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Introduction

The p-adic upper half plane X is a rigid analytic variety over a p-adic field K,
on which the group GLy(K) acts, that Mumford introduced (as a formal scheme)
as part of his efforts to generalize Tate’s p-adic uniformization of elliptic curves to
curves of higher genus. The C,~valued points of X are just P!(C,) — P}(K), with
GL2(K) acting by linear fractional transformations. Mumford showed that the ap-
propriate generalization of Tate’s elliptic curves — the “totally split” curves of higher
genus — could be constructed as the quotient of the space X by appropriate discrete
groups I' € GLy(K). Mumford’s work acquired even greater significance for number
theorists when Cerednik and Drinfeld showed that an important class of modular
curves — the Shimura curves — could be constructed by p-adic uniformization by
choosing for the discrete group I' an appropriate arithmetic subgroup coming from
a definite quaternion algebra over Q. More recently, the p-adic upper half plane
has figured prominently in recent developments in arithmetic geometry. In Section
1 of these notes, we will construct the space X as a rigid variety and describe some
of its most fundamental geometric properties, and in subsequent sections we will
explore some of this more recent work.

Our focus in Section 2 will be the analytic theory of X, and in particular
the relationship between spaces of functions on the p-adic upper half plane and
distributions on P!(K), which is the “boundary” of X. One main result will be the
construction of the Poisson integral for X; in a manner analogous to the classical
Poisson transform, this integral allows one to recover rigid analytic functions on X
from appropriate boundary distributions by integrating against a kernel function.

In Sections 3 and 4, we establish connections between number theory and the
geometry of the p-adic upper half plane, with particular emphasis on the relation-
ship between the p-adic upper half plane and L-invariants. If E is an elliptic curve
over Q with split multiplicative reduction at p and analytic Mordell-Weil rank zero,
then [25] conjectured and [19] proved that the p-adic L-function of the modular
form f corresponding to E vanishes to order 1 and the special value of L;,(l) differs
from the classical special value by the number

log, (¢r)
£‘(f) = Ordp(QE)
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where ¢g is the Tate period of the curve E at p. The paper [25] made a weak
conjecture (the exceptional zero conjecture) about the relationship between the
special values of the p-adic and classical L-functions of higher weight modular forms,
and in an attempt to make that conjecture more precise, different mathematicians
introduced a whole collection of more general L-invariants associated to such forms.
Many of these L-invariants — all of which are now known to be equal — are related
in some way to the p-adic upper half plane, and after a general discussion of L-
invariants we focus in particular on three such: one defined by the second author
of these notes; one defined by Orton; and one defined by Breuil. Much of Section 3
is devoted to Orton’s proof of the exceptional zero conjecture using her invariant,
while Section 4 discusses Breuil’s invariant and its relationship with the cohomology
of modular curves and a possible p-adic Langlands correspondence.

1. Geometry of the p-adic upper half plane

1.1. Basic notations. We let K denote a finite extension of the p-adic num-
bers Q,, and we let G be the group GLy(K). If ox denotes the ring of integers
in K, then we write G, for the maximal compact subgroup GLs(0og) in G. We
let 7 be a uniformizing parameter for ox and write | - | for the normalized p-adic
absolute value on K extending the p-adic absolute value on Q,. We will also use
the additive valuation

w:K—>7Z

normalized so that w(m) = 1.
Let V be a fixed two dimensional vector space over K, viewed as a space of
row vectors, on which G acts on the left by the formula

otz = Lo ¢ Z)

When we refer to P! we mean specifically P(V) with its G-action. We let Zq
and Z; be the dual elements in V* to the standard basis vectors [1,0] and [0, 1]
in V; they are “homogeneous coordinates” on P!. A linear form in Zy and Z; is
called unimodular if at least one of its two coefficients is a unit in ox and the other
coefficient lies in og.

The coordinate function

|

z =
is acted on by a matrix g = (Z Z) € G through the formula
g(2) ([, y)) = 2(g7"([z,9])
= 2([z,yl9)
= z([az + cy, bx + dy])
az +c
 bz+d

1.2. The p-adic upper half plane. The central object of interest in this
series of lectures is the p-adic upper half plane X, a rigid analytic space whose
L-points are given by the rule

X(L) = PY(L)\P'(K)

for complete extension fields L of K.
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1.2.1. An admissible covering. To construct X, we need to describe an admissi-
ble covering that defines its rigid structure. We will describe an increasing sequence
of affinoid subdomains X, in P!, for integer n > 1, and some related admissible
domains X,,, so that X is the union of the X, and the X,,. Essentially, X, is con-

structed by deleting from P! smaller and smaller balls around the rational points.

We will describe this in a coordinate-free way that may not be the simplest
approach in dimension 1 but is easier to generalize to higher dimension (see [35]).

Given z € P1(C,), we may choose homogeneous coordinates = = [xg, z1] for =
that are unimodular, meaning that both coordinates are integral, but at least one
is not divisible by 7. For a real number r > 0, let

B(z,r) = {y € PY(Cp) : w(yor1 — yr120) > 1},
where we always take a unimodular representative [yo, y1] of y. Also define
B~ (z,7) = {y € P(C,) : w(yoz1 — y170) > 1}

LEMMA 1.2.1. Let x and ' be two elements of P1(K), and let n be a positive
integer. Then B(xz,n) N B(x',n) # 0 if and only if [xo, 1] = Azj, z}] (mod 7™)
for some unit X € 0.

PROOF. Suppose y € B(z,n) N B(z',n). Then we have the equations:

w(ziyo — y1T0) = N
w(Tiyo — ) > n.

Suppose for convenience that yg is a unit. Then we can conclude that
w(xyry — zhxo) > n.

This means that the vectors [xg, z1] and [z{, }] are linearly dependent modulo 7",
which is the claim. Conversely, if the vectors are linearly dependent mod 7", we
may construct a y in the intersection of the two sets by choosing a unimodular
representative of the kernel of the appropriate matrix made out of z and z’. O

DEFINITION 1.2.2. For each integer n > 0, let P,, be a set of representatives
for the points of P*(K) modulo 7™. Let X,, be the set

X, :=PYC)\ | J B(z,n)

z€P,
Let X, C X,, be the set

X, =PC,)\ |J B (z,n—1)
z€P,,

x=Jx. =Jx,.

We can make the sets X,, and X, more explicit. Fix an integer n > 1. Then we
can choose representatives for P,, as follows:

Let

n
-1 . . .
[a;, 1], where {a;}!_, " is a set of representatives in ok for ox /7" 0ok;

n—1
—1 . . .
[1,b;], where {b;}{_, " is a set of representatives in mox for mox /7" 0k
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Then it follows from the definitions that X,, is the set of points x € P! defined by
the inequalities

wz(z)—a;))<n i=0,...,¢" -1

w(l—bi) <n i=0,...,¢" ' =1
z(x)

It will be useful later to have slightly different inequalities for the covering
domains. In particular, it is easy to check that if w(b) < n, then

w(l/z=0) <n< w(z—1/b) <n—2w(b).

Consequently we can (choosing by = 0) rewrite the system of inequalities defining
X, as

w(z—a;)<n fori=0,...,q" —1
(1.2.3) wiz—=1/b;) <n—2w;) fori=1,...,¢" 7t -1
w(z) > —n
and, for X,
w(z—a;))<n-1 fori=0,...,¢q" —1

(1.2.4) wiz=1/b)<n—1-2w(b;) fori=1,...,¢q" 1 -1
wiz)>1-n

PROPOSITION 1.2.5. X is an admissible open subdomain of P! and the coverings
of X by the families {X,,}22; and {X;, }5°; are admissible coverings. In the latter
case, the covering is by open affinoid domains.

PROOF. See the discussion following Lemma 3 in [35]. O

1.2.2. The ring Ox of entire functions on X. The ring of entire functions on
O« is the projective limit of the affinoid algebras O(X;,) as n — oc:

Ox 1= lim O(X;,).

Many important function-theoretic properties of X flow from two key facts:

(1) X is a (smooth, one-dimensional) rigid analytic Stein space;

(2) the restriction maps between the affinoid algebras O(X; ) are compact
maps. (Recall that a continuous linear map f : A — B between Banach
spaces is called compact if the image of the unit ball in A has compact
closure in B).

The compactness property (2) of the transition maps is a fairly general phe-
nomenon. At its core is the following special case. Consider the affinoid ball of
points z with w(z) > —1, with its associated affinoid algebra K (nT). Consider also
the restriction map to the sub-affinoid of points z with w(z) > 0, and its affinoid
algebra K(T'). Ignoring the ring structure, we see that the image in K(T') of the
unit ball in K(xT) is the subspace of power series »_ a,T", with a, € ok, and
whose coefficients satisfy

w(ay) > n for all n > 0.

One can verify that the norm topology on K(T') identifies this subset with the
space of sequences (7"a,) with a,, € ok, equipped with its product topology. As
a product of compact sets this space is clearly compact by Tychonoff’s theorem.
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(See [34], the example following Remark 12.8). For a proof of compactness in our
more general situation, see [38], Proposition 4.

A Fréchet space is a locally convex topological vector space that is complete
and metrizable. The topology on a Fréchet space can be given by a countable family
of semi-norms. Such spaces arise naturally as projective limits of Banach spaces —
see [34, Chapter I, Section 8] for a general discussion.

In functional analysis, one can equip the space of continuous linear forms on a
locally convex topological vector space with many different topologies. One of the
most important of these is the “strong topology,” which is the topology of uniform
convergence on bounded subsets. If V is a topological vector space, we let V' be
the vector space of continuous linear forms and V} be this space equipped with the
strong topology (the “b” is for “bounded”). Recall that a topological vector space
is reflexive if V' is isomorphic to (V}); by the natural map from V' to V" given by
evaluation. All of these topics are thoroughly treated in [34].

The principal consequence of this compactness is the following result describing
O« as a topological vector space.

PROPOSITION 1.2.6. O« is a reflexive Fréchet space. The topology comes from
the family of norms on the Banach algebras O(X;)).

For a proof, see [34], Proposition 16.5.
We next briefly recall the definition of a Stein space, following Kiehl ([22]):

DEFINITION 1.2.7. A rigid space X is called a (quasi)-Stein space if there is
an increasing sequence U; C Uy C --- of open affinoid subdomains of X forming
an admissible covering such that the transition maps O(U;) — O(U;_1) have dense
image.

One can see that this density property holds for the transition maps O(X,) —
O(X,,_,) for n > 2 by considering the set of algebraic rational functions on P!
whose polar divisors are supported on the K-rational points. This set of rational
functions forms a dense subring in each O(X;,).

With regard to coherent sheaves, a Stein space behaves somewhat like an affine
variety does in algebraic geometry. In particular, we have the following theorem
(see [22]):

PROPOSITION 1.2.8. Let M be a coherent sheaf on X. Then H'(X,M) = 0 for
i > 0 (Theorem B), and, if M = H°(X,M) then the map Ox @ M — M(X;) has
dense image for any i > 1 (Theorem A).

One can do even better. To give a coherent sheaf M on X is the same as giving,
for each 4, a finitely generated module M; for O(X; ). The global sections of this
sheaf are an Ox-module

M = projlim M;.

As is explained in [16] (see also [42]), one can recover the M; as O(X;) @ M.
One can also characterize those M arising as global sections of a coherent sheaf by
requiring that these tensor products be finitely generated.

1.3. The Reduction Map.
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1.3.1. The Bruhat-Tits Tree. Our next task will be to introduce the Bruhat-
Tits tree, which functions as a beautiful combinatorial approximation of X. We
work always with the fixed two dimensional vector space V* over K. By a lattice
L in V* we mean a free rank-two ox module in V*. We say two lattices L; and Lo
are equivalent if there is a scalar a € K so that L; = als.

DEFINITION 1.3.1. Let X be the graph whose vertices are equivalence classes
[L] of lattices L C V*, where two vertices « and y are joined by an edge if x = [L1]
and y = [Ly] with
7TL1 g L2 g Ll.

PRrROPOSITION 1.3.2. The graph X is a homogeneous tree of degree q + 1.

PrOOF. The degree assertion follows from the fact that the edges leaving a
given vertex [L;] correspond to the distinct lattices Lo satisfying the adjacency
relation

7TL1 g L2 g L1
and these in turn are in bijection with the one-dimensional og /mox-subspaces in
the two-dimensional o /mox-vector space Ly /mL;. There are ¢+ 1 such subspaces,
so there are ¢ + 1 adjacent vertices.

Suppose that X is not a tree. A cycle in X would be minimally represented by
a chain of lattices

L'CLiGCLi G- L1 CL
where L' = 7" L for some positive integer r and where none of the intermediate
lattices are equivalent. Because L/L’ is not a cyclic ox-module, there is a smallest
i such that L/L; is cyclic but L/L;y; is not. It follows that L;_1/L;11 is a non-
cyclic, length 2 ox-module, so L;1+1 = wL;—;. This contradicts the minimality of
the representation of the cycle, and so we conclude that X has no cycles. (I

As constructed so far, the tree X is a combinatorial object. If we view each
edge of X (with its bounding vertices) as a copy of the unit interval, we obtain a
topological space called the geometric realization of X. Since it is this geometric
realization that we are principally interested in, we will just go ahead and use the
letter X to refer to it. A point on the edge in X joining the vertices [L] and [L'] is
determined by its barycentric coordinates: for ¢ € [0, 1], we write © = (1—t)[L]+t[L']
to indicate the point “at distance ¢ from the vertex [L] in the direction of [L'].”

The group G acts on the lattices in V* and on the tree X. The stabilizer of
a lattice class [L] is the subgroup of G generated by the center of G and by the
compact open subgroup GL(L) C G. If L is the lattice spanned by Zy and =1, then
GL(L) is just G, = GLa(0k) C G = GLy(K).

From now on, we let Ly and Ly be the lattices (Z,=Z1) and (=g, 7=1) respec-
tively. We will also write vy for the vertex of X corresponding to [Lo], and eg for
the edge of X running from vy to the vertex corresponding to L.

1.3.2. Norms. The tree X parameterizes norms on the two dimensional vector
space V* in a natural way. This description actually pre-dates Bruhat-Tits (see
[18]).

DEFINITION 1.3.3. A norm on V* is a function v : V* — R U {00} such that

e v(z) = oo if and only if z = 0.
o vy(az) =w(a)+y(z) fora € K.
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e y(z+y) > inf{y(x),7(y)}

Two norms y; and 72 on V* are considered equivalent if v; — v = C' for some
constant C' € R. Given a point € X, we may associate an equivalence class of
norms on V*. There are two cases to consider:

Case 1: z is a vertex. In this case, choose a lattice L representing = and let
Y(w) =—inf{n € Z : 7"w € L}.
Alternatively, choose a basis £y, ¢; for L and define
~v(aly + bl1) = inf{w(a),w(d)}.

Case 2: x = (1 —¢)[L] + t[L']. In this case, choose a basis £y, {1 for L such
that L’ is spanned by £y, w¢1. Define

v(aly + bly) = inf{w(a),w(db) — t}.

Notice that, in Case 2, the construction is consistent with Case 1 when ¢ = 0 or
t = 1. It’s not hard to check, too, that Case 2 is compatible with different choices
of lattices in the equivalence classes.

PRrROPOSITION 1.3.4. This construction establishes a bijection between the set
of equivalence classes of norms on V* and the points of the space X .

Proor. We will construct an inverse map to the construction given above. Let
~v be any norm on V*. By translating 7 in its equivalence class, we may assume
that there is some x € V* with y(x) = 0. Let L’ be the unit ball for ~:

L'={xeV*:v(z)>0}.

