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On the Picard number of K3 surfaces
over number fields

Francois Charles

We discuss some aspects of the behavior of specialization at a finite place of
Néron—Severi groups of K3 surfaces over number fields. We give optimal lower
bounds for the Picard number of such specializations, thus answering a question
of Elsenhans and Jahnel. As a consequence of these results, we show that it is
possible to compute explicitly the Picard number of any given K3 surface over a
number field.

1. Introduction

This paper deals with two questions concerning the arithmetic and the geometry
of K3 surfaces. Let X be a polarized K3 surface over a number field k, and let
p be a finite place of k where X has good reduction. Denote by X, the special
fiber of a smooth model of X over the ring of integers of k,. Denote by X the base
change of X to an algebraic closure of k, and by )_(p the base change of X, to the
residue field of p. Specialization of divisors induces a specialization map between
the Néron—Severi groups of X and )_(p.

Question 1. What can be said about the specialization map
sp: NS(X) — NS(X;)? 1)

A standard argument using the cycle class map and the smooth base change
theorem shows that this specialization map is always injective up to torsion. We
are here interested in the defect of surjectivity. This problem has been featured
prominently in [Bogomolov, Hassett and Tschinkel 2011] and [Li and Liedtke
2012].

The second question is the following. Recall that the Picard number of a variety
is by definition the rank of its Néron—Severi group.

Question 2. Given a projective embedding of X, is it possible to compute the
geometric Picard number of X

MSC2010: primary 14J28; secondary 14C22, 14G25, 11G35.
Keywords: K3 surfaces, Picard number, Néron—Severi group.
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This question is raised by Shioda [1981].

Using the Weil conjectures [Deligne 1974], it is possible to compute the Picard
numbers of smooth projective varieties over finite fields, at least in the case the Tate
conjecture holds. Indeed, counting points in sufficiently many extensions of the
base field, one can compute the characteristic polynomial of the Frobenius acting
on the second étale cohomology group and determine the multiplicity of 1 as an
eigenvalue. If the Tate conjecture holds, this multiplicity is equal to the Picard
number.

In characteristic 0, Question 2 is more difficult. In particular, the first explicit
example of a K3 surface over a number field with Picard rank 1 has been recently
given by van Luijk [2007]. Van Luijk’s method provides a link between both
questions. Indeed, it proceeds by computing Picard numbers at sufficiently many
finite places in order to get information over the field of definition. In the past
few years, the problem of computing Picard numbers of K3 surfaces has been
featured for instance in the work of Elsenhans and Jahnel [2008a; 2008b] with
recent geometric applications in the work of Hassett and Varilly-Alvarado [2013]
and Virilly [Hassett et al. 2011]. Recent work of Hassett, Kresch and Tschinkel
[2013] tackles this question in some cases.

With this approach, one of the main problems is finding finite places p such that
the specialization map (1) is as close to being surjective as possible, that is, such
that p()_(p) is as small as possible.

Note that the situation in this mixed characteristic setting is in stark contrast with
the case of equal characteristic 0. Indeed, for K3 surfaces defined over function
fields over C or @, most specializations induce isomorphisms at the level of the
Néron—Severi group. This is a consequence of Baire’s theorem over C (see for
instance [Voisin 2002, Chapter 13]) and of the Hilbert irreducibility theorem over Q
as was first noticed by Terasoma [1985; André 1996, Theorem 5.2(3)]. A different
approach to this problem can be found in [Maulik and Poonen 2012].

On the other hand, over finite fields, there are obstructions for the map (1) to be
surjective as was first noticed by Shioda [1981; 1983]. Indeed, it is a consequence of
the Tate conjecture that the geometric Picard number of a K3 surface over a number
field is always even; see for instance [de Jong and Katz 2000]. This striking fact
has been recently used in a surprising way by Bogomolov, Hassett and Tschinkel
[2011] and Li and Liedtke [2012] to prove that any complex K3 surface with odd
Picard rank contains infinitely many rational curves.

In this paper, we describe the Shioda-type obstructions that can prevent the
map (1) from being surjective, and we give optimal lower bounds for the Picard
number of the specialization. One of our results is that Hodge theory can force
the existence of such obstructions even when the Picard number is even; see
Theorem 1(2) below.
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Let X be a K3 surface over a number field k, and choose a complex embedding
of k. Let p be the geometric Picard number of X, and for any finite place p of k
where X has good reduction, let p, be the geometric Picard number of X,,. Note
that we always have

Pp = p-

We need to control the Hodge theory of X¢. Let T be the orthogonal complement
of NS(X¢) in the singular cohomology group H?(Xc, Q) with respect to cup-
product. The space T is a sub-Hodge structure of H>(X¢, @). Let E be the algebra
of endomorphisms of T that respect the Hodge structure. Zarhin [1983] shows that
E is either a totally real field or a CM field.

The following result can be considered as a number field analog of the special-
ization results over function fields mentioned above:

Theorem 1. Let X, T and E be as above.

(1) If E is a CM field or the dimension of T as an E-vector space is even, then there
exist infinitely many places p of good reduction such that p, = p. Furthermore,
after replacing k by a finite extension, this equality holds for a set of places of
density 1.

(2) Assume E is a totally real field and the dimension of T as an E-vector space
is odd.
Let p be a finite place of k where X has good reduction. Assume that the
characteristic of the residue field of p is at least 5. Then

pp=p+[E:QL

The equality p, = p+[E : Q] is satisfied for infinitely many places p of good
reduction. Furthermore, after replacing k by a finite extension, this equality
holds for a set of places of density 1.

Remark 2. Note that if p is odd, the dimension of T over Q is odd; hence, X
satisfies the assumptions of the second part of the theorem.

Remark 3. Elsenhans and Jahnel [2012] ask whether, with notation as in the
theorem, there exists p such that p, — o < 1. The result above shows that it is not the
case if E is a totally real field of degree at least 2 over @ such that the dimension
of T over E is odd. This is however true in all other cases.

This result shows that the Picard number can be forced to jump in specializations
even when the Picard number of X is even. Using the method of Li and Liedtke
[2012], we get the following corollary:

Corollary 4. Let X be either a K3 surface of Picard rank 2 with E a totally real

field of degree 4 or a K3 surface of Picard rank 4 with E a totally real field of even
degree. Then X contains infinitely many rational curves.
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There exist such K3 surfaces by [van Geemen 2008, Section 3], and they give new
examples of K3 surfaces with infinitely many rational curves. Note that complex
K3 surfaces of Picard rank different from 2 and 4 are known to contain infinitely
many rational curves by [Li and Liedtke 2012].

The second main result of this paper is a solution to Question 2. Recall that
the method of van Luijk [2007] to prove that a K3 surface X over Q has Picard
number 1 was to first find two primes p and g of good reduction such that X
specializes to a K3 surface of Picard number 2 modulo p and ¢. If the discriminant
of the Néron—Severi lattices modulo p and ¢ differ by a nonsquare factor, van Luijk
shows that this implies that X has Picard number 1.

By Remark 3, there are cases where we cannot expect van Luijk’s method to work
directly for all K3 surfaces of rank 1. However, the second part of Theorem 1 can
be used to show that reduction at finite places does indeed give enough information
to compute Picard numbers over number fields.

This gives a theoretical explanation to the computations in [van Luijk 2007;
Elsenhans and Jahnel 2008a; 2008b; Hassett et al. 2011; Hassett and Vdrilly-
Alvarado 2013].

Theorem 5. There exists an algorithm that, given a projective K3 surface X over a
number field, either returns its geometric Picard number or does not terminate.

If X x X satisfies the Hodge conjecture for codimension-2 cycles, then the
algorithm applied to X terminates.

Remark 6. In case the algorithm terminates, it is possible to compute the Picard
number over the base field by searching for divisors spanning the geometric Néron-
Severi group with rational coefficients and taking invariants under the action of the
Galois group.

Remark 7. Let X be a K3 surface over C. With the notation of Theorem 1,
X x X satisfies the Hodge conjecture if and only if the field E acts by algebraic
correspondences. By [André 1996], this would be a consequence of the standard
conjectures. Mukai [2002] has announced a proof in the case E is a CM field.

Remark 8. The proof of the theorem actually shows that the only case where the
algorithm would not terminate is, with the notation of Theorem 1, if E is a totally
real field that does not act on H>(X, @) by algebraic correspondences and T is of
odd dimension as a vector space over E.

In particular, the algorithm always terminates for surfaces with £ = Q).

While we only consider K3 surfaces in this paper, some of the methods we
consider have a wider range of applications. Assuming general conjectures on
algebraic cycles, it is a general fact that the Mumford—Tate group associated to
the second cohomology group of a variety controls specialization of Néron—Severi
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groups in a fashion that is similar to the way the monodromy representation appears
in [André 1996; Maulik and Poonen 2012]. The multiplicity of the weight O in
the corresponding representation is what forces the Picard number to jump after
specialization. This is related to algorithmic computations of Néron—Severi groups
as in our paper.

For K3 surfaces, the work of Zarhin [1983] and Tankeev [1990; 1995] allows us
to give precise and unconditional results. The results of our paper conjecturally hold
for varieties with 1% = 1. It seems likely that one can prove them unconditionally
for holomorphic symplectic varieties by extending the work of Tankeev cited above.

In Section 2, we recall results of Zarhin and Tankeev on the second cohomology
group of a K3 surface. This allows us to prove Theorem 1 in Section 3. Section 4
is devoted to discriminant computations that will allow us to prove Theorem 5 in
Section 5.

2. Algebraic monodromy groups of K3 surfaces over number fields

The results of this section are mostly contained in the work of Zarhin and Tankeev.
After recalling some preliminary material, we describe the algebraic monodromy
group of a K3 surface defined over a number field.

2.1. Mumford-Tate groups and the Mumford-Tate conjecture. Let S be the Del-
igne torus, that is, the algebraic group over R defined as

S= Res@/R Gm

Let H be a finite-dimensional vector space over Q. Giving a Hodge structure on H
is equivalent to giving an action of S on Hg = H Q R.

Definition 9. Let H be a rational Hodge structure. The Mumford-Tate group of H
is the smallest algebraic subgroup MT(H) of GL(H) such that MT (H )r contains
the image of S in GL(HR).

We refer to [Deligne et al. 1982, Chapter I] for general properties of Mumford—
Tate groups. Since S is connected, this definition implies that Mumford—Tate groups
are connected. Note that the Mumford-Tate group of a polarized Hodge structure
is reductive.

Let i and j be nonnegative integers, and consider the Hodge structure

V = H® ® (H*)®j-

The Mumford-Tate group MT(H) acts on V. If v is a Hodge class in V, then the
line Qu is globally invariant under the action of MT(H). Conversely, it follows
from Chevalley’s theorem on affine groups that MT(H) is the largest algebraic
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subgroup of GL(H¢) that leaves all such lines globally invariant [Deligne et al.
1982, Chapter I, Proposition 3.4].

We now turn to the £-adic theory. General results can be found in [Serre 1981].
Let k be a number field, and fix an algebraic closure k. Let X be a smooth projective
variety over k, and denote by X the variety X x Spec kSpec k. Fixing a prime number ¢,
we can consider the étale cohomology group H' (X, @) for some integer i. Let py
denote the continuous representation

oe: Gy — GL(H (X, Qy))
of the absolute Galois group G of k. The image of p, is an £-adic Lie group.

Definition 10. With notation as above, let G, be the Zariski closure of the image
of pg in the algebraic group GL(H' (X, Q;)). The algebraic group G is called the
algebraic monodromy group associated to the Galois representation p,.

Note that replacing k by a finite extension replaces G, by an open subgroup
of finite index. In particular, the identity component of the algebraic monodromy
group does not depend on the choice of a field of definition for X.

General conjectures on algebraic cycles give important information on Mumford—
Tate and algebraic monodromy groups. In particular, the latter are expected to be
reductive. The expected relationship between those two groups is described by the
Mumford-Tate conjecture as follows; see [Serre 1981].

Conjecture 11. Let k be a number field, and fix a complex embedding of k. Let X
be a smooth projective variety over k.

Let G¢ be the algebraic monodromy group associated to the étale cohomology
group H' (X¢, Qy) for some prime number £, and let G be its identity component.
Then there is a canonical isomorphism

G; ~MT(H' (Xc, Q))q,.

The Mumford—Tate conjecture is implied by the conjunction of the Tate and
Hodge conjectures. A lot of work has been done in its direction in the case of
abelian varieties [Serre 1998; Pink 1998; Vasiu 2008].

In this paper, we will focus on the case of K3 surfaces, where the Mumford—
Tate conjecture holds. However, an important part of our method concerning
specialization of Néron—Severi groups holds in a general setting if one assumes the
Mumford-Tate conjecture.

2.2. Mumford-Tate groups and algebraic monodromy groups of K3 surfaces.
The following result is due to Tankeev and is crucial to this paper:

Theorem 12 [Tankeev 1990; 1995]. The Mumford—Tate conjecture holds for the
second cohomology group of K3 surfaces over number fields.
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This result allows us to get a Hodge-theoretic description of the Galois action on
the second cohomology group of a K3 surface.

Let us now recall the description due to Zarhin [1983] of the Mumford—Tate
group of a K3 surface. Let X be a K3 surface over C, and consider the singular
cohomology H = H*(X, Q) endowed with its weight-2 Hodge structure. The
Hodge structure H splits as a direct sum

H=NS(X)®T,

where NS(X) is the Néron—Severi group of X with rational coefficients and 7 is the
orthogonal of NS(X) in H with respect to the cup-product. The Hodge structure T’
is called the transcendental part of H>(X, Q).

The Hodge structure 7 is simple. By Lefschetz’s theorem on (1, 1) classes, T’
is the smallest sub-Hodge structure of H such that T ® C contains H 2(X, 0y).
By the Hodge index theorem, cup-product on H>(X, @) restricts to a polarization
Yv:TT —>QonT.

Since NS(X) is spanned by Hodge classes, the Mumford—Tate group of H acts
by a character on NS(X) and identifies with the Mumford-Tate group of 7. Since
T is polarized by ¥, MT(T) is contained in the group of orthogonal similitudes
GO(T, ).

Let E be the algebra of endomorphisms of the Hodge structure 7'. Zarhin [1983,
Theorem 1.5.1] proves that E is either a totally real field or a CM field. The field E
is equipped with an involution induced by the polarization on 7', which is either
the identity if E is totally real or complex conjugation in case E is CM.

Since E consists of endomorphisms of Hodge structures, the Mumford—Tate
group of T commutes with E. By the discussion above, the Mumford-Tate group
of T is a subgroup of the centralizer of E in the group GO(T, V).

Theorem 13 [Zarhin 1983, Theorem 2.2.1]. The Mumford—Tate group of T is the
centralizer of E in the group of orthogonal similitudes GO(T, ).

Now keep the same notation, and assume X can be defined over a number field k.
Fix a prime number £. The action of the absolute Galois group G on H>(X, Q)
leaves the Qy-span of the Néron—Severi group of X globally invariant as well as
its orthogonal complement 7, = T ® ;. As above, the identity component of
the algebraic monodromy group G, of H2(X, Q;) identifies with the algebraic
monodromy group of 7.

The polarization ¥ on T extends to a symmetric bilinear form . The rep-
resentation of Gy in the automorphism group of 7, factors through the group
GO(Ty, Vo).

Since Hodge cycles on products of K3 surfaces are absolute Hodge [Deligne
et al. 1982, Chapter I, 6.26], the field E corresponding to endomorphisms of the



8 Francois Charles

Hodge structure T acts on Ty and commutes with a finite-index subgroup of G. As
a consequence, the identity component of G, commutes with the action of £ ® (.

By Theorem 12, the Mumford-Tate conjecture holds for X. As an immediate
corollary of Theorem 13, we get the following description of the identity component
of the algebraic monodromy group of X:

Corollary 14. With notation as above, the identity component of the algebraic
monodromy group associated to Ty is the centralizer of E @ Qg in the group of
orthogonal similitudes GO(Ty, V).

3. Picard numbers of specializations

This section is devoted to the proof of Theorem 1. We start by the following result,
which encompasses the elementary linear algebra needed in Theorem 1.

Let T be a finite-dimensional vector space endowed with a nondegenerate sym-
metric bilinear form . If f is any linear endomorphism of 7', let f’ be the adjoint
of f with respect to .

Let E be a number field acting on 7. Assume that E is stable under e — ¢’ and
that E is either a totally real field with e = ¢’ for all e € E or a CM field such that
e — ¢’ acts as complex conjugation on E.

Let H be the centralizer of E in the special orthogonal group SO(T, ). Let £
be a prime number, and let H, = H ® Q.

Proposition 15. (1) If E is a CM field or the dimension of T as an E-vector space
is even, then there exists h € Hy such that h does not have any root of unity as
an eigenvalue.

(2) If E is a totally real field and the dimension of T as an E-vector space is
odd, then the eigenspace of any h € H; associated to the eigenvalue 1 is of
dimension at least [E : Q. Furthermore, there exists h € Hy for which this
dimension is exactly [E : Q] and such that no root of unity different from 1
appears as an eigenvalue of h.

Proof. Let us first assume that E is a totally real field. By [Zarhin 1983, 2.1], there
exists a unique E-bilinear form ¢ : T x T — E such that ¢ = Trg,q(¢). With
this notation, the centralizer of E in SO(T, V) is equal, as a subgroup of GL(T),
to the Weil restriction Resg/q(SOg(T, ¢)), where SOg (T, ¢) denotes the group of
orthogonal similitudes of the E-vector space T with respect to ¢.

Assume furthermore that the dimension of T as a vector space over E is even,
and let us show that there is an element 4 € H, such that & does not have any root
of unity as an eigenvalue.

Considering an orthogonal decomposition of 7" as an E-vector space endowed
with the bilinear form ¢, we can assume 7 is of dimension 2 over E. Let i be an
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orthogonal automorphism of the E-vector space T of determinant 1 that is not of
finite order. Then & corresponds to an element of H, with the desired property.

Now if the dimension of T as a vector space over E is odd, recall that any
element of SOg (T, ) admits 1 as an eigenvalue. It follows from the description
of Hy as a Weil restriction that any 4 € H, has 1 as an eigenvalue and that the
corresponding eigenspace is invariant under the action of E. As a consequence, its
dimension is at least [E : Q]. One can then argue as in the previous paragraph to
conclude the proof of the proposition in this case.

Let us now assume that E is a CM field. Let e be an element of E such that
ee’ =1 and e is not a root of unity. Then multiplication by e on T corresponds to
an element of H, as in the theorem. |

We now turn to the proof of Theorem 1. From now on, we use the notation there.
Let us start with a straightforward lemma.

Lemma 16. The identity component of the algebraic monodromy group associated
to Ty (1) is the centralizer of E @ Qy in the special orthogonal group SO(Ty, ¥ry).

Proof. The representation of G on Ty (1) is equal to the representation of G on T}
twisted by the cyclotomic character. On the other hand, since the map

T, (1) @Ty(1) — Q

given by cup-product is Gi-equivariant, G acts on 7;(1) through the orthogonal
group O (T, Ye).

The lemma then follows from Corollary 14 and the fact that the special orthogonal
group is the identity component of the orthogonal group. O

Proof of Theorem 1. We use the notation of the theorem. First note that since spe-
cialization of Néron—Séveri groups is injective, the inequality p, > p always holds.

Let F, be the geometric Frobenius at p acting on the étale cohomology group
H? ()?p, Q¢ (1)), where £ is a prime number prime to p. By the smooth base change
theorem, the group H 2()_(p, Q¢(1)) identifies with H*(X, Q,(1)), and F, leaves
both the Néron—Severi group and 7, (1) globally invariant.

Let H be the centralizer of E ® Q, in the special orthogonal group SO(Ty, ;).
Let n be the dimension of T as a vector space over @, and let S be the finite set of
complex roots of unity of degree at most n over Q.

Assume first that E is a CM field or E is a totally real field and the dimension
of T as a vector space over E is even. By Proposition 15, the set of & € H; such
that /2 does not have any eigenvalue in S is a dense, Zariski-open subset V, of H,.

By Lemma 16 and Chebotarev’s density theorem, we can find a finite extension
k" of k with the property that if U is the set of finite places p of k” such that for any
p € U, X has good reduction at p and the geometric Frobenius F, acting on T, (1)
does not have any eigenvalue in S, then U has density 1.
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Indeed, let k’ be a finite extension of k such that the image of absolute Galois
group Gy in the automorphism group of 7;(1) lands in H,. By Lemma 16, the
image of Gy is Zariski-dense in Hy. By [Serre 1998, 1.8, Théoréme 2], this implies
that the set U of finite places p of k” such that for any p € U, X has good reduction
at p and the geometric Frobenius F, acting on 7;(1) belongs to V;, has density 1.

Choose U as above, and let p be in U. By the Weil conjectures, the characteristic
polynomial of the geometric Frobenius F, has rational coefficients. By definition
of §, this implies that it does not have any eigenvalue that is a root of unity.

As a consequence, Fj acting on the whole cohomology group H 2(X, Qy(1))
admits 1 as an eigenvalue of multiplicity p and does not have any other eigenvalue
that is a root of unity. It follows that p, < p and finally that p, = p. This proves
the first part of Theorem 1.

Now assume that E is a totally real field and that the dimension of T as a vector
space over E is odd. By Proposition 15, every element of Hy has 1 as an eigenvalue
with multiplicity at least [E : (2]. By definition of the algebraic monodromy group,
if p is a finite place of k, then some power of the geometric Frobenius belongs to H,.

By work of Nygaard [1983] and Nygaard and Ogus [1985] in the finite height
case and the author in the supersingular case [Charles 2013], K3 surfaces over
finite fields of characteristic at least 5 satisfy the Tate conjecture; namely, their
geometric Picard number is equal to the dimension of the largest subspace of the
second cohomology group where the Frobenius morphism acts by roots of unity. It
follows that p, > p +[E : Q].

By Proposition 15 again, the set of & € Hy such that 2 admits 1 as an eigenvalue
of multiplicity [E : @] and does not have any other eigenvalue in S is a dense,
Zariski-open subset of H,.

By Lemma 16 and Chebotarev’s density theorem, we can find a finite extension k’
of k and a set U of finite places p of k" that has density 1 such that for any p € U, X
has good reduction at p and the geometric Frobenius F}, acting on Ty (1) admits 1 as
an eigenvalue of multiplicity [E : Q] and does not have any other eigenvalue in S.

Choose U as above, and let p be in U. Since X, satisfies the Tate conjecture, we
can argue as above to finish the proof of Theorem 1. ([

Remark 17. Using Frobenius tori as in [Serre 1981] and the fact that Frobenius
tori are maximal tori of the Mumford—Tate groups for infinitely many primes, one
can work directly in the group of orthogonal similitudes instead of reducing to the
special orthogonal group as in Lemma 16.

4. Discriminants of Néron-Severi groups

In this section, we discuss properties of the Néron—Severi lattices of specializations
of K3 surfaces. Once again, we use the notation of Theorem 1.
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Proposition 18. Assume that E is a totally real field and that the dimension of T
over E is odd. If p is a finite place of k such that X has good reduction at p,
denote by §(p) € Q*/ (Q*)? the discriminant of the lattice NS ()?p) with respect to
the intersection product.

There exist infinitely many finite places p;, i € N, and infinitely many finite places
q;, J € N, of k such that for any integers i and j

(1) X has good, ordinary reduction at both p; and q,
(2) pp; =pq; =p+I[E:Q]and
(3) 8(pi) #0(q;).

Remark 19. A special case of this result is that the method developed in [van Luijk
2007] to prove that a given K3 surface over a number field has Picard number 1
always works in the case £ = (2. We noted in Remark 3 that it cannot work directly
otherwise.

In Section 5, we will adapt the method so as to make it work in every case.

We start with some easy linear algebra.

Lemma 20. Let ¢ be a prime number, and let V be a free module of finite rank
over Zy. Let g be an endomorphism of V such that g @ Qg is a semisimple automor-
phism of V ® Qy, and denote by r the multiplicity of 1 as an eigenvalue of g. Let W
be the eigenspace associated to the eigenvalue 1 of g. Let d be a positive integer.

Then there exists an integer N with the following property. Let h be an en-
domorphism of V such that h @ Qy is a semisimple automorphism of V @ Q.
Assume that r is the multiplicity of 1 as an eigenvalue of h, and let W' be the
eigenspace associated to the eigenvalue 1 of h. If h is congruent to g modulo €~
then WQRZ /07 =W @7/t7.

Remark 21. In particular, if V is endowed with a symmetric bilinear form ¢ such
that the restriction of ¢ to W is not degenerate and N is sufficiently large, then the
discriminants of W and W’ are equal in Q}/ (@}‘)2.

Proof. Write V=W & W, where W is a g-invariant submodule of V. Since g ® Q,
does not fix any nonzero element of W®Q.a compactness argument shows that
there exists an integer N such that if g(v) —v € INV for some v € W then v € £FW.

Let & be as in the statement of the lemma. By definition of N, if v € V is fixed
by h, then v®Z/¢*Z € W ® Z/£*Z. With the notation of the lemma, it follows that
W ®Z/t:kZ c W®Z/*Z. Since both W and W' are saturated submodules of V
of the same rank r, equality follows. (I

Proof of Proposition 18. First note that the dimension of 7" as a vector space over E
is at least 3. Indeed, let w be a generator of 7> C T ® C, and let o : E — C be
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the complex embedding of E satisfying
e.w=o(e)w forall e E.

The complex lines Cw and Co are two distinct one-dimensional subspaces of
T @, C, where Tg denotes T endowed with the structure of a vector space over E.
As a consequence, the dimension of 7 as a vector space over E is at least 2 and at
least 3 since we assumed it to be odd.

Recall that i is the bilinear form on 7" induced by cup-product. As in Proposition
15, there exists a unique E-bilinear form ¢ : T x T — E such that ¢ = Trg,q(¢).
Any orthogonal basis of Tr with respect to ¢ induces an orthogonal decomposition
of T with respect to ¥

r=ne---o7,

where the 7; are stable under the action of £ and of dimension 1 as E-vector spaces.

By the same reasoning as above, since the 7; are one-dimensional over E, there
is no integer i such that 7; ® C contains the two-dimensional space 7%° @ 792,

The signature of ¥ on T is (2, dim(7) — 2). By the Hodge index theorem and
the remark above, the signature of the restriction of ¥ to 7; is either (0, [E : Q]) or
(1, [E : Q] —1). Since the dimension of T over E is at least 3, both these signatures
appear, and this implies that, up to reordering, we can assume that the discriminant
of Tj is negative and the discriminant of 75 is positive. Let § and &’ be these two
discriminants in Q*/(Q*)2.

Since § # &' in @*/(Q*)?, there exists a prime number £ such that the images
of § and §" in Qj/ ((I;D;f)2 are different. If W is any subspace of 7; such that the
restriction of ¥, to W is nondegenerate, let §(W) denote the discriminant of W in
Q;/(@))°

By Lemma 20, Proposition 15 and Chebotarev’s density theorem, we can find,
for any positive integer d, infinitely many finite places p;, i € N, and infinitely many
finite places q;, j € N, of k such that for any integers i and j

(1) X has good, ordinary reduction at both p; and q;,

(2) py; =pq; =p+[E:Q]

(3) if Fy, and Fy; denote the geometric Frobeniuses at p; and q; acting on Ty(1)
and Wy, and W, denote the eigenspaces associated to the eigenvalue 1 of Fy,
and Fy,, then Wy, ® Z/t'Z =Ty @ Z/tZ and Wy,  Z/t'7 = T,  Z/1Z,
respectively, and

(4) the geometric Frobeniuses Fy, and Fy; acting on T¢(1) do not have any eigen-
value different from 1 that is a root of unity.

If d is big enough, this implies that §(Wy,) = § and §(Wy;) = & in @Z/(@Z)z.
Proposition 18 immediately follows by the Tate conjecture for ordinary K3 surfaces.
O
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Remark 22. The proof above shows that the density of pairs (p, q) as in the
proposition is positive.

5. Computing the Picard number over number fields

This section is devoted to a proof of Theorem 5. Given a projective K3 surface over
a number field k, we want to compute the Picard number of X using the equations
of X in a projective embedding.

There are two steps in our approach. The first one is finding sufficiently many
divisors on X, and the second is proving that the rational span of these divisors is
the whole Néron—Severi group of X.

In case we want to prove that the K3 surface has Picard number 1, the first step is
vacuous as we already have a divisor given by a hyperplane section. In general, the
first step is done by going through the Hilbert schemes of curves in the projective
space we are working in and doing elimination theory to find curves on X. After a
finite number of computations, this will allow us to find divisors on X that span the
Néron—Severi group.

The second step will be done by reducing to finite characteristic and using our
results above.

However, this is not sufficient. Indeed, the field E of endomorphisms of the
transcendental part of the Hodge structure of X plays a role in the behavior of
the Picard number after specialization, and in case E is a totally real field strictly
containing (Q such that 7 is of odd dimension over FE, this leads to some loss of
accuracy in the estimates reduction at finite places can provide.

This problem will be solved by studying codimension-2 varieties in X x X.
Assuming the Hodge conjecture for X x X, these determine the field £, which will
allow us to conclude.

We start by the following result:

Proposition 23. Let X be a K3 surface over a number field k. Assume we are given
the equations of X in some projective embedding.

Let T be the transcendental part of H*(X, Q), and let E be the field of endomor-
phisms of the Hodge structure T.

Assume that we know that the Picard number of X is greater or equal than some
integer p and that the degree of E over Q is greater or equal than some integer d.
Then there exists an algorithm with the following properties:

(1) If the algorithm terminates, it proves that the Picard number of X is p.

(2) Suppose that the Picard number of X is actually p. Then the algorithm
terminates unless E is totally real, the dimension of T as a vector space over E

isoddand d < [E : Q].
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Proof. Let p’ be the actual Picard number of X. We know that p’ > p. Using the
Weil conjectures [Deligne 1974], we can compute the characteristic polynomial of
Frobenius at any finite place p of k of good reduction; see [van Luijk 2007; Elsenhans
and Jahnel 2012]. This allows in particular to compute the numbers p;,. Using the
Artin—Tate formula [Tate 1966, Conjecture (C)], which holds for surfaces satisfying
the Tate conjecture by [Milne 1975], one can also compute the discriminants §(p)
as in Proposition 18.

We start computing p, and 8(p) for all places p of good reduction.

Let us distinguish three cases. First assume that E is a CM field. By Theorem 1,
we can find p with p, = p’. If it happens that p, the lower bound for the Picard
number of X that we were given, is equal to the actual Picard number p’ (that we
do not know yet), the computation at p together with this lower bound allows us to
prove that X has Picard number p = p'.

Now assume that E is totally real and the dimension of 7 as a vector space
over E is even. In that case, Theorem 1 allows us to make the same conclusion.

The last case happens when E is totally real and the dimension of T as a
vector space over E is odd. By Proposition 18, the finite field computations give
us two finite places p and q of k where X has good, ordinary reduction, with
po =g =p +1E : @] and 3(p) # 5(a). ) )

Since 8(p) # 8(q), we know that the specialization maps NS(X) — NS(X,) and
NS(X) — NS(}?,,) are not surjective. This means that NS(Xp) N T, (1) is nonzero in
H?*(Xp, Q(1)).

Now we know by the analysis in the proof of Theorem 1 that this intersection is
stable under the action of E. As a consequence, its dimension is at least [E : Q] > d.
This gives us the estimation

p < py—d.

In case d happens to be equal to the actual degree [E : Q] and p = p/, these estimates
allow us to prove that X has Picard number p = p'. O

Remark 24. In case p = p' = 1 and E = Q, this proves that the method of [van
Luijk 2007] always works.

Proof of Theorem 5. Let X, E and T be as above. Let p’ be the Picard number of X
and d’ the degree of E over Q. By Proposition 23, we only need to be able to prove
that the Picard number of X is at least p’ and the degree of E over Q is at least d’.
The assertion on the Picard number is theoretically — although not computation-
ally — easy. One can go through Hilbert schemes of curves in the projective space
where X is given and check, using elimination theory, for curves that happen to
lie on X. Computing intersection matrices with these divisors on X, one can find
divisors that span a p’-dimensional subset of the Néron—Severi group of X.
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Running these Hilbert scheme computations alongside the computations of
Proposition 23 allows for a computation of the Picard number of X unless E is a
totally real field strictly containing @ such that T is of odd dimension over E.

To deal with the latter case, one has to work on X x X. If one assumes the Hodge
conjecture for X x X, then elements of E are induced by codimension-2 cycles in
X x X. As above, one can use Hilbert schemes to find codimension-2 subschemes
in X x X.

Given such a subscheme Z, the action of Z on T can be determined by first com-
puting the characteristic polynomial of the correspondence H 2(X,0Q)— H*(X,Q)
by computing intersection numbers between T and the various subschemes obtained
by composing the correspondence induced by Z with itself.

Factoring the characteristic polynomial, this gives candidates for the algebraic
number A such that [Z],.n = An, where 7 is a nonzero algebraic 2-form on X. An
approximate computation can then determine A. The degree of A over (D is a lower
bound for [E : Q].

By the primitive element theorem, it is easy to see that one can find Z such that
this computation gives an optimal estimate for the degree of E. Using Proposition 23,
this concludes the proof.

In conclusion, an algorithm to compute Picard number of K3 surfaces works as
follows. Let X be a K3 surface. Run the three algorithms alongside each other:

(1) Going through Hilbert schemes of a suitable projective space, find divisors
on X and compute the dimension of their span in the Néron—Severi group via
intersection theory. This gives a lower bound for the Picard number.

(2) Going through Hilbert schemes of a suitable projective space, find codimension-
2 cycles in X x X. Using intersection theory again, use these to get a lower
bound on the field E of endomorphisms of the transcendental part of H>(X, Q).

(3) Going through finite places p of k, compute the Picard number and the discrim-
inant of the Néron—Severi group of )_(p by counting points over finite fields.
Using the preceding step, get an upper bound on the Picard number of X.

We showed that the estimates provided by the method solve the problem uncondi-
tionally unless E is a totally real field strictly containing @ and the transcendental
part of H>(X, Q) is of odd dimension over E. In the latter case, the estimates above
are sufficiently precise to compute the Picard number if we assume the Hodge
conjecture for X x X. O

Remark 25. It seems that the computations of the second step above would be
very lengthy to do in practice. We however wanted to point out that they can be
done.

Note that the computations terminate much faster in most cases since £ = Q) for
the majority of K3 complex surfaces in the sense of Baire category.
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Adeéle residue symbol and Tate's central
extension for multiloop Lie algebras

Oliver Braunling

We generalize the linear algebra setting of Tate’s central extension to arbitrary
dimension. In general, one obtains a Lie (n + 1)-cocycle. We compute it to
some extent. The construction is based on a Lie algebra variant of Beilinson’s
adelic multidimensional residue symbol, generalizing Tate’s approach to the local
residue symbol for 1-forms on curves.

Firstly, recall that to every Lie algebra g one can associate its loop Lie algebra
glr*]. Tterating this construction, we obtain multiloop Lie algebras g[t=", ..., tF'].
To begin with, we show that various classes of interesting multiloop Lie algebras
can all be embedded into a large (infinite-dimensional) Lie algebra:

Theorem 1. Let k be a field and n > 1. There is a universal Lie algebra & naturally
containing, simultaneously,

(1) the abelian Lie algebra k[tlil, el t,fltl],
(2) Lie algebras of derivations, e.g., spanned by

n'---19;,  (acting on k[tlil, L eE,

n ’'n

(3) for any finite-dimensional simple Lie algebra g, the multiloop algebra

|y §

’'n

The universal Lie algebra & has a canonical Lie (n+1)-cocycle ¢ € H'71(&, k).
For n =1 this cocycle determines a central extension

0sk—o>®—>6-0

(known as Tate’s central extension) and the pullback of it to one of the above types
of subalgebras yields (respectively)

(1) the Heisenberg algebra,

This work has been supported by the DFG SFB/TR 45 “Periods, moduli spaces and arithmetic of
algebraic varieties” and the Alexander von Humboldt Foundation.

MSC2010: primary 17B56, 17B67; secondary 32A27.

Keywords: adele, residue symbol, Tate central extension, Kac-Moody, Japanese group.
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(2) the Virasoro algebra,

(3) the affine Lie algebra g associated to g.

This will be stated in more detail and proven in Section 6. It is not at all surprising
that some Lie algebras can be embedded into larger ones. The interesting fact is
that there is such a Lie algebra which carries a canonical cocycle, inducing the ones
defining all these classical central extensions. For n = 1 the above is well-known —
see, for example, [Beilinson et al. 1991, §2.1]. For n =1, 2, see [Frenkel and Zhu
2012]. In the language of the latter, & is an example of a “master Lie algebra”.

We are interested in the nature of ¢ for n > 1 —even if such cocycles cannot be
interpreted as a central extension anymore (we get crossed modules, etc.). Indeed,
they are meaningful, as we shall see.

A key point of this text is the actual computation of ¢ (with a slight limitation):

Theorem 2. The cocycle ¢ € H' (&, k) is given explicitly by

d(foAfin---A fa)

=ty sgnmw Y (=D ad(fra) P - (P ad(frin) P o,
Ted, Viseeos yn€lE}

whenever fo® fi A--- A f, is already a g-valued Lie cycle. The P, . .., P refer
to certain commuting idempotents (see Section 4 for details).

The proof and details regarding the Pl.jE can be found in Section 6. Effectively,
we compute the composition

1
Hn(ga g) - Hl’l-‘rl(g’ k) - ka (0_1)

with / a natural map to be explained in Section 2. By the universal coefficient
theorem for Lie algebras, H"!(g, k) = H,.4 (g, k)*, referring to the dual space. As
such, although ¢ is well-defined, the formula only applies to those cycles admitting
a lift under 7 (as soon as it exists, the choice does not matter). The formula is rather
complicated. However, the pullback to particular subalgebras of & can be much
nicer; for example for multiloop Lie algebras of simple Lie algebras, we get the
following:

Theorem 3. Suppose g/ k is a finite-dimensional centerless Lie algebra (e.g., sim-
ple). For Yy, ..., Y, € gwe call

B(Yy, ..., Y,) := trgng,(g) (ad(Yp) ad(Yy) - - - ad(Y},))
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the “generalized Killing form”. Then on all Lie cycles admitting a lift under I as
in (0-1), the pullback of ¢ to g[tli, ey t;—L] is explicitly given by

(ﬁ(Y()thO'I - t;"'" A A Yntlc"*] - t;"*”)

n
= (=" Y sgnm B¥r(1)s -+ Yoy Y0 [ [ cxiin.i

e, i=1

whenever ZZ:O cpi =0 foralli € {l1,...,n}, and vanishes otherwise. Here
Cip€lforalli=0,...,nand p=1,...,n

If g is finite-dimensional simple and n = 1, then the class ¢ yields the universal
central extension of the loop Lie algebra g[7y, 7, 11, the associated affine Lie algebrag
(without extending by a derivation),

0—>k—G—oln, 1 '1-0.

In this case B is obviously just the ordinary Killing form of g. The above theorem
will be proven in Section 8.

Additionally, we should say that these computations have an application outside
the theory of Lie algebras. For this we need to return to the roots of the subject.
J. Tate [1968] showed that the residue of a rational 1-form f dg at a closed point x
on an algebraic curve X/k can be expressed as a certain operator-theoretic trace
on an infinite-dimensional space. Arbarello, de Concini and Kac [Arbarello et al.
1989, eq. (2.7)] reformulated this as

res, fdg =tr([m, g]f). (0-2)

On the right-hand side the functions f, g are to be read as multiplication operators
acting on the local field Frac ’(D:x, x = Kk(x)((t1)), seen as a k (x)-vector space, and 7
denotes some projector on the nonprincipal part, i.e., “we cut off the principal part
of the Laurent series.” It is natural to ask whether there exists a generalization of
this formula to higher residues. We can give such a formula; it will be proven in
Section 7:

Theorem 4. For a multiple Laurent polynomial ring with residue field k, say

R:=k[t], ..., tF],

’'n

and fo, ..., fu € R we have
resy, ...1es,, fodfi...dfy
=(=D"tr ngnﬂ Z (=t

7eq, V1. Yn€{E}
x (P " ad(fr) P -+ - (P77 ad(fr ) PI") fos
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where Pli, - P,fE are suitable projectors (explained in Section 7; see (7-3)).

(1) Forn =1 and 7w = P1+ the formula reduces to the familiar (0-2) (as in
[Arbarello et al. 1989]).

(2) Ifwe have f; =t,"' -+ -1,"" fori =0, ..., n, the formula reduces to
CL1 ot Gl "
res fodfy---dfy=det| * . ifZCp,i=0f0ralli
Cln *°° Cnn p=0

and the residue is zero if the condition on the right-hand side is not satisfied.

(3) Forn =1 and f| =t this reduces by linearity to the classical definition

o l'fC1=—1,

0 ifci #—L.

resat]' dr = {

How do we construct the cocycle ¢?

There are various ways to approach this construction. Frenkel and Zhu [2012]
use distinguished generators of the cohomology ring of infinite matrix algebras,
based on computations of Feigin and Tsygan [1983]. This is a very natural approach.
However, in this text we use a different approach based on the multidimensional
adelic residue of [Beilinson 1980]. Originally, this approach was only used to
generalize Tate’s approach to the residue symbol to several variables, but it readily
generalizes to the problem we are discussing here. This might be interesting also
since Beilinson does not give an explicit formula— and it is not totally trivial to
extrapolate a formula from the definition.

Theorem 5. The formula in Theorem 4 arises from the construction of Beilinson
(in Lemma 1 of [Beilinson 1980)), i.e., it is the composition

—1" . dyr) ™! .
@ T HYE (6,0 B Bt S g A i, N Sk, (0-3)

where

° X:fodfl/\"'/\dfn'_)fO/\"'/\fn’

o N"t1is a certain ®-module (see Section 4 for the definition, or T,y in [Beilin-
son 1980]), and

e p1, P2 are edge maps and d,, . a differential on the (n+ 1)-st page of a certain
spectral sequence "E?  (constructed in Lemma 19, or see [Beilinson 1980,
Lemma 1]).

This result is only meaningful to readers familiar with [Beilinson 1980].



Adele residue symbol and Tate's central extension for multiloop Lie algebras 23

The above theorem actually lies at the heart of our approach. We formulate a
contracting homotopy for a mild variation of the relevant complexes in [Beilinson
1980] and then, in a slightly tedious computation, make the spectral sequence
differential d, | explicit on the basis of this.

Finally, for applications in algebraic geometry, e.g., the interpretation as a local
residue, it is unfortunate to interpret “loop Lie algebra” as g[t, t~']. It is better to
work with Laurent series, i.e., g((¢)), or even local components of adeles. Tate’s
original work uses the language of adeles for example. For this reason, we shall
axiomatize all these variations through the notion of a “cubically decomposed
algebra” (essentially taken from [Beilinson 1980], where it’s not given a name).

What is not here. In the present text I only discuss the “linear algebra setting” of
Tate’s central extension ([Beilinson et al. 1991, §1] for the case n = 1). There is
also a “differential operator setting” [ibid., §2], which I will treat in a future text.
Roughly speaking, & will be replaced by much smaller algebras of differential
operators on a vector bundle.

Moreover, I do not treat the true multiloop analogue of an affine Kac—Moody
algebra in the present text. Already for n = 1 I only consider the “plain” affine Lie
algebras without extending by a derivation. From the perspective of a triangular
decomposition, this is a rather horrible omission: the root spaces are infinite-
dimensional! However, as the reader can probably imagine from the computations
in Sections 7 and 8 the calculation gets a lot more complicated in the presence
of derivations. Thus, this aspect will also be deferred to a future text. The same
applies to the analogue of the plain Virasoro algebra. There should also be a
nonlinear analogue, distinguished cohomology classes for multiloop groups. The
cases n = 1, 2 (along with a higher representation theory in categories) are treated
in detail by Frenkel and Zhu [2012].

One should also mention that there are completely orthogonal generalizations
of Kac—Moody/Virasoro cocycles to multiloop Lie algebras — see, for example,
[Frenkel 1987, §9; Neher 2011].

1. Basic framework

For an associative algebra A we shall write Ay ;. to denote the associated Lie algebra.

Definition 6 [Beilinson 1980]. An (n-fold) cubically decomposed algebra (over a
field k) is the datum (A, (Il.i), T):
« an associative unital (not necessarily commutative) k-algebra A;

o two-sided ideals I;*, I such that IV + I = Afori=1,...,n;

1
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" 0._g+A7— .— 70 0 :
e writing I :=I;"N I and I := 1 N---N 1, a k-linear map
T ¢ Iy Lie/[{irLie, ALie] = k.

For any finite-dimensional k-vector space V, certain infinite matrix algebras act
naturally on the k-vector space of multiple Laurent polynomials V[tlil, N B
This yields an example of this structure — see Section 1.1. There is also an analogue
for V((t1)) - - - ((t,)), which we leave to the reader to formulate (this links to higher
local fields, see [Fesenko and Kurihara 2000]). Local components of Parshin—
Beilinson adeles of schemes yield another example, see [Beilinson 1980, §1]. In
loc. cit. the ideals Il.+, I are called X I Y'. The latter gives the multidimensional
generalization of the adele formulation of Tate [1968]. See [Fesenko 2010; Huber
1991; Hiibl and Yekutieli 1996; Morrow 2010] for more background on higher-
dimensional adeles and their uses.

1.1. Infinite matrix algebras. Fix a field k. Let R be an associative k-algebra, not
necessarily unital or commutative. Define an algebra of infinite matrices

E(R) :={¢ = (¢ij)i jez, ¢ij € R|IKy : |i — j| > Ky = ¢;; =0} (I-1)

Define a product by (¢ - ¢ )i 1= > jez b jqﬁ}k, the usual matrix multiplication
formula; this sum only has finitely many nonzero terms and one can choose Ky :=
Ky + Kg. Then E(R) becomes an associative k-algebra. If R is unital, E(R) is
also unital. E is a functor from associative algebras to associative algebras; for
a morphism ¢ : R — S there is an induced morphism E(p) : E(R) — E(S) by
using ¢ entry-by-entry, i.e., (E(@)®);; := @(¢;;). If I C R is an ideal (which is in
particular a nonunital associative ring), E(I) € E(R) is an ideal. Moreover, for
ideals I}, I one has E(I) N I;) = E([1}) NE(l) and E(I1 + I;) = E(I}) + E(I»),
as a sum of ideals. Next, define

IT(R):={¢p € E(R) | 3By :i < By = ¢;; =0},
I"(R):={¢p€E(R)|3IBy:j > By = ¢;j =0}
and one checks easily that I7(R), I~ (R) are two-sided ideals in E(R). The fol-

lowing figure attempts to visualize the shape of the matrices in E(R), I T (R) and
I~ (R), respectively:

* *
* % ¥
* % ¥

* % %
* % *

* % %
* % ¥
* % ¥
* % ¥
* % *
* *

* %

* % %
* * %
* % %
* %
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Define 7°(R) := I (R) N I~ (R) and one checks that
I°(R) :={¢p e E(R) | ¢;; = 0 for all but finitely many (i, j)}.

There is a trace morphism

tr: 1°(R) — R, tr¢::Z¢>ii; (1-2)

ieZ

the sum is obviously finite. One easily verifies that tr[¢, ¢' =3, ;[¢ij, ¢;] and
thus tr[IO(R), E(R)] C [R, R]. More generally, if R’ C R is a subalgebra,

t[I°(R"), E(R)] € [R', R).

We note that this trace does not necessarily vanish on commutators. Moreover,
every ¢ € E(R) can be written as ¢ = ¢ +¢~ with ¢;/r. :=4;>0¢;; (for this R need
not be unital, use ¢;; for i > 0 and 0 otherwise) and ¢*. =¢ —¢*. One checks that
¢T € IT(R). It follows that It (R) 4+ I~ (R) = E(R).

Finally, let M be an R-bimodule (over k, i.e., a left-(A ®; A°’)-module; R-
bimodules form an abelian category). Analogously to E(R), define

EM) :={p = (ij)i,jez, bij € M | IKy : |i — j| > Ky = ¢;; =0}.  (1-3)

Again using the matrix multiplication formula, £ (M) is an E(R)-bimodule. If
0—- M — M — M"” — 0is an exact sequence of R-bimodules, 0 — E(M’) —
E(M) — E(M") — 0 is an exact sequence of E(R)-bimodules. Note that for an
ideal I C R the object E(I) is well-defined, regardless of whether we regard I as
an associative ring as in (1-1) or an R-bimodule as in (1-3).

Now let V be a finite-dimensional k-vector space and Ry an arbitrary unital
subalgebra of Endi (V). Define R; := E(R;—1) fori = 1,...,n. Note that via
k — Ro, a +— « - 1gng,(v), k is embedded into the center of R;. Then R, =
(Eo---0E)(Rp) is a unital associative k-algebra. Its elements may be indexed
(1, jnez> € Ro). By the properties discussed above,

.....

Ir=(E... Elolio E -+ E)(Ro) (I* in the i-th place)
i+l i -

n ]

is an ideal in R, (we use centered subscripts only to emphasize the numbering).
Moreover,

IF+1 =(E---Eol*oE---E)Ro)+(E---Eol oE---E)(Ry)
—(E---EoEoE---E)(Ry) = Ry.



26 Oliver Braunling
By composing the traces of (1-2) we arrive at a k-linear map 7,

tiley=1"N---N1°

— (%0 I%Ry) S - 5 1°U1°Ry)) 5 1°(Ry) 5 Ry 5 &,

where “Tr” (as opposed to “tr””) denotes the ordinary matrix trace of Endg (V')
(2 Rp). Here we have used that V is finite-dimensional over k. Using inductively
the relation

t[I°(R"), E(R)] S [R', R]
(valid for subalgebras R’ C R), one sees that

tlly, Ryl =Tr(tro---otrotr)[I10(1°(---)), E(E(---))]
CTr(tro---otr)[I%(--+), E(---)] C Tr[Ro, Ro] =0

since the ordinary trace Tr vanishes on commutators. Hence, t factors to a morphism
T : Iy Lie/[1ir. Lies RLie] = k. Summarizing, for every n > 1, every finite-dimensional
k-vector space V and every unital subalgebra Ry € Endi(V), (R, (Il.i), T)is a
cubically decomposed algebra.

Finally, note that for any associative algebra R, E(R) is a right- R-submodule
of right-R-module endomorphisms Endg (R[¢, t~1] of R[t, t~']. Write elements
as a = ZiEZ a;t', also denoted a = (g;); with a; € R, and let ¢ = (¢ij) act by
(¢-a); =), dirax. Moreover, each a € R[t, t~1] determines a right- R-module
endomorphism via the multiplication operator x — a - x. We find

R[t,t '] E(R) < Endg(R[t, ™).

Multiplication with ¢/ is represented by a matrix with a diagonal ..., 1,1,1,...,
shifted by i off the principal diagonal. Inductively,

Rol£f!, ..., tF" 1 < R, = Endg,(Ro[£, ..., £51]). (1-4)

’'n

See for example [Jimbo and Miwa 1983, §1; Kac and Raina 1987, Lec. 4] for more
information regarding the case n = 1 and [Frenkel and Zhu 2012, §3] for a similar
procedure when n = 2.

2. Modified Chevalley—Eilenberg complexes

Suppose k is a field and g a Lie algebra over k. We recall that for any g-module the
conventional Chevalley—Eilenberg complex is given by C(M), :== M ® /\"g along
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with the differential

§:=sM 452 c(Mm), - C(M),_,, (2-1)

SN fo® fin---Af) =Y (=D'Lfo, FI® fin---Afin---Af,
i=1

P fo® fin--Af)i= D DT /o ®Lfis fIIA AN oo fioo oA S

1<i<j<r

for fo e M and fi, ..., f; € g. Its homology is (by definition, if one wants) Lie
homology with coefficients in M. There is also a cohomological analogue; for
details see, for example, [Loday 1992, Chapter 10]. We may view & itself as a
g-module with the trivial structure. There is an obvious morphism

1:C(@)r—> Ck)ry1,  foRFin-Afr=> (=D'Li® fon fin---Afr, (2-2)

and one checks easily that this commutes with the respective differentials and thus
induces morphisms H, (g, g) — H,+1 (g, k). The linear dual g* := Homg (g, k) is
canonically a g-module via (f - ¢) (g) :=¢([g, f]) forp € g* and f, g € g. The coho-
mological analogue of (2-2) is the morphism I : H'*! (g, k) — H" (g, g*) given by

U fin- A f)(fo) =D d(fon fin---Afr).

Remark 7. These maps could be viewed as a Lie-theoretic analogue of map / in
Connes’ periodicity sequence — see [Loday 1992, §2.2]. We may view H,_;(g, 9)
as a partial “noncyclic” counterpart of Lie homology. The true Hochschild analogue
would be Leibniz homology — see [Loday 1992, §10.6]. For the present purposes,
however, we have no use for this analogue.

Let j € g be a Lie ideal. As such, it is a g-module and we may consider
C(j),. Following [Beilinson 1980] we may work with a “cyclically symmetrized”
counterpart: We write j A /"' g to denote the g-submodule of gA /N g = N'g
generated by elements j A fi A--- A f,—1 such that j € jand f1,..., fr—1 € g.
If j;, i = 1,2,..., are Lie ideals, we denote by (€D, ;) A N 'g the module

@i AN g).
Example 8. If k (s, ¢, u) and k (s) denote a 3-dimensional abelian Lie algebra along

with a 1-dimensional Lie ideal, then /\zk(s, t, u) is 3-dimensional with basis s A,
sAuand t Au. Then k (s) Ak (s, t, u) is 2-dimensional with basis s A f, s A u.

The k-vector spaces CE(j), :=j A /\rflg (for » > 1) and CE(j)g := k define a

subcomplex of C(k),. In particular, the differential is given by

SCfon il Af)i= D (=D Tfi fAN oA Fio o Fioo A fr (2°3)

O<i<j<r
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It is well-defined since j is a Lie ideal. We get morphisms generalizing /, notably
H,(8.}) = Hy+1(CE()) viaj® N'g — j A N g and analogously H"*'(CE()) —
H'(g,j*). We have resisted the temptation to reindex CE (—), despite the unpleas-
ant (+1)-shift in (2-2) in order to remain compatible with standard usage in the
following sense:

Lemma 9 [Beilinson 1980, Lemma 1(a)]. CE(g). is a complex of k-vector spaces
and is quasi-isomorphic to k ®I& g k. In particular

Hi(g, k) = Hi/(CE(g).) and H'(g,k) = H'(Hom(CE(g)., k)).

Proof. As we have explained above, CE(g), agrees with the standard Chevalley—
Eilenberg complex and the latter is well-known to represent k ®b g k. U

We easily compute
Ho(a. ) — Hi(CEG)) =)/lg. il @4
H'(CEG) — HO(g.7) = (3/1g.i])"

In higher degrees the map / ceases to be an isomorphism.

Nonetheless, this computation hints at the principle of computation which we
shall use below. Beilinson [1980] uses CE (—),, whereas we will only be able to do
manageable computations with C (—),. The map I will serve to deduce facts about
CE(—), while working with C(—),.

3. Cubically decomposed algebras

Let (A, (Il.i), 7) be an n-fold cubically decomposed algebra (Definition 6) over a
field k; that is, we are given the following data:

e an associative unital (not necessarily commutative) k-algebra A;
o two-sided ideals Il.+, I such that Il.Jr +I7=Afori=1,...,n;
e writing Il.0 = Il.Jr NI and I; := 110 N---N1IY, ak-linear map

T: Itr,Lie/[Itr,Lie» ALie] — k.

See Section 1 to see how this type of structure arises. As a shorthand, define
g := ALi.. For any elements sy, ...,s, € {+, —, 0} we define the degree of the
n-tuple (s, ..., s,) as

deg(sy...sp) :=1+#{i|s; =0}.

Next, following [Beilinson 1980], we construct complexes of g-modules:
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Definition 10 [Beilinson 1980]. For every 1 < p <n + 1 define

n [CE(I1), for s; = +,
rre= [ () CEG. fors;=—, (31
sisi€(+0) i=1 | CE(IY),NCE(I]), fors; =0,

deg(S1-~~5n)=P
and T := CE(g)..

Each CE (Il.i), is a complex and all their differentials are defined by the same
formula, (2-3); hence the intersection of these complexes has a well-defined differ-
ential and is a complex itself. Same for the coproduct. The complex " 7* is inspired
by a cubical object used by Beilinson [1980].

Example 11. For n = 2 we get complexes

M= [CEUM.NCEUS).,

s1,82€{+}
AT.2 = ]_[ CE(IIS‘),O CE(I;), N CE(Iz_), D ]_[CE(I]JF), ﬂCE(Il_), N CE(IZSZ),,
spe{x} se{t}

A3 = CE(IN).NCE(I]).NCE(I).NCE(I;)..

Note that CE(1;).NCE(I]). # CE(I; NI[).; for example, I;" A I} is a subspace
in degree two of the left-hand side, but not of the right-hand side.

Diverging from [Beilinson 1980] we shall primarily use the following slightly
different auxiliary construction (which we will later relate to the above one):

Definition 12. For 1 < p <n+1 let

°rr= | cupnprn.nmm, (3-2)

s1...5,€{£,0}
deg(sl ---Sn):p

and ®T0 := C(g)..

So, instead of the modified Chevalley—Filenberg complex of Section 2 we just
use the standard complexes for Lie homology with suitable coefficients. Clearly
the morphism 7 : C(g), — C(k),+1 descends to morphisms

Cl@r 2 C(IiSi)r - CE(IiSI)r-i-l CCk)rt,
o fin-Afr>(=D"foANfin-Afr.

Sl' SI'
el; €l;

As we take intersections of Lie ideals on the left C(/ iY' N---),, as in (3-2), the
image lies in the intersection of the individual images, i.e., CE(I;"),N -, as in
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(3-1). As a result, we obtain morphisms
orr N ATE,  (forall p),

and since they are a restriction of the map / to subcomplexes, this is a morphism
of complexes, and thus induces maps on homology.

4. The cube complex

Next, we shall define maps - - - — ©T2 — @T! — ®T0 5 , so that (®T,)* becomes
an exact superscript-indexed complex (of subscript-indexed complexes); and the
same for “T*. We begin by discussing ®7T".

We define a g-module N° := g and for p > 1

NP= J] R'npPn-nrp (with deglsi...s)=p). (41
s1...5,€{+,—,0}

We shall denote the components f = (f;,.s,) of elements in N” with indices in
terms of sq, ..., s, € {+, —, 0}. Clearly N” =0 for p > n+ 1. We shall treat all
NP as g-modules and observe that

®TF = C(NP),

(by definition!), so by the functoriality and flatness' of C, it suffices to construct an
exact complex N* out of the N? and then ®7T? will be an exact complex in p.

Example 13. For n = 1 we have
N*=1), N'=IelI

and elements would be denoted f = (fo) € N> and g = (g4,g_) € N'. Forn =2
we have

3 0 0 2
N=1'nL), N =( I
S]E{-‘r,—

N'= ] np'nr.

s1,82€{+,—}

Ii“m2°>ea( 11 1{’012”>
} }

s2€{+,—

We shall use the shorthand s;...+£...s, to indicate that in the i-th place we
have s; € {+, —}, whatever i may be at the moment. Similarly, s;...0...s, will

Twe just tensor N? with the vector spaces /\i g. Being over a field, this preserves exact sequences.
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imply that s; = 0. Define g-module homomorphisms

B fsy. ks, = (—DFl=ands;=00 g0
(3 f)sy.0.5, =0, (4-2)

n
) ::Zai.
i=l1

One checks easily that 8i2 =0and 0;0; +0;0;, =0foralli,j=1,...,n. Asa
consequence, 32 = 0. The components are given explicitly by

O )sposs =Y O f)sos, = (=DWIRTas=0p o (o (4-3)
i=1

{ilsi=+.—}

Definition 14. Let (A, (Il.i), 7) be an n-fold cubically decomposed algebra over a
field k. A system of good idempotents are pairwise commuting elements PZ.Jr €A
fori =1, ..., n such that for all i:

(1) P =PF
(2) PTACIT.
(3) PTACI~ (where we define P, :=14 — Pl.+).

We note that the P;~ are also pairwise commuting idempotents and Pl-+—|—Pi_ =14.
Next, for s; € {4, —} define k-vector space homomorphisms

& Flgyosrsy = (CDIPT" (=1 fyy s

vie{£}
(gif)sl...O...sn = O’
where (—1)* = £1. By direct calculation one verifies the identities 81.2 =¢; and
siej =¢jg foralli, j =1, ..., n. Finally, define

(Hi f)s51..0.5, 1= (= DUV andss=00 N2 p g
vie{£)
(H; f)s..4+..5, = 0.
The expression Pi_yi means P;” for y; = + and PI.Jr for y; = —. One checks that
H?=0 and H;H;+H;H; =0,
8,'6‘]':8]'3,' and Hi8j=8jH,'

foralli, j=1,...,n. Moreover, 0; H; + H;0; = 0 whenever i # j. In the special
case i = j one finds instead that

o,H;,+ Hi0,=1—¢;.
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Define H := Hy+¢e1Hy+---+¢€162 - - - €,—1 H,. Using the identities established
above, one finds very easily

H>=0 and 0H+Hd=1—¢---¢,. (4-4)

The fact H> = 0 was observed by the anonymous referee; it explains a certain
cancellation in the proof of Proposition 24, which had been rather mysterious in an
earlier version of this text.

Lemma 15. An explicit formula for H is given by
(Hf)sl...sn — (_l)deg(sl---Sn)(_1)51+-~~+sh Plsl ... P

1

x Z (_1)y1+~~+yb Pb:tnyfV1-~~Vb+1Sb+2--~Snv (4-5)
Yi--Yo+1€{£}

where b denotes the largest index such that sy, ..., sp € {} or b =0 if none (and
50 sp+1 =01if b < n; b+ 1 is the index of the leftmost zero).

Proof. One shows that

(81 et gif)sl...s,, =
(_1)S1+“'+Si Plsl . PiSi
X Zylmyie{i}(_1)V1+"'+Vi fyl...y[s;_'_]...s,, for STy evey Si € {:I:}v (4_6)
0 if0e{sg,...,si}
by evaluating (¢ - - - & f) inductively along j =i,i —1,..., 1. Plugin H; f for
f to obtain

(61 & Hiy1 )y, = (=D =00 (qyortetn piv . py

+oty; pVitl
X Z (_1)71 4§ Pz’+1+ fV1-~~ViVi+15i+2~~~5n
V1-Yir1 €{E}
for si,...,s; € {£} and s;4; = 0. Otherwise, (that is, for 0 € {sy,...,s;} or
si+1 € {£}), the respective component is zero. Thus,

n

Hsl...s,, = 2(81 te 5iHi+1f)s1...s,,-

i=1

The summands with i > b vanish since for them 0 € {sq, ..., s;}. The summands
with i < b vanish since for them s, € {£}. Thus,

Hvl...s,, = (81 T 8th+1f)s1...s,,

and we use the above explicit formula. Note that #{j | j > b+ 1 and 5; = 0} is
just one below the total number of slots with value O since sy, ..., s, € {£} and
Sp1 = 0. Thus, (_1)#{j|j>i+1 and 5;=0} _ (_1)deg(s1...s,1)' O
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The above maps are defined for N? in degrees > 1. We extend them to degree
zero by defining the maps

d:N'>N° and H:N°— N!
as follows:
Of =Y (=D)L
S1...Sp€{+,—}

(Hf)s, 5, o= (= 1)SrHFsnpit . ps f, (4-7)

Along with these, we obtain the following crucial fact:
Lemma 16. Equipped with these morphisms,

) 3 3 3
N*= [N"“ ZN'=...2N! :’NO} (4-8)
H H H H n+1,0

is a complex of g-modules with differentials 9, (resp. 5) and contracting homotopies
H, (resp. H) in the category of k-vector spaces.

Proof. The identities 3°> = 0 and 300=0:N2— Nare easy to check. Next, we
confirm the contracting homotopy. We find dH + Hd =1—¢; - - - ¢, by a telescope
cancellation. For f € N’ with i > 2 for each component f, s, there must be at
least one { with s; =0 and thus €1 - - - &, |yi=0 for i > 2. It remains to treat i =0, 1.
For i = 1 we compute

I‘AISf — (—1)St Plb‘l R Z (=)t Fors, =&1--&nf
s1..Sp€{+,—}
(as in (4-6)). Thus, JH+Hd=1on N'. Finally, fori =0 we compute 0 H f = f. O

Corollary 17. 0 — 7"+ — @1 5 ... OT0 5 0 with differential (and a
contracting homotopy) induced by 0 ® id g (and H ® idx+g) is an exact complex
(of complexes of k-vector spaces).

For the corollary, just use that tensoring with /\g is exact.

5. The cube complex, 1T

Next, it would be nice to give a discussion of the "7 parallel to the one for ®7* in
the previous section. We can only do this to a limited extent, however.

Lemma 18. The definition
O )spsy =y, (=DHU=Ieds=0g 6 (5-1)

{ilsi=+,—}
turns “T* into a complex (of complexes of k-vector spaces) with respect to the
superscript index. The morphisms I : TP — ATfH vield a morphism of complexes.
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Proof. Easy. Just check that the map 3 is well-defined and satisfies 3> = 0; in fact,
exactly the same computation as in (4-2) applies. For the second claim, we just
need to show that the map / commutes with the differential of either complex, but
this is clear since the differentials are given by the same formula— compare (4-3)
with (5-1). O

The complex " T is the central object in Beilinson’s construction [1980]. We will
use its analogue ®T* as an auxiliary computational device. Firstly, let us explain
Beilinson’s construction. We need the following entirely homological tool:

Lemma 19. Suppose we are given an exact sequence
I I I M

with entries in ChMody; that is, each S' = Sf is a bounded-below complex of
k-vector spaces.”

r

(1) There is a second-quadrant homological spectral sequence (E}, ,,

ing to zero such that

d,) converg-

1 .
Ep,q = Hq(S.p) (dr . E;,q - E;—r,q+r—1)‘

(2) There is a first-quadrant cohomological spectral sequence (EF?, d") converg-
ing to zero such that

EP? = Hi1(Homg(S?, k)) (d": EP? — EPT4—"th),
(3) The following differentials are isomorphisms:

. pn+l n+1 n+1 . 0,n+1 n+1,1
d,1+1.EnJr1’1—>EO,n+1 and d CEC > B

(4) Suppose H), : S — SP*is a contracting homotopy for S*. Then
(dn-i-l)_l =H,61H,—1---8,-1H\6,Hy = H, 1_[ (SiHn—i)
i=1,...,n

(where the last product depends on the ordering and refers to composition), and

@+ = HiSYH - 8TH' = Hj 1_[ O Hy'yy ),

i=n,...,1
where we write f* = Homy(f, k) as a shorthand.

