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ABSTRACT. — In the present paper, we study the p-adic Teichmiiller theory in the case
where p = 3. In particular, we discuss nilpotent admissible/ordinary indigenous bundles over
a projective smooth curve in characteristic three. The main result of the present paper is
a characterization of the supersingular divisors of nilpotent admissible/ordinary indigenous
bundles in characteristic three by means of various Cartier operators. By means of this char-
acterization, we prove that, for every nilpotent ordinary indigenous bundle over a projective
smooth curve in characteristic three, there exists a connected finite étale covering of the curve
on which the indigenous bundle is not ordinary. We also prove that every projective smooth
curve of genus two in characteristic three is hyperbolically ordinary. These two applications
yield megative, positive partial answers to basic questions in the p-adic Teichmiiller theory,

respectively.
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INTRODUCTION

In the present paper, we study the p-adic Teichmauller theory established by S. Mochizuki
[cf. [5], [6]] in the case where p = 3. In particular, we discuss nilpotent admissible/ordinary
indigenous bundles over a projective smooth curve in characteristic three. In the Intro-
duction, let p be an odd prime number, g > 2 an integer, S a connected noetherian scheme
of characteristic p [i.e., over F,], and f: X — S a projective smooth curve [i.e., a morphism
which is projective, smooth, geometrically connected, and of relative dimension one| of
genus g over S. Write fI': X¥' — S for the projective smooth curve over S obtained by
base-changing X — S via the absolute Frobenius morphism of S and ®: X — X for
the relative Frobenius morphism over S. We use the notation “w” (respectively, “7”) to
denote the relative cotangent (respectively, tangent) sheaf.

First, let us recall the notion of an indigenous bundle and some properties on an
indigenous bundle. We shall say that a pair

(m: P — X,Vp)

consisting of a Pl-bundle 7: P — X over X and a connection Vp on P relative to
X/S is an indigenous bundle over X /S if there exists a [uniquely determined — cf. [5],
Chapter I, Proposition 2.4] section [i.e., the Hodge section] o: X — P of m: P — X
such that the Kodaira-Spencer homomorphism o*wp/x — wx/g at o relative to Vp [i.e.,
the homomorphism obtained by differentiating o by means of Vp] is an isomorphism
[cf. [5], Chapter I, Definition 2.2]. The notion of an indigenous bundle was introduced
and studied by R. C. Gunning [cf. [2], §2] and enables one to understand the theory of
uniformization of [algebraic] Riemann surfaces in a somewhat more algebraic setting.

Let (m: P — X, Vp) be an indigenous bundle over X/S. Then the connection Vp on
P determines a horizontal homomorphism [i.e., the p-curvature]

P: ®'1xr;g — Ad(P) o T TP)X .-

We shall say that the indigenous bundle (7: P — X,Vp) is nilpotent (respectively,
admissible; dormant) if the square of P is 0 (respectively, the zero locus of P is empty;
P = 0) [cf. [5], Chapter II, Definition 2.4 (respectively, [5], Chapter II, Definition 2.4; [6],
Chapter II, Definition 1.1)]. Moreover, we shall refer to the composite of the p-curvature
P and the surjection Ad(P) — 7x/s determined by the Hodge section of (7: P — X, Vp)
as the square Hasse invariant of (m: P — X,V p) [cf. [5], Chapter II, Proposition 2.6,
(1)]. Then, by means of this square Hasse invariant, one may define the Frobenius
on R f,7x/s induced by (m: P — X,Vp) [cf. the discussion following [5], Chapter II,
Lemma 2.11]. We shall say that the indigenous bundle (7: P — X, Vp) is ordinary if the
Frobenius on R!f,7y/s induced by (7: P — X, Vp) is an isomorphism [cf. [5], Chapter
I1, Definition 3.1]. A nilpotent admissible/ordinary indigenous bundle plays a central role
in the “classical’ p-adic Teichmailler theory, i.e., the p-adic Teichmiiller theory discussed
in [not [6] but] [5].

The first main result of the present paper is the following uniqueness of a dormant
indigenous bundle in characteristic three [cf. Theorem 2.1, Corollary 2.6]:

THEOREM A. — In the notation introduced at the beginning of the Introduction, suppose
that p = 3. Then there exists a unique dormant indigenous bundle over X/S. In
particular, there exists a natural bijection between
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o HY(S, f*w_?ﬁs) = HO(X,w%S) and

e the set of isomorphism classes of indigenous bundles over X/S

such that, for @ € H°(S, f*wgs), the dormant locus in S of the indigenous bundle over
X/S corresponding to 0 coincides with the zero locus in S of 0.

If an indigenous bundle (7: P — X,Vp) over X/S is nilpotent admissible, then
there exist an invertible sheaf H on X and a global section y of H such that H®? =
Homo (®*Txr /g, Tx/s), and, moreover, the square of x coincides with the square Hasse
invariant of (7: P — X, Vp) [cf. [5], Chapter II, Proposition 2.6, (3)]. We shall refer to
X as the Hasse invariant of (m: P — X, Vp) [cf. [5], Chapter II, Proposition 2.6, (3)] and
to the zero locus of the Hasse invariant as the supersingular divisor of (m: P — X,Vp)
[cf. [5], Chapter II, Proposition 2.6, (3)]. The supersingular divisor is an important in-
variant of a nilpotent admissible indigenous bundle; for instance, if S is reduced, then the
isomorphism class of a nilpotent admissible indigenous bundle over X /S is completely de-
termined by the supersingular divisor [cf. [5], Chapter 11, Proposition 2.6, (4)]. The main
result of the present paper is a characterization of the supersingular divisors of nilpo-
tent admissible/ordinary indigenous bundles in characteristic three by means of various
Cartier operators.

In order to present the main result of the present paper, let us recall some notions
related to the Cartier operator. Let (L£,7) be a square-trivialized invertible sheaf on X,
i.e., a pair consisting of an invertible sheaf £ on X and a trivialization 7 of the square of
L [cf. Definition A.3]. Then the [usual] Cartier operator ®,wx/s — wxr g, together with
the trivialization 7, determines a homomorphism of Og-modules

Ciem: Jo(£L ®oy WX/S) — ff(ﬁF Ko, r WXF/S)

— where we write £F for the invertible sheaf on X obtained by pulling back £ via the
morphism X* — X induced by the absolute Frobenius morphism of S. We shall refer to
this homomorphism as the Cartier operator associated to (L,7) [cf. Definition A.4]. On
the other hand, the morphism X — X induced by the absolute Frobenius morphism of
S determines a Frobenius-semi-linear homomorphism

fol L ®oy wxys) — fE(LT ®o . wxrs).

For a global section u of £L®e, wx/s, we shall write u” for the global section of L' ®o .
wxr s obtained by forming the image of u via this Frobenius-semi-linear homomorphism.
We shall say that a global section u of £ ®o, wx/s is a normalized Cartier eigenform
associated to (£, 1) if u defines a relative effective Cartier divisor of X /S, and, moreover,
Ce,r(u) = —u” [cf. Definition A.8, (i)].

A part of the main result of the present paper is as follows [cf. Theorem 5.2, (ii)]:

THEOREM B. — In the notation introduced at the beginning of the Introduction, suppose
that p = 3. Let D be a relative effective Cartier divisor of X/S. Then it holds that
D is the supersingular divisor of a nilpotent admissible (respectively, nilpotent
ordinary) indigenous bundle over X/S if and only if D is of CE-type (respectively,
of CEO-type) [cf. Definition 5.1, (iii)], i.e., there exist an invertible sheaf L on X,
a trivialization T of the square of L, and a global section x of L ®o, wx/s such that
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the following two (respectively, three) conditions (1), (2) (respectively, (1), (2), (3)) are
satisfied:

(1) The divisor D is étale over S and coincides with the zero locus of x € I'(X, L&,
wX/S).

(2) The global section x € I'(X, L ®o, wx/s) is a normalized Cartier eigenform
associated to (L,T).

(3) The invertible sheaf L is parabolically ordinary [cf. Definition A.7], i.e., the
Cartier operator associated to (L, T) is injective, or, equivalently [cf. Proposition A.6],
one of the following two conditions is satisfied:

e L is of relative order one [cf. Definition A.2|, and, moreover, X is paraboli-
cally ordinary [cf. Definition A.5, (i)].

e L is of relative order two [cf. Definition A.2|, and, moreover, the connected
finite étale double covering of X which trivializes L [determined by 7| is parabolically
new-ordinary [cf. Definition A.5, (ii)].

Here, let us recall the following two basic questions in the p-adic Teichmiiller theory
discussed in [6], Introduction, §2.1 [cf. [6], Introduction, §2.1, (1), (2)]:

(1) Is every pointed stable curve [of type (g,7), where 2g — 2+ r > 0] hyperbolically
ordinary? That is to say, does every pointed stable curve [of type (g,r), where 2g—2+1r >
0] admit, étale locally on S, a nilpotent ordinary indigenous bundle?

(2) Let P be a nilpotent ordinary indigenous bundle over a pointed stable curve X [of
type (g,7), where 2g — 2+ r > 0] and Y — X a connected finite [log] étale covering of
X. Then is the pull-back of P to Y still ordinary?

As a corollary of Theorem B, we obtain the following theorem, which yields a negative
answer to the above basic question (2) [cf. Corollary 5.4]:

THEOREM C. — Let X be a projective smooth curve of genus > 2 over an algebraically
closed field k of characteristic 3. Then, for every nilpotent ordinary indigenous bundle
P over X/k, there exists a connected finite étale covering Y — X of X such that the
[necessarily nilpotent admissible| indigenous bundle (Y — X)*P over Y/k is not
ordinary.

In §6, we give, by applying the results obtained in the present paper, a complete list
of nilpotent/nilpotent admissible/nilpotent ordinary indigenous bundles over a projective
smooth curve of genus two over an algebraically closed field of characteristic three [cf.
Theorem 6.1]. Moreover, we prove the following theorem, which yields a positive partial
answer to the above basic question (1) [cf. Corollary 6.6, Remark 6.6.1]:

THEOREM D. — FEvery projective smooth curve of genus two over a connected noetherian
scheme of characteristic three is hyperbolically ordinary [cf. [5], Chapter II, Definition
3.9).
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1. CONSTRUCTION OF A DORMANT INDIGENOUS BUNDLE

In the present §1, we construct a dormant indigenous bundle over a projective smooth
curve of genus > 2 of characteristic 3 [cf. Proposition 1.1 below]. In the present §1,
let ¢ > 2 be an integer, S a connected noetherian scheme of characteristic 3 [i.e., over
F3], and f: X — S a projective smooth curve [i.e., a morphism which is projective,
smooth, geometrically connected, and of relative dimension one] of genus g over S. Write
fF: XF — S for the projective smooth curve over S obtained by base-changing X — S
via the absolute Frobenius morphism of S, ®: X — X for the relative Frobenius mor-
phism over S, Z C Oxx for the ideal of Ox x which defines the diagonal morphism
with respect to X/S, and X,,) € X xg X for the closed subscheme of X xg X defined
by the ideal Z"t' C Oy, x [where n is a nonnegative integer|. In particular, it follows
that Z/Z? = wy/s (respectively, Homo, (Z/Z?, Ox) = Tx/s), where we use the notation
“w” (respectively, “7”) to denote the relative cotangent (respectively, tangent) sheaf.

