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Ekedahl-Oort strata of hyperelliptic curves
in characteristic 2

Arsen Elkin and Rachel Pries

Suppose X is a hyperelliptic curve of genus g defined over an algebraically
closed field k of characteristic p = 2. We prove that the de Rham cohomology
of X decomposes into pieces indexed by the branch points of the hyperelliptic
cover. This allows us to compute the isomorphism class of the 2-torsion group
scheme Jx[2] of the Jacobian of X in terms of the Ekedahl-Oort type. The
interesting feature is that Jx[2] depends only on some discrete invariants of X,
namely, on the ramification invariants associated with the branch points. We give
a complete classification of the group schemes that occur as the 2-torsion group
schemes of Jacobians of hyperelliptic k-curves of arbitrary genus, showing that
only relatively few of the possible group schemes actually do occur.

1. Introduction

Suppose k is an algebraically closed field of characteristic p > 0. There are several
important stratifications of the moduli space s, of principally polarized abelian
varieties of dimension g defined over k, including the Ekedahl-Oort stratification.
The Ekedahl-Oort type characterizes the p-torsion group scheme of the correspond-
ing abelian varieties and, in particular, determines invariants of the group scheme
such as the p-rank and a-number. It is defined by the interaction between the
Frobenius F and Verschiebung V operators on the p-torsion group scheme. Very
little is known about how the Ekedahl-Oort strata intersect the Torelli locus of
Jacobians of curves. In particular, one would like to know which group schemes
occur as the p-torsion Jx[p] of the Jacobian Jx of a curve X of genus g.

In this paper, we completely answer this question for hyperelliptic k-curves X of
arbitrary genus when k has characteristic p =2, a case that is amenable to calculation
because of the confluence of hyperelliptic and Artin—Schreier properties. We first
prove a decomposition result about the structure of HéR(X ) as a module under the

Elkin is partially supported by the Marie Curie Incoming International Fellowship PIIF-GA-2009-
236606. Pries is partially supported by National Science Foundation grant DMS-11-01712.
MSC2010: primary 11G20; secondary 14K15, 14L15, 14H40, 14F40, 11G10.
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actions of F and V, where the pieces of the decomposition are indexed by the branch
points of the hyperelliptic cover. This is the only decomposition result about the
de Rham cohomology of Artin—Schreier curves that we know of, though the action
of V on H(X, Q') and the action of F on H' (X, 0) have been studied for Artin—
Schreier curves under less restrictive hypotheses [Madden 1978; Sullivan 1975].

The second result of this paper is a complete classification of the isomorphism
classes of group schemes that occur as the 2-torsion group scheme Jx[2] for a
hyperelliptic k-curve X of arbitrary genus when char(k) = 2. The group schemes
that occur decompose into pieces indexed by the branch points of the hyperelliptic
cover, and we determine the Ekedahl-Oort types of these pieces. In particular, we
determine which a-numbers occur for the 2-torsion group schemes of hyperelliptic
k-curves of arbitrary genus when char(k) =2. Before describing the result precisely,
we note that it shows that the group scheme Jx[2] depends only on some discrete
invariants of X and not on the location of the branch points or the equation of the
hyperelliptic cover. This is in sharp contrast to the case of hyperelliptic curves in
odd characteristic p, where even the p-rank depends on the location of the branch
points [Yui 1978].

Notation 1.1. Suppose k is an algebraically closed field of characteristic p = 2.
Let X be a k-curve of genus g that is hyperelliptic, in other words, for which there
exists a degree two cover 7 : X — P!, Let B C P'(k) denote the set of branch
points of 7, and let » :=#B — 1. After a fractional linear transformation, one may
suppose that 0 € B and oo ¢ B.

For o € B, the ramification invariant d,, is the largest integer for which the
higher ramification group of & above « is nontrivial. By [Stichtenoth 2009, Propo-
sition II1.7.8], d,, is odd. Let ¢, := (dy — 1)/2, and let xy := (x — o) L

The cover 7 is given by an affine equation of the form y*> — y = f(x) for some
nonconstant rational function f(x) € k(x). After a change of variables of the form
y = y + €, one may suppose the partial fraction decomposition of f(x) has the
form

FO) =) fulxa), (1-1)

oEB

where f,(x) € xk[x?] is a polynomial of degree d,, containing no monomials of
even exponent. In particular, the divisor of poles of f(x) on P! has the form

diveo(f () = ) dacr.
aEB

By the Riemann—Hurwitz formula [Serre 1968, IV, Proposition 4], the genus g
of X satisfies
2¢+2= Z(do, +1).

a€eB
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Recall that the 2-rank of (the Jacobian of) the k-curve X is dimy, Hom(uz, Jx[2]),
where ., is the kernel of Frobenius on G,,. By the Deuring—Shafarevich formula
[Subrao 1975, Theorem 4.2; Crew 1984, Corollary 1.8], the 2-rank of X is r. Note
that g =r+)_, g co. The implication of these formulas is that, for a given genus g
(and 2-rank r), there is an additional discrete invariant of the hyperelliptic k-curve X,
namely, a partition of 2g + 2 into r 4 1 positive even integers d, + 1. In Section 5Sa,
we show that the Ekedahl-Oort type of X depends only on this discrete invariant.

Theorem 1.2. Suppose X is a hyperelliptic curve defined over an algebraically
closed field k of characteristic 2 with affine equation y*> —y = f (x), branch locus B,
and polynomials f, for o € B as described in Notation 1.1. For a € B, consider the
Artin-Schreier k-curve Y, with affine equation y>*—y = f,(x). Let E be an ordinary
elliptic k-curve. As a module under the actions of Frobenius F and Verschiebung V ,
the de Rham cohomology of X decomposes as

Hip (X) = Hig (E)** ™' & @D Hip (Ya).

«EeB

As an application of Theorem 1.2, we give a complete classification of the
Ekedahl-Oort types that occur for hyperelliptic k-curves. Recall that the 2-torsion
group scheme Jy[2] of the Jacobian of a k-curve is a polarized BT; group scheme
over k (short for polarized Barsotti—Tate truncated level-1 group scheme) and that
the isomorphism class of a BT group scheme determines and is determined by
its Ekedahl-Oort type; see Section 2 for more details. For p = 2 and a natural
number c, let G.. be the polarized BT group scheme of rank p* with Ekedahl-Oort
type [0,1,1,2,2,..., [c/2]]. For example, G| is the 2-torsion group scheme of a
supersingular elliptic k-curve. The group scheme G, occurs as the 2-torsion of a
supersingular nonsuperspecial abelian surface over k. The group scheme G, is not
necessarily indecomposable. More explanation about G, is given in Sections 2c
and 5b.

Before stating the classification result, we note that it also includes a complete
description of which a-numbers occur for the Jacobians of hyperelliptic k-curves.
Recall that the a-number of X is defined as ay := dim; Hom(«, Jx[2]), where o
is the kernel of Frobenius on G,.

Theorem 1.3. Let X be a hyperelliptic k-curve with affine equation y> —y = f(x)
defined over an algebraically closed field of characteristic 2 as described in
Notation 1.1. Then the 2-torsion group scheme of the Jacobian variety of X is

Ix[21= (228 1) ® P G,

aeB

and the a-number of X isax = (g+1—#a € B|d, =1 mod4})/2.
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Theorem 1.3 is stated without proof in [van der Geer 1999, 3.2] for the special
case when f(x) € k[x], that is, r = 0. There are two interesting things about
Theorem 1.3. First, it shows that the Ekedahl-Oort type of X : y> —y = f(x)
depends only on the orders of the poles of f(x). This is in sharp contrast to the
case of hyperelliptic curves in odd characteristic p, where even the p-rank depends
on f(x) and the location of the branch points [Yui 1978]. Similarly, it differs from
the results of [Bouw 2001; Elkin 2011; Johnston 2007], all of which give bounds
for the p-rank and a-number of various kinds of curves that depend strongly on the
coefficients of their equations. Likewise, preliminary calculations indicate that it is
in contrast to the situation for Artin—Schreier curves in odd characteristic.

Secondly, Theorem 1.3 is interesting because it shows that most of the possibilities
for the 2-torsion group scheme of an abelian variety over k do not occur for
Jacobians of hyperelliptic k-curves when char(k) = 2. Specifically, there are 28
possibilities for the 2-torsion group scheme of a g-dimensional abelian variety
over k. We determine a subset of these of cardinality equal to the number P(g+ 1)
of partitions of g + 1 and prove that the group schemes in this subset are exactly
those that occur as the 2-torsion Jx[2] for a hyperelliptic k-curve X of genus g.
Recall [Hardy and Ramanujan 1918] that P(g + 1) grows asymptotically like
e™V2etD/3 1(4./3(g + 1)) as g goes to infinity. Also, Theorem 1.3 gives the
nontrivial bounds (g —r)/2 < ax < (g + 1)/2 for the a-number.

An earlier nonexistence result of this type is due to Ekedahl [1987], who proved
that a curve X of genus g > p(p—1)/2 in characteristic p > 0 cannot be superspecial
and thus ay < g. There are also other recent results about Newton polygons of
hyperelliptic (that is, Artin—Schreier) curves in characteristic 2, including several
nonexistence results [Blache 2012; Scholten and Zhu 2002]. In addition, there are
closed formulas for the number of hyperelliptic curves of genus 3 with given 2-rank
over each finite field of characteristic 2 [Nart and Sadornil 2004].

Here is an outline of this paper. Section 2 contains notation and background.
Results on H(X, Q') and the a-number are in Section 3. Theorem 1.2 is with the
material on the de Rham cohomology in Section 4. Section 5 contains the results
about the Ekedahl-Oort type, including Theorem 1.3.

2. Background

In this paper, all objects are defined over an algebraically closed field k of charac-
teristic p > 0, and all curves are smooth, projective, and connected. This section
includes background on p-torsion group schemes, Ekedahl-Oort types, the de Rham
cohomology, and Frobenius and Verschiebung.

2a. The p-torsion group scheme. Suppose A is a principally polarized abelian
variety of dimension g defined over k. For example, A could be the Jacobian of a
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k-curve of genus g. Consider the multiplication-by-p morphism [p]: A — A thatis
a finite flat morphism of degree p?¢. It factors as [p] =V o F. Here F : A — AP
is the relative Frobenius morphism coming from the p-power map on the structure
sheaf; it is purely inseparable of degree p¢. Furthermore, V : A?”) — A is the
Verschiebung morphism.

The p-torsion group scheme of A, denoted A[ p], is the kernel of [ p]. Itis a finite
commutative group scheme annihilated by p, again having morphisms F and V.
By [Oort 2001, 9.5], the p-torsion group scheme A[p] is a polarized BT group
scheme over k (short for polarized Barsotti—Tate truncated level-1 group scheme)
as defined in [Oort 2001, 2.1, 9.2]. The rank of A[p] is p?%.

We now give a brief summary of the classification [Oort 2001, Theorems 9.4
and 12.3] of polarized BT group schemes over k in terms of Dieudonné modules and
Ekedahl-Oort type; other useful references are [Kraft 1975] (without polarization)
and [Moonen 2001] (for p > 3).

2b. The Dieudonné module and polarizations. 1t is useful to describe the group
scheme A[p] using (the modulo p reduction of) the covariant Dieudonné module
[Oort 2001, 15.3]. This is the dual of the contravariant theory found in [Demazure
1972]. In brief, consider the noncommutative ring E = k[F, V] generated by
semilinear operators F and V with the relations FV =VF =0and FA=A’F
and AV = VAP for all A € k. Let E(A, B) denote the left ideal EA + EB of E
generated by A and B. A deep result is that the Dieudonné functor D gives an
equivalence of categories between BT group schemes over k (with rank p?¢) and
finite left E-modules (having dimension 2g as a k-vector space). We use the notation
D(G) to denote the Dieudonné module of . For example, the Dieudonné module
of the p-torsion group scheme of an ordinary elliptic curve is D(Z/p ® up) =~
E/E(F,1—-V)®E/E(V,1— F) [Goren 2002, Examples A.5.1 and A.5.3].

The polarization of A induces a symmetry on A[ p] as defined in [Oort 2001, 5.1],
namely, an antisymmetric isomorphism from A[p] to the Cartier dual group scheme
Al p]d“&ll of A[p]. Unfortunately, in characteristic 2, there may be antisymmetric
morphisms A[p] — A[ p]d“al that do not come from a polarization. Luckily, this
issue can be resolved by defining a polarization on A[ p] in terms of a nondegenerate
alternating pairing on D(A[p]) [Oort 2001, 9.2, 9.5, 12.2].

2c. The Ekedahl-Qort type. As in [Oort 2001, Sections 5 and 9], the isomorphism
type of a BT group scheme G over k can be encapsulated into combinatorial data.
If G is symmetric with rank p?¢, then there is a final filtration Ny C Ny C - - - C Nog
of G as a k-vector space that is stable under the action of V and F~! such that
i = dim(N;) [Oort 2001, 5.4]. If w is a word in V and F~!, then wD(G) is an
object in the filtration; in particular, N, = VD(G) = F —-10).
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The Ekedahl-Oort type of G, also called the final type,is v =[vy, ..., vg], where
v; = dim(V (N;)). The Ekedahl-Oort type of G does not depend on the choice of a
final filtration. There is a restriction v; < v;1; < v; + 1 on the final type. There are
28 Ekedahl-Oort types of length g since all sequences satisfying this restriction
occur. By [Oort 2001, 9.4, 12.3], there are bijections between (i) Ekedahl-Oort
types of length g, (ii) polarized BT; group schemes over k of rank p?¢, and (iii)
principal quasipolarized Dieudonné modules of dimension 2g over k.

2d. The p-rank and a-number. Two invariants of (the p-torsion of) an abelian
variety are the p-rank and a-number. The p-rank of A is r =dimyg , Hom(u p,, A[p]),
where 1, is the kernel of Frobenius on G,,. Then p" is the cardinality of A[p](k).
The a-number of A is a =dim; Hom(«,, A[p]), where «, is the kernel of Frobenius
on G,. Itis well known that 0 < f < gand 1 <a+ f <g. The p-rank of A[p]
equals the dimension of V& D(G). The a-number of A[p] equals g —dim(V2D(G))
[Li and Oort 1998, 5.2.8]. The p-rank equals max{i | v; =i}, and the a-number
equals g — v,.

2e. The de Rham cohomology. Suppose X is a k-curve of genus g, and recall the
definition of the noncommutative ring E = k[F, V] from Section 2b. By [Oda 1969,
Section 5], there is an isomorphism of E-modules between the Dieudonné module
of the p-torsion group scheme Jx[p] and the de Rham cohomology group HéR(X ).
In particular, ker(F) = HO(X, Q') = im(V). Recall that dimy HéR(X) =2g.

In [Oda 1969, Section 5], there is the following description of H(liR(X ). Let
A = {U;} be a covering of X by affine open subvarieties, and let U;; :=U; N U,
and U;j := U; NU; N Uy. For a sheaf & on X, let

C'@u, F) := {k = (;); | ki € T(U;, F)},
C'U, F) :={¢p = (¢i))i<;j | ij € T(Uij, F)},
C2U, F) :={ = Wij)i<j<k | Vijk € T(Uijk, )}

For convenience, let ¢;; :=0 for any ¢ € C' (U, %). There are coboundary operators
8:CO(U, F) — C' (U, F) defined by (8«);; =k;—k; and §:C' (U, F) — C*(U, F)
by (8¢)i<j<k =¢ij—@ik+ jk. All other maps are applied to C" (U, F) elementwise,
for example, (F¢); := F¢;. As expected, §Z = 0.

The de Rham cocycles are defined by

ZirW) == {(¢, w) e C' (U, 0) x C°(U, Q") | ¢ =0, d¢ = sw},

that is, ¢;j — ¢ix + ¢jx = 0 and d¢;j = w; — w; for all indices i < j < k. The
de Rham coboundaries are defined by

Blr (W) := {(8«, dk) € Zix (W) | k € CO(U, 0)}.
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Finally,
Hlg (X) = Hlig (W) := Zlp (W) /Bl (W).

There is an injective homomorphism A : H(X, Q') — H(liR(X ) denoted informally
by w — (0, w), where the second coordinate is defined by w; = w|y,. This map
is well-defined since d(0) = w|y, — w|y; = (dw);<j. It is injective because if
(0, w1) = (0, wp) mod BéR(Ou), then w; — wy = dk, where k € CO°(U, 0) is such
that 5« =0; thus, « € HO(OIL, 0) ~ k is a constant function on X, and so w; —w, = 0.

There is another homomorphism y : H(llR(X )— H!(X, 0) sending the cohomology
class of (¢, w) to the cohomology class of ¢. The choice of cocycle (¢, w) does not
matter since the coboundary conditions on H(ljR(X )y and H' (X, 0) are compatible.
The homomorphisms XA and y fit into a short exact sequence

0—>H0(X,Ql)i>HfiR(X)l>H](X, 0) — 0 2-1)

of k-vector spaces. In Sections 4d and 4f, we construct a suitable section o :
H'(X, 0) — H)p (X) of y when X is a hyperelliptic k-curve with char(k) = 2.

2f. Frobenius and Verschiebung. The Cartier operator € on the sheaf Q! is de-
fined in [Cartier 1957]. Its three principal properties are that it annihilates exact dif-
ferentials, preserves logarithmic ones, and induces a pil-linear map on HO(x, Q).
The Cartier operator can be computed as follows. Let x € k(X) be an element that
forms a p-basis of k(X) over k(X)?, that is, an element such that every z € k(X)
can be written as

zi=g0 x4tz 1P
for uniquely determined zo, ..., z,—1 € k(X). Then
€(zdx/x):=zodx/x.

The Frobenius operator F' on the structure sheaf O of X induces a p-linear
map F on H'(X, 0). By Serre duality, the k[ F]-module H' (X, 0) is dual to the
k[€]-module H'(X, Q).

The p-linear operator F and the p~!-linear operator V are defined on HéR(X )
as follows. Let V() := €(w) and F(w) := 0 for v € H(X, Q') and V(f):=0
for f e H'(X, 0). Then

F(f,0):=(F(f), F@)=(f",00 and V(f )=V (f),V(0)=(0,6()).

With E=k[F, V] defined in Section 2c, the short exact sequence (2-1) is an exact
sequence of E-modules. However, the section o of (2-1) constructed in Section 4d
is not a splitting of E-modules.



514 Arsen Elkin and Rachel Pries

3. Results about regular 1-forms and the a-number

We specialize to the case when the algebraically closed field £ has characteristic
p = 2. Consider a hyperelliptic k-curve X with affine equation y> — y = f(x)
as described in Section 1. For each branch point o € B, recall the definitions
of the ramification invariant d, = 2¢, + 1, the function xo, = (x — «)~!, and
the polynomial f,(x,) appearing in the partial fraction decomposition of f(x).
Important facts mentioned in Section 1 are that the genus is determined from the
ramification invariants by the formula 2¢ +2 =7, _(dy + 1) and that the 2-rank
of Jx equals r =#B — 1.

For « € B, let P, := n~'(a) € X (k) be the ramification point above «, and
define the divisor Dy, := m~'(0c0) on X. Recall that 0 € B and oo ¢ B, and let
Boo := BU {00} and B’ := B — {0}.

3a. The space H'(X, Q1). For an integer j and for « € B, consider the 1-forms
Wq,j = x({fl dx, onX.

Note that @y, j = —(x —a) /"' dx and if o« € B’, then wy,0—wp 0 = — dx /x (x — ).
For completeness, we prove the next lemma, a variation of a special case of
[Sullivan 1975, Lemma 1(c)].

Lemma 3.1. A basis for H'(X, Q') is given by the 1-forms Wq,j for o € B and
1 <j<cyand wyo—woofora € B

Proof. For « € B, we can calculate the following divisors on X: div(xy) = Do —2 Py,

div(dxe) = (do —3)Pu+ Y (dg+1)Pg, (3-1)
BeB—{a}
div(wa,) =2(ca — D Put+ (= DDoc+ Y dp+1DPs.  (3-2)
BeB—{a}

Thus, wy, ; is regular for 1 < j < ¢, and (wa,0 — w0 o) is regular for & € B’ since
div(wa0 — ©0,0) = 2ca Py +2c0Po+ Y (dg+1)Pp.
BeB—{0,a}

This set of regular differentials of X is linearly independent because the correspond-
ing set of divisors is linearly independent over Z. It forms a basis since the set has
cardinality 7 + 3 .p Co = &. O

Lemma 3.2. If o € B, then

@ ) wq,j2  If ] is even,
Wy i) =
“! 0 if j is odd.

In particular, €(wy,0 — wo,0) = We.0 — 0.0 for all a € B’.
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Proof. Using the properties of the Cartier operator found in Section 2f, one computes
when j is even that

%(xé_l dxy) = x({;/zcé(dxa/xa) = x({;/z_l dxgy

and when j is odd that

G(xi " dxy) = xU7V2G(dx,) = 0. O
Let W, i := (g0 —wo,0) for @ € B', and let W, := (wq j | 1 < j < ¢,) for

o € B, where (- ) denotes the k-span. These subspaces are invariant under the
Cartier operator by Lemma 3.2.

Lemma 3.3. The subspaces W, i and W, ., of HO(X, Q") are stable under the

action of Verschiebung for each a € B. There is an isomorphism of V -modules

HO(X’ Ql) = @ W(i,ss 69@ Wéz,nil'

aeB’ a€B

Proof. This follows immediately from Lemmas 3.1 and 3.2. O

3b. Application: The a-number.

Proposition 3.4. Let X be a hyperelliptic k-curve with affine equation y>—y = f(x)
as described in Notation 1.1. If diveo(f(x)) =Y
of f(x) on P, then the a-number of X is

_ g+ 1—#{aeB|dy,=1mod4)
_ > .

Proof. The a-number of G = Jx[2]isax =g — dim(V2D(G)) [Li and Oort 1998,
5.2.8]. The action of V on V D(G) is the same as the action of the Cartier operator €
on HO(X, @Y. So ay equals the dimension of the kernel of € on HO(x, Q). By
Lemma 3.2, the kernel of ¢ on H(X, Q') is spanned by wq,j fora € B and j odd
with 1 < j < ¢4 = (dy — 1)/2. Thus, the contribution to the a-number from each
a € Bis | (dy+1)/4]. Inother words, if d, =1 mod 4, the contribution is (d, —1) /4,
and if d, =3 mod 4, the contribution is (d, +1)/4. Since g+1=7)_", p(ds+1)/2,
this yields

wecp da s the divisor of poles

ax

2ax =(g+1)—#{a € B |dy =1 mod 4}. O

3c. Examples with large p-rank. Let A be a principally polarized abelian variety
over k with dimension g and p-rank r. If r = g, then A[p] >~ (Z/p ® 1t ,,)® and the
a-numberisa =0. If r =g —1, then A[p] = (Z/p @Mp)g_l @ E[p], where E is
a supersingular elliptic curve and the a-number is @ = 1. So the first case where
A[p] and a are not determined by the p-rank is when r = g — 2.
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Example 3.5. Let g > 2. There are two possibilities for the p-torsion group scheme
of a principally polarized abelian variety over k with dimension g and p-rank g — 2.
When p =2, both of these occur as the 2-torsion group scheme Jx[2] of the Jacobian
of a hyperelliptic k-curve X of genus g.

Proof. If A is a principally polarized abelian variety over k with dimension g and
p-rank g — 2, then A[p] =~ (u, ® 7Z/p)¢~? @ G, where G is isomorphic to the
p-torsion group scheme of an abelian surface Z with p-rank 0. The abelian surface
can be superspecial or merely supersingular. In the superspecial case, G = (G)?,
where G| denotes the p-torsion group scheme of a supersingular elliptic k-curve;
in the merely supersingular case, we denote the group scheme G»; see [Goren 2002,
Example A.3.15; Pries 2008, Example 2.3] for a complete description of G5.

To prove the second claim, consider the two possibilities for a partition of 2g +2
intor +1 = g — 1 even integers: (A) {2,2,...,2,4,4}or (B) {2,2,...,2,2,6}.
In case (A), consider f(x) € k(x) with g — 1 poles such that 0 and 1 are poles
of order 3 and the other poles are simple. In case (B), consider f(x) € k(x) with
g — 1 poles such that 0 is a pole of order 5 and the other poles are simple. The
kernel of the Cartier operator on H(X, ') is spanned by dx /x? and dx/(x — 1)?
in case (A) and by dx /x2 in case (B). Thus, the a-number equals 2 in case (A) and
equals 1 in case (B). In both cases, this completely determines the group scheme.
Namely, the group scheme Jx[2] is isomorphic to (Z/2 @ )8 2@ (G1)? in case
(A) and to (Z/2 ® 12)4 2 ® G in case (B). O

For g > 3 and r < g — 3, the action of V on HO(X , Q1) (and, in particular, the
value of the a-number) is not sufficient to determine the isomorphism class of the
group scheme Jx[2]. To determine this group scheme, in the next section we study
the E-module structure of H(ljR(X ).

4. Results on the de Rham cohomology

4a. An open covering. Let V' =P! — B and U' =7~ 1(V') = X — 771 (By).
For o € By, let V, = V' U {a} and U, := U’ U {7~ '(a)}. Then the collection
U:={Uy | @ € B} is a cover of X by open affine subvarieties. By construction, if
o, B € By are distinct, then Vg := Vo, N Vg =V and Uy :=U,NUg=U’'. In
particular, the subvarieties Uyg do not depend on the choice of « and B.

For a sheaf %, let Z'(U, F) and B'(U, F) denote the closed cocycles and
coboundaries of & with respect to . Recall the definition of the noncommutative
ring E = k[ F, V] and the notation about H}iR(X ) from Section 2e. In this section,
we compute H'(X,0) ~H'(U, 0) and HéR(X ) >~ H(liR (W) with respect to the open
covering U of X.

4b. Defining components. Given a sheaf & and a cocycle ¢ € Z' (U, %), consider
its components ¢yoo € ['(U’, F) for @« € B. We call {¢yo | @ € B} the set of
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defining components of ¢. The reason is that the remaining components of ¢ are
determined by the coboundary condition ¢y = Paco —Psoo- A collection of sections
{Paco €T (U’', F) | @ € B} determines a unique closed cocycle ¢ € Z'u, ). Thus,

Zh o, F) = @ ', %). 4-1)

aEeB

For B € B, consider the natural k-linear map
¢p:T(U',0)— Z'(U, 0)
whose defining components for « € B are

h ifa=28,
0 otherwise.

(9p(N)aoo = {

Also, consider the k-linear map ¢ : I'(U’, 0) — Z'(u, 0) defined by
(000 (h))goo := —h forall @ € B.

Observe that if & € T'(U’, 0), then

> gp(hy=0. (4-2)

BEBw

For B € By, consider the natural k-linear map
Y : T(Ug, 0) - C°(U, 0)

given for o € B, by
h ifa=g,
Wp(h)a = { o=p (4-3)

0 otherwise.
It is straightforward to verify the next lemma.

Lemma 4.1. Suppose B € By, and h € I'(Ug, O) (that is, h is regular at Pg if
B # oo and h is regular at the two points in the support of Do if B = 00). Then
@g(hly’) = 8vyg(h) is a coboundary.

4c. The space H! (X, 0). In this section, we find an F-module decomposition
of H'(X, 0) ~ H' (U, 0). The results could be deduced from Section 3a using
the duality between H'(X, 0) and H(X, Q'). Instead, we take a direct approach
because an explicit description of H!(X, 0) is helpful for studying HéR(X ) in
Section 4f.

Lemma 4.2. Write Dog = Poo,1 + Poo2. Then ordp,, (y) =0 and ordp, ,(y) =
for some s > 0 (possibly after reordering). For @ € B and j € Z, the divisor of poles
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on X of the function yxq - y(x —a)/ satisfies

diveo (y (x — a)?)

= max(dy — 2, 0) Py + max(j, 0) Poo.1 + max(j —s,0) P2+ Y dgPs.
BeB—{a}

Proof. Recall that diveo(y) = ZﬁeB dg Pg. Note that ordp_,(y) > 0fori=1,2
since oo € B. If ordp_,(y) > 0, that is, if y has a zero at P, then the value of y
is one at the Galois conjugate P, of P 2. Thus, y cannot have a zero at both
points in the support of Ds,. The second claim follows from the additional fact that
divix —a) =2P, — Dy, for o € B. U
Lemma 4.2 implies that y(x — )/ e ['(U’, 0) forall« € B and j € Z.
Lemma 4.3. With notation as above,
(i) Z'u, 0) = (pp((x —a))), pp(y(x —a)/) |, B € B, j €Z),and

(i) if a € B, then (g (y(x — B)7) | j = 0) = (9o (y(x —)7) | j = 0) as subspaces
of Z' (U, O) for each B € B.

Proof. (i) This is immediate from Equation (4-1) because
Z'u, 0) = Plpsh) |heTU', 0)).
BeB

(ii) Both are equal to the subspace {¢, (yh(x)) | h(x) € k[x]}. O
Lemmad4.4. Letax € BCkand j€Z. Then

(i) @p((x —a)/) e BL(U, 0) for all B € B,

(i) @o(y(x —)/) € B' (U, 0) if j > cq, and
(iil) @oo(y(x —a)/) € B'(U, 0) if j <O.

Proof. (i) Suppose that 8 € B. If B # o or if j > 0, then (x — o)/ is regular at Pg,
and so @g((x — «)’) e Bl(u, 0) by Lemma 4.1. For j > 0, it follows from this
and Equation (4-2) that the cocycle ¢oo((x — a)/) = — > pen 9p((x — a)l)is a
coboundary. If j < 0, then @0 ((x — )/) € Bl(u, 0) by Lemma 4.1.

Finally, (x —a)/ € I'(U,,0) forall y € Boo — {a} if B=a # oo and j <0. By
Equation (4-2),

Pu(x—a))=— Y g x—a))=— Y SPlx—a)), @4
y€Boo—{a} v€Boo—{a}
which is a coboundary.
(i) If j > cq, then y(x — )/ € T'(Uy, 0) and ¢, (y(x — a)/) = 8¢y (y(x — )?).
(iii) If j <0, then y(x —a)’ € I'(Us, 0) and ¢oo (¥ (x —)!) = 8¥0o (y(x —)/). O
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Consider the cocycles ¢, ; € Z'(U, 0) for @ € B and j € Z defined by

bo,j = pa (Y (x —a)”).

Given ¢ € Z' (U, 0), ¢~> denotes the cohomology class of ¢ in H' (U, 0). For & € Bo,
define the map

Ge :T(U',0) > H' (U, 0), f+> ¢u(f) mod B, 0).

We now study H' (U, 0); the following lemma is a variant of a special case of
[Madden 1978, Lemma 6]:

Lemma 4.5. A basis for H (U, 0) is given by the cohomology classes d;a, j for
a€Bandl <j<c, andq;a,oforoz €pB.

Proof. The set of cohomology classes S = {¢~>a,j laeB, 1<j< ca}U{J)a,o | € B’}
has cardinality » + ), co = g. By Lemmas 4.3(i) and 4.4(i), it suffices to show
that pg(y(x — «)’) is in the span of S for «, B € B and j € Z. By Lemmas 4.3(ii)
and 4.4(ii), it suffices to show that the span of S contains (50,0 and gg(y(x — a)7)
fora, B € Band j > 0.

The cocycle ¢ (y) is a coboundary by Lemmas 4.1 and 4.2. Using this and
Equation (4-2), one computes in H' (U, 0) that

$0.0 =G0 +Foc() ==Y G == $po.

BeB’ peB’

which is in the span of S.

Now consider gg(y(x — o) /) fora,feBand j>0.If0=r:=#B — 1, then
this cocycle is a coboundary by Equation (4-2) and Lemma 4.4(iii).

Let r > 0; first suppose that o # 8. Consider the rational function & = (x —a) ™/,
which has no pole at B. Write h = T + E, where T is the degree-cg Taylor
polynomial of & at 8. Then gg(yh) = ¢(yT) + ¢(yE). Note that the function E
on P! has a zero at B of order at least cg + 1. Recall that ordp, (x — B) = 2, and
observe that ordp, (E) > 2(cg+1) =dg+1 on X. Since ordp, (y) = —dp, it follows
that yE € I'(Ug, 0) and thus pg(yE) € Blu, 0) by Lemma 4.1. The term ¢g(yT)
is, by construction, a linear combination of ¢g(y(x — B)) = ¢p,j for 0 < j <cp.
Thus, @g(yh) is in the span of S, which completes the case when @ # B.

If « =B and j > 0, one can reduce to the previous case by adding the coboundary
@oo(y(x —a)7/) to o (y(x —)~/) and using Equation (4-2) to see that

Gayx—) == > Fx—a)). O

yeB—{a}

The next lemma is important for describing the F-module structure of H' (U, 0).
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Lemma 4.6. If« € B and j > 0, then

~ a2 i if2) <cq,
Foy i = ’

P {O otherwise.
Proof. Since (F¢q, j)py = (Qa, j)%y, one computes that

(x —a))? =+ f(x)(x —a)
=y(x—a)” + f()(x —a)*.

The statement follows from the definition of ¢, j and Lemma 4.4(i). O
Now define
W(;/,ss = <(l§a,0> fora € B/ and
Wit := (o |1 <j<cy) foraeB.

Lemma 4.7. The subspaces W,/ i and Wy . of H!(U, 0) are stable under the

action of Frobenius for each o € B. There is an isomorphism of F-modules
Hl (OU“’ @) = @ W(;/,ss ©® @ (L/,nil’
aeB’ aeB
Proof. This follows immediately from Lemmas 4.5 and 4.6. (]
4d. Auxiliary map. The next goal is to define a section o : H! (X, 0) — Hlz (X). To
do this, the first step will be to define a homomorphism p : Z'@u, 0) — Cou, @Y
by defining its components pq : Z'@u, 0) — I'(Ug, QY for «, B € B. Given
¢ €Z'(U,0) and « € B, the idea is to separate d¢ into two parts: The first part

will be regular at P, and thus belong to I'(U,, '), and the second part will be
regular away from P, and hence belong to I'(Ug, Q') for every B # a.

Notation 4.8. Define the truncation operator ®»; : k[x, x = k[x,x71] by
@2,-(Zajxj) = Zajxj.
J jzi

Operators ©-;, O, O; : k[x,x '] — k[x,x~'] can be defined analogously.
These operators can also be defined on k[x, x, 1. To clarify some ambiguity in
notation, if m(xy) € k[xy, xa_l], then let ®=; (m(xy)) denote O=; (M (x))|x=yx, -

Recall that x, := (x —«) ™', and so Go,j = goa(yxa_j). Then

d(yx;j)z—jx;j_lydxa-i-x;j dy. 4-5)
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Using partial fractions and the fact that dy = —d(f (x)), one sees that
dy=—" fi(xp)dxp. (4-6)

BeB

In light of these facts, consider the following definition:

Notation 4.9. For o € B and j > 0, define
Ry = 0s0(x;" fu(xa))dxe and Sy ;:=d(yx;’)+ Ry, ;.

Remark 4.10. Let a,; € k be the coefficients of the (odd-power) monomials of
the polynomials f,(xy) defined in the partial fraction decomposition (1-1):

Co
2i+1
faGa) = auixi .

i=0

§ : 2i—j § :
Roz,j = Ao iX, / dxoz = Ao, iWg,2i—j+1-

J/2<i<cq J/2<i<cq

Then

Lemma4.11. Letax € B and j > 0.

(1) The differential form Ry ; is regular away from Py, that is, Ry j € I'(Ug, Qb
forall B € Boo — {a}

(2) The differential form S, ; is regular at Py for 0 < j < cq, that is, Sy j €
Uy, QY.

Proof. (1) This follows from Remark 4.10 and Equation (3-2).
(2) By Notations 4.8 and 4.9 and Equations (4-5) and (4-6), one sees that

Sa,j = d(yx;") + Oo(xy fi(xe)) dxq (4-7)

= —jxg ydxy — O ol fy(xa)) dxa — D xy7 f(xp) dxp. (4-8)
BeB—{a}

In the first part of Equation (4-8), note that the order of vanishing of x, - ydxg

at Py is 2d, — 142 by Lemma 4.2 and Equation (3-1), so this term is regular at P, .
In the second part of Equation (4-8), note that O o(xy’ fa(xq)) is contained
in x(;lk[x;l]. Thus, ©_g(xg’ fu(xq)) has a zero of order at least 2 at P,. As
seen in the proof of Lemma 3.1, dx, has a zero of order d, — 3 at P,. Thus,
O_0(xa’ fl(xa)) dxy is regular at P.
The last part of Equation (4-8) is regular at P, since x, Iand flg (xg) dxg are
regular at P,. ]

de. Definition of p. We define a k-linear morphism
p:Z (AU, 0) — COu, ).
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de.1. Definition of p on B'(A, 0). If ¢ € B! (U, 0), then for some x € C°(U, 0),
¢ = ék. Define

p(¢) :=dxk
with differentiation performed component-wise. This map is well-defined since if
Kk is regular at P € X (k), then so is dk. Moreover, if ' is another element such
that ¢ = 8«’, then 8(k — k') = 0, and therefore, k — k' € H(U, 0) is constant and
annihilated by d. Let pg(¢) denote (p(¢))g.

It follows from the definition that 6 (o (B, 0))) = 0 since the Cartier operator
annihilates all exact differential forms. Explicitly, the map p is computed as follows:

Lemma 4.12. (i) Ifa € Bso and h € I'(Uy, 0), then pp, (h|y') = dvy (h).
(i) Ife € Band j <0, then
ppu((x—a))=— > dir((x—a))).
Y€Boo—{a}
Proof. (i) This is immediate from the definition of the map p and Lemma 4.1.

(i1) This follows from part (i), Equation (4-4), and the definition of p. U

Example 4.13. We find the value of p on the 1-coboundary ¢, (f (x)xs J )ifa e B
and j > 0. Let

Faj = 0500557 fa(%a)) and sq = O<o(x,” fuxa)) + > x5 7 fo(xp).
B#a
Then
fOOxgT =raj+Sa
and ry, j has a pole at P, but is regular everywhere else while s, ; is regular at Py, so

P (f (X)) = Va5 )= Y SUp(ra,).

BeBx—{a}

Therefore, for 8 # «, by Lemma 4.12, p,g(po,(f(x)xofj) = —d(ry,j). Since
Ja(xq) € xak[x(%], this simplifies to

. —R,, ; if jiseven
Jy — o, ] ’ 4-9
ppPa(f(X)Xy7) {0 if j is odd. @9
Similarly,
(o ly={ i T even (@#-10)
X)X = —J ]
Lo Pua o d(f(x)xaj) if j is odd.
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4e.2. Definition of pg on Z'(u, 0). By Lemma 4.5, Z'(U, 0) is generated by
Bl(ou, 0) and ¢ ; fora € B and 0 < j < ¢,. For o, B € B, define

R()[,j lfﬁ #a7

Pp(Pa.j) = {Sa,,- if B =a,

and extend pg to Z'(u, 0) linearly. For all 8 € B — {a}, note that

pa(ba.)) = d(yxg7) + pp(@a.)-
Lemma 4.14. There is a well-defined map p : Z' (U, 0) — C°(U, Q') given by
- D
B€Boo
Proof. By Section 4e.1 and Lemma 4.11, pg(Z' (U, 0)) CT'(Ug, ) if B € Boo. O
Here is an example of a computation of the map p.
Lemma 4.15. Let o € B and j > 0. For each B € B, in T'(Ug, Q1),
if0<2j < ca,
if2j > cq.
of HO(u, Q).

[0
ppPa (V2x; ) :{
_Ra 2]

In particular, py(y*xq 2J ) lies in the subspace w,

,nil

Proof. We have yzxa I = = YXq Sus f (x)xa , and therefore
0u (775, 2) = Gu2j + 0u (f ().

Suppose 0 <2j <cy. If B # «, then pﬁ(¢a 2]) = Rq, 2j = pﬂ((pa(f(x)xcx ]))
by Equation (4-9). By Equatlon (4- 10) Po(Pa2j) = Sa2j = —Pa (Por (f (X)Xer ).
Thus, p(¢a 2/) +p(¢a(f(-x)xa ])) =

Now, suppose that 2j > ¢,. Then yxa 2] is regular at P,, and therefore, ¢y 2 is

a coboundary with p(¢y2;) = dey (yxa ). Therefore, for 8 # «,

08 (Du2) + pp(@a (f(X)x72)) = —Ra2j,

and

Per(Pa.2)) + Pa(pa (f ()x %)) = d(yx;*) +d(f(x)x; %) — Rypj = —Ru2j-

By Remark 4.10, Ry 2; € (Wy2i—2j4+11J <i<cq). lf2j >cyand j <i < ca,
then 1 <2i —2j +1 < c,, and 50 Ry € W, . Flnally, since pg@y (y2xe 27y
is independent of the choice of B € By, we have pgq (y%xy o2 ) lies in the kernel

H(U, ') of the coboundary map & : CO(U, Q') — C'(u, Q). O
Lemma 4.16. (i) If ¢ € Z\ (U, 0), then 8p(¢) = d.
(i1) In particular, €(py(¢)) =€ (pg(¢)) for all o, B € Bw.
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(iii) Foralla € B and B € By, we have 6(pg(Pa, ;) = €(Ry, ;).
Proof. (i) The definition of pg implies that p, (¢) —pg(¢) =d(P)ap forall o, B € Boo.

(i1) This follows from part (i) since the Cartier operator annihilates exact differential
forms.

(iii) This follows from part (ii) and the definition of pg. O

Remark 4.17. With a,; defined as in Remark 4.10, one can explicitly compute

G(Ry ;) = {Zf‘”:(j+1)/2 Ve i®ai~(-n/2 if jis odd,
o 0 if j is even.
In particular, €(Ry, ;) € W,

,nil*

4f. The E-module structure of the de Rham cohomology. Consider the exact se-
quence of E-modules

0— H(X, @) & Hl (X) 5 H'(X, 0) > 0,

where E = k[F, V] is the noncommutative ring defined in Section 2a. Consider the
k-linear function
o :H'(X,0) — Hig(X)
defined by o (¢) = (¢, p(¢)) for ¢ € Z'(u, 0).
Lemma 4.18. The function o is a section of y : HéR(X) — HY(X, 0).

Proof. The function o is well-defined because o (B'(U, 0)) C Bl (U) by the
definition of pg on Bl(u, 0). It is clearly a section of y. O

Note that o is not a splitting of E-modules.
Foroa € B, let Ay, j := A(wy, ;) and 0y j := 0 (Pq, ).

Proposition 4.19. For 0 < j < ¢y, the action of F and V on H(IIR(X ) is given by

(i) Fhq,;j=0,
(i) Vhg, = | oirz U is even.
’ 0 if j is odd,
, o /D
(iii) Fog ;= Oa2j lf] <cq/2,
MRup2j) if ] > ca/2,
(IV) VG(X_] = ( ( a’j)) l_f_] l.SO R
| 0 if J is even.

Proof. (i) This follows from Section 2f.
(i1) This follows from Lemma 3.2 after applying A.
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(iii) In Z}p (W),
F(oq,j) = (F¢q,j,0)

= (x5, ppa(y2x5%)) — (0, ppa(y?x5 )
=00u (v’ x,2) = (0, ppa (y2x ).
Since y%x, 2 = VXo 2y F(x)xe 2, linearity of o and ¢, yields that
00a(Y°x; ) = 00u(yx ) + 0 0u(f (X)x; ).
The term o @y (f (x)Xxq 2 ) is a coboundary by Lemma 4.4(i), and o ¢, (yxe 2 )
equals 0,2 if 0 <2j < ¢, and is a coboundary if 2j > ¢, by Lemma 4.4(ii). By
Lemma 4.15,

0 if0<2j <c,,

0, 2 —2j\y —
©: Ppa 750 {—A(Ra,zj) it 2] > cq.

(@iv) Since V (¢, p(¢)) = (0, €(p(¢))), the result follows by Lemma 4.16(iii). [J
Consider the subspaces of H(liR(X ) given by

Wa,ss = 0‘0[,0 - )"0,05 005,0)7

Wil := ()\a,j, Oa, j [1<j=<cq).

Theorem 4.20. The subspaces Wy s and Wy ni1 of HéR(X ) are stable under the
action of Frobenius and Verschiebung for each a € B. There is an isomorphism of
E-modules
H(llR(X) = @ W(x,ss @ @ Wa,nil-
aeB’ aeB
Proof. The stability is immediate by Proposition 4.19, Remark 4.10, and Lemma 4.15.
The decomposition follows from Lemmas 4.18, 3.3, and 4.7. O

Theorem 1.2 is immediate from Theorem 4.20.

5. Results on the Ekedahl-Oort type

For a natural number c, let G, be the unique symmetric BT group scheme of
rank pzc with Ekedahl-Oort type [0, 1,1,2,2,..., [c/2]]. In other words, this
means that there is a final filtration Ny C Ny C --- C Ny, of D(G,) as a k-vector
space, which is stable under the action of V and F ~! and with i = dim(Q;), such
that dim(V (N;)) = |i/2]. In Section 5a, we prove that group schemes of the
form G, appear in the decomposition of Jx[2] when X is a hyperelliptic k-curve.
In Section 5b, we describe the Dieudonné module of G, for arbitrary ¢ and give
examples.
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5a. The final filtration for hyperelliptic curves in characteristic 2. Suppose X
is a hyperelliptic k-curve with affine equation y> — y = f(x) as described in
Notation 1.1. For o € B, recall that ¢, = (d, — 1)/2, where d,, is the ramification
invariant of X above «. Recall the subspaces W, nij of HéR(X ) from Section 4f.
Define subspaces Ny ; of W, nij for 0 <i <2¢, as follows: Ny o := {0} and

A l1l<ij<i if 1 <i <cg,,
Noz,i::{< a,]| <Jj=<i) nI1l=1=CcCy

Na,ca®<aa,j|1§j§i> ifcg +1=<i<2¢.

Proposition 5.1. The filtration Ny o C Ny,1 C N2 C - - - C Ny 2¢, is a final filtration
of Wy i for each o € B. Furthermore, V(Ny ;) = Nqy,|i/2)-

Proof. Let 0 <i <2cy. Thendim(N,, ;) =i. By Proposition4.19, V(N ;) = Nqy,|i 2]
and F~! (Na,i) = Ng,co+1i/21- Thus, the filtration Ny g C Ny,1 C Ny 2 C- -+ C Ny,2¢,
is stable under the action of V and F~!. U

Theorem 5.2. Let k be an algebraically closed field of characteristic p = 2. Let
X be a hyperelliptic k-curve with affine equation y* — y = f(x) as described in
Notation 1.1. Then the 2-torsion group scheme of X decomposes as

Jx[21~ (22 )" & P G,
oEB

and the a-number of X is
ax=(@g+1—#laeB|dy,=1mod4})/2.

Proof. By [Oda 1969, Section 5], there is an isomorphism of E-modules between
the Dieudonné module D(Jx[2]) and the de Rham cohomology H(liR(X). By
Theorem 4.20, there is an isomorphism of E-modules

Hip(X) = @ We,ss © @ W nil-
aEeB’ a€B
If « € B’, then W, g is isomorphic to E/E(F, | —V)®E/E(V, | —F) ~ D(Z/2®u>).
Finally, Proposition 5.1 shows Wy i1 = D(G,,), which completes the proof of the
statement about Jx[2]. The statement about ax can be found in Proposition 3.4. [J

As a corollary, we highlight the special case when r = 0 (for example, when
f(x) € k[x]). Corollary 5.3 is stated without proof in [van der Geer 1999, 3.2].

Corollary 5.3. Let k be an algebraically closed field of characteristic p = 2.
Suppose X is a hyperelliptic k-curve of genus g and p-rank r =0. Then the Ekedahl-
Oort type of Jx[2]is [0,1,1,2,2, ..., |g/2]], and the a-number ax = | (g+1)/2].

Proof. This is a special case of Theorem 5.2 where #B = 1. U
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The next immediate corollary of Theorem 5.2 is included to emphasize that
Theorem 5.2 gives a complete classification of the 2-torsion group schemes that
occur as Jx[2] when X is a hyperelliptic k-curve.

Corollary 5.4. Let k be an algebraically closed field of characteristic p =2. Let G
be a polarized BT group scheme over k of rank p*8. Let0 <r < g. Then G ~ Jx[2]
for some hyperelliptic k-curve X of genus g and p-rank r if and only if there exist
nonnegative integers ci, . . ., Cr+1 Such that er;] ¢; = g —r and such that
G=Z26u1) oG,
aeB

Remark 5.5. For fixed g, the number of isomorphism classes of polarized BT
group schemes of rank p?¢ that occur as Jx[2] for some hyperelliptic k-curve X
of genus g equals the number of partitions of g + 1. To see this, note that the
isomorphism class of Jx[2] is determined by the multiset {dy, ..., d,+1}, where
d;i =2¢; + 1 and erill (di +1) =2g + 2. So the number of isomorphism classes
equals the number of partitions of 2g 4 2 into positive even integers.

Remark 5.6. The examples in Section 5b show that the factors G. appearing
in the decomposition of Jx[2] in Theorem 5.2 may not be indecomposable as
polarized BT, group schemes.

5b. Description of a particular Ekedahl-Oort type. Recall that G, is the unique
polarized BT; group scheme over k of rank p?¢ that has Ekedahl-Oort type
[0,1,1,2,2,..., [c/2]]. Recall that E = k[F, V] is the noncommutative ring
defined in Section 2b. In this section, we describe the Dieudonné module D(G.). We
start with some examples to motivate the notation. These show that G is sometimes
indecomposable and sometimes decomposes into polarized BT group schemes of
smaller rank. The first four examples were found using preexisting tables.

Example 5.7. (i) For ¢ = 1, the Ekedahl-Oort type is [0]. This Ekedahl-Oort type
occurs for the p-torsion group scheme of a supersingular elliptic curve. See [Goren
2002, Example A.3.14; Pries 2008, Example 2.3] for a description of G. It has
Dieudonné module E/E(F + V).

(ii) For ¢ =2, the Ekedahl-Oort type is [0, 1]. This Ekedahl-Oort type occurs for the
p-torsion group scheme of a supersingular abelian surface that is not superspecial.
See [Goren 2002, Example A.3.15; Pries 2008, Example 2.3] for a description
of G». It has Dieudonné module E/E(F? + V?).

(ii1) For ¢ = 3, the Ekedahl-Oort type is [0, 1, 1]. This Ekedahl-Oort type occurs
for an abelian threefold with p-rank 0 and a-number 2 whose p-torsion is indecom-
posable as a polarized BT group scheme. By [Pries 2008, Lemma 3.4], G3 has
Dieudonné module E/E(F? 4+ V)@ E/E(V?+ F).
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(iv) For ¢ = 4, the Ekedahl-Oort type is [0, 1, 1, 2]. This Ekedahl-Oort type occurs
for an abelian fourfold with p-rank 0 and a-number 2 whose p-torsion decomposes
as a direct sum of polarized BT group schemes of rank p? and p®. By [Pries 2008,
Table 4.4], G4 has Dieudonné module E/E(F + V) & [E/[E(F3 +V3).

We now provide an algorithm to determine the Dieudonné module D(G.) for all
positive integers ¢ € N following the method of [Oort 2001, Section 9.1].

Proposition 5.8. The Dieudonné module D(G.) is the E-module generated as a

k-vector space by {X1, ..., X¢, Y1, ..., Y.} with the actions of F and V given by
(i) F(Y;)=0,
Yo. ifj<c/2,
i) very =11 Vr=es
0 if j >c/2,

(i) F(X;) = { Xjp s even,

Ye_(j—12 ifjisodd,
() V(X)) = {0 yr=te=hrz

—Yoe2jp1 ifj>(—1/2
Proof. By definition of G, there is a final filtration Ny C Ny C - - - C Ny of D(G,)
as a k-vector space, which is stable under the action of V and F~' and with
i = dim(Q;), such that v; :=dim(V (V;)) = [i/2]. This implies that v; = v;_ if
and only if i is odd. In the notation of [Oort 2001, Section 9.1], this yields m; = 2i
and n; =2g —2i+1for 1 <i < g; also, let

7. = Xip if i is even,
" Ye—gony2 ifiis odd.

By [Oort 2001, Section 9.1], for 1 <i < g, the action of F is given by F(¥;) =0 and
F(X;) = Z; and the action of V by V(Z;) =0and V(Z,_;+1) = (—Di-ly;. O

More notation is needed to give an explicit description of D(G.).

Notation 5.9. Let c € N be fixed. Let [ :={j e N| [(c+1)/2] < j <c}, which is
a set of cardinality [(c+1)/2]. For j € 1, let £(j) be the odd part of j, and let e(j)
be the nonnegative integer such that j = 2°)¢(j). Let s(j) :=c — (£(j) — 1)/2.
One can check that {s(j) | j e I} = 1. Also, let m(j) :=2c—2j + 1, and let €(j)
be the nonnegative integer such that #(j) := 2¢)m(j) € I. One can check that
{t(j) | jel}=1. Thus, there is a unique bijection ¢ : I — I such that #(¢(j)) =s(j)
foreach j e I.

Proposition 5.10. Recall Notation 5.9. For ¢ € N, the set {X; | j € I} generates
the Dieudonné module D(G.) as an E-module subject to the relations, for j € I,
FeDFL(X )4 VECIT (X, ) = 0. Also, {X; | j € I} is a basis for the quotient
of D(G.) by the left ideal D(G.)(F, V).
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Proof. Proposition 5.8 implies that Fel) (X]) = Xg(j) and F(Xg(j)) = Ys(j)- Also,
V(X;) = —Ym(j), and so VEWDHL(X ;) = —¥,(;). This yields the stated relations.
To complete the first claim, it suffices to show that the span of {X; | j € I}
under the action of F' and V contains the k-module generators of D(C.) listed
in Proposition 5.8. This follows from the observations that X; = F(Xy;) if
1 <i<|c/2],thatY; =V (Y;pp) if i is even, and that ¥; = V(=X __1)/2) if i is
odd. By [Li and Oort 1998, 5.2.8], the dimension of D(G.) modulo D(G.)(F, V)
equals the a-number. Since a = |I| by Corollary 5.3, it follows that the set |/| of
generators of D(G.) is linearly independent modulo D(G.)(F, V). Il

Here are some more examples. The columns of the table below list the value of c,
the generators of D(G,) as an E-module (X;, — X;, denotes {X; | i} <i <i»}), and
the relations among these generators. The last column is the number of summands
of D(G,.) in its decomposition as an E-module (as opposed to as a polarized
E-module). The table can be verified in two ways: first, by checking it with
Proposition 5.10 and second, by computing the action of F and V on a k-basis
for D(G.), using this to construct a final filtration of D(G,) stable under V and F -1
and then checking that it matches the Ekedahl-Oort type of G.. In Example 5.11,
we illustrate the second method.

c generators relations # summands
5 X3—Xs FX3+V3Xs, F3X4+ VX3, FXs+VXy 1
6 Xi—Xes F3X4+4+V?*Xs, FX5+V3Xs, F?Xe+ VX4 1
7 X4—X; F3X4+VXy FX5s+VXs,
F2X¢+V?Xe, FX7+V3X5 4
8 Xs—Xg FXs+V2Xy, F2X6+ VX5,
FX7+VXes, F*Xs+ V*X3 2
9 Xs—Xo9 FXs+VXe, F?X¢+ V*Xo, FX74 V2Xg,
F*Xg+VXs, FXo+ VX5 1
10 Xe¢— X190 F?X¢+VXe, FX7+ VX7, F*Xg+ V?Xg,
FXo+V%Xo, F?X 10+ V*X1o 5

Example 5.11. For ¢ = 7, the group scheme G- that has Ekedahl-Oort type
[0, 1, 1,2,2, 3, 3] is isomorphic to a direct sum of polarized BT; group schemes
of ranks p?, p*, and p® and has Dieudonné module

M:=E/E(F + V) ®E/E(F?+ V) QE/E(V + F?) @ E/E(F? + V).

Proof. Let {14, V4} be the basis of the submodule A = E/E(F + V) of M,
{1, Vg, V3, F3} the basis of the submodule B =E/E(F%+V?), {1¢, V¢, VE, V2}
the basis of the submodule C = E/E(F + V3, and {1¢/, Fcr, Fé,, Fg,} the basis of
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the submodule C’ = E/E(F 3+ V). The action of Frobenius and Verschiebung on
the elements of these bases is

x |1, V, 1 Vp V3 Fp 1. V. V& VS 1. F. F% F}
Vx |V, 0 Vy, Vi 0 0 V. VZVZ O F.X O 0 O
Fx |V, 0 F, 0 0 Vi3 V2 0 O O F., F& F% 0

To verify the proposition, one can repeatedly apply V and F~! to construct a
filtration Ny C N, C --- C N4 of M as a k-vector space that is stable under the
action of V and F~! such that i = dim(N;). To save space, we summarize the
calculation by listing a generator t; for N;/N;_1:

ill1 2 3 45 6 7 8 9 1011 12 13 14
t|\VEVE VR VoV, F2 Vy 1o F2 1, Fp Fp 1, 1y

1

Then one can check that V(N;) = N|;») and F~Y(N;) = N7.41i/21, which verifies
that the Ekedahl-Oort type of M is [0, 1, 1, 2, 2, 3, 3]. O

Remark 5.12. One could ask when D(G.) decomposes as much as numerically
possible, in other words, when the a-number equals the number of summands
of D(G.) in its decomposition as an E-module. For example, D(G.) has this
property when c € {1, 2, 3, 4, 7, 10} but not when ¢ € {5, 6, 8, 9}. This phenomenon
occurs if and only if the bijection ¢ from Notation 5.9 is the identity.

Remark 5.13. The group scheme Gg decomposes as the direct sum of two indecom-
posable polarized BT group schemes, one whose Ekedahl-Oort type is [0, 0, 1, 1]
and the other whose covariant Dieudonné module is E/E(F* + V*). We take this
opportunity to note that there is a mistake in [Pries 2008, Example in Section 3.3].
The covariant Dieudonné module of 143 = [0, 0, 1, 1] is stated incorrectly. To fix
it, consider the method of [Oort 2001, Section 9.1]. Consider the k-vector space of
dimension 8 generated by Xy, ..., X4 and Y1, ..., Y4. Consider the operation F
defined by F(Y;) =0for 1 <i <4,

F(X))=Ys, F(X2)=Ys, F(X3)=X1, F(X4) ="
Consider the operation V defined by

VX1)=0, VX)=-Ys, V(X3)=-Y, V(Xy)=-Yy,
V(Y =Y, V(2)=0, V(Y3) =0, V(Yy) =0.

Thus, D(143) is generated by X», X3, and X4 modulo the three relations

FX,+V*Xy, F?’X34+VX,, VXs3+ FX4.
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5c. Newton polygons. There are several results in characteristic 2 about the Newton
polygons of hyperelliptic (for example, Artin—Schreier) curves X of genus g and 2-
rank 0. For example, [Blache 2012, Remark 3.6] states that if m-l_1< g<2"-2,
then the generic first slope of the Newton polygon of an Artin—Schreier curve of
genus g and 2-rank O is 1/n. This statement is generalized to odd primes p in
[Blache 2012, Proposition 3.5]. See also earlier work in [Scholten and Zhu 2002,
Theorem 1.1(IID)].

The Ekedahl-Oort type of Jx[2] gives information about the Newton polygon
of X but does not determine it completely. Using Corollary 5.3 and [Harashita
2007, Section 3.1 and Theorem 4.1], one can show that the first slope of the Newton
polygon of X is at least 1/n. Since this is weaker than [Blache 2012, Theorem 4.3],
we do not include the details.

More generally, one could consider the case that X is a hyperelliptic k-curve of
genus g and arbitrary p-rank. One could use Theorem 5.2 to give partial information
(namely, a lower bound) for the Newton polygon of X.
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Cycle classes and the syntomic regulator

Bruno Chiarellotto, Alice Ciccioni and Nicola Mazzari

Let ¥ = Spec(R) and R be a complete discrete valuation ring of mixed char-
acteristic (0, p). For any flat R-scheme &, we prove the compatibility of the
de Rham fundamental class of the generic fiber and the rigid fundamental class
of the special fiber. We use this result to construct a syntomic regulator map
rege, CH (X)V,2i —n) — 5yn(% i) when ¥ is smooth over R with values in
the syntomic cohomology defined by A. Besser. Motivated by the previous result,
we also prove some of the Bloch—Ogus axioms for the syntomic cohomology
theory but viewed as an absolute cohomology theory.

Introduction

Let V"= Spec(R) with R a complete discrete valuation ring of mixed characteristic
and perfect residue field. Given &, an algebraic '-scheme, one can consider the
de Rham cohomology of its generic fiber X ¢ and the rigid cohomology of its special
fiber &}. These two cohomology groups are related by a canonical cospecialization
map cosp : ng Y (X)) > H dR (Xk) (in general not an isomorphism) [Baldassarri
et al. 2004, Section 6]. There is also the notion of rigid and de Rham cycle class.
The starting result of this paper is the compatibility of these cycle classes with
respect to the cospecialization map (see Theorem 1.4.1 for the precise statement).

In the case ¥ is smooth (possibly nonproper) over V', we get the following
corollary (see Corollary 1.5.1). Let spoy : CH*(Xx) @ Q — CH* (%) ® Q be the
specialization of Chow rings constructed by Grothendieck in [Berthelot et al. 1971,
Appendix]. Then the diagram

CHY (% /K)®Q = H (%)

SPCHJ/ lsl’

CHY (%1/ k) ® Q ~— Hyd (%1/K)
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is commutative, where ngr and 7, are the de Rham and cycle class maps, respec-
tively, and sp is the Poincaré dual of cosp. In the proof, we use the main results of
[Baldassarri et al. 2004; Bosch et al. 1995; Petrequin 2003].

This result can be viewed as a generalization of a theorem of Messing [1987,
Theorem B3.1], in which he further assumes ¥ to be proper (not only smooth)
over V. In that case, rigid and crystalline coincide, and the map sp is an isomorphism
[Berthelot 1997b].

This compatibility result is the motivation for an alternative construction of the
regulator map (see Proposition 1.6.6)

reg,, : CH' (/¥ 2i —n) — HJ} (%, 1)

with values in the syntomic cohomology group defined by Besser [2000] (for &
smooth over V7). For this proof, we use an argument of Bloch [1986] and the
existence of a syntomic cycle class (see Proposition 1.6.2).

The aforementioned results motivated us to investigate further the properties of
syntomic cohomology. We are not able to formulate even the basic Bloch—-Ogus
axioms using Besser’s framework. Thus, we have followed the interpretation of
syntomic cohomology of Bannai [2002] as an absolute one. To this end, we define a
triangulated category of p-adic Hodge complexes, pHD (see Definition 2.0.11). An
object M of pHD can be represented by a diagram of the form M,j; — Mg < Mg,
where M, is a complex of K -vector spaces endowed with a Frobenius automorphism
when ? =rig and with a filtration when ? =dR. In pHD, there is a naturally defined
tensor product, and KK denotes the unit object of pAHD. The main difference with
respect to [Bannai 2002] is that the maps in the diagram are not necessarily quasi-
isomorphisms.

From [Besser 2000], we get (in Proposition 5.3.1) that there are functorial p-adic
Hodge complexes RI'(¥X) satisfying

RTig(X) — RT g (X) <= RTqr(X)

and inducing the specialization map in cohomology (that is, taking the cohomology
of each element of the diagram). Meanwhile, we show how the constructions made
by Besser may be obtained using the theory of generalized Godement resolution
(also called the bar resolution). In particular, we use the results of [van der Put and
Schneider 1995] in order to have enough points for rigid analytic spaces. Further,
we consider the twisted version RI"(¥) (i), which is given by the same complexes
but with the Frobenius (respectively the filtration) twisted by i (see Remark 2.2.1).

We then prove (see Proposition 5.3.4) that the syntomic cohomology groups
Hg,, (%, i) of [Besser 2000] are isomorphic to the (absolute cohomology) groups
H (%, 1) := Hompyp (KK, RT'(X)(@)[n]). This result generalizes that of [Bannai
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2002] (which was given only for ¥-schemes with good compactification) to any
smooth algebraic V'-scheme.

For this absolute cohomology, we can prove some of the Bloch—-Ogus ax-
ioms. In fact, we construct a p-adic Hodge complex RI'.(¥)(i) related to rigid
and de Rham cohomology with compact support. Therefore, we can define an
absolute cohomology with compact support functorial with respect to proper
maps H;‘bs’c(%, i) ;= Hom,pp (I, RT'¢(¥)(i)[n]) and an absolute homology theory
HS (%, 1) = Hom,yp (RT' (%) (i)[n], [£).

We wish to point out that the constructions above are essentially consequences
of the work done by Besser and Bannai, but it seems hard to prove the following
results without the formalism of Godement resolutions that we develop in Section 3.
Let & be a smooth scheme over ¥". Then

(i) there is a cup product pairing

H (%, i) @ Hypg (%, j) — H™ (%X, i+ j)

abs,c

induced by the natural pairings defined on the cohomology of the generic and
the special fiber (see Corollary 5.4.4),

(i) there is a Poincaré duality isomorphism (see Proposition 5.4.5) and

(iii) there is a Gysin map; that is, given a proper morphism f : & — % of smooth
algebraic V'-schemes of relative dimension d and e, respectively, then there is
a canonical map

fot HL (%, 1) — HP (W, i+ ¢),

abs

where ¢ = e — d (see Corollary 5.4.7).

Notation. In this paper, R is a complete discrete valuation ring with fraction field K
and residue field k with k perfect. We assume char(K) = 0 and char(k) = p > 0.

The ring of Witt vectors of k is denoted by Ry, and Kj is its field of fractions.
The Frobenius of Ky is denoted by o. The category of bounded complexes of
K -vector spaces is denoted by C?(K).

If V is a K-vector space, then V'V is the dual vector space.

We use X, Y, ... for schemes over k or K; ¥,%, ... for K-analytic spaces;
P, Q for formal K-schemes; Pk, Qg for the associated Raynaud fibers and ¥, Y
for (algebraic) V'-schemes, where V" = Spec(R). Finally, % denotes the p-adic
completion of a V-scheme ¥.

1. Cycle classes

1.1. Higher Chow groups. Following Bloch [1986], we recall the definition of
the higher Chow groups CH*(X/K, %) of a K-scheme X. For any n > 0, let
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A" := Spec(Z][ty, . . ., tn]/(Zi t; — 1)) with face maps 9;(n) : A" — A" which
in coordinates are given by 0;(n)(ty, ..., %) := (o, ..., ti—1,0, tix1, ..., ty). Let
X be a smooth K -scheme of relative dimension d (this hypothesis is not necessary,
but we deal only with smooth schemes). Let z7(X/K, 0) be the free abelian group
generated by the irreducible and closed subschemes of X of codimension ¢q. Let
z9(X/K, n) denote the free abelian group generated by the closed subschemes
W C A := X x A" such that W € z7 (A%, /K, 0) and meets all faces properly; that
is, if F C A is a face of codimension c, then the codimension of each irreducible
component of the intersection ' N W is greater than or equal to ¢ +¢q on A'}.

Using the differential Y ,(—1)3*(n) : z9(X/K,n + 1) — z¢(X/K, n), one
obtains a complex of abelian groups z7(X/K, x). We set Fé( (q):=z9(X/K,2q—1i)
and

CHY(X/K,2q —i):= H' (I'x(q)).