The construction is functorial in S*; that is, if S* — S’* is a morphism of complexes
as in our assumptions, then there are induced morphisms between their spectral
sequences.

20ne may alternatively view this as a bicomplex supported horizontally in degrees [0, n + 1],
bounded from below, and whose rows are exact.
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Proof. Parts (1)—(3) are [Beilinson 1980, Lemma 1(a)]. More precisely, for (1) use
the bicomplex spectral sequence for

E) , =5/ and EJ=Hom(SP, k).

If we take differentials “— for forming the E°-page, the E'-page vanishes since
S, is exact (as a complex of complexes) and so the individual sequences of k-vector
spaces S’ for constant i are exact, so E = E! =0. Then use the bicomplex spectral
sequences with differential “|” on the E%-page for our claim. It also converges
to zero then; (2) is analogous. For (3), the bicomplex is horizontally supported in
[0, n + 1]. For (4), diagram chase. O

We combine Lemma 18 with Lemma 19: Apply the latter to S, := "T,/; we
denote the resulting spectral sequence by "E; . The fact that the (bi)complex of
Lemma 19 is supported horizontally in [z + 1, 0] homologically (i.e., for “E; ) and
in [0, n + 1] cohomologically (i.e., for “E**) implies that we have edge morphisms

/\En-H

. Apn+l Al ARl
pl . E}’l-‘rl,l —> El’l-‘rl,l and pz . EOJ’I+1 — O,I’l-‘rl’

CApOn+1 A0,n+1 CApn+lL1 Apn+1,1
p1:E T = K and o :"E] - "E,

Next, we identify the objects involved: Using Lemma 9 we compute

PE} ot = Hyst (VTO) = Hy 1 (CE(9).) = Hup1 (g, k),

"y =HI(OT! ) = Hl( N N CE(I,r”).) = Iy/[ I, g,
i=1,...,ns;e{£}

"ENTN = Homy (Iu/[1, g1 k) and “E)"' = H" (g, k).

Definition 20 [Beilinson 1980]. Let (A, (Iii), 7) be an n-fold cubically decom-
posed algebra over a field k and g := Ay its Lie algebra. Define

resy : Hy+1(g, k) — k Ies, ;=T 0 P] O (a’,,Jrl)_1 o 02

and
res* :k — H" (g, k) res*(1) := (10 @ o),

where for res* we read t as an element of E'f L1 We will call ¢ :=res*(1) the
Tate extension class.

In the case n =1 it would also be justified to name this cohomology class after
[Kac and Peterson 1981]; it also appears in the works of the Japanese school, e.g.,
[Jimbo and Miwa 1983].

Remark 21. It follows from the construction of res, and res* that

res* () (XoA---AXp) =ares, XoA - A X,. (5-2)
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Now we would like to compute these maps explicitly. Clearly, the most elusive
map in the construction is the differential d,; (resp. d"™1. We can render it
explicit using Lemma 19(4) as soon as we have an explicit contracting homotopy
available. However, it seems to be quite difficult to construct such a homotopy for
the complex “T*. On the other hand, we do have such a contracting homotopy for
®T* by Lemma 16 and its corollary. Luckily for us, these complexes are closely
connected. We may apply Lemma 19 also to Sé’ = ®qu_1; this time denote the
resulting spectral sequence by ®E:’.. We easily compute

OE§ ne1 = Hot1 ®TL ) = Hy(C(9).) = Ha(g, 9),

®Ey 1, =HET) = HO(C( N 15") ) = Iy/[Is. g,
i=1 M

..... nS,'E{:I:}
®E! N — Homy (Iy/[1y, g, k) and  ®EY"*' = H" (g, g¥).

We note that some groups even agree with their * qu -counterpart, as we had already
observed in (2-4).

Definition 22. Write ®res, : H,(g, g) — k and ®res*(1) € H" (g, g*) for the coun-
terparts of res,, res* in Definition 20 using ®E instead of "E.

Lemma 23 (Compatibility). The morphism of bicomplexes ®T:* 4 AT:. induces
a commutative diagram

comes with contracting homotopy

H,(g,9) — ®EgtL <— ®E;f| | — Ho(g, 0)

o

dy
Hy1 (g, k) — "EptL < Apmtl L H(g, k)

O+l = = n+1,1

Beilinson’s residue

Proof. We had already observed in Lemma 18 that the morphisms / induce a
morphism of bicomplexes. The spectral sequences E;  and “E;  both arise from
Lemma 19, so by the functoriality of the construction we get an induced morphism
of spectral sequences. In particular, all squares

d,
QK ’ SQrr
EP,(] Ep—r,q—',—r—l

| |

AT AT
Epg d, Ergtr—1



Adéle residue symbol and Tate's central extension for multiloop Lie algebras 37

commute, giving the middle square in our claim. The same applies to the edge
maps, giving the outer squares. (I

Absolutely analogously we obtain a cohomological counterpart

H'(g, k) — H""'(g, k)

i

H'g, g*) — H"(g, g%),

where we have a contracting homotopy for the lower row. We leave the details of
this formulation to the reader.

6. Concrete formalism

Let (A, (Il-i), 7) be an n-fold cubically decomposed algebra over a field k. In
Section 5 we have constructed a canonical morphism

res, : H,11(g, k) — k
T
H, (g, 9),

where g := Ay is the Lie algebra associated to A. By Lemma 23, its values on the
image of H,(g, g) — H,.1(g, k) can be computed via ®res,. In this section we
will obtain an explicit formula for the latter morphism.

Given the definition of ®res,, Lemma 19(4) tells us that it can be given explicitly
in terms of differentials of the ordinary Chevalley—Eilenberg complexes C(—), (see
Section 2) and contracting homotopies of the cube complex N* (see Lemma 16 and
its corollary), namely

resc=topioCdip) op=topH [ GiH (&)

i=l1,..., n

via the spectral sequence ®E . .- The contracting homotopy H depends on the choice
of a good system of idempotents; see Definition 14. Different choices will yield
formulas that may look different, but as ®res, (just like res, itself) was defined
entirely independently of the choice of any idempotents, all such formulas actually
must agree.

Suppose a representative 8 1= fo ® fi A--- A f, with fo, ..., f, € N is given
(note that N° equals g as a left-Ug-module by definition, so it is valid to treat
all f; on equal footing). We shall compute ®res, 0 in several steps, starting with
60.n := 20, then following
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0
|
91’,1 L 907,1 n
q
Y t 62
O <— Ou-11 1 P« +
\
9n+1,0 (i en,O 0
n+1 n n—1 .. 0

as prescribed by (6-1). This graphical arrangement elucidates the position of
the term of each step in the computation in the spectral sequence from which
(6-1) originates — see Lemma 19. However, for us each 6, , will be an E%-page
representative of the respective E*-page term. Finally ®res, 6 = t016,11.0. We
note that py, p» are just edge maps, that is, an inclusion of a subobject and a quotient
surjection. Hence, as we work with explicit representatives anyway, the operation
of these maps is essentially invisible (e.g., in the quotient case it just means that
our representative generates a larger equivalence class).
We will need a convenient notation for elements of this complex.

Notation A. We will write "
of the shape

pq p= Z Zepq plsi... ®f1/\'-'/\wa]/\'--/\ﬁ,p/\'--/\fn, (6-3)

< Wp S1...8p
e{l ..... n}

b, q P|A 5, € N7 for the summands in any expression

where

e (p,q — p) denotes the location of the element in the bicomplex as in (6-2),

e 51,...,8, €{0, 4+, —} denotes the component (= direct summand) of N? as in
@D, fi,.... fn €9,

o the additional superscripts wy, ..., w, € {1, ..., n} are used to indicate the
omission of wedge factors.

Note that the values 6 q|s vr ", are not necessarily uniquely determined since the

individual wedge tails need not be linearly independent.

Notation B. We also need a shorthand for the summands in any expression of the
shape

0 wp”wa Wp
p.q—p—1= p qlS]

SWp,We, Wh §7...8),
E{l,“.,n}

® [ fuws furd A LA Fun e Fwa o Fup o Fuy oo A fae (6-4)
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Again sy, ..., s, denotes the component in N”, wy, ..., w, omitted wedge factors.
Moreover, w, and wj denote two additional omitted wedge factors and simulta-
neously indicate that [ f,,,, fi,] appears as an additional wedge factor. As for the
. . WL Wpllwa, wp p . .
previous notation, the elements Gp 415151 € NP are not uniquely determined.

We will explain how these expressions arise soon.

Combinatorial preparation: We define for arbitrary 1 < p <n and wy, ..., w, €
{1, ..., n} asign function (generalizing the sign of a permutation):
P@WL, ..y wp) = (= 1y Zim Rk by, (6-5)

By abuse of language we do not carry the value p in the notation for p as it will
always be clear from the number of arguments which variant is used. It is easy to
see that p(wy) = +1 and p(w;, wy) = (—1)‘3'“'“"2. For p =n we have

p(wl,...,wn)=sgn<1 ”> (6-6)

wl ... wn
We shall need the inductive formula (which is easy to check by induction)

(—pftwiltsispstw=wptlp ) wp) = p(wr, .. wpa). (6-7)
Proposition 24. Suppose 6 := fy® fiA- - -A f,, with f; € No=g. Moreover, suppose
Pl'|r , ..., PN is a good system of idempotents as in Definition 14. Then for every
p = 0 the element 0,11 4 is of the shape as in (6-3) and for y ... y,—p € {+, —} we
have

9w1...wp
p+L.qlyiyn-p0-.0
p
p—1
1 " ey _ y _
= (—I)Zu:l(u-‘r )(_1)w1+ +wpp(w1, ey u)p)(_l)VH- +¥u pplyl o Pnipp y

* ety V) Va =) n
D GO (e ad(fu ) P - (P ad(fu) P

yr;ip#»l'“y}:‘e{i}

Here p(wy, ..., w)) is the sign function defined in (6-5). For p =0 the expression
p(wi, ..., wp) and the whole sum (Z{i}(- . -)) in (Z{i}(- . -))fo should be read
as +1 (giving the right-hand side of (6-8) below).

» Note that no terms of the shape as in (6-4) appear. This is not entirely obvious
in view of the definition of 812! — see (2-1).

o The formula does not compute 9:;'1"’1:(;'“'5" for arbitrary s; ...s, of degree

p—+ 1. This is due to the fact that we only have further use for the ones treated.

e For p <1 read Zf;]l (u+1) as zero.
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Proof. We prove this by induction. For p = 0 the claim reads
O glys.yy = (D) P P (6-8)

and in view of (4-7) this proves the claim in this case. Now we proceed by induction.
Assume the case p is settled, that is, in the notation of (6-3),

wi...wp
p+Lqlyr..¥n—p 0...0
P

0

is exactly as in our claim. Next, we need to apply the differential §, =§ g” + 6[[12] of
the Chevalley—FEilenberg resolution — see (2-1). The contribution of 8(5” will be
relevant, but for 54[12] we shall see that (after applying the next contracting homotopy)
the contribution vanishes. We treat each §l'l, i = 1, 2 separately:

(1) Consider 8!l in (2-1). The sum %; loc. cit. maps components indexed by
wi, ..., w, to components of 8[”9[,#, indexed by wj, ..., w, and an additional
wpp1 €41, ..., n}\{wy, ..., w,} —they correspond to the summands of 8[1]9%,,
and to the additional omitted wedge factor, respectively. Moreover, the formula
imposes signs (—1)'*!, but here i depends on the numbering of the wedges
(--+A---A---). In the notation of (6-3) the subscript j of f; does not necessarily
indicate the f; sits in the j-th wedge, due to the possible omission of wedge factors
Jwys -+ Juw, on the left-hand side of it. To compensate for that in the following
computation the term (—1)#will=i=pstwi<wpii} gppears, sign-counting the omis-
sion on the left of the new-to-be-omitted w, in the component of § [”9p+1,q. As
p remains constant, the indexing y; ... y,—,0...0 remains unaffected. We get the
expression

(5[1]9P+1’q);)li'fzp—t??;ll...yn_p&;g

p

p—1 .
= (_])Z{:] (u+1)(_1)wp+1+1(_1)#{w,-|1§z§p .t w; <wpy1} ad(prﬂ)
X (=D T p(wy, o wp) (=D P pnyi—;

* * (_V:— ) }’,:(_, (_ n*) Vzk
Xy (e T ad f, P < (B ad fuy P oo

Vo pi1-- Vi €{E}

Next, we need to apply the contracting homotopy H : N?*! — NP+2_ We have
p+1>1, so (4-5) applies. Note that for an index le .. )/J_p_lo. ..0 with
le e yrf_p_l € {£} and p+1 zeros (i.e., an index of degree p +2; compare (4-1)),
the corresponding index with one fewer O has degree p 4+ 1. Indices of the latter
type have been dealt with above. We obtain
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wawp+1
(58U, )" 000t
P p2g—11y .y, 0.0

p+l
+ T f }’+
— (P (W T T pP L plird
— (=) (=1) P BT
1\t Yamp-t V(n p=D+1 Wpl
% Z (-1 P (39p+1q)p+1q Uyt ¥n-p 007
ViseesVin-p-1)+1 €{} !

In principle the first factor is (—1)9%€(*) = (—1)?*2, but switching to p preserves
the correct sign. Next, we expand this using our previous computation and obtain
(by noting that many signs are squares and thus +1)

— (_1)25;11(”4‘1)(_ 1)P+1 (_1)y1T+-..+VJ,p,| (_ 1)#{w,~|1§i§p S.twi <wpy1}

Ve pe

;
ot v |
X (=D p(wy, L wp) Py P
_ Yn—p— ~Vn- Vi
DIISY G SRR e P T
Vo pElt) Yi-eVu—p-1€{£}
X Z (_1))/,1*7]&14-“.—&—)/,;"
Ya—pri1-Ya €1E) (=Y ps)

X (Pn—p—;l d(pr i’ pp_tll) . (Prf_yn*)ad(fwl)Pny:)f&

The sum in parentheses is the identity since for all i we have Pl.Jr + P~ =1by
Definition 14. Up to the naming of the indices, and after using (6-7), this is exactly
our claim in the case p + 1 (and this is true despite the fact that we have only
considered 8!!! so far, because we shall next show that the contribution from H o §?!
vanishes).

(2) Consider 8([]2] in (2-1). Using the notation of (6-3) we may write

— Wp r r
Op+iq = @ Z 9p+1q|s1 Sn ®f1/\fwl"'pr/\f"'
deg(sy...s, +1 Wi..
2(51...80)=p el n}

pairw. diff.
Therefore
2
8! ]9p+1,q
- B Y X v
deg(s;...sp)=p+1 Wi- Wp+1<Wp+2
efl..., n} e(l,...n\{wy..wp}

pairw. diff.
X (_1)#{w,-|l§i§p S.t. wi<wp+1}(_ 1)#{wi|1§i§p s.t. w,-<wp+2}

wi...Wp

X Qp-i-.l”,qlsl...sn ® [pr+1’ pr+2] AVIRA fW1 U pr+1 o 'pr+2 T pr A fn-
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The two powers of —1 on the middle line of the right-hand side appear since the
original summand in 8! carries the sign (—1)*/, so we need to compute the number
of the wedge slot correctly, respecting the omitted wedge factors; compare with
the discussion in the first part of this proof. We observe that the first wedge factor
remains unchanged under §!?!. Hence, when we apply the contracting homotopy
H in this induction step and in the next again, the summand will vanish thanks to
H? = 0; see (4-4). It will not do harm to verify this explicitly: We use the notation
of (6-4) and write the above in terms of
2 W1 Wy | Wpt1,Wpt2

(5[ ]917+1,q)p+1,qp—1|spl+...sn r

= (= l)wp+1+wp+2(_ 1)#{w,‘|1§i5p s.t. w,-<wp+1}(_ 1)#{wi|1§i§p s.t. wi<wp+2}9;‘1'1“”;’f;lmsn.
Next, we apply the map H : NPT! — NP*2 of (4-5). Then for indices s ...s, =
y]T e y;_p_]O. ..0and y]T e y;_p_] € {%} (which is of degree p 4 2) we obtain
the expression

Wi Wp [ Wpt1,wpt2
(H8[2]0 1 ) P P p
P i g1y ), 0.0

—~—
p+1
T T
_ "1 . ynfpfl Z _ () —Vn—p pW1...Wp
- Pl Pn—p—l ( 1) P'l—P 9p+1,q|y1...y,1,p 0..0 >
Ve VampElt) 5

where we have plugged in our previous computation and started to disregard the
precise sign. We know the last term of this expression by our induction hypothesis
and therefore obtain

4 +

_ Y Yn—p—1 (...) p~Vn— 4! Vn—

—Pll"'Pnfppfl Z Z (=D P, P P
V1. Yn—p€it} yn*_,}+1...y,f€{i}

=y ) Yo =5 i
x (Pt ad(fu, )Py 1) - (Pa 7 ad(fu) PY) fo.

As the P", ..., P, commute pairwise, the same holds for all PE, ..., PF (by
Definition 14). Thus, the underlined expression can be rearranged to

~Vn— Vn—
P, Ppn_pﬂ e
But
PP =P 1-P")=0

because PI.Jr is an idempotent. The same holds for P;~ Pi+. Hence, in all the indices
S1, - - ., Sy relevant for our claim H8?10,, , is zero. O

This readily implies the following key computation:
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Theorem 25 (main theorem). Let (A, (Iii), T) be an n-fold cubically decomposed
algebra over a field k. Then

Dres.(fo® fin--- A fn)
= —(—1)(n_2l)nr Z sgn(rr)

Ted,
% Z (_1)y1+.~.+yn(Pl—V1 ad fJT(l)Plyl) o (Pn_Vn ad fn(n)Pny")fo,
V1 Yn€{L}
where Pl+ ..., Pt is any system of pairwise commuting good idempotents in the

sense of Definition 14 (the value does not depend on the choice of the latter).
Analogously,

(Pres* @) (fi A A f)(fo) =@ - Presi(fo® fin--- A fu)

forevery ¢ € k.

We remark that one can also write the above formula as

resc(fo® fin- A fu) =
.

_(—1) zl)n - Z sgn(]‘[) Z (_1)V1+~--+V;1(P1_Vl f][(l) Plyl) . (Pn—yn fﬂ(n)Prz/”)fO

e, Y1--Ya€{E}

since for any expression g we have

Pi*Vi ad(fw)PiVig — Pi*)’i [fw» P_)’ig] — P[_*Vi fw Piyig _ Pi*Vi Pi)’i gfw

1

=P " fuP"g (6-9)
since P, " P/ = (1— P")P"" =0 and P/ is an idempotent.
Proof. Use Proposition 24 with p =n. Plugging these components into the shorthand

notation of (6-3) we unwind for ®res,(fo ® fi A--- A f,) the formula

112+n

= —1(=1)"

Z o(wy, ..., wn)(—l)w1+"'+wn
Wi...Wy
={1,...,n}

x> (=P ad(f, )P - (P ad (fu) PY fo.
Y1...vn€{E}

We can clearly replace wy, ..., w, by a sum over all permutations of {1, ..., n}. In
order to obtain a nice formula (in the above formula the P; appear in ascending order,
while the w; appear in descending order), we prefer to compose each permutation
with the order-reversing permutation w; :=m(n —i + 1); hence,
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Cres (fo® fin-- A fn)
=—t(="F Y o), ..., mA(=D

Ted,
X Z (=Dt P ad(fr ) PUY - (P ad(fr ) PI fo.
V1 Yn€{E}

To conclude, use (6-6) and the (easy) fact that the order-reversing permutation has

sign (—1)"~D"/2_giving the sign of our claim. (]
Proof of Theorems 1 and 2. We define & := E"(k), where E is the functor defined
in Section 1.1. As already discussed in Section 1.1 this contains k[tli, R t;—L] as

a Lie subalgebra, acting as multiplication operators x +— f - x. It is also easily
checked that the differential operators tf DR 0;, can be written as infinite matrices.
If g is a finite-dimensional Lie algebra, observe that & = E" (k) and E" (Endk(g))
are actually isomorphic. If g is simple, it is centerless, so the adjoint representation
gives an embedding g < End(g), and thus

glt, ..., tF] < E"(Endi(g)) ~ E" (k) = ®.

This shows that all Lie algebras in the claim are subalgebras of &. As shown in
Section 1.1, & is a cubically decomposed algebra, so we define ¢ as in Definition 20,
¢ :=res*(1). Since we work with field coefficients, the universal coefficient theorem
for Lie algebras tells us that

H"(g,k) = Hyp1 (g, k)%,

that is, knowing the values of a cocycle only on Lie cycles (instead of all of /\"g)
determines the cocycle uniquely, res*(1)(«) = res, . However, by Lemma 23
we may evaluate the cocycle on the image of I by using ®res, instead. Using
Theorem 25 we get an explicit formula for ®res*(1), proving Theorem 2. Using
the explicit formula, it is a direct computation to check that for n =1 the cocycle
agrees with the ones mentioned in the claim of Theorem 1. U

7. Application to the multidimensional residue

In this section we will show that the Lie cohomology class of Definition 20 naturally
gives the multidimensional (Parshin) residue.

We work in the framework of multivariate Laurent polynomial rings over a
field k; see Section 1.1. In other words, as our cubically decomposed algebra we
take an infinite matrix algebra A = E" (k) and g = Apj.. Via (1-4) it acts on the
k-vector space k[tli, R t,f]. The latter, now interpreted as a ring, also embeds
as a commutative subalgebra into A. In order to distinguish very clearly between
the subalgebra of A and the vector space it acts on, we shall from now on write
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k[tli, ... i] for the k-vector space. Thus, when we write #; we always refer to
the assoc1ated multiplication operator x — t; - x in A, e.g., " - tl = th

Following [Beilinson 1980, Lemma 1(b)] we may introduce a (not quite well-
defined?) “map”

.....

As k[tli, e, t}] is commutative, the f; commute pairwise and thus fo A--- A f},
is indeed a Lie homology cycle.

Theorem 26. The morphism

k

IesS, oXx : Qk[tl ok —

(with s as in (7-1) and res, as in Definition 20) for ¢; ; € Z is explicitly given by

Cl,] cl’l,l
t;Ol . COn d(tLll . Cln)/\ /\d(t(/nl . Lnn) _( 1) det

whenever ZZ:O cp,i =0 and is zero otherwise. In particular —(—1) 2 (resy o x)
is the conventional multidimensional (Parshin) residue.

The complicated sign —(— 1) * should not concern us too much; it is an artifact
of homological algebra. Just by changing our sign conventions for bicomplexes,
we could easily switch to an overall opposite sign. Letting ¢; ; = §;—; fori, j €
{1,..., n} gives the familiar

CO,n
—(— 1) res*(atl by NN A ly) =8¢ =1+ 8¢y, =—14

for a € k. In particular this assures us that the map res, gives the correct notion of

residue: it is the (—1, ..., —1)-coefficient of the Laurent expansion.

Proof. After unwinding x it remains to evaluate res,(fo A fi1 A --- A f) for
fi=t C’l cety™ (i =0,...,n). Clearly fo® fi A---A fyis acycle in H,(g, g),
and so by Lemma 23 we may use ®res, instead of res,. Then Theorem 25 reduces
this to the matrix trace

s Z sgn(mw)T M, (7-2)

Ted,

reSi (oA JIA A fu) =

31t does not respect the relation d(ab) = b da + a db; this artifact already occurs in [Beilinson
1980]. However, this ambiguity dissolves after composing with the residue (as in the theorem) and it
is very convenient to treat this as some sort of a map for the moment.
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where

Mpi= 3 ()PP L PEY e (P iy P fo
Y1 Yn€{L}

For the evaluation of T M, fix a permutation 7 and pick the (pairwise commuting)
system of idempotents given by

n

Preft -ty =8 0t 1) (with Ay, ..., Ay €2). (7-3)

Next, observe that the Laurent polynomial ring W := k[tli, cees t,;t] is stable (i.e.,
¢W C W) under the endomorphisms fy, ..., f, and the idempotents Pl.i, and
therefore under M. Hence, it follows that it suffices to evaluate the trace of M,

on the k-vector subspace k ti, ..., t*]. We compute successivel
P 1 n p y
s A AM+ck Antcy,
kaj tll"'tn"ZS)»,fiotl ety "
— 4 A A Artcrn Antck,
P] kaJ tll"'tn"=5051j<76k,jt1 ...tnn n’

and analogously for P].Jr Jr P, We find

Z (_1))’.1'(1)],_]/-"ka}/-")11*1 et

vi€lE) Mt Ao
= (80§Aj<—ck_j - S—Ck.jf}\,j <0)t11 wr tn o . (7_4)

Subclaim. Writing w; := (i) we have

n
eIl -
Mﬂtl T tl’l - (aofki+co,i+z7)=i+] Cqu.i <7Cw[,i 876w1~,i§}“i+co,i+z;=i+1 pr.i <0)
i=1

x ti\l+CO.l+Z;=1 pr,l . t:ltn“l‘CO,nJFZ;',:l Cuvp,n. (7_5)
(Proof of subclaim. Define fori =1, ..., n + 1 the truncated sum
Mz(rl) = Z (_l)yi+~.-+7/n (Pi_yi fw,- Pl_)/i) . (Pn—}’n fwn Pn)/n):| fo
Yi--yn€{£}
so that MY = M, and M = £,. We claim that
; A+co1+ S “wp, )\n+',n+ n:i “wp,n
R e I A (7-6)
for some factor o € {£1, 0}. Fori =n + 1 this is clear since fo=1#""---£,"", in

particular « = 1. Assuming this holds for i 4 1, for i we get by using (7-4) (with
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the appropriate values plugged in: j :=i and k := w;, and A; as in (7-6))

i) A i p—Yi i i A
MPH = Y (=) f, PPYMETVE g

b4
vie{£}
- (80<)\,+» ._;’_Z” y cc—Cyy _8_» i <A+ ._;’_Z” y <O)
=ATC0,i p=i+1Cwp,i Cw; i Cw; i SATCO,i p=i+1Cwp,i
)\1+C0,1+Z”:* 1Cw Atcw; 1 )\n"‘CO,n"‘Zn:‘ 1Cw ntCw: n
at prE Ty R (T-T)

This proves our claim for all i by induction. We observe that the prefactor « in
each step just gets multiplied with the expression in (7-7), giving the product in our
claim.)

Next, we need to evaluate the trace of M, as given in (7-5). The endomorphism
is nilpotent unless

n
co,1 + Z Cu,i = 0 for all i. (7-8)
p=1
We remark that wy, ..., w, is just a permutation of {1, ..., n}, so these conditions

can be rewritten as Z;ZO ¢p,i = 0. In the nilpotent case the trace is clearly zero.
Hence, we may assume we are in the case where (7-8) holds. Using these equations
and the useful convention w, | := 0, our expression for M, simplifies to

Mntl)‘l e

n
n
- —_ Al DR )\’Vl -
- 1_[(805114’222;,1 pr,i <7Cwi,i SOSAi+Cwi,i+Z:l,ill'+1 pr.i <Cwi,i)t1 tn : (7 9)
i=1

The endomorphism M, is visibly diagonal of finite rank and we may reduce the
computation of the trace to a (finite-dimensional) stable vector subspace. A finite
subset of the tf‘ ---t,f" (A1, ..., Ay € Z) provides a basis. We see in (7-9) that
M, acts diagonally on these basis vectors with eigenvalues +1 or 0. Moreover,
for each i we either have ¢, ; > 0 or ¢, ; <0, which shows that each bracket
of the shape (8p<)<—c — 6—c<i<0) in (7-9) either attains only values in {41, O}
when we run through all Ay, ..., A, € Z, or only values in {—1, 0}. This shows that
we only need to count (with appropriate sign) the nonzero eigenvalues of M, in
order to evaluate the trace. Note that our finite subset of tlk b t,? "M, ..., A E€Z)
indexes a basis, so we need to count the number of such basis vectors with nonzero
eigenvalue. We introduce the nonstandard shorthand | x| := min(0, x). Inspecting
(7-9) shows that when running through A; we have

e |—cy, ;] times the eigenvalue 41,

e |+cy, ;] times the eigenvalue —1.



48 Oliver Braunling

The value of a fixed bracket (6p<j<—c — 6—c<x<0) — when nonzero —is always
either +1, or always —1. Thus, the number of nonzero eigenvalues is simply the
number of elements within the hypercube such that each A; lies within the range of
length |£c,, ;] counted above, and therefore

My = [ [(l=cw.i) = l+ew.iD) = [ [(=cw.) = (D" [ ] exiri

i=1 i=1 i=1
(because |—a] — |la] = —a for all a € Z). We plug this into (7-2) and recognize
the usual formula for the determinant. This finishes the proof. ([

We are now ready to prove the remaining theorems from the introduction:

Proof of Theorems 4 and 5. We use Theorem 26 to obtain Theorem 4(2). Then
Theorem 4(3) follows as a special case. For Theorem 4(1) use the shorthands
= Pfr = P (following both the notation of Arbarello, de Concini and Kac and
ours). On the one hand we compute

[, filfo=1[P, filfo= Pfifo— fiPfo=1[Pfo, fil
= (PT+ PP fo. fi
= P[P fo. il + PT[P™ fo, fi]
= P[P fo, fil = PTLP™ fo. f1l.
where for the last equality we used that [P fy, fil+ [P~ fo, f1] = [fo, f1]1 = 0.

On the other hand, we unwind

res fodfi = (=D'tr Y (=D"(P " ad(fz 1)) P{") fo

y1€{x}
=—P[f1. P fol + PTLf1, P[ fol

and these expressions clearly coincide. Finally Theorem 5 is true since we use
the cocycle defined in Definition 20, which is constructed exactly as stated in
Theorem 5. U

8. Application to multiloop Lie algebras

Suppose k is a field and g/k is a finite-dimensional centerless Lie algebra (e.g.,
g finite-dimensional, semisimple). Then the adjoint representation ad : g < Endy (g)
is injective. Thus, we obtain a Lie algebra inclusion

i:glty, ... ;1< E"(Endi(9))Lic,

where E is the functor described in Section 1.1 (the right-hand side is equipped
with the Lie bracket [a, b] = ab — ba based on the associative algebra structure).
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Thus, we have the pullback
i*: H"(E" (Endp(@))Lie, k) — H™ (@It ... 671, 0,
which we may apply to the class res*(1) — see Definition 20.

Theorem 27. Suppose k is a field and g/ k is a finite-dimensional centerless Lie
algebra. For Yy, ..., Y, € gwe call

B(Yo, ey Yn) = trEndk(g)(ad(YO) ad(Yl) e ad(Yn)) (8—1)

the “generalized Killing form”. For n =1 and if g is semisimple, this is the classical

Killing form of g.

(1) Then on all Lie cycles admitting a lift under I as in (0-1), the pullback
i*res*(1) H”“(g[tli, e, t;—L], k) is explicitly given by

BV - 07 Ao AV )

2

n
n“+n
=—(=D"7" > sgn(m)BYrys - - Yaimy: YO [ [ i
Ted, i=1
whenever ZZ:O cpi =0forallie{l,...,n}, and it vanishes otherwise.

(2) If g is finite-dimensional and semisimple and n =1, then i*res"(1)e H 2(g[t1i], k)
is the universal central extension of the loop Lie algebra g[t,, t; 1 giving the
associated affine Lie algebra g (without extending by a derivation),

0— kc)—>g— glti, ;'] 0.
Proof. (1) By Lemma 23, Theorem 25 and (5-2) the cocycle is explicitly given by

res*(D(fo A A f) =Cres* (D(fo® fin---Af)=T Y sgn(w)My,
Ted,
where

M, = Z (_1)V1+---+Vn (PI*)/I f]‘[(l)Plyl) . (Pn—yn fzr(n)Pny")fO-
Yi-Ya€lE)

Note that M, € E"(Endi(g)). As we consider the pullback of the cohomology

class along i : g[tli, - tni] < E"(Endi(g))Lie, it suffices to treat elements
fi=Yit;" 1" witheir, ..., ¢ €Z (fori =0, ...,n)and Y; € g. Note that by
our embedding i an element f; is mapped to the endomorphism ad(Y;);"" - - - #,""

in E"(Endi(g)). Let 7 € &, be a fixed permutation. In order to compute the
trace, it suffices to study the action of M, on the basis elements X tlA Lo t,?” of
g[tli, R tni], where Ay,..., A, € Z and X € g runs through a basis of g. We
denote them with bold letters #; instead of #; to distinguish clearly between a basis
element and #; as an endomorphism ¢; : x — ¢; - x in E”(Endy(g)). As in the proof
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of Theorem 26 we compute

- )\. )"Yl ,n
P.i ka;_Xt{Ll o 'tin = 805)\j<—6k,j ad(Yp) Xt e Iy ek )
and as a consequence we find
i opYi Vi v gh
D ORI RPIXE
il Tt AntChn
= (805}»/<7ck_j - 87Ck./'5)\,j<0) ad(Yk)th R ty o .

With an inductive computation entirely analogous to (7-5) we find

n
A n —
M]-[th T tn - (805)\i+co,i+22:,‘+1 Cu,'p,i <_Cw,-,i 8_011,',-,iS)Li“l‘co,i"'ZZ:H»l Cu,'p,i <0)

=1 M+ ocpt A0 Cpn

x ad(Yy,) - - -ad(Yy,) ad(Yo) Xt, r S - r ,

where w; := 7w (i). Unless Vi : ZZ:O ¢p,i = 0 holds, M} is clearly nilpotent and

thus has trace T M, = 0. This condition is clearly independent of 7, showing that

(@*res*(1))(foA---A f) =0 in this case. From now on assume Vi : Z’;:o
Then M, respects the decomposition

A
oltf....1= [ ety
Mg €2

Cp,i =0.

and therefore (as t is essentially a trace) tM, = Zkl,...,/\n ™M, |gtf' g For each
summand of the latter we obtain
n
™™, |gt1*1 i 1_[(505x,-+co,,«+2’},=,.+] Cupi<—Cupi ~ Oy i Zhiteo i+ iy Cupi<0)
= x tr(ad(Yy,) - - -ad(Yy, ) ad(Yp)).

The trace term is independent of A1, ..., A, (and in the shape of (8-1)), so we may
rewrite T M, as

tM; =By, ..., Yy, Yo)
n
X z : H(80§Ki+co,i+2'p':i+1 Cwp,i<—Cuwji S_Cztzi,if}‘-i+co,i+zrpl:i+1 Cw,,,i<0)'
A =

For the evaluation of the sum ) 3., We can apply the same eigenvalue count as
in the proof of Theorem 26. This time instead of counting eigenvalues, we count
nonzero summands. This yields

n
Ty = (=1)"BYu,, . Yu,. Yo) [ [ cw.i
i=1
and thus our claim.
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(2) For n = 1 we obtain

(i* res* (1) (Yot, "' AY18]"") = —c1.18¢, 4¢1,=0B(Y1, Yo).
This is well-known to be the defining cocycle of the affine Lie algebra g (usually
with a positive sign, but the class is only well-defined up to nonzero scalar multiple
anyway). |

The natural further cases of the Virasoro algebra as well as affine Kac—Moody
algebras (i.e., g extended by derivations) will be discussed elsewhere. The compu-
tations become more involved, but no further ideas are needed.

Acknowledgements

I am very thankful to Ivan Fesenko and Matthew Morrow for many valuable
discussions, especially on an adele interpretation. I thank the research group of
Professor Marc Levine for the stimulating scientific environment. I heartily thank the
anonymous referee for greatly improving the presentation, especially in Section 4,
and observing the fact H 2 =0 in (4-4), which clarifies a crucial cancellation in the
proof of Proposition 24.

References

[Arbarello et al. 1989] E. Arbarello, C. De Concini, and V. G. Kac, “The infinite wedge representation
and the reciprocity law for algebraic curves”, pp. 171-190 in Theta functions, Part 1 (Bowdoin
College, Brunswick, ME, 1987), edited by L. Ehrenpreis and R. C. Gunning, Proc. Sympos. Pure
Math. 49, Amer. Math. Soc., Providence, RI, 1989. MR 90i:22034 Zbl 0699.22028

[Beilinson 1980] A. A. Beilinson, “Residues and adeles”, Funktsional. Anal. i Prilozhen. 14:1 (1980),
44-45. MR 81£:14010 Zbl 0509.14018

[Beilinson et al. 1991] A. A. Beilinson, B. L. Feigin, and B. C. Mazur, “Notes on conformal field
theory”, unpublished, 1991, Available at http:/www.math.sunysb.edu/~kirillov/manuscripts.html.

[Feigin and Tsygan 1983] B. L. Feigin and B. L. Tsygan, “Cohomology of Lie algebras of gen-
eralized Jacobi matrices”, Funktsional. Anal. i Prilozhen. 17:2 (1983), 86—-87. MR 85¢:17008
7Zbl 0544.17011

[Fesenko 2010] I. Fesenko, “Analysis on arithmetic schemes, 11, J. K-Theory 5:3 (2010), 437-557.
MR 2011k:14019 Zbl 1225.14019

[Fesenko and Kurihara 2000] I. Fesenko and M. Kurihara (editors), Invitation to higher local fields,
Geometry & topology monographs 3, Geometry & topology, Coventry, England, 2000. Papers from
the conference held in Miinster, August 29—September 5, 1999,. MR 2001h:11005 Zbl 0954.00026

[Frenkel 1987] I. B. Frenkel, “Beyond affine Lie algebras”, pp. 821-839 in Proceedings of the
International Congress of Mathematicians (Berkeley, CA, 1986), vol. 1, 2, edited by A. M. Gleason,
Amer. Math. Soc., Providence, RI, 1987. MR 89g:17018 Zbl 0668.17016

[Frenkel and Zhu 2012] E. Frenkel and X. Zhu, “Gerbal representations of double loop groups”, Int.
Math. Res. Not. 2012:17 (2012), 3929-4013. MR 2972546 Zbl 06088719

[Huber 1991] A. Huber, “On the Parshin—Beilinson ad¢les for schemes”, Abh. Math. Sem. Univ.
Hamburg 61 (1991), 249-273. MR 92k:14024 Zbl 0763.14006


http://msp.org/idx/mr/90i:22034
http://msp.org/idx/zbl/0699.22028
http://msp.org/idx/mr/81f:14010
http://msp.org/idx/zbl/0509.14018
http://www.math.sunysb.edu/~kirillov/manuscripts.html
http://www.math.sunysb.edu/~kirillov/manuscripts.html
http://msp.org/idx/mr/85c:17008
http://msp.org/idx/zbl/0544.17011
http://dx.doi.org/10.1017/is010004028jkt103
http://msp.org/idx/mr/2011k:14019
http://msp.org/idx/zbl/1225.14019
http://dx.doi.org/10.2140/gtm.2000.3
http://msp.org/idx/mr/2001h:11005
http://msp.org/idx/zbl/0954.00026
http://msp.org/idx/mr/89g:17018
http://msp.org/idx/zbl/0668.17016
http://dx.doi.org/10.1093/imrn/rnr159
http://msp.org/idx/mr/2972546
http://msp.org/idx/zbl/06088719
http://dx.doi.org/10.1007/BF02950770
http://msp.org/idx/mr/92k:14024
http://msp.org/idx/zbl/0763.14006

52 Oliver Braunling

[Hiibl and Yekutieli 1996] R. Hiibl and A. Yekutieli, “Adeles and differential forms”, J. Reine Angew.
Math. 471 (1996), 1-22. MR 97d:14026 Zbl 0847.14006

[Jimbo and Miwa 1983] M. Jimbo and T. Miwa, “Solitons and infinite-dimensional Lie algebras”,
Publ. Res. Inst. Math. Sci. 19:3 (1983), 943-1001. MR 85i:58060 Zbl 0557.35091

[Kac and Peterson 1981] V. G. Kac and D. H. Peterson, “Spin and wedge representations of infinite-
dimensional Lie algebras and groups”, Proc. Nat. Acad. Sci. U.S.A. 78:6, part 1 (1981), 3308-3312.
MR 82j:17019 Zbl 0469.22016

[Kac and Raina 1987] V. G. Kac and A. K. Raina, Bombay lectures on highest weight representations
of infinite-dimensional Lie algebras, Advanced series in mathematical physics 2, World scientific,
Teaneck, NJ, 1987. MR 90k:17013 Zbl 0668.17012

[Loday 1992] J.-L. Loday, Cyclic homology, Grundlehren der Mathematischen Wissenschaften
[Fundamental principles of mathematical sciences] 301, Springer, Berlin, 1992. MR 94a:19004
Zbl 0780.18009

[Morrow 2010] M. Morrow, “An explicit approach to residues on and dualizing sheaves of arithmetic
surfaces”, New York J. Math. 16 (2010), 575-627. MR 2012a:14061 Zbl 1258.14031

[Neher 2011] E. Neher, “Extended affine Lie algebras and other generalizations of affine Lie algebras—
a survey”, pp. 53-126 in Developments and trends in infinite-dimensional Lie theory, edited by
K.-H. Neeb and A. Pianzola, Progr. Math. 288, Birkhéduser, Boston, 2011. MR 2011m:17055
Zbl 1261.17023

[Tate 1968] J. Tate, “Residues of differentials on curves”, Ann. Sci. Ecole Norm. Sup. (4) 1 (1968),
149-159. MR 37 #2756 Zbl 0159.22702

Communicated by Mikhail Kapranov
Received 2012-06-16 Revised 2013-04-14 Accepted 2013-09-09

oliver.braeunling@uni-due.de Fakultit fiir Mathematik, Universitdt Duisburg-Essen,
Thea-Leymann-Strale 9, 45127 Essen, Germany
http: //www.esaga.uni-due.de/oliver.braeunling/

mathematical sciences publishers :'msp


http://dx.doi.org/10.1515/crll.1996.471.1
http://msp.org/idx/mr/97d:14026
http://msp.org/idx/zbl/0847.14006
http://dx.doi.org/10.2977/prims/1195182017
http://msp.org/idx/mr/85i:58060
http://msp.org/idx/zbl/0557.35091
http://dx.doi.org/10.1073/pnas.78.6.3308
http://dx.doi.org/10.1073/pnas.78.6.3308
http://msp.org/idx/mr/82j:17019
http://msp.org/idx/zbl/0469.22016
http://msp.org/idx/mr/90k:17013
http://msp.org/idx/zbl/0668.17012
http://msp.org/idx/mr/94a:19004
http://msp.org/idx/zbl/0780.18009
http://nyjm.albany.edu:8000/j/2010/16_575.html
http://nyjm.albany.edu:8000/j/2010/16_575.html
http://msp.org/idx/mr/2012a:14061
http://msp.org/idx/zbl/1258.14031
http://dx.doi.org/10.1007/978-0-8176-4741-4_3
http://dx.doi.org/10.1007/978-0-8176-4741-4_3
http://msp.org/idx/mr/2011m:17055
http://msp.org/idx/zbl/1261.17023
http://www.numdam.org/item?id=ASENS_1968_4_1_1_149_0
http://msp.org/idx/mr/37:2756
http://msp.org/idx/zbl/0159.22702
mailto:oliver.braeunling@uni-due.de
http://www.esaga.uni-due.de/oliver.braeunling/
http://msp.org

ALGEBRA AND NUMBER THEORY 8:1(2014)
dx.doi.org/10.2140/ant.2014.8.53

On the number of cubic orders of bounded
discriminant having automorphism
group C3, and related problems

Manjul Bhargava and Ariel Shnidman

For a binary quadratic form Q, we consider the action of SO on a 2-dimensional
vector space. This representation yields perhaps the simplest nontrivial example
of a prehomogeneous vector space that is not irreducible, and of a coregular
space whose underlying group is not semisimple. We show that the nondegen-
erate integer orbits of this representation are in natural bijection with orders in
cubic fields having a fixed “lattice shape”. Moreover, this correspondence is
discriminant-preserving: the value of the invariant polynomial of an element in
this representation agrees with the discriminant of the corresponding cubic order.

We use this interpretation of the integral orbits to solve three classical-style
counting problems related to cubic orders and fields. First, we give an asymp-
totic formula for the number of cubic orders having bounded discriminant and
nontrivial automorphism group. More generally, we give an asymptotic formula
for the number of cubic orders that have bounded discriminant and any given
lattice shape (i.e., reduced trace form, up to scaling). Via a sieve, we also count
cubic fields of bounded discriminant whose rings of integers have a given lattice
shape. We find, in particular, that among cubic orders (resp. fields) having lattice
shape of given discriminant D, the shape is equidistributed in the class group Clp
of binary quadratic forms of discriminant D. As a by-product, we also obtain
an asymptotic formula for the number of cubic fields of bounded discriminant
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1. Introduction

An order in a cubic field (or cubic order for short) has either 1 or 3 automorphisms.
The number of cubic orders with trivial automorphism group and bounded discrim-
inant,! and the corresponding number of fields, were computed asymptotically in
the classical work of Davenport and Heilbronn [1971]. A corresponding asymptotic
formula for the number of cubic fields with an automorphism of order 3 (called
Cs-cubic fields) was obtained by Cohn [1954], but a formula for C3-cubic orders
has not previously been obtained. In this article, we prove the following theorem:

Theorem 1. The number of cubic orders having automorphism group isomorphic
to a cyclic group of order 3, and discriminant less than X, is

o2 1/4
. ﬁX +O0(X).

More generally, we prove asymptotics for the number of cubic orders having any
given “lattice shape”. To be more precise, a cubic ring is a commutative ring with
unit that is free of rank 3 as a Z-module. Such aring R is endowed with a linear map
Tr: R — Z called the trace, which sends z € R to the trace of the endomorphism
xZ : R — R defined by multiplication by z. The discriminant Disc R of a cubic
ring R with Z-basis a1, a2, a3 is defined to be det(Tr(c; o)) € Z. A cubic order is
a cubic ring that is also an integral domain.

For a cubic ring R, the restriction of the trace form Tr(z?) to the trace-zero part
of Z+3R is an integer-valued binary quadratic form. If R has nonzero discriminant,
then, via a choice of basis, this form can be written as nQ(x, y), where Q is a
primitive integral binary quadratic form and # is a positive integer. We define the
shape of R to be the GL,(Z)-equivalence class of the binary quadratic form Q(x, y).
Since it is often convenient, we will usually refer to Q itself (or an equivalent form)
as the shape of R.?

If Q is a primitive integral binary quadratic form, then we define N3(Q, X)
to be the number of cubic orders having shape Q and absolute discriminant less
than X. It is easy to see that, by definition, the shape Q of a cubic ring cannot be
negative definite; hence all quadratic forms Q in this paper are assumed to be either
positive definite or indefinite. The following theorem gives an asymptotic formula
for N3(Q, X) as X — o0.

IWhen referring to the number of cubic orders or fields with a given property, we always mean the
number of such objects up to isomorphism.

2The shape of R may also be described in terms of the restriction of the trace form Tr(z2) to the
projection of the lattice R onto the plane in R ® @ that is orthogonal to 1. This yields the binary
quadratic form (n/3) Q(x, y), and so scaling by n/3 again gives the primitive integral binary quadratic
form Q, which we call the shape. We prefer to use our definition in terms of Z 4 3R, as then we can
work integrally and do not have to refer to R ® Q.
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Theorem 2. Let Q be a primitive integral binary quadratic form with nonsquare
discriminant D. Set « = 1 if 3| D and o = 0 otherwise. Set B =1 if D > —4 and
B = 0 otherwise. Set y = 1 if Q is ambiguous’ and y = 0 otherwise. Then

34832 11, xp)
27 h(D)/IDI

Here, L(s, xp) is the Dirichlet L-function associated to the primitive quadratic
character xp of conductor D and i(D) denotes the size of the narrow class group
of binary quadratic forms of discriminant D up to SL;(Z)-equivalence.

A cubic ring has three automorphisms if and only if its shape is equivalent to the
quadratic form Q(x, y) = x2 4+ xy+ y? (see proof of Theorem 14). Thus, for this
choice of Q, the quantity N3(Q, X) is the number of cubic orders with discriminant
less than X that have three automorphisms, and Theorem 1 follows from Theorem 2.

The main term in Theorem 2 is nearly a function of the discriminant D of Q;
only the factor of 2V depends on the particular equivalence class of Q. With this
in mind, we introduce the notion of an oriented cubic ring, which is a pair (R, §)
consisting of a cubic ring R and an isomorphism & : AR — Z. We usually refer to
an oriented cubic ring (R, §) simply as R, with the accompanying isomorphism §
being implied. The shape of an oriented cubic ring R is defined as before, but now
using oriented bases and SL,(Z)-equivalence.

We define N3OI(Q, X) to be the number of isomorphism classes of oriented
cubic orders having shape Q and absolute discriminant less than X. Notice that
Q(x, y) is ambiguous if and only if its GL;(Z)-equivalence class coincides with
its SLy(Z)-equivalence class. If Q is not ambiguous, then its GL,(Z)-class splits
into two SL,(Z)-classes. In other words,

N3(Q, X) = X2+ oxV*.

N9'(Q, X) =27 N3(Q, X),
where y is defined as in Theorem 2. Thus Theorem 2 is equivalent to the following.

Theorem 3. Let Q be a primitive integral binary quadratic form with nonsquare
discriminant D. Set o =1 if 3| D and a = 0 otherwise, and set $ =1 if D > —4
and B = 0 otherwise. Then

332 LA, xp)
h(D)+/|D]

In particular, among oriented cubic orders with shape of discriminant D, the shape
is equidistributed in the class group Clp of binary quadratic forms of discriminant D.

NY'(Q, X) = X2 4 0x'4.

3Recall that a quadratic form Q(x, y) = rx? + sxy + 1y is said to be ambiguous if there is
an automorphism of Q in GL,(Z) with determinant —1. Equivalently, Q is ambiguous if it is
SL, (Z)-equivalent to the form Q" = rx2 — sxy +1y2.
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The exponent ‘—11 in the error term in Theorem 3 is optimal. If we count cubic
rings (instead of just cubic orders) having shape Q, then we find that the main term
in Theorem 3 stays the same (that is, the number of cubic rings of a given shape Q
that are not orders in cubic fields is negligible), but the error term becomes smaller.

Via a suitable sieve, we use Theorem 3 to determine asymptotics for the number
M3(Q, X) (resp. M3Or (Q, X)) of maximal cubic orders (resp. maximal oriented
cubic orders) having shape Q and discriminant bounded by X. Thus M3(Q, X)
is the number of cubic fields with absolute discriminant less than X whose rings
of integers have shape Q. As before we have M30r(Q, X) =2YM3(Q, X), where
y =1 if Q is ambiguous and y = 0 otherwise.

Theorem 4. Let Q be a primitive integral binary quadratic form of discriminant D.
Suppose that either D or — D /3 is a nonsquare fundamental discriminant. Set o = 1
if 3| D and o = 0 otherwise. Also, set 8 = 1if D > —4 and = 0 otherwise. Then

M (Q, X)
30l+,3+1/2 D) L(1, 2
V1D o/p=1 PP pip P
p#3 p#3
where
1 if3¢D,
ns(D)=1% if3| D,
3 91D

For all other nonsquare values of D, we have M3(Q, X) =0.

As in Theorem 3, we see that the shapes of rings of integers in oriented cubic
fields (when ordered by absolute discriminant) are equidistributed in the respective
class groups Clp of binary quadratic forms of discriminant D. The error term in
Theorem 4 can certainly be improved, although we shall not investigate the issue in
this paper.

Applying Theorem 4 to the form Q (x, y) =x2+xy+y? yields the following result
of Cohn [1954] on the number of abelian cubic fields having bounded discriminant
(though our methods are completely different!).

Theorem S [Cohn 1954]). The number of abelian cubic fields having discriminant

less than X is

s e
367 =10 p(p+1)

Finally, Theorem 4 can also be used to count the number N (d, X) of cubic
fields with absolute discriminant bounded by X and whose quadratic resolvent



Cubic orders of bounded discriminant having automorphism group C3 57

field is @(+/d). To this end, let M3D (X) be the number of cubic fields K with
shape of discriminant of D and |Disc K| < X. Then by Theorem 4, we have
M3D(X) ~ %h(D)M?r(Q, X) as X — oo, for any primitive integral form Q of
discriminant D. Regarding N (d, X), we prove:

Theorem 6. Suppose d # —3 is a fundamental discriminant. Then

M (X) if31d,

N, X)={ 3d(X)+M 43 x) if3|d.

Combining this with Theorem 4, we obtain the following.

Theorem 7. Let d # —3 be a fundamental discriminant, and set D = —d /3 if3|d
and D = —3d otherwise. Set « = 1 if 3| D and o = 0 otherwise. Also set B =1 for
D > —4 and B = 0 otherwise. Then

B 3a+/3—1/2 .Co p 12 12
NW. X) =57 Tl L X 24 ox'),
where
L(D)=]‘[<1+<9)—)—L(1 w [1 ( )
) p/p+ ()1 p(p+l)
and

—_
—

ifd #0 (mod 3),
ifd =3 (mod9),
ifd =6 (mod9).

Co=

QI Wik ol

We note that this latter result on the asymptotic number of cubic fields having a
given quadratic resolvent field was recently obtained independently by Cohen and
Morra [2011, Theorem 1.1(2), Corollary 7.6] using very different methods, and
with an explicit error term of O (X!/3+¢).

All these results may be extended to the case of square discriminant. The cubic
fields with shape of square discriminant are precisely the pure cubic fields — that
is, those of the form Q(/m) for some integer m — while the orders with such a
shape are the orders in pure cubic fields (see Lemma 33). The asymptotic growth
in the case of a square discriminant is somewhat larger:

Theorem 8. Let Qp be a primitive integral binary quadratic form of square dis-
criminant D. Set @« = 1 if 3| D and oo = 0 otherwise. Then

30(—3/2 30(—3/2
N (Op, X) = 5 X' log X +

(2y 14 % log §>X1/2 +ox',
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where y is Euler’s constant. Also, we have

M;3(Q1, X) = X' (log X — Llog3+4y + 12k —2) + o(X'/?)

C
1543
and

M;3(Q9, X) = X' (log X — tlog3+4y + 12k —2) + o(X /%),

C
40+/3
where C = ]_[p(l —3/p*>+2/p>) and k = Zp(log )/ (p*> + p —2). For all other
square values of D, we have M3(Qp, X) = 0.

Finally, N (=3, X) = M5(Q1, X)+2M5(Qq, X); hence the density of pure cubic
fields is given by

%Xm(log X —S8log3+4y + 12« —2) +o(X'H. (D)

In particular, Theorem 8 shows that, when counting cubic orders with shape of a
given square discriminant D, both the first and second main terms of the asymp-
totics become equidistributed in the class group Clp. We note that Equation (1)
corresponds to Theorem 1.1(1) in [Cohen and Morra 2011], where again an explicit
error term of O (X'/3%#) is proved.

There are two types of pure cubic fields: those with shape of discriminant D =1
and those with shape of discriminant D = 9. These turn out to correspond to
Dedekind’s notion [1899] of pure cubic fields of Types 1 and 2, respectively. In
fact, the asymptotics for N(—3, X) can be deduced fairly easily from Dedekind’s
work, as we explain in the last remark of the paper. In general, Theorem 6 shows
that there are two distinct types of cubic fields whenever the discriminant d of the
quadratic resolvent algebra is a multiple of 3. In that case, there are cubic fields of
shape of discriminant —d /3 and of discriminant —3d, and these are precisely the
cubic fields of Type 1 and Type 2, respectively.

Our methods are mostly quite elementary, involving primarily geometry-of-
numbers arguments. However, these methods also fit into a larger context. Let
G be an algebraic group and V a representation of G. Then the pair (G, V)
is called a prehomogeneous vector space if G possesses an open orbit; the pair
(G, V) is called a coregular space if the ring of invariants of G on V is free.
A classification of all irreducible reductive prehomogeneous vector spaces was
attained in [Sato and Kimura 1977], while a similar classification of simple (resp.
semisimple and irreducible) coregular spaces was accomplished in [Schwarz 1978]
(resp. [Littelmann 1989]). The rational and integer orbits in such spaces tend to
have a very rich arithmetic interpretation (see, for example, [Gauss 1801; Delone
and Faddeev 1964; Wright and Yukie 1992; Bhargava 2004a; 2004b; 2004c; 2008;

N(=3,X)=
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Cremona et al. 2010; Bhargava and Ho 2013]), and have led to several number-
theoretic applications, particularly to the study of the density of discriminants of
number fields and statistical questions involving elliptic and higher genus curves
[Davenport and Heilbronn 1971; Datskovsky and Wright 1988; Bhargava 2005;
2010; Bhargava and Shankar 2010; Bhargava and Gross 2012].

In this paper, we prove Theorems 1-8 and related results by considering the
simplest nontrivial example of a coregular space whose underlying group is not
semisimple (namely, an action of SO (C) on C? for a binary quadratic form Q).
It also yields the simplest prehomogeneous vector space that is not irreducible
(namely, an action of GO¢(C) on C?). We show that the integer orbits on this
space, even in this nonirreducible and nonsemisimple scenario, also have a rich and
nontrivial number-theoretic interpretation, namely, the integer orbits classify cubic
rings whose lattice shape is Q.

In light of these results, we note that there has not been a classification of
general reducible prehomogeneous vector spaces nor of general nonsemisimple
coregular spaces, akin to the work of Sato and Kimura or Schwarz and Littelmann,
respectively, leading to two interesting questions in representation theory. As we
hope this paper will illustrate, the solution of these two problems may also have
important consequences for number theory.

The problems that we address in this paper are related to problems considered in
[Terr 1997], [Mantilla-Soler 2010] and [Zhao 2013]. Terr showed that the shape of
cubic rings (ordered by absolute discriminant) is equidistributed amongst lattices,
which are viewed as points in Gauss’s fundamental domain &. More precisely,
the number of cubic rings (of bounded discriminant) having shape lying in some
subset W C & is proportional to the area of W (with respect to the hyperbolic
measure on ¥). Terr’s work is somewhat orthogonal to our own in that it implies
that N(Q, X) = o(X), but it does not say anything more about a single shape
Q(x, y). The related problem treated by Mantilla-Soler is to determine when a
cubic field is determined by its trace form, which is a finer invariant than the shape.
Finally, Zhao carried out a detailed study of the distribution of cubic function
fields by discriminant, in which the geometric Maroni invariant of trigonal curves
plays an important role. In particular, he has suggested an analogue of the Maroni
invariant for cubic number fields, which turns out to be closely related to the notion
of “shape”.

2. Preliminaries

In order to count cubic rings of bounded discriminant, we use a parametrization, due
to Delone and Faddeev [1964] and recently refined by Gan, Gross, and Savin [Gan
et al. 2002], that identifies cubic rings with integral binary cubic forms.
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2.1. The Delone-Faddeev correspondence. We follow the exposition of [Gan et al.
2002]. Consider the space of all binary cubic forms

fx,y) =ax®+bx*y +cxy* +dy?

with integer coefficients, and let an element y € GL,(Z) act on this space by the
twisted action

y-fx,y)= - f(x )Y).

det(y)

This action is faithful and defines an equivalence relation on the space of integral
binary cubic forms.
The discriminant of a binary cubic form f(x, y) = ax’® 4+ bx%y +cxy? +dy’ is
defined by
Disc f = b*c? —4ac® — 4b*d — 27a*d* + 18abcd.

The discriminant polynomial is invariant under the action of GL,(Z).

Theorem 9 [Gan et al. 2002]. There is a canonical bijection between isomorphism
classes of cubic rings and GL,(Z)-equivalence classes of integral binary cubic
forms. Under this bijection, the discriminant of a binary cubic form is equal to
the discriminant of the corresponding cubic ring. Furthermore, a cubic ring is an
integral domain (that is, a cubic order) if and only if the corresponding binary cubic
form is irreducible over Q.

Proof. See [Gan et al. 2002, §4; Bhargava et al. 2013, §2]. O

Remark 10. To parametrize oriented cubic rings, one must use SL;(Z)-equivalence
in the correspondence of Theorem 9, rather than GL;(Z)-equivalence. Recall that
the shape of an oriented cubic ring is then well-defined up to SL;(Z)-equivalence.

Not only does Theorem 9 give a bijection between cubic rings and cubic forms,
but it also shows that certain properties and invariants of each type of object translate
nicely. Next, we describe how the shape of a cubic ring translates into the language
of binary cubic forms.

2.2. Hessians and shapes. Let f(x,y) =ax>+bx?y +cxy? +dy? be an integral
binary cubic form. The integral binary quadratic form

af (x,y) of(x,y)

B 1 ox2 0x0y
Hrloy)y==gdetl oe vy afcx y)
ayox dy?

is called the Hessian of f. The Hessian has the following properties [Gan et al.
2002].
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Proposition 11. The Hessian is a GL,(Z)-covariant of integral binary cubic forms;
that is, if two binary cubic forms [ and g are equivalent under the twisted action of
GLy(Z), then the corresponding Hessians Hy and H, are also equivalent under the
same action but without the twisting factor (that is, the factor of the determinant).
For any binary cubic form f, we have Disc(Hy) = —3 - Disc f.

The relevance of the Hessian of a binary cubic form is that it gives the shape of

the corresponding cubic ring:

Proposition 12. Suppose that a cubic ring (resp. oriented cubic ring) R corre-
sponds to a binary cubic form f(x,y) as in Theorem 9. Then the GL,(Z) (resp.
SL,(Z))-equivalence class of the primitive part of the Hessian H¢(x, y) coincides
with the shape of R.

Proof. If we write

Tr(y)
y =xa+yB= — T
with yp € %R of trace zero, then a computation gives Hr(x, y) = %Tr(yoz) [Gan
et al. 2002]. O

Example 13. Suppose R is a cubic ring having an order-3 automorphism and
corresponding binary cubic form f(x, y). Then the Hessian Hy(x, y) of f must
have an order-3 automorphism as well, and so it must be equivalent to an integer
multiple of the quadratic form Q(x, y) = x>+ xy + y2. Conversely, we show in the
next section that any ring having the form Q(x, y) as its shape must be a C3-cubic
ring.

3. On cubic orders having automorphism group C3

In this section we will prove Theorems 1 and 5. As mentioned in the introduction,
these theorems are actually special cases of Theorems 2 and 4, respectively. We
prove these cases separately because the argument is better motivated and understood
after seeing a concrete example. Moreover, the results in this case are interesting in
their own right due to their connection with C3-cubic orders in abelian cubic fields.

3.1. The action of SO o(C) on C2 Set Q(x,y) =x>+xy+y? and let SO (C)
denote the subgroup of elements of SL,(C) preserving the quadratic form Q(x, y)
via its natural (left) action on binary quadratic forms; that is,

SO(C) = {y € SL2(C) : Q(x, y) = Q((x, W)}

We define the cubic action of SO (C) on C? by y - v = y>v for a column vector
v = (b, ¢)' € C?. The adjoint quadratic form Q’(b, ¢) := b*> — bc + ¢* of Q(x, y)
is an invariant polynomial for this latter action, and it generates the full ring of
invariants.
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Let L C C? be the lattice {(b, ¢)' : b, c € Z%, b= c (mod 3)}. We will see that
L is preserved under SO (Z), the group of integer matrices in SO (C).

Theorem 14. The SOy (Z)-orbits on nonzero lattice vectors (b, ¢)' € L are in
natural bijection with Csz-cubic oriented rings R. Under this bijection, Disc R =

Q'(b, ).

Proof. Let R be a Cz-cubic ring with automorphism o of order 3, and let
f(x,y) =ax® +bx*y 4+ cxy* +dy*

be a binary cubic form corresponding to R under the Delone—Faddeev correspon-
dence. Also let H (x, y) denote the Hessian of f(x, y). Then ¢ induces an order-3
automorphism on f and hence on H. Up to SL;(Z) equivalence and scaling, there is
only one integral binary quadratic form having an SL;(Z)-automorphism of order 3,
namely Q(x, y) = x>+ xy+ y2. Thus, after a change of basis, we may assume that
H(x,y) =nQ(x, y) for some nonzero n € Z. Hence we have

b*—3ac=n, bc—9ad=n, c*—23bd=n. (2)

The first equation implies a = (b* —n)/3c, while the third implies d = (c>—n)/3b
(assuming b, ¢ nonzero). Substituting these values of a, d into the second equation

gives
b*c? — (b2 — n)(c2 —n) =nbc.

Expanding out and dividing by n, we obtain
b*—bc+c?=Q'(b,c) =n.

We now have

2 2
a:bc—c :b—c and d:bc—b :c—b; 3)
3c 3 3b 3

one easily checks that this gives the unique solution for @ and d even when one of
b or c is zero. Furthermore, f has integer coefficients precisely when (b, ¢)’ € L,

that is, b, ¢ are integers congruent modulo 3.
Conversely, if (b, ¢)' € L is nonzero, then we can define integers a and d as
in (3) and set f(x,y) = ax> + bx’y + cxy* + dy?; this cubic form has Hessian
Hy(x,y) =nQ(x,y), where n = Q'(b, ¢). A calculation shows that the order-3

transformation L1
= N 4
N (_1 0) 4

is an automorphism of f(x, y), and hence the ring R corresponding to f is a
C3-cubic ring.
Suppose we have binary cubic forms f, f’ corresponding to (b, ¢)’, (b', ¢’)" € L.
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Then f and f’ are SL,(Z)-equivalent if and only if they are SO (Z)-equivalent,
since they both have Hessian equal to n Q. Write

fx,y) = l%f +bx*y +cxy® + %yS

and f' =y f with y € SOg(Z). Then an elementary computation shows that
/ bl
W) = F(x1)7) = L2 4 bxy 4 ey? + € —=—
where (b, ') =y 3(b, ¢)'. (The cubic action here is to be expected because the
cube roots of the identity generated by S € SOp(Z) must lie in the kernel of the
action of SO (Z) on L.) It follows that f and f’ are SO (Z)-equivalent if and only
if (b, ¢)" and (&, ¢’)" are SO (Z)-equivalent under the cubic action. This proves

the first part of the theorem. Finally, by Propositions 11 and 12, we know that
Disc R = Disc f = —% Disc H, and we compute —% Disc H =n?>= Q'(b,¢)?>. O

3.2. The number of C3-cubic orders of bounded discriminant. To prove Theorem 1
we need the following lemma, which shows that the reducible forms f(x, y)
corresponding to C3-cubic rings are negligible in number. This will allow us to
prove asymptotics for C3-cubic orders rather than just C3-cubic rings.