We shall write
def

B, = Coker(Oxr — $,0x)

for the Oxr-module obtained by forming the cokernel of the natural homomorphism
Oxr = ®,0x and

& € oB..
Since the homomorphism Oxr — ®,Ox admits a natural splitting after pulling back via
®, which thus determines a natural isomorphism of Ox-modules

PD,0x — Ox DE,,

and @ is finite flat of degree 3, it follows that B,, hence also &,, is locally free of rank 2.
We shall write
m: P ¥ PE) — X

for the P'-bundle over X associated to &,.
Next, let us observe that one verifies immediately that the natural morphism

Xxxr X — X XxgX

determines an isomorphism
X X XF X = X(g).
In particular, the closed immersion X(;) < X xg X determines a closed immersion

X1y = X Xxr X. Thus, it follows that the Ox-module &, hence also the P!-bundle P.,
on X admits a natural connection relative to X/S. We shall write

v€o> VP

for the respective natural connections on &,, P,. [So one verifies immediately that the
connection Vg, coincides with the connection on & = ®*B, determined by the exterior
differentiation operator Ox — wx/g.] Moreover, the above isomorphism X x xyr X 5 X )5
together with the cartesian diagram

X xyr X 225 X

o | &

X TXF,
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determines isomorphisms of Ox-modules
CI)*CI)*OX — prl*OXXXFX — PT1*0X(2)7

which are compatible with the respective natural surjections onto Ox [arising from the
diagonal morphism with respect to X/X*] from each of these three modules. In par-
ticular, by forming the kernels of the respective natural surjections onto Oy, we obtain
1somorphisms of Ox-modules

& — Ker(pr;,Oxx px — Ox) ¢— pry, (Z/T%).
We shall write

0o: X — P,

for the section of m,: P, — X determined by the composite & — wx,s of the above
isomorphism & = pry,(Z/Z?) and the natural surjection pry,(Z/Z%) — Z/I? = wys.
Then one verifies easily that the Kodaira-Spencer homomorphism ojwp,/x — wx/s at o,
relative to Vp, [i.e., the homomorphism obtained by differentiating o, by means of Vp,|
is an isomorphism. Thus, it follows immediately from our construction that the following
proposition holds:

PROPOSITION 1.1. — The pair (7,: Ps — X,Vp,) is an indigenous bundle [cf. [5],
Chapter I, Definition 2.2] over X /S whose Hodge section [cf. [5], Chapter I, Proposition
2.4] is given by o,. Moreover, the indigenous bundle (wo: P, — X, Vp,) is dormant [cf.
6], Chapter II, Definition 1.1].

In the remainder of the present §1, let us consider the invertible sheaves
det(&,), det(B.), det(P.wx/s).

Write M < Homo (det(B,),wxr,g). First, let us observe that since the Oy-module
xF /
pry, (Z/I3) = & = ®*B, fits into an exact sequence of Ox-modules
0 — w%s — pr,(Z/T°) — wxys — 0,
it follows that
det(&,) = w%‘s,
hence also
O*M = Oy.
Next, let us recall from the discussion preceding [8], Théoreme 4.1.1, that the map
¢,0x x ¢.0x — WxF /s
(f,9) = o(f - Pud(g))
— where we write d: Ox — wx/g for the exterior differentiation operator and c: ®,wx/s —
wxr g for the Cartier operator — determines an isomorphism of Oxr-modules
B, — Homo . (Bo,wxr/s),
which thus implies that
M®? =2 Oyp.
Thus, we obtain:
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LEMMA 1.2. — It holds that

det(&,) = wﬁ??s, det(B,) = wxr/g, det(Puwx/g) = w?ﬁp/s.

PrROOF. — The first “=” has already been verified. Since the homomorphism between
the relative Jacobian varieties of X% /S, X/S induced by ® is finite flat of degree 39,
it follows from the fact that ®*M = Ox, M®? = Oxr verified above that M lies in
(fF)*Pic(S). Thus, again by the fact that ®*M = Oy, the second “=” follows. The
third “=” follows from the second “=", together with the well-known exact sequence of
Oxr-modules

0 — Oxr — 0,05 24 P.wys — wyrg —> 0

cf., e.g., [4], Theorem 7.2]. O

2. THE DORMANT TRIVIALIZATION OF THE SCHWARZ TORSOR

In the present §2, we maintain the notation of the preceding §1. In particular, we have a
projective smooth curve f: X — S and a dormant indigenous bundle (m,: P, — X, Vp,))
over X/S [cf. Proposition 1.1]. In the present §2, we prove the following theorem:

THEOREM 2.1. — FEvery dormant indigenous bundle over X/S is isomorphic to the
dormant indigenous bundle (m.: P, — X,V p,) of Proposition 1.1.

REMARK 2.1.1. — It follows from [10], Corollary 5.4, that if p > 2¢g—2, then the number of
isomorphism classes of dormant indigenous bundles over a “sufficiently general’ projective
smooth curve of genus g over an algebraically closed field of characteristic p is equal to

P! pz_i 1 (=p)! Z ¢!
291 2920wy ’ _ 1\29-2°
229 “~ sin ( > ) 2 S (C—1)%
On the other hand, one verifies easily that the above quantity in the case where p = 3 is
always equal to 1. Thus, it follows from Theorem 2.1 that the formula of [10], Corollary
5.4, is valid for p = 3 without the assumption that p > 2g — 2.

To verify Theorem 2.1, let us first recall some facts on the p-adic Teichmaiiller theory
[cf. [5], [6]]. Write
M,
for the moduli stack of projective smooth curves of genus ¢ of characteristic 3 and

Ny[oo]

for the moduli stack of projective smooth curves of genus g of characteristic 3 equipped
with dormant indigenous bundles. Then the natural (1-)morphism

Nyloo] — M,

is finite and faithfully flat; moreover, there exists a dense open substack of M, on which
this (1-)morphism is étale [cf. the final portion of [6], Chapter II, Theorem 2.8]. Moreover,
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as is well-known, there exists a dense open substack of M on which the associated relative
Jacobian variety is ordinary. Thus, to complete the verification of Theorem 2.1, we may
assume without loss of generality, by considering a geometric point on the intersection
of these two dense open substacks [i.e., a geometric point on the — necessarily dense
open — substack of M, on which the above (1-)morphism is étale, and, moreover, the
associated relative Jacobian variety is ordinary|, that

e S is the spectrum of an algebraically closed field [of characteristic 3|, and that

e the Jacobian variety of X is ordinary [i.e., that X is parabolically ordinary — cf.

Definition A.5, (i)].
To complete the verification of Theorem 2.1, let
(m: P — X,Vp)

be a dormant indigenous bundle over X/S. Let us first observe that it follows from [5],
Chapter I, Proposition 2.5, that there exists an isomorphism over X

P =~ P, = P&,).

By means of such an isomorphism, let us identify P with P, = P(&,). Next, let us observe
that since (7: P — X, Vp) is dormant, one verifies immediately [cf. also [4], Theorem
5.1] that, by considering horizontal local sections of m: P — X with respect to Vp, we
obtain a P!-bundle
o Q — XF

over X and an isomorphism P = ®*(Q over X relative to which a local section of 7 is
horizontal [with respect to Vp| if and only if the local section arises from a local section
of w Q-

Next, let us observe that since S is the spectrum of an algebraically closed field, there
exist invertible sheaves Lo, Lxr on Q, X such that L5 = 19/xr, LG = wxr)s,
respectively. Thus, one verifies easily that ) is isomorphic to the P'-bundle P(1g.Lg),
hence also the P'-bundle P(Lxr R0, r mo«Lg), over X¥'. In particular, since P = P, is
isomorphic to ®*Q), it follows that there exists an invertible sheaf M x on X such that
& ®ox Mx = O (Lxr ®o, p TgsLq). Next, let us observe that, by considering the
following well-known exact sequence of Og-modules

0 — Wo/xF — ’HOmoQ(,CQ,ﬂ'éﬂ'Q*,CQ) — OQ — 0,
we obtain that 77, det(mg.Lq) = Oq, which thus implies that det(rg.Lq) = Oxr. Thus,

by considering the determinant of & ®o, Mx = ®*(Lxr R0 r 7o«Lg), we obtain from
Lemma 1.2 that M$? = Ox. Thus, in summary, we obtain:

LEMMA 2.2. — There exists a locally free coherent Oxr-module Bg of rank 2 on XF
which satisfies the following conditions:

(0) There exists an isomorphism of Q with the P*-bundle associated to By over X*';
moreover, the connection Vp coincides with the connection on P = ®*Q) induced by the
connection on ®*Bg determined by the exterior differentiation operator Ox — wx/s.

(1) There exists a(n) [not necessarily horizontal] isomorphism &, = ®*Bg of Ox-
modules.
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PROOF. — Since M?}Q = Oy, S is the spectrum of an algebraically closed field, and
the homomorphism between the Jacobian varieties of X*, X induced by ® is finite flat
of degree 39, one verifies easily that there exists an invertible sheaf M yr on X" such

that M?ﬁ = Oxr and P*Mxr =2 Mx. Then it follows immediately from the above

discussion that the Oyxr-module

def
BQ = HOmoXF(MXF,,CXF ®OXF WQ*,CQ)

satisfies the conditions in the statement of Lemma 2.2. O

Next, let us observe that the surjection
OBy = & = pri(Z/T°) — wxss
[cf. Lemma 2.2, (1)] determines a homomorphism of O xr-modules
a: Bg — ®wyys,
hence, by pulling back via ®, also a homomorphism of O y-modules
P*a: By — P*Owx/g

which is horizontal [with respect to the connections determined by the exterior differen-
tiation operator Ox — wxys].

LEMMA 2.3. — The homomorphism ®*«, hence also the homomorphism «, is a locally
split injection.

PROOF. — Let us first recall that we have a cartesian diagram

X xxr X 2 Xg —2» X

o | |o

X TXF

cf. the discussion preceding Proposition 1.1]. Thus, the closed subschemes X = X C
X(1) € X(9) determine a filtration
{0} = Fp € FL € F C F = &"Qwxys
such that, for i € {1,2,3}, ’
FilFior = w5
Moreover, one verifies immediately that the connection on ®*®,wy,s determines an iso-
morphism of invertible sheaves on X

]:2/,/—"1 % (./—'.3/./—'.2) ®@X wX/S.
Thus, since
det(®*Bg) = det(F3/F1) = wijg

[cf. Lemma 2.2, (2)], to complete the verification of Lemma 2.3, it suffices to verify that
the composite

CI)*BQ (ti;l @*@*WX/S = ]:3 — ]:3/.7:1
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is injective.

Next, let us observe that it follows from the definition of ®*« that the composite of
®*a and the natural homomorphism ®*®,wx,s — wx/g [i.e., the surjection ®*®,wx/g =
F3 = F3/Fs = wxys] determines an exact sequence of Ox-modules

0 — Wiy — DBy (2&) — wyxis — 0,

which gives rise to the Hodge section o, of (mo: P, — X,Vp,) [cf. Proposition 1.1],
hence also of the indigenous bundle (7: P — X, Vp) [cf. [5], Chapter I, Proposition 2.4].
Thus, to complete the verification of Lemma 2.3, it suffices to verify the injectivity of the
homomorphism
(JJ?}?S — FQ / .Fl

induced by the composite ®*Bgy — F3/F; under consideration, or, equivalently, the
injectivity of the composite

‘*’%s — R/ F1 — (F3/F2) oy wx/s
with the isomorphism discussed above. On the other hand, since ®*« is horizontal, one
verifies immediately that this composite coincides with the composite

®2

wyrs = By — O'Bo Roy wxys = wx/s Qo wxss = (Fa/F2) ®ox wx/s

— where the second arrow is the connection on ®*Bg. In particular, if the composite

w?}?s — (F3/F2) ®oy wx/s under consideration is not injective, then it follows that

the invertible subsheaf W?}?s C ®*Bg is preserved by the connection on ®*Bg, which

thus implies [cf. Lemma 2.2, (0)] that the Hodge section o, of the indigenous bundle
(m: P — X,Vp) is horizontal with respect to Vp; thus, we obtain a contradiction. This
completes the proof of Lemma 2.3. O

We conclude from Lemma 2.3 that the cokernel Coker(«) of «v is an invertible sheaf on
X*F which is isomorphic to

Homo . (det(Bg), det(P.wx/s))-
In particular, it follows from Lemma 1.2; Lemma 2.2, (2), that we have an exact sequence
of Oxr-modules
0 — BQ = (I)*wx/g — WxF/s — 0.