Choose a (finite) set of representatives R in L for the projective space P(L'/wL’).
The norm = is determined by its values on elements of R, all of which lie in [0, 1).
To see this, write any w € V* as w = un™r + 7" 1w’ with u € o} and w’ € L'.
Then v(w) = m+~(r). Now, if v(r) = 0 for all » € R, then y is the norm associated
to the lattice L as in Case 1 above. One can check further that, in this case, all
norms equivalent to v have unit balls equivalent to L', so the association of L’ to v
makes sense. On the other hand, if there exists a point r with v(r) > 0, then that
r is unique. Indeed, if there were two such elements r and 7/, then these elements
span L/, from which it follows that v(z) > 0 for all z € L, contrary to hypothesis.
Now set L = L' 4+ r/mw. The norm =, in this case, corresponds to the norm coming
from Case 2 with the given lattice classes [L] and [L'] and ¢t = 1 — ~(r). In this
case, one checks that for norms equivalent to =y, the unit balls are either equivalent
to L or to L’; and that if one follows the recipe given here to construct a point in
X, one gets the same point regardless of which of these two possibilities holds for
the chosen representative norm. (I

1.3.3. The group action. The group action of G on X translates to the action
on norms through the rule (g-v)(z) = v(g~ ).

LEMMA 1.3.5. Some properties of the group action on X are:

(1) The group G permutes the vertices and edges of X transitively.
(2) The stabilizer of the lattice Ly spanned by the standard coordinates Z¢ and
E1, and the corresponding norm, is the subgroup K* GLa(ok) in GLao(K).
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(3) If an element of G fizes the two endpoints of an edge, then it fixes the
edge pointwise; the stabilizer of the edge in X corresponding to the lattice
pair mLy C L1 C Lo, where L1 = (Eg,m=1) is, mod the center of G, the
“Iwahori subgroup”

B—{gGGO:g—(g Z) mod 7}.

(4) B is of index two in its normalizer; this normalizer is generated by B and
any element of G that interchanges the two boundary vertices of the basic
edge in (3). One such element is

([AOL [Al}a e )

be an infinite, non-backtracking sequences of adjacent vertices, which we can think
of as an infinite ray in the tree heading off to co. Two such sequences equivalent if
they differ by a finite initial sequence of vertices, i.e.,

([AO]v [Al}v .- ) ~ ([Ag]v [All}v .- )

if [A,,] = [Ap+m] for some fixed m € Z, and all n large enough. An equivalence class
of such sequences is called an “end” of the tree. The set of ends of X is denoted
Ends(X) and represents the set of points “at infinity” for the tree X.

To an oriented edge e running from [Ag] to [A1], we associate the subset

U(e) = {z € Ends(X) : = = ([Ao], [A1],...)}.

1.3.4. Ends. Let

The collection of sets U(e), as e runs through the oriented edges of X, form the
basis for a topology on Ends(X).
Given an end z = ([Ag], [A1],...), we can construct a representing sequence of
lattices
AgD2AI DA D -

with the property that A;/A;41 is isomorphic to ok /mok. Since the sequence has
no backtracking, the argument that we used in Proposition 1.3.2 tells us that Ag/A;
is a cyclic og-module of length i for each i > 1, and the same is true for A;/m¢Aq.
As a result we may choose ¢; € Ag\mAg such that

A = oxl; + Ay,
Similarly,
ANip1 = orliv1 + 7T Ag.
Because A;11 € A; and both ¢; and £; ;1 belong to Ag\7mAg, we must have
liy1 =al; (mod 7'Ay),

for some a € oj. We conclude that we may choose the ¢; to form a coherent
sequence converging to a nonzero element ¢ of the intersection NA;, and that this
intersection is one-dimensional. The kernel of ¢ is a point of P!, denoted N (x).

LEMMA 1.3.6. The map N : Ends(X) — P! is a G-equivariant homeomor-
phism.
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PROOF. Let Lo = oxZo + 0xZ1 as above. Given a point [z,y] in P!, written
with unimodular coordinates, let £ = —y=¢ + =1 € Lg. The end
(L0,0K£ + 7Ly, 0l + 7T2L0, .. )

maps, under N, to the point [z, y]. This shows the map is surjective. Conversely,
we showed above that, if ¢ is a generator for the intersection of the sequence of
lattices A; representing an end

([AO], [A1]7 [A2]a . )
with Ag = Lo, then we must have
AN, = ol + ﬂ'iLQ,

and so the map N is bijective.

To complete the proof, observe that the image under N of the open set U(ep)
determined by the edge eq is the set of points (unimodular as always) [z, y] such that
az+by = 0 for some a,b € ox with aZ¢+bZ1 = Z¢ (mod 7ok ). This is precisely the
open set {[z,1] : z € mox} C P'. The G-equivariance of the map can be checked
from the definitions, and using G-equivariance, one may conclude that IV is open
and continuous; since it is bijective we conclude that it is a homeomorphism. [

1.3.5. Group action on the ends. The group G acts transitively on the ends.
Furthermore:

(1) The stabilizer of an end is a Borel subgroup in G. In particular, the
stabilizer of the end

([Lo), [Eo + L), [Eo + 7 Lo), - - -)
is the subgroup
a b
P—{g—(o d) 19 € G}

(2) By (1), we may identify the ends (or P') with G/P. To be completely
explicit, the point [x,y] € P! corresponds to the coset

(yx :) PeG/P.

In this identification, the open set corresponding to the edge eq is BP/P C
G/P.
1.3.6. The reduction map. Given a point x € X(C,) represented by homoge-
nous coordinates [a, b], we obtain a norm ~y, (defined up to equivalence) on V* by
setting

Ve (£) = w(l(a, b))
for £ a linear form in V*. The fact that this is indeed a norm is just a restatement

of the fact that the coordinates a and b are linearly independent over K, which
holds because the point x belongs to

fo(Cp) = Pl(Cp)\Pl(K)~
The map = — [,] from X(C,) to X is called the reduction map:
r:X—X
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LEMMA 1.3.7. The reduction map is G-equivariant, so g(vg)(€) = Vg2(¢). Let
[Lo] be, as usual, the lattice spanned over ox by Zg and Z1, and Ly the sublattice
spanned by =9 and wZ=1. Then the inverse image under the reduction map of the
vertex [Lg| in X is the affinoid subdomain

Y ([Lo])) = {[z,1] : 2 € C, and w(z —t) = 0 for all t € ok}

The inverse image of the open edge eq Tunning from [Lo] to [L1] is the admissible
annulus

=) = {[z,1] : 2 € C, and 1 > w(x) > 0}.

PRrROOF. The G-equivariance is a simple calculation. Let us therefore analyze
the fibers of the reduction map. Consider first 7=1(Lg). By definition, this is the
set of points [z,y] in unimodular coordinates such that

(1.3.8) w(az + by) = inf{w(a),w(d)}

for all @ and b in ox. This equation is a fancy way to write the requirement that,
writing z = z/y, we must have w(az + b) = 0 as a and b run through ogx. This is
precisely the condition defining our affinoid in the lemma. For the inverse image of
the edge, the condition we seek is

w(axz + by) = inf{w(a) + t,w(b)}

for some real 1 >t > 0. We may conclude that y is a unit (which might as well be
1) and that w(z) = ¢. Conversely, if y = 1 and w(z) = ¢, then we obtain the desired
norm. Letting ¢ vary between 0 and 1 gives us the full result. (]

The affinoids X;, that we constructed to form an admissible covering of X are
the inverse images under reduction of the subtrees of X made up of vertices and
edges at distance at most n — 1 from the fixed central vertex vg.

It’s also worth observing that points [z,y] € P(K) give rise to seminorms on
V*, and that the kernel of such a seminorm corresponds to an end of X. One can
extend the reduction map from X to all of P!, with the boundary points mapping to
the ends — all in a G-equivariant way. For this approach to the higher dimensional
building, see [47].

1.3.7. The holomorphic discrete series. We conclude this lecture by introducing
certain spaces of functions on X that are closely related to modular forms. Let k
be an even integer. Define O(k) to be the ring of entire functions on X, equipped

with the G-action:
det(g)k/2 az +c¢
(bz +d) bz +d

These spaces are called “the holomorphic discrete series” for GLg(K). For their
general construction, see [32].
In the important special case k = 2, we have a G-isomorphism

0(2) — Q&
f - fdz

where we write Q4 for the global sections of the sheaf of one-forms on X. More
generally, for k > 0 and even we can identify O(k) with (Q4)®*/2.
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LEMMA 1.3.9. The (k — 1)-fold derivative map gives a G-equivariant map
02-k — 0Ok

d\F!
[ = (dz) f

The kernel of this map is the (finite dimensional) space of polynomials in z of degree
at most k — 1.

DEFINITION 1.3.10. We let Hpr(k) be the cokernel of the derivative map de-
fined above.

When k = 2, the Stein property of X implies that Hpr(2) = H}z(X).

2. Boundary distributions and integrals

2.1. Locally Analytic Functions and Distributions. The space of rigid
analytic functions on X is isomorphic, via an integral transform, to a space of
distributions on the boundary P! of X. This result, due originally to Morita, is
a kind of p-adic analogue of the Poisson kernel from classical complex analysis.
In order to introduce the space of distributions that concerns us, we need a brief
digression on locally analytic functions.

2.1.1. Locally analytic functions. We first define locally analytic functions and
manifolds. Given a = (a1,...,a,) € K™ and r € R", let B(a,r) be the closed
polydisc:

B(a,r) ={(z;)in, e K" tw(x; —a;) >y fori=1,...,n}.
A K-analytic function on such a disc (with values in a complete field L containing
K) is given by a convergent power series

[0 =Y er(x—a)’
I

Here the sum is over n-tuples I = (i1,...,4,) with i; > 0, the coefficients ¢; € L,
and

n
(x—a)' = [[(z; —ay)".
j=1
The convergence condition is
n
w(er) —|—ZTjij — oo as |[I| = oo
j=1

where |I| = E?:o ij. Let us call the space of such analytic functions A (B(a,r)).
It is a Banach space with respect to the norm

w(f) = i111f w(er) + erij

j=1

More generally, a K-analytic map between such discs is a map given by a
collection of power series of this form.

DEFINITION 2.1.1. Let M be a paracompact topological space.
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(1) A K-analytic chart (M;, ¢;) for M is an open set M; together with a
homeomorphism

¢i : M; — B; = B(0,r) c K¢

for some radius r.
(2) Two charts are compatible if the map

¢io¢;' 1 B; — B
is given by an analytic function.

(3) A collection of compatible charts is called an atlas for M.
(4) M, together with a maximal atlas, is called a locally K-analytic manifold.

The atlas on M allows us to identify the analytic functions on the set M;
with those on the ball B; via ¢;. We will write A(M;, ¢;) for this space of power
series. One can show that any covering of a K-analytic manifold can be refined to
a pairwise disjoint covering.

We will be interested in the following spaces viewed as K-analytic manifolds:

(1) The group G = GLo(K) and the various subgroups G,, B, and P intro-
duced so far;
(2) The projective space P!.

Note the difference between P! viewed as a rigid analytic space and as a K-

analytic manifold!

DEFINITION 2.1.2. Let M be a K-analytic manifold. The locally analytic func-
tions on M (with values in a field L) are defined as follows. To each covering of M
by disjoint charts (M;, ¢;) we associate the space of functions

C"({M;, ¢i}) = HAL(Mi7 bi)

with its product topology. We define
Can(M, L) = h_H)lCan({Mi, (]52})

where the limit is over finer and finer coverings. We equip this space with the direct
limit topology.

Two other important function spaces associated with a K-analytic manifold are
the locally constant (or smooth) functions C*° (M, K) and the continuous functions
C(M, K). We have

C>®(M,L) C C**(M,L) C C(M,L).

The locally constant functions are closed in C**(M, L), and the analytic functions
are dense in C(M, L).

When M is compact, the coverings used to construct C*"*(M, L) are finite, and
the spaces

H AL(M;, ¢;)

are Banach spaces. By the same reasoning that we sketched in 1.2.2, the transition
maps in this direct limit are compact. A topological vector space that is the direct
limit of a sequence of Banach spaces with compact transition maps is called a vector
space of compact type.

With these preliminary remarks, the following results hold for spaces of compact
type and their duals:
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(1) Compact type spaces are reflexive and complete.

(2) Closed subspaces of compact type spaces are of compact type.

(3) The quotient V/U of a vector space of compact type by a closed subspace
is of compact type.

(4) fV = h_n)1 V;, with the V; Banach spaces and the transition maps compact,
then the strong dual V} is a Fréchet space and satisfies V; = Lim(V;);,.

See [34] Section 16 for points (1) and (4). For point (2), see [23] Theorem 7’
and 8.

PROPOSITION 2.1.3. Suppose that M is compact and L is locally compact. Then
C*(M, L) is a vector space of compact type, hence reflexive and complete.

The space D(M, L) of analytic distributions on M is, by definition, the strong
dual C*"(M, L); of the analytic functions on M.

2.1.2. Locally analytic principal series representations. Of particular interest
to us in these lectures are the following spaces of locally analytic functions. For
each even integer k, let xi be the character of the Borel subgroup P defined by the

formula w ((g 2)) = (a/d)*/?.

The “locally analytic induction” ind%(yy) is the space

ind (xx) = {f € C*"(G,K) : f(gp) = x;,"(»)f(g) for p € P and g € G}.

This space carries a G-action on the left by the rule g(f)(h) = f(g~th). It is an
example of a locally analytic G-representation; for more on such representations,
see [39] and [42].

We will interpret the representation indg(xk) as the space of “locally mero-
morphic functions on P! having poles only at infinity of order at most —k.” To be
a bit clearer about what we mean, recall that, in Section 1.3.5, we pointed out that
P! 5 G/P via the identification

0,8 - (ba I) P

At the cost of singling out the point [1,0] as the point at infinity, we can pullback
a function f € ind%(xx) to K via the map

2 u(x) = (1x ‘1)) .

This function is locally analytic on K. However, it enjoys the stronger properties
that there is an integer IV such that

e f is locally analytic on the set of € K with w(z) > N, and
e we have a convergent expansion

f(z)= Z ciz "
i>k
on the set where w(z) < N.
The group action on ind% () becomes the action

_ (ad—=bo)*? | (az+c
9 = f<bz+d)’
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which clearly preserves the space of functions satisfying the conditions above. This
is the space of functions we say are locally analytic, except have a pole of order at
most —k at infinity.

DEFINITION 2.1.4. For k < 0, Let C*"(K, k) be the space of “locally analytic
functions on K with at most a pole of order —k at infinity”, as defined above, with
its associated group action. The topology on C*"(K, k) can be defined as follows.
Choose an integer N and a finite set Sy = {a;} of elements in K, so that one can
cover K by the finite collection of balls

D(a;,N):={zx € K :w(zx —a;j) > N},
together with
D(co,N):={z € K :w(z) < N}.
The analytic functions A(D(aj, N)) on D(aj, N) are given by convergent power

series
o0

fla) =" ez —ay)
i=0
where w(c;) +iN — oo as ¢ — o0. A(D(a;, N)) is a Banach space for the norm

w(f) = inf{w(c;) +iN}.

The “analytic functions with poles at infinity” A(D(oo, N)) on D(co, N) are given
by

o0
flx) = Z cir™
i=k
where w(¢;) + 1N — oo as i — oo, with the norm

w(f) = inf{w(c;) +iN}.
The topology on C**(K, k) is the direct limit topology:
C™K, k)= lim ] AaN).

N—00geSyU{oo}

If k < 0 and even, and we look at ind%(x) as C%"(K, k), then we can identify
two G-invariant subspaces inside it. The first one is the finite dimensional space

P_j, := the space of polynomials of degree at most —k.

The second is the space of functions f(z) that are “locally polynomial functions” on
K of degree at most —k, meaning that, for some covering of K by D(a, N) (including
D(o0, N)), the restriction of f to each disc is a polynomial of degree at most —k.
We let C'*(K, k) denote this space. (The la stands for “locally algebraic.”)

For the sake of concreteness it is also worth noticing that, even though elements
of C*"(K, k) are not strictly speaking functions on P! (because they have poles at
o0), every element of the quotient space C**(K,k)/P_j can be represented by a
unique, truly locally analytic function on P! that vanishes at oo — just subtract
off the polar part at infinity using P_j.

The methods of the paper [37] prove that the following sequence is exact, and
that the representation C*"(K, k) has length 3:

(d 1-k

(2.1.5) 0— C'(K,k)/P_, — C(K,k)/P_), == C"(K,2—-k)—0.
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The locally algebraic part of the representation C**(K, k) (for k < 0) can be
decomposed as a tensor product of the smooth representation C>°(P!, K)/K and
the finite dimensional representation P_y.

