there is then an associated Galois representation p . Given an
extension F’'/F we can restrict pr ¢ to Gp/. This is the sort of Galois representation that we expect is of
the form p,s ¢ for some automorphic representation ' of GL(2, Ar/). The automorphic representation 7’
has been proven to exist when the extension F’/F is solvable. Precisely we have the following:

Theorem 1.6. Let F'/F be a solvable extension of number fields. There is a natural map of sets

BC - Automorphic representations Automorphic representations
"1 of GL(2,AFR) of GL(2, A’z)

such that if 7' = BC(n) then: (1) the local component w, can be computed in terms of my; (2) if Too iS
discrete series then so is ' and pqr ¢ = pﬁ)g|GF,.

There is a local base change map also: if F! is a finite extension of F, then there is a base change map
BC from irreducible admissible representations of GL(2, F,,) to those of GL(2, F). In fact, the meaning of
(1) in the above theorem is precisely that 7, = BC(my). Thus local and global base change are compatible.
The local base change map satisfies a property analogous to (2) above, namely, it commutes with the local
Langlands correspondence.

From the above properties of local base change, and what we know about local Langlands, it is easy to see
some examples of how local base change works. For example, the principal series V(«, 8) corresponds under
local Langlands to the Galois representation o @ /3’ where o’ and 8’ correspond to o and § under class field
theory. Restricting this to G, we simply get o'|g,, © f'|c,, . Going the other way under local Langlands,
this corresponds to the principal series V (o, 5) where o/ and B" correspond to a/|GF{) and B|Gp{, under

class field theory. Now, class field theory turns restriction to a larger number field into composition with
the norm. Thus o” = N*a and 8” = N*j, where N : (F’)* — F* is the norm map. We thus find

BC(V (e, B)) = V(N*a, N*3).

The base change of a principal series is always a principal series. Similarly, the base change of a twist of
Steinberg is again a twist of Steinberg — restricting to a bigger field will never turn a non-zero N zero or
vice versa. By this reasoning, the base change of a supercuspidal will never be a twist of Steinberg. However,
an irreducible Galois representation can certainly restrict to a reducible one. Thus it is possible for the base
change of a supercuspidal to be principal series. In fact, if 7 is any irreducible admissible representation of
GL(2, F,) then one can find an extension F)/F, such that BC(x) is either unramified or Steinberg. Any
base change of Steinberg is still Steinberg, however.

The above local discussion has the following global application (when compbined with some global class
field theory). Given an automorphic representation m of GL(2, Ap) there exists a finite solvable Galois



extension F/F such that the base change of w to F’ is everywhere unramified or Steinberg. In fact, if F' is
totally real (as it will be in our applications) then F’ can be taken to be totally real as well.
There is a sort of converse to base change that will be useful for us, which we refer to as solvable descent.

Theorem 1.7. Let F be a totally real number field and let p : Gr — GL2(Q,) be a Galois representation.
Assume that there exists a finite, totally real, solvable extension F'/F and a parallel weight 2 automorphic
representation ' of GL(2, Apr) such that p|a,, = pxp and both are irreducible. Then there exists a parallel
weight 2 automorphic representation ™ of GL(2, Ap) such that p = pr .

In other words: if p becomes modular over a solvable extension then p is modular.

Key points: (1) There is an operation (“base change”) on automorphic representations and local repre-
sentations which corresponds to restriction on the Galois side, at least for solvable extensions. (2) Given
an automorphic representation, one can always make a solvable base change such that the result is either
unramified or Steinberg at all places. One cannot get rid of Steinbergs through base change, however. (3)
Given a Galois representation, one can check if it comes from an automorphic form by checkings over a
solvable extension (subject to some technicalities).

2. MODULARITY LIFTING

We will now state a modularity lifting theorem that we will later use and indicate how base change and
the Jacquet-Langlands correspondence are used in the proof. We must first make some Galois theoretic
definitions.

Let F//Q, be a finite extension. We say that a Galois representation p : Gp — GLQ(QP) is ordinary if it

is of the form
( aXp )

where o and 3 are finitely ramified characters, and, as always, x;, denotes the p-adic cycloctomic character.
(One could allow for more general definitions of ordinary, replacing x, by Xp: for now we will stick with
this one.) Let E/F be an extension over which o and 8 become unramified. The representation p|;, is an
extension of the trivial representation by y, and so defines an element of H*(Ig, Qp(xp» which is identified
with Q, ® (E")* by Kummer theory. (Here E" is the maximal unramified extension of E and I is the
inertia subgroup of Gg.) We say that p is potentially crystalline if this class belongs to Gp ® OF . This is
idendependent of the choice of E.

Now let F'/Q be a finite totally real extension. Recall that a representation p : Gp — GLQ(QP
det p(c) = —1 for all complex conjugations ¢ € Gp. We can now state a modular lifting theorem.

) is odd if

Theorem 2.1. Let p > 5. Let p : Gr — GL2(Q,) be an odd, finitely ramified representation such that
ﬁ|GF(<p> is absolutely irreducible and p is potentially crystalline and ordinary at all places above p. Assume
that there exists an automorphic representation © of GL(2, Ar) such that pr , is potentially crystalline and
ordinary at all places above p and p,,, = p. Then there exists an automorphic rerpesentation ' such that
P = Pr'p-

We will now indicate some ways in which base change and the Jacquet-Langlands correspondence come
up in the proof of this theorem. To begin with, we can use base change to make some immediate reductions
that simplify the situation. For example, our representation p is of the form

(™ 5)
B

at each place above p. By making a solvable base change, we can reduce to the case where o and [ are
unramified. Even more drastically, we can make a solvable base change to reduce to the case where p|q,, is
trivial at any given finite set of places. Moving to such a situation can make some of the local deformation
theory easier. Two other things we can do with base change: we can reduce to the case where det p is the
cyclotomic character (our hypotheses imply that it is a finite twist of the cyclotomic character); and we can
reduce to the case that F//Q has even degree, which is useful for finding quaternion algebras with prescribed
ramification.

The above applications of base change are very useful but fairly superficial. We now describe a more
serious application. In the hypotheses of the theorem, we have been given an automorphic rerpesentation



7 such that p = p, ,. In the proof, however, we need it to be the case that p and pr , are potentially
unramified at the same set of places. This need not be the case for the m we have. Of course, we are free to
replace m with another form 7’ such that Prp = Prs p» that is, one that is congruent to  modulo p (while still
maintaining the other hypotheses). So the question is: given 7 as in the theorem, can we find a congruent
n’ such that pr , and p are potentially unramified at the same set of places? Alternatively, we know that
pr'p is potentially unramified precisely at the places where it is not Steinberg, so we could also ask if we
can replace m by a congruent form and prescribe the set of places at which this new form is Steinberg.

Clearly, this issue cannot be resolved with base change; in fact, it requires some real work. In the early
days of the modularity lifting theorem, these congruences were found using the geometry of the modular
curves. These proofs were difficult and fairly specific. Since then, new proofs have been found which are
easier and more general. The common theme of these proofs is to use the Jacquet-Langlands correspondence
and then do some computations with modular forms on quaternion algebras — which are just functions on
a finite set. It is much easier to manipulate these functions than forms on the modular curve!

To prove the theorem we identify a cerain universal deformation ring of the Galois representation p with
a certain Hecke algebra. Originally, this Hecke algebra was one for GL(2). However, by Jacquet-Langlands,
we can find the same Hecke algebra on a quaternion algebra, and as we have explained, it is often easier
to prove things in that setting. So we will in fact use a Hecke algebra on a quaternion algebra. Thus the
Jacquet-Langlands correspondence will be built into our proof at a very fundamental level.
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1. STATEMENT OF THEOREM

The goal of this lecture is to sketch a proof of the following modularity lifting theorem.

Theorem 1. Let F/Q be a totally real number field and let p : Gr — GL2(Q,,) be a continuous represen-
tation of its absolute Galois group, with p > 5. Assume that p satisfies the following conditions:

p ramifies at only finitely many places.

p is odd, i.e., det p(c) = —1 for all complex conjugations ¢ € Gp.

p is potentially crystalline and ordinary at all places above p.

Pler, is absolutely irreducible.

There exists a parallel weight two Hilbert modular form f such that py is potentially crystalline and
ordinary at all places above p and p =py.

Then there exists a Hilbert modular form g such that p = py.

We will prove this theorem by proving an R = T theorem, where R is a deformation ring of p with
certain local conditions imposed and T is a certain Hecke algebra. Clearly, if we have an appropriate R = T

theorem then we get a modularity lifting theorem, as p defines a homomorphism R — Q, and thus (by

_ i
R =T), a homomorphism T — Q,,, which is the same as a modular form.

2. INITIAL REDUCTIONS

As we have previously explained, by using base change we may pass to totally real solvable extensions of
F. The hypotheses of the theorem imply that det p is of the form x,1 where 9 is a finite order character of
Gp. It is not difficult to see that there is a totally real solvable extension F”/F such that ¢|q,, = (¢')? for
some finite order character ¢ of Gp. Thus (¢')"!py|q,, has determinant x,. Since twisting by a character
does not affect modularity, it is enough to show that (') 'plg,, is modular. We may therefore assume
det p = x;p. Similarly, after possibly another base change, we can assume that det py = x,, as well.

Let v { p be a place of F. Call a representation G, — GL2(Q,) Steinberg if it is of the form

) (xpﬂlﬂ)

If p, : G, — GL2(Q,) is any continuous representation, then there is a finite extension F/F, such that
pvlG,, is either unramified or Steinberg. We may thus make a global solvable extension F”/F such that
pla “and pfla,, are unramified or Steinberg at all places away from p. Let S be the set of places (away
from p) at which p is ramified (and thus Steinberg), and let S be the corresponding set for py. By making
another solvable extension, we may assume that p|g., and pf|g., are crystalline at v | p. Finally, we may
pass to another solvable extension and assume that p|g,, and ﬁf|GFU are trivial at all places v above p or
inSuUS’.

Now, we will not be able to prove the strongest possible form of an R = T theorem. We must impose
the following hypothesis: the local deformation spaces used to construct R must be connected. Practically
speaking, this means that p|g, and pf|g, must lie on the same irreducible component of the universal
semi-stable deformation space of p|g, . What are the components of this space? For v | p there are
three components: ordinary crystalline, ordinary non-crystalline and non-ordinary. Thus our “ordinary and
crystalline” hypotheses ensure that there is no problem at the places above p. Unramified representations
always lie on the same component, so there is no problem outside of S U S’. However, if v { p then the
universal semi-stable deformation space of the trivial representation has two components: unramified and
Steinberg. We must therefore assume S = S/, which is a non-trivial assumption that may not be satisfied
by the ps that is given to us. However, one can always find a congruence with a form f’ which does satisfy
this condition. (Finding this f’ is not at all trivial, but occurs outside the scope of the R = T theorem, and
we will not discuss it further in this lecture.)



By making a further base change, we may assume that F' has even degree over Q and that S has even
cardinality.

3. THE R =T THEOREM: SET-UP
We begin by precisely stating the situation in which we have placed ourselves. We have a representation
p: Grp — GLQ(k‘)

where k is a finite field of characteristic p, a finite set S of places of F' away from p and a modular
representation p¢ lifting p. Let S, denote the places of F' above p. We assume the following hypotheses:

(A1) py is crystalline and ordinary at all places in S, Steinberg at all places in S and unramified at all
other places.

(A2) det py = Xp-

(A3) Plap,, is absolutely irreducible.

(A4) plgp, is trivial for v € S, U S.

(A5) F has even degree over Q and S has even cardinailty.

Note that the representation we had previously called p has completely disappeared from the set-up. It may
not be absolutely necessary to assume (A4), but it does not cost us anything to do so, and makes study of
the local deformation rings a bit easier.

We now define the ring R. Let R be the universal deformation ring of p unramified outside of SU S, and
with determinant x,. (Here we take coefficients in some fixed &'/Z,, with residue field k.) For a place v let
fiv be the universal deformation ring of p|g r, With determinant x,. For v € S, let R, be the quotient of Ev

classifying ordinary crystalline representations. For v € S let R, be the quotient of ﬁv classifying Steinberg
representations. We then let R be the tensor product of R with ®R, over ®EU. The latter tensor products
are over S U .S, and we should complete these tensor products.

We now define the Hecke algebra. Let D be the unique quaternion algebra over F' ramifying at all the
infinite places and the places in S (and nowhere else). This exists by (A5). For a compact open set U of
(D® A?)X let S2(U) denote the set of functions

X(U)=D*\(D® AL)"/(AR)* - U) = 0.

For places v at which U is maximal and D unramified, there is a Hecke operator T, acting on Sa(U).

Let U° be “the” maximal compact open subgroup of (D ® A{;)X. Let T() be the subalgebra of
End(S2(U°)) generated by the Hecke operators T, for v ¢ S, US. Let T be the subalgebra generated
by the T, for v ¢ S. Thus T contains the Hecke operators above p and T(") does not. By the Jacquet-
Langlands correspondence and conditions (Al) and (A2), our modular form f can be transferred to an
element of S3(U°) which is an eigenform for T. The form f defines a homomorphism T — &, the kernel of
which is contained in a unique maximal ideal m. The form f is actually irrelevant; all that matters is the
ideal m. It has the following two properties (which characterize it uniquely):

e For v ¢ SU S, the image of T, in T/m is equal to tr p(Frob,).
e For v € S, the Hecke operator T, does not belong to m.

The first condition means that m is associated to the representation p; the second is the ordinarity condition.
We regard m as an ideal of T(P) by contraction. (Remark: we need the group U° to satisfy a certain smallness
condition which our group U° does not. To get a correct definition of U° one picks an auxiliary place vaux
with certain nice properties and takes U; _ to be sufficiently small; away from vaux the group U° is maximal.
One must also modify the definition of R to allow for ramification at v,.x. We will ignore this subtlety for
now.)

As we have seen, there is a representation

Gp — GLy(TD),

which lifts p. This induces a surjection R — T‘(ff ). The above representation is Steinberg at all the places

in S (since D ramifies at S and local and global Langlands are compatible). However, it is not necessarily
ordinary at the places in S, (though it is automatically crystalline). This should not be surprising, as we
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have not told T,(f ) anything about what is happening at p. There is a map T,(f ) T ; composing this with
the above representation gives a representation

GF — GLQ(Tm)

This representation s ordinary at the places above p; one should think that the Hecke operators at p
specify the local component of the deformation space at p. Thus the map R — Ty, factors through R.
Unfortunately, this map is no longer surjective. However, it is not very far from being surjective and the
problem can be controlled locally at p: for v € S, there is a modified local deformation ring R] which is a
finite R,-algebra and isomorphic to R, after p is inverted. Define R’ to be like R but use R, for v € S),.
Then there is a natural surjection R’ — Ty,. Our goal is to prove:

Theorem 2. The map R'[1/p] — Tw[l/p] is an isomorphism and R’ is finite over O.

The ring T, is torsion-free by consturction. This theorem does not allow us to control the torsion in R’,
except to say that it is finite. One expects that R’ is torsion free; this may actually be proved in the case we
are in (the ordinary case), but I do not know for certain. One can modify the proof of the above theorem
to show that R is finite over &, which is often more relevant but does not seem to follow formally from the
finiteness of R'.

4. TAYLOR-WILES PRIMES

The basic idea to the proof of Theorem 2 (called the Taylor-Wiles method) is to find a tower of maps
R, — T, lifting " — T and then build a sort of inverse limit R, and T, out of the R,, and T}, which
is a nice ring. We can then prove that Ro[1/p] — Too[1/p] is an isomorphism and deduce from this the
statement we want. Actually, the Hecke algebras will not be so important; they will be replaced by spaces
of modular forms.

We find the rings R,, be introducing certain auxiliary deformation rings. By a TW set of places we mean
a finite set @ of places of F' satisfying the following conditions:

e () is disjoint from S, and S. (And does not contain vayx.)
e Nv=1 (mod p) for all v € Q.
e The eigenvalues of p(Frob,) are distinct and belong to k.

(The “belong to k” part is not serious — we can replace k by its quadratic extension and then all eigenvalues
of all Frobenii belong to k.) Given such a set @ of places, we define Rg similarly to R’ except we allow
ramification at the places in Q. Note that Ry = R’. We will typically write Ry in place of R’ for notational
uniformity.

Although we did not impose any deformation conditions at the places in @, the conditions on the places
in @ has strong consequences. Let v € Q. Then the universal deformation Gp — GLa(Rq) restricted to Gp,
is a sum of two characters 11 @ 72. These characters are necessarily tamely ramified, since their reduction is
unramified, and in fact the image of inertia is p-power. By class field theory, 11 defines a map F¢ — Ré.
We thus get a map (OF, /py)* — R/, which factors through the maximal p-power quotient of (O, /p,)*.
Define Ag to be the product of the maximal p-power quotients of (Op, /p,)* for v € Q. Then we have
just given Rq the structure of an O[Ag]-algebra. This was not quite canonical, since we had to choose ;.
Define a TW datum to be a pair (Q,{«a,}) where @ is a TW set of primes and «,, is a chosen eigenvalue
of 5(Frob,) for each place v € ). Given such a datum we get a canonical &[Ag]-algebra structure on R,
since we can take 7; to correspond to «,. The following result is not difficult:

Proposition 3. The canonical map Rqg — Ry is surjective. Its kernel is agRqg, where ag is the augmen-
tation ideal of O[Ag).

We now define the auxiliary Hecke algebras and spaces of modular forms. Thus let (Q,{a,}) be a TW-
datum. We define compact open subgroups Ug C V. At places v € @), we define Ug, = Vo = U;. Let
v € Q. We then define

cE pv}

¢ € p, and ad~! maps to 1 in AQ}.

b
VQW = { ( Ccl d ) S GLg(ﬁFv>

and

b
Ugo = { ( ‘; y > € GLy(Op,)
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Of course, Vjy = Uy = U°. Note that Ug is normal in Vg and Vi /U is identified with Ag.

Let T(Vg) be the subalgebra of End(S2(Vg)) generated by the T, for v ¢ SU Q, and let T4 (Vg) be the
subalgebra generated by these T, together with the U, for v € (). We have a map T(Vy) — T(V}) and can
thus regard m as an ideal of T(Vy). We also have a map T(Vy) — T4 (V). Let ng be the ideal of T4 (Vp)
generated by m and U, — «a,, for v € ). We then have the following result:

Proposition 4. We have an isomorphism S2(VQ)ng = S2(U°)m-
Proof. We just indicate the map So(U°)m — S2(V@)n, in the case that @ = {v} (it suffices to treat this

case by an inductive argument). By Hensel’s lemma we have a factorization

X?-T,X +Nv=(X—-A)(X - B)
for A and B in T(U®)y, with A mapping to a, modulo m. We thus have a map

S0+ SulVe)e foar= () r

Wy
1
One must show that the above map actually lands in S2(Vg)n, (which we think of as a summand of S3(Vg))
and that it is an isomorphism. Note in particular, that the proposition implies that S2(Vg)n, consists only
of old forms. We note that there is also an isomorphism T4 (Vg)n, = T, though we will not need it. [

Here w, denotes a uniformizer at v and the operator U, is defined using the double coset of

Let T4+ (Ug) be the subalgebra of End(S2(Ug)) generated by the T;, for v ¢ S UQ and the U, for v € Q.
There is a natural map T4 (Ug) — T, (V). We let mg be the contraction of ng under this map. We let
Tq be the localization Ty (Ug)m, and we let Mg be the localization S2(Uq)m,. Note that T = Ty, and
that Vo /Ug = Ag acts on Mg. We then have

Proposition 5. The space Mg is free over O[Ag]. There is a natural isomorphism Mqg/agMg — My.

Proof. The map X (Ug) — X (V) is a Galois cover with group Ag. (This uses the smallness hypothesis on
U°.) From this, one easily deduces that M is free over 0[Ag| and that Mq/agMg is naturally isomorphic
to S2(VQ)ng- To get the isomorphism with My apply the previous proposition. O

We have a Galois representation Gp — GLQ(TC(QP )), which yields a surjection Ro — Tg ) (where R
is the universal deformation ring of p unramified outside S U S, U Q). This Galois representation is not
necessarily ordinary at the places above p, but the induced representation Gp — GL2(Tq) is. The resulting
map EQ — T is not longer surjective, but there is a natural surjection Rg — T of ﬁQ—algebraS.

In the next section, it will be important to have framed versions of everything. For v € SU S, we let RE
be the framed local deformation ring. (It is actually the only one that makes sense; what we had called R,
before does not really exist as a ring.) We let (R’)™ be the modification at places above p. We let B be the
tensor product of the R} for v € S and the (R.)" for v € S,. We let R% be like Rg but have framings at

all places in S U S,. It is an algebra over B. Finally, we define Tg =T ®re RCDQ and MS = Mg @1, Tg.

5. THE PATCHING ARGUMENT

For each TW set of primes we have constructed a ring Rg and given it the structure of a module over
OAg), which is a ring of the form O[T1, ... ,Tn]/(Tipai = 1) where n = #Q. We would like to use various
@’s to build a ring R, which is an algebra over &[T, ..., T,] for some n (which does not obviously factor
through a large quotient). To do this, we need to hold #Q) fixed and let its elements have norm congruent
to 1 modulo higher and higher powers of p. There will not be natural maps between the various Rg’s, but
we will nonetheless manage to find maps between pieces of these rings by a sort of pigeonhole principle.

We now assume that we can find integers h and g and for each n a TW set of primes @Q,, satisfying the
following conditions:

hd #Qn =h
e Nv=1 (mod p") for all v € Q,
° RCDQW, is topologically generated by g elements over B.
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We extend each @,, to a TW datum by arbitrarily choosing eigenvalues. We write RE in place of Rgn, and
make this convention for other notations (e.g., MP). We did not give motivation for the last condition, but
it is a natural condition to impose if we want patched ring REO to be finitely generated. We fix surjections
B[z, ..., 24] — RY for each n.

For a complete local ring A let my denote its maximal ideal. Also, let m(X) denote the ideal generated
by nth powers of elements of A; this is not the same as m’j. Let £ = 4(#S, + #5) — 1 and define

P:ﬁ[[xlv"'avayl7"'ayh]]~

We make R,EL’ into a P-algebra by letting the x; be the framing variables and letting the y; act through a
chosen surjection Ofy1,...,yn] = O[A,]. For an integer n let ¢, be the ideal of P generated by

("2}l (1P =1, (e )P = 1)
(where 7 is a uniformizer of ). Let s denote the rank of My over &. For an integer n let r, = snp™(h +£).
We remind the reader that Rl is an algebra over B and that MY is an RY-module.
A patching datum of level n consists of the following:
e A complete local B-algebra D with mg”) =0.
e A map of O-algebras P/¢, — D.

e A surjection of B-algebras D — R5'/(c, RS + mgﬁ)).
0

A surjection of B-algebras B[z, ..., 24] = D.
A D-module L which is finite free over P/c, of rank s.
A surjection of B[z1, ..., z,] modules L — M /¢, M.
The number of elements of D is finite (it can be bounded in terms of B and n). We thus find that, up to
the obvious notion of isomorphism, there are only finitely many patching data of a given level.
Let m > n be integers. Put

Dun = Rop [(en By +mG5), Ly = My /e M.

One verifies that (D, m, Ln.m) is a patching datum of level n. Since there only only finitely many patching
data of a given level, we can pass to a subsequence and assume D,, , = Dy, , and Ly, , = Ly, for allm > n.
Denote the common value by D,, and L,. Then the maps

Dn+1/(ann+1 + m(DT:_)'_l) — Dna Ln+1/ann — Ln

are isomorphisms.
Let RY be the inverse limit of the D,, and MY the inverse limit of the L,. The space MY is a free
P-module of rank s. The ring REO is a P-algebra and a B-algebra, and there is a given surjection

Blz, ..., 2] = RY.

Since P is a power series ring, the map P — RODO can be lifted through the above surjection. We now have
the following lemma:

Lemma 6. Let R — S be a map of noetherian domains of the same dimension and let M be a non-zero
S-module which is finite projective over R. Then R — S is a finite map. If R and S are regular then M 1is
a finite projective faithful S-module.

Now, by the way we chose our deformation conditions, B is a domain and B[1/p] is smooth over Q,.
(These are theorems that we need to prove!) Note that B being a domain is the hypothesis mentioned at
the beginning of these notes, that our local deformation spaces needed to be irreducible. We now assume:

dmB=1+h+{—g.

We will address this assumption below. This dimension assumption implies that P and B[z, ..., z4] have
the same dimension. We conclude from the lemma that B[z, ..., z4] is finite over P and M([1/p] is a faithful
B[z, ..., 2,][1/p] module. The former implies that RS is finite over P while the latter implies that MZ[1/p]
is a faithful RY [1/p] module (since the map B[z, ..., z,] — End(MZ) factors through RY).

Now, by the construction of R and MY we have isomorphisms

RY /(y1,...,yn)RE — R, M/, ) ME — M.
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It follows that ROD is finite over O[xq,...,x¢], which implies that Ry is finite over &. Since M('):I is free
over P, we sce that the action of R§'[1/p] on My'[1/p] is still faithful. Since this action came via the map
RS — T, we conclude that R5'[1/p] — T5[1/p] is injective. Since we already knew this to be surjective, it
must be an isomorphism.

6. RESOLVING THE ASSUMPTIONS

In the last section we proved Theorem 2 assuming the following: there exist integers h and g satisfying
dimB=14+h+{(—yg
such that for every integer n there is a set of primes Q,, satisfying:
hd #Qn =h
e Nv=1 (mod p") for all v € Q,
e Rq, is topologically generated by g elements over B.

In fact, one can find @, as above with
h = dim H (G F.s,ad® 5(1))
g=h—[F:Q|+#S+#S,—1.
The proof of this will probably require its own talk; it is purely Galois theoretic and makes no use of modular

forms. It uses condition (A3), the assumption p > 5 and certain conditions on v,y that we did not state.

Now,
dimR, — dim& = J° ves
3+[F,:Q, veS,

and so

dimB —dim & =) 3+ > (3+[F, : Q)

veS vES)
= 345 + 3#S, + [F : Q]
=h+{—g.

(Since B is the tensor product of the R,, over &, the relative dimension of B over & is the sum of the relative
dimensions of the R, over &.) Therefore everything works!



REVIEW OF GALOIS DEFORMATIONS

SIMON RUBINSTEIN-SALZEDO

1. DEFORMATIONS AND FRAMED DEFORMATIONS

We'll review the study of Galois deformations. Here’s the setup. Let G be a
profinite group, and let p : G — GL, (k) be a representation of G over a finite field k
of characteristic p. Let A be a complete DVR with residue field &k, and let C, denote
the category whose objects are artinian local A-algebras with residue field %, and
whose morphisms are local homomorphisms. Let Cy denote the category of complete
noetherian local A-algebras with residue field %k, which is the completion of Cy under
limits. Frequently, A will be W (k), the ring of Witt vectors over k.

We now define two deformation functors associated to p. The first is the deforma-
tion functor Def(p) : Cy — Sets given by

Det(p)(A) ={(p, M, ¢)}/ =,
where M is a free A-module of rank n, p : G — Auta(M), and ¢ : pRs k — p is
an isomorphism. The second is the framed deformation functor Def™(p) : Cp — Sets
given by
Def2(p)(A) = {(p, M, ¢, B) | (p, M, ¢) € Def(p)(A)}/ =,

where B is a basis of M which is sent to the standard basis for £ under ¢.

We can compute both Def and Def" at the level of its artinian quotients: if m is
the maximal ideal of A, then

Def (p)(A) = lim Def (p)(A/m"),
Def™(5)(A) = lim Def” () (A/m’).

The functors Def and Def™ are not always representable. However, we impose
some restrictions to guarantee that at least Def™ will be. We say that G satisfies the
p-finiteness condition if for every open subgroup H C G of finite index, there are only
finitely many continuous homomorphisms H — Z/pZ. From now on, we’ll assume
that G satisfies the p-finiteness condition. This is a reasonable assumption, since it
holds in cases we're likely to care about. For example, if K is a global field not of
characteristic p and S is a finite set of places, then G g satisfies the p-finiteness
condition for all p. Also, if K is a local field of residue characteristic p, then Gy
satisfies the /-finiteness condition for all £ # p.

Date: 30 March, 2010.
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In this case, Def(p) is representable; call its representing object RP(p). If Def(p)
is also representable, call its representing object R(p). These are the framed defor-
mation ring and the deformation ring, respectively. Concretely, when DefD(ﬁ) or
Def(p) is representable, this means that there is some ring RY(p) or R(p) so that any
deformation factors uniquely through the map

G — GL,(RY(p)) or G — GL,(R(p)).

Schlessinger’s criterion tells us when functors Cy — Sets are (pro)-representable.
When we apply it to the case of the deformation functor, we get the following:

Proposition 1. If G satisfies the p-finiteness condition and Endg(p) = k (p is ab-
solutely irreducible, meaning that p ®y k' is irreducible for all finite extensions k' /k),
then Def(p) is representable.

For another example of representability of deformation functors, we review ordinary
defomrations. Let K be a p-adic field, and let ¢ : Gx — Z; be the p-adic cyclo-
tomic character. An n-dimensional representation p of G is said to be (distinguished)
ordinary if there exist integers e; > ey > --- > ¢, 1 > e, = 0 so that

Pk *
P
Pl o 0 . *
o 0 - Yr=1
For fixed ey, ..., e, which are distinct modulo p— 1, the ordinary deformation functor

Def4(7) is the subfunctor of Def(5) consisting of only the distinguished ordinary
lifts of p for that choice of ey, ..., e,.

Proposition 2. If a two-dimensional residual representation p is non-split, then
Deford(ﬁ) 1s representable. More generally, if p 1s n-dimensional, and every 2 X 2
diagonal minor is non-split, then Def® () is representable.

Let’s recall some properties of deformation rings. An important property of defor-
mation rings is that they commute with finite extension of residue fields. That is,
suppose k'/k is a finite extension. Let p be an absolutely irreducible residual repre-
sentation of k; we can extend scalars to k&’ to get an absolutely irreducible residual
representation of k’. Then, if W (k) denotes the ring of Witt vectors over k, we have

R™(p) @w W(K') = R™(p @ k'),
R(p) @wauy W(K') = R(p &y k).
Suppose p is an absolutely irreducible residual representation of dimension N, and
let det : GLy (k) — GL;(k) be the determinant map. Then there is a natural homo-

morphism

R(det()) — R(p).
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More generally, if 6 : GLy — GLj; is a homomorphism of group schemes, we get a
natural map of deformation rings

R(6(p)) — R(p)-
Deformation rings also commute with tensor products of representations. Let 7, p

be two absolutely irreducible residual representations whose tensor product is also
absolutely irreducible. Then we get a natural map

R(T®7p) — R(T)DR(p).
If 7 is a one-dimensional representation, i.e. a character, we call this map twisting
by 7.
Deformation rings are also functorial in the choice of profinite group. Let ¢ : G —

G’ be a group homomorphism, and let p be a residual representation of G’. Then
composition with ¢ gives a residual representation of GG. This gives us a map

Ra(p) = Re(p).

An important example of deformations comes from looking at the Zariski tangent
space. Let k[e] denote the dual numbers. If ' : Cy — Sets is a functor, its tangent
space is F(kle]) =: tp.

Let V' € Ipef(p). Then V/eV = P, so we have a short exact sequence

0—=eV—=>V—=>p—0.

As G-modules, eV = P, so
toet(p) = Extyq (7, p) = H' (G, Ad(p)) = (m/(m, p))*

for p absolutely irreducible. Here, Ad(p) is defined as follows: it is the representation
of G whose underlying vector space is My (k), and whose G-action is given by g.m =
pg)~'mp(g).

Let G’ be Gk if K is a local field, or G g for some finite set of places S if K is a
global field. Fix a residual representation p: G — GL, (k). If a deformation functor
F for p is represented by R, then we have

tr = F(k[g]) = Homy (R, k[g]) = Homy (R/(m% 4+ my), k[e]).

Since we also have
R mpg

5 =k® ——,
mp + my mp + my
and the second summand has square zero, we have
mpg
tp = Homy | ——— k| =t}
F k (m% + mAa ) R
where for A € CAA, we set
t ma
A= 5
m% 4 my’
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and t% is its dual.

2. WHY STUDY GALOIS DEFORMATIONS?

We're mostly interested in the case of G = Gk g for some finite set of places S of
a number field K. There are several reasons that this is a good idea.

(1) We can specify a residual representation p : G s — GLy(k) using only a
finite amount of data, and there are only finitely many such representations,
for K, S, N, and k fixed. When p is absolutely irreducible, we saw that we
have a universal deformation, so all the lifts of p can be packaged together
into a single complete noetherian local ring with residue field k.

(2) We might sometimes be interested in studying those deformations of p that
have particular properties. For example, we mentioned ordinary deformations
earlier. Another possibility that’s relevant to us would be to look at modu-
lar deformations: those representations coming from modular forms. These
correspond to quotients of the universal deformation ring. Placing such condi-
tions on the representations at least conjecturally amounts to imposing local
conditions at the ramified primes. We’ll discuss this a bit more later.

3. GALOIS COHOMOLOGY

We now review some cohomology of local fields. Let K be a finite extension of Q,,
with Galois group G . Let pu be the roots of unity of K°. If M is a finite G x-module,
set M' = Hom(M, p). Then for 0 < i < 2, the cup product

HI(K, M) @ H* (K, M') — H*(K, p) = Q/Z

is a perfect pairing.

