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Large self-injective rings and the
generating hypothesis

Leigh Shepperson and Neil Strickland

We construct a number of different examples of non-Noetherian graded rings
that are injective as modules over themselves (or have some related but weaker
properties). We discuss how these are related to the theory of triangulated
categories, and to Freyd’s generating hypothesis in stable homotopy theory.

1. Introduction

In this paper we study graded commutative rings R that are large in various senses
(in particular, not Noetherian) and self-injective (meaning that R is injective as an
R-module). We use graded rings because they are relevant for our applications, but
ungraded rings are covered as well because they can be regarded as graded rings
concentrated in degree zero. The graded setting is assumed everywhere, so “element”
means “homogeneous element” and “ideal” means “homogeneous ideal” and so on.
Our rings will be commutative in the graded sense, so that ba = (—=Dlaliblgp,

It is not hard to prove that any Noetherian self-injective ring is Artinian. In
particular, if R is a finitely generated algebra over a field K that is self-injective then
we must have dimg (R) < oo and it turns out that R ~ Hom(R, K) as R-modules.
Examples of this situation include R = K[xy, ..., x,]/(r1, ..., r,) for any regular
sequence ry, ..., Iy, or the cohomology ring R = H*(M; K) for any closed ori-
entable manifold M. These are the most familiar examples of self-injective rings,
and they are all very small. We will be looking for examples that are much larger.

Our motivation comes from a question in stable homotopy theory, which we
briefly recall. In stable homotopy theory we study a certain triangulated category %,
the Spanier—Whitehead category of finite spectra. The objects can be taken to
be pairs X = (n, A), where n € Z and A is a finite simplicial complex. The
morphism set Homg((n, A), (m, B)) is the set of homotopy classes of maps from
(RN*7 % A) U {00} to (RN x B) U {oo}, which is essentially independent of
N when N is sufficiently large. More details are given in [Ravenel 1992], for
example. For any X, Y € & the set Homg (X, Y) is a finitely generated abelian

MSC2010: primary 13C11; secondary 18E30, 55P42.
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group. It turns out that most methods for studying Homg: (X, Y) treat the p-primary
parts separately for different primes p. We will thus fix a prime p and define
[X,Y] =7, ® Homg(X, Y), where Z,, is the ring of p-adic integers. These are
the morphism sets in a new triangulated category which we call %,. This has a
canonical tensor structure, with the tensor product of X and Y written as X A Y.
The unit for this structure is called S, so S A X =~ X. As part of the triangulated
structure we have a suspension functor X: %, — %, and we write $" for £"S.
We put R, =[S", S]. These sets form a graded commutative ring, whose structure
is extremely intricate. A great deal of partial information is known, but it seems
clear that there will never be a usable complete description. Some highlights are as
follows.

e R,=0forn <0, and Ry =Z,, and R, is a finite abelian p-group for n > 0.
« Both the ranks and the exponents of the groups R, can be arbitrarily large.

o All elements in R, with n > 0 are nilpotent. Thus, the reduced quotient is
R/N0=12Z,.
» Various results are available describing most or all of the structure of R, for

n < f(p), where f(x) is a polynomial of degree at most three. The simplest
of these says that R, =0 for0 <n <2p—3,and Ry, 3=2/p.

Now consider an arbitrary object X € %,. We define 7, (X) = [S", X] for all
n € Z. This defines a graded abelian group m,(X), which has a natural structure as
an R-module.

Conjecture 1.1 (Freyd’s generating hypothesis). The functor m,: %, — Modg is
faithful.

This is actually a technical modification of Freyd’s conjecture [1966], because
Freyd did not tensor with the p-adics. This causes various troubles in the devel-
opment of the theory, which Freyd avoided in ad hoc ways. Much later, Hovey
[2007] redeveloped the theory in the p-adic setting, which involves only minor
modifications to Freyd’s arguments but works much more smoothly.

Nearly half a century after Freyd made his conjecture, there is still no hint of a
proof or a counterexample. However, there has been a certain amount of indirect
progress; for example, various authors have settled the analogous questions in other
triangulated categories where computations are easier [Carlson et al. 2009; Hovey
et al. 2007; Benson et al. 2007; Lockridge 2007].

On the other hand, it is known that the generating hypothesis would have some
very strong and surprising consequences, as we now explain.

Definition 1.2. (a) A graded ring R is coherent if every finitely generated ideal is
finitely presented.
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(b) A graded ring R is fotally incoherent if the only finitely presented ideals are O
and R.

Theorem 1.3 [Freyd 1966; Hovey 2007]. Suppose that the generating hypothesis
is true.

(@) The functor s : F, — Modg is automatically full as well as being faithful, so
it is an embedding of categories.

(b) For every object X € ¥, the image m.(X) is an injective R-module. In
particular (by taking X = S) the ring R is self-injective.

(c) The ring R is totally incoherent.

Note in particular that (a) gives a full subcategory of Modg that has a natural
triangulation. This is very unusual; in almost all known triangulated categories,
the morphisms are equivalence classes of homomorphisms under some nontrivial
equivalence relation, and this equivalence structure is tightly connected to the
definition of the triangulation.

Our aim in this paper is to shed light on the generating hypothesis by finding ex-
amples of self-injective rings that share some of the known or conjectured properties
of the stable homotopy ring R.

Our main results are as follows. Firstly, one cannot disprove self-injectivity by
looking only in a finite range of degrees:

Theorem 1.4. Let R be a graded-commutative ring such that
(@) Ry =0fork <0,

(b) Ro=172/2,

(¢) Ry is finite for all k > 0.

Suppose given N > 0. Then there is an injective map ¢: R — R’ of graded rings
such that

(1) R’ also has properties (a)—(c),
(2) ¢: Ry — Ry is an isomorphism fork < N,
(3) R’ is self-injective.

This result was a great surprise to the authors at least, although the proof is not
too hard. We will restate and prove it as Theorem 6.6. We conjecture that the
theorem remains true if we allow Ry to be Z,, but we have not proved this.

Most of our remaining results relate to specific examples. We have aimed to give
a wide spread of examples, rather than formulating each example with maximum
possible generality. We will write F for Z/2.
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One of the simplest examples of a finite-dimensional self-injective ring is the
exterior algebra

2 2
Flxo, ..., x,1/(xgs ooy X))
Our first infinite-dimensional example is just an obvious generalisation of this.

Proposition 1.5. Let E be the exterior algebra over F with a generator x; € E,i for
alli € N. Then E is self-injective and coherent. The reduced quotient is E / Jo=F.

Self-injectivity is proved by combining Corollary 3.7 and Proposition 4.6, as will
be explained in Example 4.7. The same ingredients cover many other examples, but
we will not give the relevant definitions in this introduction. Coherence is proved in
Proposition 5.4, and the reduced quotient is clear. We have chosen the degrees of
the generators for compatibility with our other examples, but in fact the statement
would remain valid if we merely assumed that |x;| — oo as i — oo.

Our next example arose by applying Theorem 1.4 to the ring F[x, y]/xy and
studying the result in low dimensions. The result is very complicated and irregular,
but after studying various recurring patterns and key features we were led to the
definition below.

Theorem 1.6. Consider the ring

C =Flyo, y1, .- 1/ +yivip1 1i = 0),

with the grading given by |y;| = 2'. Then C is self-injective and coherent. The
reduced quotient is

C/VO=Flxo, x1,...1/(xix; |i # j) = F & @) xaFlxal,
n>0
where x, =Y yzi_i.

This will be proved as Propositions 7.18, 7.25 and 7.26. The statement can be
generalised by adjusting the degrees and the relations slightly, but this just leads
to additional bookkeeping without much extra insight, so we have omitted it. It is
probably also possible to generalise in more conceptual ways, but that would be a
substantial project, so we leave it for future work.

For the next example, we give an axiomatic statement and then explain a special
case that is relevant in chromatic homotopy theory.

Definition 1.7. For any prime p, we recall that
201/pl]Z~=Q)Z ) = Qp/Z), > n11>nolo Z]p".
For any module M over Z,, we write MY = Homzp (M,Q,/Z,), and call this the

Pontrjagin dual of M. One can check that Z," ~ Q,/Z, and (Q,/Z,)" ~ Z,
and (Z/p")" ~ Z/p". Now consider a graded Z,-algebra R with a specified
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isomorphism ¢ : R; — Q,/Z,, for some d. This gives maps {*: Ry_x — R}’ by
c*(a)(b) = ¢(ab). We say that R is Pontrjagin self-dual if all these maps are
isomorphisms.

Proposition 1.8. If R is Pontrjagin self-dual, then it is self-injective.

This will be proved as Proposition 8.2.

Now fix a prime p, and assume that p > 2 for simplicity. Recall that & de-
notes the Spanier—Whitehead category of finite spectra. One can construct another
triangulated category %', called the Bousfield localisation of F with respect to
p-local K-theory. Roughly speaking this is the closest possible approximation
to & that can be analysed using topological K -theory, and it is computationally
much more tractable than & itself. Ravenel’s paper [1984] is a good introduction
to both the conceptual framework and specific calculations, with references to
original sources. Devinatz [1990] has shown that the most obvious analogue of the
generating hypothesis for #' is false (his Remark 1.7), but that a related statement
is true (his Theorem 1). The analogue of the stable homotopy ring for ¥ is the
ring J described below.

Definition 1.9. Let p be an odd prime, and define a graded ring J as follows. We
put Jo =Z(,) and J_» = Q,/Z,; for notational convenience we use the symbol n
for the identity map Z,) — Jo, and ¢ for the identity map J_, — Q,/Z,. Next,
for each nonzero integer k there is a generator ay € J(p—1)k—1 generating a cyclic
group of order pUr®+! where v p(k) is the p-adic valuation of k. For the product
structure, we have:

e n(a)n(b) =n(ab) and n(a)¢ "' (b) = ¢~ (ab) and n(a)ax = a ay.
e t7Na)¢~'(b) = 0 and ¢~ (@) = O for all k.
o If £k > 0 we have

oy = —a_gay = ¢ (pT W +Zp))-
e ajor =0 whenever j +k # 0.

Theorem 1.10. The ring J=7 p ® J is Pontrjagin self-dual and therefore self-
injective. It is also totally incoherent, and the reduced quotient is J /N0=7 P

Self-duality is proved as Lemma 8.3, and incoherence as Proposition 8.7. The
reduced quotient is clear.

Remark 1.11. Tensoring with Z, here just has the effect of replacing Z ) in degree
zero with Z,. Note that this is not the same as the p-completion of J, because
(Qp/Z,), =0. Moreover, a derived version of p-completion would replace Q,/Z),
by a copy of Z, shifted by one degree, which is different again. The ring J itself is



262 Leigh Shepperson and Neil Strickland

not self-injective. However, this does not account for Devinatz’s example showing
the failure of the generating hypothesis in %’; that has a deeper topological origin.

We now note that the ring F[x]/x” is another easy example of a finite-dimensional
self-injective ring. Our next example arose by trying to generalise this. An ob-
vious possibility is to consider the ring |, F{x'/"] modulo the ideal generated
by x. Any element of this ring can be expressed as ) ¢ 4(q@)x?, for some function
a: QN[0, 1) — F with finite support. However, this ring needs to be adjusted to
make it self-injective. Firstly, it turns out to be better not to kill x itself, but just the
powers x9 with ¢ > 1. Next, self-injectivity forces certain modules to be isomorphic
to their double duals and thus to have strong completeness properties. To handle
this, we must allow some infinite sums, or equivalently weaken the condition that
a has finite support. It is also convenient (but not strictly necessary) to include
powers x¢ where ¢ is irrational. This leads us to the following definition.

Definition 1.12. Let K be a field. For any map a: [0, 1] - K we put

supp(a) = {q € [0, 1] a(g) # 0}.

We say that a is an infinite root series if every nonempty subset of supp(a) has a
smallest element (so supp(a) is well-ordered). We let P denote the set of infinite
root series, and call this the infinite root algebra.

Theorem 1.13. The formula

(ab)(g)= Y a(r)b(g—r)

0=<r=q

gives a well-defined ring structure on P. With this structure, P is self-injective and
totally incoherent. The reduced quotient is P //0 =K.

This will be proved in Propositions 9.20 and 9.21, and Corollary 9.13.
We will also discuss two rings that are not self-injective, but have a related
property that we now explain.

Definition 1.14. Let R be a graded commutative ring, and let J be an ideal
in R. We put anng(J) = {a € R|aJ = 0}. It is tautological that the ideal
anni(]) = anng(anng(J)) contains J. We say that R satisfies the double an-
nihilator condition if ann%(] ) = J for all finitely generated ideals J.

Proposition 1.15. If R is self-injective then it satisfies the double annihilator con-
dition. Conversely, if R is Noetherian and satisfies the double annihilator condition,
then it is self-injective.

This is proved in Remark 2.4 and Theorem 4.1.
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Definition 1.16. For any integer n we let B(n) be the set of exponents i such that
2% occurs in the binary expansion of n, so B(n) is the unique finite subset of N such
that n =" g 2"

The Rado graph has vertex set N, with an edge from i to j if (i € B(j) or
J € B(i)). The Rado ideal in the exterior algebra E has a generator x;x; for each
pair (i, j) such that there is no edge from i to j in the Rado graph. The Rado
algebra Q is the quotient of E by the Rado ideal.

Remark 1.17. See [Rado 1964; Cameron 2001] for discussion of the Rado graph.
Although the definition looks very specialised, the appearance is deceptive. Roughly
speaking, any countable random graph is isomorphic to the Rado graph with
probability one. The proof of this uses a kind of injectivity property of the Rado
graph, which is what suggested it to us as being potentially relevant for the present
project.

Theorem 1.18. The Rado algebra is totally incoherent (and in particular, not
Noetherian). It satisfies the double annihilator condition, but is not self-injective.

The reduced quotient is Q/ x/ﬁ =[.

This will be proved as Propositions 10.5, 10.6 and 10.8 (apart from the fact that
0/+/0 = F, which is clear).

One major difference between the Rado algebra and the stable homotopy ring is
that the former has Krull dimension zero (because all elements in the maximal ideal
square to zero) whereas the latter is Z; in degree 0 and so has Krull dimension one.
Our final example aims to do something similar to the Rado construction but without
making all the generators nilpotent. To do this we must work in base w rather than
base 2; this involves some theory of ordinals, which we briefly recall (the book
[Johnstone 1987] is an admirably concise reference). There is an exponentiation
operation for ordinals (different from the usual one for cardinals). There is a
countable ordinal called ¢y such that ¢g = », and no ordinal @ < ¢; satisfies
o = o”. Any ordinal o < €p has a unique Cantor normal form

a=aoP'n + - +oPn,,
where the n; are positive integers and o > 81 > --- > ;.

Definition 1.19. We write 1o(c, B) for the coefficient of ? in the Cantor normal
form of «. We then put

p(e, B) = max(uo(a, B), no(B, @),

and
A =Flx|a <€)/ (raxy ™" |, B < e0.a # B).

We call A the €y-algebra.
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Given any function §: €9 — N, we can give A a grading such that |x,| = (). In
Section 11 we will describe a particular function § with the property that §(«) > 0
for all «, and all the sets 8~ !{n} are finite. This will ensure that the homogeneous
pieces A, are finite for all d.

Theorem 1.20. If J is any ideal in A that is generated by a finite set of monomials,
then J = anni(] ). However, there are nonmonomial ideals J with J % anni(] ),
so A does not satisfy the double annihilator condition, and is not self-injective.
Moreover, A is totally incoherent, and the reduced quotient is

A/VO = Flxa| @ < €]/ (xaxp | # B).
This will be proved as Propositions 11.17, 11.21 and 11.22, and Corollary 11.19.

2. General theory of self-injective rings

Let R be a graded commutative ring, and Modg the category of graded R-modules.
Suppose that R is self-injective. For M € Modg we put DM = Homg(M, R)
(regarded as a graded R-module in the usual way). This construction defines a
functor D: Modz — Mod}, which is exact because R is self-injective. It follows
that D? gives an exact covariant functor from Mody to itself. There is a natural
map k: M — D*M given by x (m)(u) = u(m). Properties of D? are studied under
different technical hypotheses in [Bruns and Herzog 1993, Theorem 3.2.13], for
example.

Definition 2.1. We let U = Uy denote the full subcategory of Modg consisting of
the modules M for which k : M — D?>M is an isomorphism.

Proposition 2.2. The category U is closed under finite direct sums, suspensions
and desuspensions, kernels, cokernels, images and extensions. It also contains R

itself.

Proof. This is clear from the exactness of the functor D? and the five lemma. [
Corollary 2.3. If J < R is a finitely generated ideal, then J and R/J lie in .
Proof. They are the image and cokernel of some map €;_, %R — R. (]
Remark 2.4. If J is an ideal in R then

D(R/J)~1{a € R|aJ =0} = anng(J).

By dualising the sequence / — R — R/J, we see that D(J) = R/anng(J). It
follows that D?(J) = anng(anng(J)) = ann%(]). Thus, we have J € AU if and only
if J = ann%e(l ). In particular, if J is finitely generated then J = ann%(] ).

Lemma 2.5. For any a € Ry there is an isomorphism D(Ra) ~ >~4Ra.
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Proof. Given u € D(Ra), we put a(u) = u(a) € Ryy.. This defines a map
o: D(Ra) — R, which is clearly injective. Note that if b € anng(a) then
a(a)b = a(ab) = «(0) = 0. This proves that a(a) € ann%e(Ra)dJre = (Ra)g+e. In
the opposite direction, if ¢ € (Ra)4+. then we have ¢ = ma for some m € R,, and
the rule u,,(x) = mx defines an element w,, € D(Ra), with a(u,,) = c. This
proves that the image of « is £ "¢ Ra, as required. |

Proposition 2.6. If R is self-injective and a € R then R/ann(a) is also self-
injective.

Proof. Put Q = R/ann(a), and let i: Q — R be induced by x +— xa, so i is
injective, with image Ra. For M € Mody we write

Do(M) =Homg(M, Q) =Homgr(M, Q) and Dgr(M)=Homg(M, R).

We are given that Dy is exact, and we must show that Dy is exact. The map
i: Q — R gives a natural monomorphism i: Do(M) — Dgr(M), and it will
suffice to show that this is also an epimorphism. For any ¢: M — R we see
that ann(a).¢p (M) = ¢(ann(a)M) = ¢(0) =0, so ¢p(M) < ann%e(a) = Ra, and
i: Q — Ra is an isomorphism, so ¢ =i(y) for some ¥ € Do (M), as required. [

Proposition 2.7. If R is self-injective and I and J are ideals in R, then
anng(/ +J) =anng(/) Nanng(J) and anng(INJ)=anng(l)+anng(J).

Proof. There is a short exact sequence

1
R/(INJT) M R/IT®R/T L R+ ).

By applying the exact functor D, we get a short exact sequence

1
anng(I N J) <L anng (1) @ anng (/) <=2 anng (I + J).

The claim follows. (I

Corollary 2.8. If R is local and self-injective and I and J are nontrivial ideals,
then I N J is also nontrivial.

Proof. Let m be the maximal ideal. As I and J are nontrivial we have ann(/) < R
and ann(J) < R, so ann(/) <m and ann(J) <m, so

ann(/ NJ)=ann(/)4+ann(J) <m < R,

so I N J is nontrivial. O
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3. Criteria for self-injectivity

We first record a graded version of the standard Baer criterion for injectivity.

Definition 3.1. Let R be a graded ring, and let / be a graded R-module. We say
that / satisfies the Baer condition if for every graded ideal J < R, every integer d
and every R-module homomorphism ¢: X¢J — I, there exists m € I; such that
¢(a) =am for all a € I. We say that I satisfies the finite Baer condition if the same
condition holds for all finitely generated graded ideals J.

Proposition 3.2. In the above context, the module I is injective if and only if it
satisfies the Baer condition.

Proof. This was originally done in the ungraded context in [Baer 1940], as an
application of Zorn’s lemma. The proof is also given in many textbooks, such
as [Lam 1999, page 63]. It can be modified in an obvious way to keep track of
gradings, which gives our statement above. (]

Proposition 3.3. Suppose that 1, is finite for all d, and that 1 satisfies the finite
Baer condition. Then I also satisfies the full Baer condition and so is injective.

Proof. Consider a graded ideal J < R and a homomorphism ¢: £¢J — I. For
each finitely generated ideal K C J we put

M(K)y={mel;|¢(a)=am foralla € K}.

The finite Baer condition means that this is a nonempty subset of the finite set /.
Choose K such that |M (K)| is as small as possible, and choose m € M (K). For
a € J itis clear that M (K + Ra) € M (K), so by the minimality property we must
have M(K + Ra) = M(K), som € M(K + Ra), so ¢ (a) = am. This proves the
full Baer condition. O

Definition 3.4. Let R be a graded ring, and let / be an R-module. A fest pair of
length r and degree d is a pair (1, v) where u € R” and v € I” such that the entries
u; and v; are homogeneous with |v;| = |u;|+d for all i. A block for such a pair is a
vector b € R” such that b.u = 0 but b.v # 0 (where b.x = ), bjx;). A transporter
is an element m € I; such that v; = mu; for all i.

Remark 3.5. We implicitly formulate the theory of graded groups in such a way
that the zero elements in different degrees are distinct. Thus, the notation |u| is
meaningful even if u = 0.

Proposition 3.6. The module 1 satisfies the finite Baer condition if and only if every
test pair has either a block or a transporter.

Proof. Suppose that every test pair has either a block or a transporter. Consider
a finitely generated graded ideal J < R, and a homomorphism ¢: ¥¢J — R.
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Choose a list u = (uy, ..., u,) of homogeneous elements that generates J, and put
v; = @ (u;) € I. Note that if b € R" with b.u = 0 then we can apply ¢ to see that
b.v = 0. It follows that the pair (1, v) has no block, so it must have a transporter.
This means that there is an element m € I; with ¢ (u4;) = u;m for all i, and it follows
easily that ¢ (a) = am for all a € J, as required.

Conversely, suppose that I satisfies the finite Baer condition. Consider a test pair
(u, v) of degree d with no block, and let J be the ideal generated by the entries u;.
Define ¢p: X¢J — I by ([)(Zi biu,-) = . bjv; (the absence of a block means that
this is well-defined). The finite Baer condition means that there is an element m € I
with ¢ (a) = am for all a € J, and this m is clearly a transporter for (u, v). Il

Corollary 3.7. Let R be a graded commutative ring such that Ry is finite for all k.
Suppose also that there are subrings

RO)<R(1)<R2)=<---<R
such that each R (n) is self-injective and R =|_J,, R(n). Then R is self-injective.

Proof. Any test pair (1, v) € R” x R” can be regarded as a test pair over R(n) for
sufficiently large n. As R(n) is self-injective, there must be a block in R(n)" or a
transporter in R(n). It is clear from the definitions that such a block or transporter
still qualifies as a block or transporter over R, so we see that R satisfies the finite Baer
condition. As we have assumed that Ry is finite for all k, we can use Proposition 3.3
to see that R is injective as an R-module. (I

Theorem 3.8. Let R be a graded commutative ring such that Ry, is finite for all k.
The following conditions are equivalent:

(a) R is self-injective.
(b) For all finitely generated ideals J, K < R we have ann%(] )=J and

anng(J N K) = anng(J) 4+ anng (K).

(c) For all elements a € R and every finitely generated ideal J < R we have
ann%e (a) = Ra and

anng (J N Ra) = anng(J) 4+ anng(a).

Proof. It follows from Remark 2.4 and Proposition 2.7 that (a) implies (b). If (b)
holds, then (c) follows immediately. Now suppose (c) holds. As we have assumed
that Ry is finite for all k£, we may use the theory of blocks and transporters. We
proceed by induction on the length of a test pair to show that every test pair over
the ring R has either a block or a transporter. Let (u; v) be a test pair of length 1
and degree d. Suppose this test pair has neither block nor transporter. Then
anng (1) < anng(v) and by assumption we have Rv = ann%e(v) < ann%e(u) = Ru,
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that is, v = um for some m € R;. Since m is a transporter for this test pair, we have
a contradiction.

Now suppose each test pair of length < k and arbitrary degree has either
a block or a transporter. A test pair of length k + 1 and degree d takes the
form (u, ur41; v, vr+1), where (u; v) is a test pair of length k£ and degree d and
(Uk+1, Vk+1) 1S a test pair of length 1 and degree d. By the inductive hypothesis,
both the test pairs (u#; v) and (ux+1, vk+1) have either a block or a transporter.
If (#; v) has block r, then (r, 0) is a block for the test pair (u, ugy1; v, Vit1).
Similarly, if (u#x41, vk+1) has block r¢41, then (0, ..., 0, r¢y1) is a block for the
test pair (u, ugy1; v, vg+1). Otherwise, (u; v) must have transporter m € R; and
(441, vr+1) must have transporter n € R;. In this situation, suppose the test
pair (u, ugy1; v, vg+1) has neither block nor transporter and let J be the ideal
generated by the entries of u. The absence of a block implies that there is a well
defined map ¢ : £9(J + Rus;1) — R defined by qb(Zfill b,u,-) = Zf:ll biv;.
Now let s be an element in the intersection J N Ruiy;. Then we must have
s = Zle siuj = Sky1Ur+1 for elements s; € R for each i. Applying the map ¢ to
the zero element (Zf: | Silli) — Sk41Uk+1 gives

k k
0= <Z Sivi) — Sk41Vk4+1 = (Z si”im) — Sk41Upp1n = s(m — n).

i=1 i=1

Thus it follows that the element m — n is in the annihilator ideal anng(J N Rug41).
By assumption, we have anng(J N Rug41) = anng(J) + anng (4g41). Now let
m—n=x—y,where x € anng(J) and y € anng (ux+1), andputz=m—x =n—y.
Since u;jz = uj(m —x) = u;m = v; for eachi < k and ugy1z2 = up41(n —y) =
Up+1n = v it follows that z is a transporter for the test pair (u, ug41; U, Vg41).
As this gives a contradiction, it follows that every test pair of length k + 1 and
arbitrary degree must have either a block or transporter. We deduce that every test
pair in the ring R must have either a block or transporter, and since Ry is finite for
each k, we can use Proposition 3.6 to show that R is injective as an R-module. []

4. The Noetherian case

Theorem 4.1. Let R be a Noetherian graded commutative ring. Then the following
are equivalent:

(a) R is self-injective.
(b) For every ideal J < R we have ann%e(J) =J.

(c) R is Artinian (and thus is a finite product of Artinian local rings), and each of
the local factors has one-dimensional socle.
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Statements similar to this are certainly well-known (see, for example, [Bruns
and Herzog 1993, Exercise 3.2.15]), but we do not know a reference for this precise
formulation. For completeness we will give a self-contained proof after some
lemmas.

Lemma 4.2. Let R be an Artinian local graded ring, with maximal ideal m, and put
K = R/m. Suppose that the socle soc(R) = anng(m) has dimension one over K.
Then every nonzero ideal in R contains soc(R).

Proof. Let I be a nonzero ideal. By the Artinian condition, we can choose an
ideal J that is minimal among nonzero ideals contained in /. Recall that every
Artinian ring is Noetherian (see, for example, [Matsumura 1980, Theorem 3.2]), so
we can use Nakayama’s lemma to see that mJ < J and thus (by minimality) that
mJ = 0. This means that J is a nontrivial K -subspace of soc(R), but soc(R) has
dimension one, so J = soc(R), so soc(R) < I. ]

Lemma 4.3. Suppose that R is as in Lemma 4.2. Then for all ideals J < R we have
amn%e J)=1J.

Proof. First, it is standard that we can fit together a composition series for J with a
composition series for R/J to get a chain

O=h<lLi<---<I,=R

with [; /I;_; >~ K for all i, and J = I for some 7. Now let A; be the annihilator of
1;, so we have
R=Ap>A > > A =0

Now mA;lj+1 = Ai(mliy1) < A;l; =0, 50 A;l;+1 <soc(R). On the other hand,
we have A;I; =0 and A;;11;+1 = 0. We therefore have a natural map

Ei: Ai/Ai—H —> HOIIIK (Ii—i-l/lia SOC(R))

given by &;(a + Aj+1)(b + I;) = ab. 1t is clear from the definitions that this is
injective, and the codomain is isomorphic to K, so A;/A;41 is either O or K. It is
standard that any two composition series have the same length, so we must have
A;/Ai+1 ~ K for all i, so A; has length » — i. After applying the same logic
to the composition series {A,_;}/_, we see that the ideal ann(A;) = ann?(I;) has
length i. We also know that I; < ann?(/;) and that I; also has length i; it follows
that I; = ann”(;), as required. O

Corollary 4.4. Suppose that R is as in Lemma 4.3. Then R is self-injective.

Proof. Consider an ideal / < R and an R-module map f: I — R. Choose a
composition series 0 = Jop < J; < --- < J, = 1. We have J;/J;_1 ~ K so we can
find a; € J; \ J;_1 such that J; = J;_{ 4+ Ra; with ma; < J;_;.
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We will construct elements xo, ..., x, € R such that f(a) = ax; for all a € J;.
We start with xo = 0. Now suppose we have found x;_;. Put u; = f(a;) — x;j_14;.
Using the fact that ma; < I;_; we find that mu; =0, so u; € soc(R). Next, we have
ai €l = ann?(1;_,), so ann(l;_1)a; # 0. As every nontrivial ideal contains the
socle, we see that u; € ann(/;_1)a;, so we can write u; = y;a; for some y; with
vili_1 = 0. We now put x; = x;_| + y;. By construction we have f(a) = ax;
for a € I;_; or for a = a;, and it follows that this equation holds for all a € I; as
required. At the end of the induction we have an element x, which fulfils Baer’s
criterion. U

Proof of Theorem 4.1. 1t follows from Remark 2.4 that (a) implies (b). Now
suppose that (b) holds. Consider a descending chain of ideals Ip > 11 > I, > - --
in R. The ideals ann(/) then form an ascending chain, which must eventually
stabilise because R is Noetherian. We can thus take annihilators again to see that
the original chain also stabilises. This shows that R is Artinian. It follows in a
standard way that there are only finitely many maximal ideals, and that R is the
product of its maximal localisations. We thus have a splitting R = [[/_, R; say,
where each factor R; an Artinian local ring. It follows that the lattice of ideals in R
is the product of the corresponding lattices for the factors R;, and thus that each
R; satisfies condition (b). We can thus reduce to the case where R is local, with
maximal ideal m say. Recall that the socle is soc(R) = {a € R | am =0} = anng (m),
which is naturally a vector space over the field K = R/m. If soc(R) were zero we
would have m = ann?(m) = ann(soc(R)) = ann(0) = R, which is a contradiction.
We can therefore choose a nonzero element u € soc(R). We find that Ku = Ru is
a nonzero ideal in R, so ann(Ku) is a proper ideal containing ann(soc(R)) = m,
so ann(Ku#) = m by maximality. We can now take annihilators again to see that
Ku = ann(m) = soc(R), so soc(R) is one-dimensional. This proves (c).

Finally, we will assume (c) and prove (a). It is again easy to reduce to the case
where R is local, and the local case is covered by Corollary 4.4. (]

Definition 4.5. Let K be a field. A Poincaré duality algebra over K is a graded
commutative K-algebra R equipped with a K-linear map 6: R; — K for some
d > 0 such that:

e Fori <Oori >d wehave R; =0.
e Ry=K.

e For 0 <i <d we have dimg (R;) < 00, and the map (a, b) — 6 (ab) defines a
perfect pairing between R; and R;_;.

Proposition 4.6. Every Poincaré duality algebra is self-injective.

Proof. Let R be a Poincaré duality algebra of top dimension d, and putm=¢&p,_ R;.
It is clear that R/m = K and m“*! =0, and it follows that m is the unique maximal
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ideal. As R has finite total dimension over K it is clearly Artinian. The perfect
pairing condition implies that soc(R) = R, and that this has dimension one. It
follows by Theorem 4.1 that R is self-injective.

Alternatively, for any R-module M we can define a natural map

7: Homg(M, R) — Homg (M4, K)

by t(¢) = 0 o ¢;. Using the perfectness of the pairing we see that this is an
isomorphism. As K is a field, the functor M — Homg (My, K) is exact, and it
follows that the functor M — Hompg (R, R) is also exact, or in other words that R
is injective as an R-module. U

Example 4.7. Put
E =F[xo, x1, X2, ... 1/(x? | i > 0),

with |x;| =2'. For any finite set / C N we putx; = [],; xi, s0 [x;] =>_,;; 2" and

the elements x; form a basis for E over [F. It follows that E; ~ [ for all kK > 0, and

Ey =0for k <0. Let E(n) be the subalgebra of E generated by xo, ..., x,—1. This

is a Poincaré duality algebra, with socle generated by the element [ [;_, x;, and it

is clear that E = _J,, E(n). Corollary 3.7 therefore tells us that E is self-injective.
5. Coherence

We now briefly recall some standard ideas about finite presentation.

Definition 5.1. Let R be a graded commutative ring, and let M be a graded
R-module. Then we see from [Lam 1999, Section 4D] the following are equivalent:

(a) There exists an exact sequence
A g
P= Py—=> M — 0,

where Py and P are finitely generated free modules.

(b) M is finitely generated, and for every epimorphism g: Pp — M (with Py a
finitely generated free module) the module ker(g) is also finitely generated.

If these conditions hold, we say that M is finitely presented.

-
Remark 5.2. By finitely generated free module, we mean one of the form B X% R;
we do not assume that the degree shift d; is zero. i=l

Corollary 5.3. If R is Noetherian, then every finitely generated ideal is finitely
presented.

Proof. Condition (b) is clearly satisfied. U
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As we stated in Definition 1.2, a graded ring R is said to be coherent if every
finitely generated ideal is finitely presented, and fotally incoherent if the only finitely
presented ideals are O and R. It is clear that every Noetherian ring is coherent. We
mention as background that if R is coherent, then the category of finitely generated
modules is closed under images, kernels, cokernels and extensions, so it is an
abelian category. The following example is standard:

Proposition 5.4. The infinite exterior algebra E (as in Example 4.7) is coherent.

Proof. Let E(n) be the subalgebra generated by xo, ..., x,_1, and let E'(n) be
generated by the remaining variables, so E = E(n) Qg E’'(n). Any finitely generated
ideal is the image of some E-linear map g: E” — E, which will have the form
g(u) = u.v for some vector v € E”. We must show that the module K = ker(g) is
finitely generated. Choose n large enough that v; € E(n) for all i. Now v gives a
map g’': E(n)" — E(n) of E(n)-modules, and E (n) is Noetherian, so the module
K’ = ker(g’) is finitely generated over E(n). We can identify g with ¢’ ® 1 with
respect to the splitting £ = E(n) ® E’(n), and it follows that K = K’ ® E(n)’, and
thus that any finite generating set for K’ over E(n) also generates K over E. [J

The following result will be our main tool for proving incoherence results.

Lemma 5.5. Let A be a local graded ring, with maximal ideal m, and let I be a
finitely presented ideal in A. Then for each u € I \ ml, the image of anny (u) in
m/m? has finite dimension over A/m.

Note here that as u € m/ we have u # 0, so anng (#) < m and it is meaningful
to talk about the image in m/m?.

Proof. As I is finitely generated over A, we see that //m/ is a finite-dimensional
vector space over A/m. We can choose a basis for this space containing the image
of u, and then choose elements of [ lifting these basis elements. This gives a list
Vi, ..., Uy € I with vy = u such that the corresponding map g: A" — [ induces
an isomorphism g: (A/m)" — I /ml. Now cok(g) is a finitely generated module
with m. cok(g) = cok(g), so cok(g) = 0 by Nakayama’s lemma, and so g is an
epimorphism. As I is assumed to be finitely presented, we see that ker(g) is
also finitely generated over A. Moreover, as g is an isomorphism we see that
ker(g) < m”. It follows that the image of ker(g) in (m/m?)" is finite-dimensional.
The intersection of ker(g) with the first copy of A in A" is just the annihilator of u,
so we see that the image of anny (1) in m/m? is finite-dimensional. U

Corollary 5.6. Let A be a local graded ring, with maximal ideal m. Suppose that
all u € A satisfy one of the following conditions: u = 0; the image of anng (1) in
m/m? has infinite dimension; or u is invertible.

Then A is totally incoherent.
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Proof. Let I be a finitely presented ideal. If m/ = [ then / = 0 by Nakayama’s
lemma. Otherwise, we can choose u € I \m/. As u ¢ mI we have u # (0. By the
lemma, the image of ann, () in m/m? must have finite dimension. Thus, the first
two possibilities are excluded, and u must be invertible. As u € I we conclude that
I =A. O

Next we record a graded version of Chase’s theorem for coherent rings.

Theorem 5.7. Let R be a graded commutative ring. The following conditions are
equivalent:

(a) R is coherent.

(b) For all elements a € R and for every finitely generated ideal J < R, the
conductor ideal

(J:a)={reR|rael}

is finitely generated.

(c) For all elements a € R, the annihilator ideal anng (a) is finitely generated, and
for all finitely generated ideals J, K < R, the intersection J N K is finitely
generated.

Proof. The ungraded version of the proof is given in many textbooks such as [Lam
1999, page 142]. It can be modified in an obvious way to keep track of gradings,
which gives our statement above. O

Theorem 5.8. Let R be a graded commutative ring such that Ry, is finite for all k.
The following conditions are equivalent:

(a) R is coherent and self-injective.
(b) R is coherent and for all finitely generated ideals J < R we have ann%(] )=J.

(c) For every finitely generated ideal J < R, the ideal anng (J) is finitely generated
and annk(J) = J.

(d) R is self injective and for all finitely generated ideals J < R, the ideal anng(J)
is finitely generated.

Proof. It follows from Remark 2.4 that (a) implies (b). To show that (b) implies (c)
we need to show that the ideal anng(J) is finitely generated for each finitely
generated ideal J < R. If we let (ry, ..., r;) be generators for the ideal J, then we
can take the annihilator of J to give anng(J) = (), anng(r;). Since R is assumed
to be coherent, it follows from part (c) of Theorem 5.7 that anng(r;) is finitely
generated for each i and that a finite intersection of finitely generated ideals is also
finitely generated. Thus anng(J) is finitely generated as claimed. Now suppose
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that part (c) holds. To prove that (c) implies (d), we need to show that R is injective
as an R-module. For all ideals J, K < R we have

anng (anng(J) +anng(K)) = ann%e(.]) ﬂann%e(K) =JNK.

By assumption, the ideal sum anng(J) 4 anng (K') must be finitely generated. Thus
we can take double annihilators to give

anng(J) 4+ anng(K) = anng(J N K).

Since Ry is finite for each k, we can use part (b) of Theorem 3.8 to complete the
claim. We now conclude by showing that (d) implies (a). By assumption, the
annihilator ideal anng(a) is finitely generated for all elements @ € R. Then for
all ideals J, K < R we know that the ideal sum anng(J) + anng(K) is finitely
generated by assumption. By taking annihilators we then have

anng(anng(J) +anng(K)) = ann%e(J) ﬂann%(]() =JNK,

where the double annihilator condition holds by Remark 2.4. However, by as-
sumption, the annihilator of a finitely generated ideal is also finitely generated.
Thus the intersection J N K must be finitely generated. It follows from part (c) of
Theorem 5.7 that the ring R is coherent as claimed. U

6. Self-injective adjustment
Definition 6.1. We write %R for the category of commutative graded [F-algebras
such that:
(@) Ry =0forall k <O.
(b) Ry =F.
(c) Ry is finite for all £k > 0.

Proposition 6.2. Let R be a ring in R, and let P be a finite set of test pairs in R
that have no transporters. Let m be a positive integer. Then there is an extension
R’ > R of graded rings such that:

(a) R’ isalsoinR.
(b) R, = Ry forall k < m.
(¢) Each test pair in P has a block in R’.

Proof. List the elements of % as (ug, vo), ..., (up—1,vp—1) say. Suppose that
(us, vy) has length r;, and let d; be the maximum of the degrees of the entries u; ;
for 0 < j <r;. Let P be the polynomial ring obtained from R by adjoining variables
byjforO0<t<pand0<j<r,with |b ;| =m+d; — |u; j| >m > 0. Put
w; = Z;.’:_Ol by ju; j€ Pand R'=P/(wo, ..., wp—1). There is an evident ring map
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n: R— R’, and also aring map 7 : R" — R given by 7(b; ;) =0 forall  and j. It
is clear that 7 = 1, so n is injective, and we can use it to regard R’ as an extension
of R. As |b; j| = m > 0, it is easy to see that R’ € % and that the map Ry — R; is
surjective (and therefore bijective) for k < m. By construction we have b;.u; =0
in R’. We claim that b,.v, # 0 in R’, or equivalently that b,.v, cannot be written
as ) c;w, in P. To see this, let ¢* denote the constant term in the polynomial c;.
By examining the coefficient of b, ; in the equation b,.v, = >, Csw, We obtain
v;,j = c*u, ; for all j, which means that ¢* is a transporter for (u;, v;), contrary to
assumption. Thus, b, is a block for (u,, v;) in R’, as required. U

Definition 6.3. Let R be a ring in R, and let (u, v) be a test pair for R. We say
that (u, v) is good if it has either a block or a transporter, and bad otherwise. We
say that (u, v) is nondegenerate if u; # 0 for all i. For any homogeneous element
x € R we put |x|; = max(0, |x|). The weight of (u, v) is ), (1 + [u;|+ + |vil+).

Lemma 6.4. Let R be a ring in R, and suppose that all nondegenerate test pairs
are good. Then R is self-injective.

Proof. Consider an arbitrary test pair (1, v) € R” x R". If there exists i such that
u; = 0 but v; # 0, then the basis vector ¢; € R” is a block for (u, v). Otherwise, let
(u', v") be the test pair obtained by removing all zeros from u and the corresponding
zeros from v. This is nondegenerate, so it has a block or a transporter. If 5 is a
block for (u’, v), then we can construct a block for (u, v) by inserting some zeros.
If m’ is a transporter for (u’, v'), then it is also a transporter for (u, v). We therefore
see that all test pairs for R are good, so R is self-injective. (I

Lemma 6.5. There are only finitely many nondegenerate bad test pairs of any given
weight.

Proof. Consider an integer N > 0. Any nondegenerate bad test pair (u, v) of
weight N must have length at most N. Moreover, as (u, v) is nondegenerate we
must have u; # 0 for all i, and as R € R this means that |u;| > 0. We also have
> i luil < weight(u, v) = N. It is clear from this (and the finiteness of Ry) that
there are only finitely many possibilities for u. Next, let d be the degree of (u, v),
so |vj| = |u;| + d. From this it is clear that d < N. If d is sufficiently negative
then we will have v; = 0 for all 7, so O is a transporter for (u, v), contradicting
the assumption that (u, v) is bad. We therefore see that there are only finitely
many possibilities for d. Given u and d, it is clear that there are only finitely many
possibilities for v. (I

Theorem 6.6. Suppose that R € R, and that m > 0. Then there is an extension
R’ > R such that:

(a) R isalsoin R.

(b) R, = Ry forall k < m.
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(c) R’ is self-injective.

Proof. We define rings R’(0) < R’(1) < --- as follows. We start with R'(0) = R.
For each k > 0, we let R'(k + 1) be an extension of R’(k) that agrees with R’(k) in
degrees less than k 4-m, such that every nondegenerate bad test pair of weight at
most k in R’ (k) has a block in R’(k+1). This can be constructed by Proposition 6.2
and Lemma 6.5. Now take R’ to be the colimit of the rings R’(k). By construction
we have R! = R'(k); for sufficiently large k, and using this it is clear that R’ € R.
Consider a nondegenerate test pair (u, v) € R’. For sufficiently large k we can
assume that k > weight(u, v) and that u;, v; € R'(k) for all i. If (u, v) is good in
R’ (k) then it is good in R’. If it is bad in R’(k) then by construction it becomes
good in R’(k + 1) and therefore in R’. O

7. The cube algebra
Recall that in the statement of Theorem 1.6 we introduced the ring

C =Flyo, y1» .- 1/ +yivig1 1i > 0),

with the grading given by |y;| = 2/. We now investigate the structure of this ring
(which we call the cube algebra).

Definition 7.1. We also put
Cln, 001 = Flyns Yt - - - 1/ + viyigrln <i < 00),
Cln,m)=Fyn, ..., yml/ 7 +yivigaln <i <m),
Cln, m] = Cln, ml/ym

Lemma 7.2. The evident maps

Cln+1l,m]——=Cln+1,m+1] ——= C[n+1, o]

| l |

Cln,m]—— Cln,m+1] Cln, o]

| l |

Cl0,m] ——— C[0,m+ 1] C[0,00]=C

are all split injective, so all the rings mentioned can be considered as subrings of C.
Proof. There is a graded ring map to: F[yo, y1,...] — C[n, m] given by
0 ifi <n,
T0(yi) =\ ¥i ifn<i<m,

y2 " ifm<i.
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It is straightforward to check that 1 (yl.3 4+ yiyi+1) =0 for all i > 0, so there is an
induced map 7: C — C[n, m]. Clearly the composite C[n, m] — C N Cln, m]is
the identity, so the map C[n, m] — C is injective for all m and n. The other claims
follow from this. O

Definition 7.3. We write P for the polynomial ring F[yo, yi, ...], so that C is a
quotient of P. A multiindex is a sequence o = (p, &1, . . . ) of natural numbers with
o; =0fori > 0. We write MP for the set of all multiindices. Given o« € MP we write
y*=T1; »" and || = [y*| = Y, &;2". It is clear that the set BP = {y* |« € MP}
is a basis for P over F.

Definition 7.4. We put
M'Cn, m

|={dee MP |a; =0fori <nori>manda; <3forn<i<m},
MCln, m] =

]

]

{a e MP |a; =0fori <nori>m},
B'Cln,m]={y*|a € M'C[n, m]},
BC[n, m ={y“ la € MCln, m]}.

Note that in the definition of M'C[n, m] the constraint o; < 3 does not apply
when i = m, so in particular M'C[n, m] is infinite.

Proposition 7.5. B'C[n, m] is a basis for C[n, m], and BC[n, m] is a basis for
C[n, m]. Moreover, C[n, m] is a Poincaré duality algebra over .

The proof depends on the following result:

Lemma 7.6. Let A be a commutative algebra over [, let f(t) € A[t] be a monic
polynomial of degree d, and put B = A[x]/f (x). Then {1, x, ..., x% '} is a basis
for B over A. Moreover, if A is finite-dimensional over F and has Poincaré duality,
then the same is true of B.

Proof. We first claim that any polynomial g(x) € A[x] can be expressed uniquely in
the form g(x) =g (x) f (x) +r(x) with deg(r (x)) < d. This can easily be proved by
induction on the degree of g(x), and it follows directly that {1, ..., x?~!} is a basis
for B over A. Now suppose that A has Poincaré duality, so there is a linear map
6: A — [ such that the bilinear form (u, v) — 0(u, v) is perfect. This means that

there exist bases {ug, ..., U, 1} and {vg, ..., v,_1} for A such that 9(u~vj) = djj.
Now define ¢ : B — F by ¢( 0 ax ) G(ad 1). We define bases {so, . . ., Snd—1}
and {to, ..., tya—1} for B by s,;4; = x'u; and t,;4; = xd-1- ’v for0<i <d and

0 < j <n. Itis clear that ¢ (sx#;) = 1. Suppose we have 0 < k < k' < nd. Write
k=ni+ j and k' = ni’ + j' as before; we must have either i < i’, or (i =i’ and
j < Jj"). In either case, we find that ¢ (s;¢;) = 0. Thus, the matrix of ¢ with respect
to our bases is triangular, with ones on the diagonal, proving that ¢ gives a perfect
pairing on B. ]
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Proof of Proposition 7.5. From the definitions we have C[m, m] = F[y,] and
B'C[m, m]={yy" | a, € N} so clearly B'C[m, m] is a basis for C[m, m]. Similarly,
it is clear that the set C[m, m] = {1} is a basis for the ring C[m, m]=C[m, m]/ vy, =F,
and that this has Poincaré duality.

Next, C[n, m] can be described as

Cln+ 1, mllyal/f (yn),

where f(t) =t>+ y,,1t is a monic polynomial of degree three with coefficients in
C[n+ 1, m]. It also follows that C[n, m] = C[n+ 1, m1[y,]1/f (yx). All claims in
the proposition now follow by downwards induction on »n using Lemma 7.6. [J

Remark 7.7. Note that the algebra

_ Fly,, ey Y
Cln. m] = 3[y Ynt1 ym31]
O + YnYnttseeos Yop)

has the same number of relations as generators, and has finite dimension over [F. It
is known that in this situation the sequence of relations is necessarily regular, and
that the algebra automatically has Poincaré duality. (This can be extracted from
[Matsumura 1980, Section 17], for example.) This would give another approach to
Proposition 7.5.

Definition 7.8. Let o be a multiindex. We say that
(a) «ais flat if o; < 3 for all i;
(b) « is n-truncated if a; = 0 for all i < n;

(c) a is m-solid if it is flat and whenever m < p < g and o, > 0 we also have
ap > 0.

We consider all flat multiindices to be co-solid. For 0 <n <m < co we put
MC[n,m] ={a € MP | « is n-truncated and m-solid},

and BC[n,m] = {y* |a € MC[n, m]}. We also write M C for the set M C[0, oo]
of all flat multiindices.

Proposition 7.9. BC[n, o] is a basis for C[n, 0o].

Proof. We must show that for each degree d € N, the set BC[n, oo], is a basis for
Cln, 00]y. Choose m > n such that 2™ > d. Then clearly BC[n, o0]y = B'C[n, m]y
and C[n, oo]y = C[n, m]y so the claim follows from Proposition 7.5. O

It is also true that BC[n,m] is a basis for C[n, m] when m < oo, but it is
convenient to leave the proof until later.

Proposition 7.10. For any multiindex o € MP, there is a multiindex B € M C such
that y* = yP.
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Proof. If a & MC, we let k denote the smallest index such that oy > 2, and define
o’ € MP by
o ifi <k,
, o —2 ifti =k,
a1 +1 ifi=k+1,
o ifi >k+1.

Because y,g’ = yiyis1 we have y* = y¢'. Moreover, o’ has the same degree as o,
and is lexicographically lower than «. There are only finitely many monomials of
any given degree, so the claim follows by induction over the lexicographic order. [

Definition 7.11. (a) We put xg = yg, and x, = y, + yr%_l forall n > 0.
(b) Forn >m > 0 we put xp »; = [ /=, xi and ypun = [1i~, vi-

Proposition 7.12. For all n > 0 we have y, = Z?:o xsii and ypx,4+1 = 0. Thus,
the ring C can also be presented as

n .
C= [F[xo,xl,xz,...]/<xn+1 Zx;f_i n 20).
i=0

Proof. Once we recall that (a+b)> = a®>+b* (mod 2), the equation y, = Z?:o x,fi_i
is easily checked by induction. Note that this already holds in the polynomial ring P.
As the elements x; can be expressed in terms of the y; and vice versa, we see that
P = F[xo, x1, ...]. The defining relations y,f + YuYn+1 = 0 for C can clearly be
rewritten as y,x,+; = 0 and thus as xn+12?:0 xrzlll. =0. U

Lemma 7.13. Whenever m < n we have ymy[zm’n] = Yim.n+1]-
Proof. The inductive step is
2 2 2 2
ymy[m’n+1] = ymy[m,n]yn+l = y[m,n+]]yn+1
= )’[m,n]strl = Y[m,n1Yn+1Yn+2 = Yim,n+2]- u
Corollary 7.14. For k > 0 we have ynzzk_1 = Yim.m+k—1]-

Proof. The induction step is

k k_
y,%, '= ym(y31 1)2 = ymy[zm,m.l,_k_l] = Yim,m+k]- 0
Lemma 7.15. Fix m € N, and put

U={oeeMC|aism-solidand o; =0 fori < m}.

Then there is a bijection N — U written as k — 0[m, k] such that y?'"* = y,’jl
in C.
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Proof. First, if @ € U it is clear that |«| is divisible by 2™, so we can define
8: U — Nbyd(a)=|al/2™m.

Now consider k € N. There is a unique » € N such that 2" — 1 <k < 2"+! — 1.
This means that 0 <k — (2" — 1) < 2", so there is a unique set J/ {0, 1,...,r—1}
with k — (2" —1)=3";.,2/. We put

ifi <m,
ifm<i<m4randi—m¢J,
fm<i<m+randi—meJ,

ifm+r <i.

Olm, k]; =

S N = O

This is clearly in U. Next, we claim that y?["kl = y . To see this, put z = y2 -1

which is the same as yp, m+r—17 by Corollary 7.14. We have

O[m,k] __ _
y k] — Yim,m+r—1] 1_[)’m+j =2z 1_[ Ym+j>
jelJ jedJ

2143, 2 j
ve=wm YT =]
jeJ
Now, for 0 < j < r we have y,; (ymﬂ + ym+J+1) =0 and z is divisible by y,;
SO z(ym+] + ym+,+1) =0, and S0 yp 441 = ym+] modulo ann(z) It follows induc-

tively that ym+ j=y2 (mod ann(z)), so []; jes Ym+j = ]_[ <7 ¥2 (mod ann(z)), so
yoUmkl = yk ag clalmed It also follows that § (6 [m, k]) = |y91’” K jom =|yk | /2m =

Now let « be an arbitrary element of U. By the definition of solidity, there is an
integer s > 0 such that when m <i <m +s we have o; € {1,2} and fori > m +s
we have «; = 0. It is then clear that

E 2’§Ia|§2§ 2,
m<i<m-+s m<i<m-+s

or in other words 2° — 1 < §(ar) < 257! — 1. It follows easily that o = 6[m, §(a)],
so we have a bijection as claimed. U

Proposition 7.16. For 0 <n <m < o0, the set BC[n, m] is a basis for C[n, m].

Proof. The case m = oo was covered by Proposition 7.9, so we may assume
that m < oo, so B'C[n, m] is a basis for C[n, m] by Proposition 7.5. However,
Lemma 7.15 implies that B’C[n, m], considered as a system of elements in C[n, m],
is just the same as BC[n, m]. O

Proposition 7.17. Suppose that 0 <n <k <m < oo and k < oo. Then

annc,, ) (xx) = Cln, m]yg—.
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Proof. The m = oo case will follow from the m < oo case, as C[n, m]; = C[n, 00]y
when m is large relative to d. We will thus assume that m < oo.

We have already observed that x; yx—1 =0, so anncy, m1(xx) > Cln, m]yx—1, and
multiplying by x; gives a well-defined map f: C[n, m]/(Cln, m]yr—1) — Cln, m].
It will suffice to show that f is injective.

For this, we put

N ={a € MCn, m]| -1 =0},
A={y"|a €N} CCln,m],
Z =span(A) < Cl[n, m].

By inspecting the generators and relations on both sides, we see that
Cln, m1/(Cln, mlyr-1) = Cln, k = 11® Clk, m].

Propositions 7.5 and 7.9 show that A also gives a basis for C[n, m]/(C[n, m]yx—1),
so C[n,m] = Z & (C[n, m]yy—1). Now let g denote the composite

Z 5 Cln.m)/(Cln. mlye—) & Cln.m) ®% Cln. m)/ 2.
It will certainly be enough to show that g is injective. It is not hard to see that
wZ < Z,and x; = y,f_l + v, s08@)=xx2+Z = y,f_lz + Z, and so g gives an
injective map from A to BC[n, m]\ A. These sets are bases for the domain and
codomain of g, so g is injective as required. U

Proposition 7.18. C is self-injective.

Proof. As C is finite in each degree, it will suffice (by Propositions 3.3 and 3.6)
to show that every test pair (#, v) in C has either a block or a transporter. Let d
be the degree of (u, v), so |v;| = |u;| + d. Note that some of the entries u; and v;
may be zero, in which case |u;| or |v;| can be negative. Choose m such that 2" > d
and also 2" > |u;| and 2™ > |v;| for all i. Now (u, v) can be regarded as a test
pair in C[n, m]. Let  be the projection C[n, m] — Cln,m] = Cln, m)/ym. As
C[n, m] has Poincaré duality, it is self-injective, so the test pair (7 (u), 7 (v)) has
either a block or a transporter. First, suppose that there is a transporter 7 (¢), so
m(v;) = m(tu;) for all i. This is an equation between elements of degree |v;| < 2™,
and 7 : C[n,m] — C[n, m] is an isomorphism in this degree, so v; = fu;, so we
have a transporter for the original pair (u, v).

Suppose instead that there is a block for (77 (1), w(v)), say w(b). This means
that 7 (b.u) =0 but 7 (b.v) #0, so b.u € C[n, m]y,, but b.v &€ C[n, m]y,,. Using
our bases for the various rings under consideration, we see that C[n, m]y, =
(Cym) N C[n, m], and thus that b.v € Cy,,. It now follows from Proposition 7.17
that (x,,4+10).u = 0 and (x,+1b).v # 0, so x,,4+1b is a block for the original pair
(u, v). U



282 Leigh Shepperson and Neil Strickland

We now wish to prove that C is coherent, which turns out to involve substantial
work. It will be convenient to regard the set BC[n, m] = {y* |« € MC[n, m]} as a
subset of C[n, m] rather than a subset of C[n, m]. We write C‘[n, m] for the span
of this set, so the projection C[n, m] — C[n, m] restricts to give an isomorphism
C’[n, m] — Cln, m].

Lemma 7.19. For p > 3 we have

2 2 2
Y10, p—3110,p—11Y1Yp=1Yp = V[0, p]
(and in particular, this is nonzero modulo y,1).

Proof. Put A = C[0, p]/ann(yjo, ). We claim that in A we have

2
Y10, p—31Y10,p—11Y1Yp—1 = Y0, p]-

Assuming this, we can just multiply by yjo, ») to recover the statement in the lemma.

For 0 <i < p we have y; (yi2+y,-+1) =0so y[()’p](yiz-i-yi_*_l) =0andso yj+1 = in
in A. We thus have y; = ygk in A for 0 <k < p, and so A = F[yg]. It is thus enough
to show that the two sides of the claimed equation have the same degree, which is a
straightforward calculation. U

Lemma 7.20. For any p > 3 we have

3
BCI[0, p—2] BCI0, p1 < | [ BCI0. p— 11y, _,.
i=0

Proof. Consider o« € M C[o, p—2land e M C[o, pl. We note that
¥y’ ecClo, p—1]

SO We can rewrite y‘”ﬁ as an element of the basis B'C[0, p — 1], which means
y**P = y? for some y € M'C[0, p — 1]. It will be enough to show that y,_; < 3.

Note that y* divides y[205p73] and y# divides yfo’pil] so yY divides y[20’p73]y[20’p71].
It follows using Lemma 7.19 that y”y,_1y, # 0 (mod y,1). However,

Yo 1 Yp—1Yp = Vo 1Yp =Yy 1Y =Yp-1¥y=Yp-1¥pYpt1 =0 (mod yp 1),
so y” cannot be divisible by y;_l, as required. ([
Definition 7.21. For any vector u € C" and p > 0, we put

K(u, p)={veC[0, p]" |u.v=0},
Ku, p)={v € C[0, pI" | 7(u).? = 0}.
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More precisely, K (u, p) is the graded group where
K, p)g = {v € CI0, p1" | vil = d — Ju;| for all i and " u;v; = 0},
i

and K (u, p) is graded in a similar way.

Lemma 7.22. Ifu; € C[0, p — 2] for all i, then the map
7 Ku,p+1)— K@u,p+1)

is surjective.

Proof. Consider an element o € K (u, p + 1). This can be written as 7 (v) for a
unique element v € C[0, p + 1]", which must satisfy u.v =0 (mod y,;1). We can
write v as Zizo vkyf; with v, € C[O, pl". Using Lemma 7.20 we see that u.vg

can be written as Z:;:O w jkylj;_ | for some elements w; € Clo, p — 1]. This gives

u.v= Zizo Zi:o wjkyi_lyf,. After reducing the terms yi_lyf; using the defining

relations for C, we obtain

u.v = woo+woryp+ wozyl,z7 +wioyp—1+ (Wi +w30)yp—1yp + (W12 +w3) yp—1 yf,
FwW0Y2_ W2 Va1 Yp + WnYE Ve + WRYpo1YpYp-

By hypothesis, this maps to zero in C[0, p + 1] = C[0, p + 1]/y,,+1. However,

(_7[0, p+1] splits as the direct sum of subgroups C~‘[0, p— 1]))1’;771y1]7 for0<i, j <3,
so we must have

Woo = Wo1 = Wp2 = Wi = Wy = wp] = wy =0

and wi; = w3p and w2 = w31, SO UV = W32Yp—1YpYp+1-
Now put d = |u.v|, so |wjx| =d — j2r=l — k27 In particular, we have
lway| =d — 2P~ —2P — 2P+l
If d < 2P~1 4 2P 4 27P%! then |w3;] < 0 so w3 = 0, and so u.v = 0. This

means that v € K(u, p + 1) with 7w (v) = v, as required. Suppose instead that
d>2P1 2P 427+ We have

—1 1
lwi1] = |wig| =d — 2P~ —2F > 2P H1,

- |
lwia| = w3 | =d — 2P~ —2P*1 > 2P,

However, the elements w j; lie in C [0, p — 1], which is zero in degrees larger than
2P — 2. We therefore have w1 = wiz = w3p = w31 = 0, which means that u.vy =0
and u.vy =0and u.v, = w32y137_1 = w3Yp—1yp- Put

v =vy+ vy, + Uz(y,z7 + Yp+1),
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sor(v') =m(v) = and

W' =0+ w1y, +uva(yy+ ypi1) = wny,- 15,y + yps1) =0.
Thus, v’ is the required lift of v in K (u, p + 1). O
Lemma 7.23. For all p > 0 we have a splitting

Cl0. p+11=Cl0, pl &P CI0, plxy,y.
k>0

Proof. By definition, we have C[0, p + 1] = C[0, plly,+11/(xp+1yp), Where
Xpy1 = Yps1+ yf, as usual. From this it is clear that

CI0, pllypt11= CI0, pllx,111=CI0, pl& @D CI0, plxk .
k>0

The ideal generated by y,x,1 in this ring clearly has a compatible splitting

CI0. plyprilypxpser = @D CLO. plypxt .

k>0
We can thus pass to the quotient to get
_ Clo,pl « _ ~ k
Cl0, p+11=CI0, pl& P T, ply, St = Cl0.P1® P clo, pixy,
k>0 k>0
as claimed. ([

Corollary 7.24. Ifu; € C[0, p —2] fori =0, ...,n—1, then
Ku,p+1)=C|0, p+1].K(u, p).

Proof. 1tis clear that C[0, p+1].K (u, p) < K (u, p+1). For the converse, consider
an element v € K (u, p+1) < C[0, p+ 1]". Using Lemma 7.23, we can write v as
Vo + Y i-0 f)kxfﬂr], with vg € C[0, p]" and v, € C[o, pl" (with v =0 for k > 0).
It follows that u.vy € C[0, p] and u.v; € C[0, p] and

u.vy+ Z(u.f)k)xf,H =u.v=0.
k>0

As the sum in Lemma 7.23 is direct, we must have u.vg = 0 and u.v; = 0, so
vo € K(u, p) and vy, € K (u, p). By Lemma 7.22, we can choose v, € K (u, p) for
k > 0 lifting vg. If vy = 0 we choose vy = 0; this ensures that vy =0 for k£ > 0. We
now have v = Zkzo vk)cf7+1 e C[0, p+1].K (u, p), as required. U

Proposition 7.25. The ring C is coherent.
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Proof. Let I < C be a finitely generated ideal. Choose elements ug, ..., U,
generating /. These give an epimorphism g: @; £/“/C — I, with ker(g) =
K (u, 00), so it will suffice to show that K (u, 00) is finitely generated as a C-module.
Now choose p large enough that u; € C[0, p—2] forall i. As C[0, p] is Noetherian,
we can choose a finite subset 7 € C[0, p]" that generates K (u, p) as a C[0, p]-
module. Corollary 7.24 tells us that T also generates K (u, p+1) as a C[0, p 4 1]-
module. In fact, we can apply the same corollary inductively to see that 7" generates
K(u,q) as a C[0, g]-module for all g > p. As C = Uq C10, g] we conclude that
T generates K (u, 00) as required. U

Proposition 7.26. The reduced quotient of C is
C/NO=Flx; i = 01/(xix; |i # j).

Proof. Put C' = C/+/0. We first claim that for all p,g with 0 < p < g we
have x,x, = 0 in C’. We may assume inductively that x;x; = 0 in C" whenever

0<i < j <gq. By anested downward induction over p, we may assume that x;x, =0
1-k

in C' whenever p < k < g. As in Proposition 7.12, we have x, ZZ é lfq =0.

We can multiply thls by x, and use the inner and outer inductive assumptions to

2‘7
. p . . . .

(xpxg)™ =01in C’, but C” is reduced by construction so x,x, =0 in C’ as claimed.

Now put

see that x,x,x =0, or in other words x}'x, = 0 for some m > 0. This gives

C"=C/(xixjli, j, i <j)=Flx;[i 2 01/(xix; i, j =0, i < j).

We now see that C” is a quotient of C by nilpotent elements, so C’ can also be
described as C” /+/0. However, there is an obvious splitting

C”:[F@@xi[F[xi],
i>0

and using this we see that C” is reduced. It follows that C' = C” as claimed. [J

8. Pontrjagin self-dual rings

Let R be a Pontrjagin self-dual ring, as in Definition 1.7. Thus, R is a graded
Z ,-algebra R equipped with an isomorphism ¢ : Ry — Q,/Z, (for some d) such
that the resulting maps

t*: Ry—x > R =Homz, (R¢, Q,/Z,)
are isomorphisms.
Lemma 8.1. For graded R-modules M there is a natural isomorphism

Homg (M, R) ~Homgz,(My, Q,/Z,) = M.
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Proof. Given ¢ € Homg (M, R), we put

T(P)=Copa: My — Q,/Z,.

This defines a map v: Homg(M, R) — M.
Now suppose we have a map ¢ : My — Q,/Z,. For any k € Z we have a map

¢ My — Homgz,(Rq—k, Q,/7,)

given by ¢, (m)(a) = (— D*E@=yr (am). As R is assumed to be Pontrjagin self-dual,
there is a unique element ¢y (m) € Ry such that

¢r(m)(a) = ¢ (g (m)a)

for all a € R;_;. We leave it to the reader to check that this givesamap ¢: M — R
of R-modules, and that this is the unique such map with t(¢) = . ([

Proposition 8.2. Any Pontrjagin self-dual ring is self-injective.

Proof. We need to show that the functor M — Hompg (M, R) is exact, but it is
isomorphic to the functor M +— Homgz, (M4, Q,/Z,), which is exact because
Q,/Z, is divisible and therefore injective as a Z,-module. (]

We now study the graded ring J described by Definition 1.9, and the tensor
product J =7, ® J. It is standard that Z, ® Z/p" = Z/p". Moreover, the group
Qp/Z, can be written as the colimit of the evident sequence

Z/p—>Z/p*—>Z/p>— -,

and we can tensor with Z, to get Z,® (Q,, /Z p) =Q,/Z,. Thus, the only difference
between J and J is that Jo = Z(,,) whereas Jo = Z,.

A

Lemma 8.3. The ring J is Pontrjagin self-dual, so Jon g~ J

Proof. For k #£ —2 this is a straightforward calculation. For k = —2 we use the
description @, /Z, = lim Z/p’ to get
—j
Hom(Q,/Z,, Q,/2,) =limHom(Z/p’, Q,/Z,,) =limZ/p’ = Z,,
as required. ’ ’ U

Corollary 8.4. The ring J is self-injective. O

Remark 8.5. The ring J itself is not self-injective. To see this, note that J_, is
an ideal in J and is a module over Z,. Choose any element a € Z, \ Z(,) and
define u: J_» — J by u(x) = ax. This cannot be extended to give a J-linear
endomorphism of J.
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Lemma 8.6. The ring J is local (in the graded sense). The unique maximal graded
ideal is given by mg = pZ, and wy. = Ji for all k # 0. Moreover, the elements o
together with the element p give a basis for m/m? over 7/ p.

Proof. It is straightforward to check that the graded group m described above is an
ideal in J, and the quotient J /m s the field Z/ p, so it is a maximal ideal. Let m’ be
an arbitrary maximal graded ideal. Put a = @k#) Ji. Every homogeneous element
a € a satisfies a® = 0, and it follows that a < m’ This means that m’ corresponds
to a maximal ideal in the quotient J /a2 Z,, and the only such ideal is pZ,. It
follows that m’ = m as claimed. The description of m/m? is a straightforward
calculation. U

Proposition 8.7. The ring J is totally incoherent.

Proof. Put V = {oy |k %0 (mod p)} C J, so V is infinite, pV vanishes and V
remains linearly independent in m/m?. By inspecting the multiplication rules, we
see that every noninvertible element of J annihilates all elements of V with at most
one exception. It follows using Corollary 5.6 that J is totally incoherent. ]

9. The infinite root algebra

In this section we fix a field K and study the infinite root algebra P over K, which
was introduced in Definition 1.12. We first recall the details.

Definition 9.1. We say that a subset U C [0, 1] is well-ordered if the usual order
inherited from R is a well-ordering, so every nonempty subset of U has a smallest
element. It is equivalent to say that every infinite nonincreasing sequence in U is
eventually constant, or that there are no infinite, strictly decreasing sequences.