Let us prove Theorem 2.1.

PROOF OF THEOREM 2.1. — Let us recall the well-known exact sequence of O xr-modules
0 — Bo — (I)*WX/S L> WxF /s — 0

— cf. the exact sequence of Oxr-modules which appears in the proof of Lemma 1.2. If
B, = Im(«), then it follows from Lemma 2.2, (0), that the dormant indigenous bundle
(rm: P — X,Vp) is isomorphic to the dormant indigenous bundle (7.: P, — X, Vp,) of
Proposition 1.1. Thus, assume that B, # Im(«). Then since det(B,) = det(Bg) = wxr /g
[cf. Lemma 1.2; Lemma 2.2, (2)], it holds that B, ¢ Im(«a), which thus implies that the
composite

B, = Ker(c) — ®,wx/s - Puwxys/Im(a) = wxr/g
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is nonzero. In particular, since we have an isomorphism B, = Homo . (Bs,wxrg) of
Oxr-modules [cf. the discussion preceding Lemma 1.2], we conclude that the Og-module
fFB, admits a nonzero section. Thus, it follows, in light of the exact sequence of Oxr-
modules

0 — Oxr — ,0x — B, — 0,

that the Jacobian variety of X is not ordinary — in contradiction to our assumption that
X is parabolically ordinary. This completes the proof of Theorem 2.1. O

It follows from Theorem 2.1 [together with the discussion following Remark 2.1.1] that
the natural (1-)morphism

Nyloo] — M,

is an isomorphism, hence also étale. Thus, by the final portion of [10], Theorem 3.3, we
obtain:

COROLLARY 2.4. — Every dormant indigenous bundle over X/S is dormant ordinary
[cf. [10], Definition 3.2].

We shall write
Cg — M,
for the universal curve over M, and
S, — M,

for the Schwarz torsor over M [cf. [6], Introduction, §0.4], i.e., the torsor over the locally
free coherent O,y,-module of rank 3g — 3

(Cy — /\/lg)*w?f/Mg

obtained by forming the moduli stack of projective smooth curves of genus g of charac-
teristic 3 equipped with indigenous bundles [cf. also [5], Chapter I, Corollary 2.9]. By
considering the composite of the above natural isomorphism M, < N,[oc] and the nat-
ural closed immersion Ny[oo] < S, of stacks, we obtain a trivialization

M, — S,

of the Schwarz torsor.

DEFINITION 2.5. — We shall refer to this trivialization M, — S, of the Schwarz torsor
as the dormant trivialization.

By the dormant trivialization of Definition 2.5, we obtain an isomorphism of §; with
the geometric vector bundle over M, associated to (C, — Mg)*w?f/ M, Thus:
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COROLLARY 2.6. — There exists a natural bijection between the following two sets:

o I'(S, wa/S) (X, w%s)

e The set of isomorphism classes of indigenous bundles over X/S.
For 6 € I'(S, f. wX/S) =I(X, w%s), the indigenous bundle over X/S corresponding to 0
is given as follows: Let us recall the pair (€,,Veg,) and the exact sequence of Ox-modules

0 — W%

X/s T & — wx;g — 0

discussed in §1. Write ¢?: &, — & Qo wx/s for the homomorphism of Ox-modules
obtained by forming the composite

4 3 2
E, —» wx/s — w;eé/s = w?}/s RPoyx Wx/s — E Roy Wx/s-

We shall write
VG
for the connection on P, determined by the connection
Ve L Ve + ¢

on E. Then the indigenous bundle over X/S corresponding to 0 is given by

Py Y (P X, V).

Moreover, for 6 € T'(S, f*wX/S) = I'(X, w%s) the dormant locus in S of Py [i.e.,
the maximal closed subscheme F C S of S such that the restriction of Py to X xg F is
dormant] coincides with the zero locus in S of 0 [i.e., the mazimal closed subscheme
F C S of S such that the restriction of 0 to X xg F is identically zero].

3. LocAL CRITERIA

In the present §3, we prove local criteria for some properties on indigenous bundles [cf.
Proposition 3.1; Proposition 3.8, (ii), below]. We maintain the notation introduced at
the beginning of §1.

Let

6 € I'(X,w§ y 7s)

be a global section of w / g~ Thus, it follows from Corollary 2.6 that we obtain a connection
ve
on the P!-bundle P, such that the pair
P« (mo: Py — X, V%)

forms an indigenous bundle over X/S.
Let € X be a point of X and ¢, =t € Ox a local parameter of X/S at x. Write
¢ = ¢ € Ox for the local function on X at x which fits into the equality

0 = ¢-dt ®dt.

Then one verifies immediately that the local sections

eldff1®t—t®1 egdﬁe% € prl*OXX P X & PO
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[cf. the discussion preceding Proposition 1.1] are contained in the submodules
Ker(pr,Oxx px — Ox) — &,
and that, in the natural exact sequence of Ox-modules

0 — WPy — & — wxs — 0,

the local section ey determines a local trivialization of the invertible sheaf w?}?s, and the

local section e; determines a local splitting of the surjection & —» wx/g; in particular,
{e1, e} forms a local basis of &,.
Next, let us observe that it follows immediately from the definition of V¢, that

0 1
v€o<61762) - (61762) : (0 0) ®dt

Thus, one verifies immediately from the definition of V% [cf. Corollary 2.6] that

Vi (e1,e2) = (er,e2)- (; é) ® dt.

In particular, it follows that the p-curvature P? of the connection Vgo cf., e.g., the
discussion preceding [4], Theorem 5.1] is given by

Po Q*ryr)g — Ado, (&)
R ((61,62) = (e, e2) - <¢2_f¢,, Z),))

— where we write t! € Oxr for the local parameter of X¥ /S determined by the local
parameter ¢ € Oy, d,# (respectively, d;) for the local trivialization of 7xr g (respectively,
Tx/s) Which maps dtf" (respectively, dt) to 1, d; for the local derivation corresponding to
de, “(—)"7 for “Oy(—)" [i.e., “(—)" is the “derivative of (—) with respect to ¢”], and

AdoX (50) g 8ndox (50)

for the submodule of Endp, (£,) consisting of trace zero endomorphisms of locally free
coherent Ox-module &,. This local computation [cf. Remark 3.1.1 below]| leads us to the
following local criteria for some properties on indigenous bundles:

PROPOSITION 3.1. — The following hold:
(i) The indigenous bundle Py is nilpotent [cf. [5], Chapter 11, Definition 2.4] if and
only if, for every point x € X, the equality
(00) + o ¢y + 7 = 0
holds.

(ii) Suppose that S is the spectrum of an algebraically closed field [of characteristic 3].
Then the indigenous bundle Py is admissible [cf. [5], Chapter II, Definition 2.4] if and
only if, for every closed point x € X, it holds that

ord,(¢,) < 2.
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PROOF. — Assertion (i) follows from the definition, together with the above local com-
putation. To verify assertion (ii), let us observe that

{(00) (65) (0

forms a local basis of the locally free coherent Ox-module Adp, (&;). Thus, assertion (ii)
follows immediately from the definition, together with the above local computation. [J

REMARK 3.1.1. — We note that since det(&,) = W%;S % Ox [cf. Lemma 1.2], the pair
(€, Ve,), as well as the pair (&, V% ) [cf. Corollary 2.6], is not an indigenous vector bundle
[cf. [5], Chapter I, Definition 2.2; also the discussion preceding [5], Chapter I, Definition
2.2]. One verifies easily from the fact that det(B,) = wyr /g [cf. Lemma 1.2] that if £ is an
invertible sheaf on X such that £%2 = 7y /s [note that since 2 is invertible on S, such
an invertible sheaf always exists after étale localizing S], then an indigenous vector bundle
whose projectivization is isomorphic to (7,: P, — X, Vp,) is given by tensoring (&, Vg,)
with the invertible sheaf ®*L equipped with the connection determined by the exterior
differentiation operator Ox — wx/s. On the other hand, one also verifies easily that
the operation of taking tensor product with a dormant invertible sheaf [i.e., an invertible
sheaf equipped with a connection whose p-curvature is identically zero| does not affect
the local computation of the p-curvature as above [as well as the validity of the following
results].

REMARK 3.1.2. — If PY = 0, then it follows from the above local computation that
¢ = 0, hence also # = 0. By means of this observation, one can give an alternative proof
of Theorem 2.1.

Next, let us observe that the natural exact sequence of Ox-modules

0 — wfly — & — wxis — 0

determines a homomorphism of Ox-modules
Ado (&) — Endo, (&) — ’Homox(w%s,wx/g) > Txr/s;

moreover, the square Hasse invariant [cf. [5], Chapter II, Proposition 2.6, (1)] of the
indigenous bundle Py is defined as the composite of the p-curvature P? and this homo-
morphism. Thus, by the above local computation, we obtain:

PROPOSITION 3.2. — The square Hasse invariant of the indigenous bundle Py is, up
to multiplication by a global section of OF, given by

0 e F(X,w?ﬁs) = F(X,'Homox(®*TXF/5,TX/S)).

In particular, if, moreover, the indigenous bundle Py is admissible, then the double
supersingular divisor [cf. [5], Chapter II, Proposition 2.6, (2)] of Py coincides with
the zero locus of 6.
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In particular, we obtain the following two corollaries:

COROLLARY 3.3. — Suppose that the indigenous bundle Py is nilpotent and admissi-
ble. Then the supersingular divisor [cf. [5], Chapter II, Proposition 2.6, (3)] of Py is
finite étale over S.

PROOF. — Since [it follows from the definition that] the supersingular divisor of Py is
finite flat over S [cf. also [5], Chapter 11, Proposition 2.6, (2)], to complete the verification
of Corollary 3.3, it suffices to verify the unramifiedness. Thus, we may assume without
loss of generality that S is the spectrum of an algebraically closed field [of characteristic
3]. Then the unramifiedness follows from Proposition 3.1, (ii); Proposition 3.2, together
with the definition of the supersingular divisor. O

COROLLARY 3.4. — Suppose that S is reduced. Then the isomorphism class of nilpo-
tent indigenous bundle over X/S is completely determined by the zero locus of the
square Hasse invariant.

PROOF. — First, let us observe that since S is reduced, it follows from [6], Chapter I,
Proposition 1.5, that, to verify Corollary 3.4, we may assume without loss of generality
that S is the spectrum of an algebraically closed field k [of characteristic 3]. Next, let us
observe that one verifies easily that if ¢ is nonzero and satisfies the equality “(¢')? + ¢ -
¢" + ¢* = 0” of Proposition 3.1, (i), then, for every ¢ € k\ {0,1}, ¢ - ¢ does not satisfy
the equality “(¢')? + ¢ - ¢ + ¢> = 0” of Proposition 3.1, (i). Thus, Corollary 3.4 follows
from Proposition 3.1, (i); Proposition 3.2, together with Corollary 2.6. U

REMARK 3.4.1. — Observe that Corollary 3.4 is a generalization of [5], Chapter II,
Proposition 2.6, (4), in the case where p = 3.

Next, let us observe that it follows from the equality of Proposition 3.1, (i), that the
following lemma holds:

LEMMA 3.5. — Suppose that S is the spectrum of an algebraically closed field [of charac-
teristic 3|, and that the indigenous bundle Py is nilpotent. Then, for every closed point

x € X, it holds that ord,(¢.) & 3Z + 1.