We have a similar statement when M is an f-adic representation of Gx. Let ¢ be
a prime, possibly equal to p, and let F' be a finite extension of Q,. Suppose T is
a free op-module with a continuous op-linear G-action, and let V = T ®,, F' be
the corresponding Qg-vector space. Then Gk acts on V' as well. Let V* be the dual
representation given by V* = Hom,,(V, F(1)). Then we have the following duality
induced by the cup product: for 0 <i < 2,

H(K, V) HY(K,V*) - H*}(K,F(1)) 2 F

is a perfect pairing.

If M is a finite Gg-module, then H'(K, M) is a finite group for 0 < i < 2, and
HY(K,M) =0 for i > 3. Let h'(K, M) be the size of H'(K, M). Then, we define the
Euler-Poincaré characteristic of M to be

hO(K, M)h*(K, M)

M — ) )

We recall a few key properties of the Euler-Poincaré characteristic.
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e If0 > M"— M — M — 0 is a short exact sequence of finite G g-modules,
then x (M")x(M') = x(M).

o If (p, #M) = 1, then x(M) = 1.

e More generally, if z € ok, let ||z]|x be the normalized absolute value of z, so
that

] !
Tl = ———.
K (OKSZL‘OK)

If #M = n, then

X(M) _ HHHK — pf[K:@p]ordp(n)_

Sometimes, we wish to talk about Euler-Poincaré characteristics when the G-
module is a Q,-vector space or free Z,-module. In that case, it would not make
sense to talk about the sizes of the cohomology groups, but only about their ranks
or dimensions. We can make sense of this in the case of finite modules instead, by

talking of their ranks as F,-vector spaces. Let’s write hi(K, M) for the dimension of
H'(K, M) over F,, and write

Y(M) = hO(K, M) — h* (K, M) + h*(K, M).
Then the above result is equivalent to
X(M) = —[K : Q) ordy(n).

If M is instead a Q,-vector space or a free Z,-module, we’ll let izi(K, M) be the
dimension or rank of H* (K, M) as a Q,-vector space or Z,-module, and we’ll define
the Euler-Poincaré characteristic similarly.

Let V now be a Q,-vector space of dimension d. Find inside V' a Gk-stable lattice
T. Since T = l&nT/ p"T and cohomology commutes with inverse limits, we have

H(K,T) = lim H'(K, T/p'T) = lim H'(K, M,),
where M, is a Gg-module of size p?. By the above,
X(M,) = —dr[K : Q).
Taking inverse limits gives us
X(T) = —d[K : Qp].
Tensoring doesn’t change the dimensions of the cohomology groups, so we also have

X(V)=—d[K: Qp]~
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4. EXAMPLES OF DEFORMATION RINGS

It can be helpful to have a rough idea of what deformation rings look like. When
they exist, they tend to be quotients of power series rings over Z,. Let’s look at some
examples.

Let S be a finite set of places of Q, and let p : Gg ¢ — GL3(F,) be a representation.
Let E be the fixed field of ker(p), and let H = Gal(F/Q). Let

V = coker (up(E) — @Mp(Ev)> :

veES

A k[H]-module W is said to be prime-to-adjoint if there is some subgroup A
of H of order prime to p so that W and the adjoint k[H]-module M are relatively
prime as k[A]-modules (so they share no common ireducible subrepresentations as
A-modules).

Let Zs be the set of z € Q* so that (z) is a p'™® power, and so that = € EXP for
each v € S. Then E*P C Zg. Let B = Zg/E*? be the quotient F,[H]-module.

We say p is tame if the size of the image of p is prime to p. We say p is regular
if it is absolutely irreducible, odd, and V' and B are prime-to-adjoint.

Example. If p is tame and regular, then R(p) = Z,[1},T», T3].

For a concrete example, let £ be the splitting field of X* — X — 1 over Q. Then
FE is unramified away from 23 and oo. The Galois group Gal(F/Q) = S;. Since S3
has a faithful representation in GLy(Fa3), we get an absolutely irreducible residual
representation

P Go 23,00y — GL2(IFa3).

Its universal deformation ring is isomorphic to Zas[T1, Ts, T3]-
If p is irregular, the situation is a bit more complicated.
Consider the residual representation

p: GQ,{?),?,OO} — GLQ(Fg)

coming from the elliptic curve Xy(49). Then the universal deformation ring is iso-
morphic to Z3[T1, Tz, Ty, Tu] /(1 + Ty)3 — 1).

Example. Let D be an integer congruent to —1 (mod 3) and also £+ a power of 2,
and let F/Q be the elliptic curve defined by y? = z(2? — 4Dx + 2D?). Then E has
complex multiplication by Q(v/—2). Let S = {2,3}, and let p : Ggs — GLa(F3) be
the representation associated to E. Then R(p) = Z3[T1,Ts, T3, Ty, T5] /1, where I is
an ideal that takes a while to define.

We can give bounds on the number of (profinite) generators and relations it takes
to present a deformation ring. Samit showed the following in his lecture in the fall:
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Theorem 3. Let K be a p-adic field, and let G = Gy (for example). Let r =
dim Z'(G, Ad(p)) and s = dim H*(G,Ad(p)). Then RV(p) ewists, and can be pre-

sented as

RD(E) = OK[[Tla s 7TT’H/(f17 s 7fs)~
In the unframed case, we have dim R(p) > 2 — x(G, Ad(p)).

We also have
dim(R/pR) > dim Hl(G, Ad(p)) — dim HQ(G, Ad(p)),

where the left side is the Krull dimension.

5. CHARACTERISTIC ZERO POINTS OF DEFORMATION RINGS

Let S be a finite set of places of Q. Fix an absolutely irreducible residual represen-
tation p: Ggs — GLn(k), and let p : Gg,s = GLy(R) be its universal deformation.
We saw earlier that R looks something like Z,[z], but R[1/p] is still far from being
a local ring: in the case of R = Z,[z], R[1/p| = Z,[x][1/p] € Q,[z], since the power
series on the left side need to have as denominators bounded powers of p. There are
many Q,-algebra homomorphisms Z,[z][1/p] — ox[1/p] for various finite extensions
K/Q,, where the first map sends z to a uniformizer of K. Thus, R[1/p] has lots of
maximal ideals, in this case. Something similar holds for general universal deforma-
tion rings. The maximal ideals of R[1/p] correspond to deformations of p landing in
finite extensions of Q,.

If W is a complete DVR, and R is a quotient of a power series ring in several
variables over W, and w is a uniformizer of W, then R[1/w]/m is finite over W[1/w]
for any m € MaxSpec(R[1/w]).

We’d like to understand what R[1/p| looks like. Let R = Wz1,...,z.]/(f1,-- -, fm)-
Then, for any finite extension A of W,

Hom(R, A) = Hom(R[1/p], A[1/p] = Frac(A)),

where the first Hom is in the category of local W-algebras, and the second is in the
category of Frac(WW)-algebras.

Proposition 4. If K'/K is a finite extension, then any K -algebra map R[1/p] — K’
is given by sending the X;’s to various x; € mg C o C K'. Hence the image of R
lands in the valuation ring.

Fix such a map z : R[1/p] - K'. Let
pe - G5 GLy(R) — GLy(R[1/p]) — GLy(K')
be the induced representation. We’d like to understand dim R[1/p|wm, = dim R[1/p], .



8 SIMON RUBINSTEIN-SALZEDO

Theorem 5. Let p™ : G — GLy(R[1/ply,.) be induced from p by the natural map
R — R[1/ply. - Then the diagram

unlv

G —*GLy(R[1/p]y,)

e

GLy(K")

univ

commutes, and pa™ is universal for continuous deformations of p,.

This theorem is relevant for (at least) two reasons:

(1) We have R[1/p| = K'[T},...,T,] if and only if each R[1/p] is regular,
if and only if the deformation functor is formally smooth, if and only if
HQ(Gv Ad(ﬁm)) = 0.

(2) We have (m,/m2)V = H! (G,Ad(p,)) by the continuity condition on the
deformations in the theorem.

Let p : G = Ggs — GL,(K) for some p-adic field K be a representation with
absolutely irreducible reduction. Then H'(G,Ad(p)) is also equal to the tangent
space of the deformation ring R(p) at the reduction of the closed point of R[1/p]
corresponding to p. Hence, the completion of R[1/p] at that point (with scalars
extended to K, if necessary), is the deformation ring for p.

6. WILES PRODUCT FORMULA

Recall the definition of unramified cohomology. Let K be a p-adic field. If M is a
K-module, then the unramified cohomology is

H' (K,M)= H(Gal(K" /K), M').

If K is a global field, then for every place v of K, we have a map Gk, — Gk,
and if M is a Gg-module, we have a restriction map H'(Gx, M) — H'(Gg,, M)
for each i. Let £ = (L,) be a collection of subgroups L, C H'(Gg,, M) so that
L, = H}.(Gg,, M) for almost all v. Let

H}(Gg,M) = {ce H(Gg, M) | res,(c) € L, for all v}.

Let £P = (L), where LP is the annihilator of L, under the Tate local pairing. We
call the L, the local conditions.

Theorem 6 (Wiles Product Formula). Suppose M is a finite Gg-module, M' =
Hom(M, p), and L is a family of local conditions. Then

HHL(K, M) #H(K, M) #L,
#HL, (K, M)~ #HO(K, M) H #HO(K,, M)
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We’ll soon get to situations in which the denominator on the left-hand side of the
Wiles Product Formula is 1. Thus, we’ll have a formula for the size of the global
H' in terms of sizes of H° as well as local terms. The local terms we’ll be able to
compute by studying various local deformation rings.

7. EXAMPLE

Note: T don’t really understand this example. T more or less copied Brian’s email,
but I'm including it for other people, who can probably understand it.

Let K be a p-adic field (p odd), and let w : G — k* be the mod-p cyclotomic
character. Let p : Gx — GL(V) be a residual representation, where V is a 2-
dimensional k-vector space. Suppose the inertia group [k acts nontrivially on V.
Then let D be the subspace fixed by Ix. With respect to a suitable basis, then, we

have
o 92 *
P= (o 91> )

where 0, and 0y are characters. We can write 6; and 6, uniquely in the form
61 = wael, 02 = wﬁag,

where o, € Z/(p — 1)Z, and ¢, and e are unramified characters Gx — k. Hence

the restriction of p to Ik is
Wl
p |IK: 0 w*)-

We can normalize the exponents so that 0 < a<p—2and 1< g <p-—1.

Definition 7. If § # o + 1, we say that p is peu ramifié. If 5 = o+ 1, we say that
p is trés ramifié.

Let £ be a line in H'(K,w) not in the peu ramifi¢ hyperplane. Let H be its
orthogonal hyperplane in H'(K, k) with respect to the Tate pairing. Thus, H is a
hyperplane not containing the unramified line. We wish to find a ramified character
Y : Gxg — A* of finite order on [k that lifts the trivial residual character and so
that the image of H'(K,ey) = H'(K,w) contains £, where ¢ : Gx — Z is the p-
adic cyclotomic character. Varying through nonzero points of £ gives us a collection
of non-isomorphic non-split extensions of a common reducible but indecomposable
G x-module, so gluing them together gives us a lifting result for 2-dimensional Galois
representations.

¥ allows for a lift of £ if and only if £ is in the kernel of the connecting map to
H?(K,e). Let F be the fraction field of A, and let @ be a uniformizer. This happens
if and only if connecting map

HY(K, (F/A) (™) — H' (K, k)
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attached to the sequence

0=k — (F/A) (™) = (F/A) () = 0
has image contained in H. So, let’s figure out exactly what the connecting map does
in order to see what it means on the ramified character ¢~! of finite order on I that
the image is contained in some hyperplane not containing the unramified line.

If # =uw™" for n > 0 and v € A*, we have x € H*(K, (F/A)(y1)) if and only if
Y~ =1 (mod @"). Since ¥ (and hence ') is nontrivial, this only works for finitely
many values of n, but including n = 1. The image of x under this connecting map is
the k-torsor of points

(uw ™) (@ '+ A) mod A,
and the corresponding character G — k = w 'A/A is
bnigr (@ P+ AW Hg) - D™ mod A= (¥ '(g)— D@ ™! mod A.

Note that (v»7'(g) —1)w™™ € A, and if n is not maximal with respect to this property,
then ¢, = 0. If we write

vl =14+a"x
and yg = x mod w, then Y, is a nontrivial character Gx — k, and 1+w"™y restricted
to I is valued in the p'" power roots of unity in A*. The condition on ¢! is that
Xo is contained in H C H'(K, k).

More concretely, this is equivalent to the following. Let H be a hyperplane in
H'(K,k) not containing the unramified line. We seek a continuous character £ :
Gg — 1+ my with finite order on Ix and conductor n > 0 so that the nonzero
additive character (¢ — 1)w™" : Gx — k lies in H. This character must be ramified.
We could have replaced @w” with uw” for any u € A*.

In order to make the construction, we need to start with a A containing a primitive
p'® root of unity . Let n = e/(p — 1), where e = e¢(A), so that ( — 1 = @". Fix a
nontrivial character £ : 05 — p,, and extend it to an order p character ¢ on Gk by
class field theory, so that ¢ =1 mod m’j. The function

X = % G — k
is an additive character that is not identically zero, and it is ramified: there is an
element 7 € I taken to (1.

If x € H, we’re done. If not, then H is a hyperplane not containing the unramified
line, so any element not in H can be translated by a unique unramified k-valued
character so that it does lie in H. For a unit ug = 1 mod mz/(pfl), twisting by the
unramified character taking Frob to uy has the effect of adding to x the unramified
character taking Frob to (ugp — 1)/(¢ — 1). Varying wg, this sweeps through all the
unramified characters Gx — k, so we can hit the one we need to land in .



Calculating deformation rings

Rebecca Bellovin

1 Introduction

We are interested in computing local deformation rings away from p. That
is, if L is a finite extension of Q, and V is a 2-dimensional representation
of G, over F, where F is a finite extension of F,, ¢ # p, we wish to study
the deformation rings Ry and Rﬁ’m. Here v : G, — O* is a continuous
unramified character, O is the ring of integers of a finite extension E of Q,
which has residue field F, and R?}’FD is the quotient of Ry, corresponding to
deformations with determinant 1y, where x : G — Z; is the cyclotomic
character.

Note that Ri‘/j’FD exists: There is a natural determinant map from the uni-
versal 2-dimensional (framed) representation to the universal 1-dimensional
(framed) representation, and we take the fiber over the closed point corre-
sponding to x.

We define the following two deformation problems:

e D" s the deformation functor which spits out unramified framed
deformations with determinant )y

. L’{/D is the deformation functor which spits out pairs (V, L4) of framed
deformations with determinant y, together with a GG -stable A-line with
G, acting via xy on L,. That is, L4 is a projective rank 1 A-module
such that V4/L4 is a projective A-module with trivial Gp-action.

Most of this talk will be about the structure of the ring representing the
second functor.



2 Lies I will tell, and auxiliary categories of
rings

The minor lie I will tell is that I will entirely suppress the language of cate-
gories fibered in groupoids, and pretend we are working with functors. This
will allow me to avoid 2-categorical language. But to make what I say lit-
erally true, one has to handle non-trivial isomorphisms of deformations via
the language of groupoids.

The more major lie I will tell is that after I finish this section, I will try to
avoid talking about the various categories of algebras that are involved.

The basic set-up is representing certain deformations of a fixed residual rep-
resentation (in characteristic p). The deformations are a priori to finite local
artinian rings with fixed residue field. But we want to be able to take generic
fibers of our representing objects in a sensible way, so we need techniques for
passing to characteristic 0 points.

To do this, we need a variety of confusing auxiliary categories of algebras.
To demonstrate, let £/Q, be a finite extension with residue field containing
F, let O C O be a discrete valuation ring finite over W (F'), and let D be a
deformation functor on the category 2A2(» of finite local artinian O-algebras
with residue field O/mp, and let E/Q, be a finite extension with residue
field containing F. We will be interested in the category AR g of finite local
W (F)[1/p|-algebras with residue field £. We also introduce the following
categories:

Q/li)\%(g: 9/19\%0 is the category of complete local noetherian O-algebras with
residue field O/mep.

Q/(S\%@,(OE): Q/li)\f{@,(@E) is the category of O-algebras A in Q/li)\%@ equipped with a map
of O-algebras A — Op.

Intg: Given B € AR, Intp is the category of finite Og-subalgebras A C B
such that A ®p, F = B.

Note that Intg is a subcategory of Q/li)\‘io,(@E) (A obviously has a map to FE,
and by finiteness or the same sort of arguments as in Brian’s talk, it actually
lands in Og), and there is a natural functor ARe (0,) = ANRo.



Also note that we can canonically extend D to a groupoid on Q/[E)\‘{@, by setting
n+1 n+1 ) )

D(lim R/mp"™") = lim D(R/mj;

Now fix some £ € D(Opg), which makes sense by the preceding comment. We
define a groupoid D) on AR (0,) by setting D) to be the fiber over .
More precisely, D(¢)(A) consists of objects of D(A) together with morphisms
(in D) covering the given map A — Op.

Finally, we can extend D) to ARg. We note that B € ARg can be ex-
hausted by objects in Intg, so we set D) (B) = lim o D (A).

Now Kisin proves two crucial lemmas about these groupoids (which he calls a
lemma and a proposition). The first tells us how to get universal deformation
rings for the groupoids on 2ARg, and the second relates those groupoids to
the ones we would naively expect (for some deformation problems we already
care about):

Lemma 2.1. If D is pro-represented by a complete local O-algebra R, then
D¢y is pro-represented (on ARg) by the complete local O[1/p]-algebra ]355
obtained by completing R @p E along the kernel I¢ of the map R®o E — E
induced by &.

Lemma 2.2. Fiz a residual representation V' over ¥, and carry out the above
program for Dy and DS. Then there are natural isomorphisms of groupoids

Dy, &)= Dy, and Da(g)%D‘%

3 Main result

The main result we will prove is the following:

Theorem 3.1. Let V' be any 2-dimensional representation of G (over F).
Fiz a continuous unramified character ¢ : Gy, — O* and consider Rqﬁ’m,
the quotient of Ry} corresponding to deformations of V' with determinant .
Then Spec RY7[1/p] is 3-dimensional, and it is the scheme-theoretic union
of formally smooth components.

There are several claims implicit in this theorem, namely the existence,
: . O 0
smoothness, connectedness, and dimension of R;r’w’ and RY", as well
im
as the connectedness of Rl‘i . We assume these for the moment and go on

with the proof.



Proof. Let E'/E be a finite extension, let z : Rﬁ’m[l/p] — E’ be a point of
Spec RY7[1/p] with residue field E’ (so that it is actually an E’-point), and
let V. be the induced representation with coefficients in E’. We know (from
Brian’s talk on characteristic 0 points of deformation rings) that the comple-
tion of RY"[1/p] at the maximal ideal m, = kerz represents deformations
of V,. The tangent space at z is H'(Gp, ad’ Vz). Obstructions to deforming
representations live in H? groups, so Rq‘/j’m[l /p] at & will be formally smooth
at any point = where H*(Gp,ad" V,) vanishes.

Given any framed deformation problem D (with coefficients in some un-
specified field H), there is a natural morphism DY — D to the unframed
problem given by “forgetting the basis”. This morphism is formally smooth
in the sense that artinian points of D can be lifted.

Furthermore, the fibers of the morphism of tangent spaces DY(H|[e]) —
D(H[e]) are principal homogeneous spaces under ad /ad““. Specifically,
given a residual representation Vi and a choice of (unframed) deformation
Vi), ker(GLy(H[e]) = GLy(H)) = 1+eMy(He]) = Endy Vi acts (via con-
jugation) on the fiber over V. Then it is easy to check that 14 eM acts
trivially on the fiber if and only if M is in ad® V.

Counting dimensions,

dimp D”(F[e]) = dimp D(F¢]) + dimp ad — dimp H(G, ad) (3.1)

Using this formula, we see that the tangent space to Spec Rﬁ’m[l /p] at = has
E’-dimension
dimg HY(Gp,,ad’ V,) + dimg ad V, — dimg H(G, ad V)
= dimp HY(Gp,ad’ V,) + dimp ad V, — (dimpg H(Gp,ad’ V) — 1)
= — (dlmE/ HQ(GL, ad’ Vx) — dimg HI(GL, ad’ Vx) + dim g HO(GL, ad’ Vx))
+ dimp H*(Gp,ad’ V,) + dimg ad V, — 1
= dimg H*(Gp,ad’V,) + 3
the last step following by the Euler characteristic formula for p-adic coeffi-

cients. Thus, if H?(Gp,ad’V,) = 0, z will be a formally smooth point of
Spec RY7[1/p] with a 3-dimensional tangent space.

Now suppose H2(Gp,ad’V,) # 0. By the p-adic version of Tate local duality,
dimp H*(Gp,ad’V,) = dimg H°(Gy, (ad” V,)*), which is dimg H(Gp,ad" V,(1))
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(because ad’ is self-dual). Now we have the split exact sequence of G-
modules
0 — ad” V(1) = ad V(1) = E'(1) = 0

which gives us an exact sequence in cohomology:
0 — HGp,ad’ V,(1)) — H°(Gp,ad V,(1)) — H(Gy, E'(1))
But H°(Gp, E'(1)) =0 so
H(GL,adV,(1) = H*(GL,ad V,(1)) = H*(Gp,, Hom(V;, Vo (1)))

In particular, if H?(Gp,ad”V,) # 0, there is a non-zero homomorphism
(of Gr-modules) V, — V,(1). It has 1-dimensional (G-stable) image and
kernel, so there is some character v such that 0 — v — V, — ~(1) —
0 is exact. But such extensions are classified by H'(Gp, E'(—1)), which
is 0: the Euler characteristic formula says that dimgz H°(Gp, E'(—1)) —
dimE/ Hl(GL, El(—l)) + dlmE/ HZ(GL,EI(—l)) = O, but HO(GL, El(—l)) is
clearly zero, and H*(Gp, E'(—1)) is dual to H°(Gy, E'(2)), which is zero, so
HY(Gp, E'(—1)) is zero as well. So this extension splits.

We have shown that if H*(Gp,ad’V,) # 0, then V, = v @ vx for some
character v : Gy — E"*. If v is unramified, then this implies that x is in the

image of both R;r”z’u and R&’”’D,
So the only singular points of Spec R{:"[1/p] lie in the intersection of two

formally smooth components.
O

The definition of formal smoothness requires us to be able to lift through
any square-zero thickening, but we only looked at what happens at artinian
points of Spec Rf}’m[l /p]; the commutative algebra necessary to justify this
is discussed in Brian’s notes on £ = p.

4 Unramified deformations

We’ve seen previously that for the unframed case, the tangent space at x for
unramified deformations with fixed determinant is H'(Gp /Iy, (ad®V,)),



and the obstruction space should be H?(G /Iy, (ad’V,)'t) = 0. We have
the exact sequence

0 — (ad’ ;)9 — (ad® V,)= "5 (ad® V)t — (ad® V)™ /(Frob — id)(ad’ V,)™* — 0

This implies that dimp H°(G,ad’ V,) = dimg HY (G /1I1, (ad” V,)*). And
since the tangent space for the framed case has dimension dimg H' (G /I, (ad® V)5 )+
dimpg ad’ V, —dim g H °(Gyp, ad® V) by the discussion in the previous section,
this implies that the tangent space of R@mp’m has dimension dimg ad” V,, = 3.

So granting existence, R‘"f’w’D is formally smooth and 3-dimensional.

5 RV

We begin this section with a general lemma.

Lemma 5.1. Let O be a local W (k)-algebra with residue field k, with K the
fraction field of W(k), and let X be a proper residually reduced O-scheme.
Then the components of the fiber of X owver the closed point of O are in
bijection with the components of X |[1/p].

Proof. Consider a connected component of X[1/p] = X Qwx) K and let e
be the idempotent which is 1 on this component and 0 on the others. Then
if w is a uniformizer of W (k), there is some n such that w"e extends to a
global section of X. But (w"e)? = w"(w"e), so if n > 0, as a function on
the special fiber X ®¢ k, @w"e is nilpotent. This contradicts our reducedness
hypothesis, so n = 0 and e is already a global section of X.

So we know that the components of X &y () K are in bijection with the com-
ponents of X itself. But if X” is the completion of X along its special fiber,
the components of the special fiber X ®¢ k are in bijection with the compo-
nents of X (because they have the same underlying topological space), and
formal GAGA implies that the components of X" are in bijection with the
components of X (X is proper over O, so we can apply formal GAGA to see
that the global idempotent functions on X and X" are in bijection). O



5.1 Representability

Proposition 5.2. The morphism |LY7| — | DY is represented by a projec-
tive morphism Oy : Eé’m — R‘)ﬁ’D.

Proof. Given an A-point of R%‘/D, the A-points of £’{/D should be certain line

bundles on Spec A, so we will cut Ei‘;m out of P! .
RY

Consider P, the projectivization of the universal rank 2 Riﬁ’m—module. That
is, if Vg is the universal rank 2 R‘X/’D—module (equipped with a representation
of Gp), then P := Proj Sym Vi = Proj Rﬁ’m[azo, x1].

If Ais an an R‘%’D—algebra with residue field F, a morphism SpecA — P
(over RY") is the same as a surjection (of sheaves) A% — £ — 0.

Given a morphism f : Spec A — P, there is a natural G -action on the
quotient L if and only if g*f = f for all ¢ € G. The g*-fixed locus of P is
H, defined by the Cartesian square

Hy —— P

l l(id’g*)

P 22 Px,oP
|4

Since P is separated, H, is a closed subscheme of P. Thus, the intersec-
tion H := NgegH, is a closed subscheme of P parametrizing Gr-equivariant
quotients A2 — £ — 0.

Now if A is a complete local W (F')-algebra, there is a natural map from H to
the universal deformation of the residually trivial 1-dimensional representa-
tion, given (in the language of the functor of points) by sending A% — £ — 0
to L. Then we can take the fiber over the (closed) point corresponding to
the trivial representation to get a closed subscheme of P representing L’{/D
on Ql%w(p)

Now take limits to get representability of Li‘;m on Augw (F)- U

5.2 Smoothness and connectedness

Next we want to study smoothness and connectedness.

7



Proposition 5.3. E"?D is formally smooth over W (F). Furthermore, the
W (F)[1/p]-scheme L @w ) W (F)[1/p] is connected.

Proof. First, we will show that for any finite group M of p-power order, the
natural map H'(Gp,Z,(1)) ®z, M — H' (G, Z,(1) ®z, M) is an isomor-
phism. It suffices to consider the case M = Z/p"Z. In that case, we have
the exact sequence

0= Z,(1) L5 Z,(1) > M =0
Then the long exact sequence in group cohomology shows that
0— HY(G1. Zy(1))/p"H'(GL, Z,(1)) — H'(G1, M) — H*(G1, Z,(1))[p"]

is exact. The middle arrow is the natural map we started with, so we wish
to show that H*(Gr, Z,(1))[p"] is 0. But by Tate local duality (as in Simon’s
talk), H*(Gp,Z,(1)) is Pontryagin dual to Q,/Z,, so has no p"-torsion.

Thus, for any artinian algebra A, the composition
Extlzp[GL](Zp, Z,(1))®z,A — HY(Gy, Z,(1)®z,A — HY(Gy, Z,(1)®z,A) — Extlzp[GL](A, A(1))

is an isomorphism.

To prove smoothness, it suffices to show that for any surjection of artinian
rings A — A’, the map |LY7|(A) — |LY"7|(A’) is a surjection. Now consider a
pair (Vyr, La) in |LY7](A’). Tt corresponds to an element of Extlzp[GL] (A, A(1)),
so by the isomorphism we just proved, it corresponds to an element of

Extlzp[GL](Zp, Z,(1)) ®z, A’. But such an element clearly lifts to an element
of Extlzp[GL}(Zp, Z,(1)) ®z, A, which is to say, an element of |LX|(A).

Now we wish to prove connectedness after inverting p, and for this we use
the lemma on connected components. Specifically, since E%‘;D is smooth, its
special fiber £§D Qw ) F is reduced, so to show Lé’m[l /p] is connected, it
suffices to show that the special fiber £ ® e F is connected.

But the special fiber is simply the fiber over the residual representation. If
F = F(1) and the representation is split (i.e., the residual representation is
trivial), any line in F? is G -stable with G'r-acting by x = id, so the fiber is
a full P§. Otherwise, there is at most one G-line with G, acting via x, and
this is true for any A-point of the fiber, so it is either empty or it consists of
a single reduced point. So the special fiber is connected. L
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The next proposition will show that £57[1/p] — Spec RY™[1/p] is a monomor-
phism. More precisely, it shows that this morphism is injective on artinian
points, but, as before, Brian’s notes on £ = p explain why this is sufficient to
let us conclude that it is actually a monomorphism.

Proposition 5.4. Let E/Q, be a finite extension, and let  refer to both an
Og-valued point of Ri‘/D and an Og-valued point in the fiber of L'%’D above
it. Then the morphism of groupoids (functors) on ARE LQD — Dé’ 18 fully
faithful. If the representation over E£ V¢ corresponding to £ 1s indecomposable,

then this is an equivalence.

Proof. Let B be an object of AR, and let Vz be an object of D@D(B).
To prove the first assertion, we need to show that Vz admits at most one
Gr-stable B-line L C Vg such that G acts trivially on Vgp/Lp. But
Hompq,|(B(1), Vs/Lp) = {0} because the G -action on the target is trivial,
so Homp,)(B(1), Vp) = Hompg,(B(1), Lp) and Lp is unique.

Now suppose V¢ is indecomposable; we wish to show that Vg actually does
admit a suitable B-line. We will do this by showing that Vg is isomorphic
to the trivial deformation V; ®z B. Note that by Tate local duality

dimg H*(Gp,ad’ V;) = dimp H(Gp,ad’ Vi) + dimg H°(Gr,ad’ Ve(1)) = 0

the last equality following from indecomposability of Ve. The result then
follows by induction on the length of B, since this calculation holds for any
indecomposable extension of A(1) by A. O

But since we have a proper monomorphism of schemes £57[1/p] — Spec RY"[1/p],
it is a closed immersion.

Now we can prove the following proposition and corollary.

Proposition 5.5. Let Spec Ré’l’m be the scheme-theoretic image of the mor-
phism L£57 — Spec RS, Then

10 : : : 1,0
1. RY is a domain of dimension 4 and R

W(F).

s formally smooth over

2. If E/Q, is a finite extension, then a morphism & : R"ﬁ’m — FE factors
through R"‘/’l’D if and only if the corresponding two-dimensional repre-
sentation Vg is an extension of E by E(1).

9



Proof. Since Rﬁ’l’m is smooth and connected, it is a domain. We will find
its dimension via a tangent space calculation. Suppose V¢ is indecomposable
(which we may assume, since most points on Ré’l’m are indecomposable).
Then the dimension of Ry [1/p] is

dimg [DY7|(Ele]) = dimpg DY [(E[e]) + 4 — dimp(ad Ve)
= dimp H'(Gp,ad’V;) +3 =3

So Ri‘/’l’m itself is 4-dimensional, and we have proven the first part.

The second part follows from the definition of £~ and RS O

Corollary 5.6. Let O be the ring of integers in a finite extension of W (F)[1/p],
and y : Gy — O* a continuous unramified character. Write Ry, =

R} Qww) O. Then there exists a quotient Rﬁ’;’m such that

o R’&%”D is a domain of dimension 4 and Rﬁ}’;”‘][l/p] is formally smooth
over O.

o If E/O[1/p] is a finite extension, then a map & : Ry, — E factors
through Ri‘/j’g’m if and only if V¢ is an extension of v by v(1).

Proof. This basically follows because universal deformation rings behave rea-
sonably well with respect to twisting by fixed characters, at least once the
question makes sense.

More precisely, we may replace F by the residue field of O (corresponding
to tensoring R} with ©). Then twisting by 7~! induces an isomorphism
R%O;)REM,%O (because twisting the residual representation by v~ doesn’t
change this deformation problem (except to multiply the determinant by
7?), and the quotient R"ﬁ:y(’;’m corresponds to R"‘/’é’f_l Qw ) O under this

isomorphism. O
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LECTURE 21: STRUCTURE OF ORDINARY-CRYSTALLINE DEFORMATION RING FOR / = P

1. BASIC PROBLEM

Let A be a complete discrete valuation ring with fraction field E of characteristic 0,
maximal ideal m = (7), and residue field k of characteristic p > 0; we will ultimately be
interested in the case when k is finite (and in particular, perfect). Consider a complete local
noetherian A-algebra R with residue field &, so

R=Afzy,...;xn]/(f1, -, [s),

and suppose there is given a continuous representation

for a p-adic field K (i.e., K is a finite extension of Q,,). Note that R[1/p] = R[1/7] = R®\ E;
we call this the “generic fiber” of R over A, but beware that as an F-algebra this is typically
very far from being finitely generated. For shorthand, we write Rg to denote this generic
fiber.

We are going to be interested in certain subsets of MaxSpec(Rg). Recall from the lecture in
the fall on generic fibers of deformation rings that the maximal ideals of Rg are precisely the
kernels of F-algebra homomorphisms Rg — E’ into finite extensions E’/FE, or equivalently
A-algebra homomorphisms R — E’, and that such maps are necessarily given by

h(z1,...,xm) = hay, ... ap)

for a; in the maximal ideal of the valuation ring A’ of E’. In more geometric terms,
MaxSpec(Rp) is identified with the zero locus

{(ar,...,am) € E™ ||a;] < 1, fi(as,...,am) =0 for all j}
taken up to the natural action by Gal(E/E) on this locus.

