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Introduction by the Organisers

The meeting dealt with topics in the intersection of number theory and algebraic
geometry. In many talks Fontaine’s comparison between crystalline and étale
cohomology played a prominent role. As usual the hospitality of the staff at Ober-
wolfach provided for a pleasant meeting.

Traditional number theory was represented by the talks of Yuan who proved that
there are infinitely many congruent numbers with a given number of prime factors,
and Stix who described various conditions on Galois sections related to rational
points on hyperbolic curves. Also Wintenberger dealt with Iwasawa theory, con-
structing one representation which almost (up to one unknown property) allows to
prove Leopoldt’s conjecture. Finally Poonen dealt with the possible asymptotics
of isomorphism classes of Selmer groups, and Zhang gave formulas of Gross-Zagier
type for Heegner cycles on Shimura varieties.

On the other hand pure algebraic geometry played prominently in talks by Olsson
(on independence “of I” of localized Chern classes), of Pop (on liftings of cover-
ings of curves) and of Rydh (on eliminating ramification in stacks by Kummer
and Artin-Schreier extensions). Also Gabber’s contribution on pseudoreductive
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groups fell into this category, although an important motivation lies in the theory
of Galois representations.

Concerning p-divisible groups Scholze proved that the Dieudonné-module is fully
faithful over semiperfect rings in characteristic p, and Vasiu investigated to which
extend a p-divisible group is determinant by its truncation at level n.

In the theory of p-adic moduli spaces Hellman defined admissible (¢, I')-modules
(belonging to Galois-representations) and investigated their moduli space. Vieh-
mann determined the connected components of Deligne-Lusztig varieties.

About the theory of automorphic Galois representations Harris constructed them
for automorphic forms which are not polarised (that is the automorphic represen-
tations II is not selfdual). The construction proceeds via Eisenstein cohomology
in a bigger group, and showing that there are congruences to cuspidal cohomology,
by relating it to coherent cohomology. Also Kisin proved a variant of the Breuil-
Mézard conjecture which gives the multiplicity of the base ring of the universal
representation with given Hodge-numbers.

Last not least Bhatt described the new approach to p-adic comparison theorems
via the h-topology.
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Abstracts

Birational Galois sections with local conditions for hyperbolic curves
JAKOB STIX

The section conjecture in anabelian geometry describes rational points of anabelian
varieties in terms of profinite groups. We report on progress made in [Sx12].

1. THE SECTION CONJECTURE OF ANABELIAN GEOMETRY

1.1. The conjecture. Let k be a number field and Galy = Gal(k/k) its absolute
Galois group. A rational point a € X (k) of a geometrically connected variety X/k
yields by functoriality a section

8q : Gal, = m1(Spec(k)) = m1(X)

of the projection map pr, : m1(X) — Galg, which, due to neglecting base points,
is only well defined up to conjugation by elements of 71 (Xz) C m1(X).

A section s is cuspidal if X has a smooth completion X € X and a k-rational
point a € (X \ X)(k) such that s factors over the corresponding decomposition
subgroup D, C m1(X), well defined up to 71 (X%)-conjugacy.

Conjecture 1 (Grothendieck [Gr83)). Let k be a number field and X/k a smooth,
geometrically connected curve with non-abelian m (Xg). Then the map a — s,

X (k) = S (x/k) = {sections s : Galp — 71(X) of pr,} /m (X})-conjugacy
is a bijection onto the complement of the set of cuspidal sections y;;l(s)i/k)'

2. LOCAL CONDITIONS FOR (GALOIS SECTIONS

2.1. A hierarchy of sections. We introduce local conditions on sections that are
shared by sections s, coming from rational points. For a place v of the number field
k we denote by k — k, its completion and consider Gal,, C Gali as a subgroup
by fixing a choice of a prolongation of v to k.

A Selmer section is a section s that locally comes from a point, i.e., such that
for all v we have a, € X(k,) and

S|Ga1kv = Sa, : Galku — Wl(XkU) C 7T1(X).

Since the map a — s, is injective over number fields as well as over local fields
when X is a curve, we obtain a well defined map: the associated adele

a: ysf&/eg) ={s € 7% (x/k) ; Selmer section} — X (Ag)e

™

where Ay, denotes the ring of k-adeles and (—), means that we have replaced the
archimedian components by their connected components.

Let K be the function field of X/k. Then a birationally liftable section is
a section s that lifts to a section 5 : Gal, — Galg along the natural surjection
Galg — m(X). It follows from Koenigsmann’s lemma [Ko05] §2.4, see also [Sx12]
Prop. 1, that birationally liftable sections are Selmer sections.
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An adelic section is a Selmer section s : Gal, — 71 (X) such that a(s) € X (Ax)e
is even an adelic point of X. Finally, a birationally adelic section is a section
s that admits a lift § : Galy — Galg such that for all open U C X the induced
section

sy : Galp > Galg — w1 (U)
yields an adelic or cuspidal section of U. Clearly we obtain a hierarchy of sections:

X(k)II Yﬁf(s)ré/k) C {s € .S (x/k) ; birationally adelic} C Yfle(l)r?;’z).

2.2. The support. The support of a Selmer section s : Gal, — m1(X) with
adele a(s) = (ay(s))y is the Zariski closure

Z(s) = Uim(av(s) : Spec(k,) — X) C X.

We say that a Selmer section s has finite support if Z(s) is finite over k. If
Z = Z(s) is finite and the genus of X is > 1, then by Stoll [St07] Theorem 8.2,

Z(k) = {(av) € X (Ay)i-dese . g, € Z(k,) for a set of places v of density 1}

where (—)f~4°¢ means that we require (a,) to survive all descent obstructions

imposed by torsors over X under finite groups G/k.

Since for a Selmer section s the adele a(s) survives all finite descent obstructions,
we conclude by the usual limit argument with the tower of all neighbourhoods of
s, that the image of the map

us Selmer
X(k) Hy;1€§/k) — yTH(X/k)

consists precisely of the Selmer sections with finite support.

Theorem 2. Let k be a totally real number field or an imaginary quadratic number
field. Then we have

X(k)yIn yjff(sg/k) ={s € S (x/k) ; Dbirationally adelic}

for X/k a smooth, geometrically connected curve with non-abelian m (X%).
Proof: Tt suffices to find an open U C X and a quasi-finite map f : U — T to
a torus T such that all adelic sections Galy — 71 (T) come from rational points,
because if m1(f) o s = s; for t € T(k), then Z(s) C f~1(¢) will be finite. If k/Q
is imaginary quadratic, then T = G, suffices since oj; is finite. When k is totally

real, we can use for T the norm 1 torus of a totally imaginary quadratic extension
of k. For details we refer to [Sx12] §3+4. O

3. ALMOST COMPATIBLE SYSTEMS OF /-ADIC REPRESENTATIONS

3.1. The representations. Let f : E — X be a family of elliptic curves. Any
section s : Galp, — m1(X) leads to a system of ¢-adic representations

ps = (psie) = (pE Jxaset Galy 5 m (X, 7) 22250 GLQ(Zg))e
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where pg/x ¢ is the monodromy representation on the fibre Ty(Ez) = Z? corre-
sponding to R!f.Zy(1). If s is a Selmer section, and E/X has bad semistable
reduction, then

(i) det(ps) = ¢ is the cyclotomic character,

(i) for all finite places v of k the local representation Ps,€|Ga1kU for v/ has a

semisimplification p°, , with

det(1 — Frob,, -T|p%, ;) = 1 — a,(p)T + N(v)T? € Z[T)

s,v,0
and the trace of Frobenius a,(p) is independent of £,

(iii) moreover, the semisimplification Pi .o has weight —1 or weights 0 and —2.

3.2. Integrality. Let G; C GLy(FF;) be the image of ps ¢ mod ¢, and let M, C G,
be the subset of elements with one eigenvalue +1. Then either ps, is reducible
for all £ > 0 or otherwise #M;/#G; — 0 when ¢ — co. Combining this argu-
ment with Chebotarev’s density theorem and the description of monodromy of the
Legendre family of elliptic curves allows to prove the following, see [Sx12] §5+6.

Theorem 3. Let s : Galy, — m1(X) be a birationally liftable section of a smooth,
geometrically connected curve X /k with non-abelian m (Xg) over a number field k
and with smooth completion X. Then the associated adele a(s) € X (Ay)e is either
integral for a set of places v of Dirichlet density 1, or the section s is cuspidal.

Note that the statement on integrality in Theorem 3 is well defined although
integrality depends on the chosen model of X over Spec(oy).

3.3. Modularity. The following result, see [Sx12] §7, requires k = Q since it
relies on the arithmetic of the Eisenstein quotient of the modular jacobians Jo(€)
and on Serre’s modularity conjecture proven by Khare and Wintenberger.

Theorem 4. Let X/Q be a smooth, geometrically connected curve with non-
abelian m1(Xg). A section s : Galg — m(X) comes from a rational point or
is cuspidal, if and only if s is birationally liftable (to say §) and for every open
U C X and every family E/U of elliptic curves the associated family of £-adic
representations pg u,s has one of the following properties:

(i) Finite conductor: There exists a finite set of places S independent of £
such that pg v s.e is unramified outside £ and the places in S.

(i) Reducible: There is a character ¢ : Galg — {£1} such that for all { we
have an exact sequence 0 — de — pp,u,s0 — 0 — 0, where ¢ is the (-adic
cyclotomic character.

The two cases in Theorem 4 reflect the dichotomy of the section s being asso-
ciated to a rational point a € U(k) or to being already cuspidal for U/k.
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Tame and wild ramification via stacks
Davib RybpH

We report on work on ramification via stacks whose main goals are:

e removing ramification (“étalification”) using stacky blow-ups; and
e the existence of compactifications of Deligne-Mumford stacks.

Ramification is the obstruction for a generically étale morphism to be étale every-
where. It can be argued that ramification in this sense is succinctly described
by stacks and, more explicitly, by stacky blow-ups. In characteristic zero,
stacky blow-ups are combinations of blow-ups and root stacks (related to Kummer
theory). Remarkably, in positive characteristic it is sufficient to consider Kum-
mer and Artin—Schreier theory to design stacky blow-ups that deal with all wild
ramification—although the results are somewhat weaker. Before going into details
about ramification, let us recall a similar picture involving flatness where the key
result is Raynaud-Gruson’s celebrated flatification theorem. (All schemes and
stacks are quasi-compact and quasi-separated.)

Theorem 1 (Flatification [RG71]). Let S be a scheme, let U C S be an open
subscheme and let f: X — S be a morphism of finite type such that flu is flat
and of finite presentation. Then, there exists a U-admissible blow-up : S S
such that the strict transform f: X — S is flat and of finitepresentation.

An important consequence of this theorem is that U-admissible blow-ups are
cofinal in the directed set of U-admissiblemodifications. To remove ramification,
there is an analogous étalification result.

Theorem 2 (Etaliﬁcation). Let S be a scheme of equal characteristic, let U C S
be an open subscheme and let f: X — S be a morphism of finite type such that
flu is étale. Then, there exists a U-admissible stacky blow-up 7: S— S and a
71 (U)-admissible blow-up ¢: X — X xg S such that X — S is étale.

Stacky blow-ups, defined below, are certain special and explicit stacky modifica-
tions. Here, by stacky modification, we signify a proper and birational morphism
of stacks. Every blow-up is a stacky blow-up and compositions ofstacky blow-ups
are stacky blow-ups. Since étale stacky modifications are isomorphisms, it follows
from the étalification theorem that U-admissible stacky blow-ups are cofinal in the
directed category of U-admissible stacky modifications. For tamely ramified mor-
phisms, tame stacky blow-ups are enough and the theorem in this case (including
mixed characteristic) is proved in [Ryd11a.
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Ramification of curves. Let f: C' — C be a finite flat morphism of smooth
curves. To study the ramification, we may work étale-locally and thus assume
that C' = Spec(V) and C’ = Spec(V’) are spectra of strictly henselian discrete
valuation rings. If f is tamely ramified, then f is determined by the ramification
index e. Explicitly V' = V[z]/2¢—t, where t is a uniformizing parameter of V. The
action of the cyclic group Z/eZ on C', given by k.z = ¥z, is generically free and
transitive so that the stack quotient [C'/(Z/eZ)] — C' is proper and birational—a
stacky modification. The stack quotient is identified as the eth root stack of the
Cartier divisor D defined by ¢ = 0. In particular, up to étale morphisms, C’ is
equivalent to a stacky modification of C. More generally we have the following
generalization of Abhyankar’s lemma:

Lemma. Let V be any valuation ring (not necessarily discrete), and let X —
S = Spec(V) be a quasi-finite flat and tamely ramified morphism (this notion is
defined via valuations on X ). Then there exists divisors D1, Da, ..., D, on S and
integers ey, e, ..., en such that if S = S(p, c,) is the ejth root stack of the D;s
then XM = (X x g S")"°"™ 4s étale over S™™.

Root stacks. Let D <— X be an effective Cartier divisor. Then the simple cyclic
covering of degree r of X ramified along D exists if and only if £ = Ox (D) has
an rth root £/7. If £L = Ox and D is defined by the section s, then this covering
is given by Specy (Ox|[z]/2" — s). The rth root stack of D is the quotient of this
covering by its Galois group:

X(p,r) = [Specx (Ox[2]/2" — s)/pr].

In general, there is no cyclic covering ramified along D. Using the added flexibility
given by stacks, it is on the other hand possible to glue theconstruction above so
that the the root stack exists for any Cartier divisor D [Cad07].

Definition. Let S be an algebraic stack, let Z < S be a closed substack (of finite
presentation) and let r be a positive integer. We let Bly (S) denote the algebraic
stack Blz(S) g,y where E is the exceptional divisor. That is, first we blow up S
along Z and then we take the rth root stack along the exceptional divisor E. We
say that m: X =Y is a Kummer blow-up if there is a closed substack Z — 'Y
and a positive integer r, invertible along Z, such that X = Blz.(Y). We say that
m: X =Y is a tame stacky blow-up if r =m oMz 0---0m,_1 0w, where each
m; 18 a Kummer blow-up.

Proof of the étalification theorem. For tamely ramified morphisms one uses:

e an extension result for tame stacky blow-ups along étale morphisms that
follows from étale devissage [Ryd11b];

e Abhyankar’s lemma, from which the theorem quite easily follows when the
base is the spectrum of a valuation ring;

e Riemann—Zariski spaces of valuations: used to pass from the valuative-
local case to the global case (here non-discrete valuations are necessary).



2344 Oberwolfach Report 38/2012

Wild ramification. The proof in the wild case is similar but more involved.
Wild stacky blow-ups are built up from three operations: blow-ups, root stacks
and Artin—Schreier stacks. Recall that an Artin—Schreier covering of smooth
curves C' — C in characteristic p is given by a birational equation

K(C) =K(O)2]/" —z—f, feK(Q).

