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Multiplicities associated
to graded families of ideals

Steven Dale Cutkosky

We prove that limits of multiplicities associated to graded families of ideals exist
under very general conditions. Most of our results hold for analytically unramified
equicharacteristic local rings with perfect residue fields. We give a number
of applications, including a “volume = multiplicity” formula, generalizing the
formula of Lazarsfeld and Mustatd, and a proof that the epsilon multiplicity of
Ulrich and Validashti exists as a limit for ideals in rather general rings, including
analytic local domains. We prove a generalization of this to generalized symbolic
powers of ideals proposed by Herzog, Puthenpurakal and Verma. We also prove
an asymptotic “additivity formula” for limits of multiplicities and a formula on
limiting growth of valuations, which answers a question posed by the author,
Kia Dalili and Olga Kashcheyeva. Our proofs are inspired by a philosophy of
Okounkov for computing limits of multiplicities as the volume of a slice of an
appropriate cone generated by a semigroup determined by an appropriate filtration
on a family of algebraic objects.

1. Introduction

In a series of papers, Okounkov interprets the asymptotic multiplicity of graded fami-
lies of algebraic objects in terms of the volume of a slice of a corresponding cone (the
Okounkov body). Okounkov’s method employs an asymptotic version of a result of
Khovanskii [1992] for finitely generated semigroups. One of his realizations of this
philosophy [Okounkov 1996; 2003] gives a construction that computes the volume
of a family of graded linear systems. This method was systematically developed by
Lazarsfeld and Mustatd [2009], who give many interesting consequences, including
a new proof of Fujita approximation (see [Fujita 1994] for the original proof) and
the fact that the volume of a big divisor on an irreducible projective variety over an
algebraically closed field is a limit, which was earlier proven in [Lazarsfeld 2004]
using Fujita approximation. More recently, Fulger [2011] has extended this result
to compute local volumes of divisors on a log resolution of a normal variety over
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MSC2010: primary 13H15; secondary 14B0S5.
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an algebraically closed field. Kaveh and Khovanskii [2012] have recently greatly
generalized the theory of Newton—Okounkov bodies and applied this to general
graded families of linear systems.

The method used in these papers is to choose a nonsingular closed point 8 on
the d-dimensional variety X and then using a flag, a sequence of subvarieties

{Bl=XoCX1C---CXy-1CX

that are nonsingular at 8, to determine a rank-d valuation of the function field k(X)
that dominates the regular local ring Ox g. This valuation gives a very simple
filtration of Oy g represented by monomials in a regular system of parameters
of Oy, ,, which are local equations of the flag. Since the residue field is algebraically
closed, this allows us to associate a set of points in Z¢ to a linear system on X
(by means of a k-subspace of k(X) giving the linear system) so that the number of
these points is equal to the dimension of the linear system. In this way, a semigroup
in Z9*! is associated to a graded family of linear systems.

One of their applications is to prove a formula of equality of volume and mul-
tiplicity for a graded family {/;};cn of m g-primary ideals in a local ring (R, mg)
such that R is a local domain that is essentially of finite type over an algebraically
closed field k with R/mpg = k [Lazarsfeld and Mustatd 2009, Theorem 3.8]. These
assumptions on R are all necessary for their proof. The proof involves interpreting
the problem in terms of graded families of linear systems on a projective variety X
on which R is the local ring of a closed point «. Then a valuation as above is
constructed that is centered at a nonsingular point 8 € X, and the cone methods are
used to prove the limit. The formula “volume = multiplicity” for graded families of
ideals was first proven by Ein, Lazarsfeld and Smith [Ein et al. 2003] for valuation
ideals associated to an Abhyankar valuation in a regular local ring that is essentially
of finite type over a field. Mustata [2002] proved the formula for regular local rings
containing a field. In all of these cases, the volume vol(/,) of the family, which is
defined as a lim sup, is shown to be a limit.

Let {/;} be a graded family of ideals in a d-dimensional (Noetherian) local ring
(R, mg); that is, the family is indexed by the natural numbers with o = R and
I;i1; C I;4j forall i and j. Suppose that the ideals are m g-primary (for i > 0). Let
£r(N) denote the length of an R-module N. We find very general conditions on R
under which the “volume”

ER(R/ 1)

1(1,) =i
vol(1,) = limsup ndd!

is actually a limit. For instance, we show that this limit exists if R is analytically
unramified and equicharacteristic with perfect residue field (Theorem 5.8) or if R
is regular (Theorem 4.6).
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We thank the referee for pointing out that our basic result Theorem 4.2 is valid
without our original assumption of excellence.

Our proof involves reducing to the case of a complete domain and then finding a
suitable valuation that dominates R to construct an Okounkov body. The valuation
that we use is of rank 1 and rational rank d. There are two issues that require
special care in the proof. The first issue is to reduce to the case of an analytically
irreducible domain. Analytic irreducibility is necessary to handle the boundedness
restriction on the corresponding cone (condition (2)). The proof of boundedness is
accomplished by using the linear Zariski subspace theorem of Hiibl [2001] (which
is valid if R is assumed excellent) or, as was pointed out by the referee, by an
application of the version of Rees [1989] of Izumi’s theorem, for which excellence
is not required. The second issue is to handle the case of a nonclosed residue field.
Our method for converting the problem into a problem of cones requires that the
residue field of the valuation ring be equal to the residue field of R. Care needs to
be taken when the base field is not algebraically closed. The perfect condition in
Theorem 5.8 on the residue field is to prevent the introduction of nilpotents upon
base change.

The limit lim, oo £gr(R/I™)/ (n? /d!) is just the Hilbert—Samuel multiplicity
e(I), which is a positive integer, in the case when I,, = I" with I an m g-primary
ideal. In general, when working with the kind of generality allowed by a graded
family of m g-primary ideals, the limit will be irrational. For instance, given A € R,
the graded family of m g-primary ideals I, generated by the monomials x’y/ such
that (1/21)i + j > n in the power-series ring R = k[[x, y] in two variables will
give us the limit lim,_, o0 £g(R/1,)/n* = A.

We also obtain irrational limits for more classical families of ideals. Suppose
that R is an excellent d-dimensional local domain with perfect residue field and v is
a discrete valuation dominating R (the value group is Z). Then the valuation
ideals I, = {f € R | v(f) > n} form a graded family of mg-primary ideals, so
Theorem 5.8 tells us that the limit lim,,— - £gr(R/1},) /nd exists. This limit will
however in general not be rational. [Cutkosky and Srinivas 1993, Example 6] gives
such an example in a three-dimensional normal local ring.

We give a number of applications of this formula and these techniques to the
computation of limits in commutative algebra.

We prove the formula “vol(/,) = multiplicity(/,)” for local rings R and graded
families of m g-primary ideals such that either R is regular or R is analytically
unramified and equicharacteristic with perfect residue field in Theorem 6.5. In our
proof, we use a critical result on volumes of cones, which is derived in [Lazarsfeld
and Mustatd 2009]. We generalize this result to obtain an asymptotic additivity
formula for multiplicities of an arbitrary graded family of ideals (not required to be
m g-primary) in Theorem 6.10.
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Another application is to show that the epsilon multiplicity of Ulrich and Vali-
dashti [2011], defined as a lim sup, is actually a limit in some new situations. We
prove that this limit exists for graded families of ideals in a local ring R such that one
of the following holds: R is regular, R is analytically irreducible and excellent with
algebraically closed residue field or R is normal, excellent and equicharacteristic
with perfect residue field. As an immediate consequence, we obtain the existence
of the limit for graded families of ideals in an analytic local domain, which is
of interest in singularity theory. In [Cutkosky et al. 2005], an example is given
showing that this limit is in general not rational. Previously, the limit was shown to
exist in some cases in [Cutkosky et al. 2010b], and the existence of the limit was
proven (for more general modules) in some cases in [Kleiman 2010] and over a
domain R that is essentially of finite type over a perfect field in [Cutkosky 2011].
The proof in the latter paper used Fujita approximation on a projective variety on
which the ring R was the local ring of a closed point.

We prove in Corollary 6.4 a formula on asymptotic multiplicity of generalized
symbolic powers proposed by Herzog, Puthenpurakal and Verma [Herzog et al.
2008, beginning of Introduction].

We also prove that a question raised in [Cutkosky et al. 2010a] about the growth
of the semigroup of a valuation semigroup has a positive answer for very general
valuations and domains. We prove in Theorem 7.1 that if R is a d-dimensional
regular local ring or an analytically unramified local domain with algebraically
closed residue field and w is a zero-dimensional rank-1 valuation dominating R with
value group contained in R and if ¢(n) is the number of elements in the semigroup
of values attained on R that are less than », then

im £

n—oo nd

exists. This formula was established if R is a regular local ring of dimension 2 with
algebraically closed residue field in [Cutkosky et al. 2010a] and if R is an arbitrary
regular local ring of dimension 2 in [Cutkosky and Vinh 2011] using a detailed
analysis of a generating sequence associated to the valuation. Our proof of this
result in general dimension follows, as an application of the existence of limits for
graded families of m g-primary ideals, from the fact that ¢ (n) = £g(R/1I,), where
I, ={f e mg | v(f) > n} [Cutkosky et al. 2010a; Cutkosky and Teissier 2010].
It is shown in [Cutkosky et al. 2010a] that the limits lim,_, - ¢(n)/ n? that can be
attained on a regular local ring of dimension 2 are the real numbers g with 0 < g < %

2. Notation

Let mr denote the maximal ideal of a local ring R. Q(R) will denote the quotient
field of a domain R and ¢x(N) the length of an R-module N. Z, denotes the
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positive integers and N the nonnegative integers. Suppose that x € R. Then [x] is
the smallest integer n such that x <n and |x] the largest integer n such that n < x.

We recall some notation on multiplicity from [Zariski and Samuel 1960, Chap-
ter VIII, §10; Serre 1965, p. V-2; Bruns and Herzog 1993, § 4.6]. Suppose that
(R, mpg) is a (Noetherian) local ring, N is a finitely generated R-module with
r =dim N and a is an ideal of definition of R. Then

k
es(N) = lim tr(N/a"N)
k—»oo  k"/r!

We write e(a) = e, (R).
If s > r =dim N, then we define

e,(N) ifdimN =y,

s N)= e 1
¢(a. N) {0 ifdimN <.

A local ring is analytically unramified if its completion is reduced. In particular,
a reduced excellent local ring is analytically unramified.

3. Semigroups and cones

Suppose that I' © N¢*! is a semigroup. Set

¥ = 2(I") = closed convex cone(I") C R4+

A=AM)=3NRY x {1}).
For m € N, put

=T NN x {m)),

which can be viewed as a subset of N¢. Consider the following three conditions on I':
(1) To={0}.

(2) There exist finitely many vectors (v;, 1) spanning a semigroup B C N“*! such
that I' C B.

Let G(T') is the subgroup of Z¢*! generated by T".
(3) G(I') = 74+,

We will use the convention that {e;} is the standard basis of Z¢*!.
Assuming the boundedness condition (2), condition (1) simply states that O is in
the semigroup I'.

Theorem 3.1 [Okounkov 2003, §3; Lazarsfeld and Mustatd 2009, Proposition 2.1].
Suppose that T satisfies (1)—(3). Then

. #Dy
lim —— = vol(A(I")).

m— 00 md
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Recently, it has been shown that limits exist under much weaker conditions by
Kaveh and Khovanskii [2012].

Theorem 3.2 [Lazarsfeld and Mustatd 2009, Proposition 3.1]. Suppose that T’
satisfies (1)—~(3). Fix € > 0. Then there is an integer py = po(€) such that if p > po,
then the limit

li #kLp) > vol(A(T))
P kipd — Vo ¢
exists, where
kU p={x1+---+xi | x1,...,xx €p}.

4. An asymptotic theorem on lengths

Definition 4.1. A graded family of ideals {/;} in a ring R is a family of ideals
indexed by the natural numbers such that Iy = R and I;I; C I;; for all i and j.
If R is a local ring and [; is mg-primary for i > 0, then we will say that {/;} is a
graded family of m g-primary ideals.

In this section, we prove the following theorem:

Theorem 4.2. Suppose that R is an analytically irreducible local domain of dimen-
siond > 0 and {1,} is a graded family of ideals in R such that

there exists ¢ € Z such that m% C I. 4

Suppose that there exists a regular local ring S such that S is essentially of finite
type and birational over R (R and S have the same quotient field) and the residue
field map R/mg — S/ms is an isomorphism. Then

I Cr(R/I;)

lim ———

1—>00 l

exists.

We remark that the assumption m% C Iy implies that either /,, is m g-primary for
all positive n or there exists ng > 1 such that ,, = R. In this case, m;eno C I, for
all n > ng, so £gr(R/I;) is actually bounded.

Let assumptions be as in Theorem 4.2. Let yq, ..., y; be a regular system of
parameters in S. Let Ay, ..., Ay be rationally independent real numbers such that
A >1 foralli. 5

We define a valuation v on Q(R) that dominates S by prescribing
vy =aih + - Fagha

foray,...,ags € Z+ and v(y) =0 if y € S has nonzero residue in S/mg.
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Let C be a coefficient set of S. Since S is a regular local ring, for r € Z, and
f €8, there is a unique expression

with g, € m'y, s;, i, € Sand iy +---+igy <r foralliy,...,i; appearing in the
sum. Take r so large that r > ijA; + - - 4+ igly for some term with s;,,_;, # 0.
Then define

v(f) =min{i;A1 +- - +igha | si,...i, 7 O} (6)

This definition is well-defined, and we calculate that v(f + g) = min{v(f), v(g)}
and v(fg) =v(f)+v(g) (by the uniqueness of the expansion (6)) forall0# f, g€ S.
Thus, v is a valuation. Let V), be the valuation ring of v (in Q(R)). The value group
of V, is the (nondiscrete) ordered subgroup ZA; + - - - + ZA4 of R. Since there is a
unique monomial giving the minimum in (6), we have that the residue field of V), is
S/ms = R/mg.

For A € R, define ideals K, and K;+ in V, by

Ky ={f€ QR |v(f) =2},
Ky ={f € Q(R) [ v(f) > A}.
We follow the usual convention that v(0) = oo is larger than any element of R.
Lemma 4.3. There exists o € Z such that Ko, "R C m', for alln € N.

Proof. Let p = [max{Ai, ..., Ag}] € Z4. Suppose that A € R,. K, is generated by
the monomials y' - - -y} such that ijA; +- - - 4+ igAq > A, which implies that

A .
— =i+t
P
so that
K,nScmi/l. (7

We now establish the following equation: there exists a € Z, such that
mét N R cmb 8)

for all £ € N.

In the case when R is excellent, this is immediate from the linear Zariski subspace
theorem [Hiibl 2001, Theorem 1].

We now give a proof of (8) that was provided by the referee, which is valid
without assuming that R is excellent. Let w be the mg-adic valuation. Let v; be the
Rees valuations of mg. The v; extend uniquely to the Rees valuations of m ;. By
the version of Rees [1989] of Izumi’s theorem, the topologies defined on R by w
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and the v; are linearly equivalent. Let v,,, be the reduced order of mg. By the Rees
valuation theorem (recalled in [Rees 1989)),

Vmp(x) = min{ vi(x) }
i Lvi(mg)
for all x € R, so the topology defined by w on R is linearly equivalent to the topology
defined by v,,,. The v,,, topology is linearly equivalent to the m g-topology by
[Rees 1956] since R is analytically unramified. Thus, (8) is established.
Let @ = pa, where p is the constant of (7) and a is the constant of (8).

Kan NS =KpnNS Cmi"

by (7), and thus,

Ken NRCm§"NR Cmpy
by (8). O
Remark 4.4. The conclusions of Lemma 4.3 fail if R is not analytically irreducible
as can be seen from the example

R = (k[x, y1/y* = x*(x + D)x.y) = S =kls]is),

where s = y/x — 1.
For 0 # f € R, define

o(f)=(n1,...,ng) eN?

ifv(f)=nihA 4+ +ngrq.
Lemma 4.5. Suppose that I C R is an ideal and A € R,.. Then there are isomor-
phisms of R/m g-modules
KN 1/Kp O k ifthere.exists f €1l such that v(f) = A,
0 otherwise.

Proof. Suppose that f, g € K; N1 are such that v(f) =v(g) =A. Then v(f/g) =0.
Let @ be the class of f/gin V,/m, = R/mpg. Let @ € R be alift of @ to R. Then
v(f —ag) > A, and the class of f in K, N1/K,+ NI is equal to & times the class
ofgin K NI/K;+NI. [l

Suppose that I C R is an ideal and Kg N R C I for some B € R,. Then
LR(R/1)=Lr(R/KgNR)—Lr(I/KgNR)

= dimy (EB KiNR/K;+ N R> — dimy (@ K, NI1/K;+N R)

A<B r<B
=#(n,...,ng) €p(R) [ nA1+---+nghq < B}
—#H(n1,...,ng) €ep) | nii1+---+ngrq < B}. 9
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Let B =wac € Z,, where c is the constant of (4) and « is the constant of Lemma 4.3
so that, for alli € Z,

KgiNR=Kyei NRCmi C 1. (10)
We have from (9) that
LR(R/L) =#{(n1, ..., nq) €p(R) | nidy + - +nghq < Bi}
—#{(n1,...,ng) €y) | niA+---+ngrg < Bi}. (A1)
Now (ny,...,ng9) €p(R)and ny+---+ng > i imply nir;+- - - +nghg > Bi
by (5) so that (ny, ..., ng) € ¢(I;) by (10). Thus,
Cr(R/L;) =#{(n1,...,ng) € p(R) [n1+---+nqg < Bi}
—#{(n1,....ng) €pi) [mi+---+nqg < Bi}. (12
Let I' ¢ N*! be the semigroup
'={(ny,...,nqg,i)| (ny,...,ng) € ;) and ny +---+ny < Bi}.
Iy = R (and v(1) = 0) implies (1) holds. The semigroup
B={(n1,....ng,i) | (n1,...,ng) €N and ny +---+ny < Bi}

is generated by BN (N? x {1}) and contains T, so (2) holds.

Write y; = f;/gi with f;, gi € Rfor 1 <i <d. Let0#h € I,. Then hf;, hg; € I;.
There exists ¢’ € Z, such that ¢’ > ¢ and hf;, hg; ¢ m% for 1 <i <d. We may
replace ¢ with ¢’ in (4). Then ¢(hf;), p(hg;)) €1 =N (N x {1} forl <i<d
since hf; and hg; all have values njA;+---+n4hg < Bi sothatn;+---+ny < Bi.
We have that ¢(hf;) — @(hg;) =e; for 1 <i <d. Thus,

(ei,0) = (p(nfi), 1) — (p(hgi), 1) € G(I')
for 1 <i <d. Since (¢(hf;), 1) € G(I"), we have that (0, 1) e G(I"), so G(I') =74 +!
and (3) holds. By Theorem 3.1,

. #I
1lim - = vol(A(I)). (13)
1—o0 1
Let I'" ¢ N*! be the semigroup
I'={(ni,....nq,0) | (n1,...,n4) € p(R) and ny + - - - +nq < Bi}.

Our calculation for I shows that (1)—(3) hold for I"". By Theorem 3.1,

/

HIY ,
lim i—d’ = vol(A(T)). (14)

i— 00

We obtain the conclusions of Theorem 4.2 from Equations (12), (13) and (14).
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The following is an immediate consequence of Theorem 4.2, taking S = R:

Theorem 4.6. Suppose that R is a regular local ring of dimension d > 0 and {I,,}
is a graded family of mg-primary ideals in R. Then the limit
. Lr(R/1y)
im ————
n—00 nd

exists.

5. A theorem on asymptotic lengths in more general rings

Lemma 5.1. Suppose that R is a d-dimensional reduced local ring and {1} is a
graded family of mg-primary ideals in R. Let py, ..., ps be the minimal primes
of R, set R; = R/ p;, and let S be the ring S = @;_, R;. Then there exists o € 7,
such that foralln € 7,

S
Dt (Ri/IRi) — Lr(R/1,)| < an®™".
i=1

Proof. There exists ¢ € Z such that m% C I;. Since § is a finitely generated
R-submodule of the total ring of fractions T = @le O(R;) of R, there exists a
nonzero divisor x € R such that xS C R.

The natural inclusion R — § induces exact sequences of R-modules

O0—RNILS/I,— R/, - S/I,S— N, — 0. (15)
We also have exact sequences of R-modules
0—> A, — R/I, > R/I, > M, — 0. (16)
We have that x(RN1,S) C I, and A, = I, : x/I, so that
CR(RNI,S/1n) < £r(Ayp). (17)
Now M, = (R/x)/I,(R/x), so
Cr(My) < ER((R/x)/m (R/x)) < pnc)*™!

for some B, computed from the Hilbert—Samuel polynomial of R/x and the finitely
many values of the Hilbert—Samuel function of R/x that do not agree with this
polynomial. Thus,

Cr(An) = £(My) < pc’~'n?™! (18)

by (16).
Since xS C R, we have that

Np = (S/R+1,8) = S/(R+ 1,5+ x5).



Multiplicities associated to graded families of ideals 2069

Thus,
ER(Ny) < Lr((S/xS)/m'¥ (S/x$)) < y(nc)*! (19)

for some y, computed from the Hilbert—-Samuel polynomial of the semilocal ring
S /x with respect to the ideal of definition mg(S/xS). Thus,

[€R(R/1n) — Lr(S/1,S)| < max{B, y}c'~'n .
The lemma now follows since

CR(S/1,S) =3 Lr,(Ri/ I, Ry). O

Theorem 5.2. Suppose that R is an analytically unramified local ring with alge-
braically closed residue field. Let d > 0 be the dimension of R. Suppose that {I,} is
a graded family of m g-primary ideals in R. Then

LR(R/1;)

lim -

i—00
exists.

Proof. Let R be the m g-adic completion of R, which is reduced and excellent. Since
the I, are mg-primary, we have that R/ [, = Ié/[nﬁ and Lr(R/1,) = Zé(ﬁ/lnlé)
for all n. Let {q1, ..., g5} be the minimal primes of R. By Lemma 5.1, we reduce
to proving the theorem for the families of ideals {Inlé /qi} in R /q; for 1 <i <s.
We may thus assume that R is a complete domain. Let 7 : X — Spec(R) be the
normalization of the blow-up of mg. X is of finite type over R since R is excellent.
Since 7w ~!(mz) has codimension 1 in X and X is normal, there exists a closed
point x € X such that the local ring Oy , is a regular local ring. Let S be this local
ring. S/mgs = R/mpg since S/mg is finite over R/mpg, which is an algebraically
closed field. (]

Lemma 5.3. Suppose that R is a Noetherian local domain that contains a field k.
Suppose that k' is a finite separable field extension of k such thatk C R/mg C k'.
Let S = R®y k'. Then S is a reduced Noetherian semilocal ring. Let p, ..., p, be
the maximal ideals of S. Then mgS = pyN---N p,.

Proof. Let K be the quotient field of R. Then K ®y k' is reduced [Zariski and
Samuel 1958, Theorem 39, p. 195]. Since k' is flat over k, we have an inclusion
Rk C K®ik',s0S=RQk'isreduced. S/mgrS = (R/mp) @ k' is also
reduced by [Zariski and Samuel 1958, Theorem 39]. Thus, mgS=p1N---Np,. U
Remark 5.4. In the case that R is a regular local ring, we have that § = R ®; k' is
a regular ring.

Proof. Since R is a regular local ring, mg is generated by d = dim R elements. For
1 <i <r, we thus have that p;S,, =mgS), is generated by d = dim R = dim §),
elements. Thus, S, is a regular local ring. (]
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Remark 5.5. If k' is Galois over k, then S/p; =k’ for1 <i <r.

Proof. Let k = R/mp. By our assumption, k is a finite separable extension of k.
Thus, k= k[a] for some @ € k. Let f(x) € k[x] be the minimal polynomial of «.
Since k' is a normal extension of k containing «, f(x) splits into linear factors
in k’[x]. Thus,

P R/pi = S/mrS =k @ik’ =K [x]/(f () = (k) O
i=1

Remark 5.6. If R is complete in the m g-adic topology, then R ®; k" is complete
in the m g R ®; k’-adic topology [Zariski and Samuel 1960, Theorem 16, p. 277].
If pi, ..., pr are the maximal ideals of R ®y k', then R Qi k' = P;_ (R Qr k'),
[Matsumura 1986, Theorem 8.15]. Thus, each (R ®; k') p; 18 a complete local ring.

Lemma 5.7. Let assumptions and notation be as in Lemma 5.3, and suppose that 1

is an mpg-primary ideal in R. Then

r

[k :k1r(R/T) =) [S/pi : R/mglts, (S/IS)p,).

i=1
Proof. We have
dimg R/I =[R/mp : kJ€r(R/I),
dimy S/1S =dimg(R/1) @ k' = [k' : k]dimg(R/1).
S/IS is an Artin local ring so that S/1S = ._,(S/1S),,. Thus,

p
dimy (S/18) =Y " [S/pi : klLs, ((S/15),). O
i=1
We will need the following definition. A commutative ring A containing a field £
is said to be geometrically irreducible over k if A ®; k" has a unique minimal prime
for all finite extensions k’ of k.

Theorem 5.8. Suppose that R is an analytically unramified equicharacteristic local
ring with perfect residue field. Let d > 0 be the dimension of R. Suppose that {I,,}
is a graded family of mg-primary ideals in R. Then

5 Cr(R/I)

lim ———

1—> 00 l

exists.

Proof. There exists ¢ € Z, such that m% C I . Let R be the mg-adic com-
pletion of R. Since the I, are mg-primary, we have that R/I, = R/I,R and
LR(R/Iy) =Lz (R/1,R) for all n. R is reduced since R is analytically unramified.
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Let {q1, ..., gs} be the minimal primes of R. By Lemma 5.1, we reduce to proving
the theorem for the families of ideals {I,R/q;} in R/q; for 1 <i <s. In the case
of a minimal prime ¢g; of R such that dim R/g; < d, the limits

5 LR(R; /1, R;)
im —

n—o0 nd

are all zero since £R(R; /1, R;) < Lr(R;/m'y R;) for all n.

We may thus assume that R is a complete domain. R contains a coefficient field
k = R/mpg by the Cohen structure theorem as R is complete and equicharacteristic.
Let k' be the separable closure of k in Q(R), and let R be the integral closure of R in
Q(R). We have that k¥’ C R. R is a finitely generated R-module since R is excellent.
Let n C R be a maximal ideal lying over mg. Then the residue field extension
R/mpg — R/n is finite. Since k' C R/n, we have that k’ is a finite extension of k.
By [Grothendieck 1965, Corollary 4.5.11], there exists a finite extension L of k
(which can be taken to be Galois over k) such that if g, . .., g, are the minimal
primes of R ®; L, then each ring R ®; L/g; is geometrically irreducible over L.

R ®; L is a reduced semilocal ring by Lemma 5.3, and by Remark 5.5, the
residue field of all maximal ideals of R ®; L is L, which is a perfect field. By
Remark 5.6 and Lemmas 5.1 and 5.7, we reduce to the case where R is a complete
local domain with perfect coefficient field k& such that R is geometrically irreducible
over k. Let w : X — Spec(R) be the normalization of the blow-up of m . Since R is
excellent, 7r is projective and birational. Since m Oy is locally principal, 7 ! (m g)
has codimension 1 in X. Since X is normal, it is regular in codimension 1, so there
exists a closed point g € X such that 7(g) =mpg and S = Oy , is a regular local
ring. Let kK’ = §/mg. Then k’ is finite over k and is thus a separable extension of
the perfect field k.

Let k” be a finite Galois extension of k containing k. Let R = R ®; k”. R’ is
a local domain with residue field k”. R’ is complete by Remark 5.6. S ®; k" is
regular and semilocal by Remark 5.4. Let p € S ®; k” be a maximal ideal. Let
S" = (S®kk"),. There exist fy, ..., fi € Q(R) such that S is a localization of
R[f1/ fo, - -, [t/ fol at a maximal ideal that necessarily contracts to mg. Thus, S’ is
essentially of finite type and birational over R’ since we can regard fo, ..., f; € R'.
Since S’ is a regular local ring and k” = §’/mg = R'/mg by Remark 5.5, we have
that Theorem 5.8 follows from Lemma 5.7 and Theorem 4.2. (]

6. Some applications to asymptotic multiplicities

Theorem 6.1. Suppose that R is a local ring of dimension d > 0 such that one of
the following holds:

(1) R is regular or
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(2) R is analytically irreducible with algebraically closed residue field or
(3) R is normal, excellent and equicharacteristic with perfect residue field.

Suppose that {I;} and {J;} are graded families of nonzero ideals in R. Further
suppose that I; C J; for all i and there exists ¢ € Z4 such that

m{ NI =mG N J; (20)
foralli. Then the limit
y Cr(Ji/1;)
Aam
1—> 00 l

exists.

Remark 6.2. An analytic local domain R satisfies the hypotheses of Theorem 6.1(2).
The fact that R is analytically irreducible (R is a domain) follows from [Grothendieck
1965, Corollary 18.9.2].

Proof of Theorem 6.1. We will apply the method of Theorem 4.2. When R is
regular, we take S = R, and in case (2), we construct S by the argument of the
proof of Theorem 5.2. We will consider case (3) at the end of the proof.

Let v be the valuation of Q(R) constructed from S in the proof of Theorem 4.2
with associated valuation ideals K in the valuation ring V), of v.

Apply Lemma 4.3 if R is not regular to find « € Z such that

Kon N R C mly

for all n € Z;. When R is regular so that R = S, the existence of such an « follows
directly from (7). We will use the function ¢ : R \ {0} — N?*! of the proof of
Theorem 4.2. We have that

Kaen VI = Kgen N Ty
for all n. Thus,
CR(In/1In) = CR(In/Kauen N In) = Lr(In/Kacn N 1n) 2D
for all n. Let 8 = ac and

C(Jy) ={(ny,...,ng,i)| (ny,...,ng) €p(J;) and ny +---+ng < Bi},
L) ={(n1,...,ng, )| (n1,...,ng) € ;) and n; +---+ny < Bi}.

We have that
LR(Jn/ 1) = #T (J)n — #T (L) (22)



Multiplicities associated to graded families of ideals 2073

as explained in the proof of Theorem 4.2. As in the proof of Theorem 4.2, we have
that I' (J,) and I'(Z,) satisfy the conditions (1)—(3). Thus,
. #(J)a #1" (L)n
lim
n—o0o nd d

=vol(A(T'(Jy))) and lim

n—oo

= vol(A(T'(1,)))

by Theorem 3.1. The theorem (in cases (1) or (2)) now follows from (22).

Now suppose that R satisfies the assumptions of case (3). Then the m g-adic
completion R satisfies the assumptions of case (3).

Suppose that R satisfies the assumptions of case (3) and R is m g-adically com-
plete. Let k be a coefficient field of R. The algebraic closure of k in Q(R) is
contained in R, so it is contained in R/mpy = k. Thus, k is algebraically closed
in Q(R). Suppose that k' is a finite Galois extension of k. Q(R) ®; k' is a field
by [Zariski and Samuel 1958, Corollary 2, p. 198], and thus, R" = R ®; k' is a
domain. R’ is a local ring with residue field X’ since R'/mgR' = R/mr Q1 k' =k’
R’ is normal by [Grothendieck 1965, Corollary 6.14.2]. Thus, R’ satisfies the
assumptions of case (3).

Thus, in the reductions in the proof of Theorem 5.8 to Theorem 4.2, the only
extensions that we need to consider are local homomorphisms R — R’ that are
either m g-adic completion or a base extension by a Galois field extension. These
extensions are all flat, and mg R’ = mg . Thus,

m'¢ NLS=my SNL,S=myx NL,)S=(my NJ,)S=mxSNJ,S=m's N J,S

for all n. Thus, the condition (20) is preserved, so we reduce to the case (2) of this
theorem and conclude that Theorem 6.1 is true in case (3). U

If R is a local ring and [/ is an ideal in R, then the saturation of I is

oo
sat __ gy ., 00 __ .k
I =1:my=|J1I:mk.
k=1

Corollary 6.3. Suppose that R is a local ring of dimension d > 0 such that one of
the following holds:

(1) R is regular or
(2) R is analytically irreducible with algebraically closed residue field or

(3) R is normal, excellent and equicharacteristic with perfect residue field.

Suppose that I is an ideal in R. Then the limit

LRI
1lim — g
1—00 l

exists.
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Since (1™)%/ " = H,gR (R/I"), the epsilon multiplicity of Ulrich and Validashti
[2011]
Cr(H, (R/I™)
nd/d!

e(l) = lim sup

exists as a limit under the assumptions of Corollary 6.3.

Corollary 6.3 is proven for more general families of modules when R is a local
domain that is essentially of finite type over a perfect field k such that R/mp is
algebraic over k in [Cutkosky 2011]. The limit in Corollary 6.3 can be irrational as
shown in [Cutkosky et al. 2005].

Proof of Corollary 6.3. By [Swanson 1997, Theorem 3.4], there exists ¢ € Z such
that each power /" of [ has an irredundant primary decomposition

I"=qi(n)N---Ngsn),

where g (n) is m g-primary and m'y’ C 1 (n) forall n. As (I")* =g, (n)N- - -Ng,(n),
we have that

I"Nml =mly Nga(m)N---Ngs(n) =ml NA"™
for all n € Z,. Thus, the corollary follows from Theorem 6.1, taking I; = I and
Ji = (1) O

A stronger version of the previous corollary is true. The following corollary
proves a formula proposed by Herzog et al. [2008, Introduction].

Suppose that R is a ring and / and J are ideals in R. Then the n-th symbolic
power of [ with respect to J is

o0
1,,(J)=1":J°°=U1" - JE

i=1

Corollary 6.4. Suppose that R is a local domain of dimension d such that one of
the following holds:

(1) R is regular or
(2) R is normal and excellent of equicharacteristic O or

(3) R is essentially of finite type over a field of characteristic 0.

Suppose that 1 and J are ideals in R. Let s be the constant limit dimension of
L,(J)/I" for n > 0. Then

lig &meUn(D/T7)
m —

n— 00 nd*S

exists.
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Proof. There exists a positive integer ng such that the set of associated primes
of R/I" stabilizes for n > ng by [Brodmann 1979]. Let {py, ..., p;} be this set of
associated primes. We thus have irredundant primary decompositions for n > ng

I"=q(n)N---Ng;(n), (23)

where g; (n) are p;-primary.
We further have that

I": J* = m qi(n). (24)

J & pi

Thus, dim 1,,(J) /1" is constant for n > ng. Let s be this limit dimension. The set

A= {p e | Ass(n (/1™

n=nqo

n>ng anddimR/p:s}

is a finite set. Moreover, every such prime is in Ass(/,(J)/1") for all n > ng. For
n > ng, we have by the additivity formula [Serre 1965, p. V-2; Bruns and Herzog
1993, Corollary 4.6.8, p. 189] that

emg (In(N)/T") = g, (I, ())/I™) p)e(mryp),
p

where the sum is over the finite set of primes p € Spec(R) such that dimR/p =s.
This sum is thus over the finite set A.
Suppose that p € A and n > ng. Then

I;;l = m Qi(n)pa

where the intersection is over the ¢; (n) such that p; C p, and

In(-]) = m Qi(n)p,

where the intersection is over the g;(n) such that J ¢ p; and p; C p. Thus, there
exists an index ip such that p;, = p and

IZ :CIiO(”l)men(J)p-

By (23),
(I;)Sat = In(-l)p

for n > ng. Since R, satisfies one of the cases (1) or (3) of Theorem 6.1 or the
conditions of [Cutkosky 2011, Corollary 1.5] and dim R, =d —s (as R is universally

catenary), the limit

i ER(Un (d-])/ln)p)

n—o0 na—s

exists. O
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Theorem 6.5. Suppose that R is a d-dimensional local ring such that either

(1) R is regular or

(2) R is analytically unramified and equicharacteristic with perfect residue field.
Suppose that {1;} is a graded family of m g-primary ideals in R. Then

. Lr(R/I) . e(lp)
lim — = lim .
n—oo n /d‘ p—00 pd

Here e(1) is the multiplicity

CR(R/1Y)
k4/d!

Theorem 6.5 is proven for valuation ideals associated to an Abhyankar valuation
in a regular local ring that is essentially of finite type over a field in [Ein et al. 2003],
for general families of m g-primary ideals when R is a regular local ring containing
a field in [Mustatd 2002] and when R is a local domain that is essentially of finite
type over an algebraically closed field k with R/m g =k in [Lazarsfeld and Mustatd
2009, Theorem 3.8].

e(Ip) =er,(R) = klln;o

Proof of Theorem 6.5. There exists ¢ € Z, such that m% C I;.

We first prove the theorem when R satisfies the assumptions of Theorem 4.2.
Let v be the valuation of Q(R) constructed from S in the proof of Theorem 4.2
with associated valuation ideals K in the valuation ring V), of v.

Apply Lemma 4.3 if R is not regular to find o € Z such that

Kon MR C m'y

for all » € N. When R is regular so that R = S, the existence of such an « follows
directly from (7). We will use the function ¢ : R \ {0} — N“*! of the proof of
Theorem 4.2.
We have that
Kyen "R Cm% C I,

for all n.
Let
() ={(ni,...,ng, i) | (n1,...,ng) €p(l;) and ny +-- - +nqg < aci},
I'(R)={(n1,...,nq,0) | (n1,...,ng) €p(R)and n; +- - - +ny < aci}.

As in the proof of Theorem 4.2, I'(1,) and I'(R) satisfy the conditions (1)—(3). For
fixed pe Z,, let

L(L)(p) ={(n1.....ng.kp) | (1. ....ng) € p(I}) and ny + - - - +ng < ackp}.
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We have inclusions of semigroups

kU (1) p C T ) (Pkp C T (L)kp

for all p and k.
By Theorem 3.2, given ¢ > 0, there exists pg such that p > po implies

#kT(I,),

Vvol(A(I'(1y))) — € < kliglo K pd

Thus,

vol(A(T'(I,))) —e < lim L) (P < vol(A(T'(L,))).
k— 00 kdpd

Again by Theorem 3.2, we can choose pg sufficiently large so that we also have
vol(A(T'(R))) —¢ < kli)m k[(ipgl P < vol(A(I)).

Now
Cr(R/T}) =#T(R) pk — #T (L) (P)ip-
ER(R/Iy) = #T(R), — #T (L),

By Theorem 3.1,

gim EEI) _ orar(R) —volAT ().
Thus,
- LR(R/ 1) _ LrRR/IY)  e(l,) . Lr(R/I)
o Copd 8§kll)n;0 kdpdp Zd!;dinlggo nd te

Taking the limit as p — oo, we obtain the conclusions of the theorem.

Now assume that R is general, satisfying the assumptions of the theorem. We
reduce to the above case by a series of reductions, first taking the completion of R,
then modding out by minimal primes and taking a base extension by a finite Galois
extension.

The proof thus reduces to showing that

. ed(lp, R) . ZR(R/In)
lim —d = lim d—
p—>00 p n—oo n /d!

in each of the following cases:

IR, R €5(R/1,R
(@) tim SRR —R(d/ )
p—00 )4 n—oo  n%/d!



2078 Steven Dale Cutkosky

(b) Suppose that the minimal primes of (the reduced ring) R are {q1, ..., gs}. Let
R; = R/q;, and suppose that

. eq(I,R;i, R;) . AR (Ri/I,R;)
lim ———— = lim —————
p—00 p n—>00 né/d!
for all i.
(c) Suppose that k C R is a field and k' is a finite Galois extension of k con-
taining R/mpg. Let {py, ..., p,} be the maximal ideals of the semilocal ring
S = R ® k'. Suppose that
m 0SS0 _ i £5 Sn/ S)
p—00 p n— 00 n /d‘
for all 7.

Recall that
ealp, ) Lr(R/I})
———— = lim Era——
d! k— 00 kd

Case (a) follows since
LR(R/I}) = L4(R/IXR)

for all p and k.
In case (b), we have that

ealp, R) <~ eq(pRi, R)
Wl Doy et

i=1
by the additivity formula [Serre 1965, §V-3; Bruns and Herzog 1993, Corollary

4.6.8, p. 189] or directly from Lemma 5.1. Case (b) thus follows from the fact that
. Lr(R/I,) . Lr(Ri/I,R;)
lim ——— = lim ——————

n—00 nd 1 k— o0 nd
1=

N

by Lemma 5.1.
In case (c), we have that k' is Galois over k so that S/p; = k’ for all i by
Remark 5.5. Thus, Lemma 5.7 becomes

CR(R/IN) = Ls, (Sp/IxSp)

i=1
for all p and k, from which this case follows. (]

Suppose that R is a Noetherian ring and {/;} is a graded family of ideals in R.
Let
s =s5(l,) =limsupdim R/ ;.
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Let ip € Z be the smallest integer such that
dimR/I; <s fori>i. (25)

Fori > ip and p a prime ideal in R such that dim R/p =, we have that (I;) , =R,
or (I;), is p,-primary.
In general, s is not a limit as is shown by the following simple example:

Example 6.6. Suppose that R is a Noetherian ring and p C ¢ C R are prime ideals.

Let
{ p ifiisodd,
I =

q ifiiseven.
We have that
I p*orq® ifi+ jiseven,
" pg if i + j is odd.
Thus, I;1; C I;1; for all i and j and
dimR/p ifiis odd,

dimR/I; =1 . e
dimR/q ifi is even.
Let

T =T(I,) = {p € Spec(R)
| dim R/p = s and there exist arbitrarily large j such that (1;), # R p}.
Lemma 6.7. T (I,) is a finite set.

Proof. Let U be the set of prime ideals p of R that are an associated prime of

some I; with ig <i <2ip— 1 and ht p =s. Suppose that g € T. There exists j > iy

such that (/;), # R,. We can write j = aio+ (io+k) with0 <k <ip—1anda > 0.

Thus, Il.‘;l,'ﬁk C I;. Thus, g € U since (Il'%lio+k)q #R,. O

Lemma 6.8. There exist c = c(l,) € Z+ such that if j > iy and p € T (1), then
p/“R, C I;R,.

Proof. There exists a € Z such that for all p € T, pf, C (I;)p for i <i <2ip— 1.
Write j =tig+ (ip+ k) witht >0and 0 <k <ip— 1. Then

putY C I Lk Ry C IR,
Let c = [a/ip] +a. Then
jcza+j% =a+(ti0+i0+k)% > (t + Da.

Thus, p{,c - ng)a C ). O



2080 Steven Dale Cutkosky
Let
A(ly) ={q eT(y) | I,R, is q4-primary for n > ip}.

Lemma 6.9. Suppose that g € T (1) \ A(l,). Then there exists b € 7, such that
qb C (Iy)y for all n > io.

Proof. There exists ng € Z such that ng > ip and (1,,), = R,. Let b € Z be such
that qé’ C (I;)4 for 0 < n < ng. Suppose that ng <n. Write n = Bno+a with 8 >0
and 0 < a < ng. Then

gy C (15 1)g C (I)g- O
We obtain the following asymptotic additivity formula:
Theorem 6.10. Suppose that R is a d-dimensional local ring such that either

(1) R is regular or

(2) R is analytically unramified of equicharacteristic 0.

