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and the canonical filtration

STEPHANE BIJAKOWSKI

Let G be a p-divisible group over the ring of integers of C,, and
assume that it is endowed with an action of the ring of integers of
a finite unramified extension F' of Q,. Let us fix the type p of this
action on the sheaf of differentials wg. V. Hernandez, following a
construction of Goldring and Nicole, defined partial Hasse invari-
ants for G. The product of these invariants is the u-ordinary Hasse
invariant, and it is non-zero if and only if the p-divisible group is
p-ordinary (i.e. the Newton polygon is minimal given the type of
the action).

We show that if the valuation of the p-ordinary Hasse invariant
is small enough, then each of these partial Hasse invariants is a
product of other sections, the refined partial Hasse invariants. We
also give a condition for the construction of these invariants over
an arbitrary scheme of characteristic p. We then give a simple,
natural and elegant proof of the compatibility with duality for the
classical Hasse invariant, and show how to adapt it to the case of
the refined partial Hasse invariants. Finally, we show how these
invariants allow us to compute the partial degrees of the canonical
filtration (if it exists).
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Introduction

Let E be an elliptic curve over an algebraically closed field k of characteristic
p. There are two possibilities for the number of k-points of the p-torsion of
E : it is either p or 1. In the first case, we say that the elliptic curve is
ordinary; otherwise we say that it is supersingular. This condition can also
be seen on the group structure of the p-torsion of F : if it is a product of a
multiplicative group and an étale one, then the elliptic curve is ordinary. An
equivalent condition is the fact that the Eisenstein series £,_; is non-zero
at E (if p > 5).

More generally, if G is a p-divisible group over k, we say that G is
ordinary if its p-torsion is the product of a multiplicative part by an étale
part. One can associate to G several invariants. The first one is the Newton
polygon, and G is ordinary if and only if this polygon has slopes 0 and 1.
The second one is the Hasse invariant ha(G); it is a section of the sheaf
(detwg)P~!, where wg is the sheaf of differentials of G. The section ha(G)
is induced by the map V : wg — wg ), where V' is the Verschiebung, and the
superscript denotes a twist by the Frobenius. Then G is ordinary if and only
if the Hasse invariant is non-zero.

Assume now that F' is an unramified extension of degree f of ), and
that G has an action of Op, the ring of integers of F'. The sheaf wg thus
decomposes into wg = @{:lwgﬂ-, where wg,; is the subsheaf of wg where Op
acts by o', where o is the Frobenius. Let d; be the dimension of wa,; for all
1 <4 < f. If there exists an integer d with d; = d for all d, then the Hasse
invariant is the product of partial Hasse invariants ha;(G). The element
hai(G) is a section of the invertible sheaf (detwg ;—1)P(detwe ;) ™!, and is
induced by the Verschiebung, which decomposes into V; : wg; — wg) )i_l. We
will refer to this case as the ordinary case. 7

The general case is more involved. Indeed, if the previous hypothesis is
not satisfied, the Hasse invariant ha(G) is always 0 (because at least one
of the V; can never be an isomorphism). There is then an obstruction for
the p-divisible group G to be ordinary. Looking at the Newton polygon
of G, one can see that this polygon lies always above a certain polygon
depending on the collection of integers p := (d;);, the Hodge polygon. If it
is an equality, one says that the p-divisible group is p-ordinary. It roughly
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states that the structure of the p-divisible group is the best possible given
the constraints of the action of the ring Or. The construction of a Hasse
invariant in this situation, i.e. a section of an invertible sheaf such that
its non-vanishing is equivalent to the fact that the p-divisible group is u-
ordinary, has been initiated by Goldring and Nicole ([GN]). Actually, they
construct this invariant over a Shimura variety. A local construction has
then been done by Hernandez ([He]).

Let us recall the main idea of this construction. The iterated of the Ver-
schiebung V/ induces a map waG,i — wg’?, forall 1 <¢ < f. If d; is the min-
imum of the (d;);, then there is no obstruction for this map to be an isomor-
phism, and taking the determinant gives a section Ha;(G) of (det wg )P’ ~1.
If it is not the case, the determinant of this map is always 0. However, using
crystalline cohomology, one can lift this map to a ring where p is not a zero
divisor. Then one can show that the determinant of the map is divisible by
an explicit power of p. Making the adequate division gives a section Ha;(G)
of (det oJGJ)pf_l for any integer . The product of these sections is then the
p-ordinary Hasse invariant. This construction is actually valid over an ar-
bitrary scheme of characteristic p, not just the spectrum of an algebraically
closed field. Note that the construction in [GN] is valid over the special fiber
of Shimura varieties of PEL type, and that Koskivirta and Wedhorn ([KW])
constructed p-ordinary Hasse invariants for Shimura varieties of Hodge type.

In the ordinary case, the section Ha;(G) is equal to a product of powers
of the sections haj(G), 1 < j < f. This suggests that the situation is not
optimal, and that one should be able to define analogues of the ha;(G) in
general. This is indeed possible if one assumes moreover the existence of a
certain filtration on the (contravariant) Dieudonné crystal € of G evaluated
at k. Recall that £ is a k-vector space of dimension the height of G, and
that it decomposes into £ = @{:16}-.

Theorem. Let S be a scheme of characteristic p, and let G be a p-divisible
group over S. Assume that G has an action of Op, and fix the type of this
action. Let € be the Dieudonné crystal of G evaluated at S, and assume the
eristence of adequate filtrations on the sheaves &;. Then there exist sections
h%](G) of invertible sheaves for 1 <k < f and 1 <1i < f, such that

HCLl(G) = h[l] . (h[l] 1)p '''' (h[l] )pf

7

We refer to Hypotheses [L.1.1] and [1.1.2] for the precise definition of the
adequate filtrations. Let us just remark that they are canonically defined
if the p-divisible group G is defined over a perfect field and is p-ordinary.
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Indeed, Moonen ([Mo]) showed that in that case G admits a canonical fil-
tration by sub-p-divisible groups, giving the desired filtrations on the spaces
&;. If one considers a p-divisible group G defined over Oc, /p, close to being
p-ordinary (in the sense that the valuation of the p-ordinary Hasse invari-
ant is small enough), then it is reasonable to expect that the p-torsion of G
admits a canonical filtration by finite flat subgroups. There would then exist
a filtration on each space &; refining the Hodge filtration. The definition of
the adequate filtrations is made so that it is compatible with these previous
filtrations (possibly after reduction modulo a fractional power of p).

Let us just make explicit the case f = 2. The Hodge filtration give sub-
sheaves F; C &1 and Fo C &9, locally free of rank respectively d; and do, and
assume for example that di < ds. The existence of adequate filtrations on &;
and & amounts to the existence of F; C .7-"1[2] C &1 and .7-"2[1] C Fo such that
.7-"1[2} is locally a direct factor of rank h 4+ d; — do containing the intersection
of & with the image of the Frobenius F', and .7-"2[1} is locally a direct factor
of rank do — d; included in the kernel of the Verschiebung V. The sections
h[ll} and h[;} are then induced respectively by the determinant of the maps

ViF = (F/FNY® v Ry AN s FPL
The sections h[f] and h[;} are then induced respectively by the determinant
of the maps

F: (&) - Flyr F(FPF)® - &) 5.