Remark 1.1. Loosely speaking, we view Rp as an “algebraist’s substitute” for working di-
rectly with the rigid-analytic space {f; = - -+ = fs = 0} inside of the open unit polydisk over
E. There is a way to make this link more precise, by relating Rg to the algebra of bounded
analytic functions on this analytic space, but we do not need such a result so we will pass
over it in silence; nonetheless, trying to visualize MaxSpec(Rg) in terms of this analytic zero
locus is a good source of intuition.

In the fall lecture on generic fibers of deformation rings, we recorded a few basic algebraic
properties of Rp and we recall them now. First, Rg is noetherian and Jacobson; the latter
means that every prime ideal is the intersection of the maximals over it, or equivalently the
radical of any ideal is the intersection of the maximals over it. This ensures that focusing on
MaxSpec does not lose a lot of information, much like algebras of finite type over a field (the
classic example of a Jacobson ring). In contrast, a local ring of positive dimension (e.g., a
discrete valuation ring, or R as above when not artinian!) is never Jacobson! An additional

important property, already implicit in the preceding discussion, is that if x € MaxSpec(Rg)
1
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then the corresponding residue field F(z) = Rg/m, is finite over E. It then makes sense to
consider the specialization of p at x:

pe: G 28 GL,(Rg) — GL,(E(z)).

Especially when FE is finite over Q,, we visualize p as a “family” of p-adic representations
{pz} with varying coefficient fields E(z) of finite degree over E.

Remark 1.2. Note that each such p, is continuous (and so is a p-adic representation of G)
since z carries R into the valuation ring of E(z) via a local map and p is continuous when
R is given its local (i.e., max-adic) topology.

For a property P of (isomorphism classes of) G g-representations over finite extensions of
E and for any z € MaxSpec(Rg), let P(x) denote the condition that p, satisfies property
P. (In practice, P is always insensitive to finite scalar extension on the coefficient field over
E.) It is useful to consider whether or not the locus

P(Rg) = {x € MaxSpec(Rg) | P(z) holds}

is “analytic” in the sense that it is cut out by an ideal J of Rg. That is, for a A-algebra map
z: R — FE’ to a finite extension E'/E, does p, satisfy P if and only if 2(J) = 0?7 A given
ideal J in Rp satisfies this condition if and only if its radical does (since E’ is reduced), so
we may as well restrict attention to radical J. But since Rpg is Jacobson, a radical ideal
J in Rpg is the intersection of the maximals over it, so in other words there is exactly one
possibility for a radical J:

JP = ﬂ m,

P(z) holds
where m, = ker(z : Rg — E(x)). Note that if P(z) fails for all x € MaxSpec(Rg) then
Jp = (1) (either by logic, convention, or the utiliarian reason that it is consistent with what
follows).

Turning this reasoning around, we take the above expression for Jp as a definition, so
V(Jp) := Spec(Rg/Jp) is the Zariski closure of the locus of x € MaxSpec(Rg) such that
P(x) holds. The analyticity question for P then amounts to the following question: does
every closed point of V(Jp) satisfy P? It is by no means clear how one could answer this
question, and in the early days of modularity lifting theorems this was a serious problem
which had to be treated by ad hoc methods depending on the specific P.

One of the big achievements of Kisin’s introduction of integral p-adic Hodge theory into
Galois deformation theory is to provide systematic techniques for proving an affirmative
answer to this question for many interesting P involving conditions related to p-adic Hodge
theory (e.g., crystalline with Hodge-Tate weights in the interval [—2, 5]). In any situation for
which the P-analyticity question has an affirmative answer, to exploit it one needs to answer
a deeper question: how can we analyze properties of Rg/Jp, such as reqularity, dimension,
connectedness of spectrum, etc.? Kisin’s methods also gave a way to address this question.
We will develop this for a special P that can be studied without the full force of p-adic Hodge
theory: the “ordinary crystalline” deformation problem, to be defined later.

A key insight that underlies Kisin’s strategy for answering both of these questions is to
use P to define a new moduli problem on arbitrary R-algebras (forgetting the topological
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structure of R) which is shown to be represented by a proper (even projective) R-scheme
© : Zp — Spec R such that:

(1) the map ©p : Xp g — Spec(Rpg) obtained by inverting p (equivalently, localizing by
A — E) is a closed immersion whose image has as its closed points precisely the ones
which satisfy P (so this closed subscheme, after killing nilpotents, recovers Jp and
provides an affirmative answer to the P-analyticity question),

(2) the A-scheme Xp is “formally smooth” in a sense we will make precise later. (In
practice Xp is very far from being finite type over A, just like R itself, so we cannot
naively carry over the notion of smooth morphism from algebraic geometry in terms
of a Jacobian criterion.)

An important consequence of condition (2) is that the generic fiber Xp g is “formally
smooth” over E, which is to say that it is regular and hence reduced. (In geometric language,
this says that the rigid-analytic space over F arising from Rg/Jp in the open unit polydisc
is smooth.) In particular, Xp p = V(Rg/Jp) (affine!), so the E-algebra Rg/Jp that we wish
to understand is the coordinate ring of the affine generic fiber Xp g of the (typically non-
affine!) moduli scheme Xp over R which we can try to study by moduli-theoretic reasoning.
In fact, we will study the structure of the generic fiber over E by using moduli-theoretic
considerations with the schemes Xp mod 7R and Xp mod mpz which live in characteristic p!

Letting Ip = ker(R — Rpg/Jp) be the ideal of the Zariski closure in Spec R of the P-
locus in Spec Rg, the quotient R/Ip is reduced with generic Rg/Jp. In practice we will
think of R/Ip as an “integral parameter space for the property P”. In particular, the formal
smoothness over A in (2) justifies viewing Xp as a “resolution of singularities” of Spec(R/Ip)
(for which it has the same E-fiber).

2. SOME COMMUTATIVE ALGEBRA AND ALGEBRAIC GEOMETRY

Before we launch into the definition and study of Kisin’s moduli problems on R-algebras
and their applications to the study of the P-locus in MaxSpec(Rpg), we digress to explain
some general considerations in commutative algebra and algebraic geometry which will be
used throughout his method. It will be clearer to carry out these general considerations now
so that we will be ready for their applications later.

We consider the following general setup. Let (A, E, 7, k, R) be as above, and let f : X —
Spec R be a proper R-scheme. There are two “reductions” of f that will be of interest: the
reductions

f:X := X mod 7 — Spec(R/7R), fo:Xo:= X modmp — Speck

modulo 7R and modulo mp respectively. In particular, X, is a proper (hence finite type)
scheme over the residue field k. The quotient R/mR is naturally a k-algebra (since k =
A/(7)), but X is typically “huge” (not finite type) when thereby viewed as a k-scheme.

Since f is proper, it carries closed points of X into closed points of Spec R. But there is
only one closed point of the local Spec R, and X is closed in X, so we conclude that the
closed points of X coincide with those of X,. Moreover, if xo € X is a closed point then
since it is closed in the scheme X of finite type over k we see that the residue field x(xg) of
X at xg (or equivalently, of Xy at ) is of finite degree over k,



Now assume that k is perfect (e.g., finite). Consider a closed point xy € X, so k(zg)/k
is a finite separable extension. Let A(z) be the unique (up to unique isomorphism) finite
unramified extension of A with residue field x(z¢)/k. The completed local ring 0% , is a
A-algebra with residue field x(z¢)/k, so by Hensel’s Lemma it admits a unique structure of
A(zg)-algebra over its A-algebra structure. (This application of Hensel’s Lemma crucially
uses that we are working with the completed local ring and not the usual algebraic local ring
Ox ,; this latter A-algebra is typically not a A(xg)-algebra in a compatible manner.)

Hypothesis (x): assume that 0%, ~ A(zo)[T1,...,T,] as A(zo)-algebras, for all closed
points xy € Xp.

This hypothesis can be checked by means of functorial criteria, and that is how it will be
verified in later examples of interest. It follows from (%) that the completion & )Awo is regular,
A-flat, and reduced modulo 7 for all xg. These are the properties we will use to prove:

Proposition 2.1. Under hypothesis (%), the base change X over R/(r) is reduced and the
total space X is regular and A-flat.

Proof. We first handle the A-flatness, and then turn to the claims concerning reducedness
modulo 7 and regularity. The m-power torsion in Oy is a coherent ideal whose formation
commutes with passage to stalks and completions thereof (by flatness of completion). For
all closed points z, the completion of Ox ,, is A-flat by inspection of its assumed structure.
Hence, the m-power torsion ideal has vanishing stalks at all closed points, so it vanishes on
an open subset of X which contains all closed points. Such an open subset must be the
entire space, so X is A-flat.

By hypothesis (%), each quotient ﬁ%xo = ﬁ§<@0 mod 7 is reduced, so the proper scheme

X over the complete local noetherian ring R = R/(7) has reduced local rings at the closed
points. Thus, the coherent radical of the structure sheaf of 0% has vanishing stalks at all
closed points, so exactly as for the A-flatness above we conclude that X is reduced.

If the non-regular locus on X is closed then since the local rings on X at all closed points
are regular (by inspection of their completions) it would follow that the non-regular locus
is empty. That is, X is regular if the non-regular locus is closed. It remains to prove that
the non-regular locus in X is Zariski-closed. The closedness of this locus in general locally
noetherian schemes (and likewise for other properties defined by homological conditions) is a
deep problem which was first systematically investigated by Grothendieck. His big discovery
was that for a class of schemes called excellent the closedness always holds. He also proved
that “most” noetherian rings which arise in practice are excellent.

We refer the reader to [4, Ch. 13] for an elegant development of the basic properties
of excellence (including the definition!), and here we just record the main relevant points:
excellence is a Zariski-local property, it is inherited through locally finite type maps, and
every complete local noetherian ring (e.g., every field, as well as R above) is excellent. Hence,
the scheme X is excellent, so its non-regular locus is Zariski closed. |

Now we come to a very useful result which can be applied under the conclusions of the
preceding proposition.
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Lemma 2.2 (Reduced fiber trick). Let X be a A-flat R-scheme which is proper and for
which X = X mod 7 is reduced. If X is connected and non-empty then Xo = X mod mp
and the generic fiber Xg = X @5 E are both connected and non-empty.

In general (without connectedness hypotheses), there is a natural bijective correspondence
between connected components Cy of Xo and Cg of Xg by the requirement that Cg is the
E-fiber of the unique connected component of X with mod-mg fiber Cy.

Proof. Since X is non-empty and A-flat, Xz is non-empty. The theorem on formal functions,
applied to the proper X over the complete local noetherian ring R, identifies the idempotents
on X with those on Xj. In particular, X, is non-empty, and each connected component of
Xo uniquely lifts to a connected component of X. Hence, by passing to the connected
components of X it suffices to prove that if X is connected then so is Xg.

The A-flatness of X implies that the ring 0(X) of global functions on X injects into its
localization 0(X)[1/n] = 0(X)g = 0(Xg) which is the ring of global functions on Xz. We
assume that the latter contains an idempotent e and seek to prove e = 0 or e = 1. We can
write e = €//n" for a minimal n > 0 and a global function ¢’ on X. If n = 0 then ¢ is
idempotent on X and hence e = ¢’ € {0,1} since X is connected. Thus, we assume n > 1
and seek a contradiction to the minimality of n.

Since ¢ = e on X, we can clear denominators (via A-flatness) to get ¢ = ¢’ on X.
Thus, for & = ¢ mod 7 we have &> = 0 on X. But X is reduced, so & = 0 on X. This says
that ¢’ is divisible by 7 locally on X. Since X is A-flat, the local m-multiplier to get e’ is
unique and hence globalizes. That is, ¢/ = we” for some ¢” € 0(X). It follows that on Xg
we have

contrary to the minimality of n. |

Inspired by the two preceding results, we are led to wonder: how can we ever verify
Hypothesis (x)? We now present a functorial criterion.

Proposition 2.3. Hypothesis (x) holds if and only if for every artin local finite A-algebra
B, X(B) — X(B/J) is surjective.

Proof. Fix a closed point g € X and let k’'/k be a finite Galois extension which splits
ko := k(xo). Let Ag = A(xg), and let A’ be the finite unramified extension of A corresponding
to k' /k. Thus,

(2.1) Neoaho~ [T N

jiko—sk!

where A’ denotes A" viewed as a A(x)-algebra via the unique A-embedding Ag — A’ lifting
the k-embedding j : kg — Kk'.

Recall from above that €% , is canonically a Ag-algebra. Let B be an artin local finite
Agp-algebra. A complete local noetherian Ag-algebra with residue field kg is a formal power
series ring over Aq if and only if it is Ap-flat with residue field ky and is regular modulo 7.
These properties hold if and only if the finite étale scalar extension by Ag — A’ yields the
analogous properties using the residue field &', so it is equivalent to prove that this scalar



6

extension is a formal power series ring over A’. In particular, the functorial criterion for the
latter condition is precisely that the natural map of sets
(2.2) Homy, (0%, , B) — HomAO(ﬁ§7IO,B/J)

»Z0?

is surjective for any artin local finite A’-algebra B with residue field of finite degree over kg
and any square-zero ideal J in B.

We will reformulate this surjectivity in terms which are more easily related to the functor
of points of X as we vary (B, J) with B an artin local finite A’-algebra. Since B is artin
local and A-finite, the natural restriction map

Homy (6% ,., B) — Homy (€ 4y, B) = X, (B)

is bijective, where X,,(B) denotes the set of A-maps Spec B — X whose image is zy. Using
the A’-algebra structure on B and the canonical A’-algebra structure on 0% , , we also have
the alternative description

HomA(ﬁ)A(’IO, B) = HOIIlA/ (A/ ®A ﬁ)/},l"(ﬂ B) == HOIIlA/((A/ ®A Ao) ®A0 ﬁ)/} B)

» 20

Using (2.1), this is identified with the disjoint union

[T Homw(N @4, 0%, B) = [ Homa (6%, B))

jiko—k' jiko—k!

where B; denotes B viewed as a A’-algebra via any g € Gal(k'/k) lifting j on k.

The preceding identifications of Hom-sets are all functorial in B. In the final disjoint union
above, as we vary through all pairs (B, J) with B an artin local finite A’-algebra and J a
square-zero ideal in B, the simultaneous surjectivity of (2.2) for all pairs (B;, .J;)’s is thereby
identified with the surjectivity of the natural map

Xay(B) = Xo(B/J)

as B varies through artin local finite A’-algebras. Recall that &’/k is an arbitrary but fixed
finite Galois extension which splits ky = x(xy). Thus, if X(B) — X (B/J) is surjective for
all artin local finite A-algebras B and square-zero ideals J C B then Hypothesis (x) holds.

Conversely, if (x) holds then for any such (B,J) we claim that X(B) — X(B/J) is
surjective. Pick a point in X(B/J). As a A-map Spec(B/J) — X we claim that it hits
a closed point xy. Since B/J has residue field of finite degree over k, it suffices to show
that this map lands in X, (as Xy is a finite type k-scheme). Since the composite map
Spec(B/J) — Spec(R) over A lifts a point of R valued in a finite extension of k, it suffices
to check that the only such point is the evident one which kills mg. Expressing R/(7) as the
quotient of a power series ring over A, it suffices to prove that the only local k-algebra map
from k[zy,...,2,) into a finite extension of k is “evaluation at the origin”. This is verified
by restriction to the k-subalgebras k[z;] for i = 1,...,m.

The chosen point in X (B/.J) identifies the residue field x of B/.J as a finite extension of
the residue field kg at xq, so B/J and hence B is thereby equipped with a natural structure
of Ag-algebra over its A-algebra structure. The chosen point in X (B/J) is thereby identified
with a A-algebra map Spec(B/J) — X hitting zy and lifting the specified extension structure
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k/ko. This map corresponds to a local A-algebra map Ox ., — B/J lifting ky — , which
in turn uniquely factors through such a local A-map

0%+ — B/ J.

This latter map is a Ag-algebra map (as may be checked on residue fields). By (x), the
completion ﬁé\(,xo is a formal power series ring over Ay, so its map to B/J lifts to a Ag-
algebra map & )A(x , — B. Running the procedure in reverse, this gives a A-map Spec B — X
which lifts the chosen point in X (B/J). [

Remark 2.4. The criterion in Proposition 2.3 is what was used in the verification of power
series properties in the preceding lecture on the case ¢ # p. In Kisin’s papers, he expresses
things in terms of a much more general theory of formal smoothness for maps of topological
rings, and he thereby invokes some very deep results of Grothendieck in this theory.

For example, a noetherian algebra over a field of characteristic 0 is formally smooth (for
the discrete topology) over that field if and only if it is regular. We will speak in the language
of regularity and avoid any need for the theory of formal smoothness because we will appeal
to general results in the theory of excellence (as was done in the proof of Proposition 2.1).

The reader who is interested in reading up on the general theory of formal smoothness
(such as its flatness aspects) should look at [5, Ch. 28], §17.5 in EGA IVy, and §19-22
(esp. 19.7.1 and 22.1.4) in Chapter Oy of EGA. Certainly if one goes deeper into Kisin’s
techniques (beyond the “ordinary crystalline” deformation condition to be considered below)
then it becomes important to use formal smoothness techniques in the generality considered
by Kisin.

The final topic we take up in this section is the algebro-geometric problem of giving a
convenient criterion to prove that the proper map

fr: Xg — Spec(Rg)

is a closed immersion. More specifically, we want to give a criterion involving points valued
in finite F-algebras C'. Keep in mind that even though R is a gigantic F-algebra in general,
it is Jacobson and its maximal ideals have residue field of finite F-degree. In particular, the
artinian quotients of Rg at its maximal ideals are examples of such E-algebras C. The same
goes for the Rp-proper Xp at its closed points (which lie over MaxSpec(Rg), due to the
properness of fg).

Proposition 2.5. If fg is injective on C'-valued points for all E-finite C' then fg is a closed
1MmMersion.

Proof. We will first prove that fg is a finite map (i.e., Xg is the spectrum of a finite Rp-
algebra), so then we can use Nakayama’s Lemma to check the closed immersion property.
Since fg is proper, it suffices to prove that it is quasi-finite. For any map of finite type
between noetherian schemes, the locus of points on the source which are isolated in their
fibers (i.e., the “quasi-finite locus”) is an open set: this is a special case of semi-continuity
of fiber dimension. Thus, if fr has finite fibers over MaxSpec(Rg) then the open quasi-
finite locus of fr contains all closed points of Xp (as these are precisely the points over
MaxSpec(REg), due to properness of fg). But Xg is a Jacobson scheme since it is finite type
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over the Jacobson ring R, and (as for any noetherian topological space) the only open set
in Xz which contains all closed points is the entire space. Hence, if fg has finite fibers over
MaxSpec(Rg) then fg is a quasi-finite and therefore finite map.

Letting C' vary through the finite extension fields E’'/E, the injectivity of fr on E'-valued
points implies that the fiber of fr over each y € MaxSpec(Rg) has only finitely many closed
points. (Here we use that fz'(y) is closed in X and is of finite type over E(y), with E(y)
finite over E.) But a scheme of finite type over a field has finitely many closed points if
and only if it is finite. Thus, fg indeed has finite fibers over MaxSpec(Rg). This argument
even shows that such fibers have at most one physical point (since if a fiber contains two
distinct points 2’ # = then using E’ containing E(x) and E(z') makes fg fail to be injective
on E’-valued points).

Now consider the finite map fg : Xg — Spec Rg. To prove that the corresponding
module-finite map of coordinate rings is surjective (so fg is a closed immersion), it suffices
to check surjectivity after localizing at maximal ideals of Rp. By Nakayama’s Lemma, it
is equivalent to check that the scheme-theoretic fiber Spec C' — Spec E(y) of fr over each
y € MaxSpec(Rg) satisfies C = 0 or C = E(y). The two composite maps

Spec(C @ g C) = Spec C' — Spec E(y)
coincide, so for the E-finite algebra €' = C ®p(,) C we see that the composites
Spec(C") = Spec C' = X Xspec(rr) SPec(E(y)) — Xg

have the same composition with fr : Xg — Spec(Rg). By hypothesis, fg is injective on
(’-valued points! Hence, the projections Spec(C’) = Spec(C') coincide, which is to say that
the two inclusions C' = C" = C ®p(y) C coincide. This easily forces C' = E(y) if C' # 0 (by
consideration of an E(y)-basis of C' containing 1). |

3. THE ORDINARY CRYSTALLINE DEFORMATION PROBLEM

Now assume that & is finite! Let £'/FE be a finite extension and A’ its valuation ring. Fix
a continuous representation p : Gx — GLo(E') with cyclotomic determinant x. We already
know what it means to say that p is ordinary: this means that there is a Gg-equivariant
quotient line with action by an unramified character 7. Such a quotient line is unique, as the
A*-valued det p = x is ramified, so it is equivalent to say that p admits an [x-equivariant
quotient line with trivial Ix-action. This notion of ordinarity can be expressed in terms of
a GLa(A’)-valued conjugate of p by using saturated A’-lines.

In terms of a Gi-stable A’-lattice, we get an upper-triangular form for p, or equivalently
for p|r,, and this extension structure identifies p|;, with a class in

HY Ik, A'(1)) = lim H' (T, (A'/ (p™))(1))
with A’/(p") a finite free Z/(p™)-module since [k : F,] is now assumed to be finite. This rank

is equal to the Z,-rank of the finite free Z,-module A’. By computing with a Z,-basis of A/,
the natural map

I

N @z, B (I, ppr) — H' (I, (V] (p™))(1))
is an isomorphism, and we can pass this tensor product through an inverse limit to get

H' (Ig,N'(1)) = N ®z, H' (Ix, Z,(1)).
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The “crystalline” property of p is now going to be defined in terms of a description of
H'(Ix,Z,(1)) and the identification of p|;, as a class in A’ ®z, H' (I, Z,(1)). (After making
the definition, we will make it more concrete in terms of matrices.) We note at the outset
that the definition we will give is in fact equivalent to a special case of a general notion of
“crystalline” defined in p-adic Hodge theory, but we have avoided any discussions of p-adic
Hodge theory and so will likewise have no need to delve further into the justification for our
choice of terminology. A reader who pursues the subject in greater depth will eventually
meet the general concept of “crystalline”, but it is logically unnecessary for our purposes.

Let K’ denote the completion of the maximal unramified extension K", so

K' =W(F) Qwm) K

where F is the finite residue field of K. Thus, Iy = Gy and O is a complete discrete
valuation ring with uniformizer given by one for 0. In particular, 1 + mg is p-adically
separated and complete as a multiplicative Z,-module. By Kummer theory,

(3.1) H' (G, Zy(1)) = Jim K /K" = Z, x (1 +myer)

where the Z,-factor corresponds to powers of a fixed uniformizer of K (or K’). This direct
product decomposition is not canonical: the direct factor of Z, depends on a choice of
uniformizer. However, the “Z,-hyperplane” of 1-units 1 + mgs (a multiplicative Z,-module)
is canonical.

Definition 3.1. The ordinary representation p : G — GLa(A’) is crystalline if its class in
H'(Ix,A'(1)) lies in the A’-hyperplane

(1 + sz) ®Zp A/.

Equivalently, p : Gx — GLy(E’) corresponds to a class in H' (I, E'(1)) lying in the E’-
hyperplane (1 +mg/) ®z, E'.

In view of the formulation over E’, the crystalline condition is intrinsic to the E’-linear
representation space for G, so it does not depend on a specific choice of Gx-stable A’-lattice.

FExample 3.2. The concrete meaning of the crystalline condition is as follows. In terms
of a choice of Gg-stable A'-lattice, consider p|;, mod p™ for each n > 1. This is upper
triangular unipotent, with upper-right entry given by a A’-linear combination of 1-cocycles
g — g(u?") JuMP" on I, with v € €),. Loosely speaking, Kummer theory shows that
pli is given by a Tate-curve type of construction with A’-coefficients, and the crystalline
condition is that the “g-parameter” can be chosen to be a unit (or equivalent a 1-unit, since

F " is uniquely p-divisible).

Now we fix a residual representation py : Gx — GL2(k) with cyclotomic determinant, and
we seek to study its ordinary crystalline deformations with coefficients in p-adic fields or
valuation rings thereof. In order to make good sense of these notions in deformation theory,
we need to generalize the definition of “ordinary crystalline” to the case of more general
coefficients.

Remark 3.3. We will later need to consider coefficients in rings like R[T] that are not mg-
adically separated and complete, so this will create some delicate problems when we work
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with finite type R-schemes such as P} that we want to use in the construction of a moduli
scheme for an “ordinary crystalline” deformation problem. The creative use of proper (gener-
ally non-finite) R-schemes in Galois deformation theory is one of the innovations introduced
by Kisin’s work.

Consider the universal deformation p : Gx — GLy(R) or universal framed deformation
PP Gg — GLy(RP) of py with cyclotomic determinant. We want to study the locus of
“ordinary crystalline points” in MaxSpec(Rg). The formalism for this study will not really
use the universality at all, so to keep the picture clear we now consider any continuous
p: G — GLo(R) as at the outset such that det p is cyclotomic, and we continue to assume
that the residue field k of R is finite. For any R-algebra A, let

PA GK — GLQ(A)

denote the composition of p with R — A on matrix entries. Note that there is no meaningful
continuity condition for ps for general A, since we are not assuming that A carries an
interesting topology compatible with the one on R.

In the special case that A is an R/m}-algebra, p4 is continuous for the discrete topology on
A (and the Krull topology on G ) since p mod m’, is continuous for the discrete topology on
R/m?%,. Beware that if we take A = R/(p") with the discrete topology then p, is typically not
continuous. It will therefore be important that we can work modulo powers of the maximal
ideal of R and bootstrap back up to geometric objects over R via limit procedures.

Ezxample 3.4. Our work with ps for R/m}-algebras A will involve some Galois cohomology
with A-coefficients viewed discretely, so we record here the useful fact that for any Z/(p"™)-
module M viewed discretely (such as M = A) the natural map

M @, W (I, Zy(1)) — H'(Iic, M(1))

is an isomorphism.

To prove this, we can use direct limits in M to reduce to the case when M is a finitely
generated Z,-module. Hence, M is a finite direct sum of modules of the form Z/(p") with
r < n, so it suffices to treat the case M = Z/(p"). Then the assertion is that the natural
map

H' (I, Z,(1))/(p") — H'(Ix, ptyr)
is an isomorphism for all » > 1. For K’ denoting the discretely-valued completion of K""

we have [y = Gg and 1+ mgs is p-adically separated and complete (as a multiplicative
Z,-module), so Kummer theory and the description of H' (I, Z,(1)) in (3.1) yields the result.

In the special case that A is the valuation ring of a finite extension of E, we have defined
what it means to say that pa is ordinary crystalline (in Definition 3.1). That definition
involved the p-adic topology of the valuation ring. We wish to define this concept for R/m’-
algebras A, avoiding any use of nontrivial topologies on rings.

Definition 3.5. Let A be an R-algebra killed by m’;, for some n > 1. The representation
pa of Gg on Vy := A% is ordinary crystalline if there is a G -stable A-submodule L, C Vy
such that L4 and V4 /Ly are locally free of rank 1 (equivalently, projective of rank 1) and:
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(1) the Ix-action on V4/Ly4 is trivial, or equivalently the continuous action of Gk on
V4/L 4 is through an unramified character n : Gx — A* and on L, is through xn™};
(2) under the “valuation” map K" — Z, the class in

H' (I, A(1)) = H'(Ik, Zy(1)) ®z, A = (K™ /(K"™)"") @g,/(m) A

describing pals,. is carried to 0 € A (i.e., the class arises from integral units of K™).

We call the A-line Ly C V4 an ordinary crystalline structure on pa.

Remark 3.6. In the “crystalline” condition (2) in this definition, we have invoked the coho-
mology computation in Example 3.4. Also, in general there may be more than one choice of
L, (if any exist at all!). For example, if A = k and pj, has trivial Gg-action (in particular,
the mod-p cyclotomic character is trivial) then everyline in V;, = k? is an ordinary crystalline
structure on pg.

A fundamental insight of Kisin is that rather than trying to parameterize deformations
which admit an additional structure (such as an ordinary crystalline structure) that may
not be unique, it is better to parameterize the space of pairs consisting of a deformation
equipped with such an additional structure. To make reasonable sense of a parameter space
for such enhanced objects, we will have to leave the framework of complete local noetherian
rings and instead work with certain proper schemes over such rings.

The property in (2) in the preceding definition makes sense as a condition on classes in
H!'(Ix, M(x)) for any discrete Z/(p")-module M for any n > 1. (Note that M(y) is a
discrete Ix-module, and even a discrete G g-module.)

Definition 3.7. For any discrete Z/(p™)-module M equipped with a continuous unramified
G -action (not necessarily trivial), the subgroup

H.. (K, M(x)) c H'(K, M(x))

crys

consists of classes whose restriction to H' (I, M(x)) = M ®z, H'(Ix, Z,(1)) is killed by the
“valuation” mapping H'(Ix,Z,(1)) — Z, defined by Kummer theory. (In other words, the
Ix-restriction is an M-linear combination of classes in H'(If, Z,(1)) arising from integral
units of the completion of K™.)

It is immediate from the definition that if M = hg M; for a directed system of unramified
discrete (Z/(p"))[Gk]-modules M; then the equality

lim H' (K, M;(x)) = H'(K, M(x))

carries lim HE, (K, M;(x)) isomorphically onto H} (K, M(x)). In other words, the forma-
tion of H, (K, M(x)) is compatible with direct limits in M. This will be very useful for
reducing some general assertions to the special case of M which are Z,-finite (whereas in

applications we will need to work with M which are not Z,-finite, such as (R/m%)[t]).

Ezample 3.8. Isomorphism classes of pairs (p4, L) as in Definition 3.5 correspond to ele-
ments in HL (K, A(1)).

crys
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Ezample 3.9. Tt is important to link Definition 3.5 and Definition 3.1. For p : Gx — GLa(A’)
as in Definition 3.1 we claim that it is ordinary crystalline in that initial sense (which can
be checked over the fraction field E’ of A’) if and only if the artinian quotients p mod 7" A’
of p are ordinary crystalline in the sense of Definition 3.5 with R = A’ (i.e., each p mod 7" A’
admits an ordinary crystalline structure).

It is obvious that if p is ordinary crystalline in the initial sense then each artinian quotient
p mod 7" A’ admits an ordinary crystalline structure. To go in reverse, suppose that every
such artinian quotient admits an ordinary crystalline structure. Such structures are not
unique in general, but since k is finite there are only finitely many such structures for each
n > 1. These finite non-empty sets form an inverse system in an evident manner, and so the
inverse limit is non-empty. (This is an elementary fact since the inverse system is indexed
by positive integers and not a general index set.)

An element of the inverse limit is precisely the data of a saturated G g-stable A’-line L in
p such that (i) p mod L has trivial Ix-action (as may be checked modulo 7™ for all n > 1),
and (ii) the class in H'(Ix,A'(1)) = A ®z, H' (I, Z,(1)) corresponding to (p|s,, L) has
image under the “valuation mapping” H'(Ix, A’(1)) — A’ which vanishes (as this can also
be checked modulo 7™ for all n > 1). The conditions (i) and (ii) say exactly that p is ordinary
crystalline in the sense of Definition 3.1.

The proof of a later “formal smoothness” result over A will rest on:

Lemma 3.10. For any n > 1, the functor M ~ Hy (K, M(x)) on discrete unramified
(Z/(p"))|GKk]-modules is right-ezact.

This is analogous to the fact that H'(Ix, M(x)) = M ®z, H'(Ix, Z,(1)) (see Example 3.4)
is right-exact in discrete p™-torsion abelian groups M with trivial Ix-action.

Proof. By discreteness we can express any M as a direct limit of Z,-finite G'x-submodules,
so any right exact sequence in M’s is obtained as a direct limit of right-exact sequences of
Z,-finite object. Thus, the compatibility with direct limits in M reduces the problem to
right-exactness for M which are finite abelian p-groups.

There are two ways to settle the finite case. In [3, 2.4.2], Kisin does some work with
cocycles to derive an explicit description of H, (K, M(x)) which makes the right-exactness
evident by inspection. This is definitely the most elementary way to proceed.

For the reader who doesn’t like cocycle arguments and is familiar with the fppf topology,
here is an alternative explanation in such terms. This explanation is longer, but may be seen
as more conceptual (and clarifies the role of finiteness of the residue field).

The finite discrete Ggx-module M (x) has unramified Cartier dual, so it is the generic
fiber of a unique finite flat @k-group scheme M (x)" with étale Cartier dual, and M (x)’ is
functorial in M. If

0> M — My — M;—0
is an exact sequence of such unramified GG x-modules then the complex of finite flat &'x-group
schemes
0— Mi(x) = Ma(x)" — Ms(x) =0
is short exact (in particular, short exact as abelian sheaves for the fppf topology over Ok),
as may be checked using the finite étale Cartier duals.
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It can be shown by a Kummer-theoretic argument in the fppf topology that
Herys (K, M (X)) = Hippoe (O, M(X)'),

crys

so it suffices to show that Hi (O, M(x)') is right exact in M. Equivalently, a short exact
sequence in M induces a right-exact sequence in Hy (Ok, M(x)’). The long-exactness of
fppf cohomology then does the job provided that H?ppf(ﬁ , M(x)") = 0 for any finite abelian
p-group M equipped with an unramified continuous G g-action.