An infinite root series is a function a: [0, 1] — K such that the set supp(a) =
{g | a(q) # 0} is well-ordered. The infinite root algebra is the set P of all infinite
root series. We regard this as an ungraded object, or equivalently as a graded object
concentrated in degree zero.

Remark 9.2. It is clear that any subset of a well-ordered set is well-ordered, and
that the union of any two well-ordered sets is well-ordered. Now if a, b € P we
have supp(a + b) < supp(a) U supp(b), so P is closed under addition. It is clearly
also closed under multiplication by elements of K.

Lemma 9.3. Any well-ordered subset of [0, 1] is countable. Moreover, for any
countable ordinal o, there is a well-ordered subset U C [0, 1] that is order-
isomorphic to .

Proof. Firstly, we can regard rational numbers in [0, 1] as coprime pairs of integers
and this gives a lexicographic ordering on QN [0, 1], which is a well-ordering.
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Next, let U be a well-ordered subset of [0, 1]. We define f: U — Q as follows.
If u is maximal in U, we put f(u) = 1. Otherwise, the set {v € U |v > u} has
a smallest element vy, and we define f(u) to be the lexicographically smallest
element of Q N [u, vg). It is clear that f is injective, so U is countable.

Let @ be any countable ordinal; we claim that there is an order-embedding
g: a — [0, 1]. To see this, choose an injective map p: o — N and then put

gy =) 27"
y<B
It is clear that this has the required properties. ([
Lemma 9.4. [fU, V C [0, 1] are well-ordered and w € [0, 1], then

{u,v) eU xVi]ju+v=w}
is finite.

Proof. Put U = {u € U | w —u € V}. This is well-ordered (because it is a subset
of U) and it will suffice to show that it is finite. If not, we can define an infinite
sequence ug < uj < uy <--- in U’ as follows: we take uq to be the smallest element
in U’, then take u; to be the smallest element in U’ \ {uo}, and so on. We then note
that w — ug, w —uy, w — uy, ... is an infinite strictly decreasing sequence in V,
contradicting the assumption that V is well-ordered. (]

Lemma 9.5. Let U be a well-ordered subset of [0, 1], and let (u,) be a sequence
in U. Then there exists an infinite nondecreasing subsequence.

Proof. Put vg = min{u; | j > 0} (which is meaningful because U is well-ordered)
and then ng = min{j | u; = vo}. For i > 0, we define recursively

vi:min{uj|j>n,~,1} and ni:min{j>ni,1|uj:vi}.

We find that ngp < n; <ny <--- and vg < vy < vy < ---, or equivalently that
Upy < Up, < Uy, <--- as required. 0O

Lemma 9.6. Let U and V be well-ordered subsets of [0, 1], and put
UxV={u+viueUandv e V}.

Then U %V is also well-ordered.

Proof. Suppose not. We can then find an infinite strictly descending chain in U * V,
so we can choose a sequence (u,, v,) in U x V with u; + v; > u;y1 + vy for
all i. Lemma 9.5 tells us that after passing to a subsequence, we may assume that
uj <ujy forall j. After passing again to a sparser subsequence, we may also
assume that vy < vg4 for all k. This is clearly impossible. O
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Proposition 9.7. We can make P into a commutative ring by the rule
abw)= Y a@b().
w=u+v

Proof. Lemma 9.4 shows that the sum is essentially finite, so there is no problem
with convergence. It is clear that supp(ab) C supp(a) * supp(b), and Lemma 9.6
shows that supp(a) * supp(b) is well-ordered, so ab € P. It is straightforward to
check that the multiplication operation is commutative, associative and bilinear.
Moreover, if we define e(0) = 1 and e(g) = 0 for g # 0, then e is a multiplicative
identity element for P. (I

Definition 9.8. Fora € P\ {0}, we put §(a) = min(supp(a)). We also put § (0) = oo.
Remark 9.9. If §(a) + 5(b) < 1 we have

(ab)(3(a) +48(b)) = a(8(a)) b(§(b)) #0,
so ab # 0 and §(ab) = §(a) + §(b). On the other hand, if §(a) + §(b) > 1 then
ab=0.
Definition 9.10. For g € RU {oco} with g > 0, we define x? € P by

* ) = i(l) i)ftlb:erzwci]s’e.
Remark 9.11. (a) x° is the multiplicative identity element e.
(b) If ¢ > 1 then x7 = 0.
(c) If0<g <1thends(x?) =gq.
(d) Forall g, > 0 we have x9x" = x9*".

Lemma 9.12. Consider an element a € P \ {0}. If a(0) = 0 (or equivalently,
8(a) > 0) then a is nilpotent, but if §(a) = 0 then a is invertible.

Proof. If §(a) > 0 then we can find a positive integer n with é(a) > 1/n, and using
Remark 9.9 we see that a” = 0. Suppose instead that §(a) = 0. We can then write
a=ue+b=u(e+b/u), where u € K \ 0 and e = x* is the multiplicative identity
of P and 8(b) > 0, so b" =0 for some n. Now a has inverse 3 /) u~' (=b/u)’. O

Corollary 9.13. The map a > a(0) induces an isomorphism P /0 — K.
Proof. Clear. (Il
Definition 9.14. For a € P with §(a) > ¢, we define A,(a) € P by

a(r+1t) if0<r<l1-1,

)»t(a)(r)={0 ifl—t<r<l.
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Corollary 9.15. If5(a) >t then a = x' A;(a) and 5(A;(a)) = 8(a) — t. Moreover,
if 8(a) =t then A (a) is invertible, so Pa = Px'.

Proof. The first two claims are clear from the definitions, and the third then follows
using Lemma 9.12. O

Definition 9.16. For ¢ € [0, 1] we put
Jy={ae P|s@a) >t}
Ji={aeP|8a)>1t}=Px".

Proposition 9.17. Every ideal in P has the form J, or J,.

Proof. Let I be an ideal in P. If I = 0 then I = J;. Otherwise, we put
t = inf{é(a)|a € I}. If t = §(a) for some a € [ then Corollary 9.15 shows
that x’ € I, and it follows easily that I = J,. Suppose instead that there is no
element a € I with §(a) =¢. It is then clear that I < J;. Moreover, if b € J; then
8(b) > t, so (by the infimum condition) there exists a € I with §(b) > §(a) > t.
After applying Corollary 9.15 to a and b, we see that b is a multiple of a, and so
b € 1. We now see that I = J;, as required. O

Proposition 9.18. Forallt € [0, 1] we have annp (J;) = Ji_;and annp(J,) = J;_,.
Proof. This follows easily from the fact that ab =0 if and only if §(a)+6(b) > 1. U
Corollary 9.19. For any ideal I < P we have ann%,(l )=1.

Proof. Immediate from the last two propositions. (]
Proposition 9.20. P is self-injective.

Proof. As we have classified all ideals in P, we can use Baer’s criterion. Consider
anumber ¢ € [0, 1] and a P-module map f: J,=(x")— P.If f(x") = a then we
must have Ji_,a = f(Ji_;x") = f(0) =0, so a € ann(J1_;) = J;, s0 a = x' A, (a).
We can now define f': P — P extending f by f’(p) = p A;(a), so Baer’s criterion
is satisfied in this case.

Now consider instead a P-module map f: J; — P. If t =1 then J; =0 and the
zero map P — P extends f. We suppose instead that ¢ < 1. For s € (¢, 1] we put
as = ,s(f(x%)), so the first case shows that f(p) = pa, forall p € Js < J;. Now
suppose thatf <r <s <1. Asx® € J,<J, wehave x*(a, —a,) = fx*)—f(x*)=0,
so a,(q) = as(q) for all ¢ <1 —s. Moreover, from the definition of the A operation
we have a;(q) =0 for ¢ > 1 — s, and thus certainly for ¢ > 1 — . We now see that
there is a unique map a: [0, 1] - K with @ = a; on [0, 1 — 5] (for all s € (¢, 1])
and a = 0 on [1 — ¢, 1]. It follows easily from these properties that supp(a) is
well-ordered, so a € P. We also see from the first property that f agrees with
multiplication by a on J; for all s € (¢, 1]. It follows that the same is true on
Useq.1y /s = Ji» as required. O
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Proposition 9.21. P is totally incoherent.

Proof. Let I be a finitely generated ideal, say I = (ay, . . ., a,), where we can assume
that the generators a; are nonzero. If r =0 then / =0, and this is finitely presented. If
r > 0 we can use Corollary 9.15 to see that / = J:, where t =min(8(a1), . .., 8(a,)).

Now suppose that I is nonzero and finitely presented. We must have I = J; for
some 7, so we have an epimorphism g: P — [ given by g(a) = ax’. Definition 5.1
tells us that ker(g) must also be finitely generated, but ker(g) =annp (x’) = J;_;, and
this is only finitely generated when =0 and so ker(g) =J; =0and [ = Jo=P. [J

Remark 9.22. Put P’ = {a € P | supp(a) C @Q}. This is a subring of P, and one
can adapt the above arguments to show that it is again self-injective and totally
incoherent. Every ideal in P’ has the form J, N P’ or J,N P’ for some ¢ € [0, 1], and
these are all distinct except for the fact that J, N P’ = J, N P’ when ¢ is irrational.

10. The Rado algebra

In this section we study the Rado algebra O, which was defined in Definition 1.16.
We will write I" for the Rado graph.
We first clarify the kinds of graphs that we will consider.

Definition 10.1. A graph is a pair (V, E), where V is a set and E is a subset of
V x V such that:

(a) For all v e V we have (v,v) € E.
(b) For all v, w € V we have ((v, w) € E if and only if (w, v) € E).

Definition 10.2. Let G =(V, E) and G’ = (V’, E’) be graphs. A full embedding of
G in G’ is an injective map f: V — V' such that E = (f x f)~'(E’) (so vertices
vg, v1 € V are linked by an edge in G if and only if the images f(vg) and f(v;)
are linked by an edge in G’). Similarly, a full subgraph of G’ is a graph of the form
G =G'ly = (V, E'NV?) for some subset V C V', so the inclusion map gives a
full embedding G — G’.

Lemma 10.3. Suppose we have a finite graph G’, a full subgraph G, and a full
embedding f: G — T. Then there is a full embedding f': G' — T extending f.

Proof. It is easy to reduce to the case where G’ has only one more vertex than G,
say V=V U{x}.PutA={veV|(v,x)e E'}and N =max{f(v) |[ve V}+1,
then let f': V' — N be the map extending f with f/(x) =2V + ", 2/ @ Itis
straightforward to check that this has the required properties. (I

Remark 10.4. As we mentioned in Example 4.7, each group Ej; (for k > 0) is
isomorphic to F. The generator is the element yy = xpx) = [ [, eB(k) Xi- We say that
a finite subset I C N is I'-complete if the full subgraph I'|; is a complete graph (so
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every two distinct points are linked by an edge). We say that a natural number 7 is
BTI'-complete if B(n) is I'-complete. It is clear that the set

{yn | n is not BI"-complete}
is a basis for the Rado ideal, and thus that the set
{yn | n is BI'-complete}

gives a basis for Q.

Proposition 10.5. For any finitely generated ideal I < Q, we have ann*(I) = I.
(In other words, Q satisfies the double annihilator condition.)

Proof. Let I < Q be a finitely generated ideal. Because of Remark 10.4, the ideal
must be generated by a finite list of monomials, say I = (x4,, ..., X4a,), Where
each A; is a finite I'-complete subset of N. Similarly, ann?(I) is generated by the
monomials that it contains.

Let T be another I'-complete subset of N. If T contains A; for some i, it is
clear that x7 € I. Suppose instead that 7" does not contain any of the A;. Let N be
strictly larger than any of the elements of 7' U | J; A;, and put n = 2N doer 2,
so B(n) ={N}UT. Itisclear thatn ¢ T and T U {n} is I"-complete so x,x7 # O.
However, we claim that x,x4, = O for all i. Indeed, as T 2 A; we can choose
ke A;\T. As N is so large we cannot have n € B(k), and also k € {N}UT = B(n),
so x,xx = 0, and so x,x4, = 0 as claimed. We now see that x, € ann(/), but
xpx7 # 0, so x7 & ann>([). Tt follows that ann?(7) = I as claimed. O

Proposition 10.6. Q is not self-injective.

Proof. Take any pair p,q € N with p # g and x,x, =0 (say p =0 and g = 2).
Put u = (x,, x4) and v = (0, x,), and consider the test pair (u, v). Any transporter
would have to be an element 1 € Qg = {0, 1} with 7x, =0 and 7x, = x,. It is
clear from this that there is no transporter. A block would be a pair (a, b) with
bxy #0butax,+bx,; =0 (so ax, = bx, #0). This means that a and b are nonzero
homogeneous elements, say a = x4 and b = xp for some I"-complete sets A and B.
As ax, # 0 we see that p € A, and that AU {p} is again I"-complete. Similarly,
we have ¢ ¢ B and B U {q} is I"-complete. The equation ax, = bx, means that
AU{p}=BU{q}, so we have A =CU{qg} and B = C U{p} for some set C. This
now gives bx, = xcx,x,, but x,x, =0 so bx, = 0, contrary to assumption. This
shows that we have neither a block nor a transporter, so Q is not self-injective. []

Remark 10.7. We could give Q a different grading such that there are some pairs
(i, j) with i # j but |x;| = |x/], so x; + x; becomes homogeneous. One can check
that if x;x; = 0 then ann®(x; +x j) = (xi, x;) # (x; +xj), so the double annihilator
condition no longer holds. We will discuss a similar situation with more details in
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Lemma 11.18. We believe that the self-injectivity condition is similarly sensitive to
the choice of grading, but we do not have an example to prove this.

Proposition 10.8. Q is rotally incoherent.

Proof. First, it is clear that Q is local, with maximal ideal m = (x; |i € N) =
@D, Q. The generators x; form a basis for m/m?. Note that if A C N is
nonempty and ["-complete, then infinitely many of the variables x; will satisfy
x;x4 =0, so the image of ann(x4) in m/m2 will have infinite dimension. The claim
therefore follows by Corollary 5.6. O

11. The €yp-algebra

The €p-algebra A was introduced in Definition 1.19. We now explain the definition
in more detail, and prove some properties.

Definition 11.1. Suppose we have a sequence g = (81 > B2 > - - - > ;) of ordinals,
and a sequence n = (ny, ..., n,) of positive integers. We write

CB.n)=of'n +---+0n,.

Note that this uses ordinal exponentiation, defined in the usual recursive way by
Pt = aaf and o* = U, @ when A is a limit ordinal.

The following fact is standard (and not hard to prove by transfinite induction).

Proposition 11.2. For any ordinal «, there is a unique pair (8, n) such that
o = C(B, n). (This is the Cantor normal form for «.)

Proof. See [Johnstone 1987, Exercise 6.10], for example. O

Definition 11.3. We put 7y = w and define 7, recursively by 7,4+ = @™, and then
put €o =, 7a-

One can check that €) = w®, and that € is the smallest ordinal with this property.
Note that the expression €y = »® is the Cantor normal form of €y. For o < €y we
find that the exponents B; in the Cantor normal form of « are strictly less than «,
so in this case one can do induction or recursion based on the Cantor normal form.

Definition 11.4. We define §: ¢¢ — N recursively by §(0) = 1, and §(«) =
(Zt(a(lgt) +2)n1) —lifa= wﬂlnl +... +a)’3’nr.

We will give enough examples to show that § is not injective, which will be
needed later.
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Example 11.5.

(1) =8 =(B(0)+2)—1=2,
8(2) =8(w’2) = (8(0)+2)2—1=5,
S(w) =8 =(@(1)+2)—1=3,
Slw+1) =8 +0°) =@61)+2)+(B0)+2)—1=6,
8@ =06QR)+2)—1=6.
In order to analyse &, it is helpful to modify the Cantor normal form slightly.

Lemma 11.6. If @ < € then there is a unique way to write
a=wﬁl+wﬁ2+._.+w,ﬁm
witha > 1 > By > -+ - > By. (This is the expanded Cantor normal form.)

Proof. Just take the ordinary Cantor normal form and replace wfn; by n, copies
of . O

Lemma 11.7. For any d € N there are only finitely many ordinals o € €y with
8(a) =d.

Proof. Let A denote the alphabet {0, 7, +}. For each o < €y we define a word ¢ (o)
in A as follows. We start with ¢ (0) = 0. If 6 > 0 has expanded Cantor normal form
6 =P+ 4 wPr we put

dO)=dBTP BT - P(Bm)T+ -+
(with m — 1 plusses at the end). For example we have

#(3) = ¢(@° + 0’ + ) = 0707 0T ++,
¢(w” 4+ w) =0ranOnm+.

It is clear from the definitions that §(0) is the length of ¢ (6), and there are only 34
words in A of length d, so it will suffice to show that ¢ is injective. If we interpret
7 as the operator x — w” then ¢ (0) is a reverse Polish expression that evaluates
to 0, and this implies injectivity. U

Corollary 11.8. ¢ is countable. O

Definition 11.9. Let A be the graded polynomial algebra over F generated by
elements x, for each ordinal @ < €g, with |x,| = 8 ().

Using Lemma 11.7 we see that Ad is finite for all d.
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Definition 11.10. For ordinals o, 8 < €p with o # 8 we define uo(w, B) to be the
coefficient of w? in a. More explicitly, if the Cantor normal form of « involves a term
wPn, then oo, B) = n; if there is no such term then po(a, B) = 0. One can check

that if 120(cr, B) > 0 then 10 (B, ) =0. We put pu(«, B) = max(po(at, B), no(B, a)).

Proposition 11.11. For any finite set J C €y and map v: J — N there exists
o € €9\ J such that u(a, B) = v(B) for all B € J. (We will call this the extension

property.)
Proof. Write J in order as J = {1 > B> > --- > B,} and then take

a=oP" T P vB) - F o ().

It is visible that o (e, B;) = v(B;) for all t. Also, because of the initial term w?1*!
we have w* > «a > §, for all ¢ and so uo(B;, @) = 0. It follows that u(a, B;) = v(B;)
for all ¢, as required. O

From now on we will only need the fact that our index set € is countable and
that the extension property holds. It will therefore be notationally convenient to
write I = €p and ignore the fact that the elements of / are ordinals, and to write i
instead of « for a typical element of 1. We also put I, = {(i, j) € I*|i # j}.

Definition 11.12. For each (i, j) € I, we put p(i, j) = x;x 7(1 D We then let A

be the quotient of A by all such elements p(i, j). We call this the €g-algebra.

Definition 11.13. Given a map «: I — N, we write supp(«) = {i | «(i) > 0}. Let
M A be the set of all such maps « for which supp(«) is finite. For « € M A we put

=11 x;x(l) € A. We write BA for the set of all such monomials x*, so BA is a
basis for A. Next, put

={a e MA|Vi # ja() > 0= a(j) < ul, )
and BA = {x* |« € M A}. One can check that BA gives a basis for A.

Definition 11.14. A monomial ideal is just an ideal in A that is generated by some
subset of BA.

Remark 11.15. Let P be a monomial ideal, generated by {x* |« € U} for some
subset U € M A. Put

t={ee MA|a > p for some B € U}.

It is easy to see that {x% |« € U™} is then a basis for P over F. It follows easily
that sums, products, intersections and annihilators of monomial ideals are again
monomial ideals.
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Lemma 11.16. If P is a monomial ideal then it is finitely generated if and only if
there is a finite list of monomials that generate it.

Proof. Suppose that P is generated by ay, ..., a,, where the elements a, need not
be monomials. We can write a, = Zant arox“, for some finite set Uy C M A and
some nonzero coefficients a; . Using Remark 11.15 we see that the terms x* (for
a €U liein P. Put U =, U, (which is finite) and put P’ = (x* |« € U) < P.
Clearly a; € (x* |« € U;) < P’ and the elements a, generate P so P < P’ and so
P = P’. Thus, P is generated by a finite list of monomials. U

Proposition 11.17. Let P < A be a finitely generated monomial ideal. Then
ann’(P) = P.
Proof. Tt is automatic that P < ann?(P), so it will suffice to prove the opposite
inclusion. Note that both P and ann?(P) are monomial ideals, so it will suffice to
show that they contain the same monomials. Suppose that x” is a nonzero monomial
that does not lie in P; we must find y € ann(P) such that x#y = 0.
We can choose a finite list &y, ..., ®, € M such that P = (x*', ..., x%). Put
J =supp(B)U |, supp(«;), which is a finite subset of 1. Put N =max{B(j) | j € J}.
Next, for each ¢ we note that x# cannot be divisible by x%, so we can choose
i; € J such that o, (i;) > B(i;). Using the extension property we can recursively
define distinct elements k1, ..., k. € I \ J such that

@ ks, i) =) — 1,
(b) w(ke, j) =N for j € J\ {it},
(c) uks, kg) =1"fors <t.

Put y =[], x,. This is nonzero by property (c). Property (a) tells us that x; x* =0
for all ¢, which implies that y € ann(A). On the other hand:

e Clause (a) above tells us that yx’8 is not divisible by any relator p (k;, i;).

Clause (b) tells us that yx? is not divisible by any relator p(k;, j) with j €
S\ i}
Clause (c) tells us that yx’3 is not divisible by any relator p(k;, k).

« Our original assumption x# £ 0 implies that yx? is not divisible by any relator
p(j, j) with j, j € J.

This shows that yx# # 0, but y € ann(P), so x# ¢ ann?(P), as claimed. O
Lemma 11.18. Let i and j be any two distinct indices in I with |x;| = |x;| and
n(i, j) = 0. Then ann®(x; +x;) = (x;, x;) > (x; +x;).
Proof. As (i, j) =0 we have x;x ; =0 and so (using monomial bases) (x;)N(x;)=0.
If u(x; +x;) = 0 then we have ux; = —ux;, with the left hand side in (x;) and the
right hand side in (x;). As (x;) N (x;) = 0 this gives ux; = ux; = 0. It now follows
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that ann(x; +x;) =ann(x;, x;), and so ann?®(x; +xj)= ann®(x;, xj). As (x;, xj)isa
monomial ideal we also have ann?(x;, xj)=(x;,xj), s0 ann?(x; +x;) = (x;, x;) >
(x; +x;) as claimed. O

Corollary 11.19. Example 11.5 shows that the lemma applies to the pair (w?, w+1),
so A does not satisfy the double annihilator condition. Thus, Remark 2.4 shows that
A cannot be self-injective. O

Remark 11.20. We could choose a different grading such that all the generators
had different degrees, which would eliminate any examples as in Lemma 11.18.
However, we cannot ensure that A; has dimension at most one for all d, because
when i # j the elements xl!xj " and x}x"l have the same degree and are linearly
independent. Thus, there will always be ideals that are not monomial ideals. We
suspect that there is no grading for which A satisfies the full double annihilator

condition, but we have not proved this.
Proposition 11.21. A is fotally incoherent.

Proof. Put mg =0 and my = Ay for all k > 0, so A/m =F. It is clear that m is an
ideal, and that the (homogeneous) elements of m are precisely the elements of A
that are not invertible. Given this, it follows that m is the unique maximal ideal
in A, so A is local. From the form of the relations in A we see that {x; |i € I} isa
basis for m/m?.

Now consider an element a € A, for some d > 0. Put

U={ielléi) =dj,
V={o'|iel\U}.
We find that x;x; =0 foralli € U and j € V. Moreover, we have a € (x; |i € U),
soaxj =0 for all j € V, so the image of ann(a) in m/ m? has infinite dimension.
Now let P be a finitely presented ideal in A. If P = mP then P = 0 by
Nakayama’s lemma. Otherwise, we can choose a € P \ mP, and Lemma 5.5 tells

us that ann(a) has finite image in m/m?. The above remarks show that we must
have |[a] =0, and a € mP so a # 0. Thus a is invertible, so P = A. (I

Proposition 11.22. The reduced quotient is
A/NO=Flxi |i € 11/ (xixj i # ).

Proof. In A we have xix;f(i’j)ﬂ =0, s0 (x;x;)*@)*T1 =0, and so x;x; is nilpotent.
If we put

A=A/ (xixj|i #j)=Flx;i |i € I1/(xixj |i # J),
we deduce that A/ \/6 =A/ \/6 However, it is easy to see that A’ is already
reduced, so A/+/0 = A’ as claimed. O
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12. Triangulation

Recall that a friangulated category is a triple (6, X, A), where € is an additive
category, and ¥ : € — € is an equivalence, and A is a class of diagrams of shape

X—>Y—>Z7Z—->3¥X

(called distinguished triangles), subject to certain axioms that we will not list here.

Definition 12.1. Let R be a self-injective graded ring, let Modg be the category of
R-modules, and let X: Modg — Modg be the usual suspension functor so that
(XM); = M;_;. Let InjModj be the full subcategory of injective modules. A
triangulation structure for R is a pair (N, A), where:

(a) N is a full subcategory of InjMod containing R.
(b) N is closed under finite direct sums, retracts, suspensions and desuspensions.

(c) A is a class of distinguished triangles making (N, £, A) into a triangulated
category.

We can also make a similar definition for ungraded rings.

Definition 12.2. Let R be a self-injective ungraded ring. An ungraded triangulation
structure for R is a pair (N, A), where:

(a) N is a full subcategory of InjModj containing R.
(b) N is closed under finite direct sums, retracts, suspensions and desuspensions.

(c) A is a class of distinguished triangles making (N, 1, A) into a triangulated
category.

In [Muro et al. 2007] we constructed ungraded triangulation structures for Z/4
and for K[e]/ €2 (where K is any field of characteristic two). If Freyd’s generating
hypothesis is true, then the image of the functor . gives a graded triangulation
structure for the ring 7,.(S )IA,. We have not succeeded in constructing any examples
of graded triangulation structures by pure algebra. Here we offer only some rather
limited and negative results.

Lemma 12.3. If (N, A) is a triangulation structure (in the graded or ungraded
context) then all distinguished triangles in A are exact sequences.

Proof. The general theory of triangulated categories tells us that all functors of the
form N'(X, —) send distinguished triangles to long exact sequences. By assumption
we have R € N, and we can take X = R to prove the claim. O

Lemma 12.4. If (N, A) is a triangulation structure then all surjective maps in N
are split.
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Proof. Let M i> N be a surjective map in N. This must fit into a distinguished
triangle L ML NS SL. Here gf =0, but f is surjective so g = 0. It is
standard that the functor N'(N, —) converts our distinguished triangle to an exact
sequence, so fi: N(N, M) — N(N, N) is surjective. We can thus find h: N - M
with fh =1, so h splits f. (Il

Corollary 12.5. If (N, A) is a triangulation structure then all finitely generated
modules in N are projective. Thus, if R is local then all such modules are free.

Proof. Let N be a finitely generated module in N. This means that there is a
surjective homomorphism f: F — N for some finitely generated free module F'.
As N is standard we see that F' € N, so the lemma tells us that N is a retract of F,
so it is projective. It is well-known that finitely generated projective modules over
local rings are free. 0

Proposition 12.6. Suppose that R is a local graded ring with R; =0 fori <0, and
suppose that R admits a triangulation structure. Then R is totally incoherent.

Proof. Let m be the unique maximal ideal, and let (N, A) be a triangulation structure.
It is not hard to see that my is the unique maximal ideal in Ry, so Ry is a local ring
in the ungraded sense.

Let J be any finitely generated ideal. We can then find a finitely generated
free module Q and an epimorphism Q — J such that Q/mQ — J/mJ is an
isomorphism. We will write g for the composite map Q — J — R, so that
J = image(g). If J is finitely presented then ker(g) is again finitely generated,
so we can find a finitely generated free module P and a map f: P — Q with
image( f) = ker(g) and P/mP = ker(g)/mker(g). With these minimal choices
for P and Q, it is clear that P, = Q; = 0 when i < 0. Next, we can fit g into
a distinguished triangle © 'R 4L kL 0% R. As gf =0, we can find a lift
f: P— K withi f = f. We can combine this with d to giveamap PO 'R — K,
and a diagram chase shows that this is surjective. Using Lemma 12.4 we deduce
that this map is split epi and that K is a finitely generated free module. It follows
that K; =0 fori < —1 and that K_ is a retract of Ry. As Ry is local we must have
either K_; =0or K_; =Ry. If K_; =0thend: ¥ 'R — K must be zero, which
implies that g: QO — R is split epi, which means that / = R. If K_; # 0 then we
find that d must induce a monomorphism £ ~!R/m — K, and as R is local this
implies that d is a split monomorphism, and thus that g =0 and so J = 0. ]

Remark 12.7. As mentioned previously, there is an ungraded triangulation structure
for the ring Z/4. The ideal (2) < Z/4 is finitely presented and is neither O nor Z/4.
It follows that our grading assumptions are playing an essential role in the proof of
the above proposition.
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Corollary 12.8. Neither the infinite exterior algebra (as in Example 4.7) nor the
cube algebra (as in Section 7) admits a triangulation structure.

Proof. Both rings are coherent, by Propositions 5.4 and 7.25. (]
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On lower ramification subgroups and
canonical subgroups

Shin Hattori

Let p be a rational prime, k be a perfect field of characteristic p and K be a finite
totally ramified extension of the fraction field of the Witt ring of k. Let ¢ be a
finite flat commutative group scheme over Ok killed by some p-power. In this
paper, we prove a description of ramification subgroups of % via the Breuil-Kisin
classification, generalizing the author’s previous result on the case where 9 is
killed by p > 3. As an application, we also prove that the higher canonical
subgroup of a level n truncated Barsotti—Tate group % over Ok coincides with
lower ramification subgroups of 4 if the Hodge height of  is less than (p—1)/p”,
and the existence of a family of higher canonical subgroups improving a previous
result of the author.

1. Introduction

Let p be a rational prime, k be a perfect field of characteristic p and W = W (k)
be the Witt ring of k. The natural Frobenius endomorphism of the ring W lifting
the p-th power Frobenius of k is denoted by ¢. Let K be a finite extension of
Ko = Frac(W) with integer ring Ok, uniformizer w and absolute ramification
index e. We fix an algebraic closure K of K and extend the valuation v p of K
satisfying v,(p) = 1 to K. Let 0 # be the completion of the integer ring Og.
We also fix a system {17, },0 of p-power roots of 7 in K satisfying 7o = 7 and
nf 41 =T and put Ko, = J,, K (7). The absolute Galois groups of K and K
are denoted by Gx and Gg_, respectively. For any positive rational number i,
put m? ={x € Ox | vp(x) > i} and Og; = @K/m?. For any valuation ring
V of height one, we define m‘%i and V; similarly. We also put &; = Spec(0k ;),
Fr.i = Spec(Oy ;) for any finite extension L/K, and $; = Spec(Og ;).

Breuil conjectured a classification of finite flat (commutative) group schemes
over Ok killed by some p-power via ¢-modules over the formal power series ring

& = W[lu] and obtained such a classification for the case where groups are killed

MSC2010: primary 11S23; secondary 14105, 14L15.
Keywords: finite flat group scheme, Breuil-Kisin module, canonical subgroup.
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by p > 3 [Breuil 2002]. It is often referred to as the Breuil—Kisin classification,
since Kisin showed the conjecture for p > 3 [Kisin 2006] and for the case where
p = 2 and groups are connected [Kisin 2009]. The conjecture was proved for any
p independently in [Kim 2012; Lau 2010; Liu 2013]. In particular, we have an
exact category Mod}’é’m of such ¢-modules over & killed by some p-power (for
the definition, see Section 2) and an anti-equivalence of exact categories 9*(—)
from the category of finite flat group schemes over Ok killed by some p-power to
the category Mod}goo. Moreover, we can recover the G g -module 4(0 ) via this
classification: Let R be the valuation ring defined as the projective limit of p-th
power maps

R:@(GIE,I <—@[g,1 <« -)

and 7 be the element of the ring R defined by & = (g, 1, ...). We normalize the
valuation vg by vg(r) = 1/e and define R; similarly to Ok ;, using vg in place of
v,. For any positive integer n, let W,,(R) be the Witt ring of length n of R, which is
considered as an G-algebra by the map u +— [xr]. The ring W,,(R) admits a natural
G g-action. Then, by the Breuil-Kisin classification, we also have an isomorphism
of G -modules

£g:9(0g) — TEON*(9)) = Homg , (IN*(9), Wy (R)).

On the other hand, for any positive rational number i, we have a finite flat closed
subgroup scheme %; of %G over Ok, the i-th lower ramification subgroup of 4, whose
index is adapted to the valuation v,. Namely, it is defined as the unique finite flat
closed subgroup scheme of ¢§ over O satisfying

%;(0z) = Ker($(0g) — 90z ).

The lower ramification subgroups, which are named as such because of their
similarity to the lower numbering ramification groups in algebraic number theory,
have similar properties to the upper ramification subgroups [Abbes and Mokrane
2004, §2.3] such as the functoriality and the compatibility with base extension.
While this upper variant is used to construct canonical subgroups of abelian varieties
[Abbes and Mokrane 2004], the lower ramification subgroups have been also studied
and used to construct canonical subgroups [Hattori 2013; 2014; Rabinoff 2012], as
explained later.

If G is killed by p > 3, then [Hattori 2012, Theorem 1.1] shows that the isomor-
phism g4 induces an isomorphism

%;(0) ~ Ker(TE(ON*(%9)) — Homg ,(M*(9), R))

for any i. This description of the lower ramification subgroups of % via the
Breuil-Kisin classification is used in [Hattori 2013] to deduce various properties
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of canonical subgroups. In this paper, we prove the following theorem, which
generalizes this description.

Theorem 1.1. Let i be a positive rational number satisfying i <1 and W,PP (R); be
the divided power envelope of the natural surjection

W, (R) — ©f,i’ (ro, ..., rn—1) = pry(ro) IIlOdm?.
Let I, ; be the kernel of the map Wy (R) 5 W,PP(R),' induced by the Frobenius map

go:(ro,...,r,,_l)r—)(ré’,...,r:_l).

Let § be a finite flat group scheme over Ok killed by p" and 9 = 9*(9) be the
corresponding object of the category Mod}gm. Then the natural isomorphism

eg:%(0g) — TE(M) = Homg (M, W, (R))
induces an isomorphism
Cg,' (@k) ~ HOl’Il@,(p(Sﬁ, In,)

For the case of n =1, Theorem 1.1 can be interpreted as a correspondence of both
upper and lower ramification between % and a finite flat group scheme #(9*(9))
over k[[u] (Corollary 3.3), generalizing [Hattori 2012, Theorem 1.1]. Indeed, by a
theorem of Tian and Fargues, Theorem 3.3 of [Hattori 2012], and the compatibility
of the Breuil-Kisin classification with Cartier duality, Theorem 1.1 for n = 1 also
implies the assertion of the corollary on upper ramification subgroups. However,
the author does not know if a description of upper ramification subgroups via the
Breuil-Kisin classification for n > 1 can be obtained from Theorem 1.1, since we
do not have a comparison result between upper and lower ramification subgroups
similar to the theorem of Tian and Fargues for n > 1.

In [Hattori 2012], the proof of Theorem 1.1 for the case where 4 is killed by
p > 3 is reduced to showing a congruence of the defining equations of ¢4 and
FH(O*(9)) with respect to the identification k[[u]l/(u¢) >~ Ok ; sending u to 7. This
congruence is a consequence of an explicit description of the affine algebra of % in
terms of 97*(9) due to Breuil [2000, Proposition 3.1.2], which is known only for
the case where 4 is killed by p > 3. Here, instead, we study a relationship between
the groups

4(0g ;) and Homg o, (M*(9), W, (R) /1)

by using the faithfulness of the crystalline Dieudonné functor [de Jong and Messing
1999], from which Theorem 1.1 follows easily.

As an application of Theorem 1.1 and an explicit description of the ideal I, ;
(Lemma 4.3), we also prove the coincidence with canonical subgroups with lower
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ramification subgroups, and the existence of a family of canonical subgroups
improving Corollary 1.2 of [Hattori 2014]. Before stating the results, we briefly
explain a background of this application.

Let K/Q, be an extension of complete discrete valuation fields, X be an admissi-
ble formal scheme over Spf(Ok) and & be a truncated Barsotti—Tate group of level
n over X. Consider their Raynaud generic fibers X and G. For any point x € X,
the fiber &, is a truncated Barsotti—Tate group of level n over the ring of integers
of a finite extension of K. If &, is ordinary, then the unit component (’52 satisfies
®%(0z) =~ (Z/p"7)%™®= and its special fiber is equal to the Frobenius kernel of
the special fiber of &,. We refer to a finite flat closed subgroup scheme of &, as a
canonical subgroup if it has these properties. What we want to construct here is
a family of canonical subgroups for G: namely, an admissible open subgroup C
of G over a strict neighborhood U of the ordinary locus X°¢ C X for & such that
for any x € U, the fiber C, is the generic fiber of a canonical subgroup of &,. The
existence of a family of canonical subgroups is one of the key ingredients in the
theory of p-adic Siegel modular forms, and for such arithmetic applications, we
also need a precise understanding of C,. This leads us to construct such a family
by first constructing and studying a canonical subgroup of &, fiberwise, and then
patching them into a family.

For each fiber &, the method of lifting the conjugate Hodge filtration to the
Breuil-Kisin module [Hattori 2013; 2014] gives a sharp result on the existence of a
canonical subgroup of &,, which is stronger than other methods such as the one
using the Hodge—Tate map. Namely, it shows that a canonical subgroup 6, of &,
exists if the Hodge height of &, is less than 1/(p"%(p+ 1)) and 6, has various
properties needed for arithmetic applications.

To obtain a family of canonical subgroups (from any of such fiberwise construc-
tions), we typically need to show the coincidence of canonical subgroups with a
specific series of subgroups of &, which can be patched into a family when varying
x, and this step often requires us to restrict to a smaller admissible open subset
than the locus of x such that a canonical subgroup of &, exists. We have at least
three series of such subgroups: Harder—Narasimhan filtrations, upper ramification
subgroups and lower ramification subgroups, where the former two were mainly
used in preceding works; see [Abbes and Mokrane 2004, Fargues 2011, Hattori
2013; 2014, Tian 2010; 2012].

For n = 1, the canonical subgroup 6; constructed in [Hattori 2013; 2014] was
shown to coincide with both upper and lower ramification subgroups, and this again
gives a sharp result, namely the existence of a family of canonical subgroups over
the locus of Hodge height less than p/(p+1). For n > 2, it was also shown that €,,
coincides with upper ramification subgroups under a condition on the Hodge height,
and this yields a family over the locus of Hodge height less than 1/(2p"~!) [Hattori
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2013; 2014] A weaker result can be obtained also by the Harder—Narasimhan
method [Fargues 2011].

In this paper, to obtain a stronger existence theorem of a family of canonical
subgroups, we also prove the coincidence of the canonical subgroup constructed in
[Hattori 2013; 2014] with lower ramification subgroups, as follows.

Theorem 1.2. Let K/Q, be an extension of complete discrete valuation fields. Let
G be a truncated Barsotti—Tate group of level n, height h and dimension d over
Ok with 0 <d < h and Hodge height w < (p — 1)/ p". Then the level n canonical
subgroup 6, of 6 [Hattori 2014, Theorem 1.1] satisfies 6, = §;, = G;; for

— il = b .
prip=1 p-1"" prp-1)

Note that by our assumption and [Hattori 2014, Theorem 1.1], we have an
isomorphism of groups

1 w

i, =

€,(0g) = (Z/p"2)".

The fact that the lower ramification subgroup %; (Og) is isomorphic to (Z/ p7)?
for w < (p — 1)/ p" was proved by Rabinoff [2012, Theorem 1.9] for the case
where K/Q),, is an extension of (not necessarily discrete) complete valuation fields
of height one, by a different method. Theorem 1.2 reproves this result of Rabinoff
for the case where the base field K is a complete discrete valuation field, and also
shows that the subgroup considered by Rabinoff coincides with 6,,. In particular,
we show that his subgroup has standard properties as a canonical subgroup as in
[Hattori 2014, Theorem 1.1], such as the coincidence with a lift of the Frobenius
kernel.

Using Theorem 1.2, we also prove the following theorem on a family construction
of canonical subgroups, which is stronger than [Hattori 2014, Corollary 1.2] for
n>72.

Theorem 1.3. Let K/Q, be an extension of complete discrete valuation fields. Let
X be an admissible formal scheme over Spf(Og) and & be a truncated Barsotti—1Tate
group of level n over X of constant height h and dimension d with0 <d < h. We
let X and G denote the Raynaud generic fibers of the formal schemes X and &,
respectively. Put r, = (p — 1)/ p" and let X (r,) be the admissible open subset of X
defined by

X (ra)(K) = {x € X(K) | Hdg(&y) <1y}

Then there exists an admissible open subgroup C,, of G|x ., over X (r,) such that,
etale locally on X (r,), the rigid-analytic group C,, is isomorphic to the constant
group (Z/p"Z)¢ and, for any finite extension L/K and x € X (L), the fiber (Cy,)
coincides with the generic fiber of the level n canonical subgroup of &,.
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2. The Breuil-Kisin classification

In this section, we briefly recall the classification of finite flat group schemes and
Barsotti—Tate groups over Og due to Kisin ([2006] for p > 3 and [2009] for p =2
and connected group schemes) and to Kim [2012], Lau [2010] and Liu [2013] for
p = 2. We basically follow the presentation of [Kim 2012].

We let the continuous ¢-semilinear endomorphism of & defined by u — u” be
denoted also by ¢. Put 6, = &/p"GS. Let E(u) € W[u] be the (monic) Eisenstein
polynomial of the uniformizer . Then a Kisin module (of E-height < 1) is an
G-module endowed with a g-semilinear map ¢y, : 9t — 91, which we also write
abusively as ¢, such that the cokernel of the map

1©¢: 0" M=6By.6M— M

is killed by E (u). The Kisin modules form an exact category in an obvious manner,
and its full subcategory consisting of 9t such that 2 is free of finite rank over
G (resp. free of finite rank over 6], resp. ﬁnitely generated p- power torsion and
u-torsion free) is denoted by Mod & (resp. Mod ¢ & resp. Mod 90 )

We also have categories of Breuﬂ modules Mod / S‘p, Mod1 (p and Mod defined
as follows (for more precise definitions, see for example [Hatton 2012 §2.1],
where the definitions are valid also for p = 2). Let S be the p-adic completion
of the divided power envelope of W[u] with respect to the ideal (E(«)) and put
S, = §/p"S. The ring S has a natural divided power ideal Fil' S, a continuous
p-semilinear endomorphism defined by u — u” which is also denoted by ¢ and
a differential operator N : § — § defined by N(u) = —u. We can also define a
@-semilinear map ¢; = p~'¢ : Fil'S — S. Then a Breuil module (of Hodge-Tate
weights in [0, 1]) is an S-module endowed with an S-submodule Fil'.l containing
(Fil' $).Ut and a -semilinear map ¢; 4 : Fil'.l — A satisfying some conditions.
We also define ¢ : M — M by @y (x) = gol(E(u))_lgol,M(E(u)x). We drop the
subscript J if there is no risk of confusion The Breuil modules also form an
exact category. Its full subcategory Mod ¢ /s (resp. Mod ‘p) is defined to be the one
consisting of Jl such that .l is free of finite rank over S and J(/L/ Fil' Mt is p-torsion
free (resp. Jl is free of finite rank over S 1) The category Mod!¢ /5., 1s defined as the
smallest full subcategory containing Mod )¢ /5, and closed under extensions. Then the
functor M — § ®, s M induces exact functors

Modl P Mod} . Mod}gl — Mod}’s‘f, Mod}gw — MOd}Si
which are all denoted by Jilg(—), by putting

Fil g (M) = Ker(S @6 M ¥ S/Fil'S @ M).
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Put & = (g, m1,...) € R as before and consider the Witt ring W(R) as an
G-algebra by the map u — [r]. The p-adic period ring Acys is defined as the
p-adic completion of the divided power envelope of W(R) with respect to the ideal
E(u)W(R) and the ring Acryg[l/p] is denoted by B Crys For any r = (rg, r1,...) €
R with r; € Og , choose a lift # of r; in O and put r' = limj_oo /7, €
Og. Consider the surjection 6, : W,(R) — @K , sending (ro,71,...,F,—1) tO
;’:_0 p l) . Then the quotient Acys/p" Acrys can be identified with the divided
power envelope WDPP(R) of the surjection 6, compatible with the canonical d1v1ded
power structure on the ideal pW,,(R). For any objects 9t € Mod ¢ /G and M € Mod ¥ /5
we have the associated Gg_ -modules

TG* (SDT) = HomG,(p(mt? W(R))9 crys (‘/‘/l‘) Homs’w’Fill ('-/va ACI‘yS)9
which are related by the injection

T&M) — Ty (e (M)

crys

defined by f +— 1 ® (¢ o f). Similarly, for any object 91 € Mod}goo, we have the
associated Gk, -module

T&(ON) = Homg (M, Q,/Z, ®z, W(R)).

Let D be an admissible filtered p-module over K such that gr' Dg = 0 unless
i =0,1. Put Sk, = S ®w Ko and @ = Sk, ®k, D. The Sg,-module % is endowed
with a natural Frobenius map ¢g : 9 — % induced by the Frobenius of D, a
derivation Ngy =N ® 1 : % — 9 and an Sk,-submodule Fil'% defined as the inverse
image of Fil' Dg by the map % — %/ (Fil'S)% = D. Then a strongly divisible
lattice in @ is an S-submodule /M of % which satisfies the following:

e Jlis a free S-module of finite rank and % = M[1/p].
e L is stable under ¢g and Ng.
e g (Fil'.Ml) € pM, where Fil' Ml = M NFil'%.
(%) =Homg, J.¢.Fil (@, Bcrys) If M is a strongly divisible lattice in %,
then the natural Gg_, -actlons onT

erys (M) and VI (D) = T L, (M)[1/p] extend to
G g -actions and we have a natural isomorphism of G g-modules

We put V, Crys

crys(gb) - cr}/b(D) HomK() Q, Fl](D Bcrys)

[Breuil 2002, Proposition 2.2.5] and [Liu 2008, Lemma 5.2.1].

Let (BT/Ok) (resp. (p-Gr/Og)) be the exact category of Barsotti—Tate groups
(resp. finite flat group schemes killed by some p-power) over Og. For any Barsotti—
Tate group I' over Ok, we let T,(I') denote its p-adic Tate module, V,(I") =
Q, ®z, Tp(I') and D*(T") be the filtered ¢-module over K associated to V,(I"). We
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also let D*(—) denote the contravariant crystalline Dieudonné functor [Berthelot
et al. 1982] and consider its module of sections

D*()(S — Og) = lim D*(I")(S, — Ok )

n

on the divided power thickening S — Ok defined by u — 7. Note that the S-module
D*(I")(S — Ok) can be considered as an object of the category Mod}’sw and also as
a strongly divisible lattice in @*(I") = Sk, ® ¢, D*(I") [Faltings 1999, §6]. For any
finite flat group scheme % over Ok killed by some p-power, we define an object
D*(9) (S — Og) of the category Mod}’s(io similarly. Then we have the following
classification theorem, whose first assertion (which is Theorem 2.2.7 of [Kisin
2006] for p > 3, and Theorem 4.1 and Proposition 4.2 of [Kim 2012] for p = 2)
implies the second one (Theorem 2.3.5 of [Kisin 2006] for p > 3, and Corollary
4.3 of [Kim 2012] for p =2) by an argument of taking a resolution.

Theorem 2.1 (Kisin). (1) There exists an anti-equivalence of exact categories
M*(—) : (BT/Ok) — Mod ¢
with a natural isomorphism of G g -modules
er : T,(I') = TEEN"()).

Moreover, the S-module Mg (ON*(I')) can be considered as a strongly divisible
lattice in *(I") and we also have a natural isomorphism of strongly divisible
lattices in D* (")

pr @ Me(OTHI)) — D*(T)(S — Ok).
(2) There exists an anti-equivalence of exact categories
M* (=) : (p-Gr/Og) — Mod, ¢
with a natural isomorphism of G g -modules
eg:9(0g) — TN (9)).
Moreover, we also have a natural isomorphism of the category Mod}’sic
g 2 Me (DT (9)) — D*(9)(S — Ok).

On the other hand, for any object 97t of the category Mod}g or Mod}gm, we can
define a dual object 9" which is compatible with Cartier duality of Barsotti—Tate
groups or finite flat group schemes. In particular, for any object 91 of the category
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Mod}goo killed by p”, we have a commutative diagram of G g_ -modules

G(0f) x G (O0g) ——Z/p"Z(1)

1

TSN (9)) x TM*(9)") — Wu(R)

where the upper horizontal arrow is the pairing of Cartier duality, the lower horizontal
arrow is a natural perfect pairing, §g is the composite

G (O0p) L TEOMNGY)) = TEON*(9)Y)

and the right vertical arrow is an injection (see [Kim 2012, §5.1], and also [Hattori
2012, Proposition 4.4]).

Let I' be a Barsotti—Tate group over Ox. We consider any element g of 7, (I")
as a homomorphism g : Q,/Z, — T" x Spec(@ z). By evaluating the map

D*(g) : D*(T" x Spec(0z)) — D*(Q,/Z,)

on the natural divided power thickening Acys — 0 %> we obtain a homomorphism
of G, -modules

Tp(I) — Homs, ¢ it (D* (D) (Acys — Og), D*(Qp/Zp) (Acrys — Og))
=T (D*(D)(S — Ok)).

crys
This map is an injection, and an isomorphism after inverting p [Faltings 1999,

Theorem 7]. Then we have the following compatibility of this map with the Breuil—
Kisin classification.

Lemma 2.2. Let I" be a Barsotti-Tate group over Og. Then the following diagram
is commutative:

T,,f‘) ;
Tys (D" (DS = 0k)) —— = Ty (M (1))

Te(MTX(I))

Proof. Put D = D*(I") and 9t = 91*(I"). Consider the diagram

Tp(T) —— T (D*(T)(S — O)) —— Tihy (Ml (M) <— TEEM)

~ | =

Verys(D)

where the left and middle triangles are commutative by [Kim 2012, Theorem 5.6.2]
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and Theorem 2.1 (1), respectively. The commutativity of the right one is remarked
in [Kim 2012, footnote 11]. We briefly reproduce a proof of this remark for the
convenience of the reader. We follow the notation of [Kisin 2006]. In particular,
let 0 = Ojp,1) be the ring of rigid-analytic functions on the open unit disc over
Ko and M = 0 ®g 90 be the associated ¢-module over the ring 0. We also put
%o = (Ollu] ®k, D)"=" = 0 ®, D. Then the map T&(OM) — Vi (D) is defined
as the composite

Home (M, W(R)) — Home , (M, Bf,,) =% Home,,(¢* M, By,)

crys
(1@&)* n

— Hom@,(P,Fll(@()v Bcrys ! )'

) — HomKOJILFi](D’ Bcrys

Here the map & : D — M is the unique ¢-compatible section and the map 1 ® & :
Do =0Q®k, D — M factors through the injection

1Qp: "M =0Q,0 M - M

[Kisin 2006, Lemma 1.2.6]. Put 9 (N) = Mes (M) [1/p] = Sk, ®c ¢*M. Then
we have K QR sy, De (M) = Ko ®yp, g, D and the composite

1
S0 - K0®¢’KOD &’; D —§> (p*M—> @6(9}0

1
is the unique ¢-compatible section. Using this, we can check that Ko®y, x, D ®¢p
is an isomorphism of filtered ¢-modules, where we consider on the left-hand side
the induced filtration by the isomorphism

D (M) /(Fil' $)Ts (M) — K ®y.x, D,

and hence we can also check the above remark easily. Since the map er is defined
by identifying the images of 7),(I") and 7£(9M) in VC*;ys(D), the lemma follows. [

3. Lower ramification subgroups

In this section, we prove Theorem 1.1. We begin with the following lemma, which
gives upper bounds of the lower ramification of finite flat group schemes. For any
valuation ring V of height one with valuation v and any N-tuple x = (xq, ..., xy)
in V, we put v(x) = min;—;___n v(x7).

Lemma 3.1. (1) Let J{/Q,, be an extension of complete discrete valuation fields
and G be a finite flat group scheme over Oy killed by some p-power. Then we
have 6; =0 foranyi > 1/(p —1).

(2) Let I be an extension of complete discrete valuation fields over Q, or k((u))
with valuation v and § be a finite flat generically etale group scheme over Oy
killed by some p-power. Then we have the following.
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(a) 4 = (Cgo)ifor anyi > 0.

(b) 4 =0foranyi > deg(9)/(p —1).

Here G; and deg(§) are defined using v. Namely, we extend v to a separable
closure H>%P of K, write as wq >~ @, 0% /(a;) and put

G (Oar) = Ker(G(Ogper) = G(Ospn,)),  deg(§) =) v(an).
I
Proof. For the assertion (1), we may replace K by its finite extension and assume
©"(05) = 9Y(0y) for an algebraic closure J of . By Cartier duality, there
exists a generic isomorphism § — 9§’ = @;um for some n;. Then ¢4, = 0 for any
i > 1/(p —1) and the assertion follows from the commutative diagram

G(05) — 9(0Og)

L

4(0g,,) — 9 0g,)
Let us consider the assertion (2). For any i > 0, we have a commutative diagram

0 —— G°(Ogser) —— G(Opser) —— G°(Ogpsep) —— 0

| |

G(Ogsep ;) — G (Ogsen ;)

where the upper row is the connected-etale sequence. Then the right vertical arrow
is an isomorphism and the part (a) follows.

For the part (b), suppose i > deg(9)/(p —1). By part (a), we may assume that ¢4
is connected. By [Tian 2012, Proposition 1.5], we have a presentation of the affine
algebra Og of ¢

Og >~ Ox[[ X1, ..., XaDl/(fi1, ..., fa),

(fi,..., fa) = X1, ..., Xo)U mod deg p
with some U € M;(0y) satisfying the equahty v(det(U)) = deg(9), where X| =
= X4 =0 gives the zero section. Let U be the matrix satisfying U U= det(U)1,,

where 1; is the identity matrix. For any element x = (x1, ..., x4) of 9G(Oys),
multiplying by U implies the inequality

v(x) + v(det(U)) = pv(x).

Thus we obtain the inequality v(x) < deg(9)/(p — 1) unless x = 0 and the assertion
follows. O
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For any positive rational number i < 1, we let WPP(R); denote the divided power
envelope of the composite

6, i
Oni s Wa(R) = Og , — Og i, (ro, ..., ra_1) = pro(ro) mod m?'

compatible with the canonical divided power structure on the ideal pW, (R). Note
that, by fixing a generator gi of the principal ideal m?, we have an isomorphism
of R-algebras

Wa(R)[Y1, Yo, .. 1/(p' 17 — pY1. Y] = pYa, Yy — pY3,..) > WP (R); (1)

sending Y; to 51([£i]), where we put 6(x) = (p — D!y, (x) with the p-th divided
power y,,. The surjection 6, ; defines a divided power thickening WP (R); — O ;
over the thickening S — Ok, which is denoted by A, ;. Put

I.; = Ker(W,(R) % WPP(R),).

From the definition, we see the inclusion 1, ; C I, ;7 for any i > i'.
We show Theorem 1.1 by relating both sides of the isomorphism in its statement
via Breuil modules using the lemma below.

Lemma 3.2. Let i < 1 be a positive rational number and § be a finite flat group
scheme over Ok ; killed by p". Then the map

%0 ;) =Homg, (Z/p"Z.% x ;) — Hom(D*(9)(A;), D*(Z/ p"Z)(An.))
= Hom(D*(9)(A,.)), W, " (R):)
defined by g — D*(g)(A,.;) is an injection.

Proof. Suppose that a homomorphism g : Z/p"Z — 4x ¥; satisfies D*(g) (An.i)=0.
We can take a finite extension L /K such that the map g is defined over Spec(0y ;).
Then we have the commutative diagram

Homg, ,(Z/p"Z,%6 x ¥ i) — Hom(D*(§ x FL,i)(An,i), D*(Z/ p"Z)(An.i))

| |

Home, ,(Z/p"Z, % x %) Hom(D*(4 x %:)(An,i), D*(Z/ p"Z)(Ani))

and thus we may assume L = K.

Put ¥ =Spec(Z,) and %,, = Spec(Z/p" Z). Consider the big fppf crystalline site
CRYS(¥;/Z) and its topos (¥;/ X)crys [Berthelot et al. 1982]. Note that the local
ring Ok ; is a Noetherian complete intersection ring and, for any finite extension
L/K, the ring Oy, ; is faithfully flat and of relative complete intersection over O ;.
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Thus, by [de Jong and Messing 1999, Proposition 1.2 and Lemma 4.1], we see that
the composite
Home,,(Z/p"Z, ) — Homg, 5)crys (O (9), D*(Z/ p"2))
- Hom(g’i/Z)CRYs (D*(9), D*(Z/ p" 1))

is an injection.
Consider the natural morphism of topoi

incrys : (Fi/ Za)crys = (Fi/ Z)crys-

Since the crystal D*(Z/p"Z) is isomorphic to the quotient Oy, 5,/ p"0g, 5, of the
structure sheaf Og, 5 [Berthelot et al. 1982, Exemples 4.2.16] and this is equal to
inCRYS*(@g;[_ /En) [Berthelot et al. 1982, (4.2.17.4)], the natural map

IrCRYS Hom(gi/E)CRYS(D*(‘Q), D*(Z/p" 7))
- Hom(gi/zn)cms (i:CRYS(lD* ((g))’ i:CRYS([D* (Z/pnz)))
is an isomorphism.
Finally, we claim that the thickening A, ; defines the final object of the big crys-
talline site CRYS(¥;/%,). This follows as the proof of [Fontaine 1994, Théoreme

1.2.1]. Indeed, it suffices to show that for any O ;-algebra Oy, any Z/p"Z-algebra
Or and any surjection Oy — Oy defined by a divided power ideal J7, the composite

Gni
W, (R) =5 O ; — Oy

uniquely factors through O7. For this, we define the map f : W, (R) — Or as

follows: For any element r = (ry, . .., r,—1) of the ring W, (R), choose a lift @)
in O7 of the element pr, (r;) forany [ =0, ...,n — 1 and put
n—1
— n—l
f) =Y p'or, )"
=0

This is independent of the choice of lifts and gives a ring homomorphism satisfying
the condition. Conversely, suppose that a homomorphism f”: W, (R) — O satisfies
the condition. Then, for any element r = (rg, ..., r,—1) of the ring W,(R), we
have f'(r) = Y 0= pl £/([r 177" and f'([r;]"/7") mod Jr = pr, (r;). Thus the
uniqueness follows. Hence the evaluation map on the thickening A, ;

Hom g, /5 ) cpys (incrys(D*(9)), ircrys (D" (Z/ p" 7))
— Hom(D*(9)(A,.i), WP (R);)

is an injection. This concludes the proof of the lemma. U
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Proof of Theorem 1.1. Take a resolution of § by Barsotti—Tate groups over Og
0-%—>T,—->I,—0
and consider the associated exact sequence of Kisin modules
0= 9% — 9 —>M—0.

Put Ml = Mg (M) and N; = Mg (D) for I =1, 2. By Lemma 2.2 and the definition
of the anti-equivalence 91*(—), we have a diagram

Ty(I') S T35y (N1) DTEON)
................... Erz

T (D) & T (M) = STEOL)

g T o Ton

B e e -

4(0g ;) Homg o (M, WP (R);) <——Homg (M, W, (R)/I.i)

where the left horizontal arrows are induced by g — D*(g) and the right horizontal
arrows are the maps sending f to 1 ® (¢ o f). The middle left vertical arrow
g : Tp(I'2) — 4(0f) is defined as follows: For g € T,,(I"2), the element p”g is
contained in the image of T,(I'y) = l(iLnl Fl[pl](GIg) and put p""g = h = (hy)n=0-
Then the element 7, € I'1[ p"](Og) is contained in the subgroup 9(0 ) and the map
7 is defined by g > h,. We define the map 7,4 : Tgy (N2) — Homyg (M, WDPP(R))
similarly: For any map f : N2 — Acpys, the map p” f induces a map N1 — Acpys.
Its composite with the natural map Acrys — W,PP(R) factors through Jt and defines
the map Ty (f) : M — W,PP(R). The map 79y is defined in the same way. From
these definitions, we see that the diagram is commutative. Note that the bottom left
horizontal arrow is an injection by Lemma 3.2, and that the bottom right horizontal
arrow is also an injection by the definition of the ideal /,, ;.

Thus, for any element g € 4(0), its image in §(0 ;) is zero if and only if the
image of e¢(g) € TZ(M) in Homeg , (M, W, (R)/I,;) is zero. Hence the theorem
follows. ([

The special case of n =1 of Theorem 1.1 can be interpreted as a correspondence
of ramification for finite flat group schemes over Ok and k[[u]] generalizing [Hattori
2012, Theorem 1.1], as follows. Recall that we have an anti-equivalence #(—)
from the category Mod}’g , to an exact category of finite flat generically etale group
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schemes over k[[u]] whose Verschiebung is zero [Gabriel 1965, Théoréme 7.4]. This
gives the equality 7Z(9) = F(9M)(R) for any object M of the category Mod}g e
We normalize the indices of the upper and the lower ramification subgroups of finite
flat generically etale group schemes %G over Ok and % over k[[u]] to be adapted to v,
and vg, respectively. In particular, we define the i-th lower ramification subgroup
of ¥ by

#Hi(R) = Ker(#(R) — #(R;)).

Note that the field Frac(R) can be identified with the completion of an algebraic
closure of k((u)).

Corollary 3.3. Let p be a rational prime and K/Q, be an extension of complete
discrete valuation fields with perfect residue field k. Let 6 be a finite flat group
scheme over Ok killed by p and consider the associated object M*(§) of the cate-
gory Mod}gl. Then the map e« : (0 g) = H(ON*(9))(R) induces the isomorphisms
of Gk, -modules

Gi(0g) ~ HEN*(9))i(R), G (0g) =~ H(M*(9) (R)
for any positive rational numbers i and j.

Proof. By Cartier duality, a theorem of Tian and Fargues [Tian 2010, Theorem 1.6;
Fargues 2011, Proposition 6] and Theorem 3.3 of [Hattori 2012], it is enough to
show the assertion of Corollary 3.3 on lower ramification subgroups. Moreover,
since the i-th lower ramification subgroups of % and #(91*(%)) vanish for any
i > 1/(p—1) [Hattori 2012, Corollary 3.5 and Remark 3.6], we may assume i < 1.
Then the equality /] ; = mlfi and Theorem 1.1 imply Corollary 3.3. U

4. Description of the ideal I, ;

In this section, we give an explicit description of the ideal [, ;. We identify the
rings of both sides of the isomorphism (1).

Proposition 4.1. Let ny, ..., n; be integers satisfying 0 <n; < p—1 for any j and
r be an element of W,,(R). If the element rYI"1 e Yln’ is zero in the ring W,PP(R)i,
then [Ei]p | r in the ring W, (R). In particular, we have the inclusion I, ; C ([Bi])'

Proof. By substituting Y; = 0 for j > [, we reduce ourselves to showing that the
equality in the ring W,(R)[Y1, ..., Y]
ryyt. Y =([Bi]p—PYl)f0+(Y1p—PY2)f1+' (Y =pY) i+ Y fi ()

with fo. ..., fi in this ring implies [p']” | r. By replacing f;’s, we may assume the
inequality
deg./’(fj)<p (G'=j+1,....D, 3)



318 Shin Hattori

where deg ; means the degree with respect to Y.

For any [-tuple m = (my, ..., m;), write Y = Y{"' ... ¥" and let ¢} ,, be the
coefficient of Y™ in f;. Putn = (ny,...,n;)) ande; =(0,...,0,1,0,...,0) with
1 on the j-th entry. We consider a lexicographic order on the module Z/: we say
m < m' if there exists j with 1 < j </ such thatm; <m’; andm
J < j' <l. Taking the terms of scalar multiples of the monomial Y in (2), we have
the equality

= m’,, for any

-1
rY®=[p'1PconY" + Y (—pYjt1)Cin e; Y2
j=0

Now we claim that
Cin—ejn =0 (=0,....0-1). )

Suppose the contrary. Choose j such that 0 < j </—1and ¢j,—; , # 0. Consider
the term ¢ y—; , Y*~“*" in f;. The right-hand side of the equality (2) contains the
term cj,l,_ejﬂIﬂﬂ’ef_e!’+l for j > 1 and [Ei]l’co,g_elzﬂ_e‘ for j =0. Note that, for
J' < j—2, the j-th entry of the [-tuple n+ pe; —e; | —ej4; is equal to n; + p and
thus fj» does not contain any scalar multiple of Y”*7¢/=¢+1=¢/"+1 by assumption (3).
Since n + pej —ej1 <nand n —e; < n, it follows from (2) that

-1
n+pej—ejy1 __ n+pej—eji1—e;
cj,g—eHlX* pej—ej+1 — __ E (_ij’-i-l)cj’,ﬂ—i-Pej—ejH—e_//_HZ’ pej—ejr1—e;

J=i—1

for j > 1 and
-1
[Ez]pc()’g_elzﬁfel P Z(_ij/_,_l)cj,’ﬂ_el_ej/HXﬂfelfe/url
j'=0

for j =0.

We let Eq(1) denote this equation. Put m(1) =n + pe; —ejy for j > 1 and
m(1) =n—e for j =0. Repeating this by arbitrarily choosing a term with nonzero
coefficient ¢, on the right-hand side of the equation Eq(s), we obtain a series
of equations Eq(1), Eq(2), ... and a sequence of /-tuples of non-negative integers
m(1), m(2), ... such that Eq(s) is an equation of monomials of degree m(s) for
any s > 1. Note that if there is no such term on the right-hand side of the equation
Eq(s), the procedure stops. On the other hand, if the equation Eq(s) is either of the

types
yme) . (yj!’)cj’m(s)_pejXm(s)—pej' — (I<j<l=1,
cY®Y = .
- _[Bl]pCO,m(s)Xm(s) — (] = 0)7
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with some ¢ € W, (R) such that the indicated term is chosen and that ¢, (s)—pe; (r€sp.
€0,m(s)) 1s contained in the ideal p"~'W,(R), then the equation Eq(s + 1) is empty
and the procedure also stops. In the latter case, we put m(s+1) =m(s) — pe;+e ;i
forl<j<l/—1landm(s+1) =m(s)+e for j =0.

Lemma 4.2. The sequence m(s) is strictly decreasing with respect to the lexico-
graphic order on 7' defined as above.

Proof. Note the inequalities n > m(1) > m(2). Suppose that we have m(1) >
m2) >--->m(t) <m(t + 1) for some ¢t > 2. Then the term Ylpf[ in (2) does not
affect Eq(s) for 1 <s < t. Thus, by the construction, one of the following four
cases holds foreach 1 <s <¢:

(C) m(s+1)=m(s)+ pej —ejy forsome 1 < j <[—1,
(C}) m(s+1) =m(s) — pej+ejpq forsome 1 < j <I—1,
(Co) m(s+1) =m(s) —ei,
(e8] m(s+1) =m(s) +e;.

Moreover, (C;) and (C }) do not occur consecutively for any j satisfying 0 < j </—1.
Note that m(s) > m(s + 1) for (C;) and m(s) < m(s + 1) for (C}).

First we claim that (C)) does not hold for s = ¢. Suppose the contrary. Then
(Cj) holds for s =t — 1 with some j satisfying 1 < j </ — 1. Hence the j-th entry
m(t); of the [-tuple m(¢) is no less than p. The equation Eq(z)

Cjmtt—1)—en Y = =[P 1P com Y — -

implies deg j( fo) = p. This contradicts (3).

Hence (C}) holds for s = ¢ with some 1 < j <[/ — 1. From this we see that
m(t); > p. Since nj < p, there exists an integer ¢ with 1 <’ <t — 2 such that
(C;) holds for s =" and that it does not hold for any s satisfying ¢’ <s <1.

Next we claim that m(s); = m(t")j + p for any s satisfying 1" < s <. Suppose
the contrary and take the smallest integer ” with " <" <t such that (C;_;) holds
fors =t". Thenm(s); =m(t")j+pfort' <s <t"andm(t"+1);=m(t')j+p—1.
By assumption, we also have m(t” +1); > m(t); > p. On the other hand, the
equation Eq(t”) is

Y™ = — o (= pY )ty YT
with some ¢ € W,,(R). Hence we obtain
deg;(fj-1) =m@");—1=m@);+p—1=p,

which contradicts (3).
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Now let jo be the non-negative integer such that (C},) holds for s =¢ — 1. Then
Jo # j, j — 1 by the constancy of m(s); which we have just proved. The equation
Eq(t—1) is

-1 “1—e:
YD = — e (= pY D m(—1)—e o YT T —

with some ¢ € W, (R) and thus deg;(fj,) > m(t —1); = m('); + p > p. By
assumption (3), we obtain jy > j. In particular, we have jo > 1 and m(¢) =
m(t — 1)+ pej, — ej,+1. Therefore the equation Eq(?) is

YO = — o — (Y] miey—pe, Y TP~

with some ¢’ € W,(R) and degjo(fj) > m(t)j, = p. This contradicts (3), and the
lemma follows. O

By Lemma 4.2, the case (C }) does not occur in the procedure for any non-
negative integer j. In particular, if there is no term with non-zero c;/ v on the
right-hand side of Eq(s) for some s, then the equation is

[Bi]pGCj//’m//XM(S) = 0,

where cju,mwzm” is the chosen term on the right-hand side of Eq(s —1) and € € {0, 1}.
Note that this occurs for s satisfying m(s) = (0, ..., 0), since in this case (Cop)
holds for s — 1. Therefore, Lemma 4.2 implies that, for any choice of terms as
above, we end up with an equation of this type for a sufficiently large s. Since the
element [p']? is a non-zero divisor in the ring W, (R), we see that ¢ jr.m = 0. This
contradicts the choice of terms, and (4) follows.