2.2. The Integral Transform and Morita Duality. The locally analytic
representations ind}Gp (xk) discussed in the previous section are closely related to the
topological vector spaces O(k) that come from functions on the p-adic upper half
plane. One way to formulate this relationship, which we call Morita duality (see
[26]), is by an integral transform.

Suppose that A : O(k) — K is a continuous linear functional. We may construct
from A a function I(\) on K via the formula

IO (@) = A (Zix> .

Our goal in this section is to prove the following theorem.

THEOREM 2.2.1. For k > 2 and even, the map Iy yields a topological isomor-
phism
O(k), — C(K,2 —k)/Py_a.

To prove the theorem, we will proceed in stages. First, we check the G-action.
Substituting in the various definitions, we obtain:

okl () = R (et (e et ),

(ad — be)k/2-1 (bz + d)* z—x
Now using the fact that
(bz + d)(bx + d) = (bz + d)* — (2 — 2)b(bz + d)

o(Tela™ )(@) = A ((Zx U +c<z>)>

where ¢(z) is independent of z. Finally,

k-2
<bz+d) 4 (- 2)H,

one obtains

bz +d

where H is a polynomial in = of degree k — 2, with coefficients rational functions
in z. Thus

9Ii(g7 N))(@) = A(z)  (mod Pr_s),
proving G-equivariance (formally).

Next, we prove that the function I(\) belongs to C*"(K,2 — k). Functional
analysis tells us that any continuous linear form A on O(k) is induced by a con-
tinuous linear form A, : O(X, ) — K for some integer n. More precisely, we have
the following relationship between these spaces and their strong duals (see [34],
Proposition 16.5; the subscript b refers to the strong topology):

(2.2.2) (02)} = (m O(X;))} = Hm(O(X;)}.

Let us choose representatives {a;} for ox /m"ox and {b;} for mox /7" ok as in
Setion 1.2.1, with by = 0. The balls D(a;,n), D(1/b;,n — 2w(b;)), and D(oco,n)
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form a covering of K as in the discussion following Definition 2.1.4. Suppose that
x € D(a;,n). Then

the geometric series converging when z € X;,. The continuity of A on O(X;,) means
that

WAz =a) 7T 2 C = (n-1)(j +1)

for some constant C. For « € D(a;,n), we have

(Z_a;> ZA< G —a) Hl)(w—ai)j,

and the series on the right converges because

C—(n—-1D{F+1)+nj=C+j+1—-n—o0asj— .
This exhibits I (\) as an analytic function on D(a;,n). On D(co,n), we see that

M) =2 G - Z“”

and the inequalities bounding A, defining D(oco,n) and O(X;,) guarantee conver-
gence as in the case considered earlier.

Notice that this calculation for I (A) on D(oco,n) actually proves more — the
function Ir(\)(x) vanishes at the point co. This will enable us to settle the next
step in our proof, which is to show that I ()) is injective. Because Ij(\) vanishes
at infinity, it belongs to Px_o only if it is identically zero. From the computations
above, we see that Ix(\) = 0 if and only if A vanishes on the functions 2/ and
1/(z — a)? for all non-negative integers j and all @ € K. This in turn implies that
A vanishes on the rational functions in z having poles at rational points of P!(K).
Since these rational functions are dense in each O(X, ), and A is continuous, it
follows that A must be identically zero.

In light of the functional-analytic fact (2.2.2), the continuity of Iy is implicit
in the calculation above. More precisely, we showed that Iy, restricted to those A
which factor through O(X;, ), is a bounded linear functional from this Banach space
to the Banach space of locally analytic functions that are analytic for the specific
covering we used in the calculation. This implies that I is continuous.

We must show that Ij is surjective, and that it is a topological isomorphism.
In fact, the second claim follows from the first by the open mapping theorem (see
[34], Proposition 8.8). To prove surjectivity, we will construct linear forms X of a
particular form. This will require something of a digression.

2.2.1. Residues. Given an edge e of the tree X, we know that the fiber r~1(e)
of the reduction map at e is an admissible open set that is an annulus. Let us look
for the moment at the particular admissible open set

U=r""eo) ={la,1]:1>w(a) >0} CcX
described in Lemma 1.3.7. This space is a union of affinoid subdomains

Up=A{[a,1]: 1 - (1/n) > w(a) > (1/n)}
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as n — 00, and the space of rigid functions on U is the Fréchet space arising as the
projective limit of the corresponding affinoid algebras:

OU) = lim O(U,).

In concrete terms, O(U) consists of power series
fz) = ¢
z€Z

that converge on each U,. This condition amounts to the requirement that

w(es) +j/m— o0
for all n and j — oo, and

wleg) + (1 - 1/n) = o
as for all n as j — —oo. The family p,, of seminorms defining the topology are
pn(f) = inf{w(c;) +j/n,w(c;) +j(1 —1/n)}.
PROPOSITION 2.2.3. The (rigid) DeRham cohomology of the annulus U is one

dimensional and spanned by dz/z.

ProOF. The only obstacle to formal integration of a rigid function on U to
obtain another rigid function is dz/z. (]

Let Res be the isomorphism Res : H},z(U) — K such that Res(dz/z) = 1.

DEFINITION 2.2.4. Given an oriented edge e of X and a rigid analytic one-form
f(2)dz in QY(X), we define Res.(fdz) to be Res(g~!(fdz)|U) where g € G is any
element such that gey = e.

This definition makes sense because the Iwahori group B acts trivially on
H} z(U) and preserves the orientation of eg. The normalizer of B, which reverses
the edge eg, sends z to 7/z. It follows that Res. (fdz) = — Res.(fdz) if e and ¢’
are opposite to one another.

2.2.2. Surjectivity of the integral transform. We can now use the residue map
to prove that our integral transform Iy, is surjective. Because of the G-equivariance
of Iy, it suffices to prove that any analytic function on ox C K is in the image of
Ik. Let

fla) =) b,
7=0

where w(b;) — o0 as j — o0, be the desired target function. We will find a linear
form A such that I (A\) = f. To do this, let f, be the restriction of f to the disk
D(a,1) = a+ mok, where a runs through a set of representatives for ox /mox. The
function fy is given by the same power series as our original function f. The other
functions f, can be written as power series

falz) =) Wiz —a)
3=0

where the coefficients b} satisfy w(b}) — oo as j — oo. Note that these representa-
tive power series on the disks D(a, 1) are overconvergent — they converge on the
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bigger disk D(0,0). Each f, is a translate, under the group action, of an overcon-
vergent power series on D(0,1) like fo. Thus, to prove surjectivity, it suffices to
prove that fy is in the image of ;. For this, we use the following lemma.

LEMMA 2.2.5. Let {bj};?';o be a sequence of elements of K with the property
that, for some integer n >0, w(b;) + j/n — oco. Then

f— ij Res. (27 f)
3=0
is a continuous linear form on O(U).

PRrOOF. This follows from a computation with the semi-norms defining the
topology on O(U). O

The lemma applies to the particular coefficients of our analytic function f. We

compute

Now we distinguish two cases. When = € D(0,1) and z € U, we have w(z) > w(2)
and we see from the geometric series that

2 >
= E Pt
z2—x
£=0

As a result, we have
L(A)(x) =Y bja? = f(x).
§=0

On the other hand, when = ¢ D(0,1), but z € U, we have w(z) < w(z) and thus

we obtain the expansion
2J >
— § ZE+]x—€—1
z—x
£=0

and all residues of this function vanish. Therefore Ij()\) is supported on D(0,1),
where it agrees with f(x). This proves surjectivity, and completes the proof of
Theorem 2.2.1.

2.2.3. The Poisson Kernel. The Poisson Kernel Jj is the transpose of the map
Iki
Jk : (Cun(K7 2 — ]f)/Pk,Q)Z — (k‘)

PROPOSITION 2.2.6. Let p be a continuous linear form on C*"(K,2 — k) van-
ishing on Py,_o. The transpose Jy is given by
1

Je()(2) = /m) o

PROOF. Much of this calculation reproduces what we did in the proof of the
main theorem. For example, the G-equivariance follows by essentially the same
argument that we used earlier. We need to prove that Ji(u) is rigid analytic on
X, and that A(Jx(u)) = p(lx(A)). The second of these properties is formal once
we know the analyticity, so we will focus on that. Choose a large integer N and
representatives a; for ox /7N ox and b; for mox /7N ox (with by = 0) so that the
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balls D(a;,N), D(1/b;, N — 2w(b;)) for j # 0, and D(oco, N) cover K, as in (1).

Then )
=3 [
DZ_.T/'

where the sum is over the discs in the covering. For a typical such disc D(a, N),
we have

I 1 == (z—a)f
z—x (2—a)—(z—a) _ZZ:%(Z—a)“‘1

converging when w(z — a) > w(z — a), in particular when z € X. The continuity
of the distribution p means that

w(/ (xa)%lu)ZCJer
D(a,N)

for some constant C'. Applying this to the sum, we obtain

/ 1 du — > fD(am)(x—a)Zd,u
D(a,n)

— — o)+l
z—x pre (z—a)

Since w(z —a) < N —1 on X}, we see that this series gives a rigid function on X}
Assembling the different discs shows that Ji () is in fact rigid analytic on X. O

COROLLARY 2.2.7. Let f € O(k) be a rigid function, and choose N > 0. Let
a;, b; be chosen as in the proof of the theorem (or as in equation (1)). Then f
restricted to Xy has a “partial fraction expansion”

V-1 1.1

Zc ZJ—I—ZZ 7+ zz;z_:z—l/b

1021

2.2.4. Morita Duality. We have shown that there is a duality pairing (first
established by Morita ([26]) for k& > 2:

Ok) x C"™(K,2—k)/Pr—2 — K
given by
(F(2), f(2)) = I (/) (F) = T (F)(f)-
We can refine our understanding of this duality by looking more closely at the
Jordan-Holder factors of the locally analytic representation on the right. Let us look
at the restriction of the pairing to the subspace of locally polynomial functions:

O(k) — (C"(K,2 = k)/Pa—)p-

Functional analysis tells us that this map is surjective. Furthermore, if we re-
fer back to the definition of locally analytic functions on P!(K), we see that the
topology induced on the locally polynomial subspace C'*(K, k) comes from viewing
C'*(K, k) as the direct limit of its finite dimensional subspaces. (This is because
the set of locally polynomial functions relative to a fixed covering of P!(K) is finite
dimensional, and these finite dimensional subspaces are cofinal with all such sub-
spaces.) The continuous dual, with respect to this topology, is just the full linear
dual. The subspace (C'*(K, k)/Py_5)" consists of all linear functionals on C'*(K, k)
that vanish on P;_5. To make this map more explicit, let us extract the following
piece of information from the proof of the main theorem.
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LEMMA 2.2.8. Let P(z) be a polynomial of degree at most k—2, and let \(f) =
Resc(P(2)f(z)dz). Then I;;(X) is the function in C*"(K,2—k)/Pr_2 equal to P(x)
on D(0,1) = mox and zero elsewhere.

Now we can make the dual of the locally polynomial functions completely ex-
plicit. To give a linear form A on C'*(K,2 —k)/Py_o, it suffices to know the values
A(P(x)|U(e)) for all polynomials P(x) of degree at most k — 2 and all open sets
U(e) corresponding to edges e of X. We can collect this information in a function

¢y : Edges(X) — Hom(Pg—_2, K)
defined by cy(e) = (P(z) — A(P(x)|U(e))).
To make sure that the linear form A vanishes on Py_s, we need two properties:
(1) ex(e’) = —ca(e), when €’ is the edge obtained by reversing e.
(2) ¢y is harmonic, meaning
Z ex(e) =0

e—v

where the sum is over the edges leaving a given vertex.

DEFINITION 2.2.9. Let M be an abelian group. Then a function ¢ : Edges(X) —
M is called an (M-valued) harmonic cocycle if it satisfies the two conditions given
above.

In our special case, given F(z) € O(k) (with k > 2 as usual), we define a
function

cr : Edges(X) — Hom(Pgx—_2, K)
cr(e)(P(z)) = (F, P(x)|U(e)).

The function cpg is determined by the residue map — indeed, suppose that
e’ = ge, where e is the original basic edge used to define Res,. Then

cr(e)(@?) = (FaI|U()) = (F9((g” (@?)|U(e))
= (g ' (F), g7 (@)U (e)).
Substituting in the definitions of the group actions, and remembering that the

space of polynomials P;_o is a subset of the space of locally algebraic functions
C'*(K,2 — k) we see that

(2.2.10) cr(€') = Res. (g5 (2 F(2)dz))

where the group action is the usual action on differentials — ignoring k. For this
reason, we call the map F' — cp the residue map.

DEFINITION 2.2.11. Let Cpq.(k) be the space of harmonic functions on the
edges of the tree X with values in Hom(Py_o, K).

Referring back to Equation 2.1.5, we have the following commutative diagram
for k > 2:

(C*™(K,2 = k) Pr)) — (C'"*(K,2 — k) /Pe—2), —> 0

| |

Ox(k) Char(k)
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The remaining question for understanding Ox (k), for k& > 2 is to understand
the kernel of the residue map. This is answered by the following result

THEOREM 2.2.12. The kernel of the residue map is the image of Ox(2 — k) in
Ox (k) (see Lemma 1.5.9). In particular:

(1) This image is closed;
(2) Char(k) = Hpr(k);
(3) Ox(2—k)/Py_o = C(K, k), for k>0 and even.

PROOF. It is easy to see that the image of Oy (2 — k) in O (k) belongs to the
kernel of the residue map. Indeed, if

f= i ;2!

1=—00

then .
d? = L .
T Y by
i i=0

for some constants b; — from this it is clear that Res(P(z)f(z)dz) = 0 for all
polynomials P(z) of degree at most j — 1. Conversely, a function g(z) on U is
in the image of the (1 — k)** derivative if and only if the coefficients c¢;, for i =
—1,...,k—1, are all zero. Since that image is G-equivariant, we can conclude that
Res.(P(z)F(z)dz) = 0 for all e if F is in the image. Working with the derivatives,
one can further check that the following diagram commutes:

C"(K,2—k) ——C"™(K,k) ——0

i |

Ox (k) ——= Ox(2 - k),

where the upper arrow comes from Equation 2.1.5 and the lower one is the dual map
to the derivative map in Lemma 1.3.9. Therefore, the key point is that Ox(2—k) has
closed image. We won’t give all the details of the proof of this, but it follows from
the “partial fractions” decomposition given in Corollary 2.2.7. The idea is to see
that, if Res(z7 f(z)) vanishes on all edges e, then the terms of the form 1/(z —a)? in
the partial fractions decomposition vanish for 0 < j < k—2. Then one can formally
integrate the partial fractions decomposition k—1 times and obtain a rigid function
that still converges on some X . These integrals can be glued together because the
obstruction to doing so lies in H!(X, 0), which is zero by the Stein property. [

2.3. Bounded Distributions. The bounded harmonic functions, relative to
a suitably chosen norm, play a special role in the analytic theory of the p-adic upper
half plane. To explore this, choose a norm on Py_o (for k > 2) that is invariant by
the Iwahori group B which stabilizes our standard edge eg. (There are many such
choices; for example, the sup-norm on the coefficients of the polynomials in Py_o
will do). We will use the same notation w for this norm, and for the associated
dual norm on Hom(Py_2, K).

If ¢ € Chor(k), we say that c is bounded if

(2:3.1) wfe) = inf wlg™ elgen)



22 3. THE p-ADIC UPPER HALF PLANE

exists. Notice that w(c) is well-defined, because the B-invariance of the norm on
Hom(Pj_2, K) means that the terms in the infimum are independent of the choice
of coset representatives. We write CP, (k) for the space of bounded harmonic
functions — they form a Banach space with respect to the given G-invariant norm.

The bounded elements in Chq,(2) are the harmonic functions whose values are
p-adically bounded.

The boundedness condition translates into an estimate for the “integrals” of
locally polynomial functions in C'*(K,2 — k). This, in turn, leads to the following
version of the “Theorem of Amice-Velu-Vishik.”

THEOREM 2.3.2. Suppose that ¢ is a bounded harmonic function in Cher (k).
Then there is a unique continuous linear form . : C*"(K,2—k) — K that vanishes
on Py_o and satisfies the following conditions:

(1) >\gc = g()‘c)'

(2) Ae(P(2)|U(e0)) = cleo)(P(x)) for P(x) of degree at most k — 2.