The filtration by {p™ M} reduces us to the case when M is p-torsion. If r = dimg, M and
E'/E is a finite Galois extension which splits M then for the corresponding finite unramified

extension K'/K we have that M(x)j, , = p;,. Thus, we have an O-subgroup inclusion

M(x)" = Resg,, 0 (M(X)5,.,) = Reso,, o, (117,

where Resg,, /0, denotes Weil restriction of scalars. This latter operation represented push-
forward at the level of fppf sheaves, and it is an exact functor because 0 — O is finite
étale (and hence a split covering étale-locally over Spec(Ok)).

We conclude that M(x)" is contained in the Og-group scheme 7" = Resg,,/0,(G7,)
which is an Ok-torus (as we see by working étale-locally to split the covering Spec(Ok/) —
Spec(0k)). Hence, we have a short exact sequence

l=>Mx) =T —-T"—1

where T" := T"/M(x)" is another Og-torus. Thus, using the resulting long exact sequence
in fppf cohomology, to prove Hi (O, M(x)') = 0 it suffices to prove that HE (Ok,T")
vanishes and that any Ok-torus (such as 7”) has vanishing degree-1 cohomology. For the
latter, first recall that degree-1 cohomology with affine coefficients classifies fppf torsors, so
the degree-1 vanishing amounts to the triviality of such torsors when the coefficients are
smooth and affine with connected fibers (such as a torus). To build a section splitting such
a torsor over Ok it suffices (by smoothness of the coefficients, and the henselian property for
Ok ) to find a section over the residue field. That is, we are reduced to proving the vanishing
of degree-1 cohomology over k with coefficients in a smooth connected affine group (such as
a torus). This is Lang’s theorem, since k is finite.

Finally, to prove that Hf (O, T") is trivial, by using the definition of 7" this amounts
to vanishing of

H?ppf(ﬁK’ Resﬁk'/ﬁK (Gm))

The exactness of the Weil restriction functor in this case implies (by a d-functor argument)
that

HY 1 (O, Reso, oy (1) = HY (O, )

for all 7 > 0. Hence, we just have to check the vanishing of H?ppf(ﬁ 'y Gmn) By Grothedieck’s
work on Brauer groups, this is identified with Br(0k/), and since Ok is henselian this in

turn is identified with Br(%'). But k" is finite, so its Brauer group vanishes. [ |

Now we can prove the main existence result for a proper (even projective) R-scheme that
“classifies” ordinary-crystalline pushforwards of p.
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Theorem 3.11. For each n > 1, the functor on R/m’,-algebras given by
A~ {La CVyl| Ly is an ordinary crystalline structure on pa}

1s represented by a closed subscheme X,, C P}%/m%.
There is a unique closed subscheme X C P} such that X mod m’ = X, for alln > 1.

Proof. By the universal property of the projective line, P, := P}z Jon represents the functor

carrying any R/m7-algebra A to the set of locally free A-submodules Ly C V4 = A? of rank
1 such that Vi/L, is also locally free of rank 1. Over P,, consider the Gx-action on OF,
defined by p mod m} and the R/m’-algebra structure on Op, .

For each g € Gk and any A-point of P,, the condition that A-pullback of the g-action
on ﬁl%n preserves the corresponding A-line in A? is represented by a closed subscheme 7, of
P,. To prove this, we may work Zariski-locally on P, so that the universal line subbundle
is free and extends to a basis of ¢2. Then the vanishing of the resulting “lower left matrix
entry” function over the open in the base is what cuts out the g-stability condition over
such an open locus in P,. These closed loci agree on overlaps and glue to the desired closed
subscheme Z, of P, attached to g. Thus, the closed subscheme Z,, = N,Z, C P, representing
the condition of G preserving the universal line subbundle of 2.

Consider the character n, : Gk — O0(Z,)* describing the Gg-action on the universal
line subbundle over Z,. The Zariski-closed conditions 7,(g) = 1 for all g € Ix cut out
a closed subscheme Z, C Z,, which represents the additional condition that the universal
line subbundle is not only Gg-stable but has unramified Gk-action. In other words, Z/,
represents the functor of “ordinary structures” on p,.

Over Z!, consider the further condition that the ordinary structure is crystalline. That
is, for an A-point of Z/, we consider the property that the resulting A-line L4 in p4 is an

n?

ordinary crystalline structure. The map
H'(Ig, A(1)) = A

defined by the valuation K" — Z carries the class of (pa, L4) to an element a € A, and
this construction is functorial in A. Hence, by (the proof of) Yoneda’s Lemma it defines a
global function h,, on Z|. The zero scheme of h,, on Z is clearly the desired X,.

Having constructed X,, C P, for each n > 1, the behavior of moduli schemes with respect
to base change implies that the isomorphism

Pn =~ pt ®R/m%+1 (R/m%)

carries X,, over to X, 11 mod m’}. In other words, {X,} is a system of compatible closed
subschemes of the system {P,} of infinitesimal fibers of the proper morphism P}, — Spec R
over the complete local noetherian ring R. Now comes the deepest step: by Grothendieck’s
“formal GAGA” (EGA III;, §5), if R is any complete local noetherian ring and P is any
proper R-scheme, then the functor

Z ~» {Z mod m,}

from closed subschemes of P to systems of compatible closed subschemes of the infinitesimal
fibers of P over Spec R is a bijection. (Even for P = P}, this is not obvious, and it fails
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miserably if we consider the affine line instead of the projective line.) Thus, we get the
existence and uniqueness of the desired X. |

Remark 3.12. Although each infinitesimal fiber X,, of X over Spec R has moduli-theoretic
meaning for points valued in arbitrary R/m’-algebras, we do not claim that X has a conve-
nient moduli-theoretic meaning for its points valued in arbitrary R-algebras. In particular,
Xg = X ®gr Rg has no easy interpretation.

Nonetheless, it is Xz which will be of most interest to us. Thus, to work with X5 we need
a way to understand its properties by studying the X,,’s. This problem will be taken up in
the next section.

4. PROPERTIES AND APPLICATIONS OF THE ORDINARY CRYSTALLINE MODULI SCHEME

The construction of the proper R-scheme f : X — Spec R is indirect, as formal GAGA is
very abstract, but we can artfully use the construction to infer global properties of X which
will be especially useful for the study of Xz. Our analysis rests on the following hypothesis
which is in force throughout this section (unless we say otherwise):

Assume that det p : G — R* is cyclotomic and that p is the universal framed cyclotomic-
determinant deformation ring of its reduction py. If pi has only scalar endomorphisms, we
also allow that (p, R) is the universal deformation of px with cyclotomic determinant.

Proposition 4.1. The A-scheme X is reqular and flat, and X mod 7 is reduced.

Proof. By Proposition 2.1, Lemma 2.2, and Proposition 2.3, it suffices to prove that X (B) —
X (B/J) is surjective for every artin local finite A-algebra B. Choose such a B, and let &’
be its residue field, so B is canonically an algebra over A" = W (k") @w k) A. It is harmless
to make the finite étale scalar extension by A — A’ throughout (this is compatible with the
formation of X) to reduce to the case k' = k.

The maximal ideal of B is nilpotent, say with vanishing nth power for some n > 1, so
the map of interest on points of X coincides with the analogue for X,,. Thus, the task is to
show that if L is an ordinary crystalline structure on pg ss then it lifts to one on pp. Let
zo € X be the closed k-point corresponding to the specialization (py, Li) of (pp,s, L) over
the residue field k of B. Our problem is equivalent to showing that any local A-algebra
map O% ., — B/J lifts to B. Thus, it is sufficient (and even necessary) to prove that 0%
is a formal power series ring over A. To do this, we need to give a deformation-theoretic
interpretation of this completion.

Since xg is a closed point, R — O )Amo is a local map and its reduction modulo m% recovers
0%, = due to the relationship between X and the X,,’s. But X, is an actual moduli scheme
over the ring R/m}, (unlike X over R). In view of the assumed universal property of (p, R),
it follows that 0%, , is the deformation ring for ordinary crystalline structures lifting Ly,
on cyclotomic-determinant deformations of py (possibly with framing) having coefficients in
A-finite artin local rings whose nth power vanishes. Hence, 0%, is the analogous formal
deformation ring for arbitrary A-finite artin local coefficients (without restriction on the
nilpotence order of the maximal ideal).
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Our problem is therefore to prove that there is no obstruction to infinitesimal deformation
of (py, Li,) as ordinary crystalline structures with cyclotomic determinant. (There is no ob-
struction when we impose the additional data of a framing, as that amounts to simply lifting
some bases through a surjection of finite free modules.) That is, given such a representation
over B/J we wish to lift it to one over B. The given representation with ordinary crys-
talline structure over B/J has diagonal characters {xn~!,n} for some unramified continuous
n: Gk — (B/J)*. Since Gi/Ix = Gy = Z, we can lift 7 to an unramified continuous
n: Gx — B* (choose an arbitrary lift of n(Froby) € (B/J)*). We claim that this lifts to an
ordinary crystalline deformation to B with diagonal characters {x7!,7}.

Thinking in terms of “upper-right matrix entries”, we have to prove the surjectivity of the
natural map

Heeys (B, BOGT™)) = Hapyo (K, (B/T)(xn™?)).

For M = B(1772) we have M/JM = B(n~?), and these are unramified discrete G jr-modules
killed by a power of p. By Lemma 3.10, the natural map

Herys (K, M (X)) = Hepyo (K, (M/TM)(x))

crys crys

is surjective, so we are done. |

Proposition 4.2. The natural map fr : Xgp — Spec(Rg) is a closed immersion, and
this regqular closed subscheme meets MaxSpec(Rg) in precisely the set of closed points x €
MaxSpec(Rg) such that p, : Gx — GLo(E(x)) is ordinary crystalline in the sense of Defi-
nition 3.1. In particular, the locus of ordinary crystalline points in MaxSpec(Rg) is Zariski-
closed.

Proof. By Proposition 2.5, it suffices to prove that fg is injective on C-valued points for
all E-finite C. We may assume C' is local, so its residue field E’ is E-finite. By Hensel’s
Lemma and the separability of E'/FE, the E-algebra structure on C' uniquely extends to an
E'-algebra structure lifting the residue field. Thus, C'= E’ @ [ for the nilradical I of C. In
particular, if A’ denotes the valuation ring of E' then A’ ® [ is a local A’-subalgebra of C,
though it is generally not A’-finite since the E’-vector space I is generally nonzero.

To prove that the map X (C) — (Spec R)(C') between sets of C-valued points over A is
injective, we can first replace f : X — Spec R with its scalar extension by A — A’. This
scalar extension is compatible with the formation of X (as may be checked on infinitesimal
fibers over Spec R), so we may assume E' = E.

We fix a map ¢ : Spec C — Spec R over A and seek to prove that it has at most one lift
to a map ¢ : SpecC' — X. Consider the A-algebra map

A[[l'l,,$m]]/(f1,,fs):R—)C:E@[

corresponding to ¢. Passing to the quotient C'/I = E, this map carries each z; to (¢, y;) for
some y; € I and ¢; € (m). Thus, we can make the formal change of parameters z; — z; — ¢;
to get to the case when x; — y; € I for all j. Since IV = 0 for some large N, any monomial
in the z’s with large enough degree maps to 0 in C'. Hence, the image of R in C' is contained
in C := A @ J for a finite A-submodule J C I, and we can increase J so that C is a local
finite flat A-subalgebra of C'. Note that Cp=C.
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Now consider any ¢ lifting ¢. The restriction of ¢ to the closed point of SpecC' is a map
¢o : Spec E — X over the specialization ¢, : Spec E — R over A. This latter specialization
is a A-algebra map R — F and hence lands in A. This resulting A-valued point of Spec R
uniquely lifts to a A-valued point of the R-proper X extending ¢q, due to the valuative
criterion for properness. Consider an open affine Spec A in X around the image of the A-
valued point of X extending ¢o. This open affine contains the image of ¢ since £ = C/I
with I nilpotent. The resulting A-algebra map

A—-C=Fd]

with A a finite type R-algebra lands in A @ I by the choice of A, and so lands in C upon
taking J big enough.

We have now constructed an R-map Spec C' — X that serves as an “Integral model” (over
A) for ¢. The choice of J can always be increased even further, so to prove the uniqueness
of ¢ (if one exists) it suffices to consider a pair of R-maps Specé’ = X over a common
local A-map Specé’ — R, and to show that the resulting “generic fiber” maps SpecC' = X
coincide. _ N -

By locality of the A-map R — C' to the A-finite C, a cofinal system of open ideals in C
is given by the m’éé . Using the formal GAGA construction of X from the X,,’s, it follows
that the pair of maps Specé = X corresponds to a pair of ordinary crystalline structures
on pgs (i.e., compatible such structures over each artinian quotient of 6’) These coincide

provided that the resulting pair of filtrations on p¢ coincide, since a C-line in C? is uniquely
determined by the associated C-line in C? (via saturation of A-finite submodules in finite-
dimensional E-vector spaces, as C is finite flat over A and Cy = C).

Thus, the injectivity of fr on C-points is reduced to proving that if Gx — GLy(C) is a
homomorphism admitting an upper triangular form

xnto*
0 n

relative to some C-basis with n : Gx — C* unramified then the yn~!-line is uniquely
determined. This C-line is precisely the locus of vectors on which Ik acts through . Indeed,
to prove this it suffices to check that in the quotient C-line n the space of y-isotypic vectors
for the Ix-action vanishes. Since y is valued in £ and C' has an F-linear filtration by
ideals with successive codimension 1 over F, we just need to observe that y # 1 in £ since
char(F) = 0. (In more sophisticated p-adic Hodge theory settings, the analogue of this step
requires results such as Tate’s isogeny theorem for p-divisible groups over A: uniqueness
results for integral structures in case of generic characteristic 0.)

To identify the closed points of X within MaxSpec(Rg), we will use Example 3.9. Closed
points of X are obtained from E’-valued points for finite extension fields E'/E; let A’ be
the valuation ring of E’. The preceding argument with the valuative criterion for properness
shows that any E’-valued point of Xz uniquely extends to a A’-valued point of X over
Spec R, and such a point corresponds precisely to a filtration on pg as in Definition 3.1, due
to Example 3.9. This proves that the closed points of X are the ordinary crystalline points
of MaxSpec(Rg). [ |
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Corollary 4.3. Let py : Gx — GLy(k) be an ordinary crystalline representation with cy-
clotomic determinant. Let p : Gg — GLa(R) be the universal framed deformation with
cyclotomic determinant; if po has only scalar endomorphisms we allow alternatively that
(p, R) is the universal deformation of py with cyclotomic determinant.

The locus of ordinary crystalline points in MaxSpec(Rg) is Zariski-closed, and if

Spec(R™)

denotes the Zariski closure in Spec(R) of this locus in Spec(Rg) then RE4 is reqular, and it
is a domain except precisely when (po)r = VY1 B Y2 with 11 # Y9 and each ; an unramified

k" ~valued twist of w:= xy mod p.

Note that the exceptional cases at the end of the corollary do not include the case when
po makes Gk act trivially. This is really useful: we will apply this corollary later for the
universal framed deformation ring of a 2-dimensional trivial residual representation (after
making a preliminary finite extension on K).

Proof. Apply the preceding theory to p, so we get the “moduli scheme” f : X — SpecR
that is regular and induces a closed immersion fr over E whose image on closed points is
the set of ordinary crystalline points of MaxSpec(Rg). This gives the Zariski-closedness and
regularity claims, so the domain property amounts to the assertion that Xz is connected. We
saw above that X mod 7 is reduced, so by Lemma 2.2 the connectedness of X is equivalent
to the connectedness of the proper special fiber fy : Xy — Speck (since Xj is certainly
non-empty, due to its moduli-theoretic meaning and the fact that the ordinary crystalline
hypothesis on pg provides a k-point of Xj).

Loosely speaking, X, is the moduli scheme of ordinary crystalline structures on p;. That
is, it parameterizes all G g-stable lines in py on which I acts by x. By construction, the non-
empty X, is a closed subscheme of P}, so it is connected except precisely when it is not the
entire projective line nor is a single geometric point (as we know Xy (k) # (). The condition
Xo = P}, says that every line in (pg)z is Gg-stable and has I-action by w. In other words,
po is a scalar representation via an unramified twist of w. Thus, the disconnectedness case
is when (pp)z has more than one — but only finitely many! — Gk-stable line with action by
an unramified twist of w. The number of such lines is therefore exactly two, by the Jordan-
Hoélder theorem. Such cases are precisely when (pg)z is a direct sum of distinct k -valued
characters of G which are each an unramified twist of w. [ |

Remark 4.4. There is a variant of the preceding considerations which is useful in practice:
require the determinant of pg and its deformations to be y for a fixed unramified (possibly
nontrivial) continuous character ¢ : G — A*.

In such cases the conclusions of Corollary 4.3 hold, by essentially the same proof. The
point is that to prove these claims we can first make a scalar extension from A to the valuation
ring of a finite extension of E, so we can arrange that the unramified ¢ : Gx — A* admits
a square root. It is then harmless in the Galois deformation theory to twist everything by
the reciprocal of this square root, so we are thereby reduced back to the case 1 = 1 which
was treated above.
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The final application we take up is the determination of the dimension of the regular
Zariski closure Xp of the locus of ordinary crystalline points in Spec(Rg) for a framed
deformation ring REO’det:W. In some cases this Zariski closure is disconnected, but we claim
that its connected components are always of the same pure dimension:

Proposition 4.5. The E-fiber of the ordinary crystalline framed deformation ring
RD,ord,detzxw
po

has dimension 3 + [K : Q,| at all closed points.

Proof. As above, we may reduce to the case 1 = 1 by making a suitable finite extension on
E (which is harmless for our purposes). In view of the regularity, we just have to compute
the dimension of the tangent space at each closed point in characteristic 0. This will be a
Galois H! with coefficients in a p-adic field. N

By the proof of Proposition 4.2 (relating C-valued points and C-valued points) and the
lecture in the fall on charateristic-0 deformation rings, if we identify a closed point x € Xg
with an ordinary crystalline representation p, : Gx — GLy(E(x)) then the (regular) com-
pleted local ring of Xg at x is the deformation ring of p, relative to the conditions of having
determinant x and being ordinary crystalline (in the sense of Definition 3.1, generalized in
the evident manner to allow coefficients in any finite E-algebra, not just finite extension
fields of E).

The method of the proof of the Corollary in §1 of Samit’s lecture in the fall shows (OK,
this should be revised for clarity!) carries over to characteristic-zero deformation theory, so
the dimension of the tangent space to the cyclotomic-determinant framed deformation func-
tor exceeds the dimension of the tangent space to the cyclotomic-determinant deformation
functor by dim PGLy + h°(ad®(p,)) = 3+ h°(ad”(p,)). Thus, the problem is to prove that in
the tangent space H' (K, ad’(p,)) to the cyclotomic-determinant deformation ring of p,, the
space of first-order deformations which are ordinary crystalline has E(z)-dimension [K : Q,]
if the reducible p, has only scalar endomorphisms and 1+ [K : Q,] otherwise (the case when
p. 1s a direct sum of characters, necessarily distinct due to ramification considerations). The

representation p, has the form
o (X1

for some unramified n : Gx — O E(I), and upon restriction to Ix (which kills  and 1)

the resulting class in H' (I, Z,(1)) arises from units in Op.. via Kummer theory (i.e., it is
killed by the natural map H'(Ix, Z,(1)) — Z, defined by the valuation map K"™* — Z and
Kummer theory). It is harmless to rename E(x) as E, so this is now a very concrete problem
in Galois cohomology and Kummer theory using the “explicit” upper-triangular description
of py.

The only method we know to carry out the dimension calculation in the general case is
to bring in deeper methods related to p-adic Hodge theory or p-divisible groups over very
ramified p-adic discrete valuation rings. But we will only apply the Proposition in the special
case that pg is the trivial 2-dimensional residual representation. So now we will give a proof
only in this case. Note that the residual triviality forces the mod-p cyclotomic character of G
to be trivial, so there is a distinguished ordinary crystalline lift with cyclotomic determinant:
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px = E(x)®E. We have seen that for our py, the ord-crystalline framed deformation ring R
with determinant y has the property that Rg is regular with connected spectrum. Provided
that the E(x)-dimension of its tangent space at any closed point x € MaxSpec(Rg) is
independent of x, it would suffice to carry out the dimension computation at a single x. For
example, we would be reduced to computing the F-dimension of the ord-crystalline subspace
of

Hl(Ka adO(Px)) = EXt}((va Px)det:x-

The equidimensionality of the tangent spaces on MaxSpec(Rpg) is a special case of:

Lemma 4.6. Let R be a quotient of a formal power series ring over A, and assume that Rg
s normal with connected spectrum. Then all mazimal ideals of Rg have the same height.

Proof. Replacing R with the quotient by its nilradical has no effect on Rg, so we can assume
that R is reduced. Likewise we can assume it has vanishing w-power torsion, so R is A-
flat. Hence, R is a domain (as R is a domain, due to regularity and connectedness of its
spectrum). But R is excellent, so the normalization map R — R’ is module-finite. The
residue field may increase in the normalization process, so R’ is a quotient of a formal
power series ring over the valuation ring of some finite unramified extension £’ of E. Then
Rp = R, = R, so we can replace (R, E) with (R, E') to reduce to the case when R is a
normal domain.

There are now two ways to proceed: commutative algebra, or rigid-analytic geometry. For
the commutative algebra method, let p be a maximal ideal of R = R[1/p]. The complete
local noetherian domain R is catenary ([5, 31.6(iv)]; in general, the catenary property is also
part of the definition of excellence), so dim Rp + dim(R/P) = dim(R) for any prime ideal P
of R. Taking P corresponding to p, we get

dim(Rg), = dim(Rp) = dim(R) — dim(R/P),

so it suffices to prove that dim(R/P) = 1 for all such P. The quotient R/P is a A-flat
quotient of a formal power series ring over A such that its generic fiber ring is Rg/p, which
is a field of finite degree over E. Hence, the subring R/P lies in the valuation ring of this
finite extension of F, whence R/P is module-finite over A and so is of dimension 1. This
completes the commutative algebra proof.

We merely sketch the rigid-analytic method, which provides nice geometric intuition (and
can be made rigorous). By choosing a presentation

RZA[[tl,...,tm]]/<f1,...,fs),

it is natural to associate to R the rigid-analytic space M over E defined by f; =--- = f, =0
in the open unit m-disc over E. This construction is given in more intrinsic terms in [1,
7.1]. That exposition proves some very useful related facts: there is a natural bijective
correspondence between MaxSpec(Rg) and the underlying set of M such that the completed
local rings at corresponding points are naturally E-isomorphic [1, 7.1.9], and R is identified
with the ring of bounded global analytic functions on M (here we use the normality of R)
[1, 7.3.6]. Thus, the completed local rings on M are normal (as the excellent R is normal,
by hypothesis, so its completed local rings are normal). But it is elementary to check that
a noetherian local ring is a normal domain if its completion is, so the analytic local rings
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on M are normal and the affinoid opens in M have normal coordinate ring. Moreover, M is
connected for the Tate topology since idempotents are bounded analytic functions and Rg
is a domain (due to normality and connectedness of its spectrum).

Since the completed local rings of R at its maximal ideals coincide with the completed
local rings on M, and completion preserves dimension for local noetherian rings, to prove
that all maximal ideals of R have the same height it suffices to prove that all local rings on
M have the same dimension. More generally, any normal rigid-analytic space has pointwise
dimension that is locally constant for the Tate topology (and hence globally constant in the
connected case): this comes down to the fact that an affinoid space associated to a domain
has constant pointwise dimension, which is [2, Lemma 2.1.5].

As an alternative argument in the rigid-analytic case if we assume Rp is regular (as
holds in the cases we need), regularity of M implies smoothness of M since char(E) =
0, so the coherent sheaf Qj, /i is locally free on M with rank dim,,(M) at any m € M.
But connectedness of M forces this rank to be globally constant, whence M has constant
pointwise dimension as desired. ]

Returning to the proof of Proposition 4.5, we just have to prove that the ordinary crys-
talline subspace of Extk(py,py )%™ has E-dimension equal to [K : Q,]. Since p, =
E(x) @ E, we have an equality of E-vector spaces

(4.1) Extr(py, py) = Exti(E(x), E(x)) ® Exty (E(x), E) @ Ext'(E, E(x)) ® Exty (E, E).

The condition that an FEl[e]-deformation of p, has cyclotomic determinant amounts to the
condition that its Ext-class £ on the left side of (4.1) has components in outer terms that
are Cartier dual to each other (as one checks with a direct 4 x 4 matrix calculation). The
ordinarity condition likewise amounts to the vanishing of the Extj (E(x), £) component.
The crystalline condition then says that the component in Ext} (E, E) = H' (K, E) is un-
ramified (a 1-dimensional subspace) and the component in Extj (E, E(x)) = HY(K, E(1)) is
crystalline.

Since p, = E(x) @ E has non-scalar endomorphisms, our problem is to prove that the
ordinary-crystalline Ext-space with cyclotomic determinant inside of the left side of (4.1)
has E-dimension 1+ [K : Q,]. We have already accounted for one dimension, and it remains
to prove that Hl (K, E(1)) = H. (K, Z,(1)) ®z, E has E-dimension [K : Q,]. But

H.. .(K,Z,(1)) is the multiplicative p-adic completion of & = k* x (1 + mg), which is

crys

1 4+ mg. Via the logarithm, its Z,-rank as a multiplicative Z,-module is [K : Q,]. |
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LOCAL PROPERTIES OF MODULAR GALOIS REPRESENTATIONS

ANDREW SNOWDEN

1. INTRODUCTION

Let f be a cuspidal eigenform of weight 2 and level T'g(N). Let p be a prime, which we assume does not
divide N. We have stated (though have not proved) that there exists a Galois representation p : Gq s —
GLQ(QP)7 where S is the set of primes dividing p/N, which satisfies and is characterized by the following two
properties: (1) the determinant of p is the cyclotomic character x = x,; and (2) for a prime ¢t pN the trace
of p(Froby) is equal to the eigenvalue of the Hecke operator T; acting on f. We have also stated (and not
proved) that for ¢ | N the representation ,D\GQZ corresponds under local Langlands to the local component
of the automorphic representation of f at /. We have not yet examined the local representation p\GQP. For
the purposes of this seminar, we will need only one result: if f is ordinary (in the sense of modular forms)
then p|GQp is crystalline and ordinary (in the sense of Galois representations). The definitions of ordinary
are recalled below.

The purpose of this lecture is to sketch the construction of p and the proofs that it satisfies the above
local conditions, at least for £1 N. The representation p is found as a quotient of the Jacobian Jy (V) of the
modular curve Xo(N), and is not difficult to construct. To establish the properties of p at the unramified
places and at p, we use the Eichler-Shimura relation. To formulate and prove this identity, we use the
reduction of Xy(N) modulo p. This requires us to introduce some of the theory of moduli of elliptic curves
over integers; fortunately, we are in a rather easy situation. At the end of these notes, we explain a bit
about what happens in the Hilbert modular case.

I should say here that I am not extremely familiar with this material. I believe I have the main points
correct, but I might have some details wrong. Certainly, some details have been omitted. For certain topics,
more complete treatments can be found in the references.

2. MODULI OF ELLIPTIC CURVES
In this section we define moduli spaces of elliptic curves and establish some of their basic properties.

2.1. The moduli space. Let S be a scheme. An elliptic curve over S is a smooth proper group scheme
E — S whose geometric fibers are connected genus 1 curves. Let Y be the functor which assigns to a scheme
S the groupoid Y (S) of elliptic curves over S; that is, Y'(S) is the category whose objects are elliptic curves
over S and where morphisms are isomorphisms of group schemes over S. We call Y the moduli space of
elliptic curves.

Proposition 1. The functor Y is a stack.

Proof. Let E/S be an elliptic curve. The zero section 0 : S — E defines an ample divisor D on E (in the
relative sense) and 3D is very ample. Let Ag be the projective coordinate ring of F in this embedding,
that is, Ag is @@, f«(€(3nD)) where f : E — S is the structure map. Then Ag is a quasi-coherent
sheaf of graded rings on S and F is identified with Proj(Ag). The functor E + Ag identifies Y (S) with
a subcategory of the category of quasi-coherent graded algebras on S. The latter forms a stack in the fppf
topology by Grothendieck’s theory of flat descent. It is easy to conclude from this that Y itself forms a
stack. More precisely, let E; be elliptic curves on a cover U; of a scheme S and let f;; be an isomorphism
of E; and Ej; on Uy; satisfying the 1-cocycle condition. Then Ag, and Ay, define descent data for algebras
on S. By flat descent, one obtains a quasi-coherent graded algebra A on S. Put E = Proj(S). One has a
canonical identification E|y, = E;, which allows one to establish the geometric properties required of E, as
these properties are fppf local. (One must say a bit more along the same lines to get the zero section and
group law on E.) O

Date: September 11, 2010.



2 ANDREW SNOWDEN

Proposition 2. The functor Y is formally smooth (over Z).

Proof. Let S be an affine scheme and let Sy be a closed subscheme defined by a square zero ideal I. Let
Ey be an elliptic curve over Sy. We must extend Ey to an elliptic curve over S. Note that any such curve
will have the same underlying topological space as E, just a different structure sheaf. Let Uj; be an open
affine cover of Fy. Since smooth affine schemes always lift, we can find a smooth affine U; over S extending
Up,;- We have thus extended O, to an Og-algebra on an open cover. These bigger algebras may not patch
together, but we can try to modify them so that they do. There is an obstruction class in H?(Ey, Tx,)
measuring if such a modification is possible; here T, is the tangent sheaf of Ey. Now, since Sy is affine,
this cohomology group is equal to H°(Sy, R?f.Tg,), where f : Eg — Sp is the structure map. As Ey — Sp
is a curve, R?f, vanishes. This shows that H?(FEp, Tg,) vanishes as well, and thus there is no obstruction
to the modification procedure. We have thus found a smooth scheme E over S such that Eg, is canonically
identified with Ey. One then needs to extend the zero section from Sy to S; we leave this to the reader. [

2.2. Level structure in good characteristic. Let N be an integer. For an elliptic curve E/S we write
E[N] for the N-torsion of E. It is a finite flat group scheme over S. If N is invertible on S then E[N] is
a finite étale group scheme over S. We define three additional moduli spaces Y (), Y1(N) and Yp(NV) over
Z[1/N], as follows:

e Y(N)(S) is the category of tuples (E, P, Q) where E/S is an elliptic curve P,Q € E[N] form a basis
of E[N], i.e., the map ((Z/NZ)?)s — E[N] defined by (P, Q) is an isomorphism of sheaves.
e Y1(N)(S) is the category of pairs (E, P) where E/S is an elliptic curve and P € E[N] is a point of
exact order N, i.e., the map (Z/NZ)s — E defined by P is an injection of sheaves.
o Y;(N)(S) is the category of pairs (E, G) where E/S is an elliptic curve and G C E[N] is a subgroup
scheme which is fppf locally isomorphic to (Z/NZ)g.
For N > 3 the category Y (V) is discrete; the same holds for Y7 (N) and Yy(N) for N large enough. We
assume from now on that IV is sufficiently large for this to be the case. We now have the following result:

Proposition 3. Each of Y(N), Y1(N) and Yo(N) is a smooth affine curve over Z[1/N]. The natural map
from each to Y is finite and étale.

Proof. We consider only Y (), leaving the others to the reader. First, it follows easily from Proposition 1
that Y/ (N) is itself a stack; it is therefore a sheaf of sets since it is discrete. We now show that Y(N) - Y
is relatively representable, finite and étale. Let S — Y be a map, corresponding to an elliptic curve E/S.
The fiber product Y(IN) xy S is then identified with the subsheaf of E[N] x E[N] consisting of those pairs
of sections which form a basis. This is clearly a finite étale scheme over S. This establishes the claim. The
formal smoothness of Y(N) now follows from Proposition 2.

Here is the main idea of one approach to get representability. The group G = GL(2,Z/3Z) acts on Y (3).
One can write down explicit equations for Y (3) demonstrating that it is a smooth affine curve over Z[1/3].
One can also show that G acts freely on Y (N) xy Y (3) and that the quotient is identified with Y (V). Since
Y (N) is relatively representable and finite étale, the product Y (V) xy Y (3) is a smooth affine curve over
Z[1/3N]. Tt follows that the same holds for the quotient by G, which establishes the required properties
of Y(N), at least over Z[1/3N]. There is another explicit moduli problem and finite group one can use to
obtain the required properties over Z[1/2N]. This implies the results over Z[1/N]. (One can probably avoid
the use of Y (3) by appealing to more general results, such as Artin’s representability theorem.) O

Remark 4. The finite étale covers of Y provided by Y (N) show that YV is a Deligne-Mumford stack. The
same is true for Y/(N), Yo(N) and Y7 (N) when N is small.

2.3. Compactification. The modular curve Y constructed in the previous section is affine. We would now
like to compactify it. To do this we must add a few points to it. These points correspond to curves which are
limits of elliptic curves. To see what a “limit of an elliptic curve” is, it is useful to think about the situation
over the complex numbers: to degenerate an elliptic curve, one can take a few cycles on it and pinch them
each to a point. The result is a bunch of P's glued together. This motivates the formal definitions which
follow.

Let n be an integer. Let C' be the scheme obtained by taking P! x Z/nZ and identifying the point 0 in
the ith P! with the point oo in the (i + 1)st P'. We call C an n-gon. We let C° denote the smooth part of
C'. The space C° is identified with G, x Z/nZ, and is thus naturally a group. Furthermore, the group law
on C° extends to an action on all of C.
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A generalized elliptic curve over a scheme S is a proper flat curve E — S together with a multiplication
map E° x E — E which gives E° the structure of a group scheme, in such a way that the fibers of E are
elliptic curves or polygons (respecting the obvious structure). Here E° denotes the open subset of E where
the fibers are smooth. We define X (S) to be the groupoid of generalized elliptic curves E/S whose fibers
are all irreducible, i.e., elliptic curves or 1-gons.