If one considers the usual special fiber of a Shimura variety of type (A),
then the existence of adequate filtrations is in general not satisfied. Indeed,
Hernandez proved in [He| that the elements Ha;(G) are irreducible in the
generic case. But if one considers a certain closed subscheme of a flag variety
(see [EV]), then the hypotheses are satisfied and the sections Ha;(G) are no
longer irreducible. Note that the full flag variety for some Shimura varieties,
stratifications on this space, and the construction of generalized Hasse in-
variants on strata, have recently been studied by Goldring and Koskivirta
in [GK2].

We have thus constructed f? refined partial Hasse invariants. Actually,
there may be fewer of them : the section hg] depends only on k£ and the
integer d;. In the ordinary case, we just get the usual partial Hasse invariants.
On the other hand, if the elements d; are pairwise distinct, there are f2
distinct refined partial Hasse invariants.
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The duality is a very natural phenomenon for p-divisible groups. A p-
divisible group is ordinary if and only if its dual is. Moreover, the Hasse
invariant is compatible with the duality. This result is quite expected, and
not surprising at all; therefore one could expect a very simple proof of this
result. It has been proved in [Fa2|, proposition 2; in [Co] Th. 2.3.5, it is
proved that the Hasse invariants of G and G generate the same ideals.
However, both proofs are very little natural. Indeed, they first deal with the
case where the ordinary locus is dense, and then use a descent argument to
prove the general case.

One would expect the construction of the refined partial Hasse invariants
to be compatible with duality, as is shown in the example where f = 2.
Indeed, in this case, one uses the Verschiebung for some refined partial Hasse
invariants, and the Frobenius for the others. This suggests to look at the
duality in more details, and I got the following result.

Theorem. There is a simple and natural proof of the compatibility with
duality for the Hasse invariant. Moreover, this proof can be extended to the
case of the refined partial Hasse invariants.

We refer to Theorems [2.1.4] and [2.2.3] for the precise statements and
results.

The Hasse invariant plays a central role in the theory of the canonical
subgroup. Indeed, let K be a finite extension of Q, with ring of integers
Ok, and let G be a p-divisible group defined over Og. One can look at
the Hasse invariant of G xo, Ok/p, and taking its (truncated) valuation
gives a well defined rational between 0 and 1. Fargues ([Fa2|]) proved that
if this valuation is small enough (and p > 3), then there exists a canonical
subgroup C' in the p-torsion of G. Moreover, one can relate the degree of C'
to the Hasse invariant.

If the p-divisible group has an action of O, in the ordinary case, there
is no obstruction for the p-divisible group to be ordinary and to have a
canonical subgroup. One can then define the partial degrees (deg; C)i<i<y
of C, and relate them to the partial Hasse invariants ha;(G) (see [Bi]). In
the general case, Hernandez proved in [He2] (under some assumptions on
p) that if the valuation of the p-ordinary Hasse invariant of G is small
enough, then the p-torsion of G admits a canonical filtration. There are thus
several canonical subgroups (C;), each of them being of height fd;. Actually,
Hernandez proved that if the valuation of Ha;(G) is small enough, then there
exists a canonical subgroup C; of height fd;. He also relates the valuation
of Ha;(G) to a certain linear combination of the partial degrees of Cj, but
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is unable to compute each of these partial degrees. They are in fact related
to the refined partial Hasse invariants.

Theorem. Let G be a p-divisible group over Og with an action of O, and
assume that there exist adequate filtrations for G X, O /p. Let 1 <i < f
be an integer, and assume that there exists a canonical subgroup C' of height
fd; (in the strong sense of Definition . Then we have for 1 <k < f

deg), CP = max(d; — dy,0) + v(hE}).

We need the existence of adequate filtrations for G X, Ok /p, so that
the refined partial Hasse invariants over O /p can be defined. We prove that
such filtrations always exist, and that the valuations of the refined partial
Hasse invariants obtained do not depend on any choice, if the valuation of
the p-ordinary Hasse invariant is small enough.

The point of view I develop about the canonical filtration is thus different
from Hernandez’. Indeed, he proves that if the py-ordinary Hasse invariant
has a valuation small enough, then one can construct explicitly subgroups
of p-torsion. On the other hand, I give a precise definition of the desired
subgroups, and prove properties for these subgroups starting with their def-
initions. This point of view might seem weaker, but is actually sufficient
for applications. Indeed, one can show that on strict neighborhoods of the
p-ordinary locus in some Shimura varieties, canonical filtrations (with my
definition) always exist. Note that the understanding of such neighborhoods
would be a key step in constructing overconvergent modular forms of any
weight for Shimura varieties with empty ordinary locus (see [Bi2] for the
definition of such overconvergent modular forms of classical weight).

Relation with works of other authors. The construction of the u-
ordinary Hasse ivnariant goes back to the work of Goldring and Nicole
(JGN]). Their work uses the crystalline cohomology, and is valid for PEL
Shimura varieties. Another construction has been done for Shimura vari-
eties of Hodge type by Koskivirta and Wedhorn using the theory of G-Zip
([KW]). A purely local construction using crystalline cohomology has then
been done by Hernandez in [He]. There has then been works on generalized
Hasse invariants associated to stratifications of Shimura varieties. More pre-
cisely, one can study the Ekedahl-Oort stratification, and for each stratum,
construct a section on its adherence such that the non-zero locus is exactly
the considered stratum. Such constructions have been done by Boxer ([Bol)
for PEL Shimura varieties and Goldring-Koskivirta for Shimura varieties of
Hodge type (JGK]). These results have applications to the construction of
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Galois representations. Moreover, Goldring and Koskivirta have also studied
the stratification in flag spaces, and constructed generalized Hasse invariants
in this context ([GK2]).

These works are then global in nature, since they use a stratification
on some variety. On the other hand, the work in this paper is purely local.
The main question I was trying to answer is the following: let G be a p-
divisible group over the ring of integers of C, with an unramified action.
What invariants (i.e. reals between 0 and 1) can one attach to it? The
papers previously stated only give the partial py-ordinary Hasse invariants
constructed by Goldring-Nicole, Hernandez or Koskivirta-Wedhorn, and this
result was not optimal in my opinion. I prove here that one can attach to G
some filtrations, which are well defined modulo a certain power of p. Using
these filtrations, one can then define the refined partial Hasse invariants. To
define these objects over an arbitrary scheme of characteristic p, one has to
assume the existence of adequate filtrations. This condition anounts to look
at an explicitly, carefully chosen, closed stratum of a certain flag variety.
Actually, once this assumption is made, one could use the work of Goldring
and Koskivirta on flag spaces ([GK2]) to construct the desired refined partial
Hasse invariants. But my construction is really simple (see Definition ,
and there is thus no need to use unnecessary complicated arguments. The
main point of my construction is to come up with the explicit condition
ensuring the existence of the refined partial Hasse invariants, and thus this
paper is very little related to [GK2]. Moreover, my main application is the
canonical filtration, and thus my motivation for this paper is completely
different from [GK2].