The covering is ramified over the poles of f and the order of the pole determines
the unique jump in the filtration of higher ramification groups. The corresponding
stack, given by taking the stack quotient of C’ by the Galois group Z/pZ, is a wild
Deligne-Mumford stack and the archetypal example of an elementary Artin—
Schreier stack.

Artin—Schreier stacks. General Artin—Schreier stacks are more complicated:

(1) to accommodate ramification from covers with arbitrary Galois groups,
it is necessary to include Weil restrictions of elementary Artin—Schreier
stacks along finite étale morphisms (over the branch locus);

(2) to be able to construct global Artin—Schreier stacks in dimension two and
higher, it seems necessary to allow for certain p, and a, stabilizers.

Generalizing the étalification theorem, allowing for X and S to be Deligne-
Mumford stacks, is straight-forward. In characteristic p, it is also crucial to pass
beyond Deligne-Mumford stacks since Artin—Schreier stacks can have non-reduced
stabilizer groups due to (2) above. Although the proof of the étalification theorem
employs étale methods, it is possible to extend the theorem to stacks that are
“almostDeligne-Mumford” and this is sufficient for the following application.

Theorem 3 (Compactification of Deligne-Mumford stacks). Let f: X — S be a
separated morphism of finite type between Deligne—Mumford stack. Then f can be
compactified, that is, there exists a proper algebraic stack f: X — S with finite
stabilizers together with an open immersion X — X over S.If f has tame stabiliz-
ers, then f has a tame compactification, that is, there is a compactification such
that X is tame and Deligne—Mumford.

Examples indicate that wild Deligne-Mumford stacks do not always admit
Deligne-Mumford compactifications. Further applications include stacky semi-
stable reduction, and, for tame stacks, a refined Chow lemma and abelianification
of stabilizers.
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Moduli of p-divisible groups
PETER SCHOLZE
(joint work with Jared Weinstein)

In this talk, we explained some results about moduli spaces of p-divisible groups.
Specifically, we talked about the following results.

A semiperfect ring is by definition a ring R of characteristic p such that the
Frobenius morphism ® : R — R is surjective. If R is a semiperfect ring, a con-
struction of Fontaine defines a p-adically complete PD thickening A — R. Indeed,
let W = W(l'glq) R), which surjects onto R. Let Wpp C W[p~!] be generated by
all divided powers in the kernel of the surjection W — R, and let A be the p-adic
completion of Wpp. There is a Frobenius morphism ¢ on A.

Theorem 1. Let R be a semiperfect ring. Then the Dieudonné module functor
from p-divisible groups over R to finite projective A-modules M equipped with a
Frobenius morphism F and a Verschiebung morphism V., FV =V F = p, is fully
faithful.

The proof of this theorem proceeds in two steps. First, by an explicit calcu-
lation, we handle the case of morphisms from Q,/Z, to pp~. This involves the
integrality of the Artin-Hasse exponential

tr

exp(t + P + I +...) € Zp[]t]] .

Secondly, we reduce the case of morphisms from G to H, G and H general, to
this special case by working over the ring S representing morphisms from Q,/Z,
to G, and from H to ppe. This ring S is still semiperfect.

The other result is a classification of p-divisible groups over O¢, where C' is an
algebraically closed and complete extension of Q,. For this, recall the following
result of Fargues, [3].

Theorem 2. Let G be a p-divisible group over Oc. Then there is a natural short
exact sequence

0—-LieGRC(1)-TG)@C — LieG*)*"®C —0.

Here, T(G) denotes the Tate module of G. Using this filtration on T'(G) ® C,
we get the following analogue of Riemann’s classification of abelian varieties over
the complex numbers.

Theorem 3. The category of p-divisible groups over Oc¢ is equivalent to the cat-
egory of pairs (A, W), where A is a finite free Z,-module, and W C A ® C is
a subvectorspace. The functor is given by sending G to A = T(G), and W =
Lie G® C(1) C T(G) ® C. Moreover, there is a p-divisible group H over F, such
that G ®o, Oc/p is isogenous to H @z Oc /p.
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The last part says that G is isotrivial in the sense of Fargues, [3]. This follows
from our first theorem, and an isotriviality result for Dieudonné modules proved
by Fargues — Fontaine, [5].

The fully faithfulness part in this theorem was already observed by Fargues, [6].
Essentially, one shows that the generic fibre of the p-divisible group in the sense of
rigid-analytic geometry is (a union of) open balls, and can be defined directly in
terms of (A, W). In order to prove essential surjectivity, we handle first the case
where C' is spherically complete and the norm map |- | : C — Rxq is surjective.
In that case, one uses that an increasing union of closed balls can be easily shown
to be an open ball.

As an application, we can reprove Faltings’s result on the image of the Rapoport-
Zink period morphism, [2]. Take any p-divisible group H over F,, of dimension d
and height h. One gets the Rapoport-Zink space M®%, and on its generic fibre
M;¥”, one has the étale period morphism

T M,I;”Z — F = Grassg,, ,
considered as a morphism of adic spaces, cf. [4].
Theorem 4. The image of the period morphism is as conjectured.

It is enough to check this on C-valued points, where C is such a big field for
which we already know the classification result for p-divisible groups. In that
case, one uses Theorem 3 to construct the desired p-divisible group. In general,
one uses the description of the image of the period morphism to deduce Theorem
3 for general C.
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Extensions of Iwasawa modules
JEAN-PIERRE WINTENBERGER
(joint work with Chandrashekar Khare)

In a first part of the talk, we discussed the ”Reciprocity Conjecture” that we
formulated by analogy of a standard property of Jacobian of curves and its links
with Leopoldt Conjecture. Reciprocity conjecture is now a theorem of Romyar
Sharifi ([2]). It allows to prove that Leopoldt conjecture for a totally real number
field F' and a prime number p # 2 is equivalent to the splitting up to isogeny of an
exact sequence of Iwasawa modules. This splitting is equivalent to the existence of
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a Z,-extension Lq of the cyclotomic extension Foo = F'(ppe ), which is Galois over
F, is such that the action of Gal(F/F) on Gal(Lg/F) is via the cyclotomic
character, and which satisfies suitable properties of ramification. In a second part
of the talk we discussed the possibility to construct Lg by modular methods as
developed by Andrew Wiles to prove Main Conjecture of Iwasawa theory ([3]).

Let us suppose for simplicity that [F'(up) : F] = 2.

Let us state the Reciprocity Conjecture. Let F, be the cyclotomic Z,-extension
of F'. Let M, be the maximal abelian pro-p extension of Fi, which is unramified
outside the primes of F' above p. Let @ be a finite set of primes ¢q of I’ that are not
above p. We suppose for simplicity that @) has 2 elements ¢; and g2 and that the
prime ideals ¢; and g9 are inert in F. Let Yo (resp. Y. ) be the Galois groups
Gal(Ms/Foo) (resp. Gal(Mo/F)). We have the exact sequence :

(0) > Yoo = YL =T —(0)

with I' = Gal(Foo/F') ~ Z,. Let v be a generator of I'. The subfield No, of
My fixed by (v — id)(Ys) is the maximal abelian pro-p extension of F' which is
unramified outside p. Hence, for ¢ prime ideal of F' prime to p, the Frobenius
Frob, € Y. /(v —id)(Ys) is well defined (and one of the equivalent statements of
Leopoldt Conjecture for F' and p is that N is a finite extension of Fi,). We let
M'(Q) be the Z,-submodule of Y7 /(v —id)(Ys) generated by Frob,, and Frob,,.
We define M(Q) as the Z,y-submodule of elements of M (Q)" with trivial image in
I'. The module M(Q) is a cyclic Z,-submodule of Yo, /(7 — id) (Yoo ). We identify
Yoo/ (v — id) (Yao) with HY(T, Ys).

Let A (resp. Aso,o ) be the inductive limit of the p-Sylow subgroups of the
class groups of F'(u,n) (resp. class groups of conductor @, the product of primes
over  in F(uyn)). Let us denote by A~ be the part of A acted by —1 by the
complex conjugation. Class Field Theory gives an exact sequence :

(0) = pipee = AL o — A — (0).

The cohomology class cq of this extension leaves in H(I', Hom(AZ, fip=)). Iwa-
sawa proved that A7 and Y, are naturally Pontryagin duals. This allows to see
cg as an element of H'(I', Vo).

The reciprocity conjecture says that cg generate M (Q). Romyar Sharifi proved
a slightly refined form of the conjecture, in particular specifying a generator of
M (Q) which identifies with cg.

It is not difficult to deduce from this statement that Leopoldt Conjecture is
equivalent to the finiteness of the order of ¢g for all @ (or for a single ”generic”
Q). This is equivalent to the splitting up to isogeny (i.e. splitting after inverting
p) of the exact sequence :

(0) = Zp(1) = XL o = X = (0),

where X (reps. Xuo @) is the Galois group over F of the maximal pro-p abelian
extension of Fi, that is unramified everywhere (resp. unramified at the primes
over ¢). This is equivalent to the existence of a Z,-extension L¢ as above, the
ramification conditions is that it is unramified outside () but is ramified at Q.
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(In fact there are proofs of the equivalence of the Leopoldt Conjecture and the
existence of Lg that do not use Reciprocity Conjecture ([1])).

The modular methods of Wiles may be adapted to take into account ramification
at auxiliary primes (. One has to consider critical stabilization at ¢ of A-adic
Eisenstein series i.e. the eigenvalues of the Hecke operator U, is the eigenvalue
which is not equal to 1. This allows to construct a extension L’Q which satisfy the
criteria except that it might be unramified at ¢; (or, it is the same, at Q). The
extension L’Q is obtained from an Hida family by specialization at weight 0.
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p-adic derived de Rham cohomology
BHARGAV BHATT

Our talk explained a simple proof of the crystalline conjecture of Fontaine,
and the semistable conjecture of Fontaine-Jannsen; these were proven earlier and
independently by Faltings, Tsuji, and Niziol. For simplicity, we only discuss the
former in this exposition. Our proof is heavily inspired by Beilinson’s recent
proof [1] of Fontaine’s de Rham comparison conjecture; the main difference is that
Beilinson works with a certain completion of derived de Rham cohomology, while
we must work in the non-completed context. We first fix the relevant notation:

Notation 0.1. Fiz a mized characteristic (0,p) local field K with perfect residue
field k, and an algebraic closure K C K. We write Ok for the ring of integers,
W = W (k) for the ring of Witt vectors, and O for the integers of K. For an O-
scheme X with generic fibre X, we write RIl¢rys (X) for the crystalline cohomology
of X — Spec(W), and Rl'¢(X5) for the p-adic étale cohomology of X7=. Let Acrys
be the crystalline period ring of Fontaine, and let t € Acrys be the usual element.

The crystalline conjecture comes from the last phrase in the following theorem,
together with Hyodo-Kato theory (which we do not discuss):

Theorem 0.2. Let X be a proper smooth Ok -scheme. There is a natural map
Cerys - chrys (7) ® Acrys — Rl (Xf) ®Zp Acrys

preserving Chern classes, Frobenius and Galois actions, and Hodge filtrations;
here the tensor product on the left takes place over R ¢rys(Spec(Ok)). Moreover,
Cerys[1/t] is an isomorphism.
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Theorem 0.2 (as well as the de Rham comparison conjecture) can be viewed
as a p-adic analogue of de Rham’s classical comparison over C. The semistable
conjecture, which is not discussed in this text, is a version of Theorem 0.2 for
Og-schemes with semistable special fibres. Our proof of Theorem 0.2 relies on
Nlusie’s derived de Rham cohomology [2, §VIII], which is discussed next.

1. DERIVED DE RHAM COHOMOLOGY

Derived de Rham cohomology is a replacement for usual de Rham cohomology
that works better for singular varieties; the difference roughly is the replacement
of the cotangent sheaf with the cotangent complex. More precisely:

Definition 1.1. For a map f : X — S of schemes, let dRx/s € D(f~10s) be
the homotopy-colimit of the simplicial cochain complex Q}/fflos where P — Ox

is the canonical polynomial algebra resolution of Ox as an f~'Og-algebra.

Note that the above definition does not give the Hodge-completed theory; this
is crucial for the application to Theorem 0.2. As de Rham cohomology of a polyno-
mial algebra in characteristic 0 is trivial, one can show that dRx /s ~ f “10gif S is
a Q-scheme, i.e., this non-Hodge-completed theory is meaningless in characteristic
0. However, modulo p, the theory turns out to be quite interesting;:

Theorem 1.2 (Derived Cartier isomorphism). Let f : X — S be a map of Fp-
schemes. Then dRx/s admits an increasing bounded below erhaustive filtration

FilSo™ with graded pieces given by
Cartier; : gr{”™ (dRx/s) ~ N Lxa s[—1].
Here X s the derived Frobenius twist of f.

For smooth maps, this is the usual Cartier isomorphism. The general statment
leads to a tight connection between derived de Rham and crystalline cohomology
for lci singularities, generalising Berthelot’s work for smooth maps:

Theorem 1.3. Let f : X — S be an lci morphism of flat Z/p™-schemes. Then
there is a functorial isomorphism

Rf*de/S >~ Rf*OX/S,CryS'

A p-adic consequence of this connection and Fontaine’s description of Agpys is:

Corollary 1.4. There is a natural isomorphism dR/of\/Zp ~ Acrys, where the
completion on the left is p-adic and derived.

The definitions and results of this section have logarithmic analogues using
Gabber’s log cotangent complex [3, §8] instead of Illusie’s classical one; this topic
will not be discussed further here, but it is implicit in the sequel.
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2. THE COMPARISON MAP
We will realise ccrys as a sheafification map on the following site:

Definition 2.1. Let Py denote the category of pairs (X, X) where X is K-
variety, and X is a reduced proper flat Ok -scheme containing X as a dense open
subscheme; morphisms are defined in the obvious way. We say that a family
{fi + (Xi, X3) = (X, X))} is an h-cover if the family {X; — X} is an h-cover;
recall that the h-topology is the one generated by étale covers and proper surjective
maps. We write Px for the analogous category of pairs over K.

The h-topology is relevant for us thanks to cohomological descent [4]:

Theorem 2.2 (Deligne). Given (X, X) € {Px,Pg} and a torsion abelian group
A, pullback induces an isomorphism

RIL((X,X),A) ~ Rl (X, A).