Proposition 5. The functor X is a proper smooth Deligne-Mumford stack over Z.

Proof. This is proved in [DR] using Artin’s representability theorem. I imagine one could give an argument
similar to the one we gave for Y. Properness can be seen from the valuative criterion. Let A be a valuation
ring with fraction field K and let E/K be an elliptic curve. The semi-stable reduction theorem implies that
there is a finite extension K’/ K such that the base change E’ of E to K’ has good or multiplicative reduction
— that is, its minimal Weierstrass equation defines a scheme over A’ having semi-stable reduction. This
shows that the point of X (K) coming from E, when mapping into X (K'), comes from an element of X (A’).
Thus X satisfies the valuative criterion for properness. (Note that this criterion is a little bit different than
the one for schemes: we are allowed to extend the field K.) 0

We can also compactify the spaces Y (N), Yp(N) and Y1(N) over Z[1/N]. To do this, we need to define
the notion of a level structure on a generalized elliptic curve. Thus let E/S be a generalized elliptic curve.
We let E[N] be the N-torsion of the group E°. The only subtlety concerning level structures is that we
require them to be ample, which amounts to them meeting every irreducible component of the fibers of E.
Thus a I'o(N) structure is a subgroup G C E[N] which is locally isomorphic to Z/NZ and such that G
meets each irreducible component of the fibers of E. Note that this imposes a restriction on what the fibers
can be: their component group must be a quotient of Z/NZ. We define X((N) to be pairs (E,G) where E
is a generalized elliptic curve whose fibers are elliptic curves or N-gons and G C E[N] is a I'o(N) structure,
as defined above. The spaces X (N) and X;(N) are defined similarly.

Proposition 6. The functors X(N), Xo(N) and X1(N) are smooth proper schemes over Z[1/N] (assuming
N large enough).

2.4. The space X((p) over Z. The compactified space Xo(N) — and indeed, even the open curve Yy(N)
— has only been defined over Z[1/N]. It is a bit tricky to formulate what these spaces should be over Z
since one has to specify what it means for a (non étale) group scheme to be cyclic. However, when N is a
prime, this is not hard: every group of order p should be considered cyclic! We thus define Yy(p)(S) (resp.
Xo(p)(S)) to be the groupoid of pairs (E,G) where E is an elliptic curve (resp. generalized elliptic curve)
over S and G C E|p] is a finite flat subgroup scheme of order p which is ample (this condition is only relevant
for Xo(p)). We then have the following result:

Proposition 7. The functor Xo(p) is a proper flat curve over Z (for p large).

We will actually need to extend this a bit for our application. Let N be an integer prime to p. A cyclic
group of order Np decomposes canonically as a product of a cyclic group of order NV and one of order p. We
thus have Xo(Np) = X(N) xx X(p) over Z[1/Np]. We take this formula as the definition of Xo(Np) over
Z[1/N]. That is, Xo(Np) consists of tuples (E, G, H) where E/S is a generalized elliptic curve whose fibers
are elliptic curves or pN-gons, G C E[N] is a group locally isomorphic to Z/NZ and H C Elp| is a finite
flat subgroup such that GH meets every irreducible component of the fibers of E. We then have:

Proposition 8. The functor Xo(pN) is a proper flat curve over Z[1/N] (for Np large).

3. ELLIPTIC CURVES IN CHARACTERISTIC p

We now examine elliptic curves in characteristic p and their moduli. We establish the Eichler-Shimura
relation.

3.1. Group schemes. Let k be a finite field. Let G/k be a finite commutative group scheme. We say that
G is local if it is connected. There is a canonical exact sequence

155G G —>G% =1

where G° is local and G®* is étale. If the order of G is prime to p then G is automatically étale.
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Define a functor GV by GV(T) = Hom(Gr, (G,,)r). Then GV is again a finite group scheme over k. We
call GV the Cartier dual of G. Cartier duality is an anti-equivalence of categories. The properties “local”
and “étale” interact in an interesting manner with Cartier duality. First of all, if G has order prime to p
then GV does as well and both are étale. However, the dual of p-power étale group is never étale, and is
always connected: for example, (Z/pZ)Y = p,. The converse to this is not true: for example, if o, is the
kernel of Frobenius on G, i.e., Spec(k[z]/2P), then «, is connected and self-dual. We thus find that we can
define four classes of groups: étale-étale, étale-local, local-étale and local-local depending on the properties
of G and GV. Here are examples from the respective classes: Z/NZ with N prime to p, Z/pZ, j1,, and a,.
Every group canonically decomposes as a sum of four groups of these types, so in many circumstances, it
suffices to consider groups of only one type. Each type of group forms an abelian category, and with the
exception of the étale-étale case, each has only one simple object over k (the examples we have listed).

Let G/k be a group scheme. We then have the relative Frobenius map F : G¥ — G, which is a map
of groups. Here GT' is the Frobenius twist of G; note that (G¥)Y = (GV)F. The Cartier dual of the
relative Frobenius map is a map GV — (GY)F. This is not the Frobenius map on GV (it goes in the wrong
direction), but a new map, called Verschebung, and denoted V. Precisely, this is the Verschebung for GV.
The Verschebung for G is defined by taking the Cartier dual of the Frobenius map on GV; it is a map
V : G — GF. Here are some examples, with k = F,, (note then that GI' = G for any G). On Z/pZ the
Frobenius is the identity. On p, and «;, the Frobenius is the zero map; these groups are by definition the
kernel of Frobenius on G,, and G,. Since Z/pZ and p, are Cartier dual, it follows that V = 0 on Z/pZ
while V' is the identity on pp,. As oy, is self-dual, V' = 0 on it. Clearly, on the étale-étale groups, F' and V'
are both the identity.

The Frobenius and Vershebung maps in fact allows us to determine which of the four types G is. For
instance, G is local if and only if F' is nilpotent (meaning F™ : GF" — @ is zero for n > 0) and étale if and
only if F' is an isomorphism. Thus GV is local is and only if V is nilpotent on G and étale if and only if V'
is an isomorphism on G.

Let A be an abelian variety over k. Then the p-torsion A[p] is an example of a finite group. The
Frobenius map on A[p] is nothing other than the Frobenius map on A restricted to A[p]. This Frobenius
map F : AP — Ais an isogeny, and thus has a dual V : AV — (AF)Y. We can thus defineamap V : A — A
by taking the dual to Frobenius on AY. The map induced on AV[p] by V is in fact the dual of the Frobenius
map on Alp| since Cartier duality and abelian variety duality interact nicely. This is useful when dealing
with the torsion groups of abelian varieties, as we will below.

3.2. Elliptic curves. Let E be an elliptic curve over k. The group scheme E[p] is finite of order p?. The
WEeil pairing
Elp] x Elp] = pp C Gy

implies that E[p] is its own Cartier dual. This implies that there are two possibilities for E: either it is
a sum of a local-étale group and an étale-local group each of order p and dual to each other, or else it is
local-local. In the first case, E[p] has k points while in the second case it does not. We call E ordinary in
the first case and supersingular in the second.

The group scheme E[p] can be exactly determined over k. In the ordinary case, the étale quotient of
Elp] is isomorphic to Z/pZ and so the local part, its dual, must be p,. Thus Elp| = p, & Z/pZ. In the
supersingular case, E[p] is local-local, and so it is an extension

0— ap, = Elp] = ap, — 0.

There are four such (total spaces of) extensions up to isomorphism: the direct sum (on which F' = 0 and
V = 0), the kernel of Frobenius on the Witt scheme W5 (on which F' = 0 and V # 0), the kernel of the
square of Frobenius on G, namely o2 (on which F' # 0 and V' = 0; it is Cariter dual to W3), and one other
(which can be described as the Yoneda sum of the other two non-trivial extensions and on which F' and V
are each non-zero). The group E[p] is the last one: since F and V on E[p| are the restriction of degree p
isogenies on E, their kernels must be order p and therefore cannot be all of E[p]; thus F and V are each
non-zero on FE[p].

3.3. The space X;(p). We now consider Xy(p) over k. This is the space of generalized elliptic curves
together with a subgroup of order p (satisfying some condition in the generalized case, which we will ignore).
Let E/k be an elliptic curve. How many subgroups of order p does it have? If E is ordinary, then it has
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two: the local one and the étale one. It cannot have more than these two, because they are distinct simple
objects. If E is supersingular, then it has at most one subgroup of order p, since over k it is a non-trivial
extension of two simples.

The above discussion shows that we can define two maps i1,i2 : X — Xg(p), by letting i1 (F) be
(EF ker F) and i3(FE) be (E,ker V). It is clear that each map is injective; in fact, each is a closed im-
mersion. Furthermore, the previous discussion shows that they are jointly surjective. To be clear, say that
(E,G) is a point of Xy(p). If F is supersingular, then G must coincide with ker V', since there is only one
subgroup of order p, and so (E,G) = ix(E). If E is ordinary and G is étale, then (E,G) = i3(F), while if E
is ordinary and G is local then (E,G) = i;(E'), where E’ is such that (E’)f = E. Note that if E is ordinary
then i1 (E) and i3(FE) are unequal, since in i1(E) the level structure is étale while in i5(F) it is local. If
E is supersingular so is Ef" and thus i;(E) = i2(E¥). We therefore find that Xo(p) can be described as
two copies of X glued along their supersingular loci identified via (—) (at the supersingular points there
are nodal singularities). The same discussion applies to Xo(Np): it is two copies of Xo(N) glued along
supersingular points by (—)f.

As a side comment, we note that this result shows that the genus of Xy(p) is one less than the number
of supersingular curves.

3.4. Correspondences. We quickly review the basics of correspondences on curves. Let X be a regular
curve over a field k. A correspondence on X is a pair f = (f1, f2) where f; and fy are maps from some
reduced curve C (the total space) to X such that f; is finite. Given two correspondences f and f’ with total
spaces C' and C’ we define their sum, denoted f + f’, to be the natural correspondence with total space
CIIC'. Given a correspondence f with total space C', we get a natural correspondence f with total space
C the normalization of C coming from the finite map C — C. We consider f and f to be equivalent; note
that C is always regular.

Let f: X — Y be a map of regular curves over k. We then have a map f, : Div(X) — Div(Y). This
map is characterized by the following two properties: deg f.(D) = deg D and sup f.(D) = fi(sup(D)). If
k is algebraically closed, so that divisors correspond to points, then fi([z]) is just [f(x)]. Now assume that
f is a finite map. Then we have a map f* : Div(Y) — Div(X), (almost) characterized by two properties:
deg(f*(D)) = deg(f)deg(D) and sup(f*(D)) = f~'(sup(D)). (Here f~! is just taken at the topological
level.) If k is algebraically closed, then for y € Y (k) we have

U= S leng(X,)l)
zeX (k)
where here X,, = X xy y. Note that X, is a finite subscheme of X, but may not be reduced.

Now let f = (f1, f2) be a correspondence of X with total space C. We define a map f, : Div(X) — Div(X)
by (f2)«f7. (If C is not regular, use fv) This map carries principal divisors into principal divisors and
therefore induces a map f, : Pic(X) — Pic(X), and a map f, : Jac(X) — Jac(X). (We have only defined
these maps on field points, but they exist as maps of schemes.) Let g : X — X be a finite map of curves.
The f = (id, g) and f’ = (g,id) are correspondences of X. The map fi. of Jac(X) coincides with the map
g«, while the map (f”). is the dual to g..

3.5. The Eichler-Shimura identity. There are two natural maps p1,p2 : Xo(Np) — Xo(N), taking
(E,G) to E or E/G, where here G is a subgroup of order p and the level N structure is implicit. These
two maps define a correspondence from Xo(N) to itself over Z[1/N], called the Hecke correspondence, and
denoted T},. The Eichler-Shimura identity computes this correspondence in characteristic p:

Proposition 9. We have T, = (F,1) + (1,F) as correspondences on Xo(N). Thus (Ip)« = F+V as
endomorphisms of Jo(N). (All of this takes place over F,.)

Proof. Recall that we have defined maps 41,2 : Xo(N) — Xo(pN) and that the map
i1 g : Xo(N) HXo(N) — Xo(pN)

is the normalization of Xo(pN). Thus, since we are allowed to replace the total space of a correspondence
with its normalization, the correspondence T}, is just the sum of the correspondences (p; o 41,p2 ©41) and
(p1 0 g, pa2 0i2), each with total space Xo(N). Some short computations show that

proty =F, p1 o2 = id, p2 011 = id, p2oig = F.
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Thus T, = (F,1) + (1, F), as claimed. The correspondence (1, F) induces the map F on the Jacobian while
the correspondence (F,1) induces the dual map V. This completes the proof. O

4. APPLICATIONS TO MODULAR (GALOIS REPRESENTATIONS

We have defined correspondences T}, on X (V) for all primes p not dividing N. These correspondences
induce endomorphisms of the abelian variety Jo (V) and generate a commutative subalgebra T of End(Jy(N))
which is finite over Z. Let f be a cuspidal weight 2 newform of level N. Let Ky C C be the coefficient field
of f. The action of T on f determines a homomorphism A : T — K. Let a be the kernel of A, an ideal of
T, and let Ay be the quotient of Jo(N) by aJo(N). We wish to understand Ay as best we can. We begin
by computing its dimension:

Proposition 10. The dimension of Ay is the degree of Ky.

Proof. The dimension of Ay is the dimension of the space of global 1-forms on it. Global 1-forms on Ay
correspond to global 1-forms on Jy(N) which are killed by a. The latter space is precisely the space of
modular forms with eigenvalue some Aut(C) conjugate of A\. Thus the dimension of this space is the number
of conjugates of A, which is equal to the degree of K. O

The abelian variety Ay actually has an action of Ky by isogenies, that is, there is a canonical map
K; — End(Ay) ® Q. We can therefore regard the Tate module T;(Ay) as a two dimensional vector space
over Ky ® Q. The following proposition (combined with Faltings’ theorem on isogenies of abelian varieties)
determines Ay up to isogeny.

Proposition 11. Let p be a prime not dividing N. Then Ay has good reduction at p and the trace of Frob,
on any Tate module Ty Ay with £ # p is equal to a,, the eigenvalue of T, on f.

Proof. We consider only the case K = Q for simplicity. The abelian variety Jo(N) has good reduction at p
since Xo (V) is a smooth proper curve over Z[1/N], from which it follows that the quotient A; does as well.
Working modulo p, we have T, = F' + V on Jy(N), which implies the same on the quotient Ay. On this
quotient, 7}, acts by multiplication by the integer a, = A(T},). We thus find that F? —a,F +p =0 on Ay,
which shows that a, is the trace of F' on TyAs. (There is a slight gap in this proof. In this section, we have
simply stated that T acts on Jo(IN) without explaining how. To prove the Eichler—Shimura correspondence,
we used a precise definition of the action of T}, on Jy(IN), and equated it with the action of the correspondence
gotten by passing to the normalization of the total space. One must show that these two actions of T}, on
Jo(N) coincide to have a complete proof. We leave these details to the reader.) O

We now turn to ordinarity. We say that f is ordinary at p if its T}, eigenvalue is a p-adic unit. We say
that a Galois representation p : Gq — GL2(Q)) is ordinary at p if on inertia it is an extension of 1 by x,.
Furthermore, we say that p is ordinary crystalline if this extension class is represented by a unit in Kummer
theory. We now have the following result:

Proposition 12. If f is ordinary at p{ N then T, Ay is ordinary crystalline.

Proof. We again assume K = Q. As in the previous proposition, A has good reduction at p and F2—a,F+p
holds as an endomorphism of Ay, the reduction of Ay modulo p. Assume for the moment that A; were
supersingular. Then we would have F2 = 0 on Af[p] (since F =V in the supersingular case and FV = p),
and so a,F' would be zero on Zf [p]. Since a,, is a p-adic unit, and integer, this would imply that F' vanishes
on Ag[p]. This is impossible since the kernel of F' has order p. Thus Ay is ordinary. The result now follows
from the following proposition. O

Proposition 13. Let E/Z, be an elliptic curve with ordinary reduction. Then T,E is crystalline ordinary.
Proof. 1t is not difficult to see that E[p] is an extension of Z/p by p, over Z;". In fact, we have an extension
0— ppn — EP"] = Z/p" —0

over Zy". This shows that T}, F is an extension of 1 by x,, and thus ordinary. To see that it is crystalline,
note that the above extension, regarded simply as an extension of sheaves of groups on the fppf site of Z;",
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defines an element of H}(Z;“, tpn ). Here Hy is cohomology in the fppf site. We can compute this group via
Kummer theory. Since H}(Z;“, G,.) =0, we have

HHEZ i) = (230 /(2"
This isomorphism is compatible with Kummer theory over Q", which shows that the extension class for
T,E is represented by a p-adic unit. O

5. GALOIS REPRESENTATIONS COMING FROM HILBERT MODULAR FORMS

Let f be a Hilbert cuspidal eigenform of parallel weight 2 for a totally real field F. We know that one
can associate a Galois representation to f, and that its local properties are determined by those of f. Can
this be proved in the same manner as the classical modular case?

If F' has odd degree over Q or f is square-integrable at some finite place, then the Jacquet-Langlands
correspondence shows that f can be transferred to a Shimura curve X. The curve part is the key point.
One can then construct a quotient of the Jacobian of X, as we did for the Jacobian of Jo(IV), and obtain an
abelian variety A;. Everything goes through as before. (Some points may even be more simple, as Shimura
curves are naturally compact — that is, there is no need to add cusps.)

When F has even degree over Q and f is principal series at all finite places, this procedure does not
work. In fact, it is not known if the Galois representation associated to f appears as the Tate modular of an
abelian variety, though I imagine this is expected. However, the Galois representation has been constructed
and its local properties established, by more indirect means. If f is ordinary, then it can be put into a
p-adic family. Other members of this family have Galois representations which are easier to construct, and
the representation for f can be constructed as a limit. If f is not ordinary, this approach is not feasible.
However, one can find enough congruences between f and forms for which the Galois representation is known
to exist to construct the Galois representation of f. This was Richard Taylor’s thesis.
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Existence of Taylor-Wiles Primes

Michael Lipnowski

Introduction

Let F be a totally real number field, p = py : Gr — GLa(k) be an odd residually modular

0 1

representation (odd meaning that complex conjugation acts as ( > for every archimedean

place).

Let St be the set of places where p; is Steinberg, S, is the set of places over p, S the set of
archimedean places of F), , and assume it is unramified everywhere else. For the purposes of this
write up, all that matters is that St U S, is a finite set of finite places.

Our is to construct certain auxillary sets of places () of F' which have associated deformation rings
Rg. @ will consist of so called Taylor-Wiles Places.

Definition. A place v of F is a Taylor- Wiles place if it satisfies the following conditions.
e v¢ SUS,.
e Nuv=1(p).

e The eigenvalues of p(Frob,) are distinct and belong to k.

Let RSﬁStU s, be the universal framed deformation ring unramified outside of @ U St U S, with
fixed determinant x = x,, the p-adic cyclotomic character.

Let LY be the completed tensor product of the universal framed local deformation rings at

v € StU S, of fixed determinant 1, and B" the completed universal product of their Steinberg
quotients (for v € St,) and their ordinary-crystalline quotients for v € S,,.

Let RS = RS@‘SM s, ®o B D, This represents the universal framed deformation p : G — G Ly(Rg)
of p unramified outisde of ) U St U S, which is Steinberg at St and ordinary-crystalline at S,,.

Although we do allow ramification at ), the Taylor-Wiles conditions control it tightly.

Let v be a Taylor-Wiles place and consider p|q,, .

p is unramified at v. So, p(1,) lands inside the 1-units of GLy(Rg), which is a pro-p group. But
the wild inertia group W, C I, is a pro-v group and so it gets killed. Thus, the reduction is
tamely ramified at v. Even better,

Lemma. p|g,, is a sum of two (tamely ramified) characters ny @ ns.

Proof. The tame galois group is generated by ¢ = F'rob, and the group I,. For every 7 € I, we
have the relation



By the Taylor-Wiles assumption on Frobenii, p(o) has distinct eigenvalues. By Hensel’s lemma,
a 0

0 B8 )’

with respect to some (possibly different) basis. With respect to this basis, express

p(r)=1+(i 2)

For some a,b, ¢, d € mg. Apply p to (x) and expand to get

a ba3~1 _NU Nuv a b\
(e M0 )R 00 (0)

k=0

we may lift p(o) so that p(o) is diagonal, say (

Note that for k£ > 2, the top right and bottom left entries of the right side summands lie in
mq(b, ¢). Thus comparing with these entries on the left side,

blaf™! — Nv),c(Ba™! — Nv) € mg(b, c).

But « and  are residually distinct, by assumption. Then by the congruence property of TW
places

aBf™t — Nv,Ba™' — Nv #0 (p)

implying that both terms are units in Rg. Thus, (b, c) C mg(b, ¢). By Nakayama’s Lemma, this
implies that b = ¢ = 0. Since 7 was aribitrary, the claim follows. [

O|Ag] Structure on RS

We have just shown that p|q,, is a sum of two (tamely ramified) characters 7, @ 7. Choose one,
say 1.

We know that n|;, has pro-p image. Also by class field theory, it determines a character

0} — RSX. As the 1-units are pro-v, this is really a map " : (O,/v)* — RSX which factors
through the maximal p-power quotient of (O, /v)*. Call this maximal p-power quotient A,. Let
Aq = [l eq Av- Our choice of i defines an action of Ag on Rg, thus giving Rq the structure of an
O[Ag]-module.

We still haven’t constructed the set of primes ). Actually, we want to construct a family of such
@ = @, of the following sort:

For fixed positive integers ¢, h satisfying dim B” = 14 h + [ — g (remember that BY is the framed
ring of Steinberg and ord-cryst conditions),

o |Qul=h
e Nu=1(p")

° Rgn is topological generated by ¢ elements over B5.



Note that the congruence condition Nv =1 (p") means that A, is p—power cyclic of order
divisible by p™. Thus, after a choice of generators for these cyclic groups, the O[Ag]-module
structure on Rg is equivalently an O[[Tt, ..., T,]]/((Ty + 1)P" — 1, ..., (T} + 1)""" — 1)-module
structure, where all a; > n.

There are no obvious maps between the Rg, . But by the magic of the patching, we will find a
subset of the Ry, which form a kind of inverse system with limit RY. We dream that by “letting
n — oo”, we'll give RY the structure of a free O[[T1, ..., T;]]-module.

A couple remarks about these conditions:

1) The explicit values

= dim H'(Grsiws,,ad’p(1))
= h—[F:Q]+|St|+]S,] -1

will suffice.

2) Our stipulation that dim BY = 1+ h 4 [ — g will only appear natural once we dive into the
patching argument.

3) The g we will construct is actually the relative topological dimension of R(gn over LY, which
will certainly suffice.

Construction of the TW Sets

From now on, we will assume that
PlGr,,is absolutely irreducible.
This cheaply implies the following apparently much stronger fact.

Lemma. ﬁ|GF(Cpn 15 absolutely wrreducible.

)

Proof. Our standing assumption is that ﬁ|GF( o) is absolutely irreducible.
Note that H = GF(gpn) is a normal subgroup of G = Gp(c,). Thus, the restriction plu is
semisimple. Indeed, if W is an invariant subspace, then

D W

G/H-1.H
is an invariant complement.
Suppose |y is not irreducible. Then it is the direct sum of two characters. Since V| as a
G-module, is absolutely irreducible, G/H must permute these characters transitively. But G/H is
a p-group, and so it cannot act transitively on a 2 element set (for any p > 2, which we have
assumed). Thus, the two characters are the same.
This implies that every line in V' is stabilized by H. But there are |P(V)(k)| = |k| + 1 of them. So
the number of them is prime to p. Hence, some orbit of G/H on the set of k-lines in V' has size
prime to p. But the size of the orbit must also divide |G/H]|, which is p-power. Hence, this orbit
has size 1, i.e. there is an H-stable line which is G/H-stable. This line is then G-stable,
contradicting the irreducibility of V.
The same argument carries out mutatis mutandis after first making a finite extension of the
ground field & of V. Thus, p|y is indeed absolutely irreducible. ]

3



We’'ll now prove our main lemma of interest.

Theorem (DDT, Lemma 2.49). Let h = dim H' (Grsws,, ad’(p(1))). For every n, we can
construct a set Q,, of Taylor-Wiles places, 1.e.

(1) For each v € Q,, Nv =1 (p").

(2) For each v € Q,,p(Frob,) has distinct k-rational eigenvalues.

(3) 1Qnl = h.

Proof. An easy calculation shows that if p(Frob,) is a Taylor-Wiles place, then

dim H'(k,,ad’(p)(1)) = 1.

Indeed, for any o in Gpsus,, if o has (generalized) eigenvalues o, 8 then ad’(p)(o) has
(generalized) eigenvalues 1,a87!, Ba~!. Thus, if p(Frob,) has distinct eigenvalues, the space
ad®(V)/(Frob, — 1)ad®(V) is one dimensional. Since a v-unramified cocycle is uniquely
determined by its value on Frob,, we get that dim H'(k,,ad’(p)(1)) = 1.

Thus, it suffices to show that the restriction map

H(Grstus,, ad’(p)(1)) = @veq, H' (kv, ad’(p)(1))

is an isomorphism. Then equating dimensions shows that condition (3) is fulfilled.
To do this, it suffices to show that for any global cocycle ¢ there exists a v = vy, satisfying (1) and
(2) such that res, (1) # 0. For then we could apply this to the elements of a basis (of size h) for
the left side, and the corresponding set of places {vy} would consistute a TW set.
Instead we’ll show that we can find o € GFsus, satisfying the following:

(17) 0|GF(gp) =L

(2') ad’p(o) has an eigenvalue other than 1.

(3") ©(0) ¢ (o — 1)ad’p(1).

Indeed, all three of the above conditions are open conditions in G'rg;us,. But by the Chebotarev
density theorem, we any non-empty open set contains some F'rob,. This v will do.

Let Fj be the fixed field of the kernel of ad’p and let F,, = Fy((pm).
Claim. ¢(Gpg,) is non-zero.

Later, we’ll even show that its k-span is a non-zero Gal(F,,/F((,))-submodule of ad’p. From this,
we can leverage information from the irreducibility of ,E\GF( ¢ »y Just proven.
P

Proof. In this claim and what follows, assume n > 0 so that the cyclotomic character is trivial
when restricted to G, . There is an inflation-restriction sequence

0 — HY(Gp,/r, adp(1)) 25 HY (Gp, ad"p(1)) 2% HY (G, , ad’B(1)).

Thus, it suffices to prove that the leftmost term is zero. For then, ¢|q,, is a non-zero cohomology
class, and so is certainly not identically 0.
We can sandwich the left most term in another inflation-restriction sequence:

0— HI(GFO/F, (adoﬁ(l))GFO) ﬂji} HI(GFTL/F, adoﬁ(l)) ﬁ) HI(GFH/FO,adoﬁ(l )GFO/F. (*)
where the action of g € G,/ on the third term is given by n — (h +— g 'n(ghg™)).

4



e Third term of (*)
There is a restriction-corestriction sequence

Hl(GFn/Fm adop(l)) E} Hl(GFn/Fna'dOp(l)) _Cirg Hl(GFn/Fm adoﬁ(l))

and the composition is multiplication by |G'p, /|- This number is < p — 1 and so is prime to
p. Hence, res is injective. It also sends G’ p-invariants to G p-invariants. Thus, it suffices
to show that H'(G g, /r,, ad’p(1))“F/F is zero.

— G,/ is naturally a subgroup of the commutative quotient G F(Cyn)/F of Gr (given just
by restricting automorphisms to F'(¢,»)). The conjugation action is compatible with
this restriction. Thus the conjugation action on G, r, is trivial since the latter
quotient of Gy is abelian.

Note that G, /r acts trivially on ad’p(1). Hence,

H1<GFn/F1’ adop(l))GFO/F = Hom(GFn/FU adoﬁ(l))GFO/F = Hom(GFn/FU adoﬁ(l)GFO/F)'

But ad’p(1)%F0/F = 0.

Indeed, any G'p(,.)-invariant element of ad’p(1) is equivalently a trace 0 intertwining
operator V' — V(1) (V the underlying vector space of ad”). But n > 0, so the action of
the cyclotomic character is trivial. So this is actually an intertwining operator V' — V.
But V' is an irreducible G p(c,.)-module, and so any self-intertwining operator is scalar
and so must be 0 by our trace 0 assumption (p > 3 by our standing assumptions).

Hence, the third term of (x) is 0.

e First term of (*)

— (ad"p(1))%Fo/F is trivial unless Fy D F(¢,). This is because for any place v with
Nv #1 (p),ad’p(Frob,) fixes something but x,(Frob,) # 1. So, we assume that
Gro/r = Gr)r = 0.

In particular, G, r has a non-trivial quotient and so is not a non-abelian simple group.

— Since (ad"p(1))%Fo/F has p-power order, we also have an injection

0 — H'(Gryr, (ad’p(1))%%0) == H' (P, (ad’p(1))%),

where P is the Sylow p-subgroup of G, r. Thus, we can assume that P is non-trivial,
i.e. that p divides |Gg,/r|.

— Finally, since Fy is the field cut out by ad’p, G, /F is isomorphic to the projective
image of p.

We can put these fac_ts to good use in conjunction with an explicit characterization of finite
subgroups of PG Ly(F)).

List of Finite Subgroups H of PGLy(F,) [ EG, 11.8.27 |
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— H is conjugate to a subgroup of the upper triangular matrices.
— H is conjugate to PGLy(F,) or PSLy(F,) for some r > 1.

— H is isomorphic to Ay, As, Sy, or Day,.,p{r for r > 2. Furthermore, if H is isomorphic to
Do, = (s,t|s* = 1" = 1,sts = t~!) | then it is conjugate to the image of

01 ¢ 0
SH<1 O)H(O 1),
where ( is a primitive 7" root of unity.

We can eliminate all of these possibilities, one by one.

— The projective image H cannot be conjugate to a subgroup of the upper triangular
matrices, for then p|q o) would not be absolutely irreducible.

— Our assumptions p > 5 and p divides |G g, / r| preclude the possibilities
H = A47 A57 S4a D2rap Jf T.

— PSLy(FF,) is simple for p > 5. Thus, it cannot have a quotient, namely G p(c,)/r, Which
is non-trivial.

— Suppose H = im(p) = PGLy(F,r). The only non-trivial quotient of PG Ly(F,-) is order
2. But G, r cannot have a quotient of order 2.
If it did, there would be an exact sequence

1 — Z — im(p) — im(ad’(p)) — 1,

with Z a central subgroup of G'Ly(k) and im(ad®(p)) either order 1 or 2. But then any
pre-image A of the non-trivial element of im(ad’(p)) and Z generate im(p). But A has
an invariant subspace (possibly after a quadratic extension). So that means im(p) does
too, contradicting the absolute irreducibility of p.

Since none of these are possible, we must have the first term of (%) being 0 after all.

We conclude that the second term of (x) is 0 as well, which is what we wanted; this proves that
¥(GF,) is indeed non-zero. O

We can say more. For 7,7" € G,,0 € Gp(,n), repeated use of the cocycle relation gives

(oo™ = Plo) +(ro)
= (o) +op(1) +orp(a )
= (o) +op(1) + o(o™ ) = ai(7).

Note: the second last equality holds because T acts trivially on ad’p(GF,). Also,
() + (7)) = 7'(7) + () = (7).
Thus, the k-span of 1)(G,) is in fact a non-zero G, /p(c,.)-submodule of ad’p.

Next, we'll find an element g € G, /r(c,.) such that p(g) has distinct eigenvalues and which fixes
an element of k.4 (GFp,). We do this by the explicit classification of possible projective images, i.e.
we’ll show that for any subgroup H which could possibly be the projective image of p, there is an
element of H with distinct eigenvalues which fixes an element of k.9 (Gg,).
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Note first that if we can prove the result for some subgroup H C H’, then it true for
putative projective image H' as well. Also, the “exceptional” cases A4, Sy, and Aj all
contain D4 and the projective image cannot be contained in an upper triangular subgroup
(due to the absolute irreducibility of ﬁ|GF( ) Thus, in view of the preceding classification of

finite subgroups of PGLy(F,), it suffices to check the following cases:

PSLQ(IFP'I‘)
ad® is simple under the action of PSLy(F,). Thus, k.¢(GF,) = ad® and

( g oz(ll ) fixes ( _01 (1) ) € ad’ = ka)(Gr,). Since p > 5, we can certainly find o # o~ L.

D,
ad’® decomposes as Vi @ V, @ Vi, where

= (0= ()= (5 %))

Dy acts as £1 on each V;. Furthermore, by our explicit description of the image of dihedral
groups, each non-trivial element has distinct eigenvalues (of £1). Since the only possible
invariant subspaces of ad® are then ®;c;V; for some I C {1,2,3}, it follows that some
element h € D, with distinct eigenvalues fixes an element of k.¢(Gp,).

Ds,.,r odd
ad’ decomposes as W; @ Wy where

=0 5= (00 0)(10))
it (10 Yot (01 s (1),

Since ad® = W; or W, & W, it follows again that some h € D,, with distinct eigenvalues
fixes an element of k.4 (GF,).

Having found such a g, it must certainly fix a non-zero element of ¥(Gp,) itself, say ¥ (7).