(3) There is a constant A such that, for alln >0, m > 0, and a € ok, we
have

wAe((z —a)la+7Mok)) > A+m(j —1—k/2).

(4) We have
Ac <<Z em(x — a)m> la + wm0K> = Z emA((z —a)"|a+7Mok).
m=0 m=0

Proor. We only sketch the proof. A computation with the various group
actions shows that conditions (1) and (2) give us a well-defined way to compute
Ae(P(z)|U) for any compact open set U in P! and any polynomial P € P, 5. The
harmonicity of ¢ implies that A. vanishes on P;_o. To integrate a locally polynomial
function, choose g € G carrying U to the standard open set U(eg) and compute

Ae(P(@)|U) = Ae(P()]g™H(Ulen))) = Age(g ™ (P)|U (e0))-
(one checks that this does not depend on the choice of g.) The boundedness property
of ¢ turns into the estimate (3), at least for 0 < n < k —2. If e is an edge such that
U(e) does not contain oo, then it must be of the form a + 7™ 0. In that case, we
wish to estimate, for 0 < n < k — 2, the value of A.:

(2.3.3) Ae((z — a)"|a + 70k ) = Ae(g ™ ([rU~F=D/2mg]n o)

where
(10
I=\anr=m 7m)-

Let A be w(c) = w(ge). Then
w(g(Ae)(z"[ox)) = cleo)(z") = A.

Combined with equation 2.3.3 we obtain (3).

Finally, we show how to compute A.(f|U(eg)) for locally analytic f. Cover
U(eo) = mox by open sets a + n™og for some large m. On each open set, let P, ,,
be the truncation of the Taylor expansion of f on the disc a + 7™ ok obtained by
discarding terms of degree greater than k — 2. Define

S = Z Ae(Pamla+ 7™ ok)
a
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using the fact that we know how to integrate polynomials of low degree. Then the
estimate (3) implies that the limit, as m — oo, of S, exists. This gives our integral.
See [25, Section 11] for one proof with details. See [6, Theorem 2.5] for another
proof. O

COROLLARY 2.3.4. Let Ox(k)® be the space of rigid functions F such that
Res(F) is a bounded harmonic function. The residue map gives an isomorphism
between Ox(k)® and Char(k); the inverse of this map is the Poisson integral.

PROOF. The kernel function Zim is locally analytic; given a bounded harmonic

function, we can apply the corresponding linear form to it. The proof that the result
is rigid analytic is another argument with the geometric series that relies on the
estimate (3) to obtain convergence. O

The bounded functions Oy (k) can be characterized differently. The spaces
O(X,,) are Banach spaces; fix one such n and let w(F') denote, for the moment, the
norm of a function F' restricted to O(X;,).

THEOREM 2.3.5. The residues Res(F) are bounded, and F € Ox(k)® if and
only if w(gF) > C for some constant C' and all g € G.

PROOF. See [10]. O

2.4. Discrete groups, modular forms, and uniformization. The p-adic
upper half plane was originally introduced by Mumford as a way to construct
families of algebraic curves lying at the boundary of moduli space. Mumford showed
that, for appropriate discrete subgroups I' C G, the quotient X/I" has the structure
of an algebraic curve.

The work of Cerednik and Drinfeld made clear the arithmetic significance of
Mumford’s p-adic uniformization theory. They showed that one could construct
Shimura curves — modular curves parameterizing abelian surfaces with quater-
nionic multiplication — via p-adic methods.

We will recall a few of the features of this theory. For more of the story, see the
work of Gerritzen and van der Put ([17]) or Mumford’s original paper ([27]). For
the arithmetic theory and uniformization of Shimura curves, see Drinfeld’s original
(7 page) paper ([12]) or the book by Boutot and Carayol that explains that paper
in detail ([4]).

Choose a definite quaternion algebra B over Q with discriminant N. From
the theory of such algebras, we know that N must be a squarefree integer with an
odd number of prime divisors. Now choose a prime p not dividing N and fix an
isomorphism B ®q Q,—M2(Q,). Finally, pick a maximal Z[1/p] order A C B.
The strong approximation theorem tells us that all such A are conjugate in B. The
units A* of A form a discrete subgroup I' of G. More generally, one can choose
a non-maximal Z[1/p]-order A’ in A and let I be the units of A’. The groups I"
form a family of congruence subgroups of I'.

The main results of p-adic uniformization in this setting say that:

(1) The groups I'" act discontinuously on the tree X. For A’ small enough,
this action is free, I is a finitely generated free group, and X/I" is a finite
graph.

(2) The quotient Sy (I'") = X/T” exists as a rigid space; it can be embedded in
projective space as a closed rigid subvariety, and therefore is an algebraic
curve.
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(3) The quotient algebraic curve Sy (IV) is a Shimura curve. It classifies two-
dimensional, principally polarized abelian varieties with endomorphism
ring equal to a maximal order in the indefinite quaternion algebra with
discriminant Np and with level structure determined by A’ C A.

(4) The curve Sy(IV) is totally split over Q,, meaning that it has a regular
model over Z, with the property that all of the components of this model
are reduced rational curves and all intersection points of components are
ordinary double points. The intersection graph of this configuration is
exactly X/T".

(5) The genus of Sy () is the genus of the graph X/IV. (The genus of a
graph is the number of independent cycles in the graph, or more formally
the rank of the first homology group of its geometric realization.)

Of particular interest to us are the spaces Ox(k’)rl where T' is a congruence
group associated to a quaternion algebra. For k > 2, elements of this space are
“modular forms for I'"” — that is, functions satisfying the condition

f(72) = (az + &) det(y)*/2f(2) for y € I'.

Such a modular form of (even) weight k corresponds to a global section of the
k/2-fold tensor power of the canonical bundle (2)*/2 on Sy (T").

PROPOSITION 2.4.1. The residue map Res : Ox (k)T — Char(k)F is an iso-
morphism.

Proof: The essential point is that the quotient graph X/I" has finitely many
edges. If we choose finitely many representative edges ey, ..., e,, for this quotient,
then the value c(e) of a harmonic function on a general edge is determined by
its value on one of these finitely many edges. It follows that the norm w(c) is
bounded below. In other words, any IV-invariant harmonic function is bounded.
As a result, we can use Corollary 2.3.4 to construct a preimage for ¢. This proves
surjectivity. When k& = 2, the space of harmonic functions Chq,-(2) is just the space
of harmonic functions on the graph X/T”, and this is g-dimensional where g is the
genus of X/T". On the other hand, the elements of O« (k)" give rise to holomorphic
differential forms on X /T", and that space is also g dimensional — therefore the map
is injective. When k > 2, the space of invariant harmonic cocycles is determined by
specifying, on each edge of X/I”, an element of Pj,_o; while, for each vertex, one
obtains k — 1 linear relations. Thus the dimension of the space Chw(k)r/ is at least
(k—1)(E-V) = (k—1)(g—1) where E and V are the number of vertices and edges,
respectively in the quotient graph X/I'. The Riemann-Roch theorem implies that
the space Ox(kz)rl, corresponding to the k/2-tensor power of the canonical bundle,
has dimension (k — 1)(g — 1). By dimension counting we see the map is surjective
in each case.

2.5. Hecke Operators. The quaternion algebra B has an associated Hecke
algebra. Without attempting to work out the whole theory of this algebra, we will
indicate the key idea. As above, we let A denote a fixed, maximal Z[1/p]-order,
and A’ be a sub-Z[1/p]-order of A.

For any unramified prime ¢ of B, the order Ay = A ® Z; can be assumed
isomorphic to the ring M (Z,). For any £ outside of a finite set S containing the
ramified primes, we have A, = A,. From the strong approximation theorem and
the adelic theory of quaternion algebras (see [46, II1.4-5]) we see that, for ¢ € S,
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there are exactly ¢ + 1 inequivalent left ideals of A’ of index ¢, and these ideals are
principal. Let x1,...,xp11 be generators for these ideals. A unit v in A’ permutes
these ideals:
Algiy = Az
Suppose now that f € (‘)x(k)rl. Then
{+1

(T(O)f)(=) =D wilf)
i=1

is again I"/-invariant, because, for v € IV, the left multiplication by g permutes the
Z;.

For ¢ outside the finite set S, the operators T'(£) generate a commutative algebra
T called the Hecke algebra. Since the units B* of B act on the tree X through
the embedding B* — GL3(Q,), one obtains an action of T on the edges of X and
therefore on Chq,- (k). Tracing through the definitions, and using the G-equivariance
of the residue map, we obtain:

PROPOSITION 2.5.1. The residue map
Ox (k)" = Char (k)T

is a Hecke module isomorphism.

’

In practical terms, this means that one can compute the Hecke module structure
of the spaces of modular forms on the upper half plane by working combinatorially
on the tree.

It is also worth noting that the action of the Hecke operators on the finite
dimensional spaces Cha,,(k:)rl arises in the theory of classical automorphic forms
for B. The matrices representing this action are called Brandt matrices and there
is extensive literature on them. See [46, Exercise 11.5.8], as well as the papers by
Pizer and collaborators ([29]).

3. L-invariants and modular symbols

Now we change course dramatically, and begin a discussion leading to the
connection between the global arithmetic of modular forms and the p-adic analysis
we’ve discussed so far in these lectures.

We will rely implicitly on a fairly significant chunk of the theory of classical
modular forms. Beyond the basic definitions of modular forms and the theory of
Hecke operators, we will make extensive use of the theory of modular symbols and
the connection between periods of modular forms and special values of L-functions.
The literature on all of these topics is vast. For the foundations, one may consult
Shimura’s famous book [44]. The beginning of the paper [25] develops some of the
elementary theory of modular symbols and L-functions.

The work of Mazur—-Swinnerton-Dyer ([24], see also [25]) explains how to attach
to an eigenform f of even weight &k and level M a p-adic L-function L,(f, x, s) that
interpolates the “algebraic parts” L9(f,x, ), for j = 0,...,k — 2 of the special
values of the classical L-function of f and its twists by Dirichlet characters x. The
resulting L-function plays a central role in the Iwasawa theory of modular forms
and in the p-adic Birch—-Swinnerton-Dyer conjecture.

Let x be a Dirichlet character with x(p) = w = %1, and let f be an eigenvector
for the Hecke operators. In the special case M = Np, where N is an integer not
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divisible by the prime p, and the form f is an eigenvector for the Atkin-Lehner U,-
operator with eigenvalue a, = w - pt*~2)/2_ [25] showed that the order of vanishing
of the p-adic L-function Lp(f,w%x7 s) at s = (k — 2)/2 is one higher than that
of the classical L-function L(f,x,s) at s = k/2 (the two functions having different
traditional normalizations on the variable s). Here w is the Teichmuller character.
The “exceptional zero conjecture” proposed in [25] asserted that there is an invari-
ant L(f), depending only on the local Galois representation associated to f, such
that -
Ly(f.w = x, (k= 2)/2) = L(f)L(f. x (k — 2)/2)".

When k£ = 2 and f is the modular form associated to an elliptic curve E, the
assumption that p precisely divides the level M and that a, = £1 means that F
has multiplicative reduction at p. In that case, [25] presented numerical evidence
that log(q)

oglq
where ¢ is the Tate period of the elliptic curve F at p and log is the p-adic logarithm.
This weight 2 form of the conjecture was proved by Greenberg—Stevens ([19]) using
Hida theory.

In the higher weight case, in the period since [25], a number of different can-
didates for the invariant L£(f) have been proposed. (See [7] for more background
and references.) These include:

(1) An invariant Lp(f) built by taking advantage of the theory of p-adic
uniformization of Shimura curves — we will discuss this in more detail
later;

(2) An invariant Lo (f) built using Coleman’s theory of p-adic integration on
modular curves;

(3) An invariant Lpps(f) due to Fontaine-Mazur built using Fontaine’s clas-
sification of p-adic representations;

(4) An invariant Lo (f) due to Darmon (in weight two) and Orton (in general)
using “modular form-valued distributions” (also to be discussed later in
this lecture);

(5) An invariant L (f) due to Breuil that derives from his investigations of
p-adic Langlands theory (discussed in the next lecture).

All of these invariants are known to be equal:

(1) L7 = Lpy = Lo by Coleman-Tovita ([5]) and Iovita-Spiess ([21]).

(2) Lo = Lp by Breuil ([2])

(3) LB = LFM by Colmez. ([8])

(4) Lo = L7 by Bertolini, Darmon, and Iovita ([1]).

The Exceptional Zero Conjecture itself has been proved in general by Stevens
(for the Coleman invariant), by Kato, Kurihara and Tsuji (for the Fontaine-Mazur
invariant), by Darmon and Orton for Lo (f), by Emerton using Breuil’s invariant,
and by Bertolini-Darmon-Iovita using Lr(f). Stevens’s and the Kato—Kurihara—
Tsuji result remain unpublished, but one can consult [9] for information. For the
other results, see [14], [28],[11], and [1].

3.1. L7(f) and p-adic uniformization. As an application of the theory
developed in Lectures I and II, let us describe the construction of the invariant
Lp(F) when F is a modular form for a Shimura curve. In other words, we are
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in the situation of section 2.4. We begin with a definite quaternion algebra B of
discriminant N and a prime p not dividing N. Let A’ be an order contained in a
fixed maximal Z[1/p]-order A in B, and let I" be the discrete group of units in A’.
Let F be a modular form of weight k (k even and k > 2) for I”. Assume that F' is
an eigenform for the Hecke algebra of the quaternion algebra B.

From our integration theory, associated to this F' we have a distribution Ar on
C"(K,2 —k)/Py—2. We define two elements of H'(I, Hom(Pj_2, C,)) using this
distribution. Fix any point z € X(C,) and set :

hiog (v, P(2)) = Ar (P@) log (W»

r—z

ol P@) = 2r (Plaond (Z2E) ).

r—z

The functions P(x)log(*=2> 7(z)) and P(x )ord(%gz)) both belong to C*"(K,2—k),
since both are locally analytic and have the correct pole order at infinity. The fact
that hio, and h{l, are cocycles that depend on z only up to a coboundary is a
straighforward calculation.

One can interpret hlog as a period of the form F(z)dz on Sy(M). Using the
expression of F' as a Poisson integral, we have (formally):

hlog ’Yv / /Pl . l'dAF

as follows from a change in the order of integration. Using the theory of Coleman
integration, one can give meaning to this integral, and in fact this argument is
legitimate — see [45].

Similarly, one can interpret h% ; as a period on the tree. Choose z so that r(z)
is a vertex v on the tree. Then one has the following.

LEMMA 3.1.1. The integral defining hE ; reduces to a sum on the tree:

hia(y: P(@) = Y c(P(x))

vy (v)
where the sum is over the edges e on the minimal path joining v to v(v).
PROOF. Let e be an oriented edge in the tree X, and let s,t € X be points

whose reductions are the source and terminal vertices of e, respectively. Then for
u € P1(K), one readily verifies that

(u—t) -1 ifueU(e)
ord =
uU— 8 0 otherwise,

where U (€) is the open subset of P!(K) associated to the oppositely oriented edge
of e (see Section 1.3.4). Choosing points z = zg,21,...,2, = 7(2) reducing to
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successive vertices on the path from z to v(z) we obtain

= c(ei)(P(x))

i=1
where e; joins the reductions of z; and z;41. O

THEOREM 3.1.2. (Schneider, DeShalit) The two maps hoqa @ F — hfrd and
hog = ' +— hfzg are homomorphisms

O(k)" — H'(I',Hom(P;_5, C,))

commuting with the natural action of the Hecke algebra T @ C, on both sides.
Furthermore, horq 1S an isomorphism.

PROOF. See [10] and [31]. O

With this theorem, we can construct the invariant L (F'). Theorem 3.1.2 and
the fact that the F-isotypic component of O(k)F is 1-dimensional yields:

DEFINITION 3.1.3. There is a unique L7 (F) € C, such that
hiog — Lr(F)hfq =0
in H'(I'", Hom(Py_2, C,)). This is called the Lr—invariant of the form F.