Suppose that {1;} is a graded family of ideals in R. Let s = s(I,) =lim supdim R/ [;
and A = A(l,). Suppose that s < d. Then

es(mg, R/1,) Z ( lim €U0q)

m d—s o\ d—s
n—oo nd=s /(d — s)! k—oo k

)e(mR/q)~

geA

Proof. Let i be the (smallest) constant satisfying (25). By the additivity formula
[Serre 1965, p. V-2; Bruns and Herzog 1993, Corollary 4.6.8, p. 189], for i > iy,

es(mp, R/I) =Y Lr,(Rp/(I})p)ems (R/ ),
p

where the sum is over all prime ideals p of R with dim R/p =s. By Lemma 6.7,
for i > iy, the sum is actually over the finite set 7'(/,) of prime ideals of R.

For p € T(I,), R, is a local ring of dimension at most d — s. Further, R, is
analytically unramified [Rees 1961; Huneke and Swanson 2006, Proposition 9.1.4].
By Lemma 6.8 and by Theorem 4.6 or 5.8, replacing (I;), with pif if i <ip, we

have that
Lr,(Ry/(1i)p)

lim P

i— 00
exists. Further, this limit is zero if p € T'(I,) \ A(/,) by Lemma 6.9 and since s < d.

Finally, we have
Cr,(Rq/(Ti)g) . e, (Rg)

isoe 19 /(d—35)! koo kd—s

for g € A(l,) by Theorem 6.5. O
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7. An application to growth of valuation semigroups

As a consequence of our main result, we obtain the following theorem, which gives
a positive answer to a question raised in [Cutkosky et al. 2010a]. This formula was
established if R is a regular local ring of dimension 2 with algebraically closed
residue field in [Cutkosky et al. 2010a] and if R is an arbitrary regular local ring of
dimension 2 in [Cutkosky and Vinh 2011] using a detailed analysis of a generating
sequence associated to the valuation. A valuation @ dominating a local domain R
is zero-dimensional if the residue field of w is algebraic over R/mpg.

Theorem 7.1. Suppose that R is a regular local ring or an analytically unramified
local domain. Further suppose that R has an algebraically closed residue field.
Let d > 0 be the dimension of R. Let w be a zero-dimensional rank-1 valuation of
the quotient field of R that dominates R. Let S®(w) be the semigroup of values of
elements of R, which can be regarded as an ordered subsemigroup of R.. ForneZ .,
define

() = 18" (@) N 0, n)|.

Then
5 @(n)
im

n—oo nd

exists.

Proof. Let I, ={f e R|w(f) > n}and A = w(mg) = min{w(f) | f € mg}. Let
¢ € Z4 be such that cA > 1. Then m% C I;. By Theorem 4.6 or 5.2, we have that

. Cr(R/1Iy)
im ———

n— 00 nd

exists.
Since R has an algebraically closed residue field, we have by [Cutkosky et al.
2010a; Cutkosky and Teissier 2010] that

#o(n) =Lr(R/1,) — 1.
Thus, the theorem follows. O

In [Cutkosky et al. 2010a], it is shown that the real numbers 8 with 0 < 8 < %
are the limits attained on a regular local ring R of dimension 2.
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Normal coverings of linear groups

John R. Britnell and Attila Maréti

For a noncyclic finite group G, let y (G) denote the smallest number of conjugacy
classes of proper subgroups of G needed to cover G. In this paper, we show
that if G is in the range SL,(¢) < G < GL,(q) forn > 2, then n/m* < y(G) <
(n+ 1)/2. This result complements recent work of Bubboloni, Praeger and Spiga
on symmetric and alternating groups. We give various alternative bounds and
derive explicit formulas for y (G) in some cases.

1. Introduction

Normal coverings. Let G be a noncyclic finite group. We write y(G) for the
smallest number of conjugacy classes of proper subgroups of G needed to cover it.

In other words, y (G) is the least k for which there exist subgroups Hi, ..., Hy < G
such that
k
G=JJH*
i=1geG
We say that the set of conjugacy classes {H;C |i =1, ..., k} is a normal covering
for G.

Bubboloni and Praeger [2011] have recently investigated ¢ (G) in the case that
G is a finite symmetric or alternating group. They show, for example, that if n is
an odd composite number then
¢ (n) n—1
I < <
where ¢ is Euler’s totient function. Similar results are established for all values

of n and for both S, and A,,. Part of the motivation for their work comes from an
application in number theory.
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It is a well-known theorem of Jordan that no finite group is covered by the
conjugates of any proper subgroup. To paraphrase, y (G) # 1 for any finite group G.
It is known that there exists a finite solvable group G with y (G) = k for every
k > 1 [Crestani and Lucchini 2012]. It has been shown in [Bubboloni and Lucido
2002] that if G is one of the groups GL,(¢), SL,(¢q), PGL, (g) or PSL,(g), then
y(G) =2 if and only if n € {2, 3, 4}. (Notice that y is undefined for n = 1 since
the groups are cyclic in this case.) Other groups of Lie type possessing a normal
covering of size 2 have been studied in [Bubboloni et al. 2006; 2011].

In this paper, we give bounds on y(G), where SL,,(¢) < G < GL,(g), for all
values of n. In some cases, we are able to give an exact value. Our bounds extend
without change to G/Z(G).

We introduce some notation. We write | x| for the integer part of a real number x.
As already noted above, ¢ denotes Euler’s function. We shall also use Lehmer’s
partial totient function, which we define here.

Definition. Let k and ¢ be such that 0 < < k < n. We define the partial totient
¢ (k, t, n) to be the number of integers x, coprime with n, such that

nt n(t+1)
<Y< T

We give two separate upper bounds on y (G).

Theorem 1.1. Let n € N, and let v = v(n) be the number of prime factors of n. Let
Pi, ..., Py be the distinct prime factors of n with p;y < pa <--- < p,. Let G be a
group such that SL,,(q) < G < GL,(g).

(1) If v =2, then

v (G) < (1—%)(1—%)%%.

(2) If n > 6, then
y(G) < L%J 4 (6.2.1) +v.

A great deal of information is given in [Lehmer 1955, §6] about the function
¢ (6, t, n), from which the following statement can be derived:

0 if n is divisible either by 9 or by a prime

o) of the form 3k + 1 for k e N,

_ 2.1) =
6 $(6,2,n) %)L(n)ZU otherwise, if n is divisible by 3,

é)»(n)Z” otherwise, if n is not divisible by 3,

in which A(n) = (—1)¢, where ¢ is the number of prime divisors of n counted with
multiplicity.



Normal coverings of linear groups 2087

Independent sets of conjugacy classes. Let k(G) be the size of the largest set of
conjugacy classes of G such that any pair of elements from distinct classes generates
G. We call such a set an independent set of classes. Guralnick and Malle [2012]
have shown that « (G) > 2 for any finite simple group G. It is clear that whenever
¥ (G) is defined, we have the inequality

k(G) =y(G)

since if 6 is a normal covering of G, and if $ is an independent set of classes, then
each element of € covers at most one element of $.

We establish two lower bounds for « (G). By the observation of the previous
paragraph, these also operate as lower bounds for y (G).

Theorem 1.2. Letn € N, and let v = v(n) be the number of prime factors of n. Let
Pi, ..., Py be the distinct prime factors of n with p; < pa <--- < py. Let G be a
group such that SL,,(q) < G < GL,(g).

(1) Ifv =2, then
(P(Tn) +v(n) <k (G).

(2) If v = 3, and if n is not equal to 6p or 10p for any prime p, then
Ln+6

12

Furthermore, if hef(n, 6) = 1, then

L%J (12, 1,3n) + ¢ (12,0, n) +v < x(G).

The values t =0, 1 are not amongst those for which the function ¢ (12, ¢, n) is
evaluated explicitly in [Lehmer 1955]. However, Theorem 10 of the same work
gives the general estimate

lp(n) — ke (k, t,n)| < (k—1)2",
where v is the number of prime divisors of n. This yields the lower bound

11,,
EZ .

There are certain cases in which an upper bound for y (G) coincides with a lower
bound for «(G). In these cases, we must have y(G) = «(G), and we obtain a
precise formula.

Theorem 1.3. Let G be a group such that SL,,(q) < G < GL,(g).

J +6(12.1,3n) +v < k(G).

b(12.1.n) > %—

(1) If n = p“, where p is a prime and a € N, and if n > 2, then

y(G)=x(G>=(1—%)g+1.
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(2) If n = p°q®, where p and q are distinct primes and a, b € N, then

y(G) =k (G) = (1—%)(1—5)%&

(3) If n = 6p, where p is a prime, then y(G) =« (G) = p+2.
(4) If n = 10p, where p is a prime, then y(G) =k (G) =2p + 2.

Certain cases of Theorem 1.3 will require independent treatment as they arise as
exceptional cases in the proof of Theorem 1.2.

Linear bounds. Theorems 1.1(1), 1.2(2) and 1.3, taken together, imply that

2 <@ =y(©G) < "H M

for all n > 2. The upper bound is exact when 7 is an odd prime. (When n = 2,
it is known that y (G) = 2; see [Bubboloni and Lucido 2002] or the remark after
Proposition 4.1 below. It is also easy to show that k¥ (G) = 2 in this case.) It follows
immediately that

y(G) 1
-1

The lower bound for y can be improved as the following theorem indicates:

Theorem 1.4. If G is a group such that SL,,(¢) < G <GL,(q), thenn/n* < y(G).

lim sup

2

From the first part of Theorem 1.1 and from Theorem 1.4, it is easy to show that

y(G) 1
s = 5 (3)
It follows from the theorems that we have stated that y (G) and « (G) are bounded
above and below by monotonic functions that grow linearly with n. It appears that
the situation for symmetric groups is similar. It was announced in [Bubboloni et al.
2012, §1.1] and demonstrated in [Bubboloni et al. 2013] that y(S,,) and y (A,) are
bounded above and below by linear functions of ». In fact, the numbers y (S,) and
¥ (GL,(gq)) seem to be closely related; in all cases where both are known exactly,
they differ by at most 1. It is not hard to show, and it is worth remarking in this
connection, that the upper bounds stated for y (G) in Theorem 1.1 are also upper
bounds for y (S,) improving marginally on those of [Bubboloni and Praeger 2011,
Theorem A]. It should also be noted that all of our bounds are independent of the
field size q.

We establish the upper bounds of Theorem 1.1 in Section 2 by exhibiting explicit
normal coverings of the necessary sizes. This builds on work described in [Britnell
et al. 2008], in which coverings of GL,(¢) by proper subgroups are constructed.
The two lower bounds of Theorem 1.2 are proved in Section 3. Both are proved by
exhibiting an independent set of classes. This requires an account of overgroups of

1
— = lim inf
T
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certain special elements in GL,(g). For such an account, we rely on [Guralnick
et al. 1999], which provides a classification of subgroups whose orders are divisible
by primitive prime divisors of g¢ — 1 for all d > n/2. The remaining cases of
Theorem 1.3 are brought together in Section 4. Finally, Theorem 1.4 is established in
Section 5. Its proof relies on work from the doctoral thesis of Joseph DiMuro [2007],
which extends the classification of [Guralnick et al. 1999] to cover all d > n/3.

The classes of subgroups in our normal covering remain distinct, proper and
nontrivial in the quotient of G by Z(G). This is true also of the classes of maximal
overgroups that cover the conjugacy classes in our independent sets. It follows that
the bounds that we have stated for y (G) and for « (G) hold equally for y (G/Z(G))
and for k (G/Z(G)).

2. Normal coverings of G

We shall write V for the space [,". We assume that SL(V) < G < GL(V) throughout
the paper.

We begin by introducing the classes of subgroups that we shall need for our
coverings. Proposition 2.1 below contains standard information about certain
subgroups of GL,(¢q), and we shall not prove it here.

Proposition 2.1. (1) Let d be a divisor of n. There exist embeddings of GL,, /4 (qd )
into GL,(q). All such embeddings are conjugate by elements of SL, (q), and
each has index d in its normalizer in GL,,(q). If d is prime, then the normalizer
is a maximal subgroup of GL, (q).

(2) Suppose that 1 <k < n, and let U be a k-dimensional subspace of V. Then
the set stabilizer Gy of U in G is a maximal subgroup of G. If W is another
k-dimensional subspace, then Gy and Gy are conjugate in G.

It will be convenient to have concise notation for these subgroups.
Definition. (1) We refer to the maximal subgroups of Proposition 2.1(1) as exten-

sion field subgroups of degree d, and we write efs(d) for the conjugacy class
consisting of the intersections of all such subgroups with the group G.

(2) We refer to the subgroups of Proposition 2.1(2) as subspace stabilizers of
dimension k, and we write ss(k) for the conjugacy class consisting of all such
subgroups.

The following technical lemma will be useful:
Lemma 2.2. (1) Suppose that X € GL(V) and that X stabilizes a k-dimensional

subspace of V. Then X stabilizes a subspace whose dimension is n — k.

(2) Let X € GL(V), and let p be a prime dividing n. If X lies in no extension field
subgroup of degree p, then it stabilizes a subspace of V whose dimension is
coprime with p.
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Proof. (1) Suppose X stabilizes a space U of dimension k. Then the transpose X’
acts on the dual space V* and stabilizes the annihilator of U, which has dimension
n—k.

(2) If X stabilizes no subspace whose dimension is coprime with p, then every
irreducible divisor of its characteristic polynomial has degree divisible by p and
must therefore split into p factors over F,». Suppose that the elementary divisors of
X are f{",..., f{". For each i, let g; be an irreducible factor of f; over F,», and
let Y € GL,;,(¢?) have elementary divisors g{', ..., g/". Then it is not hard to see
that any embedding of GL,,,,(g?) into GL, (¢) must map Y to a conjugate of X. []

We are now in a position to exhibit some normal coverings of G.

Lemma 2.3. (1) Let p be a prime dividing n. Then there is a normal covering 6,
for G given by

€p =fefs(p)}U{ss(k) | | <k =n/2, ptk}.
The size of 6 is

_|(i_1\n
|<6p|—[(1 p)2J+1+e,

e_{1 if p=2andn/2is odd,
|0 otherwise.

where

This is minimized when p is the smallest prime divisor of n.

(2) Let p1 and p; be distinct prime divisors of n. Then there is a normal covering
€p,.p, for G given by

Cpr.p, = {efs(p1), efs(p)} U {ss(k) | 1 <k <n/2, p1, p2tk}.

The size of 6, p, is

1 1\n
€yl = (1 —E)(l —E>§+Z.

This is minimized when p| and p, are the two smallest prime divisors of n.

Proof. The sizes of the sets 6, and 6, ,, are easily seen to be as stated. That 6,
is a normal covering follows immediately from Lemma 2.2. So it remains only to
prove that C,, ,, is a normal covering.

Let X € G, let fx be the characteristic polynomial of X, and let g1, ..., g5 be
the irreducible factors of fy over [, with degrees d, ..., dy, respectively. Then
clearly there exist X-invariant subspaces Uy, ..., U such that dim U; = d; for all i
and such that U; N U; = {0} whenever i # j. If any d; is divisible by neither of
the primes p; and p,, then X is contained in a subspace stabilizer from one of
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the classes in €, ,,. So we assume that each d; is divisible by at least one of p;
or pp. Suppose that d, is divisible by p; but not by p, and that d,, is divisible
by p; but not by p;. Then U, @ Uy, is an X-invariant subspace, and its dimension is
coprime with py and p;; so again, X is in a subspace stabilizer from 6, ,,. But if
no such d, and d, can be found, then either all of the d; are divisible by p; or they
are all divisible by p;. In this case, X lies in an extension field subgroup either of
degree p; or of degree p,. ([

We note that the argument of the last paragraph of this proof does not extend
to the case of three primes, p;, p» and ps. It is possible to find matrices whose
invariant subspaces all have dimensions divisible by one of those primes but which
lie in no extension field subgroup. In the case that the primes are 2, 3 and 5, for
instance, there are 30-dimensional matrices whose irreducible invariant spaces have
dimensions 2, 3 and 25. (Another example is used in the proof of Proposition 4.4
below.) This is the explanation for the appearance of the two smallest prime divisors
of n in the first upper bound of Theorem 1.1, which may at first seem a little curious.

The second upper bound of Theorem 1.1 is proved in a somewhat similar fashion.

Lemma 2.4. Let py, ..., p, be the distinct primes dividing n. Then there is a
normal covering % of G given by

% = {ss(k) | 1 <k <n/3)
U{ss(k) | n/3 <k <n/2, hef(k, n) = 1}
Ufefs(p;) | 1 <i <v}.

For n > 6, the size of 9 is

Lg—’J 1 ¢(6,2,n) +v.

Proof. Let X € G. Suppose that X is reducible and that its smallest nontrivial
invariant subspace has dimension k. If k > n/3, then it is not hard to see (for
instance, by considering the irreducible factors of the characteristic polynomial)
that X stabilizes at most one other proper nontrivial subspace of dimension n — k.
It follows that if p is a prime dividing both n and k, then X is contained in an
element of efs(p). It is now a straightforward matter to show that % is a normal
covering, and we omit further details. The size of & follows immediately from its
definition. (]

3. Lower bounds for «(G)

Recall that GL, (¢) contains elements of order ¢” — 1, known as Singer elements.
Such elements stabilize no nontrivial proper subspace of V. The determinant of a
Singer element generates the multiplicative group of [F,.
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In order to handle all groups G in the range SL,(g) < G < GL,(g) together, we
define a parameter @ € N by

- |-IGL, (¢) : G| otherwise.

Let ¢ be a generator of the multiplicative group of [,. Then we have

G ~ o
SLa(q) — &

Definition. (1) Ford =1, ..., n, let ['; be a Singer element with determinant ¢
in GL;(q).

(2) For k <n/2, define
Ty = diag(Te* !, Thp).
(3) For j < (n—2)/4, define
Tj = diag(I';* %, Tj11, Tuoj1).
The reasons for defining « as above will be clear from the following remark:

Remark. (1) Since det Xy =detT; =¢%, we have X, T; € G.

(2) It is clear from the definition of « that (1 — ¢) < o < 0 and hence that
loa —2| < g + 1. Tt follows easily that the actions of the matrices I',*~!
and T’ j“_z are irreducible for all k and j. Therefore, the module [, (%)
decomposes into precisely two irreducible summands, and [, (7;) decomposes
into precisely three irreducible summands.

Lemma 3.1. Suppose that n > 4. Let k < n/2, and if g = 2, then suppose that
n—k#6. Let j < (n—2)/4, and if g =2, then suppose thatn —2j — 1 # 6.

(1) If M is a maximal subgroup of G containing I",,, then M is an extension field
subgroup of prime degree.

(2) If M is a maximal subgroup of G containing Xy, then M is either an extension
field subgroup whose degree is a prime divisor of gcd(k, n) or else the stabilizer
of a subspace of dimension k or n — k.

(3) Let n have at least three distinct prime divisors. If M is a maximal subgroup
of G containing T;, then M is the stabilizer of a subspace whose dimension is
oneof j,j+1,2j+1,n—-2j—1,n—j—1orn—j.
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Proof. Part (1) of the lemma is a result of Kantor [1980].

For (n, q) # (11, 2), part (2) of the lemma follows from [Britnell et al. 2008,
Theorem 4.1(2)]. However, a few comments are to be made about this assertion.
The matrix that we have called X, is referred to as GLKk in [Britnell et al. 2008].
The result in [Britnell et al. 2008] is stated only for the groups GL, (¢) and SL,(g),
but the proof given there applies equally to intermediate subgroups. Finally, the
proof in [Britnell et al. 2008] relies on the existence of primitive prime divisors
of q"‘k — 1 (where n — k > 2), which is given by the theorem of Zsigmondy [1892]
for all pairs (g, n — k) except (2,4) and (2, 6); the second of these exceptions
accounts for the excluded case in the statement of the present lemma. The argument
uses the classification in [Guralnick et al. 1999] of subgroups of GL,(¢) whose
order is divisible by a prime divisor of g¢ — 1, where e > n/2.

To finish the proof of part (2) of the present lemma, we must consider the
exceptional case of the group GL;(2). In this case, we require a reference directly
to the lists of [Guralnick et al. 1999]. We find that there are several irreducible
subgroups whose order is divisible by a primitive prime divisor 11 of 2'0 — 1;
we must show that none of these contains %. All of these subgroups are almost
simple and have a socle that is isomorphic either to one of the Mathieu groups M»3
or Mj4 or to the unitary group PSUs5(2) or to a linear group SL(11) or SL;(23).
(These subgroups may be found in Table 5 (lines 12 and 14) and Table 8 (lines 2, 7
and 9) of [Guralnick et al. 1999].) Information about these groups may be found
in [Conway et al. 1985]. None of these groups themselves, nor any of their outer
automorphism groups, have order divisible by 31. Therefore, an almost simple
group of one of these types can contain no element of order 2! — 1 =3.11-31,
which is the order of the element X;.

For the proof of part (3) of the lemma, we refer once again to the classification
of [Guralnick et al. 1999], this time for matrix groups whose order is divisible
by a primitive prime divisor of g"~2/~! — 1. It is not hard to see that T; has no
overgroups of classical type. The condition that n has three distinct prime divisors
rules out the small dimensional sporadic examples contained in Tables 1-7. Other
examples are ruled out because their order is less than ¢" =2/~ — 1, which is the
order of the summand I',_»;_1 of T;. O

We define a set of classes that will help us to establish the first of our lower
bounds for x (G).

Definition. Define a set @ of classes of G by
® ={[Z,]| pln, p prime, p <n/2} U{[Z] | k <n/2, hef(n, k) =1},

where [g] denotes the conjugacy class of g.
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Lemma 3.2. Let n > 2, and let v(n) be the number of prime factors of n. Then

| =¢(n)/2+v(n) —e,

where
|1 ifn=2p for some odd prime p,
|0 otherwise.
Proof. This is immediate from the definition of ®. [l

Lemma 3.2, together with the following two lemmas, will imply the first part of
Theorem 1.2:

Lemma 3.3. & is an independent set of classes.

Proof. Suppose that g # 2 or that [X,_¢] ¢ ®. Then Lemma 3.1 provides full
information about the maximal subgroups of G that contain elements of ®, and it
is easy to check that the result holds in this case.

Next suppose that ¢ =2 and [X,,_¢] € ®. (This implies that n € {7, 8,9, 11}.)
Lemma 3.1 gives full information about the maximal subgroups of G covering
elements of the classes in ® other than [¥,_g]. No class of subgroups contains
elements of more than one such class, and it is easy to check that none covers the
element X, _g¢ itself. |

Lemma 3.4. Let n =2p, where p > 2 is a prime. Then k(G) > |P| + 1.

Proof. The proof of Lemma 3.3 shows that in any normal covering of G, the distinct
classes in @ are covered by distinct classes of subgroups. We add an extra conjugacy
class to ®, namely the class represented by ¥, = diag(I" p"‘_l, I'p), where '), is
a Singer element in GL,(¢g). This element stabilizes no subspace of dimension k
for any k coprime with n nor does it stabilize a subspace of dimension 2 or n — 2.
Therefore, by part (2) of Lemma 3.1, if ® U {[X,]} is not an independent set of
classes, then X, must lie in a subgroup in efs(2).

Note that since 2 and p are coprime, X pz has two irreducible summands of
dimension p. It is not hard to show that these submatrices are not conjugate, and
neither of them is reducible over F; it follows that X pz is not contained in any
embedding of GL, (¢%) into G. Hence, p itself is not contained in an embedding
of GL,(g?) - 2. O

Lemmas 3.2, 3.3 and 3.4 complete the proof of part (1) of Theorem 1.2.
We define a second independent set of classes that yields the second lower bound
of Theorem 1.2. We shall require the following lemma:

Lemma 3.5. Let p be a prime divisor of n. Suppose that n has at least three distinct
prime divisors and that n is not equal to 6q or 10q for any prime q. Then there
exists an integer w, such that (n —2)/4 < w, < n/2 and such that w, is divisible
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by p and by no other prime divisor of n. If p # 3, then w, may be chosen so that it
is not divisible by 3.

Proof. Bertrand’s postulate states that for every k > 3 there is a prime r such that
k <r <2k —2. The conditions on n imply that n > 12p. So there is a prime r > 3
such that

@<r<5.

If r is not itself a prime divisor of n or if it is equal to p, then we may take w, = pr.
On the other hand, if r is a prime divisor of n other than p, then clearly n = 3pr,
and since we have assumed that n > 12p, we have r > 5. Now we see that there
exists m equal either to » + 1 or to r 4 2 such that m is not divisible by 3, and we
may take w, = pm. ([

Definition. Let n be a number with at least three distinct prime divisors and not
equal to 6p or 10p for any prime p. We define a set W of classes of G by

W ={[T;]|j <(—-2)/4, j=1 mod 3}
U{[Zk] | n/4 <k <n/2, hcet(3n, k) =1}
U{[Zep] | b <n/12, hetf(n, 6b) = 1}

U {[pr] | pln, p prime},

where w), is as constructed in Lemma 3.5 and where [g] denotes the conjugacy
class of g.

To describe the size of the set W, we use Lehmer’s partial totient function
¢ (k, t, n), which was defined before the statement of Theorem 1.1 above.

Lemma 3.6. Let n have v distinct prime divisors, where v > 3, and suppose that n
is not equal to 6 p or 10p for any prime p.

(1) If2 or 3 divides n, then

W] = L”;;‘SJ +¢(12,1,3n) +v.

(2) Ifhef(n, 6) =1, then

_|nt6
|xy|_L = J+¢(12,1,3n)+¢(12, 0, 7) 4 v.

Proof. We write [x] for the least integer not less than x. The size X of the set
{[T;11j<(n—=2)/4, j=1mod3}is [N/3], where N =[(n—2)/4]. By examining
residues modulo 12, it is not hard to show that X = | (n + 6)/12], the first term in
our sum.

It is immediate from the definition of the function ¢ (k, t, n) that the size of the
set {[Zx] | n/4 <k <n/2, hcef(Bn, k) =1} is ¢ (12, 1, 3n). We observe that the set
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{[E(,b] b <n/12, hcf(n, 6b) = 1} is empty if hcf(n, 6) #~ 1; otherwise, it has size
¢ (12,0, n). And clearly the set {[Ewp] | pln, p prime} has size v as required. [

To establish the second lower bound in Theorem 1.2, it will suffice to show that
any normal covering for G has size at least |¥|. This is done in the following
lemma:

Lemma 3.7. Let n have at least three distinct prime divisors and not be equal to 6p
or 10p for any prime p. Then V is an independent set of classes.

Proof. Lemma 3.1 describes the maximal subgroups of G that contain elements of
the classes in W. The elements 7 lie only in members of ss(¢) or ss(n — £), where
Le{j, j+1,2j+1}. Notice thatif £ >n/4, then £ =2j+1, and hence, £ =3 mod 6.
The elements X, where k is coprime with 7, lie only in members of ss(k) or ss(n—k).
And the elements X, lie in subspace stabilizers and also in elements of efs(p).
It is easy to check that the values permitted for j, k, b and w, ensure that no
two elements of distinct classes in W stabilize subspaces of the same dimension.
Therefore, no two classes in W can be covered by a single class of subgroups. [

4. Several equalities
In this section, we establish the various claims of Theorem 1.3. We do this simply
by comparing upper and lower bounds from earlier parts of the paper.

Proposition 4.1. Ifn = p®, where p is a prime and a € N, and if n > 2, then

v (G) =k (G) = (1 —%)%-F 1.

Proof. Lemmas 2.3 and 3.3 together tell us that

|| =k(G) =y (G) =[6,l.
But it is easy to check, using Lemma 3.2, that |®| = |€,| and that this number is
as claimed in the proposition. U

Remark. If n =2, then the covering 6, has size 2. Since no finite group is covered
by a single class of proper subgroups, it follow that y (G) =2 in this case.

Proposition 4.2. Ifn = p®q”, where p and q are distinct primes and a, b € N, then

y(G)=k(G) = (1—%)(1—$)g+2.

Proof. As in the proof above, Lemma 2.3 with Lemmas 3.3 and 3.4 yields that
|®|+€ =k(G) =y(G) =[€,,4],

where € =1 if n =2p (or n = 2q) and € = 0 otherwise. But we see that |®| +¢€ =
|64 | and that this number is as claimed in the proposition. (]
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Proposition 4.3. If n = 6p, where p is a prime, then
y(G)=k(G)=p+2.
Proof. In this case, we have
|®| <k(G) =y(G) = [623l,
and it is easy to calculate that |®| = |€,3| = p +2. O

Proposition 4.4. If n = 10p, where p is a prime, then
y(G)=«k(G)=2p+2.

Proof. If p is 2 or 5, then the result follows from Proposition 4.2; if p = 3, then it
follows from Proposition 4.3. So we may assume that p > 5. Then we have

|®] <k (G) =y (G) = [€25],

but in this case, we see that |®| =2p + 1 whereas |€, 5| =2p 4 2. To prove that
the upper bound is sharp for « (G), it will be sufficient to exhibit an element ¥ of G
that cannot be covered by any class of subgroups containing an element of any
conjugacy class in . We define

Y =diag(',* %, T's, [y ps).

Notice that n — p — 5 is even and coprime with 5 and with p. It follows that ¥ does
not stabilize a subspace of dimension coprime with n. But certainly Y lies in no
extension field subgroup, and so it satisfies the required condition. ([

5. Proof of Theorem 1.4

For a positive integer 7, let f (n) be the number of partitions of n with exactly three
parts. By an elementary counting argument, the following formula can be found
for f(n):

Bn=D0=2)+51(n—1)/2] if3{n,
S—Dm—2)+3m—D/2]+% if3|n

It follows from Lemma 5.1 that

Lemma 5.1. f(n)= {

2
n 1
OB ES
We define €, = f(n) —n?/12.
Let P(n) be the set of partitions of # into three parts having no common divisor
greater than 1. Let g(n) =|P(n)|. Then we have f(n) = Zd‘n g(d). By the Mobius
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inversion formula, we obtain

gy =Y pd) f(n/d)="y" ud)zn/d)*+Y_ u(d)ensa

d\n din dln
n? u(d)
> 1 Z 2 + Z w(d)ensa
d|n d|n
2
n 1
> D 1_[ (1 — ?) + Z,u(d)e,,/d.
p prime dln
Since
1_[ (1 _ i) — 6
. P2 72’
p prime
we have

2
n
gn) > ) + E M(d)en/d-
d|n

Now since the number of divisors of 7 is less than 2,/n, we obtain the following
lemma:

Lemma 5.2. We have )

2
%;—§¢E<am.

The next lemma is the principal step in our proof. It gives information about the
maximal overgroups in G of an element of the form diag(I',% 2, T, '), where
the degrees a, b and c are coprime. The proof relies on knowledge of the subgroups
of GL,(g) whose order is divisible by a primitive prime divisor of g¢ — 1, where
d > n/3. An account of such subgroups has been given in the doctoral dissertation
of Joseph DiMuro [2007]; this work extends the classification of [Guralnick et al.
1999], which deals with the case d > n/2.!

Lemma 5.3. Let v(n) >3, and letn >98. For . = (a,b,c) € P(n) witha <b <c
and with a, b and ¢ coprime, let

g = g = diag(T,* 72, Ty, T,).

Then every maximal overgroup M of g in G is a subspace stabilizer except possibly
in the following cases:

(i) 2| n, c=n/2and M = G N (GLy/2(q) 2 Ca).

IDiMuro’s dissertation aims to classify elements of GL; (¢) of prime power order that act faithfully
and irreducibly on a subspace of dimension n/3 or greater. However, we have been informed by its
author that there is at present a gap in the argument concerning those elements whose orders are prime
powers but not prime. For our purposes, only the results concerning elements of prime order are
required.
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(i) 4|n, (a,b,c) =2, (n—2)/2, (n—2)/2) and either M = G N(GL,/2(q)1C>)
or M =GN (GL,2(q) o GL2(q)).

(Here o is used to denote a central product.)

Proof. We observe that V may be decomposed as V, & V, & V., where V,, V,
and V, are g-invariant subspaces of dimensions a, b and c, respectively. The action
of g on each of these summands is irreducible. It follows that g lies in the stabilizers
of proper subspaces of at least four different dimensions, and so g is covered by
the class ss(k) for at least four values of k.

Note that ¢ > n/3 and that g¢ — 1 divides the order of g. Hence, a maximal
overgroup M of g must belong to one of the classes of groups mentioned in [DiMuro
2007, §1.2]. We observe firstly that owing to our assumption that v > 3 and n > 98,
the subgroup M cannot be any of those in [DiMuro 2007, Tables 1.1-1.9]; this
immediately rules out several of the Examples listed there. We shall go through the
remaining Examples.

Example 1. Classical examples. The determinant of g is a generator of the quotient
G/SL,(g), and so M cannot contain SL, (g).

Any element of a symplectic or orthogonal group is similar to its own inverse;
an element g of a unitary group is similar to its conjugate inverse g~ °, where 7 is
induced by an involutory field automorphism. (See [Wall 1963, §2.6 or (3.7.2)] for
groups in characteristic 2.)

If M normalizes a symplectic or orthogonal group H, then g¢~! lies in H itself,
and so g7~ ! is similar to its own inverse. Then it is clear that ['.9~" is similar to its
own inverse (it does not matter here whether b = ¢). But this cannot be the case
since ¢ > 2.

Similarly, if M normalizes a unitary group U, then g¢*! lies in U, and it follows
that g9+ is similar to its conjugate inverse. But then it follows that I'.4*! is similar
to its conjugate inverse, and it is easy to show that this is not the case.

Example 3. Imprimitive examples. Here M preserves a decomposition V =
U & ---dU, fort > 2. Let dimU; = m so that n = mt. Recall that the (g)-
module V is the direct sum of three irreducible submodules V,, Vj, and V. of
dimensions a, b and c, respectively. So (g) has at most three orbits on the set of
spaces Uj.

Let r be the smallest integer such that V, is contained in the direct sum of r of
the spaces U;. We observe that n/3 < ¢ < rm, and so m > n/3r. Without loss
of generality, we may assume that V. < W =U; @ --- @ U,. It is clear that W
is g-invariant. Let g be the restriction of g to W. Then (g) acts transitively on
{Ui, ..., U:}. Since g" acts in the same way on each U; for i <r, an upper bound
for the order of g is (g™ — 1)r. But since m < n/r and since n > 98 by assumption,
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we see that (¢ — 1)r < q"/3 — 1 if r > 4. Therefore, we must have r < 3.

It follows that V. is a simple F,(g")-module. Now since g" commutes with the
projections of W onto its summands U;, we see that at least one of the spaces U;
contains an g"-invariant subspace of dimension ¢. So m > n/3, and hence, r # 3.

Suppose that r = 2. Since g" has two fixed spaces of dimension m, we see that
b=c=mandthat V,;d V. <W. If W <V, then W =V, ® V.. Now we see
that m divides each of a and b 4 ¢ = 2¢. Since a, b and ¢ are coprime, it follows
that m = 2. But this implies that n < 6, which contradicts the assumption that
n > 98. So we may suppose that W = V. Then it is not hard to show that V, has
two irreducible summands as a (g2)-module. But this can occur only when a =2,
and this accounts for the first of the exceptional cases of the lemma.

Finally, if r = 1, then m > ¢ > n/3, and so t = 2. It is easy to see, in this case,
that c = m = n/2, and this accounts for the second exceptional case of the lemma.

Example 4. Extension field examples. If g stabilizes an [ --structure on V, then
g" lies in the image of an embedding of GL,,/,(¢") into GL,(q). Now if this is the
case, then it is not hard, by considering the degrees of the eigenvalues of g over the
fields [, and [, to show that » must divide each of a, b and c. But this implies
that r = 1 since a, b and c are coprime.

Example 5. Tensor product decomposition examples. Here M stabilizes a nontrivial
tensor product decomposition V = V| ® V,. There is an embedding of the central
product GL(V}) o GL(V,) into GL,(g), and M is the intersection of this group
with G. For x; € GL(V}) and x, € GL(V;), we write (x1, x2) for the corresponding
element of GL(V;) o GL(V>).

We shall suppose that V| and V; have dimensions n; and n,, respectively, with
ny < nj. Then since ¢ > n/3, it is not hard to see that we have n; = 2.

Suppose g € M, and let g € GL(V}) and g, € GL(V,) be such that g = (g1, g2).
Lezt h = qu—l. Since the order of g is coprime with ¢, we see that the element
g‘f ~1is the identity on V1, and so & = (1, hy) for some 4> € GL(V).

The largest dimension of an irreducible (4)-subspace of V is ¢, and there are
at most two such subspaces. We obtain the (h)-subspace decomposition of V
up to isomorphism by taking two copies of each summand of the (h,)-subspace
decomposition of V,. It follows that there must be at least two summands of
dimension ¢ and hence that b = ¢ and that a < b. It follows also that the a-
dimensional summand of g splits into two summands as an [, (h)-module. But
it is not hard to see that this can occur only if @ = 2, and so we have a = 2 and
b =c = (n—2)/2. This is the second exceptional case of the lemma.

Example 6. Subfield examples. These cannot occur since g is built up using Singer
cycles, which do not preserve any proper subfield structure.
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Example 7. Symplectic type examples. This class of groups exists only in prime-
power dimension and cannot occur in the cases we are considering since we have
assumed that v > 3.

Example 8(a). Permutation module examples. In this case, S is an alternating
group A,, for some m > 5. Then it is known that the order of an element in M
is at most (g — 1) - e?V™1%2™ where ¢ = 1.05314, by a result of Massias [1984].
Here n = m — 1 or m — 2. But a routine calculation shows that the inequality
e?N (D logm+2)  (yn/3 _ 1) /(g — 1) holds for all ¢ > 2 and for all n > 98. (This
inequality fails when ¢ =2 and n =97.)

Example 11. Cross-characteristic groups of Lie type. The examples not yet ruled
out are contained in [DiMuro 2007, Table 1.10]. But the order of an element of M
is less than 3, which is less than ¢”/> — 1 for n > 98. U

Proof of Theorem 1.4. Define a set 2 of classes of G by
Q= {1} u {lgl |2 € P}

Let 6 be a set of conjugacy classes of subgroups of G that covers €2 of the smallest
size such that this is possible. Then clearly |€| < y(G). By the theorem of Kantor
[1980] mentioned in the proof of Lemma 3.1 above and by Lemma 5.3, we see
that € must contain a single class of extension field subgroups. If n > 98 and v > 3,
then each remaining element of € is either a class of subspace stabilizers or else
one of the classes of subgroups mentioned in the exceptional cases of Lemma 3.1.
Each subspace stabilizer contains at most n/2 of the elements g;, and each of the
exceptional classes contains at most n/4. Now, using Lemma 5.2, we see that

2g(n)
n

Y@z [€z1+= 2> 5
as required for the theorem.

To remove the conditions that n > 98 and that v > 3, it is enough to observe that
the lower bound for « (G) given by Theorem 1.2 is larger than n/7? in any case
where either of these conditions fails. O
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Modularity of the concave
composition generating function

George E. Andrews, Robert C. Rhoades and Sander P. Zwegers

A composition of an integer constrained to have decreasing then increasing parts
is called concave. We prove that the generating function for the number of
concave compositions, denoted v(g), is a mixed mock modular form in a more
general sense than is typically used.

We relate v(g) to generating functions studied in connection with “Moonshine
of the Mathieu group” and the smallest parts of a partition. We demonstrate this
connection in four different ways. We use the elliptic and modular properties of
Appell sums as well as ¢g-series manipulations and holomorphic projection.

As an application of the modularity results, we give an asymptotic expansion
for the number of concave compositions of n. For comparison, we give an
asymptotic expansion for the number of concave compositions of n with strictly
decreasing and increasing parts, the generating function of which is related to a
false theta function rather than a mock theta function.

1. Introduction

A composition of an integer # is a sum of positive integers adding to 7, in which order
matters. The study of compositions has a long history dating back to MacMahon
[1893]. The book of Heubach and Mansour [2010] contains more on the history
of compositions. It is natural to impose restrictions on the ascents or descents of
consecutive parts of a composition. For instance, compositions with no ascents
correspond to integer partitions.

A concave composition of # is a sum of integers of the form

L R
Zai+c+2bi:n

i=1 i=1
where a; > --- > ay > c < by <--- < bg, where ¢ > 0 is the central part of
the composition. Let V(n) be the number of concave compositions of n. For

MSC2010: primary 05A17; secondary 11P82, 11F03.
Keywords: concave composition, partition, unimodal sequences, mock theta function, mixed mock
modular form.
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example, V(3) = 13 since {0, 3}, {3,0}, {0, 1,2}, {2,1,0}, {0,1,1,1}, {1,1,1,0},
{1,2}, {2,1}, {1,0,2}, {2,0,1}, {1,0,1,1}, {1,1,0, 1}, and {3} are all concave
sequences. In [Andrews 2011] it was shown that the generating function for concave
compositions with further restrictions is related to statistics for spiral self-avoiding
random walks as well as other partition problems.

Standard techniques show that the generating function for the sequence {V'(n)}°2

is given by
o0

v(g) =) Vimg" =) wa

n=0 n=0

where (x), = (x:¢)n := 725 (1—x¢7) and (x)oo = (x: 9)oo := [ [T (1 —xg7);
see [Andrews 2013]. We establish the modularity properties of v(g) as a mixed
mock modular form.

Theorem 1.1. Let ¢ = ™% and v € H. Define f(t) = q(q)3,v(q) and

~ : ioo Z3 ioo -
f(@):= f(T)—lzn(r)3/ n() dz + V3 n(z)

. 1O
e Gierol T L Gt

where the Dedekind n-function is given by n(t) = ql/ 24(q)oo. The function f
transforms as a modular form of weight 2 for SL,(Z).

Remark. Theorem 1.1 was used by Bryson, Ono, Pitman and the second author
[Bryson et al. 2012] to show that the modular form f()/(¢)eo = q(q)%,v(q) pro-
duces a quantum modular form. The ¢-hypergeometric series defining ¢(¢)2,v(q)
was shown to be dual to Kontsevich’s strange function

F(@) =Y (4@

n=0
which is defined only when ¢ is a root of unity and was studied by Zagier [2001].

Following Zagier [2009], a mock theta function of weight k € {%, %} is a g-series
H(q) = Y92 o anq" such that there exists a rational number A and a unary theta
function of weight 2 —k, g(t) = ), cq+ bnq", where ¢ = 2T — p2milx+iy),
such that /i(t) = q}‘H (¢) + g () is a nonholomorphic modular form of weight k,
where

g (@) =/ Y n bl (1 —k dmny)g ™" (1-1)

neQt

and T'(k,t) = t°° uk=1e=" dy is the incomplete gamma function. Such a nonholo-
morphic modular form is called a harmonic weak Maass form (see Section 2 for
a definition and Ono’s surveys [2008; 2009] for history). The theta function g is
called the shadow of the mock theta function H.
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In [Andrews 2013] the following identity is established, which is crucial in
establishing Theorem 1.1. We have

v(g) = ¢~ (v1(9) +v2(¢) + v3(q)) (1-2)

where
g LS )
i (DT S ) e
=g (642 Z" ((1+qn)2 =) =

Theorem 1.1 may be recast in the following terms.
Theorem 1.2. With g = ¢>™'? and z € H we have:

(1) ¢~ 1/24 (q)2.v1(q) is a mock theta function of weight % with shadow propor-
tional to n(z). Consequentially, v1(q) is a mixed mock modular form.