Indeed, as an FFp-vector space, the k.¢)(Gp,) is isomorphic to k ®p, (G, ). But then if
k1, ..., ky, forms a basis for k over [F,, we can express the fixed element m of k.¢(Gp,) as
m = k(1) + ... + knto(7,), where at least one ¢(7;) # 0. If m is fixed by g, then

ki((g = D(m)) + o + knl(g — Dib(7)) = 0.

But linear independence implies that (g — 1)¢(7;) = 0, which is what we wanted.

Choose a lift oy of g to the absolute Galois group.
For 7 € Gf,, we have

Y(rog) = TP(00) + (1) = Y(00) + P(7).



o If Y(0y) ¢ (09 — 1)(ad’p(1)), then take 7 = 1.

e Otherwise, choose 7 = 7. For this choice, ¥(7) ¢ (09 — 1)ad’p(1). For suppose
(00 — 1)z =1 (10) # 0. Applying o¢ — 1 to both sides, our construction of 7 gives

(00 — 1)z = (09 — 1)tb(m) = 0.

But oy acting on ad’ is semisimple and has eigenvalue 1 with multiplicity 1 (since p(og) has
distinct eigenvalues) . Thus, (09 — 1)z = 0, implying that ¢(75) = 0, contrary to our
construction.

Thus, in both cases
U(100) ¢ (09 — 1)ad’p(1) = (1ag — 1)ad’p(1).

So we’ve finally constructed the element o = 70( that we sought in the first place. ]

Number of Topological Generators for Rg;fﬁswsp over L”

We now have all of the pieces in place to compute the relative tangent space dimension of
RS;XuStuSp over LY, both defined as in the introduction.

Lemma (FFGS, 3.2.2). Let h'(Grsiwus,us...ad’(V)) denote the k-dimension of

ker(H'(Grsis,usw. ad’(V)) = [[ H'(Gr,,ad"(V))).
veEStUS)
Forv e StUS,, let 6, = dimy H*(Grsius,us.,adV) and ép = dimy, H*(Gpsis,0s.., adV).
Then RE,’gtuSpusoo is the quotient of a power series ring over LB in

9= hl(GF,StuSpUSOO, ad’(V)) + Z 5y — Op.

veESTUS),

variables.

Proof. Let our vector space V have fixed basis .

An element of the relative tangent space corresponds to a deformation of V' to a finite free
k[e]-module V together with a choice of bases B, lifting B such that for each v € St U S, the pair
(‘7|GFU7BU) is isomorphic to (V ® kle], 8 ®j 1).

For fixed choices of bases, the space of such deformations is given by

ker(H (G rsws,use ad’(V)) = [ H'(Gr,,ad"(V))).

vESLUS)

Given such a deformation, V, the space of possible choices for a bases is the space of G P,
automorphisms of (V' ® kle], 8 @ 1); such an automorphism reduces to 1 mod (¢) and so is of the
form 1+ eM for some Gp,-equivariant M € ad(V), i.e. M € H*(GFp,,adV).
The same reasoning shows that two collections {f, }vesius, and {8} }vesius, determine the same
framed deformation if they differ by an element of H°(G F,5tUS,USw» adV'). The lemma follows.
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Now we compute this A', the dimension of a Selmer group, via the Wiles Product formula.

Lemma (FFGS, 3.2.5). Set g = dimy, H'(Gps,ust, ad’p(1)),ad’p(1)) — [F : Q] + |St| + |S,| — 1.
For each positive integer n, there is a finite set of primes @Q,, of ' which is disjoint from St U S,
and such that

(1) If v € Qn, then Nv =1 (p") and p(Frob,) has distinct eigenvalues.

(2) |Qn| = dimy, H'(GFs,ust, ad’p(1)). Also, RSn is topolgoically generated by g elements as a
BP-algebra.

Proof. We define a set of local conditions to compute this relative dimension, the dimension of a
Selmer group. Namely, let

. )0 ifveStus,
Lo H'(GF,,ad"p) otherwise.

Write Hy (vesp. H,, ) for the set of classes which restrict to Hy, (resp. H}, ) for each
n Q v

v e StUS,UQ,. (“J_”ndenoting the annihilator under Tate local duality).

The main result from the previous section shows that we can find a set of primes @, satisfying

condition (1) and the first part of condition (2). Furthermore, any class in Hj, restricts to 0 in
@n

H'(GF,,ad’p(1)). By our choice of primes, this implies that H s = 0.

By the Wiles Product Formula, we get

| 1 = HO(GF,StUSpUSooa adoﬁ) H Hév
“or | = i Gnsususa epV) bk o FGr, o)
e Global terms
An element of H°(Gp,s1us,0s.., ad’p) corresponds to a trace 0 self-intertwining operator of V.
Since ﬁ|GF( ) is absolutely irreducible, any self-intertwining operators are scalars. But the
only trace 0 scalar matrix is 0 (for p > 2).
Similarly, an element of H%(Gp,sws,us.., ad’p(1)) corresponds to an intertwining operator
V' — V(1) between irreducible G p(,)-modules. Either they are not isomorphic, in which
case only the 0 operator can intertwine them, or they are isomorphic, in which case the
above paragraph applies.

e veEStUS,

ad’(V) is a summand of ad(V') for p > 2. So, the terms in the product corresponding to
v € StU S, in the product formula contribute |k|'~%.

e veE S,
e vEQ,

' (GF’U ) adop)

HY(Gr,,ad'p) H?((GF,,ad"p)) x local Euler characteristic™".

The H? term equals H°(GF,,ad’p(1)) by Tate local duality. The local Euler characteristic,
which equals [0, : |ad®(V)|O,]™! by the local Euler characteristic formula, is 1 since |ad’(V)|
is prime to v € @Q,. Hence, the product formula terms for v € Q,, equal H°(GF,, ad’p(1)).
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Since p(F'rob,) had distinct eigenvalues, there is a 1-dimensional subspace of ad’(V') fixed by
ad’p(F'rob,). Since plg,, is unramified, H°(Gp,, ad’p(1)) is 1-dimensional.

o S

By one of our standing assumptions, p is odd, i.e. for archimedean places v p(c)

0 _01 ) with respect to some basis. Hence, ad’p(c) is can be
-1 0 0
diagonalized to 0O 1 O

0 0 -1
space of cocycles is just ker(ad’p(c) + 1), which is 2-dimensional, and the space of
coboundaries is im(ad’p(c) — 1), which is 2-dimensional. Hence H'(GF,, ad’p) = 0.
Also, H*(GF,,ad’p) is the 1-eigenspace of ad’p(c), and so is 1-dimensional.

represented as a matrix (

. But G, is cyclic of order 2, generated by c. Hence, the

Adding everything together, we get

R (Grsius,us.. ad’(V)) = dimkH}:

=0+Z L=6)+ > 1+ Y —1

veStUS, VEQR VESeo
= [St|+[S,/ = D 6 +|Qul+[F:Q
vESLUS),
= |St| + |Sp| - Z 51; + dlmk HI(GF,StUSp; adoﬁ(l)) + [F . @]
veEStUS)

Combining with the previous lemma gives that
g = dimy H'(Grsws,, ad'p(1)) + [St| +[S,| + [F: Q] - L,
as desired. [

We can conclude that RS is generated by ¢ elements as a B® algebra as well. Thus, we are finally
done our construction of TW primes.
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Construction and properties of the modules for patching

(Modularity 5.20.10)

Sam Lichtenstein

July 1, 2010

1 Introduction/Motivation

Recall that our ultimate goal is to prove a modularity lifting theorem (stated in Andrew’s
talk “Overview of the Taylor-Wiles method” ), which we have reduced to showing an R =T
theorem. That is, we have a surjection from a deformation ring R’ to a Hecke algebra T\,
and we want to prove it is an isomorphism.

Brandon will prove this next time. The idea of the proof — the patching argument — is
to use framed versions R of the rings Rq,. Here the Q, form a Taylor-Wiles system; Mike
established the existence of such last time. These each live over R (which is very close to
the R” we care about):

RY - RS,

n

On the T side we will have certain modified Hecke algebras T which I will describe later.
We'll construct maps RY — TU lifting RS — T, and certain RE-modules MY. By a
pigeonhole principle sort of thing, we’ll be able to pass to an inverse limit

RY - T,

We’ll have an inverse limit MD. We’ll be able to show that MD[ ] is a faithful RD[ ]
module, and some other nice things. Then we’ll deduce that this Falthfulness must have
been true at level 0, where the RD[p] -action was through (a framed version of) our map
R" — T, which we can therefore conclude is injective, hence an isomorphism.

Phew! This argument is clearly a technological marvel on par with my iPhone. For such
a thing to work, we need precise control over what happens on each level n as we go up the
tower. Specifically, Brandon will need to show that a certain collection of rings and moduled
cooked up from the RY and MY form a “patching datum”, meaning that they satisfy a
collection of technical axioms that make the patching argument go through.

The goal of this talk is two-fold. One thing I need to do is define the relevant Hecke
algebras TY and modules MY. To ruin the surprise, the module MY will arise from a space
of modular forms (which remember, are just functions on a finite set because we cleverly
set things up that way) of suitable level, depending on the Taylow-Wiles set of primes Q.
The other thing I need to do is show that the modules ME satisfy nice properties, so that
Brandon can show that this his patching data are actually patching data. So this is all really
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an expansion of section 4 of the notes from Andrew’s overview talk, if you're following along
at home.

Remark 1.0.1. Although ultimately we’ll use framed stuff for patching, mostly we’ll deal
with unframed stuff in this talk.

2 Setup and statment of what we’re going prove

Throughout, O is the ring of integers of a p-adic field with residue field k (where p lives).

Recall that the quaternion algebra D is ramified exactly at the places St and all the
archimedean places. Let’s fix some notation. For a compact open subgroup U C (D @¢ Af)*
set

X(U) =D*\(D @r AD*/(U- (ADX).

Let
S(U) = Functions(X(U), Q).

This is the space of automorphic forms on D* of weight 2 and level U. Let the bad primes
for U be
Z(U) =S, UStU{vfco}U{v: U, is non-maximal},

and define the Hecke algebra T'(U) to be the O-subalgebra of End(S(U)) generated by the
T, for v ¢ Z(U). (It comes from the double coset U, ((1) o ) u,.)

Now let’s fix the “ground level” U° C (Af ® D)* [a compact open subgroup| for the
construction. Picking up on a technical point Andrew mentioned, which will be relevant
today, we need to choose a huge prime v, which has nothing to do with anything. In other
words it should be outside of St U S, U {v|oo} U |51 Qn. We can certainly arrange this
because, for example, all the primes in the Qs satisfy Nv = Tmod p. Now take U° to be
the maximal compact for all places v # vqux; we will specify US_ later.

Let T = T(U°)

Recall that we have a modular lift ps of our residual representation p which satisfies a
bunch of nice properties. Via Jacquet-Langlands and our assumptions on p¢, the Hilbert
modular form f gives rise to an element of S(U°) which is an eigenform for T, and hence we
get a map T — O. Set m to be the unique maximal ideal of T containing the kernel of this
map.

Now let Q be a Taylor-Wiles set of primes (disjoint from va.y). Let Rg be what it was
in Mike’s talk, with the additional caveat that we permit ramification at vq.x. Thus

Ro =R g, B

where R is the universal global deformation ring of p with determinant x,, unramified outside
StUS, U QU {vauxl; the ring By is the product of the universal local deformation rings with
the right determinant, at the places in St U S;; the modification B is the product of the
universal Steinberg deformation rings at places in St, and “suitably modified” universal
ord-cryst deformation rings at places in S,,.

Recall that the universal deformation

Po: GF — GLz(RQ)
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when restricted to G, for w € Q, has the form
0
(% )
for tamely ramified characters n;. As Mike discussed, via class field theory, this endows Rq

with the structure of an O[Agl-algebra; here Aq is the product (over the primes v € Q) of
the maximal p-power quotients of the cyclic groups (O, /py)*. So

~ O[[yh---,yhﬂ
OB~ T 7 =1,y P =17

where h = #Q and the a; are integers > 1, and in fact > n if Q = Q,, is part of a Taylor-
Wiles system. Note that O[Ag] is a local ring, with maximal ideal (p,yi,...,Yn), because
all the y1 + 1 have p-power order, i.e. because Ag is a p-group. We'll use this fact later.

Moreover this O[Agl-algebra structure on R is essentially canonically determined by Q,
as long as we include in the data of Q a choice of one of the two distinct eigenvalues of
p(Frob,) for each v € Q; this lets us pick out one of the characters n; comprising Gg —
GL2(Rgq) to be “ny”, to which we can then apply class field theory and get the map Ag — R(XQ
as Mike explained. Call this distinguished eigenvalue «, € k.

We let ag <t O[Aq] be the augmentation ideal — recall that in any group ring A[G],
this is the kernel of the map A[G] — A which sends each g € G to 1. This ideal will show up
later, in relating the modules MY to ME. In the presentation above, it is generated by the
ysis, one for each element of the TW set Q. For now, let’s see how Rq is related to Ry = R’.

Lemma 2.0.2. The canonical map Rq — Ry is surjective with kernel agRg.

Proof. We show that Gr — GL,(Rg) — GL2(Rg/ag) is universal for the appropriate defor-
mation problem. Fix a deformation pa : Gg — GL3(A) of p, which is ordinary-crystalline
at places over p, Steinberg at places in St, and ramified only in St U S, U {Vqux}. Then we
certainly get a map @a : Rg — A such that ¢ o pg = pa. But since pa is unramified at
any w € Q, when composed with @a the distinguished character 1y, is trivial on inertia.
Thus if A,, is the maximal p-power quotient of (O, /pw)* and d: Ag — R(XQ the map Mike
discussed, we have @a o d(0) = 1 for all 0 € A,,. This holds for all w € Q, so the ele-
ments 1 — 6(o) for 0 € Ag are all killed by @a. These elements generate the augmentation
ideal ag, so @a factors through Rq/agRq. But if ¢ : Rq/agRq — A were another map
lifting pa, then the composition of ¢ with the projection from Rq would have to agree with
@A by universality of Rq. Since said projection is, of course, surjective, this shows that
(Rq/agRq, pomod agq) is universal for the type of deformations we want. O

The lemma shows that we know exactly how to relate Rq to its level zero version Rg.
For patching, we now want to set certain Rg-modules Mg of automorphic forms, which will
be free over (‘)[AQ] and related to Mg in the same manner as the lemma.

For this we need to specify some new compact open subgroups Ug C Vo C U°, by
shrinking (physically speaking) the level at w € Q. These will all agree except for those
w e Q. For w e Q set Vg,, to be the Iwahori L,

VQ,w: Iw:{(gg) € GLz(OFW) 1C € pw}
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Set
Ugw={(28) € GLy(Or,):c Epuyd=a ' €A,},

i.e. the image of ad "mod p,, should map to 1 in the maximal p-power quotient, for all
w e Q.
The following is clear.

Lemma 2.0.3. Ug is normal in Vg, and Vgo/Uqg = Ag. ]

This means that the induced map of sets X(Ug) — X(Vq) “wants to be” a Ag-torsor.
The role of the auxiliary prime vq.y Will be to ensure that this is the case, as will be discussed
below. This Galois property of the aforementioned cover will then be used to show that the
module Mg we shall define next, is actually O[Ag]-free.

Now we have Hecke algebras T(Vq) and T(Ug), which, as we have defined them, contain
only T-operators for places away from St U S, U{v|oo}U Q U{vau} and nothing else. We also
want some U-operators for places in Q. So set

T(Ug)" = (T(Ug),{Un:w e Q}) C End(S(Ug)),

T(VQ)" = (T(Vo),{Uw:w € Q) C End(S(Vg)).

(Note that we’ve avoided notational ambiguity, since the U,,, is distinct from the w-component
of the level zero compact open subgroup US,. Still, I'm sorry that they look so similar.)
I'll remind you that the U,, operator is given by the Iwahori-double coset

L (% 9) L.

Now let us define some ideals in Hecke algebras. As before we set m[= mg = m°] to
be the maximal ideal of T = T(U°) containing the kernel of the eigenvalue map for the
automorphic form on (D ® Af)* corresponding to our modular form f. There is a natural
map T(Vg) — T sending the T-operators to themselves; set mq to be the contraction of m
along this homomorphism. This is a maximal ideal of T(Vg). Now set ng to be the ideal
of T(Vq)™ generated by mq plus U,, — o, for all w € Q, where «, is any lift of o, € k to
O C T(Vg)™". Similarly we have a map T(Ug)™ — T(Vq)™. So we can contract ng to get
an ideal mf of T(Ug)™.

Here is the picture:

mgo <4 T(VQ) ma < rI‘(LlQ)Jr

myg < T(V@) =T [1%) < ’:[‘(\/Q)+

Now nq is clearly maximal, provided it is not the unit ideal. (We're just setting all the
generators equal to constants.) Why isn’t it the unit ideal? In fact, this will come out of
what we ultimately prove about S(Vq)u,, effectively that there is a modular form of level
Vi with action of the Hecke algebra T(Vq)™ specified by ng, so the quotient T(Vq)™/ng is
not the zero ring.



Remark 2.0.4. As Andrew explained to me, this can also be seen directly, as follows. (I'm
kind of confused about this, and I couldn’t really work out the details, but it shouldn’t be
too important for what follows...) Take a modular form f on D of level U°, hence level 1
at some w € Q. Then f and ((1) asw ) f span the space of forms where we ramp up to Iy
(Iwahori) level at w. We need to check that the U,, operator has an eigenvector in this
space of forms, with eigenvalue matching our chosen lift o,. Since f has level 1 at w, the
corresponding automorphic representation is unramified principle series at w, i.e. it is of
the form V = nt(u,v) ={¢ : GLy(F,,) =2 C:o((“3)g) = u(a)v(b)la/bll\{zf(g)} for some
unramified characters p,v : F};, = C*. The dimension of the spherical fixed vectors in V is
1; this space is spanned by f itself Then f and (' 4 _)f span the Iwahori fixed vectors V.
The U,, operator is given by the double coset

Iw(®w1)1w: H (CDW?)IW.
x€(OF,, /pw)

Using this decomposition and the basis of indicator functions for the two cells in
G =GLy(F,,) =BUB(; 1) 1,, (B = borel)

one can compute the action of U,, explicitly. The eigenvalues should be u(@.,), v(®,,), one
of which should match o, somehow (7).

So we have a maximal ideal ma in T(Ug)*. We will localize at this to define the rings of
Hecke operators Tg and modules of automorphic forms Mg which we will use for patching:
set

To = T(UQ):%, Mg = S(UQ)mg-

There is a natural Galois representation Gg — GL(Tg) which induces a surjection Rg —
Tg, and hence an Rg-module structure on Mg (which is naturally a To-module). Since Rq
is an O[Agql-algebra, this makes Mg an O[Ag]-module as well.

Now we can state our main results.

Theorem 2.0.5. The module Mq is O[Aql-free. Moreover,
MQ/C(QMQ = Mg.

This should imply more or less directly that certain quotients of appropriate framed
versions M%h of the Mg, s form a “patching datum”.

3 Proof of Main Theorem

To prove the first part of the theorem (freeness of Mg over O[Ag]), we will argue sort of
topologically. We will show that the action on O[Ag] on Mg via the map O[Ag] — Rg —
To C End(Mg), agrees with another action which is a bit easier to understand. Specifically,
we will show that the map of double coset spaces

is a Galois cover with deck group Ag = Vo/Ugq, and deduce from this that Ag acts freely
on MQ.



Remark 3.0.6. If you look in DDT for the proof of the analgous freeness assertion in their
setup (Thm 4.16), you'll see that they invoke the fact that a certain map of modular curves
corresponding to an inclusion of congruence subgroups, is unramified, and they proceed using
Riemann-Hurwitz. Our strategy here is thus sort of similar to theirs.

To ensure that said map is a Galois cover, i.e. a Ag-torsor, we need to specify the group
level U° at the auxiliary prime vq,, I mentioned earlier. Essentially, by adding enough level
at that place, we can ensure that the “stackiness” — the order of the automorphism group
Nug x for various x € X(Ugq) — is prime to p, hence prime to the index #Aq = [Vq : Ug),
for all x. This is what we turn to now.

3.1 The smallness condition and v,y

First let us relate the Vo/Uqg = Ag action on the fibers of X(Ug) — X(V(g), to the amount
of stackiness. This requires a bit of group theory.

3.1.1 Some group theory

First note the following trivial fact.

Lemma 3.1.1. Suppose we have subgroups A, B, C of a group G, and suppose C <1 B. Then
(ANB)/(ANC) is naturally a subgroup of B/C via (ANB)/(ANC) — B/(ANC) - B/C. O

Lemma 3.1.2. Suppose we have groups and subgroups
K'<aKcC G>DH.
Consider the obvious map of double coset spaces
7t: H\G/K’ — H\G/K.

Let S(go) be the fiber 7w~ (HgoK). Set J(go) = (KNgy ' Hgo)/(K'Ngy 'Hgo). By the previous
lemma we can regard J(go) as a subgroup of K/K’. Then S(go) is naturally in bijection with
the left coset space J(go)\(K/K').

Proof. Define o : J(go)\(K/K’") — S(go) by
o« :J(go) - (kK') = HgokK'.

We can see « is a well-defined map of sets as follows. If J(go) - (k1K’) = J(go) - (k2K’)
then there exists j € ] C K/K’ such that j(kiK’) = k;K’. Now j = k(K’ N g5 'Hgo) for some
k € KNgy'Hgo. Say k = g, 'hgo. The map of the previous lemma regards j as an element of
K/K’ as the coset kK’. The condition j(k;K’) = kK’ says that kk;K" = k;K’. So k; = kk;k’
for some k' € K. Now «(J(go) - (k1K’)) = Hgok:K’ while «(]J(go) - (k2K’)) = HgokoK".
So we must show these agree. But Hgok,K' = Hgokkik’K’ = Hgo(gy hgo)kik ) K/ =
thokﬂ(/Kl = Hgokﬂ(,, SO they do.

Conversely, define  : S(go) — J(go)\(K/K’) by HgokK’ — J(go)(kK’). Again, we
must check this is well-defined. If HgokiK’ = Hgok,K’ then gok; = hgokak’ for some
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h € H,k/ € K. so k1 = g, 'hgokak’. In particular this means g, hgo € KN g, hgo. Call
this element k. So we need to show that J(go)(k2K’) = J(go)(kkok'K’). Clearly we can
ignore the k’. We leave to the reader to check that kk,K’ = (k(K’N gg1Hgo)) - (k2K’) when
we regard k(K’ N gy'Hgo) € J as an element of K/K’. So kk,k’K’ = kk,K’ is a translate of
k,K” on the left by an element of J(go), so we win.

Finally, it is clear that « and  are mutually inverse bijections. O

Remark 3.1.3. Note that the lemma identifies S(go) with J(go)\(K/K’) note merely as sets,
but as (K/K’)-sets. Hence to prove that H\G/K’ — H\G/K is a K/K’-torsor, it suffices to
ensure that J(go) vanishes for all gy € G.

3.1.2 Application to our setup

In our setup, the previous lemma identifies the fiber of X(Ug) — X(Vq) over D*xVq(Af)*
as a Ag-set with the quotient

(Vo (AD))/(Ug - (AD)X)
(xTD*xN Vg - (AH*)/(x TD*xNUq - (AL)*)’

(We think of this quotient as a space of left-cosets of the denominator.) We’d like to show
the denominator is trivial, so that this is simply the quotient

Vo(AR/UQ(AR™ = Vo/Uq = Aq,

so the action on fibers is simply transitive as required.
Now the denominator is itself a quotient of
x'D*x N Vo(Af)~
x 'D*x N (Af)x

The denominator of the latter is simply F*.
So we want to ensure that

(x'D*xN Vol(AD)*)/F* ={1}.
Since Vg C U°, we can simply impose conditions on the ground level U° so that
G:= (x "D*xNU°(AD)/F* ={1}.

Now x'D*x is discrete, and U°(Af)*/F* is compact. (Because U° is compact, and the
finite part of the idéle class group is compact.) So this is a finite group.
Now choose vy lying over some prime £q, > 5, sufficiently large so that vq,y is unram-

ified for both F and D (and is outside St U S,,). Set
uiaux = {m S GLZ(OFVaux) :m = Imod pvaux}.
Observe that U;_ is pro-fayx.

Proposition 3.1.4. GL;,(F,,, . ) has no elements of order {q,.
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This is because F,,_, is an unramified extension of Q.. , so it does not contain £, roots
of unity. But if M € GL,(F,,,. ) had order £, it would have an {4, root of unity as an
eigenvalue, lying in some quadratic extension of F But for €gux > 5, [Fu,., (Ke ) : Fuoul]
cannot be two.

By the proposition, it follows that D* has no elements of {4,-power order, since D* —
(D ®f Fy,. )¢ &= GL2(F,,..) as vaux splits D. Since the finite group § we want to show is
trivial is a subquotient of (a conjugate of) D*, we know that its order is thus prime to qyx.

To prove it is trivial, we will show our group G is an £q-group.

So suppose g € G had order n prime to {4 Fix a representative g € x 'D*xNU°(Af)*.
Consider the vqx component gy, . Inside (D ®¢ Fy, .. ), Gva., Sits in the subgroup

Vaux *

X, D*x,,. . NUS F* Cc(D®F

Vaux Vaux Vaux

Vaux)X ~ GLZ(FVQU.X)'

Write gy, = uj as product of something in U5_  and someting in F  (here j stands for
“idele”) Now (uj)™ =u™™ € F*, sou™ € F; . Thus the image of uin U5 /U5 NF;
has order prime to £qux. But this group is pro-fa.x, being a quotient of U7 ., and hence
u = 1. Thus gy, € FS._ Nx;' D*xy,,.. In particular, g,,,, commutes with x,,,,, so

Gvaux € Fip, N D =F*. This shows that in fact g € F* so g =1 € G as desired.

3.2 Proof of freeness

OK great, so now we have seen that X(Ug) — X(Vq) is a Ag-torsor, provided we impose
“principal congruence subgroup” level in U° at a well-chosen place vq.x. In particular, this
shows that X(Ug) is (non-canonically) the same as X(Vq)xAq. So S(Ug) = S(Vq)®00[Ag].
Since S(Vq) is O-finite free, this means that S(Ugq) is O[Agl-finite free. (That is, with the
action of O[Ag] as deck transformations of X(Ug).)

Now the localization Mg = S(UQ)m5 is a summand of S(Uq) as a To-module. (This

is because Tq is finite semilocal over the p-adically complete ring O.) So provided we
know that the deck transformation action of O[Ag] agrees with the action coming from
the homomorphism

O[Ag] — Rq — Tg C End(Mg)

this shows that that Mg is a summand of a finite free O[Ag]-module. Since O[Ag] is local,
that would force Mg to be O[Ag]-free. (Projective = flat = locally free = free, for finitely
generated modules over a local Noetherian ring.)

Thus we are reduced to showing that these two actions of the “diamond operators” Aq
agree. For this we will need to know the following.

Lemma 3.2.1. The Hecke algebra Tq is reduced.

Proof. (FIXME: Cf. Taylor Cor. 1.8(3) in “On the Meromorphic Continuation...”)

The rough idea is the following. It suffices to consider the generic fiber of the Hecke
algebra, i.e. to consider the space of forms after inverting p in our coefficients. Reducedness
of the Hecke algebra says that eigenforms are determined by their Hecke eigenvalues at all
but finitely many places. This is because we defined the Hecke ring as subring of the endo-
morphisms of the module of module forms; consequently the modular forms are faithful over



the Hecke algebra. Thus if some local quotient of the Hecke algebra is not a field, the cor-
responding quotient module of modular forms will have positive dimension. This translates
directly to the existence of several eigenforms with exactly the same Hecke eigenvalues for
almost all places.

So to prove reducedness, it’s enough to check that in our situation, the Hecke eigenvalues
are actually determined by the corresponding Galois representation which we know (huh?!?),
which is determined by the knowledge of what’s happening at all but finitely many places. [

By the lemma, the module Mg is spanned by Hecke eigenforms f € S(UQ)mg = My,

corresponding to the various irreducible components To/p (p a minimal prime) of Tg. So for
each f (i.e. for each minimal p) we have two actions of Ag on Mqg/pMg:

e The one coming from the Aq = Vo/Uq action on X(Ug);
e and the one coming from the morphisms

O[AQ] — RQ — TQ — TQ/]J

If we know these agree, for each f, then it follows that the two actions of Ag on all of
Mg agree. So fix such an f. Let 7t be the representation of (D @ Af)* generated by f,
after tensoring with E = Frac(O). Fix one of the TW primes w € Q, and consider the
local component 7t,, of 7 at w. Now f itself is a Ugw-fixed vector. (I'll remind you that
Ugw ={(¢Y%) € GL2(0g,) : ¢ = 0 mod @w,ad™! =1 € Ag}. This is like Iy (w), sort of.)
Moreover we know how the Hecke operator U,, (sorry for the notation!) acts on f: as a
lift of one of the eigenvalues of p(Frob,,), which are distinct, and whose product is equal
to Nw = Tmod p, because w is a Taylor-Wiles prime. These stringent conditions on the
action of U,, rule out the possibility that m,, is Steinberg, but I am not sure why. Now by a
classification result, this implies that 7, is in fact a tamely ramified principal series

T, = 7T(W, V), w,v:F; — C* tame.
Now Ag = Vo/Ug acts on the right (in the way we like) on
D*\(D ® Ap)*

by translation by a representative for the coset vllg € Ag. This induces an action of the
w-part A,, = maximal p-power quotient of (O, /@.,)* of Ag, on the invariants ™.
Moreover, if we write

T =Tt(1,v) = {9 : GLy(F) = Cl o((*}) g) = nla)v(b)la/bl'*¢(g)}

as a space of functions on D this action of A,, agrees by definition with the usual (= right
regular) action of

{(x) = (%) :x € Ay, x alift to O, } C {(x) : x € (OF, /Dw)*}.

(We really only care about these diamond operators for x € A,,, but they make perfect sense
for any x € (O, /®w)*")
“The following lemma is well-known”:



Lemma 3.2.2 (Similar to Taylor, “On the meromorphic continuation...”, Lemma 1.6). If p
and v are tame, then 7t(p, v)¥e is two dimensional, with a basis e, e of U,,-eigenvectors,
such that

uweu = H(Qw)eu) Uyey = V((Dw)e\/) !

and the diamond operators act by

<X>eu - }‘L(g)ew <X>ev = v(%)ev, (X € (OFW/QWJX)-

(Does anyone know a real reference? Probably it’s not too hard prove; it should just be
some explicit computation.) [

Now f is a U,-eigenvector with eigenvalue o, by the way we set things up, so we can
say that pu is determined by «,, plus the action of A,, on ml\l,Q'W.

Local Langlands implies that

prp: Gr — GL2(Q,)
corresponding to 7t = 71, satisfies
pf,p|GFW ~ ( " v)

where u, v are the Galois characters corresponding to w, v via class field theory. ? But this
representation is precisely the one we know as

G]:W — GLz(RQ) — GLz(TQ) — GLz(TQ/p) — GLz(Qp)

So the action of the diamond operators (x) for x € A,, act on f by the values of the character
w(x), agrees with action of x via the value of the character “n;(x)” we picked out when
originally defining O[Ag] — Rg.

This essentially proves the desired compatibility between the two actions, modulo all the
details I've omitted or gotten wrong. Therefore we have completed the proof of the freeness
of Mg over O[Ag].

3.3 Proof of relation of level Q with level @

The remaining part of the theorem is the “moreover”, namely:
Mg/agMg = Mg.
The key ingredient in the proof of the “moreover” will be the following.
Proposition 3.3.1. There is an isomorphism

Mg = S(U%)m = S(VQ)ng-

IThis may not be quite right...
2Clearly I've been sloppy somewhere regarding Qp and C....
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Assuming the proposition, let us deduce what we want. By the proposition, it is sufficient
to prove that
MQ/C[QMQ = S(VQ)nQ»
since the latter is the same as Mg. Since we’ve already “shown” that the two Ag actions are
the same, we may as well compute the Ag-coinvariants of Mg, namely Mg/aqMq, using
the description of Mg as O-valued functions “upstairs” in the Aqg torsor

Aq

But with this description, it is more or less obvious that the desired isomorphism holds: we
have (non-canonically) that
S(U.Q) = S(VQ) Ko O[AQ]

SO
S(Uqg)ag = S(VQ)-

Since quotients commute with localization, the same equality holds when we localize at ma,
resp. nqQ.
It remains only to prove the relationship between S(Vq)a, and S(U°)y.

4 Proof of Proposition

We will prove the proposition by induction on the size of the TW-set Q, reducing to the
case when Q = {w} is a singleton.

This argument is due to Andrew, the basic outline being from Taylor’s “On the mero-
morphic continuation...” paper (Lemma 2.2).

4.1 Inductive setup

Specifically, let V be any compact open subgroup of U°. Let @ : T(V) — k be a homomor-
phism with kernel m, and let @ : T(V) — O be any set-theoretic lift. Let w be a TW prime,
meaning the following.

a) w ¢ X(V) (which, recall, is just the bad set of places: S,UStU{v|oco}U{v : V,, nonmaximal}).
In practice, i.e. for our inductive argument, this means w is nonarchimedean and out-
side S, U St and the TW primes we already added.

b) Nw = Tmod p.
c) X2 — @(T,,)X + Nw has distinct roots «, f € k.