Let us now talk about the organization of the paper. In the first section,
we define adequate filtrations and the refined partial Hasse invariants. We
also relate them to the invariants constructed by Hernandez. In the second
section, we give a simple and natural proof of the compatibility with duality
for the Hasse invariant, and prove this compatibility for the refined partial
Hasse invariants. In the third section, we prove the existence of such filtra-
tions for p-divisible groups over a valuation ring, and prove an uniqueness
result. In the fourth section, we relate these invariants to the partial degrees
of the canonical filtration.
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1. Refined partial Hasse invariants
1.1. Definition

Let F' be a finite unramified extension of Q, of degree f, O its ring of
integers and k = F),s the residue field. Let 7 be the set of embeddings of F’
into @p; it is a cyclic group of order f generated by the Frobenius o. We will
thus identify 7 and Z/fZ. Let S be a k-scheme, and G a p-divisible group
over S of height hg. Let £ be the evaluation of the contravariant Dieudonné
crystal of G at S (see [BBM] section 3.3), it is a locally free sheaf over S of
rank hg. The Frobenius and Verschiebung induce morphisms

Vi.E gD F.e® ¢

where the superscript denotes a twist by the Frobenius. Let F C £ be the
Hodge filtration; it is a locally free subsheaf of £, and induces the exact
sequence (see [BBM]| Corollary 3.3.5)

0= wg—E— wio =0

where wg is the sheaf of differentials of G, GP is the Cartier dual of G, and
wgp is the dual of the sheaf wgn.

Assume now that G has an action of Op; the sheaf £ thus decomposes in
£ = @Zf:l&-, with Op acting on & by o*. The morphisms F and V decompose
in

Vi: & — EP) F: &%) =&

for 1 <7 < f, with & being identified with £;. The height of G in this case
must be a multiple of f; let us note hg = fh. Let ¢ be an integer between 1
and f; the sheaf &; is locally free of rank h over S. Let F; = FNE&;, it is a
locally free sheaf over S. Let us assume that the rank of this sheaf is constant
over S, equal to an integer d;. The dimension of G is thus d = sz:l d;. The
subsheaf F; induces an exact sequence

0= wai =& = who; =0
where wg ; is the subsheaf of wg on which Of acts by ot

Let F; = KerV;; it is a locally free subsheaf of &£ and is also equal to
the image of F;. Recall the equality .Fi(f )1 =ImV; = Ker F; (see [EV] section
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3.1). The applications F; and V; thus induce isomorphisms
Vi: &/ Fi ]:i(f)l Fy: (&1 Fim)® =~ F.

The subsheaf ]?Z will be called the conjugate filtration, and induces the exact
sequence
0— (w}’;Dvi_l)(p) — & — "Jg,)i—1 — 0.

If G is a subsheaf of F;,_1, then Vi—l(g@)) is a subsheaf of & containing
fi. Similarly, if G is a subsheaf of £_; containing F;_1, then Fi(g@) is a
subsheaf of F;. One can then see that a filtration on &1 refining the Hodge
filtration gives a filtration on &; refining the conjugate filtration.

Let 7 be the cardinality of the set {d;,1 <i < f} N[1,h— 1], and let
us write 41 < - -+ < 6, the different elements of this set. Define also dg = 0,
Or41 = h. For any 1 < i < f, there exists a unique integer 0 < s(i) < r +1
such that d; = d(;).

We will now make the following hypothesis.

Hypothesis 1.1.1. For each 1 <1 < f, there exists a filtration
0cFO N .cFlcrcFlc...cFOcg

such that

e the sheaf ]-'i[j] is locally a direct factor of &;, and is locally free of rank
d; —9; for1 <j <s(i)— 1.

o the sheaf .?",L[j] is locally a direct factor of &;, and is locally free of rank
h+d;—9d; fors(i)+1<j<r.

Let ¢ be an integer between 1 and f. We will also set .}",L[S(i)] =0 and
]_-i[o] = ]:Z-[TH] := F;. Note that the sheaves F; /]:i[j] are locally free of rank
d; for 0 < j < s(i), and the sheaves .Fim /Fi are locally free of rank h — d; for
s(i)+ 1< j <r+4 1. From our previous remark, these filtrations refining
the Hodge filtration induce filtrations refining the conjugate filtration :

ocFlc..cFIt e Fc FV el c Fl c g,

=

Fil= FZ'((.Fi[le)(p)) for s(i—1)+1<j<r. We will set fim =&; and

(2

More precisely, we define fi[j] = Vl-_l((}"i[j]l)(p)) for 1 <j<s(i—1), and
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.F[TH] =0. Note that ]-"[S(Z - — F;. For each 0<j<r+1, the sheaf & /]-"
is locally free of rank ¢;.
We will also make the following hypothesis.

Hypothesis 1.1.2. For each integer i between 1 and f, we have }"m C .7:[ 7]
if1<j<s(i)—1, and]-'iH ]-"l[]] ifs(i)+1<j<r.

The filtrations satisfying these two hypotheses will be called adequate. Be-
fore going any further, let us make some remarks.

Remark 1.1.3. If there exists an integer 0 < d < h, with d; = d for all
1< i< f, then s(i) =r=1 for all 1 <7< f and the two previous hy-
potheses are empty. We will refer to this case as the ordinary case.

Remark 1.1.4. Assume that f =2 , and suppose that 0 < dy < d2 < h.
The first hypothesis is the existence of filtrations

Oc]—“lc}“lmcé’l Oc}"mcfgcé’g

with ]—"1[2} locally free of rank h — do + d; and ]-"2[1} locally free of rank do — d;.

the conditions in the second hypothesis are .7-"1[2] D .7?1 =ImF; and .7-"2[” C
Fo = Ker Vs.

Remark 1.1.5. Let 1 <i < f and 1 < j < s(i) — 1; the condition (]—“[ })(p)
C (F FU ])( P) i equivalent to the fact that the Verschiebung Vi, sends .7:1[1]1

into (.7:[]])( P)_ Similarly, if s(i) + 1 < j < r, the condition (]—"[J])(p) C (.7:[ })(p)

is equivalent to the fact that the Frobenius F;1; sends (]—"Z[] ])(p) into Fi@l.

Adequate filtrations thus induce refinements of the conjugate filtration
stable by the Frobenius and Verschiebung.

Remark 1.1.6. The definition of adequate filtrations is made to be com-
patible with the canonical filtration defined in section More precisely,
we will show in section [4£.3] that the existence of a canonical filtration for
the p-torsion of G imply the existence of adequate filtrations, justifying the
previous definition.

Definition 1.1.7. Let 1<i< f. If 1 <5 <s(i), we define E[j] —det(}'/}'m)
if s(i) +1 < j <r, we define Em = det(&; /.7-“ ]) ® det(F;).

We have thus defined an invertible sheaf £[J] for all 1<i< f and
1 < j < r. Note that £[ SO - = det F;.
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Proposition 1.1.8. Let 1 <i< f and 1 < j <r. We have
det(&;/F/) = (1)

Proof. Assume that j < s(i —1). Then we have Si/fim ~ (.7-"2-_1/.7:7;@1)(7")
hence the result. Suppose now that j > s(i — 1). We have

det(gz‘/fi[j]) ~ det(&/]?i) ® det(fi/fi[j])
~ det(F;—1)’ ® det(Si_l/fi[le)p _ (ﬁgj_}l)p

Definition 1.1.9. Let 1 <i < f;if 1 < j < s(i) we define the application
HY  FyF g/ FO Tt (i) < j <, we define HY : FIV — FUU/F;.

Note that these applications are well defined thanks to Hypothesis
(recall that .}",L[S(Z)] =0).

Proposition 1.1.10. Let1 <1 < if and let 1 < j <r. The determinant of
Hm gives a section h[ NS HO(S, ] (Ei })_1).

Proof. The result is clear if 7 < s(i). Suppose that s(i) < j < r; the deter-
minant of Hi[J ] gives a section of the invertible sheaf

det(F ) Fy) @ det(FPH) !