2) q_l/ 8v2(q) is a mock theta function of weight % with shadow proportional to
n(2)>.
3) q_1/8v3 (g) is a modular form of weight %

Remark. Theorem 4.1 gives the level and shadow for each of the corresponding
harmonic weak Maass form.

The mock theta function v,(g) has appeared in a number of interesting places.
For example, it arises in the work of Eguchi, Ooguri, and Tachikawa [Eguchi et al.
2011] and Cheng [2010] concerned with the character table of the Mathieu group
M4 and “Moonshine of the Mathieu group”. It also appears in [Malmendier and
Ono 2012], which deals with Donaldson invariants of CP2. In that work v,(q)
arises in a different form, which is equivalent to the following identity. Moreover,
the claim for v,(¢) in Theorem 1.2 follows from the next theorem and the results
in [Zwegers 2002].

Theorem 1.3. For |q| < 1 we have
1 g"ntD/2
1+g"

1 (—1D)"*'ng
‘@(7+4Z(1+q")2 Z

—q"

n(n+1)/2)
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We give three different ways of obtaining this identity. Each proof relies on
different symmetries of Appell sums. The first uses an elliptic transformation
property and Taylor expansions of the Jacobi theta function. The second proof uses
the modular properties of the Appell sums. The third is via g-series manipulations.
Finally, we sketch a connection with the holomorphic projection construction for
mock modular forms.

Remark. Theorem 11.1 gives an analogous result for the Appell sum in the defini-
tion of vq(q). Moreover, it relates v (q) to the smallest parts generating function
studied in [Andrews 2008].

There is a convenient graphical representation of a composition, where each part
is represented by a vertical column of boxes; for example,

represents a concave composition of 47. Considering each composition of #,
possibly from a restricted subset, it is natural to ask about the average limiting
behavior of the graphical representation as n — oco. For example, there is a great
deal of literature about the limiting shape of integer partitions; see, for instance,
[Fristedt 1993; Pittel 1997, Vershik 1995].

Properties of the typical representation are often studied via probabilistic models.
However, when the generating functions are modular forms, very strong theorems
can be proved for the statistics of interest. For instance, the modularity of the
generating function for the number of partitions and the circle method yield the
following asymptotic expansion for the number of partitions of 7, denoted p(n):

243 n 6 1
p(n)—(24’1—_1)exp(E 24n—1)(1_m+0(ﬁ))

for any T > 0.

As an application of the modular properties of v(g) we give an asymptotic
expansion for V(n). Since the generating function is a mixed mock modular form,
the circle method may be applied to obtain asymptotics for V(n). Care must be
taken to deal with contributions from the holomorphic Fourier series as well as the
nonholomorphic period integrals. We use methods of Bringmann and Mahlburg
[2011; 2013] for dealing with these difficulties.

Theorem 1.4. Forany T > 1 as n — o0, we have the asymptotic expansion
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__ 2V6 7/ 21
o= (12n+21)3/4 e"p(3 121 +%)

T
Qt—1)13a, 1 1
% (Z 22t gt (12n+22_1)t/2 + O(H(T+1)/2)

t=1

where o; are defined by

o0
Z apxk = exp(V1—-2x2—1+ xz)x
k=1

sinh (25%)

cosh(mx)

In particular, a; = 27 /3.

Remark. It is possible to obtain an asymptotic with a polynomial error term; see
[Bringmann and Mahlburg 2011; 2013; Rhoades 2012].

Remark. A concave composition corresponds to a triple (A, i, ¢) where A and
are partitions, and ¢ > 0 is an integer strictly smaller than the smallest parts in A
and p, such that n = |A| 4 || 4 ¢. Fristedt’s results [1993] imply that partitions
of size n have a part of size 1 with probability roughly equal to 1 — (77/~/61). We
expect at least one of the partitions y or A to have size not much smaller than 7/2.
That partition will almost surely contain a part of size 1. Thus we expect ¢ = 0 for
most triples. Therefore, we expect that V' (n) will agree to leading order with the
asymptotic for the number of pairs of partitions (1, A) with |p| + |A| = n. Standard
circle method calculations show this number is

ﬁﬂp(gm)(lw(ﬁ)).

As expected this agrees with the leading order asymptotic of V' (n).

For comparison we introduce the notion of strongly concave compositions. A
strongly concave composition of 7 is a sum of integers of the form

L R
Zai-i-C-I-Zb,‘:n

i=1 i=1

where a1 > --->ay >c¢ <b; <--- < bp and where ¢ > 0. Let V;(n) be the
number of strongly concave compositions of #. We have

va(@) =Y Vam)q" =Y q" (=" Noo(—¢" oo
n=0

n=0

oo
—12 2_
_ _ Z(_l)nqn(n+l)/2 +2(—)% Z(_) g/, (1-6)

n
n=0 n=0
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where the second equality follows from standard techniques and the third equality
is established in [Andrews 2013] and (=) is the Kronecker symbol. The function
Y onso(—12/ n)q(”z_l)/ 24 is called a partial theta function. The asymptotic behavior
of the partial theta function is discussed in Section 10 and used to derive the
following theorem for V;(n).

Theorem 1.5. Forany T > 0 as n — o0, we have
__ V3 T s
Vd(}’l) = W CXP(E 24n -+ 2)
- (1) 1
% ( 2 T Qantayma VT 0(n<T+1)/2))’

m=0

where

=3 (")ee2a(Z) pea)

a+b=m

with p(b.a) = [1)—o(4(a—1)*— j?) and

Lery=--"2

m(3r+1(%) — Br+1(2)).

where By (x) is the r-th Bernoulli polynomial.

Remark. Let sm(A) be the smallest part in the partition A. Strongly concave
compositions are characterized by a pair of partitions into distinct parts (A, ;) with
sm(A) # sm(). Let i (n) be the number of pairs of partitions into distinct parts
with sizes summing to n. Therefore, we expect the asymptotic of

Va(n) ~ (1 —Prob{sm(A) = sm(p) : [A| + || = n}) u(n).

We have

Va(n) ~ M) and #(n) ~ (%«/ﬁ)

2 V3 (z V3
s amyis g 2am7s

It follows from Fristedt [1993, Theorem 9.1] that the smallest part of a partition
into distinct parts has size j with probability roughly equal to 1/2/. Therefore, a
pair of partitions into distinct parts will have the same smallest part with probability
roughly equal to % which agrees with the prediction.

It would be of interest to address some of the following questions as n — oo:

(1) What is the distribution of the center part of a (strongly) concave composition?

(2) How many parts does a typical (strongly) concave composition of n have?
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(3) What is the distribution of the number of parts to the left of the center part
minus the number of parts to the right of the center part?

(4) What is the distribution of the perimeter of the (strongly) concave composition
of n?

Some of these questions can be answered by modeling a concave composition
as the convolution of two random partitions (discussed above), while others can
be treated via modular techniques of Bringmann, Mahlburg and the second author
[Bringmann et al. 2012].

It is convenient to introduce a two-variable generating function. Let R — L be the
rank of the concave composition. This quantity measures the position of the central
part. Let V(m,n) and V;(m,n) be the numbers of concave compositions and
strongly concave compositions, respectively, of n with rank equal to m. Standard
techniques give

© n
q
v(x,q):= V(m,n)x™q" = — ’ (1-7)
’g) rg) (an_H;Q)oo(x lqn+1;Q)oo
meZ
o
va(x,q) = Z Vd(m,n)xmqn — Z Q"(—xq”+1;q)oo(—x_lq"+l;q)oo.
mes n=0 (1-8)
me

The following identities are deduced in a similar manner to Theorem 1 of
[Andrews 2013].

Theorem 1.6. In the notation above,

n(n+

- n_2n n(nt1) -1 —~ 12 n=1 n’-1
v ) = —x (g 2 4 e oo 3 ()3T g 2
n=0 n=0

q 2
(x@)n(x~1q)n

(1-x) (=1)"q"™
(@)oo (X)oo (X D)oo ’; 1 —xg"

n

1 =
O =~

n=0
2-i-n)/2x—n

One should compare these generating functions to the rank of a partition studied
in [Bringmann et al. 2012]. As is the case in [Bringmann et al. 2012] the moments
of this rank statistic can be calculated precisely. We expect this statistic to be
asymptotically asymptotically distributed; see [Diaconis et al. 2013] for a similar
result in the case of the partition rank.

In Section 2 we recall some basic facts about holomorphic and nonholomorphic
modular forms. In Section 3 we prove Theorem 1.1. In Section 4 we prove
Theorem 1.2. In Section 5 we give the first proof of Theorem 1.3, which proceeds
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via elliptic properties of Appell sums. In Section 6 we use g-series manipulations
to prove Theorem 1.3. In Section 7 we prove Theorem 1.3 via “modular methods”.
Section 8 contains a calculation of the holomorphic projection operation which
relates to Theorem 1.3. In Sections 9 and 10 we prove Theorems 1.4 and 1.5. Both
use the circle method, modular properties of the generating functions of interest, and
asymptotic analysis. Finally, in Section 11 we discuss the analog of Theorem 1.3
for the function vy (g).

Throughout the remainder of the text we let ¢ := e , with T = x 41y for
x,yeRand y>0. Weletze R, i,k eNg, 0<h <k with (h, k) = 1. Moreover,
we denote by [¢]p the inverse of @ modulo b.

2mit

2. Holomorphic modular forms and harmonic weak Maass forms

In this section we define and give some basic properties of harmonic weak Maass
forms. Before turning to nonholomorphic modular forms we describe the classic
holomorphic modular forms of half integral weight.

We follow Shimura [1973], see also [Ono 2004], by setting

(5) =n(3)
5) = "\p
where n =—11ifa,b,<0and n=1if a > 0 or b > 0. For an odd integer m, we put
em=1ifm=3 (mod4)and ¢, =i if m=3 (mod4). Forall y = (‘C‘ 3) ey(4),
let

0= (5) e er+ )/ @-1)

The Dedekind n-function is defined by 7(7) := ¢!/24 [Tn=,(1 —¢™) and define
x(h,[—h]k, k) to be the multiplier so that

n(z0+in) = \ﬁ )= k) n(E (e +1))- e

By [Ono 2004, Theorem 1.60], for instance,

1E0)° = 3 (1) @n + DT = S (St 03

n
nez n=1
The next result follows from Theorem 1.44 of [Ono 2004].
Lemma 2.1. n(87)3 isa weight-% modular form on I'(64) with trivial Nebentypus.

Before discussing harmonic weak Maass forms we introduce the quasimodular
form

Ex(1):=1-24>"o1(n)q", (2-4)

n=1
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where o1 (n) := Zd|n d. In particular it satisfies E,(t + 1) = E,(7) and
Ea() =2 Ey(—1) - - 2-5)
T it

Therefore, the completed form of £, defined by
~ ' 3 ]
Ez(f) = Ez(‘[)——n_y (2 6)

transforms as a modular form of weight 2 for SL,(Z).
We turn to harmonic weak Maass forms. Define the weight-k hyperbolic Lapla-

cian by
92 92 Jd .0
R e St

k y 8x2+8y +iky 8x+lay 2-7)
Definition 2.2. Suppose that k € %Z, N is a positive integer, and that { is a
Dirichlet character with modulus 4N . A harmonic weak Maass form of weight k
on ['g(4N) with Nebentypus character ¥ is a smooth function f : H — C satisfying
the following:

(1) Forall A = (‘C’ 3) € I'g(4N) and all T € H, we have

f(Az) = ¥ (d) j (A4, D) f(2).
(2) We have Ay f = 0.

(3) The function f has at most linear exponential growth at all the cusps of
H/ To(N).

In [Zwegers 2002] a general class of harmonic weak Maass forms was constructed
by “completing” certain Appell sums. The Appell sum is defined for u,v € C\
(Z + Z7) by

ol (- 1)n 2mwinv n(n+1)/2
plu, viz) = ?(v; -,;) Z e2muqn ’ (2-8)

where
P . 1
19(1);‘[) — Z eV t+2miv(v+5)
ve%—i—l
is the Jacobi theta function. The Jacobi theta function satisfies the triple product
identity
o0
P(ir) =—ig" /3P - =t" HA -t (29)
n=1

with ¢ = 27? and the transformation
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v Lnain) = 31— Lomkzv?y(y L o E ]
19( zvz,k(h—l—lz))—x (h, h]k,k)\/;e z‘/‘(v,k([ h]k+2>). (2-10)
The nonholomorphic correction term of the Appell sum requires the definition
Y =1 N Im(u) —2mwivu —mwivit
R(u;t):= Zl( 1) 2{sgn(v) E((v+lm(t))\/2lm(r))}e e ,
VGZ"‘E

with E(x) defined by

E(x) ::2/0x e dy =sgn(x)(1 — B(x?)), (2-11)

where for positive real x we let (x) := [, ;o u~1/2e=7 gy We have the following
useful properties of R.

Proposition 2.3 [Zwegers 2002, Propositions 1.9 and 1.10]. Ifu € C and Im(t) > 0,
then

(1) Ru+1;7) = R(—u; 1) = —R(u; 1),
(2) R(u;t+1) =e /4 R(u; 1),

3) Rty =—[Lemele(R(%-1) —m (%5 -1)),

T T
where the Mordell integral is defined by

u o enizxz—anu J
(w:2):= /_oo cosh(mx) *
Moreover, we need the following “dissection” property of R.

Proposition 2.4 [Bringmann and Folsom 2013, Proposition 2.3]. Forn € N, we

have
R(u; E)
n—1 1 n—1-2 . n—1 1 1 1
=Y g ") e‘z”’(‘—T)(”in)R(nu - (6 — %)z + '%; nZ>.
=0

The completion of u is defined by
wa(u,v;t) = M(u,v;r)—l—%R(u—v;r). (2-12)

This function satisfies the following elliptic and modular transformation laws.

Theorem 2.5 [Zwegers 2002, Theorem 1.11]. Assume all of the notation and
hypotheses from above. If k, £, m,n € Z, then we have

ﬁ(u—{—kr—{—ﬁ, vmT4n: ‘L') — (_1)k+e+m+nenir(k—m)2+2ﬂi(k—m)(u—v)Ia(u’ v: ‘L')
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and

ﬁ(—iuz,—ivz; h-li;l'Z) :X—S (h, [—h]k. k) \/ge—nkz(u—v)Zﬁ(u’ v;%([—h]k"‘é))’

Finally, we have a result that is useful in determining the shadow of a mock theta
function.

Theorem 2.6 [Zwegers 2002, Theorem 1.16]. Fora € (—%, %) and b € R we have

ioo ga+1 b+1 (Z)

-7 \/—I(T—I-Z

wivZz42mwivh

e—nia21+2nia(b+%) R(at —b: 1)

where g4 (2) 1= cqarzVe

3. Proof of Theorem 1.1

In this section we use the Jacobi properties of the Appell sums

2
( 1)}1 Zmnvq(n +n)/2
__  miu
A(u v T) ¢ Z — e2miugn ’
nez q (3_1)
wiu ( l)n Gr2+n)/2
3(u T) =e Z —e2miugn
nez q

to deduce Theorem 1.1. The function A3 (u; ) was studied by Bringmann [2008].
Direct computation gives

3n(n+1)

o (_1)n+1q 2 _( 1 —miu 1
fz(r).—; T = (5o te ™ s 0 - )|
n
o " ;
__ 19 .
R s
n

Thus the modular properties of the Appell sums will dictate the modular properties
of our functions vq(g) and v, (g). In analogy to (2-12) the completed forms of these
sums are

ff(u, v;7):=A(u,v; 1)+ %ﬁ(v; T)R(u—v; 1),
As(ust) = As(us 1) + %n(r)q_é(e“i”RBu—r; 37) —e 2 R(3u + 1; 37)).

Using the transformation properties of u found in Chapter 1 of [Zwegers 2002],
we have the following modular properties of 4. For 43 we will use Theorem 3.1
of [Bringmann 2008].
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Proposition 3.1. For all (‘c’ 3) € SL,(Z) we have

~ b wi—$— Quv—v?) 5
A(“, b = cttd A, v: 7).
ct+d’ ct+d’ ct+d (T +d)e (. v:7)
We then have the following theorem which together with the transformation
properties of E,(7) and (1-2) yields Theorem 1.1.

Theorem 3.2. Witht =x 41y for x,y € Rand y > 0 we let

S i [0 ()
A = /0= =5 [ S
3 V3 e n(z) dz.

[0 = fo(t)— 55+ 87y + o 1) —t (—i(z+7))2

Both ﬁ and fAz transform as a weight 2 modular form for all of SL,(Z) with
trivial Nebentypus.

Proof. We establish the claim for f; first. We have

1 0

R, v: 5 = — 1,5} 4 LI O R(O:
307 90 |y A v D) = =1 (1) + - (O R(0; 7)

_ [ S )
fiw s’ [

1

:_ﬁ(r)_‘lﬂy’

where we have used Theorem 2.6 in the second equality and the fact that 9 (0) = 0.
Additionally, from Proposition 3.1 we have (by taking (1/27i)d/ 8v}u=v=0 on
both sides)

1 _’\(a‘f+b)_L. 1
(ct+d) Ner+d) ™ 4n Im(%)

~ 1 . wi—$— Quv—u)? 4~
= (CT—l—d)(—fl(T)—m) +c¢ lim wue "ct+d A(u,v; 1)

u,v—>0
Using
. ~ 1 N 1 9(0)
1 A (T) = ——— lim A (T) = ———
ul_I}lou (u,v;7) i OF vl_r:}) (u,v;7) i D)
we find that

. wi—5— Quv—u?) > 1
lim wue cr+d ¢ )A(u, V;T)=——.
u,v—>0 27
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Additionally, since

(ar+b) y
Im = ,
ct+d let +d|?

we have
~ 1 2 at—i—b)_ 1 1 _ct+d ¢
(T +d) /i) (ct+d) fl(cr+d Cct+d 4x Im(‘”‘"b) 4wy  2mi
ct+d
_ct+d ct+d ¢ —0
T 4my 4wy 2mi
which gives the result for fAl
We define
~ R 1
A3(u; 'E) =e ”’”Ag(u, T) — m
By Theorem 3.1 of [Bringmann 2008] we have
~ 1 je e =T a2 wu iy
A3(u,r): 1_e2niu_ 2nu +;€ t t 3(?’_;)

t(l—e="7)

. +Zlrirx
—(—iz)—%n(_l)/e””xz(z e 6 )dx (3-2)
T R n 1_62niue:l:%:}:2nitx

Remark. This may also be derived by using

3n(n+1)/2e27tim)

3miu/2 (=1)"q
e > 1

2riu  n
—e
nez q

2
= Z e2mikuy (v 4kt +1;30)uBu, v+ kt + 1;37)
k=0

and the results of Chapter 1 of [Zwegers 2002].

Lemma 4.2 of [Bringmann 2008] gives

£y
/e3nirx2 Z ¢ 6:anrx dx
u=0 Jr n l_eZniueinTl:Fz”ifx
. N2 oo .
_ V3(—it) / n(iw) dw.
o

2 —i(iw—it))?

19
27i du
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Using the transformation n(—1/t) = +/—i tn(t) and applying (1/271i)8/8u‘u=0
to (3-2), we have

f2(7)
N T i i U TR
= 2 u 1=z ETIEA “a(r )
T(l—e T )

reigm Y / e,

(—i(iw—it))?

P2
19 | +e3”%” —miu—7H +T_2f( 1)
=—7 - 2\ —=
2mi du 1—627”” ‘E(l—e_zr‘[f ) u=0 T
+7T 77(1’)\/_ n(iw) dw

(—i(iw—it))?

—(r__1 3 24 (_1
_(24 24t2+4m't)+r fz( r)
+‘L’27](‘L')£/ L)de, (3-3)
2r (—i(iw—it))?

where we have used
3n%+n

Z(l .

n#0

Next define

N3 [ nw)
y(‘[) = %T](T) . mdw

Then the modular transformation of n(z) implies that
P(z) = fzsf(—l) 2Y3 Lx dw.
T 2 Jo (CiGiw—ir)}

Combining this with (3-3) gives fAz(f) = r_zj/”;(—l/r). Using f/;(r +1)= fz(r),
we obtain the result. O

Proof of Theorem 1.1. By (1-2) and

o0

qn
Z (1 n)2

we have ¢(¢)3.v(q) = f1(r) + fo() + ﬁ(Ez(r) —1). The result now follows
from Theorem 3.2 and (2-5). O

=Y ame =20 gy

n= 1 n>1
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4. Proof of Theorem 1.2
In this section we give the following more precise version of Theorem 1.2.
Theorem 4.1. With g = e*>™* we have

i 0 p(24z)

d
i) St

a7 @ *Hevi (@) +
is a harmonic weak Maass form of wetght 2 on I'g(576) with Nebentypus ( ) Also,

s s [T n(82)
¢l valg") —iV2 | e ”

is a harmonic weak Maass form of weight % on I'g(64) with trivial Nebentypus.
Finally, let

ES%(0):=1+24 Z( > d) q" =2E,(21) — E» (7).

n>0 "~ d|n
dodd
Then
dd
q_1v3(q8) — M
6n(87)3

isa weight—% weakly holomorphic modular form on T'y(64) with trivial Nebentypus.

The modular properties of v{(g) and v3(g) are straightforward or follow from
known results. Similar to (3-4) we have

S q" % _ ( 1dd) 4-
> g ; =2 1)
Hence
. 1 1 ES¥(r) -1
S (g Y = (42)

The claim for v, (g) follows from Lemma 2.1 and the fact that £°%(z) is a holo-
morphic modular form of weight 2 on I'g(4). The proof of the claims about vy (¢)
follows from (3-4) and the following theorem of Bringmann [2008].

Theorem 4.2 [Bringmann 2008, Theorem 1.1]. Let ¢ = e*™'% and
g (_1)n+1q36n(n+1)
(1 —g24m)2

Ae) = (4%*:9*%) o0

n#0
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Then

M(t) :==R(7) —

i / @) 1 E5(247)
N (—i(t + z))% 24n(247)  8n(241)
is a harmonic weak Maass form of weight % on T'y(576) with Nebentypus (12).

The modularity of v,(¢q) follows easily from the identity of Theorem 1.3 and the
results of Chapter 1 of [Zwegers 2002], namely, the following theorem.

Theorem 4.3. With g = e>™ we have F(q) = —2iq"/3 (L, 1; v) is a mock theta
function with shadow proportional to n*(z). More precisely,

ioco 77(82)3
-7 /—=i(z+7)

is a harmonic weak Maass form of weight % on Ty(64) with trivial Nebentypus.

¢ F(g®) +2iv2 dz

Proof. Since this function is written in terms of u the result follows from Chapter 1
of [Zwegers 2002]. In particular, to compute the shadow we use Theorem 2.6
and Lemma 2.1. For additional details, see [Eguchi and Hikami 2009; Rhoades
2012]. d

We have used Theorem 1.3 to establish the modularity of v,(g). In the next
three sections we will give different proofs of this theorem. Each proof uses
different techniques and highlights different aspects of the Appell sums appearing
in Theorem 1.3.

5. Elliptic proof of Theorem 1.3

In this section we prove the identity of Theorem 1.3 via a transformation property
of u(u, v; ) with respect to the elliptic variables u and v.

Proposition 5.1 [Zwegers 2002, Proposition 1.4(7)]. Foru,v,u+z,v+z&Zt1+72,
we have

1 9(0)u+v+2)d()
271 0wW)d (W) w+z)0(w+z)’

uu+z,v+zt)—pu(u,v;t) =

where we write (1) = ¥ (u; t) when t is understood.

Let

o0 o0

Fy(r) =Y > (=D?d*71g" and @y(r):= DY d*7lq". (5-1)

n=1d|n n=1d|n

We will need the following lemma of [Rhoades 2013].
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Lemma 5.2. With Z = 2miu we have

O (u; 1) = =2 sin(wu)n’ () exp(—2 Z %—fcbg (r)),

L even

{>0
2 2 L
U (u+ %; 7) = —2cos(mu) n;(g exp(—2 Z %Fz(f))
{>0
L even

With this lemma we turn to the proof of Theorem 1.3 using Proposition 5.1.

2riu

“Elliptic” proof of Theorem 1.3. Throughout this proof let x = e . From
Proposition 5.1 and using 9’(0) = —27n(7)3, we have
i3 12
in’(0)v(5
) (—u)p(u+1, —u+3: 1) =9 W) (—u)pu(u, —u; ) = M (5-2)
19(1/{ + 5)2

Taylor expanding each of the three terms in this identity around u = 0 by applying
Lemma 5.2, we have

2
6 n“+n
S )P (—u)uu+ L, —u+ L1y = —4in2(n(fl) 7~ )u2 + 0@,
9(3) pez 1 H4
(5-3)
in? (@)l
LI(Z) =in(r)’ +4in*(§ —2F>(1))u® + O(u*). (5-4)
l?(bl + 5)2
The remaining term is more interesting. From the definition of u(u, —u;t), we
have
. _ 2 2
_ IR 14 (D) RENSE 717 (=D"x nq(n )/
B @)D () —ui 1) = 3 oS + I wiv)e > - :
n#0
Since
Z (_l)nq(n2+n)/2
A —— )
—gh
n#0 I—q
we have
Z (_1)nx—nq(n2+n)/2
1 _ n
"0 - 1y (2 4m)/2 (n+n)/2
_1 n n n _1 n, \n n
= 2niu(z D™ ng %) + 0(u?).
1—g" (1—g")>
n#0 n#0

Again applying Lemma 5.2 we have
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=0 (W) (—u)u(u, —u; t)
=in’(v) —4in’n’(v)

(_l)nnq(n2+n)/2
(D
n#0

(_1)nq(n2+n)/2
(1—¢")?

_y _ cpl(f))uz + 0. (5-5)
n#0

Using (5-2), (5-3), (5-4), and (5-5) to compare the u? coefficient of the Taylor
expansion around u# = 0 of both sides of (5-2), we have

n%+n

: 9.2 (= 1)"+4;1q i (—1)1g 2 )
®
() ez 1+ '7(f)(Z tL gy 0

— 1 - =
n*(2)
The identity follows from 1‘}(%) = —2q1/8(q)oo(—q)go, n3(r) = ql/g(q)go

2

n#0

(_l)nq(n2+n)/2

__ 4"
a—7? = ®,(7), and ’; %07 F (). O

6. g-Series proof of Theorem 1.3

In this section we will give a g-series proof of the identity in Theorem 1.3. We will
divide the proof into several lemmas.

For negative values of n we define (x); = (X)oo/(X¢")oo. For simplicity we
write (a,b,c,d;q)n = (@;9)n(b; @)n(c; @)n(d; q)n. We will use the equations

94:= D (~1)"g" = Do (6-1)

ne? (=9) oo

which is [Andrews 1998, (2.2.12)], and

(©n(f (2"
(£.9,9, % g)0s (1—ag®)(c.d,e, [:q)0n(Zer)"q"

(6-2)

" (aq.a g, q)oo,; (—a)(Z 9 T gy,

which can be found in [Bailey 1950] or page 135 of [Gasper and Rahman 2004].

Lemma 6.1.

D)

=i(1 +i(8q2"2+” ~ 16nq2"2(1—q">))
T+g" 07\ N\ +¢")? I+q" '

nez
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Proof. In (6-2) sete =c =—1,a =1, and let d, f — oo to obtain

qn(n-i-l)/z
nez 1+qn
(l—aq n) (— l)n a2 2n2
a—>12 l—a (—aq)? “nd
1 o~ d (1—ag®")(=1)2a*"q*"
ﬁz(l_;%a 1( (—aq);
(1—ag=2")(=1)%,a~*"g>" ))
i (—ag)?,
_ 1 _2n Dn 3n 2n2
—194( e Dt (S ) o
da _ Z(l —2n)((a + D(a +(‘i)q')'2‘ (a+ qn_l))za—3nq2n2+2n)

where we use (6-1) and L’Hopital’s rule in the second displayed equation. Continu-
ing, we have

qn(n+1)/2

2
nez 1+qn
0 4q2n2+2n

1 n
=p(1+2 ey Z( 2(=Da(=2(~ q)f)Z1+ = (=@ng?"

4 n=1
Z( 12nq +§: 4q2”
Mgt L gy
_ 240 2(=1)z & —2ny 2n2+2n_ 121
_ (1_q Zn)q2n +2n n —q n)q n n
; ()3 ? Z Zl (1+¢")?
1 o0 q2n2+2n
(S S X i
- 2n? n 0 2n2  n—l
ng=" (1-¢") q 1
—12 —+4 — 48 — -
,; (1+4") (1+ ">2 Z( gy ; I+q/

(A=g"ng*"”
122 (1Tq") )
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Noting that

n—1
| q 1
we see that the right hand side equals

(I+¢*Mg*” S —g"g™™
16y 177
( ,; (1+4")? ,; (144"
< (L—g"g®™ ([ q" _1))
S ewry (i

2 2
1 (1+4i q2n +n _16in(l_qn)q2n )
192 = (1 _|_qn)2 = 1+qn 5

which gives the result. O

Lemma 6.2.

0 (_l)n—lnqn(n+1)/2
1 —q"

n=1 n=1

q" n(1 +qn)‘]2n2 q2n2 "
Z n)2 22 _gh Z n)2
1 1 1

(I-¢")* = q (=g

Proof. Recall from the proof of (1.2) in [Andrews 2013] that

_ I
i G a)(l b)(Sl(a’b’Q)_(b'q)oo)

1 (< (-~ lnq
~a=l(- T z .

n(n+1)/2
) (6-3)

where

(@ 'q: @)oo = (1 —a)(=b)"q" 1+ 1/2

Si(a,b;q) =
Ha.bia) (b4, 4: D0 12 I —aq"

We now apply (6-2) with f,d — oo and setting a equal to ab. Then letting e — a
we obtain

(¢ 39 (1—abg®) (a.b;q)n
(abq, 2. q:q)oo (1—ab) (aq,bq;q)n

Si(a,b:q) = (ab)z”qz"z.

nez
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Now
lim 1 ( (% %'Cl)oo 1 )
ap—1 (1=a)(1-b)\ (abq. . q: )0  (abg)so

_ 1 1 @n®)n(GH)" 1
= m Goaa= b)((abq)oong(:) @2 (abq)oo)

n

_ 1 = (QQ)n—l(bQ)n—l(%)n 1 o q
_alérﬂl (abq) oo ; @)2 = @ ’; (=g (6-4)

where we use Corollary 2.3 of [Andrews 1998] in the second equality.
Next we have

(Z b 1) oo (l_aqun) (a,b:q)n n2 2n
lim b
ab—1 (1—a)(1=b)(abq. J5.4:q)co0 £ Z (1—ab) (bg,aq:q)n (ab)
Z (1—abq2")q2" (ab)*"
(q)oo ab21 22 (T=ab)(1 —ag")(1 = bg")
L (1 =bgPmbg (1—bg~2"b~2"g*" )
= @ b5 ,;((1 —B) (10 —bg") " =b)(1—q~")(1—bg ")
1 ‘ ( (l_ban)b2nq2n2 (q2n_b)b—2nq2n2 )
(q)oo —~ dblo=1\ (1—b)(1 —g")(1—bg") ~ (1—b)(1—q")(b—q")
B 4 o n(l +qn)an2 > o q2n2+n ]
7 D s v Dl p ©>

Comparing (6-3), (6-4), and (6-5) and multiplying by (¢)co/2 We obtain the result.

O
Lemma 6.3.
Y 2 _ 212
i (=g)? = (1 44q") = (=g
i4n(l+q2n)q2n 0 2n242n
= ) — _2ny2
n=1 I=q¢™ n=1 (1 q n)
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Proof. The first equality is immediate and follows by combining the initial two
sums term by term. Finally,

o0 qzn 00 00 m
> = = (4 3
n= n.m=1 m=1 "n=1 m—+1
© © 2m2+2m
2nmn mq
= m +
oo 00 2m2+2m
m
=2 Y m g 3
n=1m=0 m=1 q
i q2n2+2n i ng®n Z mg?m>+2m
= +
2n)2 _ 42n _a2m
n=1 (1 1 ) n=11 1 =1 I—q
= O
_g2n _ 42n)2
n=1 I q n=1 (1 q )

We are now ready to prove the main result.

q-Series proof of Theorem 1.3. Comparing the statement of Theorem 1.3 with the
assertion of Lemma 1, we see that the theorem is equivalent to the following:

i q2n2+n 5 i annZ(l _qn)
(I+gM> = 14¢q"
n(n+1)/2

- (= 1)"
X_: 1+q”)2 Z E -0

Now in (6-6) we replace the final sum on the right-hand side by the negative of
the right-hand side of the identity given by Lemma 6.2. Hence Theorem 1.3 is
equivalent to the assertion that

00 q2n2+n B 0 annz(l_qn)
2 n
— (1+q¢")* = 1+g¢
2 2
:i qn _i qn +2inq2n (1+qn)+i an +n
i (4q"? i (=g")? = 1=g" = (1—q")?

We now combine the first sum on the left-hand side with the final sum on the
right-hand side and apply Lemma 6.3 to the first two sums on the right-hand side.



Modularity of the concave composition generating function 2125

Hence Theorem 1.3 is equivalent to the assertion that

2 2
LTS
_g2n)2 o 2 _gn2’
o (=g = 1+g" i (+gn? = (=g
which is merely a restatement of Lemma 6.3. ([l

7. Modular proof of Theorem 1.3

In this section we establish Theorem 1.3 by computing the modular transformations
of the right hand side and demonstrate that they match those of the left hand side.
Finally checking that enough of the Fourier coefficients are equal yields the result.

“Modular” proof of Theorem 1.3. We use Theorem 2.6 together with (2-12) to find

m”’”;f)=“(”’“;T)+%R(O;r) e uzt) — 5 _lroo\/%
o @

= p(u,ust)+ 1

e

Combining this with the definition of fl in Theorem 3.2 and the definition of E 2
in (2-6), we see that if we define

M(u;7) = fi(0) +in(0)’ pu, us 1) — 15 E2 (1),

then this also equals ﬁ (0)+in()*ia(u, u;t)— %/E\z (7). Now using the transfor-
mation properties of f; from Theorem 3.2, i from Theorem 2.5, and E 2, We get
that M transforms as

u at+b\ _ 2 .
M(cH—d’ cr+d> = (e +d) M 7)

for all (‘c’ g ) € SL;(Z). Further, by the first part of Theorem 2.5 we have the elliptic
transformation property M (u +kt+1;t) = M (u; 1), for all k,/ € Z. Using these
we easily see that

M(3:7)
m(t) = M(t/2;7)
M((r+1)/2;7)

transforms as a vector-valued modular form of weight 2 on SL;(Z):

100 1 010
mr+1)=[001|me) and m(—;)=12 10 0] m).
010 001

From this we see that M (%; 7) transforms as a modular form of weight 2 on I'y(2).
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On the other hand,

Ea(v) = 2E5(21) Ea(1)—2E5(20)
g(r) = Ey(1)— 3 Ex(1/2) =| _E200 —A%Ez(f/2)
Ex@=3E2(+1)/2)  \Ex@) - 3E2(+1/2)

satisfies the same modular transformation properties as m. Further we get directly
from the definitions

—1+ 0(q) ++0(q)
g =]|1+0@»| and m@)=|-L+0@? |,
3+ 0G7) —15 +0(?)
and so
O(q)
m(r) + te(r) = O(qf)
O(q2)

If we take the product of the three components of m + % g, then we get a holomorphic
cusp form on SL,(Z) of weight 6, and hence this equals zero. This then implies
that all three components are zero and so we get m + % g=0.

The first component equals

%(—1 —24 Z ofdd(n)q”) - ll—zEz(r)
n>0

(_1)n+1nqn(n+1)/2 5 (q)go qn(n+1)/2

+ ;
n#0 1 —q” (_q)oo nez L+ qn

where we have used

1
9(1:1) = —248 (Qoo(—9)% and 0¥ =Y d.
d|n
d odd
Using (4-1), (4-2), and (3-4) to rewrite the Eisenstein series terms gives the result.
O

Remark. The calculations above show that M (u; 7) is a multiple of the Weierstrass
g-function. Thus the conclusion follows from known facts about g at half periods.
We have included the details for completeness.
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8. Holomorphic projection

In this section we demonstrate that the function

(- 1)”nq
B = n(f)3 Z

n(n+1)/2

arises from the holomorphic projection of 1*(t)(13(r))*. The holomorphic pro-
jection operator is the unique linear map o = 7y, Mapping the space of
nonholomorphic modular forms of weight k to the space of cusp forms of weight
k and level N satisfying (i, ®) = (h, w(P)) for all cusp forms /4 of weight k and
level N and (-, -) is the Petersson inner product.

If ®(7):=) ,ezan(y)q" is a modular form of weight k, not necessarily holo-
morphic, on SL;(Z) such that for T — i oo there exists an € > 0 with

(@ [k Y)(x) = 0(™°), (8-1)
then 7pot (@) (1) 1= Y oy cn(P)g" with

k—1 o]
Grn)” [ 4, (e k=2 gy, (8-2)

See for instance [Sturm 1980] or Proposition 5.1 of [Gross and Zagier 1986].

Proposition 6.2 of [Gross and Zagier 1986] (see also Proposition 11 of [Coates
1986]) suggests that (1/93)mno1(n® (n*)*) is, after the addition of an Eisenstein
series, the holomorphic part of a harmonic weak Maass form (see [Ono 2008] for
discussion of holomorphic parts of harmonic weak Maass forms). Precisely, we
have the following result.

Proposition 8.1. With the notation from above,

T ()0 = Y T
n#0

n(n+1)/2

qn

Proof. For simplicity let g(t) = n3(z). From (2-3) we have

2(r) = i( s

n=1

Thus
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so that

g (@ =n"2 ) m(i)r(%;”’“zy)q(mz—n%/g

n,m>0

With £ = m? —n? we need to compute

[
oth T dt o [T [T —wnr 0%y 1 dw
/[, eztdy—/()/1 5 (o)t 92 g,

_n\/7/ wz— _(w”2+€) Yy2 3 dy
Y

n

:L/ %dw_ ( ‘ )
VTl wiwn24e)3 E\/wn2

_ 2n ( 11 ) _ 2
NZZ AV I, JTm(m+n)’
where we use [;° e~ yl2y/y = a~3/2 /7 /2 in the third equality.
Inserting this into (8-2) gives

o (8¢")(®) = ) (%)(m—n)q(’"z—nz)/g

m>n>0

Now (—4/n)(—4/m) = 0 unless both n and m are odd, in which case we have
n=2a+1andm =2b+ 1. Thus (—4/nm) = (—1)?T® and we have

Thot (88™)(1) =2 Z (- 1)a+b(a b)qw
a>b>0
=2 Z (- 1)” 2 h 4 bh N Z (— 1)hhqh(h+1)/z’
b>0,h>0 o
which yields the result. .

9. Proof of Theorem 1.4

In this section we compute an asymptotic expansion for V' (n). We follow a circle
method argument used by Bringmann and Mahlburg [2011] (see also [Bringmann
and Mahlburg 2013]) to calculate an asymptotic for coefficients of mixed modular
forms. It is convenient to work with the two variable rank generating function
for concave compositions given in (1-7) and (1-8). We begin with the proof
of Theorem 1.6.
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Proof of Theorem 1.6. The identity for v (x, ¢) follows from an application of (3.6)
of [Andrews 1981] and then (13.3) and (6.1) of [Fine 1988]. The second identity is
a corollary of Theorem 4 of [Choi 2011]. O

9A. Circle method and the proof of Theorem 1.4. By Cauchy’s theorem we have

1 qv(q)
V(}’l—l)—% c qn+1

’

where C is an arbitrary path inside the unit circle that loops around O in the
counterclockwise direction. We choose the circle with radius r = e=/N* with
N := [n'/2], and use the parametrization ¢ = e~ 2T/ N2 27t \ith 0 <¢ < 1. As
usual in the circle method, we define

1
k= k(ky+k)’

!/

1
bk = R 0

where hy/ky < h/k < hy/k, are adjacent Farey fractions in the Farey sequence of
order N := [n'/2]. So 1/(k +kj) <1/(N +1) for j =1,2. Next, decompose
the path of integration into paths along the Farey arcs —19;[’ PRl 19;1/, o
is defined by z = (k/N?) — ki ® with _l(};z,k <d< l(};l/,k and 0 <h <k < N with
(h,k) = 1. Hence,

where ®

_2mihn 19;1/,1( 2mi . 2mi . 2nhn
Vii-)= 3 &k / v(e & BT BHD T 4p (901)
1<k<N _ﬂ;z,k
(h.k)=1

For computing the asymptotic nature of v(e @7/ (h+i2)y a5 7 5 (), the useful
form of Theorem 1.6 is

L n(z)

qu(x,q) =q12 3 sin(ru)d (@ 7) R(u,7)— iqéu(u, —Uu; 1), (9-2)

where we have set ¢ = e/, x = ¢?™* and

[o'e) n2

R(u,7) = Z d

= (xn(x@)n

is the Rank generating function; see [Ono 2008]. The idea is to compute the
asymptotics as z — 07 of the two variable version of the generating function and
then set u = 0. We are interested in exponential growth and will freely ignore terms
once they are determined to have smaller growth.

