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Let K be a discrete valuation field. Let Ok denote the ring of integers
of K, and let k be the residue field of Ok, of characteristic p > 0. Let
S := SpecOg. Let Xg be a smooth geometrically connected projective
curve of genus 1 over K. Denote by E the Jacobian of Xg. Let X/S and
E/S be the minimal regular models of Xk and Ek, respectively. In this
article, we investigate the possible relationships between the special fibers
X, and Ej. In doing so, we are led to study the geometry of the Picard
functor Picx/s when X/S is not necessarily cohomologically flat. As an
application of this study, we are able to prove in full generality a theorem of
Gordon on the equivalence between the Artin-Tate and Birch-Swinnerton-
Dyer conjectures.

Recall that when k is algebraically closed, the special fibers of elliptic
curves are classified according to their Kodaira type, which is denoted by
asymbol T € {L,, I, n € Zx, II, I*, I1I, III*, IV, IV*}. Given a type T and
a positive integer m, we denote by mT the new type obtained from 7" by
multiplying all the multiplicities of 7 by m. When k is algebraically closed,
the relationships between the type of a curve of genus 1 and the type of its
Jacobian can be summarized as follows.

Theorem 6.6. Assume that k is algebraically closed. Let X x | K be a smooth,
geometrically connected projective curve of genus 1 and let Ex /K be its
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Jacobian. Let X /S and E/S be the minimal regular models of Xk and
Ex, respectively. Let m denote the order of the element of H' (K, Ex) cor-
responding to the torsor Xk. If T denotes the type of Ey, then X is of
type mT.

The most difficult part of this theorem is the case of additive reduction.
As acorollary to Theorem 6.6 and of results of Bégueri [5] and Bertapelle [6]
on the structure of H'(K, Ex) when K is complete, we prove in 6.7 the
existence of torsors X having reduction of type mT, for any additive
type T and integer m = p" and, in case the type T is semi-stable, for any
integer m > 0.

To prove Theorem 6.6, we first show in 3.8 that there exists a canonical
map of @x-modules H'(X, Ox) — H'(E, @) which extends the natural
isomorphism H'(Xg, Ox,) — H'(Eg, O, ). The existence of this map
is the main link between X and E, and is proved in the following general
theorem on Néron models of Jacobians.

Theorem 3.1 (Raynaud, unpublished [47]). Assume that k is algebraic-
ally closed. Let f : X — S be a proper flat curve, with X regular and
with f,Ox = Og. Let J/ S denote the Néron model of the Jacobian of X x | K,
and let Lie(J) denote its Lie algebra. Then the canonical morphism of
Og-modules H' (X, Ox) — Lie(J), which induces the canonical iso-
morphism H'(X, Ox,) — Lie(Jk), has a kernel and cokernel of same
length.

This theorem is a key ingredient in the proof of Theorem 6.6, and we
provide here a complete proof. The statement and proof of Theorem 6.6 in
the function field case was also known to Raynaud at the time he wrote [47].
Independently, Cossec and Dolgachev provided a proof of a slightly weaker
version of Theorem 6.6 in the function field case in [11], Theorem 5.3.1,
also using [47] as one of the main ingredient in their proof. The statement
of 6.6 in the function field case is mentioned without proof in the second
paragraph of [23].

The proof of Theorem 3.1 relies on Raynaud’s results on Picard functors
in [48], and on a theorem on morphisms of group schemes of finite type
that is of independent interest: Let u : G — G” be a morphism of smooth
group schemes of finite type over a complete discrete valuation ring Qg
with algebraically closed residue field k. Assume that ux : Gy — G¥% is
surjective with smooth kernel. Then the length of the cokernel of Lie (u) :
Lie (G) — Lie(G") is expressed in 2.1 in terms of two other invariants, the
first one obtained using the group smoothening of Ker («), and the second
one defined as the dimension of a smooth group scheme D/k constructed so
that D(k) = Coker (G(S) — G”(S)). Using 3.1, we show in Theorem 5.9
that the minimal regular models X and E have the same discriminant when
k is perfect.
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The second main ingredient in the proof of Theorem 6.6 is then the
formula of T. Saito [51], which states that the Artin conductor is equal to
the discriminant when k is perfect. Using this formula and 3.1, one easily
shows in 6.5 that the curves X; and E; have the same number of irreducible
components. To conclude the proof of Theorem 6.6, we use the description
by Raynaud of the group of components @ ; of the Néron model J/S of the
Jacobian Ex/K: when k is algebraically closed, ®; can be computed using
the intersection matrix of X;.

It is likely that the complete relationship between the type of reduction
of a curve of genus 1 and the type of reduction of its Jacobian may prove
more difficult to express when k is imperfect. For instance, when the re-
duction is additive and K has characteristic zero, we show in 9.2 that the
type of reduction of Ex depends not only on the type of reduction of X,
but also, for instance, on v(p). We are able, however, to completely de-
scribe the relationship between X, and E; when the reduction is semi-stable
(8.1 and 8.3). In particular, we find that in this case already, the statement of
6.6 does not hold if & is not algebraically closed. When £ is imperfect, the
possible types of reduction of elliptic curves consist not only of the classical
Kodaira types, but also of several new types. We give in Appendix A a list
of these possible types of reduction, as well as of several additional types
for curves of genus 1 without rational point.

As a corollary to Theorem 3.1, we provide an application to the con-
jectured equivalence between the Artin-Tate and Birch-Swinnerton-Dyer
conjectures. Let k be a finite field of characteristic p. Let X/k be a smooth
projective geometrically connected surface and denote by Br(X) its Brauer
group. Let f : X — V be a proper and flat morphism, with V/k a smooth
projective curve. Let K be the function field of V. Let us suppose that X x / K
is a smooth projective geometrically connected curve of genus g > 1. Let
Ak denote the Jacobian of X and let III(Ag) be its Shafarevich-Tate
group. It is well-known that if either III(Ak) or Br(X) is finite, then so is
the other. Let § and &’ denote respectively the index and the period of Xg.
Similarly, for any place v € V with completion K,, let §, and &, denote the
index and period of X, /K,, respectively.

Theorem 4.3. Assume that I1(Ag) and Br(X) are finite. The equiva-
lence of the Artin-Tate and Birch-Swinnerton-Dyer conjectures holds ex-
actly when

ITI(A)I [ ] 8.8, = 8*Br(X)|.

This equality is satisfied if the periods &, are pairwise coprime (4.6).

Notation. Throughout this paper, with the exception of Sect. 4, K denotes
a discrete valuation field, O is the ring of integers of K, k is the residue
field of O, and 7 is a uniformizing element. Starting in Sect. 2, the letter
S will be reserved to denote Spec Ok .
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1. Review of Lie algebras

We review in this section several basic facts about Lie algebras needed in
the next sections. We first recall the general definition of the Lie algebra of
a group functor, and then consider the special case of the functor Pic x/s.
All group functors considered are assumed to be commutative.

For any scheme T, let

T; := T Xspec(z) Spec (Z[e]/z—:z).

The canonical projection p : T, — T is a finite faithfully flat morphism of
finite presentation. It admits a canonical section i : T — T, corresponding
to the homomorphism Or, = Or ® €Oy — Or, by 4 eby — by.

Let S be any scheme, and let ¥ be a contravariant commutative group
functor on the category of S-schemes. By definition, Lie (¥') is the functor

T — Ker(F(T,) — F(T)),

where ¥ (T,) — ¥ (T) is defined by the immersion i : T — T,. Any
homomorphism of group functors 4 : ¥ — § induces canonically a homo-
morphism Lie (k) : Lie(F) — Lie(§). If F is a sheaf for some topology
on S, then so is JLie (F).

Recall that JLie (¥ ) is equipped with a structure of @s-module as fol-
lows. Suppose that S is affine and let 7 be any S-scheme. Let a € Og(S).
Then the O4(S)-algebra homomorphism O7 & €Oy — O & O7 defined
by

(1) lﬁ'a . b] + 8b2 = b] + 8ab2

induces a morphism u, : T, — T, such that u, oi =i and pou, = p.
Hence, u, acts on Lie (¥)(T). Thisis the multiplication by a in Lie (¥)(T).
See [13], 11, §4, 1.2, or [SGA3], Tome I, Exposé 2, for more details.

Let us call an algebraic space G over an algebraic space S a group space
if it is a group object in the category of algebraic spaces over S (see [25], and
also [7], p. 96). Let G be a group scheme or group space over a scheme S.
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We denote by Lie(G) the Lie algebra of the sheaf associated to G, and by
Lie (G) the Os(S)-module Lie (G) := Ker (G(S;) — G(S)) = Lie(G)(S).

Recall the definition of the subfunctor G°/S of a group functor G/S
with representable fibers (see [48], 3.2 d), or [7], p. 233):

G(T) :={a € G(T) | a; € G)(Spec (k(1)), forallt € T},

where G? is the connected component of 0 in G,, and k() denotes the
residue field of the point #, with natural morphism Spec (k(¥)) — T.
The following facts are known but we have been unable to find a refer-
ence for some of them in the literature.

Proposition 1.1. Let S be a scheme.

(@) Let0 — F' — F — F" be an exact sequence of (pre)sheaves on the
category of S-schemes. Then

0 — Lie(F') = Lie(F) — Lie(F")

is an exact sequence of (pre)sheaves.

(b) Let pc : G — S be a group scheme. Let €g: S — G be the zero
section, and set w¢ s ‘= €[;S2 }; /5" Then there is a natural isomorphism
PG : Pwers = Qs s
Given a morphism of S-group schemes f : F — G, the exact sequence
f*QlG/S — Q}V/S — QIF/G — 0 induces an exact sequence of Os-
modules .

wG/s —> WE/s —> E*FQ}V/G — 0.

Let w(, /s denote the dual of wg/s. There is a canonical isomorphism of
Og-modules g : Lie(G) — a)(v;/s, functorial in G.

(¢c) Let f : F — G be a smooth (resp. étale) morphism of group spaces
over S. Then Lie(F)(T) — Lie(G)(T) is surjective (resp. bijective)
for any S-scheme T which is affine.

(d) Let G/S be a group functor with representable fibers. Then Lie (G®) —
Lie (G) is an isomorphism.

(e) Let f : F — G be a morphism of smooth group schemes of finite type
over S. Assume that S is affine and that Lie (F) — Lie (G) is surjective.
Then f is smooth.

Proof. (a) follows easily from the definitions. For (b), see [SGA3], tome 1,
1L.4.11.

(c) After making the base change 7" — S if necessary, we may assume
that S is affine and prove the assertions for Lie (F) — Lie(G). Let

f

_—
(S

F G
EFT \\ T
PN
S

(GEEENY y

™
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be a commutative diagram of S-morphisms. We have to complete the dia-
gram with a morphism S, — F, unique if f is étale. When F and G are
both schemes, then the assertion follows from classical results for schemes
(see for instance [7], 2.2/6). In the case of algebraic spaces, we proceed as
follows. Consider H = S, x¢ F as a S.-smooth algebraic space, and S as
a S.-scheme via the canonical immersion i. We have to extend (i, €f) :
S — H to a morphism of algebraic spaces S, — H. To do so, represent
H as a quotient R = U — H of an S,-scheme U by an étale equivalence
relation R. In particular, for any scheme 7', H(T) is the quotient of the set
U(T) by the equivalence relation R(T) C U(T) x U(T). When f is smooth
(resp. étale), we may choose such an U with U — S, smooth (resp. étale)
(see [25], 11.3.2). The lifting assertions to be proved follow then from the
analogue results for schemes.

(d) The inclusion Ker(G(T,) — G(T)) < Ker(GX(T,) — G%T))
follows from the definition. The reverse inclusion is obvious.

(e) The natural isomorphism pg : pgwgs — QlG /s recalled in (b)
induces a commutative diagram of exact sequences:

Pﬁéﬁ(f*glc/s):f*(PEG*G(QG/S)) 7 p?G*FQ}V/S 7 p?E;Q}WG >0

oo | |

1 1 1
f*QG/S 7 QF/S 7 QF/G > 0.

It follows that p}(e}Qp6) = Q. Proposition 2.2/8 in [7] implies
that F — G is smooth if lF/G is locally free. Let us show then that e;Q}V/G
is locally free. Consider the exact sequence of @ g-modules

waG/s i) WF/s —> E;Q;’/G — 0.
Since S is affine and Lie(F) — Lie(G) is surjective, we find using (b)
that wy,g — o/ is surjective. Since wg/s and wpys are locally free, we
find that wg/s BN wrys is injective. Let F be any coherent @g-module.
The surjectivity of wp; — g g implies that of Home(wrs, F) —
Hompg(wg/s, F) = wf s ® F . Considering then the long exact sequence
of cohomology associated with #ome, (-, ¥ ) and the exact sequence 0 —
wG/s — wps — €5 — 0, we deduce that Exte (€;:Qg, F) = 0.
Hence €72 lF/G is locally free. m|
1.2 The Lie algebra of Picx/s. Let S be a scheme and let f : X — § be
an S-scheme. We denote by Picx,g the relative Picard functor of X over S.
It is the fppf (faithfully flat and finite presentation) sheaf associated with
the presheaf
Px/s: (Sch/$)? — (Sets), T+ Pic(X x5 T).

If f is proper, the relative Picard functor is also the étale-sheaf associated
with Py/s ([7], p. 203).
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Let us introduce some notation for the statement of the next proposition.
Letf:X — S,g:Y — Sbe S-schemes and & : X — Y be a morphism of
S-schemes. Consider Oy as a sheaf for the fppf, or étale, or Zariski topology.
The map h*: Oy — h,Oy induces R'(h*) : R'g, 0Oy — R'g,(h.Ox). We
denote by R'(h) : R'g.Oy — R'f.Ox the canonical homomorphism
which is the composition of R'(h*), and the canonical homomorphism
R'g.(h,0x) — R'f.Ox. When S is affine, we may also denote R'(h)
by H'(h). We define similarly R'(h) for the sheaf Ox%.

Proposition 1.3. Let S be a scheme and let f : X — S be a quasi-compact
separated morphism of schemes.

(@) Let R' f,Ox denote the fppf-sheaf on S associated to the presheaf
T +— H'(Xr,0x,).

If T is affine, then T(T, R' f,Ox) = H' (X1, Ox,).
(b) There exists a canonical isomorphism of fppf-sheaves of Os-modules

Ox : R' f,.Ox —> Lie(Picy/s).

(¢c) Let g:Y — S be quasi-compact and separated, and let h : X — Y be
a morphism of S-schemes. Let h : Picy;s — Picx/s be the canonical
morphism induced by h. Then the diagram

0
R'g.0y —— Lie (Picys)

Rl(h)l lLie(ﬁ)
0
R'f.0x —— Lie(Picx/s)

is commutative. We shall abbreviate (c) by saying that the isomorphism
Oy is functorial on X.

Proof. (a) Under the hypothesis on f, the formation of R! f,@x commutes
with flat base change. Hence, it is easy to see that R! f,Oy is nothing but
the sheaf W(R' f,Oy) for the fppf topology (see [37], I1.1.2 (d)).

(b) Let T be a S-scheme. We have a split exact sequence of (Zariski)
sheaves on X7

o B
@) 0 Ox; Ox,, ~— 0%, — 1

defined in an obvious way by a(b) = 1+be, B(by+bye) = by and y(b) = b.
Hence, we have a split exact sequence of Zariski-sheaves on T

0 — R fr,0x, — leT*O}’}TE — R' fr.0%, — 1.
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Let p : S — S be the canonical projection. It is a fppf morphism. For any
flat finite presentation S-scheme T (resp. Se-scheme 7"), we have

(3) P«Px.ss.(T) = Pxs(T.),  Px.;s.(T") = p~' Pxs(T").
We have a split exact sequence of fppf-presheaves
0 — R'f.0x — p.Px,;s, — Px;s — 0.

Therefore, we have a split exact sequence of fppf-sheaves

0 — R'f,Ox — p.Picy,;s, — Picx/s — 0.
From (3) we see that p~'Pic x /s = Picx, /s, and, hence,

p«Picx, s, (T) = Picx, s, (T:) = Picx;s(Ty).
This implies canonically an isomorphism of fppf-sheaves on S

Ox : R' f.0x ~ Lie(Picx/s).

Let us show that the above isomorphism is compatible with the structure
of @s-modules. To simplify the notation, we can suppose that S is affine and
consider only S-sections. Let a € Og(S). Then we can ‘multiply’ the exact
sequence (2) by a, i.e., we have a commutative diagram of exact sequences

0—— Oy —— 0 —— 0y —— 1
Jo [
0—— Oy —> 0} ——> 0 —— 1

where ¥, = uﬁ is defined by (1). Hence, v, acts on Picy,s as R'(u,).
Since the multiplication by a on Lie(Picx/gs) is also induced by u,, we
see immediately that R' f,Ox — Lie(Picy /s) is @ homomorphism of O-
modules.

(c) The commutative diagram

o
*
9y —— 0;

l l

hya
hOx — 10}

induces a commutative diagram

RY(a)
R'g.Oy ng*(%g

l l

R (h.)
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Since the construction of R'g, (h,F) — R' f.F is functorial on F,

ng*(gY EE— ng*Oik,S

R‘(h)l lR‘(h)

le*(gX EE— le*O;g
is commutative. This achieves the proof. m|

1.4. Let Xk be a smooth geometrically connected projective curve over
a field K, with Jacobian Jg. We define a canonical isomorphism

X, H'(Xk, Ox,) — H'(Jk, Oy,),

compatible with base change Spec(K') — Spec(K), as follows. Picx,,x
is representable by a K-scheme locally of finite type, whose connected
component Picg)(K k18 Jg. Let & ¢ Picg)(K K~ Pic(}K ,x be the canonical
isomorphism of Jx with its dual (given by the ®-divisor, [7], p. 261). Let
Z denote X or Jx. Then Pic%K /K is an open subgroup of Pic 7, and,
hence, Lie (Pic%K / x) = Lie(Picz, k) (Proposition 1.1). The isomorphism
Tx, 18 the only isomorphism making the diagram of isomorphisms below
commutative:

0X . . . .
H'(Xg, Ox,) — Lie (Picx, k) = Lie (PIC())(K/K)

4) e | Jtie

07 . . . .
H'(Jx, 0;,) —— Lie(Pic ) — Lie (Pic,/x)-

(In order to lighten the notation, we have denoted 0x,(Spec K) simply
by 0x,.) The reader will check that ty, is compatible with the base change
K'/K.

Corollary 1.5. Let Xx be a smooth projective geometrically connected
curve of genus 1 over a field K such that Xg(K) # (. Let Eg be the
Jacobian of X k. Then there exists a K -isomorphism of curvesh : Ex — Xg
such that tx, = H'(h).

Proof. Let Jg, denote the Jacobian of Eg, and let A : Ex — Jg, be the
canonical isomorphism defined by x — [x — 0]. Let us fix xg € Xg(K).
Then there exists a unique isomorphism f : Xx¢ — Eg such that, over an
algebraic closure of K, f(x) = [x — xo] for all closed points. Let h = f~.
Let us check that the morphism h- Ex = Jx, = Jg, isequal to A. We can
suppose K algebraically closed. Let y € Ex(K). We can write y = [x — xo]
for some x € Xk (K). Then

h(y) = [ () = h ' (x)] = [y — 0] = A ().
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Hence, 1.3(c) gives a commutative diagram

H' (Xx. Ox) —5 5 Lie (Pi — Lie (Pic?
(Xk,Oxg) ie(Picx, k) le( ‘CXK/K)

H! (h)l lLie )

9E . . . .
H'(Ek, Ofy) — Lie (Picg,x) — Lie (PIC%K/K).