These groups are in fact isomorphic to the Voevodsky—Suslin motivic cohomology
H! ,(X/K,q) of the generic fiber X [Mazza et al. 2006, Theorem 19.1].

1.2. Relative cycles. Let & be an algebraic and flat ¥’-scheme. By the theory of
relative cycles [Suslin and Voevodsky 2000], one can define the group z7 (X /7, 0)
to be the free abelian group generated by universally integral relative cycles of
codimension g (we can use the codimension because ¥ is assumed to be equi-
dimensional over V). By [Ivorra 2005, Part I, Lemma 1.2.6], z4(%/V", 0) is the
free abelian group generated by the closed subschemes W C & that are integral,
of codimension ¢ and flat over V. Then we can define the group z4(%X/V', n) as
the free abelian group generated by the integral and flat %'-schemes W' € z7(Ag,, 0)
meeting all faces properly and such that 9; (n — 1)*W is flat over " for all i. Thus,
we can form a complex z4(%/V, *) with the same boundary maps as z7(X/K, *).

Definition 1.2.1. With the notation above, we define the higher Chow groups of &
over V' to be
CHY(X/V,2q —i) = H'(Tx(9)),

where Fémf(q) =z9(K/V, 2qg —i).

Remark 1.2.2. (i) Recall that by Lemma 5.1.1, any closed and flat subscheme
of ¥ is completely determined by its generic fiber. Then z4(%/V, %) is a
subcomplex of z7(¥k /K, *) inducing a canonical map in (co)homology

y: CHY(X/V,2q —i) = H' (Tyv(q)) — CH Xk /K, 29 —i).

(ii) It follows easily that, for i = 2¢, the map y: CHY(X/V',0) - CHY (¥ /K, 0)
is surjective by the snake lemma. In the general case, we don’t know whether
or not this map is injective or surjective.



Cycle classes and the syntomic regulator 537

1.3. De Rham and rigid fundamental/cycle classes. In the following, we refer to
[Hartshorne 1975; Baldassarri et al. 2004; Petrequin 2003] for the definitions and
the properties of the (algebraic) de Rham and the rigid cohomology theory. Let W
be an integral scheme of dimension » over K (resp. over k). Then we can associate
to W its de Rham (resp. rigid) fundamental class, which is an element of the dual
of the top de Rham (resp. rigid) cohomology with compact support

[Wlir = trar € Hgg (W)Y (resp. [Wlig = trig € Hyp

rig,c

(W)").

For the de Rham case, this class is first defined in [Hartshorne 1975, Section 7]
as an element of the de Rham homology; by Poincaré duality [Baldassarri et al.
2004, Theorem 3.4], it corresponds to the trace map. The rigid case is treated in
[Petrequin 2003, Section 2.1, Section 6].

Now let X be a K-scheme (resp. k-scheme) of dimension d and w = Zi niW; e
z9(X/K, 0) (resp. € z1(X/k, 0)) be a dimension-r cycle on X. The cohomology
with compact support is functorial with respect to proper maps; hence, there is a
canonical map

f P HEW)Y — HE(w]),
i

where |w| =, W; is the support of w and ? is dR or rig according to the choice of
the base field. With the notation above, we define the de Rham (resp. rigid) cycle
class of w as

[w]y := f(Z[W,-};) e HZ.(wl)”, where ? = dR, rig.

i
Again by functoriality, this defines an element of Hf,2rc (X)V.

1.4. Compatibility. Let % be a flat V'-scheme, and let w € z9(% /", 0) be a relative
cycle. We can write w = ), n;'W;, where W; is an integral flat ¥-scheme closed
in & and of codimension ¢. Then w defines a cycle wg € z9(Xg /K, 0) (resp.
wy € 29(¥x/ k, 0)); on the generic fiber, we get simply wg = ", n; (W;) k. However,
on the special fiber, we must write the irreducible decomposition of each (W,-)fd,

say W;1U---UW;,., and then consider the multiplicities, that is,
Wy = Z(”li Zmi,jWi,j)a
i J

where m; ; 1= length(Oy, w;, ;).
We can consider the de Rham and the rigid cycle classes of w, that is,

[wilar € Hyp (wk ¥ and  [wilig € Hp (lwel)”.
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The rigid homology groups H2 g(|wk|) are defined as the dual of Hﬁg Swil); see
[Petrequin 2003, Section 2]. We will prove that these cycle classes are compatible

under (co)specialization and induce a well-defined syntomic cohomology class.

Theorem 1.4.1. Let ¥ be a flat V'-scheme of relative dimension d, and let w €
z9(&/V, 0) be a relative cycle of codimension q (and relative dimension r :=d — q).
Then cosp([wilrig) = [wk ldr-

Proof. First of all, consider the basic case: w = W' is an integral closed subscheme
of & smooth over V. By [Baldassarri et al. 2004, proof of Theorem 6.9], we have a
commutative diagram

HY (Wi /K) —2 g2 (W
rig, C( k/ ) dR,C( [()
[m AdR
K

where the rigid (resp. de Rham) trace map [wy]sig (resp. [wx Igr) is an isomorphism
of K-vector spaces.

Given a general relative cycle w, we can reduce to the basic case by arguing
as follows. First by linearity and the functoriality of the specialization map, we
can restrict to the case w = W with W integral. Then the generic fiber Wx is
integral, and by [Grothendieck 1967, Proposition 17.15.12], there exists a closed K -
subscheme T such that W \ T is smooth over K. Let J be the flat extension of T
(see Lemma 5.1.1); then J is of codimension at least 1 in W', and the complement
W\ T is a flat ¥'-scheme of relative dimension r. Consider the long exact sequence

- Hyg NT) > Hg, (Wi \T k) —> Hig (Wg) — Hgp (T) -

Note that here the first and last terms vanish for dimensional reasons. The same
happens (mutatis mutandis) for the rigid cohomology of the special fiber.

Hence, from now on, we can assume that W is integral and that its generic
fiber Wk is smooth. In this setting, we apply the reduced fiber theorem for schemes
[Bosch et al. 1995, Theorem 2.1]; that is, there exist a finite field extension K’/ K
and a finite morphism f : Y — W x V" of ¥’-schemes such that

(1) fx 1Yk — Wk is an isomorphism and
(ii) /¥ is flat and has reduced geometric fibers.

Recall that the cospecialization map commutes with finite field extension, and
the same holds for both the rigid and de Rham trace maps. By [Petrequin 2003,
proof of Proposition 6.4], the rigid fundamental/cycle class is preserved by finite
morphisms, that is,

[Yiligo fis = [Wilig Where f75: HZ (W) — Hi (Yp).

rig,c rig,c
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From the discussion above, there is no loss of generality in assuming that W has
reduced geometric fibers and smooth generic fiber W'x. Now let S be the singular lo-
cus of the special fiber W'. Again by [Grothendieck 1967, Proposition 17.15.12], the
complement W \ S is an open and dense subscheme of W, and it is smooth over k.
The scheme S has codimension at least 1 in W'; hence, Hﬁ; cWi\S) — Hﬁ; W)
is an isomorphism. From this, it follows that we can assume W' to be smooth over V',
where we know that the claim is true. [l

1.5. The smooth case. From now on, assume ¥ to be smooth over V. By the
compatibility of (co)specialization with Poincaré duality [Baldassarri et al. 2004,
Theorem 6.9], the (de Rham or rigid) cycle class map defines an element 7, (wy) €
Hrlg |wk|(%k /K) (resp. nar(wg) € HdR |wK|(9€K)) compatible with respect to the
specialization morphism

sp(Mar (Wg)) = Nrig(wy). (D

Before stating the next corollary, we need to introduce some further notation.
Let X be a smooth scheme over K (resp. over k); then the de Rham (resp. rigid)
cycle class map factors through the Chow groups, inducing a map

Nar : CHY(X/K) = Hgl(X)  (resp. nrig : CHY(X/K) — H3Z (X/K)),

where by abuse of notation, ngr (W) (resp. n:ig(W)) i 1s viewed as an element of
%R(X) (resp. H rig gX/K)) via the canonical map HdR wX)— H R(X) (resp.
Hg, W(X/K) Hy, 7(X/K)) for any W integral subscheme of codimension ¢
[Hartshorne 1975, Proposition 7.8.1, page 60; Petrequin 2003, Corollary 7.6].
Also, we recall that in [Berthelot et al. 1971, Exp. X, Appendix], a specialization
map for the classical Chow ring is constructed:

spey - CH Xk /K) @ Q — CH* (% / k) ® Q.

Explicitly, the map is given as follows. Let W C ¥k be an integral scheme of
codimension ¢, and let W denote its Zariski closure in &. Then the specialization
of spcy[ W] is the class representing the subscheme W.

Corollary 1.5.1. With the notation above, the diagram

CHY(%x/K)®Q ™™ HX (%x)

SPCHJ/ lsp

CHY (%1/ k) ® Q ~— Hyd (%1/K)

commutes (we tensored each term by Q) to guarantee the existence of spcy).
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1.6. Syntomic cohomology. For any smooth ¥'-scheme &, Besser [2000, Defini-
tion 6.1] defined the (rigid) syntomic cohomology groups H, (%, i). We will be
rather sketchy on the definitions because we will give another construction later.
For such a cohomology, there is a long exact sequence

—— H} (¥,i) —— H"

syn ng(%k/KO)@FiHélR(%K)

M H (X Ko @ H

" /K —— ()

rig

where /1(xo, xqr) = (¢ (x§) — p'xo, X0 ® 1K — sp(Xdr))-
Roughly, these groups are defined as H”, (¥, i) := H" (R gs(¥, i)), where

syn
RIBes(%, 1)
:= Cone(RIyig (%¥/Ko) ® Fil' RTar(%) — RTyig(%/Ko) ® RTyig (%/K))[—
is a complex of abelian groups functorial in & and such that
H"(RTig(%/Ko)) = Hjj,(%i/Ko) and H"(Fil' RT4r (%)) = F' Hj (X ).
The functoriality of RI'ge( -, i) allows us to give the following definition:

Definition 1.6.1. Let & be a smooth ¥'-scheme. Let % C & be a closed subscheme
of ¥. We define the syntomic complex with support in % using the complexes
defined by Besser as

RIBes, % (X, 1) := COHC(RFBes(%» i) > RIBes(X\ &, i))[_l]-

This is a complex of abelian groups functorial with respect to cartesian squares.
This fact will be used in the proof of Proposition 1.6.6. The cohomology of this
complex is the syntomic cohomology with support in % denoted by

H\ o, i) == H"(RTpes 2 (%, 1))
so that we get a long exact sequence

Hy o (%, 0) = Hopo (€, 1) = Hepn (X%, 1) — -

Proposition 1.6.2 (syntomic cycle class). Let ¥ be a smooth V-scheme, and let
w € z1(&/V, 0) be a relative cycle of codimension q. Then the canonical mapping

2
[ Hyn |w|(%vCI)_> H!

rig, |wg|

(% /Ko) ® FIHyd | (%x)

is injective, and there exists a unique element nsy,(w) € H,
w(nsyn(w)) = (nng(wk)v nar(Wg)).

(&, q) such that

yn [w]
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Proof. By the definition of syntomic cohomology with support, there is a long exact
sequence similar to (2):

2g—1

2g—1
— Hy rig, |w|

rig, [wy|

% /K) — HA

(%k/KO)@H syn, |w|(Xa‘I) —

r1g |wk|(%k/KO)@FquR lwk |(%K) — H rig, |wk|(%k/K0)@ rig, |wk|(%k/K) —.

The last term on the left vanishes because of weak purity in rigid cohomology
[Berthelot 1997b Corollary 5.7]. It follows that H Syn |w|(% q) consists of the
pairs (x,y) € Hy, |wk\(%k/K0) @ FquR g &K) such that ¢(x") = p?x and
sp(y) = x ® 1g. By Hodge theory, we have F? HdR wk |(9€K) = dR Ik |(9€K).
Moreover, the Frobenius acts on [wy sz as multiplication by p? [Petrequin 2003,
Proposition 7.13]. Hence, in view of (1), we can easily conclude the proof. ]

Lemma 1.6.3 (functoriality). Let f : & — & be a closed immersion of smooth
V'-schemes, and let w € z1(X/V, 0) be a relative cycle of codimension q. Assume
that the preimage f~'w lies in z4(%' )V, 0); then Fnsyn(w) = r]syn(f_lw).

Proof. 1t is not restrictive to assume that w = W is an integral subscheme of ¥ flat
over V.

We first show that it is sufficient to prove that f*nsr(wg) = nar (f “lwg). In
fact, the syntomic cycle class can be viewed as an element (9g(wy), nar(wg)) in
the direct sum of rigid and de Rham cohomology. Then note that sp(n¢r(wg)) =
Nrig(wi) @ 1k and that the specialization map is functorial.

To prove that f*ngr (W) = nar (f ~'W k), we first reduce by excision to the case
where Wk is smooth over K (just remove from W', ¥k and &', the singular points
of Wk). In the same way, we can further assume f ~19 & to be smooth over K.
Now we can use the same proof as [Petrequin 2003, Proposition 7.1] to conclude. [J

Lemma 1.6.4 (homotopy). The (rigid) syntomic cohomology is homotopy invariant:

syn(% X AV’ q) syn(% Q)

Proof. Just consider the long exact sequences of syntomic cohomology, and note
that the de Rham cohomology (of smooth schemes) is homotopy invariant by
[Hartshorne 1975, Proposition 7.9.1]. The same holds for rigid cohomology, for
instance, using the Kiinneth formula [Berthelot 1997a]. U

Lemma 1.6.5 (weak purity). Let & be a smooth V'-scheme. Let % C & be a closed
subscheme of & of codimension q. Then

Hg, o (%,i) =0 foralln <2q.
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Proof. This follows directly from the long exact sequence of syntomic cohomology
and the weak purity in de Rham and rigid cohomology [Hartshorne 1975, Section 7.2;
Petrequin 2003, Section 1]. O

Proposition 1.6.6. Let & be a smooth V-scheme. The syntomic cycle class map
induces a group homomorphism reg, : CH (X)V,2i —n) — H" (%, ).

syn

Proof. The construction is analogous to that provided in [Bloch 1986]. Consider the
cohomological double complex [R{FBBS(A;E", q)" nonzero for m > 0 and n < 0; the
differential in n is induced by 81.(7") in the usual way. Similarly define the double
complex

RFBes,supp(A;gn» Q"= COhm RFBCS IwI(A% )",

wezd (X, —

For technical reasons, we truncate these complexes (nontrivially):
A" = 1,5 _NRDpes 2(Ay", ¢)",  where ? =&, supp,

for N even and N > 0.
Consider the spectral sequence

E{™ = H"(A™") = H"™" (sA™),

where s denotes the associated simple complex of a double complex. By homotopy
invariance (Lemma 1.6.4), E{"" := Hg";n(AQ_g", q) is isomorphic to Hy, (¥, g) for
—N <n <0and m > 0; otherwise, it is 0. Moreover, d|"" = 0 except for n even,
—N <n <0and m > 0, in which case d]"" = id. This gives an isomorphism
Hi(sA™™) = H, (%, q).

In the spectral sequence

E} ;ﬁpp = H" (AGpp) = H™" (s ASipp)s
we have
El oo = we(;g)(l}l(m Hego 1w (A" q) for —N <n<0andm >0

and Ef :’]pp = 0 otherwise. Applying Lemma 1.6.3 to the face morphisms, it is

easy to prove that the syntomic cycle class induces a natural map of complexes
Iy (@) > Efooh??, and hence, for all i, a map CHY(%/V’, 2q — i) — Ej 0.

1 supp 2,supp
The groups E}'y,, are zero for m < 2¢ and r > 1 due to weak purity. Hence, there

i—2q,2q i—2q,2q
are natural maps E; supp > Eco supp —> Hi (SAsupp) By construction, there is a

map H' (sAypp) = H i (s A**). Composing all these maps, we obtain the expected

map CHY(¥,2q —i) — Syn(% q)- U
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Corollary 1.6.7. With the notation above, there is a commutative diagram

CHI(X/7) @ Q —— Hq(%K/K)®@—>CHq(%k/k)®@

T€8¢yn l NdR l TNrig l

H3h(, §) ————— F9 Hal (%) ———— Hyl 4/ K),

where 1 is the composition

pr. ,
H2 (%, i) — HJ (%i/Ko) @ F' Hjp (k) —— F'Hljy (%)

and y is the map described in Remark 1.2.2.

Proof. Just note that in this case, reg,, is the map induced by the syntomic cycle
class in the usual way. O

Remark 1.6.8. Via Chern classes, Besser [2000, Theorem 7.5] obtained a regulator
cl.z"*” Ko (X) — syn(% i). At present, we cannot compare it with the regulator
of Proposition 1.6.6. This is because we don’t know how to relate K -theory with
the higher Chow groups we have defined. Nevertheless, we expect that there exists
a map CH' (&/V,2i —n)g = Kzi—,(X)g. This issue will be treated in a future
work.

2. p-adic Hodge complexes

Having defined a regulator map with values in the syntomic cohomology, it is
tempting to check (some of) the Bloch—Ogus axioms for this theory. We address this
problem by viewing the syntomic cohomology as an absolute cohomology theory.
Thus, in this section, we define a triangulated category of p-adic Hodge com-
plexes similar to that of [Bannai 2002]. See also [Beilinson 1986; Huber 1995;
Levine 1998, Chapter V, Section 2.3].
The syntomic cohomology will be computed by Hom groups in this category.

Definition 2.0.9 (see [Bannai 2002, Section 2]). Let Cﬁg
pairs (M*, ¢), where

(i) M* = M; Qk, K and Mg is a complex in C’(Ky);
(i1) (Frobenius structure) if (M) := M ®, Ko, then ¢ : (M5)7 — Mg is a
Ko-linear morphism.

(K) be the category of

The morphisms in this category are morphisms in C?(K() compatible with
respect to the Frobenius structure. In this way, we get an abelian category.

Let Filtg be the category of K-vector spaces with a descending, exhaustive and
separated filtration. We write C gR(K ) = CP(Filtg), and we write the objects of this
category as pairs (M*®, F), where
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(i) M* is a complex in C?(K) and

(i1) (Hodge filtration) F is a (separated and exhaustive) filtration on M°.

Remark 2.0.10 (strictness). We review some technical facts about filtered cate-
gories. For a full discussion, see [Huber 1995, Sections 2 and 3].

The category Filty (and also CgR(K )) is additive but not abelian. It is an
exact category when one takes for short exact sequences those that are exact as
sequences of K-vector spaces and are such that the morphisms are strict with
respect to the filtrations; recall that a morphism f : (M, F) — (N, F) is strict if
f(F'M) = F'NNIm(f).

An object (M*, F) e C gR(K ) is a strict complex if its differentials are strict as
morphism of filtered vector spaces. Strict complexes can be characterized also by
the fact that the canonical spectral sequence H(FP) = HP19(M?*) degenerates
at Eq.

One can define canonical truncation functors on CgR(K ): For M* e C gR(K ), let

M ifi <n, 0 ifi <n—1,
T<n(M®, F) = Ker(d") ifi=n, t=,(M*, F) = Coim(d") ifi=n—1,
0 ifi >n, M ifi >n.

It is important to note that the naive cohomology object t<,7>,(M*, F) of a strict
complex (M*, F) agrees with the cohomology H" (M*) of the complex of K -vector
spaces underlying (M*®, F') [Huber 1995, Proposition 2.1.3 and Section 3].

Definition 2.0.11 (see [Bannai 2002, Definition 2.2]). From the discussion above,
there is an exact functor @y : Crbig(K) — C(K) (resp. ®ar : CI(K) — CP(K))
induced by (M*®, ¢) — M*® (resp. (M*®, F) — M?*). We define the category pHC
of p-adic Hodge complexes whose objects are systems M = (Mr‘ig, M, My, c,s),
where
(6] (Mr'ig, @) is an object of ng(K) and H*(Mr’ig) is finitely generated over K,

(ii) (Mgg, F) is an object of CgR(K ) and H*(M§3y) is finitely generated over K and
(iii) My is an object of C’(K) and ¢ : Mr'ig
morphism in C?(K). Hence, c and s give a diagram in C ?(

— My (resp. s : M3 — Mg)is a

o € o 3 .
Mrig — My <~ M.

A morphism in pHC is given by a system f := ( fyig, far, fx), Where fo: M3y —
N3 is a morphism in Crbig(K), CgR(K) or C*(K) for 7= rig, dR or K, respectively,
and such that they are compatible with respect to the diagram in (iii) above.
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2.1. Derived version. A homotopy in pHC is a system of homotopies h; com-
patible with the comparison maps ¢ and s. We define the category pHK to be
the category pHC modulo morphisms homotopic to 0. We say that a morphism
f = (fug, far, fx) in pHC (or pHK) is a quasi-isomorphism if f> is a quasi-
isomorphism for ? = rig (or K) and fgr is a filtered quasi-isomorphism, that is,
grp(fyr) 18 a quasi-isomorphism. Finally, we say that M € pHC (or pHK) is acyclic
if M> =0 is acyclic for any ? =rig, dR, K.

Lemma 2.1.1. (i) The category pHK is a triangulated category.

(ii) The localization of pHK with respect to the class of quasi-isomorphisms exists.
This category, denoted pHD, is a triangulated category.

(iii) On the category pHD, it is possible to define a nondegenerate t-structure (resp.
truncation functors) compatible with the standard t-structure (resp. truncation
functors) defined on C*(K), C (K) and Cliy (K).

Proof. The proof is the same as [Bannai 2002, Proposition 2.6]. See also [Huber

1995, Section 2] for a survey on how to derive exact categories. O

Remark 2.1.2. In the terminology of Huber [1995, Section 4], the category pHC is
the glued exact category of Crbig and C gR viaC f(. The foregoing definition is inspired
by Bannai [2002], who constructs a rigid glued exact category C 11;/[ p» that is, the
comparison maps are all quasi-isomorphisms. For our purposes, we cannot impose
this strong assumption. This is motivated by the fact that the (co)specialization is

not an isomorphism for a general smooth '-scheme.

2.2. Derived Hom. Let M* and M’® be two objects of pHC. Consider the diagram
#(M*®, M'*) (of complexes of abelian groups)

Hom% ((M$)7, My®) Hom (M5, M®) Hom$ (M3, My °)
h() h2 h4
Hom, (Mg, M{®) Hom, (M}, M}.*) Hom%" (M3, Mi*)

where ho(xo) = xo 0 ¢ — ¢ o x7; hi(xo) = ¢’ o (xo ® idg); ha(xk) = xk 0 ¢;
h3(xg) = xg os and ha(xqr) = s’ 0 XgR; Hom;(’F(MgR, MR°®) is the complex
of morphisms compatible with respect to the filtrations. Then define the two
complexes of abelian groups ['o(M®, M’®) := (direct sum of the bottom row) and
[y (M®, M'®) := (direct sum of the top row). Finally, consider the cone

T(M*®, M"*) := Cone(Ype r : To(M®, M"*) — T (M*, M'))[~1],
where

Ve mre : (X0, Xk, Xar) H> (—ho(x0), h1(x0) — ha(xk), h3(xg) — ha(xgr)).
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Remark 2.2.1. (i) Let K(—n) be the Tate twisted p-adic Hodge complex: i.e.,
IK(=n)sig (resp. K(—n)gr, K(—n)) is equal to K concentrated in degree 0; the
Frobenius is ¢ (1) := p"o (A); the filtration is F' = K for i <n and 0 otherwise.

(ii) Giventwo p-adic Hodge complexes M*® and M'®, we define their tensor product
M* ® M’ component-wise, that is, (M3, ® Mr’ig', M3 @ MR®, My @ My*,
c®c,s®s’). The complex M* ® K(n) is denoted by M*(n).
(iii) The complex I'(IK, M*®(n)) is quasi-isomorphic to
Cone(M & F" M3 — MJ & My)[—1],
1n(xo0, Xar) = (p~ "¢ (xg) — X0, c(xo ® idx) — s (xar)),

where xo € M and xgr € F"Mg,.
If ¢ is a quasi-isomorphism, letting sp denote the composition of

HY(F" Mig) = HY(My) < HY (M),
we obtain a long exact sequence
— HU(I(K, M*(n))) - HI (M) ® HI(F"M) LN HI(MJ) ® H'(Mg,) —,

where 1’ (xo, Xar) = (p7" P (x§) — X0, Xo ® 1 x — sp(xgr)).
If s is a quasi-isomorphism, letting cosp denote the composition of

HY(M3,) = HI(My) : HY (M),
we obtain a long exact sequence
— HU(T (K, M*(n))) > HI (M) ® HI(F"M) U HI(Mg5)® HI (M) —,

where 7" (xo, xar) = (P "¢ (x{) — x0, cosp(xo @ 1 g) — Xqr)-

Proposition 2.2.2 (extension formula). With the notation above, there is a canonical
morphism of abelian groups

Hom,up(M*, M'"*[n]) = H"(T'(M*, M"*)).

In particular, if M®* = M and M'® = M’ are concentrated in degree 0, then
H'"(T'(M,M"))=0forn>2andn <O.

Proof. By the octahedron axiom, we have the following triangle in D?(Ab):
Ker Yye pre — T(M®, M'*) — Coker Yrppe ppe[—1] %
Its cohomological long exact sequence is

2 H"(Ker Yrppe pr) — H"(T(M, M'*)) — H"(Coker ¥rpze yr[—1]) KN .
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Note that by construction, H" (Ker ¥y« y+) = Homp,pg (M*®, M *[n]). Also, we
have

Homypp(M*, M'*[n]) = collim Hom,pyx (M*, M"*[n]), I ={quisg: M'* - M"*}.

Thus, the result is proved if we show that

(i) H*(T'(M*, M'*)) = H"(I'(M*, M"*)) holds given any g : M'®* — M"* quasi-
isomorphism and

(1) colim; H"(Coker Yrppe ppre[—1]) = 0.

The first claim follows from the exactness of I"(M*, -), and the second is proved in
[Beilinson 1986, 1.7, 1.8] (and with more details in [Huber 1995, Lemma 4.2.8;
Bannai 2002, Lemma 2.15]) with the assumption that all the gluing maps are quasi-
isomorphisms, but this hypothesis is not necessary. O

Lemma 2.2.3 (tensor product). Let M®, M'® and 1® be p-adic Hodge complexes.
For any o € K, there is a morphism of complexes

Uy : TU, M)QTU*, M'*) > TU*, M*QM'*).
All such Uy are equivalent up to homotopy.
Proof. See [Beilinson 1986, 1.11]. O

Remark 2.2.4 (enlarging the diagram). We recall some results from [Levine 1998,
Chapter V, 2.3.3]. Let M? 1 M3 & M3 (resp. M7 L M3 £ M3) be a diagram
of complexes in Cb(K). Let P* = Cone(f — g : M} & M3 — M3)[—1] be the
quasipullback complex (resp. Q° = Cone((f, —g) : M5 — M} @ M3) be the
quasipushout). Assume that f is a quasi-isomorphism. Then the diagrams

h [ ]
P® —— M3 M; L M
l lé’ and gl l
M} —— M3 M3 —— P*

are commutative up to homotopy and are such that /2 and k are quasi-isomorphisms.
Now let pHC' be a category of systems (Mr'ig, Mg, M7, M3, M3, c,s, f, 8)
similar to Definition 2.0.11 and such that there is a diagram

M3, 5 M} L M3 S My & M.
Then the quasipushout induces a functor from the category pHC' to the category
pHC. This functor is compatible with tensor product after passing to the categories

pHK' and pHK.
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3. Godement resolution

Here we recall some facts about the generalized Godement resolution, also called
the bar-resolution. We refer to [Ivorra 2005]; see also [Weibel 1994, Section 8.6].

3.1. General construction. Letu: P — X be a morphism of Grothendieck topolo-
gies so that P~ (resp. X7) is the category of abelian sheaves on P (resp. X). Then
we have a pair of adjoint functors (u*, u,), where u*: X~ — P~ and u, : P~ — X"
For any object & of X™, we can define a cosimplicial object B*(F) : A — X~ in
the following way. First let # : idx~ — u,u™* and € : u*u, — idp~ be the natural
transformations induced by adjunction.

Endow B" (%) := (u,u*)"T! (%) with codegeneracy maps

o' 1= (et ugeu* weu™)" 7 BNF) > B"Y(F) for i=0,....,n—1
and cofaces
8= (™) n(usu™)" ™ BN (F) — B"(F) for i =0,...,n.

Lemma 3.1.1. With the notation above, let s B*(¥) be the associated complex of
objects of X~. Then there is a canonical map bg : ¥ — s B*(F) such that u*(bg)
is a quasi-isomorphism. Moreover, if u* is exact and conservative, then bg is a
quasi-isomorphism.

Proof. See [Ivorra 2005, Chapter III, Lemma 3.4.1]. O

Thus, for any sheaf & € X™ (or complex of sheaves), we can define a functorial
map bg : F — s B*(¥F) with s B"(¥) := (usu™)" 1%, We will denote this complex
of sheaves Gdp (%). In the case u* is exact and conservative, Gd p (%) is a canonical
resolution of F. If F° is a complex of sheaves on X, Gdp(%®) denotes the simple
complex s(Gdp(F')/). Often, we will need to iterate this process, and we will
write Gd%,(@) :=Gdp(Gdp(F)).

Now suppose there is a commutative diagram of sites

P o
X Y

and a morphism of sheaves a : ¢ — f,. %, where & (resp. 9) is a sheaf on X (resp. Y).

8
—

—
f

Lemma 3.1.2. There is a canonical map Gdg (9) — fi Gdp(F) compatible with b
and b,

Proof. We need only show that there is a canonical map v,v*¢ — fiu,u*F
lifting a. First consider the composition § — f,% — f.u,.u*%. Then we get a
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map G — v, gu*F because v, g. = filt,. By adjunction, this gives v*9¢ — g,u*%.
Then we apply v, and use v, g, = fiu, to obtain the desired map. (I

Remark 3.1.3 (tensor product). The Godement resolution is compatible with tensor
products; that is, for any pair of sheaves & and § on X, there is a canonical quasi-
isomorphism Gdp (%) @ Gdp (%) — Gdp(F ® 9). The same holds for complexes
that are bounded below [Friedlander and Suslin 2002, Appendix A].

3.2. Points of sites/topoi.

Definition 3.2.1 (see [Artin et al. 1972a, Example IV, Section 6]). Let X be a site
and Sh(X) be the associated topos of sheaves of sets. A point of X is a morphism
of topoi 7 : Set — Sh(X), that is, a pair of adjoint functors (7*, 7r,) such that
* is left exact.

Example 3.2.2. Let X be a scheme. Then any point x of the topological space
underlying X gives a point . of the Zariski site of X. We call them Zariski points.
Now let x be a geometric point of X; then it induces a point , for the étale site
of X. We call them étale points of X.
Let & be a Zariski (resp. étale) sheaf X and P be the set of Zariski (resp. étale)
points of X. Then the functor & — | | _p F, := 7*F is exact and conservative.
In other words, the Zariski (resp. étale) site of X has enough points.

Example 3.2.3 (points on rigid analytic spaces [van der Put and Schneider 1995]).
Let & be a rigid analytic space over K. We recall that a filter f on ¥ is a collection
(Uy ) of admissible open subsets of X satisfying

i) Xe fand @ ¢ f,
(ii) if Uy, Ug € f, then U, NUg € f and
(iii) if U, € f and the admissible open V' contains U, then V" € f.

A prime filter on ¥ is a filter p satisfying moreover

(iv) if U € p and U = |
some ig € I.

ier W; is an admissible covering of U, then AU} € p for

Let P (%) be the set of all prime filters of &. The filters on & are ordered with
respect to inclusion. We can give to P(¥) a topology and define a morphism of
sites 0 : P(X) — &. Also, we let Pt(¥) denote the set of prime filters with the
discrete topology. Let i : Pt() — P(X) be the canonical inclusion and § =0 oi.

Remark 3.2.4. Let p = (Uy), be a prime filter on & as above. Then p is a point of
the site & (see Definition 3.2.1). Using the construction of the continuous map o of
[van der Put and Schneider 1995], we get that the morphism of topoi  : Set — Sh(¥),
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associated to p, is defined in the following way. For any sheaf (of sets) & on &, let
* (%) = colimg, (U ); for any set ¥ and V" admissible open in &, let

S if V=9, for some «,

T, IV =
V) :0 otherwise,

where 0 denotes the final object in the category Sez. In fact, with the notation above,
we easily get the adjunction

Homg,, (7" (%), ¥) = lim Homg, (F (U ), ¥) = Homgp) (F, 7.F).
o

Lemma 3.2.5. With the notation above, the functor €' : Sh(X) — Sh(Pt (%)) is
exact and conservative. In other words, for any p € PU(X), ¥ =0 if all ¥, =0 and
the functors Sh(X) > F +— %, are exact.

Proof. See [van der Put and Schneider 1995, Section 4] after the proof of Theorem 1.
O

4. Rigid and de Rham complexes

We begin this section by recalling the construction of the rigid complexes of [Besser
2000, Section 4]. Instead of the techniques of [Artin et al. 1972b, Exposé V.bis], we
use the machinery of generalized Godement resolution as developed in Section 3.
This alternative approach was also mentioned by Besser in the introduction of his
paper. We then recall the construction of the de Rham complexes.

4.1. Rigid complexes. We define a rigid triple to be a system (X, X, P), where X
is an algebraic k-scheme, j : X — X is an open embedding into a proper k-scheme
and X — P is a closed embedding into a p-adic formal ¥'-scheme P that is smooth
in a neighborhood of X.

Definition 4.1.1 [Besser 2000, 4.2, 4.4]. Let (X, X, P) and (Y, Y, Q) be two rigid
triples, and let f : X — Y be a morphism of k-schemes. Let U C 1X[p be a strict
neighborhood of | X[p and F : U — Qg be a morphism of K -rigid spaces. We say
that F is compatible with f if it induces the following commutative diagram:

1X[p ——1¥[q

spl lsp

XT>Y

We write Hom ¢ (U, Qg ) for the collection of morphisms compatible with f.

The collection of rigid triples forms a category RT with the set of pairs (f, F)
written as Hom((X, X, P), (Y,Y,Q)), where f : X — Y is a k-morphism and
F € colimy Hom ¢ (U, Q).
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Proposition 4.1.2. (i) There is a functor
(Sch/k)® — C(Kp), X+ RTg(X/Ko)

from the category of algebraic k-schemes with proper morphisms Sch/ k, such
that Hi(RFrig(X/KO)) = Hr’lg(X/Ko) Moreover, a canonical o -linear endo-
morphism of RTig(X/Ko) exists inducing the Frobenius on cohomology.

(ii) There are two functors RT — C(K)
RTye(X)gp and RTge(X/K)gp
and functorial quasi-isomorphisms with respect to maps of rigid triples
RTyig(X/K) < RT4ig(X)5.p = RT4ig(X) 5 p.

Proof. See [Besser 2000, 4.9, 4.21, 4.22]. O

Remark 4.1.3. The building block of the construction is the functor RI'ig (X /K) 5 p-
That complex is constructed with a system of compatible resolution of the over-
convergent de Rham complexes j XQ‘ where U runs over all strict neighborhoods
of the tube of X. Using Godement resolution, we can explicitly define

RTvig(X/K) g p := colim I (UL, Gdyy Jy Gdan 23,

where Gd,, = Gdp; ). This will be an essential ingredient for achieving the main
results of the paper.

All the proofs of [Besser 2000, Section 4] work using this Godement complex.
We recall that

RTyig(X/K) := colim RTyie(X/K)g, p,.
AeS ET

Rrrig(X/K) = colim Rrrlg(X/K)XA Ps>

AeSET(X %P

where SETO and SET?X x.p) Ar€ filtered categories of indexes.

With some modifications, we can provide a compact support version of the
functors above. We just need to be careful in the choice of morphisms of rigid
triples.

Definition 4.1.4. Let (X, X, P) and (Y, Y, Q) be two rigid triples, and let f: X — Y
be a morphism of k-schemes. Let F : U — Qg be compatible with f (as in
Definition 4.1.1). We say that F is strict if there is a commutative diagram

1X[p —— AU +—— U\ 1X[p

I

Y[ ——V+—V\1YI[q
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where % is a strict neighborhood of 1Y [q in 1Y [q.

It is easy to show that strict morphisms are composable. We let RT, denote the
category of rigid triples with proper morphisms, which is the (not full) subcategory
of RT with the same objects and morphisms pairs ( f, '), where f is proper and F'
is a germ of a strict compatible morphism.

Lemma 4.1.5. (i) Let (X, X, P) be a rigid triple, and let W be a strict neighbor-
hood of | X[p. Then

H'(I' (U, Gdan T'yx7, Gdan 25)) = H, (X).

(ii) Let (Y,Y, Q) be another rigid triple, f : X — Y be a proper k-morphism and
F : W — Qg be a morphism of K -analytic space compatible with f and strict.
Then there is a canonical map

F* : Gdan T}y, Gdan 4, — Fi Gdlan T}, Glan 25,

Proof. (1) It is sufficient to note that Gd,,(£253,) is a complex of flasque sheaves
and that a flasque sheaf is acyclic for I'j .. Let F be a flasque sheaf on the rigid
analytic space U. By definition, I"}y, = Ker(a: F — i,i*F). Itis easy to check that
R7i,i*F =0 for ¢ > 1. Hence, RL,y(, F = Cone(a : F — i,i*F)[—1]. But by hy-
pothesis, the map a is surjective, so Cone(a : F — i,i* F)[—1]=Ker(a) = ROE]X[P.

(ii) First consider the canonical pullback of differential forms F* : Qq, — F.Qq.
Then by Lemma 3.1.2, we get a map Gdpy(qy) §28, = Fix Gdps @ S2u. Applying
the functor Iy, to the adjoint map, we get

CixioF " Gdprar) Qax = Lyxpp Gdpran Qar.

But the strictness of F implies that there is a canonical map F~' Ty — Ly, F '
[Le Stum 2007, proof of Proposition 5.2.17]. Hence, we have a map

F_IE]Y[Q Gdpii) Lax = Lyxp, Gdprwy S2u.

We can conclude the proof by taking the adjoint of this map and again applying
Lemma 3.1.2. U

Proposition 4.1.6. (i) There is a functor
(Sche/k)° — C(Ko), X+ Rlyg(X/Ko)

from the category of algebraic k-schemes with proper morphisms Sch./ k, such
that H' (Rl g, o (X/Kp)) = Hriig (X /Kyo). Moreover, there exists a canonical
o -linear endomorphism of RTig -(X/Ko) inducing the Frobenius on cohomol-

ogy.
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(ii) There are two functors RT, — C(K)
RTyigc(X)gp and RTyeo(X/K)gp
and functorial quasi-isomorphisms with respect to maps of rigid triples
RTyig o(X/K) < RTyig o (X)g.p = RUiig.c(X)5 p-

Proof. In view of Lemma 4.1.5, it suffices to mimic the construction given in
[Besser 2000, 4.9, 4.21, 4.22] but using only proper morphisms of k-schemes and
strict compatible maps. In this case, the functors used in the construction are

R s o(X/K)x p := colim T (U, Gun Iy, Gdan ),

RFrig,c(X/K) := colim RFrig,c(X/K))?A,PA’
A€SETY

iﬁ:‘rig,c(X/K) = colim RFrig,c(X/K))?A,PA' =

0
AGSET(X,)?,m

4.2. de Rham complexes. Now we focus on de Rham complexes, and we deal
with smooth K-algebraic schemes. Let X be a smooth algebraic K-scheme. The
(algebraic) de Rham cohomology of X is the hypercohomology of its complex of
Kahler differentials HéR(X /K) = H (X, Q% / k) [Grothendieck 1966b]. We can
also define the de Rham cohomology with compact support [Baldassarri et al. 2004,
Section 1] as the hypercohomology groups Hjp (X/K):=H' (X, lim, I"Q% )
where X — X is a smooth compactification and J is the sheaf of ideals associated
to the complement X \ X (this definition does not depend on the choice of X
[Baldassarri et al. 2004, Theorem 1.8]). In order to consider the Hodge filtration
on the de Rham cohomology groups, we fix a normal crossings compactification
g: X — Y andlet D:=Y \ X be the complement divisor (this is possible by the
Nagata compactification theorem and the Hironaka resolution theorem [Deligne
1971, Section 3.2.1]). We let QY (D) denote the de Rham complex of Y with
logarithmic poles along D (in the Zariski topology) [Jannsen 1990, 3.3]. Let I C Oy
be the defining sheaf of ideals of D.

Proposition 4.2.1. With the notation above,

(1) there is a canonical isomorphism
Hig(X) = H' (Y, Q3(D))  (resp. Hig .(X) = H' (Y, 1Q3(D))),
(i1) the spectral sequence
EP?=HI(Y, Q") = H'M(Y, Q*)

degenerates at 1 for Q* = Q3 (D) and 12}, (D) and
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(iii) the filtration induced by this spectral sequence on HéR (X) (resp. H(’iR’ LX) is
independent of the choice of Y. Namely,

F/Hjp(X) := H'(Y, 07/ Q3(D)) (resp. Hig (X):=H'(Y,07/1Q}(D))),
where o= is the stupid filtration.

Proof. Using the argument of [Deligne 1971, 3.2.11], we get the independence of
the choice of Y. The same holds for HG’iR’ LX),

Since our base field K is of characteristic 0, we can find an embedding 7 : K — C.
Then by [GAGA 1955-1956], we get these isomorphisms of filtered vector spaces:

H'(Y, Q}(D)) ®k C = H' (Y;, 2}, (Dp))
(resp. H' (Y, IQYy(D)) ®k C= H' (Yy, 2}, (Di))).

where (-); is the complex analytification functor and 7, is the defining sheaf of Dy,.
Thus, we conclude by [Deligne 1971, Section 3] (resp. [Peters and Steenbrink 2008,
Part II, Example 7.25] for the compact support case). ([

Remark 4.2.2. The degeneracy of the spectral sequence in (ii) of the proposition
above can be proved algebraically [Deligne and Illusie 1987]. We don’t know an
algebraic proof of the isomorphism in (i).

In the sequel, a morphism of pairs (X, Y) as above is a commutative square

We say that the morphism is strict if the square is cartesian.

The complex QY (D) (resp. 12} (D)) is a complex of Zariski sheaves over Y
functorial with respect to the pair (X, Y) (resp. strict morphisms of pairs). We can
construct two different (generalized) Godement resolutions (see Section 3): one
using Zariski points and the other via the K -analytic space associated to Y.

We will write Pt(Y) = Pt(Y,ar) for the set of Zariski points of Y with the discrete
topology and Pt (Y,,) for the discrete site of rigid points (Example 3.2.3) of Yy
Pt(Y,n) UPt(Y) is the direct sum in the category of sites.

Proposition 4.2.3. With the notation of Proposition 4.2.1, let w : Yoy — Y,ar be the
canonical map from the rigid analytic site to the Zariski site of Y. Then for any
Zariski sheaf Q2 on Y, there is a diagram

Gdpiyy(2) < Gdpy(y,,)upi(y) () = wy Gdpy(y,,) (W* ).
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If we further consider Q = QY (D) (resp. 2 = 1Q}(D)), then the diagram is
Sfunctorial with respect to the pair (X, Y) (resp. (X, Y) and strict morphisms). The
same holds true with Gd3 instead of Gd,.

Proof. The first claim follows from Lemma 3.1.2 applied to the commutative
diagram of sites

Pt(Yan) —— Pt(Yan) U PH(Y) «—— P(Y)

| | |

Y an Y zar Y zar

w id

with respect to the canonical map Q2 — w,w*Q2. The second claim follows from
the functoriality of the complex Q2 (D) (resp. 12}, (D)). (I

Proposition 4.2.4. (i) Let g : X — Y be a normal crossings compactification as
in Section 4.2. Then there is a quasi-isomorphism of complexes of sheaves

QY (D) — Gd%?z(Y)(Q;/(D)) (resp. I} (D) — Gd%’z(y) 1Q5(D)),
and the stupid filtration on Q3 (D) (resp. 12},(D)) induces a filtration on the

right term of the morphism.

(i1) Let Sm /K (resp. Sm, /K) be the category of algebraic and smooth K -schemes
(resp. with proper morphisms). Let DgR(K ) be the derived category of the
exact category of filtered vector spaces. Then there exist two functors

RT4r(-): (Sm/K)® — Dl (K) and RTUgr(-):(Sm./K)® — DI (K)
such that with the same notation as (1), RI'qr(X) = I'(Y, Gd%t(y)(Q}(D)))
and RTgr (X)) =T'(Y, Gd%t(y)lﬂ;(D)).

(iii) The filtered complexes RI'qr(X) and RI'4r (X) are strict (see Remark 2.0.10).
Proof. (i) This follows directly from the definition of Godement resolution.

(i1) This follows from the functoriality of the Godement resolution with respect to
morphism of pairs and [Deligne 1971, 3.2.11] or [Huber 1995, Lemma 15.2.3] for
the compact support case.

(ii1) This follows by [Peters and Steenbrink 2008, Part II, Section 4.3, Section 7.3.1].
O

5. Syntomic cohomology

In this section, we construct the p-adic Hodge complexes needed to define the rigid
syntomic cohomology groups (also with compact support) for a smooth algebraic
V'-scheme. The functoriality will be a direct consequence of the construction.
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5.1. Compactifications.

Lemma 5.1.1 [Grothendieck 1966a, 2.8.5]. Let f : & — V' be a morphism of
schemes, and let Z C Xk be a closed subscheme of the generic fiber of X. Then
there exists a unique closed subscheme % C ¥ that is flat over V' and satisfies
¥ x = Z. Thus, % is the schematic closure of Z in X.

Proposition 5.1.2. Let & be a smooth scheme over V'. Then there exists a generic
normal crossings compactification, that is, an open embedding g : X — % such that

(1) Y is proper over V',
(1) Yk is smooth over K and
(iil) D C Yk is a normal crossings divisor, where 9 =Y \ X.

Proof. First by Nagata [Conrad 2007], there exists an open embedding Xx — Y,
where Y is a proper K -scheme. By the Hironaka resolution theorem, we can assume
that Y is a smooth compactification of Xx with complement a normal crossings
divisor. Now we can define %’ to be the gluing of ¥ and Y along the common open
subscheme Xk . These schemes are all of finite type over V. It follows from the
construction that %Y’ is a scheme, separated and of finite type over V', whose generic
fiber is Y.

The Nagata compactification theorem works also in a relative setting, namely
for a separated and finite type morphism; hence, we can find a ¥-scheme % that
is a compactification of Y’ over V. Thus, we get an open and dense embedding
h:% =Y — Yg of proper K-schemes, so £ is the identity, and the statement is
proven. O

Remark 5.1.3. We can also give another proof of the previous proposition assuming
an embedding in a smooth V'-scheme. First by Nagata [Conrad 2007], there exists
an open embedding ¥ — ¥. Now assume that & is embeddable in a smooth /-
scheme W'; then by [Wtodarczyk 2005, Theorem 1.0.2], we can get a resolution of
the K -scheme ¥x by making a sequence of blowups with respect to a family of
closed subsets in good position with respect to the regular locus of ¥k, in particular
ZiNX g = . One can perform the same construction directly over V', replacing the
closed Z; C Wk with their Zariski closure %; in W'. By hypothesis, Z; C Wk \ ¥k;
hence, its closure %, is contained in W'\ &, and (%¥;)x = Z; by Lemma 5.1.1. The
construction doesn’t affect what happens on the generic fiber because the blowup
construction is local and behaves well with respect to open immersions [Hartshorne
1977, Chapter 11, 7.15]. This will give % as in the proposition.

5.2. Connecting maps. From now on, we keep the notation of Proposition 5.1.2
with g : ¥ — Y being fixed. To simplify the notation, & (resp. ¥) denotes the rigid
analytic space associated to the generic fiber of & (resp. %), usually denoted &%
Let w: %Y — (Yg)zar be the canonical map of sites.
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Sometimes we will simply write Gday, = Gdp, () if the rigid space AU is clear
from the context. Similarly, we write Gd o = Gdp;(x) to denote the Godement
resolution with respect to Zariski points of a K -scheme X.

Lemma 5.2.1. With the notation above, we have the following morphisms of com-
plexes of K -vector spaces:

F(Ovy, Gdan JT Gdan w*QG.yK <QDK>) - F(%v Gdan .]T Gdan Q:%) - Rrrig(%k/K)Oyk,@’
I'%Y, Gdy, Do, Gd,, w*IQg.yk (Dg))
— I'(%, Gdan F]%k[ Gdan Qéf) - Rrrig,c(%k/K)@k@-

All the maps are quasi-isomorphisms. We let a and b denote the composition of the
maps in the first and second diagrams, respectively.

Proof. By construction, RI g (%) /K oy, @ (respectively RTyg o (¥x/K )y,.7) is a
direct limit of complexes indexed over the strict neighborhoods of %} [4, and * 1is
one of them (see Remark 4.1.3 and Proposition 4.1.6). Hence, the map on the right
(of both diagrams) comes from the universal property of the direct limit.

For the map on the left, consider first the canonical inclusion of algebraic
differential forms with log poles into the analytic ones w*Q§, (¥g) — g5"25.
By Lemma 3.1.2, we get a map

Gdpr ) w2y, (Dk) — g Gdpr@r) Q-

Then applying the j* functor and noting that j g = g2 jT [Le Stum 2007, 5.1.14],
one obtains a morphism jt Gdp; ) w*QO'yK(QDK) — gjj“jJr Gdp ) 2%. This is
what we need to apply Lemma 3.1.2 again and conclude the proof for the first
diagram.

For the second diagram, repeat the argument using [Le Stum 2007, 5.2.15]. U

Lemma 5.2.2. With the notation above, we have the following morphisms of com-
plexes of K -vector spaces, which we denote by a’ and b’, respectively:

P, Gdy, w* s, (k) — T (Y, Gdan j* Gdan w Q5 (D)),
I'(Y, Gdan Ty, [ Gdan w* 1Y (Tk)) — TV, Gy, w* Q8 (Dk)).
Proof. The maps a’ and b’ are induced by the canonical maps Q — jTQ and
[, €2 — 2, respectively, where €2 is an abelian sheaf on %. In particular, we con-

sider 2 = Gd,, w*QO’yK (Dg) (respectively Q2 = Gdy, w*1 23, (Dk)). To conclude
the proof, apply the functor Gd,, again and take global sections. O

5.3. Syntomic complexes. Now we put together all we have done, getting a dia-
gram, say RI(X), of complexes of K -vector spaces:
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o]

R 1_‘rig (%/KO)

- RTyig(%/K)

—~ o
Rrrig(%/K)oyk’oj; a—j) Rrrig(%/K)oyk’oj;

[, Gdg, w*Quy, (Dk)) —— T, G, w*Quy, (T))

/
a7
I' Yk, Gdy, 4 yar szoyK<@K>)/ o T Wi, Gdyp Qo (D))

T Wk, G2, Qu, (Dk))

where 1, a5, ag are the identity maps; o and a3 are the maps of Proposition 4.1.2;
a4 is the composition of aoa’ (see Lemma 5.2.1 and Lemma 5.2.2) and o and o7 are
defined in Proposition 4.2.3. By repeatedly applying the quasipushout construction,
we obtain a diagram of the shape

RT4ig (X/Ko) = RTk (%) <= RTar (%). 3)

It represents an object of pHC that we denote RI"().
Similarly, we can construct a p-adic Hodge complex RI' (%) associated to the
diagram RT'/(¥) defined as

B

RFrig,c(%/KO) B2 Rrrig,c(%/K)
— B3
RT yig (% /K)q, 4 a RTyig o (%/K)qy, 4
I, Gdan Ty Gdan w12, (D)) oo T (W, G2, w* I, (@)
/>

B
T Wk, G2, , 19@K<@K>¢ I Wk, G2, 10, (Dk))

I (Y, G2, Iy, (Ik))

where 81 and Bg are the identity maps; B> and Sz are the maps of Proposition 4.1.2;
B4 is the map b of Lemma 5.2.1; 85 = b’ of Lemma 5.2.2 and B¢ and 7 are defined
in Proposition 4.2.3. Note that ¢ is a quasi-isomorphism by GAGA.

Proposition 5.3.1. Let Sm /R (resp. Sm. /R) be the category of algebraic and
smooth R-schemes (resp. with proper morphisms). The previous construction
induces the functors

RT(-):(Sm/V)* — pHD and RTU.(-):(Sm,/V)° — pHD.

Proof. Let f : % — &’ be a morphism of smooth */'-schemes. To get the functoriality,
we just have to show that can find two gncd compactifications g : £ — ¥ and
g ¥ — %Y and amap h : Y — Y extending f, that is, hg = g’ f. We argue as in
[Deligne 1971, Section 3.2.11]. Fix two gncd compactifications g’ : &’ — %" and
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[ : % — %. Then consider the canonical map ¥ — % x ¥’ induced by [ and g’ f.
Let & be the closure of & in % x ¥’ and use the same argument as in the proof of
Proposition 5.1.2 to get ¥, which is generically a resolution of the singularities of %.
Then by Proposition 4.2.3 and Proposition 4.1.2, we get the functoriality of RT"(-).

If we further assume f to be proper, then we can apply the same argument in order
to get the commutative square hg = g’ f as above. Then by properness, this square is
also cartesian by [Huber 1995, Lemma 15.2.3]. From this fact and Propositions 4.1.6
and 4.2.3, we obtain the functoriality of RI'.(-) with respect to proper maps. [

Definition 5.3.2. Let & be a smooth algebraic scheme over V. For any integers n
and 7, we define the absolute cohomology groups of & as

(%, i) :== Hom,pp(K, RT(X)(D)[n]) = H" (I (K, RT@X) (D)) (4)

abs

and the absolute cohomology with compact support groups of ¥ as

(&, i) :== Homppp (K, RT (%) ()[n]) = H* (T (K, RT(X) (). (5)

abs c

A direct consequence of the definition is the existence of the following long exact
sequence, which should be considered to be a p-adic analog of the corresponding
sequence for Deligne—Beilinson cohomology [Beilinson 1985, Introduction].

Proposition 5.3.3. With the notation above, we have the long exact sequences

n
- Habs

%,i) — H!

n %/ Ko) ® F' Hig (k) 2> H, (1) Ko)  Hily i/ K) >,

where h(xo, xar) := (¢ (x§) — p'x0, X0 ® 1 x — sp(xar)) and

where he(xo, Xar) = (Pc(x00) — p'xo, cosp(xo ® 1k) — Xdr)-

Proof. By Proposition 2.2.2, the absolute cohomology is the cohomology of a map-
ping cone, namely ' (KK, R[' (%)) (or '+ (I, RI"(¥)) for the compact support case).
The long exact sequences above are easily induced from the distinguished triangle de-
fined by the term of the mapping cone (see Remark 2.2.1(iii)). Indeed, one need only
note that the map ¢ : R (¥/K9) ® K — RI' g (%) (resp. s : RTqr(X) — RI g (X))
is a quasi-isomorphism. O

Proposition 5.3.4. With the notation above, there is a canonical isomorphism
between the absolute cohomology we have defined and the (rigid) syntomic coho-
mology of Besser:

(X, 1) = Hy (%, 0).

syn abs
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Proof. Besser defines a complex

RFBes(%» i)
:= Cone(RTyig(%/Ko) ® Fil' RCar (%) — RTyig (¥/Ko) ® RTyig(X/K))[—1]

and the syntomic cohomology groups (of degree n and twisted i) H" (RI'es(¥, 7))
(see [Besser 2000, proof of Proposition 6.3]). Note that, modulo the choice of
the flasque resolution, RI';i(¥/Ko) = RT;g(¥/Ko) (the left-hand side is the nota-
tion used by Besser with the bold R); the complex Fil' RTC4r(%) is a direct limit
over all the normal crossing compactifications of Xx of complexes of the form
e, Gd%)t(y) oZiQy (D)) so that our F! RT'4r (%) is an element of this direct limit.
To conclude the proof, recall that by Remark 2.2.1(iii), we obtain

Hy (X, 1)
= H" (Cone(RT'1ig(%/Ko) @ F' RTar (X) — RTig(%/Ko) & RTvig (%/K))[—11),

and it is easy to check that the maps in the two mapping cones are defined in the
same way. U

Remark 5.3.5. The isomorphism H" (R sy, (¥, 1)) = Hom,gp (I, RT'(X)(@)[n])
can be viewed as a generalization of the result of Bannai [2002], who considers
only smooth schemes ¥ with a fixed compactification ¥ and such that Y\ ¥ =%
is a relative normal crossings divisor over V. Moreover, Bannai’s construction
is not functorial with respect to &; functoriality holds only with respect to a so-
called syntomic datum. We should point out that the category defined by Bannai is
endowed with a 7-structure whose heart is the category M F' ,’; of (weakly) admissible
filtered Frobenius modules. In our case, we don’t have such a nice picture.

Remark 5.3.6. The category of p-adic Hodge complexes is not endowed with
internal Hom. This is due to the fact that the Frobenius is only a quasi-isomorphism;
hence, we cannot invert it. In particular, this happens for the complex RI'.(X);
thus, we cannot define the dual RT. (%)Y := R%om (RI".(%), K) and an absolute
homology theory as

H™ (%, i) := Hom,pp (IS, RT(%)" (=i)[—n]);

see [Huber 1995, Section 15.3]. Nevertheless, the usual adjunction between Hom
and ® should give a natural isomorphism

Hom,up (K, RT(%)") = Homyyp(RT (%), K),

and the right term does makes sense in our setting. This motivates the following
definition:
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Definition 5.3.7. With the notation of Definition 5.3.2, we define the absolute
homology groups of & as

HZ* (X, i) := Homypp (RT (%), K(—i)[—n]) = H " (T (RT(%), K(—i))). (6)
5.4. Cup product and Gysin map. We are going to prove that there is a morphism
RT(¥) @ RT(¥) — RIT' (%)

of p-adic Hodge complexes. This induces a pairing at the level of the complexes
computing absolute cohomology. The key point is the compatibility of the de Rham
and rigid pairings with respect to the specialization and cospecialization maps.

Let us start by fixing some notation. Let & be a smooth algebraic V'-scheme,
g : % — %Y be a gncd compactification and & = Y \ ¥ be the complement; % is the
rigid analytic space associated to the K -scheme Y ; as before, we let w: Y — Yk ,ur
denote the canonical morphism of sites (see the notation after Proposition 5.1.2).
For any Oy, -module F, w* denotes its pullback.

Remark 5.4.1.
(i) The wedge product of algebraic differentials induces the pairing
Par : Q2 (Dk) @ IQuy, (D) — Iy, (D).
(i) The analytification of pgr gives a pairing
W Qu (D) @ W Quy, (Dk) = w IQu, (Dk).
Hence, by [Berthelot 1997a, Lemma 2.1], we get the pairing
Prig * J W Qe (D) ® Dy w1y, (D) — L w1 Qe (D).

Lemma 5.4.2 (sheaves level). The diagram

Gdan* (W*Qay (D))

5 Gd2, (W (D
® Gd2, (w*I Qay, () (W7 2 (k)

G2, (w*Qu, (Tk))

—}m %
® Gdan L]9é’k[ Gdan (W* I Quy, (D)) Gdan E]%k[ Gdan (w* I Q0 (D))

1

Gdan j* Gdan (w* Qay, (D))

*
® Gd,p E]%k[ Gdan(w*IQOyK (k) > Gdan E]%k[ Gdan (w IQOJJK (Dk))

commutes, where m := pyjg o ( i ®1) by definition.

Proof. The bottom square commutes by construction, and we get pyjg o ( T =
w* pyr restricted to w*Qy, (D) @ L]%k[w*IQ@K (D). O
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Proposition 5.4.3. Let X be a smooth V'-scheme. Then there exists a morphism
7 : ROC(X)® RT(X) = RI(X)
of p-adic Hodge complexes, which is functorial with respect to & (as a morphism in

PHD). Moreover, taking the cohomology of this map, we get the compatibility

Hlf () ® Hj (k) —— HI" (k)

d® cosp] COSPT

H (k) ® HT. (%) — HE (%)

rig,c rig,c

sp® idJ{ idl

HJ () @ HYfy (%) — HEST (%)

rig rig,c rig,c

Proof. 1tis sufficient to provide a pairing of the enlarged diagrams (see Remark 2.2.4).
Thus, we have to define a morphism of diagrams " : RI"(¥) ® RT'.(X) — RI.(%)
(notation as in Section 5.3). It is easy to construct 77" using the previous lemma and
the compatibility of the Godement resolution with the tensor product. (]

Corollary 5.4.4. There is a functorial pairing (induced by w of Proposition 5.4.3)
HL (X, 1)@ HY (X, j)— H"X, i+ j).

abs,c abs,c

Proof. Consider the pairing of Proposition 5.4.3, which induces a morphism
RT(X)()QRT(X)(j)— RT(X)(i+j). We then get the corollary by Lemma 2.2.3
and Definition 5.3.2. [l

Proposition 5.4.5 (Poincaré duality). Let & be a smooth and algebraic V'-scheme
of dimension d. Then there is a canonical isomorphism

HE (X, 1) = HYS (X, d—i).

Proof. By definition (Equations (4) and (6)), it is sufficient to prove that the complex
(I, R['(%)) is quasi-isomorphic to the diagram I'(RT. (%), K[—2d](—d)).
First recall that I' (KK, RI"(%)) is defined as

Cone(RTsig(%/Ko) & RT k(%) & F'RT 4r (%)
Ly RTyia(%/Ko) & RT k(%) & RT (D)) [~ 11,

where ¥ (xo, Xk, Xdr) := (¢ (x0) —x0, c(xo®idg) —xg, xg —s(xgr)). To define the
desired map, we need to modify this complex, replacing RI" g (¥) with RT'qr (%) as

Cone(RTyig(%/Ko) ® RT4r (%) ® FORT4r (%)

Yy RTyg(%/Ko) ® R (%) ® RTgr(%0)) [ 11,



Cycle classes and the syntomic regulator 563

where /' (x0, X)g, Xar) := (¢ (x0) — X0, c(xo ®idg) — s (xg), Xjg — Xdr). It is easy
to see that this new complex, call it M*®, is quasi-isomorphic to I' (I, R['(X)).

Because the filtered complex RI'g4r (%) is strict, the truncation t>24 RT'gr (%)
is the usual truncation of complexes of K-vector spaces (see Lemma 2.1.1(iii)
and Remark 2.0.10). Then the cup product induces a morphism of complexes
M® — T'(RT (%), t>24 RT (%)) that is a quasi-isomorphism by the Poincaré duality
theorems for rigid and de Rham cohomology [Berthelot 1997a; Huber 1995].
Explicitly, this map is induced by the commutative diagram

RTvig(X/Ko) ® RTar(¥X) o« Hom (No, T>24No) @ Hom} (N, 724Nk )

% °
@ FORT (%) @ Hom%;" (Nar, 7224 Nar)
v’ &
Rrrig (X/Ko) ® RFrig (X/K) Hom;(o (Ng TZZdNO) D Hom;( (Nrig’ ‘EZZdNK)
® RIgr(X) B ® Hom% (Ngr, t>24 Nk ),

where N := RI['.(%),
E(fo, fx,dR) :=(¢c o f§ — foo e, co(fo®idg) — fxoc, fx o5 — 5 0XgR),
a(x0, Xjr» Xar) : (0, Y&+ Yar) —> (X0 U Yo, s(x4g) U y&, Xar U Yar),
B(x0, Xiig, Xar) : (Y0, Yrig> YarR) F> (X0 U @ (0), Xrig U Yrigs XdR U Yar)-

To conclude the proof, it is sufficient to apply the exact functor I'(RI".(¥X), -) to
the quasi-isomorphisms

To2gRTe(%) < HX (RT(%))[—2d] — K(—d)[—2d]. O

Remark 5.4.6. We would like to point out some technical issues regarding Poincaré
duality in syntomic cohomology.

(i) If it were possible to define an internal Hom in the category pHC of p-adic
Hodge complexes (see Remark 5.3.6), then by Proposition 5.4.3, one would obtain
the natural isomorphism

RT(X)(d)[2d] = RT(%)"

in the triangulated category pHD, where RT (%)Y := R¥omppc (R (%), K) is
the dual of RI'.(%). Then one would get by adjunction the duality

Hom,gp (KK, RT(X)(i)[n]) = Homypp(K, RT(X)" (i —d)[n —2d])
= Hom,yp(RT(X)(d —1)[2d —n], K).
(ii) The Grothendieck-Leray spectral sequence for absolute homology is

EY'? = Homypp(H ™ (RT (%) ()[—pl. K),
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and it degenerates to the short exact sequences

0 — Hom,up(H" (RT(%)(i)), K) — HY (X, i)
— Hom,,pp (H" ™ (RT (%) (i), K[1]) — 0.

Directly by Proposition 2.2.2, the group Hom,yp(H" (RT'(X)(i)), ) is

{ (x0, xar) € H}}y %/ Ko)" & (Hjp (%x)/FT)Y
1 (xo ® 1x) = xqr 0 cosp, xo0 ¢ = p'x{ }.

In cohomology, the Frobenius is an invertible; hence, the equation xg o ¢ = p' xg
is equivalent to xg = p’ oo ! where the latter is the formula for the Frobenius
of internal %om(Hr’i‘g’ ~(&k), K(—1i)) in the category of isocrystals (that is, mod-
ules with Frobenius). Hence, by Poincaré duality, we get qb((xov )°) = 1)‘1_")c0v ;
x' e Hr%g_” (&x/Ko) is the cohomology class corresponding to xg, where ¢ is the
Frobenius of Hr%g_” (% /Kp).

(iii) The absolute homology is defined via the complex RI".(¥X), but it is not clear
how to relate it to the dual of the absolute cohomology with compact support.

Corollary 5.4.7 (Gysin map). Let f : X — %Y be a proper morphism of smooth
algebraic V'-schemes of relative dimension d and e, respectively. Then there is a
canonical map

foi HL (X, i) — HY W, i +0),
where c = e — d.
Proof. This is a direct consequence of the previous proposition and the functoriality
of RI'.(¥) with respect to proper morphisms. ([

Remark 5.4.8. With the notation above, we get a morphism of spectral sequences
g EJ" (%) := Hompp (K, HY () () pD) — ES " ()
= Homynp (IS, HI*2(W) (i) [ p])

compatible with f,. The map g is induced by the Gysin morphism in de Rham and
rigid cohomology.

We conclude by saying that it is natural to expect that the Gysin map for syntomic
cohomology is compatible with the K-theory pushforward under the regulator
defined by Besser. We plan to address this open problem in a future work.
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Zeros of real irreducible characters
of finite groups

Selena Marinelli and Pham Huu Tiep

We prove that if all real-valued irreducible characters of a finite group G with
Frobenius—Schur indicator 1 are nonzero at all 2-elements of G, then G has a
normal Sylow 2-subgroup. This result generalizes the celebrated Ito—Michler
theorem (for the prime 2 and real, absolutely irreducible, representations), as well
as several recent results on nonvanishing elements of finite groups.

1. Introduction

Suppose that G is a finite group. Let Irr(G) be the set of the irreducible complex
characters of G, and let [ be a subfield of C. Write Irrg(G) for the set of those
x € Irr(G) such that x (g) € F for all g € G. Hence Irrg(G) is the set of real-valued
(or real) irreducible characters of G.