Lemma 15. The number of SL,(Z)-equivalence classes of reducible integral binary
cubic forms having Hessian a multiple of Q(x, y) = x>+ xy + y2, and discriminant
less than X, is O(X1/%).

Proof. We give an upper estimate for the number of SL;(Z)-equivalence classes of
reducible forms f of discriminant less than X whose Hessian is a multiple of Q.
It will suffice to count first the primitive forms f, and then we will sum over all
possible contents for f. Now any such primitive reducible f with Hessian nQ
has a linear factor gx + hy with g and A relatively prime integers. Furthermore,
the order-3 automorphism (4) permutes the three roots of f in P!, and hence f
must factor into the three primitive linear factors that are obtained by successively
applying S to gx 4 hy. Thus we have

fx,y)=(gx+hy)(h—g)x —gy)(—hx+(g—h)y).

Computing the discriminant of f, we find
Disc f = (¢° — gh+h*)° = Q'(g. 1)°.

Thus, if Disc f < X, then Q'(g, h) < X 1/6 " and hence the total number of values
for the pair (g, &), and thus f, is at most 0(X/%).

In order to count the total number of forms f and not just the primitive ones, we
sum over all possible values of the content ¢ of f. Since Disc(f/c) = Disc(f)/ c?,
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we thus obtain "

> o((%)")=ou

c=1

as an upper estimate for the total number of SL,(Z)-equivalence classes of reducible
forms f of discriminant less than X whose Hessian is a multiple of Q, as desired. [

Proof of Theorem 1. By Theorem 14 and Lemma 15, it now suffices to count
elements (b, ¢)’ € L, up to SO (Z)-equivalence, subject to the condition Q’(b, )=
(b* —bc +c?)? < X. The number of integral points inside the elliptic region cut out
by the latter inequality is approximately equal to its area (277 /+/3) X /2, with an error
of at most O (X/*) [Cohn 1980]. Meanwhile, being the (orientation-preserving)
symmetry group of the triangular lattice, SO (Z) is isomorphic to Cg, the cyclic
group of order 6. Since this is the cubic action, the cyclic subgroup C3 C SOp(Z)
of order 3 acts trivially. Up to equivalence, we thus obtain

2
2T X124 ox4
23

points inside the ellipse. The number of such points with b = ¢ (mod 3) is therefore

T
T X2 4 ox'4.
3V3
This is the number of oriented C3-cubic rings with discriminant bounded by X. By
Lemma 15, the C3-cubic rings that are not orders will be absorbed by the error
term. After dividing by 2 to account for the fact that we counted oriented rings, we
obtain the formula in Theorem 1. O

3.3. An elementary proof of Cohn’s theorem on the number of abelian cubic
fields of bounded discriminant. Now we wish to count those points (b, ¢)' € L of
bounded discriminant corresponding to maximal cubic orders. This is equivalent to
counting abelian cubic extensions of (0 of bounded discriminant. Since maximality
is a local property, it suffices to determine how many C3-cubic rings R satisfy the
condition that the Z,-algebra R ® Z, is maximal for every prime p. The following
lemma gives a useful criterion to determine when a cubic ring R is maximal at p.

Lemma 16 [Bhargava et al. 2013, Lemma 13]. If f is a binary cubic form over Z
(or Zp), then R(f) is not maximal at p if and only if one of the following conditions
holds:

e f(x,y) =0 (mod p).
o f is GLy(2)-equivalent to a form f'(x,y) = ax’ + bx>y + cxy? +dy> such
that a =0 (mod p)? and b =0 (mod p).
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In particular, if Disc f is nonzero (mod p?) then R( f) is maximal at p.
With the help of this lemma, we now determine conditions for when the cubic
order R(f) corresponding to the binary cubic form
b—c c—b

fay) == x3+bxzy+cxy2+Ty3 (6)

is maximal at p. We consider three cases, corresponding to the three possible
residue classes of p (mod 3).

First suppose that p =2 (mod 3). We have Disc f = Q'(b, c)? by Theorem 14,
and Q’'(x, y) = x% — xy + y? does not factor (mod p). Then, by the lemma, R(f)
is maximal at p as long as (b, ¢) # (0, 0) (mod p). We conclude that for p =2
(mod p), the p-adic density of elements (b, ¢)' € L corresponding to maximal rings
(at p)is 1 —1/p>.

Next, suppose p = 1 (mod 3). In order for Q'(b, ¢) to vanish modulo p, we need
¢ =¢b (mod p), where ¢ is a primitive sixth root of unity in Z/pZ. In that case,
we obtain

b b
flx,y) = gc—l(ﬁ +3¢x?y +3¢0%xy* + 7Y = §;‘l<x +¢y)? (mod p). (7)

If 5=0 (mod p), then f(x, y) =0 (mod p) and so R is not maximal at p. Otherwise,
if we have a pair (b, ¢) with ¢ = ¢b (mod p) and b # 0 (mod p), then we may send
the unique multiple root of f(x, y) in [P’[IFP to the point (0, 1) via a transformation
in GL,(Z). Then, modulo p, the form f(x, y) is congruent to a multiple of y>. A
proportion of 1/ p of these forms satisfy ¢ = 0 (mod p?), where a is the coefficient
of x3. By Lemma 16, the p-adic density of points (b, ¢)' € L corresponding to
rings maximal at p is therefore

_1+2p=D/p _pP=3p+2 _ (p—D*(p+2)

1
p? P’ p?

El

since there are two primitive sixth roots of unity ¢ in Z/pZ if p =1 (mod 3).

Finally, if p = 3, then we wish to know the density of all (b, ¢)' € L for which
the binary cubic form f(x, y) in (6) yields a cubic ring maximal at 3. Clearly, we
need b = —c (mod 3) for the discriminant (b% — bc + ¢2)? of the corresponding
cubic ring to vanish modulo 3. Since already b = ¢ (mod 3), we must have b=c =0
(mod 3) to obtain a ring that is not maximal at 3. Write » = 3B and ¢ = 3C. Then
we wish to know when the binary cubic

glx,y)=(B —C)x3 +3Bx2y+3cxy2+((j_3)y3

corresponds to a cubic ring not maximal at 3. Note that g(x, y) = (B —C)(x — y)3
(mod 3) and g(x, y) =0 (mod 3) if and only if B = C (mod 3). Otherwise, we
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can send the unique multiple root of g(x, y) in [P’[IFP to (0, 1), which transforms
g(x, y) to a multiple of y3. As before, a proportion of % of such forms will have
x> coefficient congruent to 0 (mod p?). By Lemma 16, it follows that a proportion
of %(% + % . %) = 25—7 of such g(x, y) will correspond to a cubic ring not maximal
at 3. We conclude that the density of (b, ¢)' € L that yield a cubic ring maximal
at 3 is %
We have proven the following proposition.

Proposition 17. Let Sp,x denote the set of all (b, c)' € L corresponding to rings
maximal at p under the bijection of Theorem 14. Then the p-adic density | ,(Smax)
of Smax in L is given by

(p—D*p+2)/p® ifp=1 (mod3),
tp(Smax) = 41— 1/p? if p=2 (mod 3), (8)
2 if p=3.

The proof of Theorem 1 gives the total number N (L; X) of points in L, up to
SO¢(Z)-equivalence, having discriminant at most X. We may similarly determine
the number N (S; X) of points, up to SO¢(Z)-equivalence, having discriminant at
most X, where S is any SO (Z)-invariant subset of L defined by finitely many
congruence conditions.

Proposition 18. Let S C L be an SOg(Z)-invariant subset that is defined by con-
gruence conditions modulo finitely many prime powers. Then the number N (S; X)
of points in S, up to SO g (Z)-equivalence, having discriminant at most X is given by

T
N(S; X)= —— $)- X2+ 04X, 9
( )6ﬁE““) +0s(x'/% )

where 1, (S) denotes the p-adic density of S in L.

The proposition follows from arguments essentially identical to those in the proof
of Theorem 1.

The set Spax of elements in L that correspond to maximal cubic rings, however,
is defined by infinitely many congruence conditions. To show that (9) still holds for
such a set, we require a uniform estimate on the error in (9) when the congruence
conditions defining Sp,x are imposed only at the finitely many primes < Y, as
Y — oo. This is the content of the next result:

Proposition 19. Let SY denote the subset of L corresponding to cubic rings

maximal at all primes < Y. Then
x1/2

N(Sriez;’ X) — N(Smax; X) = O(T)
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Proof. Let W, denote the subset of elements in L corresponding to cubic rings
R that are not maximal at p. Any such ring R is contained in a maximal ring R/,
where R’ also has shape x% 4+ xy + y? (this is because the field containing R must
have an order-3 automorphism, and then so does R’). The number of such possible
R’ (up to isomorphism) with discriminant less than X is O (X 172y by Theorem 1.
To count all orders R in such R” having discriminant less than X, we require the
following lemma.

Lemma 20 [Datskovsky and Wright 1988]. If R is any maximal cubic ring, then
the number of orders R C R’ of index m =[] p;" is Oc([] pl.(lJre)Lei/SJ) for any
€ > 0.

The lemma implies that the total number of cubic rings R of discriminant less
than X that are not maximal at p and are contained in maximal rings R’ of shape
x2 4+ xy+ y? is at most

(14€)Le/3] X (14€)le/3] x1/2
p q 1/2y _
() (g Jerm=o( )

qg#p “e=0

1/2 172
Since Z (X ) o (XT)’ we obtain the desired estimate. |

Thus, by choosing Y large enough, we can make N (S5); X) — N (Smax; X) <

max’
cX'/2 for any ¢ > 0. We conclude that the number of C3-cubic fields of discriminant

less than X is asymptotic to

T 22 (p—1*(p+2) 1 12
o/3 27 [1———1I (1 _2)'X

p=1(3) p p=2(3) p
_ Mr 69 I P=Dp+2) yip
r(p+1D)

’

which is

%5 <1—%)-xl/2;
LA p(p+1)

and this is the result of Cohn [1954].

4. On cubic orders having a general fixed lattice shape

Let O(x, y) be a primitive integral binary quadratic form with nonsquare discrim-
inant. In this section we determine asymptotics for the number N?r(Q, X) of
oriented cubic orders having absolute discriminant bounded by X and shape Q;
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that is, we prove Theorem 3. To accomplish this, we generalize the proofs of the
previous section.

We choose to work with oriented cubic rings for a couple of reasons. First, this
allows us to ignore the determinant —1 automorphisms in GO (Z), making the
proof a bit simpler. Second, Theorem 3 shows that, at least asymptotically, lattice
shapes are equidistributed within the (narrow) class group, suggesting that oriented
rings are the natural framework for our analysis.

4.1. A more general action of SO o (C) on C2. Recall that the shape of a cubic
ring R is an equivalence class of binary quadratic forms. We begin by fixing a
representative of this class, say Q(x, y) = rx> 4+ sxy +ty>. As in the C3-cubic
ring case, we consider a lattice L = L(Q) of elements (b, ¢)' € 72, defined by the
congruence conditions

sb=rc (mod3t) and sc=tb (mod3r).

Let Q'(x,y) = tx> — sxy + ry? denote the adjoint quadratic form of Q(x, y).
Let SO (C) denote the subgroup of transformations y € SL»(Z) that fix Q via
(¥ Q)(x,y) = Q((x, y)y). Then we define the cubic action of SOy (C) on C? just
as before, namely y - v = y3v for v € C2. We will see that SO (Z), the subgroup
of elements in SO (C) having integer entries, preserves L, and the quadratic form
Q’ gives an invariant polynomial on L. Define the subset
/
L@D*:{@mYeLuD:QELQ>O}CL@D

rt
Then we have the following generalization of Theorem 14.

Theorem 21. Let Q(x, y) =rx’+sxy+ty?* be a primitive integral quadratic form
with nonsquare discriminant, and let Q' (x, y) = tx> — sxy +ry?* denote the adjoint
quadratic form of Q(x, y). Then the orbits of the cubic action of SO (Z) on lattice
points (b, ¢)' € L(Q)™T are in natural bijection with the isomorphism classes of
oriented cubic rings R having shape Q. Under this bijection, we have

Q' (b, ¢)* Disc Q

3r2t? )
Proof. The proof is similar to that of Theorem 14. Let R be a cubic ring with
shape Q. Then, by applying an appropriate SL,(Z)-transformation, we may assume
that the corresponding integral cubic form f(x, y) = ax3 +bx?y 4+ cxy?> 4+dy> has
Hessian

Disc R = —

H(x,y) =n(rx’ +sxy+1y*) =nQ(x, ),
with n positive. From the definition of the Hessian, we have

b2—3ac=nr, bc —9ad = ns, cz—3bd=nt, (10)
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for some positive integer n. Assuming b, ¢ are nonzero, these equations imply that

b* —nr c?—nt
a= and d=
3c 3b
Using the middle equation in (10), we find that
tb* — sbc +rc? = ntr. (11)
We then get
sb—rc sc—tb
a= , d= (12)
3t 3r

(note that r and ¢ are nonzero because Disc Q is not a square), and one checks that
this is the unique solution even if b or c is zero. Notice that f(x, y) has integer
coefficients if and only if

sb=rc (mod3t) and sc=tb (mod3r), (13)

that is, (b, ¢)! € L. In this case, we even have (b, ¢)’ € L(Q)™, since n is positive.
We see that the form f(x, y) is determined once we specify the shape Q and the
middle coefficients b and c¢. Conversely, given any element (b, ¢)' € L(Q)", we
may use the equations in (12) to define a cubic form f = (a, b, ¢, d) such that R(f)
has shape Q and the Hessian of f is nQ for some positive integer .

Now suppose f = (a, b, c,d) and f'=(a’,b’, ', d") are two binary cubic forms
chosen such that the Hessians are nQ and n’ Q with integers n, n’ > 0; thus, the
respective conditions in (12) and (13) hold for the coefficients of f and f’. Then
f and f’ are SLy(Z)-equivalent if and only if they are SO (Z)-equivalent. A
computation as in the proof of Theorem 14 shows that if f' =y f for y € SOy (2),
then (b, ') = y>(b, ¢)'. Tt follows that f and f’ are SO (Z)-equivalent if and
only if (b, ¢)" and (', ¢’)" are SO (Z)-equivalent under the cubic action.

Thus we have proved the bijection described in the theorem. Further, we have

2 .
D
Disc R =Disc f = —%
by Proposition 11, and combining with Q'(b, ¢) = nrt, which was Equation (11),
we obtain the desired result. ([l

Remark 22. If Q is positive definite, then L(Q)™ is the set of nonzero vectors
in L(Q). If Q is negative definite, then L(Q)" is empty. If Q is indefinite, then
nonzero elements of L not in L(Q)™" correspond to cubic rings with shape —Q.

4.2. The number of cubic orders of bounded discriminant and given lattice shape.
We are nearly ready to prove Theorem 3. We consider the cases of definite and
indefinite Q separately.
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4.2.1. Definite case. In this case, we have the following well known lemma.

Lemma 23. Let Q(x, y) be a definite integral binary quadratic form. The order of
SO (Z) is either 6, 4, or 2 depending on whether the form Q (up to equivalence
and scaling) is x> + xy + y2, x> + y2, or any other definite form.

We next prove the analogue of Lemma 15 for general definite forms.

Lemma 24. Let Q(x, y) be a definite integral binary quadratic form of nonsquare
discriminant D. Then the number of SL,(Z)-equivalence classes of reducible cubic
forms f having shape Q and | Disc f| < X is O(X'/*).

Proof. We give an upper estimate for the number of SL,(Z)-equivalence classes
of forms f of discriminant less than X whose Hessian is a multiple of the fixed
definite binary quadratic form Q(x, y) = rx% 4 sxy +ty? of discriminant D. As in
the proof of Lemma 15, it suffices to first count just those f that are primitive.
Now an order-3 automorphism of such a primitive f (over Q) of determinant 1

is given by
YDy [
2D D

-3 _—\/B—i—s«/—_S

—t i

D 27D

The transformation S permutes the roots of f in P! (@). So if gx + hy is a linear
factor of f(x, y) with g and A coprime integers, then by computing the two other
linear factors (obtained by applying S and S~!) and multiplying all three factors
together, we obtain a polynomial fy that must agree with f up to scaling. Since
VDS is an integral matrix of discriminant D, the content of f, must divide D?.
Computing the discriminant of f;, we obtain

. _ 27 2 2.6 __ 27 / 6
Disc f0) = —ﬁ(z‘g —sgh+rh”) __EQ (g, h)”.

Since Q' is definite and Disc £0) < D¥Disc f < D3X = O(X), we see that the
total number of choices for (g, ), and thus £, is O(X/5).

Finally, to obtain an upper estimate for the count of all f that are not necessarily
primitive, we sum over all possible contents ¢ of f as in (5). We obtain a total of
O (X /%) possibilities for f, as desired. U

We denote by C(Q) the cardinality of the subgroup of cubes in SO (Z). Thus
C(Q) =|SOg]| unless Q has discriminant —3 (which is the C5 case already dealt
with in Section 3).
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Theorem 25. Let Q(x, y) =rx>+sxy+ty?* be a positive definite primitive integral
quadratic form of discriminant —D. Let o« = 1 if 3| D and o = 2 otherwise. Then

27/3
3*C(Q)D

Proof. By Theorem 21 and Lemma 24, it suffices to count equivalence classes of
elements (b, ¢)! in L(Q)™ such that

Q'(b,¢)’D
3r242

NY'(Q, X) = X2 4 ox'4.

< X,

or equivalently,

3reX1/?
th* —sbc +rc? < \/—r—
D

In this case, L(Q)T is simply the set of nonzero vectors in L(Q). The number
of L(Q)-points in the elliptic region in R? defined by the inequality above is
approximately given by the area of this ellipse* divided by the area Vol(L) of a
fundamental parallelogram of L. The error is at most® O (X !/4), where the implied
constant depends on the shape of L and thus on Q [Cohn 1980]. So we have

2rrt/3X1/2

1/4
Vol() D +O0(X''). (14)

NP (X) =
We further divide by C(Q) to obtain the number of points in L satisfying the
inequality up to the cubic action equivalence. Thus the theorem follows from the
following lemma.

Lemma 26. Letr, s, t be integers with no common prime factor and set D = s> —4rt.
Also set o = 1 if 3| D and a =2 otherwise. Then the lattice

L(Q) = {(b,c)" € Z*: sb=rc (mod 3t) and sc = tb (mod 3r)}
has volume 3%rt.

Proof. This proof is due to Julian Rosen. Let L’ be the lattice in Z> generated by
(3t,0)" and (0, 3r)". Then L is the inverse image of L’ under the map 7> — 7?
that sends (x, y)’ to (sx —ry, tx —sy)’. Then Vol(L) = Vol(L")/Vol(C), where C
is the lattice spanned by columns of the matrix

s —r 3t 0O
M = .
t —s 0 3r
4The area bounded by an ellipse with equation Q(x, y) = N is 2n N/~/D.

5In fact, work on Gauss’s circle problem gives exponents considerably smaller than % [Hardy
1915].
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Since Vol(C) is the greatest common divisor of the two-by-two minors of M, which
is precisely 3%7%, we have Vol(L) = 9rt/3%~% = 3%t as claimed. (]

This concludes the proof of Theorem 25. (]

Remark 27. It is natural to sum the main term of Theorem 25 over all shapes of
negative discriminant to try to recover Davenport’s count [1951] of the number of
cubic rings with positive discriminant bounded by X. The method of [Siegel 1944]
makes it possible to compute this sum, but it turns out not to equal Davenport’s
main term (2/72)X. Evidently, the error term in Theorem 25 is contributing to
the main term of this sum.

4.2.2. Indefinite case. Next we consider counting cubic orders having an indefinite
shape Q(x, y). Again, write Q(x, y) = rx? +sxy+ tyz. The equations (12) are
not well-defined if either r or 7 is zero, so we assume that D = Disc Q = s* — 4rt
is not a square. We may also assume that ¢ > 0.

As in the proof of Theorem 25, we need to count elements (b, ¢)’ in L(Q)" up
to SO (Z)-equivalence, such that

Q'(b,c)*D
3r2¢2

Jarix'?
JD

This inequality cuts out a region in the plane bounded by a hyperbola, and we
need to count the orbits of the cubic action of SO (Z) on L(Q)™ that intersect this
region. But SO¢(Z) is now an infinite group, so we must construct a fundamental
domain for the action at hand (the construction and the ensuing volume computation
are taken from [Davenport 2000, Chapter 6]).

In what follows, it is useful to define § = (s + /D) /2t and 6’ = (s — /D) /2t.
We then have

’ < X, orin other words }tb2 —sbc+ r02| <

Q'(x,y) =tx” —sxy+ry> =1(x —0y)(x —6'y).
We also have the following well known facts.

Proposition 28. « The integral solutions (U, W) of the generalized Pell’s equation
u?> — Dw? = 4 are given by

S(U+ WD) =+[5(Us+ Wov'D)]",

where n is any integer and (Ug, Wy) is a minimal solution.

o Every element M in SOg(Z) is of the form

v (U+sW) =W
B tW 3(U —sW)

for some solution (U, W) to u> — Dw?* = 4.
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If (X,Y) €Z*and M- (X, Y)' = (x, y)' for some M € SO¢(Z), then the second
part of the proposition implies
x—0'y SWU+WVD) X-0Y
x—0y LU —-wvD) X-0Y

for some solution (U, W) to Pell’s equation. If we define € = %(Uo + WovD) > 1,
then the first part gives

{U+WVD)=%e" and L(U—-WVD)==4e™

for some integer m. Thus, in each orbit of L(Q)™" there is a single element (x, )"

such that
_ /
1< x—9y <é?

~ x—0y

and x — 0y > 0.
Our goal, then, is to count the number of integer points (x, y)’ obeying the
constraints

3rex1/? .Y
tx? —sxy+ry? <N = \/_r— x—0y>0, 1<"Y_&
+/Disc Q x —0y

This region is a sector emanating from the origin bounded by a hyperbola. Just as
in the positive definite case, we can approximate this count by computing the area
of this region.
Changing coordinates from x, y to
E=x—0y, n=x-—0"y,
this region is

£>0, &<n<et.

N
57757,

These conditions can be rewritten as

1/2
0<é&< <¥> , &€<n <min(62€, g)

If we define £&; = e "' (N /1)!/2, then the area of this region is

& N/DV N
26 —&)d — — &) de.
/()(es £) s+/§l (;g s)s

Evaluating the integrals, we obtain

2 1., N N N 1(N 1.,
(" — 1)551 + Zlog(T) - <7> logé&; — 5(7) + 551,
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which simplifies to (N/t) loge. This is the area in the &, n-coordinate system; to
get the area in x, y-coordinates, we divide by

06 _,_,_vD

d(x,y) t

Thus the desired area is (N/+/D) log €. However, recall that we are interested
in the orbits of the cubic action of SO¢ on the lattice L(Q), so we must replace
€ by €3 in the previous calculation. In the final area estimate, this yields an extra
factor of 3 (since loge® = 3loge).

We may now continue as in the rest of the proof of Theorem 25. The proof
of Lemma 24 carries over to the indefinite case because we can again bound the
number of points of discriminant < X in the fundamental domain in terms of the
corresponding area. The final result is:

Theorem 29. Let Q(x, y) =rx*+sxy+ty? be a primitive integral quadratic form

having nonsquare discriminant D > 0. Let « = 1 if 3| D and oo =2 otherwise. Then

3/3loge X2
3D

Dirichlet’s class number formula [Davenport 2000] states that

w+/|D|
2

N (Q, X) = +0(x'4.

h(D) = L(1, xp)

for D < 0, where w is the number of roots of unity in @(\/B), and

VD
h(D) = ——L(l, xp)
loge
for D > 0.5 Using these equations, we see that Theorems 25 and 29 can be combined
and the result is Theorem 3.

4.3. The number of maximal cubic orders of bounded discriminant and given
lattice shape. As before, let Q(x, y) =rx”+sxy+1ty? be a quadratic form over Z,
with D = 52 — 4rt not a square, and let us further assume that Q is primitive.

In this subsection, we use the results of Subsection 4.2 to provide asymptotics
for M?r(Q, X), the number of isomorphism classes of maximal oriented cubic
orders having shape Q. We may ignore those maximal cubic rings that are not
orders, because such rings can be written as Z @ S, where S is a maximal quadratic
ring of discriminant (a rational square multiple of) —3 Disc Q. But there is at most
one such maximal quadratic ring and this one exception will be absorbed by the
error term. Thus M3(Q, X) (resp. M3OI(Q, X)) is essentially the number of cubic

6Recall that h(D) is the narrow class number.
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fields (resp. oriented cubic fields) with ring of integers of shape Q and absolute
discriminant less than X.

Just as in the C3 case in Section 3, we compute the p-adic density of those
elements in L = L(Q) corresponding to cubic rings of shape Q that are maximal
at p. For every such ring, we can choose a corresponding integral binary cubic

form to be sb—rc sc—tb

31 3
for some pair (b, ¢)’ in the lattice L defined by the congruence conditions sb =
rc (mod 3)t and sc =tb (mod 3)r. We proved in the previous section that

D
3r2¢2

x4+ bx?y 4 cexy® +

S, y) =

Disc f = Q' (b, ¢)?, (15)

where Q’'(x, y) = tx? —sxy +ry>.

As it differs from other primes, we first consider primes other than p = 3, and
then treat p = 3 separately. The reader only interested in the results may consult
Table 1 on page 77.

In what follows, we denote the reduction (mod p) of the form Q(x, y) by

Op(x, ).

4.3.1. The p-adic density for maximality (p # 3). We naturally divide into three
cases.

Case 1 (Q,(x, y) has distinct roots in [ ). Using an SL,(Z)-transformation, we
may arrange for O ,(x, y) to be sxy. The congruence conditions defining L imply
that b = ¢ =0 (mod p) in this case. Then

f(x,y) = Ax*+ Dy’ (mod p),

where A, D € Z are independent parameters. Since Disc f = —27A2D? (mod p),
the cubic ring R(f) is maximal unless either A or D is 0 (mod p). By Lemma 16,
R(f) is not maximal at p precisely when either one of A or D is 0 (mod p?) or they
simultaneously vanish (mod p). Thus the p-adic density of the set of (b, c)' € L
that give rise to maximal rings at p is

1 2p—1 (p—D*p+2)
- —-=5—= : .
p P

P2
Case 2 (Q(x, y) has distinct roots in F > — [ ). The discriminant D, as well as
the outer coefficients r and 7, must be nonzero (mod p) in this case. Since @, (and
hence Q;,) does not factor modulo p, we see from (15) that p divides Disc f if and
only if b = c =0 (mod p), in which case f(x, y) vanishes (mod p) and so R(f) is
not maximal at p. Thus the p-adic density of the set of (b, ¢)’ € L that give rise to
maximal rings at p in this case is 1 — 1/p?.
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Case 3 (Q,(x, y) has a double root in [,). The quadratic form Q, has a double
root in [, if and only if p divides the discriminant D of Q. By sending the double
root (mod p) of Q, to 0 via a transformation in SL>(Z), we may assume that Q
is the form rx2 (mod D).

Since t = 0 (mod p), we see that ¢ = 0 (mod p) for all (b, c)" € L, by the
definition of L. Thus in [, we have

sb—rc
3t

sb—rc

3t

flx,y)= x3+bx2yzx2< x—l—by).

The coefficient (sc — tb)/3r of y> in f(x,y) is 0 (mod p?) precisely when p?
divides tb. If p > 3, then p? divides ¢ if and only if it divides D = s> — 4rt. Thus
for p > 3, the p-adic density of the set of (b, ¢)’ € L that give rise to maximal rings
at pis Oif p>| Dand 1 — 1/pif p || D. If p =2, then we write D = 4m and note
that 4 | ¢ if and only if m is congruent to O or 1 (mod 4). Thus the density is 0 when

m is congruent to 0 or 1 (mod 4) and is % when m is congruent to 2 or 3 (mod 4).
4.3.2. The 3-adic density for maximality. We again divide into three cases.

Case 1 (Q3(x, y) has distinct roots in [F3). In this case, it is most convenient to
assume that Qs(x, y) = x(x + y). The congruence conditions defining L imply
that » = ¢ = 0 (mod 3). We then find that

f(x,y)=—-Nx’—My’=—(NX+MY)>

for parameters N, M € Z. After sending the single root of f(x, y) over F3 to O,
we see that aside from the degenerate form, one third of these forms will have the
coefficient of y* congruent to 0 (mod 3?). By Lemma 16, the 3-adic density of the
set of (b, ¢)' € L that give rise to maximal rings at 3 is

AR (A (¢
32 27"
Case 2 (Q3(x, y) has distinct roots in Fg — F3). Now we may assume that Q3 (x, y)

is the form x2 + y2. Then the conditions defining the lattice L imply that b=c =0
(mod 3) for all (b, ¢)' € L. So over F3 we have

f(x,y)=—Cx’— By’ =—(CX + BY)’,

where b = 3B and ¢ = 3C. Arguing as in the previous case, we conclude that the

3-adic density of the set of (b, ¢)' € L that give rise to maximal rings at 3 is %.

Case 3 (Q3(x, y) has a double root in F3). We may assume that Q3(x, y) = rx2,
so ¢ =0 (mod 3) for all (b, ¢)! € L. We first consider the case where 3 || D, which
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implies that 3 || z. Notice that
D
522200

is divisible by 3 if and only if » = 0 (mod 3). But if » = 0 (mod 3), then ¢ =0
(mod 9),

Disc f =

sb—rc

flx,y) = x> (mod 3),

and the coefficient of y* vanishes modulo p? precisely when b = 0 (mod 9). Thus
the 3-adic density of the set of (b, ¢) € L that give rise to maximal rings at 3 is

1(1,2 1 22

1-5G+53) =%
Next we assume that 9 divides D, so that 9 divides ¢ as well. By definition,
sb = rc (mod 27) for all (b, ¢)' € L; in particular ¢ = 0 (mod 3). We also have that

sb—rc
3t

By Lemma 16, it suffices to determine when the coefficient (sc — ¢b)/3r vanishes
modulo 9, that is, when sc — ¢b vanishes modulo 27. This happens when 3 divides
b (because then 9 divides c). If 3 does not divide b, since sb = rc (mod 27), the
congruence sc = tb (mod 27) is equivalent to s> = r¢ (mod 27), which is equivalent
to 27| D. Thus if 27| D, then there are no maximal rings R(f), and if 9 || D, then
the 3-adic density of the set of (b, ¢)' € L that give rise to maximal rings at 3 is %

Table 1 shows the p-adic density of points (b, ¢)' € L giving rise to a maximal
ring at p. In practice, one determines whether a particular prime fits into Case 1, 2,
or 3 based on whether the quadratic residue (%) is —1, 1, or 0, respectively. For
p = 2, this is not well defined, but for convenience we define

(2>_{ 1 if D=1 (mod3),
" |=1 if D=5 (mod8Y).

flx,y) = x>+ bx?y (mod 3).

2

These densities, which we denote by 11, (D), are in fact a function of the discriminant
D of Q, that is, they are independent of the particular equivalence class of Q.

(5)=-1 (2)=1 pID p*ID p*ID p*|D

p=2 % % %orO % 0
16 16 22 2

=3 27 7 57 5 0 0

p>=5 1-1/p* (p—D*(p+2)/p* 1-1/p 0 0 0

Table 1. Densities i, (D) of (b, ¢)" € L corresponding to rings
maximal at p.
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In this table, there is an ambiguity in the case where p =2 and 4 || D. To resolve
the ambiguity, one writes D = 4m, and if m = 1 (mod 4), then the density is 0,
whereas if m = 3 (mod 4), then the density is % The table implies the following
proposition.

Proposition 30. If R(f) is a maximal cubic ring with shape Q(x, y) of discrim-
inant D, then either D is a fundamental discriminant or —D /3 is a fundamental
discriminant.

We can now use Theorem 25, together with the analogue of the uniformity
estimate of Proposition 19 (the proof carries over to any L via Proposition 30),
to compute the number of maximal cubic orders (equivalently, cubic fields) of
bounded discriminant and with shape Q(x, y). The uniformity estimate allows us
(as in Subsection 3.3) to multiply each p-adic density of rings maximal at p, for
a given shape Q(x, y), to obtain the proportion of maximal cubic orders of that
shape. By the previous proposition, we need only consider quadratic forms with
discriminant D squarefree away from 2 or 3.

Recall that M3Or (Q, X) denotes the number of oriented maximal cubic orders
with shape Q and absolute discriminant less than X, and N?r(Q, X) denotes the
number of oriented cubic orders with shape Q and absolute discriminant less than X.

Theorem 31. Let Q(x, y) be a quadratic form whose discriminant is not a square.
Then
M3'(Q, X) = N9(Q, X) [T 1p(D) +o(X'/?).
P
As a corollary, we prove Theorem 4.

Proof of Theorem 4. Using Theorem 3, we compute the main term of M?I(Q, X)
(in the following products over primes, p = 3 is never included):

3«21 (1, xp)

HEWVIP] 1)? 2 1
s T1(1=42) (P32 T (1= )0
(B)=-1 (%)=t pID
B 3a+,3—3/2L(L XD)
~ HOWVIDI 6 9 pi—1 p}
b 2 Pi—2 P \yl2
b aEy ,H( p(p+1 ))ﬂ( pi p?—l)x

3P, XD) ( ) ( pi ) |
= P\ x12,
42h(D)VID] " LU p(p+ ) 1_[ pi+1

with the first equality following from the fact that ¢ (2) = 2 /6. U
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5. On cubic fields having a given quadratic resolvent field

Suppose K is a cubic field whose ring of integers Rx has shape Q(x, y) and
Disc Q = D is not a square. If f is an integral cubic form corresponding to the
cubic ring Rk, then K = Q(6), where 6 is a root of f(x, 1). Since /Disc f is
the product of differences of the roots of f, we see that the field Q(+/Disc f) is

contained in the Galois closure of K. Unless D = —3 (which is when K is Galois),
this field will be quadratic. The field Q(+/Disc f) is called the quadratic resolvent
field of K.
Now suppose d is a fundamental discriminant. Proposition 30 and the equation
—Dn?
Disc f = 3n

(for some integer n) show that K will have Q(/d) as its quadratic resolvent if and
only if the shape of Rx has discriminant

—3d if d #0 (mod 3),
D =

—3d or _Td if d =0 (mod 3).

Define N(d, X) to be the number of cubic fields with absolute discriminant
bounded by X and with quadratic resolvent field Q(+/d). Also define MZ{) (X) to
be the number of cubic fields whose rings of integers have shape of discriminant D
and whose discriminant is less than X. Then we have

N(d, X) = M;*(X) (16)

if d is not a multiple of 3 and

N, X) = M7 + M7 (x) (17)
if d is a multiple of 3. The result of Cohn proved earlier gives the asymptotics for
N (1, X), the number of abelian cubic extensions of @ of bounded discriminant. To
generalize this result to general d, we require:

Proposition 32. Let Q be a primitive integral binary quadratic form of nonsquare
discriminant D. Then

MP(X) = th(D)MS"(Q, X) +o(X'/?).

Proof. Let H(D) be the set of primitive integral binary quadratic forms of discrimi-
nant D. If Q € H(D), set y(Q) =1 if Q is an ambiguous form and set y(Q) =0
otherwise. We have
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MPX)= Y M3(Q,X)+o(X'?
QeH(D)/GLx(2)

= Z 2—V(Q)M§)r(Q, X)+0(X1/2)
QeH(D)/GLx(Z)

= Y IMP(0, ) +o(x") = L(D)MP(Qo, X) +o(X'),
QeH(D)/SLy(2)

where Q varies over representatives of the equivalence classes in the sums and Qg
is an arbitrary element of H (D). U

Proof of Theorem 7. If d is not a multiple of 3, then we can estimate N (d, X) by
combining Theorem 4 (with D = —3d), Proposition 32, and (16). In this case, we

have « = 1 and u3(D) = % We need only check that the constants in the resulting

22

5=, and

main term agree with those in Theorem 7. Plugging in o = 1, pu3(—3d) =
Co= %, we immediately see that they do.

If d is a multiple of 3, we use (17) instead of (16). The extra summand in (17)
makes the calculation slightly more involved. The key is to write all of the constants
in the main term of M5 3d(X ) as a function of the discriminant D = —d/3. If we
define D; = —3d = 9D, then our table of p-adic densities of maximalities gives

u3(Dy) = % and u3(D) = %. Also, one uses the fact that

1L(D) ifd=3 (mod9),

L(Dy) =
v iL(D) ifd=6 (mod9).

After grouping the common factors, one then checks that the remaining numerical
constant is equal to the value of Cy stated in Theorem 7. O

6. On cubic orders with shape of square discriminant

6.1. Pure cubic rings. We begin by describing when a cubic order has shape of
square discriminant.

Lemma 33. A cubic order has shape of square discriminant if and only if it is
contained in a pure cubic field, that is, a field of the form Q(/m) for some m € Z.

Proof. Although this is well known, we include a proof here as we could not find
one in the literature. Let R be a cubic order with shape of square discriminant D.
Then Disc R = —n?D/3 for some integer n. Since the discriminant of an order R
differs from the discriminant of the maximal order by a square factor, it suffices to
prove the lemma for maximal orders R = Og. Note that D is a square if and only if
the quadratic resolvent field of K is F = Q(v/—3) = Q(u3). If K is a pure cubic
field, then certainly its quadratic resolvent field is F.
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Conversely, suppose K has quadratic resolvent equal to F, and write M for
the Galois closure of K/Q. By Kummer theory, M = F(6), where 6 is a root
of x> —« = 0, and where « = a + b~/—3 € Of is cubefree.” We are finished
it b =0 orif Ny/k(0) ¢ Z, so assume b # 0 and Ny /x(0) =n € Z. In this
case, Npjg(a) = a® 4+ 3b*> = n?. The six conjugates of 6 are the six cube roots of
a £ b/—=3. Let 6 be the conjugate of § satisfying 60’ = n. Then 6 + 6’ is in K
and has minimal polynomial g = x> — 3nx — 2a. But Disc g = 32457 is a square,
so K is Galois over Q, a contradiction. (I

We consider a primitive integral quadratic form Q(x, y) = rx?+sxy +ty* with
discriminant D = s> — 4rt = m?, a square in Z. The goal is to estimate the number
N3or(Q, X)) of oriented cubic orders having discriminant bounded by X and having
shape Q, the SL,(Z)-equivalence class of Q. It is not difficult to show that we
may take Q(x, y) of the form rx>+sxy, with0 <r <s = VD. A representative
form Q of this type will be called reduced. The primitivity of Q implies that
(r,s)=(,D)=1.

Recall that there is a bijective correspondence between isomorphism classes of
oriented cubic rings having shape Q and SL;,(Z)-equivalence classes of integral
binary cubic forms f(x, y) = ax® 4+ bx?y + cxy? + dy® whose Hessian H (x, y) is
equal to nQ(x, y) for some positive integer n; that is, the cubic form f satisfies
the equations

b> —3ac=nr, bc—9ad=ns, c*—3bd=0. (18)

If r =0, then the primitivity of Q forces s =1 = D. In this case, b = c =0, so the
space of such cubic forms is precisely those of the form f(x) = ax>® +dy>, with a
and d nonzero. For square D # 1 we may assume that r # 0, and one checks that
all the variables involved are nonzero. Combining the equations in (18), we find
that 3nrd = nsc, and so

:ﬁ’ b 3rld _cr

C ) —

s N N

We see that such forms are determined in a linear fashion by the outer coefficients
a and d. Using the equations (18) once more, we may write n in terms of the other
variables:
9 4 3
n= ﬁ(r d—s’a).

We obtain the following formula for the discriminant of the associated cubic ring:

Disc H (x, Dn? 27
Disc R =Disc R(f(x,y)) = — 15¢ 3(x y):_ ; :—ﬁ(r3d2—s3ad)2.

7Since 0 F is a UFD, this notion makes sense (up to roots of unity).
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The cubic form 324 3rd
r r
f:ax3+ 2 x2y+Txy2+dy3

is integral if and only if (a, d)" € Z? lies in the lattice
L(Q) = {(a,d)' €Z*:3d =0 (mod D)}.

Thus, the set of oriented cubic rings having shape Q is parametrized by the set
L(Q)" c L(Q) of elements (a, d)! such that n = 9d(r3d — s°a)/ D* > 0, modulo
SO (Z)-equivalence. Here, SOy (Z) is the subgroup of y € SL,(Z) such that
y - O = Q. A simple computation shows that [SO¢(Z)| = 2 when D is a square.

Lemma 24 continues to hold when Q has square discriminant (the proof is
similar), so we can again safely ignore the contribution coming from reducible
cubic forms when counting cubic rings having shape Q. Thus the main term of
N30r(Q, X) is obtained by counting the number of lattice points (a, d)’ € L(Q)*
(modulo SO (Z)-equivalence) such that

D3/2x1/2
0<|rid*—s’ad| < ——=—=N
3V3

and 3d =0 (mod D). For s =1 (and hence r = 0), this problem amounts to counting
lattice points under a rectangular hyperbola, for which there is Dirichlet’s estimate

2N log N +22y — )N + O(N'/?),

where y is Euler’s constant. For s > 1, we use a similar estimate to find

2N 2N 12

— lgN+—Q2y-D+O0W"/7)

s s
such lattice points. We then divide by the size of SO (Z) and the covolume of the
lattice of points (a, d)" € 72 such that 3d =0 (mod D). If we set« = 1 if 3| D and
o = 0 otherwise, then this volume is D/3%. Putting this all together, we obtain the

first part of Theorem 8.

6.2. Pure cubic fields. As we did with shapes of nonsquare discriminant, we would
like to take the product of local maximality densities at each prime p to obtain
a formula for the number M3(Q, X) of maximal cubic orders of shape QO and
discriminant bounded by X. However, the sieve we used does not work as well in
this case, because the fundamental domain for cubic forms with shape of square
discriminant is not convex. Instead, we describe the lattice points that give rise to
maximal orders directly.

Proposition 34. If R is a maximal cubic ring with shape Q(x, y) and D = Disc Q
is a square, then either D =1 or D =9.
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Proof. If D is not equal to 1 or 9, then p?| D for some prime p # 3 (or p =3 and
p> | D) and so any cubic form

3r2d 3rd
5 X%y + —xy* +dy?
) )

fx,y) =ax’ +

with shape Q has p?|d because D |3d. By Lemma 16, R(f) is not maximal. [J

For discriminants D = 1 and D =9, the points (a, d)" € Z* corresponding to
maximal cubic rings have a simple description. When D = 1, there is just one
integral binary quadratic form of discriminant D, up to SL;(Z)-equivalence, namely
Q1(x,y) = xy. The cubic rings of shape Q| have associated binary cubic forms
fx,y)= ax3 +dy3 fora,d € Z.

Proposition 35. Ifa, d € Z, then the cubic form f(x,y) = ax> +dy> corresponds
to a maximal cubic ring if and only if a and d are both squarefree, gcd(a, d) =1,

and a* £ d* in7/97.

Proof. First suppose p # 3 is a prime. Since Disc f = —27a%d?, if f is nonmaximal
at p, then ad =0 (mod p). By Lemma 16, f is nonmaximal at p if eithera=d =0
(mod p) or if one of a or d is congruent to O (mod p?). This proves the proposition
away from p = 3.

For p =3, note that f(x, y) = (ax +dy)> (mod 3). If a =d =0 (mod 3) or if a
or d are divisible by 9, then R(f) is not maximal. Otherwise, we move the root
ax +dy to x, and one checks that the coefficient of y3 is 0 (mod 9) precisely when
a = £d (mod 9), which proves the proposition. ]

When D =9, there are two SL,(Z)-equivalence classes of primitive integral
quadratic forms whose reduced representatives are Qg ,(x, y) = rx* + 3xy for
r =1, 2. The cubic rings of shape Qg , have associated cubic forms

2
r<d
f(x’ y) =ax3+7x2y+rdxy2+dy3

for integers a and d such that 3 | d.

Proposition 36. Let [ be determined by a and d as above, and set d' = d/3
and a' = r3d’ — 9a. Then Disc f = 9(a’d’)? and f is maximal if and only if
gcd(a’, d’) = 1 and both a’ and d’ are squarefree.

Proof. This can be proved locally at each prime. For p = 3, if R(f) is not maximal

at 3, then Disc f = 0 (mod 9), which occurs if and only if d’ = a’ = 0 (mod 3).

Conversely, if d’ =0 (mod 3), then R(f) is not maximal at 3 by Lemma 16.
Next, suppose p > 5. Again we have d = 3d’ for some integer d’ and

fx,y) =ax® +r2d'x*y + 3rd'xy* +3d'y>.
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If d =a =0 (mod p), then f is imprimitive at p; hence R(f) is nonmaximal. If
a=03%d (mod p), then Disc f = — 5 (r3d®> —27ad)* # 0 (mod p), so R(f) is
maximal and ¢’ =d’ # 0 (mod p). If d =0 # a (mod p), then R(f) is maximal
precisely when d # 0 (mod p?). If both a and d are nonzero (mod p), then
Disc f =0 (mod p?) if and only if 9a = r3d’ (mod p). In this case,

/

d 3 3 2
f(x,y)zg(rx4r3y) +kpx” (mod p*),

where k is a parameter in Z. By Lemma 16, R(f) is nonmaximal precisely when
k =0 (mod p), that is, @’ = 0 (mod p?). This proves the proposition for p > 5,
and also for the case p =2 and r = 1. If p =r = 2, the proof from the previous
paragraph does not work, but one checks easily that the proposition still holds. [

The previous propositions reduce the task of counting cubic fields with shape
of square discriminant to estimating the number of lattice points with squarefree
and coprime coordinates inside of a rectangular hyperbola. We can perform this
computation with a suitable adaptation of Dirichlet’s hyperbola method.

Proof of Theorem 8. We have already proved the first part of the theorem, so we
consider the second part. It will simplify expressions if we count the number of
cubic fields with bounded conductor, instead of bounded discriminant. Recall
that if the discriminant of a cubic field K /Q equals df? with d a fundamental
discriminant, then f is called the conductor of K. Thus for D = Disc Q equal to 1
or 9, M3(Q, X) is the number of cubic fields with shape Q and conductor bounded
by N := (X/3)!/2. First we will estimate M3(Q, X) when D = 9. Since Qo1 and
— Qg are GLy(Z) equivalent, elements of L(Qg 1)* correspond to cubic forms
of shape (9 1 and elements of L((Qg 1)~ correspond to cubic rings of shape Qg ».
Thus we may write Qg for either Qg ; or (g 5 in the following. By Proposition 36,
and since #GOg, ,(Z) =4,

M3(Q9, X)
=11 #@ b e’ (a,b)=1,u@?*=pnb)’?=1,a=>b(mod9),ab < N}

2
=#{(a,b)' €72, : (a,b) =1, u(@)? = pn®)*=1,a=b (mod 9),ab < N}.

We define A;(N) to be the size of this last set. Following Dirichlet’s hyperbola
method, we have

AN =2 ) p@? Y @)= ) w@? Y pib)
as<v/N b=N/a a<v/'N b<VN

(a,b)=1 (a,b)=1
a=b (9) a=b (9)
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2
=2 Z Mmﬂﬁi@?ll—[pf Z (a )2\/—6 ¢(a)19+0(\/_)

an? a 89 -1
4N pla iy
3ta 3ta
6N ) 1 6V N ) p
=i 2@ - 2 w@’ [Ty v o,
a<vJ/N pla a<v/N pla?
3ta 3fa

We use Perron’s formula to estimate both of these sums. For the first sum, define
the function

flo)= Zu(a)zl_[——]_[< )

a>1 pla

3ta
which converges for Re(s) > 0. Also define i(s) = % which converges for
Re(s) > —%. By Perron’s formula,

c+ioo s
Z ,u(a)Zl_[ h(s)g“(s—{—l)\/ﬁ s~lds
p+ 1 27[ c—ioo
a<\/7 p | a

3ta

for any large c. This integral can be estimated by shifting the contour and using
Cauchy’s formula, which will pick up the residue of i (s)¢ (s + l)ﬁ “slats =0.
Using Taylor series, we compute this residue to be

h(0) log(~/N) 4+ ' (0) 4 yh(0).
The same technique also works for the second sum in our formula for A>(N), and
the residue turns out to be ~(0)/N. Altogether, we obtain

N
A>(N) = 10gN+ 10g3+2)/+6/<—1)+0(N)

1ol
since (6/7%)h’'(0) = 4C/5 and h'(0)/h(0) = 3k + log3/5. Replacing N with
(X/3)1/2, we obtain the desired formula for M3(Qg, X).

To compute M3(Q1, X), note that by Proposition 35, we have

#GO g, (Z) N N N N
M5(01. ) = 3P4 (4(5) ~24(3)) = H(A(5) ~24(5).

where A(N) has the same definition as A,(N) except without the congruence
condition (mod 9). We can compute A(N) exactly as before, except now the Euler
factor at 3 will not be missing. Combining this with the formula for A,(N /3) above
gives the estimate for M3(Q1, X) stated in the theorem.
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By Lemma 33 and Proposition 34, we may add the estimates of M3(Q, X)
for O = Q1, Qg.1, and Qg to obtain a formula for N(—3, X), and this gives
Theorem 8. U

Remark 37. There is an elementary way to count the density of discriminants of
pure cubic fields. First, we note that two integers d, d’ greater than one give rise to
the same pure cubic field K, := Q(d'/?) if and only if their quotient or product is
a cube in Q. Furthermore, if d = ab?, with d cubefree and a and b squarefree, then
Dedekind [1899] computed the discriminant of K4 to be —3k2, where

3ab if a> # b* (mod9),
ab  if a®> =b* (mod9).

Thus, counting pure cubic fields of bounded discriminant is a matter of counting
lattice points with squarefree and coprime coordinates under a hyperbola. So our
general method of computing the number of cubic fields having a fixed quadratic
resolvent field and bounded discriminant reduces to the classical method in this
special case of pure cubic fields. Furthermore, we see that Dedekind’s pure cubic
fields of Types 1 and 2 are exactly the pure cubic fields with shape of discriminant
1 and 9, respectively.
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Polynomial bounds for Arakelov invariants
of Belyi curves

Ariyan Javanpeykar
Appendix by Peter Bruin

We explicitly bound the Faltings height of a curve over @ polynomially in its
Belyi degree. Similar bounds are proven for three other Arakelov invariants: the
discriminant, Faltings’ delta invariant and the self-intersection of the dualising
sheaf. Our results allow us to explicitly bound these Arakelov invariants for
modular curves, Hurwitz curves and Fermat curves in terms of their genus.
Moreover, as an application, we show that the Couveignes—Edixhoven—Bruin
algorithm to compute coefficients of modular forms for congruence subgroups
of SL,(Z) runs in polynomial time under the Riemann hypothesis for ¢-functions
of number fields. This was known before only for certain congruence subgroups.
Finally, we use our results to prove a conjecture of Edixhoven, de Jong and
Schepers on the Faltings height of a cover of P} with fixed branch locus.

1. Introduction and statement of results

We prove that stable Arakelov invariants of a curve over a number field are polyno-
mial in the Belyi degree. We apply our results to give algorithmic, geometric and
Diophantine applications.

1.1. Bounds for Arakelov invariants of three-point covers. Let Q be an algebraic
closure of the field of rational numbers Q. Let X be a smooth projective connected
curve over Q of genus g. Belyi [1979] proved that there exists a finite morphism
X — [P’}1 ramified over at most three points. Let degz(X) denote the Belyi degree
of X, i.e., the minimal degree of a finite morphism X — I]J’qliD unramified over
I]j’%1 \ {0, 1, oo}. Since the topological fundamental group of the projective line P! (C)
minus three points is finitely generated, the set of Q-isomorphism classes of curves
with bounded Belyi degree is finite.

MSC2010: primary 14G40; secondary 11G30, 11G32, 11G50, 14H55, 37P30.

Keywords: Arakelov theory, Arakelov—Green functions, Wronskian differential, Belyi degree,
arithmetic surfaces, Riemann surfaces, curves, Arakelov invariants, Faltings height, discriminant,
Faltings’ delta invariant, self-intersection of the dualising sheaf, branched covers.
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We prove that, if g > 1, the Faltings height Ap,(X), the Faltings delta invariant
Ora1(X), the discriminant A (X) and the self-intersection of the dualising sheaf e(X)
are bounded by a polynomial in degz(X); the precise definitions of these Arakelov
invariants of X are given in Section 2.3.

Theorem 1.1.1. For any smooth projective connected curve X over Q of genus
g=1
—log(27)g < hru(X) < 13-10°g deg (X)°,

0< e(X) <3-107(g—1)degz(X)>,
0< A(X) <5-108g%degy(X)°,
—10%g% degz(X)° < Spa(X) <2-10%g degy(X)°.

The Arakelov invariants in Theorem 1.1.1 all have a different flavour to them. For
example, the Faltings height /g, (X) plays a key role in Faltings’ proof of his finite-
ness theorem on abelian varieties; see [Faltings 1983]. On the other hand, the strict
positivity of e(X) (when g > 2) is related to the Bogomolov conjecture; see [Szpiro
1990b]. The discriminant A(X) “measures” the bad reduction of the curve X/ Q
and appears in the discriminant conjecture of Szpiro [1990a] for semistable elliptic
curves. Finally, as was remarked by Faltings [1984, Introduction], Faltings’ delta
invariant dg,(X) can be viewed as the minus logarithm of a “distance” to the
boundary of the moduli space of compact connected Riemann surfaces of genus g.

We were first led to investigate this problem by work of Edixhoven, de Jong
and Schepers on covers of complex algebraic surfaces with fixed branch locus; see
[Edixhoven et al. 2010]. They conjectured an arithmetic analogue [Edixhoven et al.
2010, Conjecture 5.1] of their main theorem (Theorem 1.1 in [loc. cit.]). We use
our results to prove this conjecture; see Section 6 for a more precise statement.

1.2. Outline of proof. To prove Theorem 1.1.1, we will use Arakelov theory for
curves over a number field K. To apply Arakelov theory in this context, we will
work with arithmetic surfaces associated to such curves, i.e., regular projective
models over the ring of integers Ok of K. We refer the reader to Section 2.2 for
precise definitions and basic properties of Arakelov’s intersection pairing on an
arithmetic surface. Then, for any smooth projective connected curve X over @
of genus g > 1, we define the Faltings height hgy(X), the discriminant A(X),
Faltings’ delta invariant §g,(X) and the self-intersection of the dualising sheaf e(X)
in Section 2.3. These are the four Arakelov invariants appearing in Theorem 1.1.1.

We introduce two functions on X (@) in Section 2.3: the canonical Arakelov
height function and the Arakelov norm of the Wronskian differential. We show
that, to prove Theorem 1.1.1, it suffices to bound the canonical height of some
non-Weierstrass point and the Arakelov norm of the Wronskian differential at this
point; see Theorem 2.4.1 for a precise statement.
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We estimate Arakelov—Green functions and Arakelov norms of Wronskian dif-
ferentials on finite étale covers of the modular curve Y (2) in Theorem 3.4.5 and
Proposition 3.5.1, respectively. In our proof, we use an explicit version of a result
of Merkl on the Arakelov—Green function; see Theorem 3.1.2. This version of
Merkl’s theorem was obtained by Peter Bruin in his master’s thesis. The proof of
this version of Merkl’s theorem is reproduced in the Appendix by Peter Bruin.

In Section 4, we prove the existence of a non-Weierstrass point on X of bounded
height; see Theorem 4.5.2. The proof of Theorem 4.5.2 relies on our bounds
for Arakelov—Green functions (Theorem 3.4.5), the existence of a “wild” model
(Theorem 4.3.2) and a generalisation of Dedekind’s discriminant conjecture for
discrete valuation rings of characteristic 0 (Proposition 4.1.1), which we attribute
to Lenstra.

A precise combination of the above results constitutes the proof of Theorem 1.1.1
given in Section 4.6.

1.3. Arakelov invariants of covers of curves with fixed branch locus. We apply
Theorem 1.1.1 to prove explicit bounds for the height of a cover of curves. Let us
be more precise.

For any finite subset B C P! (Q) and integer d > 1, the set of smooth projective
connected curves X over @ such that there exists a finite morphism X — [P’}J étale
over [P)all — B of degree d is finite. In particular, the Faltings height of X is bounded
by a real number depending only on B and d. In this section, we give an explicit
version of this statement. To state our result, we need to define the height of B.

The (exponential) height H () of an element o in @ is defined as H(«) =
([T, max(1, [l ||v))1/[K:@]. Here K is a number field containing o and the product
runs over the set of normalised valuations v of K. (As in [Khadjavi 2002, Section 2],
we require our normalisation to be such that the product formula holds.) For any
finite set B C P!(Q), define the height of B as Hg = max{H («) : « € B}.

Theorem 1.3.1. Let U be a nonempty open subscheme in [P’dlj with complement
B C PY(Q). Let N be the number of elements in the orbit of B under the action of
Gal(Q/Q). Then, for any finite morphismm : Y — I]j’qli étale over U, where Y is a
smooth projective connected curve over () of genus g > 1,
—log(27)g < hra(Y) < 13- 10°%¢(4N Hp)*N'" V' (deg m)?,
0< e(¥) <3-107(g— AN Hpy* NN (deg ),
0< A®Y) <5-10%2@NHp) BNV "N (deg)°,
_108g2(4NHB)45N32N‘2N!(deg 71)5
< Sra(Y) <2-10%¢(4N Hp)® V2" "N (deg m)°.
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Theorem 1.3.1 is a consequence of Theorem 6.0.4. Note that in Theorem 6.0.4
we consider branched covers of any curve over @ (i.e., not only IP’%D). We use
Theorem 1.3.1 to prove [Edixhoven et al. 2010, Conjecture 5.1].

1.4. Diophantine application. Explicit bounds for Arakelov invariants of curves
of genus g > 2 over a number field K and with bad reduction outside a finite set S
of finite places of K imply famous conjectures in Diophantine geometry such as the
effective Mordell conjecture and the effective Shafarevich conjecture; see [Rémond
1999] and [Szpiro 1985a]. We note that Theorem 1.1.1 shows that one “could”
replace Arakelov invariants by the Belyi degree to prove these conjectures. We use
this philosophy to deal with cyclic covers of prime degree. In fact, in [Javanpeykar
and von Kinel 2013], we utilise Theorem 1.1.1 and the theory of logarithmic forms
to prove the small points conjecture of Szpiro [1985c, p. 284; 1986] for curves that
are cyclic covers of the projective line of prime degree; see [Javanpeykar and von
Kinel 2013, Theorem 3.1] for a precise statement. In particular, we prove Szpiro’s
small points conjecture for hyperelliptic curves.

1.5. Modular curves, Fermat curves, Hurwitz curves and Galois Belyi curves.
Let X be a smooth projective connected curve over @ of genus g > 2. We say that
X is a Fermat curve if there exists an integer n > 4 such that X is isomorphic to
the planar curve {x" 4+ y" = z"}. Moreover, we say that X is a Hurwitz curve if
#Aut(X) = 84(g — 1). Also, we say that X is a Galois Belyi curve if the quotient
X/ Aut(X) is isomorphic to Pg@ and the morphism X — X/ Aut(X) is ramified over
exactly three points; see [Clark and Voight 2011, Proposition 2.4] or [Wolfart 1997].
Note that Fermat curves and Hurwitz curves are Galois Belyi curves. Finally, we
say that X is a modular curve if X¢ is a classical congruence modular curve with
respect to some (hence any) embedding @ — C.

If X is a Galois Belyi curve, we have degz(X) < 84(g — 1). Zograf [1991]
proved that, if X is a modular curve, then degz(X) < 128(g + 1). Combining these
bounds with Theorem 1.1.1 we obtain the following corollary:

Corollary 1.5.1. Let X be a smooth projective connected curve over Q of genus
g > 1. Suppose that X is a modular curve or Galois Belyi curve. Then

max (par (X), e(X), AX), [8ra (X)) <2-107g%(g + 1)°.

Remark 1.5.2. Let I' C SL,(Z) be a finite-index subgroup, and let X be the
compactification of I'\H obtained by adding the cusps, where I'" acts on the
complex upper half-plane H via Mdobius transformations. Let X (1) denote the
compactification of SL,(Z)\H. The inclusion I' C SL,(Z) induces a morphism
X — X(1). For Q@ C C an embedding, there is a unique finite morphism ¥ — I]:Dép of
smooth projective connected curves over @ corresponding to X — X (1). The Belyi
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degree of Y is bounded from above by the index d of I" in SL,(Z). In particular,
max (hra (Y), e(Y), A(Y), [8pa(Y)]) < 10”7

Remark 1.5.3. Nonexplicit versions of Corollary 1.5.1 were previously known
for certain modular curves. Firstly, polynomial bounds for Arakelov invariants of
Xo(n) with n squarefree were previously known; see [Ullmo 2000, Théoréme 1.1
and Corollaire 1.3; Abbes and Ullmo 1997; Michel and Ullmo 1998, Théoréeme 1.1;
Jorgenson and Kramer 2009]. The proofs of these results rely on the theory of
modular curves. Also, similar results for Arakelov invariants of X(n) with n
squarefree were shown in [Edixhoven and de Jong 2011a; Mayer 2012]. Bounds
for the self-intersection of the dualising sheaf of a Fermat curve of prime exponent
are given in [Curilla and Kiihn 2009; Kiihn 2013].

1.6. The Couveignes—Edixhoven—Bruin algorithm. Corollary 1.5.1 guarantees
that, under the Riemann hypothesis for ¢ -functions of number fields, the Couveignes—
Edixhoven—Bruin algorithm to compute coefficients of modular forms runs in
polynomial time; see Theorem 5.0.1 for a more precise statement.

Conventions. By log, we mean the principal value of the natural logarithm. We
define the maximum of the empty set and the product taken over the empty set as 1.

2. Arakelov geometry of curves over number fields

We are going to apply Arakelov theory to smooth projective geometrically connected
curves X over number fields K. Arakelov [1974] defined an intersection theory on
the arithmetic surfaces attached to such curves. Faltings [1984] extended Arakelov’s
work. In this section, we aim at giving the necessary definitions and results for
what we need later (and we need at least to fix our notation).

We start with some preparations concerning Riemann surfaces and arithmetic
surfaces. In Section 2.3, we define the (stable) Arakelov invariants of X appearing
in Theorem 1.1.1. Finally, we prove bounds for Arakelov invariants of X in the
height and the Arakelov norm of the Wronskian differential of a non-Weierstrass
point; see Theorem 2.4.1.

2.1. Arakelov invariants of Riemann surfaces. Let X be a compact connected
Riemann surface of genus g > 1. The space of holomorphic differentials H(X, Qk)
carries a natural hermitian inner product

(w,n)HL/a)/\ﬁ.
2 Jx

For any orthonormal basis (w1, ..., wg) with respect to this inner product, the
Arakelov (1, 1)-form is the smooth positive real-valued (1, 1)-form @ on X given by
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w=_(>/2¢g) Zi:] wi A wg. Note that y is independent of the choice of orthonormal
basis. Moreover, [, u = 1.

Let gry be the Arakelov—Green function on (X x X)\ A, where A C X x X
denotes the diagonal; see [Arakelov 1974], [de Jong 2005a], [Edixhoven and de Jong
2011b] or [Faltings 1984]. The Arakelov—Green functions determine certain metrics
whose curvature forms are multiples of u, called admissible metrics, on all line
bundles Ox (D), where D is a divisor on X, as well as on the holomorphic cotangent
bundle ng Explicitly, for D=7, Dp P adivisor on X, the metric || - || on Ox (D)
satisfies log ||1||(Q) = gry (D, Q) for all Q away from the support of D, where
gry(D, Q):=) pnpgry(P, Q). Furthermore, for a local coordinate z at a point a
in X, the metric || - ||ar on the sheaf 52&( satisfies

—loglldzllar(a) = lim (gry (a, b) —log|z(a) — z(b)]).

We will work with these metrics on Ox (P) and Qﬁ( (as well as on tensor product
combinations of them) and refer to them as Arakelov metrics. A metrised line
bundle & is called admissible if, up to a constant scaling factor, it is isomorphic
to one of the admissible bundles Ox (D). The line bundle 2 % endowed with the
above metric is admissible; see [Arakelov 1974].

For any admissible line bundle &, we endow the determinant of cohomology

MP) =detH (X, ) @ detH' (X, $)V

of the underlying line bundle with the Faltings metric; see Theorem 1 of [Faltings
1984]. We normalise this metric so that the metric on )\(Q}() =detH(X, Q ;) is
induced by the hermitian inner product on H(X, Q}() given above.

Let H, be the Siegel upper half-space of complex symmetric g-by-g matrices
with positive-definite imaginary part. Let 7 in H, be the period matrix attached
to a symplectic basis of H; (X, Z), and consider the analytic Jacobian J.(X) =
C8 /(28 +7Z¢%) attached to T. On C#, one has a theta function 9 (z; 7) =9 0(z; 7) =
Y neze €xp(i'ntn 4+ 2mi 'nz), giving rise to a reduced effective divisor ® and a
line bundle 0(®g) on J;(X). The function 9 is not well-defined on J; (X). Instead,
we consider the function

1911(z; 7) = (det I()/* exp(—7 'y (3(2)) )9 (z; 7)) (D

with y = J(z). One can check that ||| descends to a function on J;(X). Now
consider on the other hand the set Pic,_{ (X) of divisor classes of degree g —1 on X.
It comes with a canonical subset ® given by the classes of effective divisors and
a canonical bijection Pic, 1 (X) = J;(X) mapping © onto ©¢. As a result, we
can equip Pic, 1 (X) with the structure of a compact complex manifold, together
with a divisor ® and a line bundle O(®). Note that we obtain ||| as a function
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on Picg_;(X). It can be checked that this function is independent of the choice
of 7. Furthermore, note that ||¢}|| gives a canonical way to put a metric on the line
bundle O(®) on Pic,_1(X).