PROOF. — Assume that n < ord,(¢,) € 3Z + 1 for some closed point = € X. Write

b = D ait;
i=0
by regarding ¢, as an element of the completion O)Am. Then, by considering the coefficient
of the “t2"=2” of the left-hand side of the equality “(¢")*+¢-¢"+¢* = 07 of Proposition 3.1,
(i), we obtain that a, = 0. Thus, we obtain a contradiction. O

By Lemma 3.5, we obtain:
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COROLLARY 3.6. — Suppose that g = 2. If a nilpotent indigenous bundle over X/S is
active [cf. [6], Chapter II, Definition 1.1], then it is admissible.

PROOF. — Let us first observe that it follows from the definition of the admissibility
that, to verify Corollary 3.6, we may assume without loss of generality that S is the
spectrum of an algebraically closed field & [of characteristic 3]. On the other hand, in this
case, since deg(w%s) = 4, it follows immediately from Proposition 3.1, (ii), together with
Lemma 3.5, that every nilpotent and active indigenous bundle over X/S is admissible. [

We shall write
Ny
for the moduli stack of smooth nilcurves [cf. the discussion preceding [6], Introduction,
Theorem 0.1] of genus g of characteristic 3, i.e., the moduli stack of projective smooth
curves of genus g of characteristic 3 equipped with nilpotent indigenous bundles. Note
that it follows from [5], Chapter II, Theorem 2.3 [cf. also the discussion following [5],
Chapter II, Definition 2.4], that the natural (1-)morphism
Ny — M,
is finite flat of degree 33973.

COROLLARY 3.7. — Suppose that g = 2. Then the open substack of N
Nz \ NQ [OO]
1 smooth over Fj.

PrROOF. — This follows from Corollary 3.6, together with [5], Chapter II, Corollary
2.16. U

PROPOSITION 3.8. — Suppose that S is the spectrum of an algebraically closed field k

[of characteristic 3], and that the indigenous bundle Py is nilpotent. Then the following
hold:

(i) We shall write
Ty

for the relative tangent space of N/ M, at the k-valued point of N, corresponding to

Py. Then Ty is naturally isomorphic to the subspace of I'(X, W%s) consisting of global

sections 1 of w%s such that if, for some closed point x € X, we write
n = by diy @ dt,,
then it holds that
(62 - ¥a)" = 0.

(ii) It holds that the indigenous bundle Py is ordinary [cf. [5], Chapter II, Definition
3.1] if and only if the following condition is satisfied: For every nonzero global section n
of w?}?s, if, for some closed point x € X, we write

n = ¢m ’dtac®dt:ca
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then it holds that
<¢z '1/133)” 7£ 0.

PROOF. — Assertion (ii) follows immediately from assertion (i). Thus, to complete

the verification of Proposition 3.8, it suffices to verify assertion (i). Write A &of kle]/ (%),
where € is an indeterminate. Then it follows from Proposition 3.1, (i), that T} is naturally
isomorphic to the subspace of I'( X, w?@? ) consisting of global sections 7 of w?}?s such that
if, for some closed point x € X, we write

n = P, dt, ®dt,,

then the equality

(B +e)) + (o +et) - (p+e) + (o +er)® = 0
— where write oo Y, — in A®, (X, w%s) =I'(X, W%s) de-I'(X, w%s) holds. On
the other hand, again by Proposition 3.1, (i), one verifies easily that it holds that this
equality holds if and only if the equality

¢+ =Y (= (¢-9)") =0
holds. This completes the proof of assertion (i). O

REMARK 3.8.1. — Proposition 3.8, (ii), also follows immediately from Proposition 3.2;
Lemma A.9, (i) [in the case where we take the pair “(£,7)” of Lemma A.9, (i), to
be the pair consisting of Ox and the natural identification Ox ®p, Ox = Ox — cf.
Remark A.4.1], together with [5], Chapter II, Proposition 2.12.

Thus, we obtain:

COROLLARY 3.9. — Suppose that S is the spectrum of an algebraically closed field k [of
characteristic 3], and that the indigenous bundle Py is nilpotent. Then the following
conditions are equivalent:

(1) The indigenous bundle Py is dormant.
(2) The vector space Ty over k of Proposition 3.8, (i), is of dimension 3g — 3.

PrOOF. — If By is dormant, then 6 = 0 [cf. Corollary 2.6]. Thus, the implication (1) =
(2) follows from Proposition 3.8, (i). On the other hand, if condition (2) is satisfied, then it
follows from Proposition 3.8, (i) [in the case where we take the “n” of Proposition 3.8, (i),
to be ], that (¢?)” = 0. Thus, since 0 = (¢*)" = —(¢/)* — ¢ ¢" = ¢* [cf. Proposition 3.1,
(i)], we conclude that ¢ = 0, hence also # = 0, i.e., that condition (1) is satisfied [cf.
Corollary 2.6]. This completes the proof of Corollary 3.9. U



18 Y UICHIRO HOSHI

4. INDIGENOUS BUNDLES ARISING FROM SQUARES

In the present §4, we discuss some properties on an indigenous bundle which arises from
the square of a “twisted” differential form, i.e., the square of a global section of a “square
root” of the square of the relative cotangent sheaf [cf. Proposition 4.1, Proposition 4.2,
Proposition 4.4 below]. In the present §4, we maintain the notation introduced at the
beginning of §1.

Let

L = (L,7m: L5 Ox)
be a square-trivialized invertible sheaf on X [cf. Definition A.3] and
X € F(X,ﬁ ®(9X wx/s)

a global section of £ ®p, wx/s. Let us recall [cf. the discussion following Definition A.3]
that we have isomorphisms of invertible sheaves

~

L —  L®3 = o LF
TI®D)-1 = I®lxl — o
— where we write £ for the invertible sheaf on X" obtained by pulling back £ via the
morphism X — X induced by the absolute Frobenius morphism of S, [ is a local section
of £, and I* is the local section of £ determined by .
Let x € X be a point of X, t, =t € Ox a local parameter of X/S at x,and [, =1 € L
a local trivialization of £ at x. Then the global trivialization 7 and the local trivialization
[, = | determine a local unit

5 =6 ¥ riel) e 0%

at x. Moreover, the global section y determines a local function ¢, = ¢ € Ox on X at x
which fits into the equality

X = ¢-l®dt
at x.
Next, let us observe that the trivialization 7 determines an isomorphism

7: T(X, (£ ®oy wxys)?) — T(X,wig).

Thus, by considering the image via this isomorphism of the square

0 yox e ['(X, (£ ®oy wx/s)®?)

of x, we obtain a global section
T7(0) € I'(X, w?}?s)
of W?}?s' On the other hand, it follows from Corollary 2.6 that this global section 7(6)

gives rise to an indigenous bundle over X/S

PT(Q) déf (7TO: P, — X, V;E)e))

PROPOSITION 4.1. — Suppose that x defines a relative effective Cartier divisor of X/S.
Then the following conditions are equivalent:

(1) The indigenous bundle Py is nilpotent and active.
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(2) The global section x € I'(X, L ®o, wx/s) is a normalized Cartier eigenform
associated to L = (L, T) [cf. Definition A.8, (i)].

PROOF. — Let us first observe that it follows from the definitions of 7(0) that 7(6) fits
into the equality

7(0) = ¢*-6-dt®dt
at z. Thus, it follows from Proposition 3.1, (i), that it holds that Py is nilpotent if and
only if, for every point z € X,

(¢ 0))* + (9% 0) - (6" 0)" + (¢ - )’
— ¢4_(5/)2_¢3_¢/.5_51_¢3.¢//.52+¢4'5_5//+¢6‘53
= ¢* 8% (=(¢-071)" +¢")
is equal to zero. In particular, Proposition 4.1 follows from Lemma A.9, (ii), together
with Corollary 2.6. O

PROPOSITION 4.2. — Suppose that the indigenous bundle Py ) is nilpotent and active.
Then the following conditions are equivalent:

(1) The indigenous bundle Py is nilpotent and admissible.
(2) The zero locus of the global section x € I'(X, L ®o, wx/s) is finite étale over S.

PROOF. — Since [one verifies immediately that] the locus [in S] on which condition (1)
(respectively, (2)) is satisfied is open, to complete the verification of Proposition 4.2, we
may assume without loss of generality that S is the spectrum of an algebraically closed
field [of characteristic 3]. Then the equivalence (1) < (2) follows from Proposition 3.1,
(i), together with the definition of (). O

REMARK 4.2.1.

(i) Note that condition (2) of Proposition 4.1 does not imply condition (2) of Propo-
sition 4.2. Such a counter-example is as follows: Let k£ be an algebraically closed field of
characteristic 3. Let us consider the following polynomial:

ft) = 2+t +1 € k[t].

Then one verifies easily that f(t) does not have any multiple root, which thus implies
that the equation

s = f(t)
determines a hyperelliptic projective smooth curve C' of genus five over k.
Write w € I'(C,weyk) for the global section of wey, whose restriction to the open
subscheme of X on which f is invertible is of the form
a-tt

S

dt

— where o € k satisfies that a? = 2. Then one verifies easily from Lemma A.9, (ii),
that w is a normalized Cartier eigenform associated to O¢ [equipped with the natural
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identification O¢ ®op, Oc = O¢]. On the other hand, it is immediate that if we write
¢ € C for the closed point corresponding to (¢,s) = (0, 1), then ord.(w) = 4.

(ii) It follows from Corollary 3.6 that a nilpotent active indigenous bundle over a pro-
jective smooth curve of genus two in characteristic three is admissible. On the other hand,
it follows from the discussion of (i), together with Proposition 4.1 and Proposition 4.2,
that there exists a nilpotent active indigenous bundle over a projective smooth curve in
characteristic three which is not admissible.

PROPOSITION 4.3. — Suppose that S is the spectrum of an algebraically closed field k

lof characteristic 3], and that the indigenous bundle P is nilpotent and admissible.
Wrrite
Tr0)
for the relative tangent space of N/ M, at the k-valued point of Ny corresponding to
Pr@). Thus, it follows from Proposition 3.8, (i), that Ty may be regarded as a subspace
of T(X,wiig):
T4 < I'(X, W%s)-

Then the map

D(X, L ®oy wxys) @k T(X, L ®oy wxss) — T(X,wig)
a®pB = T(a®pB)

induces an isomorphism of vector spaces over k

~

Kel‘(Cg) — T.,-(g)
o = 7(0®X)
— where we write Cy. for the Cartier operator associated to L = (L, T) [cf. Definition A.4].