Theorem 2.2 makes étale cohomology of the generic fibre accessible to mixed
characteristic data. The relation with crystalline cohomology uses period sheaves:

Definition 2.3. We define (Zariski) presheaves ag,, and acrys on Px or Pg via

0Gys (X, X) = dR (0(x) canyyw A0 erys (X, X) = RO(X, AR (5 o) yw)-

Here (X, can) is the log scheme defined by the open subset X C X, while (O(X), can)
is the log structure on O(X) defined by the generic fibre. Let Alrys and Acrys de-

note the h-sheafifications of ag, s and acrys respectively (as complexes). Pullback

of forms induces a natural map 1 : AG,s = Acrys.

crys
The sheaf A¢, is easily described, at least modulo p™, by combining Deligne’s

theorem with Corollary 1.4:
Proposition 2.4. For any (X, X) € {Px, P}, one has
RLL (X, X), Ay ®2 Z/p™) ~ RUet (X, Z/p™) @z/pm Acrys/P"

crys
The map 7 thus provides a map from étale cohomology to the h-sheafification

of derived de Rham cohomology. The identification of the latter comes from the

following p-adic Poincare lemma, and is the key to the construction of ccrys:

Theorem 2.5. The map n induces isomorphisms A%, o @ Z/p™ — Acrys @ Z/p™.

crys

Theorem 2.5 essentially asserts that the cokernel of the map on derived de
Rham cohomology modulo p™ induced by (X, X) — (Spec(K),Spec(Of)) is h-
locally trivial, i.e., higher derived de Rham cohomology is highly divisible by p
after passage to an h-cover. Thus, Theorem 2.5 follows from the following;:

Theorem 2.6. For a proper Ok-scheme X, there exists a proper surjection T :

Y — X with n* : H{(X, Qg(/ok) — H(Y, Q{//OK) divisible by p fori+j > 0.

Theorem 2.6 is the main geometric ingredient behind the construction of cepys,
and is proven using de Jong’s curve fibration results (together with a trick from
geometric class field theory). Putting these results together lets us finish:
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Sketch of proof of Theorem 0.2. Let X be a proper smooth Og-scheme, and let
X = X[1/p]. Then one has a map

¢t RPerys(X)/p" = terys (X, X)/p" = erys (X7, X0))/P" = Acrys (X2, X0)) /0"

where the first equivalence comes ultimately from Theorem 1.3, the second map
by base change, the third is the sheafification adjunction, and reductions modulo
p™ are derived. The target of ¢ is identified with RT'¢;(X)®z, Acrys/p™ by Theorem
2.5 and Proposition 2.4. Taking p-adic limits and linearising over Ac,ys then gives
Cerys- One can then check that ccrys preserves Chern classes and the multiplicative
structures; a formal argument using Poincare duality then implies the rest. (I
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On the Breuil-Mézard conjecture
VYTAUTAS PASKUNAS

Let p be a prime number, Q, the field of p-adic numbers, L a finite extension
of Q, with the ring integers O, uniformizer w and residue field k. Let p : Gg, —
GL3 (k) be a continuous representation of the absolute Galois group of Q,, such that
Endg,, (p) = k. Let R, be the universal deformation ring of p and p"™ : Gg, —
GL2(R),) the universal deformation. If n € m-Spec R,[1/p], where m-Spec denote
the maximal ideals, then the residue field x(n) is a finite extension of L. Thus
specializing the universal deformation at n, we obtain a continuous representation
pa" : Gg, = GL2(Oy(n)), which reduces to p modulo the maximal ideal of O, (y).
Since k(n) is a finite extension of L, pi® lives in Fontaine’s world of p-adic Hodge
theory. In particular, we may fix some p-adic Hodge theoretic data and investigate
the locus of points in Spec R, for which p;" has this data. For simplicity of the
exposition we discuss only the crystalline case here. Then we fix a pair of integers
w = (a,b) with b > a and a continuous character ¢ : Gg, — O* congruent to
det p modulo @ and such that e~ (**?) is trivial on the inertia subgroup Ig, of
Gq,, where ¢ is the cyclotomic character.

We let o(w) := Sym”™*"! L? @ det® and let o(w) be the semi-simplification of
a reduction modulo w of a K := GLy(Z,)-invariant O-lattice in o(w). One may
show that m does not depend on the choice of a lattice. For each irreducible
k-representation o of K we let m,(w) be the multiplicity with which o occurs in
o(w).
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Recall that the group of d-dimensional cycles Zq(R) of a noetherian ring R
is a free abelian group generated by p € Spec R with dimR/p = d. If M is a
finitely generated R-module of dimension at most d then M, is an R,-module of
finite length, which we denote by (g, (M), for all p with dim R/p = d. We let
za(M) = >, lr,(My)p, where the sum is taken over all p € Spec R such that
dim R/p = d.

Theorem 1. Assume that p > 5. There exists a reduced, two dimensional, O-
torsion free quotient Rff(w) of R, such that for all n € m-Spec Ry[1/p], n lies in
m-Spec R}f (w) if and only if pi™ is crystalline with Hodge-Tate weights (a,b) and
determinant 1.

Moreover, for each irreducible k-representation o of K there exists a one di-
mensional cycle z(o,p) of R,, not depending on w, such that for all w we have
an equality of one dimensional cycles:

ARy (w)/(@)) =Y mo(w)z(: p),

where the sum is taken over the set of isomorphism classes of smooth irreducible
k-representations of K.

Further, z(o, p) is non-zero if and only if Homg (o, 8) # 0, where 8 is a smooth
k-rerpresentation of GL2(Qy) associated to p by Colmez in [3] (the so called atome
automorphe). In which case the Hilbert-Samuel multiplicity of z(o, p) is one, with
one exception when p = (S {) ®x and x is peu ramifié in the sense of [9], in which
case the multiplicity is 2.

The result is new only in the case when p =2 (g 3 ) ®x. The other cases have been
treated by Kisin in [6]. Different parts of Kisin’s arguments have been improved
by Breuil-Mézard [2] and Emerton-Gee [5]. In particular, the formulation of the
problem in terms of the language of cycles is due to Emerton-Gee. In all these
papers, there is a local part of the argument using the p-adic local Langlands for
GL2(Qp), see [3], [1] and a global part of the argument, which uses Taylor-Wiles-
Kisin patching argument. Our proof is purely local and uses the results of [8]
instead of the global input.

Let us sketch the argument, at least in the case, when p 2 ((1) §)®x for any
character y. Via the local class field theory we consider ¢ := 9e~! as a character
of the center Z of GL2(Q,). Using [6] and Colmez’s Montreal functor one may
construct a deformation N of 3V to R}é’ on which Z acts by (7!, here V denotes the
Pontryagin dual and R}f is the quotient of R, parameterizing all the deformations
with determinant 1. One may show that NNV is the universal deformation of 3" with
a fixed central character (~!. We show using [8] that NV is a finitely generated and
projective O[K]-module in the category of compact O[K]-modules with central
character (~'. This implies that A — M (\) := Hom$2" (N, \V)" is an exact and
covariant functor from the category of smooth finite length K-representations on
O-torsion modules with central character ¢ to the category of finitely generated
Rf-modules. Moreover, if we choose a K-invariant O-lattice © in o(w) and let
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M(©) := Hom®" (N, 0%, where (x)? = Homp(*,0), then M(0) is a finitely
generated, O-torsion free RY-module, and we have M(0)/(w) = M(0/(w)). If d
is the Krull dimension of M (©) then putting the two equalities together we obtain
24-1(M(©)/(w)) =, me(W)zq—1(M(0)). The cycles z(o, p) in the Theorem are
precisely the cycles z4—1(M(0)).

Let m be an R}f [1/p]-module of finite length, we may choose a finitely generated
Rf-submodule mY of m, which is an O-lattice in m. Since N is compact one may
show that II(m) := Hom{™(m° ® RY N, L) equipped with the supremum norm
is an admissible unitary L-Banach space representation of GL2(Q,). One may
further show that Homg (o(w), II(m)) 2 m ® ry N by undoing all the duals. This
equation enables us to transfer representation theoretic information to commuta-
tive algebra information about Rff /a, where a is the annihilator of M(©). For
example taking m = (n) for n € m-Spec RY[1/p], we deduce that n lies in the
support of M (0) if and only if Homg (o(w),II(k(n))) is non-zero. Since o(w) is a
(locally) algebraic representation of K, the image of such homomorphism lands in
the subspace of locally algebraic vectors IT(x(n))2 of II(k(n)). These have been
computed by Colmez in [3] and Emerton in [4] and shown to encode the classi-
cal Langlands correspondence. From this we deduce that Homg (o(w), II(k(n)))
is non-zero if and only if pii" is crystalline with Hodge-Tate weights (a,b), in
which case dim,, ) Homg (o(w),II(x(n))) = 1. From this one deduces that M (©)
is a generically free R}f /a-module of rank 1, which implies that they have same
d-dimensional cycles and hence their reductions modulo w have the same (d — 1)-
dimensional cycles, as w is regular on both of them, and the existence of the ring
RY(w), which is isomorphic to RY/\/a. To finish the proof we show that a = \/a
by showing that for all n € m-Spec R?[l/p], which lie in the support of M(©),
the ring Rff localized at n is regular, by relating the embedding dimension to a
representation theoretic computation, which we can do in the crystalline case dis-
cussed here (or more generally crystabeline case) and semi-stable non-crystalline
case, using the explicit description of locally algebraic and locally analytic vectors
in II(k(n)) and which is done in general by Dospinescu in a forthcoming paper.
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Heegner points and congruent numbers
XINYI YUAN

This talk introduces the recent result of Ye Tian [1] on congruent numbers.

1. CONGRUENT NUMBERS

Definition 1. A square-free positive integer n is called a congruent number if it
satisfies one of the following three equivalent conditions:
(1) There is a rational number 3 such that both 3% —n and % +n are squares
of rational numbers.
(2) There is a right-angled triangle with rational sides and with area n.
(3) The Mordell-Weil group of the elliptic curve E™M :ny? = 23 — x contains
an element of infinite order.

In 973, the Arabs introduced congruent numbers in the manner of (1), and
raised the question to determine whether a given number is a congruent number.
The equivalence of the definitions is elementary and roughly as follows.

(1) = (2). Assume o? = 32 —n and ? = 32 — n. Then

n= %(72 —a?) = %(%La)(v —a)

is the area of the right-angled triangle given by
(v +a)? + (v — ) = (26)%

(2) = (3). Assume that n = ab with a®+b* = ¢%. Up to transposition between
a and b, we can write

(a,b,¢) = d(u?® — 02, 2uv,u® +v?), d€ Qso,u,v € Z

It follows that n = d?uv(u? — v?). It yields that

1 U
= — = —
dv?’ v

ny* =a® —x, y
It gives a non-torsion point on the elliptic curve E(),

There are many conjectures concerning congruent numbers. The simplest one
seems to be the following statement.

Conjecture 2. Fvery square-free positive integer congruent to 5,6,7 modulo 8 is
a congruent number.
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The conjecture is a consequence of the Birch and Swinnerton-Dyer conjecture,
or just the parity conjecture. In fact, the global root number of the L-function
L(s, E(M)is —1if n is congruent to 5,6, 7 modulo 8. Thus the analytic rank must
be odd. The parity conjecture implies that the Mordell-Weil rank is also odd, and
thus it is nonzero.

On the other hand, the global root number of the L-function L(s, E)is 1 if n
is congruent to 1,2, 3 modulo 8. Following a conjecture of Goldfeld, the probability
of such n to be congruent is expected to be 0.

It is worth noting that, assuming the Birch and Swinnerton-Dyer conjecture,
Tunnell has an effective algorithm to determine whether a given number is con-
gruent.

2. THE RESULT OF TIAN

Ye Tian proves that a large class of integers are congruent numbers. For exam-
ple, he confirms the following result.

Theorem 3. Let r € {5,6,7}. For each positive integer k, there are infinitely
many square-free congruent numbers, congruent to r modulo 8, and with exactly k
odd prime factors.

When k = 1, the result was due to the seminal work of Heegner, completed by
Stephens and Birch. In that case, they prove that every such integer is a congruent
number. When k = 2, the result is due to Gross and Monsky.

Tian obtains the above result as a corollary of his main result. In the case
r = 5, the main result is as follows.

Theorem 4. Let n = pop1 - - - px be a product of distinct primes pg,- -+ , px with
pp=5 mod8 p;,=1 mod8 i=1,--- k.

Assume that the class group of K = Q(v/—2n) does not contain any element of
order 4. Then n is a congruent number.

There is a simple criterion for the assumption on the class group. Consider the
simple graph T' = (V, ), where the vertex set V = {po,--- ,pr}, and the edge set

& contains the edge p;p; if and only if the quadratic symbol (%) = —1. Then the
J

assumption is equivalent to the statement that the number of maximal sub-trees
of I' is odd. In particular, the assumption is satisfied if I" is a tree.

3. SKETCH OF PROOF

Like the previous cases, Tian’s proof still confirms some rational point, con-
structed by the theory of complex multiplication, gives a non-torsion rational
point on E(™). Such a construction originated in Heegner’s work, so such a point
is now called a Heegner point.

In the following, we describe the construction of the point. We first replace the
elliptic curve to the related modular curve.
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Note that the elliptic curve E® : y? = 23 — 2 has conductor 32. It happens
that X(32) has genus one, and thus Fy = (X(32), c0) is already an elliptic curve
over Q. It has the Weierstrass equation y? = 23 4+ 4. A modular parametrization
Eo — EM can be obtained as an isogeny of degree two. It suffices to prove that
the Mordell-Weil group of the quadratic twist E((,n) contains an element of infinite
order.

Consider the point 7 = %\/—Qn in the upper half plane H. Via the quotient, it
gives a point P in X((32)(C). It is easy to have P € Ey(H'), where H' C K*® is
a cyclic extension of degree 4 over the Hilbert class field H of K. One checks that
2P € Eyg(H). The Heegner point which plays a major role here is

o€Gal(H/K(v/n))

One need to modify the definition by a rational torsion point of order 4 if k = 0.
This point will essentially gives a non-torsion rational point.

By definition, @ € Ey(K(v/n)). Considering the action of the complex con-
jugation easily gives @ € Ep(Q(y/n)). One further shows that @ actually lies
in

Eo(Q(vn)™) = {a € Eo(Q(vn)) : t(a) = —a},

where ¢ denotes the unique non-trivial automorphism of Q(y/n). This is perfect

since there is a natural isomorphism Fy(Q(y/n)”) = Eén)(@).
Tian’s conclusion for the Heegner point is as follows.