As shown in recent papers [Dolfi et al. 2008; Navarro et al. 2009; Navarro
and Tiep 2010], several fundamental results on characters of finite groups admit a
version in which Irr(G) is replaced by Irrp(G) for a suitable field F. For instance, S.
Dolfi, G. Navarro and P. H. Tiep proved in [Dolfi et al. 2008] that if all x € Irrr(G)
have odd degree, then a Sylow 2-subgroup of G is normal in G (therefore, providing
a strong version of the celebrated Ito—Michler theorem for the prime p = 2).

In this paper, we turn our attention to the nonvanishing elements of a finite
group G. These elements, introduced by M. Isaacs, G. Navarro and T. R. Wolf in
[Isaacs et al. 1999], are the x € G such that y (x) # 0 for all x € Irr(G). Since
their definition, there has been an increasing interest in the set of the nonvanishing
elements of finite groups. See for instance [Dolfi et al. 2009; Dolfi et al. 2010c;
Dolfi et al. 2010d; Dolfi et al. 2010a; Dolfi et al. 2010b]. One of most relevant
results in this area was obtained by S. Dolfi, E. Pacifici, L. Sanus and P. Spiga
in [Dolfi et al. 2009], where they proved that if all the p-elements of a finite group
G are nonvanishing, then G has a normal Sylow p-subgroup. Since characters
of degree not divisible by p cannot vanish on any p-element (by an elementary

Tiep is supported by NSF grants DMS-0901241 and DMS-1201374.
MSC2010: primary 20C15; secondary 20C33.
Keywords: real irreducible character, nonvanishing element, Frobenius—Schur indicator.

567


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2013.7-3
http://dx.doi.org/10.2140/ant.2013.7.567

568 Selena Marinelli and Pham Huu Tiep

argument involving roots of unity — see for instance Lemma 5.1), this result is
again an extension of the Ito—Michler theorem.

Recall that the Frobenius—Schur indicator of x € Irr(G) is O if x is nonreal, £1
if x is real; moreover it is 1 precisely when yx is afforded by a real representation
of G.

Our main result in this paper is the following.

Theorem A. Let G be a finite group. If x (x) # O for all real-valued irreducible
characters x of G with Frobenius—Schur indicator 1 and all 2-elements x € G, then
G has a normal Sylow 2-subgroup.

Since odd degree characters do not vanish on 2-elements, Theorem A above
provides at the same time a generalization of [Dolfi et al. 2008, Theorem A] and of
the p = 2 case of [Dolfi et al. 2009, Theorem A]. As an immediate consequence of
Theorem A, we obtain the following refinement of the Ito—Michler theorem for the
prime 2 and real, absolutely irreducible, representations:

Theorem B. Let G be a finite group. If x (1) is odd for all real-valued irreducible
characters x of G with Frobenius—Schur indicator 1, then G has a normal Sylow
2-subgroup.

A few remarks are in order here. First of all, the hypotheses of our Theorem A
here are strictly more general than those of [Dolfi et al. 2008, Theorem A]. In
Section 5 below, we will describe an interesting family of examples of groups
G, having real irreducible characters of even degree, such that all 2-elements of
G are nonvanishing. We also mention that in order to obtain the solvable part of
Theorem A, we will prove a result guaranteeing the existence of real 2-defect zero
characters, which might be of independent interest; see Theorem 2.4.

2. Regular orbits and characters of 2-defect zero

We will need the following result, showing that real characters are remarkably
well-behaved across odd sections. As usual, if N is a normal subgroup of a group
G and 0 € Irr(N), we denote by I5(0) the inertia subgroup of 8 in G and by
Irr(G16) the set of the irreducible characters of G that lie over 6. For brevity, we
call x € Irr(G) strongly real if the Frobenius—Schur indicator of x equals 1, and let
Irr4 (G) denote the set of all strongly real irreducible characters of G. Certainly, if
H <G and x = A% € Irr(G) for some A € Irry (H), then x € Irr (G).

Lemma 2.1. Let G be a finite group and let N < G with G/N of odd order.

(1) If 0 € Irrg(N), then there exists a unique x € Irrg(G|0).
(i1) If 6 € Irr (N), then there exists a unique x € Irr (G|6).
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Proof. Part (i) is [Navarro and Tiep 2008, Corollary 2.2].

For (ii), let T = I5(0). Since |T/N| is odd, 8 extends to a real character A of
T by [Navarro and Tiep 2008, Lemma 2.1]. As Ay = 6 is strongly real, the same
holds for . Now x = AY is irreducible and strongly real. The uniqueness of ¥
follows from (i). O

Lemma 2.2. Let G = N{j) be a split extension of a normal subgroup N by a
subgroup (j) of order 2. Suppose that o € Irr(N) is of odd degree, and that
ol =a # a. Then o is irreducible and strongly real.

Proof. The irreducibility of « is obvious. Let o be afforded by a represen-
tation ® : N — GL,(C), so that n = «(1) is odd. Then the representations
&/ x> &(jxj~!) and ®* : x > ‘®(x ") afford the same character &, whence
O(jxj H=A"®d(x"1A™! for some A € GL,(C). Conjugating by j once more,
we see that A-’A~! commutes with ® (x) for all x € N. By Schur’s lemma, ‘A =« A
for some k € C. Transposing once more, we get k> = 1. But A € GL,(C) and n is
odd, so k = 1, that is, A ='A. Now we define ¥ : G — GL,, (C) by

(D) 0 L 0 I,
wx)‘( 0 A’CD(x‘l)A‘l)’ \p(’”)_w(x)’(ln o)

for all x € N; in particular, W(xj) =V (j)WV(jxj . Ttis straightforward to check
that W is a group homomorphism, and that "W (g) - MW (g) = M for all g € G

and with )
0 A~
M = (’A—l 0 ) .

Thus the CG-module corresponding to W supports a G-invariant symmetric bilinear
form (with Gram matrix M) and affords the character «, whence ¥ is strongly
real. (]

Note that the examples with (G, N, o (1)) = (257, 2A7,4) and with (G, N, «(1)) =
(Qs, C4, 1) show that one cannot remove any of the assumptions of Lemma 2.2.

A character x € Irr(G) is said to be of p-defect zero for a given prime p if p does
not divide |G|/ x (1). By a fundamental result of R. Brauer [Isaacs 1976, Theorem
8.17], if x € Irr(G) is a character of p-defect zero, then x (g) = 0 for every element
g € G such that p divides the order o(g) of g. Next we recall the following result
of G. R. Robinson:

Lemma 2.3 [Robinson 1989, Remark 2, p. 254]. Let G be a finite group and let
x € Itr(G) be a real character of 2-defect zero. Then x is strongly real.

Let G be a finite group and let U be a faithful G-module. We recall that a
G-orbit {u8 | g € G} of G on U is a regular orbit if its cardinality is equal to |G|
or, equivalently, if Cg(u) = 1.
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Theorem 2.4. Let G be a finite group. Assume that O,(G) = 1 and that G has a
nilpotent normal 2-complement M. Let P be a Sylow 2-subgroup of G and assume
that whenever U is a faithful F,[ Pl-module, P has a regular orbit on U, where
q is a prime dividing |M|. Then there exists a strongly real irreducible character
x € Irry (G) of 2-defect zero.

If P is an abelian 2-group, then P has a regular orbit in every faithful action
on a module of coprime characteristic. In fact, this is an application of Brodkey’s
theorem [1963].

We observe, for completeness, that a 2-group P acting faithfully on a module
U of characteristic g 7~ 2 has no regular orbit on U only if g is either a Mersenne
or Fermat prime, and P involves a section isomorphic to the dihedral group Ds.
This follows from [Manz and Wolf 1993, Theorems 4.4 and 4.8], using Maschke’s
theorem and standard arguments for passing from irreducible to completely reducible
modules.

Theorem 2.4 will be derived from the following result, whose somewhat more
technical statement will be needed in the proof of Theorem A.

Theorem 2.5. Let G be a finite group with a nontrivial Sylow 2-subgroup P.
Assume that O2(G) = 1 and that G has a nilpotent normal 2-complement M.
Assume in addition that, whenever U is a faithful |,[ P]-module, P has a regular
orbit on U, where q is a prime dividing |M . Then there exist a character 6 € Irr(M)
and an element z € P, such that 0¢ € Irr(G) and 0 * = 6.

Proof. Let P € Syl,(G). Since O2(G) =1, P acts faithfully on M. By coprimal-
ity, P acts faithfully on M/® (M), as well. So, by factoring out ® (M), we can
assume that

M=L1XL2X---XLk,

where each L; is an irreducible [y, [ P]-module for some prime g; # 2. We define
W; =Cp(L;) forany i =1, ..., k. Observe that W; is a normal subgroup of P for
each i, and that ﬂle W; =1, since P acts faithfully on M.

Now, let 9B be a subset of {Wy, ..., W;} minimal such that
(A w=1
We®R
We can assume that B = {Wy, ..., W, } for some n < k. Thus P acts faithfully on
U=L; x---XL,.
By assumption, for all i € {1, ..., n}, there exists an element u; € L; such that

Cp(u;) = W;. So, if we set u = (ul,.. ,u,) € U, it follows that Cp(u) = 1.
Now, we consider the dual group U= Irr(U). Since |U| is odd, by [Isaacs 1976,
Theorem 13.24], U and U are isomorphic as P-modules. Hence there exists u € U
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such that Ip(u) = 1, where Ip(u) is the inertia group of u in P. Consider now,
for 1 < j < n, the subgroup
Hj= (") W.

1<t<n
t#]
Note that H; is a normal subgroup of P and that H; is not contained in W}, by the
minimality of 9. Furthermore, H; N W; =1 for each j. Now, let z; € Z(P) N H;
be an involution; such an element certainly exists, as H; is a nontrivial normal
subgroup of P. So, Cr;(z;) is a P-submodule of L and Cp;(z;) < L as z; ¢ W;.
As Lj is irreducible, it follows that Cp,(z;) = 1. Hence z; inverts every element
of L;; see, for instance, [Huppert 1998, Theorem 16.9(e)]. Moreover, as z; € H;,
z;j centralizes L; forevery i # j, 1 <i, j <n.

Let z =2z -- - z,, and observe that z inverts every element of U. By the isomor-
phism of P-modules U = U, then z inverts every irreducible character of U. In
particular, u* = w~ ' = fi. Now, we can write M = U x N, where N is P-invariant.
Let 6 = i x 1y € Irr(M). Then, we have 6% =0 and Ip(8) = Ip(n) = 1. Thus, by
Clifford theory #¢ € Irr(G) and the proof is complete. U

Proof of Theorem 2.4. Clearly, we may assume P # 1. So, by Theorem 2.5 there
exists a character 6 € Irr(M) such that x = 0% € Irr(G) and an element z € P such
that 6% = . Hence,

¥ =00 =09 =% =09 = y,

so x € Irrr(G). Next, since x(1) = |G:M|6(1) = |P|6(1), x is a character of
2-defect zero of G. Hence y is strongly real by Lemma 2.3. ]

3. Proof of Theorem A

We will need the following deep result concerning the existence of suitable strongly
real characters of almost simple groups. We state it here and prove it in Section 4.

Theorem 3.1. Let S be any finite nonabelian simple group. For any H with
S < H < Aut(S), there exist a character 6 € Irr(S) and a 2-element x € S, such
that both the following conditions apply:

(1) 6(x?) =0 for all o € Aut(S).

(ii) There exists a subgroup J with Iy (0) < J < H and a strongly real character
o € Irr(J19).

We can now proceed to prove Theorem A, which we restate below.

Theorem 3.2. Let G be a finite group and P € Syl,(G). Suppose that x (x) # 0 for
all x € Irry (G) and for all 2-elements x € G. Then P < G.
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Proof. Let G be a minimal counterexample to the statement; in particular, P # 1.
Let M # 1 be a minimal normal subgroup of G.

1. Observe that Irr (G/M) C Irr (G) and 2-elements of G/M lift to 2-elements
of G. Hence, PM < G by minimality of G. If M| is another minimal normal
subgroup of G with M| # M, then G/M x G /M, has a normal Sylow 2-subgroup,
as both G/M and G/M; do. Since M N M, =1, G is isomorphic to a subgroup of
G/M x G/M; and hence G has a normal Sylow 2-subgroup, a contradiction. So,
M is the only minimal normal subgroup of G.

2. Suppose first that 2 divides |M|. If M is solvable, then M is a 2-group and so
P = PM <« G, a contradiction. Hence M is not solvable. Thus M = §; x --- x S,
where S; = S, a nonabelian simple group. Write S := S|, H := Ng(S) and
C :=Cg(S). Thus, H/C is isomorphic to a subgroup H of Aut(S), with S < H <
Aut(S). By Theorem 3.1, there exists a character 8 € Irr(S) and a 2-element x € S
such that 8(x°) = 0 for all 0 € Aut(S). Moreover, there exists a subgroup J
with I7(0) < J < H and a strongly real character « € Irr(J]0). By the Clifford
correspondence [Isaacs 1976, Theorem 6.11], o = A’ for a suitable character
A €lrr(15(0)]0). Therefore, B := A is an irreducible character of H. Furthermore,
B is strongly real as 8 = (AY)# =« and B lies over 6.

Letnow v :=6 x 1g x --- x 15 € Irr(M). Note that C <« I5({y) < H and that
I6(¥)/C is isomorphic to I7(0). Hence, by lifting characters from the correspond-
ing factor groups modulo C, we can view A € Irr(Ig (¥)[y) and AT = B € Irr, (H).

Define x = AY. By the Clifford correspondence, x is an irreducible character
of G and, since x = B¢, we have x € Irr,.(G). We will show that x vanishes on the
2-element g = (x, x,...,x) € M. In fact, x lies over i and hence the restriction
Xxum 1s a sum of conjugates ¥, with y € G. Now, each conjugate ¥~ is of the form

Yr=1lgx -+ x1lgx0° x1lgx---xlg,

for a suitable o € Aut(S). Thus ¥?(g) =6(x® ) =0 for all y € G. It follows that
x (g) =0, against our assumptions.

3. We have shown that M is an elementary abelian g-group for some prime g # 2.

Let Z :=Q(Z(P)) so that Z # 1. Since |M| is odd, ZM /M = Q(Z(PM/M))
and so ZM < G. Observe also that M is a normal nilpotent 2-complement of ZM
and that Z is a Sylow 2-subgroup of ZM. Moreover, O2(ZM) =1, as O,(ZM) is
normal in G and M is the unique minimal normal subgroup of G. Finally, since Z
is abelian, Z has a regular orbit on every faithful Z-module of odd characteristic.
Thus, by Theorem 2.5 there exist # € Irr(M) and z € Z, such that 6% = # and
6%M ¢ Irr(ZM). Since Z # 1 and g # 2, we must have that 6 # 6 and z # 1; in
fact z is an involution.
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Let T = Ig(0) N PM = Ipy(0). Since g # 2, 6 has a canonical extension
y € Irr(T); see [Isaacs 1976, Corollary 8.16]. By uniqueness of the canonical
extension of @, it follows that y° = J. Let § = y'™. By Clifford theory § is
irreducible. Since §% =@ # 6, we see that z ¢ T but z normalizes T'. It follows that
K :=T{j) is a split extension of T by (j). We have already shown that y* =y.
Also, yy =0 is nonreal. Hence y is nonreal and has degree 1. Applying Lemma 2.2
to the character y of T, we see that X is strongly real. Consequently, § = (%)™
is strongly real.

Recalling that PM is a normal subgroup of odd index in G, by Lemma 2.1(ii)
there exists a character x € Irr (G) that lies over &.

Now, we show that §(g) = 0 for every g € ZM ~ M. In fact, as 6%M € Irr(ZM),
by Clifford theory TNZM = I7);(6) = M. As both M and ZM are normal in G,
we getthat forallx e G, T*"NZM =(TNZM)* = M* =M. So,

ZMm(U T") — M.

xeG

As 8§ = M with y € Irr(T), the formula of character induction yields that §(g) =
forallge ZM ~ M.

Note now that, because ZM > M, there exists a 2-element gg€ ZM ~ M. Fmally,
observe that Xxpm 1s a sum of conjugates 67 of § in G and that §”(gp) = 8(g0 )=
since gO € ZM ~ M for all y € G. Therefore, we conclude that x (go) =0, Wlth
x € Irry (G) and gg a 2-element of G, the final contradiction. O

4. Almost simple groups

This section is devoted to proving Theorem 3.1. First we handle some easy cases:

Lemma 4.1. Theorem 3.1 holds if S is an alternating group, a sporadic simple
group, or a simple group of Lie type in characteristic 2.

Proof. The cases of As, Ag, and all the sporadic groups can be verified directly using
[Conway et al. 1985]. Assume S = A, with n > 7; in particular Aut(S) =S,,. As
shown in [Dolfi et al. 2009, Proposition 2.4], one can find a character 6 satisfying
the conditions described in Theorem 3.1, which extends to a strongly real character
o of Aut(S).

If S = 2F,(2)', then we can choose J = H and 0 € Irr(H) of degree 2048 if

= S and of degree 4096 if H = Aut(S) (and x # 1 any 2-element in S); see
[Conway et al. 1985]. The case Sp,(2)’ = Ag has been considered above. For all
other simple groups of Lie type in characteristic 2, we choose 6 to be the Steinberg
character St and 1 # x € S to be any 2-element: it is well-known [Feit 1993] that
St vanishes at any 2-singular element and extends to the character of a rational
representation of H. O
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Lemma 4.2. Let G be a finite group with a normal subgroup N, and x € Irr(G).
Then xn is irreducible (over N) if and only if the characters xo, where o €
Irr(G/N), are all irreducible and pairwise distinct. Moreover, in this case the
irreducible characters of G that lie above yy are precisely the characters xo,
where o € Irr(G/N).

Proof. The “only if” direction is Gallagher’s theorem [Isaacs 1976, Theorem 6.17].
For the “if” direction, observe that the hypothesis implies

e =x-Un°= > axa

aelr(G/N)
contains x with multiplicity 1, and so [xn, xnIv =[x, (xn)%lg =1, as stated. O

In the rest of this section, let S be a simple group of Lie type in characteristic
p > 2. We can find a simple algebraic group 9 of adjoint type defined over a field
of characteristic p and a Frobenius morphism F : ¢ — 4 such that § = [G, G]
for G := %4F. We refer to [Carter 1985; Digne and Michel 1991] for basic facts
on the Deligne—Lusztig theory of complex representations of finite groups of Lie
type. In particular, irreducible characters of G are partitioned into (rational) Lusztig
series that are labeled by conjugacy classes of semisimple elements s in the dual
group L, where the pair (£, F*) is dual to (9, F) and L = £F". Since & is simply
connected, Cg(s) is connected for any semisimple element s € &; see [Carter
1985, Theorem 3.5.6]. Hence the L-conjugacy class s corresponds to a (unique)
irreducible (semisimple) character x; of G of degree [L : Cp(s)],; see [Digne
and Michel 1991, §14]. Since x, belongs to the Lusztig series defined by s*, two
semisimple characters y; and y, are equal precisely when s and ¢ are conjugate
in L.

The structure of Aut(S) is described in [Gorenstein et al. 1994, Theorem 2.5.12];
in particular, it is a split extension of G by an abelian group (of field and graph
automorphisms), which we denote by A(S).

Our arguments will rely on the following proposition, which is of independent
interest:

Proposition 4.3. In the notation above, assume that s € L is a semisimple element
of order coprime to |L(L)|. Then the following statements hold.

(1) If s is real in L then x; is strongly real.

(ii) Let o be a bijective morphism of the algebraic group 6 commuting with F and
let o* be the corresponding morphism of £. Assume that x is o-invariant.
Then s and o *(s) are L-conjugate. Moreover, if o is a Frobenius morphism,
then s is $-conjugate to some element in $° ; in particular, |s| divides |$°"|.

(iii) 0 := (xs)s is irreducible (over S).
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(iv) Let o be a bijective morphism of ‘6 commuting with F (and so fixing G and S).
Suppose that o fixes 0. Then o fixes x.

Proof. Part (ii) and the statement about y, being real in (i) can be proved exactly in
the same way as [Dolfi et al. 2008, Lemma 2.5] using [Navarro et al. 2008, Corollary
2.5]. Assume now that s is real. Since 4 is of adjoint type, Z(%9) = 1; in particular,
it is connected, and Z(G) = Z(%)" =1 by [Carter 1985, Proposition 3.6.8]. Hence,
by [Vinroot 2010, Theorem 4.2], the Frobenius—Schur indicator of x; is 1, as stated
in (i).

For (iii), by [Digne and Michel 1991, Proposition 13.30] and its proof, the
characters « € Irr(G/S) are exactly the semisimple characters x, with z € Z(L);
moreover, Xs; = XsXz- Observe that sz and st are not L-conjugate if z,t € Z(L)
are distinct. (Indeed, suppose g(sz)g~' = st for some g € L. Then since |s] is
coprime to |Z(L)|, we have

—1 —1 —1
Isl=lgsg | =Is-(tz" )| =Is|-[tz""],

and so z = t.) It follows that the characters yx,, are all irreducible and pairwise
distinct. By Lemma 4.2, 6 = (xy)s is irreducible, and Irr(G|0) = {xs; | z € Z(L)}.

Suppose now that o fixes 8 as in (iv). Since o fixes G, it now fixes Irr(G|0) and
so it sends y; to x;, for some z € Z(L). Let o* be the morphism of £ corresponding
to o. By [Navarro et al. 2008, Corollary 2.5], sz and o*(s) are L-conjugate. In
particular, |s| = |6*(s)| = |sz| = |s| - |z|, and so z =1 as stated. O

Proposition 4.4. Theorem 3.1 holds if S is one of the following simple groups in
characteristic p > 2: G1(q), >°G2(q), >D4(q), Fi(q), or Es(q), where g = p/.

Proof. Notice that in each of these cases, Out(S) = A(S) is cyclic, of order 2 f if
S = G1(q) and p =3, of order 3 f if S =3D4(q), and of order f otherwise; see for
instance [Gorenstein et al. 1994, Theorem 2.5.12]. Furthermore, S = G = L; see
[Carter 1985, p. 120]. Choose the integer m to be 6, 12, 12, or 30, if S = 2G2(q),
3D4(q), Fu(q), or Es(q), respectively. If S = G,(g), we choose m =3 if g = 3/
with f odd, and m = 6 otherwise. By [Zsigmondy 1892], there exists a primitive
prime divisor (p.p.d.) r =r(p, mf) of p™ — 1, that is, a prime divisor of p"/ — 1
that does not divide ]—[Zn:f '(p' = 1). According to [Moret6 and Tiep 2008, Lemma
2.3], L contains a semisimple element s of order r for which Cg (s) is a torus of
order dividing ®,,(g) if ®,,(¢) is the m-th cyclotomic polynomial in #; in particular,
s is regular. It is well-known [Tiep and Zalesski 2005, Proposition 3.1] that every
semisimple element s € L is real. It then follows by Proposition 4.3(i) that 6 :=
is strongly real.

We claim that y; is not stable under any nontrivial outer automorphism o of S.
Indeed, since Aut(S) is a split extension of S by the cyclic group Out(S) in the
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cases under consideration [Gorenstein et al. 1994, Theorem 2.5.12] we can choose
o to be a power o of some canonical outer automorphism oy of S.

(@) If S = 2G2(q), G>(q) (with p # 3), F4(q), or Eg(q), then og is induced by
the field automorphism x — x”, and so we can choose e such that 1 <e < f
and e | f. In this case, |7 is equal to the order of |L|, but with g replaced
by p®, and hence is not divisible by r by the choice of r.

(b) Now suppose that S = G,(g) and p=3. Then 1 <e <2f, e|2f, and |77
equals |G2(p/?)| if 2| e and |*G2(p®)| if e is odd. In either case, r is coprime
to |£°”| by the choice of r.

(c) Finally, consider the case S = 3Dy (¢). Then we can choose e sothat 1 <e <3 f
and e | 3f. Now |£°"| equals | D4(p¢)| and so r is coprime to |£°"| by the
choice of r.

We have shown that Iaus)(xs) = S, whence Ig(xs) = S. Since x;(1) =
[L:Cpr(s)]p and |Cp(s)], being a divisor of ®,,(q), is odd, we see that y; has
2-defect zero and so x; vanishes at any 2-element 1 £ x € S. Hence we are done
by taking J = § and @ = ;. O

Proposition 4.5. Theorem 3.1 holds if S is any of the following simple groups of Lie
type in characteristic p > 2: PSLy(q) with g > 5; PSp,, (q) withn > 2; Q2,11(q)
withn > 3; PQj (q) with2|n,n > 6 for e =+, and n > 4 for e = —; or E7(q).

Proof. 1. Recall that L = SL,(q), respectively Spin,, ,(¢q), Sp,,(¢), Spin;, (¢), or
E7(q)sc in the described cases; in particular, Z(L) is a 2-group. We write ¢ = pf
as usual. By [Tiep and Zalesski 2005, Proposition 3.1], any semisimple element in
L is real. Now we choose a semisimple element s € L of (odd) order r, where r is
selected as follows.

(1) If L =SLy(g), thenr = (q +€)/2 if € = %1 is chosen so that g = ¢ (mod 4).
(i) Next, r =r(p, 2nf) is a p.p.d. of p?*/ — 1 in the other classical cases, unless
L= Spin;l (q).
(iii) In the case L = E7(q), r =r(p, 18f).

(iv) In the remaining case, L = Spln2 (g) contains a central product
C = Spin, (q) * Spin,, _,(q),

and we choose s = s152 € C where s1 € Spin, (¢) = SL,(g?) has order
(g>+1)/2 and 55 € Spin,, _,(q) has order (¢"~2 4+ 1)/2. More precisely, if
B and y denote some elements in [F of orders (¢g>+ 1)/2 and (¢" 2 -|— 1)/2,
respectively, then we can choose s to act on the natural £-module I]: with

spectrum {8, B~ [i=1,q}U{y?",y ™9 |0<j<n—3}.
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In these cases, it is straightforward to check (see for instance [Moret6 and Tiep 2008,
Lemmas 2.3 and 2.4]) that s is a regular semisimple element, and 7* := CL(s)
is a maximal torus of order ¢ + ¢, ¢" + 1, ®2(q)P15(g), or (g% + D) (g" 2+ 1),
respectively. Hence, x; is a strongly real irreducible character of G, and in fact
Xs =ER ? o 18 a Deligne-Lusztig character corresponding to some maximal torus
T of G in duality with T*; in particular, |T| = |T*|. (Indeed, since I* := Cg(s)
is a torus, this is the unique torus containing s. Now if (7, #) is in duality with
(T*,s),then T = I and x; = +R ?,19-) Now the character formula [Carter 1985,
Theorem 7.2.8] shows that x;(x) = 0 for any semisimple element x € G with
|Ci (x)| not divisible by |T|.

2. By Proposition 4.3(iii), 6 := (xs)s is irreducible and strongly real. Furthermore,
when § =PSL,(q), we have 6(1) =g —e€ and so 6 has 2-defect 0, whence it vanishes
at any nontrivial 2-element x € §. In the remaining cases, we will find an involution
x € S such that |Cg(x)| is not divisible by |T'|. If S = PSp,, (¢), choose x to be an
involution with centralizer of type Sp,(q) xSp,,,_»(q) (in Sp,,,(¢)). If S=Q2,41(q),
choose x to be an involution with centralizer of type GO‘;Ir (q) x GOy,-3(q) (in
GO2,+1(q)). For S =PQ; (gq), choose x to be an involution with centralizer of
type GOAEIr (g) x GO3,_4(g) (in GOS,(q)). Finally, for S of type E7(g), choose x
to be an involution with centralizer of type SL2(g) * Spin;(g); see [Gorenstein
et al. 1994, Table 4.5.1]. It is straightforward to check that |Cs (x)| is not divisible
by |T'| for the chosen element x. Then for any o € Aut(S), |Cc(x?)| = |Cs(x)|
(as G < Aut(S)), whence 6(x%) = 0.

3. Next we show that any automorphism o € Aut(S) that fixes 6 must belong to
G. Since Aut(S) = G : A(S) and G fixes 6 = (x;)s, we may assume o € A(S).
Recall that [A(S)| =2f if S =P, (¢) and |A(S)| = f otherwise. Let o € A(S)
denote the automorphism of S (and of G, %) induced by the field automorphism
yr>y P If § =PQJ (q), we denote by T € A(S) the nontrivial graph automorphism
commuting with F (otherwise set T = 15). Notice that G = ¢F with F = aof , unless
S = PQ, (¢g) in which case F = rag. Then A(S) is generated by op and t. It
follows that o can be extended to a Frobenius morphism of %, which commutes
with F, unless 0 =t and S = PQ;; (g)- Replacing o by ‘L'G({ in the latter case,
we again see that o extends to a Frobenius morphism of % that commutes with F.
Since o fixes 0, o fixes x,; by Proposition 4.3(iv), which in turn implies that |s|

divides |£°"| by Proposition 4.3(ii).

3a. First consider the case 0 = o;. Then |%°7| equals the order of L but with
q replaced by p¢; denote it by |L(p®)|. Suppose § = PSL,(g); in particular
A(S) = (09) = Cy and so we may choose e | f. If ¢ = 1 (mod4), we get
Is| = (p/ + 1)/2 divides p* — 1, which is possible only when ¢ = f. If ¢ =
—1 (mod 4), then f is odd; hence |s| = (p/ — 1)/2 can divide p?* — 1 only when



578 Selena Marinelli and Pham Huu Tiep

e = f. Next suppose S = PSp,, (¢) or £22,41(g). Then |s| =r(p, 2nf) can divide
|L(p®)| only when f |e. If S is of type E7(g), then |s| = r(p, 18 f) can divide
|[L(p®)| only when f |e. In all these cases, A(S) = (0p) = Cy, so we conclude that
os = lg. Consider the case § = P2, (¢g). Since |s| =r(p, 2nf) divides |L(p°)|,
we get f | e. Recall that A(S) = (0g) = Cyy for § =PQ, (¢g), so we may assume
e|(2f). Nowif2 f|e then og =1g5. On the other hand, if f =e, then |s| =7r(p, 2nf)
does not divide |L(p°)]|.

Assume now that S = PQ;I (g). Since the order of (0p)s is f, we may assume
that 0 < e < f/2. Observe that |s| is divisible by some p.p.d. r; =r(p, 2n —4) f).
Now since r; divides |L(p®)|, we get 2n —4) f | je for some j, 1 < j <2n —2.
Butthen je<(n—1)f < (2n—4)f,soe=0and o5 = l5.

3b. It remains to consider the case o is not contained in {(op). This can happen
only when § = Pan (q). Since (00)7 acts trivially on S we can write 0 = 10,
with 1 <e < f. Moreover, replacing o by 0 ~! = ‘L’UO ¢ (while acting on S), we
may in fact assume that 1 <e < f/2 ore = f. Now r| =r(p, 2n —4) f) divides
Is| and |s| divides |£°|, and so we get 2n—4)f |2je for some j with 1 < j <n.
It follows that e > (n — 2) f/n > f/2 as n > 6. We have shown that e = f, and
so by Proposition 4.3(ii), s is $-conjugate to some element s’ € ¥ = Spin,, (q).
Certainly, |s’| = |s| is divisible by r{ =r(p, 2n —4) f). Observe that the r-part of
s’ has centralizer of type GO*(q) >§ GO,,_4(g) (in GO,, (g)). Hence, the action of
s” on the natural £-module V = [F is induced by dlag(A B) with A € GO+(q)
and B € GO,, ,(q). Butin this case the spectrum of s” and s on V cannot have
the shape indicated in (iv) above.

We have shown that Iays)(6) = G; in particular, if S < H < Aut(S), we have
Ig(@)=GNH. Choosing J =GN H and o = (xs) s, we are done. U

Lemma 4.6. Let & be a simple simply connected algebraic group of type A,, with
n>2, D,withn >3 odd, or E¢, F : £ — £ a Frobenius morphism, and let
L :=%F. Let ¢ € Aut(L) be a (nontrivial) graph automorphism of L (modulo
inner-diagonal automorphisms). Then ¢(s) and s~' are conjugate in L for any
semisimple element s € L.

Proof. It is well-known [Steinberg 1968, §10] that such an automorphism ¢ lifts to
an automorphism ¢ = 1t of &, where 1 is inner: ¥ (x) = gxg~! for some g € £,
and T acts as the inversion # — ¢~ on some maximal torus J of &. Since s is
semisimple, s = hth~! for some t € 7 and h € ¥. Thus

o) =yrhth™y =gyt 't(h) g =257 177,

where z := gt (h)h~' € £. Since s and ¢(s) are F-stable, we see 7' F(z) € Cy(s).
But & is simply connected; hence C(s) is connected and F-stable. Therefore,
by the Lang—Steinberg theorem, there is ¢ € C¢(s) such that 7 VF()=c""F(o),
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that is, u := z¢~' € L. It follows that ¢(s) = zs 'z~ = us~'u~! is L-conjugate
tos™!. (I

Proposition 4.7. Theorem 3.1 holds if S is any of the following simple groups of
Lie type in characteristic p > 2: PSL,(q) with n > 3, PSU, (g) withn > 5 odd,
PQ; (q) withn > 5 odd, Ee¢(q), or 2Es(q).

Proof. Recall that L = SL,(q), SU,(q), Spins,(¢), Es(q)sc, or 2Es(q)sc in the
described cases, respectively, and we write g = pf as usual. In all these cases, S, G,
and L have an outer automorphism that lifts to an involutive graph automorphism
T of & mentioned in the proof of Lemma 4.6. In particular, 7(X) = ‘X! in the
SL and SU cases, and 7 acts on S = PQJ (g) as a conjugation by some element
X € GO;,(q) ~SO;,(gq). Also recall that G << Aut(S) and tG generates a subgroup
of order 2 in Aut(S)/G = A(S). Our proof will be divided in two cases according
to whether the subgroup G H of Aut(S) contains (G, t) or not. In the former case,
we will choose 8 = xs with x € Irr(G) being nonreal and use 7 to produce a real
character for some subgroup J > Iy (0). In the latter case, we choose 8 = xs with
x € Irr(G) being real and with /5 (6) < G. In fact, we also consider PSU,,(¢) with
n >4 even in all parts of this proof, except in part 6 below. Moreover, even though
the case of PSU, (¢) with n > 5 odd is also handled in Proposition 4.8 (below)
using a different method, we also treat it here, since the character x constructed
here in this case will be used in some of our other works.

Case I (G H does not contain (G, t)). 1. We will construct x € Irr(G), 0 = s,
and x € § as follows.

Case Ia. Suppose S =PSL3(g) and f is odd. Then A(S) = C;; contains a unique
involution 7 and |H/(H N G)|, |(H N G)/S| are odd. In this case, we choose x
to be the unipotent (Weil) character of G of degree g(¢ + 1) and x € S to be any
element of order (g2 — 1),. Note that x + 1¢ is just the permutation character of
G acting on the 1-spaces of the natural GL3(g)-module [F?I. It follows that yx is
strongly real, & = xg is irreducible, and x (x) = 0. By Lemma 2.1(ii), 6 extends to
a strongly real character of J := Iy (0).

Now we may assume that we are not in the case (Ia), and choose a semisimple
element s € L of order r as follows.

Case Ib. Suppose that S =PSL (¢), where either n >4, or (n,€) = (3, +) and 2| f.
Choose m € {n,n — 1} to be even and r = r(p, mf) a p.p.d. of p"/ — 1. Note that
our hypothesis on n and f guarantees that r exists, and furthermore, r is coprime
to |Z(L)| = ged(n, g —€). Embed Sp,,(¢) in L = SL/ (¢) and choose s € Sp,,(q)
of order r. One can check that |Cy (s)| = (q’"/2 + 1)2(q —¢e)" " lif e = — and
m =2 (mod4), and |C.(s)| = (¢" — 1)(g — €)" """ otherwise.
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Case Ic. Next suppose that § =P (¢). Then choose r =7(p, 2n—2)f) >2,a
p.p.d. of p® =2/ — 1 and s € Spin;, ,(g) < L of order r. By [Moret6 and Tiep
2008, Lemma 2.4], [C.(s)| = (¢" ' + 1) (g + ¢).

Case Id. In the case L = E{(q)sc (Where € =+ for E¢ and € = — for 2E(,(q)), we
choose s € F4(q) < L of order r =r(p, 12f) > 13. By [Moret6 and Tiep 2008,
Lemma 2.3], |CL(s)| = ®12(q) - (¢> + g€+ 1).

In Cases Ib-Id, it is straightforward to check that s is a regular semisimple
element; furthermore, s is real by [Tiep and Zalesski 2005, Proposition 3.1]. Hence,
X = Xs 18 a strongly real irreducible character of G, and, arguing as in part (1) of
the proof of Proposition 4.5, we see that y;(x°) = 0 for all o € Aut(S), whenever
x € G is any semisimple element with |Cg (x)| not divisible by |T| = |CL(s)|. Also,
by Proposition 4.3(iii), 6 := (x;)s is irreducible.

2. Observe that, when L = Eg (9), x and 6 have 2-defect 0, whence they vanish at
any 2-element 1 # x € S. In the remaining cases, we now find a 2-element x € §
such that |Cg (x)] is not divisible by |T'|. If L = SL (g), we choose x represented
by diag(x1, I,—2) € SLa(g) x SL;_,(g) with |x;| = 4. One can then check that
|Cs(x)| =|GL;_,(q)|- (¢ — ) with o = £1 chosen such that 4 | (3 — «), whence
|Cg (x)] is not divisible by |T'|. Finally, if L = Spin;, (¢), then we choose x to be
an involution with centralizer of type GOL;Ir () x GOj,_,(q) (in GO5,(q)). Itis
easy to see that |Cg(x)]| is not divisible by r for the chosen element x. Thus for all
o € Aut(S), 8(x?) =0, as required in Theorem 3.1(i).

3. It remains to show that /5 (f) < G and so 6 extends to the strongly real character
oa=xyof J=1Iy()=GNH. Since G fixes 8 = x5 and GH does not contain
(G, 7), it suffices to show that Iays)(0) = (G, t). Consider any automorphism
o € Aut(S) that fixes 6. Since Aut(S) = G : A(S), we may assume o € A(S), and
so in the notation of the proof of Proposition 4.5, we may write o = 7/ (o) with
i,e > 0. Since o fixes 6, o fixes x; by Proposition 4.3(iv), which in turn implies
that s and o*(s) are L-conjugate by Proposition 4.3(ii). But s is real, and t(s) is
L-conjugate to s~! by Lemma 4.6. Hence, replacing o by o ! if necessary, we
may assume that o = (09)¢, where 0 < e < f/2 in the (untwisted) cases of SL,
Spin™, and Eg. In the (twisted) cases of SU, Spin~, and 2Fs, since T acts on S
as o(‘)f , replacing o by o ~! we may assume that o = (0¢)¢ with 0 < e <2 /3. Also,
r = |s| divides |#°"| by Proposition 4.3(ii). In either case, we can now check that
this can happen only when e = 0, that is, o € (G, 7).

Case Il (G H contains (G, t)). 4. In this case, we will choose a semisimple element
s € L of order r as follows.

Case Ila. Suppose that § = PSL,,(¢). Choose m € {n, n — 1} to be odd (so m > 3)
and | = r(p, mf) a p.p.d. of p™/ — 1. Furthermore, choose r, = 1 if f is odd,
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and r, = r(p, mf/2) a p.p.d. of p"™/> —1if 2| f. Then r = ryr, is coprime to
|Z(L)| = gcd(n, g —1). Since L > SL,,(g) contains a cyclic subgroup of order
(g™ —1)/(qg — 1), we can find a semisimple element s € L of order . One can
check that |C(s)| = (g™ — 1)(g — )"~ L.

Case IIb. Suppose that § =PSU, (¢) with n > 3. Choose m € {n, n — 1} to be odd
(som >3)and r =r(p, 2mf) ap.p.d. of p?/ — 1; in particular, r is coprime to
|Z(L)| = ged(n, g +1). Now we can find a semisimple element s € L of order r,
with |CL ()| = (¢" + D(g + 1"\,

Case IIc. Suppose that § = PQ; (g). Choose ri =r(p,nf) to be a p.p.d. of
p™ — 1. Furthermore, choose r, = 1 if f is odd, and r, = r(p, nf/2) a p.p.d. of
p/2 —1if 2| f, and set r = rirp. Since SOZJ; (¢) > GL,(¢) contains a cyclic
subgroup of order g” — 1, we can find a semisimple element s € L of (odd) order r.
One can check that [Cp(s)| =¢" — 1.

Case IId. Assume now that § = P2, (g). Then choose r = r(p, 2nf) to be a
p.p.d. of p?"/ — 1. Since n is odd, GO,, (g) > GU,(g) contains a cyclic subgroup
of order ¢" + 1, and so we can find a semisimple element s € L of order r, with
ICL(s)|=¢q"+ 1.

Case Ile. Next suppose that L = E¢(g)sc. Then choose ri =r(p,9f), a p.p.d. of
p°/ —1, and choose r, = 1 if f is odd, and r, =r(p, 9f/2), a p.p.d. of p°//2 —1
if 2| f. Then r = ryry is coprime to |Z(L)| = (3, g — 1). We claim that there is
a regular semisimple element s € L with T* = C (s) of order ®9(g). Indeed, by
[Moret6 and Tiep 2008, Lemma 2.3], there is a regular semisimple element 51 € L
of order ry with T* := Cp (s1) of order ®g(q). If f is odd, set s =s;. Assume 2| f.
Then ®o(q) = (¢° — 1)/ P1(q)P3(q) is divisible by 2, so T* contains an element
5o of order r,. Now set s = s157.

Case IIf. In the case L = 2Eg(g)sc, we choose s € L of order r = r(p, 18 f) > 19.
By [Moret6 and Tiep 2008, Lemma 2.3], we have |Cr(s)| = ®13(q).

In all these cases, it is straightforward to check that s is a regular semisimple
element. Hence, as above, x = x, € Irr(G), and yx,;(x?) =0 for all o € Aut(S), when-
ever x € G is any semisimple element with |Cg (x)| not divisible by |T'| = |Cr(s)].
Also, by Proposition 4.3(iii), 6 := (x;)s is irreducible.

5. Observe that, when L = ES(g), both x and 6 have 2-defect 0, whence they
vanish at any 2-element 1 # x € S. In the remaining cases, one easily checks
that the 2-element x € S constructed in part 2 of this proof has the property that
|Cg(x)] is not divisible by |T*|. Thus 6(x°) = 0 for all o € Aut(S), as required in
Theorem 3.1(1).

Next we claim that s is not real in L. Assume the contrary: gsg™
some g € L. Then g normalizes T* = C (s) and g> € T*. But (using for instance

I'— =1 for
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[Fleischmann et al. 1998, §5 and Theorem 5.7]) one can see that Ny (7T*)/T* has
odd order (indeed it is C,, in Ila and IIb, C,, in IIc and IId, and Cy in Ile and IIf). It
follows that g € T* and so s> = 1, a contradiction.

Now we show that /5y s)(x) = G. Consider any automorphism o € Aut(S) that
fixes x. As in 3), we may write 0 = 7l (0p)¢ with e > 0 and i = 0, 1. Moreover,
o ¢ Gt (otherwise x% = (x5)* = x,-1 7 X as s is not real), so e > 0 if i = 1. Hence,
r = |s| must divide |£°"| by Proposition 4.3(ii).

First we consider the twisted cases: L = SU,(g), Spin,, (¢), or 2Es(q)sc. Then
A(S) = (0p) = Ca and (00)f =7 onS. Replacing o by o Lif necessary, we may
assume that 0 < e < f and i = 0. The condition r = |s| divides 17" | now implies
that e = 0.

Finally we consider the untwisted cases: L = SL,(g), Spin;n (q), or Ec(q)sc-
Then A(S) = (0g) x (r) = Cy x C>. Replacing o by o~ ! if necessary, we may
assume that 0 < e < f/2. If i = 0, then the condition r = |s| divides |£° | now
implies that e = 0, that is, o € G. Next assume that i =1 (and s0o 0 < e < f/2), and
L =SL,(g) for instance. Then r divides |77 | =| SU,(p®)|, and so r; =r(p, mf)
divides p/¢ — (—1)/ for some j, 1 < j <n. If j is even, then

(n=Df =mf|je=<nf/2,

a contradiction as n > 3. Hence j is odd. Recall that m € {n, n — 1} is chosen to
beoddand 1 < j <n,so j <m. Now mf |2je < mf implies that e = f/2. In
this case we have that 7, = r(p, mf/2) divides p*¢ — (—1)* for some k, 1 <k < n.
In particular, me | 2ke and so m | 2k, which implies m | k because m is odd. Since
1 <k <nandm >n—1, we obtain that X = m and so k is odd. But in this case
ra = r(p, ke) cannot divide p*¢ + 1, a contradiction. The same argument shows
that » = |s| cannot divide |§£"*| ifi=1and L = Spin;;(q) or E¢(q)sc-

6. We have shown that Iays)(x) = G. Hence, I5(6) = H N G by Proposition
4.3(1v). Since
H/(GNH)ZGH/G=>{(G,1)/G=E(C,

by the main hypothesis in Case II, we can find ¢ € H \. G such that ¢ induces
modulo G and 9> € GNH. Now set J = (GN H, ¢) and « = (xgn#z)’. Then by
Lemma 4.6 and [Navarro et al. 2008, Corollary 2.5] we have

X =x"= ()" = Xe(s) = Xs—1 = X

in particular, 0¥ = 6, but 6 #0asep ¢ GNH =1y(0). Since S < J, this implies
that o € Irr(J|0). Also, o equals x + x on GN H and 0 on J ~ (G N H), whence
it is real.

Under the extra assumption that S Z PSU, (¢) with n > 4 even, we now show
that « is strongly real. Indeed, setting K := (G, ¢) = (G, t) and 9 := x X (as



Zeros of real irreducible characters of finite groups 583

KNH=1J),weseethat 9; =, so ¥ € Irr(K). Also, & equals x + x on G and 0
on K \ G, so ¢ is real.

» Now, if S =PSL,(¢), then K is a quotient of (GL,(gq), t), and so ¥ is strongly
real by [Gow 1983, Theorem 2].

e Suppose § =PQ5, (g). Then (S, 7) < R :=PGO5,(q) < K. Since 7 =6% =
6 # 60 and 95 =6 + 6, we see that 9 is irreducible. By the main result of
[Gow 1985], ¥, as an irreducible character of GO5,(g), is strongly real. In
turn, this implies that ¢ is strongly real.

e Suppose that S = PSU,(q) with n > 3 odd or S = E¢(q). Then |Cp(s)| =
(g"+1)/(g+1), Pg(q) or 3(q), respectively, and is odd; hence x and 9 are
of 2-defect zero. Since ¥ is real of 2-defect 0, it is strongly real by Lemma 2.3.

Thus in all cases ¥ is strongly real, and so is @ = ¥, as claimed. O
Proposition 4.8. Theorem 3.1 holds if S = PSU,(q) where n > 3 and q is odd.
Proof. Keep all the notation of the proof of Proposition 4.7.

1. First we consider the case S = PSU3(¢). When g = 3, one can check using
[Conway et al. 1985] that Irr(S) contains a character 6 of degree 14, which extends
to a strongly real character of Aut(S) and vanishes at all elements of order 8 in S.
Furthermore, the case where G H contains (G, ) has already been considered in
Case II of the proof of Proposition 4.7. So we may assume that g > 5 and that GH
does not contain (G, ).

In the notation of [Geck 1990, Table 3.1], consider the irreducible character
0= X;‘;ll of degree ¢> + 1 of L = SU3(g), with u := g + 1. Since 6 is trivial
at Z(L), we will view it as an irreducible character 6 of S = L/Z(L). Using the
character values listed in [Geck 1990, Table 3.1], one checks that 6 is real and
T-invariant (indeed,

X = x5 = an )
by our choice of u). Next, the largest degree of irreducible characters of G =
PGUs(gq) is (¢ + 1)(q2 — 1), which is less than 36(1). Since G/S has order 1 or 3,
it follows that 6 is G-invariant. Hence, by [Navarro and Tiep 2008, Lemma 2.1],
0 extends to a unique x € Irrr(G). Viewing x as a real irreducible character of
GUs(g), we conclude by [Ohmori 1981, Theorem 7(ii)] that x is strongly real.

Next we show that Iays)(0) = (G, ). Since 6 is invariant under G and 7 and
Aut(G) = G : A(S), it suffices to show that the only nontrivial element o = (0¢)¢ €
A(S) that fixes 6 is T = (09)/. So assume that 1 < e < f for such a o. Consider
an element y belonging to the conjugacy class Cél) in [Geck 1990, Table 1.1], so

that y° belongs to the class C;p ) Then the condition 0(y) =6(y?) implies that

S+8 =87 457
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for a fixed (g — 1)-st primitive root § of unity in C. Since 1 <e < f and g > 5, it
follows that e = f, as claimed.

We have shown that 6 extends to the strongly real character « = x; of J =
HNG = Iyg(08). It remains to find an element x satisfying the condition (i) of
Theorem 3.1. Suppose first that ¢ = 3 (mod4). Then we choose x € S to be
any element of order 4 that affords eigenvalue 1 on the natural module [F3 for L.
Observe that xA"S) is just the conjugacy class C(0 (gt D/43GED/ 3 [Geck 1990,
Table 1.1], and so 8(x) = 0; cf. [ibid., Table 3.1].

Assume now that ¢ =1 (mod 4). Then we choose x € S to be any element of
order 8. Any Aut(S)-conjugate x° of such an x belongs to the conjugacy class
Ck(q A [ibid., Table 1.1] for some odd integer k. Hence

0(x°) = Sk(f/ -1)/8 +5—k(q2—1)/8 -0
since k is odd and [§| = ¢ — 1.

2. From now on we may assume that § = PSU, (¢) with n > 4. Then it was shown
in parts 2. and 5. of the proof of [Dolfi et al. 2008, Theorem 2.1] that there is a
permutation character p of Aut(S) such that pg = 1s+ ¢ + ¥ is the sum of three
irreducible (unipotent) characters of §, all of distinct degrees, and with exactly one,
call it 6, of even degree. In fact, pg is just the permutation character of the action
of S on the singular 1-spaces of the natural L-module V = [FZZ’ and

(@"=(=D"g" "+ (=D"g>) W(l) = (4”+(—1)”Q)(qn—(—1)”q2)‘
(@+D(g*—1) ’ (@+D(g*>—1)
Since S< Aut(S), it follows that the same is true for p, and so 8 extends to a strongly

real character of even degree of Aut(S). Note that 8 = ¢ if n =0, 3 (mod 4) and
0=y ifn=1,2 (mod4).

(1) =

3. It remains to find a 2-element & € S such that 8(h°) = 0 for all o € Aut(S). It
suffices to show that 8(h) = 0 since 8 is Aut(S)-invariant. To this end, we will
use the technique of dual pairs; see for instance [Liebeck et al. 2010; Tiep 2010].
We consider the dual pair X * Y inside I' := GUjy,(q¢), where X = GU»(¢) and
Y = GU, (q). More precisely, we view X as GU(U), where U = [Fflz is endowed
with a nondegenerate Hermitian form (-, - )y, and Y is meant to be GU(V'), where
V = [ng is endowed with a nondegenerate Hermitian form (-, -)y. Now we
consider W =U ®[pq2V with the Hermitian form (-, - ) defined via (u®v, u’ ®v’) =
(u,u )y - (v,v)y foru € U and v € V. The action of X x Y on V induces a
homomorphism X x ¥ — I' := GU(W). Recall (see [Tiep and Zalesskii 1997, §4])
that for any m > 1, the class function
dimT Ker(g—1)

tmq(@)=(=D"(=q) ¢ (4-1)
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is a (reducible) Weil character of GU,,(gq) of degree g™, where Ker(g — 1) is the
fixed point subspace of g € GU,,(¢) on the natural module (qu)m for GU,,(q).
By [Liebeck et al. 2010, Proposition 6.3], the restriction of { := 2,4 to X XY
decomposes as

Ixxy = Y a®Dy, (4-2)

ae Irr(X)

where the Y-characters Dy, := Dy — k, - 1y are all irreducible and distinct, for some
ko € {0, 1}. Furthermore, k, = 1 precisely when o = 1x or « is the Steinberg
character St of X. Also, D, can be computed explicitly using the formula

Du(8) = gy 2 4L (g (4-3)

xeX

In particular, one can show (see [Liebeck et al. 2010, Table III]) that D‘l’X is the
only irreducible constituent of {y of degree ¢(1), and Dg, is the only irreducible
constituent of ¢y of degree 1/ (1). On the other hand, (4-1) and (4-2) imply that

ty= Y, a(l)-Dy+(g+1)-1ly
ae Irr(X)

is just the permutation character of ¥ on the points of the vector space V, whence
¢y contains py, the inflation of ppgy,(g) to ¥ = GU,(q). It follows that

o= (D7 )s—1s, ¥ =(D3)s — 1s.
Together with (4-1) and (4-3), this will allow us to find the desired element /.

4. Among the irreducible characters of X = GU,(g), there are ¢ + 1 distinct
characters {5, where 0 < i < g, which are known as (irreducible) Weil characters
of X. They are computed explicitly in [Tiep and Zalesskii 1997, Lemma 4.1];
furthermore, ¢, , = Z?:o ;2" and ;‘20 = St. In particular,

[£2.4> Stlx = 1. (4-4)

Let g1 :={celp | ¢4t = 1}. Note that, for any ¢ € Mgt1, X > & 4(cx) is a
class function on X. Moreover, using the well-known character table of X (see for
instance [Ennola 1963]), we can check that

ﬁ Z {Z,q (cx){zvq(dx)St(x) =1 (4_5)
xeX

for any ¢, d € jt441, and

] 2 (e (d) =1 (4-6)

xeX

whenever ¢, d € 1441 and ¢ #d.
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5. Now we are ready to find the desired element /. This will be done according
ton (mod8). Let N = 2(q2 — 1), denote the 2-part (q4 — 1), of (q4 — 1), and
let y be a fixed N-th primitive root of unity in qu. Observe that GU4(g) has a
cyclic maximal torus 7 of order g* — 1 that contains an element g4 conjugate to
diag(y, y 4, yqz, y‘qs) over qu, and set

gs := diag(gs, g ) € SUs(q).

Note that no eigenvalue of g4 and gg belongs to [ > by the choice of y. On the
other hand, any eigenvalue of any x € X = GU;(g) belongs to [F;z.

Let 8 | n, and choose & = diag(gs, ..., g3) € SU,(¢). Then, for any x € X, no
eigenvalue of x/ can be equal to 1, whence ¢(xh) = 1 by (4-1). Hence, by (4-3)
we have

0(h) =i, () = 3 >~ ¢Cxh) = 1 =[x, 1] = 1=0.

xeX

Next, for n = 1 (mod 8) we choose i = diag(gs, ..., gs, 1) € SU,(¢). Then,
for any x € X, no eigenvalue of xgg can be equal to 1, whence ¢(xh) = ¢, 4(x) by
(4-1). It then follows by (4-3) and (4-4) that

1

0(h) =D, (h) = X

Y 62, (05t@) — 1= [L24. St1 =1 =0.

xeX

For n = 2 (mod 8) we choose h = diag(gs, ..., gs, 1,1) € SU,(g). Then,
C(xh) =0y (x)? for any x € X by (4-1). By (4-3) and (4-5) appliedtoc=d =1
we have

O() = Dg () = T 3 £24 (6)7SEC) — 1 =0,

xeX

For n =3 (mod 8) we choose h = diag(gs, ..., gs, 1, —1, —1) € SU,,(g). Again,
C(xh) = 4“2,,1()c)§2,q(—x)2 for all x € X. By (4-3) and (4-6) applied to (c,d) =
(—1, 1) we have

6(h) =D (h) = |_)1(| Z 02,4(—X)*0,4(x) = 1=0.
xeX

Assume that n =5 (mod 8). Note that 1 # ¢ := det(g;l) = y(‘]4_1)/(‘1+1) € gt1-
Let h = diag(gs., - .., g8, &4, ¢1) € SU,(g). Then, {(xh) = § 4(c1x) for any x € X
by (4-1), and St(c;x) = St(x) since St is trivial at Z(X). Hence, by (4-3) and (4-4)
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we have

1

DS (h) = x|

Y 0 g(x)Stix) — 1

xeX

1 —
= ] 2_ 2a@N)SHe) =1 =124, Stlx =1 =0.
xeX
For n = 6 (mod 8) we choose & = diag(gs, ..., g3, g4, 1, c1) € SU,(g). Then,
C(xh) = & 4(c1x)82,4(x) for any x € X by (4-1). By (4-3) and (4-5) applied to
(¢, d)=(c1, 1) we have

1

6(h) = Dg,(h) = X

3 624120524 (1)SE) — 1 =0,

xeX

For n =7 (mod 8) we choose h = diag(gs, ..., gs, g4, 1, 1, 1) € SU, (¢g). Then,
C(xh) = Qq(x)zg“z,q (c1x) for any x € X by (4-1). By (4-3) and (4-6) applied to
(c,d)= (1, c1) we have

0(h) = D3, (h) = ﬁ 3 02402024 (c1x) = 1=0.
xeX

Finally, assume that n =4 (mod 8). Then we choose /4 € SU4(q) to be conjugate
to diag(y?, y=24, 1, y*472) over qu, and set & = diag(gs, ..., gs, h4) € SU,(q).
Note that 32, =2 € [quz and 1 £ ¢y i=y*"2%¢ tg+1. Now, for any x € X, we have

C(xh) = 82,4 ()24 (€2%) 82,4 (VP X) L2, (¥ 2 x)

by (4-1). Direct computation using the character table of GU»(g) shows that

0(h) =D3 (h) = ﬁ Y 02,02, (2%) 0,4 (VP X)C2g (v 2x) — 1 =0,

xeX

and so we are done. ]
To complete the proof of Theorem 3.1, we handle the case S = PQé|r (q):
Proposition 4.9. Theorem 3.1 holds in the case S = PQ;{(q) with q odd.

Proof. 1. Suppose that ¢ = 3. Then, according to [Conway et al. 1985], S
has a unique irreducible character 6 of degree 300, which is strongly real, and a
unique conjugacy class (4E in the notation of [ibid.]) of elements x of order 4
with |Cg(x)| = 1536 and 0(x) = 0. It follows that 6(x°) = O for all o € Aut(S).
Furthermore, one can show (directly, or using [GAP 2004]) that 6 extends to a
rational character of Aut(S) = S-S4. From now on we may assume that g = p/ > 5.
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2. Choose € = %1 such that ¢ = € (mod4). Also view S as L/Z(L), where
L = Sping (¢) and Z(L) = C, x C,. Fix an orthonormal basis (ey, ..., es) of R*
and realize the simple roots of the algebraic group & = Sping([F,) as

o) =ey—ey, OHy=er—e3, 03=e3—e4, O4=e3+ey

as usual. Then the four fundamental weights of & are given by

e1teyt+es—ey el terteztey
= . Wy = .
2 2
Let I' = S3 denote the subgroup of A(S) consisting of graph automorphisms. Then
" permutes the 3 fundamental weights @, @3, w4 transitively and faithfully, and
fixes @». Consider the corresponding £-modules V; = V (w;) with highest weight
w;, 1 =1, 3, 4. Then the set of weights of V; is

w|y=e, wWy=e +e, W3

{£e; |1 <j <4}, when i =1,
{32 1ajej |aj==1, [T} aj=—1}, when i=3
{%ijlajej|aj:i1, Hj:]ajzl}, when i =4.

We can think of V| as the natural module for K := Qg ).

3. We will use the description above to show that L contains a regular semisimple
element s of (odd) order N := (¢> +¢€)/2if g >9and N := (¢>+1)/2if g =5,7
such that s is not L-conjugate to s for any nontrivial o € I'.

Indeed, assume that ¢ > 9. Then fix § € [_FqX of order (¢34 ¢€)/2 and choose s € L
to be the unique inverse image of odd order of 5 € Q5°(¢g) x 2, “(¢) < K with
spectrum Spec(s, Vi) = {8/ | j € J;}, where

Jy={%1, £r, £r2, 2202 +r + 1)}
and r := —eq. Thus we may assume that
er(s) =8, exs)=8", ez(s)=8", es(s) =32 D,
Hence Spec(s, V;) = {sN+D/2 j € J;} fori =3, 4, where
J3={+@r?+3r+1),£Gr’+r+3), 2> +3r +3), 2> +r+ 1)},
Ja={£@r* +r+ 1, £0>+3r+ 1), £0¢> +r+3), £3¢> +r + D}

Recall that |§| = N > 5(r>+r + 1) and |r| > 9 since g > 9. Hence ¢ belongs to
Spec(s, V1) but neither to Spec(s, V3) nor Spec(s, V4), and similarly §¥ +ri4r43)/2
belongs to Spec(s, V4) but not to Spec(s, V3). Thus s has pairwise different spectra
on the three modules Vj, V3 and V4 permuted faithfully by I', whence s and s°
cannot be L-conjugate for any 1 # o € I'. Arguing as in the proof of [Moreté and
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Tiep 2008, Lemma 2.3], we can view s as an element of SOgr (g) to calculate the
order of its centralizer and find that T* = Cy (s) is a torus of order (¢ + €)(g> +¢€);
in particular, s is regular.

Suppose now that ¢ =5 or 7. Then fix § € [_F; of order (¢*> 4 1)/2 and choose
s € L to be the unique inverse image of odd order of 5 € 2, () x 2, (¢) < K
with spectrum Spec(s, Vi) = {8/ | j € J;}, where

Ji = {£1, £q, £2, +2g1.
Thus we may assume that
e1(s) =8, exs) =089, es(s)=8% eq(s)=58%.
Hence Spec(s, Vi) = {8//% | j € J;} for i =3, 4, where

J3={xBq+1),x(g+3),£(3q — 1), £(q = 3)},
Jy={£(g+1),£(Bq —3), £(qg - 1), £(3q +3)}.

One can again check that s has pairwise different spectra on the three modules Vi,
V3 and V4, and so s and s cannot be L-conjugate for any 1 # o € I'. Furthermore,
s is regular and T* = C (s) is a torus of order (¢ + 1).

4. By [Tiep and Zalesski 2005, Proposition 3.1], s is real. It now follows by
Proposition 4.3 that x, is a strongly real irreducible character of G, and 6 := (x,)s
is irreducible. We claim that /5 (#) < G. Once this is completed, we can take
J =GN H and @ = () as usual. As in the proof of Proposition 4.7, it suffices
to show that if o € A(S) = C x S3 fixes x; then o is trivial. Write o = 7(00)* for
some 7 € [' and 0 < e < f (and oy is induced by the field automorphism y +— y”
as usual). By the results of 3) we may assume 0 < e < f; in particular, f > 2 and
so ¢ > 9. By Proposition 4.3(ii), s* is o *-stable and N = |s| divides |£°"|.

First assume that |t| = 3, that is, 7 is a triality graph automorphism. Then
N = (¢° + €)/2 divides |77 | = 1PD4(p®)|. Using a suitable p.p.d. of N one can
now show that 3 f | 12e and so f | 4e. It follows that s’ is stable under o* = 7,
contrary to the results of 3).

Now we may assume that [t| =1 or 2, and so N = (¢> +¢)/2 divides |$°"| =
|Sping (p°)| with a = 4 or —, respectively. Using a suitable p.p.d. of N we now
see that 3 f | 6e or 3f | 8e. If f is odd, then we get that f | e, a contradiction as
0<e< f.Hence fiseven, e =+, and N = (¢°>+1)/2 is divisible by r =r(p, 6 f),
a p.p.d. of p® — 1. Since r divides |Sping (p¢)|, we must have 6 f | 6¢ or 6 f | 8e.
In the former case we again have f |e, a contradiction. So 6 f | 8e, and e =3 f/4 as
0 < e < f. In this case, s” is stable under o2 = (0¢)//%. Repeating the argument
above, we see that r =r(p, 6 f) divides |Spin§r (p?7%)|, which is impossible.
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5. We have shown that /5 (6) = G N H and obviously 6 extends to the strongly
real character (x;)gng. It remains to find a 2-element x € S such that 6(x?) =0
for all o € Aut(S). Since s is regular, we have x; = j:Rgﬂ for some maximal
torus T of order |T| = |T*|. Recall that g = € (mod 4), hence we can choose x € S
to be represented by diag(—1», Is) € Q25(q) x Q{(q) < Qg(q) with centralizer
GOs5(¢) x GO¢(g) (in GOéIr (g)). It is easy to see that |Cg(x)| is not divisible
by |T|. Thus, 6(x?) =0 for any o € Aut(S). [l

5. Final remarks

We start with a well-known lemma; see, for instance, [Bubboloni et al. 2009, Lemma
2.1]. We provide a proof for the sake of completeness.

Lemma 5.1. Let x € Irr(G) and let g be a p-element of the group G, p a prime. If
x(g) =0, then p divides x(1).

Proof. Let w be a primitive p®-th root of unity, where p* =o0(g), and write n = x (1).
Then x(g) = > i, wki = 0 for suitable integers 0 < k; < p*, and w is a root of
the polynomial g(x) =}, xki. Hence, the p“-th cyclotomic polynomial & (x)
divides g (x) (over Q, hence also over Z by Gauss’s lemma). In particular, ®(1) = p

divides g (1) = x (1), as required. U

Using Lemma 5.1, from Theorem A we immediately obtain Theorem B, which
in turn implies the following.

Corollary 5.2 [Dolfi et al. 2008, Theorem A]. Let G be a finite group. If every
x € Irrp(G) has odd degree, then G has a normal Sylow 2-subgroup.

However, the following class of examples shows that it is not possible to deduce
our Theorem A from [Dolfi et al. 2008, Theorem A] (even if we require x (x) # 0
for all y € Irrr(G) and all 2-elements x € G).

Example 5.3. For every Mersenne prime g > 7 there exists a Frobenius {2, ¢ }-group
G such that

(a) x(g) #0for all x € Irrg(G) and every 2-element g € G, and
(b) there exists a yo € Irrg(G) with x (1) even.

Let ¢ = 2" — 1 be a Mersenne prime, with ¢ > 3 a prime. Write n =1 — 1.
As shown in [Isaacs 1989, Section 4] and in [Riedl 1999], one can construct a
remarkable class of 2-groups (or, in general, p-groups for any prime p) P,(2,t) as
subgroups of the group of units of suitable skew-polynomial rings. We recall that
the same class of groups has also been considered in [Hanaki and Okuyama 1997],
where they are given as matrix groups.

We mention (see [Riedl 1999]) that the group P = P,(2, t) has order 2/", that
the upper central series of P coincides with the lower central series of P and that
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all its factors are elementary abelian groups of order 2’. Moreover, P has a fixed
point free group of automorphisms Q of order g. Hence, the semidirect product
G = PQ is a Frobenius {2, g }-group.

As proved in [Bubboloni et al. 2009, Example 1] (see also [Isaacs et al. 1999,
Theorem 5.1]), x(g) # O for every x € Irr(G) and for every element g € G of
2-power order. So, in particular, (a) is satisfied.