~ det(&-) X det(gl./f'i[j])—l ® det(.]—]-)‘l ® det(.%i[j])_l
~ det(&/F7) @ (P!

and this sheaf is isomorphic to (L’EJ_] P ([Zy ])*1. O

We will call the elements (hgj })i,j the refined partial Hasse invariants. Actu-
[j]

ally, the section h;” might be expressed as a product of other sections.

Definition 1.1.11. Let 1 <i < f and 1<]<r If j <s(i), we define
./\/l[]] = det(F; Fo- 1]/.7-"[j]) ® det(F; FUo 1]/.7-"[J] , and mEJ] the section of this
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sheaf induced by the determinant of the map
]_—i[j—ll/}—i[ﬂ N }ii[j—l}/j}i[j]‘

If 7 > s(i), we define J\/;-m = det(fim/ﬂ[jﬂ}) ® det(fim/.ﬁ-[jﬂ})*l, and nzm
the section of this sheaf induced by the determinant of the map

f}ﬂ/f}ﬁrl} . ]:i[j]/}jjJrl]‘

We also define A/;[S(i)] = det(&-/]-'i[s(iH”) ® det(fi[s(i)]/j-v'}s(i)Jrl])_l, and nES(i)}
the section of this sheaf induced by the determinant of the map

‘/A—_’-[s(z)}/f-[s(l)-ﬁ-l] _ SZ/.F[S(Z)—H]
The next proposition is immediate.

Proposition 1.1.12. Let 1 <i< f and 1 <j<r. Ifj < s(i), we have

If j > s(i), we have
hgj] = H nz[k].
k=

The definition of the partial Hasse invariants, using a refinement of the
Hodge filtration, might seem odd. It is in fact more natural to use the con-
jugate filtration, but one only gets these invariants to the power p.

Proposition 1.1.13. Let 1 <i < f be an integer, and let 1 < j <r. If
Jj < s(i), then the determinant of the map

Vier : €1 [ Fy = &/ )P
gives the section (hy])p. If j > s(i), then the determinant of the map
Fir s (FY® = FZ,

gives the section (hy])p.



Duality, refined partial Hasse invariants 1121

Proof. Assume that J < s(i). The section h[ 7 is induced by the determinant

of the map ]—"/.7-" — & /]—"m The section (h[]]) is thus induced by the
determinant of the map

(Fi/ FD = (&/F)®
But the Verschiebung induces an isomorphism
Vigr z+1/]:[] ~ (Fi/FH®

hence the result. The case j > s(i) is similar. O

2. Relation with the p-ordinary partial Hasse invariants

Recall that we have a decomposition

f
wg = EB wa,i
=1

where wg; is locally free of rank d;, for each 1 <i < f. Let us call
p = (di)1<i<f; the p-ordinary partial Hasse invariant attached to i, Ha;i(G),
is constructed in [He] and is an element in HO(S, (detwg )P’ 1) for each
1 < i < fwith d; # 0. The product of these invariants is the total y-ordinary
Hasse invariant

Ha(G) € HO(S, (det wg )P’ ).

Note that this last invariant was constructed for some Shimura varieties in
[GN]. We will first recall the definition of the elements Ha;(G); actually, we
will use the construction in [BH]. In this article, the authors gave a simpler
construction of these invariants, and extended it to the ramified case for p-
divisible groups with Pappas-Rapoport condition. We will then relate these
elements to the sections hm More precisely, we will show that Ha;(G) is
equal to the product of some powers of h[ 5] yfor 1 <k < f(wherel <i< f
is an element with d; ¢ {0, h}).

Proposition 1.2.1. Let 1 <i< f, and let d;_1 <d < h be an integer.
Then the map
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di—1 d—di—1

Nero A 7o At
(k1 AN Nxg,_ ) @ (Fiyr A+ A Fiyd,difl) (Vizy A+ AN Vizg, )
ANy A - ANYa—d,_,)
is well defined, and factors through the natural surjection
di s d—di_1

d
ANEye N\ Fi— \&.

This proposition follows from [BH] prop. 2.2.10. In that case, we will call
e /\d E— N 8(p)1 the induced map. If d < d;_1, we will define f? to be

A Vi

Definition 1.2.2. Let 1 <i < f with d; # 0. The p-ordinary partial Hasse
invariant attached to i, Ha;(G), is the section induced by the map

5(pf 1) A" V(fl K

. X f
A Fro N & L £T iyl W) D NG FPD

The p-ordinary partial Hasse invariant Ha,;(G), is thus a section of
(det F;)P' 1.

Theorem 1.2.3. Let 1 <i < f with d; ¢ {0,h}. Then we have
Hai(G) = hgs(i)] . (hES_(?])p ,,,,, (hkéll)])pfﬂ.

Proof. We will prove this statement by giving an alternative description of
the maps hg]. Let 1 <k < f,and 1 <j <r be integers. First assume that

j < s(k). Then the element h%ﬂ is induced by the natural map
det(Fr/FIN) = det(&,/F).
Suppose now that j > s(k). We have isomorphisms of sheaves

det(FY /F) ® det(FJ) !
~ det(&) © det(&,/FI) ™ @ det(F) "' @ det(F) !
~ det(&,/FP) @ det (& /FI) ™ @ det(Fy) !
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The element hg] is obtained by taking the determinant of the natural map
.F,EJ} — ]-",EJ]/.F;C. Using the previous isomorphism, it is also induced by the
natural map

det(E/FI) ® det(F) — det(Ex/FLY).

We are left to unravel the isomorphism det(&y/ ]?,[j ]) o~ (Egcj]_l)p from Propo-
sition Assume that j < s(k —1). The isomorphism

det(é‘k/flgﬂ) o~ det((fk—l/]'—l[ﬂl)(p))

is given by A% V.
Now let us suppose that j > s(k — 1). There are isomorphisms

det(E/FY) = det(E/Fir) @ det(Fi/F)
~ det(f,gi)l) ® det((gk—l/f][gjil)(p))'

Assume that we work locally, and let ey, .. -5 €5 be a basis of &/ f,gj I This
can be done such that eq, _,41,..., €5, are in F. Since this space is the image
of F, we have ¢; = Fjx; for some x; € Sép_)l, for all dj,_; +1 <1 <4;. The
image of e; A -+ Aes, by the previous isomorphism is then

(Vk(el) JARERA Vk(edk—l)) @ (xdk—1+1 ARERNAN x5j)'
This concludes the proof. O

Remark 1.2.4. If d; = h, then the sheaf (det (.u(;,i)][’f*1 is trivial, and the
element Ha;(G) is a non-zero section of this trivial sheaf. Indeed, the map
fih induces an isomorphism between det & and (det &_1)P for all 1 <14 < f.

2. Compatibility with duality
2.1. The classical Hasse invariant

Let S be a F)-scheme, and G be a p-divisible over S of height hy and dimen-
sion d, with 0 < d < hg. Let us denote £ the evaluation of the contravariant
Dieudonné crystal at S (see [BBM] section 3.3); it is a locally free sheaf over
S of rank hg. The Frobenius and the Verschiebung induce maps F': £ RN
and V : £ — £P). The Hodge filtration gives a subsheaf F C &, locally free
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of rank d, and which induces the exact sequence (see [BBM] corollary 3.3.5)
0= wg—E—wio =0

where wg is the conormal sheaf of G along its unit section, GP is the Cartier
dual of G, and the notation G means the dual oi the sheaf G. Moreover,
F®) = Im V = Ker F (see [EV] section 3.1). Let F denote the subsheaf of
& defined by Ker V = Im F ; we will call F the conjugate filtration. The
Frobenius and Verschiebung induce isomorphisms

F:(&/F)P ~F V:iE/F = F®
The sheaf F is thus locally free of rank hg — d and induces an exact sequence

0= (win)® = & = w? —0.