PROOF. — Let us first observe that [one verifies easily that] the homomorphism of vector
spaces over k

[1]

I'(X, L ®o, wxs) — (X, W%Q
o — T(Oé &® X)

is injective. Thus, to verify Proposition 4.3, it suffices to verify the following two asser-
tions:

(a) E(Ker(Cr)) C Tro).
(b) The resulting [cf. (a)] homomorphism =: Ker(Cr) — Tr(g) is surjective.
Next, let us recall from the proof of Proposition 4.1 that 7(6) fits into the equality
7(0) = ¢*-6-dt®dt
at x. Thus, it follows from Proposition 3.8, (i), that the subspace T, C I'(X,w$5)

X/S
consists of global sections 7 of w%s such that if, for some closed point x € X, we write

n = Y-dt®dt,
then it holds that
(¢*-6-v)" = 0.
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Now we verify the assertion (a). Let o € I'(X, £ ®o, wx/s) be such that Crz(o) = 0.
Write

o= pu-l®dt
at z. Since o € Ker(Cy), it holds that (g -67')” =0 [cf. Lemma A.9, (i)]. Thus, since
T(o®x) = ¢-p-d-dt®@dt
at x, and
(6 Y = (68 () (68 (07 + (6 - (u 57 = 0,
we conclude that Z(0) € Ty ). This completes the proof of the assertion (a).
Next, we verify the assertion (b). Let 1 be a global section of w?}?s which belongs to
T ). Write
n = Y- -dt @dt
at x. Then since
0 = (¢*-0-9)"
= (P00 bt P P S T T GGG
and ¢ is of order < 1 [at x| by Proposition 4.2, it holds that ord,(¢) > 1 implies ord,(¢) >

1. Thus, it follows that V' (x) = V(X)rea € V(7)rea C V (1), where we write “V(—)” for the

zero locus of “(—)”, i.e., that n € I'(X, W§35<—V<X))) C I'(X, w?}?s). Now let us observe

that since (£ ®o, wx/s)®? = w?}?s, which thus implies that £ ®o, wx/s = w?}?s(—V(X)),
we have an isomorphism
D(X,L®oy wxss) — T(X,w{s(=V(X)))
o — T(0 ® X).
Thus, we conclude that there exists a global section o of £ ®o, wx/g such that n =
7(0 ® x). Write
o= p-led
at z, which thus implies that
b= b6
at . Then since
0 = (¢2'5~¢)” — (ﬂ'¢3'52)”
= (6B (a6 = () (67 4 (68 0
— ¢3 . 53 . (M X 5—1)//7
it holds that (u-d671)” =0, i.e., that o € Ker(C;) [cf. Lemma A.9, (i)]. This completes
the proof of the assertion (b), hence also of Proposition 4.3. O

PROPOSITION 4.4. — Suppose that the indigenous bundle P g) is nilpotent and ad-
missible. Then the following conditions are equivalent:

(1) The indigenous bundle Py is nilpotent and ordinary.
(2) The invertible sheaf L is parabolically ordinary [cf. Definition A.7].
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PROOF. — Since [one verifies immediately that] the locus [in S] on which condition (1)
(respectively, (2)) is satisfied is open, to complete the verification of Proposition 4.4, we
may assume without loss of generality that S is the spectrum of an algebraically closed
field [of characteristic 3]. Then Proposition 4.4 follows from Proposition 4.3. O

5. NILPOTENT ADMISSIBLE INDIGENOUS BUNDLES VIA CARTIER OPERATORS

In the present §5, we prove the main result of the present paper [cf. Theorem 5.2 below],
as well as some corollaries to the main result. In the present §5, we maintain the notation
introduced at the beginning of §1.

DEFINITION 5.1.
(i) We shall say that a pair
(‘Ca X € F(X7 E ®0X wX/S))

consisting of an invertible sheaf £ on X and a global section x of L&o, wx/s is of CE-type
[where “CE” stands for “Cartier Eigenform”] if

o L2222y,
o x € I'(X, L ®o, wx/s) is a Cartier eigenform associated to L [cf. Definition A.8,
(ii)], and

e the zero locus of x is étale over S.

(ii)) We shall say that a pair (£, x) of CE-type is of CEO-type [where “CEO” stands
for “Cartier Eigenform and Ordinary”] if £ is parabolically ordinary.

(iii) We shall say that a relative effective Cartier divisor D of X/S is of CE-type
(respectively, of CEO-type) if there exists a pair (L, x) of CE-type (respectively, of CEO-
type) such that D coincides with the zero locus of .

The main result of the present paper is as follows:

THEOREM 5.2. — Let g > 2 be an integer, S a connected noetherian scheme of charac-
teristic 3 [i.e., over Fs], and f: X — S a projective smooth curve of genus g. Write wx/g
for the relative cotangent bundle of X/S. Then the following hold:

(i) Let P be a nilpotent admissible indigenous bundle over X/S. Write Lp for
the Hasse defect of P [cf. Definition B.2] and xp € I'(X, Lp ®o, wx/s) for the Hasse
invariant of P [cf. [5], Chapter II, Proposition 2.6, (3); also the final portion of Propo-
sition B.4]. Then the pair

(Lp,xp)

is of CE-type [cf. Definition 5.1, (i)]. Moreover, it holds that P is nilpotent ordinary
if and only if the pair (Lp, xp) is of CEO-type [cf. Definition 5.1, (ii)].

(ii) Let D be a relative effective Cartier divisor of X/S. Then it holds that D s
the supersingular divisor [c¢f. [5], Chapter II, Proposition 2.6, (3)] of a nilpotent
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admissible (respectively, nilpotent ordinary) indigenous bundle over X/S if and only
if D is of CE-type (respectively, of CEO-type) [cf. Definition 5.1, (iii)].

(iii) Suppose that S is reduced. Then, by considering the supersingular divisors,
we have a bijection between the following two sets:

e The set of isomorphism classes of nilpotent admissible (respectively, nilpotent
ordinary) indigenous bundles over X/S.

e The set of relative effective Cartier divisors of X/S of CE-type (respectively, of
CEO-type).

PROOF. — First, we verify the first assertion of assertion (i). Let us first observe that
it follows from the final portion of Proposition B.3 that L& =2 Ox. Moreover, it follows
from Corollary 3.3 that the zero locus of xp is finite étale over S. Thus, to complete the
verification of the first assertion of assertion (i), it suffices to verify that there exists a
trivialization 7: £L5* = Oy such that yp is a normalized Cartier eigenform associated
to (Lp,T).

Let us write 0p € I'(X, w?}?s) for the global section of w%s corresponding, via the

bijection of Corollary 2.6, to the indigenous bundle P. Fix a trivialization 7: £5* =
Ox of £&? and write 6 for the image via the isomorphism I'(X, (Lp ®oy wx/s)®?) —
X, w?}?s) induced by 7 of the square xp ® xp € I'(X, (Lp ®oy wX/5)®2) of xp. Then
it follows from Proposition 3.2 that there exists a global unit u € I'(S, OZ) such that
Op = u - 6. Thus, we may assume without loss of generality, by replacing 7 by u=! - 7,
that 0p = 6. In particular, it follows from Proposition 4.1 that yp is a normalized
Cartier eigenform associated to (Lp, 7). This completes the proof of the first assertion of
assertion (i). Moreover, the final assertion of assertion (i) follows from the first assertion
of assertion (i), together with Proposition 4.4 [cf. also the equality “0p = 6” in the proof
of the first assertion of assertion (i)]. This completes the proof of assertion (i).

Next, we verify assertion (ii). The necessity follows from assertion (i). To verify the
sufficiency, let D be a relative effective Cartier divisor of X /S of CE-type (respectively, of
CEO-type). Thus, it follows from the definition that there exists a pair (£, x) of CE-type
(respectively, of CEO-type) such that D is defined by x. Now since (L, ) is of CE-
type, the zero locus of y is étale over S, and there exists a trivialization 7: £®? = Ox
of £L%? such that x is a normalized Cartier eigenform associated to (£,7). Thus, it
follows from Proposition 4.1 and Proposition 4.2 that the indigenous bundle P over
X/S corresponding, via the bijection of Corollary 2.6, to the image via the isomorphism
I'(X, (£ ®0y wx/s)®?) = (X, w%s) induced by 7 of the square y ® x € I'(X, (£ ®oy
wx/s)®?) of x is nilpotent and admissible. Moreover, it follows from Proposition 4.4 that
if (L,x) is of CEO-type, then the indigenous bundle P is ordinary. Write xp for the
Hasse invariant of P. Then it follows from Proposition 3.2 that the zero locus of xp, i.e.,
the supersingular divisor of P, coincides with the zero locus of y, i.e., D. This completes
the proof of the sufficiency, hence also of assertion (ii).

The injectivity of the map of assertion (iii) follows from Corollary 3.4 [cf. also [5],
Chapter II, Proposition 2.6, (4)]. The surjectivity of the map of assertion (iii) follows

from assertion (ii). This completes the proof of Theorem 5.2. O
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COROLLARY 5.3. — Let X be a projective smooth curve of genus g > 2 over an al-

gebraically closed field k of characteristic 3 and L an wnvertible sheaf on X such that
L5? = Ox. Then the following hold:

(i) Suppose that L = Ox (respectively, L ¥ Ox). Then the number of isomorphism
classes of nilpotent admissible indigenous bundles over X/k whose Hasse defects are
1somorphic to L s

39 -1

< ﬁPg_l(Fiﬁ) = 3 _

3971 — 1)

(respectwely, < HPIT3(Fy) = 51

(ii) The number of isomorphism classes of nilpotent admissible indigenous bundles
over X/k is

< EPNE) + (H(Z/22)7) 1) 2E) = o (8- 1)+ (2 - 1)E ).

PROOF. — First, we verify assertion (i). Fix a trivialization 7: £%? = Ox. Let us first
observe that it follows from Theorem 5.2, (iii) [cf. also Remark A.8.1], that, to verify

assertion (i), it suffices to verify that the number of subspaces of V. = I'(X, L®o, wx/s)
of dimension 1 which are preserved and not annihilated by the Cartier operator V, —
D(XT, LF @0, wxr)s)) < Vi associated to (£,7) is

39— 1 39—1—1>
3-1 3—1

if £ 2= Ox (respectively, £ 2 Ox). To this end, let us observe that one verifies easily from
the Riemann-Roch theorem that the vector space V. over k is of dimension g (respectively,
g—1)if L = Ox (respectively, £ 2 Ox). Thus, assertion (i) follows immediately from
elementary linear algebra [cf. also [7], p.143, Corollary|. This completes the proof of
assertion (i). Assertion (ii) follows immediately from assertion (i). This completes the
proof of Corollary 5.3. U

< {PIH(IF;) = <respectively, < {P93(F3) =

COROLLARY 5.4. — Let X be a projective smooth curve of genus > 2 over an algebraically
closed field k of characteristic 3. Then, for every nilpotent ordinary indigenous bundle
P over X/k, there exists a connected finite étale covering Y — X of X such that the
[necessarily nilpotent admissible| indigenous bundle (Y — X)*P over Y/k is not
ordinary.

Proor. — Write Lp for the Hasse defect of P and Y, — X for the connected finite
étale covering of X which trivializes Lp. [So if Lp = Ox (respectively, Lp 2 Ox), then
Y1 — X is of degree 1 (respectively, 2).] Next, let Yo — X be a connected finite étale
covering of X such that Y5 is not parabolically ordinary [cf., e.g., [9], Théoreme 2] and
Y — X a connected finite étale covering of X which dominates Y7 — X and Y, — X.
Now let us observe that since Y — X factors through Y; — X, one verifies immediately
that the Hasse defect of the indigenous bundle (Y — X)*P over Y/k is trivial. Thus, it
follows from the final portion of Theorem 5.2, (i), that the indigenous bundle (Y — X)*P
over Y/k is ordinary if and only if Y is parabolically ordinary. On the other hand, since
Y — X factors through Yo — X, and Y5 is not parabolically ordinary, it holds that Y
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is not parabolically ordinary, which thus implies that the indigenous bundle (Y — X)*P
over Y/k is not ordinary. 4

REMARK 5.4.1. — Corollary 5.4 yields a negative answer to the basic question (2) of [6],
Introduction, §2.1.

Finally, we discuss the various moduli stacks related to the main result of the present
paper. We shall apply the notational conventions for the various stacks established in
the Appendix C [in the case where we take the “p” of the Appendix C to be 3]. The
following corollary follows immediately from the final portion of Theorem 5.2, (i) [cf. also
Proposition C.5]:

COROLLARY 5.5. — We have a cartesian diagram of stacks
Ngord s jg [Q]pb-ord

! l

Np —— T2

— where the vertical arrows are the natural open immersions of stacks [cf. Definition C.4],
and the lower horizontal arrow is the Hasse defect morphism [cf. Definition C.1].

Next, for a nonnegative integer r, write
Mg

for the moduli stack of hyperbolic curves of type (g, r) of characteristic 3, i.e., the moduli
stack of projective smooth curves of genus ¢ of characteristic 3 equipped with relative
effective étale Cartier divisors of relative degree 7.

DEFINITION 5.6. — It follows from Corollary 3.3, together with Proposition B.3, that
the supersingular divisor of the universal nilpotent admissible indigenous bundle over
Cg X, N2 — N2™ determines a (1-)morphism over M,

adm
Ng — M97[2g_2]'

We shall refer to this (1-)morphism as the Hasse morphism.

