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On Previdi’'s delooping conjecture
for K-theory

Sho Saito

We prove a modified version of Previdi’s conjecture stating that the Waldhausen
space (K-theory space) of an exact category is delooped by the Waldhausen
space (K-theory space) of Beilinson’s category of generalized Tate vector spaces.
Our modified version states the delooping with nonconnective K-theory spectra,
extending and almost including Previdi’s original statement. As a consequence
we obtain that the negative K-groups of an exact category are given by the Oth
K-groups of the idempotent-completed iterated Beilinson categories, extending a
theorem of Drinfeld that the first negative K-group of a ring is isomorphic to the
Oth K-group of the exact category of Tate modules.

1. Introduction

In his Ph.D. thesis, Previdi [2010] developed a categorical generalization of Kapra-
nov’s work [2001] on dimensional and determinantal theories for Tate vector spaces
over a field. His main results are formulated in terms of algebraic K-theory, and
he observes a certain relation between the K-groups K; (A) and Kj41(lim A) for
i =0, 1, where A is an exact category and lim A is an associated exact category
introduced by Beilinson [1987]. (See Section 2 below.) Previdi concluded the
thesis with the following conjecture, which would include all the higher analogues
of that relation:

Conjecture 1.1 [Previdi 2010, 5.1.7]. Write S(A) for the geometric realization of
the simplicial category iS,(A) given by Waldhausen’s S,-construction [1985], the
homotopy groups of whose loop space are the algebraic K-theory groups of the
exact category A. If A is partially abelian, i.e., if it and its opposite have pullbacks
of admissible monomorphisms with common target, then S(A) is delooped by
S(lim A). In particular, for such A there is an isomorphism between K;(A) and
Kiy1(lim A) for everyi > 0.

In this article we prove the following modified version of the conjecture:
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Theorem 1.2. Let K(A) be the nonconnective K-theory spectrum of the exact
category A, whose i-th homotopy group is the i-th K-group of A ifi > 0, the Oth
K -group of the idempotent-completion of A if i =0, and the (—i)-th negative K -
group of A ifi < 0. (See [Schlichting 2006].) Then there is a homotopy equivalence
of spectra K(A) => QIK(lim A).

Note that no assumption on .4 is necessary. We also remark that Theorem 1.2
includes almost all of the essential part of Conjecture 1.1. Indeed, there results
an isomorphism K;(A) => Kj4i(lim A) for any A and for every i > 1. If A
is idempotent-complete (this is the case for most of the typical examples, such
as the category P(R) of finitely generated projective modules over a ring R, the
category of vector bundles on a scheme, or any abelian category) this holds also for
i =0. Theorem 1.2 moreover says that the i-th negative K-group K_;(A),7 >0, is
isomorphic to the Oth K-group of the idempotent-completion of the i -times iterated
Beilinson category lim LA

Applications to the study of generalized Tate vector spaces. Previdi’s work has its
background in the study of generalized Tate vector spaces. Recall that a Tate vector
space over a discrete field k is a topological k-vector space of the form P & Q*,
where P and Q are discrete spaces and (—)* denotes the topological dual. There is
a canonical equivalence of the Beilinson category lim Vecto k of the exact category
Vectg k of finite-dimensional k-vector spaces, with the category of Tate k-vector
spaces of countable type, i.e., Tate vector spaces of the form P & Q* with P and
Q discrete of countable dimensions. (See [Previdi 2011, 7.4].)

There are two generalizations of this notion, one of which due to Arkhipov
and Kremnizer [2010] is the notion of an n-Tate vector space as an object of
the n-times iterated Beilinson category (h_m) "Vectg k, n > 1. The other one, due
to Drinfeld [2006], replaces the field & with a general commutative ring R to
get the notion of a Tate R-module. (We assume commutativity for simplicity,
although Drinfeld’s definition makes sense for noncommutative rings.) More
precisely, Drinfeld defined an elementary Tate R-module to be a topological R-
module of the form P @ Q*, where P and Q are discrete projective R-modules,
and a Tate R-module to be a direct summand of an elementary Tate R-module.
Drinfeld [2006, Theorem 3.6(iii)] showed that the first negative K-group K_;(R)
of the ring R is isomorphic to the Oth K-group of the exact category of Tate R-
modules. A very important theorem on Tate R-modules, due to [Drinfeld 2006,
Theorems 3.4, 3.7], is that they are Nisnevich-locally elementary, so that the presheaf
of first negative K-groups on the Nisnevich site of Spec R becomes trivial after
Nisnevich-sheafification.

The former of the two generalizations is obtained purely formally by iterating
the Beilinson construction, whereas the latter is based on nontrivial facts in ring
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theory. In fact, these two generalizations can be combined together. The equivalence
of lim Vecto k with Tate k-vector spaces of countable type can be generalized to
show that lim P(R) is very close to the category of elementary Tate R-modules.
(More precisely, lim P(R) is equivalent to the category of topological R-modules
isomorphic to extensions of P and Q*, where P and Q are discrete R-modules
obtained as the inductive limits of systems

Py — P, > P3<~--- and Ql‘—>Q2‘—>Q3‘—>---

This in particular shows that the idempotent-completion of lim P(R) is very close
to the category of Tate R-modules. Most objects of the latter category which
one usually deals with can be considered as objects of the former, and vice versa.
In this sense, we regard the idempotent-completion of lim P(R) as a categorical
substitute for Drinfeld’s category of Tate R-modules. It is thus plausible to define an
n-Tate R-module, n > 1, as an object of the idempotent-completion of lim "P(R).
Theorem 1.2 then can be regarded as a generalization of Theorem 3.6(iii) of [Drinfeld
2006], as it says that the n-th negative K-group K_,(R) is isomorphic to the Oth
K-group of n-Tate R-modules.

We also briefly discuss here a consequence of Theorem 1.2 on 1-Tate modules.
Denote by K the sheaf of group-like E-spaces on the Nisnevich site of Spec R,
that sends an étale R-algebra S to the space QK(S). We describe how our
Theorem 1.2, together with Drinfeld’s theorem on the Nisnevich-local vanishing of
K_1, provides a purely formal way to associate to a 1-Tate R-module M a K-torsor
with a canonical action of the sheaf of groups of automorphisms of M. We note
that this construction was essentially explained by Drinfeld [2006, Section 5.5],
who attributes it to Beilinson.

Firstly, Theorem 1.2 shows that, in the co-topos of sheaves of spaces on the
Nisnevich site of Spec R, the sheaf S > Q*°K(lim P(S)) is an object whose loop-
space object is K. It is obviously a pointed object. In addition, Drinfeld’s theorem
on the Nisnevich-local vanishing of K_; tells that this object is connected, i.e.,
S > QK(lim P(S)) is the classifying-space object for the co-group object K.
Then by general theory a K-torsor corresponds to a map from the terminal object
to the sheaf S — Q°K(lim P(S)), i.e., to a point of the space 2*°K(lim P(R)).
Thus the 1-Tate R-module M, as an object of the idempotent-completion of
lim P(R), defines such a torsor. The sheaf of groups of automorphisms of M acts
on it since, in general, for any idempotent-complete exact category .4 and an object
A of A, the classifying space of Auty4 A admits a natural, canonical mapping to
QS (A) = QK(A) which sends the base point to the point of 2S(A) = QCK(A)
defined by the object A. (This is the composition of the map B Auty A — Bi A
with the first structure map Bi A — QS (A) of Waldhausen’s connective algebraic
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K-theory spectrum of A, where i 4 is the category of isomorphisms of 4, and B
indicates the classifying space of a category.)

Organization and conventions. In Section 2 we recall the definition and properties
of the Beilinson category (h_m) A, following [Beilinson 1987] and [Previdi 2011].
We recall the notions of ind- and pro-objects, introduce the categories Indf; A and
Prog, A, and discuss their relation to (hin) A. All statements in this section are either
results of [Beilinson 1987] and [Previdi 2011] or their immediate consequences.

Section 3 begins by recalling Schlichting’s results [2004], which provide a
powerful tool for constructing a homotopy fibration sequence of nonconnective
K-theory spectra. We prove Theorem 1.2 according to the following strategy: We
construct, using Schlichting’s method, two homotopy fibration sequences which fit
into the commutative diagram

K(A4) ——— K(ndf{ A) —— K(Indg A/ A)

! ! |

K(Profj A) —— K(lim A) —— K(lim A/ Prog A)

as the horizontal sequences. We then go on to show that the third vertical map is an
equivalence, and that in the left-hand square the upper-right and lower-left corners
are contractible, so that the stated homotopy equivalence is obtained. (We remark
that the upper horizontal homotopy fibration sequence and its consequence that
IK(A) is delooped by K(Indf A/.A) are Schlichting’s results [2004]. Our delooping
is a combination of his delooping with its dual.)

We follow the notation adopted in [Previdi 2010; 2011]. For instance, we write
Indg; A for what is denoted by F.A4 in [Schlichting 2004], and Fun®(I1, .A) instead
of the notation A}Z_I used in [Beilinson 1987]. We write A for the idempotent-
completion of 4. By saying a functor A < U between exact categories is an
embedding of exact categories, we mean that it is a fully faithful exact functor
whose essential image is closed under extensions in ¢/ and such that a short sequence
in A is exact if and only if its image in ¢/ is exact.

2. Beilinson’s category lim .A

2A. ind- and pro-objects in a category. We first recall some generalities on ind-
and pro-objects. For any category C, the category Ind C (resp. Pro C) of ind-objects
(resp. pro-objects) in C is defined to have as objects functors X : J — C with domain
J small and filtering (resp. X : [°? — C with I small and filtering). The ind-object
X : J — C (resp. pro-object X' : I°P — () defines a functor C°? — (sets), C
li_rr)ljej Home(C, X)) (resp. C — (sets), C — lim, _, Home(&;, C)). A morphism
X — Y of ind-objects (resp. pro-objects) is a natural transformation between the
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functors C°P — (sets) (resp. C — (sets)) associated to X and ). Equivalently, the
sets of morphisms of ind- and pro-objects can be defined to be the projective-
inductive limits Homp,g (X, )) = liLnj lim, Home (&}, V) and Hompro ¢ (X, V) =
lim, lim;, Home (A, Yk ), respectively.

If X and ) have a common index category, a natural transformation X — )
between the functors X and ) defines a map between the ind- or pro-objects X
and ). Conversely, every map of ind- or pro-objects X — ) can be “straightified”
to a natural transformation, in the sense that there is a commutative diagram in

IndC or ProC
X — )

X —

with the vertical maps isomorphisms, X and ) having a common index category,
and X - Y coming from a natural transformation. (See [Artin and Mazur 1969,
Appendix] for details.)

If C is an exact category, the categories Ind C and Pro C possess exact structures.
A pair of composable morphisms in Ind C or Pro C is a short exact sequence if it can
be straightified to a sequence of natural transformations which is levelwise exact
in C [Previdi 2011, 4.15, 4.16]. In this article we are mainly concerned with the
full subcategories Ind? C and Pro“ C of admissible ind- and pro-objects introduced
in [Previdi 2011, 5.6]: An ind-object X : J — C (resp. pro-object X : [P — ()
is admissible if for every map j — j’ in J (resp. i — i’ in I) the morphism
Xj < X is an admissible monomorphism in C (resp. X; «— Xj’ is an admissible
epimorphism). These subcategories are extension-closed in the exact categories
Ind C and Pro C, respectively, so they have induced exact structures. Since an object
C of C can be considered as an admissible ind- or pro-object which takes the
constant value C (one can use any small and filtering category as the category of
indices), there are embeddings of exact categories C < Ind“ C and C < Pro?C.

We write Indg, C and Prog, C for the full, extension-closed subcategories of Ind? C
and Pro“ C consisting of admissible ind- and pro-objects, respectively, indexed
by the filtering category of natural numbers. (There is precisely one morphism
J — k if j <k € N.) The object C of C defines an object C =C =C = ---
in Ind§, C or Prof C. Note that the resulting embedding C — Indf,C < Ind“C
(resp. C < Prog, C — Pro“ C) is naturally isomorphic to the embedding C < Ind“ C
(resp. C < Pro“ C) mentioned above.

2B. Definition of lim A. Let A be an exact category. We write IT for the ordered
set {(i,j) e Zx2Z|i < j}, where (i,j) < (@',j)ifi <i’and j < j'. A
functor X : IT — A, where IT is viewed as a filtering category, is admissible if
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for every triple i < j < k, the sequence X; ; < X, x — X  is a short exact
sequence in A. We denote by Fun®(I1, A) the exact category of admissible functors
X : 11 — A and natural transformations, where a short sequence X — Y — Z
of natural transformations of admissible functors is a short exact sequence in
Fun®(I1, A) if X; ; — Y; ; — Z; ; is a short exact sequence in A for every i < j.
A bicofinal map ¢ : Z — Z (¢ is said to be bicofinal if it is nondecreasing and satisfies
lim; 400 ¢ (i) = £00) induces a cofinal functor ¢ : IT — T1, (i, = (@@), ().
If ¢ and  : Z — Z are bicofinal maps such that ¢(i) < (i) for all i, and
if X : IT — A is an admissible functor, then there is a natural transformation
UX,b,¢ - Xo&—)XolZ.

Definition 2.1 [Beilinson 1987, A.3]. The category lim A is defined to be the
localization of Fun? (I, A) by the morphisms uy ¢y, where X : IT — A is in
Fun“(I1, A) and ¢ < : Z — Z are bicofinal.

If X : IT — A is an admissible functor, we have for each j € Z an admissible
pro-object X, j:{i €Z|i < j}— A, i = X; ;,in A. We get in turn an admissible
ind-object Z— Pro% A, j — X, ;,in Pro® A. Thus the admissible functor X can be
viewed as an object of the iterated Ind-Pro category Ind? Pro? A. If ¢ <y :Z -7
are bicofinal, the map uy ¢ 4 defines an isomorphism between the ind-pro-objects
X o¢ and X o). We get a functor lim A — Ind“ Pro? A. In view of the following
theorem, we regard lim A as an exact subcategory of Ind“ Pro“ A.

Theorem 2.2 [Previdi 2011, 5.8, 6.1]. The functor lim A — Ind? Pro? A is fully
faithful. Moreover, the image is closed under extensions in Ind* Pro? A. In particu-
lar, lim A has an exact structure in which a sequence in lim A is exact if and only
if its image in Ind® Pro% A is exact.

By [Previdi 2011, 6.3], there are embeddings Indf A — lim A and Prof, A —
lim A of exact categories, respectively sending X < X5 < X3 < ---€obIndf; A
<>
to the object in lim A determined by X; ; = Xo,; = X; fori <0 < j, and
sending Xi «— X, «— X3 «—--- € obProf, A to the object in (h_rn) A determined
by Xl',j =Xl"1 =X_j41fori <0< .

We refer to [Previdi 2011] for detailed discussion of ind/pro-objects in exact
categories.

3. Proof of Theorem 1.2

We prove the theorem using the s-filtering localization sequence constructed by
Schlichting [2004].

Let A — U be an embedding of exact categories. Following [Schlichting 2004],
we define a map in U to be a weak isomorphism with respect to A — U if it is
either an admissible monomorphism that admits a cokernel in the essential image
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of A < U or an admissible epimorphism that admits a kernel in the essential image
of A — U. In particular, for every A € ob.A, the maps 0 - A and A — 0 are
weak isomorphisms. The localization of U by weak isomorphisms with respect
to A is denoted by U/ A. Recall, from [Schlichting 2004], that the embedding
A — U of exact categories is a left s-filtering if the following conditions are
satisfied:

(1) If A — U is an admissible epimorphism in &/ with A € ob A, then U € ob A.
(2) If U < A is an admissible monomorphism in &/ with A € ob A, then U € ob A.

(3) Every map A — U in U with A € ob A factors through an object B € ob A
such that B < U is an admissible monomorphism in 4.

(4) If U — A is an admissible epimorphism in &/ with A € ob A, then there is an
admissible monomorphism B < U with B € ob A such that the composition
B — A is an admissible epimorphism in A.

(Here ob .4 denotes by slight abuse of notation the collection of objects of U/
contained in the essential image of A < U.) A right s-filtering embedding is
defined by dualizing the conditions above.

We use the following theorem, due to [Schlichting 2004, 1.16, 1.20, 2.10], as
the main technical tool for the proof:

Theorem 3.1. If A< U is left or right s-filtering, then the localization U/ A has an
exact structure in which a short sequence is exact if and only if it is isomorphic to the
image of a short exact sequence in U. Moreover, the sequence of exact categories
A — U — U/ A induces a homotopy fibration K(A) — KU) — KU/ A) of
nonconnective K-theory spectra.

Remark. Theorem 2.10 of [Schlichting 2004], which constructs this homotopy
fibration sequence, is stated there under the assumption that 4 is idempotent-
complete. But the theorem holds for general A in view of Lemma 1.20 of [loc. cit.],
which assures, whenever A < U/ is left or right s-filtering, the existence of an
extension-closed full subcategory UA of U such that 2/ is cofinally contained in uA,
the induced embedding A <> I/ factors through a left or right s-filtering embedding
AUA, and U /A ut / Alis an equivalence of exact categories. The homotopy
fibration sequence K(A) — KU*) — K(UA/A) is equivalent to the sequence
K(A) - KWU) — K(@U/.A), since a cofinal embedding of exact categories induces
an equivalence of nonconnective K-theory spectra.

Lemma 3.2. For any exact category A, the embedding A< Ind? A is left s-filtering.

Proof. We start by checking condition (3) for being left s-filtering. Let X be an object

of A and Y an admissible ind-object in .4 indexed by a small filtering category J.

A morphism f : X — Y in Ind“ A is an element of lim._, Hom4(X, Y;), i.e., is
—jeJ
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represented as the class of amap fj, : X — Y}, in A for some jo € J. The canonical
map Y, <> Y is an admissible monomorphism because the diagram jo/J — A,
J —Y;/Yj,, serves as its cokernel, where jo/J is the under-category of jo. We
get a factorization
f:X ﬂ Y, =Y,

as desired.

Condition (1) follows from (3). Indeed, an admissible epimorphism X — Y with
X in A factors through some Z in A such that Z < Y is an admissible monomor-
phism. The composition X — Y —> Y /Z is 0, but since this composition is also an
admissible epimorphism, Y /Z must be 0. This forces Y to be essentially constant.

To prove (4), let Y — X be an admissible epimorphism in Ind% 4 with X in
A, whose kernel we denote by Z. The short exact sequence 0 — Z — Y —»
X — 0 is isomorphic to a straight exact sequence 0 — Z' — Y’ — X' —
0, where Z’, Y’, and X' are all indexed by the same small filtering category
J and are respectively isomorphic to Z, Y, and X. The isomorphism X' =
X is a compatible collection of morphisms g; : X j’ — X in A, j € J, such
that there is a morphism & : X — X/ for some jo € J such that g, o h =
idy and % o gj, is equivalent to idy; inlim. HomA(on, Xjf). Since X' is an
admissible ind-object, this implies that 2o g;, = 1dX;0 i.e., gj, is an isomorphism.
(Note also that the g; are isomorphisms for all j € jo/J.) The map YJ/0 —
Y’ = Y is an admissible monomorphism, as noted above, and its composition
with Y — X equals the composition Y’ — X/, => X, which is an admissible
epimorphism in A. 8o

Finally, if Y < X is an admissible monomorphism with X in 4, its cokernel
Z is in A by condition (1). Let 0 - Y’ < X’ — Z’ — 0 be a straightification
of the exact sequence 0 - Y — X — Z — 0, whose common indices we denote
by J. Then an argument similar to above shows that there is a jo € J such that
X J/ and Z " are isomorphic to X and Z, respectively, for every j € jo/J. It follows
that Y’ is essentlally constant above jgp, and we conclude that Y is contained in the
essentlal image of A, verifying condition (2). O

We remark that, given a composable pair of embeddings of exact categories
A — V and V < U, if their composition is naturally isomorphic to a left s-
filtering embedding A < U then A < V is also left s-filtering. This in par-
ticular implies that the embeddings A < Indf, A and Prof; A — lim A are left
s-filtering. Hence by Theorem 3.1 we get two homotopy fibration sequences
of nonconnective K-theory spectra [K(A4) — K(Indf;A) — K(Indf A/ A) and
K(Prof A) — K(lim A) — K(lim A/ Prog .A). We compare these sequences to
obtain Theorem 1.2.

Lemma 3.3. There is an equivalence Indg; A/ A = lim A/ Prof A.
<>
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Proof. We have a commutative diagram

A  —— Ind{ A

l l

Prof A —— lim A
<>

whence there results a functor F' : Indf A/ A — lim A/ Prog; A.

To construct a quasi—inverse first we note that the functor Fun®(I1, A) — Ind§; A,
(Xi,j)i<j— Xo0,1 = Xo,2 <> - -+, induces a functor G: hmA—>Ind“ A/ A. Indeed,
if ¢ <+ : Z — Z are bicofinal, the map uy ¢  : Xo¢ — Xow in Fun®(I1, A) is sent
to the map X4 (0),4(e) —> Xv/(0),w (s)» Which factors as X4(0),4(e) = X¢(0),4(e) =
XW(O)JP(')' The map X¢(0)’¢(,) — X¢(0)’¢(.) is an iSOIIlOI’phiSl‘n in Il’ldf{‘ A, since
it consists of natural isomorphisms

lim; Hom4(4, X¢(0),¢(;)) = lim; Homu(4, X (0),y.(j)). A €0bA,

as ¢ and ¥ are bicofinal. We also see that Xg(0),4(s) = Xy (0),1(s) 1S @ Weak
isomorphism in Indg; A with respect to .4, since it has constant kernel X o),y (0) =
X = .-.. The functor G thus defined takes weak isomorphisms in lim .4

$(0),¥(0) Jm
with respect to Prog; A to weak isomorphisms in Indg A with respect to A, since
if X € ob lim A is in the image of Prog; A, then its Oth row is constant: Xo,1 =
Xo1 =", 1e, G (X) is in the image of A. Hence G factors through a functor
G : lim A/ Prof, A — Indg; A/ A.

<>

We have G o F' =idyyqg 4/.4 by definition. On the other hand, if X = (X; ])l< j
ob lim A, then F o G(X) is the object X of lim A determined by X, = =X, =
XO,], i <0 < j. Define an admissible eplmorphlsm Sx: X —> X in Fun®(I1, A)
(hence in lim .A) by

Xi,j=Xl"j fOI‘Ofifj,

(fx)i,j =1 Xi,j > Xo,; fori <0<},

X,-,J-—»O fOI‘iijO.
The kernel coincides with the image of 0 «= X_1 9« X 50« X 309« - €
obProg; A in lim A. Hence fyx is a weak isomorphism in lim .A with respect to

<> <>

Prof, A. Thus we get an isomorphism f : idle) A/ Prog A => F oG, to conclude that
G is a quasi-inverse to F. O
This means that in the commutative diagram of nonconnective K-theory spectra

K(A4) —— K(@nd4A) ——  K(Indg A/A)

l l |

K(Profj A) —— K(lim A) —— K(lim A/ Prog A)
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the third vertical map is an equivalence. Since the two horizontal sequences are
homotopy fibrations, it follows that the square

K(4) —— K(Indf A)

! l

K(Profj A) —— K(lim A)

is homotopy-cartesian, i.e., i{(A) => holim(K(Prog A) — K(lim A) <~ K(Indf; A))
is an equivalence. We finally note:

Lemma 3.4. There are canonical contractions for the nonconnective K-theory
spectra K(Ind§, A) and K(Prog, A).

Proof. The contraction for K(Indg; .4) comes from the canonical flasque structure
on Indf A (i.e., an endofunctor whose direct sum with the identity functor is
naturally isomorphic to itself), given as follows. Let X = (X;);>1 € obIndf A
be an N-indexed admissible ind-object in .A, whose structure maps we denote by
p=pjj:Xj—Xj, j<j'. Write T(X) € ob Indf; A for the admissible ind-object
,0 ®p,0 DoDp,0
0— x; 2% x, @ x, L2220, X380 X, ® X, (00000
A morphism f € Homy,ga 4(Y. X) = l(iilj lim, Hom 4 (Y}, X;) with j-th component
represented by f; : Y; — Xj(;) defines a morphism 7'(f) : T(Y) — T (X) whose
Jj -th component is the class of the composition

fi—1®-® fi
Yio1 @Y j—>Xl(j—1) O ® X

LA Xi+j—19 @ X1 = T(X)g4j.
where k is chosen to be sufficiently large. The endofunctor T thus defined is
a flasque structure on Indf A since (X & T(X)); = T(X )j+1 give a natural
isomorphism of ind-objects.

The contraction for KK(Prog; .A) follows from the contraction for K(Indg (—)) via
the identification Prof; A = (Indf, .A°P)°P and the general equivalence IK(3°P) =>
K(B). |

We now obtain the desired homotopy equivalence K(.A) = holim(IK(Prof, A) —
K(lim A) <- K(Indf A)) = holim(x — K(lim A) < x) = QIK(lim .A), and the
proof of Theorem 1.2 is complete.
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Surpassing the ratios conjecture in the
1-level density of Dirichlet L-functions

Daniel Fiorilli and Steven J. Miller

We study the 1-level density of low-lying zeros of Dirichlet L-functions in the
family of all characters modulo ¢, with Q/2 < ¢ < Q. For test functions whose
Fourier transform is supported in (—2, %), we calculate this quantity beyond the
square root cancellation expansion arising from the L-function ratios conjecture
of Conrey, Farmer and Zirnbauer. We discover the existence of a new lower-order
term which is not predicted by this powerful conjecture. This is the first family
where the 1-level density is determined well enough to see a term which is not
predicted by the ratios conjecture, and proves that the exponent of the error term
Q~!/2%€ in the ratios conjecture is best possible. We also give more precise
results when the support of the Fourier transform of the test function is restricted
to the interval [—1, 1]. Finally we show how natural conjectures on the distribution
of primes in arithmetic progressions allow one to extend the support. The most
powerful conjecture is Montgomery’s, which implies that the ratios conjecture’s
prediction holds for any finite support up to an error Q~!/2F¢.

1. Introduction 13
2. Background and new results 18
3. The explicit formula and needed sums 26
4. Unconditional results (Theorems 2.1 and 2.3) 37
5. Results under GRH (Theorems 1.2 and 2.6) 39
6. Results under de-averaging hypothesis (Theorem 2.8) 45
7. Results under Montgomery’s hypothesis (Theorem 2.13) 47
Acknowledgments 48
References 48

1. Introduction

In this paper we study the 1-level density of Dirichlet L-functions with modulus gq.
The goal is to compute this statistic for large support and small error terms, providing

MSC2010: primary 11M26, 11M50, 11N13; secondary 11N56, 15B52.
Keywords: low-lying zeros, Dirichlet L-functions, ratios conjecture, primes in arithmetic
progressions, random matrix theory.
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a test of the predictions of the lower order and error terms in the L-function ratios
conjecture. In this introduction we assume the reader is familiar with low-lying
zeros of families of L-functions and the ratios conjecture, and briefly describe our
results. For completeness we provide a brief review of the subject in Section 2A,
and state our results in full in Section 2B to Section 2D.

We let € L' (R) be an even real function such that 7 is C? and has compact
support. Denoting by p, = % + iy, the nontrivial zeros of L(s, x) (i.e., those
satisfying 0 < M(p,) < 1) and choosing Q a scaling parameter close to ¢, the

1-level density is!

log O
D= gy T T2

xmodg Vx

Throughout this paper, a sum over x mod g always means a sum over all char-
acters, mcludmg the principal character. If we assume GRH then the y, are real.
Asn(y) = (n) () is defined for complex values of y, it makes sense to consider
(1-1) for complex y, ., in case GRH is false (in other words, GRH is only needed to
interpret the 1-level density as a spacing statistic arising from an ordered sequence
of real numbers, allowing for a spectral interpretation). We also study the average
of (1-1) over the moduli Q/2 < ¢ < Q, which is easier to understand in general:

Dyg/2,00N = Q/z > Dy (1-2)

0/2<q=Q0

The powerful ratios conjecture of Conrey, Farmer and Zirnbauer [Conrey et al. 2008;
Conrey et al. 2005b] yields a formula for Dy.g/2,0(n), which is believed to hold
up to an error of O (Q_l/ 2+¢€). While there have been several papers [Conrey and
Snaith 2007; 2008; David et al. 2013; Goes et al. 2010; Huynh et al. 2011; Miller
2008; 2009b; Miller and Montague 2011] showing agreement between various
statistics involving L-functions and the ratios conjecture’s predictions, evidence
for this precise exponent in the error term is limited; the reason this exponent was
chosen is the “philosophy of square root cancellation”. While some of the families
studied have 1-level densities that agree beyond square root cancellation, it is always
for small support (supp(7) C (—1, 1)). Further, in no family studied were nonzero
lower order terms beyond square root cancellation isolated in the 1-level density.

The motivation of this paper was to resolve these issues. As the ratios conjecture
is used in a variety of problems, it is important to test its predictions in the greatest
possible window. Our key findings are the following.

ISince 7 is C2, we have n(£) <« £72 for large £; hence the sum over the zeros is absolutely
convergent. While most of the literature uses ¢ as the test function, since we will use Euler’s totient
function extensively we use 1.
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e We uncover new, nonzero lower-order terms in the 1-level density for our
families of Dirichlet characters. These terms are beyond what the ratios
conjecture can predict, and suggest the possibility that a refinement may be
possible and needed.

e We show (unconditionally) that the natural limit of accuracy of the L-function
ratios conjecture is Q(Q_l/ 2+0(1)) Thus the error term cannot be improved
for a general family of L-functions, though of course its veracity for all families
is still open.

The existence of lower-order terms beyond the ratios conjecture’s prediction in
statistics of L-functions is not without precedent. Indeed such terms have been
isolated in the second moment of |L(%, x)| by Heath-Brown [1981], and for a more
general shifted sum by Conrey [2007].

Before stating our main result, we give the ratios conjecture’s prediction. This
prediction is done for a slightly different family in [Goes et al. 2010], but it is trivial
to convert from their formulation to the one below (we discuss the conversion in
Section 2B).

Conjecture 1.1 (ratios conjecture). The I-level density D, . g (n) (from (1-1) with
scaling parameter Q = q) equals

- log(8me?) 1 log p
nO){1— - >
logg logq P p—1

o ﬁ(O)—;]\(Z) —1/2+
+/0 —qt/Z_q—t/Z dt + Oe(q 6)_ (1-3)

The 1-level density Dy,g/2,0(n) (from rescaling® (1-3)) equals
- log(4me?) + 1 1 log p
70 (1 -y

log Q log @ << p(p—1)

 1(0) — (@)
0 Qt/z_Q—t/z

Surprisingly, our techniques are capable of not only verifying this prediction, but

n dt + 0c(Q7V2T). (1-4)

we are able to determine the 1-level density beyond what even the ratios conjecture
predicts. In Theorem 1.2 we obtain a new (arithmetical) term of order Q~1/2 /log Q,
which is not predicted by the ratios conjecture.

2 To rescale we multiply (1-3) by logg/log O, replace ¢'/% — ¢~*/2 with Q"/2 — Q~1/2 and
average over Q/2 < ¢ < Q. The term log g averages to log Q +log2—1+ O(log Q/ Q), explaining
the “additional” term (10g2 —1)/1og Q. Moreover the average of ) pla p lo gp over this range is easily

shown to be ), p(p o+ O(log Q/ Q).
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Theorem 1.2. Assume GRH. If the Fourier transform of the test function n is
supported in (—%, %), then Dy.4/2 0 (1) equals

1 4 1 1 1
ﬁ(O)(l— og(4me?) + Z ogp )

log O _logQ > p(p—1)
* 1(0) —n() 0-1/2
+ o 02— Q-1/2 dt + log 0 Sp(Q), (1-5)
where
- 7 7' (1) loglog O \2
$1(Q) = C1i) +Cag +0((W) ) e
with
C = (2—\/5)5(5) 1;[(1+W),
o \/§+4 g‘/ 1 Ing
Cy, = Cl( 3 _(E(E)_; (p—l)p1/2+1) . (1-7)

We can give a more precise formula for the term S (Q): see Remark 2.5. While
Theorem 1.2 is conditional on GRH, in Theorem 2.1 we prove a more precise
and unconditional result for test functions 7 whose Fourier transform has support
contained in [—1, 1].

The first two terms in (1-5) agree with the ratios conjecture’s prediction. As for
the term Q_l/ 2S,,(Q) /log Q, its presence confirms that the error term Q_l/ 2+o(1)
in the ratios conjecture is best possible, and suggests more generally that the 1-level
density of a family ought to contain a (possibly oscillating) arithmetical term of order
Q_l/ 2+o(1) "4 statement which should be tested in other families. Interestingly
this new term contains the factors 7(1) and 7’(1), and is zero when 7 is supported
in (—1, 1). In this case we give a more precise estimate for the 1-level density in
Theorem 2.1, in which a lower-order term of order Q°/2~1+o(1) appears, where
o = sup(supp 7). This term is a genuine lower-order term, and shows that for such
test functions the ratios conjecture’s prediction is not best possible. We thus show
that a transition happens when o is near 1. Indeed looking at the difference between
the 1-level density and the ratios conjecture’s prediction, that is defining

log(4me?)+1 1 1
EQ(n):=D];Q/z,Q(n)—ﬁ(O)(l— ogttre’) + > ng)

log@  logQ < p(p—1)
 7(0)—7(1)
A ElE dt, (1-8)
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our results imply that’ E o(n) = Q@) +o()) where

g1 ifo<l,

(o) = {7

1-9
1 ifl<o<i. (19

We conjecture that (o) should equal —% for all o > 1, and that our new lower-order
term O~/ 25,(Q)/ log Q should persist in this extended range.

Conjecture 1.3. Theorem 1.2 holds for test functions 1 whose Fourier transform
has arbitrarily large finite support .

In Figure 1, the solid curve represents our results (Theorems 1.2 and 2.1), and the
dashed line represents Conjecture 1.3; note the resemblance between this graph and
the one appearing in Montgomery’s pair correlation conjecture [Montgomery 1973].
We prove in Theorem 2.13 that Montgomery’s conjecture on primes in arithmetic
progressions implies that (o) < —% forall o > 1.

o

w(o)
0.5 1 1.5 2 2.5

05

Figure 1. The graph of u(o).

We believe that this phenomenon is universal and should also happen in different
families, in the sense that we believe that the ratios conjecture’s prediction should
be best possible for o > 1, and should not be for o < 1. For example, in [Miller
2009b] it is shown that if the Fourier transform of the involved test function is
supported in (—1, 1), then the ratios conjecture’s prediction is not best possible and
one can improve the remainder term; however, in this region of limited support
there are no new, nonzero lower order terms unpredicted by the ratios conjecture.
These results confirm the exceptional nature of the transition point o = 1, as is
the case in Montgomery’s pair correlation conjecture [1973]. Indeed if this last
conjecture were known to hold beyond the point o = 1, then this would imply the
nonexistence of Landau—Siegel zeros [Conrey and Iwaniec 2002].

Our plan of attack is to use the explicit formula to turn the 1-level density into
an average of the various terms appearing in this formula. The bulk of the work
is devoted to carefully estimating the contribution of the prime sum, which when
summing over x mod ¢ becomes a sum over primes in the residue class 1 mod ¢,

3For o > 1, this holds for test functions 7 for which either 7j(1) # 0 or 77’ (1) # 0 (see Theorem 1.2);
see Theorem 2.1 if o < 1. If 7j(u) vanishes in a small interval around u = 1, then Theorem 2.6 gives
the correct answer.
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averaged over g ~ Q. Accordingly, the proof of Theorem 1.2 is based on ideas in
[Fiorilli 2012], which improve on results of Fouvry [1985], Bombieri, Friedlander
and Iwaniec [Bombieri et al. 1986], Friedlander and Granville [1992] and Fried-
lander, Granville, Hildebrandt and Maier [Friedlander et al. 1991]. Theorem 1.1
of [Fiorilli 2012] cannot be applied directly here, since this estimate is only valid
when looking at primes up to x modulo g with ¢ ~ @, where Q is not too close
to x. Additional estimates are needed, including a careful analysis of the range
x17¢ < O < x, which required a combination of divisor switching techniques and
precise estimates on the mean value of smoothed sums of the reciprocal of Euler’s
totient function. Additionally, in our analysis of the 1-level density after using the
explicit formula and executing the sum over the family we obtain a sum over primes
in the arithmetic progressions 1 mod ¢; this is one of the cases where one obtains
an asymptotic in [Fiorilli 2012, Theorem 1.1], which explains the occurrence of the
lower-order term Q_I/ZS,,(Q)/ log Q in Theorem 1.2.

The paper is organized as follows. In Section 2A we review previous results
on low-lying zeros in families of L-functions and describe the motivation for the
ratios conjecture. See for example [Goes et al. 2010; Miller 2009b] for a detailed
description of how to apply the ratios conjecture to predict the 1-level density. We
describe our unconditional results in Section 2B, and then improve our results
in Section 2C by assuming GRH. In previous families there often is a natural
barrier, and extending the support is related to standard conjectures (for example,
in [Iwaniec et al. 2000] the authors show how cancellation in exponential sums
involving square roots of primes leads to larger support for families of cuspidal
newforms). A similar phenomenon surfaces here, where in Section 2D we show that
increasing the support beyond (—2, 2) is related to conjectures on the distribution of
primes in residue classes. We analyze the increase in support provided by various
conjectures. These range from a conjecture on the variance of primes in the residue
classes, which allow us to reach (—4, 4), to Montgomery’s conjecture for a fixed
residue, which gives us any finite support. The next sections contain the details of
the proof; we state the explicit formula and prove some needed sums in Section 3,
and then prove our theorems in the remaining sections.

2. Background and new results

2A. Background and previous results. Assuming GRH, the nontrivial zeros of
any nice L-function lie on the critical line, and therefore it is possible to investigate
statistics of its normalized zeros. These zeros are fundamental in many problems,
ranging from the distribution of primes in congruence classes to the class number
[Conrey and Iwaniec 2002; Goldfeld 1976; Gross and Zagier 1986; Rubinstein
and Sarnak 1994]. Numerical and theoretical evidence [Hejhal 1994; Montgomery
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1973; Odlyzko 1987; 2001; Rudnick and Sarnak 1996] support a universality in
behavior of zeros of an individual automorphic L-function high above the central
point, specifically that they are well-modeled by ensembles of random matrices
(see [Firk and Miller 2009; Hayes 2003] for histories of the emergence of random
matrix theory in number theory). The story is different for the low-lying zeros,
the zeros near the central point. A convenient way to study these zeros is via the
1-level density, which we now describe. Let n € L!(R) be an even real function
whose Fourier transform

oo

i) = [ neemo dx -
—00

is C? and has compact support. Let %y be a (finite) family of L-functions satisfying

GRH.* The 1-level density associated to % is defined by

1
Digy ) = i & S “Ety). 22

ng"N J

where 1 5+i )/é] ) runs through the nontrivial zeros of L(s, g). Here ¢, is the “analytic

conductor” of g, and gives the natural scale for the low zeros. As n decays, only
low-lying zeros (i.e., zeros within a distance 1/log cg of the central point s = %)
contribute significantly. Thus the 1-level density can help identify the symmetry
type of the family. To evaluate (2-2), one applies the explicit formula, converting
sums over zeros to sums over primes.

Based in part on the function field analysis where G(%) is the monodromy group
associated to the family &, Katz and Sarnak conjectured that for each reasonable
irreducible family of L-functions there is an associated symmetry group G (%)
(one of the following five: unitary U, symplectic USp, orthogonal O, SO(even),
SO(odd)), and that the distribution of critical zeros near %
eigenvalues near 1. The five groups have distinguishable 1-level densities. To date,
for suitably restricted test functions the statistics of zeros of many natural families
of L-functions have been shown to agree with statistics of eigenvalues of matrices
from the classical compact groups, including Dirichlet L-functions, elliptic curves,
cuspidal newforms, Maass forms, number field L-functions, and symmetric powers
of GL, automorphic representations [Alpoge and Miller 2014; Alpoge et al. 2014;
Dueiez and Miller 2006; Fouvry and Iwaniec 2003; Gao 2005; Giiloglu 2005;
Hughes and Miller 2007; Hughes and Rudnick 2003; Iwaniec et al. 2000; Katz and
Sarnak 1999a; 1999b; Miller 2004; Miller and Peckner 2012; Ricotta and Royer
2011; Royer 2001; Rubinstein 2001; Shin and Templier 2012; Yang 2009; Young

mirrors the distribution of

4 We often do not need GRH for the analysis, but only to interpret the results. If the GRH is
true, the zeros lie on the critical line and can be ordered, which suggests the possibility of a spectral
interpretation.
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2006], to name a few, as well as nonsimple families formed by Rankin—Selberg
convolution [Duefiez and Miller 2009].

In addition to predicting the main term (see for example [Conrey 2001; Katz
and Sarnak 1999a; 1999b; Keating and Snaith 2000a; 2000b; 2003]), techniques
from random matrix theory have led to models that capture the lower order terms
in their full arithmetic glory for many families of L-functions (see for example the
moment conjectures in [Conrey et al. 2005a] or the hybrid model in [Gonek et al.
2007]). Since the main terms agree with either unitary, symplectic or orthogonal
symmetry, it is only in the lower order terms that we can break this universality and
see the arithmetic of the family enter. These are therefore natural and important
objects to study, and can be isolated in many families [Huynh et al. 2009; Miller
2009a; Young 2005]. We thus require a theory that is capable of making detailed
predictions. Recently the L-function ratios conjecture [Conrey et al. 2008; 2005b]
has had great success in determining lower order terms. Though a proof of the
ratios conjecture for arbitrary support is well beyond the reach of current methods,
it is an indispensable tool in current investigations as it allows us to easily write
down the predicted answer to a remarkable level of precision, which we try to prove
in as great a generality as possible.

To study the 1-level density, it suffices to obtain good estimates for

1
1 Z L(5+a,2) (2-3)

Rg\(a,y) = .
TNl e LG +7.8)

(In the current paper, the parameter Q plays the role of |%p|.) Asymptotic formulas
for Rg, (o, ) have been conjectured for a variety of families %y (see [Conrey
et al. 2008; Conrey and Snaith 2007; 2008; Goes et al. 2010; Huynh et al. 2011;
Miller 2008; 2009b; Miller and Montague 2011]) and are believed to hold up to
errors of size | %y |~'/2F¢€ for any € > 0. The evidence for the correctness of this
error term is limited to test functions with small support (frequently significantly
less than (—1, 1)), though in such regimes many of the above papers verify this
prediction. Many of the steps in the ratios conjecture’s recipe lead to the addition or
omission of terms as large as those being considered, and thus there was uncertainty
as to whether or not the resulting predictions should be accurate to square root
cancellation. The results of the current paper can be seen as a confirmation that this
is the right error term for the final predicted answer, at least in this family. Further,
the novelty in our results resides in the fact that we are able to go beyond square root
cancellation and we find a smaller term which is unpredicted by the ratios conjecture
(see Theorem 1.2). For a precise explanation on how to derive the ratios conjecture’s
prediction in our family, we refer the reader to [Goes et al. 2010], and also recom-
mend [Conrey and Snaith 2007] for an accessible overview of the ratios conjecture.
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2B. Unconditional results. We now describe our unconditional results. We remind
the reader that 7 is a real even function such that 7 is C? and has compact support.

Theorem 2.1. Suppose that the Fourier transform of the test function 1 is supported
on the interval [—1, 1], so 0 = sup(supp 1)) < 1. There exists an absolute positive
constant ¢ (coming from the Prime Number Theorem) such that the 1-level density
Dl;q (n) (from (1-1) with scaling parameter Q = q) equals

N Jlog(8me?) 1 log p
1n(0) (1 —i— — Z
0gq log g T r—1

XHO) -0 2 lu/z(@_@)
+/0 q’/z—q"/zdt ¢(q)/oq 2 logg du

2 logp _ [logp® q"/2_1
— o ——— ). 24
logq Pg”:q ¢(p”)pe/2n(10gq T O\ evatoea 9

p°=1modgq/p"
e,v=>1

Remark 2.2. The average over Q/2 < ¢ < Q of the fourth term in (2-4) can be
shown to be O(Q~!), and is therefore negligible when considering Di.0/2,0(n)
(see (3-16)). However, the term involving the second integral in (2-4) is of size
q"/ 2=1-0(1) "and thus constitutes a genuine lower-order term, smaller than the error
term in (1-3) predicted using the ratios conjecture.

Theorems 1.2 and 2.1 should be compared to the main result of Goes, Jackson,
Miller, Montague, Ninsuwan, Peckner and Pham [Goes et al. 2010], where they
show one can extend the support of 7) to [—2, 2] and still get the main term, as well
as the lower order terms down to a power savings. They only consider ¢ prime, and
thus the sum over primes p dividing g below in Theorem 2.3 is absorbed by their
error term. We briefly discuss how one can easily extend their results to the case of
general ¢. First note that L(s, x) and L(s, x*) have the same zeros in the critical
strip if x* is the primitive character of conductor ¢* inducing the nonprincipal
character x of conductor g. We now have log ¢*, which can be converted to a sum
over primes p dividing ¢ by the same arguments as in the proof of Proposition 3.1.
The rest of the expansion follows from expanding the digamma function I’/ T in
the integral in [Goes et al. 2010, Theorem 1.3] and then standard algebra (along the
lines of the computations in Section 3). We use [Montgomery and Vaughan 2007,
Lemma 12.14], which in our notation says that for a, b > 0 we have

oo/ :

/ F(let) n ([) dt
—ool(axibT)
T . 21 [ exp(—2max/b)

I'(a) 1(0) + b o 1—exp(—2mx/b)

(7(0) = A(Fx)) dx, (2-5)
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and the identity

)

+ = —2y —6log2, (2-6)
rG Tr@)

with y the Euler—-Mascheroni constant. We then extend to ¢ € (Q/2, Q] by rescaling

the zeros by log Q and not log g and summing over the family; recall the technical
issues involved in the rescaling are discussed in Footnote 2.

Theorem 2.3 (Goes, Jackson, Miller, Montague, Ninsuwan, Peckner, Pham [Goes
etal. 2010]). If 1 <o <2, then the 1-level density Dl_q (n) (from (1-1) with scaling
parameter Q = q) equals

_ log(8me?) 1 Zlogp +/°°ﬁ(0)—ﬁ(l) dr
logg logg <= p—1 o qt/?—q71/?

7(0) (1
pl

O(bglﬂqa/Z—l)’ (2-7)
logg

and this agrees with the ratios conjecture.
Remark 2.4. Goes et al. [2010] actually proved (2-7) for any o < 2, with the

additional error term O(q_l/ 2+€), We preferred not to include the case o < 1, as
Theorem 2.1 is more precise in this range.

2C. Results under GRH. We first mention a more precise version of Theorem 1.2.

Remark 2.5. If in addition to the hypotheses of Theorem 1.2 we assume that the
Fourier transform of the test function n is K + 1 times continuously differentiable,
then we can give a more precise expression for the term S;(Q) appearing in (1-5):

N ai) !
S, () = 0 i — ) 2.8
"= 2 g0y (goe) @9

where the a; (1) are constants depending (linearly) on the Taylor coefficients of 7(¢)
att = 1. In fact, S;(Q) is a truncated linear functional, which composed with the
Fourier transform operator is supported on {1} (in the sense of distributions).

Our next result is an extension of Theorem 1.2, in the case where 7(«) vanishes
in a small interval to the right of u = 1.

Theorem 2.6. Assume GRH.

(1) If 1 is supported in (—%, —1—«k]U[-1, 1JU[I +«, %)for some Kk > 0, then for
any € > 0 the average 1-level density D,. 0/2 Q(n) equals
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1 +log(4meY 1 1
o1 )15 e

log 0 log O < p(p—1)
-/ 4:((“ “D)logQ + Q)Q‘"”(@ - Zg%) d
+ 0(Q7V27 T L 0723 10g 0 4+ Q2 l0g Q), (2-9)

with Cg = 10g(71/2) Hl4y + 3, Sl
(Foro > 3,
the fourth term in (2-9) goes in the error term, and hence (2-9) reduces to

unless 1(x) has some mass near x = A for some 1 <A <4—20,

(2-10). However, if 1 <o < %, it is always a genuine lower-order term.)

(2) If f is supported in (-2, —a] U[=1,1]U]Ja,?2) for some 1 <a <2 (ifa=1,
we have the full interval (—2,2)), then D,. 0/2 Q(n) equals

12
ﬁ(o)(1_1+log(4ne)_ 1 Z log p )

log Q log O < p(p—1)
* 7(0) —7(t)
“), grgm
 4log2£(2)¢(3) u/z(n<u) n’w))
G / ¢ log0)
+0(07? + 0°2log Q). (2-10)

Unless a > 1 and o < , the third term of (2-10) goes in the error term.

2D. Results beyond GRH. As the GRH is insufficient to compute the 1-level den-
sity for test functions supported beyond [—2, 2], we explore the consequences of
other standard conjectures in number theory involving the distribution of primes
among residue classes. Before stating these conjectures, we first set the notation.
Let

Y(x) =) A, Y(x.q.a) ==Y Aln),
n=x nE’Zz?n)(C)dq
E(x,q,a) = ¥ (x,q,a)— M (2-11)

#(q)
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If we assume GRH, we have
Y(x)=x+ O(xl/z(logx)z), E(x,q,a) = O(xl/z(logx)z). (2-12)

Our first result uses GRH and the following de-averaging hypothesis, which
depends on a parameter § € [0, 1].

Hypothesis 2.7. We have

yorg.a-LO o3

W(X)
‘W(x q,1)— 5@

5—1
o) | <9 Z 2

2 y4< <g<Q 1<a<q
2 (a,q)=

This hypothesis is trivially true for § = 1, and while it is unlikely to be true
for § = 0, it is reasonable to expect it to hold for any § > 0. What we need is
some control over biases of primes congruent to 1 mod ¢; Hypothesis 2.7 can be
interpreted as bounding the average of |y (x; ¢, 1) — ¥ (x)/¢(q)|* in terms of the
average variance.’

Under these hypotheses, we show how to extend the support to a wider but still
limited range.

Theorem 2.8. Assume GRH and Hypothesis 2.7 for some § € (0, 1). The average
I-level density D, ., Q(ﬁ) equals

ﬁ(o>(1—1+ logldre”) __1_ g~ _logy ) © -0
0

log 0 log Q@ << p(p—1) Q!/2— Q12
+ 0(Q(5—1)/2(10g Q)3/2 + Q(0'+25)/4—1(10g Q)1/3)» (2-14)
which is asymptotic to 1(0) provided the support of 7] is contained in (—4+265, 4—26).

The proof of Theorem 2.8 is given in Section 6. It uses a result of Goldston
and Vaughan [1997], which is an improvement of results of Barban, Davenport,
Halberstam, Hooley, Montgomery and others.

Remark 2.9. In Theorem 2.8 we study the weighted 1-level density

Di.gpno) = Z ¢(q) Z Z ( logQ)’ (2-15)

Q/2<q=Q xmodg Vx

which is technically easier to study than the unweighted version

unwel te: IOgQ
1Q/§th() = 9/7 Z(Q/ )2 Z Z Z ( ) (2-16)

Q/2<q<Q xmodq Vx

3>Note that we only need this de-averaging hypothesis for the special residue class a = 1.
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This is similar to many other families of L-functions, such as cuspidal newforms
[Iwaniec et al. 2000; Miller and Montague 2011] and Maass forms [Alpoge et al.
2014; Alpoge and Miller 2014], where the introduction of weights (arising from
the Petersson and Kuznetsov trace formulas) facilitates evaluating the arithmetical
terms.

Finally, we show how we can determine the 1-level density for arbitrary finite
support, under a hypothesis of Montgomery [1970].

Hypothesis 2.10 (Montgomery). For any a, g such that (a,¢) = 1 and ¢ < x, we
have

¥ (x) (X \/2
(g a)— )« x (—) . (2-17)
¢l@) ° \q
It is by gaining some savings in ¢ in the error E(x, g, a) that we can increase
the support for families of Dirichlet L-functions. The following weaker version of
Montgomery’s conjecture, which depends on a parameter 6 € (0, %], also suffices
to increase the support beyond [—2, 2].

Hypothesis 2.11. For any «, g such that (¢,q) = 1 and ¢ < x, we have

1/24€
¥ (x) < F .

¢ () q°
Hypothesis 2.12. Fix € > 0. We have for x¢ < ¢ < ,/x that

ZA(n)(l—%)—ﬁgA(n)(l—g) = o(x'/?). (2-19)

n=<x
n=1mod g

Vi(x;q,1)— (2-18)

Note that this is a weighted version of ¥ (x; ¢, 1)—v¥(x)/¢(g); that is, we added
the weight (1 —n/ x). The reason for this is that it makes the count smoother, and
this makes it easier to analyze in general since the Mellin transform of g(y):=1—y
in the interval [0, 1] is decaying faster in vertical strips than that of g(y) = 1.

Amongst the last three hypotheses, Hypothesis 2.12 is the weakest, but it is still
sufficient to derive the asymptotic in the 1-level density for test functions with
arbitrary large support.

Theorem 2.13. Suppose that the Fourier transform of n has arbitrarily large (but
compact) support.

(1) If we assume Hypothesis 2.12, the I-level density Dl;q (n) equals 17(0) + o(1),
agreeing with the scaling limit of unitary matrices.
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(2) If we assume Hypothesis 2.11 for some 0 < 6 < % then D,. g (n) equals

dt

R _log(8me?) 1 logp) *7(0) — ()
7)1 >R [

1 1 —1 t/2 _ g—t/2
0gq 08q g P q q

+0e(¢77*).  (2-20)

Remark 2.14. Under GRH, the left-hand side of (2-19) is O(x!/2 log ¢). Therefore,
if we win by more than a logarithm over GRH, then we have the expected asymptotic
for the 1-level density for 7 of arbitrarily large finite support.

Interestingly, if we assume Montgomery’s conjecture (Hypothesis 2.10), then
we can take 6 = % in (2-20), and doing so we end up precisely with the ratios
conjecture’s prediction; see (1-3).

We derive the explicit formula for the families of Dirichlet characters in Section 3,
as well as some useful estimates for some of the resulting sums. We give the
unconditional results in Section 4, Theorems 2.1 and 2.3. The proofs of Theorems
1.2 and 2.6 are conditional on GRH, and use results in [Friedlander and Granville
1992] and [Fiorilli 2012]; we give them in Section 5. We conclude with an analysis
of the consequences of the hypotheses on the distribution of primes in residue
classes, using the de-averaging hypothesis to prove Theorem 2.8 in Section 6 and
Montgomery’s hypothesis to prove Theorem 2.13 in Section 7.

3. The explicit formula and needed sums

Our starting point for investigating the behavior of low-lying zeros is the explicit
formula, which relates sums over zeros to sums over primes. We follow the
derivation in [Montgomery and Vaughan 2007] (see also [Iwaniec et al. 2000;
Rudnick and Sarnak 1996] and [Davenport 1980; Iwaniec and Kowalski 2004] for
all needed results about Dirichlet L-functions). We first derive the expansion for
Dirichlet characters with fixed conductor ¢, and then extend to g € (Q/2, Q]. We
conclude with some technical estimates that will be of use in proving Theorem 1.2.
Here and throughout, we will set f := 7). Note that 7 is real and even, and thus so
is the case for f, and moreover we have fA =1.

3A. The explicit formula for fixed q.

Proposition 3.1 (explicit formula for the family of Dirichlet characters modulo g).
Let f be an even, twice differentiable test function with compact support. Denote
the nontrivial zeros of L(s, x) by

Py =13 Fivy
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Then the I-level density D, q( f ) equals

¢(q) 2. 2.7 ( IOgQ)

xmodgqg ¥y
R W R
wo T aommn (i)
-
“wol T s ) (oes) ey o

Proof. We start with Weil’s explicit formula for L(s, x), with y mod ¢ a nonprinci-
pal character (we add the contribution from the principal character later). We can
replace L(s, x) by L(s, x*) (where x* is the primitive character of conductor ¢*
inducing x), since these have the same nontrivial zeros. Taking

2 2T X
F) = 1ong(log Q)

in Theorem 12.13 of [Montgomery and Vaughan 2007] (whose conditions are
satisfied by our restrictions on f), we find

log O (s—%))
2 i ’

®(s) = f(

and

~(log O f(0) g T’ (1 a(y)
Zf( o Vx)= —logg(l‘)g;+?(z+7))

Px
2 X AMR(x*(n)) [ logn
" log O r; nl/2 f(log Q)

47 00 e—(1+2a(x))7rx 27X
(= 2
igoly e 101 (g))a 62

where a(x) = 0 for the half of the characters with x(—1) = 1 and 1 for the half with
x(—1) = —1. Making the substitution = 2rx/log Q in the integral and summing
over x # xo, we find
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log O
> Yi(n )

XF#Xxo Yx
;O)(Zl o )+¢(2q)11:( )+¢(2q)ll:( ))

XF X0

~31/ ~t/
+¢(q)/ o 2g_%tz(f(O)—f(t))dz

A(n) logn
Tlog0 (¢(q)n 2 Z) 172 (log 5)
A(n)fh *(n) —X(n)) logn
logQX;; 2,,: nl/2 f(logQ)
+ O(1). (3-3)

To get (3-3) from (3-2) we added zero by writing x*(n) as (X*(n) — X(n)) + x(n).
Summing y(n) over all y mod ¢ gives ¢(¢q) if n =1 mod ¢ and 0 otherwise; as our
sum omits the principal character, the sum of y(n) over the nonprincipal characters
yields the sum on the third line above. We also replaced (¢(g) —1)/2 by ¢(q)/2
in the first term, hence the O(1).

We use [Fiorilli and Martin 2013, Proposition 3.3] for the first term (which
involves the sum over the conductor of the inducing character). We then use the
duplication formula of the digamma function ¥ (z) = I'’(z)/ I'(z) to simplify the
next two terms, namely W(%) + 1//(%). As W(%) = —y —21In2 (Equation 6.3.3 of
[Abramowitz and Stegun 1972]) and ¥ (2z) = 3¥(z) + 3% (z + %) +In 2 (Equation
6.3.8, [ibid.]), setting z = § yields ¥ () + ¥ (3) = —2y —61n 2. We keep the next
two terms as they are, and then apply [Fiorilli and Martin 2013, Proposition 3.4]
(with r = 1) for the last term, obtaining that it equals

2 A(n) . (logn .
log Q Xn: nl/2 f(log Q) %( > (" —X(n))). (3-4)

XFX0

Writing n = p¢, this term is zero unless p | ¢. If p | ¢, then it is zero unless
p¢ =1modg/p", where v > 1 is the largest v such that p¥ | ¢. Therefore this
term equals

2 A(p®) (log p"’)
- . 3.5
log 0 ; pzuq ot \log 0 G
et

Combining this with some elementary algebra yields
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3 Zf( IOgQ)

X#Xo0 Yx
£(0) log p > fO)=f@)
logQ(logq—log(éBneV) % )+ o Wdl
~ A(n) (logn)
1ogQ(n g;dq $(q) Z) n log ©

2 log p (log pe) ( 1 )
— +0l——). @3-6
log 0 l%q s \log 0 sa) 0
peEflergdlq/p”

Finally, since the nontrivial zeros of L(s, xo) coincide with those of {(s), the
difference between the left-hand side of (3-1) and that of (3-6) is

1 ~ 0 1
— f( = ) (3-7)
(@) - ()
3
(since f is twice continuously differentiable, f (y) < 1/y?), completing the proof.®
O

3B. The averaged explicit formula for q € (Q/2, Q] We now average the ex-
plicit formula for D, q ( f ) (Proposition 3.1) over ¢ € (Q/2, Q]. We concentrate
on deriving useful expansions, which we then analyze in later sections when we
determine the allowable support.

Proposition 3.2 (explicit formula for the averaged family of Dirichlet characters
modulo q). The averaged I-level density, D, . 0/2 Q( 1), equals

1 ~
e 2. Diglh)

0/2<q=Q
f(0) logp * f0)— f()
= e Q(l gQ—1—y —log(4r) — Z 1))+/0 oo
(u) f’(”))lﬁ(Q” 1q. 1) =y (0" )/¢(CI)
Q/ZZ NGt Tk
+0(§). (3-8)

6While the explicit formula for &(s) has a term arising from its pole at s = 1, that term does not
matter here as it is insignificant upon division by the family’s size.
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Setting
Yaxigea) == Y AW(1-2). a0 = Y Am(1-%). 39
nErc'l?n)f)dq n=x

the last integral in (3-8) may be replaced with

_2/°°(3f(u) _2f'(w) n S () )Wz(Q” iq. 1) — Wz(Q”)/fﬁ(CI)
0 4 logQ  (log Q)2 Qu/2

(3-10)

Proof. The main term in the expansion of D,. ( f ) from Proposition 3.1 is

_ S B log p ]
Ti(q) := logQ(logq log(8me?) — %p—l)' (3-11)

Using the antiderivative of log x is x log x — x, one easily finds its average over

0/2<q=0Qis

1
5 Z T1(q)
/2 0<¢q=2Q

- oo 3) o). o

We now turn to the lower-order term

2 log p (log p°
T>(q) == — f( : (3-13)
log 0 Z” ¢(p¥)pe/?” \log Q
p°=1modq/p"
e, v>1

Before determining its average behavior, we note that its size can vary greatly with
q. It is very small for prime ¢ (so v =1 and p = ¢ in the sum), since

1 logg 1 .
) <00 L € G

ex>1

(3-14)

however, it can be as large as C/(,/qlog Q) for other values of ¢ (such as g =
2(2¢ —1)). This is, more or less, as large as it can get, since for general g we have

1 log p (logq)'/?
Tr(q) < . (3-15)
log O ;Eq P(p¥)(q/p*)V/? — q'/2loglogg
e,v=>1

pe=Q°
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On average, however, 75(q) is very small:

1 1 log p
02 >, Do) < 0 ) ) R

0/2<q=Q 0/2<q=Q p’lla
p°=1modq/p"
e,v=>1
1 log p 1 log p e
< a Z pv+e/2 Z I« E Z pv+e/2 ‘[(p - 1)
p’ q=0 p’
v,e>1 plg v,e>1
4q e
W|P -1
1 log p | log p 1
e a Z pyH(-e)e/2 < a; p3/2—€/2 < E (3-16)
p\)
v,e>1

While we will not rewrite the next lower order term, it is instructive to determine
its size. Set

= fO-f©) a1

Letting ¢t = 2rx/log Q, we find

o [*IO-SCns0)
log O Jo 2 sinh(m x) '

Since f is twice differentiable with compact support, | /(0) — f(x)| < |x/|, thus

T3(q) = (3-18)

27'[ oo X P
! dx = ——. 3-19
3(a) < log O /(; 2 sinh (7 x) * 41og O ( )
As
© Kk dx Sk+1_
[) sinh(7r x) 2k ph+1 (k+ 1)k +1) (3-20)

if f has a Taylor series of order K + 1 we have

K
Q1 1D)ek +1) 9 (0) ( 1 )
Ts(q) = Y +o[l——). .
@ =1 log“*! 0 log®*! 0 o2

If the Taylor coefficients of f decay very fast, we can even make our bounds
uniform and get an error term smaller than a negative power of Q.

The remaining term from Proposition 3.1 is the most important, and controls
the allowable support. The arithmetic lives here, as this term involves primes in
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arithmetic progressions. It is

2 A(n) logn
nw =g X (,,(Q)Z) )

n=1mod g

_ 2 ® 12 (logt) ( _w)
logQ/’ MNiogo) V4D~ 50)

l logt 1 7 ( logt
_ / 2/ logQ long(logQ)(w(Z )_‘/f( )) di. (322)
log Q 13/2 & ¢(q)
The claim in the proposition follows by changing variables by setting ¢t = Q%;
specifically, the final integral is

L[S0 @)\ ¥(Q%a ) v (©/5()
=2 (3" 145) e

We give an alternative expansion for the final integral. This expansion in-
volves a smoothed sum of A(n), which will be technically easier to analyze when
we turn to determining the allowable support under Montgomery’s hypothesis
(Theorem 2.13(1)). Recall

Vaxiga) = Y AM(1-2). ya00 = Y Am(1-%). 324

n=x n=x
n=amod q

(3-23)

We integrate by parts in (3-22). Since

_vo
[[(rvr-50)a

- [ ( Zro- g Tam)a

n= rll;todq n=t
— ZA(n)/ dr — o )ZA(n)/ dt
n rifn)f_)dq n=x
- x( 3 A(n)(l _ %) _ m 3 A(n)(l — —)) (3-25)
nE’i?n)(c)dq n=x
we find
_ C3fw) 2f(w) [ \¥2(0%q, 1) — V2(2/¢@)
ro =2 [ (Y350 iogor) 072

(3-26)
completing the proof. O
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Remark 3.3. It will be convenient later that in the averaged case ¥ and ¥, are
both evaluated at (Q%; ¢, 1) and not (¢%; g, 1); this is because we are rescaling
all L-function zeros by the same quantity (a global rescaling instead of a local
rescaling).

3C. Technical estimates. In the proof of Theorem 2.6, we need the following
estimation of a weighted sum of the reciprocal of the totient function.

Lemma 3.4. Let ¢ be Euler’s totient function. We have

1 r
. R1/2+——2r1/2)

= D,R"?log R+ D,R"? + D, +0( %fj), (3-27)
where
{OIE) ( mp)
D, = =22 p,= D (y-3-
OIS e
L NI . 1
D, = —2{(131)1 | |(l1 +m) (3-28)

p

More generally, if P(u) := Z?’:() a;u’ is a polynomial of degree d and of norm

1P|l = max]a;], (3-29)
then
Y ot fu, P (R4
— [ P(u)(R” )du
R0 i Rz
1 1
= E; logR/ R”/zuP(u)du—l-EZ/ R*2P(u) du
—OoQ —0o0
d+1
Fj(P) —1/2
———— 4+ 0y4(R P|), (3-30
f;mww+” IP1). (3-30)
where
£(2)¢3) ( log p )
Ey =——0— E, =EF o —_ ], 3-31
1 2(6) 2 i\ v ; 11 (3-31)

and the Fj(P) are constants depending on P which can be computed explicitly.
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For example,

d
Fy(P) = —4¢(3) H( 1)p1/z)2 (- PO)
D =0
- _ l S —
pn = s OTI( h)

¢ log p i pi
X(?(%)_Z(p_l)pl/zﬂ)z( I PO ). (3-32)

Finally,

1 1 )
,;e 3 Juern ¥ (u)((R/z) /2 _

Tog(R/2)

)
2(R/2)u/2) du

= E;log(R/2) /_l (R/2)“*uP(u) du

1
+ (E; + Eqlog2) / (R/2)“/2P(u) du
d+1 F(Z)(P)

+ Y L 1 0,(R7V2|P)). 3-33
; oa(R/2y7 T Ca(RZ1P) (3-33)
where the first two constants are given by
FOpy .- 12
=T
(2) 1 —1
(P) = 2[;’(2)1]( (p—l)pl/z)

' log p d

1 i p(i)
x| =(5)— +log?2 —1)"P¥(1). (3-34)
(E(Z) %:(p—l)pl/hrl g )lzzl( ) (1)
Remark 3.5. It is possible to improve the estimates in (3-27), (3-30) and (3-33)

to ones with an error term of O¢ 4 (R™3/4+€|| P||); however, this is not needed for
our purposes.

Proof. By Mellin inversion, for ¢ > 2 the left-hand side of (3-27) equals
1 Rs+l/2 RS+1/2 RS—H/Z
— Z(s) ( + -2 : ) ds
271 JR(s)=c S s+1 s+ 5
1 Rs+1/2

= — Z(s) - ds, (3-35)
2t Jpsy=c  2s5(s+3)s+1)
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where |
Z(s) = ’; ey (3-36)
Taking Euler products,
Z(s) = ¢(s + 1)(s +2)Za(s), (3-37)
where
7= H(l " p(pl— 1)(1)lerl - pz;z))’ (3%

p

which converges for N(s) > —%. We shift the contour of integration to the left to
the line N(s) = —3/2 + €. By a standard residue calculation, we get that (3-35)
equals

log R Dy
4 p1/2 + 1/2
R R
1 Rs+1/2

Z(s
2mi R(s)=—3+¢ ( )2S(S +1/2)(s+1)

D,R"?log R+ D,RV*+ D, + D

ds (3-39)

for some constants D, and D. The proof now follows from standard bounds on
the zeta function, which show that this integral is < R™!"¢. See the proof of
[Fiorilli 2012, Lemma 6.9] for more details.