3.2. Modular Symbols. To develop the additional theory of L-invariants
following Breuil and Darmon, we must undertake a digression into the theory of
modular symbols, and also develop some of the ideas of Darmon’s integration on
X x H, where H is the classical upper half plane. We follow, in part, Breuil’s
presentation ([2]) in this discussion.

Fix a normalized newform f of even weight k£ > 2 on I'g(M) for some integer
M. We assume that Tyf = apf for (¢, M) = 1. The eigenvalues a, generate an
extension £ of Q with ring of integers R. We will view E as a subfield of C,,.

In working with these formulae, one caveat is necessary. It’s traditional in
the theory of modular forms to work with the right action (the “slash” action) on
modular forms given by the formula:

oo = s+ )ty (D).

Since we have consistently worked with left actions, we use the associated left action

9(N)(z) = F(2)lg

where g is the transpose of g.
The following theorem of Shimura is the starting point of the theory we will
describe.
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THEOREM 3.2.1. There are nonzero periods Q]jf € C such that, for any P(z) €
Pr._2(R) and any rational number r, we have

(/roof(z)P(z)d> </ F(2)P(2)dz + _Tf()( 2)d )ERQiEC

Let D be the set of divisors on P}(Q), and let Dy be the subspace of divisors
of degree zero. We associate to our form f the “modular symbol”

¢ € Hom(Dy, Hom(P;,_»(E), E))

by defining

G- = o (f f(Z)P(Z)dZ>i
_ Qljf (/DO f(z)P(z)dz>i - QI?E (/OO f(z)P(z)dz)i

The modular symbol enjoys the following invariance property for g € T'y(M):

g(s +
SE (o)) - s )(P) = ( )dz>

| 1 orr 1<z>>dg—1<z>)i
/ (—bs 4+ )2 f(z) (-2 = ¢ )dz)i

—bz+a
— G (] - D (P)(=)*

Il
VS

Il
VS

so that
¢ € Hom(Dy, Hom(Py,_5, )",

Theorem 3.2.1 implies that for any element [r] — [s] of Dy, the corresponding
linear form

¢1([r] — [s]) € Hom(Py—5(E), E)

is bounded.

3.2.1. Modular symbols and L-values. Both the algebraic part of the L-function
associated to a modular form and its p-adic L-function may be expressed in terms
of modular symbols.

DEFINITION 3.2.2. The algebraic part of the special value(s) of the classical
L-function associated to f and a Dirichlet character y of conductor c is given by
the formula

Lotg i ! L(f,x,j+1
(f?Xa.]) - (—27T1)JT(Y)Q,}UOO (f’Xm] + )a

where wo, = x(—1).

A computation using the expression for the L-function of f as the Mellin trans-
form of the modular form f yields the following formula expressing L9 in terms
of modular symbols.
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LEMMA 3.2.3. We have

e = 3 x| 7] - pa) e )
vE(Z/cZ)*
forj=0,...,(k—2)/2.
PROOF. See [25, Section 8]. O

Next, we briefly recall the construction of the p-adic L-function from [25]. Let
Z,.:=limZ/p"cZ =7, xZ/cZ.

X

e Write D(a,r) :=

For x € Z, ., let x,, denote the projection of x to Z,. Fora € Z
a+cp” CZy,.
The p-adic L-function is constructed from the (unique) distributions ,u;MTT

on the space of locally analytic functions on Z,; . satisfying

k—2

20 [ Pl = (') " 65 (el |

for all polynomials of P degree at most (k — 2)/2. Here and in the sequel, the left
side is shorthand notation for

a
pre

|) e+ )

lu‘;‘t,MTT <5D(a7r) (x)P(xp)) )

where p (4, denotes the characteristic function of the open set D(a,r).

The boundedness properties of the modular symbols imply that there is a
unique distribution on locally analytic functions on Z, . that, restricted to locally
polynomial functions, satisfies the condition in equation 3.2.4. This is another in-
stance of the p-adic integration theory that we referred to in Theorem 2.3.2. For
details of the construction, see [25, Section 11].

Let x : Z;, — CJ, and define () : Z). — 1+ pZ, by (z) = 7, /wreicn(T),
where wreicn () is the p-adic Teichmuller character. The p-adic L-functions at-
tached to f and x are defined as follows:

L) = | @) difaen@).

p,c

If e = x(—1) - (—1)"= = +1, then L;<(f,x,s) =0 and Ly (f, x,s) will be a prioiri
non-trivial. Thus writing L, = L} + L, we see that L, = L.

3.2.2. Modular symbols and the tree. Darmon introduced the remarkable idea
of blending p-adic integration and the p-adic upper half plane with classical modular

forms in his paper [11]. Assume that the level M of the preceding section can be
written M = Np with (N, p) = 1. Define

TP(N) = {(‘Cl Z) € SLo(Z[1/p]), ¢=0 (mod N)}.

Similarly, let
(V) = {(Z Z) € GLo(Z[1/p])", ¢=0 (mod N)}

where GLo(Q)™ is the group of invertible matrices with positive determinant.
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DEFINITION 3.2.5. Let H be the classical upper half plane over C. Define
SY(X,TH(N)) to be the complex vector space of “harmonic, modular form-valued”
functions

F : Edges(X) x H — C
satisfying the following conditions:

ve,z) = v(F(e, z)) = F(e, z)|4 for v = (Ccl Z) e TH(N).

)
(2) F(¢/,z) = —F(e, z) where € is the edge opposite to e.

(3) >, F(e,z) = 0 where the sum is over the edges leaving v.
(4) Each F'(e,-) is a cusp form of weight k on K for the group

I.={yeTE(N):ve=¢e}.
The group GL2(Q)™ acts on the left on SY(X,T'5(N)) via the formula

9(F)(e,2) = g(F(g™"e,2)) = (b +d) ™" det(g)*/* ' F (g = 5) |

The space S} (X, TH(N)) is quite small. Notice that, if F € SY(X,I'h(N)), then
the restriction F'(eq,-) of F' to the basic edge e satisfies

v(F(eo, 2)) = F(eq, 2)
for all
v= (2 4) €T L, = To(p),
In other words, F'(eq,-) is a cusp form for I'g(M) = T'o(Np).
PROPOSITION 3.2.6. The restriction map
S(X,TH(N)) = Si(Do(Np), ©)
1s injective and has image equal to the subspace of forms that are “new at p.”

Proof: See [28, Section 2.1]. The point is that the harmonicity requirement
amounts to the statement that the form has to be in the kernel of the trace map(s)
from forms of level Np to forms of level N. (I

Given a p-new form f, we can find a corresponding element of SP(X,I'h(N))
by defining

F(geo,z) _ g(f(z)) _ word(det(ad—bc))(bz + d)—k det(g)k/Q_lf (az + C)
bz +d
for g € T, where w is the sign such that W,(f) = —wf for the Atkin-Lehner
operator W,,.
3.2.3. Modular symbols, harmonic cocycles, and distributions. Let f be a cusp
form of level M that is new at p, and let F be the element of SY(X,TH(N)) as-

sociated to f by Proposition 3.2.6. Define a harmonic function ®; with values in
Hom(Py_2(E), E) on the edges of X by the rule

SE([r] — [sD(P) = 65, , (] - [sD(P).

PROPOSITION 3.2.7. (Orton) The harmonic function @f([r] —[s]) is bounded.
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Proof: We need to verify that
w(@*([r] = [sD(re)(vP)) = N

for some fixed integer N and polynomials P with coefficients in R. But

e = sD(P) = = ( / Sv(f)(Z)v(P)(Z)dZ>

B v(s) *
= =+ ([/(T) f(z)P(z)dz)

and this is bounded by Theorem 3.2.1. O
From this boundedness result, we obtain from (I)Jf([r] — [s]) a distribution
/\ij([r] — [s]) on C'*(K,2 — k) that extends to C**(K,2 — k) following the pro-
cedure discussed in Section 2.3.
Let M := Hom(Dy, Hom(Py_2(C,), C,)), the space of modular symbols valued
in the dual of the space of polynomials of degree at most £ — 2. Then choosing any
a € X, we obtain maps

{Cusp forms of level Np new at p} — H*(TH(N), M)

defined by

(3.2.8) e (N (] = 1sD(P) = X7 (] = [s) (PW tog (x_f»
and

(3.2.9) ocf(v)([r] — [sh(P) = Af([r] —[s]) (P(:Jc)ord (xx—_q;l(I)) )

The cohomology classes of these maps are independent of the choice of a.

3.3. Orton’s L-invariant. The difficulty with the invariant L is that it is
only indirectly related to the Mazur-Swinnerton-Dyer p-adic L-function that plays
a role in the exceptional zero conjecture. This is because the p-adic L-function is
constructed using a modular form on the usual upper half plane corresponding to
a usual modular curve, while the construction of the L7 invariant uses a Shimura
curve. The connection between these two constructions comes from the Jacquet-
Langlands lifting theorem, which asserts that there is a correspondence between
modular forms on Shimura curves and certain modular forms on classical modular
curves. In fact, not all forms on modular curves come from Shimura curves, and so
the invariant L7 isn’t even defined for a modular form on T'g(N'), with N’ general.

The invariant Lo constructed by Darmon and Orton is a hybrid object that
mixes p-adic uniformization with classical modular forms. It’s construction has
something of the same flavor as that of L1, but it is directly connected to both the
p-adic L-function and the classical L-function of a form f on I'g(N). In this section
we will construct Orton’s invariant (see Definition 3.3.4) and relate it to L-values.

3.3.1. Cohomology of Modular Symbols. For each prime ¢ 1 N, we define an
action of the Hecke operator Ty on H'(I§(N), M). Let {6,}%_, be a set of matrices
in GL2(Q) such that

4
o) (o ) T = L T,
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For each v € TH(N) and j = 0,..., ¢, there exists a unique 7; € I'}(N) and index
i(7,7) such that 6;5 = 7;0;(, ). Let ¢ be a cohomology class in H'(T{(N), M)
represented by a cocycle c¢. The cohomology class represented by the cocycle

Y4
To(c)(y) =07 Y 67 e(v)
j=0

is independent of choices, and is defined to be Ty(¢).
We now define an Atkin-Lehner involution “at infinity.” Let as, = <_01 (1)>
The operator Wy, on HY(I'}(N), M) is defined by
W (€)(7) 1= Qoo(QooYoo)-

DEFINITION 3.3.1. Let V be a space endowed with an action of the Hecke
algebra T. For a sign w., = *+1, let V/ > denote the space of elements v € V
such that Ty(v) = ag - v for each £{ N and Woo(v) = we - v, where a; denotes the
eigenvalue of f for the Hecke operator Tj.

In the next section, we will prove:

LEMMA 3.3.2. For each we, = %1, the cohomology group H*(TH(N), M)/ we
is a 1-dimensional Cp-vector space.

LEMMA 3.3.3. For each ws = £1, we have
Ly, ocy> € HY(TB(N), M) e,

PROOF. (Sketch; see [28, Lemma 5.3]) The fact that Ic}>,ocy™ are in the

[, woo-isotypic subspace of H'(I'h(N), M) follows from the corresponding fact for
®. More precisely, one can show that

4
(D2 7o ([8;2] = [0;9))(8;€)(Ply-1) = ar®}= (2] — [y])(e)(P)

§=0
and

%> ([roo ] — [Aooy]) (Aoo€) (Pl 21) = woe 3™ ([2] — [y])(e)(P)
from the corresponding formulas for qb}”“’. O

In Corollary 3.3.22 we will show that oc;foo =% 0. In view of Lemmas 3.3.2 and
3.3.3, we therefore propose:

DEFINITION 3.3.4. For each we, = £1, define Lj> € C,, by the equality
lef> =Lg= - ocy™>.
The goal of the remainder of this section is to prove Lemma 3.3.2. To simplify
the notation, let V' := Hom(Py—2(C,), Cp). Applying Hom(—, V') to the short exact

sequence
0—-Dyg—D—7Z

defining Dy, we obtain
(3.3.5) 0—-V->F->M-—0,
where ¥ := Hom(D, V) and M := Hom(Dy, V).
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Consider the long exact sequence arising from (3.3.5) by taking cohomology for
[o(N). The first term VoY) is trivial when k& > 2 and equal to C, when k = 2
[20, p. 165 Lemma 2]. Furthermore, H2(T'o(N),V) = 0 [20, p. 162, Prop. 1].

For each cusp of I'o(NN), i.e. for each class in T'o(IV)\P!(Q), we choose a
representative z € P1(Q) and let T'o(N), denote the stabilizer of z in T'o(N). The
module F is easily seen to be a sum of induced modules:

5= @Ind?g%) V.
By Shapiro’s Lemma, we therefore have

H'(Ty(N EBHz Lo(N)g, V).
In the long exact sequence associated to (3.3.5) the map
H'(To(N),V) — H(T @H (Co(N)z, V)

is simply the direct sum of restriction maps; its kernel is called the parabolic coho-
mology group, and denoted H}, (T'o(N),V). We thus obtain two exact sequences:

par

(3.3.6) 0— (@ VFO(N)“”) JVEON) P — gl (To(N),V) =0

x

and
0— H},.(Do(N), V) — HYTo(N),V) —
(3.3.7) @H (To(N)a, V) — HY(To(N), M) — 0.

The key results we will use to study these sequences are the classical Eichler-
Shimura isomorphisms, which state [20, Section 6.2]:

(3.3.8)  Hp(Do(N),V) = Si(To(N)) @ Sk(To(N))

(3.3.9) HY(To(N),V) = Si(To(N)) @ Sk(To(N)) ® Ex(To(N)).

The sequences (3.3.6) and (3.3.7) are Hecke equivariant, as are the Eichler-Shimura
isomorphisms. The Hecke structure of the module on the left in (3.3.6) is given
by the action of the Hecke operators on the cusps of T'o(V); therefore it is not
surprising that [28, §7.2]:

[

LEMMA 3.3.10. We have an isomorphism of Hecke modules:

(GB VMN”) JVE 2 (Do (V).

x

We leave the proof to the reader, as well as that of:

LEMMA 3.3.11. Given a Hecke equivariant short exact sequence of finite dimen-
sional Cp-vector spaces 0 — Vi — Vo — V3 — 0 with Vlf =0, the map Vo — V3
induces an isomorphism Véf — V3f. Alternatively, if ng =0, then the map V1 — Vs
induces an isomorphism Vlf — V2f,

PROPOSITION 3.3.12. We have MFo(V).f = .
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PROOF. This follows from the previous two lemmas, sequence (3.3.6), and the
Eichler-Shimura isomorphism (3.3.8), since f is a form of level Np which is not old
at p. O

Arguing similarly for N replaced by Np, we find:

PROPOSITION 3.3.13. For each woo = =1, the space MIoWNP):frvee g ¢ 1.
dimensional Cp-vector space.

Turning now to sequence (3.3.7), we note that each group T'g(NN), is infinite
cyclic, generated by an element denoted 7. Thus H*(Io(N),, V) = V/(m — 1)V.
One checks (see [20, p. 166 (2a)], for example) that this is a 1-dimensional C,p-
vector space. A dimension count in (3.3.7) using the Eichler-Shimura isomorphisms
shows that H'(To(IN), M) is trivial when k > 2, and has dimension 1 when k = 2;
in either case the module is Eisenstein, so we obtain:

PROPOSITION 3.3.14. We have H*(T'o(N), M)/ = 0.

We are now in a position to prove Lemma 3.3.2. The group I'}(N) is the amalga-
-1

mation of the groups I'o(N) and its conjugate I'o(N)' := (](; (1)) To(N) <}(; (1)>,
with respect to their intersection I'o(Np). This fact follows from the fact that a
fundamental domain for the action of I'j(IN) on the tree X is given by the single
edge eg with stabilizer I'o(Np), and its two boundary vertices with stabilizers T'o (V)
and T'g(N)'. From this amalgamation property, one deduces an exact sequence (see
[43, §2.6]):

0

MG (V)

ML) @ NMTo(N)’ MTLo(Np)

HY(TG(N), M) —= H'(To(N), M) & H' (To(N)", M).

By breaking this exact sequence into short exact sequences, we find from
Lemma 3.3.11, Proposition 3.3.12 and Proposition 3.3.14 that:

(3.3.15) MECIS =0 and  (MPe VP wee = FYTE(N), M),
Proposition 3.3.13 then concludes the proof of Lemma 3.3.2.