The following corollary follows immediately from Theorem 5.2, (ii):

COROLLARY 5.7. — Let (X, D) be a hyperbolic curve of type (g,2g —2) over a connected
noetherian scheme S of characteristic 3. Then the following conditions are equivalent:

(1) The classifying (1-)morphism S — Mg 94-9) of (X, D) factors through the Hasse
morphism ./\/';dm — Mg 2g-2]-
(2) The relative effective Cartier divisor D of X/S is of CE-type.
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6. THE CASE OoF GENUS TwoO

In the present §6, we give, by applying the results obtained in the present paper, a
complete list of nilpotent/nilpotent admissible/nilpotent ordinary indigenous bundles over
a projective smooth curve of genus two over an algebraically closed field of characteristic
three [cf. Theorem 6.1 below]. Moreover, we also prove that every projective smooth curve
of genus two over a connected noetherian scheme of characteristic three is hyperbolically
ordinary [cf. Corollary 6.6 below]. In the present §6, we maintain the notation introduced
at the beginning of §1. Suppose, moreover, that g = 2 [i.e., that X is of genus 2|, and
that S is the spectrum of an algebraically closed field & [of characteristic 3].

Since X is of genus 2, X admits a uniquely determined hyperelliptic involution ¢, which
determines a double covering

& X — @
— where we write ) for the [scheme-theoretic| quotient of X by the action of ¢. [Thus,
@ is isomorphic to the projective line P}, over k.] We shall write

WP C X
for the ramification locus of &, i.e., the zero locus of the global section of the invertible
sheaf on X [of degree 6]
Homo, (§*wg/s, wx/s)
determined by &. [Thus, WP C X is the set of Weierstrass points of X.] Then, as is

well-known, the closed subscheme WP C X is reduced; moreover, we have a bijection [of
finite sets of cardinality 15] between

e the set of subsets of WP of cardinality 2
and

e the set of isomorphism classes of invertible sheaves on X of order 2

given by mapping D = {x;,z2} C WP to Lp o Ox(x1 — x3). Finally, one verifies

immediately that, for a subset D C WP of cardinality 2, if we write
5 p: Xp — X
for the connected finite étale double covering which trivializes £p and
Ep

for the elliptic curve over k obtained by considering the double covering of @ (= P})
whose branch locus coincides with §(WP\ D), then the “new part’ of p [i.e., the abelian
variety obtained by forming the quotient of the Jacobian variety of Xp by the image —
via the homomorphism induced by £, — of the Jacobian variety of X] is isogenous to
Ep.

By this observation, together with the results obtained in the present paper, we give
the following complete list of nilpotent/nilpotent admissible/nilpotent ordinary indigenous

bundles over X/S:

THEOREM 6.1. — The following hold:

(i) FEvery nilpotent active [i.e., nilpotent nondormant]| indigenous bundle over
X/S is admissible.
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(i) Let D C WP be a subset of cardinality 2 and 0p € I'(X, W%s) a [uniquely
determined, up to multiplication by an element of k*] global section of w?}?s such that

the zero locus of Op coincides with 2D [if we naturally regard D as a reduced divisor of
degree 2], and, moreover, the elliptic curve Ep is ordinary. Then a [uniquely determined
— cf. Proposition 3.2, Corollary 3.4] k*-multiple of 0p corresponds, via the bijection of
Corollary 2.6, to a nilpotent [necessarily admissible — cf. (i)] indigenous bundle over

X/S.

(iii) Let weg € I'(X,wx/s) be a Cartier eigenform associated to Ox. Then a
[uniquely determined — cf. Proposition 3.2, Corollary 3.4] k*-multiple of weg ® weg €
X, w}@}?s) corresponds, via the bijection Corollary 2.6, to a nilpotent [necessarily ad-
missible — cf. (i)] indigenous bundle over X/S.

(iv) Fwvery nilpotent active [i.e., admissible — c¢f. (i)] indigenous bundle over X/S
is obtained as the result of either (ii) or (iii).

(v) It holds that a nilpotent indigenous bundle over X/S is ordinary if and only if
one of the following two conditions is satisfied:

(1) The indigenous bundle is obtained as the result of (ii).

(2) The indigenous bundle is obtained as the result of (iii), and, moreover, X is
parabolically ordinary.

PROOF. — Assertion (i) follows from Corollary 3.6. Next, we verify assertion (ii). Let
D C WP be as in assertion (ii). Then it is immediate that Lp ®o, wx/s = Ox(D) [if
we naturally regard D as a reduced divisor of degree 2|. In particular, it follows that
I'(X, Lp ®oy wxys) is of dimension 1, which thus implies that the zero locus of every
nonzero global section of Lp ®op, wx/s coincides with [the reduced closed subscheme
of X whose underlying subset is] D. Moreover, since Ep is ordinary, it follows from
Proposition A.6 [cf. also Remark A.8.1] that every nonzero global section of Lp ®o, wx/s
is a Cartier eigenform associated to Lp. Thus, it follows immediately from Proposition 4.1
that assertion (ii) holds. This completes the proof of assertion (ii).

Assertion (iii) follows from Proposition 4.1. Next, we verify assertion (iv). Let P be
a nilpotent admissible indigenous bundle over X/S. If the Hasse defect of P is trivial,
then it follows from Theorem 5.2, (iii), that P is obtained as the result of (iii). If the
Hasse defect of P is nontrivial, then it follows from Theorem 5.2, (iii), together with
Proposition A.6, that P is obtained as the result of (ii) [cf. also the proof of assertion
(ii)]. This completes the proof of assertion (iv). Assertion (v) follows from the final
portion of Theorem 5.2, (i), together with assertion (iv). This completes the proof of
Theorem 6.1. U

REMARK 6.1.1. — It follows immediately from Proposition 3.2, together with the various
definitions involved, that the Hasse invariants and the supersingular divisors of nilpotent
admissible indigenous bundles over X/S are given as follows:

e Write P for the nilpotent admissible indigenous bundle over X/S obtained as the
result of Theorem 6.1, (ii), with respect to a subset D C WP as in Theorem 6.1, (ii). Then
the supersingular divisor of P is [the reduced closed subscheme of X whose underlying
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subset is| D. Next, let us observe that Ox (D)%% = w?}?s, and, moreover, the vector space
I'(X, Ox (D)) over k is of dimension 1. Let s be a nonzero global section of Ox (D). Then

the Hasse invariant of the indigenous bundle P is a k*-multiple of

s € D(X,0x(D)).

e Write P for the nilpotent admissible indigenous bundle over X /S obtained as the
result of Theorem 6.1, (iii), with respect to a global section wep € I'(X,wx/s) as in
Theorem 6.1, (iii). Then the Hasse invariant of P is a k*-multiple of

WeE € F(X,wX/S).

The supersingular divisor of this indigenous bundle is the zero locus of wcg.

REMARK 6.1.2. — One verifies immediately that an indigenous bundle [implicitly]| dis-
cussed in [1], §11, is a nilpotent admissible indigenous bundle obtained as the result of
Theorem 6.1, (iii) [cf. the discussion in Remark 6.1.1 concerning supersingular divisors;
also condition (2) of Theorem 6.1, (v), and the equivalence (a) < (b) of [1], Theorem
2.8, (3)].

The following corollary follows immediately from Theorem 2.1 and Theorem 6.1 [cf.
also Remark 6.1.1], together with elementary linear algebra [cf. also [7], p.143, Corollary]:

COROLLARY 6.2. — Write nwp for the number of subsets D of WP of cardinality 2 such
that the elliptic curve Ep is ordinary. Write, moreover, vx (€ {0,1,2}) for the p-rank
of the Jacobian variety of X. Then the following hold:

(i) The number of isomorphism classes of nilpotent indigenous bundles over X/S is

given by
]_ + nwpe + ﬁIED,YX_l(Fg)

— where we write P~ (F3) .

(ii) The number of isomorphism classes of nilpotent admissible indigenous bundles
over X/S is given by

nwp + P77 ()

— where we write P~ (F3) .

(iii) If X is parabolically ordinary (respectively, not parabolically ordinary)
[i.e., vx = 2 (respectively, yx # 2)], then the number of isomorphism classes of nilpotent
ordinary indigenous bundles over X/S is given by

nwp +4  (respectively, nwp).

Next, let us recall the following well-known lemma on the p-rank of the Jacobian variety
of a projective smooth curve of genus < 2 over an algebraically closed field of charac-
teristic three. The following well-known lemma follows immediately from, for instance,
the characterization of the Cartier operator [cf., e.g., [4], Theorem 7.2], together with a
well-known explicit description of the global differential forms on a hyperelliptic projective
smooth curve:
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LEMMA 6.3. — The following hold:

(i) Suppose that X admits a dense open subscheme which is isomorphic to the affine

scheme over k
Spec(k[s, #]/(s* = f(1)))
— where s and t are indeterminates, and
ft) = t° +agt! +ast® + aot® + art +ag € klt].
Then it holds that X is parabolically ordinary if and only if a1 # as - ay.

(ii) If an elliptic curve E over k admits a dense open subscheme which is isomorphic
to the affine scheme over k

Spec(k[s,t]/(32 — f(t)))
— where s and t are indeterminates, and
ft) = t*+ast® +ast’ +arit +ay € kt]

(respectively, f(t) = t* 4+ aot® +ait +ag € k[t])
— then it holds that E is ordinary if and only if as # 0.

COROLLARY 6.4. — There exists a dense open substack of My such that every projec-
tive smooth curve parametrized by a geometric point on this open substack admits exactly
19 isomorphism classes of nilpotent ordinary indigenous bundles.

ProOF. — It follows from Theorem 6.1 [cf. also Corollary 6.2, (iii)] that, to verify Corol-
lary 6.4, it suffices to verify the following assertion: There exists a dense open substack
Ugra € My (respectively, Uyp C Ms) of My such that every projective smooth curve
parametrized by a geometric point on Uyq (respectively, Uwp) is parabolically ordinary
(respectively, satisfies the condition that, for every subset D C WP of cardinality 2, the
elliptic curve Ep is ordinary). On the other hand, the existence of “U.q” (respectively,
“Uwp”) as above follows immediately from Lemma 6.3, (i) (respectively, Lemma 6.3,
(ii)), together with a straightforward calculation. This completes the proof of Corol-
lary 6.4. U

REMARK 6.4.1. — Let us observe that the number “19” in the statement of Corollary 6.4
coincides with the result of the formula of [6], Chapter V, Corollary 1.3, (3), i.e., the

formula

. b
ngly = §(2p2 +1).

Finally, we prove the existence of a nilpotent ordinary indigenous bundle over X/S:

PROPOSITION 6.5. — The following hold:

(i) There erist at least 12 isomorphism classes of nilpotent ordinary indigenous
bundles whose Hasse defects are nontrivial over X/S.

(ii) There exist at least 13 isomorphism classes of nilpotent ordinary indigenous
bundles over X/S.
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PROOF. — Let us identify @) with P} by an isomorphism over k. Moreover, let us
naturally identify the set of closed points of P} = @ with the set k& U {oo}.
First, I claim that the following assertion holds:

Claim 6.5.A: If the number “nwp” defined in the statement of Corollary 6.2
is < 12, then, by considering a suitable automorphism of P, = @, one may
take the subset “WP” of P; = Q to be

{0,1,00,—1, 0, —a} C kU {oco}

— where a € k satisfies that a®> = 2 — i.e., X admits a dense open
subscheme which is isomorphic to the affine scheme over &

Spec(kls, ]/ (s* = f(1)))
— where s and ¢ are indeterminates, and

fit) = z(z - D(x+1)(z—a)(z+a) = 2°+2x € K[t

Indeed, suppose that there exist 3 distinct subsets Dy, Dy, D3 C WP of cardinality 2
such that the elliptic curves Ep,, Ep,, and Ep, are not ordinary.