Hence we obtain the equality

rY" =[p'1Pco,Y"
and thus [ Ei]l’ | r. This concludes the proof of Proposition 4.1. O

Lemma 4.3. Put n(s) = v,((ps)!) for any non-negative integer s. Then an element
r=(ro, ..., n—1) of the ring W, (R) is contained in the ideal I, ; if and only if the
condition

P’ (o, - Fai—n(s—1), 0, ..., 0) ©)
holds for any s > 1.

Proof. Let r be an element of the ideal I, ; and show the condition (5) for r by
induction on s. The case of s = 1 follows from Proposition 4.1. Suppose that the
condition (5) holds for some s > 1. Let v’ = (r, .. ., r};_l_n(s_l), 0,...,0) be the
element of W, (R) such that

(ro. -+ Fn—1-n@—1): 0, ..., 0) = [p'I°r’.
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We write the p-adic expansion of the integer s as

s=ni+pny+--+p'n

with 0 <n; < p— 1. Then in the ring WPP(R); we have

o(r) = p ey Y,

and Proposition 4.1 implies that [ Ei] divides p“(“')r’ . Hence the element [ Ei ] divides
(rgs -+ a1 _n(sy» 05 - - 0) and thus
is+1

P (os s Factongs)s Oy -, O).

Conversely, suppose that an element r of the ring W, (R) satisfies the condition (5)
for any s > 1. Since we have n(s) > n for some s, a similar argument as above shows
that ¢(r) = 0 in the ring W,?P(R),-. This concludes the proof of the lemma. U

Remark 4.4. Lemma 4.3 enables us to compute the ideal I, ;. For example, I ; =

(mz> mg"") € Wa(R) and

=20 >4i >4i
I (le’leva l) (pzz)’
(mz™,mz™" mz"")  (p=3).

Finally we prove a relationship between the ideals 1, ,; and I, ;, which will
be used in Section 5.
Lemma 4.5. Foranyr = (ro,...,1,—2) € I_1 pi and r,_| € R, we have

A infl
r:(rO,---»rn—Z»EP rn—l)EIn,i-

Proof. By Lemma 4.3, we have

[Epi]x | (r()? e F'p—2—n@s—1)» O, ey O)

in the ring W,,_1 (R) for any s > 1 satisfying n(s — 1) <n — 1. Let us show that the
element 7 = (7, . .., 1) satisfies the condition

[P Go. . Faion(s—1). 0, ..., 0)

in the ring W, (R) for any s > 1 satisfying n(s — 1) < n. The case of s = 1 follows
from the definition of 7. Suppose s > 2. Since n(s —2) + 1 < n(s — 1), we have
n—1-n(s—1)<n-—2-n(s—2)and [pP']*~! divides (7, ..., Faci—ns—1))-
Then the inequality p(s — 1) > s implies the condition. This concludes the proof of
the lemma. O
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5. Application to canonical subgroups

In this section, we prove Theorem 1.2 and Theorem 1.3. First we consider
Theorem 1.2. Let K/Q), be an extension of complete discrete valuation fields.
Let % be a truncated Barsotti—Tate group of level n, height 4 and dimension d
over Ok with 0 < d < h and Hodge height w < (p — 1)/ p". Let €,, be the level n
canonical subgroup of 4 as in Theorem 1.1 of [Hattori 2014]. By a base change
argument and the uniqueness of 6,, (see Proposition 3.8 of the same reference),
we may assume that the residue field k is perfect. Recall that we normalized the
valuation vg on the ring R as vg(w) = 1/e in Section 1.

Let 97t = MM*(9) be the corresponding object of the category Mod}’éﬁw. Then,
by Remark 3.4 of [Hattori 2014], we can show as in the proof of [Hattori 2013,

Lemma 3.3] that the object 9t/ p)t has a basis ey, ..., e, such that
_ _ _ . P P
(p(el 90 eh) = (e]’ R eh) (l/[eP3 MeP4) ’

where the matrices P; have entries in the ring k[[u] with

Pr € My_g(klul),  ve(det(Py) = w, (? f) € GL, (k[[ul).
3 Py

Let 131 be the element of Mj_,(k[[u]]) such that P, 131 =uI,_4. Let B be the
unique solution in My ;4 (k[[u]])) of the equation

B = P3Py —u?1" " B Pyg(B) Py + u?' ") Pyp(B) Py

and put D = P; 4+ u°?'=") P,p(B), which also satisfies vg(det(D)) = w (see the
proof just cited). Moreover, put

- - _ _ In_q
(8/1, ...,e;,lid) = (e], ...,eh) (ue(l_w)B> .

The elements €/, ..., e,_,, €s—a+1, - - ., €, form a basis of the &;-module Nt/ pMN
satisfying

=/ =/ = =N __ =/ =/ = = D P,
(p(el,...,e],l_d,eh7d+1,...,eh)—(el,...,eh_d,eh7d+1,...,eh) 0 ue(liw)P/
4

for some matrix P‘{ € My (k[[ul). Then we have the following description of the
level one canonical subgroup €; of ¢[p].

Lemma 5.1. Let f be an element of the module Homg ,(91/ pN, R) defined by

(er,....en) > (x,y)
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with an (h — d)-tuple x and a d-tuple y in R. Then [ corresponds to an element of
€1(0g) by the isomorphism

SCg[p] : (g[p]((@[g) ~ Homg,(p(‘)ﬁ/pfm, R)

if and only if vg(x +u¢1"yB) > w/(p — 1).

Proof. Let £ be the G;-submodule of Mt/ pMt generated by €/, ..., e,_,. Then
£ defines a subobject of 0/ pMN in the category Mod}’gl. Put 91 = O/ pN)/ L.
Lemma 3.2 of [Hattori 2014] also holds for our ¢[p] and its subgroup scheme
corresponding to 91, by Remark 3.4 of the same reference. By Lemma 3.2 and
Theorem 3.5(1) of that reference, the level one canonical subgroup 6, is the closed
subgroup scheme of [ p] corresponding to the object 91. We have the commutative
diagram

0 —— 61(0g) ———— Y[pl(Og) —— (Y[pl/€1)(0) — 0

2 l &g 2 l eglp] 2 l £4lpl/¢
[*

0 — Homg (N, R) — Homg ,(IM/pIMN, R) — Homg ,(£, R) — 0

where the rows are exact and the vertical arrows are isomorphisms. The element f
corresponds to an element of 61 (0 ) if and only if ¢*(f) =0. The map *(f): £ — R
is defined by

@,....e_prx+u""yB,

which we consider as an element of #(£)(R). Since deg(#(£)) = w, the lemma
follows from [Hattori 2013, Lemma 2.4]. (|

Recall that we put

in=1/(p" " (p =)= w/(p=1), i =1/(p"(p=1)).
Lemma 5.2. If w < (p — 1)/p", then we have 6, = 4[pl;, = 4lpli; for any
integer m satisfying 1 <m <n.

Proof. By [Hattori 2014, Theorem 1.1(c)], the equality €; = %[ p];, holds. From
the inequalities
i <ip<i,_|<--<ip<iy<ii,

we have the inclusions
€1 S“lply S4lpli, - S4lpli, S4lpli;-

Let us show the reverse inclusion. Let 1 be the quotient of 9t/ pO in the category
Mod}g , corresponding to the closed subgroup scheme €; < 6. By Corollary 3.3, it
is enough to show that
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Home, , (M p, m>")  Home,, (N, R).
Consider a g-compatible homomorphism of G-modules 9t/ p9t — R defined by

@1, ....é) > (x,) = p'"(a, b)
with an (h — d)-tuple a and a d-tuple b in R. Then we have

o i Ih—d 0 P1 Pz
Pin (4P HPY — pin
prin@@®, by =p (ng)( 0 ueld) <P3 P4),

P Pz)_le

where a? = (af, cee, a,f_d) and similarly for 5”. Multiplying this by (P p
3 Py

GLj, (k[[u]), we obtain the equality

-1
" P P
ery — /PP 1P 42

and we can write a = p'/?"a’. The (h — d)-tuple a’ satisfies

a'=p'/P" @) By — p @ DY Py
Hence vg(a’) > min{l/p"~!, (p" — 1)/p"} — w and
vr(x) = min{1/(p" (p— 1) —w, 1+ 1/(p"(p = 1)) —w} > w/(p - 1.
Since 1 —w > w/(p — 1), we obtain
vr(x +u'"yB) > w/(p—1).
Then Lemma 5.1 implies the reverse inclusion, and the lemma follows. U

To show Theorem 1.2, we proceed by induction on n. The case of n = 1 follows
from Lemma 5.2. Put n > 2 and suppose that the theorem holds for any truncated
Barsotti—Tate groups of level n — 1 over Og. Consider a truncated Barsotti—Tate
group ¢ of level n over Ox with Hodge height w < (p — 1)/p”, as in Theorem 1.2.
In particular, we have 6,,_| = (Q[p”_l]iH = (Q[p”_l],-'/l_l , and thus the inclusions
€n-1 €9, €% also hold.

Lemma 5.3. For any positive rational number i satisfying i < 1/(p — 1), multipli-
cation by p induces the map 4;(0g) — Cg[p"_l]pi ©g).

Proof. By Lemma 3.1(2), we may assume that % is connected. By [Illusie 1985,
Théoreme 4.4(e)], there exists a p-divisible formal Lie group I" over Ok such that
% is isomorphic to I'[ p"]. By [Rabinoff 2012, Lemma 11.3], we can choose formal
parameters X1, ..., X4 of the formal Lie group I' such that the multiplication-by-p
map of I is written as

[P1X) = pX+ (X7, ..., X]YU + pf(X) mod deg p?,
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where X = (X1, ..., Xg), fX) = (fi(X), ..., fa(X)) such that every f; contains
no monomial of degree less than p and U € M;(Ok). Let x = (x1,...,xq) be a
d-tuple in O satisfying [p"](x) =0 and v,(x) > i. Since 1 +i > pi, we have
1+v,(x) > pi and pv,(x) > pi. Hence v, ([p]l(x)) > pi and the lemma follows. []

Lemma 5.4. We have the inclusion 4;; C 6.

Proof. By Lemma 5.2 and Lemma 5.3, multiplication by p"~! induces a homomor-
phism %;; (Og) — %[p],-{ (Og) =%1(0g). Hence we have the inclusion

G, C p~ "D,

Consider the natural map ¢ — §/€;. By [Hattori 2014, Theorem 1.1], the subgroup
scheme 6€; x &¥;_,, coincides with the kernel of the Frobenius of 4 x ¥;_,,. Put
G =9 x ¥1—w and similarly for % Note that pi;, = i;,—1 <1 — w. Then we
have a commutative diagram

G(0g) — (4/€1)(0f)

| |

GO 1) — G/€1(O 1) =GP (Og )

| |

/610 pir) =GP (Of i)

where the composite of the middle row is the Frobenius map and the right horizontal
arrows are injections. From this diagram, we see that the map 9 — %4/%; induces a
map

G (0g) — (6/61)_ (Op).

This implies the inclusion 4;; /1 S (p~" D%, /%)y . Note that the group
scheme p~ ("D, /%€, is a truncated Barsotti-Tate group of level n — 1, height &
and dimension d with Hodge height pw and that the subgroup scheme €,, /€ is its
level n — 1 canonical subgroup (see the proof of [Hattori 2013, Theorem 1.1] and
[Hattori 2014, Theorem 1.1]). From the induction hypothesis, we see that

(p~ "G/ =/
This implies the inclusion %;; € 6,,, and the lemma follows. O

Proposition 5.5. The image of the map §;, (0g) — 4[ "1 pin(Og) induced by the
multiplication by p contains the subgroup 9| p"‘l]i,H Oz).
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Proof. By Theorem 1.1 and Lemma 5.3, we have a commutative diagram

(gin (GIE) ﬁ HomG,W(mv In,i,,)

- :

GUp" " 1pi, (0g) —= Home (M. L1, pi,)

GLp" i, (Og) —> Home o (M, In—1,,_,),

where the horizontal arrows are isomorphisms and the map pr is induced by the
natural projection W, (R) — W,_1(R). It suffices to show that the image of the
map pr contains the subgroup Homg (N, I,,—1;,_,).

Letey, ..., e, be abasis of the §,-module 9 lifting ey, ..., e, and e, ..., e)_,
be lifts of &/, ..., ,_, in 9N, respectively. Then e, ..., e,_,. ep—as1, ..., ey also
form a basis of the &,-module 1. Take a ¢-compatible homomorphism of &-
modules 9 — I,y ;, , defined by

(8/19 O] e;/l_dv eh—d+1’ L] eh) = ('lcv X)’
where x = (x, ..., xp—q) and y are an (h — d)-tuple and a d-tuple in the ideal
I,_1.,_,, respectively. Put x; = (x;,0) € W,(R), X = (X1, ..., Xp—q) and similarly

for if Let A be the matrix in M} (S,,) satisfying

l / ’ 1
(p(el, cees € gy Ch—d1s - e eh) = (el, ce s € gy Ch—d1s e e eh)A.

Define an (h — d)—tuple§ =(&1,...,&,—4) and a d-tuple n in R by

PNEL ) = @R, §) — (5. DA,
where we put [§ 1=(&1], ..., [En—q])) and similarly for [g]. By Proposition 4.1, the
elements x and y are divisible by [ EiH] and thus we can write
E m=p""E ).

Since i,—1 = pi, +w > pi,, Lemma 4.5 implies that, for any A-tuple z in R, the
element (%, 3)+ p"~'[p'z] is contained in the ideal 1, ;,. It is enough to show that
there exists an h-tuple z in R satisfying

(R, D)+ p" ' Ip"2D) = (@, )+ p" ' [p" 2D A.
Put z = (£, w) with an (h — d)-tuple { and a d-tuple w. Then this is equivalent to

the equation

- , D P
(§’ﬂ)+£mn(§pv‘_‘)p):BI"(E’C_U)(0 2 )

ue(l—w) P;{
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We claim that the equation

for the first entry has a solution { = p»~Di¢" with an (h — d)-tuple ¢’ in R.
Indeed, let D € Mj,_;(k[[u])) be the matrix satistying DD = u®"I,_,. Then this is
equivalent to the equation

é./ — §/l’j _}_Ep(pfl)infw(g/)pb‘

Since p(p — 1)i, > w, we can find a solution ¢’ of the equation by recursion.
For the second entry, we have the equation

Epin+w7_7/ _j’_BPi/zg)P — B’n(gpz +£1_U)Q)P4/)
This is equivalent to the equation

C_()p :Bl—w—(p—l)i,,QPi +£/P2 _Bwn/‘

Note that 1 —w > (p — 1)i,,. Write this equation as
(@, ...,o)+ (@1, ..., 00)C+(c],...,c)) =0

with some C = (¢;,j) € My(R) and c; € R. Then the R-algebra

d d
P / 4 /
R[a)l,...,a)d]/(a)1 +ch,1a)j+cl,...,a)d +ZCj,dC()j —I—cd>
j=1 j=1

is free of rank p? over R. Since Frac(R) is algebraically closed and R is integrally
closed, this R-algebra admits at least one R-valued point. Hence we can find at
least one solution w of the equation. This concludes the proof of the proposition. []

Consider the exact sequence
0 — Gpl;, (Og) — G, (Og) —> G[p" 1,1, (0.
Proposition 5.5 implies that the image of the rightmost arrow contains the subgroup
Gp" i, (Og) SGp™ i, (Op),

which coincides with €,,_1 (0 z) by induction hypothesis and thus is of order p—hd,
By Lemma 5.2, the subgroup %[ p];, (O ) also coincides with 61 (0 ) and this is of
order p¢. Hence the group %, (Og) is of order no less than p". Since Lemma 5.4
implies the inclusions

In

%i,(0g) €%, (Og) € €,(0g),

Theorem 1.2 follows by comparing orders. U
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To prove Theorem 1.3, we need the following lemma, which is a “lower” variant
of [Hattori 2013, Lemma 4.5].

Lemma 5.6. Let K/Q, be an extension of complete discrete valuation fields and i
be a positive rational number. Let X be an admissible formal scheme over Spf(Og)
and X be its Raynaud generic fiber. Let & be a finite locally free formal group
scheme over X with Raynaud generic fiber G. Then there exists an admissible open
subgroup G; of G over X such that the open immersion G; — G is quasicompact
and that for any finite extension L/ K and x € X (L), the fiber (G;), coincides with
the lower ramification subgroup (8,); x Spec(L) of the finite flat group scheme
6, =& xx , Spf(Or) over Of.

Proof. Let $ be the augmentation ideal sheaf of the formal group scheme &.
Write i = m/n with positive integers m, n and put $ = p"0g + $9". Let B be the
admissible blow-up of & along the ideal $ and &,, ,, be the formal open subscheme
of B where p™ generates the ideal $0q. Since the Raynaud generic fiber of &,, ,
is the admissible open subset of G whose set of K -valued points is given by

fx € G(K) | vp($(x)) = i},

it is independent of the choice of m, n, and we write it as G;. Using the universality
of dilatations as in the proof of [Abbes and Mokrane 2004, Proposition 8.2.2], we
can show that G; is an admissible open subgroup of the rigid-analytic group G. For
any affinoid open subset U = Sp(A) of G, put I =I'(U, $). Then the intersection
U N G; is the affinoid Sp(A(/"/p™)) and thus the open immersion G; — G is
quasicompact. This concludes the proof of the lemma. O

Proof of Theorem 1.3. Set C, to be the admissible open subgroup G;; of G as
in Lemma 5.6 with i;, = 1/(p"(p — 1)). Then, by this lemma and Theorem 1.2,
each fiber (C,), coincides with the generic fiber of the level n canonical subgroup
of &,, and its group of K-valued points is isomorphic to the group (Z/p"Z)“.
Moreover, C,, is etale, quasicompact and separated over X (r,). Thus [Conrad 2006,
Theorem A.1.2] implies that C,, is finite over X (r,,), and the theorem follows by a
similar argument to the proof of [Hattori 2013, Corollary 1.2]. U
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Wild models of curves

Dino Lorenzini

Let K be a complete discrete valuation field with ring of integers Ok and alge-
braically closed residue field k of characteristic p > 0. Let X/K be a smooth
proper geometrically connected curve of genus g > 0 with X (K) # g if g = 1.
Assume that X /K does not have good reduction and that it obtains good reduction
over a Galois extension L/K of degree p. Let J/Op be the smooth model of
Xp/L. Let H :=Gal(L/K).

In this article, we provide information on the regular model of X /K obtained
by desingularizing the wild quotient singularities of the quotient )/ H. The most
precise information on the resolution of these quotient singularities is obtained
when the special fiber )/ k is ordinary. As a corollary, we are able to produce for
each odd prime p an infinite class of wild quotient singularities having pairwise
distinct resolution graphs. The information on the regular model of X /K also
allows us to gather insight into the p-part of the component group of the Néron
model of the Jacobian of X.

1. Introduction

Let K be a complete discrete valuation field with valuation v, ring of integers Ok
and residue field k of characteristic p > 0, assumed to be algebraically closed.
Let X/K be a smooth proper geometrically connected curve of genus g > 0 with
X(K)#£oifg=1.

Assume that X/K does not have good reduction and that it obtains good reduction
over a Galois extension L/K. Let J/Op be the smooth model of X; /L. Let
H :=Gal(L/K), and let Z/Og denote the quotient )/ H. A regular model for X /K
can be obtained by resolving the singularities of the scheme Z. Our goal is to obtain
information on this regular model when p divides [L : K]. Since the presence of
wild ramification renders the subject quite challenging, we will restrict our attention
in this article to the case where [L : K] = p.

Lorenzini was supported by NSF Grant 0902161.
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Keywords: model of a curve, ordinary curve, cyclic quotient singularity, wild ramification,
arithmetical tree, resolution graph, component group, Néron model.
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Beyond our interest in models of curves per se, our motivation for understanding
these regular models is twofold. First, since X is obtained by desingularizing
certain quotient singularities, we hope to gain more insight in the general theory
of resolutions of wild quotient singularities by producing interesting classes of
examples where the singularities can be resolved explicitly. Second, since from
a regular model of the curve one can compute much of the Néron model of its
Jacobian, we hope to bring new insight into the structure of the rather mysterious
p-part of the component group of the Néron model of a general abelian variety
from an increased understanding of the special case of Jacobians of curves.

Let us introduce some notation needed to state our theorems. Let o denote a
generator of H :=Gal(L/K). Denote also by o the automorphism of ) induced by
the action of H on ). The scheme Z is singular exactly at the images Q1, ..., Qu
of the ramification points Py, ..., P; of the map Vi — Vi /(o) (5.2). Consider
the regular model X — Z obtained from Z by a minimal desingularization. Let
X" — X denote the regular model of X/K minimal with the property that A} has
smooth components and normal crossings. Let f denote the composition X’ — Z.
Let Cy/k denote the strict transform in X of the irreducible closed subscheme
Z,ied of Z. Let Dy, ..., Dy denote the irreducible components of A7 that meet Cy.
Let r; denote the multiplicity of D;, i =1,...,d, in A].

Recall that to any connected curve |_J;_, C; on a regular model X' we associate
a graph G as follows: the vertices are the irreducible components Cy, and in G, the
vertices C; and C; (i # j) are linked by exactly (C; - C;) x edges, where (C; - C;)x
denotes the intersection number of C; and C; on the regular scheme X. Recall
that the degree of a vertex v of a graph is the number of edges attached to v. A
node on a graph is a vertex of degree at least 3. A vertex of degree 1 is a terminal

vertex. A chain is a subgraph of G with vertices Cy, Cy, ..., C,, n > 1, such that
C; is linked to C; by exactly one edge in G wheni =0, ..., n—1 and the degree
of C;is2wheni =1,...,n — 1. If the chain contains a terminal vertex (which

can only be Cy or C,), the chain is called a terminal chain.

Let G denote the graph associated with X7. We assume d > 1. For each
i =1,...,d, let G, denote the graph associated with the curve f “1(Q;). In
particular, D; corresponds to a vertex of G ,. We have the following configuration
on the graph G (where a positive integer next to a vertex denotes the multiplicity
of the corresponding irreducible component in X”):

Co P

T N

v ¢ Dgild
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Theorem 5.3. Let X/K be a curve with potentially good reduction after a wildly
ramified extension L /K of degree p, as above. Keep the above notation. Then, for
alli =1, ...,d, the graph G o, contains a node of G and p divides r;.

In contrast, when H is of prime order g # p, then it is known that ¢ > r; and that
the graph G ¢, does not contain a node of G. In particular, when L/K is tame and
d > 3, the graph G has only a single node, the component Cy (see, e.g., [Lorenzini
1990a, Theorem 2.1]).

We propose in 6.1 a combinatorial measure yg,g¢, of the complexity of the
graph G g, which we conjecturally relate in 6.2 to the higher ramification data of
the morphism ), — Vi /(o). This conjectural relationship expresses the fact that
the graph G o, is “complicated” only if the higher ramification above Q; is “large”.
We prove this conjecture in the ordinary case (Theorem 6.4).

Recall that a smooth proper curve Y/ k of genus g is called ordinary if its Jacobian
J/k is an ordinary abelian variety (that is, J (k) has exactly p# points of order
dividing p). When Y is ordinary, the morphism Yy — Vi /(o) has the smallest
possible ramification data at each Q; (2.2), and in this case, we can use Theorem 5.3
to describe the graph G o, explicitly, as in the following theorem, whose statement is
slightly strengthened in the version given in Section 6. In the graph below, a bullet e
represents an irreducible component of the desingularization of Q;. A negative
number next to a vertex is the self-intersection of the component. A positive number
next to a vertex is the multiplicity of the corresponding component in A;.

Theorem (see Theorem 6.8). Let X/K be a curve with potentially good reduction
after a Galois extension L /K of degree p, as above. Assume that ), ordinary. Then,
foralli=1,...,d, we have r; = p and G g, is a graph with a single node C; of
degree 3:

The intersection matrix N(p, «;, r1(i)) of the resolution of Q; is uniquely deter-
mined as in 4.7 by the two integers «; and r1(i) with 1 < r1(i) < p. The integer «;
denotes the number of vertices of self-intersection —2 (including the node C;) on
the chain in G, connecting the node Cy to the single node C; of Gg,, and the
integer «; is divisible by p.

To further determine the regular model, one would need to determine explicitly
the integers «; and ry(i). We address this issue in [Lorenzini 2013b]. In all cases
where we have been able to compute «; and r; (i), we found them to be related
to the valuation of the different of L/K. More precisely, let (s;;x +1)(p — 1)
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denote the valuation of the different of L /K. In [Lorenzini 2013b, Theorem 1.1],
we present some instances where o; = psy x and (i) = —sZ}K modulo p. We
also show in [Lorenzini 2013b, Theorem 4.1] that the singularities Q; are rational.

Remark 1.1. The same type of intersection matrix, N(p, «;, r1(i)), also occurs
in the resolution of the singularities of the model Z when X/K has genus p — 1
and Jac(X)/K has purely toric reduction after an extension of degree p [Lorenzini
2010, Theorem 2.2].

Remark 1.2. The special fiber of the model X' /O of X/K in Theorem 6.8 has
thus a graph with a central vertex to which d branches are attached, of the form
described below, where we picture the case d = 4.

Fix any d > 1. We establish in Theorem 6.8 and Example 6.13 the existence of
some field K of residue characteristic p > 0 and of some smooth proper curve X /K
with a regular model whose special fiber has a graph of the above type. This is
clearly a weak existence result, but our understanding of models in the presence of
wild ramification is so limited that even this weak existence result does not follow
from the general existence results of Viehweg [1977] and Winters [1974].

An immediate but surprising corollary to Theorem 6.8 is as follows.

Corollary (see Corollary 6.10). Let X/K be a curve of genus g > 1 with potentially
good reduction after a Galois extension L /K of degree p, as above. Assume that
Vi is ordinary. Then X (K) # @.

The information on the regular model of X /K obtained in Theorem 6.8, while
incomplete to fully describe the special fiber of the model, suffices to compute
several invariants of arithmetical interest. For instance, the set of components of
multiplicity 1 on the special fiber of the model is determined, and this information
is one of the ingredients needed to apply the Chabauty—Coleman method to bound
the number of Q-rational points on a curve X/Q using the reduction at a small
prime p, as in [Lorenzini and Tucker 2002, Theorem 1.1]. Let A/K denote the
Jacobian of A/K with Néron model .4/Ok and component group ®4,x. The
information obtained in Theorem 6.8 suffices to compute ® 4, and a new canonical
subgroup @Y sk Of @4/k that we now define.
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1.3. Let A/K be an abelian variety with Néron model A/Ok. Let L/K be any
finite extension, and let A’/O}, denote the Néron model of A; /L. Denote by

n:Axp, Op > A

the canonical map induced by the functoriality property of Néron models. The spe-
cial fiber Ay is an extension of a finite group ® 4, called the group of components,
by the connected component of zero .A,? of Ay:

O—>A2—>Ak—>d>A/K—>0.

Assume that Ay /L has semistable reduction, and consider the natural map
Qg — A}c/n(Ag). We let

<I>9VK = Ker(®a,x — AL /n(AD).

The subgroup @% /K does not depend on the choice of such an extension L/K and is
functorial in A. Our interest in this subgroup stems from the following conjectures.

When A/K has potentially good reduction and, more generally, when the toric
rank of Ag is trivial, we conjecture that the order of the group ® 4, is bounded by
a constant depending only on the dimension g of A/K [Lorenzini 1990b, p. 146].
This statement is true when A/K is a Jacobian [Lorenzini 1990b, Theorem 2.4] and
for the prime-to-p part of ® 4,k [Lorenzini 1993, Theorem 2.15]. Since [L : K 1?
kills the group ® 4, when the toric rank of A is trivial [Liu and Lorenzini 2001,
Proposition 1.8], we find that, to prove the conjecture that ® 4,k is bounded by
a constant depending only on g, it suffices to prove that the minimal number of
generators of ®4,g can be bounded by a constant depending on g only. We guess,
under the above hypotheses, that ® 4,k can be generated by 2g elements.

Assume now that A/K has potentially good reduction. The p-torsion in A can
always be generated by at most g elements. Thus, the above conjecture is proved if
the p-part of the kernel CID(Z1 /k can be generated by a number of elements bounded
by a constant depending on g only (possibly 2g). In the ordinary case, where the
p-torsion in 4; is minimally generated by g elements, one may wonder if CID?4 /k can
also be generated by g elements. Our next corollary gives some evidence that this
latter question may have a positive answer for all abelian varieties with potentially
good ordinary reduction.

Let A/K be the Jacobian of a curve X/K with X(K) # &. We denote by
(+,+): Pajx x Pyjg — Q/Z Grothendieck’s pairing, which is nondegenerate
[Bosch and Lorenzini 2002, Theorem 4.6]. We denote by (CI>9\ / K)L the orthogonal
of CD% sk under Grothendieck’s pairing.

Corollary (see Corollary 6.12). Let A/K be the Jacobian of a curve X /K of genus
g > 1 having potentially good ordinary reduction after a Galois extension L /K of
degree p, as above. Then ® 5 is a Z/ pZ-vector space of dimension 2d — 2, and
<I>9‘/K is a subspace of dimension d — 1. Moreover, CID%/K = (CID?A/K)L.
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It is natural in view of Corollary 6.12 to wonder whether the same result holds
for all principally polarized abelian varieties A/ K having potentially good ordinary
reduction after a Galois extension L/K of degree p. We may also wonder, for any
principally polarized abelian variety A/K with potentially good reduction, whether
the order of qu kN (<I>91 / K)L can be bounded by a constant depending only on the
p-rank of A;. We hope to return to these questions in the future.

1.4. Our explicit computation of a regular model of a curve having potentially good
ordinary reduction also has an application to quotient singularities. Our current
understanding of wild Z/ pZ-quotient singularities of surfaces is quite limited, and
few explicit examples are known (see, e.g., [Artin 1975], [Katsura 1978] for p =2
and [Peskin 1983] for p = 3). In contrast to the case of a tame cyclic quotient
singularity, where the number of possible resolution graphs is finite once the order
of the group is fixed, we show below that, for any fixed odd prime p, there are
infinitely many graphs that can occur as the resolution graphs of a wild Z/pZ-
quotient singularity in both mixed characteristic and in the equicharacteristic case.
The analogous result when p =2 is discussed in [Lorenzini 2013a, Theorem 4.1].

Corollary 6.14. Fix any odd prime p. For each integer m > 0, there exist a 2-
dimensional regular local ring B of equicharacteristic p endowed with an action of
H :=7/pZ and a 2-dimensional regular local ring B’ of mixed characteristic (0, p)
endowed with an action of Z pZ such that Spec B" and Spec(B')" are singular
exactly at their closed point and the graphs associated with a minimal resolution
of Spec B and Spec(B’)! have one node and more than m vertices.

This article is organized as follows. The proof of Theorem 5.3, in Section 5, is
of a global nature and includes in particular a study of the natural map ®,,x —
A/ 17(./42). The proof uses two auxiliary results of independent interest. The first
result, Proposition 2.5, is discussed in Section 2 and is a relation between torsion
points in a quotient of two Jacobians. This proposition is one place in our arguments
where the tame and wild cases can be seen to differ in an explicit way. The second
result, Proposition 3.5, is the main result of Section 3 and is a general relation
between elements in the component group @, of an arithmetical tree.

Section 4 presents further results of a combinatorial nature on arithmetical trees
that are needed in the proof of Theorem 6.8. Section 6 contains the proof of
Theorem 6.8 and of its applications.

2. Cyclic morphisms and torsion

Let k be an algebraically closed field of characteristic p. Let f : D — C be a
ramified Galois morphism of smooth connected projective curves over k. Our main
result in this section is Proposition 2.5, which will be applied to the case of the
quotient morphism Y, — Vi /(o) in the course of the proof of Theorem 5.3.
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2.1. Assume that the Galois group H of f is cyclic of degree ¢* with g prime.
Let Py, ..., P; in D(k) be the ramification points. Assume that, at each P;, the
morphism is totally ramified, and let Q; := f(P;),i = 1,...,d, be the branch
points.

When g # p, the Riemann—Hurwitz formula is

28(D)—2=¢q"(28(C) =2)+d(q" — 1). (2.1.1)

Moreover, d > 2. When g(C) = 0, this follows immediately from the formula; the
general case requires a separate proof.

Assume now that ¢ = p. For P € D(k), let Hy(P) 2 H|(P) 2 --- denote
the sequence of higher ramification groups. If P is a ramification point, then
|Hy(P)| = |Hy(P)| = p*. Set

8(P):=Y (IHi(P)|—1).

Then the Riemann—Hurwitz formula is

2g(D) —2=p*(28(C) =2+ »_ 8(P), (2.1.2)
PeD(k)

and it may happen that d = 1.

2.2. Let y (D) denote the p-rank of D (i.e., the p-rank of Jac(D)). The Deuring—
Shafarevich formula relates the p-ranks of C and D:

y(D)=1=p*'(y(C) =D +d(p* —1). (2.2.1)

The curve D is ordinary when y (D) = g(D). When D is ordinary, we find,
comparing the formulas (2.1.2) and (2.2.1), that | H(P)| =1 for all P and that C is
also ordinary. Moreover, when g(D) > 0, Equation (2.2.1) shows that p < g(D)+1.

When a ramification point P of a Galois morphism f : D — C is such that
H,(P) = (0), we will say that the morphism is weakly ramified at P.

2.3. We record here the following well-known fact (see [Hasse 1934, p. 42], or
[Singh 1974, Lemma 1.3], when K = k(x)). Let K be a field with char(K) = p.
Let (A, M) be a discrete valuation ring with field of fractions K, valuation vg and
uniformizer wx. Assume that the residue field k of A is algebraically closed. Let
L/K be a cyclic ramified Galois extension of degree p with Galois group H. Let
(B, N) denote the integral closure of A in L. Let H = Hy 2 H; 2 - - - denote the
sequence of ramification groups. Then Z?io(lHi| —1)=(@m+1)(p—1) for some
integer m prime to p.
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2.4. Examples of curves with an automorphism of degree p in characteristic p can
be given in Artin—Schreier form. Consider the curve y? —y = ]—[fl:1 (x —ap)™™,
where ay, ..., as € k are distinct and the n; are positive integers coprime to p.
The automorphism y +— y + 1 has order p. The genus g of the smooth complete
curve defined by the above equation is given by the Riemann—Hurwitz formula
26 —2=-2p+(p—D(XL,(m; +1)) (see [Subrao 1975, p. 8]).

The following simple proposition exhibits a key difference between the tame
and wild cases:

Proposition 2.5. Let g be a prime. Let f : D — C be a ramified cyclic morphism
of degree q° between smooth connected projective curves over k. Let Py, ..., Py,
d > 2, denote the ramification points, assumed to be totally ramified. Fori # j, the
image w;; of P; — P; in Jac(D)/f*(Jac(C)) is of finite order q°. Let T denote the
finite subgroup Jac(D)/f*(Jac(C)) generated by {w;jq |i =1,...,d —1}.

@) If g = p, then T is isomorphic to (Z/p*Z)?~" and is generated by the set
{wigli=1,...,d—1}

(b) If ¢ # p, then T is isomorphic to (Z/q*Z)*~? and is generated by the set
{wigli=1,...,d -2}

Proof. Let S denote the subgroup of Div?(D) with support on the set {Py, ..., Py}.
Itis clear that {P;, — P; |i=1,...,d — 1} is a Z-basis for S. Let S — T denote
the natural surjective map. This map factors through S/¢°S since ¢° (Zl b; Pi) =
F*(X; i Qi) with Y, b; Q; € DIV(CO).

Let o be a generator of Aut(D/C). Suppose that o (divp(g)) = divp(g) for
some g € k(D)*. Then g° = cg for some ¢ € k*. Since o has finite order ¢°, we
find that ¢?" = 1.

Consider first the case where ¢ = p. Then ¢ = 1. Thus, g° = g and g € k(C)*.
Suppose that the divisor (}_; b; P;) has trivial image in 7. Then it is possible to
write (Zl b; P,') = f*(Zj Rj)—i-divD(h) for some R; € C(k) and h € k(D)*. Then
we have o (divp(h)) = divp(h), and we conclude that & € k(C)*. Therefore, we
have an equality of divisors of the form (}_; b; P;) = f*(E) for some E € Div’(C).
It follows that E = ), ¢; Q; for some ¢;. Hence, the map S/p*S — T is an
isomorphism, proving Part (a).

Suppose now that ¢ # p. Fix a primitive ¢°-th root £ of 1. Then k(D)/k(C)
is a Kummer extension, generated by the root « of y‘f —a € k(C)[y] such that
o’ = E&w. It is easy to check that, for eachi =0, ...,4¢° — 1,

{Bek(D)| B =&'B}=k(C)'.

The equality «® = £« implies that divp(«) can be written as

d q*—1
(Yar)+ e Zo)
i=1 j i=0
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for some integers a; and c;, and some S; € D(k) \ {Py, ..., Py}. It follows that ¢*
divides Zle a; since deg(divp (o)) = 0. This means that the divisor

g°=1 d

ch( Z O’l(Sj)> + ( Za,)Pd

j i=0 i=1
defines an element in f*(Jac(C)). Hence, the image v of (}_; a; P;) — (3_; ai) Pa
in T is trivial. We thus have a map

(p:S/<qSS, (lZa,-P,->— (lZai)Pd>—> T.

Let us note that (), a; P;) — (3_; a;) P4 ¢ q* S because, otherwise, the morphism f
given by the Kummer equation y¢° — a would not be totally ramified at Py, ..., Py.

Suppose that the divisor (Zl b; P,-) has trivial image in 7. Then it is possible
to write (3_; bi P;) = f*(Zj R;) +divp(h) for some R; € C(k) and h € k(D)*.
Thus, we have o (divp(h)) = divp(h), and we conclude that #° = £/ for some j €
{0, ..., g* —1}. Therefore, there exists b € k(C)* such that h = ba/. Hence, we have
an equality of divisors of the form (}_, b; P) = f*(E)+j[(3; @i Pi) — (X; ai) Pa]
for some E € Div’(C). It follows that E = > ¢i Q; for some c;. Hence, the map ¢
is an isomorphism, proving Part (b). (Il

Corollary 2.6. Assume that p # 2. Let D/k be a smooth projective connected
hyperelliptic curve of genus g. Denote by t the hyperelliptic involution. Let o be an
automorphism of order p. Then either o has a single fixed point, fixed by t, or it
has exactly two fixed points, permuted by t.

Proof. The hyperelliptic involution commutes with o, and hence, it permutes the
fixed points { Py, ..., Py}. If d > 2 and two fixed points P; and P, of o are fixed
by 7, then the divisor class P; — P; is fixed by 7. Proposition 2.5 shows that the
class of Py — P5 is not trivial and, since p > 2, this divisor class is not equal to
the class of —(P; — P,). This is a contradiction since t acts as the [—1]-map on
Jac(D). Thus, t fixes at most one point P;.

If d > 3, then we may assume that either 7(P;) = P, and P;3 is fixed or that
T(P1) = P> and t(P3) = Py4. In the first case, we find that t (P} — P3) = (P, — P3) =
— (P — Py) + (P; — P3). Using the fact that 7 acts as the [—1]-map on Jac(D), we
find the relation —(P; — P3) = — (P, — P) + (P — P3) in Jac(D). Looking at this
relation in 7 contradicts Proposition 2.5. The other case is similar and is left to the
reader. O

Example 2.7. Assume that p # 2. Consider a smooth hyperelliptic curve C/k
given by an affine equation y?> = f(x), and let D be its Galois cover given by the
equation z” —z = x. The automorphism o : D — D with o (z) = z+1 has one fixed
point P with §(P) = 3(p — 1) when deg(f) is odd, and it has two fixed points P;
and P, with §(P;) =8(P2) =2(p — 1) when deg(f) is even.
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3. Arithmetical trees

Our main result in this section is Proposition 3.5, which will be needed in the proof
of Theorem 5.3. This proposition pertains to arithmetical graphs, and we now recall
how one associates such an object to any regular model of a curve.

Let X/K be any smooth, proper, geometrically connected curve of genus g.
Let X/Ok be a regular model of X/K. Let &} := ZLI r;C; denote the special
fiber of X', where C; is an irreducible component and ; is its multiplicity. Let
M = ((C; - Cj))1<i, j<v be the associated intersection matrix. Denote by G the
associated graph. Let 'R := (r{,...,r,) so that MR = 0. We call the triple
(G, M, R) an arithmetical graph (in [Lorenzini 1989], the additional condition that
gcd(ry, ..., ry) =1 1is assumed, and it is (G, —M, R) that is called an arithmetical
graph). For the purpose of simplifying the statements of some definitions, we
sometimes think of G as a metric space with the natural topology where each edge
of G with its two endpoints is homeomorphic to the closed unit interval [0, 1].

Let (G, M, R) be any arithmetical graph on v vertices. Let M : Z — Z" and
'R : Z¥ — 7 be the linear maps associated to the matrices M and R. The group of
components of (G, M, R) is defined as

@y = Ker('R)/ Im(M) = (Z" / Im(M))oxs.

Motivated by the case of degenerations of curves, we shall denote by (C, r(C)) a
vertex of G, where r (C) is the coefficient of R corresponding to C. The integer r (C),
also denoted simply by r, is called the multiplicity of C. The matrix M is written
as M := ((C; - Cj))1<i, j<v, and we write |C; - C;| := [(C; - C})|.

3.1. Denote by (-,:) : ®y x &y — Q/Z the perfect pairing (-, - ) attached
in [Bosch and Lorenzini 2002, Lemma 1.1] to the symmetric matrix M. Explicit
values of this pairing are computed as follows. Let (C,r) and (C’,r’) be two
distinct vertices of G. Define

r —r

1
E(C.C') = (o,...,o,—,o,...,o,—,o
( ) gcd(r, r') ged(r, r')

L.0) ez,
where the first nonzero coefficient of E(C, C’) is in the column corresponding
to the vertex C and, similarly, the second nonzero coefficient is in the column
corresponding to the vertex C’. We say that the pair (C, C’) is uniquely connected
if there exists a path P in G between C and C’ such that, for each edge e on P, the
graph G \ {e} is disconnected. Note that, when a pair (C, C’) is uniquely connected,
then the path P is the unique shortest path between C and C’. A graph is a tree if
and only if every pair of vertices of G is uniquely connected.

Let (C, r) and (C’, r’) be a uniquely connected pair with associated path P. While
walking on P\ {C, C’} from C to C’, label each encountered vertex consecutively
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by (Cy, 1), (Ca,12), ..., (Cp, rp). Let G; denote the connected component of C;
in G\ {edges of P}. The graph G; is reduced to a single vertex if and only if C; is not
anode of G. For convenience, we write (C, r) = (Co, r9) and (C’, r') = (Cp11, Fni1)
and define G and G, accordingly.

3.2. The following facts are proved in [Bosch and Lorenzini 2002, Proposition 5.1].
Let (G, M, R) be any arithmetical graph. Let C and C’ be two vertices such that
(C, C) is a uniquely connected pair of G. Let y denote the image of E(C, C’)
in ®,,. For (D, s) and (D, s’) any two distinct vertices on G, let § denote the
image of E(D, D') in ®);. Writing P for the oriented shortest path from C to C’ as
above, let C, denote the vertex of P closest to D in G, and let Cg denote the vertex
of P closest to D'. In other words, D € G, and D’ € Gg. Assume that @ < . (Note
that we may have « = 8, and we may have D = C, or D' = Cg.) Then if o < 8,

()/,5)=—lcm(r,r’)lcm(s,s’)< 1 + 1 4o 1 )
Tafa+1  Tat1Ta+2 rg_17g

mod Z, (3.2.1)

and if C, = Cg, then (y, §) = 0. Moreover,

(v,y)=—lem(r, r')z(L T . ,) mod Z. (3.2.2)
rri ryra rpr

Note that the negative signs in the expressions (3.2.1) and (3.2.2) are missing
in [Bosch and Lorenzini 2002, Proposition 5.1]. Thus, all expressions for {y, §)
computed in Section 5 of [Bosch and Lorenzini 2002] using Proposition 5.1 are
correct only after having been multiplied by —1. Similar sign mistakes occurred
in [Lorenzini 2000]. The proof of [Bosch and Lorenzini 2002, Proposition 5.1] is
correct except that its last line produces the opposite of the stated values for (y, §)
since we assume o < .

3.3. Let (C,r) be a vertex of G of degree d > 2. Let (D;,r;),i =1,...,d, denote
the neighbors of C, that is, the vertices of G linked to C. Let t; denote the image
of E(D;, Dy) in @y, fori € {1,...,d — 1}. We will use repeatedly the following
expressions computed using (3.2.1) and (3.2.2):

(5, 1) = —lem(ri, ra)* "4 mod Z
rirgr
and, when i # j,
(ti, tj) = —lem(r;, rq) lem(r;, rd)# mod Z.
d

These formulas allow us to easily show that 7; may not always be trivial. For
example, let p be a prime dividing r. When p{r;ry(ri+rg), we find that (7;, 7;) #0



342 Dino Lorenzini

and, thus, 7; # 0. Similarly, when for three distinct indices i, j and d we have
pirirjrg, we find that (7;, 7;) # 0, showing that both 7; and t; are not trivial.

We claim that r kills 7;. Indeed, we find, using [Lorenzini 2000, Lemma 2.2], that
the images in @, of E(D;, C) and E(C, D;) have order dividing gcd(r;, r) and
gcd(r, rg), respectively. Consider the following easy relation between vectors in Z°
[Lorenzini 2000, Remark 3.5]: given any three vertices (A, a), (B, b) and (C, ¢),

PE(A,C) = — ocd(a, b)E(A, B) + ——— ocd(b, ¢)E(B, C). (3.3.1)
gcd(a, ¢) gcd(a, ¢)

Using this relation, we find that rt; = 0.

Lemma 3.4. Let (G, M, R) be an arithmetical graph. Consider any two distinct
vertices (A, a) and (A’,a’), and let as s denote the image of E(A, A’) in ®y.
Then the set {aap | A £ A’} is a set of generators for ® .

Proof. Let us note first that the statement is proved for (G, M, R) as soon as it
is proved for (G, M, R/ gcd(ry, ..., ry)). We will thus assume now that ged(ry,
..., ry) = 1. Fix a vertex A, and consider the subgroup (®j;)4 of &, generated
by {@aa | all A" # A}. We claim that a®y; C (P y) 4. Indeed, an element ¢ € Py,
is represented by the class of a vector (fp | D € G) such that ) fpr(D) =0. It
follows that agp = — Y _ ged(a, r(D)) fpaap. Since ged(ry, ..., ry) =1, ¢ can be
expressed in terms of elements of the form a4 4. J

The following is a key relation between the t;’s:

Proposition 3.5. Let (G, M, R) be an arithmetical tree. Let (C,r) be a vertex of
degree d > 2. Keep the notation introduced in 3.3. Then thll ged(ri, rg)t; =0.

Proof. Consider any two distinct vertices (A, a) and (A’, a’), and let o denote
the image of E(A, A’) in ®);. The previous lemma shows that the group @, is
generated by such elements .

Let 7 := Z?:_ll gcd(r;, rqg)T;. We claim that (t, ) = 0 for all such elements «.
This claim, proved below, implies immediately that T = 0. Indeed, recall that, (-, -)
being perfect, the element 7 is trivial if and only if (t, ¢) =0 for all ¢ € Dy,.

Let us now prove our claim. Assume first that the path Q between A and A’
contains the vertices D; and D, with i £d. We use (3.2.1) to compute modulo Z that

(t,a) =+xIcm(a, a’)

1 1 1
x (gcd(ri,m)lcm(rl-,rd)(—r_r+—rrd)+ > gcd(r,-,m)lcm(r,-,m(—rrd)),
1 . .
J#id

which simplifies to

N =

d
(t,a) = £lcm(a, a’) (Z rj>
=1
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Since 2?21 rj =|C - C]r, we find that (7, @) = 0. When Q contains D; and D;
with i, j #d and i # j, we find that modulo Z

(t,a) = xlcm(a, a’) (gcd(ri, rq) lem(r;, rd)% — ged(rj, rg) lem(r;, rd)%)
i J

=+ lem(a, a/)<r—d — r—d> =0.
roor
It is clear that if the path Q contains no vertices D;, or if it contains exactly one
vertex D; and does not contain the vertex C, then (t, ) = 0. It remains to consider
the case where the path Q contains exactly one vertex D; and the vertex C. Then
C is an endpoint of Q, and thus, r divides lcm(a, a’). When i # d, we find that

(t,a) = *lem(a, a’) lem(r;, rg) ged(r;, rd)%
1

1s 0 modulo Z, and when i = d, we find that

d—1

(r,a) = +lem(a, d’) (Z lem(r;, rq) ged(ri, rd)#)

i=1

is also 0 modulo Z. O

4. Some combinatorics

Let (G, M, R) be an arithmetical graph. We introduce below a measure y, g,
of how “complicated” certain subgraphs Gp of G are, and we describe Gp in
Proposition 4.3 when y}, g, is as small as possible. This result is needed in the proof
of Theorem 6.8. A geometric motivation for the introduction of the quantity y, g,
is found in the genus formula (6.1.1).

4.1. Let (G, M, R) be an arithmetical graph. Fix a vertex (Cy, r(Cp)) of G. Assume
that Co is linked to a vertex (D, r(D)) by a single edge e and that, when the edge e
is removed from G, then D and Cy are not in the same connected component of the
resulting graph. Let Gp denote the connected component of G \ {e} that contains D.
Consider the minor Np of M corresponding to the vertices in Gp. Let

vp :=gcd(r(A) | A a vertex of Gp).

Then yy, divides r(Co). Indeed, y;, divides the multiplicity of D and of all vertices
linked to D except possibly that of Cy. But the relation M R = 0 implies then that
¥p divides the multiplicity of Co. Let Rp denote the vector R restricted to the
vertices of Gp. By definition, we find that Rp/y;, is an integer vector.



344 Dino Lorenzini

Let B(G) denote the first Betti number of the graph G. Letting dg(A) denote
the degree of a vertex A in the graph G, we have

26G)=2= ) (ds(A)-2).

vertices A of G

Associated with any arithmetical graph (G, M, R) is the following integer invariant
20(G) > B(G) [Lorenzini 1989, Theorem 4.10], defined by the formula

220(G)=28(G)+ > (r(A)—D)(d(A)—2). (4.1.1)

vertices A of G

Let Cp and D be as above. We now associate to the pair (Np, Rp) an integer g;),
defined so that the formula below holds:

Yp&p =7(Co) +r(D) + Z r(A)(dg,(A) =2).

vertices A of Gp

Since y;, divides r(Cp), the invariant g, is indeed an integer. We can rewrite this
formula as

Yp&p =2B(Gp) + (r(Co) — 1)+ (r(D)—1)
+ Z (r(Ad) —D(dg,(A) —2), “4.12)

vertices A of Gp

and we find that

gD:zﬂ(GD)—F(r(Vﬂ_l)*‘(@—l)

D D

Py <ﬂ_1>(dGD(A)_2). 4.13)

vertices A of Gp b

4.2. We will make use below of the following facts. Suppose that, on G, the
vertices Dy, D1, ..., D, are consecutive vertices on a terminal chain and D, is the
terminal vertex on this chain (in other words, D; is linked by one edge to D;4
fori =0,...,n—1,dg(D;)) =2fori=1,...,n—1and dg(D,) = 1). Then
gcd(r(Dy), r(Dy)) =r(Dy), and if |D; - D;| > 1 foralli =1, ..., n, then

r(Dg) >r(Dy) > --->r(Dy).

Indeed, the equality | Dy, - D,,|r(D,) = r(D,_1) obtained from the relation MR =0
shows that r(D,) divides r(D,_;) and r(D,) < r(D,-y) if |D,, - D,| > 1. Sup-
pose that, for some i, we have »(D;) > r(D;11). Then r(D;_1) > r(D;) because
|D; - Di|r(D;) =r(D;—1)+r(D;iy1) and | D;- D;| > 2. The equality | D; - D;|r(D;) =
r(Di-1) +r(Dj+1) implies that ged(r(D;-1), r(D;)) = ged(r(D;), r(Dj+1))-
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Proposition 4.3. Let (G, M, R) be an arithmetical tree containing a vertex Cy
of prime multiplicity p. Assume that a vertex D linked to Cy by an edge e has
multiplicity divisible by p. Let Gp denote the connected component of G \ {e} that
contains D. Assume in addition that Gp does not contain any vertex A of degree 1
or2in G with |A-A|=1. Then

Yp&p = 2(p — 1.
If ypgp =2(p — 1), then y, = 1 and Gp is a graph of the shape depicted below,

containing one node C of G only, of multiplicity p and degree 3 in G. The two
terminal vertices of G that belong to Gp have multiplicity 1.

p—r(Ch) 1

Let a denote the number of vertices of Gp on the chain linking Cy to the node C
of Gp (including the node C). Let C1 and C| denote the vertices linked to C on the
two terminal chains. Then 1 <r(Cy) < p, and the minor of M corresponding to the
vertices of Gp is completely determined by p, a and r (Cy).

The proof of Proposition 4.3 is given in 4.6. We start with a preliminary lemma.

4.4. Let (G, M, R) be an arithmetical tree. For each node (C, r(C)) of degree
d(C) =3 in G, we define an invariant 1 (C) as follows. Let p(C) denote the number
of terminal chains attached to C, and let D{(C), ..., D,(c)(C) be the vertices of G
linked to C that belong each to one terminal chain attached to C. Let r;(C) denote
the multiplicity of D;(C). The multiplicity of the terminal vertex on the chain
containing D;(C) is gcd(r(C), r;(C)). If no vertex A on the terminal chain has
|A-A|=1,thenr;(C) <r(C) (see 4.2). When a chain attached to C is not terminal,
we will call it a connecting chain. As in [Lorenzini 1989, Theorem 4.7], we let,
when p(C) > 0,

p(C)

pu(C) == (d(C) =2)(r(C) —1) — Z(gcd(r(C), ri(C)) —1).

j=1
When p(C) =0, we let u(C) := (d(C) —2)(r(C)—1). Itis clear that, if r(C) =1,
then u(C) =0.

Lemma 4.5. Assume that the terminal chains attached to C do not contain a
vertex A with |A-A| = 1. Then u(C) = 0, and u(C) =0 if and only if r (C) = 1
and p(C) =0.
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Proof. 1t is clear that, if a node C has p(C) =0, then u(C) >0, and u(C) =0
only when r(C) = 1. Assume now that p(C) > 0. Our hypothesis implies that
r(C) > ged(r(C), r;(C)) for each vertex D;(C),i =1,..., p(C). In particular,
r(C) > 1, and we need to prove that ;£ (C) > 0. Let
s :=gcd((C), ri(C), ..., ra(C)).

Assume first that p(C) = d(C) so that G has a single node. It is proven in
[Lorenzini 1989, Proposition 4.1] that, if p(C) =d(C) and s = 1, then u(C) > 0.
When s > 1, define

p(C)
us(C) :=(d(C) —2)<r(sﬁ _ 1) _ Z<g0d(F(C), rj(©) 1>.

N

Jj=1
The integer i, (C) is nothing but the p-invariant of the node on the arithmetical
graph obtained from G by dividing all its multiplicities by s. Thus, wus(C) is even
[Lorenzini 1989, Definition 3.6] and uy(C) > 0. Since

p(C) ==2(s = 1) +sus(C),

we find that ©(C) > 0 if u,(C) > 0. We claim that, under our hypotheses, 1 (C) > 0
when s = 1. Indeed, our hypotheses imply that »(C) > ged(r(C), r; (C)) for each
vertex D;(C),i =1, ..., p(C). Dropping the reference to C, we can write

d
u(C):=d—-2)(r—1)— > (ged(r,r;) —1)
j=1
>d-2)(r—-1)—dr/2—1)=({d—-dHr/2+2.
Thus, ©(C) > 0 if d > 4. Assume now that d = 3. Then cr = r; + rp + r3 for
some c. Let h; = ged(r, r;), and assume that &y > hy > h3. Then (hy, ho, h3) =
r/2,r/2,r/2), (r/2,r/2,7/3), (r/2,r/3,7/3), (r/2,r/3, r/4) cannot occur due
to the divisibility r | (r; + 2 +r3). Since the cases (hy, ho, h3) = (r/3,r/3,7/3),
(r/2,r/4,r/4), (r/2,r/3,r/6)have u(C) > 0, we need only consider (h1, hy, h3) =
(r/2,r/3,r/5). In this case, r; = r/2, rp =r/3 or 2r/3 and r3 = ar/5 with
a=1,...,4. The reader will check that cr = r; 4+ r, + r3 is impossible to achieve
with these values, and our claim is proved.
Let us assume now that 0 < p(C) < d(C). Then

P
p(C) = (d —=2)(r —1) = Y (ged(r,ri) — 1)

j=1
>d-2)r—1)—d-1)@/2—-1)=d-3)r/2+1>0. (]

4.6. Proof of Proposition 4.3. We claim that Gp contains a node of G. (This node is
also a node of Gp unless it is D itself and dg (D) = 3.) Indeed, the hypotheses that
r(Co) <r(D) and |D - D| > 1 imply that dg (D) > 1 because the relation MR =0
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provides otherwise for the equality | D - D|r (D) = r(Cy), which is a contradiction.
Suppose then that D is connected in Gp to D;. If dg (D) =2, then we find from the
relation |D - D|r (D) =r(Cy)+r (D7) that r (D) <r(D;). Repeating this discussion
with D and D; instead of Cy and D, we find that the graph Gp has a chain of
increasing multiplicities (D) < r(D;) < ---, which eventually leads to a node
of Gp (and of G).

In G, Cy and D are adjacent vertices. Consider the connected component G
of G \ {D} that contains Cy. Two cases can occur: either (a) G contains a node
of G, or (b) G does not contain a node of G, in which case we will call G a terminal
chain of G. In the latter case, the terminal vertex on this chain has multiplicity
gcd(r(Cyp), r(D)) (see 4.2), which equals 7(Cp) by hypothesis. The definition of
Yp&p in (4.1.2), along with the fact that we assume that G is a tree, allow us to write

Yp&p = (r(Co) = 1) + Z (r(A) — D(dg(A) —2).

vertices A of Gp

In case (a), Cy is not on a terminal chain of G so that, by definition of ©(C) in 4.4,
we can write

Yoo =(r(Co)—D+ > wC) (4.6.1)
nodes C of G in Gp

(where u(C) is computed viewing C as a node of G and not of Gp). In case (b)
where Cy is on a terminal chain of G whose terminal vertex has multiplicity r(Cy),
we have

Yogp =2(r(Co) =D+ Y w0,
nodes C of G in Gp

We prove below case (a). The arguments to prove (b) are similar and are left to the
reader. Case (b) will not be used in the remainder of this article.

Assume that we are in case (a). We can apply Lemma 4.5, and we obtain that each
term p(C) in the above sum is nonnegative. In view of (4.6.1), since r(Co) = p by
hypothesis, we need to show that > ...~ u(C) > p — 1, and we need to describe
the graphs for which ) ...~ u(C) = (p—1).

Denote by C the node of G closest to Cy in Gp. (This node could be D.) The mul-
tiplicity of C is divisible by p since p divides the consecutive multiplicities 7 (Co)
and r (D) (similar argument as in 4.2). Let np denote the multiplicity of C.

Suppose that C (of degree d in G) has only one connecting chain. If n = 1, then
all terminal multiplicities at C equal 1 and u(C) =(d —2)(p —1). The case d =3
leads to the case described in the statement of Proposition 4.3 with u(C) = (p — 1),
Yp&p =2(p —1) and y,, = 1. When d > 3, we have u(C) > p — 1, as desired.
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When n > 1, the inequality

n(€)=d—=2)np—1)—(d—1np/2-1)
=(d—-2np/2—np/2+1

shows that we have ©u(C) > p — 1 unless d = 3. When n > 1 and d = 3, every
vertex on the chain linking C to Cy has multiplicity divisible by p. Thus, either
(1) both terminal multiplicities of C are coprime to p (call them n; and n,), or
(i1) both are divisible by p (call them mp and m;p).

In case (i), u(C) = np —n; —ny + 1 with n; and n, dividing n. It follows
that u(C) > n(p —2) + 1. Clearly, u(C) > p — 1 unless p = 2. Assume that
p=2.If (ny,ny) # (n,n), we find that u(C) =n(p—1)+1> (p —1). The case
(n1, np) = (n, n) cannot happen because, in that case, n divides the multiplicity
of all the components linked to C, which implies then that n = 2. But a node of
multiplicity 4 cannot have exactly three vertices of multiplicity 2 attached to it.

In case (ii), u(C) = (n —m —my) p+ 1 with m and m, dividing n. The equality
(n —m —mj) =0 1is not possible. Indeed, it is only possible if m|; =m, =n/2. But
since ged(m, my) = 1, this case can happen only if n = 2. But then |C - C| would
equal 3/2, a contradiction. It follows that u(C) =(n —m; —moy)p+1> p— 1.

Suppose now that C, of multiplicity np, has at least two connecting chains. If
n > 1, then

n(C)=d—=2)np—1)=(d—=2)(np/2-1)=(d —2)np/2 > p—1,

as desired. If n =1, then u(C) = (d —2)(p — 1). Thus, u(C) > p—1ifd > 3.
Suppose now that d = 3. Since Gp is a tree with a node C of degree 3, Gp must
have at least three terminal vertices. Thus, there must exist at least one additional
node C’ on the graph Gp that has a terminal chain. It follows that u(C’) > 1
(Lemma 4.5) and, therefore, (C) + n(C’) > p — 1, as desired.

4.7. To conclude the proof of Proposition 4.3, we now specify the intersection
matrix in the case where y,, g, = 2(p — 1). Let (G, M, R) be as in Proposition 4.3,
and assume that the vertex D is such that y,, g, = 2(p — 1). Let Np denote the
matrix M restricted to the vertices of Gp. Let o denote the number of vertices
of Gp on the chain linking Cy to the node C of Gp (including the node C). Each of
these vertices except C is of degree 2. The multiplicity of C is p. Since we assume
that no vertex of degree 2 has self-intersection —1, we find that the multiplicity
of each of these vertices must be p. It follows that each of these vertices except
possibly C must have self-intersection —2.

Let C; and C i denote the vertices linked to C on the two terminal chains.
Since they have degree 1 or 2 and cannot have self-intersection —1, we find that
1 <r(Cy) <r(C) = p and r(C}) < r(C). Moreover, from MR = 0, we find
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that p +r(Cy) +r(C)) = p|C - C|. It follows that |C - C| = 2, and r(C}) =
p —r(Cy). We claim that Np depends only on p, « and r(C;), and we write it
as Np = N(p, o, r(Cy)). Indeed, the pair (p, r(C;)) completely determines all
multiplicities and all self-intersections on the terminal chain containing C;: use
(r, s)=(p, r(Cy)) in 4.8 below to determine the self-intersections and multiplicities
of the terminal chain. Similarly, the pair (p,r(C})) completely determines all
multiplicities and all self-intersections on the terminal chain containing C;. This
conclude the proof of Proposition 4.3. The matrix Np is an intersection matrix also
introduced in [Lorenzini 2013a, Example 3.18]. U

4.8. Recall the following standard construction. Given an ordered pair of positive
integers r > s with gcd(r, s) = 1, we construct an associated intersection matrix
N = N(r, s) with vector R = R(r, s) and NR = —re; as follows (where e denotes
the first standard basis vector of Z"). Using the division algorithm, we can find
positive integers by, ..., b, and s =5 > 55 > -+ > 5, = 1 such that r = b5 — 57,
s1 = bysy — s3 and so on until we get s,,—1 = by, s,,. These equations are best written
in matrix form:

—b 1 0 51 _r
1 —b 10
T | : :

0 ... 1 —bn/) \sn 0

We let N(r, s) denote the above square matrix and R(r, s) be the column matrix on
the left of the “equals” sign. It is well-known that det(N (r, s)) = £r (see [Lorenzini
2000, Lemma 2.6]). We recall also for use in Corollary 6.12 that

rs = 8sp Sm—15m

L, 1, 1 :, (4.8.1)

where 0 < ¢ < r is such that r | ¢s — 1 (see [Lorenzini 2000, Lemmas 2.8 and 2.6]).

Remark 4.9. In Proposition 4.3, the hypothesis that y,,g,, = 2(p — 1) allowed us
to completely describe the graph Gp. For a fixed y;, g, > 2(p — 1), the situation
is much more complicated and several possible types of graphs Gp may occur. It
would follow from our guess in 6.2 that, for applications to models of curves, it
suffices to classify the cases where y,g,, is a multiple of p — 1. We give below
several possible types of graphs Gp with y,,g,, =3(p — 1) when p is odd.

(a) Gp is a graph with one node of G only, of multiplicity p and degree 4 in G.
The three terminal vertices of G that belong to Gp have multiplicity 1.
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To completely determine the intersection matrix Np and the vector Rp, one
needs to also provide the multiplicities 7y, , and r3, of the first vertices on
each of the three terminal chains, with the conditions 1 < ry, r, r3 < p and
r1 4+ r2 + r3 divisible by p. Such data can only be provided when p is odd.
The self-intersection of the node is then —(p +r; +r, +r3)/p = —2 or —3.

(b) Gp is a graph with one node of G only, of multiplicity 2p and degree 3 in G.
The two terminal vertices of G that belong to Gp have multiplicity 1 and 2,

respectively.
----- *—e2
p p p p 2p
S G S
----- *—eo]|

(c) Gp is a graph with 2 nodes C and C’ of G. Let C be the node closest to Cy
in Gp. It has multiplicity p and degree 3 in G, and it has a single terminal chain
with terminal multiplicity 1. The node C’ is connected to C by a connecting
chain that contains a vertex of multiplicity coprime to p.
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We conclude this section with some general remarks concerning the invariant g,
introduced in (4.1.2).

Remark 4.10. Let (G, M, R) be an arithmetical graph. As at the beginning of
this section, fix a vertex (Cy, r(Cp)) of G. Assume that Cy is linked to a vertex
(D, r(D)) by a single edge e and that, when the edge e is removed from G, then
D and Cy are not in the same connected component of the resulting graph. Let Gp
denote the connected component of G \ {e} that contains D. Consider the minor
N = Np of M corresponding to the vertices in Gp. Let n denote the number of
vertices of Gp.
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(@) The integer g, depends only on the matrix Np and the vertex D on the graph Gp.
To prove this statement, we show that the vector Rp/y;, is completely determined
by Np and the vertex D. Indeed, let us number the vertices of Gp such that D is
the first vertex numbered. Then Rp/y,, is a vector with positive coefficients such
that Np(Rp/vp) = ’(—r(Co)/yD, 0, ..., 0) (where the superscript ¢ indicates the
transpose vector). The existence of such a relation insures that Np is negative-
definite (see [Lorenzini 2013a, §3.3]), and the vector Rp/y;, is a rational multiple
of the first column of the unique matrix N* such that NN* = N*N = det(N) Id,
[Lorenzini 2013a, Definition 3.4]. The integer  (Co)/y;, is the order in Z" / Im(N)
of the class of the first basis vector e; [Lorenzini 2013a, Lemma 3.5].

(b) The integer g, is nonnegative. More precisely,

gp —2B(Gp) > (r(c‘))> +gcd(@, r(CO)) ~2>0. (4.10.1)
YD YD YD

To prove the first inequality, complete the pair (N, Rp/y;,) into an arithmetical
graph (G’, M’, R’) by adding a chain attached to D, as in [Lorenzini 2013a, §3.15].
Clearly, B(G") = B(Gp). The graphs G’ and Gp differ in only two vertices of
degree not equal to 2: the terminal vertex on the new terminal chain on G’ has
terminal multiplicity ged(r (D) /vy, r(Co)/vp), and dg' (D) = dg, (D) + 1. Using
(4.1.1) and (4.1.3), it is easy to show that

280(G', M', R") —2B(G")

= ¢p —2B(Gp) — (r(CO) - 1) - (gcd(r(D), r(CO)> _ 1). 4.10.2)
YD YD YD

The integer go(G’) — B(G’) is always nonnegative [Lorenzini 1989, Theorem 4.10],
and the statement follows.

(c) In analogy with the arithmetic genus of curves on surfaces, we define, given
Z € 7", a (possibly negative) integer p,(Z) as follows. If Z = C; is a vertex of Gp,
we let p,(Z) = 0. We let p,(rC;) be defined by the formula 2p,(rC;) —2 =
rZCi2 + r(|Cl.2| — 2) (where we have abbreviated C; - C; by Ciz). Since r2 —r is
always even, p,(rC;) is an integer. In general, when Z =Y "_, r;C;, we let

Z:= Y rri(Ci-Cy)
1<i,j<n
and set

2pa(2) =2:= 2"+ _ri(IC} - 2).