3.3.2. Specializations of the cohomology classes. Fix a positive integer ¢ and an
integer v relatively prime to ¢. The pair (¢, v) gives rise to a Q-algebra embedding
U:Q x Q — My(Q) via the formula

(1 v/e
o= (5 )
Let s be the order of p? in (Z/cZ)*. The group ¥(Q* x Q*)NTI'E(N) is an infinite

cyclic group, generated by

= (%S (p* —p‘:)l//0> .

p
The fixed points of g are xg = 0o and yy = —v/¢, and the polynomial

k—2

Py(z)=(cz+v) 2
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is fixed by vg as well.

DEFINITION 3.3.16. Define

(3.3.17) LIy := Ic§ (yo)([z] = [yo]) (Py)
and
(3.3.18) Wy = oc; (vo)([ze] — [yo]) (Py).

Since vy fixes zy, Yy, and Py, one easily checks that b(vy)([zw]—[ye])(Py) =0
for a coboundary b; thus the equations for LIy and Wy are well-defined. As we
now explain, the values LIy and Wy encode the central critical values of the p-adic
and classical L-functions attached to f. As usual, let x be a Dirichlet character of
conductor ¢ with x(p) = w and x(—1) = w.

THEOREM 3.3.19. With notation as above, we have

k—2 1
(3.3.20) L <f,x, 2) =5 > xmwg=
ve(Z/cZ)*
and
k2 k=2 1 w
(3.3.21) L (f,w z x72> =— > xWWLI§~.

S
ve(Z/cZ)*

Consequently,

k—2 Woo
Ly(f,w = x, (k= 2)/2) = L= (/) L(f, x, (k = 2)/2)"".
(This is the “exceptional zero conjecture” (for weight k > 2) as originally posed in

[25, Section 15]).

PRrOOF. The proofs of equations (3.3.20) and (3.3.21) involve calculations on
the tree. This will take the next few sections. (]

COROLLARY 3.3.22. ocy™ # 0.

PROOF. A result of Rohrlich [30] implies that there is a Dirichlet character x
as desired such that L(f,x,k/2) # 0. O

3.3.3. First part of proof of Orton’s Theorem. The first step in proving Orton’s
theorem is to evaluate Wy. We begin with an explicit evaluation of the right side
of equation (3.2.9), which defines a cocycle representing the cohomology class ocy.

LEMMA 3.3.23. Suppose that a € X reduces to a vertex v of the tree X. Then

we have
o (M =[NPy = DY 5[] = [s)(e)(P),
e€(v—yv)
where (v — yv) represents the unique path in X from the vertex v to the vertex v,
and the sum on the right side is indexed by the oriented edges e in this path.

ProOOF. This is the same argument that we used in Lemma 3.1.1. (]

For each v € (Z/cZ)*, let J, denote the coset v(p) C (Z/cZ)*. Let s’ denote
the order of p modulo ¢, so s = ¢’ if ¢’ is odd and s = s’'/2 if s’ is even. For a € J,,,
denote by j(a) the equivalence class mod s’ such that a = vp?(® (mod c). Note
that the expression w’/(® is well-defined if either w = 1 or s’ is even.
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ProprosITION 3.3.24. We have
Wi =83 w@s7 ([-2] = locl) ((ez + a)*-272),
acJ, ¢
where
1 if s is even
B=12 ifs isodd and w=1
0 ifs is odd and w = —1.

PROOF. Suppose we choose a in equation (3.2.9) to reduce to the central vertex
v of X. Then the definition of Wy in (3.3.18) and Lemma 3.3.23 yield

W= X ap (k- | ) er

e€(vo—ywvo)

. . _ 1 -
The edges e in the sum may be written e; = ~; Ley where v = (0 p]V ), where

v/ is an integer such that v/ = —v/c (mod p**), and j = 0,...,2s — 1. We evaluate
each term in the sum:

v — . v
‘I)}t ([OO] - [_ED (’)’j 1€O7P\11) = wh’lq’% (hjoo] - [7;‘ <_E)D (607P\1/\7j—1)

sazy  —we (- [ (o (e 2220) 7).

From the invariance of f under the transformation z +— z + 1, it is clear that the
expression in (3.3.25) depends on the integer (cv’ +v)/p’ only up to its equivalence
class modulo c¢. As j =0,...,2s — 1, these integers run over the set .J,: once if s’
is even and twice if s’ is odd. In the latter case, the coefficients w’ appear with
opposite sign in the two occurences when w = —1, and with the same sign when
w = 1. The result follows. ([

We may now prove the first half of theorem 3.3.19. Let x be a Dirichlet char-
acter of conductor ¢ with x(p) = w and x(—1) = ws. Note that 8 # 0, and hence
s’ =2s/(. Then by Proposition 3.3.24 we have:

kS > X)Wy =

S
ve(Z/cZ)*

(3.3.26) é Z x(v) Z wj(a)¢7;oo ([_g} _ [OO]) ((CZ + a)(k—Q)/Q) .

Cc
vE(Z/cZ)* a€J,

As v ranges over (Z/cZ)*, the sets J, cover (Z/cZ)* with each element repeated
s' times. Furthermore, for a € .J, we have x(v)w/(® = x(v-p'()) = x(a). We find
that (3.3.26) equals

5 sy ([ o) (-,

a€(Z/cZ)*

Equation (3.3.20) now follows from Lemma 3.2.3.
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3.3.4. Second part of the Proof of Orton’s Theorem. In this section, we relate
the dlstrlbutlon Ay to the p-adic L-function of f. Let us now compare the distri-
bution ,u MTT On Z; . to the Darmon-Orton modular symbol of distributions /\i
Let ¥ be an embeddlng as in section 3.3.2. For each integer i, define

Uv) :={t e PYQ,) — {zw,yw} : ord(My(t)) = i}.

The motivation for this notation is as follows. Let (xy — yv) denote the bi-infinite
path from the end of X corresponding to xy to the end corresponding to yy. The
vertices of (zg — yg) may be labelled {v;} in such a way that U(v;) is the set of
points corresponding to ends of X that intersect (zy — yv) precisely at v;. If e; is
the edge from v;_1 to v;, then U(v;) = U(e;) — U(e;j+1). A fundamental region for
the action of y¢ on P*(Q,) — {zwy,yw} is given by:

For z € Fy, write i(z) = ord(My(z)), i.e. the index 4 such that z € U(v;). We also
define

v={a€Z) . :a=vp’ (mod c) for some j = j(a)}.

PROPOSITION 3.3.27. If F is a locally analytic function on Z,, then

/&p“”F(c;j;)”)dAf([m lya)(z) = 8 / W F () dpt i ()

PROOF. For j = 0,...,2s — 1, write Joo,,; = {a € Z,: b= vp’ (mod c)}.
We will show
(3.3.28)
P k=2 cz +v
wpte [ (EE) gl -l = [ Fla)dit (o),

The result will then follow by summing from j = 0 to j = 2s — 1; as j varies the
Joow,j cover Jo, ,, once if s is even, twice if s" is odd, and with opposite sign in the
latter case when w = —1.

To prove (3.3.28), fix an integer n > 2s. Refine each U(v;) by

U Uja, where Uj,={te€U(v;): (ct+v)/p’ =a (modp")}
€(z/p™Z)
and correspondingly refine J . ; as
Jooﬂj’j = U D(bamn)
a€(Z/p"Z)*

where b, ; = (v + cv')/p’ + ac and V' € Z satisfies v/ = —v/c (mod n + 2s). Then
from the definition of the distribution uy mTT, We have for a polynomial P of degree
<k-2:

[ PO = w2 (oo = | ] ) (PGres+0)

prc

(3.3.29) wrp(*5) g ([ ][bD(eo,P(pncz+b)).

pre
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. 1 —v —pla 1 .
where b = b, ;. Now if v = 0 it ,then U; , = v~ 'U(ep). Thus using the

transformation property of ‘Df under +, the right side of (3.3.29) may be written:

wjpfn(%)q);: <[7—1(oo)] _ {7—1( b )D (v"teo, P (p"cz +b)|4)

p7l c

1Mpﬂhf)¢?(hﬂ[Z})<VIQ”P<02;V)>

- W) [ p(“f”)dﬁ([m}—[wb@)

p]

J,a

Thus we have proven the result for polynomials of degree < k —2 on the arbitrarily
small balls D(b,n) and U(j,a). By the uniqueness properties of the extensions
of ufMTT and )\ij from the distributions on P;_o to the space of locally analytic
functions, the result follows. O

3.3.5. End of Orton’s Theorem. In this section we conclude the proof of The-
orem 3.3.19. Recall the definition:

Lﬂf::/;wqpﬂog<1“_vwz>'PWC@dA?(VW]"WWD(x)

xr—z

Recall also how )\}t([l‘\y] — [yg]) is applied to a locally analytic function such as
log(*=222) Py (2): we cover P*(Q,) by smaller and smaller open balls, write the
function as a power series on each open ball, truncate the power series to a polyno-
mial of degree k — 2, evaluate )\ij([:cq,] — [yw]) on each of these polynomials on the
open balls via fI)]jf([x\p] — [yw]), and sum the results; the limit as the covers become
uniformly finer is the desired value.

In the present case, we write

(3.3.30) PY(Q,) =" U@) U | | 7Fw Uit Uleo),

j=—n

where €; denotes the edge ey with the opposite orientation. We will refine the
middle term of (3.3.30) later, but indicate first why, in the limit, the end divisions
contribute nothing to the integral. Let T, (z) denote the truncation of the power
series of log(“=222) Py () expanded around yy on the open set 75" 'Ul(eg) to a
polynomial of degree k — 2. From the invariance of ® under I', and the fact that
vy stabilizes xy, yy, and Py, we have

n—o00 xr—z

= lim O ([re] — [ye]) (V" eo, Tn(2))

= lim q)%([xq/] — [yw])(eo, Va(m)),

n—oo

im (6] w (AW + Ty| — |Yv|) X
| WW)lg( )P()dw ] - ye]) (@)

where V,, is the truncation to a polynomial of degree k — 2 of the power series of

n+1 -n
Yo T — Ypz T — gz
log (q’n+1 ) Py (z) = log 7,5’1+1) Py (z)
Yo X — % T — Yy z
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on U(eg) expanded around yg. We leave it to the reader to verify (or consult [28
§6.4]) the explicit formula:

k—2
5 k—2

Va(@) = Z (_ (’Y\Ijnz - y\I/)_i + (’Y\;(nﬂ)z — yq,>_ ) ¢ ; (z — y‘I’)H—%

i=1

Asn — 00, 742 — 2w = 00, so the coefficients above tend to zero. Thus we have
proven that

i [ o (W> Py(2)dAE ([ve] - [yu])(z) = 0,

n—oo ’Y xr—z

and a similar result holds for the other end term in the decomposition (3.3.30).
Now we are left to analyze

g, = ) / 1og( E202) Rt (fna] - [ro))a)

j*—’n

For each term in the sum we invoke the change of variables x +— fy‘;,j x; using the
I'h(N)-invariance of /\? we obtain

LIy, = ) L log (“‘_W) Py (£)dXf ([w] - [ya])(x)

j=——n Yo — 2
- log<i‘_7ﬁj>m>dA?<[w]—[y\p]><x>
R & 1)
aaa) = [ e (SEREE) Pt (ol - Do)
v 4

as the sum telescopes. Now in the limit as n — oo, we have V\y”z — yg and
v % — 2w; thus we would like to say that in the limit, we can replace the argument
of log in (3.3.31) by a linear fractional transformation taking yg to 0 and zy to oo,
namely, My (t) :=t + v/c. More precisely, let

[ L W&f”
"(t) - n+1 ’
Ty -z

Now since

L Py(2)dX¥ ([2e] — [yu])(2)

= @7 ([ze] — [yo))(ezs, Po) — @5 ([zw] — [yw])(eo, Pu)

= & ([ze] - [ye])(Yweo, Pu) — @5 ([ze] — [yu])(eo, Po)
= 0,

it follows that

LI, =/ log(My,(2)) Py (x)dX ([z] = [ye]) (@).

Fv
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Since M,,(x) — My (x) as n — oo for any x € Fy, the continuity of A gives

L = /? log(My () Pa ()dAE([29] — [ya]) (2)

A log(cz + v)(cz + 1) T dNE ([wa] — [ya])(2)

k-2
i(2)- k=2 cr+v cr+v 2 + _
v o () ()l o)

L k=2
ﬁ/J w2 IOg(tp)d/‘jf,MTT(t)’

by Proposition 3.3.27. We are now in a position to conclude the proof of The-
orem 3.3.19. Let x be a Dirichlet character of conductor ¢ with x(p) = w and
X(—1) = woo. We evaluate:

1 " 1 . k2 w
% Z x(W)LIg= = 7 Z X(V)/ w®t,? log(tp)dpy e (t)
vE(Z/cZ)> vE(Z)cZ) X Joo,v
1 k=2 Woo
(3.3.32) = = Y /J X(Otp™ log(ty)dpfppr(t).

oo,V

S
ve(Z/cZ)*

X

Now as v ranges over (Z/cZ)*, the sets J , cover Zy .,

covered s’ times. Thus (3.3.32) becomes

with each point being

52 w ho2 Woo
| x0T st diier = [ x(®@00)' T loxlty e
d k=2 s w
- < ( | xe0'F 0 duf,mT> -
p,c
d woo k-2
= L= (he T sl

Finally, we remark that

S0 k=2 w k=2
Lp(fvw 2 Xas):me(fvw 2 X,S)'
This concludes the proof of Theorem 3.3.19.

4. Breuil duality and p-adic Langlands theory

4.1. Brief remarks on the p-adic Langlands program. In this lecture,
we approach the Darmon-Orton theory developed earlier from the point of view of
p-adic Langlands theory. In general terms, the classical Langlands program sets up
a correspondence between Galois representations and classical automorphic forms.
The p-adic Langlands program, which is currently in an early but exciting phase of
development, seeks (at least in its local version) to relate classes of continuous p-adic
representations of reductive groups to local p-adic Galois representations. Because
p-adic representations are so much more complicated than complex representations,
and continuous p-adic representations are more complicated than classical smooth
representations, the p-adic Langlands program requires the introduction of many
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new concepts. For an overview of some of the ideas in the (local) p-adic Lang-
lands program, see the introduction to Breuil’s paper [2]. See also the paper [14],
which adopts a representation theoretic perspective on many of the ideas we have
discussed.

To get a taste of these new ideas in the situation of interest to us in these
lectures, let us denote by o(f) the p-adic representation of Gal(Q/Q) attached to
the newform f of weight £ > 2 and level M. The philosophy of the p-adic Langlands
program suggests that one should be able to recover this Galois representation from
purely automorphic data associated to f. Similarly, the “local” p-adic Langlands
program should relate the local representation o, (f) := o(f) |Ga1(6p /q,) to the local

automorphic component 7,(f) of the representation of GLy determined by f.

From the classical theory, we know that when the level of f is exactly divisible
by p, the local automorphic component m,(f) does not contain enough information
to isolate op. Indeed, in this case, m,(f) is always the Steinberg representation
and it is exactly the L invariant of f (and its weight) that provide the additional
information necessary to identify the local Galois representation associated to f.
In the papers [2] and [3] Breuil seeks to answer the question:

How can we extract the L-invariant of f from “automorphic”
information?
Breuil’s answer to this question begins with a certain p-adic completion H! (N)®

FE of the étale cohomology of the tower of modular curves of level Np”. This com-
pletion is a p-adic Banach space with a Hecke action and GL2(Q,) action that
preserves its norm, defined over the finite extension E of Q, generated by the
Hecke eigenvalues of f. (This space is defined in more detail in the next section.)
Roughly speaking, the part of the space I:I(}(N) ® E cut out by insisting that the
Hecke algebra act through the eigenvalues of the form f contains the locally alge-
braic representation

Sym*2(E2) @ m,(f) “= C'(Qp2 — k)/Pia ® B

] “a

embedded GL2(Q,)—equivariantly, where the symbo means “more or less the
same as.” For a thorough discussion of these ideas, see [14, Section 4], which in
turn refers to [13].