Theorem 5. Let n = popy - - - pr be as above. Then

(1) Q€ 2* Eo(Q(vn)~) + Eo(Qv7n) tors,
(2) Q¢ 2" Eo(Q(vn)™) + Eo(Q(v1)  tors-

The second part of the theorem implies that ¢ is non-torsion, but the theorem
actually gives the 2-divisibility of ). The proof of the theorem uses induction on k.
In the induction process from k—1 to k, one need to compare two different Heegner
points on Ey. The comparison is obtained by computing the canonical heights of
these points using the Gross—Zagier formula proved by Yuan—-Zhang—Zhang [2].
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Construction of p-adic Galois representations using Eisenstein
cohomology

MICHAEL HARRIS
(joint work with Kai-Wen Lan, Richard Taylor, Jack Thorne)

This is a report on the joint paper [HLTT] which constructs n-dimensional Galois
representations weakly associated to certain cuspidal automorphic representations
of GL(n) over a totally real or CM field. Let me explain what is meant by “weakly”
“associated” and “certain”. Say F is a totally real or CM field, E* its maximal
totally real subfield, and let ¢ € Gal(E/E") denote complex conjugation. Let
IT be a cuspidal automorphic representation of GL(n, E), and let S be the set of
finite places of E at which II is ramified. Suppose the archimedean component Il
is a representation with non-trivial cohomology; this is what is meant by “certain.
Equivalently, the infinitesimal character of Il,, coincides with the infinitesimal
character of a finite-dimensional irreducible representation of GL(n, E ®gR). Let
p be a prime number. Then there exists a unique semisimple n-dimensional rep-
resentation

pri : Gal(E/E) — GL(n,Q,)

such that, for all primes v of E that are neither in S nor divide p, the local Euler
factors L(s, I, ® |det|™=") and L(s, pn |Ga(E,/E,)) coincide. This coincidence of
local Euler factors is what we mean by “weakly associated”; the representations
would be called “strongly associated” if we knew that the local representations at
all primes w of E are associated to the local component II,, by the local Langlands
correspondence.

Suppose II is polarized in the sense that II° ~ IIV. Then the existence of pry has
been proved, in increasing generality, in a series of papers beginning with Clozel’s
1991 article [C91], and culminating in recent work involving many people. In this
case, pry is itself polarized:

The construction of prp when II is not polarized also makes use of Shimura va-
rieties, but the route is much more indirect. Assume F' is a CM field and V,, is a
maximally isotropic hermitian space over F of dimension 2n. Let G,, C GL(V,,)
be the group of similitudes of the hermitian form on V,, with Q-rational similitude
factor (the precise definition is given below), and let X = X, be the corresponding
Shimura variety. The group Rp/gGL(n)r x Gy, arises as the Levi factor of a max-
imal parabolic subgroup P, C G,. By inflation, II defines an irreducible adelic
representation of P, again denoted II, and it has been known for some time that
I ndg: II contributes non-trivially to the Eisenstein cohomology of X. More than 20
years ago, Clozel suggested it might be possible to use these Eisenstein cohomology
classes to construct pr;. The natural representation on p-adic Eisenstein cohomol-
ogy is not associated to II, however; in fact, it is easy to see that one instead
obtains a sum of powers of abelian characters. Clozel’s observation was revived
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about ten years ago by Skinner, who suggested that one construct p-adic con-
gruences between Eisenstein cohomology and cuspidal cohomology. The cuspidal
cohomology of X,, breaks up as a sum of polarized 2n-dimensional representations,
by the results mentioned above. Using the eigenvariety, these 2n-dimensional rep-
resentations, or more precisely their corresponding pseudorepresentations, in the
sense of Taylor, fit into a p-adic family; using the congruences Skinner expected
to recover the hypothetical pi @ p§ (up to abelian twists) as a specialization of
this family of pseudorepresentations.

The eigenvariety approach has not yet been carried out in detail, though it
remains a viable option for the future. The present approach starts with Eisen-
stein cohomology, as in Clozel’s proposal, and uses congruences to cusp forms, as
suggested by Skinner, but it is based on a different construction of p-adic auto-
morphic forms, one closer to older ideas of Katz and Coleman. Let U C G, (Ay)
be an open compact subgroup that is hyperspecial at p (though this hypothesis
can be relaxed), and let Xy = X/U denote the corresponding finite level Shimura
variety. We use the canonical integral models Xy of X7, and of their compactifica-
tions, both the minimal (Baily-Borel-Satake) compactification X}; and the various
toroidal compactifications X}?", constructed in the thesis of Lan; these are flat re-
duced irreducible schemes over Spec(Z,), and the compactiications are projective.

An important observation is that the relevant Eisenstein cohomology classes
can be realized geometrically in the weight 0 subspace of rigid cohomology of the
ordinary locus of the special fiber of Xy, with compact supports in the direction
of the toroidal boundary. This can in turn be calculated by a spectral sequence
whose E]’® terms are given by coherent cohomology of automorphic vector bundles
Xy, extended in a certain way to X{?", and then to X},. Using the fact that the
ordinary locus in the special fiber of Xj; is affine, the higher coherent cohomology
all vanishes, which implies that the Eisenstein classes can be approximated modulo
arbitrarily high powers of p by (holomorphic) cusp forms. Standard techniques
due to Taylor and others then show that the systems of Hecke eigenvalues on the
Eisenstein classes are approximated in a similar way by cuspidal Hecke eigenvalues.
This gives a first construction of the pseudorepresentations predicted by Skinner,
and by refining this construction one obtains the desired n-dimensional p-adic
Galois representation.

Many questions remain open; the most intriguing is whether this technique can
be extended to attach Galois representations to torsion cohomology of the locally
symmetric spaces attached to GL(n).
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Connected components of minuscule affine Deligne-Lusztig varieties
EvA VIEHMANN
(joint work with Miaofen Chen, Mark Kisin)

1. INTRODUCTION

Let k be a finite field with ¢ = p” elements and let k& be an algebraic closure
of k. We consider the two cases F' = k((t)) and F = W (k)[1/p]. Let accordingly
L =k((t)) or L =W (k)[1/p]. Let O and Oy, be the valuation rings. We denote
by € the uniformizer ¢t or p. Let o : & — x9 be the Frobenius of k over k and also
the induced Frobenius of L over F.

Let G be a connected reductive group over Or. We denote by G the generic
fibre of G. Let B C G be a Borel subgroup and 7' C B the centralizer of a maximal
split torus in B. We denote by X.(T') the set of cocharacters of T, defined over
Or. Write K = G(Or). The Cartan decomposition gives an isomorphism

(1.0.1) X.(T)/W = K\G(L)/K, u— ule).

For b € G(L) and a dominant coweight 1 € X, (T) the affine Deligne-Lusztig
variety Xf(b) = X, (b) is defined as

Xu(0)(k) ={g € G(L)/K | g~"bo(g) € Kp(e)K}.

A priori, they are just sets of points, and do not have the structure of an
algebraic variety. However, there is still a meaningful notion of a set of connected
components m(X,(b)). In some particular arithmetic cases for minuscule p the
set X, (b) is the set of k-valued points of a moduli space of p-divisible groups
as defined by Rapoport and Zink [4]. If F is a function field, it is the set of
k-valued points of a locally closed subscheme locally of finite type of the affine
Grassmannian LG/K where LG denotes the loop group of G (compare [3], [1]).
It is closed if p is minuscule. From now on we assume (in both cases) that p is
minuscule.

For the image b € G*4(L) of b, we define

Jp(F) :={g € G(L) : a(g) = b~ "gb}.
This group acts by left multiplication on X, (b). Our first main result is
Theorem 1. J(F) acts transitively on mo(X,(b)).

The second aim of our work is to prove the following theorem which completely
determines the set of connected components of X, (b). For the moment we can
show this result for groups whose Dynkin diagram is not of type Eg. Consider the
exact sequence

0— 7T1(G)F — 7T1(G) E) 7T1(G) — 7T1(G)F —0

where the first and last maps are the inclusion and projection, where a(z) =
o(z) — z, and where 71 (G) is the quotient of X,(7T') by the coroot lattice of G.
In [2], Kottwitz defines a homomorphism wg : G(L) — m1(G). For unramified
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groups G it has the following easy description. Let b € G(L) and let pp be the
dominant representative of its image under the inverse of the Cartan isomorphism
above. Then wg(b) is the image of p, under the canonical projection from X, (T)
to m1(G). The images of kg (b) and of p in m (G)r agree as soon as X, (b) # 0.
Then there is an element ¢, ,, € 71(G) with a(cp ) = kg (b) — p. Its 71 (G)F-coset
is uniquely determined by this equation.

Theorem 2 (in progress). Let G, p, and b be as above and indecomposable with
respect to the Hodge-Newton decomposition. Assume that G is simple and that
X, (6) £ 0.
(1) Fither kpr(b) # w for all proper standard parabolic subgroups P of G with
be M or [b] = [p(e)] with u central.
(2) In the first case, we induces a bijection mo(X, (b)) = cp ,m1 (G)L.
(3) In the second case, X, (b) = J/(JNK) = G(F)/G(OF) is discrete.

Our results are used by M. Chen to study the representations on the sets of
geometrically connected components of generic fibers of Rapoport-Zink spaces in
terms of local Langlands correspondences. Furthermore, M. Kisin uses the above
results for his work on mod p points of Shimura varieties of Hodge type.
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Families of trianguline representations and finite slope spaces
EucEN HELLMANN

The idea of a finite slope space is due to Kisin [5] who aims at giving a description
of the Coleman-Mazur eigencurve in terms of p-adic Galois representations instead
of p-adic modular forms. Roughly speaking he promotes an equality?

(£, 2) [ an overconvergent p-adic eigenform (of some fixed tame level),
’ A € Q) such that U, f = \f

p: Gg,s = GL(V,) a continuous representation
on a 2-dimensional @p-vector space V,,
A € Q such that 3 nontrivial Gp—eql_livariant crystalline period
Vy = (Bl ®a, @p)#=
on the level of rigid analytic spaces. Here Gg g = Gal(Qgs/Q) is the Galois group
of the maximal extension Qg of Q that is unramified outside a fixed finite set S of

= (P; )‘)

1Actually in loc. cit. Kisin only constructs a map from one side to the other. It is shown in
[6] that this map is an equality.
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primes not containing p (corresponding to the tame level?) and G, = Gal(Q,/Q,)
is the local Galois group at p. The above bijection can be seen as an overconvergent
variant of the Fontaine-Mazur conjecture.

In this talk we outlined a new construction of the finite slope space which
directly generalizes beyond the 2-dimensional case and apply this construction to
eigenvarieties for certain definite unitary groups.

It was remarked by Colmez [4] that the existence of a crystalline period on a
2-dimensional Gp-representation V' can be rephrased as follows: Let D = DLg(V)
the (¢, I')-module over the Robba ring R associated to a p-adic G-representation
V. Then V admits (up to twist) a crystalline period if and only if V' is trianguline,
i.e. D is a successive extension of (¢, I')-modules of rank 1. Using local class field
theory one easily finds that the (¢,T')-modules of rank 1 are parametrized by the
continuous characters of Q.

In order to describe families of these objects, we use a relative version of the
Robba ring, that is, given a rigid analytic space X, we contruct a sheaf of rings
Rx = R®g,Ox on X. Using work of Berger and Colmez [2] we find that the
(p,T')-module functor generalizes to families. In order to construct families of
Galois representations from families of (¢,T')-modules we embed the category of
rigid spaces in the category of adic spaces locally of finite type over Q.

Theorem 1. Let X be a reduced adic space locally of finite type over Q, and let
D be a family of (p,T')-modules over X. Then there exists a natural mazimal open
subspace X*™ C X and a family of G,-representations V on X such that there is
a natural isomorphism

D/, (V) 2 D|xuam.

Let d > 0 and let 7 = Homcont (Q,) ; G (—)) denote the rigid space parametriz-
ing continuous characters of Q. The space is product T = G, x W, where W
is the space of continuous characters of Z,;. For a rigid space X and an X-valued
point 0 € T(X) we write Rx (d) for the rank one (p,I')-module on X on which ¢
acts via multiplication with §(p) and I' = Z acts via multiplication by J |Z; . For
technical reasons we further need a Zariski-open subspace 7;% C T4 of d-tuples
of characters satisfying a certain regularity condition, see [3, Def. 2.28, 3.1].

Closely following the work of Chenevier [3] we find that the functor Sy that
assigns to a rigid space X the set of isomorphism classes of a (¢, I')-module D
on X that is (locally on X) a successive nowhere split extension of the rank one
objects Rx (8;) for (61,...,84) € T;°® is representable®. The forgetful morphism
Sq¢ — T;°® is smooth and proper.

In what follows, we assume p > d. Let E be a finite extension of Q such that
p completely splits in E and denote by Fs the maximal extension of E that is

2Strictly speaking one should impose some condition on the conductor of p which corresponds
to the choice of the tame level.
3Strictly speaking, one needs to add an additional rigidification to ensure representability.
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unramified outside the primes of E lying above the primes in S. We write X7 resp.
X+, for the generic fiber of the formal spectrum of the universal deformation ring
of a d-dimensional pseudo-representation 7 : Gg g — F, resp. its restriction 7, to
Gp.

By Theorem 1 there exists a natural open subspace Ssdm C 84 such that the
restriction of the universal trianguline (¢, I')-module to S;‘dm comes from a family
p: G, = GL(V) of Galois-representation on some vector bundle V. The trace

T=trp:Gp, — Osgdm

factors over the sheaf of integral elements, as the group G}, is compact. We denote
by S(7,) the open and closed subspace of S34™ where the reduction of 7" modulo
the ideal of topologically nilpotnet elements equals 7,.

Theorem 2. The above construction yields a finite and injective map

ﬂ'{—p : S(’Tip) — f{;p X 7zlreg.

Using the properness of w7, we can define finite slope spaces as follows.

(i) The regular subset of the local finite slope space is the Zariski-closed sub-
space X (7)"8 = 77, (S(7p)) C X7, x T;5.
(ii) The local finite slope space is the Zariski-closure X (7,) of X (7,)"¢ in
%i—p X Td.
(iii) The global finite slope space is the fiber product X (7) = X X %5, X (7).
Finally we draw some applications. Let G be a unitary group over Q with
corresponding imaginary quadratic field F. We assume that p splits in E, that G
is split at p and that G is compact at infinity® .

Let Z be a certain set of automorphic representations m = mo, @7 of G(A) that
are unramified at p. Let H be a Hecke-algebra (see [1, 7.2.1]) associated with a
fixed tame level of the representations m € Z. Roughly an eigenvariety associated
with Z is a rigid analytic space Y containing Z as a Zariski-dense accumulation
subset together with

(i) a morphism ¢ : H — I'(Y,Oy) interpolating the Hecke-characters at-
tached to the automorphic representations m € Z,
(ii) a morphism w : Y — W interpolating the highest weights® of 7., at the
points T € Z.
See [1, Chapter 7] for a more precise definition. Under certain assumption on
the set Z and the group G, see [1, 7.5], these eigenvarieties exist and there exist
Qp—valued continuous representations p, of Gg g attached to the representations
m € Z. In this case there exists a continuous pseudo-representation 7' : Gg s —
(Y, Oy) interpolating the traces tr p, of the Galois representations at the points
TeZ.