For any line bundle & of degree g — 1, there is a canonical isomorphism from
M) to O6(—0)[Z], the fibre of O(—0O) at the point [£] in Pic,_(X) determined
by £. Faltings [1984, Section 3] proves that, when we give both sides the metrics
discussed above, the norm of this isomorphism is a constant independent of <.
We will write this norm as exp(8g,1(X)/8) and refer to §g,(X) as Faltings’ delta
invariant of X.

Let S(X) be the invariant of X defined in [de Jong 2005a, Definition 2.2]. More
explicitly, by [de Jong 2005a, Theorem 2.5],

logS(X):—fxlog 1911(gP = Q) - u(P), (@)

where Q is any point on X. It is related to Faltings’ delta invariant §g, (X). In fact,
let (w1, ..., g) be an orthonormal basis of HO(X, Q;). Let b be a point on X, and
let z be a local coordinate about b. Write wy = fydz fork=1,..., g. We have a
holomorphic function

1 d7'f
W, () = det <——>
‘ (l — 1)' le_l 1<k,I<g

locally about b from which we build the g(g + 1)/2-fold holomorphic differential
W. () (dz)®8€+D/2 Tt is readily checked that this holomorphic differential is
independent of the choice of local coordinate and orthonormal basis. Thus, the
holomorphic differential W.(w)(dz)®2¢&+1D/2 extends over X to give a nonzero
global section, denoted by Wr, of the line bundle QE¢*™"/% The divisor of the
nonzero global section Wr, denoted by W', is the divisor of Weierstrass points. This
divisor is effective of degree g> — g. We follow [de Jong 2005a, Definition 5.3] and
denote the constant norm of the canonical isomorphism of (abstract) line bundles

Qi(g+1)/2 ®oy (AgHO(X, Qk) Qc @X)v — Ox (W)

by R(X). Then
log S(X) = g8ra(X) +log R(X). 3)

Moreover, for any non-Weierstrass point b in X,
grx (W, b) —log R(X) =log [[Wr||ar(D). “)

2.2. Arakelov’s intersection pairing on an arithmetic surface. Let K be a number
field with ring of integers Ok, and let S = Spec Ok . Let p : & — § be an arithmetic
surface, i.e., an integral regular flat projective S-scheme of relative dimension 1 with
geometrically connected fibres. For the sake of clarity, let us note that p : & — § is
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a regular projective model of the generic fibre Xx — Spec K in the sense of [Liu
2006a, Definition 10.1.1].

In this section, we will assume the genus of the generic fibre X ¢ to be positive. An
Arakelov divisor D on & is a divisor Dg, on & plus a contribution Dj,s = ZU oy Fy
running over the embeddings o : K — C of K into the complex numbers. Here the o,
are real numbers and the F,; are formally the “fibres at infinity”, corresponding
to the Riemann surfaces ¥, associated to the algebraic curves & x o, » C. We
let I’)R/(%) denote the group of Arakelov divisors on . To a nonzero rational
function f on &, we associate an Arakelov divisor (Ti;( ) = (Hfin + (f)int With
(f)fin the usual divisor associated to f on & and (f)inf = )_, Vo (f)F,, Where
Vo (f) i =— f%a log|fls - e- Here uy is the Arakelov (1, 1)-form on ¥,. We will
say that two Arakelov divisors on & are linearly equivalent if their difference is of
the form 5'1;( f) for some nonzero rational function f on ¥. We let 61(96) denote
the group of Arakelov divisors modulo linear equivalence on .

Arakelov [1974] showed that there exists a unique symmetric bilinear map
(-,): 61(96) X 61(96) — R with the following properties:

o If D and E are effective divisors on & without common component, then

(D.E)=(D,E)in— Y _ gryq, (Do. Eq),
0:K—C

where o runs over the complex embeddings of K. Here (D, E)g, denotes the
usual intersection number of D and E as in [Liu 2006a, Section 9.1]; i.e.,

(D, E)in =Y _ is(D, E)log#k(s),
s€|S|

where s runs over the set | S| of closed points of S, i;(D, E) is the intersection
multiplicity of D and E at s and k(s) denotes the residue field of s. Note that,
if D or E is vertical, the sum »_ .. ¢ gry (Do, Eg) is zero.

o If D is a horizontal divisor of generic degree n over S, then (D, F,;) = n for
every o : K — C.

e If 01, 072 : K — C are complex embeddings, then (Fy,, Fy,,) =0.

An admissible line bundle on ¥ is the datum of a line bundle & on ¥ together with
admissible metrics on the restrictions &, of &£ to the ¥,. Let lgi\c(%) denote the
group of isomorphism classes of admissible line bundles on &¥. To any Arakelov
divisor D = Df + Din With Djps =) a5 F,;, We can associate an admissible line
bundle Og (D). In fact, for the underlying line bundle of Ox (D), we take Oy (Dgp).
Then, we make this into an admissible line bundle by equipping the pull-back
of Ox(Dsy) to each &, with its Arakelov metric, multiplied by exp(—a,). This
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induces an isomorphism
Cl(%x) => Pic(%).

In particular, the Arakelov intersection of two admissible line bundles on ¥ is
well-defined.

Recall that a metrised line bundle (&, | -||) on Spec Ok corresponds to an
invertible Og-module, L, say, with hermitian metrics on the L, := C®4, 0, L. The
Arakelov degree of (£, || - ||) is the real number defined by

deg() = deg(<, || - II) = log#(L/Ogs) — ) _ loglis|o,
o:K—C

where s is any nonzero element of L (independence of the choice of s follows from
the product formula).

Note that the relative dualising sheaf w,, 0k of p: % — S is an admissible
line bundle on ¥ if we endow the restrictions Qégg of wy oy to the ¥, with their
Arakelov metric. Furthermore, for any section P : § — ¥, we have

deg P*wy;0, = (Ox(P), @g/0,) =t (P, 030,);
where we endow the line bundle P*w,, /0, O Spec Ok with the pull-back metric.

Definition 2.2.1. We say that ¥ is semistable (or nodal) over S if every geometric
fibre of & over S is reduced and has only ordinary double singularities; see [Liu
2006a, Definition 10.3.1]. We say that & is (relatively) minimal if it does not contain
any exceptional divisor; see [Liu 2006a, Definition 9.3.12].

Remark 2.2.2. Suppose that & is semistable over S and minimal. The blowing-
up Y — & along a smooth closed point on ¥ is semistable over S but no longer
minimal.

2.3. Arakelov invariants of curves. Let X be a smooth projective connected curve
over @ of genus g > 1. Let K be a number field such that X has a semistable
minimal regular model p : ¥ — Spec Ok ; see Theorems 10.1.8, 10.3.34.a and 10.4.3
in [Liu 2006a]. (Note that we implicitly chose an embedding K — @Q.)

The Faltings delta invariant of X, denoted by g, (X), is defined as

D Sea(®s),

0:K—C

OFal(X) =

[K : Q]

where o runs over the complex embeddings of K into C. Similarly, we define

1/[K:Q]
||ﬁ||max<X>=(1_[ max ||ﬁ||> :
o

K_)CPng—l(%a)
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Moreover, we define

1/[K:Q]
R(X):( ]_[ R(%0)> and S(X):( ]_[ S(%g)

0:K—C 0:K—C

1/[K:Q]

The Faltings height of X is defined by

d’égdet Ps@y10, @detR'p*G%
(K : Q] T [K:Q]

hga(X) =

where we endow the determinant of cohomology with the Faltings metric; see
Section 2.1. Note that hp,(X) coincides with the stable Faltings height of the
Jacobian of Xk ; see [Szpiro 1985b, Chapter I, Lemma 3.2.1]. Furthermore, we
define the self-intersection of the dualising sheaf of X, denoted by e(X), as

_ (@g,0.P%,0,)
X =—Fa

where we use Arakelov’s intersection pairing on the arithmetic surface ¥/Og. The
discriminant of X, denoted by A(X), is defined as

ch01< 8p log #k(p)
(K : Q] ’

A(X) =

where p runs through the maximal ideals of Ok and §, denotes the number of
singularities in the geometric fibre of p : ¥ — Spec Ok over p. These invariants
of X are well-defined; see [Moret-Bailly 1990, Section 5.4].

To bound the above Arakelov invariants, we introduce two functions on X (@):
the height and the Arakelov norm of the Wronskian differential. More precisely, let
b € X(Q) and suppose that b induces a section P of ¥ over Og. Then we define
the height of b, denoted by h(b), to be

noy = P 00, _ (Progjo,)
[K : Q] [K : Q]

Note that the height of b is the stable canonical height of a point, in the Arakelov-
theoretic sense, with respect to the admissible line bundle w,, 0k We define the
Arakelov norm of the Wronskian differential at b as

1/[K:Q]
||Wr||Ar<b>=( I1 ||Wr||Ar(bo)) .

0:K—C

These functions on X (@) are well-defined; see [Moret-Bailly 1990, Section 5.4].
Changing the model for X might change the height of a point. Let us show that the
height of a point does not become smaller if we take another regular model over O .
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Lemma 2.3.1. Let ¥ — Spec Ok be an arithmetic surface. Assume that ¥y is a
model for Xk . If Q denotes the section of ¥ over Ok induced by b € X (Q), then

(0, wy/04)
(K:Q]
Proof. By the minimality of &, there is a unique birational morphism ¢ : ¥ — «;

see [Liu 2006a, Corollary 9.3.24]. By the factorisation theorem, this morphism is
made up of a finite sequence

h(b) <

¢)17 1

y=a, 2y, Py g

of blowing-ups along closed points; see [Liu 2006a, Theorem 9.2.2]. For i =
1,...,n,let E; C%; denote the exceptional divisor of ¢;. Since the line bundles
way, /0, and @ wy,_, /0, agree on Y; — E;, there is an integer a such that

@108 = ¢ 0,110k B0y, On; (aEp).

Applying the adjunction formula, we see that a = 1. Since ¢; restricts to the identity
morphism on the generic fibre, we have a canonical isomorphism of admissible line
bundles

wy,/0x =P 0y, 0k Q®ay, O, (Ei).
Let Q; denote the section of %; over Ok induced by b € X (Q). Then
(Qi, wy, 0,) = (Qi, ¢ ww,_,104) + (Qi, Ei)
> (Qi, ¢ wy,_,j0x)
=(Qi-1, 0y,_,/0¢),

where we used the projection formula in the last equality. Therefore, we conclude
that

(Q, wyj0x) = (Qn, 0y, /0¢) = (Qo, Wy 04) = (P, 0g)0,) =h(b)[K : Q]. T

2.4. Bounding Arakelov invariants in the height of a non-Weierstrass point. In
this section, we prove bounds for Arakelov invariants of curves in the height of a
non-Weierstrass point and the Arakelov norm of the Wronskian differential in this
point.

Theorem 2.4.1. Let X be a smooth projective connected curve over Q of genus
g>1. Letb e X(Q). Then

e(X) < 4g(g — Dh(b),
Srat(X) > —90g° —4g(2g — 1)(g + DA (D).
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Suppose that b is not a Weierstrass point. Then

hea(X) < 38(g + Dh(b) + log [Wr||ar(b),
Sral(X) < 6g(g + DA(b) + 12 log||Wr| ac(b) + 4g log(277),
A(X) <2g(g+ 1)(4g + Dh(b) + 121og [|Wr||ac(b) +93g>.

This theorem is essential to the proof of Theorem 1.1.1 given in Section 4.5. We
give a proof of Theorem 2.4.1 at the end of this section.

Lemma 2.4.2. For a smooth projective connected curve X over Q of genus g > 1,
1og 19 lmax (X) = 5 log max(1, hpa (X)) + (4° +5g + 1) log 2.

Proof. We kindly thank R. de Jong for sharing this proof with us. We follow the
idea of [Graftieaux 2001, Section 2.3.2]; see also [David 1991, Appendice]. Let %,
be the Siegel fundamental domain of dimension g in the Siegel upper half-space
H,, i.e., the space of complex (g x g)-matrices 7 in H, such that the following
properties are satisfied. Firstly, for every element u;; of u =0 (7), we have |u;;| < %
Secondly, for every y in Sp(2g, Z), we have det J(y - 7) < detJ(t), and finally,
S(7) is Minkowski-reduced; i.e., for all § = (§1, ..., &,) € Z¢ and for all i such
that &, ..., & are nonzero, we have EJ(1)'E > (J(1));; and, forall 1 <i <g—1
we have (J(7)); ;41 = 0. One can show that ¥, contains a representative of each
Sp(2g, Z)-orbit in Hy.

Let K be a number field such that X has a model X g over K. For any embedding
o : K — C, let 7, be an element of %, such that Jac(Xg ,) = C8 /(1,28 + Z5) as
principally polarised abelian varieties, the matrix of the Riemann form induced by
the polarisation of Jac(X g ) being J(15)~! on the canonical basis of C4. By a
result of Bost (see [Grafticaux 2001, Lemme 2.12] or [Pazuki 2012]), we have

1
[K : Q]

> logdet(3(1y)) < glogmax(l, hpa(X)) + (28 +2)log(2). (5)
o:K—C

Here we used that the Faltings height of X equals the Faltings height of its Jacobian.
Now, let #(z; 7) be the Riemann theta function as in Section 2.1, where 7 is in F,
and z =x 4 iy is in C8 with x, y € R8. Combining (5) with the upper bound

exp(—m' y(3(1)) "' Y)[0 (2 T)| < 23+ (6)

implies the result. Let us prove (6). Note that, if we write y = J(z) = (J(1)) - b
for b in RS,

exp(—m'g(3(1) "' V[P (z; )| < Z exp(—7' (n +b)(3()) (n +b)).

nezs
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Since J(t) is Minkowski reduced, we have ‘m3(t)m > c¢(g) Z - mZ(S(r))” for
all m in RS. Here c(g) = (4/g%)571(2)*“™ P2 Also, (3(1))i; = +/3/2 for all
i=1,...,g (see [Igusa 1972, Chapter V.4] for these facts). We deduce that

Y exp(—n' (n+b)(I(T) (1 + b))

nezs
<y exp< ch(g)(nl +b) (~s<r)),,)
neZg
< H > exp(—me(@) (i +b)* ((x))is)
i=1 I’ll'EZ
8 2 ¢ 2 &
< <2514+ — .
- 11 1 —exp(=me()(3(0))i) ~ < nﬁdg))
This proves (6). ]

Lemma 2.4.3. Let a € R.g and b € R<1. Then, for all real numbers x > b,
x—alogmax(l, x)= %x + %(x —2alogmax(1l, x)) > %x —I—min(%b, a—a log(2a)).

Proof. It suffices to prove that x — 2a log max(1, x) > min(b, 2a — 2a log(2a)) for
all x > b. To prove this, let x > b. Then, if 2a < 1, we have x — 2a log max(1, x) >
b > min(b, 2a — 2alog(2a)). (To prove that x — 2a logmax(1, x) > b, we may
assume that x > 1. It is easy to show that x — 2a log x is a nondecreasing function
for x > 1. Therefore, for all x > 1, we conclude that x —2alogx > 1> b.) If
2a > 1, the function x — 2a log(x) attains its minimum value at x = 2a on the
interval [1, 00). O

Lemma 2.4.4 (Bost). Let X be a smooth projective connected curve over Q of
genus g > 1. Then

hra(X) > —log(27)g.
Proof. See [Gaudron and Rémond 2011, Corollaire 8.4]. (Note that the Faltings
height /4 (X) utilised by Bost, Gaudron and Rémond is bigger than /g, (X) due to

a difference in normalisation. In fact, we have h(X) = hpy(X) + glog(y/7). In
particular, the slightly stronger lower bound Ag, (X) > —log(+/2m)g holds.) O

Lemma 2.4.5. Let X be a smooth projective connected curve over Q of genus g > 1.
Then

log S(X) + hpa(X)
> Lhpa(X) — (43 +5g + 1) 10g2+min(—§ log(277), % _ %105;(%)).
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Proof. By the explicit formula (2) for S(X) in Section 2.1 and our bounds on theta
functions (Lemma 2.4.2),

log S(X) + hra(X) = —% log max(1, hpa (X)) — (4¢” + 5 + 1) log 2+ hga (X).

Since hpy (X) > —g log(2m), the statement follows from Lemma 2.4.3 (with x =
hpa(X),a=g/4 and b = —glog(2m)). U

Lemma 2.4.6. Let X be a smooth projective connected curve of genus g > 2 over Q.

Then

—1 1
28 DEHD %) 1 Lpu(X) > log SCX) + hra(X).

8(¢—1
Proof. By [de Jong 2005a, Proposition 5.6],
8(g—1)
e(X) = (g—(log R(X) + hra(X)).

T g+D@2g—-1
Note that log R(X) = log S(X) — éra(X)/8; see (3) in Section 2.1. This implies
the inequality. ([

Lemma 2.4.7 (Noether formula). Let X be a smooth projective connected curve
over Q of genus g > 1. Then

12hpa(X) = e(X) + A(X) + Spa(X) — 4g log(2m).

Proof. This is well-known; see [Faltings 1984, Theorem 6; Moret-Bailly 1989,
Théoréme 2.2]. O

Proposition 2.4.8. Let X be a smooth projective connected curve of genus g > 2
over Q. Then

2 —1(g+1
a0 = 3 EED ) 4 a0 + 20

- 1
—glog(2m) < Me’@) + 18Fa(X) +20g°,
4g—1)
AGx) <228 ; 1_)(1g D) (X + 25000 + 24843

Proof. Firstly, by Lemma 2.4.6,

(2g —D(g+1)
8(g—1)
To obtain the upper bound for igy (X), we proceed as follows. By Lemma 2.4.5,

e(X) + §ra(X) > log S(X) + hpa(X).

log S(X) + hra(X)

> %hpal(X) — (4g3 +5g+1) log2+min(—§ log(2m), % — % log<§>>.
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From these two inequalities, we deduce that

(2g-DE+1

1
Fhra(X) < Sc—1)

e(X) + §8pa(X) + (48> +5g + 1) log 2

8 8 8 8
2 log(27), =1 <_)__).
+max<2 og(2m) 1 og 2 )

Finally, it is straightforward to verify the inequality

(4g> +5g + 1) log2 +max(§ log(2m), % log<§) — %) <10g°.

This concludes the proof of the upper bound for /gy (X).

The second inequality follows from the first inequality of the proposition and
the lower bound Ap, (X) > —g log(2m) of Bost (Lemma 2.4.4).

Finally, to obtain the upper bound of the proposition for the discriminant of X, we
eliminate the Faltings height of X in the first inequality using the Noether formula
and obtain

32¢-D+1D

AG)+e(X) +Br(X) —4g log2m) = =5 = e(X) + 30 (X) +240g”

Faltings [1984, Theorem 5] showed that e(X) > 0. Therefore, we conclude that

ACK) + ra(X) — 4g log(2m) < 228 (; 1_)(18) D o) + 3800 (X) 4+ 240¢°. O

We are now ready to prove Theorem 2.4.1.

Proof of Theorem 2.4.1. The proof is straightforward. The upper bound e(X) <
4g(g — Dh(b) is well-known; see [Faltings 1984, Theorem 5].

Let us prove the lower bound for dgy(X). If g > 2, the lower bound for g, (X)
can be deduced from the second inequality of Proposition 2.4.8 and the upper bound
e(X) <4g(g — 1)h(b). When g = 1, this follows from a result of Szpiro [de Jong
2005b, Proposition 7.2] and the nonnegativity of 4 (b).

From now on, we suppose that b is a non-Weierstrass point. The upper bound
hpa(X) < %g(g + 1)h(b) +log ||Wr||ar(b) follows from Theorem 5.9 in [de Jong
2005a] and (4) in Section 2.1.

We deduce the upper bound gy (X) < 6g(g + 1)h(b) + 121og||Wr|ar(b) +
4g log(2m) as follows. Since e(X) > 0 and A(X) > 0, the Noether formula implies
that

Spal(X) < 12hpa(X) + 4g log(2m).

Thus, the upper bound for &g, (X) follows from the upper bound for /g, (X).
The upper bound A(X) < 2g(g + 1)(4g + Dh(b) + 121og |Wr| ar(b) + 93¢*
follows from the inequality A(X) < 12hpy(X) — Spa(X) + 4glog(2m) and the
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preceding bounds. (One could also use the last inequality of Proposition 2.4.8 to
obtain a similar result.) U

3. Bounds for Arakelov—Green functions of Belyi covers

Our aim is to give explicit bounds for the Arakelov—Green function on a Belyi cover
of X (2). Such bounds have been obtained for certain Belyi covers using spectral
methods in [Jorgenson and Kramer 2006]. The results in [loc. cit.] do not apply to
our situation since the smallest positive eigenvalue of the Laplacian can go to zero
in a tower of Belyi covers; see [Long 2008, Theorem 4].

Instead, we use a theorem of Merkl to prove explicit bounds for the Arakelov—
Green function on a Belyi cover in Theorem 3.4.5. More precisely, we construct a
“Merkl atlas” for an arbitrary Belyi cover. Our construction uses an explicit version
of [Jorgenson and Kramer 2004] on the Arakelov (1, 1)-form due to Bruin.

We use our results to estimate the Arakelov norm of the Wronskian differential
in Proposition 3.5.1.

Merkl’s theorem [2011, Theorem 10.1] was used to prove bounds for Arakelov—
Green functions of the modular curve X (5p) in [Edixhoven and de Jong 2011a].

3.1. Merkl’s theorem. Let X be a compact connected Riemann surface of positive
genus, and recall that u denotes the Arakelov (1, 1)-form on X.

Definition 3.1.1. A Merkl atlas for X is a quadruple

({(Uj9 Zj)}?:h ry, M? Cl)a

where {(U;, zj)}’}.:1 is a finite atlas for X and % <rp<1,M>1andc; >0 are
real numbers such that the following properties are satisfied:

(1) Each z;U; is the open unit disc.

(2) The open sets U;‘ ={xeUj:|z;(x)| <r} withl < j <n cover X.

(3) For all 1 < j, j' < n, the function |dz;/dzj| on U; N U;: is bounded from
above by M.

(4) For 1 < j <n, write uar =iFjdzj Adz; on U;. Then 0 < F;(x) < c; for all
X € Uj.

Given a Merkl atlas ({(U;, Zj)}’}zl, r1, M, c1) for X, the following result pro-

vides explicit bounds for Arakelov—Green functions in 7, r;, M and c;:
Theorem 3.1.2 (Merkl). Let ({(U;, zj)}’j’.zl, ri, M, c1) be a Merkl atlas for X.
Then

<P e 13000+ (= D log M
su Iy < ) 2nc+(m—1)log M.
(XXXI;\Ag X =1 —r)3r 1 — 7 g
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Furthermore, for every index j and all x # y € U;‘, we have

lary (e, y)—log |2, (1) — 2, (| < — 2|
gXxvy 0og Z]x Z] y —(1_r1)3/2 0g

1

1 +13.2nc1+(n—1)log M.
Proof. Merkl [2011] proved this theorem without explicit constants and without the
dependence on r;. A proof of the theorem in a more explicit form was given by
P. Bruin in his master’s thesis. This proof is reproduced, with minor modifications,
in the Appendix. 0

3.2. An atlas for a Belyi cover of X (2). Let H denote the complex upper half-
plane. Recall that SL;(R) acts on H via Mobius transformations. Let I'(2) denote
the subgroup of SL,(Z) defined as

r@) ={(“%) eSLy@):a=d=1mod2and b=c=0mod2}.

The Riemann surface Y (2) = I'(2)\H is not compact. Let X (2) be the compactifi-
cation of the Riemann surface Y (2) = I'(2)\H obtained by adding the cusps 0, 1
and co. Note that X (2) is known as the compact modular curve associated to the
congruence subgroup T'(2) of SL,(Z). The modular lambda function A : H — C
induces an analytic isomorphism A : X (2) — P! (C); see Section 4.4 for details. In
particular, the genus of X (2) is zero. For a cusp « € {0, 1, oo}, we fix an element y;
in SL;(Z) such that y, (k) = oo.

We construct an atlas for the compact connected Riemann surface X (2). Let Boo
be the open subset given by the image of the strip

Seo={x+iy:—1<x<1, y>1}cH

in Y (2) under the quotient map H — I'(2)\H defined by t — I'(2)t. The quotient
map H — I"(2)\H induces a bijection from this strip to Bso. More precisely, suppose
that 7 and 7/ in S lie in the same orbit under the action of I'(2). Then, there exists
an element

y=(ta) €T@

such that yt = t'. If ¢ # 0, by definition, ¢ is a nonzero integral multiple of 2.
Thus, ¢ > 4. Therefore,

| R St - 1 1
~ <37 = < -.
2 et +d|>? ~ 437 2

This is clearly impossible. Thus, ¢ =0 and t" = 7 + b. By definition, b = 2k for
some integer k. Since 7 and t’ lie in the above strip, we conclude that » = 0. Thus,
=1

Consider the morphism 2o, : H — C given by t > exp(wit+m/2). The image of
the strip Se under zoo in C is the punctured open unit disc B(0, 1). Now, for any 7
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and 7’ in the strip Sao, the equality 2o (T) = zoo (') holds if and only if T/ = 7 + 2k
for some integer k. But then k = 0 and 7 = /. We conclude that z., factors
injectively through Bu. Let zo : Boo — B(0, 1) denote, by abuse of notation, the
induced chart at 0o, where By, := Boo U {oo} and B(0, 1) is the open unit disc in C.
We translate our neighbourhood B, at co to a neighbourhood for «, where « is a
cusp of X (2). More precisely, for any t in H, define z,(7) = exp(m’yk_1 T4+71/2).
Let B, be the image of Sso under the map H — Y (2) given by t — I'(2)y, 7. We
define B, = B, U {x}. We let z, : B, — B(0, 1) denote the induced chart (by abuse
of notation).

Since the open subsets B, cover X (2), we have constructed an atlas {(By, zx)}«
for X (2), where k runs through the cusps 0, 1 and oo.

Definition 3.2.1. A Belyi cover of X(2) is a morphism of compact connected
Riemann surfaces ¥ — X (2) that is unramified over Y (2). The points of ¥ not
lying over Y (2) are called cusps.

Lemma 3.2.2. Let 7 : Y — X (2) be a Belyi cover with Y of genus g. Then,
g <degm.

Proof. This is trivial for g < 1. For g > 2, the statement follows from the Riemann—
Hurwitz formula. O

Let 7 : Y — X (2) be a Belyi cover. We are going to “lift” the atlas {(By, z,)}
for X (2) to an atlas for Y.

Let x be a cusp of X (2). The branched cover 7~ Y(B,) = B, restricts to a finite
degree topological cover 7 ~!(B,) — B,. In particular, the composed morphism

n_ll:?,c — BK TN) B(O, 1)
2l
is a finite degree topological cover of B(0, 1).

Recall that the fundamental group of B(0, 1) is isomorphic to Z. More precisely,
for any connected topological cover of V — B(0, 1) of finite degree, there is a unique
integer e > 1 such that V — B(O, 1) is isomorphic to the cover B(O, 1) — B(O, 1)
given by x > x°.

For every cusp y of Y lying over «, let Vy be the unique connected component of

7' B, whose closure Vy in 71 (B,) contains y. Then, for any cusp Y, there is a
positive integer e, and an 1som0rphlsm Wy : V =5 B(0, 1) such that wy =2 °7T|V
The 1somorphlsm wy V — B(0, 1) extends to an isomorphism wy, : Vy, — B(0, 1)
such that wy = 7z, om|y,. This shows that e, is the ramification index of y over «.
Note that we have constructed an atlas {(Vy, wy)} for Y, where y runs over the
cusps of Y.
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3.3. The Arakelov (1, 1)-form and the hyperbolic metric. Let

i
= dtdt

Mhyp(f) = ZW T

be the hyperbolic metric on H. A Fuchsian group is a discrete subgroup of SL;(R).
For any Fuchsian group I', the quotient space I'\H is a connected Hausdorff
topological space and can be made into a Riemann surface in a natural way. The
hyperbolic metric ppy, on H induces a measure on I'\H, given by a smooth positive
real-valued (1, 1)-form outside the set of fixed points of elliptic elements of I'.
If the volume of I"'\H with respect to this measure is finite, we call I" a cofinite
Fuchsian group.

Let I" be a cofinite Fuchsian group, and let X be the compactification of I'\H
obtained by adding the cusps. We assume that I" has no elliptic elements and that
the genus g of X is positive. There is a unique smooth function Fr : X — [0, o0)
that vanishes at the cusps of I' such that

1
p=, Fritnp. )

A detailed description of FT is not necessary for our purposes.

Definition 3.3.1. Let 7 : Y — X (2) be a Belyi cover. Then we define the cofinite
Fuchsian group 'y (or simply I') associated to 7 : ¥ — X (2) as follows. Since the
topological fundamental group of Y (2) equals I'(2) /{£1}, we have 7 WY Q) =
I'"\H for some subgroup I’ C I'(2)/{%1} of finite index. We define I' C I'(2) to
be the inverse image of I'” under the quotient map I'(2) — I'(2)/{%1}. Note that
I" is a cofinite Fuchsian group without elliptic elements.

Theorem 3.3.2 (Jorgenson and Kramer). For any Belyi cover w : Y — X (2), where
Y has positive genus,

sup Fr < 64 max(e,)* < 64(deg)*.
ey yey

Proof. This is shown in [Bruin 2013]. More precisely, in the notation of [loc. cit.],

Bruin shows that, with a = 1.44, we have Ns;,z)(z, 2a%>—1)<58. In particular,

sup,cy Nr(z, z, 2a? — 1) < 58; see Section 8.2 in [loc. cit.]. Now, we apply Propo-

sition 6.1 and Lemma 6.2 (with € = 2deg ) in [loc. cit.] to deduce the sought

inequality. ]

Remark 3.3.3. Jorgenson and Kramer [2004] prove a stronger (albeit nonexplicit)
version of Theorem 3.3.2.

3.4. A Merkl atlas for a Belyi cover of X (2). In this section, we prove bounds for
Arakelov—Green functions of Belyi covers.
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Recall that we constructed an atlas {(By, z, )}« for X (2). For a cusp k of X (2), let

Ve - H— (0, c0)

1 log|z

be defined by T+ J(y, 1) = 5 - (! This induces a function B, — (0, 00),

also denoted by y,.
Lemma 3.4.1. For any two cusps k and k' of X (2), we have

dz.

<4exp3m/2)

Zy!
on B, N B,

Proof. We work on the complex upper half-plane H. We may and do assume that
k #«'. By applying y,;,l, we may and do assume that ¥’ = 00. On B, N By, we have

dz,(t)=mi exp(niy[lr+n/2)d(y,;1r) and dzeo(t)=miexp(mwit+m/2)d(7).
Therefore,

d(y ')
d(r)

dz,

P
T) = exp( T—1
. (7) = exp(mi(y, )
It follows from a simple calculation that, for y,~' = (%) with ¢ #0,

=
dZso

(r) = exp(T (Yoo (T) — yi (7).

lct +d|?

For t and yK_lr in By, one has yo(7) > % and y.(t) > 1 From et +d| >

2
Voo (T) = J(1), it follows that

at+b) It It

=30 (1) = = . =2
Vi (T) S(7//( () yoo(cf+d lcT -I—d|2 - (%T)z -

and similarly, y»(t) < 2. The statement follows. O

Let m : Y — X (2) be a Belyi cover, and let V = 7~ 1(Y(2)) be the complement
of the set of cusps in Y. Recall that we constructed an atlas {(Vy, w,)} for Y. We
assume that the genus g of Y is positive, and as usual, we let u denote the Arakelov
(1, 1)-formon Y.

Lemma 3.4.2. Let y be a cusp of m : Y — X (2) withk = (y). Then
271'2y2|w ,|2 .
K—z}uhyp on V.
}7

idwydwy =

Proof. Let k = m(y) in X (2). We work on the complex upper half-plane. By the
chain rule, we have

d(z¢) =d(wy) = eyw‘;?’_1 dwy.



Polynomial bounds for Arakelov invariants of Belyi curves 109

Therefore,
Elw, > *dw, dw, = dz, dz,
yI Wy y GWy = aZy AZ-

Note that dz, = iz, d(y"), where we view y,~! : H — C as a function. Therefore,

erwy[* 2 dwy diy = 3|z > d(y ) d (v ).

Since |w;"| = |z, |, we have
. _imtwyr L
ldwydwy:e—zd(yx Yd(ye )

y R
2022wy id(y N dye ) 22 y2 wy? _
— K Yy K K — K2 y (Mhypoy,( l)'
Yy

2 2
ey 2y; e

Since pnyp is invariant under the action of SL;(Z), this concludes the proof. [l

Proposition 3.4.3. Let y be a cusp of m : Y — X (2). Write u =iF,dw,dw,
onVy. Then F) is a subharmonic function on Vy and

0<F, < 128 exp(3m)(deg 71)4'

Tlg
Proof. The first statement follows from [Jorgenson and Kramer 2004, p. 8]; see
also [Bruin 2010, p. 58]. The lower bound for F) is clear from the definition. Let
us prove the upper bound for F.

For a cusp « of X (2), let B, 2)C B, be the image of the strip {x+iy:—1<x <1,
y > 2} in Y (2) under the map H — Y (2) given by 7 — I'(2)y, 7. For a cusp y
of Y lying over «, define V,(2) = 7~ (B, (2)) and Vy(2) = V,(2) U {y}. Since the
boundary dVy(2) of V,(2) is contained in V, — V,(2), by the maximum principle
for subharmonic functions,

sup F = max(sup Fy, sup Fy> :max( sup Fy, sup Fy> = sup F).

12 V@) T V=V,Q) Wy T V=V, (2) Vy=Vy(2)
By Lemma 3.4.2, Definition 3.3.1 and (7) in Section 3.3,
o2
Fy=Fr—52>—— ®)

I .
2gm2yglwyl?
Note that y_> < 4 on V,. Furthermore,

sup Iwyl_zf sup IZK|_2=exp(—n) sup exp(2ry,) <exp(3m).
Vy=Vy(2) B—B.(2) B —B(2)

Thus, the proposition follows from Jorgenson—Kramer’s upper bound for Fr
(Theorem 3.3.2). U
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Definition 3.4.4. Define s; = /T/2. Note that § <s; < 1. For any cusp « of X (2),
let B]' be the open subset of B, whose image under z, is {x € C : |x| < s1}.
Moreover, define the positive real number r; by the equation rfeg” = s1. Note
that % <ri < 1. Forall cusps y of 7 : ¥ — X (2), define the subset V! C V, by
Vy’l ={xeV,:|lw,x)|<r}

Theorem 3.4.5. Let v : Y — X (2) be a Belyi cover such that Y is of genus g > 1.
Then

d 5
sup or, < 6378027 987"
YxY)\A 8

Moreover, for every cusp y and all x # x' in VI,

d 5
Jery (x, x') —log [w, (x) — w, ()] < 6378027 €7

Proof. Write d = degm. Let s; and r; be as in Definition 3.4.4. We define real
numbers
128 exp(3m)d*
n:=#Y -V), M:=4dexp(3r) and c;|:= M.
T8

Since n is the number of cusps of Y, we have n < 3d. Moreover,
1 < d .
1—r; = 1—5

Note that

330n 1 &3
1 13.2 —1)log M < 6378027—.
(1—=r)3/? Ogl—r1+ ne+(n—1log M < g

Therefore, by Theorem 3.1.2, it suffices to show that
({(Vyv wy)}y’ rl’ M» Cl)v

where y runs over the cusps of 7 : Y — X (2), constitutes a Merkl atlas for Y.
The first condition of Merkl’s theorem is satisfied. That is, w, V, is the open unit
disc in C.
To verify the second condition of Merkl’s theorem, we have to show that the
open sets V! cover Y. For any x € Vy,, we have x € V' if w(x) € B;'. In fact, for
any x in Vy, we have |w,(x)| < ry if and only if

|2 (T ()] = [wy ()@ < r.

Since r; < 1, we see that 5| = rfl < rley. Therefore, if 7 (x) lies in B;', we see that
x lies in V;‘. Now, since s; < \/5/2, we have X(2) = |J B}'. We conclude
that Y = J V', where y runs through the cusps. x€{0, 1,00}

¥
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Since we have already verified the fourth condition of Merkl’s theorem in
Proposition 3.4.3, it suffices to verify the third condition to finish the proof. Let «
and «’ be cusps of X (2). We may and do assume that ¥ # «’. Now, as usual, we
work on the complex upper half-plane. By the chain rule,

d dz,

= — S
|wy|ey ! B.NB,/ dZK/

dw,
dw,y

on V, NV, Note that Iwy(t)|“y_1 > |wy, (1)|* = |z, ()] for any 7 in H. Therefore,

dz,
Az,

<M,

dw,y
dw,y

d
< sup
|z | B.NB,

where we used Lemma 3.4.1 and the inequality |z, | > exp(—3m/2) on B, N B,. U

3.5. The Arakelov norm of the Wronskian differential.

Proposition 3.5.1. Let 7w : Y — X (2) be a Belyi cover with Y of genus g > 1. Then

sup log ||Wr|lar < 6378028¢(deg 7).
Y —Supp ‘W

Proof. Let b be a non-Weierstrass point on Y, and let y be a cusp of Y such that b
lies in Vy". Let w = (wy, ..., wg) be an orthonormal basis of HO(Y, Q},). Then, as
in Section 2.1,

(g+1
log [|Wr| ar(b) = log | W, () (b)| + % 10g [ldw || ar(b).
By Theorem 3.4.5,
glg+1

2 log ||[dwy || ar(b) < 6378027g(deg 7).

Let us show that log |Wy, (w)(b)| < g(deg ). Write wp = fi dwy on V. Note
that w; A g = |fk|2 dwy A dwy. Therefore,

8

. . 8
1 o l 2 _
M:g}{g—l a)k/\a)k:£kg_l|fk| dwy/\dwy.

We deduce that Y §_, | fi|> = 2g Fy, where F, is the unique function on V), such
that u =i F\y dw, Adw,. By our upper bound for F, (Proposition 3.4.3), for any

j=1,...,8,

256 exp(3)(deg m)*
w2 '

8
sup| ;> < sup Y | fil> = 2¢Fy <
Vy Yy k=1
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By Hadamard’s inequality,

g—1 8
log [Wy, (@) (D)| < Z log (Z

1=0

d'fi
dl

1/2
(b)> :

Let r1 < r < 1 be some real number. By Cauchy’s integral formula, for any
O0<l<g-—1,

dlfk

()—

I / fx
— dw,
2mi lwy|=r (wy — Wy (b))+1
|

Al g!
< WSUPUH < ﬁ P|fk|

By the preceding estimations, since g! < g8 and 1/(1 —ry) <degm /(1 —s1), we
obtain that

log | W, (@) (b))

8- g aN1/2
g! 256 exp(3m)(deg )
= olog((l—rl)g<z m? ) )

( 1 )—i—%log(%)—i—%log(degn)

g2 log(deg )

= (1 () 2o (S55)

< 13g(deg )>.

Since g > 1 and 7 : Y — X (2) is a Belyi cover, the inequality deg 7 > 3 holds.
Thus,
13g(degm)?

> < g(degm)’. 0

13g(deg )* <

4. Points of bounded height

4.1. Lenstra’s generalisation of Dedekind’s discriminant bound. Let A be a dis-
crete valuation ring of characteristic O with fraction field K. Let ord4 denote the
valuation on A. Let L/K be a finite field extension of degree n, and let B be the
integral closure of A in L. Note that L /K is separable, and B/A is finite; see [Serre
1979, Proposition 1.4.8].

The inverse different D, } 4 of B over A is the fractional ideal

{(xeL:Tr(xB) C A},
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where Tr is the trace of L over K. The inverse of the inverse different, denoted by
D p/a, is the different of B over A. Note that D g, 4 is actually an integral ideal of L.

The following proposition (which we would like to attribute to H. W. Lenstra, Jr.)
is a generalisation of Dedekind’s discriminant bound; see [Serre 1979, Proposition
I11.6.13].

Proposition 4.1.1 (H. W. Lenstra, Jr.). Suppose that B is a discrete valuation ring
of ramification index e over A. Then, the valuation r of the different ideal Dp ;s
on B satisfies the inequality

r<e—1-4e-ords(n).

Proof. Let x be a uniformiser of A. Since A is of characteristic 0, we may define
y:=1/nx; note that y is an element of K. The trace of y (as an element of L) is 1/x.
Since 1/x is notin A, this implies that the inverse different D } 4 1s strictly contained
in the fractional ideal y B. (If not, since A and B are discrete valuation rings, we
would have that y B is strictly contained in the inverse different.) In particular, the
different D g, 4 strictly contains the fractional ideal (nx). Therefore, the valuation
ordg(Dp/a) on B of Dp/4 is strictly less than the valuation of nx. Thus,

ordg(Dp/a) < ordg(nx) =e-ords(nx) =e(ords(n) +1) =e-ords(n) +e.
This concludes the proof of the inequality. U

Remark 4.1.2. If the extension of residue fields of B/A is separable, Proposition
4.1.1 follows from the remark following Proposition II1.6.13 in [Serre 1979]. (The
result in that proposition was conjectured by Dedekind and proved by Hensel when
A = Z.) The reader will see that, in the proof of Proposition 4.2.4, we have to deal
with imperfect residue fields.

Proposition 4.1.3. Suppose that the residue characteristic p of A is positive. Let
m be the biggest integer such that p™ < n. Then, for B8 C B a maximal ideal of B
with ramification index eg over A, the valuation rg of the different ideal D, 4 at B
satisfies the inequality

rg<eg—1-+eg- orda (p™).

Proof. To compute rg, we localise B at 8 and then take the completions A and ’B;
of A and Bg, respectively. Let d be the degree of Bg over A. Then, by Lenstra’s
result (Proposition 4.1.1), the inequality

rg <eg—1+eg-ordz(d)
holds. By definition, ord;(d) = ords(d) < ords (p™). This concludes the proof. [J
4.2. Covers of arithmetic surfaces with fixed branch locus. Let K be a number

field with ring of integers O, and let S = Spec Ok . Let D be a reduced effective
divisor on ¥ = IPL, and let U denote the complement of the support of D in &.
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Let Y — § be an integral normal two-dimensional flat projective S-scheme with
geometrically connected fibres, and let 7 : Y — & be a finite surjective morphism
of S-schemes that is étale over U. Let ¥ : ¥ — % be the minimal resolution
of singularities [Liu 2006a, Proposition 9.3.32]. Note that we have the following
diagram of morphisms:

oLy e

Consider the prime decomposition D =), _, D;, where [ is a finite-index set. Let
D;; be an irreducible component of 7~1(D) mapping onto D;, where j is in the
index set J;. We define r;; to be the valuation of the different ideal of Oy, D,/ Og.p,.
We define the ramification divisor R tobe 3 ;> ;. 7ijDij. We define B :=m,R.

We apply [Liu 2006a, 6.4.26] to obtain that there exists a dualising sheaf way /s
for ¥ — § and a dualising sheaf w, for 7 : ¥ — & such that the adjunction formula

wy/s =n*a)9€/s®a)n

holds. Since the local ring at the generic point of a divisor on & is of characteristic 0,
basic properties of the different ideal imply that w, is canonically isomorphic to
the line bundle Oy (R). We deduce the Riemann—Hurwitz formula

Let Ky = —2 - [00] be the divisor defined by the tautological section of wy, Ok
Let Koy denote the Cartier divisor on %’ defined by the rational section d (7 o )
of way ;5. We define the Cartier divisor Ko on % analogously; i.e., Ko is the Cartier
divisor on ¥ defined by dx. Note that Koy = ¥, Kay. Also, the Riemann—Hurwitz
formula implies the following equality of Cartier divisors:

Ky =7*Ky + R.

Let Ey, ..., E; be the exceptional components of 1 : ¥ — Y. Note that the
pull-back of the Cartier divisor {* Ko coincides with Koy on

S
v - JE.
i=1
Therefore, there exist integers ¢; such that

N
Koy = YKoy + Z ciEi,
i=1
where this is an equality of Cartier divisors (not only modulo linear equivalence).
Note that (¥ *Ka, E;) =0 for all i. In fact, K is linearly equivalent to a Cartier
divisor with support disjoint from the singular locus of ¥.
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Lemma4.2.1. Foralli =1, ...,s, we have ¢c; <O.

Proof. We have the following local statement. Let y be a singular point of %, and

let Eyq, ..., E, be the exceptional components of ¥ lying over y. We define
V+ = Z Ci El'
&0

as the sum on the ¢; > 0. To prove the lemma, it suffices to show that V; =0. Since
the intersection form on the exceptional locus of ¥" — % is negative-definite [Liu
2006a, Proposition 9.1.27], to prove V. =0, it suffices to show that (V,, V;) > 0.
Clearly, to prove the latter inequality, it suffices to show that, for all i such that
¢; > 0, we have (V,4, E;) > 0. To do this, fix i € {1, ..., r} with ¢; > 0. Since
Y’ — % is minimal, we have that E; is not a (—1)-curve. In particular, by the
adjunction formula, the inequality (Ka, E;) > 0 holds. We conclude that
r
(Voo E)) = (K, E) = Y ¢j(E}, Ei) = 0,
j=1

c;j<0

where, in the last inequality, we used that, for all j such that ¢; < 0, we have that
E; #E;. O

Proposition 4.2.2. Let P': S — %’ be a section, and let Q : S — ¥ be the induced
section. If the image of P’ is not contained in the support of Koy, then

(Ko, P)fin < (B, Q)fin-

Proof. By the Riemann—-Hurwitz formula, we have Koy = 7* K¢ + R. Therefore, by
Lemma 4.2.1, we get that

(Ko, Pin = (Y* Koy + > ¢; Ei, P)fin
S
= <¢*7T*K9€ + Y R+ ZCiEi, P’)
i=1 fin
< W*n* Ky, Pin+ (W R, P')fin.

Since the image of P’ is not contained in the support of Kqy, we can apply the
projection formula for the composed morphism w o/ : ¥ — & to (Y*7* Ky, P')in
and (Y *R, P')gn; see [Liu 2006a, Section 9.2]. This gives

(Kay, Pfin < (W 7Kg, Pein+ (W R, P)iin = (Kz, Q)fin + (4R, Q)fin.

Since Ky = —2 - [00], the inequality (Kg, Q)fn < 0 holds. By definition, B = m,R.
This concludes the proof. U
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We introduce some notation. For i in / and j in J;, let ¢;; and f;; be the
ramification index and residue degree of 7 at the generic point of D;;, respectively.
Moreover, let p; C Ok be the maximal ideal corresponding to the image of D;
in Spec Ok . Then, note that ¢;; is the multiplicity of D;; in the fibre of ¥ over p;.
Now, let ey, and f,, be the ramification index and residue degree of p; over Z,
respectively. Finally, let p; be the residue characteristic of the local ring at the
generic point of D; and, if p; > 0, let m; be the biggest integer such that p;" <deg 7,
ie., m; = [log(degm)/log(p:)].

Lemma 4.2.3. Let i be in I such that 0 < p; < degm. Then, for all j in J;,
rij < 26,-jm,-epl..

Proof. Let ordp, be the valuation on the local ring at the generic point of D;. Then,
by Proposition 4.1.3, the inequality

rij < ejj— 1 +e;-ordp, (p;")

holds. Note that ordp, (p;"") = mjep,. Since p; < degm, we have that m; > 1.
Therefore,

Fij Se,-j—l—i—e,-jm[-epl. §2€,‘jmi€pi. |

Let us introduce a bit more notation. Let I; be the set of i in I such that D; is

horizontal (i.e., p; =0) or p; >degm. Let D; = Zie I D;. We are now finally ready
to combine our results to bound the “nonarchimedean” part of the height of a point.

Proposition 4.2.4. Let P’ : S — %' be a section, and let Q : S — ¥ be the induced
section. If the image of P’ is not contained in the support of Koy, then

(Kay, P')fin < deg (D1, Q)sin + 2(deg 7)* log(deg 7)[K : Q].

Proof. Note that
B=3(Trs)o
iel “jeJ;

Let I, be the complement of /; in 1. Let D, =) _._, D;, and note that D = D; + D;.

In particular,

iel

(B, Q)in = Z Z rij fij(Di, Q)fin

iel jeJ;

=" rijfif(Di. Qi+ Y Y rij fij(Dir Q)fin-

iel jeJ; ielh jel;
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Note that, for all 7 in /; and j in J;, the ramification of D;; over D; is tame; i.e., the
equality r;; = ¢;; — 1 holds. Note that, for all i in /, we have }_;_; ¢;; fij = degm.
Thus,

Y rijfii(Di, Qin <Y Y €ij fij(Di, Qsin = deg 7 (D1, Qsn.

i€l jeJ; il jeJ;

We claim that

D " rij £ (Di) Q) < 2(deg ) log(deg m)[K : Q.

ich jeJ;
In fact, since, for all i in I; and j in J;, by Lemma 4.2.3, the inequality
rij <2ejjm;ey,
holds, we have that

DN riifii(Dis Qa2 miep, (D;, Q)fin <Z eijfij)

iEIz jEJ,‘ iEIz jEJ,‘

= 2(degm) Z miey,; (Di, Q)fin-

iel

Note that (D;, Q) =log(#k(p;)) = fp, log p;. We conclude that

log(d
Zmiep,-(DhQ)ﬁn: Z ( Z epifpi>L%J log(p)

iel pprime ‘i€l pi=p
log(deg )
—(k:q Y Lgl—gJ log(p).
ogp
X,N|D2|#D

where the last sum runs over all prime numbers p such that the fibre &, contains
an irreducible component of the support of D;. Thus,

log(deg )

(B, Q)in < (degm)(D1, Qin+2(deg K : @] Y L oz 7

%],HDQ#Q

J log(p).

Note that

log(d
Z L@J log(p) = Z log(deg ) < deg 7 log(deg ),
LpNDr# gp % ,NDy £

where we used that &, N D, # & implies that p < deg . In particular,

(B, Q)fin < (deg ) (D1, Q)fin + 2(deg 7)? log(deg 7)[K : QJ.
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By Proposition 4.2.2, we conclude that
(Koy, P')gin < (deg)(Dy, Q)sin + 2(deg )* log(deg 7)[K : Q. O

4.3. Models of covers of curves. In this section, we give a general construction
for a model of a cover of the projective line. Let K be a number field with ring of
integers Ok, and let S = Spec Og.

Proposition 4.3.1. Let Y — Spec Ok be a flat projective morphism with geomet-
rically connected fibres of dimension 1, where Y is an integral normal scheme.
Then, there exists a finite field extension L /K such that the minimal resolution of
singularities of the normalisation of ¥ X o, Oy is semistable over Of.

Proof. This follows from [Liu 2006b, Corollary 2.8]. O
The main result of this section reads as follows.

Theorem 4.3.2. Let K be a number field, and let Y be a smooth projective geomet-
rically connected curve over K. Then, for any finite morphism g : Y — Pk there
exists a number field L /K such that

o the normalisation w : Y — [P’IOL of [P’IOL in the function field of Y, is finite flat
surjective,

o the minimal resolution of singularities W : Y’ — Y is semistable over Oy and

o each irreducible component of the vertical part of the branch locus of the finite
flat morphism & : %Y — [P’loL is of characteristic less than or equal to deg .
(The characteristic of a prime divisor D on IP})L is the residue characteristic
of the local ring at the generic point of D.)

Proof. By Proposition 4.3.1, there exists a finite field extension L/K such that
the minimal resolution of singularities ¥ : %" — % of the normalisation of IP})L
in the function field of Y} is semistable over Oy . Note that the finite morphism
Ty — IPIOL is flat. (The source is normal of dimension 2, and the target is
regular.) Moreover, since the fibres of ¥’ — Spec O, are reduced, the fibres of
Y over Oy are reduced. Let p C Oy be a maximal ideal of residue characteristic
strictly bigger than deg 7, and note that the ramification of 7 : Y — I]J’bL over (each
prime divisor of |]3’10L lying over) p is tame. Since the fibres of ¥ — Spec O are
reduced, we see that the finite morphism 7 is unramified over p. In fact, since
PIOL — Spec Oy, has reduced (even smooth) fibres, the valuation of the different
ideal %g,, /0, ,, on Op of an irreducible component D of ¥, lying over 7 (D) in &
is precisely the multiplicity of D in %,. (Here we let Op denote the local ring at
the generic point of D and O (p) the local ring at the generic point of 7 (D).) Thus,
each irreducible component of the vertical part of the branch locus of 7 : Y — [FDIOL
is of characteristic less or equal to deg . U
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4.4. The modular lambda function. The modular function A : H — C is defined as

1
#(2+3)~9(3)

1 9

p(3) -9 ()
where g denotes the Weierstrass elliptic function for the lattice Z 4 tZ in C. The
function A is ['(2)-invariant. More precisely, A factors through the I'(2)-quotient
map H — Y (2) and an analytic isomorphism Y (2) = C\ {0, 1}. Thus, the modular
function A induces an analytic isomorphism X (2) — P!'(C). Let us note that
A(ioo) =0, A(1) = o0 and A(0) = 1.

The restriction of A to the imaginary axis {iy : y > 0} in H induces a homeomor-

phism, also denoted by A, from {iy : y > 0} to the open interval (0, 1) in R. In fact,
for « in the open interval (0, 1),

M) =

M(1, V)
M1, V1 —a)

where M denotes the arithmetic-geometric mean.

2 o) =i

o0
Lemma 4.4.1. For t in H, let q(t) = exp(wit) and let A\(t) = ) a,q" (t) be the

q-expansion of . on H. Then, for any real number % <y<l, =l

0
—log Znanq (ly)‘ <2.
n=1
Proof. Note that
> dx
Znanq =a_

dq

It suffices to show that |gdA/dq| > 2—30. We will use the product formula for A.
Namely,

1+q2n

Ma)=16q [ ] ful@) and  fi(q):= it

n=1

Write f,/(¢) = dfu(q)/dq. Then,

d =\ d
9 ( Zf(q)) (1+qZ@10gfn(q)>-

n=1

Note that, for any positive integer n and g <y<l,

(% log £,(@)) (iy) =0.
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Moreover, since A(i) = % and A(0) = 1, the inequality A(iy) > % holds for all
O§y§1.Also,f0r‘5—‘§y§1,

( g Z aq 1o fn<q))<zy> <15

In fact,

iilo f( )_i2nq2n—l _i(2n_l)q2n—2
dq gJ/n\q) = 1+q2n o 1_|_q2n—1 :

n=1 n=1

It is straightforward to verify that, for all ‘5—‘ <y <1, the inequality

i 2ng>" ' (iy) i (2n — Dg>(iy)
1+ ¢ (iy) L+ q>=1(iy)
100 &
> ——
— 109

n=1

2ng°"" l(zy)—Z(zn 1g*" 2 (iy)

n=1 n=1

holds. Finally, utilising classical formulas for geometric series, for all % <y<l,

o= d . . 200q (iy) 1+ 4%(iy) ;
90 3 7 008 @) iv) 2 10 (S50 =R~ (i) 2
We conclude that
di
o 0-8) =% =

4.5. A non-Weierstrass point with bounded height. The logarithmic height of a
nonzero rational number a = p/q is given by

hnaive (@) = log max(|p|, Iq1),
where p and ¢ are coprime integers and g > 0.

Theorem 4.5.1. Let g :Y — I]:"%l be a finite morphism of degree d, where Y /Q is a
smooth projective connected curve of positive genus g > 1. Assume that g : Y — [P%
is unramified over [IJ’}J \ {0, 1, oo}. Then, for any rational number 0 < a < % and any
b € Y(Q) lying over a,

5
h(b) < 3hpgive(@)d? + 6378031%

Proof. By Theorem 4.3.2, there exist a number field K and a model

JTK:Y—>I]3>}(
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for ng : ¥ — [Ij’al1 with the following three properties: the minimal resolution
of singularities v : %' — Y of the normalisation 7 : % — P, of Py, in %Y is
semistable over Ok, each irreducible component of the vertical part of the branch
locusof 7 : Y — PIOK is of characteristic less than or equal to degw and every
point in the fibre of wg over a is K -rational. Also, the morphism 7 : Y — IP})K is
finite flat surjective.

Let b € Y(K) lie over a. Let P’ be the closure of b in ’. By Lemma 2.3.1, the
height of b is “minimal” on the minimal regular model. That is,

(P, wy/04)

T

Recall the following notation from Section 4.2. Let ¥ = IP’%)K. Let Ky = —2-[o0]
be the divisor defined by the tautological section. Let Kqy be the divisor on %’
defined by d (k) viewed as a rational section of way o, . Since the support of Koy
on the generic fibre is contained in n,;l({O, 1, oo}), the section P’ is not contained
in the support of Kqy. Therefore, we get that

h(b)[K : Q] < (P, wyj0,) = (P', Kyy)fin + Z (—log lldmk o) (o (D).
0:K—C

Let D be the branch locus of 7 : Y — ¥ endowed with the reduced closed
subscheme structure. Write D = 0+ 1 4+ 00 4+ Dyer, Where Dy, is the vertical part
of D. Note that, in the notation of Section 4.2, we have that D1 =0+ 1+ o0. Thus,
if Q denotes the closure of a in &, by Proposition 4.2.4, we get

(P', Kay)fin < (degm)(0+ 1 400, Q)gin +2(deg 7)” log(deg 7)[K : Q.
Write a = p/q, where p and g are coprime positive integers with ¢ > p. Note that
(04 1400, Q)fin = [K : Q]log(pg (g — p))

<3log(g)[K : Q]
= 3hnaive(a)[K : Q].
We conclude that

(P, Ky)fin

. 2 3
(K : Q] =< 3hnalve(a)(deg )"+ Z(degjr) .

It remains to estimate ) ., c(—log [[d7k|l») (o (b)). We will use our bounds
for Arakelov—Green functions.

Let o : K — C be an embedding. The composition

Y, 7 PLC) 2 X(2)
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is a Belyi cover (Definition 3.2.1). By abuse of notation, let 7 denote the composed
morphism Y, — X (2). Note that )Fl(%) ~ 0.85i. In particular, I(A~'(a)) >
S()ﬁl(%)) > s1. (Recall that s; = /T/2.) Therefore, the element 1! () lies in
B2L. Since Virov, N ~' B, there is a unique cusp y of ¥, — X (2) lying over co
such that a(b) lies in V’ !

Note that ¢ = 7 exp( 7 /2). Therefore, since A = Z ajqf on H,

j=1
e’

oo
Aom = Zaj exp(—jm/2)(zoo 0 ) = Zaj exp(—jm /2wy’
j=l1 j=l1

on V. Thus, by the chain rule,
d(vom)=ey, Y jajexp(—jm/Qwy’ " d(w,).
j=1

By the trivial inequality e, > 1, the inequality |wy| < 1 and Lemma 4.4.1,

—log |[d(A o 1) ar(0 (D))

= —log |[dwy|lar(o (D)) —log |e

Z jajexp(—jn/Dwy’ ™ (o (b))‘

= — 10g||du)) lar(o (b)) —log

Z jajexp(—jn/Dwy’ (o <b)>‘

j=1
< —loglldwy[|ar(a (b)) +2.

Thus, by Theorem 3.4.5, we conclude that

5
Lox—c(Zloghdni )@ (®) _ (oo, (degm)
[K : Q] g

+2. (]

Theorem 4.5.2. Let Y be a smooth projective connected curve over Q of genus
g > 1. For any finite morphismw : Y — I]j’%1 ramified over exactly three points, there
exists a non-Weierstrass point b on Y such that

d 5
h(b) < 6378033 987"

Proof. Define the sequence (a,);>, of rational numbers by a; = % and a, =

n/(2n — 1) for n > 2. Note that % <a, < % and that Apaive(a,) < log(2n). We may
and do assume that 7 : Y — Pé is unramified over I]j’qu\{O, 1, oo}. By Theorem 4.5.1,

for all x € 7~ ({a,)),

5
h(x) < 3log(2n)(deg 7)? + 6378031 SETL ©

8
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Since the number of Weierstrass points on Y is at most g3 — g, there exists an
integer 1 < i < (degm)? such that the fibre 7! (g;) contains a non-Weierstrass
point, say b. Applying (9) to b, we conclude that

2 ) (degn)5
h(b) < 3log(2(deg )% (deg 1) + 6378031 ~—~27
g
d 5 d 5
<pWeeT)” | (aag031 8T O
g g

4.6. For a smooth projective connected curve X over @, we let deg 5 (X) denote
the Belyi degree of X.

Proof of Theorem 1.1.1. The inequality A(X) > 0 is trivial, the lower bound e(X) >0
is due to Faltings [1984, Theorem 5] and the lower bound /g, (X) > —g log(2m) is
due to Bost (Lemma 2.4.4).

For the remaining bounds, we proceed as follows. By Theorem 4.5.2, there exists
a non-Weierstrass point b in X (@) such that

degy(X)?

8
By our bound on the Arakelov norm of the Wronskian differential in Proposition
3.5.1, we have log |Wr| ar(b) < 6378028¢ degB(X)S. To obtain the theorem, we
combine these bounds with Theorem 2.4.1. ([l

h(b) < 6378033

5. Computing coefficients of modular forms

Let I' C SL,(Z) be a congruence subgroup, and let k be a positive integer. A
modular form f of weight k for the group I is determined by k and its g-expansion
coefficients a,, (f) for 0 <m <k -[SL,(Z) : {=1}I"']/12. In this section, we follow
[Bruin 2011] and give an algorithmic application of the main result of this paper.
More precisely, the goal of this section is to complete the proof of the following
theorem. The proof is given at the end of this section.

Theorem 5.0.1 (Couveignes, Edixhoven, Bruin). Assume the Riemann hypothesis
for ¢ -functions of number fields. There exists a probabilistic algorithm that, given

e a positive integer k,

o a number field K ,

o a congruence subgroup I' C SL,(Z),

o a modular form f of weight k for I" over K, and
e a positive integer m in factored form,

computes a,, (f) and whose expected running time is bounded by a polynomial in
the length of the input.
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Remark 5.0.2. We should make precise how the number field K, the congruence
subgroup I' and the modular form f should be given to the algorithm and how the
algorithm returns the coefficient a,, (/). We should also explain what “probabilistic”
means in this context. For the sake of brevity, we refer the reader to [Bruin 2011,
p- 20] for the precise definitions. Following the definitions there, the above theorem
becomes a precise statement.

Remark 5.0.3. The algorithm in Theorem 5.0.1 is due to Bruin, Couveignes and
Edixhoven. Assuming the Riemann hypothesis for ¢-functions of number fields,
it was shown that the algorithm runs in polynomial time for certain congruence
subgroups; see [Bruin 2011, Theorem 1.1]. Bruin did not have enough information
about the semistable bad reduction of the modular curve X;(n) at primes p such
that p? divides n to show that the algorithm runs in polynomial time. Nevertheless,
our bounds on the discriminant of a curve can be used to show that the algorithm
runs in polynomial time for all congruence subgroups.

Proof of Theorem 5.0.1. We follow Bruin’s strategy [2010, Chapter V.1, p. 165]. He
notes that, to assure that the algorithm runs in polynomial time for all congruence
subgroups, it suffices to show that, for all positive integers n, the discriminant
A(X1(n)) is polynomial in n (or equivalently the genus of X;(n)). The latter
follows from Corollary 1.5.1. In fact, the Belyi degree of X (n) is at most the index
of I'y(n) in SL,(Z). Since

[SLo(Z) : Ty ()] =n*[[(1 = 1/p%) <n?,
rin

we conclude that A(X,(n)) <5-108x'4. O

6. Bounds for heights of covers of curves

Let X be a smooth projective connected curve over Q. We prove that Arakelov
invariants of (possibly ramified) covers of X are polynomial in the degree. Let us
be more precise.

Theorem 6.0.4. Let X be a smooth projective connected curve over Q, let U be a
nonempty open subscheme of X, let By C P (Q) be a finite set and let f : X — I]:"é
be a finite morphism unramified over [P’qllD — By. Define

B:= f(X\U)UB;.

Let N be the number of elements in the orbit of B under the action of Gal(Q/Q),
and let Hg be the height of B as defined in Section 1.3. Define

cp = (4NHB)45N32N‘2N!'
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Then, for any finite morphism w : Y — X étale over U, where Y is a smooth
projective connected curve over Q of genus g > 1,

—log(2m)g < hpa(Y) < 13-10°gcp(deg f) (deg ),
0< e(Y) <3-10"(g—Dcp(deg f)(degm)’,
0< A®Y) <5-10%%cp(deg f)’(degm)’,
—10%g%cp(deg £)(deg )’ < Spa(Y) <2-10%gcp(deg f)° (degm)®.

Proof. We apply Khadjavi’s effective version of Belyi’s theorem. More precisely, by
[Khadjavi 2002, Theorem 1.1.c], there exists a finite morphism R : P} — P! étale
over PL\ {0, 1, oo} such that deg R < (4N Hp)°V'2" N and R(B) C {0, 1, oo}
Note that the composed morphism

Rofor:¥ 5 x L pl & pl

is unramified over [P’éD \ {0, 1, co}. We conclude by applying Theorem 1.1.1 to the
composition Ro for. (Il

Note that Theorem 6.0.4 implies Theorem 1.3.1 (with X = IP%J, B the empty
setand f: X — [P’alJ the identity morphism).

In the proof of Theorem 6.0.4, we used Khadjavi’s effective version of Belyi’s
theorem. Khadjavi’s bounds are not optimal; see [Litcanu 2004, Lemme 4.1] and
[Khadjavi 2002, Theorem 1.1.b] for better bounds when B is contained in P!(Q).
Actually, the use of Belyi’s theorem makes the dependence on the branch locus
enormous in Theorem 6.0.4. It should be possible to avoid the use of Belyi’s
theorem and improve the dependence on the branch locus in Theorem 6.0.4. This
is not necessary for our present purposes.