To prove (b), we denote by Clg(P) the set of the P-conjugacy classes of real
elements of P. (Observe that they are precisely the classes where every irreducible
character of P assumes a real value). As an application of Brauer permutation
lemma [Isaacs 1976, (6.32)], we know that |Irrg (P)| = |Clg(P)|. Let W = Z»(P)
be the second term of the (upper) central series of G. By [Riedl 1999, part (i) of
Corollary 2.12 and Lemma 6.1], we see that |W| = 2% and that W is elementary
abelian, because ¢ > 3. Since every involution is a real element of P, it follows
that |Clg(P)| > |Z(P)| = 2'. Therefore, as P has |P/P’| = 2' linear characters,
we conclude that there exists a nonlinear ¥ € Irrg(P). So, x = wG € Irrg(G) is a
real character of even degree of G.
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The biHecke monoid
of a finite Coxeter group and its
representations

Florent Hivert, Anne Schilling and Nicolas Thiéry

For any finite Coxeter group W, we introduce two new objects: its cutting poset
and its biHecke monoid. The cutting poset, constructed using a generalization
of the notion of blocks in permutation matrices, almost forms a lattice on W.
The construction of the biHecke monoid relies on the usual combinatorial model
for the 0-Hecke algebra Hy(W), that is, for the symmetric group, the algebra
(or monoid) generated by the elementary bubble sort operators. The authors
previously introduced the Hecke group algebra, constructed as the algebra gen-
erated simultaneously by the bubble sort and antisort operators, and described its
representation theory. In this paper, we consider instead the monoid generated
by these operators. We prove that it admits |W| simple and projective modules.
In order to construct the simple modules, we introduce for each w € W a com-
binatorial module 7,, whose support is the interval [1, w]g in right weak order.
This module yields an algebra, whose representation theory generalizes that of
the Hecke group algebra, with the combinatorics of descents replaced by that of
blocks and of the cutting poset.

1. Introduction

In this paper we introduce two novel objects for any finite Coxeter group W: its
cutting poset and its biHecke monoid. The cutting poset is constructed using a
generalization of blocks in permutation matrices to any Coxeter group and is almost
a lattice. The biHecke monoid is generated simultaneously by the sorting and
antisorting operators associated to the combinatorial model of the O-Hecke algebra
Hy(W). It turns out that the representation theory of the biHecke monoid, and
in particular the construction of its simple modules, is closely tied to the cutting
poset.

Hivert was partly supported by ANR grant 06-BLAN-0380. Schilling was in part supported by NSF
grants DMS-0652641, DMS-0652652, and DMS-1001256. Thiérly was in part supported by NSF
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The study of these objects combines methods from and impacts several areas
of mathematics: Coxeter group theory, monoid theory, representation theory, com-
binatorics (posets, permutations, descent sets), as well as computer algebra. The
guiding principle is the use of representation theory, combined with computer ex-
ploration, to extract combinatorial structures from an algebra, and in particular a
monoid algebra, often in the form of posets or lattices. This includes the structures
associated to monoid theory (such as for example Green’s relations), but also goes
beyond. For example, we find connections between the classical orders of Coxeter
groups (left, right, and left-right weak order and Bruhat order) and Green’s relations
on our monoids (R, &, $, and #-order and ordered monoids), and these orders
play a crucial role in the combinatorics and representation theory of the biHecke
monoid.

The usual combinatorial model for the 0-Hecke algebra Hy(&,,) of the symmet-
ric group is the algebra (or monoid) generated by the (anti) bubble sort operators
my, ..., Th—1, Where m; acts on words of length n and sorts the letters in positions
i and i + 1 decreasingly. By symmetry, one can also construct the bubble sort
operators w1, ..., T,—1, Where 7T; acts by sorting increasingly, and this gives an
isomorphic construction H of the 0-Hecke algebra. This construction generalizes
naturally to any finite Coxeter group W. Furthermore, when W is a Weyl group,
and hence can be affinized, there is an additional operator 7y projecting along the
highest root.

In [Hivert and Thiéry 2009] the first and last author constructed the Hecke group
algebra W by gluing together the 0-Hecke algebra and the group algebra of W
along their right regular representation. Alternatively, W can be constructed as
the biHecke algebra of W, by gluing together the two realizations Hy(W) and
Ho(W) of the 0-Hecke algebra. #W admits a more conceptual description as the
algebra of all operators on KW preserving left antisymmetries; the representation
theory of # W follows, governed by the combinatorics of descents. In [Hivert et al.
2009], the authors further proved that, when W is a Weyl group, #W is a natural
quotient of the affine Hecke algebra.

In this paper, following a suggestion of Alain Lascoux, we study the biHecke
monoid M (W), obtained by gluing together the two 0-Hecke monoids. This in-
volves the combinatorics of the usual poset structures on W (left, right, left-right,
Bruhat order), as well as the new cutting poset. Building upon the extensive
study of the representation theory of the 0-Hecke algebra [Norton 1979; Carter
1986; Denton 2010; 2011], we explore the representation theory of the biHecke
monoid. In the process, we prove that the biHecke monoid is aperiodic and its
Borel submonoid fixing the identity is $-trivial. This sparked our interest in the
representation theory of $-trivial and aperiodic monoids, and the general results
we found along the way are presented in [Denton et al. 2010/11].
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We further prove that the simple and projective modules of M are indexed by
the elements of W. In order to construct the simple modules, we introduce for
each w € W a combinatorial module 7, whose support is the interval [1, w]g
in right weak order. This module yields an algebra, whose representation theory
generalizes that of the Hecke group algebra, with the combinatorics of descents
replaced by that of blocks and of the cutting poset.

Let us finish by giving some additional motivation for the study of the biHecke
monoid. In type A, the tower of algebras (KM (G5,)),en possesses long sought-
after properties. Indeed, it is well known that several combinatorial Hopf algebras
arise as Grothendieck rings of towers of algebras. The prototypical example is the
tower of algebras of the symmetric groups that gives rise to the Hopf algebra Sym
of symmetric functions, on the Schur basis [Macdonald 1995; Zelevinsky 1981].
Another example, due to Krob and Thibon [1997], is the tower of the 0-Hecke
algebras of the symmetric groups that gives rise to the Hopf algebra QSym of
quasisymmetric functions of [Gessel 1984], on the F; basis. The product rule on
the F; is naturally lifted through the descent map to a product on permutations,
leading to the Hopf algebra FQSym of free quasisymmetric functions [Duchamp
et al. 2002]. This calls for the existence of a tower of algebras (A,),en, such that
each A, contains Hy(S,) and has its simple modules indexed by the elements
of G,,. The biHecke monoids M(S,,), and their Borel submonoids M;(&,,) and
M, (&), satisfy these properties, and are therefore expected to yield new repre-
sentation theoretical interpretations of the bases of FQSym.

In the remainder of this introduction, we briefly review Coxeter groups and
their 0-Hecke monoids, introduce the biHecke monoid, which is our main object
of study, and outline the rest of the paper.

la. Coxeter groups. Let (W, S) be a Coxeter group, that is, a group W with a
presentation

W =(S|(ss)"®) foralls,s €S), (1-1)

withm(s,s") €{1,2,...,00} and m(s, s) =1. The elements s € S are called simple
reflections, and the relations can be rewritten as

s2=1 foralls € S,

ss'ss's - =s'ss'ss’--. foralls,s’ €8, (1-2)

m(s,s’) m(s,s’)

where 1 denotes the identity in W.

Most of the time, we just write W for (W, S). In general, we follow the notation
of [Bjorner and Brenti 2005], and we refer to this and to [Humphreys 1990] for
details on Coxeter groups and their Hecke algebras. Unless stated otherwise, we
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always assume that W is finite, and denote its generators by S = (s;);c;, Where
I =1{1,2,...,n}is the index set of W.

The prototypical example is the Coxeter group of type A,—; which is the n-th
symmetric group (W, S) := (G, {s1, ..., sn—1}), where s; denotes the elementary
transposition which exchanges i and i 4- 1. The relations are given by

st=1 forl<i<n-—1,

SiSj=5;S; for |i — j| =2, (1-3)

SiSi+18i = Si18i8i+1 forl <i<n-—2;

the last two relations are called the braid relations. When writing a permutation
u € S, explicitly, we use one-line notation, that is the sequence 1> . . . Ly, Where
Mi 2= (D).

A reduced word iy . . . iy for an element w € W corresponds to a decomposition
w =s;, - - -8, of winto a product of generators in S of minimal length k = £(w). A
(right) descent of w is an element i € [ such that £(ws;) < £(w). If w is a permu-
tation, this translates into w; > w;1. Left descents are defined analogously. The
sets of left and right descents of w are denoted by Dy (w) and Dg(w), respectively.

For J C I, we denote by W; = (s; | j € J) the subgroup of W generated by s;
with j € J. Furthermore, the longest element in W; and W are denoted by s; and
wy, respectively. Any finite Coxeter group W := (s; | i € I) can be realized as a finite
reflection group; see for example [Humphreys 1990, Chapter 5.6] and [Bjorner and
Brenti 2005, Chapter 4]. The generators s; of W can be interpreted as reflections
on hyperplanes in some |/ |-dimensional vector space V. The simple roots «; for
i € I form a basis for V; the set of all roots is given by @ :={w(e;) |i € [, w e W}.
One can associate reflections s, to all roots « € ®. If o, 8 € ® and w € W, then
w(e) = B if and only if wsqw ™! = sg; see [Humphreys 1990, Chapter 5.7].

1b. The 0-Hecke monoid. The 0-Hecke monoid Hy(W) = (m; | i € I) of a Coxeter
group W is generated by the simple projections m; with relations

JT,-Z = foralli e,

T - =qm .- foralli, jel. (1-4)

m(s;,s;) m(s;,s;)

Thanks to these relations, the elements of Hy(W) are canonically indexed by the
elements of W by setting 7, := 7;, - - - 7;, for any reduced word iy ... of w. We
further denote by 7 the longest element of the parabolic submonoid Hy(W;) :=
(i |ieJ).

As mentioned before, any finite Coxeter group W can be realized as a finite
reflection group, each generator s; of W acting by reflection along an hyperplane.
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The corresponding generator 7; of the 0-Hecke monoid acts as a folding, reflecting
away from the fundamental chamber on one side of the hyperplane and as the
identity on the other side. Both the action of W and of Hy(W) stabilize the set of
reflecting hyperplanes and therefore induce an action on chambers.

The right regular representation of Hyo(W), or equivalently the action on cham-
bers, induce a concrete realization of Hy(W) as a monoid of operators acting on W,
with generators my, ..., m, defined by

ws; otherwise.

In type A, m; sorts the letters at positions i and i + 1 decreasingly, and w.my,, =
n---21 for any permutation w. This justifies naming w; an elementary bubble
antisorting operator.

Another concrete realization of Hy(W) can be obtained by considering instead
the elementary bubble sorting operators w1, ..., 7T, whose action on W are de-
fined by

W {ws,- if i € Dr(w), (1-6)

w otherwise.

In geometric terms, this is folding toward the fundamental chamber. In type A,
and for any permutation w, one has w.7w,,, =12---n.

Remark 1.1. For a given w € W, define v by wv = wg, where wy is the longest
element of W. Then

i €Dr(w) < i ¢D;(v) < i ¢Dr(v") =Dg(wow).
Hence, the action of 7; on W can be expressed from the action of 7r; on W using wy:
w.T; = wo[(wow).m;].
lc. The biHecke monoid M (W). We now introduce our main object of study.

Definition 1.2. Let W be a finite Coxeter group. The biHecke monoid is the sub-
monoid of functions from W to W generated simultaneously by the elementary
bubble sorting and antisorting operators of (1-5) and (1-6):

MZIM(W)II(JT],?TQ,...,ﬂn,ﬁl,ﬁg,...,ﬁn).

As mentioned in [Hivert and Thiéry 2009; Hivert et al. 2009] this monoid admits
several natural variants, depending on the choice of the generators:

<7T177T27"'97Tn’s1’s29"'5sn>’

<7T0’ T, T2y o v vy nn),
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where 1 is defined when W is a Weyl group and hence can be affinized. Unlike the
algebras they generate, which all coincide with the biHecke algebra (in particular
due to the linear relation 1+s; = 7r; +7; which expresses how to recover a reflection
by gluing together the two corresponding foldings), these monoids are all distinct
as soon as W is large enough. Another close variant is the monoid of all strictly
order-preserving functions on the Boolean lattice [Gaucher 2010]. All of these
monoids, and their representation theory, remain to be studied.

1d. Outline. The remainder of this paper consists of two parts: We first introduce
and study the new cutting poset structure on finite Coxeter groups, and then proceed
to the biHecke monoid and its representation theory.

In Section 2, we recall some needed basic facts, definitions, and properties about
posets, Coxeter groups, monoids, and representation theory.

In Section 3, we generalize the notion of blocks of permutation matrices to any
Coxeter group, and use it to define a new poset structure on W, which we call
the cutting poset; we prove that it is (almost) a lattice, and derive that its Mobius
function is essentially that of the hypercube.

In Section 4, we study the combinatorial properties of M (W). In particular, we
prove that it preserves left and Bruhat order, derive consequences on the fibers and
image sets of its elements, prove that it is aperiodic, and study Green’s relations
and idempotents.

In Section 5, our strategy is to consider a “Borel” triangular submonoid of M (W)
whose representation theory is simpler, but with the same number of simple mod-
ules, to later induce back information about the representation theory of M (W).
Namely, we study the submonoid M (W) of the elements fixing 1 in M (W). This
monoid not only preserves Bruhat order, but furthermore is regressive. It follows
that it is $-trivial (in fact %B-trivial) which is the desired triangularity property. It is
for example easily derived that M (W) has | W| simple modules, all of dimension 1.
In fact most of our results about M, generalize to any $-trivial monoid, which is
the topic of a separate paper on the representation theory of $-trivial monoids
[Denton et al. 2010/11]. We also provide properties of the Cartan matrix and a
combinatorial description of the quiver of M;.

In Section 6, we construct, for each w € W, the translation module T, by
induction of the corresponding simple KM (W)-module. It is a quotient of the
indecomposable projective module P,, of KM (W), and therefore admits the simple
module Sy, of KM (W) as top. It further admits a simple combinatorial model using
the right classes with the interval [1, w]g as support, and which passes down to S,,.
We derive a formula for the dimension of S,,, using an inclusion-exclusion on the
sizes of intervals in (W, <p) along the cutting poset. On the way, we study the
algebra #W ™) induced by the action of M (W) on T,,. It turns out to be a natural
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w-analogue of the Hecke group algebra, acting not anymore on the full Coxeter
group, but on the interval [1, w]g in right order. All the properties of the Hecke
group algebra pass through this generalization, with the combinatorics of descents
being replaced by that of blocks and of the cutting poset. In particular, W™ is
Morita equivalent to the incidence algebra of the sublattice induced by the cutting
poset on the interval [1, w]c.

In Section 7, we apply the findings of Sections 4, 5, and 6 to derive results on
the representation theory of M (W). We conclude in Section 8 with discussions on
further research in progress.

There are two appendices. Appendix A summarizes some results on colored
graphs which are used in Section 4 to prove properties of the fibers and image sets
of elements in the biHecke monoid. Appendix B we present tables of g-Cartan
invariant and decomposition matrices for M (&) forn =2, 3, 4.

2. Background

We review some basic facts about partial orders and finite posets in Section 2a,
finite lattices and Birkhoff’s theorem in Section 2b, order-preserving functions in
Section 2c, the usual partial orders on Coxeter groups (left and right weak order,
Bruhat order) in Section 2d, and the notion of $-order (and related orders) and
aperiodic monoids in Section 2e. We also prove a result in Proposition 2.4 about
the image sets of order-preserving and regressive idempotents on a poset that will
be used later in the study of idempotents of the biHecke monoid. Sections 2f and 2g
contain reviews of some representation theory of algebras and monoids that will
be relevant in our study of translation modules.

2a. Finite posets. For a general introduction to posets and lattices, we refer the
reader to for example [Pouzet 2013; Stanley 1997] or [Wikipedia 2010, Poset,
Lattice]. Throughout this paper, all posets are finite.

A partially ordered set (or poset for short) (P, <) is a set P with a binary relation
=< such that for all x, y, z € P:

(1) x < x (reflexivity);
(i) if x < y and y < x, then x = y (antisymmetry);
(iii) if x < y and y < z, then x < z (transitivity).

When we exclude the possibility that x = y, we write x < y.
If x < yin P, we define the interval

[x,ylp:={zeP|x 2z=y}

A pair (x, y) such that x < y and there is no z € P such that x < z < y is called
a covering. We denote coverings by x — y. The Hasse diagram of (P, <) is the
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diagram where the vertices are the elements x € P, and there is an upward-directed
edge between x and y if x — y.

Definition 2.1. Let (P, <) be a poset and X C P.
(1) X is convex if for any x, y € X with x <y we have [x, y] C X.

(i1) X is connected if for any x,y € X with x < y there is a path in the Hasse
diagram x = xg - x; — -+ — xxy = y such that x; € X for 0 <i <k.

The Mobius inversion formula [Stanley 1997, Proposition 3.7.1] generalizes the
inclusion-exclusion principle to any poset. Namely, there exists a unique func-
tion w, called the Mobius function of P, which assigns an integer to each ordered
pair x < y and enjoys the following property: For any two functions f, g: P - G
taking values in an additive group G,

g) =) f(y) ifandonlyif f()=) pxygx). (1)

y=x XXy
The Mobius function can be computed thanks to the following recursion:

*. y) {1 ifx=y,
1ix, y) =
— Zxﬁzﬂ, w(x,z) forx <y.

2b. Finite lattices and Birkhoff’s theorem. Let (P, <) be a poset. The meet z =
/\ A of asubset A C P is an element such that, first, z < x for all x € A and, second,
u < x for all x € A implies that # < z. When the meet exists, it is unique and is
denoted by /\ A. The meet of the empty set A = {} is the largest element of the
poset, if it exists. The meet of two elements x, y € P is denoted by x A y. A poset
(P, <) for which every pair of elements has a meet is called a meet-semilattice. In
that case, P endowed with the meet operation is a commutative $-trivial semigroup,
and in fact a monoid with unit the maximal element of P, if the latter exists.

Reversing all comparisons, one can similarly define the join \/ A of a subset
A C P orxVyof two elements x, y € P, and join-semilattices. A lattice is a poset
for which both meets and joins exist for pair of elements. Recall that we only
consider finite posets, so we do not have to worry about the distinction between
lattices and complete lattices.

A lattice (L, Vv, A) is distributive if the following additional identity holds for
all x,y,zeL:

XAV =EAY)V(XAZ).

This condition is equivalent to its dual,
XVOOAZD)=EVY)AKXVZ).

Birkhoff’s representation theorem (see [Wikipedia 2010, Birkhoff’s representa-
tion theorem], or [Stanley 1997, Theorem 3.4.1]) states that any finite distributive
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lattice can be represented as a sublattice of a Boolean lattice, that is, a collection
of sets stable under union and intersection. Furthermore, there is a canonical such
representation, which we construct now.

An element z in a lattice L is called join-irreducible if z is not the smallest
element in L and z = x V y implies z = x or z =y for any x, y € L (and similarly
for meet-irreducible). Equivalently, since L is finite, z is join-irreducible if and
only if it covers exactly one element in L. We denote by /(L) the poset of join-
irreducible elements of L, that is the restriction of L to its join-irreducible elements.
Note that this definition still makes sense for nonlattices. From a monoid point of
view, I (L) is the minimal generating set of L.

A lower set of a poset P is a subset Y of P such that, for any pair x <y
of comparable elements of P, x is in ¥ whenever y is. Upper sets are defined
dually. The family of lower sets of P ordered by inclusion is a distributive lattice,
the lower sets lattice O(P). Birkhoff’s representation theorem [Birkhoff 1937]
states that any finite distributive lattice L is isomorphic to the lattice O(I(L)) of
lower sets of the poset /(L) of its join-irreducible elements, via the reciprocal
isomorphisms:

!L — O (L)), and \/{O(I(L)) — L,
x B>{yelll)|y=<x} |1 =\ 1.

Following Edelman [1986], a meet-semilattice L is meet-distributive if for every
y € L, if x € L is the meet of elements covered by y then [x, y] is a Boolean
algebra. A stronger condition is that any interval of L is a distributive lattice. A
straightforward application of Birkhoff’s representation theorem yields that L is
then isomorphic to a lower set of O (I (L)).

2c¢. Order-preserving functions.
Definition 2.2. Let (P, <) be a poset and f : P — P a function.

(1) f is called order-preserving if x < y implies f(x) < f(y). We also say f
preserves the order <.
(i1) f is called regressive if f(x) < x for all x € P.
(iii) f is called extensive if x < f(x) for all x € P.
Lemma 2.3. Let (P, <) be a poset and f : P — P an order-preserving map.

Then, the preimage f~'(C) of a convex subset C C P is convex. In particular, the
preimage of a point is convex.

Proof. Letx, ye f~1(C) withx < y. Since f is order-preserving, for any z € [x, y],
we have f(x) <X f(z) < f(»), and therefore f(z) € C. O
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Proposition 2.4. Let (P, <) be a poset and f : P — P be an order-preserving and
regressive idempotent. Then, f is determined by its image set. Namely, for u € P
we have

fu) = Slip(w Nim(f)),

the supremum being always well-defined. Here Ju ={x € P | x < u}.
An equivalent statement is that, for v € im(f),

') =1v\ U M, wherefv={x e P|x>v}
v'eim(f)
v >v

Proof. We first prove that Ju Nim(f) = f({u). The inclusion D follows from
the fact that f is regressive: Taking v € | u, we have f(v) < v < u and therefore
f) € Junim(f). The inclusion C follows from the assumption that f is an
idempotent: For v € im(f) with v < u, one has v = f(v), sov € f({u).

Since f is order-preserving, f(}u) has a unique maximal element, namely
f(u). The first statement of the proposition follows. The second statement is a
straightforward reformulation of the first one. ([

An interior operator (sometimes also called a kernel operator) is a function
L — L on a lattice L that is order-preserving, regressive and idempotent; see for
example [Wikipedia 2010, Moore Family]. A subset A C L is a dual Moore family
if it contains the smallest element L ; of L and is stable under joins. The image
set of an interior operator is a dual Moore family. Reciprocally, any dual Moore
family A defines an interior operator by

L— L, xtredlx):= \/ a, (2-2)

acA,a=<x

where \/ (y = L1 by convention.

A (dual) Moore family is itself a lattice with the order and join inherited from L.
The meet operation usually differs from that of L and is given by x Ay y =
red(x Az y).

2d. Classical partial orders on Coxeter groups. A Coxeter group W = (s; |i € I)
comes endowed with several natural partial orders: left (weak) order, right (weak)
order, left-right (weak) order, and Bruhat order. All of these play an important role
for the representation theory of the biHecke monoid M (W).

Fix u, w € W. Then, in right (weak) order,

u<gpw ifw=us; ---s; forsomei; el and £(w)=£(u)+k.



The biHecke monoid of a finite Coxeter group 605
Similarly, in left (weak) order,
u<pw ifw=s;---s;uforsomei; €l and {(w)=~{(u)+k,
and in left-right (weak) order,
u<prw ifw=s; - -sjus;---s; for some i, iy €I and L(w) = €(u) +k+¢.

Note that left-right order is the transitive closure of the union of left and right
order. Thanks to associativity, this is equivalent to the existence of a v € W such
that u <; vand v <p w.

Let w =s;,s4, - - - 5;, be a reduced expression for w. Then, in Bruhat order,

u <pw if there exists a reduced expression u =s;, - -5,
where jj ... ji is a subword of i ... i,.

For any finite Coxeter group W, the posets (W, <g) and (W, <) are graded
lattices [Bjorner and Brenti 2005, Section 3.2]. The following proposition states
that any interval is isomorphic to some interval starting at 1:

Proposition 2.5 [Bjorner and Brenti 2005, Proposition 3.1.6]. Let O € {L, R} and
1

u<gweW. Then [u, wle = [1, t]lo wheret = wu~".
Definition 2.6. The fype of an interval in left and right order are defined to be
type([u, w]z) := wu~" and type([u, w]g) := u~'w, respectively.

It is easily shown that, if O is considered as a colored poset, then the converse
of Proposition 2.5 holds as well:

Remark 2.7. Fix a type t. Then, the collection of all intervals in left weak order of
type ¢ is in bijection with [1, t~wo]g, and the operators m; and 7T; act transitively
on the right on this collection. More precisely: 7, induces an isomorphism from
[1, ba=']; to[a, b]., and 7T ,-1 induces an isomorphism from [a, b] to [1, ba= 1.

Proof. Take u € [a, b]., and let s;, - - -5, be a reduced decomposition of a. Let
sj, -5, be a reduced decomposition of ua™! = us;, - - - s;,. Then

u = (Sjl . ”sjé)(sil ...sik)
is a reduced decomposition of u and u.7T,-1 = s5j, ---5j, = ua~'. Reciprocially,
applying 7, to an element u € [1, ba~']; progressively builds up a reduced word
for a. The result follows. O

2e. Preorders on monoids. J. A. Green [1951] introduced several preorders on
monoids, which are essential for the study of their structures; see for example



606 Florent Hivert, Anne Schilling and Nicolas Thiéry

[Pin 2012, Chapter V]. Throughout this paper, we only consider finite monoids.
Define <g, <¢, <g, <y for x, y € M as follows:

x <qy if and only if x = yu for some u € M,
x <¢y ifand only if x = uy for some u € M,
x <g¢y if and only if x = uyv for some u,v € M,

x <gy ifandonlyifx <@ yand x <g¢ y.
These preorders give rise to equivalence relations:

xRy ifandonlyif xM =yM,
x%y ifandonlyif Mx =My,
x$y ifandonlyif MxM = MyM,
x Hy if and only if xRy and xFy.

Strict comparisons are defined by x <g y if x <g y but x ¢ R(y), or equivalently
R(x) C R(y), and similarly for <g¢, <g, <g.

We further add the relation <g (and its associated equivalence relation %) de-
fined as the finest preorder such that x <g 1, and

x <g y implies that uxv <g uyv for all x, y,u,ve M.

(One can view <g as the intersection of all preorders with the property above.
There exists at least one such preorder, namely x < y for all x, y € M). In the
semigroup community, this order is sometimes colloquially referred to as the mul-
tiplicative $-order.

Beware that 1 is the largest element of those (pre)-orders. This is the usual
convention in the semigroup community, but is the converse convention from the
closely related notions of left/right/left-right/Bruhat order in Coxeter groups as
introduced in Section 2d.

Example 2.8. For the 0-Hecke monoid of Section 1b, J-order for X € {R, £, $, B}
corresponds to the reverse of right, left, left-right and Bruhat order of Section 2d.
More precisely for x, y € Hy(W), x <y yifandonlyif x >g yfor X e {R, £, $, B}
and K € {R, L, LR, B} the corresponding letter.

Definition 2.9. Elements of a monoid M in the same ¥-equivalence class are called
JH-classes, where I € {R, &£, §, %, B}. The KH-class of x € M is denoted by H(x).
A monoid M is called H-trivial if all ¥{-classes are of cardinality one.
An element x € M is called regular if it is $-equivalent to an idempotent.
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An equivalent formulation of J-triviality is given in terms of ordered monoids.
A monoid M is called

right-ordered ifxy<xforallx,ye M,

left-ordered ifxy<yforallx,ye M,

left-right-ordered ifxy<xandxy<yforallx,ye M,
two-sided-ordered ifxy=yz<yforallx,y,ze M with xy = yz,

ordered with 1 on top if x <1, and x <y implies uxv < uyv

forall x, y,u,ve M

for some partial order < on M.

Proposition 2.10. M is right-ordered (respectively left-ordered, left-right-ordered,
two-sided-ordered, ordered with 1 on top) if and only if M is R-trivial (respectively
L-trivial, $-trivial, H-trivial, B-trivial).

When M is H-trivial for X € {R, £, §, X, B}, the partial order < is finer
than <g; that is, for any x,y € M, x <y y implies x < y.

Proof. We give the proof for right-order as the other cases can be proved in a
similar fashion.

Suppose M is right-ordered and that x, y € M are in the same %R-class. Then
x = ya and y = xb for some a, b € M. This implies that x <y and y < x, so that
x = y. Conversely, suppose that all %-classes are singletons. Then x <@ y and
y <@ x imply that x = y, so that the R-preorder turns into a partial order. Hence
M is right-ordered using xy <q x. U

Definition 2.11. A monoid M is aperiodic if there is an integer N > 0 such that
xN = xN*1 for each x € M.

Since we are only dealing with finite monoids, it is enough to find such an
N = N, depending on the element x. Indeed, taking N :=max{N, } gives a uniform
bound. From this definition it is clear that, for an aperiodic monoid M, the sequence
(x™)nen eventually stabilizes for every x € M. We write x® for the stable element,
which is idempotent, and E(M) := {x® | x € M} for the set of idempotents.

Equivalent characterizations of (finite) aperiodic monoids M are that they are
d-trivial, or that the sub-semigroup S of M (the identity of S is not necessarily the
one of M), which are also groups, are trivial; see for example [Pin 2012, VII, 4.2,
Aperiodic monoids]. In this sense, the notion of aperiodic monoids is orthogonal
to that of groups as they contain no group-like structure. By the same token, their
representation theory is orthogonal to that of groups.

As we will see in Section 4d, the biHecke monoid M (W) of Definition 1.2 is
aperiodic. Its Borel submonoid M (W) of functions fixing the identity is $-trivial
(see Section 5).
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2f. Representation theory of algebras. We refer to [Curtis and Reiner 1962] for
an introduction to representation theory, and to [Benson 1991] for more advanced
notions such as Cartan matrices and quivers. Here we mostly review composition
series and characters.

Let A be a finite-dimensional algebra. Given an A-module X, any strictly in-
creasing sequence (X;);<x of submodules

{O}ZXOCX1CX2C"'CXk:X

is called a filtration of X. A filtration (Y;);<, such that, for any i, ¥; = X; for
some j is called a refinement of (X;);<k. A filtration (X;);<x without a nontrivial
refinement is called a composition series. For a composition series, each quotient
module X;/X;_; is simple and is called a composition factor. The multiplicity
of a simple module S in the composition series is the number of indices j such
that X;/X;_1 is isomorphic to S. The Jordan-Holder theorem states that this
multiplicity does not depend on the choice of the composition series. Hence, we
may define the generalized character (or character for short) of a module X as the
formal sum
[X1:= ) alSil,
iel

where I indexes the simple modules of A and ¢; is the multiplicity of the simple
module S; in any composition series for X.

The additive group of formal sums Zie ;mi[S;], with m; € Z, is called the
Grothendieck group of the category of A-modules and is denoted by Go(A). By
definition, the character satisfies that, for any exact sequence

0O-X—->Y—>Z7Z-—-0,

the equality
[Y]1=[X]+[Z]

holds in the Grothendieck group. See [Serre 1977] for more information about
Grothendieck groups.

Suppose that B is a subalgebra of A. Any A-module X naturally inherits an
action from B. The constructed B-module thereby is called the restriction of X
to B and its B-character [ X ]z depends only on its A-character [X]4. Indeed, any
A-composition series can be refined to a B-composition series and the resulting
multiplicities depend only on those in the A-composition series and in the com-
position series of the simple modules of A restricted to B. This defines a Z-linear
map [X]4 — [X]p, called the decomposition map. Let (SZ.A),EI and (SJB)J-E] be
complete families of simple module representatives for A and B, respectively. The
matrix of the decomposition map is called the decomposition matrix of A over B;
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its coefficient (i, j) is the multiplicity of § f as a composition factor of SiA, viewed
as a B-module.

The adjoint construction of restriction is called induction: For any right B-
module X the space

X4 =X®pA

is naturally endowed with a right A-module structure by right multiplication by
elements of A, and is called the module induced by X from B to A.

The next subsection, and in particular the statement of Theorem 2.13, requires a
slightly more general setting, where the identity e of B does not coincide with that
of A. More precisely, let B be a subalgebra of eAe for some idempotent e of A.
Then, for any A-module Y, the restriction of Y to B is defined as Ye, whereas, for
any B-module X, the induction of X to A is defined as X1 := X ®p eA.

2g. Representation theory of monoids. Although representation theory started at
the beginning of the 20th century with groups before being extended to more gen-
eral algebraic structures such as algebras, one has to wait until [Clifford 1942] for
the first results on the representation theory of semigroups and monoids. Renewed
interest in this subject was sparked more recently by the emergence of connec-
tions with probability theory and combinatorics; see for example [Brown 2000;
Saliola 2007]. Compared to groups, only a few general results are known, the
most important one being the construction of the simple modules. It is originally
due to Clifford, Munn, and Ponizovskii, and we recall here the construction of
[Ganyushkin et al. 2009] (see also the historical references therein) from the regular
$-classes and corresponding right class modules.

In principle, one should be specific about the ground field [K; in other words,
one should consider the representation theory of the monoid algebra KM of a
monoid M, and not of the monoid itself. However, the monoids under study in this
paper are aperiodic, and their representation theory only depends on the character-
istic. We focus on the case where K is of characteristic 0. Note that the general
statements mentioned in this section may further require [K to be large enough (e.g.,
K = C) for nonaperiodic monoids.

Let M be a finite monoid. Fix a regular $-class J, that is, a $-class containing
an idempotent. Consider the sets

M= |J K and I;:=M-M,.
Keg(M), K>qJ

Then, I, is an ideal of M, so that the vector space KM ; can be endowed with
an algebra structure by identifying it with the quotient KM /KI;. Note that any
KM j-module is then a KM -module.
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Definition 2.12. Let f € M. Set KR_(f) :=K{be fM | b <q f}. The right
class module of f (also known as right Schiitzenberger representation) is the KM -
module

KR(f) == KfM/KR(f).

KR(f) is clearly a right module since KR _(f) is a submodule of K fM. Also,
as suggested by the notation, R( f) forms a basis of KR ( f). Moreover, for a fixed
$-class J and thanks to associativity and finiteness, the right class module KR ( f)
does not depend on the choice of f € J (up to isomorphism). Our main tool for
studying the representation theory of the biHecke monoid will be a combinatorial
model for its right class modules, which we will call translation modules (see
Section 6a).

We now choose a $-class J, fix an idempotent e; in J, and set KR ; :=KR(ey).
Recall that

%(QJ)ZEJMszejszﬂJ.
Define similarly
Gj = Ge] :=€]M€10J=61M2161ﬂf.

Then, G is a group that does not depend on the choice of e;. More precisely, if
e and f are two idempotents in J, the ideals MeM and Mf M are equal and the
groups G, and Gy are conjugate and isomorphic. Note that when working with
the quotient algebra KM ;, the equations above simplify to

KQRJ=€JKM2/ and KG1=61KM2161.
With these notations, the simple KM -modules can be constructed as follows:

Theorem 2.13 (Clifford, Munn, and Ponizovskii; see [Ganyushkin et al. 2009,
Theorem 7]). Let M be a monoid, and U(M) be the set of its regular $-classes.
For any J € W(M), define the right class module KR ; and groups G ; as above,
let Slj, ..., 8] be a complete family of simple KG j-modules, and set

> Mny
KM
X{ = 10p(§{ 1y, = op(S] B, esKM=y) = top(S{ ®xa, KRy, (2-3)

where top(X) := X/rad X is the semisimple quotient of the module X. Then,
(Xij for JeUM)andi=1,..., ny)isacomplete family of simple KM -modules.

In the present paper we only need the very particular case of aperiodic monoids.
The key point is that a monoid is aperiodic if and only if all the groups G, are
trivial [Pin 2012, Proposition 4.9]: G; = {e;}. As a consequence, the only KG ;-
module is the trivial one, 1, so that the previous construction boils down to the
following theorem:
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Theorem 2.14. Let M be an aperiodic monoid. Choose an idempotent transversal
E ={e; | J €eU(M)} of the regular $-classes. Further set

X7 := top(Ityr’) = top(es KM= ;) = top(K%R). 2-4)
Then, the family (X”) Je(m) is a complete family of representatives of simple KM -
modules. In particular, there are as many isomorphic types of simple modules as
regular $-classes.

Since the top of K% ; is simple, one obtains immediately the following corollary;
see [Curtis and Reiner 1962, Corollary 54.14].

Corollary 2.15. Each regular right class module KR ; is indecomposable and a
quotient of the projective module P; corresponding to Sj.

For a nonaperiodic finite monoid, each right class module remains indecompos-
able even if its top is not necessarily simple; see [Zalcstein 1971, Corollary 1.10].

The top of a right class module K% ; is easy to compute; indeed, the radical of
this module is nothing but the annihilator of J acting on it. This in turn boils down
to the calculation of the kernel of a matrix as we see below.

Rees matrix monoids [Rees 1940] play an important role in the representation
theory of monoids, because any $-class J of any monoid M is, roughly speaking,
isomorphic to such a monoid. We give here the definition of aperiodic Rees matrix
monoids, which we use in a couple of examples (see Examples 7.8 and 7.9).

Definition 2.16 (aperiodic Rees matrix monoid). Let P = (p;;) be an n x m
0-1-matrix. The aperiodic Rees matrix monoid M (P) is obtained by endowing
the disjoint union

{1y U {1,...,m}x{1,...,n} U {0}

with the product
@ j) ifpj=1,
0 otherwise,

i, NG’ Jj) 32{

1 being neutral and O being the zero element.
Note that (7, j) is an idempotent if and only if p;; = 1; hence M(P) can be
alternatively described by specifying which elements (i, j) are idempotent.

Without entering into the details, we note that the radical of the unique (up to
isomorphism) nontrivial right class modules of KM (P) is given by the kernel of
the matrix P, and thus the dimension of the nontrivial simple module of KM (P)
is given by the rank of P [Clifford and Preston 1961; Lallement and Petrich 1969;
Rhodes and Zalcstein 1991; Margolis and Steinberg 2011].
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3. Blocks of Coxeter group elements and the cutting poset

In this section, we develop the combinatorics underlying the representation theory
of the translation modules studied in Section 6. The key question is, Given w € W,
for which subsets J C I does the canonical bijection between a Coxeter group W
and the Cartesian product W; x W of a parabolic subgroup W by its set of coset
representatives YW in W restrict properly to an interval [1, w]g in right order (see
Figure 1)? In type A, the answer is given by the so-called blocks in the permutation
matrix of w, and we generalize this notion to any Coxeter group.

We start with some results on parabolic subgroups and quotients in Section 3a,
which are used to define blocks and cutting points of Coxeter group elements in
Section 3b. Then, we illustrate the notion of blocks in type A in Section 3¢, recover-
ing the usual blocks in permutation matrices. In Section 3d it is shown that (W, E)
with the cutting order C is a poset (see Theorem 3.19). In Section 3e we show
that blocks are closed under unions and intersections, and relate these to meets and
joins in left and right order, thereby endowing the set of cutting points of a Coxeter
group element with the structure of a distributive lattice (see Theorem 3.26). In
Section 3f, we discuss various indexing sets for cutting points, which leads to the
notion of w-analogues of descent sets in Section 3g. Properties of the cutting poset
are studied in Section 3h (see Theorem 3.41, which also recapitulates the previous
theorems).

Throughout this section W := (s; | i € I) denotes a finite Coxeter group.

3a. Parabolic subgroups and cosets representatives. For a subset J C I, the par-
abolic subgroup W of W is the Coxeter subgroup of W generated by s; for j € J.
A complete system of minimal length representatives of the right cosets W;w and
of the left cosets wW; are given respectively by

W.={xewW |D.(x)NJ =2},
W' i={x e W|Dr(x)NJ =2}

Every w € W has a unique decomposition w = w;’w with w; € W, and Jw € 'W.
Similarly, there is a unique decomposition w =wX gw with yw € x W = Wi and
wk ewk,

Lemma 3.1. Take w e W.
(1) For J C I consider the unique decomposition w = uv, where u = wy and
v = Yw. Then, the unique decomposition of wsy is wsy = (us;)v if vsi v s
a simple reflection s; with j € J and wsy = u(vsy) otherwise.
(i) For K C I consider the unique decomposition w = vu, where u = gw and
v =wk. Then, the unique decomposition of sjw is sjw = v(sgu) ifv_lsjv is
a simple reflection s with k € K and s jw = (s;v)u otherwise.
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Proof. This follows directly from [Bjorner and Brenti 2005, Lemma 2.4.3 and
Proposition 2.4.4]. ]

Note in particular that, if we are in case (i) of Lemma 3.1, we have the following:

o If k is a right descent of w, then (wsg); € [1, w;]g and Twsy) € [1, Twsi]g.

 If k is not a right descent of w, then either s; skew commutes with Jw (that
is, there exists an i such that s;’w = Jwsy), or Y(wsy) = ‘wsy. In particular,
Hwsi) <g Twsy.
Definition 3.2. A subset J C [ is left reduced with respect to w if J' C J implies
Yw <1 7w (or equivalently, if for any j € J, s ; appears in some and hence all
reduced words for wy).
We say K C I is right reduced with respect to w if K’ C K implies wX <z wX’.
Lemma 3.3. Let w € W and J C I be left reduced with respect to w. Then

(i) v ='w <g w if and only if there exists K C I and a bijection ¢ : J — K

such that s jv = vsg, ;) forall j € J.

For K C I right reduced with respect to w, we have

() v =wX <, w if and only if there exists J < I and a bijection ¢y : K — J
such that vsy = sg, v for all k € K.

Proof. Assume first that the bijection ¢ exists, and write w = s, - - - 5, v, where

the product is reduced and j; € J. Then,

W=S5j = SjU=35j " Sji 1 USgr(je) = VSpr(j1) ** " Shr(je)>

where the last product is reduced. Therefore v <p w.

Assume conversely that v = Tw <g w, write the reduced expression w =
USk, - Sk, =R U, and set K = {ky, ..., k;}. By Lemma 3.1, the sequence
J.J J J
v="v,(USk,), ..., (USk, - Sk,) ="W =V

preserves right order, and therefore is constant. Hence, at each step i

Tosg, - 1) =" usey - sw_,)sx,) = “(vsy,) = v.

Applying Lemma 3.1 again, it follows that there is a subset J' C J, and a bi-
jective map ¢g : J* — K such that s;v = vsg,(j) for all j € J'. Then, w =
Spld) " S (k) Vs and, since J is left reduced, J = J'.

The second part is the symmetric statement. O

By Lemma 3.1, for any w € W and J € I we have [1, w]g C [1, wy]g[l, Jwlr
and similarly for any K € I we have [1, w]p C [1,wX].[1, kwlL.
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Lemma 3.4. Take w e W, K C I, and assume that s;w = wsy fori € [ andk € K,
where the products are reduced. Then, there exists k' € K such that s; wk
where the products are again reduced.

Proof. We have wk = (wsp)X = (s;w)X = (5;wX)X. Hence, by Lemma 3.1(ii)
there exists X’ € K such that wXsy = s;wX, as desired. |

= wksp,

3b. Definition and characterizations of blocks and cutting points. We now come
to the definition of blocks of Coxeter group elements and associated cutting points.
They will lead to a new poset on the Coxeter group W, which we coin the cutting
poset in Section 3d.

Definition 3.5 (blocks and cutting points). Let w € W. We call K C I a right block
(or J € I aleft block) of w, if there exists J C I (respectively K C I) such that

ij = U)WK.

In that case, v := wX is called a cutting point of w, which we denote by v C w.

Furthermore, K is proper if K # @ and K # I, it is nontrivial if wX # w (or
equivalently g w # 1); analogous definitions are made for left blocks.

We denote by Bg, (w) the set of all right blocks for w, and by RBqx (w) the set
of all (right) reduced (see Definition 3.2) right blocks for w. The sets B¢ (w) and
RB(w) are similarly defined on the left.

Here is an equivalent characterization of blocks, which also shows that cutting
points can be equivalently defined using “w instead of wX.

Proposition 3.6. Let w € W and J, K C 1. Then, the following are equivalent:
(i) w Jw = wWK.

(ii) There exists a bijection ¢ : K — J such that wXs; = S (k) wX (or equivalently
wk () = ap)) for all k € K.

Furthermore, when any, and therefore all, of the above hold then,

(i) wX =‘w.

Proof. Suppose (i) holds. Then W; Jw = wKWg. Since w has no left descents
in J and w’X has no right descents in K, we know that on both sides “w and w¥X
are the shortest elements and hence have to be equal: w = wX; this proves (iii).
Furthermore, every reduced expression w’X s; with k € K must correspond to some
reduced expression s Jw for some j € J, and vice versa. Hence there exists a
bijection ¢ : K — J such that wks, = S (k) Tw = s¢(k)wK . Therefore point (ii)
holds.

Suppose now that point (ii) holds. Then, for any expression s, - - - s¢, € Wk, we
have

K K K
W Sky ~ - Skg = Sk W Sky =" " Sky = " = Sp(ky) " Spkp) W -
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It follows that
U)K WK = W/ u)K.

In particular w € W;wX and therefore
Wyw=W,wX =wWg =wWg. O

In general, condition (iii) of Proposition 3.6 is only a necessary, but not sufficient
condition for K to be a block. See Example 3.12.

Proposition 3.7. If K is a right block of w (or more generally if w* = w¥X " with
K’ a right block), then the bijection

WKxKW—> W, (v,u)+— vu

restricts to a bijection [1,wX1; x [1, xw]r — [1, wlz.
Similarly, if J is a left block (or more generally if 'w = Tw with J' a left block),
then the bijection
W/x]W—>W, (u, v) = uv

restricts to a bijection [1, wy]g % [1, wlg = [1, wlg (see Figure 1).

Proof. By Proposition 3.6 we know that, if K is a right block, then there exists a
bijection ¢ : K — J such that wX s, = 544, wX. Hence the map y — wXy induces
a skew-isomorphism between [1, xw]; and [wX, w];, where an edge k is mapped
to edge ¢ (k). It follows in particular that uv <p wk v <, wk
ue[l,wX], and v € [1, gw]z, as desired.

Assume now that K is not a block, but wX = wX" with K’ a block. Then,
1, wk1, =1, wK’]L and [1, xw]y =[1, g w]; and we are reduced to the previous
case.

The second statement can be proved in the same fashion. (I

xw = w for any

Due to Proposition 3.7, we also say that [1, v]g tiles [1, w]g if v= Jw for some
left block J (or equivalently v =w’X for some right block K).

Proposition 3.8. Let w € W and K be right reduced with respect to w. Then, the
following are equivalent:

(1) K is a reduced right block of w.
(i) wX <7 w.
The analogous statement can be made for left blocks.
See also Proposition 6.7 for yet another equivalent condition of reduced blocks.

Proof of Proposition 3.8. If K is a right block, then by Proposition 3.6 we have

wX = 7w, where J is the associated left block. In particular,wK ='w <, w.

The converse statement follows from Lemma 3.3 and Proposition 3.6. ]
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Example 3.9. For w =wj, any K C [ is a reduced right block; of course w(f < wo
and g wy is the maximal element of the parabolic subgroup Wx = ¢ W. The cutting
point wX = w is the maximal element of the right descent class for the complement
of K.

The associated left block is given by J = ¢(K), where ¢ is the automorphism
of the Dynkin diagram induced by conjugation by wg on the simple reflections.
The tiling corresponds to the usual decomposition of W into right Wx cosets, or
of W into left W; cosets.

3c. Blocks of permutations. In this section we illustrate the notion of blocks and
cutting points introduced in the previous section for type A. We show that, for a
permutation w € &,,, the blocks of Definition 3.5 correspond to the usual notion of
blocks of the permutation matrix of w (or unions thereof), and the cutting points
wX for right blocks K correspond to putting the identity in those blocks.

A matrix-block of a permutation w is an interval [k, kK’+1, .. ., k] that is mapped
to another interval. Pictorially, this corresponds to a square submatrix of the ma-
trix of w that is again a permutation matrix (that of the associated permutation).
For example, the interval [2, 3, 4, 5] is mapped to the interval [4, 5, 6, 7] by the
permutation w = 36475812 € &g, and is therefore a matrix-block of w with
associated permutation 3142. Similarly, [7, 8] is a matrix-block with associated
permutation 12:

For any permutation w, the singletons [i] and the full set [1, 2, ..., n] are always
matrix-blocks; the other matrix-blocks of w are called proper. A permutation
with no proper matrix-block, such as 58317462, is called simple. See [Nozaki
et al. 1995; Albert et al. 2003; Albert and Atkinson 2005] for a review of simple
permutations. Simple permutations are also strongly related to dimension 2 posets.

A permutation w € &, is connected if it does not stabilize any subinterval
[1,...,k] with 1 < k < n, that is, if w is not in any proper parabolic subgroup
S x 6,,_¢. Pictorially, this means that there are no diagonal matrix-blocks. A
matrix-block is connected if the corresponding induced permutation is connected.
In the example above, the matrix-block [2, 3, 4] is connected, but the matrix-block
[7, 8] is not.

Proposition 3.10. Let w € &,,. The right blocks of w are in bijection with disjoint
unions of (nonsingleton) matrix-blocks for w; each matrix-block with column set
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[i,i+1, ..., k] contributes {i, i+1, ..., k—1} to the right block; each matrix-block
with row set [i,i + 1, ..., k] contributes {i,i + 1, ..., k — 1} to the left block.

In addition, trivial right blocks correspond to unions of identity matrix-blocks.
Also, reduced right blocks correspond to unions of connected matrix-blocks.

Proof. Suppose w € &,, with a disjoint union of matrix-blocks with consecutive
column sets [i1, ..., kiJupto[ig,..., kel. Set K;={i;,..., kj—1}for1 <j</¢
and K = K1 U---UKj,. Define similarly J according to the rows of the blocks.
Then multiplying w on the right by some element of W permutes some columns
of w, while stabilizing each block. Therefore, the same transformation can be
achieved by some permutation of the rows stabilizing each block, that is, by mul-
tiplication of w on the left by some element of W;. Hence, using symmetry,
W,;w = wWkg, that is, J and K are corresponding left and right blocks for w.
Conversely, if K is a right block of w, then wX maps each oy with k € K to
another simple root by Proposition 3.6. But then, splitting K = K;U---U K, into

consecutive subsets with K; ={i;, ..., k; — 1}, the permutation wX must contain
the identity permutation in each matrix-block with column indices [ij, ..., k;].
This implies that w itself has matrix-blocks with column indices [i}, ..., k;] for
1<j<d.

K

Note that, in the described correspondence, w® = w if and only if all matrix-
blocks contain the identity. This proves the statement about trivial right blocks.

A reduced right block K has the property that wX # wX for every K’ C K.
This implies that no matrix-block is in a proper parabolic subgroup, and hence they
are all connected. |

Example 3.11. As in Figure 1, consider the permutation 4312, whose permutation
matrix is

The reduced (right)-blocks are K = {}, {1}, {2, 3}, and {1, 2, 3}. The cutting points
are 4312, 3412, 4123, and 1234, respectively. The corresponding left blocks are
J={}, {3}, {1, 2} and {1, 2, 3}, respectively. The nonreduced (right) blocks are {3}
and {1, 3}, as they are respectively equivalent to the blocks {} and {1}. The trivial
blocks are {} and {3}.

Example 3.12. In general, condition (iii) of Proposition 3.6 is only a necessary, but
not sufficient condition for K to be a block. For example, for w = 43125 (similar
to 4312 of Example 3.11, but embedded in Gs), J ={3, 4}, and K ={1, 4}, one has
Jw =wX yet neither J nor K are blocks. On the other hand (iii) of Proposition 3.6
becomes both necessary and sufficient for reduced blocks.
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4123>1432 3142 314 1432 4123
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1243 1324 1324 1243

Figure 1. Two pictures of the interval [ 1234, 4312] in right order
in Gy illustrating its proper tilings, for J := {3} and J := {1, 2},
respectively. The thick edges highlight the tiling. The circled
permutations are the cutting points, which are at the top of the
tiling intervals. Blue, red, green lines correspond to si, s2, 3,
respectively. See Section 6d for the definition of the orientation of
the edges (this is G*31?)); edges with no arrow tips point in both
directions.

Remark 3.13. Itis obvious that the union and intersection of overlapping (possibly
with a trivial overlap) matrix-blocks in &,, are again matrix-blocks; we will see in
Proposition 3.22 that this property generalizes to all types.

Problem 3.14. Fix J € {1, 2, ..., n — 1} and enumerate the permutations w € G,,
for which J is a left block.

3d. The cutting poset. In this section, we show that (W, C) indeed forms a poset.
We start by showing that for a fixed u € W, the set of elements w such that u C w
admits a simple description. Recall that for J € I, we denote by s; the longest
element of W;. Proposition 3.6 suggests the following definition.

Definition 3.15. Let u € W. We call k € I a short right nondescent (or j € I a
short left nondescent) of u if there exists j € I (respectively k € I) such that
Sju = usy,

where the product is reduced (that is, j and k are nondescents). An equivalent con-
dition is that # maps the simple root o to a simple root (respectively the preimage
of «; is a simple root).

Set further

Uy :=uWg =[u,usglg = Wyu =u,sjul,
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where K := K (u) and J := J(u) are the sets of short right and left, respectively,
nondescents of u.

Pictorially, one takes left and right order on W and associates to each vertex u the
translate U, above u of the parabolic subgroup generated by the short nondescents
of u, which correspond to the simultaneous covers of u in both left and right order.

Example 3.16. In type A, i is short foru € S, if u(i + 1) = u(i) + 1, that is,
there is a 2 x 2 identity block in columns (i, i 4+ 1) of the permutation matrix of u.
Furthermore U, is obtained by looking at all identity blocks in u and replacing
each by any permutation matrix.

The permutation 4312 of Example 3.11 has a single nondescent 3 that is short,
and U4312 = {4312, 4321}.

Proposition 3.17. U, is the set of all w such that u T w.
In particular, it follows that

o ifu <gpv<gpwanduCT w,then u C v; and
e ifuCwanduC" w', thenu T w Vi w'.

Proof. Note that w is in U, if and only if there exists K such that K C K (1) and
wX = u. By Proposition 3.6, this is equivalent to the existence of a block K such

that wX = u, that is, u C w. O
The following related lemma is used to prove that (W, C) is a poset.

Lemma 3.18. If u T w, then the set of short nondescents of w is a subset of the
short nondescents of u, namely K (w) C K (u).

Proof. Let k € K (w), so that ws; = s;w for some j € I and both sides are reduced.
It follows from Lemma 3.4 that there exists ' € K (w) such that s;u = usy and
both sides are reduced. Hence k' € K (u). Since the map k — k' is injective it
follows that K (w) C K (u). [l

Theorem 3.19. (W, ©) is a subposet of both left and right order.

Proof. The relation C is reflexive since v is a cutting point of v with right block &;
hence v C v. Applying Proposition 3.6, it is a subrelation of left and right order: If
v C w then v = wX < w for some K and v ="’w <; w for some J. Antisymmetry
follows from the antisymmetry of left (or right) order.

For transitivity, let vE w and w C z. Then v = wX and w = zX' for some right
block K of w and K’ of z. We claim that v = zXYX" with K U K’ a right block
of z. Certainly k ¢ Dg(v) for k € K since v = wX. Since w = zX" with K’ a block
of z, all K € K’ are short nondescents of w and hence by Lemma 3.18 also short
nondescents of v. This proves the claim. Therefore v C z. U
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Example 3.20. The cutting poset for G3 and G4 is given in Figure 2. As we can
see on those figures, the cutting poset is not the intersection of the right and left
order since wy is maximal for left and right order but not for cutting poset.

3e. Lattice properties of intervals. In this section we show that the set of blocks
and the set of cutting points {z# | u & w} of a fixed w € W are endowed with the
structure of distributive lattices (see Theorem 3.26).

We begin with a lemma that gives some properties of blocks that are contained
in each other.

Lemma 3.21. Fix w € W. Let K C K’ be two right blocks of w and J C J' be the
corresponding left blocks, so that

J

’ ’
Wyw=wWg, Wpw=wWg, Tw=wkCcw, and "w=wkrCw.

Then,

. ’ ’
i) wX <z wk and WX <, Wk,

(ii) K’ is a right block of wX and wX' C wX,

(iii) K is a right block of x'w and xwX T gw.
Furthermore K is reduced for gw if and only if it is reduced for w.

The same statements hold for left blocks.

Proof. Part (i) holds because wX = (wX)X" < wX < w, and similarly on the left.
Part (ii) is a trivial consequence of (i) and Proposition 3.17.
For (iii), first note that (xw)X = g/ (wX), so that the notation xw
biguous. Consider the bijection ¢ from K’ to J’ of Proposition 3.6, and note that
wwk = wK/W¢71(J). Therefore,

K is unam-

wK/KrwWK =wWg =W, w=W; wK/K/w = wK,W(pfl(J) KW,
Simplifying by wX " on the left, one obtains that
kw Wi = W¢*1(J) KW,
proving that K is also a block of gw. The reduction statement is trivial. O

We saw in Remark 3.13 that the set of blocks is closed under unions and inter-
sections in type A. This holds for general type.

Proposition 3.22. The set Bap(w) (or Be(w)) of right (respectively left) blocks is
stable under union and intersection. Hence, it forms a distributive sublattice of the
Boolean lattice P (1).
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Proof. Let K and K’ be right blocks for w € W, and J and J’ be the corresponding
left blocks, so that

U)WK=WJU) and wWK/=Wer.

Take u € Wxng' = WxkNWg. Then, wuw ! is both in W; and W, and therefore
in Wy N Wy = W;nyp. This implies wWgakw™' € Wyny. By symmetry, the
inclusion w™' W w € Wxng holds as well, and therefore Wynyw = wWgng'.
In conclusion, K N K’ is a right block, with J N J’ as corresponding left block.

Now take u € Wxuk’ = (Wg, Wk'), and write u as a product ujujusuy - - - ugul,
where u; € Wi and u; € Wy for all 1 <i <£. Then, for each i, wu;w-' e W, and
I e W;. By composition, wuw~! € WiWyW;Wye- - Wy W € Wyyy.
Using symmetry as above, we conclude that wWgyg = Wy w. In summary,
K UK’ is a right block, with J U J' as corresponding left block.

Finally, since blocks are stable under union and intersection, they form a sublat-
tice of the Boolean lattice. Any sublattice of a distributive lattice is distributive. [J

wuw™

Next we relate the union and intersection operation on blocks with the meet and
join operations in right and left order. We start with the following general statement
which must be classical, though we have not found it in the literature.

Lemma 3.23. Take we Wand J,J', K, K' C I. Then

’ ! ! ’
wImK=vaRwK and m]w=Jw\/LJw.

Proof. We include a proof for the sake of completeness. By Lemma 3.21(i),
wk wk <gx wk K’ and therefore v <g wXX’, where v = wX vz wX’. Suppose
that v has a right descent k € K N K'. Then vsy, is still bigger than wX and wX in
right order, a contradiction to the definition of v. Hence wX"&" = wX vz wX’, as
desired. The statement on the left follows by symmetry. ([

Corollary 3.24. Take w e W. Let K, K' C I be two right blocks of w and J, J' C I
the corresponding left blocks. Then, for the right block K N K’ and left block JNJ’,

wKOK — 707y — K e wK =T v, Tw.
The analogous statement of Lemma 3.23 for unions fails in general: Take for
example w=4231and K ={3} and K’ ={1, 2}, so that wX =4213 and wX' =2341;

then wkYK' = 1234, but wX Ag wk' =2134. However, it holds for blocks:

Lemma 3.25. Take w € W. Let K, K' C I be two right blocks of w and J, J' C I
the corresponding left blocks. Then, for the right block K\UK’ and left block JUJ',

!/ ’ / ’
wKUK Ty — K A g K = AL T w.

Furthermore, K U K’ is reduced whenever K and K' are reduced, and similarly

for the left blocks.
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Proof. By symmetry, it is enough to prove the statements for right blocks.

By Lemma 3.21(i), wXYK" < wX, wX’, and therefore wXYK" <p wX Ag wX

Note that the interval [wXYX" w]x contains all the relevant points: wX, wX’,
and wX Ar wX’. Consider the translate of this interval obtained by dividing on the
left by wkVK " or equivalently by using the map u +— gyg’u. By Lemma 3.21(iii),
K and K’ are still blocks of xux'w. From now on, we may therefore assume
without loss of generality that wKYK" = 1. 1t follows at once that [1, w]g lies in
the parabolic subgroup Wg g and that JUJ' = KUK'.

If wK AgwX =1=wX"K’ then we are done. Otherwise, leti € KUK’ = JUJ’
be the first letter of some reduced word for w& Agp wX'. Since w& Ag wX is in
the interval [1, wX]g, i cannot be in J; by symmetry i cannot be in J' either, a
contradiction.

Assume further that K and K’ are reduced. Then, any k € K appears in any
reduced word for x w, and therefore in any reduced word for xyug w since gw <p
kxuk'w. By symmetry, the same holds for k" € K’. Hence K U K’ is reduced. [

/

Theorem 3.26. The map K + wX (or J +— ’w) defines a lattice antimorphism
from the lattice Bg (w) (respectively B¢ (w)) of right (respectively left) blocks of
w to both right and left order on W.

The set of cutting points for w, which is the image set

W | K € Baw)} = {"w|J € By(w))
of the previous map, is a distributive sublattice of right (respectively left) order.

Proof. The first statement is the combination of Lemmas 3.23 and 3.25. The
second statement follows from Proposition 3.22, since the quotient of a distributive
sublattice by a lattice morphism is a distributive lattice. O

Corollary 3.27. Every interval of (W, T) is a distributive sublattice and an in-
duced subposet of both left and right order.

Proof. Take an interval in (W, £); without loss of generality, we may assume that
it is of the form [1, w]c = {(wK | K € RBg,(w)}. The interval [1, w]c is not only a
subposet of left (respectively right) order, but actually the induced subposet; indeed
for K and K’ right reduced blocks, and J and J’ the corresponding left blocks,

K

/ / I
wk < wk = v <zuwf = J CJ = K' C K = wf <c wf.

Therefore, using Theorem 3.26, it is a distributive sublattice of left (respectively
right) order. O

Let us now consider the lower covers in the cutting poset for a fixed w € W. They
correspond to nontrivial blocks J that are minimal for inclusion, and in particular
reduced.
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Lemma 3.28. Each minimal nontrivial (left) block J for w € W contains at least
one element which is in no other minimal nontrivial block for w.

Proof. Assume otherwise. Then, J is the union of its intersections with the other
nontrivial blocks. Each such intersection is necessarily a trivial block, and a union
of trivial blocks is a trivial block. Therefore, J is a trivial block, a contradiction. [J

Corollary 3.29. The semilattice of unions of minimal nontrivial blocks for a fixed
w e W is free.

Proof. This is a straightforward consequence of Lemma 3.28. Alternatively, this
property is also a direct consequence of Corollary 3.27, since it holds in general
for any distributive lattice. (]

3f. Index sets for cutting points. Recall that by Theorem 3.26 the cutting points
of w form a distributive lattice. Hence, by Birkhoff’s representation theorem, they
can be indexed by some collection of subsets closed under unions and intersections.
We therefore now aim at finding a suitable choice of indexing scheme for the cutting
points of w. More precisely, for each w, we are looking for a pair (K™, ™)),
where #™) is a subset of some Boolean lattice (typically P (7)) such that H®
ordered by inclusion is a lattice, and

™ K™ (1, w]c

is an isomorphism (or antimorphism) of lattices.
Here are some of the desirable properties of this indexing:

(1) The indexing gives a Birkhoff representation of the lattice of cutting points of
w. Namely, K ™) is a sublattice of the chosen Boolean lattice, and unions and
intersections of indices correspond to joins and meets of cutting points.

(2) The isomorphism ¢ is given by the map J > “w. In that case the choice
amounts to defining a section of those maps.

(3) The indexing generalizes the usual combinatorics of descents.
(4) The indices are blocks: H™ C By (w).

(5) We may actually want to have two indexing sets %™ and %™, one on the
left and one on the right, with a natural isomorphism between them.

(6) The index of u in ™ does not depend on w (as long as u is a cutting point
of w). One may further ask for this index to not depend on W, so that the
indexing does not change through embedding of parabolic subgroups.

Unfortunately, there does not seem to be an ideal choice satisfying all of these
properties at once, and we therefore propose several imperfect alternatives.
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3f1. Indexing by reduced blocks. The first natural choice is to take reduced blocks
as indices; then, #™) = RBg, (w) (and similarly $™ = RB¢ (w) on the left). This
indexing scheme satisfies most of the desired properties, except that it does not
provide a Birkhoff representation, and depends on w.

Remark 3.30. By Lemma 3.25, if K, K’ C I are reduced right blocks for w, then
K U K’ is also reduced. However, this is not necessarily the case for K N K':
consider for example the permutation w = 4231, K = {1, 2} and K’ = {2, 3}; then
K N K’ = {2} is a block which is equivalent to the reduced block {}: 42311 =
4231 = 42311,

The union K U K’ of two blocks may be reduced even when the blocks are not
both reduced. Consider for example the permutation w = 4312 as in Figure 1.
Then K = {1, 3} and K’ = {2, 3} are blocks and their union K U K’ = {1, 2, 3} is
reduced, yet K is not reduced.

Proposition 3.31. The poset (RBq(w), C) of reduced right blocks is a distributive
lattice, with the meet and join operation given respectively by

KVK' =KUK' and KAK =red(KNK'),

where, for a block K, red(K) is the unique largest reduced block contained in K.
The map ¢ : K +— wX restricts to a lattice antiisomorphism from the lattice
Ba (w) of reduced right blocks of w to [1, w]c.
The same statements hold on the lefft.

Proof. By Proposition 3.22 and Lemma 3.25, R%g (w) is a dual Moore family of
the Boolean lattice of I, or even of Bg (w). Therefore, using Section 2a, it is a
lattice, with the given join and meet operations.

The lattice antiisomorphism of property follows from Lemma 3.25 and the co-
incidence of right order and C on [1, w]c (Theorem 3.26). O

3f2. Indexing by largest blocks. The indexing by reduced blocks corresponds to
the section of the lattice morphism K + wX by choosing the smallest block K
in the fiber of a cutting point u. Instead, one could choose the largest block in
the fiber of u, which is given by the set of short nondescents of u. This indexing
scheme is independent of w. Also, by the same reasoning as above, the indexing
sets $™) come endowed with a natural lattice structure. However, it does not give
a Birkhoff representation: The meet is given by intersection, but the join is not
given by union (take w = 2143; its cutting points are 1234, 1243, 2134, and 2143,
indexed respectively by {1, 2, 3}, {1}, {3}, and {}).

3f3. Birkhoff’s representation using nonblocks. We now relax the condition for
the indices to be blocks. That is, we consider K — wX as a function from the
full Boolean lattice % (/) to the minimal coset representatives of w. Beware that
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this map is no longer a lattice antimorphism; yet, the fiber of any u still admits a
largest set K = Dg(u) C I, which is the complement of the right descent set of .
One can define a similar indexing on the left by J = Dy (u). These indexings are
independent of w and provide a Birkhoff representation for the lattice of cutting
points (see Proposition 3.34). Define

DBy(w) ={Dr(u) |lu T w} and DRBy(w)={Dr) |uTw}.  (3-1)

Remark 3.32. Since Dy () and Dg(u) are not necessarily blocks anymore, the
bijection between Dy (u) and Dg (u) is no longer induced by a bijection at the level
of descents: For example, for # = 3142, one has Dy (u) = {1, 3} and Dg(u) = {2}.

Remark 3.33. Using Dy () instead of Dg(u) would give an isomorphism instead
of an antiisomorphism, and make the indexing further independent of W, at the
price of slightly cluttering the notation wX for cutting points.

Proposition 3.34 (Birkhoff representation for the lattice of cutting points). The
set DPBq (w) of Equation (3-1) is a sublattice of the Boolean lattice, and the maps
K — wX and u v+ Dg(u) form a pair of reciprocal lattice antiisomorphisms with
the lattice of cutting points of w. The same statement holds on the lefft.