4We will need additional technical assumptions on G, however these assumptions are essential
for our approach.
5We regard Z as a subset of W = Homecont (Zy ,Gm(—)) by means of k — (z — 2F).



Arithmetic Geometry 2363

Theorem 3. Under the above assumptions there exists a closed embedding of the
etgenvariety

Y—>HX(%)

into the disjoint union of the finite slope spaces indexed by the continous Fp-valued
pseudo-representations of Gg,s.

As in the 2-dimensional case one could conjecturally describe the image of this
map by posing a duality condition on the Galois representations p parametrized
by the finite slope space. This again is an overconvergent variant of the Fontaine-
Mazur conjecture. Finally this theorem has the following consequence.

Corollary 4. The Galois representations attached to overconvergent automorphic
forms (of finite slope) satisfying a certain reqularity assumption are trianguline
when restricted to Gp.
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Subtle invariants for p-divisible groups and Traverso’s conjectures
ADRIAN VASIU
(joint work with Ofer Gabber, Eike Lau, Marc-Hubert Nicole)

1. NOTATIONS

We report on the joint works [1] and [2] aimed towards the classification of
p-divisible groups over an algebraically closed field k of positive characteristic p.

Let W (k) be the p-typical Witt ring of k. Let o be the Frobenius automorphism
of W(k). Let D be a p-divisible group over k of positive height r and let (M, ¢, 9)
be its (contravariant) Dieudonné module. Thus M is a free W (k)-module of rank
r, ¢ : M — M is a o-linear endomorphism, and ¥ : M — M is a o !-linear
endomorphism such that we have ¢ o} = o p = plyy.

Let d = dimg(M/¢p(M)) and ¢ = dimy(M/9(M)) be the dimension and the
codimension (respectively) of D. We have ¢ +d = r. Let ¢t := min{c, d}.
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2. WHAT ONE WOULD LIKE TO ACHIEVE?

o Classify all D’s. This means: (a) list all isomorphism classes with ¢ and d fixed,;
(b) decide when another p-divisible group F over k specializes to D in the sense
below; (¢) understand the abstract groups Hom(E[p™], D[p™]) for all m € N*; and
(d) identify good invariants of D (which go up or down under specializations).

o Refine the Newton polygon stratifications associated to p-divisible groups over
F,-schemes using good invariants.

e Generalize to quadruples of the form (M, ¢, ¥, G), where G is an integral,
closed subgroup subscheme of GL); subject to the axioms of [1], Definition 2.
[Here we will concentrate on the case G = GLj; which corresponds simply to D.]

Definition 1. We say that F specializes to D if there exists a p-divisible group
D over k[[z]] such that Dy = D and Dyry is isomorphic to Epry.

3. CLASSICAL INVARIANTS

It is well known that we have a direct sum decomposition of F-isocrystals

1 m
(M[Z—)]vfi’) = Bpepo,1na(ls, ¢8)™"?,

where each (Ig, ¢g) is simple of Newton polygon slope § and each mp() € Nis a
multiplicity. With these multiplicities one builds up the Newton polygon of D: it is
an increasing, concave up, piecewise linear, continuous function vp : [0, 7] — [0, d].
Note that vp(c) < <. Let ap := dim(Hom(a, D[p])). Thus a2? &(Z/pZ)™> &

u™ c D[p]. For m € N let vp(m) := dim(Aut(D[p™))) = dim(End(D[p™))).
4. SUBTLE INVARIANTS

In this section we introduce six geometric invariants of D.

(a) Isomorphism number. It is the smallest np € N* such that the isomorphism
class of D is uniquely determined by D[p™"?]. We have np < c¢d + 1, cf. [5].

Conjecture 1 (Traverso [6]). If cd > 0, then np < t.

(b) Isogeny cutoff. It is the smallest bp € N* such that the isogeny class (i.e.,
the Newton polygon vp) of D is uniquely determined by D[p®?].

Conjecture 2 (Traverso [6]). If cd > 0, then bp < [<].

Remark 1. Conjecture 2 is proved in [3]. Conjecture 1 is incorrect. Below we
will provide corrected, refined, and optimal versions of these two conjectures.

(¢) Minimal height. There exists a unique (up to isomorphism) p-divisible group
Dy over k such that np, = 1 and vp, = vp; it is called the minimal p-divisible
group of Newton polygon vp. The minimal height of D is the smallest gp € N
such that there exists an isogeny Dy — D whose kernel is annihilated by p?°.

(d) Level torsion. We denote also by ¢ the o-linear automorphism End (M [%]) —

End(M[}—lj]) given by z — ¢oxo ¢ t. We have a direct sum decomposition
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(End(M[%]), @) = (Ly,9)® (Lo, ¢), B(L—, ¢) such that all Newton polygon slopes
of (L4, @) are positive, all Newton polygon slopes of (Lg,¢) are zero, and all
Newton polygon slopes of (L_, ¢) are negative. Let O (resp. Og and O_) be the
largest W (k)-submodule of End(M) which is contained in Ly (resp. Lo and L_)
and for which we have ¢(O4) C O (resp. $(Op) = Op and $~1(O_) C O_). Thus
O := 04 &0y ® O_ is a W(k)-lattice of End(M[%]) contained in End(M). The

level torsion [p of D is the smallest Ip € N such that p!?End(M) C O C End(M).

(e) Endomorphism number. Let ep € N be such that for all positive integers
m > s, the images of the restriction homomorphisms 7 s : End(D) — End(D[p®])
and 7., s : End(D[p™]) — End(D[p®]) are equal if and only if m > s + ep.

(f) Coarse endomorphism number. Let fp € N be such that for all positive
integers m > s, T, s has finite image if and only if m > s + fp.

Remark 2. We have natural variants for pairs np g, Ip g, ep,r, and fp g.
For instance, np g € N* is the smallest number such that the natural restriction
homomorphism Ext' (D, E) — Ext!(D[p"?#], E[p"?¥]) is injective. The equality
np = np,p provides a cohomological interpretation of np.

5. OUR RESULTS

Theorem A ([2]). (a) Let j(vp) be vp(c)+ 1 if (e,vp(c)) is a breakpoint of vp
and be [vp(c)] otherwise. We have bp < j(vp) and the equality holds if ap < 1.
(b) If D is not ordinary, then np < |2vp(c)] < L%ij; mooreover, the equality
np = LQTLdJ does hold for certain isoclinic p-divisible groups D with ap = 1.

(c) We have qp < |vp(c)] with equality if ap < 1.

Remark 3. In general, if ap = 1 then np can vary. If ¢ > 0 is fixed, then L%ij
can be any integer in the interval [¢,2¢ — 1]. Thus Conjecture 1 is in essence off by
a factor 2. If |c — d| < 2, then |22 | = ¢ and the Conjecture 1 holds. The simplest
case when Conjecture 1 fails is when {c¢, d} = {2, 6}.

Theorem B ([2]). If D is not ordinary, then np =1lp =ep = [p.

Remark 4. The inequalities ep < Ip < fp < ep are proved in [2] (the first one
is easy, the second one is hard, and the third one is trivial), equality np = fp is
a consequence of the next theorem, while in [7] it was first proved that np < Ip.

Theorem C ([1]). For all s € N*, the sequence (ys(s+¢)—vp(i))ien is decreasing.
Moreover, if cd > 0, then we have a% < yp(1) < -+ < vyp(np) = vp(na+s) < cd.

Theorem D ([2]). If D is a p-divisible group of constant Newton polygon over
an Fy-scheme S, then for all m € N and O € {b,n, q}, the set {s € S|Op, < m}
is closed in S. Thus for each A € {b,n,q,bn,bq,ng, bng} we get a natural /-
stratification of S in a finite number of reduced, locally closed subschemes.

Theorem E ([1]). For m € {1,2,...,np — 1} there exist an infinite number

of truncated Barsotti-Tate groups of level m + 1 over k which are pairwise non-
isomorphic and lift D[p™].
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Remark 5. The case m = 1 of Theorem E is a stronger form of [4], Theorem 4.

Theorem F ([1]). Let T'p(s) be the reduced group of the identity component of
Aut(D[p®]). If s > 2np, then the unipotent group I'p(s) is commutative.

Example. We assume that ¢ = d > 0; thus D could be the p-divisible group of
an abelian variety of dimension d over k. (i) Then np < d. (ii) For m € N*|
an endomorphism of D[p™] lifts to an endomorphism of D if and only if it lifts
to an endomorphism of D[p™*4] (or D[p™*12p(9)]]). (iii) The group I'p(2d)
(or T'p(2|2vp(c)]) is commutative. (iv) E specializes to D if and only if E[p?]
specializes to D[p?]; the same holds with d replaced by max{|2vp(c)], |2ve(c)|}.

REFERENCES

[1] O. Gabber and A. Vasiu, Dimensions of group schemes of automorphisms of trun-
cated Barsotti—-Tate groups, to appear in Int. Math. Res. Notices, 49 pages pub-
lished online on July 26, 2012, http://imrn.oxfordjournals.org/content/early /2012/07/26/
imrn.rns165.abstract?keytype=ref&ijkey=gVkQc50tk95hU2C

[2] E. Lau, M.-H. Nicole, and A. Vasiu, Stratifications of Newton polygon strata and Traverso’s
congectures for p-divisible groups, manuscript available at http://arxiv.org/abs/0912.0506

[3] M.-H. Nicole and A. Vasiu, Traverso’s isogeny conjecture for p-divisible groups, Rend.
Semin. Mat. Univ. Padova 118 (2007), 73-83

[4] F. Oort, Simple p-kernels of p-divisible groups, Adv. Math. 198 (2005), no. 1, 275-310

[5] C. Traverso, Sulla classificazione dei gruppi analitici commutativi di caratteristica positiva,
Ann. Scuola Norm. Sup. Pisa (3) 23 (1969), 481-507

[6] C. Traverso, Specializations of Barsotti—Tate groups, Symposia Mathematica, Vol. XXIV
(Sympos., INDAM, Rome, 1979), 1-21, Academic Press, London-New York, 1981

[7] A. Vasiu, Reconstructing p-divisible groups from their truncations of small level, Comment.
Math. Helv. 85 (2010), no. 1, 165-202

The Oort Conjecture on Lifting Covers of Curves
FLORIAN Pop

The lifting problem for covers of curves is a wide generalizationof the lifting prob-
lem for curves. The contexts is as follows: Let k be an algebraically closed field of
characteristic p > 0. Let W (k) be the ring of Witt vectors over k, and W (k) — R
be a finite extension of DVRs. It is well known that given a complete smooth k-
curve X, there exist “many” liftings of X to R, i.e., complete smooth R-curves Xp
with special fiber X (Deuring, Grothendieck, Deligne-Mumford, Popp, etc.). The
lifting problem for covers of curves asks about the liftability of (possibly ramified)
generically Galois covers of complete smooth k-curves as follows:

The Lifting Problem. Let G be a finite group, and Y — X be a (possibly
ramified) G-cover of complete smooth k-curves. Under which hypothesis is there a
finite extension W (k) — R and a G-cover of complete smooth R-curves Y — Xp
with special fiber the given G-cover ¥ — X 7

The lifting problem for covers of curves has a positive answer in the case Y — X
is étale and/or tamely ramified (Grothendieck, SGA I). Moreover, after fixing Xg,
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and specifying the ramification divisor, the cover Yz — Xp is canonical. (This is
Grothendieck’s Specialization Theorem for the tame fundamental group.)

The liftability of non-tame G-covers Y — X is not always possible, one rea-
son being the Hurwitz bound 84(g — 1) on the order of the automorphism group
of a curve of genus g > 1 in characteristic zero. In positive characteristic the
corresponding bounds are non-linear in the genus g (Deuring, Roquette, Naka-
jima, Henn, Stichtenoth, etc.). Thus taking any complete smooth k-curve Y of
genus gy > 1 such that [Aut,(Y)[ > 84(gy — 1), and setting G := Auty(Y) and
X = G\Y, one gets: The G-cover Y — X has no liftings.

The Oort Conjecture (1987). Let Y — X be a G-cover of complete smooth
k-curves with cyclic inertia groups. Then Y — X has a lifting.

Going beyond Grothendieck’s result on lifting of tame G-covers mentioned
above, the first result which involved typical wild ramification is Oort—Sekiguchi—
Suwa which tackled the case of cyclic Z/p-covers. Work by Raynaud, Kato, Garuti,
Green—Matignon, Saidi, etc., showed that actually the global lifting problem has
a positive solution over some given R iff the corresponding local lifting problems
have solutions over R. This lead to the formulation of the local Oort Conjec-
ture, which became the focus of the research after the late 1990’s. Using the
local-global principle for the lifting and inspired by the so called Sechiguchi-Suwa
theory, Green—Matignon gave in 1998 a positive answer to the Oort Conjecture
in the case of inertia groups of the form Z/mp® with (p,m) =1 and e < 2. Yet
another approach to the Oort Conjecture was initiated by Bertin—-Mézard, who
studied the deformation theory for covers, whereas Chinburg—Guralnick—Harbater
initiated the study of the so called Oort groups, and showed that the class of Oort
groups is quite restrictive. Finally, in their very recent work, Obus—Wewers [5] de-
veloped a new approach to tackle the Oort Conjecture. It relies on the fact proved
by Garuti that the birational lifting is always possible, and the geometry of the
lifted G-cover of (not necessarily smooth) R-curves is well understood. Garuti’s
results were extended by Saidi, who remarked that in special cases a birational
lifting is actually a lifting. Obus—Wewers refined this idea and found much more
general sufficient conditions for a birational lifting to be a lifting. They use in
a very technical —and ingenious— way Raynaud’s differential lifting data, and re-
duce the lifting problem to solving an over-determined linear system of equations.
In particular, Obus—Wewers prove the local Oort Conjecture for Z/mp® covers,
where (p,m) = 1 and e < 3. Much more importantly, they prove the local
Oort Conjecture for general cyclic covers, provided the ramification is subject to
some explicit (strong) restrictions. For the discussion of the above results see the
survey [4]. Finally, we announce the main result presented, which is:

Theorem (P, 2012). The Oort Conjecture on lifting covers of curves holds.