Remark 6.0.5. Let us mention the quantitative Riemann existence theorem due
to Bilu and Strambi [2010]. Bilu and Strambi give explicit bounds for the naive
logarithmic height of a cover of Pé with fixed branch locus. Although their bound
on the naive height is exponential in the degree, the dependence on the height of
the branch locus in their result is logarithmic.

Let us show that Theorem 1.3.1 implies the following:

Theorem 6.0.6 [Edixhoven et al. 2010, Conjecture 5.1]. Let U C [F"lZ be a nonempty
open subscheme. Then there are integers a and b with the following property. For
any prime number { and for any connected finite étale cover w : V. — Uz ¢), the
Faltings height of the normalisation of I]J’Gl32 in the function field of V is bounded by
(deg m)“eb.

Proof. We claim that this conjecture holds with » =0 and an integer a depending only
on the generic fibre Ug of U. In fact, let 7 : ¥ — P, denote the normalisation of P,
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in the function field of V. Note that 7 is étale over Ug. Let B = P};D —Ug C PY(Q),
and let N be the number of elements in the orbit of B under the action of Gal(Q/Q).
By Theorem 1.3.1,

hea(Y) = Y hpa(X) < (degm)”,
XCY@

where the sum runs over all connected components X of Yg :=Y Xq @, and
a=6+log(13- 106N(4NHB)45N32N"2N!).

Here we used that g < N degm and

13- 108 (4N Hp)* SN2 M < (deg 7.[)1+10g(13-106N(4NHB)45N32N_2N’).

This concludes the proof. U

Let us briefly mention the context in which these results will hopefully be
applied. Let S be a smooth projective geometrically connected surface over Q.
As is explained in Section 5 of [Edixhoven et al. 2010], it seems reasonable to
suspect that there exists an algorithm that, on input of a prime ¢, computes the étale
cohomology groups H' (Sg.¢> Fe) with their Gal(Q/Q)-action in time polynomial
in £ foralli =0,...,4.

Appendix: Merkl’s method of bounding Green functions
by Peter Bruin

The goal of this appendix is to prove Theorem 3.1.2. Let X be a compact connected
Riemann surface, and let i be a smooth nonnegative (1, 1)-form on X such that
f x = 1. Let * denote the star operator on 1-forms on X, given with respect to a
holomorphic coordinate z = x + iy by

*dx =dy and =xdy=—dx,
or equivalently
*dz =—idz and xdz=idz.
The Green function for p is the unique smooth function
gr, (X xX)\ A - R,

with a logarithmic singularity along the diagonal A, such that for fixed w € X we
have, in a distributional sense,

Ldsa gr,(z, w) =8y(z) —pu(z) and / gr, (z, wn(z) =0.
21 zeX\{w}
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For all a, b € X, we write g, ; for the unique smooth function on X \ {a, b}
satisfying

dxdg,p =298, —06, and / gavit =0. (1)
X\{a,b)
Then for all a € X, we consider the function g, , on X \ {a} defined by

8a,u(x) = / 8a,b () (b). )
beX\{x}

A straightforward computation using Fubini’s theorem shows that this function
satisfies

d*dg, =38, —mpm and /\{}ga,uuzo.
X\{a

This implies that 27 g, ,(b) = gr,(a, b), where er, is the Green function for u
defined above.

We begin by restricting our attention to one of the charts of our atlas, say (U, z).
By assumption, z is an isomorphism from U to the open unit disc in C. Let
and r4 be real numbers with

r1<r2<r4<l,

and write
r3 = (a2 +r4)/2.

We choose a smooth function
X R0 — [0, 1]

such that x(r) = 1 for r <rp and x(r) = 0 for r > r4. We also define a smooth
function x on X by putting

x(x)=x(z(x)]) forxeU

and extending by 0 outside U. Furthermore, we put

For 0 <r < 1, we write
U ={xeU:|zkx)| <r}.
For all a, b € U, the function

e Loy C@E =1
a, 27 (z—z(b))(z(b)z — rf)
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is defined on U \ {a, b}. Moreover, f, ; is harmonic on U \ {a, b} since the logarithm
of the modulus of a holomorphic function is harmonic. We extend x€f,, to a
smooth function on U by defining it to be zero in a and b.

We consider the open annulus

A=U"\U".

Let (o, ¢) be polar coordinates on A such that z = pexp(i¢). A straightforward
calculation shows that in these coordinates the star operator is given by

d
*dp=pd¢p and xdp=——.
0

We consider the inner product

<a,ﬁ>A=/aA*ﬁ
A

on the R-vector space of square-integrable real-valued 1-forms on A. Furthermore,
we write

2
lally = (o, @) a.
Lemma A.1. For every real harmonic function g on A such that ||dg|| 4 exists,

2
il ldglla-
rn

max g — min g <
|lzl=r3 lzl=r3 rq —

Proof. By the formula for the star operator in polar coordinates,
dg Axdg = (8,8 dp + 08 dd) A (pdog dep — p~'dyg dp)
= ((8,9)° + (0™ 8s8)")p dp d¢.

Using the mean value theorem, we can bound the left-hand side of the inequality
we need to prove by

max g — min g < 7 max |dyg|
|z|=r3 |z|=r3 lzl=r3

=|0pg|(x) for some x with |z(x)| =r3.
We write R = (r4 —r2)/2, and we consider the open disc
D={zeU:|z—z(x)| <R}

of radius R around x; this lies in A because r3 = (r4 +r2)/2. Let (o, ¥) be polar
coordinates on D such that z — z(x) = o exp(iy). Because g is harmonic, so is
058, and Gauss’s mean value theorem implies that

1
0p8(x) = m/ dpg o do di.
D
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On the space of real continuous functions on D, we have the inner product
(h1, h2) = f hihy o do di.
D

Applying the Cauchy—Schwarz inequality with i} = p~'95g and hy = p gives

- 1/2 1/2
/8¢g0do’dtﬂ < f(p_lad,g)zo*dadw} |:/ pzadadl//i|
D | /D D
- 1/2 1/2
<[ (pla¢g>2pdpd¢} [ [ oas dw]
[ JA D
- 1/2
< fdg/\*dg] [ R*)1/?
| JA
= V7 Rlldgl|a-
Combining the above results finishes the proof. U

Lemma A.2. Foralla, b e U', there exists a smooth function g, on X such that

dxd(X€ fap) onU,

dxdg,p= —
*@8ab {O on X\U.

It is unique up to an additive constant and fulfils

ldganlla < 1d(X€ fap)lla.

Proof. First we note that the expression on the right-hand side of the equality defines
a smooth 2-form on X because d*d(x° f,.»)(z) vanishes for |z| > r4; this follows
from the choice of x and the fact that f; ; is harmonic for |z| > . Since moreover
xS fa.r =0 o0n U™, we see that the support of this 2-form is contained in the closed
annulus A. By Stokes’s theorem,

/ drd (X fup) = / o d O fa).
A 0A

Notice that f,; is invariant under the substitution z +— rf /Z; this implies that
0o fa,p(z) = 0 for |z| = r4. Furthermore, x“(z) =1 and d x“(z) = 0 for |z| =r4, so
we see that

d(X fap)(@) = x“(2) dfap(@) = g fap dp)(2) if |z] =r4.

Likewise, since x“ =0 and d x“(z) = 0 for |z| = r,

d(X° fap)(@) = x“(@Ddfap(@) =0 if [z] =r,.
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This means that, for z on the boundary of A,

—(0¢ fapdp)(z) if |z| =14,
0 if |z| = r».

#d (X fap) () = {

In particular, *d(x€ f,,) vanishes when restricted to the submanifold dA of X.
From this, we conclude that

/A drd (4 fo ) = /d o d (4 fu) = 0.

9A
This implies that a function g, ;, with the required property exists.
To prove the inequality [[dgaslla < |d(X© fa.p)ll 4, we note that

I1d(E fa)ll3 = 1dGas +d(XE fup — Eap) A
= ”dga,blle +2(d8ap, dX fa — &ab))a + 1A (X fup — ga,b)”zA-

The last term is clearly nonnegative. Furthermore, integration by parts using Stokes’s
theorem gives

@8aps dXC fup— Gas)ha = / d3ap A*d(X fup— Fas)
A

= f g’a,b *d(cha,h - ga,b) - / ga,b d*d(cha,h - g’a,h)-
A A

The second term vanishes because dxdg, , = d*d(x° f,.») on A. From our earlier
expression for *d (x° f;.»)(z) on the boundary of A, we see that

f ga,b *d(XCfa,b) =0.
0A

Finally, because d A is also the (negatively oriented) boundary of X \ A and because
d*dg,»=0o0n X\ A,

- / 8a.b ¥dgap = / dgap N*dgap > 0.
9A X\A
Thus, we have
(d8ap, d(X° fup — 8ap))a =0,
which proves the inequality. U

Lemma A.3. Let . = max |x'(r)|. Then

r=<r=ry

m}?x ga,b - n}(in ga,b S C3(rls r2, r4, )")7

where
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c3(ri,ra, r4, M) =

ra+ry (A (r1+7r4)? 1 ri ) 2 (r1+r4)?
—lo + “log————""——.

ra—1ra \2  ~(ro—r1)(ra—r1) ro—r1 ra(ra—ry)) 7w " (rp—r1)(ra—ry)

Proof. First, we note that

max g, p = max{sup 8a.b> SUP ga,b}, min g, p = min{infga,b, inf g, }
X U X\U" X U X\U"

Furthermore,

sup &a.p < sup(8a,p — X fa,p) +sup x° fab—maX(gab—x Sfap)+ max xfup

U U U |z r<|z|<r3

because of the maximum principle (8,5 — x° fa.» 1s harmonic on U) and because
x°(z) =0 for |z| < rp. In the same way, we find

lnfgab> mln(gab—X fap)+ min  xCf,p.

n<|z|<r3

We extend yx f,.» to a smooth function on X \ {a, b} by putting (x f,.5)(x) =0 for
x ¢ U. Then g, + x f4.5 is harmonic on X \ {a, b}, and the same method as above
gives us

sup gap < max (ga b+ Xfap)— min  xfup

X\U"3 lz|= r3<|z|<rs
<max(gab_x fab)+max fab_ min Xfa,b
lz|=r3 |z|=r3 r3<|z|<rs

and

inf g, > min(g.p— x°© fab)+ mln in fop— max xfop.
X\U"3 |z|=r3 r3<|z|<rs

These bounds imply that

maxga b= maX(ga b— X fa, b)+28up|fa bl

|z|=r3

min ga,b = min (ga,b —X fa,b) - 2511P|fa,b|
X |z|=r3 A

and hence

manab_mlngab = ‘HllaX(gab—X fa b)_ln‘nn (gab_X fa b)+4SUP|fa bl
z|=r3

By Lemmas A.1 and A.2,

- L. 2
|maX (ga,b - cha,b) - lnlnn (ga,b - cha,b) =< f ”dga b— d(X fa b)”A

z|=r3 zl=r3 r4 —

2./ 5
L(ndga,buf; + (X fap) | 4)
rg —1r

4/
L||al<x0fa,b>||A.
rg —1)

A

IA
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We have
Nd(x fa)lla < I1d(x°) faplla+ I1x dfaplla
<11x"(p) fapdplia+lldfapla
<Ailldplla Sljp|fa,b| + lldfa.plla-
Now

ldplf = [ donxdo= [ pdonds=nai-rb.
A A
Furthermore, for all a, b € U™, we have

| fa(@)] = %llog |z~ 2(@)] +log |z(a)z — r}| ~log |z — z(b)| ~log |2(b)z — r] .
For all a € U and all z € A, the triangle inequality gives

rm—ri<lz—z@| <ri+r and r(ra—r) < |z(a)z — rfl < r4(rg +ry).
From this, we deduce that, for all a, b € U™,

(r1 +r4)?
(ra—r)(ra—r1)

1
sup| fa.pl < 7 log
A T

Finally, we bound the quantity ||df, »||4. Because f, p is a real function, we have
dfap =0;fapdz+ 9, f4pdz. Therefore,

ldfanl? = f Ay A fiy = 2i f 0. fus2dz Adz
A A

2 p1
=4 [ ctusl pdpds < 4w~ r3) suplo fuol
0 ) A
A straightforward computation gives
1 1 z(a) 1 z(b)
( " (a) () )

3, fap=— _° - S—
Jab =@ | @12 1—2b) b1

4

Our previous bounds for |z — z(a)| and |z(a)z — 1| yield

1 1 r
supld; fa,pl < ~— + :
A

T 2m \ro—r1 ra(ra—ry)

From this, we obtain

r2 —r? 1
Idfuplla < 4712( - )

ro—r1  ra(ra—ry)

Combining the bounds for sup,| fu.»| and ||df, »|l4 yields the lemma. U
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From now on, we impose the normalisation condition

/ ga,b,u =0
X

on g, p for all a, b € U'; this can be attained by adding a suitable constant to g, .
Then for all a, b € U™, the function g, ; defined earlier is equal to

8ab = 8ab+ XSfab — / XSa,bit. 3)
X

Indeed, by the definition of g, 5, the right-hand side satisfies (1). Furthermore, for
all a € U™, we define a smooth function /, on X \ {a} by

l_{(x/Zn)loglz—z(a)I on U,
“7 1o on X\ U;

this is bounded from above by (1/27) log(ry 4 r1).

Lemma A.4. Foralla,b e U™, we have
m)?xlga,b —la+1p| < ca(ry, 2,14, A, C1),

where

r4a+r C1
" + (% log2 — %{)—2.

1
C4(r1,r2,r4,)\.,61) :CS(rl,FZ,rm)\)'i‘—lOg
2 V4 —

Proof. By (3) and the definitions of f, ; and /,, we get
2@z —r3
2b)z—r;

where the last term is extended to zero outside U. We bound each of the terms on
the right-hand side. From |, « &a.pit = 0 and the nonnegativity of w, it follows that

’

. X
8ab—lat1lp=28ap— / XJapt + o log
X JT

max g, > 0>min g, p.
X 8ab =V = X 8a,b
Together with the bound for maxx g, , — miny g, from Lemma A.3, this implies
m)?x|§a,b| <c3(ri,ra, ra, A, C1).

Because the support of x is contained in U™, the hypothesis (4) of Definition 3.1.1
together with the definition of f, ; gives

f XJabit
X

— z2(a) —z(b z(b)
zf L(k)g 2=2@) | 1og Z(az)z—l‘—log e )‘—log « 2)Z—1‘>u.
yra 21 r4 ry r4 ry
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Writing w = z/r4 and t = z(a)/r4, we have

/ X log
Urs 2

We note that ¢ satisfies |¢| < ry/r4; for simplicity, we relax this to || < 1. Then it is
easy to see that the above expression attains its maximum for |¢| = 1; by rotational
symmetry, we can take t = 1. We now have to integrate over the crescent-shaped
domain {w € C: |w| < 1 and |w — 1| > 1}, which is contained in {1 4+ r exp(i¢) :
l<r<2, 27/3 <¢ <4m/3}. We get

imz@)) /|w|<1 log |w —t|i dw A di.

2
g J s

T4

_ 4m/3
f Llog ¢ z(a) / / log(r)rdrd¢
urs 21 27/3
= log2 )
In a similar way, we obtain
/ X oe |2 —z(a) _a
U4 27[ rq - 2r4 '
X . |z@):z ¢l
—1 —1|u log2 — ,
/Ur4 2 rf ( & )rf
[ Zrog iyt
Urs 27 r; 4r;

The same bounds hold for 5. Combining everything, we get

< (%logZ— }T)%
4

XJfaplt
X

Finally, we have

X |e@z— rf 1 ra — 2(a)z/ry
max — log | ——=| < —su _—
X 2m 2(b)z—r2| T 27 yr ra —2(b)z/14
1 rqa+n
=— 10 )
2 rq — 11
which finishes the proof. U

We will now apply Lemma A.4, which holds for any chart (U, z) satisfying
the hypotheses (1) and (4) of Definition 3.1.1, to our atlas {(U;,z;) : 1 < j <n}.
Besides including the index j in the notation for the coordinates, we denote by Z(J )
and x ) the functions /, and yx defined for the coordinate (Uj, zj). We obtain the
following generalisation of Lemma A.4 to the situation where a and b are arbitrary
points of X:
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Lemma A.5. Foralla,b € X and all j and k such that a € U;l andb € U},
D 4w < A M
Suplgd,b a + b | _CS(rl’rZ,rél-’ 7n’cl7 )7
X

where

n—1 r4+rg
cs(ri, ra, ra, Ay cr,n, M) =nca(ri,ra, ra, A, 1) + log{ M .
2 r—ri

Proof. We first show that for any two coordinate indices j and k and for all
aelU'n U;l,

i 1 r4a+ri
sup|lflk) — ll(lj)| < 7 10g<M - ) 4)
X T n—=r

To prove this, let y € X. We distinguish three cases to prove that lék)(y) — lt(lj )(y) is
bounded from above by the right-hand side of (4); the inequality then follows by
interchanging j and k.

Case 1. Suppose y € U; with |z;(y) —z;(a)| < (r, —r1)/M. In this case, we have

r—=r

lz;(DI < |zj(@)]+ <r;

hence, a, y € UJ'.Z. Let [a, y]/ denote the line segment between a and y in the
zj-coordinate, i.e., the curve in U;z whose z;j-coordinate is parametrised by

20 = —0)zj(a)+1z;(y) for0O<zr<1.

We claim that this line segment also lies inside U,*. Suppose this is not the case;
then, because the “starting point” ZJT] (2j(0)) = a does lie in U,:z, there exists a
smallest ¢ € (0, 1) for which the point

Y =2;'¢;m) eU}
lies on the boundary of U,”. It follows from hypothesis (3) of Definition 3.1.1 that
|2e(3) = ze(@)] = Mz;(y) — zj(@)l.
On the other hand,
2;(0) — zj (@] = tlz; () — z;(a)]
<(rn—r)/M
by assumption, and
2 (y) — zk(@)] > ra =1y

by the triangle inequality. This implies

|2e(y") — z(@)| > Mz;(y') — zj (@),
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a contradiction. Therefore, the line segment [a, y]’ lies inside U]r.2 NU,>. By
hypothesis (3) of Definition 3.1.1, we have

|zk(y) —zk(@)| < M|z (y) — z;(a)l.

Because x ) (y) = x®(y) = 1, we find

0 =10 =5 —Zg; — Z EZ; < % log M,
which is bounded by the right-hand side of (4).
Case 2. Suppose y ¢ U;. Then ltgj)(y) =0, and thus,
log(rq +r1)

10 (y) =19 (y) =10 (y) <
21

Case 3. Suppose y € U; and |z;(y) —zj(a)| = (rp —r1)/M. Then

log(rq +r1) X("-)(y)1 ry—ri
— Og s
2 2 M
which is also bounded by the right-hand side in (4).

By hypothesis (2) of Definition 3.1.1, the open sets U ]’.‘ cover X. Furthermore,
X is connected. For arbitrary a, b € X and indices j and k such that a € U]r.1 and

10 —19(y) <

b € U;', we can therefore choose a finite sequence of indices j = ji, jo, ..., jm =k
with m < n and points a = ao, aj, ..., a,, = b such that a; € U]r.l_l N U;[_l+1 for
1<i<m—1.Using gup = 1y 8ai_s.a;» WE get

m

m—1
D (8arcra — 150 +190) + (150 —1;{0))
i=1

i=1

' k
Sup |ga.p — 1) +l,§ )| = sup
X X

m
S Zsupigaifl,a, _ZL(I,JI] +Z(J‘ _l(g{:)|
i=1 X
The lemma now follows from Lemma A.4 and the inequality (4). O

Proof of Theorem 3.1.2. We choose a continuous partition of unity {¢/ };5:1 subordi-
nate to the covering {U;1 ;?:1. Leta € X, and let j be an index such that a € UJr.'.
By the definition of g, ,, we have

ga,ﬂ(x)—lf/)(x):/b gap()(b) =1 (x)
eX

—Z/ B (0)(80.6(x) =11 (0)) 1 (B)

heUk
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n

= /b Ur1¢k(b)(ga,b(x)—l((lj)(x)+l£k)(x))l/~(b)—Z /b » P DI () (b).
€Uk k=1 Y0V

k=1

In a similar way to in the proof of Lemma A.4, one can check that, for every index k
and all x € X, we have

< f O n®) < (Flog2 - 3)ey

27 Jreu
so that
sup f ,¢k(b)l£k)(X)u(b)|§—
xeX |/beU;!

Together with Lemma A.5, this gives the inequality

n n
S§P|8a,u—lflj)| <cs(ri,r2,ra, A, c1,n, M) E /b o ¢’ (b)u(b) + E 5
j=1"9¢Y; j=1

ncy
=cs5(r1, 12, 14, A, C1, 1, MH_T

We also have

1

supgau<sup( —l(f))—l-supl(J) <sup( —l(f)) M.

X 2
By varying the choice of r4 and ¥, we can let r4 tend to 1 and A to I lr . This

—r
leads to
1 1 1)? 1
03(71,72, p—_— >=4 —|—r2< log (it + +- )
l=ry 1—=r2\2(1-rp) (r2—”1)(1—"1) ro—ry 1-r
2 (r1+1)

+Zlog —
7% ra—r(1—r1)

which implies successively
1 1 1 14+r; 3 1
l,——. ¢ = —— 810g2 — 1
C4(F1,r2, , 1—r2’C1> 03(r1,r2, , 1_r2> 7 10 - +(51log2— 7)e1,

1 n—1 1+nr
cs =ncy\ry,ra, s, 1—1”2’ c )+ . log Mr2 )
- — N

We take r, = 0.39 +0.61r;. Then, for r| >

2, one can check numerically that

n 1 n—
c5 <524 log + 1.60nc; +

1
log M.
(I=r)? " 1-n o

From this, the theorem follows. O
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The radius of a subcategory of modules
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Dedicated to Professor Craig Huneke on the occasion of his sixtieth birthday

We introduce a new invariant for subcategories ¥ of finitely generated modules
over a local ring R which we call the radius of %. We show that if R is a complete
intersection and & is resolving, then finiteness of the radius forces & to contain
only maximal Cohen—Macaulay modules. We also show that the category of max-
imal Cohen—Macaulay modules has finite radius when R is a Cohen—Macaulay
complete local ring with perfect coefficient field. We link the radius to many
well-studied notions such as the dimension of the stable category of maximal
Cohen—Macaulay modules, finite/countable Cohen—Macaulay representation type
and the uniform Auslander condition.

Introduction

Let R be a commutative Noetherian local ring and mod R the category of finitely
generated modules over R. In this paper we introduce and study a new invariant
for subcategories ¥ of mod R which we call the radius of %. Roughly speaking, it
is defined as the least number of extensions necessary to build the whole objects
in & out of a single object in mod R. (For the precise definition, see Definition 2.3
in this paper.) Our definition is inspired by the notion of dimension of triangulated
categories that was introduced by Rouquier [2008].

We obtain strong evidences that the concept of radius is intimately linked to both
the representation theory and the singularity of R. For example, over a Gorenstein
complete local ring R, the category of maximal Cohen—Macaulay modules has
radius zero if and only if R has finite Cohen—Macaulay representation type, in other
words, R is a simple hypersurface singularity (when R has an algebraically closed
coefficient field of characteristic zero). In addition, the category of maximal Cohen—
Macaulay modules over a complete local hypersurface (over an algebraically closed
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field of characteristic not two) of countable Cohen—Macaulay representation type
has radius one. We also observe a tantalizing connection to the uniform Auslander
condition, which has attracted researchers over the years.

Perhaps most surprisingly, one corollary of our first main result (Theorem 3.3)
states:

Theorem I. Let R be a local complete intersection, and let X be a resolving
subcategory of mod R. If the radius of X is finite, then X contains only maximal
Cohen—Macaulay modules.

We conjecture that the above result holds for all Cohen—Macaulay local rings.
Our second main result below supports this conjecture, which follows from more
general results (Theorems 5.7 and 5.11).

Theorem II. Let R be a Cohen—Macaulay complete local ring with perfect coef-
ficient field. Then the category of maximal Cohen—Macaulay modules over R has
finite radius.

The structure of the paper is as follows. In Section 1 we set the basic notations
and definitions. Section 2 contains our key definition (Definition 2.1) of the radius
of a subcategory of mod R, as well as some detailed comparisons to similar notions.
We also give several results connecting the radius to the singularities of finite and
countable Cohen—Macaulay representation type. Sections 3 and 4 consist of the
statement and proof of our Theorem I, respectively. We also discuss here thickness
of resolving subcategories of maximal Cohen—-Macaulay modules over a complete
intersection. Section 5 contains the proof of (generalizations of) our Theorem II.
Section 6 connects the main results to the uniform Auslander condition and discusses
some open questions.

1. Preliminaries

In this section, we recall the definitions of a resolving subcategory, totally reflexive
modules and a thick subcategory.

Convention 1.1. Throughout this paper, we assume all rings are commutative
Noetherian rings with identity. All modules are finitely generated. All subcategories
are full and strict. (Recall that a subcategory ¥ of a category € is called strict
provided that for objects M, N € ‘€ with M = N, if M is in &, then so is N.) Hence,
the subcategory of a category 6 consisting of objects {M, },ca always means the
smallest strict full subcategory of € to which M, belongs for all A € A. Note that
this coincides with the full subcategory of € consisting of all objects X € € such
that X = M, for some A € A. Let R be a (commutative Noetherian) ring. Denote by
mod R the category of (finitely generated) R-modules and R-homomorphisms. For
a Cohen—Macaulay local ring R, we call a maximal Cohen—Macaulay R-module
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just a Cohen—Macaulay R-module. We denote by CM(R) the subcategory of mod R
consisting of Cohen—Macaulay R-modules.

The following notation is used throughout this paper.

Notation 1.2. For a subcategory ¥ of mod R, we denote by add ¥ (or addg &)
the additive closure of &, namely, the subcategory of mod R consisting of direct
summands of finite direct sums of modules in ¥. When & consists of a single
module M, we simply denote it by add M (or addg M). For an R-module M, we
denote by M* the R-dual module Homg (M, R). For a homomorphism f: M — N
of R-modules, f* denotes the R-dual homomophism N* — M* sending 0 € N*
to the composition o - f € M*.

The notion of a resolving subcategory has been introduced by Auslander and
Bridger [1969]. It can actually be defined for an arbitrary abelian category with
enough projective object. The only resolving subcategories we deal with in this
paper are ones of mod R.

Definition 1.3. A subcategory &€ of mod R is called resolving if the following hold.
(R1) % contains the projective R-modules.

(R2) % is closed under direct summands: if M is an R-module in ¥ and N is an
R-module that is a direct summand of M, then N is also in &.

(R3) % is closed under extensions: for an exact sequence 0 > L - M — N — 0
of R-modules, if L, N are in ¥, then so is M.

(R4) % is closed under kernels of epimorphisms: for an exact sequence 0 — L —
M — N — 0 of R-modules, if M, N are in ¥, then so is L.

A resolving subcategory is a subcategory such that any two minimal resolutions
of a module by modules in it have the same length; see [Auslander and Bridger
1969, Lemma (3.12)]. Note that one can replace the condition (R1) with:

(R1") % contains R.
Next we recall the notion of a totally reflexive module.

Definition 1.4. An R-module M is called rotally reflexive if the natural homomor-
phism M — M™** is an isomorphism and Ext"R (M,R)=0= Ext’k (M*, R) for all
i > 0. We denote by %(R) the subcategory of mod R consisting of totally reflexive
modules.

A totally reflexive module was defined by Auslander [1967], and deeply studied
by Auslander and Bridger [1969]. The R-dual of a totally reflexive R-module is also
totally reflexive. Every projective module is totally reflexive, i.e., add R € 9G(R). If
R is a Cohen—Macaulay local ring, then every totally reflexive R-module is Cohen—
Macaulay, i.e., 9(R) € CM(R). When R is a Gorenstein local ring, an R-module
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is totally reflexive if and only if it is Cohen—Macaulay, i.e., 9(R) = CM(R). For
more details, see [Auslander and Bridger 1969] and [Christensen 2000].

Syzygies, cosyzygies and transposes are key tools in this paper. We recall here
their precise definitions.

Definition 1.5. Let (R, m) be a local ring, and let M be an R-module.

. . 8n Sn S s
(1) Take a minimal free resolution - - - = F, % F,_1 =% ... 5 Fp—> M — 0

of M. Then, for each n > 1, the image of §, is called the n-th syzygy of M
and denoted by Q"M (or Q2 M). For convention, we set Q"M =M.

(2) The cokernel of the R-dual map &7 : Fj — F} is called the (Auslander)
transpose of M and denoted by Tr M (or Trg M).

(3) Let0— M — F_; 25 ... 2 g O 22 be a minimal
free coresolution of M, that is, an exact sequence with F_, free and Imd_, C
mF_(,41) for all n > 1. Then we call the image of 6_, the n-th cosyzygy of M
and denote it by Q7" M (or Q" M).

Let R be a local ring. Then by [Yoshino 2005, Lemma 3.2] one can replace (R4)
with:

(R4") % is closed under syzygies: if M is in &, then so is QM.

Totally reflexive modules behave well under taking their syzygies, cosyzygies
and transposes. Let R be a local ring. Let M be a totally reflexive R-module. The
R-dual of a minimal free resolution (respectively, coresolution) of M is a minimal
free coresolution (respectively, resolution) of M*. In particular, a minimal free
coresolution of M always exists, and it is uniquely determined up to isomorphism.
The n-th syzygy 2" M and cosyzygy 27" M are again totally reflexive for all n. This
is an easy consequence of [Christensen 2000, (1.2.9) and (1.4.8)]. The transpose
Tr M is also totally reflexive; see [Auslander and Bridger 1969, Proposition (3.8)].
For an R-module M, the n-th syzygy 2" M for any n > 1 and the transpose Tr M
are uniquely determined up to isomorphism, since so is a minimal free resolution
of M. If M is totally reflexive, then the n-th cosyzygy 27" M for any n > 1 is also
uniquely determined up to isomorphism, since so is a minimal free coresolution
of M.

A lot of subcategories of mod R are known to be resolving. For example, CM(R)
is a resolving subcategory of mod R if R is Cohen—Macaulay. The subcategory of
mod R consisting of totally reflexive R-modules is resolving by [Auslander and
Bridger 1969, (3.11)]. One can construct a resolving subcategory easily by using the
vanishing of Tor or Ext. Also, the modules of complexity less than a fixed integer
form a resolving subcategory of mod R. For the details, we refer to [Takahashi
2009, Example 2.4].

Now we define a thick subcategory of totally reflexive modules.
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Definition 1.6. A subcategory & of G(R) is called thick if it is closed under direct
summands and short exact sequences: for an exact sequence 0 - L —- M — N — 0
of totally reflexive R-modules, if two of L, M, N are in &, then so is the third.

A typical example of a thick subcategory is obtained by restricting a resolving
subcategory to G(R).

The following proposition is shown by an argument dual to [Yoshino 2005,
Lemma 3.2].

Proposition 1.7. Let R be a local ring. Let ¥ be a subcategory of 4(R) con-
taining R. Then X is a thick subcategory of 4(R) if and only if X is a resolving
subcategory of mod R and is closed under cosyzygies: if M is in %, then so is Q™' M.

Let (R, m) be a local ring. We call R a hypersurface if the m-adic completion R
of R is a residue ring of a complete regular local ring by a principal ideal. We say
that R is a complete intersection if R is a residue ring of a complete regular local
ring by an ideal generated by a regular sequence.

We recall the definitions of Gorenstein dimension and complete intersection
dimension, which are abbreviated to G-dimension and CI-dimension. These notions
have been introduced by Auslander and Bridger [1969] and Avramov, Gasharov
and Peeva [Avramov et al. 1997], respectively.

Definition 1.8. Let R be a local ring, and let M be an R-module. The G-dimension
of M, denoted Gdimg M, is defined as the infimum of the lengths of totally reflexive
resolutions of M, namely, exact sequences of the form 0 — X, - X, — --- —
X1 — X9 — M — 0 with each X; being totally reflexive. The CI-dimension of
M is defined as the infimum of pd¢(M ®g R’) — pdg R’, where R — R’ < S runs
over the quasi-deformations of R. Here, a diagram R— RS of homomorphisms
of local rings is called a quasi-deformation of R if f is faithfully flat and g is a
surjection whose kernel is generated by an S-sequence.

Recall that M is said to have complexity c, denoted by cxg M = c, if c is the
least nonnegative integer n such that there exists a real number r satisfying the
inequality BR(M) < ri"~! for all i > 0.

Remark 1.9. For a local ring (R, m, k) and a module M over R, the following are
known to hold. For the proofs, we refer to [Christensen 2000] and [Avramov et al.
1997].

(1) Gdimg M = oo if and only if M does not admit a totally reflexive resolution
of finite length.

(2) Cldimg M = oc if and only if pdg(M ®g R") = oo for every quasi-deformation
R— R <« 8.

(3) Onehas M =0 & Gdimg M = —o00 < Cldimg M = —o0.
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(4) Gdimg M <0 if and only if M is totally reflexive.
(5) If Gdimg M (respectively, Cldimg M) is finite, it is equal to depth R—depth, M.

(6) The inequalities Gdimg M < Cldimg M < pdr M hold, and equalities hold to
the left of any finite dimension.

(7) If M #£ 0, then Gdimg(Q2"M) = sup{Gdimg M — n, 0} and Cldimr(Q"M) =
sup{Cldimg M —n, 0} hold for all n > 0.

(8) If R is a Gorenstein ring (respectively, a complete intersection), then Gdimg M
(respectively, Cldimg M) is finite. If Gdimg k (respectively, Cldimg k) is finite,
then R is a Gorenstein ring (respectively, a complete intersection).

(9) If Cldimg M < oo, then cxg M < o0.

2. Definition of the radius of a subcategory

This section contains the key definition and establishes several results. More
precisely, we will give the definition of the radius of a subcategory of mod R for
a local ring R, and compare it with other notions, such as the dimension of a
triangulated category defined by Rouquier. We will also explore its relationships
with representation types of a Cohen—Macaulay local ring.

Definition 2.1. Let R be a local ring.

(1) For a subcategory & of mod R we denote by [&] the additive closure of the sub-
category of mod R consisting of R and all modules of the form Q' X, where i >0
and X € ¥. When & consists of a single module X, we simply denote it by [ X].

(2) For subcategories &, % of mod R we denote by & o Y the subcategory of
mod R consisting of the R-modules M which fits into an exact sequence
0> X—>M-—->Y—>0withXeXandY €Y. WesetX eY = [[X] o [Y]].

(3) Let 6 be a subcategory of mod R. We define the ball of radius r centered at 6 as

[<6]r={[(€] fr=1,
(€)1 o€ = [[€],_ 0 [€]] ifr>2.

If € consists of a single module C, then we simply denote [€], by [C],, and
call it the ball of radius r centered at C. We write [6]X when we should specify
that mod R is the ground category where the ball is defined.

Some similar notions have already been introduced. Takahashi [2009, Defini-
tion 3.1] defines the subcategory res” ¥ of the resolving closure res & of a given
subcategory & of mod R. This is different from ours in that res” & is not closed under
syzygies. In [Avramov et al. 2010] the thickening thick” & of a given subcategory &
of a triangulated category is defined. This cannot be applied directly to a module
category.
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Proposition 2.2. Let R be a local ring.

(1) Let %,% be subcategories of mod R. The following are equivalent for an
R-module M:
(a) M belongs to ¥ ¢ %Y.
(b) There exists an exact sequence 0 —> X — Z — Y — 0 of R-modules with
X e[X]and Y € [Y] such that M is a direct summand of Z.

(2) For subcategories X,%, % of mod R, one has (X eY) e F =X o (Y 0 %¥).

(3) Let € be a subcategory of mod R, and let a, b be positive integers. Then one
has [€], o [€]p = [€la+s = [€] @ [€la.

Proof. (1) The implication (b) = (a) is obvious. To prove the opposite implication
(a) = (b), let M be an R-module in ¥ ¢ Y = [[¥] o [Y]]. By definition, M is
isomorphic to a direct summand of R®” & P!_,(Q2' Z;)®%, where p, q; > 0 and
Z; €[¥]o[¥]. For each 0 <i <n there is an exact sequence 0 > X; — Z; - ¥; — 0
with X; € [¥] and Y; € [¥]. Taking syzygies and direct sums, we have an exact
sequence

n n n
0 R o P @ Xx)® - R o @H(Q' 2% & R — P(QY)® — 0.
i=0 i=0 i=0

The left and right terms are in [¥] and [Y], respectively. The middle term contains
an R-module isomorphic to M. Thus the statement (b) follows.

(2) First, let M be an R-module in (X e%Y) e%. By the assertion (1) there is an exact
sequence 0 — W i> V—>Z—0with W eXe¥ and Z € [%¥] such that M is a direct
summand of V. By (1) again, we have an exact sequence 0 - X — U — Y — 0 with
X € [¥] and Y € [¥] such that W is a direct summand of U. Writing U = W @ W',
we make the following pushout diagram.

0

(=)
S
(&)
=
<
o<—ﬂ<—2 — X +— o
N
()



148 Hailong Dao and Ryo Takahashi

The bottom row implies that 7 is in %Y e %, and it follows from the middle column
that M belongs to & e (Y e%). Hence we have (X e V) e X C X o (Y 0 ¥).

Next, let M be an R-module in ¥ e (%Y @ %¥). Then it follows from (1) that there
is an exact sequence 0 - X — V i) W — O with X € [¥] and W € Y % such
that M is a direct summand of V. Applying (1) again, we have an exact sequence
0—>Y—>U—Z—>0withY € [¥] and Z € [#¥] such that W is a direct summand
of U. Write U = W @ W', and we have a pullback diagram:

0 0

0 X VoW —5 WepWwW —— 0
Z __—— Z
0 0

We see from the first row that 7 is in ¥ e %Y, and from the middle column that M is
in (X e%)e%. Therefore X o (Yo%) C (¥ e V) 0% holds.

(3) It is enough to show the equality [€], e [€], = [€],+». We prove this by
induction on b. It holds by definition when b = 1. Let b > 2. Then we have

[€]q @ [€]p = [€]a @ ([€]p—1 €)= ([€]a @ [€]p—1) @€ =[€layp—1 @€ =[Clatp,

where the second equality follows from (2), and the induction hypothesis implies
the third equality. U

Let <€ be a subcategory of mod R and r > 0 an integer. By the second and third
assertions of Proposition 2.2, without danger of confusion we can write

r

— —
[€], =€Ceo---0%6.
Now we can make the definition of the radius of a subcategory.

Definition 2.3. Let R be a local ring, and let % be a subcategory of mod R. We
define the radius of &, denoted by radius &, as the infimum of the integers n > 0
such that there exists a ball of radius n + 1 centered at a module containing &. By
definition, radius ¥ € NU {oco}.
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The definition of the radius of a resolving subcategory looks similar to that of
the dimension of a triangulated category which has been introduced by Rouquier
[2008, Definition 3.2]. The stable category CM(R) of Cohen—Macaulay modules
over a Gorenstein local ring R is triangulated by [Buchweitz 1986; Happel 1988],
and the dimension of CM(R) in the sense of Rouquier is defined. It might look the
same as the radius of CM(R) in our sense.

However there are (at least) two differences in the definitions:

(1) A defining object for dim CM(R) is required to be inside the category CM(R),
but a defining object for radius CM(R) is not, i.e., it is enough to be an object
of mod R. More precisely, dim CM(R) (respectively, radius CM(R)) is defined
as the infimum of the integers n > 0 such that CM(R) = (G),+; for some
object G (respectively, CM(R) C [C],+1 for some object C). Then G must
be an object of CM(R), while C may not be an object of CM(R), just being
an object of mod R.

(2) Let ¥ and % be subcategories of CM(R) and CM(R), respectively. Then
the subcategory (%) of CM(R) is closed under taking cosyzygies of Cohen—
Macaulay modules in it, but the subcategory [¥] of CM(R) is not in general.
(In fact, this difference is a reason why we can prove Proposition 2.5 below but
do not know whether the analogue for dimension holds or not; see Question 2.6
below.)

Thus these two notions are different, but they are still related to each other. In
fact, we can show that the following relationship exists between them.

Proposition 2.4. Let R be a Gorenstein local ring.
(1) One has the inequality dim CM(R) < radius CM(R).
(2) The equality holds if R is a hypersurface.

Proof. (1) We may assume that n := radiusCM(R) < oo. Then there exists an
R-module C such that CM(R) is contained in the ball [C], 1.

We claim that CM(R) = [Q_deC]nH holds, where d = dim R. This claim
implies CM(R) = (Q¢C),,41, which shows dim CM(R) < n.

In the following, we show this claim. Since Q7¢Q?C is a Cohen-Macaulay
R-module, and CM(R) is a resolving subcategory of mod R, the inclusion CM(R) 2
[Q79Q7C],41 holds. To get the opposite inclusion, it is enough to prove that for
every m > 1 and M € [C],, we have Q4QIM € [Q79Q4C]),. Let us prove
this by induction on m. The case m = 1 is obvious, so let m > 2. According to
Proposition 2.2(1), there is an exact sequence 0 - X — Y — Z — 0 of R-modules
with X € [C],,—1 and Z € [C] such that M is a direct summand of Y. Taking the
d-th syzygies, we have an exact sequence 0 — QX — QY ®R® — Q47 - 0
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of Cohen—Macaulay R-modules. Since R is Gorenstein, taking the d-th cosyzygies
makes an exact sequence

0— Q Q%X - QY DR - Q Q%7 -0

of Cohen-Macaulay modules. The induction hypothesis implies Q7/Q?Z e
[Q79QIC] and Q79QIX € [Q9QC]),,—;. Since Q79Q4M is a direct summand
of Q74Q4Y, it belongs to [2~4QC],,.

(2) Let n :=dim CM(R) < oo. We find a Cohen—Macaulay R-module G such that
CM(R) = (G)p+1. We want to prove that CM(R) = [G],+1 holds, and it suffices to
show that for every m > 1 and M € (G),, we have M € [G],,. Let us use induction
on m. The case m = 1 follows from the fact that QN = Q!N up to free summand
for each Cohen—Macaulay R-module N, since R is a hypersurface. When m > 2,
there exists an exact triangle X — ¥ — Z — XX in CM(R) with X € (G),,—1 and
Z € (G) such that M is a direct summand of Y. Then we have an exact sequence
0— X —Y@®R® — Z — 0 of R-modules, and we are done by applying the
induction hypothesis. U

In the rest of this section, we will study the relationships between the repre-
sentation types of a Cohen—Macaulay local ring and the radius of the category of
Cohen—Macaulay modules. Recall that a Cohen—Macaulay local ring R is said to be
of finite (respectively, countable) Cohen—Macaulay representation type if CM(R)
has only finitely (respectively, countably but not finitely) many indecomposable
modules up to isomorphism.

We can describe the property of finite Cohen—Macaulay representation type in
terms of a radius.

Proposition 2.5. Let R be a Gorenstein Henselian local ring. The following are
equivalent:

(1) One has radiusCM(R) =0;
(2) The ring R has finite Cohen—Macaulay representation type.

Proof. (2) = (1): If My, ..., M, are the nonisomorphic indecomposable Cohen—
Macaulay R-modules, then we have CM(R) = [M & --- & M, ].

(1) = (2): There is an R-module C satisfying CM(R) C [C]. Setting d =dim R,
we have CM(R) = [Q74Q4C). Replacing C with Q1Q4C, we may assume that
CM(R) = [C] with C being Cohen—Macaulay.

Note that since R is Henselian, the Krull-Schmidt theorem holds, i.e., each
R-module uniquely decomposes into indecomposable R-modules up to isomor-
phism. Let Cq, ..., C, be the indecomposable direct summands of C. We may
assume that C = C1 @ --- @ C,. Since R is Gorenstein, taking syzygies preserves
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indecomposability of nonfree Cohen—Macaulay R-modules. We see that the set of
nonisomorphic indecomposable Cohen—Macaulay R-modules is

[R)U{QC;|i=>0,1<j<n}.

We may assume that for all i >0 and 1 < j # j' <n we have QiCj Z# Cj, because
if Q'C; = C; for some such i, j, j’, then we can exclude C; from C. Now fix
an integer j with 1 < j < n. As taking cosyzygies preserves indecomposability
of nonfree Cohen-Macaulay R-modules, Q~'C ; 1s isomorphic to Q“C), for some
a > 0and 1 <b < n. Taking the a-th cosyzygies, we have Q_l_“C.,- = Cp, hence
C; = Q!*¢Cy. This forces us to have b = j, which says that C; is periodic. Hence
there are only finitely many indecomposable Cohen—Macaulay R-modules. ]

Question 2.6. Does the equality in Proposition 2.4(1) hold true? If it does, then
Proposition 2.5 will say that a Gorenstein Henselian local ring R has finite Cohen—
Macaulay representation type if and only if dim CM(R) < 0. This statement is a
partial generalization of Minamoto’s theorem [2013, Theorem 0.2], which asserts
that the same statement holds for a finite-dimensional self-injective algebra over a
perfect field, extending Yoshiwaki’s recent theorem [2011, Corollary 3.10].

The next result hints at further relationship between finite radius of CM(R) and
more well-known classification of singularities.

Proposition 2.7. Let R be a complete local hypersurface over an algebraically
closed field of characteristic not two. Assume that R is of countable Cohen—
Macaulay representation type. Then radius CM(R) = 1.

Proof. Tt follows from [Araya et al. 2012, Theorem 1.1] that there exists an
R-module X such that for every indecomposable module M € CM(R) there is
an exact sequence 0 > L > M ® R" — N — O with L, N € {0, X, 2X}. This
shows that CM(R) = [X],. Now we see from Proposition 2.5 that the radius of
CM(R) is equal to one. O

3. Finiteness of the radius of a resolving subcategory

In this section we state our guiding conjecture and first main result.

Conjecture 3.1. Let R be a Cohen—Macaulay local ring. Let ¥ be a resolving
subcategory of mod R with finite radius. Then every R-module in & is Cohen—
Macaulay.

Remark 3.2. The converse of Conjecture 3.1 also seems to be true. We consider
this in Section 5.

Let & be a subcategory of mod R. We denote by res & (or resg &) the resolving
closure of &, namely, the smallest resolving subcategory of mod R containing &. If
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& consists of a single module M, then we simply denote it by res M (or resg M).
For a prime ideal p of R, we denote by &, the subcategory of mod Ry, consisting of
all modules of the form X, where X € ®. The first main result of this paper is the
following theorem.

Theorem 3.3. Let R be a commutative Noetherian ring. Let X be a resolving
subcategory of mod R. Suppose that there exist a prime ideal p of R with htp > 0
and an Ry-module M with 0 # M € addg, &, which satisfy one of the following
conditions.

1) pM =0.

(2) 0 < Gdimg, M = n < 0o and Q. M € addg, ;.

(3) 0 < Gdimg, M < 00 and resg, (SZ’}ep M) is a thick subcategory of ‘4(Ry) for
some n > 0.

@ 0< CIdimRp M < oc.

Then X has infinite radius.

The proof of this theorem will be given in the next section. As a direct conse-
quence of the above theorem, we obtain two cases in which our conjecture holds
true.

Corollary 3.4. Conjecture 3.1 is true if

(1) R is a complete intersection, or

(2) R is Gorenstein, and every resolving subcategory of mod R contained in
CM(R) is a thick subcategory of CM(R).

Proof. Conjecture 3.1 trivially holds in the case where R is Artinian, so let (R, m, k)
be a Cohen—Macaulay local ring of positive dimension. Then we have htm > 0.
Let & be a resolving subcategory of mod R, and suppose that & contains a non-
Cohen—Macaulay R-module M.

(1) We have 0 < dim R — depthg M = depth R — depthg M = Cldimg M < oo,
and Theorem 3.3(4) implies that & has infinite radius.

(2) We have 0 <n:=dim R —depthgr M =depth R—depthr M = Gdimg M < 0.
The module Q' M is Cohen—Macaulay, and by assumption resg (2 M) is a thick
subcategory of CM(R) =%(R). Theorem 3.3(3) implies that & has infinite radius. [J

4. Proof of Theorem I

This section is devoted to give the proof of Theorem 3.3 (hence of Theorem I from

the introduction), which we break up into several parts. Most of them also reveal

properties of subcategories of mod R which are interesting in their own right.
First of all, we make a remark to reduce our theorem to the local case.
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Remark 4.1. Let C be an R-module, n > 0 an integer and p a prime ideal of R.
Then for a subcategory & of mod R the implication

XC[CIF = addg, %, C Gyl

holds. It follows from [Takahashi 2010, Lemma 4.8] that addg, &y is a resolving
subcategory of mod Ry,. (The ring R in (loc. cit.) is assumed to be local, but its proof
does not use this assumption, so it holds for an arbitrary commutative Noetherian
ring.) Hence, to prove Theorem 3.3, without loss of generality we can assume
(R, p) is a local ring with dim R > 0 and M is an R-module with 0 # M € %.

Proof of Theorem 3.3(1). First, we investigate the annihilators of torsion submod-
ules. For an ideal / of R and an R-module M, we denote by I";(M) the I-torsion
submodule of M. Recall that I'; (M) is by definition the subset of M consisting of all
elements that are annihilated by some power of I, and the assignment M +— ['; (M)
defines a left exact additive covariant functor I'; : mod R — mod R.

Lemma 4.2. Let I be an ideal of R. Let C, M be R-modules and n > 1 an integer.
If M belongs to [C],, then one has Anng I'; (M) 2 (Anng I';(R) - Anng I'; (C))".

Proof. Let us prove the lemma by induction on 7.
If n = 1, the module M is isomorphic to a direct summand of (R&@_, 2 C)*”
for some a, b > 0. Hence I'; (M) is isomorphic to a direct summand of

a &b
(r,(m o@D msz"C)) :
i=0

Fori > 1, the syzygy Q' C is a submodule of some free module R®<, and I'; (Q/ C) is
a submodule of I'; (R)®¢, which implies that Anng I'; (2 C) contains Anng I'; (R).
Hence we obtain

a
Anng I'; (M) 2 Anng T';(R) N <ﬂ Anng r,(QiC)>
i=0
= AHHR F[(R) ﬂAnnR F[(C) ) AnnR F[(R) . AnnR F[(C)
Let n > 2. Then M is in [C], = [C],—1 ¢ [C], and Proposition 2.2(1) says
that there is an exact sequence 0 - X — Y — Z — 0 with X € [C],—1 and
Z € [C] such that M is a direct summand of Y. We have an exact sequence
0—->T;(X)—>T;(Y)— I'/(Z), and therefore we obtain
AIll’lR F[(M) 2 AnnR F[(Y) 2 Al’ll’lR F[(X) . AIII’IR F[(Z)
D (Anng '/ (R) - Anng I';(C)" ™" - (Anng '/ (R) - Anng I'; (C))
= (Anng I';(R) - Anng '/ (C))",
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which is what we want. U

Let (R, m) be a local ring, and let M be an R-module. We denote by ££(M) the
Loewy length of M, which is by definition the infimum of the integers n > 0 such
that m" M = 0. Obviously, ££(M) is finite if and only if M has finite length. There
is a relationship between finite radius and Loewy length:

Proposition 4.3. Let (R, m) be a local ring, and let ¥ be a resolving subcategory
of mod R. If radius ¥ < 00, then supy o {€€(I'n(X))} < 00.

Proof. Put r = radius®. By definition, there exists an R-module C such that
[C],+1 contains ¥. Let X be a module in &. It follows from Lemma 4.2 that the
annihilator Ann ', (X) contains the ideal (Ann 'y (R) - Ann Ty (C)) 1. As T (R)
and ', (C) have finite length, they have finite Loewy length. Set a = ££(I'i,(R))
and b = ££(I'y(C)). Then AnnT,(X) contains m@*?C+D  which means that
Le(I'y (X)) is at most (a+b)(r+1). Since the number (a+b)(r +1) is independent
of the choice of X, we have supy o {€l(I'n(X))} <(a+b)(r+1) < 0. O

The following is the essential part of Theorem 3.3(1).

Theorem 4.4. Let (R, m, k) be a local ring of positive dimension. Let ¥ be a
resolving subcategory of mod R. If ¥ contains k, then X has infinite radius.

Proof. We claim that R/m' belongs to % for all integers i > 0. Indeed, there is an
exact sequence 0 — m'~!/m! - R/m/ — R/m'~! — 0, and the left term belongs
to & as it is a k-vector space. Induction on i shows the claim.

We have ££(I'n(R/m')) = ££(R/m') = i, where the second equality follows
from the assumption that dim R > 0. Therefore it holds that

sup {££(Ti (X))} = sup{€€(T'wm(R/m'))} = sup{i} = oo,
XeX i>0 i>0

which implies radius & = oo by Proposition 4.3. U

Now, let us prove Theorem 3.3(1). By Remark 4.1, we may assume that (R, p) is
a local ring with dim R > 0 and that M is a nonzero R-module in &. The assumption
pM = 0 says that M is a nonzero k-vector space, where k = R/p is the residue
field of R. Since ¥ is closed under direct summands, k belongs to &. Theorem 4.4
yields radius & = oo.

Proof of Theorem 3.3(2)(3). Establishing several preliminary lemmas and propo-
sitions is necessary, which will also be used in the proof of Theorem 3.3(4).
We begin with stating an elementary lemma, whose proof we omit.

Lemma 4.5. Let (R, m, k) be a local ring. Let 0 > L — M — N — 0 be an exact
sequence of R-modules. Then inf{depth L, depth N} = inf{depth M, depth N}.
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For an ideal I of R, we denote by V (/) (respectively, D(I)) the closed (respec-
tively, open) subset of Spec R defined by / in the Zariski topology, namely, V (1) is
the set of prime ideals containing I and D (/) = Spec R\ V (/). For an R-module M
we denote by NF(M) the nonfree locus of M, that is, the set of prime ideals p of R
such that the R,-module M, is nonfree. It is well-known that NF(M) is a closed
subset of Spec R.

The next result builds, out of each module in a resolving subcategory and each
point in its nonfree locus, another module in the same resolving subcategory whose
nonfree locus coincides with the closure of the point. Such a construction has
already been given in [Takahashi 2009, Theorem 4.3], but we need in this paper a
more detailed version. Indeed, the following lemma yields a generalization of (loc.
cit.).

Lemma 4.6. Let M be an R-module. For every p € NF(M) there exists X € res M
satisfying NF(X) = V (p) and depth X; = inf{depth M, depth Ry} for all g € V (p).

Proof. Note that V (p) is contained in NF(M). If V(p) = NF(M), then we can
take X := M @ R. Suppose V (p) is strictly contained in NF(M). Then there is a
prime ideal v in NF(M) that is not in V (p). Choose an element x € p \ t. By [ibid.,
Proposition 4.2], we have a commutative diagram with exact rows

0 —— QM F M 0
| I
0 —— QM N M 0

where F is free, V(p) € NF(N) € NF(M) and D((x)) "NNF(N) = &. The second
row shows that N belongs to res M. Since t is in D((x)), it is not in NF(¥), and
we have V (p) € NF(N) C NF(M).

Now we claim that depth Ny = inf{depth M, depth Ry} for all g € V' (p). Indeed,
localizing the above diagram at q and taking long exact sequences with respect to
Ext, we get a commutative diagram with exact rows
E-'(My) —— E'(QM)) —— E(F;) —— E'(My) —— E'(QM),)

| oL e
E-N M) —2s Bl (@M)y) —— EI(Ny) —— E'(My) —2Ls E1(QM),)

fori € Z, where E'(—) = Ex‘[’kq (x(q), —). As x is an element of q, the maps (1), (2)
are zero maps, and so are (3), (4). Thus we have a short exact sequence

0 — Ext' (k(q), (2M)4) — Ext' (k(q), Ng) — BExt' (k(q), My) — 0

for each integer i. It is easy to see from this that the first equality in the following
holds, while the second equality is obtained by applying Lemma 4.5 to the exact
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sequence 0 — (QM)q — Fy — My — 0:
depth Ny = inf{depth(2M),, depth M} = inf{depth R, depth M}.

Thus the claim follows.

If V(p) = NF(V), then we can take X := N. If V(p) is strictly contained in
NF(N), then the above procedure gives rise to an R-module L eres N (so L eres M)
with V (p) € NF(L) C NF(N) C NF(M) such that

depth L = inf{depth Ny, depth R;} = inf{depth M, depth R,}

for all q € V(p). Since Spec R is a Noetherian space, iteration of this procedure
must stop in finitely many steps, and we eventually obtain such a module X as in
the lemma. (]

The next lemma will play a crucial role in the proofs of our theorems. The main
idea of the proof is similar to that of Lemma 4.2, but a much closer examination is
necessary.

Lemma 4.7. Let S — R be a homomorphism of rings. Let C, M be R-modules
with M € [C],If, and let N be an S-module of injective dimension m < co. Then

m
ﬂ Anng Exti (M, N) = ﬂ Anng Extiy(M, N)

i>0 i=1

m n
D (]_[ Anng Exti(R, N) - Anng Exts(C, N)) :

i=1

Proof. For each integer i < 1 and R-module L, set aiL = Anng ExtiS(L, N).
Note that a}i = § for all 4 > m since Ext’sl(L, N) = 0. It suffices to prove that
ajy 2 ([T} aag)". Let us proceed by induction on .

When n =0, we have M = 0, and the above two ideals coincide with S.

Let n = 1. Then M is isomorphic to a direct summand of a finite direct sum of
copies of R (@I/:o Q/ic ) Hence Extg(M , N) is isomorphic to a direct summand
of a finite direct sum of copies of Ext\(R, N) & (@lj:O Ext5(Q/C, N)). Thus
we have al, D af, N (N, at,;.)- Foreach j > 1 there is an exact sequence

. J
0— Q/C — R%®i — Q/~1C — 0, which induces an exact sequence

Exts(R, N)®% — Exts(Q/C, N) — Exti™H(@/7'C, N).

This gives

i+1 »)

i i i il _i42 i i+l i+j—1 _i+j
anCQaRan,lc_aRaR an,ZCQ--‘QaRaR - 0p ac".
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1+1 i+j—1 _i+j

egarding a SR | a as a.. when j = , we have
Regarding aj,a R C c When j =0 h
i+l i+j—1 _i+j
aQ,CDaRa ap o ac

for all j > 0. Thus we obtain

i+l i+j—1_i+j
aMDaRﬂ<ﬂ aRa e ac )
j=0

= (ahald ) (ahalf! a2 Ha{eaé.
]:l
Now let us consider the case where n > 2. We have M € [C],, = [C],_; o [C],
and by Proposition 2.2(1), there exists an exact sequence 0 - X - Y — Z — 0
with X € [C],—; and Z € [C] such that M is a direct summand of Y. Using the
induction hypothesis, we have

m

n—1 m
J ol
a DaYDaX aZ (l |aRaC> <| |aRaC> (l |aRaC),
Jj=i

which completes the proof of the lemma. (I

Here we prepare a lemma, which is an easy consequence of Krull’s intersection
theorem.

Lemma 4.8. Let (R, m) be a local ring and M an R-module. Then Anng M =
(Ni=o Anng (M /m' M).

Now we can prove the following proposition, which will be the base of the
proofs of our theorems. Actually, all of them will be proved by making use of this
proposition.

Proposition 4.9. Let (R, m, k) be a local ring. Let & be a resolving subcategory of
mod R. If ¥ contains a module M such that 0 < pdp M < 00, then radius ¥ = 0.

Proof. Applying Lemma 4.6 to m € NF(M), we find a module X eresM C &
satisfying NF(X) = {m} and depth X = inf{depth M, depth R}. Since M has finite
projective dimension, the depth of M is at most that of R. Hence, we have depth X =
depth M. Note that the subcategory of mod R consisting of R-modules of finite
projective dimension is resolving. Since it contains M, it also contains res M. This
implies that X has finite projective dimension, and we have

pdr X = depth R — depth X = depth R —depth M = pdp M
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Thus, replacing M with X, we may assume that M is locally free on the punctured
spectrum of R. Taking the n-th syzygy of M where n = pdr M — 1 > 0, we may
also assume that the projective dimension of M is equal to 1.

Now Ext}e (M, R) is a nonzero R-module of finite length, and we can choose a
socle element 0 # o € Ext}e (M, R). It can be represented as a short exact sequence

c:0—R—- N—->M-—DO0.

The module N belongs to ¥, is locally free on the punctured spectrum of R and has
projective dimension at most 1. Hence pdz N =1 if and only if Ext}Q (N,R) #0.
Applying the functor Homg (—, R), we get an exact sequence

R L Bxth(M, R) — Exthy(N, R) — 0,

where f sends 1 e Rtoo € Ext}Q(M , R). Hence we obtain an exact sequence
0 — k — ExthL(M, R) — ExthL(N, R) — 0.

This implies length(Extk (N, R)) = length(ExtL(M, R)) — 1. Replacing M by
N and repeating this process if Iength(Ext}e (N, R)) > 0, we can assume that
Ext}e (N, R) = 0. Therefore Ext}e(M, R) = k. Since pdp M = 1, we easily get
an isomorphism Tr M = k. Taking the transpose of this isomorphism, we see that
Trk is isomorphic to M up to free summand (see [Auslander and Bridger 1969,
Proposition (2.6)(d)]). It follows that Tr k belongs to .

We claim that Tr L is in & for any R-module L of finite length. This is shown
by induction on length L. If length L > 0, then there is an exact sequence 0 —
L' — L — k — 0, and applying [ibid., Lemma (3.9)] (see also [Takahashi 2013,
Proposition 3.3(3)]), we have an exact sequence

0=(L) - Trk—>TrL&®&R® - TrL — 0,

where the equality follows from the fact that R has positive depth. (As R possesses
a module of finite positive projective dimension, the depth of R is positive.) The
induction hypothesis implies Tr L” € ¥, and the above exact sequence shows Tr L € ¥,
as desired.

Now, assume that we have radius ¥ =r < oo. We want to deduce a contradiction.
There is a ball [C ]f+1 that contains %. Since & contains Trg(R/m’) for all i > 0, the
ball [C]fJr | also contains it. Taking the completions, we have Trﬁ(ﬁ /mi f%\) € [6 ]f Y
for all i > 0. By virtue of Cohen’s structure theorem, there exists a surjective homo-
morphism § — R such that S is a Gorenstein local ring with dim S =dim R =:d.

Let n denote the maximal ideal of S and note that we have R/m' R = R/n’R for
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any i > 0. Lemma 4.7 gives an inclusion relation

-3 .~ d . _~ s - r+1
() Anns Extg(Trz(R/n'R). $) 2 <]_[ Anng Ext}(R, S) - Anng Ext}(C, S)) .
Jj>0 j=1

Fix an integer i > 0 and let ay, ..., a,, be a system of generators of the ideal n'

Dualizing this by R induces an exact sequence

()
0 =Homz(R/n'R, R) - R -5 R®" — Tra(R/n'R) — 0,

where the equality follows since depth R= depth R > 0. This makes an exact
sequence

Homs(R, $)®" %) Homg(R, ) — Exth(Trz(R/n'R), ),

which yields an injection Homg(R, S)/n' Homg(R, S) — Extk(Trz(R/n'R), S).
Thus

Anng(Homg(R, S)/n’ Homg(R, S))
D Anng(Ext(Tra(R/n'R), S))

) L d o R r+1
2 () Anng Exty(Tra(R/n’R), §) 2 (]_[ Anng Ext}(R, S)-Anng Ext}(C, S)) :
j>0 j=1

and we obtain

d r+1
(1_[ Anng Exté(ﬁ, S) - Anng Exté(a S))
j=l1
C () Anng(Homg (R, S)/n Homg(R, S)) = Anng Homg(R, S),
i>0
where the equality follows from Lemma 4.8.

Let I be the kernel of the surjection § — R. Since dim S = d = dim R, the
ideal I of S has height zero. Hence there exists a minimal prime ideal p of §
which contains /. Since we have a ring epimorphism from the Artinian Gorenstein
local ring S, to Rp, the Rp -module HomS(R Sy = Homgp (Rp, Sp) 1s isomorphic
to the injective hull of the residue field of Rp, which is in particular nonzero. This
implies that p contains the ideal Anng HomS(R S ) Therefore, for some integer
1 <1 < d the ideal P contains either Anng Ext! (R S) or Anng Ext! (C S). Ifp
contains Anng Ext! (R S), then we have ExtS (Rp, Sp) # 0, which contradicts the
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fact that S, is injective as an Sp-module. Similarly, we have a contradiction when p
contains Anng ExtlS(C , §). This contradiction proves that radius ¥ = oo. U

Now we can show the essential part of Theorem 3.3(2)(3).

Theorem 4.10. Let R be a local ring. Let X be a resolving subcategory of mod R.
One has radius ¥ = oo if there exists a module M € X with 0 < Gdimg M < oo that
satisfies either of the following conditions.

(1) Q72QEM € X, where g = Gdimg M.

(2) res(2"M) is a thick subcategory of 4(R) for some n > 0.
Proof. According to Proposition 4.9, it suffices to show that & contains a module
of projective dimension one.

(1) We consider a construction whose idea essentially comes from the Auslander—
Buchweitz approximation theorem [1989, Theorem 1.1]. There are exact sequences
0—> QM — R%* — Q5'M — 0and 0 > QM — R® — Q7'QsM — 0,
where the latter is possible as Q28 M is a totally reflexive module. We make the
following pushout diagram.

0 —— QM ———> RO L, Q8 M — 5 0

0 —— R® _ N —_— s QM —— 0
Qs M ——— Q7 IQsm
0 0

As Q7'Q8M is totally reflexive, we have Ext}e(Q_IQgM, R) = 0. Hence the
second column in the above diagram splits, and we get an exact sequence

0— R® 5 R Q7 'QtM — Q% 'M — 0.

There is an exact sequence 0 — Q7 'Q¢M — R® — Q2Q¢M — 0, and taking
the direct sum with 0 — R®* — R®4 — (0 — 0, we have an exact sequence
0— R @Q1QEM — RO 5 Q=2Q8M — 0. Thus the following pushout
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diagram is obtained.