Definition 2.1.1. The Hasse map Ha(G) for G is the map V : wg — wg’).
Let Lg be the invertible sheaf defined by det wg. The determinant of the

Hasse map induces a section ha(G) € H°(S, 51(9;—1)7 called the Hasse invariant
of G.

The evaluation of the contravariant Dieudonné crystal of GP at S is £V,
and the Hodge filtration on this space is induced by F= (see [BBM] section
5.3). Moreover, the Frobenius and Verschiebung are given respectively by

VvV (EVP gV FY &Y — (&)@,
The map Ha(GP)Y is thus the map F : (§/F)P) — £/ F.

Lemma 2.1.2. Using the previous isomorphisms, the Hasse map Ha(G)
is the natural map F — &/F, obtained by composing the inclusion of F in
& with the projection to £/F. Similarly, the map Ha(GP)Y is the natural
map F — E/F.

Proof. The Hasse map is by definition the map induced by the Verschiebung
F—=F (p); Since the inverse of the Verschiebung gives an isomorphism
F®)~¢&/F, the claim follows. The map Ha(GP)V is the map F : (E/F)P) —
&/F. The composition of the inverse of the Frobenius F ~ (£/F) (P) with this
map gives the natural map F — £/F. O

Before proving the duality compatibility for the Hasse invariant, let us
state a general proposition, which will be useful throughout this section.
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Proposition 2.1.3. Let A be a locally free sheaf of rank r over S, and let
0 < s <7 bean integer. Let B C A and C C A be two locally free sheaves of
rank respectively s and r — s, such that A/B and A/C are locally free. Then
we have an isomorphism of invertible sheaves

det(A/B) @ det(C) ™! ~ det(A/C) ® det(B) L.

Let x € H(S,det(A/B) @ det(C)~!) be the section corresponding to the de-
terminant of the natural map C — A/B. Then = is mapped to y under the
isomorphism

HY(S,det(A/B) @ det(C) ') ~ H(S,det(A/C) @ det(B)™1)

where y € HY(S,det(A/C) @ det(B)~') is the section corresponding to the
determinant of the natural map B — A/C.

Proof. We have isomorphisms of invertible sheaves
det(A) ~ det(A/B) ® det(B) ~ det(A/C) ® det(C)

so the invertible sheaves det(A/B) ® det(C)~! and det(A/C) ® det(B)~! are
both isomorphic to

det(A) ® det(B) ™' @ det(C) .
We thus have isomorphisms
HO(S,det(A/B) @ det(C)™!) ~ HO(S, det(A) @ det(B) ™! ® det(C)™1)
~ H°(S,det(A/C) ® det(B)™).

One then sees that the elements x and y are mapped to the same element
in HY(S,det(A) ® det(B)™' ® det(C)~!). Namely, they are mapped to the
section induced by the determinant of the map

BoC — A 0

By a slight abuse of notation, we will say that x =y under the isomor-
phism of invertible sheaves det(.A/B) ® det(C)~! ~ det(.A/C) @ det(B)~ .
This proposition allows us to give a simple proof for the compatibility with
the duality of the Hasse invariant, obtained in [Fa2] proposition 2.

Theorem 2.1.4. There is an isomorphism E%_l ~ Eg}l. With this isomor-
phism, one has the equality ha(G) = ha(GP).
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Proof. We apply the previous proposition to A = £, B = F and C = F. Since
(det &/F) @ (det F)~' =~ L2 and (det £/F) @ (det F)~' =~ L2, the first
result follows.

From the previous lemma, ha(G) is the section of the invertible sheaf
(det £/F) ® (det F)~! obtained by taking the determinant of the natural
map F — &/F. Similarly, ha(GP)" is the section of the invertible sheaf
(det £/F) @ (det F)~! obtained by taking the determinant of the natural
map F — £/F. Note that ha(GP)" and ha(GP) induces the same section
under the canonical isomorphism of sheaves

(det £/F) @ (det F) ' ~ (det F¥) ® (det(E/F)V)~".
The second part of the proposition allows us to conclude. O
2.2. Refined partial Hasse invariants

Suppose now that G has an action of O, and that there exist adequate fil-
trations for GG. We keep the notations from section [I} The goal of this section
is to prove the compatibility of the sections hl[-J ! with duality. The contravari-
ant Dieudonné crystal of GP evaluated at S is £Y. We have a decomposition
EV = @{Zlé’iv ; the Verschiebung and Frobenius on £V are given respectively
by FY : & — (&)@ and V¥ : (Y ,)P) — &Y for 1 < i < f. Let i be an
integer between 1 and f. The Hodge filtration is given by F;- C £, and the
conjugate filtration by ]?f- C &. These two sheaves are locally free of rank
respectively h — d; =: d} and d;_;. The filtrations on &; will induce filtrations
on &’. Let us start with a lemma.

Lemma 2.2.1. Let 1 <i < f be an inleger. Let A C Fi_1 be a locally free
sheaf, and let A :=V; 1 (AP)). Then (A)* = Vivg(.AL)(p)).

Let B D F;_1 be a locally free sheaf, and let B := F;(B®P)). Then

B)t = (F)H(BHP).

Proof. One can work locally and assume that S = Spec R for some ring R,
and that all the sheaves are free R-modules. Let f € £’. Then f € (A)* if
and only if f =0 when restricted to A = V. (AP, This is equivalent to
the fact that f = goV;, for some g € (EZ-V_l)(”) with g = 0 when restricted
to A®). This last condition is equivalent to g € (A+)®). Thus

fe (At s f=vY(g) for some g € (AP,
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The proof of the second assertion is similar. O

The adequate filtrations give a filtration on & for each 1 <7 < f :
0oc (FFhL e c(FMt c R c (F)E c o (FEOTI L gy

We also have the filtration

0c (Fhtc.c(FNHtcey

(2

From the previous lemma, these tw§) filtrations are compatible in the
sense that (J%Z-M)l = (Fiv)_l((]'—l-[J_]l)J‘(p )for1 <j<s(i—1),and (j-:i[j])L =
VAED ) for si -+ 1< <

Proposition 2.2.2. The filtrations on &, 1 <i < f, are adequate.
Proof. Note that the set {d},1 <4 < f} N1, h — 1] consists in
h—96,<---<h-—>4.

Let us denote h — §; by 5;-. Let 1 <i< f, and let s(i)+1 < j <r be an
integer. The sheaf (.7-"1-[]'])L is locally free of rank 6; — d; = d} — 69. f1<5<
s(i) — 1, then the sheaf (]:i[j])L is locally free of rank h —d; + 6; = h+ d}, —
6;-. This proves that the first hypothesis is satisfied.

If 1<j < s(i)—1, the inclusion ]:i[j] C]?i[j] implies that (]?i[j])L C (.7-}[]'])%
Similarly, one has (.?"}j])J‘ C (fi[j])J- for s(i) +1 < j <r. This allows us to
check the second hypothesis. U

For each 1 <i < f and 1 < j <r, we thus have invertible sheaves E[é]D .
and sections h[é]D’i of (Eg]jg’i_l)p(ﬁg},;’i)_l.