We now move to (3-30). The Mellin transform in this case is (for N (s) > 0)

R i -
. s— u/2
a(s) 1= /0 r [ngr P(u)(R Ru/z)dudr

log R

! ’ —1 /2 r
N u
= / P(u)[0 r (R u/z)drdu

1 Ru(s+1/2)
= P(u)—— du, 3-40
/—oo ®) s(s+1) ! ( )

which is now defined for R (s) > —%. To meromorphically extend «(s) to the whole
complex plane, we integrate by parts n times:

Rs+1/2 2 (=i PO(1)
T SGHD & 61172 (log Ry

a(s) (3-41)

which is a meromorphic function with poles at the points s = 0, —%, —1. The
integral we need to compute is
1

— Z(s)a(s)ds. (3-42)
27i Jo(s)=1
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We remark that
—1+4€

. R
a(—3 +e+il) Keq 1Pl (3-43)

hence the proof is similar as in the previous case, since by shifting the contour of
integration to the left, we have

1
— Z(s)a(s)ds = A+ Ocq(R'T||P)), (3-44)
271 JR(s)=1
where A is the sum of the residues of Z(s)a(s) for —5 + € < N(s) < 2. Note that
if B(s) := s(s + Da(s), then

1 1
/8(0):[_ R*2P(u) du, ﬂ/(0)=1ogR/ RY2uPw)du,  (3-45)

—00

so the residue at s = 0 equals

£(2)¢(3) B log p
0 (f+y -1 9> SELL) e

__1
For the pole at s = —5,

in (3-41), which shows that this residue equals

we need to use the analytic continuation of «(s) provided

n+1

F;(P)
2} (log R)/° (3-47)

where the Fj(P) are constants depending on P which can be computed explicitly.
For example,

d
— _4¢(1 i p(i)
Fi(P) = 4@(2)];[(1+ Y m); —1)F PO (1)
_ _az(d _ )
F(P) = 4§(z)1;[(1 + (p—1)p'/2
d
&y log p ) —1) PO(1). (348
Moreover, F;(P) <4 || P|| for all .
At s = —1, we have a double pole with residue
n+1
_ G;j(P)
1/2 j )
RTV23" Tos B (3-49)
=0

for some constants G (P) <4 || P||, hence the proof of (3-30) is complete.
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For the proof of (3-33), we proceed in the same way, noting that the Mellin
transform is

b 1
ar) = o [ PR/ du, (3-50)
sts+1) J o
which completes the proof of Lemma 3.4. O

4. Unconditional results (Theorems 2.1 and 2.3)

Using the expansion for the 1-level density D ( f) and the averaged 1-level density
D,. .02, Q( f ) from Propositions 3.1 and 3. 2 we prove our unconditional results.

Proof of Theorem 2.1. We start from Proposition 3.1. The only term of (3-1) we
need to understand is the last one (the “prime sum”), which is given by

(L@ S0\ v D v
Ts(g) .—z[( ! ‘1ogq) -

(@-1)

(We used that the support of /" is contained in [—1, 1] and we made the substitution
t = g*.) However, since there are no integers congruent to 1 mod ¢ in the interval
[2,¢"] when u <1 (this is also true when ¢“ is replaced by Q%, with Q/2 < g < Q),
the ¥ (¢“; ¢, 1) term equals zero. By the Prime Number Theorem there is an absolute,
computable constant ¢ > 0 such that

! f(u)_f’(u)) ¥ (g")
Tale) = 2/0( 2 logq ) q*/2¢(q) du

2 ! u/z(f(u) f/(u))
= —— —— d
¢>(q)/o 1 2 logg

o(-L [2C_ 1), @2
+ R -
(¢(CI) 0 ecVulogq u) 2

and the error term is

0/4 —c+/(0/2)logq o/2—1
/ emevulogq gy & T T 7 / ¢ du < L ——— (43
¢(q) ¢(q) /2 e¢’Vologg
for g large enough (in terms of o), completing the proof. O
Proof of Theorem 2.3. Starting again from (3-1), we have from (3-15)
2 lo log p° logq)!/?
B 3 gp ( gp ) « logg) 77 (4-4)
log@ < $(p")p¢/?7 \logQ q'/?logloggq

p¢=1modgq/p¥
e,v=>1
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hence this goes in the error term and the only term we need to worry about is the
last one.

As our support exceeds [—1, 1], the ¥ (¢“; ¢, 1) no longer trivially vanishes, and
the last term is

_ 2 fw) @\ V(g q. ) =¥ (@) /(q)
Tug) = 2/0 ( 2 logq) q“/ -

(4-5)

In the proof of Theorem 2.1 above we showed that the contribution from the integral
where 0 <u < 1is O(g~"/?).

For any fixed € > 0, trivial bounds for the region 1 <u <1+ ¢ yield a contribution
that is

1+e
< / (ulogq)g"?>~Vdu « ¢q='/2Fe. (4-6)
1

We use the Brun—Titchmarsh Theorem (see [Montgomery and Vaughan 1973])
for the region where 1 4+ ¢ < u < 2, which asserts that for g < x,
. < 2x
TOSEA) = G og e )
We first bound the contribution from prime powers as follows. First there are at
most 2e®@ residue classes b mod ¢ such that 5¢ = 1 mod ¢, and so using that
w(q) < logq/loglogg we compute

Yo Dllogp Y @ max( Zlogp)—{- Yo ) logp

(4-7)

e>=2 p<yxl/e 2<e<2 bmodg p<xl/e 2<e<2logx p=<xl/e
pé=1modg p=bmodg
1/e
< Ze“’(q)(l—}—x—) log x + Z xl/e
25e§% 1 %Sesﬂogx
w(g)+1 1/2
< <2) (1 X )logx—l—xe/zlogx
€ q
1/2
< xf(l - —xq ) (4-8)

provided g is large enough in terms of €.
Thus, for 1 + € <u <2, we have

q“ 'log(g")loglogg

W liogg AT e ogloga

(4-9)

Vv(g";q.1) <e

which bounds the integral from 1 + € to o by

loglogg o121,

(4-10)
logg

o
< / ¢*“'* oglog g du <«
1+e€
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completing the proof. O

5. Results under GRH (Theorems 1.2 and 2.6)

In this section we assume GRH (but none of the stronger results about the distri-
bution of primes among residue classes) and prove Theorems 1.2 and 2.6. The
main ingredient in the proofs are the results of [Fouvry 1985; Bombieri et al.
1986; Friedlander and Granville 1992; Fiorilli 2012]. The following is the needed
conditional version.

Theorem 5.1. Assume GRH. Fix an integer a # 0 and € > 0. For M = M (x) <x1/4,

we have
¥ (x)
Y vxig.a) - A@) -
@a=I d(a) x X
=, mﬂo(a, M)+ Oa,e(—M3/2_E + ﬁM(logx)2), (-1
where
—dlogM —1Cs ifa=+1
pola, M) := {—1log p ifa=+p° (5-2)
0 otherwise,
with
log p

Cg := logn—l—l—l—y—i—zp (5-3)
)4

(p—1)

Proof. See [Fiorilli 2012, Remark 1.5]. Note that the restriction M = o(x!/4/log x)
is required for the error term to be negligible compared to the main term, but it can
be changed to M < x4, O

We now proceed to prove Theorems 1.2 and 2.6. Note that by the averaged
1-level density (Proposition 3.2), the proof is completed by analyzing the average

of T4(q):

1

— Y Tu(g)

/2 0/2<q=Q
L[ @) V(Q%4.1) ¥ (0"/(g)
-2 (5 w0 )on , 2 072 o

(5-4)

We break the integral into regions and bound each separately. Going through
the proof of Theorem 2.1 and applying GRH, we see that the contribution to the
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integral from u € [0, 1] equals

410gz;(2);(3) ,,/2( () f’(u)) ) (long) _
5(6)/Q 2 lgo) TN\ ) O

We now analyze the three cases of the theorem, corresponding to different support
restrictions for our test function.

Proof of Theorem 2.6 (2). To prove (2-10), we need to understand the part of the
integral in (5-4) with a < u < 2. Arguing as in [Friedlander and Granville 1992]
(see also the proof of [Fiorilli 2012, Proposition 6.1]), we have, for x1/2 < 0 <x,

yz 2
) (w(x q,1>—%) < ang(x/Q)+1>+%. (5-6)
0/2<q=<Q

The basic idea to obtain this last estimate is to write

Y Yxig. =) A,

0/2<g=Q n=x
n—1=qr

0/2<q=Q

and to turn this into a sum over r < 2(x — 1)/ Q of the function

v )=y (rQ/2+1;r,1).

One then applies GRH and estimates the resulting sum over r using estimates on
the summatory function of 1/¢ (7). Applying (5-6), the part of the integral in (5-4)
witha <u <2is

< / (07 (log(Q" ™) + 1) + 0“2(log(Q“)?) du  (5-7)
<« 07?4+ 0° 2108 0, O

Proof of Theorem 2.6 (1). We need to study the part of the integral in (5-4) with

l+x<u=< % We first see that by (5-7), the part of the integral with % <u=< % is

< 073+ 0% 210g 0. (5-8)

We turn to the part of the integral with 1 +« <u < %. We have by Theorem 5.1
(setting x := Q% and M := Q%7 1) that it is
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/ /
_ 2[4 3(f(u) f (U))Q—u/Z(_%log(Qu—l)_%C6
1

+k 2 log O . \
+0c(0'7"179 4 03 2(10g 0)?)) du

/ :
- —/4 3((u—1)10gQ+C6)Q_”/2(M— / (u))du
1

4 2 log O
Q—1/2—K(1—€)
+O0(F—F—+010g0); (59
log O
hence (2-9) holds. O

Proof of Theorem 1.2. We now turn to (1-5), with f supported in —%, %). Set

‘e Aloglog QO
T logQ

with 4 > 1 a constant. As the big-O constant in (5-9) is independent of x, we may
use (5-9) to estimate the contribution to (5-4) from u € [1 4k, 4/3]. This part of
the integral contributes

4/3 ’
- - ~u/2 M_f(w)
/1+:< ((u—1)log O+ C6)Q ( > oz 0 du

Q—1/2 Q_1/2
Oe((log Q)A(1—6)+1) < (log Q)A/Z' (5-10)

The part of the integral with % <u= % was already shown to be < Q_z/ 34
0°~21log Q, and hence is absorbed into the error term since o < %
We now come to the heart of the argument, the part of the integral where

1 <u <14«. Since /' € C2(R), we have that in our range of u, the function

gu) = %f(u) — f(u)/log Q satisfies
glu) = % + f/z(l)(u —D+O0((u- 1)2) — —f/(l) + O(u 1 )

log O log O
(loglog 0)*
where / /
Pu) = f(l)_f(1)+f(1)u'

2 log O 2

At this point, if / were C X (R), we could take its Taylor expansion and get an error
of

Oc, 4((loglog )X /(log 0)%).
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We cannot apply Theorem 5.1 directly since the error term is not got enough
for moderate values of M. Instead, we argue as in the proof of [Fiorilli 2012,
Proposition 6.1]. Slightly modifying the proof and using GRH, we get

- 49)
X (w55

0/2<q=Q

- x(_cl_ ;lﬁ(l x/Q)+ )3 W)( 2XF/Q))
5 Q/2

r<
3/2+€/2
+OE(T), (5-12)

with

C = wlogl (5-13)

£(6)

(We used that 35 /5 y<g = D_0/2<g<x — 2_0<q=<x> @ in the proof of [Fiorilli
2013, Theorem 4.1*].) The contribution of the error term in (5-12) to the part of
the integral in (5-4) with 1 <u <1 4 « is (remember k log Q = A loglog Q)

I+ Q3u/2+eu/2/Q

. o o du < Q7 'Te, (5-14)

<

Therefore, all that remains to complete the proof of Theorem 1.2 it to estimate
the contribution to (5-4) from u € [1, 1 4+ «]. Using [Fiorilli 2012, Lemma 5.9] to
bound the error in replacing g (1) with P(u — 1), we find

I« uf r r
2 ey (_Cl_é_lﬁo_F%z 37 (1=3gemr))
r<=o—

ou—1
r<%57s

1+«
= 4/ P(u—1)Q"/*!
1

(-a- 2 50 ﬁ)ig_lmlr)(l_zgz—l))d”

=95 r'="or2
—1/21 1 2
G

we changed r < --- tor < --- in the sums above, which gives a negligible error
term.
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Setting R := Q% —1/Q, we compute that

1+« u_y 1 J
[reebt £ (g

ou—1

1 1+k ; 7
-3 W)/ gt (u—l)(Q 2 Qu/z_l)du

1+«

u r — €
=0 Z ¢( ) logr (u—l)(Q /2~ Qu/Z—I) du + OG(Q 32t )7

the error term coming from the fact that we replaced log(r + O~!) by logr.
Performing two changes of variables, we obtain that this is

_ a—1/2 R w2 T —3/24¢
-0 §¢(r)flog,P<u>(Q i ) i+ 07

log R

1

B 1 ¥ -
=072 o5 KP(xv)(R”/Z Rv/z)d"w (0722%¢). (5-16)
() S

Let

— 1 1 __
T 4§(2)l;[(1+(p—1)p‘/2)’

—p (e log p _

By Lemma 3.4, we find that (5-16) equals

1 1
Q1/2 (E1 logR/ R”/sz(Kv)dv—I-Ez/ RY2P(kv) dv
—00

P (k) — kP’ () —« P’ (1) ~1/2
+h log R £ (log R)? * O(R ))

_ Q_I/Z(EllogQ/K 0Py du + E /K 0“2 P(u) du

PACO N ACY) 11
Y T T I S+ O(R_l/z)). (5-18)
log O 2(log Q)
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We obtain in an analogous way with R :=2Q% —2/Q that

/1+KP(M I)Q”/zl Z 1 ( r )du
1 ¢(r) 2041

Q”l

1

—1/2 v/2 _ r _
- Z¢() s, P (RIS

log(R/2)

+0.(073/7€), (5-19)
which by Lemma 3.4 is
— Ql/z (E1 log(R/Z)/ (R/2)*?vP(kv) dv

+ (Ey + E; log 2)/ (R/2)*/? P(kv) dv

- FJ'(Z) /2
Goath Ty +ORT))
* 2 fogtrmy T OE)

— Q_I/Z(EllogQ/K 0*'2uP(u) du

“ Fr %‘(_(IQ)
+(E5 + E; 10g2)/ 0"2P(u)dv + ———— 6%
—o0 V2 o logQ

_F2+F110g2 f’(l)
V2 2(log Q)

We now substitute (5-18) and (5-20) in (5-15), to get that (5-15) is (notice the
remarkable cancellations)

+O(R7Y 2)). (5-20)

1+« K
= —4c1/ Pu—1)0"*7 ' du+4E, 1og2Q—1/2/ 0“2 P(u) du
1 —00

SO _ Q@
_ - 1)
4 1/2 _F 2 log O F f(
tae ( Tog0 22002 0)?
SO Q@
+ﬂT_logQ_F2+F110g2 f,(l) )
V2 logQ V2 2(log 0)?

_12(loglog0)? Q2 ) ]
O(Q log0? ' (ogo)az) OV
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which by (3-31) and (5-13) is

~ {2)3) [ w21
= 410g2w _OOP(u— 1910 du
_ 2 S ( _V2+4 ) f’(l))
+2-v2)0 ( FllogQ+ Fy = ¥ F) oz O

_yjp(loglog 0)? Q712
+0(Q 1oz0)® ' (log )42

But, yet another cancellation is coming: we have

). (5-22)

1
/ Pu—1)0"* ' du

oo 1

(log Q)3

and so by (5-5) this term cancels (up to the error term O(Q~')) with the part of

the integral of T4(Q) with u < 1 (which is coming from a totally different part of

the problem, where there are no primes in arithmetic progressions involved)!
Combining all the terms,

) , (5-23)

1
7 Z T4(0)
/2 0/2<q=Q
—(h_ —i2f - JA) ( _ﬁ—|—4 ) f(1) )
— 2-V2)0 (Fl—logQ+ R Y2tt) L0
Q12 _1/2 (loglog 0)?
+0((logQ)A/2+Q (log 0)° ) 29
The proof is completed by taking A = 6. 0

6. Results under de-averaging hypothesis (Theorem 2.8)

In this section we assume the de-averaging hypothesis (Hypothesis 2.7), which
relates the variance in the distribution of primes congruent to 1 to the average
variance over all residue classes. Explicitly, we assume (2-13) holds for some
8 € (0, 1], and show how this allows us to compute the main term in the averaged
I-level density, D . 0/2. Q( f ), for test functions f* supported in [—4 + 2§, 4 — 24].
(Remember that this hypothesis is trivially true for § = 1, and expected to hold for
any § > 0.)

Proof of Theorem 2.8. Starting from (3-23), we have

L[S S\ (0% e )~y (0" /()
ro =2 (- 50) Q72 o

(6-1)
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Feeding this into Proposition 3.2, we are left with determining

1
— Y T
/2 0/2<q=Q

_ ! "f(u)_f/(u)) /2 ( . _w(Q”))d _
Q/2/0( 2 logQ 0 Q/gq:SQ ¥(Q%q. 1) o ) (6-2)

We have already seen in the proof of Theorem 2.1 that the part of the integral in
(6-2) with 0 < u < 1is O(Q~'/?). For the part where u > 1, the Cauchy—Schwarz
inequality shows that its contribution to the integral in (6-2) is

1o v (0"
<= [ 0™? > (W(Q”;q, 1)— )
Q/2 / 0/rea<0 ¢(q)

Now, by Hypothesis 2.7, this is
< / Q12 B-1)/2

/2 s
( > (x/f(Q”, q. _ o )) ) 02 du. (6-4)
0/2<q=Q 1=a=q $(q)
(a,9)=1
We now use a result in [Goldston and Vaughan 1997], which states that under GRH
we have for 1 < Q < x that

DS (z/f(x q,a)—%)

g<0 1<a=<q
(a,9)=1

=Qxlog O—cxQO+ OE(QZ(x/Q)1/4+E+x3/2(log 2x)%/2(log log 3x)%), (6-5)

where
log p

¢c:=y+log2n+1+
Z‘p(p—l)

We now split the range of integration into the two subintervals 1 < u < 2
and 2 < u < 0. In the first range, we have, for € > 0 small enough, v + 1 >
max(% + %u +e(u—1), %u), so (6-5) implies that

Y Y (veiga-L2Y « 0xtogn)? (6-6)
g=<Q 1=<a=<q ¢( )

(a,q)=1
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(which, up to x€, follows from the original result in [Hooley 1975]), so we get that
the part of (6-4) with 1 <u <2is

2
< @31 [0 QU 2 10g ) du < QO D(10g 0, (67

which is o(1) if § < 1.
We now examine the second interval, that is 2 < u < ¢. In this range, (6-5)
becomes

Z Z (w(x q,a )—ZE—))) ¢ x3/2(logx)s/z(loglogx)2 (6-8)
qg=<Q 1=<a=<q

(a,)=1

(which, up to a factor of x€, follows from Hooley’s original result). We thus get
that the part of (6-4) with2 <u <o is

§/2 po
« 22 [ 070 wiog 01 togog(0) du
0/2 /),
&« Q241105 0) /4 10gl0g 0. (6-9)
If 0 <4 —26 then the above is o(1), completing the proof. O

7. Results under Montgomery’s hypothesis (Theorem 2.13)

We continue our investigations beyond the GRH, and assume a smoothed version of
Montgomery’s hypothesis, Hypothesis 2.12. Interestingly, this assumption allows
us to compute the main term of the 1-level density, Dl; q( f ), for test functions of
arbitrarily large (but finite) support. While similar results have been previously
observed [Miller and Sarnak 2003], we include a proof both for completeness and
because these observations are not in the literature.

Proof of Theorem 2.13. As we are fixing the modulus, we take Q := ¢. By the
explicit formula from Proposition 3.1, we have

Dy, (f) = f;)(Iqu log(8me?) — Zlogp)

plg

* SO S0

qt/z _q—t/2 dt

+
0

2 A(n) (logn) O(L) )
logq(,,zlZ M)Z) 72 \logg) T \o)

Let 0 := sup(supp /) < co. We proved in Section 4 that the only terms that are
not O(1/logq) are the leading term f(0) and possibly the prime sum, which we
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now study. We have

®Cfw)  ffw)\vg“iq.)—v(g")/é(q)
Tulg) = 2/0 ( 2 logq) q“/? au

(7-2)

In the proof of Theorem 2.1 we determined that the part of the integral with
0<u<1is O(g~?). From the proof of Theorem 2.3, the part with 1 <u <2 is
O(logloggq/logg).

Proof of (1). For the rest of the integral, we use Hypothesis 2.12. Note that u > 2,
so x = g% > ¢? with u < o, hence we can replace 0x— o0 by 0g—o00- An integration
by parts gives that the rest of the integral is

oo (f(2) B f’(Z)) Va(q*:q.1) = v2(q%) /9 (q)
o 2 log g q
C3fw)  2f"(w)  f(w) \¥2(q":q. 1) —¥2(q")/#(q)
_2/0 ( 4 logg +(10gq)2) q/? du

0(q"/?)
qu/z

LI / (/@I + 17 @l + 11" @) du = o(l), 7
q 2

proving the claim. Note that we are using the smoothed version of the prime sum.

Proof of (2). We already know that the part of the integral with 0 <u <1is < g~ ! /2,
Taking € := €’/o in Hypothesis 2.11, the rest of the integral is O(flo gcv—? du),
which is O(¢¢' %) and thus negligible if we may take 6 > 0. O

Remark 7.1. Depending on our assumptions about the size of the error term in the
distribution of primes in residue classes, we may allow o to grow with Q at various
explicit rates.
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Eisenstein Hecke algebras
and conjectures in lwasawa theory

Preston Wake

We formulate a weak Gorenstein property for the Eisenstein component of the
p-adic Hecke algebra associated to modular forms. We show that this weak
Gorenstein property holds if and only if a weak form of Sharifi’s conjecture and a
weak form of Greenberg’s conjecture hold.

1. Introduction

In this paper, we study the relationship between the Iwasawa theory of cyclotomic
fields and certain ring-theoretic properties of the Hecke algebra acting on modular
forms. This continues work started in our previous paper [Wake 2013].

The philosophy of our work is that simplicity of the Iwasawa theory should
correspond to simplicity of Hecke algebras. This philosophy comes from remarkable
conjectures formulated by Sharifi [2011].

In [Wake 2013], we showed, under some assumptions, that if the Hecke algebra
for modular forms is Gorenstein, then the plus part of the corresponding ideal class
group is zero. In particular, we gave an example to show that this Hecke algebra is
not always Gorenstein.

Since the Hecke algebra is not always Gorenstein, it is natural to ask if there is a
weaker ring-theoretic property that we can expect the Hecke algebra to have. In
the present work, we formulate such a weaker property based on whether certain
localizations of the Hecke algebra are Gorenstein. In a vague sense, we think of
this condition as something like “the obstructions to Gorenstein-ness are finite”.

We show that this weak Gorenstein property holds if and only if a weak form
of Sharifi’s conjecture and a weak form of Greenberg’s conjecture both hold. In
particular, the weak Gorenstein property holds in every known example.

We make a few remarks before stating our results more precisely.

Notation. In order to state our results more precisely, we introduce some notation,
coinciding with that of [Wake 2013].

MSC2010: primary 11R23; secondary 11F33.
Keywords: Iwasawa theory, Hecke algebra, Gorenstein, Eisenstein, Sharifi’s conjecture, Greenberg
conjecture.

53


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2015.9-1
http://dx.doi.org/10.2140/ant.2015.9.53

54 Preston Wake

Let p > 5 be a prime, and let N be an integer such that p { ¢(N) and pt N.
Let 6 : (Z/NpZ)* — @: be an even character and let x = w~'0, where w :
(Z/NpZ)* — (Z/pZ)* — Z,; denotes the Teichmiiller character. We assume that
0 satisfies the same conditions as in [Fukaya and Kato 2012] — namely that (1) 6
is primitive, (2) if x|z/pz)x = 1, then x|z/nz)x(p) # 1, and (3) if N = 1, then
0 # w?.

A subscript 6 or x will denote the eigenspace for that character for the (Z/NpZ)*-
action (see Section 1C).

LetA=27, [[Z;N]]g be the Iwasawa algebra, where Z;’N =7, x(Z/NZ)*. Let
my be the maximal ideal of A.

Let $ (resp. h) be the 6-Eisenstein component of the Hecke algebra for A-adic
modular forms (resp. cusp forms). Let $ (resp. I) be the Eisenstein ideal of
(resp. h), and let I D ¥ be the preimage of / in ). Let H be the cohomology
group on which b acts (see Section 3A).

Let Qoo =Q({npe); let M be the maximal abelian p-extension of Qn unramified
outside Np, and let L be the maximal abelian p-extension of o, unramified
everywhere. Let X = Gal(M /W) and X = Gal(L/Qx).

1A. Statement of results.

1A1. Weakly Gorenstein Hecke algebras. We define what it means for the Hecke
algebras h and $) to be weakly Gorenstein. In the case of §, the definition comes
from a condition that appears in work of Fukaya and Kato [2012, Section 7.2.10]
on Sharifi’s conjecture, and is related to a condition that appears in [Sharifi 2007].

Definition 1.1. We say that b is weakly Gorenstein if b, is Gorenstein for every
prime ideal p € Spec(h) of height 1 such that I C p.

We say that §) is weakly Gorenstein if ), is Gorenstein for every prime ideal
p € Spec($)) of height 1 such that Iy C p.

In general, neither the algebra h nor the algebra §) is Gorenstein. However, we
conjecture that they are both weakly Gorenstein:

Conjecture 1.2. The Hecke algebras ) and §) are weakly Gorenstein.

1A2. Relation to ideal class groups. These ring-theoretic properties of Hecke
algebras are related to ideal class groups via Sharifi’s conjecture [2011]. Sharifi has
constructed a map

Y:X,(1)— H /IH™

which he conjectures to be an isomorphism.

A weaker conjecture is that T is a pseudoisomorphism —recall that a morphism
of A-modules is called a pseudoisomorphism if its kernel and cokernel are both
finite. If Y is a pseudoisomorphism, then b is weakly Gorenstein if and only X,
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is pseudocyclic (see Section SA below). We have the following analogous result
for ). In the statement of the theorem, &, is a characteristic power series for X, (1)
as a A-module.

Theorem 1.3. Consider the following conditions:

(1) 9 is weakly Gorenstein.

(2) coker(Y) is finite.

(3) Xo/&y Xo is finite.

Condition (1) holds if and only if conditions (2) and (3) both hold.

Remark 1.4. Note that if X, =0, then all three conditions hold trivially. Indeed,
if X,, =0, then $) = A, the domain and codomain of Y are 0, and &, is a unit (see
[Wake 2013, Remark 1.3]).

Remark 1.5. The conditions (2) and (3) are conjectured to hold in general (see
Section 1B). In particular, they hold in all known examples.

Remark 1.6. Condition (2) is equivalent to the condition that Y is an injective
pseudoisomorphism (see Proposition 7.4).

Remark 1.7. Condition (3) is strange: &, is the opposite of the usual p-adic zeta
function that is related to Xy. That is, X is annihilated by &,-1, and not (at least
not for any obvious reason) by &, .

The proof of Theorem 1.3 will be given in Section 7.

1A3. Strong and weak versions of Sharifi’s conjecture. One consequence of Shar-
ifi’s conjecture is that X, (1) = H~/IH~ as A-modules. Since X, has no p-
torsion, this would imply that H~ /I H~ has no p-torsion, which Sharifi [2011,
Remark, p. 51] explicitly conjectured.

A theorem of Ohta implies that if §) is Gorenstein, then X, (1) = H~/IH™
(see Theorem 5.11 below). Moreover, Ohta also proves that § is Gorenstein
under a certain hypothesis ([Ohta 2007, Theorem I], for example). Sharifi [2011,
Proposition 4.10] used this as evidence for his conjecture.

Since it is now known that §j is not always Gorenstein [Wake 2013, Corollary 1.4],
one may wonder if Sharifi’s conjecture should be weakened to the statement “Y is
a pseudoisomorphism” (see Conjecture 4.2 below). Fukaya and Kato [2012] have
partial results on this version of the conjecture. When neither § nor §3 is Gorenstein,
we know of no evidence for Sharifi’s conjecture that Y is an isomorphism (and not
just a pseudoisomorphism); we hope that our next result can be used to provide
evidence. This result concerns a module H™ /1 ﬁEM. As explained in Section 5,
H™/I ﬁD_M measures how much the ring $) is “not Gorenstein”.
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For a finitely generated A-module M, let
dm, (M) = dimp jm, (M /masM).
Note that diy, (M) is the minimal number of generators of M as a A-module.

Theorem 1.8. Assume that Xy # 0 and that b is weakly Gorenstein. Then we have
d(H™ /1 Hpypp) = diay(X ).

with equality if and only if Y is an isomorphism.
If, in addition, #(Xg) = #(A/myp), then Y is an isomorphism if and only if

#(H™ /1 Hppp) = #(A/mp) a0,

This theorem may be used to provide evidence for Sharifi’s conjecture that
T is an isomorphism in two ways. The first way is philosophical: although the
ring ) is not always Gorenstein, we may like to believe that §) is “as close to being
Gorenstein as possible”. This translates to the belief that H~ /1 ﬁ];M is as small as
possible; the theorem says that H™ /1 ﬁD_M is smallest when T is an isomorphism.

The second way is a method for providing computational evidence: Theorem 1.8
may allow one to compute examples where Y is an isomorphism but where £
is not Gorenstein. We now outline a scheme for doing this. First, one finds an
imaginary quadratic field with noncyclic p-class group; this provides a character x
of order 2 such that Xy # 0 and such that §) is not Gorenstein (see [Wake 2013,
Corollary 1.4]). However, § will be weakly Gorenstein by Lemma 5.8 below (or
else we have found a counterexample to a famous conjecture!). The assumptions
for Theorem 1.8 are then satisfied. Then, if one can compute H /1 I-NID_M and X,
sufficiently well, one can verify that dy,,(H™ /1 ﬁD_M) = dn,(X,).

The proof of Theorem 1.8 will be given in Section 8.

1B. Relation to known results and conjectures. Our results are related to previous
results and conjectures of various authors, including Fukaya and Kato, Greenberg,
Ohta, Sharifi, Skinner and Wiles and the present author. In the main text, we try
to survey these results and conjectures. However, since this is an area with many
conjectures, and many of the results are about the interrelation of the conjectures
or proofs of special cases of the conjectures, the reader may find it difficult to see
what is known, what is unknown, and what exactly is conjectured.

In this section, we try to write down the conjectures and results in a compact but
clear fashion. This involves creating an unorthodox naming convention, which we
hope will aid in understanding the connections between the statements. The reader
may wish to skip this section, and use it as a reference when reading the main text.
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1B1. Naming convention. We use C(Y) to denote a conjecture about Y, Q(Y) to
denote a question about Y (a statement that is not conjectured to be true or false),
and A(Y) to denote an assumption about Y (a statement that is known to be false in
general).

Numbered statement are listed in increasing order of logical strength. For exam-
ple, Q(Y II) is a questionable statement about Y that implies C(Y I), a conjectural
statement about Y.

1B2. Finiteness conditions. We consider the following statements about finiteness
and cyclicity of class groups:

C(FinI): Xg/&, Xp is finite.

C(Fin II): Xy is finite.

A(Fin III): Xy =0.

A(Fin IV): Xy =0.

C(CycD: Xy ®z, Q) is cyclic as a A ®z, Q,-module.

A(Cyc II): Xj is cyclic as a A-module.

C(Cyc’ I): X, ®z, Q) iscyclicas a Z,,[[Z;’N]]X ®z, Qp-module.
A(Cyc’ II): X, iscyclicasa Z, [[Z;’ n1-module.

There are implications A(Fin III) = A(Cyc II) and C(Fin II) = C(Cyc I). In the
case N = 1, A(Fin III) is actually a conjecture, known as the Kummer—Vandiver
conjecture. The conjectures C(Fin II), C(Cyc I) and C(Cyc’ I) are due to Greenberg
[2001, Conjecture 3.5]. Note that there is no relation between the conjectures
C(Cyc’ I) and C(Cyc I) for our fixed choices of x and 6 (the modules are not
adjoint— see Proposition 2.2).

As far as we know, the conjecture C(Fin I) has never been considered before.

1B3. Gorenstein conditions. We consider the following statements about Hecke
algebras:

C(H I): b is weakly Gorenstein.
A(h II): b is Gorenstein.

C®H D: $ is weakly Gorenstein.
A II):  $ is Gorenstein.

The fact that § is not always Gorenstein is can be deduced from results of Ohta
(following ideas of Kurihara [1993] and Harder and Pink [1992], who considered the
case N = 1). Ohta ([2007, Corollary 4.2.13], for example) proved the implication
A(h II) = A(Cyc’ II).

The fact that ) is not always Gorenstein is [Wake 2013, Corollary 1.4]. The
weakly Gorenstein conjectures are ours (although this paper shows that they are the
consequence of conjectures by other authors).
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1B4. Conjectures of Sharifi type. We consider the following versions of Sharifi’s
conjecture. They concern maps @ and Y that were defined by Sharifi.

C(Y I): coker(Y) is finite.

C(Y II): 7Y is an isomorphism.

C(S.I): The maps Y and @ are pseudoisomorphisms.

C(S.II): The maps Y and @ are inverse isomorphisms modulo torsion.
C(S.II): The maps T and & are inverse isomorphisms.

Note that C(S. I) implies C(Y I), and C(S. III) is equivalent to C(S. II) + C(Y II).
See [Sharifi 2011, Conjectures 4.12, 5.2 and 5.4] for the original statements of the
conjecture and [Fukaya and Kato 2012, Section 7.1] for some modified statements.

1BS. A question about zeta functions. We consider the following statement about
p-adic zeta functions, which appears in [Fukaya and Kato 2012]:

Q(§): The factorization of &, in A has no prime element occurring with
multiplicity > 1.

This statement holds in every known example (see [Greenberg 2001, p. 12]). It is
the author’s impression that this statement is believed to hold in general, but that
there is not enough evidence to call it a conjecture.

1B6. Relations between the conditions. Fukaya and Kato have recently made
progress towards Sharifi’s conjecture. They showed the implications C(h I) =
C(S. D) and Q(¢) = C(S. 1) [2012, Theorem 7.2.6]. They also show that if Q(£¢) and
at least one of A(h II) or A($ II) hold, then C(S. III) holds [2012, Corollary 7.2.7].
Moreover, it can be shown that, if C(Y I), then C(Cyc’ I) is equivalent to C(h I)
(cf. Section 5.1 below). Therefore, their results imply that C( I) is equivalent to
C(S. ) 4+ C(Cyc’ D).

Sharifi [2011, Proposition 4.10], using [Ohta 2003], has shown that A($) 1) =
C(Y II). As far as we know, there are no results on C(S. III) when neither A(h II)
nor A($ II) hold.

Ohta [2003] has also shown that A(Fin IV) = A($ II). Similar results were
obtained by Skinner and Wiles [1997] by a different method.

In our previous work [Wake 2013], we showed that C(Y II) and A(Fin III) to-
gether imply A($) II), and moreover that if X, # 0, then A($) II) implies A(Fin III).

The main result of this paper is that C($) I) is equivalent to C(Y I)4-C(Fin I).

1C. Conventions. If ¢ : G — @; is a character of a group G, we let Z,[¢] denote
the Z,-algebra generated by the values of ¢, on which G acts through ¢. If M is a
Z,[G]-module, denote by M, the ¢-eigenspace:

My =M Qz,i61ZplP].
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For a field K, let Gg = Gal(K /K) be the absolute Galois group. For a Gg-
module M, let M™ and M~ denote the eigenspaces of complex conjugation.
We fix a system of primitive Np"-th roots of unity (¢{y,r) with the property that

gﬁp"“ = Cnpr-
2. Conjectures in Iwasawa theory

2A. Iwasawa theory of cyclotomic fields. We review some important results from
the classical Iwasawa theory of cyclotomic fields. Nice references for this material
include [Greenberg 2001], [Greither 1992], and [Washington 1997].

2A1. Class groups and Galois groups. The main object of study is the inverse
limit of the p-power torsion part of the ideal class group CI(Q(¢n,r)). By class
field theory, there is an isomorphism

X =1im Cl(Q &Ny NP,

where, as in the introduction, X = Gal(L/Q) with L the maximal abelian
pro-p-extension of ., unramified everywhere, and where (—){p} denotes the
p-Sylow subgroup.

A closely related object is X = Gal(M /(D), where M is the maximal abelian
pro-p-extension of Q, unramified outside Np. We will explain the relation between
X and X below.

2A2. Iwasawa algebra. The natural action of Gal(Q(¢y,r)/Q) on CHQ (&N )P}
makes X a module over the group ring lim Z ,[Gal(Q(¢y,r) /Q)].

We fix a choice of isomorphism Gal(Q(¢y,r)/Q) = (Z/Np"Z)*, and this induces
an isomorphism lim Z,[Gal(Q(¢npr) /D] = Z,, [[Z;’N]], where we define Z;’N =
Z; x (Z/NZ)*. Note that the surjection Z;’ ~ — (Z/NpZ)* splits canonically.
We use this to identify Z;y n With I' x (Z/NpZ)*, where I" is the torsion-free part
of Z7 \ (note that ' = 7).

The ring Z,[[Z ;y ~11s, in general, a product of rings. To simplify things, we con-
sider only a particular eigenspace for the action of the torsion subgroup (Z/NpZ)*
of ZX . We define A =7 [[Z>< _v1lg. There are isomorphisms A = O[[I']] = O[T,
Where @ is the Z ,-algebra generated by the values of 8. Note that O is the valuation
ring of a finite extension of Q,, and so A is a noetherian regular local ring of
dimension 2 with finite residue field.

2A3. The operators T and 1. We introduce two operations ¢ and t on the rings
Z [[Z>< N]] and A, and related functors M — M* and M — M (r). This is a technical
part, and the reader may wish to ignore any instance of these on a first reading.
Let(: Z [[ZX Nl=Z [[ZX v by the involution given by ¢ ¢ lon Z; . Let
1: 7 [[ZX N]] -7 [[ZX N]] be the morphism induced by [c] — ¢[c] for ¢ € Zp N>
where [c] €Z 7, » N]] is the group element and where ¢ € Z is the projection of c.
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Note that ¢ and T do not commute, but ¢z = ~'¢. In particular, t”¢ is an involution
forany r € Z.

ForaZ, [[Z;’ y]-module M, we let M # (resp. M (r)) be the same abelian group,
with Z,, [[Z;’ n-action changed by ¢ (resp. t"). Note that the functors M M*
and M — M (r) are exact.

2A4. p-adic zeta functions and characteristic ideals. We define §,-1,&, € A to be
generators of the principal ideals Char (X i—l (1)) and Chary (X, (1)) respectively
(see the Appendix for a review of characteristic ideals).

The Iwasawa main conjecture (now a theorem of Mazur and Wiles [1984]) states
that (a certain choice of) &,-1 and &, can be constructed by p-adically interpolating
values of Dirichlet L-functions.

Remark 2.1. In [Wake 2013], we viewed X, and X,-' as A-modules via the
isomorphisms

T ZP[[Z;,N]]X s A, T ZP[IZ;,N]]X—I ~5 A.

We learned from the referee that this is an unusual choice of notation, and so we
have adopted the above convention, which we learned is more standard.

The element & of [Wake 2013] is the &, of this paper. However, the element
denoted &, -1 in that paper would be denoted (7§, in this paper. We hope this
doesn’t cause confusion.

2AS5. Adjoints. For a finitely generated A-module M, let E' (M) = ExtiA (M, AN).
These are called the (generalized) Iwasawa adjoints of M.

This theory is important to us because of the following fact, which is well-known
to experts.

Proposition 2.2. The 7, [[Z;’ yl-modules X ;-1 and Xy are both torsion and have
no nonzero finite submodule, and we have

Xo ZE'(X,-1(=1)).
In particular, we have Chars (Xg) = (§,-1) as ideals in A.

Proof. The first sentence is explained in [Wake 2013, Corollary 4.4]. The second
sentence follows from the fact that for any finitely generated, torsion A-module M,
there is a pseudoisomorphism E!(M) — M* [Neukirch et al. 2008, Proposition
5.5.13, p. 319]. Since Chary (—) is a pseudoisomorphism invariant, we have

Char, (B! (X ,-1(—1))) = Char ((X,-1 (—1))*) = Char, (X%-1 (1)) = (5,1,

and so the second sentence follows from the first. O
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2A6. Exact sequence. There is an exact sequence
A&t — Xg — Xy — 0, (2-3)

coming from class field theory and Coleman power series (see, e.g., [Wake 2013,
Sections 3 and 5]). From Proposition 2.2 and the fact that A /&, -1 has no finite
submodule, we can see that Xy is finite (resp. zero) if and only if the leftmost arrow
in (2-3) is injective (resp. an isomorphism).

2B. Finiteness and cyclicity of class groups. We discuss some statements of finite-
ness and cyclicity of ideal class groups.

2B1. Kummer—Vandiver conjecture. We first consider the case N = 1.
Conjecture 2.4 (Kummer—Vandiver). Assume N = 1. Then X+ =0.
Lemma 2.5. Assume N = 1. If Conjecture 2.4 is true, then Xo and X, -1 are cyclic.

Proof. If X¢ =0, we see from (2-3) that X is cyclic. We wish to show that X, -1 is
cyclic. It is enough to show that X ,-1(—1) is cyclic, and we claim that this follows
from the fact that Xy is cyclic by Proposition 2.2 and standard arguments from
[Neukirch et al. 2008]. Indeed, we have isomorphisms

X1 (=D ZE'E' (X, -1 (—1)) =B (X)

coming from [Neukirch et al. 2008, Proposition 5.5.8(iv), p. 316] and Proposition 2.2,
respectively. So it is enough to show that E!(¥y) is cyclic whenever X is. But
this is clear from [Neukirch et al. 2008, Proposition 5.5.3(iv), p. 313], which says
that the projective dimension of Xy is 1; if Xy is generated by one element, then
there is exactly one relation, and the dual of the resulting presentation gives a cyclic
presentation of E'(%Xy). [l

2B2. Greenberg’s conjecture. For general N > 1, there are examples where X,
is not cyclic, and so X is not always zero. However, it may still be true that
X is finite:

Conjecture 2.6 [Greenberg 2001, Conjecture 3.4]. The module X is finite.
The following lemma may be proved in the same manner as Lemma 2.5:

Lemma 2.7. The following are equivalent:

(1) Xy is finite.

(2) The map A/&x-1 ®z, Q) — Xy @z, Q) induced by the map in (2-3) is an
isomorphism.
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3. Hecke algebras and modular forms
In this section, we introduce Hecke algebras for modular forms to the story.

3A. Hecke algebras and Eisenstein ideals. We introduce the objects from the
theory of modular forms that we will need. See [Wake 2014] for a more detailed
treatment of this theory.

3A1. Modular curves and Hecke operators. Let Y{(Np")/Q be the moduli space
for pairs (E, P), where E/Q is an elliptic curve and P € E is a point of order Np".
Let X{(Np”")/Q be the compactification of Y| (Np”) obtained by adding cusps.

There is an action of (Z/Np”"Z)* on Y{(Np"), where a € (Z/Np"Z)* acts by
a(E, P) = (E,aP). This is called the action of diamond operators (a). There are
also Hecke correspondences T*(n) on Y (Np") and X (Np"). We consider these
as endomorphisms of the cohomology.

We define the Hecke algebra of Y (Np") to be the algebra generated by the T*(n)
for all integers n and the (a) for all a € (Z/Np”"Z)*. We define the Eisenstein ideal
to be the ideal of the Hecke algebra generated by 1 — 7*(/) for all primes [ | Np
and by 1 — T*() +{(I)~" for all primes [ { Np.

3A2. Ordinary cohomology. Let

H'=1lim H'(X1(Np"), Z,)5"
and
H' =lim H' (Y \(Np"), Z,)§",

where the superscript “ord” denotes the ordinary part for the dual Hecke operator
T*(p), and the subscript refers to the eigenspace for the diamond operators.

3A3. Eisenstein parts. Let b’ and $)’ be the algebras of dual Hecke operators acting
on H' and H', respectively. Let I and $ be the Eisenstein ideals of  and §y'. Let
$) denote the Eisenstein component §) = §3,,, the localization at the unique maximal
ideal m containing $. We can define the Eisenstein component § of " analogously.
Let H=H' ®s $ and H = H' @y h be the Eisenstein components.

There is a natural surjection §) — b by restriction. Let Iy C §) be the kernel of
the composite map ) — h — h/I. Note that $ C Ig.

3B. Properties of the Hecke modules. We first recall some properties of the Hecke
modules H and H and Hecke algebras ) and h. See [Fukaya and Kato 2012,
Section 6] for a simple and self-contained exposition of this.

3B1. Control theorem. There are natural maps A — h and A — $ given by
diamond operators. It is a theorem of Hida that these maps are finite and flat. In
particular, h and §) are noetherian local rings of dimension 2 with (the same) finite
residue field.
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Let Y (resp. ") denote the h-module (resp. $H-module) Homy (h, A) (resp.
Homy ($), A)). We will call these the dualizing modules for the respective algebras.

3B2. Eichler—Shimura isomorphisms. Ohta ([2007, Section 4.2], for example) has
proven theorems on the Hecke module structure of H and H. See [Wake 2014] for
a different approach. The main result we need is the following, which appears in
this form in [Fukaya and Kato 2012, Section 6.3]:

Theorem 3.1. There are isomorphisms of Hecke-modules H™ =0, H~ =" and
H™ =5V

3B3. Boundary at the cusps. The cokernel of the natural map H — H is described
as the boundary at cusps. Ohta [2003, Theorem 1.5.5] has shown that the module
of cusps is free of rank one as a A-module. That is, there is an exact sequence of
$H-modules

0— H—> H— A—>0.

Moreover, there is a canonical element {0, oo} € H that gives a generator of H /H.
This is proven in [Sharifi 2011, Lemma 4.8], following [Ohta 2003, Theorem 2.3.6]
(cf. [Fukaya and Kato 2012, Section 6.2.5]).

3B4. Relation between Hecke and Iwasawa algebras. The following is a conse-
quence of the Iwasawa main conjecture. See [Fukaya et al. 2014, Section 2.5.3] for
a nice explanation.

Proposition 3.2. The natural inclusions A — $ and A — b induce isomorphisms
A= $/9 and A/E, = b/l

3BS5. Drinfeld—-Manin modification. Let Hom = H ®g bh. By the previous two
paragraphs, there is an exact sequence of h-modules

O—>H—>ﬁDM—>A/$X—>O.

By abuse of notation, we let {0, co} € ﬁDM be the image of {0, co} € H.

4. Sharifi’s conjecture

In this section, we will discuss some remarkable conjectures that were formulated
by Sharifi [2011]. Sharifi gave a conjectural construction of a map

w:H /IH — X, (1),
and constructed a map
Y:X,(1) > H /IH".

Conjecture 4.1 (Sharifi). The maps Y and @ are inverse isomorphisms.
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We refer to [Sharifi 2011] and [Fukaya and Kato 2012] for the original con-
structions, and [Fukaya et al. 2014] for a nice survey of the known results. There
is also the following weaker version, which appears as [Fukaya and Kato 2012,
Conjecture 7.1.2]. It allows for the possibility that the p-torsion part (tor) of
H~/IH™ is nonzero (note that Conjecture 4.1 implies that (tor) = 0, and that
Sharifi [2011, Remark, p. 51] specifically notes this).

Conjecture 4.2. The maps Y and @ are inverses up to torsion. That is, Y o @ is
the identity map on (H~ /I H™)/(tor) and @ o Y is the identity map on X, (1).

The following is [Fukaya and Kato 2012, Theorem 7.2.6(2)]. This result is not
needed in the remainder of the paper, except to say that Conjecture 4.2 holds in
every known example.

Theorem 4.3. If &, has no multiple roots, then Conjecture 4.2 is true. In particular,
if &, has no multiple roots and H~ /I H™ has no nonzero finite submodule, then
Conjecture 4.1 is true.

The paper [Fukaya and Kato 2012] also has results on Sharifi’s conjecture when
H™/IH™ ®z, Q) is generated by one element. This is related to Gorenstein
conditions on Hecke algebras, the subject of the next section.

5. Gorenstein Hecke algebras

In this section we discuss to what extent the Hecke algebras h and $) are Gorenstein.
The relevant characterization of being Gorenstein is the following:

Definition 5.1. Let k£ be a regular local ring, and let k — R be a finite, flat ring
homomorphism. Then R is Gorenstein if Homy (R, k) is a free R-module of rank 1.

This definition is seen to be equivalent to the usual one from homological algebra,
but is more useful for our purposes. In our applications we will take k = A and
R =1, $ or their localizations. Asking whether § or §) is Gorenstein is the same as
asking whether h" or £ is free of rank 1. This is relevant in light of Theorem 3.1.

5A. Conditions on h. We consider under what conditions h is Gorenstein or
weakly Gorenstein.

S5A1. Gorenstein. The following lemma is explained in [Fukaya and Kato 2012,
Section 7.2.12]:

Lemma 5.2. The following are equivalent:

(1) b is Gorenstein.
(2) H=/IH™ is cyclic as an h-module.
(3) H™/IH™ is afree h/I-module of rank 1.
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Proof. This follows from the fact that H~ = ", that h" is a faithful h-module, and
Nakayama’s lemma. O

One may ask whether h is always Gorenstein. The following result is based on
ideas of Kurihara [1993] and Harder and Pink [1992], who proved it in the case
N = 1. The result in this form was proven by Ohta.

Theorem 5.3. Suppose that by is Gorenstein. Then X, (1) is cyclic as a A-module.

Proof. This is proven, for example, in [Ohta 2007, Corollary 4.2.13], where it is
the implication “(ii) => (i)”. Note that the proof of “(ii) = (i)” given there does
not require the assumption that ) is Gorenstein. O

As remarked in Section 2B2, there are examples where X, is not cyclic and
therefore where b is not Gorenstein. One could also ask if the converse holds.

Lemma 5.4. Suppose that H~ /I H™ = X, (1). Then Y is Gorenstein if and only if
X, (1) is cyclic as a A-module.

Proof. This follows from Lemma 5.2. U
In particular, we have the following:

Corollary 5.5. Assume N = 1, and assume Sharifi’s conjecture (Conjecture 4.1)
and the Kummer—Vandiver theorem (Conjecture 2.4). Then by is Gorenstein.

5A2. Weakly Gorenstein. We recall that b is said to be weakly Gorenstein if by,
is Gorenstein for every prime ideal p € Spec(h) of height 1 such that I C p. This
definition is relevant in light of the following lemma:

Lemma 5.6 [Fukaya and Kato 2012, Section 7.2.10]. The following are equivalent:
(1) b is weakly Gorenstein.
(2) (H"/IH) ®z, Q) is cyclic as an b/ ®z, Q,-module.
(3) (H™/IH7)®z,Q, is afree b/l ®z, Qp-module of rank 1.
The following result on Sharifi’s conjecture assumes that by is weakly Gorenstein:

Theorem 5.7 [Fukaya and Kato 2012, Theorem 7.2.8(1)]. Assume that by is weakly
Gorenstein. Then Y : X, (1) — (H~/IH™)/(tor) and w: (H™ /IH™)/(tor) —
X, (1) are isomorphisms.

Their work also implies the following result on the converse:

Lemma 5.8. Assume that coker(Y) is finite and that X (1) ®z, Q, is cyclic. Then
b is weakly Gorenstein.

Proof. 1f coker(Y) is finite, then T : X, (1) ®z, Q) — (H™/IH™) ®z, Q, is
surjective, so this follows from Lemma 5.6. U
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Since this lemma applies whenever Conjecture 4.2 and Conjecture 2.6 hold, we
should conjecture that h is always weakly Gorenstein:

Conjecture 5.9. The ring h is weakly Gorenstein.

5B. Conditions on $. We consider under what conditions $) is Gorenstein or
weakly Gorenstein.

5B1. Gorenstein. Recall that ﬁD_M /H™ =1h/I. In particular, the natural inclusion
I Hpyy; C Hp), lands in H™. The following proposition is proven in [Wake 2013].
It can also be proven along the same lines as the proof of Proposition 5.13.

Proposition 5.10. The following are equivalent:
(1) $ is Gorenstein.
2) ﬁ];M is a free h-module of rank 1.
(3) IHpy =H".
It was proven by Ohta [2007, Theorem I] that §) is Gorenstein if Xy = 0. Similar
results were obtained earlier by Skinner and Wiles [1997].

The following theorem illustrates the importance of the condition that §) is
Gorenstein. It was first proven by Sharifi, following [Ohta 2003].

Theorem 5.11. Suppose that §) is Gorenstein. Then Y is an isomorphism.

Proof. This is proven in [Sharifi 2011, Proposition 4.10], where the assumption
“p1Bj g-1" is not needed in the proof — all that is needed is the weaker assumption
that £ is Gorenstein. O

Sharifi used this as evidence for his conjecture. However, it is not true that ) is
always Gorenstein; the following is the main result of [Wake 2013]:

Theorem 5.12. If §) is Gorenstein, then either X9 =0 or X, = 0. Moreover, there
are examples where Xg # 0 and X, # 0, and so ) is not always Gorenstein.

S5B2. Weakly Gorenstein. Recall that §) is said to be weakly Gorenstein if ), is
Gorenstein for every prime ideal p € Spec($)) such that Iy C p.

Proposition 5.13. Let % C Spec($)) be the set of height 1 prime ideals p such that
Iy C p. The following are equivalent:

(1) H™/IHpy, is finite.

(2) As a module over b ®z, Q,, I-NID_I\,[/II’-IVD_M ®z, Q, is generated by {0, co}.
(3) Foranyp e P, (ﬁ_)p is generated by {0, co}.

(4) Foranyp e P, (ﬁ_)p is generated by 1 element.

(5) Foranyp e P, (ﬁ_)p is free of rank 1 as an $),-module.

(6) $ is weakly Gorenstein.
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Proof. (1) = (2): Follows from taking ®z, Q,, in the exact sequence

0— H™/IHpy, — Hpy/1Hpy — Hpy/H™ = 0.
(2) = (3): Since $/1y = h/I, we have that

Hip/ 1 Hiy = Hyy @4 0/1 = H™ @5 9/1s.

For any p € %, we have that p is invertible in £y, so (ﬁgM/IﬁgM)p = (IEIJ_/IyJ I’-VI_),J
is generated by {0, co}. By Nakayama’s lemma, we have (3).
(3) = (4): Clear.
(4) = (5): By Theorem 3.1, (ﬁ*)p is a dualizing module for ), and so it is
faithful. Then, if it is generated by 1 element, it is free.
(5) <= (6): Since (ﬁ 7)p is a dualizing module for §)y,, this is clear.

(5) = (1): Note that H_/IED_M is a $/1g-module. To show (1), it suffices (by
Lemma A.1) to show that H™ /1 ﬁD_M is not supported on any nonmaximal prime
ideals of $)/1g. Since the nonmaximal prime ideals of $/ I are exactly the images
under §) — )/ of elements of P, it is enough to show that Suppﬁ(H_/IITID_M) Ny
is empty.

Let p € . By (5) we see that (I-NI*/IyJﬁ*),Cl is free of rank 1 as an ($)/1q)y-
module. But, since /1y = b/, (I-NID_I\,I/H_),J is also free of rank 1 as an (£)/1),-
module. Then the natural surjective map

(Hpn/ 1 Hpypp = (H™ /15 H )y — (Hpy/H )y

must be an isomorphism. This implies that the kernel (H~ /1 ﬁI;M)P is zero. [

6. Pairing with cyclotomic units

In this section, we recall some results from [Wake 2013] that will be used in
the proof of Theorem 1.3.

6A. The Kummer pairing. As in [Wake 2013, Section 3.2], we will make use of
a pairing between X and global units. Let E denote the pro-p part of the closure of
the global units in im(Z[¢npr ] ® Z,) .

There is a pairing of Z, [[Z; n]-modules

[, Jkum : E x X*(1) = Z,[Z} \ 1.
It is essentially defined as the “A-adic version” of the pairing

g(ul/p'")
ul/p”

We refer to [Wake 2013, Section 3.2] for the detailed definition.

Zp[ng’]X X%_)Mp’, (u,0) —~
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6A1. The map v. The Kummer pairing gives a homomorphism of A-modules
Eg — Hom(X -1, A*(1)). There is a special element 1 — ¢ € Ej, namely, the
image of (11— é‘Np’)r € Lill(z[éﬂNp’]>< ® Zp)-
We define v to be the image of 1 — ¢ under the Kummer pairing. So
X, A*)
;’ y 1, -1-modules.
The importance of v comes from the following lemma, which relates v to X :

is a morphism of Z,[[Z

Lemma 6.1. There exists a natural commutative diagram of Z,, [[Z; ny1-modules
with exact rows:

00— U, i(—1) —= X, 1(=1) —> X, 1(=1) —> 0

N

0 A* A* A JiE 1 ——=0

Letv:X,-1(=1)— A#/zéx—l be the induced map, and let C denote coker(v). Then
we have an equality of characteristic ideals

Charp (Xg) = Chary (C*).

Proof. The existence of the commutative diagram is from [Wake 2013, Lemma 4.5]
(note that the element denoted by &, -1 in that work would be denoted (7§, -1 here).

Let C = coker(v). By [Wake 2013, Proposition 4.8(1) and Lemma 4.6], there is
an exact sequence

0— ENC) — A/E1 — Xy —> Xy — 0.

Since Charp (Xg) = (§,-1), we have Chara (E'(C)) = Chary (Xg). We claim that
Chary (E'(C)) = Chary (C*). This follows from [Neukirch et al. 2008, Proposition
5.5.13, p. 319], as in the proof of Proposition 2.2 above. (]

6A2. The mapv'. Letv': X,-1 — (A/&,)*(1) be the composite
X, A1) = AT g AR (1) = (A/E)F(D).

Lemma 6.2. We have that coker(V') is finite if and only if X /&, Xg is finite. More-
over, coker(v') =0 if and only if X, =0 or Xy =0.

Proof. Let C = coker(v). From Lemma 6.1, we see that C = coker(v(—1)). We
see from the definition of v’ that

coker(v') = C(l)/r_lté)(C(l) = (C/15,C)(1).

Note that since (C/LSXC)# = C#/SX C*, we have that coker(V’) is finite if and only
if C*/&,C* is finite.
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Recall from Lemma 6.1 that Char (C*) = Char, (X4). We apply Lemma A .4
to the case M = A/&,, N = C*, and N’ = Xy to get that C* /&, C* is finite if and
only if Xy /&, Xp is finite. This completes the proof of the first statement.

For the second statement, notice that if X, =0, then &, is a unit, so coker(v’) =0.
If X, #0, then &, is not a unit and, by Nakayama’s lemma, coker(v") = 0 if and
only if C = 0. It remains to prove that C = 0 if and only if Xy = 0, and this
follows from [Wake 2013]. Indeed, if Xy = 0, then [Wake 2013, Proposition 4.8(2)]
implies that C = 0. Conversely, if C = 0, then [Wake 2013, Proposition 4.8(1),
Corollary 4.7] together imply that Xy is finite, and then we can apply [Wake 2013,
Proposition 4.8(2)] to conclude that Xy = 0. Ol

6B. The map v as an extension class. Fukaya and Kato [2012, Section 9.6] gave
an interpretation of v as an extension class. We review this here, and refer to [Wake
2013, Section 2.3] for more details.

There is an exact sequence

0—> HY/IH" —> Hpm/K —> Hpm/H —> 0, (6-3)

where K is the kernel of the naturalmap H — H/IH" (andso K =H @®IH™ as
h-modules). It can be shown that H — H™ /I H" respects the Gg-action ([Sharifi
2011]; cf. [Fukaya and Kato 2012, Proposition 6.3.2]), and so (6-3) is an extension
of ﬁDM /H by HT /IH™ as h[Gg]-modules. By considering this extension as a
Galois cocycle, we obtain a homomorphism of 7, [[Z;’ n1l;-1-modules

O:X,-1 = (A/EH(D).
By [Fukaya and Kato 2012, Theorem 9.6.3], we have:
Theorem 6.4 [Wake 2013, Proposition 3.4]. We have v/ = ©.
7. Relationship between the Hecke and Iwasawa sides
The goal of this section is to complete the proof of Theorem 1.3.
7A. The key diagram. First we consider a commutative diagram coming from the

maps of Section 6. Let v/ = (v)*(1) : 1{’;4 (1) > A/&,, so that v" is a map of
A-modules. Then we have the diagram of A-modules

X1 (1) @4 X, (1) 22 A/E, @4 X, (1)

| |

H7/1H7=H7/1H7
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where ® = ©*(1) ® Y. It is commutative by Theorem 6.4. This is a slight
reformulation of the diagram (x) in [Wake 2013, Section 1.3]. We record the result
of applying the Snake Lemma to this diagram as a lemma:

Lemma 7.1. There is an exact sequence
ker(®) —> ker(T) —> coker(v”) ® X, (1) —> coker(®) —> coker(Y) —> 0.

7A1. Some lemmas.

Lemma 7.2. We have coker(®) = H~ /1 Hpyy,.

Proof. This is a slight reformulation of [Wake 2013, Proposition 2.2], which states
that the image of ® is /{0, oo}. Since {0, oo} generates Hpy,/H ™, we see that the
images of /{0, oo} and I H; in H~ /I H™ are the same. O
Lemma 7.3. We have that coker(v") ® » X, (1) is finite if and only if Xo/&, Xo
is finite.

Proof. Let C" = coker(v”). Since v/ = (v')#(1), it is clear that C” is finite if and
only if coker(v’) is finite. By Lemma 6.2 it suffices to show that C” @, X, (1) is
finite if and only if C” is finite.

Now apply Lemma A.3 to M = C” and N = X, (1) to get that C" ®, X, (1) is
finite if and only if C”/ Chara (X, (1))C" is finite. However, Char, (X, (1)) = (§,),
which annihilates C”. So C” = C”/ Char (X, (1))C” and the lemma follows. [
Proposition 7.4. Suppose that coker(Y) is finite. Then Y is injective.

Proof. Tt is well-known (see [Fukaya and Kato 2012, Section 7.1.3]) that
Fitta (H™ /1H™) C (§,).

We apply Lemma A.7 to the case M =X, (1), N=H" /IH™ and f ="T. It says
that if coker(Y') is finite, then ker(Y) is finite. But X, (1) has no finite submodule,
so the result follows. [l

7A2. The proof of Theorem 1.3. We can now prove Theorem 1.3, which we restate
here for convenience.

Theorem 1.3. Both coker(Y) and Xq /&, Xo are finite if and only if §) is weakly
Gorenstein.

Proof. First assume that coker(Y') and X4/&, X are finite. By Lemma 7.3 we
have that coker(v") ® s X, (1) is finite. By Lemma 7.1, we see that coker(®) is
finite. By Lemma 7.2, H_/IHSM is finite. By Proposition 5.13, we have that § is
weakly Gorenstein.

Now assume that §) is weakly Gorenstein. Then, as above, coker(®) is finite. By
Lemma 7.1, we see that coker(Y') is finite. By Proposition 7.4, we see that ker(Y') =
0. Again using Lemma 7.1 we see that coker(v”) ® X, (1) C coker(®), and so
coker(v”) ®, X, (1) is finite. By Lemma 7.3, we have that X, /&, X, is finite. [J
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8. Application to Sharifi’s conjecture

For a finitely generated A-module M, let
diny (M) = dim jm, (M /mp M).

Note that, by Nakayama’s lemma, dy,,(M) is the minimal number of generators
of M. In particular, dp,,(M) = 0 if and only if M = 0.
We can now prove Theorem 1.8, which we restate here for convenience:

Theorem 1.8. Assume that Xg # 0 and that by is weakly Gorenstein.
Then we have

dum,(H™/THy) > din, (X (1)),

with equality if and only if Y is an isomorphism.
If, in addition, #(Xg) = #(A/mp), then Y is an isomorphism if and only if

#(H_/IﬁD_M) = #(A/mA)dmA(XX(l))‘

Proof. By Theorem 5.7, we have that coker(Y') is finite. By Proposition 7.4, we
have ker(T) = 0. By Lemma 7.1, we have an exact sequence

0 —> coker(v") ® X (1) —> coker(®) —> coker(Y) — 0.

Theorem 5.7 implies that coker(T) => (tor) — coker(®) gives a spitting of this
sequence. This gives us an isomorphism

H‘/IﬁD_M = coker(®) = (coker(v") @ X, (1)) @ coker(Y),
and so
dm,(H™ /1 ﬁI;M) = dp, (coker(v") ® X, (1)) + di, (coker(Y))
= dpm, (coker(v"))dm, (X (1)) 4 dm,(coker(Y)).
We claim that in fact
Ay (H™ /THRy) = diny (X (1)) + di, (coker(T)),

from which the first statement of the theorem follows.

To prove the claim, note that it is clear if dy,(X, (1)) = 0. Now assume
dm, (X, (1)) # 0. Then we claim that dy,, (coker(v”)) = 1. Indeed, since coker(v”)
is cyclic it suffices to show coker(v”) # 0. But since X, (1) # 0, Lemma 6.2 implies
that coker(v”) # 0 if and only if Xy # 0, which we are assuming. This completes
the proof of the claim and of the first statement.
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For the second statement, notice that the assumption can only occur if Xy =
A/my. By [Wake 2013, Proposition 4.8], this implies that coker(v)* = A /m,. As
in Lemma 6.2, where we computed coker(v’) in terms of coker(v), we compute

coker(v”) = coker(ﬁ)#/éx coker(v)¥,

SO
A/my if X, (1) #0,

coker(v") = ]
0 if X, (1) = 0.

In either case,
coker(v”) @4 X, (1) = (A /mp)dma D)

and the statement follows from the established isomorphism

H™/IHpy = (coker(v”) ®a X, (1)) @ coker(Y). O

Appendix: some commutative algebra

We review some lemmas from commutative algebra that are used in the body
of the paper. The results of this appendix are well-known; we include them for
completeness.

Finite modules. We begin with a review of some generalities about finite modules
(meaning modules of finite cardinality). Let (A, m) be a noetherian local ring, and
assume that the residue field A /m is finite. For an A-module M, we use the notation
Supp 4 (M) for the set {p € Spec(A) | M, # 0}.

Lemma A.1. Let M be a finitely generated A-module. The following are equivalent:
(1) m"M =0 for some n.
(2) M is finite.
(3) M is an Artinian A-module.
(4) Supp, (M) C {m}.

Proof. For (4) = (1), since M is finitely generated, it is enough to prove the case
where M = A /I for an ideal /. By (4) we have that Spec(A/I) C {m}. This implies
that A/I is Artinian, which implies that m" (A /I) = 0 for some n. The implications
1) = 2)= 3) = (1) = (4) are clear. O

Corollary A.2. Suppose M and N are finitely generated A-modules. Then M ® 4 N
is finite if and only if Supp 4 (N) N Supp 4 (M) C {m}.

Proof. This is clear from Lemma A.1, since

Supp (M ®4 N) = Supp,(N) N Supp, (M). O
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A-modules. Let A be a noetherian regular local ring of dimension 2 with finite
residue field. For example, let A = O[T']], where O is the valuation ring of a finite
extension of Q,,.

Characteristic ideals. For a finitely generated torsion A-module M, define the
characteristic ideal of M to be

Chars (M) =] [ o™,
p

where p ranges over all height-1 primes of A and [/,(M) is the length of M, as a
Ap-module. Note that [, (M) > 0 if and only if p € Supp, (M).

It follows from the definition that Char, is multiplicative on exact sequences
and that Chary (M) is a principal ideal. By Lemma A.1, Charp (M) = A if and
only if A/ Charp (M) is finite if and only if M is finite. We have the following
consequence of Corollary A.2:

Lemma A.3. Let N and M be finitely generated A-modules and suppose that N is
torsion. Then M @5 N is finite if and only if M/ Chary (N)M is finite.

Proof. This is clear from Corollary A.2, as Supp, (N) = Supp, (A/ Chara (N)). U
In the body of the paper, we often use Lemma A.3 in the following form:

Lemma A4. Let N, N', and M be finitely generated A-modules, and suppose that
N and N’ are torsion and that Chary (N) = Charp (N'). Then M @4 N is finite if
and only if M @ N’ is finite.

Fitting ideals. Let R be a commutative, noetherian ring. For a finitely generated
R-module M, we define Fittg (M) C R, the Fitting ideal of M, as follows. Let

R" A R" s M —0

be a presentation of M. Then Fittgz (M) is defined to be the R-module generated
by all the (n, n)-minors of the matrix A. This does not depend on the choice of
resolution (see [Mazur and Wiles 1984, Appendix]).

The following lemma is a result of the independence of resolution:

Lemma A.5. If ¢ : R — R’ is a ring homomorphism and M is an R-module, then
Fittg (M @g R') C R’
is the ideal generated by ¢ (Fittg(M)).

We consider the case R = A. The following relation to Char, is a well-known:

Lemma A.6. If M is finitely generated and torsion, then Char (M) is the unique
principal ideal such that Fitty (M) C Char (M) and Charp (M) / Fitty (M) is finite.
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Proof. Using Lemma A.5, we see that for any prime p of A,

Using that A, is a DVR for a height-1 prime p, we have Fitta (M,) = p’»™) by the
structure theorem for modules over a PID. We have then Fitts(M), = Char,(M),
for all p of height 1. Lemma A.1 then implies that Char,(M)/ Fitta(M) is finite.
For uniqueness, suppose Fitty (M) C (f) has finite quotient. Then Fitty (M), =
(f)p for each height-1 prime p. This determines the prime factorization of f. [

Using this relation, we can deduce the following:

Lemma A.7. Let M and N be two finitely generated torsion A-modules. Assume
that Fitty (N) C Charp (M). If a morphism f : M — N has finite cokernel, then it
has finite kernel.

Proof. Indeed, if f has finite cokernel, then
Charp (M) = Chary (ker(f)) Charp (N), andso  Charp (M) C Chary (N).