Therefore, tx, = H I(h) by diagram (4). O

2. Morphisms of smooth S-group schemes

This section is independent of the rest of the paper, and the reader in-
terested only in its applications to Picard schemes and Néron models of
Jacobians may proceed directly to read the next section. Given any artinian
O k-module M, we let £(M) denote its length.

Consider an exact sequence of smooth algebraic groups over K

0 — Gy — Gx = G — 0.
Assume that this sequence is the generic fiber of an exact sequence
0— G — G5 G

of group schemes of finite type over S := Spec Ok, with G and G” smooth
and separated over S. We then have an exact sequence (1.1(a))

Lie (u
0 — Lie(G') — Lie(G) —% Lie (G).

The module Coker (Lie(«)) has finite length because Lie(G) ¢ —Lie (G") g
is surjective since Gy — G’ is smooth (1.1(c)). Let v : G’ — G’ be the
group smoothening of G’ ([7], p. 174). Our goal in this section is to prove
the following theorem.

Theorem 2.1. Assume that O is complete with algebraically closed residue
field, and let u : G — G" be as above. Then

@ Ifu(S): G(S) — G"(S) is surjective, then
¢(Coker (Lie (1)) = £(Lie(G")/ Lie (G")).

(b) In general, there exists a smooth group scheme D /k of finite type such
that D(k) is isomorphic, as abelian group, to Coker (u(S)), and such
that

¢(Coker (Lie (u))) = £(Lie(G')/ Lie(G')) + dim(D).
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Proof. Suppose that Ok is any strictly henselian discrete valuation ring.
The additional assumptions that Qg is complete and & is perfect will only
be used starting in 2.5. Let G’/ S be any group scheme of finite type with
smooth generic fiber. Its group smoothening G’/S is obtained from G’ by
a sequence of dilatations ([7], pp. 174-175)

G =G —...— G — Gy=0G,

where, for each i, the center of the dilatation is a closed smooth subgroup
scheme H;/k of the special fiber (G}). Consider now the closed immersion
G’ — G given in Theorem 2.1. Construct G, as the dilatation of the image
of Hy in Gy. Then the natural map G| — G is a closed immersion ([7],
3.2.2(c)). Similarly, construct G, as the dilatation of the image of H; in G;.
Repeating this process, we find that it is possible to obtain a commutative
diagram

G’ G
lg’ lg
G’ G,

where G'/S is the group smoothening of G, the map G’ — G is a closed
immersion, and the map g is a sequence of dilatations with smooth centers.
Consider the quotient map & : G — G” := G/G’. That this quotient
exists is proved, for instance, in [3], 4.C. That G /S is smooth of finite
type is proved in [SGA3] VI 9.2 (xii), p. 380. The same reference also
shows that i is faithfully flat (hence smooth), while (x) implies that G”/S
is separated. Note that the map ii(S) is surjective: given a section S — G”,
then S xgn G — S being smooth and S strictly henselian implies that
S X G' — S has a section. We have thus obtained a diagram of group
schemes with exact rows:

0—— G LG —— 0

G
4L
0—— G G — G
Consider the diagram induced by (5) on S-points:
i(s)

0—— G'(S) G(S) G'(S) —— 0
‘| il ¢l
0—— G'(S) G(s) —2s (),

with G’(S) — G’(S) surjective by construction of the group smoothening.
It follows that

6 00— G(S)/G(S) — G"(S)/G"(S) — Coker(u(S)) — 0
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is an exact sequence of abelian groups. Consider now the diagram induced
by (5) on Lie algebras:

~ ~ Lie (it ~
0 — Lie(G') — Lie (G) —2 Lie (G") —= 0

lLie ) lLie () lLie €"

0 — > Lie(G') —— Lie(G) —% Lie (G"),

where Lie (it) is surjective because i is smooth (1.1(c)). We easily extract
from this diagram the exact sequence

0 — Coker(Lie(g")) — Coker(Lie(g))
— Coker (Lie (g")) — Coker (Lie (1)) — 0.
It follows that
(7) £(Coker (Lie(u))) — £(Lie(G")/ Lie(G"))
= {(Coker (Lie(g"))) — £(Coker (Lie(g))).

By construction, the morphism g is a sequence of dilatations. Our next
proposition and its corollary 2.3 show that the same holds for g”. In the
second part of the proof 2.1, starting in 2.5, we use this fact to iden-
tify, when k is perfect, the groups G(S)/G(S) and G"(S)/G"(S) with the

k-points of two smooth k-group schemes C/k and C”/k, having dimensions
£(Coker (Lie(g)) and £(Coker (Lie (g")), respectively. O

Proposition 2.2. Let Ok be a discrete valuation ring. Let f : F — G be
a birational morphism of S-group schemes of finite type. Let a : wG;s—> wFys
denote the induced map of Og-modules (1.1(b)).

(a) We have a canonical exact sequence of O g-modules:

@) 0 — Lie(F) =Y Lie(G)

— Ext! (Coker a, Og) — Ext! (wFys, Ok).

In particular, Lie (f) is injective.

(b) Suppose that G is smooth over S and that f : F — G is the dilata-
tion with respect to a closed smooth subgroup scheme Hy of Gy. Let
d = codim(Hy, Gy). Then

£(Lie(G)/Lie(F)) =d.

(c) Suppose that S is henselian. Let S; := Spec(Ok/(7')). Let G/S be
smooth, and let f : F — G be a sequence of n dilatations with respect
to smooth closed subgroups. Then, for all i > n, the canonical map

ri t G(S)/ fIF(8)) — G(S)/ f(F(S))

is an isomorphism.
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Proof. (a) On the generic fiber, fx : Fx — Gy is birational and, hence,
is an isomorphism. It follows that both Ker o and Coker « are killed by
a power of 7. Recall that Lie(.) can be identified with Homy(w /s, O5)
(1.1(b)). We obtain the exact sequence (8) by taking the dual Homg (-, Os)
of the exact sequence

0 — Kera — wgys LN wrys — Coker a — 0.

(b) Since the dilatation F/S of a smooth group G/S§ is smooth, wr/s
is locally free, and, hence, the last term in (8) vanishes. Let us compute
Coker . Let s = dim Hy. Then there exists a system of local parameters
{x1, ..., x5, ¥1, ..., Yo, w} of G at 0 € Gy such that Hy = V(yy, ..., Y4, )
locally at 0. Since F is an open subset of the blowing-up of G along Hy, we
see that Oy = Og olz1, ..., 2al/(Ty; — zi,i =1, ..., d). We have an exact
sequence

0— Q6,50 ®og0 OF0—> 25,0 > /6.0 = B1<i<aOc.0dzi /mdz; — 0

([31], Exercise 6.3.8). Restricting to the unit section of F/§ gives rise to an
exact sequence

WG /s —> Wrs = Di1<i<aOk /() =~ k4 — 0.

Therefore, Coker o ~ k¢ and E(Extg{)K (Coker o, Ok)) = d.

(c) Since G(S) — G(S;) is surjective, it is enough to prove that r; is
injective. Let o« € G(S) be such that a|s, € f(F(S;)). Since F(S) — F(S;)
is surjective, we can change « by a section of f(F(S)) and assume that
als, = 0. Then Part (c) is an immediate consequence of the following
property:

(1) Ker(G(S) — G(S,)) € f(F(S)).

We prove now by induction on n that (1) and (2) hold, where

(2) Ker (F(S) = F(Spim) = G(Spm)) S Ker(F(S) — F(S,)) for
allm > 1.

Let us start with n = 1. Then property (1) comes from the univer-
sal property of the dilatation. Let er and e¢; denote the zero sections of
F and G respectively. Let a € F(S) be such that f(a)ls,., = &6ls,.,-
Then o maps the closed point of § to a point of F xg SpecOg,o =
SpecOg ol T, ..., Tal/(7T; — yj)1<j<q With the above notation. We have
mo(T;) = et.(y) =0 mod 7™+ Thuse*(7;) =0 mod 7™ and o (a) =
0 mod 7™*! for all a € O¢ . Therefore a|s, = &r|s,. This proves the
property (2) when n = 1.

If n > 2, we decompose F — G into a single dilatation F — F’ and
a sequence of n — 1 dilatations F” — G. Then (2) is easily deduced from the
case n = 1 and the induction hypothesis applied to F* — G. Property (1)
follows from (2) applied to F — F’' and F' — G. O

The above proposition has the following important consequence for
birational morphisms of group schemes over S (when G is affine,
see [65], 1.4).
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Corollary 2.3. Let S be the spectrum of a strictly henselian discrete valu-
ation ring Ok. Let f : F — G be a morphism of smooth S-group schemes
of finite type. Suppose that fx : Fx — Gk is an isomorphism. If f is
separated, then f consists in a finite sequence of dilatations with smooth
centers.

Proof. Let Hy be the schematic closure of Im (F(S) — F(k) — G(k))
in Gy. It is a smooth subgroup scheme of Gy, and F;, — Gy factorizes
through Hy — Gy. If Hy = Gy, then F;, — G} has dense image, so it is
faithfully flat ((SGA3], V14, 5.6). Hence, F — G is birational and faithfully
flat ((EGA], IV.11.3.11). It is an isomorphism by Lemma 2.4 below (where
the hypothesis that f is separated is used).

Now suppose that Hy # Gy. Let G; — G be the dilatation along Hj.
Then by the universal property of the dilatation, ¥ — G factorizes into
F — G, — G.If F — G is not an isomorphism, we start again with
a dilatation on G;. We construct in this way a sequence of dilatations

F—->G,—-> G, —..—> G —G.

If dim(Hy) = dim(Gy), then we find that the map G; — G is an open
immersion and H; = G It follows that G, = G, = F. If
dim(H;) < dim(G;), we find that Lie(G;)/Lie(G;—1) # 0 (2.2(b)).
Since Lie(G)/Lie(F) — Lie(G)/Lie(G,) is surjective, it follows that
there exists n < £(Coker (Lie(f))) such that F = G,,. m]

Lemma 2.4. Let T be an integral locally noetherian scheme with generic
point €. Let f : F — G be a morphism of flat group schemes over T. Let
H :=Ker f, withh : H — T the structural morphism.

(a) If f admits a section o : G — F, then f is faithfully flat.
(b) Assume that f is separated, of finite type, and birational (i.e., f; is an
isomorphism). If f is faithfully flat, then it is an isomorphism.

Proof. (a) The existence of o implies that ' — G is an epimorphism. Let
i : H — F be the canonical morphism. Then (i,0) : H X7 G — F is an
isomorphism of 7-schemes. Since G — T is faithfully flat and F — T is
flat, we find that H — T is flat. Thus the projection H x7 G — G is flat.
Since this projection corresponds to the map f, f is flat too.

(b) We claim that f is a monomorphism if 4 is flat. The morphism A
is separated, of finite type, and Hy = Ker f: = {0}. Since h is separated
and T is integral, H(T) consists only of the zero section. For any 7-scheme
T’ which is integral and locally noetherian, applying the previous remark
to the morphism Hy» — T’ and the integral scheme 7’ gives the equality
H(T’) = T(T"). The scheme H itself is integral since H/T is flat birational
and T is integral (see, e.g., [31],4.3.8). Letey : T — H be the zero section.
The equality H(H) = T(H) shows then that idy = €y o h. Thus, & is an
isomorphism, and f is a monomorphism.
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Let us suppose now that f is faithfully flat. From the above, H — T
is an isomorphism and F — G 1is an isomorphism of fppf-sheaves, hence
F — G is an isomorphism. m|

2.5. Let us now return to the proof of Theorem 2.1. Assume until the end
of the proof that Ok is complete and that & is algebraically closed. Let us
turn to defining the smooth group scheme D/k alluded to in the statement
of 2.1.

Let S; := Spec(Ox/(r")). The Greenberg functor Gr; of level i (see,
e.g., [7], p. 276) associates to each S;-scheme Y; locally of finite type
a k-scheme Gr(Y;) locally of finite type in such a way that, functorially
in Yi,

Yi(S;) = Gr;(Y)(Sy).

When K is of equicharacteristic p, Gr;(Y;) is simply the Weil restriction
Resg, /s, Y;, where §; — S is the natural structure morphism.

Let G /S be any scheme locally of finite type. Let G; := G x ¢ §;. Denote
by Gr;(G) the k-scheme Gr; (G;), and let Gr(G) denote the projective system
of k-schemes

. — Gr;(G) — Gri_;1(G) — ... — Gr1(G) = Gy.

Any morphism f : G — G” of S-group schemes induces in a natural
way morphisms f; : Gr;(G) — Gr;(G”) of k-group schemes, which give
a morphism of projective systems Gr(f) : Gr(G) — Gr(G"). We let
Coker (Gr(f)) denote the projective system {Coker(f;)};. When G/S is
smooth, Gr;(G)/k is smooth for all i ([5], 4.1.1).

Lemma 2.6. Assume that Ok is complete and that k is algebraically closed.
Let f : G — G" be a morphism of S-group schemes of finite type.

(a) If G"/S is smooth and f(S) is surjective, then Coker (Gr(f)) = {0}.

(b) IfG/S is smooth, then Coker (f(S)) is isomorphic to 1(i£1,- Coker (f; (k)).

(¢) If G and G" are smooth and if f is separated and birational, then there
exists n such that, for all i > n, Coker ( f;11)(k) — Coker(f;)(k) is an
isomorphism and dim Coker ( f;) = £(Coker (Lie f)).

Proof. Since G"/S is smooth, G"(S;;1) — G”(S;) is surjective. Since
Gr;(G)(k) — Gr;(G")(k) is identified with the map G(S;) — G”(S))
by construction, the hypothesis that f(S) is surjective implies that f; is
surjective for all i, thereby proving (a). To prove (b), note that any exact
sequence of projective systems

Gr;(G)(k) —> Gr;(G")(k) —> Coker(f;(k)) —> 0
produces an exact sequence of projective limits

lim; Gr;(G) (k) —> lim; Gr;(G")(k) — lim; Coker (f;(k)) — 0



470 Q. Liu et al.

if all maps Gr;(G) — Gr;_1(G) of the projective complex on the left
are surjective. This is the case when G /S is smooth. Hence, since Ok is
complete, we have an exact sequence

G(S) — G"(S) —> lim, Coker (f;(k)) — 0

which proves (b).

(c) By Corollary 2.3, f consists in a sequence of n dilatations with
respect to smooth closed subgroups. By construction, Coker(f;)(k) =
G"(S;)/ f(G(S;)). The isomorphism Coker (f;11)(k) — Coker (f;)(k) fol-
lows from Proposition 2.2(c). The equality dim Coker( f;) = £(Coker(Lie f))
comes from Proposition 2.2(b) whenn = 1. If n > 2, we decompose f into
f':F— Fand g : F/ — G as in the proof of 2.2(c). Then

£(Coker (Lie f)) = £(Coker (Lie f')) + £(Coker (Lie g)).
On the other hand, we have an exact sequence
0 —> F'(S)/f(F(S)) —> G(S)/ f(F(S)) — G(S)/g(F'(S)) — 0
which induces an exact sequence
0 — Coker (f!)(k) — Coker (f;)(k) — Coker(g;)(k) — 0

for all i > n. Hence, dim Coker (f;) = dim Coker (f/) + dim Coker(g;),
which allows us to achieve the proof by induction on 7. m|

Remark 2.7. Some hypothesis on G”/S is needed in Lemma 2.6(a). Indeed,
let G”/S be the group p,/S, kernel of the multiplication by p on G,,/S.
Let G/S denote the trivial group scheme, and let f : G — G” denote the
natural closed immersion. Assume that O g does not contains the p-th roots
of unity. Then f(S) is surjective as z,(S) is the trivial group. The reader
will check that the projective system Coker (Gr( f)) is not trivial.

When G/S§ is a smooth group scheme of finite type, dim(Gr;(G)) =
idim(Gg) if K is of equal characteristic and dim(Gr;(G)) = iedim(Gg)
if K is of mixed characteristics and e is the absolute ramification in-
dex (see, e.g., [5], 4.1.1). Thus, when G/S and G”/S are smooth with
dim(Gg) < dim(GY%), then lim; dim(Coker ( f;)) = oo. Under our assump-
tions on the morphism u# : G — G” in 2.1, on the other hand, we are going
to show that the projective system Coker(Gr(u)) is constant for i large
enough.

Let us return to the proof of 2.1. Part (a) of 2.1 follows from Part (b).
Indeed, when u(S) is surjective, we find that D(k) = {0} in (b). Since k
is algebraically closed, we conclude that dim(D) = 0, and the formula in
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(b) implies (a). Let us now conclude the proof of 2.1(b). Consider the right
hand side of the diagram (5):

N

G G" 0

el

G — G

The morphism g” is separated and an isomorphism on the generic fiber. It
follows then from 2.3 that g” is a finite sequence of dilatations with smooth
centers. By construction, the same holds for g.

We apply Lemma 2.6(c) to the maps g and g” and find that there exists
ip € N such that for all i > i, the natural maps Coker(g;) — Coker(g;_1)
and the natural maps Coker (g/) — Coker(g! ) are all isomorphisms of
smooth group schemes. Denote by C and C” the smooth groups Coker (g;,)
and Coker (g ), respectively, and let ug : C — C” denote the map between
them induced by u. Denote by D/k the (smooth) group Coker u. It follows
from Lemma 2.6(b) and the exact sequence (6) that we have a commuting
diagram with vertical isomorphisms:

co Y cw — Dk — 0

I I I

0 —> G(8)/G(S) —> G"(8)/G"(S) —> G"(S)/G(S) — 0.

We find that the map u((k) is injective and, thus, we can conclude with
Lemma 2.6(c) that

dim(D) = dim(C") — dim(C) = ¢(Coker (Lie(g"))) — £(Coker (Lie(g))).
To conclude the proof of 2.1, it suffices to apply Equality (7). m|

Remarks 2.8. a) Keep the hypotheses of 2.1, and assume in addition that
the morphism u : G — G” is faithfully flat, so that the sequence 0 —
G' - G — G” — 0 is exact in the fppf-topology. In this case, the
three invariants appearing in the statement of 2.1 depend on G’/S only,
and not on the expression of G’ as the kernel of a morphism of smooth
group schemes. Indeed, this is clearly the case for ¢(Lie(G’)/ Lie (G’)).
The cokernel G”(S)/G(S) can be identified with the cohomology group
H}ppf(G’), as H}ppf(G) = {0} since G/S is smooth. Finally, as G'/S is
flat, Lie (G”)/ Lie (G) can be computed in terms of the cotangent complex
of G’ (see [21] (4.3.3)).

b) It is natural to wonder whether Part (a) of Theorem 2.1 still holds when
k is only assumed to be separably closed. In other words, if G(S) — G”(S)
is surjective, is it true that £(Lie (G’)/ Lie (G")) = £(Coker (Lie (1)))? This
is the case when G’/S is smooth.
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¢) Suppose that dim(G’) = 0. Then G, /K is étale in our context, and
we have Lie (G’) = Lie(G’). When G'x/K is only assumed to be finite and
G — G’ is faithfully flat, the computation of dim(D) in 2.1(b) is found
in [5], 4.2.2.