0 ——> R® — 5 ROpQIQSM —— Q¢'M —— 0

“ v ~

0 —_— R®b —_— R@(a+c) —_— L —_— 0
Q2Q8M - Q72QtM
0 0

As Q8 M and Q72Q8M are in ¥, the module L is also in ¥. The second row
shows that L has projective dimension at most 1. Since Q2Q8 M is totally reflexive
but Q¢! M is not, it follows from the second column that L is nonfree. Therefore
the projective dimension of L is equal to 1.
(2) Since by assumption res 2" M is a subcategory of 4(R), the module Q"M is
totally reflexive. Hence n > g := Gdimg M.

We claim that res Q"M = res Q¥ M. In fact, since n — g > 0 and Q"M =
Q18 (Q8EM), we observe that res Q2" M is contained in res 28 M. There is an exact
sequence

0—-Q'M—>Fy_1>F, 02— > Fep1 = Fg—> QM —0

of totally reflexive R-modules with each F; being free. Since res 2" M is assumed to
be thick in %(R), decomposing the above exact sequence into short exact sequences
of totally reflexive modules, we see that 28 M belongs to res Q" M. Therefore
res 28 M is contained in res Q" M. Thus the claim follows.

Set ¥ =res Q"M = res Q8 M. Our assumption implies that ¥ is closed under
cosyzygies, whence Q72Q8M € ¥. By (1), we conclude that & contains a module
of projective dimension 1. U

Now, using Remark 4.1 and Theorem 4.10, we deduce Theorem 3.3(2)(3).

Proof of Theorem 3.3(4). We use the notion of a module of reducible complexity,
which has been introduced by Bergh [2007]. Let us recall the definition.

Definition 4.11. The subcategory €', of mod R is defined inductively as follows.

(1) Every module of finite projective dimension belongs to €.
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(2) Amodule M with 0 < cxg M < oo belongs to €', if there exists a homogeneous
element 1 € Exty (M, M) with |n| > 0 which is represented by a short exact
sequence 0 > M — K — Q=M — 0 with K € €%, cxK < cxM and
depth K = depth M.

An R-module is said to have reducible complexity if it is in €’,.

The result below is shown in [Bergh 2007, Proposition 2.2(i)], which is implicitly
stated in [Avramov et al. 1997].

Proposition 4.12. Let R be a local ring. Every R-module of finite CI-dimension
has reducible complexity.

In a resolving subcategory, for any fixed integer n > 0, existence of modules of
Cl-dimension 7 is equivalent to existence of modules of projective dimension 7.

Lemma 4.13. Let R be a local ring. Let ¥ be a resolving subcategory of mod R.
Suppose that there is a module M € ¥ such that Cldimg M < co. Then & contains
a module N with pdp N = Cldimg M.

Proof. Since M has finite CI-dimension, it has finite complexity. It follows from
Proposition 4.12 that M has reducible complexity. If cx M = 0, then pd M < oo,
and we can take N := M. Hence we may assume cx M > 0. There exists an exact
sequence 0 > M - K — SZ‘I;”*lM — 0 with cx K < cx M and depth K =depth M,
where 7 is a homogeneous element of Exty (M, M). We have K € & and

Cldim K = depth R — depth K = depth R — depth M = Cldim M.

Replacing M with K and iterating this procedure, we can eventually arrive at a
module N € ¥ with Cldim N = Cldim M and cx N = 0. The module N has finite
projective dimension, and we have pd N = Cldim N = Cldim M. (]

Lemma 4.13 and Proposition 4.9 immediately yield the following theorem.
This is not only the essential part of Theorem 3.3(4) but also a generalization of
Proposition 4.9.

Theorem 4.14. Let R be a local ring. Let % be a resolving subcategory of mod R.
Suppose that there exists a module M € X with 0 < Cldimg M < 0o. Then the radius
of ¥ is infinite.

Theorem 3.3(4) now follows from Theorem 4.14 and Remark 4.1.

Another proof of Theorem 4.14. In the next theorem, we study the thickness of
resolving subcategories of modules of CI-dimension at most zero. This will give
another proof of Theorem 4.14.

Theorem 4.15. Let R be a local ring.
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(1) Let M be an R-module of CI-dimension at most zero. Then Q™' M belongs to
res M.

(2) Let % be a resolving subcategory of mod R. Suppose that every module in ¥
has Cl-dimension at most zero. Then X is a thick subcategory of 4(R).

Proof. (1) Proposition 4.12 implies that M has reducible complexity. Let Ko = M
and let K;11 be a reduction in complexity of K; for each i > 0. Then we have
a short exact sequence 0 — K; => K;.; — Qi7'K; — 0 with #; > 0 (see also
[Avramov et al. 1997, Proposition 7.2]), and eventually we must have cxg K, =0
for some e > 0. Then K, has finite projective dimension. As Cldimg M =0, we
have depth K, = depth M = depth R. Therefore K, is a free module. Note that the
above exact sequence also shows that

K;eresM foralli > 0. 4.15.1)

If e = 0, then M is free and we have Q~'M =0 e res M. So we may assume e > 1.

We claim that for each 0 < i < e — 1 the cokernel C; of the composite map
fi fifo: M — K;1 belongs to res M. Let us show this claim by induction on i.
When i =0, we have C; = Q©~'M eres M. Leti > 1. We have the following
commutative diagram with exact rows and columns.

0 0
fi-1fo
0 M Ki —— C4 —— 0
| |
0O — M — Kiyy — C ——0
1 4
Qi-lK, ——— Q1K
<4 ~
0 0

The induction hypothesis implies that C;_; belongs to res M. Since Q' K; is in
res M by (4.15.1), the right column shows that C; is also in res M. Thus the claim
follows.

Now we have a short exact sequence 0 — M K,— C,_; — 0, where
K. is free and C,_; is in res M by the claim. Since M is totally reflexive and 9(R)
is a resolving subcategory of mod R, all the modules in res M are totally reflexive.
Hence all modules appearing in the above exact sequence belong to G(R). It is

Se—1--f1 fo
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easy to verify that there exists an isomorphism C,_; = Q~'M @ F with F being
free. Consequently, Q' M belongs to res M.

(2) By assumption, ¥ is a subcategory of 4(R). Thanks to Proposition 1.7, it is
enough to show that ¥ is closed under cosyzygies. Let M be an R-module in .
Then M is of CI-dimension at most zero, and Q' M belongs to res M by (1). Since
% is resolving and contains M, it also contains res M. Thus Q' M is in . (]

Theorem 4.15(2) immediately implies:

Corollary 4.16. Let R be a local complete intersection. The following two are the
same.

o A resolving subcategory of mod R contained in CM(R).
o A thick subcategory of CM(R) containing R.

Now let us give another proof of Theorem 4.14. Let R be a local ring, and let
M € ¥ be an R-module with 0 < Cldimg M < co. Then we have ¢ := Cldimg M =
Gdimg M, and 2°M has Cl-dimension zero. In particular, Q°M is totally reflexive,
and hence so is Q7 'Q°M. We have

0 = Cldimg(Q°M) = sup{Cldimg(Q~'Q°M) — 1, 0},
which especially says that 2~ 'Q¢M has finite CI-dimension. Therefore
Cldimz(Q7'QM) = Gdimz(Q71Q°M) =0,

and Theorem 4.15(1) yields Q72Q°M € res(Q°M) € ¥. Now Theorem 4.10(1)
implies that the radius of & is infinite.

5. Proof of Theorem II

In this section we prove the main Theorem II from the introduction. In fact, we can
prove significantly more general statements (Theorems 5.7 and 5.11). In order to
state and prove such results we need to first introduce a couple of definitions related
to the concept of radius. In this section, an n-th syzygy Q"M of an R-module M
means the image of the n-th differential map in a projective resolution of M in mod R.
(So it is not unique up to isomorphism but unique up to projective summands.)

Definition 5.1. Let &, % be subcategories of mod R. We put [¥| = add &, and set
X*xY = !l%l o |Y| ’ (The notation “o” was introduced in Definition 2.1.) For an
integer r > 0, set
X ifr=1,
], = {' |

%],_1 %% ifr>2.
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Let X, %, % be subcategories of mod R. We observe that an object M € mod R
is in & * % if and only if there is an exact sequence 0 - X — F — Y — 0
with X € |%| and Y € |%| such that M is a direct summand of E. Also, one has
XY «F =X x(Y*x%) and |X|, * |%|p = |X|s+p for all a, b > 0.

Definition 5.2. For a subcategory & of mod R we define size & (respectively, rank &)
to be the infimum of integers n > 0 such that & C |G|,4+1 (respectively, X = |G| +1)
for some G € mod R.

It always holds that size® < rank&. Since |¥|, C [&], for all n > 0, one has
dim& > radius & <size¥X. If & is resolving, then dim & < rank ¥.
For an R-module M, we denote by M® an object in addg M.

Proposition 5.3. Let I be an ideal of R and let M be an R/I-module.
(1) There is an exact sequence 0 — I® — QprM — Qr/M — 0.
(2) One has QyM € |Qy ;M & (DZy 1)|,,, foralln > 0.

Proof. (1) Take a surjection from a free R-module F to M. Then this factors
through a surjection F/I F — M. The assertion follows from this.

(2) We induce on n. Let n > 0. The induction hypothesis shows

n—2

QM (@ sz;z)

i=0

Q’;Q_IQRHM €

n

By (1) we have an exact sequence 0 — Q’}{ll@ — QWM — Q’}{IQR/,M — 0.
Now the assertion follows. O

For n > 0 we denote by Q' (mod R) the subcategory of mod R consisting of n-th
syzygies of R-modules. For an ideal / of R, let Q% (mod R/I) be the subcategory
of mod R consisting of n-th syzygies of R-modules annihilated by 1.

Corollary 5.4. Let d = dim R < co. Suppose that R/p is regular for all p € Min R.
Then size Q¢ (mod R) < oo.

Proof. There is a filtration R =1y 2 I} 2 --- 2 I, = 0 of ideals of R such that
for each i one has I;/I; 11 = R/p; with p; € Spec R. Choose a minimal prime g;
contained in p;. Let M be an R-module. Setting M; = ;M /I; 1M, we have an
exact sequence 0 — Qj’?(liHM) — Q‘Iiz(IiM) — Q%Mi — 0. Note that each d-th
syzygy R/q;-module is free. Hence Q%Mi €|R/q; ® L;|4+1 by Proposition 5.3(2),
where L; := EB;{;(% Q{Qq,’. Thus Q%M € ‘@?:1(R/qi @ L,-)‘n(dﬂ), which implies
size Q¢(mod R) < n(d + 1) < . 0

Corollary 5.5. Let I be an ideal of R and n > 0 an integer. Then
size Qp(mod R/I) < (n+ 1)(size Q'}e/,(mod R/I)+1).
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In particular, if size QrIl{‘/I (mod R/1) is finite, then so is size Q' (mod R/T).
Proof. This is a consequence of Proposition 5.3(2). U
Lemma 5.6. Let M be an R-module. Let x € R be R-regular. Then

kg (QRM /xQpM) = QT M /x QM
foranyn > Q.
Proof. We use induction on n. Let n > 0. We have

QAR (QM/xQM) = Q"M /xQ"M

by the induction hypothesis, and hence

Qp/ r(QM/xQM) = Qr/cr(Q"M/xQ2"M).
Note that x is Q% M-regular. There is an exact sequence

0> Q"M > P—>Q"M—0
of R-modules with P projective, which gives an exact sequence
0— Q"'M/xQ"H'M - P/xP — Q'"M/xQ"M — 0.

Hence Q"M /xQ" M = Qg r(Q"M /xQ"M). O

Theorem 5.7. Let (R, m) be a d-dimensional complete local ring with perfect
coefficient field. Then one has size Q4 (mod R) < 0o. Hence radius 29 (mod R) < oo.

Proof. We use induction on d. When d = 0, we have mod R = |k|¢(r), hence
size(mod R) < ££(R) < co. Letd > 1. Take a filtration R=1p 2 --- 2 [, =0 of
ideals such that for each i one has I;/I;+1 = R/p; with p; € Spec R. Suppose that
size Q[Iiii/p,« (mod R/p;) < oo for all i, where d; = dim R/p;. Then we have

size Q% ,, (mod R/p;) < 00,

since Q?e Ipi (mod R/p;) is contained in Q‘éi /i (mod R/p;). Corollary 5.5 implies
size Qj’e(mod R/p;) < oco. For each R-module M there is an exact sequence
0— iy 1M —>IiM— I;M/I; 1M — 0, which gives an exact sequence

0— Q4L M) — QEUILM) — QUM M) — 0.

As Q4(I;M /41 M) is in Q%(mod R/p;), we have size Q% (mod R) < oo. Thus,
we may assume R is a domain.

If R is regular, then Q?(mod R) = |R|; and size Q¢ (mod R) = 0 < 00, so we
may assume that R is singular. By [Wang 1994, 5.15] there is an ideal J € m with
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SingR=V(J) and J Ext‘;;r] (mod R, mod R) = 0. Since R is a domain, we find an
element O # x € J. The induction hypothesis guarantees

Q‘}J; z(mod R/xR) C |G|X/*R

for some R/xR-module G and an integer n > 0. Let M be an R-module and
put N = Q‘feM . Note that x is N-regular as d > 0. Hence N is isomorphic to a
direct summand of Qz(N/xN) (see [Takahashi 2010, Lemma 2.1]). In view of
Lemma 5.6, we have

N/xN = ng;R(QRM/xQRM) € Q;@;R(mod R/xR) C |G|R/*R,

Hence N/xN is in |G|, which implies Qgr(N/xN) € |QrG|K. Therefore N

belongs to |[QrG|X, and we obtain Q¢(mod R) C |QxG|F. It now follows that
size 24(mod R) < 0. ]

Lemma 5.8. Let

0O>M—->C'>5Cls... 5" 'S5 N>0
be an exact sequence in mod R withn > 0. Then M is in |Q"N€B (@7;01 QiCi) |n+1.
Proof. We induce on n. The case n = 0 is trivial, so let n > 1. There are two exact
sequences0—> M — C°—> L —-0and0—L—-C!—» ... - C" ! - N—0. The
induction hypothesis shows L € Q"' N @ (@7:_02 Qicth) |n A pullback diagram
makes an exact sequence 0 — QL — M & R® — C° — 0. Since QL belongs to

Q"N & (B ) QFICHHT)| |, we see that M is in | Q"N & (@) @C')|,,,. O

Corollary 5.9. Let R be a Cohen—Macaulay complete local ring with perfect
coefficient field. Then size CM(R) < oo.

Proof. As R is complete, it admits a canonical module @w. Theorem 5.7 implies
size Q4(mod R) =: n < 00, so we have 4 (mod R) C |G |,,+1 for some R-module G.
Let M be a Cohen—Macaulay R-module. Then there exists an exact sequence
0> M— 0% — ... - @1 - N — 0. It follows from Lemma 5.8 that
M isin |Q¢N @ W|g41, where W := @?:_01 Q'w. Since QYN € |G|,+1, we have
M € |G ® W|nt1)@+1)- Thus sizeCM(R) < (n+1)(d + 1) < oo. O

Proposition 5.10. Ler R be a Cohen—Macaulay local ring with a canonical mod-
ule w.

(1) rank CM(R) < (dim R + 1)(sizeCM(R) + 1).
(2) dimCM(R) < (dim R 4 1)(radiusCM(R) + 1).

In particular, one has

rank CM(R) < 00 < size CM(R) < 00 = dim CM(R) < 00 < radius CM(R) < 00.
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Proof. (1) Let n = sizeCM(R). We find an R-module G with CM(R) C |G|;41.
Letd =dim R and M € CM(R). Similarly to the proof of Corollary 5.9, there exists
N € CM(R) such that M is in |2¢N @ W|g41, where W := ") Q'@ € CM(R).
Note that QYN € |Q¢G|,41. Thus we obtain

CM(R) = |99G & W |ur1y@+1)»
and rankCM(R) < (n+ 1)(d +1).

EE TS

(2) In the proof of (1), replace “size”, “rank” and ““| |” with “radius”, “dim” and
“[ 1", respectively. O

Theorem 5.11. Let R be a Cohen—Macaulay local ring admitting perfect coefficient
field. Assume that either of the following holds.

(1) R is complete.

(2) R is excellent with an isolated singularity.
Then one has rank CM(R) < oc.

Proof. (1) This assertion follows from Corollary 5.9 and Proposition 5.10(1).

(2) It follows by (1) that CM(I/?\) has finite rank, where R denotes the completion
of R. One can prove that CM(R) also has finite rank, making an argument similar
to [Dao and Takahashi 2012, Remark 6.5]:

Putting 7 = rank CM(R), we have CM(R) = |C |41 for some C € CM(R). Since
R is Cohen—Macaulay, excellent and with an isolated singularity, we can apply
[Takahashi 2010, Corollary 3.6] to see that C is isomorphic to a direct summand of
G for some G € CM(R). Hence the equality CM(I/’?\) = |§|n+1 holds.

Claim. Let m > 0. For any N € |6|,,, there exists M € |G|,, such that N is
isomorphic to a direct summand of M.

To show this claim, we use induction on m. As R is an isolated singularity, for
all X,Y € CM(R) the R-module Ext}e (X, Y) has finite length. Hence there are iso-
morphisms Ext}? (X ,Z) = Ext}e /(\X Y)Y ’élixt%(j(\ ,Y), which imply that every short
exact sequence 0 — Y — E — X — 0 of R-modules is isomorphic to the completion
of some short exact sequence 0 — Y — E’ — X — 0 of R-modules. The claim
follows from this. Using this claim and [Aihara and Takahashi 2011, Lemma 5.7],
we observe that CM(R) = |G|,,+1 holds. Therefore rank CM(R) <n < oo. O

6. Some discussions and open questions

In this section we relate our results to the uniform Auslander condition and discuss
some open questions. For a local ring R, Jorgensen and Sega [2004] introduced the
uniform Auslander condition:
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(UAC): There exists an integer n such that for all R-modules M, N with
Exty, (M, N) =0 for all i > 0 one has Ext,(M, N) =0 for all i > n.

It is known that this condition is satisfied if the local ring R is a complete intersection,
a Golod ring, a Gorenstein ring with mult R = codim R + 2, or a Gorenstein
ring with codim R < 4. Here mult R denotes the multiplicity of R. These are
proved in [Jorgensen and Sega 2004, Proposition 1.4], [Avramov and Buchweitz
2000, Theorem 4.7], [Huneke and Jorgensen 2003, Theorem 3.5] and [Sega 2003,
Theorem 3.4], respectively. More information can be found in [Christensen and
Holm 2010, Appendix A]. On the other hand, there exists an example of a Gorenstein
local ring which does not satisfy (UAC); see [Jorgensen and Sega 2004, Theorem
in §0].

The result below says that over a Gorenstein local ring the condition (UAC)
is closely related to the thickness of resolving subcategories of Cohen—Macaulay
modules.

Proposition 6.1. Let R be a Gorenstein local ring. Assume every resolving sub-
category of mod R contained in CM(R) is a thick subcategory of CM(R). Then R
satisfies (UAC).

Proof. Let t > 0 be an integer, and let M, N be R-modules with ExtiR (M,N)=0
for all i > ¢t. We define a subcategory & of mod R to consist of all Cohen—Macaulay
R-modules X satisfying Ext"R(X, N) =0 for all i > ¢. Then ¥ is a resolving
subcategory of mod R contained in CM(R). By assumption, ¥ is a thick subcategory
of CM(R). Set d =dim R. Since QM is in %, so is Q'Q4 M. We have

Exth (M, N) = Ext; 4 (QIM, N) = Ext; 4(Q'(Q7'QM), N)
= Extly “M(QTQ'M, N) =0
for all integers i > d. |

There is also a connection between thickness of resolving subcategories of totally
reflexive modules and closure under R-duals. Here we say that a subcategory & of
mod R is closed under R-duals if for each module M in & its R-dual M* is also
in &.

Proposition 6.2. (1) Let R be local. Let X be a resolving subcategory of mod R
contained in G(R). If X is closed under R-duals, then ¥ is a thick subcategory
of 4(R).

(2) Let R be a local hypersurface. Then every resolving subcategory of mod R
contained in CM(R) is closed under R-duals.

Proof. (1) According to Proposition 1.7, we have only to show that & is closed under
cosyzygies. Let X € . There is an exact sequence 0 - Q(X*) > F — X* — 0,
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where F is free. Dualizing this by R, we get an exact sequence
0—-X— F*—= (QX")*— 0.

Note that (2(X™))™* is totally reflexive. We easily see that (2(X™))* is isomorphic
to Q7' X up to free summand. As ¥ is a resolving subcategory closed under R-duals,
(Q2(X*))* belongs to %, and so does Q' X.

(2) It follows from [Takahashi 2010, main theorem] that every resolving subcate-
gory of mod R contained in CM(R) can be described as NFE&,[(W), where W is a
specialization-closed subset of Spec R contained in Sing R. If M is an R-module
in NF&\IA(W), then we have NF(M*) = NF(M) € W, which shows that NFE&,[(W)
also contains M*. ([

Now we have reached the following question.

Question 6.3. Let R be a Gorenstein local ring. Let us consider the following five
conditions.

(1) R is a complete intersection.

(2) Every resolving subcategory of mod R contained in CM(R) is closed under
R-duals.

(3) Every resolving subcategory of mod R contained in CM(R) is a thick subcate-
gory of CM(R).

(4) R satisfies (UAC).

(5) Conjecture 3.1 is true for R.

We know that the implications (2) = (3) and (1) = (3) = (4) hold by Proposi-
tions 6.1, 6.2(1) and Corollary 4.16. The implication (1) = (2) is also true if R is a
hypersurface by Proposition 6.2(2). Very recently, motivated by the first version of
the present paper, Stevenson [2013a] proved that the implication (1) = (2) holds
in the case where R is a quotient of a regular local ring. Corollary 3.4 says that
(3) = (5) holds. How about the other implications among these five conditions?

Remark 6.4. According to a recent preprint by Stevenson [2013b] (see also [[yengar
2009]), if R is a quotient of a regular local ring by a regular sequence, then one can
classify the thick subcategories of CM(R) in terms of “support varieties”. Thus,
one can also classify the resolving subcategories of mod R contained in CM(R)
by using Corollary 4.16 and [Takahashi 2010, Proposition 6.2]. In relation to this,
the resolving subcategories over a regular ring can be classified completely. This
classification theorem is stated and proved in [Dao and Takahashi 2013].
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A generalized Bogomolov—Gieseker
inequality for the three-dimensional
projective space

Emanuele Macri

A generalized Bogomolov—Gieseker inequality for tilt-stable complexes on a
smooth projective threefold was conjectured by Bayer, Toda, and the author.
We show that such inequality holds true in general if it holds true when the
polarization is sufficiently small. As an application, we prove it for the three-
dimensional projective space.

1. Introduction

The notion of tilt-stability, for objects in the derived category of a smooth projective
threefold, was introduced in [Bayer et al. 2011b], based on [Bridgeland 2008; Arcara
and Bertram 2013]. In [Bayer et al. 2011b, Conjecture 1.3.1] (Conjecture 2.3 of the
present paper), we proposed a generalized Bogomolov—Gieseker inequality (BG
inequality, for short) for tilt-stable objects. The main application for tilt-stability was
to have an auxiliary notion of stability to construct Bridgeland stability conditions.
The generalized BG inequality is precisely the missing ingredient to being able to
show the existence of Bridgeland stability conditions.
In this note, we prove such inequality in the case of the projective space [P3.

Theorem 1.1. The generalized Bogomolov—Gieseker inequality for tilt-stable ob-
jects in DP(P?) holds.

This gives the first example when the generalized BG inequality is proved in full
generality. As a corollary, by [Bayer et al. 2011b], we can also describe a large open
subset of the space of stability conditions on DP(P?). It would be very interesting
to study how moduli spaces of Bridgeland semistable objects vary when varying
the stability condition (very much like the situation described in [Arcara et al. 2013;
Maciocia and Meachan 2013; Lo and Qin 2011; Minamide et al. 2011; Yanagida
and Yoshioka 2012; Bayer and Macri 2012; Toda 2012b; Yoshioka 2012] for the
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case of surfaces). The behavior at the “large volume limit point” is described in
[Bayer et al. 2011b, Section 6].

The idea of the proof of Theorem 1.1 goes as follows. For a smooth projective
threefold X, the notion of tilt-stability depends on two parameters, namely two
divisor classes B, w € NSgr(X) with w ample. In this paper, we prove a general
result, Proposition 2.7: showing the generalized BG inequality for all B and w can
always be reduced to showing it for @ “arbitrarily small”, uniformly in B.

For X = P3, the case in which w is small was essentially proved in [Bayer et al.
2011b, Theorem 8.2.1]. More precisely, for simplicity, in [Bayer et al. 2011b],
only the case B =0 was considered. Proposition 3.1 generalizes that argument to
arbitrary B. Together with Proposition 2.7, this completes the proof of Theorem 1.1.

The interest for a general proof of the generalized BG inequality, besides for the
existence of Bridgeland stability conditions, relies on its consequences. Indeed, if
we assume such inequality to be true, we would have

« a proof of Fujita’s conjecture for threefolds [Bayer et al. 2011a],

» a mathematical formulation of Denef and Moore’s formula derived in the study
of Ooguri, Strominger, and Vafa’s conjecture, relating black-hole entropy and
topological string [Toda 2013a], and

« the possibility to realize extremal contractions for threefolds as moduli spaces
of semistable objects in the derived category [Toda 2013b].
We also mention that in the paper [Polishchuk 2012] the existence of Bridgeland
stability conditions on abelian threefolds is tested on a class of objects (called
Lagrangian-Invariant objects).

Finally, in [Bayer et al. 2011b], a strict relation between the generalized BG
inequality and Castelnuovo’s inequality for curves in P*> was pointed out. In
Section 4 of this paper, we show that Theorem 1.1 gives, as an immediate corollary,
a weaker version of Castelnuovo’s theorem [Hartshorne 1977, IV, 6.4].

A survey on Bridgeland stability conditions and further problems and applications
can be found in [Bridgeland 2009; Bayer 2011; Huybrechts 2012; Toda 2012a].

Notation. In this paper, we will always denote by X a smooth projective threefold
over the complex numbers and by D°(X) its bounded derived category of coherent
sheaves. The Chow groups of X modulo numerical equivalence are denoted by
Num(X). In particular, the Néron—Severi group NS(X) = Num' (X). For an abelian
group G and a field k (= Q, R, C), we denote by Gy, the k-vector space G Q k.

2. The reduction argument

In this section, we give a brief recall on the notion of tilt stability, following [Bayer
et al. 2011b]. We show how to reduce the proof of the generalized Bogomolov—
Gieseker inequality proposed in [Bayer et al. 2011b, Conjecture 1.3.1] (whose
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statement is recalled in Conjecture 2.3 below), when w and B are “parallel”, to the
case in which the polarization is “sufficiently small”.

2A. Tilt stability. Let X be a smooth projective threefold over C, and let H € NS(X)
be an ample divisor class. For a pair

w=o-H, oecR.g,

B=p-H, BeR,

we define a slope function p,, g for coherent sheaves on X in the usual way: for

E € Coh(X), we set
+00 if chf(E) =0,

ho,B(E) = o chf (E) ,

5 otherwise,

w3 chy (E)

where ch? (E) = e~ 8 ch(E) denotes the Chern character twisted by B. Explicitly,
ch? = chy, ch¥ = ch, — B chy +4 B chy,
Chf =ch; —B chy, ch§g =ch; —Bchp -|—%B2 ch; —éB3 chg .

A coherent sheaf E is slope-(semi)stable (or u, p-(semi)stable) if, for all sub-
sheaves F — E, we have

Po,B(F) < (=) tw,B(E/F).

Due to the existence of Harder—Narasimhan filtrations (HN-filtrations, for short)
with respect to slope-stability, there exists a forsion pair (I, g, ¥4, p) defined as
follows:

Jw.p ={E € Coh X : any quotient E — G satisfies uy 5(G) > 0},
Fw.p = {E € Coh X : any subsheaf F — FE satisfies ., p(F) <0}.

Equivalently, 9, p and ¥, p are the extension-closed subcategories of Coh X
generated by slope-stable sheaves of positive or nonpositive slope, respectively.

Definition 2.1. We let Coh® 8 (X) c DP(X) be the extension-closure
Coh®?(X) = (T 0.8, Fu.5[11).

The category Coh® ® (X) depends only on  via H. Hence, to simplify notation,
since for us B is also a multiple of H, we denote it by Coh® (X). By the general
theory of torsion pairs and tilting [Happel et al. 1996], Coh® (X) is the heart of a
bounded t-structure on DP(X).
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By using the classical Bogomolov—Gieseker inequality and Hodge index theorem,
we can define the following slope function on Coh®(X): for E € Coh®(X), we set

+o0 if w?ch?(E) =0,
Vo,5(E) = | wch®(E) — Lo’ chE (E) .
= otherwise.
w?chB(E)

Definition 2.2. An object E € Coh?(X) is tilt-(semi)stable if, for all nontrivial
subobjects F — E, we have

Vo,B(F) < (2) Vo, (E/F).

The following is our main conjecture:

Conjecture 2.3 [Bayer et al. 2011b, Conjecture 1.3.1]. For any v,, p-semistable
object E € Coh®(X) satisfying V. B(E) = 0, we have the following generalized
Bogomolov—Gieseker inequality:

chf (E) < lw? chf (E). (1)

The original definition of tilt-stability in [Bayer et al. 2011b] was given when
o, B € Q (actually it was slightly more general, allowing @ and B to be arbitrary,
and w had a different parametrization w V3 w). The extension to R is the
content of the following proposition, which we recall for later use:

Proposition 2.4 [Bayer et al. 2011b, Corollary 3.3.3]. Let St C NSg(X) x NSr(X)
be the subset of pairs of real classes (w, B) for which w is ample. There exists a
notion of “tilt-stability” for every (w, B) € St. For every object E, the set of (w, B)
for which E is v,, g-stable defines an open subset of St.

Definition 2.5. We define the generalized discriminant
Ay = (H*ch®)? —2H3 chf -(H chb).
The generalized discriminant is independent of . Indeed, by expanding the
definition, we have
Ay = (H*(chy —B chg H))? —2H? chy -H (chy —H ch; +1 2 chy H?)
= (H?ch))> = 2(H?ch))H?B chy +B%(chg)>(H?)> — 2H? chy(H chy)
+2(H? ch) H’ B cho — % (cho)*(H*)?
= (H?chy)?> — 2H? chy(H chy).
The following result will be the key ingredient in our proof:

Theorem 2.6 [Bayer et al. 2011b, Corollary 7.3.2]. For any v,, g-semistable object
E € Coh®(X), we have
Ay (E) = 0.
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2B. Reduction to small ®. In this section, we prove our reduction result. We keep
the same notation as before, e.g., ® = «H and B = BH. To simplify, we will
write vy, g for v, g, Coh?(X), and so on.

Proposition 2.7. Assume there exists & € R~ such that, for all o < & and for
all B € R, Conjecture 2.3 holds. Then Conjecture 2.3 holds for all « € R~ and for
all B e R.

To prove Proposition 2.7, we need first to introduce a bit more of notation. We
denote by H the upper half-plane

H:={(8, o) € R* :a > 0}.

For a vector
v := (chy, chy, chy, ch3) € Numg(X)

such that H? ch’lg > 0, the equation vy g(v) = 0 defines a curve €, in H. Explicitly,
we have

6, : H chy —B(H? ch|) + 38 H" chy — 3o H’ chy = 0
together with the inequality
BH3chy < H?ch; .

We can divide into two cases:

h 0 ,3 HCh2 (2)
C = ~ = -,
0 H2 Ch1
b0 o (o e\’ 2 Au 3)
C g —_ —_ ) = —.
0 H?3 chg (H? chp)?

Hence, if Ay > 0, then the tangent line at a point (B, o) € ¢ intersects the line
o =0 with an angle 7/4 <60 <m /2.
Finally, on the curve €,, we can write the inequality (1) as follows:

(Hchy)?  ,H?ch
<« ,
2(H?chy) — 6
Ap _#H chy) (H chy)
H 3 Ch() - H 3 Ch()
Indeed, both inequalities in (4) follow directly by rewriting (1) by using (2) and (3),
respectively.

Ch() =0 ~ Ch3 —
“)

chg£0 ~ B 3chs.

Proof of Proposition 2.7. We argue by contradiction. Assume that there exist «g > &,
Bo € R, and an object Ey € Coh#0 (X) that is vy, g,-stable, such that vy, g,(Eo) =0,
and that does not satisfy the inequality in Conjecture 2.3.
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BG inequality
fails

V(Ey) =Vv(Ent1)

Figure 1. The curve 6, in the case chg(E,) > 0. The BG inequality
is not satisfied when 8 > 8, where 8 is defined in (5).

Claim 1. There exist a sequence (B, a,) € H and a sequence of objects {E,}n>0
such that

e E, € Coh? (X) N CohP1(X) is vy, ,-stable,
* Vo, 8,(En) =V, ., (En) =0,

e 0< H2chP'(E, 1) < H2 b (E,),

o E, does not satisfy the inequality (1),
cqyp>a] > >a,>--->0,and

* |Bu+1l = [Bol + 0.

Proof. We proceed by induction, the case n = 0 being our assumption. Assume
that we have constructed E, with the wanted properties. By Proposition 2.4, the
locus in H where E,, is vy g-stable is open. Consider the curve 6 := € (g,) C H,
and consider the set U := {(8, @) € € : o < «,}. We claim that, for all (8, o) € U,
the inequality (1) is not satisfied for E,. Indeed, this can be seen by dividing into
three cases, according to whether cho(E,) is > 0, =0, or < 0 (the case in which
cho(E,) > 0 is illustrated in Figure 1). If chg(E,) > 0O, then by (4), we must have
B > B, where

— (H chy)(H?chy) —3H? chychs
B = = ) (5)
H

But by assumption, 8 < H? chl(E,l)/H3 cho(E,). Hence, the hyperbola € is
decreasing, which is what we claimed. The case cho(E,) < 0 is analogous, and the
case chg(E,) =0 follows directly again from (4) since, in this case, H 2¢chi(E,) > 0.
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Since Conjecture 2.3 holds when o < @, there must exist (8,41, ¢p+1) € U
such that E,, is v, g, ,-semistable and is not v, g-semistable for all (8, a) € U
with @ < a,+1. When chy(E,) # 0, the hyperbola € has asymptotes meeting at
the point (H? Ch](En)/H3 chg(E,), 0). Hence, for all (8, @) € U, we must have
/SH3 cho(E,) < H?ch|(E,). Therefore, E, being vy, ., g,,,-semistable, it must
belong to the category Cohf+1 (X).

By looking at the vy, ., s,,,-stable factors of E, (by [Bayer et al. 2011b, Propo-
sition 5.2.2], this makes sense in the category Coh®*+! (X)), given the additivity of
the Chern character, there must exist an object E,, | € Coh?1 (X) that is vy, 1o Bast”
stable, such that vy, ,, g,., (Es4+1) = 0, and that does not satisfy the inequality (1).

The final inequality, |B,+1| < |Bo| + @, follows simply by the fact, observed
before, that the tangent line at any point in € intersects the line « = 0 with an angle
/4 <6 <m/2. See Figure 2. (I

We let & > 0 be the limit of the sequence {«,}. By assumption, we would get a
contradiction if we prove that @ = 0. Hence, assume this is not the case, namely
& > 0. The idea is to find bounds for chy(E,), H? ch;(E,), and H chy(E,).

Claim 2. For all n > 0, the following inequality holds:
Ap(En) + (n H cho(E,))* < Ap(Eo) + (o H? chy(Eo))*.

Proof. Again, we proceed by induction. By Claim 1, and by definition of the
generalized discriminant, we have

An(Eni1) + (@1 H cho(Eyi1))?
= (H? ch{"" (E,41))* = 2H? cho(Ey 1) (H ™' (Eyy1) + (@1 H cho(Eyp))?
= (H?ch)"™*' (Es11))* = 2H cho(En 1) (302 H? cho(Ey 1)) + (st HP cho(Eyp))?
= (H?ch}"™"' (E,11))?
< (H?ch{™' (E,))?
= (H? ch"™" (E)))* = 2H cho(E,) (b H cho(E,)) + (@1 H? cho(E,))
= (H?ch{"™"! (E,))* = 2H? cho(E,) (H ¢h)"™*' (E,)) + (tps1 H cho(E,))?
= An(E,) + (ny H cho(E,))?
< Ap(Ey) + (a H chy(E,))>. O
By Claim 2, we deduce, for all n > 0, the inequality
An(Ey) + @H? cho(E,))* < Ap(Eo) + (aoH chy(Ep))*.

Hence, we get immediately

An(E,) < Ap(Eo) + (g H? chy(Eg))* =: Ty, (6)
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o
A

(Bo, o)
/// (Brar) "~

//// (1327(12)\\\

T e B R
Bo—ao Bo Botao |0 B
Figure 2. The sequence (8,,q;,).
and by Theorem 2.6, we have
1 _
(cho(En))* < =5 (Au(Eo) + (a0 H cho(E))*) =T (7

(@H*)?

Finally, to bound H? ch;, assume first that chy(E,) # 0. Then, by (3), (6), (7), and
Claim 1, we have

r
|H? chy (E,)| SH3\/1?1<|/30|+0to+,/a8+ﬁ> =:T,. (8)

The case in which chg(E,) = 0 follows by Claim 1 by observing that either
chg(E,,) = 0 for all 0 < m < n or there exists a maximum 0 < m < n for which
cho(E,;) # 0. In the first case, we have

0 < H?ch;(E,) < H*chi(Ep) 9)
while in the second
0 < H?ch|(E,) < |H?chi(Ep)| + |Bul Icho(Em)| < T2+ (180l +ao)T1.  (10)

Summing up, by (6), (7), (8), (9), and (10), we found bounds for chy(E,),
H?ch;(E,), and H chy(E,) for all n. But this shows that these classes are finite, and
so there must exist an object E that does not satisfy the inequality in Conjecture 2.3
for all ¢ close to 0, which contradicts our assumption. (]

3. The case of the projective space

In this section, we expand [Bayer et al. 2011b, Section 8.2] to show that, in the case
of X = P3, the assumptions in Proposition 2.7 are satisfied. This will complete the
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proof of Theorem 1.1. To simplify notation, we directly identify Numg(P?) with
R®, and we take w =, B = € R, and « > 0. The tilted slope becomes, up to
an irrelevant multiplicative constant,

chy —1a?chy  chy —Bchy +(32 — 1a?) chy
chf chy —f cho

Vo, =

Proposition 3.1. Forall o < % and for all B € R, Conjecture 2.3 holds.

The proof is an adaptation of [Bayer et al. 2011b, Section 8.2], where only the
case B = 0 was considered. The idea is to use the existence of Bridgeland’s stability
conditions on DP(P?) associated to strong exceptional collections of sheaves (see
[Bridgeland 2007, Example 5.5; Macri 2007, Section 3.3)]. Here, we will use the
full strong exceptional collection & on DP(P3) given by

€ :={0p3(—1),2, Ops, Ops (1)},
where 9 := Tp3(—2) is given by
0 — Ops(—2) = Ops(—1)®* - 9 — 0.
We consider the region V given by
V::{(ﬁ,a)el]—l]:02,3>—%, O<o¢<%}.

Lemma 3.2. Assume that Conjecture 2.3 holds for all (B, a) € V. Then it holds for
all o < } and for all B € R.

Proof. Assume, for a contradiction, there exist og < % and By € R and E € D°(PP?)
that does not satisfy Conjecture 2.3. By acting with the autoequivalence ®0ps (1)
and with the local dualizing functor D(-) := R¥om(-, Ox[1]), we can assume
(see [Bayer et al. 2011b, Proposition 5.1.3]) that 0 > By > —3, which contradicts
our assumption. (I

The next result will allow us to use the exceptional collection ¢ for doing
computations. We postpone the proof to the end of the section.

Lemma 3.3. Forall (8,a) € V, we have A[1] € Coh?(P?) and vgg‘@[l]) > 0.
We divide the region V into three parts:
Vi={B, @) eV:p < —a},

Voi={(B, @) eV :B>—al},
Vii={(B,x) eV :8=—a}.
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o(1)

o[1] o]
| 0
0~ D[1] B RITEREY

Figure 3. The slopes in Coh” (IP?) of the exceptional objects when
(B, a) € V; (left) and (B, @) € V, (right). The tilt to s%# corre-
sponds to considering the upper half-plane. The two-dimensional
picture is obtained by plotting denominator and numerator of v, g.
It is therefore oriented counterclockwise.

We first examine V; and V5. On Vi, we have

v (0) = % P 2__;2 >0,
wep@-1) = - L f;)i “ o,
wepo) =52 _fﬁ_ “ .0,
v (@) = ; B +_§;2__30/;2 _4 o

On V,, we get the same expressions, but now v, g(0) < 0 (see Figure 3).
We now tilt one more time Coh?(P3), as explained in [Bayer et al. 2011b,
Definition 3.2.5]. As in Section 2A, we can define a torsion pair

Jop=1E¢€ Cohﬁ(ﬂﬁ) any quotient £ — G satisfies vy g(G) > 0},
F,p=1{E¢€ Coh? (P?) : any subsheaf F < E satisfies v, g(F) < 0}.

We let s{%# ¢ DP(P3) be the extension-closure

AP =T, 5. F, 4[11).
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@ be 0(-1)[2] 0, 9l (=2
o(l) o(l) ]

k(x) 4 k(x)

Figure 4. The slopes in s4%# of the exceptional objects and the
skyscraper sheaves when (8, o) € V; (left) and (8, @) € V, (right).
The category €, obtained by tilting to the right along the dotted line,
is the extension-closed subcategory generated by O(—1)[2], 2[1],
0, and O(1)[—1]. It is equivalent to the category of modules over
the finite-dimensional algebra determined by the dual exceptional
collection to €.

By the previous computation, by [Bayer et al. 2011b, Proposition 7.4.1], and by
Lemma 3.3, we have

{Ops (= 1[2], 211, Ops, Ops (1)} C A*P for (B8, a) € V1,
{Ops (= D[2], 2[1], Ops[1], Ops (1)} € A*P  for (B, a) € V5.

On the category 4% #, we consider the following function (a posteriori, this will
be a slope function):

00 if ch) —la?ch) =0,
hap =1 chf —10? ch? '
————— otherwise.
chg —%az chg
We have
ha,p(0) = =3P,
hap(O(=1)) = =38 — 3,
ha,p(0(1) = =3B+ 3,
hap (D) = (3-8 —38°) +52°3B+2) .

28+ 32— 302

On Vi, we deduce that A g(Q) < Aq,5(0(1)) while, on V5, Ay g(Q) < Ao p(0)
(see Figure 4).
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By [Bayer et al. 2011b, Proposition 8.1.1] (and mimicking the proof of [Bayer
et al. 2011b, Theorem 8.2.1]), this shows that Conjecture 2.3 holds for all (8, @) €
Viuvs.

To deal with the region V3 (namely, the case o« = — ), we consider a slightly
modified function on s{*#

+00 if chg —%ozz chg =0,
@b € Te i T otherwise
chzﬁ —%az chg

where € > 0. In this case, we still have

{Ops (= D121, 2[1], Ops[1], Ops (1)} C ™7,

and
Aa,(0) = +o00,
+1
__1 1 B—1
bapO)) = =3P +5+2e7—5,
_1-p 3p+2
Mo p(2) = 3B +e T

We deduce that, for all 0 > 8 > —%, there exists €(8) > 0 such that
ha,p(O(1)) > Ag g(O(=1)) and  Aq p(O(1)) > Ag,p(2)

when (8, @) € V3 and € < €(8). Again, by [Bayer et al. 2011b, Proposition 8.1.1], if
we fix B and let € — 0, this shows that Conjecture 2.3 holds also for all (8, a) € V3.
By Lemma 3.2, this would complete the proof of Proposition 3.1 once Lemma 3.3
is proved.

Proof of Lemma 3.3. Since 9 € Coh(P3) is slope-stable with Chern character
ch(2) = (3, -2, 0, %), we have, by definition, 92[1] € Coh? (P3) for all B = —%.
Moreover, for 0 > 8 > —% and for all > 0, we have v, g(2[1]) > 0.

Assume, for a contradiction, there exists (By, @) € V such that vgz)i"}go(Q[l]) <0.
Let Ny € Coh® (P?) be the tilt-stable quotient 2[1] — Ny in Coh® (P?) such that
Voo, 0 (No) < 0. By taking the long exact sequence in cohomology, No = My[1],
where My € Coh(PP?) is a torsion-free sheaf.

Consider the curves By, given by vy g(2[1]) = ve g(No), and €p, given by
Vg, 8(No) = 0 in the region B > ch;(My)/chyo(Mp). Since the vector (3, —2,0) is
primitive, B must be a semicircle in H. Consider the unique point of intersection
(x,y) € €oNBy. Since vy g(2[1]) > 0, for 0 > B > —%, we have x > 0. In
particular, By N {B = 0} # . See Figure 5.
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o

6o

Bo
(x,y)

\{
=

10

Figure 5. The curves %B( and 6.

By Bertram’s nested wall theorem of [Maciocia 2012] (whose proof works as well
in our context due to Theorem 2.6), we know that pseudo-walls for 9[1] are nested
semicircles; namely, either 2[1] is tilt-stable outside % and unstable in the interior,
or there exists another semicircle % with the same property and % contains %y
in its interior. In both cases, by the previous argument, the semicircles 8o and B
intersect the half-line 8 = 0. Hence, there exists «; > 0 such that 2[1] is not
Vg, .0-Stable. This contradicts Lemma 3.4 below. U

Lemma 3.4. For all « > 0, 2[1] is vy o-stable.

Proof. First of all, we observe that 9[1] is PGL(4)-invariant. By uniqueness of
Harder—Narasimhan filtrations, if 2[1] is not tilt-stable, then its HN factors have to
be PGL(4)-invariant as well.

Consider the category Coh? :0(P3). The function fj := ch; is additive and takes
nonnegative integral values on Coho([|3’3). Since fp(2[1]) = 2, if there exists an
exact sequence in Coho([P’3 )

0—P—>9[1]>N=M[1]—0 an

that is destabilizing with N tilt-semistable, then fy(P) = fo(N) = 1 and both P
and N must be tilt-stable. To prove this claim, we first observe that 92[1] cannot have
any subobject P with fy(P) = 0. Indeed, in such a case, by definition, P belongs
to the category generated by extensions by F[1], where F is a p-stable torsion-
free sheaves with p(F) = 0, and by torsion sheaves supported in dimension < 1.
Therefore, Hom(P, 2[1]) = 0. Hence, a subobject P of 2[1] can have either
Jo(P)=1or fo(P)=2. Butif fy(P) =2, then the sequence is not destabilizing.
The same argument shows that P and N are also tilt-stable.
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The long exact sequence in cohomology gives
0> % (P)>2—>M—#(P)—0

with #~'(P) and M torsion-free with Mg{%" < 0. Since (11) is destabilizing and
both P and N are tilt-stable with fo=1, we must have (M), Mg"%"(%_l (P)) <O.
This shows that there are only two possibilities:

(a) either ch; (M) =ch; (¥~ 1(P)) = —1,
(b) or ¥~ '(P)=0.

For case (a), we must have ch;(¥°(P)) = 0, and so %°(P) is a torsion sheaf
supported on a one-dimensional subscheme. By the PGL(4)-invariance, #°(P)=0.
Finally, since 2 is slope-stable, we must have cho(#~'(P)) =1, and so %~ (P) =
$c(—1) for C C P? a one-dimensional subscheme of degree d > 0. Again, by
the PGL(4)-invariance, C = 0. Summarizing, we proved that in case (a), P =
Ops(—1)[1]. But then, the equation v, 0(2[1]) = v4,0(P) has no solutions, and so
(11) cannot be destabilizing.

For case (b), we have P € Coh(P?) and an exact sequence in Coh(P?)

09> M—->P—-0

with chy (M) = —1, chi(P) = 1, and chy(M) > 3. We now use Theorem 2.6 once
more. Indeed, since N must be tilt-stable, we have

chy(M) < m,

and so cha(M) < 0. As a consequence, the equation vy ¢(2[1]) = vy o(P) has no
solutions « > 0, and so (11) cannot be destabilizing also in this case. O

4. An application

In this section, we briefly discuss an application of Theorem 1.1 and some examples.

In [Bayer et al. 2011b, Example 7.2.4], we pointed out a relation between
Conjecture 2.3 and Castelnuovo’s inequality for curves in P3. In particular, by
using Castelnuovo’s inequality, we showed that Conjecture 2.3 holds for ideal
sheaves of curves with respect to some tilt-stability. It is interesting to observe that
a sort of converse holds: from Theorem 1.1, we can deduce a certain inequality for
curves in P3, which is much weaker than Castelnuovo’s one but already nontrivial.

Corollary 4.1. Let C be a pure one-dimensional scheme in P of degree d > 2. Let
h:=ch3($¢c) —2d. Then
2d* —5d
h< ——.

=— (12)
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Moreover, if C is integral and not contained in a plane, then

d* —4d
h < B (13)

We recall that, for an ideal sheaf $¢ of an integral curve C C P? of degree d and
arithmetic genus g, h = g— 1. Hence, the inequality (13) compares with [Hartshorne
1977, 1V, 6.4].

To prove Corollary 4.1, we introduce some more notation. We define the two

semicircles
2d+1\*> [2d—-1)\>
97311052+<ﬂ+ > ) =<T),

d+2\* [(d—2\*
e (132 (452

They correspond to the loci

Va,p($¢) = va,p(0p3(=1)) and vy g($c) = Vo, p(0p3(=2)),

respectively. More generally, for an object A € DP(P?) such that (chy(A), ch;(A),
chy(A)) is not a multiple of (1,0, —d), we denote by B4 the semicircle with
equation vy g($c) = vy, g(A).
Finally, as in Section 2B, we denote by ‘€ the branch of the hyperbola vy g($c) =0
in H; explicitly,
¢:p*—a’=2d, B<O.

Proof of Corollary 4.1. For the first part of the statement, we would like to show
that on the exterior part of the semicircle B; in HN {—2d < B < —1} the ideal
sheaf $¢ is vy, g-stable.

First of all, we consider the half-line 8 = —1 and the category Coh?=~1(P3).
The function f_; := ch; 4 chg is additive and takes nonnegative integral values
on Cohfl([Pﬁ). Since f_1($¢c) =1, then $¢ must be v, _-stable for all @ > 0.

We now consider the half-line § = —2 and the category Coh2(P?%). By [Bridge-
land 2008, Proposition 14.2] (whose proof generalizes to our case), we know that,
for o > 0, $¢ is v, _2-stable. Assume that $¢ is not v, _s-semistable for all
a > 0. Then, by Proposition 2.4, there exists «g > 0 such that $¢ is v, _»-stable
for o > «y, is v, —2-semistable at & = o, and is not semistable for & < og. Then
oo must be in the intersection of the half-line 8 = —2 with a semicircle B4 for
some A € Coh™2(P?) such that A — $¢ in Coh™2(??). By looking at the long
exact sequence in cohomology, we deduce that A € Coh(P?) and chg(A) > 1 and
it is torsion-free. Moreover, since the function f_, := ch; 4+2 chg is additive and
takes nonnegative integral values on Coh’2([P’3) and f_»($¢) =2, we must have
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f=2(A) =1, namely
chi(A) 1
=24+ ——-.
cho(A) cho(A)

Let (—2, 1) be the intersection point in H between 8 = —2 and & (the inter-
section is nonempty since d > 2). We claim that oy < «;. Indeed, if chg(A) =1,
then ch;(A) = —1. Hence, A = 9y (—1) for some subscheme W of dimension 1.
Therefore, ag < «1. If chg(A) > 2, then —2 < ch;(A)/chg(A) < —1. By Bertram’s
nested wall theorem of [Maciocia 2012], we know that either B4 = B or they
are disjoint. Since B4 N {B = ch;(A)/chyp(A)} = &, this immediately implies that
g < o1, as we wanted.

By using the nested wall theorem again, since we proved that, on the line 8 = —1,
the ideal sheaf $¢ is stable and, on the line 8 = —2, the first wall is B, this shows
that on the exterior part of the semicircle B; in HN {—2d < B < —1} the ideal
sheaf ¢ is v, g-stable, which is what we wanted. To get the inequality (12), we only
need to compute the intersection point €N%A;. Theorem 1.1 yields then directly (12).

The proof of (13) is very similar. We consider the half-line 8 = —3, the category
A_3:=Coh™3(P3), and A — $¢ in Coh3(P?). By looking at the function f_3 :=
ch; +3 chg, we must have either f_3(A) = 1 or = 2. If chy(A) > 3, then by using
again [Maciocia 2012], we can deduce that % 4 is contained in the interior of %B,. If
cho(A) =2, we distinguish two possibilities according to whether f_3(A)=1or =2.
If =1, then we can argue as before and deduce that % 4 is contained in the interior
of B,. If =2, then ch; (A) = —4, and so by Theorem 2.6, chy(A) <4. If chy(A) =4,
then By = By. If chy(A) < 4, then B4 is again contained in the interior of B,.

Finally, if chg(A) =1, then either A = $y (—2) or A = Fw (—1) with W a closed
subscheme of dimension 1. The first case can be dealt as before. To exclude the
second case, we use the assumption that C is integral and not contained in a plane.
Indeed, in such a case, we must have C C W, and so A — $¢ does not destabilize.

As before, to get the inequality (13), we only need to compute the intersection
point € N B, and apply Theorem 1.1. (]

Example 4.2. For the case d = 1, the situation is slightly degenerate. Indeed, in
such a case, $¢ is vy, g-semistable for all (8, ) € H for which

A+ B+ =1

Hence, in particular, it is semistable for all (8, «) € 6. Theorem 1.1 gives then

h < —%, namely g (=0) < %

Example 4.3. If the curve C in Corollary 4.1 is contained in a surface F C P? of
degree k > 0, then there is a strong form for Castelnuovo’s theorem, as proved
by Harris [1980; Hartshorne 1978]. But in this case, we cannot directly conclude
such inequality by using stability since it is not true that the first wall when $¢ is
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destabilized coincides with the locus
Vo,($c) = Vo, 5(Op3(—=k)), namely Ops(—k) — Jc.

The simplest example (see [Hartshorne 1977, V, 4.13.1]) is when C is smooth with
k=3,d =7, and g = 5. In such a case, a destabilizing quotient is given instead by

$c — Ops(=5)[1].

This gives the (well-known) existence of a nontrivial extension, % € Coh(P3) of
rank 2, which must be stable. It may be interesting to study the general situation
and see which kind of new stable objects arise as destabilizing factors of $¢.
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(¢, N-modules over noncommutative
overconvergent and Robba rings

Gergely Zabradi

We construct noncommutative multidimensional versions of overconvergent
power series rings and Robba rings. We show that the category of étale (¢, I')-
modules over certain completions of these rings is equivalent to the category of
étale (¢, I')-modules over classical overconvergent or Robba rings as the case
may be (hence also to the category of p-adic Galois representations of Q). In the
case of Robba rings, the assumption of étaleness is not necessary, so there exists
a notion of trianguline objects in this sense.

1. Introduction

In recent years it has become increasingly clear that some kind of p-adic version of
the local Langlands correspondence should exist. In fact, Colmez [2010c; 2010b]
constructed such a correspondence for GL,(Q),). His construction is done in several
steps using (¢, I')-modules (the category of which is well known [Fontaine 1990]
to be equivalent to the category of p-adic Galois representations of Q). We briefly
recall Colmez’s correspondence here. Let K be a finite extension of @, with ring
of integers o0y and uniformizer py.

The “Montreal functor” associates to a smooth oy -torsion representation of the
standard Borel subgroup B (Q,) of GL»(Q,) an og-torsion (¢, I')-module over
Fontaine’s ring O¢. If we are given a unitary Banach space representation IT over the
field K of the group GL3(Q),), then it admits an oy -lattice L(IT) that is invariant
under GL,(Q,). Hence L(IT)/ px is a smooth o -torsion representation that we
restrict now to B»(Q). The (¢, I')-module associated to IT is the projective limit
(as r — o00) of the (¢, I')-modules associated to L(IT)/ p via the Montreal functor.
This is generalized in [Schneider and Vignéras 2011] to general reductive groups
over Qp.

The reverse direction, how one adjoins a unitary continuous p-adic representation
to a 2-dimensional (¢, [')-module D over Fontaine’s ring, is even more subtle.
One first constructs a unitary p-adic Banach space representation I1(D) to each

MSC2010: primary 11F70; secondary 20G25, 16U20.
Keywords: overconvergent, Robba ring, noncommutative, (¢, I')-module.
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2-dimensional trianguline (¢, T")-module D over € = O¢[p~'] using a kind of
parabolic induction. This Banach space is well described as a quotient of the space
of p-adic functions satisfying certain properties by a certain GL,(Q),)-invariant
subspace (see [Colmez 2010a; Breuil 2004] for details); however, a priori it is
not clear whether or not it is nontrivial. On the other hand, there is a general
construction of a (somewhat bigger) GL,(Q))-representation D X P! that is in
fact the space of global sections of a GL,(Q))-equivariant sheaf U — D Kz U
(U C P! open) on the projective space P1(Q,) = GL(Q,)/B2(Q),) for any (not
necessarily 2-dimensional) (¢, I')-module D and any unitary character §: Q; — og.
This sheaf has the following properties: (i) the center of GL,(Q,) acts via 6 on
D g P!; (ii) we have D K Z, = D as a module over the monoid

(ZPB{O} le)

(where we regard Z,, as an open subspace in P! = @, U {o0}). (See [Schneider
et al. 2012] for a generalization of this construction to general reductive groups.)
Then Colmez shows that in case D is 2-dimensional and trianguline, there exists
a unitary character § (namely § = y~! det D, where y is the cyclotomic character
and det D is the character associated to the 1-dimensional (¢, I')-module A’D
via Fontaine’s equivalence composed with class field theory) such that a certain
subspace DYXsP! (for the definition see [Colmez 2010b]) of DXsP! is isomorphic
to the dual of the Banach space representation H(ﬁ) associated earlier to the dual
(¢, I')-module D — therefore showing in particular that the previous construction
is nonzero. This subspace makes sense also when D is not trianguline (nor of
rank 2), but a priori only known to be B>(Q))-invariant. Also, whenever D is
indecomposable and 2-dimensional, then the above § is unique [Paskiinas 2013],
and whenever D is absolutely irreducible and at least 3-dimensional, then there does
not exist such a character § (so that the subspace D K P! is GL,(Q)p)-invariant)
[Paskiinas 2013]. Since the construction of D > DX s P! behaves well in families
(see Chapter II in [Colmez 2010c]) and the trianguline Galois representations are
Zariski-dense in the deformation space of 2-dimensional (¢, I')-modules with given
reduction mod p [Kisin 2010], Colmez [2010c] shows that this subspace is not only
B>(Q)p), but also GL,(Q))-invariant for general 2-dimensional (¢, I')-modules.
For § = y~! det D (in this case we omit the subscript § from the notation), we have
a short exact sequence

0— (D) —> DRP! - (D) — 0,

where I1(D) is the unitary Banach-space representation associated to D via the
p-adic Langlands correspondence.
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Colmez [2010c, Chapters V and VI] also identifies the space IT(D)*" of locally
analytic and the space IT(D)¥¢ of locally algebraic vectors in the Banach-space
representation [1(D). These play a crucial role in the proof of the compatibility
of the p-adic and classical local Langlands correspondences. In fact, we have
(D)™ = (DY RPY) /K- (DYRPL), where DT R P! is the subspace of elements
x € D ®P! such that both Res% (x) and

i (o))

lie in the subspace of overconvergent elements DT C D = DK Z,. DY is an étale
(¢, T')-module over the ring ¢ of overconvergent power series with coefficients in
K such that D == € ®q+ DY [Cherbonnier and Colmez 1998].

Let now G be the group of Q,-points of a connected Q,-split reductive group
and let P = TN be a Borel subgroup of G. Further denote by ®* the set of
positive roots with respect to P and A C ® the set of simple roots. The above
noted generalizations of Colmez’s work [Schneider and Vignéras 2011; Schneider
et al. 2012] both use a certain microlocalization A y(Ng) (constructed originally in
[Schneider and Venjakob 2010]) of the Iwasawa algebra A (Ng) of a compact open
subgroup Ny of N. This can be thought of as the noncommutative analogue of
Fontaine’s ring Og. On the other hand, Colmez’s p-adic Langlands correspondence
heavily relies on the theory of trianguline (¢, I')-modules. A (¢, I')-module over
the Robba ring is a free module D:i o over R together with commuting semilinear
actions of the operator ¢ and the group I" such that ¢ takes a basis of the free module
to another basis. Such a (¢, I')-module DJr is said to be étale (or of slope 0) if there
is a basis of DTg such that the matrix of go in this basis is an invertible matrix over
the subring @T C % of overconvergent Laurent series. An étale (¢, I')-module over
R is trianguline if it admits a filtration of (not necessarily étale) (¢, I')-modules
over R with subquotients of rank 1 possibly after a finite base change E Qg -. The
fact that the Robba ring and the ring of overconvergent Laurent series play such
a role in the construction of the p-adic Langlands correspondence for GL2(Q))
and also in the identification of the locally analytic vectors is the motivation for
the construction of noncommutative analogues of these rings — as they will most
probably be needed for a future correspondence for reductive groups other than
GL>(Qp).

The motivation of this paper is twofold. On the one hand, we reinterpret the
ring Ay(Np) as follows. Instead of localizing and completing the Iwasawa algebra
A(Np), one may construct A ;(Np) as the projective limit of certain skew group rings
over Og. The only assumptions on the ring R = Og¢ such that this new construction
of A¢(Np) can be carried out are that R admits an inclusion y:Z, — R* of the
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additive group Z,, into its group of invertible elements and an étale action of an
operator ¢ that is compatible with y. The noncommutative ring that is constructed
is a completed skew group ring R[[H1, £] of a closed normal subgroup H; of a
pro-p group Hy such that £: Hy —> Z,, is a homomorphism with kernel H; (hence
Ho/H = Zp). The main result in this direction is Proposition 3.1, showing that the
category of g-modules over R is equivalent to the category of ¢-modules over the
completed skew group ring R[[H1, £]]. This can be applied also to the ring R = @%
of overconvergent Laurent series with coefficients in 0 and the Robba ring . The
other motivation (probably the more important one) is the construction of the right
noncommutative analogues of @;rg and R. The elements of the rings R[H, £]] and
@T [H1,£]], however, are not necessarily convergent in any open annulus since they
are obtained by taking an inverse limit. Therefore we shall we construct the rings
R(Hy, L) and RI"(Hq, £) (pages 221 ff. and 231-232, with Ny for Hy) as direct
limits of certain microlocalizations of the distribution algebra. The elements of
these rings are convergent in a region of the form

{p2 < |ba| <1, |bg| < |ba|" for B € <I>+\{oz}}

for some p 1 <py<landl<reZ Wewill show (pages 233 ff.) that R[Ny, £]]
and O} ¢[N1.£] are in a certain sense completions of R (N1, ) and gtmt(N 1,4),
respectlvely Note that, although the natural map jin: R (Ny,£) — ol ¢[[N1.£] is
injective, the map j:R(N1,{) — R[[N1, £] is not. Both the ring QR(Nl ,£) and its
integral version admit an étale action of the monoid T+ = {t € T | tNot~' C Ny}.
However, it is an open question whether the categories of étale 7T+ -modules over
these rings are equivalent to the étale 7;-modules over their completions.

In my opinion, the right noncommutative analogue of the ring R (resp. @;) is
R(N1,€) (resp. R"(Ny, £)) in the context of Q,-split reductive groups G over Qp,
as both rings admit an étale action of the monoid 7't and their elements converge
in certain polyannuli. However, it might still be useful to also consider the rings
R Hy, L] and @% [H1, 1], as they can help us compare the category of usual (¢, I')-
modules with the category of T;-modules over R(Ny, ) (resp. over R"(Ny, £))
using the equivalence of categories in Proposition 3.1. Only one variable is inverted
in these rings, in contrast to the rings constructed in [Zabradi 2012]. The reasons
for this are the following: (i) this way RI"™(Ny, £) is a subring of Ay(Np); (ii)
the equivalence of categories in Proposition 3.1 holds for rings in which only
one variable is inverted; and (iii) all the usual (¢, I')-modules are overconvergent,
that is, they descend to @3; already in one variable. However, if Q, is replaced
by a finite unramified extension F, then one might have to consider Lubin—Tate
(¢. I'r)-modules (with I'r = 0% ) instead so that the monoid @ T'F is isomorphic
to o \ {0}. These (¢, I'r)-modules are not overconvergent in general but they
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might still correspond to objects over certain multivariable Robba rings (in which
all the variables are inverted). For a first result in this direction see [Berger 2013].
It is plausible to expect that for general reductive groups G over F one has to invert
exactly | F : Qp| (Qp-)variables that correspond to the root subgroup Ny = F =
Qp "7l for a given simple root a.

2. Completed skew group rings
Let R be a commutative ring (with identity) with the following properties:

(i) There exists a group homomorphism x:Z, < R*.

(i) The ring R admits an étale action of the p-Frobenius ¢ that is compatible
with y. More precisely, there is an injective ring homomorphism ¢: R < R
such that ¢(y(x)) = y(px) and

p—1

R=EP x()e(R).
i=0

In particular, R is free of rank p over ¢(R).

We remark first of all that one may iterate (ii) ¢ times for any positive integer c
to obtain

pe—1
R= P x(i)¢(R). (1)
i=0
Indeed, by induction, we may assume that (1) holds for ¢ — 1 and obtain
p(,'—l_l pc—l_l p—1
R= @ 1 R = @ 2y (EB X(j)fp(R))
k=0 k=0 j=0
p—1p-1
= P Prxk+pHec(R)
k=0 j=0

since ¢~ ! takes direct sums to direct sums as it is injective. Now the claim follows
from noting that any integer 0 <i < p¢ — 1 can be uniquely written in the form
i=k+p¢ljwitho<k<p‘!—land0<, <p—1.