The proof is based on three main facts. The first one is a deformation result in
characteristic p, the so called characteristic p Oort Conjecture, showing that a G-
cover Y — X with cyclic inertia groups has a deformation over k[[zw]] whose generic
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fiber has no essential ramification. The second fact, following from Obus—Wewers’s
special result, is that G-covers without essential ramification have liftings. The two
facts above imply that letting & be the algebraic closure of k((w)), the following
holds: For every G-cover Y — X as in the Oort conjecture there is a closely
related G-cover Y, — X which has a lifting over some finite extension R of W (k).
Finally, the third step in the proof of the Oort Conjecture uses de Jong’s alteration
techniques and shows that every Harbater—-Katz—Gabber cyclic cover Y — IE"}C has
a lifting over some finite (explicit) extension R of W (k). This completes the proof
by the local-global principle mentioned above.
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The Breuil-Mézard conjecture for potentially Barsotti-Tate
representations

MARK KISIN
(joint work with Toby Gee)

1. POTENTIALLY SEMI-STABLE REPRESENTATIONS.

Let p > 2 be a prime and K/Q, a finite extension. We write G = Gal(Q,/K)
for the absolute Galois group of K. Let E C @p be a finite extension of Q,, O = Of
the ring of integers of E, and 7 € O a uniformizer. We will assume that F is
large enough, for example so that it contains all the embeddings of K in @p.

Let V be a finite dimensional E-vector space equipped with a continuous action
of Gk. Supose that V is potentially semi-stable. Fontaine’s functor Dyr attaches
to V a finite free I/ ®q, K-module, equipped with a filtration by projective sub-
modules. Such a filtration is given by a collection of tuples of integers.

A= ()\0,17 )\0,2; DR Aa',cl)g;Kt_>Q)p7
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where d = dimg V. We may also think of the filtration as given by a conjugacy
class of cocharacters i : Gy, — Resg/q, GLa. We call A the p-adic Hodge type of
V.

Also attached to V is a representation 7(V') of the Weil-Deligne group WD g . If
V' is potentially crystalline, this amounts to a representation of Gx whose restric-
tion to the inertia subgroup Ix C Gk has finite image. The restriction 7(V')|1, is
called the Galois type of V. Now fix a p-adic Hodge type A, and a representation
7 : Ix — GL4(E) with open kernel. Let F/F, be a finite field containing the
residue field of F, and let p: Gk — GL4(F) be a continuous representation. We
suppose, for simplicity, that Endg, p = F, when p admits a universal deformation
R;. One has the following [7]

Theorem 1. There exists a quotient Ry of R; Qww) O such that for any finite
extension E'/E o morphism x : R; — E' factors through Ry, if and only if the
corresponding E'-representation of G is potentially crystalline of type (A, 7).

Moreover Ry ;[1/p] is formally smooth over E, and equidimensional, with the
dimension depending only on A.

2. THE BREUIL-MEZARD CONJECTURE.

The Breuil-Mézard conjecture [3] predicts the Hilbert-Samuel multiplicity
e(Rxr/mg) in terms of representation theory when A is regular. We will explain
this for GLa/x . Let A = {As1, Ao 2}k, With Ap1 > Ao 2 and set (for £ large
enough)

W(A) = @i Sym ! " 271 B2 @ det 22

Attached to 7 : I — GLy(E) there is a finite dimensional, smooth E-representa-
tion (1) of GLy(Ok), with the following property: If 7 is an infinite dimensional,
smooth, irreducible representation of GLy(K), then 7|gr,,(0,) contains o(7) if and
only if LL()|, ~ 7 and N = 0 on LL(7). Here LL(w) is the WD g-representation
attached to 7 by the (suitably normalized) local Langlands correspondence.

Let Ly, C W(X) ®g o(7) be a GL2(Ok)-stable Og-lattice. Then

(L/\,T/WEL/\,T)SS ~ @aan(a)
where a runs over the isomorphism classes of irreducible mod p representations of
GL3(Ok). Thus, over F,, each a has the form
a ~ ®0':OK/7rK<—>Fp Symag F?) & det b
where 0 <a, <p—1,and 0 < b, <p—2.
Conjecture 2. For a, p as above, there exist non-negative integers o (p) such that
for all N\, T
e(Bar/meRos) =Y n(a)ua(p).

a

Remarks.
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(1) The conjecture can be seen as an infinite sequence of equations (param-
eterized by all possible choices of (A, 7)) in the finitely many unknowns
o (p) where p is fixed. The right hand side is easy to compute but it is
not known, in general, how to compute the left hand side directly.

(2) We can choose 7 trivial, and A = A, such that Ly, 1/7mgLx, 1 ~ a. This
then gives a formula for p,(p) in terms of the left hand side. This shows
that if a solution exists it is unique.

(3) If K/Q, is unramified one can compute (4 (p) for most a, and for almost
all @ when K = Q,. This gives a more explicit form of the conjecture
which is how it was originally formulated by Breuil-Mézard.

(4) When K = Q, the result is essentially known [9]. The proof uses the
p-adic local Langlands correspodence of Colmez and Berger-Breuil, [5], [4]
(which is available only for K = Q,) and a global argument.

(5) The conjecture is closely related to modularity lifting theorems and the
Fontaine-Mazur conjecture. That is, to the statement that global rep-
resentations which are locally potentially semi-stable of type (A, 7) are
modular.

3. MAIN RESULTS.

Let Ao = (1,0)5. 50, Then V' is of type (Ao, 7) for some 7 if it is potentially
Barsotti-Tate (with regular Hodge-Tate weights).

Theorem 3. (Toby Gee, M.K) There exist unique non-negative integers fiq(p)
such that for all T as above

e(Rgr/TERAox) = > n(a)ta(p),

a

where n(a) is as before.
Moreover, if K/Qy is unramified then pq(p) # 0 if and only if p has a crystalline
lift of type (Ma, 1), where A, is as in (2) of the remarks above.

The proof uses the modularity lifting theorems for potentially Barsotti-Tate
representations proved in [8] and [6] and the relation between the Breuil-Mézard
conjecture and such modularity lifting theorems, mentioned above.

One can use this result to prove the Buzzard-Diamond-Jarvis conjecture. Let F
be a totally real field which is unramified over p, Gr the absolute Galois group of
F, and 7 : Gp — GL2(F) a modular Galois representation. For v|p a prime of F,
fix an irreducible mod p representation o, of GLa(k(v)), where x(v) is the residue
field of v, and set o = @,,0.

Let D be a quaternion algebra over F, ramified at all but one infinite place,
and unramified at all v|p. We say 7 is modular for D of weight o is ¥ appears in
the cohomology of the Shimura curve attached to D, with coefficients in the local
system corresponding to . The BDJ conjecture is an explicit prediction in terms
of flGFU and o,, of the o for which there exists a D such that 7 is modular for D
of weight o.
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Corollary 4. (Toby Gee, M.K) Supose that 7 is modular, that F|GF(cp> is irre-
ducible, and if p =5, assume further that the projective image of T is not isomor-
phic to either PGLy(F5) or PSLa(Fs).

There exists a D as above such that 7 is modular for D of weight o, if and only
if 0 is a Serre weight predicted by the BDJ conjecture..

The proof uses the analogous results about Serre weights for unitary groups
proved in [2]. The relation between the Breuil-Mézard conjecture and modularity
lifting theorems allows one to relate this problem to the purely local quantities
e(Rx,+/mERx,+), and thereby infer the result for quaternion algebras from that for
unitary groups.
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On pseudo-reductive groups and compactification theorems
OFER GABBER

For a field k with separable and algebraic closures k C ks C k consider a smooth
connected affine k-group G. The geometric unipotent radical R, (Gf) is defined
over the perfect closure of k but not necessarily over k. Let Rysx(G) (resp.
Ruk(G), resp. Ri(G)) be the largest smooth connected normal subgroup of G
which is split unipotent (resp. unipotent, resp. solvable). The group G is called
pseudo-reductive (resp. quasi-reductive) if R, x(G) (resp. Rusk(G)) is trivial. If
k' is the field of definition of R, (Gj) and Gi¢d is the largest reductive quotient
of G/, we have a natural homomorphism ig : G — Rk//k(Gfﬁd). The group
scheme Ker(i¢) is unipotent, and G is pseudo-reductive if and only if Ker(ig)(ks)
is finite. If N is a k-group of finite type such that (N perx)%y is unipotent and
N (k) is finite and if 7 : P — X is a torsor under N over an integral geometrically
normal k-scheme X, then every rational section of 7 extends to a section; without
assuming that N(kg) is finite each rational section of P/N' — X extends to a
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section. We say that a pseudo-reductive G is mpr (or of minimal type) if ig is a
monomorphism on Cartan subgroups of G.

Next we define various subgroups for G a general k-group of finite type. Let
G’ be the largest smooth subgroup of G ([2], Lemma C.4.1), L; G the largest
smooth affine connected subgroup of Gj, LG the smallest subgroup of G' such
that (LG); D Ly G, L'G the largest smooth connected affine subgroup of G. Thus
L'G is normal in G’ and G"°/L'G is a pseudo-abelian variety in the sense of Totaro
[3]. Put R«(G) := R«(L'G) and let psz(G)/Rukx(G) (resp. lpsz(G)/Ruk(G)) be
the center of G0 /R, 1 (G) (resp. of L'G/Ryk(G)).

Any pseudo-reductive G is a central extension of its mpr quotient G/(Ker(ig) N
Cartan subgroup) that will be discussed in the second edition of [2]. For G mpr,
ig is an embedding except when the characteristic is 2 and the geometric root
system is non reduced.

A split mpr datum over k consists of a split k-torus 7', a finite purely inseparable
extension k'/k, a reductive k’-group G’ with a maximal torus identified with T},
a smooth connected subgroup C' of Ry /4 (Tk) containing T, and for every root a
of G’ with respect to T} a homomorphism of smooth connected groups endowed
with C-actions: fo : Voo = Ry /i(Ua G'), such that for every a, f, is injective
on ks-points, « is a weight of T on Lie(V,), and for every non-zero elements
u,v € Vo(ks), m(fa(u)) - m(fa(v)) € C(ks) (where m(—) is the associated Weyl
element as in [2], Proposition 3.4.2) and conjugation by m(fs(u)) lifts to maps
(Vo). = (Vs (8))k. -

If G is mpr with split maximal torus 7" and geometric unipotent radical defined over
k' one has an associated split mpr datum, and conversely from a split mpr datum
one can reconstruct the corresponding pseudo-reductive group as the functor on
smooth k-algebras associating to A the subgroup of G'(A %) k') consisting of those

elements g such that for every ¢ : A — L with L a separable field extension of k,
¥+ (g) lies in the subgroup of G'(L ® k’) generated by C(L) and the images of the
k

Vo (L).
For a perfect smooth connected affine group there is a universal central extension.

For k of characteristic 2 and a non-zero finite dimensional k-subspace V C k!/2,
if K is the purely inseparable extension of k generated by V', then the algebraic

subgroup Hy of Rk /i (SL2) generated by (1 Z) and <‘£ (1)) (cf.[2], Proposition

0 1
9.1.6) is perfect mpr, and its universal central extension Hy is the corresponding
subgroup of Re(vy/k(SL2) with C(V') the Clifford algebra of V' with respect to the
squaring map V' — k. In general, Hy is only quasi-reductive. This generalizes
in characteristic 2 to a construction of “Clifford” central extensions of perfect
pseudo-reductive groups which map to all pseudo-reductive central extensions.

For a homomorphism f : G — G’ between smooth k-groups, char(k) = p > 0, one
associates a p-linear obs(f) : Ker(Lie(f)) — Coker(Lie(f)) which measures the
obstruction to extending morphisms Spec k[t]/(t?) — Ker(f) to Speck[t]/(tP*1).
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Let obs(f) be the associated map of functors on k-algebras. For char(k) = 2 and
G mpr, Ker(ig) is commutative with trivial Verschiebung and there is a unique
G-isomorphism Ker(ig) ~ Ker(obs(ig)) that induces the canonical identification
on the Lie algebras.

A compactification (resp. partial compactification) of a k-scheme of finite type X
is a schematically dense open immersion X < X with X a proper (resp. separated
of finite type) scheme over k. If G is a k-group and G’ a subgroup we say that
a left equivariant (partial) compactification G < G is compatible with G’ if for
the schematic closure G’ of G’ in G, the morphism from the contracted product

G x G' — G is an open immersion. Similarly one defines compatibility with G’
for an equivariant compactification of G/H where H is a subgroup scheme of G'.

If G is mpr with trivial central torus, for a choice of a split maximal torus 7" and
a positive system of roots one defines a partial compactification C' of C = Zg(T)
in the Weil restriction of a toric variety, and closing the equivalence relation on
G x C x G defined by the product map to G gives a smooth equivalence relation on
G x C x G which defines the “wonderful partial compactification” wpc(G) (which
is independent of the choices). In characteristic 2, wpc(G) — wpc(ig(G)) has the
structure of a torsor under the kernel of a 2-linear map between vector bundles,
and similarly for G/P — ig(G)/ic(P) if P is a pseudo-parabolic subgroup of G.

We say that a k-group of finite type G satisfies condition (x) if all tori of Gy, are
in (G');. We use ideas from [1], Section 10.2, in particular the compactification
theorem for commutative group schemes ([1], Section 10.2, Theorem 7) inspired
our Theorem B below and we use a dévissage procedure as in [1], Section 10.2,
Lemma 15 to get suitable compactifications of a k-group G from compactifications
of a subgroup H and of G/H, but with H not necessarily normal in G. We use the
compactification of Y = Ry /5 (X) (for X projective over k') in Hilbp.z (X); this
is applied to wonderful compacifications, flag varieties and artinian homogeneous
spaces X = G/ /(Gi )rea Where k' is the field of definition of (G )req; in the last
case condition (x) ensures that the G-orbit of the unique k-point of Y is closed in
Y.

For an action of a k-group G on a k-scheme X and an extension K/k, a K-orbit
of the action is a non-empty locally closed subscheme of Xx which is an fpqc
homogeneous space under G .

Theorem A. Let G be a k-group of finite type and P a pseudo-parabolic subgroup
of L'G. Then G/P has an equivariant projective compactification, compatible with
G", LG, L'G, with a G-linearized line bundle relatively ample for G/P — G /LG,
such that the boundary has no separable point and if () holds there is no ks-orbit
contained set-theoretically in the boundary.