The proof of Proposition 3.5 of [Bringmann et al. 2012] gives the following
asymptotic evaluation for R(u, 7). Let e {—1,0, 1} defined by h=h (mod 3).
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Moreover, if 0 < £ < k, then we write

ai(z’k)::l( (Z—kzl)), ]fg:{3k %fstk,

k/3 if 3|k,
HEu,h,l,k;z)
Pz o 3p &k G.kyiu 1, k hi i
— k ) nr.__ _
: ieSz&((S,k)’(&k))H( et (e (3,k))¢kz’;gz)’ ©-3)
where 3 3
1 i ch—h 2wih
gg(h,k):= (—1)£+1€_%(2Z+1)2:F%( 3 )2L+1)+ g]é ) (9_4)

Proposition 9.1. For t = (1/k)(h +iz) with 0 < h < k with (h,k) = 1 set
q = @i OU+i2) g gy = @I OWR+G/2)  With this notation, we have

3kru® sin(u)
z el St
sinh(Z*)
2 7 Qi wz _mwih | 3wku?® (3’k)_1
+Za(z)(’””) ’Si‘}ﬁi”)e‘mcw+ Y A bkio)
k =

Z

R(u,7) =i x " (h.[~hle. k) (gq7 ") 25z 3e

with ag(z) <y |z| 1—£ ,—(237/(12k)) Re(1/z2)

Additionally, we have

qin() _ g 2 [l kR 7 1) q12q14(1+0(m>)e"”” /2
dwt) ’ 93Ty X3l ()
Thus
q12n(r)
2sin(nu)19(u;r)R(u’T)
Z_%e4n§u2

= —i 2} 3 (h, [~hl. k)gF 0(e FRe@)

2sinh(Z4)9 (% ¢')
1 —

nmz _mih =
qize 12k 4k g q; (14 O(q1))

V= (1% )

—ix 2 (h, [=hlk k)

x> > HEw.htk:z) (9-5)
+ (=0

for some o > 0 independent of k as z — 0 and u — 0.
Turning to the other term we have the following proposition.
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Proposition 9.2. Let T = %(h +iz)and v = (1/k)(—hlk + (i/z2)) then

1 _1 4xku® 1 [
= w) = 02 Rl )z 2R (1 )

z A
k—1 .
(=)t amku? ~Zl (g4 1y (%_l( _k—l),L)
+ 2 ¢ e;)e H z k t 2 Vkz)

Proof. Theorem 2.5 implies that

. 2 . .
p(u, —u:t) = x 7 (h.[-hlx. k) \/ge s M(% —%; r’)

Propositions 2.3 and 2.4 yield

k—1
k 1 oo k— ikh
R(2u;t)=—Ze (h+zz)(€ V—dmiu(t— ) m(e—Tl)—%
=0
E Quk+(t—551)iz)>

e~ Ly (h+1) ekz
x (-1 2
=1 =
2iu 1 k—1\. i 2iu 1 k—1\. i
X(R(T_E(g_ 2 )’kz) H( z k(z 2 )’kz))'
The nonholomorphic R-functions above will exactly cancel with the other term of

(9-6); this can be shown as in [Bringmann and Mahlburg 2013; Bringmann et al.
2012]. Simplifying the factors and multiplying the H-functions gives the result. [J

We will evaluate the asymptotic nature of the two terms on the right hand side
of Proposition 9.2. First consider the terms with the H-function. We have

n(E L0 )y =of [ TR ) <o) )

oo

as u — 0 and z — 0. Next turning to the other term, we have

n(nt+l)

. . _Ttu —1)* 2 ez
lu’(ﬂ _l_u, T/) == 2 sinh (T 119 iu. o +l9 < iuz. / Z ( ) ql 2wu
sinh(5*) 0 (=55 7') (=5 7) n£0 1—e™ 7z ¢f

The summation is O(ugq), since it is 0 when u = 0 by symmetry. Consequently,
using Lemma 5.2 we have ¥ (—iu/z; ')~ = O((z/u)ql_l/g), and we see that the

term with the summation is 0((]7/8) = O(e7 77/ (4k2)y after setting u = 0. So it is
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of exponential decay and will not contribute to the asymptotic expansion of our
generating function. Hence
1
—ig3u(u,—u;t)
= —i 3 e kg sz 2 R (T T ) 4 0p(1)

i3 ([l )z E Rz
B 2 sinh(Z4) 9 (L /)

+0(z~ qu %) +O0r(1) (97

as u — 0 when z is chosen as in the circle method calculations.
Using (9-2), (9-5), and (9-7) we see that as u — 0 and z — 0 we have the
following asymptotic evaluation for v(g) with ¢ = e@7i/K)(h+iz),

qu(q) ~—ix 2 (h.[~hlk. k)
-1

k
2 12k 4k 1+0
que ‘](+((]1)ZZ uhﬁkz)
+ £=0

2Viez9 (% 1

It is evident that the largest growth comes from the case when & = 1 and thus the
largest contribution to (9-1) will come from the case k£ = 1. In this case we set

+ _ iu 1.1
ZH («,0,0,1;2) = H( +33)+H(Z 3,32)

[T vl o)
—oo Ccosh(mx)

s 12
= 92 /Oo e_n'xz/(3z) Sin(2nxu) Slnh(%
o z cosh(mrx)

2]'[14 o xe—rrxz/(3z) Sinh(znTx)

3
o0 cosh(mrx) dx+0(’)

= —2i

—2rnz

Therefore, with g = e we have

X 1

¢ 127 e
2V/329(1%; 1)

driu [ _=x2 Sinh(znTx)
x| — / xe 3z ———dx
Z  Jeso cosh(mx)
)
N, - / e Sinh(FH) L
3z —00 cos(mx)

_Ttz
4

qv(gq) ~ lim —e
u—0
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Therefore, we have

xe 3z —— 3 " dxdd
-9, V3z —00 cosh(mx)

%, EE+@2n-3)z) oo 2 ginh(2%x
V(n—l)fv—/ e6 2 _nx? ( )

2nx 7
~ f/ smhh(( )) . %e%((l—ZxZ)%—}—(lZn—%)z)dq)dx
cosh(x
N

where z = (1/N?) —i® and we symmetrize the integral by using

1 1

/ /N /—“"6.1 /N
1 - 1 -

Y. YN N 0.1

and ~ represents the asymptotic expansion with respect to z#. The final two sums
contribute a polynomially bounded error with respect to N. We handle the resulting
integral with respect to ® exactly as in Proposition 3.2 of [Bringmann and Mahlburg
2011] (see Lemma 4.2 of [Rhoades 2012] for an analogous calculation). This results
in

1
]”“Z e%«lzﬁ)-uun—)nd¢

2=

_ 1—2x2\1 b4 3 5
_ —271(12”_%) 1 (g\/(un— 3)(1—2x ))
= 2J/6(12n—3)"2 sinh(l \/(12}1 ~ 31— 2x2))
2 3 2
Therefore,

00 : 2nx
Vin—1) ~ 2—ﬁ xM sinh(%\/(12n—%)(l—2x2)) dx

(12n—3)2 Jooo ™ cosh(x)

22 7 s1nh(
T -3k 1 ¥ coh(en) inh( 3 yazn —H(1-2x7)) dx

1 .
22 V2 . s1nh(2”Tx) .
(12n-3)z Jo cosh(rx)

xp(% Jazm-3Ha —2x2)) dx

(9-8)
where the second equality follows because

sinh(Z Jazm-Ha ~2x2)) = 0(1) for |x| > %
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We have the following lemma which gives the asymptotic expansion of the
remaining integral.

Lemma 9.3. Ler oy for k > 1 be defined by

00 : 2w x
2% 3 5 smh(—3 )
= 1—-2x%—1 _—.
Z o X exp( X +x ) X cosh(xx)
As y — 0o we have
/f for /T SIINCE) Z @r—D!!
cosh(nx) 22t t

From (9-8) and Lemma 9.3 we have

V6 /12 2—1)1 3t _
V(I’l—l)fv mexp( %) Z ( t22t)t (12]’1—%) t/Z’

|wo

)

which gives Theorem 1.4.
Note we have

o0
2k _2m o 23 3 4 4860r—16817°
D akx™ =t —qm 14580

183708071 425754377 78246073

8
5511240 +

10. Proof of Theorem 1.5

In this section we compute an asymptotic for Vy(n). We follow the standard circle
method set-up as in Section 9. As above, we have

: ik : :
Vam= 3 e—anhn/k/ vg (CTHPGHID 27zl k g (101

1<k<N _’91/1,k
(h,k)=1

Lemma 10.1. Let cj ;. (n) := (—12/n)e(”ih/12k)”2. Then if h # 0 then cp i (n) is
24k periodic and has mean value 0.

Applying this lemma with the proposition in Section 3 of [Lawrence and Zagier
1999], we have the following.

Lemma 10.2. Let g = ¢@7i/0G+i2) Tpep

> (R~ Y b () 5

n=0
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where

24k
24k)”
Lr k) == CH S ) B (5

n=1

where B, (x) denotes the r-th Bernoulli polynomial and cy, is defined in Lemma 10.1.
If h = 0 we have

L) = L 0.1) = =S (B () = Brys ().

By (2-2) we have

k i
ol = {2612/6( 222,055 T i1+ 0 F)) if2 4k,

Ofe 6kz) if 2|k,

so that we have the following results.

Proposition 10.3. Let ¢ = ¢ 7/ +iz) \wish 0 < h < k and (h,k) = 1. If2 |k,
then vg(q) + 3 ,>0(— 1)tgtD0+2)/2 — O(e=7/6k2)) When 2 } k, we have
(n+1)(n+2)

va(q)+ Y _(=D)"q

n=0

Using these asymptotics with (10-1) and the integral evaluation

.(”*/_)+0(N 4 (102

19// ) .
f TR D) 3 g = 2R
(see [Lehner 1964] for details), we have

Va(n) ~ (=1)"*18(n)

72} &gk(”)ZL( 2 k) () rl!(24n+2)"+

1

ENE )

2tk<N r=0
(h,k)=1
where
1-k _mih (1 2mih
A (n) = Z i 2 (%)wh,ke n4 F - ”]én’
(h,k)=1
1 ifm=m+1)(n+2)/2 for some n,
§(m) =
0 else.
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The main term comes from & = 1 and so we have

Va(n) ~ (=1)"18(n)

r+1

+x Y L(—2r)(%)rrl!(24n +2)”
r=0

ﬁe%«/z4n+2 o 7\ (=1)
Ty Len(f)
(24n+2)4 r=0

XZ( 1) ( )p(z 1) (24n+2)”

VA A S OV LR
Q4n+2)i S0 22mml 24n+2)2

~ (=" 8(n) +

N

J’_

~ (=1)"*18(n) +

11. The ¢-series v{(q)

We have used a variety of different methods to establish the modular properties of
the g-series defined by v, (g) or

( 1)n+1
>

nq(n +n)/2

On the other hand, we quoted the results of Bringmann [2008] for the modularity
of v1(q). But this g-series is susceptible to similar methods of the ones discussed
here. Analogous to Theorem 1.3 and Proposition 8.1 we have the following result
for the Appell sum appearing in the definition in v{(g) and the Appell-like sum
arising from the holomorphic projection operation.

Theorem 11.1. In the notation above,

nl =3 n(n+1)/6
ot (11" )—;( V(=) Mg
(g2 Z (¢:Qn—19"
’; n)2 Z(l— n)z nX>(:) (1_ n) :

Remark. It follows that

Zspt(n)q ) ot (1) = (q)oo Z(_ )n( __3 )

n#0

n(n+1)/6

I —g"
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where spt(n) is the smallest parts function and is equal to the sum of the number
of smallest parts in the partitions of n. See [Andrews 2008] for more on the
spt-function.

Sketch of proof of Theorem 11.1. The first equality is given in Zagier’s Bourbaki
lecture [2009], while the second equality can be proved via “modular” methods
discussed above. It would be interesting to establish a g-series proof of the second
equality.

Finally, the last equality is derived in [Andrews 2008]. It may also be derived
from the recent results of the first author, Garvan, and Liang [Andrews et al. 2012].
Namely, letting z = 1 in [ibid., Theorem 2.4] gives

)n 1 n(n+1)/2 (_l)n—lqn(3n+1)/2

(Dn—19" (-1
Z _qn) Z n)2 (1 _qn)z

n>1

n#0

The result follows from the well known identity

Z ( 1)" n(n+1)/2 _ i qn -
oyt n)2 = (1 _qn)2
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Moduli of elliptic curves
via twisted stable maps

Andrew Niles

Abramovich, Corti and Vistoli have studied modular compactifications of stacks
of curves equipped with abelian level structures arising as substacks of the stack
of twisted stable maps into the classifying stack of a finite group, provided the
order of the group is invertible on the base scheme. Recently Abramovich, Olsson
and Vistoli extended the notion of twisted stable maps to allow arbitrary base
schemes, where the target is a tame stack, not necessarily Deligne-Mumford.
We use this to extend the results of Abramovich, Corti and Vistoli to the case
of elliptic curves with level structures over arbitrary base schemes; we prove
that we recover the compactified Katz—Mazur regular models, with a natural
moduli interpretation in terms of level structures on Picard schemes of twisted
curves. Additionally, we study the interactions of the different such moduli stacks
contained in a stack of twisted stable maps in characteristics dividing the level.
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1. Introduction

Abramovich and Vistoli [2002] introduced the stack I, ,(X) of n-pointed genus-g
twisted stable maps into &, where & is a proper tame Deligne-Mumford stack over
a base scheme § with a projective coarse moduli space X/S. They proved that
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Keywords: generalized elliptic curve, twisted curve, Drinfeld structure, moduli stack.
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JHe n(X) 1s an algebraic stack, proper over the Kontsevich stack .A_/Lg, 2 (X) of stable
maps into X, giving an appropriate analogue of the usual Kontsevich stack of stable
maps when the target is allowed to be a tame stack instead of merely a scheme
or algebraic space. In particular, taking ¥ = BG for a finite group G naturally
yields a modular compactification of the stack of n-pointed genus-g curves with
certain level structure, where the level structure on a curve corresponds to giving
a G-torsor over the curve; this is studied extensively in [Abramovich et al. 2003].
This of course differs from the approach in [Abramovich and Romagny 2012],
where the coverings of curves are assumed themselves to be stable curves; here the
coverings are generally not stable curves. In [Petersen 2012] it is shown that in good
characteristics we recover the usual compactification of Y(N) in H; 1 (B(Z/(N )2).

However, the algebraic stack BG is not tame in characteristics dividing |G|,
so a priori the results of [Abramovich et al. 2003] only hold over Z[1/|G]|]. The
notion of a tame stack is generalized in [Abramovich et al. 2008b] to algebraic
stacks that are not necessarily Deligne-Mumford, and in [Abramovich et al. 2011]
the stack ¥, , (%) of twisted stable maps into certain proper tame algebraic stacks
is introduced and shown to be a proper algebraic stack. This naturally leads us to
attempt replacing the finite group G with a group scheme %, agreeing with G over
Z[1/|G]] but such that %% is a tame algebraic stack over Spec(Z); see, for example,
[Abramovich 2012]. In particular, the group scheme wy is (noncanonically) isomor-
phic to Z/(N) over Z[1/N, ¢y], and the classifying stack By (unlike B(Z/(N)))
is a tame stack over Spec(Z).

The purpose of this paper is to record how the results of [Abramovich et al. 2003]
extend to moduli of elliptic curves with level structure over arbitrary base schemes,
using the group scheme w, in place of Z/(N). For example, the moduli stack
Y1(N) arises as an open substack in the rigidification 3_{1’1 (B ) (defined below) of
J1.1 By ). Explicitly, given an elliptic curve E/S and a [I"1 (V) ]-structure P on E,
via the canonical group scheme isomorphism £ = Pic% /s over S, we may view P as
a “point of exact order N on Picoé/ g» determining a group scheme homomorphism
¢:7/(N)— Pic% /s The stack K 1(Buy) will be seen to classify certain pairs
(6, @) where €/S is a 1-marked genus-1 twisted stable curve and ¢ : Z/(N) —
Pic% /s 1s @ group scheme homomorphism, so this construction defines the immersion
Y1(N) = 1 1(Buy). We will define the notion of a [I'j(N)]-structure on a 1-
marked genus-1 twisted stable curve, and write X" (N) for the stack classifying
such structures. Our first main result is:

Theorem 1.1. Let S be a scheme and let X{¥(N) be the stack over S classifying
[Ty (N)]-structures on 1-marked genus-1 twisted stable curves with nonstacky mark-
ing. Then DCEW (N) is a closed substack of 3_{1,1 (Buy), which contains Y1(N) as an
open dense substack.
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This will be proved as Theorem 4.6. The main point is to verify the valuative
criterion for properness. We accomplish this by using properness of X;(N) and the
en-pairing on generalized elliptic curves. To complete a family of twisted curves
with level structure when the generic fiber is smooth, we first complete it to a family
of generalized elliptic curves with level structure. Then we use a quotient construc-
tion involving the ey-pairing to produce a completed family of twisted curves with
level structure, modifying our strategy in characteristics dividing N by exploiting
the relationship between cyclotomic torsors and line bundles (Lemma 3.19). The
same techniques immediately give a corresponding result for Y(), which is an
open substack of %1’1(%%%); its closure X" (N) classifies [I"(N)]-structures on
I-marked genus-1 twisted stable curves, as we show in Theorem 5.3.

Unsurprisingly, it turns out that these closures are isomorphic as algebraic stacks
to the stacks Xy (N) and X(N) classifying [["; (N)]-structures and [I" (N)]-structures
on generalized elliptic curves, as studied in [Conrad 2007]:

Theorem 1.2. Over the base S = Spec(Z), there is a canonical isomorphism of
algebraic stacks X{¥(N) = X (N) extending the identity map on Y1(N), and a
canonical isomorphism of algebraic stacks X" (N) = X(N) extending the identity
map on Y(N).

We will prove this as Theorem 6.1. We first verify that X{"(N) and X™(N)
are finite over A_/Ll,l. Some commutative algebra then tells us they are Cohen—
Macaulay over Spec(Z), at which point we may proceed as in [Conrad 2007,
§4.1] to identify these stacks with the normalizations of A_/Ll,l in X1(N)|z1/n) and
X(N)|z11/n7- These isomorphisms have a natural moduli interpretation, as discussed
in Corollaries 6.9 and 6.10.

The techniques of this paper also yield new moduli interpretations of various
moduli stacks of elliptic curves that are not (apparently) contained in a stack of
twisted stable maps. These results may be known to experts, but are not recorded
in the literature; for completeness we include a careful proof of the modular inter-
pretation of the closure of Y (N) in 37_{],1 (Buy). We also study how the different
moduli stacks of elliptic curves contained in f7_{1, 1(Buy) and ﬂ_{L 1 (%,ui,) interact in
characteristics dividing N; this easily generalizes an example in [Abramovich et al.
2011] but otherwise does not appear in the literature.

In the Appendix we recall an example of [Chai and Norman 1990] which implies
that the techniques of this paper do not generalize nicely to curves of higher genus:
using the Katz—Mazur notion of a “full set of sections” we can define a stack over
Spec(Z) classifying genus-g curves with full level-N structures on their Jacobians,
but this stack is not even flat over Spec(Z). The corresponding stack over Z[1/N]
is well-behaved, and arises as an open substack of f]_{g,()(%ﬂl%/g ), but no moduli
interpretation for its closure in characteristics dividing N appears to be known.
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2. Review of moduli of generalized elliptic curves

Drinfeld level structures on generalized elliptic curves. For the convenience of
the reader, we recall the definitions and results from the theory of generalized
elliptic curves that we require in this paper.

Definition 2.1. A Deligne—Rapoport (DR) semistable curve of genus 1 over a
scheme S is a proper, flat, separated, finitely presented morphism of schemes
f :C — §, all of whose geometric fibers are nonempty, connected semistable
curves with trivial dualizing sheaves.

By [Deligne and Rapoport 1973, §11.1], an equivalent definition for f : C — §
to be a DR semistable curve of genus 1 is that f is a proper flat morphism of finite
presentation and relative dimension 1, such that every geometric fiber is either a
smooth connected genus-1 curve or a Néron polygon. Recall [loc. cit.] that over a
base scheme S, the standard Néron N-gon Cy /S (for any N > 1) is obtained from
Cy = [P’}g x Z/(N) by “gluing” the section 0 in the i-th copy of [P’ls to the section
oo in the (i 4 1)-th copy of I}j’}q:

Standard Néron N-gon Standard Néron 1-gon

The natural multiplication action of G,, on [P’g, together with the action of Z/(N)
on itself via the group law, determines an action of the group scheme G,, x Z/(N)
on I]:Dls x Z/(N), descending uniquely to an action of G,, x Z/(N) = C}" on Cy
[Deligne and Rapoport 1973, 11.1.9].

Definition 2.2. A generalized elliptic curve over a scheme § is a DR semistable
curve E/S of genus 1, equipped with a morphism E*" x E — E and a section
0g € ES™(S) such that the restriction E5™ x ES™ — ES™ makes E*™ a commutative
group scheme over S with identity Og, and such that on any singular geometric fiber
E3, the translation action by a rational point on E™ acts by a rotation on the graph
I'(E5) [Deligne and Rapoport 1973, 1.3.5] of the irreducible components of Ej.

By [Deligne and Rapoport 1973, I1.1.15], over an algebraically closed field a
generalized elliptic curve is either a smooth elliptic curve or a Néron N-gon (for
some N > 1) with the action described above. In fact this result says more: for any
generalized elliptic curve E /S, there is a locally finite family (Sy)y>1 of closed



Moduli of elliptic curves via twisted stable maps 2145

subschemes of S such that J Sy is the nonsmooth locus in S of E — S, and
E x5 Sy is fppf locally on Sy isomorphic to the standard Néron N-gon over Sy .

Recall that for an S-scheme X, a relative effective Cartier divisor in X over S is
an effective Cartier divisor in X which is flat over S.

Definition 2.3. Let E£/S be a generalized elliptic curve. A [["|(N)]-structure on E
is a section P € ES™(S) such that:

e N-P=0g.
« The relative effective Cartier divisor
D = Z [a- P]
acZ/(N)
in E5™ is a subgroup scheme.
« For any geometric point p — §, D; meets every irreducible component of E ;.

We write X1 (N) for the stack over Spec(Z) associating to a scheme S the groupoid of
pairs (E, P), where E/S is a generalized elliptic curve and P is a [I" (V)]-structure
on E. We write Y (N) for the substack classifying such pairs, where E/S is a
smooth elliptic curve.

Definition 2.4. Let £/S be a generalized elliptic curve. A [I["(N)]-structure on E
is an ordered pair (P, Q) of sections in E*™[N](S) such that:

« The relative effective Cartier divisor
D= Y [a-P+b-Q]
a,beZ/(N)
in E5™ is an N-torsion subgroup scheme, hence D = ES™[N].
« For any geometric point p — §, D; meets every irreducible component of E ;.

We write XX(N) for the stack over Spec(Z) associating to a scheme S the groupoid
of tuples (E, (P, Q)), where E/S is a generalized elliptic curve and (P, Q) is a
[["(N)]-structure on E. We write Y(N) for the substack classifying such tuples,
where E/S is a smooth elliptic curve.

Definition 2.5. Let E/S be a generalized elliptic curve, and let G be a 2-generated
finite abelian group, say G = Z/(ny) x Z/(n3), with ny|n;. A G-structure on E is
a homomorphism ¢ : G — E®™ of group schemes over S such that:

¢ The relative effective Cartier divisor
D:=) [p(a)]
aeG

in E5™ is an n-torsion subgroup scheme.
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e For every geometric point p — §, Dj meets every irreducible component
of E p-

Theorem 2.6 [Conrad 2007, 3.1.7, 3.2.7, 3.3.1, 4.1.1]. X{(N) and X(N) are
regular Deligne—Mumford stacks, proper and flat over Spec(Z) of pure relative
dimension 1.

In particular, it follows (see [Conrad 2007, 4.1.5]) that X;(N) (resp. X(N))
is canonically identified with the normalization of /l; ; in the normal Deligne—
Mumford stack X1(N)|zp1/n (resp. X(N)|z[1/n1), as in [Deligne and Rapoport
1973, §VII.2; Katz and Mazur 1985, §8.6].

Reductions mod p of the moduli stacks. 1t will be useful for us to have a descrip-
tion of the “reduction mod p” of the stacks X;(N) and X(N) for primes p dividing
N. These reductions are described using Katz and Mazur’s “crossings theorem”,
which we now recall.

We work over a fixed field k. Let Y/ k be a smooth curve, and let X — Y be finite
and flat. Suppose there is a nonempty finite set of k-rational points of ¥ (which we
will call the supersingular points of Y) such that for each supersingular point yy,
X, is a single k-rational point, and ’O\X, xo = kllx, ylI/(f) for some f (depending
on yp).

Also suppose we have a finite collection of closed immersions {Z; — X}!_|,
where each Z; is finite and flat over Y, with Zfed a smooth curve over k, such that
the morphism LIZ; — X is an isomorphism over the nonsupersingular locus of Y,
and such that for each i and each supersingular point yp € Y, (Z;)y, is a single
k-rational point.

Theorem 2.7 (crossings theorem, [Katz and Mazur 1985, 13.1.3]). Under the above
assumptions, let yo € Y be a supersingular point and xo = X y,. Then

—~ m .
Ox.xy Zkllx, yI/ TT £,
i=1

where each f; is irreducible in k[ x, yll, each f; and f; (i # j) are distinct in
kllx, y1l modulo multiplication by units, and for z; o := (Z;), we have

07,20 = kllx, YI/(f).

If Y is (geometrically) connected then each Z; is (geometrically) connected, in
which case {Z;}]_, is the set of irreducible components of X.

Definition 2.8. Under the above assumptions, we say that X is the disjoint union
with crossings at the supersingular points of the closed subschemes {Z;}7_,.

If X — % is a finite (hence representable) flat morphism of algebraic stacks over
k, with Y Deligne-Mumford (hence ¥ also Deligne-Mumford), and {#; < %} _,



Moduli of elliptic curves via twisted stable maps 2147

is a finite collection of closed immersions of algebraic stacks, such that for some
étale surjection Y’ — Y with Y’ a scheme, the algebraic spaces Y, ¥ xq Y’, and
{%; xq Y'} are schemes satisfying the assumptions of the crossings theorem, we
say that & is the disjoint union with crossings at the supersingular points of the
closed substacks {%;}.

Remark 2.9. We will solely be applying the above theorem in the case Y = Jil; i,
with & an algebraic stack known to be quasifinite and proper over .il; 1. J(; | is a
Deligne-Mumford stack with separated diagonal, so once we know that & — Jl; |
is representable, it follows from [Knutson 1971, I1.6.16] that the algebraic spaces
& xg,, Y and {Z; x 7, Y’} are schemes.

Definition 2.10. Let S € Sch/F,. Let E/S be an elliptic curve, with relative
Frobenius F : E — E?). Let G C E be a finite, locally free S-subgroup scheme
of rank p”, n > 1. For integers a, b > 0 with a + b = n, we say that G is an
(a, b)-subgroup if ker(F*) C G, and if in the resulting factorization of £E — E/G
as .

ELEMZ E/G

we have ker(7) =ker(F g / G) (where 7 denotes the dual isogeny and Fg 16 E/G—
(E/G)P) is the relative Frobenius). In particular note that EP") = (E/G)®"),

We say that G is an (a, b)-cyclic subgroup if it is an (a, b)-subgroup, and either
a =0, b =0, or there exists a closed subscheme Z C § defined by a sheaf of
ideals $ C O, with $7~! = 0, such that the isomorphism E*"|; = (E/G)"P"|y
is induced by an isomorphism E (" )|, = (E/G)P" D,

Finally, a [I"{(p")]-(a, b)-cyclic structure on E is a [["j(p™)]-structure P €
E[p"1(S) such that the S-subgroup scheme

in E is an (a, b)-cyclic subgroup of E. We write Y, (p”)(sa’b) for the substack of
Y1(p™)s associating to a scheme 7T'/S the groupoid of pairs (E, P), where E/T is
an elliptic curve and P is a [I"{(p™)]-(a, b)-cyclic structure on E.

If E is an ordinary elliptic curve over a scheme S of characteristic p, it is
considerably easier to describe what is meant by a [[";(p™)]-(a, b)-cyclic structure
on E. Namely, it is just a [[";(p™)]-structure P on E such that the relative effective

Cartier divisor .
V4
= Sm-r)
m=1

is a subgroup scheme of E which is étale over S. Note that for an arbitrary
[T (p™)]-structure P on E, D; will not generally be a subgroup scheme of E if
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b < n, and even if it is a subgroup scheme it might not be étale over S. Being a
[T (p™)]-(a, b)-cyclic structure on E (for E ordinary) means that for any geometric
fiber E5 (so Ez[p"] = upn x Z/(p") over k(s)) Ps has exact order p? as an element
of the group E5[p"1(k(5)) = Z/(p").

The following elementary result will be required when we study the interactions
in characteristic p of different moduli stacks of elliptic curves contained in a moduli
stack of twisted stable maps. We include a proof for lack of a suitable reference.

Lemma 2.11. Let E/S/F, be an elliptic curve, and let P be a [T'1(p")]-(a, b)-cyclic
structure on E. Then P is a [Fl(p”“)]-structure on E and is [Fl(p"“)]-(a—l—l, b)-
cyclic.

Proof. Consider the relative effective Cartier divisor

G := Z [m - P]

meZ/(p")

in E. This is an S-subgroup scheme containing ker(F“), and in the resulting
factorization of the quotient map £ — E/G as

ELE Z E/G

we have ker(7) = ker(F f- /G). Consider also the relative effective Cartier divisor

G = Z [m - P]

mez/(anrl)

in E. G is a subgroup of G’, and the image of G’ in E/G is the relative effective

Cartier divisor
> m-0gsql.
meZ/(p)

This is simply the kernel of Fg,g: E/G — (E/G)P, so we may identify E/G’
with (E/G)) and the quotient map E/G — E/G’ with the relative Frobenius
Fpi6:E/G— (E/G)P). In particular, the quotient map E — E /G’ is a cyclic
p"*Hlisogeny of elliptic curves with kernel generated by P, so we may already
conclude that P is a [[";(p"*!)]-structure on E.

Now, since G’ = p - G as Cartier divisors, if ker(F%) C G then ker(F**t!) c G'.
Factor the quotient map E — E/G’ = (E/G)™P as

ES B0 T (E/6)W,
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We have a diagram

T

a “ F
E_2 . g E/G g (E/G)P,

E(pa-H)

where the composite of the top arrows E — (E/G)?) is the natural quotient map
E — E/G’. The outer arrows and the left-hand triangle commute, hence the
right-hand triangle commutes as well. Now consider the following diagram:

T T

E®Y E/G E®Y

7| l I

E®H — (E/G)P —= E®PY.
T T

The outer rectangle commutes since the horizontal composites are the isogenies
[deg(r)] and [deg(r’)] (and deg(r) = deg(xr’)), and we have shown that the left-
hand square commutes, so the right-hand square commutes as well. Since ker(7) =

ker(Fg/G), we conclude that ker(7’) = ker(F(bE/G)(p)).

Finally, suppose a, b > 1. Since E?*") = (E/G)*") we also have
E(P"H) o~ (E/G)(Pb“) — ((E/G)(P))(Pb),

and this is already induced by the isomorphism

b—l).

EWPY) ~ (E/G)(pb) — ((E/G)(P))(P
Therefore P is a [ (p"t1)]-(a + 1, b)-cyclic structure on E. O

Remark 2.12. The reason the above argument fails when p is invertible on the
base scheme S is that, preserving the notation of the above proof, the image of
the relative Cartier divisor G’ in E/G is not a subgroup of E/G unless S is an
F,-scheme. Indeed, the image of G’ in E/G is the relative effective Cartier divisor
p - [0g/G], which is finite flat of rank p over §. If p is invertible on §, any
finite flat commutative group scheme of rank p over S is étale (see [Shatz 1986,
Corollary 4.3]), but p - [0g,g] is obviously not étale.

It is straightforward to extend the definition of a [I"{(p")]-(a, b)-cyclic structure,
and the result of the above lemma, to the case of generalized elliptic curves. Let
E/S/F, be a generalized elliptic curve; let S| C S be the open locus where the
morphism E — § is smooth, and let S» C S be the complement of the closed locus
in S where the geometric fibers are supersingular elliptic curves. We say that a
[T (p™)]-structure P on E/S is a [I'1(p™)]-(a, b)-cyclic structure if:
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e Pls isa[I'1(p")]-(a, b)-cyclic structure on the elliptic curve Eg, /S| and

o the relative effective Cartier divisor
b

P
Dy:= [m-Pls,]
m=1

in E*™|g, is a subgroup scheme of E*™|s, which is étale over S5.

We write X ( p”)(Sa‘b) for the substack of X;(p")s associating to a scheme 7/ S the
groupoid of pairs (E, P), where E/T is a generalized elliptic curve and P is a
[T1(p™)]-(a, b)-cyclic structure on E.

Theorem 2.13 [Katz and Mazur 1985, 13.5.4]. Let k be a perfect field of char-
acteristic p. Y1(p")x (resp. X1(p™)y) is the disjoint union, with crossings at the

supersingular points, of the n + 1 substacks Y, (p"),((a’"fa) (resp. X (p”),(ca’"fa))for
0<ac<n.

It can be helpful to visualize Xy (p"); as follows:

X (p”

X1 (p "

ny(0,m)
X1(p"
X1(p") over a perfect field k of characteristic p

Definition 2.14. Let S € Sch /F,, and let H < (Z/(p"))? such that H = Z/(p")
(hence also (Z/(p"))*/H = Z/(p")). Let E/S be a generalized elliptic curve.
Let (P, Q) be a [["(p™)]-structure on E, corresponding to a group homomorphism
¢ (Z/(p")*— E[p"],(1,0)— P, (0,1)— Q. We say that (P, Q) has component
label H if

e ¢(H) C ker(F"), where F : E — E'P) is the relative Frobenius, and

o the resulting group scheme homomorphism Z/(p") = Z/(p™)?/H — EP) =
E/ker(F")isa[l'1(p")]-structure on E (P")_ (This is independent of the choice

of isomorphism (Z/(p”))z/H =7/(p™), although the [["| (p")]-structure ob-
tained depends on this choice.)

We define %J(p")? (resp. X(p”)?) to be the substack of Y(p™)s (resp. X(p")s)
associating to a scheme 7'/S the groupoid of tuples (E, (P, Q)), where E/T is an
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elliptic curve (resp. generalized elliptic curve) and (P, Q) is a [["'(p")]-structure
on E of component label H.

Theorem 2.15 [Katz and Mazur 1985, 13.7.6]. Let k be a perfect field of char-
acteristic p. Y(p™"x (resp. X(p™)1) is the disjoint union, with crossings at the
supersingular points, of the substacks H(p")f (resp. X(p")f)for H < (Z/(p")?
with H=7/(p").

The proof of the above theorem immediately generalizes to a slightly more
general setting which we will find useful when studying compactified stacks of
[["(N)]-structures below. Let K < (Z/(p"))?, and write Gx = (Z/(p"))?/K. Then
there exist integers m > [ > 0 with Gx = Z/(p™) x Z/(p'). Suppose that [ > 1, so
Gx =7Z/(p™) x Z/(p") withm >1> 1. Given a G g-structure ¢ on an ordinary
elliptic curve E/T /T, (in the sense of Definition 2.5), étale locally on T" we can
consider the composite

Gk =Z/(p™) x Z)(p") % E[p"1 = Z/(p") x o 3 Z/(p").

Since ¢ is a G g -structure, the kernel and image of this composite are necessarily
cyclic. The same argument used in [Katz and Mazur 1985, 13.7.6] to prove the
above theorem shows that in characteristic p, Yg breaks up into a union of substacks
indexed in this way by the possible kernels of group homomorphisms Gx — Z/(p"),
subject to the condition on the image just described. So we can describe Yx as a
union of closed substacks indexed by the set

Lg :={H <Gk | H and G/H are both cyclic}.

Since Gx =Z/(p™) x Z/(p") with m >1 > 1, we have that H € L if and only if
H=Z/(p™) or H=7/(ph.

The rigorous definition, accounting for elliptic curves that might not be ordinary
and for the case where G is cyclic, is as follows:

Definition 2.16. Let K < (Z/(N))? with corresponding quotient G x = (Z/(N))?*/K.
We write Y (resp. X ) for the algebraic stack over Spec(Z) associating to a scheme
S the groupoid of pairs (E, ¢), where E/S is an elliptic curve (resp. generalized
elliptic curve) and ¢ is a G g-structure on E.

If S'is an [ -scheme, N = p" and Gx =Z/(p") x Z/(p") with m >1> 1, then
for any H € Lk, we define ‘z}f(lys C Yk.s (resp. DCI,:S C Xk s) to be the substack
associating to a scheme 7'/ S the groupoid of pairs (E, ¢), where E/T is an elliptic
curve (resp. generalized elliptic curve) and ¢ : Gg — E[p™] is a G g-structure
such that:

e ¢(H)Cker(F™), where F": E — EP") is the m-fold relative Frobenius on E.

e The resulting group scheme homomorphism G /H — E/ker(F™)= E(®")
is a G/ H-structure on E®™) in the sense of [Katz and Mazur 1985, §1.5].
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In this case we say that the G g-structure ¢ has component label H .

If Gk = Z/(p™) (that is, | = 0), the stack Yg (resp. Xg) is isomorphic to
Y1(p™) (resp. X1(p™)), and for H=7Z/(p“) € Lg and S € Sch /[F,, we define HI’}"S
(resp. DC?’S) to be the substack 1gﬂl(pm)(sa’m_a) C Y1 (p™)s (resp. :xl(pm)g“vm—“) C
X1(p™)s), as in Definition 2.10. We still say Hgs and xgs classify G g -structures
of component label H.

The result is:

Theorem 2.17. Let k be a perfect field of characteristic p. Y i (resp. Xk ) is the
disjoint union, with crossings at the supersingular points, of the closed substacks
ng’k (resp. xgk)for H e Lg.

We also note that an analogue of Lemma 2.11 holds in this case, which we record
for future use. It is clear that if K’ < K < (Z/(p"))?, giving a canonical quotient
map 7 : Gk — Gg,and if ¢ : Gx — E®™ is a G g-structure on a generalized elliptic
curve E/S/F,, then a necessary condition for the composite g om : Ggr — E®" to
be a G/-structure is that ker(s;r) is cyclic. In fact, unwinding the definitions we
immediately deduce:

Lemma 2.18. Let E/S/F, be a generalized elliptic curve with no supersingular
fibers. Let K' < K < (Z/(p™))? such that the canonical quotient v : G — G
has cyclic kernel. Let H € L and suppose that ¢ : Gx — E is a G g -structure with
component label H. Then ¢om is a G g+ structure on E if and only if 1~ (H) € G-
is cyclic, in which case ¢ ot has component label 1~ (H) € L.

3. Generalities/review of twisted stable maps

Twisted stable maps. We will be studying moduli stacks of elliptic curves embed-
ded in moduli stacks of twisted stable maps to tame stacks. We now recall the
relevant definitions and results relating to twisted stable maps.

Definition 3.1 [Abramovich et al. 2008b, 2.2]. Let G be a group scheme over
a scheme S. Write QCoh®(S) for the category of G-equivariant quasicoherent
sheaves on S; writing BG for the classifying stack of G over S, this is equivalent
to QCoh(BG) [Abramovich et al. 2008b, §2.1]. We say that G is linearly reductive
if the functor QCoh“(S) — QCoh(S), ¥ — FY is exact, or equivalently if the
pushforward QCoh(BG) — QCoh(S) is exact.

Linearly reductive group schemes are classified in [Abramovich et al. 2008b,
§2.3]. The examples in which we are most interested for this paper are the finite
flat commutative linearly reductive group schemes p,y and /L]%, over S.

Definition 3.2 [Abramovich et al. 2008b, 3.1]. Let & be a locally finitely presented
algebraic stack over a scheme S, with finite inertia. By [Keel and Mori 1997], &
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has a coarse moduli space p : ¥ — X, with p proper. We say that /S is tame if
s : QCoh(¥) — QCoh(X) is exact.

As observed in [Abramovich et al. 2008b, §3], for any finite flat group scheme
G over a scheme S, the classifying stack BG over § is tame if and only if G is

linearly reductive. So in particular the classifying stacks B, and %M]%, are always
tame.

Definition 3.3 [Abramovich et al. 2011, §2]. An n-marked twisted curve over a
scheme S is a proper tame stack ¢ over S, with connected dimension-1 geometric
fibers, and coarse space f : C — S a nodal curve over §; together with n closed
substacks

{%; C (6}?:1

which are fppf gerbes over S mapping to n markings {p; € C5™(S)}, such that:

« the preimage in 6 of the complement C’ C C of the markings and singular
locus of C /S maps isomorphically onto C’,

« if p — C is a geometric point mapping to the image in C of a marking ¥; C €,
then
Spec(Oc.5) x¢ € ~[D™/u,]

for some r > 1, where D*! is the strict Henselization at (mg, ¢(5), z) of

D = Spec(Oy, s [z])
and ¢ € u, acts by z+— ¢ - z, and

e if p — C is a geometric point mapping to a node of C, then
Spec(Oc,5) xc 6 = [D™/u,]
for some r > 1, where D" is the strict Henselization at (ms, r(5), X, y) of

D = Spec(Os, r(plx, y1/(xy — 1))
for some t € mg_r(5), and ¢ € pu, actsby x> ¢ -x and y > ¢! y.

We say a twisted curve 6/S has genus g if the geometric fibers of its coarse space
C/S have arithmetic genus g, and we say an n-marked genus-g twisted curve €/S
is stable if the genus-g curve C/S with the markings {p;} is an n-marked genus-g
stable curve over S.

Example 3.4. Over any base scheme S, consider a Néron 1-gon C/S as in Section 2.
We have C*™ = (,,, and C admits the structure of a generalized elliptic curve with
an action C*™ x C — C extending the group scheme structure of G,,. For any
positive integer N, the inclusion py C G, determines an action of py on C, and
the stack quotient € := [C/uy] is a twisted stable curve over S, with coarse space
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f: C"— S again a Néron 1-gon. If p — C’ is a geometric point mapping to a node
of C’, then
Spec(@c/’ﬁ) X! € ~ [DSh/,uN],

where D! denotes the strict Henselization of

D := Spec(Os, 75 [x, y1/(xy))

at the point (mg, ¢(5), X, y) and { € uy acts by x > ¢ -x and y — 7y, We will
refer to this twisted curve as the standard py-stacky Néron 1-gon over S.

My

Standard p, -stacky Néron 1-gon

Definition 3.5 [Abramovich et al. 2011, §4]. Let & be a finitely presented algebraic
stack, proper over a scheme S and with finite inertia. A twisted stable map to X
from an n-marked twisted curve (6/S, {X;}) over S with coarse space (C/S, {p;})
is a morphism € — & of stacks over S such that.

e € — % is a representable morphism.

e The induced map C — X is a stable map from (C, {p;}) to X.

Over any base scheme S, we write X, , (%) for the stack over S associating to a
scheme 7'/S the groupoid of pairs (6, o), where €/ T is an n-marked twisted curve
whose coarse space C/T is a genus-g nodal curve, and o : € — & x5 T is a twisted
stable map.

Proposition 3.6 [Abramovich et al. 2011, 4.2]. For & as above, H4 ,(%X) is a locally
finitely presented algebraic stack over S.

There is a natural morphism of stacks H, ,, (X) — Mg‘n (X) (where Jl_/tg,,, (X) is the
usual Kontsevich stack of stable maps into X) defined by passing to coarse spaces.
In particular, note that since a twisted stable map is required to be representable, if
&« is representable then this map is an equality.

Theorem 3.7 [Abramovich et al. 2011, 4.3]. Let ¥ be as above, and also assume
that ¥ is tame. Then ¥, ,(X) is proper and quasifinite over Jl_/tg,n(X).

A word of caution: the twisted stable maps of [Abramovich et al. 2011] are a gen-
eralization of what are referred to as balanced twisted stable maps in [Abramovich
and Vistoli 2002; Abramovich et al. 2003]; we are only interested in balanced maps
for this paper, so hopefully our notation ¥, ,, (%) will not cause any confusion.
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Let (€/S, {X;}) be an n-marked twisted curve with coarse space C/S. If
p — C is a geometric point mapping to the image in C of the gerbe X;, such
that Spec(O¢,5) X ¢ € =~ [Dsh /1] as in Definition 3.3, then the integer r is uniquely
determined by p, and we call r the local index of € at p. In fact one verifies
immediately (see [Abramovich and Vistoli 2002, 8.5.1]) that the local index only
depends on i and on the image of p in S, and that the function ¢; : S — Z- ¢ sending
s = f(p) € S to the local index r is locally constant.

Notation 3.8. Let e = (e, ...,e,) € Z7,. We say an n-marked twisted curve
(€/S, {Z;}) has global index e if €; is constant of value ¢; foralli =1, ..., n.

If &/S is a finitely presented algebraic stack, proper over S and with finite inertia,
we write 57{;,1(96) for the substack of J{, ,(¥) associating to a scheme 7/S the
groupoid of pairs (6, @), where €/ T is an n-marked genus-g twisted curve of
global index e, and o : € — & x g T is a twisted stable map. Since the functions
€ : § = Z-.o are locally constant, we see that f]{;n(%) is an open and closed
substack of J, , (%), and

Hon@ = [ %, ).

n
ecZ”,

In this paper we will generally only be interested in the case e = (1, ..., 1), in
which case 57{2,,(96) classifies twisted stable maps to & from twisted curves whose

.....

markings are honest sections. We will write ?{;’n(%) for K gn 1)(96).