) i=1
We leave it to the reader to check that '

8p = 2pa(Rp/yp) — 2+ "2 (“C‘)) N 1).
YD YD
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(d) The integer g, is even when either r(Cy) is odd or r (D) is even. This can be
seen from the formula for g, in (¢) or from (4.10.2).

(e) Assume that G is a tree. Then the order |det(N)| of the group &y :=27"/N(Z")
can be computed completely in terms of the vector Rp/y;, and of the graph Gp
(see [Lorenzini 2013a, Theorem 3.14]), and we find that

rD)rC) (r(A))‘1<f‘l>“‘>‘2
YD ’

|det(N)| =

D D vertices A of Gp

where dg,, (A) is the degree of the vertex A in the graph Gp. Recall now the formula
(4.1.3):

gD=<r§/D) _1>+<r(Co) _1>+ )3 <r(A) _1>(dGD(A)_2)'

D YD vertices A of Gp Yp

This last expression is surprisingly similar to the expression for |det(N)|. This
motivates the following result.
Let x > 0 be any integer, and define the function £(x) := ) ord,(x)(q —1). Then

q prime

£(|det(N)]) < gp- (4.10.3)

This result is not used in the remainder of this paper, and we will provide here
only a sketch of proof.

Sketch of proof. We complete the pair (N, Rp/y;,) into an arithmetical graph
(G', M’, R") by adding a chain attached to D, as in [Lorenzini 2013a, §3.15]. The
order of the component group ®(M’) is given in [Lorenzini 1989, Corollary 2.5], and
the relation between det(N) and |®(M”)| is discussed in the proof of Theorem 3.14
in [Lorenzini 2013a]. We can then bound |®(M")| in terms of go(G’, M’, R") using
[Lorenzini 1989, Corollary 4.8], which states that £(|®(M")|) < 2go(G’, M, R').
The inequality £(|det(N)|) < g, follows then from (4.10.2). U

5. The quotient construction

Let K be a complete discrete valuation field with valuation v, ring of integers Ok,
uniformizer wx and residue field k of characteristic p > 0, assumed to be alge-
braically closed. Let X/K be a smooth proper geometrically connected curve of
genus g > 0. When g = 1, assume in addition that X (K) # &. Assume that X/K
does not have semistable reduction over Ok and that it achieves good reduction
after a cyclic extension L/K of prime degree gq.

Let H denote the Galois group of L/K. Let )/ Oy be the smooth model of X /L.
Let o denote a generator of H. By minimality of the model ), o defines an
automorphism of ) also denoted by o (but note that o : ) — ) is not a morphism
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of Or-schemes). We also denote by o the automorphism of ) induced by the
action of o on ). Let Z/Og denote the quotient Y/H, and let « : ) — Z
denote the quotient map. The scheme Z is normal. The map « induces a natural
map YV, — Z,Eed that factors as follows:

Vi & Vifio) — 25,

5.1. We claim that the first map is Galois of order |H| and that the second map is
the normalization map of Z,ﬁed. Indeed, let Spec(B) denote a dense open set of )
invariant under the action of H. Then Spec(B*) is a dense open set of Z. Let
A := B Let Pg = (1) denote the prime ideal of B corresponding to ), and let
P4 := Pg N A. We have the natural maps

B /Py — (B/Pp)" — B/Pg.

The extension of discrete valuation rings (B) p , — Bp, induces an extension of
residue fields (BH)PA/PA (BH)pA — Bp,/PpBp,. We claim that this extension
has degree | H|. Indeed, our assumption is that the curve X/K does not have good
reduction over Q. If the residue extension is trivial, the normalization of the
curve Z,ied is isomorphic to Yk and, thus, is of genus g. In addition, we find that
PsBp, = (PBBPB)‘H| so that g Ap, = (P4Ap,). The special fiber of Z is then
reduced, and the curve X /K has good reduction over O, a contradiction. It follows
then that Py Bpp = PpBpp so that mx Ap, = (P4Ap,)'"!. Hence, the multiplicity
in Z of the irreducible component Z,zed equals |H|.

It is easy to check that, for any x € (B/Pg)", |H|x and x'"! belong to A/Py.
Thus, when |H| # p, A/ P4 and (B/Pg)* have the same field of fractions. When
|H| = p, it could happen that A/ P4 and (B/ Pp)H do not have the same field of
fractions, and then the extension of fields of fractions is purely inseparable of degree
p with (B/Pp)" = B/ Pg. It follows that the special fiber of Z also has genus g.
When g > 1, this is not possible since the multiplicity of Z; is p. When g =1, it
could happen that Z is the minimal model of X /K with a multiple special fiber. This
case cannot happen in our situation because we assumed X (K) # &: a K -rational
point always reduces to a smooth point in the special fiber. Thus, the automorphism
o : Yy — Y is not trivial. We find that A/P4 and (B/Pg)™ have the same fields
of fractions so that the Dedekind domain (B/ Pp)f is the integral closure of A/ Py.

5.2. Let Py, ..., P; be the ramification points of the map Viy — Vi/(o). Let
Q1, ..., Qg be their images in Z. The normal scheme Z is singular exactly at
Q1, ..., Q4. Indeed, the morphism ) — Z is unramified outside these points. If the

point Q; were regular, the morphism would be flat above Q; [Altman and Kleiman
1970, Corollary V.3.6] and the branch locus would then be pure of codimension 1
[Altman and Kleiman 1970, Theorem VI1.6.8], a contradiction.
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Consider the regular model X — Z obtained from Z by a minimal desingular-
ization. After finitely many blow-ups X’ — X, we can assume that the model X’
is such that A} has smooth components and normal crossings and is minimal with
this property. Let f denote the composition X’ — Z. Let Cy/k denote the strict
transform in X’ of the irreducible closed subscheme Z,ged of Z. The curve Cy has
multiplicity |H | in X”. Let Dy, ..., Dy denote the irreducible components of A}
that meet Cy. Let r; denote the multiplicity of D;, i =1,...,d. We assume d > 1.
Our main theorem in this section is this:

Theorem 5.3. Let X/K be a smooth proper geometrically connected curve of
genus g > O with X(K) # @ if g = 1. Assume that X/K does not have semistable
reduction over Ok and that it achieves good reduction after a cyclic extension L /K
with Galois group H of prime degree p. Keep the above notation, and let Q; be a
singular point of the quotient Z := )Y /H. Let G g, denote the graph associated with
the curve f~1(Q;). Let G denote the graph associated with the special fiber Xy
Then, foralli =1, ...,d, the graph G g, contains a node of G and p divides r;.

Proof. When d = 1, the theorem is immediate: the component Cy of multiplicity p
is a terminal vertex of the graph of A”, and thus, p|Cy - Co| = r;. Assume that G,
does not contain a node of G. Then since d =1, G does not contain a node. Since the
resolution is minimal with normal crossings, none of the components of A} can have
self-intersection —1 except possibly for Cy. It is clear that the graph G is not reduced
to a single vertex since the model Z is singular. Thus, the graph G has a second
terminal vertex C’ in addition to C¢. But then, walking on G from C’ towards Cj,
we find that the multiplicities can only be strictly increasing. This is a contradiction
since all multiplicities on G are divisible by p (because two consecutive ones are),
and G must contain a node. We assume from now on that d > 1.

Let A :=Jac(X/K). Let Ax/Ok denote the Néron model of A/K. Let Ay /Oy
denote the Néron model of Az/L, and denote by n : Ax xo, O — Ap the
canonical map induced by the functoriality property of Néron models. The special
fiber (Ag )i is an extension of a finite group ® 4k, called the group of components,
by the connected component of zero (.AK)Q of (Ag)x:

0— (Ax)} — (Ag)k — ®askx — 0.

Assume by contradiction that p is coprime to one of the r;’s. Without loss of
generality, we may assume that p{ry. Foreachi =1, ..., d, choose a point x; € D;
such that x; is a regular point of (X,;)red. Since K is complete, we can find a closed
point R; of X of degree r; over K and such that the closure of R; in X’ meets the
special fiber X} exactly in x; (see, e.g., [Gabber et al. 2013, Proposition 8.4(3)]).
Foreachi =1,...,d — 1, consider the following divisor of degree 0 on X:



Wild models of curves 355

rq ri
= Rl‘ — Rd.
ged(ri, ra) ged(ri, rq)

i

We also denote by S; its image in Jac(X) /K. We recall below Raynaud’s description
of the Néron model of a Jacobian in order to be able to describe explicitly the
image of S; under both the reduction map Jac(X)(K) — ®,,x and the reduction
map Jac(X) (L) — (Ap)k (k). We will be able to contradict the hypothesis that p try
by considering the reductions of Z?:_ll ged(ri, rg)S;.

Raynaud [1970] exhibited an explicit separated quotient Qx /Ok of the open
subfunctor of Picy',0, consisting of line bundles of total degree 0, and he showed
that, when the residue field & is algebraically closed, Qx/Ok is isomorphic to
the Néron model of A/K [Bosch et al. 1990, Theorem 9.5.4(a)]. The canonical
map Qg (K) — ®p, is described as follows [Bosch et al. 1990, Lemma 9.5.9,
Theorem 9.6.1]. Represent an element of Qg (K) by a line bundle £ on X of
degree 0. Let £ denote an extension of £ to X”. Number the irreducible components
of X/ as Cy, ..., C,. Consider the map &, ZC; — Hom(@i 7C;, Z) that sends C;
to the map d¢; with 8¢, (C;) := (C;-C}). The group @, is isomorphic to the torsion
subgroup of the cokernel of this map. The group of components ® . is isomorphic
to @y, and under this isomorphism, the image of £ under Qx(K) — ®g, is
the map 8, with 8,(C;) := (C; - £). It follows immediately from these facts that
the image in ®o, of S; € Jac(X)(K) can be identified with the image 7; of the
vector E(D;, D;) in @, (notation as in 3.1 and 3.3).

Consider now the reduction map Qr (L) — (Qp)i(k). The closure of any
point in the preimage under X; — X of the closed point R; meets the special
fiber of the smooth model ) of X only at the point P;. The line bundle £
corresponding to the divisor S; pulls back to a line bundle £ on X;. We find that
the reduction of £ € Jac(X)(L) is the point of Jac())) (k) corresponding to the
divisor lem(r;, rq)(P; — Py).

We may now find a contradiction to the assertion that p { r; when the quo-
tient of Yx by the action of H has genus 0. As we indicated above, the ele-
ment Zflz_ll ged(ri, rg)S; in Jac(X)(K) reduces to the element 251:—11 gcd(ri, rg)T
in ®y. Proposition 3.5 shows that the latter element is zero in ®;;. Thus,
Zf.l:_ll gcd(r;, r4)S; reduces in the connected component (Q K)g. Our additional
hypothesis implies that this connected component is unipotent. This follows
from [Bosch et al. 1990, Theorem 9.5.4] if the greatest common divisor of the
multiplicities of the components of &} is 1 and from [Liu et al. 2004, Propo-
sition 7.1] in general. It follows that the image of (Q 1()2 under the canonical
map 1 : Agx Xo, O — Ay is trivial.

Consider now the element Zfl:_ll gcd(ri, r4)S; in Jac(X ) (L). Our discussion
above shows that it reduces to the element ry (Z?:_ll ri(P; — Pd)) in Jac(Q) (k).
We have thus proved that ry (Z?;ll ri(P; — P4)) =0 in Jac()) (k). Our hypothesis
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on the quotient of Vi by H implies that each P; — P; has order p (Proposition 2.5).
Since ry (Z?;ll ri(Pi — Py)) = 0 and we assume that p does not divide r4, we can
conclude that Zf;l ri(P; — P;) = 0. Then Proposition 2.5 implies that p divides
riforalli=1,...,d—1. Since |Cy-Co|p =ri+- - -+ry, it follows that p divides
rq4, which contradicts our assumption.

When the quotient of ) by the action of H has positive genus, the image of
(QK)g under the canonical map 1 : Ax xo, O — Ag is not trivial, and the
following additional considerations must be discussed. Let Norm(X”) denote the
normalization of X” in the field of fractions of ). Since ) is integral over Z, we
have a natural map Norm(X”) — ). All components of X” are rational except
possibly the component Cy [Lorenzini 2013a, Lemma 2.10].

By construction, we have a natural map Norm(X”) — X’ xo, Or. Let N —
Norm(X”) denote a resolution of the singularities of Norm(X”). Consider the
commutative diagram of Or-morphisms

N —— Nom(X') —— y

! !

X' x0, O —— Zx0, 0L

The maps A" — Norm(X’) — X’ x, O induce maps of the associated Picard
functors

Picy 0, X0, OL = Picxxp, 0,/0, = PicNom(x) 0, = Picar/o, ,

whose composition induces the canonical map of Néron models

n:Qk Xo, OL—> QL.
Considering the special fibers over k, we obtain a commutative diagram

Pic}; , —— (Qu)}

I |

Picg,k,/k — (Qk)}

Since we do not have additional information on the special fiber x|, we cannot
conclude that the bottom horizontal map is an isomorphism. It is however faithfully
flat [Raynaud 1970, Corollaire 4.1.2]. Since the special fiber of ) is reduced, we find
that the top horizontal map is an isomorphism [Bosch et al. 1990, Theorem 9.5.4].

Let D denote the irreducible component of N lying above ). The composition
D < Ny — Y is an isomorphism. The image of D in (X’ )fd is the curve Cp, and
we will identify the map D — C¢ with the quotient map p : Yy — Vi /(o). Consider

the following diagram, whose top right horizontal morphism is an isomorphism:
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Pic) (k) «— Pic%, (k) —— (Qp)2(k)

gl I I

Picg, (k) «—— Pic}, () —— (Qx)R(k)

We may now conclude the proof of Theorem 5.3 using the same method as in the case
where the reduction of Jac(X)/K is purely unipotent. Consider again the element
Zflz_ll ged(r;, rg)S; inJac(X)(K), which reduces to the element Zf;ll gcd(ry, rg)T;
in ®y. Proposition 3.5 shows that the latter element is zero in ®,,. Thus,
Zf-l:_ll gcd(r;, r4)S; reduces in the connected component (Q K)g. Consider now
the element Z?:_ll gcd(r;, rg)S; in Jac(Xr)(L). Our discussion above shows that
it reduces to the element r, (Zd_l ri(P; — Pd)) in Jac(Qx) (k).

Since Pic’ X (Qk)? i 1S a faithfully flat morphism and each of the above squares
commutes, the element Zld | gcd(ri, rq)S;, which reduces to ry (Z 71 ri(Pi—Py))
in PICy /& k(k) in fact reduces to an element in p (Jac(yk /{0))). Thus, the image
of ry (Z 71 ri(P; — Pd)) in Jac(Qk)/p*(Jac(Qy/{c))) is trivial. Each P; — P,
defines an element of order p in Jac(J%)/p (Jac(yk /{o))) (Proposition 2.5). Since
ra (Z,tll ri(Pi—Pg)) =0, we conclude thatZ 1 1;(P,— P;)=0. Then Proposition
2.5 implies that p divides r; foralli =1, ...,d—1, and since |Cy-Co|p=r1+- - -+1q,
we find that p divides r;, which contradicts our assumption.

Now that we know that p divides r;, we see that the multiplicities on the chain
of G that leaves Cy starting with D; can only be increasing or constant because this
chain of vertices of degree 2 contains no vertex of self-intersection —1. If D; is not
anode of G, we continue along this chain and find either a terminal vertex or a node
of G. We cannot find a terminal vertex because the multiplicity of a terminal vertex
can only be at most the multiplicity of its unique neighbor with equality only if the
self-intersection of the terminal vertex is —1. Thus, G g, contains a node of G. [

Remark 5.4. Let N; denote the intersection matrix of the exceptional divisor, with
smooth components and normal crossings, of a resolution of the Z/pZ-quotient
singularity Q;. We recall here some properties of N;:

(a) Itis negative definite (attributed to Du Val in [Lipman 1969, Lemma 14.1]).

(b) The graph G(N;) associated with N; is a tree, and all components of the
exceptional divisor are rational [Lorenzini 2013a, Theorem 2.8].

(c) Let n; denote the number of irreducible components in the exceptional divi-
sor. The Smith group @y, := Z" /Im(;) is killed by p [Lorenzini 2013a,
Theorem 2.6].

(d) The fundamental cycle Z of N; is such that | Z 2| < p [Lorenzini 2013a, Theorem
2.3, Remark 2.4].
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6. The weakly ramified case

We present in this section some applications of Theorem 5.3. Let us recall our
notation. Let K be a complete discrete valuation field with valuation v, ring of
integers Ok, uniformizer mg and residue field k of characteristic p > 0, assumed
to be algebraically closed. Let X/K be a smooth proper geometrically connected
curve of genus g > 0. When g = 1, we assume in addition that X (K) # &.

Assume that X/K does not have semistable reduction over Ok and that it
achieves good reduction after a cyclic extension L/K of prime degree p. Let
H = (o) denote the Galois group of L/K. Let Y/Or be the smooth model of
X1 /L. Let Z/Ok denote the quotient )/ H with singular points Qy, ..., Qg and
d > 1. Recall the regular model f : X’ — Z introduced in 5.2.

6.1. The resolution of a singularity Q of Z is a local process and depends only on
the local ring Oz ¢. It seems therefore natural to try to relate the “complexity” of
the resolution graph to some local invariants of Oz ¢. In this respect, we propose
the following.

Consider the Galois morphism p : Vy — YVi/(0). Associated with any point
Q € )i/ (o) is the following measure of the ramification of p over Q:

v(Q):=48(P)= Z(IHJ'(P)I -1,

j=0

where P is the preimage of Q in ) and H;(P) denotes the j-th higher rami-
fication group at P. (For more general morphisms, we would define v(Q) :=
ZPEp—l(Q) 8(P).) Recall from 2.2 that the morphism is weakly ramified at P
if §(P) =2(p —1). Our guess is that v(Q) should also be an important measure of
how complicated the exceptional divisor of the resolution of Q is. To formulate this
guess more precisely, we compare the expressions of the genus g in the Riemann—
Hurwitz formula and in the adjunction formula. The Riemann—Hurwitz formula for
the morphism p can be rephrased as

d
2 =2¢(V) =2|H|g(Co) —2(|H| =D + Z v(Qi).

i=1

Consider now the model X’. By hypothesis, it is minimal with the property
that the special fiber has smooth components and normal crossings. Thus, none
of the vertices A in the graph G := G(X’) with degree 1 or 2 can have self-
intersection —1 (we use here also the fact that only the curve Cy can have positive
genus [Lorenzini 2013a, Lemma 2.10]). Moreover, since the curve X/K has
potentially good reduction, the graph G (X”) is a tree [Lorenzini 2013a, Lemma 2.10].
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The adjunction formula
20 -2=X- X+ X,
with Q a relative canonical divisor of X’/Ok, can be rewritten as

2g =2|H|g(Co)+ Z (r(A)—1(dg(A)—2)

vertex A of G

d
=2|H|g(Co) —2(|H| - 1)+Z(|H| 1+ > (- 1)<dG(A>—2)>

i=1 vertex A of Go;

d
=2|H|g(Co) —2(1H| =)+ Y _ ¥p,&n:

- (6.1.1)
where Dy, ..., D, are the vertices attached to Cy in the tree G(X”) and the integers
vp, and gp, are defined as in 4.1 and (4.1.2). Since the graph Gp, is nothing
but the graph G ¢, of the desingularization of Q;, we define our measure of the
desingularization of Q; to be yp,g0, := ¥p,gp, foreachi =1, ..., d. The integer
g0, := &p; depends only on the intersection matrix of the desingularization and the
marked vertex D; on its graph. Since r(Co) = p and is divisible by yp,, we find
that yp, =1 or p.

6.2. Our guess regarding the resolution X’ — Z of the singularities of Z is that
v0:80; =Vv(Q;) holds foralli =1, ...,d.

This equality would have interesting implications. For instance, since H = Z/pZ,
we always have v(Q) divisible by p — 1 so that p — 1 divides yp, g0, when
Y0:80: = v(Q;). Since yg, =1 or p, we find that

p — 1 divides gg, when yg,80, = v(Q)).

Examples where gg, = 2(p — 1) and 3(p — 1) are given in 4.7 and Remark 4.9.
It immediately follows from the Riemann—Hurwitz formula and the adjunction
formula that:

Lemma 6.3. With the above notation and hypotheses,

d

d
> v(0) =) vo.g0.- (6.3.1)
i=1

i=1

We now prove the equality yp,g80, =v(Q;) =2(p—1)foralli=1,...,d in
the weakly ramified case, using Theorem 5.3.
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Theorem 6.4. Let X/K be a curve with potentially good reduction after a ram-
ified extension L/K of prime degree p. Keep the above notation. Then for all
i=1,...,d:

(a) We have yg,80, = 2(p — 1) and v(Q;) = 2(p — D).
(b) If the ramification points of Yx — Vi /{c) are all weakly ramified (in particular,
if Vi is ordinary), then yo,80, = v(Q;) =2(p — 1).

Proof. (a) The fact that v(Q;) > 2(p — 1) follows immediately from the properties
of a wildly ramified extension: the higher ramification groups Hy and H; must be
nontrivial. To prove that yp, g0, > 2(p — 1), we note first that Theorem 5.3 shows
that p | r;. The inequality follows then from Proposition 4.3.

(b) When the ramification points of )V, — )i /(o) are all weakly ramified, we have
v(Q;) =2(p—1) (2.2). It follows from (6.3.1) and from the fact that yp, g0, >
2(p — 1) proven in (a) that yg,80, =2(p — 1). ([l

Remark 6.5. Without the use of Theorem 5.3, we could only argue that yp, g0, >
p — 1. Indeed, if r(Cp) does not divide r(D;), then yp, = 1. Then we can use the
fact that g, > r(Cp) — 1 established in Remark 4.10.

Using the notation yp, introduced in this section, we may now state a corollary
to Theorem 5.3.

Corollary 6.6. Let X/K be a curve with potentially good reduction after a wildly
ramified Galois extension L/ K of degree p as in Theorem 5.3. Let N; denote the
intersection matrix associated with the resolution of Q;. Assume that yo, = 1. Then
p? divides det(N;).

Proof. The graph associated with the matrix N; is G g, with a marked vertex D; on
it. Let Rp, denote the vector of multiplicities of the components of the resolution
of Q;. Then the determinant of N; can be computed in terms of the coefficients
of Rp,/yp, (see [Lorenzini 2013a, Theorem 3.14]). In particular, it is known that
(r(Co)/yp,;) ged(r(Co)/vp,, r(D;i)/yp,) divides det(V;). Under our hypotheses,
r(Co) = p, p divides r(D;) (Theorem 5.3) and yp, = 1. O

Remark 6.7. Let X/K be a curve with potentially good reduction after a wildly
ramified extension L/K of degree p as in Theorem 5.3. Let N; denote the intersec-
tion matrix associated with the resolution of Q;. Then p kills the Smith group ®y,
[Lorenzini 2013a, Theorem 2.6], and thus, |det(N;)| is a power of p. It follows
from (4.10.3) that ord, (|det(N;)|)(p — 1) < gp,.

In the examples of graphs and matrices N; given in Remark 4.9 with gp, =
3(p —1), we find that both |det(N;)| = p? and |det(N;)| = p> can occur: the former
in (b) and (c)(ii), and the latter in (a) and (c)(i).
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Theorem 6.8. Let X/K be a curve with potentially good reduction after a wildly
ramified Galois extension L/K of degree p. Assume that all ramification points
of Vi — Vi /(o) are weakly ramified (this is the case if Yy is ordinary). Keep the

above notation. Then, foralli =1, ...,d, we have r; = p, and G g, is a graph'
with a single node C; of degree 3:
p—ri(i) 1
----- *—e
P p p P p
o—eo—@----
CO -2 -2 -2 -2 rl(l) 1
D; G - *—e

The intersection matrix N(p, «;, r1(i)) of the resolution of Q; is uniquely deter-
mined as in 4.7 by the two integers a; and r1 (i) with 1 <r(i) < p. The integer «; is
the number of vertices of self-intersection —2 (including the node C;) on the chain
in G o, connecting the node Cy to the single node C; of G g,, and this integer o; is
divisible by p.

Proof. Theorem 6.4(b) shows that yp, 8o, =2(p—1) foralli=1, ..., d. Proposition
4.3 classifies the graphs with yp, g0, = 2(p — 1), and the statement on the shape of
the graph follows.

The Smith group of the intersection matrix N (p, «;, r1(i)) is computed in [Loren-
zini 2013a, §3.19, Lemma 3.21] and is found to be of order p? and killed by p
if and only if p divides «;. Theorem 2.6(c) of [Lorenzini 2013a] shows that this
Smith group must be killed by p. The divisibility p | «; follows. U

Remark 6.9. It is natural to wonder whether the statements of Theorems 6.4(b)
and 6.8 hold for the resolution of Q; when P; is a weakly ramified ramification
point of Yy — Vi (o) without also assuming as we do in Theorems 6.4(b) and 6.8
that all ramification points are weakly ramified.

Corollary 6.10. Let X/K be a curve with potentially good reduction after a wildly
ramified Galois extension L/ K of degree p as in Theorem 6.8. Suppose that g > 1
and that all ramification points of Yy — Vi /{o) are weakly ramified. Then:

@) X(K) # 2.

(b) Let A/K denote the Jacobian of X/K. Let A/Ok be its Néron model. Then
the unipotent part U/ k of the connected component of the identity in Ay /k is
a product of additive groups G .

(c) The group of components @4 k of the Néron model is isomorphic to (Z /pZ)?1=2,

I'A bullet represents an irreducible component of the desingularization of Q;. A positive number
next to a vertex is the multiplicity of the corresponding component while a negative number next to a
vertex is the self-intersection of the component.
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Proof. Part (a) is immediate since it follows from Theorem 6.8 that a regular model
of X/K contains a component of multiplicity 1. It follows from [Penniston 2000,
Theorem 2.4] that p kills U since the maximal multiplicity in the regular model
X'/Ok is equal to p. That U is now split follows from [Serre 1959, Proposition
VIL.11.11]. This proves (b).

The order of 4 g can be computed using the intersection matrix of the regular
model X”. Since the associated graph is a tree, we find using [Lorenzini 1989,
Corollary 2.5] that |® 4 x| = pzd—z. Part (c) follows since ® 4 g is killed by [L : K]
because A/K has potentially good reduction [Edixhoven et al. 1996]. U

Note that in general the special fiber A/ k need not be killed by p even when its
subgroup U and quotient & 4 g are both killed by p (see [Liu and Lorenzini 2001]
for a general discussion of such phenomena).

6.11. Let A/K be the Jacobian of a smooth proper and geometrically connected
curve X/K having a K-rational point. For use in our next corollary, we recall
below the main result of [Bosch and Lorenzini 2002, Theorem 4.6]. Identify A/K
with its dual A’/K via the map —¢[e): A — A’ as in [Bosch and Lorenzini 2002]
just before Theorem 4.6. Let X'/Og denote a regular model of X/K. Let M be
the intersection matrix of Xj. Identify, as recalled in [Bosch and Lorenzini 2002,
Theorem 2.3], the component group ® 4, with the group of components ®j; of M
(P is the torsion subgroup of Z¥/Im(M)). Then Grothendieck’s pairing

(«, )k Pax x Payx — Q/Z

coincides with the pairing (-, - )y : @4 g X Pa/x — Q/Z considered in 3.1. In
particular, this pairing is nondegenerate. Recall also the definition of the functorial
subgroup CD%/K of ® 4,k in 1.3. We denote by (CID(A/K)L the orthogonal of ¢?4/K
under Grothendieck’s pairing.

Corollary 6.12. Let A/K be the Jacobian of a curve X/K of genus g > 1 hav-
ing potentially good reduction after a Galois extension L/K of degree p as in
Theorem 6.8. Assume that all ramification points of Yy — Yi/{o) are weakly

ramified. Then ® 5k is a Z/ pZ-vector space of dimension 2d — 2, and CD%/K isa

0 L
A/K> .

Proof. 1t follows from Corollary 6.10 that X (K) 7~ &. We can thus use the results of
[Bosch and Lorenzini 2002] recalled above. We produce below explicit generators
for the groups ® 4, and CI>9\ /- For each singular point Q; on the model Z/0Ok,
denote by A; and B; the terminal components of multiplicity 1 in the exceptional
divisor of the resolution of Q; in A”. Let o; denote the image in ® 4,k of the
vector E(A;, B;),i =1,...,d — 1 (notation as in 3.1). Let 8; denote the image
in ® 4/ of the vector E(A;, Ag),i=1,...,d—1. We have seen in Corollary 6.10
that @4, is a Z/ pZ-vector space of dimension 2(d — 1).

subspace of dimension d — 1. Moreover, d>9x /K= (P
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We claim that

lar, ... 01, B1, ..., Ba—1)

is a basis for ® 4,k and that {ay, ..., aq_1} is a basis for CID%/K. To prove our
claim, consider the matrix V := ({(&;, B;))1<i, j<a—1 With coefficients in Q/Z. We
can use the computation (4.8.1) to show that V is the diagonal matrix

diag(ci/p (mod Z), ..., cg—1/p (mod Z)),

where, foreachi =1,...,d—1,0<c¢; < p and p divides ¢;71(i) — 1. In particular,
¢i/p #01in Q/Z. 1t follows that the set {a;, ..., ®s—1, B1, ..., Ba—1} is linearly
independent in (Z/pZ)>?~2. Hence, it is a basis.

It follows from the explicit computations in [Lorenzini 2000, Proposition 3.7(a)],
that (a;, ;) =0 forall 1 <i, j <d—1. Since the pairing (-, -) is perfect on
z/ pZ)zd—z, we find that {a, ..., az_1} generates a maximal isotropic subspace.

It remains to show that &y, ..., @y—1 belong to (D%/K and that neither gy, ...,
Ba—1 nor any nontrivial linear combination of B, ..., 84— belong to CI>% /K- For
this, since K is complete, we can pick foreachi =1,...,d — 1 two K-rational
points a; and b; of X whose closure in X’ intersects X,; in a smooth point of A;
and B;, respectively (see, e.g., [Bosch et al. 1990, Corollary 9.1.9]). Then a; — b;
and a; — ay are divisors of degree 0 on X, which we identify with K -rational points
in the Jacobian A/K of X/K. These rational points reduce in the component
group @4,k of the Néron model of A/K to the points «; and B;, respectively.
Since A(K) C A(L), we can reduce a; — b; in the special fiber of the Néron model
A’/Oy. This special fiber is isomorphic to the Jacobian of the special fiber )y of
the smooth model V/Oy of X /L. It is clear that, by construction, the reduction
of a; — b; is trivial so that o; € dD(j‘/K fori =1,...,d — 1. On the other hand, the
reduction of a; —ay is the divisor P; — P4, which is a nontrivial p-torsion point when
viewed in the quotient A} /1(Ay). This shows that ; ¢ @) fori=1,...,d —1.
Moreover, any nontrivial linear combination of the images of the divisors P; — Py
1S not zero in A;C /n(Ax) (Proposition 2.5), so no nontrivial linear combination of
Bi, ..., Ba—1 belongs to QD%/K. O

Example 6.13. Examples of curves having good reduction after an extension of
degree p can be obtained as twists as follows. Choose a smooth proper curve C/k
having an automorphism o} of order p. Over an appropriate ring Ok with residue
field k, there exists a smooth scheme )° /Og with an Ok -automorphism o such
that C is k-isomorphic to y,? and o restricted to y}j induces the given automorphism
or. It is shown in [Sekiguchi et al. 1989, §IV, Theorem 2.2] that one can take Ok
to be the Witt ring W (k)(¢,) with ¢, a primitive p-th root of unity. If one wants a
lift in equicharacteristic p, one can trivially take Og = k[[¢].
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Choose any cyclic (ramified) extension L/K of degree p. The twist of y,(} /K
by L/K and o is a curve X/K that achieves good reduction over L. Starting with
an ordinary curve C/k produces a curve X /K having potentially good ordinary
reduction over L.

Corollary 6.14. Fix any odd prime p. For each integer m > 0, there exist a regular
local ring B of equicharacteristic p endowed with an action of H := 7/ pZ and a
regular local ring B’ of mixed characteristic (0, p) endowed with an action of Z | pZ
such that Spec BY and Spec(B')! are singular exactly at their closed point, and
the graphs associated with a minimal resolution of Spec BY and Spec(B")" have
one node and more than m vertices.

Proof. As we noted in Example 6.13, there exist a field K of either mixed characteris-
tic (0, p) or of equicharacteristic p and a curve X /K without good reduction over K
and with good ordinary reduction over a Galois extension L/K of degree p. Let
H :=Gal(L/K). Let Y/Op, denote the smooth model of X; /L. Let Z/Ok denote
the quotient )/ H. Let P denote a ramification point of the morphism YV, — Vi/H,
and let B := Oy p. Theorem 6.8 shows that the resolution of singularity of Spec B!
has an intersection matrix of type N(p, «, r;) for some « > 1 and 0 < r; < p.

Immediately after the statement of Theorem 6.8 given in the introduction, we
briefly alluded to the fact that the integer « is likely to be related to the valuation of
the different of L/K. Thus, in principle, by choosing K and L/K appropriately,
the above method will produce examples with o as large, as desired. Since at this
time we do not know how to prove in general that « is related to the valuation
of the different of L/K (except when p = 2 and g = 1; see [Lorenzini 2013a,
Theorem 4.1]), we proceed below with a different argument to prove the existence
of resolutions with « as large, as desired.

Consider a quadratic extension K’/ K. Since p is odd by hypothesis, the extension
K’/K is tame, and one knows how to compute a regular model of Xg /K’ from
the model X' /Ok of X/K obtained in Theorem 6.8: simply normalize the base
change X’ x o, Ok’ and resolve its singularities. A singularity on the normalization
can only be the preimage of a closed point of &} that belongs to two irreducible
components of A} and such that both components have odd multiplicity. This
singular point is resolved by a single smooth rational curve.

Let L' := LK’ with [L' : K'] = p. The curve Xg//K’ achieves good ordinary
reduction over L’. The model V'/Op :=Y x o, Oy is smooth, and we let P’ denote
the preimage of P under the natural map )’ — ). Let B’ := Oy pr. We leave it to
the reader to check, using [Halle 2010, Proposition 4.3] and the desingularization of
the normalization of X’ x o, Ok, that the resolution of the singularity of Spec(B’ '
has an intersection matrix of type N (p, 2«, r{), where r{ :=r1/2 if r; is even and
ry = (r1+ p)/2if ry is odd.
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Since we can make an infinite chain of quadratic extensions K C K'C K" C - --
and since the graph associated with N (p, B, r1) has at least g irreducible compo-
nents, the corollary is proved. (I

Remark 6.15. Consider an intersection matrix N, and assume that, for some
prime p, it satisfies all the conditions listed in Remark 5.4, conditions that would
have to be satisfied if this intersection matrix was associated with the resolution of
a Z/pZ-singularity: its graph G(N) is a tree, |det(N)| is a power of p, the Smith
group @y is killed by p and the fundamental cycle Z has |Z?| < p. If det(N) = 1
and G(N) is a tree, then the above conditions are satisfied for every prime at least
equal to | Z?|. In particular, when det(N) = 1, the matrix N could potentially be
associated with the resolution of a Z/ pZ-singularity for infinitely many primes p.

An interesting consequence of our guess in 6.2 that yp, g0, = v(Q;) holds for
alli =1, ...,d is that a matrix N as above can be associated with the resolution
of a (Z/ pZ)-quotient singularity X’ — Z occurring in models of curves as at the
beginning of this section only for finitely many primes p. Indeed, the choice of
a vertex D on N lets us define the integer gp associated with N and D. If N is
the intersection matrix of the resolution of a singularity Q; of Z with the marked
vertex D linked to Cyp, we noted in 6.2 that p — 1 must then divide gp when the
equality yp, g0, = v(Q;) holds. Since there are only finitely many vertices D, the
set of integers g, is finite, and hence, any prime p larger than the maximum of the
integers g,, cannot have the property that p — 1 divides some g,.

Remark 6.16. Let X/K be a curve with potentially good reduction over an exten-
sion L/K of degree p as at the beginning of this section. Let Q; be a singular
point of the quotient Z, and consider the graph G ¢, associated with the resolution
of Q; in X’ — Z. One may wonder whether a node of G in Gy, could have its
multiplicity in A divisible by p?. Similar considerations are found in [Lorenzini
2010, Question 1.4].
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Geometry of Wachspress surfaces

Corey Irving and Hal Schenck

Let P; be a convex polygon with d vertices. The associated Wachspress surface
W, is a fundamental object in approximation theory, defined as the image of the
rational map

p2 24 pd-!

determined by the Wachspress barycentric coordinates for P;. We show wy, is
a regular map on a blowup X, of P? and, if d > 4, is given by a very ample
divisor on X, so has a smooth image W,;. We determine generators for the ideal
of Wy and prove that, in graded lex order, the initial ideal of Iy, is given by a
Stanley—Reisner ideal. As a consequence, we show that the associated surface is
arithmetically Cohen—Macaulay and of Castelnuovo—Mumford regularity 2 and
determine all the graded Betti numbers of Iy, .

1. Introduction

Introduced by Mobius [1827], barycentric coordinates for triangles appear in a host
of applications. Recent work in approximation theory has shown that it is also
useful to define barycentric coordinates for a convex polygon P; with d > 4 vertices
(a d-gon). The idea is as follows. To deform a planar shape, first place the shape
inside a control polygon. Then move the vertices of the control polygon, and use
barycentric coordinates to extend this motion to the entire shape.

For a d-gon with d > 4, barycentric coordinates were defined by Wachspress
[1975] in his work on finite elements; these coordinates are rational functions
depending on the vertices v(P;) of P;. Warren [2003] shows that Wachspress’
coordinates are the unique rational barycentric coordinates of minimal degree.
The Wachspress coordinates define a rational map wy on P2, whose value at a
point p € Py is the d-tuple of barycentric coordinates of p. The closure of the image
of wy is the Wachspress surface W,, first defined and studied by Garcia-Puente and
Sottile [2010] in their work on linear precision.

Irving is supported by Texas Advanced Research Program 010366-0054-2007. Schenck is supported
by NSF 1068754 and NSA H98230-11-1-0170.

MSC2010: primary 13D02; secondary 52C35, 14J26, 14C20.
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In Definition 1.3, we fix linear forms ¢; that are positive inside P; and vanish on
anedge. Let A=¢; --- £y, Z be the (”2’) singular points of V(A), and Y = Z\ v(Py).
We call Y the external vertices of P; and show that w, has basepoints only at Y.
Let X, be the blowup of P2 at Y. In Section 2, we prove that W, is the image
of X4, embedded by a certain divisor Dy_» on X;. The global sections of D;_»
have a simple interpretation in terms of the edges V(¢;) of P;: we prove that

HO(@Xd(Dd_z)) has basis {f3 <. -fd, E1f4 . -Ed, ey Ez < -Ed_1}.
We show that D;_; is very ample if d > 4; hence, W; C P41 is a smooth surface.

1A. Statement of main results. For a d-gon P; with d > 4:

(1) We give explicit generators for Iy, € § = K[xy, ..., x4].

(2) We determine in. (Iw,), where < is graded lex order.

(3) We prove in.(Iw,) is the Stanley—Reisner ideal of a graph I'.

(4) We prove that S/Iw, is Cohen—-Macaulay, and reg(S/Iw,) = 2.

(5) We determine the graded Betti numbers of S/, .

In Section 1B, we give some quick background on geometric modeling, and in
Section 1C, we do the same for algebraic geometry (in particular, we define all the

terms above). Our strategy runs as follows. In Section 2, we study Iy, by blowing
up P? at the external vertices. Define a divisor

Di2=d~2)Ey~) E,
peY
on X4, where Ej is the pullback of a line and E, is the exceptional fiber over p.
We show that D, is very ample and that Iy, is the ideal of the image of

Xq— P(HY(Dy2)).

Riemann—Roch then yields the Hilbert polynomial of S/, .

In Sections 3 and 4, we find distinguished sets of quadrics and cubics vanishing
on W, and use them to generate a subideal / (d) < Iw,. In Section 5, we tie every-
thing together, showing that, in graded lex order, I (d) C inL I (d), where It (d) is
the Stanley—Reisner ideal of a certain graph. Using results on flat deformations and
an analysis of associated primes, we prove

Ir(d) =in.(I1(d)).

The description in terms of the Stanley—Reisner ring yields the Hilbert series
for S/Ir(d). We prove that S/I-(d) is Cohen—Macaulay and has Castelnuovo—
Mumford regularity 2, and it follows from uppersemicontinuity that the same is
true for S/1(d). The differentials on the quadratic generators of Ir-(d) turn out to
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be easy to describe, and combining this with the regularity bound and knowledge
of the Hilbert series yields the graded Betti numbers for inL (/ (d)).

Finally, we show that 7 (d) has no linear syzygies on its quadratic generators,
which allows us to prune the resolution of inL(/(d)) to obtain the graded Betti
numbers of /(d). Comparing Hilbert polynomials shows that up to saturation

S/I(d)=S/1Iy,.

Since Iw, is prime, it is saturated, and a short-exact-sequence argument shows that
S/1(d) is also saturated, concluding the proof.

1B. Geometric modeling background. Let P; be a d-gon with vertices vy, . .., vy
and indices taken modulo d.

Definition 1.1. Functions {8; : P; — R | 1 <i < d} are barycentric coordinates if,
for all p € Py,

d d
Bi(p) =0,  p=) Bpvi. Y B(p)=1
i=1 i=1
Wachspress coordinates have a geometric description in terms of areas of subtri-
angles of the polygon. Let A(a, b, ¢) denote the area of the triangle with vertices a,
b,and c. For 1 < j <d, setaj := A(vj_1,v;,vj11) and A; := A(p, vj, vj41).
Definition 1.2. For 1 <i <d, the functions

b:
ﬁi=d—l, where b,-:a,- l_[ Aj
2 j=1b J#—1i

are Wachspress barycentric coordinates for the d-gon Py; see Figure 1.

We embed P in the plane z = 1 € R? and form the cone with 0 € R?. Explicitly,
to each vertex v; € v(Py), we associate the ray v; := (v;, 1) € R3. Let P; denote
the cone generated by the rays v;, and v(P;) := {v; | v; € v(Py)}. The cone over

Figure 1. Wachspress coordinates for a polygon.
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the edge [v;, v;+1] corresponds to a facet of P; with normal vector n; := v; X v;4].
We redefine o; and A; to be the determinants |v;_jv;v;41| and |v;v; 1 p|, where
p = (x, ¥, z). This scales the b; by a factor of 2 so leaves the 8; unchanged, save
for homogenizing the A; with respect to z, and allows us to define Wachspress
coordinates for nonconvex polygons, although Property 1 of barycentric coordinates
fails when P, is nonconvex.

Definition 1.3. tj:=Aj=n;-p=|vjvipl

The ¢; are homogeneous linear forms in (x, y, z) and vanish on the cone over
the edge [v;, vj4+1]. We use Theorem 1.6 below, but Warren’s proof does not require
convexity. Our results hold over an arbitrary field I as long as no three of the lines
V(£;) € P? meet at a point. For the first condition of Definition 1.1 to make sense,
K should be an ordered field.

Definition 1.4. The dual cone to Py is the cone spanned by the normals ny, ..., ny
and is denoted PJ.

Triangulating P, yields a triangulation of P, and the volume of the parallelepiped
S spanned by vertices {v;, v;, v, 0} is ag = |v; v;v|.

Definition 1.5. Let C be a cone defined by a polygon P; and T (C) a triangulation
of C obtained from a triangulation of P, as above. The adjoint of C is

dreyp)= Y as [ @ p)ekix,y 2das.

SeT(C)  vev(Py)\v(S)

Theorem 1.6 [Warren 1996]. drc)(p) is independent of the triangulation T (C).

1C. Algebraic geometry background. Next, we review some background in alge-
braic geometry, referring to [Eisenbud 1995; Hartshorne 1977; Schenck 2003] for
more detail. Homogenizing the numerators of Wachspress coordinates yields our
main object of study:

Definition 1.7. The Wachspress map defined by a polygon P, is the rational map
w,

P2 - pd-1 given on the open set U, o C P2 by (x, y) = (b1(x, y), ..., ba(x, y)).

The Wachspress variety Wy is the closure of the image of wy.

The polynomial ring S = K[x, ..., x4] is a graded ring: it has a direct-sum
decomposition into homogeneous pieces. A finitely generated graded S-module N
admits a similar decomposition; if s € S, andn € N, thens-n € N, ,. In particular,
each N, is a (Sp = [K)-vector space.

Definition 1.8. For a finitely generated graded S-module N, the Hilbert series
HS(N, 1) =) dimy N,t9.
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Definition 1.9. A free resolution for an S-module N is an exact sequence
d;
F:--->F, —>F,_1—>---— F—> N—0,

where the F; are free S-modules.

If N is graded, then the F; are also graded, so letting S(—m) denote a rank-1 free
module generated in degree m, we may write F; = @j S(—j)%i. By the Hilbert
syzygy theorem [Eisenbud 1995], a finitely generated, graded S-module N has a
free resolution of length at most d with all the F; of finite rank.

Definition 1.10. For a finitely generated graded S-module N, a free resolution
is minimal if, for each i, Im(d;) € mF;_;, where m = (x1, ..., x4). The graded
Betti numbers of N are the g; ; that appear in a minimal free resolution, and the
Castelnuovo-Mumford regularity of N is max; j{a; ; —i}.

While the differentials d; that appear in a minimal free resolution of N are not
unique, the ranks and degrees of the free modules that appear are unique. The
graded Betti numbers are displayed in a Betti table. Reading this table right and
down, starting at (0, 0), the entry b;; := a; ;4 j, and the regularity of N is the index
of the bottommost nonzero row in the Betti table for N.

Example 1.11. In Examples 2.9 and 3.11 of [Garcia-Puente and Sottile 2010],
it is shown that Iy, is generated by three quadrics and one cubic. The variety
V(£ ---Le) of the edges of Pg has (g) = 15 singular points, of which six are
vertices of Pg, and S/Iw, has Betti table
total |1 4 6 3

011 -

|- 3 - -

2|- 1 6 3
For example, by » = a; 3 = 1 reflects that Iy, has a cubic generator, and S/Iw, has
regularity 2. The Hilbert series can be read off the Betti table:

1-32 -3+ 61" =3 14314312
(I-0)° (D
Theorem 5.11 gives a complete description of the Betti table of S/Iwy,.

HS(S/ 1w, 1) =

2. H'(D;_,) and the Wachspress surface
2A. Background on blowups of P2 Fix points py, ..., px € P2, and let
x5 p? (1)

be the blowup of P? at these points. Then Pic(X) is generated by the exceptional
curves E; over the points p; and the proper transform E of a line in P2, A classical
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geometric problem asks for a relationship between numerical properties of a divisor
Dy, =mEy— > a;E; on X and the geometry of

x4 pHYD,)).

First, we discuss some basics. Let m and a; be nonnegative, let /,, denote the ideal
of a point p;, and define
k
J=( 18 SKlx,y.z1=R. @)
i=1

Then H%(D,,) is isomorphic to the m-th graded piece J,, of J (see [Harbourne
2002]). Davis and Geramita [1988] show that, if y (J) denotes the smallest degree ¢
such that J, defines J scheme theoretically, then D,, is very ample if m > y (J), and
if m =y (J), then D,, is very ample if and only if J does not contain m collinear
points, counted with multiplicity. Note that y (J) <reg(J).

2B. Wachspress surfaces. For a polygon P, fix defining linear forms ¢; as in
Definition 1.3 and let A :=¢; - - - £4; the edges of P; are defined by the V(¢;). Let
Z denote the (‘21) singular points of V(A) and Y = Z \ v(P,). Finally, X; will be
the blowup of P2 at Y. We study the divisor

Di2=d~2)Ey~) E,
peY
on X,4. First, we present some preliminaries.

Definition 2.1. Let L be the ideal in R = K[x, y, z] given by

L=z Ly, b1ly---Lg,.... Ll Lg_1)=(AJli1l2, AJl2l3, ..., A/Lgl1),
where A = ]_[f.l:l ;.

For any variety V, we use Iy to denote the ideal of polynomials vanishing on V.

Lemma 2.2. The ideals L and Iy are equal up to saturation at (x, y, 7).

Proof. Being equal up to saturation at (x, y, z) means that the localizations at any
associated prime except (x, y, z) are equal. The ideal I, of a point p is a prime
ideal. Recall that the localization of a ring T at a prime ideal p is a new ring T),
whose elements are of the form f/g with f, g € T and g ¢ p. Localize R at [,
where p € Y. Then in Ry, ¢; is a unit if p ¢ V(¢;). Without loss of generality,
suppose forms £; and £, vanish on p (note that all points of Y are intersections of
exactly two lines) and the remaining forms do not. Thus, L I, = (L1, L2y =(Iy); - O

The ideal L is not saturated.

Lemma 2.3. Iy is generated by one form F of degree d — 3 and d — 3 forms of
degree d—2. Hence, a basis for Ly_; consists of F-x, F-y, F -z, and the d —3 forms.
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Proof. First, note that Iy cannot contain any form of degree d — 4 since Y contains
d sets of d — 3 collinear points. So the smallest degree of a minimal generator
for Iy is d — 3. Since Y consists of (dgl) — 1 distinct points and the space of forms
of degree d — 3 has dimension (dgl), there is at least one form F of degree d — 3
in Iy. We claim that it is unique. To see this, first note that no ¢; can divide F: by
symmetry, if one ¢; divides F, they all must, which is impossible for degree reasons.
Now suppose G is a second form of degree d — 3 in Iy. Let p € v(Py) and V(¥¢;)
be a line corresponding to an edge containing p. F(p) must be nonzero since if not
V(F) would contain d — 2 collinear points of V(¥¢;), forcing V(F') to contain V(¢;),
a contradiction. This also holds for G. But in this case, F(p)G — G(p)F is a
polynomial of degree d — 3 vanishing at d —2 collinear points, again a contradiction.
So F is unique (up to scaling), which shows that the Hilbert function satisfies

HF(R/L,d —3) =Y,

so HF(R/L,t) = |Y| for all t > d — 3 (see [Schenck 2003]). As the polynomials
A/L;€; 4 are linearly independent and there are the correct number, L;_, must be
the degree-(d — 2) component of Iy. O

Theorem 2.4. The minimal free resolution of R/L is

A A A
0= R(—d) & R(—d+1)! & R(=d+2)¢ i a5 an R— R/L—0,
¢, 0 o .. 0 0 m |
—53 Ez o .- my
where dy = O —b

0 ed_z 0

. —Ed gd—l
[ 0 - - 00— my|

and the m; are linear forms.

Proof. By Lemma 2.3, the generators of Iy are known. Since Iy is saturated, the
Hilbert-Burch theorem implies that the free resolution of R/ Iy has the form

0— R(—d+1)?3 > R(=d+3)®R(—d+2)">—> R— R/Iy — 0.

Writing Iy as (f1,..., fa—3, F)and L as (fy, ..., fa—3,xF, yF, zF), the task is
to understand the syzygies on L given the description above of the syzygies on Iy.
From the Hilbert-Burch resolution, any minimal syzygy on [y is of the form

> gifi+qF =0,
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where g; are linear and ¢ is a quadric (or zero). Since
qF = g1xF 4+ g, yF + g3zF with g; linear,

all d — 3 syzygies on Iy lift to give linear syzygies on L. Furthermore, we obtain
three linear syzygies on {x F', yF, zF'} from the three Koszul syzygies on {x, y, z}.
It is clear from the construction that these d linear syzygies are linearly independent.
Since HF(R/L,d — 1) = |Y|, this means we have determined all the linear first
syzygies. Furthermore, the three Koszul first syzygies on {x F', yF, zF'} generate a
linear second syzygy, so the complex given above is a subcomplex of the minimal
free resolution. A check shows that the Buchsbaum—Eisenbud criterion [1973]
holds, so the complex above is actually exact and hence a free resolution. The
differential d> above involves the canonical generators A/¢;¢; . rather than a set
involving {x F, yF, zF}. Since the d — 1 linear syzygies appearing in the first d — 1
columns of d; are linearly independent, they agree up to a change of basis; the last
column of d» is a vector of linear forms determined by the change of basis. (]

Theorem 2.5.
(i) HO(Dd_z) =~ SpanK{A/Zlﬁz, A/£253, e }
(i) H'(Dy—2) =0= H*(Dy2).

Proof. The remark following Equation (2) shows that H%(D,_») ~ Ly_,. Since
K=-3Ey+)_ pey E, (see [Hartshorne 1977]), by Serre duality,

H?(Dy—) = H°(<—d ~DEo+) E,,>,

peY
which is clearly zero. Using that X is rational, it follows from Riemann—Roch that
D3 ,—Dy K
2
The intersection pairing on X, is given by El2 =1ifi =0and —1ifi #0, and

h%(Dg—2) —h'(Dg-2) = +1.

Ei-Ej=0 ifi#}].
Thus,
D3 ,=(d—2)%—1|Y| and — Dy 2K =3(d-2)—1Y|, A3)
yielding
d>—d—-2-2|Y|

h(Dy_2) —h' (Do) = 5 +1=d. “4)

Thus, h°(Dy_2) —h'(D,y_2) = d. Now apply the remark following Equation (2). [

Corollary 2.6. Ifd > 4, Dy_» is very ample, so the image of X4 in P2~ is smooth.



Geometry of Wachspress surfaces 377

Proof. By Theorem 2.4, the ideal L is d — 2 regular. Furthermore, the set Y contains
d sets of d — 3 collinear points but no set of d — 2 collinear points if d > 4. The
result follows from the Davis—Geramita criterion. (I

Theorem 2.7. Wy ~ P! x P!, and X4, — Wy is an isomorphism away from the
(=1) curve Ey — E1 — E», which is contracted to a smooth point.

Proof. The surface X4 is P> blown up at two points, which is toric, and isomorphic
to P! x P! blown up at a point. By Proposition 6.12 of [Cox et al. 2011], D
is basepoint free. Since D% =2, Wy is an irreducible quadric surface in P3. As
D, - (Ey— E| — E3) =0, the result follows. O

Replacing D;_;, with t D;_», a computation as in Equations (3) and (4) and Serre
vanishing shows that the Hilbert polynomial HP(S/Iw,, t) is equal to
(d=2*—1YD*+@Bd—2)— Y]t d*—5d+8 , d*—9d+12
2 ==

t+1. (5)

3. The Wachspress quadrics

In this section, we construct a set of quadrics that vanish on W,. These quadrics
are polynomials that are expressed as a scalar product with a fixed vector . The

vector T defines a linear projection P?~! -—s P2, also denoted by 7, given by
d
X = in v;,
i=1
where x =[x : - - - : x4] € P?~1. By the second property of barycentric coordinates,

the composition 7 o wy : P? --» P? is the identity map on P2. Since v; € <>, the
vector T is a triple of linear forms (ty, 12, 73) € S3. The linear subspace € of pd—1
where the projection is undefined is the center of projection, and I¢ = (11, 172, 13).

3A. Diagonal monomials. A diagonal monomial is a monomial x;x; € S, such
that j ¢ {i —1,i,i+1}. We write 9 for the subspace of S, spanned by the diagonal
monomials; identifying x; with the vertex v;, a diagonal monomial is a diagonal
in Py4; see Figure 2.

Xi

Figure 2. A diagonal monomial.
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Lemma 3.1. Any quadric that vanishes on Wy is a linear combination of elements
of 9.

Proof. Let Q be a polynomial in (Iw,),. Then Q(wg) = Q(b1,...,bz) =0. On
the edge [vg, vk+1], all the b; vanish except by and by;. Thus, on this edge, the
expression Q(wy) =01is

c1b} + cabibiy1 +c3bp =0 (6)

for some constants cy, ¢2, and c3 in K. Recall that b; (v;) =01if i # j and b; (v;) #0
for each i. Evaluating (6) at vx and v, we conclude ¢; = ¢3 = 0. At an interior
point of edge [vg, vk+1], neither by nor by vanishes. This implies that c; = 0. A
similar calculation on each edge shows that all coefficients of nondiagonal terms in
Q are zero. O

3B. The map to (I¢)2. We define a surjective map onto (I¢), and use the map
to calculate the dimension of the vector space of polynomials in (/¢), that are
supported on diagonal monomials. Let Sf denote the space of triples of linear forms
on P?~!, Define the map W : 513 — (l¢)2 by F — F-t, where - is the scalar product.

Lemma 3.2. The kernel of V is three-dimensional.

Proof. Since I¢ is a complete intersection, the kernel is generated by the three

Koszul syzygies on the t;. U
Next we determine conditions on F so that W (F) € @. Ifu; e K3 fori=1,...,d,
then

d
F = inui
i=1

is an element of Sf. Viewing the projection 7 as an element of S?, we have
d d d
V(F)=F -1t= (Zx,u,) . (invi) = Z (u; - vit+u;- vi)xixj. @)
i=1 i=1 ij=1
If W(F) € &, then the coefficients of nondiagonal monomials must vanish:
u;-v;=0 and wu;-vj+;+u;j+1-v;,=0 foralli. (8)
Lemma 3.3. The dimension of the vector space % N (I¢), is d — 3.

Proof. We show the conditions in (8) give 2d independent conditions on the
3d-dimensional vector space $3, and the solution space is U1 N (Ig),); thus,
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dim(¥ (@ N (I¢)2)) = d. The conditions are represented by the matrix equation

M
v]T 0 .. 0 u1\ 0
Vy-up 0 of . u) 0
vy : )
Vg -Ug _ E (; —
V1-uy+vy-uy (; T 0 Vg ’
: v2 v, 0
vd-u1+v1-ud) \ - : vlT u. \0
d

where the v; and u; are column vectors and the superscript T indicates trans-
pose. The matrix M in the middle is a 2d x 3d matrix, and the proof will be
complete if the rows are shown to be independent. Denote the rows of M by
Flyeeuos¥dsFdgl, ... Pag, and let ciry + -+ +cqrg + cqy1rar1 + - - -+ coqrag be a
dependence relation among them. The first three columns of M give the dependence
relation ¢y vy + c44+1v2 + coqvg = 0. Since vy, vy, and v, define adjacent rays of
a polyhedral cone, they must be independent, so c;, cs+1, and cyy must be zero.
Repeating the process at each triple v;_;, v;, and v;1 shows the rest of the ¢;’s
vanish. Since the restriction W : W~1(% N (I¢)2) — D N (I¢), remains surjective,
we find dim(% N (I¢),) = dim(Y =D N (I¢)2)) — dim(ker(¥)) =d — 3. ]

3C. Wachspress quadrics. We now compute the dimension and a generating set
for (Iw,)2.

Definition 3.4. Let y (i) denote the set {1, ...,d}\{i—1,i}, y(Q, )=y @) Ny()),
and y (i, j, k) =y () Ny (j) Ny (k).

The image of a diagonal monomial x;x; under the pullback map w} : § — R is

bibj = aja; 1_[ Ly 1_[ Em—ozla]l_lﬁk l_[ Lo,

key(@  mey(j) k=1 mey(,j)

and each diagonal monomial has a common factor A = ]_[k:1 . To find the
quadratic relations among Wachspress coordinates, it suffices to find linear relations
among products ]_[mey(l.’ j) &m € Rq—4 for diagonal pairs i and j. Define the map
¢ :9D— Ry_4 by x;xj — b;b;/A, and extend by linearity; this is w}; restricted to &
and divided by A. By Lemma 3.1, it follows that ({w,), = ker(¢) € 9.

Lemma 3.5. The dimension of (Iw,)2 is d — 3.

Proof. We will show ¢ : & — R;_4 is surjective with dim(ker ¢) = d — 3. To see
this, note that there are d — 3 diagonal monomials that have x| as a factor. We show
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X24 +t X2d X35 X34 't Xd-3,d—1 Xd—3.d Xd—2.d
P13 *

P1,d—1 *
P24 * *

P2,d—-1 * *

P(d—4)(d-2)
Pd—4)d-1)
Pd-3)d-1) * * *

Table 1. Values of images of diagonal monomials at external vertices.

that the images of the remaining
dd—3)/2—(d—-3)=(d—-3)(d—-2)/2=dim(Ry—4)

diagonal monomials are independent. Let py ; = £€,N{; and x, ; = x,x,. In Table 1,
a star, *, represents a nonzero number and a blank space is zero. The (i, j) entry in
the table represents the value of the image of the diagonal monomial in column j
at the external vertex in row i. The external vertices not lying on ¢, are arranged
down the rows with their indices in lexicographic order.

Since Table 1 is lower triangular, the images are independent. We have found
dim(R;—4) independent images, and hence, ¢ is surjective. This is a map from a
vector space of dimension d(d —3)/2 to one of dimension (d —2)(d —3)/2. The map
is surjective, so the kernel has dimension d(d —3)/2—(d —2)(d—3)/2=d —3. U

There is a generating set for (/y,)2 where each generator is a scalar product with
the vector 7. The other vectors in these scalar products are

Ay = ﬂnk+l — x—knk,1 € S%.
Opy1 Qg

Lemma 3.6. The vectors (A1, ..., Ag} form a basis for the space W~ (D N (I¢)2).

Proof. Suppose that Zizl cxAx = 0 is a linear dependence relation among the Ay.
The coefficient of a variable x; is

1
—(Cr—11f — cpng_1).
(095

By the dependence relation, this must be zero, which implies that ny_; and n; are
scalar multiples. This is impossible since they are normal vectors of adjacent facets
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of a polyhedral cone. Hence, cy_; = ¢ = 0 for all k£, which shows that the A are

independent.
In the proof of Lemma 3.3, we showed that dim(¥~'(@ N (I¢),)) =d, and we
have just shown dim({Ay | k=1, ...,d)) = d. To prove the result, it suffices to

show (A [k=1,...,d) S W=D N (Ig)>). The conditions of (8) are required for
A e S f to lie in W~'(% N (I¢)2). We show these conditions are satisfied for each
Ay.

Letu; =0if i #k, k+ 1, up = —ny_1 /oy, and up4| = np41 /oy for each
fixed k. Then
Xk+1
Ak=—nk+1——nk 1= Ujxi.
Q41 Z "

Since ny_1 - vy =0, Bgy; - V41 =0, and u; =0 for i #k,k+ 1, we have that
u;-v; =0foreachi =1, ...d. The expression u; - v;+| + u; 4+ - v; is zero for all
i #k—1,k, k+ 1 simply because u; =0 for i # k, k + 1. We have

Ri_1 Rt
U - Vg U4 Vg = —— Vg1 +—— -V
(073 Op+1
Vg1 X Uk - Uyl I Vi1 X V42 - Vg
(075 Or+1
|V 10k k1| [Vk1 Vk2 k]
(075 Oft1

as oj = [v;_1v;vj41|. Itis easy to show that the expression u; - v; 1 +u; 11 -v; is zero
for i = k£ 1. Thus, the u; satisfy the conditions in (8), so Ay € ¥~ L@N(Ig),). O

Theorem 3.7 (Wachspress quadrics). The Wachspress quadrics (Iw,)2 are those
elements of S, that are diagonally supported and vanish on €. The quadrics
Or=Ar-tfork=1,...,d span (Iw,)2.

Proof. Let p be the vector (x, y, z). By definition of Wachspress coordinates,

d d
t(wa(p) =Y bi(p)vi=p Y bi(p).

i=1 i=1

We have
bi+1(p) bir(p)
Ay (wy(p)) = —Fpyyy — ni_1
Ay 1 Qg
=( 1_[ Ej)nkﬂ—( 1_[ fj)"k—l
ok k41 otk—1k
= ( 1_[ fj)(ﬁk—lnkﬂ —Lpp1ng—1)
k1, k k41

=Hn 1 (ng—1 - p) —ng_1(ng41 - p)l,
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where H =[], s 414 Set H:=HY"_, bj(p). Then we have

Ok (waq(p)) = t(wa(p)) - Ar(wa(p))
=Hp - [ngs1(ni—1 - p) — ni—1 (g1 - p)]
= H[(n+1 - p)(ni—1 - p) — (ng—1 - p)(ny41 - p)1 =0.

We have just shown that Q; € (Iw,)2. By Lemma 3.6, W=1(% N (I¢),) is
spanned by the Aj. Observe that (Qq, ..., Q4) = V((Ag)) = D N (Ig)2. Thus,
dim({Q1, ..., Qq)) =d — 3, and by Lemma 3.5, dim((/w,)2) = d — 3. Therefore,
since (Q1, ..., Qa) € (Iw,)2, we have (Q1, ..., Qu) = (Uw,)2 =D N (Ig)2. 0

Corollary 3.8. The quadrics {Ay -7, ..., Ag—> - T} are a basis for the quadrics
in lw,, and in graded lex order, {x1x3, ..., x1x4-1} is a basis for in< (Iw,)>.

Proof. Expanding the expression for A; - T yields

ViR Vy-ni
A,‘-‘L':)Clxi_H( >—X1x,‘< O[ )—I—é’,‘,

Oit+1 i
where ¢; € K[x2, ..., x4]. Since n; = v; X v;41,
V] -nj3
Az-T=X1x3< )+§2-
a3

Since no three of the lines V(/;) are concurrent, v; -n; is nonzero unless j € {i, i +1},
so we may use the lead term of A; -t to reduce A3z -7 to x1x4 + f(x2,...,xq).
Repeating the process proves that

{xix3, .o x1xg—1} S inc(Iw, )2
By Lemma 3.5, (Iw,)2 has dimension d — 3, which concludes the proof. U

Corollary 3.9. There are no linear first syzygies on (Iw,)>.

Proof. By Corollary 3.8, we may assume that a basis for (/)2 has the form

x1x3+¢3(x2, ..., Xa),

X1x4 + Ga(x2, ..., Xa),

X1X5 + ¢5(x2, .. ., Xa),
X1Xg—1+Ca—1(x2, ..., Xq).

Since the ¢; do not involve xp, this implies that any linear first syzygy on (Iw,)2
must be a linear combination of the Koszul syzygies on {x3, ..., x4—1}. Now change
the term order to graded lex with x; > xj41 > -+ > x4 > x; > x> - > x;_1. In
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this order, arguing as in the proof of Corollary 3.8 shows that we may assume a
basis for (I, )2 has the form

xixi+2 + §i+2(x1’ e ey )/6;7 ey xd)v

XiXit3 + 83 (X1, ooy Xiy e ey Xa),s

XiXigd + Civa(Xr, oo Xiy ooy Xa),

XiXi2+ & o(x1, .., X, o, Xg).
Hence, any linear first syzygy on (/w,)> must be a combination of Koszul syzygies
on X; 42, Xi+3, - - . , Xj—2. lterating this process for the term orders above shows there
can be no linear first syzygies on (Iw,)2. U

3D. Decomposition of V({(Iw,)2)). We now prove that V({(Iw,)2)) = €U Wy.
The results in Sections 4 and 5 are independent of this fact.

Lemma 3.10. Foranyi, j, and k, we have
[rinjng| = |0 vV 1] - 0011041 ] — (V110 V1| - [0 04105
Proof. Apply the formulas @ x (b x ¢) =b(a-c) —c(a-b) and |abc| =a x b -c:
|ninjng| =n; xn; -ng = (n; x (v; X Vj41)) N
= [vj(n; - vjy1) —Vj1(n; - V)] By
= (v -n)(; - vjy1) — (V1 - ng) (B - v))
= |0 0k V1] - 0011041 — |01 0k Vg1 | - [0 04105 O
Corollary 3.11. We have |n;njn; 1| = oj1|v;0;410j41].
Proof. This follows from Lemma 3.10 and the definition of ;4. ([l
Corollary 3.12. We have |n;_1n;n;+1| = o;ctjt .
Proof. This follows from Lemma 3.10 and the definition of «; and o 1. U

Lemma 3.13. Let x = [x1 : --- : xg] € V(((Iw,)2)) \ €. If T(x) is a base point
pij =N X nj, then x lies on the exceptional line p;j over pi;.

Proof. Since indices are cyclic, we assume that i = 1. Thus, 7(x) = p; ; =n| X n;
for some j ¢ {d, 1, 2}. The relation Q;(x) = A1-7(x) =A;-(n; xn;) =0 yields

L(1) :=xpny-p1j —x1ng-p1,j =0. 9
The relation Q;(x) = 0 implies

L(j):=xjt1|nj4inin;| — xj|lnonn;| = 0. (10)
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Also,
02(x) = (xzn3 —xon1) -0y X nj = x3lnznin;| =0,

implying x3 = 0 since |n3nin;| #0if j #3. Assume x;, =0for3 <k < j— 1.
Note that

Qi (x) = (Xpp1Rk41 — XkRg—1) - Ny X Bj = Xy | Rgpnn;| =0;

hence, x; 1 = 0 since |y 1nn;| # 0 and by induction x; =0 for3 <k < j—1.
An analogous argument shows that x; = 0 for j +2 < k < d. Hence, x lies on the
line V(L(1), L(j), xx | k ¢ {1, 2, j, j 4+ 1}), which is the exceptional line p; ;. O

Theorem 3.14. The subset V({({w,)2)) \ 6 is contained in W,. It follows that the
variety V({(Iw,)2)) has irreducible decomposition W; U €.