First, we consider the case where WP = D;UDy;U D3. Then let us observe that we may
assume without loss of generality, by considering a suitable automorphism of P} = Q,
that £(D;) = {0,00} and 1 € £(D3). Then since Ep, and Ep, are not ordinary, it follows
from Lemma 6.3, (ii), that there exists an element o € k '\ {0,1, —1} such that

f(DZ) = {17_1}7 f(Dg) = {a7_a}'
On the other hand, since
a-(—a)+a-1+a-(=1)+(—a) - 1+ (—a)-(=1)+1-(=1) = —a® -1,

and Ep, is not ordinary, it follows from Lemma 6.3, (ii), that a® = 2. Thus, one may
take the subset “WP” to be as in Claim 6.5.A.

Next, we consider the case where WP # D;UD,U D3. Then let us observe that we may
assume without loss of generality, by considering a suitable automorphism of Py = @, that
oo € E(WP\ (D;UDyU Ds)), that 0 € E(WP\ (D1UDs)), and that 1 € £(Dy\ (DN Dy)).
Then since Ep, and Ep, are not ordinary, it follows from Lemma 6.3, (ii), that there
exists an element « € k\ {0, 1, —1} such that

E(WP\ Dy) = {0,00,a, —a}, &WP\ Dy) = {0,00,1,—1},

which thus implies that

E(WP) = {0,1,—-1,, —cv,00}.
Thus, since oo & £(D3), one verifies easily from Lemma 6.3, (ii), that Ep, is ordinary —
in contradiction to our assumption that Ep, is not ordinary. This completes the proof of
Claim 6.5.A.

Now we verify assertion (i). Suppose that the number “nwp” defined in the statement
of Corollary 6.2 is < 12. Then it follows from Claim 6.5.A that one may take the subset
“WP” to be as in Claim 6.5.A. In particular, it follows from Lemma 6.3, (ii), together
with a straightforward calculation, that the number “nwp” defined in the statement of
Corollary 6.2 is equal to 12. Thus, assertion (i) follows from Theorem 6.1. This completes
the proof of assertion (i).
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Next, we verify assertion (ii). Assume that the set of isomorphism classes of nilpo-
tent ordinary indigenous bundles over X/S is of cardinality < 12. Then it follows from
Corollary 6.2, (iii), that the number “nwp” defined in the statement of Corollary 6.2 is
< 12. Thus, it follows from Claim 6.5.A that one may take the subset “WP” to be as
in Claim 6.5.A. Then it follows from Lemma 6.3, (ii), together with a straightforward
calculation, that the number “nwp” defined in the statement of Corollary 6.2 is equal to
12. Moreover, since [it follows from Lemma 6.3, (i), that] X is parabolically ordinary, it
follows from Corollary 6.2, (iii), that X/S admits ezactly 16 (= 12+4) > 12 isomorphism
classes of nilpotent ordinary indigenous bundles — in contradiction to our assumption
that the set of isomorphism classes of nilpotent ordinary indigenous bundles over X/S is
of cardinality < 12. This completes the proof of assertion (ii). O

It follows from Proposition 6.5, (ii), together with [5], Chapter II, Proposition 3.4, that
the following corollary holds:

COROLLARY 6.6. — FEvery projective smooth curve of genus 2 over a connected noether-
ian scheme of characteristic 3 is hyperbolically ordinary |[cf. [5], Chapter II, Definition

REMARK 6.6.1. — Corollary 6.6 yields a positive partial answer to the basic question (1)
of [6], Introduction, §2.1. By Corollary 6.6, we conclude that the image of the natural
(1-)morphism discussed in the basic question (1) of [6], Introduction, §2.1, in the case
where (g,7,p) = (2,0,3) contains the open substack (Ma)p, € (Mao)g,-

REMARK 6.6.2. — Corollary 6.6 also yields an example of a projective smooth curve of
positive characteristic which is not parabolically ordinary but hyperbolically ordinary [cf.
also Lemma 6.3, (i)].

APPENDIX A. CARTIER OPERATOR ASSOCIATED TO A SQUARE-TRIVIALIZED
INVERTIBLE SHEAF

In the Appendix A, let us recall the Cartier operator associated to a square-trivialized
invertible sheaf on a projective smooth curve in positive characteristic. It seems to the
author that the content of the Appendix A is well-known; however, since a suitable
literature could not be found, the author has decided to discuss it in the Appendix A.

In the Appendix A, let p be an odd prime number, g > 2 an integer, S a connected
noetherian scheme of characteristic p [i.e., over F,], and f: X — S a projective smooth
curve [i.e., a morphism which is projective, smooth, geometrically connected, and of
relative dimension one| of genus g. Write fI': X¥ — S for the projective smooth curve
obtained by base-changing f via the absolute Frobenius morphism of S and ®: X — X7*

44 2

for the relative Frobenius morphism over S. We shall use the notation “w” (respectively,
“r) to denote the relative cotangent (respectively, tangent) sheaf.
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PROPOSITION A.1. — Let L be an invertible sheaf on X such that L& = Ox. Then the
following conditions are equivalent:

(1) The restriction of L to every fiber of f is of order two [i.e., is nontrivial].

(2) There exists a point s € S of S such that the restriction of L to the fiber of f at
s is of order two [i.e., is nontrivial].

(3) The invertible sheaf L does not arise from an invertible sheaf on S.

(4) The image of the classifying morphism of L [from S to the relative Jacobian variety
of X/S| does not intersect the image of the identity section.

PrROOF. — The implications (1) = (2) = (3) and (4) = (1) are immediate. The impli-
cation (3) = (4) follows immediately from our assumption that S is connected, together
with the [well-known| fact that the endomorphism of the relative Jacobian variety of
X/S obtained by multiplication by 2 is finite étale. This completes the proof of Propo-
sition A.1. O

DEFINITION A.2. — Let £ be an invertible sheaf on X such that £%2 =2 Oy. Then we
shall say that L is of relative order two (respectively, one) if L satisfies (respectively, does
not satisfy) the four conditions in the statement of Proposition A.1.

DEFINITION A.3. — We shall refer to a pair
(L,7: L% 5 Ox)

consisting of an invertible sheaf £ on X and a global trivialization 7 of the square £%?
of L as a square-trivialized invertible sheaf on X.

Let
L = (L,7m: L5 Oy)
be a square-trivialized invertible sheaf on X. Thus, the trivialization 7 determines iso-
morphisms of invertible sheaves on X
L = Lo = orLF
rloD = -1 — 1% — OYF

— where we write £F for the invertible sheaf on X obtained by pulling back £ via the
morphism X¥ — X induced by the absolute Frobenius morphism of S, [ is a local section
of £, and [¥ is the local section of £ determined by .

Let us recall [cf., e.g., [4], Theorem 7.2] that we have an exact sequence of Oxr-modules

0 — Oxr — 0,0x 2% Gy —5 wyrg — 0

— where we write d for the exterior differentiation operator Ox — wx/g, and c for the

Cartier operator. We shall write

B, ¥ Coker(Oxr — ©.0x) = Ker(c: ®uwxss — wxrs)

for the locally free coherent Oxr-module of rank p — 1 obtained by forming the cokernel
of the natural homomorphism Oxr — ®,0x, or, alternatively, the kernel of the Cartier
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operator ¢: ®.wx;s — wyrsg. Then, by tensoring with LF and applying the above

isomorphism £ = ®* L determined by 7, we obtain an exact sequence of O yr-modules
0 — ,CF ®OXF B, — CD*(,C ®@X wX/S) — ,CF ®OXF WxF /g — 0,

which thus determines an exact sequence of Og-modules

0 — fILY ®o . Bo) — fulL ®oy wxys) — fI(LY Qo wxr)s).

DEFINITION A.4. — We shall write
Cr

for the third arrow of the above exact sequence of Og-modules and refer to
Cr: fu(L®oy wxs) — fI(LY ®o, wxr)s)

as the Cartier operator associated to £ = (£, 7).

REMARK A.4.1. — If we take the pair “(£,7)” to be the pair consisting of Ox and the
natural identification Ox ®o, Ox = Ox, then the Cartier operator f.wx,s — fwap/S
associated to (L, 7) coincides with the [homomorphism induced by the| usual Cartier
operator.

REMARK A.4.2. — One verifies easily that since the formation of
commutes with arbitrary change of base “S’” — S”, the formation of
c
0 — f(LY ®oyp Bo) — fulL®oy wxss) — fI(LY @0y, wxr)s)

commutes with arbitrary change of base “S’ — S”.

If [the underlying invertible sheaf of] L is of relative order two, then we shall write
f L. X L — X

for the connected finite étale double covering of X over S which trivializes the invertible
sheaf £ [determined by 7| and

& XF — XF
for the connected finite étale covering of X* over S obtained by base-changing &, via the
absolute Frobenius morphism of S. Thus, a trivialization of {;£ determines respective
isomorphisms of Ox-, Oxr-modules

(€0).Ox, = Ox®L, (&).0xr = Oxr©L".
Moreover, one verifies immediately that the natural homomorphism of Og-modules
R'(f"0&).Oxr — RY(fo&).Ox,

determined by the relative Frobenius morphism X, — X7 over S is decomposed into the
direct sum of the natural homomorphisms of Og-modules

~

R fFOvr — R'Yf.0x, RYFLY — RUYf O LF & RYYLL
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[cf. the isomorphism given in the discussion following Definition A.3].

DEFINITION A.5.

(i) We shall say that f: X — S is parabolically ordinary [cf. the discussion following
[5], Chapter II, Definition 3.3] if the Jacobian variety of every fiber of f is ordinary.

(i) Let Y — S be a projective smooth curve over S and £: Y — X a finite étale
covering over S. Then we shall say that £&:' Y — X is parabolically new-ordinary if,
for every point s € S of S, the “new part” of £ at s [i.e., the abelian variety over s
obtained by forming the quotient of the Jacobian variety of Y xg s by the image — via
the homomorphism induced by & — of the Jacobian variety of X Xg s] is ordinary.

Thus, we obtain:

PROPOSITION A.6. — [t holds that the Cartier operator Cr: f.(L®oywx)s) = [ (L @0, .
wxr,g) associated to L = (L, T) is injective if and only if one of the following conditions
is satisfied:

(1) L is of relative order one, and X/S is parabolically ordinary.

(2) L is of relative order two, and the connected finite étale double covering
¢c: X — X s parabolically new-ordinary.

PROOF. — Let us first observe that it follows from Remark A.4.2 that, to verify Propo-
sition A.6, we may assume without loss of generality that S is the spectrum of an al-
gebraically closed field. Next, let us recall from the discussion preceding Definition A.4
that we have an isomorphism of Og-modules

L ®o, . Bs) — Ker(Cp).
In particular, the exact sequence of Oyr-modules in the discussion preceding Defini-
tion A4
0 — OXF — @*OX (I)—*d> (I)*WX/S L) COXF/S — 0,

together with the isomorphism £ = ®*£F given in the discussion following Definition A.3,
determines an exact sequence of Og-modules

0 — Ker(C;) — RUFLEY — RYL.

Thus, it follows from the discussion preceding Definition A.5 that Proposition A.6 holds.
This completes the proof of Proposition A.6. O

DEFINITION A.7. — Let M be an invertible sheaf on X such that M®? = Oy. Then we
shall say that M is parabolically ordinary if, for some [or, equivalently, every]| trivialization
v M®2 S Oy, the square-trivialized invertible sheaf (M, 7,) satisfies either (1) or
(2) in the statement of Proposition A.6 [i.e., the Cartier operator associated to (M, Tr)
is injective — cf. Proposition A.6].
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Next, let us observe that the morphism X — X induced by the absolute Frobenius
morphism of S determines a Frobenius-semi-linear homomorphism

flL®oy wxys) — FI(LT Q0 p WxF/s)-

For a global section u of £L®p, wx/s, we shall write uf for the global section of £F R0 p
wxr s obtained by forming the image of u via this Frobenius-semi-linear homomorphism.