Examples 2.9. All terms in the formula of 2.1(b) can be non-zero.

a) For instance, dim(D) # 0 for any non-trivial dilatation u : G — G”
of any smooth group scheme G”/S. A very interesting sequence of
dilatations is obtained as follows. Let L/K be a finite extension, let
S" = Spec @, and let G ¢ be an algebraic group. Suppose that the Néron
model G/S of Gk and the Néron model H/S' of G exist. We obtain
in this case a natural map G xs S’ — H. The length of the cokernel
Lie(H)/Lie(G xg §') is studied in [9] and [10].

b) To find an example where £(Lie(G’)/ Lie(G")) # 0, consider a finite
separable totally ramified extension L/K, and let G — G” be the norm
map N : Ry/sG,, s — G, s (Where Ry s is the Weil restriction to S,
see [7], 7.6). The kernel G’ of this map is usually denoted by R]S, / sGm,s.
The reader will verify that there is a natural commutative diagram with
vertical isomorphisms

Lie(G) — 2™ 1ie(G")

]

(9L (9K

We find that £(Lie(G")/ Lie(G)) = €(Ok/Tryk(Or)). Let Dk de-
note the different of L/K. As in [53], V.3, Lemma 4, when [L : K]
is prime, we find that £(Ok /Try,x(Or)) is equal to the integer part of
UL(@L/K)/[L P K]

Assume now that K is complete with algebraically closed residue field.
Then it is known that Norm(L*) = K* for any finite separable extension
L/K (see, e.g., [53], V.5, prop. 7). Since vg(Norm(x)) = vy («), we
find that Norm(O7) = O, so that the map N(S) is surjective. It follows
from 2.1 that ¢(Lie(G’)/Lie(G')) = £(Lie(G")/Lie(G)). The latter
integer is not zero when L /K is wildly ramified. The smoothening map
G’ — G’ is described in [33], 5.6, when L/K is cyclic of degree p.

c) Let us return to the general formula of 2.1(b). Suppose that G and G”
are the Néron models of two abelian varieties Gx and G%, with G
semistable. When v(p) < p — 1, then £(Lie(G")/Lie(G)) = 0 ([7],
7.5/4), and when v(p) = p — 1, then £(Lie(G’)/Lie(G’)) = 0 and
p — 1] dim(D) ([1], Theorem A.1).

It is possible to slightly generalize Theorem 2.1 as follows. Let

o
G': ...— G -5 Gt — ..
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be a bounded complex of separated smooth S-group schemes of finite type.
Assume that G* is exact on the generic fiber. When k is algebraically
closed, we associate to this complex two invariants as follows. Consider the
associated complex of Lie algebras

Lie(G*) : ... —> Lie(G) =% Lie(G"*!) —> .. ..

By hypothesis, this complex of (g-modules becomes exact when tensored
with K. Thus, we can define

hi;e(G*) := £(Ker (Lie (u;)) /Im(Lie (u;-1)),
and i (G*) := Z( D' (G*).

Note that one can define a Cartier d1v1s0r D := Div(Lie(G*)) on S ([26],
pp- 4748, see also 5.3) such that det(Lie (G*®)) is canonically isomorphic
to Os(D), and i (G*) is then equal to the degree of D.

Consider a morphism u# : F — G of separated S-group schemes of
finite type, with Fx and G smooth and Fx — G g smooth and surjective.
Then the group Coker (#(S)) can be endowed with the structure of a smooth
algebraic group over k. Indeed, consider the group smoothenings F and G
of Fand G, and let it : F — G be the associated morphism. Recall that
F(S) = F(S) and G(S) G(S). Then, as we showed in 2.1, there exists
a smooth group scheme of finite type D/k such that D(k) = Coker (i(S)).

For each map u; : G' — G'*!, consider the associated morphism
G'~! — Ker(u;), again denoted by u;_;. Let D, /k denote the group scheme
such that D; (k) = Ker (u;(S))/Im(u;_;(S)). Define

higins(G®) :=dim(D;)  and  ¥poins(G®) —Z( DR s (G).

Theorem 2.10. Let G* be a complex of S-group schemes as above. Then

XLie (G.) = Xpoims(G.)-
Proof. Left to the reader. Proceed by induction on the length of the complex.

3. Comparison of Lie algebras

Let S = SpecOk,andlet f : X — Sbe aproper and flat curve, with X regu-
lar and f,Ox = Og. Let J/S denote the Néron model of Jac (X ). We want
to compare Lie (Pic x/5) with Lie (/). As we shall see, these @ g-modules
are naturally isomorphic when k is perfect and X is cohomologically flat
in dimension zero ([7], p. 206) or, equivalently, when k is perfect and
H'(X, Oy) is torsion-free. In the case where X is not cohomologically flat
in dimension zero, the functor Pic /s is, unfortunately, not representable
by an algebraic space over S ([48], 2.4.4, or [7], 8.3/2). To alleviate this
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technical difficulty, the rigidified Picard functors introduced in [48], 2.1.2
and 2.4.1 (or [7], 8.1/11), allow for a resolution of Pic x5 by a sequence of
group spaces. We recall below this theory, following the notation of [7]. We
will show that when § is strictly henselian, Pic x5 has in fact a resolution
by group schemes (3.2). Consideration of this resolution and its associated
sequence of Lie algebras allows us then to prove our main theorem 3.1.

A rigidificator Y/ S of the relative Picard functor Pic x5 is a subscheme
Y C X which is finite and faithfully flat over S, and such that the map

H(Xr, Ox,) —> H°(Yr, Oy,),

induced from the inclusion Y7 — X7, is injective for all S-schemes 7. It is
shown in [48], 2.2.3, that Pic x5 has a rigidificator. An invertible sheaf on
X rigidified along Y is defined to be a pair (£, @), where L is an invertible
sheaf on X and « : Oy — L]y is an isomorphism. Two pairs (£, o) and
(L', ') are said to be isomorphic if there is an isomorphism ¢ : £ — L’
such that |y o @ = . We let

(Picx/s, Y) : (Sch/S)? —> (Sets)

denote the group functor that associates to any S-scheme 7 the set of
isomorphism classes of line bundles on X7 rigidified on Y7. We let

h: (PiCx/S, Y) —> PiCx/S

denote the natural transformation of functors obtained by forgetting the
rigidification. Both functors are formally smooth ([7], 8.4/2), and 4 is an
epimorphism of étale sheaves. The functor (Picy/s, Y) is always repre-
sentable by an algebraic space over S ([48], 2.3.1). The functor Pic x/s is
representable by an algebraic space over S if and only if X/S is cohomo-
logically flat in dimension O ([48], 2.4.4).

Let P and (P,Y) denote respectively the subfunctors of Pic /s and
(Picx/s, Y) consisting of the line bundles of total degree O (see [7], p. 265).
We will denote again by A the map h|(py).

Consider the subfunctor Ker(4) of (P, Y). Since the generic fiber of
P is representable, so is the generic fiber Ker(hg) of Ker (/). Let then
H denote the schematic closure of Ker(hg) in (P, Y) (see [48], 3.2 ¢)).
Proposition 9.5.3 in [7] states that the fpp f-quotient Q := (P, Y)/H is
representable by a smooth and separated group scheme over S. The map
(P,Y) — Q factors through (P, Y) — P, to give a map

q: P— Q
which is an isomorphism on the generic fiber. Thus, Q g coincides with the

Jacobian Jg of Xg. Since X is regular, the group scheme Q/S is of finite
type ([7], 9.5.11). Our main theorem in this section is:
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Theorem 3.1. Let O be a discrete valuation ring. Assume that f : X — S
is a proper and flat curve, with X regular and f,Ox = Og. Consider the
natural map of Lie algebras

Lie(q) : Lie(P) —> Lie(Q)

induced by the map q : P — Q. Then

(a) The kernel of Lie(q) is isomorphic to the torsion subgroup of H' (X,0x).

(b) Assume that the residue field k is perfect (in which case Q is the Néron
model of Ji, see 3.7). Then the kernel and cokernel of Lie (q) have the
same length.

Proof. We saw in Proposition 1.3 that Lie (P) can be canonically identified
with the @g-module H'(X, Ox). To prove (a), let us note that the map
q : P — Q is an isomorphism on the generic fiber. Hence, the kernel
of the map Lie(g) is equal to the torsion submodule of Lie(P) since the
O k-module Lie (Q) is torsion-free, Q/S being a smooth group scheme.

The proof of Part (b) will occupy the rest of this section. Let us start by
noting that it is sufficient to prove the case where O is strictly henselian and
even complete. It is only when using the main result of Sect. 2, Theorem 2.1,
that we will need to distinguish between separably closed and algebraically
closed residue fields. Thus, until the end of this section, we only assume
that & is separably closed.

When P/S is an algebraic space, the proof of (b) is substantially sim-
plified: the map P — Q is an étale map of algebraic spaces and, thus, the
map Lie(P) — Lie(Q) is an isomorphism (1.1(c)).

Let us recall now the description of the kernel Ker () of the map & :
(Picx,s, Y) — Picy/s (see for instance pp. 206-209 of [7]). Clearly, given
T/S, we can map a global invertible section @ on Y x5 T to the pair (Ox,, )
in Ker (h)(T), where the isomorphism « : (Ox, )y, — (Ox,)y, is the
multiplication by a. One shows that given Z/S proper and flat, the functor

(Sch)? — (Sets), T+ H(Zr,0z,)
is representable by a scheme V/S, and that the subfunctor of units

(Sch)’ — (Sets), T+ H(Zr,03)
is represented by a smooth open subscheme V7 of V. When ¥ C X is
a rigidificator, the induced morphism Vy — Vy is a closed immersion
which induces an immersion Vi — Vy of group schemes. The following
sequence is an exact sequence of sheaves with respect to the étale topology

([48],2.1.2,2.4.1):

9) 0 — Vi — Vy — (Picys, Y) — Picx;s — 0.
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This is the ‘resolution of Pic x5 by group spaces’ alluded to at the beginning
of this section. In order to obtain objects that are of finite type, we may pass
to the analogue commutative diagram:

0 Vi Vi (PY) —— P 0
| | il
0 H (P, Y) _ 0 0.
Since Vy/S is flat, we find that Ker(h) € H. m]

Proposition 3.2. The functor (Picy;s,Y) is representable by a smooth
group space. Its connected component of zero (Pic x5, V)0 is represented by
a separated smooth group scheme. If S is strictly henselian, then (Picx,s, Y)
is representable by a smooth group scheme (not separated in general).

Proof. Recall that since (P, Y) and (Picy/s, Y) are represented by alge-
braic spaces smooth along the unit section, (P, Y)? and (Pic X/Ss Y)? are
represented by open subspaces (see [SGA3] VIp, 3.10, p. 344, for group
schemes).

As we mentioned above already, (Picy s, Y )? is represented by a smooth
group space. To show that (Pic x/s, Y)? is represented by a separated smooth
group scheme, it is sufficient to show that (Picx/g, ¥ ) is a separated group
space (definition in [48], 3.2 a)). Indeed, any separated group space G/S
is a group scheme ([3], 4.B, or [48], 3.3.1, when G /S is smooth). To show
that a group space G/S is separated, it is sufficient to show that the unit
section of G is closed. Indeed, let E£/S denote the schematic closure in
G of the unit section of Gg. Then the quotient G/E is a separated group
scheme ([48], 3.3.5).

To show that the zero section of G := (Pic /s, Y)?is closed, we proceed
as follows. The morphism € : § — G is an immersion, closed on the generic
fiber, and it is closed if, for each étale covering U — G (with U a scheme),
the map S xg U — U is a closed immersion'. The latter property can
be checked after a base change T — S which is faithfully flat and quasi-
compact ([EGA] IV, 2.6.2), so we can assume that S is strictly henselian.
We claim that to prove € : S — G is a closed immersion, it suffices to check
that the set G((S) of sections € G(S) such that g = € contains only
the section €. Indeed, for any section u : S — U such that ux = pg for
some section p : S — S xg U, we have u € (S x¢g U)(S) (composing
with U — G givesrise to asection S — G in Go(S) = {€}). The reader will
check that this property implies that S x5 U — U is a closed immersion,

' Note that the criterion given in [7], p. 225, states that € is a closed immersion if, for
any scheme Y and morphism ¥ — G, Y x¢g Sisascheme and ¥ xg § — Y is a closed
immersion. Since € is an immersion, we find that ¥ x ¢ S is a scheme ([25], p. 109). The
proof of the equivalence between the two criteria is left to the reader.
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having in mind that S x s U is a union of copies of §,and § xg U — U is
an immersion, closed above the generic point of S.

Let us show that the set of sections of (Picx/s, Y )2(S) reducing to ex
consists only in the unit section. Consider the natural exact sequence

(10) 0— Pic(T)— Pic(X x5 T)— Picx/s(T)— Br(T)— Br(X x5 T).

Since Sis strictly henselian, Br(S) = (0) and we have Pic (X) = Pic x/s(S).
Note that by setting 7 = Spec (K) in (10) we obtain the exact sequence:

(1) 0 — Pic(Xg) — Picy/s(K) — Br(K) — Br(Xg),

which will be used in the next sections. Thus, every element of
(Picx/s, Y)%(S) is represented by a pair of the form (£, ), where
&L € Pic(X). (Note that (Picx/s, Y) is an fppf-sheaf, while Picx,g is only
the fppf-sheaf associated with the presheaf T — Pic (X x s T') ([48], 2.1.2).
If £ is trivial on the generic fiber, we can identify (£, &) with (Ox (D), «),
where D is a divisor supported on the special fiber. Now the condition that the
element is in (Pic ys, ¥)°(S) implies that we can assume that D = gr~' X
with 0 < g < r—1, where r is the gcd of the multiplicities of the irreducible
components of X;. We have to show that (Ox (D), o) >~ (O, Id).

By hypothesis, (Ox, , ax) = (Ox,, 1d). So there existsa € HXk, (9}}1()
= K* such that ax : Oy, — Oy, maps 1 to a. Let y € Y. Consider the
isomorphism

oy . (gy’y —> (gx(D) X (9)/,),.

There exists a basis e of Ox(D), such thate := (1) =ain Ox(D) ® Oy,
®K.Thisimpliesthate = ain Ox(D)®0y,, and, thusa = e+ebin Ox (D),
forsomeb € Ox(—Y), C m,Ox ,.LetI" be anirreducible component of X
passing through y, of multiplicity s in X;. The element a, being, up to a unit,
a power of 7, is a function having on I" a pole of order a multiple of s. Since
b+1isaunitat y, we see that e(b+1) has a pole on I" of order exactly gs/r. It
follows that r | g, which implies thatg = Oanda € O%. Thus Ox(D) = Ox
and (Ox(D), o) ~ (Ox, 1d).

Assume now that (Pic x/s, Y)%is a scheme. Since (Pic x /s, Y)is asmooth
algebraic space, it is equal to the schematic closure of its generic fiber.
Proposition 3.3.6 2) of [48] implies that when k is separably closed and
(Picx/s, Y)? is separated, then (Pic x/s, Y) is a scheme. m]

Let us now consider the Lie algebras associated with the resolution of
Pic x,s. The functorial definitions of V§ and V} recalled above immediately
allows the computations of their Lie algebras, and one find that the following
natural diagram with vertical isomorphisms of @) g-modules is commutative:

00— Ox(X) —— 0Oy(Y)

| |

0 — Lie (V) — Lie (V;).
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Proposition 3.3. Keep the above notation. The exact sequence of Lie alge-
bras associated with the exact sequence of functors (9) is exact:

0 — Lie(Vy) — Lie(Vy) — Lie(Picy/s, Y) — Lie(Picx,s5) — 0.

Proof. Inthe proof that the functor (Pic x/s, Y) is representable ([48],2.3.1),
the existence of a natural exact sequence of the form

0 — Ox(X) — Oy(Y) —> Lie(Picyxs, Y) — H'(X, Ox) — 0,

is established in (x) on p. 36, taking, in the notation of the bottom of p. 35,
Ay = Ogand A = A = Os,. We established in 1.3(b) that H' (X, Ox)
is canonically isomorphic with Lie (Pic x/5). We leave it to the reader to
check that the four-term sequence above can be naturally identified with the
four-term sequence in the statement of the proposition. m|

Remark 3.4. Let I C Ox denote the sheaf of ideals defining the sub-
scheme Y. The exact sequence of coherent sheaves 0 — I — Ox —
Oy — 0 induces the long exact sequence

(12)  0— f.O0x —> f.Oy —> R'f,l — R'f,.0x —> 0

of coherent sheaves on S. The exact sequence of Lie algebras associated
with the exact sequence of functors (9) can be canonically identified with
the exact sequence of global sections over S associated with the exact
sequence (12).

Let S be strictly henselian. Since (Picx/s, Y) is a scheme, (P, Y) is an
open and closed subscheme and (P, Y)? is an open subscheme of (P, Y).
Consider the closed subscheme H, := H N (P,Y)? and its open sub-

scheme HY/S. Let H, /S be the group smoothening of H;/S ([7], pp. 174—
175).

Lemma 3.5. (a) The map Vy — (P,Y) factors through V; — H; C
(P,Y)"

(b) Letr be the gcd of the multiplicities of the irreducible components of X.
Then we have an exact sequence

Vy(S) — Hi(S) > Z/rZ — 0.
(c) There are natural immersions of group schemes
Gm,s — Vy — Vy,

with G,, s — Vi a closed immersion.
(d) The map Vy — H, factors through H; and the sequence

0— Gpus—> Vi — H — 0

is exact.
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(e) We have a natural diagram with exact lines:

0 —> Lie(Hy) —> Lie((P, ¥)?) —25 Lie(P") — 0

l |l

0 —> Lie(H;) ——> Lie((P.Y)") =% Lie(0").

Proof. Letx = (L, @) € H,(S). Then on the generic fiber, Lx >~ Ox,. So
up to isomorphism of (£, @), we can write £ = Ox (D) for some vertical
divisor D. On the special fiber, we have L]|x, € P,?, which means that
deg L|r = 0 for all irreducible components I" of X;. Hence, D = gr~'X;
for some g € Z.

(a) and (b). Since Vy is connected, it maps to (P, Y)? with image in H.
This gives a canonical morphism Vy — H;. The map

Hi(S) —> Z/rZ, (Ox(gr™'Xp).a) > G € Z/rZ

is surjective. An element (O x (D), «) is in the kernel if and only if D € Z X,
which is equivalent to O x (D) ~ Oy and, hence, equivalent to (Ox (D), @) €
Ker(h)(S) = Im(Vy(9)).

(c) Recall that the subscheme Y C X is finite and flat over S. It follows
that the group scheme V/S§ is nothing but the Weil restriction Ry;sG,, y
([71, 7.6). Indeed, by definition, the group scheme Ry,sG,, y represents the
functor T — I'(Y7, (92), and is thus equal to V. Note now the inclusions

I(T,07) € T'(X7, 0%,) € T(Yr, 03,).
We thus find natural morphisms of representable functors
Gm.s > Vy = Vy.