The proof of this proposition uses the following property of left and right order
(recall that [1, w]c is a sublattice thereof).

Lemma 3.35 [Le Conte de Poly-Barbut 1994, Lemme 5]. The maps
(W, <1) > 2U), wr>Dr(w), and (W,<g)—>PU), wr>Dr(w)
are surjective lattice morphisms.

Proof of Proposition 3.34. By construction, Dy is a section of K — wX, and these
maps form a pair of reciprocal bijections between 2% (w) and the cutting points
of w. Using Lemma 3.35, the map Dy is a lattice antimorphism. Therefore its
image set 9%q (w) is a sublattice of the Boolean lattice. The argument on the left
is the same. O

3g. A w-analogue of descent sets. For each w € W, we now provide a definition
of a w-analogue on the interval [1, w]g of the usual combinatorics of (non)descents
on W. From now on, we assume that we have chosen an indexation scheme so that
the cutting points of w are given by (wX) g c5w or equivalently by (‘w) ¢ g .

Lemma 3.36. Take a cutting point of w, and write it as wX = 'w for some

J, K C I, which are not necessarily blocks. Then
(1) foru e[l, w]g, u €[l, Twlr ifand only if DL (u) N J = @;
(i) foru e[l, wl, ue[l, wXl, ifand only if Dr(u) N K = @.
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Proof. This is a straightforward corollary of Proposition 3.7: Any element u of
[1, w]g can be written uniquely as a product u’v with u’ € W; and v € [1, ‘w]i.

So u is in [1, Yw] if and only if u’ = 1, which in turn is equivalent to v having no
descents in J. This proves (i). The argument for (ii) is analogous. O
J

Example 3.37. For w = wy, “w is the maximal element of a left descent class,
and [1, ‘w]g gives all elements of W whose left descent set is a subset of the left
descent set of w.

Definition 3.38 (w-nondescent sets). For u € [1, w]g, define J™ () to be the in-
dex J € $™) of the lowest cutting point “w such that u € [1, w]g (or the equivalent
condition of Lemma 3.36). Define similarly K™ (u) as the index in H™ of this
cutting point.

Example 3.39. When w = wg, J®9(u) and K™ (y) are respectively the sets
Dy (u) and Dg(u) of left and right nondescents of u.

Problem 3.40. Given J, describe all the elements w € W such that J is a left
block. This essentially only depends on ‘w.

3h. Properties of the cutting poset. In this section we study the properties of the
cutting poset (W, E) of Theorem 3.19 for the cutting relation C introduced in
Definition 3.5 (see also Figure 2). The following theorem summarizes the results.

Theorem 3.41. (W, O) is a meet-distributive meet-semilattice with 1 as minimal
element, and a subposet of both left and right order.

Every interval of (W, ©) is a distributive sublattice and a sublattice of both left
and right order.

Let w € W and denote by Pred(w) the set of its C-lower covers. Thanks to
meet-distributivity, the meet-semilattice L,, generated by Pred(w) using Ac (or
equivalently Ap, Ag if viewed as a sublattice of left or right order) is free, that is,
isomorphic to a Boolean lattice.

In particular, the Mébius function of (W, E) is given by uw(u, w) = (—1)"®w)
ifu € Ly, and 0 otherwise, where v (u, w) := [{v € Pred(w) | u C v}|.

This Mobius function is used in Section 6d to compute the size of the simple
modules of KM.

Since (W, C) is almost a distributive lattice, Birkhoff’s representation theorem
suggests that we embed it in the distributive lattice O (I (W, ©))) of the lower sets
of its join-irreducible elements (note that a block is join-irreducible if there is only
one minimal nontrivial block below it).

Problem 3.42. Describe the set I (W, C) of join-irreducible elements of (W, ).

Problem 3.43. Determine the distributive lattice associated with the cutting poset
from the join-irreducibles, via Birkhoff’s theory.
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The join-irreducible elements of (&,, ), for n small, are counted by the se-
quence 0, 1,4, 16, 78, 462, 3224. Figure 2 seems to suggest that they form a tree,
but this already fails for n = 5. We now briefly comment on the simplest join-
irreducible elements, namely the immediate successors w of 1 in the cutting poset.
Equivalent statements are that w admits exactly two reduced blocks {} and B,
possibly with B = I, or that the simple module S, is of dimension |[1, w]g| — 1.
For a Coxeter group W, we denote by S(W) the set of elements w # 1 having no
proper reduced blocks, and 7 (W) those having exactly two reduced blocks. Note
that 7 (W) is the disjoint union of the S(W;) for J C I.

Example 3.44. In type A, a permutation w € S(S,,) is uniquely obtained by taking
a simple permutation, and inflating each 1 of its permutation matrix by an identity
matrix. An element of 7' (&,,) has a block diagonal matrix with one block in S(&,,)
form <n,and n—m 1 x 1 blocks. This gives an easy way to construct the generating
series for S(&,)nen and for T (G,,),en from that of the simple permutations given
in [Albert and Atkinson 2005].

We now turn to the proof of Theorem 3.41.

Lemma 3.45. (W, ©) is a partial join-semilattice. That is, when the join exists, it
is unique and given by the join in left and in right order:

vvev =vviu =v Vg

Proof. Take v and v’ with at least one common successor. Applying Corollary 3.27
to the interval [1, w]c for any such common successor w, one obtains v, v’ &
vVeV =v Vv C w. Therefore, v Vg v/ = v Vv v is the join of v and v’ in the
cutting order. O

Lemma 3.46. (W, C) is a meet-semilattice. That is, for v,v' € W

vAC Y = \/ u,

uCov,v’

where \/ is the join for the cutting order (or equivalently for left or right order). If
further v and v' have a common successor, then

vACV = v ARV =v ALY

Proof. The first part follows from a general result. Namely, for any poset, the fol-
lowing statements are equivalent (see for example [Pouzet 2013, Proposition 7.3]):

(i) Any bounded nonempty part has an upper bound.

(i) Any bounded nonempty part has a lower bound.
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Here we prove again this fact for the sake of self-containment. Take u and u’ two
common cutting points for v and v’. Then, using Lemma 3.45, their join exists and
uvecu' =uVru =uVvpu'isalso a cutting point for v and v’. The first statement
follows by repeated iteration over all common cutting points.

Now assume that v and v’ have a common successor w. Then by applying
Corollary 3.27 to the interval [1, w]c, we find that v Ag v" = v AL V' is the meet of
v and v’ in the cutting order. U

Proof of Theorem 3.41. (W,C) is a meet-semilattice by Lemma 3.46. Meet-
distributivity follows from Corollary 3.29. The argument is in fact general: Any
poset with a minimal element 1 such that all intervals [1, x] are distributive lattices
and such that any two elements admit either a join or no common successor is
a meet-distributive meet-semilattice (see [Edelman 1986] for literature on such).
The end of the first statement is Theorem 3.19.

The statement about intervals is Corollary 3.27.

The C-lower covers of an element w correspond to the nontrivial blocks of w
that are minimal for inclusion. The top part L,, of an interval [1, w]c is further
described in Corollary 3.29, through the bijection ¢ between blocks of w and
the interval [1, w]c of Proposition 3.31. The value of 1(u, w) depends only on this
interval. The remaining statements follow using Rota’s crosscut theorem [1964] on
Mobius functions for lattices; see also [Blass and Sagan 1997, Theorem 1.3]. [

4. Combinatorics of M (W)

In this section we study the combinatorics of the biHecke monoid M (W) of a finite
Coxeter group W. In particular, we prove in Sections 4a and 4b that its elements
preserve left order and Bruhat order, and derive in Section 4c¢ properties of their
image sets and fibers. In Sections 4d and 4e, we prove the key combinatorial
ingredients for the enumeration of the simple modules of KM (W) in Section 7:
M (W) is aperiodic and its $-classes of idempotents are indexed by W. Finally, in
Section 4f we study Green’s relations as introduced in Section 2e and involutions
on M (W) in Section 4g.

4a. Preservation of left order. Recall that M (W) is defined by its right action on
elements in W by (1-5) and (1-6). The following key proposition, illustrated in
Figure 3, states that it therefore preserves properties on the left.

Proposition 4.1. Take f € M(W), w € W, and j € I. Then, (s;w). f is either
w. forsi(w.f).
The proof of Proposition 4.1 is a consequence of the associativity of the 0-

Hecke monoid and relies on the following lemma, which is a nice algebraic (partial)
formulation of the exchange property [Bjorner and Brenti 2005, Section 1.5].
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Figure 3. A partial picture of the graph of the element f :=
w137, of the monoid M(GS4). On both sides, the underlying
poset is left order of G4 (with 1 at the bottom, and the same color
code as in Figure 1); on the right, the bold dots depict the image
set of f. The arrows from the left to the right describe the image
of each point along some chain from 1 to wy.

Lemma 4.2. Let w € W and i, j € I such that j € Dy (w). Then
(sjw).m _ {w T lf] € .L(w ;)
si(w.m;) otherwise.
The same result holds with m; replaced by 7;.
Proof. Recall that w.m, = 1. (,m,) for any w, v € W. Set w' = w.m;. Then
(sjw).mw; = L.(7ws;7:) = 1.((rjmy)mi) = 1. (7 (i) = 1. (7w 7wy)
|ty =w' if j e Dp(w"),
- L., =sjw’  otherwise.

The result for 77; follows from Remark 1.1 and the fact that wos; = s wo for some
j' € I by Example 3.9 and Lemma 3.3 with w = wp and K = {j}. U

Proof of Proposition 4.1. Any element f € M (W) can be written as a product of
m; and 77;. Lemma 4.2 describes the action of 7; and 77; on the Hasse diagram of
left order. By induction, each 7r; and 7; in the expansion of f satisfies all desired
properties, and hence so does f (the statement holds trivially for the identity). [

Proposition 4.3. For f € M(W), the following holds.

(1) f preserves left order:
w<yw implies w.f<pw.f forw,wew.

(ii) Take w <; w' in W, and consider a maximal chain

il i Tk—1
w.f=v—>1—=>-—y=uw.f
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Then, there is a maximal chain

i i
w=u1,1—>---—>u1,gl—>u2,1—>~--—>u”2—>---

7
S =g, =w', (4-1)

suchthatuj;.f =vjforalll1 <j<kandl <l <¢;.

(iii) f is length contracting; that is, for w <; w’

Lw'. f)—t(w. f) <tw') —t(w).

Furthermore, when equality holds, (w'. f)(w. f)~' = w'w™".

(iv) Let J = [a, b]y be an interval in left order. Then the image of J under f

denoted by J . f has a. f and b. f as minimal and maximal element, respec-
tively. Furthermore, J . f is connected. If £(b.f) — L(a.f) = £(b) — £(a),
then J . f is isomorphic to J, that is, x . f = (xa~")(a. f) for x € J.

Proof. Parts (i) and (ii) are direct consequences of Proposition 4.1, using induction.
Part (ii1) follows from (ii).
Part (iv) follows from (i), (ii), and (iii) applied to a <y, x for all x € [a, b]r. OJ

4b. Preservation of Bruhat order. Recall the following well-known property of
Bruhat order of Coxeter groups.

Proposition 4.4 (lifting property [Bjorner and Brenti 2005, p. 35]). Suppose u <p
vandi € Dr(v) buti ¢ Dr(u). Then, u <g vs; and us; <g v.

The next proposition is a consequence of the lifting property.

Proposition 4.5. The elements f of M(W) preserve Bruhat order. That is, for
u,vew
u<pv implies u.f <gv.f.

Proof. 1t suffices to show the property for 7; and 7; since they generate M (W).
For these, the claim of the proposition is trivial if i is a right descent of u, or i is
not a right descent of v. Otherwise, we can apply the lifting property:

u.mi=us; <pv=0v.7;,

U.T; =u <guvs; =V.7T;. O
Remark 4.6. By Lemma 2.3, the preimage of a point is a convex set, but need

not be an interval. For example, the preimage of 5153 € &4 (or 2143 in one-line
notation) of f = T 1wy W3 T 37T 17T 18

{2413,2341,4213, 3412, 3241, 2431, 4312, 4231, 3421, 4321},
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which in Bruhat order has two maximal elements 2413 and 2341 and hence is not
an interval.

Corollary 4.7 (of Proposition 4.3). Let f € M(W).

) If1.f =1, then f is regressive for Bruhat order: w. f <p w forallw e W.

(1) Ifwo. f =wo, then f is extensive for Bruhat order: w. f >p w forallw e W.

Proof. Firstsuppose that 1. f =1. Letw. f =s;, - - - s;, be areduced decomposition
of w. f. This defines a maximal chain

i k-2 ik—1 i
1.f:1=v0—'>---—>vk_2—>vk_1—>vk:w.f

in left order. By Proposition 4.3(ii) there is a larger chain from 1 to w so that
there is a reduced word for w which contains s;, - - - 5;, as a subword. Hence by the
subword property of Bruhat order w. f <p w. This proves (i).

Now let wg. f = wp. By arguments similar to the above, constructing a maximal
chain from w. f to wq. f in left order, one finds that wo(w.f)_1 <p wow L.
By [Bjorner and Brenti 2005, Proposition 2.3.4], the map v — wov is a Bruhat
antiautomorphism and by the subword property v+ v~! is a Bruhat automorphism.

This implies w <p w. f as desired for (ii). U

4c. Fibers and image sets. Viewing elements of the biHecke monoid M (W) as
functions on W, we now study properties of their fibers and image sets.

Proposition 4.8. (i) The image set im(f) for any f € M(W) is connected (see
Definition 2.1) with a unique minimal and maximal element in left order.

(i1) The image set of an idempotent in M(W) is an interval in left order.

Proof. Part (i) follows immediately from Proposition 4.3(iv) with J = [1, wo]r.
For part (i), we let e € M (W) be an idempotent with image set im(e). By
Proposition 4.3(iv) with J =[1, wg]., we have that 1.e and wy.e are the minimal
and maximal, respectively, elements of im(e). Then by Proposition 4.3(ii), for
every maximal chain in left order between 1.e and wy.e, there is a maximal chain
in left order of preimage points. Since e is an idempotent, there must be such a
chain that contains the original chain. Hence all chains in left order between 1.e
and wy.e are in im(e), proving that im(e) is an interval. O

Note that the proof above, in particular Proposition 4.3(ii), heavily uses the fact
that the edges in left order are colored.

Definition 4.9. For any f € M (W), we call the set of fibers of f, denoted by
fibers( f), the (unordered) set-partition of W associated by the equivalence relation
w=w'ifw. f=w.f.
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Proposition 4.10. Take f € M(W), and consider the Hasse diagram of left order
contracted with respect to the fibers of f. Then, this graph is isomorphic to left
order restricted on the image set.

Proof. See Appendix A on colored graphs. (I
Proposition 4.11. Any f € M(W) is characterized by its set of fibers and 1. f.

Proof. Fix a choice of fibers. Contract the left order with respect to the fibers. By
Proposition 4.10 this graph has to be isomorphic to the left order on the image set.

Once the lowest element in the image set 1. f is fixed, this isomorphism is
forced, since by Proposition 4.8(i) the graphs are (weakly) connected, have a
unique minimal element, and there is at most one arrow of a given color leaving
each node. U

Proposition 4.11 makes it possible to visualize nontrivial elements of the monoid
(see Figure 4).

Figure 4. The elements f = 7wy, 7y, w37, and 77T (w73 of
M(G4). As in Figure 3, the underlying poset on both sides is
left order on G4, and the bold dots on the right sides depict the
image set of f. On the left side, an edge between two elements
of W is thick if they are not in the same fiber. This information
completely describes f; indeed u# = 1 on the left is mapped to the
lowest element of the image set on the right; each time one moves
u up along a thick edge on the left, its image u. f is moved up
along the edge of the same color on the right.
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Recall that a set-partition A = {A;} is said to be finer than the set-partition
A" = {A}}if for all i there exists a j such that A; & A’,. This is denoted by
A < A’. The refinement relation is a partial order.

For f € M (W), define the type of f by

type(f) := type([1. f, wo. f12) = (wo. /(1. /)7, (4-2)
The rank of f € M(W) is the cardinality of the image set im( f).
Lemma 4.12. Fix f € M(W). Forh = fge fM(W),
(1) fibers(f) < fibers(h),

(2) type(h) < type(f),

(3) rank(h) < rank(f).

Furthermore, the following are equivalent:
(i) fibers(h) = fibers(f),

(i1) rank(h) = rank(f),

(ii1) type(h) = type(f),

(iv) L(wg.h) —L(1.h) =L(wyp. f) —L(1. f).

If any, and therefore all, of the above hold, then h is completely determined (within
fMW))by1.h.

Proof. For f, g € M(W), the statement fibers(f) < fibers(fg) is obvious.

By Proposition 4.3(iii) and (iv), we know for f, g € M (W) that either type(fg) =
type(f) or £(wo.(fg)) —L(1.(fg)) < €(wg.f) — £(1.f). In the latter case by
Proposition 4.5, type(fg) <p type(f). The second case occurs precisely when
fibers( f) is strictly finer than fibers( fg), or equivalently rank( fg) < rank(f).

The last statement, that if fibers(h) = fibers(f) then /A is determined by 1.4,
follows from Proposition 4.11. U

4d. Aperiodicity. Recall from Section 2e that a monoid M is called aperiodic if
for any f € M, there exists k > 0 such that f**! = £k Note that, in this case,
f@:= f*= 1 = ... is an idempotent.

Proposition 4.13. The biHecke monoid M (W) is aperiodic.

Proof. From Proposition 4.3(iv), we know that im( f k) has a minimal element a; =
l.fk and a maximal element b, = wy. fk in left order. Since im(fk+1) C im(fk),
we have axy1 > ar and by <p bx. Therefore, both sequences a; and by must
ultimately be constant.

This implies that, for N big enough, ay and by are fixed points. Applying
Proposition 4.3(iii) yields that all elements in [ay, by]; are fixed points under f.
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It follows successively that im(fV) =[ay, by1z, fN=fVT'=..., and fix(f) =
lan, by]L. 0

Corollary 4.14. The set of fixed points of an element f € M(W) is an interval in
left order.

Proof. The set of fixed point of f is the image set of f®, which is an interval in
left order by Proposition 4.8(ii). ]

4e. Idempotents. We now study the properties of idempotents in M (W).
Proposition 4.15. (i) Forw e W

ey = ﬂw—lwof_[w()w

is the unique idempotent such that 1.e,, = 1 and wy.e,, = w. Its image set is
[1, w], and it satisfies

u.e = max([1, ulp N[1, wlz).

(ii) Similarly, for w e W,

€y 1= T yy—1TTy

is the unique idempotent with image set [w, wolr, and it satisfies a dual for-
mula.

(iii) Furthermore,

€u b =T y-18p,-1TT,
is an idempotent with image set [a, b] L.

Proof. (i) Clearly, the image of e,, is a subset of [1, w].. Applying Remark 2.7
shows that [1, w]; is successively mapped bijectively to [w ™ wg, wo];, and back to
[1, w]r. So ey is an idempotent with image set [1, w]z. Reciprocally, let f be an
idempotent such that 1. f =1 and wg. f =w. Then, by Proposition 4.5, f preserves
Bruhat order and by Corollary 4.7(i), u. f <p u for all u € W. Furthermore, by
Proposition 4.8, the image set of f is the interval [1, w];. Using Proposition 2.4,
uniqueness and the given formula follow.

Statement (ii) is dual to (i) and is proved similarly.

(iii) The image set of ej,-1 is [1, ba~1'1,; hence the image set of e, j is a subset
of [a, b].. We conclude by checking that [a, b]; is mapped bijectively at each step
T 41, ep,—1 and 7, (see also Remark 2.7), and therefore consists of fixed points. [

Remark 4.16. For f e M(W), fe, = fey.,, where u = wy. f.
Proof. Use the formula of Proposition 4.15(i). [l
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Corollary 4.17. For u, w € W, the intersection [1,ulg N [1, w]g is a <p-lower
set with a unique maximal element v in Bruhat order. The maximum is given by
V=U.ey.

4f. Green’s relations. We have now gathered enough information about the com-
binatorics of M (W) to give a partial description of its Green’s relations, which will
be used in the study of the representation theory of M (W).

As an example, Figure 5 completely describes Green’s relations &£, R, and $ for
M (G3). The vertices are the 23 elements of M (S3), each drawn as in Figure 4.
The edges give both the left and right Cayley graph of M (&3); for example, there
are arrows

X% e ifg=fm and X% ¢ if g= fmi=mf

The picture also highlights the $-classes of M (G3), and the corresponding eggbox
pictures (that is, the decomposition of the $-classes into & and R-classes); namely,
from top to bottom, there is one $-class of size 1 =1 x 1, two $-classes of size
2=1x2, two $-classes of size 6 =2 x 3, and one $-class of size 6 = 1 x 6, where
n x m gives the dimension of the eggbox picture. In other words the $-class splits
into n R-classes of size m and also into m ¥-classes of size n. This example is
specific in that all $-classes are regular.

In the sequel, we describe R-classes for general elements, as well as $-order
on regular elements. In particular, we obtain that the $-classes of idempotents
are indexed by the elements of W, and that $-order on regular classes is given
by left-right order <, g on W. Note that the latter is not a lattice, unlike for the
variety @54 (which consists of all aperiodic monoids all of whose simple modules
are dimension 1; see for example [Ganyushkin et al. 2009]).

Proposition 4.18. Two elements f, g € M (W) are in the same R-class if and only
if they have the same fibers. In particular, the R-class of f is given by

R(f)=the fMW)|rank(h) =rank(f)} ={f, |u €1, type(f)~ wolr}, (4-3)

where f, is the unique element of M(W) such that fibers(f,) = fibers(f) and
1. fu =u.

Proof. Itis a general easy fact about monoids of functions that elements in the same
PR-class have the same fibers (see also Lemma 4.12). Reciprocally, if g has the same
fibers as f, then one can use Remark 2.7 to define g’ = g7 (; ,)-171. ¢ such that
fibers(g’) =fibers(f) and 1.g’=1. f. Also by Proposition 4.11, f =g’ € gM (W),
and similarly, g € fM(W).

Equation (4-3) follows using Lemma 4.12 and Remark 2.7. (]
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Figure 5. The graph of $-order for M (G3), as described on page 636.

Lemma 4.19. Let e and f be idempotents of M (W) with respective image sets
la, by and [c,d]r. Then, f <g e if and only ifdc_1 <irbal.

In particular, two idempotents e and [ are $-equivalent if and only if the inter-
vals [a, bl and [c, d]i are of the same type: de™' =ba .
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The properties above extend to any two regular elements (elements whose $-
class contains an idempotent).

Proof. First note that an interval [c, d];, is isomorphic to a subinterval of [a, b]r
if and only dc™! <; g ba~'. This follows from Proposition 2.5 and the fact that
[c, d]L is a subinterval of [a, b]; if and only if [ca~ !, da="]; is a subinterval of
[1, ba—'].. But then dc~! is a subfactor of ba~!.

Assume first that de=! <; g ba~, and let [¢/, d’];, be a subinterval of [a, b,
isomorphic to [c, d];. Using Proposition 2.5, take u, v € M (W) that induce re-
ciprocal bijections between [c, d]; and [¢/,d'],. Then, f = fuev, so that f is
$-equivalent to e.

Reciprocally, assume that f =uev with u, ve M (W). Without loss of generality,
we may assume that u = ue so that im(u) C [a, b].. Set ¢’ =c.u and d’ =d .u.
Since f = ff = fuv, and using Proposition 4.3, the functions # and v must
induce reciprocal isomorphisms between [c, d]; and [¢/, d']., the latter being a
subinterval of [a, b].. Therefore, de~! <, g ba™!.

To conclude, note that a regular element has the same type as any idempotent
in its $-class. O

Corollary 4.20. The idempotents (ey)wew form a complete set of representatives
of regular $-classes in M (W).

Example 4.21. For w € W, the idempotents e,, and ¢€,,-1,,, are in the same $-class.
This follows immediately from Lemma 4.19, or by direct computation using the
explicit expressions for e,, and €,,-1,,, in Proposition 4.15:

2 _ — ~ _
ey = €y = o1y T wgw T wy T wow = Ty~ €1 T wow

e &>

w=wo = ﬂwownw‘lwonwow”w—lwo = ”wowewnw‘lwo'

wlwg =
Corollary 4.22. The image of a regular element is an interval in left order.

Proof. A regular element has the same type, and same size of image set as any
idempotent in its $-class. (]

Remark 4.23. The reciprocal is false: In type Bs, the element 7T |T3T 7| T3T 27T |
has the interval [1, sps352]; as image set, but it is not regular. The same holds in
type A4 with the element 7,77 T 43T 2T | T 34T 2T 37T 4.

Problem 4.24. Describe ¥-classes in general, and $-order, %-order, as well as
$-order on nonregular elements.

4g. Involutions and consequences. Define an involution x on W by

W w = wow,
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where wy is the maximal element of W. Moreover, define the bar map M (W) —
M (W) as the conjugacy by *: For a given f € M(W)

w. f = w*. f)* forallweW.

Proposition 4.25. The bar involution is a monoid endomorphism of M(W) that
exchanges m; and ;.

Proof. This is a consequence of the general fact that for any permutation ¢ of W,
conjugation by ¢ is an automorphism of the monoid of maps from W to itself.
Moreover, it is easy to see that bar exchanges 7; and 77;, so that it fixes M (W). U

The previous proposition has some interesting consequences when applied to
idempotents: For any w € W, the bar involution is a bijection from e, M (W) to
ey, M(W). But e, fixes wy and sends 1 = wg; to w*, so that e,, = ey, = €ygu-
The latter is in turn $-equivalent to e, ,,-1,,, by Example 4.21. This implies the
following result.

Corollary 4.26. The ideals e,, M (W) and e,,,1,,,M (W) are in bijection.

5. The Borel submonoid M;(W) and its representation theory

In the previous section, we outlined the importance of the idempotents (ey)wew -
A crucial feature is that they live in a “Borel” submonoid M{(W) € M(W) of
elements of the biHecke monoid M (W) that fix the identity:

Mi(W):={feMW)|1.f=1}.

In this section we study this monoid and its representation theory, as an inter-
mediate step toward the representation theory of M (W) (see Section 6). For the
representation theory of M (W), it is actually more convenient to work with the
submonoid fixing wy instead of 1:

My,(W) :={f e M(W) | wy. f = wo}.

However, since both monoids M;(W) and M,,,(W) are isomorphic under the in-
volution of Section 4g and since the interaction of M;(W) with Bruhat order is
notationally simpler, we focus on M;(W) in this section.

Note. In the remainder of this paper, unless explicitly stated, we fix a Coxeter
group W and use the shorthand notation M := M (W), M := M(W) and M,,, :=
My, (W).

From the definition it is clear that M; is indeed a submonoid that contains the
idempotents (e, )yew. Furthermore, by Proposition 4.5 and Corollary 4.7 its ele-
ments are both order-preserving and regressive for Bruhat order. In fact, a bit more
can be said.
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Remark 5.1. For w € W, w.M; is the interval [1, w]pg in Bruhat order.

Proof. By Corollary 4.7, for f € M;, we have w. f <p w. Take reciprocally
v € [1, w]p. Then, using Proposition 4.15, w.e, = v. U

As a consequence of the preservation and regressiveness on Bruhat order, M|
is an ordered monoid with 1 on top. Namely, for f, g € M, define the relation
f<gifw.f <pw.gforall we W. Then, < defines a partial order on M; such
that f <1, fg < f and fg < g for all f, g € M;. In other words, M is B-trivial
(see [Denton et al. 2010/11, Proposition 2.2], as well as Section 2.5 there) and in
particular $-trivial.

In the next two subsections, we study the combinatorics of M; and then apply
the general results on the representation theory of $-trivial monoids of [Denton
et al. 2010/11] to M.

5a. $-order on idempotents and minimal generating set. Recall from Section 2e
that $-order is the partial order <y defined by f <g g if there exists x, y € M|
such that f = xgy. The restriction of $-order to idempotents has a very simple
description:

Proposition 5.2. For u, v € W, the following are equivalent:
€uy = €y, u=rv,
€vey = €y, €y =g €y.

Moreover, (e, e,)® = eyn, v, Where u Ap v is the meet (or greatest lower bound) of
u and v in left order.

Proof. This follows from [Denton et al. 2010/11, Theorem 3.4, Lemma 3.6] and
Proposition 4.15. (]

As a consequence the following definition, which plays a central role in the
representation theory of $-trivial monoids [Denton et al. 2010/11], makes sense.

Definition 5.3. For any element x € M|, define

Ifix(x) :==min{fu € W |e,x =x} and rfix(x):=minfu € W |xe, =x}=wy.x,
=L =L

the min being taken for the left order.

Interestingly, M can be defined as the submonoid of M generated by the idem-
potents (ey)wew, and in fact the subset of these idempotents indexed by Grassman-
nian elements (an element w € W is Grassmannian if it has at most one descent).

Theorem 5.4. M| has a unique minimal generating set that consists of the idem-

1

potents ey, where w™" wy is right Grassmannian.
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In type A,,_ this minimal generating set is of size 2" — n (which is the number of
Grassmannian elements in this case [Manivel 2001]).

Proof. Define the length £( f) of an element f € M as the length of a minimal ex-
pression of f as a product of the generators 7; and 77;. We now prove by induction
on the length that M, is generated by {e,, | w € W}.

Take an element f € M; of length /. If [ = 0 we are done. Otherwise, since
1. f =1, an expression of f as a product of the 7; and 77; contains at least one 7;.
Write f =gh where g =m,,77; for some w € W and h € M so that £(w)+1+£(h) =1.

Claim. f = e, s~ 1Twh and w,h € M.

It follows from the claim that £(;r,,h) < [, and hence since w,,h € M| we can
apply induction to conclude that M| is generated by {e,, | w € W}.

Let us prove the claim. By minimality of /, i is not a descent of w (otherwise,
we would obtain a shorter expression for f: f = m,7;h = mym;7Tih = my7ih,
where £(w’) < £(w)). Therefore, 1.g = 1.(m,7;) = w. Since f € M it follows
that w.h =1 and therefore w,,h € M. It further follows that 7 -1 7, acts trivially
on the image set [w, wo]; of g, and therefore f = gm,,-1m,h. Note that g -1 =
JTwT_[,'7_Tw—1 = ﬂwﬂiﬁiﬁw—l = Cypg(ws;)~ -

By Proposition 5.2, the idempotents of M are generated by the meet-irreducible
idempotents e,, in $ order. Here x is meet-irreducible if and only if x =a or x =b
whenever x = a A b for some a,b € M. These meet-irreducible elements are
indexed by the elements w of W that are meet-irreducible in left order (or equiva-
lently that have at most one left nondescent, that is, wow ! is right Grassmannian).

The uniqueness of the minimal generating set holds for any $-trivial monoid
with a minimal generating set [Doyen 1984, Theorem 2; Doyen 1991, Theorem 1].

O

Actually one can be much more precise:

Proposition 5.5. Any element f € M) can be written as a product ey, - - - ey,
where

e Wy >p -+ >p Wi IS a chain in Bruhat order such that any two consecutive
terms w; and w1 are incomparable in left order;

o w; =r1fix(ey, - - - ey,;) =Uix(ey, - - - €w,).
Proof. Start from any expression ey, - - - ey, for f. We show that if any of the
conditions of the proposition is not satisfied, the expression can be reduced to a

strictly smaller (in length, or in Bruhat, term by term) expression, so that induction
can be applied.

o If u #p v, then by Remark 4.16 e, e, = e e, ., Withu.e, <p v.

e Ifu <y v, then ¢, e, = ¢,, and similarly on the right.
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o If the left symbol ¢, for ¢, - - - ey, is not e, , then u <; w; and

Cuy " " Cuy, = €y, oy = €Uy By

Similarly on the right. ([

Corollary 5.6. For f € My, lfix(f) >p rix(f), with equality if and only if f is
an idempotent.

Lemma 5.7. If v <p u in Bruhat order and u' = lfix(e,e,), then
v<gpu' and u <;u.

Proof. By Definition 5.3, u’ < u since e, (e,e,) = e, e, and for M| the minimum
is measured in left order. Also by Proposition 4.15

/
V= Wp.e,ey = Wo.eeuey <pu. |

Lemma 5.8. If u covers v in Bruhat order and u’' = 1fix(e,e,), then either u' = u,
oru' =vande,e, = eye,.

Proof. By Lemma 5.7, we have that either u’ = u or u’ = v, since u covers v in
Bruhat order. When u’ = v, we have again by Lemma 5.7 that v <; u. Hence
€uly = €y = €yéy. |

5b. Representation theory. In this subsection, we specialize general results about
the representation theory of finite $-trivial monoids to describe some of the repre-
sentation theory of the Borel submonoid M|, such as its simple modules, radical,
Cartan invariant matrix and quiver. The description also applies to M,,,, mutatis
mutandis. We follow the presentation of [Denton et al. 2010/11] (also see this paper
for the proofs), though many of the general results have been previously known; see
for example [Almeida et al. 2009; Clifford and Preston 1961; Ganyushkin et al.
2009; Lallement and Petrich 1969; Rhodes and Zalcstein 1991] and references
therein.

5b1. Simple modules and radical. For each w € W define S} (written S¥° for
M,,) to be the one-dimensional vector space with basis {€,} together with the
right operation of any f € M; given by

€ fw.f=w,

ew.f:={

0  otherwise.
The basic features of the representation theory of M; can be stated as follows:

Theorem 5.9. The radical of KM, is the ideal with basis f® — f for f € M,
nonidempotent. The quotient of KM by its radical is commutative. Therefore, all
simple KM |-modules are one-dimensional. In fact, the family {Sllu}wew forms a
complete system of representatives of the simple KM -modules.
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5b2. Cartan matrix and projective modules. The projective modules and Cartan
invariants can be described as follows:

Theorem 5.10. There exists an explicit basis (by)xem, of KM, such that, for all
wew,

e the family {b, | x € M with Ifix(x) = w} is a basis for the right indecompos-
able projective module P associated to S} ;

o the family {b, | tfix(x) = w}yem, is a basis for the left indecomposable pro-
jective module associated to S\

Moreover, the Cartan invariant of KM, defined by c, , := dim(e,KMje,) for
u,v e Wis given by c, , = |Cy.»|, where

Cuv = {f € My | 1fix(f) = u and rfix(f) = v}.

In particular, the Cartan matrix of KM is upper-unitriangular with respect to
Bruhat order.

Proof. Apply [Denton et al. 2010/11, Section 3.4] and conclude with Corollary 5.6.
O

Remark 5.11. In terms of characters, the previous theorem can be restated as

(Pil= Y Sy, s (5-1)

FeMy Ifix(f)=u

which gives the following character for the right regular representation:

(KM 1= ) [Sh, /] (5-2)

feM,

Problem 5.12. Describe the Cartan matrix and projective modules of KM; more
explicitly, if at all possible in terms of the combinatorics of the Coxeter group W.

Sb3. Quiver. We now turn to a description of the quiver of KM in terms of the
combinatorics of left and Bruhat order. Recall that M, is a submonoid of the
monoid of regressive and order preserving functions. As such, it is not only $-
trivial but also ordered with 1 on top, that is %B-trivial; see [Denton et al. 2010/11,
Section 2.5 and Proposition 2.2]. By [Denton et al. 2010/11, Theorem 3.35 and
Corollary 3.44] we know that the vertices of the quiver of a $-trivial monoid gen-
erated by idempotents are labeled by its idempotents (e,), and there is an edge
from vertex e, to vertex e;, if g := e,e; is not idempotent, has 1fix(¢) = x and
rfix(q) = z, and does not admit any factorization ¢ = uv that is nontrivial: eu # e
and vf # f. By [Denton et al. 2010/11, Proposition 3.31] the condition that g has a
nontrivial factorization is equivalent to ¢ having a compatible factorization ¢ = uv,
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meaning that u, v are nonidempotents and Ifix(¢) = Ifix(u), rfix(u) = lfix(v) and
rfix(v) = rfix(q).

Letey, ey, e; € My be idempotents. Call e, an intermediate factor for q ;= eye;
if eye e, = ece;. Call further e, a nontrivial intermediate factor if eye, # e,, and

eye; #e;.

Lemma 5.13. The quiver of KM, is the graph with W as vertex set and edges
(x, z) for all x # z such that q := e,e; satisfies lfix(q) = x and 1fix(q) = z and
admits no nontrivial intermediate factor e, with y € W.

Proof. Take g := eye, admitting a nontrivial intermediate factor e,. Then g admits
a nontrivial factorization g = (exey)(eye;) in the sense of [Denton et al. 2010/11,
Definition 3.25], and is therefore not in the quiver.

Reciprocally, assume that ¢ admits a compatible factorization, that is ¢ = uv
with Ifix(u) = x, rfix(u) = lfix(v) and rfix(v) = z. By [Denton et al. 2010/11,
Lemma 3.29], this factorization is nontrivial: e,u # e, and ve, # e,. Using
Proposition 5.5, write # and v as u = eyey, ---ey, and v = e, ---e,e;, with
X >py >p--->p Yy >p 2 Then, e.eye, =e,e, for any i; indeed, since M| is
9RB-trivial,

exe; =exey ---eye; g eceye; <qeye;.

If any e,, is a nontrivial intermediate factor for g, we are done by setting y = y;.
Otherwise, ey, e, = e, for any i (exe,, = e, is impossible since x >p y;). But then,
vV=ey, - -ey,e; = e, acontradiction. g

Problem 5.14. Can Lemma 5.13 be generalized to any %B-trivial monoid? Its state-
ment has been tested successfully on the 0-Hecke monoid in type A; — A, B3 — By,
Dy — Ds, H3 — Hy, G2, 1135, Fy.

Lemma 5.13 admits a combinatorial reformulation in terms of the combinatorics
of W. For x, y, z € W such that x > p z, call y € W an intermediate factor for x, z
if [1, y] intersects all intervals [c, a]p with a € [1, x]; and ¢ €[1, 7] nontrivially.
Call further y a nontrivial intermediate factor if x >p y >p zand y # z.

Theorem 5.15. The quiver of KM is the graph with W as vertex set, and edges
(x,z) for all x >p z and x # z admitting no nontrivial intermediate factor y.
Each such edge can be associated with the element q := eye; of the monoid.

In particular, the quiver of KM is acyclic and every cover x >p z in Bruhat
order that is not a cover in left order contributes one edge to the quiver.

Proof. Consider a nonidempotent product e,e;. Using Proposition 5.5, we may
assume without loss of generality that x >p z and x # z, and furthermore that
lfix(ere;) = x and rfix(e,e;) = z.
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We now show that the combinatorial definition of intermediate factor on an
element of y € W is a reformulation of the monoidal one on the idempotent e,
of M 1.

Assume that e, is an intermediate factor for e,e,, that is, e e,e, = eye,. Take
a € [1,x], and ¢ € [1,z], with a >p ¢, and write b = a.e, € [1, y].. Using
Proposition 4.15, a >p b and a.e, >p c. Furthermore, since a is in the image set
of ex,onehas b.e;, =a.e,.e; =a.e; >p c. Therefore, [1, y], intersects [c, a]p at
least in b. Hence, y is an intermediate factor for x, z.

For the reciprocal, take any a € [1, x]. Since M preserves Bruhat order and is
regressive, a.ey.e; <p a.e;. Setc =a.e;, and take b in [c, a]g N[1, y].. Using
Proposition 4.15,

a.ey.e; >pb.e; >pc=a.e,

and equality holds. Hence, ey is an intermediate factor for ey, e,: exeye; =eye;.
The combinatorial reformulation of nontriviality for intermediate factors is then
straightforward using Proposition 5.5. O

Problem 5.16. Exploit the interrelations between left order and Bruhat order to
find a more satisfactory combinatorial description of the quiver of [KM;.

5b4. Connection with the representation theory of the 0-Hecke monoid. Recall
that the 0-Hecke monoid Hy(W) is a submonoid of M,,,(W). As a consequence any
KMy, (W)-module is a Hy(W)-module and one can consider the decomposition
map Go(My,,(W)) = Go(Ho(W)). It is given by the following formula:

Proposition 5.17. For w € W, let S;° be the simple IKM,,,(W)-module defined by

€y Ifw.f=w,
€y.f =
wf {O otherwise.
Furthermore, for J C 1, let Sfo be the simple Hy(W)-module defined by
F— wr ifiel,
T 0  otherwise.

Then, the restriction of S,.,° to Hy(W) is isomorphic to ng(w). The decomposition
map is therefore given by

Go(Muy(W)) = Go(Ho(W)),  [S&0]r> [S 1.
Proof. By definition of the action, w.m; = w if and only if i € Dg(W). (I

5bS. The tower of M1(S,) monoids (type A).

Problem 5.18. The monoids M;(G,,), for n € N, form a tower of monoids with
the natural embeddings M (&,) x M(S,,) < M (S,;+,). Due to the involution
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of Section 4g, one has also embeddings M,,,(S,) X My,(S,) = My (Smin).
As outlined in the introduction, it would hence be interesting to understand the
induction and restriction functors in this setting, and in particular to describe the
bialgebra obtained from the associated Grothendieck groups. This would give a
representation theoretic interpretation of some bases of FQSym.

In this context, Proposition 5.17 provides an interpretation of the surjective
coalgebra morphism FQSym — QSym, through the restriction along the following
commutative diagram of monoid inclusions (see [Duchamp et al. 2002] for more
details):

H0(6n) X HO(Gm) — ng(en) X Mwo(Gm)

[ |

H0(6n+m) — Mwo (Gn-i-m)-

6. Translation modules and w-biHecke algebras

The main purpose of this section is to pave the ground for the construction of the
simple modules S,, of the biHecke monoid M := M (W) in Section 7a.

As for any aperiodic monoid, each such simple module is associated with some
regular $-class D of the monoid, and can be constructed as a quotient of the span
KR(f) of the R-class of any idempotent f in D, endowed with its natural right
KM-module structure (see Section 2g).

In Section 6a, we endow the interval [1, w]g with a natural structure of a combi-
natorial KM -module Ty, called translation module, and show that, for any f € M,
regular or not, the right KM -module KR ( f) is always isomorphic to some Ty,.

The translation modules will play an ubiquitous role for the representation the-
ory of KM in Section 7: indeed T, can be obtained by induction from the simple
modules S, of KM, and the right regular representation of KM admits a filtration
in terms of the T, that mimics the composition series of the right regular represen-
tation of KM, in terms of its simple modules S,,. Reciprocally T;,, and therefore
the right regular representation of KM, restricts naturally to M,,,. Finally, T, is
closely related to the projective module P, of KM (Corollary 7.4).

By taking the quotient of KM through its representation on 7,,, we obtain a
w-analogue W™ of the biHecke algebra %¢W. This algebra turns out to be
interesting in its own right, and we proceed by generalizing most of the results of
[Hivert and Thiéry 2009] on the representation theory of #W.

As a first step, we introduce in Section 6b a collection of submodules Pj(w) of
T, which are analogues of the projective modules of #W. Unlike for #W, not
any subset J of I yields such a submodule, and this is where the combinatorics



The biHecke monoid of a finite Coxeter group 647

of the blocks of w as introduced in Section 3 enters the game. In a second step,
we derive in Section 6¢ a lower bound on the dimension of #W ®); this requires
a (fairly involved) combinatorial construction of a family of functions on [1, w]g
that is triangular with respect to Bruhat order. In Section 6d we combine these
results to derive the dimension and representation theory of #W™): projective
and simple modules, Cartan matrix, quiver, etc. (see Theorem 6.17).

6a. Translation modules and w-biHecke algebras. In this section we study the
combinatorics of the right class modules for the biHecke monoid, in particular a
combinatorial model for them. Indeed, we show that the right class modules corre-
spond to uniform translations of image sets, hence the name “translation modules”.

Fix f € M. Recall from Definition 2.12 that the right class module associated
to f is defined as the quotient

KR(f) ==K M/KR(f).

The basis of KR (f) is the right class R( ) described in Proposition 4.18. Recall
from there that f, denote the unique element of M (W) such that fibers(f,) =
fibers(f) and 1. f;, = u.

Proposition 6.1. Set w =type(f)~'wo. Then (f,)ue(1.w]x forms a basis of KR(f)
such that

Ju ifi € Dg(u),

Ju-mwi = fus,- ifi € Dr(u) and us; € [1, w]g,
0 otherwise;

fus,- ifi € Dr(u),

Ju-Ti=1 fu ifi €Dg(u)andus; €[1, w]g,
0 otherwise.

(6-1)

In particular, the action of any g € M on a basis element f, of the right class
module either annihilates f, or agrees with the usual action on W: f,.g = f, 4.

Proof. By Definition 2.12 and Proposition 4.18, (f,)ue[1,w]; forms a basis of
KR(f).

The action of m; agrees with right multiplication, except when the index v of the
new f, isno longerin [1, w]g, in which case the element is annihilated. The action
of 7; also agrees with right multiplication. However, due to the relations 7;7; = 7;
and 7;m; = m;, we need that 77; annihilates f, if i € Dg(u) and us; € [1, w]g.

The last statement follows by induction writing f € M in terms of the generators
m; and 7; and using (6-1). O

Proposition 6.1 gives a combinatorial model for right class modules. It is clear
that two functions with the same type yield isomorphic right class modules. The
converse also holds:
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Proposition 6.2. For any f, ' € M, the right class modules KR(f) and KR(f")
are isomorphic if and only if type( f) = type(f').
Proof. By Proposition 6.1, it is clear that if type(f) = type(f’), then KR(f) =
KR(f).

Conversely, suppose type(f) # type(f’). Then we also have w # w’, where
w = type(f) " wp and w’ = type(f’)"'wy. Without loss of generality, we may
assume that £(w) > £(w’). Using the combinatorial model of Proposition 6.1, we
then have

fi.mw=fu#0 and f{.71,=0,
so that KR(f) 2 KR(f"). 0

It is not obvious from the combinatorial action of 77; and 7; of Proposition 6.1
that the result indeed gives a module. However, since it agrees with the right action
on the quotient space as in Definition 2.12, this is true. By Proposition 6.2, we may
choose a canonical representative for right class modules.

Definition 6.3. The module 7;, :=KR (e, ) for all w e W is called the translation
module associated to w. We identify its basis with [1, w]g via u — f,, where

f = €w,wp-

For the remainder of this section for f € M and u € [1, w]g, unless otherwise
specified, u. f means the action of f on u in the translation module T,.

Definition 6.4. The w-biHecke algebra #W ™) is the natural quotient of KM
through its representation on 7;,. In other words, it is the subalgebra of End(7},)
generated by the operators 7; and 77; of Proposition 6.1.

6b. Left antisymmetric submodules. By analogy with the simple reflections in the
Hecke group algebra, we define for each i € I the operator s; := m; +7; — 1. For
u € [1, w]g, the action on the translation module T, is given by

{usi if us; e [1, wlg,
u.s; =

. (6-2)
—u  otherwise.
These operators are still involutions, but do not always satisfy the braid relations.

Example 6.5. Take W of type A, and w = s1. The translation module 7, has two
basis elements B = (1, s;) and the matrices for s; and s, on this basis are given by

(01 i e—("10
S1—10 an SQ—O_I.

It is not hard to check that then s;s78; # $25152.
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Similarly, one can define operators §; acting on the left on the translation mod-
ule T,:

S?.u:{siu if s;ju € [1, wlg, 6-3)

—u  otherwise.
Definition 6.6. For J C I,set P\") := (v e T, | § .v=—vforalli € J}.

For w = wy, these are the projective modules P; of the biHecke algebra [Hivert
and Thiéry 2009].

Proposition 6.7. Take w € W and J C 1. Then, the following are equivalent:
() ‘w is a cutting point of w;
(i1) Pj(w) is an KM -submodule of T,,.

Furthermore, when any, and therefore all, of the above hold, P](w) is isomorphic
to Tu,, and its basis is indexed by [1, Twlr, that is, assuming J € }(w), we have
{vell,wlg, J CJ™ ()}

Proof. (ii)) = (i): Set
vy = Z (—1)t=tws)y,

u€ll,wy]gr

Up to a scalar factor, this is the unique vector in Pj(w) with support contained in
[1, u)]]R. Then,

U‘];).T[Jw = Z (_])E(MU)—((va)qu’
uell,wylg
s.t. ujwe[l,w]R
v‘l;j.ﬂvﬁvfl = Z (_])K(M)—e(w])u.
ME[I,UJJ]R

st wlwell,wlg

Therefore, if 'w £g w, then VY .70, T 5,1 18 @ nonzero vector with support strictly
included in [1, w,]g and therefore not in P](w). By Proposition 3.8 this proves that
(i1) implies (i).

(1) = (ii): If () holds, then the action of m; (resp. 7;) on vy .m, either leaves
it unmodified, kills it (if vs; = s;v for some j) or maps it to v} .my,. The vectors
(VY .7y)yer1, w), form a basis of Pj(w) that is stable by M.

The last statement follows straightforwardly. (Il

It is clear from the definition that Pj%) 5n= PJ(:”) N Pj(;u) for Ji, J» C I. Since
the set RBy (w) of left blocks of w is stable under union, the set of KM -modules
(Pj(w)) JehBy(w) 15 stable under intersection. On the other hand, unless J; and J,
are comparable, P](:”U) J, 18 a strict subspace of PJ(:”) + Pj(zw). This motivates the

following definition.



650 Florent Hivert, Anne Schilling and Nicolas Thiéry

Definition 6.8. For J € $™), we define the module

w) . _ pw) (w)
=P/ Y P (6-4)
J'2J,J eRBy (w)

Remark 6.9. By the last statement of Proposition 6.7, and the triangularity of the
natural basis of the modules Pﬁ”), the basis of S;w) is given by

(L 7wle \ [ vle=(vell,wlg. J CJ™ @) (6-5)

vCw

6¢c. A (maximal) Bruhat-triangular family of the w-biHecke algebra. Consider
the submonoid F in W™ generated by the operators m;, 77;, and s;, for i € I.
For f € F and u € [1, w]g, we have u. f = fv for some v € [1, w]g. For our
purposes, the signs can be ignored and f be considered as a function from [1, w]g
to [1, w]g.

Definition 6.10. For u, v € [1, w]g, a function f € F is called (u, v)-triangular
(for Bruhat order) if v is the unique minimal element of im( f) and u is the unique
maximal element of f~!(v) (all minimal and maximal elements in this context are
with respect to Bruhat order).

Recall the notion of maximal reduced right block K ) () of Definition 3.38.
Proposition 6.11. Take u, v € [1, wlg such K™ (u) € K™ (v). Then, there exists
a (u, v)-triangular function f, , in F.

For example, for w = 4312 in &4, the condition on u and v is equivalent to the
existence of a path from u to v in the digraph G“3!? (see Figure 1 and Section 6d).

The proof of Proposition 6.11 relies on several remarks and lemmas that are
given in the sequel of this section. The construction of f, , is explicit, and the
triangularity derives from f; , being either in M, or close enough to be bounded
below by an element of M. It follows from the upcoming Theorem 6.17 that the
condition on u and v is not only sufficient but also necessary.

Remark 6.12. If f is (4, v)-triangular and g is (v, v')-triangular, then fg is (u, v')-
triangular.

Remark 6.13. Take x € [1, w]g and leti € I. Then, x.77; <g x.s;.
By repeated application, for S € I, and iy, ...,ix € S, x.Ts <R X.Si, - Siy»
where recall that 77 g is the longest element in the generators {77 ; | j € S}.

Lemma 6.14. Take u € [1, w]g, and define f, , := e, w, = T ,~17,. Then
(1) fu.u is (u, u)-triangular;

(ii) for v € [1, wlg, either v. f, , =0o0rv. f 4 >p v;

(iii) im(fyu) = [u, wolr N[1, wik.
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Proof. First consider the case w = wq. Then, (ii) and (iii) hold by Proposition 4.15.

Now take any w € W. By Proposition 6.1 the action of f € M on the translation
module T, either agrees with the action on W or yields 0. Hence in particular
Proposition 4.5 still applies, which yields (ii). This also implies the inclusion
im(f,..) \ {0} C [u, wolr N[1, w]lg. The reverse inclusion is straightforward: If
u'=xu,thenu'. f, , =xu.7,~17m, =xmw, =xu=u'. Therefore (iii) holds as well.

Finally, (iii) implies that u is the unique minimal element of im(f; ,), and (ii)
implies that u is the unique maximal element in fu_’L} (u); therefore (i) holds. [

Lemma 6.15. If u > v, then f, , := f, .71, is (u, v)-triangular.

Proof. By Lemma 6.14(iii), the image set of f, , is a subset of [u, wo]. Therefore,
by Remark 2.7, 7,1, translates it isomorphically to the interval [v, wou~"'v];. In
particular, the fibers are preserved: fuf,} (v) = fu_’i (u), and the triangularity of f, ,
follows. O

Lemma 6.16. Take u € [1, w]g. Then, either u is a cutting point of w, or there
exists a (u, v)-triangular function f, , in F withu <g v <p w.

Proof. Let J be the set of short nondescents i of u, and set V := U, N[1, w]g
(recall from Definition 3.15 that U, := uWj). By Proposition 3.17, V is the set of
w’ € [1, w]g such that u C w’. Furthermore, V is a lattice (it is the intersection
of the two lattices (uW,, <g) and [1, w]g) with u# as unique minimal element; in
particular, V C [u, w]g.

If w € V (which includes the case © = w and J = {}), then u is a cutting point
for w and we are done.

Otherwise, consider a shortest sequence iy, . . ., ir such that {i1, ..., ix} does not
intersect Dg (), and v' = us;, - - - s;, € V. Such a sequence must exist since w ¢ V.
Set S :={iy,...,ir}. Note that iy, ...,i;_; are in J but i; is not. Furthermore,

u IZ v' while u = v'S because v/ € uWyg and S NDg(u) = @.

Case 1: v’ € im(f,.,). Then, u <7 v'. Combining this with u = v"5 yields that
u C v/, a contradiction.

Case 2: v' € im(f,.,). Set v :=us;,, and define f, , := f, 07, Where

O =iy Sig_SigSiy_; * Sy (6-6)

Note that for k = 1, we have o = 1. We now prove that f, , is (u, v)-triangular.

First, we consider the fiber fuf,jl(v). By minimality of k, and up to sign, s;,
fixes all the elements of V at distance at most k — 2 of u. Hence, o' (1) = u.
Simultaneously,

—1 / /
V.0 =U.SiycSip SiySipy ccSiy =V .Si,_, - Si, €V WL 6-7)
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Hence, v.o ™! ¢ im( f, ,) because v' & im(f, ,) and im(f, ,) is stable under right
multiplication by s; for j € J. Putting everything together, we have

fin @)= frd @™ @ @) = fia (07 (w, o)) = fa (uh) =[1, ulpN[1, wi.

Therefore, u is the unique length maximal element of £, (v), as desired.
We take now x € im(f; ), and apply Proposition 4.5 repeatedly. To start with,

u=1.fuu=<px.fuu- (6-8)
Using Remark 6.13, we have
u=u.ws <p (x.fuu)Ts <p x. fuu).0 =X. fyu.0. (6-9)

It follows that
v=u.mwy, <p (x.fyu.0). T =X. fuy. (6-10)

In particular, v is the unique Bruhat minimal element of im(f; ), as desired. [J

Proof of Proposition 6.11. Since W is finite, repeated application of Lemma 6.16
yields a finite sequence of triangular functions

Suars oo fup_yup» Where u <gpuj <g--- <pgug

and uy, is a cutting point w” of w. Since u <g w”’, one has J € K™ (1) c K™ (v),
and therefore u; = w’ > v. Then, applying Lemma 6.15 one can construct a
(u, v)-triangular function f,, ,. Finally, by Remark 6.12, composing all these
triangular functions gives a (u, v)-triangular function f, ., - -+ fur_,.ux fuz.v- O

6d. Representation theory of the w-biHecke algebra. Consider the digraph G
on [1, w]g with an edge u +— v if u = vs; for some i and J® () € J® (). Up
to orientation, this is the Hasse diagram of right order (see for example Figure 1).
The following theorem is a generalization of [Hivert and Thiéry 2009, Section 3.3].

Theorem 6.17. #¥W ™) is the maximal algebra stabilizing all modules Pj(w) for
J € RBy(w)
KW = (f € End(Ty) | £(P}") < P}")

The elements f, , of Proposition 6.11 form a basis ¥W™); in particular,
dim W™ = |{(u, v) | /™ () € T W)}]. (6-11)

HW W is the digraph algebra of the graph G™.

The family (Pj(w)) JehBy(w) Jorms a complete system of representatives of the
indecomposable projective modules of W ™).

The family (S&w)) TeqBy(w) Jorms a complete system of representatives of the
simple modules of #¥W ™). The dimension of S(]w) is the size of the corresponding
w-nondescent class.
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HW™ is Morita equivalent to the poset algebra of the lattice [1, wlc. In par-
ticular, its Cartan matrix is the incidence matrix and its quiver the Hasse diagram
of this lattice.

Proof. From Proposition 6.11, one derives by triangularity that dim #¥W®) >
[{(, v) | K™ (1) € K™ (v)}]. The stability of all the subspaces P\"’ imposes the
converse equality. Hence, #W ™) is exactly the subalgebra of End(7},) stabilizing
each P](w). The remaining statements follow straightforwardly, as in [Hivert and
Thiéry 2009, Section 3.3]. See also for example [Denton et al. 2010/11, Section
3.7.4] for the Cartan matrix and quiver of a poset algebra. U

7. Representation theory of M (W)

In this section, we gather all results of the preceding sections in order to describe the
representation theory of M := M (W). The main result is Theorem 7.1, which gives
the simple modules of KM . We further relate the representation theory of KM to
the representation theory of KM,, . In particular, we prove that the translation
modules are exactly the modules induced by the simple modules of KM,,,. We
then conclude by computing some characters and the decomposition map from
KM to KM,,.

7a. Simple modules. We now study the simple modules of the biHecke monoid
KM and also show that the translation modules are indecomposable.

Theorem 7.1. (i) The biHecke monoid M admits |W| nonisomorphic simple
modules (Sy)wew (resp. projective indecomposable modules (Py)yew).
(ii) The simple module S, is isomorphic to the top simple module
=1/ X1,
vCw
of the translation module Ty,. Its dimension is given by

dim 8, = |[1, wle \ (11, vlg|.

vCw
In general, the simple quotient module S;w) of Ty, is isomorphic to S, of M.

Proof. Since M is aperiodic (Proposition 4.13), we may apply the special form
of Clifford, Munn, and Ponizovskii’s construction of the simple modules (see
Theorem 2.14). Namely, the simple modules are indexed by the regular $- classes
of M; by Corollary 4.20, there are |W| of them. This yields (i), since for any finite-
dimensional algebra, the simple and indecomposable projective modules share the
same indexing set (see [Curtis and Reiner 1962, Corollary 54.14]).
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Clifford, Munn, and Ponizovskil further construct S, as the top of the right
class modules, that is, in our case, of the translation module 7;,. Our explicit
description of the radical of T, as ), -, T, in (ii) is a straightforward application
of Theorem 6.17. The dimension formula follows using Remark 6.9. ([

For a direct proof that rad 7,, = Zvl:w T,, without using Theorem 6.17, one
would want to show that ) T, is exactly the annihilator of $(ey u,). One
inclusion is easy, thanks to the following remark.

Remark 7.2. The submodule 7, is annihilated by $(ey, y,) = F(T ).

Proof. Fix w and take v such that v — w. Then 7, annihilates T, C Ty,. Indeed,
combining 7,,(w) = 1 with Propositions 6.1 and 4.5, one obtains that 7, either
annihilates f, or maps it to f. Take now x € T, and write x.7,, = Af]. Since
T, is a submodule, A f; lies in T,; however the basis elements of T, have disjoint
support and since v  w none of them are collinear to f;. Therefore x.7,, =0. [J

Type W | My, | | M| (dim S,), Y dim S,
Ao 1 1 1 1 1
Ay 2 2 3 12 2
Ar=5L3) 6 8 23 1422 8
Az 24 71 477 1824344652 62
As 120 1646 31103  1162103841651666 ... 206 770
As 720 118929 7505009 132224320442538640
1202 13080
Bo=5L4) 8 14 49 142232 14
B3 48 498 5455 182434465764748491
102112122 246
By 384 149622 6664553 116210310414517616. . 8()2 6984
Gr=5(6) 12 32 153 1422324252 32
Hi 120 87 1039 182434435667 .. . 362 1404
A1 xA; 4 4 9 1212 4
L(p) 2p p*—p+2 3pP+3p+l 1422 (p—1)? p*—p+2

Table 1. Statistics on the biHecke monoids M := M (W) for the
small Coxeter groups. In column four, 132* . . . 52 means that there
are 8 simple modules of dimension 1, 4 of dimension 2, and so on.

The sum in the last column is over w. The sequence p*>—p+2 is
#A014206 in [OEIS Foundation 2012].
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Example 7.3. The simple module S43;7 is of dimension 3, with basis indexed by
{4312, 4132, 1432} (see Figure 1). The other simple modules S3412, S4123, and
S1234 are of dimension 5, 3, and 1, respectively. See also Table 1.

In general, the two extreme cases are, on the one hand, when w is the maximal
element of a parabolic subgroup, in which case the simple module is of dimension 1
and, on the other hand, when w is an immediate successor of 1 in the cutting poset
(see Example 3.44), in which case the simple module is of dimension |73, — 1.
In the other cases, one can use Theorem 3.41 to calculate the dimension of S,, by
inclusion-exclusion from the sizes of the intervals [1, “w]g, where “w runs through
the free sublattice at the top of the interval [1, w]c of the cutting poset. Note that the
sizes of the intervals in W can also be computed by a similar inclusion-exclusion
(the M&bius function for right order is given by u(u, w) = (—1)¥ if the interval
[u, w]g is isomorphic to some W, with |J| =k, and O otherwise). This may open
the door for some generating series manipulations to derive statistics like the sum
of the dimension of the simple modules.

Corollary 7.4. The translation module T, is an indecomposable KM -module,
quotient of the projective module P, of KM.

Proof. Direct application of Corollary 2.15 ]

7b. From M,,,(W) to M(W). In this section, we use our knowledge of M,,, to
learn more about M.

Proposition 7.5. The translation module T, is isomorphic to the induction to KM
of the simple module S}° of KM,,.

The proof of this proposition follows from the upcoming lemmas giving some
simple conditions on a general inclusion of monoids B € A under which the (reg-
ular) right class modules of KA are induced from those of KB.

Lemma 7.6. Let B C A be two finite monoids and f € B. If
KRL(f) =KRE(f)A,

then the right class module KRA(f) is isomorphic to the induction from KB to
KA of the right class module KRB ( f):

KRA(f) = KRE (f)fa.

Proof. Recall that for a KB-module Y, the module YT&Q induced by Y from KB
to KA is given by YT&@ =Y Qip KA.
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By construction of the right class modules (see Definition 2.12), we have the
following exact sequences:

0— KRE(f) —» KfB — KRE(f) — 0, (7-1)

0— KRA(f) > KfA — KRA(f) — 0. (7-2)

Consider now the sequence obtained by tensoring (7-1) by KA:
0— KRE(f) ®xp KA - Kf B Qkp KA - KRB (f) @k KA = 0. (7-3)

We want to prove that it is exact and isomorphic to (7-2).
First note that, since KB is a subalgebra of KA, we have b ® a = 1 ® ba for
b € B and a € A. Therefore the product map

w:KfBkpKA—>KfA, [fb®a— fba

is an isomorphism of KA-modules.

Consider the restriction of i to K?le( f) Qkp KA. Its image set is K@ig (HHA,
which is equal to KR4 (f) by hypothesis. Therefore, i restricts to an A-module
isomorphism from K@'tﬁ (fH®kpKAto KQRQ‘ (f). As aconsequence, the following
diagram is commutative, all vertical arrows being isomorphisms (for short we write
here ® for ®xp):

0— = KRE() QKA —> KfBRKA —> KRB (f) @ KA —= 0

I

0 KRA(f) KfA KRB(f)@ KA ——=0

It is a well-known fact that the functor - ®y g KA is right exact, so that the middle
and right part of the top sequence is exact. The left part of the bottom sequence is
clearly exact. Therefore they are both exact sequences.

Comparing with (7-2), we obtain that

KRA(f) = KRP(f) @p KA,

where the latter is isomorphic to KR 2 (f)t &g by definition. ([

In the next lemma we denote by <ga the strict right preorder on a monoid A;
that is, x <ga y if x <ga y but x ¢ RA(y).

Lemma 7.7. Let B C A be two finite monoids and assume that:
(i) R-order on B is induced by R-order on A; that is, forall x, y € B,
X<gqay < X<gB).

(i1) Any R-class of A intersects B.
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Then, for any f € B, the equality KRE(f)A = KRA(f) holds. In particular,
~ KA
KR () = KR (/) ip-
Moreover, condition (i) may be replaced by the stronger condition
) XSgay <= X=gs).
Proof. Inclusion C: Take b € B with b <gs f and a € A. Then, using (i), we have

ba € KRA(f), since
ba <ga b <ga f.

Inclusion D: Take a € A with a <ga f. Using (ii) choose an element b € B
such that b R4 a. Then b <ga a <ga f and therefore, by (i), b € KRE(f). Tt
follows that a € KRB (f)A.

The statement KRA(f) = KRB (f )Tﬁg follows from Lemma 7.6. [l

Here is an example of what can go wrong when Condition (i) fails.

Example 7.8. Let A be the (multiplicative) submonoid of M,(Z) with elements
given by the matrices

L= (01 bui=(60) - br2i=(§0) s a:=(75) b22:=(§7). 0:=(55)-

Alternatively, A is the aperiodic Rees matrix monoids (see Definition 2.16) whose
nontrivial $-class is described by

(bi"l b12>
az b3,)’

where the * marks the elements that are idempotent. In other words, A = M (P),
where P := ((1) (1’) and for convenience the matrix above specifies names for the
elements of the nontrivial $-class. Recall that the nontrivial left and right classes
of A are given respectively by the columns and rows of this matrix.

Let B be the submonoid {1, b1, b12, b2>, 0}. Then B satisfies condition (ii) but
not condition (i): indeed b;; RA by, whereas by <gs b12. Then, taking f = by,
one obtains %g(bu) = {0, b1»} so that %g (b11)A ={0, by1, b12}, and therefore

K{0} = KRA (b11) € KRE(b11)A = K{0, by1, bra).

Now KRB (b11) =K{0, by, b12}/K{0, b12}, so that KRB (b};) is one-dimensional,
spanned by x :=b;; mod ({0, b1}). The action of Bisgivenby x.1=x.b;; =x
and x.m =0 for any m € B\ {1, b1}

We claim that

KA
KR (b11) s = KRE (b11) @ KA = 0.
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Indeed, x @1 =x.b11 Q1 =x® by =x Q®b1paz; =x.b1p ®az; =0. Thus
KA
KR (b11) Z KR (b11)tics

As shown in the following example, Condition (i') may be strictly stronger than
Condition (i) because <g is only a preorder.

Example 7.9. Let A be the aperiodic Rees matrix monoid with nontrivial $-class
given by

aj; b b3

ay by ax |,

az axn b

Let B be the submonoid {1, by», b13, b2y, b33, 0}. Then B satisfies conditions (i)
and (ii), but not condition (i'): b1, and b3 are incomparable for <g,» whereas they
are in the same right class for A.