Theorem B. Let G be a k-group of finite type. Then G admits a projective
compactification G — G with a left action of G extending left translation, a right
action of G, compatibility with Ruys k(G), Rur(G), Ri(G), psz(G)°, 1psz(G)°,
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G, LG, L'G, an invariant ample effective divisor with support G — G if G is
affine, such that
(a) For every separable extension K of k the following are equivalent
(i) Gk has a subgroup isomorphic to G, or G,
(i) G(K) # G(K)
(i) /G(K) # L'G(K)
(iv) There is a K-orbit of the left action of G on G admitting a separable
point and contained in Gx — Gk.
(b) For every separably closed separable extension K of k, G(K) = G'(K) =
G(K)L'G(K), and if (¥) holds every K -orbit of the left action of G on G
has a K-point.
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The p-adic Simpson correspondence
AHMED ABBES
(joint work with Michel Gros)

In 1965, extending an earlier result of Weil, Narasimhan and Seshadri [11] have
established a bijective correspondence between the set of equivalence classes of
unitary irreducible representations of the fundamental group of a compact Rie-
mann surface X of genus > 2 and the set of isomorphism classes of stable vector
bundles of degree 0 on X. The correspondence has been later extended to any
complex smooth projective variety by Donaldson [5]. The analogue for general lin-
ear representations is due to Simpson ; to obtain a Narasimhan and Seshadri type
correspondence, one needs to add to the vector bundle an additional structure.
It’s the notion of Higgs bundle that was first introduced by Hitchin for algebraic
curves. If X is a scheme, smooth, separated and of finite type over a field K, a
Higgs bundle on X is a couple (M, 0) formed by a locally free &x-module of finite
type M and an Ox-linear morphism 0: M — M ®4, Qﬁ(/K such that 6 A9 =0
(we need in our work twisted and rigid variants of this notion). Simpson’s main
result [13, 14, 15, 16] establishes an equivalence of categories between the category
of complex finite dimensional linear representations of the fundamental group of a
complex smooth projective variety and the category of semi-stable Higgs bundles
with vanishing Chern classes (cf. [10]).

Simpson’s results and subsequent developments have led since few years to the
question of a p-adic analog. The first examples of such a construction (even if it
was not formulated in terms of Higgs modules) can be traced back to Hyodo’s work
[9], who considered the important case of p-adic variations of Hodge structures,
that he called Hodge-Tate local systems. The most advanced approach to date
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is due Faltings [8]. It generalises previous results of Tate, Sen and Fontaine. It
relies on his theory of almost-tale extensions [7], and extends his previous work in
p-adic Hodge theory. Once achieved, the p-adic Simpson correspondence should
provide the best Hodge-Tate type statements in p-adic Hodge theory. But so far,
Faltings’s construction seems satisfactory only for curves and even in this case,
many fundamental questions remain open.

In a joint work in progress with Michel Gros [1, 2, 3], we develop a new approach
of this p-adic Simpson correspondence, closely related to Faltings’s approach, and
inspired by the work of Ogus and Vologodsky [12] on an analogue in characteristic
p of the complex Simpson correspondence. The need to resume and develop Falt-
ings’s construction has been felt because of the number of results sketched in a
relatively short and extremely dense article and of the quite restrictive conditions
that limit its potential applications. Indeed, the most simple Hodge-Tate local sys-
tems such as the higher direct images of the constant sheaf by a smooth and proper
morphism over a base of dimension > 2 rarely enter in the set-up of Faltings’s con-
struction. Our approach includes them. More precisely, the correspondence we
develop generalises simultaneously Faltings and Hyodo’s constructions. We should
mention that Tsuji has developed another approach for the p-adic Simpson corre-
spondence [19]. Deninger and Werner [4] have also developed a partial analogue
of Narasimhan and Seshadri’s theory for p-adic curves, that corresponds to Higgs
bundles with trivial Higgs field in the p-adic Simpson correspondence.

Let K be a complete discrete valuation field of characteristic 0 with perfect
residue field of characteristic p > 0, K an algebraic closure of K, C' the com-
pletion of K for the absolute value induced by the valuation of K. Let X be a
smooth and separated K-scheme of finite type, T a geometric point of X+. We
would like to construct a functor from the category of p-adic representations of the
geometric fundamental group m (X4, T) (i.e., continuous, finite dimensional linear
Qp-representations of m; (X4, T)) to a category of Higgs modules on X¢ (or more
precisely on the associated rigid space X&"). Following Faltings’s strategy, which is
only partially achieved at this stage, this functor should extend to a strictly larger
category than that of p-adic representations of 7 (X, @), called the category of
generalised representations of w1 (X5, T). It should then be an equivalence of cat-
egories between this new category and the category of Higgs modules. The main
motivation of our work is to construct such an equivalence of categories. When
X is a smooth and proper curve over K, Faltings showed that Higgs modules
associated to “true” p-adic representations of 71 (X4,T) are semi-stable of slope
zero, and expressed the hope that all semi-stable Higgs modules of slope zero are
obtained in this way. This statement would correspond to the difficult part of
Simpson’s result in the complex case.

The notion of a generalised representation is due to Faltings. Roughly speaking,
they are p-adic semi-linear continuous representations of 7 (X7, Z) on modules
over a certain p-adic ring equipped with a continuous action of m1 (X4, T). Falt-
ings’ approach to construct a functor J# from the category of these generalised
representations to a category of Higgs modules is divided in two steps. He first
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defines 7 for the so-called small generalised representations, a technical notion
that does not seem to be of a geometric nature (as the notion of Hodge-Tate). This
first step is achieved in any dimension. In the second step, realised only for curves,
he extends the functor J# to all generalised representations by descent. Indeed,
any generalised representation becomes small on a finite tale covering of X4. Our
new approach, valid in any dimension, allows to define the functor # directly
on a category of generalised representations of (X4, ), that we call Dolbeault
generalised representations, strictly larger than the category of small generalised
representations and containing generalised representations coming from Hodge-
Tate representations. This approach seems to be well suited for descent and gives
a hope to extend the construction in higher dimensions beyond the case of Dol-
beault representations.

I gave in my lecture an overview of our approach. I explained first the construc-
tion for an affine scheme of a particular type [1], also referred as small by Faltings.
Then I developed some global aspects of the theory [2]. The general construction
is obtained from the affine case by a gluing technique that turns out to contain
unexpected difficulties. For this purpose, we use Faltings topos, a fibered variant
of the notion of Deligne’s covanishing topos that we develop in [3].
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Heights of Special Cyces of Shimura Varieties
SHOU-WU ZHANG
(joint work with Xinyi Yuan, Wei Zhang)

In this talk, I have reported some recent generalizations of Gross—Zagier formula.

First I described a complete Gross—Zagier formula on Shimura curves over to-
tally real fields. This conceptional and representation theoretical formula is de-
scribed purely in terms of the incoherent quaternion algebras and the spaces of
modular parametrizations. More precisely, for a totally real number field F' and
a finite set X of places of F' of odd cardinality including all archimedean places,
there is a well-define projective system of Shimura curves X over F of type X. For
any parametrization f : X — A of a simple abelian variety A, any CM point P on
X by an imaginary quadratic extension £, and any character x : Gal(E/E) — L*
where L is an extension of the (commutative) field M := End°(A) we may formu-
late a CM-point

PAD= [ H(P)F 0 x(o)o € AB)gmu L
Gal(E/E)

Our formula gives an explicit formula in L ® C:

(Px(f), P(f)) = L'(pap @ x, )a(f, f)

where the left hand is the M ® R-valued Neron—Tate height pairing respect to a
polarization A of A, p4 is a Galois representation attached to A with coefficients
in My, and a(f, f) is an explicit integration of the matrix coefficients of f with
respect to the polarization A. This formula has removed all ramification assump-
tions imposed in Gross—Zagier’s original formula and the various generalizations
by myself and has been used by Ye Tian on his recent breakthrough on the ancient
congeruent number problem.

Then I describe a formula which relates the Neron—Tate heights of the image
of a Shimura curve in the product of three parametrized abelian varieties and the
central derivatives of the triple product L-series. More precisely, let f; : X — A; be
the parametrizations of three simple abelian varieties as above. Let f: X — A :=
Ay x Ay x A3 be the their product. Let M be the tensor product of End®(A;) over
Q. Then we can define Neron—Tate height of f.(X) with value in M ® R respect
to the polarizations as

(f+(X), f+(X)) = e1(P1) - €1(P2) - ¢1(Ps) - [f+(X) X fu(X)]
here the right hand side is certain arithmetic intersection of Poincare bundles with
respect to the polarizations. Our formula gives an identity in M ® C:

(f*(X)af*(X)) = L/(px‘h ® PA, ®pA3a2) : B(fvf)
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Again (f, f) is the integration of the matrix coefficients of f with respect to the
polarizations. This formula has some interesting applications, including a new
construction of rational points on an elliptic curve E using another elliptic curve.

Finally, I describe a generalization to higher dimensional varieties conjectured
by Gan—-Gross—Prasad for diagonal cycles on Shimura varieties defined by U(n —
1,1) x U(n, 1)) over totally real number fields. More precisely, for a totally real
field F', type %, and a positive integer n, there is a well-defined projective system
of unitary Shimura varieties X, of dimension n — 1 defined by incoherent unitary
group G, of type X in n variables. One considers the diagonal embedding

Y:=X, =X =X, xX,11.

For an automorphic and cuspidal representation 7 of G := G,, X G, 41 with trivial
archimedean components, we can define the component Y, in Ch™"(X) ® C and
show that it is cogomologically trivial under Grothendieck’s standard conjecture.
Thus we can define the (conjectured) Beilinson—Bloch height of Y, and its Hecke
translations. For any Hecke operator f € H(G), we have a refined arithmetic
Gan—Gross—Prasad conjecture:

(f*YTF) f*Yﬂ') = L/(n + 1ap7r)7(fa f)

where p, is the Galois representation of Gal(F/F) attached to 7, and again y(f, f)
is the integration of the matrix coefficients. Wei Zhang has proposed an approach
to handle this conjecture using relative trace formula. Especially he has proposed
an arithmetic fundamental lemma as follows for unramifield quadratic extension
E/F of p-adic fields.

Let NV, be the Rapoport—Zink space over E*" parametrizing formal O g-modules
of signature (n — 1,1). Then we have a diagonal embedding

V=N, =X =N, x Npua1.
The arithmetic fundamental lemma says:

(V. (1 x6)"Y) = orb'(7,1s,.,(OF))

where § € U(n+ 1) and v € GL,,4+1 are conjugatate under GL,,(F), and S,41 is
the subvariety of Resp,pGL, defined by gg =1, and

ort' (v,1s,,,(0r) = / Ls, 1 (0p) (hyh 1) (=1)°m @M 1og | h|dh.
GLn(F)

When n = 1,2, the formula have been proved by Wei Zhang himself. When n > 3,
formula for some very special pairs (7, §) has been proved by Rapoport, Tersteige,
and Wei Zhang.

The following are some references related to my talk, plus some papers of Yifeng
Liu on arithmetic inner product formula which I have no time to report in the talk.

REFERENCES

[1] Y. Liu, Algebra and Number Theory, vol 5.
[2] X. Yuan, S. Zhang, and W. Zhang, The Gross—Zagier formula on Shimura curves, Annals
of Mathematical Studies, Vol 184 (2012)



Arithmetic Geometry 2379

[3] X. Yuan, S. Zhang, and W. Zhang, Triple product L-series and Gross—Kudla—Schoen cycles,
Preprint.
[4] W. Zhang, Invent. Math., Vol 188. No 1.

Modeling the distribution of Selmer groups, Shafarevich—Tate groups,
and ranks of elliptic curves

BJORN POONEN
(joint work with Manjul Bhargava, Daniel Kane, Hendrik Lenstra, Eric Rains)

1. SELMER GROUPS

Let k& be a global field. Let € be the set of places of k. Let A be the adele ring
of k. Let E be an elliptic curve over k. Let n > 1. Then there is a commutative
diagram

E(k) 1 1
0 B H!(k, E[n]) — H'(k, )
(1.0.1) l B Y
E(A) « 1 1
0 ~BA) H'(A, E[n]) — HY(A, E)

with exact rows. Define Sel,, F := f~}(im«) and III = III(E) := kery. (These
definitions are equivalent to the ones involving maps to direct products over v.)
Then (1.0.1) yields a short exact sequence

E(k)

— nE(R) — Sel,, E — II[n] — 0.

Fix a prime p, set n = p°, and take the direct limit over e to obtain

(Seqg) 0— Ek)® % — Selpe E — TI[p>] — 0.
i
Let & be the set of elliptic curves over k, or more precisely, a set containing one

representative of each isomorphism class. Order & by height.

Question 1.1. Given an (abstract) short exact sequence & of Z,-modules, what
is Probges(Seqp ~ )7

(Here “probability” is to be interpreted as density, i.e., the limit as X — oo of
the fraction of E € & of height up to X having the property.)
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2. ORTHOGONAL GRASSMANIAN

Fix n > 1. For each commutative ring A, define the standard hyperbolic qua-
dratic form Q: A" — A by Q(1,..,Tn,Y1,---»Yn) = T1Yy1 + *++ + TnYn, and
let OGr,,(A) be the set of locally free rank n A-submodules Z < A?" such that
Z is a direct summand and Q|z = 0. It is well known that the functor OGr,
is represented by a smooth projective scheme over Z with two connected compo-
nents. If k is a field, then Z, Z’ € OGr, (k) lie in the same component if and only
if dim(Z N Z’) = n (mod 2). The space OGr,(Z,) carries a probability measure
compatible with the uniform measure on the finite set OGr,(Z/p°Z) for each e.

For 0 < r < n, define S,,, as the closure of the locus of Z € OGr,, where
rk(Z N W) =r. One can define a probability measure on S, ,(Z,) as well.

3. MODEL

Let V := Z2". Let W := Z? x {0} and choose Z € OGr,(Z,) at random (or
choose both W and Z at random). Define

Q

R:=(ZnW)® pr “Rational points”, or “Rank”
P
S = (Z ® %) N (W ® %) “Selmer group”
Ly L
T:=S/R “Shafarevich—Tate group”.

Theorem 3.1. The limit as n — oo of the distribution of 0 > R — S — T — 0
erists.

Conjecture 3.2. The limit distribution equals the distribution of Seqg for E € &.

To motivate this conjecture, we will observe that it leads to predictions that are
compatible with other conjectures and theorems regarding ranks, Selmer groups,
and Shafarevich—Tate groups.

4. CONSEQUENCES
4.1. Rank. We have R ~ (Q,/Z,)" where

0, for Z in one component of OGr,,

ri=rky (ZNW)=
2 ) {1, for Z in the other component of OGr,,,

ignoring a lower-dimensional locus of measure 0. Thus Conjecture 3.2 would imply
that asymptotically 50% of elliptic curves over k have rank 0, and 50% have rank 1.

4.2. Shafarevich—Tate group. The group R is always the maximal divisible
subgroup of S, and T is always finite, so the exact sequence 0 - R — S — T — 0
splits. Because T is finite, Conjecture 3.2 would imply that III[p>°] is finite for
100% of E € &, as is conjectured for all E.
For any £ € &, the Cassels—Tate pairing on III restricts to an alternating
pairing
I[p>] x H[p>=] = Qp/Zy



Arithmetic Geometry 2381

that is nondegenerate if III[p>°] is finite. Analogously, given z,y € T, lift = to
zz € Z®Qp and y to wy, € W ®Q,, and define [x,y] := Q(z; —w,) mod Z,; one
checks that this makes T a symplectic p-group, by which we mean a finite abelian
p-group equipped with a nondegenerate alternating pairing [, |: T'x T — Q,/Z,.
In particular, #7T is a square.