Theorem 2.2.3. Let 1 <i< f, and 1 <j <r be integers. We have an
isomorphism

r4+1—j r+1—j]\— j i1\ —
(L& e T = ey

Using this isomorphism, one has the equality h[g;li_j] = hgﬂ.
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Proof Flrst assume that j < s(i). The application H; Ul s the natural map
.7:/.7-" = & /]—"m The application o H. is the natural map
(J?[ﬂ)l N (]:»[j])J‘/]:»J‘

(2

and is thus equal to the dual of H i[] I, Since a map and its dual induce the
same section of the same sheaf, the result follows.

The case j > s(i) is similar (or can be treated by duality). We are left
with the case j = s(i). The map H[S(Z)] is the natural map F; — &; /}"[S gl
and the dual of H, g[fl @l ig the natural map F; FlO] &i/Fi. The result
then follows from Proposition 2.1.3| O

Remark 2.2.4. In the ordinary case, this last result simply says that the
unramified partial Hasse invariants are compatible with duality.

Remark 2.2.5. Using section one finds that the p-ordinary partial
Hasse invariants are compatible with duality. This gives another, much sim-
pler, proof of this result obtained in [He| section 10.

‘We also have the following compatibility for the sections (mgﬂ)m and
(n [J])Zj' For1<i<f and 1 <j<r+1- s(i), we have an invertible sheaf
M[CT‘}D ;» and a section m[g,}Di of this sheaf. If 1 <i < f and r+1—5(i) <

j < r, we have an invertible sheaf Ng,]g . and a section Ng]D i of this shealf.

Proposition 2.2.6. Let 1 <i < f, and 1 < j <r be integers. If j < s(i),

we have an isomorphism ng] ~ g]jl al. ; under this isomorphism, one has
[j] = n[grl 7l . If 7 > s(i), we have an isomorphzsm/\@b /\/l[rJrl . ; under
Ul _, [r+1-j]

this isomorphism, one has n; =mgn
9

Proof. Let 1 <i < f, and 1 < j < s(i). The section mm is induced by the
determinant of the map

FI1 ), gl F]

The section n[ggli_j l'is induced by the determinant of the map

FIVHIEI = (FH T
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But the dual of this map is precisely the map fi[j_l]/]:i[j] — .ﬁ[j_l}/fi[j].
Since a map and its dual induce the same section of the same sheaf, the first
part of the proposition follows. The second part is similar. O

3. Properties of adequate filtrations
3.1. Existence

In this section, we prove that locally, adequate filtrations always exist. Let
S = Spec R, where R is a ring of characteristic p such that if x,y € R, then
x divides y or y divides z (for example, R can be a valuation ring of char-
acteristic p). In particular, R is local. Let G be a p-divisible group over S,
endowed with an action of Op as in the previous section. The module wg
thus decomposes into wg = @zf:le,z’, and let d; be the rank of wg; for all
1 <i < f. We will keep the same notations as in the previous section.

Theorem 3.1.1. There exist adequate filtrations on the spaces (£;)1<i<f-

Proof. We will explicitly construct adequate filtrations on the spaces &. We
will construct by induction the spaces (ﬁj])lgigf, for 1 <j <r. Let j be
an integer between 1 and 7, and assume we have constructed the spaces
]-'i[k] for 1<i< fand 1 <k<j—1. We have to construct the space ]-'i[j]
for 1 <i < f. Note that if s(i) = j, there is nothing to be done (as .ﬂ[s(i)] is
defined to be 0). This proves that there is at least one element 7 for which
the space F; Ul is constructed. Suppose that the space F, []]1 is constructed,
and we will construct the space .7-" Ul This will conclude the construction.

If s(i) = j, there is nothing to be done. Assume that j < s(i). We look
for a direct factor .7:[]] of & of rank d; — ¢; such that ]:[J] C ]:b Un ]:[J]
with F; oF = F; by convention. The module F; U=1 is free of rank di — -1,
and is included in ]-'i[] . ; let ]el, ..-,€q,—5,_, be a basis of ]—"Z.U*H. Since j—v'i[j]
-1

is of corank d; — ¢, in fz[j
module ]:i[] 1 ]-"ib J'is thus determined by d; — dj—1 equations of the form

, it is determined by 6; — 6;_1 equations. The

di—éjfl

Z zreg = 0.
k=1
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Thanks to our assumption on the ring R, each of these conditions is either
empty, or is implied by a stronger condition of the form

€] = E :czek.

k£l

The space ]:i[j U .7?1[] ] contains therefore a subspace which is free of rank
d; — d;. We have thus constructed .7-"i[j ] in this case.

Suppose now that j > s(i). Let G := ]-"i[j*l] if j >s(i)+1, and G :=¢&;
if j = s(i) + 1. We look for a direct factor ]-'i[j] of & of rank h + d; — 0; such
that F; C ]-"Z.[j] C G and f}j] - ]:i[j}. Note that we have f}j] - ]?Z»[j—” Cgq.
The condition on ]-'Z.[j J'is then

FaF e

Using the same argument as in the previous case, there is a free module of
rank d; + h — ¢; inside G containing both F; and j':i[j ] (the modules F; and
.%i[j I are free of rank respectively d; and h — ¢;). This allows us to construct
the space ]-'Z-[j ], and concludes the proof. O

3.2. Uniqueness

We will now prove that the reduction of the adequate filtrations modulo a
certain ideal is unique.

Let K be a valuation field, which is an extension of Q,,, v be the valuation
(normalized by v(p) = 1), and let Og be the ring of integers. For all real
w >0, let us define my, := {z € Ok, v(r) > w} and O 1) := Ox/my. In
particular Ok (1) = Ok /pOk. If M is a Og-module, and w > 0 is a real,
then we will note M{w} =M ROx OK,{w}'

Let G be a p-divisible group defined over Of (1}, and assume that G
has an action of Op as before. We will keep the same notations as in the
previous sections. Assume the existence of adequate filtrations (]:i[.})lﬁiﬁ f
on the spaces (&)i<i<¢. We define

wl[j] = v(hgj]) € [0,1]

for 1 <i< f and 1 <j <r. More precisely, since hgj] is the section of an

invertible sheaf on Spec Ok (13, a choice of a trivialization of this sheaf allows

us to see h7[;j I as an element of O &,{1}- The valuation of this element is then
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independent of the choice made. We will also define

f
w=3 3wl

i=1 j=1
Let us start with a lemma.

!/
Lemma 3.2.1. Let (fi['] Ji<i<f be another adequate ﬁltmtion on the spaces
(Ei)i<i<f- Let 1 <i < f and 1 <j < r be integers, and let w[]] <a<lbea
/!
real. Assume that ‘FIEZ]{a} = k{ } forl1<k<iandl <I1<j—1, and that

(] _ Ul
‘Fij—l,{a} —5—1,{04}' Then

. / .
Pty = Tttty
Prgof./ If s(i) = j, the result is obvious. Assume that j < s(i). The space
F i[]%a} lies inside the kernel of the map
-1l —1]
¢ F ey = Pl 1 Py

The matrix of this map is of the form
(0 M)
(4]

where this matrix is written with respect to the decomposition ‘7:1 {a% -

'7:1[{ }} The matrix M is associated to the map .7:[] ]/]-"m —>]:Z[j 1]/‘Fz[j{oz}

In particular v(det M) < w[] Let x = <x ) be in the kernel of ¢. Then

2
Mz =0 so the coordinates of xo are of valuation greater than o — wz[-]].

This implies that
[4] "l
]:i Ja—wbl} T fz Aa—wlly
Suppose now that J > s(i). We keep the notations from the previous section.
The space .7-" (o} / Fi{a) contains the image of the map

v Foloy = G/ Fiay-

The matrix of this map is of the form

(o)
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where this matrix is written with respect to the decomposition F, i[]ga} / Fifa)
C G}/ Fi{ay- The matrix N is associated to the map ﬁﬂa} — ]-'Z.[jga} /Fi{a}-
In particular v(det N) = wz[-j]. Now let (X1X32) be the matrix of a basis of

a0
.7-"1.[j{]a} . Since this space contains the image of 1, there exists a matrix Z

with N = X;Z and 0= X,Z. This implies that v(det Z) < wl[-j] and that
the coefficients of X5 are of valuation greater than o — w,L[J]. This implies
that

7] " _ £l

ita-uly = Tifomudly

g

o]/
Proposition 3.2.2. Assume that w <1, and let (f[ } Ji<i<f be another

7
adequate filtration on the spaces (&;)1<i<f. Then we have

fori<i< fandl<j<r.