We now turn to the proof of Proposition 7.5 by showing that M,,,(W) € M (W)
satisfy the conditions of Lemma 7.7. We use the stronger condition (i').

Lemma 7.10. The biHecke monoid and its Borel submonoid M,,,(W) € M (W)
satisfy conditions (i') and (ii) of Lemma 7.7.

Proof. By Proposition 4.18, for any f € M there exists a unique f; € R(f) N
M. Using the bar involution of Section 4g, one finds similarly a unique f; €
R(f) N M,y,. This proves condition (ii).

We now prove the nontrivial implication in condition (i'). Take f, g € M,,, with
f <gm g. Then, f = gx for some x € M. Note that wy. f = wp.g = wp, which
implies that wo.x = wo as well. Hence x is in fact in My, and [ <gm., g. |

Proof of Proposition 7.5. Let g, := ey y,. By definition, the translation module
is the quotient Ty, = Kg,, M /KR _(g,), whereas §,,° = ngMwO/KQR'ﬁO (gw). By
Lemma 7.10, M,,, € M satisty the two conditions of Lemma 7.7; Proposition 7.5
follows. O

Theorem 7.11. The right regular representation of KM admits a filtration with
factors all isomorphic to translation modules, and its character is given by

[(KM]= ) [T)z]. (7-4)

f‘eM’lUO

Proof. As any monoid algebra, KM admits a filtration where each composition
factor is given by (the linear span of) an %-class of M. By Proposition 6.2, each
such composition factor is isomorphic to the translation module 7 ¢, where f is
the unique element of the R-class that lies in M,,,. The character formula follows.
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Alternatively, it can be obtained using Proposition 7.5 and the character formula
for the right regular representation of M,,, (see Remark 5.11):

(KMuglm,, = Y 1S 1uas, (7-5)

feMuy,
which completes the proof. O

Proposition 7.12. For any w € W, the translation module Ty, is multiplicity-free
as an KM,,,-module and its character is given by

(Tl = D, [S4°u,,- (7-6)

uell,wlg

Proof. Let f be an element in M that yields the translation module T, and define
fu as in Proposition 4.18.

Take some sequence uy, ..., u, (for m = |[1, w]g|) of the elements of [1, w]g
that is length increasing, and define the corresponding sequence of subspaces by
X; :=K{uy, ..., u;}. Using Lemma 6.14, each such subspace is stable by M,,,,
and Xg C --- C X, forms an M,,,-composition series of T, since X;/X;_; is of
dimension 1.

Consider now a composition factor X;/X;_1. Again, by Lemma 6.14, e, ),
fixes u; if and only if v <; u; (that is, if the image set [u;, w ™ wou;]; of Su;
is contained in the image set [v, wp]z of e, ,), and kills it otherwise. Hence,
X;/X;—1 is isomorphic to S.". O

Theorem 7.13. The decomposition map of KM over KM, is lower uni-triangular
for right order, with 0, 1 entries. More explicitly,

[Swlnm,, = > (ST 0, - (7-7)

wp
uell,wlp\Uycy L. v1r

Proof. Since S,, is a quotient of Ty, its composition factors form a subset of
the composition factors for T3,. Hence, using Proposition 7.12, the decomposition
matrix of M over M,,, is lower triangular for right order, with 0, 1 entries. Further-
more, by construction (see Remark 6.9 and Theorem 7.1(i1)), Sy, = Ty, / Zva vy
using Proposition 7.12 the sum on the right hand side contains at least one com-
position factor isomorphic to S, for each u in [1, v]g with v C w; therefore S,
has no such composition factor. We conclude using the dimension formula of
Theorem 7.1(ii). |

Example 7.14. Following up on Example 7.3, the decomposition of the KM-
simple module Sy312 over KM,y is given by [Saz121m,, =1 Siai ]Sy 31+ 1815501
See also Figure 1 and the decomposition matrices given in Appendix A.
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§C L;Tmz 32 771212 32
142

IC 7717T121231 2C7T1212177T2 Dl
1

ZC 77217T121232 1C7T12127721 32
2|2

TC 7712177121le §C7T1212L7’7212 Dl
141

2 7721217'[1212 32 1( mi2127 2121

Figure 6. The left and right class modules indexed by w :=
51528152 for the biHecke monoid M(I,) with p > 5. The left
picture also describes the left simple module S,, of M(I,), and
the projective module P, of the Borel submonoid M, (1,).

7c. Example: the rank 2 Coxeter groups. We now give a complete description
of the representation theory of the biHecke monoid for each rank 2 Coxeter group
I,,. The proofs are left as exercises for the reader.

Example 7.15. Let M be the biHecke monoid for the dihedral group W := 1, of
order 2p. Then, M is a regular monoid.

The right class module KR, := KR (e, ) 1s the translation module spanned
by [1, w]g. It is of dimension 2p for w = wy, and £(w) otherwise. The left class
modules K&, and KZ,,, are respectively the trivial module spanned by 1 and the
zero module spanned by wg. For w # 1, wg, the left class module K<, is of
dimension £(w) — 1, and its structure is as in Figure 6. In particular,

p—1
IM|=2p+1+2> kk+1)=3p’+3p+1.
k=1

The simple right module S, can be constructed from the cutting poset. Namely,
Sy is the trivial module spanned by 1, while S, is the zero module spanned by wq
and, for w # 1, wg, S, is the quotient of the right class module by the line spanned
by alternating sum of [1, w]g. The simple left module S,, is directly given by the
left class module L,,.

The quiver of M is given by the cutting poset (see Figure 7). The g-Cartan matrix
is given by the path algebra of this quiver; namely, there is an extra arrow from 1
to wo with weight ¢2. In particular, it is upper unitriangular and of determinant 1.

Example 7.16. Let M,,, be the Borel submonoid of the biHecke monoid for the
dihedral group W := I, of order 2p.
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wo
S18281 8152 S1 . Wosy Wos2 52 $281 8§28152

By

Figure 7. The Hasse diagram of the cutting poset for the dihedral
group W := I5. This is also the quiver of the biHecke monoid for
that group.

wo
515285152 §2818251
} }
518281 528182
} }
S182 5281
} }
S1 $2
1

Figure 8. The quiver of the Borel submonoid M, (Is) of the bi-
Hecke monoid for the dihedral group Is.

The projective module P, of M,, is given by the left simple modules S,,, or
equivalently the left-class-module L, of M. In particular,

p—1
Myl =1+142) k=p*—p+2.
k=1

The quiver of M,,, is given by the cover relations in Bruhat order (or equivalently
right order) that are not covers in left order (see Figure 8); this gives two chains of
length p — 1. The monoid algebra is isomorphic to the path algebra of this quiver,
which gives right away its radical filtration. Combinatorially speaking, every non-
idempotent element f of the monoid admits a unique minimal factorization eye,,
with £(u) < €(w) and u #£; w; namely, u := f(1) and w is the smallest element
such that f(w) = 1.
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8. Research in progress

Our guiding problem is the search for a formula for the cardinality of the biHecke
monoid. Using a standard result of the representation theory of finite-dimensional
algebras together with the results of this paper, we can now write

IM(W)| = Z dim S,, dim P,
wew

where dim S, is given by an inclusion-exclusion formula. It remains to determine
the dimensions of the projective modules P,,.

While studying the representation theory of the Borel submonoid M, as an in-
termediate step, the authors realized that many of the combinatorial ingredients
that arose were well-known in the semigroup community (for example the Green’s
relations and related classes, automorphism groups, etc.), and hence the represen-
tation theory of M| is naturally expressed in the context of $-trivial monoids; see
[Denton et al. 2010/11]. This sparked their interest in the representation theory of
more general classes of monoids, in particular aperiodic monoids.

At the current stage, it appears that the Cartan matrix of an aperiodic monoid
(and therefore the composition series of its projective modules, and by consequence
their dimensions) is completely determined by the knowledge of the composition
series for both left and right class modules. In other words, the study in this pa-
per of right class modules (that is, translation modules), whose original purpose
was to construct the simple modules using [Ganyushkin et al. 2009, Theorem 7],
turns out to complete half of this program. The remaining half, in progress, is the
decomposition of left class modules.

At the combinatorial level, this requires one to control $-order. Loosely speak-
ing, L-order is essentially given by left and right order in W; however, within
¥-classes the structure seems more elusive, in particular because fibers are more
difficult to describe than image sets. Another difficulty is that, unlike for %R-class
modules, £-class modules are not all isomorphic to regular ones (that is, classes
containing idempotents).

Yet, the general theory gives that the decomposition matrix should be upper
triangular for left-right order for regular classes, and upper triangular for Bruhat
order for nonregular ones, with no left-right “arrow” for left-right order. Pushing
this further gives that the Cartan matrix has determinant 1.

We conclude by illustrating the above for W = G4 in Figure 9. The blue arrows
are the covering relations of the cutting poset, which encode the composition series
of the translation modules (that is, right class modules). Namely, the character of
T, is given by the sum of qk[Su] for u below w in the cutting poset, with k the
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2043: 1412 4321:12424 1324:1222

1432: 1612 1243:128 3214: 1612  2134:128  3421: 31212 2431:488 4312:31212  3241: 488>

4231:51212[4132: 488 4213:488

1423:233 1342:233 N 3412:566 2341:344 4123:344 2413:455 _3142:455

1234: 111

Figure 9. Graph encoding the characters of left and right class
modules, and therefore the Cartan invariant matrix for M (Gy).
See the text for details.

distance from u to w in that poset. For example,

[T2143] = [S2143] + q[S1243] + q[S2134] + ¢*[S1234],
[T2341] = [S2341] + q[S1234],
[T4123] = [S4123] + q[S4123].

Similarly the black and red arrows encode the composition series of regular and,
respectively, nonregular left classes. In this simple example, the g-character of a
right projective module P, is then given by

[Pl =I[Tul+ > qIT.],

where (u, w) is a black or red arrow in the graph. For example,

[P2143] = [T2143] + q[T2341] + q[T4123]
= [S2143] + ¢[S1243] + q[S2134] + ¢ [S2341]1 + q[Sa123] + 3¢ [S1234]-
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Appendix A. Monoid of edge surjective morphism of a colored graph

Let C be a set whose elements are called colors. We consider colored simple
digraphs without loops. More precisely, a C-colored graphis atriple G=(V, E, ¢),
where V is the set of vertices of G, E C V xV/{(x, x) | x € V} is the set of (oriented)
edges of G, and ¢ : E — C is the coloring map.
Definition A.1. Let G = (V, E,c) and G' = (V’/, E’, ¢’) be two colored graphs.
An edge surjective morphism (or ES-morphism) from G to G’ isamap f:V — V’
such that
o For any edge (a,b) € E, either f(a) = f(b), or (f(a), f(b)) € E’ and
c(a,b)y=c'(f(a), f(b)).
o For any edge (a’, b') € E’ with a’ and &’ in the image set of f there exists an
edge (a, b) € E such that f(a) =a’ and f(b) =b'.

Note that by analogy to categories, instead of ES-morphism, we can speak about
full morphisms.

The following proposition shows that colored graphs together with edge surjec-
tive morphisms form a category.

Proposition A.2. For any colored graphs G, G, G2, G3,
o the identity id : G — G is an ES-morphism,;

e for any ES-morphism f : G| — G, and g : G, — G3 the composed function
go f: G| — Gjisan ES-morphism.

Corollary A.3. For any colored graph G, the set of ES-morphisms from G to G is
a submonoid of the monoid of the functions from G to G.

Here are some general properties of ES-morphisms:

Proposition A.4. Let G| and G, be two colored graphs and f an ES-morphism
from G to Gy. Then the image of any path in G is a path in G.

In our particular case, we have some more properties:

(i) The graph is acyclic, with unique source and sink. In particular, it is (weakly)
connected.
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=X Proj.
12 |1.] 1
21 | . 1] 1
Proj.| 1 1

Table 2. g-Cartan invariant matrix of M,,,(S2) (type Ay).

QeoadS], .

—— o enen | Proj.
12311 ... .. 1
132|.1..q.| 2
213 |. . 1q. .| 2
231 (.. .1..] 1
312 . .. .1 o] 1
321 . .. .. 1] 1
Proj.| 111221

Table 3. g-Cartan invariant matrix of M,,,(S3) (type A»).

(ii) The graph is ranked by the integers, and edges occur only between two con-
secutive ranks.

(iii) The graph is C-regular, which means that for any vertex v

Remarks A.5. Proposition 4.1 gives that our monoid is a submonoid of the M (G)
monoid for left order.

Propositions 4.3 and 4.11 are generic, and would apply to any M (G). For the
latter, we just need that G is C-regular.

A natural source of colored graphs are crystal graphs. A question that arises is
what the G-monoid of a crystal looks like.

Appendix B. Tables

B1. g-Cartan invariant matrices. In Tables 2—7, we give the Cartan invariant ma-
trix for KM,,, and KM in types A, As and Az. The g-parameter records the layer
in the radical filtration. The extra rows and columns entitled “Simp.” and “Proj.”
give the dimension of the simple and projective modules, on the right for right mod-
ules and below for left modules. When all simple modules are one-dimensional,
the column is omitted.

Using [Thiéry 2012], it is possible to go further, and compute for example the
Cartan invariant matrix for M in type A4 in about one hour (though at ¢ =1 only).
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tontanAastont —on—<t ANt — AN — N Al on— AN —

R asiuhines gefuis b eh e e R e o .

NN N A NN RN o oon < <t < < < | Proj.
12341 . ... . ... . . . . .. . T
12430 . 1. .q. ... .qq¢*. . . . q .q¢>. . . ..|6
1324 . . 1q. . ... qa..4q94®>.4°¢ . 94> . ¢q 10
1342 ... 1. . ... .. q . .q%*. g 4
423 ... 1. g |2
1432 ... .. ... v i i i i g . . q . .qg*. | 4
234 ... L. 1.gqq%>q¢ . . . . . q . . .q>. 6
2143 . . . oL l.qqqz......q.q2q3 7
814 ... ... 1q . 2
241 .. ... | 1
2413 ... lg . ... ... . qq*. 4
2431 ... B 2
3124 . ... 1q.q4q>. 4
342 ... L. T 2
3204 ... ... .1qq4q*. 4
3241 ... T 2
412 ... S 1
21| ... T T 1
4123 | . T T
4132 . S I S )
213 .. R 2
4231 . T 1
B2 .. S R
4321 . B B
Proj. [1112211125442414935446 31

Table 4. g-Cartan invariant matrix of M,,,(S4) (type A3).

2SS Simp. Proj.
12 |1. 1 1
21 |g1] 1 2
Simp. |11
Proj. |21

Table 5. g-Cartan invariant matrix of M (S;) (type Ap).

B2. Decomposition matrices. Since M, is a submonoid of M, any simple M-
module is also a simple M,,,-module. The matrices of Tables 8—10 give the (gen-
eralized) M,,, character of the simple M-module. The table reads as follows: for
any two permutations o, t, the coefficient m, , gives the Jordan—-Holder multiplic-
ity of the M,,,-module S¥° in the M-module S,. In particular, since the simple
M,,,-modules are of dimension 1, summing each line one recovers the dimension
of the simple M-modules.
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o NN — I —
SRt Simp. Proj.
123 |1 .. 1 1
132 | g 1. 1 2
213 |q . 1 1 2
231 |q . . 1. 2 3
312 |g . . . 1 2 3
321 [¢%>. .qq 1 1 6
Simp.|1 11221
Proj. [8 11331

Table 6. g-Cartan invariant matrix of M (S3) (type A»).

< entalenaAaI<ten <t — eN—=<tAaI<t— O — o AN — I —

S JaIGLeTs F IS F Y @ 253859 .. .

— —— =N A Adnnnn S s~ | Simp. Proj.
1234 T . .. 1 1
1243 g +qg 1. ... ... e g . . ... 1 8
1324 [®+2¢%2+q . 1. . .. .. +q. ... g g . g .| 1 22
1342 q R R . e 2 3
1423 q S e 2 3
1432 2g° % 25 g . . .. 1 12
2134 q2—|—q ..... .. . oL q . - ... 1 8
2143 3q2 q....ql. q ... ... P A 1 12
2314 q | e 2 3
2341 g | e 3 4
2413 g . S R e 4 5
2431 g> . g 1. 4 8
3124 g N 2 3
3142 g S 4 5
3214 2% L g . ..q.1.q . . ..... 1 12
3241 g> . g .. ... 1. . . 4 8
3412 g . e | R 5 6
3421 g> . g ... gl . ... 3 12
4123 g e | 3 4
4132 g% g 1. 4 8
4213 g> . e .. oq 1., 4 8
4231 g> . g ... .. g 1. 5 12
4312 g> . R g . q 1. 03 12
4321 ¢ . g ... a2q ¢* . .qq1]| 1 24
Simp. 1 11221112 3 44241453 3 44531
Proj. 71 21331213 23 443414164 23 44741

Table 7. g-Cartan invariant matrix of M (Sy4) (type A3).
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Shuffle algebras, homology,
and consecutive pattern avoidance

Vladimir Dotsenko and Anton Khoroshkin

Shuffle algebras are monoids for an unconventional monoidal category structure
on graded vector spaces. We present two homological results on shuffle algebras
with monomial relations, and use them to prove exact and asymptotic results on
consecutive pattern avoidance in permutations.

1. Introduction

The goal of this paper is twofold. First of all, it is intended to develop some
homological algebra tools for shuffle algebras defined by Maria Ronco [2011]
(called also permutads in a recent paper [Loday and Ronco 2011]). Namely, our
main result can be viewed as the computation of appropriate Tor groups for shuffle
algebras with monomial relations (the case of nonmonomial relations may be
handled in a usual way by Grobner bases and homological perturbation [Dotsenko
and Khoroshkin 2010]). This generalizes for the case of shuffle algebras a celebrated
construction of Anick [1986].

On the other hand, our result has a transparent combinatorial meaning. Shuffle
algebras with monomial relations have bases that can be naturally described via
(generalized colored) permutations avoiding given consecutive patterns. A per-
mutation t is said to occur in a permutation o as a consecutive pattern if there
exists a subword of o which is order-isomorphic to t. Free resolutions that we
construct allow us to give combinatorial formulae for inverses of the corresponding
exponential generating functions. A simple example one can have in mind is
as follows. Permutations avoiding the consecutive pattern 12 are precisely the
decreasing permutations; there is exactly one such permutation of each length n.
“On the dual level”, the space of generators of the corresponding free resolution is
spanned by permutations where all the subwords of length two are order-isomorphic

Khoroshkin’s research was supported by grants NSh3349.2012.2, RFBR-10-01-00836, RFBR-CNRS-
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to 12, that is increasing permutations. There is also exactly one such permutation
of each length n. This leads to the inversion formula

L= 1
CUN R S ST

n>0 q=2 ¢!
where one recognizes an elementary formula

1

CXp(l) = m

One particular application of our approach for longer patterns is a proof of a
conjecture of Elizalde [2004] on patterns without self-overlaps. When we prepared
the first draft of this paper, we learned that this conjecture was independently
proved by Adrian Duane and Jeffrey Remmel [2011] based on methods developed
in [Mendes and Remmel 2006].

The example above, as well as many similar ones, fits into a very simple combi-
natorial proof using the inclusion-exclusion principle. The combinatorial formalism
for that is called the cluster method of Goulden and Jackson [1979]; see also
[Noonan and Zeilberger 1999]. However, the formulas provided in that way have
many terms canceling for somewhat trivial reasons. In contrast, our approach gives
formulas free from those trivial cancellations. Further progress in algorithmic and
computational approaches to consecutive pattern avoidance is presented in recent
preprints [Baxter et al. 2011; Nakamura 2011]. We also wish to mention a follow-up
[Khoroshkin and Shapiro 2011] to an earlier version of this paper showing the
relevance of homological methods for studying consecutive patterns.

The paper is organized as follows. In Section 2 we give the definition of a shuffle
algebra, and explain how shuffle algebras can be used to study consecutive pattern
avoidance. Then, before constructing our free resolutions in full detail, we begin
with exploring the low homological degrees in Section 3. It turns out that they can
be used to obtain various asymptotic results on consecutive pattern avoidance, in
the spirit of the approach of Golod and Shafarevich [1964]. We re-prove several
results in that direction previous obtained by Elizalde [2006], and derive various
new ones. Finally in Section 4, we construct a free resolution of the trivial module
over a shuffle algebra with monomial relations, and discuss applications of this
resolution. A reader primarily interested in applications to combinatorics should
refer to Sections 3.2 and 4.2; though these sections contain references to results
proved in more algebraic parts of the paper, they are close to being self-contained
in all other respects.

All vector spaces throughout this work are defined over an arbitrary field k of
zero characteristic. We adopt the usual notation [n] for the set {1, 2, ..., n}. The
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group of permutations of a finite set / is denoted by Sym(/). In case I = [n], we
use a more concise notation S, for the permutation group.

2. Shuffle algebras

2.1. Nonsymmetric collections and shuffle products. In this section, we shall
recall the definition of a shuffle algebra, as defined by Ronco [2011]; see also
[Loday and Ronco 2011]. Our definitions and methods, though equivalent to the
original definition of Ronco (and the subsequent definition of Loday and Ronco),
are different, and rather follow the approach of [Dotsenko and Khoroshkin 2010].

We denote by Ord, the category whose objects are finite ordered sets (with
order-preserving bijections as morphisms). Also, we denote by Vect the category
of vector spaces (with linear operators as morphisms).

Definition 1. (1) A (nonsymmetric) collection is a contravariant functor from the
category Ord to the category Vect.

(2) Let ® and 2 be two nonsymmetric collections. Define their shuffle tensor
product P X 9 by the formula

@R := @ P()®AUK),
JuK=I

where the sum is taken over all partitions of / into two disjoint subsets J
and K.

Remark 2. (1) Nonsymmetric collections are in one-to-one correspondence with
(nonnegatively) graded vector spaces (for a functor %, the graded component
F,, of the corresponding graded vector space F is F([n])). However, the
functorial definition makes the monoidal structure much easier to handle, with
one exception: To define a nonsymmetric collection, it is sufficient to define
the spaces F([n]), with all other spaces defined automatically because of
functoriality. We shall use this observation many times throughout the paper.

(2) If we define the tensor product of two nonsymmetric collections by a similar-
looking formula

@) = P P AUK),
J+K=I

where the sum is taken over all partitions of / into two consecutive inter-
vals J and K, this would indeed give the standard tensor product of graded
vector spaces.

The following proposition is straightforward; we omit the proof.
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Proposition 3. The shuffle tensor product endows the category of nonsymmetric
collections with a structure of a monoidal category. The unit object in each case
is the functor $ that vanishes on all nonempty sets and is one-dimensional for the
empty set.

The following proposition shows that the shuffle tensor product provides a
“categorification” of the product of exponential generating functions in the same
way as the usual tensor product provides a categorification of the product of “normal”
generating functions.

Proposition 4. For a nonsymmetric collection P, let us define its exponential
generating series fg(t) as the power series

3 dimP((n) .
n! ’
n>0
Then we have
Jowo (1) = fo(2) - fo(t). (H

Proof. Indeed, the number of ways to split [n] into a disjoint union [n] = J UK
with |J| = j and | K| = k is equal to

<n)_ n! _ n!
i) T =T e
so

n!

dim(@ RN = 3 <

0<j=<n

dim(%([j])) dim(2([k])),

and the result follows. O

2.2. Shuffle algebras.

Definition 5. A shuffle (associative) algebra is a monoid in the category of nonsym-
metric collections with the monoidal structure given by the shuffle tensor product.

In other words, to define a shuffle algebra structure on a nonsymmetric collec-
tion &, one has to define the structure maps

pok s AJ) @ AK) = d(JUK)
satisfying the obvious associativity conditions.

Remark 6. Shuffle algebras are closely related to twisted associative algebras (see
for instance [Stover 1993]), namely, they are in the same relationship with them as
shuffle operads are with symmetric operads. Also, the category of shuffle algebras
admits an embedding into the category of shuffle operads, and this embedding is
behind some of the constructions of this paper. We shall not discuss these topics in
detail here.
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Example 7. Every graded associative algebra V gives rise to a shuffle algebra %
with V (I') = V)|, where for every partition / = JUK the corresponding product map

wik: VI ®V(K) = Vi ® Vig) = Visik = V()
is given by the product in V.

Example 8. Consider the shuffle algebra g with sy g (1) = kSym(/), where
for every partition / = J U K the corresponding product map

wrk: Aur(J) @ Ayr(K) =KSym(J) ® kSym(K) — KSym(I) = dpyr(I)

is somewhat tautological: The product of two permutations is the permutation of
I = J UK obtained from the respective permutations of J and K by concatenation.

As shown in [Ronco 2011], the algebra from the previous example is isomorphic
to the free shuffle algebra with one generator of degree 1. This shuffle algebra
gives a refinement of (the underlying graded algebra of) the Malvenuto—Reutenauer
Hopf algebra of permutations [Malvenuto and Reutenauer 1995]. Many other Hopf
algebras of combinatorial nature, for example, the Hopf algebra of quasisymmetric
functions, the Hopf algebra of parking functions, the Hopf algebra of set partitions,
etc. (for definitions, see [Loday and Ronco 2010] and references therein), are shuffle
algebras as well, with the associative product being the sum over all possible shuffle
products.

Let us give the combinatorial construction of a free algebra generated by a given
nonsymmetric collection. Let .l be a nonsymmetric collection with J(2) = {0},
and let B be a nonsymmetric collection of finite ordered sets (that is, a functor from
the category Ord. to itself) such that for every ordered set I the set B(/) is a basis
of M(I). We shall describe a nonsymmetric collection of finite ordered sets that
will form a bases in components of the free shuffle algebra. By definition, elements
of B(/) correspond to the following combinatorial data:

(1) an ordered partition of [ into subsets, [ = |_|;.":1 I,
(2) a “monomial” cic; - --¢,, with ¢; € B(I;) forevery j=1,...,m.

The shuffle product (5 x concatenates both the ordered partitions and the monomi-
als.

Note that if we assume that (1) = {0} for || # 1 and dim M(I) =1 for |I| =1,
we see that every subset /; has to consist of one element, and therefore any ordered
partition that contributes is just a permutation (and the monomials do not carry
additional information, capturing the lengths of the permutations). Therefore, we
recover the free algebra with one generator of degree 1 from Example 8 above.

The following proposition is straightforward.
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Proposition 9. The collection F{M) with F (M) (1) = span B(I) is (isomorphic to)
the free shuffle algebra generated by J.

2.2.1. Shuffle ideals and modules. Since shuffle algebras are monoids in a monoidal
category, the usual definitions of ideals, quotients, modules, etc. can be immediately
given in this context. To make the article self-contained, we present them here. All
shuffle algebras in this paper are assumed to be connected, that is having K as the
empty set component.

Definition 10. Let &{ be a shuffle algebra with the product p: 4 X — .

o A right module over 4 is a nonsymmetric collection Jl together with a structure
map y: MK A — M satisfying the associativity condition

y(yMidy) = y(idy Xu).

o The trivial right module over o is the collection $ that has K as the empty set
component and zero for all other components, where the only nonzero part of
the structure map is

(D) RA(D) =k Kk~ k= 9(2).

o The regular right module over A is the collection « itself, with the structure
map y = [.

o A right ideal of « is a subcollection of the regular right module that is closed
under the structure map.

« For a subcollection R of &, the right ideal (%R) generated by % is the minimal
right ideal of & that contains 9R.

o The free right module over ${ generated by the nonsymmetric collection V'
is the collection V' X s« with the structure map y = idy K. A free module
is said to be finitely generated if all components V(1) are finite-dimensional,
and moreover they vanish for |/| sufficiently large.

The respective definitions of left modules, left ideals, bimodules, and two-sided
ideals are completely analogous.

The following is an example of how graded associative algebras can be pre-
sented as shuffle algebras with generators and relations, that is, as quotients of free
shuffle algebras.

Example 11. Let us take the algebra ;g discussed in Example 8, and compute
its quotient modulo the two-sided ideal generated by the difference 12 — 21 € kS,.
This quotient is isomorphic to the algebra V from Example 7 with V = K[x].
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2.2.2. Consecutive patterns. In this section, we shall explain how our definitions
are related to the combinatorial concept of consecutive pattern avoidance.

Let us recall some definitions and notation. To every sequence s of length k
consisting of k distinct numbers, we assign a permutation st(s) of length k called
the standardization of s; it is uniquely determined by the condition that s; < s;
if and only if st(s); < st(s);. For example, st(153) = 132. In other words, st(s)
is a permutation whose relative order of entries is the same as that of 5. We say
that a permutation o of length n avoids the given permutation t of length j as a
consecutive pattern if for each j <n —i +1 we have st(0;0;11---0ij_1) #T;
otherwise we say that o contains t as a consecutive pattern. Throughout this
paper, we only deal with consecutive patterns, so the word “consecutive” will be
omitted. For historical information on pattern avoidance in general and the state of
the art for consecutive patterns, we refer the reader to [Kitaev and Mansour 2003;
Steingrimsson 2010].

The central question arising in the theory of pattern avoidance is that of enumera-
tion of permutations of given length that avoid the given set of forbidden patterns P
or, more generally, contain exactly / occurrences of patterns from P. This question
naturally leads to the following equivalence relations. Two sets of patterns P and
P’ are said to be Wilf equivalent (notation: P >~y P’) if for every n, the number
of P-avoiding permutations of length n is equal to the number of P’-avoiding
permutations of length n. This notion (in the case of one pattern) is due to Wilf
[2002]. More generally, P and P’ are said to be equivalent (notation: P >~ P’)
if for every n and every k > 0, the number of permutations of length n with k
occurrences of patterns from P is equal to the number of permutations of length n
with k occurrences of patterns from P’.

While studying the equivalence classes of patterns, sometimes it is possible to
replace the set of forbidden patterns by a Wilf equivalent one with fewer patterns
in it. Namely, we have a partial ordering on the set of all permutations (of all
possible lengths): T < o if o contains T as a consecutive pattern. Given a set P of
“forbidden” patterns, to enumerate the permutations avoiding all patterns from P,
we may assume that P is an antichain with respect to this partial ordering. Indeed,
ignoring all patterns from P that contain a smaller forbidden subpattern does not
change the set of P-avoiding permutations. Therefore, further on we shall assume
that forbidden patterns do indeed form an antichain.

2.2.3. Shuffle algebras and consecutive patterns. The following result, however
simple, provides a bridge between algebra and combinatorics, defining for each
forbidden set P of patterns a shuffle algebra whose exponential generating series
is precisely the exponential generating function for the numbers of permutations
avoiding P. Let us denote by a/ the number of permutations of length 7 that avoid
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all patterns from P, and by gp (¢) the corresponding exponential generating function,

p
gp®) =1+ Z C;l—”!t".
n>1
Theorem 12. For every set P of forbidden patterns, let us define the shuffle algebra
&di[ r as the quotient of the algebra sl g modulo the two-sided ideal generated by
all patterns from P. Then the (classes of ) permutations avoiding all patterns from
P form a basis of the quotient. Consequently,

Jar () =gp(1).

Proof. Since the products in sz are defined via concatenations, it is clear that
the ideal generated by P consists precisely of permutations containing patterns
from P. This means that we may identify classes in the quotient g/ (P) with
permutations avoiding patterns from P. We shall use this identification throughout
the paper. U

A similar result for the free shuffle algebra with more than one generator provides
technical tools to deal with pattern avoidance in colored permutations [Mansour
2001/02], and more general consecutive pattern avoidance where, for instance, each
occurrence of a rise of length 2 may or may not be colored. We shall not discuss
the corresponding applications in this paper, but want to draw the reader’s attention
that all our methods generalize immediately to those settings.

2.2.4. Modules over the associative operad. This short section is intended for
readers whose intuition, as ours does, comes from operad theory. Essentially, it
retells the shuffle algebra approach in a slightly different way, explaining also the
place for classical pattern avoidance in the story (recall that classical patterns are
those occurring as subsequences rather than as factors in permutations).

Studying varieties of algebras, that is, algebras satisfying certain identities, goes
back to work of Specht [1950]. The notions of T-ideals and T'-spaces formalize the
ways to derive identities from one another. One natural way to study identities is to
define an analogue of a Grobner basis for an ideal of identities. This approach is
taken in works of Latyshev [2005; 2008], who suggested a combinatorial approach
to studying associative algebras with additional identities via standard bases of
the corresponding T-spaces. His approach can be described as follows. For each
“T-space” (in other words, right ideal in the associative operad), he defines a
version of a Grobner basis; such a basis would allow to study arbitrary relations
via monomials avoiding certain patterns. Here, for once, by a pattern we mean
a classical pattern (its occurrence does not have to be as a consecutive subword,
but rather a subsequence). This approach has a slight disadvantage. Namely,
even though the actual Grobner bases of relations are expected to be finite (at
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least, the famous result of Kemer [1988] states that in principle there exists a
finite set of generating identities), they are difficult to compute, as there is no
algorithm comparable to the one due to Buchberger in the associative algebra case
[Ufnarovskij 1995]. Remarkably, this trouble disappears if we study left ideals
in the associative operad. In terms of combinatorics, studying left ideals also has
a very clear meaning: The corresponding notion of divisibility corresponds to
consecutive pattern avoidance! For consecutive patterns, the intuition of [Dotsenko
and Khoroshkin 2010; 2012] for Grébner bases and resolutions applies directly,
and it turns out to be possible to describe the relevant resolutions explicitly, in fact
the level of complexity here being closer to the case of associative algebras than to
the case of operads.

2.3. Shuffle homological algebra. One of the central concepts of homological
algebra is that of a derived functor. Computing derived functors relies on being able
to construct “nice” (free, projective, injective etc.) resolutions of objects to that we
want to apply our derived functors. The category of objects of primary interest to
us is the category of left modules over the given shuffle algebra o, and a typical
functor we want to derive is “shuffle torsion groups”, that is, the derived functor
of the shuffle tensor product over A with a given module, for instance with the
trivial right module. This paper is focused on combinatorial applications of shuffle
algebras, so in the view of Theorem 12 the shuffle algebras of main interest for us
are quotients of the algebra s,z modulo the ideal generated by several patterns. In
the following sections, we shall present two results of homological algebra for such
shuffle algebras, and derive from these results various statements on enumerative
combinatorics of consecutive patterns. One technical result that we shall be using
to translate between the two languages is the following standard statement on Euler
characteristics, applied to nonsymmetric collections.

Proposition 13. Let --- — 6, — --- — 6y, — €; — bg be a chain complex
of nonsymmetric collections with homology groups ¥y, ¥, ..., %,, .... Then
we have

Jeo() = fe, ) + -+ + (=D fig,) +- -
= fae () — fo, @) + -+ (D" fo, () + - -,

provided that the sums on the left and on the right make sense (for every integer |
only finitely many summands have nonzero coefficients of t').

3. Golod-Shafarevich-type complex and its applications

3.1. Golod-Shafarevich-type inequality. In this section, we shall exhibit a very
simple application of homological algebra philosophy to combinatorics, mimicking
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the idea used by Golod and Shafarevich [1964] in their study of the class field tower,
which has been used a lot in algebra and combinatorics since then; see for instance
[Piotkovskii 1993] and the later papers [Bell and Small 2002; Bell and Goh 2007;
Etingof and Ginzburg 2007; Rampersad 2011]. Namely, we shall construct the
low homological degree part of the minimal resolution of the trivial right module
over the shuffle algebra &ﬁil r by free modules. More precisely, we shall prove the
following theorem.

Theorem 14. Let V' be the one-dimensional space generating the free algebra sy,
and P be the subcollection of Ay g spanned by forbidden patterns. There exists a
chain complex

PRAY = VRAL =AYy — 9 — 0, )
which is exact everywhere except for the leftmost term.

Proof. The boundary maps are as follows:

) &di[ g — ¥ is the augmentation, mapping all permutations of positive length to
Zero,
(2) VAL . — s . is the product in the algebra 542, . (generated by V"),

3) PKX 5&5, r— VK &df,, 18 the composition of the inclusion
PRAY = VRl p g Rl
(which exists because V" generates the algebra s{y,r), the projection
VRsdpyr ¥l o — VRAD KA o,
and the product in the algebra &dil R

The exactness of this complex in the terms $ and s4% . is obvious. Let us show
the exactness in the term " X &{lﬁ z- Since the relations of the algebra &fl,ﬁ, g are
monomial, the kernel of the boundary map is spanned by “monomials” j X p with j
being an element of degree 1 and p being a permutation avoiding patterns from P.
Such an element belongs to the kernel of the boundary map if jo = 0O; therefore,
Jjp contains a pattern from P. Such a pattern has to be an initial segment of jp,
otherwise p would contain a pattern from P itself. This instantly implies that our
element is in the image of the boundary map from % X &Q]@ R U

Corollary 15. Let P = |-,
in permutations. Then the following coefficient-wise inequality holds

(1-;+Z%'r’<)gp(t)z 1. 3)

k>2

P, be a collection of forbidden consecutive patterns
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Proof. Let us denote by %3 the only nontrivial piece of homology of the chain
complex (2). Computing Euler characteristics according to Proposition 13, we
see that

Fs0) = Far O+ Fe@) far (0= fa@) fur, (1) == Fie, (1),
or

1=gr)+p0) — (1 L) gp0) = — o),

k>2

which implies

(1-1 +Z' M) ep@r =14 fi) = 1. 0

3.2. Applications to consecutive pattern avoidance. The following contains on
key application of Corollary 15.

Corollary 16. Assume that the power series
| k| k
) =1—1t+ Z
k>2
has a root o > 0. Then a,f >oa "nl.

Proof. Let

1
> bir' = AP
L—t4+ 4en 5t

>0

so that by = 1 and
P
by — by 1+§:' dy,

Let us prove by induction that b, > a~'b,_,. Indeed, for n = 1 this statement is
obvious (@ > 1 because otherwise f(«) is evidently positive), and for n > 1 we
note that by the induction hypothesis b,_; > ' ~*b,_, so

P P,
bn = bn—l Z %bn k = bn 1= Z MOlk_lbn—l

! k!
k=2 k=2
| Pl y _ | Py _
> by _Zvak 1bn—l = lbn—l(a_zvak> = lbn—l»
k=2 k=2

which proves the step of induction. Therefore b, > «™", and the series
1
P
L= 14+, Sk
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has positive coefficients. Hence multiplying the inequality (3) by that series pre-
serves the inequality, and we obtain

1 al
gr(t) = ST, S0 —->a " O
L—143 %tk n!

Using the corollary above, one can obtain good asymptotic results on enumeration
of permutations avoiding the given set of consecutive patterns, thus rediscovering a
result of Elizalde [2006] in the case of one pattern, but also recovering some much
stronger results. Let use give several examples.

Corollary 17. The number of permutations of length n avoiding the given single
pattern T of length k is at least a; "n!, where ay, is the smallest positive root of the
equation
lk
1—t+ X =0.
(For example, ag ~= 1.050800769, «os ~ 1.008702295, «e~ 1.001400601.)

Corollary 18. Let the set of forbidden patterns P contain one pattern of each
length | > 4. Then the number of permutations of length n avoiding P is at least
o "n!, where a ~ 1.068290263 is the root of the equation

t 1.2 1.3 _
e —21—51 _Et = 0.

In particular, there are infinitely many permutations avoiding P regardless of the
actual choice of patterns in P.

Proof. In this case, | P,| = 1 for all n > 4, so

Py
I—I+Z|k—'|tk:l—t—’,—e’—l—t—%tz—ét3:et—2t—%t2—%t3. O
k=2

4. Anick-type resolution and its applications

4.1. Anick-type resolution. In this section, we shall explain how to extend the
complex we constructed above to a resolution of the trivial right module by free
A% p-modules. The generators of those modules are defined combinatorially. Once
the set P of forbidden patterns is fixed, we define, for each nonnegative integer ¢,
the notion of a ¢g-chain and the tail of a given g-chain associated to P inductively
as follows:

o The empty permutation is a 0-chain on the empty set; it coincides with its tail.

o The only permutation of a one-element set [ is a 1-chain on /; it also coincides
with its tail.
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« Each g-chain is a permutation o represented as a concatenation o’t, where t
is the tail of o, and o’ is a (¢ — 1)-chain on its underlying set.

« If we denote by 7’ the tail of o’ in the representation above, then t’t contains
exactly one occurrence of a pattern from P, and this occurrence is a terminal
segment of /1.

The way we define the chains here is slightly different from the original approach
of Anick [1986]; the reader familiar with the excellent textbook of Ufnarovskii
[1995] will rather notice similarities with the approach to Anick resolution adopted
there.

Informally, a g-chain is a “minimal” way to form a permutation by linking
together (¢ — 1) prohibited patterns. The word “minimal” is justified by the
following:

Lemma 19. No proper beginning of a q-chain is a q-chain.

Proof. We shall prove this by induction on g, the basis of induction (¢ =0, 1, 2)
being obvious.

Assume there is a g-chain o = o/t that has a proper beginning that is a g-chain
as well, so T = uv, and o’ is a g-chain. By the induction hypothesis, no proper
beginning of a (¢ — 1)-chain is a (g —1)-chain, which implies that u is the tail of
the g-chain o’u. However, this immediately shows that (in the notation of the
definition of chains and tails above) 7't contains at least two different occurrences
of patterns from P, which is a contradiction. ]

One more fact about chains that makes the definition above more transparent is
that, even though we defined a chain as a permutation together with a factorization,
in fact the factorization carries no additional information:

Lemma 20. Ifo is a g-chain, the way to link (q — 1) patterns from P to one another
to form o is unique.

Proof. Assume that there are two ways to link ¢ patterns to form o. Obviously,
for each m < ¢, the endpoints of the m-th (from left to right) patterns in these
two linkages should coincide, otherwise we shall find an m-chain whose proper
beginning is an m-chain as well, which is not the case by the previous lemma. Once
we know that the endpoints of the m-th patterns are the same, the beginnings have
to be the same because P is assumed to be an antichain (and so patterns from P
cannot be contained in one another). O

Let us give some examples clarifying the notion of a chain. For example, if
P = {12}, the only g-chain for each g is 12 - - - g, while if P = {123}, we can easily
see that 123 is the only 1-chain, and 1234 is the only 2-chain, but 12345 is not a
2-chain because it starts from a 2-chain 1234, and it is not a 3-chain because in the
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only way to cover this permutation by three copies of our pattern, the first and the
third occurrences overlap:

—
1 2 3 4 5.
—

Theorem 21. Denote by 6, the subcollection of the free algebra sly g spanned by
all g-chains. There exists a chain complex

G Rl Gy KAl — > G RAl = A — =0, (@)
which is exact in every term.

This result is a direct generalization of the one in Theorem 14 since €, = % and
€ =v.

Proof. The boundary map ¢, X%, . — 6,1 K}  is defined as a composition
of the inclusion
G Rl g — 6y Ry g Rl p

(which exists because we can factorize a g-chain as a product of a (¢ — 1)-chain
and a tail), the projection

Gyt KAy r Rsdh g — €, Ksdh p Rl o,

and the product in the algebra &d,ﬁ, R

Let us prove the exactness of this complex in the term €, X &ilﬁ z- Since the
relations of the algebra &ii[ g are monomial, the kernel of the boundary map is
spanned by “monomials” o ® p, where o is a g-chain and p is a permutation
avoiding patterns from P. Such an element belongs to the kernel of the boundary
map if o’ ® tp = 0, where 7 is the tail of o and o = o’7. Therefore, 7p contains
a pattern from P. Since p avoids patterns from P, this means that there exists a
decomposition p = p’p” such that 7o’ contains a pattern from P as its terminal
segment, and this is the only occurrence of a pattern from P in 7p’ (take for p’ the
smallest initial segment of p with this property). This immediately implies that o p’
is a (¢ +1)-chain with the tail p’, so our element is the image under the boundary

map of the element op’ ® p”. O
Let us denote by ¢, , the number of g-chains that are permutations of length n.
Corollary 22. We have
1

(—Dcng .-
I—t+ > —4n
q>2,n>1

gr(t) = &)

Proof. Computing Euler characteristics according to Proposition 13, we see that

F5O) = Fap O+ e, fap O = fer®) fur O+ fes(O fur () =--=0
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or

—1)4c,
L= g +igp0) — (3 T2 gp0) =0

k>2

which implies
1
gr(t) = O

1_ t+ Z (— l)qcnqtn
q>2,n>1

Let us give a simple example in which both the left hand side and the right hand
side of the (5) can be easily computed (we already mentioned it in the introduction).
Let P consist of a single pattern 12. Then, for each ¢ we have one g-chain 12-- - ¢
of length g. Also, for every m the only permutation of length m avoiding 12 is
m(m — 1) ---21. Therefore, the inversion formula above becomes

T

! (=be 1)‘1

o —t+ ) 14’
q=2

and we recognize the well-known formula exp(z) exp(—t) = 1.

Equation (5) bears a striking resemblance to a celebrated result of Goulden and
Jackson [1979] expressing the inverses of generating functions for consecutive
pattern avoidance in terms of clusters:

" 1 ©)
gpl) = — )
l—t+ Y (ED¢lng 4

q=2,n>1

where cl, 4 is the number of g-clusters of length n. A g-cluster is, roughly speaking,
an indecomposable covering of a permutation by patterns from the forbidden set P,
but, unlike chains, without any minimality condition. As a consequence, the number
of chains is potentially much smaller than the number of clusters, and our result is
a strengthening of the result of Goulden and Jackson. A good way to think of it is
to say that many “obvious” cancellations happen in the cluster formula (6), and our
approach takes care of these “obvious” cancellations.! For example, we already
saw that for P = {123} the permutation 12345 is not a chain. However, it can be
covered by two copies of 123 as well as by three copies of 123, and these coverings
give it a structure of a 2-cluster and a 3-cluster respectively. The contributions of
these two clusters in (6) occur with opposite signs, and the total contribution of
this permutation is equal to zero, exactly as (5) suggests. Among the applications
below, for some of the examples it does not really matter if we are dealing with
chains or clusters, whereas for other ones chains give more compact formulas.

I'We want to note, however, that our approach can be used to prove the cluster inversion formula
too, if one adapts the method of [Dotsenko and Khoroshkin 2012] for constructing free resolutions.
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4.2. Applications to consecutive pattern avoidance. Before moving on to partic-
ular results, let us state a general remark. Our results suggest that the class of
power series that contains all inverses of pattern avoidance enumerators is related
to some nice combinatorics. Results of Elizalde and Noy [2003] that we re-prove
below describe some of these series as solutions to particular differential equations.
Our formulas for other cases we considered can be rewritten as more complicated
functional equations. What can be said about other series of that sort? So far we
have not able to describe a reasonable class of series that cover all of these. A
wild guess is that all these series satisfy algebraic differential equations, that is, if
f(x) is such a series, then P(x, f(x), f'(x),..., f(d) (x)) = 0 for some nonzero
polynomial P(x, tg, t1, ..., 7).

4.2.1. Patterns without self-overlaps, linking schemes, and posets. In this section,
we shall enumerate chains in one particular case, namely, the case of an arbitrary
pattern without self-overlaps, which will allow us to prove a conjecture of Elizalde
[2004]. In fact, in this case chains coincide with clusters, so one could refer to
results of Goulden and Jackson instead of Theorem 21.

Definition 23. A pattern t is said to have no self-overlaps if every permutation of
length at most 2m — 2 has at most one occurrence of 7. (Clearly, there always exist
permutations of length 2m — 1 with two occurrences of t.)

For example, the pattern 132 is of that form: Clearly, we can only link it with
itself using the last entry. A more general example studied in [Elizalde and Noy
2003]is 12---at (a+1) € X, where a+ 1 < n, and 7 is an arbitrary permutation
of the numbers a 42, ..., n.

For a pattern T without self-overlaps, there exists a simple way to reformulate
the enumeration problem for chains in terms of total orderings on posets. The first
author used this method in [Dotsenko and Vejdemo Johansson 2012] in a similar
setting, dealing with tree monomials in the free shuffle operad. To a g-chain o
obtained by linking ¢ — 1 copies of 7, let us assign a “linking scheme” of the shape
that we expect, replacing each entry in o by the symbol e (a bullet), and marking
the segments of consecutive bullets that are “traces” of (occurrences of) 7. For
example, for the pattern 1243 and 4-chains we get

—_—
® © 060 06 00 0 0 0.

For such a linking scheme, let us define a partial ordering on bullets as follows: For
each j, we equip the j-th trace of T with a total ordering identical to the ordering
of the corresponding entries of 7. Let us denote by I, ; the thus-defined poset.
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Example 24. Let us take the linking scheme above, and replace bullets by letters,
to make it easier to distinguish between different bullets:

bcd hij
abcdefghiyj.

Then the orderings inherited from 1243 area <b <d <c¢, d <e < g < f, and
g < h <i < j, so we obtain the poset I14 1243:

J
/
i
fo
\/
g
/
cC e
\ /
d
|
b
|
a

(the covering relation of the poset is, as usual, represented by edges; v is covered
by w if w is the top vertex of the corresponding edge).

The following proposition is obvious.

Proposition 25. The set of q-chains for P = {t}, where t has no self-overlaps, is
in one-to-one correspondence with the set of all total orderings on posets I, ;.

Now we shall see how this approach can be applied in some cases.

4.2.2. Case of the pattern 12---at (a+1). Leta <m,andlet12---at (a+1)
be a permutation of length m + 1 that starts with the increasing run 1, 2, ..., a,
followed by some permutation 7 of (a +2), ..., m + 1, followed by the number
(a + 1). Clearly, this pattern has no self-overlaps, so to enumerate chains we may
count total orderings of posets. Note that every (g 4+ 1)-chain for g > 0 is of length
gm+1)—(g—1)=qgm+1.

Proposition 26. For P = {12---a © (a + 1)}, the number of (q+1)-chains is

m-—a ’
j_—

Proof. This proof serves as a starting example of how to use posets to study chains.
The poset I, ; in this case looks like a tree of height m + 1 with the only branch
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growing on the height a 4 1, this branch being of length m + 1 and having a smaller
branch growing at the distance a + 1 from the starting point, etc. (An example
of such a poset for the case of the permutation 1243 with a =2, m = 3 is given
above.) To extend such a partial ordering to a total ordering, we should make the
lowest a + 1 elements for such a tree the smallest elements 1,2, ...,a+ 1 of the
resulting ordering. Then, there are (7"~ ) ways to choose (m+1)—(a+1)=m—a
remaining elements forming the stem of our tree, and we are left with the same
question for a smaller tree, where we may proceed by induction. U

Corollary 27 (see [Elizalde and Noy 2003; Kitaev 2005] for t = 0). For a < m,
the multiplicative inverse of the generating function g p(t) of permutations avoiding
12---a t (a+1) € Syy+1 is given by the formula

(_1)q+ltqm+1 4q (jm—a)‘ N

1_’_; g HUn—a

j=1
In particular, all these patterns, for different T, are Wilf equivalent to each other.

Except for the case of the pattern 123 ~y, 321, this covers all patterns of length 3,
because 132 ~y 312 >~y 231 ~~y 213 (the equivalence provided by either reversing
the order of entries in the pattern from the left to the right, or reversing the relative
order of entries in the pattern). We shall deal with the pattern 123 and, more
generally, 12 - - - a, in further sections.

4.2.3. Case of one arbitrary pattern without self-overlaps. Generalizing the previ-
ous result, let us consider an arbitrary pattern t of length m + 1 without self-overlaps.
For such a pattern, every (¢ +1)-chain for g > 0 is still of length gm + 1. The
following result was conjectured in [Elizalde 2004], where it was proved in some
particular cases. Another proof in the general case was, as we discovered after the
first version of this paper got in circulation, obtained by Adrian Duane and Jeffrey
Remmel [2011]; it is based on entirely different techniques developed in [Mendes
and Remmel 2006].

Theorem 28. For a pattern T of length m + 1 without self-overlaps, the number of
permutations of length n with k occurrences of T depends only on n, k, m, T(1), and
t(m + 1). In other words, two non-self-overlapping permutations of length m + 1
are equivalent if their first and last entries are the same.

Proof. Since for patterns without self-overlaps clusters coincide with chains, and
cluster inversion can be used to count permutations with a given number of oc-
currences of forbidden patterns [Goulden and Jackson 1979], it is enough to show
that the number of (g + 1)-chains depends only on the first and the last entry of t.
This result is also very easy to derive using posets. To make formulas compact, let
usputa =1(1) —1and b = t(m + 1) — 1. The poset I, ; whose total orderings
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enumerate g-chains is obtained from ¢ totally ordered sets of cardinality m + 1 as
follows: The element a + 1 of the second set is identified with the element b + 1 of
the first set, the element a + 1 of the third set is identified with the element 5 + 1 of
the second set, etc. Clearly, this poset depends only on m, a, and b.

The actual number of g-chains in this case can be computed as follows. Let us
denote by fx(p) the number of g-chains o whose first element is p + 1. Then it is
easy to see that the following recurrence relation holds (here we assume, without
the loss of generality, that a < b):

_ p\(km—q\(q—p—1
K=Y (M2~ Y heria—b). (8)
q
Writing g + 1 = o (m + 1), there are (‘Z ) ways to choose elements less than p 4 1 in
the first pattern in the chain, (knT:b‘f ) ways to choose elements greater than o (m + 1)
there, (Z:Z :11) to fill the space between these elements, and fx_1(g — b) ways to
choose the remaining (k — 1)-chain. U

Example 29. Theorem 28 shows that the two patterns 23154 and 21534 are equiv-
alent to each other. Computing the first ten cluster numbers and inverting the
corresponding series, we get the first ten entries 1, 1, 2, 6, 24, 119, 708, 4914,
38976, 347776 of the sequence counting permutations that avoid either of them.

4.2.4. Case of one pattern of length 4. Let us now consider the case of a single
pattern of length 4. The equivalence classes of these are as follows [Elizalde 2004]:

I. 1234 ~4321.
II. 2413 >~ 3142.
M. 2143 ~ 3412.
IV. 1324 ~4231.
V. 1423 >~ 3241 ~ 4132 ~ 2314.
VI. 1342 >~ 2431 =~ 4213 ~ 3124 >~ 1432 ~ 2341 ~ 4123 ~3214.
VII. 1243 >~ 3421 ~ 4321 ~2134.

The case I will be considered later. In each of the cases VI and VII, the pattern
has no self-overlaps, so Corollary 27 applies.

A very special feature of all patterns of length 4 (except for the case I) is that they
have self-overlaps of length at most 2, so however we try to link several patterns
together, it will be automatically true that only neighbors overlap. Moreover, even
if we are dealing with a pattern T with self-overlaps, every labeling of a linking
scheme that is compatible with ordering of each of the patterns gives a genuine

chain. Assume that y is a linking scheme for g copies of 7. By induction, we may
assume that the linking scheme provided by the first ¢ — 1 traces of t only gives
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chains, and we only need to check the chain condition for the terminal segment, for
which the statement follows from the fact that if two patterns of length 4 overlap by
a segment of length 1 or 2, then every pattern of length 4 overlapping with the both
of them overlaps with at least one of them by a segment of length 3. Guided by this
observation, we compute all the exponential generating functions of consecutive
pattern avoidance. Since in this case chains coincide with clusters, our results can be
easily adapted for enumeration of permutations with a given number of occurrences
of a given pattern.

Theorem 30. The numbers c,, | for the pattern 1324 satisfy the recurrence relations

1 2k
Cn = Z m( X )Cn72k71,lfk 9)
4<2k+2<n

with initial conditions c1; = 8o, (the Kronecker delta symbol), c3; =0, ¢35 =0.
Consequently, the generating function for avoidance of 1324 is

(1-- % cn,zt’;(!—l)l)_l.

n>2,1>1

Proof. As we discussed above, counting chains is reduced to counting total orderings
of the corresponding posets. Let us assume that the first £ + 1 patterns have two-
element overlaps, and the following overlap involves just one element. For a chain
O =a1ay - - ay+102k+202k+3 - - -, this means that

ar<az<ay<as, a3<as5<a4<de, ..., Ak—1 <aoky1 <ok <azky2, (10)

that {a;, ..., axs2} = {1, ..., 2k + 2}, and that st(axxipak+3---) is an ( — k)-
chain. To prove (9), we notice that the number of permutations aja; - - - asxy of
{1, ..., 2k + 2} for which the conditions (10) are satisfied is given by the number
of standard Young tableaux of size 2 x k: Clearly, a; = 1, axx4+2 =2k +2, and

as as ar ce Afe+1
a a4 ae s Qo

az, ds, aq, ..., ax+1

gives a bijection with standard Young tableaux. The number of such tableaux is
equal to the Catalan number klﬁ (zkk) (see, for example [Stanley 1999]), and the
recurrence relation (9) follows. [l

Example 31. Computing the first ten of those numbers and inverting the corre-
sponding series, we get the first ten entries 1, 1, 2, 6, 23, 110, 632, 4229, 32337,
278204 of the sequence, which is indeed counting permutations that avoid 1324
(A113228 in [Sloane 2010]).



Shuffle algebras, homology, and consecutive pattern avoidance 693

Theorem 32. The numbers c, ; for the pattern 1423 satisfy the recurrence relations
n—k—2
Cng = Z ( k )Cn—Zk—l,l—k (11)
4<2k+2<n

with initial conditions c1; = 8¢, ¢c21 =0, c3; =0. Consequently, the generating
function for avoidance of 1423 is

ena (=11
(== 2 =5)
n>2,1>1

Proof. Similarly to the proof of Theorem 30, counting chains is reduced to counting
total orderings of the corresponding posets. Let us assume that the first k+ 1 patterns
have two-element overlaps, and the following overlap involves just one element.

For a chain 0 = ajas - - - asky1a2k+2a21+3 - - -, this means that
a) <az <a4 <ap, az <as <de <a4, ..., Ak—1 < A+1 < k42 < Ak, (12)
SO
a) <az < -+ < Q-1 <41 <42 < Ao < -+ < asg < ap, (13)
{ar, a3, ..., a1} ={1,2,...,k+1}, a2 =k+2, and st(axr2a2¢+3---) is an

(I —k)-chain. To prove (11), we notice that the number of ways to distribute numbers
between the increasing sequence (13) and the (I — k)-chain st(azg42a2k43 - -+ ) 1S
equal to the number of way to choose the k numbers ay, ..., a>. The latter is

clearly the binomial coefficient (" _:_2), and the recurrence relation (11) follows. [

Example 33. Computing the first ten of those numbers and inverting the corre-
sponding series, we get the first ten entries 1, 1, 2, 6, 23, 110, 631, 4218, 32221,
276896 of the sequence counting permutations that avoid 1423.

Theorem 34. The numbers c, | for the pattern 2143 satisfy the recurrence relations
Cp,l = Z Cn,l (P),
2<p<n-2
where the numbers c, (p) satisfy the recurrence relations
—p—1
=Y (1575 ) e-Do-Danrig—20 (14
4<2k+2<qg<n

with initial conditions ¢ ;(p) = 80,161,p, c2,(p) =0, c3;(p) =0. Consequently,
the generating function for avoidance of 2143 is

(1-- X @OC0)

n>2,1>1
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Proof. Similarly to the proof of Theorem 30, counting chains is reduced to counting
total orderings of the corresponding posets. Let ¢, ;(p) be the number of /-chains
o of length n with o (1) = p. Let us assume that the first kK 4 1 copies of 2143 in o
have two-element overlaps, and the following overlap involves just one element.

For a chain 0 = aja; - - - agg+1a2k+2a2k+3 - - -, this means that
a) <a) <a4<as, a4 <az <de <das, ..., Ay < axy—1 < az42 < az41, (15)
)
ay <ay <a4<az <---<ay <ag-1 < a2 < A2+, (16)

and st(azg+2a2r+3 - --) is an (I — k)-chain. Assume that a; = p. To prove (14),
we notice that if axr1y = ¢, then there are (q;kp_ ;1) ways to pick the numbers

as,...,axy, p— 1 waystopick ay, (n—q) ways to pick azy1, and ¢,—2k—1, -k
ways to pick the remaining (/ — k)-chain (where the entry ¢ is the (¢ — 2k)-th
biggest). This completes the proof. U

Example 35. Computing the first ten of those numbers and inverting the corre-
sponding series, we get the first ten entries 1, 1, 2, 6, 23, 110, 631, 4223, 32301,
277962 of the sequence counting permutations that avoid 2143.

In the last remaining case 2413 ~ 3142 (II in the list above), we have no trick
like above that would simplify the computations, so we shall use the most general
strategy for chain enumeration, which allows us to compute the chain numbers
rather fast (polynomially in n) for all sets of forbidden patterns. There is an obvious
similarity with the approach in [Kitaev and Mansour 2005].

Theorem 36. The numbers c,; for the pattern 2413 are given by the formulas
Cpl = Z Cn,l(P, Q)’
l<p<g—1l<n

where the numbers c, |(p, q) satisfy the recurrence relations

cni(p,q) = Z Cpn—2,1—1(r,s = 1)

r<p<s<q

+ Y (p=Dewsiar—Ls=D+ Y (p—Depaia(r—1,5-2) (17)

p<r<s<q p<r<qg<s

with initial conditions ¢y ;(p,q) =0, c3;(p,q) =0, c4:(p,q) = 8,185,204
Consequently, the generating function for avoidance of 2143 is

enat™ (=1 !
(120 y ety

n>2,1>1



Shuffle algebras, homology, and consecutive pattern avoidance 695

Proof. This statement is straightforward. Let us consider an n-chain o =ajazasz - - -.
The first pattern in that chain intersects with its neighbor by either two or one
elements. In the first case, we have a3 < ay < a4 < ay, so if we fix a; and a; and
forget about them, we are left with an (n — 1)-chain, and we should sum over all
choices of a3 and a4 for its first entries. If, on the contrary, the first overlap uses
just one element, then there are (a; — 1) choices for az, and we should distinguish
between the cases as > a, and as < ay: In the first case as is the (a5 — 1)-st biggest
in the remaining cluster, while in the second case it is the (as — 2)-nd biggest. [J

Example 37. Computing the first ten of those numbers and inverting the corre-
sponding series, we get the first ten entries 1, 1, 2, 6, 23, 110, 632, 4237, 32465,
279828 of the sequence counting permutations that avoid 2413.

4.2.5. Case of two patterns {132, 231}.

Theorem 38. The number c,; for P = {132,231} is not equal to zero only for
n =21+ 1, and in this case is equal to E 1, the tangent number [Stanley 1999],
so the generating function for avoidance of {132,231} is

(1 —tanhr)~ " (18)

Proof. This pair of patterns has no self-overlaps at all (both for a pattern with
itself, and two patterns with each other), so every linking scheme clearly provides
only chains. Clearly, chains are nothing but “up-down” permutations, that is,
permutations ajay - - - ayay 41 for which

a)r<ay>az<da4q>---<dy >ay+i.

It is well known that the number of such permutations is equal to the tangent
number. O

4.2.6. Case of the pattern 12 ---k. The case we consider in this section is the
case of the single pattern 12 - - -k, which marks increasing runs of length & in
permutations. The enumeration result in this case is well known, however, we want
to show that it can also be obtained as a direct application of our results.

Theorem 39 [Elizalde and Noy 2003; Goulden and Jackson 1983; Kitaev 2005].
The multiplicative inverse of the exponential generating function for patterns avoid-
ing 12 - - -k is given by the formula

xkq-i—l

xka
2 G~ 2 Geg (19
q>0 q>0

Proof. Indeed, g-chains for g > 2 are as follows:
e the only 2-chainis 12-- -k,
e the only 3-chainis 12--- (k+ 1),
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the only 4-chain is 12 - - - (2k),
o the only 5-chainis 12--- (2k + 1),

the only (2/)-chain is 12 - - - (kl),
the only (2[4 1)-chainis 12 - - - (kl 4 1),
P O

4.2.7. Case of the pattern (A +m) - - - (A + (k — 1)m). The result of this section
gives one way to somewhat generalize both Theorem 28 and Theorem 39. Let A
be a pattern of length m without self-overlaps. Denote by A 4 j the permutation
of numbers {j + 1,..., j + m} obtained by adding j to each entry of A. Let
T=hg3=AA+m+1)---(L+ (k—1)m) be the “ordered sum” of k copies of A.

Theorem 40. The number of permutations of length n avoiding T depends only on
n,m, (1), t(m), and k. In other words, for two non-self-overlapping patterns of
length m the corresponding k-fold ordered sums are Wilf equivalent if their first and
last entries are the same.

Proof. For the k-fold ordered sum of a pattern without self-overlaps, it is very
easy to exhibit the linking schemes that actually give rise to chains. Such a linking
scheme is a genuine mixture of linking schemes for patterns without self-overlaps
and linking schemes for the pattern 12 - - - k. Namely, for each [/ > 2 there is one
basic “building block”, a linking scheme modeled on the /-chains

o A(A4m)--- (A4 (k—1)m) for [ =2,

AO A m) - A+ (k — Dm)(h+km) for [ =3,

AO A m) - A+ 2k —2)m)(A + (2k — )m) for [ = 4,
AO A m) - - (A + 2k — Dm) (A + 2km) for [ = 5,

AA+m)--- A+ (pk—2)m)(A+ (pk — 1)m) for [ =2p,
AA+m)--- A+ (pk—1)m)(A + pkm) forl =2p +1,

o ...

and every linking scheme producing a chain is a linkage of several building blocks
like that overlapping only by one element. The poset defined by such a linking
scheme obviously depends only on the first and the last element of T but not on the
relative order of other elements. The corresponding recurrence relations can easily
be derived from this description as well. U
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4.2.8. Case of the pattern 12 - - - k and a pattern without self-overlaps. This section
gives another way to somewhat generalize both Theorem 28 and Theorem 39. Let
A be a pattern of length m without self-overlaps. We shall study the enumeration
problem for avoidance of P = {A, 12-- - k}. Let us introduce several parameters
important for enumeration. Denote by /;(A) the length of the maximal initial
segment of A that is an increasing rise, and by /7 (A) the length of the maximal
terminal segment of A that is an increasing rise. Since we always assume patterns
of P to not contain one another, and we assume A to have no self-overlaps, we
conclude that [; (A), [T (A) <k, [;(A) +Ir(X) < m and min(/; (A), [T (X)) = 1.

Theorem 41. The number of permutations of length n avoiding P,y depends only
onm, A(1), A(m), [;(X), IT (L), and k. In particular, if we adjoin to two non-self-
overlapping patterns Ay and L, of the same length m an increasing rise of length k,
the corresponding two-element sets are Wilf equivalent if the first and last entries,
and the lengths of the initial and terminal increasing rises of L1 and L, are the same.

Proof. Both reversing the direction in which we read permutations (left-to-right
becomes right-to-left) and reversing the order of entries (increasing becomes de-
creasing) in all permutations considered preserve Wilf classes, and doing both these
changes keeps the permutation 12 - - - k intact, we may assume that /7(A) = 1.