The map ¥ — S corresponds to a morphism of rings O — A. Using
a basis for A over Ok, it is easy to see that the composition G, s — Vy is
given by a surjective morphism of rings and is thus a closed immersion.
(d) The quotient Vy/G,, s is a smooth group scheme (see [3], 4.C, for
the existence of the quotient. Since G,, s is a torus and Vy is affine, see also
[SGA3] VIIL, 5.7, p. 19. For smoothness, see [SGA3] VI 9.2 xii, p. 380)
and the map Vy — H, factors through V;/G,, 5. Since Vy /G, s is smooth,
the map V*/Gm s — H, factors through a map g : Vi /Gus — H,. Let us
show that g is an open immersion. Clearly, gk is an 1somorphlsm Recall that
since H, — H, is a group smoothening, H,(S) — H;(S) is a bijection.
Part (b) shows then that the cokernel of the map g, on the special fiber
is finite. Since both Vy/G,, s and H 1 are flat and the dimension of their
generic fibers are equal, the dimension of their special fibers are also equal.
It follows that the morphism g, is quasi-finite and, thus, so is g. Since
Vy /G, s — Sis affine, g is separated. We may thus apply Zariski’s Main
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Theorem ([EGA], IV3, 8.12.10), to show that g is an open immersion. Since
the fibers of Vy /G,, s are connected, g is an isomorphism between Vy /G, s
and HY.

(e) The morphisms G,, s — Vi — Vy induce the maps of Lie algebras
Os — f.Ox — Lie(Vy) (see the commutative square before 3.3). Since,
by hypothesis, Os = f.Ox, we find that the exact sequence of smooth group
schemes in Part (b) of our lemma gives Lie (H)) = Lie (Vy)/Lie(Vy). The
four-term sequence of Lie algebras in 3.3 can thus be replaced by the exact
sequence:

0 —> Lie(H;) —> Lie((P,Y)") — Lie(P%) — 0. -

To conclude the proof of Theorem 3.1, note first that it follows immedi-
ately from Diagram 3.5 (e) that

Ker(Lie(q)) >~ Lie (H;)/ Lie(H;), Coker(Lie (¢)) =~ Coker (Lie (h)).

Assume now that k is algebraically closed. Consider the morphism of smooth
separated group schemes

(P, Y)° s 0

and apply toit 2.1. Since the induced map on S-points, (P, Y)°(S) — ~QO(S),
is surjective ([7], p. 275), Theo_rem 2.1 implies that Lie (H;)/ Lie (H;) has
the same length as Coker (Lie (4)), and Part (b) follows. m]

Remark 3.6. When k is imperfect, we have been unable to find examples
where the lengths of Ker (Lie (¢)) and Coker (Lie (¢)) are not equal. In a very
particular case (8.13), we are able to show that these lengths are in fact equal.

In order to state our applications of Theorem 3.1, let us recall the rela-
tionship between the group scheme Q and the Néron model of the Jacobian
J K of X K-

Facts 3.7. Let f : X — S be a proper and flat curve, with X regular and
f:O0x = Os.

(a) If k is perfect or if X/S has a section on O3, then the group scheme
Q/S is the Néron model of J¢ /K.

(b) Suppose S strictly henselian. Then Q is the Néron model of Jg if
Pic’(Xx) — Jx(K) is an isomorphism. The latter happens for in-
stance if the residue field k of Ok is algebraically closed (see also [48],
8.1.4 b)).

Proof. (a) When X is regular and f,Ox = Oy, the generic fiber Xg /K
is geometrically irreducible. Indeed, X gser / K*¢P is regular and connected,
so it is irreducible. Since X gag — Xkgsp iS @ homeomorphism, X gag is
irreducible. Part (a) follows then from [7], 9.5.4. (b) Most of this statement
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is contained in the proofs of [7], 9.5.4 and 9.5.2. The key is to note that
Pic’(Xx) — P(K) = Jg(K) is an isomorphism if and only if the canonical
map P(S) — P(K) is surjective. Indeed, since X is regular, each line bundle
on Xk extends to a line bundle on X, and using [7], 9.1/2, we find that this
extension is in P(S). So the image of P(S) C Pic(X) in P(K) is equal
to Pic®(X k). Since Q/S is a smooth separated group scheme of finite type,
it follows from [7], 7.1/1, that Q is the Néron model of its generic fiber if
and only if Q(S) — Q(K) is surjective. Since the map P(K) — Q(K) is
the identity, we find that if P(S) — P(K) is surjective, then Q(S) — Q(K)
is surjective. This achieves the proof. m|

Let J/S denote the Néron model of Jx /K. Examples where the natural
maps Q — J and Lie (Q) — Lie(J) are not isomorphisms are given in 9.3.
We do not have an example where P(S) — Q(S) is not surjective.

The following corollary to 3.1 is an essential ingredient in the proof of
our theorem 6.6 on the reduction of curves of genus 1.

Theorem 3.8. Let X /K be a smooth projective geometrically connected
curve of genus 1, and denote by Eg /K its Jacobian. Let X/S and E/S
be regular models of Xk and Eg. Then there exists a homomorphism of
O x-modules

1y : HY(X, Ox) — H'(E, OF)

such that the following diagram is commutative:

H'(X,05) —— H'(E,Op)

| |

X
H'(Xk,Ox,) —— H'(Ex, Og,),

where the vertical maps are the natural ones induced by the open immersions
Xk C Xand Ex C E, and tx, is described in 1.4. When k is perfect, the
kernel and cokernel of Tx have the same length.

Proof. We have Pic %K k= Ek. Since E/S has a section, the Néron model
of PiC%K ,x can be obtained using E it is the group scheme Q g, quotient

of Pg. Consider the group functors Py and Qy associated to X. The canon-
ical identification A : Ex = Pic())(K K Pic%K ¢ (recalled in 1.4) extends
to a morphism Qy —> Qp, since Qx/S is smooth. The maps

Px — Ox — Qp <— Pg
induce maps of the corresponding Lie algebras
Lie(Px) — Lie(Qx) — Lie(Qk) <— Lie(Pp)

(13) ex(SJ 9E<S)T
H'(X, Ox) H(E, Op),
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where 0x(S) is the map on S-sections of the canonical isomorphism of
fppf-sheaves of Og-modules Oy : R! f:Ox —> Lie(Picy/s) introduced
in 1.3(b). The map Lie (Qg) < Lie(Pg) is an isomorphism since the map
Pg — Q% is an isomorphism (Fact 3.7(a)). Thus, we can define a map
of Og-modules 7y : H'(X, Ox) — H'(E, Of) which renders the above
diagram commutative. The compatibility with the map tx, follows from
the definition of 7y, in 1.4 and the sheaf properties of 0.

When k is perfect, Qx is the Néron model of Eg (3.7(a)). Thus the
morphism Qy —> Qg is an isomorphism. It follows immediately from
3.1(b) that the kernel and cokernel of ty are of the same length. O

4. Application to conjecture d) of Artin and Tate

4.1. Our second application of Theorem 3.1 pertains to the conjectures of
Artin-Tate and Birch-Swinnerton-Dyer. Let k be a finite field of character-
istic p. Let V/k be a smooth projective geometrically connected curve with
function field K. Let X /k be a proper smooth and geometrically connected
surface endowed with a proper flat map f : X — V such that the generic
fiber X ¢ /K is smooth and geometrically connected of genus g. The conjec-
ture of Birch and Swinnerton-Dyer for the Jacobian Ax/K of Xx/K and
the conjecture of Artin-Tate for X /k are conjectured by Artin and Tate to be
equivalent ([58], conj. d)). This equivalence has been shown when, for each
place v of V, the curve Xk, has index 1 (where K, is the completion of K
at the place v). See [58], [16], 6.1 and [38], 1.5. Recall that the index §(Xg)
of a curve over a field K is the least positive degree of a divisor on X g. The
hypothesis 6(Xg,) = 1 for all v implies that f is cohomologically flat in
dimension zero.

The condition that f is cohomologically flat in dimension zero is ex-
plicitly used in [58] and [16] to express the Euler-Poincaré characteristic
x(X, Ox) in terms of the degree on V of the line bundle /A\*® wav (see (14)
below), where A/V denote the Néron model of Ax /K over V. Theorem 3.1
can be used to show that (14) still holds even when f is not cohomologically
flat. To see this, let us state first the analogue of Theorem 3.1 in the current
context.

Theorem 4.2. Let k be aperfect field. Let V/k be a smooth proper curve with

function field K. Let X /k be a projective smooth geometrically connected
surface. Let f : X — V be a proper and flat curve, with f,Ox = Oy.
Consider the subfunctor P of Pic x,y consisting in the line bundles of total
degree 0, and let Q/V denote its largest separated quotient.

(a) Then Q/V is represented by a smooth group scheme of finite type, and
Q/V is the Néron model of the Jacobian Ak /K of Xk /K.

(b) The kernel and cokernel of the canonical map Lie(q) : R' f,.Ox —
Lie (Q) are torsion sheaves on 'V of same length.
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Proof. (a) The results recalled in 3.7 show that the statement of (a) is correct
when V is replaced by Spec (Oy,,,) for any closed point v € V. Corollary 1.2
in [SGAG6], Exp. XII, implies that there is a dense open set U C V such
that Pic j-1 ¢,y is representable by a separated smooth scheme locally of
finite type. Note that under our hypotheses, Xg/K is not assumed to be
smooth. In particular, Ax /K is not necessarily an abelian variety. The curve
Xk /K is, however, geometrically irreducible (proof of 3.7 (a)). It follows
that by restricting U if necessary, we can assume that f~'(U) — U has
geometrically irreducible fibers ([EGA], IV, 9.7.8). Since the geometric
fibers are irreducible, the groups of components of Q,/Spec(Oy,,) are
trivial for all v € U ([7], 9.5/9). It follows that Qy /U is equal to the
connected component of zero of Pic s-1(yy,y. Using [7], 1.2/4, we find that
the scheme Qy /U is then the Néron model of its generic fiber. As in the
proof of [7], 1.4/1, we conclude that Q/V is represented by a scheme of
finite type, and is a global Néron model for Ag /K.

(b) The kernel and cokernel of Lie(g) are torsion sheaves on V since
both of these sheaves are trivial when restricted to the dense open set U.
Then (b) follows immediately from the local statement 3.1. |

We return for the remainder of this section to the hypotheses of 4.1,
where X /K is smooth. Part (b) of 4.2 implies that x(V, R' £,0x)) =
x(V, Lie(Q)) = x(V, a)é/v). Using this equality, we find, as in [16], 2.4
and 6.5, that

8
(14) X(X, 0x) = deg ( \ wo,v) + (1 — ) x(V, O).

This equality is exactly what is needed to prove the following generalization
of the main result of [16], Theorem 6.3. Recall that the period §'(Xg) of
acurve X is the order of the cokernel of the degree map Pic x . /x (K) — Z.
Clearly, §'(Xg) divides §(Xk). When K is a local field (i.e., complete
with finite residue field), we have §(Xg) = §'(Xk) or §(Xg) = 28'(Xk),
and §(Xg) = 28 (Xg) if and only if §(Xg) does not divide g — 1 ([30],
Theorem 7). In particular, §'(Xg) always divide g — 1. In fact, the results
of [30] are stated only for finite extensions of Q,, but once Tate’s duality
holds in the equicharacteristic case (see, e.g., [39], III 7.8), the same proofs
work over any local field. Let ITT(A g ) denote the Shafarevich-Tate group of
the abelian variety Ag /K. It is well-known that if either III(Ag ) or Br(X)
is finite, then so is the other. We let § := §(Xk), 8" := §'(Xk), 8, := 8(Xk,),
and 8/ := §'(Xk,).

Theorem 4.3. Let X/kand f : X — V be as in 4.1. Assume that 11T (Ag)
and Br(X) are finite. Then the equivalence of the Artin-Tate and Birch-
Swinnerton-Dyer conjectures holds exactly when

(15) (AR ] [ 8,8, = 8Br(X)].
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Proof. We claim that the only places in [16] where the hypothesis that
f is cohomologically flat in dimension zero is used” is in 2.4 and 6.5,
to obtain Formula (14), and in the course of the proof of Theorem 6.3,
in (6.2.1). As we discussed above, Formula (14) also holds without the
hypothesis of cohomological flatness. To complete the proof of (6.2.1)
when f is not cohomologically flat, we need the following variation on
Proposition 3.3 in [16]. Let v € V be a closed point with residue field k(v),

and let N, := [k(v)|. Let Xy = Y17, 7o Xoo and let X, ;o5 = % X

a
i=a j=1

Then the zeta function of X, /k(v) is:

a,j-

P (T)

Z( Xk, T) =
Keor ) = e (= N

(see [16], 3.3).

Lemma 4.4. Let A°/k(v) denote the connected component of zero of the
special fiber of the Néron model of Jac (X )/K over Ok,. Then

Pi(N,") = [AD (k)| N, .
Proof. Letd := dim(Picx,, /kw))- It is shown in [16], 3.3, that
Pi(N, ) = |Pic gk(v) Iy K@) [N

When £ is perfect and X/V is not cohomologically flat, the kernel of the
natural faithfully flat ([48], 4.1.2) morphism

.0 0
Pchk(v) — A

is a non-smooth group scheme E,/k(v) ([48], 6.4.2). The connected com-
ponent of zero Eg of E, is unipotent ([48], 6.3.8 (ii)). Consider the quotient
B, = Pic()’(k(v)/ EY. Then B, is an abelian variety isogenous to AY. Since
k(v) is finite,

|B,(k(v)| = |A)(k(v))]

(see [43], Appendix 1, Theorem 2 (c)). When & is perfect, H'(Gal (k/k), G)
= {0} for any connected (possibly not smooth) unipotent group G /k, since
such a group has a filtration with quotients isomorphic to G,/k or a,,/k.
Therefore,

IPic%,, kw K@) | = | EY (k)| B, (k(v))].

Since Eg is unipotent, |E8(k(v))| = |E8’red(k(v))| = NSim(E"). The lemma
follows. o

2 This hypothesis on f is not necessary in Theorem 5.2(3) of [16], see [7], 9.6/1. Note
also a slight correction in the statement and proof of Proposition 4.4 in [16]: the possibly
non-reduced proper scheme Pic(,)( should be replaced by the abelian variety (Pic())()red.
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In view of the above remarks, we can use the proof of Theorem 6.3 in
[16] in the case f is not cohomologically flat, and obtain from [16], middle
of p. 196, that the equivalence of the Artin-Tate and Birch-Swinnerton-Dyer
conjectures holds exactly when

(16) (AR [ [doew = &?[Br(X)],

where the notation is as follows. In [16], p. 169, « is the index . The integer
d, (defined on p. 173) divides the index §,, and one defines A, := §,/d, (to
verify that this definition is consistent with the definition of A, on p. 174
of [16], use Remark 1 after Lemma 16 of [46]). The integer €, is introduced
in Proposition 5.5 of [16]. We compute it now using Theorem 1.17 of [8]
(which generalizes 5.3 in [16]). Let ®/k(v) denote the group of components
of the Néron model of Ak, . Theorem 1.17 expresses |® (k(v))| as the product
of a term | Ker(8)/Im(w)| by 8,/(d,q), where g = 1 if §, divides g — 1,
and g = 2 otherwise. Now, according to the results of [30] recalled above,
we have 6,/q = 8, thus 8,/d,q = 8, /d,. The definition of ¢, in 5.5 and
Lemma 5.4 immediately give that €, = 8,8, /d>. Thus, our theorem follows
from Gordon’s formula (16). O

Remark 4.5. Let us assume that both [II(Ag) and Br(X) are finite. On
the left hand side of (15), 6,6, is a square if and only if §, divides g — 1.
Otherwise, it is twice a square ([30], Theorem 7). In [46], a place v is called
deficient if 8, does not divide g — 1 (see just before Corollary 12, and
Remark 1 after Lemma 16). Let d denote the number of deficient places
(also equal to the number of places v where §, = 24/). Corollaries 9 and
12 of [46] show that the order of III(Ak) is a square if d is even, and is
twice a square if d is odd. Thus, it follows that the order of the left hand
side of (15) is a square.

It is shown in [58] that the prime-to-p part of Br(X) is endowed
with a skew-symmetric non-degenerate pairing. This statement is extended
in [36], 2.4, to the p-part of Br(X). Thus, the prime-to-2 part of Br(X) has
order a square. When p # 2, it is proved in [60], 0.1- 0.3, that the 2-part
of Br(X) has order a square. Thus, in this case, the 2-part of the right hand
side of (15) is also a square. If Formula (15) holds, then the 2-part of Br(X)
has order a square, even when p = 2.

We now use the results of [15] to prove new instances where the Artin-
Tate and Birch-Swinnerton-Dyer conjectures are equivalent.

Corollary 4.6. Let X and f : X — V be as in 4.1. Assume that II1(Ag)
and Br(X) are finite. Then the equivalence of the Artin-Tate and Birch-
Swinnerton-Dyer conjectures holds if the periods 8, are pairwise coprime.

Proof. Under the assumption that the periods &/ are pairwise coprime, we
find in [15], Main Theorem, that:

amn AR J6))7 24 = 88'[Br(x)],
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where e = max(0,d — 1), and f = 1ifd > land &'/ [], &, is even (d is as
in 4.5). Otherwise, f = 0. The proof of the corollary consists in showing
that Formula (15) is equivalent to (17).

We claim that if |[Ag(K)/Pic®(Xx)| = (I1,8,)/lem(é,), then § =
8" or § = 2§'. Indeed, using the global and local versions of the exact
sequence (11), as well as the exact sequence 0 — Br(K) — &,Br(K,) —
Q/Z — 0 (see the proofs of 2.3 and 2.5 in [15]), we obtain a diagram with
exact rows and injective vertical maps:

0 —— Ax(K)/Pic®(Xgx) —— Picx,/x (K)/Pic(Xk)

l l

0—— Ker (1) —> Ker ().

The map 7 is the summation map & ,Br(K,) = &,Q/Z — Q/Z re-
stricted to the subgroup ®,8;,'Z/Z. Similarly, the map 7’ is the summation
map ®,Q/Z — Q/Z restricted to the subgroup &,(8,)~'Z/Z. The map

Ker (1) — Ker (%) is the natural inclusion. By definition of the period and
index, the cokernel of the first row is cyclic of order §/8’. By hypothesis,
the left column is an isomorphism. Since §, = &/, or 28,, it is clear that the
cokernel of Ax (K)/Pic®(Xx) — Picx, /x(K)/Pic(X) is killed by 2, and
our claim is proved.

Let us return to the proof of the corollary. By [15], Theorem 2.5, we
have |Ax (K)/Pic’(Xk)| =1 = ([],8,)/lem(8)), thus § = & or § = 2§'.
If d = 0, then §, = §, for all v. Thus, at most one of the groups §,'Z/Z
(in the proof of the above claim) has even order and, hence, the kernel of
the summation map cannot contain an element of order 2. Thus, § is odd.
Therefore, § = §', and (15) is equivalent to (17).

Assume that d > 1. Then for some v, §, is even and, thus, § is even. If §’
is odd, we find that 2§’ | §. Hence 2§ = § by the above claim. Again, (15)
is equivalent to (17).