Proof. Let x = [x1: -+ - : x4] € V({({w,)2)) \ 6. The Wachspress quadrics give the
relations
Xr+1lp41 T =Xy - T (11)
foreachr =1, ...,d. By Theorem 1.6, the adjoint is independent of triangulation,
Ry 1)
ny

Figure 3. Triangulation used for adjoint.

so we use # to denote the adjoint, specifying the triangulation if necessary. We now
show, foreach ke {1, ..., d}, by (t(x)) = (7 (x))xk, where the triangulation above
is used for the adjoint &{. It follows from the uniqueness of Wachspress coordinates
that the denominator 2?21 b; of B; is the adjoint of P}, so it follows that

wq(t(x)) = sd(z(x))x. (12)

Provided s4(z (x)) # 0, the result follows since w4 (7 (x)) € P! is a nonzero scalar
multiple of x; hence, x is in the image of the Wachspress map and thus lies on W,. If
x eV({(Iw,)2))\%6 and (7 (x)) =0, then by (12) ws (7 (x)) =0, and hence, t(x) isa
basepoint of wy. Thus, T(x) =n; xn; for some diagonal pair (i, j). By Lemma 3.13,
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x lies on an exceptional line and hence lies on W,;. To prove the claim, note that
since all indices are cyclic it suffices to assume k = 3. Let |n;n;ni| = |n;j;| and

m
ni i, T = H(nif -T).
j=1
This is the product of m linear forms in §, and with this notation,

by(t)=mnia5, . .4-T.

Foreachr € {3, ..., d}, define

i=3 i=r+1

..... jrt=11if j <i. We show x354(7(x)) = 03 = 04 = b3(7(x)).
First, we show o3 = x354(7): to see this, note that

i=4

where we express the adjoint s using the triangulation in Figure 3. Applying the
scalar triple product to [r23| and |ry;_; ;| in the expression (13) yields

d

i=4
Factoring an n; and noting that n; X n;+1 = v;41, (14) becomes

d

"1'[”3(”4 ..... d'f)xa-i-zvi(nz ,,,,, i—2-T)Miq1,..., d'f)x3]=03-
i=4

Now we show oy = b3(t). Since ngy1.. q4-T=1,

d d
0y =14, .4 -T)N] - (Z vi(Rat1,...d - T)xi> =(n4,.a-0)n; - (Z vm)- (15)

i+3 i+3

Observing that nj - Ziz:l x;v; = 0, we see that (15) is

(ng, q-t)(ny-1)=n14,_4-7T=D>03(7).
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We now claim that for r € {3, ...,d — 1} we have o, = 0,41. Indeed,

i=r+1

where we have applied (11) to the last term. Factoring out n,1 - T yields

i=3 i=r+1

Lastly, since the expressions in both summations agree at the index i =r + 1, we
can shift the indices of summation,

r+1
( ng .. .r+1- T)nl |:Z vt(nr+2 Ld: T)xt+ Z vz(nr =2 'L')(l’l,.:,.l Ld: T)xr+1:|

i=3 i=r+2

which is precisely 0,1, proving the claim. The claim shows that 03 = o,; hence,
(12) holds, and so x lies in W, if A(t(x)) #O. O

4. The Wachspress cubics

Theorem 3.14 shows that the Wachspress quadrics do not suffice to cut out the
Wachspress variety W,;. We now construct cubics, the Wachspress cubics, that lie
in Iy, and do not arise from the Wachspress quadrics. These cubics are determinants
of 3 x 3 matrices of linear forms. The key to showing that they are in Iy, is to
write them as a difference of adjoints sdr,(c) — Ar,(c), where T1(C) and T5(C) are
two different triangulations of a subcone C of the dual cone P;. By Theorem 1.6,
the difference is zero, so the cubic is in Iyy,.

4A. Construction of Wachspress cubics. As in Lemma 3.6, let

Xr+1 Xr
Ryyl — —Rp—q.
Qi1 or

Theorem 4.1. Ifi # j #k # i, then Wi jk = |A;, Aj, VRS Ly,.

A, =

Proof. We break the proof into two parts. First, suppose no pair of (i, j, k)
corresponds to an edge of P;. We call such an (i, j, k) a T-triple. A direct
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calculation shows that, if (i, j, k) is a T'-triple, then evaluating the monomial x;x;xy
at Wachspress coordinates yields

xixjxi(wgq) = b;ibjby = A? 1_[ L, (16)
mey (i, J,k)
where y (i, j, k) is as in Definition 3.4. Since there are no T -triples if d < 6, we
may assume d > 6. Changing variables by replacing x; with x; /c«;, we may ignore
the constants ¢;. Using the definition of the A’s, observe that

Wik = it 11 X4 1X 11 Xk+1 — R 1 1 1| X 41X 41 Xk
— i g X XXy R gy | X X X
— im0 X 1 X1 R R R | XX 41 X
i R | XX X — [ g | XX X (17)

There are several situations to consider, depending on various possibilities for
interactions among the indices. Interactions may occurifi+1=j—1or j+1=k—1
or k+1=1i—1, so there are four cases:

1. All three hold. 2. Two hold. 3. One holds. 4. None hold.

Case 1. The indices (i, j, k) satisfy Case 1 if and only if d = 6. For d = 6, there
are only two T-triples: (1, 3,5) and (2, 4, 6). We show that w; 3 5 vanishes on
Wachspress coordinates; the case of w» 4 ¢ is similar. All but two of the determinants
in Equation (17) vanish, leaving

wy 35 = |A1, A3z, As| = [nangneg|xoxaxe — [Renan4| X1 X3X5. (18)
Notice that the coefficients are equal, and we conclude by showing that

X1X3X5 — X2X4Xg

vanishes on Wachspress coordinates. The monomials x;x3x5 and x;x4x¢ evaluated
at Wachspress coordinates are b1b3bs and brb4bg, respectively. Both of these are
equal to A2, 50 x1Xx3Xx5 — X2X4X¢ vanishes on Wachspress coordinates.

Case 2. We can assume without loss of generality i +1# j—1, j+1=k—1,
and k + 1 =i — 1. Four coefficients vanish in (17), yielding

Wi jk = Ry |Xi 1 X 11x
— iy _m X1 XX
+nipin;—nj | Xi41xx -2

—|ni—mj_1mj g |xixjx; .
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Evaluating this at Wachspress coordinates yields

Wi jkOWg = [Rip1njpinii] I1 Cn+Inipinj_n;_| [T
mey(i+1,j+1,i—-1) mey(i+1,j,i—1)
—nipinj_njq| [ tn—lmimjnnl [ tw
mey(i+1,j.i~1) mey (i ji—1)
= A o ) (15101111651 — |iimyimi1 |2
= m (R pni 1|61 — |nipimjn g |[€4

mey(i—1i+1,j+1,j)

+njpinj_njg 16—y — ni—inj_nj g 1€ig)

2
=A ( l—[ Em>[(|ni+1nj+1ni—1|€j—1 +ni—njpn;—11€iv1)
mey (i—1,i+1,j+1.j)

— (nignj—ini 1|6 + i ni 1621,

where

The last factor is the difference of two adjoints with respect to the triangulations
of the quadrilateral in Figure 4. The vanishing can be seen directly: write ny, ..., nq
form; 1, niy1,nj_1, and n; ;. Then the last factor is

[nonsng|ly — |ninsng|ly + |minong|ls — |ninans|y.
Applying % to this shows the x coefficient is

|nonsng|ng — |Rin3ng|ng) + |ninong|n3) — |RinoR3|RY;.

This is the determinant of the matrix of the n; with a repeat row for the x coordinates
n;1, so it vanishes. Reason similarly for the y and z coefficients.

n;_ nj_| ni_ nj—i

niy njy nji Rj

Figure 4. Case 2 triangulation.
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Ri— Rt Ri_ Rt

nji1 Mj-1 njy j-1

ni—; ni—
Figure 5. Case 3 triangulation.

Case 3. Assume without loss of generality i +1 # j —1, j+1 #k — 1, and
k+1=1i— 1. In this case, two coefficients vanish in (17), and after evaluating at

Wachspress coordinates, we obtain

wi,j,k o Wy
=[nipinjini—| [ b — i1y I o
mey (i+1,j+1,k+1) mey(i+1,j+1,k)
—|njpnj_n; | 1_[ b+ i n;_yng_q| 1_[ Lm
mey(i+1,j,k+1) mey (i+1.j.k)
im0 tw—lmicmomel [ b
mey (i, j+1,k) mey (i, j,k)

2
=A ( 1_[ Zm)(|ni+1nj+1ni—1|fj—1ﬁk—1 — i ng_ 1|4 1€y

mey (i, jk,
i1 j+1k+1)
—|ninj_ni 1€ 1 b—1 + nipmj_ng_1 €114,

i inj g |Cip1 €G-y — ri—nj g €118 41).
The last factor is the difference of adjoints with respect to the triangulations of the

pentagon in Figure 5.

Case 4. In this case, evaluation at Wachspress coordinates yields

Wi j kOWg = My 1711t ] Cn—=nipinjing—| I1 €
mey (i+1,j+1k+1) mey (i+1.j+1.k)

—Inipinj_ 10y | [1 b+ i ame gl [ tw
mey (i+1,j.k+1) mey (i+1,j.k)

—ni_njing| 1 bn+lmimppme |l [ ew
mey (i, j+1,k+1) mey(i,j+1,k)

+lmimimen | [ tn—Imiomimenl [ tw
mey (i,j.k+1) mey (i, j.k)
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Rit1 Ri4

nji ni njy i+1

ny_1 nj_1 ny_1 nj_

n;_ n;_

Figure 6. Case 4 triangulation.

(1

mey(,j,k,
i+1,j+1,k+1)

X (Inipimj st €16 —1 Ly — [Ripmjpimg—y 16101 €ip
— i €11 b1+ ripin gy € 1€ 1184
—|ni—njng €1l 1l + [nim g 16418 1 €egn
i inj g |1 €1 -1 — - gy € g1 €41 Leqr )-
The last factor is the difference of adjoints expressed using the triangulations of the
hexagon in Figure 6. This completes the analysis when (i, j, k) is a T-triple.
Next, we consider the situation when (i, j, k) contains a pair of consecutive

indices. Suppose first that there are exactly two consecutive vertices; without loss
of generality, we assume the indices are (2, 3, i) with i > 4. We have

w2,3,i = |[A2A3A;| = |nongn; 1| X3x4x; 11 — [R3R4M; 1| X3X4X;
— |n3nan; | x3x3x; 41 + [R3non; 1| X3X3;
— |ringn; 1 [XoX4Xi 1 + R4 1 | X2 X4
+ |rinon; | XoXx3xi 41 — [R1A2A; 1| X2X3X; .
We show that w3 ; o wy is a multiple of the difference between two expressions

of the adjoint polynomial of a polygon with respect to two different triangulations.

After evaluation at w,, each monomial has a common factor of A [] ¢ i Thus, we
can express J#2.3

wy,3,i (Wg)

ATl ¢
j#£2.3
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ny ny

R n3 R n3

ny ni np ni

n n

Figure 7. Triangulations for the non-7 -triples.

as
w2,3,i (Wy
ﬁ([) =lmongnia| [ ¢ —Inamanial [] ¢
1223 7 J#3,4,0+1 J#£3,4,i—1
—lmsmonia| [ t+imamanial [ 4
#2341 J#2.3,0—1
—|nin4n; | i+ |ningn;_| ¢
J J
AL 441 AL 4i—1
+ [ninon; | 1_[ by —|ninon;_i| 1_[ ¢
J#1,2,i4+1 j#1,2,i—1
= ( 1_[ fj)(|n2n4ni+1|€1f3ﬁi—1 — |n3ngn; 1 |€144; 11
jey(2,4,i,i+1)

— |n3non;[61€4l; 1 + |n3non; 1 |€1€48; 4
— |mingn; 11020381 + Ininan; 1162438, 1
+ [mynoni 103048y — [mynoni 1103048 1).

The factor in parentheses is the difference of the adjoints computed with respect to
the triangulations of the polygon in Figure 7.

Finally, for the case where the three vertices are consecutive, assume without
loss of generality the triple is (2, 3,4), and proceed as above. In this case, the
triangulations that arise are those that appear in Figure 5. (I

Definition 4.2. /(d) is the ideal generated by the Wachspress quadrics appearing
in Corollary 3.8 and the Wachspress cubics appearing in Theorem 4.1.

5. Grobner basis, Stanley—Reisner ring, and free resolution

In this section, we determine the initial ideal of /(d) in graded lex order and prove
I(d) = Iy,. First, we present some preliminaries.
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5A. Simplicial complexes and combinatorial commutative algebra. An abstract
n-simplex is a set consisting of all subsets of an (n+-1)-element ground set. Typically
a simplex is viewed as a geometric object; for example, a 2-simplex on the set
{a, b, c} can be visualized as a triangle with the subset {a, b, c} corresponding to
the whole triangle, {a, b} an edge, and {a} a vertex. For this reason, elements of
the ground set are called the vertices.

Definition 5.1 [Ziegler 1995]. A simplicial complex A on a vertex set V is a
collection of subsets o of V such that, if 0 € A and T C o, then T € A. If
o] =i+ 1, then o is called an i-face. Let f;(A) denote the number of i-faces
of A, and define dim(A) = max{i | f;(A) # 0}. If dim(A) = n — 1, we define
IINOED I fi—1t"~1. The ordered list of coefficients of fa(?) is the f-vector
of A, and the coefficients of ha(¢) := fa(t — 1) are the h-vector of A.

Example 5.2. Consider the 1-skeleton of a tetrahedron with vertices x1, x, x3, x4,
as in the figure. X3

X1 X7

X4

The corresponding simplicial complex A consists of all vertices and edges,
so A ={J, {x;}, {x;,xj} | 1<i<4andi < j <4}. Thus, f(A) =(1,4,6) and
h(A) = (1, 2, 3); the empty face gives f_;(A) = 1.

A simplicial complex A can be used to define a commutative ring, known as
the Stanley—Reisner ring. This construction allows us to use tools of commutative
algebra to prove results about the topology or combinatorics of A.

Definition 5.3. Let A be a simplicial complex on vertices {x1, ..., x,}. The Stanley—
Reisner ideal I, is

IAn = {x;, X [ {xis ..o x[j} is not a face of A) C Kl[xy, ..., x,],
and the Stanley—Reisner ring is K[xy, ..., x¢]//a.

In Example 5.2, since A has no 2-faces,

In = (X1X2X3, X1X2X4, X1X3X4, X2X3X4) = ﬂ (xi, xj).

I<i<j<4

Definition 5.4. A prime ideal P is associated to a graded S-module N if P is the
annihilator of some n € N, and Ass(V) is the set of all associated primes of N.
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Definition 5.5. Let codim(/N) = min{codim(P) | P € Ass(N)} for a finitely gen-
erated graded S-module N. The projective dimension pdim(N) is the length of
a minimal free resolution of N; N is Cohen—Macaulay if codim(N) = pdim(N).
S/1 is arithmetically Cohen—Macaulay if it is Cohen—Macaulay as an S-module.

5B. Application to Wachspress surfaces.
Definition 5.6. Define I+ (d) € K[x1, ..., x4] as

Ir(d) = (x1x3, ..., x1xq-1) + K2 41,
where K» 4_; consists of all square-free cubic monomials in xp, ..., xg4—1.

Theorem 5.7. The quotient S/ It (d) is arithmetically Cohen—Macaulay, of Castel-
nuovo—-Mumford regularity two, and has Hilbert series

14+ (d =3+ (177

HS(S/Ir(d), 1) =

(1—1)3
Proof. The ideal I (d) is the Stanley—Reisner ideal of a one-dimensional simplicial
complex I consisting of a complete graph on vertices {x, ..., xy—} with a single

additional edge x7x; attached. All connected graphs are shellable, so since shellable
implies Cohen—Macaulay (see [Miller and Sturmfels 2005]), S/Ir(d) is Cohen—
Macaulay. Since I (d) contains no terms involving x4, if S'=K][x, ..., x4_1], then

S/Ir(d) ~ §'/Ir(d) @ K[xq].

The Hilbert series of a Stanley—Reisner ring has numerator equal to the z-vector of
the associated simplicial complex (see [Schenck 2003]), which in this case is a graph
on d — 1 vertices with (d;2) + 1 edges. Converting f(I') = (1,d — 1, (dgz) +1)
to h(T") yields the Hilbert series of S’/Ir-(d). The Hilbert series of a graph has
denominator (1 —7)?%, and tensoring with K[x,] contributes a factor of 1/(1 —1),
yielding the result. 0

Theorem 5.8. In graded lex order, inL I(d) = It (d).

Proof. First, note that
Ir(d) S inc I(d),

which follows from Corollary 3.8 and Theorem 4.1, combined with the observation
that, in graded lex order, in(|A; A;Ax]) = x;jxjx; if i < j <k as long as k # d.
Since I (d) < Iw,, there is a surjection

S/1(d)— S/Iw,;
hence, HP(S/1(d), t) > HP(S/Iw,, t). Since
HP(S/I(d),t) =HP(S/ins I (d), t)
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and
Ir(d) CinL I(d),

we have
HP(S/Ir(d),t) > HP(S/in< I(d),t) =HP(S/I1(d),t) > HP(S/Iw,. t).

The Hilbert polynomial HP(S/Iw,, t) is given by Equation (5). The Hilbert series of
S/Ir(d) is given by Theorem 5.7, from which we can extract the Hilbert polynomial:

ues/i.n = (57)(5) +@-a("H+ (137).

and a check shows this agrees with Equation (5). Since It (d) C in< I (d), equality
of the Hilbert polynomials implies that in high degree (i.e., up to saturation)

Ir(d)=in,I(d) and I(d)=lIw,.
Consider the short exact sequence
0—ins I(d)/Ir(d)— S/Ir(d) — S/inc I(d) — O.
By Lemma 3.6 of [Eisenbud 1995],
Ass(ing I(d)/Ir(d)) S Ass(S/Ir(d)). (19)

Since HP(S/Ir(d),t) = HP(S/inL I (d), t), the module in. I (d)/Ir(d) must van-
ish in high degree so is supported at m, which is of codimension d. But I (d) is a
radical ideal supported in codimension d — 3, so it follows from Equation (19) that
ing I (d)/Ir(d) must vanish. U

Corollary 5.9. The ideal I1(d) is the ideal of the image of
Xq— P(H*(Dg-2)).
In particular, 1(d) = lw,, and S/1(d) is arithmetically Cohen-Macaulay.

Proof. By the results of Sections 2 and 3, I (d) < Iy,, and the proof of Theorem 5.8
showed that they are equal up to saturation. Hence, Iw,/I(d) is supported at m.
Consider the short exact sequence

0— Iw,/I(d)— S/I(d)— S/(w,) — 0.
Since S/Ir(d) = S/ in I(d) is arithmetically Cohen—Macaulay of codimension
d — 3, by uppersemicontinuity [Herzog 2005], so is S/1(d), so Iw,/1(d) =0. O
Corollary 5.10. The quotient S/lw, has regularity 2.

Proof. Since §/1(d) is Cohen—-Macaulay, reducing modulo a linear regular sequence
of length 3 yields an Artinian ring with the same regularity, which is equal to the
socle degree [Eisenbud 2005]. By Theorems 5.7 and 5.8, this is 2, so the regularity
of §/1w, is 2. (]
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Theorem 5.11. The nonzero graded Betti numbers of the minimal free resolution
of S/1(d) are given by b1, =d — 3 and for i > 3 by

= () =@ ((0)+(7)(05)

Proof. By Corollary 5.10, there are only two rows in the Betti table of S/1(d). By
Corollary 3.9, the top row is empty, save for the quadratic generators at the first
step. Thus, the entire Betti diagram may be obtained from the Hilbert series, which
is given in Theorem 5.7, and the result follows. U

We are at work on generalizing the results here to higher dimensions.
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Groups with exactly one irreducible
character of degree divisible by p

Daniel Goldstein, Robert M. Guralnick, Mark L. Lewis,
Alexander Moret6, Gabriel Navarro and Pham Huu Tiep

Let p be a prime. We characterize those finite groups which have precisely one
irreducible character of degree divisible by p.

Minimal situations constitute a classical theme in group theory. Not only do they
arise naturally, but they also provide valuable hints in searching for general patterns.
In this paper, we are concerned with character degrees. One of the key results on
character degrees is the Ito—Michler theorem, which asserts that a prime p does not
divide the degree of any complex irreducible character of a finite group G if and
only if G has a normal, abelian Sylow p-subgroup. In [Isaacs et al. 2009], Isaacs
together with the fourth, fifth, and sixth authors of this paper studied the finite
groups that have only one character degree divisible by p. They proved, among
other things, that the Sylow p-subgroups of those groups were metabelian. This
suggested that the derived length of the Sylow p-subgroups might be related with
the number of different character degrees divisible by p. However, nothing could be
said in [Isaacs et al. 2009] on how large p-Sylow normalizers were inside G. (As
a trivial example, the dihedral group of order 2n for n odd has a unique character
degree divisible by 2, and a self-normalizing Sylow 2-subgroup of order 2.)

In this paper, we go further and completely classify the finite groups with exactly
one irreducible character of degree divisible by p. Our focus now therefore is not
only on the set of character degrees but also on the multiplicity of the number
of irreducible characters of each degree. In Section 1, we define the terms semi-
extraspecial, ultraspecial, and doubly transitive Frobenius groups of Dickson type.
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Main theorem. Let p be a prime, and let G be a finite group. Then G has exactly
one irreducible character of degree divisible by p if and only if one of the following
statements holds:

(1) p =2 and G is an extraspecial 2-group.
(i) p=2and G =S4.
(iii) p =3 and G is the semidirect product of SL,(3) acting on its natural module
(F3)%.
(iv) G is a doubly transitive Frobenius group whose Frobenius complement has a
nontrivial cyclic normal Sylow p-subgroup.

(v) pisoddand G = H x K,where K = F(G) is an ultraspecial q-group for some
prime q # p, H has a normal cyclic Sylow p-subgroup P, P acts trivially on
K’ and G/K' is a doubly transitive Frobenius group of Dickson type.

(vi) G = HP, where P is a normal semi-extraspecial Sylow p-subgroup and H is
a group of order | P'| — 1 so that HP' is a doubly transitive Frobenius group.

(vii) Either G is PSL;(q) or SLy(q) or there exists a minimal normal elementary
abelian p-subgroup V of order q* in G so that G|V = SL,(q) and V can be
viewed as a 2-dimensional irreducible module of G/ V over Endg, v (V) =,
where g = p® > 4 is a power of p.

(viii) p=3and G =Ss.
(ix) p = 3and G = M11.

Inspecting the groups listed in the main theorem, we see that either these groups
have normal Sylow p-subgroups or their Sylow normalizers are maximal subgroups.
Thus, as a corollary of the main theorem, we obtain:

Corollary. Suppose that G is a finite group with exactly one irreducible character
of degree divisible by p. Let P € Syl ,(G). If P is not normal in G, then NG (P) is
maximal in G.

This corollary suggests that, perhaps, the number of irreducible characters of G
of degree divisible by p is bounded by the length of any saturated chain of subgroups
between Ng(P) and G.

We now mention a connection of this problem with block theory and Brauer’s
height zero conjecture. We suppose that G is a group and that G has only one
irreducible character whose degree is divisible by p. If G has more than one block,
then there must exist at least one block where all the characters have height zero
and this block will have maximal defect; in particular, take any of the blocks not
containing the character whose degree is divisible by p. Since such a block has
maximal defect, its defect group will be a Sylow p-subgroup of G, and then Brauer’s
height zero conjecture, if true, would imply that the Sylow p-subgroup must be
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abelian. Thus, in light of Brauer’s height zero conjecture, we would expect that
either our group would have abelian Sylow p-subgroups or that the principal block
is the only p-block.

By the Gluck—Wolf theorem (Theorem 12.10 of [Manz and Wolf 1993]), we
know that Brauer’s height zero conjecture is true for p-solvable groups. Thus, it is
possible that the Gluck—Wolf theorem might give a different approach to proving
our result for p-solvable groups (but probably not shorter). In particular, if G
does not have a single p-block, then we know that G must have abelian Sylow
p-subgroups. If G does have a single p-block, then O,/(G) =1, and so O,(G) > 1.
In particular, if O,(G) is not abelian, then all the nonlinear irreducible characters
in Irr(O,(G)) must be conjugate in G. On the other hand, by Theorem A of
[Isaacs et al. 2009], we know that a p-solvable group G having only one irreducible
character degree divisible by p and O,(G) nonabelian must have that O,(G) is
a Sylow p-subgroup. Thus, our theorem could be viewed as classifying those
groups G having a normal Sylow p-subgroup P where all the nonlinear irreducible
characters of P are G-conjugate.

This suggests that it might be worth studying the following problem which looks
to us to be difficult: classify the pairs (G, N) with N normal in G such that all the
characters of N with degree divisible by p are conjugate in G. A closely related
problem would be to classify the groups G where all the irreducible characters
of G with degree divisible by p are Galois conjugate. While we hesitate to predict
what such a classification would look like, we observe that an extraspecial p-group
for any prime p will be an example. We expect that the p-solvable examples
that are not nilpotent will involve Frobenius groups and a careful analysis of the
conjugacy of elements of order p as in our examples. For the non-p-solvable
groups, one would begin by looking at the simple groups having the property that
all irreducible characters whose degrees are divisible by p are conjugate (under
outer automorphisms or under Galois automorphisms). Using the classification of
finite simple groups, one can show that the only nonabelian simple groups with this
property are PSL>(q), Ji, and M, (see Corollary 7.5 of [Isaacs et al. 2009]). In
fact, [Isaacs et al. 2009] studied a somewhat more general condition. The stronger
condition that all nonlinear irreducible characters of the same degree are Galois
conjugate was treated in the recent paper [Dolfi et al. 2013].

Our paper is structured as follows: in Section 1, we classify the p-solvable groups
with exactly one irreducible character of degree divisible by p. The classification
is first proved under the additional hypothesis that the group is solvable. We then
produce examples of solvable groups that satisfy conclusion (vi) of the classification.
The classification is then proved under the hypothesis that the group is p-solvable,
but not solvable. This case is split depending on whether the Sylow p-subgroup is
abelian or nonabelian. We also find some additional constraints when the group
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is not solvable, but it is p-solvable and has a nonabelian Sylow p-subgroup. We
construct p-solvable groups that are not solvable and satisfy conclusion (vi) of
the classification. Finally, in Section 2 we take care of the classification of the
non- p-solvable groups.

1. p-solvable groups

In this section we state the classification for p-solvable groups. In Section 2 of
[Dolfi et al. 2009], the reader can find definitions of the relevant terms below.
Recall that P is a semi-extraspecial p-group if P/N is an extraspecial p-group
for every subgroup N in Z(P) with |Z(P) : N| = p. It is known that if P is
a semi-extraspecial p-group, then P’ = Z(P) = ®(P) and Z(P) is elementary
abelian. Also, |P’|> < |P : P’'|. For details, see [Ferndndez-Alcober and Moret6
2001], for instance. A group P is ultraspecial if P is a semi-extraspecial p-group
that satisfies | P’|> = | P : P’|. In this section, we prove the following result, which
is the p-solvable portion of the main theorem.

Theorem 1.1. Fix a prime number p, and let G be a finite p-solvable group. Then
G has exactly one irreducible character of degree divisible by p if and only if one
of the following holds:

(1) p=2and G is an extraspecial 2-group.
(i) p=2and G =S4.
(iii) p =3 and G is the semidirect product of SL,(3) acting on its natural module.

(iv) G is a doubly transitive Frobenius group whose Frobenius complement has a
nontrivial cyclic normal Sylow p-subgroup.

(v) pisoddand G = H x K where K = F(G) is an ultraspecial q-group for some
prime q # p, H has a normal cyclic Sylow p-subgroup P, P acts trivially on
K’ and G/K' is a doubly transitive Frobenius group of Dickson type.

(vi) G = HP, where P is a normal semi-extraspecial Sylow p-subgroup and H is
a group of order | P’| — 1 so that HP' is a doubly transitive Frobenius group.

Clearly, the groups in conclusions (i), (ii), and (iii) exist and are solvable. Doubly
transitive Frobenius groups have been studied in a number of different places. As
mentioned in [Dolfi et al. 2009], the doubly transitive Frobenius groups are in
bijection with the finite near-rings. Most near-rings are obtained by Galois twists of
finite fields and these are said to be of Dickson type. There are also seven near-rings
that are said to be of exceptional type. The doubly transitive Frobenius groups
of Dickson type are solvable. Four of the doubly transitive Frobenius groups of
exceptional type are solvable and the other three are nonsolvable. As mentioned in
[Dolfi et al. 2009], one of the solvable and two of the nonsolvable doubly transitive
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groups of exceptional type have a nontrivial cyclic normal Sylow p-subgroup. Thus,
there are two nonsolvable groups that satisfy conclusion (iv).

In conclusion (v), since G/K’ is doubly transitive of Dickson type and K is
a g-group for some prime, we see that G must be solvable. We will see that the
groups in (v) have exactly one conjugacy class whose size is divisible by p. In
Section 5 of [Dolfi et al. 2009], they construct groups that satisfy conclusion (v),
and they give conditions on when such groups can be constructed.

Groups that satisfy conclusion (vi) can be found on page 383 of [Gagola 1983].
Using this construction, one can find an example with |P’| = p“ for every prime p
and integer @ > 1. We will use a variation on this construction to find groups
that satisfy conclusion (vi) where HP’ is any doubly transitive Frobenius group of
Dickson type. We will also present a variation on this construction to produce an
example where P is not ultraspecial.

We will also show that we can find groups that satisfy conclusion (vi) where
HP' is any of the exceptional doubly transitive Frobenius groups. We will also
find additional restrictions on the groups arising in this case. (See Theorem 1.20,
where we essentially classify such groups. It is perhaps remarkable how large the
exponent of | P/ P’| needs to be in any of these groups.)

We claim that it is easy to see that if G is one of the groups in (i)—(vi), then it
has exactly one irreducible character of degree divisible by p. Thus, we will work
to prove that if G is p-solvable and has exactly one irreducible character of degree
divisible by p, then G is one of the groups in (i)—(vi).

Preliminaries. In this section, we present several results from other sources.

Lemma 1.2 [Lewis 2001, Lemma 1]. Suppose a solvable group G acts faithfully
on a group V, and let p be a prime divisor of |G|. Assume for each nonidentity
element v € V that Cg(v) contains a unique Sylow p-subgroup of G. Then G is
a subgroup of the semilinear group on V or p =3, |V| =9 and G is one of the
groups SL,(3) or GL,2(3).

This next result was proved by Noritzsch. We write cd(G) ={x (1) | x € Irr(G)}

for the set of irreducible character degrees of G.

Lemma 1.3 [Noritzsch 1995, Lemma 1.10]. Let V < N < G be normal subgroups of
a finite group G such that G/N and N /V are cyclic of order a and b, respectively.
Moreover, let V be elementary abelian and suppose that both G/V and N are
Frobenius groups with kernel N/V and V, respectively. Then

cd(G)U{ab}={1,a}U{ib|i divides a}.

For nilpotent groups, the result is immediate. (This is essentially proved in [Seitz
1968], but we have decided to include our own short proof.)
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Lemma 1.4. Let G be a nilpotent group, and let p be a prime. Then G has exactly
one irreducible character of degree divisible by p if and only if G is an extraspecial
2-group.

Proof. Obviously G must be a nonabelian p-group. Let Z = Z(G) N G’, and note
that Z > 1. If o and B are distinct nontrivial characters of Z, then any irreducible
constituent of «® or B¢ has degree a nontrivial power of p and clearly «® and B¢
have no common constituents. Thus, Z has only one nontrivial character, whence
|Z| =2 and so G is a 2-group. We see that G/Z has no irreducible characters
of degree bigger than 1, and hence, Z = G’. Thus, G has |G|/2 distinct linear
characters and so the nonlinear irreducible character has degree [G : Z1Y%, whence
Z =7(G). Thus, G is an extraspecial 2-group. U

Groups with exactly one conjugacy class with size divisible by a prime p have
been classified in [Dolfi et al. 2009]. Next is the classification.

Lemma 1.5 [Dolfi et al. 2009, Theorem A]. Let G be a finite group and p a prime.
Then G has exactly one conjugacy class of size divisible by p if and only if G is one
of the following groups:

(1) G is a Frobenius group with Frobenius complement of order 2 and Frobenius
kernel of order divisible by p.

(i1) G is a doubly transitive Frobenius group whose Frobenius complement has a
nontrivial central Sylow p-subgroup.

(iii) p is odd, G = KH, where K = F(G) is an ultraspecial q-group, q prime,
H = Cg(P) for a Sylow p-subgroup P of G, KN H =Z(K) and G/ZL(K) is
a doubly transitive Frobenius group of Dickson type.

Given an element g € G, we write clg(g) for the conjugacy class of g in G.

Lemma 1.6. Let p be a prime number. Assume that G has a normal p-complement
and that G is not nilpotent. If G has exactly one irreducible character of degree
divisible by p, then it has exactly one conjugacy class of size divisible by p.

Proof. Write G = AN, where A is a Sylow p-subgroup of G and N is a normal p-
complement. Assume first that A is not abelian. By Lemma 1.4, A is an extraspecial
2-group. Furthermore, by hypothesis every irreducible character of N is A-invariant.
We deduce that N = 1. This contradiction implies that A is abelian.

By hypothesis, there exists a unique A-orbit of irreducible characters of N that
are not A-invariant. Let 8 € Irr(/N) be a character that is not A-invariant. Since 6
extends to its inertia subgroup in G and our hypothesis implies that there exists a
unique irreducible character of G lying over 6, we have that Gg = N. In other words,
the action of A on Irr(N) has exactly one regular orbit, and all other orbits have size
one. Since the actions on characters and classes are permutation isomorphic, the
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same happens for the action of A on the set of conjugacy classes of N. We deduce
that there exists a unique G-conjugacy class contained in N of size a multiple of p.

Now, consider an element g € G \ N. We must prove that p does not divide
lclg(g)]. Since N is a normal Hall p’-subgroup, p divides o(g). If o(g) is a power
of p, then g belongs to some Sylow p-subgroup of G. Since the Sylow p-subgroups
of G are abelian, it follows that |clg(g)| is a p’-number, as desired. Hence, we may
assume that the order of g is not a prime power, and we can write g = g,g8,’ as
the product of its p-part and its p’-part, where g, # 1 and g,» # 1. Observe that
gp belongs to N and commutes with the nontrivial p-element g,. By the previous
paragraph, g, commutes with a Sylow p-subgroup T that contains g,. It follows
that g commutes with 7', and hence, |clg(g)| is a p’-number, as desired. (Il

Looking at the conclusion of Lemma 1.5, it is not difficult to see that only the
groups in conclusions (ii) and (iii) have exactly one irreducible character whose
degree is divisible by p, and that these groups satisfy conclusions (iv) and (v) of
Theorem 1.1. Thus, combining Lemma 1.6 with Lemma 1.5 yields the following
corollary.

Corollary 1.7. Let p be a prime number. Assume G has a normal p-complement
and G is not nilpotent. If G has exactly one irreducible character of degree divisible
by p, then G is one of the groups in (iv) or (v) of Theorem 1.1.

Let K be a normal subgroup of G. We use Irr(G | K) to denote the characters in
Irr(G) that do not contain K in their kernels.

Lemma 1.8. Let p be a prime number. Assume that G has a normal Sylow p-
subgroup but that G is not a p-group. If G has exactly one irreducible character of
degree divisible by p, then G is one of the groups in (vi) of Theorem 1.1.

Proof. Take P to be the Sylow p-subgroup of G, and let H be a Hall p-complement
for G. Observe that p divides the degree of every character in Irr(G | P’). This
implies that Irr(G | P’) contains a unique character x. It is not difficult to see that
x vanishes on G \ P’. Also, G has a unique orbit on the nonprincipal characters of
Irr(P’). By Theorem 6.32 of [Isaacs 1976], this implies that P’ contains only one
nonidentity conjugacy class of G. This implies x is one of the characters studied
by Gagola [1983]. From Lemma 2.1 of [Gagola 1983], we see that P’ H is a doubly
transitive Frobenius group. We deduce that P’ is a minimal normal in G, and P’
is central in P. In the language of [Chillag and Macdonald 1984], (G, P’) is a
Camina pair, and using Lemma 4.2 from that paper and the fact that P’ is central
in P, one sees that P is semi-extraspecial. U

The solvable case. We now prove Theorem 1.1 under the addition hypothesis that
G is solvable.
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Theorem 1.9. Let p be a prime, and let G be a group having exactly one irre-
ducible character whose degree is divisible by p. If G is solvable, then G satisfies
conclusions (i)—(vi) of Theorem 1.1.

Proof. Assume that G has exactly one irreducible character of degree divisible
by p. We want to prove that G is one of the groups in (i)—(vi). Let G be a minimal
counterexample.

Step 1: 1If O,(G) > 1, then O,(G) is a Sylow subgroup of G.

Write V = 0,(G), and assume that V is not a Sylow p-subgroup of G. Now,
G/V has a nontrivial, nonnormal Sylow p-subgroup, so p must divide the degree
of some character in Irr(G/ V) by Itd’s theorem (Theorem 12.33 of [Isaacs 1976]).
Hence, G/V will have exactly one irreducible character of degree divisible by p,
and thus, G/V is not a counterexample. Since G/V does not have a nontrivial
normal p-subgroup, G/V is one of the groups in (iv) or (v) of Theorem 1.1.

Substep 1a: V is a minimal normal subgroup of G.

Let K be a normal subgroup of G such that V/K is a chief factor of G. Assume
that K > 1. Since G/K is not a counterexample, G/K =S4 and p =2 or G/K is
the group in (vi) and p = 3. In both cases, a Sylow p-subgroup is not abelian, so
we may apply Theorem 12.9 of [Manz and Wolf 1993] to see that Irr(G | K) must
contain a character of degree divisible by p. Since Irr(G/K) already contains a
character of degree divisible by p, this is a contradiction. Therefore, we must have
K =1, and V is a minimal normal subgroup of G.

Substep 1b: V = F(G).

Assume that V < F = F(G). Let E/V = F(G/V). Suppose first that F = E.
Since G/ V satisfies conclusion (iv) or (v), we know that F =V x W, where W is a
g-group for some prime g # p, and G/V W' is a doubly transitive Frobenius group.
This implies that W/ W' is an elementary abelian g-group and (1y x A)¢ e Irr(G) for
any character 1y # A € Irr(W/ W’). It is not difficult to show that (& x 1)¢ € Irr(G)
for every character o € Irr(V). Since 1y x A will be in a different G-orbit than
o X A when o # 1y, we deduce that G has more than one irreducible character of
degree divisible by p, a contradiction. Thus, we may assume that F < E.

Recall that G/ V satisfies either conclusion (iv) or conclusion (v). In both cases,
we know that G/E’V is a doubly transitive Frobenius group, so E/E'V is a chief
factor for G. If G/ V satisfies conclusion (iv), then E/V is abelian, so E/V is a
chief factor, and we cannot have F < V < E. Thus, the claim is proved in this case,
and we may assume that G/ V satisfies conclusion (v).

We know that £/V is a semi-extraspecial group, so every normal subgroup
of E/V either contains E'V/V or is contained in E'V/V (by Corollary 8.3 of
[Ferndndez-Alcober and Moret6 2001]). Since E/E'V is a chief factor and F < E,
this implies that F < E'V. As V < F, we stillhave F =V x W where W > 1 is a
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normal g-group in G. Also, because G/E’V is a doubly transitive Frobenius group,
we know that G/E’V does not have a normal Sylow p-subgroup. Hence, G/ W does
not have a normal Sylow p-subgroup. By Itd’s theorem, this implies that p divides
the degree of some character in Irr(G/ W). Now, G/ W is not a counterexample to
the theorem and it has a nontrivial normal p-subgroup, and a Sylow p-subgroup
that is not normal. It follows that G/ W satisfies either conclusion (ii) or conclusion
(vi), and both of these have a nonabelian Sylow p-subgroup. Thus, we may apply
Theorem 12.9 of [Manz and Wolf 1993] to see that Irr(G | W) has a character with
degree divisible by p, a contradiction. This completes the proof of the claim that
V = F(G).

Substep 1c: Proof of step 1.

Now, G/ V acts faithfully on V, and Cg (v) contains a unique Sylow p-subgroup
of G for any nonidentity v € V. We can apply Lemma 1.2, and deduce that
either p =3, G/V =SL,(3) and |V| =9 or G/ V is a subgroup of the semilinear
group on V. In the first case, we obtain that G is the group of type (vi). This
is a contradiction. In the second case, we have that G/V is a metacyclic doubly
transitive Frobenius group with kernel, say, K/V and that the action of K/V on V
is Frobenius. By Lemma 1.3, we deduce that |G/K|= p. Butsince |K/V|=p+1
is prime, we deduce that p =2 and G/V = S3;. We claim that |V | = 4. For every
nonprincipal irreducible character A of V, the inertia subgroup of A in G is a Sylow
2-subgroup of G. Since G has 3 Sylow 2-subgroups {P;, P>, P3}, we deduce that

3

Ir(F(G)\ {17} = Cimrioy (P,
i=1

and this union is disjoint. In particular, |V | —1=3-2¢ for some integer a. Since V
is a 2-group and |V | =32+ 1, we deduce that a =0 and |V | = 4. This implies
that G =S4, again a contradiction. This means that if V > 1, then V is a Sylow
p-subgroup, proving step 1.

Let H be a Hall p-complement of G.

Step 2: 0,(G) = 1.

Suppose O,(G) > 1. By step 1, G has a normal Sylow p-subgroup. By
Lemma 1.8, G satisfies conclusion (vi) and this contradicts the choice of G as a
counterexample.

Step 3: G has a normal p-complement.

Assume that G does not have a normal p-complement. By Theorem A of
[Isaacs et al. 2009], G has a cyclic Sylow p-subgroup. Write X = O,/ (G) and
Y/X =0,(G/X). The group Y /X is isomorphic to a Sylow p-subgroup of G
and G/Y is isomorphic to a p’-subgroup of Aut(Y/X). Hence, G/Y is a cyclic
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group whose order is a divisor of p — 1. Write Y = PX, where P is a Sylow
p-subgroup of G. Since we are assuming that G/Y > Y /Y, it follows that p > 2.
Set V =[P, X], and let V/W be a chief factor of G. Let r be the prime so that
V /W is an elementary abelian r-group.

Substep 3a: If W > 1, then W is nilpotent, W = V', and all nonlinear irreducible
characters of V are P-invariant.

By the minimality of G as a counterexample to the theorem, G/ W is one of the
groups described in (i)—(vi). We know that p > 2, so G/ W is one of the groups in
(iii)—(vi). The Sylow p-subgroups of G/ W are cyclic, so it is not one of the groups
of type (iii) or (vi) either. The Sylow p-subgroups of G/ W do not act trivially on
the minimal normal subgroup V/W, so G/W cannot be of type (v). It follows
that G/ W is a doubly transitive Frobenius group whose complement has a cyclic
normal Sylow p-subgroup. In particular, K = F(G) < V. Since G has a unique
irreducible character of degree divisible by p, it is easy to see that V' = W. Also,
since p will not divide the degrees of any of the characters in Irr(G | V), all the
nonlinear characters of V are fixed by P. By Theorem A of [Isaacs 1989], W is
nilpotent.

Substep 3b: If W > 1, then V is an r-group.

Assume that this is not true. Then there exists a normal subgroup J of G so
that W/J is a chief factor of G which is a ¢-group, for some prime ¢ # r. For
any character t € Irr(W/J), we see that the stabilizer G, contains a full Sylow
p-subgroup of G. Also, T extends to PV;. Since the action of P on V/W is
Frobenius, it follows from our hypothesis that V; = W. Hence, the action of V/W
on W/J is Frobenius, so V/ W is cyclic of order r and G/ V is cyclic. It follows
that G has a normal p-complement, a contradiction. This proves the claim that W
is an r-group. As a consequence, V is an r-group.

Substep 3c: W = 1.

Suppose W > 1. Fix a character 0 € Irr(V | W) =TIrr(V | V'), so 6 is nonlinear.
We have seen that & must be P-invariant. So there exists a character u € Irr(W)
that is a constituent of 8y and is P-invariant. By Problem 13.10 of [Isaacs 1976],
there exists a unique irreducible constituent of 1" that is P-invariant. But all the
members of Irr(V | W) are P-invariant. It follows that 1" = e@ for some integer e.
In particular, 6 vanishes on the set V \ W. By Lemma 3.1 of [Lewis et al. 2005], we
see that V' is a semi-extraspecial r-group. One can easily see that P acts trivially
on W, so G is one of the groups in (v). This contradiction implies that W = 1.

Let C =Cg(V).

Substep 3d: G/C acts transitively on V \ {1}.
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Observe that PV/V is a Sylow p-subgroup of G/V. Since O,(G) =1, we
know that P acts faithfully on V. Also, V = Cy(P) x [V, P] by Fitting’s lemma.
We have that Cy (P) is normal in G (since PV is normal in G), and V is a minimal
normal subgroup of G. It follows that Cy(P) = 1, so the action of P on V is
Frobenius (by Theorem A of [Isaacs et al. 2009]). It follows that the degree of any
of the members of Irr(G | V) is a multiple of p. By hypothesis, |Irr(G | V)| = 1.
This implies that the action of G/C on V \ {1} is transitive.

Now, we can apply Theorem 6.8 of [Manz and Wolf 1993] to determine the
structure of G/C.

Substep 3e: C < X.

On the other hand, consider any character 8 e Irr(X | V). Since P acts Frobeniusly
on V, we know that the stabilizer of any nonprincipal irreducible character of V will
be contained in X, and so, all the characters in Irr(X | V') induce irreducibly to Y.
In particular, Y € Irr(Y). But G/Y is cyclic, and (0¥)¢ has a unique irreducible
constituent. Clifford theory implies that ¢ € Irr(G). In other words, any member
of Irr(X | V) induces irreducibly to the same character of G. Also, the action of P
on V is Frobenius, so C is a p’-group. This implies that C < X.

Substep 3f. G/C must be one the “exceptional groups” in the conclusion of
Theorem 6.8 of [Manz and Wolf 1993].

Suppose first that G/ C is isomorphic to a subgroup of the semilinear group of V.
This implies that G/ C is metacyclic. Write F'/C = F(G/C), and note that G/ F is
cyclic. Put U = F N X < G. Arguing as in the previous paragraph, any member of
Irr(U | V) induces irreducibly to the same character of G. This fact and Clifford’s
correspondence imply for every character A € Irr(V) \ {1y} that |Irr (U, | A)| = 1.
Hence, A is fully ramified with respect to U,/ V. We deduce that U, is a g-group
for some prime g. Since the Sylow g-subgroups of I'(V) are cyclic, it follows
that U, /C is cyclic and is contained in the cyclic group O,(G/C). In particular,
U, < G. Since G is transitive on V' \ {1}, we deduce that U, = C. Because C/V is
fully ramified, we obtain Z(C) < V. But V is minimal normal in G, so Z(C) = V.

We claim that C = V. Assume that this is not true. Thus, C’'NV > 1,s0V < (C'.
But we know that P acts trivially on C/C’. Hence, it acts trivially on C and this is
a contradiction. This implies that C = V, and the action of G/V on V is Frobenius.

This proves that G is a double transitive Frobenius group whose complement has
a cyclic normal Sylow p-subgroup; that is, G is of type (iv). This is a contradiction.
By Theorem 6.8 of [Manz and Wolf 1993], G/C is one of the exceptional groups
in that theorem.

Substep 3g: Proof of step 3.
The group G/ C cannot be one of the groups in conclusion (a) of Theorem 6.8 of
[Manz and Wolf 1993] because F(G/C) is not a nonabelian group of prime power
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order. Also, it cannot be one of the groups in conclusion (b) because F(G/C)
contains a noncentral cyclic Sylow p-subgroup. Therefore, G has a normal p-
complement.

Step 4: Final contradiction.
By Corollary 1.7, G is one of the groups of type (iv) or (v). This is the final
contradiction. O

Solvable examples. We now construct solvable groups that appear in conclusion
(vi) of Theorem 1.1. In particular, for every two-transitive Frobenius group of
Dickson type D, we find a group G satisfying conclusion (vi) of Theorem 1.1 so
that Z(P)H = D. We will also present an example that satisfies conclusion (vi) of
Theorem 1.1 where P is not ultraspecial.

We start with examples that appeared in [Gagola 1983] and in [Isaacs 2011]. Let
p be a prime and let n be a positive integer. Write F for the finite field of order p”.
Take K to be the matrix group

1ab
01cl:a,b,ceF;deF*
00d
Set
ab
P = 01c):a,b,ceF
001

It is shown in [Gagola 1983] that P is a normal Sylow p-subgroup of K. It is well
known that P is an ultraspecial group of order p>". Set

100
L= 010]:deF*
00d

Observe that L is a Hall p-complement of K. Also, L is cyclic. It is not hard to
see that L acts Frobeniusly on

105
Z(P)= 010]):beFq,
001

but that L does not act Frobeniusly on P. We should note that in fact K satisfies
conclusion (vi) of Theorem 1.1. However, we need to produce more complicated
examples. To do this, let 4 be the Galois group for F' over Z,. We can define an
action G on K as follows: if o € %4, then o acts on a typical element of K by acting
on each of the entries of K. Notice that P and L are invariant under the action
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of 4. Also, note that the semidirect product of % acting on L is isomorphic to the
affine group on F. (See page 38 of [Manz and Wolf 1993].) We take I" to be the
semidirect product of ¢ acting on K. (We note that Z(P) L% is isomorphic to the
affine semilinear group on F which is also defined on page 38 of [Manz and Wolf
1993].)

Suppose D = N H* is a two-transitive Frobenius group of Dickson type of order
p"(p" — 1), where N is the Frobenius kernel and H* is the Frobenius complement.
It is well known that H* can be embedded in the affine group of F' and that N H*
is isomorphic to a subgroup of the semilinear affine group of F. Thus, H* is
isomorphic to H C L% and N H is isomorphic to Z(P)H. We set G = PH, and it
is not difficult to see that G is the desired group.

To find an example of a group satisfying conclusion (vi) of Theorem 1.1 where
P is not ultraspecial, we take I" as above, but specialize p = 2 and n = 3. This
implies that | P| = 29 and |4| = 3. We define G* = P%. Observe that ¢ centralizes
a subgroup Z of Z(P) having order 2. (The fixed field under the Galois group
has order 2.) It follows that Z is in the center of G*. Let G = G*/Z. Since
P/Z is a nonabelian quotient of a semi-extraspecial group, it is semi-extraspecial.
Since |P : Z(P)| =2° and |Z(P) : Z| = 22, it is not ultraspecial. Observe that %
acts Frobeniusly on Z(P)/Z, so Z(P)%/Z is a doubly transitive Frobenius group.
It follows from Lemma 2.2 of [Chillag and Macdonald 1984] that G satisfies
conclusion (vi) of Theorem 1.1, and this yields our example with the normal Sylow
subgroup not being ultraspecial.

We will construct examples where D = Z(P)H when D is a two-transitive
solvable Frobenius of exceptional group later. The technique for constructing groups
that satisfy conclusion (vi) of Theorem 1.1 when Z(P)H is exceptional is the same
for solvable and nonsolvable groups. Thus, we hold off on that construction until
after we handle the proof of Theorem 1.1 in the case where the group is p-solvable,
but not solvable.

Abelian Sylow p-subgroup. We now prove Theorem 1.1 in the case that G is
p-solvable but not solvable and the Sylow p-subgroup of G is abelian.

The following result is the only one in this section that uses the classification of
finite simple groups.

Lemma 1.10. Let p be prime. Let S be a finite nonabelian almost-simple group not
divisible by p and A a nontrivial p-group of automorphisms of S. Then A is cyclic.
Moreover, A has at least two nontrivial orbits on the irreducible characters of S.

Proof. 1t follows by the classification of finite simple groups and their automorphism
groups that F*(S) is a finite group of Lie type and A is a cyclic group of field
automorphisms. By Brauer’s lemma, it suffices to prove the same statement for
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conjugacy classes. We can appeal to [Dolfi et al. 2009, Lemma 3.1] to complete
the proof. U

We apply the previous lemma to obtain the following.

Lemma 1.11. Let G be a finite group with a minimal normal subgroup N that
is a direct product of t copies of a nonabelian finite simple group. Assume that
Cg(N) = 1 and that either t > 1 or that there is a prime p dividing |G| that does
not divide |N|. Then G has at least 2 nontrivial orbits on conjugacy classes of N of
size a multiple of p and on irreducible characters of N of degree divisible by p.

Proof. If p divides |N| and ¢ > 1, the result is clear (indeed, there will be at least ¢
such orbits).
If r =1 and p does not divide |N|, then Lemma 1.10 applies. (]

We now prove Theorem 1.1 under the hypothesis that G is p-solvable but not
solvable and that G has an abelian Sylow p-subgroup.

Theorem 1.12. Let p be a prime, and let G be a group having exactly one irre-
ducible character whose degree is divisible by p. Suppose G is p-solvable, but
not solvable. If G has an abelian Sylow p-subgroup, then G is a doubly transitive
Frobenius group whose Frobenius kernel R is an elementary abelian r-group of
order r* where either (p,r)=(7,29) or (29, 59), and a Frobenius complement
H =SL,(5) x Z/p. In particular, G satisfies conclusion (iv) of Theorem 1.1.

Proof. Let P be a Sylow p-subgroup of G. By the It6—Michler theorem, P is not
normal. Since P is not normal in G, we have that P does not centralize F*(G).

First assume that R is a nilpotent normal p’-subgroup of G with [P, R] # 1.
So P does not commute with R/®(R). If y is a nontrivial linear character of R
vanishing on ®(R) not fixed by P, then every constituent of VRG has dimension
divisible by p, whence G acts transitively on the nontrivial linear characters of
R/®(R) not fixed by P. This implies that on a simple G-quotient M of R/®(R),
we have G acting transitively on the nontrivial elements, whence [Liebeck 1987,
Appendix 1] and the fact that G is p-solvable implies that the action of G on M
is SL,(5) x C, where C is a cyclic group of order divisible by p, |M| = r? with
(p,r)=(7,29) or (29, 59). Write M = R/Ry. If P does not centralize Ry, then
we can induce a nontrivial linear character of Ry and obtain a different irreducible
character of degree divisible by p (it will have a different kernel), a contradiction.
Thus, P commutes with Ry. So P acts as nontrivial scalars on M and so M does
not commute with [R, Ro] unless it is trivial. So Ry = 1 and |R| = r>.

Suppose P does not commute with F(G). We claim that this implies that F*(G)
has order r2 as above. If E(G) # 1, then clearly there is a character of F*(G)
nontrivial on E(G) that is not fixed by P (if P centralizes E(G), then just take
some character of F*(G) that is nontrivial on O, (G) and E(G); if P does not
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centralize E(G), just take a character of E(G) not fixed by P) and inducing this
up gives a contradiction.

So F*(G) of order r? implies that F*(G) is its own centralizer and we already
saw that G/ F*(G) = SL,(5) x Z/p, whence the result.

So we may assume that P commutes with F(G). Then since P is not normal in
G, P does not commute with E(G). If F*(G) # E(G), then as above there will
be at least two G-orbits of characters of G of degree divisible by p with distinct
kernels. So F*(G) = E(G). We show that this cannot happen. There is no harm in
passing to G/Z(E(G)), and so we may assume that £(G) is a direct product of
nonabelian simple groups. The result now follows by Lemma 1.11. (I

Nonabelian Sylow p-subgroup. In this subsection, we complete the proof of
Theorem 1.1 by proving it under the hypothesis that G is p-solvable but not
solvable and has a nonabelian Sylow p-subgroup. We will show that G has to
satisfy conclusion (vi) of Theorem 1.1. We also obtain further restrictions on the
structure of G in this situation.

Lemma 1.13. Let p be a prime, and let G be a group having exactly one irreducible
character whose degree is divisible by p. Suppose that G is p-solvable, but not
solvable. Let P be a Sylow p-subgroup of G. If P is nonabelian, then P is normal
in G.

Proof. Suppose not. Suppose that O,(G) # 1 and let Q be a minimal normal
p-subgroup of G. If P/Q is nonabelian, then by induction P/Q is normal in G/Q,
whence P is normal.

So P/Q is abelian, and recall that P is not normal in G. By the It6—Michler
theorem, G/Q has a character of degree divisible by p, and by hypothesis this
character is unique. Since G/Q is p-solvable and not solvable, we may apply
Theorem 1.12, and G/ Q is as given there (in particular, p =7 or 29). Also, there
is a normal subgroup QR where R has order r? (with r = 29 or 59 depending
upon p).

If R does not centralize Q, then as the element of order p in G/Q acts centrally
on R (that is, as scalars), we see that on Q, the dimension of the fixed space of
a Sylow p-subgroup of G on Q is (1/p)dim Q (Q is a free module for P/Q) —
see Theorem 15.16 of [Isaacs 1976]. The number of Sylow p-subgroups in G is
|R| = r? (since G = Ng(P)R). Thus, the total number of points fixed by a Sylow
p-subgroup of G on Q is less than rzpd/”, where | Q| = pd.

Easily, we see that for both choices of  and p that r?p?/? < p?, and so there
exists an element of Q (and similarly Q*) that is fixed by no p-element outside Q.
Thus, there is a linear character x of Q whose G-orbit has size a multiple of p,
whence any irreducible constituent of x ¢ has dimension a multiple of p and so



412 D. Goldstein, R. Guralnick, M. Lewis, A. Moret6, G. Navarro and P. H. Tiep

there are at least two irreducible characters of degree a multiple of p (one with Q
in the kernel, one with Q not in the kernel).

Suppose that R centralizes Q. Then P is central in G/RQ and since Q is an
irreducible G/R Q-module, P must act trivially on Q, whence Q < Z(P). Since
P/Q is cyclic, this implies that P is abelian, a contradiction.

So we may assume that O,(G) = 1. Let N be a minimal normal subgroup. So
N is a p’-group. Let x be any character of N. If P is not contained in the inertia
group of x, then every irreducible constituent of Xﬁ has dimension divisible by p.
Since some irreducible character of G/N has dimension divisible by p, we have a
contradiction. Indeed, the argument shows that P centralizes O,/ (G). Thus, F*(G)
cannot be a p’-group, whence O,(G) # 1. This completes the proof. ([

We now come to the proof of Theorem 1.1 under the additional hypothesis that
G is p-solvable but not solvable and that G has a nonabelian Sylow p-subgroup.
Combining Theorems 1.9, 1.12, and 1.14, we have a proof of Theorem 1.1.

Theorem 1.14. Let p be a prime, and let G be a group having exactly one irre-
ducible character whose degree is divisible by p. Suppose that G is p-solvable,
but not solvable. If G has a nonabelian Sylow p-subgroup, then G satisfies con-
clusion (vi) of Theorem 1.1. Furthermore, p = 11,29, or 59; |P'| = p2; and
G/P =SLy(5) x Z/c(p), where c(11) =1, ¢(29) =7, and ¢(59) = 29.

Proof. By Lemma 1.13, P is normal. Applying Lemma 1.8, G satisfies conclusion
(vi) of Theorem 1.1. Let P be the Sylow p-subgroup, and let H be a p-complement
in G. We know that P’H is a doubly transitive Frobenius group. It follows that H
is a Frobenius complement. Since H is nonsolvable, it follows by [Passman 1968,
20.2] that |Z(P)| = p* with p = 11,29, or 59 and H = SL»(5) x C, where C is
cyclic of order c(p). U

Examples with exceptional doubly transitive Frobenius groups. In this subsec-
tion, we consider groups G that have the form of a coprime semidirect product of
a group H acting on a semi-extraspecial p-group P where |Z(P)| = p? and H is
acting faithfully and irreducibly on Z(P). We find the possible values for |P : P’|
when H is either SL,(3) or SL;(5), and we find examples showing that each of the
possible values occur. This will yield examples where G is a group that satisfies
conclusion (vi) of Theorem 1.1 where HP' is any of the exceptional two-transitive
Frobenius groups. In particular, this gives examples of groups G where G is a
p-solvable group that is not solvable with a nonabelian Sylow subgroup P and
exactly one irreducible character whose degree is divisible by p.

The key to this solution is trying to find [, H-modules V so that /\Z(V) con-
tains a 2-dimensional H-submodule W such that W# consists of nondegenerate
alternating forms on V. There is also is an intriguing connection with the McKay
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correspondence and the Dynkin diagram of affine extended Eg when H = SL,(5)
and of affine extended Eq when H = SL,(3). (For more details on the McKay
correspondence and Dynkin diagrams, see [McKay 1980] or [Steinberg 1985].)
This was used in our initial approach to the problem but it is not needed in the
solution.

In this section we address a slightly more general problem than is addressed
in the remainder of the paper. We assume we have a group H with Z(H) < H'
and |Z(H)| = 2 that is acting faithfully on a p-group P that satisfies the following
conditions. In the examples needed for this paper, we will have H = SL;,(3) or
H =SL,(5).

Our hypotheses are as follows:

(1) p is a prime that is coprime to |H|.
(ii) P is a semi-extraspecial p-group with |P : P'| = p® and Z = Z(P) = P’ has
order pZ.

(iii)) H acts on P with Z a faithful irreducible H-module (and we fix the isomor-
phism type).

Notice that H acting faithfully on Z implies that H is isomorphic to a subgroup
of SL,(p). For H = SL;,(3), this does not imply any further restrictions on p, but
when H = SL;(5), this implies that p = £1 mod 5. Set V = P/Z, and we view
V as a module for H. We will determine the set of all positive integers a so that
|V| = p* when H = SL,(3) and H = SL;(5). The particular values that occur
depend on the residue class of p modulo 12 when H = SL;(3) and modulo 60 when
H = SL;,(5). In the next section, we will construct enough examples to show that
there exists an example for each of the possible dimensions. The same techniques
would essentially allow us to classify all the possible groups, but we do not pursue
this here. Let V| and V_; denote the eigenspaces of the action of Z(H) on V. Let
P and P_; denote the inverse images of V| and V_; in P.

Lemma 1.15. Assume P and H satisfy the given hypotheses and Py and P_, are de-

fined as above. Then Py and P_; are abelian, a =2b is even, and | Py|=| P_,|=p’*>.

Proof. Note that Z(H) acts trivially on [P, Pc] fore =1 or ¢ = —1. Since Z(H)
does not active trivially on Z, we must have [P, P.]NZ = 1. Thus, P; and P_;
are abelian. Since P/Z; is extraspecial, this implies that | Py : Z| < p“/ 2. Since
p® =|Vi||V-1], we have that a = 2b for some integer b and |Py| : Z| = p. The
conclusion now follows. ]

Given a subgroup 1 < Z| < Z, we obtain an element of (/\ZV)* = Hom(/\2 vV, [Fp)
(namely the homomorphism aZ A bZ + [a, b]Z;). The condition that P/Z;
is extraspecial is equivalent to saying that this element is nondegenerate. The
subspace of (/\2V)* generated by these elements yields a 2-dimensional irreducible
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H -invariant subspace of ( /\ZV)>k such that each nonzero element is nondegenerate.
In the next section, we will use the fact that if such a 2-dimensional space exists,
then we can construct P satisfying the above conditions.

The existence of a group P such that H acts as above implies that an H -invariant
subspace W of (A’V)" exists such that W is two dimensional and every nonzero
element of W is nondegenerate. We choose a basis for V' consisting of bases for V
and V_;. Representing the elements in W as matrices in terms of this basis for V/,
we obtain matrices of the form

0 D
f(D) = (_DT O),

where D is some element of M,,([F,). The fact that the nonzero elements of W are
nondegenerate is equivalent to saying that D is nonsingular for all the matrices D
such that f(D) e W.

We can conjugate and find a basis for W of the form { f(I), f(A)} for some
matrix A. Let W be the [F,-span of {I, A}. Observe that f is an isomorphism
of the vector spaces W and W. Moreover, the condition that all of the nonzero
matrices in W are nonsingular is precisely equivalent to the condition that A has
no eigenvalues in [ .

Let = denote the inverse transpose map. We may write the action of H on W as
diag(p1(h), p2(h)"), where p; is the representation of H afforded by V; and p; is
the representation of H afforded by V,. It follows that p; has a kernel containing
Z(H) and that p; is a faithful representation of H. The fact that W is H-invariant
is precisely equivalent to saying that

p1(MWpr(h)~™' =W

for every element & € H. Since we are taking {f(/), f(A)} as the basis for W,
we see that p(h)p2(h) ™' = pi(h)Ip>(h)~™' € W and py(h)Apa(h)~! € W for all
h € H. Because p;(h)Ipy(h)~! e W, there is a map ¢ from H to W define by
¢ (h) = p1(W)Ipa(h)~'. This satisfies p1(h)I = ¢(h)p>(h) for all h € H, and
substituting, we obtain p1(W)Apr (W)™ = ¢ (h)pa(h) Apr(h)~". Since ¢ (h) € W,
this implies that p2(h)Apy(h)~! e W. It follows that conjugation by p,(h) pre-
serves the algebra R = [ ,[A], and this conjugation action is therefore an algebra
automorphism of R. We define p : H — w by p(h) = p1(h)Ap,(h)~!, and note
that p(h) = ¢ (h)p2(h)Apo(h)~!. Since the nonzero elements of W are nonsingular
(i.e., invertible), it follows that ¢ (h) € R* for all h € H, and this implies that the
image of H under p is contained in R* Aut(R), where R* is the set of units in R.

Note that p (H) acts by permutations on the primitive idempotents of R. Thus, we
can decompose R = R x - - - X R, where each R; is a subspace of R generated by
an orbit of p(H) on the primitive idempotents of R. We have dim R =", dim R;.
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We now work with R;. We know that p(H) acts transitively on the primitive
idempotents of Ry. We have Ry = K [t1]/t] x---x K[t;]/t, where K is a nontrivial
extension field of [F,,. The fact that K is a nontrivial extension comes from the fact
that the eigenvalues of A do not lie in [,,. Since Z(H) acts like —1, it stabilizes
the subspaces generated by each of the ¢;’s.

Let H; denote the stabilizer of the subspace generated by #; which we call L,
and note that s = |H : H;|. Then py(H;) acts on L := K[t;]/t{, and again, the
element of order 2 in Z(H) < Hj acts as —1. Thus, H; acts faithfully on L.
Moreover, the action of H; on L; embeds in LT Aut(L;). Because H; has order
prime to p, we see that in fact H; embeds in K* Aut(K), and this implies that H;
is either cyclic or metacyclic. If |H;| = 2, then since K is a nontrivial extension of
[, we see that H; does not act irreducibly on L, and so we conclude that | H;| # 2.

Suppose H| is cyclic of order 2¢g, where g is an odd prime. If g divides p — 1,
then H; will not act irreducibly on L1, so g does not divide p — 1. Recall that H;
is isomorphic to a subgroup of SL;(p). Thus, it must be that ¢ divides p + 1. This
implies that [K : [,] is even and p = —1 mod q.

Now, suppose H is cyclic of order 4. If 4 does not divide p — 1, then it is not
difficult to see that [K : ] must be even. Suppose 4 does divide p — 1. For H; to
be acting irreducibly on L1, it must be that a generator of H; is the product of a
nontrivial element of L} with a nontrivial element of Aut(L). In particular, this
implies that 2 divides [K : [F,].

If H; is nonabelian, then since H; is metacyclic and contained in SL,(p), we
conclude that Hj is cyclic and has index 2. This implies that 2 divides [K : F,]. If
H) contains a subgroup isomorphic to the quaternions, then p = —1 mod 4 since
K* Aut(K) does not contain any subgroups isomorphic to the quaternions when
p =1 mod 4. We now assume that H; does not contain any subgroups isomorphic
to the quaternions. Since H; is a subgroup of SL,(p), this implies that the Sylow
2-subgroups of H; are abelian, and so | H;| is divisible by some odd prime ¢g. Since
H, is acting irreducibly, we see that H;/Z(H) is contained in a dihedral group of
order 2(p + 1). This implies H| contains no elements of odd order whose order
divides p — 1. In particular, we must have g divides p+ 1 so p=—1 mod q.

Theorem 1.16. Let P be an semi-extraspecial p-group with |Z(P)| = p* and p > 5
is a prime. Let a be the even integer so that | P : Z(P)| = p“. Suppose H = SL,(5)
acts via automorphisms on P such that H is acting faithfully and irreducibly on
Z(H). Then p ==+1 mod 5 and the following holds:

(1) If p =1 mod 60, then a = 120x, where x is a positive integer.

(1) If p=11 mod 60, then a =40x+60y, where x and y are nonnegative integers
whose sum is positive.
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(iii) If p=19 mod 60, then a =24x+60y, where x and y are nonnegative integers
whose sum is positive.

@iv) If p=29 mod 60, then a =24x+40y, where x and y are nonnegative integers
whose sum is positive.

(v) If p =31 mod 60, then a = 60x, where x is a positive integer.
(vi) If p =41 mod 60, then a = 40x, where x is a positive integer.
(vii) If p =49 mod 60, then a = 24x, where x is a positive integer.

(viii) If p=59 mod 60, then a =24x+40y+60z, where x, y, and z are nonnegative
integers whose sum is positive.

Proof. We consider the possibility for a subgroup H; of SL,(5) within the context of

the previous argument. Since H is cyclic or metacyclic and Z(H) < H;, we see that

s is the index of a proper subgroup of As and s # 5, whence s =6, 10, 12, 15, 20, 30,

or 60. Since |H| # 2, we conclude that s # 60. We see that one of the following

holds:

(i) s=6, H =5.4,[K :[F,]iseven, p=—1mod 5, and dim R; is a multiple of

12.