It is easy to exhibit the linking schemes that actually give rise to chains. Basically,
there are two basic types of “building blocks” for the linking schemes: A linking
scheme modeled on a single copy of A and linking schemes modeled on chains
for a single pattern 12 - - - k, as in the proof of Theorem 39. There is no freedom
in linking copies of A together: Since A has no self-overlaps, two copies of A may
only overlap by a single element. Since we assume that I (1) = 1, we conclude
that an occurrence of A can only overlap with a building block coming from an
overlap of several rises by a single element as well. For an overlap of several rises
followed by an occurrence of A the situation is different. Namely, if we are talking
about the scheme modeled on the (2/)-chain 12 - - - (kl), it should overlap with the
following copy of A by the initial increasing rise of that copy, that is, by the first
1 (1) elements (since no proper beginning of a ¢g-chain may be a g-chain). However,
for the scheme modeled on the (2/+1)-chain 12 - - - (kl 4 1), it should overlap with
the following copy of A by a single element (since only neighboring patterns in a
chain may overlap). Similarly to the proof of Theorem 28, the posets defined by
such linking schemes are completely determined by the first and the last entry of A,
and the lengths of its initial and terminal increasing rises. U
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Preperiodic points for families of
polynomials

Dragos Ghioca, Liang-Chung Hsia and Thomas J. Tucker

Leta(A), b(A) € C[A], and let f; (x) € C[x] be a one-parameter family of polyno-
mials indexed by all A € C. We study whether there exist infinitely many A € C
such that both a(A) and b(X) are preperiodic for f;.

1. Introduction

The classical Manin—-Mumford conjecture for abelian varieties (now a theorem due
to Raynaud [1983a; 1983b]) predicts that the set of torsion points of an abelian
variety A defined over C is not Zariski dense in a subvariety V of A unless V is a
translate of an algebraic subgroup of A by a torsion point. Pink and others have
suggested extending the Manin—Mumford conjecture to a more general question
regarding unlikely intersections between a subvariety V of a semiabelian scheme A
and algebraic subgroups of the fibers of A having codimension greater than the
dimension of V [Bombieri et al. 1999; Habegger 2009; Masser and Zannier 2010;
Masser and Zannier 2012; Pink 2005]. Here we state a special case of the question
when V is a curve:

Question 1.1. Let & be a semiabelian scheme over a variety % defined over C, and
let V C & be a curve that is not contained in any proper algebraic subgroup of &.

We define
2] .
2= ) B,.
yeY

where B, is the union of all algebraic subgroups of the fiber ¥, of codimension at
least equal to 2. Must the intersection of V with 1%/ be finite?

Ghioca was partially supported by an NSERC Discovery Grant. Hsia was partially supported by the
National Center of Theoretical Sciences of Taiwan and NSC grant 99-2115-M-008-007-MY3. Tucker
was partially supported by NSF grants 0801072 and 0854839.
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Bertrand [2011] recently showed that the answer to Question 1.1 is sometimes
“no”. The question may, however, have a positive answer in many instances. For
example, Masser and Zannier [2010; 2012] study Question 1.1 when & is the square
of the Legendre family of elliptic curves Ej (over the base Al \ {0, 1}) given by the
equation y? = x(x — 1)(x — A). They show that for any two independent points P
and Q on the generic fiber, there are at most finitely many A € C such that the
specializations P, and Q) are both torsion points for E,. Their work thus gives a
positive answer to Question 1.1 in this special case.

The result of Masser and Zannier has a distinct dynamical flavor. Indeed, one
may consider the following more general problem. Let {X,} be an algebraic family
of quasiprojective varieties defined over C, let @, : X, — X, be an algebraic family
of endomorphisms, and let P, € X, and Q; € X, be two algebraic families of
points. Under what conditions do there exist infinitely many A such that both P,
and Q, are preperiodic for ®,? Indeed, the problem from [Masser and Zannier
2010; 2012] fits into this general dynamical framework by letting X, = E; be the
Legendre family of elliptic curves and letting ®; be the multiplication-by-2 map
on each elliptic curve in this family.

Baker and DeMarco [2011] study an interesting special case of the general
dynamical question above first suggested by Zannier at an American Institute
of Mathematics workshop in 2008. Given complex numbers a and b and an
integer d > 2, when do there exist infinitely many A € C such that both ¢ and
b are preperiodic for the action of f;(x) := x¢ + A on C? They show that
this happens if and only if a? = b?. We prove this generalization of the main
result of [Baker and DeMarco 2011]:

Theorem 1.2. Let f € C[x] be any polynomial of degree d > 2, and let a, b € C.
Then there exist infinitely many ) € C such that both a and b are preperiodic for

Jf&x) +Aifand only if f(a) = f(b).

We will derive Theorem 1.2 from a more technical result, Theorem 2.3, which
also treats the case of “nonconstant starting points” a and b, a topic that was raised
in [Baker and DeMarco 2011].

One might hope to formulate a general dynamical version of Question 1.1 for
polarizable endomorphisms of projective varieties more general than multiplication-
by-m maps on abelian varieties (an endomorphism & of a projective variety X is
polarizable if there exists d > 2 and a line bundle & on X such that ®* (&) is linearly
equivalent to £®¢ in Pic(X)) by using the analogy between abelian subschemes and
preperiodic subvarieties. Because of the results of Baker and DeMarco, along with
the results of this paper, we believe it is reasonable to ask the following dynamical
analog of Question 1.1:
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Question 1.3. Let Y be any quasiprojective curve defined over C, and let F be
the function field of Y. Leta,b € PY(F), and let V C ¥ := IP}, X F IP’}, be the
C-curve (a, b). Let f : P! — P! be a rational map of degree d > 2 defined
over F. Then for all but finitely many A € Y, f induces a well-defined rational
map f.: P! — P! defined over C. If there exist infinitely many A € Y such that
both a(}) and b(A) are preperiodic points of P!(C) under the action of f>, then
must V be contained in a proper preperiodic subvariety of & under the action of

Q= (f. N?

Theorem 1.2 is a special case of Question 1.3 for f; (x) = f(x)+ A and constant
starting points @a(A) = a and b(1) = b. Theorem 2.3 also allows us to prove some
other special cases of Question 1.3 such as the following:

Theorem 1.4. Let f € Clx] be any polynomial of degree d > 2, let g € C[x] be
any nonconstant polynomial, and let ¢ € C*. Then there exist at most finitely many
A € C such that either

(1) both g(A) and g(A+ c) are preperiodic for f(x) + A or
(2) both g(A) and g(A) + ¢ are preperiodic for f(x)+ A.
The next result is for the case when the family of maps f is constant:

Theorem 1.5. Let f € C[x] be a polynomial of degree d > 2, and let a, b € C[1] be
two polynomials of same degree and with the same leading coefficient. If there exist
infinitely many A € C such that both a(\) and b(X) are preperiodic for f, then a =b.

A special case of Theorem 1.5 is that for any fixed ¢ € C*, there can be only
finitely many A € C such that both A and X + ¢ are preperiodic for f. In fact,
more generally it provides a positive answer to a special case of Zhang’s dynamical
Manin—Mumford conjecture, which states that for a polarizable endomorphism
@ : X — X on a projective variety, the only subvarieties of X containing a dense set
of preperiodic points are those subvarieties that are themselves preperiodic under
f; see [Zhang 1995, Conjecture 2.5; 2006, Conjecture 1.2.1, Conjecture 4.1.7] for
details. This conjecture turns out to be false in general [Ghioca et al. 2011], but it
may be true in many cases. For example, let X := P'x P!, &(x, y):=(f(x), f())
for a polynomial f of degree d > 2, and Y be the Zariski closure in X of the set
{(a(z),b(2)):z € C}, where a, b € C[x] are polynomials of same degree and with
the same leading coefficient; Theorem 1.5 implies that if Y contains infinitely many
points preperiodic under ®, then Y is the diagonal subvariety of X and thus is itself
preperiodic under ®. Theorem 1.5 also has consequences for a case of a revised
dynamical Manin—Mumford conjecture [Ghioca et al. 2011, Conjecture 1.4]; see
Section 11 for details.

The plan of our paper is as follows. In Section 2, we state our main result,
Theorem 2.3, and some of its consequences and then describe the method of
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our proof. In Section 3, we set up our notation while in Section 4 we give a
brief overview of Berkovich spaces. Then in Section 5, we introduce some basic
preliminaries regarding the iterates of a generic starting point ¢ under a family
of maps f. Section 6 contains computations of the capacities of the generalized
v-adic Mandelbrot sets associated with a generic point ¢ under the action of f. In
Section 7, we prove an explicit formula for the Green function for the generalized
v-adic Mandelbrot sets when v is an archimedean valuation. We proceed with our
proof of the direct implication in Theorem 2.3 in Section 8 (for the case f; € Qlx]
anda, b e @[x]) and in Section 10 (for the general case). In Section 9, we prove the
converse implication from Theorem 2.3. Then in Section 11, we conclude our paper
by proving Corollary 2.7 and discussing the connections between our Question 1.3
and the dynamical Manin—-Mumford conjecture formulated by Ghioca, Tucker, and
Zhang [2011].

2. Statement of the main results

A special case of Question 1.3 is when ¥ = Al f € R[x], where R = C[A], and
a,b € R. In Theorem 2.3, we provide a positive answer to Question 1.3 for any
family of polynomials of the form

d—2
£ &) =x4+> " ¢;(0)x',  where ¢;(h) € C[A] fori =0,...,d -2, (2.1)
i=0

together with some mild restriction on the polynomials a and b.

We say that a polynomial f(x) of degree d is in normal form if it is monic and
its coefficient of x¢~! equals 0. (Note that any polynomial of degree d > 1 can
be put in normal form after a change of coordinates.) As a matter of notation, we
rewrite (2.1) as

A =P+ 0i(x)-A™ (2.2)
i=1

for some polynomial P € C[x] in normal form of degree d, some nonnegative
integer r, integers mgy :=0 <m; < --- < m,, and some polynomials Q; € C[x] of
degrees 0 < ¢; <d —2. We do not exclude the case » = 0, in which case the sum in
the sigma notation is empty and { f; }, is a constant family of polynomials.

Let a(L), b(X) € C[)A]. If a is preperiodic for f, that is, fk(a) = fe (a) for
some k # £, then for each b, one can show that there are infinitely many A € C
such that b(A) (and thus also a(1)) is preperiodic for f; (see also Proposition 9.1).
Therefore, we may assume that a and b are not preperiodic for f. Assuming there
exist infinitely many A € C such that both a(A) and b(A) are preperiodic for f;,
then Question 1.3 predicts that there exist ¢; and ¢, commuting with f such that
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¢1(a) = @2(b). A natural possibility is for ¢; and ¢, to be iterates of f; under a
mild condition on @ and b, we prove that this is the only possibility.

Theorem 2.3. Let f := f, be the family of one-parameter polynomials (indexed
by all . € C) given by

d—2 r
L) =x 4 aox' = P+ ) Qj(x) - A™

i=0 j=1

as above (see (2.1) and (2.2)). Let a, b € C[)], and assume there exist nonnegative
integers k and € such that the following conditions hold:

(1) ff (a(A)) and ff (b(X)) have the same degree and the same leading coefficient
as polynomials in \, and

(i) if m = deg, (f{(@(1)) deg, (£ (B(2))). then m = m,.
Then there exist infinitely many A € C such that both a().) and b(\) are preperiodic
points for fi if and only if f¥(a(L)) = fL(bO)).

Remarks 2.4. (a) The one-dimensional C-scheme (a, b) C % := Pt}?(k) XCe P(})(A)
in Theorem 2.3 is contained in the two-dimensional C-subscheme % of ¥ given by
the equation

oo = o,

where (x, y) are the coordinates of . Such a % is fixed by the action of (f, f)
on ¥ as predicted by Question 1.3.

(b) It follows from the Lefschetz principle that the same statements in Theorem 2.3
hold if we replace C by any other algebraically closed complete valued field of
characteristic 0.

(c) We note that if ¢ € C[A] has the property that there exists k € N such that
deg, ( ff (¢(A))) =m has the property (ii) from Theorem 2.3, then ¢ is not preperiodic
for f (see Lemma 5.2).

(d) If f is not a constant family, then it follows from Benedetto’s theorem [2005]
that ¢ € C[A] is not preperiodic for f if and only if there exists k € N such that
deg, ( f){‘ (c¢(X))) = m,. On the other hand, if f is a constant family of polynomials
defined over C, that is, r = 0 and mo = 0 in Theorem 2.3, then implicitly m > 0.
(Otherwise the conclusion holds trivially.)

Theorem 2.3 generalizes known results regarding “unlikely intersections” in
the dynamical setting including the dynamical Manin—Mumford questions (see
Section 11). First, Theorem 2.3 generalizes the main result of [Baker and DeMarco
2011] in two ways. On one hand, in the case when @ and b are both constant, we
can prove a generalization of the main result from [ibid.] as follows:
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Theorem 2.5. Let a,b € C, let d > 2, and let ¢y, ...,cy—» € C[A] such that
deg(cg) > deg(c;) foreachi =1, ...,d —2. If there are infinitely many A € C such
that both a and b are preperiodic for

d-2
£ =x14 ) e 0x',
i=0
then fi(a) = fi(b).
Proof. We apply Theorem 2.3 for a(}X) := fy(a) and b(A) := f,.(). U
Consequently, Theorem 2.5 yields the proof of Theorem 1.2.

Proof of Theorem 1.2. Note that in this case, we may drop the hypothesis that f (x)
is in normal form since we may conjugate f(x) by some linear polynomial 6 € C[x]
such that g :=87'o f08+87"' (1) is a family of polynomials in normal form. Then
apply Theorem 2.5 to the pair of points §~!(a) and §~!(b). (]

On the other hand, using our Theorem 2.3 we are able to treat the case when
the pair of points @ and b depend algebraically on the parameter. This answers a
question raised by Silverman mentioned in [Baker and DeMarco 2011, Section 1.1].
For instance, as an application of Theorem 2.3, by taking f = f(x) 4 XA for any
nonconstant polynomial f(x) € C[x] of degree at least 2, we have the following:

Corollary 2.6. Let f € C[x] be any polynomial of degree d > 2, and let a, b € C[A]
be polynomials such that a and b have the same degree and the same leading
coefficient. Then there are infinitely many ) € C such that both a(\) and b(L) are
preperiodic under the action of f(x) + X if and only if a()L) = b(}).
Proof. First, the theorem is vacuously true if @ and b are constant polynomials since
then they are automatically equal because they have the same leading coefficient.
So we may assume that deg(a) = deg(b) > 1.

Second, we conjugate f(x) by some linear polynomial § € C[x] such that
g =060 foé is apolynomial in normal form. Then we apply Theorem 2.3
to the family of polynomials g(x) + 4 ~1(1) and to the starting points § “a))
and §~!'(b(1)). Since a and b are polynomials of the same positive degree and
same leading coefficient, it is immediate to check that conditions (i) and (ii) of
Theorem 2.3 hold for k = £ = 0. Therefore, a(A) = b(L) as desired. O

An important special case of Corollary 2.6 is Theorem 1.4. Using Theorem 2.3
when f is a constant family of polynomials, we obtain a proof of Theorem 1.5.

Proof of Theorem 1.5. The result is an immediate consequence of Theorem 2.3
once we observe, as before, that we may replace f with a conjugate ' o f 08 of
itself that is a polynomial in normal form. (Note that in this case, we also replace a
and b by ' (a) and 6! (b), respectively, which are also polynomials in A of the
same degree and same leading coefficient.) U
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On the other hand, assuming each ¢; and also @ and b have algebraic coefficients,
the exact same proof we have yields stronger statements of Theorems 2.3, 1.5, and
Corollary 2.6, allowing us to replace the hypothesis that there are infinitely many
2 € Q such that both a(1) and b(}) are preperiodic for f; with the weaker condition
that there exists an infinite sequence of A, € @ such that

Ty, @(a)) + g, (D)) =0,

where for each A € Q, 7, 1s the canonical height constructed with respect to the
polynomial f;. (For the precise definition of the canonical height with respect to a
polynomial map, see Section 3.) Therefore, we can prove a special case of Zhang’s
dynamical Bogomolov conjecture [2006].

Corollary 2.7. Let Y C P! x P! be a curve that admits a parametrization given by
(a(2), b(2)) for z € C, where a, b € Q[x] are polynomials of the same degree and
with the same leading coefficient. Let f € Q[x] be a polynomial of degree at least
equal to 2, and let ®(x, y) := (f(x), f(y)) be the diagonal action of f on P! x PL.
If there exists an infinite sequence of points (x,, y,) € Y (Q) such that

Tim h (o) +h () =0,

then a = b. In particular, Y is the diagonal subvariety of P' x P! and thus is
preperiodic under the action of ®.

Remark 2.8. In fact, this result holds not only over @ but also over the algebraic
closure of any global function field L (whose subfield of constants is K') as long as
f is not conjugate to a polynomial with coefficients in K.

Note that the second author, together with Baker, proved a similar result [Baker
and Hsia 2005, Theorem 8.10] in the case when Y is a line; that is, if a line in
P! x P! contains an infinite set of points of small canonical height with respect
to the coordinatewise action of the polynomial f on P! x P!, then the line Y is
preperiodic under the action of (f, f) on P! x P!,

Laura DeMarco communicated to us that our Theorem 2.3 yields the proof of
the first case of a conjecture she made as a dynamical analogue of the André—
Oort conjecture. Essentially, the dynamical André—Oort conjecture envisioned by
DeMarco aims to characterize subvarieties in the moduli space M, of complex
rational maps f : P! — P! (of degree d > 1) that contain a Zariski dense subset of
postcritically finite rational maps. A rational map is postcritically finite (PCF) if all
of its critical points are preperiodic. The PCF rational maps play an important role
in complex dynamics; for example, the Lattes maps are PCF.
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Our Theorem 2.3 has the following consequence. Let f = f, be a family of
polynomials in normal form of degree d with polynomial coefficients in A. Further-
more, assume the critical points ¢; (1), ..., cg—1 (1) of f; are also polynomials in A.
Let I be the collection of indices i such that ¢; is not preperiodic for f. Suppose
for each i € I, there exist iterates f)f" “(¢;(A)) with the same degree and leading
coefficients in A and that this degree is large enough (that is, satisfies the hypothesis
from Theorem 2.3). Then there are infinitely many PCF maps in this family if and
only if all f™(¢;) (for i € I) are equal.

We prove Theorem 2.3 first for the case when both @ and b and also each of the ¢;
have algebraic coefficients, and then we extend our proof to the general case. For
the extension to C, we use a result of Benedetto [2005] (see also Baker’s extension
[2009] to arbitrary rational maps), which states that for a polynomial f of degree
at least equal to 2 defined over a function field K of finite transcendence degree
over a subfield Ky, if f is not isotrivial (that is, f is not conjugate to a polynomial
defined over Kj), then each x € K is preperiodic if and only if its canonical height
h 7(x) equals 0. Strictly speaking, Benedetto’s result is stated for function fields
of transcendence degree 1, but a simple inductive argument on the transcendence
degree yields the result for function fields of arbitrary finite transcendence degree.
(See also [Baker 2009, Corollary 1.8], where Baker extends Benedetto’s result to
rational maps defined over function fields of arbitrary finite transcendence degree.)

Our results and proofs are inspired by the results of [Baker and DeMarco 2011]
so that the strategy for the proof of Theorem 2.3 essentially follows their ideas.
However, there are significantly more technical difficulties in our proofs. The plan
of our proof is to use the v-adic generalized Mandelbrot sets introduced therein
for the family of polynomials f) and then use the equidistribution result of Baker
and Rumely [2010]. A key ingredient is Proposition 6.8, which says that the
canonical local height of the point in question at the place v is a constant multiple
of the Green function associated with the v-adic generalized Mandelbrot set. Then
the condition that a()) and b(A) are preperiodic is translated to the condition
that the heights hyg, (A) and Ay, (A), respectively, are zero for the corresponding
parameter A. Therefore, the equidistribution result of Baker—Rumely can be applied
to conclude that the v-adic generalized Mandelbrot sets for (1) and b(A) are the
same for each place v. Finally, we need to use an explicit formula for the Green
function associated with the v-adic generalized Mandelbrot set corresponding to
an archimedean valuation v to conclude that the desired equality of ff (a())) and
ff (b())) holds. Extra work is needed for the explicit description of the Green
function for a v-adic generalized Mandelbrot set (when v is an archimedean place)
due to the fact that in our case, the polynomial f; has arbitrary (finitely) many
critical points that vary with X in contrast to the family of polynomials x¢ 4+ A from
[Baker and DeMarco 2011], which has only one critical point for the entire family.
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3. Notation and preliminary

For any quasiprojective variety X endowed with an endomorphism &, we call a
point x € X preperiodic if there exist two distinct nonnegative integers m and n
such that ®”(x) = ®"(x), where by ® we always denote the i-iterate of the
endomorphism ®. If n = 0, then, by convention, ®° is the identity map.

Let K be a field of characteristic 0 equipped with a set of inequivalent absolute
values (places) Qk, normalized so that the product formula holds; more precisely,
for each v € Qg there exists a positive integer N, such that for all « € K* we have
[T,cq lelYv = 1, where for v € Qk, the corresponding absolute value is denoted
by | - |,. Let C, be a fixed completion of the algebraic closure of a completion of
(K, |-|y). When v is an archimedean valuation, then C, = C. We fix an extension
of | - |, to an absolute value of (C,, | - |,). Examples of product formula fields (or
global fields) are number fields and function fields of projective varieties that are
regular in codimension 1 [Lang 1983, Section 2.3; Bombieri and Gubler 2006,
Section 1.4.6].

Let f € Cy[x] be any polynomial of degree d > 2. Following Call and Silverman
[1993], for each x € C,, we define the local canonical height of x by

10g+ | f" ()

n—>oo an

hf v (x) ’
where log™ z always denotes log max{z, 1} (for any real number z).

It is immediate that hf W(fix) = d’hf »(x), and thus, h fv(x) =0 whenever x
is a preperiodic point for f. If v is nonarchimedean and f(x) = Zfizoaixi, then
| £ )|y = laax?|y > |x|, when |x|, > ry, where

ry = max{lad| G max{
0<i<d

Z—; w_”}}. 3.1)

Moreover, if |x|, > r,, then fzv(x) = log|x|, + logla4|,/(d — 1) > 0. For more
details, see [Ghioca and Tucker 2008; Hsia 2008]. (Although these results are
for canonical heights associated with Drinfeld modules, all the proofs go through
for any local canonical height associated with any polynomial with respect to
any nonarchimedean place.)

Now, if v is archimedean, again it is easy to see that if |x|, is sufficiently large,
then | f(x)|, > |x|‘j, and moreover, | f"(x)|, — 00 as n — 00.

We fix an algebraic closure K of K, and for each v € Q we fix an embedding
K <> C,. Assume fe K[x]. Call and Silverman [1993] also defined the global
canonical height fz(x) for each x € K as

hy(x) = lim w,

n—oo
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where / is the usual (logarithmic) Weil height on K. Call and Silverman show
that the global canonical height decomposes into a sum of the corresponding local
canonical heights.

For each o € Gal(K /K), we denote by h ro the global canonical height computed
with respect to f°, which is the polynomial obtained by applying o to each coeffi-
cient of f. Similarly, for each v € Q2 we denote by h fo v the corresponding local
canonical height constructed with respect to the polynomial f°. For x € K, we
have fzf(x) =0 if and only if fzfo (x°)=0forall o € Gal(I?/K). More precisely,
for x € K we have

fzf(x)=0 = flfo,v(x“)=0forallveg21< and allaeGal(E/K). 3.2)

Essentially, (3.2) says that h f(x) =0 if and only if the orbits of x° under each
polynomial f° (for o € Gal(K /K)) are bounded with respect to each absolute
value | - |, for v € Q.

Benedetto [2005] proved that if a polynomial f defined over a function field K
(endowed with a set Qg of absolute values) is not isotrivial (that is, it cannot be
conjugated to a polynomial defined over the constant subfield of K), then each point
c € K is preperiodic for f if and only if its global canonical height (computed with
respect to f) equals 0. In particular, if ¢ € K, then c is preperiodic if and only if

iAzfa,v(c") =0 forall o € Gal(K/K) and for all places v € Q. 3.3)
Let
g 42 ,
f=fHh=x+ 3 a)x',
i=0

where ¢; (L) e C[A] fori =0, ...,d —2, and let c(A) € C[A]. We let K be the field
extension of Q) generated by all coefficients of each c;(A) and of ¢()). Assume
K is a global field; that is, it has a set Q2 of inequivalent absolute values with
respect to which the nonzero elements of K satisfy a product formula. For each
place v € Qg, we define the v-adic Mandelbrot set M, ,, for ¢ with respect to the
family of polynomials f as the set of all A € C, such that h fw(e(d)) =0, that is,
the set of all A € C, such that the iterates f;'(c(4)) are bounded with respect to the
v-adic absolute value.

4. Berkovich spaces

We now introduce Berkovich spaces and state the equidistribution theorem of Baker
and Rumely [2010], which will be key for the proofs of Theorems 2.3 and 2.5.
Let K be a global field of characteristic 0, and let Qg be the set of its inequivalent
absolute values. For each v € Qg, we let C, be the completion of an algebraic
closure of the completion of K at v. Let Allaerk,c:v denote the Berkovich affine
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line over C,; see [Berkovich 1990; Baker and Rumely 2010, Section 2.1] for
details. Then A}Berk& is a locally compact, Hausdorff, path-connected space con-
taining C, as a dense subspace (with the topology induced from the v-adic absolute
value). As a topological space, Aéerkﬁv is the set consisting of all multiplicative
seminorms, denoted by [-],, on C,[T] extending the absolute value | - |, on C,
endowed with the weakest topology such that the map z — [ f], is continuous for
all f € C,[T]. It follows from the Gelfand—Mazur theorem that if C, is the field
of complex numbers C, then Aéerk’ﬁ is homeomorphic to C. In the following, we
will also use A}g erk.C, O denote the complex line C whenever C, = C. If (C,, |- |,)
is nonarchimedean, then the set of seminorms can be described as follows. If
{D(a;, r;)}; is any decreasing nested sequence of closed disks D(c;, ;) centered
at points ¢; € C, of radius r; > 0, then the map f > lim; o [ f1p(.r) defines a
multiplicative seminorm on C,[T], where [ f1p(;.r) is the sup norm of f over the
closed disk D(a;, r;). Berkovich’s classification theorem says that there are exactly
four types of points: types L, II, III, and I'V. The first three can be described in terms of
closed disks ¢ := D(c, r) =) D(ci, r;), where ¢ € C, and r > 0. The corresponding
multiplicative seminorm is just f + [ f]p.r for f € C,[T]. Then ¢ is of type L,
IT or III if and only if r =0, r € |C}|, or r & |C}|,, respectively. As for type IV
points, they correspond to sequences of decreasing nested disks D(c;, r;) such that
(\ D(ci, ri) = @ and the multiplicative seminorm is f +— lim;_ ool f1D(c,.r) @S
described above. For details, see [Berkovich 1990; Baker and Rumely 2010]. For
¢ € Aéerk’cv, we sometimes write |¢ |, instead of [T'];.

In order to apply the main equidistribution result from [Baker and Rumely 2010,
Theorem 7.52], we recall the potential theory on the affine line over C,. We will
focus on the case when C, is a nonarchimedean field; the case C, = C is classical.
(We refer the reader to [Ransford 1995].) The right setting for nonarchimedean
potential theory is the potential theory on Allaerk,cv developed in [Baker and Rumely
2010]. We quote part of a nice summary of the theory from [Baker and DeMarco
2011, Section 2.2 and Section 2.3] without going into details. We refer the reader to
[Baker and DeMarco 2011; Baker and Rumely 2010] for all the details and proofs.
Let E be a compact subset of Aéerk’(@u. Then analogous to the complex case, the
Green function G g of E relative to oo and the logarithmic capacity y(E) := e~ "5
can be defined, where V (E) is the infimum of the energy integral with respect to
all possible probability measures supported on E. More precisely,

V(E)zinf// —logd(x, y)du(x)du(y),
" ExXE

where the infimum is computed with respect to all probability measures p supported
on E while for x, y € Aéerk’cv, the function §(x, y) is the Hsia kernel [Baker and
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Rumely 2010, Proposition 4.1]:

d(x,y):= limsup |z —wl,.

z,weC,
=X, w—>Yy

The following are basic properties of the logarithmic capacity of E.

o If E| and E, are two compact subsets of A}Beﬂ(’cv such that £y C E,, then
Y(E1) < y(E2).

o If E = {¢}, where ¢ is a type II or III point corresponding to a closed
disk D(c,r), then y(E) = r > 0 [Baker and Rumely 2010, Example 6.3].
(This can be viewed as an analogue of the fact that a closed disk D(c, r) of
positive radius r in C, has logarithmic capacity y(D(c,r)) =r.)

If y(E) > 0, then there exists a unique probability measure p g attaining the infimum
of the energy integral. Furthermore, the support of g is contained in the boundary
of the unbounded component of Al]g ek.c, \ E-

The Green function Gg(z) of E relative to infinity is a well-defined nonnegative
real-valued subharmonic function on A, ¢ that is harmonic on AL, ¢ \E (in the
sense of [Baker and Rumely 2010, Chapter 8] for the nonarchimedean setting; see
[Ransford 1995] for the archimedean case). If y(E) = 0, then there exists no Green
function associated with the set E (see [Ransford 1995, Exercise 1, page 115]
in the case when | - |, is archimedean; a similar argument works when | - |, is
nonarchimedean). Indeed, as shown in [Baker and Rumely 2010, Proposition 7.17,
page 151], if y(dE) = 0, then there exists no nonconstant harmonic function on
Aéerk’cv \ E that is bounded below. (This is the strong maximum principle for
harmonic functions defined on Berkovich spaces). The following result is [Baker
and DeMarco 2011, Lemmas 2.2 and 2.5], and it gives a characterization of the
Green function of the set E:

Lemmad4.1. Let (C,, |-|,) be either an archimedean or a nonarchimedean field. Let
E be a compact subset of Allg erk.c, and U the unbounded component of Allg ek, \E-

(1) If y(E) > 0 (that is, V(E) < 00), then Gg(z) = V(E) +log|z|, 4+ o(1) for all
ZE Aé erk.C, Such that |z|y is sufficiently large. Furthermore, the o(1) term may
be omitted if v is nonarchimedean.

) If Gg(z) =0forall z € E, then G is continuous on Allaerk,c@v’ Supp(ug)=09U,
and Gg(z) > 0ifandonly ifz € U.

3 IfG: AIIBerk,CU — R is a continuous subharmonic function that is harmonic
on U, identically zero on E, and such that G(z) —log" |z|, is bounded, then
G = Gg. Furthermore, if G(z) =log|z|, +V 4+ 0o(1) (as |z|, — 00) for some
V <00, then V(E)=V,so y(E)=e"".
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To state the equidistribution result from [Baker and Rumely 2010], we consider
the compact Berkovich adelic sets, which are of the form

E:= 1_[ E,,

veQR

where E, is a nonempty compact subset of Alliierk,Cv for each v € Q and where
E, is the closed unit disk 9(0, 1) in A, « for all but finitely many v € 2. The
logarithmic capacity y(E) of E is defined by

y(E) =[] vEM,
veQ
where the positive integers N, are the ones associated with the product formula on
the global field K. Note that this is a finite product since y(E,) = y(2(0, 1)) =1
for all but finitely many v € Q2. Let G, = G, be the Green function of E, relative
to oo for each v € Q. For every v € Q, we fix an embedding K < C,. Let S C K
be any finite subset that is invariant under the action of the Galois group Gal(K /K).
We define the height i (S) of S relative to E by

he(S) =) NU<I—;| > Gv(z)>. (4.2)
Z€S§

veEQR

Note that this definition is independent of any particular embedding K < C, that
we choose at v € 2. The following is a special case of the equidistribution result
[Baker and Rumely 2010, Theorem 7.52].

Theorem 4.3. Let E =[], o E, be a compact Berkovich adelic set with y(E) = 1.
Suppose that S, is a sequence of Gal(K /K)-invariant finite subsets of K with
[S,| = 0o and hi(S,) — 0 as n — oo. For each v € Q and for each n, let §,, be
the discrete probability measure supported equally on the elements of S,,. Then the
sequence of measures {8, } converges weakly to |1, the equilibrium measure on E,,.

5. General results about the dynamics of polynomials f;

In this section, we work with a family of polynomials f; as given in Section 2, that
is,

d—2
L) =x14 (0!
i=0
with ¢;(A) € C[A] fori =0, ...,d — 2. As before, we may rewrite our family of

polynomials as

A =P+ 0;x)-A™,

j=1
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where P(x) is a polynomial of degree d in normal form, each Q; has degree at
most equal to d — 2, r is a nonnegative integer, and mg:=0<m; < --- <m,. Let
c(}) € C[A] be given, and let K be the field extension of @ generated by all the
coefficients of ¢; (L) fori =0, ...,d —2 and of c(}).

We define g¢ ,(A) := f'(c(1)) for each n € N. Assume m := deg(c) satisfies the
property (ii) from Theorem 2.3, that is,

m = deg(c) > m,. 5.1

Furthermore, if r = 0, we assume m > 1 (see also Remarks 2.4(c)). We let g,, be
the leading coefficient of ¢(A). In the next lemma, we compute the degrees of all
polynomials g, , for all positive integers .

Lemma 5.2. With the hypothesis above, the polynomial g , (L) has degree m - d"
and leading coefficient q,f: foreachn € N.

Proof. The assertion follows easily by induction on n using (5.1) since the term of
highest degree in A from g, ,(}) is c(M)?". O

We immediately obtain as a corollary of Lemma 5.2 the fact that ¢ is not prepe-
riodic for f. The set of all A € C such that ¢()) is preperiodic for f; is denoted
by Prep(c). The following result is an immediate consequence of Lemma 5.2:

Corollary 5.3. Prep(c) C K.

6. Capacities of generalized Mandelbrot sets

We continue with the notation from Sections 4 and 5. Let ¢ := ¢(A) € C[A] be
a nonconstant polynomial, and let K be a product formula field containing the
coefficients of each ¢; (1) fori =0, ...,d —2 and of ¢. We let Qg be the set of
inequivalent absolute values of the global field K, and let v € Q. Assume that
c(X) = guA™ + (lower terms), where m = deg(c) satisfies the condition (5.1).

Our goal is to compute the logarithmic capacities of the v-adic generalized
Mandelbrot sets M, ,, defined in Section 3. Following [Baker and DeMarco 2011],
we extend the definition of our v-adic Mandelbrot set M, , to be a subset of the
affine Berkovich line AIISerk,CU as follows:

Mey = 1{h €Ay ¢, :sup,[gen(T)]i <00}

Note that if C, is a nonarchimedean field, then our present definition for M, , yields
more points than our definition from Section 3. Let A € C,, and recall the local
canonical height &, _,(x) of x € C, is given by the formula

: : log” | £ ()|
i) = o) = lim =S
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Notice that fz,\,v(x) is a continuous function of both A and x (see [Branner and
Hubbard 1988, Proposition 1.2] for polynomials over complex numbers; the proof
for the nonarchimedean case is similar). As C, is a dense subspAace of Aéerk’cv,
continuity in A implies that the canonical local height function 4, ,(c(X)) has a
natural extension on ABerk ¢, (Since the topology on Cy is the restriction of the
weak topology on ABerk ¢, any continuous function on C, automatically has a
unique extension to AB erk.C, ) We will view h 2.v(c(})) as a continuous function
on AB erk.C, in the following. It follows from the definition of M, , that A € M, , if
and only if h)\ v(c(X)) =0. Thus, M, , is a closed subset of ABC K.C,- In fact, the
following is true:

Proposition 6.1. M, , is a compact subset of All?uerk,ﬁu'

We already showed that M, , is a closed subset of the locally compact space
AB erk.c,» and thus, in order to prove Proposition 6.1, we only need to show that
M., is a bounded subset of ABerk c, If [ is a constant family of polynomials,
then Proposition 6.1 follows from our assumption that deg(c) > 1. Indeed, if |A|,
is large, then |c(A)|, is large, and thus, | f"(c()))|, — o0 as n — oo. Further-
more, for nonarchimedean place v, if |A|, is sufficiently large, then (assuming v is
nonarchimedean)

| S e)]s = le)IS = lgmA™ 19" (6.2)
So now we are left with the case that f is not a constant family, that is, r > 1.

Lemma 6.3. Assume r > 1, that is, f is not a constant family of polynomials. Then
M., is a bounded subset ofAEl;erk C,

Proof. First we rewrite as before

A =P+ 0;(x) A"
j=1
with P (x) in normal form of degree d and each polynomial Q ; of degree e; < d —2;
also, 0 <mj < --- <m,. We know m = deg(c) > m,.

Since g,,A™ is the leading monomial in ¢, there exists a positive real number C;
depending only on v, coefficients of ¢;(A) fori =0, ...,d — 2, and ¢ such that if
Ay > C1 then [e(M)]y > 31gmly - ALY

Let o :=max_, m;/(d —e;); then @« < m, /2 since ¢; < d — 2 for all i. There
exist positive real numbers C, and C3 (depending only on v and the coefficients
of ¢;(1)) such that if |A|, > C; and |x|, > C3|A|{, then

1 d
If)\(x)|l) > §|x|v > IX|U7

and thus, | f}'(x)|, — 00 as n — oo.
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However, since m > m, > 2« > «, we conclude that if [A], > (2C3/|qm|v)1/(’"_°‘),
then
5gmly - ALY > C3Al5.

We let C4 := max{C}, Cs, (2C3/|Qm|v)l/(mia)’ |Qm|171/m}- Soif |A|, > Cy, then
e o > %1gmlo - AT > C3lA12,

and thus, | f}' (¢(A))|, — oo as n — oco. We conclude that if A € M, ,, then |A], < C4,
as desired. O

Remark 6.4. It is possible to make the constants in the proof above explicit. More-
over, for a nonarchimedean place v, the estimate of the absolute values can be
precise. For example, if v is nonarchimedean, we can ensure that if [A|, > C4, then

| £ €Oy = lgmA™[¢ forall n > 1. (6.5)

Theorem 6.6. The logarithmic capacity of M¢,, is y(M¢ ) = |qm |U_1/m.

The strategy for the proof of Theorem 6.6 is to construct a continuous subhar-
monic function G, : AIISerk,Cv — R satisfying Lemma 4.1(3). Analogously to the
family fo(x) = x? 4+ X treated in [Baker and DeMarco 2011], we let

. 1
Gey(X) = lim —————log™[gc . (T)]5. 6.7
) i= lim ot log" gen(T)); ©6.7)

Then by a similar reasoning as in the proof of [ibid., Proposition 3.7], it can be
shown that the limit exists for all € Aéerk ¢, In fact, by the definition of canonical
local height, for A € C,, we have

1
md"

Geo(A) = nll)rgo log*| f)'(e(X))], since deg(gc.,) =md" by Lemma 5.2,

1

Pl h fvle(d)) by the definition of canonical local height.

As a consequence of the computation above, we have the following:

Proposition 6.8 [Silverman 1994a, Theorem I1.0.1; Silverman 1994b, Theorem
II1.0.1 and Corollary II1.0.3]. We have h, ,(c(1)) = deg(c)Ge ,(A).

Remark 6.9. The formula above holds in the more general case of Question 1.3;
for example, one may work with a rational function ¢ € C(}).

Note that G, (1) >0 forall A € Aéerk’(@v. Moreover, we see easily that A € M,
if and only if G, (%) =0.

Lemma 6.10. The function G, is the Green function for M. ,, relative to co.

The proof is essentially the same as the proof of [Baker and DeMarco 2011,
Proposition 3.7]; we simply give a sketch of the idea.
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Proof of Lemma 6.10. We deal with the case that v is nonarchimedean. (The case
when v is archimedean follows similarly.) So using the same argument as in the proof
of [Branner and Hubbard 1988, Proposition 1.2], we observe that as a function of A,

log" [ge.n(T)1
deg(gc,n)

converges uniformly on compact subsets of Allg erk.C, - S0 this function is continuous
and subharmonic on A];erk,(ﬁu and converges to G, , uniformly; hence, it follows
from [Baker and Rumely 2010, Proposition 8.26(c)] that G, , is continuous and
subharmonic on Aéerk’cv. Furthermore, as remarked above, G, is 0 on M ,.

Arguing as in the proof of Lemma 6.3 (see (6.2) and (6.5)), if |A|, > C4, then
for n > 1 we have

18en )]y = L €Oy = lgmA™ 7.
Hence, for |A|, > C4 we have

im L log |gm|
Gc,v()‘) — nlizgo W 10g|gc,n()\')|v= 10g |)»|u + %

It follows from Lemma 4.1(3) that G, is indeed the Green function of M, ,. [
Now we are ready to prove Theorem 6.6.

Proof of Theorem 6.6. As in the proof of Lemma 6.10, we have

1
0g [qm v +o(l)
m

Gc,v()\) = 10g |Aly +
for |A|, sufficiently large. By Lemma 4.1(3), we find that V (M, ,) = log |gm|,/m.
Hence, the logarithmic capacity of M, , is

Y(Me ) = eV Mer) = 1/]g,, 1™, O

Let M = [[,cq Mc,v be the generalized adelic Mandelbrot set associated with c.
As a corollary to Theorem 6.6, we see M, satisfies the hypothesis of Theorem 4.3.

Corollary 6.11. For all but finitely many nonarchimedean places v, we have that
M., is the closed unit disk 9(0; 1) in C,; furthermore, y(M,) = 1.

Proof. For each place v where all coefficients of ¢; (A) fori =0, ..., d—2and of ¢(X)
are v-adic integral and moreover |g,,|, = 1, we have that M, , = %(0, 1). Indeed,
(0, 1) C M., since then f}'(c())) is always a v-adic integer. For the converse
implication, we note that each coefficient of g, ,(A) is a v-adic integer while the
leading coefficient is a v-adic unit for all n > 1; thus, |g¢.,(A)|, = |A|L”d" — 00
if 1], > 1. Note that g, # 0, so the second assertion in Corollary 6.11 follows
immediately by the product formula in K. ]
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Using Proposition 6.8 and the decomposition of the global canonical height as a
sum of local canonical heights, we obtain the following result:

Corollary 6.12. Let ) € K, let S be the set of Gal(K / K)-conjugates of A, and let
hw, be defined as in (4.2). Then deg(c) - hy, (M) = hg, (¢(X)).

Remark 6.13. Let #(A) denote a Weil height function corresponding to the divisor
oo of the parameter space that is the projective line in our case. Then it follows
from [Call and Silverman 1993, Theorem 4.1] that

hp(c0) -
Wl T ey @

where £(c) is the canonical height associated with the polynomial map f over
the function field C(1). Corollary 6.12 gives a precise relationship between the
canonical height function on the special fiber, the height of the parameter A, and
h £(c), which is equal to deg(c) in this case.

7. Explicit formula for the Green function

In this section, we work under the assumption that | - |, = | - | is archimedean,
and C, simply denotes C in this case. We show that in this setting we have an
alternative way of representing the Green function G := G, for the Mandelbrot set
M, := M, ,,. We continue to work under the same hypothesis on ¢(1); in particular,
we assume that (5.1) holds. Furthermore, if » = 0 (that is, f is a constant family of
polynomials), then m = deg(c) > 1.

Since the degree in x of f;(x) is d, there exists a unique function ¢, that is an
analytic homeomorphism on the set Ug, for some R; > 1 (where for any positive
real number R, Ug denotes the open set { z € C: |z| > R }) satisfying the following
conditions:

(1) ¢, has derivative equal to 1 at oo, or more precisely, the analytic function
Y (z) := 1/¢,.(1/z) has derivative equal to 1 at z =0, and

(2) ¢:.(f2.(2)) = (@2(2) for |z| > R.

We can make (1) above more precise by giving the power series expansion

A)L,n
"

g =z+) (7.1)
n=1

From (7.1) we immediately conclude that |¢; (z)| = |z| + O, (1), and thus,

log |9, (2)| =log |z| + O, (1) for |z| large enough. (7.2)
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So using that ¢, (fi(2)) = ¢, (2)¢, we conclude that if |z| > Ry, then

. log" | fl1(2)] . loglg(f(2))]
lim —2%— = lim ————~%~ """
n—00 an n—00 d"

= log |$:.(2)|. (7.3)

Hence, (7.3) yields that the Green function G* for the (filled Julia set of the)
polynomial f, equals

log | f'(2)] .
— o =loglgi @)l if |z] > Ry

G*(z) := lim

n—oo

For details on the Green function associated with any polynomial, see [Carleson
and Gamelin 1993], where Chapter II1.4 says that the function log |¢, (z)| can be
extended to a well-defined harmonic function on the entire basin of attraction A%,
of the point at oo for the polynomial map f. The set A%, is the complement of the
filled Julia set of f;; more precisely, it is the set of all z € C such that the orbit of z

under f; is unbounded. Thus, on A% we have

G*(z) :=log |¢s(2)| (7.4)

is the Green function for (the filled Julia set of) the polynomial f,. Also by [ibid.,
Chapter I11.4], we know that

R, := max 0" ® > 1.
£ (x)=0

In Proposition 7.6, we will show that if |A]| is sufficiently large, then ¢(}) is in
the domain of analyticity for ¢,. In particular, using (7.2) this would yield

G 1im 1OETILICON] _ ToglgscGDI _ GH(eG)
n— o0 md" m m

(7.5)

for || sufficiently large.

Proposition 7.6. There exists a positive constant Cy such that if || > Cy, then c¢()\)
belongs to the analyticity domain of ¢;.

Proof. The proof is similar to that of [Baker and DeMarco 2011, Lemma 3.2]. If f
is a constant family of polynomials, then the conclusion is immediate since R; is
constant (independent of 1), and thus, for |A| sufficiently large, clearly |c(})| > R;.
So from now on assume f is not a constant family of polynomials, which in
particular yields thatr > 1 and 0 <m| < --- < m,.

First we recall that
Ry, = 0 0 = max @G
f1()=0
Next we show that R; — oo as |[A] = oo, which will be used later in our proof.

Lemma 7.7. As |A| = 00, we have R) — oc.



720 Dragos Ghioca, Liang-Chung Hsia and Thomas J. Tucker

Proof. We recall that

£l =PE)+ A" 0i(x),
i=1
where P(x) is a polynomial in normal form of degree d and 0 < m;| < --- < m,
are positive integers while the Q; are nonzero polynomials of degrees e; < d — 2.
We have two cases.

Case 1. Each Q;(x) is a constant polynomial. Then the critical points of f;
are independent of A, that is, xo = O(1). We let x; € C such that f; (x;) = xo.
Since each Q; is a nonzero constant polynomial, we immediately conclude that
|x1] >> |A|"™ /. On the other hand, since Usg, C (b;l(URA) [Branner and Hubbard
1988, Corollary 3.3], we conclude that |x;| < 2R;, so R; > [A|" /4, Indeed, if
|x1| > 2R;, then there exists z; € Ug, such that d),\_l(zl) = x1. Using the fact that
¢,. is a conjugacy map at oo for f;, we would obtain that

0= filx) = filgy @) = ¢; ' @) € Ug,.
which contradicts the fact that xg is not in the analyticity domain of ¢;.

Case 2. There exists i = 1, ..., r such that Q;(x) is not a constant polynomial.
Then the critical points of f vary with A. In particular, there exists a critical point x;
of maximum absolute value such that |x;| >> |A|"7/@~=¢) (for some j =1,...,7r),
where for eachi =1, ..., r, we have ¢; = deg(Q;) <d — 2. Now, x, is not in the
domain of analyticity of ¢,, and thus, |x;| < R;, which again shows that R, — oo
as |A| —> oo. O

Using that R, — oo, we will finish our proof. First we note that
1. (fo(x0)) | = €& (00D = pdG7G0) = R (7.8)

Note that ¢, (z) is analytic on Ug, while log|¢,(z)| is continuous for |z| > R;.
Moreover, whenever it is defined, G*( f5.(z)) = dG*(z), so also using (7.4), we
obtain (7.8).

Now for |A| sufficiently large, we have that Ri’ /2 > R, (since R; — oo according
to Lemma 7.7). So URil C ¢A(UR5/2) [Branner and Hubbard 1988, Corollary 3.3],
and thus,

| fu(x0)l = 1RY. (7.9)

Case 1. We have deg(Q;) =0 for each i. Then xo = O(1) as noticed in Lemma 7.7,
and thus, using (7.9) we obtain that |A|"" > R‘f. Since deg(c) =m > m,, we obtain

le(W)] = gml - A" — O™ D> RY > R,

if |A| is sufficiently large.
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Case 2. If not all of the Q; are constant polynomials, then we still know that
ol < [N M@ 3/

because ¢; < d — 2 for each i. Therefore,

R < | fu(xo)| < A2, (7.10)
On the other hand, |c(})| ~ |A|™ and m > m,, which yield that

eI > A" > R > R,
by (7.10). This concludes the proof of Proposition 7.6. U

Therefore, for large |A|, the point ¢()) is in the domain of analyticity for ¢;,
which allows us to conclude that (7.5) holds.

We know from [Carleson and Gamelin 1993] that for each A € C and for each
z € C sufficiently large in absolute value, we have

o0 n+l1 n+1
1+ (z)\ 1/d
— , 7.11
$:(2) z]})( i) .11)

and thus,

n+1
() =z ]O—o[(l  QUECEN T2t QA7) 'Ami>l/d SENCAT)
=0 f A (2)

where Qo(x) := P(x) —x? is a polynomial of degree at most equal to d — 2. We
showed in Proposition 7.6 that ¢, (c(A)) is well-defined; furthermore, the function
@,.(c(A))/c(A) can be expressed near oo as the infinite product above. Indeed, for
each n € N, the order of magnitude of the numerator in the n-th fraction from the
product appearing in (7.12) when we substitute z = ¢(A) is at most

|)L|m+(d—2)md" < |)\‘|m(d—1)d"
while the order of magnitude of the denominator is |)»|md"+1. This guarantees

the convergence of the product from (7.12) corresponding to ¢, (c(A))/c(A). We
conclude that

¢,.(c(1)) is an analytic function of A (for large 1) and moreover (7.13)
$r(c(V) = gmA" + 001, (7.14)
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8. Proof of Theorem 2.3: Algebraic case

We work under the hypothesis of Theorem 2.3, and we continue with the notation
from the previous sections. Furthermore, we prove Theorem 2.3 under the extra
assumptions that

a,beQ[A] and ¢; €Q[r] foreach i=0,...,d—2. (8.1)

Recall that f; (x) = x4 + 2?702 ¢;(M)xt, where we require that ¢; € Q2] for

i=0,...,d—2.Leta,beQ[A] satisfy the hypotheses (i) and (ii) of Theorem 2.3.
Let K be the number field generated by the coefficients of ¢; (A) fori =0, ...,d—2
and of a(A) and b()). Let Qk be the set of all inequivalent absolute values on K.

Next, assume there exist infinitely many A such that both a(A) and b()) are
preperiodic for f,. At the expense of replacing a()) by f){‘ (a(X)) and b()) by
ff (b())), we may assume that the polynomials

a(}) and b(A) have the same leading coefficient and degree m > m,.. (8.2)

Let A, (z) and A, (z) be the heights of z € K relative to the adelic generalized
Mandelbrot sets M, := HUGQKM‘LU and M, as defined in Section 6. Note that if
A € K is a parameter such that a(A) and b()) are preperiodic for f;, then sy, (A) =0
by Corollary 6.12. So we may apply the equidistribution result from [Baker and
Rumely 2010, Theorem 7.52] (see our Theorem 4.3) and conclude that M, , = M},
for each place v € Qg. Indeed, we know that there exists an infinite sequence
{An}nen of distinct numbers A € K such that both a(})) and b(A) are preperiodic
for f,. So for each n € N, we may take S, to be the union of the sets of Galois
conjugates for A, for all 1 <m < n. Clearly, #S,, — 0o as n — 00, and also each
S, is Gal(K /K)-invariant. Finally, A, (Sp) = hm, (Sy) =0 for all n € N, and thus,
Theorem 4.3 applies in this case. We obtain that puy, = g, , and since they are both
supported on M, and My, respectively, we also get that M, = Mp. The following
lemma applies in the generality of Theorem 2.3, and it will finish our proof. (Note
that since K is a number field, it has at least one archimedean valuation.)

Lemma 8.3. Let f, a, and b be as in Theorem 2.3; in particular, assume they are
all defined over C. Let | - | be the usual archimedean absolute value on C, and
let M, and M}, be the corresponding complex Mandelbrot sets. If M, = My, then
a=bh.

Proof. Since M, = My, then the corresponding Green functions are also the same,
that is, (using (7.5) and (8.2))

| (a(X))] = |, (b(X))| for all |A| sufficiently large.

On the other hand, for |z| large, the function & (z) := ¢, (a(z))/¢,(b(z)) is an analytic
function of constant absolute value. (Note that the denominator does not vanish
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since ¢, is a homeomorphism for a neighborhood of co.) By the open mapping
theorem, we conclude that 2 (z) := u is a constant (for some u € C of absolute value
equal to 1); that is,

r(@(r)) = u - g (b(A)). (8.4)

Using (7.13) and (7.14) (also note that a(A) and b(X) have the same leading coeffi-
cient), we have u = 1. Using that ¢, is a homeomorphism on a neighborhood of
the infinity, we conclude that a(}) = b(}) for A sufficiently large in absolute value
and thus for all A as desired. (Note that @ and b are polynomials.) ]

Remark 8.5. Our proof (similar to the proof from [Baker and DeMarco 2011]) only
uses in an essential way the information that M, = M}, that is, that the Mandelbrot
sets over the complex numbers corresponding to a and b are equal, even though we
know that M, , = My, for all places v.

9. Proof of Theorem 2.3: The converse implication

Now we prove the converse implication in Theorem 2.3 in the general case, that is,
for polynomials cy, ..., c4—2, @, and b with arbitrary complex coefficients. Again
at the expense of replacing a(A) by fkk (a(X)) and replacing b(A) by ff (b(X)), we
may assume a(A) = b(A). The following result will finish the converse statement
in Theorem 2.3:

Proposition 9.1. Let ¢ € C[A] of degree m > m,. Let Prep(c) be the set consisting
of all & € C such that c¢(}) is preperiodic under f,, and let M. be the set of all .. € C
such that the orbit of ¢(L) under the action of f is bounded with respect to the
usual archimedean metric on C. Then the closure in C of the set Prep(c) contains
dM.. In particular, Prep(c) is infinite.

Proof. We first claim that the equation f,(c(z)) = ¢(z) has only finitely many
solutions. Indeed, according to Lemma 5.2, the degree in z of f;(c(z)) — ¢(z)
is dm, which means that there are at most dm solutions z € C for the equation
f:(e(2) = ¢(2).

Let xg € dM_, which is not a solution z to f,(c(z)) = ¢(z); we will show that
Xo is contained in the closure in C of Prep(c). Since we already know that if
fz(e(2)) = ¢(z), then z € Prep(c), we will be done once we prove that each open
neighborhood U of x( contains at least one point from Prep(c).

Now, let U be an open neighborhood of xg, and let 4; : U — P!(C) fori =1, 2, 3
be three analytic functions with values taken in the compact Riemann sphere, given
by

hi(z):=00, hy(2):=¢(2), and h3(z):=g1(2) = fz(c(2)).

Furthermore, since x is not a solution for the equation %, (z) = h3(z), then we may
assume (at the expense of replacing U with a smaller neighborhood of x() that the



724 Dragos Ghioca, Liang-Chung Hsia and Thomas J. Tucker

closures of h;(U) and h3(U) are disjoint. Therefore, the closures of i1 (U), hy(U),
and h3(U) in P!(C) are all disjoint.

As before, we let {g¢ »}n>2 be the set of polynomials g. ,(z) := f]"(¢(z)). Since
X0 € 0M,, the family of analytic maps {g¢ ,},>2 is not normal on U. Therefore, by
Montel’s theorem [Beardon 1991, Theorem 3.3.6], there exists n > 2 and z € U
such that g. ,(z) = ¢(z) or g¢n(z) = f;(c(z)). (Clearly, it cannot happen that
8e.n(2) = 00.) Either way, we obtain that z € Prep(c) as desired.

Since y(M,) > 0, we know that M, is an uncountable subset of C, and thus, its
boundary is infinite; hence, Prep(c) is also infinite. (]

10. Proof of Theorem 2.3: General case

In this section, we finish the proof of Theorem 2.3. With the same notation as in
Theorem 2.3, we replace a and b with f/\k (a())) and ff (b(1)), respectively; thus,
a()) and b(A) are polynomials with the same degree and same leading coefficient.
We assume there exist infinitely many A € C such that both a()) and b(A) are
preperiodic for f;; we will prove that a = b.

Let K denote the field generated over @ by adjoining the coefficients of each c;
(fori =1,...,d —?2) and adjoining the coefficients of @ and of b. According to
Corollary 5.3, if there exists A € C such that a(X) (or b(1)) is preperiodic for f;,
then A € K, where K denotes the algebraic closure of K in C. Let Qg be the set of
inequivalent absolute values of K corresponding to the divisors of a projective Q-
variety V" regular in codimension 1; then the places in Qg satisfy a product formula.

As in Section 8, we let Ay, (z) and Ay, (2) be the heights of z € K relative to
the adelic generalized Mand_elbrot sets M, = ]_[UEQK M, , and M as defined in
Section 6. Note that if A € K is a parameter such that a(A) is preperiodic for f;,
then Ay, (A) = 0 and Ay, (A) = 0, respectively, by Corollary 6.12 again. So arguing
as in Section 8, we may apply the equidistribution result from [Baker and Rumely
2010, Theorem 7.52] (Theorem 4.3) and conclude that M, , = M}, for each
place v € Q.

As observed in our proof from Section 8 (see Remark 8.5), in order to finish the
proof of Theorem 2.3, it suffices to prove that M, = M;, where M, and M, are
the complex Mandelbrot sets corresponding to @ and b, respectively. By complex
Mandelbrot sets M, and M, we mean the Mandelbrot sets corresponding to a
and b constructed with respect to the usual archimedean metric on C.

As before, Prep(a) and Prep(b) denote the sets of all . € C such that a(})
and b(}), respectively, are preperiodic for f;. As proved in Corollary 5.3, we know
that both Prep(a) and Prep(b) are subsets of K. In order to prove that M, = M, it
suffices to prove that Prep(a) differs from Prep(d) in at most finitely many points.
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To ease the notation, we define the symmetric difference of Prep(a) and Prep(b) as
PrepDiff(a, b) := (Prep(a) \ Prep(b)) U (Prep(d) \ Prep(a)).
Proposition 10.1. If the set PrepDiff(a, b) is finite, then M, = M,

Proof. Since M, contains all points A € C such that lim,,_, o, log™ | fia)|/d" =0,
the maximum modulus principle yields that the complement of M,, in C is connected,;
that is, M, is a full subset of C; see also [Baker and DeMarco 2011]. So both M,
and M}, are full subsets of C containing the sets Prep(a) and Prep(b) whose closures
contain the boundary of M, and M}, respectively (according to Proposition 9.1).
As Prep(a) and Prep(b) differ by at most finitely many elements, we conclude that
M, = M,. O

To prove that Prep(a) and Prep(b) differ by at most finitely many elements, we
observe first that if A € Prep(a), then h £, (@(r)) =0, and thus, A” € M, ,, for all v and
allo € Gal(E/K). (See (3.3); note that a(A)° = a(A?) since a € K[x].) Similarly,
if A € Prep(b), then A.° € My, for each place v € Qg and each Galois morphism o .
We would like to use the reverse implication, that is, characterize the elements
Prep(a) as the set of all A € K such that A° € M,_, for each place v and for each
Galois morphism o. This is true if f; is not isotrivial over @ by Benedetto’s result
[2005]. In this case, Prep(a) and Prep(d) are exactly the sets of A € K such that
hm, () = 0 and Ay, (A) = 0, respectively. However, notice that if f) € Q[x], then

1% € Mg, for all v € Qi and o € Gal(K /K) if and only if a(A) € Q.

We see that in this case, Prep(a) is strictly smaller than the set of A € K such that
hn, (A) = 0. So we will prove that Prep(a) and Prep(d) differ by at most finitely
many elements by splitting our analysis into two cases depending on whether
there exist infinitely many A € C such that f; is conjugate to a polynomial with
coefficients in Q. The following easy result is key for our argument:

Lemma 10.2. For any A € C, the polynomial f,(x) is conjugate to a polynomial
with coefficients in Q if and only if ¢;(A) € Q foreachi =1, ...,d —2.

Proof. One direction is obvious. Now, assume f; is conjugate to a polynomial with
coefficients in Q. Let 8(x) :=ax + b be a linear polynomial so ™' o f;, 08 € Q[x].
Since f;, is in normal form, we note that a, b € Q for otherwise the leading coefficient
or the next-to-leading coefficient is not algebraic. Now, it is clear that each ¢; (A) € Q
as desired. O

Let S be the set of all € C such that f; is conjugate to a polynomial in Q[x].
Using Lemma 10.2, S C K since each polynomial ¢; has coefficients in K and
Q C K. Also, S is Gal(K /K)-invariant since each coefficient of each ¢; is in K.

Proposition 10.3. PrepDiff(a, b) C S.
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Proof Let A € K\ S. Since f; is not conjugate to a polynomial in @, using
Benedetto’s result (see also (3.3)) we obtain that a(A) is preperiodic for f; if
and only if for each v € Qg and ¢ € Gal(K/K), the local canonical height of
a(1)’ = a(1?) computed with respect to f equals 0. Since each coefficient of
¢;i (1) is defined over K, we get that f” = fj-. Therefore, for each A € K \ §, we
see that a(A) or b(}) is preperiodic for f; if and only if for all v € Qg and all
o€ Gal(I?/K), we have A7 € M, , or A2 € My ,, respectively. Using the fact that
Mgy, = My, for all v € Qk, we conclude that if A € K \ S, then A € Prep(a) if and
only if A € Prep(b). Hence, PrepDiff(a, b) C S as desired. O

Lemma 10.4. If . € S and a()) ¢ Q, then a()) is not preperiodic for f;.

Proof. The assertion is immediate since for A € S we have f; € Q[x] by the definition
of S (see also Lemma 10.2); hence, the set of preperiodic points of fj is contained
in Q. By assumption a(A) ¢ Q; therefore, a()) is not preperiodic for f;. (]

Proposition 10.5. The set PrepDiff(a, b) is finite.

Proof. If S is a finite set, then the assertion follows from Proposition 10.3. So in
the remaining part of the proof, we assume that S is an infinite set. By Lemma 10.2
we know that there exist infinitely many A € K such that ¢; (1) € @ for each
i=0,...,d—2. The following lemma will be key for our proof:

Lemma 10.6. Let L C L, be algebraically closed fields of characteristic 0, and
let f1,..., fu € Lolx]. If there exist infinitely many z € L, such that f;(z) € L, for
eachi =1,...,n,then there exists h € Ly[x], and there exist g1, ..., g, € L1[x]
such that f; = gioh foreachi =1, ..., n.

Proof. Let C C A" be the Zariski closure of the set

{(N1@,..., fa@):z€ Ly} (10.7)

Then C is a rational curve that (by our hypothesis) contains infinitely many points
over L. Therefore, C is defined over L1, and thus, it has a rational parametrization
over L. Let

(g1,---,8) Al > C

be a birational morphism defined over L; we denote by v : C — Al its inverse.
(For more details, see [Shafarevich 1994, Chapter 1]). Since the closure of C in P"
(by considering the usual embedding of A" C P") has only one point at infinity (due
to the parametrization (10.7) of C), we conclude that (perhaps after a change of
coordinates) we may assume each g; is also a polynomial; more precisely, g; € L1[x].
We let i : Al — Al be the rational map (defined over L) given by the composition

h:=vo(fi,..., fn)-
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Therefore, for eachi =1, ..., n, we have f; = g; o h, and since both f; and g; are
polynomials, we conclude that 4 is also a polynomial, as desired. (I

As an immediate consequence of Lemma 10.6, we have the following result:

Corollary 10.8. Let L| C L, be algebraically closed fields of characteristic 0, and
let f1, ..., fu € La[x]. If there exist infinitely many z € L, such that f;(z) € L for
i=1,...,n,thenforanyi, j €{l,...,n}and any z € Ly, we have f;(z) € L1 if
and only if f;(z) € L.

There are two possibilities: Either there exist infinitely many A € S such that
a()) € Q or not.

Lemma 10.9. If there exist infinitely many % € S such that a(\) € Q, then a = b.
In particular, Prep(a) = Prep(b).

Proof. Using Corollary 10.8 we obtain that actually for all A € § we have that
a()) € Q. So in this case each A° belongs to each M, , for each place v of the
function field K / @ and for each o € Gal(K /K). (Note that for such A € S we have
that both f; € Q[x] and a(}) € @, and also note that S is Gal(I?/K)—invariant.)
Since M, , = My, for each place v, we conclude that A° € My, for each A € S,
for each v € Q, and for each o € Gal(E/K). Since f; € @[x], we conclude that
b)) e Q as well. Indeed, otherwise |b(A)? |, > 1 for some place v and some Galois
morphism o, and thus, | f}'(b(1?))|, — oo as n — o0, contradicting the fact that
A% € My ,. Hence, both a(A) € Q and b(1) € Q for A € S.

Therefore, applying Lemma 10.6 to the polynomials cy, ..., cs—2, a, and b, we
conclude that there exist polynomials c6, R c&_z, a',b' € Q[x]and & € K[x] such
that

¢i=ciohforeachi=0,...,d—2and (10.10)
a=aohandb=>b'oh. (10.11)

We let 6 := h()) and define the family of polynomials

d—2
fi) =xT4) o).

i=0
So we reduced the problem to the case studied in Section 8 for the family of
polynomials f; € Q[x] and to the starting points @', b’ € Q[8]. Note that using
hypotheses (i) and (ii) from Theorem 2.3 and also relations (10.10) and (10.11),
a’(8) and b’ (8) have the same leading coefficient and the same degree, which is
larger than the degrees of the c.. So since we know there exist infinitely many 6 € C
such that a’(8) and b'(8) are both preperiodic for f{, we conclude that a’ = b" as
proved in Section 8. Hence, @ = b, and thus, Prep(a) = Prep(b). [l
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Lemma 10.12. If finitely many A € S exist such that a(.) € Q, then PrepDiff(a, b)
is finite.

Proof. First, note that there must be at most finitely many A € S such that b(1) € Q.
Otherwise, arguing as in the proof of Lemma 10.9, we would obtain that for all the
infinitely many A € S, both a(A) and b(}X) are in @, which violates the lemma’s
hypothesis. So let T be the finite subset of S containing all A such that either
a(h) e Qorb()) € Q.

Let A € (K \ T)NPrep(a). If A € S, then by Lemma 10.4 we know that
A & Prep(a), a contradiction. Therefore, A ¢ S, so by Proposition 10.3, we have
A ¢ PrepDiff(a, b). Similarly, if A € (K \ T) N Prep(b), then A ¢ PrepDiff(a, b).
Thus, PrepDiftf(a, b) is contained in the finite set 7. O

Lemmas 10.9 and 10.12 finish the proof of Proposition 10.5. ([

Therefore, Proposition 10.5 yields that Prep(a) and Prep(d) differ by at most
finitely many elements. Then it follows from Proposition 10.1 that the corresponding
complex Mandelbrot sets M, and M, are equal, so we conclude our proof of
Theorem 2.3 using Lemma 8.3.

11. Connections to the dynamical Manin—-Mumford conjecture

We first prove Corollary 2.7, and then we present further connections between our
Question 1.3 and the dynamical Manin—-Mumford conjecture formulated by Ghioca,
Tucker, and Zhang [2011].

Proof of Corollary 2.7. At the expense of replacing f by a conjugate § ' o f 0§
and replacing a and b by § ! oa and ! o b, respectively, we may assume f is in
normal form. By the hypothesis of Corollary 2.7, we know that there are infinitely
many A, € @ such that

Tim 7 (@(u)) +h (b (k) = 0.