Denote by 7,(f) the closure of Sym* 2 E? @ 7,(f) in H}(N) ® E. Breuil
proves that:

(1) when k& > 2, 0,(f) is absolutely irreducible, and #,(f) indeed exactly
determines L(f).

(2) When k = 2, o,(f) is reducible and is not determined by 7, (f). However,
Breuil shows that H!(N) ® E contains a topologically reducible Banach
space representation of length 2 with 7,(f) its unique sub-object, which
determines L(f), and which depends only on o, (f).

For the purposes of these notes, we will be mainly interested in how Breuil’s
point of view gives an alternate definition of the L-invariant. As before, we assume

that the level of f is M = Np, with p{ N. In this situation, the sign w occurring
in the previous section is w = a,, L. p%. Let nr(w) denote the representation of
GL2(Q,) which sends x + w4 (det(*)) For each L € E, Breuil uses the theory of
modular symbol-valued measures on the upper half plane to define a Banach space

representation B(k, L) of GL2(Q,). He then proves:
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THEOREM 4.1.1. There exists a (unique) Lp(f) € E such that

0 ifL#-Lp(f)

Homgr,(q,) (B(k,L) @ nr(w), (HY(N) ® E)f) = {E2 if L =—Lp(f)

Furthermore, we have Lp(f) = L5(f) = Lo(f).

Here (H!(N) ® E)/ denotes the f-isotypic component of H}(N) ® E, i.e. the
subspace on which the Hecke algebra acts via the eigenvalues of f. In the remainder
of this lecture, we discuss B(k, L) and sketch a proof of Theorem 4.1.1.

4.2. Completed Etale cohomology. Let K =[], Ky be an open compact
subgroup of GLy(Z). We denote by Y (K) the open modular curve over Q, whose
complex points are given by:

Y (K)(C) := GL2(Q)\ GL2(Aq)/SO2(R)R* K.
The number of geometric connected components of Y (K) is the size of
(QT)\AQ,;/ det(K).

For a positive integer n, we write H' (Y (K),Z/p"Z) for the Betti cohomology of
the complex space Y (K)(C), or equivalently, the étale cohomology of the algebraic
variety Y (K )6' Similarly, H}(Y (K),Z/p™Z) represents cohomology with compact
supports. For * = ¢ or * = empty, the Z/p"Z-module H}(Y (K),Z/p"Z) is
naturally endowed with an action of Gal(Q/Q). In the most concrete terms, the
Galois action on H!(Y(K),Z/p"Z) can be understood by identifying this space
with the p™ torsion of the jacobian of the closed curve X (K), relative to its set of

cusps.
In addition, H} (Y (K),Z/p"Z) is endowed with a Hecke action. First let

HA(Y(K). 2,) = lim HA(Y (K), Z/p"Z).

*

Note that for K/ C K, the group K acts on the right on Y (K’) and hence on the
cohomology H! (Y (K'),Z,). Furthermore, the collection of such K’ forms a direct
system under inclusion, with an inclusion K} C Ky C K inducing a K-equivariant
map

H (Y (K2),Zy) — H, (Y (K1), Zy).
If we take the direct limit of this system, it is clear that H} (Y (K),Z,) maps to
this direct limit, and lies in the subspace which is invariant under the action of K:
H(Y(K),Z,) C (im H; (Y(K'), Z,))".

K/

Now we may define the Hecke action. For each ¢ with K, = GLo(Zy), write

K(é 2>K:|_|6iK

for the matrix

((1) 2) € GL2(Qr) C GLy(AqQ)-

For z € H}(Y(K),Z,), define Ty(2) := 3. 6; 'z in (lim_ g H} (Y (K"),Z,))%; one
must check that the image Ty(x) again lies in H! (Y (K),Z,). This action induces
the action on the quotients H} (Y (K),Z/p"Z) = H} (Y (K),Z,)/p" as well. The
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Hecke operator Sy is defined similarly via the matrix ((l; 2) The Galois and

Hecke actions commute. A
Now let KP = Hlip Ky be an open compact subgroup of GLy(Z), with trivial
component at p. Let K(p") := ker(GL2(Z,) — GL2(Z/p"Z)) and define

HY(K?) = lim HA (Y (KPK (5")). Z,)

The transition maps in the inductive limit for * = empty are the usual con-
travariant maps on cohomology induced by the projection maps Y (KPK(p+1) —
Y(KPK(p")). For x = ¢, the transition maps are the duals of the trace maps
HNY(KPK(p™)),Z,) — HX(Y(KPK(p")),Z,) induced by the projections. The
Z,-module H!(KP) is torsion-free. Furthermore, it is endowed with a smooth left
GL2(Qp)-action which we now describe.

For each v € GL3(Q,), right multiplication by y~! induces a map Y (y "' K7) —
Y (K), which in turn gives a map H} (Y (K),Z,) — H:(Y (y"'K~),Z,). Given any
element z € H!(KP?), we may choose an index 7 large enough so that z is represented
by an element in H}(K?K(p"),Z,), and such that y"'KPK (p")y C KPK(p*) for
some s > 1. Then the image of x under the composition of maps

H(KPE(p"),Zp) — Hy(v ' KPK ("), Zp) — Hy (KPK(p*), Zy)

represents an element of H!(KP), which is defined to be ~yz.
Finally, we define

IL(KP) i=im (tim HA(Y (KPK (), Z/p"2) ) = Tim H(K?) /p".

—n

1

For the remainder of this article, we will be interested in particular in the case

KP = (Z Z) € GLo HZ@ :¢=0 (mod N), a=1 (mod N)
tF#p
In this case, Y(KPK(p")) = Y(N,p") := Y1i(N) xy@q) Y(p"), the open modu-
lar curve whose connected geometric component Y°(V,p") can be identified with
Py (N) N D)\, A
The modules H}(K?) and H!(KP) are endowed with Z,-linear actions of
Gal(Q/Q), the Hecke operators Ty, Sy for £ 1 Np, and GL(Q,). This last action
endows H HKP) ® Q, with the structure of an admissible unitary Banach space
representation of GLy(Q,). We will simply write H} = H(N) and H} = H!(N)
for H!(K?) and H!(KP), respectively.

4.3. GL2(Q,) representations and modular symbols. In order to connect
the theory of p-adic Banach representations of GL2(Q,) with the work of Orton,
Breuil gave a reinterpretation of the space of GL2(Qp)-equivariant maps from an
arbitrary Banach space into ﬁ,}, in terms of modular symbols. Let E denote a
finite extension of Q.

THEOREM 4.3.1 ([3], Théoreme 2.4.2). Let B be a unitary p-adic Banach space
representation of GL2(Qp) with coefficients in E, and let B* := Hompg (B, E) be
its GL2(Qp) unitary Banach dual. We have a canonical Hecke equivariant isomor-
phism

(4.3.2) Homgr,(q,)(B; A} ®z, E) = Homgw v (Do, BY),
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where the left hand side denotes continuous E-linear GL2(Q,)-equivariant maps
between the two indicated unitary Banach space representations, and the right side
denotes B*-valued modular symbols ¢ such that

$(lyri] = [yr2]) (b) = ([r1] = [r2]) (v~ 'b)

for all v € T?(N). (Note: a unitary representation means that the norm is G-
invariant).

We state this theorem as Breuil does, for the groups

P(N) = {(‘; Z) € QLo(Z[1/p)t : ¢=0 (mod N), a=1 (mod N)}

and
P(N) = {(‘CL Z) € SLy(Z[1/p) " : ¢=0 (mod N), a =1 (mod N)}.

This is a slightly more general setting then that in the previous section, where we
worked with T'). No doubt the results in the previous section hold in this more
generally setting, since the difference between I'] and I'}) is “away from p,” but we
have not attempted to make this generalization and we content ourselves here with
following Breuil.

The Hecke equivariance in Thoerem 4.3.1 is with respect to the operators T}
and Sy for £ { Np, and ws. These operators act on the left of (4.3.2) via their
action on H L and on the right via the usual action on modular symbols.

To prove Theorem 4.3.1, let M be the closed unit ball in B. We will show that
there is a Hecke equivariant isomorphism
(4.3.3)

Homgr,(q,) (M, H: ® Op/n05) = Homgs ) (Do, Homo, (M, Op /730r)) -
Theorem 4.3.1 follows by passing to the limit over n and tensoring with F.

To prove (4.3.3), we begin by providing an alternate description of the left
hand side. Denote by Indf’b(z/prz) 1z/pnz the Z/p"Z-module of functions f :
GL2(Z/p"Z) — Z/p"Z. Denote by
(4.3.4) Homr, () (Do, nd{™* #7721, )

the Z/p™Z-module of group homomorphisms ¢ : Dy — Ind?L2(Z/ P'Z) lz/pnz such

that
o([r1] = [r2])(zy) = o([yr1] — [yra]) (@)

for all [r1] — [r2] € Do, * € GLo(Z/p"Z), and v € T'1(N). The Z/p"Z-module in
(4.3.4) is endowed with a left GL2(Z/p"Z)-module action via:
(4.3.5) (9(@))([r1] = [r2D) (@) := ([r1] = [r2]) (9™ ")
We then have:

LEMMA 4.3.6. For each pair of integers n > 0 and r > 1, there is a canonical
GL2(Z/p"Z)-equivariant isomorphism
(4.3.7) HY(Y(N,p"),Z/p"Z) = Homp, (x)(Do, IndS™> #7215 ).

Furthermore, this isomorphism is equivariant with respect to the Hecke operators
Ty, Se for £+ Np, and transforms the action of complex conjugation on the left to
that of woe on the right.
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Proor. We will give the geometric intuition behind the slightly weaker iso-
morphism

(4.3.8) HY(YO(N,p"),Z/p"Z) = Homr, ) (Do, Ind; > #7215, .7).

The curve Y?(IV, p") may be thought of as the many holed torus X°(V,p"), minus
a certain finite number of cusps. By Poincaré duality, the left side of (4.3.8) is

Hom(Hl(XO(N, p"),cusps; Z),Z/p"Z),

the Z/p"Z-dual of the homology of the torus X°(IV,p") relative to its set of cusps.
Meanwhile, the right side of (4.3.8) is Homr, (xynr(pry (Do, Z/p™Z) by Shapiro’s
Lemma. It thus remains to prove:

(4.3.9)  Hom(H;(X°(N,p"),cusps; Z),Z/p"Z) = Homp, (nvynrpr) (Do, Z/p"Z).

Given an element [z] — [y] € Dy, consider any path in H U P1(Q) starting at =
and ending at y. The image of this path in I';(N) N T'(p")\(H U PH(Q)) yields
a well-defined element of Hy(X"(N,p"),cusps; Z). The theory of modular symbols
states that this identification induces an isomorphism as in (4.3.9).

The compatibility of the isomorphism with the Hecke algebra involves compu-
tations with the group action. The isomorphism (4.3.7) follows from similar, but
more involved reasoning. For details of all of this, see [3, Lemme 2.3.2]. (]

Passing to the inductive limit over r in (4.3.7), we obtain a Hecke equivariant
isomorphism

(4.3.10) H!/p" = Homr, () (Do, Ind{™* %) 15, .7),

where Ind?Lz(z” ) 1z/pnz denotes the Z/p"Z-module of locally constant functions
GL3(Zy,) — Z/p"Z. The right hand side of (4.3.10) is endowed with a left GL2(Z,)
action, as given in equation (4.3.5). This action may be extended to GL2(Q,) as
follows. For any g € GL2(Q,) and = € GLy(Z,), we may write g~ 'z = ba with
b € GLy(Z,) and a € T?(N). We then define

(4.3.11) (9(@)([r1] = [r2]) (@) := ([ar1] — [ara])(b)-

One easily checks that this definition is independent of the choice of a and b,
and yields a well-defined GL2(Q,)-action extending the GL2(Z,)-action defined
in (4.3.5). Furthermore, with this action, the isomorphism (4.3.10) is GL2(Q,)-
equivariant.

We are now in a position to prove (4.3.3). In view of (4.3.10), we must construct
an isomorphism

¢ : Homgr,(q,) (M, Homp, (n)(Do, Ind?LQ(ZP)

|

Homf;f(N) (Do,HOm@E(M, OE/TI'%OE)) .

Such a map ¢ is given by

P(F)([r1] = [r2])(m) == F(m)([r:] = [r2]) (1)

for all m € M. Its inverse v is given by
$(G)(m)([r1] = [r2]) (h) == G([r2] — [r1])(h™"m)
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for all m € M and h € GL3(Z,). We leave it to the reader to verify (or consult
[3, Proposition 2.4.1]) that the functions ¢ and 1 indeed map the indicated spaces
to one another, that the two maps are mutually inverse, and that they are Hecke
equivariant. This concludes the proof of Theorem 4.3.1.

4.4. Breuil Duality. Breuil Duality is a generalization of the Morita Duality
that we discussed in Section 2.2.4. For details on this duality, see the proof of [3,
Theorem 3.2.3]. In this section, we continue to assume that the ground field (over
which X is defined) is the field Q,,.

Let Og(k) be the space of rigid analytic functions H : X — E with a left
G = GL2(Q,) action given by

a b det(g)*/? az +c
H = H .
<<c d) >(z) (bz+d)F " \bz+d
Let ||, be the usual p-adic absolute value, and let ¢ be the character ¢ : Q, —
Z;, defined by

e(z) = x|z,

We view € as a character of G through the determinant:
e(g) = e(det(g)).
Let O (k) be the space obtained by adjusting the action of the center of G
OE)E(]{J) = E(Q_k)/z (9 OE(]{))

We now define the space Og(k,L) for each L € E. This space consists of
the integrals of functions in Op (k). These integrals are not rigid analytic, but
involve a fixed “branch” of the p-adic logarithm determined by the number L. (See
the partial fractions expansion in Lemma 2.2.7 and consider what’s involved in
integrating it formally).

DEFINITION 4.4.1. Let log, : C; — C,, be the branch of the p-adic logarithm
which satisfies log, (p) = L.

Let
U=||u
=0

be a covering of Q,, in C,, by pairwise disjoint opens U;, such that Uy := {z € C,, :
|z| > o} and U; :={z € Cp, : |z — zj| < r} for 1 < i < s, with r; € [E*| and
z; € Qp. Define O(2 — k, L) to be the space of functions H : X — C,, such that the
restriction to each affinoid Xy := C, — U C X with U as above, has the form:

s k—2

Hl|x, = Hy + Z Z cinz"loge (2 — 2i),
i=1n=0

with ¢;, € E and Hy an E-rational rigid analytic function on Xy. The space
O(2 — k,L, E) is endowed with the left GL2(Q,) action given by

(¢ 8)m)orm a2 0 (),
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As Lemma 2.2.7 suggests, the (k — 1)st derivative map induces a short exact
sequence of GL2(Q,)-representations:

(4.4.2) 0= P o(B)®e? — 02—k L,E)— Op.(k) — 0.
Let Ciog(Qp,2—k, L, E) be the space of locally analytic functions h on Q, such
that in a neighborhood of co we have,

an

k—2
(4.4.3) h(z) = —2P(z)log. (2) + =z nZO o
with a, € F and P(z) € Py_2(E). The space Cios(Qp,2 — k, L, E) has a direct
limit topology similar to that on C**(Q,,2 — k, E) defined in Definition 2.1.4. To
be precise, given a covering U of Q, in C, as above, a collection of power series
fi on U;, along with a function fy as in Equation (4.4.3) on the set Uy, gives an
element f in Clog. The functions defined relative to a fixed covering form a Banach
space, and the full space Ciog(Qp,2 — k, L, F) is the direct limit of these Banach
spaces as the coverings are refined.
The group action on Cieg(Qp,2 — k, L, E) is given by the formula

_ bz + d)k—2 az+c az +c ad — be
L(R)(2) = k=272 ( p .
Define

(4.4.4) 2(Qp2 -k, L, E) = Ciog(Qp,2 — k, L, E)/Pr_o(E).