(i) s =10, Hy =34, [K :[,] is even, p = —1 mod 3, and dim R; is a multiple
of 20.

(iii) s =12, H; is cyclic of order 10, [K : [,] is even, p = —1 mod 5, and dim R,
is a multiple of 24.

(iv) s =15, Hy = Qg, [K : F,] is even, p = —1 mod 4, and dim R) is a multiple
of 30.

(v) s =20, H; is cyclic of order 6, [K : ] is even, p = —1 mod 3 and dim R; is
a multiple of 40.

(vi) s =30, H; is cyclic of order 4, [K : F,] is even, and dim R; is a multiple of
60.

Since dim V; = ) dim R;, this gives possible dimensions for V; depending upon

the congruences of p modulo 30. Note that a = dim V = 2 dim V). This gives the

stated conclusion. O

We saw in Theorem 1.14 the primes p that arise in our case are p = 11, 29, or
59, and for these primes we obtain the following possibilities.

Corollary 1.17. Assume the hypotheses of Theorem 1.16.
(1) If p =11, then a = 40x + 60y for some nonnegative integers x and y.
(1) If p =29, then a = 24x + 40y for some nonnegative integers x and y.
(ii1) If p =59, then a = 24x 4+ 40y 4+ 60z for some nonnegative integers x, y, and z.
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In the solvable examples, we have the group SL;(3) acting on P. Thus, we have
the following.

Theorem 1.18. Let P be an semi-extraspecial p-group with |Z(P)| = p* and p >3
is a prime. Let a be the even integer so that | P : Z(P)| = p“. Suppose H = SL,(3)
acts via automorphisms on P such that H is acting faithfully and irreducibly on
Z(H). Then the following holds:

(1) If p=1mod 12, then a = 24x, where x is a positive integer.

@i1) If p =5 mod 12, then a = 16x + 24y, where x and y are nonnegative integers
whose sum is positive.

(iii) If p =7 mod 12, then a = 12x, where x is a positive integer.

(iv) If p=11 mod 12, then a = 12x + 16y, where x and y are nonnegative integers
whose sum is positive.

Proof. We consider the possibility for a subgroup H; of SL,(3) within the context
of the previous argument. Since H; is cyclic or metacyclic and Z(H) < Hj, we see
that s is the index of a proper subgroup of A4, whence s = 3, 4, 6, or 12. Since
|Hi| # 2, we conclude that s = 12. We see that one of the following holds:

(i) s =3, H = Qsg, [K : F,]is even, p = —1 mod 4, and dim R; is a multiple
of 6.

(ii) s =4, H, is cyclic of order 6, [K : [,] is even, p = —1 mod 3, and dim R, is
a multiple of 8.

(iii) s =6, H; is cyclic of order 4, [K : [,] is even, and dim R; is a multiple of 12.

Since dim V; = > dim R;, this gives possible dimensions for V| depending upon
the congruences of p modulo 30. Note that a = dim V = 2 dim V). This gives the
stated conclusion. O

We will also construct examples for the solvable exceptional 2-transitive Frobe-
nius groups. (For a list of the exceptional 2-transitive Frobenius groups, see Remark
XII1.9.5 in [Huppert and Blackburn 1982]. We note that matrix generators for these
groups seem to be correct, even though the descriptions in (b) and (d) are not. In
particular, in (b) H = G/L;(/3), which is isoclinic to but not isomorphic to GL,(3),
and in (d) H = G/L;(/3) x Z/11. The matrix groups are also listed in [Huppert
1957].) The primes p that arise are p = 5,7, 11, and 23. For these primes, we
obtain the following.

Corollary 1.19. Assume the hypotheses of Theorem 1.18.

(1) If p =5, then a = 16x + 24y, where x and y are nonnegative integers whose
sum is positive.

@i1) If p =7, then a = 12x, where x is a positive integer.
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p H a a

5 SL,(3) 16x +24y 16w, w > 2

7 GL,(3) 12x Rw,w>1
11 SL,(3) x Z/5 12x + 16y dw,w#1,2,5
11 SL,(5) 40x + 60y 20w, w > 2
23 GL,(3) x Z/11 12x + 16y dw,w#1,2,5
29 SL,(5) x 2/7 24x + 40y 8w, w=>3,w#£4,7

dw, w > 6,

59 SL2(5) X Z/29 24x +40y +6OZ w ;é 7’ 8, 9’ 11’ 13’ 14’ 17’ 19’ 23’ 29

Table 1. Values in Theorem 1.20.

(iii) If p =11, then a = 12x 4+ 16y, where x and y are nonnegative integers whose
sum is positive.

(iv) If p =23, then a = 12x 4 16y, where x and y are nonnegative integers whose
sum is positive.

We will now construct examples showing that there are groups satisfying our
hypotheses.

Theorem 1.20. For each prime p, group H, and value a in Table 1, there exist
groups P and G so that P is a semi-extraspecial p-group with |P'| = p* and
|P : P'| = p® such that H acts faithfully by automorphisms on P and G is the
resulting semidirect product. In addition, Irt(G) has a unique character with degree
divisible by p and P'H is a two-transitive Frobenius group.

Proof. Suppose first that P and Q are semi-extraspecial p-groups with |Z(P)| =
|Z(Q)| = p?, and dim P/Z(P) =a, and dim Q/Z(Q) = a,. Suppose that the group
H acts via automorphisms on P and Q so that the action of H on Z(P) is isomorphic
to its action on Z(Q) and this action is faithful and irreducible. Let R be the central
product of P Q (that is, identifying Z(Q) and Z(P)). Then |Z(R)| = p*and R/Z, is
extraspecial for any proper nontrivial subgroup Z; of Z(R) since R/Z is the central
product of the two extraspecial groups P/Z; and Q/Z;. It follows that R is semi-
extraspecial and dim R/Z(R) = a; + a,. Note that H will act via automorphisms
on R and that the action of H on Z(R) is faithful and irreducible. This shows that
the set of dimensions that can occur is closed under sums. In particular, the entries
in the first column for values for a are linear combinations, and it suffices to show
that there exist examples for the generators of these linear combinations.

Let p and H be entries for the first two columns of some row in Table 1, and let
a be one of the generators of the third column. Observe that H is isomorphic to a
subgroup of GL,(p), so it has a faithful 2-dimensional module Z over [,. Let H;
be a subgroup of H containing Z(H) whose index is a/4. We have H, = H; x C.
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We take C = Z/c, where ¢ = 1 when pis5or 7, or p =11 and H is not solvable.
Otherwise, c =5 when p =11 and H is solvable, c = 11 when p =23, ¢ =7 when
p =29, and ¢ =29 when p =59. When H is not solvable, then H; will have order
4r, where r = 2, 3, or 5, and we note that p satisfies p = —1 mod 2r. When H is
solvable, we have |H{| =4 or 6 when p =5, |H|| =16 when p =7, |H|| =6 or
8 when p =11, and |H{| = 12 or 16 when p = 23.

Let X be the 2-dimensional [, H>-module where the image of H; is generated
by an involution of determinant —1 and the module for C is the restriction of Z.
Let Y be the 2-dimensional [, H>-module which is the restriction of Z to Hp. We
can view H; as being contained in a subgroup of order 2(p + 1) in GL,(p). Notice
also that C will be isomorphic to a subgroup of the center of GL,(p), and thus
H, = H; x C can be thought of as normalizing a given nonsplit torus in GL,(p). It
follows that Hom(X, Y) contains a 2-dimensional invariant H,-submodule U =Y
with U consisting of invertible elements (namely the algebra generated by the
nonsplit torus which is a quadratic extension of [ ).

It is straightforward to compute (by Frobenius reciprocity) that U contains
a unique submodule W isomorphic to Z. Note that U H < Hom(X,Y )ZZ <
Hom(X ", YH). Since U consists of invertible elements, it is straightforward to
see that W does as well. We take V = Xj] + Y. We identify Hom(X]] , Y/])
with a submodule of (/\ZV)* as follows. Let {ey, ..., e,} be a basis for X and
{fi,..., fu} be a basis for y/’. Given an element ¢ € Hom(X ", y/), we define
the matrix D = Dy whose (i, j)-entry is ¢ (e;, f;). This defines an element

(_DT O) e (NV)"
This yields W embedded as a submodule of (/\ZV)*, and as we mentioned earlier,

this allows us to construct a semi-extraspecial p-group P so that P/Z(P) =V and
Z(P) =W = Z (as H-modules) with the desired properties. Il

This shows that all possible dimensions given in the previous section do occur
and completes the proof of the main theorem.

2. Non- p-solvable groups

The goal of this section is to prove the following theorem. Notice that this includes
the non-p-solvable portion of the main theorem. We do get somewhat more infor-
mation. In particular, we determine precisely the degree of the one character whose
degree is divisible by p.

Theorem 2.1. Let p be a prime and let G be a finite non-p-solvable group. Then
G has exactly one complex irreducible character of degree (say D) divisible by p if
and only if one of the following holds.
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i) D =q = p* = 4, a power of p. Furthermore, G = PSL,(q), SL2(q), or
G/V =Sl (q), where V is a minimal normal elementary abelian p-subgroup
of G having order q* and can be viewed as a 2-dimensional irreducible module
of G/V over Endg,v (V) = p.

(ii) (G, p, D) =(Ss, 3,6), (M1, 3, 45).

For brevity, we will call G an NP1-group (for a fixed prime p) if G is a finite
non-p-solvable group with a unique irreducible character x of degree divisible
by p, in which case we let D := x (1).

We make use of results regarding character degree graphs. The graph A(G)
is the graph with vertex set p(G), which is the set of primes dividing degrees in
{x () | x € Irr(G)}. There is an edge between distinct primes p and g if pq divides
x (1) for some x € Irr(G). We will make use of the results regarding nonsolvable
groups G where A(G) is disconnected in [Lewis and White 2003] and [Manz et al.
1988]. We prove the following statement combining the results on disconnected
graphs with some results of [Isaacs et al. 2009]:

Proposition 2.2. Let G be an NP1-group. Then one of the following holds.

(i) D =q = p* = 4 is a power of p, and G/K = PSlL,(q). Furthermore,
G = PSL,(q), SLo(g), or G/V = SLa(q), where V is a minimal normal
elementary abelian p-subgroup G of order q*> and can be viewed as a 2-
dimensional irreducible module of G/V over Endg,v (V) = Fg2.

(ii) Let U =0,(G) and K/U = 0,(G/U). Then K is the p-solvable radical of
G and U is abelian. If N < K is a normal subgroup of G and 1y # X € Irt(N),
then the inertia group Ig(L) of ) has index coprime to p in G. Finally,
(G/K, p, D) is either (Ss, 3, 6) or (M11, 3, 45).

Proof. By Theorems A and C of [Isaacs et al. 2009], we know that if U = 0,(G)
and K/U = 0,(G/U), then K is the p-solvable radical of G and U is abelian.
We also obtain from there the fact that if N < K is a normal subgroup of G and
1y # A € Irr(N), then the inertia group Ig (1) of A has index coprime to p in G.
Finally, that result also asserts that soc(G/K) = §/K =: § is a nonabelian simple
group of order divisible by p, and p is coprime to |G/S|. By the It6—Michler
theorem, we may assume that the unique irreducible character x of degree divisible
by p of G is actually a character of G/K. In particular, every irreducible character
of K has degree coprime to p, whence the (unique) Sylow p-subgroup U of K
must be abelian again by the It6—Michler theorem. Next, let N < K be normal
in G and 1y # A € Irr(N). Consider any p € Irr(G|A). Since py contains A # 1y,
Ker(p) cannot contain N, and so does not contain K. Thus p # x and so has degree
coprime to p. It follows that [G : I ()X)] is coprime to p.
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Next, by Corollary 7.5 of [Isaacs et al. 2009] applied to G/ K, one of the following
possibilities occurs:

(a) § =PSLy(q) with plg, and D = q.

(b) S =PSL;y(q), ¢ =r/ for some prime r # p, 2 < p|(q — €) for some € = %1,
and D|(qg —€) f.

(c) (G/K, p, D) € {(M11, 3,45), (J1, 3, 120), (J1, 5, 120)}.

Note that J; has 3 irreducible characters of degree 120. Hence, in the case of (c)
we arrive at conclusion (ii).

Suppose now that we are in the case of (a). Consider the Steinberg character St
of S/K =PSL,(q), of degree g. By the main result of [Feit 1993], St extends to
G/K. Hence D = g, and since p divides the degree of no other character in Irr(G),
this implies that p is an isolated vertex in A(G), and so A(G) is disconnected. In
[Manz et al. 1988], it is shown that A(G) has at most three connected components.
In Theorems 4.1 and 6.4 of [Lewis and White 2003], it is shown that if G is
nonsolvable and A(G) has two or three connected components, then G has a
normal subgroup N so that G/N is abelian and N is either PSL;(g), SL2(g), or
there is a normal subgroup V so that N/V = Sl,(g) and V is elementary abelian
of order g% and N/ V acts transitively on the nonidentity elements of V. As before,
the Steinberg character of N will extend to G, and, by Gallagher’s theorem, G has
at least |G/ N| irreducible characters of degree divisible by g. Since G is an NP1-
group, it follows that |G/N| =1, whence G = N and we arrive at conclusion (i).

From now on, we may assume that (b) holds. Since p is coprime to |G/S], all
irreducible constituents «; of xs have degree divisible by p. On the other hand,
if B € Irr(S) has degree divisible by p, then any y € Irr(G/K | B) also has degree
divisible by p, and so y = x as G is an NP1-group. Thus 8 must be one of the «;.
We have shown that G/S, and so Aut(S) as well, acts transitively on the set of
irreducible characters of S of degree divisible by p. Also recall that 2 < p|(g — €).
Now we distinguish the following subcases.

(bl) g = —€ (mod 4). In this case, p divides (g — €)/2, which is odd, and S has
two irreducible (Weil) characters of degree (¢ —€)/2. Now if ¢ > 7, then S also has
irreducible characters of degree (¢ — €) which are obviously not Aut(S)-conjugate
to the ones of degree (g — €)/2. Hence g =5, ¢ = —1, p =3, S = As, and
As < G/K <Ss. Since As has two irreducible characters of degree 3, we conclude
that (G/K, p, D) = (Ss, 3, 6), as stated in (ii).

(b2) g = € (mod 4). In this case, 4p > 12 divides ¢ — €, so ¢ > 11. Then S has
(g — 2+ €)/4 irreducible characters of degree g — €, and each of them extends to
PGL;(g). Notice that Aut(S) = PGL, (q) : Cy, so the Aut(S)-orbit of any such ¢



422 D. Goldstein, R. Guralnick, M. Lewis, A. Moret6, G. Navarro and P. H. Tiep

has length at most f. Since ¢ =r/ > 11, we have that (g —2+¢)/4 > f, and so
Aut(S) cannot act transitively on the characters of S of degree divisible by p.

(b3) g =2/ with f > 3. Then S has (¢ — 1 + €)/2 irreducible characters of degree
g — €. Notice that Aut(§) =S:C £ so the Aut(S)-orbit of any such 6 has length at
most f. The transitivity of Aut(S) on the set of characters of S of degree divisible
by p now implies that f =3, ¢ =—1, p=3,and § =SL,(8) < G/K < §: Cs.
But SL;(8) has 3 irreducible characters of degree 9, and Aut(SL,(8)) = S : C3 has
irreducible characters of both degrees 21 and 27. This contradiction completes the
proof of the proposition. U

We now show that the groups satisfying conclusion (i) of Theorem 2.1 have only
one irreducible character whose degree is divisible by p.

Proposition 2.3. Let D = g = p/ > 4 and assume that the finite group G satisfies
conclusion (1) of Theorem 2.1. Then G has exactly one irreducible character 6 of
degree divisible by p. Furthermore, 0(1) = D.

Proof. (1) The statement is clear if G = PSL;(g) or SL;(g). So we consider the
third possibility, with § := G/V = SL;(g) and |V| = ¢>. Note that S has a unique
irreducible character of degree divisible by p, namely the Steinberg character of S,
of degree ¢. So it suffices to show that any x € Irr(G | V) has degree ¢ — 1.

Fix a nontrivial character A € Irr(V'). Since § acts transitively on the nonzero vec-
tors of V and V*, the stabilizer of A in G is a subgroup I of order |G|/(¢*>—1) =¢>;
in particular, P:=1/V € Sylp(S). Also we have that x = u© for some p € Irr(]1).
Thus the map u — u¢ yields a bijection between Irr(/|1) and Irr(G | V).

(2) It suffices to show that there is at least one x € Irr(G | V) of degree ¢> — 1.
Indeed, if this is the case then there exists v € Irr(/) such that v|y = A. Now by
Gallagher’s theorem, Irr(P|A) ={vy | y €Irr({/ V)} consists of exactly g characters,
all of degree 1 as P is elementary abelian of order ¢q. It follows that all characters
in Irr(G | V) have degree g% —1.

(3) Assume that the extension G = V'S is split. Then [ splits over V and so
I/ Ker(}) is a split extension of V /Ker(A) = C, by P. Since P fixes A, P central-
izes V / Ker()A), whence I/ Ker(1) is abelian. Hence all irreducible characters of
1/ Ker(A) are of degree 1 and so are all characters in Irr(/|A), whence we are done
as in (2).

Suppose now that the extension G = V'S is nonsplit. It follows that H>(S, V) #0.
By a result of McLaughlin (see [Sah 1977, Proposition 4.4]), this can happen only
when p =2 and f > 3. In the exceptional case, HZ(S, V) =Ty, and so there is a
unique (up to isomorphism) such nonsplit extension. By [Kostrikin and Tiep 1994,
Theorem 1.3.7], this nonsplit extension can be realized as the commutator subgroup
of the group of all automorphisms of the standard orthogonal decomposition of the
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complex simple Lie algebra &£ of type A,_;. Now the action of G on &£ gives rise
to a faithful irreducible representation of degree dim(¥) = ¢ — 1, and so we are
done by (2). O

In what follows we will keep the notation from conclusion (ii) of Proposition 2.2.

Lemma 2.4. Let p =3 and suppose that G is an NP1-group with a normal subgroup
N =S5 0r My1. Then G = N.

Proof. Certainly N’ <1 G and N’ has an irreducible real-valued character o of odd
degree a(1) =3 or 45. Since N’ is perfect, o(e) = 1. By [Navarro and Tiep 2008,
Theorem 2.3], o extends to I := I («). Hence, by Gallagher’s theorem, there is
a bijection between Irr(/ |) and Irr(//N’). On the other hand, Irr(G|«) lies in a
bijective correspondence with Irr(/|«), and every x € Irr(G|o) has degree divisible
by 3. It follows that |Irr(//N’)| = 1, and so I = N’ < N. In particular, I = Iy ().
Now observe that N, and so G, acts transitively on the set X of irreducible characters
of N’ of degree equal to a(1). It follows that [G : I] = |X| = [N : I], whence
G=N. O

In the situation of Proposition 2.2(ii), we set G| = G if G/K = My, and let G
be the unique subgroup of index 2 containing K if G/K = Ss (so that G;/K = As).

Lemma 2.5. Let G be an NP1-group satisfying conclusion (ii) of Proposition 2.2.
Let R <1 G be such that G/ R is 3-solvable. Then R > G .

Proof. Note that G/KR is a 3-solvable quotient of G/K = S5 or M1, hence
KR > Gi. Assume first that KR = G. Then G/(K N R) contains the normal
subgroup R/(K N R) = G/K, and G/(K N R) is certainly an NP1-group. By
Lemma24, R/(KNR)=G/(KNR)andso R=G.

We may now assume that G/K =Ss and K R = G. Again H :=G/(KNR) is an
NP1-group with the normal subgroup M := R/(K N R) = As. Then H has a unique
irreducible character p of degree divisible by 3. It follows that H acts transitively on
the set {«, B} of irreducible characters of degree 3 of M in particular, I := Iy ()
has index 2 in H. As in the proof of Lemma 2.4, we see that the real character «
extends to 7, and there is a bijection between Irr(H |«) and Irr(I//M). Since H is
an NP1-group, it follows that I = M, and so [G : R]=[H : M] =[H : 1] = 2.
Recall that Gi = KR > R and [G : G1] = 2. Hence, we must have that R = G;.

Lemma 2.6. Let G be an NP1-group satisfying conclusion (ii) of Proposition 2.2.
Then K is solvable.

Proof. Assume the contrary: L/M is a nonabelian chief factor of G in K/U.
Certainly G/M is also an NP1-group. So, modding out by M we may assume
that M =1 and that L =T} x - - - x T, is a minimal normal subgroup of G, with
T; =T, a nonabelian simple 3’-group. Now G acts on the set {T7, ..., T,,} inducing
a transitive subgroup X of S,,.
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First suppose that p divides | X|. By [Casolo and Dolfi 2009, Lemma 8] we can
relabel the factors 7; and find 1 < k <k + [ < n such that

Staby({1,2, ...k}, {k+1,k+2,...,k+1})
has index divisible by p in X. It follows that
N :=Ng(T' x Ty X -+ X Ti, Tir1 X Tiq X -+ - X Tiyy)

has index divisible by p in G. Also, since T is simple nonabelian, we can find
o, B € Irr(T) of distinct degrees larger than 1. Consider the irreducible character

yi=(@x---xa)x(Bx---xpB)xIrx---x1r)
k I n—k—I

of L. Then Ig(y) < N and so has index divisible by p in G, contradicting
Proposition 2.2.

We have X is a p’-group. Thus X = G/Y is a 3'-group, if Y denotes the kernel
of the action of G on {71, ..., T,}. By Lemma 2.5, Y > G; in particular, | X| <2
and so n < 2. Recall that T is a simple nonabelian p’-group. Hence the condition
n <2 now implies that Aut(L) < Aut(T):S; is 3-solvable, whence G/Cg (L), as a
subgroup of Aut(7T), is also 3-solvable. Again by Lemma 2.5, C5(L) > G. Since
[G:G]<2,Cg(L) contains L and so L is abelian, a contradiction. O

Lemma 2.7. Let S = My, p = 3, and let r be a prime. Let G be an NP1-group
with a minimal normal r-subgroup V such that G/V = S. Then V = 1.

Proof. Assume the contrary: V £ 1. Identify Irr(V) with the dual module V*.
By Proposition 2.2, every nonzero v € V* is fixed by a Sylow 3-subgroup of S.
We will view V as an absolutely irreducible ES-module of dimension n, where
E:=Endg(V) =[F; for some power t of r. If n =1, then V <Z(G), V = C,, and
G =V x S (as S has trivial Schur multiplier), contradicting Lemma 2.4. So we will
assume n > 2 and estimate the number N of nonzero elements of V* that are fixed
by a Sylow 3-subgroup P of S. Let g € S have order 3. As mentioned in [Guralnick
and Saxl 2003], S is generated by three conjugates of g. Hence by [Guralnick and
Tiep 2005, Lemma 3.2], g can fix at most ¢'?"/3] elements of V*. It follows that
N < t12/3] _ 1. Also note that S has 55 Sylow 3-subgroups.

Consider the case r 3. Then n > 9 if r = 11 and n > 10 otherwise (see [Jansen
et al. 1995]). Since 55N >t" — 1 =|V*\ {0}, we must have that r =2 and n < 21.
In the remaining cases, using Brauer characters as given in [Jansen et al. 1995], we
see that g can fix at most 2* elements of V*. Thus N <2* -1 < (210 —1)/55 <
(t" —1)/55, again a contradiction.

Now suppose r = 3; in particular, n > 5. If t > 9, or if t = 3 but n > 10, then
again 55N < t" — 1, again a contradiction. Thus t = 3 and n = 5. Note that M,
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has two irreducible 5-dimensional modules over [F3, which are dual to each other.
Moreover, the S-orbits on them are of lengths 1, 22, and 220, resp. 1, 110, and 132
(see [Liebeck 1987, Table 14]). So V* must be isomorphic to the former module.
Direct calculations using [GAP 2004] done by T. Breuer show that in this case the
point stabilizer for the vectors in the orbit of length 22 are isomorphic to Ag (and
isomorphic to S3 x S3 for the orbit of length 220). Consider a vector v from the first
orbit and view it as A € Irr(V), with stabilizer I in G. Then I/ Ker(A) =~ C3 - Ag,
which may be split or nonsplit. In either case, there is u € Irr(I/|A) of degree 9.
Now 1% € Irr(G|A) has degree 9 - 22 = 198, a contradiction (since G/V = S has
an irreducible character of degree 45). (I

Lemma 2.8. Let S = As, p =3, and let r be a prime. Let H be a finite group with
a minimal normal r-subgroup V such that H/V = S. Assume that the kernel of
every irreducible character of degree divisible by 3 of H contains V. Then V = 1.

Proof. Assume the contrary: V # 1. The condition on H implies by Clifford’s
theorem that the inertia group of every nontrivial A € Irr(V) has 3’-index in H.
Identifying Irr(V) with V*, we see that every nonzero v € V* is fixed by a Sylow
3-subgroup of S. View V as an absolutely irreducible ES-module of dimension n,
where E :=Endg(V) =F, for some power ¢ of r. If n =1, then V <Z(G), V = (3,
and so G =V x § (as the Schur multiplier of S equals C;). In this case, G has
irreducible characters of degree 3 which are nontrivial at V, a contradiction. So we
will assume n > 2. By [Guralnick and Saxl 2003, Lemma 3.1], S is generated by
two conjugates of a Sylow 3-subgroup P of S. It follows by [Guralnick and Tiep
2005, Lemma 3.2] that P can fix at most #"/?] elements of V*. Since S has 10
Sylow 3-subgroups, we must have

102 — 1) > [v\ {0} =" - 1;

in particular, " < 81.

Now if r > 5, then n > 3, a contradiction. Suppose r = 3. Thenn =3 or 4. In
the former case, t > 9 (see [Jansen et al. 1995]), a contradiction. So n = 4 and
t = 3. We can now realize V* as the deleted permutation module

5 5
[Fg:{Zaiei |a,' €|]:3, Za,’:O}
i=l1 i=1

for As. But in this case the As-orbit of v :=e; + ey — e3 —eq4 € V* has length 30, a
contradiction.

Suppose now r = 2. If n = 2, then P has no nonzero fixed points on V*, a
contradiction. Thus n =4, t = 2. In this case, either H = V x As or H is perfect. In
the former case, H has irreducible characters of degree 3 which are nontrivial at V,
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a contradiction. In the latter case, using [GAP 2004] one can check that H has irre-
ducible characters of degree 15 which are nontrivial at V, again a contradiction. [

Proposition 2.9. Let G be an NP1-group satisfying conclusion (ii) of Proposition 2.2.
Then G satisfies conclusion (ii) of Theorem 2.1. Conversely, if G = Ss or M|, then
G is an NP1-group.

Proof. Suppose G satisfies Proposition 2.2(ii). By Proposition 2.2 and Lemma 2.6,
K is solvable. Let G be a minimal counterexample, so that K # 1. By minimality,
K is a minimal normal r-subgroup for some prime r. By Lemma 2.7, G/K = Ss.
Since G/K already has an irreducible character of degree 6, every irreducible
character of G of degree divisible by 3 must be nontrivial at K. The same is true
for the normal subgroup G; of G (recall G;/K = As). Modding out by a suitable
normal subgroup inside K, we may assume that K is a minimal normal subgroup
of G1. Now we can apply Lemma 2.8 to get a contradiction. The converse statement
is obvious. U

We have completed the proof of Theorem 2.1 and of the main theorem.
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The homotopy category of injectives

Amnon Neeman

Krause studied the homotopy category K(Inj &{) of complexes of injectives in
a locally noetherian Grothendieck abelian category s{. Because s is assumed
locally noetherian, we know that arbitrary direct sums of injectives are injective,
and hence, the category K(Inj s{) has coproducts. It turns out that K(Inj s4) is
compactly generated, and Krause studies the relation between the compact objects
in K(Inj s{), the derived category D(s4), and the category K, (Inj &) of acyclic
objects in K(Inj &4).

We wish to understand what happens in the nonnoetherian case, and this paper
begins the study. We prove that, for an arbitrary Grothendieck abelian category s,
the category K(Inj «4) has coproducts and is p-compactly generated for some
sufficiently large u.

The existence of coproducts follows easily from a result of Krause: the point
is that the natural inclusion of K(Inj ) into K(s) has a left adjoint and the
existence of coproducts is a formal corollary. But in order to prove anything
about these coproducts, for example the j-compact generation, we need to have
a handle on this adjoint.

Also interesting is the counterexample at the end of the article: we produce a
locally noetherian Grothendieck abelian category in which products of acyclic
complexes need not be acyclic. It follows that D(s) is not compactly generated.
I believe this is the first known example of such a thing.

Introduction 430
1. Cardinality estimates in Grothendieck abelian categories 432
2. An adjoint to the inclusion K(Inj &) < K(s) 439
3. The pu-compact generation of K(Inj s{) 445
4. The failure of recollement 454
References 456

This research was partly supported by the Australian Research Council. The author would like to

thank an anonymous referee for several suggestions of improvements to the manuscript.

MSC2010: primary 13D09; secondary 08B30.

Keywords: locally presentable categories, well generated categories, homotopy categories of
injectives.

429


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2014.8-2
http://dx.doi.org/10.2140/ant.2014.8.429

430 Amnon Neeman

Introduction

The starting point of this investigation is the article by Krause [2005], in which
he studied the homotopy category K(Inj «f) of complexes of injectives in a locally
noetherian Grothendieck abelian category . It turns out that K(Inj 4) is compactly
generated, the compact objects being injective resolutions of bounded complexes of
noetherian objects. In symbols, we have an equivalence K(Inj 4)¢ = D (noeth s1).
We can consider the sequence of functors

Koo (Inj s0) 5> K(Inj s8) 2 D(st),

which expresses D(s4) as the quotient of K(Inj &) by the subcategory of acyclics
K. (Inj 4) C K(Inj o). It is not hard to prove that this is a localization sequence:
the functors J and Q have right adjoints, denoted J, and Q, respectively. Not so
formal is that, as long as D(s{) is compactly generated, the functors J and Q also
have left adjoints J, and Q; turning this into a recollement. If we restrict J, and
Q). to the subcategories of compact objects, then we have functors

D(s)¢ 2> K(Inj s0)¢ 25 Koo (Inj 0)°,

which allow us to identify K,.(Inj #)¢ as the idempotent completion of the Verdier
quotient K(Inj )¢ /D(A)°.

In the generality above, where o is an arbitrary locally noetherian Grothendieck
category, we understand the compact objects only in K(Inj s{), where we have
K(Inj A) = D’(noeth s¢). But in examples, we sometimes also know D(HA)¢;
for instance, if X is a noetherian, separated scheme and s is the category of
quasicoherent sheaves on X, we know that D(s0)¢ = DPf(coh X), the category
of perfect complexes. In this special case, K(Inj )¢ = D? (noeth #{) comes down
to D’ (coh X), the bounded derived category of the coherent sheaves on X. The
general theory gives us the sequence of functors

D*f (coh X) 25 DP(coh X) 25 Kye(Inj s4)C,

and furthermore, it informs us that this sequence identifies the category K,.(Inj )¢
of compact objects in K,.(Inj {) with the idempotent completion of

D’ (coh X)/Dperf(COh X)= Dsing(X) )

the singularity category of X.

Jorgensen [2005] studied the analogue where injectives are replaced by projec-
tives. Of course, Grothendieck abelian categories do not in general have enough pro-
jectives, so he restricted himself to the case where o is the category of modules over
some ring. Under suitable noetherian hypotheses, he proved an analogue of Krause’s
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theorem: the homotopy category K(R-Proj) is compactly generated, but strangely
enough, the subcategory K(R-Proj)¢ of compact objects in K(R-Proj) is naturally
isomorphic to D? (R°P-mod)°P, the opposite category of the bounded derived cate-
gory of finitely presented R°P-modules. Krause’s theorem, in the special case where
oA is the category of R-modules, tells us that the subcategory K(R-Inj)¢ of compact
objects in K(R-Inj) is naturally identified with D’(R-mod). If R is a noetherian
commutative ring, then both K(R-Proj) and K(R-Inj) are compactly generated, but
the subcategories of compact objects are naturally the opposite of each other.

Iyengar and Krause [2006] studied this further and proved, among other things,
that in the presence of a dualizing complex the categories K(R-Proj) and K(R-Inj)
are equivalent. More precisely, tensoring with the dualizing complex induces an
equivalence. Of course, it must also induce an equivalence on the subcategories of
compact objects; that is, it must induce an equivalence

D?(R°"-mod)°? — D’ (R-mod).

This equivalence turns out to be the usual one of Grothendieck duality.

The results raise the obvious question: what is the right generality in which the
results hold? Since Grothendieck abelian categories rarely have enough projectives,
Jorgensen’s results all assumed that he was working over a ring; in other words,
they were restricted to the affine case of Grothendieck duality. In [Neeman 2008;
2010], I studied this problem and proved several improvements of Jgrgensen’s
results, and Murfet [2007] carried the project further in his PhD thesis. One striking
feature of my results was that much of what Jgrgensen proved for K(R-Proj) was
true without the noetherian hypothesis, which raises the question: to what extent
is the noetherian hypothesis necessary in Krause’s results? On the face of it, the
situation looks hopeless unless we assume that the category o is locally noetherian
because without the noetherian hypothesis direct sums of injectives need not be
injective. Hence, K(R-Inj) does not obviously have coproducts in general, and
without coproducts, one doesn’t have a good notion of compact objects.

The first result of the current article, also found as Example 5 in [Krause 2012,
pp. 778-779], addresses this:

Theorem 2.13 and Corollary 2.14. Let sl be any Grothendieck abelian category
not necessarily locally noetherian. Then the inclusion of K(Inj ) into K(s) has a
left adjoint I : K(d) — K(Inj ). It formally follows that K(Inj A) has coproducts.

Remark. Krause’s proof is based on the work of Bican, El Bashir, and Enochs
[Bican et al. 2001], which means that it works far more generally than the argument
we give here, but unfortunately, the adjoint is not very explicit. For the proof of the
next theorem, we need to have a handle on this adjoint; hence, we give a different
proof.
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While I do not understand the situation well enough to say when K(Inj &) is
compactly generated, I do have the following result:

Theorem 3.13. There is a regular cardinal  for which the category K(Inj ) is
u-compactly generated (in the sense of [Neeman 2001, Definition 8.1.6] or [Krause
2001]).

In the algebrogeometric situation, it may well be that the categories K(Inj X) and
K, (Proj X) can be equivalent even when X is not noetherian. Here K,, (Proj X)
is Murfet’s mock homotopy category of projectives; for nonaffine schemes, this
is the right generalization. Both K(Inj X) and K, (Proj X) have coproducts and
are p-compactly generated for u sufficiently large. In the noetherian case, they
are equivalent whenever X has a dualizing complex, and part of the interest of the
results is that they might lead to a nonnoetherian generalization.

Recall that, if o is locally noetherian and D(s{) is compactly generated, then the
natural functors

Kee(Inj ) > K(Inj s8) 2 D(s)

have right and left adjoints giving a recollement. It turns out that the right adjoints J,
and Q, exist much more generally for any Grothendieck abelian category. But the
left adjoints don’t: we will produce an example of a locally noetherian Grothendieck
abelian category & such that the functor J does not respect products and hence
cannot have a left adjoint. It will then follow, from [Krause 2005], that the category
D(s) is not compactly generated.

The article is organized as follows. In Section 1, we recall that any Grothendieck
abelian category is locally presentable, meaning there is a generator g and a regular
cardinal « so that Hom(g, —) commutes with a-filtered colimits. We discuss this in
some detail because we also want to prove that Ext' (g, —) commutes with a-filtered
colimits.

In Section 2, we prove Theorem 2.13 and Corollary 2.14; for a given X € K(sA),
we give an explicit construction of / (X) € K(Inj &) as a certain colimit. In Section 3,
we prove Theorem 3.13, showing the p-compact generation of K(Injsf). The
essence of the proof is to study the construction of 7 (X) more carefully and see
what it does to subobjects of X.

Finally, Section 4 contains the counterexample, the locally noetherian Groth-
endieck abelian category in which products of acyclic complexes of injectives need
not be acyclic.

1. Cardinality estimates in Grothendieck abelian categories

Throughout the section, we will assume that s is a Grothendieck abelian category
and g € o is a fixed generator.
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Lemma 1.1. Let Y be an object of A. If the cardinality of Homgy(g, Y) is <«, then
Y has no more than 2% subobjects.

Proof. We have a map

{subobjects of Y} 2 {subsets of Hom(g, Y)},

which takes a subobject X C Y to the subset ®(X) = Hom(g, X) C Hom(g, Y).
The map & is injective because we can recover X from @ (X): the fact that g is a
generator allows us to choose an epimorphism [ [, ¢ — X. Then the factorization

]_[g—> ]_[ g—X
A

Hom(g, X)
tells us that X is the image in ¥ of the natural map [ [y, x) & = V- O
Construction 1.2. We construct the smallest full subcategory € C o satisfying:

(1) The generator g belongs to 6.

(i) If X is an object of 6, then so are all the subquotients of g#Hom(&X) Here
#Hom(g, X) stands for the cardinality of Hom(g, X), and for a cardinal «,
we let g% be the coproduct of « copies of g.

Lemma 1.3. There is only a set of isomorphism classes of objects of 6.

Proof. We build up € in countably many steps: we start with €y = {g} and then
construct €, | out of 6, by throwing in all the subquotients of g#Hom(&-X) for all
X € %,,. We let € be the union of the €6,,. O

Definition 1.4. We let o > R be a regular cardinal such that (i) 2#Hom&Y) — o for
all Y € 6, and (ii) there are < « isomorphism classes of objects in 6.

Lemma 1.5. Let Z be an object of 6 and f : Z' — Z an epimorphism in .
Then there is an object Y € € and a morphism g : Y — Z' so that the composite
Y > Z' — Z is epi.

Proof. We may choose an epimorphism | [, ¢ — Z’ and consider the composite
epimorphism

]_[g—>Z’—>Z.
A

Let M be the image of A in Hom(g, Z); we may choose a splitting to the surjection

A — M. The composite
]_[g—) ]_[g—) A
M A

is an epimorphism from a subquotient of g#Ho™(&-2) to Z and factors through Z’. [
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Lemma 1.6. Let $ be a B-filtered category for some regular cardinal B, let F :
9 — o be a functor, and let ¢ : F — Z be a natural transformation from F to the
constant functor that takes every i € $ to the object Z € A and every morphism to
the identity. Assume that the map c_ol_ir_)n F — Z is epi and that Z has fewer than B
subobjects. Then there exists some objecti € $ with Fi — Z epi.

Proof. Consider the set S of subobjects of Z that are images of Fi — Z for some
i €9. Foreach X € S, choose an object p(X) € $ so that the image of F(p(X)) = Z
is X. There are fewer than 8 such p(X), and hence, we may choose an object j € $
and, for each X, a morphism p(X) — j. Then Im(Fj — Z) belongs to S and
contains all the other elements of S as subobjects. The epimorphism %n Fi—Z7
factors through Im(Fj — Z), and hence, Fj — Z is epi. (]

Lemma 1.7. Every object of € is a-presentable in HA.

Proof. Let Z be an object of €; we need to show that Hom(Z, —) commutes with
a-filtered colimits in . Let $ be an a-filtered small category, and let F : $ — A
be a functor. We need to show that the natural map

® :colim Hom(Z, Fi) — Hom(Z, colim Fi)
—ied —>ied
is an isomorphism. We will prove that ® is surjective and injective.

Let us prove the injectivity of ® first. An element in the kernel of ® may be
represented by a morphism 6 : Z — Fi so that the composite

Z — Fi — colim Fi
—>iel
. . . . . F .
vanishes. We need to show that for some p : i — j the composite Z — Fi A F Jj

vanishes. Let i /$ be the category whose objects are maps p :i — j in $ and whose
morphisms are commutative triangles

1/1
T~

J
We have an exact sequence of functors on i /9 that takes each object p : i — j to
0— Ker(Z — Fj)— Z — Fj.

The category i /% is filtered, and hence, the colimit in the Grothendieck category s
is the exact sequence

0 — colim Ker(Z — Fj)— Z — colim Fj.
—>i/9 —y

The fact that the map Z — colim Fj vanishes means that Z must be the colimit
of its subobjects Ker(Z — Fj) over the a-filtered category i /$. But the cardinal o



The homotopy category of injectives 435

was chosen to be larger than 2#Hom($.2) "and Lemma 1.1 tells us that Z € € has
fewer than « subobjects. By Lemma 1.6, there is some object p : i — j in $
with Ker(Z — Fj)=Z.

Next we prove the surjectivity of ®. Let L = colim_ Fi; suppose we take an
element of Hom(Z, L), thatis, amap ¢ : Z — L. For elaech i, we form the pullback
square

Gi—— 7

| b

Fi—— L

Then the Gi extend to a functor G : $ — . Taking the colimit over the filtered
category $, we obtain a pullback square

colmGi —— Z
-

| ]

L—L

from which we conclude that the map coﬂ)n Gi — Z is epi (actually, it’s even an
isomorphism). But ¢ is «-filtered, and Lemma 1.1 tells us that Z € 6 has fewer
than o subobjects. By Lemma 1.6, there is an object i € $ so that Gi — Z is epi.

By Lemma 1.5, we may choose an object Y € € and a morphism Y — Gi so that
the composite ¥ — Gi — Z is epi. Let X be the kernel of the epimorphism ¥ — Z;
because X is a subobject of Y € 6, it lies in ¢ and the composite X — Fi — L
vanishes. By the injectivity of ®, there must be some p :i — j in $ so that the
composite X — Fi AN Fj vanishes. But the vanishingof X — Y — Fi — Fj
means that the map ¥ — Fj factors through ¥ — Z — Fj. We have found a
Z — Fj that maps under ® to ¢ : Z — L =colim_ Fi. U

—>iel

Lemma 1.8. Let X be an object of ‘€ and Z an object of d. For every element
z € Ext))(X, Z), there exists an object Y € 6, a morphism Y — Z, and an element
y € Exty (X, Y) so that y maps to z under the natural map.

Proof. The case n =0 is trivial; we may take y to be the identity. Suppose therefore
n > 0; then z is represented by an extension

0->Z—> - ->W->X-—>0.

By Lemma 1.5, we may choose an object W’ € 6 and a morphism W’ — W so that
the composite W' — W — X is epi. If X’ is the kernel of W' — X, then X is a subob-
ject of the object W’ € 6 and hence belongs to €. And the extension z € Ext; (X, Z)
is equivalent to the concatenation of 0 > X' — W' — X — 0 in Ext}6 (X, X') with
an extension 7’ € Ext’;ﬁ_l(X ', Z). Induction on n now gives the result. O
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Corollary 1.9. The category € C A is closed under extensions.
Proof. Let 0 > Z — Y — X — 0 be an extension with X, Z e € and Y € . By

Lemma 1.8, there is an extension0) - A — B— X —>0in¥Yandamap A — Z
connecting the extensions. Thus, ¥ must be the pushout in the diagram

A—— B

||

zZ——Y
and hence, Y is a quotient of B @ Z € ¢ and must belong to 6. (]

Lemma 1.10. For every object X € € and every n > 0, the functor Ext* (X, —)
commutes with o-filtered colimits.

Proof. The case n =0 was proved in Lemma 1.7, and we will now prove the general
case. Let $ be an a-filtered category, and let F : $ — s be a functor. We need to
show that the natural map

® :colim Ext"(X, Fi) — Ext" (X, colim Fi)
—>ie$ —>ie$

is an isomorphism. We will prove that ® is surjective and injective.
We prove surjectivity first. Given an element

z € Ext"(X, colim  Fi),
—>ie$

there is by Lemma 1.8 an object Y €€, an extension y € Ext" (X, Y), and a morphism
Y—> mie Fi taking y to z. By Lemma 1.7, the map from Y €6 to the «-filtered
colimit factors through some F'i, and the surjectivity of ® follows.

Next we prove injectivity by induction on n. Let

L =colim Fi,
—>ied
and suppose we are given a 6 € Ext" (X, Fi) that maps to zero in Ext" (X, L). In
the proof of Lemma 1.8, we produced objects W', X’ € €, an exact sequence

0— X' — W — X — 0in %, and an element 8’ € Ext"~!(X’, Fi) mapping to
0 € Ext"(X, Fi). In the commutative diagram with exact rows

colim Ext"~' (W', Fj) —— colim Ext"~ (X', Fj) —— colim Ext"(X, Fj)
—_— —_— —_—

<1>W¢ d)X/l <1>Xl
Ext" '(W, L) ———  Ext" (X, L) ———  Ext"(X, L)

we have 0 € (@)IEX'E"(X, Fj)and 0’ e coﬂ)nExt”_1 (X', Fj) satisfying 7 (8") =6
and ®x(#) = 0. By induction on n, we know that the maps ®x and Py are
isomorphisms. A short diagram chase establishes that 8 vanishes as an element of
coﬁr)lExt”(X, Fj). O
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Definition 1.11. Choose a regular cardinal x so that:

(i) For each object X € € and for each quotient Y of g%, where « is as in
Definition 1.4, we have #Hom(X, Y) < u.

(i) The object g* has < u quotients.
(iii) The product of < « cardinals, all less than , is less than .

Remark 1.12. If we let 8 be any cardinal > « satisfying parts (i) and (ii) of
Definition 1.11, then the successor of 27 satisfies all three hypotheses on ji. The
product of < « cardinals, all less than u, is the product of < « cardinals all < 28
and is bounded above by (2#)" = 26>« =26,

Definition 1.13. Let u be as in Definition 1.11. We define B C « to be the full
subcategory of & consisting of the objects ¥ with # Hom(g, Y) < u.

Lemma 1.14. An object Y belongs to B if and only if it is the quotient to g* for
some A < (. And if Y belongs to B, then #Hom(X, Y) < u for all X € €.

Proof. Every Y is the quotient of g#Hom&.Y) Tf ¥ happens to belong to %, then
Ar=#Hom(g, Y) < u, soY is a quotient as specified. We need to prove the converse:
any quotient of g*, A < u, belongs to 3. Let Y be such a quotient; to show that ¥
belongs to %, it suffices to prove that # Hom(g, Y) < u, but we actually want the
refinement that # Hom(X, Y) < u for every X € €.

Choose an epimorphism g* — Y and X € 6. We note that Y is the a-filtered
colimit of the subobjects Fi, i € $, where Fi is the image in Y of the map from
a summand g# C g* with 8; < «. By Lemma 1.7, every map X — Y factors
as X — Fi — Y for some i € $. But #Hom(X, Fi) < u by Definition 1.113),
and there are fewer than A% < y different inclusions g# C g*. Therefore, there are
fewer than p factorizations X — Fi — Y. [l

Proposition 1.15. The category B satisfies the following properties:
(1) The coproduct of < u objects in R lies in RB.
(i) Any subquotient of an object in B belongs to R.
(ii1) Any extension of objects in B lies in %RB.
(iv) 6 is contained in 9B.
(V) Forall X € 6, all Z € B, and all integers n > 0, we have #Ext" (X, Z) < .

Proof. (i) Let {Y; | i € $} be a set of < u objects in 9. Each Y; is the quotient of
g"Hom(&. Y1) “and hence, the coproduct of the ¥; is a quotient of g2 #Hom(s.Y) - Apd
> ; #Hom(g, Y;) is the sum of fewer than p cardinals, each < u, and hence is < .

(i1) If Y belongs to 9, it is a quotient of gk, A < u, and hence, so is any of its
quotients. Also#Hom(g, Y) < u, and for any subobject X, we have # Hom(g, X) <
#Hom(g,Y) < u.
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(iii) Given an extension 0 - X — Y — Z — 0, we have an exact sequence
0 — Hom(g, X) — Hom(g, Y) — Hom(g, Z). If X and Z belong to %, then
#Hom(g, X) < n and #Hom(g, Z) < u, and #Hom(g, Y) is the sum of fewer
than p cardinals all smaller than p.

(iv) Suppose Y € 6. By the definition of «, we have #Hom(g, Y) < o, and & was
chosen larger than «.

(v) There are fewer than « objects in 6, and for any pair of objects X, Y €€, we have
that # Hom(X, Y) < u. Hence, there are fewer than u sequences in € of length n

O->Y—->W —---->W,—>X—>0.

Some of these sequences will be exact, and up to equivalence, they define fewer
than . elements in groups Exty (X, Y). By Lemma 1.8, we have that any element of
Ext" (X, Z) is the image under some map in Hom(Y, Z) of an element in Ext (X, ).
But#Hom(Y, Z) < u by Lemma 1.14; hence, there are fewer than i ways of picking
a triple

Ye€, yeExtyp(X,Y), and feHom(Y,2Z). O

Remark 1.16. If F : $ — R is a functor and $ has fewer than u objects, then the
colimit of F belongs to . This is because the colimit is a quotient of the coproduct
of Fi over all objects i € $. The coproduct belongs to & by Proposition 1.15(ii)
and its quotient the colimit by Proposition 1.15(iii).

Remark 1.17. Let g be the coproduct of all the quotients of the generator g. Then
for every n > 0 and any object Z € %B, we have # Ext" (¢, Z) < w. The reason is the
following. Write ¢ = [ [,, x,n to express ¢ as the coproduct of all the quotients x,,
of g. Then

Ext"(q, Z) = ]_[ Ext" (X, Z)
M

with each x,,, €€ and Z € 3. By Proposition 1.15(v), we have that # Ext" (x,,,, Z) <
for each x,,, and there are fewer than o objects x,, € €. Definition 1.11(iii)
guarantees that # Ext" (¢, Z) < u.

Proposition 1.18. The category B is precisely the full subcategory of p-presentable
objects of A.

Proof. Let Y be a u-presentable object in &4, and let g¥ — Y be an epimorphism.
Then Y is the u-filtered colimit of all the subobjects {Fi | i € $}, where Fi is the
image in Y of some summand g* C g” with A; < u. The identity map ¥ — Y
is a map from the p-presentable object Y to the p-filtered colimit ¥ = coﬁ)n Fi
and hence must factor through some Fi. But then the map g% — Fi — Y is the
composite of two epimorphisms and is epi, and A; < u. Thus, ¥ € &.
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Next we must prove that every Y € % is p-presentable. Choose an epimorphism
g" — Y with A < u; its kernel K is a subobject of a coproduct of fewer than
copies of g € B and hence belongs to &B. Thus, we may choose an epimorphism
g”" — K with v < u. We therefore have a presentation of Y

g”—>g’\—>Y—>O

with A, v < . But g is a-presentable by Lemma 1.7 and hence also p-presentable
for our choice of © > . The p-presentability of ¥ follows from the presentation. [

An immediate corollary is:

Corollary 1.19. Any Grothendieck abelian category is locally presentable (in the
sense of [Gabriel and Ulmer 1971]).

Definition 1.20. Let v be an infinite cardinal. We define s§” C s to be the full
subcategory of all v-presentable objects.

Remark 1.21. In Definition 1.11, we chose a regular cardinal p, and in Proposition
1.18, we saw that 4" = 9B with & as in Definition 1.13. As it happens, we chose
w sufficiently large so that o* satisfies all the nice properties of Lemma 1.14,
Proposition 1.15, and Remark 1.16.

2. An adjoint to the inclusion K(Inj o{) — K(s{)

Let o be a Grothendieck abelian category, let K(s4) be the homotopy category of
chain complexes in &, and let K(Inj &{) be the full subcategory whose objects are
the chain complexes of injectives. There is an obvious inclusion K(Inj s{) < K(«A),
and in this section, we will study its left adjoint.

We begin with some preliminaries.

Lemma 2.1. Every bounded-below, acyclic complex lies in *K(Inj ). We remind
the reader: this means that any chain map A — E from a bounded-below, acyclic
complex to a complex of injectives is null-homotopic.

Proof. If A vanishes in degrees < n, then the map A — E factors through the brutal
truncation 8=" E; the factorization is the obvious

0 0 A" An—H
0 0 E" En—H
. En—Z En—l E" En+1

The map A — B="E is a chain map from an acyclic complex to a bounded-below
complex of injectives and hence null-homotopic. U
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The converse is not true: objects of “K(Inj s4) do not have to be bounded below.
But they do have to be acyclic.

Lemma 2.2. Every object of *K(Inj o) is acyclic.

Proof. Let E be an injective cogenerator of the abelian category &{. Then Hom(X,
X 7"E)=0if and only if H"(X) =0. O

Lemma 2.3. Let f: X — Y be quasi-isomorphism of chain complexes, and assume
fi o X' — Y is an isomorphism for all i < 0. Then, for any chain complex of
injectives E, the natural map

Hom(f,E)
HOIIlK(&Q)(Y, E) _— HOH]K(&Q)(X, E)

is an isomorphism.

Proof. In the triangle A — X ER Y — ¥ A, we have that f is a quasi-isomorphism
and hence A is acyclic. Furthermore, the fact that f : X! — Y’ is an isomorphism
for i <« 0 means that A is homotopy-equivalent to a bounded-below complex,
and Lemma 2.1 tells us that A € “K(Inj s¢). The result now follows by applying
Hom(—, E) to the triangle. O

Remark 2.4. In Lemma 2.3, we saw that any chain map X — E factors up to
homotopy through X — Y. We wish to consider the factorizations not only up to
homotopy, and hence, we will work in C(s{), the category of chain complexes in
where the morphisms are genuine chain maps, not homotopy equivalence classes.

Lemma 2.5. Let f : X — Y be a morphism in C(4) whose mapping cone lies
in *K(InjA). Suppose further that in each degree i the map f' : X' — Y' is
a monomorphism. Let E be a complex of injectives; then the map Hom(f, E) :
Homc ) (Y, E) — Homcw) (X, E) is surjective. In other words, every chain
map X — E factors through f : X — Y, not only up to homotopy but in the
category C(A).

Proof. Suppose we are given a chain map 4 : X — E. By Lemma 2.3, it factors up
to homotopy through f : X — Y, meaning there exists a g : ¥ — E so that & is
homotopic to gf. Let ® : X = E be a homotopy that works; then for every i € Z,
we have a map ©' : X! — E'~! with

h—gf =03 +30.

But now ®' : X! — E~! is a morphism in & from X' to the injective object E/ !,
and we may therefore factor it through the monomorphism f/: X’ — Y’. Thus,
we construct maps &' : ¥/ — E'~! with &' f/ = @', If we let

g =g+d3+9,
then h =g’ f. 0



The homotopy category of injectives 441

In Lemma 2.5, we showed the existence of a factorization 7 = gf. Next we
worry about uniqueness.

Lemma 2.6. Suppose f : X — Y and h: X — E are as in Lemma 2.5. Assume
g, & :— E are two morphisms with gf and g’ f homotopic to h, and let ® : X = E
be a homotopy with

gf — & f=00+00.
Then there exists a homotopy ® : Y = E with ®f = O and so that
g— g =P3+93d.

Proof. Note that Lemma 2.3 guarantees that g is homotopic to g’; the content of
what we are about to prove is that the homotopy connecting them may be chosen to
lift any given homotopy of gf with g’ f.

Let us therefore choose any homotopy &’ connecting g with g’. Then @' f is
a homotopy connecting gf with g’ f as is ©; it follows that ® — @' f is a chain
map X — X E. By Lemma 2.5, it has a factorization ® —®' f = pf withp: Y — ZF
a chain map. But then ® = @’ 4 p is a homotopy of g with ¢/, and @ = &f. [

Definition 2.7. Let A be an ordinal and ¥ a category. A sequence of length A in I
is the following data:

(i) for every ordinal i < A an object X; € X and

(i) for every pair of ordinals i and j withi < j <A a morphism f;; : X; — X.

(i) If i < j < k < A, then the composite X; i) X ﬂ) X agrees with fiy :

Xi — Xk.

Lemma 2.8. Suppose X is a sequence of length )\ in C(HA), and assume that for
every limit ordinal j we have
X;=colim X;.
—>i<j
Suppose further that the mapping cone on every X; — X1 belongs to *K(Inj )
and that each of the maps X; — X1 is a degreewise monomorphism. Then the
mapping cones of all f;; : X; — X ; belong to LK (Inj o).

Proof. We prove, by induction on k < A, that the statement is true for all f;; with
i <j <k.If k=0, there is nothing to prove.

Suppose the statement is true for k; we wish to prove it for kK + 1. Choose
any i < j <k-+1. Ifi < j <k, then the mapping cone on f;; lies in LK (Inj s4)
by the inductive hypothesis. If j = k + 1, then i < k and f;; can be written as
the composite fi r+1 fik- Since the mapping cones on fi; and on f x+1 both lie
in “K(Inj s4), so does the mapping cone on the composite f; i = Jek+1 fik-
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Next suppose k is a limit ordinal and the mapping cone on f;; lies in LK (Inj )
for all i < j < k. We need to show that the mapping cone on f; lies in ~K(Inj ()
for every i < k. Equivalently, we must prove that the induced map

Hom(f, E) . HomK(&g)(Xk, E) — HOIIIK(&@(X,', E)

is an isomorphism for every E € K(Inj &{). Let us first prove the surjectivity.

Suppose we are ﬁiven a %hain map h; : X; — E. By induction on j, we will factor
hi in C(s4) as X; —> X ; — E. If we have produced the factorization through £,
then Lemma 2.5 permits us to factor 4 : X; — E as X E/SLN X1 Ll . For
limit ordinals v, we use the fact that X, = colim_ X; to extend the factorization.
This finishes the induction, and we have a factorization of h; as X; ﬂ) X ﬁ) E.
This factorization is in the category C(s4), which is more than we need. It certainly
reduces to a factorization in K(«).

Now we prove injectivity. Suppose we are given a chain map #; : X; — E; we
wish to prove that the factorization through fi; : X; — Xy is unique in K(s4). Choose
an hy : X — E where the identity Ay f;x = h; holds in C(s4); the existence of such
an iy has just been proved. Now take any & : X — E with hfjy = h;, thatis, with i fij
homotopic to h; = hy fix; we need to prove that 4 is homotopic to . The proof is by
choosing a homotopy ®; connecting 4 f;; with Ay fi; and then by induction on j lift-
ing it to a homotopy connecting A fj; with hy fj; withi < j <k using Lemma 2.6. [

We will construct sequences to which we will apply Lemma 2.8. The maps
X; — X, from which these sequences are built up will be obtained as follows.

Construction 2.9. Given an object X € C(s4), an integer n, and a monomorphism
X" — A in «, we form a map of chain complexes f : X — Y = B(X,n, X" — A)
as follows:

() f':X'— Y'is the identity map 1: X' — X' foralli #n,n+ 1.
(i1) In degrees n and n + 1, the commutative square
Xn Yn
Xn+1 Yn+1

is just the pushout square
X" —— A

]

Xn+1 Yn+1

We could specify A, up to noncanonical isomorphism, by giving its class as an
extension in Ext' (A/ X", X"). In our applications, A/ X" will be a large coproduct
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A/ X" = qP of B copies of the object g of Remark 1.17, and hence, it will suffice
to give a subset A C Ext' (g, X") of cardinality 8. We will let B(X, A) denote the
corresponding complex Y.

Remark 2.10. Suppose we are given an integer n and an object y € sd. The trivial
complex T (y) is just the complex

5050y Y00

with the nonzero terms in degrees n and n + 1. Assume now that we are given an
object X € C(s4) and a monomorphism X" — A in &{. The morphism f: X — Y =
B(X,n, X" — A) of Construction 2.9 fits in a short exact sequence of complexes

0> XLy TA/X") >0,

and it immediately follows that f is a monomorphism and a quasi-isomorphism.
But the mapping cone in K(s4) on the map f is homotopic to a bounded complex
and belongs to “K(Inj #{) by Lemma 2.1. Thus, f is a suitable building block for
constructing chains of complexes as in Lemma 2.8.

Construction 2.11. Let X € C(s4) be an object. Let g be our chosen generator for
the abelian category 4, and let M be the set of all the quotients of g. In Remark 1.17,
we defined g to be the coproduct of them all.

For each subset A C Extl(q, X™), we consider the map X — B(X, A) of
Construction 2.9. In the special case where A = Extl(q, X™) is maximal, we
denote the map as X — B(X, n). In this case, we know that the functor Ext!(x, —)
annihilates the map X" — B(X, n)" whenever x is a direct summand of ¢, in
particular for all quotients x of g.

Given X € C(«), we inductively define a sequence of length @ in C(s). At each
step, we let the map X; — X;;| be X; — B(X;, n) for some suitable n depending
on i. The precise recipe is:

(1) Xo= X, and X9 — X is the map X — B(X, 0).
(ii) For an integer i > 0, we define X»;_; — Xy; tobe X5, — B(X3;_1, i) while
Xoi — Xojy1 is set to be Xo; — B(Xp;, —i).
(iii) X, = colim X,,.
Lemma 2.12. Define the map fx : X — J(X) to be the morphism X — X, of
Construction 2.11. Then fx is a degreewise monomorphism and is annihilated

degreewise by Ext' (x, —) whenever x is a quotient of g. Furthermore, the mapping
cone of fx lies in ~K(Inj s{).
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Proof. By construction, fx is the colimit of degreewise monomorphisms and hence
a degreewise monomorphism. The fact that fy is annihilated by Ext! (x, —) in every
degree n is true because, depending on whether n is positive or negative, either
the map X7j,—1 — X2, or the map X5, = X2ju 41 Will induce zero in degree
n under the functors Ext' (x, —). That the mapping cone lies in LK(Inj o) comes
from Lemma 2.8. (]

Theorem 2.13. The natural inclusion K(Inj i) — K(A) has a left adjoint 1.

Proof. Let X be an arbitrary object of C(s{). By transfinite induction, we define a
chain of complexes J*(X) for every ordinal A. The rule is:

i JOX)=X.

(i) If J*(X) has been defined, then the map J*(X) — J*T1(X) is just J*(X) —
J(JH(X)).

(iii) If A is a limit ordinal, then J*(X) = colim _ J'(X).
—>i<h
Let o be the regular cardinal of Definition 1.4. Now consider the triangle
AX) = X — J¥(X) > TAX).

Lemma 2.8 tells us that A(X) belongs to LK(Inj o). T assert that J*(X) belongs to
K(Inj oA); from the triangle and [Neeman 2001, Theorem 9.1.13], we deduce the
existence of the adjoint and note that the adjoint takes X to I(X) = J*(X).

It remains to prove the assertion: we must show that in each degree n the object
J¥(X)" € A is injective. Since « is an «-filtered colimit of the ordinals A < «,
Lemma 1.10 tells us that, for each quotient x of the generator g of A,

1 o ny __ . 1 A n
Ext' (x, J*(X)") = cohmka Ext (x, J*(X)").
By construction, we know that the map
Ext'(x, J*(X)") — Ext'(x, 2T (X))
is zero, and hence, the colimit vanishes. Thus, Ext' (x, J*(X)") = 0 whenever x is
a quotient of the generator g, and hence, J*(X)" must be injective. ([

Corollary 2.14. The homotopy category K(Inj o) satisfies TRS, meaning it has
coproducts.

Proof. Given a collection of objects {X; | A € A} in the category K(Inj s4), we can
certainly form the coproduct in K(s{); applying the functor [ to this coproduct gives
the coproduct in K(Inj ). O

Remark 2.15. The construction of /(X) out of X was broken up into two steps.
In the proof of Theorem 2.13, we constructed a sequence by letting J'+!(X) =
J(J1(X)) for each ordinal i and by taking colimits at limit ordinals. But this hides
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the fact that J(Y) is constructed out of Y as the colimit of a countable sequence
where Y; 1 = B(Y;, n) for some suitable n depending on i; see Construction 2.9.
If we assemble it all into one long sequence, then we define a sequence where
X,;+1 = B(X;, n) for every ordinal i but where the integer n depends on the distance
of the ordinal i from its predecessor limit ordinal. And we recover the sequence
(JH(X)) by restricting attention to X; for limit ordinals i.

3. The p-compact generation of K(Inj s{)

In Section 2, we proved Theorem 2.13: the inclusion K(Inj sd) — K(s{) has a left
adjoint /. In the construction, we made many choices: even though we constructed
a morphism X — I(X) = J*(X) in the category C(s), the construction is not
functorial in C(«). The map sending X to I (X) becomes a well defined functor only
in the homotopy category K(sf), and X — I (X) is a natural transformation only at
the homotopy level. Still X can be expressed as the colimit of all its p-presentable
subobjects with p as in Definition 1.11, and we would like to express 1 (X) as
a p-filtered colimit.

Construction 3.1. Recall that B C s was the category s4* of p-presentable objects
in «; see Proposition 1.18 and Definition 1.20. Let X be an object in C(s4), and let
9 be a full subcategory of subobjects ¥ C X with ¥ € C(B) C C(A). Assume $ is
wu-filtered and its colimit is X. Construct the category $($, n) whose objects are
subobjects Y of B(X, n) with the following properties:

(i) Y N X belongs to $.
(ii)) The map Y N X — Y is an isomorphism in degrees i #=n,n + 1.

(iii) Indegree n, we have a monomorphism Y"/Y"NX" — B(X, n)"/ X", and from
the construction of B(X, n), we know that B(X, n)"/ X" is the coproduct q? =
]_[Extl( ¢,xm 4 With g as in Remark 1.17. We require that the monomorphism
Y"/Y"NX" — B(X,n)"/X" is the inclusion of a subcoproduct.

(iv) The square
y'nx" —m —y”

Yn+1 N Xn-i—l Yn+1
is a pushout.

Remark 3.2. Let us untangle what this means. In Construction 2.11, B(X, n) was
defined so that there is a short exact sequence in C(sd)

0— X — B(X,n) — T(g)"P@X) ¢

where T'(q) is the trivial complex --- — 0 — g 4 q — 0 — --- concentrated in
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degrees n and n 4+ 1. The conditions on the subobject Y C B(X, n) that it must
satisfy to belong to (¥, n) come down to asking that ¥ N X belongs to $ and that
in the map of short exact sequences

0——YNX Y Y/ (YNX)——0
I
0 X B(X,n) — T(q)*Ex@X) — 0

the monomorphism % : Y /(Y N X) — T (q)*F*@-X") should be the inclusion of a
subcoproduct. In degree n, we have a diagram

0——Y"'nXx”" y" g™ 0
J/ J{ hl
0 X" B(X, n)n q#Ext(q,X") 0

The top row of this diagram defines a map ¢ : A’ — Ext! (g, Y” N X") giving the
extension, and the fact that 4 is an inclusion means that the composite

A 5 Extl(q, Y" N X") — Ext'(q, X")
must be injective. Therefore, ¢ must be injective; A’ is a subset of Ext! (g, Y"NX").

Lemma 3.3. The objects of the category $($, n) all belong to C(A*) = C(B).

Proof. We know that ¥ N X belongs to $ C C(%) and hence all the objects Y’ N X!
belong to %B. For i # n,n+ 1, we have that Y/ =Y/ N X’ € %B. We need to show
that Y, Y"*! € 3. From the pushout square

y'"nx" ————y”

| l

Yn+1 ) Xn+1 Yn+1

it follows that Y"*! is a quotient of Y" @ (Y"! N X"*1); by Proposition 1.15(ii),
Y"*! will belong to B if Y does.

In Remark 3.2, we saw that Y is an extension of g** by YN X" € B, where A’
can be thought of as a subset A’ C Ext! (¢, Y"NX"). By Remark 1.17, we know that
#A' <#Ext'(g, Y"NX") < u. But ¢ is the coproduct of the < & quotients x of the
generator g, all of which belong to € C %&; hence, g™ isa coproduct of < u objects
in & and belongs to &B. By Proposition 1.15(iii), % is closed under extensions, and
therefore, Y" also belongs to %. U
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Lemma 3.4. The category $(9, n) is p-filtered.

Proof. Since $(%, n) is equivalent to a partially ordered set, we need only show
that every collection of fewer than p objects in $($, n) is dominated by an object
of $(¥,n). Suppose therefore that we are given a set {Y; | j € J} of < u objects
of $(¥, n). The objects ¥; N X all belong to the u-filtered category .$, and we may
therefore choose a Z € $ dominating them.

Take k € Ker(Ext! (g, 2™ — Ext! (¢, X™)). Now X" = coth <X}, the cate-
gory J is u-filtered, and Ext' (¢, —) commutes with - ﬁltered cohmlts Hence

1 n . 1 n
Ext (g, X") = MXE& Ext'(q, X}),

1

and the fact that k € Ext' (g, Z") maps to zero in coﬂ)nxieg Extl(q, X}') means
that we may choose some morphism Z — Z; in $ so that k is annihilated by
Extl(q, ") — Extl(q, Z;). We can choose such a Z — Z; for every k €
Ker(Extl(q, ") — Extl(q, X")). But #Extl(q, Z") < u, and hence, there are
< u possible k. Since $ is u-filtered, the Z; are all dominated by some object
7' € $. Thus, the map Z — Z' annihilates all the k; on the image Im(Ext! (¢, Z") —
Ext'(¢, (Z))")), the map to Ext! (g, X") is injective.

For each Y], we have that Y7 is an extension of ¢**J by Y/ N X", where A is a
subset of Ext! (g, Y" nxm that maps injectively to Ext!(g, X ™). We may take the
image of A ; under the composite Y "NXJ/ — Z" — (Z')" or more precisely under
the composite

Ext'(q, Y} N X") — Ext' (¢, Z") — Ext' (¢, (Z')").