We let f := f5.:= f be the constant family of polynomials f indexed by A € Q. As
before, we let K be the field generated by coefficients of f, a, and b and let Ay, (2)
and hyy, (z) be the heights of z € K relative to the adelic generalized Mandelbrot
sets M, :=[1, cay Ma,v and Mp, respectively, as defined in Section 6. So we may
apply the equidistribution result from [Baker and Rumely 2010, Theorem 7.52] (see
our Theorem 4.3) and conclude that M, , = M}, for each place v € Q. Indeed,
for each n € N, we may take S, to be the set of Galois conjugates of A,. Clearly
#S, — oo as n — oo (since the points A, are distinct and their heights are bounded
because the heights of a(A,) and b(},) are bounded). Finally, lim,,_, o An, (Sn) =
lim,,—, o A, (Sy) =0 (by Corollary 6.12), and thus, Theorem 4.3 applies in this case.
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Using that M, , = Mjp,, for an archimedean place v, the same argument as in
the proof of Theorem 2.3 yields that @ = b as desired. (I

Next we discuss the connection between our Question 1.3 and the dynamical
Manin—Mumford conjecture [Ghioca et al. 2011, Conjecture 1.4]. First we recall
that for a projective variety X and an endomorphism ® of X, we say that ® is
polarizable if there exists an integer d > 1 and there exists an ample line bundle &
on X such that ®*(¥) = $®4.

Conjecture 11.1 (Ghioca, Tucker, Zhang). Let X be a projective variety, define
¢ : X — X to be a polarizable endomorphism defined over C, and let Y be a
subvariety of X that has no component included into the singular part of X. Then
Y is preperiodic under ¢ if and only if there exists a Zariski dense subset of smooth
points x € Y NPrep,(X) such that the tangent subspace of Y at x is preperiodic
under the induced action of ¢ on the Grassmannian Grgimy)(Tx x). (Here Tx
denotes the tangent space of X at the point x.)

Ghioca, Tucker, and Zhang [2011] prove that Conjecture 11.1 holds whenever &
is a polarizable algebraic group endomorphism of the abelian variety X and also
when X =P! x P!, Y is aline, and ®(x, y) = (f(x), g(y)) for any rational maps f
and g. We claim that a positive answer to Question 1.3 yields the following special
case of Conjecture 11.1 that is not covered by the results from [Ghioca et al. 2011].
Note that we do not need the condition on preperiodicity of tangent spaces in the
Grassmannian, only an infinite family of preperiodic points; hence, what one would
obtain here is really a special case of Zhang’s original dynamical Manin—Mumford
conjecture (which did not require the extra hypothesis on tangent spaces).

Proposition 11.2. If Question 1.3 holds in the affirmative, then for any endo-
morphism ® of P! x P! given by ®(x, y) := (f(x), f(¥)) for some rational map
f €C(x) of degree at least 2, a curve Y C P! x P! will contain infinitely many prepe-
riodic points if and only if Y is preperiodic under ®. In particular, Question 1.3
implies Conjecture 11.1 for such Y and ®.

Proof. Let Y C P! x P! be a curve containing infinitely many points (x, y) such
that both x and y are preperiodic for f. Furthermore, we may assume Y projects
dominantly on each coordinate of P! x P! since otherwise it is immediate to
conclude that Y contains infinitely many preperiodic points for @ if and only if
Y ={c} x P! or ¥ = P! x {c}, where ¢ is a preperiodic point for f.

We let f = f, := f be the constant family of rational functions (equal to f)
indexed by all points A € Y and let K be the function field of Y. Let (a, b) €
P'(K) x P1(K) be a generic point for Y. By our assumption, there exist infinitely
many A € Y such that both a(}) and b(X) are preperiodic for f5, = f. Since Y
projects dominantly on each coordinate of P! x P!, we get that neither a nor b
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is preperiodic under the action of f. (Otherwise, a or b would be constant.) So
assuming the answer to Question 1.3 is “yes”, we obtain that the curve Y (C) =
{(@ar),b(L) :xe Y} C IP}( X K [P’}( lies on a preperiodic proper subvariety Z
of P! x P! defined over a finite extension of K. More precisely, we get that
Z =Y ®c K, so Y must be itself preperiodic under the action of (f, f) on P! x P!

Conversely, suppose that Y is preperiodic under ®. Then some iterate of Y
contains a dense set of periodic points by [Fakhruddin 2003], so Y contains an
infinite set of preperiodic points. U

Remarks 11.3. (a) In the proof of Proposition 11.2, we did not use the full strength
of the hypothesis from Conjecture 11.1. Instead we used the weaker hypothesis of
[Zhang 1995, Conjecture 2.5] or [Zhang 2006, Conjecture 1.2.1, Conjecture 4.1.7]
(which was the original formulation of the dynamical Manin—-Mumford conjecture).
This is not surprising since for curves contained in P! x P!, the only counterexam-
ples to the original formulation of the dynamical Manin—-Mumford conjecture are
expected to occur when @ := (f, g) for two distinct Lattés maps.

(b) Finally, we note that a positive answer to Conjecture 11.1 does not yield a
positive answer to Question 1.3. Instead, Question 1.3 goes in a different direction
that is likely to shed more light on the dynamical Manin—-Mumford conjecture
especially in the case when Y is a curve in Conjecture 11.1.
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F-blowups of normal surface singularities
Nobuo Hara, Tadakazu Sawada and Takehiko Yasuda

We study F-blowups of non- F-regular normal surface singularities. Especially
the cases of rational double points and simple elliptic singularities are treated in
detail.

1. Introduction

The F-blowup introduced in [Yasuda 2012] is a canonical birational modification
of a variety in positive characteristic. For a nonnegative integer e, the e-th F-
blowup of a variety X is defined as the blowup at F7Oy, that is, the universal
birational flattening of F¢Oy. Here F{Oy is the pushforward of the structure sheaf
by the e-iterated Frobenius morphism. It turns out that the F-blowup of a quotient
singularity has a connection with the G-Hilbert scheme [Toda and Yasuda 2009;
Yasuda 2012]. However, the F-blowup has the advantage that it is canonically
defined for arbitrary singularity in positive characteristic, whereas the G-Hilbert
scheme is defined only for a quotient singularity. Actually, it is proved in [Yasuda
2012] that the e-th F-blowup of any curve singularity with e > 0 is normal, and
hence resolves singularities in dimension one.

As is naturally expected, the F-blowup is also connected to F-singularities in
positive characteristic such as F-pure and F-regular singularities. It is proved that
the sequence of F-blowups for an F-pure singularity is monotone [Yasuda 2009]
and that the e-th F-blowup of an F-regular surface singularity coincides with the
minimal resolution for e >> 0 [Hara 2012]. However, it is too much to ask for
F-blowups of normal surface singularities to be the minimal resolution or even
smooth in general. Actually, there exist (non-F-regular) rational double points
whose F-blowups are singular [Hara and Sawada 2011].

Although some good aspects as well as pathologies of F-blowups have recently
been discovered as above, their behavior is a mystery yet, even in dimension two.
In this paper, we explore the behavior of F-blowups of certain normal surface
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singularities more in detail. We are mainly concerned with two classes of surface
singularities, that is, non- F'-regular rational double points (which exist only in char-
acteristics up to five) and simple elliptic singularities. We will discuss F-blowups
of these singularities, focusing on the normality, smoothness and stabilization of
F-blowup sequences.

For this purpose, we do utilize not only the classical theory of surface singularities,
but also computations with Macaulay?2 [Grayson and Stillman 2012], which are
complementary to each other. The key to our computations is two Macaulay?2
functions that we will write down. Given a module, the first function computes an
ideal such that the blowups at the ideal and module coincide, following Villamayor’s
description of such an ideal [2006]. Using this together with a built-in function to
compute Rees algebras, one can explicitly compute a graded ring describing the
blowup at a module. The second function we will write computes the Frobenius
pushforward F, M of a given module M. These functions enable us to investigate F-
blowups in detail, especially for hypersurface surface singularities in characteristic
two or three.

In the case of rational double points, one can apply general theory of rational
surface singularities to show that F-blowups are normal and dominated by the
minimal resolution. Then a version of McKay’s correspondence [Artin and Verdier
1985] enables us to determine the e-th F'-blowup by the direct sum decomposition of
F?¢M into indecomposable modules. For F-regular surface singularities R = Oy ,,
all indecomposable reflexive R-modules appear as a direct summand of F{ R with
e > 0, so that the e-th F-blowup coincides with the minimal resolution [Hara
and Sawada 2011; Hara 2012]. Contrary to this we have the following result for
non- F-regular Frobenius sandwiches in characteristic p < 5.

Theorem 1.1 (see [Hara and Sawada 2011, Example 4.8]). Let (X, x) be a rational
double point of type Dgnforn >2, EY, Eg inp=2, E, Eg inp=3or Eg in p=>5;
see [Artin 1977] for the notation. Then for any e > 1, the e-th F-blowup FB,(X)
coincides with the normal surface obtained by contracting all but one exceptional
curve on the minimal resolution X. The unique exceptional curve on FB,(X) is
indicated by the solid circle in Theorem 3.5.

We can analyze other types of non- F-regular rational double points by computer-
aided calculation. In these cases, computations of the blowups at modules are again
useful. For instance, one can see with such computation whether two obtained
indecomposable modules are isomorphic. A particularly interesting result is that
for e > 2, the e-th F-blowup of Di— and Dsl-singularities in characteristic two is
the minimal resolution, though Di— and D51 -singularities are not F-regular. In our
computations so far, there is no other non- F'-regular rational double point such that
any of its F'-blowups is the minimal resolution.
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We will investigate F-blowups of simple elliptic singularities in detail as well.
Since a simple elliptic singularity (X, x) is quasihomogeneous in general, its mini-
mal resolution X has the same structure as the conormal bundle over the elliptic
exceptional curve E, which is identified with the negative section. We can use this
fact to determine the structure of the F-blowups up to normalization, which turns
out to be different according to the self-intersection number E? and whether the
singularity (X, x) is F-pure or not. We summarize the results obtained in Theorems
4.5, 4.7, 4.13 and Proposition 4.18 in the following.

Theorem 1.2. Let (X, x) be a simple elliptic singularity in characteristic p > 0
with the elliptic exceptional curve E on the minimal resolution X. Let FB.(X) be
the normalization of the e-th F-blowup FB.(X) of (X, x) for any e > 1.

(1) If (X, x) is F-pure with E* = —1, then ISEE(X) coincides with the blowup of
X at p® — 1 nontrivial p®-torsion points on E.

(2) If (X, x) is not F-pure with E? = —1, then I%E(X) coincides with the blowup
of X at an ideal supported at a point Py € E with local expression (¢, u? "),
where t and u are local coordinates at Py € X.

(3) If E*> < —2 and —E? is not a power of p, then laﬁe(X) = ifor all e > 1.
Moreover, if (X, x) is F-pure and E* < -3, then FB,(X) = X.

We cannot determine whether or not an F-blowup is normal in general, but we
see that an F-blowup is nonnormal in some cases with Macaulay2 computation.
The theorem above tells us that an F-blowup coincides with the minimal resolution
in some cases, but in general, F-blowups of simple elliptic singularities behave
badly: They are nonnormal, not dominated by the minimal resolution and the
sequence of F-blowups does not stabilize. The study of F-blowups for simple
elliptic singularities will be pushed further and completed in [Hara 2013].

2. Preliminaries

2a. Blowups at modules. Let X be a Noetherian integral scheme and JIl a coherent
sheaf on X. For a modification f : Y — X, we denote the torsion-free pullback
(f*M)/tors by f*M, where tors denotes the subsheaf of torsions.

Definition 2.1. A modification f :Y — X is called a flattening of M if f*/M is flat,
or equivalently locally free. A flattening f is said to be universal if every flattening
g:Z — X of M factors as

g:Z—Y i> X.
(The universal flattening exists and is unique. It can be constructed as a subscheme

of a Quot scheme. See for instance [Oneto and Zatini 1991; Villamayor U. 2006].)
The universal flattening is also called the blowup of X at M and denoted by Bl (X).
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The following are basic properties of the blowup at a module, which directly
follow from the definition:

(1) The modification Bl (X) — X is an isomorphism exactly over the locus where
M is flat.

(2) If N C Al is a torsion subsheaf, then Bl y (X) = Bl x (X).

(3) If M is an ideal sheaf, then the blowup at Jl defined above coincides with the
usual blowup with the center JL.

The following are examples of blowups at modules. Therefore one can compute
them in the method explained below.

Example 2.2. If X is an algebraic variety over a field k, then its Nash blowup is the
blowup at Qy/«, the sheaf of differentials. The higher version of the Nash blowup
is also an example of the blowup at a module; see [Yasuda 2007].

Example 2.3. Let Y be a quasiprojective algebraic variety, G a finite group of
automorphisms of ¥ and X := Y/G the quotient variety. Then the G-Hilbert
scheme Hilb" (Y) is defined to be the closure of the set of free G-orbits in the
Hilbert scheme of Y; see [Ito and Nakamura 1996]. One can show that Hile(Y )
is isomorphic to the blowup at 7,0y, where 7 : ¥ — X is the quotient map.

Let r be the rank of Jl, K the function field of X and fix an isomorphism
N M® K = K. Then define a fractional ideal sheaf

Su=Im(ANM—> AN MURK=K).

Proposition 2.4 (see [Oneto and Zatini 1991; Villamayor U. 2006]). The blowup
at M is isomorphic to the blowup at $ y,

Bly, (X) = Projy (EB %).

n>0

Note that although 9 depends on the choice of the isomorphism /\ M ® K = K,
the isomorphism class of $ 4 and so Blg(X) are independent of it.

We will now recall Villamayor’s method [2006] for computing $ 4 in the affine
case. Suppose that X = Spec R. Abusing the notation, we identify the sheaf /M with
the corresponding R-module M, the fractional ideal sheaf $ 4 with the fractional
ideal I); C K, and so forth. Let

R"A R M0

be a presentation of M given by an n x m matrix A. Here and hereafter we think
of elements of free modules as column vectors and the map A : R — R" is given
by left multiplication with A, that is, v — Av. We call A a presentation matrix
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of M. Then there exist n — r columns of A such that if A’ denotes the submatrix of
A formed by these columns, then

M’ := Coker(R"™" A R™)

has rank . Then M is a quotient of M’ by some torsion submodule of M’. Therefore
the blowups at M and M’ are equal.

Proposition 2.5 [Villamayor U. 2006]. The ideal generated by (n—r)-minors of A’,
which is by definition the r-th Fitting ideal of M', is equal to Iy for a suitable
choice of isomorphism \" M @ K = K.

The computation of this ideal is implemented in Macaulay?2 as

villamayorIdeal = M -> (

r := rank M;

P := presentation M;
s := rank source P;

t := rank target P;

I:=A}

for j to s-1 when #I < t-r do (
J := append(I,j);
if rank coker P_.J ==t - #J then I = J;
);
fittingIdeal(r,coker P_I);
);

Once the ideal /), was computed, then the blowup at M is computed as the projective
spectrum of the Rees algebra of the ideal:

Bly (X) =Proj R[Iyt]. R[Int]:=EP Ii;t' C RIz].

i>0

The computation of Rees algebras has been already implemented in Macaulay? as
reesAlgebra

The computation of blowups at modules is useful for studying modules them-
selves. For instance, one can see that two given modules are not isomorphic if the
associated blowups are not isomorphic.

2b. F-blowups. Suppose now that X is a Noetherian integral scheme of character-
istic p > 0 and that its (absolute) Frobenius morphism F : X — X is finite.

Definition 2.6 [Yasuda 2012]. For a nonnegative integer e, we define the e-th
F-blowup of X to be the blowup of X at F?Oy and denote it by FB.(X).
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From [Kunz 1969], if e > 0, then the flat locus of F{Ox coincides with the
regular locus of X. Therefore the e-th F-blowup is an isomorphism exactly over
the regular locus.

If X is an algebraic variety over an algebraically closed field &, then there is a
more moduli-theoretic construction of F-blowups, which was actually the original
definition of F-blowups in [Yasuda 2012]: The e-th F-blowup is isomorphic
(over Z) to the closure of the set

{[(Fe)_l(x)] | nonsingular point x € X (k)}

in the Hilbert scheme of zero-dimensional subschemes. Here (F¢)~!(x) is the
scheme-theoretic inverse image and a closed subscheme of X with length p¢d4imX
and [(F¢)~!'(x)] is the corresponding point in the Hilbert scheme.

2c. Computing the Frobenius pushforward. Let us now suppose that X is affine,
say X = Spec R. In order to compute F-blowups of X along the lines explained
above, we need to first compute a presentation of F¢R. For later use, we will
explain more generally how to compute Y M for any finitely generated R-module
M in the case where R is finitely generated over the prime field [F,.

2cl. The case of a polynomial ring. Set S =F,[x1, ..., x,] and ¢ = p®. A mono-
mial x* = x{" - - - x," defines an S-linear map

Uya i S— S, fr>x2f.

Then we reinterpret this map according to another S-module structure on S by
g- f:=g?f. We denote this new S-module by S’, which is a free S-module of rank
q" and nothing but F¢S. We also denote the map j,« regarded as an endomorphism
of §' by /., which is nothing but Ff pya.

Let A :={0,1,...,q — 1}". Then ¢" monomials x” for b € A form a standard
basis of §’. For such a monomial x”, we have

Uya (xb) — x4t — yq((a+b)+q) \(a+b)%q

Here +—¢g and %q respectively denote the quotient and the remainder by the
component-wise division by g. We rewrite it as

M;a (xb) — x(a+b)+q . x(a-i—b)%q'

Thus we obtain:

Lemma 2.7. The defining matrix, U(a, e) = (4;})i jen, of Wya With respect to the
standard basis is given by

XD = (a4 j)%q,
Uu;; =
Y 0 otherwise.
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Then for a polynomial f =), c,x“ €S, if u s : S — S denotes the multiplication
with f, then ,u/f = F{uy is defined by the matrix

U(f, e) :=an-U(a,e).

a

Note that since the coefficient field is [F,, and the Frobenius map of [, is the identity
map, we do not have to change the coefficients c,.
Let
ai - Aim
A=

aply - Aim
be an [/ x m matrix with entries in S, which defines an S-linear map S” — S!
denoted again by A. Then the F¢A : (S)®™ — (S")® is given by ¢"l x ¢"m matrix
Uair,e) --- Ulaim,e)
U(A,e) = : :
Uap,e) -+ Ulam,e)
Therefore:

Proposition 2.8. If A is a presentation matrix of an S-module M, then U (A, e) is
a presentation matrix of F{M.

2¢2. The general case. Suppose that R is the quotient ring S/1, I = (f1, ..., f1),
and M is afinitely generated R-module. Then we first have to compute a presentation
of M as an S-module. Let A be a matrix with entries in S and let A be the matrix
with entries in R induced from A. Suppose that A is a presentation matrix of M:

R"A R > Mo
Let M be the S-module with the presentation matrix A:
smA ST M s 0.
Then M = R ®g M. The S-module R has a standard presentation

s! RSN S— R—0.

Now a presentation of M as an S-module can be computed from those of R and M.
If B is a presentation matrix of M as an S-module, then U (B, e) is one of F{ M

as an S-module. If U(B, e¢) denotes the matrix with entries in R induced from

U (B, e), then U (B, e) is a presentation matrix of F{ M as an R-module.
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2¢3. Implementation in Macaulay2. The following Macaulay2 function returns
the pushforward F{ M of the given module M, following the recipe explained above:

frobeniusPushForward = (M, e) -> (
R := ring M;
p := char R;
assert(p > 0); q := p~e;

ideal R;

numgens I;

gens ideal R;

ambient R;

B nn©WH H
[}

numgens S;
gSequence := i ->
apply(0..n-1, j -> (i % q"(n-3)) // q"(n-j-1));
toNumber := i -> sum(n, j -> i_j * q"(n-j-1) );
qQuotient := i -> apply(i, j -> j // Q);
qRemainder := i -> apply(i, j -> j % Q);
monoToMatrix :=m —->
(coefficients m) _1_(0,0)
* map(8~(q°n),S"(q"n),
(i,j) -> (e = (tolList gSequence i) + (exponents m)_O;
if (toNumber gRemainder e) == j
then S_(toList qQuotient e)
else 0));
polyToMatrix := £ ->
if £ == 0_S
then map(S~(q"n),S"(q"n),0_S)
else sum(terms f, i —> monoToMatrix i);
basisToMatrix := b ->
fold((i, jH->G | j),
apply((flatten entries b), polyToMatrix));
matrixToMatrix :=m ->
fold((i, jH->G Il j),
apply(apply(entries m, i -> matrix{i}), basisToMatrix));
ROverS := coker map(S~1,S71, entries B);
PresenOverR := presentation minimalPresentation M;
PresenOverS := presentation minimalPresentation(
coker (sub(PresenOverR,S) ) **R0verS) ;
L := matrixToMatrix Presen(OverS;
minimalPresentation coker sub(L,R)

)
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Note that in the computations with Macaulay2, columns and rows of matrices
should be indexed by single indices rather than multiindices. For this aim, the
inner functions gSequence and toNumber above define bijections between the sets
{0,1,...,¢9" — 1} and A that are inverses to each other.

Note that one can compute F{ M also with the built-in function PushForward
in the case where the ring and the module are (weighted) homogeneous.

2d. Computing the singular and nonnormal loci of a blowup. We often would
like to know if a given blowup is smooth or normal, or to know where the singular
locus or the nonnormal locus is. One way to compute the singular locus of Bl; (X)
is to compute the singular locus of Spec R[/¢]. For instance, suppose that we have
an expression of R[/t] as a quotient of a polynomial ring over R,

R[It]=R[t, ..., t,]/J.

Then Bl;(X) is smooth if and only if the singular locus of Spec R[/?] is contained
in the closed subset V (¢#1, ..., t,) C Spec R[1t]. This method is useful when the
Rees algebra is relatively simple. Otherwise, the computation may not finish in a
reasonable time.

In that case, an alternative way is to compute the singular loci of affine charts.
With the notation above, the blowup Bl;(X) is covered by n affine charts corre-
sponding to the variables ¢, .. ., t,. Their coordinate rings are

Rt1, ..., ta)/(J+(t—1) fori=1,....n.

These rings are likely to become simpler than R[/7] and easier to compute the
singular loci. Computation of these rings is implemented as follows:

affineCharts = S -> (

T := (flattenRing S)_O;

vars0fS := apply(flatten entries vars S, i->sub(i, T));
apply(vars0fS, i -> minimalPresentation(T / ideal(i - 1)))
);

The same method can apply to find the nonnormal locus.

2e. Embedding F-blowups into the Grassmannian and the projective space. As
already mentioned above, F-blowups are constructed as a subscheme of the Grass-
mannian. Then further composing with the Pliicker embedding, we obtain an
embedding into a projective space over X.

To describe this embedding, let X = Spec R be of dimension #n, let K be the
function field of X, and let the fractional ideal 7 =Im(/\’ "RVP S K ) be generated
by m+1 elements sy, ..., s;,. Then, being the blowup of X at I, the e-th F-blowup
FB,(X) of X is embedded into the projective space P’y over X.
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Suppose now that f: ¥ — X is any flattening of R'/?* = F¢Oy. Then we have a
surjection @?m“ — f*I =det f*R"?" induced by s, ..., s, which gives rise to
a morphism @, : ¥ — P such that ®;0p (1) = det f*Rl/pe, and the image ®.(Y)
of this morphism is nothing but FB,(X) = Bl; (X).

In dimension two where the existence of resolution of singularities is established
in arbitrary characteristic, we can study F-blowups downwards from a resolution that
flattens the Ox-module F{Oyx = @gp " The following is an immediate consequence
of the observation above.

Proposition 2.9. Let X be a surface over k and let f : X — X be a resolution with
irreducible exceptional curves Ey, ..., E;. Suppose that f *@i(/p "is fat, so that we
have a birational morphism ®, : X — FB.(X). Then ®.(E;) is a curve on FB,(X)
ifcl(f*@;(/pe)E,- > 0, and E; contracts to a point on FB,(X) ifcl(f*@;(/pe)E,- =0.

3. F-blowups of rational surface singularities

Throughout this section we work under the following notation:
k an algebraically closed field of characteristic p > 0,
(X, x) arational surface singularity defined over k with local ring R = Oy ,
f: X — X the minimal resolution of (X, x) with Exc(f) = Uf':l E;.

The situation is quite simple in this case because of the following fact [Artin
and Verdier 1985]: If M is a reflexive Ox-module,! then its torsion-free pullback
M= f*M = f*M / torsion is an f-generated locally free O%-module such that
f*M M and R! f*M 0. Note that this vanishing of the higher direct image is an
easy consequence of the rationality of the s1ngular1ty (X, x) and the f-generation
of M, which gives rise to a surjection @69” — M.

Lemma 3.1 [Hara 2012, Lemma 1.8]. If M is a reflexive Ox-module of rank r, then
the natural map /\' M — f,(det M) is surjective.

Proposition 3.2. The e-th F-blowup FB.(X) of a rational surface singularity
(X, x) is dominated by the minimal resolution X and has only rational singularities
forall e = 0.

Proof. Because M := R'/? is a reflexive R-module, its torsion-free pullback
M = F*RYP" to X is flat, so that the minimal resolution f: X — X factors
through the universal flattening FB,(X) of R'/7°. On the other hand, the ideal
[ =1IyforM=RVPris]= HO()?, det]\}) by Lemma 3.1, so that we can take
I to be an integrally closed ideal in R, or complete ideal in the sense of Lipman
[1969]. Then the Rees algebra R[[¢] is normal by [ibid., Proposition 8.1], so

I we always assume that M is a finitely generated O x-module.
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FB.(X) = Proj R[I¢] is normal. It then follows from [Artin 1962] that FB,(X) has
only rational singularities. U

Corollary 3.3. Let (X, x) be a rational surface singularity over k.

(1) For any e > 0, the e-th F-blowup FB.(X) is obtained by contracting some
of the exceptional curves E, ..., Eg on the minimal resolution X to normal
points with at most rational singularities.

(2) The minimal resolution X of (X, x) is obtained by finitely many iteration of
F-blowups. More explicitly, for any sequence of positive integers ey, . . ., es,
we have X =FB, (FB,, (- :FB,,(FB (X)) --)).

The behavior of F-blowups is especially nice for F-regular surface singularities.
Namely, the e-th F-blowup of any F-regular surface singularity is the minimal
resolution for e > 0 [Hara 2012]. We next consider F'-blowups of non- F'-regular
rational double points more in detail. In this case we can use the classification of
rational double points in characteristic p > 0 [Artin 1977], as well as the following:

Lemma 3.4 [Artin and Verdier 1985]. Let (X, x) be a rational double point and
let Zo =Y i_, ri E; be the fundamental cycle on the minimal resolution X. Then
there is a one-to-one correspondence between the exceptional curves E; of f and
the isomorphism classes of nontrivial indecomposable reflexive Ox-modules M;,
satisfying the following properties.

(1) rank M; =r; for 1 <i <s.
Q) ci(M)E; =6;; for 1 <i, j <s.

In what follows, we use the notation of [Artin 1977] for rational double points
in positive characteristic.

Among non- F-regular rational double points, Frobenius sandwiches have par-
ticularly easy to analyze F-blowups. Let X be a Frobenius sandwich of a smooth
surface S, that is, the Frobenius morphism of S factors as F': S% X — S. Then
F-blowups of X are also the universal flattening of the reflexive Ox-module 7,0y
[Hara and Sawada 2011, Proposition 4.3]. Thanks to this observation, we can study
F-blowups of the Frobenius sandwich X via 7,0y instead of F{Oy. For example,
we find whether the irreducible exceptional curve E; appears on FB.(X) or not by
evaluating the intersection number c|( f*(.Os)) E; in Proposition 2.9.

3a. Dgn-singularities. Here we consider a D(z)n—singularity forn>2inp=2asa
Frobenius sandwich. Let A> = Spec k[x, y] and 7 : A> — X = A?/§ the quotient
map by a vector field § = (x> +nxy"~1)d/0x + y"3/dy € Dery Op2. Here

Ox = k[x, yI° =k[x?, y*, x>y + xy"| Zk[X, Y, Z)/(Z* + X*Y + XY")
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and X has a DY -singularity. Then R = Oy =k[X, Y, Z1/(Z>+ X?Y + XY") is a
graded ring with deg X =2(n — 1), degY =2 and deg Z =2n — 1. The 4(n — 1)-st
Veronese ring of R is

RO = k[ x2, Y2~ D Xy Zk[u, v, w]/(w?* — uv).
Set xo =u'? =X =x?and x; = v'/2 =Y""! = 2= Then
RU=D) = k[xF, x7, xox1] = kl[x0, x11?,

so that Proj R = P! with homogeneous coordinates (xp : x1) = (x2: yz(”_l)). Let
s = x1/x9 = >~V /x? be the affine coordinate of Uy = D, (x9) C Proj R = P!
and pick a homogeneous element r = Z/ X = y(x +y"~!)/x € R of degree 1. Since

20=1) _ x1(xp — x0)" !

n—1
X0

’

the Q-divisor
1

Dzzm—n

(0) + 3(1) — 3(0)

on P! gives R=@D,.o H O(P!, nD)t" (the Pinkham-Demazure construction).

Letg: X' > X zispec R be the weighted blowup with respect to the weight
(2(n—1),2,2n—1). Then X’ = Specpi1 (P,,~o Opt (nD)t") admits an affine mor-
phism p: X' — P! that is an A!-bundle over [P’I\{O, 1, oo}, and the exceptional
curve of g is the negative section E = P! of p. Let X;, = p~'Up. Then

l2 t3 t2(n—l)—2 t2(n—l)—1 t2(n—l) ]

Ox; =k[s’ P Y = 2 s(s— D]

and X’ has an A,,_3-singularity on Ely; = Speck[s] at s = 0.
To resolve the A,,_3-singularity, we may replace
Xo=p""Up by V=p""Uo\{1}.

The affine coordinate ring of V is

1 _
Oy = ©X6[ST1] = k[s, ¢, 2"V /sy

The minimal resolution #: V — V of V is given by
2(n—1)
V= U Vi, where V; = Speck[s/t"*l, ti/s]s_l.
i=1

Let E = P! be the h-exceptional curve lying on Vn_z U Vn_l:

E = Speck[t"~2/s1USpeck[s/t" 2] C V,_o U V,_1.
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Now suppose that 7 is even; n =2k with k > 1. Let ¢ = "2 /s(s — 1)*"! and
¥ =1""1/s(s —1)*"!. Then ¢, ¥ € Oy, and x =¥ + yg. Thus

(ho@)* (.02, =Im(Of_, ®cy Onz — k(A?) =k[s/1" >, 1" /s, x, y]s—1

is a free O -module with basis 1, y. Similarly it follows that (h o g)*(m.0a2)[§
is a free Oy  -module with basis 1, x. The transition matrix of the two bases on
Va2 NV, _1 is given by

n—1 k=1
<1x>=<1y><“ /s6s—=1) )

0 t”_z/s(s — k-1

Since s — 1 is a unit on V, the intersection number of L = c;((h o g)*(740x2))
with Eis LE = 1. In light of Lemma 3.4, this means that the reflexive Ox-module
1,.0p2 of rank 2 is the indecomposable one corresponding to E, which is identified
with the exceptional curve E, | on the minimal resolution X indicated in the figure
below:
E,
|
Ey —E3—E4—-- —Epp1—---— Eop

In the case where n = 2k + 1 with k£ > 1, we obtain the same conclusion that
c1((hog)*(mwi0pn2)) - Ei = 8int1.

Thus we conclude that for all e > 1, the e-th F-blowup FB,(X) coincides with
the normal surface obtained by contracting all exceptional curves on X except
Eni1.

Putting the result above together with [Hara and Sawada 2011, Example 4.8],
we obtain the following.

Theorem 3.5. Let (X, x) be a rational double point of type D(Z)n forn>2, EY, Eg
inp=2, E?, Eg inp=3or Eg in p=>5. Then for any e > 1, the e-th F-blowup
FB. (X) coincides with the normal surface obtained by contracting the exceptional
curves on the minimal resolution X corresponding to the blank circles in the figure
below:

(D Dgn—singularityfor n>=2inp=2:
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2) E?—singularity inp=2: °

(@] (¢] [¢] (¢] [¢] @]
3) Eg-singularity inp=2: o

[ ] [¢] (¢] [¢] (¢] [¢] @]
@) Eg-singularity inp=3: o

o o [ o (o)
&) Eg-singularity inp=3: °

(o) o] o (o) o o o]
(6) Eg-singularity inp=>5: o

(o) o o [ ] o () o

We want to emphasize that all rational double points listed in Theorem 3.5 are
non- F-regular Frobenius sandwiches? and their F-blowups FB,(X) with e > 1
have only a single exceptional curve corresponding to the solid circle. In particular,
their F-blowups do not coincide with the minimal resolution.

We are also able to apply Macaulay? to study F-blowups of a few non- F'-regular
rational double points that are not supposed to be Frobenius sandwiches.

3b. D}- and D;-singularities in p = 2. First we consider the case of a Di-
singularity in p = 2: Let X = Spec R with R =k[x, y, z]/(z> + x>y + xy> + xyz).
Using the Macaulay?2 function frobeniusPushForward in Section 2¢3, we see
that the presentation matrix of F, R is equivalent to

Z x+y+z z y 7z y(x+y+2)
07
(xy z )®(x(x+y+z) z)GB(x z )EB

where O is the zero matrix of size 1. Then the cokernel of each matrix of size 2
defines a nontrivial reflexive R-module of rank 1 and those reflexive R-modules are
different from each other. Thus FB{(X) coincides with the normal surface obtained

2 We expect that all non-F-regular Frobenius sandwich rational double points are exhausted
in Theorem 3.5, although we have not proved it yet. On the other hand, any F-regular Frobenius
sandwich double point is an A ,e_1-singularity and its e-th F-blowup is the minimal resolution for
e > 0; see [Hara and Sawada 2011; Yasuda 2012].
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by contracting the exceptional curve E; on the minimal resolution X indicated in
the figure below:
E;
|
E,—E| —E,

Furthermore, we see that the reflexive R-module corresponding to the central curve
E| appears as a direct summand of the Frobenius pushforward of each nontrivial
rank 1 reflexive module corresponding to E; with i =2, 3, 4. Thus FB,(X) is the
minimal resolution for e > 2, since the Di—singularity is F-pure. A similar result
holds for the case of a D; -singularity. Note that D)t— and Dsl—singularities are not
F-regular.

Remark 3.6. The Di-singularity in p = 2 is a wild quotient singularity, that is,
there exists a group G of order 2 acting on ¥ = Spec k[[x, y]| such that the quotient
X=Y/G hasthe D i—singularity. Although F-blowups of a tame quotient singularity
are always dominated by the G-Hilbert scheme [Yasuda 2012], this example shows
that the same does not hold for wild quotients. Let R = k[[x, yI¢ c S =k[x, yl
be the invariant subring. Then § is an R-module of rank 2. Thus the blowup of X
at the R-module S, which coincides with the G-Hilbert scheme Hilb® (Y), has at
most two irreducible exceptional curves. On the other hand, the F-blowups FB,(X)
of the Di-singularity have more than three irreducible exceptional curves. Hence
the e-th F-blowup FB,(X) of the Dj-singularity is not dominated by the G-Hilbert
scheme Hilb® (Y) for all e > 1.

3c. Eg-singularity in p=2. Let R=k[x,y,z]/(z>+x>+y?z) and X = Spec R.
Then X has an Eg-singularity in characteristic p = 2. Write

zy x 0 x y2+zy O
A |22 0x AzzxZOxy and Ax— A
120 2z y|l0 T o o0 x4z 3T
0 x? yz z 0 0 z x?

Then their cokernels define nontrivial reflexive R-modules of rank 2 and those
R-modules are different from each other. Now we see that presentation matri-
ces of F,R and F2R are equivalent to A?z and A?4 @ A;ez @ A?Z, respectively.
Furthermore, a direct summand other than A, A, and A3 does not appear in the
presentation matrices of F¢{ R for e > 2. Since the blowup of X at Coker A has only
one singular point, we can specify the exceptional curve on the minimal resolution
corresponding to Coker A;. The resulting descriptions of FB,(X) are summarized
in the following.

Proposition 3.7. Let (X, x) be a rational double point of type D}, D51 or Eg in
characteristic p = 2. Then the e-th F-blowup FB,(X) of (X, x) coincides with
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the normal surface obtained by contracting the exceptional curves on the minimal
resolution X corresponding to the blank circles in the figure below:
e Di and DS1 -singularity in p = 2:
[ ] (¢]

e=1: and

(¢]

[ ] o [ ] o [ ]

For e = 2, the F-blowups FB.(X) of both singularities coincide with the
minimal resolution.

2) Eg-singularily inp=2:

° °
e=1: e>12:

(¢] (¢} o e} (¢] (¢] [ ] (¢] [ ] e}

We can also compute the first F-blowup FB;(X) of a few other rational double
points with Macaulay?2.

Example 3.8. (1) E{-singularity in p=2: Let R=k[x, y, z]/(Z*+x*y+xy*+xy2)
and X = Spec R. Then X has an Eé—singularity. Write

Z 0 0 0 X z

0 z Yy 0 y X

Al oz z x24+yz 00
0 0 x by y 0

x> xz0 yz z 0
xy+y> x>0 xy 0z

Then the cokernel of A defines an indecomposable reflexive R-module of rank 3.
The presentation matrix of Fy R is equivalent to A @0, where 0 is the zero matrix of
size 1. Thus FB| (X) has a unique exceptional curve corresponding to the solid circle
in the figure below and has three singular points (an A;- and two A,-singularities) on

it:
o]

(2) Eg—singularity in p=2: Let R=k[x, v, z]/(z>+x3+y°+y32) and X = Spec R.
Then X has an Eg -singularity. In this case, F, R has two kinds of indecomposable
reflexive R-modules. Since rank F,R = 4, we see that F,R is a direct sum of
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indecomposable reflexive R-modules of rank 2 corresponding to the solid circles in
the figure below:

[ ] e} (¢] e} (¢] (¢] [ ]

Thus FB (X) has two exceptional curves corresponding to the solid circles meeting
at the unique singular point of type Dg.

4. F-blowups of simple elliptic singularities

In this section (X, x) will denote a simple elliptic singularity defined over an
algebraically closed field k of characteristic p > 0 unless otherwise noted. Then by
a result of Hirokado [2004], (X, x) is quasihomogeneous. So we may assume that
X = Spec R for a graded k-algebra

R=R(E.L)= HE, L")",

n>0

where E is an elliptic curve over k, L is an ample line bundle on E and degt = 1.
The minimal resolution f : X — X of X is described as follows: X has an A!-bundle
structure 77: X = Specp(L"t") — E over E, and its zero-section, which we also
denote by E, is the exceptional curve of f. Its self-intersection number is E* =
—deg L. Our situation is summarized in the following diagram:

Ec . X-1.x
id
E

To compute the F-blowup FB.(X) of X, we will look at the structure of the
torsion-free pullback f*R'/4 of R/ = F¢Oy, where g = p. For this purpose we
decompose

qg—1
RV =P HE, F{L as RV =D R)i/g moa .
n>0 i=0
where
[RY)ijgmoaz= P HOE FiLN" = HE, L"® F{LY)
0<n=i mod g m=0

is an R-summand of R4 fori =0, 1, ..., q — 1; see [Smith and Van den Bergh
1997].



750 Nobuo Hara, Tadakazu Sawada and Takehiko Yasuda

In what follows we put ¢ = p° and d = deg L = —E?.
Lemmad.l. If1 <i <qg—1andq # di, then X is a flattening of[R]/q]i/q mod Z-

Proof. First of all, the locally free sheaf L™ ® F¢L' on E is generated by its global
sections if m > 1, or m = 0 and g < di. To see this, let P € E and consider the
exact sequence

0— L™"(—P)QFL' - L"Q FL' - k(P)QL"®F'L' — 0. (1)

Since A (L™ (—P) ® FSLY) = h' (L4 (—q P)) = h(L~9" (g P)) = 0 by the
assumption, the induced map H°(E, L™ ® FfLi) — HYE,k(P)QL"® F:Li)
is surjective, that is, L™ ® F¢ L is generated by its global sections at P € E. Hence

PR 1g moaz = Im([RY; 1y moaz ®r O — FLO%)

_ Im(@ HYE, L"® F{L) ® 0 > D L" ® F:L")

m=>0 m>0
=Im(H(E, F{L")® 0 —> F{L') @ @ L" @ F{L'
m>1

c@PLreFL =x*FL,
m=>0
where «,, (m > 0) is the graded part of the map « of degree m, and in particular,
f*[R]/q],-/q modZ = H*F:Li if ¢ < di. Since n*F:Li is a locally free O%-module,
we consider the case ¢ > di. Since oy, is surjective for m > 1, the Oy-module

Coker(a) = Coker(ap) is regarded as a coherent sheaf on the exceptional curve
ECXof f.

Claim. Coker(«) = Coker(ay) is a locally free sheaf on E, so that it has depth 1
as an Og-module at each point on E C X.

To prove the claim, note that hO(F;3 LHY=h%L)=di by Riemann—Roch and that
F? L' is alocally free sheaf on E of rank g, so that the rank of Coker(c) = Coker(ag)
as an Og-module is at least ¢ — di. On the other hand, since

HY(E,05(—P)® F{L") = H*(E, L'(—qP)) =0
by our assumption, the cohomology long exact sequence of (3) for m = 0 turns out
to be
0— HY(E,FL') —» k(P)® F'L' - H'(E,0p(-P)® F'L') — 0,
from which we see that the minimal number of local generators of Coker(w) is
dim Coker(og) ® k (P) = g — di. Comparing the rank and the minimal number of

local generators, we conclude that Coker(c«) = Coker(c) is a locally free sheaf on
E of rank g — di.
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Now we have an exact sequence of O-modules
0— f*[RY9)i /g moaz — w*FSL' — Coker(a) — 0,

in which 7*F¢L" and Coker(c) have depth 2 and 1, respectlvely Thus the depth
of f*[R /‘i]l/q mod Z 18 2, so that it is locally free on X. O

Remark 4.2. In the case where 1 <i <g — 1 and ¢ = di, an argument similar to
that in the proof of Lemma 4.1 shows that f *[RY/4]; /g modz is not flatat P € EC X
if and only if L = Og (g P).

Corollary 4.3. If g = p° > 1 and d = —E? is not a power of the characteristic p,
then X is the normalization of the blowup Bly, (X) of X = Spec R at the R-module

q—1
Ny, = @[Rl/q]i/q mod Z-

i=1
Proof. First we will see that N, is not flat if ¢ = p® > 1. For, if N, is flat, then
the Oy y-module Oy l q has a free summand of rank at least ¢g(¢ — 1). However, the
rank of the free summand of Oy Y q is exactly equal to 1, since Oy , is a Gorenstein
F-pure local ring with 1solated non- F-regular locus; see [Aberbach and Enescu
2005; Sannai and Watanabe 2011, Theorem 5.1].

Now by Lemma 4.1, the minimal resolution f: X—> Xisa flattening of N, so

it factors as

£ X5 Bly, ()5 x.

Since N, is not flat and X is normal, / is not an isomorphism and has an exceptional
curve, which is equal to g(E). Hence g is finite (and birational), so that X is the
normalization of Bly, (X). O

Next we consider the structure of f *IRY4]o mod 7, Which depends on whether
R is F-pure or not. This is equivalent to saying whether the elliptic curve E is
ordinary or supersingular, since the section ring R = R(E, L) is F-pure if and only
if £ =Proj R is F-split.

d4a. The F-pure case. We first consider the case where R is F-pure, or equivalently,
E is an ordinary elliptic curve. In this case, given a fixed point Py € E as the identity
element of the group law of E, there are exactly ¢ = p° distinct g-torsion points
Py, ..., Py_1. In other words, there are exactly g nonisomorphic g-torsion line
bundles Ly, ..., L, € Pic°(E) given by L; = Og(P; — Pp). Then F{Of splits
into line bundles as

<
|
_

FiOp = L;. )

Il
=}
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Indeed, since O is a direct summand of F{Og by F-splitting, each L; is a direct
summand of L; ® F{Op = FSF*L; = F:(L?) = F{Og; see [Atiyah 1957].
Lemma 4.4. Let E be an ordinary elliptic curve.
(1) Suppose d = 1 and choose the identity element Py € E so that L = Og(P).
Then f*[R'9]y moaz is not flat exactly at the g — 1 distinct q-torsion points
Py, ..., Pj_1 € E C X other than Py. Moreover, [RY9)) mod 7 is flattened by
blowing up the points Py, ..., Py_.
2) Ifd = 2, then X is a flattening of[Rl/q]o mod Z-
Proof. Corresponding to the splitting of F¢Og as in the formula (2) above, the R-

module [R'4]g mod z has a splitting [RY9)) mod 7 = EB?:_()] J; into g nonisomorphic
reflexive R-modules R = Jo, Jy, ..., J;,—1 of rank 1, where

Ji=TuL) =P HE LioL") =P HE Li@L™.
meZ m=0

In case (1) where d = 1, it is sufficient to show the following:

Claim. Fori=1,...,q—1, f*J;isnotflat exactly at the single point P; € E C X.
Ifo;: X; = X is the blowup at P;, then (f o 0;)*J; is invertible.

To prove the claim, note that deg L =1 and deg L; = 0. Then the following holds
for the linear system |L; ® L™ | on E: |L;| =9, |[L; ® L| =Bs|L; ® L| = {P;}
and |L; ® L™| is base point free for m > 2. Hence, as in the proof of the previous
lemma,

f*Jl‘ = IIII(J, QR ©)N( — F:@g)
= Im(@ HOE, Li® L") @k O > P Li ® L’")
m=>0 m>0
=LoL-PoPLeL"cPLOL"=03(—E)®@x*L;,
m=2 m=>1
where L; ® L(—P;) =0g C L; ® L is the graded part of degree m = 1. We therefore
have the following exact sequence of 05%-modules:
0— f*Ji > 03 (—E)®n*L; — k(P;) — 0,

which tells us that f*J; = $p, - O3(—E) @ w*L;, where $p, is the ideal sheaf
defining the closed point P; € X. Now the claim follows immediately.
(2) If deg L > 2, then the same argument as in (1) shows that f*J; is isomorphic to
O3 (—E) ®@ w*L;, which is invertible. O

We now state a structure theorem for F-blowups of F-pure E g-singularities, that
is, F-pure simple elliptic singularities with E? = —1.
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Theorem 4.5. Let (X, x) be an F-pure simple ellzptzc singularity with the ellip-
tic exceptional curve E on the minimal resolution X such that E* = —1. Let
Py, ..., Py_1 € E be the g = p° distinct g-torsion points on E C X, where the
identity element Py is chosen so that

O03(=E)® 0 =0g(Py),

and let Z = {P, ..., Pj_1} C X. Then for any e > 1, the normalization of the
e-th F-blowup FB,.(X) coincides with the blowup Bl ()?) ofi at the nontrivial
q-torsion points.

In particular, the e-th F-blowup of X is not dominated by the minimal resolution
of the singularity (X, x), and the monotonic sequence of F-blowups (see [Yasuda
2009]),

-+ —>FB.(X) > --- — FB(X) > FB1(X) — X,

does not stabilize.

Proof. Since N, = @qfl[Rl/q] i/q modz 18 a direct summand of R!/9 as an R-
module, we have a morphlsm FB.(X) — Bly,(X) over X. If we denote the
normalization of FB,(X) by B «(X), then we have a morphism ¢: FB (X)) —> X
by Corollary 4.3. On the other hand, since BlZ(X ) is a flattening of R/ by
Lemmas 4.1 and 4.4, we have a morphism Bl; (X ) — FB (X ) over X, which
induces ¥ : BIZ(X) — FB ¢(X). Thus the blowup 7 : BIZ(X) > XatZcX
factors as
7 =goy: Bly(X) -5 FB,(X) -5 X.

Since f*Rl/q is not flat exactly at Z = {Py, ..., P;,_1} by Lemma 4.4, ¢ has
an exceptional curve over every P; and i is finite (and birational), by the same
argument as in the proof of Corollary 4.3. Since 15\]§6(X) is normal, ¥ is an
isomorphism, that is, Bl (f )= 15]§6(X ) as required. [l

The theorem above has nothing to say about the normality of the F-blowups.
Let us take a look at a Macaulay2 computation.

Example 4.6. From [Hirokado 2004, Corollary 4.3], the variety
X = SpecFa[x, y, 21/ (v +x7 +xyz +2°)

has a simple elliptic singularity of type Eg. Moreover from Fedder’s criterion
[1983], this is F-pure. Note that since F-blowups are compatible with extensions
of perfect fields [Yasuda 2012], the fact that the base field is not algebraically
closed does not pose a problem. By Macaulay2 computation, one can check the
following: The first F-blowup FB;(X) is nonnormal and its exceptional set consists
of two projective lines E; and E,, which intersect transversally at one point. The
normalization la\lél (X) of FB{(X) is smooth. The inverse image of E in 15\131 X)
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is a smooth elliptic curve, which agrees with Theorem 4.5. In particular, this
experimental result shows that the normalization in the theorem is really necessary.

Next we consider the case where E2 < —2.

Theorem 4.7. Let (X, x) be an F-pure simple elliptic singularity with the elliptic
exceptional curve E on the minimal resolution X such that E* < —2. Assume further
that d = — E? is not a power of the characteristic p. Then X is the normalization of
the e-th F-blowup FB,(X) for all e > 1. Moreover, ifE2 < =3, then X = FB,.(X)
foralle > 1.

Proof. Since Xisa flattening of R'/¢ by Lemmas 4.1 and 4.4, we see that X is the
normalization of FB,(X) as in the proof of Corollary 4.3.

To deduce a stronger conclusion in the special case E> < —3, we need the
following:

Lemma 4.8 [Mumford 1970]. Let V be a projective variety, & a coherent sheaf
onV and let L be a line bundle on V generated by its global sections. Suppose that
H(V,%® L") =0foralli > 0. Then the natural map

HYV, %)@ H(V, L)®" — H(V,F® L")
is surjective for all n > 1.

Lemma 4.9. Let Hy, ..., H, be line bundles on an elliptic curve E of deg H; > 3
fori=1,...,n. Then the natural map

HYE,H)®---® H'(E, H,) > HY(E, H,®---® H,)
is surjective.

Proof. The case n > 3 is easily reduced to the case n = 2 by induction on n, so
let n =2. If deg H, > deg H>, then HYE, H® Hz_l) =0, so that the surjectivity
of the map HY(E, H) ® HYE, H,) — H°(E, H ® H») immediately follows
from Mumford’s lemma. Suppose that deg Hy = deg H> and let L = H, — P
for any fixed point P € E. Then L is globally generated since deg L > 2, and
H'(E, H ® L™") =0 since deg(H; ® L") = 1 > 0. Hence the map

HYE,H)®H(E,L)—> H°(E,H,® L)

is surjective by Mumford’s lemma. We now consider the following commutative
diagram with exact rows:

0~ H(H)®H(L) - H'(H)) ® H(Hy) = H(H)) ® H'(H, ® k(P)) = 0

l l l

0— H'(Hi®L) —— H(H, ® H)) — H°(H, ® H, ® k(P)),
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where we have just verified the surjectivity of the vertical map on the left, and the
vanishing of the right upper corner comes from H!(E, L) = 0. So, to prove the
required surjectivity of the vertical map in the middle, it suffices to show that the
vertical map on the right is surjective, by the five-lemma. This map is factorized as

H°(H) ® H'(H, @ k(P)) > H(H; ® k(P)) ® H(H, ® k (P))
L. HO(H, ® Hy ® «k(P)).

Here « is surjective because of the vanishing H!'(E, H|(—P)) = 0, and B is
identified with the multiplication map k®> = k, which is clearly surjective. Thus
B o« is surjective, and the lemma is proved. ]

We continue the proof of Theorem 4.7 in the case E?> < —3. Consider the
decomposition (2) of F{Of into g = p®-torsion line bundles Og = Lo, Ly, ..., Ly
on E. We fix any i with 0 <i < g — 1 and let / C R be an ideal isomorphic to the
reflexive R-module

Ji=Tu(Li) =D H(E. Li® L")"

n>1

of rank 1, which is a nontrivial R-summand of R'/9. Then the minimal resolution
f: X — X = Spec R is factorized as

f: X = FB.(X) — Bl;(X) —> X,

where the blowup Bl;(X) = Proj R[/t] of X with respect to the ideal / has an
exceptional curve that is the image of £ C X, since I = J; is not a flat R-module.
It follows that X is the normalization of Bl1;(X). So, to prove the theorem, it is
sufficient to show that the Rees algebra R[/¢] is normal.

To prove the normality of R[I7] = D,,., I"t™, note that its normalization is

RiIT = D v,

m=>0

where I™ C R is the integral closure of the ideal I™; see [Lipman 1969]. Note also
that
103 = 7 =@(L:i @ Lt" = 05(—E) @ T*L;
n>1

is an invertible sheaf on X by Lemma 4.4, so that

m=H'X,03(-mE)®@7*L") =P H(E, L} ® L")t" forallm > 1.

n>=m
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Now, since deg L > 3, we can apply Lemma 49to Hj=---=H,, :=L; ® L and
H, 1 =---= H, := L to obtain the surjectivity of the map

HYE,L;® L)*" @ H'(E, L)*" ™ — HY(E,L"® L")

for all n > m > 1. This implies that the multiplication map I®™ — I™ is surjective
in all degree n. Since I = I is integrally closed, we conclude that /" = I, from
which the normality of the Rees algebra R[/¢] follows. ([

Example 4.10. Let
X = SpecFa[x, y, 2]/ (y* + xyz +x°z+x2°).

Again from [Hirokado 2004, Corollary 4.3] and Fedder’s criterion, X has an F-
pure simple elliptic singularity of type E7 at the origin. The exceptional set of
FB|(X) consists of three projective lines. It shows that it is necessary to suppose
in Theorem 4.7 that d = —E? is not a power of p. The normalization of FB(X) is
smooth.

Example 4.11. The variety
X = Spechs[x, y, Z]/(J’ZZ +xyz +x3+ 13)

has an F-pure simple elliptic singularity of type Eg. By Macaulay2 computations,
we can see that FB{(X) is smooth and the exceptional set is a smooth elliptic curve,
as expected from Theorem 4.7.

4b. The non-F-pure case. Now we consider the structure of f IRV mod 7 as-
suming that R is not F-pure, or equivalently, £ is a supersingular elliptic curve. In
this case E has no nontrivial g-torsion point under the group law. Then, contrary to
the F-pure case, F{Of turns out to be indecomposable as we will see below.

For any elliptic curve E and an integer r > 0, there exists an indecomposable
vector bundle &, on E of rank r and degree zero with h%(%,) = 1, determined
inductively by &; = Og and the unique nontrivial extension

0—- % _1—>% —0g—0. 3)

Note that &, is self-dual and (3) is the dual sequence of that in [Atiyah 1957,
Theorem 5].

Lemma 4.12 (see [Atiyah 1957; Tango 1972)). If E is a supersingular elliptic
curve, then F;O0p =%, for all g = p°.
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Proof. Let F{Op =¢€,®- - -®%€, be the decomposition of F¢Of into indecomposable
bundles €; of rank r; and degree d;. Thend|+- - -+d, = x (F{Og) =0 by Riemann—
Roch. Pick a nontrivial line bundle L of degree zero. Then

n

> h8 ® L) =h"(L® F{0g) =h'(L9) =0,

i=1
since there is no nontrivial g-torsion line bundle on a supersingular elliptic curve.
Hence d; = deg(é; ® L) <O for alli = 1,...,n. Thus the indecomposable
summands €; of F¢Og have degree d; = 0, and exactly one of them, say €, has a
nonzero global section since hO(Ff Ofg) = 1. Then by [Atiyah 1957, Theorem 5], we
have €1 =%, and ¢; =%, ® L; fori =2, ...,n, where L, ..., L, are nontrivial
line bundles of degree zero. Suppose that n > 2. Then L, '® F{OF has a nonzero
global section since its direct summand %,, does. On the other hand, however,
HO(E, L2_1 ® F{Og) = HO(E, L;q) =0 since L, is not a g-torsion line bundle by
our assumption. We thus conclude that n = 1, that is, F{0g = %,. O

Now for each r, we consider the graded R-module

M, = @ HYE,F, @ L"t"

n>0

and regard its torsion-free pullback M, = f*M, to the minimal resolution X of
X = Spec R as a subsheaf of

M =EP&F @ L"".

n>0

To obtain information on the flattening of R'/9, we consider the torsion-free
pullback f*M, of M, to the minimal resolution, because [RY9)) moaz = M, by
Lemma 4.12.

4b1. Non-F-pure Eg—singularities. We first consider the case of Eg—singularities,
that is, the case deg L = —E? = 1. In this case, L = O (Py) for a point Py € E.

We fix any point P € E and let V C E be a sufficiently small open neighborhood
V of P on which L and %, trivialize. We choose a local basis ey, ..., e, of . onV
inductively as follows. For r = 1, let €| be a (local) basis of #; = O corresponding
to its global section 1 € H O(E, OF). For r > 2, we think of %,_; as a subbundle of
%, via the exact sequence (3), and extend the local basis ey, ..., e, of F,_; on
V to alocal basis ey, ..., e, of F,.

LetU=n"'V cX. Then, with the local trivialization L|y = Oy and

.
F,ly = @@Ve,- = 0%

i=1
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as above, we have

.
~ ~ B
My ly = @GU&' =0y,
i—1

where Oy = @, o(L|v)"t" =D, ,0vt" = Oy|[t]. Note that the fiber coordinate
t and a regular pgrameter uat P € E form a system of coordinates of U. With this
notation we shall express generators of the Oy -module M,lU C M, |y, which come
from homogeneous elements of the graded R-module M,..

First note that the degree zero piece [M,]o = H(E, %,) = HY(E, %) of M, is
a one-dimensional k-vector space, so that its contribution to the generation of M, lu
is just e;. It is also easy to see that the graded parts of MrIU and J, |y coincide
in degree > 2 and are generated by t2eq, ..., t2e,, since F, @ L" is generated by
global sections for n > 2. It remains to consider the contribution of the degree one
piece [M,]; = H°(E, %, ® L)t to the generation of M,ly. To this end, note that
we have an exact sequence

0—-> HYE, % Q®L)— HE,F 1 ®L)— H°(E,L) - 0

for 1 <i <r—1, via which we regard HO(E, %;®L) as a subspace of HO(E, %,QL).
Then, since h°(%; ® L) =i by Riemann-Roch, we can choose a basis s1, . . ., s, of
HYE,%,.®L) sothat sy, ...,s; form abasis of H(E,F QL) for 1 <i <r. It
also follows from exact sequence (3)®L that the global sections sy, . .., s; generate
F; ® L on E\{ Py}, so that they give a basis of F; ® L ® K as a vector space over the
function field K of E. On the other hand, ey, ..., ¢; can also be viewed as a basis
of F ® L ® K = K% under the local trivialization %; ® L|y = @5‘:1 Oye; = @%i
induced from %F; |y = @?,9" and L|y = Oy. We will compare the basis consisting of
s; ® 1 and the standard basis ey, ..., e, of ¥, ® L ® K = K®" using the following
commutative diagram with exact rows:

0— HYF_1®L)0y — H (F ®L)®0y — H(L)® 0y — 0

| | |

0 Fi_1Q®Lly FiQLly Lly 0
i1 i
00—~ 02 0® oy 0

Suppose now that P = Py. Since Bs|L| = {Fy}, we may choose a regular
parameter u at Py € E so that s ® 1 = u. It then follows from the diagram above
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that
i—1

s ®1 =ue; —i—Zai,jej,
j=1
where the a;; are local regular functions on V. We claim that we can replace
S1, ..., so that they satisfy the following condition:

ula; j for 1 < j <i —2buta;;_; is not divisible by u. 4

To prove the claim, there is nothing to do for i = 1. So let i = 2 and suppose
ulay,1. We consider a k-linear map HYE,L)— HYE,%, QL) given by s1 > 7,
which gives rise to a K-linear map K = L ® K — %, ® L ® K = K? sending
l=u"'"1®1D) > u(s2®1) =er+ (a1 /u)e;. Since aa1/u € Oy, this gives a
splitting of the surjective map @?2 =%, QL|ly — Ly =0y at Pye V, as well as at
any other point. Then we have a global splitting of the surjective map ¥, @ L — L,
contradicting the nontriviality of the extension (3). Thus a1 (Py) #0. Nextleti > 3.
Then by induction, we may replace s; by s; — 23_:21 (ai,j(Py)/ajq1,;(Po))sjs1 to
assume that u|a; ;j for 1 < j <i — 2. It then follows that a; ; _ is not divisible by u
because otherwise, s; — s; would give a global splitting of &; ® L — L as above.

Consequently, local generators of M, on a neighborhood Uy of Py are described
as

M, |y, = Oy, ler, tue; +ai;—ite;_y, t2e; |2<i <r)
= Oy, (e, tue; +aji_1tei_y, t>e, | 2<i <r),

where a; ;—1(Po) # 0. Accordingly the ideal $5; C O defined in Section 2 has the
following local expression:

A G B (N
If Py# P €U then M, |y =0y e, te; |2<i <r)= 0% by a similar argument.
Summarizing the argument so far, we have

Theorem 4.13. Let (X, x) be a non-F-pure simple elliptic singularity with the
elliptic exceptional curve E on the minimal resolution X such that E* = —1. Let Py
be the point on E C X such that O03(—E)® 0 =0g(Py) and let $, C O% be the
ideal sheaf defining a fat point supported at Py € X whose local expression at Py is

(Fe)py = (1, uP" ™)

as above. Then for any e > 1, the blowup Blge(}?) of)? at $, coincides with the
normalization of the e-th F-blowup FB,(X).

Proof. We know that Y = Bly, (}? ) is a flattening of R'/7° from the argument above
and Corollary 4.3. It is also easy to see that the exceptional curve of the blowup
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m:Y—> Xisa single P!, Then the same argument as in the proof of Theorem 4.5
shows that v factors through the normalized F-blowup FB,.(X) as

T=goy: Y =Bl (X)L FB.(X) % X

and that ¢ gives an isomorphism Y = Igﬁe(X). ]

Remark 4.14. Theorem 4.13 says that the e-th normalized F-blowup 15]§8(X ) has
the exceptional set consisting of an elliptic curve E1 = E and a smooth rational
curve E» = P! and has an A pe—2-singularity on E; \ Ey. The theorem also says
that FB.(X) does not dominate FB, (X) whenever e and ¢’ are distinct positive
integers. In other words, the monotonicity of F-blowup sequences breaks down for
non- F-pure Eg—singularities; compare to the F-pure case [ Yasuda 2009]. On the
other hand, it again has nothing to say about the normality of FB,(X).
Let us examine our observation with Macaulay?2 computation.

Example 4.15. The variety
X = Spec F3[x, y, 2]/ (x(x — 2%)(x —22%) — y?)

has a non-F-pure simple elliptic singularity of type Eg. The exceptional set of
FB(X) is the union of a smooth elliptic curve E; and a projective line E,. We
could not check the normality of FB{(X) by Macaulay2 computation only, but we
could check the following using Macaulay2:

FB;(X) is normal at the generic points of £; and E», and there is a point
on E; \ E; where FB|(X) is normal but singular. The blowup of FB;(X) (x)
at this point has the projective line as its exceptional locus.

It agrees with the fact that FB;(X) has an A;-singularity on E \ E as stated in
the remark above.

Proposition 4.16. For X as in Example 4.15, if (x) is correct, then FB|(X) is
normal.

Proof. We may replace the base field F3 with an algebraically closed field k. Being
quasihomogeneous, X has a k*-action. From the construction or the universality,
the action lifts to F-blowups of X. Every point of the divisor £; C FB{(X),
which is a smooth elliptic curve, is fixed by the k*-action. On the other hand, the
divisor E» = P! has exactly two fixed points. One is the singular but normal point
mentioned above and the other is the intersection E; N E;. Since the normal locus
is open and there is the k*-action, FB;(X) is normal along E> possibly except at
E| N E,. Therefore it is now enough to show that FB(X) is normal along E;. Let
E 1 and E2 be the preimages of £ and E, on the normalization FB1 (X) of FB (X).
Then for each i = 1, 2, since E; is normal and FB{(X) is normal at the generic
point of E;, the map E; — E; is an isomorphism.
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Let A be the complete local ring of FB;(X) at a point z on E;. Its normalization
is k[[s, ¢]I. We choose local coordinates s, ¢ so that the k*-action on k[[s, #]] is linear
and locally s = O defines E 1 and ¢ = O defines the only one-dimensional orbit
closure passing through the point over z. Then the k*-action on ¢ is trivial and the
one on s is nontrivial. Since E; — E; fori =1, 2 are isomorphisms, the composite
maps A — k[[s, t]] = k[[s]] and A < k[s, t]] — k[[z] are surjective. Therefore A
contains formal power series of the forms

f = fis + fot + (higher terms), (for f; €k, f1 #0),
g = g15 + got + (higher terms), (for g; € k, g» #0).

Then by a suitable linear combination of them, we obtain a formal power series
h = hys + hyt 4 (higher terms), (for h; € k, hy #0, hp #0)

contained in A. Then for 1 # A € k*, Ah € A has a linear part linearly independent
of that of A. It follows that A = k[[s, ¢]] and hence FB(X) is normal. O

Example 4.17. The variety
X = Spec Falx, y, 21/ (37 + y2* +x7)

has a non- F-pure simple elliptic singularity of type Eg. The Frobenius pushforward
F,O0x of the coordinate ring decomposes into the direct sum of two modules, say
Nj and N,. Then F,N; for i = 1, 2 further decomposes as FyN; = N;; & N;». By
Macaulay?2 computation, we saw that the torsion-free pullbacks N and Nj; of N
and N;; are nonﬂat ata pomt and those of the others are flat. Moreover the ideals
associated to N1 and N 11 as in Proposition 2.5 are respectively of the forms (u, v)
and (u, v?) around the point with respect to some local coordinates u, v. The last
result coincides with Theorem 4.13.

4b2. Non-F -pure simple elliptic singularities with E> < —2. In this case, we have
deg L = —E? > 2. Then the argument in Section 4b1 shows that M, is flat.

Proposition 4.18. Let (X, x) be a non-F-pure simple elllptlc singularity with el-
liptic exceptional curve E on the minimal resolution X. Suppose E* < —2 and
d = —E? is not a power of the characteristic p. Then X is the normalization of the
e-th F-blowup FB.(X) for all e > 1.

Proof. Since Xisa flattening of R!/4 = M, ® N, by Lemmas 4.1 and 4.12 and
Section 4b1, the proof goes similarly to that of Theorem 4.7. Note that @;{i has no
free summand in this case, since Oy  is not F-pure. O

Example 4.19. The variety

X =SpecFy[x, v, z1/(y*z + yz> +x%)
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has a non-F-pure simple elliptic singularity of type Es. We could check that
FB{(X) is the minimal resolution.

Remark 4.20. The behavior of F-blowups remains unsettled in some cases, that is,
(i) the case E? < —2 and —E? is a power of p; and (ii) the normality of F-blowups
of non-F-pure simple elliptic singularities with E? < —3. These cases will be
treated in [Hara 2013].
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