Notation 3.9. We write 57{;,1(96) for the open substack of 37{;,,,1(%) associating to
T/S the groupoid of pairs (6, «), where €/ T is a smooth n-marked genus-g curve
(with no stacky structure) and o : € — & x g T is a twisted stable map.

Twisted covers and Picard schemes of twisted curves. If G/S is a linearly reduc-
tive finite flat group scheme, then we have already observed that BG is tame. So
in this case we can consider the algebraic stack ¥, ,(BG), which is proper and
quasifinite over the Deligne—Mumford stack A_/Lg, » by Theorem 3.7, since the coarse
space of BG is S.

Theorem 3.10 [Abramovich et al. 2011, 5.1]. Let G/S be a linearly reductive finite
flat group scheme. Then K4 ,,(BG) is flat over S, with local complete intersection
fibers.

Definition 3.11. Since a map € — %BG is equivalent to a G-torsor P — %, it is
often convenient to view Jg ,(BG) as classifying such torsors. A G-torsor P — €
is a twisted G-cover of € if it arises in this way.

Note that since the coarse space of BG is S, the condition that the map € — RBG is
stable just says that C/S is stable in the usual sense. So for G as above, K, ,(BG)
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can and will be viewed as the stack classifying twisted G-covers of n-marked
genus-g twisted stable curves.

Still writing G for a finite flat linearly reductive group scheme over S, suppose
in addition that G is commutative. Then every object of K ,(BG) canonically
contains G in the center of its automorphism group scheme (determining a unique
subgroup stack H in the center of the inertia stack of ¥, ,(BG) such that for
any object & € J; ,(BG)(T) the pullback of H to T is G). We can therefore
apply the rigidification procedure described in [Abramovich et al. 2003, §5.1] and
generalized in [Abramovich et al. 2008b, Appendix A], thereby “removing” G from
the automorphism group of each object:

Definition 3.12. 37_{g,n(973G) is the rigidification of 3, ,(BG) with respect to the
copy of G naturally contained in the center of its inertia stack. We refer to the
objects of %g,n(%G) as rigidified twisted stable maps into BG, or rigidified twisted
G-covers of n-marked genus-g twisted stable curves. We write %g’n(%G) for
the open substack corresponding to smooth curves and Jt, ,(BG) for the open
and closed substack corresponding to twisted stable curves whose markings are
representable.

In [Abramovich et al. 2008a, §C.2] it is shown that the rigidification of an
algebraic stack with respect to a group scheme admits a natural moduli interpretation.
In this paper we are only interested in the case where G is diagonalizable, in which
case ‘ET{g,n (BG) can be given a more concrete moduli interpretation which we will
now describe.

Given a twisted curve € over a scheme S, let ﬂ>l'c<<g /s denote the stack associating
to T/S§ the groupoid of line bundles on € xs T.

Proposition 3.13 [Abramovich et al. 2011, 2.7]. Pic, sisa smooth locally finitely
presented algebraic stack over S, and for any & € Pic, / s(T) the group scheme
Auty (£) is canonically isomorphic to Gy, 1.

Write Picy,s for the rigidification of this stack with respect to G,,; Picgs is
none other than the relative Picard functor of 6/S. From the analysis of Picg/g in
[Abramovich et al. 2011, §2] we have:

Proposition 3.14. Pics is a smooth group scheme over S, and if w : 6 — C is the
coarse space of €/S, then there is a short exact sequence of group schemes over S

0— PiCC/S i) Pich/S - W 0,

with W quasifinite and étale over S.
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In fact, since 7,.G,, = G, we can deduce from the exact sequence of low-degree
terms of the fppf Leray spectral sequence

E} = H?(C, RI7,Gy) = HPM(6, Gy)

that W is the sheaf associated to the presheaf T +— H 0(Cr, R'7,.G,,) (Where we
still write 7 : 67 — Cr for the morphism induced by base change from 7 : € — C).
For any integer N annihilating W, we get a natural morphism

XN : PiC((;/S — PiCC/S .
Definition 3.15 [Abramovich et al. 2011, 2.11]. The generalized Jacobian of € is
Pic%/s := Picgs x x N Picc/s Pic%/s,

where Pic% /s 1s the fiberwise connected component of the identity in the group
scheme Picc/s.

Pic% /s is independent of N and is viewed as classifying line bundles of fiberwise
degree 0 on €/S.

Remark 3.16. Unlike the case of PICC ;s for C/S a (nonstacky) genus-g curve,
the geometric fibers of PIC<€ s need not be connected for €/S a twisted curve. In
fact, when €/S is a 1-marked genus-1 twisted stable curve, Plch ¢ behaves like the
smooth part of a generalized elliptic curve over S. For instance, if € =[C/uy] for
C/S aNéron 1-gon as in Example 3.4, it is easily verified that Pic%/s =G, xXZ/(N).
Standard p,-stacky Néron 1-gons will play an analogous role in this paper to that
of Néron polygons in [Deligne and Rapoport 1973; Conrad 2007]. In particular, we
have:

Lemma 3.17. Let k be an algebraically closed field, and 6/ k a 1-marked genus-
1 twisted stable curve, with no stacky structure at its marking, such that the
coarse space C/k is not smooth. Then € is a standard juy-stacky Néron 1-gon
(Example 3.4) for some (unique) positive integer N.

Proof. Tt follows from [Deligne and Rapoport 1973, II.1.15] that the 1-marked
genus-1 stable curve C/k is a Néron 1-gon. Write 7 : € — C for the map exhibiting
C as the coarse space of 6. Write C = P! — C for the normalization of C, and
write % for the following fiber product:

1

T
—_

<
R <=— R
A<~ T

_—
4
We have a short exact sequence of fppf sheaves on P!

0— 0%

P,—>r*@f~é—>%—>0,
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where F is the pushforward to P! of 07, for Z = Buy LBy the preimage in %
of the (stacky) node of . This induces an exact sequence

0 — Pic(P') — Pic(€) — Pic(2) — H*(P', 0},) =0,

inducing an isomorphism Pic%/k =Pic(Z)=Z/(N) x Z/(N) since Picgn/k =0.
Now consider the short exact sequence of fppf sheaves on €

0—>©f6<—>v*©%—>‘§—>0,

where 4 is the pushforward to € of @; for p = Buy the (stacky) node of €. This
induces an exact sequence

0— k* S k* % kX = Pic(@) — Pic(@) — Pic(Buy).
We have Pic(Buy) = Z/(N) and Pic%/k =7/(N) x Z/(N), and the map
Pic%/k ZZ/(N)xZ/(N)— Z/(N) = Pic(Buy)

is given by (a, b) — a — b. In particular the kernel is isomorphic to Z/(N), so we
have a short exact sequence

0— k* — Pic}, > Z/(N) — 0.

This sequence splits (noncanonically) since k* is divisible (as k is algebraically
closed), so Pic%/k =G, X Z/(N).
The fppf exact sequence of sheaves on €

00— uy—> G, —> G, —>0

then gives us an isomorphism

H' (6, juy) = ker(Picex —> Picex )
= v x Z/(N).

Let C" — € be the wy-torsor over 6 corresponding to the class
(1,1) € uy X Z/(N) = H' (€, uy).

In view of [Abramovich and Hassett 2011, 2.3.10], C’ is representable, since (1, 1)
is the class in H!(€, ) of a uniformizing line bundle on €. Let

V=CM=gxe O s e,
and consider the resulting py-torsor Ci, — V = G,,. The pullback map

L HY@, ) =y X Z)(N) = Z/(N) = HY (G, )
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is given by (¢, a) — a. It therefore follows that C|, = G,,, with the py-action given
by the standard multiplication action on G,,. The quotient map G,, — [G,, /1y ]
= G,y is the group scheme homomorphism x > x*.

Fix an étale neighborhood W of the node of C of the form

W = Spec(k[z, w]/(zw)),
such that
€xcW=[D/uyl

for D = Spec(k[x, y]/(xy)), with ¢ € uy acting by x > ¢x and y > ¢~ 'y. The
composite

D—[D/uyl— W

is given by the ring homomorphism z > x™, w > yV. Since C’ is representable

and C' x¢ W — € x¢ W is a uy-torsor, it follows that C' x¢ W = D with the
above py-action. In particular we see that C’ is a nodal curve with one node.
Composing our original C’ — %6 with the coarse space map 6 — C gives
us a finite morphism of nodal curves C’ — C, which restricts to the w-torsor
Gm — G, = C™ and which is totally ramified over the node of C. Riemann-—
Hurwitz for nodal curves implies that C’ has arithmetic genus 1, so C’ is a Néron
1-gon with smooth locus C'*™ = G,,. The multiplication action of py on Gy,
extends uniquely to an action on C’, and by assumption 6 = [C’/uy]. Thus € is a
standard g, -stacky 1-gon. O

Relationship to moduli of elliptic curves with level structure.

Notation 3.18. For any finite flat commutative group scheme G over a base scheme
S, H(G) is the stack over S associating to an S-scheme 7' the groupoid of pairs
(E, ¢), where E/T is an elliptic curve and ¢ : G* — E[N] is a homomorphism of
group schemes over 7' (for G* the Cartier dual of G). For the S-scheme G = uy
we write 3 (N) for J{(uy), and for the S-scheme G = M]%, we write H(N) for

H(ud).

As in [Abramovich et al. 2008b, §2.3], we say a finite commutative group scheme
is diagonalizable if its Cartier dual is constant, and locally diagonalizable if its
Cartier dual is étale.

Lemma 3.19 [Abramovich et al. 2011, 5.7]. Let G/S be a finite diagonalizable
commutative group scheme, so BG is tame (since G is linearly reductive) and
X :=G* is constant. For any twisted curve €/ S there is an equivalence of categories
between the stack TORS«,s(G) classifying G-torsors on € /S and the Picard stack
fPic%/S[X] of morphisms of Picard stacks X — fPic%/S.
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The construction for the above equivalence is as follows: Let w : P — € be a
G-torsor over €. G acts on the sheaf 7, 0p, yielding a decomposition

JT*©p = @gx

xXeX

Each ¥, is invertible since P is a torsor over E, so this determines a morphism of
Picard stacks
op: X — fPic%/S, x =[]

Conversely, such a morphism ¢ : X — Pic, /s naturally determines an algebra
structure on € ¢(x), giving a G-torsor

xeX
&m(@mm) — 6

xeX
with the G-action determined by the X-grading.

This defines an open immersion from ¥, ,(BG) into the algebraic stack over
S associating to an S-scheme 7' the groupoid of pairs (€, ¢), where €/T is an
n-marked genus-g twisted stable curve and ¢ € Pic, srlX] Rigidifying J; ,(BG)
and Pic, /T with respect to the group schemes G and G,,, respectively, we have an
open immersion from ST{g,n (BG) into the stack classifying pairs (€, ¢), where €/ T
is an n-marked genus-g twisted stable curve and ¢ : X — Picg, 7 is ahomomorphism
of group schemes over T'.

Writing f : € — § for the structural morphism, we have Picg;s = R 1 [ Gy
Therefore fppf-locally on T, the morphism ¢ corresponds to the choice of an X-
torsor P — 6, with P representable if and only if (6, ¢) comes from an object of
%g,n(%G) (refer, for example, to [Abramovich and Hassett 2011, 2.3.10] to see
that a morphism from a twisted curve € to BG is representable if and only if the
corresponding G-torsor over € is representable). This gives us:

Corollary 3.20. For a finite flat diagonalizable group scheme G/ S, the above con-
struction gives an equivalence between %g,n(%G) and the stack over S associating
to T /S the groupoid of pairs (6, ¢), where €/ T is an n-marked genus-g twisted
stable curve and ¢ : X — Picg is a group scheme homomorphism such that, fppf
locally on T, the G-torsor over € corresponding to ¢ as above is representable.

In particular, we get an equivalence
IS L (BG) >~ 9(G),

since for an elliptic curve E/S every G-torsor over E is representable and we
canonically have £ = Pic% /s~ This isomorphism sends Q € E(S) to the class of
the line bundle £((Q) — (0g)), so as a special case we see thatif ¢ : Z/(N) - E
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is a group scheme homomorphism with ¢ (1) = Q, the corresponding p,-torsor
over E is of the form

N—-1
P= &@g(@i’«a L0) - (OE»).
a=0

Since H (N) naturally contains a closed substack isomorphic to the stack Y; (V)
over S classifying [I'1 (NV)]-structures on elliptic curves, we see that the algebraic
stack %171 (B ) 1s a modular compactification of Y1 (V). Similarly, the algebraic
stack 5761,1 (%B ,uI%,) is a modular compactification of the stack Y(N) classifying (not
necessarily symplectic) full level-N structures on elliptic curves. The task in both
cases is to give a moduli interpretation of the closure of these classical moduli
stacks in 57_{1,1(%6), and we address this in the following sections.

Lemma 3.21. (:7_{‘1”](%;/4,\,) is dense in %/1,1(%MN)’ and (:7_{?’1(%;/41%/) is dense in
%1,1(%“1%/)'

Proof. Let € be a standard p4-stacky 1-gon over an algebraically closed field k,
andlet¢o:Z/(N) — PIC% =Gy, x Z/(d) be a group scheme homomorphlsm such
that (€g, ¢o) € 57{/ ](%MN)(k) (so d| N and ¢ meets every component of P1C<€ of -
We need to lift ((Go/k ¢o) to a pair (€, ¢) € 37{ 1(9]3[LN)(A) for a local ring A with
residue field k, such that the generic fiber of ‘6 is a smooth elliptic curve.

Let €,/ k be a standard fy-stacky 1-gon. Consider the morphism €, — By
corresponding to the group scheme homomorphism

Z/(N) — Picg%/k =G, x Z/(N)

sending 1 to (1, N/d). This morphism is not representable; the corresponding
py-torsor over € is as follows:

KN ja

KN d

o - Iy

KN d

KN ja
(Stacky N /d-gon) €,

We may factor the morphism 6, — By as 6, — €o — By, where €9 — Buy
is the relative coarse moduli space [Abramovich et al. 2011, Theorem 3.1] of
€, — By:
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(N /d-gon) 6o

Since this € is a standard p,-stacky 1-gon, we may identify it with our original
twisted curve 6g. This gives us a morphism 6, — %, and the resulting pullback
map Pic%o k™ Pic%6 /k 1s the monomorphism

G X Z/(d) > G x Z/(N), > (6.5 -a).

Let ¢/k[[g'/V] be an N-gon Tate curve, so the special fiber of € is a Néron
N-gon, € ® k((g'"™)) is a smooth elliptic curve, and we have an isomorphism
EM[N] = py x Z/(N) of finite flat commutative group schemes over k[[ql/ M. Let
0 = (1, 1) € €™[N]. The relative effective Cartier divisor

D= ) [a-Q]
a€Z/(N)
in €™ is a subgroup scheme, étale over k[[¢'/V]), and the quotient € :=€/D is
naturally a generalized elliptic curve whose special fiber is a 1-gon. The stack
quotient 6 := [€/€*"[N]] is naturally a twisted curve, whose generic fiber is an
elliptic curve and whose special fiber is 6. Writing 7 : € — € for the natural
quotient map, we will see in Section 6 that for any line bundle & on € there is a

canonical decomposition
3= @

a€Z/(N)

where each £, is a line bundle on .

For a section R € €™ (k[[¢'/N 1), we write R for its image in €™ (k[[¢'/V1)). Then
we have the degree-0 line bundle £y := P((R) — (0z)) on €, hence a canonical
decomposition

.= P Fra-
aeZ/(N)

We will see in Section 6 that the map €"[N] — Pic(o6 Jklq! /N]][N ] sending
R=(.a) €y x Z/(N) ZE[N]

to Lg 4 is an isomorphism of group schemes over k[[ql/ M.
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Returning to our original pair (6, ¢o) € %’1’1 (Buy) (k), write
¢(1) = (¢, a) € py x Z/(d) =Picq ;[N].

Via the map 6, — 6, constructed above, this corresponds to (¢, (N/d) -a) €
Uy X Z/(N) = PIC(G " (N1 €, is the special fiber of the twisted curve €, and we
have an 1som0rph1sm over k[[ql/ M

Pich g1y N1 Z €M INT =y x Z/(N).

Now (¢, (N/d) - a) lifts to a section of PIC(g Jkllg! /N]][N ], corresponding to a group
scheme homomorphlsm Z/(N)— PIC(g Jkllg/N ] hence to a morphism € — By .
Writing € — % wy for the relative coarse moduh spaceand ¢:Z/(N) — PIC% /klg'/™]
for the corresponding group scheme homomorphism, we see that €/k[[¢'/V] is a
twisted curve with special fiber €y and generic fiber an elliptic curve. As desired,
¢ extends ¢o and (€, @) € | | (Buy) (kllg"/M ).

A similar argument of course applies to X7 | (%,uﬁ%,) - me (%M,%,)- O

We will require a concrete description of the uy-torsor corresponding to a
particular sort of [I'{ (N)]-structure on an elliptic curve:

Lemma 3.22. Let K be a field and E /K an elliptic curve. Let Q € E(K) be a
[T (N)]-structure on E such that the relative effective Cartier divisor

N-1
D=7 [a-Q]
a=0

in E is étale over Spec(K). Let P — E be the juy-torsor corresponding to Q as in
Corollary 3.20:

N-1
= mE(@sz«a -0) - (OE))).
a=0

Then P can be naturally identified with the quotient E /D, where D is viewed as
a subgroup scheme of E, étale of rank N over Spec(K), with the quotient map
P — E corresponding to the natural map E/D — E/E[N]=

Proof. Consider the ey-pairing on E[N], a nondegenerate bilinear pairing of finite
flat group schemes over Spec(K):

ey : E[N]x E[N] — uy.
Under our assumptions, the composite map
E[N1/D ={Q} x E[N]/D = D x E[N1/D 5

is an isomorphism of group schemes over Spec(K). Then via this isomorphism,
My acts on the quotient E /D through the natural action of the subgroup scheme
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E[N]/D C (E/D)[N], making E/D a py-torsor over E/E[N] = E with quotient
map the obvious one induced from the factorization of [N] as £ — E/D —
E/E[N]=EE.
By Lemma 3.19, we may express the py-torsor £/D — E as
N-1

E/D =mg(@ f.ea)

a=0

for some line bundles &, € Pic% / x[N1, with the algebra structure determined
by isomorphisms £, ® £5 = £,+b mod ; and the py-action corresponding to the
grading. We have a natural isomorphism of group schemes over K

E — PIC%/K
R € E(K) = £((R) — (0g)),

so we conclude that £; = £((Qo) — (0g)) for some Qp € E[N],and &£, = £((a -
Qo) — (0p)).

Let 7 : E — E/D be the isogeny dualto 7 : E/D — E/E[N]= E. Identifying
E*E Pig% /K anq 0E /D = Pic?E /D)/K> 7 is simply given by the pullback map
n* :Picg, x = Pic(g,p k- For any line bundle & on E/K we have

N—1
L) = P L@ L((a- Qo) — (0F)).

a=0

viewing the direct sum of line bundles on E as a line bundle on

E/D = Specs (@ #((@- Qo) - (oE»).

In particular, for our original [I"; (N)]-structure Q,
N-1
7 (LU(Q) — (0p))) = @ LUQ+a- Qo) — (0p)).

a=0

But the dual isogeny to 7w : E/D — E/E[N] = E is the natural quotient map £ —
E /D, and this maps Q to Og. Therefore the line bundle @ L((Q +a - Qo) — (0g))
on E/D is the trivial line bundle on E/D:

N-1 N—1
P L@ +a- Qo) — 0r) = EP L(@- Qo) — (Or)).
a=0 a=0

Therefore Q is contained in the subgroup scheme of E generated by Qp: O =b- Qg
for some b. Since Qg € E[N]and N is the minimal positive integer with N- Q =0p,
this implies that b € (Z/(N))*, and in fact by the definition of the ey-pairing we
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have b =1, that is, Oy = Q. Thus

N-1 N—-1

sJoch(@ %((a- Qo) — (OE))) = J&Us(@ $(a-Q)— (oE))),
a=0 a=0

that is, £/D = P with the quotient map P — E of the given uy-action becoming
identified with the natural quotient map E/D — E/E[N]= E. O

4. Moduli of elliptic curves in 57_{1,1(%/1,1\,)

Reduction mod p of J;(N). We first describe how the different components of
%T,l (Buy) = 1 (N) interact. These results are direct corollaries of [Katz and
Mazur 1985, §13.5]. Continue working over an arbitrary base scheme S. First
consider the case where N = p” is a prime power. We get a closed immersion

(P Y (p™) s FH(p™),

for each 0 < m < n, sending a pair (E, ¢) € Y1(p"™)(T), where ¢ : Z/(p™) —
E[p™]is a[['1(p™)]-structure on E/T, to the pair (E, 5) € Hy(p")(T), where
$ : Z/(p") — E[p"] is obtained from ¢ by precomposing with the canonical
projection Z/(p") — Z/(p™). These yield a proper surjection of algebraic stacks

YUY (" Hu- - uYi(p) uYi (1) - Hi(p")

which is an isomorphism over S[1/p].

But this is not an isomorphism over S ® [F,. Recall that by Theorem 2.13, for
any perfect field k of characteristic p, Y;(p™) is the disjoint union, with crossings
at the supersingular points, of components

Y (pMm P 0 <b<m),

where an object of Y;(p™) (T) is a pair (E, ¢) where E/T is an ellip-
tic curve and ¢ : Z/(p™) — E[p™]is a [["1(p™)]-(m—b, b)-cyclic structure on
E/T (Definition 2.10). Such an object corresponds via (" to the pair (E, 5) €
Hi(p™)(T) as described above.

The key observation is Lemma 2.11: if ¢ : Z/(p™) — E isa [["{(p™)]-(m—b, b)-
cyclic structure on an ordinary elliptic curve E/T /[, then

(m—b,b)
k

~

¢p:=¢om:Z/(p")— E

is a [["1(p")]-(n—b, b)-cyclic structure on E, where & : Z/(p") — Z/(p™) is
the natural projection. Etale locally on T such that E[p"] = u o X Z/(p") and
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E[p"1=pupm xZ/(p™), the [I'1(p™)]-(m—b, b)-cyclic structure ¢ corresponds to
a section of

Popn X [ (p")*if b <m,
pom x (Z/(p")* ifb=m,

and the reason that such a section also gives a [I"; (p")]-structure is that in character-
istic p, unlike in characteristic # p, if c <n and Z/(p°) — ppc isa Z/(p©)-generator
then the composite

Z](p") = Z](p®) = ppe = wpr
is a Z/(p")-generator. This gives us:

Proposition 4.1. Let k be a perfect field of characteristic p. H1(p™)y is the disjoint
union, with crossings at the supersingular points, of components Zy, for 0 < b < n,
where

Zv=|J vipm ",

b<m=<n
Yi( pm)(mfb’b) is “set-theoretically identified with Z;,” in the sense that (Zp)red =

To illustrate, visualize J{; (p")k rea as follows:

ZO,red
FG (pn)k,red

Zm—l,red
Zm,red

Zn,red

The closed immersion (") sends the following copy of Y;(p™)x to the obvious
closed substack of J{;(p");, contributing nilpotent structure to the components
Z(), ey Zmi
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Y (pm"?

91(P"

Yy (pmym Y

Y (pm)>m

The result is that 31 (p" )k rea U Y1 (P™)k € IH1(p")r looks something like this:

,0
Y (pmm?

Fi(PMkrea YY1 (P )k

1,m—1)
Y (pm

Y (pm

Zn,red

Each Y, (p™); (for 0 < m < n) contributes additional nilpotent structure, giving us:

Zy
Hai(p"k
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More generally, for arbitrary N we get a closed immersion
(D Y1(d) = H(N)
for each d dividing N, and the resulting map

| [91@ — 3tV

dIN

is an isomorphism over S[1/N]. It follows immediately from [Katz and Mazur 1985,
§13.5] that if (r, p) = 1, then for a perfect field k of characteristic p, Y1 (p"'r) is
the disjoint union, with crossings at the supersingular points, of m + 1 components
Y (p" )P (0 < b < m), where

—b,b —b,b
Y =Y eex g, IipmE.

Now let N = p"N’, where (N', p) = 1, and for any r| N’ let J{;(N); C H{(N)x
denote the union of the components Y;(p"r); for 0 < m < n. In summary:

Corollary 4.2. Let k be a perfect field of characteristic p. For any r dividing
N', H1(N)y, is the disjoint union, with crossings at the supersingular points, of
components Z,, for 0 < b < n, where

zi="J i,
b<m<n
identifying each Y, (p’"r),(cm_b’b) with a closed substack of H{(N)g via 1'P""). Each
Y (pmr)(m_b’b) is “set-theoretically identified with Z}” in the sense that (Zp)req =
‘dl(pmr)iﬁ;ib’b) as substacks of H1(N)k.red- J1(N)y is the disjoint union of the
closed substacks
{j{l (N)Z}rIN’-

Closure of Y1(N) in 3_{1,1(97311,1\,). We now want to describe the closure of Y (N)
in 3_{1,1(973;/“1\,), as a moduli stack classifying twisted curves with extra structure.
This is accomplished in [Abramovich et al. 2003, §5.2] over Z[1/NT; let us briefly
recall how this is done.

Definition 4.3. Let G be a finite group, viewed as a finite étale group scheme over
Z[1/|G|]. Fix an isomorphism G* = G, after adjoining the necessary roots of
unity to Z[1/|G|]. Bf;in(G) is defined as the substack of i‘7_{1,1(%G) over Z[1/|G|]
whose objects are twisted Teichmiiller G-structures on twisted curves. An object
of ST{g,n(%G)(T) is a pair (6, ¢), where €/ T is a 1-marked genus-1 twisted stable
curve with nonstacky marking, and ¢ is a group scheme homomorphism G —
Pic%/T. By definition, (€6, ¢) € Bgfin(G)(T) if and only if, whenever P — € is a
G-torsor corresponding to ¢ (fppf locally on T'), the geometric fibers of P/ T are

connected.
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Bf;in(G) is naturally a closed substack of ?T{g, n(BG). Working over Z[1/N], the
choice of a primitive N-th root of unity ¢y determines an isomorphism of group
schemes G :=Z/(N) = uy over Z[¢{y, 1/N]. Applying the resulting isomorphism
%1,1(973G) = 3_{1’1(973,%,), we may view Y (N) as a substack of 37_{1,1(973G), and
the closure of Y;(N) in 57{1,1(973G) over Z[¢y, 1/N] can be shown to be ‘Btfiil(G)
(indeed, this follows from Theorem 4.6). Thus:

Corollary 4.4. The closure of Y1(N) in ‘:7_{1, 1 (Buy) over Z[1/ N1 is the stack whose
objects over a scheme T /Z[1/N] are pairs (€, ¢), where €/T is a 1-marked
genus-1 twisted stable curve with nonstacky marking, ¢ : Z/(N) — Pic% s isa
group scheme homomorphism, and whenever P — € is a py-torsor corresponding
to ¢ (fppf locally on T) the geometric fibers of P/ T are connected.

However, in characteristics dividing N, simply requiring the u, -torsors to have
connected geometric fibers will not give us a moduli stack isomorphic to the closure
of Y1(N) in %1,1(%;@\,). For example, the group scheme w n is itself connected
over any field of characteristic p; so any u,»-torsor over an n-marked genus-g
twisted stable curve over a field of characteristic p will automatically be connected.
So if the above result held over a base scheme S € Sch /[, it would say the closure
of Y1 (p") in F1,1(Buupn) is all of Ty | (Bapn) (the substack of Hy 1 (B ) where
the marking is representable). We will see that this is not true; the closure of
Y, (p™) turns out to be finite and flat of constant rank p>* — p*'~2 over Jl_/LLl, while
%’1 1 (Bepn) turns out to be finite and flat of constant rank pz” over Jl_/tl,l.

A py-torsor over €/S determines a group scheme homomorphism Z/(N) —
Pic% /s (see Lemma 3.19), and over Z[1/N] a uy-torsor with connected geometric
fibers corresponds to a group scheme homomorphism which is injective. We are
therefore led to consider Drinfeld structures on our twisted curves:

Definition 4.5. Let €/S be a 1-marked genus-1 twisted stable curve with no stacky
structure at its marking. A [["{ (N)]-structure on € is a group scheme homomor-
phism ¢ : Z/(N) — Pic%/s such that:

o the relative effective Cartier divisor

D:= Y [¢)]

a€Z/(N)

in Pic% /s 18 an S-subgroup scheme and
« for every geometric point p — §, D5 meets every irreducible component of
: 0\ _pi0
(Pice,s)s =Pice, /i)
Over any scheme S, we define qu (N) to be the substack of ?_{1,1(%;@\,) whose

objects over an S-scheme T are pairs (6, ¢) € 3_{1’](%/LN)(T) such that ¢ is a
[I"1 (N)]-structure on 6.
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Note that if 6/S is a 1-marked genus-1 stable curve (nontwisted), so that every
geometric fiber of ‘6/S is either a smooth elliptic curve or a Néron 1-gon, then this
agrees with the definition of a [I"; (N)]-structure on 6/S as given in [Conrad 2007,
2.4.1] and in Definition 2.3 above, identifying a [I"{(N)]-structure P € €5™(S)
with its corresponding group scheme homomorphism Z/(N) — €*™, 1 — P, since
Pic% /s = €™ in this case.

Theorem 4.6 (Restatement of Theorem 1.1). Let S be a scheme and I)Ciw (N) the
stack over S classifying [I'1(N)]-structures on 1-marked genus-1 twisted stable
curves with nonstacky marking. Then DC}W(N ) is a closed substack of 57_{1,1 By,
which contains Y1 (N) as an open dense substack.

In particular X (N) is flat over S with local complete intersection fibers, and is
proper and quasifinite over Jlg ;.

Remark 4.7. Although this gives a new modular compactification of Y;(N), it
should be noted that the proof of the theorem relies in several places on the proof in
[Conrad 2007] that the moduli stack classifying [[" (N )]-structures on generalized
elliptic curves is a proper algebraic stack over Jl; ;.

Proof of Theorem 4.6. The main point is to verify the valuative criterion of proper-
ness for X{*(N), which implies Z)C}W(N) is a closed substack of | 1 (Buy). It
follows from Lemma 3.21 that Y (V) is dense.

Let R be a discrete valuation ring with 7' := Spec(R) € Sch/S; write n =
Spec(K) for the generic point of 7 and s = Spec(k) for the closed point. Let
(6, ) € XTV(N)(n), so €,/K is a 1-marked genus-1 twisted stable curve with
nonstacky marking and ¢, : Z/(N) — Pl% /K is a [I"1 (V) ]-structure on 6,,. Since
H1.1(Buy) is proper over S, there is a discrete valuation ring Ry containing R as a
local subring, with corresponding morphism of spectra Ty — T over S, such that
the pair (€, X7 T1, (¢,)1,) extends to a pair (€7,, ¢7,) € %1,1(973/LN)(T); whenever
such an extension exists, it is unique. Therefore it suffices to show that for some
such Ry and T7, there exists a [I"{ (V)]-structure ¢, on a 1-marked genus-1 twisted
stable curve 67, extending the [I"1(N)]-structure (¢,)7, on €, xr Ti. This is
accomplished in Lemmas 4.9-4.12.

Terminology 4.8. In the following lemmas and their proofs, “base change on R”
will refer to replacing R with a discrete valuation ring R; as above.

By [Deligne and Rapoport 1973, IV.1.6], after a base change on R we may
assume that the minimal proper regular model of the coarse space C, of 6, is a
generalized elliptic curve. We maintain this assumption for the rest of the proof.

Lemma 4.9. Suppose 6, /K is a smooth elliptic curve whose minimal proper
regular model over R is smooth, and ¢, is a [I'\(N)]-structure on €,. Then after
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base change on R, (6, ¢,) extends to a [I'1(N)]-structure ¢ on a smooth elliptic
curve €/R.

Proof. This follows immediately from the fact that the stack X;(N) classifying
[T"1 (N)]-structures on generalized elliptic curves is proper [Conrad 2007, 1.2.1]. U

Lemma 4.10. Suppose (6,, ¢,) € T)CEW(N)(n), such that the coarse space C, of 6,
is singular. Then after base change on R, (6,, ¢,,) extends to (6, ¢) € DC{W(N )(R).

Proof. After a base change on R, we may assume that ¢, /K is the standard
mq-stacky Néron 1-gon as in Example 3.4, for some d > 1; since 6, admits a
[Ty (V)]-structure and Pic%”/K =Gk XZ/(d), we have d | N.

MHd

Standard pg-stacky Néron 1-gon

Let €/ R be the standard pu;-stacky Néron 1-gon over R, so € is a genus-1 twisted
curve over R extending 6, (and of course the marking of ¢, extends to 6). After
further base change on R we may assume puy (K) = uy(R). Let ¢,(1) = (¢, a) €
Gm(K) xZ/(d); since ¢, is a [I"1 (N)]-structure on 6,,, we have ¢ € uy (K) anda €
(Z/(d))*. Since uy (K) = uy (R), this extends to a section (¢, a) € G, (R) xZ/(d),
determining a group scheme homomorphism ¢ : Z/(N) — G,, g X Z/(d) with
¢(1)=(¢,a). Since a € (Z/(d))*, ¢ is a [T'1(N)]-structure on €. O

Lemma 4.11. Suppose R has pure characteristic p > 0, and 6, = E,, is an elliptic
curve over K whose minimal proper regular model over R is not smooth; that is,
E, /K is an ordinary elliptic curve with bad reduction. If ¢, : Z/(N) — PiC%U/K
is a [T'1(N)]-structure on 6,, then after base change on R, there exists a pair

(6, p) € X1V (N)(R) extending (6,, ¢y).
Proof. Since for any coprime N and N’ we obviously have
HiaBunn) ZHn 1 Bry) X7, , i1 (Bra)
and
XM(NN) = XY (N) x g, , XN,
it suffices to consider the cases where (a) N is prime to p (including the case p =0)
and (b) N = p".

(a) First suppose (N, p) =1 or p = 0. After base extension on R we may assume
that the finite abelian group E,(K)[N] is isomorphic to (Z/(N ))2. After further
base extension on R, the map ¢, gives us a p-torsor P, — E,, corresponding to the
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point Q, = ¢, (1) € Pic%n/K(K) = E,(K) of “exact order N” in the sense of [Katz
and Mazur 1985, §1.4] (and since (N, p) = 1, this just says Q, has exact order N as
an element of the group E, (K)). Let €/ R be the minimal proper regular model; after
further base extension on R and replacing £ with the new minimal proper regular
model of E,, we may assume € has the structure of a generalized elliptic curve
extending that of E, (see [Deligne and Rapoport 1973, IV.1.6], and also [Conrad
2007, proof of 3.2.6]). Since E,(K) = E*(R), the finite flat R-group scheme
ESM[N] has rank N2, hence is étale over Spec(R) since (N, p) = 1. Therefore
the special fiber &, is geometrically a Néron m N-gon for some m. Replacing &
with its contraction away from the subgroup scheme E*™[N] C 5™ (see [Deligne
and Rapoport 1973, IV.1]), we get a generalized elliptic curve /R extending E,,
whose special fiber is geometrically a Néron N-gon, with E,(K)[N] = ES™(R)[N].

(N-gon)

Note that Q,, extends uniquely to a section Q € E(R)[N] of exact order N, which
Conrad calls a “possibly nonample [I" (V)]-structure on £€”, meaning Q satisfies
all the conditions of a [I"; (IV)]-structure except that the relative effective Cartier
divisor ), » /vyla - Q] might not meet every irreducible component of a geometric
closed fiber ;.

Recall that by Corollary 3.20,

N-1
P, = Specg, (@ P((a- Q) — (oEn)))
a=0

with the py-action on @ £((a- Qy) — (Og,)) induced by the Z/(N)-grading. Since
N is invertible on Spec(R), the assumptions of Lemma 3.22 are satisfied, so we
may identify P, with E, /(Q,), with the quotient map P, — E, identified with the
quotient map E, /(Q,) — E,/E,[N]= E,. Then the uy-actionon P, = E, /(Q,)
is determined by the group scheme isomorphism E,[N]/(Q,) = uy induced by
the ey-pairing and the choice of Q,:

EIN1/(Qq) =1Qy) x EyIN1/{Qy) = (Qy) x EyIN1/{Qy) * piy.

By [Conrad 2007, Theorem 4.1.1], the ey-pairing on E, /K extends (possibly
after further base change on R) to a nondegenerate bilinear pairing of finite flat
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commutative group schemes over R
ey : EMM[N] x EMM[N] — py-

Therefore the isomorphism of group schemes E,[N]/(Q;) = wy described above
may be extended via the same formula to an isomorphism of group schemes
EMINI/NQ) =y

This isomorphism of group schemes makes P’ :=[E/(Q)] a uy-torsor over the
twisted curve €’ := [€/ES[N]], extending our original juy-torsor over E, (€' is
indeed a twisted curve: by [Abramovich et al. 2011, Proposition 2.3] we may detect
this on the geometric fibers, where it is clear, since the geometric closed fiber of
%' is a standard py-stacky Néron 1-gon). But P’ is not necessarily representable.
Indeed, let d be the minimal positive integer such that d - Q5 lies in the identity
component of the geometric closed fiber £;. Then the coarse space Isg of Plisa
Néron N /d-gon, and for any geometric point ¢ — 1_’§ mapping to a node of 1_’2-,,
we have P} X p q = By )k @)

N ja
My ja \
:\\J I — My
KN ja /’\\”
KN ya T
P{=[&/(05)] € =[E/EM N

(Stacky N /d-gon)

Let P — € be the uy-torsor corresponding to the relative coarse moduli space
[Abramovich et al. 2011, Theorem 3.1] of the map €’ — B,y coming from the
py-torsor P* — €. The generic fibers are the same as those of P’ — €, P; is a
nonstacky Néron N /d-gon, and 65 is a standard p,4-stacky Néron 1-gon, say with
coarse space 7 : €; — Cs.

(N /d-gon)
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Let g — C; be a geometric point mapping to the node of C;. Then €5 x¢; g
= Bura)k@g and Ps xc. g = Knja % q (which as a k(g)-scheme is just N/d
disjoint copies of g since (N, p) = 1), so the resulting wy-torsor over (By)i(g)
corresponds to a generator of H " Bua, Uy) = Z/(d). Therefore, with respect to
the decomposition

Pich_ ) = Picl 1) xH(Cs, R'7,Gp) = Gy x Z/(d),

the class of the py-torsor P; — 65 projects in the second factor to a generator of
Z/(d),sothemap ¢ :Z/(N) — Pic%/R induced by P is a [} (N)]-structure on the
twisted curve 6/ R extending the [I"1(N)]-structure ¢, on €,,.

(b) Now suppose N = p". After base change on R, the [I"| (N)]-structure ¢, gives us
a wy-torsor P, — E, corresponding to the point Q, =¢, (1) € Pic%n/,( (K)=E,(K)
of “exact order N” (in the sense of [Katz and Mazur 1985, §1.4], but not necessarily
as an element of the group E,(K)). Since E,/K is ordinary, after base change on
R we have an isomorphism of group schemes over K

Ey[NT= py x Z/(N),

so E,(K)[N1=uy(K)xZ/(N)={1}xZ/(N)=Z/(N). The puy-torsor P,— E, is

N-1

P, = Specg, (GB P((a-Qy) — <0E,7>>)
a=0

with the py-action on & £((Q,) — (Og,)) induced by the Z/(N)-grading.

Choose m > 0 minimal such that the image of p™ - Q, in Z/(N) is zero. So
p" - Qn=0g, is viewed as a point of “exact order p"~"" on Ej. Since L((p™-Qy)
— (0g,)) = Og,, the corresponding p pn-n-torsor over Ey is trivial. So if 6/R is
a twisted curve extending E, /K, the p,»-n-torsor corresponding to p™ - Q, will
automatically extend to the trivial 1 ,»-n-torsor over .

Now view Q, as a point of “exact order p™” on E,/K. The relative effective
Cartier divisor

Dy:= > [a Q)
aez/(p™)

in E, is a subgroup scheme which is étale over K. So by Lemma 3.22, E,/ D, is
the underlying scheme of the w ,»-torsor corresponding to Q,. The u ,»-action on
E, /D, is given by the group scheme isomorphism

Er)[pm]/Dr] = /JLPW
induced by the e, -pairing and the choice of Q,:

E,[p"1/Dy = (Qy} X Eylp™1/ Dy <> Dy x Ey[p™1/ Dy 5 1t pm.
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After a base change on R if necessary, let £/R be a generalized elliptic curve
extending E,, with a [I"1(p"™)]-structure Q on € extending Q,. The special fiber
Es/k is geometrically a Néron p™-gon, and ES[p™] = pwpm x Z/(p™).

(p™-gon)

By [Conrad 2007, Theorem 4.1.1], the e,n-pairing on E, /K extends (possibly
after further base change on R) to a nondegenerate bilinear pairing of finite flat
commutative group schemes over R

epn 1 EM[PM] x EXM[P™] = ppm.

Therefore the isomorphism of group schemes E,[p™]/D, = ,» described above
may be extended via the same formula to an isomorphism of group schemes
EM[p™]/D = upm, where D is the relative effective Cartier divisor

D= ) la-Q]

aeZ/(p™)

in ™. This makes the quotient [E/D] = €/D a representable p ,m-torsor over the
twisted curve 6 :=[€/E™[p™]], which extends the given p ,m-torsor over E,,.

71
X = xP
- 'Lme

[€5/Ds] s = [E5/E3"[p™]]

The geometric special fiber 65 is a standard w ,»-stacky Néron 1-gon, say with
coarse space 7 : 65 — Cs; [€5/Ds] = €5/ Ds is a (nonstacky) Néron 1-gon, and the
quotient map P; := €;/ D5 — 65 extends the map PY" =G,, — € =Gy, X > xP".
In particular, if ¢ — C5 is a geometric point mapping to the node of Cj, then
€ xcq = (Bupm)ig and Ps xcq =g, so the resulting (1 ,m-torsor over (B pm) k()
corresponds to a generator of H'(Bu s pm) = Z/(p™). Therefore, with respect
to the decomposition

Pich ) = Pick 1) X H(Cs, R'7,Gp) = Gy x Z/(p™),
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the class of the u yn-torsor P; — “%; projects in the second factor to a generator of
Z/(p™), so the group scheme homomorphism ¢ : Z/(p™) — Pic% /R corresponding
to P:=[E/D]=¢E&/Dis a[l';(p™)]-structure on the twisted curve 6€/R.

Finally, write

=1
p:sm(@ gga),

a=0

with the grading determined by the 1t ,»-action on P. Since P extends the 1, -torsor
on E, determined by Q,, we have %[, = £((Q,) — (Og,)). Then

pi—1
P X Ib{,pn—m = I)CC%<® g(a mod pm))
a=0

is a upn-torsor over 6 with the p,»-action determined by the grading, extending
the original u ,n-torsor over E, and representable since P is representable. Since
the group scheme homomorphism ¢ : Z/(p™) — Pic% /R corresponding to P is a
[[;(p™)]-structure on 6, and the group scheme homomorphism ¢’ : Z/(p") —
Pic% /g corresponding to P X i n—m is ¢porr for the canonical projectionr : Z/(p") —
Z/(p™), it follows immediately that ¢ is a [["; (p")]-structure on 6. O

Lemma 4.12. Suppose R has mixed characteristic (0, p), and €, = E,; is an elliptic
curve over K whose minimal proper regular model over R is not smooth; that is,
E, /K is an ordinary elliptic curve with bad reduction. If ¢, : Z/(N) — Pic%”/K
is a [['{(N)]-structure on 6,, then after base change on R, there exists a pair
(6, p) € X1V (N)(R) extending (6,, ¢y).