Since Charp (N)/ Fittp (N) is finite, this implies that Char, (M) / Fitt (N) is finite.
By Lemma A.6, this implies that Chary (N) = Charp (M). The result follows by
multiplicativity of characteristic ideals. U
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Adequate groups of low degree
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The notion of adequate subgroups was introduced by Jack Thorne. It is a weaken-
ing of the notion of big subgroups used in generalizations of the Taylor—Wiles
method for proving the automorphy of certain Galois representations. Using this
idea, Thorne was able to strengthen many automorphy lifting theorems. It was
shown by Guralnick, Herzig, Taylor, and Thorne that if the dimension is small
compared to the characteristic, then all absolutely irreducible representations
are adequate. Here we extend that result by showing that, in almost all cases,
absolutely irreducible kG-modules in characteristic p whose irreducible G*-
summands have dimension less than p (where G* denotes the subgroup of G
generated by all p-elements of G) are adequate.
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1. Introduction

Throughout the paper, let k be a field of characteristic p and let V be a finite-
dimensional vector space over k. Let p : G — GL(V) be an absolutely irreducible
representation. Thorne [2012] called (G, V) adequate if the following conditions
hold (we rephrase the conditions slightly by combining two of the properties
into one):

(i) p does not divide dim V.
(ii) Ext(V,V)=0.
(iii)) End(V) is spanned by the elements p(g) with p(g) semisimple.

We remark that recently Thorne has shown that one can relax condition (i) above
(see [Thorne 2015, Corollary 7.3] and [Guralnick et al. 2014, §1]).

If G is a finite group of order prime to p, then it is well known that (G, V) is
adequate. In this case, condition (iii) is often referred to as Burnside’s lemma. It is
a trivial consequence of the Artin—Wedderburn theorem. Also, (G, V) is adequate
if G is a connected algebraic group over k = k and V is a rational irreducible
kG-module; see [Guralnick 2012a, Theorem 1.2].

The adequacy conditions are a generalization to higher dimension of the con-
ditions used by Wiles and Taylor in studying the automorphic lifts of certain
2-dimensional Galois representations, and they are a weakening of the previously
introduced bigness condition [Clozel et al. 2008]. Thorne [2012] strengthened
the existing automorphy lifting theorems for n-dimensional Galois representations
assuming the weaker adequacy hypotheses. We refer the reader to [Thorne 2012]
for more references and details.

The following theorem was proved in [Guralnick et al. 2012, Theorem 9]:

Theorem 1.1. Let k be a field of characteristic p and G a finite group. Let V be an
absolutely irreducible faithful kG-module. Let G denote the subgroup generated
by the p-elements of G. If dim W < (p — 3)/2 for an absolutely irreducible kG ™ -
submodule W of 'V, then (G, V) is adequate.

The example G = SL;(p) with V irreducible of dimension (p — 1)/2 shows that
the previous theorem is the best possible. However, the counterexamples are rare.
Our first goal is to prove a similar theorem under the assumption that dim W < p.
We show that almost always (G, V) is adequate; see Corollary 1.4. Indeed, we show
that the spanning condition always holds under the weaker hypothesis. We show
that there are only a handful of examples where Exté; (V, V) #0. See Theorems 1.2
and 1.3 for more precise statements.

Theorem 1.1 was crucial in several recent applications of automorphy lifting
theorems, such as [Barnet-Lamb et al. 2014; Calegari 2012; Dieulefait 2014]. In fact,
the main two technical hypotheses in the most recent automorphy lifting theorems
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are potential diagonalizability (a condition in p-adic Hodge theory) and adequacy
of the residual image [Dieulefait and Gee 2012]. Since some important applications
of automorphy lifting theorems [Breuil et al. 2001; Khare and Wintenberger 2009;
Dieulefait 2014] require working with primes p that are small relative to the
dimension of the Galois representation, we expect that our results will be useful
in obtaining further arithmetic applications of automorphy lifting theorems. (Note
that adequacy of 2-dimensional linear groups has been analyzed in Appendix A of
[Barnet-Lamb et al. 2013].)

An outgrowth of our results leads us to prove an analogue of [Guralnick 1999]
and answer a question of Serre on complete reducibility of finite subgroups of
orthogonal and symplectic groups of small degree. This is done in the sequel
[Guralnick et al. 2014], where we essentially classify indecomposable modules in
characteristic p of dimension less than 2p — 2. We also extend adequacy results to
the case of linear groups of degree p and generalize the asymptotic result [Guralnick
2012a, Theorem 1.2] to disconnected algebraic groups % (with p1[%:%4°]), allowing
at the same time that p divides the dimension of the §-module.

Note that if the kernel of p has order prime to p, then there is no harm in
passing to the quotient. So we will generally assume that either p is faithful or
more generally has kernel of order prime to p. Also, note that the dimensions of
cohomology groups and the dimension of the span of the semisimple elements in
G in End(V) do not change under extension of scalars. Hence, most of the time
we will work over an algebraically closed field k.

Following [Guralnick 2012b], we say that the representation p : G — GL(V),
or the pair (G, V), is weakly adequate if End(V') is spanned by the elements p(g)
with p(g) semisimple.

Our main results are the following:

Theorem 1.2. Let k be a field of characteristic p and G a finite group. Let V be an
absolutely irreducible faithful kG-module. Let Gt denote the subgroup generated
by the p-elements of G. If p > dim W for an irreducible kG -submodule W of V,
then (G, V) is weakly adequate.

Theorem 1.3. Let k =k be a field of characteristic p and G a finite group. Let V
be an irreducible faithful kG-module. Let Gt denote the subgroup generated by the
p-elements of G. Suppose that p > d := dim W for an irreducible kG -submodule
W of V, and let H < GL(W) be induced by the action of G on W. Then one of
the following holds:

(a) pis a Fermat prime,d = p — 1, G is solvable (and so G is p-solvable), and
H/O,(H)=C,.

(b) H'(G, k) = 0. Furthermore, either Exth(V, V) =0, or one of the following
holds:
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(i) H =PSLy(p) or SLy(p),andd = (p£1)/2.

(i) H = SLy(p) x SLy(p?) (modulo a central subgroup), d = p — 1, and
W is a tensor product of a (p — 1) /2-dimensional SL,(p)-module and a
2-dimensional SL,(p®)-module.

(i) p=(@+1)/2,d=p—1,and H =SL,(q).

(iv) p =27 +1is a Fermat prime,d = p — 2, and H = SL,(2/).

v) (H, p,d) = (3A¢,5,3) and 2A7,7, 4).

(vi) (H, p,d) =(SL2(3%),3,2) and a > 2.

Theorems 1.2 and 1.3 immediately imply:

Corollary 1.4. Let k be a field of characteristic p and G a finite group. Let V
be an absolutely irreducible faithful kG-module, and let GT denote the subgroup
generated by the p-elements of G. Suppose that the dimension of any irreducible
kG*-submodule in 'V is less than p. Let W be an irreducible kG -submodule of
V @ k. Then (G, V) is adequate, unless the group H < GL(W) induced by the
action of G on W is as described in one of the exceptional cases (a), (b)(i)—(vi)
listed in Theorem 1.3.

Corollary 1.5. Let k be a field of characteristic p and G a finite group. Let V
be an absolutely irreducible faithful kG-module, and let G denote the subgroup
generated by the p-elements of G. Suppose that the dimension d of any irreducible
kGt -submodule in V is less than p—3. Let W be an irreducible kG -submodule of
V Qik. Then (G, V) is adequate, unless d = (p%1) /2 and the group H <PGL(W)
induced by the action of Gt on W is PSLy(p).

One should emphasize that, in all the aforementioned results, the dimension
bound dim W < p is imposed only on an irreducible G-summand of V. In
general, G/G™ can be an arbitrary p’-group, and likewise, dim V / dim W can be
arbitrarily large. So a major portion of the proofs, especially for Theorem 1.2, is
spent establishing the results under these more general hypotheses.

This paper is organized as follows. In Section 2, based on results of [Blau and
Zhang 1993], we describe the structure of (non-p-solvable) finite linear groups
G < GL(V) such that the dimension of irreducible G*-summands in V is less
than p; see Theorem 2.4. Sections 3 and 4 are devoted to establish weak adequacy
for Chevalley groups in characteristic p. In Sections 5 and 6, we prove adequacy for
the remaining families of finite groups occurring in Theorem 2.4 and complete the
proof of Theorem 1.2. In Section 7, we collect various facts concerning extensions
and self-extensions of simple modules. The main result of Section 8, Proposition 8.2,
classifies self-dual indecomposable SL,(g)-modules for p|g. In Section 9, we
describe the structure of finite groups G possessing a reducible indecomposable
module of dimension < 2p — 3 (Proposition 9.7). Theorem 1.3 and Corollary 1.4
are proved in Section 10.
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Notation. If V is a kG-module and X < G is a subgroup, then Vx denotes the
restriction of V to X. The containments X C Y (for sets) and X < Y (for groups)
are strict. Fix a prime p and an algebraically closed field k of characteristic p. Then
for any finite group G, IBr,(G) is the set of isomorphism classes of irreducible
kG-representations (or their Brauer characters, depending on the context), 9,(G)
denotes the smallest degree of the nontrivial ¢ € IBr,(G), and By(G) denotes the
principal p-block of G. Sometimes we use 1 to denote the principal representation.
0,(G) is the largest normal p-subgroup of G, OP(G) is the smallest normal
subgroup N of G subject to G/N being a p-group, and similarly for O, (G) and
07 (G) = G*. Furthermore, the Fitting subgroup F(G) is the largest nilpotent
normal subgroup of G, and E(G) is the product of all subnormal quasisimple
subgroups of G, so that F*(G) = F(G)E(G) is the generalized Fitting subgroup
of G. Given a finite-dimensional kG-representation ® : G — GL(V), we denote
by JM the k-span
(P (g) : D(g) semisimple)y.

If M is a finite-length module over a ring R, then define soc; (M) by soco(M) =0

and soc;(M)/soc;_1(M) =soc(M/soc;_(M)). If M =soc;(M) with j minimal,
we say that j is the socle length of M.

2. Linear groups of low degree

First we describe the structure of absolutely irreducible non- p-solvable linear groups
of low degree, relying on the main result of [Blau and Zhang 1993]:

Theorem 2.1. Let W be a faithful, absolutely irreducible k H-module for a finite
group H with OP(H)=H. Suppose that 1 <dim W < p. Then one of the following
cases holds, where P € Sylp(H):

(a) p is a Fermat prime, |P| = p, H = Oy (H) P is solvable, dim W = p — 1, and
O, (H) is absolutely irreducible on W.

®) |P| = p,dim W = p — 1, and one of the following conditions holds:

(b1) (H, p) = SUn(q), (¢" + 1)/(q + 1)), (Sp2,(), (¢" + 1)/2), (2A7,5),
(3J3,19), or (2Ru, 29).

(b2) p=7and H = 6, -PSL3(4), 61 - PSU4(3), 2J5, 3A7, or 6A7.

(b3) p=11and H = My, 2My2, or 2M~;.

(b4) p=13and H = 6-Suz or 2G,(4).
(©) |P| = p,dim W = p —2,and (H, p) = (PSL,(q), (¢" — 1)/(g — 1)), (Ap, p),
(3As, 5), (3A7,5), (My1, 11), or (M»3, 23).
(d) (H, p,dim W) = (2A7,7,4), (J1, 11, 7).
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(e) Extraspecial case: |P|=p=2"+4+1>5,dmW =2", 0,(H) = RZ(H),
R =[P, R1Z(R) € Syl,(0Oy(H)), [P, R] is an extraspecial 2-group of order 2142
and Vip Ry is absolutely irreducible. Furthermore, S := H/O, (H) is simple
nonabelian, and either S = Sp,,(2°) or Q, (2% with ab = n or S = PSLy(17)
and p =17.

(f) Lie(p) case: H/Z(H) is a direct product of simple groups of Lie type in charac-
teristic p.

Furthermore, in the cases (b)—(d), H is quasisimple with Z(H) a p’-group.

Proof. We apply Theorem A of [Blau and Zhang 1993] and arrive at one of the
possibilities (a)—(j) listed there. Note that possibility (j) is restated as our case (f),
and possibilities (f)—(i) do not occur since H is absolutely irreducible. Possibility
(a) does not arise either since dim W > 1, and possibility (b) is restated as our
case (a). Next, in the case of possibility (c), either we are back to our case (a), or
else we are in case (e), where the simplicity of S follows from the assumption that
H = 0" (H). (Also, S 2 Q;a(Zb) since |S|, =|P|=p.)

In the remaining cases (d), (e), and (g) of [Blau and Zhang 1993, Theorem A],
we have that H/Z(H) = S is a simple nonabelian group, and Z(H) is a cyclic
p’-group by Schur’s lemma. Hence, H* is a perfect normal subgroup of p’-index
in H = 07 (H). It follows that H = H® and so it is quasisimple. Also, the
possibilities for (S, dim W, p) are listed. Using

 [Guralnick and Tiep 1999] if S =PSL, (¢q),
¢ [Guralnick et al. 2002] it S =PSU,(q) or PSp,, (¢),
¢ [Guralnick and Tiep 2005, Lemma 6.1] if § = A, and p > 17, and
o [Jansen et al. 1995] for the other simple groups,
we arrive at cases (b)—(d). U

Next we prove some technical lemmas in the spirit of [Blau and Zhang 1993,
Lemma 3.10].

Lemma 2.2. Let G be a finite group with normal subgroups K, and K, such that
K1N Ky < 0,(G). For any finite group X, let X denote X/ 0,/ (X). Suppose that
G/Ki1=]]je; Miand G/K> = Hje] N; are direct products of simple nonabelian
groups. Then there are some sets I' C I and J' C J such that
G=[[Mix]]N;
iel’ jelJ’

Proof. Fori =1, 2, let K; < H; <G be such that H;/K; = 0,,(G/K;). Then

G/Hi=[[M:. G/H,Z][]N;
iel jeJ
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By [Blau and Zhang 1993, Lemma 3.9], there are sets I’ C [ and J' € J such that

G/(HNH) =[] M x [ N;.

iel’ jeJ’
It remains to show that HiNHy = 0,/(G). Certainly, HiNH, > 0,/(G). Conversely,
(H1 N Kz)/(Kl N KQ) —> Hl/Kl, (H1 N Hz)/(Hl N Kz) —> Hz/Kz,
and K1 N K> < 0,/(G). It follows that H; N H, is a p’-group. O

Lemma 2.3. Let G be a finite group with a faithful kG-module V. Suppose that
V=W & -&W,isadirect sum of kG-submodules, and let H; < GL(W;) be the
linear group induced by the action of G on W;. Suppose that S; := H; /O,y (H;) is a
simple nonabelian group for eachi. Then there is a subset J C{1,2, ..., t} such that

G/0y(G)=T]s;.

jeJ
In particular, if O,y (H;) =1 for all i, then G = ]_[jej S;.

Proof. We proceed by induction on ¢. The induction base # = 1 is obvious. For
the induction step, let K; denote the kernel of the action of G on W;, so that
H; = G/K;. The faithfulness of V implies that ﬂE:1 K; = 1. Adopt the bar
notation X of Lemma 2.2. By the assumption, G/K; = S;. Next, observe that
L = ﬂ§:2 K; is the kernel of the action of G on V' := W & --- @ W;, and the
action of G/L on W; induces H; for all i > 2. Applying the induction hypothesis
to G/L acting on V', we see that G/L = ]—[jej, S; for some J' C {2,3,...,t}.
Also, K1 N L = 1. Hence we can apply Lemma 2.2 to get G = ]_[jej S; for some
JCA{1,2,3,...,t}.

Finally, if O,/ (H;) =1 for all i, then the action of O, (G) on W; induces a normal
p’-subgroup of H; for all i, whence 0, (G) < ﬂle K; =1, and we are done. [J

Theorem 2.4. Let V be a finite-dimensional vector space over an algebraically
closed field k of characteristic p and G < GL(V) a finite irreducible subgroup.
Suppose that an irreducible G -submodule W of V has dimension < p and G™ is
not solvable. Then G* is perfect and has no composition factor isomorphic to C ;
in particular, H' (G, k) = 0. Furthermore, if H is the image of G in GL(W), then
one of the following statements holds:

(i) One of the cases (b)—(d) of Theorem 2.1 holds for H, and G*/Z(G") =
S X -+ x 8§, = 8" is a direct product of n copies of the simple nonabelian group
S = H/Z(H). Here, G permutes these n direct factors Sy, ..., S, transitively.
Furthermore, G = Ly - -- % L,, is a central product of quasisimple groups L;,
each being a central cover of S, and the action of Gt on each irreducible G™ -
submodule W; of W induces a quasisimple subgroup of GL(W;). Finally, if H is
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the full covering group of S or if H = S, then
Gt=L xLyx---xL,=H".

(ii) Case (e) of Theorem 2.1 holds for H. Furthermore, O p/(G+) is irreducible on
any irreducible Gt -submodule W; of V., and G/ 0, (G™) = 8™ is a direct product
of m > 1 copies of the simple nonabelian group S listed in case (e) of Theorem 2.1.

(iii) Case (f) of Theorem 2.1 holds for H, and G = L %- - -* L, is a central product
of quasisimple groups L; of Lie type in characteristic p with Z(L;) a p’-group.

Proof. (a) By Clifford’s theorem, Vg+ = 62521 W; for some e,t > 1, and
{Wy, ..., W} is afull set of representatives of isomorphism classes of G-conjugates
of W = Wj. Let ®; : Gt — GL(W;) denote the corresponding representation, and
let K; :=Ker(®;), sothat GT/K; = H for all i, where we denote by H the subgroup
of GL(W) induced by the action of G* on W. The faithfulness of the action of G
on V implies that (;_; K; = 1. In particular, G* injects into [];_,(G*/K;) = H'.
Hence case (a) of Theorem 2.1 is impossible since G is not solvable. In case
(f) of Theorem 2.1, an argument similar to the proof of Lemma 2.3 shows that
GY/Z(GT) =8 x---x S, is a direct product of simple groups S; of Lie type
in characteristic p. Since Gt = 07 (G™) and 0,(G") < 0,(G) = 1, it then
follows that GT equals L - - - x L,, a central product of quasisimple groups L;
of Lie type in characteristic p with Z(L;) a p’-group (just take L; to be a perfect
inverse image of S; in G1), i.e., (iii) holds. In the remaining cases (b)—(e) of
Theorem 2.1, H/ O,y (H) = S, where § is a nonabelian simple group described in
Theorem 2.1(b)—(e). By Lemma 2.3, G*/0,/(G") = §", a direct product of n > 1
copies of S. Thus in all cases, G* has no composition factor isomorphic to C),
and Z(G*) < 0,(G"). Furthermore, G* = (G1)* 0,/ (G*) and so (GT)* is
a normal subgroup of p’-index in G = O” (G*), whence G is perfect. Thus the
first claim of Theorem 2.4 holds in all cases.

(b) Suppose next that we are in the cases (b)—(d) of Theorem 2.1. Then H is qua-
sisimple and Z(H) is a p’-group; in particular, O,y (H) = Z(H) and H/Z(H) = S.
Note that dDi(Op/(GJr)) is a normal p’-subgroup of H; = ®;(G1) = H, whence
®;(0,(G")) < Z(H;). Thus, for any z € 0,,(G") and any g € G, [z, g] acts
trivially on each W; and so [z, g] € ﬂ§=1 K;=1,1ie., z€ Z(G"). We have shown
that 0, (GT) =Z(G") =: Z.

Now we can write GT/Z = 8] x --- x S, with S; = §. Let M; denote the full
inverse image of S; in G* and let L; := Ml.(oo). Then M; =L;Z, L;/(LiNZ) =
M;/Z = S, and so L; is quasisimple and a central cover of S. Next, for i # j we
have [L;, L;] < Z and so, since L; is perfect,

[Li, Lj1=1I[Li, Lil, Lj1=1
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by the three subgroups lemma. It follows that M :=LL; - - - L, is a central product
of the L;. But Gt = MZ and G™ is perfect, so GT = M.

The remaining claims in (i) are obvious if # = 1, so we will now assume that
t > 1. First we show that G acts transitively on {Si, ..., S,}. Relabeling the
W; suitably we may assume that K1Z/Z > ]_[i#l S; and K,Z/Z > ]_[#2 S;. But
G*/Kj=®;(G") is quasisimple, so in fact K;Z/Z =[];; S; for j =1,2. By
Clifford’s theorem, W, = Wig for some g € G. Now g sends K| to K3, and so
it sends Sy to S, as desired. If furthermore H = S, then O, (H) = 1, whence
Gt =58 x---x 8, = H" by Lemma 2.3. Consider the opposite situation: H
is the full covering group of S. Again relabeling the W; suitably and arguing as
above, we may assume that K| Z/Z = ]—[l-;,,él S;. In this case, K1Z > L; fori > 2,
whence L; =[L;, L;]<[KZ,K|Z] < K;and K| > L,L3--- L,. It also follows
that GT = K L andso L;/(K;NL;) =G*"/K|; = H. Recall that L is perfect
and L1/(L1NZ) =S, ie., L is a central extension of the simple group S. But
H is the full covering group of S, so |L| <|H]|. It follows that L; N K| =1 and
Ly = H; in particular, L ﬂ]_[j#l Lj=1.Similarly, L; =H and L;N[[; , Lj =1
foralli. Thus Gt =L x---x L, = H".
(c) Assume now that we are in case (e) of Theorem 2.1. Then P; := ®;(0,/(G™))
is again a normal p’-subgroup of H;, and so P; < O,/(H;). On the other hand,
H;/P; is a quotient of G/ Op/(GJr) = §”, whence all composition factors of H;/ P;
are isomorphic to S. Since H;/0, (H;) = S, we conclude that P; = O, (H;); in
particular, OP/(GJF) is irreducible on W;. U

J#

3. Weak adequacy for SL»([,)

Proposition 3.1. Any nontrivial irreducible representation V of SLy([F,) over Fp is
weakly adequate except when dimV = p and p < 3.

Remark 3.2. When p < 3 the p’-elements of SL,(F,) generate a normal subgroup
of index p. If moreover dim V = p then this subgroup does not act irreducibly;
hence V cannot be weakly adequate.

The rest of the section is devoted to proving Proposition 3.1. Note that p > 2. In
the following we write V = L(a) withO <a < p—1. If a < (p —3)/2 then the
argument of [Guralnick et al. 2012, Theorem 9] applies. (Let I C SL; denote the
diagonal maximal torus. Then distinct weights of ﬁ/ﬁp on L(a) restrict distinctly to
I (F,), and End V is semisimple by [Serre 1994] with p-restricted highest weights.)
We will assume from now on that a > (p — 1) /2.

Lemma 3.3. Suppose that (p —1)/2 <a <p—1. Then

(=12
headsy,(L(@)® L(a) = 5 Li).
i=0
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Moreover, ifa # p—1, headsy, ,) (L (a)®L(a)) =headsy, (L(a)®L(a)), whereas if
a=p-—1,
(p—1)/2
headsi, e, (L(@) @ L@) = @ L@ L(p—1).
i=0

Proof. By [Doty and Henke 2005, Lemmas 1.1, 1.3], we see that for SL,

p—2-a (p—3)/2
LaeLl@w= @ Lehe P Tep-2-2000Lp-D. G
i=0 i=p—1l—a

where the tilting module T(2p —2 —r) for 0 <r < p — 2 is uniserial of the form
(L(r)|L2p —2—r)| L(r)). This proves the first part of the lemma. As is pointed
out in Lemma 1.1 of [Doty and Henke 2005], T2p—2—r)= Q(r) for0<r < p-2,
which implies that T (2p —2 —r)| SLa(F,) is projective. See also [Jantzen 2003, §2.7].
Noting that L(2p —2 —r)|sL,,) = L(p —1—r) ® L(p — 3 —r) and using that
L(p — 1) is the only irreducible projective SL>([F,)-module, it follows that
U(r) if0<r<p-2

T@p=2=nlsu, = {U(O)@L(p—l) ifr=0, G2

where U (i) denotes the projective cover of L(i). The claim follows. O

In the following, we will think of V = L(a) as the space of homogeneous
polynomials in X, Y of degree a.

Lemma 3.4. (End V)" = k@o F, - (X(3/3Y))*, where W = (' *) C SL,.

Proof. The torus J = (* ) C SL; acts on (End V)™, and, for A € X (9),
Homg (A, (End V)") = Homg,(V (1), End V). (3-3)

So it follows from (3-1) that dim(End V)" = a + 1. (Namely, L. =0,2,...,2a
each work once.) A simple calculation shows that X (d/0Y) is U-invariant; hence,
So are (X(8/8Y))k, (0 <k < a), which are clearly nonzero. Since (X(B/BY))" has
weight 2k, they are linearly independent. U

By Lemma 3.4 and (3-1), for 0 < k < a, the SL,-representation generated by
(X(8/3Y)) is V(2k) C End(V).

Lemma 3.5. The weight-0 subspace in V (2k) C End V is the line spanned by

=T (P (B () oskew
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Proof. We compute the weight-0 part of (_} 1) (X(8/3Y)k. Take f € E,[X, Y]

homogeneous of degree a. Under (_} 1) -(X(3/8Y))* the element f is sent to

() ey
SERESOIENIER R

S ) ()

The weight-0 part is the part that does not change the monomial degree, so it is Ay.
Finally, note that Ay # 0 as Ax(X?) #0. U

Now suppose that 0 <k < (p—1)/2. By the SL,-invariant trace pairing on End V,
the element Ay € socgs, (End V) induces an element & € (headsy,(End V))* that
is zero on all irreducible constituents of headsy,(End V') except for L(2k). Let
7y € End V (0 < £ < a) denote the projection X' Y4~ > §;, X Y9,

Lemma 3.6. If0 <k <(p—1)/2, then 8 (1) is a polynomial in £ of degree exactly k.

Proof. Note that 8¢ (mp) = tr(;ry o Ag) is the eigenvalue of Ay on X tya—t and
hence equals

k
§:e4ﬁ4<ffew—1y.«e—i+1xa—exa—E—1y-«a—z—k+i+1y
=0

This is a polynomial in £ of degree at most k. The coefficient of £ is Zf:o ('lf)2 =
(%) #£0 (mod p), as k < p/2. O

Let us denote this polynomial by py(z) € F,[z].

Proof of Proposition 3.1. Recall that (p —1)/2 < a < p — 1. Let Jl denote
the span of the image of the p’-elements in End V, and let M denote the image
of At in headsy,,)(End V). Since M is SL;(F,)-stable, it suffices to show that
M = headSLz([Fp) (End V).

(a) Suppose that a < p — 1. By Lemma 3.3, heads,,)(End V) = @fi&l)/z L(2i).
Suppose that M does not contain L(2k) for some 0 < k < (p — 1)/2. Then &
annihilates the image of all p’-elements. The images of the diagonal elements of
SL,([F,) in End(V') span the subspace with basis

r—3 . p-3 . p—1
ni<a—T§z§T) JT,-—i—nl.erzl(szfa—T).
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Hence

-3 -3
pri) =0 (a—stispT),

pk(i)+Pk(i+pT>=0 (051'561—%).

Now repeat the same argument with a nonsplit Cartan subgroup. After a linear
change of variables (X, Y) — (X', Y’) over F 2> this subgroup acts as

{(x xl’> x €, X = 1}'

In this new basis of V we have corresponding elements A/, 5,@, né’. However, py is

(3-4)

unchanged, as it is given by the explicit formula in the proof of Lemma 3.6. We
thus get

From (3-4) and (3-5) we get that p;(¢) = 0 for all 0 < £ < a. This contradicts the
factthatdegpr =k <(p—1)/2 <a.

(b) Suppose that a = p — 1, so that p > 5 by our assumption. By Lemma 3.3,
headsy,r,)(End V) = @;ial)/z L2i)ye L(p—1).

(b1) Suppose that M does not contain L(2k) for some k < (p — 3)/2. Then §; and
8, annihilate the image of all p’-elements, so by an argument analogous to the one

in (a) we get
. . op—1 . p—1
pr(i) + pr 1+—2 =0 O<z<—2 ,

pk(0)+pk(p; )+pk(p—1>=o;

. . +1 . -3
Pk(l)+Pk(l+pT>=0 <0§l§pT),

—1
Pk<p2 >=0.

Then px(z+ 1) — pr(z) is a polynomial of degree k — 1 < (p — 1)/2 with zeroes at
z=0,1,...,(p=5/2and z=(p+1)/2, (p+3)/2, ..., p—2. As p—3=>(p—1)/2,
it follows that py(z+1) = px(2); hence by (3-7) we get pr(¢) =0forall0 <l < p—1,
contradicting the fact that p; has degree 0 <k < p.

(3-6)

(3-7)
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(b2) Suppose that M does not contain L(p — 1)®2. Note first that the second copy
of L(p —1) C End(V) is contained in the Weyl module V(2p —2) — T(2p —2).
Using (3-2) we have V(2p —2)[sL,¢,) = L(p—1)® M, where 0 - L(0) > M —
L(p—3) — 0is nonsplit. It follows using (3-3) that V(2p — 2)WE) = VQ2p— 2)
(both are two-dimensional). Hence there is a U([F,)-fixed vector in the second copy
of L(p—1) of the form v := (X(8/8Y))1”_1 + ¢ for some ¢ € Fp. We first compute c.
Note that if V' is an SL([,)-representation over I]_:p and v # 0 is fixed by the Borel
subgroup B := (* :) C SLy(F,), then v generates the p-dimensional irreducible
representation of SL,(F,) if and only if

Z gv=0 <= Z(_th 1>v+<1 _1)v=0.

SLa(Fp) /(" 3) uek,

As in Lemma 3.5,

(‘Ii 1) ' <X%>p_1 = (X —uy)?”! g(—u)i<%)i<%)p—l—i;

hence

S (L)L) e = Jarer (&)

() L) o)) e

we deduce that c = —1.

Consider the annihilator M+ C socsL,(r,) (End V) of M under the trace pairing.
By assumption, N := M+NL(p—1)%2£0. Let ¢ € NB — {0}, so that by the
previous paragraph we can write ¥ = A(X (3/0Y))P~D/2 4 (X (3/0Y))P~" —1)
for some (A, u) € FI% —{0}). As ¢ € M+, we get by a simple calculation that
0=tr((*,1)o¥)=—pforany o € F — {1} # @. Thus we may assume that
¥ = (X(/0Y))P~D/2 As the SL,([F,)-subrepresentation of End(V) generated by
Y is the unique SL,-subrepresentation L(p — 1) C End(V), we see that N contains
Ay and A for k = (p —1)/2, so §; and §; annihilate M. Now the argument of (b1)
gives a contradiction. U

4. Weak adequacy for Chevalley groups

Lemma 4.1. Suppose (X, ®, XV, @) is a reduced based root datum with ®
irreducible.
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(a) If © is not of type Ay, then
20 < Z o,
aedy

where o is the highest coroot.
(b) If ® is not of type A1, Az, Az, or By, then
4 < > o,
0[€<D+

where B is the highest short coroot.

Proof. (a) Let {o; : i = 1,...,r} denote the simple roots. Then (ozg ,a;) >0
for all i and (o, ;) > O for some j. Since oy # aJY (as @ is not of type Ay),
BY :=ay —a] € ®”. Since af =a + B it follows that B > 0. Also, o} # B,
as @ is reduced. Hence

200 =g +af +B7 < Z o,
aed

(b) We pass to the dual root system to simplify notation. We want to show that

4B0 < Z a,

Q€q>+

where By is the highest short root. It suffices to express Bg as sum of positive roots
in three nontrivial ways that do not overlap (similarly as in the proof of (a)). If ® is
not simply laced, we only need two nontrivial ways because we can also use that
Bo < g, where « is the highest root.

In the following we use Bourbaki notation:

o Type A,—1 (n =5):
Bo=¢e1—en=(e1—&)+ (i —¢&) (I <i<n).
e Type B, (n > 3):
Bo=¢e1=(e1—¢&)+e (1 <i=<n).

If n =3, we also use By < ag = &1 + &2.

e Type C, (n = 3):
Bo=¢e1+ea=(1—¢&)+(e2+¢&)=(e1+&)+(e2—¢) (2<i=<n).

If n =3, we also use By < ag = 2¢].
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e Type D, (n > 4):
Bo=e1+ter=(1—¢&)+(a2+e&)=(e1+¢&)+(e2—¢&) (2<i=<n).
» Type Eg:
Bo=3(e1+ &2 +e3+e4+65— 86— 7+ 3).

Note that By — (¢; +¢;) and ¢; + &; are positive (1 <i < j <5).

o Type E7:
5 5
Bo=c3—e7 = %(88 —87+86+Z(—1)”(’)8i) +3 (88 —&7— 86— Z(—l)”(’)sz),
i=1 i=1
where Z?:l v(i) is odd.
» Type Eg:
Bo=¢er+teg=(—¢+e7)+(ei+e) (A=<i<T).
e Type Fy:
Bo=¢e1=(e1—¢&)+e (I<i=<4.
o Type Gy:
Bo =201 +ar =a; + (a1 +a2)Bo < 31 + a2 fo < ap = 31 + 2a3. O
We now prove variants of several results in [Guralnick et al. 2012].

Lemma 4.2. Suppose that G is a connected, simply connected, semisimple algebraic
group over [, and © :§ — GL(V) a semisimple finite-dimensional representation.
Let 6 > B > I denote a Borel subgroup and a maximal torus, and suppose that

for any irreducible component V' of V and for any two distinct weights

4-1
11, 1t of T on V', we have iy — iz ¢ pX (7). -1

Then there exist connected, simply connected, semisimple algebraic subgroups
9 and $ of § such that § =9 x $, O($) = 1, and O induces a central isogeny
of $ onto its image, which is a semisimple algebraic group. Moreover, assumption
(4-1) holds if for all irreducible constituents V' of V the highest weight of V' is
p-restricted and either

(i) dimV’ < p, or
(ii) dim V' < p and either p # 2 or 6 has no SL,-factor:
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Proof. Write V = @ V; with V; irreducible and %6 = [ [, _¢ %, with each %, almost
simple. The last sentence of the proof of Lemma 4 in [Guralnick et al. 2012] together
with (4-1) show that the conclusion of that lemma holds for ®;: 4 — GL(V;) for
all i. Hence there exists S; C S such that ker ®; = HseSi 4, x Z;, where Z; is
a central subgroup of ]_[S¢ s; %, (maybe nonreduced). Then ker ® = [\ ker®; =
l_[seﬂ s, Ys X Z, where Z is a central subgroup of ]_[S¢ﬂ s, Ys- So we can take § =
[Li¢ns G and $ =[5, Y-

To prove the last part, we may suppose that V is irreducible. So V = Q)¢ Vi,
where V; is an irreducible %-representation. It is easy to see that if (4-1) fails, then
it fails for §; — GL(V;) for some s € S, so we may assume that % is almost simple.

(a) First suppose that ¥ = SL;. The highest weight of V is (x x,l) — x¢, for
some 0 <a<p-—1,and a # p — 1 if p =2. Therefore the weights of ad V are
(* -1) > x*, where b € {—2a, —2a +2,...,2a — 2, 2a}. It follows that (4-1)
holds because b =0 (mod p) implies that b = 0.

(b) Next suppose that 622 SL,. Let A denote the highest weight of V; itis p-restricted
by assumption. By Lemma 4.1(a) and Jantzen’s inequality [1997, Lemma 1.2] we get

. p
s B < (A ) < %<)», Zav> <1dimV < 5

a>0

for all weights p of V and all roots 8. Hence |{(t1 — u2, BY)| < p for all root B
and all weights u; of V, so (4-1) holds. O

Lemma 4.3. Suppose that G < [[ GL(W;) is a connected reductive group over [,
where for all i the representation W; is irreducible with p-restricted highest weight
and has dimension < p. Let J be a maximal torus and AU the unipotent radical of a
Borel subgroup of § that contains J. Let V = @ Wi;.

(1) The maps exp and log induce inverse isomorphisms of varieties between
LieU < End(V) and U < GL(V).

(ii) For any positive root a we have exp(Lie Uy) = Uyg.

(iii) The map exp : Lie U — AU depends only on § and U, but not on V, W;, or the
representation § — GL(V).

(iv) If 0 is an automorphism of G that preserves J and U, then we have a
commutative diagram

Liel — % Lieau

GXPJ/ J/GXP

au—-
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Proof. The proof is the same as that of [Guralnick et al. 2012, Lemma 5], where
there was an extra assumption on the ;. The assumption on the weights u; is only
used to prove that X, , acts trivially on V = € W; for all n > p. Fix any i. It is
enough to show that X, , acts trivially on W; for all n > p. So it is enough to show
that W; cannot have two weights A and A +na (0 € @, n > p). Asdim W; < p,
it follows from [Jantzen 1997] that the weights of W; are the same as those of
the irreducible characteristic-0 representation of the same highest weight. But
in characteristic O it is known that if A and A 4+ no are weights of an irreducible
representation, then so are A, A +«, A + 2w, ..., A+ no, sodimW; > n > p,
contradicting the assumption. (I

Proposition 4.4. Let p > 3 be prime. Suppose that V is a finite-dimensional
vector space over F p and that G < GL(V) is a finite subgroup that acts semisimply
onV. Let GT < G be the subgroup generated by p-elements of G. Then'V is a
semisimple G -module. Let d > 1 be the maximal dimension of an irreducible
Gt-submodule of V. Suppose that p > d and that G* is a central product of
quasisimple Chevalley groups in characteristic p. Then there exists an algebraic
group G over [, and a semisimple representation © : § E GL(V) with the
following properties:

(i) The connected component G° is semisimple simply connected.
(i) 9 =%9° x H, where H is a finite group of order prime to p.
(iii)) ©(4(F))) =G.
(iv) ker(®) NG (F,) is central in §°(F,).

Moreover, any highest weight of ‘30? onV is p-restricted. Also, G does not have
any composition factor of order p.

Proof. The proof is essentially identical to the proof of [Guralnick et al. 2012,
Proposition 7]. We do not get (A, ") < (p — 1)/2 in Step 2, but this was only
used to apply Lemmas 4 and 5 in [Guralnick et al. 2012]. By Lemmas 4.2 and 4.3
above one can bypass this assumption, as we now explain. Both times Lemma 4
in [Guralnick et al. 2012] is applied, condition (ii) in Lemma 4.2 holds. In Step 4
we can apply Lemma 4.3 instead of Lemma 5 in [Guralnick et al. 2012] because
$ acts irreducibly on W; and its highest weight is p-restricted (as § — $ is a
central isogeny). Similarly we can avoid Lemma 5 in [Guralnick et al. 2012] in
Step 5, noting that the highest weights of V' are Galois-conjugate to the highest
weights of V and recalling that /, is a central isogeny onto its image. Finally,
note that (iv) follows by construction. U
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Theorem 4.5. Suppose that p > 3, V is a finite-dimensional vector space over F P>
and G < GL(V) is a finite subgroup that acts irreducibly on V. Let G < G be
the subgroup generated by p-elements of G. Let d > 1 be the maximal dimension
of an irreducible G*-submodule of V. Suppose that p > d and that G" is a
central product of quasisimple Chevalley groups in characteristic p. Then the set of
p’-elements of G spans ad 'V as an [l_:p-vector space.

Remark 4.6. Theorem 4.5 generalizes [Guralnick et al. 2012, Theorem 9]. We take
the opportunity to point out a small gap in the last paragraph of the proof of that
theorem. In the notation there, it is implicitly assumed that (i) » (T (F;)) C r(H), so
that the span of r(H) equals the span of r(T (F;))H), and (ii) H normalizes the pair
(B, T). Both assumptions are satisfied provided that when we apply [Guralnick
et al. 2012, Proposition 7] in the proof of Theorem 9 there, we take r, G = GYx H,
B, T, ... as constructed in the proof of that proposition.

Proof. Without loss of generality d > 1. Let ©: ¢ E GL(V) be as in
Proposition 4.4. Then V = W;, where W; is an irreducible (5(/) -subrepresentation
with p-restricted highest weight. Write (90 =9 x---x%,, where %; is almost
simple over [F Let 9" > B > T denote a Borel subgroup and a maximal torus, and
let ® denote the roots of ‘g(/)[Fp with respect to J g .

(a) We consider the case where one of the W; (equivalently any) is tensor-decom-
posable as a ‘QOF -representation. Note that W; = X;| X --X X;,, where X;; is an ir-
reducible ¢ j—reﬁ)resentation with p-restricted highest weight. Since dim X;; < p—1,
its highest weight lies in the lowest alcove [Jantzen 1997; Serre 1994]; hence X; is
tensor-indecomposable (as the highest weight is in the lowest alcove, we are reduced
to the characteristic-0 case, where this is well known). Hence our assumption
implies that X;; 2 1 for at least two values of j. Hence dim X;; < (p — 1)/2 for
all i, j. Therefore X}, ® X is a semisimple 9 -representation by [Serre 1994],
so End V is a semisimple 9°_ -representation. Moreover, all its highest weights are
p-restricted: this follows exacl:]tly as in Step 2 of the proof of [Guralnick et al. 2012,
Proposition 7] (use that dim X;; < (p — 1)/2). Hence any GO(F p)-submodule of
EndV is a %O(H_:p)—submodule.

Furthermore, arguing as in Step 2 of the proof of [Guralnick et al. 2012, Propo-
sition 7] for each %, we deduce that for all weights i of the maximal torus 9/@]7
on V we have |{u, o) < (p —1)/2 for all « € ®. We conclude as in the last
paragraph of the proof of [Guralnick et al. 2012, Theorem 9].

(b) We consider the case when ‘goﬁ has no factors of type A, A,, Az, or B,.
We claim [{u, a¥)| < (p —1)/4 for all weights u of g/ﬁ,, on V and for all short
coroots a¥ € ®V. It suffices to show that (A, /30 ) < (p—1)/4 for all highest weights
Aof T JE, on V and all highest short coroots f; (one for each component of (Q(/) ).
So it is enough to show that if ¢’ is an almost simple, simply connected group over
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I]_:p, not of type A, Ay, Az, or By, then (A, ﬁov) < (p — 1)/4 for all p-restricted
weights A of ¢ such that dim L(A) < p, where g is the highest short coroot of
9. But this follows from Lemma 4.1(b) and Jantzen’s inequality, and this proves
the claim.

Since the short coroots span X, (g/F,,) ® Q over Q, Lemma 3 of [Guralnick
et al. 2012] plus the claim show that distinct weights of g/ﬁp on EndV (and V)
remain distinct on J(F,). Then [Guralnick 2012a, Lemma 1.1] shows that any
(QO([FP)—subrepresentation of End V is ‘go(ﬁ,)—stable, so we can conclude as in the
last paragraph of the proof of Theorem 9 in [Guralnick et al. 2012].

(c) If neither (a) nor (b) apply, then the W; are tensor-indecomposable; in particular,
the almost simple factors of 4’ are pairwise isomorphic. (Write §° = []%;,
where the subgroups 7; are almost simple over [,. Note that, for each i, ‘50([5,)
acts irreducibly on W; with all but one ¥;([,) acting trivially. As %([F,) is ir-
reducible on V and, by Proposition 4.4(iv), the subgroups 7, (F,) are pairwise
isomorphic and, as p > 3, so are the ¥;.) Hence CQ(/)E = SL7, SL%, SL}, or Sp for
some n > 1.

(d) We consider the case where (goﬁ = SL%, SLj, or Sp;. We claim that for all
weights o of Q'/E on V and for all o’ @,

. ) < 3(p—1). (4-2)

To see this, note that |{u, a¥)| < (A, ag ) for some highest weight A of V and some
highest coroot «. Applying Lemma 4.1(a) to the component ®; of ® such that
ay € @7 and using Jantzen’s inequality, we get

(o) <3 (na¥) <i(p—1.
;.

By Lemma 3 in [Guralnick et al. 2012], (4-2) shows that distinct weights of ﬁ/ﬁp
on V remain distinct on J(F,). As usual, it thus suffices to show that End V is a
semisimple %’JOF -module with p-restricted highest weights. We can argue indepen-
dently for each’factor of ‘QOﬁ , so it will suffice to show that if X, Y are nontrivial
irreducible 9 -representations which are conjugate by Aut(%9’) (with ¢’ = SL3, SL.,
or Sp,) with p-restricted highest weights A, A" of dimension less than p, then X ® Y
is semisimple with p-restricted highest weights. By [Jantzen 1997; Serre 1994],
A and 1" lie in the lowest alcove, so ch L(A) and ch L()A) are given by Weyl’s
character formula.
In the following, note that (A, By) = (A', B;).
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If ¢ = SLy, write A = ro + swy + tws (r, s, > 0), where w; is the i-th
fundamental weight. Then
[(r+DE+DE+DIE+s+2)(s+t+2)1(r +s5s+1+3)

2-2-3
(r+s+t+1)(r+s+t+2)(r+s+t+3)
2-3

If (A, BY) =r4s+1> (p—1)/4, then

p+3 p+7  p+l1l

4 4 4

Equivalently, (p — 5)[(p + 13)> —292] < 0, i.e., p = 5. In this case, equality
holds throughout so A = @ or @3. The maximal weight of X ® Y, namely 2w or
w1 + w3 or 23, lies in the closure of the lowest alcove. Then X ® Y is semisimple
by the linkage principle (or just [Jantzen 2003, Proposition I1.4.13]) and it has
p-restricted highest weights. If (A, B;) < (p — 1)/4 the argument in (b) goes
through instead.
If ¢’ = Sp,, write A = ror| + sw, with r, s > 0 (type B,). Then
p—1>dimL() = [((r+1D(s+ 1)](r-|6-s+2)(2r+s+3)
- r+s+DE+s+2)r+s+3)
- 6
If (A, By) =r+s>(p—1)/4, then p =35 as above and A = ;. Again, X QY
has maximal weight 2z lying in the closure of the lowest alcove; hence X ® Y is
semisimple with p-restricted highest weights. If (A, ,BOV ) < (p—1)/4 we are done
as in (b).
If ¢ = SLs, write A =rw; +swy (r,s >0). If r+s5 > (p —1)/2, then

[((r+D(s+ DI(r+s5+2)

2
+1 +3
s+ D +s+2) -

- 2 - 2

p—1>dimL(\) =

Equivalently (p — 2)247 <0, which is impossible. Hence r +s < (p —3)/2, which
implies that the maximal weight of X ® Y lies in the lowest alcove. So X ® Y is
semisimple with p-restricted highest weights.

(e) We consider the case where (QO = SLJ and each W; is tensor-indecomposable as

a<§0[F -representation. Here, 0 ([F )_ SL,(F,)™, where [F, : F,]-m =n. Also, V is

irreducible, each W; is tensor-indecomposable, and SL; has no outer automorphism.

It follows that V = [EBf:l V,-]eak as 2@% -representations, where each V; is of
P
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the form 1X---X Vo X ---X 1 (precisely one factor is Vp), the V; are pairwise
nonisomorphic, and Vj is an irreducible SL,-representation such that 1 <dim Vy < p
with p-restricted highest weight.

(el) We claim that the span of the p’-elements of <§0([Fp) in End V contains the
span of J ([F )in End V.

If ¢ > p, note from the description of V; above that distinct weights of I I, on
V remain distinct on J (). Hence the span of J([F,) in End V equals the span of
J(F,) in End V.

If ¢ = p, we will show that the p’-elements of ‘50([Fp) span the same sub-
space of End V as does all of %O(Fp). First, from Proposition 4.4(iv), we de-
duce that £ = n. As the V; are distinct and irreducible ‘Qoﬁ -representations, by the
Artin—Wedderburn theorem we need to show that the p’—glements in ‘go([Fp) span
]_[?:1 End(V;), or equivalently its Cgo([Fp)—head. (Note that the span of the p’-
elements is CQ()([Fl,,)—s‘[able.) By Lemma 3.3, we see that the n representations
headzg()(l]:p) (End(V;)) have no (QO(I]:p)—irreducible constituent in common except for
the trivial direct summand of scalar matrices in End(V;). By Proposition 3.1, the
image of the p’-elements span End(V;) for any i. Hence it suffices to show that the
image of the p’-elements under the map

¢ F,) — F,
g = (tr(glv)iz;

spans [F;;. Note that as 1 < dim Vg < p, the split torus (* *) < SL(F,) has a
nontrivial eigenvalue x on Vj with multiplicity 1 or 2. Given 1 <i < n, there exists
an element in F,[7(F,)] that projects onto the 1 ® --- ® x ® --- ® 1 eigenspace
in any J ([, )-representation, so as p > 2 it has nonzero trace on V; but is zero on
@, V;- This proves the claim.

(e2) We claim that headg (End V) = headgo,,(End V), and moreover that any
highest weight of this repr/esentatlon is p-restricted.

Ifd < (p+1)/2, then by [Serre 1994] End V is a semisimple %’10 -module and
clearly any highest weight of End V is p-restricted. The claim follows

Ifd = (p+3)/2, note that head is compatible with direct sums, so we can consider
each V* ® V; separately. If i # j, then V* ® V; is irreducible with p-restricted
highest weight. If i = j, from Lemma 3.3 we get

headsy,,(Vy @ Vo) = L(0)S L) --- D L(p—1).

In particular, any highest weight of headcgo (V*®V;) is p-restricted. By Lemma 3.3,
showing

head(g(/)ﬁ (Vi ® Vi) = headgo, (V" ® Vi)
P
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is equivalent (after a Frobenius twist) to showing that
headsp, (T (2p —2 —2j)) = headsp, ¢, (T 2p —2 —2j))

for 0 < j < (p—3)/2. If ¢ = p this follows from Lemma 3.3, as d < p. This
in turn implies the statement for ¢ > p, as any irreducible SL,-constituent of
T (2p —2—2j) restricts irreducibly to SLy(F,) if ¢ > p and semisimply to SL, ().
This proves the claim.

(e3) Now, let .l denote the span of the images of the p’-elements of 4(F,) in
head%o([F y(End(V)). Note that [l is a Cgo(F )-subrepresentation. To prove weak
adequacy, it suffices to show that M = headqo ) (End(V)). By (e2) we have
that headq;o (End( V) = headq;o([g y(End(V)) and that distinct irreducible CQO -sub—

representatlons of headq;o (End(V)) restrict to distinct irreducible C50([F )- represen-
tations. Hence, any <§0([Fp) subrepresentation of headgqo (End(V)) is (QO([F )-stable.

By (el), we know that Jl contains the span of the i 1mage of J ([F ) - H. Therefore,

by Lemma 8 in [Guralnick et al. 2012], /M contains the span of the image of %([F ).

But the latter span equals head (End(V)) by the Artin-Wedderburn theorem. [
/B

5. Weak adequacy in cross-characteristic

Recall that, given a finite-dimensional absolutely irreducible representation ® : G —
GL(V), the pair (G, V) is called weakly adequate if End(V') equals

M:=(P(g) € P(G) : P(g) semisimple).

Assume k = k has characteristic p. First, we recall:

Lemma 5.1 [Guralnick 2012b, Lemma 2.3]. If G < GL(V) is p-solvable and
ptdimV, then (G, V) is weakly adequate.

In general, a key tool to prove weak adequacy is provided by the following
criterion:

Lemma 5.2. Let V be a finite-dimensional vector space over k and G < GL(V) a
finite irreducible subgroup. Write V|g+ = e ZEZ] W;, where the Gt -modules W;
are irreducible and pairwise nonisomorphic. Suppose there is a subgroup Q < G*
such that

() {Q8:g€G}={Q":x€ G}, and

(ii) the Q-modules W; are irreducible and pairwise nonisomorphic,
then N (Q) is an irreducible subgroup of GL(V). If, furthermore,
(iii) Ng+(Q) is a p’-group,
then (G, V) is weakly adequate.
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Proof. The condition (i) is equivalent to the equality G = NG, where N := Ng(Q).
Since G/G™ is a p/-group, this implies that N is a p’-group if Ng+(Q) is a p'-
group. By the Artin—Wedderburn theorem, it therefore suffices to show that N is
irreducible on V.

Set V; =eW; sothat V = @:":1 Vi, G := Ig(W) = Stabg (V) the inertia group
of the G*-module W; in G, and N| := NN Gy. Then we have that G{ = N\G™ and
[N : Ni]=[G : G{] =t. Trivially, the condition (ii) implies that the N *-modules
W; (1 <i <t), are irreducible and pairwise nonisomorphic, where we set N :=
Ng+(Q). It now follows that Ny = Iy (W), the inertia group of the N T-module W,
in N; moreover, N acts transitively on {V, ..., V;},and V|y = Ind%1 (V1ln,)). By
the Clifford correspondence, it suffices to show that the N;-module V; is irreducible.

Let @ denote the corresponding representation of G| on V; and let ¥ denote
the corresponding representation of G on W;. By [Navarro 1998, Theorem 8.14],
there is a projective representation W of G such that

Vi(n)=V¥(n), Win) =¥ x)Vi@n), Wi@mx)=VY@)¥(x)

foralln € GT and x € G;. Let a denote the factor set on G1/G ™" induced by ¥;. By
[Navarro 1998, Theorem 8.16], there is an e-dimensional projective representation
® of G1/G™ with factor set o~ ! such that D(g) =0(g) V¥ (g) for all g € G;.
(Here and in what follows, we will write ©(g) instead of ®(gG™).) Since ® is
irreducible, ® is irreducible.

Observe that N/N ™ is canonically isomorphic to G;/G™*. Restricting to Ny,
we then have that ®(g) = ©(g) ® V(g) for all g € Ny, ¥1(n) = ¥(n) for all
neNT, (¥) N, 18 a projective representation of Ny with factor set o, and Oy, /n+
is a projective representation of Nj/N* with factor set & ~!. Furthermore, © y, JN+
is irreducible. It follows by [Navarro 1998, Theorem 8.18] that @, is irreducible,
as stated. O

In certain cases we will also need the following modification of Lemma 5.2:
Lemma 5.3. Let V be a finite-dimensional vector space over k and G < GL(V) a
finite irreducible subgroup. Write V|g+ = e Zﬁzl W;, where the G -modules W;
are irreducible and pairwise nonisomorphic. Suppose there is a subgroup Q < G*
with the following properties:

() {Q%: g€ G} ={Q":x € GT).
(i) W; = A; ® B; as Q-modules, where all the 2t Q-modules A; and B; are
irreducible and pairwise nonisomorphic.

If{A1,..., A} and {By, ..., B} are two disjoint N-orbits on 1Br(Q) for N :=
NG (Q), then we have that Vy = A @ B as N-modules, where A and B are
irreducible, Ag = e(@f-:l A,'), and Bg = e(@f-:l B,-). On the other hand, if
{Ay, By, ..., A;, B} forms a single N-orbit, then N is irreducible on V.
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Proof. Again, the condition (i) implies that G = NG™. Adopt the notation G,
Ny, NT, ®, W, ¥, « of the proof of Lemma 5.2. As shown there, there is an
irreducible e-dimensional projective representation ® of G;/G™ with factor set
a~! such that ®(g) = O(g) ® ¥;(g) for all g € G1. Also, N;/N7 is canonically
isomorphic to G1/G™. According to (ii), (Wi)o = A; ® B;, with A; 22 B;. Hence
we can decompose (V;)o = C; @ D;, where (C;)g = eA; and (D;)p = eB;, and
define A :=@;_, C;, B:=@'_, D;.

(a) First we consider the case where {A|, ..., A;} and {By, ..., B;} are two disjoint
N-orbits. Then, for any x € N, every composition factor of the O-module x A is of
the form A; for some j, and every composition factor of B is of the form B;: for
some j'. Hence we conclude that x A = A, and similarly x B = B. Thus A and B
are N-modules. Certainly, N permutes Cy, ..., C; transitively and N; fixes C;. But
t =[N :Ni]; hence Ny =Staby(C;) and A = Ind%1 (C1). Since (C;)p =eA; and the
Q-modules A; are pairwise nonisomorphic, we also see that Ny = Iy (A;). Similarly,
Ny =1INn(B;) and B = Ind%I (Dy). Therefore, by the Clifford correspondence, it
suffices to prove that the Nj-modules C; and D, are irreducible.

Recall the decompositions (W1)p = A1 @ By and ®(g) = ©(g) ® W (g) for
all g € G|. Without loss, we may assume that the representation ¥ of G on W,
is written with respect to some basis (v, ..., vs45) Which is the union of a basis
(v1,...,v,) of A and a basis (Vg+1, ..., Vatp) Of By. Since ©(g) =0O(g)Q@WV;(g)
for all g € G acting on V|, we can also choose a basis

{ui®uvj:1<i<e,1<j=<a+b}

of V; such that ®(g) is written with respectto {u1, ..., u.} and W (g) is written with
respect to {vy, ..., va4p}. Forany x € Ny, writing © (x) = (6;;) and W1 (x) = (¥;/;),
we then have that

D(x)(u; ®vj) = Zei/in/jui’ Quj.
l'/,j/
Recall we are also assuming that the Q-modules A| and B are not N-conjugate.
Therefore, @ (x) fixes each of

Ci=uQu;j:1<i<e,1<j<a), Di=u®vj:1<i<e,a+l=<j=<a+b).

In particular, 6;/;% j ; =0 whenever j' > a and j <a. Now if ¢/ 70 for some j <a
and some j' > a, we must have 6;; =0 for all i, {’, i.e., ®(x) =0, a contradiction.
Similarly, ¥ ;:; = 0 whenever j > a and j' < a. Therefore, we can write

Wi (x) = diag(Wia(x), W15(x)) (5-1)

in the chosen basis {vy, . .., vys4p}. It also follows that W (y) fixes each of A| and B;
forall y e N*,i.e., A; and B; are irreducible N T-modules.
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Now, W1 (x)¥(y) = a(x, y)¥(xy) for any x, y € N;. Together with (5-1) this
implies that

Via()Wia(y) = alx, y)Wralxy), Wip(x)¥ip(y) =a(x, y)¥ig(xy),

i.e., both W14 and W, p are projective representations of N; with factor set «. Since
W (x) = W(x) for all x € N and (5-1) certainly holds for x € NT, we also see
that W4 extends the representation of N on Ay, and similarly ¥z extends the
representation of N™ on B;. By [Navarro 1998, Theorem 8.18], the formulae

DPp(g) =0(g)®W¥ia(g), Pp(g):=0(g) V¥ 5(g)

for g € N; define irreducible (linear) representations of N; of dimension ea and
eb (acting on C; and Dy, respectively), and so we are done.

(b) Next we consider the case N acts transitively on {Ay, ..., B;}. In this case,
N7 :=Iy(Ay) has index 27 in N and is contained in N;. Note that there is some
g € N such that Bf = A; as Q-modules. Certainly, such g must belong to Ny,
and also g interchanges C; and D;. Applying the arguments of (a) to g, we see
that W (g) interchanges A; and Bj. It follows that (W), is irreducible. In turn,
this implies by [Navarro 1998, Theorem 8.18] that ®, is irreducible, i.e., Nj is
irreducible on V;. But [Ny : N']=2and V| = C; @ D; as N;-modules. Hence C; is
an irreducible N7-module. Since N7 = Iy (A;) and C; is the A;-isotypic component
for O on V, we conclude by Clifford’s theorem that N is irreducible on V. U

Lemma 5.4. Let V be a finite-dimensional vector space over k and G < GL(V) a
finite irreducible subgroup. Write V|g+ = e Z;Zl W;, where the G*-modules W;
are irreducible and pairwise nonisomorphic. Suppose there is a subgroup Q < G™
with the following properties:

@ {Q¥:g€G}={Q":xeG"}.

(b) (W)o=A, ®Bi1 @ ® Bjs, where a :=dim A; #dim B;; forall 1 <i <t
and all 1 <1 <s, the Q-modules A;, B;; are irreducible, and the Q-modules
A; (1 <i <t)are pairwise nonisomorphic.

Then the following statements hold:

(1) Denoting N := Ng(Q), we have that Vy = A @ B as N-modules, where A is
irreducible, Ag = e(@le Ai) and By = e(@i’l Bﬂ).
(ii) Assume that N is a p'-subgroup, G is perfect, and that, whenever i # j, no

Gt -composition factor of W ® W is trivial. If all G -composition factors of
End(V)/M (if there are any) are trivial, then in fact M = End(V).
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Proof. (i) follows from same proof as Lemma 5.3. For (ii), note that since G* is
perfect it must act trivially on €/ End(V), i.e., M 2 [End(V), GT]. It follows that

MD[E;, GT] (5-2)
for €; := End(V;). On the other hand, Hom(V;, V;) = [Hom(V;, V;), G1], and so

M2 @ Hom(Vi, V)).

I<i#j=<t

It suffices to show that Al 2 €;; (and so by symmetry Jil D €y; for all 7).
Applying the Artin—Wedderburn theorem to N, we see that

M D End(A) D End(Cy), (5-3)
where (C1)g = eAj. Also, as in the proof of Lemma 5.3, we can write
Vi=U®W,, Ci=UQA,

such that U affords a projective representation ® of G;/G*T = N;/N™*, W, affords
a projective representation W of G| that extends the representation ¥ of G* on
Wi, and ®(g) = O(g) ® W,(g) for the representation ® of G on V.

Note that the subspace End(W;)° consisting of all transformations with trace 0
is a G*-submodule X of codimension 1 of End(W;). Next, as a GT-module,

€11 = End(V)) ZEnd(U) @ End(W;) = e” End(W)).

So we see that %ﬁ := End(U) @ End(W))° is a submodule of codimension e? in
€11, and all GT-composition factors of € /%fl are trivial. Since G is perfect, it
follows that €/, 2 [€11, GT]. But

dim Homgg+ (€11, k) = e* dim Homy+ (End(W)), k)

= ¢ dim Homy g+ (Wy, W)) = €.
Hence, %81*1 =[€11, G1], and so by (5-2) we have that
M > €], =End(U) ® End(W))°.
On the other hand, by (5-3) we also have that
M D End(Cy) =End(U) @ End(A)).

Obviously, End(W;)° +End(A;) = End(W)) (as End(A) contains elements with
nonzero trace). Hence we conclude that Jl O €, as stated. O



Adequate groups of low degree 103

We also record the following trivial observation:

Lemma 5.5. Let E be a kG-module of finite length with submodules X and M.
Suppose that N < G and that the N-modules X and E/X share no common
composition factor (up to isomorphism). Suppose that the multiplicity of each
composition factor C of X is at most its multiplicity as a composition factor of M
(for instance, X is a subquotient of M). Then M 2 X.

Proof. The hypothesis implies that the N-modules X and E/M have no common
composition factor. On the other hand, X/ (M N X) = (X + M)/M C E/M as
N-modules. It follows that X = M N X, as stated. O

Proposition 5.6. Let (G, V) be as in the extraspecial case (ii) of Theorem 2.4. Then
(G, V) is weakly adequate.

Proof. Decompose Vg+ =e 25:1 W; as in Lemma 5.2. Recall by Theorem 2.4(ii)
that R := 0,/ (G") < G acts irreducibly on each W;. First we show that if i # j
then the R-modules W; and W; are nonisomorphic. Assume the contrary: W; = W,
as R-modules. Then the Gt-modules W; and W; are two extensions to GT>R
of the R-module W;. By [Navarro 1998, Corollary 8.20], W; = W; ® U (as G-
modules) for some one-dimensional G*/R-module U. But G*/R is perfect by
Theorem 2.4(ii). It follows that U is the trivial module and W; = W as G*t-modules,
a contradiction.

For future use, we also show that the G*-module W; has a unique complex lift.
Indeed, the existence of a complex lift x of W; was established in [Blau and Zhang
1993, Theorem B]. Suppose that x’ is another complex lift. Then both x and x’
are extensions of « := xr, and « is irreducible since R is irreducible on W;. Then,
again by [Navarro 1998, Corollary 8.20], x’ = x A for some linear character A of
G*/R, and so A = 1g+,g as G* /R is perfect. Thus x' = x.

Now we write GT/R = S| x --- x S, with §; = § as in Theorem 2.4(ii). We
will define the subgroup Q > R of GT with

Q/R=0Q1%x---x 0y

as follows. If p =17 and S =PSL,(17), then Q; is a dihedral subgroup of order 16.
IfS$=9Q,, (2% withab=n (anda >2 as S is simple nonabelian), then Q; is chosen
to be the first parabolic subgroup (which is the normalizer of an isotropic 1-space in
the natural module F2}, of index (2" + 1)(2"? —1)/(2" = 1)). If § = Sp,(2)’ = Ae,
choose Q; = 32 : 4, of order 36. If § = Sp4(2b) with b > 2, we fix a prime divisor
r of b and choose Q; = Sp4(2h/’). For § = Sp,, (2%) with a > 3, we choose Q; to
be the first parabolic subgroup (which is the normalizer of a 1-space in the natural
module [F%Z, of index 2" — 1). In all cases, our choice of Q; ensures that the
p’-subgroup Q; is a maximal subgroup of S; and, moreover, that the S;-conjugacy

class of Q; is Aut(S;)-invariant. In particular, Ng+(Q) = Q. Also note that any
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g € G normalizes R and permutes the simple factors S; of G /R; in fact, its action
on G /R belongs to Aut(S") = Aut(S)?S,. It follows that Q satisfies conditions (i)
and (iii) of Lemma 5.2. Since W; 22 W; as R-modules for i # j, W; 2 W; as
Q-modules as well. Hence we are done by Lemma 5.2. ([

Theorem 5.7. Suppose (G, V) is as in case (i) of Theorem 2.4. Then (G, V)
is weakly adequate unless one of the following possibilities occurs for the group
H < GL(W) induced by the action of G' on any irreducible G -submodule W of V :

1) p=(@"—1)/(g—1),withn >3 a prime, and H = PSL, (g).
(ii) (p,H,dim W)=(5,2A7,4), (7,6,-PSL3(4),6), (11,2M,,10), or (19,3J3,18).

Proof. (a) Arguing as in part (b) of the proof of Theorem 2.4 (and using its notation),
we see that for each i there is some k; such that the kernel K; of the action of G
on W; contains l_[j;ék,- L;, and so Gt actson W, as H; = Ly, /(Ly, N K;). We aim
to define a subgroup Q > Z(G™") of G such that

O0=01*%02%---%Qy,

where Q;/Z(L;) <L;/Z(L;)=:S; =S and Q satisfies the conditions of Lemma 5.2.
In fact, we will find Q; so that the p’-subgroup Q;/Z(L;) is a maximal subgroup
of S; and, moreover, the S;-conjugacy class of Q;/Z(L;) is Aut(S;)-invariant.
To this end, we first find Q;; then for each i > 1, we can fix an element g; €
G conjugating S; to S; and choose Q; = Qf'. Since G fixes G' and Z(G™")
and induces a subgroup of Aut(S):S, while acting on G*/Z(G") = §", it fol-
lows that Q satisfies conditions (i) and (iii) of Lemma 5.2. Moreover, in the
cases where

Gt=L; x---xL,XH", (5-4)

then we can also write Q = Q1 X --- X Q,, which simplifies some parts of the
arguments.

(b1) Suppose first that we are in the case (bl) of Theorem 2.1. Assume that
(H, p) = (Spy,(q), (¢" +1)/2). Here H is the full cover of S, so (5-4) holds.
Then we choose Q; to be the last parabolic subgroup of Sp,,(¢) (which is the
stabilizer of a maximal totally isotropic subspace in the natural module [Ff]"). Then
Q:/Z(L;) is a maximal p’-subgroup of §; and, moreover, the S;-conjugacy class
of Q;/Z(L;) is Aut(S;)-invariant. By [Guralnick et al. 2002, Theorem 2.1], the
H-module W is one of the two Weil modules of dimension (¢" — 1)/2 of H =
Sp,,,(¢). Furthermore, by [Guralnick et al. 2002, Lemma 7.2], the restrictions
of these two Weil modules of L; to Q; are irreducible and nonisomorphic. It
follows that if W; 22 W; as GT-modules and K; = K;, then W; 2 W; as Q-
modules. On the other hand, if K; # K, then k; # k; (otherwise we would have
Ki=K;= ]_[a#k[_ L, since Ly, acts faithfully on V;), whence K; N Q # K; N Q
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and so W; 22 W; as O-modules. Thus condition (ii) of Lemma 5.2 holds as well,
and so we are done.

Consider the case (H, p) = (2Ru,29). Then H is the full cover of S and so
(5-4) holds. Choose Q; to be a unique (up to L;-conjugacy) maximal subgroup
of type (2 x PSU3(5)) : 2 of L;; see [Conway et al. 1985]. Note that L; has a
unique conjugacy class 3A of elements of order 3. By using [Jansen et al. 1995]
and [Conway et al. 1985], and comparing the character values at this class 3A, we
see that L; has two irreducible p-Brauer characters ¢, ¢», of degree 28, and their
restrictions to Q; yield the same irreducible character of Q;. Now, if K; # K ;, then
ki #k; (as W is a faithful k H-module), whence K;NQ # K;NQ and so W; 2 W; as
Q-modules. Suppose that K; = K ;. By Clifford’s theorem, there is some g € G such
that W; = Wl.g as G-modules, and so as L;-modules as well. In this case, g induces
an automorphism of L; = 2Ru. But all automorphisms of Ru are inner [Conway
etal. 1985], so W; and W; afford the same Brauer L;-character, whence W; = W as
G'-modules. Thus condition (ii) of Lemma 5.2 holds as well, and so we are done.