Assume now that d > 1 and &' is even. Suppose that there exists an odd
8, such that 28, = §,. According to [30], Theorem 7, (g — 1)/4;, is odd and,
thus, g is even. In particular, ord,(2g — 2) = 1. Since § | 2g — 2, we find
that ord,(8) = 1. Since (§/8") | 2, we find that 8’ = §. Since g is even, all &,
are odd since they divide g — 1. It follows that f = 1, and (15) is equivalent
to (17).

Assume now that d > 1, §' is even, and there exists no odd §, with
26! = §,. Thus there exists w with &, even and §,, = 25, If f = 0, that is,
if ordy(8),) = ord,(8'), then ord;(8') + 1 < ord,(8). Thus, 26" = § and (15)
is equivalent to (17). If f = 1, that is, if ord,(8/)) + 1 < ord,(&'), note that
(g — 1)/8,, is odd. Therefore, ord,(8’) = ord,(8) and 8’ = 6. Again, this
shows that (15) is equivalent to (17). O

The results of [15] allow us to state below a variation on Theorem 4.3.
Let us return to the general situation of 4.1. Let A := lcm(§,) and
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A" = lem(8)). Let £ = Picy,, k. The proof of (17) in [15] exhibits
two exact sequences

0 —> Ty —> T, —> Br(X) — II(P) - Q/A"'7Z,
([15], 2.4) and

0 — T, —> III(Ag) —> LI(P) - Coker D

([15], exact sequence (7)) with |Ty| = (8/8)|Ax(K)/Pic®(Xx)|, |T)| =
(I1,8)/A, ITz] = &/A’, and |Coker D| = ([],4,)/A’. The image T3
of the composition III(Ax) — III(P) — Q/A~'Z has order |T3| =
8 /A ged(A/A, §/A) if III(Ag ) has no nonzero infinitely divisible elem-
ents ([15], 2.10).

Let a := |Ag(K)/Pic®(Xk)|, let b := | Coker D/Im(y)|, and let ¢ :
[Im(¢)/T5|. With this notation, we find that |7||III(Ag)||Im(y)]
| To|1T>||Br (X)||Im(¢)]. In other words,

(18) IITL(Ag)| [ ] 8,6, = 88'abee|Br (X)),

where, to simplify the notation, we let € := (A/A’) gcd(A/A', 8 /A)7!.
Note that € = 1 or 2. Comparing (18) with (15), we obtain:

Corollary 4.7. Assume that l11(Ag) and Br(X) are finite. Then the conjec-
tures of Artin-Tate and Birch-Swinnerton-Dyer are equivalent if and only if
8 = §'abce.

Note that the equality § = §abce has the following interesting conse-
quences. Since § | 2(8")? ([30], Thm. 8), we find that abce | 28'. Since
| Ker ()| = (][, 8,)/A, we find that ad/8" | ([ [, 8,)/A. From §/8" = abce,
we conclude that a® | ([, 8,)/A.

5. Comparison between the discriminants of X /S and E/S

Let g : Y — T be a smooth projective curve over a scheme 7 with
geometrically connected fibers of genus > 1. Let wy,r denote the relative
canonical sheaf, equal to 2 IY/T when Y/T is smooth. There exists a unique
(up to sign) isomorphism of invertible sheaves on Y:

(19) Ay« det Rg, () — (det Rgy (wy7)®",

functorial with respect to isomorphisms and compatible with base changes
T' — T (the functor det Rg, is briefly reviewed in 5.2). This isomorphism
was first noted by Mumford [42], Theorem 5.10. Deligne [12] reduced the
sign ambiguity in [42] (one sign for each genus) to a unique sign ambiguity
in genus 1. Note that when ¥ — T is smooth of genus 1, then wy/;r =
g g«wy,r and the projection formula 5.2 (b) implies a canonical isomorph-
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ism det Rg, (w%’/zr) ~ det Rg.(wy/T). Hence, Ayr : det Rg, (w%’/ZT) —
(det Rg, (wy/T))®l3 can be identified with a canonical map, again denoted
by Ay/TZ

(20) Ayt Or — (8*60Y/T)®12-

Let Xx¢ — Spec(K) be a proper smooth and geometrically connected
curve over a discrete valuation field K, with canonical isomorphism Ay, /g
as in (19). Let f : X — S be a proper regular model of X . Consider the
invertible sheaves det R f (a)x /s) and (det R f, (a)X/S))®]3 on S, identified

with their respective images in det R fx, (a) Xr/ x) and (det R fx.(wx,/ x)®8
(see Lemma 5.3). Then there exists A € K* such that

1) Axg/k(det Rf(0%75)) = A(det R fu(wx/s)®".

The integer disc (X) := v(}) is called the (valuation of the) discriminant
of X. When X /S is the minimal model of X /K, we may call disc (X) the
discriminant of Xg.

We prove in this section that the discriminant of a curve X g of genus 1
and the discriminant of its Jacobian Ex are equal when k is algebraically
closed. This statement is not true anymore if k is not assumed to be per-
fect (9.2). For the convenience of the reader, we start by collecting be-
low some results on determinants, as found in [26], and similarly quoted
in [40], 1.1. Note that we cannot assume in our context the simplifying
assumption that all sheaves involved (for instance, R' f,Oy) are flat.

Let X be a scheme. A complex ¥ ° of Qyx-modules is perfect ([SGAG]
1.0, p. 80) if locally (for the Zariski topology) on X, there is a quasi-
isomorphism of complexes §° — ¥ °, where §° is bounded and its terms
are free and finitely generated @ x-modules. If X is noetherian and regular,
then any bounded complex of coherent 9 x-modules is perfect.

Facts 5.1 ([26], Theorem 2). Let X be a scheme. There is a unique way
(up to unique isomorphism) to associate to any perfect complex F° of
O x-modules an invertible sheaf det ° on X such that the following prop-
erties are true.

(a) The map det is a functor from the category of perfect complexes on
X with quasi-isomorphisms to the category of invertible sheaves on X
with isomorphisms.

(b) If #° consists of a single locally free @ x-module ¥ of finite rank, then
det F° is just the classical determinant det ¥ .

() Let 0 > F'* 5 F° B F7 0 be a true triangle of perfect
complexes (see [26], def. 2 on p. 37). Then there exists a canonical
isomorphism

i, B) :det F'* @ det F"* >~ det F°.
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(d) (Base change) If p : X’ — X is a morphism of schemes, then there ex-
ists a canonical isomorphism of @x--modules det(p*F *) >~ p* det F°.

Recall that by convention, the determinant of the zero sheaf on X is Oy.
Note that to be precise, det ¥ ° is an invertible sheaf with a sign, but it does
not matter in our work.

Facts 5.2. Let f : X — Y be a proper flat morphism of schemes with Y
noetherian. Then there exists a functor ¥ °* — det R f,. ¥ ® from the category
of perfect complexes ¥ °® on X with quasi-isomorphisms to the category of
invertible sheaves on Y with isomorphisms such that the following properties
are true.

(a) Suppose that Y is regular. Let & be a perfect coherent sheaf on X. Then
we have a functorial isomorphism

det Rf.F = ®izo(det(R' f,F)* V"

(b) (Projection formula). Let # be a perfect coherent sheaf on X, flaton Y.
Let x (F) be the locally constant map

Y Xa (F) o= (=) dimygyy H' (X, F7)

i~0

on Y. Then for any invertible sheaf .£ on Y, we have a canonical
isomorphism

det Rf(F ® f*L) = (det Rf.F) ® LE),

Proof. (a) See [26], Proposition 8. (b) is stated in [40], 1.1.7, and is an
immediate consequence of op. cit., 1.1.6. O

Let M be a finitely generated module over a discrete valuation ring Q.
Let r := dimg (M ® K). When M is free of rank r, then det M = AN'M
by definition. When M is not free, there is no unique choice of det M,
since det M is only determined up to canonical isomorphisms. However,
having chosen a det functor, we can consider the image of det M under the
following sequence of canonical maps:

(22)  detM — (detM) @ K ~ det(M ® K) = A" (M ® K).

Clearly, det M and the isomorphism =~ above depend on the choice of the
functor det, but A"(M ® K) does not. The following lemma shows that the
image of det M in A"(M ® K) is independent of the choice of a det functor.
Thus, so is the discriminant disc (X) defined in (21).

Lemma 5.3. Let ¢ : M — N be a map of finitely generated O x-modules
such that o - M @ K — N ® K is an isomorphism. Then the following
properties are true.
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(a) Let ¢ := —L(Ker ¢) + £(Coker ¢). Then the image of the canonical
injective map
det(pg)
detM — (detM) ® K ~det(tM ® K) — det(N ® K)
is m¢det N, where we abuse notation and denote again by det(N) the
image of det(N) under the canonical map (22).

(b) The canonical surjection M — L := M/M,. induces a canonical
isomorphism det(M ® K) =~ det(L ® K). The image of det M in
det(M ® K) is equal to the image of mw—*Mws) det L in det(L ® K).
As L is free, det L is independent of the choice of det and, thus, so is
the image of det(M).

Proof. (a) The map of coherent sheaves M~ — N on S is a good map in
the sense of [26], p. 47, where a Cartier divisor Div(M~™ — N7) (that we
denote by Div(M — N) for simplicity) on S is defined. By construction, the
image of det M in (det N)® K is nothing but Og(— Div(M — N))det N. By
decomposing ¢ into M — Im ¢ and Im ¢ — N, we are reduced to the case
where ¢ is either injective or surjective ([26], Theorem 3(i)). Suppose for
example that ¢ is surjective. Let A = Ker ¢. Then there exist resolutions
by bounded complexes of finite free Og-modules A — A, M — M,
and N — N, forming a true triangle 0 - A — M — N — 0 ([26],
Prop. 4). The latter induces an isomorphism

det M >~ det N ® det A,

and we have Div(M — N) = Div(M — N) = —Div(0 — A). Since
Div(0 — C) = 7~ @ for any Og-torsion module C ([26], Thm. 3(vi)),
the lemma is proved when ¢ is surjective. The proof is similar when ¢ is
injective.

(b) is an immediate consequence of (a). m|

Until the end of the section, O is a discrete valuationring, S = Spec Ok,
and det M is canonically identified with its image in det(M ® K).

Corollary 54. Let f : X — S be a flat projective curve with X regular.
Let & be a coherent sheaf on X. Then we have a canonical isomorphism

detRf,F ~det f,.F @ (detR' f,.F)".

If, moreover, ¥ is killed by some power of 7, then det R f, F = m Xe(F) 9,
where Yien(F) 1= L(H'(X, F)) — L(H' (X, F)).

Proof. Note that X/S being a curve, R' f,F = 0 if i > 1. Since on
a regular noetherian scheme, any coherent sheaf is perfect, we can apply
5.2(a) and 5.3(b). O

Proposition 5.5. Let f : X — S be the minimal regular model of a smooth
projective geometrically connected curve X x — Spec (K) of genus 1. Then,
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(a) For each m, we have a canonical isomorphism
det Rf(w$]s) = (detR' £,0x)".
(b) Leta :=L(H' (X, Ox)ors). Then we have a canonical isomorphism
(detR' £.0x)" = 7(fuwxys).
The proposition will follow from the next two lemmas.
Lemma 5.6. Let Xx/K be as in 5.5, and let X be a regular model of X g
over S. Let Xy =Y | _;_, rils, withr :== ged(ry, ..., r,). Let V := r X,
considered as a scheme over k. Let F be an invertible sheaf on X with
deg F|x, =0. Foranyn € Z, let F mV) := F @ Ox(nV). Then we have
a canonical isomorphism

det Rf(F (nV)) ~ det Rf, F .

Proof. Let j : V — X denote the closed embedding. Consider the exact
sequence

0—>F((n—DV)—> FnV)— j(FnV)y — 0.
It induces a canonical isomorphism:
det Rf.(F (nV)) = det Rf.(F((n — DV)) @ det Rf.(juF (nV)lv).

Since j (F(nV)|y) is killed by =, Corollary 5.4 implies that
det Rf. (juF (nV)|y) = n=xxUF VIV @ To prove the lemma, it remains
to show that x;(j,F (nV)|y) = 0. We claim that x;(L£) = 0 for any in-
vertible sheaf .£ on V of degree 0. Indeed, the Riemann-Roch for the l.c.i.
curve V/k states ([31], Theorem 7.3.17 and Corollary 7.3.31):

1
k(L) = deg L + 1 (Ov) = x(Oy) = ) deg wyx.

The adjunction formula wy;, >~ (Ox (V) ® wx,s)|v ([31], Theorem 9.1.37)
implies:

degwy = V24V wxs =r "Xy -oxs = —2r ' xx(Ox,) = 0.
Hence, x; (L) = 0. Since F (nV)|y has degree 0, the lemma is proved. O

Lemma 5.7. Keep the hypotheses of 5.5. Then there exists an integer 0 <
q < r—1suchthat wy s is canonically isomorphic to f* f.wx/s @ Ox(qV).
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Proof. Since Xk has genus 1, f.wy/s is free of rank 1 on S. Let wy be
a basis of fiwx,s. Then f*f.wx/;s — wx/s is nothing but the inclusion
woOx — wx/s. The invertible sheaf f* f.wx/s ® wy /s is canonically a sub-
sheaf of Oy, whose restriction to the generic fiber is equal to Ox. So it is
equal to Ox(— D) for some vertical divisor D > 0 on X.

Note now that for any irreducible component I' of X;, we have D - I" =
deg wx,s|r = 0. To see the second equality, recall the adjunction formula:
0= —2xk(Ox) = Y, rideg(wx/slr,). Since deg(wy,s|r,) > 0 because X
is minimal ([31], Prop. 9.3.10(b)), we have deg(wx/s|r,) = O for all i. Thus
D = qV € ZV ([31], Theorem 9.1.23). We have 0 < ¢ < r — 1 since
f* fiwx/s and wy,s have the same global sections (otherwise, if g > r,
wo /7 is a global section of wy/s = wOx(gV)). m|

Proof of 5.5. (a) Let w = fi,wy/s and let m € Z. Lemma 5.7 gives us
a canonical isomorphism

a)X/S ~ f*o®" ® Ox(mgqV).
Lemma 5.6 then produces a canonical isomorphism
det Rf. (0Fs) = det Rf.(f*@®").

The projection formula 5.2(b) applied with £ = »®" produces a canonical
isomorphism

det R f,(f*@®™) ~ (0®") % O0 @det R f,O0x = 0®"/ Y @det R f,Ox.

Since x;(Ox) = 0 and f,Ox = O, Corollary 5.4 produces canonical
isomorphisms

det R f, (w$/s) ~ det Rf,Ox ~ (det R' £,0x)".

This proves (a).

(b) By Grothendieck’s duality, we have a canonical isomorphism
(R'f.0x)" >~ w. By Lemma 5.3, detR' f,Ox >~ m “M where M
R' £,0x/(R' f.Ox)iors is free of rank 1 on S. Hence @ =~ MV
m~%det R' £,0x)".

ol ll

Our main theorem in this section, Theorem 5.9 below, is proved using
Theorem 3.8, which we now recall in the following form.

Corollary 5.8. Keep the hypotheses of Theorem 3.8. Then a = ¢(Ker tx),
and we let b := {(Coker(tx)). Identify as in (22) det H'(X, Ox) and
det H'(E, O) with theirimagesindet H' (X, Ox,)anddet H'(Eg, Ofy),
respectively. Then the isomorphism

dettx, : det H'(Xg, Ox,) — det H'(Ex, O, )
(which is equal to tx, ) maps det H'(X, Ox) onto n*~*det H'(E, Op).
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Proof. This follows immediately from Corollary 3.8, Lemma 5.3, and the
fact that H'(E, Op) is torsion free. ]

Theorem 5.9. Let S be the spectrum of a discrete valuation ring Ok with
residue field k. Let Xk be a smooth projective geometrically connected
curve of genus 1 over K, with Jacobian Eg. Let f : X — Sandg: E — S
be their respective minimal regular models. Then

(23) disc (X) = disc (E) + 12(b — a).
Moreover, when k is perfect, then disc (X) = disc (E).

Proof. Recall (see (20)) that Ax, ,x can be identified with a map

AXK/K K — (det Iil (XK, (QXK)V)®]2.
The equality (23) will follow from the commutativity of the diagram:

K =2 (et HY (Xg, Ox, ) )

H TG

K =25 (det B (Ex. 05,)") "

To prove this commutativity, we first note that this statement is only re-
lated to the curve X over K. Using the compatibility with base change,
we can enlarge K and assume that Xx(K) # (. By Corollary 1.5,
x, = H I(h) for some isomorphism & : Ex — Xg. Then the commu-
tativity of the above diagram comes from the functoriality of Ay, ,x with
respect to isomorphisms of curves. m|

Remark 5.10. As in the proof of 3.8, we obtain the map tx as the com-
position of the canonical maps 0y : H'(X, Ox) = Lie(Px) — Lie(Qx)
and Lie (Qx) — Lie(Qg). The latter map is injective because Lie(Qx) is
torsion free (Qx is smooth). Hence

b—a={(Lie(Qp)/Lie(Qx)) + £(Coker Ox) — £(Ker Ox).

For an example where b — a # 0 or, more precisely, where Lie (Qx) —
Lie (QF) is not surjective, see 9.3. We do not know of examples of curves
Xk where £(Ker 0y) # £(Coker fy). It would be interesting to determine
whether disc(X) > disc(E) holds in general. If the reduction of E is
multiplicative, disc (X) = disc (E), even when k is not perfect (8.11).
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6. Néron models and curves of genus 1 when £ is perfect

We prove in this section our main theorem 6.6 describing the relationship
between the reduction of a curve of genus 1 and the reduction of its Jacobian,
when k is algebraically closed. We start by reviewing various general results
needed for the proof.

Let § = Spec(Ok). Let f : X — S be a proper and flat curve, with X
regularand f,Oyx = Og.Let 'y, ..., ', be the irreducible components of X,
of respective multiplicities ry, ..., r,,, and respective geometric multiplici-
ties ¢; := length(k(I";) ®; k). Consider the (modified) intersection matrix
M = (ei_lFi -I"}); j of Xj and let

®y := torsion subgroup of Z"/MZ".

Let J/S denote the Néron model of the Jacobian Jx /K of X /K. Recall
that the group scheme Q/S introduced in Sect. 3 is smooth and has generic
fiber Jg. Thus, the universal property of the Néron model implies the
existence of a morphism Q0 — J which restricts to the identity map on the
generic fiber. This morphism induces a canonical map of component groups
d)Q — O J-

Facts 6.1. Let Ok be a strictly henselian discrete valuation ring.

(a) There exists acanonical surjective map ®x — ®. This mapisinjective
if X/§ is cohomologically flat in dimension zero.

(b) Assume that k is algebraically closed. Then Q/S is the Néron model of
Jk, and the map ®x — P is an isomorphism.

Proof. See [7],9.6.1 and 9.6.3 (these references apply since X g is geomet-
rically irreducible (proof of 3.7)). It is proved in [48], 8.1.2 (iii), that if X is
cohomologically flat in dimension zero, then the natural map ®x — @ is
injective. That the map is always surjective is proved in [7], 9.5.9. O

6.2. Let us recall next the following definitions. Let C/k be a projective
and geometrically connected curve over a field k. Over an algebraic closure

k of k, the group scheme Pic %M can be decomposed as
(24) 0—TxU-—Pick. - A0
k/k

where A, T, and U are, respectively, abelian, toric, and unipotent, smooth
group varieties. We will call their respective dimensions the abelian, toric,
and unipotent, ranks of C, denoted by ac, tc, and uc. We have

ac + tc + uc = dimg H'(Cy, O¢,) = dimg H'(C, O¢).