By Hensel’s lemma, we obtain a factorization in T(V),[XI:
X2 — T, X+Nw=(X—A)(X—B)

where ®(A) = , ®(B) = .
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Now let V'’ be the compact open subgroup of V obtained by replacing V,, = GL3(O¢,)
with V}, = I,, the Iwahori. Let U,, be the Hecke operator on S(V') given by I,, (® ;) 1., as
before. Let T(V’)" be the subalgebra of End(S(V’)) generated by T(V’) and U,,. Let m’
be the ideal of T(V’)" generated by p, T, — &)(T\,) forvég X(V’), and U,, — «.

Proposition 4.1.1 (Induction step). There is an isomorphism
n: S(V)m - S(V/)m’

given by
f Af— (15, )1

Granting this, the proof of the main theorem is complete. For using this induction step,
we can build a chain of isomorphisms from S(U°),, to S(VQ)m(+2 by adding the Taylow-Wiles
primes w € Q one at a time, invoking the induction step each time.

4.2 Proof of induction step
4.2.1 Well-definedness of n

Note that a priori it is not clear that n lands in the localization S(V’)y/. (Recall that
T(V') is semilocal and finite over O, hence a direct sum of its localizations at its maximal
ideals, so in particular we can regard those localizations as subs rather than quotients.)
We can characterize S(V')w as precisely the T'(V’)"-submodule of S(V’) on which m’ acts
topologically nilpotently. (Also, S(V), C S(V) is characterized similarly.) As a first step,
let us use this characterization to show that n actually lands where we want it to.

The following is a consequence of explicit computations done with double cosets.

Lemma 4.2.1. The identities
Tof =Unf+ ("o, ),  Un('o,)T=Ny-f

hold for any f € S(V). ]

As a consequence we have
Lemma 4.2.2. U,,on=mno0A.
Proof. Using the previous lemma, we can expand

U,n(f) = T(Af) — (1 &, ) (Af) = Nw - f.
Since A is a root of X? — T,,X + Nw € T(V).[X], we have
A?=T,A — Nw.

Hence

N(AF) = A% — (1 5 ) (Af) = TWA = Nw - — (T 5 ) (Af) = Unn (). O
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Now we deduce that 1 is well-defined. We need to show that p, T, — CT)(TV) forve L(V'),
and U, — « all act topologically nilpotently on 1(f) for any f € S(V).

For p this is clear.

For T,—®(T,), one checks that T, commutes with 1. It is clear that T, commutes with A,
since T(V) is commutative. It is maybe not so obvious that T(V) commutes with the right
regular action of (' o, ); that follows from a calculation with the appropriate double coset.

Consequently the topological nilpotence of T, — @(T,) on n(f) follows from the topological
nilpotence of the same operator acting on f € S(V) .
Finally, by the previous lemma we have (U,, — «)(nf) = n(A — «)(f). But this is
topologically nilpotent since f is in S(V),, hence A — «, acts topologically nilpotently on f.
[FIXME: Explain the last sentence.]

4.2.2 Aside: the “integration pairing” on X(U)
Next we will show that 1 is injective. To do so, we will make use of an “integration pairing”
(GHu:SU)®SU) — 0

for any U C U°. This is defined by

(fyg)u = Z f(x)g(x).

xeX(U)

It is just the “L? inner product” with respect to the counting measure on X(U).
As I think Akshay mentioned several lectures ago, in principle we should use a different
measure: we should weight a point x by the amount of “stackiness” of X(U) at x:

Nux = 'D*xNU- (A< : FX.
But we arranged U° so that Ny is automatically 1.

4.2.3 Injectivity
Lemma 4.2.3. For f,g € S(V), we have

<f’ TW9>V = <f> ( ! Dw ) 9>V"

Proof. An explicit computation with double cosets, which we omit. O
Lemma 4.2.4. Let 7t: S(V') — S(V) be the adjoint to the inclusion S(V) < S(V’). Then
the composition

equals Nw - A — B.

Proof. A similar argument to what we did above using topological nilpotence shows that the
composition above is well-defined, i.e. lands in S(V)y. It uses the fact that the adjoint 7
respects the action of the T,s.
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Now fix g € S(V). The adjoint 7t(n(g)) is characterized by

(fym(g)))v = (f,nlg)v,  VFeS(V).

So
(f,mm(g))v = (f,ng)v: = (fLAg— (" o, ) 9)v-
Now
(fAghv = > flx =) ) AKX
xeX(V’) yeX(V) X(V')ax—y
=[V: V] Y fy)Ag)ly) = [V: VI(f,Ag)v.
yeX(V)

On the other hand by the last lemma

<f> ( ! DOw ) 9>V’ = <f> Tw9>V'

So we see
(f,rmg)v = (f, [U: UW]Ag — Tug)u.
This shows that 7mg = ([U : WJA —T,)g. But [U: U] = #P'(k(w)) = Nw + 1, so
ﬂng:(Nw-A+A—(A+B)) (NWA B)g. O

To conclude that 1 is injective, by the last lemma it suffices to show that Nw - A — B is
a unit. We just need to show it is not in m. But Nw = Tmod p, so

Nw-A —B =« — mod m,

and this is nonzero because & and 3 were assumed distinct.
So we crucially used the fact that we are at a TW-prime!

4.2.4 Cokernel is torsion-free

In fact, the last proof gives us a bit more. If we scale 7t by the inver of NwWA — B, we get a
genuine section of 1. So the image of 1 is a summand of S(V'), and hence the cokernel of
1 is torsion free.

4.2.5 Surjectivity

It remains to prove that 1 is surjective.

The first key point is to show that S(V’)y (and hence the image of n) is contained in the
space of old-forms, i.e. those coming from S(V) either by the inclusion or by f— (' o ).
Call this space Old(V’).

Lemma 4.2.5. S(V') € Old(V').
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Proof. This is a representation theoretic argument, which I sketch, following Andrew’s
writeup of it.

Fix f € S(V/')u. After tensoring with E = Frac(0), f generates an automorphic repre-
sentation of (D ® Af)*, perhaps reducible, say m = @ nY. We can decompose f = 5 ¥
according to this decomposition. The component V) is an I,-fixed vector in 7[3,), for each
i. By the representation theory of GL;(F,,), this forces 7Y to be an irreducible unramified
principle series, or a “special representation with trivial central character”.

The latter case will be ruled out the fact that since f € S(V')u, we know how the
U,, operator acts on it. Indeed, U,, acts on the Iwahori invariants (N&J)IW of a special
representation Tr&) by 4+1. In the special case, the Iwahori fixed vectors are 1-dimensional,
so they are spanned by f®. So U,, acts on f¥ by 4+1. Thus U,, & 1 acts topologicaly
nilpotently on f¥. Now o« = Nw = Imod p. Since « # B, it cannot be the case that
o« = £1 € k. So since U,, & 1 acts topologically nilpotently on f¥, U,, — & cannot, as the
difference &« 4 1 acts invertibly. This holds for each i, so U,, — & cannot act topologically
nilpotently on f. But this contradicts the fact that f € S(U’) /.

It follows that each 71&) is an irreducible unramified principle series. This means the
spherical fixed vectors are one-dimensional — spanned by sph, say — and the Iwahori fixed
vectors are spanned by

sph, ("o, ) sph.

These are all oldforms. In particular, the Iwahori fixed vector ¥ is in Old(V’). So the
linear combination f = 5 £V is in Old(V’) too. O

But in fact we want more: we want im(1) to be in the old-forms coming from S(V)!.
Call this space Old,(V’). It’s now convenient to introduce some notation: write F for the
level-raising map

S(V)® S(V) — S(V)
(fi,f2) = f1+ (1o, ) fa
Lemma 4.2.6. S(V'), C Old, (V') = F(S(V)&?).

Proof. F respects the action of T(V’). This implies that for any maximal ideal n of T(V’),
we have F(S(V)%?) ¢ S(V'), and F1(S(V’),) = S(V)&2.

Apply this with n = mg, the maximal ideal of T(V’) generated by the T, — (T)(Tv) for
v € Z(V'). By definition, S(V')m C S(V')m,. By the last lemma,

F(S(V)¥%) D S(V ),y

SO
S(V)mr C SV )y € FF(S(V')m)) = F(S(V)E2).
But by multiplicity one, S(V)m, = S(V)um, since the only difference between my and m is the
presence of the single Hecke operator T,, — @ (T,,). ]
An easy computation shows:

Lemma 4.2.7. U, F (1) =F( ) (). O
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Lemma 4.2.8. S(V)®? is the direct sum of submodules A = {(Af,—f) : f € S(U)} and

m

B ={(Bf,—f) : f € S(U)n}. Moreover we have
(M%) a=Aq, acA
(N )b=Bb, beB.

Proof. We compute
T Af — Nwf = A%f

by a previous calculation. So
(5797) (A1) = (A5) = A (4).

The computation for B is similar. The decomposition S(V)£2 = A @ B is true because the
determinant of the “change of basis matrix” is

det (4 B)=A—B=a—p #0modm
which is a unit in T(V)q. O
Lemma 4.2.9. F restricts to a surjection A — S(V/)u.
Proof. For a € A,b € B, the last lemmas show
UyFla+b)=F(™ ™) (a+b)=FAa+ Bb).

So
(U — x)F(a+b) =F((A —a)a+ (B —x)b).

[terating this gives
(U —x)"Fla+b) =F((A —x)"a+ (B — x)™b).

As n — oo this goes to (B — &)"F(x'), since A — « is topologically nilpotent on S(V).
But B — « is invertible. Consequently if U,, — & is topologically nilpotent on F(a + b), then
F(b) = 0. We know that S(V') C F(A®B), so this implies that in fact S(V')w C F(A). O

Finally we can prove the surjectivity of . For n(f) = F(a) where a = (Af,—f) € S(V)&2.
Since everything in S(V’). is of the form F(a) for some a, by the last lemma, and since
every a € A is of the form (Af,—f) for some f € S(V),,, we are done.
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1. INTRODUCTION

In our seminar we have been working towards a modularity lifting theorem. Recall that such a theorem
allows one (under suitable hypotheses) to deduce the modularity of a p-adic Galois representation from that
of the corresponding mod p representation. This is a wonderful theorem, but it is not immediately apparent
how it can be applied: when does one know that the residual representation is modular?

One example where residual modularity is known is the following: a theorem of Langlands and Tunnel
states that any Galois representation (of any number field) into GL2(F3) is modular. Their result is specific
to F3 and does not apply to representations valued in other finite fields (except perhaps F»?): the key point
is that GLy(F3) is solvable. Modularity lifting thus allows one to conclude (under appropriate hypotheses)
that representations into GLa(Z3) are modular. Wiles’ original application of modularity lifting to elliptic
curves used this line of reasoning.

For finite fields other than F3 (and maybe F3) there is no analogue of the Langlands—Tunnel theorem: the
finite groups GLy(F,) are typically not solvable. However, Taylor [Tay], [Tay2] partially found a way around
this problem: he observed, using a result of Moret-Bailly, that any odd residual representation of a totally real
field F' becomes modular after passing to a finite extension of F'; that is, odd residual representations of I are
potentially modular. Using modularity lifting, one can conclude that many p-adic are potentially modular
as well. Typically, one cannot deduce modularity from potential modularity. Nonetheless, many of the
nice properties of modular p-adic representations can be established for potentially modular representations
as well: they satisfy the Weil bounds, their L-functions admit meromorphic continuation and satisfy a
functional equation, they often can be realized in the Tate module of an abelian variety and they fit into
compatible systems. We prove the final of these results.

As if these consequences of potential modularity were not impressive enough, Khare and Wintenberger
[KW] went even farther: they proved that every irreducible odd residual representation of Gq is modular,
a result first conjectured by Serre. To do this, they first showed — using potential modularity — that any
mod p representation admits a nice p-adic lift. This lift (by one of the corollaries of potential modularity)
fits into a compatible system. To prove the modularity of the original mod p representation, it suffices (by
modularity lifting, and basic properties of compatible systems) to prove the modularity of the reduction
of any of the f-adic representations in the system. This permits the possibility of an inductive argument,
which turns out to be quite subtle but possible. The base cases of the induction had been previously proved
by Serre and Tate; these results are specific to Q and is one reason that this sort of result has not been
extended to other fields.

Date: March 27, 2010.



2 ANDREW SNOWDEN

As indicated, the results presented here are mainly due to Taylor, Khare and Wintenberger, building on
the modularity lifting theorems of Wiles and Kisin (though many other people contributed along the way).
I learned most of these arguments by writing a paper [Sno| that extends them a small amount. Some of
these notes are taken directly from that paper.

2. REVIEW OF COMPATIBLE SYSTEMS
In this section we provide a brief review of compatible systems and some of their most basic properties.

2.1. Compatible systems with rational coefficients. Let F' be a number field. An n-dimensional
compatible system of G g with coefficients in Q is a family {p,} indexed by the set of rational prime numbers
£ (or possibly some subset thereof) where p; : Gp — GL,,(Qy) is a continuous representation, such that the
following conditions hold:
e There exists a finite set S of places of F' such that each py is unramified outside S U S,. Here S,
denotes the set of places of F' above /.
e For each place v of F not in S there exists a polynomial p, € Q[t] such that: for any prime £ and
any place v € S U Sy the characteristic polynomial of pg(Frob,) is p,.

In words: the p, have uniform ramification properties and the characteristic polynomial of Frob, is inde-
pendent of /.

Ezxample 1. Let f be a Hilbert modular form over F' whose Hecke eigenvalues are rational numbers. For
each rational prime ¢ we have a Galios representation py : Gp — GL2(Qg). The collection of these Galois
representations forms a compatible system. The set S can be taken to be the set of primes dividing the level
of f, while p, can be taken to be t> — a,t + ay,», Where a, and a,,, are the T, and T, , eigenvalues of f.

Ezxample 2. Let E be an elliptic curve over F. Let p, be the representation of G on the ¢th Tate module
of E (tensored with Q). Then the collection of these Galois representations forms a two-dimensional
compatible system. The set S can be taken to be the set of places of F' where E has bad reduction. We
have p,(t) = t2 — a,t + Nv, where Nv + 1 — a, is the number of points of the reduction of E at v with
coefficients in the residue field of v. Of course, one can replace E with a higher dimensional abelian variety.

Example 3. Let X be a smooth projective variety over a number field F. Let p, be the representation of G
on the étale cohomology H Z'(Xf, Q¢), for some fixed i. Then the collection of these Galois representations
forms a compatible system. The set S can be taken to be the set of primes where X does not have good
reduction. Here, we say that X has good reduction at a place v if there exists a smooth projective scheme
2| O, whose generic fiber is isomorphic to X. The polynomials p, comes from certain pieces of the zeta
function of X (which is by definition independent of £); to find these pieces, the Riemann hypothesis (proved
by Deligne) is needed. When X is an abelian variety, this example is more or less the same as the previous
one.

Remark 4. Since the compatibility condition is in terms of characteristic polynomials, it is not good at detect-
ing extensions: if {p¢} is a compatible system then so too is {p;°} where p* denotes the semi-simplification
of p. The converse is not quite true since the ramification of p, cannot be controlled in terms of that of p3°.
We say that a compatible system is semi-simple if all of its members are.

2.2. Compatible systems with general coefficients. As suggested by the terminology of the previous
section, there is a more general notion of compatible system. Let K be a number field. Then an n-
dimensional compatible system of Gp with coefficients in K is a family {p,} indexed by the set of finite
places w of K (or possibly some subset thereof) where p,, : Gr — GL,(K,) is a continuous representation,
such that conditions analogous to those given in the K = Q case hold. The polynomial p, will now have
coefficients in K.

Example 5. Let f be a Hilbert modular form over F' whose Hecke eigenvalues generate the number field
K. Then for each place w of K we have a Galois representation p,, : Gp — GLa(K,,), and these form a
compatible system. The description of S and p, are as in Example 1.

Ezample 6. A GLo(K)-type abelian variety is an abelian variety A/F of dimension [K : Q] equipped with an
injection O — End(A). This implies that Ty A® Q is a free K ® Q; module of rank two. Decomposing this
module into its pieces (corresponding to how ¢ splits in K), gives a two dimensional Galois representation
Gr — GLa(K,,) for each finite place w of K. These form a compatible system.
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2.3. Properties of compatible systems. The Chebotarev density theorem immediately yields the fol-
lowing result:

Proposition 7. Let {p,} and {pl,} be two semi-simple compatible systems of G with coefficients in the
same field K. Assume there is some place wo of K such that py, and pl,, are isomorphic. Then p, and p,
are isomorphic for all w.

As a corollary, we obtain the following, which we will use constantly:

Proposition 8. Let {p,} be a two-dimensional compatible system of semi-simple representations of Gg
with coefficients in K, and let w1 and wy be two places of K. Then py,, is modular if and only if py, is. In
particular, if any member of a compatible system is modular then all members are.

Proof. This follows from the previous proposition since modular representations always come in compatible
systems; see Example 5. a

3. POTENTIAL MODULARITY

In this section, we sketch give a sketch of Taylor’s potential modularity. The original arguments are in
the papers [Tay] and [Tay2]. The basic idea is as follows. We are given a two dimensional mod p Galois
representation p of G, where F is totally real, which we want to show is potentially modular. We find
a two dimensional ¢-adic Galois representation ¢, which we know to modular. This new representation is
completely independent of p. However, using a very general theorem of Moret-Bailly, we show that there is
a GLa-type abelian variety A over some finite extension F’/F whose mod £ representation is @|p/ and whose
mod p representation is p|p,. Modularity lifting implies that the ¢-adic representation of A is modular.
General properties of compatible systems then give the modularity of the p-adic representation of A, and
thus of the mod p representation p|ps as well.

We now make this precise. We begin by recalling the theorem of Moret-Bailly [MB]:

Theorem 9 (Moret-Bailly). Let X be a smooth geometrically irreducible variety over a number field F'. Let
S be a finite set of places of F' and for each v € S let L,/ F, be a finite Galois extension and let U, C X (F),)
be a non-empty open subset (for the v-adic topology). Then there exists a finite Galois extension F' | F which
splits over each L, (i.e., F' ®p L, is a direct product of L,’s) and a point x € X (F"') such that the image
of x in X(Ly) under any map F' — L, belongs to U,.

Using this result, we deduce the following crucial result, which “links” arbitrary residual representations.

Proposition 10. Let F be a totally real number field and let p, : G — GL2(F,) and py : Gr — GLo(Fy)
be irreducible odd representations, with p # £. Then there exists a finite totally real Galois extension F'/F
and a two-dimensional compatible system {p,} of representations of Gp: with coefficients in some number
field K, such that for some place v1 | p of K the representation p,, is equivalent to p, while for some place
vy | € the representation p,, is equivalent to p,. Furthermore, the field F'/F can be taken to be linearly
disjoint from any given finite extension of F and the system {p,} can be taken so that p,, (resp. py,) is
ordinary crystalline at all places over p (resp. £).

Proof. For simplicity we assume that p; and p, take values in GLa(Fp) and GL2(F,) respectively, and that
both have cyclotomic determinant. We give some comments on the general case following the proof.

Let Y/F be the moduli space classifying elliptic curves whose p-torsion is p; and whose ¢-torsion is py.
More precisely, regard p; and p, as finite étale group schemes G; and G2 over F. Pick an isomorphism
G1 — GY of Gy with its Cartier dual such that the corresponding pairing G x G; — G, is symplectic,
which is possible by the assumption on the determinant of p;; do the same for G5. For a scheme T/F let
Y (T) be the groupoid of elliptic curves E/T equipped with isomorphisms E[p] — (G1)r and E[{] = (G2)r
such that the Weil pairing on E[p] corresponds to the given pairing on (Gi)r, and similarly for ¢. It is
not difficult to see that Y is representable by a scheme. In fact, the open modular curve Y (pf) of full level
splits into a several connected components over Q and our space Y is a twisted form of any one of these
components. This shows that Y is smooth and geometrically irreducible.

We are now going to apply the theorem of Moret-Bailly. Take S to be the set of infinity places of F' and
for v € S let L, = F,, the real numbers, and let U, = Y (L,). Clearly, U, is an open subset of Y (L,). To
apply the theorem we need Y (F,) to be non-empty. This is the case because the representations p; and py
are odd: if E/F, is any elliptic curve then E[p| is automatically equivalent to (G1)p,, and similarly for E[/].
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Thus any elliptic curve over F, can be given the additional structure needed to define a point of Y (F,).
Moret-Bailly now gives a finite totally real Galois extension F'/F (totally real because it splits over each
F, for v | 00) and an elliptic curve E/F’ such that E[p] = p,|p and E[¢] = p,|p/. The compatible system
can now be taken to be the Tate modules of E.

We now show that E may be taken to be ordinary crystalline at all places above ¢. (The arguments at
p are identical, and can be carried out simultaneously.) Add to S all the places of F' above £. Fix for the
moment a place v of F over £. Let U,, be the subset of Y (F,) consisting of elliptic curves with good ordinary
reduction. This is clearly a non-empty set, since there exist elliptic curves with good ordinary reduction, and
these can be given arbitrary level structure over F,. We now show that it is open. Let j : Y (F,) — F, be
the j-invariant; it is a continuous function for the v-adic topology. The subset V of Y (F,) where the elliptic
curve has good reduction consists of those curves for which j is integral; it is therefore open. The subset
of V where the elliptic curve has ordinary reduction is open, since this only depends upon the reduction
of the curve: if £ and E’ are two curves whose j-invariants are v-adically close then they have the same
reduction, and so one is ordinary if and only if the other is. This shows that U, is open. Let L, /F, be any
Galois extension such that U, NY(L,) is non-empty, and take U, to be this intersection. We now apply
Moret-Bailly as before. The elliptic curve E/F’ that we produce has good ordinary reduction at all places
over ¢ by the construction of the sets U,, and so the Tate module p,, is ordinary crystalline at all places
over /.

Finally, we show that F’/F can be taken linearly disjoint from any given finite extension of F'. Thus let
M /F be a finite extension, which we can and do assume to be Galois. Observe that Y (F,) is non-empty for
all sufficiently large v: indeed, if v is sufficiently large then Y will be smooth at v and its reduction will have
rational points by the Weil bounds; smoothness allows us to lift these mod v points to O, points. Let S’ be
a finite collection of finite places of F' satisfying the following conditions: (1) for each v € S’ the set Y (F,)
is non-empty; (2) no place of S’ lies over p or ¢; and (3) no place of S’ ramifies in M; (4) the elements Frob,,
with v € S’ generate the finite group Gal(M/F). We now again modify the Moret-Bailly set-up. We add
the set S’ to the set S, and for v € S’ we take L, = F, and U, = Y (F,). The field F’/F that Moret-Bailly
produces splits at all elements of S’ and is therefore linearly disjoint from M. |

Remark 11. In the above proof we assume that p; and p, had cyclotomic determinant and were valued in
the prime field. The first of these conditions is straightforward to relax by passing to an appropriate finite
extension of F' and twisting. To remove the second assumption one proceeds as follows. Pick a number field
K which is sufficiently large so that p; can be regarded as taking values in the residue field of K at some
place above p, and similarly for . Then, instead of considering moduli spaces of elliptic curves, consider
moduli spaces of GLa(K)-type abelian varieties. The theory of these moduli spaces is developed in [Rap].

Remark 12. In the previous theorem we required that p; and p, be irreducible. This is not really needed,
but we included since we have defined compatible systems to be rational objects, and so one can typically
only form the semi-simplification of their reductions.

We now produce a large supply of “universally” modular Galois representations.

Proposition 13. Let F' be a totally real field and ¢ a prime number. There exists a Galois representation
o : Grp — GL2(Qy) satisfying the following conditions:

(a) o is modular.
(b) o is ordinary and crystalline at all places above £.
(¢) Tlr(c,) is (absolutely) irreducible.

Furthermore, these conditions hold after restricting o to any finite totally real extension of F'.

Proof. An exercise in class field theory allows one to produce an imaginary quadratic extension F/F and

a character ¢ : Gg — QZ such that the representation o = Indk (1)) satisfies conditions (b) and (c) of the
proposition. (One picks F to split at all places of F above £. If v | £ is a place of F' and w; and wy the two
places of E above F then one takes 1 so that ¢|g,, is finitely ramified and ¢|p,,, differs from the cyclotomic
character by a finitely ramified character.) A theorem of Hecke states that o is modular. If F’/F is a finite
extension then o|p = Indgp/(w r) and the same arguments apply. O

We can now prove potential modularity for residual representations:
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Theorem 14. Let F be a totally real field and let p : G — GLg (Fp) be an odd representation such that
Plr(c,) is (absolutely) irreducible. Then there exists a finite totally real Galois evtension F'/F, which can
be taken to be linearly disjoint from any finite extension of F', such that p|p: is modular. Furthermore, the
modular form can be taken to be ordinary at all places of F' above p and of level prime to p.

Proof. Let o be as in Proposition 13, where ¢ can be any prime different from p (and maybe larger than
5). By Proposition 10, we can find a finite extension F'/F, linearly disjoint from whatever we want, a
compatible system {p,} of representations of G with coeflicients in some number field K and two places
v1 | p and ve | £ of K such that: (1) p,, is ordinary crystalline at all places above p and its reduction is
equivalent to p; (2) py, is ordinary crystalline at all places above £ and its reduction is equivalent to &. The
modularity lifting theorem that we have proved now establishes that p,, itself is modular. By compatibility,
pv, is modular (see Proposition 8), and thus p is as well. Since p,, is ordinary crystalline at all places above
p, the modular form giving rise to it has prime to p level and is ordinary at all places above p. a

We can now prove potential modularity for p-adic representations:

Theorem 15. Let F' be a totally real field, let p > 5 be a prime and let p : Gp — GLo (Qp) be a continuous
representation satisfying the following conditions:
(A1) p is odd.
(A2) p ramifies at only finitely many places.
(A3) Plr(c,) is (absolutely) irreducible.
(A4) p is ordinary crystalline at all places above p.
Then there exists a finite totally real Galois extension F'/F, which can be taken to be linearly disjoint from
any given finite extension of I, such that p|p: is modular.

Proof. By the previous theorem, we can find a finite extension F’/F such that p|p comes from a modular
form which is ordinary crystalline at all places above p. The modularity lifting theorem we have proved
gives the modularity of p|p. a

Remark 16. Condition (A4) be relaxed if one is willing to use more general modularity lifting theorems.
However, (A1)—(A3) are essential to the method of proof.

Remark 17. This clause about being able to produce the field F’ so that it is linearly disjoint from a given
extension of F is often used to make F’ linearly disjoint from the kernel of p. This implies that p and p|gs
have the same image. Thus p|p will still be irreducible.

4. PUTTING REPRESENTATIONS INTO COMPATIBLE SYSTEMS

We now use potential modularity to put p-adic representations in compatible systems. I learned the proof
of this result from a lecture given by Taylor at the Summer School on Serre’s Conjecture held at Luminy
in 2007. Taylor attributed the proof to Dieulefait; a sketch of the argument can be found in [Die, §3.2].
However, I have not found a detailed proof in the literature.

Proposition 18. Let F' be a totally real field, let p > 5 be a prime and let p : Gp — GLg(Qp) be a
continuous representation satisfying (A1)—-(A4). Then there exists a compatible system {pw} of Gr with
coefficients in some number field K such that for some place vy of K the representation p,, is equivalent to
p-

Proof. Apply Theorem 15 to produce a finite Galois totally real extension F’/F linearly disjoint from ker p
and a modular form f over F’ such that p|p = py (we regard the coefficient field of f as being embedded in
Q,). Let I be the set of fields F which are intermediate to F’ and F and for which Gal(F’/F") is solvable.
For i € I we write F; for the corresponding field. For each ¢ we can use solvable descent to find a modular
form f; such that p|p, = py,. Let K; denote the field of coefficients of f;, which we regard as being embedded
in Qp. Let K be a number field which is Galois over Q, into which each K; embeds and which contains
all roots of unity of order [F’ : F]. Fix an embedding K — Qp and embeddings K; — K such that the
composite K; - K — Qp is the given embedding. Let vy be the place of K determined by the embedding
K — Qp. For each place v of K and each ¢ € I we have a representation r;, : Gp, = GL2(K,) associated
to the modular form f;. It is absolutely irreducible. Note that after composing r; ., with the embedding

GL2(Ky,) — GL2(Q,,) we obtain plgy, -
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By Brauer’s theorem, we can write

1= mIndg e ) ()
iel

where the n; are integers (possibly negative) and the x; are characters of Gal(F’/F;) valued in K*. (Here we
use the fact that K contains all roots of unity of order [F” : F'].) This equality is taken in the Grothendieck
group of representations of Gal(F’/F) over K. Note that by taking the dimension of each side we find

Let v be a place of K. For a number field M write Cps, for the category of semi-simple continuous
representations of Gp; on finite dimensional K,-vector spaces. The category Cys,,, is a semi-simple abelian
category. We let K (Cps,) be its Grothendieck group. It is the free abelian category on the set of irreducible
continuous representations of G on K,,-vector spaces. We let (,) be the integer valued pairing on K (Cas,y)
given by (A, B) = dimg, Hom(A, B). This is well-defined because Cps,, is semi-simple. It is symmetric. If
M’/M is a finite extension then we have adjoint functors Ind%, :Cymr v —+ Ciaryy and Res%/ Cymo = Cyr e
(One must check, of course, that induction and restriction preserve semi-simplicity — we leave this to the
reader.) These functors induce maps on the K-groups which are adjoint with respect to (,). If M; and My
are two extensions of M and r; belongs to Cyy, , and r2 belongs to Cyy, , then we have the formula

(1) (Ind3f, (), Ind}f, (r2)) = 3" (Reshih, (#4), Rests | (r2)
ges

where S is a set of representatives for G, \Gar /G, M7 is the field determined by ¢G g~ Y and r{ is the
representation of gGas, g~ ! given by z + 71 (g txg). This formula is gotten by using Frobenius reciprocity
and Mackey’s formula.
Define
Pv = Z T Indgi (ri,v ® Xz)v
iel

which is regarded as an element of K(Cr,). We now show that each p, is (the class of) an absolutely
irreducible two dimensional representation. To begin with, we have

oo Dkyy Qp =D niIndy, (riw, @k, Q) Ok Xi)
i€l
= nIndf; ((plr) @k X:)
i€l
F
= [an Indp, (Xz)} QK p
i€l
=p
This shows that p,, is (the class of) an absolutely irreducible representation.
Now let v be an arbitrary finite place of K. We have

(Puspo) = Y, ming(Indg, (rip ® xi), Ind (1.0 @ X;))
ijel
F? F;
= Z Z ning (ReSngFj ((ri0 ® x4)9), ReSF;Fj (Tj,v ® Xj))
ijel geSi, ’ ‘

where we have used (1). Here S;; is a set of representatives for Gp,\Gr/Gp,. The representation r; ,|p: is
the representation coming from the form f’ and so is absolutely irreducible. It follows that the restriction of
i to any subfield of F is absolutely irreducible. Thus the representations occurring in the pairing in the
second line above are irreducible. It follows that the pairing is then either 1 or 0 if the representations are

g
isomorphic or not. Therefore, if let d,; ;4 be 1 or 0 according to whether Res?;, Fz(rm ® x;)9 is isomorphic

to ResiZyFQ(rj’u ® x;) then we find

(Puspo) = D D MinSuig:

i,j€I g€Si
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Now, the {75, }v and the {r;,}, form a compatible system. It follows that &, ; ;4 is independent of v. The
above formula thus gives

(Pos Pu) = (Pors por)

if v’ is another place of K. Taking v’ = vy and using that p,, is an absolutely irreducible representation gives
(pv, puv) = 1. Now, if we write p, = > m;m; where m; € Z and the 7; are mutually non-isomorphic irreducible
representations then we have (p,, p,) = Y. m?(m;, m;). Since the terms are all non-negative integers and the
sum is 1, we find p, = £ with (m,7) = 1. Thus 7 is an absolutely irreducible representation. Now,
dim p, = 2 since each r;, is two dimensional and ) n;[F; : F] = 1. Since dimr is non-negative, we must
have p, = w. This proves that p, is the class of an absolutely irreducible representation.

Of course, it must be shown that the p, actually form a compatible system! This is fairly easy after what
we have done, and we leave this task to the reader. a

Remark 19. The compatible system constructed above is in fact strongly compatible. For a discussion of
this, see [Tay, Theorem 6.6].

5. LIFTING RESIDUAL REPRESENTATIONS
We now show that one can lift most residual representations to characteristic zero representations.

Proposition 20. Let F' be a totally real field, p > 5 a prime and p: Gp — GLz(Fp) an odd representation
such that p|r(,) is (absolutely) irreducible. Assume that for each plave v | p of F' the representation p|r,
admits a lift to Zp which is ordinary crystalline. Then there exists a continuous representation p : Gp —

GL2(Q,,) satisfying (A1)-(A4) lifting p. One can take p to be unramified at the same places where p is
unramified (excluding places above p).

Proof. Let S be the set of primes away from p at which p ramifies and let S}, denote the set of primes above
p. For v € SU S, we have the universal framed deformation ring RS of p|r,. For v € S, we let R} be the
quotient of RE parameterizing ordinary crystalline representations, in the same manner as we have done
before. The ring R} is non-zero since we have assumed that p|p, admits an ordinary crystalline lift. Our
previous work therefore shows that it is €-flat and has relative dimension dimension is 3+ [F, : Q,] over &.
For v € S we pick a non-zero &-flat quotient Rf of R of relative dimension 3 over . Tt takes a little bit
of work to show that such a quotient exists, but it is not very hard. (The calculations appear in [Sno|, and
they probably are also somewhere in [KW].) We let B (resp. B) be the completed tensor product of the R
(resp. R}) for v € SUS,. We let R be the universal framed deformation ring for 5 unramified outside of
S. We put Rf = RU ®@p B and let R? be the unframed version of R.