Next assume that (H, p) = (SU,(q), (¢"+1)/(g+1)); in particular n > 3 is odd.
Since H is simple, (5-4) holds. Then we choose Q; to be the last parabolic subgroup
of SU, (¢) (which is the stabilizer of a maximal totally isotropic subspace in the
natural module [F’;z). Then the p’-subgroup Q; is a maximal subgroup of S; and the
S;-conjugacy class of Q; is Aut(S;)-invariant. Next, if n > 5 then by [Guralnick
et al. 2002, Theorem 2.7], PSU,,(¢) has a unique irreducible module over k of
dimension p — 1 = (¢" — ¢q)/(g + 1), which is again a Weil module. Furthermore,
Lemmas 12.5 and 12.6 of [Guralnick et al. 2002] show that the restriction of this
Weil module of L; to Q; is irreducible. The same conclusions hold in the case
n =3 by Theorem 4.2 and the proof of Remark 3.3 of [Geck 1990]. It follows that
if W; 2W; as G™T-modules, then K; # K;, ki #kj (as W is a faithful k H-module),
whence K; N Q # K; N Q and so W; 22 W; as Q-modules. Thus condition (ii) of
Lemma 5.2 holds, and so we are done again.

Note that we have listed the cases (p, H) = (5, 2A7) and (19, 3J3) as possible
exceptions in (ii).

(b2) Suppose now that we are in the case (b2) of Theorem 2.1; in particular, p =7
and dim W = 6. Assume first that § = A;. The arguments in the cases L; = 3Ay
and 6A; are the same, so we assume L; = 6Ay. Then we choose Q;/Z(L;) to be a
unique (up to L;-conjugacy) maximal subgroup of type Ag. Restricting the faithful
reducible complex characters of degree 4 of 2A7 and 6 of 3A; [Conway et al. 1985]
to Q; (and comparing character values at elements of order 3), we see that Q; = 6Ag.
Now, using [Jansen et al. 1995], one can check that L; has six irreducible p-Brauer
characters of degree 6, and their restrictions to Q; are irreducible and distinct. Now
we can argue as in the case of Sp,, (¢g).
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Assume now that H =2J,, and so (5-4) holds. Choose Q;/Z(L;) to be a unique
(up to L;-conjugacy) maximal subgroup of type 3 - PGL;,(9) (see [Conway et al.
1985]). Also, using [Jansen et al. 1995], one can check that L; has two irreducible
p-Brauer characters of degree 6, and their restrictions to Q; are irreducible and
distinct. Now we can argue as in the case of Sp,,, (¢).

Suppose that H = 61 - PSU4(3). We will prove weak adequacy of (G, V) in two
steps. First, we choose M;/Z(L;) to be a unique (up to S;-conjugacy) maximal
subgroup of type T = SU3(3) of S; (see [Conway et al. 1985]). Since T has
trivial Schur multiplier, we have that M; = Z; x T, where Z; := Z(L;). According
to [Jansen et al. 1995], L; has two irreducible p-Brauer characters of degree 6,
which have different central characters. It follows that their restrictions to M; are
irreducible and distinct. Setting

M:=Mix---xM,,

we conclude by Lemma 5.2 that N := Ng (M) is irreducible on V; furthermore,
N/M =G/G™" is a p’-group. But note that M is not a p’-group. Now, at the second
step, we note that M <<N and N := or (N)= OP/(M) =T", and, moreover, each
irreducible N *-submodule in V has dimension 6. Also, recall that T = SU3(3) and
p =7. So we are done by applying the result of the case of PSU, (g).

(b3) Consider the case (b3) of Theorem 2.1; in particular, p = 11 and dim W = 10.
Putting the possibility H = 2M, as a possible exception in (ii), we may assume
that H = My, or 2M»,. Then we choose Q;/Z(L;) to be a unique (up to S;-
conjugacy) maximal subgroup of type Mg = Ag - 23 or PSL3(4), respectively, of
S; (see [Conway et al. 1985]). In the former case, H is simple and so (5-4) holds.
In the latter case, since H; = 2M»,, we see that the cyclic group Z(L;) < G* must
act as a central subgroup of order 1 or 2 of H; on each W;. Hence the faithfulness
of G on V implies that L; = 2M>;. Since PSL3(4) has no nontrivial representation
of degree 10, we must have that Q; =2 - PSL3(4) is quasisimple in this case. Now,
using [Jansen et al. 1995], one can check that L; has two irreducible p-Brauer
characters of degree 10, and their restrictions to Q; are irreducible and distinct.
Hence we can argue as in the case of Sp,, (q).

(b4) Suppose we are in the case (b4) of Theorem 2.1; in particular, p = 13 and
dim W = 12. Since H is the full cover of S, (5-4) holds. Then we may choose
Q,;/Z(L;) to be a unique (up to S;-conjugacy) maximal subgroup of type J; : 2 or
SL3(4) : 23, respectively, of S; (see [Conway et al. 1985]). Since J, has no nontrivial
representation of degree 12, in the former case we must have that Q; = (C3x2J,)-C3,
where C3 = 03(Z(L;)) and the C;, induces an outer automorphism of J,. Also,
according to [Breuer et al.], L; has precisely two irreducible p-Brauer characters
of degree 12, which differ at the central elements of order 3. Using [Jansen et al.
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1995], we can now check that the restrictions of these two characters to Q; are
irreducible and distinct, and then finish as in the case of Sp,, (¢). In the latter case
of L; =2G;(4), since SL3(4) has no nontrivial representation of degree 12 we must
have that Q; = (6 - PSL3(4)) - 23. Now, using [Jansen et al. 1995], one can check
that L; has a unique irreducible p-Brauer character of degree 12, and its restriction
to Q; is irreducible. Hence we can argue as in the case of PSU, (¢).

(c) Now we consider case (c) of Theorem 2.1; in particular, dim W = p —2. Assume
that H = A, with p > 5. Since H is simple, (5-4) holds. Choosing Q; =A,,_1, we
see that the p’-subgroup Q; is a maximal subgroup of S; and that the S;-conjugacy
class of Q; is Aut(S;)-invariant. Also, using [Guralnick and Tiep 2005, Lemma 6.1]
for p > 17 and [Jansen et al. 1995] for p < 13, we see that H has a unique
irreducible k H-module of dimension p — 2, and the restriction of this module to
A,_1 is irreducible. Now we can argue as in the case of PSU,(q).

Next suppose that (H, p) = (SLz(g), g+1); in particular, p is a Fermat prime and
H is simple so (5-4) holds. Choosing Q; < SL>(gq) to be a Borel subgroup (of index
p), we see that Q; is a maximal p’-subgroup of S; and that the S;-conjugacy class
of Q; is Aut(S;)-invariant. Also, using [Burkhardt 1976], one can check that H
has a unique irreducible k H-module of dimension p — 2, and the restriction of this
module to Q; is irreducible. Now argue as above.

Suppose that p =15 and H =3A¢ or 3A5. First we note that L; =3A; with s =6 or
s =T respectively. If not, then L; = 6A, but then, since H; = 3A,, O>(Z(L;)) must
act trivially on all W;, contradicting the faithfulness of G on V. Now we choose Q;
to be the normalizer of a Sylow 3-subgroup in L;, of order 108. It is straightforward
to check that N5, (Q;/Z(L;)) = Qi/Z(L;) and that the S;-conjugacy class of Q; is
Aut(S;)-invariant. Also, using [Jansen et al. 1995], one can check that H has two
irreducible 5-Brauer characters of degree p — 2, and the restrictions of them to Q;
are irreducible and distinct. Now we can argue as in the case of Sp,, (¢q).

Suppose that (p, H) = (11, M) or (23, M»3). Again (5-4) holds as H is simple.
Choosing Q; to be My = Ag - 23 (in the notation of [Conway et al. 1985]) or My;,
respectively, we have that Q; is a unique maximal subgroup of L; of the given
p’-order up to L;-conjugacy. Furthermore, L; has a unique irreducible k H-module
of dimension p — 2, and the restriction of this module to Q; is irreducible. Now
argue as in the case of PSU, (¢).

(d) Finally, we consider case (d) of Theorem 2.1: (p, H) = (11, J;) or (7,2A7).
Then we choose Q;/Z(L;) to be a unique (up to S;-conjugacy) maximal subgroup
of type 2° : 7 : 3 or Ag, respectively (see [Conway et al. 1985]). In the former
case, H is simple, and so (5-4) holds. In the latter case, note that L; is 2A;. If not,
then L; = 6A7, but then, since H; = 2A7, O3(Z(L;)) must act trivially on all W;,
contradicting the faithfulness of G on V. It then follows that Q; = 2A¢ (as any
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4-dimensional kAg-representation is trivial). Now, using [Jansen et al. 1995] one
can check that H has a unique irreducible p-Brauer character of given degree, and
its restriction to Q; is irreducible. Now we can argue as in the case of PSU, (¢). UJ

Next we use Lemma 5.3 to handle three exceptions listed in Theorem 5.7:

Proposition 5.8. In the case (p, H, dim W) = (19, 3J3, 18) of (ii) of Theorem 5.7,
(G, V) is weakly adequate.

Proof. Since H is the full cover of S, we have GT =L x---x L, = H". Since H
acts faithfully on W, for each i there is some k; such that the kernel K; of the action
of G* on W; is precisely || j#k L j- We define a subgroup Q of G such that

Q=01 % %0,

where Q;/Z(L;) = SL,(16) : 2 is a maximal subgroup of S; = L;/Z(L;) = Js.
Since SL;(16) has a trivial Schur multiplier and Z(L;) < Z(Q;), we have that
0; =3 x (SLp(16) : 2). Furthermore, the S;-conjugacy class of Q; is Aut(S;)-
invariant. Hence Q satisfies the condition (i) of Lemma 5.3.

Using [GAP 2004], one can check that L; has exactly four irreducible 19-Brauer
characters @1, @2, @3, @4 of degree 18, and (¢;) g, = oj + B;, with «; of degree 1
with kernel [Q;, Q;], B; of degree 17, and the 8; are all distinct. Now we show that
Q fulfills the condition (ii) of Lemma 5.3. Suppose that W; 22 W; as G -modules.
Then Q acts coprimely on W;, with character &; + ,gl-, where &; has degree 1 and
,5i has degree 17. If k; # k;, then &; and &; have different kernels and so are
distinct, and likewise B; and S8 ; are distinct. Suppose now that k; = k;. Then,
because of the condition W; 2 W;, we may assume that W; and W; both have
kernel K := L, x --- x L, and afford L-characters ¢y and ¢; with 1 <k #£[ <4.
Since the G-module V is irreducible, we have W; 2 W; = Wig for some g € G
which stabilizes K and Gt /K = L but does not induce an inner automorphism
of L. The latter condition implies that g interchanges the two classes of elements
of order 5 and inverts the central element of order 3 of L| [Conway et al. 1985].
The same is true for Q. It follows that oy # «;, Bx # B, and so

a #a;, Bi#pBj,
as claimed.
By Lemma 5.3, V = A @ B as a module over the p’-group N := Ng(Q), where
the N-modules A and B are irreducible of dimension e and 17¢, respectively. Hence,
by the Artin—Wedderburn theorem applied to N,

M:=(P(g): g € G, g semisimple )
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contains s := End(A) @ End(B) = (A* ® A) & (B* ® B) (if ® denotes the rep-
resentation of G on V). As in Lemma 5.3 and its proof, write A = EB;ZI C, =
e(Pi_, Ai) and B=ED;_, D; = e(P;_, B;) as Q-modules, where A; affords &
and B; affords B;. Hence, the complement to & in End(V) affords the Q-character

t ~ —
A = 62 Z (6[,,3, +,3,5lj)
ij=1
In particular, all irreducible constituents of Ajp, o) are of degree 17. The same must
be true for the quotient End(V')/JM.
As a GT-module,

t t
End(V) = P (V& V) = ez( P we Wj).
i,j=1 i,j=1
Observe that the G*-module W} ® W; is irreducible of dimension 324 if k; # k;.
Assume that k; =k, say k; = k; = 1. Using [GAP 2004] one can check that no irre-
ducible constituent of ¢ ¢; for 1 <k, [ <4 can consist of only irreducible characters
of degree 17 while restricted to the subgroup SL,(16) of L| = 3J5. It follows that
no irreducible constituent of the G -module End(V) can consist of only irreducible
constituents of dimension 17 while restricted to [Q, Q]. Hence Ml = End(V). [

Proposition 5.9. In the case (p, H, dim W) = (11, 2M,, 10) of (ii) of Theorem 5.7,
(G, V) is weakly adequate.

Proof. As H is the full cover of S, we have that GT =L x---x L, = H". Since H
acts faithfully on W, for each i there is some k; such that the kernel K; of the action
of G* on W; is precisely [];, L;. We define a subgroup Q of G* such that

Q=01x--x0h,

where Q;/Z(L;) = 2?“4 - S3 is a maximal subgroup of S; = L;/Z(L;) = My,.
Note that the S;-conjugacy class of Q; is Aut(S;)-invariant. Hence Q satisfies
condition (i) of Lemma 5.3.

Using [GAP 2004], one can check that L; has exactly two irreducible 11-Brauer
characters ¢y, ¢, of degree 10, and (¢;)o, = a + B;, with o of degree 4, B; of
degree 6, and B # B,. Furthermore, Z; := Z(Q;) = Cg, and

oz, =4)\'a (ﬁj)z, =6,LL, (5'5)

where XA and u are the two linear characters of Z; that are faithful on Z(L;) < Z;.
In particular,

(aBj)z, =24v (5-6)
with v :=2Au #1z,.
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Now we show that Q fulfills condition (ii) of Lemma 5.3. Suppose that W; 22 W;
as G*t-modules. Then Q acts on W;, with character &; + Bi, where @; (1) =4 and
Bi(1) =6. If k; # kj, then &; and o ; have different kernels and so are distinct, and
likewise f; and B ; are distinct. In particular, in this case W ® W is also irreducible.
Suppose now that k; = k;. Then, we may assume that W; and W; both have kernel
K :=Lyx---x L,, and afford L;-characters ¢, and ¢; with 1 <k, [ <2. Since the
G-module V is irreducible, we have W; = Wig for some g € G which stabilizes K,
and GT/K = L. But ¢ is Aut(L1)-invariant [Jansen et al. 1995], whence [ =k,
ie., W; = W;, a contradiction.

By Lemma 5.3, V = A @ B as a module over the p’-group N := N5 (Q), where
the N-modules A and B are irreducible of dimensions 4e and 6e, respectively.
Hence, by the Artin—-Wedderburn theorem applied to N,

M:=(P(g): g € G, g semisimple )i

contains s := End(A) @ End(B) = (A*® A) & (B* ® B) (if ® denotes the rep-
resentation of G on V). As in Lemma 5.3 and its proof, write A = @f: 1 Ci =
6(69;:1 Ai) and B = @le D; = e(@§:1 Bi) as Q-modules, where A; affords &;
and B; affords §;. Hence, the complement to s in End(V) affords the Q-character

t
A= ¢? Z (O~(i/§j +/§,'5tj).
i,j=1
Together with (5-5) and (5-6), this implies that the restriction of any irreducible con-
stituents of A to Z(Q)=Z; x---x Z, does not contain 1z(p). Thus Z(Q) acts fixed-
point-freely on the quotient End(V')//M. Furthermore, the Q-character of this quo-
tient does not contain f; 8 ; (as an irreducible constituent of degree 36) for any i # j.
As a GT-module,

t t
End(V) = @ VeV = e2< @ W'® Wj).
ij=1 ij=1
Now, if i # j then the GT-module W* ® W; is irreducible and its Brauer character,
while restricted to Q, contains ;8 ;. On the other hand, the Brauer character of
W* ® W; is the direct sum of 15+ and another irreducible character of degree 99
(as one can check using [GAP 2004]), whose restriction to Z(Q) contains 1z,
(which can be seen from (5-5)). Hence we conclude that Al = End(V). O

Lemma 5.10. Let char(k) =5 and let W be a faithful irreducible k(257)-module of
dimension 8, with corresponding representation ®. Decompose Wy =W @ W, as L-
modules for L =2A7. Then there is a 5 -element 7 € 257\ L and a set ¥ C L such that

(1) x and xz are 5'-elements for all x € ¥, and
(i) (®(x) :x € X)x = End(W;) @ End(W>).



Adequate groups of low degree 111

Proof. Using [Wilson et al.] and [GAP 2004], K. Lux verified that one can find
an element i € 257\ L (of order 12) and a set & C L satisfying condition (i) such
that (®(xz) : x € &) has dimension 32. Since ®(z) € GL(W), it follows that
(®(x) : x € X)y is a subspace of dimension 32 in End(W;) & End(W,). Since the
latter also has dimension 32, we are done. O

Proposition 5.11. In the case (p, H, dim W) = (5, 2A7, 4) of (ii) of Theorem 5.7,
(G, V) is weakly adequate.

Proof. (a) Recall that Gt = Ly % - - - * L,, and for each i there is some k; such that
the kernel K; of G contains [] j#k L j- By relabeling the W;, we may assume that
ki =1. Now, L acts on each W; either trivially or as the group H; =2A7. It follows
that O3(Z (L)) acts trivially on each W; and so by faithfulness O3(Z(L;)) =1,
yielding L; = 2A7. On the other hand, L;/(K; N Ly) = H; = 2A;, whence
KiNnLi=1,K, = ]_[j;,él L ;. This is true for all i, so we have shown that

Gt=LyxLyx---xL,=H".

Certainly, G permutes the n components L;, and this action is transitive by Theorem
2.4(1). Setting J; := Ng(L1), one sees that G| = I (W) = Stabg (V) is contained
in J; (as it fixes K; = ]_[j>1 L;). Fix a decomposition G = U§=1 giJ1 with
gi=1and L; = L‘fi = gl-ngl._l, and choose a subgroup Q| < L; such that
01/Z(L1) =PSL;,(7). Since involutions in A7 lift to elements of order 4 in L;, we
see that Q1 = SL,(7). Now we define

0=01xQ0F x---xQ0f" <G*.

Note that Ng+(Q) = Q and so N := N (Q) is a p’-group. Also, L has exactly
two irreducible 5-Brauer characters ¢, ¢ of degree 4, restricting irreducibly and
distinctly to Q.

(b) Consider the case where k; # k; wheneveri # j,ie., J =G andt =n. We
claim that Q satisfies the conditions of Lemma 5.2. Indeed, the condition k; # k;
implies that the Q-modules W; and W are irreducible and nonisomorphic for i # j.
Next, for any x € Ji, since x fixes W; (up to isomorphism), x fixes the character ¢
of the Li-module W; and so x cannot fuse the two classes 7A and 7B of elements
of order 7 in L, whence x can induce only an inner automorphism of L. It follows
that Q7 = Q for some 1 € L;. Now we consider any g € G. Then, for each i we
can find j and x; € J; such that gg; = g;x;. By the previous observation, there is
some t; € L such that Q’f" = tll Hence, setting y; = g;1; gj_1 € L;, we have that

O = 0" = gixi Q1x g =gt 017 g = vig; 01g; 'y = (@)
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It follows that Q¢ = QY with y = [[; » € G™, i.e., Q fulfills condition (i) of
Lemma 5.2. Now we can conclude by Lemma 5.2 that N is irreducible on V and
so we are done.

(c) From now on we assume that, say, k; = kp. Then W, and W, are nonisomorphic
modules over G /K| = L. So we may assume that W; affords the L;-character ¢;
fori =1, 2. Note that any x € J; sends W, to another irreducible G*-module with
the same kernel K, and so ¢ € {¢1, ¢2}. The irreducibility of G on V implies by
Clifford’s theorem that the induced action of J; on {¢1, ¢,} is transitive, with kernel
G1. We have shown that [J] : G|] =2 and t = 2n. We will label g; (W) as Wy;_;
and g;(W,) as Wy;. We also have that W, = Wlh for all & € J; \ G;. Comparing
the kernels and the characters of Q on W;, we see that the Q-modules W; are all
irreducible and pairwise nonisomorphic. Let

t n
€1 =P End(V) = P st sl; := End(Vai—1) @ End(Va),
i=1 i=1
n
€21 = @%i, B; :=Hom(Va;_1, V2;) ® Hom(Vy;, Vai_1),
i=1
€ 1= @ Hom(V;, V;)
1<izj<2n
{i,/}#{2a—1,2a}

so that End(V) = €1 ®€»1 ® €5,. Note that the G -composition factors of €, are
all of dimensions 6 and 10, whereas the G -composition factors of €; are either
trivial or of dimension 15, as one can check using [Jansen et al. 1995]. Furthermore,
the GT-composition factors of €5, are all of dimension 16. In particular, no G-
composition factor of Hom(W;, W;) is trivial when i # j. Similarly, whenever
i # j, the only common G*-composition factor shared by «{; and «; is k, and %;
and B share no common G*-composition factor.

(d) Here we show that «; @ AB; is a subquotient of (. To this end, note that J;
acts irreducibly on V; @ V,. There is no loss in replacing G by the image of J; in
End(V; @ V,) and V by V| @ V,. In doing so, we also get thatn =1, Gt = L1,
[G:G1]1=2,Ky=1,and G| = C % Ly, where C := Cs(L) is a 5'-group. So for
i =1,2 we can write V; = U; ® W; as G1-modules, where U; is an irreducible kC-
module with corresponding representation A;. Hence for the representation ®; of
G onV;, wehave ®; = A; ®0;, where O; is the representation of L on W;. Finally,
for the representation ® of G on V =V @ V,, we have ®(g) =diag(P(g), P2(g))
whenever g € G .

Recall the element z € 257 and the set ¥ C L constructed in Lemma 5.10. Now
we fix a 5'-element i1 € G\ G such that & induces the same actionon L/ Z (L) =A;
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as the action of z on A5. It follows that for all elements x € ¥ and for all u € C,
ux and uxh are 5'-elements, whence .l contains the subspaces

€ .= (Pux):ueC,xeX), COH):={vd): :vee]

We also have that ®, = @lf = ©7. Setting O (x) = diag(®;(x), O2(x)) for x € ¥,
we have by the construction of ¥ that

(O() :x € X)) = End(W;) & End(W5).
Thus, for X € End(W)), we can write the element diag(X, 0) of End(W|) ®End(W>)
as diag(X, 0) = ) 4 a,©O(x) for some a, € k; i.e.,

Y a®x) =X, ) a;0(x)=0.

xeX xeX

On the other hand, applying the Artin—Wedderburn theorem to the representation
A; of the 5'-group C on U;, we have that

(Ai(u) 1 u € C)r =End(U;).

In particular, any ¥ € End(U;) can be written as ¥ = ) - b, A1(u) for some
by, € k. It follows that the element diag(¥Y ® X, 0) of

End(U;) ® End(W;) = End(U; ® W;) = End(V;) — End(V)
can be written as

diag( Y M) ®01x), Y. buam(u)@@z(x))

ueC, xe¥ ueC, xe¥

= ) by diag(®ix), ©2ux)) = Y axbyP(ux),

ueC, xe¥ ueC, xe¥

and so it belongs to €. Thus € D End(V}), and similarly € > End(V>). Since G
stabilizes each of V| and V,, we then have that

% = End(V)) ® End(V,) = A,;.
But @ (h) interchanges V| and V5. It follows that .l also contains
©€®(h) = Hom(Vy, V2) @ Hom(V2, V) = By,

as stated.

(e) Next we show that €, is a subquotient of Jl. Choose R; =2 x (7:3) < L;, the
normalizer of some Sylow 7-subgroup of L;. Note that N, (R;) = R; and

((p])Rl :Ol]"l_,B’ (5_7)
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where o, B € Irr(R;) are of degree 3 and 1, respectively, and o| # a,. Defining
R=R XRyx---xR,<GT,

we see that R satisfies the conditions of Lemma 5.4. Hence the subspace A =
e(Bi_; A;) defined in Lemma 5.4 (with A; affording the R;-character «;) is
irreducible over the p’-group Ng(R). By the Artin—~Wedderburn theorem applied
to Ng(R) acting on V = A & B, Jl contains

End(A)D%:= @)  Hom(eA;, eA)).
1<i#j<2n
{i,j1#{2a—1,2a}

As noted previously, each summand Hom(V;, V;) in €5, is acted on trivially by
l—[s;ék,-,kj Ly, and affords the Ly, x Ly,-character ¢ ® ¢, where ¢, ¢’ € {1, p2}.
Working modulo €, & €é,; and using this observation and (5-7), we then see that all
irreducible constituents of the R-character of the complement to & in €5, are of the
form Y| ® Y2 ® - - - ® ¥, where y; € Irr(R;) and all but at most one of them have
degree 1 (and the remaining, if any, is some «; of degree 3). The same is true for
the complement to Jl in €, (again modulo €| & €,1). On the other hand, (5-7) and
the aforementioned observation imply that the R-character of the G*-composition
factor Hom(W;, W;) contains an irreducible R-character of degree 9 (namely, an
Ry, x Ry;-character of the form o ® o, with «, & € {a1, a2}). It follows that €2,
is a subquotient of J.

(f) The results of (d) and (e), together with the remarks made at the end of (c),
imply that all G*-composition factors of End(V) /.l (if any) are trivial. Hence by
Lemma 5.4 we conclude that Al = End(V). O

6. Weak adequacy for special linear groups

The exception (i) in Theorem 5.7 requires much more effort to resolve. We begin
by setting up some notation. Let n > 3 and let g be a prime power such that
p=1(q" —1)/(g —1). In particular, n is a prime, ¢ = g; for some prime gy and
some odd f, gcd(n,g—1)=1and so PSL, (¢) =SL,(¢)=:Sand G, :=GL,(q) =
S x Z(G,,). Consider the natural module

N=Fy=(er,..., e,

for G, and let
Q = RL = Stabg({ea, . .., ex)F,),

where R is elementary abelian of order g¢" "and L = GL,_(¢q). Note that Q is
a p’-group. It is well known (see [Guralnick and Tiep 1999, Theorem 1.1]) that
G,/Z(G,) has a unique irreducible p-Brauer character § of degree p — 2, where
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3(x) = p(x) — 2 for all p’-elements x € G, if we denote by p the permutation
character of G, acting on the set Q2 of 1-spaces of N. Let % denote a kG,-module
affording 8.

Lemma 6.1. In the above notation, §g = a + B, where a € Irr(Q) has degree
q" ' =1, B eIrr(Q) has degree (q”_1 —q)/(q—1),and
ar= Y h Br=pDIg.
1r#A€lr(R)

Proof. Note that all nontrivial elements in R are L-conjugate to a fixed transvection
teR,and§(t) =p(t)—2= (q”*1 —q)/(g — 1) — 1. It follows that

n—1 _

q

q
Sp = A+ — 1p.
R Z + q— 1 R
1r#Aelm(R)
Next, Q acts doubly transitively on the 1-spaces of (ey, ..., €n)F,s with kernel con-
taining R and with character 410, where g € Irr(Q) of degree " '=q)/(q-1).
Hence B is an irreducible constituent of 4, and the statement follows. (Il

In the subsequent treatment of SL,(g), it is convenient to adopt the labeling of
irreducible CG,-modules as given in [James 1986], which uses Harish-Chandra
induction, denoted o. Each such module is labeled as S(s1, A1) o0 S(Sm, Am),
where s; € F; has degree d; (over [F,), A; is a partition of k;, and Z;":l kidi =n
[James 1986; Kleshchev and Tiep 2009]. Similarly, irreducible kG,-modules are
labeled as D(sy, A1) o --- 0 D(su, Ap), With some extra conditions including s;
being a p’-element. For A - n, let x* = S(1, 1) denote the unipotent character of
GL,(g) labeled by A. We set the convention that x "=22? = 0 for n = 3. Also,
note that 1, = x™ and p = 1g, + x =D (see, e.g., [Guralnick and Tiep 1999,
Lemma 5.1]). We next establish the following result, which holds for arbitrary
GL, (q) with n > 3 and which is interesting in its own right:

Lemma 6.2. In the above notation, we have the following decomposition of p* into
irreducible constituents over G,, = GL,(q):

p? =20 4TI 4 ) (1722 49y 02219 1N s, (1) 0 S(1, (1~ 2)

acky
a’=1#a
+ > S (1))oS@ ', (1) oS, (n—2))
aqjiiéf
+ > Skb.(1) oS, (n—2)).
acky

bt =1£b>
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Proof. Recall that p is the permutation character of G, acting on €2 and also on
the diagonal {(x,x) : x € @} of Q x Q, whereas p? is the permutation char-
acter of G, acting on © x Q. Letting H, := Stabg, ({(e1)r,, (e2)r,), we then
see that

P = p+Indj (1,).

Notice that Indg:(lHn) is just the Harish-Chandra induction of the character
Indflz(l ) ® 1g, , of the Levi subgroup G, x G,_, of the parabolic subgroup
P :=Stabg, ({(e1, e2)r,)
of G,,i.e.,
Indyy (1,) = Ind3? (1) 0 16, . (6-1)

Consider the case of odd g. Then, according to the proof of [Navarro and Tiep
2010, Proposition 5.5],

Ind$ (17,) = S(1, 2)) +28(1, (1) + S(~1, (12)
+a ) S@ (M)oS@ .+ Y SbB.(1). (62)
acky acfF}

q
a‘lil:I;éaz bq+1:1;ﬁb2

Next, by [Guralnick and Tiep 1999, Lemma 5.1] we have
S(1, @)eS(1, (1=2) =Indp" (1p) = x W +x "4 722, (6-3)

S(1, (1))oS(1, (1))oS(1, (1—2)) = x W42y "~ 1Dy x =22 =219 (5 4)

Since S(1, (1))oS(1, (1))=S(1, (2))+S(1, (1%)), the statement follows from (6-1)—
(6-4) and properties of the Harish-Chandra induction in G, (see [James 1986]).
The case ¢ is even can be proved similarly, using

Ind§ (1) = S, @) +251, 1)+ Y S (1)oS@™, (1))

ae?;
al~'=1sa? + Z S, (1))
aeﬁ;
pIt =14b?
instead of (6-2). -

Lemma 6.3. In the above notation, if p = (¢" —1)/(g — 1), we have the following
decomposition of 82 into irreducible constituents over S = SL,(q):
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82 =2D(1, (n)) +2D(1, (n —1, 1)) + D(1, (n —2,2)) +2D(1, (n — 2, 1%))
+ Y D, (1))oD(l, (n—2))

acky
a’=1+#a
+ Z D(a, (1)) oD(a™", (1)) o D(1, (n —2))
aeﬁ;
al™'=1#a?
+ > D®.(1)oD(, (n—2)).
bekFy
hq+1=l#b2

In particular, if there is a composition factor U of the kS-module % ® % with
UR=0,thenn=3and U affords the Brauer character D(1, (13)). Furthermore,
the only composition factors of 9 @ D that are not of p-defect zero are the ones with
Brauer character 1s = D(1, (n)), 8 = D(1, (n — 1, 1)), and D(1, (n — 2, 1%)).

Proof. Let us denote by x° the restriction of any character x of G, to the set of
p’-elements of G,,. Then

8% =(p°=2-1g,)> = (p°)* = 4"y,

and we can apply Lemma 6.2. Since p = (¢" — 1)/(g — 1) (or more generally, if p
is a primitive prime divisor of g” — 1), all complex characters in the decomposition
for p? in Lemma 6.2 are of p-defect 0, except for x ™, x @11 and x"=21%,
Furthermore, (x"~219)° = D(1, (n — 1, 1)) + D(1, (n — 2, 1)) [Guralnick and
Tiep 1999, Proposition 3.1 and §4]; in particular,

q@" —q)(g" —2¢*+ 1)
(g—D(g>—1)

Since G, = S x Z(G,), we arrive at the desired decomposition of 82. Also,
the degree of any irreducible constituent ¥ of 82 listed above is not divisible by
IRl —1=¢""!'—1,unless n =3 and ¥ = D(1, (1%)), whence & must contain
1 since L acts transitively on Irr(R) \ {1g}. In the exceptional case, ¥z does not
contain 1g, as one can see by direct computation (or by using [Kleshchev and Tiep
2010, Theorem 5.4]). O

Corollary 6.4. Assume that p = (q" —1)/(q — 1) andn > 5. Then S = SL,(q) is
weakly adequate on 9.

D(1, (n—=2,1*)(1) = +1.

Proof. By Lemma 6.1 and the Artin—Wedderburn theorem applied to Q, Jl contains
the subspace o := (AR A) ® (B R B) of ¥ ® WD = End(%), with A affording «
and B affording 8. Thus, the complement to &{ in End(V') affords the Q-character
A :=2ap. It follows by Lemma 6.1 that Ag does not contain 1, whence R does
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not have any nonzero fixed point while acting on this complement. The same must
be true for the quotient End(V') /M, which is a semisimple Q-module. Since n > 3,
by Lemma 6.3 this can happen only when i = End(V). ([

Next we will extend the result of Corollary 6.4 to the case n = 3.

Proposition 6.5. Assume that p = (q°> —1)/(q — 1). Then S = SL3(q) is weakly
adequate on 9.

Proof. Note that § is invariant under the graph automorphism = of S, which
interchanges the two conjugacy classes of the maximal parabolic subgroup

Q = RL = Stabg(‘U) = Stabs((e1, e2)r,)
and its opposite

Q° = R*L® = Stabs({e1)r, ).

Hence Lemma 6.1 also applies to Q. To simplify the notation, we will drop the
subscript [, in various spans (- )g, in this proof.

First we will construct the Q-submodules s, % affording the character o and 8
in 9. Clearly, R has g + 1 fixed points in P and one orbit of length ¢,

0:={(es+y):yelU,

on Q = PN. Denoting § := (3", cpy @)
Q-modules, where

d:=[D, R] = <{Zay(e3+y) : ayek,zay=o}@9) /9.

> We can now decompose 9 = o & B as

yeu yeu
B :=Cy(R) = ({ > bow b,k Y bwzo}ew) /9.
wePU wePU

Next, R? has 1 fixed point (e1) and g + 1 orbits of length ¢,
Oco :=PUN\ {{e1)}, O.:={(ez+cer+de):decl,}, cely,,

on PN. Then we can again decompose ¥ = s4* @ B* as QF-modules, where
sd* = [@, R*] and B* = Cq (R?). Note that 0 = PN\ PU = J,f, Oc. Hence, the
q(q — 1) vectors

Ved = (e3+cer+der) —(es+cer), cely, del]
belong to o4 N s4*, and similarly the ¢ — 1 vectors

U, ={er+ae)) —{ez), ae F;
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belong to B N s4*, and they are linearly independent. Thus
Ua ®Veq € (A QANN(B@sA) and  veg @ uq € (A @A) N (A QB),

and so both (s4° @ A4*) N (B oA) and (4 ® s4¥) N (4 ® B) have dimension at least
g(g — 1)>. As a consequence,

dim((s4* @ A*) N (AR B BB R ) > 2¢g(q — 1)>. (6-5)

Since 9 is self-dual, it supports a nondegenerate S-invariant symmetric bilinear
form (-, -), with respect to which &{ and % are orthogonal, as are A% and B?. As
usual, we can now identify ¥ ® % with End(%) by sending u ® v € 9 ® 9 to

Juv:ix = (x,u)v

for all x € 9. Furthermore, in the proof of Corollary 6.4, we have already mentioned
that .l contains the subspaces End(s{) ® End(%) (arguing with Q) and End(s4*)
(arguing with QF). It now follows from (6-5) that

dim(End(s4*) N (Hom(s4, B) @ Hom(B, s1))) > 2q(q — 1)%.
Hence for ¢ > 5 we have that
dimEnd(@) — dim M < (¢ +¢ — 1)> = (> = D?> —¢> = 2q(q — 1)?
=4q(q—1) < (g —1)(g* —1) =dim D(1, (1*)).

On the other hand, Lemma 6.3 and the proof of Corollary 6.4 show that the only
S-composition factor of End(%)/M (if any) is D(1, ( 13)). Hence, we conclude that
M =End(V) if g > 5. Since p = (¢> —1)/(g — 1), in the remaining cases we have
g =2, 3. The case ¢ =2 is already handled before as § = PSL;(7), and the case
g = 3 has been checked with a computer by F. Liibeck. O

Now we can prove the weak adequacy of G on V in the case the G*-module
is homogeneous.

Proposition 6.6. Assume thatt =1, i.e., the G -module V is homogeneous in the
case (p, H,dim W) = ((¢" — 1)/(q — 1),SL,(q), p — 2) of Theorem 5.7. Then
(G, V) is weakly adequate.

Proof. Since V |G+ = eW, by Theorem 2.4 we have that Gt = § = SL,,(¢). Recall
that gcd(n,g —1) =1and g = q({ , where ¢gq is a prime and f is odd; in particular,
Out § = Cyy is cyclic. It follows that L := C x § <G = (L, t) for some 1 € G,
and C := Cg(S) is a p’-group. Let W denote the corresponding representation
of S on W and ® denote the corresponding representation of G on V. Then, by
Corollary 6.4 and Proposition 6.5, we have that

(W (y):y €S,y semisimple); = End(W).
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First we consider the case where V. is irreducible. Then V = U ® W, where
U is an irreducible kC-module and C acts trivially on W. Let ® denote the
corresponding representation of C on U. By the Artin—-Wedderburn theorem,
(O() :x € C)y =End(U). Since (xy) =0Ox) QW (y) forx € C, y € S, and
since C is a p’-group, we conclude that M contains X ® Y for all X € End(U) and
Y € End(W), i.e., M = End(V).

Assume now that V, is reducible. Note that V, is semisimple and multiplicity-
free, as G/L is cyclic. Since W is t-invariant, it follows that

VL:VIEBVZ@@Vs;(Ul@U2@®US)®W7

where V; = U; ® W for some pairwise nonisomorphic irreducible kC-modules
Uiy, ..., U, (t) acts transitively on the set of isomorphism classes of Uy, ..., Us,
C acts trivially on W as before, and ® () permutes the summands Vi, ..., V; transi-
tively. Let ®; denote the corresponding representation of C on U;, and let ® denote
the corresponding representation of C on U :=U®- - -@U;. Since U; 2U fori # j,
by the Artin—Wedderburn theorem, (®(x) : x € C);y =End(U;) @ - - - @ End(Uy). It
follows as above that Jl contains X ® Y for all Y € End(W) and all X € End(U;)
(viewing X as an element of End(U) by letting it act as zero on U; for all j #i).
In other words, Jl contains the subspace End(V|) @ - - - @ End(V;) of End(V).

It remains to show that Jl contains Hom(V;, V;) for any i # j. Since ®(1)
permutes the summands Vi, ..., V; transitively, we can find o € (7) \ CS such that
® (o) sends V; to V; and such that o induces a nontrivial outer automorphism of S.
Observe that the condition p = (¢" — 1)/(g — 1) implies that all elements in the
coset So are p’-elements. (Indeed, assume that xo has order divisible by p for
some x € S. Then some p’-power g of xo is a p-element in S. It follows that o
preserves the conjugacy class g3, which is impossible by inspecting the eigenvalues
of g.) So all elements in Lo are p’-elements. Hence .l also contains the subspace

A:=(Pho):helL)yy=(Ph):hel)- (o).
Again, by the Artin—Wedderburn theorem,
(®(h):he L)y =End(V))®---®End(Vy).
Since ® (o) sends V; (isomorphically) to V;, we conclude that
s D End(V;, Vj))®(0) =Hom(V;, V)),
and so J = End(V). U
Next we consider the subgroup

Q' = R'L' = Stabs({en)5,, (€2, - - - » €n)F,),
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where R’ is a go-group of special type of order ¢?*~3 and L’ = GL,_»(¢) x GL(q).
Note that the graph automorphism x — ‘x~! of S sends Q' to (Q’)¢, where g € S
sends e; to e,, e, to —ey, and fixes all other ¢;. Since the S-conjugacy class of the
p’-group Q' is fixed by all field automorphisms, it is Aut(S)-invariant. Also, Q' is
just the normalizer in S of the root subgroup Z’' := Z(R') = [R’, R’] (of order g),
whence Ng(Q') = Q.

Lemma 6.7. In the above notation, §gr =o'+ B+, +y'+1¢, where o’ € Irr(Q”)
has degree q”_z(q — 1), B1, B5 € Irr(Q') have degree q”_2 — 1,y € Irr(Q') has
degree (q" > —q)/(q — 1) ifn > 3 and is zero if n = 3, and

dp=q"" D A 7' < Ker(8}) NKer(85) NKer(y").
1 #relr(Z))

Proof. Note that all nontrivial elements in Z’ are L’-conjugate to a fixed transvection
teZ,and §(t) = p(t) —2=(q""' —¢q)/(q — 1) — 1. It follows that

n—-2 __
dSr=q"" )] x+(2(q"‘2—1)+%+1)-1zu
1 pr £Aelr(Z') 9=

Since R’ is of special type, it also follows that [%, Z'] gives rise to an irreducible
Q’-module of dimension ¢"~?(¢ — 1), with character «’. Now we can write
R'/Z' = (R}/Z") x (R}/Z) as a direct product of two L’-invariant subgroups.
Next, Q' acts on the subset Q' of € consisting of all 1-spaces of (e, ..., €n)F,
(with kernel containing R), with two orbits. Arguing as in the proof of Lemma 6.1,
we see that this permutation action affords the Q’-character g, +y’+2- 1o/, where
the irreducible characters g} and y’ (if n > 3; y” = 0 if n = 3) have the indicated
degrees. In general, Q' has three orbits on 2, whence 1o enters 5. Also, note
that # has an S-conjugate ' € R} \ Z" and o’ (¢') = 0. So if we set

Bi(1):=8gp — (&' +B5+y +1¢p),

then we see that 8] = B{(t) = ¢"~> — 1 and B{ (') = —1. Since L’ acts transi-
tively on the nontrivial elements of R|/Z’, we conclude by Clifford’s theorem that
By € Irr(Q"). N

As mentioned above, S = SL, (¢) has a unique irreducible kS-module &% of
dimension p — 2. It follows by Theorem 2.4 that in the situation (i) of Theorem 5.7,

GT=8x--x5,
with S; = S, and G acts on W; with kernel K; :=[],; S;. Now, as G*-modules,

J#EL ST
we have that

¢=End(V)= P viev,=e P wew,

1<i,j<t 1<i,j<t
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where V* ® V; = End(V;) is acted on trivially by K;, whereas W* ® W; is an
irreducible kG-module with kernel K; N K; for i # j. It follows that the two
G*-submodules

%1:=@Vi*®Vi, €y 1= @ Vi®v;

l<i<t I<i#j<t

of End(V') share no common composition factor.
Now we can prove the main result of this section:

Theorem 6.8. Suppose we are in the case (i) of Theorem 5.7, i.e., (p, H, dim W) =
((g"—1)/(g—1),SL,(g), p —2). Then (G, V) is weakly adequate.

Proof. (a) Consider the subgroup
Q/[:Q/X"'XQ/:Q/IX"‘XQ;<51X"'XSt

of G™. By Lemma 6.7 and the discussion preceding it, Q' satisfies the hypotheses
of Lemma 5.4, with A; affording the Q’-character «’, and Ng(Q'’) is a p’-group.
Note that A; 2 A fori # j since K;N Q" # K;NQ". Also, the summands A and B
of the Q'"-module V constructed in Lemma 6.7 have no common composition
factor and A is irreducible. Hence,

M2End(A)De® P Ar@A; =

I<i#j<t

by the Artin—Wedderburn theorem. Note that sd C €,. Furthermore, if A is the
Q''-character of the complement of s in €5, then, by Lemma 6.7, each irreducible
constituent of A, when restricted to

Z'"=27"x---xZ'=Z|x--xZ],

is trivial on (at least) all but one Z!. The same is true for the Gt-module €/ (€ +L).
On the other hand, as mentioned above, all G*-composition factors of € /€ = é,
are of the form W ® W; with i # j. The Brauer character of any such W @ W;,
being restricted to S; x S, is § ® 8, and so it contains the Q] x Q’j—irreducible
constituent o’ ® o’ which is nontrivial at both Z; and Z} by Lemma 6.7. It follows
that €; + M =€, i.e., Jl surjects onto €;. Applying Lemma 5.5 to the subgroup
Gt < G, we conclude that /M D €,.

(b) We already mentioned that the G™-modules ¢; = @le €1; and €, share no
common composition factor; in particular, k is not a composition factor of €é,.
Furthermore, since | | ki S; acts trivially on V;, we see that for distinct i # j the
only common G*-composition factor that €;; and €;; can share is the principal
character 15+. Recall that €;; =% ® @ as S;-modules. The irreducibility of G on
V implies that G; := Stabg (V;) acts irreducibly on V;, and certainly G* <1 G; acts
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homogeneously on V;. By Proposition 6.6 applied to G;, €;; is a subquotient of JL.
We have therefore shown that all nontrivial G*-composition factors of € = End(V)
also occur in J with the same multiplicity, and so all the composition factors of
the G*-module €/ (if any) are trivial. Applying Lemma 5.4 to the subgroup
Q'" < GT, we conclude that Ml = €. O

Finally we can prove:

Theorem 6.9. Suppose (G, V) is as in the case (i) of Theorem 2.4. Then (G, V) is
weakly adequate.

Proof. In view of Theorems 5.7, 6.8, and Propositions 5.8, 5.9, 5.11, we need to
handle the case (p, H, dim W) = (7, 6-PSL3(4), 6). In this case, L; acts on each W;
either trivially or as H; = 6-PSL3(4). It follows by the faithfulness of G on V that
Z(L;) has exponent 6, and so L; is (isomorphic to) either X := (2 x 2)-3-PSL3(4)
or a quotient 6 - PSL3(4) of X. We can also find k; such that the kernel K; of G =
Lyx---x L, acting on W; contains ]_[j#ki L ;. Without loss we may assume k; = 1.

(a) We claim that L contains a subgroup Q1 = Z; X As, whose conjugacy class is
Aut(L)-invariant (with Z| := Z(L)). For this purpose, without loss of generality
we may assume that L; = X. We consider a Levi subgroup C3 x SL,(4) = C3 X As
of SL3(4) which acts semisimply on the natural module [Fi. Then its conjugacy
class in SL3(4) is fixed by all the outer automorphisms of SL3(4). Consider a
faithful representation A : X — GLg(C) which is the sum of three irreducible
representations, on which X acts with different kernels = C5, and let Y be the full
inverse image of A5 in X. Note that involutions in PSL3(4) lift to involutions in
6 - PSL3(4), whereas involutions in As lift to elements of order 4 in 2 - As [Conway
et al. 1985]. It follows that A (x) has order 2 for the inverse image x € X of any
involution in As, and so |x| = 2. Hence Y = (2 x 2) x As, and the claim follows.
Defining Q; < L; similarly, we see that

O0=01%02%---%xQy

satisfies condition (i) of Lemma 5.3. Since Q) is self-normalizing in L, we see
that Ng+(Q) = Q and that N := Ng(Q) is a p’-group.

We will now inflate Brauer characters of L, acting on W, to X and then replace L,
by X. According to [Jansen et al. 1995], L has exactly six irreducible 7-Brauer char-
acters ¢y of degree 6, 1 <s <6, lying above the six distinct characters A; of Z; (with
kernels the three distinct central subgroups of order 2), and (¢;) g, = A; ® (@ + B),
where o # B € Irr(As), and either

{o, B} = {1a, 5a} (6-6)
or
{a, B} = {3a, 3b}, (6-7)
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depending on whether ¢, takes value 2 or —2 on involutions in As. (Here we
adopt the notation that Irr(As) = {la, 3a, 3b, 4a, 5a}.) In either case, we have that
(W1)o = A1 @ By, where the Q-modules A and B; are irreducible and nonisomor-
phic. As shown in the proof of Lemma 5.2, NGt =G and NG =G/ :=Stabg(V))
for Ny := Ng,(Q). So we fix a decomposition G = UE:l giGywithg;eN, g =1,
and define A; := g; (A1) C W; and B; := g;(B1) C W;. In particular, either (6-6)
holds for all (W;) g, or (6-7) holds for all (W;)¢.

We claim that Q also satisfies condition (ii) of Lemma 5.3. Indeed, assume that
W; 2 W;. Now if k; # k;, then Ly, > Qy, acts trivially on W;, but Z(Qy,) = Zj,
acts nontrivially by scalars on W;. In the case k; = kj, we may assume that
K; > [~ Ls, and so W; and W; afford the L-characters ¢, ¢’ € {¢1, ..., ¢¢},
lying above different characters A, A" of Z;. Now Z(Q1) = Z; acts on W; and W;
by scalars but via different characters A, 1’, so we are done.

(b) Suppose we are in the case of (6-7) and, moreover, G| = Stab (V) interchanges
the two classes 54 =xL and 5B = (x2)L! of elements of order 5 of L; =6;-PSL(4).
Certainly, we can choose x € As < Q. Since NG = G, we can find some element
g € Nj that interchanges the classes 5A and 5B. In this case g also interchanges
the characters @ = 3a and 8 = 3b of As, but fixes W, and the central character
A€ {M, ..., ¢} of Z;. It follows that {Ay, ..., B;} forms a single N-orbit, and so
by Lemma 5.3 the p’-group N acts irreducibly on V, and we are done.

(c) From now on we may assume that we are not in the case considered in (b). We
claim that {Ay, ..., A;} and {By, ..., B;} are two distinct N-orbits. Assume the
contrary. Then by the construction of A; and B; there must be some i € N such
that B = A}l’. This is clearly impossible in the case of (6-6). In the case of (6-7),
h € G and furthermore & fuses the two classes of elements of order 5 in As. Hence
h € G fuses the classes 5A and 5B of L, contrary to our assumption.

Now we can apply Lemma 5.3 to see that Vy = A @ B and so

M 2 End(A) @ End(B) (6-8)

by the Artin—Wedderburn theorem. We also decompose End(V) = €| & €, as
GT-modules, and note that the Q-modules

t t
¢ :=PEnd(V)) = P W @ Wi,
i=1 i=1
%= P Hom(V,V)=e* P WeWw,
I<i#j=<t I<i#j<t
share no common composition factor. Indeed, the p’-group Z(GT)=Z;*---xZ, <
Z(Q) acts trivially on € and nontrivially by scalars on each W*® W; when i # j.
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Moreover, if k; # k;, say K; > [ 4 Ls and K; > [[,, Ly, then W} ® W
and W* ® W; are irreducible over L >< L, (and are acted on trivially by ]_[S>2
with nontr1v1al central characters v~ '® vy and vy ® vy ~1 over Z 1 * 2o, where
Vi, V2 € {Aq, ..., Ag} have order 6. If W; 2 W; but k; =k, say k; = k; = 1, then
W; and W; afford the L-characters ¢ # ¢’ lying above different characters A # 2/
of Z;. We distinguish different scenarios for A and 1

(cl) A and A coincide at O,(Z1) (then they must be different at O3(Z), and in fact
A2 =11, Here, W ® W; and W* ® W; are reducible over L (and are acted on
tr1v1a11y by [[,~; Ls), with distinct nontr1v1al central characters A~2 and A2 over Z;.
Furthermore, the Li-character of W ® W; is y3 + &3, where y3 € IBr(L) has
degree 15, 83 € IBr(L) has degree 21, and

(¥3)as =3a+3b+4a+5a, (83)a;=2-la+4a+3-5a. (6-9)

(c2) A and A’ coincide at O3(Z;) (then they must be different at Q,(Z;)). Here,
W ® W; and W ® W; again are reducible over L; (and are acted on trivially
by [[,~; Ls), w1th the same nontrivial central character A~!'A" over Z;. Further-
more, the L-character of W* ® W; is y, + 82, where y» € IBr(L1) has degree 10,
8y € IBr(L1) has degree 26, and

(»)as =la+4a+5a, (82)a, =1la+3a+3b+4a+3-5a. (6-10)

Here we have used the fact that the character of W* ® W; takes value (£2)> =
at involutions in As.

(c3) A and A’ differ at both 0»(Z;) and 03(Z;). Here, W ® W; and W;." ® W; are
irreducible over L (and are acted on trivially by [ [,., L), with distinct nontrivial
central characters A~ 'A" and A(1')~! over Z;. Furthermore, the L;-character of
W*® W; is ys, where y € IBr(L1) has degree 36 and

(Yo)as =2-la+3a+3b+2-4a+4-5a. 6-11)

(d) According to (6-8), M contains the subspace o := End(C;) & End(D;) of
End(V;), which affords the character e?(a? + ;32) of As < Q) (and is acted on
trivially by Z;). Note that the L;-character of End(Wj) is ¢;¢; = 1, + ¥, where
Y € IBr(L1) of degree 35 and

Vas=1la+3a+3b+2-4a+4-5a.
On the other hand, the As-character of the complement to & in End(V)) is

e*(a+p): — e (o + p*) = 2e%ap,
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which is 2¢? - 5a in the case of (6-6) and 2¢%(4a + 5a) in the case of (6-7); in
particular, it does not contain la. It follows by the observation right after (6-8) and
Lemma 5.5 that Jt 2 End(V}) and so Jl D €;.

(e) By (6-8), .l contains the subspace B;; := Hom(C;, C;) @ Hom(D;, D;) of
€;; == Hom(V;, V;) whenever i # j (recall that (C;)g = eA; and (D;)o = eB;).
We distinguish two cases according to whether k; and k; are equal or not.

First suppose that k; # k;, say k; = 1 and k; = 2. Then €;; affords the L x Lj-
character ¢?0; ® 6, (where 6; € IBr(L;) has degree 6) and is acted on trivially by
[[,=, Ls. Now the Q; x Qs-character of the complement to %; ; in Hom(V;, V;)
when restricted to the subgroup As x As is

a1+ B1) @ (ar+ ) — (@1 @z + 1 ® Br) = (a1 ® fo+ 1 @ az)

(where o1, B play the role of o and 8 for the first factor A5 and similarly for o, 82).
Also, the restriction of 6 ® 65 to As x As always contains an irreducible constituent
distinct from a1 ® B2 and 81 ® ap, namely 1 ® Bs.

Assume now that k; = k; = 1. Then the As-character of the complement to %;;
in C(gij 18

a4+ B)? — e (o + %) =2¢%aB,
which is 2¢2 - 5a in the case of (6-6) and 2¢2(4a + 5a) in the case of (6-7). On the
other hand, according to (6-9)—(6-11), the restriction to As of each of the irreducible
constituents y and & of W* ® W; always contains either 1a or 3a.

Now assume that /M = End(V). Working modulo €; C J, we see that Ml O B :=
&b, £ %;; has a nonzero complement in €, = P, £ €;j. But the above analysis
shows that any G -composition factor of €, contains a Q-irreducible constituent
which is not a Q-constituent of the complement to % in €, a contradiction. [

Proof of Theorem 1.2. (a) First we consider the case where k is algebraically
closed. Assume that GT is p-solvable. Then G is also p-solvable. Furthermore,
dim V/dim W divides |G /G| by [Navarro 1998, Theorem 8.30], and so ptdim V.
So we are done by Lemma 5.1. So we may now assume that G is not p-solvable,
p >dim W > 1, and apply Theorem 2.4 to G. Then the statement follows from
Theorem 4.5 in the case that G is a central product of quasisimple groups of
Lie type in characteristic p (if in addition p > 3), and from the results of Sections 5
and 6 in the remaining cases.

Suppose that p =3 and G = L *- - - * L, is a central product of quasisimple
groups of Lie type in characteristic p (with Z(L;) a p’-group for each i; see
Theorem 2.4(iii)). Write Vg+ = e @?:1 W; as usual. It is well known that the only
quasisimple groups of Lie type in characteristic p that have a faithful representation
of degree 2 over k are SL>(p“). Since dim W = 2, we must have that L ; = SL,(q)
for a power g > 3 of 3 for all j (as the GT-modules W; are G-conjugate); moreover,
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for each i, there is a unique k; such that L; acts nontrivially on W; precisely
when j = k;. Note that L; contains a unique conjugacy class of cyclic subgroups
T; of order C,_. It is straightforward to check that the restrictions of all Brauer
characters ¢ € IBr, (L;) of degree 2 to Q; := Ny, (T;) are all irreducible and pairwise
distinct. Letting Q := Qg *--- * Q, and arguing as in case (bl) of the proof of
Theorem 5.7, we see that Q satisfies all the hypotheses of Lemma 5.2, whence
we are done.

(b) Now we consider the general case. We will view G as a subgroup of GL(V') and
let M := (g : g € G semisimple); as usual. Since the kG-module V is absolutely
irreducible, the kG-module V := V Rk k is irreducible, and the condition d < p
implies that the dimension of any irreducible G*-submodule in V is also less than p.
By the previous case, M ®j k = End(V). It follows that dimy .l = (dim V)? and
so Jl = End(V).

O

7. Extensions and self-extensions, I: Generalities

First we record a convenient criterion about self-extensions in blocks of cyclic defect:

Lemma 7.1. Suppose that G is a finite group and that V is an irreducible BG-
representation that belongs to a block of cyclic defect. Then Ext};( V,V)#0ifand
only if V admits at least two nonisomorphic lifts to characteristic 0. In this case,
dimExt;(V, V) = 1.

Proof. Let B denote the block of V. If B has defect 0, V is projective and lifts
uniquely to characteristic 0. Otherwise, B is a Brauer tree algebra. Note that
ExtIG(V, V) # 0 if and only if V embeds as subrepresentation of ?(V)/V. The
Brauer tree shows that this happens if and only if either (i) B has an exceptional
vertex and V is the unique edge incident with it, or (ii) B does not have an exceptional
vertex and V is the unique edge of the tree. In (i), each exceptional representation
in B lifts V, in (ii) both ordinary representations in B lift V, and it is clear that
V has at most one lift in all other cases. To verify the final claim, note that
Hom(V,®(V)/V) = Exté(V, V), and that in a Brauer tree algebra V occurs at
most once in soc(P(V)/ V). O

In fact, as pointed out to us by V. Paskunas, one direction of Lemma 7.1 holds
for any finite group G: if Ext%;(V, V) =0 then V has at most one characteristic-0
lift. Indeed, if V has no self-extension, we may first realize all characteristic-0 lifts
over some finite extension E of Q,,, as well as V over the residue field of E. Then
the universal deformation ring R of V over the ring Of is a quotient of Of. But then
[Homg_aig (R, Op)| < 1, i.e., V has at most one characteristic-0 lift.

We will frequently use the following simple observations:
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Lemma 7.2. Let V be a finite-dimensional vector space over k and G < GL(V)
a finite absolutely irreducible subgroup. Write V|g+ = e @;Zl W;, where the G™ -
modules W; are absolutely irreducible and pairwise nonisomorphic. Suppose that
Extg. (W, Wj) =0 forall i, j. Then Ext;,(V, V) =0.

Proof. Since G contains a Sylow p-subgroup of G, Ext};(V, V) embeds in

t t
ExtL. (Vg+, Vo+) =Extl, <e Pwi.eP W[) =e’ @ Extg. (Wi, Wj)=0. O

i=1 i=1 ij

Lemma 7.3. Let N be a normal subgroup of a finite group X and let A and B be
finite-dimensional k(X /| N)-modules. Consider Ext}( (A, B), where we inflate A and
B to kX-modules.

(i) IfExty (A, B) =0, then Ext,y (A, B) =0.
(i) IfExty,y(A, B) =0and OP(N) = N, then Exty (A, B) =0.

Proof. (i) is trivial. For (ii), let V be any extension of the kX-module A by the kX-
module B, and let ® : X — GL(V) denote the corresponding representation. Since
N acts trivially on A and B, we see that ®(N) is a p-group. But O” (N) = N; hence
®(N)=1,i.e., N acts trivially on V. Now, V=A@ B as Ext;(/N(A, B)=0. O

Next we recall Holt’s inequality in cohomology [1980]:

Lemma 7.4. Let G be a finite group, N < G, and let V be a finite-dimensional
kG-module. Then for any integer m > 0 we have

m
dim H™(G, V) <) dim H/(G/N, H" (N, V)).
j=0

From now on we again assume that k is algebraically closed.

Corollary 7.5. Let G = G| x G; be a direct product of finite groups and let V; be
a nontrivial irreducible kG ;-module fori =1, 2.

1) If we view V| ® V; as a kG-module, then HY(G,V,®V,) =0.
(11) If we inflate Vi and V, to kG-modules, then Exté;( Vi, Vo) =0.
Proof. For (i), applying Lemma 7.4 to N := G| we get
dim H(G, V) <dim H%(G,, H'(G1, V)) +dim H'(G,, H (G}, V)).

Now the G-module V is a direct sum of dim V; copies of V| and V] is nontrivial
irreducible, whence H°(G,, V) = 0. Next, H'(G, V) = H'(G,,V)) ® V, as
G,-modules, with G, acting trivially on the first tensor factor. It follows that

HY(G2, H'(G1, V) = H (G, Vi) ® H* (G2, V2) =0
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as V5 is nontrivial irreducible, and so we are done.
Part (ii) follows from (i) since ExtIG(Vl, Vo) = HY(G, VIi® V) and V" is a
nontrivial absolutely irreducible kG -module. O

Corollary 7.6. Let the finite group H be a central product of quasisimple subgroups
H = Hy % ---% H,, where Z(H;) is a p’-group for all i. Fori = 1,2, let W; be
a nontrivial irreducible k H-module such that the action of H on W; induces a
quasisimple subgroup of GL(W;). Suppose that the kernels of the actions of H on
W1 and on W, are different. Then Ext}{(Wl, Ws) =0.

Proof. View H as a quotient of L := H; x --- X H, by a central p’-subgroup and
inflate W; to a kL-module. Next, write W; = W] ® - - - ® W} for some absolutely
irreduc_ible k H j-module WJ’:, 1 <i<2 1< j<n. Since H; is ql_lasisimple, if
dim W} =1 then H; acts trivially on W;. Or_1 the other hand, if dim Wj’. > 1, then H;
induces a quasisimple subgroup of GL(WJ’.). Hence, the condition that the a_ction
of H on W; induces a quasisimple subgroup of GL(W;) implies that dim W; > 1
for exactly one index j = k;, whence the kernel of L on W; is

Hy x---x Hk;—l X CHki(W]i_) X Hk,v-i-] X -+ X Hy.

Note that the hypothesis on H; imply that | | j#k, k, Hj has no nontrivial p-quotient.
Hence, by Lemma 7.3 there is no loss in taking the quotient of L by [] ke ko Hj-
If k1 # ko, then we are reduced to the case where L = Hy, x Hy,, W is a nontrivial
Hy,-module inflated to L and W is a nontrivial Hy,-module inflated to L, whence
we are done by Corollary 7.5(ii). Suppose now that k; = k», say k; = kp = 1
for brevity. Then we are reduced to the case where L = H; and K| # K, with
K, = CHI(Wf) < Z(H;). By Schur’s lemma, Z(H;) acts on W; by scalars and
semisimply, via a linear character A;. Since K| # K, we see that A| # A,. It
follows (by considering Z (H;)-blocks, or by considering A;-eigenspaces for Z(H)
in any extension of W by W>) that Ext]L(Wl, W,) =0. U

More generally, we record the following consequence of the Kiinneth formula:

Lemma 7.7 [Benson 1998, 3.5.6]. Let H be a finite group. Assume that H is a
central product of subgroups H; for 1 <i <t and that Z(H) is a p’-group. Let X
and Y be irreducible k H-modules. Write X =X |1 Q- - X, andY =Y, ®---Q Y;,
where X; and Y; are irreducible k H;-modules.

1) If X; 22Y; for at least two i, then Ext},(X, Y)=0.
(i) If X1 2 Yy but X; =Y, fori > 1, then Exty (X, Y) = Exty (X1, Y1)
(iii) If X; Y, for all i, then Exty, (X, Y) = @, Exty, (X;, Y;).

We continue with several general remarks:
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Lemma 7.8. Let V be a kG-module of finite length.

(1) Suppose that X is a composition factor of V such that V has no indecomposable
subquotient of length 2 with X as a composition factor. Then V= X & M for
some submodule M C X.

(i1) Suppose that Extlc (X, Y) =0 for any two composition factors X, Y of V. Then
V is semisimple.

Proof. (i) We will assume that V 2 X. Let U be a submodule of V of smallest
length that has X as a composition factor. First we show that U = X. If not, then U
has a composition series U = Uy > Uy > - - - > U,, =0 for some m > 2. Note that
U/U| = X, as otherwise X would be a composition factor of U; C U, contradicting
the choice of U. Now U/ U, is a subquotient of length 2 of V with X as a quotient.
By the hypothesis, U/ U, =U" /U, @ U" /U, with U' /U, = X and U” D U,, again
contradicting the choice of U.

Now let M be a submodule of V of largest length such that M N U = 0. In
particular, V/M D (M +U)/M = X. Assume furthermore that V = M + U. Then
we can find a submodule V' C V such that V'/(M + U) is simple. Again, V'/M
is a subquotient of length 2 of V with X as a submodule. So by the hypothesis,
V'/M=(M+U)/M & N/M for some submodule N € V containing M properly.
But then

NNU=NNM+U)NU=MNU =0,

contrary to the choice of M. Thus V =M @ U is decomposable.

(ii) Induction on the length of V. If V' is not simple, then by (i) we have V=V’ V”
for some nonzero submodules V'’ and V”. Now apply the induction hypothesis to
V' and V". O

Lemma 7.9. Let V be a kG-module. Suppose that U is a composition factor of V
of multiplicity 1 and that U occurs both in soc V and head V. Then V = U & M for
some submodule M C V.

Proof. Let Uy = U be a submodule of V. Since U occurs in head V, thereis M C V
such that V/M = U. Now if M D Uy, then U would have multiplicity > 2 in V.
Hence V=U, & M. U

Lemma 7.10. Let V be a kG-module of finite length. Suppose the set of isomor-
phism classes of composition factors of V is a disjoint union & U% of nonempty
subsets such that, for any U € X and W €Y, there is no indecomposable subquotient
of length 2 of V with composition factors U and W. Then V is decomposable.

Proof. Let X and Y denote the largest submodules of V' with all composition
factors belonging to & and %, respectively. By definition, X N Y = 0. We claim
that V = X @ Y. If not, we can find a submodule Z > X @ Y of V such that



Adequate groups of low degree 131

U:=Z/(X®Y) is asimple G-module. Suppose for instance that U € ¥. Applying
Lemma 7.8(i) to the G-module Z/X and its composition factor U, we see that
Z/X = U @Y. This implies that Z contains a submodule 7 with 7/X = U,
contradicting the choice of X.

Now X, Y #0as &, % # @. It follows that V is decomposable. (Il

Lemma 7.11. Let V be an indecomposable kG-module.
(i) If the G*-module Vg+ admits a composition factor L of dimension 1, then all
composition factors of Vg+ belong to Bo(G™).

(ii) Suppose a normal p’-subgroup N of G acts by scalars on a composition factor
L of the G-module V. Then N acts by scalars on V. If in addition V is faithful
then N < Z(G).

Proof. (i) Since GT = O (G), it must act trivially on L. Let X (resp. Y) denote
the largest submodule of the GT-module V with all composition factors belonging
(resp. not belonging) to Bo(G™). By their definition and the definition of G*-
blocks, V = X @ Y. Note that both X and Y are G-stable as GT <1 G. Since V is
indecomposable, we see that Y =0 and V = X.

(ii) Note that N acts completely reducibly on V and G permutes the N-homogeneous
components of V. Since V is indecomposable, it follows that this action is transitive,
whence all composition factors of the N-module V are G-conjugate. But, among
them, the (unique) linear composition factor of L is certainly G-invariant. Hence
this is the unique composition factor of Vi, and so N acts by scalars on V. (I

8. Indecomposable representations of SL»(q)

We first prove a lemma:

Lemma 8.1. Suppose that S, T are irreducible SL;([F,)-representations over Fp
withq = p", n > 2, and E is a nonsplit extension of T by S. Then dim E > p and
S 2 T. Moreover, if dim S = dim T then dim E > (p*> — 1)/2.

Proof. This is immediate from Corollary 4.5(a) in [Andersen et al. 1983]. U

Proposition 8.2. Suppose that V is a reducible, self-dual, indecomposable repre-
sentation of SLy(F,) over Fp, where g = p". If dimV < 2p — 2, then g = p and
one of the following holds:

1) dmV =pand V =ZP(1).
(i) dimV = p+ 1 and V is the unique nonsplit self-extension of L((p — 1)/2).
(i) dimV = p — 1 and V is the unique nonsplit self-extension of L((p — 3)/2).

Conversely, all the listed cases give rise to examples.
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Proof. Note that p > 2.

(a) Suppose first that ¢ = p. If V is projective, then since dim V < 2 p, we must have
V =%(1), which is uniserial of shape (L(0) | L(p —3) | L(0)) and of dimension p.
(See for example [Alperin 1986].) If V is nonprojective, then, as SL,(p) has a
cyclic Sylow p-subgroup, V is one of the “standard modules” described in [Janusz
1969, §5]. As V is self-dual, the standard modules are described by paths in the
Brauer tree as in [Janusz 1969, (5.2)(b)] with Py = Q = P. By inspecting the
Brauer trees of SL,(p) (see, e.g., [Alperin 1986]) and using that dimV < 2p — 2,
we deduce moreover that k = 1 above, obtaining the modules in (ii), (iii).

In case (i), it is obvious that the module is self-dual since it is (1). In cases (ii)
and (iii) the uniqueness of the isomorphism class of the extension implies that it is
self-dual.

(b) Now suppose that g > p. We need to show that no such V exists. (In fact we
will show this holds even under the weaker bound dim V < 2p.) Pick an irreducible
subrepresentation L(A) of V, where A = Z?:_ol p'Ai,0<A; < p—1.Then V has
a subquotient isomorphic to a nonsplit extension 0 — L(A) - E — L(u) — 0,
where = Z:.:] piii,0<u; < p—1. By Lemma 8.1 we know that A # 1; hence
2dim L(A) +dim L() < 2p. By Corollary 4.5(a) in [Andersen et al. 1983] we
deduce that, up to a cyclic relabeling of the indices, A = Ao+ p, t = p—2— X9, and
u>(2p—3)/3>1. In particular, ;& uniquely determines A. Hence, if soc V contains
two nonisomorphic irreducible representations, then V admits indecomposable
subrepresentations of length two that intersect in zero, so dim V > 2p by Lemma 8.1.
Therefore, soc V = L(A)®" for some r > 1.