For the existence of the above exact sequence, see for instance [7], p. 244.
The integers ac and ¢ depend only on (Cj)req- We will say that Pic% sk 18
semi-abelian if uc = 0.
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Lemma 6.3. Let ¢ be a prime number different from the characteristic of k.
Let

T, (Picg,) = l(iinnPico(C,—{)[IZ”]
be the Tate module of Pic% Ik

(a) Ty (Pic% /k) is a free Zy-module of rank 2ac + t¢.
(b) Let n denote the number of irreducible components of C;. Then

2

Xa(Cp) =Y (1) dimg, H}(C;. Q) =n+ 1 — Qac + tc).
=0

Proof. (a) is well-known. (b) We have (see, e.g., [59], 10.3.5) dimg,
Hgt(cl_(’ Q@) = 1’ dlm@g Hézt(C]_(’ QZ) =n, and

dimg, H}(Cp, Q) = dimg, (T3 (Picl,,) " ®z, Q¢) = 2ac + tc.
O

6.4. Let Xg/K be a projective, smooth, geometrically connected curve of
genus g > 1. Let X/S be a regular model of Xg. Let ay 1= ax,, tx 1= tx,
and uy := uy,. One can show that these integers do not depend on the
choice of a regular model for X /K. The connected component of zero J,?
of the special fiber J;/k of the Néron model J of the Jacobian of Xg is
a smooth group scheme, and we similarly let a;, #;, and u,; be the abelian,
toric, and unipotent ranks of J/‘?’ respectively. When Pic§ /s 18 isomorphic

to J°, we find that ay = a; and tx = t;. We prove in 7.1 that these equalities
are always true. Denote by nx the number of irreducible components of X;.

When k is perfect, the Swan conductor dyx, is the Swan conductor
([54], 2.1) associated with the ¢-adic representation

Gal(K*/K) — Aut(H, (X, Q).
The Artin conductor of X is defined by

Art(X/S) = xa(X3) — xa(X ) + 6xy
= (2g(Xk) —2ax —tx +0x,) +nx — 1
= (ty+2u;+68;) +nxy —1,

where §,, is the Swan conductor associated to the Tate module 7,(Jk)
of Jx. The second equality above comes from 6.3(b). Since

H{(Xz, Q) >~ Ty (Jx)" ®z, Q,

we have 8y, = ;.. The third equality is then a consequence of Proposi-
tion 7.1. Hence, we see that Art(X/S) — nx depends only on Jg.
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Corollary 6.5. Assume that k is perfect. Let Xk be a smooth, projective,
and geometrically connected curve of genus 1 over K, with Jacobian E.
Let X and E be the minimal regular models over O of Xk and Ek,
respectively. Let ny and ng denote the number of irreducible components
of X3 and E, respectively. Then ny = ng.

Proof. We have shown in Theorem 5.9 that disc (X) = disc (E). The rela-
tionship between the Artin conductor and the discriminant is expressed in
a theorem of T. Saito [51]:

disc (X) = Art(X/S).

Itfollows that Art (X/S) = Art(E/S). Asdiscussed above, Art (X/S)—nyx =
Art(E/S) — ng, and the corollary follows. O

We are now ready to prove our main theorem on the reduction of curves
of genus 1 when k is algebraically closed.

Theorem 6.6. Assume that k is algebraically closed. Let X ¢ | K be a smooth,
geometrically connected projective curve of genus 1 and let Ex/K be
its Jacobian. Let X/S and E/S be the minimal regular models of Xk
and Ey, respectively. Let m denote the order of the element of H' (K, Eg)
corresponding to the torsor Xk. If T denotes the type of Ey, then Xy is of
type mT.

Proof. We can assume that O is strictly henselian. Let us first show that
the type of X is of the form rT for some r. Since axy = ag and ty = tg
(7.1), we are reduced to consider three cases:

1) Assume that ay = ag = 1. In this case, E}, is of Kodaira type I,. The
classification of the possible types of reduction shows that the type of X is
rly for some r > 1.

2) Assume that ty = g = 1. In this case, E; is of Kodaira type I,,
v > 0. The classification of the possible types of reduction shows that the
type of Xy is rl, for some pu > 1. In particular, |®g| = v and |Px| = u.
Since the group of components ®x and ¢z are isomorphic (6.1(b)), we find
that v = .

3) Assume that ux = up = 1. Then Ej is of Kodaira type T and X is of
type rT', with T, T" € {11, I1*, 111, I111*, IV, IV*, I*}. It follows from 6.5
that X, and E) have the same number of irreducible components. Moreover,
|® | = |Px|. Upon inspection of the types in the above list (see, e.g., [55],
p. 365), we find that these two conditions are satisfied only when 7' = T".

To conclude the proof of 6.6, we recall the following facts. The element
of H'(K, Ex) corresponding to the torsor X is equal to the image of 1
under the natural coboundary map Z — H'(K, Eg) associated with the
exact sequence 0 — Ex — Picx,,x — Z — 0. Indeed, the image of 1
under the above map is the class of the torsor Picﬁ(x /K ([17], Remarque

4.2(e)), which is isomorphic to X /K. Thus, the element of H'(K, Ex)
corresponding to the torsor X has order equal to the period 8" of Xg.
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On the other hand, it is well-known that the index § of Xk is equal to the
gcd of the multiplicities of the irreducible components of X ([7], 9.1.5 and
9.1.10). Since Br (K) is trivial, we find that Pic (Xx) = Pic x,/x (K). Hence
8 = §'. This shows that if X is a torsor under Ex whose minimal model
has a special fiber of type rT, then the element of H'(K, Ex) associated
with X g has order r. O

Since the torsors under Ex are classified by the group H'(K, Ex), it is
natural to wonder whether the group H'(K, Ex) can be trivial and, if it is
not, what is its structure. When £ is algebraically closed, the field K is Cy,
and the multiplication-by-p map on H'(K, E) is then surjective. Thus, in
this case, the group H'(K, E) is divisible by p. No such result seems to
be known when k is imperfect.

When k is algebraically closed and K is complete, the first results con-
cerning the non-triviality and structure of the p-part of H'(K, Ex) are
due to Vvedenskii, [62] and [63]. In [64], he corrects an earlier assertion
of Néron that H' (K, Ex) = (0) when Ex has additive reduction ([44],
Thm. 3). The general structure of H'(K, Ex) can be understood through
a non-degenerate pairing between H'(K, Ex) and a huge (in particular,
non-trivial) profinite group associated with the Greenberg realization of the
Néron model of Ex /K. The existence of such a pairing was conjectured
by Shafarevich, and proved by Bégueri [5] in the mixed characteristic case,
and by Bertapelle [6] in the equicharacteristic case. Little is known about
the non-triviality and structure of H'(K, E) when k is imperfect. Note that
H'(K, Ex) is a p-group if the type of Ej is additive (7.4). The following
corollary answers positively a question of Néron ([45], last sentence).

Corollary 6.7. Let Og be complete with k algebraically closed. Let E
be an elliptic curve, E/S its minimal regular model, and let T denote the
type of Ex. Let m = p" > 1 if the type is additive, and let m > 0 be an
arbitrary integer otherwise. Then there exists a proper flat map X — S,
with X regular, such that the generic fiber X is a torsor under Eg, and the
special fiber X, is of type mT.

Proof. The results of [5] and [6] recalled above show that under our hy-
potheses on O, the group H'(K, Ex) has an element x of order m as
in the statement of the corollary. Theorem 6.6 shows that the torsor Xg
corresponding to x has a minimal regular model X /S whose special fiber
has type mT . m|

Remark 6.8. Theorem 6.6 does not hold as stated when the hypothesis that k
is algebraically closed is dropped, and is replaced either by k imperfect and
separably closed, or by k perfect but not algebraically closed (8.8).

The analogue of Corollary 6.7 for curves of genus g > 1 is not known
in general. In other words, given a type T of genus g, it is not known
whether there exists a regular model X/S with Xx/K a smooth proper
geometrically connected curve of genus g and X of type T (if T = mT’,
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we have m | 2g — 2). This problem is not completely solved even when
the gcd m of the multiplicities of T is equal to 1 (see [61] and [66]), and is
mostly open when O is of mixed characteristic.

The analogue of Corollary 6.7 when £ is separably closed and imperfect
is also open. Remarks 8.7 and 9.4 seem to indicate that the existence of
a given reduction type over Ok may depend on the existence of certain
cyclic extensions of K.

Examples of multiple fibers can be found in [18], Theorem 0.1, in [24],
Sect. 8, in [23], Sect. 3, and in [48], 9.4.1.

7. Remarks on Néron models

We keep the notation introduced in the previous section, and prove the
following proposition, which slightly extends 6.1 when k is imperfect.

Proposition 7.1. Let Ok be a discrete valuation ring, with separably closed
residue field k of characteristic p > 0. Let f : X — S be a proper and flat
curve, with X regular and f,Qx = Og.

(a) Let ag and ty denote the abelian and toric ranks of Qg. Then ay =
apg = ayj and tx =1g =1;.

(b) The maps ®x — ®o — D, induce isomorphisms cI)(X”) — CID(QP) — CID(Jp )
on their prime-to-p parts.

Examples where the p-part of ®x is not equal to the p-part of ®; are
given in 8.8 and 9.3. We do not know of examples where the map @y — @,
is not injective. We start the proof of 7.1 with several lemmas. Let G be any
abelian group. For any integer d, let us denote by d the multiplication-by-d
map on G, and by G[d] the kernel of dg.

Lemma 7.2. Let Ok be strictly henselian. Let d be an integer prime to p.

(a) Let G be a smooth group scheme of finite type over S with con-
nected fibers. Then G(S) = dG(S) and the canonical homomorphisms
G(S)[d] = G(k)[d] — G(k)[d] are isomorphisms.

(b) Assume Ok complete. Then (a) also holds for the fppf-sheaf G = P°,
with P as in 3.1.

Proof. (a) The map dg; is étale (7], 7.3/2) and surjective on the fibers over S.
This implies the surjectivity of dg s since S is strictly henselian. The second
part of the statement follows immediately from the fact that G[d] is étale
over S.

(b) Applying (a) to P} — Spec(k), we get P°(k) = dP°(k) and
PO(k)[d] ~ P°(k)[d]. The kernel of P°(S) — P°(k) is uniquely d-div-
isible (proved as in [4], 2.1). This implies that P°(S) = dP°(S) and
PO(8)[d] =~ P°(k)[d]. O
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Lemma 7.3. Let d be an integer prime to p.

(a) The canonical homomorphism Q(k)[d] — J(k)[d] is an isomorphism;
(b) There exists an integer mq such that, for all d prime to my, the natural
map P°(k)[d] — Q°(k)[d] is an isomorphism.

Proof. (a) Since P(S) = Pic®(X) — Pic®(X) is surjective by the regu-
larity of X, we have Pic®(Xg) € Q(S) € Q(K) = J(K) = J(S). Since
Br(K) has no d-torsion ([17], 1.4), Pic®(Xx)[d] = J(K)[d]. Consider the
commutative diagram induced by the map Q — J:

Q®dl = J(S)ld]

Qk)[d] — J()[d].

The vertical arrows are isomorphisms (same proof as for Lemma 7.2 (a)).
Then, so is Q(k)[d] — J(k)[d].

(b) Let E be the schematic closure of the zero section in P (see [48],
3.2 ¢)). The group E(S) is the subgroup of P(S) C Pic(X) generated by
the vertical divisors. Let r be the gcd of the multiplicities of the irreducible
components of X;. Then it is easy to see that E(S)[d] is generated by the
class of (r/(r,d))(r~'X;) € P°(S). Using Lemma 7.2(b) (we can suppose
Ok complete), we have Ker (P°(S)[d] — Q°(S)[d]) ~ Z/(d, r)Z for all d
prime to p.

On the other hand, since P, — Qj is surjective ([48], 4.1.2) and the
group P/ P! is a finitely generated abelian group, we find that P} — QY
is surjective. Let E' = E N P°, then

P (k)d] — Q°(k)d] — E'(k)/dE'(k) = ®p: [dPg

is exact (the last equality comes from the fact that the multiplication by d on

(E’g)red is surjective). Let mg be equal to r|® g |, multiplied by p if p > 0.
k

Then P°(k)[d] ~ Q°(k)[d] for all d prime to m. O

Proof of 7.1. Lemma 7.3(a) implies that Ker (Q, — J;) contains no semi-
abelian subvarieties because, otherwise, Ker(Q (k)[d] — J(k)[d]) would
contain a non-trivial subgroup for any order d prime to p. Hence, ap < a,

and 7o < 1;. Since d 0°(k) = Q°(k), we have an exact sequence
0 — 0°%Kk)[d] — Q()[d] — Dyld] — O.

Therefore, |Q (k)[d]|=d**2 "2 |® o [d]|. Similarly, |J(k)[d]| =d** T |® ;[d]].
Lemma 7.3(a) implies that there are infinitely many values of d such that
d2“Q+[Q|d>(Qp)| = @2+ 0P| 1t follows that 2ag + 1o = 2ay +1;. Hence,
ap = ay and ty = t;, and |d>(Qp)| = |d>(f’)|. The map ®y[d] — ®,[d] is
then an isomorphism since it is surjective (because Q;[d] — Ji[d] is).
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Since Ker (P [d] — Qld]) is trivial for most integers d by Lemma 7.3(b),
we can argue as above to find that ay < ag and tx < ty. Since P, — QO
is surjective as noted in the proof of 7.3(b), we can conclude that axy = ag
and ry = t¢, and Part (a) is proved.

It remains to compare ®y and ®,. We can assume Ok complete.
Let M < Q°S) be the image of P°(S). Since ®x is canonically
P(S)/(P°(S) + E(S)) ([7], proof of 9.5.9), the map P(S) — Q(S) induces
a canonical injection &y — & := Q(S)/M, whose composition with
Q(S)/M — Q(S)/Q°(S) is the canonical map ®y — ®y. Let d be prime
to p. Then P°(S) = dP°(S), so M = dM. Hence, ®[d] >~ Q(S5)[d]/M|d].
Let us compute |M[d]|. Since E(S) N P°(S) is a finite group (generated
by r~'X}), the exact sequence

0— ES)NPYS)— P'S) > M—0

implies that |[M[d]| = |P°(S)[d]| = d***1x = g*@et10 by (a). So | M[d]| =
10°($)[d]l. Hence |®[d]] = |®old]| and |@F| < |&P| = [®{]. Since
QD(;’) — CID(Q”) is surjective by 6.1(a), it is an isomorphism. m|

Corollary 7.4. Let X be as in 7.1. Assume that ax = tx = 0, which
happens if and only if the Jacobian of X has purely additive reduction.
If r :== ged(ry,...,1r,) > 1, then char(k) = p > 0 and r = p° for some
s> 1.

Proof. Let V = }Xk. Then V defines a line bundle of order exactly r
in P°(S). Thus, if r is not a power of p, then Pic§, (k) = P°(k) contains
a torsion element of order prime to p, which implies that ax 4 rx > 0. The
assertion on the Jacobian of X g follows from 7.1(a). O

Corollary 7.5. Let X be as in 7.1. If J/S has semi-stable reduction, then
Q — J is an open immersion. Moreover, if J/S has good reduction, then
0 — J is an isomorphism.

Proof. Since Q/S is separated, so is Q — J, and we can apply 2.3 to
find that Q — J factorizes as a sequence of dilatations. As shown in
7.1(a), dim Q; = dim Jy = a; +t; = ag + tp. Thus, O does not contain
any unipotent subgroup. Hence, the sequence of dilatations Q — J can
only be the dilatation of a union of connected components of J;,. When J;
is an abelian variety, we find that & is trivial and, thus, Q — J is an
isomorphism. m|

An example where the map Q — J is not an isomorphism and J has
purely toric reduction is given in 8.8.

Remark 7.6. Let us note that when Q/S is not the Néron model, p | 2g — 2.
Indeed, recall that Br(K) is a p-torsion group ([17], 1.4). When Q # J,
Pic®(Xk) # Jx(K) (3.7). Let n be a non-trivial element in the image of
Jx(K) — Br(K). Clearly, when X,;/M has a section, the natural map
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J(M) — Br(M) is the trivial map. Thus, 7 is in the kernel of the natural
map Br(K) — Br(M), which is killed by [M : K]. It follows that the
p-part of the index 8y, kills the cokernel of Jx (K) — Br(K). Thus, if this
cokernel is not trivial, then p | §x,. Since the canonical divisor has degree
2g — 2, we find that 6y, | 2g — 2.

8. The case of semi-stable reduction

Let K be an arbitrary discrete valuation field. Let X be a proper smooth
and geometrically connected curve of genus 1 over K, and let Ex be its
Jacobian. Let X/S and E/S denote the minimal regular models of Xk and
Eg, respectively. In this section, we investigate the possible relationships
between the special fibers X, and E; when E}, is assumed to be semi-stable
(generalizing [44], Thm 17).

The invariants of X, can be explicitly computed when the reduction
of E is multiplicative, allowing us for instance to show in 8.8 that the
analogue of 6.6 does not hold when k is imperfect, and to prove in 8.11 that
disc (X) = disc (E). We begin with the case of good reduction in arbitrary
dimension.

Proposition 8.1. Let K be a discrete valuation field. Let X be a torsor
under an abelian variety Ag having a proper smooth model A/S. Then X g
admits a proper regular model X /S endowed with an action A xg X — X
extending the structure of torsor of Xk under Ak, and such that the map
A xg X = X x5 X, (a, x) — (ax, x) is surjective.

LetV .= X,’fd and ko := H°(V, Oy). Then V/ky is smooth and ko/k is
purely inseparable. Moreover, V Xy, k is a torsor under an abelian variety
isogenous to Ag.

Proof. The first part of 8.1 is proved in [49], ¢) at the bottom of p. 82 (see
also [29]). Since X; is a homogeneous space under Az, X; is irreducible. We
can write X; = rV with V reduced and geometrically irreducible over k.
Hence, ko/k is finite and purely inseparable. Since Aj is geometrically
reduced, the structure of X under A makes V ahomogeneous space under Ay .

If k is perfect, then kg = k. It follows that V is geometrically integral.
Hence, V; is a principal homogeneous space under A; /Stab,, where Stab,
is the stabilizer of any point x € V(k). This implies then that V/k is smooth.

When £ is not perfect, we can prove that V — Speck is smooth as
follows. As dim A; = dim V, the morphism A; x; V — V x; V, defined
by (a, v) — (av, v), is quasi-finite. Consider the groupoid constructed as in
[SGA3], Exemple 2 a) with A; acting on V. Applying [SGA3], exposé V,
Thm 8.1 to this groupoid, we obtain that the fppf-quotient 7' := V/A; is
representable by a scheme. It follows then that V' — T is smooth because
Ay, is smooth. The transitivity of the action implies that 7 is a single point.
Since V — T is faithfully flat, k € O(T) C ky. As kg is purely inseparable
over k and V — T is geometrically reduced, we obtain that O(T') = ky. O
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Remark 8.2. Incasedim(A) = 1, the proper regular model X /S constructed
in the above proposition is clearly the regular minimal model of X g /K, and
is thus endowed with an action of the Néron model J/S of Agx. When the
reduction of Ak is not good, one can still show (by a method similar to
[31], 10.2.12(¢c)) that the regular minimal model X of a torsor X g under
Ak is also endowed with an action of J extending the action of Ax on Xg.
When X is semi-stable, one can prove that J,? acts non trivially on every
irreducible component of X;.