DEFINITION A.S.

(i) We shall say that a global section u of L&o, wx s is a normalized Cartier eigenform
associated to £ = (£, 7) if u defines a relative effective Cartier divisor of X/S, and,

moreover, Cr(u) = —u’".

(ii) Let M be an invertible sheaf on X such that M®? = Ox. Then we shall say
that a global section of M ®o, wx/s is a Cartier eigenform associated to M if the global
section is a normalized Cartier eigenform associated to the square-trivialized invertible
sheaf obtained by equipping M with a trivialization of the square of M.

REMARK A.8.1. — One verifies immediately that if S is the spectrum of an algebraically
closed field k [of characteristic p], then it holds that a global section u € I'(X, L&o  wx/s)
is a Cartier eigenform associated to [the underlying invertible sheaf of] £ if and only if
u # 0, and, moreover, Cr(u) is a kX-multiple of u’’; moreover, in this case, the subset
of k* consisting of ¢ € k* such that cu is a normalized Cartier eigenform associated to
L = (L, 7) forms an F-torsor, which thus implies that this subset is of cardinality p — 1.

REMARK A.8.2. — If we take the pair “(£,7)” to be the pair consisting of Ox and the
natural identification Ox ®o, Ox = Ox [i.e., if we are in the situation of Remark A.4.1],
then the property of being a [normalized] Cartier eigenform is closely related to the
property of being locally logarithmic [cf., e.g., [3], Théoréme 2.1.17].

Finally, we consider a local criterion for a normalized Cartier eigenform. Let x € X be
a point of X, t, =t € Ox alocal parameter of X/S at x, [, = [ € L a local trivialization
of £ at x, and
X € F(X,,C Koy WX/S)
a global section of L&, wx,s. Then the global trivialization 7 and the local trivialization
[, = [ determine a local unit

5 =6 ¥ rilel) e 0%

at x. Moreover, the global section y determines a local function ¢, = ¢ € Ox on X at x
which fits into the equality

X = ¢-l®dt
at x. Then it follows immediately from the characterization of the Cartier operator [cf.,
e.g., [4], Theorem 7.2; also the discussion given in [3], §2.1 — especially, the equality
(2.1.13) in [3], §2.1], together with the explicit description of the isomorphism £ = &*£F
given in the discussion following Definition A.3, that the following lemma holds:



36 Y UICHIRO HOSHI

LEMMA A9. — Whrite 0y, for the local derivation corresponding to the local trivialization
of Tx;s which maps dt, to 1 [i.e., O, (—)” is the “derivative of (—) with respect to t,”].
Then the following hold:

(i) 1t holds that the global section x of L ®o, wx/s is annihilated by the Cartier
operator Cr associated to L = (L, 7) if and only if, for every point x € X, the equality

p—1
-1

/_/—\ _p—1
(O, 0---00,)(0z > -¢p) =0
holds.

(ii) 1t holds that the global section x of L ®p, wx/s is a normalized Cartier eigen-
form associated to L = (L, ) if and only if, for every point x € X, the local function ¢,
1s not a zero-divisor, and, moreover, the equality

p—1
_p=1

e N—
¢§ = (8tz ©-:-0 atcc)((Sr i ¢LL‘)
holds.

APPENDIX B. THE HASSE BUNDLE OF A NILPOTENT ADMISSIBLE INDIGENOUS
BUNDLE

In the Appendix B, we discuss the Hasse bundle of a nilpotent admissible indigenous
bundle. In the Appendix B, let p be an odd prime number, ¢ > 2 an integer, S a
connected noetherian scheme of characteristic p [i.e., over F,], and f: X — S a projective
smooth curve [i.e., a morphism which is projective, smooth, geometrically connected, and
of relative dimension one| of genus g. Write f¥': X¥ — S for the projective smooth curve
obtained by base-changing f via the absolute Frobenius morphism of S and ®: X — X7*
for the relative Frobenius morphism over S. We shall use the notation “w” (respectively,
“r) to denote the relative cotangent (respectively, tangent) sheaf.

Let
P = (m: P— X,Vp)

be a nilpotent admissible [cf. [5], Chapter 1I, Definition 2.4] indigenous bundle [cf. [5],
Chapter I, Definition 2.2] over X/S. Write

Opdg: X — P
for the Hodge section of P [cf. [5], Chapter I, Proposition 2.4] and
Tnag C Op

for the ideal of Op which defines the section opge. Thus, it follows from the definition of
an indigenous bundle that the Kodaira-Spencer homomorphism at opq relative to Vp
[i.e., the homomorphism obtained by differentiating opq, by means of Vp]

*
OHagWpP/X — Wx/s

is an isomorphism.
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PROPOSITION B.1. — There exists a unique section o.o,: X — P of m: P — X which
satisfies the following conditions:

(1) The section ooy, is horizontal with respect to Vp. In particular, the connection

Vp induces a connection on the invertible sheaf o, wp/x on X.

(2) There exists a horizontal isomorphism o}, wp/x = ®*Txr,g, where we regard
O*7xr /s as an invertible sheaf equipped with a connection by equipping ®*Txr ;g with the
connection arising from the exterior differentiation operator Ox — wxy/s.

We shall refer to this section o, as the conjugate section of the indigenous bundle P.

PrOOF. — This follows from the second paragraph of [the statement of] [5], Chapter II,
Proposition 2.5. U

Write
Ocon: X — P

for the conjugate section of P and
Icon g OP

for the ideal of Op which defines the section o.gy,.

DEFINITION B.2. — We shall refer to the invertible sheaf on X
UﬁdgHomOp (Icona OP) - HOmox (U;Ingcona OX)
obtained by pulling back Homo, (Zcon, Op) via onqg as the Hasse bundle of P. We shall

refer to the invertible sheaf on X

®D ®L*1
* *
UHdgHomOp (Icon; OP) ®(’)X 7-)(/,5g = HOmOX (UHngconu Tx/é )

-1

obtained by tensoring the Hasse bundle with T;?;ST as the Hasse defect of P.

Write
Hp def Of1ag HOMO, (Zeon, Op)
for the Hasse bundle of P. Then let us observe that since 7: P — X is of genus zero,
and the invertible sheaf on P
Homo,, (Icona IHdg)

is of relative degree 0 over X, it follows immediately that the natural homomorphisms
7T>|<f7"£07n(9p (Iconaszg) — UﬁdgHomOp (IcomIHdg) = HP ®(9X Wx/s,

* * *
7T*;LKOWLOP (ICOH?IHdg) — acon,}_[omOP (ICOH?IHdg> = UconIHdg ®OX o wXF/S

[cf. the discussion preceding Proposition B.1; Proposition B.1, (2)] are isomorphisms.
Thus, by means of the natural identification o714, Zcon = 0¢onZudg, We obtain:

PROPOSITION B.3. — There exist isomorphisms of invertible sheaves on X
HE? Homo (P 7xr /s, Tx/5) = wXZ/JS )

In particular, the square of the Hasse defect s trivial.
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Moreover, we obtain:

PROPOSITION B.4. — The global section of

HOm@X ((I)*TXF/S, Tx/s)

obtained, relative to the isomorphism of Proposition B.3, by forming the square of the
global section of Hp determined by the natural inclusion Z.,, — Op coincides, up to
multiplication by a global section of OF, with the square Hasse invariant of P [cf. [5],
Chapter II, Proposition 2.6, (1)]. In particular, the global section of Hp determined by
the natural inclusion Zeo, — Op coincides, up to multiplication by a global section of OF,
with the Hasse invariant of P [cf. [5], Chapter II, Proposition 2.6, (3)].

ProOF. — This follows from the discussion in the proof of [5], Chapter II, Proposition
2.6, (3). O

APPENDIX C. VARIOUS MODULI STACKS

In the Appendix C, we consider various moduli stacks related to the notions discussed
in the present paper. In the Appendix C, let p be an odd prime number and g > 2 an
integer.

We shall write

M,
for the moduli stack of projective smooth curves of genus g of characteristic p;
Cy — M,
for the universal curve over My;
Iy — M,
for the relative Jacobian variety of C; — Mg;
Tyln] € T,

for the kernel of the endomorphism of J; over M, obtained by multiplication by n [where
n is a nonnegative integer|. Moreover, we shall write

Ny

for the moduli stack of smooth nilcurves [cf. the discussion preceding [6], Introduction,
Theorem 0.1] of genus g of characteristic p, i.e., the moduli stack of projective smooth
curves of genus g of characteristic p equipped with nilpotent indigenous bundles;

dm
AN

for the moduli stack of projective smooth curves of genus ¢ of characteristic p equipped
with nilpotent admissible indigenous bundles;

ord adm
N N

for the moduli stack of projective smooth curves of genus g of characteristic p equipped
with nilpotent ordinary indigenous bundles.
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DEFINITION C.1. — It follows from the final portion of Proposition B.3 that the Hasse
defect of the universal nilpotent admissible indigenous bundle over Cy X v, /\/'gadm — N; gadm
determines a (1-)morphism over M,

N s T2
We shall refer to this (1-)morphism as the Hasse defect morphism.

PROPOSITION C.2. — The following three open substacks of./\/';‘dm coincide:
(1) The open substack N** C N2,
(2) The étale locus of the natural (1-)morphism N2™ — M.
(3) The étale locus of the Hasse defect morphism N2 — J,[2].

PROOF. — The assertion that the open substack given in (1) coincides with the open sub-
stack given in (2) follows from the definition. On the other hand, since the (1-)morphism
./\fg‘rj‘dm — M, is flat [cf. [5], Chapter II, Theorem 2.3], the assertion that the open substack
given in (2) coincides with the open substack given in (3) follows from the well-known
fact that the natural (1-)morphism J,[2] — M, is a finite étale surjection. O

Now let us observe that since, as is well-known, J,[2] is finite étale over M,, the
identity section of J, — M, determines an isomorphism of stacks over M,

My U (TG2IN\ TG[1]) — T2

Thus, by considering the Hasse defect morphism, we obtain:

PROPOSITION C.3. — Let U — ./\fgadm be a scheme over N;dm. Suppose that there exist
two geometric points sy, so of U such that the Hasse defect of the nilpotent admissi-
ble indigenous bundle corresponding to sy (respectively, s;) is of relative order one
(respectively, two). Then U is not connected.

Next, we shall write
Rg
for the moduli stack of “nontrivial’” smooth Prym curves of genus g of characteristic p, i.e.,
the moduli stack of projective smooth curves of genus g of characteristic p equipped with
square-trivialized invertible sheaves whose underlying invertible sheaves are of relative

order two;
def

R, = Jol21\ Fo[1].
Thus, we have a natural (1-)morphism R, — R, over M,. For a nonnegative integer d,
write
A
for the moduli stack of principally polarized abelian varieties of dimension d of charac-
teristic p and
AJY C Ay
for the moduli stack of principally polarized ordinary abelian varieties of dimension d of
characteristic p.
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DEFINITION C4. — Since M, U R, is naturally isomorphic to J,[2] over M,, the
inverse image of .Azrd C A, via the Torelli morphism My, — A, and the image in R,

of the inverse image of Agidl C A, via the Prym morphism Ry — A,_1 determine an
open substack of J,[2]. We shall write

jg [2] pb-ord g jg [2]

for this open substack.

Thus, it follows immediately from the various definitions involved that the following
proposition holds:

PROPOSITION C.5. — In the notation introduced at the beginning of the Appendix B, let P
be a nilpotent admissible indigenous bundle over X/S. Then the following conditions
are equivalent:

(1) The image of the composite
S — N — T,[2]

of the classifying (1-)morphism S — N;rd of P and the Hasse defect morphism is con-
tained in the open substack J,[2]P*° C J,[2].

(2) The Hasse defect of P is parabolically ordinary.
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