Proof. We use successively the previous lemma. More precisely, we will prove
by induction on j that

with a; = ZiZkgjwz[k] forall1<i< fand1<j<r.Let1<k<r, as
sume that the previous relation is true for 1 <¢ < fand 1 < j <k — 1. Let
i be an element with s(i) = k; then the space ]-"Z[k needs not to be defined.
From the previous proposition, we have

] T
i+1,{1—ak,1—w£’ﬂl i+1,{1—o¢k,1—w£]ﬂ1}

Applying successively the previous result, one gets

(] ! (K]

i+l,{1fak,17w£$17---7w£$l B i+l,{17ak,17wl[ljr]17---7w£i]l

for all 1 <[ < f — 1. Hence the result. Il
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Remark 3.2.3. We could have replaced w by

PR

=1 j#s(i)

Of course the proposition is also valid if we replace w by the valuation of
the total p-ordinary Hasse invariant.

Corollary 3.2.4. Assume that w<1/2. Then the elements (wzm)lgigf,lgjgr
do not depend on the choice of adequate filtrations, and are thus invariants
of the p-divisible group G.

/
Proof. Let (.7-".M )1<i<f be another adequate filtration on the spaces (&;)1<i< 7,

)

-1/
and let (h[.] ) )i,; be the sections computed with these filtrations. Let 1 <1i < f

)

and 1 < j <r be integers, and assume that j < s(i), the other case belng

similar (or can be treated by duality). Let wl[j V be the valuation of hEJ Y . The

] [’

elements w;” and w; " are respectively the valuations of the determinants of

R = &y D Ry e

From the previous proposition, the reduction modulo 1 — w of these maps
are equal. Thus

min (w; ] ;1 —w) = min(w; i’ ,1—w).

/ .
Since w[]] <w < 1—w, we have wm 1[7]. O

4. The canonical filtration

Let K be a valuation field, which is an extension of Q,. We will keep the
same notations as in the previous section, and we will consider a p-divisible
group G over Og. We will also assume that there are adequate filtrations
associated to the group G xo, Ok /p (the existence of adequate filtrations
follows from the previous section).

4.1. Raynaud group schemes

In this section, we recall some results concerning finite flat group schemes
over O endowed with an action of Op. If H is a finite flat group scheme
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over Og, its degree has been defined in [Fa] and will be denoted by deg H.
When H has moreover an action of O, one can define the partial degrees of
H, noted deg; H, for 1 < i < f. We refer to [Bi] section 2 for the definition
and properties of the partial degrees.

We now recall the structure theorem from Raynaud ([Ral) concerning
finite flat group schemes of height f over O, of p-torsion and with an action
of O F-

Proposition 4.1.1. Let H be a finite flat group scheme of height f over
Ok, of p-torsion and with an action of Op. Then there exist elements
(@i, bi)1<i<f of Ok such that a;b; = pu for all 1 < i < f (where u is a fived
p-adic unit), with H isomorphic to the spectrum of

Ok[X1, ..., Xf/(X] — ait1Xi+1)

where we identify Xyy1 and X1. The dual of the group with parameters
(@i, bi)1<i<f 1is the one with parameter (b;,a;)i<i<¢. Moreover, we have
wp,i=O0k /ai, and therefore deg; H=v(a;), deg; HP =v(b;) for all 1<i< f.

We will refer to such group schemes as Raynaud group schemes. We will
also need a description of the Dieudonné crystal of these group schemes.

Proposition 4.1.2. Let G be a p-divisible group over Og with an action of

Op, and let H C G[p] be a Op-stable Raynaud group scheme with parameter

(@i, bi)1<i<f. Let Eg be the (contravariant) Dieudonné crystal of H xo,

Ok /p evaluated at O /p; it decomposes into E = @{:15H7i, with each Ep;

a free Ok [p-module of ra?k); 1. Let © be an integer between 1 and f. The
& p

Verschiebung Vi : Eg i — Ef;_, sends a generator to an element of valuation

pv(bi_1); the Frobenius F; : 5}271 — €y sends a generator to an element
of valuation pv(a;—1).

Proof. Let £ = @2 1&i be the Dieudonné crystal of G x o, Ok /p evaluated
at Ok /p. Let F; C &; and .FHZ C &m,; be the images of the Frobenius. We
have &; /.7-"1 ~ w(Gp )Z._l and have surjective maps

& = &mi Wg))z 1 Wg)z 1

Thus

EH,z/fH,’L = w;};,)l—l = OKa{l}/af—l
This gives the result for the Frobenius. The result for the Verschiebung can
be obtained by duality. O
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4.2. Definition of the canonical filtration

We will now recall some definitions and properties of the canonical filtration.
Recall that G is a p-divisible group over Ok with an action of Op. The
module wg thus decomposes into wg = ®;_,wa,i, where wg; is a free Ok-
module for all 7 between 1 and f. Let d; be the rank of wg; for all 1 < < f.
We keep the notations from the section |1} in particular, one has an integer
r, and integers 41, ..., 6.

Definition 4.2.1. Let 1 <j <r, and let C C G[p] be a Op-stable finite
flat subgroup of height fd;. We say that C' is canonical (of height f¢;) if

/
1
D - -
deg C” < ;:1 max(d; — d;,0) + 5

It is a strong canonical subgroup if we have

f
1
d 0D<§ §: —d;,0) + ——.
eg 2 max(d; )+p—|—1

We say that G’ admits a (strong) canonical filtration if there exist (strong)
canonical subgroups of height f¢;, for all 1 < j <r.

Let C C G[p] be any Op-stable finite flat subgroup of height fd;, where j
is an integer between 1 and r. Note that since deg; C' < deg; G[p] = d;, we
have deg; CP > 0; —d; for all 1 <7 < f. The degree of CP is thus always
greater or equal than 2{21 max(d; — d;, 0); the subgroup is canonical if this
degree is close to that value.

In the ordinary case (i.e. if there exists an integer 0 < d < h with d; = d
for all 1 <i < f), this definition agrees with the definition of the canonical
subgroup given in [Bi] section 3.1.

Proposition 4.2.2. Let j be an integer between 1 and r; there exists at
most one canonical subgroup of height fé;. If C' is a canonical subgroup of
height f3;, then C+ C GPp] is canonical of height f(h — §;).

Let1 < j < k <1 beintegers, and assume that Cy is a canonical subgroup

of height fo;, for each l € {j,k}. Then C; C Cj.