Now, we have a presentation for RZ over B [Ki, Prop. 4.1.5]:

RD = E[[xlw . -7-73T+n—1]]/(f17 .. ~7fr+s)

where s = > dim H(F,,ad®p), n is the cardinality of S U S, and 7 is some non-negative integer.

Tensoring this over B with B gives

RT = B[[xl,. . ~7mr+n—1]]/(f17 .. ~7f1‘+s)

Now, since p is odd, we have s = [F' : Q]. On the other hand, the dimension of B is [F': Q] +3n+ 1. We
conclude that RT has dimension at least 4n. Since RT is a power series ring over R in 4n — 1 variables, we
find that R has dimension at least 1.

Let F'/F be a finite totally real extension over which p becomes modular, by an ordinary modular form
of level prime to p. We can then define deformation rings for p|p analgous to the ones we have defined for
p. We will denote these rings with an overline. There is a natural map R — R (the universal unframed
deformation rings unramified outside of \S), which is easily verified to be a finite map of rings. It follows that

v|oo

the induced map R' = R! is finite as well. Now, to establish our modularity lifting theorem we identified
R [1/p] with a Hecke algebra using a patching argument. Out of this argument we obtained another piece of

information: that R’ itself, without p inverted, is finite over &. (Actually, we did not quite use the ring Ei,
we needed to make a slight modification of the local deformation ring at p. Nonetheless, the same argument

establishes the finiteness of Ei.) We now conclude that R¥ itself is finite over &.
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We have thus show that RY is finite over ¢ and has Krull dimension at least one. These two properties
imply that R¥ cannot consist soley of p-power torsion. Therefore R*[1/p] is non-zero, and so there exists
some homomorphism R¥ — Qp. The corresponding deformation is the representation p that we are required
to produce. a

Remark 21. One can still prove that p admits a nice lift without the assumption that p|r, admit an ordinary
crystalline lift for each v | p. Of course, without this assumption the resulting lift cannot be assured to
be ordinary. Not surprisingly, this more general statement makes use of more general modularity lifting
theorems.

6. REMARKS ON SERRE’S CONJECTURE
Recall Serre’s conjecture:
Conjecture 22. Any odd semi-simple representation p : Gq — GL2(F,) is modular.

When p is reducible it is easy to see that it is easy to see that p is modular. This is very far from the case
when p is irreducible. However, Khare and Wintenberger proved this a few years ago. We now give some
idea of the proof.

To begin with, Serre made a stronger conjecture, specifying the optimal weight and level of a modular
form giving rise to p. (See Akshay’s talk for more details along these lines.) The level N(p) is just the
prime-to-p Artin conductor of p. Thus is N(p) always prime to p, and £ | N(p) if and only if  is ramified at
£. The weight k(p) is more complicated to define, but it can be bounded in terms of p. It is known that if 5 is
modular then it is modular of this optimal weight and level. Furthermore, the work we have done in §4 and
§5 can be generalized to show that p lifts to a strongly compatible system of weight k() and conductor N (p).
This uses more advanced modularity lifting theorems. (The weight of a p-adic representation is defined using
p-adic Hodge theory. The conductor of a p-adic representation is a product of the usual prime-to-p part
together with a p-part coming from p-adic Hodge theory. If {p,;} is a strongly compatible system then all
the py have the same weight and conductor.)

We begin by discussing the level one case of Serre’s conjecture. We have the following result:

Proposition 23 (Serre, Tate). Congjecture 22 holds if N(p) =1 and p=2 or p = 3.

The p = 2 case is due to Tate, the p = 3 case to Serre. In fact, there are no cusp forms of level 1 and small
weight, so the above proposition is really saying that there are no irreducible representations Gq — GLg (Fp)
ramified only at p for p = 2, 3.

This result allows one to try to attempt an inductive argument. Let p: Gq — GLo(F,) have N(p) = 1.
Lift p to a compatible system {p;} of conductor 1 and weight k = k(p). By the above result, we know
that the reduction of ps is modular. We would like to use a modularity lifting theorem to conclude that
ps is modular. Of course, this is going to require a more powerful modularity lifting theorem than we have
discussed. Such theorems do exist (and can handle, for instance, the fact that p; will be reducible), but
they are not completely unconditional: the weight has to be small compared to p. Thus if one is going to
apply a modularity lifting theorem in characteristic 3 the weight has to be quite small (maybe 3 or 4). Our
compatible system {p,} can have arbitrarily large weight, so this is a real problem! (One might think to
try to lift our original p to a small weight p-adic representation unramified outside of p, and then put this
in a compatible system. This is possible, but the small weight p-adic representation will typically have a
conductor at p; this means that the 3-adic representation will ramify at p and we can no longer use the
theorems of Serre and Tate.)

To get around this problem, Khare (who proved the level one case before he and Wintenberger established
the general case) employs an inductive argument on the weight and the prime. I do not know the details of
how this works, so I cannot explain it.

Now consider the general case, where N (p) is no longer assumed to be 1. The proof of Khare-Wintenberger
is again an induction, but now the level is considered as well. Here is one way the level can be cut down:
lift p to a compatible system {p¢}. Say £ | N(p). Then look at p,. By definition, its Serre-level is prime to
¢. If we were just inducting on the level, then we could assume that p, were modular (since it has smaller
level than p). Of course, we would then like to conclude that p, is modular as well. However, the available
modularity lifting theorems may not be strong enough for us to make this deduction — for instance, the
weight could be too larger compared to £. I think the argument of Khare-Wintenberger runs induction on
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several things at once to get around this sort of issue. Again, I do not know the details, so I will leave it at
that.
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The Patching Argument

Brandon Levin

August 2, 2010

1 Motivating the Patching Argument

My main references for this talk were Andrew’s overview notes and Kisin’s paper “Mod-
uli of Finite Flat Group Schemes.” I also would like to thank Andrew for his help and
letting me incorporate some of his Tex code which saved me time and energy.

Since this is the final lecture in this seminar, we begin by stating the theorem we set
out to prove.

Theorem 1.1. Let F'/Q be a totally real number field and let p : G — GLa(Q,) be a continuous
representation of its absolute Galois group, with p > 5. Assume that p satisfies the following
conditions:

e p ramifies at only finitely many places.

e pisodd,ie. det p(c) = —1 for all complex conjugations c € Gp.
e p is potentially crystalline and ordinary at all places above p.

® PlGp,, is absolutely irreducible.

o There exists a parallel weight two Hilbert modular form f such that p; is potentially crys-
talline and ordinary at all places above p and p = py.

Then there exists a Hilbert modular form g such that p = p,.

As explained in Andrew’s Lecture 18, we can make a solvable totally real base changes
to arrange so that p is crystalline and ordinary at all places dividing p and that p is Stein-
berg at all places where it is ramified. We are careful to choose a solvable extension pre-
serving the absolute irreducibility condition. Solvable base change ensures that modular-
ity of this new p implies modularity of the one we started with. All the other conditions
are preserved. For convenience, we also base change so that the number of real places of
F and the number of Steinberg places of p are both even.



The techniques of level lowering and level raising as discussed in Akshay’s most re-
cent talk allows us find a new Hilbert modular form [’ with the same reduction mod p
whose level exactly matches with p, that is, f’ is ramified only where p is Steinberg and is
Steinberg there, and further f’is ordinary at all places dividing p. Some further reductions
are discussed in Andrew’s notes to get ourselves to the following situation:

Theorem 1.2. We have a representation
p: GF — GLQ(k)

where k is a finite field of characteristic p, a finite set St of places of F' away from p and a modular
representation py lifting p. Let S, denote the places of F' above p. We assume the following
hypotheses:

(A1) py is crystalline and ordinary at all places in S,, Steinberg at all places in St and unramified
at all other places.

(A2) det pr = X,

(A3) PGy, is absolutely irreducible.

(A4) play, is trivial for v € S, U St.

(A5) F has even degree over Q and St has even cardinailty.
Then p is modular.

As we go through the patching argument, the question may arise: why would one
think to do it this way? The argument feels very unnatural. The best I can do is to
point to similar argument from Iwasawa theory which arose much more naturally and
undoubtably inspired this one. If you are unfamiliar with Iwasawa theory or not inter-
ested, you may skip to the next section.

Everything I say can be found in Washington’s book Cyclotomic Fields in much more
detail. The important first case in Iwasawa theory is the study of the p-part of the class
group of the cyclotomic fields Q((,») = K,,. Let M,, be the p-part of the class group K,,.
One first observes that M,, comes with an action of Gal(K,,/Q). For our brief discussion,
the relevant action is that of Gal(X,/K;) which is a cyclic group of order p"~'. Further-
more, we think of Gal(K,,/K;) as a quotient of I' = Gal(K,/K7). So that I acts on all the
M,’s.

Now, there exists maps of abelian groups

Mn+1 — Mn

One can think interpret this map as norm map K, /K, either at the level of ideal class
groups or at the level of ideles. Or an alternative description exists in terms of Hilbert
class fields. It is not hard to show the map is both surjective and I'-equivariant.

2



Each M,, is an abelian p-group with the structure of a Z,[I'/T*""']-module. Hence the
projective limit
My, :=lim M,
+—

is naturally a module over the completed group ring

lim Z,[T/17"") = 2,([T]] = 2, [T

the last isomorphism being given by sending a topological generator for I' to 1 + 7.

The value of this limiting process is that while the M,, themselves may be very mys-
terious, there is a nice structure theory for Z,[[T]]-modules which can be applied to M.
Knowing this and the fact that M,, can be recovered as quotient of M., by an augmen-
tation ideal, allows one to derive strong results about how |}M,,| grows as we go up the
tower.

Idea of the Proof: As both Mike and Sam have discussed, given a set of Taylor-Wiles
primes (), the corresponding deformation ring and space of modular forms have an action
of O[Ag]. The naive idea would be to take a limit where the Taylor-Wiles sets become
congruent to 1 modulo higher and higher powers of p. The limiting “deformation ring”
and “space of forms” then become modules over a power series in || variables. One
could then use commutative algebras results which only work over domains to deduce
that R =T.

One big problem not present in the Iwasawa setup is that these TW-sets have abso-
lutely no relationship to each other. There will be no obvious maps from M,,, to M,,, and
this will lead to the “miracle” that is patching argument. While the Iwasawa construction
moves vertically, the Taylor-Wiles construction is “horizontal” one and will involve many
more choices, but nevertheless, in the end, it works and we can recover facts about our
original R and 7" in exactly the same way one does in Iwasawa theory.

2 Setup/Recollection of Previous Results

There is unfortunately a huge amount of notation to set up here so let’s get started.

2.1 Deformation Rings

All our deformation rings will be algebras over O which is the ring of integers of its
fraction field E, a p-adic field. We will denote the residue field of O by F and assume the
p is representation over .

In this section, we add in the framings we need and recall the necessary dimension
formulas.

Let R™ be the universal deformation ring of 5 unramified outside S, U St together with
framings at each place in S, U St. The essential thing is that k" is naturally an algebra



over the universal local framed deformation ring R, of p|g,, forallv € S, U St. All our
local deformation rings will be framed so I leave off the box.

The functor of forgetting the framings makes R an algebra over the plain old global
deformation ring R which exists since  is absolutely irreducible.

We now state the first important dimension formula which was discussed in the fall:

(R1) RM is smooth over R of relative dimension j = 4|5, U St| — 1.

Note that we need these framings at v € S, U St because otherwise the local deforma-
tion rings may not be representable. In fact, as Andrew points out in his overview we can
actually assume that p|¢,, is trivial.

Now let R, be the quotient of R, which represents the crystalline-ordinary (respec-
tively Steinberg component) of the local deformation ring at v € .S, U St as discussed in
Rebecca and Brian’s (Corollary 4.3) talks earlier this quarter.

Set B = ®ve3tusp R, and B = ®U€Stusp R,, and note that B is a quotient of B.

The relevant properties of the R, are

e R, is a flat O-algebra (also complete local with residue field IF).

e R, is a domain (i.e. Spec R, is connected).

e R,[1/p|is aregular E-algebra.

e R, has relative dimension 3 for v € St and 3 + [F, : Q,] for v € S, over O.

These were all discussed or proved in previous lectures except I believe the dimension
formula which was only discussed for R,[1/p| but should be in the notes. For later appli-
cations, we will also want to know that R, has the same dimension at all maximal ideals.
This is Lemma 4.6 in Brian’s notes from this quarter.

Proposition 2.1. (B1) B is a flat O-algebra (also complete local with residue field IF).
(B2) B is a domain of relative dimension 3|S, U St| + [F' : Q] over O.
(B3) B[1/p|is a reqular E-algebra.

Proof. Since we can build B up one step at a time, for simplicity, let R, and R, complete
local O-algebras that are domains and which become formally smooth after inverting p.
Because the formation of the local deformation rings commutes with any finite extension
O’ of O, we can further assume that same properties hold for R; @0 O'.

Let A = R{®R,. For (B1), it suffices to show that A if flat over R; since R is flat over
O. Note that Ry — A is a local map of complete local Noetherian rings. By Prop 5.1,
it suffices to show that A/m] A is flat over R;/m} where m; is the maximal ideal of R;.
However, once you quotient by m! the completed tensor product goes away and we get

A/m’fA = Rl/m? Ko R2
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which is clearly flat over R;/m7 since R is flat over O.

Since A is O-flat, it is p-torsion free and so A < A[1/p]. Thus for (B2) and (B3), it suf-
fices to show A[1/p] is a regular domain. Intuitively, one might think of R;[1/p] as being
bounded functions on the corresponding rigid analytic space which we will call X;. This
is not quite true, but in any case, if it were, then A[1/p] would be bounded functions on
the rigid analytic product space X; x X,. And we are reduced to the statement that the
product of smooth spaces is smooth and product of geometrically connected is geomet-
rically connected. This motivates why one might believe modulo lots of technical details
that it would be true. Now I give the more hands-on algebraic proof.

Let X; = Spec Ry[1/p|, Xo = Spec Ry[1/p], and X = Spec A[1/p|. The rough idea is that
while X is very far from being the product of X; and Xy, it looks like a product at the
level of MaxSpec and this turns out to be enough. This is made precise in Lemma 5.2.

Recall also the following essential facts from Brian’s lecture “Generic Fibers of Defor-
mation Rings”:

1. A[1/p], R1[1/p], R2[1/p] are all Noetherian and Jacobsen rings. In particular, their
closed points are dense in their spectrum.

2. All maximal ideal of A[1/p], R1[1/p], R2[1/p] have a residue field a finite extension of
E.

3. Under any homomorphism R;[1/p] — E’ where E’ is finite extension of E, R; lands
in the ring of integers of £'.

Regularity (B3) for Noetherian ring over a field can be checked by a functorial criterion
on Artin local E-algebras (see Remark 2.3 in Lecture 21). Thus, it follows immediately
from Lemma 5.2. Knowing regularity, we get the dimension count by applying Lemma
5.2 to the dual numbers over E. It remains to show the X is connected.

There are natural projections m; : X — X; given by the evident ring inclusions. Fur-
ther, given any rational point z € X,(E), we get a section s, : X; — X. Our point
corresponds to a map R,[1/p| — E which from fact (3), gives rise to a map

R2—>O

which induces a map
Ry ®OR2 — Ry

which after inverting p yields s,. Note that by construction s, is a closed immersion onto
the fiber 7, *(z).

We can now show X isirreducible. Assume that U and VV were two disjoint non-empty
open subsets of X. After extending the field if necessary, we can assume U and V' contain
rational points v and v. Let s, and s, be sections passing through u and v respectively.
Since X is irreducible, s; ' (U) N s; (V) is non-empty. Again extending the field, we can
assume it contains a rational point y. Consider the fiber X,, = 7;'(y). Both U and V'
intersect X, a closed subset of X. By remark above, X, is the image of some section s,
and hence irreducible because X, is. O



The universal deformation ring for p unramified outside .S, U St, crystalline and ordi-
nary in S, and Steinberg in St with local framings is given by

RY = 9%,B.

Intuitively, one should just think the B is gotten from B by the univeral equations forcing
the desired local properties and all that we are doing here is just applying those universal
conditions to the global deformation ring.

Proposition 2.2. Let
g = dim(ker(H" (G, s, ad’) = @ues,useH (G, ad®)+ Y dim H(F,,ad)—dim H(Gp, ,,, ad)
vESHUSL
D
Then, RE can be written as a quotient of B[[xy, . .., x,]].

Proof. The quantity g is exactly the number of generators of R over B. This can be shown
by a slight modification (to take into account framings) of the argument given by Samit in
Lecture 6. Taking any presentation for R over B and then tensoring with B over B gives
the desired presentation. O

2.2 Taylor-Wiles Sets

Just as in Mike’s lecture, a TW set of primes is a set () of places of F' satisfying the following
conditions:

e () is disjoint from S, and St.
e N(v)=1 (mod p) forallv € Q.
e The eigenvalues of p(Frob,) are distinct and belong to .
e The map
H' (Grs,usiq-2d"(p) (1)) = @ueH' (Fy,ad”(p)(1))

is an isomorphism.

Note that the last conditions implies that TW-sets always have the same size h.

Given a TW-set ), we define Ry to be the universal deformations ring unramified
outside S, U St U @) which is ord-cryst at S, and Steinberg at St and with local framings
at S, U St but not at . So RE? is exactly the same as R" except we allow ramification now
at the auxiliary set (). Note that there exists a natural map ¢, : RS — RY since R" is the
unramified at () quotient of Rg. We now recall a series of important properties of these
Rg.

(Q1) All the conditions together combined with a duality result for Selmer groups imply
R is a quotient of B[z1,...,z,]] just as R is.
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(Q2) Rgis an algebra over the group ring O[Ag], where A, is the maximal pro-p quotient
of [[,cq Ov-

(Q3) The kernel of ¢, is the augmentation ideal ap RS where ag, is the augmentation ideal
Q & Qv Q &
of O[AQ]

Let me say a word or two about these results. (Q2) involves a choice of root of the
characteristic polynomial of Frob, for each v € ) or equivalently a choice of one of the
two univeral tame characters mapping I, into RS’X. We will resolve this ambiguity by
including the choice in our data below. Since the action of O[A(] is exactly the “univeral”
action of inertia, the unramified at ) quotient is given by the co-invariants under the A,

action, that is,
RP>R5/ <g—1>Rq

where < g — 1 > is ideal generated by running over all g € Ag. This gives (Q3).

Definition 2.3. A TW-datum of depth n is a TW-set @,, together with a choice of root «,
of the characterstic polynomial of p(Frob,) for each v € @,, and such that for all v € @,
Nv =1 mod p".

Mike showed in Lecture 24 the existence of TW-datum for any depth n given our
assumptions on p. For each n > 1, we fix once and for all a TW-datum @,, of depth n. The
end result being the existence of RSR together with an O[A, ] structure. The condition on
the norm of v € Q,, forces Ay, to grow with n.

Given (Q1), we now fix a surjection

B[[ml, PN ,.I'g]] — RCD)n
for all Q,,.
Rchn is an algebra over O[A, ] but choosing framing variables (i.e Rg, [[v1, .- ., y;]] =
RSn), we can make RSn an algebra over O[[yy, ..., y;]][Ag,]. Choosing generators for the

cyclic factors of Ag,, we get a homomorphism
Yo : Ollyr, -y, Th, oo Th]] — Rgn

where the kernel of ~,, contains (7; + 1)?"* — 1 for some n; > n.
The following key formula says that Bl[z1, ..., z,]] and O|[y1,...,y;,T1,...,T}]] have
the same dimension.

Proposition 2.4. Let g, h, j be defined as above with g generating global over local, h being size
of TW-set, and j generating framed global over global. Then,

h+j+1=dimB+g.



Proof. In the end, we will only need an inequality (>). However, in this case, we know
equality and so we might as well prove it. We have

h4+j—g=h+(4]S,USt|—1)— (h—[F: Q] +|S,USt| —1)
by (R1) and Proposition 1. Simplifying we get
h+j—g=[F:Q]+3|S,USt|=dimB — 1.

2.3 Hecke Modules

We now turn to the modular forms side. Let D be the unique quaternion algebra over F
ramifying exactly at all infinite places and all places in St. Jacquet-Langlands tells us that
any modular form f which could satisfy p = p; would come from a form on D. Thus, we
lose nothing by working on D where certain things are much simpler.

Recall the following key result which Sam discussed last week:

Proposition 2.5. Given a TW-datum () of any depth, there exists a level U and direct summand
Mg, of the space of automorphic forms S(U) on D which is a Hecke-stable submodule such that the
deformation ring R, acts via a natural map Roy — Tg. Rq comes with a O[Ag)] structure which
induces an action on Mq. Mg is a finite free O[Ag|-module. Furthermore, M = Mg /aM.

Let M, be the space of modular forms associated to our TW-datum @),,.
It is a small technical point, but we have to pass to a framed version of M, to make
the argument work. We use our chosen presentation

RQnHylv s 7.%'“ - Rgn
which is a map of O[A]-algebras. Define
Mg = Mg ®4, Rg,
and similarly for M.

Proposition 2.6 (H1). Using the O[[y., .. . , y;]]-algebra structure coming from the framing, M.
is a finite free over O[[y1, . .., y;]][Aq,] and M® = Mg /aMg .

Proof. Consider the following diagram:

Ollyi, - -, y;]l[Aq,] — RY.

| |

O[Ag,] Ro,

which one can show is a Cartesian square by considering the chosen presentation of the
unframed over the framed. Further, the vertical arrows are faithfully flat. The first state-
ment follows from flat base change; the second from the fact that quotients commute with
flat extension. O



3 Passing to the Limit

We recall now where we are headed.
A priori, we only started with a surjective map of O-algebras

gp:R—)T

where T is some Hecke algebra acting faithfully on M a space of modular forms. R is the
deformation ring with no local conditions. We can pass to the framed version of this map:

o RS 7°

acting on M. By how we chose M" as a space of modular forms on a quaternion algebra
¢ will factor through the deformation ring with local conditions to give a map:

@/:RD%TD.

We will show this map is an isomorphism after inverting p. Technical Aside: To make
everything work on the automorphic side one has to allow ramification at an auxiliary
prime, this may cause the map ¢’ not to be surjective and so this has to be dealt with, but
we won’t worry about it here.

Observe that to show ¢’ is injective, it suffices to show that R acts faithfully on M".
Hence we forget 7' and focus on M". We prove the following theorem:

Theorem 3.1. The module MP[1/p] is a finite projective (hence faithful) module over RZ[1/p).
Further, RY is finite over O[[ys, . . ., y;])-

Corollary 1. The map
@'[L/p] - RO[L/p] = T7[1/p]

is an isomorphism.

Note that by (H1) and (Q3) and some compatibilities, we can recover the action of RP
on M" from any (Rg , Mg ). This is the strategy we employ.
For each integer n > 1, with all the choices we have made we get a diagram:

O[[yl, Ce ,yj,Tl, e ,Th”

e

Bl[z, ..., x,]]

m 0
Ry, (Mg,

There is absolutely no a priori relationship between the diagrams for different n. How-
ever, for the sake of exposition, assume there existed compatible maps between the dia-
grams. Once we explain the patching technique the same argument will go through.



Set R, = lim. Rg_and M, = lim_ R . We get the following diagram:

A=0ly1,- 9, Th, -, Tl

' \

D = Bl[xy, ...,z

Re (M.

where we pick a lift of the A-algebra structure on R, to D, which we can do since its a
power series ring.

Note that M, is finite free over A. At each finite level, Mgn was finite free over
Ollv1s - - -, 95l][Ag,], but in the limit, because we demanded higher and higher congru-
ences for A, , we get freeness over the power series ring A.

Proposition 3.2. Let ¢ : A — D be a map of domains of the same dimension and let V be a
D-module which is finite free as an A-module. Then, 1 is finite and if A and D are regular then V'
is a projective D-module.

Proof of Theorem 3.1. We assume the proposition and deduce the theorem as a corollary
(modulo actually constructing compatible maps). Both A and D from the diagram above
are clearly domains. Proposition 2.4 tells us they have the same dimension.

Setting V' = M first, we get that the map A — B[z, ..., z/]] is finite. Since B[[zy, ..., z,]]
surjects onto R, we get that R is finite over A. This remains true after quotienting both
sides by the augmentation ideal a to get back down to Rp.

Ais already regular but D may not be. However, (B3) says that

D[1/p] = Bl[z1, ..., z]|[1/p] = (BooOl[z1,.. ., z,]])[1/p]

is regular. The second part of the proposition applies to A[1/p], D[1/p], Moo[1/p] s0 M [1/p]
is projective over D[1/p] hence faithful. Since D[1/p| acts through R>[1/p| the map be-
tween them must be injective, hence an isomorphism.

Thus, M [1/p] is projective over R*[1/p| and this property descends through the quo-
tient by a to (R[1/p], ME[1/p]). O

Proof of Prop 3.2. Each d € D acts on V' and that action commutes with the action of A.
This gives a map
D — Endyu (V).

Let D’ be the image of this map.

—_— EIldA(V>

I~

D/

finite
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It’s clear that D’ is finite over A so dim D' = dim A = dim D. But D is a domain so any
proper quotient of D has strictly smaller dimension so D’ = D, and hence D is finite over
A.

Now, we recall the Auslander-Buchsbaum Theorem (CRT Th’'m 19.1): Let R be local
Noetherian ring and M be finite module over R. Assume M has finite projective dimen-
sion. Then,

pd,(M) + depth(M) = depth(R).

Assume A and D regular so that V' has finite projective dimension over D. To show V' is
projective, it suffices to show the inequality

depth(V) > depth(D) = dim(D).

Take any regular sequence a, ..., Gqim(4) for V over A. The images of these in D form a
regular sequence for V over D so we are done. O

4 Patching Datum

The key idea in patching datum is that the deformation rings and auxiliary rings are
determined by their finite artinian quotients. This leads to a pigeonhole argument to find
compatible maps between diagrams.

We unfortunately begin with more notation:

o mg‘) is the ideal generated by nth powers for any complete local ring A
o M, :=Mg , My:=M" R, :=Rg ,Ry:=R"

e s =rank of M, over O[[z1,...,z;]|[Ag,] = Ol[z1,...,z;, T4, ..., Th]]/bn
o 1, = smp™(h+j)

m

e, = (Wg,xﬂom, ol (T + P =1, (Th + 1)P" = 1)

Remark 4.1. For m < n, we have an inclusion of ideals b,, C ¢,,. This is simply because for
k> m, (T, + 1)*" — 1is divisible by (T; + 1)" — 1.

Definition 4.2. A patching datum (D, L) of level m consists of:

1. A complete local noetherian ring D which is a B-algebra and such that m(DT’") =0
together with a D-module L which is finite free over O[[z1, ..., z;,T1,...,T}]|/cm of
rank s;

2. A sequence of maps of complete local O-algebras
Ollwr, ..oy 25, v, Th])/em — D — Ro/(cmRo +mig™)

where the second map is a map of B-algebras;

11



3. A surjection B[yi, ..., y,]] = D;

4. And a surjection of B[y, ..., y,|]-modules

L — Mo/CmMQ.

This definition may seem arbitrary at first. However, the following two key properties
illustrate the relevance of the definition.

Proposition 4.3. For any n > m, we can construct a patching datum (D, ,,, Ly, ) of level m
out of (R,, M,,) by taking

Do = Ruf(cmRo +mG™ ) L = My, /o M,,.
For each fixed level m, this yields an infinite sequence of patching datum, one for each n > m.

Proof. First, D,,, is quotient of R,, and so is a complete local Noetherian ring which in-
herits a B-algebra structure from R, as well as a surjection

B[[yla cee 7?/9]] - Dmm

which we fixed earlier for R,,.
The desired sequence of maps comes from reducing

Ollz1,....z;,Th,...,Th)] = R, — Ro
modulo ¢,,, (¢, R, + mg;")), and (¢, Ry + mggl)) respectively.
Input (H1) tells us the M, is finite free over O[[z1, ..., z;, T4, ..., T}]]/b,. Since b,, C ¢y,
Ly, = M,/c,M, is finite free over Ol[z1,...,x;,T1,...,T}]]/c of the same rank. The
surjective map
Lunn — Mo/ Mo

comes from reducing the map M,, — M, modulo c,,.

It turns out the one non-trivial check is that L,, ,, is actually a module over D,, ,,. Since
M, is an R,-module L,,, = M, /¢, M, is an R, /¢, R, - module. It suffices to show that
mg;") acts trivially on M, /c,, M,,.

Let a € mp, then a acts on M,, = Mg via the Hecke algebra Tgn. Consider the action
of a on the quotient

Mn/(’]TE,l'l, e ,[Ej,Tl, P aTh)Mn = MQ/(’]TE,QZ':[, e ,ZL‘j)MO

which is a finite I vector space of rank s. Since a lies in the maximal ideal of the Hecke
algebra it acts as a nilpotent endomorphism hence

asMn C <7TE,$U1, Ce ,ZC]',TI, R 7Th)Mn-

12



A standard pigeonhole argument implies that
aP" MM C (ng 2t P TP ,T,’Z’m)Mn.
Raising to m, to get necessary power of 7, in there, we conclude that

a "ML e M,

If you are struggling like me to keep track of all the exponents, the important point is that
there is a fixed power of a which only depends on m which lands you in ¢,,M,,. This is
not hard to see once you have a*M,, C (1g,21,...,2;,T1,...,Ty) M,. O]

Proposition 4.4. There exist finitely many isomorphism classes of patching datum of level m.

Proof. The number of elements in D is bounded above by the size of

.....

Bllys, - ygll/mp) .

Also, L is free over finite ring. Its not hard to see from here that there are finitely many
ways of putting the various structures on (D, L). [

Finally, we come to the salvage for our earlier passing to the limit argument. Consider
the following arrangement of the data:

(D11, L1y)

(D12, L12) (D22, La2)

(D13, L13) (D23, L2 3) (D33, L3 3)

(D14, L1,4) (Do, Lo) (D34, L3.4) (Daa, Laa)

(D15, L1s) (D25, Ly ) (D35, L3 5) (Das, Las) (D55, Ls 5)

(Dl,Ga Ll,ﬁ) (D2,67 LZ,G) (D3,67 L3,6> <D4,67 L4,6) (D5,67 L5,6> (D6,67 L6,6)
The columns correspond to patching datum of increasing levels. In the first column,
we can choose a infinite subsequence of isomorphic patching datum of level 1. Call it
(D1, Ly). In the second column consider the subsequence already chosen and pick a sub-
subsequence all of whose entries at level 2 are isomorphic. Call it (D,, L»). Repeating this
process, we get a sequence (D;, L;) of patching datum of level i such that the reduction to
a lower level (Di, Zi) = (D;—1,Liq).

13



Taking the inverse limit, we get a pair (D, L) which one checks has the same prop-
erties as the R, M, considered in the previous section. By this remarkable process, we
manage to piece together seemingly disconnected pieces of information to build a tower
which with some clever commutative algebra proves our modularity lifting theorem.

5 Appendix A: Algebra Lemmas

Proposition 5.1. Let R — R’ be a local homomorphism of complete local Noetherian rings. Then,
R' is flat over R if and only if R'/m™ R’ is flat over R/m"R for n > 1.

Proof. The slight difficulty here is that we are not assuming R’ is finite type over R. The
forward implication is clear. We can check flatness on finite type modules so assume

0—K—M
is an injective map of finite type R-modules. To check that
K®rR — M®grR
is injective, we would like to use that
K ®r R ®r R/m"R — M ®p R ®r R/m"
is exact because its isomorphic to
K/m"K Qgjmnr R'/m"R" — M/m"M @pg/mnr R'/m"R'.
The injectivity of the unquotiented map is thus equivalent to the statement that
Nm"(K ®@r R') =0

i.e. that V = K ®p R’ is separated as an R-module. Since K finite-type, V is finite-type
as a R’ module so standard Nakayama says that for any ideal / C R’ contained in the
maximal ideal N/™V = 0. Since the homomorphism is local mR' C mp. O

Lemma 5.2. Let Ry and R, be complete local Noetherian O-algebras. Let E be the fraction field
of O and A be any local Artinian E-algebra. Then,

U : Hompg (R ®oRa[1/p], A) — Homp(R:[1/p], A) x Homg(Ry[1/p], A)
is a bijection.
Proof. Since p is invertible in A, we get

Hompg (R ®oRs[1/p], A) = Homp (R, ®o Ry, A).

14



Before completing, we have
Homp(R; ®p R2, A) = Homp (R, A) x Homp(Rs, A)

so the only question is does a homomorphism f : Ry ®p B2 — A extend to the completion.
If it does, it does so uniquely.

Write Ry = O[[z1,...,24)]/(91,-..,9-) and Ry = O[[y1, - ., Ym]]/(h1, ..., hs). Let fi, fo
be the induced maps R, — A, R, — A respectively. Now, A has both a reduction map
A — E and section E — A. We know from Brian’s Lecture 6 that under the reduction
maps fi1(z;) and f»(y,;) map to elements d,, e; respectively in the maximal ideal of O. Con-
sidering d; and e; as elements of A under the section map, we see that f;(z; — d;) € m4
and similarly f(y; — ¢;) € ma.

Now, let k be an integer such that mffl = (. Then, its clear that

(x1 —dy, ..., 2z, —d,)* Cker fyand (y; —e1,...,ys — es)* C ker fo.

Hence, the morphism f factors through Ry /(z1 — dy, ..., 2, —d.)* ®o Ra/(y1 — €1, ..., ys —
es)¥. Both quotients, however, are now polynomial rings over O so the completed ten-
sor product is the same as the ordinary tensor product and so f trivially extends to the
completion. O
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