In the remainder of the section, we consider the case of multiplicative
reduction. We say that Eg has split multiplicative reduction’® of type I,
n > 1, if the unit component of the special fiber of the Néron model of Ex
is isomorphic to G,, x and if [P, (k)| = n. Note that n = —vg (J(E)) > 1.
If k is separably closed, a multiplicative reduction is always split. In general,
a multiplicative reduction becomes split after a quadratic étale extension.

To study the reduction of torsors under Egx, we may and will assume
that K is complete, since the minimal regular model commutes with the
completion of Og.

Proposition 8.3. Let K be a complete discrete valuation field. Let Xk be
a smooth and geometrically connected projective curve of genus 1 over K,
such that its Jacobian E g has split multiplicative reduction of type I,,, n > 1.

(a) There exists a unique cyclic extension K'/K such that Xg(K') # 0
and which is contained in any extension of K trivializing X (i.e., any
extension M/K such that X x (M) # ().

(b) Let X/S be the minimal regular model of Xg. Let k' be the residue
field of K'. Let f := fxx = [k : k]l and e := eg//x. Then f | n.
Moreover, if f # n, then Xy is a cycle of n/ f projective lines over k',
each of multiplicity e in Xy. The intersection points between reduced
components of Xy are rational over k' with associated intersection
number over k' equal to 1. If f = n, then (X)) is irreducible with
a k'-rational double point, and its normalization is a projective line
overk'.

Note that when £ is algebraically closed, it follows from Part (b) that X}
is of type [K' : K]I,. Thus, Proposition 8.3 provides a different proof of
6.6 when the reduction is multiplicative. The proof of 8.3 uses Tate’s uni-
formization of Ex (see e.g., [55], V.3, or [14], 5.1). Let 'gs := Gal (K*/K)
and let vg : K¥ — Q U {oo} be the valuation on K* extending the normal-
ized valuation on K. Denote by | | an associated absolute value. There exist

3 Note that when Eg has split multiplicative reduction of type I,,, the minimal regular
model E/S has reduction of type /,,. Indeed, the reduction type of Ej can only be I,,,, 12,22
or In,,—1,2 for some m (see [31], pp. 486-487 for the reduction types of elliptic curve having
multiplicative reduction). It is shown in [8], 4.3, that ® g, (k) = P, (k). This forces Ej to
have reduction type I, (see [31], 10.2.24).
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q € K* with vg(q) = n, and an exact sequence of I"gs-modules:
(25) 1 — ¢ — (K*)* — E(K*) — 0.
For any z € (K*)*, we denote by Z the image of z in E(K*).

Proof of Part (a). This is well-known: the exact sequence (25) gives rise to
the exact sequence

0=H'(Tgs, (K*)*) = H' (Tgs, E(K®)) = H*(T'gs, Z) ~Hom(I'gs, Q/Z).

The torsor X corresponds to an element x of H'(I'xs, E(K*)), and the
torsor is trivial if and only if x is trivial in H'(I'gxs, E(K*)). One eas-
ily shows that the extension K'/K corresponds to the kernel of the map
I'ks — Q/Z, image of x under the functorial injection H'(I'gs, E(K*)) —
Hom(T"gs, Q/Z). The extension K’/ K is cyclic because any finite subgroup
of Q/Z is cyclic. m|

8.4. Before proving Part (b) in 8.6, we need some preliminary results. The
Néron model J of Eg is the smooth part of the minimal regular model E
(see e.g., [31] 10.2.14, or [7], 1.5/1). Let @, be the group of components
of J. Using rigid analytic geometry, one can describe the reduction map
rx © E(K®) — E(k™8) as follows (see [14], §5.3). Let z € (K*)*. Then
there exists an integer i such that |7|"*! < |z| < |7|". Any isomorphism
Z/nZ — P, allows us to number the connected components of E; and
Jy as E,(f) D J ('), with i € Z/nZ. There exists such a numbering such that,
when |z| = ||, rx (%) belongs to the component J\”, and when |7 | <
lz| < |m|’, then rg(Z) is an intersection point p;;.; of the irreducible
components E,(C’) and E,(C’H). This intersection point is unique if n > 3.

Lemma 8.5. Ler w € K* with vg(w) = m and m # 0 mod n. The
translation by W € E(K) is an automorphism of Ex which extends to an
automorphism ty : E — E. This automorphism acts freely on E(k“¢)
and ®r,.

Proof. By the uniqueness of E, any automorphism of Eg (considered as
a curve) extends to an automorphism of E. By the description we reviewed
above, f acts as the addition-by-m on Z/nZ >~ &g, . (Note that n # 1 by
the hypothesis on m.) Thus, #; has no fixed point on ®g, and, hence, no
fixed point on J; (which is identified with the smooth part of E}).

Let us suppose now that n > 3. Then #; maps the intersection point
piit1 € E,E') N E,E'H) tO Pitm.ivm+1- Since (i, i + 1) is neither congruent to
(i+m,i+m+41)norto (i +m+ 1,i + m) modulo n, we see that p; ;|
is not a fixed point.

When n = 2, pick z with |7|' < |z] < |7|'"!, which reduces to an
intersection point in Ey. Then #;(Z) = wZ reduces to the other intersection
point. Hence t; has no fixed point in E (k). ]
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Let F/K be a finite Galois extension, with group I'r and ramification
index epy k. Then (25) induces an exact sequence of I -modules

0— ¢* - F* - E(F) — 0.

The canonical map cr : E(F) — ®g, induced by the Néron model can be
understood using the following commutative diagram of exact sequences

0 — Oy — 0y —— 0

| | |
(26) 0 q” F* —— E(F) —— 0
0 nZ e;/]KZ — P, —— 0.

The last two columns are exact, and the long exact sequence of Galois
cohomology applied to these two short exact sequences gives (remembering
that I'p acts trivially on ®g,)

epixl —> H'(Tp,03) — H'(Tp, F¥) =1

! |

&z, —> H'(Tp,0p) —— H'(Tp, E(F)) —— H'(T'rp, ®g,).
Hence, g, — H YTp, O7) is surjective and the bottom sequence above
induces the exact sequence

(27) 0—>H'(T'r, E(F)) > H'(T'p, ®z,) =Hom(I'y, ®z,) 5 H*(T'f, O%).

8.6. Proof of 8.3 b). Since Xg and Eg become isomorphic over K’, our
knowledge of the minimal model E/O g will provide us with a description of
the minimal regular model X’ of X g/ over @g. We can recover the minimal
regular model X /O as the quotient of X’ by a (twisted) action of I' := 'k,
as follows. Let (£,), be a 1-cocyle whose class in H'(I", E(K")) defines the
torsor X . Then its image p € Hom(T', @, ,) in the exact sequence (27) is
the 1-cocycle o +— ck/(&,). Thus p(0) = ck/(&,). Note that p is injective
by the minimality of K’.

We identify X ¢ to Ex endowed with a twisted action of ['gs:let 7 € ks
with image o in I, then

Txx:=1(x)+&, forallx € E(K’),

where 7(x) is the usual Galois action of I'xs on E(K*). Let E' = X' be the
minimal regular model of Ex over Og'. Then @, is cyclic of order ne.
Applying the description of the reduction as in (8.4) to E’, we see easily
that the usual Galois action of I" on Ej, fixes the intersection points and
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the generic points of the irreducible components of E),. Let w, € K'*
with image &, € E(K'). Since p(o) # 0, the commutative diagram (26)
with F = K’ implies that vg/(w,) 7# 0 mod ne. The action of o on X’ is
induced by the usual Galois action of o followed by the multiplication by
w, on (K*)*. Applying Lemma 8.5 to Ex//K’, we see that o acts freely
on X}, whenever o # 1. Hence, I acts freely on X}, and on the set of the
irreducible components of Xj,.

Let Y := X'/T'. Since the action of I' is free, Y is a regular model
of Xg over Ok. Looking at the action of I' on X),, we see that Y} is
a union of ne/[K’ : K] = n/ f irreducible components as in the statement
of the proposition, each of them having multiplicity e in Y;. Moreover,
two consecutive components meet each other transversally at a point y (if
x € X}, is a point lying over y, then Oy, — Oy, is étale) and y is rational
over k'. In particular, ¥, does not contain any exceptional divisor, and, hence,
Y = X. Note that it is important to take K’/ K minimal. Otherwise X'/T  is
not necessarily regular. m|

Let us now turn to proving the existence of curves of genus 1 having
Jacobians with multiplicative reduction.

Proposition 8.7. a) Let Ex/K be an elliptic curve parametrized as
Gm.x/q". Let K'/K be a cyclic extension of degree d. Then H' (T, Eg (K'))
contains an element of order d if and only if ¢ € Ng/,x(K'™) (where
Nk /k denotes the norm map).

b) Given any positive integer n and any cyclic extension K' | K with fx,k|n,
there exists a smooth projective curve Xg /K of genus 1 minimally triv-
ialized by K' and whose Jacobian has split multiplicative reduction of

type I,.

Proof. a) In view of the exact sequence (27), we need to understand when
there exists an injective homomorphism p : I' - &g , in Ker (ak/). After
fixing a generator of I', we can identify Hom(I", ®g,,) with ®g , [d], and
the set of injective p’s with set of elements of @, [d] of order d. The group
H(T, O%) can be identified with Ok / Nk, (O%,) (see [53], VIII, §4, for
a review of the Galois cohomology of cyclic groups). The map ok is then
described as follows. Let x € ®g,,[d], and let y € E(K ") be a preimage of
x under cgs. The trace of y is in E(K) and belongs to Ker(ck). It is thus
the image of an element in O%. Then ok (x) is equal to the image of this
element of Oy in O /Ng//k (O%.).

We need to show that g € Ng+/x (K'™) if and only if @, [d] € Ker ag
or, equivalently, if an element of ®,,[d] of order d is in Ker ak-.

Let n := vk(q). If ®f,,[d] has an element of order d or if ¢ €
Nk (K'™), then f | n. Let z := (7')"// € K’, where 7’ is a uniformizing
element of K’. Then |z| = |g|"/¢ and x := cx/(Z) is a generator of S, [d].
We have Ng//x(z) = qu for some u € O, and Trg/,x(Z) = i. Hence,
ag(x) = uin O /Ng k(0% ). Then we see immediately that ok (x) is
trivial if and only if ¢ € Ng//x (K'™).
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b) Given K'/K cyclic with f | n, let z := (n/)"/ € K’, and use
q := Nk//k(2) to define Eg := Gm,K/qZ. We let X be the torsor under
E defined by the element of order d in H' (K, Eg) found in Part a). Then
vk (q) = n, with Ex and Xk as in Proposition 8.3. O

Example 8.8. Let n > 2 and let K'/K be a cyclic extension of degree
d # 1 dividing n and such that eg//;x = 1. According to Proposition 8.7,
there exists a smooth projective curve X /K of genus 1 whose Jacobian
Ex has split multiplicative reduction of type I,,. Then 8.3 implies that X
has n/d geometric irreducible components. Thus, Theorem 6.6 does not
hold as stated when k& is imperfect, or when & is perfect but not algebraically
closed.

Assume that k is imperfect. To produce an explicit example, consider
a field K of mixed characteristic p which contains the f-th roots of unity
(with f a power of p). Then the extension K’ := K[x]/(x/ — a), with
a € Ok not a p-th power modulo m, is cyclic over K with residual
index f.

Note that in this example, @y and ® g have orders n/d and n, respec-
tively. In particular, their p-parts are not isomorphic. It follows that the
natural map Q — J is an open immersion (7.5), but not an isomorph-
ism.

Remark 8.9. Propositions 8.3 and 8.7 show the existence of torsors X of
some shape once a cyclic extension K'/K exists with residue extension
k' /k of degree f.Let us remark here that a cyclic extension K’/ K of degree
d := p’, totally ramified, and with f > 1, may not exist for a given K.
For instance, a theorem of Miki (see, e.g., [56] 9.1) states that if K has
characteristic zero and vk (p) < p — 1, then any cyclic extension K'/K of
degree p" has separable residue field extension.

Remark 8.10. Let us return to 8.3 b). Let Z = (Xy)". Since Z/k is
geometrically connected (see, e.g., [31], 5.3.17), we know that H 9Z,0,) /k
is purely inseparable. It is in fact equal to (k')A"*/P  the largest purely
inseparable extension of k in k’. Indeed, we saw in the proof of 8.3 b) that
I" acts freely on X;. We find then that Z = X /" and H(Z, @) = (K')".
Since I' acts on O as Gal (K'/K), it acts on k" as Aut (k' /k).

Keep the notation and hypotheses of Proposition 8.3. We turn now
to computing the integers disc (X) and £(H'(X, Ox)wrs) explicitly. It fol-
lows from 8.3 that the greatest common divisor of the multiplicities of
the components of X; is e. Let & be the integer such that 0 < h <
e — 1 and wy/;s = woOx(he ' X;) for some basis wy of H(X, wx/s)
(Lemma 5.7).

Let 8’ := Spec (Ok) and let 7" be a uniformizing element of K’. Recall
that wg/s is the sheaf associated with the module Homg, (O, Ok). This
latter module is isomorphic to Wg//x :={B € K" | Trg//x(BOk') € Ok}
(see, e.g., [31], 6.4.25 and Exer. 6.4.8). Write Wx//x = (71’)’8’(//’( Ok
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Proposition 8.11. Keep the above notation. Let a := £(H"'(X, Ox)iors)-
Then

(a) disc(X/S) =disc(E/S) = n.

(b) Write §g/x = se+rwithO <r <e=eg k. Thena=s,andh =r.

(¢) X/S is cohomologically flat if and only if K'/K is tamely ramified.
When X /S is cohomologically flat, then h = e — 1.

Proof. Using the results recalled in 9.1, we obtain that disc (E/S) = n. Let
X' >~ Eg be the minimal regular model of Xk  over S’. We conclude then
that disc (X’/S’) = ne. Let us now compute disc (X’/S’) in a different way.

Recall as in 9.1 that Ay, ,x can be regarded as a map K —

(H*(Xk, wx,,x))®"?. Using the identification from 5.5, we find that
Ax, k(1) can be identified with the element A(T%w0)®'? for some A € K*
with vg (1) = disc (X/S).
Let 1 : X’ — X be the canonical (quotient) morphism. We saw in the
proof of Proposition 8.3 that p is étale. Thus,
wxs = proxs = wOx (hXy) = (1) "wyOx.

Let p : X’ — S be the natural map. Using the adjunction formula (see,
e.g., [31] 6.4.9), we find that

wxys = wx7s Q0 (P wsys)" = () K Koy s = (1)K K wgOy.
We may thus compute Ay, /x/(1) in H'(X g, a)XK,/K/)@Z as the image
of Ax./k(1), namely: let o) := (7)°%/« "wy. Then Ay, x(1) =
A2 () 2ok k +h)(a)6)®12. It follows then from the definitions that
disc(X'/S") = edisc(X/S) + 12(ea — $xr/x + h).
Putting both expressions for disc (X’/S’) together, we obtain:
(28) disc(X/S) =n+ IZe’I(SKI/K—h—ea).

Theorem 5.9 shows that disc(X) — disc(£) is divisible by 12. Since
disc(E) = n, we obtain from (28) that e | (6xyx — h). Thus, h = r.
We turn now to proving that @ = s. Once this fact is known, Part a) is
immediate from b) and (28).

For any integer N > 0 and any scheme Y over S, we denote by Yy =
Y x5 Spec(Ok/aNT1Ok). Let I' = Gal(K'/K). Since X' — X is étale,
sois X, — Xy and we have Xy = X/, /I". Therefore H°(Xy, Ox,) =
HO(X,, (9X/N)F. Since X' — Spec Ok’ is cohomologically flat, we have

H'(Xy, 0x,) = (H'(X', 0x)®0,, Ok /7" Ok)" = (O /7" Ok) .

N
- .
The exact sequence 0 — Oy — Ox — Oy, , — 0 induces an exact
sequence

0— Ox/7¥0x = (O /7" Ok) = H'(X, 0x)[7"] - 0
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N
(where [rV] means " -torsion). Similarly, the exact sequence 0 — O SN
Ok — Ok /7 Og — 0 induces an exact sequence

0= Ox/7"0x = (Ox /7" Ok — H'(T', Ox)[x"] = 0.

Taking N > 0, we find 7 = £(H' (I, O)[7*°]). Since H'(T", Og) is
finitely generated on O and H'(T", K’) = 0, we find that H'(T", O/)[7™]
= H'(T', Ok). As noted in [52], Remark after Theorem 2, one can use
Herbrand’s quotient to show that £(H'(I", Ok)) = E(ﬁo(f‘, Ok)), and
this latter module is isomorphic to Ok /Tr(Ok:). That Tr(Og) = 7O is
well-known ([53], V.3, Lemma 4 when |I"| is prime). Hence, a = s.

The cohomological flatness of X /S in Part c) is equivalent to a = 0,
and, thus, equivalent to dx/,x < e — 1. This last condition is equivalent to
K'/K tamely ramified and to 8x//x = e — 1. The equality 7 = e — 1 then
follows from (b), and Proposition 8.11 is proved. m|

Remark 8.12. 'We are now in a position to give an example of a wild fiber of
strange type (see [24], added in proof, where the authors indicate that such
an example is not known.) We need to produce a model X /S which is not
cohomologically flat, and such that its fiber has multiplicity eand 7 = e— 1.
It suffices to find a totally and wildly ramified extension K’/ K of degree e,
such that 8/, = se+e—1forsome s > 0. Choose K with an algebraically
closed residue field, and consider an extension K’ := K(«), where « is the
root of an Eisenstein polynomial f(7T) € Ok[T]. The formula for §g//x in
terms of the valuation of f’(«) shows that it is possible to find examples
of wild extensions with §x//x congruent to any integer 0 < h < e, at least
when the valuation of e is large enough if K has characteristic zero.

Remark 8.13. Keep the notation of this section. Consider the natural maps
introduced in 3.8 (13),

H'(X,9x) — Lie(Qx) — H'(E, Op).

Under our current hypotheses 8.3, we can show that the cokernel and kernel
of H'(X, Ox) — Lie(Qyx) have same length, even when k is imperfect.
Indeed, Theorem 5.9 shows that disc (X) = disc(E) + 12(b — a). Since
disc (X) = disc(E) (8.11), we find that b = a. Since Lie (Q y) is isomorphic
to H'(E, Of) (7.5), our claim follows.

9. Some examples

Let Xx be a smooth, projective, and geometrically connected curve of
genus 1, and let E ¢ be its Jacobian. Let X and E denote the minimal regular
models over S = Spec Ok of Xk and Eg, respectively. When k is separably
closed but not algebraically closed, we saw in 8.8 examples where the
number of irreducible components ny and ng of X; and E) are not equal,
and where ®x and ® g are not isomorphic. We exhibit below a different
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example where the reduction is additive and where, in addition, £ and X do
not have the same discriminant.