For any x € Z, we have x(p°x) = ¢°(x(x)) € ¢“(R)*. Hence x(i)¢°(R) =
x(@ + p€x)p€(R) and we may replace each value of i in the formula (1) by any
element in the coset i 4+ p©Zp,.

Definition 2.1. We call a ring R with the above properties (i) and (ii) a ¢-ring over
Zp, or often just a ¢-ring.
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For example, if K/Q), is a finite extension with ring of integers o and uni-
formizer pg, then the Iwasawa algebra o[[T]] is a ¢-ring with the homomorphism

xZp—o[T], 1—14+T

and Frobenius ¢(T) = (T + 1)? — 1. Similarly, with the same y and ¢, Fontaine’s
ring Og, its field of fractions €, the Robba ring % and the rings ¢, @% of over-
convergent power series are also @-rings. (For the definitions of O¢ and € see
the paragraph before Lemma 2.13, and for those of R, @:é, and €T see (12) and
subsequent paragraph.)

Lemma 2.2. For any positive integer ¢ we have a ring isomorphism

e (R)X1/(XP" = x(p9)) = R, X+ x(1).

Proof. Since the polynomial ring ¢¢(R)[X] is a free object in the category of
commutative ¢°(R)-algebras, we may extend the natural inclusion homomorphism
f:9¢(R) — R given by (ii) to a ring homomorphism f: ¢°(R)[X] — R by any
free choice for the value f (X), in particular such that f (X):= x(1) € R and, of
course, ~|¢,c( R) := f. We need to show that f is surjective with kernel equal to
the ideal generated by X?° — y(p€). Note that y(p€) = ¢¢(x(1)) lies in ¢ (R),
so the claim makes sense.

By (i), the map y is a group homomorphism, so y(r) = y(1)" = f(X)r = f(X’)
lies in the image of f for any positive integer r. Hence we obtain the surjectivity
from (1) by noting that ¢¢(R) also lies in the image of f.

Using again y(r) = f (X") with the choice of r = p€, we see immediately that
XP° — y(p©) lies in the kernel of f . Moreover,

e°(R)X1/(XP" = x(p©))
-1

is a free module of rank p€¢ over ¢°(R) with generators the classes of {X” f;o in
the quotient. On the other hand, R is also a free module of rank p¢ with generators
{ )((r)}f ;61, by (1), and these two sets of generators correspond to each other under
the map f ; hence the isomorphism. O

Let Hp be a pro-p group of finite rank (therefore a compact p-adic Lie group
by Corollary 4.3 and Theorem 8.18 in [Dixon et al. 1999]) without elements of
order p admitting a continuous surjective group homomorphism ¢: Hy — Z,, with
kernel H; := Ker(£). We further assume the following:

(A) Hjp also admits an injective group endomorphism ¢: Hy — Hy with finite
cokernel and compatible with £ in the sense that £(¢(h)) = @(£(h)) = pL(h).
In particular, we have ¢(H1) C H;.

(B) (y>1 ¢" (Ho) = {1} and the subgroups ¢" (Hp) form a system of neighbor-
hoods of 1 in Hy.
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We remark first of all that by a theorem of Serre [Dixon et al. 1999, Theo-
rem 1.17], any finite index subgroup in Hy is open. Hence the homomorphism ¢ is
automatically continuous and the subgroups ¢" (Hp) are open.

H is a closed subgroup of Hy; hence it is also a pro-p group of finite rank. By
assumption (B), we also have in particular that the subgroups ¢" (H;) form a system
of open neighborhoods of 1 in H;. The subgroups ¢" (H1) may not be normal in
either Hy or Hy. Hence for k > 1 we define the normal subgroup Hj <1 Hy as
the normal subgroup of Hy generated by (pk_l(H 1). Since H; is normal in Hy
we automatically have Hy € H; for any k > 1. Also, since the p-adic Lie group
H1 has a system of neighborhoods of 1 containing only characteristic subgroups,
the Hj also form a system of neighborhoods of 1 in H;. On the other hand, we
have by definition that ¢(Hy) € Hy 41 € Hy for each k > 1. In particular, we have
an induced ¢ action on the quotient group Ho/Hj. This is, of course, no longer
injective.

Since the group Z, is topologically generated by one element, we may find a
splitting t: Z,, < Hy for the group homomorphism £. We fix this splitting ¢, too.
Assume further that:

(C) the group homomorphism ¢ is g-equivariant, that is, we have ¢t (¢(x)) = ¢(t(x))
for all x € Z,,.
We define the skew group ring R[H/Hy, £, ] as follows. We put
R[Hi/Hp.t.0:= D Rh )
heH/Hy

as left R-modules. Since H; is a normal subgroup in Hyp, we also have
H1/Hy < Ho/Hy.
Therefore we obtain a conjugation action of Z, on Hy/Hj given by
p:Zp — Aut(Hy/Hy), z+ (h —1(2)hi(z) L he H1/Hk).

Since H;/Hjy is a finite p-group, Aut(H;/H}) is finite and we have an integer
¢k > 1 such that p°*Z,, C Ker(p). The multiplication is defined so that ¢“¢ (R)
commutes with elements & in Hy/Hj and y(i) acts on Hy/Hy via 1o y~! and
conjugation. More precisely, for 1,72 € R and h1, hp € Hy/H) we may write

pk—1
ra= Y x(D)e™*(riz) 3)
i=0
and put
pk—1

(rih)(r2h2) == Y rix e (rip) (@) " hie@h) € @ Rh. (4
i=0

hEH]/Hk
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Incase rp =1 wehave (r1h1)hy =r1(h1hy), andincase hy =1 we have ry (ra2hy) =
(r1r2)h2. By the choice of ¢g, t(p*Zp) lies in the center of Ho/H. So we may
use any set of representatives of Z,/p*Z, instead of {0, 1, ..., p* —1}in (3) in
order to compute (4). Indeed, if i =i’ (mod p©¥), then

X% (ri2) = (") (x(ip_i )”i,z)

Ck

and (i) hie(D) = (@) T hy().
Lemma 2.3. The multiplication (4) equips R[H1/H}, £, ] with a ring structure.

Proof. There exists an easy, but rather long computation showing this. However,
there is another, more conceptual description of the ring R[H1/H, €, (] pointed
out by Torsten Schoeneberg that proves this lemma without any computations. Let
S be the group ring S := ¢ (R)[H1/H}] and ¢ be the automorphism of S trivial
on ¢k (R) and acting by conjugation with ¢(1) on Hy/Hp, that is, for h € Hy/H}
put o(h) := ¢(1)"'ht(1). Now define the skew polynomial ring S[X, o] by the
relation aX = Xo(a) for a € S. By the definition of ¢, the subring ¢°* (R) lies
in the center of S[X, a]; therefore, so does y(pk) = <% (x(1)) € ¢k (R). On the
other hand, we have

c c c c
aXP* =xP* P ) =XP"a

forall a € S, since P is the conjugation by the central element ¢(1)?* = ((p©¥)
of Hy/Hj on Hy/Hy and is trivial by definition on ¢* (R); hence 67* = idg.
This shows that X ?* — y(p¢) is central and that

S[X,o](X P — x(p)) = (XP™ — x(p°*))S[X, 0]

is a two-sided ideal in S[X, o]. So we may form the quotient ring and compute (as
left p°k (R)-modules)

SIX. 01/ (X7 — 1(p%)) = (@ D xree (R)h) /(7 = 1(p)

r=0heH/Hy

D (¢ (RIXI/(XP™ = x(p%))h

heH/Hy

@ Rh,

hGHl/Hk

1%

Il

using Lemma 2.2 in the middle. On the component 2 = 1 in the above direct sum,
the identification is even multiplicative as Lemma 2.2 gives an isomorphism of
rings, not just ¢ (R)-modules. Hence S[X, 0]/(chk — x(p®)) contains R as
a subring and the isomorphism above is an isomorphism of left R-modules. The
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transport of ring structure gives back the definition (4) of multiplication on the right
side. Indeed, we have

p(,‘k_l p(?k_l
(rth)(r2h2) = ) rihix (e (ripdha = ) rihi X 9% (ri2)ha
i=0 i=0
ka_l pck_l
= Y nX'o (h)e*(riphy = Y rix()e* (ri2) (@) hie(i)hy),
i=0 i=0
since y(i) corresponds to X under the isomorphism in Lemma 2.2. O

We further have a natural action of ¢ on R[H1/H}, £, ] coming from the ¢-action
on both R and H/H} by putting ¢(rh) := ¢(r)e(h) forr € R and h € Hy/Hy.

Lemma 2.4. The map ¢: R[H{/Hy,{,l|— R[H1/Hy, £, ] defined above is a ring
homomorphism.

Proof. The additivity is clear, so it suffices to check the multiplicativity. Using (4)
we compute

pk—1
@((rih)(r2h2)) = >~ @(rix e (ri2)) @ () " hae(i))hz)
=0
pk—1
= > oD x(pD)e* T (1 2) (((p) " o) (pi)p(ha))
=0
pk—1
= D ¢r0e™ T (i2)p(h) x(pi)g(ha)
=0
pk—1
=o(rDeh) Y x(p)e*t (ri2)e(h)
i=0
pk—1
=<ﬁ(71h1)§0( Z X(i)fpck(ri,z)hz) = @(rih)e(rzhz). O
i=0

The map y and the inclusion of the group H,/H} in the multiplicative group of
R[H/Hy,{,] are compatible in the sense that they glue together to a gp-equivariant
group homomorphism y: Hy — R[H1/Hy,{,]* (with kernel Ker yi = Hy),
making the diagram

Z, Hy

XL Xkl/ 5)

RT,;? R[H1/H, (]
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commutative, where (g x is the natural inclusion of R in R[H1/Hy,{]. Indeed,
Ho = 1(Zp) x Hy, so we put

Xk (@)h) = x(i)(hHy)

fori € Z,, h € Hy and compute

xic (LGDh1G2)h2) = g (c(i1 + i2)e(2) " hiu(iz)ha)
= x(i1 +i2)(t(i2) " hit(iz)ho) Hy
= y(i1)(h1 Hy) x(i2)(ha Hi) = i (t(i)h) xi (c(i2)h2),

showing that yj is indeed a group homomorphism. The commutativity of the
diagram (5) is clear by definition. Moreover, yj is g-equivariant, since we have

Xk 0 9((D)h) = xx (L(pi)e(h)) = x(pi)e(h) Hy
= o(x()hHy) =@ o xr(L(i)h).
Lemma 2.5. The above definition of R[H1/Hp, £, (] does not depend on the choice

of the section t up to natural isomorphism.

Proof. Let (':Z, < Hy be another section of £. The integer ¢ depends on ¢,
but we also have another integer cl/c such that ¢/( pcl/<) acts trivially by conjugation
on H;/Hp, that is, L/(pcllc) lies in the center of Hy/Hj. On the other hand, we
may choose my > 0 so that Hlpmk C Hy, since Hy/Hy is a finite p-group. From
Lor=idz, = Lol we see that 1~ '//(Z,) € Ker(£) = Hy, and hence for any x € Z,
we have

1 (pmk +max(ck ’c//c)x)t/(pmk +max(ck ,c,’()x)

_ l_l (pmax(ck,cl’()x)pmk L/(pmax(ck ’c;c)x)l’mk
— (L_l (pmax(ck ,c;()x)t/(pmax(ck ’C]/")X))pmk c Hlpmk c Hk ‘
Therefore for m > my, + max(cy, c,/c), the map L;{I R — R[H/Hy,Z,] given by

m_1q m_1
7 (pgo x(i)w'”(ri)) :=p.§0 X" ) (67 D) ©)

1

extends to an isomorphism
tp: R[H1/H £, /] — R[Hi/Hy. L.1], rh.(r)h,

of p-rings. Indeed, the map L;c is clearly additive and bijective. We claim that it is
multiplicative and ¢-equivariant. We first show the latter statement and compute
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, p"—-1 -1 1
¢°Lk( > x(l)so’"(ri)) = > e(x@e" ) (@) (@)))
i=0 i=0

p"—1
=X X (i)™ L) (e (pi) ™1 (pi)
i=
= ( ) x(pl)w’"“(rz)) =0 w( > X(i)‘/’m(”i))-
i=0 i=0
Since m > max(cy, c]/c), the subring ¢™ (R) lies in the center of both R[H1/Hy, £, (]
and R[H1/Hy,{,!]. Therefore —in view of the associativity (Lemma 2.3) — we
may compute the multiplication (4) by expanding elements of R to degree m. So
we write
Wl_l pﬂ’l_l

=S D). = Y 2" ).
j=0 i=0

We may compute (6) using any set of representatives of 7,/ p™ 7, (for example
{j,j+1,...,j+p™—1}instead of {0, 1, ..., p™ —1}) since "1/ (p™Z,) C Hy.
Hence we obtain

t;c ((7‘1]’11)(7’2]’!2))
m—1
=1 (pZ VIX(i)fpm(Vi,z)(t/(i)_lhlt/(i)hz))

i=0

= ( Z X(])‘Pm(”/,l))((l)<ﬁm(”z 2)(t (i)_lhu’(i)hz))

=0
=plm§1t pj”’; (i+j)<pm(rj,1ri,2))t/(i)_lhl/(i)hz
]Z:)X(l + D" rjariil + )G+ )T R (D
l;nZ;x(l + )" (rjarip (i + )T ()R (ko
ljZ;X(J)fp () x@O@™ (i )@ ™G TN G ()T G)hz)

p—1

=( i x(De™ (i) ()™ (j)hl))( > x()e™(ri) (L) t(i)hz))

P m_y
=( 3} '"(rj,l)/(j)hl) (pz go’"(ri,z)/(i)hz) = L (rh)(rah). O
=0 i=0
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In view of this lemma we omit ¢ from the notation from now on. This construction
is compatible with the natural surjective homomorphisms H;/Hy 1 — Hi/Hg;
therefore the rings R[H1/Hy, {] form an inverse system for the induced maps. So
we may define the completed skew group ring R[[H7, £] as the projective limit

R[H1, (] :=1<i_;_nR[H1/Hk,E]‘

We denote by I the kernel of the canonical surjective homomorphism from
R[H1,{] to R[H,/Hy,1].

Whenever R is a topological ring, we equip R[[H1, £]] with the projective limit
topology of the product topologies on each @,y \/H, Rh.

The augmentation map H; — 1 induces a ring homomorphism

{:=Lg:R[[H{,L]] > R.

This also has a section ¢ := (g = l(i_rluR,k: R — R[Hi,{] (whenever clear we
omit the subscript ), that is, {g otg = idg. By (5), the group homomorphism
X:Zp — R extends to a group homomorphism yg,: Ho — R[H1,{]*, making
the diagram

Zp Hy

{

R —— R[H,.{]

commutative.

The operator ¢ acts naturally on this projective limit. If R is a topological ring
and @ acts continuously on R, then ¢ also acts continuously on each R[H;/Hy,{]
by taking the limit also on R[[H1,{]]. For an open subgroup H' of a profinite
group H we use the notation J(H /H’) for a set of representatives of the left cosets
of H' in H. Similarly, we use J(H'\ H) for a set of representatives of the right
cosets H'\ H.

Lemma 2.6. (a) Let L < K < H be groups. Then the set J(H/K)J(K /L) (resp.
J(L\ K)J(K \ H)) is a set of representatives for the cosets H/L (resp. for
L\ H).
(b) Let K < H be groups and N <1 H a normal subgroup. Then J(K N N)\ N)
is also a set of representatives for K \ KN.
Proof. These are well known facts in group theory; however, for the convenience of
the reader, we recall their proofs here. In (b) we need N to be a normal subgroup so
that KN is a subgroup of H. Moreover, J(K \ KN) might not lie in N in general.
(@) Lethy,ho e J(H/K) and k1, ko € J(K/L). Suppose we have h1ki L = hyk, L.
Then we also have hl_lhz € K and so h1 = h,, whence kl_lkz € L andso k1 = k.
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So the elements of the set J(H/K)J(K/L) are in distinct left cosets of L. On the
other hand, if 1L € H/L is a left coset, then we may first choose h1 € J(H/K) so
that hl_lh € K and then k1 € J(K/L) so that kl_lhl_lh € L;thatis, hL = h1kiL.

®)Ifny #ny € J(KNN)\ N) are distinct, then Kn; # Kns, as nlngl does
not lie in K N N, but it lies in N. On the other hand, if kn € KN, then we may
findny € J(KNN)\ N) such thatnnl_1 € KN N, and hence knnl_1 ekK. O

Proposition 2.7. The map ¢: R[[H1,{]] = R[H1, L] is injective. Also

R[H1. 1= D  ¢(RIH:. Dh.

heJ(e(Ho)\Ho)

In particular, R[[Hy, ] is a free (left) module of rank [Hy : ¢(Hy)] over itself via
®.

Proof. Step 1. Let k be an integer and denote by Ay the kernel of the map
¢: R[H1/Hy, ] — R[Hy/Hy,{] so that we have a short exact sequence of abelian
groups

0 — Ag — R[Hy/Hy.t] —2> ¢(R[Hy /Hj.. £]) — 0.

We show that the sequence Ay, satisfies the trivial Mittag-Leffler condition. From
this the injectivity of ¢ follows, and we obtain

lim p(R[H1/Hy, t]) = p(im R[H1/Hy, {]) = ¢(R[H1, £]).- (M
k k

Take a fixed positive integer k. Since ¢: H; — Hj is an open map (bijective and
continuous between the compact sets H; and ¢(H1), and hence a homeomorphism)
and the subgroups H; form a system of neighborhoods, we find an integer / > k
such that Hy 2 ¢~ !(H;). In view of Lemma 2.6 we put

J(Hy/Hp) = J(Hy /o~ (Hy))J (o~ (H)/H))

for J(Hy /¢~ ' (H;)) and J(p~'(H;)/H;) arbitrarily fixed sets of representatives
for the cosets of Hy /¢ ' (H;) and of ¢~ 1 (H;)/H]j, respectively.

Now let > rpx1(h) be an element in A; and denote by f; ; the natural
heJ(H/H))
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surjection from R[Hy/Hj,{] — R[H1/H},{]. We have

0=<ﬂ( ) ”th(h))

heJ(H/H|)

= > S e xiehiha)

hieJ(H /o~ 1 (H})) haeJ (9~ (H;)/H))

=3 6Cnn) x1(e(h))

h1 ho

= Y ¢( > rh)xl(w(hl)).

hieJ(Hi /o~ (H))) “heJ(H\/H)Nhip~1(H))
For hy # 'y € J(H1 /9~ (H;)) we have ¢(h1)H; # ¢(h) H;. Since R[H/H], {]
is defined as a direct sum, we obtain
<p( Z rh) =0, whence Z rp, =0
heJ(Hi1/H)Nh1o~ (H)) heJ(Hy/H)Nh1o~ (H))

for any fixed hy € J(H1 /@~ ' (H})), as ¢ is injective on R. On the other hand, we
have

fk,l( > rh)(z(h))= > ( > ’”h)Xk(hl)

heJ(H/H)) hieJ(H/Hy) “heJ(H/H;)Nhy Hy
= Y. Ox(h)=0,
h1€J(Hy/Hy)

as hy Hy, is a disjoint union of cosets of ¢ ~!(H;) by the choice of /. This shows
that fi ;(A;) = 0 as claimed. Therefore (7) follows as discussed above.

Step 2. Since ¢(Hp) N Hy is open in Hq, there exists an integer ko > 2 such that
for k > ko we have Hy C ¢(Hp). (We may not be able to take kg = 2 because
Hy, is the normal subgroup generated by ¢(H1), which does have elements outside
¢(Hp) in general.) We claim now the decomposition

R[H\/He, ()= @ @(R[H\/Hi, ) xx(h) ®)
heJ(p(Ho)\ Ho)

for k > ko. Since Hy is a normal subgroup of Hy contained in ¢(Hj), the elements
X (h) above are distinct.

For the proof of (8) we apply Lemma 2.6(b) in the situation K := ¢(Hp),
N := H;, and H := Hj to be able to choose

J(p(Ho) \ ¢(Ho)Hy) := J((¢(Ho) N H1) \ Hy).
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Also, by the injectivity of ¢ on Ho/Hjp, we see that p(Hy) N Hy = ¢(H1).
On the other hand, ¢({0,1,..., p — 1}) is a set of representatives for the cosets
Hy¢(Hp) \ Hp. Therefore (using Lemma 2.6(a) with L := ¢(Hyp), K :=¢(Ho)H},
and H := Hy) we may choose

J(9(Ho) \ Ho) := J(¢(Ho) \ ¢(Ho)H1)J(¢(Ho) H1 \ Ho)
=J(p(H)\ Hi)(({0,1,..., p—1}).
We are going to use this specific set J(¢(Hg) \ Hp) in order to compute the right
side of (8). Let >y yca,/m,) Th Xk (h) be an arbitrary element in R[Hy/H,{].

By the étaleness of the action of ¢ on R (noting that R is commutative), we may
uniquely decompose

p—1 p—1
=y X)) =Y @lrip)x().

i=0 i=0
On the other hand, we write ((i)ht(i)~! = @(u; p)v; p, with unique u; € Hy and
v;.p € J(9(Hy)\ Hy). Therefore we have

p—1
S = Y Y i) x @) (L) 9 p)vipe ()

heJ(Hy/Hy) heJ(H,/Hy) i=0

p—1
= > Y eCinxeuin) xx (i p ()

heJ(H,/Hy) i=0
€ Y @(R[H/H.0)yi(h).
heJ(p(Ho)\Ho)

as x(i) = xx(t(i)) and yr 0@ = @ o i, by (5).
It remains to show that the sum in (8) is indeed direct. For this we may expand
any element x; , € R[H1/Hy, (] as

Xih= D TihmXk(m)

meJ(Hy/Hy)

and compute

p—1
S e k()

i=0 heJ(p(H1)\H1)

=Y @inm) xi(@(m)hi(i))

i,h,m

= Y xOeripm) xx (L) p(m)he(i))

i,h,m
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-y ¥ x(i)( ) go(r,-,h,m))xk(t(i)—lmomo')).<9>

i,h moeJ(p(H1)/Hy) “meJ(Hi/H)No~!(moHy)

Assume now that the left side of (9) is 0. The set J(p(H1)/H)J((H1)\ Hy) is a
set of representatives of Hj \ H1 because Hj, is normal in Hq, whence ¢ (H1)/H}, =
Hy \ ¢(Hy). This shows that the elements moh are distinct in H; /Hj, on the right
side of (9). The conjugation by ¢(7) is an automorphism of H;/Hj; therefore the
elements (i) “!moht(i) are also distinct for any fixedi € {0, 1,..., p—1}. On the
other hand, by the étaleness of ¢ on R and by (2), we obtain

R[H\/Hy., t] = 69 P xR

i= OhIGHl/Hk

Z (p(ri,h,m) =0

meJ(Hy/Hi)Ne~(moHy)

Hence we have

for any fixed my, i, and A. In particular, we also have

i)=Y 0(ipm1k(p(m)

meJ(Hy/H)
D SN D DN Cres) AT R

mo€J(p(H1)/Hy) “meJ(H1/Hx)Ng = (moHi)
showing that the sum in (8) is direct.
Step 3. The result follows by taking the projective limit of (8) using (7). O
Remark 2.8. This lemma also holds if we interchange left and right, that is,

R[Hi. &= €  he(R[Hy.L]).
heJ(Ho/p(Ho))

Let S be a (not necessarily commutative) ring (with identity) with the following
properties:
(i) There exists a group homomorphism y: Hy <> S*.
(i) The ring S admits an étale action of the p-Frobenius ¢ that is compatible
with y. More precisely, there is an injective ring homomorphism ¢: S < §
such that p(x(x)) = y(¢(x)) and

S= D eSum= @  xhes).

hep(Ho)\Ho heHo/9(Ho)

In particular, S is free of rank |Ho : ¢(Hyp)| as a left as well as a right module
over ¢(S5).
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Definition 2.9. We call a ring S with the properties (i) and (ii) a ¢-ring over Hy.

Corollary 2.10. The map R +— R[N, L] is a functor from the category of @-rings
over Zp, to the category of ¢-rings over Hy.

Remark 2.11. We have ¢(/x) € I forall k > 1.

Proof. Take x € I and write x + Iy € R[H1/Hy4+1,4], as

X+hi= Y. k(b
heJ(Hy/Hg+1)

Since x € I, we have

0= Z rpxk(h) = Z Z rpxk (),

heJ(H /Hy 1) h1€J(H/Hy) heJ(H/Hy+1)Nhy Hy

and hence ZheJ(Hl/Hk+1)ﬂh1Hk rp, = 0 for any fixed hy € J(Hy/Hy). So we
compute

o)+ hepr = Y > @(ra) (1 (h))

h1€J(H1/Hy) heJ(Hy/Hyk+1)Nhi Hy

= > > o(rw) xk (@(h1))

h1€J(H1/Hy) heJ(Hy/Hyk+1)Nhi Hy

= > Oxk(p(h) =0,

hi1€J(H1/H)
since ¢(Hy) € Hy41, whence ¢(h1) = ¢(h) above. O

Recall that Fontaine’s ring O¢ := 1(21” (o[TNT 1)/ pZ is defined as the p-adic
completion of the ring of formal Laurent series over o. It is a complete discrete
valuation ring with maximal ideal p, O, residue field k((7")), and field of fractions
€ = 0¢[px']. We show that the completed skew group ring O¢[[H1, £] is isomorphic
to the previously constructed microlocalized ring A ¢(Hy) of the Iwasawa algebra
A(Hp) ([Schneider and Venjakob 2010]; see also [Schneider and Vignéras 2011,
Section 8; Schneider et al. 2012; Zabradi 2011]). (Ho = Ny in the notations of
[Schneider and Vignéras 2011; Schneider et al. 2012; Zabradi 2011].) For the
convenience of the reader we recall the definition here. Let A(Hy) := o[[Hyp]| be
the Iwasawa algebra of the pro-p group Hy. It is shown in [Coates et al. 2005]
that S := A(Hop) \ (pg, H1 — 1) is a left and right Ore set in A(Hp) so that the
localization A(Hy)s exists. The ring Ay(Hp) is defined as the (p,, H1 — 1)-adic
completion of A(Hp)s (the so-called “microlocalization”). Since ¢: Hy — Hy is
a continuous group homomorphism, it induces a continuous ring homomorphism
¢: A(Hop) = A(Hp) of the Iwasawa algebra. Since ¢(S) C S, ¢ extends to a
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ring homomorphism ¢: A(Hg)s — A(Hp)s and, by continuity, to its completion
Ay¢(Hp) (see Section 8 of [Schneider and Vignéras 2011] for more details).

Remark 2.12. Let R be a ¢-ring containing (as a ¢-subring) the Iwasawa algebra
o[[T] = A(Zp). Then using (1) we compute

R[H{/Hi. 0] = (R ®(z,) AMZp))[H1/Hy. €] = R @ z,) (AMZp)[H1/Hy. L)
=~ R®a(z,). AN(Ho/Hy)
= (¢ (R) ®gek (Az,)) MZp)) ® Az, A(Ho/Hy)
= 9% (R) ®gpek (A7), M Ho/Hy),

for any k£ > 1.

Lemma 2.13. We have a @-equivariant ring-isomorphism Og[[H1, L] = A¢(H)).

Proof. The ring Ay(Hp) is complete and Hausdorff with respect to the filtra-
tion by the ideals generated by (H} — 1), since these ideals are closed with
intersection zero in the pseudocompact ring A¢(Hp) (compare Theorem 4.7 in
[Schneider and Venjakob 2010]). So it remains to show that A,(Ho/Hy) is
naturally isomorphic to the skew group ring O¢[Hy/H},{]. First we show that
A(Ho/Hy)=A(Zp)[H1/Hy, £]. Bothssides are free modules of rank | 1/ Hy | over
A(Zp) with generators h € Hy/Hy, so there is an obvious isomorphism between
them as A(Zp)-modules. Moreover, ¢ (A(Zp)) lies in the center of both rings.
However, the obvious map above is also multiplicative, since the multiplication
on A(Zp)[H1/Hy,£] is uniquely determined by (4), so that (5) is satisfied and
@k (A(Zp)) lies in the center.
Now by Remark 2.12, we have

Og[H1/Hp, ] = 9% (0%) ®gex (Az,)), AN(Ho/Hy)

for any k > 1.

Since ( (p?* (A(Zp))) lies in the center of A(Ho/Hy), the right side above is the
localization of A(Hy/Hy), inverting the central element (pka (T) and taking the
p-adic completion afterwards (that is, “microlocalization” at (p”ck (T)). However,
in a p-adically complete ring, T is invertible if and only if ¢?* (T) is too. Indeed,
we have

Pk

TleP™ (=@ + 0" —1= 3 (7 ) T e T (14 pollTIT ™).

i=1

Hence we obtain

@k (O%) ®ger (A, A(Ho/Hy) = Ag(Ho/Hy),

as both sides are the microlocalization of A(Ho/Hy) at T. |
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3. Equivalence of categories

Let S be a ¢-ring over any pro-p group Hy satisfying (A), (B), and (C) (for now it
would suffice to assume that S has an injective ring-endomorphism ¢: S — S). We
define a ¢-module over S to be a free S-module D of finite rank together with a
semilinear action of ¢ such that the map

1®¢:S®s,oD—>D, r®@d—re(d), (10)

is an isomorphism. For rings S in which p is not invertible (such as § = Og
and @%), this is the definition of an étale p-module. However, for rings in which p
is invertible (such as the Robba ring %), this is the usual definition of a ¢-module.
We use this definition for both S = R and S = R[[H1, £]] —the former being a
@-ring over Z, and the latter being a ¢-ring over Hy. We denote the category of
@-modules over R (resp. over R[[Hy, £]]) by (R, ¢) (resp. by IM(R[H1, L], ¢)).
These are clearly additive categories. However, they are not abelian in general, as
the kernel and cokernel might not be a free module over R (resp. over R[[H1, £])).

For modules M over R[[H1, £]], saying that (10) (with D = M) is an isomorphism
is equivalent to saying that each element m € M is uniquely decomposed as

m= Y ug(mu)

ueJ(Ho/9* (Hop))

for k = 1, or equivalently, for all k > 1.
There is an obvious functor in both directions induced by £z and ( that we
denote by

D:= RQpra,e.¢ - M(R[H1, L], ) —> M(R, ¢),
M := R[Hy, €] ® g M(R. ) — M(R[H. €] ).

The following is a generalization of Theorem 8.20 in [Schneider et al. 2012].
The proof is also similar, but we include it here for the convenience of the reader.

Proposition 3.1. The functors D and M are quasi-inverse equivalences of cate-
gories.

Proof. We first note that since £ ot = idg, we also have D) o M == idgp(Rg ). So it
remains to show that D is full and faithful.

For the faithfulness of D, let f: M; — M, be a morphism in M(R[H1, £], ¢)
such that D( f) = 0, which means that f(M;) C I{M>. Let m € M;. For any

k € N, we write m = > ugk (m, ;) and
ueJ(Ho/e* (Ho))
fomy= > up* fmyg) € 9F(11M2) S Iy M,

ueJ(Ho/¢* (Ho))



210 Gergely Zabradi

by Remark 2.11. Therefore f(M;) € Iy M> for any k > 0, and therefore f =0
since M is a finitely generated free module over R[[H1, £]), and () I;+1= 0 since
R[Hy. €] = lim R[ Hy. €]/ I. k=0

Now we prove that for any object M in M (R[H1, £]], ¢) we have an isomorphism
MoD(M) — M. We start with an arbitrary finite R[H, £]-basis (¢;);<j<q of M
(where d is the rank of M). As R-modules we have

M =( @ L(R)Ei) EB( @ 1165).
1<i<d 1<i<d

Clearly, the R[H, £]-linear map from M to M(D(M)) sending €; to 1 ® (1 ® €;)
is bijective. It is ¢-equivariant if and only if @151‘ <4 L(R)€; is @-stable, which is,
of course, not true in general. We always have

p(e) = Z (ai,j +bi,j)ej, where a; j € ((R), b;j € 1.
1<j=<d
If the b; ; are not all 0, we will find elements x; ; € /1 such that
N ‘=€ + Z Xi,j€j
1<j=d

satisfies

o(ni) = Z ajjn; foriel.
1<j=<d

The conditions on the matrix X := (x; j)1<;,j<d are
e(id+ X)(A+ B) = AG{d+ X)

for the matrices A := (a;,j)1<;,j<d+ B := (bi,j)1<i,j<a- The coefficients of A
belong to the commutative ring ¢(R). The matrix A + B is invertible because the
R[[H1, {]-endomorphism f of M defined by

flei)=¢(e) for1 <i <d

is an automorphism of M as M lies in MM(R[H1, L], ¢). Therefore the matrix
A = £(A+ B) is also invertible. We have reduced the proof to solving the equation

AT'B+ A7 'p(X)(A+B)=X

in the indeterminate X. We are looking for the solution X in the form of an infinite
sum

X :A_1B+...
+ (A (AT - P ATY PR (AT BYOF T (A B) -+ p(A+B)(A+ B))
+ee
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The coefficients of A~ B belong to the two-sided ideal I; of R[[H;,{], and the
coefficients of the k-th term of the series

(A7 p(A™) - AT (AT B) T (A + B) - p(A + BY(A + B))
belong to ¢ (1) C I x+1- Hence the series converges, since

R[H;. 1] gl(ikER[[Hl,z]]/lk.

Its limit X is the unique solution of the equation. The coefficients of every term in
the series belong to /1 and [ is closed in R[[H1, £]), and hence x; ; € I for 1 <1i,
j=d.

We still need to show that the set (17; )1 <; <4 is an R[[H1, £]]-basis of M. Similarly
to the above equation, we may find a matrix ¥ with coefficients in /; such that

(A+B)(id+7Y)=¢@d+Y)A.
Therefore we obtain
(A+B)id+Y)(id+ X) = ¢((id+ Y)(id+ X))(4A + B),
which means that the map
Gd+Y)id+X): M — M, € > (id+Y)(id+ X)e
is a p-equivariant map such that D((id+Y )(id+ X)) =id, so (id+ Y)(id + X) =id

by the faithfulness of D. By a similar computation, we also obtain
A(d+ X)(id+7Y) =¢((id+ X)(id+ Y)) A,

showing that (id + X)(id + Y) is a g-equivariant endomorphism of M o D(M)
reducing to the identity modulo /. Hence (id + Y') is a two-sided inverse to the
map (id + X)), and in particular (1;)1<;<q is an R[[H1,{]-basis of M. So we
obtain an isomorphism in MM (R[[H1, £]], ¢),

O0:M - MDM)), ©@1) =10 (1Qn) forl <i <d,

such that D(®) is the identity morphism of D(M).
Now if f:D(My) — D(M>), then for

M(f): M1 =MoD(M1) —MoD(Mz) = M>,
we have D oM( f) = f; therefore D is full. O

Remark 3.2. There is a small mistake in Lemma 1 of [Zabradi 2011]. The map
w is in fact not a p-valuation, since assertion (iii) states that w(g?) = w(g) + 1 is
false. It is only true in the weaker form w(g?) > w(g) + 1. However, this does not
influence the validity of the rest of the paper, as Ny, :={g € No | w(g) > n} is
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still a subgroup satisfying Lemma 2. Alternatively, it is possible to modify w so
that one truly obtains a p-valuation. I would like to take this opportunity to thank
Torsten Schoeneberg for pointing this out to me.

Remark 3.3. In the case of R = O¢ we may end the proof of Proposition 3.1 by
saying that id + X is invertible since X lies in 18> and Og[[H1, £] = A¢(Ho)
is I;-adically complete. However, in the general situation R[[H1, £]] may not be
complete /-adically. The reason for this is that the ideals (I )r>; are only cofinal
with the ideals / 1" whenever R is killed by a power of p. Therefore if R is not
p-adically complete, we do not have R[[H1,{]] = l(lrll R[H1,L]/1 {‘ in general. In
the case of R = Og, Proposition 3.1 holds for not necessarily free modules as well.
See [Schneider et al. 2012] for the proof of this.

Remark 3.4. The matrix Y in the proof of Proposition 3.1 is given by a convergent
sum of the terms

—(A+B) 'p(A+B)™Y) -+ o T (A+B) )  (A+B) B 1 (A) - p(A) A

for k > 0, and a direct computation also shows that (id + Y)(id + X) = id =
(id+ X)@id+7Y).

Reductive groups over Q, and Whittaker functionals. Let p be a prime number
and let @, C K be a finite extension with ring of integer oy, uniformizer py, and
residue field k = o/ pg. This field will only play the role of coefficients; the
reductive groups will all be defined over Q,. Following [Schneider and Vignéras
2011], let G be the Qp-rational points of a (Q,-split connected reductive group
over Qp. In particular, G is a locally @Q,-analytic group. We also assume that
the center of G is connected. We fix a Borel subgroup P = TN in G with
maximal split torus 7 and unipotent radical N. Let ®*1 denote, as usual, the
set of positive roots of T with respect to P and let A € ®* be the subset of
simple roots. For any o € ®* we have the root subgroup N, € N. We recall that
N = ]_[a€q>+ Ny (set-theoretically) for any total ordering of ®t. Let Tp € T be
the maximal compact subgroup. We fix a compact open subgroup No € N that
is totally decomposed; in other words, No = [ [, (No N Ng) for any total ordering
of ®T. Hence Py := ToNp is a group. We introduce the submonoid 7+ € T of all
t € T such that tNot~! € Ny, or equivalently, such that |a(z)| < 1 for any o € A.
Obviously, Py := NoT4+ = PoT4+ Py is then a submonoid of P.
We fix once and for all isomorphisms of algebraic groups

la: Ny E) Qp
for « € A, such that
la(tnt™!) = a(t)ia(n)
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for any n € Ny and t € T. We normalize these isomorphisms so that ¢, (No N Ny ) =
Zp C Qp. Since [ [,ep No is naturally a quotient of N/[N, N] we may view any
homomorphism

¢ 1_[ Ny — Qp

aEA

as a functional on N. We fix once and for all a homomorphism £ such that
€(No) = Zp. Let X*(T') := Homgo (T, Gp) (resp. X«(T') := Homgie (G, T')) be
the group of algebraic characters (resp. cocharacters) of 7'. Since we assume that
the center of G is connected, the quotient X*(7')/ @, Z« is free. Hence we
find a cocharacter £ in X4« (T") such that o 0 § = idg,, for any « in A. It is injective
and uniquely determined up to a central cocharacter. We fix such a £. It satisfies

E(Zp\{0}) C T4
and

UE(@nE(@™h)) = al(n) (11)

for any a in @; and n in N, since £ is a linear functional on the space [ [, No and
therefore can be written as a linear combination of the isomorphisms tg: Ng — Q.

For example, if G = GL,(Q)), T is the group of diagonal matrices, and N is
the group of unipotent upper triangular matrices, then we could choose

£Gn(Qp) =Qy > T =(Q)", §(x):=

Put I' := §(Z;) and s := £(p). The element s acts by conjugation on the group
No such that () sk Nos™% = {1}. We denote this action by ¢ := ¢,. This is
compatible with the functional £ in the sense £ o ¢ = p{ (see Section 2) by (11).
Therefore we may apply the theory of the preceding sections to any ¢-ring R with
the homomorphism £: No — Z,, and Ny := Ker({|y,). We are going to apply the
theory of Section 2 in the setting Hp := No and H; := Nj.

In [Schneider and Vignéras 2011] and [Zabradi 2011] £ is assumed to be generic—
we do not assume this here, though. For any o € A the restriction of £ to a fixed
Ny is either zero or an isomorphism of Ny with @, and we put aq := £(1;(1)).
By the assumption £(No) = Z,, we obtain ay € Zp for all @ € A, and aq € Z;; for
at least one o in A. We put 7 ¢ :={r € T | tN1t~! € Ny}. The monoid Ty
acts on the group Z, via £: No — Z, too.

A (¢, I')-ring R is by definition a ¢-ring (in the sense of Section 2) together with
an action of I’ % Z, commuting with ¢ and satisfying y(y(x)) = x(§ ~1(y)x). For
example, Og, Og, €T, % are (¢, I')-rings. The endomorphism ring End(Z,) of the
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p-adic integers (as a topological abelian group) is isomorphic to Z,. On the other
hand, the multiplicative monoid Z, \ {0} is isomorphic to ¢"'T'". Now having an
action of ¢ and I" on R we obtain an action of 7 4y on R since the map {: No — Z,,
induces a monoid homomorphism 77 ; — Z, \ {0} = @VT'. We denote the kernel of
this monoid homomorphism by T ¢. Similarly, we have a natural action of 7 ; on
the ring R[[N1, £]] by conjugation. Indeed, if # € T 4, then since 7" is commutative,
we have

tgok(Nl)t_1 =15k Nys %t = skiNg s TR = (pk(tNlt_l) C (pk(Nl),

whence 1Nyt ! € Nj. Hence ¢ acts naturally on the skew group ring R[N/ Nk, €],
and by taking the limit, we also obtain an action on R[Ny, £]]. We denote the map
on both R and R[[N1,{] induced by the action of 7 € T 4 by ¢;.

Now a T g-module over R (resp. over R[Ny, ])) is a finitely generated free
R-module D (resp. R[Ny, £]]-module M) with a semilinear action of 7 ; (denoted
by ¢;: D — D, resp. ¢;: M — M for any ¢ € T, 4) such that the restriction of
the Ty ¢-action to s € T 4 defines a p-module over R (resp. over R[Ny, £])). We
denote the category of T ,-modules over R (resp. over R[Ny, £])) by M(R, Ty 4)
(resp. by M(R[N1. 1. T ).

Lemma 3.5. Let M be in M(R[N1, L], T4 ¢) and D be in M(R, Ty 4). Then the
maps

1®@r: RIN1. L] QRN 0o M — M, T @m i~ ro(m)
and

I1®¢i:RQRp, D> D, r®di—re:(d)
are isomorphisms for any t € T, 4.

Proof. We only prove the statement for M (the statement for D is entirely analo-
gous). First note that the subgroups sk Nos—* (resp. sk N1s~*) form a system of
neighborhoods of 1 in N (resp. in Ker(£)). On the other hand, if ¢ is in 7 4, then

tKer(£|N)z_1 = Z(U skle_k)t_1 = U sKeNyt s = Ker({|n),
keZ kez

since N7~ ! has finite index in Nj. Now since ¢t ! Not and t 1 Nyt are compact,
we find k¢ > 0, so that =1 Not € s_kONoskO and t 71Nyt C s_kOlekO, whence
skor=1 Jies in T, 4. Since M is a g-module over R[Ny, £]), the map

1 ® @ko: RIN1, L] ® RN, Moy M =M, r@mi>rox, (m)
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is an isomorphism. Under the identifications

R[[N19 E]] ®R[[N1 ,K]],(p; (R[[Nl’ g]] ®R[[Nl ’e]]’(pskOZ_l M)
=~ R[Ny, 4] @R[N, L1L9 kg M
=~ R[[N1. 4] ®gpn, A1 ko -1 (RIN1, €] ® RN, 1.0 M)

we have

(1®e)o(1®(1®@k—1)) =1®¢ke = (1 ® @gko;—1) 0 (1@ (1 ®¢r)),

so 1 ® ¢; is surjective by the equality on the left and injective by the equality on
the right. O

Remark 3.6. The action of Ty ¢ on a T y-module D over R is linear, since T ¢
acts trivially on R. Therefore this action extends (uniquely) to the subgroup Ty < T
generated by the monoid 7§ .

Proof. By the €taleness of the action of ¢, for ¢ € Ty 4 we see immediately that ¢y
is an automorphism of D since ¢;: R — R is the identity map. Therefore ¢; has a
(left and right) inverse (as a linear transformation of the R-module D), which we
denote by ¢;—1. The remark follows if we note that Ty consists of the quotients of
elements of T 4. O

In the case when ¢ = £, given by the projection of || pea Np to Ny for some
fixed simple root o € A, it is clear that 7y ; = T, as Ng is T -invariant for each
p € ®F and Ker(¢) =[], £geq+ Np. Therefore Ty = (@;,‘)”_1, where n =dim 7.
This is the case in which a G-equivariant sheaf on G/ P is constructed in [Schneider
etal. 2012] associated to any object D in (O, T ¢). So an object in M (O, T4 )
is nothing other than a (¢, I')-module over Og¢ with an additional linear action of the
group T} (once we fixed the cocharacter §). In case of G = GL,((Q)) this additional
action is just an action of the center Z = Ty of G. In the work of Colmez [2010c;
2010b] on the p-adic Langlands correspondence for GL2(Qj), the action of Z on
an irreducible 2-dimensional étale (¢, [')-module D is given by the determinant
(that is, the action of @; ~ / on /\2D). It is unclear at this point whether the action
of Ty can be chosen canonically (in a similar fashion) for a given n-dimensional
irreducible étale (¢, [')-module D.

As a corollary of Proposition 3.1, we obtain:

Proposition 3.7. The functors D = R Qpgqn, ¢p,¢ - and M = R[[N1.L] @R, -
are quasi-inverse equivalences of categories between IM(R[Ny, L], T+ ¢) and
M(R, T4 g).

Proof. Since we clearly have [) o M = idon(r, 7, ,) and the faithfulness of D is a
formal consequence of Proposition 3.1, it suffices to show that the isomorphism
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©: M — MoD(M) is Ty g-equivariant whenever M lies in I(R[Ny, €], T+ ¢).
Let? € T ¢ be arbitrary and for an m € M write m = ZueJ(No/wé(No)) ugoé‘(mu’k).
Since D(®) = idp(ar), we have (Bog; —@00®)(M) C I1MoD(M). We compute

©op—@o®)(m) = > @ weko(@ocp —g 00)(myp)
ueJ(No/eX (No))

C gk (1Mo D(M)) € Iy 1Mo D(M)

for all k£ > 0, showing that ® is ¢;-equivariant. O

4. The case of overconvergent and Robba rings

The locally analytic distribution algebra. Let p be a prime and put €, = 1 if p is
odd and €, =2 if p = 2. If H is a compact locally Qp-analytic group, then we
denote by D(H, K) the algebra of K-valued locally analytic distributions on H.
Recall that D(H, K) is equal to the strong dual of the locally convex vector space
C*(H, K) of K-valued locally Qp,-analytic functions on H with the convolution
product.

Recall that a topologically finitely generated pro-p group H is uniform if it is
powerful (that is, H/H P” is abelian) and |P; (H) : P;11(H)| = |H : P,(H)| for
all i > 1, where Py(H) = H and P;+1(H) = P;(H)?P[P;(H), H] (see [Dixon
et al. 1999] for more details). Now if H is uniform, it has a bijective global chart

Zl‘f — H, (xl,...,xd)|—>h)f1 --~hz,d,
where A1, ..., hg is a fixed (ordered) minimal set of topological generators of H.

Putting b; := h; — 1 € Z[G], b* := blf‘ ---bzd for k = (k;) € N?, we can identify
D(H, K) with the ring of all formal series

A= Z dp b,

keNd

with dg in K such that the set {|dg|p'*!}j is bounded for all 0 < p < 1. Here
the first | - | is the normalized absolute value on K and the second one denotes
the degree of k, that is, ), k;. For any p in p® with p~! < p < 1, we have a
multiplicative norm || - ||, on D(H, K) [Schneider and Teitelbaum 2003] given by

1Al = sup |dy | p<7*!.

The family of norms ||| , defines the Fréchet topology on D(H, K). The completion
with respect to the norm || - ||, is denoted by Dyg ,)(H, K).
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Microlocalization. Let G be the group of Q,-points of a @Q,-split connected re-
ductive group with a fixed Borel subgroup P = T'N. We also choose a simple root
o for the Borel subgroup P and let £ = £, be the functional given by the projection

la: N — N/IN.N1— [] Ng = No 3 Q, .
BeA

Therefore we have T y = T4, as Ng is T-invariant for each 8 € ®T. We assume
further that Ny is uniform.

Let us begin by recalling the definition of the classical Robba ring for the
group Z,. The distribution algebra D(Z,, K) of Z, can clearly be identified with
the ring of power series (in variable 7)) with coefficients in K that are convergent
in the p-adic open unit disc. Now put

A[p,1) := the ring of all Laurent series Z an,T" that converge for p < |T| < 1.
nez

For p < p’ we have a natural inclusion s, 1) < [ 1), S0 we can form the

inductive limit _
9= fim sl (12)
p—1

defining the Robba ring. R is a (¢, I')-ring over Z,, with the maps y:Z, — % and
@:R—>Rsuchthat y(1)=14T,o(T)=(T+1)?—1,and y(T)=(1 +T)E_1 1
fory el.

Recall that the ring

@; = { ZanT" ) an € o and there exists a p < 1 such thatnli)rlloo|an|p” =0
nez

is called the ring of overconvergent power series. It is a subring of both O¢ and .

We put ¢ := K ®0K@;rg, which is also a subring of the Robba ring. These rings

are also (¢, I')-rings.

The rings @(2 [N1,£]] and R[ N1, £] constructed in the previous sections are only
overconvergent or Robba in the variable b, for the fixed simple root «. In all the
other variables bg, they behave like the Iwasawa algebra A(Ny), since we took
the completion with respect to the ideals generated by (N — 1). Moreover, in the
projective limit @;2 [Ny, €] = h(_m . @;;[N 1/ Nk, €], the terms are not forced to share
a common region of convergence. In this section we construct the rings R (N7, £)
and R (N1, £) with better analytic properties.

We start by constructing a ring Ro = Ro(No, K, @) as a certain microlocalization
of the distribution algebra D(Ny, K). We fix the topological generator n, of
No N Ny such that £4(ng) = 1. This is possible since we normalized ty: Ny = Q)
so that 1o (NoN Ny ) = Z,. We also fix topological generators ng of NoNNg for each
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a # € dt. Since Ny is uniform of dimension |®|, the set A := {ng|p € T}
is a minimal set of topological generators of the group Ny. Moreover, A \ {ny}
is a minimal set of generators of the group Ni = Ker(£) N Ny. Further, we put
bg :=ng — 1. For any real number p~ < p<1in p®, the formula Ibgllp:=p
(for all B € ®T) defines a multiplicative norm on D(Ny, K). The completion
of D(Ny, K) with respect to this norm is a Banach algebra that we denote by
Dio,p1(No, K). Let now p~ ! < p1 < pa < 1 be real numbers in p®. We take
the generalized microlocalization (see the Appendix of [Zdbrddi 2012]) of the
Banach algebra Dy ,,](No, K) at the multiplicatively closed set {(1n¢ — 1)iYi>1
with respect to the pair of norms (p1, p2). This provides us with the Banach algebra
Dip,,p,](No, K, @). Recall that the elements of this Banach algebra are equivalence
classes of Cauchy sequences ((ng — 1) %7x,), (with x,, € Dio,p,1(No, K)) with
respect to the norm || - || p,,p, 1= max(|| - | oy, || - 1 p2)-
Letting p, tend to 1, we define

Dipy,1y(No, K, @) := 1im Dy, p,1(No, K, @).

p2—1

This is a Fréchet—Stein algebra (the proof is completely analogous to that of Theo-
rem 5.5 in [Zabradi 2012], but it is not a formal consequence of that). However,
we will not need this fact in the sequel, so we omit the proof. Now the partial
Robba ring Ry := Ro(No, K, @) := h_II)I ol Dip,,1)(No. K, a) is defined as the
injective limit of these Fréchet—Stein algebras. We equip 9R¢ with the inductive
limit topology of the Fréchet topologies of Dy, 1)(No, K, «). By the following
parametrization, the partial Robba ring can be thought of as a skew Laurent series
ring on the variables bg (8 € &™) with certain convergence conditions such that only
the variable by is invertible. In [Zabradi 2012], a “full” Robba ring is constructed
such that all the variables bg are invertible. We denote the corresponding “fully”
microlocalized Banach algebras by Dy, ,,1(No, K). In all these rings, we will
often omit K from the notation if it is clear from the context.

Remark 4.1. The microlocalization of quasiabelian normed algebras (Appendix
of [Zabradi 2012]) is somewhat different from the microlocalization constructing
A¢(Np), where first a localization (with respect to an Ore set) is constructed and
then the completion is taken. The set we are inverting here does not satisfy the
Ore property, so the localization in the usual sense does not exist. However, we
may complete and localize at the same time in order to obtain a microlocalized ring
directly.

In order to be able to work with these rings we will show that their elements
can be viewed as Laurent series. The discussion below is completely analogous
to the discussion before Proposition A.24 in [Zabradi 2012]. However, for the
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convenience of the reader, we explain the method specialized to our case here. We
introduce the affinoid domain

+
Aalpr, p2l:={(zp)peat+ €Cp | p1 =20l =p2. 0=|zg/2a| <l fora#pedt}.

This has the affinoid subdomain

+
X[d;l,pz] {(Zﬂ)ﬂ€<1>+ € C | p1 = lzg | == |Zﬂ|<1>+|| = Pz}

(where {1,..., Bjo+|} = ®™1) as defined in [Z4bradi 2012, Proposition A.24].

Lemma 4.2. The ring Ox (Aq[p1, p2]) of K-analytic functions on Ay[p1, p2] is the
ring of all Laurent series

f(Z)= Y dpZ*

keziod xN®T\la}

with dy, € K and such that img o0 |di | p% = 0 for any p1 < p < pa. (Here Z¥ :=
]_[ﬂ€q>+ Zﬂ and pk := pZB€‘1>+ k5 and k — oo means that > pea+ lkgl — 0.
This is the subring of Ok (X ]) consisting of elements in which the variables
Z g appear only with nonnegatlve exponent for all o # B € ®7.

Proof. Since X[q’ p ] C Ay lp1, p2], we clearly have Og (Ay[p1, p2]) SOk (X[q:pz]).
Also, the power series in Og (Aq[p1, p2]) converge for zg = 0 (8 # «), and hence
these variables appear with nonnegative exponent. On the other hand, if we have
a power series f(Z) € Ox(X2 [p o ]) such that the variables Zg have nonnegative

exponent for all & # B € &7, then it also converges in the region Ay [p1. p2], as
we have in this case the trivial estimate

[T =

Bed+

=< |Zoc|2ﬁ€q>+ kB- U

Since pk < max(p{‘, p’z‘) for any p; < p < p» and any k € Z® x N‘DJF\{“}, the
convergence condition on f is equivalent to

lim |dg|pf = lim |dg|o§ = 0.
k—o0 k—o0

The spectral norm on the affinoid algebra Og (Ay[p1, p2]) (for the definition of
these notions see [Fresnel and van der Put 2004]) is given by

k
I/ l4alo1,0,1 = sup max |dklp
P1=<Pp=p2 kezta} xN®T\la}
= max( max |dk|p{‘, max |dk|p’2‘).
kezied xne+iia kezied xne+\ e

Setting b¥ := H+ bgﬂ for some fixed ordering of ®* and for any k = (kg) Bed+
Bed
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in 71} x N¢+\{“}, we claim that

F(b):= > dkb*

kezio xN® T\ (a3

converges in D[, »,](No, K, a) for f € Og(Aq[p1,p2]). As a consequence of
Proposition A.21 and Lemma A.7.iii in [Zabradi 2012], we have

1651151, = max(of. p5)
for any k € 7!} x N® "\ Hence
lim [ dib® |py.0, = lim max(|di|o} . |di]o5 )
k—>00 ’ k—oo
=max( lim |d, k, lim |dg|o%
X(k_)oo| kP k—>oo| k|P2)
=0.
Therefore

Ok (Aalp1, p2]) = Dip;,0,](No, K, ), f = f(b),

is a well defined K-linear map. In order to investigate this map we introduce the
filtration

F'Dipy py)(No, K@) := {e € Dipy ,)(No, K, @) llellpy 0, < |pI'} fori R,

on Dy, »,](No, K, ). Since K is discretely valued and p1, p2 € p®, this filtra-
tion is quasi-integral in the sense of [Schneider and Teitelbaum 2003, §1]. The
corresponding graded ring gr' D(,, ,,](No. K, @), by Proposition A.21 in [Z4bradi
2012], is commutative. We let o(e) € gr' D[, »,](No, K, @) denote the principal
symbol of any element e € Dy, ,,1(No, K, ).

Proposition 4.3. (1) gr' Dy, »,](No. K, @) is a free gr' K-module with basis
{o(b¥) : k € 74 x N®T MY,

(i1) The map

©K(A0l[p1’p2]);D[pl,pz](N()v K,(X), fo(b)’
is a K-linear isometric bijection.

Proof. Since {by'n:1 >0, € Do p,1(No, K)} is dense in Dy, p,1(No, K. ),

every element in the graded ring gr' D(,, »,](No, K, @) is of the form G(b;lu).

Suppose that u = Y. dgb¥. Then b;' = Y dpb,'b* and, using [Zabradi
kend kend
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2012, Lemma A.7.iii], we compute

165" 141l py.p> = max([|bec 57 1114l py - 1l 112l )
= max ( max |dk|p{‘_l, max |dk|p§_l)
kend kend
= max |dk|max(p’1‘_l,,0’2‘_l) = max |dk||b;lbk|p1,p2.
keNd kend
It follows that gr'Dy,, ,,](No. K, «) as a gr K-module is generated by the principal
symbols o(b;lbk) with k € Ng, [ > 0. But it also follows that, for a fixed / > 0,
the principal symbols o (b, %) with k running over Ng are linearly independent
over gr K. By Proposition A.21 in [Zabradi 2012], we may permute the factors
in o (b, Ib¥) arbitrarily. Hence gr'Dip, .p,1(No, K, @) is a free gr K-module with
basis {0 (b¥) : k € 7{*} x Nq’+\{“}}.
On the other hand, we of course have

k k Kk
IS @) p1,0n = max ld 16" py,0, = max |dx | max(p7, p3)
kezier xn®t\e keziel xn®H\ e
k k
= max( max |dk|p7 » max di|05) = | f l4alo1.p0]-
kezio xN®T\ta} kezio xN® T\ ()

This means that if we introduce on Og (Ay[p1, p2]) the filtration defined by the
spectral norm, then the asserted map respects the filtrations, and by the above
reasoning, it induces an isomorphism between the associated graded rings. Hence,
by completeness of these filtrations, it is an isometric bijection. O

Now we turn to the construction of % (N1, £). The problem with (naive) microlo-
calization is that the ring 9y is not finitely generated over ¢(Rg). The reason for
this is that ¢ improves the order of convergence for a power series in SRg. In the case
G # GL2(Qyp), the operator ¢ = @5 acts by conjugation on Ng by raising to the
B(s)-th power. Whenever 8 € @ \ A is not a simple root, B(s) = p™8 > a(s) = p,
where mg is the degree of the map o &: Gy — Gy

Lemma 4.4. We have |bgll, = ||ballp = p and

lo@p)llp = max (p"" p'™") <max(p”. p™"p) = o (ba)lo

forany p~' < p < 1. In general, || ¢ (bp) |, = o 10X (t))(p” " p/ v (BN,
=J=valp

Proof. We compute
o0
i B
i=1
—  max P/ i —valp(B(®)Y
ijfvalp(ﬂ(t))(p P )

loc(bp)llo = (1 +bg)PO —1] , = ’

0
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Here we use the trivial estimate

valy (Z) = val, (% (Z B %) ) > valp(n) — val, (k)

for n:= B(t) € Z, and k € N. We see immediately that whenever mg > 1, we have
P’ piT™m8 < pP for 1 < j <mgand p~"fp < p~Lp. |

Now choose an ordering < on ® such that (i) m g, <mg, implies B1 > B> and
(ii) @ > B for any o # B, B1. B2 € ®T. Then by Proposition 4.3, any element in
NRo has a skew Laurent-series expansion

fy= Y b

kezietxne e

such that there exists p~! < p < 1 with |cg |pplzkﬁ —0as ) |kg| — oo for all
p < p1 < 1. By Lemma 4.4 and the discussion above, we clearly have:

Example 4.5. Let f € @\ A be a nonsimple root. Then the series Y oo, b”b n
does not belong to Ro(No). However, the series Y o ; (p(b”b ) converges in
each Dy, ,,1(No. @) (for arbitrary p 1 < py < pa < 1); hence 1t defines an element
in SRo(Ng). Therefore we cannot have a continuous left inverse ¥ to ¢ on $Ro(Np),
as otherwise ¥ (3,21 @(bgbg™)) = -2 bybg™ would converge. In particular,
we cannot write g (Np) as the topological direct sum €P,,¢ No/o(No) YP(Ro(No))
of closed subspaces in 9y (Np), as otherwise the operator

¥ Ro(No) — Ro(No), Do ue(fi) = e (w0) fuo

ueJ(No/p(No))

for the unique ug € J(No/@(Np)) N ¢(Ng) would be a continuous left inverse
to ¢. In fact, we even have Ro(Ny) # ®MEN0/¢(N0) up(MRo(No)) algebraically;
however, the proof of this requires the forthcoming machinery (see Remark 4.10).

In order to overcome this counterexample, we are going to consider the ring
R(N1, L) of all the skew power series of the form f(b) such that f(¢;(b)) is
convergent in JRg for some ¢ € T. A priori it is not clear that these series form a
ring, so we are going to give a more conceptual construction.

Take an arbitrary element ¢ € T. The conjugation by ¢ on Ny gives an isomor-
phism ¢;: No — ¢;(No) of pro-p groups (since it is injective). Hence ¢;(Ng)
is also a uniform pro-p group with minimal set of generators {¢:(18)}gecq+-
So we may define the distribution algebra D(¢;(Ng)) := D(¢:(No), K). The
inclusion ¢;(Ng) < Ny induces an injective homomorphism of Fréchet algebras
t1,:: D(¢:(No)) = D(Np). It is well known [Schneider and Teitelbaum 2003] that

D(Ny) = @ ntl,t(D((/)t (NO)))

neJ(No/o:(No))



(¢, I)-modules over noncommutative overconvergent and Robba rings 223

as right D(¢;(Np))-modules. Moreover, the direct summands are closed in D(Njp).
For each real number p~! < p < 1, the p-norm on D(Njp) defines a norm r;(p) on
D(¢¢(Np)) by restriction. This is different from the p-norm on D(¢;(Np)) (using
the uniform structure on ¢, (No)). However, the family (r;(p)), of norms defines
the Fréchet topology on D(¢;(Np)). On the other hand, whenever r is a norm on
D(¢:(Np)), we may extend r to a norm ¢;(r) on D(Np) by putting

> ()

neJ(No/¢:(No))

:= max(|[xal|;).

q:(r)

These norms define the Fréchet topology on D(Np). More precisely, if (1) =
p" B0y (B, 1) with m(B, 1) 1= val, (B(t)) > 0 integer and u(f,t) € Z;,, then:
Lemma 4.6.

— m(B.1) _q
1Mo < 1 gy re oy < p~ =Bt P Mxll,

for any
-
p max g - g+ pm(B.1) . o <1
and x € D(Ny). In particular, the norms p and q;(r;(p)) define the same topology.

Proof. The inequality on the left is clear from the triangle inequality. For the other
inequality, note that our assumption on p implies in particular that

m(B.1) i omBO_ i j o BD—ps
o? = pP’ pP" P S P! T Tm B T S P pJ —m(B.1)

for all 0 < j <m(B,t). Hence, by Lemma 4.4, we have

m. B(t) pmB.D)
s H (1)’"(/’ ’”) %

Moreover, there exists an invertible element y in the Iwasawa algebra A(Ny g)
such that

= ll: (bp)llp-
0

yei(bp) = ( pﬁge),o) b2" " (mod p)

(as both sides have the same principal term). But by the choice of p, |p|=1/p <
mB.1)

o? = lo:(bp)llp = 9t (b) |4, (r (0))- Therefore we also have
m(B.0) m(B.1) B(t) m(B.1)

PP =g, = ‘ ( m(ﬂ,,)) by = lle:(0p)ll,

p p

= e Dp)ll g, ri0)) = 1y 2 D)l g, i (o))

B(t) m(ﬂ,t) pmB.D)
(B0 =[5 g2 o
q:(r: ()
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whence . - .
126" | g o = 128 Mgz on 128”" lgscreon
< pkl,ﬁpm(ﬁ’t) S p_pm(B,t)+1 ”sz ‘

, (13)
where kg = pm(ﬁ’t)klng +ky g withO <k, g < p™ B0 1 and k1,g nonnegative
integers.

Now consider an element of D(Ng) of the form

x = Z cknbzﬁ.

k=(kg)eN®T Bedt

We may assume without loss of generality that

Siofor o =4 TT nff | 02 g = pm 80 1],
Bedt

where the product is taken in the reverse order. Let n € ®* be the largest root
(with respect to the ordering < defined after Lemma 4.4) such that there exists a
k e N®" with ck 7 0 and k; # 0. We are going to show the estimate

_ m(B.t) _
1xllg, e (o) < ™ 28=0P Dlixll,

by induction on 5. This induc}i%l has in fact finitely many steps since |®7| < oo.
m(n.t)_ :

At first we write bﬁ” = ﬁ,:o ln#’fk,jn(q)t(bn)) for each k € N®™. By the

choice of the ordering on ®%, for any fixed 7, the set [] g<n No,p is a normal

subgroup of Ng. Moreover, the conjugation by any element of Ny preserves the

p-norm on D(Np). Therefore we may write

pm_q
k .
[T65" = 3 ndxkjy fusy(@i(by))
B=n Jn=0
such that
. k .
Xk jn = ”njn(l_[ bﬁﬁ)nén € D(H No,ﬂ)-
B<n B<n

By (13), we have
”fk,j,,(‘l)t(bn))“qt(rt(p)) = “fk,jn((pt(bﬂ))“p
k _ om(n.t) k
=< ”bnn”q,(r,(p)) <p? ! +1||bnn”p'

Since the r;(p)-norm is multiplicative on D(p;(Nyp)), for any a € D(Np) and
b € D(gp:(No)) we also have [lat1,:(D)llg, i, (0)) = ll@llg, o)) |11, (p)- Indeed,
if we decompose a as a = ZHEJ(NO/%(NO)) nty¢(an), then we have aty (b) =
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ZnGJ(No/(p;(No)) niy(anb). Now fr i (¢r(by)) lies in 11+ (D(ps(No))), so we
see that

”xksjn fksjn ((Pt (bﬂ)) Hq,(rt(p)) = ”xk,j,, HQt("t(P)) ” fk’jn (‘Pt (bﬂ)) ”q,(rt ()"

On the other hand, the inductional hypothesis tells us that

—Zﬁ<n(17”’(ﬂ’”—1)”xk =Y gy (P BD 1)

[Tt

k. jy e (o) < P Jnllo=p :
B<n P
Hence we compute
pmmn_q .
Ixllg, e (o0) = Z Ck Z ”{znxk,jn Jk,jn (@1 (by))
k jn=0 q:(re(p))

= r]??;((lck| ”xk:jn fk:jn (§0t (bn)) Hq,(rt(p)))

[Tt

e (T
B<n

—_pm.) 41, , k
O ||b,,"||p)
0

— m(B.1) _
= p~ 2oz P x,. =

. . —1/max p™MB.0) .
In particular, for each p in the range p B < p < 1, the completions of

D(Ny) with respect to the topologies defined by || - || , and by || - [|4,(r, () are the
same, that is,

DpgNo)= @ nuws(Drgo,o) (@:(N0))). (14)
neJ(No/¢: (No))

where D, ((o,p]) (¢: (No)) denotes the completion of D(¢;(No)) with respect to the
norm r;(p).