Suppose first that » > 2. We claim that soc, V/soc V = L(u)® for some
0 <pu < p* and some s > 1. (Here soc; M is the increasing filtration determined
by soco M = 0 and soc; M/ soc;—1 M = soc(M/soc;—; M). Note that the socle
filtration is compatible with subobjects.) Note that any constituent of soc, V / soc V
extends L()), and hence by above it is uniquely determined, unless n = 2 and
Ao = 1. In the latter case, the constituents can be L(u), L(u”), where @/ = p — 3,
w” = p(p —3). But only one of them can occur since dim L(A) + dim L(u') +
dim L(”) = 2p, and this proves the claim. Note that L(w) can occur only once in
V by Lemma 8.1; in particular, s = 1. We claim that dim Ext! (L(w), LAV))=r=2.
Otherwise, soc, V' is decomposable, so we obtain a splitting 77 : soc, V — L(A) C
soc V. But Extl(V/ socy V, L(A)) = 0, so we can extend 7 to a splitting of V,
a contradiction. Hence dim Extl(L(pL), L(X)) = 2 and by Corollary 4.5(b) in
[Andersen et al. 1983] we deduce that n =2 and A;, u; € {(p —3)/2, (p —1)/2}
for all i. (Note that we can get all four combinations with A; + u; = p — 2, unlike
what is claimed in that corollary.) This contradicts that [{A;, u; :0<i <n—1}|>3
(by above).
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Suppose that r = 1, so soc V is irreducible. Note that socs V =V by Lemma 8.1,
as each constituent in a socle layer extends at least one constituent of the previous so-
cle layer. As soc V is irreducible, V embeds in the projective indecomposable mod-
ule U, (1) whose socle is L(A). We have V C soc3 U, (A). Note that A; < p — 1 for
all i, as dim V <2p. By Lemma 8.1, L(A) does not occur in soc, U, (1) / soc U, (A).
Also, L(A) occurs precisely n times in socs U, (A)/ socp U, (1). (Theorems 4.3
and 3.7 in [Andersen et al. 1983] imply that this is the case, unless n = 2 and
Ai € {(p—3)/2, (p —1)/2} for all i. But by above A; < (p —3)/3 < (p —3)/2 for
somei.)Let Mi =L()QLADP Q- ® Q1) PV @+ ® L(hy_)®" " and
M :=My+---+M,_ CU,(X) in the notation of [Andersen et al. 1983, §3]. Note by
Theorems 4.3 and 3.7 in [Andersen et al. 1983] that soc, U,,(A) C M C socz U, (1)
and that M/ soc, U, (L) = L(A)®". Therefore V C M, so

Vv M M, M,
L() LAR) L&) L)
As head(M;/L(})) = L()), there exists i such that V /L()) surjects onto M;/L(}).
Thus dim V > dim M; > 2p.

O

9. Finite groups with indecomposable modules of small dimension

Throughout this section, we assume that k = k is a field of characteristic p > 3. We
want to describe the structure of finite groups G that admit reducible indecomposable
modules of dimension < 2p — 2. The next results essentially reduce us to the case
of quasisimple groups.

Lemma 9.1. Let G be a finite group, p > 3, and V be a faithful kG-module of
dimension < 2p. Suppose that 0,(G) =1 and 0, (G) < Z(G). Then F(G) =
0,(G)=Z(G), F*(G)=E(G)Z(G), and G = E(G) is either trivial or a central
product of quasisimple groups of order divisible by p. In particular, G has no
composition factor isomorphic to C,, and so H (G, k)=0.

Proof. (a) Since 0,(G) = 1, Z := Z(G) < F(G) < 0y(G). It follows that
F(G)=Z = 0,(G), and F*(G) = E(G)Z. If moreover E(G) = 1, then

Z=F(G)=F"(G) = Ca(F*(G)) =G,

whence G is an abelian p’-group, and GT =1 = E(G).

(b) Assume now that E(G) > 1 and write E(G) = L{ *---* L;, a central product
of + > 1 quasisimple subgroups. Since O, (E(G)) < 0,(G) =Z, p||L;| for all i.

Next we show that Ng(L;)/Cs(L;)L; is a p’-group for all i. Indeed, note that
the L;-module V admits a nontrivial composition factor U of dimension < 2p.
Otherwise it has a composition series with all composition factors being trivial,
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whence L; acts on V as a p-group. Since V is faithful and L; is quasisimple,
this is a contradiction. So we can apply Theorem 2.1 and [Guralnick et al. 2014,
Theorem 2.1] to the image of L; in GL(U). In particular, denoting S; := L;/Z(L;),
one can check that Out S; is a p’-group, unless it is a simple group of Lie type in
characteristic p. In the former case we are done since Ng(L;)/Cg(L;)L; — Out S;.
Consider the latter case. Observe that Z(L;) < Z(E(G)) < F(G) is a p’-group. So
we may replace L; by its simply connected isogenous version 4%, where F : % — 4
is a Steinberg endomorphism on a simple simply connected algebraic group % in
characteristic p. If moreover p divides |[Ng(L;)/Cg(L;)L;|, then Ng(L;) induces
an outer automorphism o of L; of order p. As p > 3, this can happen only when o
is a field automorphism. More precisely, L; is defined over a field [ (for some
b > 1), where [, is the smallest splitting field for L; [Kleidman and Liebec}f
1990, Proposition 5.4.4] and o is induced by the field automorphism x — x? .
Since dimU > 2 > (dim V)/p, U must be o-invariant. In turn, this implies by
[Kleidman and Liebeck 1990, Proposition 5.4.2] that U and its ( pb )-th Frobenius
twist are isomorphic. In this case, the proofs of Proposition 5.4.6 and Remark 5.4.7
of [Kleidman and Liebeck 1990] show that dim U > 2” > 2p, a contradiction.

(c) Recall that C(E(G)) =Ce(F*(G)) < F*(G)=E(G)Z,whence C;(E(G)) =
Z. Also, G acts via conjugation on the set {Ly, ..., L;}, with kernel (say) N.
We claim that p t |G/N|. If not, then we may assume that some p-element
g € G permutes Ly, ..., L, cyclically. Arguing as in (b), we see that L acts
nontrivially on some composition factor U of the E(G)-module V, and we can
write U = Uy ® --- ® U;, where U; € IBr,(L;). If U is not g-invariant, then
dimV > p(dim U) > 2p, a contradiction. Hence U is g-invariant. It follows that
2<dimU; =---=dimU, and so dimU > 2” > 2p, again a contradiction.

Now N/E(G)Z embeds in ]_[f:1 Out L;. Furthermore, the projection of N into
Out L; induces a subgroup of Ng(L;)/Cg(L;)L;, which is a p’-group by (b). It
follows that N/E(G)Z is a p’-group, and so G = E(G). The last statement
also follows. ([

The next result on H' follows from standard results on H' — see [Guralnick
et al. 2007, Lemma 5.2] and the main result of [Guralnick 1999].

Lemma 9.2. Let G be a finite group and let V be a faithful irreducible kG-module.
Assume that H' (G, V) # 0. Then 0,(G)=0,(G)=1,E(G) =Ly x---xL;
and Vgigy = W1 @ --- ® W;, where the L; are isomorphic nonabelian simple
groups of order divisible by p, W; is an irreducible kL;-module, and L, j # i acts
trivially on W;. Moreover, dim HY(G,V)<dimH'(L;, W;), dim W; > p—2and
dimV > t(p — 2). In particular, if G is not almost simple, then either dimV =
2p—4,2p—2o0rdimV >2p,or (p,dimV) = (5,9).
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Lemma 9.3. Let V be a faithful indecomposable kG-module with two composition
factors Vi, V. Assume that 0,(G) =1 and dimV <2p —2. If J :== 0,(G™) £
Z(G™), then:

(i) p =241 is a Fermat prime.

(i) dimV; =dimV, = p — 1.
(iii) J/Z(J) is elementary abelian of order 2°*.
(v) H' (G, k) #0.

Proof. Since Ext};(Vl, V) — Exti;+ (V1, Vo), there are irreducible G*-submodules
W; of V; for i =1, 2 such that Ext}ﬁ(Wl, W>) # 0. Assume that J acts by scalars
on at least one of the W;. Then, by Lemma 7.11(ii), J acts by scalars on both
W and W,. If W/ is any G*-composition factor of Vj, then W/ is G-conjugate
to Wi. But J <1 G, so we see that J acts by scalars on W{. Thus J acts by scalars
on all GT-composition factors of Vi, and similarly for V,. Consider a basis of V
consistent with a G -composition series of V, and any x € J and y € GT. Then
[x, y] acts as the identity transformation on each G*-composition factor in this
series, and so it is represented by an upper unitriangular matrix in the chosen basis.
The same is true for any element in [J, GT] < G. Since V is faithful, we see that
[J,GT] < 0,(G)=1andso J < Z(G™), a contradiction.

Thus J cannot act by scalars on any W;. Let ®; denote the representation of G
on W;. Then H := ®;(G") < GL(W;) has no nontrivial p’-quotient, and contains
a nonscalar normal p’-subgroup ®;(J). Applying Theorem 2.1 and also [Blau
and Zhang 1993, Theorem A] to H, we conclude that p = 2¢ 4 1 is a Fermat
prime, dimW; = p — 1, and Q := O, (H) acts irreducibly on W;. Furthermore,
Z(Q)=Z(H), and H/Q acts irreducibly on Q/Z(Q), an elementary abelian 2-
group of order 22¢. Now ®; (J) is a normal p’-subgroup of H that is not contained in
Z(Q). Itfollows that ®;(J)Z(Q) = Q, Z(®;(J)) =D, (J)NZ(Q), J isirreducible
on W;, and ®;(J)/Z(P;(J)) = Q/Z(Q) is elementary abelian of order 224 Since
dimV <2p —2, it also follows that W; = V;.

Letting A := V;"® V>, we then see that A =[J, A]@ C4(J) as J-modules. Next,

0 #ExtL(V1, Vo) = HY(G, A) = H'(G, CA(J)),

since H'(G, [J, A]) = 0 by the inflation restriction sequence. It follows that
Ca(J) # 0. But J is irreducible on both V| and V,, so we must have that
dimCs(J) = 1 and V; = V, as J-modules. Since GT acts trivially on any
1-dimensional module, it follows that H'(G™, k) # 0. Since W) = W, as J-
modules and V is a faithful semisimple J-module, we also see that Ker(®;) N J =
Ker(®,) NJ = 1. Thus &; is faithful on J, and so J/Z(J) is elementary abelian
of order 2%¢. U
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Lemma 9.4. Let V be a faithful indecomposable kG-module with two composition
factors Vi, V of dimension > 1, p > 3, and 0,(G) = 1.

(i) Assume that 0, (G") < Z(G™), and either dimV < 2p —2 or dimV, =
dimV, = p — 1. If G is not quasisimple, then G™ = Ly * L, is a central
product of two quasisimple groups, dimV, = dimV, = p — 1 and, up to
relabeling the L;, one of the following holds:

(a) V;=A,;®B as G -modules, where A; €IBr,(Ly) is of dimension (p—1) /2
and B € 1Br,(L>) is of dimension 2; furthermore, ExtlL1 (Ay, Ap) #0.

() Vi = (A; ® k) & (k ® B;) as G*-modules, where A; € IBr,(L;) has
dimension (p — 1)/2, and some g € G interchanges L with L, and A;
with B;. Furthermore, ExtlLI (A1, Ap) #0.

(i) IfdimV <2p —2, then G* is quasisimple.

Proof. (i) By Lemma 9.1 appliedto G, GT = (G T =E(G) =L *Ly*---xL;,
a central product of ¢ quasisimple groups. Suppose ¢ > 1. Since Exth(Vl, Vi) —
Extlm(V], V), there are irreducible G*-submodules W; of V; for i = 1, 2 such
that Exté+(W1, W) #0. Write W; = W;; ® - - - ® W;;, where W;; is an irreducible
L ;-module. By Lemma 7.7, we may assume that Wi; = W;; for j =2,...,1,
and either EXti](Wn, Ws1) # 0, or Wy = Wr and EXtILi(Wu, sz) %0 for
some j. Interchanging L and L; in the latter case, we can always assume that
ExtlLl (W11, Wap) # 0. By [Guralnick 1999, Theorem A], we then have

dim W +dimWy > p—1>2. (9-1)
Now if Wj; is nontrivial for some j > 2, say Wi, 2 k, then
dim V > dim W| +dim W, > 2(dim Wy 4+ dim W) =2p — 2.

It follows that V, = W; = W;; @ W ®k® --- @k, dimW;; = (p — 1)/2, and
dim W;, = 2. Furthermore, t =2 as V is faithful, and we arrive at (a).

We may now assume that Wy ; = W,; =k for all j > 1. Suppose that G normalizes
L. Since every GT-composition factor of V; is G-conjugate to W1, it follows that
L, acts trivially on all composition factors of V. The same is true for V,. As L; is
quasisimple, we see that L, acts trivially on V, contrary to the faithfulness of V.
Thus there must be some g € G conjugating L to L for some j > 1, say L‘f = L,.
By (9-1) we may assume that Wy; 2 k. Then g(W;) 22 Wy, as L, acts trivially
on Wi but not on g(Wp). Thus (V})g+ has at least two distinct simple summands
Wi and g(Wy). If furthermore W5 2 k, then (V,)g+ also has at least two distinct
simple summands W, and g(W>), and so

dim V > 2(dim W; +dim W;) = 2(dim W;; +dim W,;) > 2p — 2.
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In this case, we must have that V; = W; @ g(W;), dim W; = (p—1)/2,and t =2
as V is faithful, and we arrive at (b).

Consider the case W1 = k. Now (9-1) implies that dim Wy = dim Wy > p — 2,
whence dim V| > 2p —4. On the other hand, dim V, > 2. It follows that 2p —4 =2,
again a contradiction.

(ii) By Lemma 9.3, 0,,(G*) < Z(G™). Hence we are done by (i). O

Lemma 9.5. Let H be a quasisimple finite group of Lie type in characteristic p > 3.
Assume that Vi, V, € 1Br,(H) satisfy dim V| +dim V, < 2p.

() If H 22 SL,(q), PSLy(q), then ExtlH(Vl, Vb)) = 0. In particular, there is no
reducible indecomposable kG-module with Gt = H and dim V < 2p.

(i) Suppose H = SL;(q) or PSL;(g), Ext},(Vl, V2) # 0, and dim V| = dim V5.
Theng =pand Vi =L({(p—3)/2) or L((p —1)/2).

Proof. (i) Note that Z(H) is a p’-group as p > 3. Hence, we can replace H by the
fixed-point subgroup % for some Steinberg endomorphism F : 4 — % on some
simple simply connected algebraic group % defined over a field of characteristic
p (see Lemma 7.3). Hence, if H 2 Sp,,(5), the result follows by [McNinch
1999, Theorem 1.1]. In the exceptional case H = Sp,,(5), we have p =5 and
so we are only considering modules of dimension at most 9. If n > 3, then
dim V; +dim V, > 10 unless at least one of the V; is trivial and the other is either
trivial or the natural module of dimension 27, and in both cases Ext}{ Vi, V) =0.If
n =2, one just computes that all the relevant Ext}q(Vl, V) are trivial (done by Lux).
Suppose now that V is a reducible indecomposable k G-module with Gt = H
and dim V < 2p. By Lemma 7.8(ii), there are composition factors Vi, V, of V such
that Exth(Vl, V2) # 0. It then follows that Ext},(Wl, W,) # O for some simple
H-summands W; of V; fori =1, 2 and dim W; 4+ dim W, < 2p, a contradiction.

(i1) Again we can replace H by SL,(g). The statement then follows from Lemma 8.1
when g > p, and from [Andersen et al. 1983] if g = p. U

There are a considerable number of examples of nonsplit extensions (V|V>)
with G* nonquasisimple and dim V; +dim V, = 2p — 2. For example, suppose that
G =SLy(p)xSLo(p)and Vi =L(1)®L(a) and Vo =L(1)QL(p—a—3). Then by
[Andersen et al. 1983] and Lemma 7.7, ExtIG (V1, V1) #0. For our adequacy results,
we do need to consider the case where dim V| = dim V, = p — 1 in more detail:

Lemma 9.6. Let V be a faithful indecomposable kG-module with two composition
factors Vi, Vo, both of dimension p — 1. Assume that p > 3 and 0,(G) = 1. Then
one of the following holds:

(i) 0,(G") £ Z(G™") and Lemma 9.3 applies.

(ii) G* is quasisimple.
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(iii) Gt = SLa(p) x SLy(p?) (modulo some central subgroup) and one of the
following holds:

@Q VIEWLEL(p-3)/2)® L(l)(pb) as Gt -modules (for some 0 < b < a).

b)a=1and Vi =V, =X @Y, where G acts as a quasisimple group on
X, YanddmX =dimY =(p—1)/2 (so X, Y = L({(p — 3)/2) for the
copy of SLao(p) acting nontrivially on X or Y).

Proof. Assume that neither (i) nor (ii) holds. Then by Lemma 9.4(i), E(G™') =
Gt = L * L, is a central product of two quasisimple groups, and either (a) or (b)
of Lemma 9.4(i) occurs. In either case, we see that L} admits an indecomposable
module W of length 2 with composition factors A; and A;, both of dimension
(p —1)/2. By [Blau and Zhang 1993, Theorem A] applied to W, L; is of Lie type
in characteristic p. Also, Z(L|) < Z(G™) < 0,(G) is a p’-group. Hence L| =
SL,(p) (modulo a central subgroup) by Lemma 9.5 and A| = A, = L((p —3)/2).
In particular, L, = SL,(p) in case (b), and (iii)(b) holds. In the case of (a),
B € IBr,(L>) has dimension 2. Since p > 3, by Theorem 2.1 we conclude that L,
is of Lie type in characteristic p, and in fact that L, = SL;(p“) (modulo a central
subgroup) and B = L(l)(f’b) for some a > 1 and 0 < b < a. Thus (iii)(a) holds. [J

Proposition 9.7. Let p > 3 and let G be a finite group with a faithful, reducible,
indecomposable kG-module V of dimension < 2p — 3. Suppose in addition that
0,(G) =1. Then Gt = E(G™"), G has no composition factor isomorphic to Cp,
and one of the following holds:

(i) G™ is quasisimple.

(il) G* is a central product of two quasisimple groups and dimV = 2p — 3.
Furthermore, V has one composition factor of dimension 1, and either one of
dimension 2p — 4 or two of dimension p — 2. In either case, V 2 V*.

Proof. (a) Note that 0,(G™) < 0,(G) = 1. Next we show that J := 0,(G™) <
Z(G™). As in the proof of Lemma 9.3, it suffices to show that J acts by scalars
on every GT-composition factor of V. So assume that there is a GT-composition
factor X of V on which J does not act by scalars. Again as in the proof of
Lemma 9.3, we see by Theorem 2.1 that dim X > p — 1. Since dimV <2p — 3,
it follows that X is a G -composition factor of multiplicity 1, and, moreover, J
acts by scalars on any other G*-composition factor ¥ of V. Also, X extends to
a G-composition factor (of multiplicity 1) of V. Now, by Lemma 7.8(i), there is
an indecomposable subquotient of length 2 of V with G-composition factors X
and T 2 X. In particular, by symmetry we may assume that 0 # Exth X, T)—
Exth+ (X, T), and so Exth+ (X, Y) # 0 for some simple G*-summand Y of T. But
this is impossible by Lemma 7.11(ii) (as J acts by scalars on Y but not on X).
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Applying Lemma 9.1 to G, we see that
Gt=(GHT"=EGT)=Ly*---*L,,

a central product of ¢ quasisimple subgroups. Note that # > 1 as otherwise G is
a p’-group and so V does not exist. Furthermore, G has no composition factors
isomorphic to C),.

(b) Assume now that # > 2. Suppose in addition that , for every composition factor
V; of V, at most one of the components L; of G acts nontrivially on V;. For
1 < j <t,let¥; denote the set of isomorphism classes of composition factors V; of
V on which L ; acts nontrivially. Also let % denote the set of isomorphism classes
of composition factors V; of V on which GT acts trivially. By the faithfulness of V/,
& ; # @ for j > 0. Consider for instance X € &;. By Lemma 7.8(i), there is some
X' € %; (for some j) and some indecomposable subquotient W of length 2 of V
with composition factors X, X’. Note that the p-radical of the group induced by
the action of G on W is trivial, as C), is not a composition factor of G. Applying
Lemma 9.4(ii) to W, we see that j =0 or 1. Moreover, if for all X € &, there is
no such W with X’ € %o, then Lemma 7.10 applied to (% := %, Y := Uiz %)
implies that V is decomposable, a contradiction. Thus for some X € ¥, such a W
exists with X" € ¥. Note that in this case dim X > p — 2. Indeed, G acts trivially
on X', and by symmetry we may assume that

0 < dim Ext§; (X', X) < dim Ext,+ (X', X).

Therefore, for some simple summand X; of the Gt-module X we have that
0 #£ Exti;+ (k, X)) = H'(G™, X,). Note that C, is not a composition factor of
G, so by Lemma 7.3 we may assume here that G acts faithfully on X;. Applying
Lemma 9.2 to GT, we get dim X > dim X; > p — 2.

Similarly, for some Y € &5, we get an indecomposable subquotient 7" of length 2
of V with composition factors Y and Y’ € ¥, and moreover dim Y > p — 2. Since
dimV <2p—3and ¥y > X', Y’, we conclude that dimV =2p — 3, dimX =
dimY = p —2,r =2, and X’ = Y’ has dimension 1. Suppose in addition that
V = V*. Observe that X* 2 Y, X', so X = X*. Similarly, Y and X’ are self-dual.
Thus all three composition factors of V have multiplicity 1 each and are self-dual.
At least one of them occurs in soc V, and then also in head V' by duality. It follows
by Lemma 7.9 that V is decomposable, a contradiction. Thus we arrive at (ii).

(c) Finally, we consider the case where at least two of the L; act nontrivially on some
composition factor V; of V. By Lemma 7.8(i), there is some indecomposable sub-
quotient W of length 2 of V' with composition factors V; and V;. By Lemma 9.4(ii)
applied to W, dim V; = 1. In turn this implies by Lemma 9.2 that dim V; > 2p —4.
Since dimV < 2p — 3, we must have that dimV; =2p —4, V = W, t = 2 and
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dim V =2p — 3. Applying Lemma 7.9 and using the indecomposability of V as
above, we see that V 2 V* and again arrive at (ii). O

10. Extensions and self-extensions, 11

Let g be any odd prime power. It is well known (see, e.g., [Tiep and Zalesskii 1997]
and [Guralnick et al. 2002]) that the finite symplectic group Sp,, (¢) has two complex
irreducible Weil characters &1, & of degree (¢”+1)/2, and two such characters 1y, 12
of degree (¢" — 1)/2, whose reductions modulo any odd prime p 1 g are absolutely
irreducible and distinct and are called (p-modular) Weil characters of Sp,, (q).

Lemma 10.1. Let g be an odd prime power and p an odd prime divisor of ¢" + 1
which does not divide ]_[lzijl (qi —1). Let S := Sp,,,(q) and let W1 and W, denote
the irreducible k S-modules affording the two irreducible p-modular Weil characters
of S of degree (q¢" — 1)/2. Then for 1 <i, j <2 we have that EXtIS(W,-, W;) =0,
unless i = j and n = 1, in which case dim(EXt}Q(Wi, W) =1

Proof. The conditions on (n, ¢) imply that (n, g) # (1, 3). In this case, [Tiep and
Zalesskii 1996, Theorem 1.1] implies that each W; has a unique complex lift (a
complex module affording some 7;). Also, the Sylow p-subgroups of S are cyclic
of order (¢" +1),. Hence Exté(W,-, W;) =0 by Lemma 7.1.

Note that an involutory diagonal automorphism o of § fuses n; with 7, and
Wi with W,. Consider the semidirect product H := S X (o) and the irreducible
kH-module V := Indgl (W) of dimension ¢" — 1. Certainly, Ind? (1) is a complex
lift of V.

Assume that n > 1. Now if (n, g) # (2, 3), then by [Tiep and Zalesskii 1996,
Theorem 5.2], S has exactly five irreducible complex characters of degree < (¢" —1):
s, n1, 02, &1, and &. When (n, g) = (2, 3), there is one extra complex character of
degree 6 [Conway et al. 1985]. It follows that if x is any complex lift of V, then
Xs = 11+ n2. Since o fuses 1y and 7;, we see that y = Ind?(m). Thus V has a
unique complex lift, and so by Lemma 7.1 and Frobenius reciprocity we have

0 = Ext}, (V, V) = Extl, (Ind¥ (W), V) = Ext}, (W, Vs)
= Ext§ (W1, Wi) @ Extg(Wy, Wy).

In particular, Exté(Wl, W,) =0.

Next suppose that n = 1. Inspecting the character table of SL,(g) as given
in [Digne and Michel 1991, Table 2], we see that S has a o-invariant complex
irreducible character x of degree g — 1 such that the restriction of x to p’-elements of
S is the Brauer character of V. Since H/S is cyclic and generated by o, it follows
that x extends to a complex irreducible character y of H. Now x # Ind? (n1) (since
the latter is reducible over S), but both of them are complex lifts of V (by Clifford’s
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theorem). Applying Lemma 7.1 and Frobenius reciprocity as above, we see that
dim Extl, (V, V) = dim Ext,(Wy, W) = 1. O

Lemma 10.2. Let H be a quasisimple group with Z(H) a p’-group. Let W and W'
be absolutely irreducible k H-modules in characteristic p of dimension d, where
(H, p, d) is one of the following triples:

(2A7,5,4), (3J3,19,18), (2Ru,29,28), (61 -PSL3(4),7,6),
(61-PSU4(3),7,6), (245,7,6), (3A7,7,6), (6A7,7,6), (Miy,11,10),
(M, 11,10), (2Ma, 11,10), (6Suz, 13,12), (2G2(4), 13,12), (3Aq, 5,3),
(3A7,5,3), (M1, 11,9), (Mas,23,21), (2A7,7,4), (J,11,7).

If Z(H) acts the same way on W and W', assume in addition that there is an auto-
morphism of H which sends W to W'. Then Exty, (W, W') = 0, with the following
two exceptions: (H, p, d)=(3A¢, 5, 3) and (2A7,7, 4), where dim Ext}{(W, w)y=1.

Proof. Note that the Sylow p-subgroups of H have order p. Hence, in the case
W = W' we can apply Lemma 7.1; in particular, we arrive at the two exceptions listed
above. This argument settles the cases of (M1, 11,9), (M»3, 23, 21), (J1, 11,7),
and (2G,(4), 13, 12).

If W 2 W and Z(H) acts differently on W and W’, then we also get that
Ext}q(W, W’) = 0 since Z(H) is a central p’-group. So it remains to consider
the case where W 22 W’ and Z(H) acts the same way on both of them. Suppose
in addition that there is an involutory automorphism ¢ of H that swaps W and
W’ and that the module Indl{,(W) of J := H x (o) has at most one complex
lift. Then we can apply Lemma 7.1 to J as in the proof of Lemma 10.1 to con-
clude that Ext!(W, W) = 0. These arguments are used to handle the cases of
(2A7,5,4), (3A7,5,3), BA7,7,6), 2J>2,7,6), (65uz, 13, 12), (61 - PSL3(4), 7, 6),
and (61 - PSU4(3),7, 6).

In the six remaining cases of (6A7,7,6), (3J3,19,18), (2Ru,29,28), (M;,11,10),
(2M12, 11, 10), and (2M3;, 11, 10), we note (using [Jansen et al. 1995] or [GAP
2004]) that the nonisomorphic H-modules W and W’ with the same action of Z(H)
are not Aut(H )-conjugate. ([

Corollary 10.3. Suppose that g > 3 is an odd prime power such that p = (g +1)/2
prime. Then there is a finite absolutely irreducible linear group G < GL(V) =
GL,_1(k) of degree q — 1 over k such that Gt = SLy(q), all irreducible G-
submodules in V are Weil modules of dimension (g —1)/2, and dim Extg(V, V=1
In particular, (G, V) is not adequate.

Proof. Our conditions on p, g imply that g =1 (mod 4). Now we can just appeal to
the proof of Lemma 10.1, taking H = GU»(q)/C, where C is the unique subgroup
of order (¢ +1)/2 in Z(GU,(g)). [l
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Proposition 10.4. Suppose (G, V) is as in the extraspecial case (ii) of Theorem 2.4.
Then Ext{(V, V) =0.

Proof. Write V|g+ =e Zf: | W; as usual and let K; be the kernel of the action of G+
on W;. By Lemma 7.2, it suffices to show that Ext};Jr (W;, W;)=0foralli, j. Recall
that R := O, (G™) acts irreducibly on W;. By Theorem 2.4, K; has no composition
factor = C,, whence Exté;Jr (W;, Wy) = Exté;Jr /K (W;, W;) by Lemma 7.3(ii). Next,
G /K; has cyclic Sylow p-subgroups (of order p) by Theorem 2.1(e), and we have
shown in the proof of Proposition 5.6 that the G /K;-module W; has a unique
complex lift. Hence Extg; . (Wi, W;) = 0 by Lemma 7.1.

Suppose now that i # j and let M be any extension of the G™-module W; by
the GT-module W;. Recall that the R-modules W; and W; are irreducible and
nonisomorphic, as shown in the proof of Proposition 5.6. But R is a p’-group,
so by Maschke’s theorem M = M| & M, with M; = W; as R-modules. Now
forany g € GT, g(M;) = (W;)® = W; as R-modules, and so g(M;) = M,. Thus
M = M| ® M, as a GT-module. We have shown that Exté+(Wl-, W;)=0. O

Proposition 10.5. Suppose that (G, V) is as in case (i) of Theorem 2.4. Then
Exté(V, V) = 0, unless one of the following possibilities occurs for the group
H < GL(W) induced by the action of G on any irreducible G -submodule W of V-

@) p=@+1)/2,dimW = p—1,and H = SL,(q).
(i) p =2/ 4 1is a Fermat prime, dim W = p — 2, and H = SL,(27).
(iii) (H, p,d) = (3Ae,5,3) and (2A7,7, 4).

Proof. Write V|g+ =e Y :_; W; as usual and let K; be the kernel of the action of
G™ on W;. By Lemma 7.2, it suffices to show that Exth+(Wi, W;)=0foralli, j.
Note that neither G nor K; can have C,, as a composition factor, according to
Theorem 2.4. Furthermore, if K; # K ; then we are done by Corollary 7.6. So we may
assume that K; = K ; and then by Lemma 7.3 replace Gt by H =G*/K; =G /K.
Now we will go over the possibilities for (H, W;) listed in Theorem 2.1(b)—(d).

Suppose we are in the case (b1) of Theorem 2.1. Assume first that (p, H) =
((g"+1)/2, Sp,,,(q)). It is well known (see [Guralnick et al. 2002, Theorem 2.1])
that H has exactly two irreducible modules of dimension (¢” — 1)/2, namely the
two Weil modules of that dimension. Hence we can apply Lemma 10.1 and arrive
at the exception (i).

Next, assume that (p, H) = ((¢" +1)/(g + 1), PSU,,(¢)); in particular, n > 3 is
odd. Applying [Guralnick et al. 2002, Theorem 2.7 and Proposition 11.3], we see
that there is a unique irreducible k H-module of dimension p—1=(¢" —¢q) /(g +1),
and, furthermore, that this module has a unique complex lift. Hence we are done
by Lemma 7.1.
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Suppose now that we are in the case (c) of Theorem 2.1. If H = A, then using
[Guralnick and Tiep 2005, Lemma 6.1] for p > 17 and [Conway et al. 1985] for
p < 13, we see that H has a unique irreducible k H-module of dimension p — 2,
and, furthermore, that this module has no complex lift unless p = 5, whence we are
done by Lemma 7.1. Note that the exception p =5 is recorded in (ii) (with f = 2).

Next, assume that (p, H) = ((¢" — 1)/(g — 1), PSL,,(¢)). If n =2, then p =
g +1 =2/ +1 is a Fermat prime, in which case H = SL,(2/) has a unique
irreducible kK H-module W of dimension p — 2, with 2/-1 complex lifts, whence
dim Ext}q(W, W) =1 by Lemma 7.1. This exception is recorded in (ii). If n > 3,
then by [Guralnick and Tiep 1999, Theorem 1.1], H has a unique irreducible k H -
module W of dimension p —2 with no complex lifts, whence dim Ext}{ (W, W)=0
by Lemma 7.1.

It remains to consider the 19 cases listed in Lemma 10.2. Furthermore, by
Corollary 7.6, we need only consider the case where G* acts on W; and W,
with the same kernel. Since G has no composition factor isomorphic to C,,, by
Lemma 7.3(ii) we may view W; and W; as modules over the same quasisimple group
H, with the same kernel. The irreducibility of G on V further implies that W; = Wig
for some g € G, whence the H-modules W; and W; are Aut(H )-conjugate. Now
we are done by applying Lemma 10.2. [l

Corollary 10.6. Suppose that p =2/ + 1 is a Fermat prime. Then there is a finite
absolutely irreducible linear group G < GL(V) = GL,_»(k) of degree p —2 over k
such that G = Gt = SL,(2/) and dimExt};(V, V) = 1. In particular, (G, V) is
not adequate.

Proof. See the proof of Proposition 10.5 and the exception (ii) listed therein. [l

Proof of Theorem 1.3. (a) Assume first that G is not p-solvable. Then G has
no composition factor isomorphic to C,, and H (G, k) = 0 by Theorem 2.4. By
Lemma 7.2, we need to verify that Ext}ﬁ(W,-, W;) = 0 for any two simple G*-
submodules W; and W; of V, of dimension 1 < d < p. Suppose for instance that
Extl. (Wi, Wa) # 0.

Suppose in addition that p > 3. Then the perfect group G admits a reducible
indecomposable module U with two composition factors W; and W,, of dimension
2d, say with kernel K. Since GT has no composition factor isomorphic to C),
0,(X) =1 for the group X := G*/K induced by the action of G* on U. Suppose
that X is not quasisimple. By Proposition 9.7, we have d = p — 1. Then by
Lemma 9.6, either we arrive at the exception (b)(ii) listed in Theorem 1.3, or else
Lemma 9.3 applies. In the latter case, we see that H 1 (X, k) #£ 0, whence X and
G™ admit C,, as a composition factor, a contradiction. Thus X is quasisimple and
Z(X) is a p/-group. If X is of Lie type in characteristic p > 3, then we must have
d = (p £ 1)/2 and arrive (using Lemma 9.5) at the exception (b)(i). Otherwise
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we are in the case (i) of Theorem 2.4, and so by Proposition 10.5 we arrive at the
exceptions (b)(iii)—(v).

(b) Now we consider the case where p =3 and G is not p-solvable. Then the perfect
group G acts nontrivially on W; and W,, which are of dimension 2. Applying
Theorem 2.4, we see that GT = L *--- % L, is a central product of quasisimple
groups; moreover, for all j we have that L; = SL,(g) withg =3 >3 org =5.
Also, for each i, there is a unique k; such that L ; acts nontrivially on W; precisely
when j = k;. Since Extk (k, k) = 0 for any perfect group X, by Lemma 7.7 we may
assume that k; =k, = 1 and ExtlL1 (W1, Wy) #£ 0. If g =5, then the case (b)(iii)
holds. Otherwise we arrive at (b)(vi) —indeed, ExtlL1 (L(3%72), L(3*" 1) #£0 by
[Andersen et al. 1983, Corollary 4.5].

(c) We may now assume that GT is p-solvable (and so is G). In particular, the
subgroup H < GL(W;) induced by the action of Gt on W; is p-solvable, whence
p is a Fermat prime, and H = O, (H) P with P = C,. Since G* projects onto H,
G™ also has C, as a composition factor, and so H 1(G*, k) # 0; in particular,
Extéﬁ(V, V) # 0. We arrive at the exception (a) of Theorem 1.3. U

Proof of Corollary 1.4. Suppose that (G, V) is not adequate, and let V := V ® k.
By the assumptions, dim W < p. Since dim V /dim W divides |G/G ™| by [Navarro
1998, Theorem 8.30], p 1 dimg V =dimy V. Next, (G, V) is weakly adequate by
Theorem 1.2. It follows that ExtIG(V, V) #0and so Extlc(\_/, V) # 0. Now we can
apply Theorem 1.3. ([
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Random matrices, the Cohen—Lenstra
heuristics, and roots of unity

Derek Garton

The Cohen-Lenstra—Martinet heuristics predict the frequency with which a fixed
finite abelian group appears as an ideal class group of an extension of number
fields, for certain sets of extensions of a base field. Recently, Malle found
numerical evidence suggesting that their proposed frequency is incorrect when
there are unexpected roots of unity in the base field of these extensions. Moreover,
Malle proposed a new frequency, which is a much better match for his data. We
present a random matrix heuristic (coming from function fields) that leads to a
function field version of Malle’s conjecture (as well as generalizations of it).

1. Introduction

1.1. Cohen-Lenstra—Martinet and Malle. We start with Cohen and Lenstra’s fa-
mous heuristic principle concerning the distribution of ideal class groups of quadratic
number fields. We fix an odd prime ¢, to be used throughout the paper.

Heuristic 1.1.1 [Cohen and Lenstra 1984]. A finite abelian £-group should appear
as the £-Sylow subgroup of the ideal class group of an imaginary quadratic extension
of @ with frequency inversely proportional to the order of its automorphism group.

With a bit more notation, we can reframe this heuristic. Let ¢ be the poset of
isomorphism classes of finite abelian ¢-groups and for any number field K, let
cl(K) denote the ideal class group of K. For any group G, let G[£°°] denote its
¢-Sylow subgroup. Now, since Y, 4 1/|AutA| = []72, (1 — 271~ (a fact first
proved by Hall [1938]), the map 4 — R given by A > |Aut A|~' ]2, (1 —¢7)
defines a discrete probability distribution on . Heuristic 1.1.1 is the claim that the
statistics of this distribution match the statistics of £-Sylow subgroups of imaginary
quadratic extensions (when ordered by fundamental discriminant). In other words,

MSC2010: primary 11R29; secondary 11R58, 15B52.
Keywords: random matrices, function fields, roots of unity, ideal class groups, Cohen—Lenstra
heuristics.
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Heuristic 1.1.1 is equivalent to the following assertion: for any A € 4,

i |{0 < D < X | —D a fundamental discriminant, cl(Q(+/—D))[£>] = A}|
m

X—00 ’{O < D < X | —D a fundamental discriminant}’

1 o0
= AutAl Ha—e—’).

(This assertion remains unproven; in fact, this limit is not even known to exist.)

This heuristic explains many previously observed tendencies of class groups of
imaginary quadratic fields; for example that their orders seem to be divisible by
three with probability

o
I-JJa=-3"H=i+5+ -~ 44,
i=1

Cohen and Martinet [1990] extended their heuristics to include relative class
groups of finite extensions of arbitrary number fields, placing different distributions
on % depending on properties of the family of extensions they study. Once again,
they proved that these distributions imply many numerical observations, thereby
obtaining a new family of conjectures. (Recall that relative ideal class groups are
defined as follows: if K/Kj is an extension of number fields, the relative class
group cl(K /Ky) is the kernel of the norm map N /k, : cI(K) — cl(Kj).)

However, Malle [2008] presented new computational data that called into question
some of the Cohen—Lenstra—Martinet conjectures. For example, he studied the
3-parts of the relative class groups of quadratic extensions of @(+/—3), which has
third roots of unity. Cohen, Lenstra and Martinet predicted that the class numbers
of such extensions should be coprime to 3 with probability

o0

[Ja—3")~ s840.

i=2
On the other hand, when Malle computed the class numbers of the first million of
these extensions with discriminant at least 10%°, he discovered that the proportion
of them with class number coprime to 3 was about .852. He conjectured that the
proportion of all such class groups that have class number coprime to 3 should be
exactly

[o.¢]
4 i
SI1a+3)7"~ 852,
i=1
which is in much better agreement with his data. In a subsequent paper, Malle

[2010] presented more computational evidence calling into question more of the
Cohen-Lenstra—Martinet conjectures, once again when there are £th roots of unity
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in the base field. In that paper, he also presented a new family of distributions on 4
to describe relative class groups when the base field of the extension has £th roots of
unity but not £%th roots of unity (see Conjecture 2.1 in [ibid.]). These distributions
on ¢ imply rank statistics that seem to be a much better fit for his new data. A
special case of his conjecture is the following:

Conjecture 1.1.2 [Malle 2010]. Suppose that A € and that A has £-rank r. Let K
be a number field with £th but not £2th roots of unity. Let & be the set of quadratic
extensions K /Ky with a fixed signature (with fixed relative unit rank u). Then

i (K €9 | IDisc K| < X, cl(K/Ko)[£*] = A}
1m
X—>00 {K € #| Disc K| < X}|

kDAl | Aut Al ey ‘

In this paper, we study a random matrix model of ideal class groups of function
fields when the base field has £th roots of unity (i.e., the function field analog
of the situation Malle studies in Conjecture 1.1.2). We compute the distributions
on % given by this matrix model in two cases (see Theorem 5.1.4): in the case
when the base field has £th roots of unity but not £2th roots of unity, and in the
case when the base field has ¢*th roots of unity but not £3th roots of unity. In the
former case, our distribution matches the distribution proposed by Malle. Moreover,
we compute all the moments of the distribution given by this matrix model in the
general case when the base case has ¢5th but not £5*!th roots of unity for any
£ 770 (see Corollary 3.2.7).

The work in this paper is based on my Ph.D. dissertation [Garton 2012]. The
matrix distributions were computed independently in the Ph.D. dissertation of
M. Adam [2014b] as well as in [Adam 2014a]. They are also used in [Adam and
Malle 2015].

1.2. The function field case. Complementing the work described in Section 1.1,
investigators have been studying analogous phenomena in function fields defined
over finite fields. Friedman and Washington [1989] addressed the case of quadratic
extensions of the field [, (¢) for a prime p #2 and n € 7>°. More precisely, if
f(t) € Fpn[t] is monic of degree 2g+ 1 with distinct roots, let C  be the hyperelliptic
curve (defined over [,n) of genus g given by y? = f(t). Note that the curve Cy
has exactly one point at infinity, just as imaginary quadratic extensions of () have
exactly one place at infinity. Thus, Pic%pn (Cy) is isomorphic to the ideal class
group of the field extension

Fpr (O[T @ ]/Fpr (0).
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To study these groups, Friedman and Washington introduced a new heuristic
principle, one that comes from the geometry of hyperelliptic curves over finite
fields. Specifically, for f(t) € [F,»[¢] monic of degree 2g + 1 with distinct roots,
let T;(Cy) be the £-adic Tate module of Cy, which is a free 2g-dimensional Z,-
module. In addition, let Frob, be the p”-power Frobenius map acting on 7;(C).
Thinking of Frob,» as a matrix over Zy, it is well known that coker(Id — Frob ,») is
isomorphic to the £-Sylow subgroup of Picgpn (Cy) (see the appendix of [Friedman
and Washington 1989] for a proof of this fact). The same authors conjectured that
the statistics of £-Sylow subgroups of ideal class groups of quadratic extensions of
[, (¢) match the statistics of £-adic matrices. Specifically, if we let

F(g,p". L, A):=

[{f € Fp[t1] f monic with distinct roots, deg f=2g+1, Picgpn (Cpe>] =~ A}
[{f € Fprlt]| f monic with distinct roots, deg f = 2g + 1}

’

then they proposed the following:

Heuristic 1.2.1 [Friedman and Washington 1989]. If A € ¢, then

lim F(g, p", £, A) = lim aye({¢ € Maty, (Zy) | coker (Id —p) ~ A}),
g— 00

g—>00
where oy, is the normalized Haar measure on Maty, (Z).

(See Sections 2.1 and 2.2 for more details on Haar measures.) Katz and Sarnak
[1999] vastly extended the philosophy of considering the action of Frobenius as a
random matrix, especially when the size of the base field is large. Friedman and
Washington show that the limit on the right-hand side of Heuristic 1.2.1 exists,
and that it defines exactly the same distribution on % as Cohen and Lenstra’s
original heuristic for imaginary quadratic extensions of Q. However, just as the
work of Malle calls into question the appropriateness of certain Cohen—Lenstra—
Martinet distributions, it also calls into question the appropriateness of Friedman and
Washington’s proposed distribution. Indeed, the Friedman—Washington heuristic
does not depend at all on the presence of £th roots of unity in the base field [, (¢),
while Malle’s work suggests that distributions modeling £-Sylow subgroups of class
groups ought to change in the presence of £th roots of unity. Thus, the new data
of Malle suggests that Heuristic 1.2.1 might be flawed when [, (¢) has £th roots
of unity.

A possible explanation for this flaw is that Frob,» is a symplectic similitude
with respect to the Weil pairing on T;(Cy). Indeed, it scales the Weil pairing
by p", so when considered as a matrix, Frob, € GSpé’;ﬂ)(Z@). (See Section 2.1
for more details on this notation.) Since the presence of fth roots of unity in
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[, (t) depends on the congruence class of p" (mod £), the set of symplectic simil-
itudes that scale the Weil pairing by p" does indeed change when [, (¢) has £th
roots of unity. These facts led Friedman and Washington (and Achter [2008]) to
suggest:

Heuristic 1.2.2. If A € %, then

lim F(g, p", ¢ A)= lim u3; (¢ € GSpY. ) (Z4) | coker(Id —) = A}),
g—)

where p,(p ) is the unique normalized multiplicative Haar measure on Sp,,(Z)
translated to GSp(p )(Z ).

(Again, see Sections 2.1 and 2.2 for more details on Haar measures.) Friedman
and Washington hoped that this new heuristic would turn out to describe the same
distribution as Heuristic 1.2.1, but Achter [2006] proved that

Jim, ,ﬁ” '({¢ € GSpy, (Zy) | coker(1d —¢) ~ {0}})

# lim a2e({¢ € Maty,(Zy) | coker(Id —¢) = {0}}),

revealing that this was not the case, providing an early indication of the importance
of the presence of £th roots of unity in the base field. Achter used work of Katz
and Sarnak [1999] to prove a revised version of Heuristic 1.2.1:

Theorem 1.2.3 [Achter 2008]. If A € b, then

Jlim |F(g.p". €. A)— s ({¢ € GSpY ) (Zy) | coker(Id —¢) = A})| =0
We remark that this limit in Theorem 1.2.3 leaves g fixed while letting p” increase,
whereas the limit in Heuristic 1.2.2 does the opposite.

The work of Ellenberg, Venkatesh and Westerland [Ellenberg et al. 2009] uses
the topology of Hurwitz spaces to study Heuristic 1.2.2. One consequence of their
work is that

1
lim lim F(g, p", L, A 1—¢
Jim - lim - F(g, p ) = IAtA|]_[( ).
p"#1 (mod £)

Since p" =1 (mod ¢£) exactly when [F,»(¢) has £th roots of unity, this result only
addresses the case when the base field does not have £th roots of unity (and only
when p” — o00). The remaining case is when p” = 1 (mod £); that is, the case
where there are £th roots of unity in the base field. Conjecture 1.1.2 suggests that a
different distribution is needed to describe this case. In fact, Corollary 5.2.2 gives
such a distribution. Using Achter’s result (Theorem 1.2.3), Corollary 5.2.2 implies
the following theorem:
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Theorem 1.2.4. If A is a finite abelian £-group with £-rank r and £>-rank s, then

lim lim F(g,p", ¢, A)

g—> o0 pt—o0

p'=1 (mod ££),
p'#1 (mod £5+1)
o 2 (4! _
¢ 2 .(g—l;g—l)r_n,_lkuml_l ifE=1,
- r(r=1)  s(s—=1) (14 ¢~H)!
CEHEE e ey, B U

|Aut A|~!

where (£~1; €77y is the €77 -Pochhammer symbol, defined for any j € Z>° and
k € 7Z0 (see Notation 5.1.1).

Theorem 1.2.4 extends Conjecture 1.1.2 by including the case where [, (¢) has
£2th roots of unity but not £>th roots of unity. Since imaginary hyperelliptic curves
have only one place at infinity, the function field version of Conjecture 1.1.2 should
set u = 0; making this substitution in Conjecture 1.1.2 yields the & = 1 case of
Theorem 1.2.4.

2. Preliminaries

2.1. Notation and definitions. As above, let £ be an odd prime and let % be the
poset of isomorphism classes of finite abelian £-groups, with the relation [A] < [B]
if and only if there exists an injection A < B. (For notational simplicity, we will
conflate finite abelian £-groups and the equivalence classes containing them.) For
any A € 4, we denote the exponent of A by exp A. If i € 770, let

rank,i A :=dimg, (€71 A/€A).

We will abbreviate rank, A by rank A. If r,...,r,_; € Z7° and r; € Z=Z°, let
%(ry, ..., r;) be the following subposet of 4:

G(r1,...,r;)):={AcY|ranky; A=rjforall je{l,...,i}}.

Next, for any p € Z7°, set R, = 7,/¢’Zy >~ Z/€"Z. For any g, p € 770, let
(-, )2g,p be the symplectic form on (Rp)zg given by

_( 0 1d,
%=, o)

with respect to the standard basis; note that (-, - )¢ 4 : (Rp)zg X (Rp)zf? — (R)p)
is R,-bilinear, alternating and nondegenerate. (See Theorem III1.2 of [McDonald
1976] for more details on symplectic spaces.) Let (-, - )2, be the analogous choice
of symplectic form on (Z;)?¢. For any ring R and any g € Z>°, if R*¢ has a
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symplectic form (-, - ), then the symplectic group of R is

Spag (R) ~ Sp(R*, (-, -))
= {¢ € GL(R*) | (¢(x), ¢ ()) = (x, y) for all x, y € R*}.

Note that a different choice of symplectic form on R?¢ yields an isometric space,
so the choice is immaterial (see p. 188 of [McDonald 1976] for more details).
Similarly, the group of symplectic similitudes of R is

GSp,, (R) > GSp(R*, (-, -)) = {¢ € GL(R?) | there exists m(¢) € R*
such that (¢ (x), p(y)) =m(¢) - (x, y) forall x, y € Rzg}.

For concreteness, we will always assume that the rings (Rp)zg and (Z,)*8 are
equipped with the forms (-, - )2, , and (-, - ), fixed above. The map

m : GSpy, (R) = R™ : p = m(e)

described above is a homomorphism called the multiplier map, and the element
m(¢) € R* is called the multiplier of ¢. For any g € Z7°, let W2g be the unique
Haar measure on szg (Zy) satisfying po, (szg (Zy)) = 1. (We say a Haar measure
satisfying this last condition is normalized.) Note that po, is invariant under both
left and right multiplication since Sp,,(Z/) is a unimodular group. Finally, for any
g€ 779 and any unit x in a ring R, let GSpS;)(R) =m~'(x).

For any x € (Zy)* and ¢ € GSpé);) (Z,) we define a measure M(z);) on GSpé);) (Zy)
as follows: for any 1o,-measurable subset § C szg (Zy), define

g () 1= 12y (S).

This measure is independent of the choice ¢ € GSp;);) (Z;). Indeed, given some

other ¢ € GSpé);) (Zy), there exists a unique ¢y, € Sp,,(Z,) such that ¢y =; i.e.,
S = S¢y ¢. Since o, is translation-invariant, we know that

26 (S) = 2g(Sy ),

as desired. Moreover, since o, 18 translation-invariant (by szg (Zp)) and normal-
ized, so is ,ug;) . Similarly, for any p € Z>°, let V2, o be the unique normalized Haar
measure on Sp2g(R ), and forany x € R;f, define vé’g , On GSpg’;) (R,) as above. For
any peZ”9 x e Ry and S C GSpg;)(Rp), we know vg)’p(S) =S| |Sp2g(Rp)|_1,
since Sp,, (R,) is a finite group. To ease notation, for any A € 9, g € 770 and

x € (Zp)*, we set

S (A) = 5y (¢ € GSpSY (Zy) | coker(Id —¢) ~ A}).
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Furthermore, if p € Z>% and x € R}, set
vie) (A):=v5y) ({y € GSpsy (R,) | coker(Id —y) ~ A})

2.2. The Haar measures. The measures defined in Section 2.1 have an important
relationship, given in the following lemma.

Lemma 2.2.1. Suppose A€, g €77 x € (Zy)* andp € Z7°. Let - : 7, — R,
denote reduction mod €. If £ > exp A, then

us (A) =05 (A).

Proof. Choose any ¢ € GSp(x) (Zy). Then for any measurable S C GSpg;) (Zy), we
know that

S (8) = 5 (S¢™'¢) = 1ag (Sp~")

by the definition of Mz ®) Since Mg is invariant under translation, every coset of
the kernel of the reductlon map - :Sp,, (Z¢) — R, has the same measure; namely,

[Py, (Ze) : ker()] ™" = [Spy, (R, .
Moreover, note that if ¥ € GSp(x) (Zy), then m(%) =m(y) and coker (Id —/) ~ A
if and only if coker (Id —1/) ~ A since £” > exp A. The result follows. ]

Notation 2.2.2. Suppose that g € Z>° and £ € Z=°. For p € 770 satisfying p > &,
we define an important subgroup of GSp,,(R,):

GSpy, (Rp) :={y € GSpy,(R,) [ m(y) € LR, +1}.

Note that GSpy, (R,) = Sp,,(R,) and GSp}) (R,)) = GSp,,(R,). For any A € 4,
we adopt the suggestlve notation

N

3 (A) = |ly € GSpY) (R,) | coker(Id —y) ~ A}|

and, if p > &,
(5) S-H)
2g S(A) = (A)

2g P .
GSp3;, (Rp)| — GSpy ! (R,)]

V2g>p( )=

Goal 2.2.3. We can now state the matrix-theoretic analog of the situation about
which Malle made his Conjecture 2.1. Following Heuristic 1.2.2, for A € ¥,
x € (Z)* and £ € 77°, with x = 1 (mod £¢) but x # 1 (mod £5*1), we must
evaluate

pe(A) = Tim p5?)(A).
g—oo <8
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If we let - : Z; — R, denote reduction mod £, then we know by Lemma 2.2.1 that
this amounts to calculating

. (x)
Jim v,

for any p € Z>° satisfying both £° > exp A and p > &. In Note 3.1.5 we will see
that, for all such p,

(x) — (&)
v2g’p (A) - v2gyp (A) ’
so we will turn our attention to computing
. (&)
Jim i ().

which we compute explicitly for £ = 1, 2 in Corollary 5.2.2. Using Achter’s result,
Theorem 1.2.3, we then obtain Theorem 1.2.4 as a corollary.

Remark 2.2.4. Suppose that x € Z,. In addition to explicitly computing the
distribution st : %9 — Rif x =1 (mod £5) but x # 1 (mod £5*!) for £ =1, 2, we
also compute the moments of this distribution for any & € Z>°. Specifically, in
Corollary 3.2.7 we find that if A € % then

> ISurj(B, A)| e (B) = |A(A/€5)].
Be$

(See Notation 3.2.1 for the definition of A.) For any A € %, we call the quantity
Y peglSurj(B, A)|py (B) the “Ath moment” of the distribution 1, by analogy. Just
as the kth moment of a real-valued random variable X is the expected value of
X, the Ath moment of u, is the expected value of |Surj(B, A)|, where B is a
¥-valued random variable. Moreover, under certain favorable conditions, the set of
Ath moments of a distribution on % determines the distribution, making the analogy
even stronger. The term “Ath moment” is becoming standard in the literature related
to the Cohen—Lenstra heuristics (see, for example, [Ellenberg et al. 2009; Matchett
Wood 2014)).

3. The symplectic action

3.1. Basic properties.

Notation 3.1.1. For any A, B € ¢, let Inj(A, B) and Surj(A, B) be the sets of
injective homomorphisms and surjective homomorphisms from A to B.

In what follows, we will consider either injections or surjections (as well as
either kernels or cokernels) depending on which is more convenient at the time.
The next two lemmas justify this shifting point of view.
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Lemma 3.1.2. Suppose that A € 4, g, p € Z7° and &€ € 7=°. If p > &, then
GSpéi,)(Rp) acts on Inj(A, (Rp)zg) and Surj((Rp)zg, A) by postcomposition and
precomposition, respectively. These actions have the same number of orbits.

Proof. If £° < exp A, the result is trivial, so suppose £ > exp A. In this case,
we can think of A as an R,-module. Moreover, we know that R, is an injective
R,-module by Baer’s criterion, so the functor

(-)Y:=Hom(-, R,): R,—mod — R,—mod
is exact. Thus, for any y € GSpgg> (R)),
foh enj(A, (R,)*) with yof=h
if and only if
Y, hY e Surj(((Ry)*)Y, AY) with f¥oyY =h".

After choosing R,-bases for (R )?€ and A, it is easy to see that (R, )28)V ~ (R, )28,
AV~AandyV=y'e Gszg (R,), giving the result. O

The number orbits of the action described above turn out to be very important,
so we bestow a name upon them:

Definition 3.1.3. Suppose that A €9 g, peZ%and & €770 If p > £, let 02g<i>

be the number of orbits of GSp2 (R,) acting on Inj(A, (Rp)zg) or Surj((R)) 28 A).

Lemma 3.1.4. For A, g, p, & as above,

N (A) = |{y € GSpS)(R,) | ker(ld —y) ~ A}|.

Proof. As in Lemma 3.1.2, this follows from the exactness of (-)V. Note that, for
any y € GSpgiz> (R)),

(coker(Id —y))¥ =ker((Id —y)") = ker(Id —y 1),
giving the result. (]

In Goal 2.2.3, we turned our attention from the measures of cosets of the sym-
plectic group to subgroups of the group of symplectic similitudes. The following
note justifies this turn.

Note 3.1.5. Suppose that A €4, g € Z7%, x € Zy and £ € Z7°, with x =1 (mod £%)
but x # 1 (mod £511). If p € 779 satisfies p > &, then

viy (A) =i (A).
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Proof. This amounts to showing that if x, y € R, such that x = y =1 (mod %) but
neither x nor y is equivalent to 1 (mod ¢51), then

(x) _ .
”2g,p(A) = Vzg,p(A)-

By our assumptions on x and y, there exists some m such that £ {mg and X" =y.
Choose some m in the arithmetic progression {mq + £°~¢ j};?‘;o such that

ged(m, |GSpy, (Rp)) = 1,
and choose k such that mk =1 (mod |GSp2g (R,)]). Now, the map
()" : GSps, (R,) — GSp3, (Ry)
y > "

is bijective with inverse ( - )¥. Moreover, for any z € (Rp)zg andany y € GSpg? (R)),
it is clear that yz = z if and only if ™z = z. Thus, we obtain

|{y € GSPS (R,) | ker(Id —y) ~ A}| = |{y € GSp3)) (R,) | ker(Id —y) ~ A},

and we conclude by Lemma 3.1.4. (I
3.2. Orbit counting.

Notation 3.2.1. For any A € ¢, let A(A) be the set of alternating bilinear forms
on A thought of as a (Z/ exp A)-module.

Note 3.2.2. Suppose that A=2Z/{*" @ --- & Z/t* witha; > --->a, > 0. Then
|A(A)| = ¢2i= (—Dei

Proof. Let {e;};_, be a (Z/exp A)-basis for A such that e; has order £* for

all i € {1,...,r}. Every alternating bilinear form (-, -) on A corresponds to
an antisymmetric matrix ((e;, e;)) € Mat,, (Z/exp A). Moreover, £% (e;, e;) =
(e;, €% e;) =0foralli < j since e; has order £% for all i € {1, ..., r}. Conversely,

any antisymmetric matrix (a;;) € Mat,, (Z/exp A) corresponds to an alternating
bilinear form on A, as long it has Os along its main diagonal and £%/ a;; =0 whenever
i < j (this requirement encodes the fact that any bilinear form (-, -) on A must
satisfy €%/ (e;, e;) =0 for all i < j). There are £%/ such elements of Z/exp A, so
the result follows. 0

Lemma 3.2.3. Suppose that r € 72°, A € 4(r), g,p € Z7° and &€ € 77°. If
P >expA, p>E&and2g >r,then
p_g_l . .
of & <O+~ 1) Y DA ).
i=0



160 Derek Garton

Furthermore, when g > r, the upper bound above is an equality. (In particular,
A (E) -

0.1 is independent of g for large enough g.)

As pointed out in Goal 2.2.3, we need only calculate
: (&)
ghﬁrrolo Vzg,p(A)-

Despite this fact, the inequality for small g in Lemma 3.2.3 does indeed turn out to
be useful. This is due to the fact that 1)2 (A) can be expressed as a sum of orbit
data for finite abelian groups of rank up to 2g. (See Corollary 4.2.4.)

Proof of the lemma. The result is obviously true when r = 0, so suppose that
r > 0. Theorem 2.14 of [Michael 2006] shows that the set of orbit representatives
of GSp32! (R,) = Sp,, (R,) acting on Surj((R,)%, A) injects into A(A); there, this
injection is denoted s’, and when g > r, the map s’ is a bijection.

We can define an action of (R,)™ = Gszg (Rp)/ szg (R),) on Surj((Rp)zg, A)
as follows. For any x € (R,)™ and f € Surj((Rp)zg, A), note that

0 x-Idg _ 0 x-Idg
<—Idg 0 )eGszg(Rp), and define x-f_fo<_1dg 0 )

We can also define an action of (R,)* on A(A) by x-(-,-) = x(-,-) for any
x €(Ry,)* and (-, -) € A(A). Again referring to the notation of [ibid.], the map s’
is equivariant with respect to these two actions. (This follows from the definition
of the map s’ and the comment immediately preceding Lemma 2.2 from [ibid.].)
Thus, computing the number of orbits of GSp (R ) acting on Surj((R, )28, A)
is a straightforward application of Burnside’s countmg theorem. Indeed, suppose
that A=Z/4"®---®Z/L% witha) > --- >, > 0, then use Note 3.2.2 to see that

1
A4,48) .
< Fix (v)
%280 |£¥R +1] gﬂ' S
14

-1

1 p—&
TER, 1] (( Z Z IFiX(v)|)+ Z |Fix(u)|)
P

i=0 veH R+ D\(EHFTIR,+1) velPR,+1={1}

p—&-1
1 ( Z (Z,O—S—i _Ep—g—i—l)gz;=2(j—l)min{s-ﬁ-i,a]‘} +Ea2+2a3+--~+(r—l)a,>

T
i=0
p—E—1
=7 LA €1 Y e A,
i=0
with equality when g > r. U

Notation 3.2.4. Suppose that Aed, ,0 € Z>0 and &£ € Z=0. If ¢ > exp A and p > £,
use Lemma 3.2.3 to define o, 48— ozg , ! for any g € Z7° such that g > rank A.
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We now mention an identity which will be useful later. (See Corollary 3.2.7 and
Note 4.2.5.)

Note 3.2.5. Suppose A € G and p,& € Z>°. If £” > exp A and p > &, then by
Lemma 3.2.3 and Note 3.2.2, we see that

Lot &) — oM ETN = (¢ — )| A(A/E5))].

Below is a simple observation, which has Corollary 3.2.7 as an important conse-
quence. This corollary gives the moments of the probability distributions . : ¢ — R
for any x € Z;, as promised in Section 2.2.

Lemma 3.2.6. Suppose that A€, g, p € 7% and & € 7=°. Furthermore, suppose
p=>E letye GSp<€> (R,), and consider Inj(A, ker(Id —y)) CInj(A, (Rp)zg) There
is a one-to-one correspondence between Inj(A, ker(Id —y)) and Fix(y). Dually,
there is a one-to-one correspondence between Surj(coker(Ild —y), A) and Fix(y).

Proof. Suppose that f € Inj(A, (Rp)zg). Note that f € Inj(A, ker(Id —y)) if and
only if (Id —y) f =0 if and only if f =y f. The dual proof is similar. [l

Corollary 3.2.7. Let x € Z; and suppose that x =1 (mod £5) but x # 1 (mod £5+1)
for some & € 770, If A € 9, then

> ISurj(B, A)|p(B) = |A(A/€5)],
Be%

Proof. Choose any g, p € Z>° such that g > rank A, £” > exp A, and p > &. To
begin with, note that

> |Surj(B. A)|vy, ,(B)
Be%

= |GSp5; (R,)|™'+ > "ISurj(B. A)| - |{y € GSpS; (R,) | coker(Id —y) ~ B}
Be%

=|GSpy (R,)|™'+ Y |Surj(coker(Id —y), A)|.
y€GSpSy (R,)

Now, thanks to Note 3.1.5, we can turn our attention to the quantity

IGSp3; (Rp)\GSpy; (R ™" 3 |Surj(coker(Id — ), A)).
v €GSpS, (R,)\GSpS, " (R,)

Using the fact that |GSp2 5 (Rp)| = £|GSp<$+1 (R,)| and applying Lemma 3.2.6
to GSp2 (R,) acting on SurJ((R p)zg A), then using Burnside’s counting theorem
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and Notation 3.2.4, we see that

IGSp3; (Rp) \ GSps, (R, ™" - > |Surj(coker(Id —), A)|
Y €GSpy; (Rp)\GSpy, ™ (Rp)

14

_ ( > Fixyl- Y |FiXV|>

~ @
(€ =1 IGSpyg (Ry) v €GSpS; (Ry) reGspy, " (Ry)

! |Fix y| |Fix y |
_E—l( Z (&) Z

a E+D)
J/EGSPZ)(RP) |GSp2g (Rp)I )/GGSPSJI)(RP) £ |GSp2g (Rp)|

o ae 1 A+
= 0 —1 (025’,,0 - ZOZg,p

1 A A (E+1
= — 1(5%,@ — oM ey,
so we can conclude by applying Note 3.2.5 and Lemma 2.2.1. (]

4. A weighted Mobius function

4.1. First observations. Let % be a locally finite poset. The Mdbius function on P,
denoted by ug, is defined by the following criteria: for any x, z € P,

pa(x,z) =0 ifx £z,
upx,z)=1 ifx=zg,
foyiz /"L@(-x’ y) == 0 lfx < Z.

A classic reference for Mobius functions is [Rota 1964]. In this section, we need to
study a variant of the Mdbius function on the poset of subgroups of a finite group
(ordered by inclusion). For a history of the work on the Mobius function on this
poset, see [Hawkes et al. 1989]. Now, for any finite group G, let P be the poset
of subgroups of G ordered by inclusion. For A € ¢, we study an amalgam of the
Mobius functions on % 4 and %, which we define below.

Notation 4.1.1. For any A, B €9, let sub(A, B) be the number of subgroups of B
that are isomorphic to A. If A € §, an A-chain is a finite (possibly empty) linearly
ordered subset of {B € G| B > A}. Now, given an A-chain € = {Aj};zl, with
Aj <Ajy forall jell,...,i—1}, define

i—1
sub(€) := (—1) sub(A, Ap) [ [sub(A;, Aj41).
j=1
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(We set sub(€) = 1 if € is empty.) Finally, for any A, B € 4, let

0 if A< B,
S(A.B) = 1 if A= B,
> sub(®) if A<B.

A-chains €,

max =B

Remark 4.1.2. Though § is defined on the poset ¢, it is closely related to the
classical work on the M&bius function on the subgroup lattice of a fixed group.
Indeed, by applying Lemma 2.2 of [Hawkes et al. 1989], we see thatif A, B €, then

S(A.B)= ) np(C. B).
C<B
C~A
Given x € (Z;)*, we can use the function S defined in Notation 4.1.1 to begin
our analysis of the measure u,, following the outline in Goal 2.2.3.

Lemma 4.1.3. Suppose A€ 4, g, p € Z7° and &€ € 7=°, with p > & and £° > exp A.
Then A8 v ©) ) -
035 1GSpy) (Rp)| = > Ny (B)[Inj(A, B)|.
Be$
B<(R,)*

Proof. Applying Lemma 3.2.6 and Burnside’s counting theorem, we see that

03, 0N1GSPS (Rl = Y [Fix(»)l= Y |Inj(A, ker(ld—y))|
y€GSpY, (Ry) v €GSpY (R,)
= > Ny, (B)Wj(4, B),
Be%
B=<(R,)*
where the last step follows from Lemma 3.1.4. ]

For A, g, p, £ as above, Lemma 4.1.3 gives us an “upper triangular” system of
equations, which we will solve for Nz(i p(A). (The quotes indicate that the system
is indexed by the poset P y2¢.) Proposition 4.1.4 is the first step along this path.

Proposition 4.1.4. Suppose A, g, p, & are as above. Then

(&)

Nyg (A T o S(A, B)
— =T = ey .
|GSPZ,>(R;;)| Py §:°  |Aut B|

B<(R,)*

Proof. We use strong induction on |(Rp)2g|/|A|. In light of Lemma 4.1.3, the
base case A = (Rp)zg is trivial. Now suppose the result is true for all B € ¢§ with
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B < (Rp)Zg and |(R,)*|/|B| < |(R,)*¢|/|A|. Using Lemma 4.1.3, we see that

"\ Q2,0 : 2 ’
GSp DRy 1AUAL T GSpEI (R po o
B<(R,)*
B#A
A, (§) (&)
0 Ny, ,(B)
—_28r Z 25’(+.3ub(14,3)’
|Aut A pes  |GSpy, (R))]
B<(R))*
B#A

so the result follows by the induction hypothesis. ([

4.2. Vanishing of the Mobius function. Before proceeding, we need a bit more
notation, and two results from [Garton 2014b].