Proof. As before, we can restrict to the two separate cases, one where (N, p) =1
and another where N = p".

(a) If (p, N) =1, the same argument as in Part (a) of the proof of Lemma 4.11
carries through.

(b) Suppose N = p". As in the proof of Lemma 4.11, after base extension on
R we can extend E, to a generalized elliptic curve £/R whose special fiber is
geometrically a Néron N-gon, such that E(R)[N] = E,(K)[N] = (Z/(N))?
(the latter isomorphism being a noncanonical isomorphism of abelian groups).
After further base change on R, the [I"1(p")]-structure ¢, gives us a jy-torsor
P, — E,, corresponding to Q,, = ¢, (1) € Pic%n/K(K) = E,(K) of “exact order N”
in the sense of [Katz and Mazur 1985, §1.4]. Q, extends to a “possibly nonample
[["{(N)]-structure” on £/R. Since the special fiber ; is geometrically a Néron
N-gon, after further base change on R we may assume E"[N] = uy x Z/(N), so

EMk(s)IN] = py (k(s)) x Z/(N) = {1} x Z/(N) = Z/(N).
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Suppose d > 1 is minimal such that d - Q5 maps to 0 in Z/(N). Then we can
choose Q!, Q% € &™(R)[N] such that:
- 0=0'+Q%inEM(R),
« Q! has exact order d in the abelian group £™(R)[N1], and the relative effective

Cartier divisor
d—1
> la-0]
a=0

in % is étale over Spec(R), and
e Q02 maps to 0 in Z/(N) via the above isomorphism.

In the abelian group ES™(R)[N] = (Z/(N))z, 02 has exact order e for some e|N.
Therefore Q,l7 is a [I"(d)]-structure on E,, and Q% is a [I"1(e)]-structure on E,,.
They correspond via Lemma 3.19 to the p4-torsor

d—1

P = Spec, (@ F(a- 0} — (oEn)))
a=0
and the p.-torsor
e—1
P2 :=Specg, (@ $((a-Qy) ~ (OE,,»),
a=0

respectively, with the gradings determining the actions of 4 and p.. The py-torsor
corresponding to Q, via Lemma 3.19 is

N-1
P, := Spec, (EB ((a- Q) — (OEH)))
a=0

The group law on E,, tells us that

((@}) — (0£)) + ((@7) — (0g,)) ~ (@) + @) — O,) = (@) — (O,

so we conclude that

N—-1
P, = Speck, (@:@((a 01— (0g,) ® £((a- Q}) — (oEm),
a=0

with the py-action induced by the grading.

Consider the . -torsor Pnl — E,. As in Lemma 4.11, factoring the isogeny [d]
on E, as E;, — E,,/(Q}]) — E,, we have P,]1 = En/(Q%) with pg acting on Pnl
through the isomorphism with the group scheme E)[d]/ (Q}?) induced via

E,Id1/(Q}) = (Q}) x Eld1/4Q}) = (3) x E,[d)/(Q}) .
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Let €1/ R (possibly after base change on R) be a generalized elliptic curve extending
E,, whose closed fiber is geometrically a Néron d-gon, with E{"(R)[d]= E, (K)[d].

(d-gon)

Asin Lemma 4.11, after further base change on R we may assume that the e4-pairing
on E, extends to a nondegenerate bilinear pairing of finite flat commutative group
schemes over R

eq : EYMd] x EYMd] — pa.

Q,l7 extends to a [ (d)]-structure Q' on &; /R, and the relative effective Cartier

divisor
d—1
D=} la- Q"]
a=0

in £{™ is étale over R, so via the same formula as above we see that the isomorphism
E, [d]/(Q}Y) = g extends to a group scheme isomorphism Sim[a’]/(Ql) = ug. This
makes P! :=[&,/(Q"]=E&,/(Q) arepresentable y,-torsor over the twisted curve
6 :=[E£/&™[d]], extending the given 1i4-torsor Pnl — E,.

The special fiber €, is geometrically a standard u,-stacky Néron 1-gon, say
with coarse space 7w : €, — Cs; [E€1,5/Ds] = €15/ D;s is geometrically a (nonstacky)
Néron 1-gon, and the quotient map P! := &, ;/Ds — %, extends the map P!S™ =
G — €M =Gy, x > x4,

X=X

P! =&, 5/Ds] s = [€1,5/EmId]]

In particular, if ¢ — Cs is a geometric point mapping to the node of Cjy, then
€ xcq = (Bua)kg) and PS1 X ¢ g = g, so the resulting u4-torsor over (Bey)i(g)
corresponds to a generator of H Y Bua, pa) =72 /(d). Therefore, with respect to
the decomposition

Pich /) Z P ) XH(Cs, R'7,Gp) = Gy x Z/(d),
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the class of the p4-torsor P! — % projects in the second factor to a generator of
Z/(d). Therefore the group scheme homomorphism Z/(d) — Pic% ,g defined by
the pg-torsor Pl = [E1/D]=&1/D over € is a [I"; (d)]-structure on the twisted
curve 6/R.

Next consider the p,-torsor Pn2 — E,. Letw : € — C be the coarse space of the
twisted curve 6/ R described above. By [Deligne and Rapoport 1973, IV.1.6], after
further base change on R we may assume that C/R is a generalized elliptic curve,
with structure extending that of E,; note that C;, = E,, and that C; is geometrically
a Néron 1-gon.

We may take the scheme-theoretic closure of the section Q% € E,(K) to get a
unique section Q% € C™(R); necessarily e - Q> = O¢ since e - Q% = 0Og,. The
isomorphisms

L((a-03)— 0p) @ L((b- Q) — (0,)) = L((a+Db) - 0}) — (O,))
of line bundles on E, extend uniquely to isomorphisms

L@~ 0% —(0c) ® L((b- Q%) — (0c)) = £(((a +b) - 0*) — (0¢))
of line bundles on C; therefore the u.-torsor

e—1

P? = Specg, (GB ((a-Q3) - <oE,7>>)

a=0

extends uniquely to a p.-torsor

e—1
P? = Joe_cC(EB #((a- Q% ~ (0c>>)

a=0

over C, with the u.-action induced by the grading. Since Pic% /& has irreducible
geometric fibers, this is a [I"] (e)]-structure on the generalized elliptic curve C/R.
Pulling this back to € via the coarse moduli space map 7 : ¢ — C, we get a (t.-torsor
P2 — € extending P772 — E,, such that the corresponding map ¢ : Z/(N) — Pic% /R
lands in the identity component of every geometric fiber.
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Finally, we return to the uy-torsor P, — E,. Write the pt4-torsor P! - @ as
d—1

p'= _@%(@ga)y
a=0

30 Laly = L((a- Q}) — (0g,)); write the p,-torsor P2 — € as
e—1
P2 = I!GC(@(@;P;)’
a=0
s0 £y = £((a- ;) — (0g,)). Consider the py-torsor

N—1
P := Specg <@ La mod d ® Ly mod e>
a=0

over ¢, with the py-action induced by the grading. Since
(a0 — 05) ® L(a- 03 — (0,)) = L((a- Q) — (0g,)),

we conclude that P — % extends the original py-torsor P, — E,. Furthermore,
with respect to the decomposition

Picy /i) = Pict, jpi) X H(Cs, R'm.Gy) = Gy x Z/(d),

the line bundle & |; projects to a generator of Z/(d), and the line bundle 58/1 |s
projects to 0 € Z/(d); therefore the line bundle (£; ® £})|s projects to a generator
of Z/(d), so the group scheme homomorphism Z/(N) — Pic% /g corresponding
to the py-torsor P — € is a [I"](N)]-structure on 6/ R, extending our original
[["{ (N)]-structure ¢, : Z/(N) — Pic%n/K. [l

This concludes the proof of our final lemma and thus of Theorem 4.6. ]

Reduction mod p of 57_{’1,1(973#1\,). The analysis of J{;(N) above immediately
generalizes to the compactified case. Recall from Notation 3.8 that 37_{/1’1(973 Uy)
C H1.1(Buy) denotes the closed substack classifying rigidified twisted stable
uy-covers of twisted curves with nonstacky marking; 57_{’1 1 (By) is the closure of
T 1 Bry) = Hi(N) in Ty, (Bpy) by Lemma 3.21.

We have a natural closed immersion

(DX (d) = T (Buy)

for each d dividing N, precomposing a map Z/(d) — Pic% /s With the canonical
projection Z/(N) — Z/(d). The resulting map

| |t @) — % @Buy)
d|N

is an isomorphism over S[1/N].
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Definition 4.13. Let p be prime and S € Sch /F,,. Let €/S be a 1-marked genus-1
twisted stable curve with no stacky structure at its marking. Letn > 1 and a, b >0
with a +b =n. A [["'1(p")]-(a, b)-cyclic structure on €6 is a [I"{(p™)]-structure
o:7/(p") — Pic%/s, such that:

« if S| C S is the maximal Zariski open subset such that €5, — S| is smooth,
s, 1 Z/(p") — G, is a [I'1(p")]-(a, b)-cyclic structure in the sense of [Katz
and Mazur 1985], and

e if S, C S is the complement of the supersingular locus of € — S, then the
relative effective Cartier divisor

pb
D:=Y [¢(m)]
m=1

. .0 . .0 . .y
in Picg /5, is a subgroup scheme of Picgg /s, which is étale over S5.

Over the base scheme S € Sch /F,, we define X!¥(p™)@? c XV (p") to be the
closed substack associating to 7'/S the groupoid of pairs (€, ¢), where €/S is
a 1-marked genus-1 twisted stable curve with nonstacky marking, and ¢ is a
[T1(p™)]-(a, b)-cyclic structure on 6.

If N = p"N' with (N’, p) = 1, we define

x%W(N)(a,b) = x%W(N/) XMLI x%W(pn)(a,b) .
The same argument as that used to prove Lemma 2.11 immediately gives us:

Lemma 4.14. Let €/S/F, be a 1-marked genus-1 twisted stable curve with non-
stacky marking, and let ¢ : 7 /(p") — Pic%/s be a [I'1(p")]-(a, b)-cyclic struc-
ture on 6. Then for the canonical projection w : Z/(p"t) — Z/(p™), the
composite pom : Z/(p"t) — Pic%/s is a [T1(p™*tY)]-structure on €, and is
[T (p"*H]-(a + 1, b)-cyclic.

If N = p"N' with (N’, p) = 1, for any r| N’ write ?7_{’171(%/11\,)’ - 7{3’1(%/@\,)
for the union of the components X{*(p™r) over 0 <m < n.

Corollary 4.15. Let k be a perfect field of characteristic p, and let N = p"N’
where (N', p) = 1. For any r|N’, %/1,1 (Bpy)y is the disjoint union, with crossings
at the supersingular points, of components 2, for 0 < b < n, where
—b,b
2= xMpmn?,
b<m<n

identifying each x;w(p’"r),(cm_h’b) with a closed substack of f]_fllyl(%uN)k via (P"").
Each substack X1 ( pmr),(cm_b’b) is “set-theoretically identified with Z)” in the sense
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that (Z})red = X1 (pmr),({'ze_db’b) as substacks of 575/1,1(%/¢N)k,red' %/1’1(973;1,,\,)1c is the
disjoint union of the open and closed substacks

{1 (B hr v

Strictly speaking, to apply the crossings theorem (Theorem 2.7) to get the above
corollary, we need to know that the morphism 37_{/1’] Buy) — My y is finite. This
follows from Corollary 6.3.

The picture in the case N = p" is essentially the same as the picture for
%T,l(%u )k (as discussed after Proposition 4.1), except now each component
is proper:

Z
f1{/1,1(973/4«[1”)/(

5. Moduli of elliptic curves in 71,1 (Bu})

Reduction mod p of JH(N). Next we turn our attention to %1,1 (%uﬁ,), working
as before over an arbitrary base scheme S. Recall that by Corollary 3.20, the open
substack 3_{‘1”1(%/11%) classifying rigidified twisted Mﬁ,—covers of smooth elliptic
curves is naturally equivalent to the stack J{(/N) associating to a scheme 7/S the
groupoid of pairs (E, ¢) where E /T is an elliptic curve and ¢ : (Z/(N))*> - E[N]
is a homomorphism of group schemes over 7.

For any subgroup K <(Z/(N ))? with corresponding quotient G g = (Z/(N )?/K
of (Z/(N ))2, recall (Definition 2.16) that Yx denotes the moduli stack associating
to a scheme 7/S the groupoid of pairs (£, ¥), where E/T is an elliptic curve and
Y : Gg — E is a Gg-structure (in the sense of [Katz and Mazur 1985, §1.5]). So,
for example, if Gg = Z/(d) for some d|N, Yg is isomorphic to the stack Y;(d),
and if Ggx = (Z/ (d))? then Yk is isomorphic to the stack Y(d) classifying (not
necessarily symplectic) [I"(d)]-structures on elliptic curves. For every such K, we
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have a closed immersion
KyYp H(N),

given by precomposing a G g -structure ¢ : G ¢ — E[N] with the canonical projection
(Z/(N))> — G. Together, these give a proper surjection

|| Y- 3w

K<(Z/(N))?

which is an isomorphism over S[1/N].

But in characteristics dividing N this is not an isomorphism. First we consider
the case where N = p" for some prime p. Any quotient G = (Z/(p™))?/K is
isomorphic as an abelian group to Z/(p™) x Z/(p') for some | < m < n. The
corresponding moduli stack Y classifies G g-structures on elliptic curves, and
we saw in Theorem 2.17 that over a perfect field k of characteristic p, Y i is the
disjoint union, with crossings at the supersingular points, of substacks HII}" « indexed
by the set

Lk :={H <Gg|H and Gg/H are both cyclic}.

The component ‘ég « Classifies G g -structures of component label H.

Now consider two subgroups K’ < K < (Z/(p”))z, and write 7 : Gg —> Gg
for the canonical surjection. If ¢ : Gx — E[p"] is a G g-structure on an ordinary
elliptic curve E/T/k, then ¢ o m may or may not be a G g/-structure on E. Indeed,
we saw in Lemma 2.18 that ¢ o 77 is a G- structure if and only if 7 ~'(H) € L,
that is, if and only if 7 ! (H) € G is cyclic.

Consider the set {(K, H) | K < (Z/(p"))z, H € Lg}. Let ~ be the equivalence
relation on this set generated by requiring that (K, H) ~ (K’, H") if K’ < K and
H and H' are as above, and let A = {(K, H)}/~.

Proposition 5.1. Let k be a perfect field of characteristic p. H(p™)y. is the disjoint
union, with crossings at the supersingular points, of components 3 ( p")z for A € A,
where

Hope= | Yie

[(K.H)]=A

identifying each HZ  With a closed substack of H( p”),ﬁ via 1%, Each Hg i IS “set-
theoretically identified with H(p")}” in the sense that (FH(p™)})red = HZ kored 45
substacks of H(p" )k rea for all (K, H) with [(K, H)] = A € A.

If N = p"N' with (p, N') = 1, for any A < (Z/(N))? of order prime to p, let
J—C(N),’? C H(N)i be the union of the substacks Yi x for A < K < (Z/(N))? with
(K : A) a power of p. Then similarly fJ'C(N),‘? is the disjoint union, with crossings
at the supersingular points, of components J{(N),/:’Afor A€ A, and H(N)y is the
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disjoint union of the open and closed substacks H(N ),f for A < (Z/(N))? of order
prime to p.

As in the case of J{;(p"), the reduction mod p of H(p") has an appealing
geometric description. To keep our pictures from getting unreasonably large, we
restrict our attention to the case n = 1. The group K := (Z/(p))? has p + 3
subgroups, namely the entire group K, Ko :=0, and p+ 1 subgroups K, ..., K,
isomorphic to Z/(p). The corresponding moduli stacks are

Yx =49(1),
9k, = Y(p).
Y, =% (p) fori=1,...,p+1,
so we see that over Z[1/p], H(p) is the disjoint union of Y(1), Y(p), and p + 1

copies of Y;(p).
By definition we have

Lk ={0},
LK() ={K1’---’Kp+l}’
Lk, ={Gk,,0} fori=1,...,p+1,

where as usual G, = (Z/(p))?/K;. The set of labels A is built by putting an
equivalence relation on the set consisting of the following pairs:

(K, 0),

(Ko, K;) fori=1,...,p+1,

(K;, Gg;) fori=1,...,p+1,

(K;,0) fori=1,...,p+1.
By definition, working over a perfect field k of characteristic p, the pair (K, 0)
corresponds to Y(1),; the pair (Ko, K;) corresponds to the component H(p),f"
of Y(p)«; the pair (K;, Gg,) corresponds to the component Y, (p),(cl’o) inYg,x =
Y1(p)r; and the pair (K;, 0) corresponds to the component Y; (p),(co’l) in Yg, k =
Y1(p)k- Unwinding the definition, we see that the equivalence relation defining A

just says that (K, 0) ~ (K;, Gg,) fori =1, ..., p+1, and that (Ko, K;) ~ (K;, 0)
fori =1,..., p+ 1. Thus the set of labels is A = {Ag, A1, ..., Ap41}, Where

rM=1K,0]=I[(K;, Gg,)] fori=1,....,p+1,
ri =[(Ko, Ki))]1=[(K;,0)] fori=1,...,p+1.

Visualize J(p)i red as follows:
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j_c( )kp+1

red

j'C(p)k,red

J{(p)k red

iH:(p)k red

j{(p)z?red

The component J( p) © 18 set theoretlcally identified” with the component Y (1),
and with the component Y ( p) X ) in each copy of Y1 ( p)k, each of these contributes
additional nllpotent structure to the component H(p) k" (each Y ( p) 0 has length

— 1 over J{(p)k ed = d(Dy, so fH(p)k has length (p+ D(p—1D+1= p? over
J‘C(p)k red — 1d(l)k)

H(p)}*

Fori=1,...,p+ 1, the component JH( p)z" is “set-theoretically identified” with
the component Y(p) k" of Y(p)k, contributing nilpotent structure to JH(p) k' (each
‘d(p)k has length p — 1 over }C(p)k 'ed)- The component J—f(p)k is also “set-
theoretically identified” with the component Y ( p) B D of Yx. k= 9 1(Pks each of
these is reduced, adding 1 to the length of the component J{( p) . over ( p) fored:
Thus iH(p)k has length p over fH(p)k red> Which is isomorphic to 131(p)k ‘D and
hence has degree p — p over 19(1)16 (see [Katz and Mazur 1985, 13.5.6]). The
result is that the component J{( p) « has length p over the underlying reduced stack
Y1 (p)(o ‘D which has degree p> — p over Y(1)i:
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H(p),""

H(p)}”

H(p)y!
This gives us the following picture of H(p):

H(p),""
Hp)

H(p)}”

H(p)}'

H(p),®

Note that adding up the lengths calculated in the course of the above construction,
we recover the fact that the stack J{(p) has length p*over Y(1) = My g

Closure of Y(N) in F1,1(Bu}).

Definition 5.2. Let €/S be a 1-marked genus-1 twisted stable curve over a scheme
S, with no stacky structure at its marking. A [I"(N)]-structure on € is a group
scheme homomorphism ¢ : (Z/(N )2 — Pic% /s such that:

o the relative effective Cartier divisor
D:i= Y [¢@)]

ae(Z/(N))*

in Pic% /s 18 an N-torsion subgroup scheme, hence D = Pic% /5[N], and

« for every geometric point p — S, D5 meets every irreducible component of
(Pic )5 = Pic_ x5
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We write X'V (N) for the substack of TY_{L 1 (%,ui,) associating to 7'/ S the groupoid of
pairs (6, ¢), where €/S is a 1-marked genus-1 twisted stable curve with nonstacky
marking, and ¢ is a [I"(N)]-structure on €.

If €/S is a twisted curve admitting a [[" (N )]-structure and p — S is a geometric
point such that Cj is singular, then necessarily

Pic%p_/k([,) =G,y x Z/(N),

so by Lemma 3.17 6 is a standard jy-stacky Néron 1-gon over k(p), as in
Example 3.4.
Applying the methods of our study of X}"(N) to the stack X™(N), we have:

Theorem 5.3. Let S be a scheme and let X" (N) be the stack over S classifying
[T (N)]-structures on 1-marked genus-1 twisted stable curves with nonstacky mark-
ing. Then X" (N) is a closed substack of %1,1 (%,ui,), which contains Y(N) as an
open dense substack.

In particular X"V (N) is flat over S with local complete intersection fibers, and is
proper and quasifinite over J ;.

Remark 5.4. In [Petersen 2012] a direct proof is given that over Z[1/N], X™(N)
agrees with the stack X(N) classifying [I"(N)]-structures on generalized elliptic
curves; in this case a /,L]%,—tOI'SOI' over a 1-marked genus-1 twisted stable curve with
nonstacky marking is in fact a generalized elliptic curve, and it is this observation that
gives the desired equivalence. This argument does not generalize to characteristics
dividing N, because, for example, if N = p” then the Néron N-gon in characteristic
p (which is a generalized elliptic curve admitting various [I"(N)]-structures) cannot
be realized as a Mﬁ,—torsor over a 1-marked genus-1 twisted stable curve.

Proof of Theorem 5.3. This is proved in exactly the same manner as Theorem 4.6.
An immediate consequence of Lemma 3.22 is that if £/K is an elliptic curve over
a field K in which N is invertible, and (Q, Q>) is a [I"(/V)]-structure on E, then
the MI%,—torsor

P=§P_eCE< &) sf((a-Q1+b-Q2>—<oE))>

a.beZ/(N)

over E as in Corollary 3.20 may be identified with E itself, with the quotient map
P — E corresponding to the isogeny [N]: E — E. We immediately deduce via
the methods of Theorem 4.6 that over an algebraically closed field k in which N
is invertible, the Ml%l-torsor obtained when we pass to the cusp of Mlyl is a Néron
N-gon P over a standard p-stacky Néron 1-gon €, with the Ml%,—action on P
induced by some choice of isomorphism P*"[N] = M;%/i
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—_ Iy

=[P/P*"[N]]

(N-gon)

And in the case of N = p”, over an algebraically closed k field of characteristic p,
the Mf,n -torsor P obtained in passing to the cusp of Jil1,; may be realized as a trivial
pn-torsor over a standard Néron 1-gon C’, which in turn is a p »-torsor over a
standard p ,»-stacky Néron 1-gon € = [C’ /1 »] via the choice of an isomorphism
() [p"] = ppr:

X (X 0%

C' X pp

In both of the above cases, it is immediately verified that for each of these Mﬁ,-torsors,
the corresponding group scheme homomorphism (Z/(N))? — Pic% /k =GuxZ/(N)
is a [["(N)]-structure on the standard g -stacky Néron 1-gon € in the sense of
Definition 5.2, giving the valuative criterion of properness for X" (N), hence
Theorem 5.3. U

Reduction mod p of %;,1(%u§). Recall that 57_{’1 1(973,%%,) C %1,1(%;&,) is the
closed substack classifying rigidified twisted stable ul%,-covers of twisted curves
with nonstacky marking; so 37_{’1 1 (%M]%[) is the closure of

WS 1 (Buy) = H(N)
in Hyp1(Bud).

Definition 5.5. Let €/S be a 1-marked genus-1 twisted stable curve with nonstacky
marking, and let G be a 2-generated finite abelian group, say G =7/ (ny) x Z/(ny),
ny >ny. A G-structure on 6 is a homomorphism ¢ : G — Pic% /s of group schemes
over S such that:

o the relative effective Cartier divisor

D:=Y [¢(a)]

aeG
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. -0 . .
in Picg g is an nj-torsion subgroup scheme and

« for every geometric point p — S, D meets every irreducible component of
: 0 N _p:i0
(PIC%/S)p = Plc(ﬁﬁ/k(ﬁ).

For any subgroup K < (Z/(N))?* with corresponding quotient G x = (Z/(N))?/K
of (Z/(N))?, we write DC}‘(” for the moduli stack over S associating to a scheme
T/S the groupoid of pairs (6, 1), where €/ T is a 1-marked genus-1 twisted stable
curve with nonstacky marking, and ¢ : Gx — Pic% /7 1s @ G g-structure on Pic% /T

For a twisted curve €/S/F,, ift N = p" and Gx = Z/(p") x Z/(p") with
m>1>1, we set

Lx :={H <Gg|H and Gg/H are both cyclic}.

For any H € Lk we say a Gg-structure ¢ : Gg — Pic% /s has component label
H if H maps to the kernel of the n-fold relative Frobenius F" on the group
scheme Pic% /s over S, and the resulting group scheme homomorphism Gx/H —
Pic%/s[p”]/ker(F”) is a Gk /H-structure in the sense of [Katz and Mazur 1985,
§1.5].

If Gk =Z/(p™) (that is, [ = 0), then X' = X¥(p™), and for H = Z/(p*) €
Lg we define X" < X% to be the substack X (p™)@"=9 < X™(p™) as in
Definition 4.13. We still say that DC};V’H classifies G g-structures of component
label H.

So, for example, if Gx = Z/(d) for some d | N, DC}? is isomorphic to the stack
XM(d), and if Ggx = (Z/(d))? then X" is isomorphic to the stack X*V(d). For
every such K, we have a closed immersion

KXY > L By,

given by precomposing a Gg-structure ¢ : Gg — Pic% s With the canonical
projection (Z/(N))?> — G g. Together, these give a proper surjection

|_| Xy — %/1,1(%/11%/)
K=<(Z/(N))?
which is an isomorphism over S[1/N].
Let k be a perfect field of characteristic p. The same argument that proves

Lemma 2.18 immediately gives us:

Corollary 5.6. If K <(Z/(p"))? such that G :=(Z/(p")?/K =Z/(p"™)xZ/(p')
withl <m <n, then f)C%v i IS the disjoint union, with crossings at the supersingular
points, of closed substacks x;;vij for H € Lg. x};f’kH classifies G g -structures with

component label H.

As before, we let A denote the set {(K, H) | K < (Z/(p"))z, H € Lg}, modulo
the equivalence relation generated by declaring (K, H) ~ (K, 7~ '(H)) whenever
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K’ < K with corresponding quotient map 7 : Gx — G such that 7 ~'(H) € Lg..
We conclude:

Corollary 5.7. Let k be a perfect field of characteristic p. 37_{’1’1 (%uf,n_)k is the dis-
Jjoint union, with crossings at the supersingular points, of components 37{/1’ 1 (%uf,n)z
for A € A, where

o 2 \A . tw, H
K B = U e
[(K,H)]=A

identifying each x}?’,{” with a closed substack of ?7_{/171(%,u%,n)2 via /X, Each DC?(N’,{H
is “set-theoretically identified with I 1(%;/4;,) ¢ inthe sense that

S 2 \A _ oytw,H
(‘7{1,1 (%I’Lp”)k,red - xK,k,red

as substacks of %/1’1(973Mp»z)k,redfor all (K, H)with [(K, H)] =X € A.
If N = p"N' with (p, N') = 1, for any A < (Z/(N))? of order prime to p, let

I (Bug)e C K By )i

be the union of the substacks X}}’fkfor A <K < (Z/(N))?with (K : A) a power of p.
Then similarly ST{/I (B ,ul%,) ,‘? is the disjoint union, with crossings at the supersingular
points, of components 57_{’1,1(973%%,)?”\ for A € A, and 3_{/1’1(%,111%,)1C is the disjoint
union of the open and closed substacks 3_{’1’1(%//,]%,),? for A < (Z/(N ))? of order
prime to p.

The picture in the case N = p is essentially the same as the picture for %‘1”1 (B u%) k
>~ J(p)r (as discussed after Proposition 5.1), except now each component is proper:

_ ) T Brd)
T B

e A
?7{’1’1(973/12),(”

NG

W Bu)®
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6. Comparison with the classical moduli stacks

As promised, we verify that the moduli stacks X{"(N) and X"V(N) are isomorphic
to the corresponding classical moduli stacks, justifying the claim in [Abramovich
et al. 2011] that we have recovered the Katz—Mazur regular models:

Theorem 6.1 (Restatement of Theorem 1.2). Over the base S = Spec(Z), there is a
canonical isomorphism of algebraic stacks X" (N) = X (N) extending the identity
map on Y1(N), and a canonical isomorphism of algebraic stacks X"V (N) = X(N)
extending the identity map on Y(N).

We prove this after some preliminary results; the main point is to demonstrate
that X{"(N) and X"(N) are normal.

Proposition 6.2. The morphism 7w : X{"(N) — My sending (€, ¢) to the coarse
space C of € is a representable morphism of stacks. In particular, X{*(N) is
Deligne—Mumford.

Similarly the natural morphism X"V(N) — Jl_/tl,l is representable, hence X™ (N)
is Deligne—Mumford.

Proof. We have already seen that X{¥(N) is an algebraic stack, so it suffices to
show that for any object (6, ¢) € DCEW(N )(k) with k an algebraically closed field,
the natural map Aut(‘é, ) — Aut(C) is a monomorphism of group schemes. Here
C/k is the coarse space of ‘¢, and automorphisms are required to preserve the
marking. It is obvious that Aut(€, ¢) — Aut(C) is a monomorphism if € = C is a
smooth elliptic curve over k, so by Lemma 3.17 we reduce to the case where €/k
is a standard p4-stacky Néron 1-gon for some d | N.

122

In this case an automorphism of % is an automorphism of the coarse space C,
together with an automorphism of the w,-gerbe in 6 lying over the node of C. Thus

Aut(€) = Aut(C) x Aut(Briq r).

The only nontrivial automorphism of C preserving the marked point 1 € C is the
automorphism ¢ : C — C induced by the inversion automorphism of G,,. We
have Aut(Buy) = (g, and the automorphism of Pic% Jk = Gy, X Z/(d) induced by
(0,¢) € Aut(€) = (1) x ugq sends (n, a) to (¢%n,a). Since ¢ : Z/(N) — Pic%/k
meets every component, the only automorphisms of 4 than can possibly preserve
¢ are the automorphisms (t) x {0} C Aut(6) (see [Conrad 2007, proof of 3.1.8]).
Thus Aut(€, ¢) C (1) x {0} = Aut(C).
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The same argument applies to X" (N). (|
Corollary 6.3. XV (N) and X" (N) are finite over My .

Proof. By Theorems 4.6 and 5.3, the natural maps X{"(N) — My and XY(N) —
Ay, are proper and quasifinite; since they are also representable, they are finite. [J

Let 0o < .1, denote the closed substack classifying 1-marked genus-1 stable
curves whose geometric fibers are singular. Let X" (N)*® = X{"(N) x5 R
and X™(N)> = X™(N) x g7, , 0. Exactly analogously to [Conrad 2007, 2. 1. 12]
formation of these closed substacks is compatible with arbitrary base change.
Proposition 6.4. The proper flat morphisms X{"(N) — Spec(Z) and X" (N) —
Spec(Z) are Cohen—Macaulay (of pure relative dimension 1).
Proof. Let X denote X{"(N) or X"™¥(N). The canonical morphism X — ./(_/LM is
finite (by Corollary 6.3) and flat (by Theorems 4.6 and 5.3), and the structural
morphism Jl7t171 — Spec(Z) is Cohen—Macaulay (see [Conrad 2007, 3.3.1]), so
by [Bourbaki 1998, 2.7.9, Corollary 3], the composite X — Spec(Z) is Cohen—
Macaulay. U

Lemma 6.5. DC{W(N ) and X (N)® are relative effective Cartier divisors over
Spec(Z) in X{¥(N) and X™(N), respectively.

Proof. Here we are using the notion of a Cartier divisor on a Deligne—Mumford
stack; see [Arbarello et al. 2011, Chapter XIII]. For X = f)CtW(N ) or X = X™(N),
the closed substack X is the pullback X x 7 it , ©0- We know oo C ./i/tl 1 is a relative
effective Cartier divisor over Spec(Z) (meanmg an effective Cartier divisor which
is flat over Spec(Z)), and by Theorems 4.6 and 5.3 the morphism X — Jl; ; is flat.
Cartier divisors are preserved by flat morphisms (see [Fulton 1998, §1.7]), so X*°
is an effective Cartier divisor in X. Since X — Jl_/Ll,l is flat, so is X*° — o0, so
X°° is flat over Spec(Z), that is, X*° is a relative effective Cartier divisor in X over
Spec(Z). U
Corollary 6.6. X" (N) and X" (N) are normal.

Proof. This is proven in an identical manner to [Conrad 2007, 4.1.4]. The
stacks DC{W(N ) and X" (N) are Deligne-Mumford, and from [Abramovich et al.
2003, 3.0.2] we know X{¥(N) ®z Z[1/N] and X™(N) ®z Z[1/N] are smooth
over Spec(Z[1/N]). In particular, they are regular at any characteristic-0 points.
Furthermore, by Proposition 6.4 they are Cohen—Macaulay over Spec(Z) of pure
relative dimension 1. As in [Conrad 2007, 4.1.4], we can conclude from Serre’s
criterion for normality that it suffices to prove that these stacks are regular away
from some relative effective Cartier divisor, since such a divisor cannot contain any
codimension-1 points of positive residue characteristic. Use the divisors X{*(N)>
and X™Y(N)®; their complements are Y;(N) and Y(N), which are regular by [Katz
and Mazur 1985, 5.1.1]. O
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Proof of Theorem 6.1. X (N) and X (N) are finite, flat, and normal over .i(; 1, so
they are naturally identified with the normalizations (in the sense of [Deligne and
Rapoport 1973, IV.3.3]) of Ml,l in XY(N) |, , =Y1(NV) and XY(N) L, =YW,
respectively; see [Conrad 2007, 4.1.5]. O

We now give a moduli interpretation of the equivalence X; (N) =~ X{¥(N). Let
S be a scheme, E/S be a generalized elliptic curve, and P € ES™(S)[N] be a
[T (N)]-structure on E. From this data we want to construct a pair (€p, ¢p),
where 6p /S is a 1-marked genus-1 twisted stable curve with nonstacky marking,
and ¢p : Z/(N) — PiC%P/S is a [I"1(N)]-structure on € p.

If E/S is a smooth elliptic curve, there is nothing to show: we simply take
(6p, op) = (E, ¢pp) where ¢pp : Z/(N) — Pic%/s = E sends 1 — P. Therefore to
construct (€p, ¢p) in general, we may restrict to the open subscheme of S where
E /S has no supersingular geometric fibers; once we have constructed (€p, ¢p) in
this case, we only need to check that it agrees with our previous construction for
ordinary elliptic curves.

For the rest of the construction, assume that £/S has no supersingular geometric
fibers.

Note that by [Conrad 2007, 4.2.3], fppf locally on S there exists a generalized
elliptic curve E’/S, whose singular geometric fibers are N-gons, together with an
open S-immersion ¢ : ES™ < E’S™ of group schemes over S. In particular, by
[Deligne and Rapoport 1973, 11.1.20] the group scheme E’*™[N]/S is finite and
flat of constant rank N2.

Since E’/S has no supersingular geometric fibers and all its singular geometric
fibers are N-gons, it follows that fppf locally on S, there exists a [I"(V)]-structure
(0, R) on E’ such that:

o the relative effective Cartier divisor

in E’S™ is étale over S and

¢ R meets the identity component of every geometric fiber of E'/S.

The choice of Q and the pairing
ey : E”"[N]x E'""[N] — uy

induce a canonical isomorphism E"S"[N]/D = E"S™[N]/D x{Q} = . Identifying
E’S™[N]/D with its image in the N-torsion of the generalized elliptic curve C :=
E’/D (a generalized elliptic curve whose singular fibers are 1-gons), the group
law of C and the above isomorphism give us an action of yy on C, making C a
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wy-torsor over the twisted curve 6 := [C/uy] = [E'/E'S™[N]] = [E/ES™[N]].
Write

C=st( D a@) LN
a€Z/(N)

where each ¥, is an invertible O¢-module, with the grading and algebra structure
corresponding to the structure of C as a py-torsor over 6.
The image R of R in C is a [I'1(N)]-structure on C, so we get a py-torsor

T::mc( D se((b-k>—(oc>>)
beZ/(N)

over C; the puy-action on 7' corresponds to the Z/(N)-grading and the algebra
structure on

P %R - )

beZ/(N)

comes from the group law on C*™ and the canonical isomorphism C*™ = Picg /s
Since C is a uy-torsor over 6, if £ € Pic(C) we have a canonical decomposition

TP = @ Fa,

aeZ/(N)

where each &, is an invertible sheaf on ¢ and ¢ € py acts on &£, via multiplication
by ¢¢. In particular this applies to the invertible sheaf £ = £((b- R) — (0¢)), giving
us a canonical decomposition

T L(b-R) — 0= P Law-
aeZ/(N)

We have £y ¢ = 9o = O, and the isomorphisms
L((bo - R) — (0¢)) Qe L((b1 - R) — (0¢)) = L(((bo + b1) - R) — (0¢))
(coming from the algebra structure of @, L((b - R) — (0¢))) induce isomorphisms

‘gg(ao,bo) X0 g(111,171) = g(llo-i-lll»bo-i-bl)
for all (ag, by), (a1, by) € (Z/(N )2, giving us a canonical algebra structure on the
direct sum
D Fan
(a,b)e(Z/(N))?

Identifying our original [T"; (N)]-structure P with its image in E'*™(S)[N], there
exists some (ag, bo) € (Z/(N))? with P =ag- Q+bg-R € E'S"[N]. This determines



Moduli of elliptic curves via twisted stable maps 2195

a [y -torsor

J:= ﬂ‘@( @ g(cag,cbg))

c€Z/(N)

over %, corresponding to a morphism € — By Here @ L(cqy.ch,) 1S viewed as a
sub-O¢-algebra of the algebra @ £, p)-

Definition 6.7. We define €p — Bu, to be the relative coarse moduli space of
the above morphism € — Buy, and we write ¢p : Z/(N) — PiC%P/S for the
corresponding group scheme homomorphism.

It is immediate that ¢p is a [I"{ (N)]-structure on the twisted curve € p.

Lemma 6.8. (6p, ¢p) is independent of the choice of (ag, bg) with P =agy- Q+bg-
R, and of the choice of generalized elliptic curve E" and [T (N)]-structure (Q, R)
on E" such that D = ) [a - Q] is étale over S and R meets the fiberwise identity
components of E'/S.

Proof. First of all, if E/S is an ordinary elliptic curve, then E’ = E. Our construction
defines a map E[N] — Pic% / s[N1= E[N], which in fact is simply the identity map
(which in particular is independent of the choice of (ag, bg) and the [I"(V)]-structure
(Q, R)). To see this, recall that by Lemma 3.22 we may identify the generalized
elliptic curve C = E /{Q) (viewed as a puy-torsor over E = [E/E[N]] as discussed
above) with the py-torsor

SJ@E( P %@ 0 - <0E)>)

aeZ/(N)

over E. So in the notation of the above construction, € = E and 4, = £,.0) =
F((a-Q)—(0g)). We have

TE(R) =0 = P (% ®L(R) — (0p)))

aeZ/(N)

= P L@ Q+R)—©Or).

aeZ/(N)

So the map defined in the above construction sends Q to £(1 0y = £((Q)—(0g)) and
Rto £,1) = L((R) — (0g)). Composing with the usual isomorphism Pic%/s =FE
yields the identity map on E[N].

To complete the proof in the case where E/S is not necessarily smooth, it
suffices to consider the case where S is the spectrum of an algebraically closed
field k and E/k is a Néron d-gon (for some d|N). E’/k is then a Néron N-gon,
and our Drinfeld basis (Q, R) was chosen so that (Q) meets every irreducible
component of E’ and (R) lies on the identity component. We may therefore choose
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an isomorphism E"™ = 7 /(N) x uy such that Q = (1, 1) and R = (0, ¢) for some
¢ € 13 k).

Thenif P =ag-Q+by-R=aji-Q+b;-R, it follows that ag = a; and g“bo = {b‘, the
latter of which implies that by- R =b;-R. Thus £((by-R)—(0¢)) =£((b1-R)—(0¢)),
80 Ly, by) = L(a1,b)» hence (€ p, ¢p) is independent of the choice of (ag, bo).
Now we must check that (6 p, ¢p) is independent of the choice of (E’, (Q, R)).
E’/k is a Néron N-gon, so the choice of E’ is unique up to composition with an
automorphism of E’ fixing ES™ C E'*™. E’ is the special fiber of an N-gon Tate
curve €'/ k[[g"/N]. Let € = [€'/€'S™[N]], so €, = [E'/E'S™[N]] = [E/E*™[N]].

CRk((g'/N)) G My

We may choose an isomorphism €S [N]=Z/(N) x py of finite flat group schemes
over k[¢'/N]. (Q, R) extends to a [I"(N)]-structure (2, ®) on €’ withD = "(a-2)
étale over k[[¢'/V1 (and of course & meets the identity component of every geo-
metric fiber of €’/ k[[ql/ NT). Given such a [["(N)]-structure on €', our construction
defines a group scheme homomorphism

€ M[N] — Picg . imy [N]-

Both of these are finite flat group schemes over k[[¢'/" ] which are isomorphic to
Z/(N) x wy, and End(Z/(N) x py) is finite (hence proper) over k[[ql/N]]. Since

EINI@K((g'N)) = Pich v [IN1®K((g"™))

is independent of the choice of [I"(N)]-structure over k((g'/"V)) (as € @ k((g'/N))
is an elliptic curve), we conclude that €'"[N] — Pic% Jklq! /N]][N ] is independent
of the choice of (2, R). Thus in particular E’S™[N] — Pic%k / «[N11is independent
of the choice of (Q, R) and the resulting homomorphism E*"[N] — Pic%k / ([N]is

O

independent of the choice of E’.
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Thus by descent, (€p, ¢p) € DC;W (N)(S) is well defined globally over our initial
base scheme S (even allowing supersingular fibers) and depends only on the pair
(E, P) € X1(N)(S). We define our map X;(N) — X{¥(N) by sending (E, P) to
(€p, Pp).

Corollary 6.9. Over any base scheme S, the morphism X1(N) — X{"(N) sending
(E, P) to (6p, ¢pp) is an isomorphism of algebraic stacks.

Similarly, given a generalized elliptic curve E/S which is equipped with a
[["(N)]-structure (P;, P»), the above procedure produces a [I"(N)]-structure ¢ p,, py)
on the twisted curve € :=[E/ES™[N]].

Corollary 6.10. Over any base scheme S, the morphism X(N) — X"V (N) sending
(E, (P1, P»)) to (6E, ¢cp,.py)) is an isomorphism of algebraic stacks.

7. Other compactified moduli stacks of elliptic curves

It is worth noting that the techniques in the proof of Theorem 4.6 are easily adapted
to prove properness of the natural analogues in our current setting of well-known
modular compactifications of other various moduli stacks of elliptic curves with
extra structure, even when these moduli stacks do not naturally lie in a moduli stack
of twisted stable maps:

Definition 7.1. Let €/S be a 1-marked genus-1 twisted stable curve with nonstacky
marking.