9.1. Let us recall here the relationship between the discriminant disc (X)
and the usual discriminant of a curve of genus 1 with a rational point.
Let T be any scheme. Let Y — T be a smooth projective curve with
geometrically connected fibers of genus 1. Then Ay, is defined as an
isomorphism Ay;r : Or — (g.wy7)®'* (see the begining of Sect. 5).
Suppose that T is affine and that Y can be defined by a Weierstrass equation

y2 + (a1x +a3)y = X ax® +agx +as, a; € Op(T).

Let A € O7(T) be the discriminant of the above equation, and set

(29) dx
wy = ——888.
0 2y +a1x +as
Then wy;7 = wyOy. It is well-known that Ay,7 (1) = Aa)g@u up to sign.

Let Ex be an elliptic curve over a discrete valuation field K. Let A be
the minimal discriminant of Eg, and E be the minimal regular model of Ex
over S. We claim that disc (E) = v(A). Indeed, let

y2 + (a1x +a3)y = ¥+ arx® + aux +as, a; € Ok

be a minimal Weierstrass equation of Eg. Let W/S be the Weierstrass model
of Ex associated to the above equation, and let  : £ — W be the natural
contraction map (see for instance [31], Cor. 9.4.37). Let w( be given by (29).
Then, as we mentioned above, Ag, k(1) = j:Aa)g9 12 Tt is well-known that
n*wy is a basis of wg/s ([31], loc. cit.). Thus disc (E) = v(A).

Proposition 9.2. Let K be a discrete valuation field of mixed characteris-
tic 3, with imperfect residue field k and uniformizing element .
Let ex := v(3). Fix an element ¢ € O g whose image in k is not a cube, and
consider the cubic curve X /K defined by the equation

(30) X4y +7 =0.

Then the regular minimal model X/S of X is the plane curve in P?/S
defined by equation (30). Let Ex be the Jacobian of X g. Then

. ) 12/3Z, 3, 3ek + 4] if ek is even,
[Pe, np, disc(E)] = {[{0}, 9, 3ex + 10] if ex is odd.
[CDXv ny, dlSC(X)] - [{O}v 1’ 9€K +4]

In particular, nx # ng, disc (X) # disc (E) except when ex = 1, and
31 disc(X) — (nx — 1) #disc(E) — (ng — 1).

Moreover, if e is even, then ®x # Dp.
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Proof. The Jacobian Eg is defined by the Weierstrass equation (see [2],
§3.2)
v =4x3 — 27272,

We easily find that the reduction of Eg is of type IV if ek is even, and of
type II* otherwise (to obtain the minimal model, it suffices in this example to
divide the equation by the appropriate power of 7°; see also [57]). This gives
@, ng, and disc (E) (which by 9.1 is the minimal discriminant of Eg).

Let us compute this data for X x. Equation (30) defines a plane curve over
S which is easily checked to be regular, with integral special fiber. Thus, it is
the minimal regular model X /S of Xk, withny = 1, and ®x = {0}. Since
X is a global complete intersection, it is cohomologically flat over S (see,
e.g., [31], Exer. 5.3.14). Moreover, wy/s is generated by its global section
(5.7). Consider the rational functions x; := x/z, y; := y/z € K(X) on X.
Then the rational differential

dxl
w) = W € Q}((X)/K

is a basis of wy/s (this can be seen by a direct computation, similar to the
proof of [31], 9.4.26 (c)). Thus, we need to compute the valuation of A € K
such that Ay, /x (1) = raP'? (see 9.1). Let K’ := K(c'/3). Let

—3nz 9mc' By € K(Xx)
Ui=—7—>, vi= —70Q ).
x+cl3y x+clB3y K
Then v>—97v = u?—2772. The discriminant A of this Weierstrass equation
du
is —3%7*, and its canonical differential is wy = 5 o One checks that
v—97

wy = ¢'3w,. We may then compute disc (X) as follows. By construction,
Ax k(D) = 10P", and Ax,, k(1) = Awf'* (see 9.1). So, as v(c) = 0,
disc (X) = v(X) = v(A). This achieves the proof. m]

Remark 9.3. In the above example, the group scheme Q/S associated with
Xk /K is not isomorphic to the Néron model J/S of the Jacobian of X,
except when ex = 1. This is easily seen as follows when ek is even: the
group @y is trivial, and since the natural map ®x — P is surjective, Py
is also trivial. On the other hand, the group ® g has order 3.

When ex > 1, we can show that the natural map Q — J does
not induce an isomorphism Lie(Q) — Lie(J) (or, in other words, that
Q — J is not an open immersion). Note first that in the above example,
disc (X) — disc (E) = 6ek or 6(ex — 1), depending on whether ex is even
or odd. Since X/S§ is cohomologically flat as noted in the proof of 9.2,
Theorem 5.9 shows that disc (X) — disc (E) = 12¢, where c is the length of
the cokernel of Lie (Q) — H'(E, Of). Hence, in this example, ¢ = eg /2
or (ex — 1)/2, depending on whether ek is even or odd.

Recall that when the natural map of S-group schemes Q — J is not an
isomorphism, then Pic®(Xx) # Jx(K) (3.7). It is in general very difficult
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to check directly whether Pic®(X k) # Jx (K). The above result shows that
for the curve (30), Pic®(Xx) # Jx(K) if ex > 1.

Remark 9.4. The Brauer group Br(K), when k is imperfect and separably
closed, is a huge torsion group (see, e.g., [22], Theorem 3, [27] 5.8, or [50]).
We note below that it is sometimes possible to use torsors under elliptic
curves to obtain explicit elements in Br(K).

In 8.8 and in 9.2, we have been able to construct torsors X ¢ /K such that
the natural map Qx — J is not an isomorphism. As we saw above, the cok-
ernel of Pic®(Xx) — Jx(K) is then non-trivial and, thus, we obtain in this
way non-trivial elements of Br(K) (use the exact sequence (11) restricted
to Pic®). When the reduction of X is additive, we find that the cokernel of
Pic®(Xx) — Jx(K) maps surjectively to an additive group (k, +).

We consider below curves Xg/K of genus 1 whose Jacobians Ex /K
have good reduction. Asnoted in 7.5, in this case Q — J is an isomorphism.
Thus we cannot use the cokernel of Pic’(Xx) — Jx(K) to produce non-
trivial elements of Br(K'). Nevertheless, given a cyclic extension K’/ K with
residual index f = [K' : K] = p", we are going to exhibit curves Xg /K
of genus 1 whose period & strictly divides its index §. We can then use the
exact sequence (11) to produce elements in Br(K) of order divisible by §/§'.

Fix two integers 0 < r < n. Let Ok be complete with k separably
closed. Assume that there exists a cyclic extension K'/K of degree p”,
with associated residue extension k’/k also of degree p”. Then we construct
curves Xg/K of genus 1 with index § = p"™" and period § = p" as
follows*. Choose an elliptic curve Ex/K with ordinary reduction, as in
[48], 9.4.1 (iii), and assume in addition that E/S is a Serre-Tate lifting of
its special fiber (as in [48], 9.4.3 b)). In other words, the p-divisible group
B associated with E/S splits as the sum of B¢ and B¢. That many such
curves Eg /K exist over K is proved as follows. Let kg C k be a perfect
subfield of k. Let W(ky) denote the Witt ring associated with kg, with
So := Spec W(ko). Given any ordinary elliptic curve Ey,/ko, there exists
a unique smooth lifting Ey /Sy of Ey, to Sy (the canonical Serre-Tate lifting,
see [35], V (3.3)). Using the natural map W(ky) — Ok, we can consider
the pull back £ = E( xg, S. It is easy to check that £/S has the required
properties.

For such E/S, the p-part of H I(K, Ex) is the direct sum of two terms,
one isomorphic to Hom(Gal(f/ K),Q,/Z,), and the other one isomorphic
to Q,/Z,. Moreover, given any extension F/K of ramification index e, the
natural map H' (K, Ex) — H'(F, E) restricted to the factor Q,/Z, is the
multiplication-by-e map Q,/Z, — Q,/Z,. We define now a torsor Xx /K
as the torsor corresponding to the following class x = x(K’/K, r) in the
p-part of H'(K, Eg). On the factor Q,/Z,, choose the class of 1/p". On

the other factor Hom(Gal (?/ K),Q,/Zp), pick the element corresponding

4 Ttis known that § | (8)2 ([30], Theorem 8). Examples where § = (&' )2 are given in [28],
end of Sect. 4.
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to the map
Gal(K/K) — Gal(K'/K) ~Z/p"Z C Q,/Z,.

It is clear that the order of x (that is, the period &) is equal to p". To compute
the index of X g /K, we note that any extension F/K such that x is mapped
to 0 in H'(F, Er) under the natural map H'(K, Ex) — H'(F, Ef) is
such that F O K’ and F/K has ramification index divisible by p”". Thus,
p" | 8. Since it is always possible to find a totally ramified extension of
K’ of degree p", we find that § = p"*".

Remark 9.5. Let X be a torsor under an elliptic curve Eg over K. If we
naively extend the definition of Artin conductor of X when k is imperfect
by setting _ ,

Art™ (X) = x(Xp) — x(Xg) + 85"

where 8 +7 is some ‘Swan conductor’ associated to the Galois module

(XK, Qg) then Art™?(X) = tg+2ug +0p tmp +ny—1(see 6.4). Proposi-
t10n 9.2 shows that in general, it is possible that either disc (X) # Art™(X)
or disc (E) # Art"™(E), contrary to the case where k is perfect.

Remark 9.6. Let Xk /K and Y /K be two smooth projective geometrically
connected curves of genus g > 1, with minimal regular models X /S and
Y/S, respectively. Assume that Jac (Xx)/K and Jac (Y )/K are isomorphic
as abelian varieties over K (but possibly not as polarized abelian varieties).
It is natural to wonder what are the possible relationships between X /k
and Y, /k.

Under our assumption, the Néron models Jx /S and Jy /S of Jac (X )/ K
and Jac(Yx)/K are isomorphic. Assuming that k is algebraically closed,
we can use [7], 9.6.1, and obtain, for instance, that the intersection ma-
trices of X; and Y; can be used to compute the group of components
Pracixx) (= Prac(yy)), thus providing a non-trivial relationship between the
intersection matrices. One may wonder what further relationships exist be-
tween these matrices. Let us note here that, in general, these matrices do
not have the same size, contrary to the case of curves of genus 1. Indeed,
the two curves of genus 2 over Q:

=2 +H*+3x2+1) and 3y = @?—HE*P+Tx+ 1)

have Q-isomorphic Jacobians. This example is due to E. Howe ([20], Ex-
ample 11). Using [32], one finds that at p = 3, one curve has good reduction,
while the other degenerates into the union of two elliptic curves.

Appendix A. The reduction types of curves of genus 1

We exhibit below all possible types of reduction of curves of genus 1
that have more than one component. We show that this list of reduction
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types is complete using the classification of affine Cartan matrices. Let us
start by recalling some intersection theory. Let Qg be strictly henselian
with char(k) = p > 0. Let Xx/K be a projective, smooth, geometrically
connected curve of genus g. Let X/S be a regular model of X . Write the
special fiber X as Z;’Zl r;T";. Fix a component I" of X;. We let h/(I") =
dimy; H(T', Or). We also let e(I") denote the geometric multiplicity of I"
([7], 9.1.3), and r(I") denote its multiplicity in Xj. It is shown in [7], 9.1.8,
that e(T") divides I" - A for any divisor A on X;. It is clear that 1°(I") divides
e(I") (because k is separably closed) and 4'(I"). The integers h°(I") and
h!'(I") are related by the adjunction formula

[T+ Ky =2h"(I") —20°D),

where Ky/s denotes the relative canonical divisor on X. The same formula
applied to X instead of I" reads:

(32) 2g—2= Zr(r,.)( — ;- Ty = 2h%(T) + 201(T)).

i=1

Recall that any component I" such that 2°(I") = —I"-T"and ' (I") = O canbe
blown down to a regular point (see, e.g., [31], 9.3.1). Thus, a regular model

is minimal if X has no such components. When the model is minimal, we
find ([31],9.3.10) that foralli =1, ..., n,

(33) —I; - Ty = 2h%(1y) 4+ 20" (1)) > 0.

To be able to study the combinatorics of the special fiber X, we introduce
the following terminology. We call a p-type T = (G, M, R, E, H°, H") the
following data. We let M = ((I'; - I';)) be a symmetric (n x n)-matrix
with integer coefficients. When n > 1, we assume that M has nega-
tive diagonal entries, and non-negative entries otherwise. When n = 1,
we set M = (0). The matrix M will be called the intersection matrix.
We let R denote a vector of positive integers, with R :='(ry, ..., r,), such
that MR = 0. The vector R is called the vector of multiplicities. We let
E :="(e(I'}),...,e(T,)), where e(I';) = p/i for some non-negative inte-
ger f;. Welet H® :=' (h%(T")), ..., h°(T",)), where h°(T";) = p* for some
non-negative integer s;. We let H' := ‘(h'(I'y), ..., h'(',)) where 1! (")
is a non-negative integer. We assume that for each 7, e(I';) divides (I'; - ")
for all j, and divides 2" (I";) — 2h°(T";). We also assume that 2°(T";) divides
e(I';) for all i. We let G denote the graph on n vertices such that the i-th
vertex is linked to the j-th vertex by exactly (I'; - I';) edges. Since the
graph G is completely determined by M, we may sometimes drop it from
the notation, and call p-fype simply the data T = (M, R, E, H°, H"). The
genus of the p-type is the number g defined by the right-hand side of the
adjunction formula (32). We will say that a type is minimal if the inequality
(33) holds foreachi =1, ..., n.
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Let us consider the case where g = 1. Let T = (M, R, E, H°, H") bea
p-type of genus 1 with n > 1. For any pair of integers e = p° and m, we
obtain a new p-type (e, m)T := (eM, mR, eE, eH", eH"). The reader will
easily check using (32) that (e, m)T has genus 1. When the residue field &
is algebraically closed, all geometric multiplicities are equal to 1, and we
denote the type (1, m)T simply by mT. We shall call (e, m)T a multiple
of T.

A.l. Note that when n > 1, H' = (0,...,0). In terms of curves of
genus 1: Let X /S be minimal. Let I be any irreducible component of Xy. If
h'(I") > 0, then X is irreducible. Indeed, since g = 1, Formula (32) gives
I'-T =2hrY(T) —2h°%T). Since h°%(T") divides 1! (T"), we find that T'-T" < 0
implies #'(I") = h%(") and " - T" = 0. Since the intersection matrix of X
is semi-definite negative, we find that X, is a multiple of I.

The meaning of the diagrams below is as follows. A plain segment
adorned only with an integer r represents a smooth projective line defined
over k having multiplicity r. A dotted segment adorned with an integer r
represents a smooth projective line defined over purely inseparable exten-
sion of k degree p, and having multiplicity r. A plain segment adorned with
the symbols 1°(C) = 1 or h°(C) = 4 represents a component of multipli-
city 1 that is not geometrically reduced, but has h1°(C) = 1 or h°(C) = 4;
incase h°(C) = 1, weset e(C) = 2, and when h°(C) = 4, we sete(C) = 4.
Each irreducible component appearing in a type given below is such that
h'(C) = 0. A dotted segment intersects any other segment with intersection
multiplicity p, except in the case of the last such component on the right of
the diagram BC®, where the intersection multiplicity is 4.

We have adopted a notation compatible with the notation used for affine
Cartan matrices, where the size of a matrix is denoted by £41. Set £ := n—1.
Then, in the notation of each type below, the lower index is always equal
ton — 1.

Case p > 5. Any p-type with p > 5 is a multiple of a classical Kodaira
type. The list of the classical Kodaira types can be found, for instance, in
[55], p. 365.

Case p = 3. Any p-type with p = 3 is a multiple of a classical Kodaira
type, or a multiple of one of the following two types:

Type G- Vl

Type Gg ): (torsor) Kzl

(See Remark A.3 for the explanation of the label “torsor”).

Case p = 2. Any p-type with p = 2 is a multiple of a classical Kodaira
type, or a multiple of one of the following 9 families of 2-types. In the
diagrams below, £ > 1 unless otherwise indicated.
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Type B;*": Nl e Vg
Type BEZZ): \il .......... I'I/IP(C)=

Type B é23) : (torsor) P (c)%lrl _________ 11 PO)=1
Ty p e B Céz) . (tOl‘S Or) \2\%/,,/3:-\\‘\\2 ........ ’2’ /\,\’“/\’\ \/‘2/ hO (C) =4

Type C{" : (torsor) ™

Type C;” (£ = 3): 152 2

Ty pe FiZ): 12 3 /2’/‘\\1

Type Fj': (torsor) Y/3 270

Let us explain why the above list of p-types T = (M, R, E, H°, H")
is complete. Recall that since we list only the types which have more
than one component (n > 1), then H' = (0,...,0) (A.1), and the vec-
tor H° is completely determined by the matrix M. Indeed, the adjunc-
tion formula gives I' - I' = —2h%T). Let H denote the diagonal matrix
diag(h®(T")), ..., h°(I",)). Since h°(T") divides (I" - I') for all I, we find
that the matrix A := —MH ' has integer coefficients, and each coefficient
on the diagonal of A is equal to 2. Moreover, we have (‘R)A = 0. The
reader will easily check that A is an affine Cartan matrix in the sense of
[41], p. 258. Such matrices have been classified, for instance in Proposi-
tion 2 of [41], p. 265. Starting with an affine Cartan matrix A with associated
vector R such that ("R)A = 0, we find from Proposition 2 that this matrix
is symmetrizable, that is, that there exists a diagonal integer matrix H such
that AH is symmetric. The reader will check that —A H is the intersection
matrix associated with a p-type of genus 1, taking as vector H° the transpose

of the vector (1, ..., 1)H. In all cases but for the affine Cartan matrix Béz),
we take the vector E to be equal to H°. In the case of B, we obtain
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three different 2-types, Bém, Bén), and Bém, each having the same inter-

section matrix and vector H® = (1, ..., 1), but vectors E®V = (1, ..., 1),
E® = (1,....1,2)and E® = (2, 1,....1,2).

A.2. Let us note the following fact: If tx = 1, then X is either irreducible,
or its type is a multiple of 1, for some n > 2. This statement follows
immediately from the classification of affine Cartan matrices.

Remark A.3. All possible types of reduction not labeled with the word
‘torsor’ appear as the reduction type of an elliptic curve. Specific equations
can be found in [57]. All types labeled ‘torsor’ probably appear as reduction
types of curves of genus 1, although we are not able to prove it. An example
of reduction of type BCﬁ2> is given in [34], 1.5. We prove the existence of
reductions of the form (p*, m)I, withn > 2 in 8.8.

An example of reduction Ggl) is given as follows. Let K be of mixed
characteristic 3, with imperfect residue field k£ and uniformizing element 7.
Fix an element ¢ € Ok whose image in k is not a cube, and consider the
cubic curve X /S defined by the equation x* + 7y + c¢7rz® = 0. In the affine
chart x3 4+ y® 4+ cr = 0, this curve has a singular point (7, x, y* 4 ¢). The
special fiber of this chart is an affine line over & of multiplicity 3. The reader
will check that the special fiber of the blow-up of this singular point consists
of two rational curves defined over k[y]/(y* + ¢), and that this blow-up is
regular.
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