Notation 4.2.1. For any A € % and any i € Z=°, let
i times
Agi =ADZ/0)D---D(Z/)0).
Hall [1934] proved that if G is an £-group of order ¢", then ug(1,G) =0

unless G is elementary abelian, in which case ug(1, G) = (—1)"6(;). There is an
analogous result for the function S:

Theorem 4.2.2 [Garton 2014b]. If A, B €4, then S(A, B) = 0 unless there exists
an injection t : A — B with coker(t) elementary abelian.

Additionally, this property of S will prove helpful:

Theorem 4.2.3 [ibid.]. If A, B € G and B = Cg; for some C € § with rank C =
rank A and i € Z=°, then S(A, B) = S(A, C) - S(C, B).

Theorem 4.2.2 and Theorem 4.2.3 have the following corollary:

Corollary 4.2.4. Suppose A, g, p, & are as above, and let r =rank A. If in addition
we know & € Z7° and p satisfies p > & and £” > exp A, then

281 p,Bai- (&) Bgi, (§+1)
020 “ 02 S(B, Bg;)
A S(A, B . .
v2g/)( )= Z ( ) Z {—1 |Aut Bg |

Be%(r)

Proof. Using the fact that |GSp2 (Rp)| =4 |GSp E+h) (R,)|, note that

(A) = NETD(A)

v (4) = 2gp 24,0
80 |GSP2 (R,o)|—|GSp2 SR,
NETD
28 P(A) 2g P (A)

(¢ — 1>|GSp<5>(Rp>| S e-DIGSPE (RN
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Applying Proposition 4.1.4, we obtain

B,(§) (E+1)
1) (A) Z eoZg,p 02g P . S(A, B)
2g P o 0—1 |Aut B|
B<(R,)*

Now, by Theorem 4.2.2 we know that if B € % is not of the form B = Cg, for some
C € %(r) and some i € Z=°, then S(A, B) vanishes. Thus, by Theorem 4.2.3, we
conclude that

28— ¢, Beir (£) B, (§+1)

) O2.p _02g,o S(B, Bgi)
A S(A, B : ,
Y2g.p (4) = Z ( ) Z |Aut Bg, |
Be4(r)

as desired. O

Note 4.2.5. Suppose A, g, p, &, r are as in Corollary 4.2.4, and suppose that g > r.
Then for any B € 4(r) andi € {0..., g —r}, we know by Note 3.2.5 and Note 3.2.2
that

tole g by 52 1 g
71 =[A(Bgi /)| =" 2 |A(B/€* B)|,
and forany i e{g—r+1,...,2¢g —r}, we can use the proof of Lemma 3.2.3 to
note that
ol o
—7—1 Sﬁozg’p ' <A B =L |A(B)].
Thus, if
iZlMW n S(B, Bgi)
= |Aut Bg; |

converges absolutely (and it does; see Lemmas 5.1.2 and 5.1.3 and Theorem 5.1.4),
then so does

Bai, (&) Boi, (§+1)
i Loy, — Ozfp S(B, Bgi)
par 0—1 |Aut Bg;|’
and
im v (4) = ¢ ir4 1650 S(B. Boi)
Jim vy, (A) =) S(A, B)|A(B/EB)|- Zz Aut B

Be%(r)

Analyzing the inner series is the subject of the next section. (Note that this limit
does not depend on p, once p is large enough; this is consistent with Lemma 2.2.1.)
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5. g-series and convergence

5.1. g-series. Before continuing, we make a small foray into some g-series notation
and calculations.

Notation 5.1.1. For z, g € C with |¢| < 1 and i € ZZ9, let

i—1
@q)i=]]0-q'2.

Jj=0

To ease notation, set (¢); := (q; g);. Recall the definition of the g-binomial coeffi-
cients: for any k, m € Z=°, let

KN (@
<m>q o (Q)m?ql;k—m,

1(l+1)

with (¥) =0ifk <m.
q
Fori € 720 letr; = —1/(¢ 2 (£7");). We define the next object in terms of
any finite set of nonnegative integers S and any i € Z satisfying i > max S. If
SU{0} = {s0, ..., s;}, where 0=s9 <s1 <+ <541 :=10, define ri =[T_ rs;, -5,
Finally, let o = 1, let f; =), and for i > 1, let

Lemma 5.1.2. iti =ﬁ(1 +¢7H7 T,

Proof. Let R =r1 +r,+--- and, to get into the spirit of a g-series calculation,
let g = e Using a product formula of Euler (see [Andrews 1976, p. 19]), we
note that

l(l+1) ; z(z 1)

=X g a0 _Zu— st | CRER

i=1

Now, by the definition of #; (and by using Lemma 5.1.3 to rearrange the terms of
the sum), we know

o0 1 o0
_ 2 3 _ _ —iy—1
Zfi—l'i‘R-l-R +R +"'—m—n(1+£ DI
i=0 i=1

as desired. O

Next, we justify the reordering of the summands in Lemma 5.1.2:
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Lemma 5.1.3. For any finite set of nonnegative integers S and i € Z satisfying
i >max§$, let p = |rg|. Next, let to =1, let T = pé, and for any i > 1, let

T = Z ,Ofg.

SCHl,..i—1)
Then ) ;2 Ti converges.

Proof. For fun, we will give two proofs: a simple proof that holds for any ¢ > 3,
and a more complicated one that holds for £ > 3. Note that the sum clearly diverges
for £ = 2 since it includes infinitely many Is.

For the simple proof, note that for any finite set S of nonnegative integers and
any i > max S, we know pg < (£ —1)7". Tt follows that for any i € Z=°, we have
that ; <271 — 1), so Y72 7 converges for £ > 3.

Of course, this argument fails for £ = 3. In this case, for a finite set S of
nonnegative integers and an i > max S, we must use a (slightly) better bound than
ps<(—17". Let A= (£—1)"". Since (¢ —1)~! < (¢ —1)™™ for any m € 7=,

if we let SU{0} = {so,...,s;}, where 0 =59 <51 <--- <sj41:=1, then
J i
= l_[ Py —si] < 1_[ 22 k1 =80 (1 =se+1) (1)
k=0 k=0

Let 7; be the number of compositions of i by triangular numbers. By rearranging
the terms of ) ;o 7; to order them by the exponent of A appearing in the bound (1),
we see that if Y 70| T;A" converges, then so does Y o ;. Since the generating
function for the number of compositions of positive triangular numbers is

: 1
> Tix = )
i=0 1— Z X 2](]+1)

we need only show that the radius of convergence of (2) is at least A. Since £ > 3,
we know that A < %, and

1> 5+ + @0+ @0+
so the lemma is true. |

We can now finish proving the result mentioned in Note 4.2.5.

Theorem 5.1.4. Suppose A € 4, p,& € Z7°, and let r = rank A. If p > £ and
£P > exp A, then

S(A, B)

Jlim vid(4) = ]_[(1+£‘l)‘ Y IAB/EB)]- TAR Bl
i=1

Be%(r)
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Proof. Let B € 4(r,s), let S be a finite set of nonnegative integers, and let i
be a positive integer with i > max S. Suppose S U {0} = {so,...,s;}, where
0=s0<---<sjy41:=1i. Now, we know by [Garton 2014a] that, for any k, m € 7=0
with k <m,

g(r+k)(m—k)(z—l)r_s+m

(E_l )r—s—l—i (Z_l)m—k

sub(Bgk, Bom) =

and
€2ir+i2 ! .
|Aut Bg | = C st pu
(L= H)r—s
SO
L g
-y sub(Bgs, , Bas,
LS ey E} (Bos;» Basi,)
—( 1)j+1 Z""_@ (g—l)r_s J Z(r+sk)(sk+l_5k)(z—l)ris+sk+l

|AUtB| . (e_l)r—s-i-i . (z_l)r—s-i-sk(ﬂ_l)skﬂ—sk

k=0

. o—ir="G0 T (s (e —s)
= (—1)i*!
IS G T
" 1 ﬁ g—%(skﬂ—sk)(skﬂ—sk-i-l)
= (=1t .
AutBl L4 (€D,
But by Lemma 5.1.2, this means that
A |Aut Bgi|  |AutB| ~"'  |AutB| ! ’
i=0 i=0 i=1
so we conclude by Note 4.2.5. (]

5.2. The main results. To conclude we mention two corollaries of Theorem 5.1.4,
one trivial and one nontrivial.

Corollary 5.2.1. If x € (Zy)* satisfies x =1 (mod £), then

oo
; (x) — —iy—1
Jim 5 (0) = H (1+eH7
1=
Friedman and Washington [1989] proved the analog of Corollary 5.2.1 for the
groups GL,, (Z,); namely, they proved that

Jim pgr, @) (9 € GLa(Ze) | coker(d—¢) > (0} = [ (1 = €7,
i=1
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where 11gL,z,) 1s the normalized Haar measure on GL,(Z,). Friedman and Wash-
ington expressed the hope that the statistics of GL,(Z,) (as n — 00) would match
those of GSp,,(Z¢) (as 2g — 00). Achter [2006] proved that this was not the case.
Corollary 5.2.1 calculates a particular statistic for GSp, ¢ (Zy) (as 2g — 00). It is note-
worthy that the quantity in Corollary 5.2.1 matches Malle’s conjectured probability
that the class numbers of relative class groups are coprime to £ (when the base field
of the extension has £th roots of unity but not £>th roots of unity; see Conjecture 2.1
in [Malle 2010]). Furthermore, Corollary 5.2.2 shows that the distribution on %
proposed by Malle matches the distribution on 4 given by ,ug;) for any x € (Z4)*
with x = 1 (mod £) but x # 1 (mod £%). Moreover, Corollary 5.2.2 also computes
the distribution on % given by M(Z)(Cg) when x =2 (mod £) but x # 1 (mod £3); this is
analogous to the number field case when the base field has £2th roots of unity but
not £3th roots of unity. The proof of Corollary 5.2.2 relies heavily on calculations
from [Garton 2014a].

Corollary 5.2.2. Suppose r,s € Z=° with r > s. Furthermore, suppose that x € Z,
and € € 77° with x = 1 (mod €%) but x # 1 (mod £5+1). If A € 4(r, s), then

: (x)
lim 15 (4)
r(r=1) 1—[00 (1—|—£7i)71
Y] 2 E*l . i=l e =1,
) @y S if&
- r(r=1)  s(s=1) % (1 4 p—iy-l
g 2 72 -(z—l)s(e—l;ﬂ)r%rH’ZI( L) e

|Aut Al

Proof. Choose any p € Z>° with p > & and £€° > exp A. Then by Lemma 2.2.1
we know

Hg (A) = vy, (A).

Now, we know from [Garton 2014a] that

5 S4B @,
AutB|  |AutA|’

Be%(r)
and, for any i € {s,...,r},
3 S(A, B) _ (_1)i_s.£8<32+‘)——"<"2+‘>' <r—;> @
Beagy AUt Bl r=iJer |AutAl

The £ =1 case follows from Note 3.2.2. For £ =2, use Note 3.2.2 again to see that
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2 2 B)
> |IAB/EB)] |AtB| Z > 1AB/EB)- |AtB|

Be%Y(r) i=s BeY(r,i)

Yy e (7). D,
: r—i)et |Aut A
i=s

r(r l)+a(é+l)

¢ N, < iy (T—S »
N |Aut A 'g(_l) '(r—i)g-l'g .

Letting k =r — s and ¢ = 1/¢, we apply formula (1.10) from [Kupershmidt 2000],
which is a corollary of formula (1.12), to obtain

r(r 1) s(: 1) k
S(A,B) ¢z t 1 (Z -k
A(B/2B)| - = : —11(.) i
2 1AB/EB)] |Aut B| |Aut A Z( i)
Be%(r) i=0
_z’(’T_”Jr@(g—l)s s
T |AutA| AL
as desired. O
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Local Beilinson—Tate operators

Amnon Yekutieli

In 1968 Tate introduced a new approach to residues on algebraic curves, based on
a certain ring of operators that acts on the completion at a point of the function
field of the curve. This approach was generalized to higher-dimensional algebraic
varieties by Beilinson in 1980. However, Beilinson’s paper had very few details,
and his operator-theoretic construction remained cryptic for many years. Cur-
rently there is a renewed interest in the Beilinson—Tate approach to residues in
higher dimensions.

Our paper presents a variant of Beilinson’s operator-theoretic construction.
We consider an n-dimensional topological local field K, and define a ring of
operators E(K) that acts on K, which we call the ring of local Beilinson—Tate
operators. Our definition is of an analytic nature (as opposed to the original
geometric definition of Beilinson). We study various properties of the ring E(K).
In particular we show that E(K) has an n-dimensional cubical decomposition,
and this gives rise to a residue functional in the style of Beilinson and Tate.
Presumably this residue functional coincides with the residue functional that we
had constructed in 1992; but we leave this as a conjecture.
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4. Lattices and BT operators 200
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Introduction

Let X be a smooth curve over a perfect base field k, with function field k(X),
and let x € X be a closed point. The completion K := k(X)) of k(X) at x is a
local field. Tate [1968] introduced a ring E(K) C Endg (K), and two-sided ideals
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E(K)1, E(K)2 C E(K). These new objects were defined using the valuation ring
of K. Let us call the elements of E(K) local Tate operators. Heuristically, elements
of E(K)1 are “compact operators”, and elements of E(K ), are “discrete operators”.
An operator ¢ € Endg (K) is called finite potent if for some positive integer m the
operator ¢™ has finite rank. Tate proved that each ¢ € E(K); N E(K); is finite
potent, and that E(K); 4+ E(K), = E(K). Using some algebraic manipulations of
the structure (E(K), {E(K);}), Tate constructed a residue functional

T .ol
Here Q1

k(X)/K is the module of Kahler 1-forms of k(X). Then he showed that his
residue functional is the same as the one gotten by Laurent series expansion at x.

Finally, Tate gave a global variant of this residue functional, using the adeles
of X instead of the completion k(X)y). He related the local and global residues,
and proved that, when the curve X is proper, the sum of the local residues of any
form a € Q,lc (X)/k is zero. The Tate construction gave a totally new way of looking
at residues and duality for curves.

This circle of ideas was extended by Beilinson [1980] to higher dimensions in
his extremely brief paper (that did not contain any proofs). Actually Beilinson’s
paper had in it several important innovations, related to a finite type k-scheme X.
By a chain of points in X of length n we mean a sequence & = (xg,...,X,) of
points such that x; is a specialization of x;_1. The chain £ is saturated if each x;
is an immediate specialization of x;_;. Beilinson said that:

(1) For a chain £ of length n and a quasi-coherent sheaf M there is an Ox-
module Mg, gotten by an n-fold zigzag inverse and direct limi’t\ process. When
M is coherent and n = 0, this is the my,-adic completion My, of the stalk
My, (Let us call Mg the Beilinson completion of M along £.)

(2) For every n € N and quasi-coherent sheaf M, there is a sheaf A" (M) called
the sheaf of adeles of degree n with values in M. It is a restricted product of
the Beilinson completions Mg along length n chains. The sheaves A" (M)
assemble into a flasque resolution of M. When X is a curve, Al (Oy) is the
usual sheaf of adeles of X.

(3) For a saturated chain § = (xo, ..., x), the completion k(xo)¢ of the residue
field k(x¢) is a finite product of n-dimensional local fields.

(4) Let A := k(xo)¢ as in (3). Then there is a ring E(4) C Endg(A4), with an
n-dimensional cubical decomposition (see Definition 0.3 below), from which
a Tate-style residue functional can be obtained.

(5) The higher adeles in (2) and the cubically decomposed ring of operators E(A)
in (4) can be combined to prove a global residue theorem when X is proper.
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The adelic resolution (2) was clarified, and all claims proved (for any noetherian
scheme X), by Huber [1991]. The assertion about higher local fields (3) was proved
in [Yekutieli 1992] (for any excellent noetherian scheme X ); see Theorem 6.1.

For a long time assertions (4) and (5) were essentially neglected and remained
cryptic. Very recently we heard about renewed interest in the work of Beilinson,
mainly by Braunling, Groechenig and Wolfson [Braunling 2014a; 2014b; Braunling
et al. 2014]. Item (4) above is discussed in [Braunling 2014a; 2014b]. A long-term
goal of this team is to understand and make precise the global aspect (5) of Beilin-
son’s construction, and then to apply this construction in various directions. Indepen-
dently, Osipov [2005; 2007] has been studying higher adeles and higher local fields.

Discussions with Wolfson and Braunling led us to the realization that the topo-
logical aspects of higher local fields, and their implications on item (4) above, are
not sufficiently understood. The purpose of this paper is to present an analytic
variant of the Beilinson—Tate construction for topological local fields and to study
its properties. Presumably our analytic construction agrees with the geometric con-
struction of [Beilinson 1980; Braunling 2014b], and the resulting residue functional
is the same as the residue functional from [Yekutieli 1992] — see Conjectures 0.9
and 0.12 below.

Throughout the introduction we keep the assumption that k is a perfect base field.
An n-dimensional topological local field over k is —roughly speaking — a field
extension K of k, with a rank n valuation, and with a topology compatible with
the valuation. An example is the field of iterated Laurent series K = k((¢2))((¢1)),
which is of dimension 2. See Definitions 3.1 and 3.8 for details. It is important to
mention that a topological local field K of dimension n > 2 is not a topological
ring, but only a semi-topological ring: multiplication is continuous only in one
argument. We abbreviate “topological local field” to “TLF” and “semi-topological”
to “ST”. The theory of ST rings and modules is reviewed in Section 1.

A TLF K of dimension n has discrete valuation rings O;(K) and residue
fields k;(K) fori = 1,...,n. They are related as follows: k;(K) is the residue
field of O;(K) and the fraction field of O;+;(K); and K is the fraction field of
01(K). By a system of liftings for K we mean a sequence ¢ = (01, ...,0p),
where each o; : k; (K) — O;(K) is a continuous lifting of the canonical surjection
0; (K) = k;(K). Such systems of liftings always exist; see Proposition 3.19.

Consider a TLF K equipped with a system of liftings o. We define a ring of
operators Eg (K) C Endi (K), and ideals Eq (K);,; C Eq (K). Our definition (Defi-
nitions 4.5 and 4.14 in the body of the paper) is a modification of Beilinson’s original
definition from [Beilinson 1980]. But whereas Beilinson’s original definition was
geometric in nature (and pertained only to a TLF arising as a factor of a completion
k(xo)g), our definition is of an analytic nature. (We saw a similar definition in a
private communication from Braunling.)
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Here is our first main result. It is repeated as Corollary 4.22.

Theorem 0.1. Let K be an n-dimensional TLF over k, and let ¢ and o' be two
systems of liftings for K.

(1) There is equality Eq (K) = E¢/(K) of these subrings of Endy (K).

(2) Foranyi =1,...,nand j = 1,2 there is equality E¢ (K); j = Eq/(K);,; of
these ideals of Eq (K).

The theorem justifies the next definition.

Definition 0.2. Let K be an n-dimensional TLF over k. Define E(K) := E4 (K)
and E(K); j := Eq (K);,;, where o is any system of liftings for K. We call E(K)
the ring of local Beilinson—Tate operators on K.

Here is a definition from [Braunling 2014b], which distills Beilinson’s definition
[1980]. The notation we use is closer to the original notation of Tate.

Definition 0.3. Let A be a commutative k-ring. An n-dimensional cubically de-
composed ring of operators on A is data (E, {E; ;}) consisting of:

e A k-subring £ C Endg (A) containing A.
* Two-sided ideals E; ; C E, indexed by i € {1,...,n} and j € {1,2}.
These are the conditions:
(i) Foreveryi € {l,...,n} wehave E = E; 1 + E; ».
(ii) Every operator ¢ € (', ﬂjz-zl E;,; is finite potent.
The next result is Theorem 4.24(1) in the body of the paper.
Theorem 0.4. Let K be an n-dimensional TLF over k. The data

(E(K), {E(K)i,;})

of local Beilinson—Tate operators is an n-dimensional cubically decomposed ring
of operators on K.

Let A be any commutative ST k-ring. We can talk about the ring End{™(A)
of continuous k-linear operators on A. There is also the ring DZ"/“HE of continuous
differential operators; see the review in Section 2. There are inclusions of k-rings

A C Dy C Endi™(A4) C Endk (A).

Theorem 0.5. Let K be an n-dimensional TLF over k. The ring E(K) of local
Beilinson—Tate operators satisfies

Dk C E(K) C Endi™(K).
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This is repeated as Theorem 4.24(2). Actually Theorem 0.5 is used in the proofs
of Theorems 0.1 and 0.4.

In [Yekutieli 1992] we developed a theory of residues for TLFs. For every
n-dimensional TLF K, we consider the module of top-degree separated differential
forms Q"K;Ef It is arank 1 free K-module, and it has the fine K-module topology.
This means that, for any nonzero form « € QnK’;eﬂf, the corresponding homomorphism
K— QnK’;eﬂf is a topological isomorphism. (We will say more about the fine topology
later in the introduction.) The residue functional

Resgy : Qi — k (0-6)

constructed in [Yekutieli 1992] is a continuous k-linear homomorphism, enjoying
several important properties. See Theorem 5.4 for details.

Beilinson [1980] claimed that an n-dimensional cubically decomposed ring of
operators (£, {E; ;}) on a commutative k-ring 4 determines a residue functional

Resﬁ?k;E : QZ/k — k. (0-7)

For n =1 this is the original abstract residue of [Tate 1968]. For n > 2 this was
worked out in [Braunling 2014b], using Lie algebra homology and Hochschild
homology.

Now consider an n-dimensional TLF K over k. By Theorem 0.4, K is equipped
with an n-dimensional cubically decomposed ring of operators E(K); and we let

ResIB(T/]k : QnK/]k -k (0-8)

denote the corresponding residue functional.

Let A be any commutative ST k-ring. For any ¢ the module of Kahler differentials
QZ /K has a canonical topology (this is recalled at the end of Section 2). There
is a canonical continuous surjection QZ K~ Qj’;ﬂip to the separated module of
differentials. Often (e.g., when A = K is a TLF of dimension at least 1 and

char(k) = 0) the kernel of this canonical surjection is very big.

Conjecture 0.9. Let K be an n-dimensional TLF over k. The following diagram
of k-linear homomorphisms is commutative:

n can n,sep
QK/k 4 QK/]k

TLF
RR‘ lReSK/k
"K/k

k

When n < 1 we know the conjecture is true. For n = 0 it is trivial, and forn =1

it is proved in [Tate 1968]. In order to help in proving this conjecture in higher

dimensions we have included a review of the residue functional Resg“/F]k and its
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properties. This is Section 5 of the paper. We also state Conjecture 5.7, which is
closely related to Conjecture 0.9.

Suppose A4 is a finite product of n-dimensional TLFs over k; say 4 = [];—; K.
Let us define E(A) := [[; E(K;) and E(A);,; :=[[; E(K});,;. It is not hard to see
that the data

(E(4).{E(4)i,j}) (0-10)

is an n-dimensional cubically decomposed ring of operators on A.

Let X be a finite type k-scheme, let £ = (xo, ..., x,) be a saturated chain of
points in X such that x, is a closed point, and let K := k(xg). According to
[Yekutieli 1992] (see Theorem 6.1), the Beilinson completion A := K¢ is a finite
product of n-dimensional TLFs over k. Beilinson’s construction [1980], worked out
in detail in [Braunling 2014b], gives rise to an n-dimensional cubically decomposed
ring of operators

(Ex,£(K), {Ex,£(K)i,j}) (0-11)

on K¢. (This is our notation.) Note that by definition both Ey ¢ (K) and E(K¢) are
subrings of End (K¢).

Conjecture 0.12. Let X be a finite type k-scheme, let £ = (xop,..., x,) be a satu-
rated chain of points in X such that x, is a closed point, and let K := k(x¢). Then
the n-dimensional cubically decomposed rings of operators E(K¢) and Ex ¢ (K)
are equal.

To help in proving this conjecture we have included Section 6, in which we recall
some facts from [Yekutieli 1992] about the Beilinson completions k(x¢)g, and
provide our interpretation of the geometric definition of Ex ¢(K). In Remark 6.11
we explain the geometric significance of these conjectures.

To finish the introduction we wish to discuss a technical result that is used in the
proof of Theorem 0.1. This result is of a very general nature, and could possibly
find other applications.

We work in the category STRing. k of commutative ST k-rings. The mor-
phisms are continuous k-ring homomorphisms. Let A € STRing k. The fine
A-module topology on an A-module M is the finest topology that makes M into a
ST A-module. For example, if M = A" for r € N, then the product topology is the
fine A-module topology on M. For more see Section 1.

Consider an artinian local ring A in STRing, k, with residue field K. Give K
the fine A-module topology relative to the canonical surjection 7 : A — K; so
becomes a homomorphism in STRing, k. Suppose o : K — A is a homomorphism in
STRing, k such that 7 oo is the identity of K. We call o a lifting of K in STRing_ k.
The lifting o is called a precise lifting if the topology on A coincides with the fine
K-module topology on it (via o). The ring A is called a precise artinian local
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ring if it admits some precise lifting. There are examples of artinian local rings
in STRing Kk that are not precise, like in Example 1.27. However, the rings that
we are interested in (such as quotients of O (K) for a TLF K — see Lemma 3.14,
and Beilinson completions of artinian local rings — see Example 1.26) are precise.
The reader might wonder if all continuous liftings o : K — A for a precise artinian
local ring A are precise. This is answered affirmatively in Corollary 0.14 below. It
is a consequence of the following technical result:

Given a lifting 0 : K — A and an A-module M, we denote by resty (M) the
K-module whose underlying k-module is M, and K acts via 0.

Theorem 0.13. Let A be a precise artinian local ring in STRing, k, with residue
field K. Put on K the fine A-module topology. Let 01, 03 : K — A be liftings in
STRing, k of the canonical surjection m : A — K, and assume that o, is a precise
lifting.

Let My and M, be finite A-modules, and let ¢ : M1 — M, be an A-linear
homomorphism. For | = 1,2 choose K -linear isomorphisms y; : K™ = resty, (M)).
Let ¢ € Mat,, <, (Endi (K)) be the matrix representing the k-linear homomorphism

vy lopoyy K" — K2,
Then:

(1) The matrix ¢ belongs to Maty, xr, (D?;lﬁg)'

(2) Assume that M1 = M and ¢ is the identity automorphism. Write r := ry.

Then the matrix ¢ belongs to GL, (D%O;lﬁg)

This is repeated as Theorem 2.8 in the body of the paper. From it we deduce the
next result, which is Corollary 2.12.

Corollary 0.14. Let A be a precise artinian local ring in STRing_ k, with residue
field K. Give K the fine A-module topology. Then any lifting 0 : K — A in
STRing. k is a precise lifting.

1. Semi-topological rings and modules

We begin with a general discussion of various categories of rings. The notation
introduced here will make some of our more delicate definitions possible.

Let Ring be the category of rings (not necessarily commutative). The morphisms
are unit-preserving ring homomorphisms. Inside it there is the full subcategory
Ring,. of commutative rings.

Now let us fix a nonzero commutative base ring k. A ring homomorphism
f 1k — A is called central if f(k) is contained in the center of A. In this case
we call A a central k-ring. (A more common name for 4 is an associative unital
k-algebra.) The central k-rings form a category Ring k, in which a morphism is a
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ring homomorphism A — B that respects the given central homomorphisms k — A
and k — B. Inside Ringk there is the full subcategory Ring.k of commutative
k-rings. Of course, if k = Z then Ring Z = Ring.

Let A be alocal ring in Ring, k, with maximal ideal m and residue field K = A/m.
Recall that A is called a complete local ring if the canonical homomorphism
A — lim.; A/m' is bijective. The canonical surjection 7 : A — K makes K into
an object of Ring. k. A lifting of the canonical surjection 7 : A — K in Ring_k,
or a coefficient field for A in Ring,k, is a homomorphism ¢ : K — A in Ring_k
such that the composition o o is the identity of K.

The next result is part of the Cohen structure theorem. We will repeat its proof,
because the proof itself will feature in some of our constructions.

Theorem 1.1 (Cohen). Assume k is a perfect field. Let A be a complete local ring
in Ring, Kk, with residue field K. Then there exists a lifting o0 : K — A in Ring_ k of
the canonical surjection w : A — K. Moreover, if k — K is finite, then this lifting
O is unique.

Proof. Consider the K-module Q}( /k of Kéhler differential forms. Choose a
collection {by }xex of elements of K so that the collection of forms {d(by)}xex is
a basis of the K-module Q}< /K According to [Matsumura 1986, Theorems 26.5
and 26.8], the collection of elements {by },cx is algebraically independent over k,
and K is formally étale over the subfield k({b,}) generated by this collection.
(Actually, if either chark = 0 or K is finitely generated over k, then the field K is
separable algebraic over k({b,}). See [Matsumura 1986, Theorem 26.2].)

For any x € X choose an arbitrary lifting oy,(bx) € A of the element by ; thus
7 (op(bx)) = by. Since the collection {by }yex is algebraically independent over k,
the subring k[{hx}] of K is a polynomial ring. Therefore the function oy, : X — A
extends uniquely to a homomorphism o, : k[{bx}] — A4 in Ring. k. Because A is
a local ring, for any nonzero element b € k[{by}] its lift op,(b) is invertible in A.
Thus o, extends uniquely to a homomorphism o; : k({bx}) — A. (The subscripts b,
p, r refer to “basis”, “polynomial” and “rational”.)

Let A; :== A/m!*1, with surjection 7; : A — A;. Because k({by}) — K is
formally étale, the homomorphism 7; o 0; : k({bx}) — A; extends uniquely to
a homomorphism o; : K — A;, which lifts A; — K = Ag. We get an inverse
system of liftings, and thus a lifting o : K — lim; A/m' = A4, 0 := lim; 0;.
The restriction of o to k({bx}) equals oy, and in particular we see that o is a
homomorphism in Ring_k.

If k — K is finite then X = &, and hence ¢ is unique. O

Remark 1.2. Liftings exist whenever they can exist, namely if and only if A
contains a field. This is called the equal characteristics case. Indeed, if A contains
a field then it contains some perfect field k (e.g., Q@ or F,). Now Theorem 1.1 can
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be applied. Note that, if the residue field K contains (, then A also contains ().

The complication arises when the residue field K = A/m contains F,, but A does
not contain it (i.e., p # 0 in A). This is called the mixed characteristics case. In this
case the notion of lifting has to be modified. First the base ring k is replaced by two
rings: a perfect field k of characteristic p, and a complete DVR k whose maximal
ideal is generated by p and whose residue field is k. The ring k is called the ring
of Witt vectors of k. (e.g., when k = [, its ring of Witt vectors is k= Z( p)» the
p-adic integers.) A homomorphism k — K lifts canonically to a homomorphism
k — A. Next there is a complete DVR K, whose maximal ideal is generated by p
and whose residue field is K, and k — K is p-adically formally smooth. Therefore
there exists a lifting o : K — A over k. Moreover, all such liftings are controlled
by SZ}< /K’ just as in the proof of Theorem 1.1.

In this paper we shall deal exclusively with the equal characteristics case.

We are going to look at a more subtle lifting situation, involving topologies on
A and K.

We consider the base ring k as a topological ring with the discrete topology.
Recall that a topological k-module is a k-module M endowed with a topology
such that addition and multiplication are continuous functions M x M — M and
k x M — M respectively. We say that the topology on M is k-linear, and that
M is a linearly topologized k-module, if the element 0 € M has a basis of open
neighborhoods consisting of open k-submodules.

In order to define a k-linear topology on a k-module M, all we have to do
is to provide a collection {U;};cy of k-submodules of M that is cofiltered under
inclusion; namely, for any i, j € I, there exists k € I such that Uy C U; N U;.
The resulting topology on M, in which the collection {U;}; ¢y is a basis of open
neighborhoods of 0 € M, is called the k-linear topology generated by this collection.

Definition 1.3. Let Mq,..., M,, N be linearly topologized k-modules, and let
o ]_[lp —1 M; — N be a k-multilinear function. We say that p is semi-continuous

if, for every m = (my,...,mp) € ]_[f’:1 M; and every i € {1,..., p}, the homo-
morphism
Pm,i s Mi = N, i i (m}) = p(mu, ... ,mi_y,mp, miy1, ... ,mp),

1s continuous.

Definition 1.4 [Yekutieli 1992]. A semi-topological k-ring is a k-ring A with a
k-linear topology on it (so the underlying k-module of A4 is a linearly topologized
k-module) such that multiplication . : A X A — A is a semi-continuous bilinear
function.

The semi-topological k-rings form a category STRing k, in which the morphisms
are the continuous k-ring homomorphisms.
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We use the abbreviation “ST” for “semi-topological”. The ring k with its
discrete topology is the initial object of STRing k. Inside STRing k there is the full
subcategory STRing. k of commutative ST k-rings.

Example 1.5. Suppose A is a commutative k-ring, and a C A is an ideal. Give A
the a-adic topology. Then A4 is a ST k-ring. (The ring A is actually a topological
ring, because multiplication A x A — A is continuous.) The ring of Laurent series
A((t)) — see Definition 1.17—is a ST k-ring, but it is usually not a topological
ring.

Definition 1.6. Let A be a ST k-ring. A left ST A-module is a left A-module M
endowed with a k-linear topology on it (so M is a linearly topologized k-module)
such that the bilinear function u: AXxM — M, pu(a, m) :=a-m, is semi-continuous.

The ST left A-modules form a category, in which the morphisms are the contin-
uous A-linear homomorphisms. We denote this category by STMod 4.

There is a similar right module version, denoted by STMod A°P.

Remark 1.7. If A is a discrete ST k-ring (e.g., A = k), then a ST A-module M is
also a topological A-module, because the multiplication function A x M — M is
continuous. We will usually ignore this fact.

Proposition 1.8. Let A be a ST k-ring. The category STMod A has these proper-
ties:

(1) It is a k-linear additive category.

(2) It has limits and colimits (of arbitrary cardinality). In particular there are
coproducts, products, kernels and cokernels.

Proof. This is all essentially in [ Yekutieli 1992, Section 1.2]. The fact that STMod A
is k-linear is clear.

Given a collection {M,}xex of ST A-modules, indexed by a set X, let M :=
@D.cx M be the direct sum in Mod A. Given any collection {Uy}xex, Where
Uy C My is an open k-submodule, let U := @, .y Uy, which is a k-submodule
of M. Give M the k-linear topology generated by these k-submodules U. This
makes M into a ST A-module, and together with the embeddings M, — M it
becomes a coproduct in STMod 4. Likewise, the product [[,cy My in Mod 4,
with the product topology, becomes a product in STMod 4.

Let ¢ : M — N be a homomorphism in STMod A. Then Ker(¢), with the
topology induced on it from M (the subspace topology), is a kernel of ¢. The
module Coker(¢), with the topology induced on it from N (the quotient topology),
is a cokernel of ¢.

Now that we have coproducts, products, kernels and cokernels, any limit and
colimit can be produced in STMod A. O
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Let A € STRingk. We often use the notation Hom$™ (M, N) to denote the
k-module of continuous A-linear homomorphism between two ST left A-modules
M and N. This is just another way to refer to the k-module Homgtpog 4 (M, N).

Remark 1.9. The concept of ST module is very close to the concept of smooth
representation from the theory of representations of topological groups. Perhaps
some of our work here can be used in that area.

Definition 1.10. Let A be a ST ring, and let M be a left A-module. The fine
A-module topology on M is the finest linear topology on M that makes it into a ST
A-module.

It is not clear at first whether such a topology exists; but it does — see [ Yekutieli
1992, Section 1.2]. The fine topology can be characterized as follows: a ST
A-module M has the fine A-module topology if and only if, for any N € STMod A4,
the canonical function

Hom$" (M, N) — Hom, (M, N)

is bijective [Yekutieli 1992, Proposition 1.2.4]. (So we get a left adjoint to the
forgetful functor STMod A — Mod A.)

The fine A-module topology can be described quite explicitly. First consider
a free module F = @,y A. The direct sum (i.e., coproduct) topology on it is
the fine topology. Now take any A-module M, and let F — M be some A-linear
surjection from a free module F'. Then the quotient topology on M coincides with
its fine topology.

Definition 1.11. Let ¢ : M — N be a homomorphism in STMod A.

(1) ¢ is called a strict monomorphism if it is injective and the topology on M
equals the subspace topology on it induced by ¢ and N.

(2) ¢ is called a strict epimorphism if it is surjective and the topology on N equals
the quotient topology on it induced by ¢ and M.

Example 1.12. Let ¢ : M — N be a homomorphism in STMod A4, and assume
both modules have the fine A-module topologies. If ¢ is a surjection, then it is a
strict epimorphism. If ¢ : M — N a split injection in STMod A, then it is a strict
monomorphism.

Definition 1.13. Let f : A — B be a homomorphism in STRingk. We say that
f is a strict monomorphism (resp. strict epimorphism) in STRingk if it is so in
STMod k.

Definition 1.14. Let A € STRing_ k, let ' : A — B be a homomorphism in Ring_ k,
and let M € Mod B. We view M as an A-module via f. The fine A-module
topology on M is called the fine (A, f)-module topology.
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Lemma 1.15. In the situation of Definition 1.14:

(1) The ring B, with the fine (A, f)-module topology, becomes an object of
STRing . k; and f : A — B becomes a morphism in STRing_ k.

(2) Give B the fine (A, f)-module topology. Then the fine B-module topology
on M coincides with the fine (A, f)-module topology on it. Therefore M,
endowed with the fine (A, f)-module topology, is an object of STMod B.

Proof. This is easy using [ Yekutieli 1992, Proposition 1.2.4]. |

Lemma 1.16. Let { B;}ien be an inverse system in STRing k. The ring B :=1im, B;,
with its inverse limit topology (see Proposition 1.8(2)), is a ST k-ring.

Proof. This follows almost immediately from the definitions. O

Here is the most important construction of ST rings in our context. This is
[Yekutieli 1992, Definition 1.3.3]. Lemmas 1.15 and 1.16 justify it.

Definition 1.17. Let A be a commutative ST k-ring.

(1) Let ¢ be a variable.
(a) For any i € N put on the truncated polynomial ring A[t]/(t'T!) the fine
A-module topology. This makes A[t]/(#'*1) a ST k-ring.
(b) Give the ring of formal power series A[[t] :=1lim«; A[¢]/(t' T1) the inverse
limit topology. In this way A[[¢] is a ST k-ring.
(c) Give the ring of formal Laurent series A((¢)) := A[[t]][t~!] the fine
A[[t]]-module topology. In this way A((¢)) is a ST k-ring.
(2) Lett = (t1,...,t,) be a sequence of variables. The ring of iterated Laurent
series

A(@®) = A1, - ... tn))

is the commutative ST k-ring defined recursively on n by

A1, ... tn)) == A(t2, - .. 1)) (1)),
using part (1).

Note that as ST A-modules there is an isomorphism

A1) = (]_[ A-ﬂ') ® (@A-z") =~ (]_[ A) ® (@ A).
i>0 i<0 ieN ieN

Remark 1.18. Strangely, for n > 2 (and when A is nonzero), the ring B :=
A((t1, - .., tp)) I8 not topological; namely, multiplication is not a continuous function
B x B — B. This is the reason for introducing the semi-topological apparatus.

Furthermore, the topology on B is not metrizable. Still, B is complete, in the
sense that the canonical homomorphism B — limy B/ U, where U runs over all
open k-submodules of B, is bijective.
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Exercise 1.19. Let K := k((t)), the ring of Laurent series in the sequence of
variables ¢t = (¢1,...,t,), with its topology from Definition 1.17. Let F(Z", k)
be the set of functions a : Z" — k, written in subscript notation; namely for
i =(i1,...,in) € Z" the value of a is a; € k. The notation for monomials in £ is
th= til -+~ 1l7. We say that a collection {a; 1% }; czn of elements of K is a Cauchy
collection if, for every open k-submodule U C K, there is a finite subset / C Z"
such that a;t* € U for all i ¢ I. A function a € F(Z",k) is called Cauchy if
the collection {a;t?}; czn is Cauchy. The set of Cauchy functions is denoted by
F.(Z", k). The exercise is to show that for any a € F.(Z", k) the series ) _; c;n a; tt
converges in K, and that the resulting function F.(Z", k) — K is a k-linear bijection.
(For a slightly more general assertion see the end of [Yekutieli 1992, Section 1.3].)

Definition 1.20. Let f : A — B be a homomorphism in STRingk. Given M
in STMod B, we denote by rests (M) the ST A-module whose underlying ST
k-module is M, and A acts via f.

In this way we get a functor
resty : STMod B — STMod A.

We now return to liftings.

Definition 1.21. Let A be a local ring in STRing, k, with residue field K. We put
on K the fine A-module topology, so that the canonical surjection 7 : A — K is a
morphism in STRing, k. A [ifting of K in STRing_k is a homomorphism o : K — A
in STRing, k such that the composition 7 o ¢ is the identity of K.

The important thing to remember is that 0 : K — A has to be continuous.

Example 1.22. Assume k is a field of characteristic 0. Let K := k((¢2)) and
A := K[[#1]], with topologies from Definition 1.17. So we are in the situation of
Definition 1.21. Consider the lifting 0 : K — A from Example 3.13. If at least one
of the elements c; is nonzero, the lifting o is not continuous.

Remark 1.23. Let A be a local ring in STRing, k, with maximal ideal m. We do
not assume any relation between the given topology of A and its m-adic topology.
For instance, A could have the discrete topology, which is finer than any other
topology.

On the other hand, in Example 1.22 above, where A = k((¢2))[[#1]] and m = (#1),
the m-adic topology on A is finer than the given topology on it (since the discrete
topology on K = k((#2)) is finer than its #»-adic topology).

The next definition is a generalization of [Yekutieli 1992, Definition 2.2.1].

Definition 1.24. Let A be an artinian local ring in STRing, k, with residue field K.
We put on K the fine A-module topology, so that the canonical surjection 7 : A — K
is a strict epimorphism in STRing_k.
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(1) A lifting 0 : K — A in STRing. Kk is called a precise lifting if the original
topology of A equals the fine (K, 0)-module topology on it.

(2) The topology on A is called a precise topology, and A is called a precise
artinian local ring in STRing, k, if there exists some precise lifting o : K — A
in STRing, k.

Here are examples:

Example 1.25. Start with an artinian local ring A in Ring.k, and with a given
lifting 0 : K — A of the residue field. Put any topology on K that makes it into an
object of STRing, k. Next give A the fine (K, 0)-module topology. According to
Lemma 1.15(2), the fine A-module topology on K equals its original topology. We
see that 0 : K — A is a precise lifting, and hence A is a precise artinian local ring
in STRing, k.

Definition 1.24 makes sense also for an artinian semi-local ring A, with Jacobson
radical v and residue ring K := A/¢. Of course, here K is a finite product of fields.
This is used in the next example.

Example 1.26. We use the Beilinson completion that is explained in Section 6.
Assume k is a perfect field, and let X be a finite type k-scheme. Take a saturated
chain of points £ = (x¢,...,x,) in X, and let 4 := OX,xo/mij;l for some / € N.
So A is an artinian local ring, and its residue field is K := k(xg). Leto: K — A4
be a lifting in Ring, k.

We view A and K as quasi-coherent sheaves on X, constant on the closed
set {x_o}. The lifting o is a differential operator of Oy -modules, and hence, accord-
ing to [Yekutieli 1992, Propositions 3.1.10 and 3.2.2], there is a homomorphism
og¢ : K¢ — Ag in STRing_ k that lifts the canonical surjection g : Ag — K¢. The
arguments in the proof of [Yekutieli 1992, Proposition 3.2.5] show that K¢ has the
fine A¢-module topology, and vice versa.

By Theorem 6.1 the ring K¢ is a finite product of fields. Therefore Ag is an
artinian semi-local ring, with residue ring K¢. We see that the lifting o¢ : K¢ — Ag
is a precise lifting, and Ag is a precise artinian semi-local ring in STRing, k.

Example 1.27. Assume k is a field. Let K := k((¢)) with the discrete topology,
and let m := k((¢)) with the #-adic topology. We view m as a ST K-module. Define
A := K @&m, the trivial extension of K by m (so m? = 0). For any liftingo : K — A,
the (K, 0)-module topology on A is the discrete topology. Therefore there is no
precise lifting, and A is not a precise artinian local ring in STRing_ k.

A question that immediately comes to mind is this: If A is a precise artinian
local ring in STRing_ k, are all liftings 0 : K — A in STRing_k precise? This is
answered affirmatively in Corollary 2.12 in the next section.
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Let A be a ST k-ring and let M be a ST A-module. The closure {0} of the zero
submodule {0} is an A-submodule of M.

Definition 1.28. Let A be a ST k-ring and let M be a ST A-module.

(1) If {0} is closed in M, then M is called a separated ST module.

(2) Define M := M/{0}. This is a ST A-module with the quotient topology
from M, and we call it the separated ST module associated to M .

Of course, M is a separated ST module if and only if it is a Hausdorff topological
space.

The assignment M +— M P is a k-linear functor from STMod A to itself. There is
a functorial strict epimorphism tps : M — M*°P. The ST module M 5P is separated,
and it is easy to see that for any separated ST A-module N the homomorphism

Homff“t(M P N) — HomﬁOnt(M ,N)
induced by 737 is bijective.

Remark 1.29. The reader might wonder why we work with separated modules
and not with complete modules. The reason is that, for a ST A-module M, its
completion M = limey M/U, where U runs over all open subgroups of M,
could fail to be an 4-module!

However, in many important instances (such as the module of differentials of a
topological local field), the ST A-module M *°P turns out to be complete.

We end this section with a discussion of ST tensor products.

Definition 1.30 [Yekutieli 1992, Definition 1.2.11]. Suppose A is a commutative
ST k-ring, and My, ..., M), are ST A-modules. The tensor product topology on
the A-module

p
@) Mi =M1 ®4--®4 M,
i=1

is the finest linear topology such that the canonical multilinear function

14 p
:rlﬁﬂ-—>cgbﬂ@

i=1 i=1
1S semi-continuous.

With this topology, ®lp —,1 M; is a ST A-module. Given any semi-continuous

A-multilinear function f : ]_[l‘.D:1 M; — N, where N is a ST A-module, the corre-

sponding A-linear homomorphism ®lp —1 M; — N is continuous. For more details
see [ Yekutieli 1992, Section 1.2].
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Example 1.31. Let f : A — B be a homomorphism in STRing_k, and let M be
in STMod A. Then B ® 4 M, with the tensor product topology, is a ST B-module.
We get an adjoint to the forgetful functor resty. If M has the fine A-module
topology, then B ® 4 M has the fine B-module topology. See [Yekutieli 1992,
Proposition 1.2.14 and Corollary 1.2.15].

Remark 1.32. Assume the base ring k is a field. Let M and N be ST k-modules
(i.e., linearly topologized k-modules). Beilinson [2008] talks about three topologies
on the tensor product M ®x N.

In our paper we encounter two topologies on M ® N. The first is the ten-
sor product topology from Definition 1.30. It is symmetric: the automorphism
mi ®@myt—>my@my of M ® M is a homeomorphism.

For the second kind of tensor product topology consider M := k(¢;) with the
t2-adic topology, and N := k(#1) the #;-adic topology. So M = N in STMod k.
Let K := k((t1,2)) be the field of iterated Laurent series, with the topology
of Definition 1.17, starting from the discrete topology on k. The embedding
M ®k N C K induces a topology on it, making it into a ST k-module. Presumably
this topology on M ® N can be described in terms of the topologies of M and N.
Now K is complete, and M ®x N is dense in it. Since the roles of the two
variables in K are different (e.g., the series Zi eN t{ Y ! is summable, but the
series ) jen 1 d -té is not summable), we see that this topology on M ® N is not
symmetric.

It should be interesting to compare our two tensor product topologies to the three
discussed in [Beilinson 2008].

2. Continuous differential operators

Our approach to continuous differential operators is an adaptation to the ST context
of the definitions from [EGA IV 1967]. We are following [ Yekutieli 1992; 1995].
Recall that the base ring k is a nonzero commutative ring, and it has the discrete
topology.

Let A be a commutative k-ring. Any k-central A-bimodule P has an increasing
filtration {F; (P)};cz by A-sub-bimodules, called the differential filtration. This
filtration is defined inductively. For i < —1 we define F;(P) := 0. For i > 0 the
elements of F;(P) are the elements p € P suchthata-p—p-a € F;_1(P) for
every a € A.

Now assume A is a commutative ST k-ring, and let M, N be ST A-modules.
The set Hom{>" (M, N) of continuous k-linear homomorphisms is a k-central
A-bimodule, so it has a differential filtration. We define

Dift{ (M, N) :=_] F;(Hom{™ (M, N)) C Homi™ (M, N).

1
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The elements of
Fi (Diffj‘;‘ﬁ;(M, N)) := F;(Hom{>™ (M, N))
are by definition continuous differential operators of order at most i. Note that
Fo (Difflflo/‘]’li (M, N)) =Hom?™ (M, N).
When N = M we write
Diff;‘}‘ﬁ; (M) := Diffi‘}‘ﬁé (M, M).

This is a subring of Endj>™(M). Let Derf‘lo/nﬂi (M) be the A-module of continuous
k-linear derivations A — M. Then

F (Diffj‘}‘ﬁé (A,M)=M& Derjf/“nfS (M)
as left A-modules.
If M = A then we write

Dy += Diffy )y (4). -1

This is the ring of continuous differential operators of A (relative to k). Let us write
AC;’]‘l;t = Derilo/“ﬂ; (A), the Lie algebra of continuous derivations of A. Then

FUDSH) = A @ T
as left A-modules.

If A is discrete, then lel"/‘]‘l; = Dy /K. the usual ring of differential operators from

[EGA IV 1967]; and ﬁu‘g = T4/K- the usual Lie algebra of derivations.

Remark 2.2. There is a canonical topology on Hom{™™ (M, N), called the Hom
topology, making it a ST A-module; see [ Yekutieli 1995, Definition 1.1]. However,
in this paper we shall not need this topology, and hence we consider Homﬁé’“‘(M ,N)
as an untopologized object (or as a discrete ST k-module).

Example 2.3. Let t = (¢1,...,1,) be a sequence of variables of length n > 1. In
Definition 1.17 we saw how to make the ring of iterated Laurent series k((¢)) :=
k((t1,...,t,)) into a ST k-ring. This is a separated ST ring, i.e., k((¢)) = k((¢))%P.
Let k[¢] be the polynomial ring, with discrete topology. According to [Yekutieli
1992, Corollary 1.5.19] the ring homomorphism k[t] — k(1)) is topologically étale
relative to k. This implies that any k-linear differential operator ¢ on k|[¢] extends
uniquely to a continuous k-linear differential operator $ on k((¢)). This gives us a
ring homomorphism D[4/ — Dﬁg‘)&‘t V/k that respects the differential filtrations,
and such that the induced homomorphism

k((#)) ®xk[e] Pxlr/k — Py /x (2-4)
is bijective.
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If k has characteristic O (i.e., @ C k), then by (2-4) any ¢ e Fi(D 0&;)) /k) can
be expressed uniquely as a finite sum

¢ = Z iy, i) - 0 B (2-5)

where i € N, Zk iy <1, A(iy,....in) € k((¢)) and 9; := 9/0dt;.

On the other hand, if k has characteristic p > 0 (i.e., Fp c k), then the structure
of Dk"(‘Ett)) /k is totally different. For every m >0 let k((t?")) := ]k((t1 ,. t,f ))
which is a subrlng of k((¢)). The ring k((¢)) is a free module over ]k((t” ")
of rank p"™, and the topology on k((¢)) is the fine k((#?™))-module topology.

According to [Yekutieli 1992, Theorem 1.4.9 and Corollary 2.1.18] we have

Diftity/x = Py = | Endyeomy (k(@)).

m>0

Let B be a k-ring (not necessarily commutative). For any ry, 5 € N let
Mat,,xr, (B) be the set of rp x r; matrices with entries in B. The set of matrices
Mat, (B) := Mat,x,(B) is a k-ring with matrix multiplication, and Mat,, x,, (B)
is a k-central Mat,, (B)-Mat,, (B)-bimodule. The group of invertible elements of
Mat, (B) is denoted by GL,(B).

Now consider some M € Mod k. The k-ring B := Endg (M) acts on M from
the left. We view M'! as a column module, namely we make the identification
M"™ = Mat,, x1(M). Then, for any ¢ € Mat,,x,, (B) and m € M"", the matrix
product ¢ - m is an element of M"2. In this way we obtain a canonical isomorphism

Homy (M, M") = Maty,x,, (Endx (M)) = Mat,, x,, (B) (2-6)

of left Mat,, (B)-modules and right Mat;, (B)-modules.
The next lemma shows that this also happens in the topological and differential
contexts.

Lemma 2.7. Let A € STRing. k and M € STMod A. For any natural numbers rq
and r,, matrix multiplication gives rise to bijections

Maty, xr, (Endﬁf“t(M ) = Homcom(M "ToM"™?)
and
Mat,, xr, (D1f feont (M)) o~ lefj‘}‘ﬁ; (M™, M"™).

In particular, a homomorphism ¢ : M"™ — M” in STModk is an isomorphism if
and only if the corresponding matrix belongs to GL, (Endi™™ (M)).

Proof. This is a straightforward consequence of the definitions. O
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Lifting, precise liftings and precise artinian local rings in STRing. k were intro-
duced in Definitions 1.21 and 1.24. The main result of this section is the next
theorem.

Theorem 2.8. Let A be a precise artinian local ring in STRing, k, with residue
field K. Give K the fine A-module topology. Let o1, 03 : K — A be liftings in
STRing, k of the canonical surjection A — K, and assume that o, is a precise
lifting.

Let My and M, be finite A-modules, and let ¢ : M1 — M» be an A-linear
homomorphism. For | = 1,2 choose K -linear isomorphisms y; : K™ = restg, (Mj).
Let ¢ € Maty,x,, (Endg (K)) be the matrix such that the diagram

MlLMz

1 $ &

Kt —— K™
in Mod k is commutative. Then the following hold.

(1) The matrix ¢ belongs to Maty, x, (Dﬁg?ﬁ&)-

(2) Assume that M1 = M, and ¢ is the identity automorphism. Write r := ry.

Then the matrix ¢ belongs to GL, (D}?}‘ﬁg)

Proof. (1) Give M1 and M the fine A-module topologies. Let us write M =K',
these are ST K-modules with the fine K-module topologies. Since 01,02 : K — A
are continuous, it follows that both v; : M; — M are continuous, namely are
homomorphisms in STMod k. Furthermore, because o, is a precise lifting, it follows
that ¥, : M, — M, is a homeomorphism, so it is an isomorphism in STMod k.
We conclude that ¢ = 123 1o ¢ oy is a homomorphism in STMod k, namely it is
continuous.

Next, let us view A as a K-ring via 0. (There is no topology in this paragraph.)
The canonical surjection A — K makes A into an augmented K-ring. Let us
view M as an A-module via this augmentation. Now both M and M, are finite
length A-modules, and 1 : M, — M is K-linear. According to [Yekutieli 1992,
Proposition 1.4.4], ¥ is a differential operator over A. (The order of this operator
is bounded by r; — 1.)

Similarly, we can view A as an augmented K-ring via g,. (There is no topology
in this paragraph either.) Now both y» : M, — M> and its inverse 23 LMy, —> M,
are K-linear, and therefore they are differential operators over A. We conclude that
the composition

p=v5'opoy: M, > M>
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is a differential operator over A. Here the liftings o1, 02 stop playing a role. Now
A acts on M1 and M, via the canonical surjection A — K, and this implies that
¢ is a differential operator over K.

Combining the two results above we conclude that ¢ : M | — M 5 is a continuous
differential operator over K. Using Lemma 2.7 we see that the matrix ¢ belongs to

Mat,, xr, (D?}’ﬁ&). This establishes (1).

(2) The proof of this part is very similar to that of [Yekutieli 1995, Lemma 6.6]
Let m be the maximal ideal of A, and write M := M;. Consider the m-adic
filtration on M. The associated graded module gr,, (M) is a K-module of length r
(regardless of any lifting). By a filtered K -basis of M we mean a collection {m; }| _,
of elements of M such that the collection of symbols {;}|_, is a K-basis of
gr,,(M) and such that deg(im;) < deg(im;+1). Such bases exist: simply choose a
graded basis of gr,, (M), suitably ordered, and lift it to M.
Choose a filtered K-basis {m;}]_, of M. For/ =1,21et y;: M — resty, (M) be
the K-linear isomorphism corresponding to this filtered basis. We get a commutative
¢=1y ¢=1y ¢=1y

diagram
M M M
¥ T X1 T X2 T ¥2
_ b1 ¢ — ¢ _
M M M

W
in Modk. By what we already know from (1), the matrices in the bottom row
belong to Mat, (D ); and they satisfy ¢ = ¢r0¢ 0. Moreover ¢, ¢, are in
GL,(K) C GL; (D?}lﬁg). Thus it suffices to prove that ¢’ € GL, (D}??ﬁ&).
Write ¢' = [y;, ;] with y; ; € D;é’?ﬁ{. These operators satisfy

2

R — =

r r
Y o(a)-mi= Y oa(yij@)) - m, (2-9)
i=1 ij=1
for any column [a;] € K”. Therefore, for any i and any a € K, taking a; := a and

aj :=0 for j # i, formula (2-9) gives

o1(a)-mi = ) oa2(yi,j(a))-mj.
=1

But the basis {m; }}_, is filtered, and this implies that y; ;(a) = 0 for j <i and
vi,i(a) = a. As elements of the ring D%’;‘ﬁ& we get y; j =0for j <iandy;; =1.
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So the matrix ¢’ is upper triangular with 1 on the diagonal:

1 % -+ x%
o' 01 cont
¢ =lyijl= CL eMatr(DK/k).

The matrix € ;= 1 — ¢’ € Mat, (D%‘.’?ﬁ‘) is nilpotent, and hence the matrix

,
6:=Y € eMat, (D)
i=0

satisfies # o ¢’ = ¢’ 0 @ = 1. We conclude that ¢’ € GL, (DRh)- O

Remark 2.10. An attempt to deduce assertion (2) of the theorem from assertion (1)
by functoriality will not work. This is because (a priori) there is no symmetry
between the two liftings o1 and o3: only the lifting o5 is assumed to be precise.

Eventually we show (Corollary 2.12) that the lifting o7 is also precise. But this
relies on Theorem 2.8!

Corollary 2.11. In the situation of part (2) of the theorem, the fine (K, o1)-module
topology on M1 = M» equals the fine (K, 03)-module topology on it.

Proof. For | = 1,2 let us denote by M lSt the k-module M; endowed with the fine
(K, o7)-module topology. We want to prove that M}' = M'; or, equivalently, we
want to prove that the identity automorphism ¢ : M1 — M3 in Mod k becomes an
isomorphism ¢ : M — M5' in STMod k.

We have equality ¢ = Yo 0o wl_l of isomorphisms M7 — M> in Mod k. By
definition of the fine topology, ¥; : K" = M IS‘ are isomorphisms in STMod k.
Therefore it suffices to prove that ¢ : K"™' — K2 is an isomorphism in STMod k.
This is true by Lemma 2.7 and part (2) of the theorem. O

The next corollary is a generalization of [ Yekutieli 1992, Proposition 2.2.2(a)].

Corollary 2.12. Let A be a precise artinian local ring in STRing_ k, with residue
field K. Give K the fine A-module topology. Then any lifting 0 : K — A in
STRing. k is a precise lifting.

Proof. Write 01 := o. By definition there exists some precise lifting 05 : K — A4; so
the topology on A equals the fine (K, 0,2)-module topology. Now apply Corollary
2.11 with M := A. O

Here is another corollary, pointed out to us by Wolfson:

Corollary 2.13. Let A be a precise artinian local ring in STRing, k, with residue
field K, and let 0 : K — A be a precise lifting. Let M be a finite A-module,
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and choose a K -linear isomorphism K" = reste(M). Then A acts on M =~ K"
via Mat, (D).

K/k
Proof. In the theorem, take M; := M. For a € A we get an A-linear homomorphism
¢o:M—>M,p(m):=a-m. |

Remark 2.14. If we only wanted to know that ¢ € Maty,xy, (Endj>™(K)) in
Theorem 2.8(1), and that in part (2) ¢ € GL, (End>™(K)), then we did not have
to talk about differential operators at all, and the proof could have been included
in Section 1. The reason for placing the proof here is twofold. First, it is more
economical to prove the full result at once.

The second reason is more delicate. Sometimes in characteristic p > 0, differ-
ential operators are automatically continuous. See Example 2.3. In such cases all
liftings 0 : K — A are continuous. This says that Theorem 2.8 could hold without
assuming a priori that the liftings 071, 0, : K — A are continuous.

We finish this section with a discussion of differential forms. This will be needed
in Section 5. Recall that for A € Ring.k we have the de Rham complex, or the
DG ring of Kihler differentials, Q4 = €p; >0 Q! Ak’ with its differential d. In
degree 0 we have Q¢ Ak = = A, and the k-linear derivationd: A — Q}l /K is universal,
in the sense that for any k-linear derivation d : A — M there is a unique A-linear
homomorphism ¢ : Q1 Ak ™ M such that d = ¢ od. The A-module chl /K is the i-th
exterior power of the A-module Q1 Ak and the operator d on €24y is the unique
extension of d : 9 Ak~ Ql A/K 10 an odd derivation.

Now consider 4 € STRing. k. The abstract DG ring €24k is too big (at least in
characteristic 0). However the DG ring €24 /k has a canonical ST structure. For
every i consider the (i +1)-st tensor power T’ THA) = A @K -+ Q A, W1th its
tensor product topology (Definition 1.30). There is a surjection T’ t14) > Q! Ak

ao®a1 ®---®aj > ap-d(ay) ---d(a;),

and we use it to give Qil /K the quotient topology. Then Q4/x = ;¢ 821"4 /K &ets
the direct sum topology. It turns out that €24 /i becomes a DG ST ring. In particular
the differential d is continuous. For any i let Qb ;ep Q! M /k)sep the associated
separated ST module. Let Qf:})k = ®Dixo 521’47?1&, with the direct sum topology.

Note that Q9 ;CP = ASeP,

Proposition 2.15 [Yekutieli 1992]. Let A be a commutative ST k-ring.

(1) The ST k-module SZA K has a DG ST k-ring structure such the canonical
surjection t4 @ 24 Ak Q> 4 /lk is a homomorphism of DG ST k-rings.

(2) Let M be a separated ST A-module. The derivationd : A — Q;;kp induces a
bijection
Homcom(Q;/s[Tgp, M)= Derf‘lo/“ﬂtg (M).
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For a proof and full details see [Yekutieli 1992, Section 1.5].

Example 2.16. Let K := k((#1,....%,)) be as in Example 2.3, and let k[¢] :=
k[t1,...,t,]. Since K is a separated ST k-ring, we see that Q%jﬁg = K. Because
the homomorphism k[t] — K is topologically étale in STRing, k, it follows that
Q}(’;Tl]; is a free K-module with basis the sequence (d(t;), ...,d(¢,)). For every i
we have

i,sep __ Al 1,sep
QK/]l« - /\KQK/IK’

a free K-module of rank (Z’) with the fine K-module topology. For proofs see
[Yekutieli 1992, Corollaries 1.5.19 and 1.5.13].

Note that if k is a field of characteristic 0, then the K-module Q}( /K is a free
K-module of rank equal to tr.degy (K), which is uncountably infinite. Thus the
kernel of the canonical surjection g : Q}( /K~ Q}éj?lg is gigantic.

3. Topological local fields

In this section we review definitions and results from [ Yekutieli 1992, Section 2.1].
We start with a definition due to Parshin [1976; 1983] and Kato [1979]. See also
[Fesenko and Kurihara 2000].

Definition 3.1. Let K be a field. An n-dimensional local field structure on K, for
n > 1, is a sequence O1(K), ..., O, (K) of complete discrete valuation rings, such
that:

e K is the fraction field of O1(K).
e For 1 <i <n—1, the residue field of O; (K) is the fraction field of O; +1(K).

The data (K, {O; (K)}7'_,) is an n-dimensional local field. We refer to O; (K)
as the 7-th valuation ring of K. The residue field of O; (K) is denoted by k; (K),

and its maximal ideal is denoted by m; (K). We also write ko(K) := K.

Let K be an n-dimensional local field. A system of uniformizers in K (called
a regular system of parameters in [ Yekutieli 1992]) is a sequence (ai, ..., dy) of
elements of O (K) such that a; generates the maximal ideal m; (K) of O;(K) and,
if n > 2, the sequence (@», ..., dy), which is the image of (as, ..., a,) under the
canonical surjection O1(K) —> k1(K), is a system of uniformizers in k1(K). A
system of uniformizers @ = (a1, ...,a,) in K determines a valuation on K, with
values in the group Z” ordered lexicographically.

It is easy to find a system of uniformizers in an n-dimensional local field K. Say
(az,...,ay) is a system of uniformizers in k1 (K). Choose an arbitrary lifting to a
sequence (dz,...,ay) in O1(K), and append to it any uniformizer a; of O (K).

Let O(K) be the subring of K defined by

O(K) := O1(K) g, (k) O2(K) -+ - Xk, (k) On(K). (3-2)
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This is a local ring, whose residue field is k,, (K). We call O(K) the ring of integers
of K. The ring O(K) is integrally closed in its field of fractions K; but unless
n = 1 (in which case O(K) = O1(K)), O(K) is not noetherian.

A 0-dimensional local field is just a field; there are no valuations. Its ring of
integers is O(K) := K, and k¢(K) := K too.

Definition 3.3. Let k be a nonzero commutative ring. An n-dimensional local
field over k, for n € N, is an n-dimensional local field (K, {O; (K)}}'_,) together
with a ring homomorphism k — O(K) such that the induced ring homomorphism

k — k,(K) is finite.

In other words, the n-dimensional local field structure of K lives in the category
Ring. k of commutative k-rings. If k is a field, then k, (K) is a finite field extension
of k.

By abuse of notation, we usually call K an n-dimensional local field over k, and
keep the data {O; (K)}7_, implicit.

Remark 3.4. Some authors insist that the base ring be k = Z; this forces k, (K)
to be a finite field. We do not impose such a restriction.

Definition 3.5. Let K and L be n-dimensional local fields over k, forn > 0. A
morphism of n-dimensional local fields over k is a k-ring homomorphism f: K — L
such that the following conditions hold when n > 1:

e f(O1(K)) CO1(L).

¢ The induced k-ring homomorphism f : O1(K) — O1(L) is a local homo-
morphism.

e The induced k-ring homomorphism f : k1(K) — k1(L) is a morphism of
(n—1)-dimensional local fields over k.

The category of n-dimensional local fields over k is denoted by LF” k. Note that

any morphism in LF" k is finite. Cf. Remark 3.11 below regarding more general
morphisms between local fields.

Remark 3.6. It can be shown that a field K in Ring, k admits at most one structure
of an n-dimensional local field (see, e.g., [Morrow 2013, Remark 2.3]). This implies
that the forgetful functor LF" k — Ring_ k is fully faithful.

From here on we assume that the base ring k is a perfect field. This implies that
all our local fields are of equal characteristic.

Definition 3.7. Let k be a perfect field. Given a finite field extension k’ of k, the
standard n-dimensional topological local field over k with last residue field k’ is
the field of iterated Laurent series

K'((t1, .. tn) := K ((8n)) -+~ ((11).
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Let us write K := K'((¢1,...,s)). The field K comes equipped with these two
structures:

(1) A structure of an n-dimensional local field, in which the valuation rings are

Oi(K) =K' ((ti+1. ...t 1],

and the residue fields are
ki(K):= k’((t,-+1, e tn)).

(2) A structure of an ST k-ring, with the topology from Definition 1.17, starting
from the discrete topology on k’.

For n = 0 we have K = k/, a finite extension of k with the discrete topology.

Definition 3.8 [Yekutieli 1992, Section 2.1]. Let k be a perfect field. An n-dimen-
sional topological local field over k, for n > 0, is a field K together with:

(a) A structure {O;(K)}7_; of an n-dimensional local field on K.
(b) A ring homomorphism k — O(K) such that k — k,(K) is finite.
(c) A topology on K, making it a semi-topological k-ring.

The condition is this:

(P) There is a bijection
K ((t,....ta) > K

from the standard n-dimensional topological local field with last residue field
k” := k,(K). The bijection f must have these two properties:
(i) f is an isomorphism in LF” /k (i.e., it respects the valuations).
(i) f is an isomorphism in STRing_k (i.e., it respects the topologies).
Such a bijection f is called a parametrization of K.

The parametrization f is not part of the structure of K; it is required to exist, but
(as we shall see) there are many distinct parametrizations. We use the abbreviation
“TLF” for “topological local field”.

Definition 3.9. Let K and L be n-dimensional TLFs over k. A morphism of TLFs
f : K — L is a homomorphism of k-rings satisfying these two conditions:

(1) f is a morphism of n-dimensional local fields (i.e., it respects the valuations;
see Definition 3.5).