(1) A [To(N)]-structure on € is a finite locally free S-subgroup scheme G of Pic% /s
of rank N over S which is cyclic (fppf locally admits a Z/(N)-generator), such
that for every geometric point p — S, G ; meets every irreducible component of
Pic%ﬁ k(). We write XY (N) for the stack over S associating to T/ S the groupoid of
pairs (6, G), where €/ T is a 1-marked genus-1 twisted stable curve with nonstacky
marking, and G is a [["g(V)]-structure on €.

(ii) A balanced [I"1(N)]-structure (see [Katz and Mazur 1985, §3.3]) on € is an
fppf short exact sequence of commutative group schemes over §

0— K — Pic§ [N]—> K — 0, ()

where K and K’ are locally free of rank N over S, together with sections P € K ()
and P’ € K'(S) which are Z/(N)-generators of K and K’ in the sense of [Katz and
Mazur 1985, §1.4]. We write xlfal’tW(N ) for the stack over S associating to 7/S the
groupoid of pairs (€, ), where €/ T is a 1-marked genus-1 twisted stable curve
with nonstacky marking, and T is a balanced [I"| (/V)]-structure on €.

(iii)) An [N-Isog]-structure (see [Katz and Mazur 1985, §6.5]) on € is a finite
locally free commutative S-subgroup scheme G C Pic% ;5[N] of rank N over S,
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such that for every geometric point p — S, G meets every irreducible component
of Pic%ﬁ Jk(p)- We write X™W(N-Isog) for the stack over S associating to 7/S the
groupoid of pairs (6, G), where 6/ T is a 1-marked genus-1 twisted stable curve
with nonstacky marking, and G is an [ N-Isog]-structure on €.

(iv) If N and n are positive integers such that ord,(n) < ord,(N) for all primes p
dividing both N and n, a [I"{(V; n)]-structure (see [Conrad 2007, 2.4.3]) on € is a
pair (¢, G), where

e p:Z/(N)— Pic% /S is a Z/(N)-structure in the sense of [Katz and Mazur
1985, §1.5],

e G C Pic% /s 1s a finite locally free S-subgroup scheme which is cyclic of
order n,

« the degree- Nn relative effective Cartier divisor
N-1

Y (@@ +G)

a=0

in Pic% /s meets every irreducible component of each geometric fiber of Pic% /s
over S, and

o for all primes p dividing both N and n, for e = ord, (n) we have an equality
of closed subschemes of Pic} /s

-l

D (N/p®) - (@) + Glpel) = Pich 5[ p°l.

a=0
We write X" (N; n) for the stack over S associating to T'/S the groupoid of tuples
(6, (¢, G)), where €/ T is a 1-marked genus-1 twisted stable curve with nonstacky
marking, and (¢, G) is a [I'{ (NV; n)]-structure on €.

Corollary 7.2. The stacks X5 (N), X2 (N), X™(N-Isog), and X (N n) are
algebraic stacks which are flat and locally finitely presented over S, with local
complete intersection fibers. They are proper and quasifinite over M, 1, and each is
isomorphic to the corresponding moduli stack for generalized elliptic curves.

As shown explicitly for the stacks X}V (V) and X™ () earlier in this paper, one
may study the reductions modulo p of these moduli stacks, and one finds that over
a perfect field of characteristic p, each stack is a disjoint union with crossings at the
supersingular points of various closed substacks, which come naturally equipped
with moduli interpretations extending the definitions given in [Katz and Mazur
1985] (except for X{*(N; n), which is not studied there).

Question 7.3. If €/S is a 1-marked genus-1 twisted stable curve with nonstacky
marking, the group scheme Pic% /s behaves just like the smooth part of a generalized
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elliptic curve. Over the Zariski open set of § where € — S is smooth, it agrees with
C (which is in this case a smooth elliptic curve); if p — § is a geometric point such
that Cj5 is singular, then Pqu; k) = =Gy, x Z/(N) for some N, and this is Just the
smooth part of a Néron N—gon over k(p). Is there a natural way to exhibit Plc%é /s as
the smooth part of a generalized elliptic curve, giving an equivalence between the
stack of generalized elliptic curves over S and the stack of 1-marked genus-1 twisted
stable curves over S with nonstacky marking? More precisely, is there a natural
way of defining compactified Jacobians of twisted curves, such that the degree-0
compactified Jacobian of a standard p,-stacky Néron 1-gon is a Néron d-gon?

Appendix: On moduli of curves of higher genus

As in the case of elliptic curves, stacks of twisted stable maps allow for natural
compactifications of stacks of genus-g curves equipped with certain extra structure.
For example,

W0 Briy) =T 0Bruy) x 7, My

classifies pairs (C/S, ¢), where C/S is a smooth genus gcurveand ¢ : Z/(N) —
PICC /s> which we view as an N-torsion point in PICC /s = = Jac(C/S). This stack
is naturally contained in the proper algebraic stack ¥ ¢,0(Buy) as an open dense
substack. However, the situation becomes considerably more complicated when we
attempt to use this to obtain proper moduli stacks of curves with level structure, for
example, replacing “N-torsion points” with “points of exact order N”.

Over Z[1/N], we have a stack JT/LéM of twisted curves with level-N structure,
studied in [Abramovich et al. 2003, §6]; this is a smooth proper modular com-
pactification of the stack classifying (not necessarily symplectic) Jacobi level-N
structures on smooth genus-g curves, as in [Deligne and Mumford 1969, 5.4]. One
may be tempted to proceed as follows:

Definition A.1. Let €/S be an unmarked genus-g (g > 1) twisted stable curve
over a scheme S. A full level-N structure on € is a group scheme homomorphism
¢: (Z/(N))*¢ — PIC%/S such that {qb (@) | a € (Z/(N))?} is a full set of sections
for the finite flat group scheme PIC<€ / s[N]over S in the sense of [Katz and Mazur
1985, §1.8].

We write A_/Lé,N) "™ for the substack of %g,O(% [L]%/g ) associating to 7'/ S the groupoid
of pairs (¢, ¢), where €/ T is an unmarked genus-g twisted stable curve and ¢ is a
full level-N structure on 6.

Unfortunately, this is not the “right” definition. By this we mean that we would
like the stack JI/L(N) "™ to be a closed substack of %g 0(% ), flat over S; but it
follows immediately from the example [Chai and Norman 1990 Appendix] that

flatness of Jl_/té,N)’tW fails in mixed characteristic, even over the ordinary locus of
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Mg . Of course, if N is invertible on § then this definition is the correct one. More
premsely, the choice of an isomorphism (Z/(N )28 = 25’ identifies A/L(N) ™ with
the stack J(/L(N) of [Abramovich et al. 2003, §6], which is shown in [loc. cit.] to be
smooth over Z[1/N] and proper over ./l/L . One would hope to be able to change
the above definition to get a closed substack J(_/LZE,N)’tW of T{g,o(%uﬁg ), flat over S,
agreeing with ﬂng) over S[1/N] and with a natural moduli interpretation in terms
of the maps from (Z/(N))?¢ to the group schemes Pic% /s

More generally we have good properties for the moduli stack #, o(BG) whenever
G is a finite diagonalizable or locally diagonalizable group scheme over S, so the
Cartier dual G* is commutative and constant or locally constant. Recall that for
a finite group G there is a stack .y over Z[1/|G|] of Teichmiiller structures
of level G on smooth curves (see [Deligne and Mumford 1969, 5.6; Pikaart and
de Jong 1995]). Now if G is a diagonalizable group scheme with |G| invertible
on the base scheme §, then after adjoining appropriate roots of unity we may
fix an isomorphism G = G*. In [Abramovich et al. 2003, 5.2.3] it is observed
that this determines an isomorphism between g«Jlg and a substack B““(G)O of
% e, o(BG) whose closure Bte‘(G) in% ¢,0(BG) is a moduli stack whose geometric
objects correspond premsely to G-torsors P — € which are connected (where € is
a genus-g twisted stable curve); these are called twisted Teichmiiller G-structures.
One would hope that Bz,ei(G) can be defined in arbitrary characteristic, with a
natural moduli interpretation, but it is not clear to the author how to proceed with
this for genus g > 1; as discussed above, it does not suffice to simply consider the
substack of 37_{g,o(973G) whose geometric objects correspond to G-torsors which are
connected, since ,» is connected in characteristic p, and the definition in terms
of “full sets of sections” does not give a stack flat over the base scheme in mixed
characteristic.
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Regular permutation groups of order mp
and Hopf Galois structures

Timothy Kohl

Let I' be a group of order mp where p is prime and p > m. We give a strategy to
enumerate the regular subgroups of Perm(I") normalized by the left representation
M(I") of T'. These regular subgroups are in one-to-one correspondence with the
Hopf Galois structures on Galois field extensions L/K with I' = Gal(L/K). We
prove that every such regular subgroup is contained in the normalizer in Perm(I")
of the p-Sylow subgroup of A(I'). This normalizer has an affine representation
that makes feasible the explicit determination of regular subgroups in many cases.
We illustrate our approach with a number of examples, including the cases of
groups whose order is the product of two distinct primes and groups of order
p(p — 1), where p is a “safe prime”. These cases were previously studied by
N. Byott and L. Childs, respectively.

Introduction

Let L/K be a finite Galois extension of fields with Galois group I' = Gal(L/K).
Then the action of the group ring K [I"] of the Galois group I" makes L /K into a Hopf
Galois extension, in the sense of Chase and Sweedler [1969]. However, the classical
Hopf Galois structure on L /K may not be the only Hopf Galois structure. For many
Galois groups I, every I'-Galois extension L/K has Hopf Galois structures by
cocommutative K-Hopf algebras other than the classical Hopf Galois structure by
the group ring K[I'] of the Galois group. Greither and Pareigis [1987] demonstrated
this lack of uniqueness, by showing that the Hopf Galois structures on L/K are
in direct correspondence with the regular subgroups N < Perm(I") normalized by
A(I"), where A is the left action of I" on I'.

Subsequently Byott [2000] showed that nonclassical Hopf Galois structures are
of interest in local Galois module theory settings, involving wildly ramified Galois
extensions of local fields. Byott showed that a nonclassical Hopf Galois structure
can yield freeness of the valuation ring of the extension over the corresponding

MSC2010: primary 20B35; secondary 12F10, 20E22, 16W30.
Keywords: regular permutation group, Hopf-Galois extension, holomorph.
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associated order, whereas freeness fails over the associated order for the classical
Galois structure given by the Galois group.

The Greither—Pareigis correspondence is via Galois descent: if H is a cocom-
mutative K-Hopf algebra and L is an H-module algebra via some Galois struc-
ture map H ®x L — L, then base changing to L yields a Galois structure map
(L®x HY®r (L®k L) > (L ®k L). Butthen L ®x L = Homy(L[T'], L) =
LII'*= ZyeF Ly, and L@k H = L[N], where N is a group that acts on L ® ¢ L
via acting as a regular group of permutations on the subscripts of the dual basis
{¢, :y €'} of LII']*. Then N is normalized by A(I"). Conversely, given a regular
subgroup N of PermI', then L[N] yields a Hopf Galois structure on L[I']*. If N
is normalized by A(I"), then Galois descent yields a K-Hopf algebra structure by
H=(LIN)® on L/K.

Thus determining Hopf Galois structures on Galois extensions L /K of fields with
Galois group I is translated into the purely group-theoretic problem of determining
regular subgroups of B = Perm(I") normalized by A(T").

Nearly all of the work since [Greither and Pareigis 1987] on determining the
Hopf Galois structures on a Galois extension L/K of fields with Galois group
I, or on counting or estimating the number of Hopf Galois structures on such
field extensions, has involved a further translation of the problem. The idea of the
translation, as formulated by Byott [1996], is to stratify the problem into a set of
problems, one for each isomorphism type of group of the same cardinality as I". For
each such group M, one seeks regular embeddings (modulo a certain equivalence)
of I" into the holomorph Hol(M) C Perm(M) of M, where Hol(M) = M x Aut(M).
The number of such regular embeddings is equal to the number of Hopf Galois
structures on L/K via K-Hopf algebras H such that L ® x H = L[M]: then the
Hopf Galois structure is said to have type M. This translation turns the problem of
classifying Hopf Galois structures into a collection of somewhat easier problems,
easier because it has seemed more tractable to identify regular subgroups in Hol M
than in the usually much larger group Perm I".

On the other hand, once one has a regular embedding 8 of I' in Hol M, two
translations are required to actually describe the corresponding Hopf Galois structure
on L/K. It is typically not easy to identify the regular subgroup N of Perm I’
isomorphic to M that corresponds to the embedding 8 and the action of N on
L[G]* on which one may apply Galois descent. For this reason, it is of interest
to find groups I where regular subgroups of Perm I" normalized by A(I") may be
determined directly.

The aim of this paper is to do exactly that for a special class of groups. We
consider groups I' of order mp where p is prime and p > m. Then A(I") has a
unique p-Sylow subgroup P of order p. Our main result is that every regular
subgroup of Perm I" normalized by I' is contained in Normpg (%), the normalizer in
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B =Perm(I") of . The group Normp (%) may be identified as the subgroup of the
affine group AGL,,(F,) C GL,,(F,) consisting of (m+1) x (m+ 1) matrices of

the form
Av
01)°

where A is a scalar multiple of an m x m permutation matrix and v is in F}'. For
m < p, Normp (%) is far smaller and much more amenable than the symmetric
group Perm(I") = §,,,. (For example, for p =7 and m =4, Normpg (%) has order
74.6- 4! = 345779, while S»g has order 28! ~ 3. 10%.)

The first application of our main result is to determine all regular subgroups of
Perm I' normalized by A(I") where I' has order pg, distinct primes. N. Byott [2004]
determined the Hopf Galois structures on a field extension L /K with Galois group
" of order pq by looking at the holomorph Hol M of M for M a group of order
pq and determining the regular embeddings of I" whose intersection with Aut M
has a given cardinality. The method of this paper is quite different; the reader may
judge the relative efficiency of the two methods.

For our second application we consider the Hopf Galois structures on a Galois
extension L/K where the Galois group I' has order mp with m = 2q, g prime,
and p = 2q + 1 prime: thus p is a safe prime and g is a Sophie Germain prime.
L. Childs [2003] determined all of the Hopf Galois structures on a Galois extension
L/K of fields with Galois group I' = Hol(C,) by determining embeddings of I
into Hol M for each of the six isomorphism types of groups of order mp. We extend
[Childs 2003] by determining the number of Hopf Galois structures for I' and M
running through all 36 pairs (I', M). Since the computations are in many cases
similar to those in the pg case, we provide only a few sample cases to illustrate the
variety of approaches needed.

This paper generalizes the results for m =4 in [Kohl 2007]. Some of the ideas
here are similar to those in that paper, but for the benefit of the reader we have
made this paper independent of [Kohl 2007] and reasonably self-contained.

1. Preliminaries

Groups of order mp. We begin with some observations about abstract groups G
of order mp, where m < p.

First, G has a p-Sylow subgroup P that is unique, and hence a characteristic
subgroup of G. Also, by the Schur—Zassenhaus lemma, there exists a subgroup
Q <G of order m, and G = P x, Q with t : Q — Aut(P) induced by conjugation
within G.

Lemma 1.1. Let G have order mp with p prime and p > m, with G = P x; Q as
above.
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(a) If T is trivial, that is, G = P x Q, then p does not divide the order of AutG.

(b) If T is not-trivial, then Aut G has a unique p-Sylow subgroup, consisting of
inner automorphisms given by conjugation by elements of P.

Proof. Since P < G is unique and thus characteristic, if ¥ € Aut(G) then
induces ¥ € Aut(G/P). Our claim is that || cannot be p* for any k > 1. Since
|G/P| = m < p then p { |Aut(G/P)| so if ¢ has order p* then ¢ = idg/p.
Therefore, for any g € G one has ¥ (gP) = gP and so g~ 'y (g) € P and likewise
g W' (g) € P for any power r. If || = p* for k > 1 then there exists g € G such
that

g V@), ... v" (g

are distinct elements of G, but then

Le '), ... v" (e)

are pk distinct elements of P, which is impossible since | P| = p. Therefore the p
torsion of Aut G cannot be larger than p. If 7 is trivial then G = P x Q for Q of
order m. As such, Aut(G) = Aut(P) x Aut(Q) and neither Aut P nor Aut Q can
have elements of order p so p {|Aut(G)|. If T : Q — Aut(P) is nontrivial then one
can show that |P N Z(G)| =1, so that if P = (x) then conjugation by x provides
an element of order p in Aut G which therefore generates the p-Sylow subgroup
of AutG. ([

Regular subgroups.
Definition. Let % < A(T") be the unique p-Sylow subgroup of A(I").

Definition. A subgroup N < B = Perm(I") is semiregular [Wielandt 1955] if
Staby (y) ={n € N | n(y) = y} is the trivial group for all y € I".

A subgroup N < B is regular if N is semiregular and either |N| = |I"| or N acts
transitively on I.

If N is semiregular and 7, # e (the identity) of N, then n acts on I without fixed
points. Thus for 1 in N, if 1 has order 4, then for each y in I,

V@), " ()

is the cycle containing y in the cycle decomposition of 1 in B = Perm(I"). Hence
n is a product of k cycles of length i, where hk = |I'|.

Definition. For  in B = Perm(I"),

Supp(n) ={y €' | n(y) #v}.
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Thus if N is semiregular and n € N is not the identity, then Supp(n) =T".

Because of the connection to Hopf Galois structures, in this paper we are not
interested in all the regular subgroups of B, but only in those normalized by A(I"),
the image of the left regular representation of I' in B.

Definition. Let R(I") denote the set of regular subgroups N of B = Perm(I") such
that A(I') < Normpg(N), the normalizer in B of N.

We partition R(I") as follows:

Definition. For M a group of order |T"|, let [M ] denote the isomorphism type of M,
and let R(I", [M]) denote the subset of R(I") consisting of the regular subgroups
N in R(I") that are isomorphic to M.

Then R(I") is the disjoint union of the sets R(I", [M]) where [M] runs through
the isomorphism types of groups of order equal to |I|.

To enumerate R(I"), we enumerate R(I", [M]) for each isomorphism type [M].
As noted in the introduction, the Hopf Galois structures on a Galois extension
L /K with Galois group I' = Gal(L/K) correspond in a one-to-one fashion to the
elements of R(I"); if a Hopf Galois structure corresponds to N in R(I", [M]), then
the K-Hopf algebra acting on L has fype M (because L Qg H = L[M]).

Our goal in this paper is to develop a new method to enumerate R(I") for
|IT'| = mp.

Cycle structures. Let N be a regular subgroup of B = Perm(I") normalized by
A(I"), and let P(N) be the unique order-p subgroup of N. Then we can relate the
cycle structure of a generator of % = P (A(I")) to the cycle structure of a generator
of P(N):

Proposition 1.2. Let % be the unique subgroup of A(I") of order p, and let P = (¢},
where ¢ =mmy - - - Ty With 7y, . . ., Ty, disjoint p-cycles in Perm(I') = S,,,,. Let N
be a regular subgroup of Perm I' normalized by A(I") and let P (N) be the p-Sylow
subgroup of N. Then P(N) is generated by 6 =" 7ty - - - 71, where a; € U, =F %
foreach i.

Proof. N is normalized by A(I") and P (N) is characteristic in N. Hence A(I"), and
therefore also %, normalizes P (N). But gcd(|Aut(P(N))|, p) =1, so P centralizes

P(N), hence P(N) centralizes %.
Let 6 be a generator of P(N). Then

Ty T =¢ =090 =0(mmy -0 =TT T

and so 8 permutes the cycles ny, ..., m,. But conjugation by 6 has order dividing
p, and Perm({m, ..., m,}) has order m! coprime to p, so for all 7, om0~ = ;.
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For each i and for any c¢ in Supp m;, 7; is the cycle
i = (¢, 7 (), e, ..., w7 (),
and 6m;0~! is the cycle
971,-6*1 = (6(c), Om;(c), 971,~2(c), R Qnip_l(c)).

If 6(c) = 7/ (c), then comparing the two cycles, we see that 7] (c) = nl.‘”rr (c) for
all r. Thus for each i, on Supp;, 0 = 7. Hence 6 = ;" 75> - - - 71" in B. No a;
can equal 0 modulo p; if it did, ¢; would be fixed under 6, and 6 is an element of
the semiregular subgroup P(N) of B. ([

Let N be a regular subgroup of B =Perm(I"), let P(N) be the p-Sylow subgroup
of N,and let N = P(N)Q(N), where Q(N) is a complementary subgroup of order
m to P(N) in N. Then Q(N) normalizes P(N) = (n{" ---7,"). Let Q(N) =
{g1=-e,q2,...,qn}. Since N is a regular subgroup of PermI",

= Ner = U P(N)gier,
i=1
and P(N) = (0) acts on P(N)g;er via the left regular representation. After renum-
bering the elements of Q(N) as needed, we have I1; = Supp(r;) = P(N)g;er.

Proposition 1.3. Q(N) is a regular group of permutations of {I1y, ..., I1,}.
Proof. For g in Q(N),

qT; = gP(N)gier = qP(N)q 'qier = P(N)qqgier,

since P(N) is a normal subgroup of N. So the action of Q(N) on {I1y, ..., I1,,}
is the same as the left regular representation A(Q(N)) on Q(N).

The partition {I1y, ..., I[1,,} arising from P(N) is the same as that from ?. So
we conclude that each regular subgroup N of Perm I normalized by A(I") has the
form P(N)Q(N) where P(N) = (r}" - --m,") and Q(N) is a regular subgroup of
Perm({I1y, ..., I1,,}) with IT; = Supp(r;). O

2. Characters and generators of P (N)

In this section we determine the semiregular order-p subgroups of B = Perm(I")
normalized by A(I").

Recall that A(T") = P9 where P is the unique p-Sylow subgroup of A(I") and 2
is a complement of % in A(I"). Then # = (¢) where ¢ = 7| - - - 71, a product of
p-cycles, I1l; = Supp(sr;) fori =1, ..., m, and 2 is a regular group of permutations
of {I1y, ..., I1,}, hence may be viewed as a regular subgroup of §,,. From the
last result of the previous section, every semiregular order-p subgroup P of B
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normalized by A(T") has the form P = (n}" - --7,") foray, ..., ay in F. Here we
describe the possible P more precisely.
There is an isomorphism from V = (71, ..., my) to F}} by
n{‘ n,’,;" R (AT
Denote n{' 71,’;[’ by [i1,...,im]. Then 0; = (0,...,1,...,0) in I]:I’:’ corresponds

to ;. By abuse of notation, we will identify v; in [F;“ with 7; in V.

Let x : 2 — F, be a homomorphism, that is, a degree-one representation or
linear character of 2 in [, [Isaacs 1976].

Let py =3, c9 X(¥)Vyq1). As with ;, we will identify p, with the correspond-
ing element of V, as in the statement of the following result:

Theorem 2.1. For each linear character x : & — [F;, Dy is a generator of a
semiregular order-p subgroup of V normalized by A(I"). Conversely, let P be an
order-p semiregular subgroup of V that is normalized by M(I"). Then P = (p,) for
some linear character x : 9 — [F;.

Proof. For the first part, we begin by observing that 9 normalizes % = (i), so for
all in 9, () = prp~" =77 for some () in F. Now

Px =D XMy =D x@y)Duyay = x () D X @)Dy (1),

yel yed ye2
and so

whyi ™ =D x Wby =D x (M T buya)
y€ed yea

=1() Y XM Dupy =T X W)~ Py
y€el

Hence (p,) is normalized by 9. Since (p,) is a subgroup of V, (p,) is centralized
by %, hence (p,) is normalized by A(T").

Now we show the converse.

Let [ay, ..., ay,] be in V with all a; # 0 in [, such that ([a, ..., a,]) is
normalized by A(I"). Then for y in 9,

—1

ylai, ...,anly ' =lai, ..., anl" =dyay, ..., dyay].

The map from 2 to I]:; given by y — d, is a homomorphism, hence a linear
character. Also, for every y in 2,

—1 c
YRy =T,

where 2 acts as a regular subgroup of Perm(1, ..., m) as noted above, and ¢, is in
F,. Then ¢, = c¢yrcy, so the map y > c, is a linear character from 2 to F .
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Since all a; # 0, in the subgroup ([ay, ..., a,;;]) we may replace the generator
by a suitable power so that a; = 1, so we assume henceforth that a; = 1. Now for
yin 2,

ylai, ..., am]y—1 =leyay,-1a1ys -+ cyay-14m1,
and so

cya, -1y =dya;,
for every i. Setting i = y (), this becomes

cyaj =dyay ),

or
C
y
Ay(j) = - 4j-
dy
In particular,
c c
ay() = d—yal = d—y-
¥ ¥
Since 9 acts as a regular subgroup of permutations of 1, ..., m, this last formula

determines g; foralli =1, ..., m.
The mapping x : 2 — [F defined by x (y) = ¢, /d, is a homomorphism, hence
a linear character of 9 in [F;, and we have:

a, (1) A ~
lar,....an) =[] 70 =[] 7X5) =D x )by = by O

yel yed yel

Example 2.1. In [Kohl 2007] we examined groups of order 4 p. There were two
cases. If 2 = C, x C,, = (x, y), then there are four linear characters, defined by
the following table:

I x 'y xy
X1 1 1 1 1
x2 | 1 1 -1 -1
x3 | 1 —1 1 -1
x4 | 1 —1 —1 1

For 9 = C4 = (x), we have two or four linear characters:

1 X x?2 x3
v |1 1 1
v |1 =1 1 -1
vy |1 ¢ -1 3
ya |1 -1 ¢
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with the last two characters occurring only when p = 1 (mod 4). These linear
characters corresponded to the possible groups Py, ..., P found in [Kohl 2007] by
other methods.

The following lemma is critical for the results in the next section. Let 1 : 2 — [F ]
be the trivial linear character, ((y) =1 forall y in 2. Then p, =[1,...,1] ==,
the generator of %.

Lemma 2.2. Let x; and x> be distinct nontrivial linear characters of 2. Then
(Py1» Py,) cannot contain p,.

Proof. If p, =rpy, +5py,, then for all y in 2 we have

I=rxi(y)+sx2(y).
Hence

m=rY ) +sY_ xa). (1)

yed yed

Butfori =1,2,if T; = x;(2) C [F;, then

> X

yel

is [F : T;] times the sum of the elements of 7;. Since F is a cyclic group, 7; is a
cyclic subgroup of F*, hence elements of 7; sum to 0 (mod p). So (1) becomes
m =0 (mod p). Thus it is impossible for p, = r p,, + 5Py, . O

3. The main theorem

Let N be a regular subgroup of B = Perm(I"). Let A(I') = % - 2 where % is the
p-Sylow subgroup of A(I"). Our main theorem, Theorem 3.5, is

N is a subgroup of Normp(%).

As we’ll see in Theorem 3.7, Normp (%) can be viewed as a subgroup of the affine
group of F77 generated by scalar matrices, permutation matrices, and 7. So this
result reduces the question of determining regular subgroups of Perm(I") = §,,,, to
a question about subgroups of a much smaller group, a semidirect product of S,
with a metabelian group.

We begin by studying Normpg (N), for N a regular subgroup of B = Perm(I").

Recall that the normalizer Normpg (A(I")) in Perm I" of A(I") is denoted by Hol I
and is the group Hol(I") = p(I') x Aut(I") = I'" x Aut(I"), where p is the right
regular representation of I' in Perm I" and Aut I" is embedded inside Perm I' in the
natural way. Since Perm(I") = Perm(N) if N is a regular subgroup of Perm I, we
have:
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Proposition 3.1. Let N be a regular subgroup of B = Perm(I"). Then
Normpg(N) = Hol(N).
Proof. Since N is regular in Perm ", the map b : N — " by b(n) = n(l) is a
bijection. So C(b~!) : Perm(I") — Perm(N), given by C(b=')(r) = b~ '7b, is an
isomorphism. Under this map, n in N C Perm(I") maps to b~'nb, where for
in N,
b~ nb(w) = b~ (1) = b~ (qu(1) = nu.
Thus inside Perm N, the image C(b~")(N) = A(N), and so
C (™" (Normp(N)) = Normperm(v)y (A(N)) = N x Aut(N).

Since C(b~") is an isomorphism from Perm I' to Perm N, C (b~ ") is an isomorphism
from Normpg(N) to Hol(N) = N x Aut(N). O

In order to obtain Theorem 3.5, we need to introduce the opposite group, N°PP =
Centg(N), the centralizer of N in B = Perm(I"). We denote by 1 the identity
element of the set I' on which B acts. The following is a recapitulation of [Greither
and Pareigis 1987, Lemma 2.4.2].

Lemma 3.2. For N a regular subgroup of B = Perm(I"), let ¢ be in Centg(N).
Then ¢(y) = n,¢(1), where n,, is the unique element n of N such that n(1) = y.
Conversely, if ¢ isin B and ¢(y) = n,¢ (1) for all y, then ¢ is in Centg(N).

Proof. For ¢ in Centg(N), ¢(y) = ¢(n,(1)) = n,¢(1). Let ¢(1) = o (1) for
unique o in N. Then ¢ is uniquely determined by o: denote that ¢ by ¢,. Thus

bs(y) = ﬂyff(l)-
Conversely, suppose ¢ is in B and there is some o in N such that ¢ (y) =n, 0 (1)
for all y, so that ¢ = ¢,. Then ¢, is in Centg(N). Indeed,

GoNe (V) = Py (¥) = ny. (¥)o (1),
while
Nedo (y) = nenya(l)-

We claim that 1, () = n.n, . Since elements n of N bijectively correspond with
their images n(1) in I', it suffices to observe that

Mye()(D) =ne(y) = ne(ny, (1) = (Meny ) (1).
Thus Centg(N) ={¢, : 0 € N}. O
Corollary 3.3. Let N be a regular subgroup of Perm'. Then:

(a) N°PPisalso a regular subgroup of PermT.
(b) NN NC°PP = Z(N), the center of N.
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(¢) If N is abelian, then N = N°PP,
(d) (N°PP)PP = N.

Proof. (a) Observe that for o in N, ¢, (1) = no (1). But n; is the unique element of
N that maps 1 to 1 in I', hence #; is the identity element of N. Thus ¢, (1) = o (1).
Thus if N is regular, then so is N°PP,

(b), and hence (c), are clear since N°PP = Centg(N).

(d) Clearly N is contained in the centralizer of Centg(/N), so is in (N°PP)°PP. But
by (a), this last group is regular; hence it has the same cardinality as N. So
N = (NOPP)oPP, 0

Proposition 3.4. Normpg(N) = Normp(N°PP). Hence N is normalized by L(T") if
and only if N°P? is normalized by A(T").

Proof. We show that N°PP = Centp(N) is a normal subgroup of Normp(N). Let
o be in Centg(N), § in Normp(N). We show 88! is in Centg(N). Since every
element 7 of N has the form o8~ for some o in N and oo = o, we have

sad ' =808 (8087 =S 5!
=8oad ! =808 88 = nsas .

Thus dad~! is in Centg(N), and so NP is a normal subgroup of Normp(N).
Hence
Normpg(N) C Normpg(N°PP).,

The same is true replacing N by N°PP. Equality then follows by part (d) of
Corollary 3.3. The last sentence follows easily from the equality Normg(N) =
Normpg (N°FPP), O

Now we can prove the main theorem.

Theorem 3.5. Let N be a regular subgroup of B = Perm(I") normalized by M(I') =
P -9, with P the p-Sylow subgroup of M(I'). Then N is a subgroup of Normpg (%).

Proof. Since A(I") is contained in Normp(/N), we have % inside Normg(N) =
Normpg (N°PP),

Since Normpg(N) = Hol(N) = N x Aut(N), we know by Proposition 1.2 what
the p-Sylow subgroup of Normpg (N) is:
e If N=P(N) x Q(N), then the p-Sylow subgroup of Normg(N) is P(N), which
is unique and has order p. Hence ? = P(N) = P(N°PP).
o If N = P(N) x; Q(N) where 7t is nontrivial, then Normp(N) = Hol(N) =
N x Aut(N) has a p-Sylow subgroup isomorphic to C,, x C,,, where one copy of

Cp is P(N) and the other copy is the group C(P(N)) of inner automorphisms of N
obtained by conjugation by the elements of P(/N) (see Lemma 1.1). We check that
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the subgroup P(N)-C(P(N)) is normal in Hol(N) = N x Aut(N). Take o, 7 € P,
heG, o €e AutG. Then

(@) a)ha ") =1,
so conjugating an element o C(t) of P(N)-C(P(N)) by (ha=1)~! yields:
(@)~ la)(oC () (ha™) = a(h) la(o)a(tht™!) - aC(t)a™!
=a(h)a(@)a@amar™") - Cla(r))
= C(a(m) Haor)ar™") - Cla(r)).

Since P is a characteristic subgroup of G, C(« (h)"Y(a(o7))isin P,asare a(t™")
and «a(t). Hence P(N) - C(P(N)) is a normal subgroup of Hol N, hence is the
unique p-Sylow subgroup of Hol N.

Since N in this case is nonabelian, Z(/N) has no p-torsion, and so since N N
NP = Z(N), P(N)N P(N°P) = (1). Since P(N) and P (N°PP) centralize each
other, P(N) - P(N°??) = C, x C,, and hence P(N) - P(N°PP) is the p-Sylow
subgroup of Hol(N) = Normpg (N).

Now we identify %, the p-Sylow subgroup of A(I"), inside Normpg (N). Clearly,
%P C P(N)- P(N°PP). The groups P, P(N), and P(N°PP) are order-p semiregular
subgroups of Perm I' normalized by A(I"); hence they have generators p,, p,,, and
Dy, that correspond to linear characters ¢, xi, and x» from 2 = Q(A(I')) to F,
where ¢, corresponding to %, is the trivial character. Since P(N) and P (N°PP)
are distinct subgroups, x; and y; are distinct characters. Since & is contained in
P(N) - P(N°PP), we have

L=rx1+sx2,
for some integers r and s. But by Lemma 2.2, this can only occur if x| or y; is the
trivial character, that is, = P(N) or % = P(N°PP),
If = P(N°PP), then N centralizes %, so N is contained in Norm g (%).
If % = P(N), then N normalizes P(N) =%, so N is contained in Normpg(%). U
Definition. For groups I' and M of order mp and P an order-p semiregular sub-
group of Normpg (%) that is normalized by Normpg (%) (see Theorem 2.1), let R(T",

[M]; P) be the set of regular subgroups N of Normpg (%) isomorphic to M and
normalized by A(I") such that P(N) = P.

Then R(G, [M]) is the disjoint union of R(I", [M]; P) for P running through
all order-p semiregular subgroups of Normpg (%).
To count R(G, [M]), we combine Proposition 3.4 with the proof of Theorem 3.5:

Corollary 3.6. With I" and M as above, let = P(A(I")), the p-Sylow subgroup
of M(T).
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IfM = P(N) x Q(N), then R(T", [M]) = R(T', [M]; P).
If M is a nontrivial semidirect product of P(N) and Q(N), then

IR(G, [M]D| =2|R(G, [M]; P)|.

Proof. Lemma 1.1 showed that if N is the direct product of P(N) and Q(N), then
% is the unique order-p subgroup of Normpg (%), hence P(N) = P for all regular
subgroups of Normp (%) normalized by A(I"). Otherwise, N and N°PP are regular
subgroups of Perm I normalized by A(I") such that P(N) and P (N°PP) are distinct
subgroups of Normpg (%), and as observed at the end of the proof of Theorem 3.5,
exactly one of P(N) and P(N°PP) is equal to . Thus when M is a nontrivial
semidirect product, counting R(I", [M]; ?) counts half of the set R([", [M]). U

Now we identify Normpg (%) as a semidirect product and as a subgroup of the
affine group of ). The first description makes computing regular subgroups of
Normp (%) feasible in many cases.

Theorem 3.7. Let A(I') = P2, where P = (n), ® = my72 - Ty, a product of
disjoint p-cycles in B =Perm(I"). Let V = (my, ..., wy) = [FZ’, as before. Then
Normpg(P) = [F;’f X ([F;,< - S;n) and embeds in

A

AGLm([Fp) = {(0 1

):Ae(ﬂmwyxﬁerk

the affine group of 7).

Proof. We first show that Normp (%) = [le X ([F; - Sim).
Given an element T of Normpg(®), trt~! = 7¢® and so t induces a permuta-
tion, denoted by ¢, of the set {1, 2, ..., m} by

-1 _ _c()
THT =7, ;)

This defines homomorphisms ¢ : Normp (%) — [F;, t : Normg(®) — S,,, and
¢ : Normpg (P) — [F; =S by ¢(t) = (c(7), t(7)). The kernel ker ¢ of ¢ is the set
of elements 7 in Normpg (%) such that T j‘E_l =g for all j, that is, the centralizer
of V. We show that ker¢ = V.

Fori =1, ...,m, choose y; in I1; = Supp(sr;). Then 7; is the p-cycle

7= w0, P ),
hence
P={zfy)i=1,....mk=0,...,p—1}

If T in Perm I centralizes 7r;, then since

it = (t (), T@ (), - T (@ T ) =,
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T conjugates Supp(sr;) = I1; to itself, and hence yields a permutation of the set IT;.
But the only permutations in S, = Perm(I1;) that centralize the p-cycle 7; are the
powers of 7r;. Thus T commutes with 7r; foralli =1, ..., m if and only if 7 is in
V. Therefore V = ker ¢ and we have a short exact sequence:

1 - V — Normp(P) — [F; -Spm — 1.

The sequence splits. For inside Normp (%) are the permutations o, for ¢ in F}
induced by the c-th power map 7 — 7€, for (c, p) = 1, that take nik(yi) to ni"k ()
foralli =1,...,mand k =0,..., p — 1. The o, generate a subgroup U of
Normp (?) isomorphic to ;. Also, a permutation & of S, defines a permutation o
of Perm I by

a(mf(vi) = mh i (Vaa)-

Then {o« € Perm(I") : @ € S,,,} is a subgroup ¥ of Normp (%) isomorphic to S,,.
Clearly & and U centralize each other, so the group U C Normp (%) is a preimage
of [F; - Sm under ¢. So ¢ splits, and Normp(P) =V - (UF) = [Fg X ([F; - Sim).
A convenient way to view [Fg X (F; - Sn) is as the subgroup of AGL,,([F,)
consisting of matrices
Av
(51)

where v € V =F, and A in GL,,(F)) is a nonzero scalar multiple of a permuta-
tion matrix. In other words, we view §,, as m x m permutation matrices of the
components of 7 and [} as nonzero scalar multiples (in [)) of the m x m identity
matrix. Such matrices are examples of monomial matrices, whose properties in
general are explored by various authors such as Ore [1942]. (]

In the sequel we will need to understand Normg (%) as a subgroup of B =
Perm(I"). Writing the elements of Normg(®) =V - (UY) as (a, u”, ), the explicit
action of elements of Normpg (%) on I" = {nl.k(y[) li=1,...,m,k=0,...,p—1}
is given by

a " ku"+ a(i
@, u”, ) (yi) =7y - T (Tl Vo)) =Ty Var)-
Then we have the following easily verified formulas:

k—1
@,u", )k = <Z u"a" (&), u', ozk). 2)
i=0

The inverse of (b, u*, B) is (—u—*B~L(b),u™*, B~1), so

(b, u, BY(@a,u", )b, u*, )~ = (b +u’B(@) —u" (BB, u", Bap™").
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In particular, elements of Normp (%) act on % by:

(b, u*, BY(po, 1, (b, u*, B = ' p,, 1, 1).

Let N be a regular subgroup of Perm " normalized by A(I") and recall that
N = P(N)Q(N) where P(N) is the p-Sylow subgroup of N and Q(N) is a group
of order m. We know that N C Normpg (%) and that P(N) = ((py, 1, I)) for some
linear character from 2 = Q(A(I")) to [F;. We need to examine Q(N).

Now N is a regular subgroup of PermI', so Q(NN) acts fixed-point-freely on I.
We need to identify fixed-point-free elements of Normpg (%).

Proposition 3.8. If the order of (a,u”, a) # 1 in Normpg(%P) is coprime to p, then
(a,u”, @) is fixed-point free on T if and only if « is fixed-point free in S,,.

Proof. Suppose « is fixed-point free in S,,. Then for all i, 1 <i <m, a(i) #1i, so
(a,u”, oz)(rrik(yi)) is in Iy ) # I;. So (a, u”, @) is fixed-point free.
Suppose « (i) =i for some i. Then

~ k "k+a; k
@u" ) () =n """ =7},

for k satisfying (1 —u")k =a; (mod p). If u” # 1, then such a k exists, so (a, u”", )
has a fixed point whenever « has a fixed point and u” # 1.
If (i) =i and u” =1, then

@1, @) =7 (1),

for all 5. If s is the order of (4, 1, «), then an“”(yi) =nf(y;), s0 a;s =0 (mod p).
If s and p are coprime, then a; = 0. But then nl.k (v:) is a fixed point for (a, 1, @). O

Let ¢t : Normg (%) — S,, be the map sending (a, u”, @) to & in S,, defined by
a(ni" ) = né‘(i)(y&(i)). Proposition 3.8 implies immediately:

Corollary 3.9. Let Q be a subgroup of Normp (%) of order m, and suppose t :
Normpg(P) — S, is one-to-one on Q. Then Q is fixed-point free on I', hence a
semiregular subgroup of Normpg(P), if and only if t(Q) is a regular subgroup
of Sp.

Corollary 3.10. If N is a regular subgroup of Normpg(P), then t(Q(N°P)) =
(t(Q(N)))°PP where the right-hand group is viewed within ¥ = S,,,.

Proof. For (a,u”,a) in Q(N) and (¢, u®, §) in Q(N°PP), we have ad = da, so
t@a,u",@)=a and t (¢, u*, §) =8 commute in S,,. So £(Q(N°PP)) C (1(Q(N)))°PP.
But because Q(N) is regular in S, both sides have cardinality m. Hence the two
groups are equal. U

It is interesting to observe that Centg (%) consists precisely of those elements
of the form (b, 1, B), which is consistent with the classical fact (due to Burnside
[1911, §170]) that Centp(P) is isomorphic to the wreath product C),? S,,. This
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wreath product is isomorphic to the semidirect product (C, x --- x C}) X Sy,
where the action of S, on the m-fold product of the C,,’s is given by the natural
action on the coordinates. The group Normp (%) is also not unknown. It is an
example of a rwisted wreath product whose precise definition (which may be found
in [Neumann 1963]) is not so important here since we have the semidirect product
description given above. The appearance of wreath products, by the way, is a natural
consequence of the action of Normpg (%) (as well as any other subgroups thereof,
such as Centg (%)) on the blocks {I1y, ..., I1,}. We may, in fact, frame part of
Theorem 3.5 in terms of one of the important consequences of the so-called universal
embedding theorem of Krasner and Kaloujnine [1951]. Specifically, if one has an
exact sequence 1| - P - N — Q — 1, expressing N as an extension of P by Q,
then P Q contains a subgroup isomorphic to N. In the setting of this work, where
IN|=|P]|-|Q| = pm our group Q may, of course, be embedded as a subgroup of
Sm. As such we have an embedding of N into P:S,,. This dovetails with the above
observation that Centg(P) = Cj, S,, since, for a given N € R(I', [M]), either N
or N°PP centralizes % and N = N°PP so that indeed Centg (%) contains a subgroup
isomorphic to N. One of the upshots of Corollary 3.6, in fact, is that either all
N € R(I', [M]) are subgroups of Centg (%) (when P (N) is a direct factor) or (when
P(N) is not a direct factor) exactly half of the elements centralize %, indeed all
those for which P(N) # P. As such, one could enumerate only those N that lie in
Centg (%) and then apply Corollary 3.6 in order to determine |R(I", [M])].