Let us now consider the dual exact sequence to (4.4.2). For even integer k > 2,
Morita duality (Theorem 2.2.1) identifies the dual of the rightmost term Og (k) in
(4.4.2) with the space

Co™M(Qpy2 — ky E) [ Prs =€ 7 ® (C*(Qp,2 — k, E)/ Po—s(E)),

where C*"(Q,,2 — k, E) is the space of E-valued locally analytic functions on Q,
with poles of the correct order at co. Breuil duality (Theorem 4.4.5 below) identifies
the dual of the larger space O(2—k, L, E) with the space £(Q,,2—k, L, E) of (4.4.4).
Thus the dual exact sequence to (4.4.2) may be written:

0

Co"(Qp,2—k,E)/Py_o —>%(Qp,2 — k, L, E)

/

¢F=2)/2 @ Hom(Py_o(F), E)

0.

The map on the right side of this series picks out the logarithmic part at infinity of
the function h, taking into account the group action.

THEOREM 4.4.5. There ezists a unique G-invariant pairing
< c oyt >B : Clog(Qp;2 — k,L,E)/Pk»_Q(E) X 0(2 — k,L,E) — F
satisfying:
z—z)F2
(1) for z € X, (S22 —log, (v - 2),G) = G(2);
(2) if feC™(Qp,2—k,E)/Py_o then
(f.G)p = (£,G" D)
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(3) if G € Op,(2—k), then
(£,G)p = (=1 1Y, G,
where (-, - Y is the Morita pairing.
PROOF. See [2, Section 3]. O

Of particular importance in Breuil’s work are two Banach spaces, B(2 — k, L)
and B(2—k) that contain the spaces £(Q,,2—k, L, E) and C**(Q,,2—k, E)/Py—2
respectively as dense subspaces. One way to think of the space B(2 — k) is as the
continuous dual of the space O g(k)® of functions f € O g(k) having bounded
residues, defined as in Corollary 2.3.4 or Section 2.3 — and, in fact, this is literally
true, provided one equips O, £(k)® with the proper topology. It is also true that
B(2 — k) is the completion of the space C'*(Q,,2 — k, E)/Py_2(E) of locally poly-
nomial functions on Q, with respect to a certain norm. When k = 2, this is just
the sup-norm.

To avoid too many functional analytic complications, we content ourselves with
listing some key properties of B(2 — k):

(1) B(2 — k) is a Banach space.

(2) When k > 2, it is the completion of the locally polynomial functions
Cl%(Qp,2 — k,E)/ P2 in a certain G-invariant norm.

(3) Let Char(k,e, E) denote the space of harmonic cocycles with values in
Hom(Py_2(E), E) and group action twisted by ¢"7" . There is a continuous
duality between the space Oc g(k)? = Char(k, €, E)? of bounded rigid
functions and B(2—k); with the proper topology on the harmonic cocycles,

each is the continuous dual of the other.
(4) The space C2%(Qp,2 — k, E)/Py—2 is dense in B(2 — k).

Similarly, one can identify a space of bounded functions O(2 — k, L, E)® in the
space O(2 — k,L, FE). In simple terms, a function is bounded if it, and all of its
translates by the G-action, are bounded on a fixed affinoid domain in X. This space
of bounded functions is then given a topology so that its dual is a Banach space
B(2 -k, L).

The relevant properties of B(2 — k, L) are:

(1) B(2 —k,L) is a Banach space with a G-invariant norm.

(2) There is a continuous duality between the “bounded” elements O(2 —
k,L,E)® of O g(2 — k,L) and B(2 — k,L).

(3) When k& > 2, the surjection 0(Q,,2 — k,L) — O g(k) becomes an iso-
morphism.

To avoid too many functional-analytic complications, we will not give a precise
definition of the Banach spaces B(2 — k) and B(2 — k,L). See [3, Section 3.1-3.3]
for the full definition, which relies on the duality described in [41].

One important remark: the fact that O(2 — k, £, E)® is non-zero is highly
nontriviall The paper [2] proves this when £ = L(f) for some cusp for f of level
Np; see the papers of Colmez for the general case.

4.5. Orton’s L-invariant from Breuil’s viewpoint. In this section we
combine the ideas of Breuil and Morita duality with the Darmon picture of modular
symbols on the tree to approach Breuil’s interpretation of the L-invariant.
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We first assemble a few facts. First, recall from Proposition 3.2.7 that, given a
p-new cusp form f on I'1 (N) we have a function

®} : Do x Edges(X) x P,y — E

that, holding the Dy-variable fixed, is a bounded harmonic cocycle in ChaT(k)b on
X.
At the same time, the cohomological calculations from Section 3.3.1 tell us that

LEMMA 4.5.1. We have woo®7 = +®7, and

Homrs () (Do, Char (k) = B&} @ B®;.
PRrROOF. This is essentially the content of Proposition 3.3.13. Since the map is
Hecke equivariant, and the group I'/(N) acts transitively on the edges (at least up

to orientation) the function ® is determined by its value on ey, where it must lie
in a one dimensional subspace. [

THEOREM 4.5.2. The residue map Q¢ g(k) — Char(k,€, E) induces isomor-
phisms
Hompe (xy (Do, Oc,5(k)’) 22 Homrr(y)(Do, Oc £ (k))
=~ Hompe(y (Do, Char(k, €, E)).
Furthermore,
Hompe xy (Do, O(2 — k, L)) 2 Hompe xy (Do, O(2 — k, L))

In words: an invariant modular symbol with values in harmonic cocycles automat-
ically takes values in bounded harmonic cocycles.

PRrROOF. We will prove the first result; the second is proved similarly, but since
we avoided giving a precise definition of the norm on O(2 — k,L), we won’t give
details. Suppose ¢ : Dy — Char(k, €, E) is TY(N) invariant. To compute the value
¢(m)(e) € Hom(Py_2(E), E), first use transitivity of the I'} (V) action on the edges
to find v so that e = vyeg. Then

¢(m)(e) = 1(6(y~ ! (m))(eo))-

Next use the fact that the stabilizer of ey in T} (N) is Ty (pN) and that Do /T (pN)
is finitely generated; in other words, there are finitely many m; € Dy, 7; € I'1(pN),
and integers a; so that

7 Hm) = Z a;Tim;.

Therefore
w(y " p(m)(veo)) = w(d(y~(m))(e0)) = w(d(D_ asmmi)(eq)) < infw(g(mi)(eo))-

Thus the cocycle is automatically bounded. Now use the Poisson integral to inte-
grate the associated measure (using Corollary 2.3.4) to obtain, for each m € Dy,
an element in O, g (k) which is, of necessity, bounded. O

Let & € Homrr ) (Do, O(k)) denote the elements which map to

(I)% c Hompf(N)(Doy Char(k)b)
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under the isomorphism of Theorem 4.5.2. Using the Poisson integral, we may write

+ _ +
wEmE) = [ e

viewing <I>Jﬂf as a bounded distribution.

LEMMA 4.5.3. We have wOOCI% = :|:<I>i5, and
Hompr vy (Do, O(k)) = E®f & B,
PRrROOF. This follows directly from Lemma 4.5.1 and Theorem 4.5.2. O

Before we proceed, we introduce some extra notation. Fix L € E. If H is a
rigid analytic E-rational function on 2, we may view H as an element of O(2) and
choose a lift H of H via the surjection O(2,L) — O(2); i.e. H is a logg-rigid anti-
derivative of H. The function H is determined up to a constant, so for z1, 29 € €,

the value
Z2

H(z)dz := H(z1) — H(z2)
zZ1
is well-defined, and called a Coleman line integral relative to the choice of L.
For each L € F and @ € (2, we define a 1-cocyle
ct.o € Z1(TT(N), Hom(Do, Hom(Py_2(E), E)))
by the rule
vQ

7 e (] = [r2])(P(2)) ¢:/ 5 ([r1] — [r2]) (2) P(2)dz.

Q
The class of CZE,Q in HY(I'Y(N), Hom(Dy, Hom(Py_»(FE), E))) is independent of Q
and is denoted cf.

PROPOSITION 4.5.4. We have

& Q) ([r] = ) (P(e)) = 05 (] = o) (1o (2222 ) 7))

and hence
cf = lcjjf + L oc?.

PRrROOF. We give a completely formal, but essentially correct proof. Use the
representation of @ as a Poisson integral to write cf o as a “double integral”:

+ _ i P(z) 4 _
Ear) = b Py = [ [T ae ()~ 2,

Interchanging the order of integration, using the selected branch of the logarithm,
and taking into account the fact that d@i vanishes on polynomials, yields

/pl(Qp) /W f—qu)i (] = [ra])

- /Pl(Qp) o8 < z _752) P(@)d®(ira) - ra)

as claimed. The last statement then follows from the fact that
log. (2) = log(z) + L ord(z).

ez (] = [r2)(P(2))
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THEOREM 4.5.5. As usual, k > 2 and even. For every L € E, the surjection
02—k, L) — O(k) induces an injection:

(4.5.6) Hompe (n(Do, 0(2 — k, L)) — Homre (x (Do, Oc,5()),

and
@3 € Hompe(wy(Do, 0(2 — k, L)) & L = L5(f).

PRrROOF. The exact sequence (4.4.2) induces a Hecke- and GL2(Q)-equivariant
sequence

(457) 0 — Hom (DO,Pk,Q(E) ® e*¥) — Hom(Dy, 0(2 — k, L))
— HOIII(DQ, Oe’E(k)) — 0.

Take '} (N)-invariants and f-isotypic components. We have

_r=2\J
HOIl’lpzlj(N) (Do,Pk;_2®€ 2 ) =0

by an argument as in Lemma 3.3.15.
Let

dg : Hompe () (Do, O(k)) — H* (FIf(N)vHOm <D07Pk—2 ® 67%))

denote the coboundary map in the long exact sequence associated to (4.5.7). Recall
that ®% € Hompe (Do, O(k))’. We will show that

(4.5.8) 0o (P5) =0e L =-L5(f).

Thus if L # —Lg(f)7 then <I>§ o4 Homr‘lf(N)(DO, O(2—k,L)). Suppose on the other
hand that £ = —Ljot( f). We have an exact sequence of finite dimensional E-vector
spaces:

(4.5.9) 0 — Hompsy, (Do,Pk_z ® e*¥) — Homps(x)(Do, 0(2 = k, L))
— ker(dg) — 0.

The f-isotypic component of the leftmost non-trivial term in (4.5.9) is trivial; this
implies that the rightmost nontrivial arrow induces an isomorphism on f-isotypic
components. Since ®% € (ker dg)f, we have that &% € Homre ) (Do, 02—k, L)f
as desired.

It remains to prove (4.5.8). Let ® denote a lift of @f via the surjection

Hom(Dg, 0(2 — k,L)) — Hom(Dy, O(k)).

By definition, 5L(<I>Ij§) is the class of the 1-cocycle A defined by

k—2

v Ag(y) :=~(®) — ® € Hom (DO,Pk_Q(E) ® eiT> .

(Recall that the map from O(2 — k,£) to O(k) is the (k — 1)** derivative.)
For m € Dy and v € TY(N), the functions v®(m) and ®(m) are log, -rigid
functions of a variable T' € X, and the difference is a polynomial in T" of degree at
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most k — 2; around each point zy € X we therefore have the representation

) } k=2 . (T — z)i
1ROTHm) = @(m) = Y (T m) Y (z0)
i=0 :
k—2 ;
~ . (T — Zo)z
(4.5.10) -> @(m)(’)(zo)T,
i=0
where the exponent (i) represents the ith derivative.
Now one checks that
(4.5.11)
S - (T 7 z0)’
D @yt m) P (z0) —7<Z‘IW tm) @ (y )Z,>
=0

Now we will correct Ay by a coboundary in order to make it possible to finish
the computation. Fix @ € X. Define ¢ € Hom(Dy, Py_o ® e*¥) by the formula

k—2 :
S T - Q)i
wim) = 3 a(m) (@ T
i=0 :
and let diy be the coboundary diy(y) = v — . Using (4.5.10) and (4.5.11) applied
to zp = vQ, one calculates
(4.5.12)

k—2 k—2
(@)~ B () m) = 3 bm) O ) L1 VQ - Y b @ “Q)
i=0 i=0 ’
Now we apply () to the function
S b (m) ) () =2 : 2
i=0
and obtain T oo (T -2
()2 e = )

We can therefore express the right side of (4.5.12) as a Coleman line integral relative
to L:

_ _ 1 (- k=2
W)= 8e0) = gy [ EmET

To compare this with cny, we must first recall the fact that Py_o(E) and
Hom(Py_2(E), E)) are isomorphic irreducible G-representations. Up to scalar mul-
tiplication, there is a unique isomorphism between these spaces. In fact, expanding
the representative for A (vy ) we have computed above, we find

e
Ac(y) = i 2' ( >TJ/Q K2 0E (m).

In the isomorphism between Pk,Q(E) and Hom(Py_2(FE), E), This polynomial cor-
responds (up to multiples) to the cocycle

Q

se)(w)) = [ k)

Q
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which is nothing but cf’Q. Consequently Ag is cohomologous to zero precisely
when cf’Q = 0; the equivalence (4.5.8) follows from Proposition 4.5.4. ([l
Note that, taking into account Theorem 4.5.2, we have in fact proven:
COROLLARY 4.5.13. Let L € E. If L # —L5(f), then
Hompe (Do, O(2 — k, £)")1* = 0.
If L = —LE(f), then we have isomorphisms
Hompe () (Do, 0(2 — k, £)*)"* = Hompe () (Do, O(k)")/* = E®5.
4.6. Conclusion of proof of Breuil’s Theorem.
LEMMA 4.6.1. For any L € E, we have
Homgp (Do, 0(2 = k,£)" @ nr(w™"))! = Hompg (v (Do, 0(2 = k, £)")7.
PROOF. In view of Corollary 4.5.13, we must verify that Wpéli, = /\‘IﬂE where
W, is a matrix in I'/(N) which does not lie in I'/(V). Such a matrix is given by
( pu v) where u, v, s,t are integers with put — Nsv = 1. The desired result then

Nps t

follows from
pk: —1

ap

F(W;la,z) = F(o, W,2)(pNsz + pt) ",
which itself follows from f|w, = —a,f. For the details, see [2, Proposition 5.1.1]
O

Combining Theorem 4.3.1, Theorem 4.5.2, Lemma 4.6.1, and the duality be-
tween B(2 — k,L) and O(2 — k, £)°, we find that
(4.6.2)
Homgr,(q,)(B(k, L) @ nr(w), H (KT(N)) ® E)’ = Hompexy(Do, 0(2 — k, L))

forall L € F.
We may now deduce Breuil’s Theorem:

THEOREM 4.6.3. Let L € E. We have Lg = L, and if we let Lp denote this
common value we have:

H = Homgp,q,) (B(k, £) @ nr(w), (AN (KP(N)) ® E)f)

satisfies

e {0 if L # ~Lp(f)
| E®L+E®L if L= -Lp(f).

PrOOF. The equality of the Lé invariants is a consequence of the fact that the
space H in the statement of the theorem carries an action by the Hecke algebra
for f. Given one homomorphism h in this space, one can construct another by
taking, for example, Ty(h) for some ¢ prime to Np. These two homomorphisms
are then independent (because, by the Eichler-Shimura relations, f picks out a
two-dimensional subspace of the target). Thus H cannot be one-dimensional, and
therefore the two L invariants must agree. The full result then follows from (4.6.2)
and Corollary 4.5.13. (]
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Breuil shows further that E®} + E®L = 0,(f)*. He also proves that for all
L € E, we have
Homgr,(q,) (B(k,£) @ nr(w), 71,(f)) =0
if L # —Lp(f) and that if & > 2,

Homgy,(q,) (B(k, =L5(f)) @ nr(w), 7, (f)) = E.

In the introduction to this lecture, we asked Breuil’s question: can we extract
the L-invariant of f from automorphic information? This result shows that this
is, indeed, the case. This result is, essentially, a “formula” for Lp(f) that uses
only representation theoretic information. Indeed, the space 7,(f) is born inside
a large p-adic Banach space representation constructed from global automorphic
data — the cohomology of modular curves. One might view it as the global p-adic
automorphic representation attached to the modular form f. Breuil then shows
that the L invariant of f identifies exactly which member of the family B(k, —L) of
Banach spaces occurs in this large representation. We should view B(k, —Lp5(f))
as the local representation at p associated to f in the big representation 7, (f).
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