Now we turn to the microlocalization and note first that ¢; (by ) = (by + 1)*® —1
is divisible by by. So if ¢;(by) is invertible in a ring, then so is by. On the other
hand, if p_l/pm(a'[) < p < 1, then by Lemma 4.4 we have

a(t) m(w,t) O[(t) m(o,t)
‘Wt(ba) - ( m(a,t)) b < ” ( m(a,t)) b
V4 0 p

Hence ¢;(by) is invertible in the Banach algebra Dy,, ,,1(No,a) for any p1, p2

0

. _ (e.1) L . .
with p 1/pmeD - p1 < p2 < 1, since it is close to the invertible element

a(t) m(a.r)
(pm(oe,l)) bé)

(as the binomial coefficient in this expression is not divisible by p). This shows that
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the microlocalization of Dyg ,,](No) with respect to the multiplicative set @z (bg)N
and norm max(p1, p2) equals D[, ,,](No, ). Therefore for each p; and p, with
p P 51 < py < 1 we obtain

Dip, ,p51(No, &) = @ mO,l(Drz([Pl,pz])((pt(NO)’a))
neJ(No/¢:(No))

by microlocalizing both sides of (14). Now letting p, tend to 1 and then also p; — 1,
we get
RoNo.o) = @ n1.1(Ror, ) (91 (No). @) (15)
neJ(No/e:(No))
for all r € T+. Here we define

Ro,r,(-)(¢e(No), @) := lim lim Dy, ([p; r(p2)]) (91 (No), @),
p1—>1 p2—1
which is in general different from 2Rg (¢ (Np), ) (in which, by definition, we use
norms p such that ||@;(bg)l|p = [|¢¢(ba) |l p), by Example 4.5. Indeed, for 1 = s the
sum Y %, (p(be(;”) converges in R, (.)(¢r (No), &), but not in R (¢ (No), ).
By entirely the same proof, we also obtain

f°)%0,rtl(-)(§011 (NO),(X) = @ nttl,tltz(mo,rtltz(-)(q)tltz(NO)’ (X))
neJ (@i, (No)/ 1,1, (No)) (16)

for each pair t1, 5 € T4, where iy, 4,1, s the inclusion of the rings above induced
by the natural inclusion ¢y, s, (No) < ¢, (No).
Now we would like to define continuous homomorphisms

Piotr 11 Ro,ry, () (01 (No). @) = Ror, o () @112 (No). @), @1, (bg) = 91,1, (bp)

induced by the group isomorphism ¢y, : ¢, (No) = ¢1,1,(No) so that we can take
the injective limit

RN, ) = litgliﬁo,rt(.)(fpt(No),a)

with respect to the maps ¢,s, ;. This is not possible for all #5 since the map ¢;,
will not always be norm-decreasing on monomials % for k € 74 x N\ T
overcome this, we define the pre-ordering <, (depending on the choice of the simple
root &) on Ty the following way: #1 < t; if and only if |,3(t2t1_1)| < |oz(t2t1_1)| <1
for all B € ®T. (That is, if and only if we have m(f, tztl_l) > m(a, tztl_l) >0.)
In particular, #y <q t> implies 127, le T4 and it is equivalent to 1 <y £ 1 We
also have 1 <4 s for any o € A. It is clear that <, is transitive and reflexive.
If t <o t1 <q 12, then |,8(t2t1_1)| =1 for all B € ®T, whence tzzl_l lies in Ty.
Therefore <, defines a partial ordering on the quotient monoid 74/ Ty.
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Lemma 4.7. The partial ordering <y on T+ /Ty is right filtered, that is, any finite
subset of T+ / To has a common upper bound with respect to <.

Proof. Take any t1, t, € T4+ with |a(f1)| <|a(t2)|. Since the simple roots 8 € A are
linearly independent in X *(7") = Homye (7', Gy ) and the pairing X *(T)x X«(T) —
Z is perfect, we may choose sg € T so that |S(sg)| < |a(sg)| =1 forall @ # g € A.
Since all the positive roots are positive linear combinations of the simple roots,
we see immediately that sz € T. If @ # y € ®T, then y is not a scalar multiple
of &; hence, writing y = Y gcp Mg, f, there is an a # f € A with mg,, > 0,
whence |y (sg)| < 1. So we have 11 <, tlsg for any k > 0 and 1, <4 tlsg for k big
enough. O

Fix an element 1 <, ¢ € T+ and let p;, p» be real numbers in p@ such that

—1/ max p™MB.O+ma.t)
peot <p1<p2<l
P P1 < P2 .

Note that ¢;: Nog — ¢¢(Np) is an isomorphism of pro-p groups. Hence it induces
an isometric isomorphism

:D m(a, N D m(a, N s
i Dy o t)]( 0) > [0,08™ t>](¢’t( 0))

e [[bg" =Y cx [ i (bp)*s
k B

k B
of Banach algebras, where

D ma, N,
0,52 n](@z( 0))

denotes the completion of D(p;(Nyp)) with respect to the pg mw'”—norm defined
by the set of generators {¢; (1)} geg+ Of ¢r(No). To avoid confusion, from now
on we denote by the subscript p, Ng the p-norm (as before) on D(Np) and by the
subscript p, ¢;(No) the p-norm on D(¢;(Np)). By Lemma 4.4, we have

m(B.t)

m(a,t)

lo:bp)llpneg =P7 " =pP 7 = llgt(ba) o, No

for any B € ®* and p = p; or p = p, because of our assumption 1 < ¢. This
shows that for any monomial Hﬂe¢+ (p,(b,g)kﬂ (with kg >0 forall B € T), we
have

‘ [T o bp)** —‘ [T ¢ bp)*e
Bed+ r:(p) Bed+ p,No
m(a,t)
<p?" =TT etbp)| :
Bedt p?" D 41 (No)

since both norms are multiplicative on D(g;(Np)). We obtain a norm-decreasing
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homomorphism

D m(oz.t)](N()) =~ D

» me.n, (91 (No)) = Dy, (10,p,]) (¢(No))
[0,p2 ]

[0,0%
= Dy, ((p1.,02D) (9(No), ).

The element ¢; (by) is invertible in D, ((p,.p,]) (91 (No), @), and for each p; <
p < p2 and x € Dy p,](No), we have
[or C)0r b)) < 10l pmtar o 10" Wy -
Therefore by the universal property of microlocalization [Z4abradi 2012, Proposi-

tion A.18], we obtain a norm-decreasing homomorphism

®r.1: D[p,,m(a.t)ppmm.z)](NovOl) — Dy, (1p1,021) (®2 (No), @), bg = @ (bg). (17)
1

2

This map is not surjective in general, by Example 4.5.
Lemma 4.8. The map (17) is injective.

Proof. Take an element

b= dbk D m(a m(o, N,
f(b) Xk:k € [plpnz),pé,(z)](ooz)

and pairwise distinct k1, ...,k € 74} « N®* Mo} Note that

¢ m(B.0)
lo: (bp)llp,Ng > || @1 (bp) — (pﬁgﬂ),t)) bg

bl

0,No

hence we obtain

r

r ki
j B(1) m@.0\ 7P
Sovmwr | T ()
j=1 re(e1)sre(p2) W= Bedt p 01,02
k .
B(1) mg.0) \'I P
=max|dg; [] (( m.0) ) bg
! Bedt P £1,02
k .
- mj@.XH i1 (B)™ Hrt(l)l),rz(pz)
mB.Ok mB.0O .
using Proposition 4.3, as we have [[geq+ bg I8 Mpeo+ bg 26 for

I<j1#j=r.
Since the map ¢;,1 is norm-decreasing, we have | d ¢; (b)k lr,(01),re(02) = O as
k — oo. Therefore we also have

> droi(b)*
k

= max||di¢: (b)¥ || ’
ri(p1)ori(p) K re(p1),7¢(02)

which is nonzero if there exists a k with di # 0. Therefore the injectivity. |
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Taking projective and injective limits, we obtain an injective ring homomorphism

®1,1: Ro(No, a) = R r, () (@ (No), @)
forany 1 <, t e Ty.

Remark 4.9. Note that R ,,(.)(¢:(No), @) is a subring of R (N, @) via the map
t1,; (for all t € T ). Hence for 1 <, ¢ we obtain a ring homomorphism ¢; =
t1,: 0 @r,1: Ro(No, @) = Ro(No, ). However, if 1 £, t for some ¢ € Ty, then we
in fact do not have a continuous ring homomorphism ¢;: R (No, @) — FRo(No, ).
Indeed, in this case there exists a B € ®T such that |8(¢)| > |«(¢)], so there exist
integers kg > ko such that for any ple®l < p <,

Hwt(bzﬁb‘;ka)“p = p%_\ak(i‘?)\ > 1;

therefore
> k
Z o (bz ﬁb;nka)
n=1

does not converge in Ro(No, &) even though > 0o, bgkﬁ by ke does.

Remark 4.10. If ®T # A (for example, if G = GL,(Qp), n > 2), then we have

Ro(No.a) = @ ut1,s(Ro,r, () (@(No). @)
ueJ(No/e:(No))

P upRo(No, @),
n€J(No/e(No))

by (15) (with the choice ¢ = s) and Example 4.5 (which shows that ¢y 1 is not
surjective).

U

In a similar fashion, we get for t; € T+ (and 1 <4 t € T+) an injective homo-
morphism

Pty ,ty- 9L{O,rtl (~)((pt1 (N()), Ol) - %O,rnl (.)(§0tt1 (N()), Ol).
In view of Lemma 4.7, we define
R(N1, ) := lim Ro,r, () (¢: (No), @)
t€T+

with respect to the maps ¢y, 4, for 12 <q f7.
Now take any ¢ € T (not necessarily satisfying 1 <4 7). The map

@ .= l.i)nltl,ttlzg{(Nl’e) _>%(N17£)

n

is defined as the direct limit of the inclusion maps
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tey ety Ro,rg, () (@er (No) @) = Ro,r,, (1) (@1 (No), @)

induced by ¢¢¢, (No) € ¢, (No). By definition, the ring Ry, () (¢r (No), @) for any
t € T4 consists of formal power series ) ; cx¢; (b)* that converge in Mo (No, @).
Therefore the map

U % Z cxb® ‘ chgo,(b)k converges in Ro(No, &) ¢ — R(Ny, L),

l€T+ kez{a}xNCDJF\{O(} k

> cwb® =) ke ()* € Ror () (91 (No). @) <> RN, £)
k k

is well-defined and bijective, since ) . cx¢: (b)* converges for some ¢ € Ty and
the connecting homomorphisms in the injective limit defining % (N1, £) are injective
and given by ¢y, 1, for 12 <4 1.

Hence we may identify

R(N1. £)
= U Z cxb® ) chgo,(b)k convergent in Ro(Ng, ) (18)
teTy " pegiod xN®T\{a} k

and obtain:

Proposition 4.11. The natural map ¢s: R(N1,£) — R(N1, L) is injective for all
t € T+, and we have the decomposition

RNLO = D 1N, D).
neJ(No/e:(No))

In particular, R(N1, £) is a free (right) module over itself via ¢; and it is a p-ring
over Ng with ¢ = @5 in the sense of Definition 2.9.

Proof. By (16), we have

Ro,r, (1) (@1, (No), @) = @ @1, (M)tey 11, (%o,r,tl(')(%tl (No). )
neJ(No/¢:(No))

for any t; € T+. The statement follows by taking the injective limit of both sides
(with respect to #1) and noting that

@11,1(n) = @1, (n) € 91, (No) € Ro,r,, (-)(@1; (No). @)

for n € No C Ro(Ng) and 1 <4 ¢1; therefore n corresponds to h_r)n (97, (n))s, via
the identification (18). 1<qti O
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Remark 4.12. The ring (N1, £) via the description (18) consists of exactly those

Laurent-series
X = Z Ck bk

kezior xnot\a}

that converge on the open annulus of the form

{p2<|za|<1, lzg| < |za|" for,BeCI>+\{a}}, (19)

1

forsome p~' <py<land 1 <reZ.

Proof. If x € R(N1, L), then there exists a t € T such that ¢;(x) converges in
PRo(No), that is, it converges in the norm ||bg ||, = p for all B € ®* for some fixed
p~! < po<1andall p€(pg,1). By Lemma 4.7, we may assume that |a(¢)| = 1,
whence [|¢;(by)|, = p for all p < 1, as we may take t = sg for k large enough.
Now let py := po and 7 := maxgeg+([|1/B(r)|] 4+ 1) € Z. Then x converges on
the annulus (19), as we have p” < p!/IFOI < ll@:(bg) |l for all B € &1\ {a}, by
Lemma 4.4.

Conversely, for any fixed p~" < p» <1 and integer r > 1, we need to findat € T+
and a pg € (p~ !, 1) such that for all p € (po, 1) we have pp < ||@s(ba)]|lp < 1 and
lor (bp)llp < llgr (ba) - We take £ :=s& and po :=max(pa, p~ PO | g e dF\{a}),

where
logr
k:= max ([——}4—1)
Bedt\{a3\|L log|B(s@)l

(for the definition of sg see the proof of Lemma 4.7). Indeed, since |a(s§)| equals 1,
we have

1

p2 <p = llog(ba)llp <1

(for any k). On the other hand, we have |B(sz)| < 1 for all  # B € & (whence,
in particular, the definition of k makes sense), so we obtain

b = max pl L ji—val,(B@®) — 2P B _ /1B ~ r
e (Bp)lo OSJ_Svalp(ﬂ(t))(p p )=p o <p

for all B € ®*\ {a} by Lemma 4.4, with a choice of k such that r <1/|B(sw) ¥, and

a choice of p~1B®I < p such that ~ max (pl"’pj—valp(ﬂ(t))) = pl’val"(ﬁ(m. O
0<j<valp(B(1))

Bounded rings. We write i)fig for the set of elements x € Mg such thatlim, 1 ||x][p,p

exists, and by 2" the subset for which that limit is at most 1. By Proposition A.28 in

[Z4bradi 2012], these are subrings of YRg. Moreover, since ¢; is norm-decreasing for

any 1 <, t (see (17)), these subrings are stable under the action of ¢; (1 <yt € T}).
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We put

Ry, () @1 (No). @) :=Ro , (.1 (@r (No). @) N RE (No. @),
DC{i(itrz(')((p"‘(‘]\io)’ Ot) = S)%()J‘t(')((pl‘ (No), a) N mi(;n(NO, Ol),
where the intersection is taken inside SR under the inclusion
t1,t:Ro,r, () (@: (No), @) — Ro.
Hence

RO (N1 €)== limRG ) (¢r (No)., @)
t

and
%im(Nl ’ 6) = 11_1')11 é:):!L‘i()n,trt © (‘/)t (NO)a O{)
t

are Ty -stable subrings of R(Ny, £) (the injective limit is taken with respect to
the maps ¢y, 1, for 11 <y t» € T4+ as in the construction of R(Ny,{)). Further,
Lemma 4.6 shows that for any ¢ € T4 and x € Rp, we have

Tim [xllp = i 1%1lg, - 0

Indeed, we may use Lemma 4.6 in the context of Ry the following way. The
elements of Dy, ,,1(No, @) are Cauchy sequences (an@:(ba) %), en (in the norm
max (|- [ p; . || [l p,)) with ay € Dy, p,1(No) and kp, > 0. Since |- ||, is multiplicative
for any p; < p < pp in p® and so is its restriction to D(¢;(Np)), we compute

lan|»
— m(B.t) —1
g (b Yen || pp~ Zpco+ (P )

” an QP (ba)_k" ”ppzﬂeqﬁ- (pmB-D—1) _

llan ||qz(rz (0)
= Nloe(ba)*n 1l g, (re oy

J— —kn
= ”an(pt (bar) ”qt(rz (0)
_ m(B.t)_
< lanllpp Zpeat (7 i
“(pt (ba)kn ||)0
B _ m(B.t) _
< |lang: () " pr Facer B

If p — 1 and n — oo, we obtain (20). Combining this observation with (15), we
obtain

9{8(1\/0,0() = @ I’ltl,t(%g,rt(.)(wt(NO)’a)),
neJ(No/¢: (No))
%g’t(No,Ot) = @ ml,t(mion’trt(.)((/)t(NO),01))-

neJ(No/o:(No))
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So by a similar argument as for R (N, £), we also obtain

RENLO= D ne (RN, D),
neJ(No/¢:(No))

RN = P ne (RN 0):
neJ(No/¢: (No))

in other words, these are p-rings over Ny in the sense of Definition 2.9.

Remark 4.13. By [Z4bradi 2012, Lemma A.27], an element ZkeN(I,-i-\{Of}XZ crb*
of R(N1, £) (under the parametrization (18)) lies in R? (N1, £) (resp. in R™(Ny, £))
if and only if |cg| is bounded (resp. < 1) for k € Z{®} x N® "\ (&},

Relation with the completed Robba ring and overconvergent ring.

Lemma 4.14. There exists a continuous (in the weak topology of Ay(Ny)) injective
ring homomorphism jin:: R (N1, L) — A¢(No) respecting Laurent series expan-
sions. The image of Jin is contained in @(2 [N1, L] C Ae(No).

Proof. We proceed in 3 steps. In Step 1 we construct a map jint,0 = jimlmi(;n: E)‘iiom —
A¢(Np) that is a priori continuous and og-linear. In Step 2 we show that jiy0
is multiplicative, and hence a ring homomorphism. In Step 3 we extend it to
RINY(N1, £) and show that the image lies in @% [N1,€]] C O¢[[N1,£]] = Ae(No).

Step 1. By Proposition 4.3 and Remark 4.13, we may write any element in i)‘ig“
in a Laurent series expansion Y |, _\ o+\ta}y7 cib* with coefficients ¢y in 0. So
we may collect all the terms containing b,* for some fixed ky into an element of
the Iwasawa algebra A(N1) to obtain an expansion ) _, ., bl f» with f, € A(Ny).
These power series satisfy the convergence property that there exists a real number
p~1 < p1 <1 such that p"|| f]l, — 0 as |n| — oo for all p; < p < 1. In particular,
if n -» —o0, then f; — 0 in the compact topology of A(N1). Hence the sum
> bX fu also converges in Ay(Nop). In this way we have obtained a right A (No)-
linear injective map Jint,0: i)%g“ — Ay(Np).

Recall that the weak topology (see [Schneider and Venjakob 2010; Schneider
and Vignéras 2011; Schneider et al. 2012] for instance) on Ay(Np) is defined
by the open neighborhoods of 0 of the form J(r) = My (No)" + M(Ny)", where
Mg (No) = Ag(No)M(N7) denotes the maximal ideal of A ¢(Ng) and A(N;) denotes
the maximal ideal of A(N;) € Ay(No) (i =0, 1). For any fixed p~! <p; <p <1,
the preimage of l(r) in i)%i(;“ N Dy, ,1)(N1, o) contains the open ball

X lixllp < P77

Indeed, if x = ) ,., b2 fu, then for any n < 0, we have || f,|, < p~", and
hence f, € M(N1)" and b}, f, € My(Np). On the other hand, the positive part
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—-r

ano bl fu lies in A(Np) and has p-norm smaller than p~", and therefore lies in

M(Np)". Hence the continuity.

Step 2. Now by the continuity and linearity of jiy,o0, it suffices to show that it
is multiplicative on monomials b¥. Moreover, each monomial is a linear com-
bination of elements of the form b g with g € Ny. In order to expand the
product (bg' g1)(by2g2) into a skew Laurent series, it suffices to expand g1bg>
with o < 0. However, if g1by> =Y, bl hy is the expansion in R"(Ny, £), then
Z|n|<n0 b hnby™? tends to g1 (as ng — +00) in the topology of 9‘{3“ (induced
by the norms), and hence also in the weak topology. Therefore the expansion in
A¢(No) is also g1bg> =Y, bhy. So the above constructed map jin,o is indeed a
ring homomorphism as claimed.

Step 3. Finally, take an element x € 2™ (N, £). There exists an element 1 <ot € T4
such that ¢ (x) lies in the image of the composite map

R, () (@1 (No), @) = KRG (No, @) = R™(N1, ),

r

where the first arrow is induced by the inclusion ¢;(Ng) € Ng. Now if we reduce
Jint,0(@z(x)) € A¢(No) modulo the ideal generated by N; — 1 for some integer
[ > 1, then we obtain an element in go,(@% [N1/N;,£]). Indeed, ¢ (O¢[N1/ Ny, £])
is a closed subspace in Og[N1/N;, £] and all the monomials jim,o(gat(bk)) map
into this subspace under the reduction modulo (N; — 1). Hence the image lies
in ¢;(0¢[N1/Nj, £]). By the convergence property of elements in %g", we may
expand

Qi(x) = bifa

nez
with f, € A(Ny) and p"|| fullp — 0 as n — oo for all p; < p < 1 and a fixed
p~ ! < p1 < 1 depending on x. Since the reduction map A(N1) — o[N1/N;] is
continuous in the p-norm, we obtain that the reduction of jin,0(¢:(x)) modulo
(N; —1) also lies in @;; [N1/Nj,£]. Hence we have jin,0(@:(x)) (mod Ny —1) €
01 (O N1 /Ny €]) = 0/ (O¢[N1/ Ny, £]) N OL[N1 /Ny, €]. Taking the limit, we see
(using (7)) that jing,0(@r (x)) lies in

lim g, (05 [N1/Ny. £)) = ¢ (O [Ny, £]).
I

SO we put jini(X) := ¢, 1 ( Jint,0 (@1 (x))). This extends the ring homomorphism jin,0
to a continuous ring homomorphism jini: R™(Ny, £) < @3; [N1,€] C A¢(No), by
Lemma 4.7. This map is 7'+-equivariant, as it respects power series expansions. [

Now the following proposition compares % (N, £) with the previous construction
R[N, £].
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Proposition 4.15. There exists a natural T -equivariant ring homomorphism
JiR(N1, £) — R[Ny, £]
with dense image.

Proof. At first we construct the map jo = jii, on o C R(N1,£) with dense
image. We are going to show that for any open characteristic subgroup H < Ny,
we have an isomorphism Ro/Ro(H — 1) = R[N1/H, {]. Note that N1 being a
compact p-adic Lie group, N; has a system of neighborhoods of 1 consisting of
open uniform characteristic subgroups (in fact N; is uniform — since so is Ng by
assumption — and one can take repeatedly the Frattini subgroups of N; that are
characteristic subgroups, that is, stable under all the continuous automorphisms
of N1). So we may assume without loss of generality that H is uniform with
topological generators k1, hs, ..., hg with d = dim N; as a p-adic Lie group.

Under the parametrization in Proposition 4.3, the elements of 93¢ can be written
as power series ) ., bl f, with f, € D(N1, K) and the convergence property that
there exists a real number p; < 1 such that p"|| f, ||, — 0 (as [n| — o0) for all p; <
p < 1. Now we have D(N1, K) = @ueJ(Nl/H) uD(H, K). Hence the right ideal
D(N1, K)(H—1) in D(N1, K) is generated by the elements /; —1 for 1 <i <d and
it is the kernel of the natural projection g : D(Ny, K) — D(N1/H) = K[N1/H].
This quotient map factors through the inclusion D(Ny, K) < Dy (N1, K) for
any p~! < p < 1. Hence p"*||7wg (f»)| — 0, where ||x|| := max,, |x,| with x =
Zue Ny /H Xutt and x,, € K. Therefore we obtain a map

g Ro —> R[N, /H, L] = @ Ru, szfn|—> Z ZJTH(fn)uT"u.

ueN/H nez ueN;/H nez

A priori this map is only known to be K-linear, continuous, and surjective between
topological K-vector spaces. So for the multiplicativity, it suffices to show that
g (B%16%2) = g (b%V) 7y (b%2) for monomials % with k; € Nx 74 (i =
1,2). On the other hand, these monomials are contained in the subring 9{3“. By
Lemma 4.14, we have a commutative diagram

Rt Ro

nH.@%—[[Nl . j TH l

OL[N1/H. €] — R[N, /H, (]

of o-modules such that all the maps are ring homomorphisms except possibly
for g . However, from the commutativity of the diagram, it follows that g is also
multiplicative on monomials and therefore a ring homomorphism. By taking the
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projective limit of maps 77, we obtain a ring homomorphism jg: Ro — R[N1, £]]
with dense image and extending jint,0: f)%g“ > @;rg.

Finally, the homomorphism jj is extended to R(Ny,£) as in the proof of
Lemma 4.14. The T -equivariance is clear on monomials by Lemma 4.14 and
follows in general from the continuity and linearity. O

Remark 4.16. The map j: R(N1, L) — R[Ny, £] constructed above is not injective
in general. Indeed, for any root 8 # « in ®, the element log(n g) =log(1+bg)
lies in D(N1) C R(Ny,{). It is easy to see that log(1 + bg) is divisible by ¢" (bg)
for any nonnegative integer r. Indeed, we clearly have bg | log(1 + bg). Applying
¢" on the both sides of the divisibility, we obtain

0" (bp) | ¢ (log(1 + bg)) = log(1+bg)”""" = p™# log(1 + bg) | log(1 + bp).

as p"™# is invertible in R. Therefore log(1 + bg) lies in the kernel of 7y for all
H = N,, and hence also in the kernel of j.

Remark 4.17. Via the inclusion @T C R, we also have @T [N1,€] < C R[[N1,L£].
However, if N1 # 1, then we have ]mt(%‘m(Nl,Z)) % j(?R(Nl,K)) nol ¢[N1. L] C
R[N1, L]

Proof. Assume N # 1 so that we have a positive root 8 # a € ®T. We proceed in
three steps. In Step 1, we construct an element x € R(Ny, £) with several properties.
In Step 2, we show that j(x) lies in @:{z [N1,£€]] C R[[N1,4£]l- In Step 3, we prove
that j(x) does not lie in jin(R™ (N1, £)). The other inclusion, ji, (R ™ (N1, £)) C
J@R(N1,£) NOLINy. €], is obvious.

Step 1. We denote by s, := Y 1_;(— 1)’+1(b /1) the n-th estimating sum of
log(1+ bg) € R(N1,{). Note that kp, := [log, n] is the smallest positive integer

such that f
p sy € Zp[ng,o] C R(N1,0), (21)

where [ - | denotes the integer part of a real number. We further choose a sequence of
real numbers p~! < p; <--- < p, <--- < 1in p@ such that lim, 00 pn = 1. Now
for any fixed positive integer 1, let i, be the smallest positive integer satisfying the
properties

log,, , (Ip¥in=1 log(1 + bg)llp,_,) + 1 <log,, (Il p*in log(1+bp)ll,,)-
” 1Og(1 + bﬂ)“pn
n

> [1og(1 + bg) — iy, Il on
pFin!2 > [ log(1 4+ bg)llp,»
o’ (log(1+bp))llp, > ll¢' (log(1 +bg) —si,) o,

forall 1 <i, j <n. Such an i, exists, as for any fixed 1 <1i, j <n, we have

(22)
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limg o0 [|@ (log(1 + bg) — si)llp; = 0. The first condition in (22) makes the
definition of i, inductive. As a consequence, we have | log(1 + bg) |, = lIsi, | o
by the ultrametric inequality. Now define j, € Z such that

pirtt <Ll |t |, = oo gt el <ok 9

(In other words, j, = [1ogpn(||pkin log(1 + bg)|lp,)]-) By (21), we have j, > 0.
By the first condition in (22), the sequence (j, ), is strictly increasing: j,—1 < ju
for all n > 1. On the other hand,

k; ki
_1\p 'npp
7" b

i1s a summand in pkin Si, s therefore we have

ki k: .
o " <P siyllp, < 03
whence

jn < pFin <iy. (24)

Put x := Y20 | pkin (log(1 + bg) — sin)b;j”. Our goal in this step is to show that
the sum x converges in Ro(No, ) C R(Ny,£). For this it suffices to verify that for
any fixed k > 1, we have || p¥in (log(1 + bg) —$i,)ba " |l o — 0 as n — oo. In the
power series expansion of log(1 + bg) — s, all the terms have degree > i, > jy
by (24). Therefore in the power series expansion of x all the terms have positive
degree. In particular, for k <n we have ||y| 5. < ||¥llp, Whenever y is a monomial
in the expansion of x. By (22) and (23) we obtain

I pkin (log(1 + bg) — si, )by Hpk <| pin (log(1 + bg) —s1,)by 7 ”Pn
b os(U 4 by, 1
" -

for k < n. Hence we have x € Ro(Ng, o) C R(Ny, £).

Step 2. By Remark 4.16, log(1 + bg) lies in the kernel of 7y for all open nor-
mal subgroups H < N;. Hence, by the continuity of 7g, we obtain mg(x) =
> g (—pFins;, by ") € OX [Ny /H, €] C R[Ny /H, €], as we have —pkins;, €
Zp[N1] and @;(2 is closed in R.

Step 3. Assume finally that ji,((z) = j(x) for some z € R"(Ny,£). Both z and
j(x) e @:é [N1,£€]] C O¢[[N1,£] have a power series expansion. By the injectivity
of jint, these expansions are equal. Hence, put z = Zk 7O\ dkbk with
dk € Zp. By the definition of R™ (N, £), there exists an element ¢ € T4 such that
¢t (z) lies in i)%g“. This means that there exists a positive integer K¢ such that for
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all fixed k > K¢ and ¢ > 0 we have | ¢; (dkbk)||pk < ¢ for all but finitely many
keZxN® T\ 1y particular, for any fixed k > Ko we have

loc(=p*insi, b ™|, <e

for all but finitely many positive integers # since the sequence jj, is strictly increasing
by construction; therefore the terms in x = Y oo ; pkfn (log(1 + bg) — si), ) be Jn
cannot cancel each other. Now we clearly have ||¢;(by)|p, < px- On the other
hand, we compute (for n > max(k, m(B,t)) large enough)

. ™ B0 (si,)|
s (= phins; Ve = T

p n
_ g™ B og(1 + b))l

pkin

_ INog(1 +bp)llp
— B+,

Hence we obtain

&> (e (= pXinsi, by ™) | o

_ log(1 +bp)lln,
pm(ﬂ,t)+kin pljcn

PicIllog(1 4 bp) | pi

' ] log,,, P
pm(ﬂ,t)+k1n ”pk’n log(l + bﬂ)”Pnp *

_ pxlllog(1 +bp) o pkin (025, =1)
pm(ﬂ,t) ”10g(1 4 bﬁ)”l;ngpn Pk

> pkHlog(l(—;_tb)ﬁ)”pk pkin (%IOgDn pk_l),
pme

using (22) and (23). This is a contradiction, as the right side tends to co as n — oo.
Therefore j(x) is not in the image of ji, as claimed. |

Remark 4.18. The elements of R[Ny, £]] cannot be expanded as a skew Laurent
series of the form kezot dy b* in general. Indeed, the sum

o0 o0
> " bp)/p* = (g + D" —1)/p*"
n=1 n=1

converges in R[Ny, £] for any simple root 8 # o but does not have a skew Laurent-
series expansion, as the coefficient of bg in its expansion would be the nonconvergent

00 n—=2"
sum anl p :
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We end this section with a diagram showing all the rings constructed.

04 C O¢[[N1, €]l = Ag(No)

0 —— ! (No, &) —— (N1, ) —2"— 0] [N, ]
(25)

]1m®Zp p

€T MBI (Ng, o) —— RP4 (N1, £) —"— €T [Ny, (]

R—— Ro(No, o) —— R(N1, {) R[[N1, L]

Here (N1, £) consists of Laurent series ) cxb¥ with ¢ € K that converge
on the open annulus of the form

{02 <|za| <1, 28| < |za|" for € T\ {a}}

for some 0 < pp < 1 and 1 <r € Z. The elements of 2R (Ny, ) are exactly those
for which we can take r = 1. Their analogous integral (resp. bounded) versions
consist of those Laurent series having the same convergence condition for which
ck €og forallk € 7@ x N\ (resp. for which {cg | k € 71} x Nd’Jr\{“}} CcK
bounded).

4.1. Towards an equivalence of categories for overconvergent and Robba rings.
Propositions 3.1 and 3.7 apply in both the cases R = Og and R = @3;. In both cases
the category M(R, @) is the category of érale p-modules over R. By the main
result of [Cherbonnier and Colmez 1998] (see also [Kedlaya 2012]), we also have
an equivalence of categories between finite free étale (¢, I')-modules over @:é and
finite free étale (¢, I')-modules over O¢ given by the base change O¢ ® of - On the
other hand, Ty acts by automorphisms on an object D in 991(0O¢, T+ ) and also on
an object D in 9)2(@;2, T4+). Since automorphisms correspond to automorphisms
in an equivalence of categories, we obtain:

Proposition 4.19. The functors
O¢ ®¢t - MOF, T1) = MO, Ty),  -T:90(0¢, Ty) - M(@F, T4)

are quasi-inverse equivalences of categories.

For the Robba ring R, étaleness is stronger than what we assumed for a module
ng to belong to M(R, ¢). The category IM(R, @) is JU.St the category of ¢-
modules over the Robba ring. Recall that an object Drlg in M(R, ) is étale

(or unit-root, or pure of slope zero) whenever it comes from an overconvergent
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étale p-module D' over the ring of “overconvergent” power series @% by base
extension. We denote by 9%(%, ¢) the category of étale p-modules over the Robba
ring . We consequently define the categories I (R, T.y), MO (R[[N1, €], ¢), and
IMO(R[[N1, €], T+) as the full subcategory of étale objects in the corresponding
categories without superscript 0. Via the equivalence of categories 3.7, étale objects
correspond to each other. Combining this observation with the main result of
[Berger 2002] leads to:

Corollary 4.20. We have a commutative diagram of equivalences of categories

IMO(R, Ty) m(er, ) M(E, Ty)

| | |

MOR[N1, €], T4) <— M(ET[Ny, L], Ty) —— M(E[N1, €], T4).

Proof. The left horizontal arrows are also equivalences of categories by [Berger
2002], noting that Ty acts via automorphisms on both types of objects in the upper
row. O

Remark 4.21. The category MM (R[N, €], T+) of étale T -modules is embedded
into the bigger category 9(R[[N1, £]], T+). So we may speak of trianguline objects
in MO(R[[N1, L], T+) as in the classical case (see for instance [Berger 2011]).
Indeed, we call an object M;irg in MO(R[[N1, £]], T) trianguline if it becomes a
successive extension of objects in 9M(R[Ny, L], T+) of rank 1 after a finite base
extension L ®g -. It is clear that trianguline objects correspond to trianguline
objects via the first vertical arrow in Corollary 4.20.

Remark 4.22. It would be interesting to construct a noncommutative version of
the “big” rings /I@p and /qup in [Kedlaya 2012] and generalize (the proofs of)
Theorems 2.3.5, 2.4.5, and 2.6.2 to this noncommutative setting. For this, one
would need a generalization for results in the present paper to base fields other
than Q,,.

Remark 4.23. Since we have the natural inclusions @:(; — RN, L) — @zg [N, €]
we have a fully faithful functor

O = (R (N1.0) ¢t +) © (04 ®y g, ) © (O IN1. €] ®imiv o))

from the category 9M(R™(N1, £), Ty) to itself. Whether or not it is essentially
surjective (or equivalently, naturally isomorphic to the identity functor) is not clear.
However, we have ® = © o O naturally.

Proof. The faithfulness is clear since the objects in the category 9(R™(N1, £), Tv)
are free modules, the maps @% < RN, L) — @% [N1, ] are injective, and the
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functor
i .
O B¢ of 11w, .1

in the middle is an equivalence of categories by Proposition 3.7. The assertion
® = ®o0 is also clear by Proposition 3.7. For the fullyness let f: @ (1) — O(M,)
be a morphism in 9(R™ (N1, £)). Then we have O(f — O(f)) = 0, and by the
faithfulness of ®, we obtain f = O(f). O
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The Tannakian formalism
and the Langlands conjectures

David Kazhdan, Michael Larsen and Yakov Varshavsky

Let H be a connected reductive group over an algebraically closed field of
characteristic zero, and let I" be an abstract group. In this note, we show that every
homomorphism of Grothendieck semirings ¢ : K/ [H] — K [I"], which maps
irreducible representations to irreducible, comes from a group homomorphism
p: ' — H(K). We also connect this result with the Langlands conjectures.

Introduction

Let F be a global function field, I'r the absolute Galois group of F, G a split
connected reductive group over F, £ a prime number different from the characteristic
of F, and G = LGP the connected Langlands dual group over Q.

Recall that a weak Langlands conjecture asserts that for every pair (i, ), where
7 is an automorphic representation of G, whose central character is of finite order,
and w is a representation of G, there exists a unique semisimple £-adic representation
pr.o of Tk, whose L5-function is equal to the L5-function of (77, w).

Moreover, a strong Langlands conjecture asserts that there exists a G-valued
£-adic representation p, : ['r — G(@g) (not unique in general) such that the
composition w o p, is isomorphic to p, ., for each representation w.

The main result of this note implies that in some cases the strong Langlands
conjecture follows from the weak one. More specifically, we show the existence
of p. in the case when p; , is irreducible for each irreducible representation w.
In this case, p, is unique up to conjugation, and the Zariski closure of its image
contains the derived group of G.

Our result is a corollary of the following variant of the Tannakian formalism.
Let H be a connected reductive group over an algebraically closed field K of
characteristic zero, and let I" be an abstract group. Then every homomorphism
of groups p : I' = H(K) induces a homomorphism of Grothendieck semirings
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DMS-0800705. Varshavsky was partially supported by ISF grant 598/09.
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o*: Kar [H] — K(;r [T']. In this note, we show a partial converse of this asser-
tion. Namely, we show that every homomorphism of Grothendieck semirings
¢ : KJ[H] — K ['l, which maps irreducible representations to irreducibles,
comes from a group homomorphism p : I' — H(K). In particular, we show that a
connected reductive group is determined by its Grothendieck semiring.

This note was inspired by a combination of a work in progress [Kazhdan and
Varshavsky > 2014], where it is shown that the weak Langlands conjecture holds in
some cases, and a work [Larsen and Pink 1990], which indicates that one does not
need the full Tannakian structure in order to reconstruct a connected reductive group.

1. Main results

Let K be an algebraically closed field of characteristic zero.

1.1. (a) For every algebraic group G over K, we denote by K (T [G] the Grothendieck
semiring of the category of rational representations of G.

In other words, K(;r [G] is the set of equivalence classes of finite dimensional
semisimple representations of G. For every representation w of G, we denote by [w]
its class (or more precisely, the class of its semisimplification) in Kar [G]. For every
pair of semisimple representations w; and w; of G, we have [w;]+[wz] = [w] D w3 ]
and [o1] - [w2] = [w1 @ w2 ].

(b) Note that a representation w of G is irreducible if and only if its class [w] €
K 5“ [G] is irreducible, that is, it cannot be realized as a nontrivial sum [w1] + [w2]
of elements of K(;r [G].

(c) Every homomorphism p : G — H of algebraic groups over K gives rise to the
homomorphism p* : K(;“[H] — K(;“[G] of semirings, where p*([w]) := [w o p].

The following result asserts that each connected reductive group is determined
by its Grothendieck semiring:

Theorem 1.2. Let G and H be two connected reductive groups over K, and let
¢ : KJ[G] = K(;L[H] be an isomorphism of semirings.

Then there exists an isomorphism p : H => G such that p* = ¢. Moreover, p is
unique up to conjugation.

Remark 1.3. Note, by comparison, that, if G is connected, semisimple, and simply
connected, then the Grothendieck ring Ko[G] is isomorphic to Z[x1, ..., x,], where
r is the rank of G. Thus, for such groups, Ko[G] encodes only the rank.

1.4. Now let I" be an abstract group, and let Kgr [T"] be the Grothendieck semiring
of the category of finite-dimensional representations of I" over K. Every group
homomorphism p : I' — G(K) gives rise to the homomorphism p* : Kar [G] —
K [T'] of Grothendieck semirings.
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We have the following version of the Tannakian formalism:

Theorem 1.5. Let ¢ : KJ [G] — KJ [T'] be a homomorphism of semirings that
maps irreducible elements to irreducibles.

Then there exists a homomorphism p : T' — G(K) such that p* = ¢. Moreover,
the Zariski closure of the image of each such p contains G, and p is unique up to
conjugation.

Remarks 1.6. (a) Conversely, let p : I' — G (K) be a homomorphism such that the
Zariski closure of p(I") contains G%'. Then the homomorphism p* : KJ [G] —
KJ [T"] maps irreducible elements to irreducibles.
(b) The result fails completely if one does not assume that ¢ maps irreducible
elements to irreducible.

Indeed, let G be SL;, and let I be the group with one element. In this case, for
each integer k > 2, there exists a (unique) homomorphism of semirings

¢ - K [SLol = K [T'] = Z>,
which maps the standard representation of SL; to k € Z~¢. Only ¢, corresponds to
a (unique) homomorphism I' — SL;,(K).

1.7 (Chevalley space). (a) Let ¢ := Spec K [G]° be the Chevalley space of G,
where the action of G on K[G] is induced by the adjoint action of G on itself. For
every representation w of G, its trace Tr, € K [G]° c K[G]isa regular function
on cg.

(b) Let xg : G — cg be the canonical projection, induced by the embedding
K[cg] = K[G]¢ — K[G]. Then for each g € G and each representation w of G,
we have an equality Tr,(x¢(g)) = Tr,(g).

The following result is a more explicit formulation of Theorem 1.5:

Corollary 1.8. Let f : T — cg(K) be a map of sets.
Suppose that, for every irreducible algebraic representation w of G, there exists
an irreducible finite-dimensional representation p,, of I' over K such that

Trp, (v) =Tro(f(y)) forally €T. (1-1)

Then there exists a homomorphism p : I' — G(K) such that

xc(p(y)) = f(y) forally eTl. (1-2)

The Zariski closure of p(I') contains G, and p is unique up to conjugation.

Remark 1.9. Conversely, assume that there exists a homomorphism p : I' = G(K)
satisfying (1-2) and such that the Zariski closure of p(I") contains G%". Then for
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every irreducible representation @ : G — GL,, the representation
Pow:=wop:I'— GL,(K)
is irreducible and satisfies (1-1) (use 1.7(b)).

1.10 (Application to the Langlands conjectures). Let F' be a global field, F*°P a
separable closure, I'r = Gal(F*?/F) the absolute Galois group, and ¢ a prime
number different from the characteristic of F. Let G be a connected reductive
group over Q.

By ¢-adic and G-valued {-adic representations of I'r, we mean continuous
homomorphisms p : I'r - GL, (@1) and p: ['r —> G(@g), respectively, which are
unramified for almost all places of F.

There are well-defined traces Tr, (Frob, ) and Tr,,, (Frob,) for almost all places v
of F and all representations w of G, respectively.

The following analogue of Corollary 1.8 has applications to Langlands conjec-
tures:

Corollary 1.11. Let G be a reductive group over Qq, ¥ a cofinite subset of the set
of places of F,and f : ¥ — cg (Qy) any map of sets.

Assume that, for every irreducible algebraic representation w of G, there exists
an irreducible £-adic representation p,, of I'r such that

Tr,,, (Froby) =Tr,(f(v)) foralmostallv e X. (1-3)
Then there exists a G-valued £-adic representation p : I'y — G(@e) such that
x¢(p(Froby)) = f(v) foralmostallv € X. (1-4)

The Zariski closure of p(I'r) contains G and P Is unique up to conjugation.

2. Determining a connected reductive group from its Grothendieck semiring

In this section, we are going to prove Theorem 1.2. Michael Mueger called our
attention to the fact that at least two proofs of this theorem already exist in the
literature: [McMullen 1984] and [Handelman 1993]. Nevertheless, we feel that this
new proof has merits (including brevity) that justify presenting it.

Let G be a connected reductive group. We will fix a Borel subgroup B C G
and a maximal torus 7 C B. Let «, ..., o, be the simple roots of G with respect
to (B, T), and let W be the Weyl group of (G, T).

2.1. (a) Weset U := X*(T)QR. For each subset X C U, we denote by Conv(X) C U
the convex hull of X.

(b) For each dominant weight v of G, we denote by V, the irreducible representation
of G with highest weight v.
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(c) We define a partial order on X*(T') by the rule

-
w<»x ifandonlyif A=+ inozi and x; > 0 for all i.
i=1
Proposition 2.2. Let i and ) be two dominant weights of G. The following condi-
tions are equivalent:

(@ pn=A
(b) Conv(Wu) C Conv(WA).

(¢c) There exists a finite-dimensional representation V' of G such that, for every n,
every irreducible factor of VE’” is a factor of V)L@" V'

Proof. (a) = (b). Notice that, since u is dominant, we have wu < u for all w € W.
Therefore, our assumption u < A implies that wu < A for all w € W. Thus, our
assertion follows from the following lemma:

Lemma 2.3. Let u and A be two weights of G such that wu < X for all w € W.
Then Conv(W ) C Conv(WA).

Proof. Suppose Conv(W ) is not contained in Conv(WA). Then there exists
w € W such that wu & Conv(WA). As Conv(WA) is W-stable, it follows that
u & Conv(WA) and hence also wu ¢ Conv(WA) for all w € W.

By the separation lemma, there exists & € U* such that () > 8(wA) for all
w € W. This is an open condition, so we may choose 6 such that 8(«;) # 0 for each
i=1,...,r. Replacing 6 by w6 and u by wu for some w € W, we may assume
in addition that 6(«;) > O foreachi =1,...,r.

By our assumption, u = A — Y ;_, x;e; with each x; > 0. Therefore,

p
O() =6() — Y xif(e) <O(),
i=1
contradicting our assumption 6(u) > 6(1). O

(b) = (c). We start with the following lemma:

Lemma 2.4. Let X be a finite subset of a finite-dimensional Euclidean space E.
Then there exists a compact subset Y of E such that

ConvinX)CY+X+X+---+X 2-1)

n

for all positive integers n.
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Proof. Let m := |X|, and let Y denote the ball of vectors of norm at most R :=
2m max,cy ||x||. We claim that inclusion (2-1) holds for this Y.
Let X be the set {x, ..., x,;}. Then every vector in Conv(n X) is of the form

vi=anxy+---+aunxy,,

where the a; are nonnegative and sum to 1. Let b; := |na;| fori > 2 and b; =
n—(by+---+by). As |b; —a;n| < 1fori > 1, we have

by —ain|=|n—(by+---+by)+(an+---+apn—n)| <m—1.
Thus,

m
I(Brx1+ -+ bwxm) — vl <> |b; —ainll|x;| < R,
i=1

and of course, byx| + - - - + b, X, belongs to the n-fold iterated sum of X. O

Now we return to the proof of the proposition. We assume that Conv(W u) C
Conv(W)), let X = W, and fix a compact set Y satisfying (2-1). Denote by V’
the direct sum of all representations V,, where v ranges over the dominant weights
in WY.

If n is a positive integer, the highest weight x of any irreducible factor of Vf” is
a weight of Vf”. Therefore, x < nu; hence, by the implication (a) = (b) shown
above, x is an element of

Conv(Wnu) =nConv(Wu) C nConv(WA).

By (2-1), x can be written as a sum of n elements of WA and an element of WY,
which is necessarily in the weight group. Thus, x has the form ), w;A + w'v
for some wy, ..., w,, w € W and some highest weight v of V’.

Using the conjecture of Parthasarathy, Ranga Rao, and Varadarajan, proven in
[Kumar 1988], we conclude that V, is an irreducible factor of VA®" ® V,, and hence
also an irreducible factor of VA®” V.

(c) = (a). Now suppose that there exists a finite-dimensional representation V' of G
such that, for every n, every irreducible factor of V,?” must be a factor of V,\@”1 QV’
as well. Then every weight of Vf’” must be a weight of VA®” ® V’, and in particular,
this is true for the weight nu. Thus, nu = A, + v, for some weights A, of V/\®”
and v, € V'.

Note that A, = nA — 25:1 n;o; for some n; € Zso. Therefore, nu is equal to
nia— Zl’: | nia; +vy,; hence, for each n € N, we have an equality

,
n; 1
)»—MZZ;IOH—;W-
i=1
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Next we recall that the set of weights of V' is finite, so the expression (1/n)v, € U
tends to zero when n tends to infinity. Hence, the difference A — u equals > ;_, x;a;,
where each x; = lim,,_, o 1; /n is nonnegative. This shows that u < A. (I

Corollary 2.5. The root datum of G can be reconstructed from the semiring K 6'“ [G].

Proof. We divide our construction into steps as follows.

Step 1. First we claim that the partially ordered set of dominant weights of G can
be reconstructed from the semiring Kar [G].

For this, we note that the map u — [V, ] gives a bijection between the set of
dominant weights of G and the set of irreducible objects of K(;r [G].

Proposition 2.2 implies that for two dominant weights @ and A of G we have
u < X if and only if there exists 6 € K(;r [G] such that, for all n € N and all irreducible
elements [V, ] € K [G], we have

[V.]" =[] € KJ[G] = [Vi]"0 - [Vi] € K [G].

Step 2. For every triple A, i, v of dominant weights of G, we have A = u + v if
and only if A is the largest dominant weight such that V; is an irreducible factor
of V,, ® V,.. Therefore, Proposition 2.2 implies that the semigroup structure on the
set of dominant weights of G can be reconstructed from the semiring K(;r [G].

Step 3. The group of weights X*(T') of G is the group completion of the semigroup
of dominant weights. The group of coweights of G, X.(T), is given as the group
of homomorphisms

X.(T) =Hom(X*(T), Z).

Note that there is a canonical isomorphism between Aut(X*(7")) and Aut(X,(T)).

Step 4. We claim that « € X*(T) is a simple root if and only if it is a minimal
nonzero weight of 7' for which there exists a dominant weight A € X*(T') such that
V25—« 1s an irreducible factor of VA®2.

More precisely, we claim that, for every dominant weight A, the maximal weights
i # 2A such that V,, is an irreducible factor of sz’2 are precisely weights of the
form 24 — &, where « is a simple root satisfying (&, ) > 0.

To show this, we observe that every maximal weight u # 2X in V,\®2 is of the
form 2A — o, where « is a simple root satisfying (@, A) > 0. Now the assertion
follows from the fact that, for such an «, the weight 21 — o has multiplicity one
in V,, and multiplicity two in VA®2.

By Step 1, the set of simple roots can therefore be reconstructed from the semiring
K{[Gl.

Step 5. For each simple root « of G, the corresponding simple coroot & € X, can
be characterized by the following condition: for every dominant weight u, the
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pairing (&, u) is the unique element m € Z-( such that 2 — ma is dominant but
2 — (m + 1)« is not dominant. Indeed,

is nonnegative if and only if m < (&, i) while, for every other simple root o’ # «
of G with a corresponding simple coroot &', we have

(@, 2p —ma) =2(a’, p) —m(&', @) > 2(c’, ) =2 0

for all m > 0. Thus, the set of simple coroots can also be reconstructed from Kar [G].

Step 6. After having reconstructed all simple coroots ¢&, we reconstruct all simple
reflections s, € Aut(X.(T)), hence the Weyl group W C Aut(X.(T)), as the
subgroup generated by simple reflections. Next we reconstruct the set of all roots
of G, as images of the simple roots under W, and likewise for the coroots of G.
This completes the reconstruction of the whole root datum of G. (]

2.6. Proof of Theorem 1.2. An isomorphism of semirings ¢ : Kar [G] = Kgr [H]
induces a bijection between irreducible objects and hence a bijection between
dominant weights of G and H, which we denote by ¢.

The proof of Corollary 2.5 shows that ¢ extends to an isomorphism between the
root data of G and H. It therefore comes from an isomorphism of algebraic groups
p:H = G.

We claim that p* : KJ[G] = K(T[H] is equal to ¢. It is enough to show that,
for each dominant weight A of G, we have ¢ ([V,]) = p*([Vi]). Both expressions,
however, are equal to [Vq?(/\)]‘

Conversely, if p : H — G is an isomorphism such that p* = ¢, then for each
dominant weight A of G we have p*([V,]) = o ([Vi]) = [Vd;m], so p induces the
isomorphism ¢ between the root data; hence, p is unique up to conjugation. [

3. The Tannakian formalism

In this section, we are going to prove Theorem 1.5. Throughout the section, we will
assume that the hypotheses of Theorem 1.5 hold. For each irreducible representation
w of G, we choose an irreducible representation p,, of I" such that [p,] = ¢ ([w]).

Lemma 3.1. (a) Ler o’ and o be two irreducible representations of G, and let

1"~

o' ® 0" = P w; be a decomposition of their tensor product into irreducibles.
Then Por @ Po = @ Pew; -

(b) If w is a trivial (one-dimensional) representation 1 of G, then p,, is a trivial
representation of I'.

(c) The representation w is one-dimensional if and only if p,, is one-dimensional.

(d) For each irreducible representation w of G, we have py = (04)*.
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(e) Let ' and " be two irreducible representations of G such that p, = pur.
Then restrictions @'| i and @"|geer are isomorphic.

Proof. (a) By hypothesis, we have [']-[0”]=)_,[w;]. Since ¢ is a homomorphism
of semirings, we conclude that

[P ® pur] = ([0 p([") =Y p(lwi]) = [ pu]-

Since p,y and p, are irreducible, their tensor product o,y ® p. is semisimple (see
[Chevalley 1955, p. 88]). Therefore, p ® pu' = P oy -

(b) This follows from the observation that w = 1 if and only if v @ w = w.

(c) This follows from the observation that w is one-dimensional if and only if w @ w
is irreducible.

(d) Note that the representation w @ w™* has a trivial subrepresentation 1. Therefore,
by (a) and (b), the representation p,+ ® p,, has a subrepresentation p; = 1. Since
Po and p, are irreducible, this implies that p« = (04)*.

(e) If poy = py, then the tensor product p,y ® (pu)* = pu @ Py contains a
subrepresentation 1. Using (a) and (c), we conclude that the tensor product ' @ w” *
has a one-dimensional subrepresentation &. Since @’ and " are irreducible, we
conclude that ' = " ®E; thus, the restrictions o’ | e and @” | gaer are isomorphic. [

3.2. For every irreducible representation w of G, we denote by z,, its central
character. Let Z be the center of G, and denote by ¢ the embedding I' = I' x {1} —
I'x Z(K).

Lemma 3.3. (a) There exists a unique homomorphism of semirings ¢ : K(T [G]—
KT x Z(K)] such that

d([w]) =[pw R zw] foreach irreducible w. (3-1)

(b) The map ¢ is injective, maps irreducibles to irreducibles, and satisfies 1 o = .
(c) Assume that there exists a homomorphism p : I' — G(K) such that p* = ¢, and
let p:T" x Z(K) = G(K) be a homomorphism defined by p(y, z) := p(y) - z.
Then p* = .
Proof. (a) Since the additive Grothendieck semigroup Kar [G] is freely generated
by irreducible elements [w], there exists a unique homomorphism of semigroups
¢~) : KJ[G] — K(;r[l" x Z(K)] that satisfies (3-1). It remains to show that for every
two representations @’ and ” of G we have an equality

(] [0"]) = d([']) - p([]). (3-2)

By the additivity of ¢, we may assume that o' and ” are irreducible. Let
o ® W' =P w; be a decomposition of their tensor product into irreducibles. Then
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[@']-[@"]=)_,[wi]; hence, the left-hand side of (3-2) is equal to

&(Z[wil) =Y ¢Uoi) =) [pu,Hzu]
while the right-hand side of (3-2) is equal to
[P M zZwr ]+ [P0 B 2] = [(Pw @ Pur) W 2oy Zwr]-

Since the central character of each w; is equal to z,/z,, equality (3-2) follows from
Lemma 3.1(a).

(b) By construction, for each irreducible element [w], the element q~5([a)]) =[00X2z0]
is irreducible, and

Co (o)) = (1w B zo]) = [po] = ¢ (@)

This implies that ¢ maps irreducibles to irreducibles and satisfies i* o ¢ = ¢.

Finally, since as additive semigroups Kgr [G] and Kgr [T"] are freely generated
by irreducibles, in order to show that ¢ is injective, it is enough to show that it is
injective on irreducibles.

Let o’ and »” be two irreducible representations of G such that ¢ ([w']) = ¢ ([@"]).
Then p,y = p, and 7,y = z47. Using Lemma 3.1(e), we conclude that o'|gar =
@"| i and @'|z = @"|z. Hence, o' = ", implying the injectivity.

(c) It is enough to show that p*([w]) = q~5([a)]) when [w] is irreducible. Both
expressions, however, are equal to [0, X z,]. O

3.4. Proof of Theorem 1.5. First we will show the existence of p under the assump-
tion that ¢ : K [G] — K [I'] is injective.

Let 6 be the full subcategory of Rep I' consisting of semisimple representations
7 € Rep I such that [7] = ¢ ([w]) for some [w] € K(;F[G]. Since ¢ ([w]) is irre-
ducible for each irreducible [w], 6 is a semisimple abelian subcategory. Since ¢
is a homomorphism of semirings, € is a rigid tensor subcategory of Rep I' (use
Lemma 3.1(a)-(d)) and hence a Tannakian category. Let f : € — Veck be the
forgetful functor, and let H := Aut®(f) be the group of tensor automorphisms of f.

By the Tannakian formalism (see, for example, [Deligne and Milne 1982, Theo-
rem 2.11]), H is an affine group scheme, and f induces an equivalence of tensor cat-
egories € = Rep H. Since G is an algebraic group, the category Rep G has a tensor
generator w. Then an element p,, € Rep I" such that [p,,] = ¢ ([w]) must be a tensor
generator of ‘6 = Rep H. This implies that H is an algebraic group (see [Deligne
and Milne 1982, Proposition 2.20]). Moreover, since 6 = Rep H is semisimple,
the group H is reductive (see [Deligne and Milne 1982, Proposition 2.23]).

Every element of y € I' defines a tensor automorphism of f over K. Hence we
get a group homomorphism 7 : I' — H(K) such that 7* : Rep H — Rep ' is the
inverse of the equivalence f : ¢ = Rep H.
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By constructlon the homomorphism ¢ : K/[G] — K;[I'] decomposes as
K+[G] Zs K+[H] K [T, and the homomorphism ¢’ is surjective. By our
assumption, ¢’ is also injective; hence, it is an isomorphism. Since G is connected,
we conclude that H is connected as well (use, for example, [Deligne and Milne
1982, Corollary 2.22]). Therefore, by Theorem 1.2, there exists an isomorphism
p': H => G such that ¢’ = p’*. Then the composition p := p’ o : ' = G(K)
satisfies p* =w* o0 ¢’ = ¢.

To show the existence of p in general, we consider the homomorphism of
Grothendieck semirings $ : Kar [G]— K&L [I" x Z(K)], considered in Lemma 3.3(a).

Then ¢ is injective, so by the particular case shown above, there exists a ho-
momorphism p : I' x Z(K) — G(K) such that p* = é. Then the composition
p:=poi:T — G(K) satisfies p* = 1* o = ¢.

Conversely, let p : I' — G (K ) be a homomorphism such that p* = ¢. To show that
the Zariski closure of p(I") contains G, it suffices to show that the homomorphism
0 :T'x Z(K) — G(K) from Lemma 3.3(c) has a Zariski closed image.

Let H C G be the Zariski closure of the image of p, and denote by i the
inclusion H < G. Then p* = q~§ : KJ[G] — KSF[F x Z(K)] factors through

*: Kf[G] - K [H]. In particular, i* is injective and maps irreducibles to
irreducibles. Then using Chevalley’s theorem ([Borel 1991, Theorem 5.1] or
[Deligne and Milne 1982, Proposition 2.21]), i has to be an isomorphism.

Finally, to show that p is unique up to conjugation, it suffice to show that
p0:I'x Z(K) — G(K) is unique up to conjugation. Thus, we can replace p by p
and ¢ by ¢, thereby assuming that ¢ is injective.

Then, using the notation of the existence part, the tensor functor p*: Rep G —
Rep I' decomposes as a composition Rep G — Rep H AN Rep " of tensor functors.
By the Tannakian formalism, there exists a homomorphism p’: H — G such that
o' *=1. Then p is conjugate to the composition p’ o 7, so it remains to show that
the conjugacy class of p’ is uniquely defined. .

We have seen that ¢ decomposes as K*[G] LN K [H] AN K [T]; therefore,
o' ¥ K +[G] = K +[H ] coincides with ¢’. Hence, the uniqueness assertion for
o’ follows from Theorem 1.2. O

4. Two corollaries

In this section, we are going to prove Corollaries 1.8 and 1.11.
Lemma 4.1. Assume that the hypotheses of Corollary 1.8 hold.
(a) There exists a unique homomorphism of semirings ¢ : K(;“ [G] — KO+ [T"] such
that ¢ (lw]) = [pw] for each irreducible w.
(b) Let p: T — G(K) be a group homomorphism. Then equality (1-2) holds for p
if and only if w o p = p,, for all irreducible w.
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Proof. (a) Since the semigroup K(T [G] is freely generated by irreducible elements,
there exists a unique homomorphism of semigroups ¢ : K [G] — K [I'] such that
¢ ([w]) = [p,] for each irreducible w.

It remains to show that for every two representations ' and ” of G we have an
equality

P[] [0"]) = ¢(]) - ¢ (["]).

Since a semisimple representation is determined by its trace, it is enough to show
that

Try (10110 (V) = Trp o (V) - Trg o (V) 4-1)

for all y € I'. First we observe that for all y € I" and all [w] € KJ [G] we have an
equality
Try () (¥) = T (f (¥)). (4-2)

Indeed, by additivity, it is enough to show (4-2) for w irreducible. In this case, the
assertion follows from equalities ¢ ([w]) = [p0,] and (1-1).
Using (4-2), our desired equality (4-1) can be written in the form

Trior 1107 (f (¥)) = Trpen (f () - Triwr (F (¥))-

Therefore, it follows from the multiplicativity of the trace map Tr: K (;r [G]— K[G].

(b) Since functions Tr,, with w irreducible generate K [c;] as a K-vector space (see
[Steinberg 1965, Theorem 6.1(a)]), the equality (1-2) is equivalent to the equality

Tro,(x6 (P () = Tro(f(¥)) (4-3)

for all y € I" and all irreducible w. Since the left side of (4-3) equals Tr.,(y)
(see 1.7(b)) while the right-hand side of (4-3) equals Tr,, (y) by (1-1), equality (4-3)
is equivalent to the equality Tr,,., = Tr,, for all irreducible w. But this is equivalent
to the desired isomorphism w o p = p,,. O

4.2. Proof of Corollary 1.8. By Lemma 4.1(a), there exists a unique homomorphism
of semirings ¢ : K" [G] — K [I'] such that ¢ ([@]) = [p,] for each irreducible w.
Then by Theorem 1.5, there exists a homomorphism p : I' — G(K) such that
p* = ¢. In particular, we have that [w o p] is equal to ¢ ([w]) = [p,] for each
irreducible w. Then by Lemma 4.1(b), the equality (1-2) holds for p.

Conversely, let p : ' — G (K) be a homomorphism, satisfying (1-2). Then by
Lemma 4.1(b), p*([w]) = [w o p] is equal to ¢ ([w]) = [p,] for each irreducible w.
Thus p* : KJ[G] — KSF[F] is equal to ¢. It then follows from Theorem 1.5 that p
is unique up to conjugation, and that the Zariski closure of p(I") contains G%'. [

4.3. Proof of Corollary 1.11. The argument is very similar to that of Corollary 1.8.
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As in Lemma 4.1(a), there exists a unique homomorphism of semirings
¢ : K 1G1 - K IT¥]

such that ¢ ([w]) = [p,] for each irreducible w. Indeed, arguing as in Lemma 4.1(a)
word for word, we reduce ourselves to the equality (4-1). Moreover, by the Cheb-
otarev density theorem, it is enough to show equality (4-1) when y = Frob, for
almost all v € X.

Then we reduce the problem to showing that

Try (o)) (Froby) = Trje) (f (v))

for all irreducible [w] and almost all v € X. But the latter equality follows from
equalities ¢ ([w]) = [p] and (1-3).

By Theorem 1.5, there now exists a homomorphism p : ['r — G(@g) such that
p*=¢. R

We claim that, for every representation @ of G, the composition w o p is a
semisimple £-adic representation. By additivity, it is enough to show in the case
when w is irreducible. However, in this case,

[wo pl=p*([®]) = [pw]

is irreducible; hence, w o p = p,, is an irreducible £-adic representation.

Choosing  to be a faithful representation of G, we conclude that p is continuous
and unramified almost everywhere.

Finally, arguing exactly as in Lemma 4.1(b) (and using the isomorphisms
wo p = p,), we conclude that p satisfies the equality (1-4).

Conversely, let p : T'r — é(@[) be a G-valued £-adic representation satisfying
(1-4). Again arguing exactly as in Lemma 4.1(b) and using the Chebotarev density
theorem, we conclude that p*([w]) = [w o p] is equal to ¢ ([w]) = [p,] for each
irreducible w. Thus, p* : KJ[(A}] — KJ[FF] is equal to ¢.

Therefore, it follows from Theorem 1.5 that p is unique up to conjugation and
that the Zariski closure of p(I'r) contains Gler, [l
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