We now model III[p*°] for an elliptic curve of rank r by any of the distributions
in the following theorem:

Theorem 4.1. The following distributions on symplectic p-groups coincide:

(i) The limit as n — oo of the distribution of T when Z is sampled from
Sn.r(Zy) (using Sy, instead of OGry, corresponds to restricting to rank r
elliptic curves).

(i) The limit as n — oo of the distribution of (coker A)iors, where A: Z2"H" —
Zg"” is chosen at random from the space of matrices in Mapir(Zy) such
that AT = —A and rk(coker A) = r; it turns out that (coker A)iors carries
the structure of symplectic p-group.

(iii) The distribution for which the probability of a given symplectic p-group (G, [, 1)

equals
4T > 1-2
U —— 1 -p ' ’
Aut(G, [, ]) izlll( )

(This is a corrected version of a model for II[p>°] proposed in [1] in analogy
with the Cohen—Lenstra heuristic for class groups.)

4.3. Selye. For 100% of elliptic curves E over k, the torsion subgroup E(k)tors
is trivial. In this case, Sel,e E = (Selp E)[p€]. So Conjecture 3.2 implies that
the distribution of Sel,. £/ should equal the limit as n — oo of the distribution of
ZNW for random Z, W € OGr,(Z/p°Z). There is a strong arithmetic justification
for the latter distribution being a model of Sel,e E:

Theorem 4.2 (Theorem 4.14 of [2]).

(a) The locally compact abelian group H' (A, E[n]) carries a Q/Z-valued quadratic
form (arising from Mumford’s theory of the Heisenberg group).
(b) The images of the two maps

H' (k, E[n])
8

E(A)
nE(A)

—%> H'(A, E[n))

are mazximal isotropic subgroups.

As further justification, we prove also:

(i) The map 5 is injective for asymptotically 100% of elliptic curves F, at least
when char k 1 n; in this case, Sel,, E is isomorphic to (im «) N (im 3).
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(ii) The group im « is a direct summand.

Is also im 8 a direct summand, at least for 100% of E € &7 We know that the
answer is yes at least when E[n] C E(k).
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Localized chern classes and independence of £
MARTIN OLSSON

Let k be an algebraically closed field, let £ be a prime different from the charac-
teristic of k, and let ¢ = (c1,¢2) : C — X x X be a correspondence over k, with
C and X separated finite type schemes over k. An action of ¢ on Q is a map
u: cEQp — ¢4 Qy, or equivalently a global section u € H°(C,c,Q,). From such
an action u we obtain a class Tr.(u) € HY(F,QF), where F := C X. xxx.Ax X
denotes the fixed point scheme of ¢ and Qp denotes the dualizing complex. In
particular, if I' C F' is a proper open and closed subscheme then we can consider
ltr(u) := [ Tr.(u) € Qg, which is called the local term of u along T'. We prove
rationality and independence of ¢ of these local terms in three different contexts.

1. LOCAL TERMS FOR SMOOTH X

If X is smooth of some dimension d, then we have c,Q, ~ Qc(—d)[—2d]
so an action of ¢ on Q is given by a class in H~2¢(C,Qc(—d)). This group
H=24(C,Qc(—d)) is up to a Tate twist the Borel-Moore homology of C.

For a finite type separated k-scheme X and integer i, the ¢-th Borel-Moore ho-
mology group of X, denoted H;(X), is defined to be H~¢(X,Qx), where Qx is the
dualizing complex of X. These groups were considered already by Grothendieck
and Laumon in [1]. The most important feature of these groups in our context is
that there is a cycle class map

cli : Ag(X) — Hos(X)(—5).

In the case when X is smooth of dimension d we have Qx = Qy(d)[2d] and this
map reduces to the usual cycle class map Ay (X) — H21725(X, Q,(d — s)).
Using Gabber’s localized cycle classes, we show that for any cartesian square

(1.0.1) w-l.v
ol
/

X ——=Y,

)
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where f is a regular embedding of codimension ¢, there is a homological Gysin
homomorphism

From : Hi(V') = Hi_oc(W)(0).

In the case of the cartesian square
Fix(c) c

|,

X2 o xxX

coming from a correspondence with X and C smooth, the resulting map
Ao + HX4e=2)(C, Qe(de — dx)) — H(Fix(c), Qix(e))

sends a section u to the corresponding class Tr.(u) € H(Fix(c), Qpik(e))-
A slightly weakened form of our main result about Borel-Moore homology is
the following:

Theorem 1.1. For a cartesian square (1.0.1) of quasi-projective schemes with f
a reqular embedding of codimension c, the diagram

AV — T A o)

\LC]V lCIW
Fhom

Hys(V)(=8) == Ha(s—c)(W)(c — s)
commutes for all s.
This has the following consequence for local terms:

Corollary 1.2. Letc: C — X x X be a correspondence of quasi-projective schemes
with X smooth, and let d be the dimension of X. Let o € Ag(C) be a d-cycle and
let ug : c1Qe,x — c!Q(@LX be the resulting action. Then for any proper connected
component I C Fix(c) the local term 1tr(uq) is equal to the degree of the restriction
of the refined intersection product a. Ax € Ao(Fix(c)) toT'. In particular, this local
term is in 7 and independent of £.

2. LOCALIZED CHERN CLASSES AND LOCAL TERMS

Next we consider the case when X and C are possibly singular schemes over
k. In this case one can obtain classes in H'(C, c4Qy x) from certain complexes on
C. Recall that a complex of coherent sheaves K™ on C is called co-perfect if there
exists a factorization of co

c'sp-P.x

with ¢ a closed embedding and p smooth, such that the complex i, K on P is
quasi-isomorphic to a bounded complex of locally free sheaves of finite rank on P.
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One can define the Grothendieck group of co-perfect complexes, which we denote
by K(c2 : C'— X). For notational convenience set

H*(cy: C — X) := @, H*(C, chQu(4)).
We show that there is a natural map
¢ K(cy: C— X) = H*(cy : C — X)

enjoying many good properties akin to the usual Riemann-Roch transformation
in intersection theory. In particular, for an object K € K(cy : C — X) we get a
class ux € H°(C,c5Qy) by taking the degree 0 part of 7§ (K).

Theorem 2.1. For every proper connected component I' of Fix(c), the local term
Itr(uk) is in Q and independent of £.

3. QUASI-FINITE CORRESPONDENCES AND LOCAL TERMS

Finally we consider the setting when ¢ is quasi-finite. In this case there is a clear
notion of what it should mean for an element u € H°(C,chQq x) to be rational.
Indeed, if I denotes the set of irreducible components of C' which dominate X,
then for each ¢ € I with corresponding component C;, there exists a dense open
subset U C C; such that ¢,Qy|y is canonically isomorphic to Q¢ We therefore
get a map

H°(C,,Qe) — Qy,
which is injective. For u € H(C,c,Qy) we write w(u) € Q! for the image of u
under this map. The vector w(u) is called the weight vector of u. The main result
about quasi-finite correspondences is the following:

Theorem 3.1. (i) Let u € H°(C,chQy) be an element with weight vector w(u) €
Q' c Ql. Then for every proper component I' C Fix(c) the local term ltr(u) is in
Q.
(ii) Let £ and ¢’ be two primes different from the characteristic of k, and let
u € H(C,chQu x) and u' € H°(C,chQu x) be two actions with weight vectors
w(u) and w(u') in Q' and equal. Then for every proper component I' C Fix(c) we
have

ltr (Qe,x,u) = Itr(Qe x, u).

REFERENCES

[1] G. Laumon, Homologie étale, Exposé VIII in Séminaire de géométrie analytique (E:’cole
Norm. Sup., Paris, 1974-75), pp. 163188. Asterisque 36—37, Soc. Math. France, Paris
(1976).

[2] M. Olsson, Localized chern classes and independence of ¢, preprint (2012).

Reporters: Alberto Bellardini and Robert Wilms



Arithmetic Geometry

2385

Participants

Prof. Dr. Ahmed Abbes
CNRS and I.LH.E.S.

Le Bois Marie

35, route de Chartres

91440 BURES-SUR-YVETTE
FRANCE

Alberto Bellardini
Max-Planck-Institut fir Mathematik
Vivatsgasse 7

53111 Bonn

Prof. Dr. Laurent Berger
Dept. de Mathematiques, U.M.P.A.
Ecole Normale Superieure de Lyon
46, Allee d’Italie

69364 LYON Cedex 07

FRANCE

Prof. Dr. Massimo Bertolini
Dipartimento di Matematica
Universita di Milano

Via C. Saldini, 50

20133 MILANO

ITALY

Dr. Bhargav Bhatt
Department of Mathematics
University of Michigan

530 Church Street

ANN ARBOR, MI 48109-1043
UNITED STATES

Prof. Dr. Yuri Bilu
A2X, IMB

Universite Bordeaux 1
351, cours de la Liberation
33405 TALENCE Cedex
FRANCE

Prof. Dr. Johan de Jong
Department of Mathematics
Columbia University

2990 Broadway

NEW YORK NY 10027
UNITED STATES

Prof. Dr. Ulrich Derenthal
Mathematisches Institut
Ludwig-Maximilians-Universitat
Minchen

Theresienstr. 39

80333 Miinchen

Prof. Dr. Gerd Faltings
Max-Planck-Institut fiir Mathematik
Vivatsgasse 7

53111 Bonn

Prof. Dr. Laurent Fargues
L.R.M.A./CNRS

Universite de Strasbourg

7, rue Rene Descartes

67084 STRASBOURG Cedex
FRANCE

Prof. Dr. Ofer Gabber
LH.E.S.

Le Bois Marie

35, route de Chartres

91440 BURES-SUR-YVETTE
FRANCE

Prof. Dr. David Harbater
Department of Mathematics
University of Pennsylvania
PHILADELPHIA, PA 19104-6395
UNITED STATES



2386

Oberwolfach Report 38/2012

Prof. Dr. Gnter Harder
Mathematisches Institut
Universitiat Bonn
Endenicher Allee 60

53115 Bonn

Prof. Dr. Michael Harris

Institut de Mathematiques de Jussieu
Tour 15-25

Universite de Paris 7

4, Place Jussieu

75252 PARIS Cedex 05

FRANCE

Dr. Eugen Hellmann
Mathematisches Institut
Universitiat Bonn
Endenicher Allee 60
53115 Bonn

Prof. Dr. Wei Ho
Department of Mathematics
Columbia University

2990 Broadway

NEW YORK, NY 10027
UNITED STATES

Prof. Dr. Nicholas M. Katz
Department of Mathematics
Princeton University

Fine Hall

Washington Road
PRINCETON, NJ 08544-1000
UNITED STATES

Prof. Dr. Kiran S. Kedlaya
Department of Mathematics
University of California, San Diego
9500 Gilman Drive

LA JOLLA, CA 92093-0112
UNITED STATES

Prof. Dr. Chandrashekhar Khare
Department of Mathematics

UCLA

Math Sciences Building 6363

520 Portola Plaza

LOS ANGELES, CA 90095-1555
UNITED STATES

Prof. Dr. Mark Kisin
Department of Mathematics
Harvard University

Science Center

One Oxford Street
CAMBRIDGE MA 02138-2901
UNITED STATES

Prof. Dr. Jrg Kramer
Institut fir Mathematik
Humboldt-Universitat Berlin
Unter den Linden 6

10117 Berlin

Prof. Dr. Max Lieblich
Department of Mathematics
University of Washington
Padelford Hall

Box 354350

SEATTLE, WA 98195-4350
UNITED STATES

Prof. Dr. William Messing
School of Mathematics
University of Minnesota

127 Vincent Hall

206 Church Street S. E.
MINNEAPOLIS MN 55455-0436
UNITED STATES

Prof. Dr. Sophie Morel
Department of Mathematics
Harvard University

Science Center

One Oxford Street
CAMBRIDGE MA 02138-2901
UNITED STATES



Arithmetic Geometry

2387

Prof. Dr. Rachel Ollivier
Department of Mathematics
Columbia University

2990 Broadway

NEW YORK, NY 10027
UNITED STATES

Prof. Dr. Martin Olsson
Department of Mathematics
University of California, Berkeley
970 Evans Hall

BERKELEY CA 94720-3840
UNITED STATES

Prof. Dr. Frans Oort
Mathematisch Instituut
Universiteit Utrecht
Budapestlaan 6

P. O. Box 80.010

3508 TA UTRECHT
NETHERLANDS

Prof. Dr. Vytautas Paskunas
Fakultat fiir Mathematik
Universitat Duisburg-Essen
45117 Essen

Prof. Dr. Bjorn Poonen
Department of Mathematics
Massachusetts Institute of
Technology

77 Massachusetts Avenue
CAMBRIDGE, MA 02139-4307
UNITED STATES

Prof. Dr. Florian Pop
Department of Mathematics
University of Pennsylvania
PHILADELPHIA, PA 19104-6395
UNITED STATES

Prof. Dr. David Rydh
Department of Mathematics
Royal Institute of Technology
Lindstedtsvagen 25

100 44 STOCKHOLM
SWEDEN

Dr. Peter Scholze
Mathematisches Institut
Universitat Bonn
Endenicher Allee 60
53115 Bonn

Dr. Jakob Stix
Mathematisches Institut
Universitat Heidelberg
Im Neuenheimer Feld 288
69120 Heidelberg

Prof. Dr. Adrian Vasiu
Dept. of Mathematical Sciences
State University of New York

at Binghamton

BINGHAMTON, NY 13902-6000
UNITED STATES

Prof. Dr. Eva Viehmann
Zentrum Mathematik - M11
TU Miinchen

Boltzmannstr. 3

85748 Garching b. Miinchen

Robert Wilms
Max-Planck-Institut fir Mathematik
Vivatsgasse 7

53111 Bonn

Prof. Dr. Jean-Pierre
Wintenberger

Institut de Mathematiques
Universite de Strasbourg

7, rue Rene Descartes

67084 STRASBOURG Cedex
FRANCE



2388

Oberwolfach Report 38/2012

Prof. Dr. Xinyi Yuan
Department of Mathematics
Columbia University

2990 Broadway

NEW YORK, NY 10027
UNITED STATES

Prof. Dr. Shouwu Zhang
Department of Mathematics
Princeton University
PRINCETON NJ, 08544
UNITED STATES

Prof. Dr. Wei Zhang
Department of Mathematics
Columbia University

2990 Broadway

NEW YORK, NY 10027
UNITED STATES

Prof. Dr. Thomas Zink
Fakultat fiir Mathematik
Universitat Bielefeld
Universitatsstr. 25

33615 Bielefeld