(i) f is a homomorphism of ST k-rings (i.e., it is continuous).
The category of n-dimensional TLFs over k is denoted by TLF” /k.
There are forgetful functors TLF” k — LF” k and TLF” k — STRing_ k.
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Remark 3.10. The conditions of Definition 3.3 and 3.8 are more restrictive than
those of [Yekutieli 1992, Definition 2.1.10], in this respect: here we require that the
last residue field k’ := k, (K) is finite over the base field k, whereas in [loc. cit.]
we only required that QI}«’ /K should be a finite k’-module (which allows k' to be a
finitely generated extension field of k with transcendence degree greater than 0).

If the TLF K arises as a local factor of a Beilinson completion k(x¢)g, as in
Theorem 6.1, then the last residue field k,(K) is finite over k. So this fits into
Definition 3.8.

Remark 3.11. In [Yekutieli 1992, Section 2.1] we also allow the much more
general possibility of a morphism of TLFs f : K — L where dim(K) < dim(L).
For instance, the inclusions k — k((#2)) — k((¢1, t2)) are morphisms. In this way
we get a category TLF k, which contains each TLF” k as a full subcategory.

Remark 3.12. The papers on higher local fields from the Parshin school (prior
to 1992) did not have a correct treatment of the topology on higher local fields.
Some papers (e.g., [Parshin 1976; 1983; Beilinson 1980]) ignored it. Others —
most notably [Lomadze 1981] — erroneously claimed that the topology of a local
field is intrinsic, namely that it is determined by the valuations. This is correct in
dimension 1; but it is false when char(k) = 0 and the dimension is 2 or higher. We
gave a counterexample in [ Yekutieli 1992, Example 2.1.22] that we reproduce in
an expanded form as Example 3.13 below.

It is a deep fact, also proved in [ Yekutieli 1992], that in characteristic p > 0O the
topology is determined by the valuation, so that the forgetful functor TLF" k —
LF" k is an equivalence. The proof relies on the structure of the ring of differential
operators Dk /i in characteristic p > 0 (see [Yekutieli 1992, Theorem 2.1.14 and
Proposition 2.1.21]).

Example 3.13. This is a slightly expanded version of [Yekutieli 1992, Exam-
ple 2.1.22]. Let k be a field of characteristic 0, and let K := k((#1, #2)), the standard
TLF of dimension 2. We choose a collection {b; }; <y of elements in k1 (K) =k((z2))
that is a transcendence basis over the subfield k(#,). For any i € I we choose some
element ¢; € O1(K). As explained in the proof of Theorem 1.1, there is a unique
lifting

0 k((12)) — O1(K) = k((2)[[1]

in Ring, k such that o(¢;) =15 and o (b;) = b; 4+ t1¢; for all i € I. Next we extend
o to a k-ring automorphism f : O1(K) — O1(K) by setting f(¢1) := #;. By
localization this extends to a k-ring automorphism f : K — K.

It easy to check that f is an automorphism of K in the category LF? k of local
fields. However, since f is the identity on the subfield k(z1,#;) C K, and this
subfield is a dense subset of K, it follows that f is continuous if and only if it is
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the identity automorphism of K, which occurs if and only if ¢; = O for all i. Thus,
if we choose at least one ¢; # 0, f is not a morphism in TLF? k.

Let K be a TLF of dimension n > 1 over k. The inclusion O1(K) < K gives
01(K) an induced structure of ST k-ring (it is the subspace topology). Then the
surjection O1(K) — k1(K) gives k1(K) an induced structure of ST k-ring (it
is the quotient topology). And so on all the way to k,(K). In other words, the
topologies are such that each O;(K) — k;—1(K) is a strict monomorphism in
STRing. k, and each O; (K) — k;(K) is a strict epimorphism.

If we choose a parametrization K = k’((t1,...,1,)), then the induced ring
isomorphisms

K (ti41. ... t) 4] = Oi (K)
and
K'(ti+1.- ... 1n) = ki(K)

are also isomorphisms of ST k-rings. This follows from [Yekutieli 1992, Proposi-
tion 1.3.5]. In particular, each k; (K) is an (n—i )-dimensional TLF over k.

Recall the notions of precise lifting and precise artinian local ring from Definition
1.24.

Lemma 3.14. Let K be a TLF of dimension n > 1 over k; let [ > 0. Then the ST
ring A; := O1(K)/m1(K)' 1, with the quotient topology from O1(K), is a precise
artinian local ring in STRing, k.

Proof. Choose a parametrization K = k’((¢1,...,1,)), and let K :=Kk'((2, ..., 1s)).
Then K = k{(K) and K[[t1]] = O1(K) as ST k-rings; and the inclusion K — K [[t1]]
represents a lifting o : k1(K) — O1(K). As ST K-modules, O;(K) = [172, K
and A; = ]_[f=0 K. This shows that the quotient topology on A; coincides with the
fine K-module topology on it. So o7 is a precise lifting. O

Lemma 3.15. Let K € TLF" Kk, with last residue field k' := k,(K). There is a
unique lifting o : k" — O(K) in STRing. k of the canonical surjection O(K) —» k.

Proof. Since k’ is discrete, we do not have to worry about continuity. We use
induction on n. Let 6 : k' — O(k1(K)) C k1(K) be the unique lifting for this
(n—1)-dimensional TLF. Consider the canonical surjection 7 : O1(K) — k1(K).
By Theorem 1.1 there is a unique k-ring homomorphism o : k” — O (K) such that
m oo = 0. Itis trivial to see that o (k’) is inside O(K). O

The construction and classification of parametrizations of a TLF (condition (P)
in Definition 3.8) is made clear by the next theorem (which is a special case of
[Yekutieli 1992, Corollary 2.1.19]).

Theorem 3.16 [Yekutieli 1992]. Let K be an n-dimensional TLF over Kk, let
(ai,...,an) be a system of uniformizers in K, let k' := k,(K), and let o : k' —
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O(K) be the unique lifting over k. Then o extends uniquely to an isomorphism of
TLFs

[k ((t,....tn) > K
such that f(t;) = a;.

Definition 3.17. Let K be an n-dimensional TLF over k. By a system of liftings
for K we mean a sequence ¢ = (01, ...,0y), where for each i

oj . ki(K) —> Oi(K)
is a homomorphism of ST k-rings that lifts the canonical surjection O;(K) —»
ki (K).

The important thing to remember is that each lifting o; : k; (K) — O;(K) is
continuous. When n = 0 the only system of liftings is the empty system o = ().

Example 3.18. Take a standard TLF K :=k'((z1, ..., 1,)). It comes equipped with
a standard system of liftings
oi 1ki(K) — Oi(K),

namely the inclusions

oi K (i1, .. ta) > K ((tir1, ... t2) 5]

Proposition 3.19. Any n-dimensional TLF K over k admits a system of liftings.

Proof. Take a parametrization f :K'((¢1,...,;)) — K. The standard system of
liftings of k’((z1, ..., 1,)) induces a system of liftings on K. |

4. Lattices and BT operators

As before, k is a perfect base field.

Definition 4.1. Let K be an n-dimensional TLF over k, and let M be a finite
K-module. An O1(K)-lattice in M is a finite O (K )-submodule L of M such that
M = K - L. We denote by Lat(M) the set of O1(K)-lattices in M.

Let L be an O (K)-lattice in M. Recall that O1(K) is a DVR. This implies that
L is a free O1(K)-module, of rank equal to that of M.

Example 4.2. Consider a TLF K, and take M := K”". Choose a uniformizer
a € O1(K). For any i € Z there is a lattice L; :=a' - O1(K)" C K". Let us call
these standard lattices. They do not depend on the choice of uniformizer.

When r =1, all the O (K)-lattices in M are standard. When r > 1, M has many
more lattices. However any O (K)-lattice L in M can be sandwiched between two
standard lattices: L; C L C L_; fori, j > 0.
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Suppose M is a finite K-module, and L, L’ € Lat(M) with L C L’. Then
the quotient L’/L is a finite length O1(K)-module. If we are given a lifting
o1 :k1(K) — O1(K), then L’/ L becomes a finite module over the TLF k(K),
which we denote by resty, (L/L); see Definition 1.20.

Lemma 4.3. Let M be a finite K-module, let L be an O1(K)-lattice in M, and let
a € O1(K) be a uniformizer. Give M the fine K-module topology. For everyi € Z
give the lattice L; := a' - L the fine O1(K)-module topology. For every i € N give
the quotient L/ L; the fine O1(K)-module topology.

(1) The topology on M equals the fine O1(K)-module topology on it.

(2) The inclusions L; — M, fori € Z, are strict monomorphisms in STMod k.

(3) Consider the direct system {L_;}jen in STMod k. Give lim;_, L_; the direct
limit topology. Then the canonical bijection lim; . L_; — M is an iso-
morphism in STMod k.

(4) The canonical surjections L — L/Lj;, fori € N, are strict epimorphisms in
STMod k.

(5) Let o1 : k1(K) — O1(K) be a lifting in STRing, k of the canonical surjection.
Then for every i € N the topology on L/ L; equals the fine (k1(K), 01)-module
topology on it.

(6) Consider the inverse system {L/L;}ien in STMod k. Give lim;(L/L;) the
inverse limit topology. Then the canonical bijection L — lim;(L/L;) is an
isomorphism in STMod k.

Proof. All these assertions become clear after we choose an O (K)-linear iso-
morphism L =~ O1(K)" and a ST k-ring isomorphism O (K) = k1(K)[t]. See

[ Yekutieli 1992, Proposition 1.3.5]. O

Let K be a TLF of dimension n > 1 over k. If ¢ = (071, ...,0y) is a system of
liftings for K, then we write d; (o) := (02, ...,0y,). This is a system of liftings for
the TLF k(K).

Definition 4.4. Let K be an n-dimensional TLF over k, and let (M1, M>) be a pair
of finite K-modules.

(1) By a pair of O1(K)-lattices in (M7, M>) we mean a pair (L1, L), where
L; € Lat(M;). The set of such pairs is denoted by Lat(M, M>).

(2) Let ¢ : My — M be a k-linear homomorphism, and let (L1, L3), (L, L/z)
be in Lat(My, M>). We say that (L', L}) is a ¢-refinement of (L1, Ly) if
Ly CLy, Ly CL), ¢(L)) CLyand ¢(Ly) C L. In this case we write

(LY. L5) <¢ (L1, Ly).

and refer to it as a ¢-refinement in Lat(My, M>).
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The relation < is a partial ordering on Lat(My, M>). If (L}, L)) <4 (L1, L»),
then there is an induced k-linear homomorphism ¢ : L1/L} — L,/L,.

The next two definitions are variations of the original definitions in [Beilinson
1980], which are themselves generalizations to n > 2 of the definitions in [Tate
1968]. We saw similar definitions in the more recent papers [Osipov 2005; 2007;
Braunling 2014a; 2014b]. The notation we use is close to that of Tate.

Definition 4.5. Let K be an n-dimensional TLF over k, let 0 = (01, ...,05) be
a system of liftings for K, and let (M7, M>) be a pair of finite K-modules. We
define the subset

EX (M1, M3) C Homy (M1, M)

as follows:

(1) If n =0, any k-linear homomorphism ¢ : M} — M, belongs to Ef (M1, M»).
(2) If n > 1, then a k-linear homomorphism ¢ : M; — M belongs to E‘If (M1, M3)
if it satisfies these two conditions:
(i) Every (L1, L») € Lat(My, M>) has some ¢-refinement (L}, L}).
(i) For every ¢-refinement (L, L)) <¢ (L1, L) in Lat(My, M>) the induced
homomorphism
¢:L1/L} — L5/ Ly
belongs to

k
Edll(g{)) (reste, (L1/LY), resto, (L5/L2)).

A homomorphism ¢ : My — M, that belongs to E‘If (M1, M>) is called a local
Beilinson—Tate operator relative to o, or a BT operator for short.

Let K be a TLF over k of dimension at least 1. We denote by O1(K)||m, (k)
the ST k-ring which is the ring O (K) with its m; (K)-adic topology. Given an
01(K)-module M, the fine O1(K)||w, (k)-module topology on M is called the fine
m (K)-adic topology. Now suppose ¢ : M1 — M> is a k-linear homomorphism. We
say that ¢ is my (K)-adically continuous if it is continuous for the fine m; (K)-adic
topologies on M and M.

Example 4.6. If n = 1 then the usual topology on O1(K) equals the m;(K)-
adic topology. Thus K has the fine m;(K)-adic topology. If n > 1 then the fine
m; (K)-adic topology is finer than, and not equal to, the usual topology on O1(K)
and K.

Lemma 4.7. In the situation of Definition 4.5, the homomorphism ¢ : M1 — M>
satisfies condition (2.1) if and only if it is my (K)-adically continuous.
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Proof. Let K be the field k(K), but with the discrete topology. The lifting o
induces an isomorphism of ST rings K[[t] = 01 (K) llm, (k- Thus the field K, with
the fine my (K)-adic topology, is isomorphic to K ((¢)) as ST k-rings. But we know

that
K((1)) = (]‘[ E-z") ® (@ E.z")
i>0 i<0
as ST k-modules, where K -t/ >~ K is discrete; cf. the proof of [Yekutieli 1992,
Proposition 1.3.5]. It is now an exercise in quantifiers to compare 7-adic continuity
to condition (2.i). Cf. [Braunling 2014b, Remark 1 in Section 1.1], where this is
also mentioned. O

Lemma 4.8. In the situation of Definition 4.5, give M1 and M> the fine K-module
topologies. Then every ¢ € Ef (M1, M>) is continuous.

Proof. The proof is by induction on n. For n = 0 there is nothing to prove,
since these are discrete modules. So assume n > 1. (Actually for n = 1 this
was proved in Lemma 4.7.) In view of Lemma 4.3, it suffices to prove that,
for every (L), L)) <¢ (L1.L>) in Lat(My, M>), the induced homomorphism
¢:Ly/L| — L,/L, is continuous. But ¢ is a BT operator in dimension 7 — 1, so
by induction it is continuous. O

Lemma 4.9. Let K be an n-dimensional TLF over k, and let ¢ be a system of
liftings for K. Forl = 1,2,3,4 let M be a finite K-module, and forl = 1,2,3 let
@1 : Mj — Mj4q be a k-linear homomorphism.

(1) If ¢1 is K-linear then it is a BT operator.
(2) If ¢1 and ¢, are BT operators, then ¢, o ¢1 is a BT operator.

(3) Assume that ¢ is surjective and K -linear, ¢3 is injective and K -linear, and
P30y o @y is a BT operator. Then ¢, is a BT operator.

Here is a diagram depicting the situation:

M1£M23M3E>M4.

Proof. We prove all three assertions by induction on n and on their sequential order.
For n = 0 all assertions are trivial, so let us assume that n > 1. The conditions
mentioned below are those in Definition 4.5.

(1) For this we assume that assertion (1) is true in dimension n — 1. Condition
(2.i), namely the m;(K)-adic continuity of ¢1, is clear. Consider any ¢-refine-
ment (L}, L}) <¢, (L1, L2) in Lat(My, M>). Since the induced homomorphism
¢ leL’l — L) /L, is O1(K)-linear, it is also (k1(K), 01)-linear. By induction
on n, ¢ is a BT operator. So condition (2.ii) holds.
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(2) Here we assume that assertions (2) and (3) are true in dimension n — 1. Write
Y= ¢ o ¢p1. The my(K)-adic continuity of ¥, that is, condition (2.i), is clear.
Consider any y-refinement (L, L}) <y (L1, L3) in Lat(M,, M3). To satisfy
condition (2.ii) we have to prove that ¥ : L/ L) — L%/L3 is a BT operator in
dimension n — 1. Let Lg € Lat(M>) be a lattice that contains ¢1(L1), and let
L§> € Lat(M3) be a lattice that contains both L} and ¢» (L;> ). Let Lg € Lat(M>)
be a lattice that is contained in Lg . Let L? € Lat(M;) be such that L? C L) and
d1 (L?) C Lg. All these choices are possible because condition (2.i) is satisfied by
¢1 and ¢,. Consider the commutative diagram

Ly o« Ly v Ly B LY

L? L/l L3 L3
b1 L9 b2
70
L2

in Mod k. Since ¢; and ¢, are BT operators, condition (2.ii) says that <]_§1 and 52
are BT operators (in dimension n — 1). By part (2) the composition ¢ o ¢1 is a BT
operator. The homomorphisms « and f are k| (K)-linear. Therefore by part (3) the
homomorphism 1 is a BT operator.

(3) For this we assume that assertions (1) and (2) are true in dimension n. Let
Y = ¢3 0 ¢y o ¢p;. Choose K-linear homomorphisms v : M, — M; and
Y3 1 Mgy — M3 that split ¢; and ¢3 respectively. Then ¢ = 3 0% o 1. By
assertions (1) and (2), we see that ¢, is a BT operator. O

Lemma 4.10. In the situation of Definition 4.5, the set E‘If (M1, M>) is a k-sub-
module of Homy (M1, M>).

Proof. The proof is by induction on n, and we can assume that n > 1. Take any
o1, P2 € E§(M1,M2) and any a € k. Let ¢ := a - ¢1 + ¢»; we have to show
that ¢ € Ef (M1, M>). Since condition (2.i) of Definition 4.5 is about m; (K)-adic
continuity (by Lemma 4.7), we see that ¥ satisfies it.

We need to check condition (2.ii) of that definition. So let (L), L)) be a
y-refinement of (L1, Ly). By my(K)-adic continuity there are lattices L? c L)
and L), C L§> such that ¢; (L?) C Lpyand ¢; (L) C Lg . Consider the commutative
diagram

Ly o« Ly v L, B LY
LY Ly Ly L

a-g1+¢2
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in Mod k. The induction hypothesis tells us that a - ¢; + ¢» is a BT operator. The
homomorphisms ¢« and § are k1 (K)-linear. Therefore, according to Lemma 4.9(3),
the homomorphism 1 is a BT operator. O

Lemma 4.11. Let K be an n-dimensional TLF over k, let a be a system of liftings
for K, and let (M1, M3) be a pair of finite K-modules. Then

Difff (M1, M) C ES (M1, M»).

Proof. We use induction on n. For n = 0 there is nothing to prove, so let’s assume
that n > 1. (Actually, for n = 1 there is nothing to prove either; see Example 4.12.)

Let ¢ : M1 — M, be a continuous differential operator. Choose K-linear
isomorphisms M; = K"’ for [ = 1,2; so we may view ¢ as a matrix [¢; ;] in
Mat,, xr, (D% ). According to (1) and (2) of Lemma 4.9, it suffices to prove that

K/k
each ¢; ; is a BT operator. Therefore we can assume that My = M, = K and
¢ c DCOI’I[
K/k"

Choose a uniformizer a € O (K). If char(k) = 0 then by formula (2-5) there is
an integer d, depending on the coefficients of the operator ¢ in that expansion, such
that ¢ (a’ -O1(K)) Ca'~? -0, (K) for all i. Hence ¢ is m; (K)-adically continuous.

If char(k) = p > 0, then by [Yekutieli 1992, Theorem 1.4.9] the operator ¢ is
linear over the subfield K’ :=k-K?‘ C K for a sufficiently large natural number d.
The field K’ is also an n-dimensional TLF, K’ — K is a morphism of TLFs,
and O1(K’) — 01(K) is a finite homomorphism. So the mj(K)-adic topology
on O1(K) coincides with its my (K’)-adic topology. Since ¢ is O1(K’)-linear, it
follows that ¢ is m(K’)-adically continuous. Using Lemma 4.7, we see that in
both cases (char(k) = 0 and char(k) > 0) condition (2.i) of Definition 4.5 holds.

Now take a ¢-refinement (L', L)) <¢ (L1, L) in Lat(M1, M,). Write M 1 :=
resty, (L1/L}) and M :=resty, (L /L>). We must prove that ¢ : M1 — M is
a BT operator between these k(K )-modules. We know that ¢ is a differential
operator over O1(K), and therefore it is also a differential operator over k1 (K).
Choose some k1 (K)-linear isomorphisms vy : k1(K)"? = M;. Then

Yi=vy5 odoyy ki (K) — ki(K)™

is a differential operator over k1(K). By the induction hypothesis, ¥ is a BT
operator. Finally, by (1) and (2) of Lemma 4.9, the homomorphism ¢ = yrp 0t oyl 1
is a BT operator. O

Example 4.12. If n = 0, then by definition
EX (M1, Mp) = Homy (M1, My).

This is a finite k-module.
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If n =1 then condition (2.ii) of Definition 4.5 is trivially satisfied. Lemma 4.7
and Example 4.12 show that

EX (M1, M2) = Hom{™ (M, M>),

the module of continuous k-linear homomorphisms. This was already noticed in
[Osipov 2005; 2007; Braunling 2014b, Section 1.1].

The equalities above indicate that the choice of ¢ is irrelevant. However in
dimensions 0 and 1 there is only one lifting, so in fact there is no news here. Later,
in Theorem 4.20, we will prove that in any dimension the system of liftings o is
not relevant.

Example 4.13. For n > 2 the inclusion
EX (M, M2) C Hom{™ (M, M>)

is usually proper (i.e., it is not an equality). Here is a calculation demonstrating this:
Let K :=k((¢1, t2)), the standard TLF with its standard system of liftings o. Take
My=M,:=K. Anyac Kisaseriesa=) ;. ai(zz)-t{, where a; (t2) € k((t2))
and a;(t;) =0 fori < 0. We let ¢ € Endg (K) be

W(Z a,-(zz)-t{) =ao(1).

ieZ

To see that this is continuous we use the continuous decomposition

K =k(()() = k(@)[n] & (GB k((12)- ri)-

i<0

This gives a continuous function ¥; : K — k((¢2)), sending ) ; <, a; (tz)-t{ to ag(t2).
Next there is an isomorphism v, : k((#2)) = k((¢1)), ao(t2) = ao(¢1). Finally the in-
clusion Y3 : k((t1)) = k((#2))((#1)) is continuous. The function ¥ is ¥ = Y300,
S0 it is continuous.

Take the standard lattices L; = t{ ‘k((22))[[11] in K. For every j the element
aj:= t{ belongs to Lo, yet the element ¥ (a;) = t{ does not belong to L 1. Thus
¥ (Lo) is not contained in any lattice, and requirement (2.i) of Definition 4.5 is
violated, so ¥ does not belong to E{f (K, K).

Recall that for an n-dimensional TLF K, with n > 2, and a system of liftings
o = (01,...,0y), the truncation dy (o) = (02, ...,0y) is a system of liftings for
the first residue field k1 (K).

Definition 4.14. Let K be a TLF over k of dimension n > 1, let o = (01, ...,0y)
be a system of liftings for K, and let (M7, M>) be a pair of finite K-modules. For
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integers i € {1,...,n} and j € {1, 2}, we define the subset
ES (M1, M2)i,; C Eg (M1, M)
to be the set of BT operators ¢ : M1 — M, that satisfy the conditions:

(1) The operator ¢ belongs to Ef (M1, M3)1 1 if there exists some L, € Lat(M>)
such that ¢(M;) C L.

(ii) The operator ¢ belongs to E{f (M1, M3)1 5 if there exists some L € Lat(M)
such that ¢ (L) = 0.

(iii) Let n > 2. Fori € {2,...,n} and j € {1,2}, the operator ¢ belongs to
EX (M, My); ; if for any ¢-refinement (L, L,) <4 (L1, L2) in Lat(M1, M>)
the induced homomorphism

¢:Li/Ly — L5/ L,

belongs to

ki1 (K
Ed oy (estoy (L1/L}), resto, (Ly/L2))i-1,)-

Definition 4.15. Let K be an n-dimensional TLF over k, and let o be a system of
liftings for K. We define
Es (K) :=EX (K, K).
If n > 1 we define
Eo (K)i,j :=E§ (K. K)i ;.

Lemma 4.16. Let K be an n-dimensional TLF over k, with n > 1, and let 0 be
a system of liftings for K. Forl = 1,2,3,4 let M be a finite K-module, and for
1 =1,2,3let ¢y € EX(M;, My41). Take any j € {1,2} andi € {1,...,n}.

(1) The set EX (M1, M>); ; is a k-submodule of EX (M1, M>).

(2) If $2 € Eg (M2, M3);,j. then ¢30 ¢ 0§y € EF (M1, Ma)i ;.

(3) Assume that ¢y is surjective and K -linear, ¢3 is injective and K -linear, and

¢30¢20¢1 €EF (M1, Ma)i,j. Then ¢ € Eg (M2, M3);,;.

Proof. We use induction on n and on the sequential order of the assertions.

(1) Fori =1 this is clear. Now assume i > 2 (and hence also n > 2). For this we
use the same strategy as in the proof of Lemma 4.10. We are allowed to make use
of assertion (3) in dimension n — 1.

(2) For i =1 this is clear. Now assume i > 2 (and hence also n > 2). Here
we use the same proof as of Lemma 4.9(2), relying on assertions (2) and (3) in
dimension n — 1.

(3) Same as the proof of Lemma 4.9(3). We rely on assertion (2) in dimension n. []
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Lemma 4.17. Let K be an n-dimensional TLF over k, withn > 1, and let o be a
system of liftings for K. Let My and M be finite K-modules. For any i there is the
equality

EX (M, My) = EX (M), Mo); 1 + EX (M, My); .

Proof. For i =1 this is clear. (It is Tate’s original observation [1968].)

Assume i > 2 (and hence also n > 2). For this we use induction on n. Choose
K-linear isomorphisms K" == M; for [ = 1,2. According to Lemmas 4.9 and 4.16
there are k-linear isomorphisms

EX(M,, My) = Mat,, ,, (B4 (K))
and
EX (M1, My)i. j = Maty,xr, (Eq (K); ;).

Therefore we can assume that M; = M, = K.

The induction hypothesis says that the identity automorphism 1, (k) of the TLF
k1(K) is asum 1 (x) = $1 + ¢2, where ¢; € E4, (0)(k1(K))i—1,;. Choose a
uniformizer a € O1(K). Any element of K has a unique expansion as a series
> qez01(bg)-al, where by € k1(K) and by = 0 for ¢ < 0. Define ¢; € Endk (K)
by the formula

;i (Zol (by) -a‘I) =Y 01(¢j(by)) -a’.

qez qEZ

A little calculation shows that ¢; € Eq (K);, ;; and clearly ¢1 4+ ¢ = 1. |

Definition 4.18 [Tate 1968]. Let M be a k-module. An operator ¢ € Endyg (M) is
called finite potent if, for some positive integer ¢, the operator ¢4 has finite rank,
i.e., the k-module ¢4 (M) is finite.

Lemma 4.19. Let K be a TLF over k of dimension n > 1, let 0 be a system of
liftings for K, and let M be a finite K-module. Then any operator

o () EXM. M),
i=1,...,n
j=12

is finite potent.

Proof. The proof is by induction on n. (For n = 1 this is Tate’s original observation.)

Since ¢ € Ef(M, M) 1, there is a lattice L, € Lat(M) such that ¢(M) C L.
Since ¢ € E(If(M, M)1,2, there is a lattice L; € Lat(M) such that ¢ (L) = 0. After
replacing L; by a smaller lattice, we can assume that L; C L,. Consider the
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commutative diagram

0o—S 1, —S s1,—S M
05— Ly ——— La——— M

in Mod k. Define M := L,/Ly. If we can prove that the induced homomorphism
¢ : M — M is finite potent, then it will follow, by a simple linear algebra argument
based on the diagram above, that ¢ is finite potent.

If n = 1 then M is finite over k, so we are done. If n > 2, then by definition

(]_56 m Eﬁ(a)(ﬂ’ﬂ)i,j'

The induction hypothesis says that ¢ is finite potent. O

Theorem 4.20. Let K be an n-dimensional TLF over Kk, and let (M1, M3) be a
pair of finite K-modules. Suppose o and 6’ are two systems of liftings for K.

(1) There is equality
EX (M1, M2) = EX (M1, M>)

inside Homy (M7, M>)
(2) If n > 1, there is equality

EX (M1, M) j =EX. (M1, M>);
foralli=1,...,nand j =1,2.

Proof. (1) By symmetry it is enough to prove the inclusion “C”. The proof is by
induction on n. For n = 0 there is nothing to prove.

Now assume n > 1. Let ¢ € E{,((Ml, M>). We have to prove that ¢ is in
E(If, (M1, M>). Since condition (2.i) of Definition 4.5 does not involve the liftings,
there is nothing to check.

Next we consider condition (2.ii). Take some ¢-refinement (L', L) <4 (L1, L2)
in Lat(M;, M>). Define M ; :=L,/L and M, :=L%/L>, andlet¢p: M| — M, be
the induced homomorphism. Let us write K :=k{(K), o :=d;(¢) and ' :=d;(¢”).
We know that

¢ e EEK (restq, (M), restg, (M»)). (4-21)

The induction hypothesis says that Ez (K) = Egz/(K).
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Choose K -linear isomorphisms y; : K" S>resty, (M) and )(Q K7 1>restai (M)).
This gives rise to a commutative diagram

1 1

M M M M
K" K"

_ — ¥ — Y2 _
1 1 K2 K2

in Mod k. According to formula (4-21) and Lemma 4.9, the operator ¥ is in
Mat,, x, (Bg (K)). Combining Lemma 3.14 and Theorem 2.8 we see that the oper-

ators y; belong to GL,, (D%"/‘;K). Therefore, by Lemma 4.11, ¥; € GL;, (Eg (K)).

We conclude that ¥ := ¥ o ¥ 0 Yrq is in
Maty, xr (Eg (K)) = Maty, xr, (Ez/(K)).
So by Lemma 4.9 we have
¢ = b0 oxit € BE (resty (M1). resty; (M2)).
This is what we had to prove.

(2) Again we only prove the inclusion “C”, and the proof is by induction on #.
For i = 1 the conditions do not involve the liftings, so there is nothing to check.
Now consider i > 2 (and hence n > 2). We assume that the theorem is true for
dimension n — 1. Take some ¢ € EX (M1, M»); ;, and let (L, L}) <4 (L1, L2)
be a ¢-refinement in Lat(M;, M>). In the notation of the proof of part (1) above,
the operator v is inside Maty,x,, (Eg (K )i, ;). This is because

q_> € Eg (resty, (1\711), rests, (Mz))i,j»

and Eg (K);,; is a two-sided ideal in the ring Ez (K). The induction hypothesis
tells us that Eg (K);, j= Es/(K);, j- Therefore the same calculations as above yield

$e Eg, (rest(,i (M), resty/ (M2));,;
as required. O
Taking M; = M5 := K in the theorem we obtain:

Corollary 4.22. Let K be an n-dimensional TLF over k, and let 6 and o' be two
systems of liftings for K. Then Eq(K) = Eg/(K). If n > 1 then Eq (K);,; =
Es/(K);,j foralli, j.

The corollary justifies the next definition.

Definition 4.23. Let K be an n-dimensional TLF over k.
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(1) We define
E(K) :=Eq (K),

where o is any system of liftings for K. Elements of E(K) are called local
Beilinson—Tate operators on K.

(2) Assume n > 1. Fori €{1,...,n} and j € {1, 2} we define
E(K)i,j := Eg (K. K)i
where ¢ is any system of liftings for K.

Of course, when n = 0 we have E(K) = Endg (K), which is not interesting.
The next theorem summarizes what we know about BT operators in dimensions 1
and above. Recall the notion of an n-dimensional cubically decomposed ring of
operators on a commutative k-ring A, from Definition 0.3.

Theorem 4.24. Let K be an n-dimensional TLF over k, withn > 1.

(1) The ring of BT operators E(K), with its collection of ideals {E(K); ;}, is an
n-dimensional cubically decomposed ring of operators on K.

(2) There are inclusions of rings
K C Dgj CE(K) C End™(K) C Endg (K).

Proof. Assertion (1) is a combination of Lemmas 4.16, 4.17 and 4.19. Assertion (2)
i1s a combination of Lemmas 4.9, 4.10 and 4.11. ]

Remark 4.25. It would be good to have a structural understanding of the objects
E(K) and E(K);, ; associated to a TLF K. For instance, does E(K') carry a canonical
structure of an ST ring, or perhaps some “higher semi-topological structure”? Such
a structure could help in proving Conjecture 5.7.

Remark 4.26. Osipov [2007] introduced the categories C,, n € N, that fiber
over Mod k. These categories are defined inductively, in a way that closely resembles
Beilinson’s definitions [1980]. The paper [Braunling et al. 2014] introduced the
categories Tate, of n-Tate spaces, also fibered over Mod k. Presumably these two
concepts coincide.

Let K be an n-dimensional TLF over k. It seems likely that K should have
a canonical C,-structure, or a canonical Tate,-structure. Moreover, the subrings
Endc, (K), Endrate, (K) and E(K) of Endy (K) should coincide.

If that is the case, then some of our statements above become similar or equivalent
to some results in [Osipov 2007]. For instance, our Lemma 4.8 corresponds to
[Osipov 2007, Proposition 3].
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5. Residues

In this section we provide background for Conjecture 0.9 in the Introduction. The
base ring k is a perfect field, and it has the discrete topology. .
Recall the way the DG ring of separated differential forms Qjﬁk = EBizo QZ;E
was defined in Section 2 for any commutative ST k-ring A. The usual module
of Kéhler differentials 954 /k 1s @ ST k-module, with topology induced from the
surjection T]’l;rl (A) > Qil /K Then QZ;?; = (qu /k)sep is the associated separated
ST module. In degree 0 we have Qg’/sﬁip = AP, There is a canonical surjection of
DG ST k-rings
T Q> Qg (5-1)

which is a topological strict epimorphism. Given any homomorphism f : A — B
in the category STRing.k, there is an induced commutative diagram of DG ST
k-rings

Q(f)

24k r Qg

Q¥ (f)

Let K be an n-dimensional TLF over k, with its DG ST ring of separated
differential forms Q" = @7—g QZI’;;HIZ. In degree 0 we have Q(I)éj?: = K, since
K is separated (in fact it is a complete ST k-module). In degree n the K-module
QnK’;eﬂf is free of rank 1 with the fine K-module topology. If a = (a1,...,ay) is a

system of uniformizers for K, then the element

dlog(a) := a7 -d(a1)---a, " -d(an) (5-2)

sep

is a basis of Q'}(’/k. See Theorem 3.16 and Example 2.16.
There is a theory of trace homomorphisms for separated differential forms. For
any morphism f : K — L in TLF”" k, there is a homomorphism

Try % Q5 = Qe (5-3)

This is a degree 0 homomorphism of DG ST Q;?;k-modules. It is uniquely charac-
terized by these properties: it is functorial; in degree O it coincides with the usual

trace trp /g : L — K; and

Tr{lﬁ( odlog =dlogony /x

. 1, .
as functions L™ — QK’;?;, where ny /g : L™ — K is the usual norm. The
TLF

homomorphism Tr K is nondegenerate in top degree, in the sense that the induced
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homomorphism

n,sep n,sep
QL/k — Homg (L, QK/lk

is bijective. See [Yekutieli 1992, Section 2.3].
In [Yekutieli 1992, Section 2.4] we introduced the residue functional for TLFs.
Its properties are summarized in the following theorem:

Theorem 5.4 [Yekutieli 1992]. Let K be an n-dimensional TLF over k. There is a
k-linear homomorphism
TLE . 7,8€ep
ResK/k : QK/k -k
with these properties:

(1) Continuity: the homomorphism Res}g“/Fk is continuous.

(2) Uniformization: leta = (ay, ..., ay) be a system of uniformizers for K, and let
k” — O(K) be the unique k-ring lifting of the last residue field k' := k, (K)
into the ring of integers O(K) of K. Then, forany b €k’ and any iy, ...,in €7,
we have

; : tr /(b)) ifip=---=1i, =0,
Res™F (b .4l ... qin . dl — ) K/k
esK/k( “ “n og(@)) 0 otherwise.

(3) Functoriality: let f : K — L be a morphism in the category TLF" k. Then

TLF __ TLF TLF
ResL/]k —ResK/k o Trpjk-

(4) Nondegeneracy: the residue pairing

(= —)res 1 K x Q'I?;eﬂf -k, (a,d)es:= Res}(L/Fk(a )

is a topological perfect pairing.

Furthermore, the function Res}EL/Fk is the uniquely determined by properties (1)

and (2).
TLF

Remark 5.5. Actually the residue homomorphism Res exists in much greater
generality. Recall from Remark 3.11 that there is a category TLF k whose objects are
TLFs of all dimensions, and there are morphisms f : K — L for dim(K) < dim(L).
The category TLF” k is a full subcategory of TLF k. In [Yekutieli 1992, Section 2.4]
we construct a residue homomorphism
TLF . Sep sep
ResL/K : QL/k — QK/lk
for any morphism K — L in TLF k. This is a DG ST Qslgr/)k—linear homomorphism
of degree —m, where m := dim(L) — dim(K), and it has properties like those in

Theorem 5.4. When K = k this is the residue homomorphism Res{%i above; and

when m = 0 this is the trace homomorphism: ResITJL/};( = TrITJIf;(.
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Another remark is a sign change: the uniformization formula above differs
from that of [Yekutieli 1992, Theorem 2.4.3] by a factor of (—1)(). This is
disguised as a permutation of the factors of the differential form dlog(¢1, ..., ).
Cf. also [Yekutieli 1992, Remark 2.4.4]. Our better acquaintance recently with DG
conventions dictates the current formula.

Let K be a TLF over k of dimension n > 1. The homological algebra and
Lie algebra construction of [Beilinson 1980], as explained in [Braunling 2014b,
Section 3.1], takes as input the cubically decomposed ring of BT operators E(K)
from Definition 4.23, and produces the Beilinson—Tate residue functional

Resiy : Qi = k. (5-6)

Not much is known about this residue functional when n > 2. We have already
posed Conjecture 0.9, comparing ResIB(T/k to Res%/Fk. Here is another conjecture:

Conjecture 5.7. Let K be a TLF over k. The k-linear functional ResIB(T/k is
continuous.

It is closely related to the first conjecture. Indeed:

Proposition 5.8. (1) Conjecture 0.9 implies Conjecture 5.7.
(2) Conjectures 5.7 and 0.12 together imply Conjecture 0.9.

Proof. (1) We know that tx : Q% p — Q"K’;‘ﬁf and Res}gﬁ§ are continuous; see
Theorem 5.4(1).

(2) Assume Resl;‘(T/]k is continuous. Then, since k is separated, the homomorphism
ResIB(T/]k factors via tg. It remains to compare the continuous functionals

BT TLF . (y7,5ep
ResK/k, ResK/]k : QK/]k — k.

Conjecture 0.12 says that we can use the results of [Braunling 2014b]. Now
according to [Braunling 2014b, Theorem 26(3)], the functional ResIB<T/k satisfies
the uniformization condition (2) of Theorem 5.4. Since the k-module spanned by
the forms

b -alf -ealn . dlog(a)

. .. n,sep : BT TLF :
18 der.lse inside 2 K/k’ and both functionals Res K/k and Res Kk gree on it, these
functionals must be equal. O

To end this section here are some remarks and examples related to the TLF
residue:

Remark 5.9. The uniqueness of the residue functional Res};L/Fk has several other
expressions, besides properties (1)—(2) of Theorem 5.4. For simplicity let us assume
that k is infinite and k, (K) = k.
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Here is one alternative characterization: Let G be the “Galois group” of K /K,

namely G := Auty pr (K). The group G acts on QnK’;if by continuous k-linear
isomorphisms, and hence it acts on Homﬁfm(Q'}g;&Hﬁ, k). It is not hard to show that

Res%Fk is the only G-invariant element p € Hom‘]]";’m(Q';(’;eﬂf, k) that also satisfies

po(dlog(a)) = 1, where a is any system of uniformizers of K.

For the second characterization of the residue functional, let us assume that
char(k) = 0. (This also works in char(k) = p > 0, but in a more complicated
way — see [Yekutieli 1992, Digression 2.4.28].) Define HP\, (K) := H"(szj?;k).
This is a rank 1 k-module generated by the cohomology class of dlog(a). A
calculation shows that Res};L/Fk is the only k-linear homomorphism p : Q"K’;if -k

that factors through H} (K) (i.e., it vanishes on n-coboundaries) and also satisfies
p(dlog(a)) = 1.

Remark 5.10. In dimension 1 the residue functional on local fields (with its topo-
logical aspects) was understood a long time ago (see [Serre 1988]).

The first attempt to extend the residue functional to local fields of dimension n > 2
was by Parshin and his school [1976; 1978; 1983; Beilinson 1980; Lomadze 1981].
In [Parshin 1976] the case of a surface is discussed, without attempt to isolate the
resulting 2-dimensional local field from its geometric origin. In [Parshin 1983] there
1s a brief mention of a residue functional on a standalone n-dimensional local field,
but without any details whatsoever. Beilinson [1980], quoting [Parshin 1976; 1978],
incorrectly states that the residue functional on an n-dimensional local field K is
independent of the parametrization of K (which, according to Theorem 3.16, means
independent of the topology on K).

Lomadze [1981] studied the setup of a standalone n-dimensional local field
in great detail. However, since he misunderstood the role of the topology in
local fields of dimension n > 2 (see Remark 3.12), the residue functional he
proposed was not well defined. To be specific, [Lomadze 1981] claimed that
for a local field K € LF" k there is a k-linear homomorphism, let us denote it
by res : Q% K~ k, which satisfies continuity, uniformization (property (2) of
Theorem 5.4), and invariance under automorphisms of K in LF” k. However this is
false for n > 2 and char(k) = 0, as was shown by a counterexample in [Yekutieli
1992]. We reproduce this counterexample, in an expanded form, in Examples 5.11
and 5.12 below.

In characteristic p > 0 the residue functional is indeed well defined on the
category LF” k. But this is due to the fact, discovered in [Yekutieli 1992], that the
forgetful functor TLF” k — LF" k is an equivalence when char(k) = p > 0. See
Remark 3.12.

Example 5.11. This is an expanded version of [ Yekutieli 1992, Example 2.1.24]. It
shows that, when char(k) = 0 and n > 2, there cannot be a k-linear homomorphism
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res: Q”K K™ k for alocal field K € LF" k which satisfies continuity, uniformization,
and invariance under automorphisms of K in LF” k.

Let A be any commutative ST k-ring. In order to distinguish between an “abstract
differential form « € QI’;‘ /K and the “separatec_l” differential form 74 («) € Qg’jﬁg,
we shall write o := t4 (). Also we denote by d the differential operator in the DG

ring Qj})k. So 74 0d = do 14 as k-linear homomorphisms Qil Kk QZJ/FH?SCP. Note

29

that when A itself is separated we have QZ’;;LP = Qg k= A.

Since the homomorphism res : 2% K~ k is assumed to be continuous, and k
is separated (because it is discrete), it follows that res factors through QnK’;if, and
res(a) = res(a) for any o € QnK/k'

We shall use the setup of Example 3.13. So char(k) =0, n =2, and K =
k((t1,12)) = k((z2))((t1)), the standard 2-dimensional TLF with last residue field k.
We choose a collection {b; };<7 in k((#)) that is a transcendence basis over the
subfield k(#2). We single out one element of the indexing set, say ig € /, and define
o(biy) :=bi,+1t1. Fori #ig we let o(b;) := b;. This determines an automorphism
f of K in the category LF? k. (We already observed in Example 3.13 that f is not
continuous). Let us write b := b;,; so f(t1) =t1, f(t2) =tz and f(b) =b +1;.

Define the differential forms

a:=t71db) ;1 d(), Bri=tl-db 1)t - d(r)
and
yi=17 - d(t) 15" - d(t2) = dlog(11, 12)

in Q%(/k. Note that B =« + y and B = f(«).

Consider the continuous k-linear derivation d/d¢, of k((#2)). It is dual to the
differential form d(¢,) € Qﬂg’(s(e,g)) /- Hence, letting b’ :=09(b)/ot, € k((2)), we
have d(b) = b’ -d(t,) in Qﬂg’(s(?z’)) /k- Since the inclusion k((72)) — K is continuous,

it follows that d(b) = b -d(z,) in Q}(;ig But then d(b) -d(t2) =0 in Qé’;eﬂf, from
which we deduce that @ = 0 in Q%jﬁf. Therefore res(a) = res(a) = 0. On the other

hand, B =@ + 7 = 7. And hence

res(B) = res(B) = res(y) = res(y) = 1
by the uniformization property. We see that § = f(«), res(o) = 0 and res(8) = 1.

Example 5.12. Here is another way to view the previous example. Again k has
characteristic 0. Let K be the local field k((¢1, #2)). We consider various topologies
on K that make it into a TLF; namely we are looking at the objects in the fiber
above K of the forgetful functor F : TLF"” k — LF"” k. Theorem 3.16 shows that
the group Aut g  (K) acts transitively on the objects in this fiber.

The first topology on the local field K is the standard topology of k((#1, £2)),
and we denote the resulting TLF by K. For the second topology we use the
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automorphism £ from Example 5.11. We take the fine (K, f~')-module topology
on K, and call the resulting TLF Ky;. Thus f : Ky — K is an isomorphism in
TLF* Kk, and F(Ky) = F(Kg) = K in LF" k.

Let K, be any TLF such that F(K;) = K (for instance the standard TLF K and
the nonstandard TLF K;). There is a surjection

=1k, Qg k= Qg — U
and thus a residue homomorphism res; : Q%( Kk~ k defined by res; := Res%}ik o1
Consider the differential forms «, f, y € Q%{ /k from Example 5.11. The
calculation there shows that () = 0. On the other hand, since f oty = 10 f
and f(y) =y, we have f(zn(@)) = 7(f(@)) = T(B) = Ta(@) + Tt(¥) = T (y) =
f(zat(y)), and therefore (o) = T4t (). We conclude that, for the differential form
o€ Qi/k, we have resg (o) = 0, but resp(a) = resp(y) = 1.

Question 5.13. Take any n > 2. Consider the local field K := k((¢1,...,?,)), and
the various TLFs K lying above it in TLF" k, as in the previous example. We know
that the residue res(«), for a € Q% /K’ could change as we change the topology.
However our counterexample involved transcendentals (the element b).

What about the subfield k(t,...,t;) € K? Is it true that for a form « in
91’11«(11,..., t)/k the residue res(c) is independent of the topology K on K?

6. Geometry: completions

In this section we give background for Conjecture 0.12 in the introduction. We
recall some facts on the Beilinson completion operation, and reproduce Beilinson’s
geometric definition of the BT operators.

Throughout this section k is a noetherian commutative ring, and X is a finite
type k-scheme. By a chain of points of length n in X we mean a sequence
& = (x0,...,xn) of points in X such that x; is a specialization of x;_; for all 7.
The chain £ is called a saturated chain if every x; is an immediate specialization of
X;—1, namely the closed set {x_,} has codimension 1 in {x;_1}. If n > 1, we denote
by do (&) the chain obtained from & by deleting the point xg.

Let M be a quasi-coherent Oy-module. Beilinson [1980] introduced the com-
pletion Mg of M along &, which we refer to as the Beilinson completion. This is a
very special case of his higher adeles. The definition of Mg is inductive on n, by an
n-fold zigzag of inverse and direct limits. For a detailed account see [ Yekutieli 1992,
Section 3] or [Morrow 2013]. A basic geometric fact used in the definition is that,
for any coherent sheaf M, point x € X and number i € N, the truncated localization
My / mi{"lM x> when viewed as an Ox-module supported on the closed set {x}, is
quasi-coherent. An important instance of this is when M = Ox and i = 0, which
gives the residue field k(x) = Oy x/my.




218 Amnon Yekutieli

Here are some important properties of the Beilinson completion operation. Let
M be some quasi-coherent Oy -module and let £ = (xg, ..., x,) be a chain in X.
We can view the completion Mg either as a module over the local ring Oy ,, or as
a constant Oy -module supported on the closed set {x_n} Warning: Mg is usually
not quasi-coherent. For any subchain &’ C £ there is a canonical homomorphism
Mg — Mg. When n = 0, so § = (xp), there is a canonical homomorphism
My = M(xp)> WPCI‘C the former is the stalk at the point. If M is coherent, then the
homomorphism My, —> My,) from the my,-adic completion is an isomorphism.

The completion Oy ¢ of the structure sheaf Ox is a commutative ring, the
canonical sheaf homomorphism Oy — Oy ¢ is flat, and Mg is an Ox g-module.
The sheaf homomorphism Oy ¢ ® oy M — Mg is an isomorphism. Thus the
functor M — Mg is exact. If M is coherent, & is saturated, and n > 1, then the
canonical homomorphism

Ox,xo ®ox May) = Me

is an isomorphism.

The zigzag completion operation endows Mg with a k-linear topology, similar to
the iterated Laurent series construction in Definition 1.17. The ring Ox ¢ becomes
a ST k-ring, and Mg is a ST Oy g-module.

Let A be a semi-local commutative ring, with Jacobson radical t. We say that A
is a complete semi-local ring if the canonical homomorphism A — lim.; A/t/ is
bijective. The residue ring of A is the ring A /¢, which is a finite product of fields.

Theorem 6.1 [Parshin 1976; Beilinson 1980; Yekutieli 1992]. Let k be an excellent
noetherian ring, let X be a finite type k-scheme, and let £ = (xo,...,Xn) be a
saturated chain in X of length n > 1 such that x, is a closed point. Then the
Beilinson completions Ox ¢ and k(xo)g have these algebraic properties:

(1) The ring k(xo)g is a finite product of n-dimensional local fields over k.
(2) The ring Ox g is a complete semi-local commutative k-ring, with Jacobson
radical v = Ox ¢ ®0y ,, Mx, and residue ring k(xo)e.

(3) Let K be one of the factors of the reduced artinian semi-local ring k(xo)g,
which by (1) is an n-dimensional local field. The DVR O1(K) is the integral
closure in K of the ring Ox 4, (¢)-

If the base ring k is a perfect field, then the completion k(xo)g also has these
topological properties:

(4) Let K be one of the factors of the ring k(xo)g. Then K, with the induced
topology from k(xo)g, is an n-dimensional TLF over k.

(5) The image of the field k(x¢) in the ST ring k(xo)g is dense.
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Proof. (1-3) For n =1 this is classical. For n = 2 this is in [Parshin 1976]. For
n > 3 these assertions appear in [Beilinson 1980] without a proof. The proofs are
[Yekutieli 1992, Theorem 3.3.2 and Corollary 3.3.5].

(4-5) For n =1 this is classical. For n > 2 these assertions are [ Yekutieli 1992,
Proposition 3.3.6 and Corollary 3.3.7]. O

Remark 6.2. The condition that x;, is a closed point is only important to ensure
that the last residue fields k, (K) are finite over k. Cf. Remark 3.10. The results in
[Yekutieli 1992] quoted in the proof above only require the chain £ to be saturated.

Suppose & = (xg, ..., Xpn) is a saturated chain in X. We have seen that there is a
commutative diagram of flat ring homomorphisms

OX,xn — OX,(xn)

| o\

Ox,xo — Ox,(xo0) — Ox,¢

Definition 6.3. Let £ = (x¢, ..., x,) be a saturated chain in X of length n > 1,
and let M be a finite length Ox y,-module. An Oy y,-lattice in M is a finite
Ox,x,-submodule L of M such that M = Oy - L. We denote by Laty ¢ (M) the
set of all such lattices.

Of course the points x3, ..., x, have no influence on Laty ¢(M ). Note that if §
has length O then Mg = M for any finite length Oy x,-module M.

Lemma 6.4. Let £ = (xo, ..., Xn) be a saturated chain in X, and let M be a finite
length Ox x,-module. If L, L' € Laty ¢(M) and L C L', then L'/L is a finite
length Ox x,-module.

Proof. We can assume that M # 0. Let Z be the support in Spec Ox x, of L. Then
Z is a 1-dimensional scheme, with only two points: the closed point x; and the
generic point x¢. The finite Ox x,-module L’/ L satisfies

(L//L)xo = OX,XO ®OX,x1 (L,/L) =0,
and hence it is supported on {x1}. O

Let £ = (xo,...,X,) be a saturated chain in X, and let M be a finite length
Ox,x,-module. We can view M as a quasi-coherent sheaf on X, constant on the
closed set {xo}. The canonical homomorphism Mg, &) — Mg is bijective. (If n =0
then do(§) is empty, and we define M( := M.) Note that M is a finite length
Oyx g-module.
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Suppose we are given Oy y,-lattices L C L’ in M. By the exactness of comple-
tion there are inclusions

Lao(&) C Ligey © Maoe) = M,
and there is a canonical isomorphism of finite length Oy 4, (¢)-modules

(L'/L)ag(e) = Ly e)/ Lao(®)-

Let (M1, M>) be a pair of finite length Oy, x,-modules. Let Laty ¢(M1, M>)
be the set of pairs (L1, L2), where L; € Laty ¢(M;). We write M; ¢ := (M;)¢.
Suppose ¢ : My ¢ — M, ¢ is a k-linear operator. Like in Definition 4.4, we say
that (L, L)) is a ¢-refinement of (L1, L), and that (L), L)) <¢ (L1, L>) is a
¢-refinement in Laty ¢ (M1, M>), if L} C Ly, Ly C L), ¢(Ly408)) C L) do(®)
and ¢(L/1’d0($)) - L2,d0(§)-

Suppose A is a semi-local ring, with residue ring K. Any finite length A-module
M has a canonical decomposition M = €, My, where n runs over the finite set of
maximal ideals of A, which of course coincides with the set Spec K.

Definition 6.5. Let A be a semi-local ring in Ring, k, with residue ring K. Let M7,
M5 be finite length A-modules, and let ¢ : M1 — M> be a k-linear homomorphism.
We say that ¢ is local on Spec K if ¢(M; ) C M, for every n € Spec K.

Here is a slight enhancement of the original definition found in [Beilinson 1980];
see Remark 6.7 below and Definition 4.5.
Definition 6.6 [Beilinson 1980]. Let & = (xo, ..., X,) be a saturated chain of points
in X such that x, is a closed point. Let (M1, M>) be a pair of finite length modules
over the ring Ox x,. We define the subset

Ex g(M1, M>) C Homy (M g, M ¢)
as follows:
(1) If n = 0, then any k-linear homomorphism ¢ : M; ¢ — M, ¢ belongs to
Ex g(M1, M>).
(2) If n > 1, ak-linear homomorphism ¢ : My ¢ — M ¢ belongs to Ex ¢ (M1, M>)
if it satisfies these three conditions:
(i) Every (L1, L») € Laty ¢ (M1, M>) has some ¢-refinement (L, L}).
(ii) For every ¢-refinement (L, L%) <4 (L1, L2) in Laty ¢(My, M>) the
induced homomorphism

¢ (L1/Laoe) — (L2/L2)ag(e)
belongs to
Ex.a0¢)(L1/L7, L5/ L>).

(iii) The homomorphism ¢ is local on Spec k(xo)¢.
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Remark 6.7. Condition (2.iii) of Definition 6.6 is not part of the original definition
in [Beilinson 1980]. Note that Tate [1968] only considered smooth curves, for
which the completion is always a single local field, and there is no issue of locality.

The same locality condition eventually appears in Braunling’s treatment — see
the definition of the ring £ in [Braunling 2014b, Theorem 26(1)].

The next definition uses notation like that of Tate. It can of course be rewritten
using the notations of [Beilinson 1980] or of [Braunling 2014a; 2014b]. Compare
to Definition 4.14 above.

Definition 6.8 [Beilinson 1980]. Let & = (xo, ..., X,) be a saturated chain of points
in X of length n > 1 such that x, is a closed point. Let (M1, M) be a pair of
finite length modules over the ring Oy x,. Forany i € {1,...,n} and j € {1,2} we
define the subset

Ex ¢(My, M>);,; CEx g(My, M>)

to be the set of operators ¢ : My ¢ — M, ¢ in Ex ¢(M;, M3) that satisfy the
conditions:

(i) ¢ belongs to Ex ¢(M1, M3)1,1 if there exists some L, € Laty ¢(M>) such that
¢(M1,£) C L ag)-
(i) ¢ belongs to Ex ¢(M1, M>)1 > if there exists some L € Laty ¢ (M7) such that
P (L1,405)) = 0.
(iii) Letn >2. Fori €{2,...,n}and j € {1,2}, ¢ belongs to Ey ¢ (M1, M>); ; if,
for any ¢-refinement (L, L}) <¢ (L1, L2) in Laty ¢(My, M>), the induced
homomorphism

¢ (L1/Lage) — (L3/L2)ay(e)
belongs to
Ex ao6)(L1/Ly. L5/ La)i-1,;.

Definition 6.9. Let £ = (xg, ..., x5) be a saturated chain of points in X, of length
n > 1, such that x, is a closed point. Consider the residue field K := k(xg).

(1) We define Ex ¢ (K) := Ex ¢ (K, K).
(2) If n > 1 we define EX,S(K)Z',] = EX,’;‘(K’ K)l',j.
By definition there are inclusions
Ex.(K)i,; C EX,S(K) C End]k(KE).

Theorem 6.10 [Beilinson 1980; Braunling 2014b, Proposition 13]. Assume k is a
perfect field. The data

(Ex,£(K),{Ex £(K)i,j})
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Jfrom Definition 6.9 is an n-dimensional cubically decomposed ring of operators
on Kg, in the sense of Definition 0.3.

Conjecture 0.12 asserts that this n-dimensional cubically decomposed ring of
operators on K¢ coincides with the cubically decomposed ring of operators

(E(Kg). {E(K¢)i,; })
from Definition 4.23, modified as in formula (0-10).

Remark 6.11. Consider an integral finite type k-scheme X of dimension n. Let
¢ = (x0,...,Xx,) be a maximal chain in X; so xg is the generic point. Write
K :=k(X) = k(xp). According to Theorem 6.10 there is a cubically decomposed
ring of operators Ey ¢(K) on Kg¢. Applying the abstract BT residue of formula
(0-7) with E := Ex ¢(K), we obtain the functional

BT ._ p..BT )
ResX’S = ResKé/k;E : Q"K/k - k.

This is the residue functional that Beilinson [1980] had.
Beilinson [1980] claimed that the functionals Res)'}TE satisfy several geometric

properties. Most notably, when X is a proper scheme, then for any o € Q% /K there
is a global residue formula:
> Resy (@) =0. (6-12)
3

The sum is on all maximal chains £ in X.

Conjectures 0.9 and 0.12, combined with our results in [ Yekutieli 1992] regarding
the residue functionals Resgf/k, imply most of the geometric properties of the
residue functionals Res?gs stated in [Beilinson 1980], including formula (6-12).

Conversely, as noted by Beilinson (private communication), a direct proof of
the geometric properties of the functionals Res?& (perhaps by generalizing Tate’s
original idea to higher dimensions), together with Conjecture 0.12, would imply

Conjecture 0.9.
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Categories of abelian varieties over

finite fields, I: Abelian varieties over F,

Tommaso Giorgio Centeleghe and Jakob Stix

We assign functorially a Z-lattice with semisimple Frobenius action to each
abelian variety over [,. This establishes an equivalence of categories that de-
scribes abelian varieties over [, avoiding ,/p as an eigenvalue of the Frobenius in
terms of simple commutative algebra. This result extends the isomorphism classi-
fication of Waterhouse and Deligne’s equivalence for ordinary abelian varieties.
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1. Introduction

1.1. Let p be a prime number, Fp an algebraic closure of the prime field [, with p
elements, and [, C I]_:p the subfield with g elements, where ¢ = p® is a power of p.
The category

AV,

of abelian varieties over [, is an additive category, where for any two objects A, B
the abelian group Homg, (A, B) is free of finite rank. Even though the main result
of this paper concerns abelian varieties over the prime field [, the general theme of
our work is describing suitable subcategories C of AV, by means of lattices 7'(A)
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functorially attached to abelian varieties A of C. In contrast to the characteristic-zero
case, if we insist that
rkz(T (A)) =2 dim(A), (1-1)

then it is not possible to construct 7' (A) on the whole category AV, (see Section 1.6).
However, if we take C to be the full subcategory

ord
AV q

of ordinary abelian varieties, Deligne [1969, §7] showed that a functor A — T (A)
satisfying (1-1) exists and gives an equivalence between AV;rd and the category of
finite free Z-modules T equipped with a linear map F : T — T satisfying a list of
easy-to-state axioms.

Inspired by Waterhouse [1969, Theorem 6.1], in the present work we show that
a description in the style of Deligne can in fact be obtained, when ¢ = p, for a
considerably larger subcategory C of AV, which excludes only a single isogeny
class of simple objects of AV, from occurring as an isogeny factor (see Theorem 1).
Deligne’s method is an elegant application of the Serre—Tate theory of canonical
liftings of ordinary abelian varieties, whereas our method, closer to that used by
Waterhouse, does not involve lifting abelian varieties to characteristic zero. Even if
the main result of this paper generalizes the g = p case of Deligne’s theorem, it is
unlikely that a proof generalizing Deligne’s lifting strategy is possible.

1.2. A Weil g-number w is an algebraic integer, lying in some unspecified field of
characteristic zero, such that for any embedding ¢ : Q(x) — C we have

le(m)] = q'/2,

where |—| is the ordinary absolute value of C. Two Weil g-numbers 7 and 7’ are
conjugate to each other if there exists an isomorphism Q(r) => Q(xr’) carrying 7 to
7', in which case we write 7 ~r’. We will denote by W, the set of conjugacy classes
of Weil g-numbers. A Weil g-number is either totally real or totally imaginary,
hence it makes sense to speak of a nonreal element of W,,.

Let A be an object of AV,, and denote by 4 : A — A the Frobenius isogeny
of A relative to ;. If A is F,-simple then Endg, (A) ® Q is a division ring, and a
well-known result of Weil says that 4 is a Weil g-number inside the number field
Q(my). Let

A~ T] 47 (1-2)
1<i<r
be the decomposition of A up to F,-isogeny into powers of simple, pairwise non-
isogenous factors A;. The Weil support of A is defined as the subset

w(A) ={ma,,...., A} S W,
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given by the conjugacy classes of the Weil numbers 774, attached to the simple factors
A;. By Honda-Tate theory, the conjugacy classes of the 74, are pairwise distinct;
moreover, any class in W, arises as w4, for some [F,-simple abelian variety A,
uniquely determined up to [F,-isogeny [Tate 1971, Théoreme 1].

1.3. Consider now the case ¢ = p. Using Honda—Tate theory, it is easy to see
that for a simple object A of AV, the ring Endg, (A) is commutative if and only if
A 7 /D> 1.€., if and only if the Frobenius isogeny w4 : A — A defines a nonreal
Weil p-number [Waterhouse 1969, Theorem 6.1]. Let

com
AV,

be the full subcategory of AV, given by all objects A such that w(A) does not contain
the conjugacy class of ,/p. Equivalently, AV °™ is the largest full subcategory of AV,
closed under taking cokernels containing all simple objects whose endomorphism
ring is commutative. Since the Weil p-number ,/p is associated to an [F,-isogeny
class of simple, supersingular abelian surfaces [Tate 1971, Exemple (b), p. 97], we
have a natural inclusion AV;,’ml C AV,

The main result of this paper, proven at the end of Section 5.3, is the following:

Theorem 1. There is an ind-representable contravariant functor

A (T(A), F)

which induces an antiequivalence between AV,°™ and the category of pairs (T, F)

given by a finite, free Z-module T and an endomorphism F : T — T satisfying the
following properties:

(1) F ® Q is semisimple, and its eigenvalues are nonreal Weil p-numbers.
(ii) There exists a linear map V : T — T such that FV = p.

Moreover, the lattice T (A) has rank 2 dim(A) for all A in A ;Om, and F is equal
to T (7y).

To prove the theorem, we consider in Section 2 a family of Gorenstein rings
Ry =ZIF,V]/(FV — p, hy(F,V))

indexed by the finite subsets w € W), where h,,(F, V) is a certain symmetric
polynomial built out of the minimal polynomials over Q of the elements of w. An
object (T, F) in the target category of the functor 7 (—) of Theorem 1 is nothing
but an R,-module, for w C W, large enough, that is free of finite rank as a Z-
module. In this translation, the linear map F : T — T is given by the action of the
image of F in R,,, and the relation &,,(F, V) in R, encodes precisely that F @ (
acts semisimply and with eigenvalues given by Weil p-numbers lying in w (see
Sections 2.4, 2.5 and 3.2). Thanks to the Gorenstein property, these R,,-modules
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are precisely the reflexive R,,-modules; the category that they form will be denoted
by (see Section 3)
Refl(Ry).

For v € w, the corresponding rings are linked by natural surjective maps
pry ., : Ry — R,. We denote by R7"™ the pro-system (R, pr, ,,) With w S W),
ranging over the finite subsets avoiding the conjugacy class of ,/p. We further set

Refl(@i;"m) = lim Refl(Ry),

wEWp—\>{\/ﬁ}
and refer to Section 3.2 for details.
In this language, Theorem 1 can be stated as saying that

T : AVE™ — Refl(R™)

is an antiequivalence of categories. While this formulation of the main result is
closer to the perspective we adopted in its proof, the more concrete statement we
chose to give above allows an immediate comparison to Deligne’s result [1969].

1.4. The rings R, studied in Section 2 are in fact defined for any finite subset
w € W,. They appear naturally in connection to abelian varieties, in that for any A
in AV, the natural map

ZIF,V]/(FV —q) — Endg,(A) (1-3)

sending F to w4 and V to the Verschiebung isogeny ¢g/m4 induces an identification
between Ry,(4) and the subring Z[m4, g /ma] of End[;q (A), which has finite index
in the center (see Section 2.1). The rings R, have been already considered in
[Waterhouse 1969] and [Howe 1995], for example. The Gorenstein property of R,
in the ordinary cases is implicitly contained in [Howe 1995] and explicitly used in
a special case in [Howe 2004]. However, to the best of our knowledge, a systematic
investigation of the occurrence of Gorensteinness among the rings R,, has not been
carried out previously (see Theorems 11 and 12).

An %;Om—linear structure on AV;"m can be deduced from the map (1-3) (see
Section 2.3). The requirement that ' = T'(;r4) means precisely that the functor
T (—) is an %}"-linear functor (see Section 3.2).

1.5. The proof of the theorem consists of two steps. First, for any finite subset
w C W, not containing the conjugacy class of ,/p, we construct a certain abelian
variety A, isogenous to the product of all simple objects attached to the elements
of w via Honda—Tate theory. The object A,, is chosen in its isogeny class with the
smallest possible endomorphism ring, i.e., such that the natural map

Ry, — Endg, (Ay)
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is an isomorphism (see Proposition 21). In order to show the existence of such an
Ay, which already appears in [Waterhouse 1969, Theorem 6.1] if w consists of
a single element, the assumption ¢ = p plays an important role. Exploiting the
Gorenstein property of Ry, in Theorem 25 we show that the functor Homg, (—, Ay,)
gives a contravariant equivalence

Homg, (—, Ay) : AVy, = Refl(Ry),

where AV, is the full subcategory of AV, given by all abelian varieties A with
w(A) Cw.

The second step consists in showing that the abelian varieties A,, previously
constructed can be chosen in such a way that the functors Homg, (—, A,,) interpolate
well and define a functor on AV,°". More precisely we show the existence of an
ind-system

A= (Aw’ (Pw,v)7 (1'4)

indexed by finite subsets w € W), not containing the conjugacy class of ,/p, such
that the corresponding direct limit of finite free Z-modules

T(A) = lim Homg, (A, A,,)
w

stabilizes for any A in AV)™. The contravariant functor 7'(—) ind-represented by
A will produce the required antiequivalence.

1.6. As Serre has observed, it is not possible to functorially construct a lattice 7'(A)
satisfying the expected rkz (7T (A)) = 2dim(A) on the category of abelian varieties
over [l_:p. This is due to the existence of objects like supersingular elliptic curves E
over Fp. As is well known, the division ring Ende (E) ® Q is a nonsplit quaternion
algebra over Q and has no 2-dimensional QQ-linear representation that can serve as
T (E) ® Q. The issue just described is the same obstruction that prevents the exis-
tence of a Weil cohomology for varieties over finite fields with rational coefficients.

Using the same argument, one can show the nonexistence of a lattice 7T (A)
as above on the category AV,, where ¢ is a square. When g is not a square, the
correct instance of Serre’s observation preventing Theorem 1 from extending to all
of AV, is given by the isogeny class of [F,-simple, supersingular abelian surfaces
associated via Honda—Tate theory to the real, nonrational, Weil g-number ,/q. The
endomorphism ring of any such surface A is an order of a quaternion algebra over
Q(/q) = Q(,/p) which is ramified at the two real places [Waterhouse 1969, p. 528].
It follows that Endr, (A) ® R >~ H x H is a product of two copies of the Hamilton
quaternions H. Thus it admits no faithful representation on a 4-dimensional real
vector space, which 7T (A) ® R would give rise to.
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1.7. The dual abelian variety establishes an antiequivalence A — A’ of AV, which
preserves Weil supports and has the effect of switching the roles of Frobenius and
Verschiebung endomorphisms relative to F,. That is,

() =q/ma

as isogenies from A’ to itself. On the module side, we define a covariant involution
of Refl(%™), denoted by M — M, which interchanges the roles of F"and V, i.e.,
such that

(T, F)"=(T, p/F).

Using these two dualities we can exhibit a covariant version of the functor 7'(—)
of Theorem 1. More precisely, define

T.(A) =T (A"

as the pair given by the Z-module T (A") equipped with the linear map p/T (7 ).
In the notation as pairs, T, (A) takes the form

(T(A"), p/T(mwa)) = (T(A"), T((a)")) = (Tu(A), Tu(4)).
The functor 7,.(—) gives a covariant, R7""-linear equivalence
T,: AV[C,OH1 — Reﬂ(@%g’m) (1-5)

which is pro-represented by the system s’ = (Al , (pfu,’ ») dual to (1-4). In the
definition of T, (—) it is necessary to apply the involution 7 to 7 (A’) in order to
guarantee that T}, be %;"m-linear.