Proof. This is a local analogue of [Bi2] Proposition 1.24 and 1.25, and the
proof is similar. O
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In particular, if G admits a canonical filtration, one has
0cCyc---cC, CGp

where Cj is the canonical subgroup of height fd;, for 1 < j <.

The main result of [He2] is the existence of a canonical subgroup (of
height fd;) if the valuation of Ha,;(G) is sufficiently small. We recall this
theorem here.

Theorem 4.2.3 ([He2] Théoreme 6.10). Let 1 <i < f be an integer
with d; ¢ {0, h}. Assume that p > 4h, and that the valuation of Ha;(G) is
strictly less than 1/2. Then there exists a canonical subgroup C; of height
fd;. Moreover, one has

-1
pF(deg; , CP —max(d; — di_j,,0)) = v(Hai(G)).
0

~

e
Il

Remark 4.2.4. This theorem is actually valid under weaker conditions,
see [He2| Théoreme 6.10 for the precise statement.

4.3. The partial degrees of the canonical filtration

In this section, we will relate the refined partial Hasse invariants constructed
previously to the partial degrees of the canonical subgroups (if they exist).
Recall that we assumed the existence of adequate filtrations for
G %0, Ok /p, and we noted wlm the valuation of the section hEJ], for1<i<f
and 1 < j <r. First let us start with two lemmas.

Lemma 4.3.1. Let1 < j <r, and assume that C is a canonical subgroup of
height £6;. Let a = deg CP — szzl max(d; — d;,0). Then for all1 <i< f,

we have

deg; CP < max(8; — d;,0) + a.

Proof. Let g;:=deg; CP —max(§;—d;,0) for 1<i< f; this is a non-negative
real. Moreover, we have

/
Z g, — Q.
i=1

We conclude that ¢; < aforall 1 <i < f. O



Duality, refined partial Hasse invariants 1137

Lemma 4.3.2. Let 1 < j <7, and assume that C is a canonical subgroup
of height f&;. Let a = deg CP — Zf ymax(d; — d;,0), and let 1 <i < f be
an integer. If j < s(i), then wc1—ay 95 a quotient of wg; 1—ay, which is
free of rank §; over Ok (1_qy-

If j > s(i), then wer ; {1-q) 18 @ quotient of wgp ; {1—qa), which is free of
rank h — 6; over Ok (1_a}-

Proof. By duality, one can assume that j < s(i). From the previous lemma,
we have

deg, C > ¢6; — .

Since wc,; is generated by J; elements, by the elementary divisors theorem,
there exists elements z1, ..., 75, in Ox with valuation less than 1 such that

d;
weyi @ Ok /zk.

k=1

We thus have Zz;l v(xy) =deg; C,sov(zg) > 1 —aforalll <k <4§;. This
implies that

wei{l—a} = (OK,{lfa})Jj
O

In particular, the existence of a canonical filtration for G implies that both
modules wg 115y and wgp (1_g) are filtered by free quotients, for some real
5 depending on the canonical subgroups. This gives adequate filtrations on
Eipipp 1<i< f.

We can now state the main theorem of this section, which relates the
partial degrees of a canonical subgroup to the refined partial invariants. Note
that in the ordinary case, the partial degrees of the canonical subgroup have
been computed in [Bi] section 3.2.

Theorem 4.3.3. Let 1 < j <r, and assume that C is a strong canonical
subgroup of height fé;. Then for all 1 <1 < f, we have

deg; CP = max(8; — d;,0) + wz[j].

Proof. Let o = deg CP — Z _,;max(d; — d;,0), and we keep the notations
from the previous sections. Let ¢ be an integer between 1 and f, and consider
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the surjective morphism
Eif1—ay = ECjif1-a}-

Let 'g},{l_a} be the kernel of this map. This is a free O (;_4)-module of
rank h — 9.

From the previous lemma G; 1 o) = 5 {1-a} N Fif1—ay is a free
Ok {1—ay-module of rank d; — §; if j < s(i). Thus V;_H(g {1— a}) P) is a free

Ok {1—ay-module of rank h —d; +d; —d; = h —J; containing gzﬂ {1-a}-
Since this last module also free of rank h 05, thls is an equality. Note

that one has G; (1) = Fi {1-a} and Gt {l-a} = Fin {1-ay if s(2) = J.
By duality, if j > s(i), then G; 1oy = Gif1—a} + Fifi—a} s a free
Ok f1-ay-module of rank h — §; + d;, and F‘Hl(gi’{l,a})(f’) = ~i+1,{1,a}.
Assume now that j < s(i). Then the map

Vigr 8i+1,{17a}/g~i+1,{17a} - (gi,{lfa}/gi,{lfa})(p)

can thus be identified with the map

Vit €oiir1{1-a) — (50,1,{17a})(p)~

Moreover, the determinant of this map has a valuation equal to
pdeg; CP < pa. This can be proved by filtering the group C by Raynaud
group schemes and using Proposition But this map can also be iden-
tified with the natural map

(Fi,{lfa}/gi,{lfa})(p) — (&',{ka}/@,{ka})(p)-
Since pa < 1 — «, one deduces that the determinant of the natural map
]:i,{lfa}/gi,{lfa} — 51,{1701}/@‘,{1704}

has a determinant of valuation deg; C'P.
By duality, if j > s(7), the determinant of the map

Fip1: (G; A1— a})( P ‘ji+1,{1—a}

has a valuation equal to p deg;(C1)P = p(d; — 6; + deg; CP) < pa. This map
can be identified with the natural map

Gi1—a)® = (Gif1—ay/Fifia))®
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Since pa < 1 — «, the determinant of the natural map

gi,{lfa} — gz’,{lfa}/}—i,{lfa}

has valuation equal to d; — &; + deg; CP.
We would be able to conclude if the filtrations (G; 11_a})1<i<y and

(F]

z{l—a})lﬁiéf were equal. In the general case, using the same proof as
in Proposition [3.2.2] one proves that

] _
’7:1',]{17204} = i {1-20}

for all 1 <i < f. Let i be an integer with s(i) < j. The map Him agrees with
the map

Gi ]:i,{l—a}/gi,{l—a} - 5z’,{1—a}/§z',{1—a}

after reduction modulo m;_5,. But we have seen that the valuation of the
determinant of ¢; is deg; CP. The reduction modulo my_s, of H Z-[] } has thus
a determinant of valuation deg; C”. Since deg;, CP < o < 1 — 2a, one gets

deg;, CP = wzm.
The case with s(i) > j is similar or can be obtained by duality. O

Note that the relation in Theorem 4.2.3] due to Hernandez then follows from
this last result together with Theorem [1.2.3

Corollary 4.3.4. Assume the existence of a strong canonical filtration
0cCyC---CC CGlpl.
Then for all1 <i< f and 1 < j <r, we have
deg; CJD = max(d; — d;,0) + wl[j].
In particular, the elements (wlm)lgigf,lgjgr are well defined.

Remark 4.3.5. There is no assumption on p in this corollary (and in
our definition of the canonical subgroups), unlike the result of Hernandez

(Theorem [4.2.3]).
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Remark 4.3.6. The partial degrees of the graded parts Cy/Ck_1 are re-
lated to the valuations of the invariants mik} and nEk]. More precisely, one
has

deg;(Cro/Cr—1)P = v(m}")

7

for 1 <i< fand 1<k <s(i) (with Cp :=0), and

deg; (Cry1/Cr) = v(nl")

for 1 <i< fand s(i) < k <r (with C,11 := Glp)).
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