The image of each A is contained in Im(Ext! (¢, Z") — Ext! (g, (Z’)")); hence, so

is the union of the images A" = JIm(A ;). But Im(Ext! (¢, Z") — Ext' (¢, (Z))"))

maps injectively to Ext! (¢, X™); and hence, so does its subset A’. Let Y’ = B(Z', ).
As in Remark 2.10, for each y € o, let T'(y) be the trivial complex

> 0>0->y—>y—>0->0—>---

where the nonzero terms are in degrees n and n + 1. The objects Y;, Y’, and
B(X, n) € C(A) fit into extension sequences

0—Y,NX Y; T (q)* —— 0,

0 VA Y’ T ()" —— 0,
0 — X — B(X,n) — T(q)"B'=X" 0,

and the extension classes are all compatible. We may choose maps of extensions



448 Amnon Neeman

0——Y,NX Y; ° T ———0
l fjl l

0 z Y’ T(@*" ———0
| oA

0 X B(X,n) — T(g)"™'™X) 0

Now the monomorphisms Y;NX — Z', Z' — X, Aj — A" and A" — Ext!(x, X™)
are all given to us explicitly. The fact that the extension classes are compatible
means we may choose maps f; and g as above, but they are not unique. Let us
make the choices.

Now each Y; is a subobject of B(X, n); it comes with a given monomorphism
h;:Y; — B(X, n) making commutative the diagram

0——Y,NX Y; T(g)" ———0
| l
0 X B(X,n) — T(@)*BC™X) 0

There is no reason to expect that 4 ; should equal gf;. The difference h; — gf;
must however factor through a map T(¢)™ — X, and maps in C(«) of the form
T(y) — W are in bijection with maps y — W". Thus, h; — gf; is determined
by a map in s of the form ¢**/ — X". But Hom(¢**/, —) commutes with -
filtered colimits, and X" is the u-filtered colimit of X!, X; € $. For each j,
we may therefore choose a map Z' — Z; in $ so that h; — gf; factors through
T(q)* — Z j C X. Since there are fewer than p objects Z; € $, we may find an
object Z” € $ dominating them. Let W = B(Z”, A’); that is, form the extension
0—-2"'->W-— T(q)#A/ — 0 corresponding to the image of A’ C Ext'(g, (Z")")
under the map Ext! (¢, (Z)") — Ext!(q, (Z")").

Because the extension classes are compatible, we may construct maps of exten-
sions

T()" ————0

’ i

w T ————0

: l

0 —— X —5 B(X,n) — T(@)*B' =X 0
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There is no reason to expect g to be equal to o p, but the difference factors through
some ¢ : T(¢)*"" — X. Changing o to o + {¢n’, we achieve that g = op. But
now we have monomorphisms Y; Ty Llws B(X, n), and we have that
h;—gf; =h; —opf; factors through a map T (¢)*/ Y70 x. Replacing pf;
by fjf =pfj+710;6;, we have that af]f =hj forall j € J. Thus, the monomorphisms
h;:Y; — B(X,n) all factor through o : W — B(X, n), and the subobject o : W —

B(X, n) belongs to $(¥, n). ]
Lemma 3.5. B(X, n) is the colimit of its subobjects Y € $(9, n).

Proof. Let Y be an object of $($, n). Then we have a monomorphism of short
exact sequences

0——YNX Y T(g") —0
fYJ/ 8Yl hyl
0 b'¢ B(X,n) — T(g"B'@X"y 0

with hy being the inclusion of a subcoproduct. Since the category $(¥, n) is
filtered, the colimit over $($, n) of the top row is exact; we wish to show that
the colimit of gy is an isomorphism, and the five lemma tells us that it suffices
to prove that the colimits of fy and iy are isomorphisms. Also, since fy and hy
are monomorphisms, so are their colimits. It therefore suffices to prove that the
colimits of fy and hy are epi.

For fy, note that the category $ embeds in the category $(¥,n); we can
view a subobject ¥ C X as a subobject of B(X, n), where the corresponding
A’ C Ext!(g, Y™) is empty. But the colimit of $ maps epimorphically to X, and
this epimorphism will factor through the colimit of fy. Hence, the colimit of fy
must be epi.

We need to show that the colimit of Ay is epi. Take any A € Ext' (g, X"); because
Ext! (g, —) commutes with p-filtered colimits and X" is the p-filtered colimit of X s
X; € $, we may choose a Z € $ and an element ¢, € Ext' (g, Z") mapping to A.
Form the extension 0 — Z — Y — T (q) — 0 corresponding to e, . From the fact
that e, maps to A, we have a map of extensions

0 z Y T(q) 0

I

0—— X — B(X,n) — T(¢g"B{'@Xy 0

where hy is the inclusion of the subcoproduct over the singleton {A}. Thus, the
image of the colimit of the 4y must contain the coproduct over every singleton
in Ext! (¢, X™), and hence, it must be epi. U
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Lemma 3.6. [ffiltered colimits of < u objects in $ belong to 9, then filtered colimits
of < u objects in $(9, n) belong to $($, n).

Proof. An object Y belongs to $($, n) if it comes with a monomorphism of short
exact sequences

0——YNX Y T(g") —0
fYJ/ 8Yl hyl
0 X B(X,n) —— T(g*B'@X") 50

where hy is the inclusion of a subcoproduct and ¥ N X € $. A filtered colimit of
objects ¥, N X, A € A, will belong to $ as long as #A < p andeach ¥, N X € 9.
Filtered colimits are exact, and hence, the filtered colimit of < ;¢ monomorphisms
of short exact sequences as above is such a monomorphism. (]

Construction 3.7. Recall Remark 2.15: the object /(X) = J“(X) can be con-
structed using a single sequence. Let us now remember this sequence:

1 Xo=X.

(i) X;4+1 = B(X;, n) for some n depending on i. The precise relation is that if
i = {4+ m, where £ is a limit ordinal and m is an integer, then n = —m /2 if m
iseven and n = (m + 1)/2 if m is odd.

(iii) For limit ordinals j we have X ; =colim  X;.
—>i<j

Suppose we are given an a-filtered category $ of subobjects of X, whose colimit
is X. For every ordinal i, we will now form a subcategory $; of subobjects of X;.
The rules are:

1) $o=29.
(i1) If n is the integer for which X; | = B(X;, n), then $,,| = $(¥$;, n).

(iii) Let j be a limit ordinal. A subobject ¥ C X ; belongs to ¢ if and only if Y N X;
belongs to $; for all i < j.

Lemma 3.8. Suppose Y C X lies in $; in the notation of Construction 3.7. Then
in the triangle Y N X — Y — A —, we have that A belongs to “K(Inj s).

Proof. Consider the sequence Y; = Y N X;. By hypothesis, Y;1| € $(¥;, n), and

in Remark 3.2, we saw that Y;,; = B(Y; 1 N X, A") = B(Y;, A’) for some subset

A’ C Ext'(g, Y/") mapping injectively to Ext! (g, X"). And for limit ordinals ¢, we

have Y, =Y N Xy, = colim,_,(Y N X;) = colim,;_,¥;. The lemma now follows
I 5i< i<

from Lemma 2.8 and Remark 2.10. O
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Lemma 3.9. Let X be an object of C(A), and let $ C C(B) = C(A*) be a full
subcategory of the subobjects of X. Assume $ is p-filtered with colimit X, and
assume that filtered colimits of < w objects in $ belong to 9.

Then for every ordinal i < o, we have that $; has the same properties: it is
contained in C(B), is u-filtered with colimit X;, and is closed under filtered colimits
of < | objects.

Proof. For i =0, we have $9 = $ and there is nothing to prove. Suppose the result
is true for i. By Lemma 3.3, we have $; 1 C C(#); by Lemma 3.4, it is u-filtered;
by Lemma 3.5, the colimit is X;;1; and by Lemma 3.6, it is closed under filtered
colimits of < u objects.

For the remainder of the proof, assume j is a limit ordinal and the assertions of
the lemma are true for all i < j. Let Y be an object of § ;. By definition, Y N X; € $;
for every i < j, and by induction, ¥ N X; € C(RB). But Y = c_ol_ir_1)1i<j(Y N X;) is
the colimit of < o < p objects of C(B); by Remark 1.16, Y € C(%).

LetY = coﬂ)n +erYr With Y, € $; and R be a filtered category with < u objects.
Fori < j,wehavethat YN X; = coﬂ)nreR(Yr N X;) belongs to $; by the induction
hypothesis, and hence, Y € $; by definition.

Let {Y, | r € R} be a set of < u objects of $;. By induction on i < j, we choose

(i) an object Zg € $( containing all the Y, N X and
(ii) an object Z;4 € $;41 containing Z; and all the objects ¥, N X;11.

(iii) For limit ordinals ¢, define Z;, = colim_ Z;. Then Z, belongs to %, since
> i<
Zy N X} = colim . Z; N Xy belongs to $; forall k < £ < j.
>i<

Butnow Z; € 9; contains all the Y,. Thus, $; is u-filtered.

The category J; is a filtered category of subobjects of X;, and the colimit is
some subobject of X ;. But it contains the colimits of $; C $; for all i < j; that is,
it contains all the X; with i < j. Because X; =colim X;, we conclude that the

.. . —>i<]j
colimit of $; is all of X;. ]

Lemma 3.10. Let X and $ be as in Lemma 3.9. The full subcategory of $, whose
objects are in C(Inj A) is cofinal.

Proof. Let Y be an arbitrary object of $,; we need to produce a morphism ¥ — Z
in $, with Z € K(Inj ). We inductively define a sequence {Z;} of objects in ¥;,
and Z will be the colimit; the recipe is:

(i) Put Zg =Y NX.

(il) Assume n is the integer for which $;11 = $(¥;, n), and suppose we have
defined Z; € $;. Choose an object W; € $; containing Z; and Y N X;. There is a
morphism W; — V; in $; annihilating the kernel of Ext (g, W) — Ext'(g, X s
we saw its existence in the proof of Lemma 3.4. Let A’ C Ext'(q, V") be the
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image of the map Ext!(q, W) — Ext!(q, V"); then A’ maps injectively to
Ext! (g, X}'), and we can define Z; | € $;41 to be B(V;, A). Thatis, Z; 1 is
given by a map of extensions

0 V; Zis1 T(qg") ———0

fl gJ/ hJ{
0—— X —— B(X,n) —— T(g"B{'@XY 0

Note that the monomorphisms f and % are given, and we make a choice of a
compatible g.

(ii1) For limit ordinals ¢, define Z;, = colim  Z;.
—>i<{

We have a map Z; — Z; that factors as Z; - W; — V; — Z;, 1. By construction,
the map W; — V; kills the kernel of the map ¢ : Ext' (g, W) — Ext' (g, X ) while
the morphism V; — Z; | kills the image of ¢. It follows that the composite Z" —
Z{’H is annihilated by Ext! (g, —) for the choice of n for which X;; = B(X;, n).

The n are chosen so that, for any limit ordinal i, every integer n occurs between i
and i + w. If we restrict to limit ordinals, we have that Extl(q, —) annihilates
Z; — Z7 for any integer n and any pair i < j of limit ordinals. But Z, is
the a-filtered colimit of the limit ordinals < «, and for each quotient x of the
generator g, we have that Ext!(x, —) commutes with a-filtered colimits. It follows
that Ext' (x, Z) =0 for all x and all n, and hence, Z, is a complex of injectives.
And by construction, ¥ = colim(¥Y N X;) maps in $, to Z = colim Z;. |

— t—

Corollary 3.11. Let Y € 9, be in the cofinal subcategory of objects that lie in
K(Inj ). Then Y = I1(Y N X).

Proof. By Lemma 3.8, the triangle Y N X — ¥ — A — has A € “K(Inj s{). Since
Y belongs to K(Inj s4), the triangle identifies ¥ with (Y N X). O

Lemma 3.12. Let I : C(A) — C(Inj A) be the functor of Theorem 2.13. Then the
objects {1(s) | s € C(B)} generate the triangulated category K(Inj ).

Proof. For every nonzero object X € K(Inj o), we need to produce a nonzero
map I(s) — X in K(Inj ) or equivalently (by the fact that [ is left-adjoint to
the inclusion) a nonzero map s — X in K(s). The proof is as in [Krause 2001,
Lemma 2.2].

If X is not acyclic, there is a nontrivial cohomology group; without loss, we may
assume H%(X) # 0. Let K C X" be the kernel of 3 : X° — X!; we may choose
amap g — K that does not factor through the image of X~! — X°. But then
g — K — X° extends to a chain map g — X that is nonzero in homology, and g
is u-presentable; that is, g € C(%).
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It remains to handle the case where X is acyclic. If X is nonzero in K(Inj s{), then
it is not a contractible complex, so there must be an 7 for which Im(X" — X"*1)
is not an injective object of s. Suppose without loss that M =Im(X 2 — X~ is
not injective. Then there is a quotient x of the generator g and a nonzero element
of Ext! (x, M). But elements of Ext! (x, M) are in bijection with morphisms x — X
in K(s1), so we have produced a nonzero map x — X where x is p-presentable,
that is, x € C(%). O

Theorem 3.13. Let B C A be as in Definition 1.13; by Proposition 1.18, it is
precisely the category B = A" of u-presentable objects in A. Then the objects
{I1(s)|s € C(B)} form a p-compact generating set in the category K(Inj ). There-
fore, K(Inj oA) is well generated.

Proof. The fact that these objects generate was proved in Lemma 3.12; what remains
is to show that they form a p-compact generating set, meaning that they form a
u-perfect set of p-small objects; see [Neeman 2001, §3.3, §4.1, and §4.2]. Suppose
we are given a set {X, | A € A} of objects of K(Inj o). Then the coproduct of these
objects in K(Inj o) is formed by applying the functor / of Theorem 2.13 to the
ordinary coproduct in K(s{) or C(s4). But now, in the category C(s{), each X is
the u-filtered colimit of its subobjects {s — X, | s € C(%)}, and the coproduct of
the X, satisfies

Thus, we wish to apply our lemmas to the object X =] [ X, and to the category $
consisting of subobjects | [, ., 51, Where A" C A is a set with #A” < u and each
s) € C(B) is a subobject of X;.

We have proved that I (X) = X, is the colimit in C(s) of the p-filtered category
94, and hence, any map from the u-presentable s € C(RB) to I/ (X) must factor
through some object Y € $,. By Lemma 3.8, Y fitsin a triangle YN X — Y — A —
with A € LK(Inj 0); if we apply the functor I, then it takes Y N X — Y to an
isomorphism. Thus, the map s — I(X) factors as s - I (Y N X) — I(X), and
Y N X is an object of $, meaning a coproduct ]_[xe/v 53, where A’ C A is a set with
#A' < u and each s, € C(%) is a subobject of X;. In the category K(Inj o), we
have factored the map as

1(s) — 1(]_[ sA) — 1<]_[ X,\>.
AeN AEA
Now suppose that we are given in K(Inj &) a vanishing composite

I(5) > 1<]_[ s;L> s 1(]_[ XA>,

rEA’ rEA
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that is, we are given a map 6 so that o6 is null-homotopic. Let us write this a little
more compactly: we are given a morphism 0 : I (s) — I (W) so that the composite
1(s) i) I(W) AN 1 (X) is null-homotopic with W =, _ ,, s belonging to § = $,.
Of course, we are free to replace W by a larger subobject in $ before proceeding
any further, and Lemma 3.10 tells us that in the category $, the objects that belong
to C(Inj o) are cofinal. We may therefore produce in $, a map W — Y with Y in
the subcategory. We have a morphism s — I (s) — I(Y) =Y in K(Inj ); choose
a representative, that is, a chain map s — Y in C(s4). We know that the composite
s — Y — [ (X) is null-homotopic.

But /(X) is the u-filtered colimit of $,, and s is u-presentable. There is a
map Y — Z in $, so that the composite s — ¥ — Z is already null-homotopic.
Now recalling that the maps I(Y N X) — I(Y) =Y and I(ZNX) — 1(Z)
are isomorphisms in K(Inj s{), we have proved that for some Z € $, the map
s > I(YNX)— I(ZNX) is zero in K(Inj o), that is, we have proved the
vanishing of some

O

(5> 1(]_[ sk> — 1<]_[ tx).

LEN AeEAN”
4. The failure of recollement

In the generality where o is any Grothendieck abelian category, we have natural
functors

Koo (Inj ) 5> K(Inj s8) 2 D(st)

that compose to zero. But the functor Q has a right adjoint Q,, namely the functor
taking X € D(s4) to its K -injective injective resolution. Since Q,, is fully faithful,
the map Q must be a Verdier quotient, but J is precisely the inclusion of the kernel
of Q. It therefore follows that J also has a right adjoint J,,.

Krause [2005] proves that, provided the category o is locally noetherian and
D(s1) is compactly generated, then J and Q have left adjoints as well. In particular,
J takes products to products: products of acyclic complexes of injectives are acyclic.
What we will now produce is:

Example 4.1. There is a locally noetherian abelian category & for which K(Inj &)
is not closed under products. The category s will be (a special case of) the category
A of [Neeman 2011, Construction 1.1]; the counterexample works in the generality
of the s of [Neeman 2011, Construction 1.1], but for simplicity, we will specialize
to a particular case. And the chain complex of injectives will be a minor modification
of the chain complex of [Neeman 2011, proof of Theorem 1.1, pp. 830-831].

Let k be a field, and let R; = R be the ring k[x]/ (x2) of dual numbers over k. The
ring R, is R ®; R ®y - - - @ R, the tensor product of n copies of R. The inclusions
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R, — R, are the inclusions into the first n factors. And S is the colimit of R,,. If

we write S as
_ klx;, x5, x5, ...]

2 .2

S =
2 9
(X7, X5, X35 ...)

then o is the category of all S-modules M, where each element m € M is annihilated
by all but finitely many of the x;.

Let B be an injective resolution of Xk over the ring R; for definiteness, let us
choose B to be the complex starting in degree —1

Let C,, be the complex B®", that is, the tensor product of n copies of B. Then C,, is
an injective resolution of X"k over the ring R, =k[x, x,, ..., xn]/(xlz, x22, e, xr%).
Consider the chain map k — B, which takes 1 € k to x € R = B, that is, the chain
map

0 0 0 k 0

| R S

0 0 R— ++R—R—=
B—3 B—2 B—l BO Bl

We have an induced inclusion C, = C, ®x k — C,, @ B = C,,+1, and we define C
to be the colimit of the C,,. Then C is an acyclic complex of injective objects in .

Now let ¢, € C° be the cycle x@x®x®- - -, which we view as x; @x, ®x3®- - - ;
the only question is which degree each x; =x € R lives in. The rule is: for 1 <i <n,
we have x; € B~' = R; forn+1 <i <2n, we have x; € B = R; and for 2n < i, we
put x; € B = R. Note that x; ® x, ® - - - ® x,, € ;" is not a boundary; it defines
the unique nonvanishing cohomology class of C, = X"k. Of course, ¢, € C is a
cycle in the acyclic complex C and hence a boundary, but it must be a boundary
of some chain in C~! that nontrivially involves the terms in the tensor product
with i > n; in other words, if ¢, is the boundary of a chain b,, € C, then there exists
ani > n so that x;b, # 0. The product [] 2, ¢, is a product of cycles in CY and
hence is a cycle in the complex [],—, C. But it cannot be a boundary; if it were the
boundary of [[72, b,, we would have infinitely many i and infinitely many n; for
which x;b,, # 0, meaning [[ -, b, cannot belong to the category <.

Remark 4.2. Since the category # is locally noetherian, it follows that its derived
category D(s4) cannot possibly be compactly generated. After all, Krause [2005]
proved that when D(s) is compactly generated then K(Injs) is closed under
products.
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Essential dimension
of spinor and Clifford groups

Vladimir Chernousov and Alexander Merkurjev

We conclude the computation of the essential dimension of split spinor groups,
and an application to algebraic theory of quadratic forms is given. We also
compute essential dimension of the split even Clifford group or, equivalently, of
the class of quadratic forms with trivial discriminant and Clifford invariant.

1. Introduction

We recall briefly the definition of the essential dimension.

Let F be a field, and let & : Fields/F — Sets be a functor from the category
of field extensions over F' to the category of sets. Let E € Fields/F and K C E
a subfield over F'. We say that K is a field of definition of an element @ € F(E)
if o belongs to the image of the map F(K) — F(E). The essential dimension
of a, denoted ed” (), is the least transcendence degree tr.deg r(K) over all fields
of definition K of «. The essential dimension of the functor % is

ed(F) = supfed” (@)},

where the supremum is taken over all fields E € Fields/F and all « € &(E) (see
[Berhuy and Favi 2003, Definition 1.2] or [Merkurjev 2009, §1]). Informally, the
essential dimension of % is the smallest number of algebraically independent param-
eters required to define & and may be thought of as a measure of complexity of %.

Let p be a prime integer. The essential p-dimension of @ € F(E), denoted
edf (@), 1s defined as the minimum of edg(a £'), where E’ ranges over all finite
field extensions of E of degree prime to p and «g: is the image of o under the map
F(E) — F(E'). The essential p-dimension of F is

ed, (%) = supfed’ (o)},
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where the supremum ranges over all fields E € Fields/F and all « € %(E). By
definition, ed(%) > ed, (%) for all p.

For convenience, we write edo (%) = ed(¥F), so ed,(¥) is defined for p =0 and
all prime p.

Let G be an algebraic group scheme over F. Write ¥ for the functor taking
a field extension E/F to the set Hélt(E , G) of isomorphism classes of principal
homogeneous G-spaces (G-torsors) over E. The essential (p-)dimension of Fg is
called the essential (p-)dimension of G and is denoted by ed(G) and ed, (G) (see
[Reichstein 2000; Reichstein and Youssin 2000]). Thus, the essential dimension
of G measures complexity of the class of principal homogeneous G-spaces.

In this paper, we conclude the computation of the essential dimension of the
split spinor groups Spin,, originated in [Brosnan et al. 2010; Garibaldi 2009] and
continued in [Merkurjev 2009] (Theorem 2.2). In the missing case n = 4m > 16,
we prove that

eda(Spin,,) = ed(Spin,,) =2"""2/2 y o™ _ ”(”—2_1)

where 2™ is the largest power of 2 dividing n. The value of ed(Spin,,) is surprisingly
large. Recall a striking consequence of this (see [Brosnan et al. 2010, Theorem 1-1]):
the Pfister number Pf(3, n) is at least exponential in 7.

In Theorem 4.2, we give an application in algebraic theory of quadratic forms.
Precisely, we determine all pairs (n, b) of natural numbers (with two possible
exceptions) such that, for every field F, any quadratic form in 73 (F) of dimension n
contains a subform of trivial discriminant of dimension b. This result, stated entirely
in terms of algebraic theory of quadratic forms, is proved using the tools of the
essential dimension!

Theorem 4.2 is applied later in the paper for the computation of the essential
dimension of split even Clifford group I';" or, equivalently, of the functor given
by n-dimensional quadratic forms with trivial discriminant and Clifford invariant
(Theorem 7.1).

We use heavily the work [Popov 1987], where the base field is assumed to be of
characteristic zero. This explains the characteristic restriction in most of our results.

2. Essential dimension of Spin,,

Let G be an algebraic group over F, and let C C G be a normal subgroup over F.
For a torsor E — Spec(F) of the group H := G/C, consider the stack [E/G]
(see [Vistoli 2005]). Recall that an object of the category [E/G](K) for a field
extension K /F is a pair (E’, ), where E’ is a G-torsorover K and ¢ : E'/C = Eg
is an isomorphism of H-torsors over K. The essential dimension ed[E/G] of the
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stack [E/G] is the essential dimension of the functor K +— set of isomorphism
classes of objects in [E/G](K).
The following was proven independently by R. Lotscher [2013, Example 3.4]:

Proposition 2.1. Let C be a normal subgroup of an algebraic group G over F and
H=G/C. Then
ed(G) <ed(H) +maxed[E/G],

where the maximum is taken over all field extensions L/F and all H-torsors E
over L.

Proof. Let I’ be a G-torsor over a field extension K/F. Then I := I'/C is
an H-torsor over K. There is a subextension Ko/F of K/F and an H-torsor
E over Ky such that there is an isomorphism ¢ : I = Eg of H-torsors and
tr.deg(Ko/F) <ed(H).

Consider the stack [E/G] over K. The pair (I’, ¢) is an object of [E/G](K).
There is a subextension K1/K of K /K such that (I, ¢) is defined over K; and
tr.deg(K/Ko) <ed[E/G]. It follows that I’ is defined over the field K with

tr.deg(K,/F) = tr.deg(Ko/F) +tr.deg(K,/Kp) <ed(H)+ed[E/G]. U

The following theorem concludes computation of the essential dimension of the
spinor groups initiated in [Brosnan et al. 2010; Garibaldi 2009] and continued in
[Merkurjev 2009]. We write Spin,, for the split spinor group of a nondegenerate
quadratic form of dimension n» and maximal Witt index.

If char(F) # 2, then the essential dimension of Spin, has the following values
for n < 14 (see [Garibaldi 2009, §23]):

n <6 7 8 9 10 11 12 13 14
edy(Spin,) =ed(Spin,) | 0 4 55 4 5 6 6 7

In the following theorem, we give the values of ed, (Spin,,) forn > 15and p =0
and 2. Note that ed,(Spin,) = 0 if p # 0, 2 as every Spin, -torsor over a field is
split over an extension of degree a power of 2.

Theorem 2.2. Let F be a field of characteristic zero. For every integer n > 15, we
have
20=D/2 _p(n—1)/2 ifn is odd,
edy(Spin,,) = ed(Spin,) = {222 _n(n —1)/2 ifn=2 (mod4),
20=2/2 4 0m _p(n—1)/2 ifn=0 (mod4),

where 2™ is the largest power of 2 dividing n.

Proof. The case n > 15 and n not divisible by 4 has been considered in [Brosnan
et al. 2010, Theorem 3-3].
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Now assume that #n > 15 and # is divisible by 4. The inequality “>" was obtained
in [Merkurjev 2009, Theorem 4.9], so we just need to prove the inequality “<”.
The case n = 16 was considered in [Merkurjev 2009, Corollary 4.10]. Assume that
n > 20 and n is divisible by 4.

Consider the following diagram with exact rows:

1 " Spin,, Spin;” 1
1 o o} PGO; — 1

where Spin,’ is the semispinor group, O} is the split special orthogonal group and
PGO;' is the split special projective orthogonal group. We see from the diagram
that the image of the connecting map

8k : HA(K, Spin) — H2(K, u2) C Br(K)
is contained in the image of the other connecting map
H\(K,PGO;") — HZ(K, u2) C Br(K)

for every field extension K /F. The image of the last map consists of the classes [A]
of all central simple K-algebras A of degree n admitting orthogonal involutions
(see [Knus et al. 1998, §31]). As ind(A) is a power of 2 dividing n, we have
ind(A) < 2™, where 2™ is the largest power of 2 dividing .

Let E be a Spinj{—torsor over K. We have shown that, if §x ([E]) = [A] for a
central simple K-algebra A, then ind(A) <2™. It follows from [Brosnan et al. 2011,
Theorem 4.1] that ed[ E/Spin,,] = ind(A) < 2™.

It is shown in [Brosnan et al. 2010, Remark 3-10] that

-1
ed(Spin) = 2022 2 (”2 )
for every integer n > 20 divisible by 4. Finally, by Proposition 2.1,
—1
ed(Spin,) < ed(Spin}) +2" =20=2/2 y om _ %
3. The functors I*

We use the following notation. Let F be a field of characteristic different from 2
and K /F a field extension. We define

Set of isomorphism classes of nondegenerate

INK) = , . .
quadratic forms over K of dimension n
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and recall from [Knus et al. 1998, §29.E] the existence of a natural bijection
INK)~ HL(K,0,).
Recall that the discriminant disc(g) of a form g € I,} (K) is equal to

(=D)""=D/2 det(q) € K* /K *2.

Set
I2(K) = {q € I/(K) : disc(q) = 1}.

We have a natural bijection Inz(K) ~ Hélt(K, O,J{) (see [Knus et al. 1998, §29.E)).

The Clifford invariant c(q) of a form g € Inz(K ) is the class in the Brauer
group Br(K) of the Clifford algebra of ¢ if n is even and the class of the even
Clifford algebra if n is odd [Knus et al. 1998, §8.B]. Define

LK) ={q € I;(K) : ¢(q) =0},

Remark 3.1. Our notation of the functors I,’l‘ for k =1, 2, 3 is explained by the
following property: I¥(K) consists of all classes of quadratic forms ¢ € W(K) of
dimension n such that g € I(K)* if n is even and gl {(—-1)e I[(K)* if n is odd,
where I (K) is the fundamental ideal in the Witt ring W (K) of K.

The functor I is related to Spin,,-torsors as follows. The short exact sequence
1—>;L2—>Spinn—>0:—>l
yields an exact sequence
Hy (K, po) — Hy(K, Spin,) — Hi(K,0) > HZ(K, p2), (1)

where c is the Clifford invariant. Thus, Ker(c) = I3 (K).

The essential dimensions of I! and I?> were computed in [Reichstein 2000,
Theorems 10.3 and 10.4]: we have ed(I,}) =n and ed(I,%) =n—1. In Section 7, we
compute ed(Z>). We will need the following lemma, which was proven in [Brosnan
et al. 2010, Lemma 5-1]:

Lemma 3.2. We have ed,,(I}) < ed,(Spin,) < ed,(I}) + 1 for every p > 0.

Proof. Let K/F be a field extension. The group Hélt(K M) = KX/K*? acts
transitively on the fibers of the second map in the sequence (1). It follows that the
natural map Spin,,- Torsors — I3 is a surjection with G,, acting surjectively on the
fibers. The statement follows from [Berhuy and Favi 2003, Proposition 1.13]. [

Let T;F be the split even Clifford group (see [Knus et al. 1998, §23]). The
commutative diagram with exact rows and columns
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1 1
1 " Spin,, o 1
1 Gn rt o 1
2 spinor | norm
G, ——Gy,
1 1

yields a bijection Hélt(K LI ~ I,f(K ) for any field extension K /F (see [Knus
et al. 1998, §28]). In particular, ed,(T;") =ed,(1}).

4. Subforms of forms in I3

In this section, we study the following problem in quadratic form theory, which
will be used in Section 7 in order to compute the essential dimension of I7. Note
that the problem is stated entirely in terms of quadratic forms while in the solution
we use the essential dimension. We don’t know how to solve the problem by means
of quadratic form theory.

Problem 4.1. Given a field F, determine all integers n such that every form
in I,? (K) contains a nontrivial subform in I1*(K) for any field extension K/ F.

All forms in I,f(K ) for n < 14 are classified (see [Garibaldi 2009, Example 17.8,
Theorems 17.13 and 21.3]). Inspection shows that for such n the problem has
positive solution.

In the following theorem, we show that in the range n > 15 the problem has
negative solution (with possibly two exceptions):

Theorem 4.2. Let F be a field of characteristic zero, let n > 15 and let b be an even
integer with 0 < b < n. Then there is a field extension K /F and a form in I,?(K)

that does not contain a subform in I b2(K ) (with possible exceptions (n, b) = (15, 8)
or (16, 8)).

Let a :=n —b. Write H, j for the image of the natural homomorphism
Spin, x Spin, — Spin,,. )
Note that the kernel of (2) is contained in

M2 X po = Ker(Spin, x Spin, — OZ[ X O;)
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and therefore is the cyclic group of order 2 generated by (—1, —1). Hence, we have
an exact sequence

l—>u2—>Ha,b—>O:XO;—>l
and therefore a map
H{(R, Hyp) — HL(R, O x Of) = HA(R, O}) x Hy(R, Of

for a commutative F-algebra R.

We write g(n) := (qa, q») for the image of an element 1 € Hélt(R, H, ») under
this map, where ¢, € H} (R, 0}) and g, € H.(R, O}).

Consider the commutative diagram with the exact rows

1 |15} Ha,b 02_ X OZ_ —1
|
1 o Spin,, o 1

The image of an element & € Hélt(R, Spin,,) in Hé]t(R, O;") will be denoted by ¢ (§).

Ifé&e Hélt(R, Spin,,) is the image of an element 7 € Hé]t(R, H, ), theng(§) =
qa L qp, the image of (q,, g») = q(n) under the map induced by t. We can reverse
this statement as follows.

Lemma 4.3. Let &£ € H)(R, Spin,) with q(§) = g, L qp, where g, € HL(R, O})
and qp € Hélt(R, OZ“). Then & is the image of an element n under the map
H}(R, Hyp) — Hj(R, Spin,) such that q (1)) = (qa, qv)-

Proof. The diagram above yields a commutative diagram with the exact rows

Hy(R, Hyp) —— Hg(R, 0F) x Hi(R, 0ff) —— H(R, p»)

l | |

HL(R, Spin,) ——— HL(R, 0F) ————— HZ(R, po)

Moreover, the group Hélt(R, I2) acts transitively on the fibers of the left maps in
the two rows. The result follows. ]

For nonnegative integers a, b and a field extension K /F, set

L (K):=1{(qa. q») € I;(K) x I;(K) : qu L gy € I)(K)}.



464 Vladimir Chernousov and Alexander Merkurjev

Corollary 4.4. Foranyne Hé]t(K, H, p), we have q(n) € Ij’b (K). The morphism of
functors q : H, - Torsors — [ j p 18 surjective. In particular, ed, (I 5 p) <ed,(Hyp)
for every p > Q.

Proof. Note that the map ¢’ in the proof of Lemma 4.3 when R = K takes a
pair (qq, qp) to the Clifford invariant of g, L g, in Br(K). The pair (g, g») €
I 3([( ) X IbZ(K ) comes from Hélt(K , H, ) if and only if the Clifford invariant of
qa L qp is split, i.e., g, L qp € I3 (K). O

Lemma 4.5. For an even a and any b,
edp(I; ) <edp(I;_y ) +1
for every p > Q.

Proof. Consider the morphism of functors
@G xI_y = 10, (ki f.8) > (W(f L(=1)), 9).

Every form % in Iaz(K) can be written in the form & = A(f L (—1)) for a value A
of h and a form f € Iaz_l(K); i.e., o is a surjection, whence the result. O

Write V,, and W, for the (semi)spinor and regular representations, respectively,
of the group Spin,,. We have

, 20=D/2 " if p is odd,
dim(V,) = S (=2)/2

and dim(W,,) = n. We consider the tensor product V, ;, := V, ® V,, as the represen-
tation of the group H, ;. We also view W, and W}, as H, p-representations via the
natural homomorphisms H, , — O; and H, ) — OZ, respectively.

A representation V of an algebraic group H is generically free if the stabilizer
of a generic vector in V is trivial. In this case, by [Reichstein and Youssin 2000],

if n 1s even

ed(H) <dim(V) —dim(H).

Lemma 4.6. Let a be odd and b even. Suppose that V, ; is a generically free
representation of the image of the homomorphism H, , — GL(V, ). Then V, , & W,
is a generically free representation of H, p,. In particular,

ed(Hy p) < dim(V, ) + dim(W,) — dim(H, ).

Proof. Write C,, for the kernel of Spin, — PGO; and C, for the kernel of Spin,, —
O, so C/, ={£1} C C,. By assumption, the generic stabilizer H of the action of
Spin, x Spin, on V, ; is contained in the center C, x Cp. Since Cp,/C 2 = JLp acts
on W;, by multiplication by —1, we have H C C, X Cl’7 >~ ;o X y. Note that gy x 1
and 1 x p, act by multiplication by —1 on V, ;; hence, H is generated by (—1, —1).
It follows that H, ;, = (Spin, x Spin,,)/H acts generically freely on V,, , & W;,. [J
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Proposition 4.7. Let char(F) =0. Ifn =a+b > 15 witha < b, then V, is
a generically free representation of the image of H, , — GL(V, ) if and only if
(a,b) # (3,12), (4, 11), (4, 12), (6, 10) and (8, 8).

Proof. All the cases of infinite generic stabilizers H are listed in [Ela§vili 1972, §3,
Row 7 of Table 6]: H is infinite if and only if (a, b) = (3, 12) and (4, 12).

If H is finite, by [Popov 1987, Theorem 1, Rows 1, 12 and 13 of Table 1], H is
nontrivial if and only if (a, b) = (4, 11), (6, 10) and (8, 8). [l

Proof of Theorem 4.2. Note that the case (n, b) with n even implies the case (n—1, b).
Indeed, suppose that every form in I,f_l for an even n contains a subform from / ,)2
Take any form g € 13 (K) for a field extension K/ F, and write ¢ = A(f L (—1)) for
aleK*and f € I;_I(K). If f contains a subform & € IbZ(K), then ¢ contains Ah.
We need to show that the natural morphism of functors Ij’ b 13 is not surjective.
It suffices to prove that ed([i p) < ed(1n3). We may assume that n (and hence also a)
is even. Moreover, we may assume that a < b.
Suppose that n > 18. By Proposition 4.7, Lemmas 4.5 and 4.6 and Corollary 4.4,
ed(I} ) <ed(I}_,,)+1
<ed(Hg—1p)+1
<dim(Vy-1 ) +dim(W;) — dim(Hg—1,5) + 1
=224 b—(a—1)(a—2)/2—b(b—1)/2+1
=2"2"2 _(a®> +b* —3a —3b)/2
<2272 _ (n® —6n)/4

as a® +b? > n?/2. The last integer is strictly less than
227 _n(n—1)/2 — 1 < ed(Spin,) — 1 < ed(I)

by Theorem 2.2 and Lemma 3.2.
It remains to consider the case n = 16. Note that, by Theorem 2.2 and Lemma 3.2,

ed(Ij) > ed(Spin;g) — 1 = 23. A3)
We shall prove that ed(/ 3 ») < 23. All possible values of b are 8, 10, 12 and 14.

Case (n, b) = (16, 10). Consider the representation V := We@® Vi, 10 Wi of Hg 10.
We claim that V is generically free. The stabilizer in Sping of a point in general
position in Ws is Spins. Hence, the stabilizer in Hg 10 of a point in general position
in Wg is Hs 19. Note that the restriction of Vg 19 to Hs 1o is isomorphic to Vs 19.
Finally, the Hs jo-representation Vs 19 @ Wy is generically free by Proposition 4.7.
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It follows from (3) and Corollary 4.4 that
ed(lg’lo) < ed(Hﬁvl()) <dim(V) — dim(H(,,]o) = 80 — 60 = 20.

Case (n, b) = (16, 12). Consider the representation V := W3 @ W3 V3 120 @ Wi»
of H3 1. We claim that V is generically free as the representation of H3 1>. Indeed,
the stabilizer in H3 1 of a generic vector in Wy, is Hz ;. We are reduced to showing
that W3 @ W3 @ V3 11 is a generically free representation of Hz j1. By [Popov 1987,
§5, p. 246], the generic stabilizer S of H3 11 in V3 1 is finite (isomorphic to gy X i7),
and the restriction to S of the natural projection H3 j; — O;r is injective. It remains
to notice that the representation W3 @ W3 of OgL = PGL,; is generically free.
It follows from Lemmas 4.5 and 4.6 and Corollary 4.4 that

ed(I} ,) <ed(l3 ,) + 1 <ed(H3 12) + 1
<dim(V) —dim(H3 13) +1=82—-69+1=14.

Case (n, b) = (16, 14). As every form in 123 is hyperbolic, we have 123’14 = 1134 and
ed(1},) =7 by Theorem 2.2. O

5. Unramified principal homogeneous spaces

Let G be an algebraic group over F, and let K/ F be a field extension with a discrete
valuation v trivial on F'. Write O for the valuation ring of v. It is a local F-algebra.
We say that a class & € Hélt(K , G) is unramified (with respect to v) if £ belongs to
the image of the map H/ (0, G) — H\(K, G).

Let K be the residue field of v. The ring homomorphism O — K yields a map
Hl(0,G) — H/}(K,G). This map is a bijection if K is complete (see [SGA 3
1970, Exposé XXIV, Proposition 8.1]). Hence, we have the map

H\(K,G) > HL(0,G)— HA(K, G). )

Example 5.1. Let char(F) # 2 and G = O,. Then Hé]t(K, G) is the set of iso-
morphism classes of nondegenerate quadratic forms of dimension n over K. A
quadratic form ¢ over a field K with a discrete valuation is unramified if and only
if g ~{ay,ay, ..., a,), where q; are units in the valuation ring O in K. In general,
every g can be written ¢ = ¢q; L wgy L h, where 7 is a prime element, g and g»
are unramified anisotropic quadratic forms and % is a hyperbolic form. The form ¢
is unramified if and only if go = 0. It follows that, if two forms ¢ and m¢q are
both unramified, then g is hyperbolic. If K is complete, then the map (4) takes
f ={ay,an,...,a,) over K, where a; are units in O, to fx ={a,as, ..., ay,).
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6. Essential dimension of PI}

Two quadratic forms f and g over a field K are called similar if f = Lg for some
A e K*. If n is even, we write P I,?(K ) for the set of similarity classes of forms
in I3(K). The group K acts transitively on the fibers of the natural surjective
map I,%(K) — PI,?(K). Hence,

ed,(PI}) <ed,(I}) <ed,(PI})+1
for any p > 0 by [Berhuy and Favi 2003, Proposition 1.13].
Proposition 6.1. Let char(F) # 2. For an evenn > 8, and p =0 or 2, we have

ed,(PI}) =ed,(I}) — 1.

Proof. Let K/F be a field extension, and let g € I,?(K ) be a nonhyperbolic form.
Consider the form 7g over the field K ((¢)). It suffices to show that

3 3
edy (1) = ed)" (g) + 1.

Let M /K ((t)) be a finite field extension of degree prime to p (i.e., M = K((¢)) if
p=0and [M: K((t))]is odd if p =2), let L/F be a subextension of M/F and
let f € 13(L) be such that tr.deg(L/F) = ed (tq) and tqpy >~ fu.

Let v be the (unique) extension on M of the discrete valuation of K ((¢)), and
let w be the restriction of v on L. The residue field M is a finite extension of K
of degree prime to p. As the form ¢ is not hyperbolic, g is not hyperbolic, and
therefore, the form gy >~ fj, is ramified by Example 5.1. It follows that w is
nontrivial, i.e., w is a discrete valuation on L.

Let L be the completion of L. Note that, as M is complete, we can identify L
with a subfield of M. Write f; >~ (f1); L m(f2);, where f; and f, are quadratic
forms over the residue field L and 7 € L is a prime element (see Example 5.1).
Note that f1, fp €l 2(L) by [Elman et al. 2008, Lemma 19.4]. If the ramification
index e of M/L is even, then 7 is a unit in the valuation ring O of M modulo
squares in M *; hence, f) is unramified, a contradiction. It follows that e is odd.
Writing m = ut® with a unit u € O, we have

tgu = fu = (O La(fo)m = (fOm Lut(f2)m;

hence, (fi)y = 0 and gy = u(f2)u in W(M). It follows that (fi);; = 0 and
gy =u(f2)j In W (M), and therefore,

gy =u(f2)y; =ugi; (5

where g := fi L f, is the form over L of dimension n. Note that fi—g& =
(m, —=1)(f2); € I’(L); hence, g; € I3(L) and g € I*(L).
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It follows from (5) that gj; is similar to gz;, i.e., the form g is p-defined over L
for the functor PI,? (see [Merkurjev 2009, §1.1]), and therefore,

3 — 3
edy (tq) = tr.deg(L/F) > tr.deg(L/F) + 1 > edy " (q) + 1. 0

7. Essential dimension of I';"

In this section, we compute the essential dimension of '} and 7?.

Theorem 7.1. Let F be a field of characteristic zero. Then for every integer n > 15
and p =0 or 2, we have

20=D2 _ 1 —nn—1)/2 ifn is odd,
ed,(T;)) =ed,(I}) = 1 22/2 _n(n—1)/2 ifn=2 (mod4),
20=22 40m 1 —n(n—1)/2 ifn=0 (mod4),
where 2" is the largest power of 2 dividing n.

If char (F) # 2, then the essential dimension of In3 has the following values for
n < 14:

n <6 7 8 9 10 11 12 13 14
edy(I)=ed(I)| 0 3 44 4 5 6 6 7

Proof. We will prove the theorem case by case.

Case n =2 (mod 4) and n > 10. The exact sequence
1 - p4 — Spin, — PGO,T -1

yields a surjective map Spin,- Torsors(K) — PI>(K) for any K /F, with the group
K> acting transitively on the fibers of this map. It follows from Theorem 2.2,
Proposition 6.1 and Lemma 3.2 that

edy(I?) = eda(PI}) 4 1 > edy(Spin,) = ed(Spin,) > ed(I?) > eda(1?).
Hence, edg(lj )= ed(1n3) = ed(Spin,,). The latter value is known by Theorem 2.2.
Case n %2 (mod4) and n > 15. Let n = a + b with even b # 2. Let Z be the

trivial group if » = 0 and the image of the center Cp, of Spin,, in H, p, if b > 4. Then
Z is central in H, ;; hence, the group Hélt(K, Z) acts on Hélt(K, Hyp).

Lemma 7.2. Let&, n e Hélt(K, H, ) with even b # 2. Suppose that q(§) =q, L qp
and q(n) = q4 L Lqp with the forms q, € 13(1() and qp € IbZ(K) and . € K*. Then
n = aé for some a € Hélt(K, 7).

Proof. The statement is trivial if » = 0, so assume that b > 4. The restriction
of the natural homomorphism H, ;, — OZ to the subgroup Z yields a surjection
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0:Z— = Center(OZ). The kernel of ¢ coincides with the kernel C of the
canonical homomorphism H, , — O} x O;.

As Z is isomorphic to gy X ty or g4, the homomorphism ¢* : Hélt(K, Z) —
Hélt(K, ) = KX/KX2 is surjective. Let y € Hélt(K, Z) be such that ¢*(y) =
AK*2. Then q(v€) = qa L Agp = q(n). Then there is B € H)(K, C) such that
n = B(y&). Hence, n = &, where o = B’y with B’ the image of 8 under the map
Hélt(K, C)— Hélt(K, Z) induced by the inclusion of C into Z. [l

Let& e Hélt(K, Spin,,) be such that the form ¢ = g (&) € IS(K) is generic for
the functor I;:’ (see [Merkurjev 2009, §2.2]). In particular, edh (9) = ed(l,? ). Note
that g is anisotropic.

Identifying p, with the kernel of Spin,, — O}, we have an action of Hé]t(E , M2) =
E*/E*? on H}(E, Spin,), where E = K ((1)). Consider the element t&x € HJ(E,
Spin,,)) over E. We claim that ¢&f is ramified. Suppose not, i.e., 1&g comes from an
element p € Hélt(O, Spin,)), where O = K[[]. Let ¢’ € Hélt(O, O;") be the image
of p viewed as a quadratic form over O. We have

qr = q(tép) = q () = qE;
hence, ¢’ = go. Then p and &p belong to the same fiber of the map
H,(0, Spin,) — H}(0,0)).

As the group Hélt(O, o) = 0*/0*? acts transitively on the fiber, there is a unit
u € O satistying t&g = ué&g. It follows from [Knus et al. 1998, Proposition 28.11]
that f#~' is in the image spinor norm map

0" (gg) = HA(E, po) = EX/E*?

for the form ¢gg; hence, g is isotropic by [Elman et al. 2008, Theorem 18.3], a
contradiction. The claim is proven.

Let L/F be a subextension of E/F, and let n € Hélt(L, Spin,) be such that
tr.deg(L/F) = ed>PiM (1) and g =~ t&5. We have q(n) g = q(t§) = q(&r) = qx;
hence, the form ¢ () g is anisotropic.

Let v be the restriction on L of the discrete valuation of E. As t£ is ramified, v
is nontrivial; hence, v is a discrete valuation. Let m € L be a prime element.

Consider the completion Lof L. As E is complete, we can view L as a subfield
of E. Write ¢(n;) = (qa); L w(qp);, Where g, and g, are anisotropic quadratic
forms over the residue field L of dimension a and b, respectively. As g(n) € 1 3(ﬁ),
we have g, € 2(Ij), and therefore, b is even and b # 2. By Lemma 4.3, there is
n' € Hy(L, Hy p) that maps to n with ¢(1') = ((qa) . 7(qp) ).

We claim that the ramification index e of the extension E/ L is odd. Suppose e
is even. Note that g, L g5 € 13 (L). Lemma 4.3 allows us to choose an unramified
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element v € Hélt(i, H,p) with g(v) = ((ga);, (gp);). By Lemma 7.2, there is
o€ Hélt(i, Z) such that n’ = av. If b is divisible by 4, we have Z >~ u, x p;. As
e is even, « is unramified over E; hence, 1, is unramified. It follows that ng ~ t&
is also unramified, a contradiction.

Suppose that b =2 (mod 4). Note that 0 < b < n since n # 2 (mod 4). Write
7 = ut® with a unit u € O* and even k. Then

(Ga Lugp)e ~(qa L wqp)E >~ qmE) = q(t§e) = q(EE) =qE.

It follows that ¢ ~ (g4)x L (iigp)k, i.e., ¢ contains the subform (itgy)x in I2(K)
of dimension b. This contradicts Theorem 4.2. The claim is proven.
Thus, e is odd. We have

(Ga Lutgp)e = (qa Lwgp)e =~q(mEe) ~q(tég) =q(EE) =qE.

It follows that (g;)x is hyperbolic and hence (¢, L g»)x = (qs)xk = q in W(K),
e, (qa Lgn)k ~q.

Note that (q4); = (qa); + 7(qp)T = q(n;) € 13(f,); hence, g, € I3(L) and
qa L gp € I,f (L). Therefore, q is defined over L for the functor I,%; hence,

edSPIM. (1£) = (r.deg(L/F) > tr.deg(L/F) + 1 > ed" (q) + 1 = ed(I}) + 1.

It follows that ed(Spin,,) > ed(l,?) +1; hence, ed(l,?) =ed(Spin,) — 1 by Lemma 3.2.
The value of ed(Spin,,) is given in Theorem 2.2.
In what follows, we use the following observation (see [Berhuy and Favi 2003]):

if a functor % admits a nontrivial cohomological invariant of degree d with values
in Z/27, then edy(%) > d.

Case n = 7. Every form g in I73(K ) is the pure subform of a 3-fold Pfister
form {({a, b, c)); hence, ed(I73) < 3. On the other hand, the Arason invariant
es(g L{(—-1)=(@U®d)U(c) € H3(K,Z7/27) is nontrivial (see [Garibaldi 2009,
§18.6]); hence, ed2(173) > 3.

Case n = 8. Every form ¢ in Ig’ (K) is a multiple e({(a, b, c)) of a 3-fold Pfister
form; hence, ed(lg) < 4. The invariant a4(q) = () U(a)U(b)U(c) € H*(K, Z/27)
is nontrivial; hence, edz(lg) >4,

Case n = 9 and 10. Every form ¢ in I3(K) or I;,(K) is equal to f L (1) or
f L (1, —1), respectively, where f is a multiple of a 3-fold Pfister form over K,
by [Lam 2005, XI1.2.8]. Hence, I ~ I ~ I}),.

Case n =11. The degree-5 cohomological invariant as of Spin;; defined in [Gari-
baldi 2009, §20.8] factors through a nontrivial invariant of 1 131; hence ed, (1 131) > 5.
On the other hand, ed(1131) < ed(Spin;;) = 5.
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Case n = 12. The degree-6 cohomological invariant ag of Spin;, defined in [Gari-
baldi 2009, §20.13] factors through a nontrivial invariant of / 132, so edy(/ 132) > 6.
On the other hand, ed(/;,) < ed(Spin;,) = 6.

Case n =13 and 14. We know from the beginning of the proof (case n =2 (mod 4)
and n > 10) and from Theorem 2.2 that edy(I},) = ed(I;},) = ed(Spin;4) = 7.
By Lemma 4.5, ed2(1133) = ed2(1133y0) > ed2(1134,0) — 1 = 6. On the other hand,
ed(I};) < ed(Spin;3) = 6. O
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On Deligne’s category Rep®’(S,)
Jonathan Comes and Victor Ostrik

Dedicated to the memory of Andrei Zelevinsky

We prove a universal property of Deligne’s category Rep® (S,;). Along the way,
we classify tensor ideals in the category Rep(Sy).

1. Introduction

1A. Let F be a field of characteristic zero and let / be a finite set. Let S; be
the symmetric group of the permutations of / and let Rep(S;) be the category of
finite-dimensional F-linear representations of S; considered as a symmetric tensor
category. Let X; € Rep(S;) be the space of F'-valued functions on / with an obvious
action of §;. The object X; with pointwise operations has a natural structure of
associative commutative algebra with unit 1y, in the category Rep(S7). We have
a morphism Tr : X; — F defined as a trace of the operator of left multiplication;
clearly the map X; ® X; — F given by x ® y — Tr(xy) is a nondegenerate pairing.
Finally, Tr(1y,) = dim(X;) = |I| where |I| > 0 is the cardinality of .

Now let G be a finite group acting on d-dimensional associative commutative
unital algebra T over F such that the pairing Tr(xy) is nondegenerate. It is easy
to see' that there exists a finite set / with |I| = d and an essentially unique
tensor functor F : Rep(S;) — Rep(G) such that F(X;) ~ T (isomorphism of
G-algebras); in this sense the category Rep(S;) is a universal category (in the realm
of representation categories of finite groups) with object X; as above.

1B. For an arbitrary symmetric tensor category J one can consider objects T € J
satisfying the following:

(a) T has a structure of associative commutative algebra (given by the multiplica-
tion map ur : T ® T — T) with unit (given by the map 17 : 1 — T).

MSC2010: primary 18D10; secondary 19D23.
Keywords: tensor categories, symmetric group.

ISet I to be the set of F -algebra homomorphisms T — F where F is an algebraic closure of F
and use an obvious homomorphism G — ;.
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(b) The object T is rigid. Moreover, if we define the map Tr: 7 — 1 as the
composition

evr

idr ® coevr T* Hr ®idyx T® T* ~ T* QT

T "2 TR T® 1,

. Tr . o
then the pairing T ® T Brsiis nondegenerate, that is, it corresponds to an
isomorphism 7' =~ T* under the identification Hom(7 ® T, 1) = Hom(T, T*).

(c) We have dim(T') =t € F (equivalently, Tr(17) = ¢).

For an arbitrary ¢ € F, Deligne [2007] defined a symmetric tensor category
Rep(S;) with a distinguished object X which is universal in the following sense:

Proposition 1.1 [Deligne 2007, Proposition 8.3]. Let I be a Karoubian symmetric
tensor category over F. The functor & — F(X) is an equivalence of the category of
braided tensor functors Rep(S;) — I with the category of objects T € T satisfying
(a), (b), (c) above and their isomorphisms.

Note that for t = d € Zs¢, Proposition 1.1 applied to T = X; (with |I| = d)
produces a canonical functor Rep(S;) — Rep(Sy) (where S; := Sy). It is known (see
[Deligne 2007, Théoréeme 6.2]) that this functor is surjective on Hom’s. Moreover,
the morphisms sent to zero by this functor are precisely the so-called negligible
morphisms (see [Deligne 2007, §6.1]).

1C. The category Rep(S;) is a Karoubian categorys; it is not abelian for t =d € Zy.
Remarkably, in [2007, Proposition 8.19] Deligne defined an abelian symmetric
tensor category Rep®’(S,) and a fully faithful braided tensor functor Rep(S;) —
Rep“?(S;).2 The main goal of this paper is to prove a certain universal property of
the category Rep®(S,) conjectured in [Deligne 2007, Conjecture 8.21].

To state this property we need to use the language of algebraic geometry within
an abelian symmetric tensor category J (see [Deligne 1990]). Namely, for an
object T € J satisfying (a), (b), (c) above we can talk about the (affine) J-scheme
I := Spec(T) and the affine group scheme Sy of its automorphisms; see [Deligne
2007, §8.10]. Furthermore, assume that the category J is pre-Tannakian (see
Section 2A below), that is, it satisfies the finiteness conditions in [Deligne 1990,
2.12.1]. Recall that in this case a fundamental group of 7 is defined in [Deligne 1990,
§8.13]. This is an affine group scheme w € & which acts functorially on any object
of I and this action is compatible with a formation of tensor products. In particular,
the action of  on T gives a homomorphism € : 7 — Sy. Let Rep(Sy) be the category
of representations of Sy (see [Deligne 2007, §8.10]) and let Rep(Si, €) be the full
subcategory of Rep(Sy) consisting of such representations p : S — GL(V) that
the action p o ¢ of w on V coincides with the canonical action (see [Deligne 2007,

2We refer the reader to [Deligne 2007, §5.8] for an example of Karoubian symmetric tensor
category which admits no braided tensor functor to an abelian symmetric tensor category.
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§8.20]). Rep(St, €) is an abelian symmetric tensor category and 7' is one of its
objects. It follows that the functor & : Rep(S;) — I constructed in Proposition 1.1
factorizes as Re (St)—> Rep(Sy, €) — I, where the functor JPT is constructed by
applying Proposition 1.1 to T € Rep(Sy, €) and Rep(Sy, €) — I is the forgetful
functor. Here is the main result of this paper:

Theorem 1.2 (compare [Deligne 2007, 8.21.2]). Let I be a pre-Tannakian category
and T € I be an object satisfying (a), (b), (c) from Section IBwitht =d € Z>o C F.
Then the category Rep(S1, €) endowed with the functor Fr : Rep(Syz) — Rep(S1, €)
is equivalent to one of the following:

(a) Rep(Sy) together with the functor Rep(S;) — Rep(Sy) from Section 1B.
(b) Rep?’(Sy) together with the fully faithful functor Rep(Sy) — Rep?’(Sy) above.

Remark 1.3. A similar (and easier) statement holds true for ¢ ¢ Z-¢; see [Deligne
2007, Corollary B2].

1D. The forgetful functor Rep(Sy, €) — T above is an exact braided tensor functor.
Thus Theorem 1.2 implies that for a pre-Tannakian category J a braided tensor
functor & : Rep(Sy) — 7 either factorizes through Rep(S;) — Rep(Sy) or ex-
tends to an exact tensor functor Rep?’(Sy) — J. A crucial step in our proof of
Theorem 1.2 is a construction of the pre-Tannakian category 57{2 and fully faithful
embedding Rep(S,) C 37{2 such that we have the following extension property: a
tensor (not necessarily braided) functor Rep(S;) — I either factorizes through
Rep(S;) — Rep(S,) or extends to an exact tensor functor 57{2 — J; see Section 5A.
Then we use general properties of the fundamental groups from [Deligne 1990, §8]
in order to prove that ?7{2 satisfies the universal property as in Theorem 1.2 and, in
fact, is equivalent to Rep® (Sy).

The following analogy plays a significant role in the proof of Theorem 1.2. Let
TL(q) be the Temperley—Lieb category; see, for example, [Freedman 2003, §A1].
Assume that g is a nontrivial root of unity. It is well known that the category T'L(g)
is tensor equivalent to the category of tilting modules over quantum SL(2); see, for
example, [Ostrik 2008, proof of Theorem 2.4]. Thus TL(q) is a Karoubian tensor
category (braided but not symmetric) endowed with a fully faithful functor to the
abelian tensor category 6, of finite-dimensional representations of quantum SL(2).
On the other hand there exists a well known semisimple tensor category ‘éq and a full
tensor functor TL(g) — Céq; see, e.g., [Andersen 1992, §4]. We consider the diagram
(%q «TL(gq) C €, as a counterpart of the diagram Rep(Sy) «—Rep(Sy4) C &p“b(Sd).

The main technical result of [Ostrik 2008] states that tensor functors TL(g) — 9
to certain abelian tensor categories % factorize either through TL(q) — %q or
through TL(g) C 6, (see [Ostrik 2008, §2.6]) which is reminiscent of the extension
property of the category ‘57{2 above; see also [Ostrik 2008, Remark 2.10]. Thus
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in the construction of 37{2 we follow the strategy from [Ostrik 2008] with crucial
use of information from [Comes and Ostrik 2011]. Namely, we find 37{2 inside the
homotopy category of Rep(S;) as a heart of a suitable z-structure (see Section 4B).
The definition of the ¢-structure is based on Lemma 3.11 (due to P. Deligne) and
almost immediately implies the extension property of the category 57{2 mentioned
above. However, the verification of the axioms of a ¢-structure is quite nontrivial.
To do this we use a decomposition of the category Rep(S,) into blocks described
in [Comes and Ostrik 2011, Theorem 5.3]. We provide a blockwise description of
the ¢-structure above in Section 4C2. We then observe that the description above
coincides with the description of a well known ¢-structure on the blocks of the
Temperley—Lieb category.

2. Preliminaries

2A. Tensor categories terminology. To us a tensor (or monoidal) category is a
category with a tensor product functor endowed with an associativity constraint
and a unit object 1; see, for example, [Bakalov and Kirillov 2001, Definition 1.1.7].
Recall that a tensor category is called rigid if any object admits both a left and right
dual; see [ibid., Definition 2.1.1]. A braided tensor category is a tensor category
equipped with a braiding; see [ibid., Definition 1.2.3]. A symmetric tensor category
is a braided tensor category such that the square of the braiding is the identity.

Recall that F is a fixed field of characteristic zero. All categories and functors
considered in this paper are going to be F'-linear. So, an F'-linear tensor category (or
tensor category over F) is a tensor category which is F-linear (but not necessarily
additive) and such that the tensor product functor is F-bilinear. A Karoubian tensor
category over F is an F-linear tensor category which is Karoubian as an F-linear
category (i.e., it is additive and every idempotent endomorphism is a projection to
a direct summand). A tensor ideal $ in a tensor category J consists of subspaces
$(X,Y) C Homg (X, Y) for every X,Y € J such that (i) hogo f € $(X, W)
whenever f € Homg (X, Y), g € $(Y, Z), h € Homg(Z, W), and (ii) f ®idz €
I(X®Z,Y ®Z) whenever f € $(X, Y). For example, if the category J has a
well defined trace the collection of negligible morphisms® forms a tensor ideal; see
[Freedman 2003, §A1.3].

Finally we say that an F-linear symmetric tensor category J is pre-Tannakian if
the following conditions are satisfied:

(a) All Hom’s are finite-dimensional vector spaces over F and End(1) = F.
(b) 7 is an abelian category and all objects have finite length.
(c) T is rigid.

3 Recall that a morphism f € Homg (X, Y) is negligible if Tr(fg) = O for any g € Homg (Y, X).
We will call an object negligible if its identity morphism is negligible.
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Remark 2.1. In the terminology of [Deligne 1990] a pre-Tannakian category is the
same as a “catégorie tensorielle” (see [ibid., §2.1]) satisfying a finiteness assumption
[ibid., 2.12.1]. This is precisely the class of tensor categories over F for which a
fundamental group (see [ibid., §8]) is defined.

2B. The category Rep(S;). We recall here briefly the construction of the category
Rep(S;) following [Comes and Ostrik 2011, §2]. We refer the reader to loc. cit.
and [Deligne 2007, §8] for much more detailed exposition.

2B1. The category Repy(S;). Let A be afinite set. A partition 7 of A is a collection
of nonempty subsets 77; C A such that A = |_|l- 7; (disjoint union); the subsets 7;
are called parts of the partition 7. We say that partition 7 is finer than partition
w of the same set if any part of 7 is a subset of some part of . For three finite
sets A, B, C and the partitions w of AU B and i of B U C we define the partition
uxm of AU BUC as the finest partition such that parts of 7 and p are subsets of
its parts. The partition p * 7w induces a partition p - 7 of AL C such that parts of
W - 7t are nonempty intersections of parts of uxmw with ALUC C AuBUC; we also
define an integer £(u, ) which is the number of parts of 7 contained in B.

Definition 2.2. Given ¢ € F, we define the F-linear symmetric tensor category
Rep,(S;) as follows:

o Objects: finite sets; object corresponding to a finite set A is denoted [A].

e Morphisms: Hom([A], [B]) is the F-linear span of partitions of A LI B;
composition of morphisms represented by partitions 7 € Hom([A], [B]) and
w € Hom([B], [C]) is t*®™ 1 - € Hom([A], [C]).

 Tensor product: disjoint union (see [Comes and Ostrik 2011, Definition 2.15]);
unit object is [@]; tensor product of morphisms, associativity and commutativity
constraints are the obvious ones (see [ibid., §2.2]).

The category Rep,(S;) has a distinguished object [pt] where pt is a one-element
set. The object [pt] has a natural structure of commutative associative algebra
in Repy(S;) where the multiplication (resp. unit) map is given by the partition
of ptUptU pt (resp. pt) consisting of one part. It is immediate to check that the
object [pt] satisfies conditions (a), (b), (c) from Section 1B. Moreover, we have the
following universal property:

Proposition 2.3. Let I be an F-linear symmetric tensor category. The functor
from the category of braided tensor functors F : Repy(S;) — I to the category of
objects T € J satisfying (a), (b), (c) from Section 1B and their isomorphisms, which
sends F +— F([pt]) and sends natural transformations (n : & — F') > nppy, is an
equivalence of categories.
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Sketch of proof. We restrict ourselves to a description of the inverse functor on
objects; for more details, see [Deligne 2007, §8]. So assume that 7 € I satisfies (a),
(b), (c) from Section 1B. We define F([A]) = T®4 (here T®4 is a tensor product
of copies of T labeled by elements of A; since the category J is symmetric this is
well defined). The tensor structure on the functor ¥ will be given by the obvious
isomorphisms 7®448 = T7®4 & T®8 It remains to define % on the morphisms.
Observe that a morphism from Hom([A], [ B]) represented by a partition 7 of ALB
is a tensor product of morphisms corresponding to partitions with precisely one
part 7 = @); ;. Thus it is sufficient to define & () only for 7 consisting of one
part A U B. In this case we set F(r) = T®4 — T — T®8 where the first map
is the multiplication morphism 7®4 — T and the second one is the dual to the
multiplication morphism 7®% — T, where T and T* are identified via (b) from
Section 1B. One verifies that the assumptions (a), (b), (c) from Section 1B ensure
that the tensor functor ¥ is well defined. (]

2B2. The categories Rep(S;) and &p“b(Sd).

Definition 2.4 (compare [Deligne 2007, Définition 2.17] or [Comes and Ostrik
2011, Definition 2.19]). The category Rep(S;) is the Karoubian (or pseudoabelian)
envelope* of the category Rep,(S;).

It follows immediately from Proposition 2.3 that the category Rep(S;) has univer-
sal property from Proposition 1.1. We now use this universal property to construct
Deligne’s category Rep®’(S,) from the introduction.

It is known (see [Deligne 2007, Théoréme 2.18] or [Comes and Ostrik 2011,
Corollary 5.21]) that the category Rep(S;) is semisimple (and hence pre-Tannakian)
fort ¢ Z-¢. In particular, the category Rep(S_) is pre-Tannakian, so its fundamental
group 7 is defined. For any d € Z>( we can consider the commutative associative
algebra with nondegenerate trace pairing 7, € Rep(S—1) which is a direct sum of
[pt] and d + 1 copies of the algebra 1 = [&]. Clearly, dim(7;) = d, so we can
use Proposition 1.1 to construct a symmetric tensor functor Rep(S;) — Rep(S—1).
Using the general properties of the fundamental group we get a factorization
of this functor as Rep(S;) — Rep(S1, €) — Rep(S—;) (here I = Spec(7y) and
& :m — S5y is the canonical homomorphism). It is clear that the category Rep(Sy, ¢€)
is pre-Tannakian; it is proved in [Deligne 2007, Proposition 8.19] that the functor
Rep(Sy) — Rep(St, ¢€) is fully faithful. We set &p“b(Sd) := Rep(S1, €); as ex-
plained above this is a pre-Tannakian category and we have a fully faithful braided
tensor functor Rep(Sy) — &pab (Sa).

Remark 2.5. The existence of the embedding Rep(S;) C Rep®’(S;) implies that
Y1 ® Y5 # 0 for nonzero objects Y1, Y» € Rep(S;) (this is true in any abelian rigid

4We refer the reader to [Deligne 2007, §1.7-1.8] for the discussion of this notion.
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tensor category with simple unit object). The same result can be proved directly as
follows. Given finite sets A and B, it follows from the definition of tensor products
that the obvious map End([A]) ® End([B]) — End([A] ® [B]) = End([A L B]) is
injective. Since any indecomposable object of Rep(S;) is the image of a primitive
idempotent ¢ € End([A]) for some finite set A (see, e.g., [Comes and Ostrik 2011,
Proposition 2.20]), it follows that the tensor product of two nonzero morphisms in
Rep(S;) is nonzero. The statement for objects follows by considering their identity
morphisms.

2B3. Indecomposable objects of the category Rep(S;). The indecomposable ob-
jects of the category Rep(S;) are classified up to isomorphism in [Comes and Ostrik
2011, Theorem 3.3]. The isomorphism classes are labeled by the Young diagrams of
all sizes in the following way. Let A be a Young diagram of size n = |A| and let y, be
the corresponding primitive idempotent in F'S,, the group algebra of the symmetric
group.> The symmetric braiding gives rise to an action of S, on [pt]®"; let [pt]*
denote the image of y; € End([pt]®"). For any Young diagram A of size |A| there
is a unique indecomposable object L(A) € Rep(S;) characterized by the following
properties:

(a) L()) is not a direct summand of [pt]®" for k < |A].
(b) L(1) is a direct summand (with multiplicity 1) of [pt]*.