In Section 7.4 we compare T, (—) restricted to AV;jrd with Deligne’s functor [1969,
§7], which we denote by Tpe,,(—). The comparison makes use of a compatible
pro-system of projective R,,-modules M,, of rank 1 for all finite subsets w € W,
consisting only of conjugacy classes of ordinary Weil p-numbers. Proposition 44
then describes, for all abelian varieties A over [, with w(A) € w, a natural
isomorphism

TDel,p(A) ®Rw M, = T*(A)-

Furthermore, by choosing a suitable ind-representing system s = (A, @y ), We
may assume that M,, = R, for all w, i.e., the antiequivalence of Theorem 1 may be
chosen in its covariant version to extend Deligne’s equivalence; see Proposition 45
for details.

1.8. Finally, we indicate how to recover the ¢-adic Tate module 7;(A), for a prime
£ # p, and the contravariant Dieudonné module 7', (A) (see [Waterhouse 1969, §1.2])
from the module 7'(A). This involves working with the formal Tate module 7y (A)
and the formal Dieudonné module 7, (s{) of the direct system s, respectively
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defined as the direct limit of 7y(A,) and the inverse limit of the 7),(A,,), with
transition maps obtained via functoriality of 7, and 7),. More concretely, we have
natural isomorphisms

Ty(A) =~ Homg, (T (A) ® Z¢, Te(sA)),
Tp(A) = (T(A) ®Zp) Qa, Tp(sd);

see Propositions 27 and 28 for notation and proofs. In this respect the functor 7' (—)
can be interpreted as an integral lifting of the Dieudonné module functor 7),(—).

In a forthcoming paper, we will apply the method used here to study certain
categories of abelian varieties over a finite field which is larger that [,. Therefore,
although Theorem 1 deals with abelian varieties over [F,, we only restrict to the
case ¢ = p when it becomes necessary.

2. On the ubiquity of Gorenstein rings among minimal central orders

2.1. Minimal central orders. Let w C W, be any finite set of conjugacy classes

of Weil g-numbers. Choose Weil g-numbers r1, ..., 7, representing the elements
of w, and consider the ring homomorphism
ZIF, VI/(FV —q) — [] Q@) @-1)
1<i<r

sending F to (my,...,m,) and V to (¢/my, ..., q/7;).

Definition 2. The minimal central order R, is the quotient
LIF, VI/(FV —q) = Ry (2-2)

by the kernel of the homomorphism (2-1). The image of F in R,, will be denoted
by Fy, and the image of V by V,,.

The construction of the ring R, is independent of the chosen Weil g-numbers in
their respective conjugacy classes. When w consists of a single conjugacy class
of a Weil number 7, the ring Ry, isomorphic to the order of Q(;) generated by
7 and g/, will sometimes be denoted simply by R,. Since the representatives

my, ..., T are pairwise nonconjugate, there is a canonical finite index inclusion
Ry © l_[ Ry
TEew

in particular,

R,®Q=[]Qw). (2-3)

TEew

Moreover, for finite subsets v € w € W, we have a natural surjection

pPryyw P Ry = Ry.
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Our main goal in this section is to show that, under a mild assumption on w, the
ring R, is a 1-dimensional Gorenstein ring. This will be proved in Section 2.5,
where we obtain a description of R,, by identifying the relations between the
generators F and V.

Example 3. The equality of closed subschemes

Spec(Ry) = | Spec(Rx) < Spec(ZIF, VI/(FV —¢))

TEew

shows that the spectrum of R,, is obtained by gluing the spectra of the rings R,
along their various intersections inside Spec(Z[F, V]/(FV — q)). This means,
roughly, that congruences between Weil g-numbers are responsible for R,, differing
from the product of the R, for all 7 € w.

We measure in a special situation the deviation of R, from being isomorphic
to [, cw R Fori =1,2, let m; be a quadratic Weil g-number with minimal
polynomial

x> —Bix+q,

where ; € Z, and set A = 81 — . Since g/m; = B; — m;, we have
Ry, = Z[m] = Z[x]/ (* = Bix +q);
moreover, the subring R,, € Z[m] x Z[m>] is generated as a Z-algebra by
0, A), (1, 72) € Z[71] % Z[72],

since it is generated by (1, m2) and (81 — 71, B — m2). Because f; = B, modulo
A, there are isomorphisms of quotients

Zlm 1/ AZlm] = Z[m2]/ AZ[ms] =: Ro,
and R, becomes the fiber product
Ry = Z[m1] X gy Z[72],

which is an order of index A2 in the product Ry, x R,. The congruences between 7|
and 7, are encoded by the closed subscheme of Spec(Z[F, V]/(FV —q)) given by

Spec(Rp) = Spec(Ry,) N Spec(Ry,).
Note that the minimal polynomials x? — B; + ¢ yield Weil g-numbers if and only if
,312 <4q.

In particular, by letting g range over the powers of the prime p, the Weil g-numbers
m; may be chosen so that A is divisible by an arbitrary integer.
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2.2. Connection to abelian varieties. We proceed to link R, to abelian varieties
over [,. Any such A has two distinguished isogenies, given by the Frobenius
7 and the Verschiebung g /w4 relative to ;. The Q-algebra Endg (A) ® Q is
semisimple, and its center is equal to the subalgebra Q(;4) generated by w4 [Tate
1966, Theorem 2]. It follows that any isogeny decomposition of A, as in (1-2),
induces the isomorphism

Q> [ Q). (2-4)

a; €EW(A)

sending ;w4 to (7wa,, ..., a,), Where wy,, ..., w4, are the Weil g-numbers defined
by the simple factors of A and w(A) is the Weil support of A defined in the
introduction.

From (2-4) we deduce that the ring homomorphism

ra:Z[F,V]/(FV —q) — Endg, (A)

sending F to w4 and V to g/m4 gives an identification between Ry, 4) and the
image of r4, namely the subring

Llmwa, q/mal,

which sits inside the center of Endg, (A) with finite index. In this way we see that
Ry a) plays the role of a lower bound for the center of Endg, (A). This justifies the
terminology we chose in its definition.

Remark 4. One can ask whether there exists an abelian variety A with Weil support
w such that the natural map R,, — Endg, (A) induced by r4 gives an isomorphism
between R, and the center of End, (A). In Proposition 21 below, generalizing a
result of Waterhouse, we obtain a partial result in this direction.

2.3. Linear structures over minimal central orders. For a finite subset w C W,
the full subcategory

AV, C AV,

consists of all abelian varieties A such that w(A) C w or, equivalently, such that r 4
factors through the quotient Z[F, V]/(FV —q) — R,,. Since for any morphism
f:A— Bin AV, and any n € Z[F, V]/(FV — q) the diagram

A . B (2-5)
rA(W)j er(n)
f
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is commutative, as follows from the naturality of the Frobenius and Verschiebung
isogenies, we deduce an R, -linear structure on the category AV,,. Furthermore, for
finite subsets v € w the R, -linear structure on AV, induced by the fully faithful
inclusion AV, C AV,, is compatible, via the surjection pr with the R,-linear
structure on AV,,.

v,w?

Remark 5. If W C W, is now any subset, denote by %y the projective system
(Rw, pry,,) as w ranges through all finite subsets of W, and by AVy the full
subcategory of AV, whose objects are all abelian varieties A with w(A) € W. We
will treat AV as the direct 2-limit of the categories AV,,, for finite subsets w of W.
The collection of R, -linear structures on the subcategories AV,, € AVy, which are
linked by the compatibility conditions described above, form what we will refer to
as the Ry -linear structure on AVyy .

2.4. The symmetric polynomial. Let w be a Weil g-number. If Q(r) has a real
place then 72 = ¢, so that Q(r) is totally real, and [Q(x) : @] is either 2 or 1
according to whether the degree e = [, : [, ] is odd or even, respectively. In the
first case there is only one conjugacy class of real Weil g-numbers; in the second
one there are two of them, given by the rational integers ¢¢/?> and —g/2. In the
general case where 7 is not real, the field Q(;r) is a nonreal CM field, with complex
conjugation induced by 7 — g /7.

The degree 2d = [Q(r) : Q] is even, except for the two rational Weil g-numbers
occurring for e even, in which case d = 1/2. Set

2d—1

Pr(x) =x* +ayy1x +---4aix +ag € Z[x]

for the normalized minimal polynomial of = over Q. The polynomial P, (x) depends
only on the conjugacy class of 7. The following lemma is well known (see [Howe
1995, Proposition 3.4]):

Lemma 6. Let w be a nonreal Weil g-number. Forr > 0, we have ag—, = q" a4,

Proof. We can arrange the roots «y, ..., azs of P;(x) so that o; and aog41—;
are complex conjugates of each other, that is, «o;o44+1-; = ¢g. For a subset
I C{1,...,2d} weset I°={1,...,2d}\ I and [={i:2d+1—i¢€l}); we
will use the multiindex notation o/ = ]_[l- <7 %. Then, summing over subsets of
{1,...,2d}, we compute

2d
(—1)d+rad_r: Z a[:(l_[ozi)- Z 11(.
|1|=d+r i=1 |I|=d+r o
qdfr _
=q" ), =4 ) o« =q" DTy O

|J|=d—r |J|=d—r
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We next construct a symmetric polynomial i, (F, V) € Z[F, V]. The idea is to
consider the rational function P, (F)/F d e 7[F, g/ F] (at least when d € Z), and
then formally set V =¢g/F.

Definition 7. We define the symmetric polynomial h, (F, V) attached to a Weil
g-number 7 as follows:

(1) If  is a nonreal Weil g-number, then we set
ha(F,V)=F%4ay FI 4+ tag Ftag+ag V4 +ay Vo + v
(2) If # = £p™ . /p is real but not rational, then we set
hy(F,V)=F—V.
(3) If m = £ p™ is rational, then we set
hapn(F,V)=F'2F V12

The polynomial 4, (F, V) just defined belongs to Z[ F, V] if & not rational, and
to Z[F'/2, V1/2] otherwise. It appears already in [Howe 1995, §9].

Lemma 8. (1) If is a nonreal Weil q-number, then we have hy (7, q/m) = 0.

(2) If m is a real, but not rational, Weil q-number, then h,(F,V)=F —V and
hz(m, q/m) =0.

(3) If m = £p™ is rational, then hym(F, V) -h_,n(F,V) = F —V is again
contained in Z[F, V], and vanishes for F =mw and V = q/m.

Proof. Assertion (1) follows from A (7, g/m) = Py () /JTd = 0 which is based on
Lemma 6. Assertion (2) and (3) are trivial. O

Definition 9. An ordinary Weil g-number is a Weil g-number 7r such that exactly
half of the roots of its minimal polynomial P (x) in an algebraic closure of Q,, are
p-adic units.

A Weil g-number is ordinary if and only if its associated isogeny class of simple
abelian varieties over [, is ordinary. Real Weil numbers are not ordinary.

Lemma 10. Let w C W, be a finite subset of nonreal conjugacy classes of Weil
q-numbers. Then w consists of ordinary conjugacy classes if and only if h,, (0, 0) is
not divisible by p.

Proof. Letay, ..., a4, q/a1, ..., q/og be the roots of || P, (x). Then

d
ho(F, V)= [(F = (@i +q/a) +V) mod (FV —gq)

i=1
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so that

d
hw(F, V)= (=1 J( +¢/e;) mod p.
i=1
This integer is not divisible by p if and only if the algebraic integers «; + g /o; are
p-adic units for all i. This happens if and only if either «; or ¢/¢; are p-adic units
for all i, that is, if w consists of ordinary conjugacy classes. U

2.5. Structure of the minimal central orders. In what follows we will define the
degree of a finite subset w € W, by

deg(w) =rkz(R,) = ) _ [Q(x) : Q.

Tew

So w is of even degree if and only if w either contains none or both rational Weil
g-numbers +¢¢/?
notion, we will say that an arbitrary subset W C W, is of even degree if either none
or both rational conjugacy classes of Weil g-numbers belong to W.

If w C W, is any finite subset, we set

, which only exist when e = [[F, : [,] is even. Extending this

hy(F, V) =[] ha(F, V),

TEew

which is contained in Z[ F, V] as soon as w is of even degree.
Theorem 11. Let w C W, be a finite set of Weil g-numbers of even degree.

(1) We have R, =Z[F,V]/(FV —q, hy(F, V)).

(2) The ring Ry, is a 1-dimensional complete intersection; in particular, it is a
Gorenstein ring.

When w consists of ordinary Weil g-numbers, part (1) of Theorem 11 is [Howe
1995, Proposition 9.1].

Proof. The ring R, is reduced as it injects into a product of number fields. Moreover,
R, is a finite Z-algebra, because it is generated by F and V satisfying integral rela-
tions in R,,. Thus R, is free of finite rank as a Z-module and of Krull dimension 1.
More precisely, by (2-3) we have

tkz(Ry) = Z [Q(7): Q] =:2D

Tew

The ring Z[F, V]/(FV —gq) is a normal ring with at most one rational singularity
inp=(F,V, p). Hence, hy(F, V) is a nonzero divisor in Z[F, V]/(FV —¢q) and
it remains to show (1) to conclude the proof of (2).
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We now show assertion (1). By Lemma 8 the evaluation of h,,(F, V) in R,
vanishes for all 7 € w. Hence we obtain a surjection

¢:S=2Z[F,V1/(FV —q, hy(F, V)) - Ry.

We are done if we can show that S is generated by 2D elements as a Z-module.
By construction, i, (F, V) is a product of polynomials of the form

Jr(F) 48z (V)

with f, gr € Z[X] monic (or —g, monic). The degrees are deg( ) = deg(g,) =
[Q(m) : Q]/2 if 7 is nonrational, and 1 if 7 is rational. Having a representative of
the form f(F) + g(V) for monic polynomials f, g (or —g) of the same degree is
preserved under taking products:

(f1(F) + 81 (V) (f2(F) + g2(V))

= f1L(F)+ g18(V) + lower degree terms in F, V,
where the mixed terms are of lower degree, because F'V = g necessarily leads to
cancellations.

Hence the same holds for the product: h,,(F, V)= f(V)+g(V) with deg(f) =
deg(g) = D. In particular,

FP FP- L F LV, vPT!
generate S as a Z-module. (I

Since Theorem 1 deals with abelian varieties over [F,, our main concern in this
paper are the commutative algebra properties of R,, for finite subsets of W,. Here
Theorem 11 covers all cases. In order to complete the picture, we answer what
happens if w € W, contains exactly one rational conjugacy class of Weil g-numbers.

Theorem 12. Let g be the square of a positive or negative integer /q € Z. Let
v C W, be a finite set containing no rational conjugacy class, and set w = vU{,/q}.

(1) We have R, = Z[F, V1/(FV —q, hy(F, V)(F = /@), ho(F, V)(V = /q)).
(2) Thering Ry, is Gorenstein if and only if all conjugacy classes of Weil q-numbers
in v are ordinary.

Proof. Reasoning as in the proof of Lemma 8, we see that the defining quotient
map Z[F, V]/(FV —q) — Ry factors as a surjective map

S=Z[F,V1/(FV =g, hy(F, V)(F = /@), hy(F, V)(V = /@)) = Ry.
As in Theorem 11, as a Z-module, the ring R,, is free of rank

tkz(Ry) =1+ [Q(r) : Q] =:2D + 1.

TEV
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It is easy to see that S is generated as a Z-module by
FP PP . F 1,V,.. . VP,

This shows assertion (1) above.

For assertion (2), we first note that after inverting one of the elements p, F or
V, the three relations can be reduced to two relations, so that outside of (p, F, V)
the ring R,, is a local complete intersection and hence Gorenstein. It remains to
discuss the local ring in p = (p, F, V).

There is a unique polynomial 4 € Z[X] such that

hy(F,V)=h(F)—h0)+h(V)e”Z[F, V],

and for this 4 we have h(0) = h,(0, 0). Since Z is regular (hence Gorenstein) and
R, is a flat Z-algebra, it follows from [Matsumura 1989, Theorem 23.4] that R, is
Gorenstein in p if and only if

Ry/pRuw =Fp[F, VI/(FV, h(F)F, h(V)V)

is Gorenstein in p = (F, V). The ring R,/ pR,, is Artinian, hence of dimension 0,
so that by [Matsumura 1989, Theorem 18.1] the ring (R, /pRy); is Gorenstein if
and only if

1 = dimg, Hom(x (p), Rw/pRuw).

The space of homomorphisms has the same dimension as the socle, i.e., the maximal
submodule annihilated by (F, V). The socle is the intersection of the kernels of
F and V as [,-linear maps of R,, which can be easily evaluated in the basis
FP FP=1 [ F,1,V,...,VP. The intersection is 1-dimensional if p { h(0),
and it is 2-dimensional otherwise. By Lemma 10, this completes the proof. U

3. Remarks on reflexive modules

3.1. Reflexive versus Z-free. Let S be a noetherian ring. Recall that a finitely
generated S-module M is reflexive (resp. torsionless) if the natural map

M — Homg(Homg (M, §), S)

is an isomorphism (resp. injective). We denote the category of finitely generated
reflexive S-modules by Refl(S).

Lemma 13. Let w C W, be a finite set of Weil q-numbers such that R,, is Goren-
stein, and let £ be a prime number. Let M be a finitely generated R,,-module
(resp. Ry ® Z¢-module). The following are equivalent:

(a) M is reflexive.
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(b) M is torsionless.

(c) M is free as a Z-module (resp. Z¢-module).

Proof. Assertions (a) and (b) are equivalent by [Bass 1963, Theorem 6.2(4)], since
R, 1s Gorenstein and of dimension 1.

For a uniform treatment, we set S = R, ® A with A =Z (resp. A =Z;). Since S
is finite flat over A, the dual module Homg (M, S) is free as a A-module. The same
holds for every submodule of Homg (M, S), which shows assertion (b) implies (c).

For the converse direction we introduce the total ring of fractions S C K = S®7zQ,
which is a product of fields. Therefore, assuming (c), the composite map

M—->MRSFQAV=M®s K - Homg(Homg (M ®s K, K), K)

is injective. And since it factors over the natural map M — Homg(Homg(M, S), S),
the latter is also injective and hence M is torsionless. (I

3.2. The main theorem with reflexive modules. Let w C W, be a finite set of
conjugacy classes of Weil g-numbers of even degree (see Section 2.5), so that,
in particular, R,, is Gorenstein (see Theorem 11). For an object M of Refl(R,,),
let (Mo, Fr) be the pair consisting of the Z-module My underlying M and of the
linear map Fy; : My — My given by the action of Fy, € R, on M.

Proposition 14. The functor M +— (Mg, Fy) gives an equivalence between Refl(R,,)
and the category of pairs (T, F) consisting of a finite, free Z-module T, and an
endomorphism F : T — T satisfying the following conditions:

(1) F ® Q is semisimple with eigenvalues given by Weil q-numbers in w.

(ii) There exists V : T — T such that FV =q.

A morphism between two such pairs (T, F) and (T', F') is a linearmap f:T — T’
such that fF = F'f.

Proof. Thanks to Lemma 13, an R,-module belongs to Refl(R,,) if and only if it is
finite and free as a Z-module. Moreover, the linear map Fy; : My — M) satisfies in
the ring Endz (Mj) the polynomial

F hy(F.q/F)=[] P(F).

Tew

which is squarefree. Therefore Fj; ® Q is semisimple with eigenvalues given by
Weil g-numbers whose conjugacy classes belong to w. The map Vy, : My — My
induced by the action of V,, € R, on M satisfies Vi Fyy = q. Essential surjectivity
of the functor follows easily from Lemma 13. U
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Let now v € w be a finite subset which is also of even degree. By Lemma 13,
the natural projection pr, ,, : Ry, — R, gives a fully faithful embedding

Refl(R,) C Refl(Ry),

by means of which Refl(R,) can be regarded as the full subcategory whose objects
are those for which the R, -action factors over pr, ,, : Ry — R,. Using the descrip-
tion of Proposition 14, we easily see that an object M of Refl(R,,) lies in Refl(R,)
if and only if the eigenvalues of Fiy ® Q : My ® Q — Mo ® Q define conjugacy
classes of Weil g-numbers in v.

Definition 15. Let W C W, be a subset of even degree, and Ry = (R,,) be the
pro-ring with w ranging over all finite subsets of W of even degree. The category

Refl(Rw) := lim Refl(R,,)

wCw
is the full subcategory of the category of Z[ F, V ]-modules given by all M such that:

(1) There exists wy € W such that the structural action of Z[F, V] on M fac-
tors through Z[F, V] — R,,,, (and hence through Z[F, V] — R,, for all w
containing wyy).

(2) For any finite w € W of even degree containing wy,, the module M is reflexive
as an R,-module.

Notice that condition (2) is equivalent to asking that M be a reflexive module
over Ry, for some w € W of even degree such that the action of R, on M is defined
(see Lemma 13).

Remark 16. For any finite w € W of even degree, the category Refl(Ry ) contains
the R, -linear category Refl(R,,) as a full subcategory. Moreover, if v C w are finite
subsets of W of even degree, then the R, -linear structure on Refl(R,) induced from
the fully faithful embedding Refl(R,) C Refl(R,,) is compatible, via the surjection
pry. . : Ry — Ry, with the natural R,,-linear structure. Formally we are in a situation
analogous to that described in Remark 5, where the category AVy played the role of
Refl(Rw). We will then refer to this data as the Ry -linear structure of Refl(Ry ).

The category Refl(Ry) can be given a concrete description in terms of pairs
(T, F) given by a finite free Z-module T and a linear map F : T — T such that:
(i) F ® Q is semisimple and its eigenvalues are Weil g-numbers in W.
(i1) There exists V : T — T with FV =gq.
The notion of morphism between two such pairs is clear. This can be seen reasoning

as in Proposition 14, and using the compatibility of linear structures described in
Remark 16.
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Denote now the set W), \ {,/p} of nonreal conjugacy classes of Weil p-numbers
simply by W™, and the corresponding pro-ring Ryem by %™, Theorem 1 then
claims the existence of a contravariant, %W;om-linear, ind-representable equivalence

T : AVI‘;Om — Refl(%;"m)

such that 7'(A) is a lattice of rank 2 dim(A). By definition, the %Wﬁom-linearity of
T (—) is the requirement that for any finite w C W;"m the restriction of T to AV,,
has values in Refl(R,,) and is R, -linear. These conditions amount precisely to the
equality F = T (;r4) for all A in AVIC,"m.

3.3. Further remarks. The following piece of homological algebra is used later:

Lemma 17. Let S be a 1-dimensional Gorenstein ring. For any finitely generated
reflexive S-module M, we have

ExtL(M, §) = 0.

Proof. We use a free presentation of the dual Homg(M, §) and dualize again. This
yields an embedding of M into a free S-module and then a short exact sequence

0—M—S"— M —0.

The Ext-sequence, and the fact that S has injective dimension 1 [Bass 1963, §1],
yield
0 = Ext§(8", S) —> Exty{(M, §) —> Ext3(M’, §) =0

from which the lemma follows. |

Finally, here is a criterion for invertible reflexive modules in terms of their
endomorphism algebras:

Proposition 18. Ler S be a reduced Gorenstein ring of dimension at most 1, and
let M be a reflexive module. Then the following are equivalent:

(a) M is locally free of rank 1.
(b) The natural map S — Endg(M) is an isomorphism.

Proof. If M is locally free of rank 1, then Endg(M) ~ MY ® M =~ S, where
MY =Homg(M, S), and (b) holds.

For the converse, we may assume that S is a complete local ring by passing to
the completion. Since Ends(M) = S we have M # 0, and, moreover, M cannot
be a module (extending the S-module structure) for a strictly larger subring of the
total ring of fractions of S. Now [Bass 1963, Proposition 7.2] shows that M has a
nonzero projective direct summand M. With M = My & M, we find

S x Endg(M;) = Endg(Mo) x Endg(M;) C Endg(M) = §
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and therefore Endg(M;) = 0. This forces M| = 0, and M is projective. Then
Endg(M) is projective with rank equal to the square of the rank of M (as a locally
constant function on Spec(S)). Thus M is of rank 1 and the proof is complete. [J

4. Abelian varieties with minimal endomorphism algebra

Before restricting to the case ¢ = p, we recall the following classical result of
Tate (see [Tate 1966, §1] for £ # p, [Waterhouse and Milne 1971, Theorem 6]
for any ¢, also [Chai et al. 2014, §A.1]) which will be used frequently. For A an
abelian variety over [, and £ a prime number, denote by A[£*°] the £-divisible
group corresponding to A.

Theorem 19 (Tate). Let A, B be abelian varieties over [, and £ a prime number.
The natural map f — f[€°] induces an isomorphism

Homg, (A, B)®Z; = Hom(A[£>°], B[£™)).

As is well known, the isomorphism of Tate’s theorem takes a more concrete form
as follows. If £ # p, it can be formulated in terms of Galois representations, and
says that the functor £-adic Tate module 7;(—) induces an isomorphism

Homg, (A, B) ® Zy — Homgz,(Gay;, | (Te(A), Te(B)).

If £ = p, using the language of Dieudonné modules, Tate’s theorem translates
into the fact that the functor contravariant Dieudonné module 7, (—) induces an
isomorphism

Homy, (A, B) ® Z,, = Homg, (T, (B), T)(A)),
where %, 1s the Dieudonné ring of F,.

Remark 20. For any prime ¢ the R, -linear structure on the category AV,, defined
in Section 2.1 induces an enrichment of the functor 7, (—) to left R,, ® Z,-modules
for £ # p, and to right! R,, ® Z ,-modules for £ = p.

For any A € AV,, and any ¢ # p, the action of the arithmetic Frobenius of [,
on Ty(A) agrees with the action of F,, ® 1 € R, ® Z;, and we have a natural
identification

Homgz,(Gai;,1(T¢(A), Te(B)) = Homg, gz, (T¢(A), Te(B))

for £ # p and all A, B € AV,,. In the special case where ¢ = p, and only in this
case, the Dieudonné ring QD[Fq is commutative, and hence the theory of Dieudonné

Twe employ the contravariant Dieudonné theory; therefore the left Ry,-module structure of the
Hom-groups in AVy, turns into a right Ry ® Zp-modules structure on the corresponding Dieudonné
modules. However Ry, is commutative, hence for A in AV, we can safely treat Tp(A) as a left
Ry ® Z p-module.
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modules of abelian varieties over the prime field [, does not involve semilinearity
aspects. For any A € AV,, the action of QD[FP on T}, (A) factors through the quotient
Df, = Ry ® Z), and Tate’s theorem says that

Homg, (T),(A), T,(B)) = Homg,ez,(T)(B), T)(A))

forall A, B € AV,,. So, roughly speaking, the Dieudonné theory of abelian varieties
over the prime field is analogous to the theory of Tate modules at primes £ # p, up
to replacing covariance with contravariance.

For any m € W,,, we choose a simple abelian variety B over [, whose associated
Weil p-number represents 7.

Proposition 21. Let w € W), be a finite set of conjugacy classes of Weil p-numbers
not containing \/p. There exists an abelian variety A, over [, isogenous to
[1;cy B such that T;(Ay) is free of rank 1 over Ry, ® Z; for all primes £. Further-
more, for any such A, the natural map

Ry, — End[pp (Ay)
is an isomorphism.

Remark 22. In the case where w consists of just one Weil p-number, the abelian
variety A,, in Proposition 21 was already considered by Waterhouse [1969, Theo-
rem 6.1]. We observe that the product ]_[new Ay of the varieties constructed for
each singleton {7} C w may well fail to serve as the A,, satisfying the properties of
Proposition 21. This failure is explained by a phenomenon analogous to congruences
between Weil g-numbers, discussed in Example 3.

Proof. Let B be any abelian variety over [, isogenous to [ [, Bx. Forany w € W,
with 7w % ,/p, it is straightforward to verify using Honda—Tate theory [Tate 1971,
Théoréme 1(ii)] that
(i) all local invariants of the division ring End%) (By) are trivial,
(i) [Q@r) : Q] =2dim(By).
In fact, each of these conditions is equivalent to the commutativity of End[pp (By).
Since the abelian varieties B, m € w, are pairwise nonisogenous, we have that

Endg, (B) is also commutative, and isomorphic to an order of the product of CM
fields [ | Q). We deduce the chain of equalities

tkz(End, (B)) = Y _ [Q(7): Q] =Y  2dim(B;) = 2dim(B).

From the injectivity of the isomorphism of Theorem 19, and using the lan-
guage of Dieudonné modules if £ = p, it follows that the action of R, ® Q; =
[[rew Q@) ® Q; on

Ve(B) =Ty(B) ®z, Qy
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is faithful. Hence V;(B) has rank 1 over [[__,, Q(r) ® Qy, since they both have
dimension 2 dim(B) over Q; (notice that dimg,(V,(B)) = 2dim(B) because we
work over ).

Therefore, for every £ we can choose an R, ® Z,-lattice

Ay C Vi(B)

which is free of rank 1, and which contains Ty(B) if £ # p and is contained in
T,(B)if £ = p.
If Ry, ® Z, is the maximal order of [ [, @(7r) ® Q, as occurs for almost all £,
then 7, (B) is necessarily free of rank 1 over R, ® Z, and we take A, = T;(B).
Now, if £ # p, then the finite subgroup

N¢=A¢/Te(B) C B[£™],

being an R, -submodule, is stable under Frobenius and hence is defined over [,,. The
corresponding isogeny ¥, : B — B/N, induces an identification A, >~ Ty(B/Ny)
of R, ® Zy-modules.

Similarly, the p-power degree isogeny v, : B — B/N,, where N, is the [F,-
subgroup-scheme of B corresponding to the Dieudonné module 7, (B)/A ,, induces
an identification 7,(B/N,) >~ A, of R, ® Z,-modules. Therefore, after applying
a finite sequence of isogenies to B, we obtain the abelian variety A, with the
desired property.

Lastly, by Theorem 19, the natural map

Ry, — Endg, (Ay)

is an isomorphism after — ® Z, for all prime numbers £, since T¢(A,) >~ Ry ® Zy.
Therefore the last statement of the proposition follows. U

Remark 23. One can show that there is a free and transitive action of the Picard
group Pic(Ry,) on the set of isomorphism classes of abelian varieties A,, satisfying
the conditions of Proposition 21 (see [Waterhouse 1969, Theorem 6.1.3] for the case
of simple abelian varieties, i.e., w = {mr}). We will discuss this below in Section 7.3.

The Gorenstein property of R, allows the following useful characterization of
the abelian varieties A,, satisfying the property of Proposition 21 (see also the end
of §4 in [Serre and Tate 1968]).

Proposition 24. Let w C W), be a finite set of conjugacy classes of Weil p-numbers
not containing \/p, and let A be an abelian variety over F, isogenous to [ [ .,, Bx.
The following conditions are equivalent:

(a) Ty(A) is free of rank 1 over Ry, @ Zy, for all primes £.

(b) Endg, (A) is equal to the minimal central order R,,.
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Proof. Thanks to Proposition 21, we only need to show that (b) implies (a). Since
R, is Gorenstein by Theorem 11, its completion R, ® Z, is also Gorenstein. It
follows from [Bass 1963, Theorem 6.2] that the torsion-free R,, ® Z,-module Ty(A)
is reflexive.

By (b) and Theorem 19 we have Endg gz, (T¢(A)) = Ry ® Z;, so Proposition 18
yields that 7, (A) is projective of rank 1. Since R,, ® Z; is a finite Z,-algebra, hence
a product

Ry®Z =]]R
A

of complete local rings R;, its Picard group is trivial and Ty (A) is free of rank 1 as
an R, ® Z,-module. |

We conclude the section by observing that if A is an abelian variety over [, for
q arbitrary, the Dieudonné module 7),(A) has rank 2 dim(A) over the Witt vectors
W (F,) of . It follows that the naive analogue of (a) can never be attained if g > p
for rank reasons, and the above proposition is peculiar to the ¢ = p case.

5. Construction of the antiequivalence

In this section we give a proof of Theorem 1. Recall from Remark 5 that for a
subset W C W, of conjugacy classes of Weil g-numbers, the category AVy is the
full subcategory of AV, consisting of all abelian varieties A over [, whose support
w(A) is contained in W.

5.1. Finite Weil support. We begin by defining the lattice 7'(A) and its endomor-
phism F on the increasing family of subcategories

AV, C AV;Om

for finite subsets w C W;"m.

Let us then assume that ,/p ¢ w, and pick an abelian variety A,, satisfying
the condition of Proposition 21 for w. For any object A of AV,, there is a natural
R, = End[pp (A,)-module structure on

My, (A) :=Homg, (A, Ay).
This is the same R, -structure described in Remark 5.

Theorem 25. Let w C W, be a finite set of nonreal conjugacy classes of Weil
p-numbers. The functor My, (—) induces an antiequivalence

AV,, — Refl(R,).

The Z-rank of My, (A) is 2dim(A).
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Proof. We begin by showing that M,,(—) is fully faithful. The map
f :Homg, (A, A”) — Hompg, (My,(A"), My, (A)

is a homomorphism of finitely generated Z-modules, and hence it is an isomorphism
if and only if it is an isomorphism after scalar extension — ® Z, for all primes £.
We first treat the case £ # p. For N € Refl(R,, ® Z), set

NY = Homg, o7, (N, Ti(Ay)),

which is isomorphic to the R, ® Z,-dual of N, in view of our choice of A,,. The
isomorphism of Theorem 19 gives a natural isomorphism of contravariant functors

(Te(=))" = Homg, gz, (Te(=), Te(Aw)) = My(—) ®Z, (5-1)

on AV,, (see Remark 20). This translates into the commutative diagram

Homg, (A", A") ® Z, Homg, ez, (Te(A), Te(A"))

lf@ze l (=)

Homg, (M, (A”), Myy(A) ®Zy —— Homg,gz,(To(A")", T,(A)Y)

where both horizontal maps are isomorphisms as a consequence of Theorem 19.
Since R,, ® Z, is a completion of a Gorenstein ring by Theorem 11, it is itself
Gorenstein. Because Ty(A,) is free of rank 1, this implies that N +— NV is an
contravariant autoequivalence of Refl(R,,®Z,) [Bass 1963, Theorem 6.2]. Therefore
the right vertical map in the diagram is an isomorphism, and we conclude that
f ®Z, is an isomorphism as well.

Concerning the case £ = p, for any N € Refl(R,, ® Z,,) we set

Ny, = Home®Zp (Tp(Aw)7 N)

The isomorphism of Theorem 19 then gives a natural isomorphism of contravariant
functors

(Tp(=))v =Homg,g7,(Tp(Aw), Tp(—)) =My (-)®Z, (5-2)

on AV,,, which translates into the commutative diagram

Homy, (A, A") ®Z,, Homg, o7, (T,(A"), Tp(A"))

lf@zp l(—)v

Hompg, (M, (A"), My(A") ®Z, — Homg,gz,(T,(A")y, Tp(A)\)
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The horizontal maps are isomorphisms by Theorem 19. Since T),(A,,) is free of
rank 1 over R, ® Z, the right vertical map in the diagram is an isomorphism. We
conclude that f ® Z,, is an isomorphism as well.

We have now established that the functor A — M,,(A) from AV, to the category
Refl(Ry,) is fully faithful.

In order to show that M,,(—) is an equivalence, we must now show that this
functor is essentially surjective. Let M € Refl(R,,) be a reflexive module. Since Ry, is
Gorenstein, the natural map M — Homg, (Hompg, (M, Ry,), Ry,) is an isomorphism.
Dualizing a presentation of the dual Hompg (M, R,,) leads to a copresentation

0—> M —> (Ry)" -5 (R,)™.

Since My, (Ay) = Endg,(Ay) = Ry, we find by full faithfulness of M, (—) a
homomorphism

U (Ay)" — (Ay)"
with ¥ = M, (V). The cokernel
B = coker(W¥)

exists and is an abelian variety B € AV,,. By definition of the cokernel, the functor
M,, (—) is left-exact; hence

0 — My (B) —> My ((Aw)™) —=25 My ((Aw)™).
and so
M ~M,,(B)

as Ry,,-modules. This completes the proof of essential surjectivity.

We are only left with showing that rkz (Homg, (A, Ay)) =2 dim(A) for all A in
AV,,. The statement is additive in A and depends only on the isogeny class of A
and A,,. Recall that for any 7 € W), we have chosen a simple abelian variety B,
over [, whose associated Weil p-number represents 7. Because A,, is isogenous
to [, <, Bx. it is enough to show that for any 7 € w we have

szmmﬁ(&“[]BM)>=2mmugy
w'ew
This follows from the equality rkz (Endy, (Bx)) =2 dim(By) for all Weil p-numbers
w7 /p [Tate 1971, Théoreme 1(ii)], and the proof of the theorem is complete. [

5.2. The direct system. In order to prove Theorem 1, we construct a direct system
A =1lim A,, consisting of abelian varieties A,, indexed by finite sets w of Weil
p-numbers not containing ,/p, and having the property stated in Proposition 21.
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Let v € w be two finite sets of nonreal Weil p-numbers. By means of the
canonical surjection

Pry.yw @ Ry = Ry,

we may consider R,-modules as R,,-modules such that the action factors over pr,, ,,.
Lemma 13 shows that

Refl(Ry,) € Refl(Ry)

is a full subcategory. After choosing abelian varieties A, and A,, as in Proposition 21,
associated to the sets v and w respectively, we obtain a diagram of functors

Hom[Fp (—,Aw)
AV, —— " Refl(R,)

| o |

Hom[Fp (—,Ay)
AV, ——— > Refl(Ry)

where the vertical functors are natural full subcategories. This diagram need not
commute for arbitrary unrelated choices A,, and A,. The next proposition shows
that for every A, there is a canonical abelian subvariety A, ,, C A, that leads to a
choice of A, for which (5-3) commutes.

Proposition 26. Let w be a set of nonreal conjugacy classes of Weil p-numbers, let
Ay, be an abelian variety over [, such that Endﬂip (Ay) = Ry, and let v C w be any
subset. Then the subgroup generated by all images

Ay yw:=({m(f): f:B— Ay, B€AV,) C A,
satisfies the following:

(1) A, w belongs to AV, and is an abelian subvariety of A,,.
(2) Ty(Ay ) is free of rank 1 over R, ® Z, for all primes {.

(3) The diagram (5-3) commutes when A, is chosen to be the abelian variety
associated to w and A, = A, y, as that associated to v.

(4) The abelian variety A, ., is the image of any map f : B — A,, such that
w(B) = v and w(coker(f)) = w\ v.

Proof. Assertion (1) is obvious and assertion (3) follows from the natural equality
HOHlﬂtp(B, Av,w) == Homﬂ:p (B, Aw)

for every B € AV,, since every morphism f : B — A, takes values in the subvariety
Av,w g Aw-
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Assertion (4) is obvious once we pass to the semisimple category of abelian
varieties up to isogeny. Therefore f(B) and A, ,, have the same dimension. Since
by definition f(B) € A,,,, we obtain the claimed equality.

It remains to verify assertion (2), which by Proposition 24 is equivalent to
End[pp (Ay,») = Ry. The natural map

Rw = End[Fp (Aw) = Mw(Aw) - Mw(Av,w) = End[Fp(Av,w) (5'4)

factors through the quotient map pr,, ,, : Ry, — R,. In order to prove (2), it is enough
to show that (5-4) is surjective. It suffices to verify surjectivity after — ® Z, for
every prime number £.

Assume first that £ # p. Let C be the quotient abelian variety C = A, /A, 4.
There is an exact sequence of reflexive R, ® Z,-modules

0— TZ(Av,w) —> T¢(Ay) — T¢(C) — O,
and its Ext-sequence contains
Homg, gz, (Te(Aw). Te(Ay)) —> Homp, gz, (Te(Ay ). Te(Au))
— Bxty o7, (Te(C), Te(Ay)).
The Ext!-term vanishes by Lemma 17. Thus Theorem 19 shows the surjectivity of
My (Aw) ® Z¢ = Homg, g7, (Te(Aw), Te(Aw))
- HOme@)Z[ (TK(Av,w)a T, (Aw)) =M, (Av,w) & Zé-

If £ = p, then the inclusion A, ,, € A,, gives a surjection of reflexive R, ® Z -
modules

Tp(Aw) - Tp(Av,w)-
Since T, (Ay) is free over R,, ® Z,,, we obtain a surjection
Homg, oz, (Tp(Ay), Tp(Ay)) — Homg, oz, (Tp(Aw), Tp(Ayw)),

which, by Theorem 19, says that M, (A,) ® Z, — M,,(Ay ) ® Z,, is surjective.
This completes the proof of the proposition. (Il

5.3. Proof of the main result. We are now ready to prove our main result. We
must show that the abelian varieties A,, that exist by Proposition 21 for each w, and
which yield equivalences of the desired type on the respective full subcategories
AV,, by Theorem 25, can be chosen in a compatible way for every v C w. This
requires a two-step process. We use the notation of Proposition 26.

« First, we establish compatibility on the set-theoretic level: we must fix isomor-
phism classes for each A,, such that A, >~ A, ,, for every v C w.
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e Secondly, we categorize the first choice: we must choose isomorphisms
A, >~ A, such that the inclusions ¢,, , : A, =~ A, , € A,, obey the cocycle
condition ¢y, y 0 @y, = @y, for u € v C w, and thus construct an ind-system
A= (Awa (pw,v)-

Proof of Theorem 1. For any finite set w C W), that avoids ,/p, let Z(w) be the
set of isomorphism classes [A] of abelian varieties A in AV,, such that the natural
map R, — End[pp (A) is an isomorphism. The elements of Z(w) all belong to
the same isogeny class, and so Z(w) is finite, since there are only finitely many
isomorphism classes of abelian varieties over a finite field lying in a given isogeny
class (in fact, finiteness holds for isomorphism classes of abelian varieties of fixed
dimension [Milne 1986, Corollary 18.9]). Moreover, the set Z(w) is nonempty by
Proposition 21.

For any pair v C w of finite sets of nonreal Weil p-numbers, we construct a map

Sow : Z(w) = Z(v)

given by ¢, »([A]) = [B], where B is the abelian subvariety of A generated by the
image of all f:C — A with w(C) C v. Proposition 26 states that ¢, ,, indeed takes
values in Z(v).

These maps satisfy the compatibility condition

gu,w = gu,vgv,w

for all tuples u € v C w, hence they define a projective system

(Z(w), é‘v,w)

indexed by finite subsets w C W, with ,/p ¢ w. Since the sets Z(w) are finite
and nonempty, a standard compactness argument shows that the inverse limit is
not empty:
Z =1lim Z(w) # <.
w

We choose a compatible? system z = (z,,) € Z of isomorphism classes of abelian
varieties.
Now we would like to choose abelian varieties A, in each class z,,, and inclusions

Pw,v - Av - Aw

2We will see later in Remark 40 that Ly, w 18 always surjective. This extra piece of information
simplifies the construction of the system marginally. However, we find it conceptually easier to deduce
this fact from the antiequivalence of Theorem 1, hence the order of the assertions and proofs.
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for every v C w that are isomorphic to the inclusion from Proposition 26 in a
compatible way: for u C v C w we want

Pw,u = Pw,vPv,u-

Because the set of Weil numbers is countable, we may choose a cofinal totally
ordered subsystem of finite subsets of W™

wpCwy & Cw; &
Working first with this totally ordered subsystem, we can construct a direct system

&QO = (Aw,w (/)wj,w,-)

of abelian varieties, as desired, by induction. If A,, is already constructed, then
we choose Ay, in zy,,, and deduce from &y, v, (Zw,,,) = Zu, that there is an
inclusion @y, | w, : Ay, — Ay, as desired.

Once this is achieved, we may identify all transfer maps of the restricted system
Ao with inclusions. Now we can extend the directed system s from the index set
{w; : i € N} to an ind-object s on all finite subsets of W,. For a general finite
w C W, we choose i large enough such that w C w;, and define

Wi+1

Ay = Aw,w,— - Aw,-

by means of the construction of Proposition 26. This choice is well defined, i.e.,
independent of i >> 0. Furthermore, there are compatible transfer maps ¢, ,, : A, —
Ay, for all v C w that lead to the desired direct system

A= (Aw’ ‘pw,v)-

In the sense of ind-objects we have sy ~ & and so #y would suffice for Theorem 1,
but we wanted to restore symmetry and have A,, for all finite subsets w S W;°™.

Let A be any element of AV;°™, and set

T(A) =Homg, (A, s4) = lim Homg, (A, Ay) = lim My, (A).
w w
The groups Homg, (A, Ay,) are stable when w is large enough. More precisely, if
w, w' are finite sets of Weil p-numbers with w(A) C w C w’/, then the map
$u'.w o — : Homg, (A, Ay) > Homg, (A, Ay)

is an isomorphism (see Proposition 26). Moreover, T (—) restricted to AV,, recovers
the functor M,,(—) of Theorem 25 constructed using the object A,, of &, and
induces an antiequivalence between AV,, and Refl(R,,).
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Observe that, by the naturality of the Frobenius isogeny, for any finite w € W),
avoiding ,/p and any f € Homg, (A, A,) the diagram

A — Ay

”Aj lﬂAw

A — Ay

is commutative. This implies that, for w sufficiently large, the action of F,, € Ry,
on T (A) is given by T (;r4), the morphism induced by the Frobenius isogeny 74
via functoriality of T'.

Compatibility in w shows that 7 (—) induces an antiequivalence

T =lim M, : AV}’ =lim AV,, => lim Refl(R,,) = Refl(R™).
w w

Due to the remarks of Section 3.2, this is precisely the claim of Theorem 1, and so
its proof is complete. ([

6. Properties of the functor 7

6.1. Recovering Tate and Dieudonné module. Let A be an abelian variety over
[, and set w = w(A). We explain here how the R,, ® Z,-modules T;(A) can be
recovered from the pair (T (A), F) attached to A by Theorem 1. We set

Re =1lm(Ry ® Zy)
w

for all prime numbers ¢, where in the projective limit w ranges through all finite
subsets of W™, and define

lim, Ty (Aw) £#p,

Ty (A) =
(b {mpr<Aw> t=p,

as the direct limit if £ # p and the projective limit if £ = p of the system obtained
by applying Ty(—) to the direct system s = (A, ), constructed in the proof of
Theorem 1.

We first discuss the ¢-adic Tate module, and assume ¢ # p. Since for v C w
the map A, — A, is an inclusion of abelian varieties, the induced map 7;(A,) —
Ty(A,) is the inclusion of a direct summand, at least as Z,-modules. Hence Ty ()
is a free Z,-module of countable infinite rank.

Proposition 27. Let A be an abelian variety over [, with \/p ¢ w(A). There is a

natural isomorphism of R¢-modules

Ty(A) = Homg, (T (A) ® Z;, Te(s4)).
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Proof. Let w C W;om be a finite set containing w(A). Since R, ® Z; is Gorenstein,
dualizing (5-1) yields the first equality in

Ty (A) = Homg, gz, (My(A) ® Zy, Te(Ay)) = Homg, (T (A) ® Z¢, Ty(A)).
The second equality holds, because 7;(Ay) € T;(s4) is the maximal submodule on
which R, acts through its quotient Ry — R, ® Z,. O

Now we address the contravariant Dieudonné module 7),(A). We endow T, (s4)
with the projective limit topology. If M is a topological % ,-module which is finite
and free over Z,, then the action of %, on M factors through ®, — R,, ® Z,, for
some large enough w, by compactness of M. We denote by

M &g, Ty(sh) = ul)ggg M ®r,0z, Tp(Aw)

the continuous tensor product.
Proposition 28. Let A be an abelian variety over [, with \/p ¢ w(A). There is a
natural isomorphism of R ,-modules

Tp(A) = (T(A) ®Z,) &a, Ty(sD).

Proof. Let w € W;°™ be a finite set containing w(A). We deduce from (5-2) a
natural identification

Tp(A) = Home®Zp(Tp(Aw)a Tp (A)) ®RW®ZP Tp<Aw)
=My (A) ®r, Tp(Aw) = (T(A) ®Z,) ®a, Tp(sh),
because for w(A) € w C w’ the natural maps
(T(A)®Zp) ®r, 0z, Tp(Aw) = (T(A) @ Z)p) Qr,ez, Tp(Aw)
are isomorphisms. O

6.2. Isogenies and inclusions. We discuss how the functor T (—) detects isogenies
and inclusions.
Proposition 29. Let A and B be abelian varieties in AV,°™.
(1) The map f : B — A is an isogeny if and only if T (f) ® Q is an isomorphism.
(2) Foranisogeny f : B — A, the map T (f) is injective and the image is of index

deg(f) = |coker(T'(f))I.

Proof. (1) Anisogeny f has an inverse up to multiplication-by-#z map for n =deg(f).
Therefore T'(f) is an isomorphism after inverting deg( f).

Conversely, if f is not an isogeny, then either ker( f) or coker( f) have a nontrivial
abelian variety as a direct summand up to isogeny. In the presence of such a direct
summand the map 7' (f) ® Q cannot be an isomorphism.
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(2) We indicate the £-primary part by an index £. Then using Proposition 27, for
¢ # p we have

|coker(T (f))]e = |coker(T (f)) ® Z| = |coker(Te(f)” : Te(A) — Te(B))].

The duals here are Hom(—, R, ® Z;). Since R,, ® Z, is reduced Gorenstein of
dimension 1, we can use [Bass 1963, Theorem 6.3(4)] and induction on the length
to see that

|coker(Te ()" : Te(A)” — To(B)Y)| =|coker(Te (f): Te(B) — Te(A))| = ker(f)le.
If £ = p, using Proposition 28 yields
lcoker(T ()], = [eoker(T (f)) ® Z,| = [coker(T,(f) : Ty(A) — T,(B))|
= |ker(f)lp,

where the last equality follows from Dieudonné theory. U

Proposition 30. Let A and B be abelian varieties in AV,°™. Foramap f: B — A,
the following are equivalent:

(@) T(f):T(A) — T(B) is surjective.
(b) The map f can be identified with the inclusion of an abelian subvariety.

Proof. If T(f) is surjective, Proposition 27 shows that the induced map Ty (B) —
Ty (A) is injective. Therefore ker(f) is at most a finite group scheme. We may
therefore replace A by the image Ag of B — A and thus reduce to the case of the
isogeny fo: B — Agp. Here Proposition 29 implies that deg( fo) = 1, hence B = Ay
and f is indeed an inclusion of an abelian subvariety.

Conversely, if f : B — A is an inclusion, then there is a map g : A — B such
that gf : B — B is an isogeny. Therefore 7'(f) has at least an image of finite
index. The image of 7'(f) is a reflexive submodule in the image of the equivalence
T (—), so that there is an abelian variety C and a factorization B — C — A with
T(A) — T(C) surjective and T(C) € T (B) an inclusion.

We have already proven that C — A is an abelian subvariety, and it is easy to
see that B — C is an isogeny. Therefore B — C is an isomorphism. (]

As an application, we prove a variant for objects of AV, of Waterhouse’s theo-
rem on possible endomorphism rings of F,-simple abelian varieties over [,; see
[Waterhouse 1969, Theorem 6.1.2]:

Theorem 31. Let w be a set of conjugacy classes of nonreal Weil p-numbers. Then
the following are equivalent:

(a) S is an order in R, ® Q containing R,,.

(b) S is isomorphic as an Ry-algebra to Endg, (B) for an abelian variety B with
w(B) = w whose simple factors up to isogeny occur with multiplicity 1.
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Proof. Since R, is the minimal central order for abelian varieties B with w(B) = w,
it is clear that (b) implies (a).

Conversely, if S is an order containing R,,, then § is a reflexive R,,-module and
thus corresponds to an abelian variety B. Let A,, be the abelian variety occurring in
the ind-system pro-representing 7 (—), so that 7 (A, ) = R,,. The inclusion R,, C S
corresponds to an isogeny ¢ : B — A,, by Proposition 29, so that B has the required
Weil support and product structure up to isogeny. Moreover,

Endg,(B) =Endg, (S) ={L € Ry ®Q:AS§C S} =S

shows (a) implies (b). O

7. Ambiguity and comparison

The construction of the functor 7'(—) in Section 5.3 depends on the choice of an
ind-abelian variety s. For the sake of distinguishing the different choices, we set
in this section

T (—) = Homg, (—, s0).
7.1. Continuous line bundles.

Definition 32. Let W C W, be a subset. Let us denote by R the pro-ring (R,,),
where w ranges over the finite subsets of W.

(1) An Rw-module is a pro-system J = (M,,) with w ranging over the finite
subsets of W, such that M,, is an R,-module and the maps M,, — M, for
v Cw are Ry-module homomorphisms (where R,, acts on M, via the projection
R, — R,). Homomorphisms of Jl are levelwise R,,-module homomorphisms.

(2) An Rw-module M is invertible if for all w C W the R,,-module M,, is invertible
and for v € w the maps M,, — M, are surjective (equivalently, they induce a
natural isomorphism M,, ®g, R, = M,).

(3) The set of isomorphism classes of invertible R y-modules forms a group,
denoted by Pic(R ), under levelwise tensor products, the Picard group of Ry .

For a finite set w of conjugacy classes of Weil g-numbers, we set X, = Spec(R,,)
and consider the ind-schemes

Z =lim X,

w

and for a subset W C W,, the ind-scheme

f/0&/"’1/ = h_r>n th
wCwW
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with closed immersions as transfer maps, all denoted i, induced by the projections
pry . : Rw — Ry. The invertible Ry -modules are just line bundles on 2y, and

Pic(Ry) = Pic(2w) = H (2w, 0%).

: X 1 R
Since 07, =lim y, 0,0y , we find an exact sequence

0 — lim' R} —> Pic(®y) —> lim Pic(R,) —> 0.
wCw wCeWw
The quotient of Pic(Rw) given by lim, Pic(R,) parametrizes the choices of a
compatible system of isomorphism classes of rank-1 R,,-modules M,,. The 1<i1_n1—
term parametrizes all choices of transfer maps to obtain an invertible Ry -module
M = (M,,) from a given compatible choice of isomorphism classes of invertible
R, -modules at every level.

Proposition 33. Let V C W C W, be subsets. Then the natural restriction map
Pic(Rw) — Pic(Ry)
is surjective.

Proof. For v C w, define Zariski sheaves J{, ,, on Zw by the short exact sequence
0— Hypw—> i*@;(w — i*©§v — 0.

Then Hy,w = lim,,y, Hwnv,w is the kernel of @}W —» i*G?AVv' The Zariski coho-
mology sequence yields an exact sequence

Pic(Ry) —> Pic(Ry) — HX(Zw, Ky.w),

and it remains to show vanishing of H2 (2w, % v.w). The pro-structure of Iy w
leads to a short exact sequence

0—> lim' H' (Xu, Huwnv.w) — H* (2w, Ay, w) —> lim H* (X, Kuny,w) —> 0.
wCw wCW

The lim-term on the right vanishes by cohomological dimension because dim(X,)
is 1. The l(iLnl—term on the left vanishes, as we claim that (Hl (Xw, Hwnv.w))wew
is a surjective system, and hence a Mittag—Leffler system. Indeed, for finite subsets
w C w' C W, the cokernel €, of

SKw’ﬁV,w’ - 57{wﬁV,w

is a sheaf with support in at most the finitely many points of X, that are con-
tained in more than one irreducible component, and so H' (X, Gw.w) =0. Since
H!(X,s, —) is right exact, we have an exact sequence

H' (X, Kwav.w) = H (X, Kuav.w) = H (X, Cpu) =0,

from which we deduce the claim. O
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7.2. Mixed tensor products. We recall Serre and Tate’s well-known tensor product
construction (see [Giraud 1968] for the parallel Hom-construction explaining a
construction of Shimura and Taniyama). Let A be an abelian variety over |, and M
a finitely generated R,,-module for some w(A) € w C W,. The Ry -action on A
induces an R,,-module structure on the set of U-valued points for any F,-scheme U.
The fppf-sheafification (M ®g,, A)* of the functor on [F,-schemes

U M®g, AU)
is representable by an abelian variety. Indeed, let
R" % RN — M —0
be a finite presentation. The m x n-matrix ¢ also defines a map p4 : A — A", and
MQg, A(U)=coker(¢p®ida)) =coker(ps: A(U)" — A(U)") =coker(pa (U)),

so that
(M ®g, A)* = coker(pa),

and this is representable by an abelian variety. We denote the representing object by
MR Ry A.

If w C w’' and M’ is a finitely presented R, -module with M = M’ ® R, Ruws
then there is an obvious identification

M R, A=MQpg, A.

In particular, if W € W, is a subset and w(A) € W, then for any invertible Ry -
module M = (M) we have a well-defined tensor product given by

M @qp,, A= M, Qg, A
for all sufficiently large finite w(A) Cw C W.

7.3. Choices of ind-representing objects. Before we describe our choices, we need
three propositions of independent interest.

Proposition 34. Let W C W, be a subset, A an abelian variety with w(A) C W,
and M = (M) an invertible Ry -module. Then there is a natural isomorphism

Hom, (—, M ®g,, A) = M &g, Homg, (—, A)

of functors AVy — Refl(Rw).
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Proof. We set w = w(A), and must show that naturally in X
Homg, (X, My, ®g,, A) =~ M,, ®g, Homg, (X, A)

for any abelian variety X over [F,. We extend this claim to projective R,,-modules
M of finite rank. Since the tensor construction is compatible with direct sums,
clearly the claim is additive in M in the sense that it holds for M’ and M" if and
only if it holds for M = M’ @ M". This reduces the claim to free modules M = R}, ,

and by the same argument to M = R,,. Now the claim trivially holds. O

Proposition 35. Let W C W, be a subset containing no rational Weil q-number.
Any Ry -linear contravariant equivalence

S:AVy — Refl(Rw)
is ind-representable, i.e., of the form
S(—) = Homg, (—, %)
for an ind-system B = (By,, Qw.v) such that the following holds for all finite subsets
vCwCW:
(i) w(By) =w.
(i) The natural map R, — Endg, (By) is an isomorphism.
(iii) By, is isogenous to the product of its simple factors with multiplicity 1.
(iv) The maps ¢y, - By = By, are inclusions.

Proof. The pro-system Ry = (Ry, pr, ,,) can be considered as the pro-system of
the free rank-1 modules R,, € Refl(R,) C Refl(Rw). As such there is a unique
ind-system B = (B, @y,y) With S(B) = (S(By)) = Rw. Yoneda’s lemma assigns
to the compatible elements 1 € R, = S(B,) a natural transformation

(O Hom[pq(—, B) = li_r)nHom[Fq (—, By) = S(—).
w
For every A € AVy the map @ is the composition of the two isomorphisms

—
w

lim Hom(A, B,,) —> lim Homg, (R, S(A)) — S(A),
w

where ev; denotes the evaluation map at 1. It remains to prove the finer claims on
the ind-representing system 8.

Since § is an Ry -linear equivalence, R acts on B, through R, as on S(By) =
R,,. Here we use that R,, is commutative, and so we can forget to pass to the
opposite ring due to S being contravariant. Since F, acts on B,, by the Frobenius
isogeny mp , and on R, = S(By,) by F,, € Ry, it follows that w(B,) = w.

w?
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The natural map R,, — Endf, (B,,) is an isomorphism, because applying the
Rw-linear S(—) transforms it to the map R,, — Endg, (R, ), which is indeed an
isomorphism. We deduce assertion (iii) from this as well.

It remains to show that ¢y, , : B, — By, is isomorphic to an inclusion for all
v € w. We denote the image of ¢, , by C. Since S is ind-representable, the
surjection B, — C becomes an inclusion

S(C) — S(By).

Since by construction S(By,) — S(By) is the surjective map pr, ,, : Ry, = Ry, we
conclude that S(C) >~ S(B,) is an isomorphism. Consequently, because S is an
equivalence, we have C >~ B, and assertion (iv) holds. O

The third proposition is related to Proposition 24.

Proposition 36. Let W C W, be a subset containing no rational Weil q-number,
and let
S:AVy — Refl(Ry)

be an Ry -linear contravariant equivalence.
Let w C W be a finite set of conjugacy classes of Weil g-numbers, and let A be
an abelian variety over [, with w = w(A). The following are equivalent:

(@) The natural map Ry, — Endg, (A) is an isomorphism.

(b) S(A) is a projective R,,-module of rank 1.
Proof. Since S(—) is an equivalence of categories, the map R,, — Endg,(A) is an
isomorphism if and only if the map

R, — Endg, (S(A))

is an isomorphism (S is contravariant but the rings are commutative here). Since
R, is a reduced Gorenstein ring of dimension 1 by Theorem 11, this is equivalent
by Proposition 18 to S(A) being a projective R,,-module of rank 1. (I

We define the tensor product of an invertible Ry -module M = (M,,) and an
ind-system s = (A, @w,») of abelian varieties indexed by finite subsets of W and
with w(Ay) = w by

M@ st := (M @r, Auw).

Theorem 37. Let W C W, be a subset containing no rational Weil q-number.
Let Al = (Ay, @u,v) be an ind-system of abelian varieties over [, indexed by
finite subsets of W such that:

(i) w(Ay) =w.

(i) The natural map Ry, — Endg, (Ay) is an isomorphism.
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(iii) Ay is isogenous to the product of its simple factors with multiplicity 1.
(iv) The maps ¢y : Ay = Ay are inclusions.

For an invertible Ry -module M, the ind-system MQg,, s has the same properties
(1)—(@iv), and the group Pic(Ry ) acts freely and transitively by

A > M@, s

on the set of isomorphism classes of such ind-systems.

Remark 38. When ¢ = p and W = {r} consists of a single Weil p-number,
Theorem 37 is a special case of [Waterhouse 1969, Theorem 6.1.3], which inspired
the above result.

Proof of Theorem 37. By a W-version of the proof of Theorem 1 for any ind-system
A satisfying (i)—(iv), the functor

Ty = Homyg, (—, s) : AVy — Refl(@Rw)

is a contravariant Ry -linear antiequivalence AVy — Refl(Ry ). The effect of the
action by Jl € Pic(Ry ) on the represented functors is described by Proposition 34 as

Ty, 4 (—) = M Qary, Tsa(—).

Since Jl = (M,,) is invertible, the functor MM &g, — is an autoequivalence of AVyy.
We thus have natural isomorphisms

Ry, = Endr, (Ay) = Endg, (M Qaqyy Aw) = Titeg,, o (M Sayy Aw)-

Moreover, since M = (M,,) is invertible, the functor TAA@%W «(—) is an antiequiva-
lence as well, and

Tu@ay, o (M gy, A) = Ry

as pro-systems. It follows from the proof of Proposition 35 that M ®g,, 9 also
satisfies properties (i)—(iv). This shows that Pic(Ry ) indeed acts on isomorphism
classes of such .

Let Jil be an invertible Ry -module, and let & be a pro-system as above such
that there is an isomorphism M ®g, s >~ 5. Evaluating the resulting natural
isomorphism

Mgy Toa(—) = Ty (—)

in o itself yields an isomorphism M ®g,, Rw =~ Rw, and hence .M must be trivial
in Pic(Rw). This shows that the action is free.
Let now o and % be two pro-systems of the type considered. The Ry -module

M e Tga(&ﬁ) = (Hom[Fp (Awy Bw))
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(note that all maps of pro-objects i — 9B are levelwise maps since w(A,) = w =
w(By)) is levelwise an invertible R,,-module Jil,, = Ty (A, ) by Proposition 36.
The transfer maps A, — A, agree with T (¢, ), which is surjective. Indeed, the
image corresponds to an abelian variety C such that ¢, , factors as

Ay, — C — Ay.

Now the same argument as in the proof of Proposition 35 shows that w(C) € w and
C — A, is an inclusion. Since ¢y, , is an inclusion, we necessarily have A, = C
and Ty (@y,y) 1s indeed surjective. Consequently, the Ry -module M = (l,,)
is invertible.

There is a natural map defined by composition of maps

M ®gqy, Ty (—) = Hom(sd, ) ® Hom(—, o) — Hom(—, B) = Tin(—).
This is an isomorphism, because for every X in AVy and large enough w we have

M ®qry, Ty (X) = Homg, (A, By) g, Homg, (X, Ay)
= T3 (Ay) Qr, Homp, (T (Ay), Ta(X))
= Ty(X).

Here we have used again the assumption that Ty (—) is an equivalence and the fact
that 75 (A ) is invertible as an R,,-module by Proposition 36. U

Corollary 39. The action of Pic(R™) on the isomorphism classes of ind-systems
A that represent RY™-linear antiequivalences SAP™ — Refl(RP™) is free and
transitive.

Proof. This follows immediately from Theorem 37, the proof of Theorem 1 and
Proposition 35. (]

Remark 40. With the notation of Section 5.3, for finite sets v € w € W), avoiding
/P the transfer map

Sow : Z(w) = Z(v)

in the pro-system of isomorphism classes occurring in the proof of Theorem 1 is in
fact surjective. This follows immediately from Theorem 37 and the surjectivity of
Pic(R,) — Pic(R,) from Proposition 33.

Corollary 41. Let V C W C W, be subsets avoiding /p, and let sy = (Ay, @y v)
be an ind-system of abelian varieties over [, indexed by finite subsets of V as in
Theorem 37 such that

T, = Homg, (—, sly) : AVy — Refl(@®y)
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is an Ry -linear antiequivalence of categories. Then Ay can be extended to an
ind-system Aw = (Ay, @v,w) of abelian varieties over [, indexed by finite subsets
of W as in Theorem 37. In particular the antiequivalence

Ty, =Homg, (—, dw) : AVy — Refl(Rw)
naturally extends Ty, .

Proof. We start by choosing an auxiliary ind-system %y indexed by finite subsets
of W as in Theorem 37. The restriction

Hom[pp(— s %W) . AVV — Reﬂ(%v)

is an Ry -linear antiequivalence and is ind-represented by the restriction By =By |y
of the indices to finite subsets of V. By Theorem 37 there is an My € Pic(Ry)
such that

Ay =My Qaq, By .

By Proposition 33 we can find JAlw € Pic(Rw) such that My = My g, Ry. Then
Aw = My Qa,, Bw
obviously extends #{y in the desired manner. O

7.4. Comparison with Deligne’s functor for ordinary abelian varieties over [,.
Let w C W;"m be a finite subset, and let T : R, — R, be the automorphism
interchanging F,, and V,,. Denote by R; the R,-module obtained by letting R,,
operate onto itself via t. Similarly, for an object M of Refl(R,,), denote by M* the
Ry-module M ®r, R},

We fix a contravariant equivalence 7" as in Theorem 1, and an ind-representing

system A = (A, @u.w) for T = Ty. The covariant functor on A ;"m

T.(A) = T(A")" = lim Hom(A;,, A),
w
is pro-representable by the dual system o4’ = (A’ , gofv,’ ) and a version of Theorem 1
with a covariant equivalence
T,: AV[C,Om — Refl(?]i;"m)

holds. Notice that T, is %7 -linear, since the dual of the Frobenius isogeny
74 1 A — A is the Verschiebung isogeny p/mar : A" — A’
We recall that Deligne’s functor Tpe; on AVZrGl is defined as

Toei(A) = Hy (A(C), 2),

where A / W(I]_:p) is the Serre-Tate canonical lift of A ®g, R, to characteristic 0 over
the Witt-vectors W ([F,), and where the C-valued points are taken with respect to an
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a priori fixed embedding W(E,) < C. The lattice Tpej(A) comes equipped with a
natural Frobenius action by F = Tpe (7 4).

Note that the functor depends on the chosen embedding W(Fp) — C.

We denote by W(;’rd the set of conjugacy classes of ordinary Weil g-numbers,
i.e., of Weil g-numbers such that at least half of the roots of the characteristic
polynomial are p-adic units, when regarded inside an algebraic closure of Q,. With
the abbreviation %grd = %W;m, the main result of [Deligne 1969, §7] can be stated as:

Theorem 42. The covariant functor Tpe induces an Qigrd-linear equivalence of
categories

Toel : Avgrcl N Refl(%grd).

We now compare T, (—) with Tpe] when both are restricted to AVI‘jrd:

Proposition 43. The functor Tpe(—) is pro-representable by a pro-system HApe
and

Ter(shper) = R
The dual ind-system &Qf)el satisfies (1)—(iv) of Proposition 35.
Proof. This follows from Proposition 35 applied to the functor X +— Tpe(X'). O

Let Tfrd and Tpe,, denote the restriction of 7 and Tpe to AVI‘J)rd, respectively.
The functor 7' is pro-represented by the dual 4% of the ind-system 5{°™ which
is defined as o restricted to indices in W;,’rd.

Proposition 44. There is an invertible Q{‘I’fd—module M=M w)wewgrd and a natural
isomorphism

M @ Tet,p (=) => T (=)

of covariant equivalences AV;’rcl — Refl(?]t‘;rd), and a natural isomorphism of
ind-systems
t  ~ gord
/‘/t ®g{2rd ‘ﬂDCl — ﬂ .

Proof. This follows from Theorem 37 applied to W = W;rd. ]

Proposition 45. For an appropriate choice of ind-system A = (Ay, ¢y.v), the
covariant functor T, associated to the functor T = Ty of Theorem I extends a given
choice of Deligne’s functor

TDel,p >~ T*|&g<;’rd . AV;rd — Refl(@]{‘;rd).

Proof. This follows from Proposition 44 together with the argument of Corollary 41
based on the surjectivity Pic(%;"m) — Pic(?]t‘;fd) of Proposition 33. U
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