It is proved in [Comes and Ostrik 2011, Theorem 3.3] that the indecomposable
objects L(A) are well defined up to isomorphism, and any indecomposable object
of Rep(S;) is isomorphic to precisely one L(A).

2B4. Blocks of the category Rep(S;). Let & be a Karoubian category such that
any object decomposes into a finite direct sum of indecomposable objects. The
set of isomorphism classes of indecomposable objects of o splits into blocks
which are equivalence classes of the weakest equivalence relation for which two
indecomposable objects are equivalent whenever there exists a nonzero morphism
between them. We will also use the term block to refer to a full subcategory of s
generated by the indecomposable objects in a single block.

The main result of [Comes and Ostrik 2011] is the description of blocks of the
category Rep(S;). We describe the results of loc. cit. here. We will represent a
Young diagram A as an infinite nonincreasing sequence (A, Ay, ...) of nonnegative
integers such that Ay = 0 for some k > 0; see [Comes and Ostrik 2011, §1.1]. For a
Young diagram A and t € F' we define a sequence w; (f) = (t —|A|, A1 —1, A —2, .. .).

Theorem 2.6 [Comes and Ostrik 2011, Theorem 5.3]. The objects L(A) and L()\")
of Rep(S;) are in the same block if and only if ju, (t) is a permutation of . (t).

SHere v, is a scalar multiple of the so-called Young symmetrizer (see, for instance, [Fulton and
Harris 1991)).



480 Jonathan Comes and Victor Ostrik

Let & be the set of blocks of the category Rep(S;); for any b € & let us denote
by Rep, (S;) the corresponding subcategory of Rep(S;); we have a decomposition

Rep(S;) = Dpeq Repy, (S
Proposition 2.7. Let b € B. One of the following holds:

(1) b is semisimple (or trivial): the category Rep, (S;) is equivalent to the category
Vecr of finite-dimensional F-vector spaces as an additive category. We will
denote by L = L(b) the unique indecomposable object of this block. Then
dim(L) = 0, or, equivalently, idy, is negligible.

(i1) b is nonsemisimple (or infinite): in this case the additive category Rep, (S;) is
described in [Comes and Ostrik 2011, §6] (in particular, it does not depend on
a choice of nonsemisimple block b). There is a natural labeling of indecompos-
able objects of the category Repy, (S;) by nonnegative integers; we will denote
these objects by Lo, Ly, .... Then dim(L;) = 0 fori > 0 and dim(Lg) # 0,
that is, idy, is negligible if and only if i > 0.

Further, it is shown in [Comes and Ostrik 2011] that for any ¢ € F there are
infinitely many semisimple blocks and finitely many (precisely the number of Young
diagrams of size ¢) nonsemisimple blocks. In particular, for ¢ ¢ Z> all blocks are
semisimple (hence the category Rep(S;) is semisimple).

2C. Temperley-Lieb category. The results on the category Rep(S;) in many re-
spects are parallel to the results on the Temperley—Lieb category TL(q). We recall
the definition and some properties of this category here.

Definition 2.8 (see, for example, [Freedman 2003, §A1.2]). Let g be a nonzero
element of an algebraic closure of F such that ¢ +¢~' € F. We define the F-linear
tensor category TLo(q) as follows:

» Objects: finite subsets of R considered up to isotopy; we will denote the object
corresponding to the set A by (A).

o Morphisms: Hom({A), (B)) is the F-linear span of one-dimensional subman-
ifolds of R x [0, 1] with boundary AU B where ACR x0and BCR x 1
(such submanifolds are called embedded unoriented bordisms from A to B)
modulo the relation [bordism LI circle] = (g + qil)[bordism]; composition is
given by juxtaposition.

o Tensor product: disjoint union (write R = R L1 0L R~ and identify R_g
and R.o with R); the unit object is (&); tensor product of morphisms and
associativity constraint are the obvious ones.
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Next we define the category TL(gq) as the Karoubian envelope of the category
TLo(q). The category TL(q) has a universal property (see, e.g., [Ostrik 2008,
Theorem 2.4]) but we don’t need it here. The indecomposable objects of the
category TL(g) are labeled by nonnegative integers: for any i € Z>( there is a
unique indecomposable object V; which is a direct summand (with multiplicity 1)
of (pt)®' but is not a direct summand of (pt)®k whenever k < i.

The category TL(gq) is semisimple for generic values of g; more precisely the
category TL(q) is not semisimple precisely when there exists a positive integer [
such that 14 g% + - - - + g% = 0 (we will denote the smallest such integer by lg).
Assume that the category TL(g) is not semisimple. Then we have a full tensor
functor TL(q) — %q and a fully faithful tensor functor TL(g) — 6,, where %q is
a semisimple tensor category (sometimes called the “Verlinde category”) and 6 is
the abelian tensor category of finite-dimensional representations of quantum SL(2);
see, e.g., [Ostrik 2008, Theorem 2.4].

The blocks of the category TL(q) are well known. Similarly to the case of the
category Rep(Sy) there are infinitely many semisimple blocks (which are equivalent
to the category Vecp as an additive category) and finitely many (precisely /)
nonsemisimple blocks. The following observation is very important for this paper:

Proposition 2.9 [Comes and Ostrik 2011, Remark 6.5]. All nonsemisimple blocks
of the category TL(q) are equivalent as additive categories. Moreover, they are
equivalent to the category Rep,(S4), where b is any nonsemisimple block of the
category Rep(Sy).

Remark 2.10. We can transport a labeling of indecomposable objects of Rep, (S4)
(see Proposition 2.7(ii)) to a nonsemisimple block of the category TL(g) via the
equivalence of Proposition 2.9 (it is easy to see that the resulting labeling does not
depend on a choice of the equivalence).

Recall that the category TL(q) has a natural spherical structure and so the
dimensions dimyzy ) (Y) of objects Y € TL(g) are defined; see, e.g., [Freedman
2003, §A1.3]. The following result is well known; see, e.g., [Andersen 1992, (1.6)
and Proposition 3.5]:

Lemma 2.11. Let L be a unique indecomposable object in a semisimple block of
TL(q). Then dimyy 4 (L) =0. For a nonsemisimple block we have dimzy (4)(L;) =0
fori > 0and dimgy ) (Lo) # 0, where L; are indecomposable objects in this block
labeled as in Remark 2.10. [l

3. Tensor ideals and the object A € Rep(Sy)

In this section we define objects A, € Rep(S;) forn € Z>p and ¢t € F. We then give
A, the structure of a commutative associative algebra in Rep(S;) and study many
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A,-modules. Finally, using our results on the objects A,,, we classify tensor ideals
in Rep(Sy) when d is a nonnegative integer. Before defining the objects A, we
prove the following easy observation which will be used throughout this section.

Proposition 3.1. Suppose A, ..., A, and By, ..., By, are finite sets with Ay = By
and A, = By,. Suppose further that f; (resp. g;) is an F-linear combination of
partitions of A;_1 U A; (resp. B;_1 U B;) whose coefficients do not depend on t for
alll1 <i<n(resp. 1 <i <m). If f--- f1 =8m--- 81 in Repy(S;) for infinitely
many values of t € F, then f, -+ fi =gm - g1 inRepy(S;) forallt € F.

Proof. For each t € F and partition w of AgU A, = BoU By, let a;(t) € F (resp.
b (t) € F)besuchthat f,--- fi =) _a;(t)mw (resp. gm--- g1 =), bx(t)7) in
Rep,(S;) where the sum is taken over all partitions 7w of Ao A, = BoU B,,. Then
So-o f1 = &m - g1 in Repy(S;) if and only if a,(t) = b, (¢) for all w. By the
definition of composition in Rep,(S;), both a, (¢) and b, (¢) are polynomials in ¢
for each . The result follows since a polynomial in ¢ is determined by finitely
many values of ¢. (]

3A. The objects A, € Rep(S;). Suppose n is a nonnegative integer and let A, =
{i | 1 <i <n}. Consider the endomorphism x, = xjq, : [A,] = [A,] in Repy(S;)
(see [Comes and Ostrik 2011, Equation (2.1)]).

Proposition 3.2. x, is an idempotent which is equal to its dual for all n > 0.

Proof. The fact that x; = x,, follows from the definition of x,. By Proposition 3.1,
it suffices to show x, is an idempotent in Rep,(S;) for infinitely many values of ¢.
It follows from [Comes and Ostrik 2011, Theorem 2.6 and Equation (2.2)] that x,,
is an idempotent in Rep,(S;) whenever ¢ is an integer greater than 2n. (]

Since Rep(S;) is a Karoubian category (i.e., Rep(S;) contains images of idempo-
tents) the following definition is valid.

Definition 3.3. Let A, € Rep(S;) denote the image of the idempotent X0

Note that the commutative associative algebra structure on [pt] extends in an
obvious way to a commutative associative algebra structure on [A,] = [pt]®". Let
Wn : [An]®[A] — [A,] be the multiplication map and 1, : 1 — [A,] the unit map.

Proposition 3.4. The multiplication map x, i, (x, @ x,) : Ay @ A, — A, gives A,
the structure of a commutative associative algebra in Rep(S;) with unit given by
xpl, 1 — Ay

6In the notation of [Comes and Ostrik 2011], A, = ([n], xn).
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Proof. We are required to show the following equalities hold in Rep,(S;):

Xptn (Xnfn (X @ Xn) @ Xp) = Xpfhn (Xn @ (Xpfhn (Xn @ X)), (3-D
Xntn (Xn 1y @ Xp) = X5 = X (X ® Xp1,), (3-2)
Xpfhn (X ®xn),8n,n(xn ® Xn) = Xphn(Xn @ Xp), (3-3)

where B, : A, @A, — A, ® A, is the braiding morphism (see for example [Comes
and Ostrik 2011, §2.2]). By Proposition 3.1, it suffices to show (3-1), (3-2) and
(3-3) hold for infinitely many values of ¢.” Using Theorem 2.6 and Equation (2.2)
of the same reference it is easy to show (3-1), (3-2) and (3-3) hold whenever ¢ is a
sufficiently large integer. ]

By Proposition 3.4 we can consider the category A,-mod of all left A,-modules.
3B. Some A,-modules. Suppose j is a nonnegative integer with 1 < j < n.
Given a finite set X, let ®] : Homgep(s,) (An, X) — Homgep(s,) (Ans1, X) and
® : Homgep(s,) (X, Ay) — Homgepcs,) (X, Ayy1) be the F-linear maps defined
on partitions as follows: if 7 is a partition of X LI A,,, then ®§( (m) = ®X () is
the unique partition of X LI A,,4; which restricts to & and has j and n + 1 in the
same part. Now let ©; : Endgep(s,) (An) — Endgeps,) (Ant1) be the F-linear map
0;=0 1’4 o @ ". It is easy to check that ®; is an injective (nonunital) F-algebra

homomorphlsm foreach1 < j <n.In partlcular by Proposition 3.2, x,, j :==©;(x,)
is an idempotent for each ;.

Definition 3.5. Let A, (j) € Rep(S;) denote the image of x,, ;.
Next we give A, (j) the structure of a A,-module. Let
o =X j O (X)X 1 Ay = An(j),
B=xn;jO;(1n)(Xn,j @ Xn,j) : An(J) ® Bn(j) = An(j).
Finally, let ¢ = B(a ® Xy, ;) : Ay @ An(j) = An(j).
Proposition 3.6. (1) The map ¢ gives A, (j) the structure of a A,,-module.
(2) The map x,,,j®‘;1” (ida,)xn : Ay = Ay (j) is an isomorphism of A,-modules

o i
with inverse xn®An (ida, ) xp, ;.

Proof. For part (1) we are required to show the following equation holds in Rep,(S;):

xn,/®j (I'Ln)((xn,j@?n (Xp)Xpphn (Xp @ X)) ® xn,j)
= 2,10 (i) (X0} O (6n) 0 ® (6 O j (1) (O (60)%n) ® % j))). (3-4)

"In fact, (3-1), (3-2) and (3-3) do not depend on ¢, so we only need to verify they hold for some .
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For part (2) we are required to show the following equations hold in Rep,(S;):
X0, ;O (da,) 5, O (ida,) ¥, j = %o 5, (3-5)
Xn® (ida,)xn ;O (id, )X = X (3-6)

Now use Proposition 3.1 and [Comes and Ostrik 2011, Theorem 2.6 and Equa-
tion (2.2)]. O

Next, we give the object A, the structure of a A,-module. To do so, set
Y =Xp1(Un ® id[pt])(xn @ Xnt+1) : Ay @ A1 —> Ay

Proposition 3.7. The map  gives A, 1 the structure of a A,-module.
Proof. We are required to show the following equation holds in Rep,(S;):
Xn+1 (Mn ® id[pt]) ((xn/fl/n (X, ®x,))® xn—H)
= X1t @ idppy) (xn ® (X1 (i @ idpi) (Xn @ Xp41))).  (3-7)

Now use Proposition 3.1 and [Comes and Ostrik 2011, Theorem 2.6 and Equa-
tion (2.6)]. U

The following lemma will be important for us later.
Lemma38. A, Q[ptI1=ZA,11 DA, (1) D--- D A, (n) in the category A,-mod.

Proof. First, using Proposition 3.1 and [Comes and Ostrik 2011, Theorem 2.6 and
Equation (2.6)] it is easy to show that the following identities hold in Rep(S;):

Xn ®idipy = X1+ Y Xuj, (3-8)
I<j=n

xn’jxn_l,_] =O=.xn+]-xny‘j (1 5 J 5")’ (3_9)

Xn, jXnk =0 kXn, | (I<j,k=n). (3-10)

Next, define W : A, Q@ [pt] > A1 DA, (1) D ---D A,(n) by
Xn+1(Xn ®idppy)
Xn,1 (x, ® id[pt])

Xn,n (xn ® id[pt])
Using (3-8) it is easy to check that W is an isomorphism in Rep(S;) with inverse
\Ij_l = [(xn ® id[pt])anrl (X, ® id[pt])xn,l e (0 ® id[pt])xn,n] .

It remains to show that U and W ~! are morphisms in the category A,-mod. Showing
that W is a morphism in A,-mod amounts to showing the following equations hold
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in Rep(S)):
Xng1(n @ 1dppe) (X @ (Xp11(xp @ 1dppy)))
= Xp41((Xnpn (Xn @ X)) @ idpy),
X, 10 (1) (Cn, ;O (X0)X) @ (i (¥ @ idpp)))
= 0, (ot (6 @ 1)) @idpy) (1< j <),

To show the equations in (3-11) hold, use Proposition 3.1 and [Comes and Ostrik
2011, Theorem 2.6 and Equation (2.6)]. The proof for W~! is similar. U

(3-11)

3C. The category &pA" (Sz). Let A,-mody denote the full subcategory of A,-
mod such that a A,-module M is in A,-mody if and only it M = A, ®Y in A,-mod
for some Y € Rep(S;). Let &pA" (S;) denote the Karoubian envelope of A,-mody.
The advantage of working in Rep® (S;) rather than in the category A,-mod is that
we can give Rep”7(S,) the structure of a tensor category with relative ease. Indeed,
given M, M’ € A,,-mody we know M = A, ®Y and M' = A, ® Y’ as A,-modules
for some Y, Y € Rep(S;). Set M ®a, M := A, @Y ®Y'. Given N, N’ € A,-mody
with N=A,®Z and N' = A, ® Z' and morphisms f € Homa,-mod, (M, N) and
g € Homa,-mod,(M', N'), write
FirM@YSMLNSA®7Z,
G ARY SMENISARZ.
Define f @a, g8 : M ®a, M' — N ®a, N’ to be the composition
/ / f®idys /N ’

MR M =A,QYRY — ARZRY - A, QY ®Z

- oid N

O AMRZ®ZS A®ZRZ =N®a, N
It is easy to check that @, : A,-modg x A,-mody — A,-mody is a bifunctor which
(with the obvious choice of constraints) makes A,-mody into a rigid symmetric
tensor category. The tensor structure on A,-mody extends in an obvious way to
make Rep®” (S;) a rigid symmetric tensor category too.

Notice that A, is an object in Rep®"(S;). Indeed, by Lemma 3.8, the A,,-
module A, is the image of an idempotent of the form A, ® [pt] > A, ® [pt].
This idempotent is an element of Enda,-mod, (A, ® [pt]); hence its image is an
object in the Karoubian category Rep®”(S,). The next two propositions concern
the structure of A, | € Rep®(S;). We start by computing its dimension:

Proposition 3.9. dimgepan s,y (Apt1) =1 —n.

Proof. First, by Lemma 3.8 and Proposition 3.6(2),

dim&pAn (S,)(An+1) = dim&pAn (S,)(An ® [pt]) —n dimEpAn(St)(An).
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Now, consider the tensor functor A, ® — : Rep(S;) — Rep”(S;). Since ten-
sor functors preserve dimension, dimgepan(s,)(Ay) = dimgepcs,)([F]) = 1 and
dim&pﬁn(s,)(An ® [pt]) = dim&p(s,)([pt]) =1. U

Our next aim is to show A, € &pA" (Sy) satisfies (a) and (b) from Section 1B.
To do so, let inc : A,41 — A, ® [pt] and proj : A, ® [pt] - A,+; denote the
morphisms in Rep®” (S;) determined by Lemma 3.8. Moreover, let

m: (A, @ [pt]) ®a, (A ®[pth) = A, @ [pt]

ida, ® . .
denote the morphism A, @[pt][pt] an Sh A, ®[pt]. Now consider the morphisms

inc®a,, inc m proj
An-i-l ®An An-i-l — (An X [Pt]) ®A,, (An ® [Pt]) - An ® [Pt] — An-‘:—l
(3-12)
and el
da, ® j
An 25 AR @It 25 A, (3-13)

Proposition 3.10. With the multiplication and unit maps given by (3-12) and (3-13)
respectively, A, 1 € Rep® (S;) satisfies (a) and (b) from Section IB.

Proof. Write jta,,, and 14, for the morphisms given by (3-12) and (3-13)
respectively. First, it is easy to see that m (resp. ida, ®1;) is a morphism of
Ap-modules. Hence, a,, (resp. 14,,,) is a morphism of A,-modules too. Now,
to show A, satisfies (a) from Section 1B we must show the following equations
hold in Rep®" (S;):

A, (lu“An+1 XA, idAnJrl) = KA, (idAn+1 ®AnMAn+l)’
Pae (1o, ®a,1da,, ) =ida,. = pa,,, (da,,, @4, LA, (3-14)
/‘LAn-HﬂAn-HyAn+l = /’LAn+1’

where Ba,.\ An - Dntl ®a, Aug1 = Apg1 ®a, Auq1 denotes the braiding mor-
phism. To do so, first notice that by (3-8) the morphisms proj, inc, and id,,,, are
all given by x,41. Let T (resp. v) denote the identity morphism on A, ®@a, Ayyi
(resp. Ayy1 ®a, Ant+1 ®a, Ant1). Then, by the definition of ®4,, we have the
following realizations of T and v as morphisms in Rep(S;):

T = (X, ® B1,1) (X1 R idpy) (x4 ® B1,1) (X1 ® 1dpy)),
V= (x, ® B1,2) (Xnt1 @ 1dpyep) (Xn @ B2,1)(T ® idpy),

where B, 1 Ap ® Ay = A, ® Ay, denotes the braiding morphism in Rep,(S;) for
each n, m > 0. Moreover,

(3-15)

La = X1 (n @ 11),  pa,, = Xnp1(xn @ 1)T,

3-16
lBAn+lsAn+l = T(xn ®ﬁ1,l)f- ( )
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Thus, showing the equations in (3 14) hold in Rep”~(S,) amounts to showing the
following equations hold in Rep,(S;):

X1 (n @ )T (0 ® Br,1) (Knp1 ® idp) (X ® B1,1) ((Kn1 (X0 @ 1)) @ idppy v
=Xp11 (X @u1) T (X ®B1,1) (X1 (xn®11) T ®idpy) (Xn ®B1,2) (Xnt1 ®id prie(pe)) Vs
X1 (X @ )T (X, @ B1,1) (Xng1 @ 1dppe) (X @ B1,1) (Xng1 (X, ® 11) ® idpy)
= X1 = X1 (X0 @ )T X1 ® B (g1 (X0 ® 11)) @ idpig ) Xt 14
Xn+1 (X0 @ (1) T (Xn ® B1,1)T = Xpt1(Xn @ 1)7.

All equations above are straightforward to check using Proposition 3.1 and [Comes
and Ostrik 2011, Theorem 2.6 and Equation (2.6)]. Thus A, satisfies part (a)
from Section 1B.

To show A, satisfies Section 1B(b), first notice that A, € Rep®"(S;) is

self-dual (because the morphism x,,; is self- dual) Hence, we are requlred to show
that the following morphism is invertible in Rep®” (S;):

((Tr pa,,) ®a,ida,,,){da,,, ®a, COEVA,, )t Ayt = Ay, (3-17)

where the morphism Tr: A, — A, is defined in Section 1B(b). In fact, we claim
the morphism in (3-17) is equal to the identity morphism ida To prove this
claim, first notice that

n+l1*

Tr= CVA,41 IBAn-HaAn-H (MAnH XA, idAn+1)(idAn+l XA, COGVAn_H). (3-18)

Also, eva,,, = X, (X, ® evpy)T and coevy,,, = T(x,; ® coevip)x,. Hence, using
(3-15), (3-16), and the definition of ®,,, we can realize the morphism in (3-17) as
a morphism in Rep,(S;). Now use Proposition 3.1 and [Comes and Ostrik 2011,
Theorem 2.6 and Equation (2.6)] to show that this morphism is equal to x, ;. U

3D. Deligne’s lemma. Fix an integer d > 0. Set A = Ay41 € Rep(S;) and
AT = Ag42 € Rep”(Sy). By Proposition 3.9, dimgepa (s, (AT) = —1. Hence, by
Propositions 1.1 and 3.10, there exists a tensor functor % : Rep(S_;) — &pA(Sd)
with F([pt]) = A™T. Let @i‘i | denote the tensor functor Rep(S;) — Rep(S—1)
described in Definition 2.4, i.e., the functor prescribed by Proposition 1.1 with
@g‘i | ([pt) = [ptl ® [2]®99*!, Then we have the following:

Lemma 3.11. The functor A ® — : Rep(Sy) — Rep?(Sy) is isomorphic to the
composition Fp o @g{l.

Proof. Both A® — and % o @g‘i , are tensor functors which map [pt] € Rep(Sy)
to an object isomorphic to At @ A®4+! e Rep®(S,) (see Propositions 3.6(2) and
3.8). Hence, by Proposition 1.1, they are isomorphic. U
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The following corollary to Deligne’s lemma will be used in the next section to
classify tensor ideals in Rep(Sy).

Corollary 3.12. Every nonzero tensor ideal in Rep(Sy) contains a nonzero identity
morphism.

Proof. Suppose ¢ is a nonzero tensor ideal in Rep(S;). Since tensor ideals are
closed under composition, it suffices to show that $ contains a morphism which has
a nonzero isomorphism as a direct summand. Let f be a nonzero morphism in $.
Then, by Remark 2.5, idy ® f is also a nonzero morphism in $. By Lemma 3.11,
we have idy ® f = Fa(f’) for some nonzero morphism f” in Rep(S—_;). Since
Rep(S—_1) is semisimple (see [Deligne 2007, Théoreme 2.18] or [Comes and Ostrik
2011, Corollary 5.21]) it follows that f’ (and therefore % (f”)) is the direct sum
of isomorphisms and zero morphisms. U

3E. Tensor ideals in Rep(Sy). In this section we use results from [Comes and
Ostrik 2011] along with Corollary 3.12 to classify tensor ideals in Rep(S;) for
arbitrary d € Z-0.> We begin by introducing an equivalence class on Young
diagrams:

Definition 3.13. Consider the weakest equivalence relation on the set of all Young
diagrams such that A and u are equivalent whenever the indecomposable object
L(A) is a direct summand of L(M)d® [pt] in Rep(S;). When A and p are in the
same equivalence class we write A = u.

The following proposition contains enough information on the equivalence rela-
tion =~ for us to classify tensor ideals in Rep(Sy).

Proposition 3.14. Assume d is a nonnegative integer and A, p are Young diagrams.

(1) A nonzero morphism of the form L(L) — L(w) is a negligible morphism in
Rep(Sy) if and only if L(A) or L(u) is not the minimal indecomposable object
in an infinite block of Rep(Sy).

2) A 4 u whenever L(L) and L(w) are in trivial blocks of Rep(Sy).

3) A o W whenever L(MA) is a nonminimal indecomposable object in an infinite
block and L () is in a trivial block of Rep(Sy).

@) A 4 W whenever neither L(\) nor L(1) is a minimal indecomposable object in
an infinite block of Rep(Sy).

(5) Suppose M\ £ w and 9 is a tensor ideal in Rep(Sy) containing idy ). Then
idp ) is also in 9.

8If ¢ & 7>, then Rep(S;) is semisimple (see [Deligne 2007, Théoreme 2.18] or [Comes and Ostrik
2011, Corollary 5.21]). Hence, there are no nonzero proper tensor ideals in Rep(Sy) when ¢ & 7.
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Proof. Part (1) follows from [Comes and Ostrik 2011, Proposition 3.25, Corol-
lary 5.9, and Theorem 6.10]. Part (2) is easy to check using [Comes and Ostrik
2011, Propositions 3.12, 5.15 and Lemma 5.20(1)]. Part (4) follows from parts
(2) and (3). Part (5) is easy to check. Hence, it suffices to prove part (3). To do
so, let b denote the infinite block of Rep(S,) containing L(X). We will proceed by
induction on b with respect to < (see [Comes and Ostrik 2011, Definition 5.12]).
If b is the minimal with respect to <, then using [Comes and Ostrik 2011,
Proposition 3.12 and Lemmas 5.18(1) and 5.20(1)] \;ve can find a Youngddiagram P
with L(p) in a trivial block of Rep(S;) such that A = p. By part (2), p =~ u and we
are done. Now suppose b is not minimal with respect to <. Then, using [Comes
and Ostrik 2011, Proposition 3.12 and Lemmas 5.18(2) and 5.20(2)], we can find a
Young diagram p’ with A 4 o' such that L(p’) is in an infinite block b’ of Rep(S,)
with b’ % b. By induction p’ ~ 1 and we are done. O

We are now ready to classify tensor ideals in Rep(Sy).

Theorem 3.15. If d is a nonnegative integer, then the only nonzero proper tensor
ideal in Rep(Sy) is the ideal of negligible morphisms.

Proof. Assume 9 is a nonzero proper tensor ideal of Rep(S;). Then $ is contained
in the ideal of negligible morphisms (see [Freedman 2003, Proposition 3.1]), hence
we must show that $ contains all negligible morphisms. Suppose X is a Young
diagram such that L(}) is not the minimal indecomposable object in an infinite
block of Rep(Sy). By Proposition 3.14(1), it suffices to show idy ;) is contained
in $. By Corollary 3.12, there exists a nonzero identity morphism in $. It follows
that $ contains id; () for some Young diagram . In particular, idy (,,) is a negligible
morphism. Hence, by Proposition 3.14(1), L(u) is not the minimal inde;l:omposable
object in an infinite block of Rep(S;). Thus, by Proposition 3.14(4), A = . Finally,
by Proposition 3.14(5), idz,) is contained in $. O

Corollary 3.16. The tensor ideal in Rep(Sy) generated by ida is the ideal of all
negligible morphisms.

Proof. idp = x441 is a nonzero negligible morphism in Rep(S;) (see [Comes and
Ostrik 2011, Remark 3.22]). Hence, the result follows from Theorem 3.15. (|

4. The t-structure on K° (Rep(Sq))

4A. Homotopy category. Let s be an additive category. Let K (s1) be the bounded
homotopy category of «; see, e.g., [Kashiwara and Schapira 2006, §11]. Thus
the objects of K”(s{) are finite complexes of objects in s and the morphisms
are morphisms of complexes up to homotopy. The category K”(s{) has a natural
structure of a triangulated category; see loc. cit. In particular, for each integer n we
have a translation functor [n] : K?(sl) — K?(sA).
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Any object A € o can be considered as a complex A[0] concentrated in degree 0
or, more generally, as a complex A[n] concentrated in degree —n. Thus we have a
fully faithful functor sf — K b(sd), A A[0]. We will say that an object K € K b(s)
is split if it is isomorphic to an object of the form €, A;[n;] with A; € 4, n; € Z.

Now assume that o is an additive tensor category. The category K?(s{) has a
natural structure of an additive tensor category. If the category o is braided or
symmetric then so is the category K b(s1). The functor s¢ — K?(s4), A — A[0]
has an obvious structure of a (braided) tensor functor. If the category « is rigid so
is the category K”(st).

4B. Definition of t-structure. We can apply the construction from Section 4A to
the case sf =Rep(S4). We obtain a triangulated tensor category ¥4 := K b (Rep(Sq))-

Proposition 4.1. For any K € X4 the object A ® K is split.

Proof. By Lemma 3.11, the functor A ® — : Rep(S4s) — Rep(S,) is naturally
isomorphic to a composition Rep(S;) — Rep(S_1) — Rep(S;). The category
Rep(S—_1) is semisimple ([Deligne 2007, Théoréme 2.18] or [Comes and Ostrik 2011,
Corollary 5.21]), so every object of K b (Rep(S—-1)) is split. The result follows. [J

We define 57650 as the full subcategory of ¥, consisting of objects K such that
A ® K is concentrated in nonpositive degrees (that is, isomorphic to &, A;[n;]
with A; € o and n; € Z>(). Similarly, we define 57(50 as the full subcategory of I,
consisting of objects K such that A ® K is concentrated in nonnegative degrees.
The following result will be proved in Section 4C.

Theorem 4.2. The pair (35°, %;°) is a t-structure (see [Beilinson et al. 1982,
Définition 1.3.1]) on the category 4.

Recall that the core of this #-structure is the subcategory 3{2 = 3{50 N 37{30. By
definition this means that K € ?7{2 if and only if A ® K is concentrated in degree
zero. In particular, for any A € Rep(S,) the object A[0] is in 57{2.

Corollary 4.3. (a) The category 3{2 is abelian.
(b) The category 57{2 is a tensor subcategory of K 4.

Proof. Part (a) follows from Theorem 4.2 and [Beilinson et al. 1982, Théoréeme
1.3.6]. For (b) we need to check that for K, K’ € ?7{2 we have K@ K’ € 57{2. Assume
this is not the case. This means that the split complex A® K ® K’ is not concentrated
in degree zero. Since A ® X # 0 for any 0 # X € Rep(Sy) (see Remark 2.5) we
get that A ® A ® K ® K’ is split and not concentrated in degree zero. But this is
not the case since AQAQRK QK ' ~(A®K)®(A®K’) and both A ® K and
A ® K’ are split and concentrated in degree zero. (]



On Deligne's category Rep®(Sy) 491

We will show in Section 4C that the category 57{2 is actually pre-Tannakian.
Thus we constructed a fully faithful tensor functor Rep(S;) — %9, where ?7{2 is
a pre-Tannakian category. Of course a priori this might be quite different from
Deligne’s functor Rep(S;) — Rep®(S,).

4C. Verification of t-structure axioms. The main goal of this section is to prove
Theorem 4.2.

4C1. We start by reformulating the definition of 57{50 and 3{50 in terms of negligible
objects, i.e., objects whose identity morphisms are negligible.

Proposition 4.4. Let K € 4. Then K € 37{50 if and only if Hom(K, A[n]) =0
for any negligible A € Rep(Sy) and n € Zy. Similarly, K € 37{50 if and only if
Hom(K, A[n]) = 0 for any negligible A € Rep(Sy) and n € Z~..

Proof. We prove only the characterization of 37{50 (the case of 37{50 is similar).
Assume first that Hom(K, A[n]) = O for any negligible A and n € Z_y. By
Proposition 3.2 A* = A, thus by Corollary 3.16 A ® B = A* ® B is negligible for
all B € Rep(S;). Hence, Hom(A ® K, B[n]) = Hom(K, A* ® B[n]) = 0 for any
B € Rep(Sy) and n € Z . Since by Proposition 4.1 the object A ® K € K4 is split
we get immediately that K € 57{50.

Conversely, assume that K € 37{50. Then by definition Hom(A ® K, B[n]) =0
for any B € Rep(Sy) and n € Z_y. Hence Hom(K, A* ® B[n]) = 0. Since, by
Corollary 3.16, any negligible object is a direct summand of an object of the form
A® B =A*Q® B we are done. O

4C2. Blockwise description of 99, 3{30). Recall that the category Rep(S,) de-
composes into a direct sum of blocks Rep(Sy) = @b Rep, (S4); see Section 2B4.
Similarly, we have a decomposition J; = €, (¥ 4)p (in other words, for any object
K € ¥, we have a canonical decomposition K = €, K}, where all the terms of the
complex Ky, € (¥,)p, are in the block Rep, (S4)). Since A® (@b Kb) =P, AQRKy
we see that K = P, Ky € 57{50 if and only if K}, € 57650 for any b (and similarly
for #7"). In other words #3° = @D, (%5 "), where (J5°)p = H;° N (Ha)p, that is,
the subcategory 57{50 is compatible with the block decomposition (and similarly for
57{50 = @b(ﬂffo)b). Thus in order to verify that (57{50, 57{50) is a t-structure on Iy
it is sufficient to verify that ((37{50)[), (3(;0)13) is a t-structure on (¥,)p, for every
block b. Fortunately, Proposition 4.4 gives rise to an easy description of (3{30)1,
and (9;°)p.

Proposition 4.5. Let K € (X )p.

(a) Assume that b is a semisimple block and let L be a unique indecomposable
objectin b. Then K € (3{§O)b (resp. K € (‘:7{30)b) if and only if K € (H4), and
Hom(K, L[n]) =0 for any n € Z .o (resp. for n € 7).
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(b) Assume that b is a nonsemisimple block with indecomposable objects L; for
i € Z>¢ labeled as in Proposition 2.7(ii). Then K € (ﬂf;o)b (resp. K € (3{§O)b)
if and only if K € (H4), and Hom(K, L;[n]) =0 foralli > 0and anyn € Z
(resp. for n € 7).

Proof. Combine Proposition 4.4 and Proposition 2.7. U

4C3. Analogy with Temperley—Lieb category. The definition of the ¢-structure in
Section 4B was motivated by the following analogy. Pick a nontrivial root of
unity ¢ such that ¢ +¢~' € F and recall the Temperley-Lieb category TL(g) from
Section 2C. Consider the category K b(rL (9)). It is well known (see, e.g., [Ostrik
2008, Proposition 2.7] that the embedding TL(g) C 6, induces an equivalence of
triangulated categories K?(TL(q)) =~ D’ (,), where D?(%,) is the derived category
of the abelian category 6,. In particular the category %, := K b(TL(q)) inherits
a natural 7-structure (@;0, Qb;o) from the category Db (64); see, e.g., [Beilinson
et al. 1982, Exemple 1.3.2(1)].° This z-structure can be characterized as follows.

Let St := V;_; € TL(q) be the so-called Steinberg module. It is known (see
[Andersen et al. 1991, Theorem 9.8]) that St is a projective object of the category
%,. Thus St®Y is a projective object of €, for any ¥ € 6,; see [Andersen et al.
1991, Lemma 9.10]. In particular, for any K € 9%, the object St®K € %, is
isomorphic to its cohomology (as a finite complex consisting of projective modules
and with projective cohomology). It is well known that each projective object of
%, is contained in TL(q) C €,; see [Andersen 1992, (5.7)]. Thus, in the language
of Section 4A, for any K € K”(TL(q)) the complex St ®K is split (analogous to
Proposition 4.1). It is clear that K € @;0 if and only if St ®K is concentrated in
nonpositive degrees and similarly for @50. This is a counterpart of the definition of
the ¢-structure (37{50, ‘:7{50).

Furthermore, it is known that each direct summand of St®Y for Y € TL(q)
is negligible (see [Andersen 1992, Proposition 3.5 and Lemma 3.6]) and that
each negligible object of TL(g) is a direct summand of St ®Y with Y € TL(q) (see
[Andersen 1992, p. 158]). Thus we have the following counterpart of Proposition 4.4
(with a similar proof):

(a) Let K € %,. Then K € 97° (resp. K € 97°) if and only if Hom(K, A[n]) =0
for any negligible A € TL(q) andn € Z _o (resp. n € Z~).

Hence, following Section 4C2, we can give a blockwise description of the
t-structure (QZ);O, 92)30). For a block b let (9,), denote the full subcategory of
D, =K b(TL(q)) consisting of complexes with all terms from the block b. Using
Lemma 2.11 we obtain the following counterpart of Proposition 4.5:

9Thus the category quso consists of objects of Db (é4) with nontrivial cohomology only in
nonpositive degrees and similarly for ED;O.
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(b) Let b be a nonsemisimple block of TL(q) with indecomposable objects L; for
i € Z>q labeled as in Remark 2.10. Let K € (94)p. Then K € 92550 (resp. K € gquo)
if and only if Hom(K, L;[n]) =0 foralli > 0 and any n € Z_ (resp. for n € Z~).

From this description it is clear that the pair (Qb<0 N (@q)b, QD>O N(Dy)p) of
subcategories of (%)}, corresponds to the pair ((3{ )b/ (f7f )b/) under the equiva-
lence (9,)p 2~ (H4)r induced by the equivalence of blocks from Proposition 2.9.
Since (qufo N (Dg)b, QD,?O N (@y)p) is a t-structure on the category (¥,), we have
the following:

Corollary 4.6. Let b be a nonsemisimple block of the category TL(q) and let
b’ be an equivalent block in the category Rep(S;) as in Proposition 2.9. Then
((3{§O)b/, (3{§O)b/) is a t-structure on the category (K )p. O

4C4. Proof of Theorem 4.2. 1t suffices to show ((H3")p, (%)) is a -structure
on (¥ 4)p, for every block b. If the block b is semisimple then the category (¥4)p can
be identified with K”(Vecr) and Proposition 4.5(a) shows that ()b, (H7°)p)
is the standard ¢-structure on K?(Vecp).

It remains to consider the case when b is a nonsemisimple block. Choose a
nontrivial root of unity g such that ¢ +¢~' € F (for example, a primitive cubic
root of unity ¢ will work for any F since ¢ +¢~' = —1 € F). Then there is a
nonsemisimple block in 7L (g) which is equivalent to b (Proposition 2.9). Hence,
by Corollary 4.6, (33", (9;°)) is a t-structure on (Ky)p. O

4CS. Complements. The proof in Section 4C4 implies the following:
Corollary 4.7. (a) The category 57{2 is pre-Tannakian.

(b) Any object of the category 3{2 is isomorphic to a subquotient of a direct sum of
tensor powers of [pt].

Proof. We already know that the category ?7{2 is an abelian tensor category (see
Corollary 4.3). It is obvious that Hom’s are finite-dimensional and End(1) = F
since this is true in the category ¥;. The category 3{2 is rigid: if A ® K is
concentrated in degree zero then the same is true for A ® K* >~ (A ® K)*. It
remains to check that any object of 37{2 has finite length. It is clear that we can
verify this block by block. The result is clear for semisimple blocks since by
Proposition 4.5(a) the core of the corresponding ¢-structure identifies with Vecg.
This is also clear for nonsemisimple blocks since the corresponding ¢-structure
(described in Proposition 4.5) identifies with the ¢-structure on a block of the
Temperley-Lieb category and the corresponding core has all objects of finite length
since this is true for the category 6,. This proves (a).

For (b) we use the same argument as above: it is sufficient to verify the statement
block by block. Here the result is trivial for semisimple blocks and is known for
nonsemisimple ones since it is known to hold for the category €, . ]
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Remark 4.8. Using similar techniques of importing known results about the cate-
gory 6, to the category 57{2 we can obtain detailed information about this category.
In particular, we see that the category 37{2 has enough projective objects; all inde-
composable projective objects are direct summands of tensor powers of [pt] (but
powers of [pt] are not projective in general; for example [pt]®° = 1 is not projective).
Thus Corollary 4.7(b) can be improved: any object of the category ‘:7{2 is isomorphic
to a quotient of a direct sum of tensor powers of [pt].

5. Universal property

5A. Extension property of the category 3(2.

Proposition 5.1. Let I be a pre-Tannakian category and let & : Rep(S;) — I be
a tensor functor. Assume that F(A) % 0. Then the functor F (uniquely) factorizes
as Rep(Sy) — 57{2 — T, where 57{2 — J is an exact tensor functor.

Proof. Let K € ?7{2. We can consider F(K) € K?(). Since the category 7 is
abelian we can talk about cohomology of F(K).

Lemma 5.2. H (%(K)) =0 fori #0.

Proof. Notice that for any 0 # X € J we have X ® F(A) # 0. Since the endofunctor
—®%F(A) of the category 7 is exact (see, e.g., [Bakalov and Kirillov 2001, Proposi-
tion 2.1.8]) we see that H (F(K @ A)) = H(F(K)QF(A)) = H (F(K)) @ F(A).
By the definition of ?]{2 the cohomology of (K ® A) is concentrated in degree
zero and we are done. U

We now define the functor ?]{2 — T as K — H°(%F(K)) with the tensor structure
induced by the one on & (or rather its extension to K b (Rep(Sy)) — K0(F)). O

Remark 5.3. Here is an example of a tensor functor between abelian rigid tensor
categories which is not exact. Let k be a field of characteristic 2 and consider
the category Rep,; (Z/27) of finite-dimensional k-representations of Z/27Z. This
category has precisely 2 indecomposable objects: one is simple and 1-dimensional;
the other is projective and has categorical dimension 0. Thus the quotient of
Rep, (Z/27Z) by the negligible morphisms is equivalent to the category Vecy of finite-
dimensional vector spaces over k. Clearly the quotient functor Rep, (Z/27) — Veci
is not exact since it sends the projective object to zero. One can also construct a
similar example over a field of characteristic zero using the representation category
of the additive supergroup of a 1-dimensional odd space.

5B. Fundamental groups of 57{?1 and Rep(Sy). Let w be the fundamental group
of the pre-Tannakian category 37{2. The action of 7w on [pt] € Rep(Sy) C 3(2 defines
a homomorphism &= — Sy where I = Spec([pt]).

Proposition 5.4. The homomorphism ¢ : 1 — Sy is in fact an isomorphism.
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Proof. Since the object [pt] generates 57{2 (see Corollary 4.7(b)) the homomorphism
& :mw — Sy is an embedding.

Consider the category Rep(Si, €). It is shown in (the proof of) [Deligne 2007,
Proposition B1] that its fundamental group is precisely the group Sy = Autgep(s;,e) (D).
We have an obvious tensor functor Rep(S;) — Rep(Sy, €); by Proposition 5.1 it
extends to a tensor functor % : 57{2 — Rep(S1, €). Thus we have a homomorphism
S{ = F(mr). Itis clear that the composition S; — F () C F(Sp) = Sy is the identity
map. The result follows. U

5C. Proof of Theorem 1.2. We start with the following result:

Proposition 5.5 [Deligne 1990, 8.14(ii)]. The fundamental group of the category
Rep(Sy) is the group S, acting on itself by conjugation. U
Remark 5.6. It is explained in loc. cit. that we can replace S; with any affine
algebraic group G in the statement of the proposition.

Theorem 5.7. Let T be a pre-Tannakian category and let F : Rep(Sq) — T be a
tensor functor with T = ZF([pt]).

(@) If F(A) = 0, then the category Rep(Sy, €) endowed with the functor Fr :
Rep(S;) — Rep(Sy, €) is equivalent to Rep(Sy) equipped with the functor
Rep(S4) — Rep(Sa).

(b) If F(A) # 0O, then the category Rep(Sy, €) endowed with the functor Fr :
Rep(Sy) — Rep(Sy, €) is equivalent to 37{2 equipped with the functor Rep(S;) —
9.

Proof. (a) In this case % factorizes as Rep(S;) — Rep(Sy) — T (see Corollary 3.16).

The result follows from [Deligne 1990, Théoréme 8.17] and Proposition 5.5.

(b) In this case & extends to a functor Rep(Sy) — 57{2 — J by Proposition 5.1. The
result follows from [Deligne 1990, Théoréme 8.17] and Proposition 5.4. O

If we apply Theorem 5.7(b) to the category J = Rep(S_;) and the functor
@g‘i .t Rep(84) — T described in Definition 2.4 and Section 3D we obtain the
following:

Corollary 5.8. The category Rep®(S;) endowed with the functor Rep(Sq) —
Rep?(Sy) is equivalent to the category 57{2 with the functor Rep(Sy) — 57{2,. (I

Clearly Theorem 5.7 and Corollary 5.8 together imply Theorem 1.2.
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Algebraicity of the zeta function associated
to a matrix over a free group algebra

Christian Kassel and Christophe Reutenauer

Following and generalizing a construction by Kontsevich, we associate a zeta
function to any matrix with entries in a ring of noncommutative Laurent polyno-
mials with integer coefficients. We show that such a zeta function is an algebraic
function.

1. Introduction

Fix a commutative ring K. Let F be a free group on a finite number of generators
X1,..., X, and
KF = K(le Xl_l’ o X, X;1>

be the corresponding group algebra: equivalently, it is the algebra of noncommu-
tative Laurent polynomials with coefficients in K. Any element a € KF can be
uniquely written as a finite sum of the form

a=Y (a9

geF

where (a, g) € K.

Let M be a d x d matrix with coefficients in KF'. For any n > 1, we may consider
the n-th power M" of M and its trace Tr(M"™), which is an element of KF. We
define the integer a,, (M) as the coefficient of 1 in the trace of M":

an(M) = (Tr(M"), 1). (1-1)
Let gy and Py be the formal power series
tn
gu =) a,(M)t" and Py = exp(z an(M);). (1-2)
n>1 n>1
They are related by
_  dlog(Pu)
N e~

MSC2010: primary 05A15, 68Q70, 68R15; secondary 0SE15, 14HO0S5, 14G10.
Keywords: noncommutative formal power series, language, zeta function, algebraic function.
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We call Py, the zeta function of the matrix M by analogy with the zeta function
of a noncommutative formal power series (see next section); the two concepts will
be related in Proposition 4.1.

The motivation for the definition of Py, comes from the well-known identity
expressing the inverse of the reciprocal polynomial of the characteristic polynomial
of a matrix M with entries in a commutative ring

1 "
—_— = Tr(M")— ).
det(1 — (M) exP(; fMH% )
Note that, for any scalar A € K, the corresponding series for the matrix A M
become

em(@®)=gu(At) and Py (1) = Py (At). (1-3)

Our main result is the following; it was inspired by Theorem 1 of [Kontsevich
2011]:

Theorem 1.1. For each matrix M € M ;(KF) where K = Q) is the ring of rational
numbers, the formal power series Py is algebraic.

The special case d = 1 is due to Kontsevich [2011]. A combinatorial proof in
the case d =1 and F is a free group on one generator appears in [Reutenauer and
Robado 2012].

Observe that by the rescaling equalities (1-3) it suffices to prove the theorem
when K = Z is the ring of integers.

It is crucial for the veracity of Theorem 1.1 that the variables do not commute:
for instance, if a = x +y +x~ '+ y~ ! € Z[x,x7!, y, y~!], where x and y are
commuting variables, then exp(}_,.(a", 1)t"/n) is a formal power series with
integer coefficients but not an algebr_aic function (this follows from Example 3 in
[Bousquet-Mélou 2005, §1]).

The paper is organized as follows. In Section 2, we define the zeta function g
of a noncommutative formal power series S and show that it can be expanded as
an infinite product under a cyclicity condition that is satisfied by the characteristic
series of cyclic languages.

In Section 3, we recall the notion of algebraic noncommutative formal power
series and some of their properties.

In Section 4, we reformulate the zeta function of a matrix as the zeta function of
a noncommutative formal power series before giving the proof of Theorem 1.1; the
latter follows the steps sketched in [Kontsevich 2011] and relies on the results of the
previous sections as well as on an algebraicity result by André [2004] elaborating
on an idea of D. and G. Chudnovsky.

We concentrate on two specific matrices in Section 5. We give a closed formula
for the zeta function of the first matrix; its nonzero coefficients count the planar
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rooted bicubic maps as well as Chapoton’s “new intervals” in a Tamari lattice (see
[Chapoton 2006; Tutte 1963]).

2. Cyclic formal power series

General definitions. As usual, if A is a set, we denote by A* the free monoid on A:
it consists of all words on the alphabet A, including the empty word 1.

Let AT = A — {1}. Recall that w € A™ is primitive if it cannot be written as u"
for any integer » > 2 and any u € A™. Two elements w, w’ € A" are conjugate if
w = uv and w’ = vu for some u, v € A*.

Given a set A and a commutative ring K, let K {(A)) be the algebra of noncom-
mutative formal power series on the alphabet A. For any element S € K {{A)) and
any w € A*, we define the coefficient (S, w) € K by

S= (S, ww.
wWEA*

As an example of such noncommutative formal power series, take the charac-
teristic series ), ., w of a language L € A*. In the sequel, we shall identify a
language with its characteristic series.

The generating series gs of an element S € K ((A)) is the image of S under the
algebra map ¢ : K{{A)) — K[[t] sending each a € A to the variable . We have

gs— (S, )= Y (S, wy :Z(Z (S, w))t", @2-1)
weAT n>1 Mw|=n

where |w| is the length of w.
The zeta function ¢s of S € K {{A)) is defined by

[w] n
rs = exp( 3G, w)h) - exp(Z( 3. w)) %) 2-2)
weAt n>1 MMw|=n

The formal power series gg and {g are related by

tdlog(és) :tﬁ _

it 2 gs— (S, 1), (2-3)

where ¢ is the derivative of ¢g with respect to the variable 7.

Cyclicity.

Definition 2.1. An element S € K {(A)) is cyclic if
(i) Yu,v e A*, (S,uv) = (S, vu) and

(i) Yw € AT, Vr>2, (S,w") = (S, w)".
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Cyclic languages provide examples of cyclic formal power series. Recall from
[Berstel and Reutenauer 1990, §2] that a language L C A* is cyclic if

(1) Yu,ve A*, uve L <= vu e L and
2 Vwe AT, Vr>2, w eL<=wel.

The characteristic series of a cyclic language is a cyclic formal power series in the
above sense.

Let L be any set of representatives of conjugacy classes of primitive elements
of AT,

Proposition 2.2. If S € K{{A)) is a cyclic formal power series, then
1
s=[11—sam
— 1]
el 1—(S, Ot

Proof. Since both sides of the equation have the same constant term 1, it suffices to
prove that they have the same logarithmic derivative. The logarithmic derivative of
the right-hand side multiplied by ¢ is equal to

Z 1€1(S, )"
— £
1 (S, Ol

which in turn is equal to

Z 1€](S, 0)kekIe,

Lel, k>1

In view of (2-1) and (2-3), it is enough to check that, for all n > 1,

doSwy= > s o (2-4)

lw|=n teL, k>1, k|t|=n

Now any word w = u¥ is the k-th power of a unique primitive word «, which is the
conjugate of a unique element £ € L. Moreover, w has exactly |£| conjugates and,
since S is cyclic, we have

(S, w) = (S, u) = (S, w* = (S, O~.
From this, Equation (2-4) follows immediately. (]

Corollary 2.3. If a cyclic formal power series S has integer coefficients, that is, if
(S, w) € Z for all w € A*, then so does Cs.
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3. Algebraic noncommutative series

This section is essentially a compilation of well-known results on algebraic non-
commutative series.

Recall that a system of proper algebraic noncommutative equations is a finite set
of equations

Ei:ph i=l,...,n,

where &1, ..., &, are noncommutative variables and py, ..., p, are elements of
K{&,...,&, A), where A is some alphabet. We assume that each p; has no
constant term and contains no monomial §;. One can show that such a system has
a unique solution (S, ..., Sy,), i.e., there exists a unique n-tuple (Sy, ..., S,) €
K {{A)" such that S; = p; (S1,..., Sy, A) foralli =1, ..., n and each S; has no con-
stant term (see [Schiitzenberger 1962], [Salomaa and Soittola 1978, Theorem IV.1.1],
or [Stanley 1999, Proposition 6.6.3]).

If a formal power series S € K ((A)) differs by a constant from such a formal
power series S;, we say that S is algebraic.

Example 3.1. Consider the proper algebraic noncommutative equation
£E=at’+b.
(Here A = {a, b}.) Its solution is of the form
S =b+abb+ aabbb + ababb + - - - .

One can show (see [Berstel 1979]) that S is the characteristic series of Lukasiewicz’s
language, namely of the set of words w € {a, b}* such that |w|, = |w|, + 1 and
|ul, > |u|p for all proper prefixes u of w.

Recall also that S € K{{A)) is rational if it belongs to the smallest subalge-
bra of K{{A)) containing K(A) and closed under inversion. By a theorem of
Schiitzenberger (see [Berstel and Reutenauer 2011, Theorem 1.7.1]), a formal power
series S € K ((A)) is rational if and only if it is recognizable, i.e., there exist an
integer n > 1, a representation u of the free monoid A* by matrices with entries
in K, a row-matrix « and a column-matrix 8 such that, for all w € A*,

(S, w) =apn(w)p.
We now record two well-known theorems.

Theorem 3.2. (1) If S € K((A)) is algebraic, then its generating series gs € K|[[t]]
is algebraic in the usual sense.

(2) The set of algebraic power series is a subring of K (A)).

(3) A rational power series is algebraic.
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(4) The Hadamard product of a rational power series and an algebraic power
series is algebraic.

(5) Let A ={ay,...,a,, afl, e a;l} and L be the language consisting of all
words on the alphabet A whose image in the free group on ay, ..., a, is the
neutral element. Then the characteristic series of L is algebraic.

Items (1)—(4) of the previous theorem are due to Schiitzenberger [1962] and
Item (5) to Chomsky and Schiitzenberger [1963] (see [Stanley 1999, Example 6.6.8]).
The second theorem is a criterion due to Jacob [1975].

Theorem 3.3. A formal power series S € K {A)) is algebraic if and only if there
exist a free group F, a representation | of the free monoid A* by matrices with
entries in KF, indices i and j, and an element y € F such that, for all w € A*,

(S, w) = ((nw)i,j, ).
The following is an immediate consequence of Theorem 3.3:

Corollary 3.4. If S € K{{A)) is an algebraic power series and ¢ : B* — A* is a
homomorphism of finitely generated free monoids, then the power series

D (S, pw)w € K(BY)

weB*
is algebraic.
As a consequence of Theorem 3.2(5) and of Corollary 3.4, we obtain:

Corollary 3.5. Let f : A* — F be a homomorphism from A* to a free group F.
Then the characteristic series of f~'(1) € K {A)) is algebraic.

4. Proof of Theorem 1.1

Let M be a d x d matrix. As observed in the introduction, it is enough to establish
Theorem 1.1 when all the entries of M belong to ZF.

We first reformulate the formal power series gy and Py of (1-2) as the generating
series and the zeta function of a noncommutative formal power series, respectively.

Let A be the alphabet whose elements are triples [g, i, j], where i and j are
integers such that 1 <i, j <d and g € F appears in the (i, j)-entry M; ; of M, i.e.,
(M; j, g) # 0. We define the noncommutative formal power series Sy € K (A))
as follows: for w = [g1, i1, j1]- - [gn, in, jn] € AT, the scalar (Sy;, w) vanishes
unless we have

(@) ju=1i1and jy =ixy  forallk=1,...,n—1 and

(b) g1---gn =1inthe group F,
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in which case (S, w) is given by
Sm,w) =M, j,g1) - (M, j,. &) € K.
By convention, (Sy, 1) =d.
Proposition 4.1. The generating series and the zeta function of Sy are related to
the formal power series gy and Py of (1-2) by
8sy—d=gm and (s, = Py.
Proof. For n > 1, we have
Tr(M") =3 M, j, -+ M, j,
= Z(Mil,jla gl) e (Min,jn’ gn)gl * - 8n
where the sum runs over all indices i1, ji, ..., iy, j, satisfying Condition (a) above
and over all g1, ..., g, € F. Then
an(M) = (Tr(Mn)a 1) = Z(Mil,jlv gl) e (Mi,,,jnv gn),
where Conditions (a) and (b) are satisfied. Hence,
aM)y= Y (Sw),
weA*, |lw|=n
which proves the proposition in view of (1-2), (2-1) and (2-2). O
We next establish that Sy, is both cyclic in the sense of Section 2 and algebraic
in the sense of Section 3.

Proposition 4.2. The noncommutative formal power series Sy is cyclic.

Proof. (i) Conditions (a) and (b) above are clearly preserved under cyclic permuta-
tions. Hence, we also have

Su,w) =M, j,, 8) - (M, j,, &) (M, j, &1)

when w =[g1, i1, j1]---[gn, in, ju] such that Conditions (a) and (b) are satisfied.
It follows that (S, uv) = S(vu) for all u, v € A*.

(>i1) If w satisfies Conditions (a) and (b), so does w" for r > 2. Conversely, if w”
(r > 2) satisfies Condition (a), then since

w" =1[g1, i1, jil - [8n, ins Jullg1, i1, 1]+

we must have j, = i; and jy = iy forallk =1,...,n — 1, and so w satisfies
Condition (a).

If w” (r = 2) satisfies Condition (b), i.e., (g1---g,) = 1,then g;---g, =1
since F is torsion-free. Hence, w satisfies Condition (b). It follows that (S, w") =
((Mi, j, 81) - (M, j,, &))" = (S, w)". U
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Proposition 4.3. The noncommutative formal power series Sy is algebraic.

Proof. We write Sy, as the Hadamard product of three noncommutative formal
power series Sp, S> and Ss.
The series S| € K ((A)) is defined for w = [gy, i1, j1]- - [gn» in, ju]l € AT by

S1,w) = M;, j,,81) - (M, ;.. &)

and by (S;,1) = 1. This is a recognizable, hence rational, series with one-
dimensional representation A* — K given by [g, 1, j]1+— (M, ;, g).
Next consider the representation p of the free monoid A* defined by

/’L([g’ l’]]) = Ei,ja

where E; ; denotes as usual the d x d matrix with all entries vanishing except the
(i, j)-entry, which is equal to 1. Set

S2= Y Tr((pw)w € K (A).
wWEA*

The power series S, is recognizable and hence rational. Let us describe S> more
explicitly. For w = 1, u(w) is the identity d x d matrix; hence, (S,, 1) = d. For
w=[g1,i1, il [gns in, jul € AT, we have

Tr((uw)) =Tr(E;, j, - - - Ei,.j,)-

It follows that Tr((uw)) # 0 if and only if Tr(E;, j, - - - E;, j,) # 0, which is equiv-

alent to j, =1i; and jiy =iy4 forallk =1, ..., n—1, in which case Tr((pw)) = 1.
Thus,
Sy=d+» > [gri1,i2llga. iz, il -+ [gns in» i1],
n>1
where the second sum runs over all elements g;,..., g, € F and all indices

I1,...,10,.
Finally, consider the homomorphism f : A* — F sending [g, i, j] to g. Then
by Corollary 3.5 the characteristic series S3 € K ((A)) of f (1) is algebraic.
It is now clear that Sy, is the Hadamard product of §;, S, and Ss:

Su=35108%0S85;.

Since, by [Berstel and Reutenauer 2011, Theorem 1.5.5] the Hadamard product
of two rational series is rational, S; ® S is rational as well. It then follows from
Theorem 3.2(4) and the algebraicity of S3 that Sy = S; © $> © S3 is algebraic. [

Since M has entries in ZF, the power series gs,, = gu +d belongs to Z[[¢]]. It
follows by Corollary 2.3 and Proposition 4.2 that the power series Py = {s,, has
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integer coefficients as well. Moreover, by Theorem 3.2(1) and Proposition 4.3,

tdlog(PM) e
dt
is algebraic.
To complete the proof of Theorem 1.1, it suffices to apply the following alge-
braicity theorem:

Theorem 4.4. If f € Z[[t] is a formal power series with integer coefficients such
that t d log f/dt is algebraic, then f is algebraic.

Note that the integrality condition for f is essential: for the transcendental formal
power series f =exp(t), we have f d log f/dt = t, which is even rational.

Proof. This result follows from cases of the Grothendieck—Katz conjecture proved
in [André 2004] and in [Bost 2001]. The conjecture states that, if Y' = AY is a
linear system of differential equations with A € M;(Q(t)), then far from the poles
of A it has a basis of solutions that are algebraic over (Q(¢) if and only if for almost
all prime numbers p the reduction mod p of the system has a basis of solutions
that are algebraic over [, (7).

Let us now sketch a proof of the theorem (see also Exercise 5 of [André 1989,
p. 160]). Set g =¢f'/f, and consider the system y’ = (g/t)y; it defines a differential
form @ on an open set S of the smooth projective complete curve S associated
to g. We now follow [André 2004, §6.3], which is inspired from [Chudnovsky
and Chudnovsky 1985]. First, extend w to a section (still denoted w) of Q%(—D),
where D is the divisor of poles of w. For any n > 2, we have a differential form
Yo pi(w) on ", where p; : S" — S is the i-th canonical projection; this form
goes down to the symmetric power S". Now let J be the generalized Jacobian
of S parametrizing invertible fiber bundles over S that are rigidified over D. There
is a morphism ¢ : § — J and a unique invariant differential form w; on J such
that @ = ¢*(w,). For any n > 2, ¢ induces a morphism ¢ : §® — J such that
(™) (wy) = Y i pi(w). For n large enough, ™ is dominant, and if w; is
exact, then so is w. To prove that w; is exact, we note that J, being a scheme of
commutative groups, is uniformized by C". We can now apply Theorem 5.4.3 of
[André 2004], whose hypotheses are satisfied because the solution f of the system
has integer coefficients.

Alternatively, one can use a special case of a generalized Grothendieck—Katz
conjecture proved by Bost, namely Corollary 2.8 in [Bost 2001, §2.4]: the vanishing
of the p-curvatures in Condition (i) follows by a theorem of Cartier from the fact
that the system has a solution in [, (7), namely the reduction mod p of f for all
prime numbers p for which such a reduction of the system exists (see Exercise 3
of [André 1989, p. 84] or Theorem 5.1 of [Katz 1970]); Condition (ii) is satisfied
since C" satisfies the Liouville property. U
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A nice overview of such algebraicity results is given in the Bourbaki report of
Chambert-Loir [2002]; see especially Theorem 2.6 and the following lines.
5. Examples

Kontsevich [2011] computed P, when w = X| + X ]_1 +o+ X+ X, ! considered
as a 1 x 1 matrix, obtaining

2" (n—14+n1—4Q2n— D?)/2)n-1
2n — -1 (14 (1 —=4Q2n —Dt2)l/2)n

: (5-1)

(D:

which shows that P, belongs to a quadratic extension of Q(%).
We now present similar results for the zeta functions of two matrices: the first
one of order 2 and the second one of order d > 3.

Computing Py for a 2 x 2 matrix. Consider the following matrix with entries in
the ring Z{a, a V. b,b 1 d, d7! ), where a, b and d are noncommuting variables:

a+a! b
MZ( b d+d—1)‘ (5-2)

Proposition 5.1. We have

(1=8t)12—1+46¢2

gu =3 T op . (5-3)
(1 —8¢2)3/2 1412+ —24¢*
Py = o ) (5-4)

Expanding Py, as a formal power series, we obtain
3.2" 2n42\ 5
=1 ( )t "
+Z (n+2)(n+3)\ n+l

Proof. View the matrix M under the form of the graph of Figure 1 with two vertices 1
and 2 and six labeled oriented edges. We identify paths in this graph and words
on the alphabet A = {a,a”!,b,b~",d,d™"}. Let B denote the set of nonempty
words on A that become trivial in the corresponding free group on a, b and d and
whose corresponding path is a closed path. Then the integer a,, (M) is the number
of words in B of length n. We have ¢(B) = gy, where ¢ : K{{A)) = K[[t] is the
algebra map defined in Section 2.

We define B; (i =1, 2) as the set of paths in B starting from and ending at the
vertex i; we have B = B + B;. Each set B; is a free subsemigroup of A*, freely
generated by the set C; of closed paths not passing through i (except at their ends).
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O

O ———— @

L O

Figure 1. A graph representing M.

The sets C; do not contain the empty word. We have

Bi=Cr=Y cr. i=1.2

n>1

Given a letter x, we denote by C;(x) the set of closed paths in C; starting with x.
Any word of C;(x) is of the form xwx~!, where w € B; when ii>j; such w does
not start with x ~!. Identifying a language with its characteristic series and using the
standard notation L* =1+, _, L" for any language L, we obtain the equations

Ci(a) = a(Ci(a) + Ci(b)*a™ !, (5-5)
C1(b) = b(Ca(d) + Co(d™H)*p7 . (5-6)

Applying the algebra map ¢ and taking into account the symmetries of the graph,
we see that the four noncommutative formal power series C(a), Ci(a™"), C2(d)
and C»(d™") are sent to the same formal power series u € Z[[t]] while C(b) and
C>(b™") are sent to the same formal power series v. It follows from (5-5) and (5-6)
that # and v satisfy the equations

2 2

2 * ! 2 *
u (u+v) rE— and v 2u) —on

(5-7)
from which we deduce
tzzu(l—u—v):v(l —2u).

The second equality is equivalent to (u —v)(u—1) =0. Since C;(a) does not contain

the empty word, the constant term of u vanishes; hence, u — 1 # 0. Therefore, u = v.
Since C; = Ci(a)+Ci(a~')+ C1(b) and Cr = Co(d) +Ca(d~ 1)+ Ca(b™ 1), we

have £(C) = €(Cy) = 2u + v = 3u. Therefore, e(B;) = ¢(By) =3u/(1 —3u) and

6u
1-3u’
Let us now compute u using (5-7) and the equality # = v. The formal power series u
satisfies the quadratic equation 2u? — u 4 t> = 0. Since u has zero constant term,

gm =¢€(B) = (5-8)
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we obtain
1-(1—-8)'2

4
From this and (5-8), we obtain the desired form for g,,.
Let P(¢) be the right-hand side in Equation (5-4). To prove Py = P(t), we
checked that ¢ P'(¢)/ P (¢t) = g and the constant term of P(z) is 1. |

u

Remark 5.2. We found Equation (5-4) for P(¢) as follows. We first computed the
lowest coefficients of gy up to degree 10:

g =6 +5:*+2915 + 1818 +11811'%) + 0(+'?).
From this, it was not difficult to find that
Py =143t +12¢*+561° 4+ 2887% + 15841 + 0 (+'?). (5-9)

Up to a shift, the sequence (5-9) of nonzero coefficients of Py, is the same as the
sequence of numbers of “new” intervals in a Tamari lattice computed in [Chapo-
ton 2006, §9]. (We learnt this from [OEIS 2010], where this sequence is listed
as A000257.) Chapoton gave an explicit formula for the generating function v of
these “new” intervals (see Equation (73) in [Chapoton 2006]). Rescaling v, we
found that P(¢) = (v(t%) — t*)/1% has up to degree 10 the same expansion as (5-9).
It then sufficed to check that t P'(t)/P(t) = gum.

By [OEIS 2010], the integers in the sequence A000257 also count the number of
planar rooted bicubic maps with 2n vertices (see [Tutte 1963, p. 269]). Planar maps
also come up in the combinatorial interpretation of (5-1) given in [Reutenauer and
Robado 2012, §5] for n = 2.

Note that the sequence of nonzero coefficients of gy, /6 is listed as A194723 in
[OEIS 2010].

A similar d x d matrix. Fix an integer d > 3, and let M be the d x d matrix with
entries M; ; defined by
b;; ifi<j,
Mij=a;+a7' and M;;=1"7 J
' ' b ifj<i,
Jji
where ay, ..., aq, bjj; (1 <i < j <d) are noncommuting variables. This matrix is
a straightforward generalization of (5-2).
Proceeding as above, we obtain two formal power series u and v satisfying the
following equations similar to (5-7):
12
l—u—(d—-1Dv’
)

u=1t*(u+(d—1v)* =

_ 2 _ *
v =12Qu+ (d — 2)v) T
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We deduce the equality u = v and the quadratic equation u (1 —du) = t>. We finally
have
dd+ Du

M= T " d+ hu’
which leads to

_dd+1) (1 —4d)'2 —142(d + Di?
2 1—(d+1)22

&M

Its expansion as a formal power series is the following:

gu =d(d+ D{r* + Q2d + Dr* + (5d* + 4d + Dt° + (14d° + 14d> + 6d + 1)1®
+ (42d* +484° +27d° + 8d + 1)t} + 0(t).

When d = 2, 3, 4, the sequence of nonzero coefficients of gy /d(d + 1) is listed
respectively as A194723, A194724 and A194725 in [OEIS 2010] (it is also the d-th
column in Sequence A183134). These sequences count the d-ary words, either
empty or beginning with the first letter of the alphabet, that can be built by inserting
n doublets into the initially empty word.

We were not able to find a closed formula for Py, analogous to (5-4). Using
Maple, we found that, for instance up to degree 10, the expansion of Py is

d(d+1 d(d+1)(d*+5d+2
LA+l ,  dd+ D@ +5d+2) 4
2 8
d(d+1)(d*+ 14d* +59d° + 384 +8) ¢
+ t
48
+d(d+1)(d6+27d5+271d4+1105a’3+904d2+332d+48)t8
384 ‘
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