What the affine representation above yields for us is a very concrete way of
performing the enumeration of these subgroups of Normpg ().

In order to apply Theorem 3.5 to deal with all possible I and all possible N of
a given order mp, it is convenient to apply the following (in the author’s opinion
quite important) observation:

Proposition 3.11 [Dixon 1971, Lemma 1]. If N and N’ are regular subgroups of
Sy that are isomorphic as abstract groups, they are conjugate as subgroups of S,,.

Proof. Identify S, =Perm(Z/nZ) =Perm(C,). Let ¢ : N — N’ be an isomorphism.
Then the conjugation map C(¢) : Perm(N) — Perm(N’) is an isomorphism, under
which A(N) maps to A(N'), as is easily verified. If b: N — C, and ¢ : N' — C,
are bijections, then C (™Y : Perm(C,) — Perm(N) maps N in Perm C,, to A(N)
in Perm N, and C(c™!) : Perm(C,) — Perm(N’) maps N’ in Perm C, to A(N’).
The composition CcHC@)Ch)=C(c ' ogpob) maps N in Perm C,, to N’ in
Perm C,,. U

This result allows us to determine R(I", [M]), for all pairings of groups of order
mp, while working entirely within the single group B = S,,,.

Here is an outline of the strategy.

Let B =S,,,.
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Suppose that % = () is a cyclic semiregular subgroup of B of order p and that
=TT+ T, where my, ..., m, are disjoint p-cycles. We may choose % at
our convenience.

Let 2y, ..., 9, be subgroups of Normp (%) that act regularly on the set {I1y, ...,
I1,,}, where I1; = Supp(sr;), and represent all isomorphism classes of groups of
order m.

For each 9;, find the [ ,-linear characters x;; of 2;. Then (p,;,) is normalized by
9;, so, as we shall show below, (p Xij )9; is aregular subgroup of S,,;, and is contained
in Normpg (P). If { ﬁx,-,- )2; is a direct product or x;; is not the trivial character, we
find ((Py;;)2:)°P in Sy,. Then ({Py;;)2:)°PP is contained in Normp(®) and its
p-Sylow subgroup is . We represent the isomorphism types of groups I'" by
suitable groups ({py;;)2:)°PP.

Having done so, we then seek to construct regular subgroups N normalized by
I" by looking for fixed-point-free elements in Normpg (%) of suitable orders that are
normalized by I'.

In the next sections we demonstrate this program.

4. Groups of order pq

N. Byott [2004] determined the number of Hopf Galois structures on a Galois
extension of fields L /K with Galois group I" of order pg where p and g are primes
and p = 1 (mod g). As Byott notes, the case where p # 1 (mod g) is of little
interest because then pg and ¢ (pq) are coprime, in which case Byott [1996] shows
that the only Hopf Galois structure on LK is the classical structure given by the
Galois group I'.

Let G| and G, be the two isomorphism types of groups of order pg. By-
ott’s [2004] approach for counting Hopf Galois structures is to apply the strategy,
suggested in [Childs 1989] and codified in [Byott 1996], of looking for regular
subgroups isomorphic to G; inside Hol(G ;) = G; x Aut(G;) for i, j =1, 2. Equiv-
alence classes of such regular subgroups correspond to Hopf Galois structures on
field extensions with Galois group G; whose Hopf algebra has type G ;.

In this section we count the number of Hopf Galois structures on L /K with Galois
group G; whose Hopf algebra has type G ; by looking for regular subgroups G ;
inside Normperm(g,) () C Perm(G;). Thus we obtain Byott’s count by a refinement
of the direct Greither—Pareigis approach. As may be observed, the two methods are
rather different.

Let F} = (u). The two groups of order pg are the cyclic group Cp,q =) x (u?)
and the group C, x. C, =[F, % (ud), where in C), X, C, we have (0, ud(x, 1) =
(ux, 1)(0, u?) and qd = p —1; hence u? is an element of [F;,< of order g.

The result is:
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Theorem 4.1. Let R(T", [G]) be the regular subgroups of Perm I isomorphic to G
and normalized by M(I"). Then
|R(Cpqa [Cpq])l =1,
|R(Cpq, [Cp Xz CgDI =2(qg — 1),
|R(Cp A qu [Cpq])l =D
IR(Cp X7 Cg, [Cp X CgD| =2(1 + p(g —2)).

By [Greither and Pareigis 1987], in each case the right-hand side equals the
number of Hopf Galois structures on a Galois extension of fields with Galois
group I with Hopf algebra of type [M].

Before doing the particular cases, we obtain some preliminary information
that applies in all four cases. Also, some notational conventions will be used
throughout the rest of the paper. In [} we shall denote the vectors [0, 0, .. ., 0]
and [1,1,...,1] = p, = () (both of which are fixed by any « € S,,) by 0 and
1, respectively, and any scalar multiple [c, c, ..., c] of 1 shall be expressed as c1.
Also, an arbitrary a € [F;" has the form [ay, az, ..., ay] fora; € F,.

Lemma 4.2. Suppose
G=(1,1,1),(,u", o)) C Normp(P),

where x = (i, 1,1 and y=(a,u”, o) satisfy x? = y? =1 and yx :x“dy and o is

a nontrivial permutation of S;. Then o is a g-cycle in S, and u" = u.

Proof. If (G, u",0)? = (i, 1, 1), then 09 = 1. Since o is nontrivial, it must have
order ¢, hence be a g-cycle since ¢ is prime. From the defining relation

@u . o)d, 1,n=3d,1,0"Gu", 0),
we have a4+ u’ 1 =u?1 +a, hence u” = u“. O
Lemma 4.3. Suppose G is as in Lemma 4.2 and

H={(1,1,1), (b, u’, @)) C Normg(P),
with « a g-cycle. If H is normalized by G, then a = o' for some t € I]:;.

Proof. Since G normalizes H, G must conjugate the generator of H of order ¢ to
an element of H. Thus

@ u", )b, u' @)@, o) = (1,1, D7 b, ', @),
for some f € F), and e € [J. Looking at the rightmost components, we have

oao ' =af.
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Since conjugation by the order-g element o is an automorphism of the cyclic ¢
group (&), whose automorphism group has order ¢ — 1, conjugation by o must be
trivial on (o). Hence «o = ocar. Now « is the g-cycle

a=(1a(l),....a"(1),...).

So
a=cac '=(c),0a(),...,ca" (1),...).

If o (1) = o* (1) for k # 0, then for all s > 0,
o@’ (1) =ca’o(1) =a’ak(1) = ok’ (1)).
Hence o = o, |

We outline the strategy of the proof of Theorem 4.1.
Given that

r=(1,1,0),0,u",0)), N=(1,1,1),@ u, "),

we know that N C Normpg(%). The constraints on N arise from the requirements
that, first, I' normalizes N, and, second, (@, u*, ') has order q. Regarding the first
constraint, conjugating (a, s*, o) by (1, 1, I') poses no constraint on N since

A, 1, D@, u*, 0"y = (A —u)1, 1, 1)@, u*, ") € N.
But the condition
O, u",0)@,u’,a")0,u",0)isin N (3)

typically yields conditions on a.
Now we do each case in turn.

[R(Cpg, [CpgD]| =1. Weidentify I' = C, x C, inside Normp (%) as
r=((,1,1),0,1,0)),

where o is a fixed g-cycle in ;. Then, since N = C, x Cy, N must have the form
N=({1,1,D),@1,0"),

for some integer t modulo p — 1 by Lemmas 4.2 and 4.3.
Since Q(N) is characteristic in N, condition (3) becomes the condition that
(0, 1, o) conjugates the generator (a, 1, @) of Q(N) to a power of itself:

0, 1,0)@ 1,60, 1,07 =@ 1,0),
for some integer e. Looking at the rightmost components shows that e = 1. Thus

N=({,1,D,@a,1,c"),
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and looking at the leftmost components yields that o (@) = @, hence @ = k1. Then
ki,1,6"=(,1, D0, 1,0)
isinI". Hence N =T'.

[R(Cpg, [Cpx:Cy|=2(q—1). Since Cj,x.Cy is anontrivial semidirect product,
to count the regular subgroups N, by Corollary 3.6 we may restrict to those N such
that P(N) = @, hence P(N) = ((1, 1, I)). Again, T = ((1, 1, I), (0, 1, 5)). By
Lemmas 4.2 and 4.3,

N=(1,1,D), @ u a"),

where (¢, g) = 1. We claim that a = 0.

We first observe that we may replace the generator (a, u?, o*) by (a, u?, o')(l 1
1, I) for any /, and choose [ so that a; = 0, where a; is the first component of
ace [FZ,. The normalization condition (3) becomes

O, 1,0)@,ul, a0, 1,07 = (f1, 1, (@, u?, "),
for some f. Looking at the leftmost components yields
a(&)zfl—i—fi. “4)
This equation implies that
Ag-1(k) = ak + f,
for all k. In particular, since a; = 0, we have
ag-n(1) = nf,

for all n.
Now we consider the condition that (a, u?, o") have order g. Looking at the
leftmost components in (0, 1, 1) = (a, u, oty yields

qg—1
0= u¥sli(a). (5)
1

~.
I

Since o is a g-cycle, we may write
a=lar, as(1y, - -+ Aor (1), - - - » Aga-1(1)]- (6)
Now o cyclically permutes the components of a, so

U(&) = [Clo-—l(l), al, ..., agr—l(l), ey ao“lfz(l)]' (7)
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Thus looking at the first components of (5), we obtain

qg—1 g—1 g—1
0= uYay-qy=Y u¥tjf =tf _ ju¥l. (8)
j=1 j=1 Jj=1

Now for any indeterminate x, we have

q—1 -1
i d d (x1—1 gx1 x?—1
) =x—= 9y = x— = —_
]X_:O” wgxea =a o (57) x(x—l x—12)

Setting x = u?, the second term is (194 — 1)/(ud —1)2 =0, and so (8) becomes

d(g—1)
qu
0=tfu?"——. 9
ful = ©)
Since u? # 1 is a unit modulo p and 0 < ¢ < ¢, this equation only holds when
f =0. Hence a =0 and
N=(d,1,D,0,u',0").

We have a distinct group N for each ¢ coprime to g. Hence there are ¢ — 1 regular
subgroups of Normpg (%) normalized by I such that P(N) = P. By Corollary 3.6,
R(Cpqa [Cp N Cq]) = 2(q —1).

[R(Cp X7 Cyy [CpgD| = p. Let
I'=C,x,C,=((1,0,1), 0, u’, o))
and assume P (N) = P. Then
N=(1,1,1), (@, 1,0"),

for some a and some ¢ coprime to ¢g. Now I' normalizes N, and Q(N) is character-
istic in N, so the normalization equation (3) becomes

O, u?,0)@, 1,60, u= 07 =(@,1,5".

Looking at the leftmost components gives

o) =u"%.

Then
ok @) = u=%a,
hence

—dk
Ao-k(1)y =Uu - di,

for all k.
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Thus a is uniquely determined by a;, and, in fact, & = a; py,. So

N =((1,1,1), (a1 py,, 1, a").

Now o (py,) = u*dﬁ,/,d (see Lemma 5.2). So if st = 1 (mod ¢), then we may
replace the generator (a; py,, 1, o) by its s-th power:

—dst
. : u =1\,
(a1py,, 1,0") = (al(u_dt—_l)pl/fd7 1, G).

Since d and ¢ are coprime to ¢, ((u=ast — 1)/(u‘d’ — 1)) is a unit modulo ¢g. The
constraint that (b py,, 1,0)? = (1, 1, I) poses no further constraint, for the first
component of (b py,, 1,0)? is

q-! . q-! . w9 1 ~
;o’(blﬁwd) = bl(; u‘d’)ﬁwd = b (ud—_l)ﬁllfd =0.
1= 1=

Thus we may choose a generator of Q(N) to be (b py,, 1, o) for any by modulo p,
and the p choices for by yield different N. Thus R(C), x; C,, [Cpy]) = p.

[R(Cp %7 Cy, [Cp X CqD| =21+ p(q —2)). Let
T'=C,x.C,=((1,0,1), 0, u’, o))
and assume P(N) = %. Then we may assume that
N=({,1,D), @ u’ o"),

with (¢, ¢) = 1. Constraint (3) is that conjugation by (f), u?, o) sends (a, u?, a) to
an element of order ¢ in N:

O, u?, oY@, u, 00, u= o~ =@, u?, o (f1,i, 1), (10)

for some e and f, where e is necessarily equal to 1 since o commutes with o”.
Looking at the left components of (10), we obtain ulo @) = a+u? f i, since
a(i) = 1. Thus

o@=u"a+ fi.

Recalling (6) and (7), the action
o(@)=u"a+ fi
translates at the component level to
Agr-1(1) = u_dagr(l) + f,

for all r. This implies that a is determined by a; and f, and so N is determined by

(ar, f.1).
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From agr-1(;) = ”_d%"(l) + f, we obtain
Ag-r(1) = M_rdm +(1+ ud RS u_(r_l)d))f’

for all r. Letting u~4 = w, we have

r w'—1
Ao-r(1) =W a1+<w_1 )f,

for all r, where w? =1 (mod p).
The condition that (@, u?, c')? =1 places potential constraints on (a, f,t). We
have

@G, u', 0" = (@+ulc'a+- - +ula D@ g 449 519y

which equals (0, 1, I) provided that
a+ulola+ - +udaDgta=Dg — .
Looking at the leftmost component of this last equation gives

aj + uda(,—r(l) + I/l2dag—21(l) + s + M(q_l)dao-—(q—l)t(l) = 0

Setting u~¢ = w, this is

49— 1 rt
—1
0= o — r( rt w )
W ag-ri1y = Zw wa; + — f
r=0
qg—1
— w l)a + Z(wr(t 1) —w™).
r=0

If  # 1, then this is equal to

w®ba _1 f wtbe 1 w21-1
a + — .
(w’—1—1> w—l(w’—l—l w—l—l)
Since w? =1 (mod p), this is congruent to O (mod p).

If = 1, then this yields

f=0-wa =1-u%a. (11)

For t # 1, every pair (a, f) yields a group N. But if we vary the generator
(@, u?, o") of N of order ¢ by multiplying it by (k1, 1, I'), we obtain a new generator

k1,1, )@ u' 0" = @+kl,u', o) = (b, u’, 0",
where b = & + k1. Then, since o (4) = u~%a + fi, we have

cby=c@+kl=wa+ f)+kl=u"4b+(f+ 1 —uHi)1.
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So changing the generator of order g changes (ay, f, t) to (a1 +k, f+(1 —u"Hk, 1).
Since 1 —u~? is a unit modulo p, the p? pairs (a, f) for each t # 1 yield p different
groups N. Thus there are (¢ — 2) p different regular subgroups N isomorphic to
Cp ¥ Cy witht #1.
Fort =1,
N=(1,1,D), @ u’, o))

and for the second generator to have order ¢, we must have (11):
A —uDar = f,

where o (a) = u—% + fi. Replacing (@, u, o) by (ki, 1, I)(a,u?, o) gives an
order-g generator (b, u?, o) for N where

b=a+kl.
Then
ob)=o0(a)+kl= (u‘d&+fl) + k1
=ub—kD)+(f+l=u"b+ f1,
where

fl=f+k(1—u%).

By choosing k so that ' =0, then o (b) = u=?b, and the condition on the order-g
generator becomes

1 —u"b, =0.

Hence b; = 0 and since

bo-ry=u""by,

we have b = 0 and N = I'. Thus we obtain 1 + (g — 1)p regular subgroups
N of Normp (%) isomorphic to C, x, C, with P(N) = & that are normalized
by I' = C, x; C,. By Corollary 3.6, we conclude R(C, x; C4,[C), ¥ Cy]) =
2(1+ (g —1Dp).

That completes the proof of Theorem 4.1.

5. Groups of order (2g +1)2q

In this section we consider R(I") for groups of order mp where p =2g +1 with ¢ an
odd prime and m = 2g = ¢ (p); p is then a safe prime. Such groups were explored
in some detail in [Childs 2003] (and in [Moody 1994, Example 8.7, p. 133 ff.]
for g = 3). There are six isomorphism classes of groups of order p(p — 1) where
p — 1 =2q with g prime:
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Cnp=CpxCp=(x,y|xl =y"=1),
FxCy=(CpxCy) % C
= (x,y [xP =" =1 yxy ™' =x),
Cpx Dy=Cpx(CyxC,)
={(x,a,b|x? =al = b*>=1;bx = xb; ax = xa, bab™! :a_l),
Dy, =Cp % (Cy xC)
=(x,a,b|x?—al=b>=1;bab ' =x"'; ax =xa; bab"' =a7 "),

1

Dy xCy=(CpxCp={x,y|xP =y"=1yxy ' =x7),

Hol(C,) =Cp 0 Cp=(x,y [ xP =y" =1; yxy = x").
Here u is a primitive root modulo p: (u) = [F; =U, = Aut(C)).
The main result in this section is:

Theorem 5.1. Let R(I", [M]) be the set of regular subgroups N isomorphic to M
in Perm I'; that are normalized by A(T"). Then the cardinality of R(I', [M]) is given
by the following table:

ry M—|Cy, CoxD; FxCy CyxD, Dy, Hol C,
Cop 1 2 2(g—1) 2 4 2(g—1)
Cpx Dy q 2 0 2q 4 0
FxCy P 2p 2(p(g—2)+1) 2p 4p 2p(g—1)
C,x D, p 2p 2p(g—1) 2 4 2p(g—1)
Dy, qp 2p 0 2q 4 0

Hol C), p 2p 2p(g—1) 2p 4p  2(p(g—2)+1)

For each pair (I', M), the table shows |R(I", [M])|, the number of Hopf Galois
structures of type M on a Galois extension L/K with Galois group I". Thus the
row sum for that I' is the number of Hopf Galois structures on L/K. Observe
that whenever M is not a direct product of the p-Sylow subgroup of M with a
group of order m, the entries in the M-column are even: that is a consequence of
Corollary 3.6.

We now construct subgroups P2 of S, isomorphic to I" for each isomor-
phism type of groups I' of order mp. We will work within B = §,,, and set
P = (mmy - - - Ty), Where m; is the p-cycle

7= ((—Dp+1 (—Dp+2 ... ip).

Then Normpg (%) is isomorphic to the group of 3-tuples (a, u*, @), where a =
lai,...,an] witha; in ), (u) =Up, and a € S,,. We set

I = Supp(m) ={(i — Dp+1,G—Dp+2,....ip}.
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Then we choose regular subgroups 2; and 2, of Perm({I1y, ..., [1,}) = S, repre-
senting the isomorphism types of groups of order m = 2¢q, namely 2; = C,, and
9, = D, and embed them in Normp (%) by

a €9 (0,1,a) € Normp(P).

By slight abuse of notation, we denote the image of 2; in Normp (%) also by 2;.
We choose 9,1 and 92, as follows: let 2, = (o) = C,, and 2, = (02, 8) = Dy,
where
oc=(1,4,5,8,9,...,29g—1,2,3,6,...,2q),
o= (1,5,9,...,2¢g —3)(2,6,10, ...,2qg —2), which we denote by o0,
§=(1,23,29)4,2¢ —1)(5,29 —2)--- (g, q+3)(q+ 1,9 +2).

Then 92, and 9, are regular subgroups of S,,. We observe that (2,)°PP = 9, (since
9, is abelian), and that Qgpp = (aLar_l, o), where

o?=(01,2)3,4)---2q —1,2q).

To find the possible order-p subgroups of N € R(I"), we follow Theorem 2.1
and consider linear characters ; : C,,, — [F;,

Vi(o)=u', fori=0,...,m—1,
and x; : Dy — [F;,
xi(@®) =1, xi(8) =u? = (=1)', fori =0, 1.

Since 21 and 92, centralize (p,) = P (since the elements of 2; and 9, act as

permutations of {my, ..., 7,}), the proof of Theorem 2.1 shows that 9; normalizes
(py) for each linear character x of 2;. In fact, from Theorem 2.1, if 9 is a regular
subgroup of Perm(my, ..., m,) and x is a character of 9, then for all i in 2,
NI M_l =, SO

whye ™ = x () Py
Hence p, is an eigenvector under the action of 9.
More precisely, we have
Lemma 5.2. For o the generator of 91 = C,, and o> and § the generators of
95 = Dy, we have:
0 (ro) =8(Py) = bro» 0By =u" Py 07 (By) = Py
8(Py) =u?py,,  8(Py,) = Py_,-
Proof. All of these follow from

why = n(py) = x (W hy
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except the last, in which ; is not a character of 2,. For the last, we have

m—1
Dy = Z Vi (¥)0ya0) = Z Vi(0)0gi1)-
y €Y Jj=0
Now 8(o) =1, so
m—1 m—1 m—1
O(hy) =D Vi@ bsoinay = D Vi@)bo-i0y = Y ubyiq
j=0 j=0 j=0
m—1 m—1
= iy =D ¥-i(@)bsiqy = Py =
j=0 j=0

We set P; = (py,) fori =0,...,m — 1. In particular, Py = (py,) = (Py,) =
([1,1,...,1]) = (1) = %. We also have that

m—1
Py = Z x1(¥)0yy = Z(—l)lﬁaiazi(l)
Y€ =0
while
m—1
Py, = Z Ve(Woy1y = Z(—l)’ﬁa(l)-
Y€ i=0

Both are equal to {[1, —1,1, —1,...,1, —1]).
We thus have subgroups of Normpg (%) of the form P;9; for certain pairs (i, j).
We identify their isomorphism types as follows:

Proposition 5.3. With P; and 9 ; as defined above, we have

Py21 = Cp x Cp,

P9y = F xC, forieven,i #0,

P;921 =Hol(C)) foriodd,i #q,

P21 =D, x Cy,

Py2y =Dy x Cp,

P2 = D,,.
Proof. This follows from Lemma 5.2 and the definitions for the P;. ([

Each group #;2; above centralizes ? = Py = ([1,1,...,1]) = (i), so each

opposite group (%;2;)°PP will contain %. We will use those opposite groups for

the groups I' in the computations.
We need to observe:

Proposition 5.4. Each group P;9 ; is a regular subgroup of Normp(%P).
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Proof. Bach P;9 ; is a subgroup of order mp by Proposition 5.3. To show regularity
we show that each nonidentity element of P;2 ; acts fixed-point-freely. Now each
element of P;9 ; has the form (a, 1, @) for a in [F;l7 and « in S;,. Since 2 ; is a regular
subgroup of S, acting on {ITy, ..., IT,}, (@, 1, @) is fixed-point free for & # 1 by
Proposition 3.8. If an element (a, 1, I) is not the identity, then @ = [a1, aa, .. ., an]
with all a; # 0 (since a is a power of p, for some linear character with values in [)).
Hence for ¢ in IT;, (a, 1, I)(t) = a; +t # t; hence (a, 1, I) has no fixed points. [

For each isomorphism type of I', we have the following (recall that P(I") =
Po=P={(1,1,...,1]) =(1)):

I'=C, xCpn=(P21)" = P2,
= Po((0, 1, 0)),

I'= Cp X Dq = (P()le)()pp
= Py((0, 1,090, 1,0007")),
I'=D, x C; = (P;21)°
= Py((0, u?, 0)),
I'=D,, = (P,9,)°
= Py((0, u?, 09)),
'=Fx C2 = (Pzgll)()pp
= Py((0, u?, o)),

T = Hol(C,) = (P;2)°P
= Py((0, u, 0)).

There is a certain arbitrariness concerning these last two choices.

Recall from Proposition 3.8 that if (a, 1, @) in Normg (%) has order coprime to
p, then (a, 1, ) is fixed-point free in Normg (%) if and only if « is fixed-point free
in S,,.

Lemma 5.5. Leta =a;, ..., a,] € [F’;’ and o € S,,.

If the element (a, 1, a) has order 2, then a = x - - - X4, a product of q disjoint
2-cycles such that for each x; = (r, s), a, +as; = 0.

If the element (a, 1, a) has order q, then a = x1x3, disjoint g-cycles, and
ZieSupp(xj) ai=0fori=1,2

If the element (a, 1, &) has order m = 2q, then o is an m-cycle and Z:";OI a; =0.

Proof. Letd = |(a,1,a)|. If d is coprime to p, then |a| = d; for otherwise
la| = e < d, in which case (@, 1, @)¢ = (b, 1, I), with b # 0. But then (b, 1, I) has
order p, and so p divides |(a, 1, @)|, a contradiction.

So if d is coprime to p, then « has order d. Since « is fixed-point free, if d = 2,
then « is a product of ¢ disjoint 2-cycles; if d = g then « is a product of two disjoint
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g-cycles, and if @ has order m = 2¢ then « is an m-cycle. Now
n—1
@1,a)" = (Zak(&), 1, (x").
k=0
If n is the order of (a, 1, &), hence also the order of «, then by what was just
observed,
n—1
> @) =0.
k=0

and hence for each q;,

n—1 n—1

Z Cla—k(i) = Z aak(l‘) = O
k=0 k=0
The conclusions of the lemma follow. |
Using that
n—1
@, a) = <Zu”‘ak<&>, ", a">,
k=0
the same argument gives:
Lemma 5.6. Leta =[ay,...,a,] € [FZ’, rZ20inFX,and o € S,,.
If the element (a,u”, ) has order 2, then r = g and u" = u? = —1, and
a=(x1,...,Xq), aproduct of q disjoint 2-cycles such that for each x; = (r, a(r)),

ar — ag(ry =0.
If the element (a, u”, @) has order q, then a = x1x2, where x| and x, are disjoint
q-cycles, and for t; in Supp x;,

q—1

k
> 1) =0,
k=0

fori=1,2.
If the element (a, u”, a) has order m = 2q, then « is an m-cycle and

m—1
Z "o (a)) =0.
=0

Enumeration of the R(I", [M]) for each of the 36 pairs (I', M) in Theorem 5.1
breaks up into subcases. Recall that R(I", [M]; P;) is the set of regular subgroups
N of Normpg (%) C S, such that the p-Sylow subgroup of N is P(N) = P;. By
Corollary 3.6, if M = C,,, or C,, x Dy, R(T', [M]) = R(I", [M]; Py). For other M,
Corollary 3.6 shows that to count R(I', [M]) we need only count R([", [M]; Pp)
(where Py = %). But given that regular subgroups N yield Hopf Galois structures
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on Galois extensions of fields with Galois group I', it is useful to explicitly consider
R, [M]; P;) fori #0.

Thus, rather than just the 36 cases described in Theorem 5.1, a more complete
story would involve 57 cases: 36 of the form R(I", [M]; Py), and 21 of the form
R(T", [M]; P;) with i # 0 where for each [M], the possible P; with i # 0, where
P(N)= P; and N = M, are as listed in Proposition 5.3. The counts in those cases
are as follows.

For N =M = D, x C, or D,,, we have P(N) = Py or P, and Corollary 3.6
shows that |R(T", [M]; Py)| = |R(I", [M]; Pp)|.

For N =M = F x C or Hol C,, there are ¢(2q) possible i, and |R(T", [M]; P;)]
= |R(I", [M]; P;)| for all possible i # j and i, j # 0, except when I' = M.

ForI' =M = F x C, we have

|IR(F x Cp, [F x Ca]; P)| =1,
|IR(F x Cy, [F xCal; P)|=p fori=4,6,...,2qg—2.

The case I' = M = Hol(C),) is similar and will be described below.

Since most of the computations are very similar in outline and details to those in
Section 4, we will limit ourselves to just three cases. Before we begin, we pause to
give the reader some perspective, with a view toward dealing with other classes of
groups of order mp, beyond those considered here. There are some common themes
that arise in the enumeration of N € R(I", [M]), in particular in the determination
of the 3-tuples (4, v, «) that generate Q(N), some of which have been seen already
in the work in Section 4.

o The given generator of Q(N) must, of course, normalize (and possibly even
centralize) P(N).

e Any Q(N) is semiregular so any generator of Q(/N) must act without fixed
points, which imposes restrictions on its components as seen above. And if one
is dealing with several generators of Q(N), the products of these generators
also cannot have fixed points.

 The order of a given generator of Q (N ) imposes restrictions on its components.

e Any N is normalized by I', so when a given generator of Q (V) is conjugated
by an element of I'" it is mapped to another element of N and the form of this
conjugate is determined by whether Q(N) is a direct factor of N or not.

o The restrictions imposed by order, semiregularity, and being normalized by I"
will frequently imply that a is the solution to a particular set of linear equations
and so linear algebra techniques may be applied.

o The number of free variables that determine the solution sets for the afore-
mentioned linear systems determines whether or not the resulting generators
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(a,v,a) liec in Q(N) for a single N or, in fact, multiple N. As such, the
count of |R(T", [M])| may vary linearly with p (as when we showed that
|R(C) x¢ Cy, [Cpg])| = p earlier) or be “combinatorially” determined, that is,
in terms of some intrinsic property of regular subgroups of §,,, as will be seen
at the end of the determination of |R(C,,,, [C), x D,4])| later on.

R(Cp x Dy, [F x C3)).
Proposition 5.7. With p > q primes, |R(C, x Dy, [F x C2])| =0.

Proof. We have
Ir'=%(0,1,0%),0,q,9)).

Since N = F x C, = (C), x C,) x Cy, it has the form
N=(0, 10D, @u", ),

where (a, u”, a) has order m = 2q, and therefore « is an m-cycle in S,,. Now
(4, u”, a) conjugates the order-p generator of N to its u> power

@, e)1,1, D@, u", )" = w?1, 1,1,

sor=2.

Also « has order m = 2¢, and being fixed-point free, must be an m-cycle.

If I" normalizes N, then conjugation by (6, 1,0%) and (f), 1, §) are automorphisms
of N. Every automorphism of F' x C; sends the order-m element y to xy for some
element x of order p. Thus conjugating the order-m generator (4, u%, «) of N by
(6, 1,0%) and (6, 1, §), and looking at the rightmost S,, components of the result,
we have that 0?00 2 = « and 8ad~! = «. Thus o and § commute with «. But
since « is an m-cycle in S,,, the centralizer in S,, of « is (&). So o2 and § are
powers of « in S, and hence commute. But that’s impossible. Thus no « exists,
and hence there is no N isomorphic to F' x C that is normalized by I' = C, x D,,.

By Corollary 3.6, R(C, x Dy, [F x C3]; Py) =0. O

Essentially the same argument shows that |R(C), x D), [Hol(C,)])|, |[R(D g,
[F x C2])|, and |R(D gy, [Hol(C))])| are all zero.

R(Cpp, [Cp x Dg]) = R(Cpp, [Cp x Dyl; Py). We will need the following tech-
nical information.

Lemma 5.8. If x = (a1, a2, ...,ay) and y = (b1, by, ..., b,) are elements with
disjoint support in Spg =Perm({1, ..., 2q}) then Normg, ({xy)) contains2q(q—1)
elements z of order 2q with no fixed points (which are therefore 2q-cycles), half of
which centralize xy and are such that (z*) = ((xy)?) and the other half invert xy and
satisfy (z%) = ((xy~1)?). Also, Normyg, ({xy)) contains two subgroups isomorphic
to Dy, which are opposites of each other, one of which is contained in Centsg, (xy).
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Proof. First we observe that Normyg, ((xy}) is isomorphic to [F[ZI x ({u) x Sp) where
(u) =F;. As such, one may readily count how many elements have order 2. In
particular, since a typical element is a 3-tuple (0, u”, @) with 0 = (vy, v2) € F2,
(u) = [F;, and o € Sy, then, using (2), one may show that | (0, u”, a)| = 2¢ provided
that @ = (1, 2), and either v; # vy and u” = —1 or v; # —v, and u” = 1. This
yields precisely 2(¢> — ¢) = 2q(g — 1) elements as claimed. We can exhibit the
particular elements of order 2¢ (as elements in S, ) as follows. First, let

t() = (a19 bl)(a27 b2) e (aqv bq)a
f = (a1, ba)(az, b3) - - - (aq, b1),

tg—1 = (a1, by)(az, by) - - - (aq, bg—1),
70 = (a1, b1)(az, by) - - - (aq, b2),
71 = (a1, ba)(az, by) - - - (aq, b3),

Ty—1 = (a1, by)(az, by—1) - - - (ay, b1),
I7;. One may verify that each ¢; interchanges
I and riyrl._l =x 1
1

and consider the elements xy#; and xy~
x and y, so that xy#; centralizes xy and that ‘L’,'X‘L'l-_l =y~
therefore xy~!7; inverts xy. Each of the elements xyz; and xy~
and each generates a distinct subgroup. Moreover (xy#;)? = (xy)? € (xy) while
(xy~'t)? = (xy~H% e (xy~!). The conclusion we get is that if a 2g-cycle z inverts
or centralizes xy then z2 € (xy~!) or (xy). The groups (xy~!,) for each i are
all equal and isomorphic to D, (and are contained in Cents, (xy)), and the groups
(xy, 7;) are all equal and isomorphic to D, but are not subgroups of Cents,, (xy).
Moreover (xy~!, #;)°PP = (xy, 7;) since each clearly centralizes the other. One may
also observe that each of the 2g-cycles above clearly normalize each of these two
copies of D. O

7; are 2g-cycles

If C is a cyclic regular subgroup of Sy, and (xy) = Q(C), then C must be gener-
ated by one of the 2g-cycles given in Lemma 5.8. If N = D, C Sy, is normalized
by C, then Q(N) = (xy), and so N = (xy, ;). Thus |[R(Cay, [Dy]; Po)| = 1. This
is in agreement with Theorem 4.1 (if in Theorem 4.1 we set p = 2 and exchange
the roles of p and g).

Proposition 5.9. |R(C,,,, [C, x Dy])| = 2.

Proof. Here P(N) = %, since Q(N) is a direct factor of N. In this case Q(N) is
generated by (a, 1, ) of order ¢ and (b, 1, B) of order 2. Note that both Q(N) and
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((a, 1, a)) are characteristic subgroups of N. So
0. 1,0)@ 1,0)(0, 1,07 ) = (0(@),1,00,67")

must equal (a, 1, oz)k for some k. By Lemma 5.8, o must either centralize or invert
a,s0k=1or —1.
First, we look at the case where o centralizes a. Then

(0(@),1,0a,07 ) =(,1,a),

s0 0 (&) = &, and therefore & = a1 for some a in F p»- Consequently, «(a) =a. Since
(a, 1, @) has order g, we have that ga = gal =0, and so a =0 and a = 0.
Now, since (b, 1, B) normalizes ((a, 1, «)) then

(b, 1,8)@, 1, 0)(=p7 1), 1,87 =, 1,80, 1, 0) (7 (D), 1, 871
= (b— (Bap™N(D), 1, Bap™"),

which must equal
O, L' =0 1,07,

As Bap~! =~ we have bh— oz_l(l;) = 6, so that oz(l;) =b. Now, we must have
that (0, 1, o) conjugates (b, 1, B) to another order-2 element of Q(N), ergo

©,1,0)(b, 1,8)0,1,6 =0, 1, ) b, 1, B)
= (X (b), 1, a*B)
= (b, 1,a*pB), since a(b) =b.

So we must have o (I;) = l;, which means b = b1 for some b in [F,. But ,8([3) =—b
since (b, 1, B) has order 2. Thus » = 0. We conclude that

O(N) =((0,1,a), (0, 1, B)),

where (o, 8) = D, and is centralized by o.

Letting @ = xy in Lemma 5.8, o is an element of Normyg,, ({a)) of order 2¢ that
centralizes ¢, hence by Lemma 5.8 o? € (a), hence (62) = (a). Now Normg,, ({«))
contains a unique copy of D, that does not centralize . That copy must be (c, B),
since clearly (¢, B8) does not centralize o,

We show that 25 is also in Normg, ({«)) and does not centralize . Recall (from
Lemma 5.2) that 9, = (02, 8) = Dy, hence §0% = 0~28. Since (02) = (@), §
normalizes but does not centralize (o). Hence 25 is contained in Normg,, ({«)) and
does not centralize «. By the uniqueness, 9, = («, 8). We conclude that the group
N above is the unique regular subgroup of Normpg (%) such that Q(N) maps to 2,
in Szm.
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Now assume that o inverts . We show that 2 is in Normg,, ({«)). We have
that o is in Normg,, ({«)) and o?isin (xy~!). So o2 centralizes o by the proof of
Lemma 5.8. Now § inverts o2, hence inverts xy~!. Since §(xy~1)6~! =x~!y, either
sx8~' =x~1or 8x6~! = y. But § is a fixed-point-free product of transpositions in
Som. If 8x8~1 = x~! then § restricts to a fixed-point-free product of transpositions
of Supp x, a set with an odd number of elements. That is not possible. So §x§~ 1=y
and 8y8~! = x, so § centralizes @ = xy. Thus 2, = (02, 8) € Normg,, ({«)) and
centralizes «. Since («, 8) € Normg,, ({(«)) and does not centralize o, therefore
(e, B) = 25 by Lemma 5.8.

Now

O(N)=((@, 1,a), (b, 1, B)).
1

Since (6, 1, o) normalizes {(a, 1, «)), which is characteristic in N, and cac =a ™',
we have
0.1.0)(@ 1,000, 1,0 ™) =@ 1,0)7",

hence o (a) = —a(a), and so
ao(a) = —a.

Since o inverts «, o has order 2¢q, and « has order g, one sees easily that wo has
order 2¢g. Hence

a=lair, auo(1ys - - - » Agoya-1(1ls
while
a0 () = [age)-1(1)> A1, Aao (1) - - - Aaoy2a-2(1)]-
We have oo (@) = —a, while (o)?(4) = a. Thus
a; if r is even,
Haoy® = {—a1 if 7 is odd.

Now (a, 1, ) has order g, so
g—1
D @)=
i=0

g—1

Z aa—i(l) =0.

i=0

hence

But the sum of an odd number of elements of [, from a set consisting of copies of
a and —a can equal 0 only when a = 0.

Thus @ = 0. Since (b 1, B) normalizes (0 1, a), the same argument as in the
first case of this proof shows that b =0. Thus

=% -(0, 1,a), 0,1, B)),



Regular permutation groups of order mp and Hopf Galois structures 2237

where (a, B) = ngpp, hence N is the unique regular subgroup of Normpg (%) with
Q(N) mapping to Qgpp in Sy. U

R(Hol(Cp), [Hol(Cp))).
Proposition 5.10. |R(Hol(C)), [Hol(C,)D| =2(1 + p(g — 2)).

Proof. Hol C), is not a direct product of a group of order p and a group of order
m = 2q, so it suffices to show that |R(Hol(C,), [Hol(C,)]; Po)| =1+ p(g —2).
This case is essentially similar to the computation for R(C, %, Cy, [C), X C4]) in
Section 5, and yields the same cardinality. So instead, we focus here on the case
where P(N) # Py.

LetT=((1, 1, 1), (0, u, o)) and let N=((py,, 1, I), (b, u®, B)), where (b, u*, B)
has order m. Since N is regular, 8 is fixed-point free of order m = 2q, so must be
an m-cycle, and by the argument of Lemma 4.3 using that (b, u?, B) is normalized
by I', we find that 8 = o for some ¢ coprime to m.

Since N = Hol(C)), the two generators of N, x of order p and y of order m,
must satisfy the defining relation yx = x*y, so we must have

(b, u*, 0" (py,, 1, Db, u®, 0" = upy,, 1, 1),

and hence u*o’ py, = upy,. Since o (py,) = u~" py,, this becomes

s—it A

u Py = ”13%’
hence
s—it=1 (modm). (12)

Also, I" normalizes N. Thus we require that

(1,1, D, u*,6") (1,1, 1) e N,
hence
b+ —u*)l = fpy, +b.
Thus (1 — us)i = f py,, which for i # 0 can only occur when both sides equal zero.
Thus s =0 and f = 0. From (12) we obtain
—it=1 (mod m), (13)

hence ¢ is odd and coprime to m.

Since I" normalizes N, conjugation by O, u, o) is an automorphism of N. Every
automorphism of N must take the generator y of order m to x*y for some power
xk of the generator of order p. Thus (noting that u* = 1),

O, u,0)(b, 1,60, u™", 67" = (kpy,, 1, (b, 1,0"),
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for some k, so
uo (b) =b+ko'(py,) =b+ku™"py,,
which, in view of (13), yields
o(b)y =u"tb+kpy,.

1

Setting u~" = w, we have

o(b) = wl;+kﬁwi.
For (l;, 1,0")" = (6, 1, I), we need that
b+o'bh)y+---+o™ V(h)y=0

This holds if the first elements of the terms on the left side sum to O:

b1+ ba*’(l) + -4 bo—r_j(l) +--- 4 ba—t(m—l)(l) =0. (14)
First assume i # 1. Then for all r, we have
o"(b)y=w'b+ ukpl/,l
w— w!

Thus, since (py,)1 = 1, the first component of a’(ls) is
—w"

b o= (1) = (o (b))l =w'b + —k.

— wl
Thus (14) is

m—1 y wl — wili
by = by +k| ————
0=+ 1+(w w,))

e

Since w™ = 1, the first sum is 0; so this becomes

k m—1 m—1
_ tl tli
= W
1=0 1=0
k wim —1 wtim -1
w—w w—1 wi—1"
Now ti = —1 (mod m), so w'" = w~! and so both terms in this last equation equal

zero. Thus (14) holds if i # 1.
Ifi=1,thent=—1and o’ (b) = w’b—l—rw’_lkﬁ,/,i for all ». Thus (14) becomes

m—1 m—1 m—1
Z bo—rl(l) = Z U)tlb] +k Z(ﬂwtl —
=0 =0 =0



Regular permutation groups of order mp and Hopf Galois structures 2239

The first sum on the right is equal to zero. By the same observation as with
(9), the second sum on the right equals zero if and only if kK = 0. Thus when
i =1 and t = —1, the generator (l;, 1,0") has order m if and only if o(l;) =
u~'b. In that case, b = b1 py,, and so replacing the generator (b,1,07 Y of N by
(=b1py,, 1, (b, 1,67") = (0,1,57") yields

N =((py,»1,D), (0, 1,07 h).

Thus there is a unique regular subgroup N when t = —1. For ¢t # —1, each b
yields a different N, hence we have a total of 1 + (¢ — 2) p regular subgroups N
with P(N) # %. By Corollary 3.6, this implies that |R(Hol(C,), [Hol(C,)])| =
2(1+ (g —2)p). U

The enumeration of R(Hol(C,), [Hol(C,)]) is in agreement with that in [Childs
2003].

6. Conclusion

The program developed here to enumerate R(I", [M]) may be readily applied to any
class of groups of order mp with p > m. The primary requirement is to start with
the groups of order m and for the particular p determine the set of linear characters
for each group of order m. One may find that, depending on congruence conditions
between m and p the number of possible characters may vary greatly. Nonetheless,
one is presented with a very interesting set of calculations, wherein one may apply
many different techniques. What is most interesting is the interplay between the
linear and combinatorial information in the different cases. For small m and p these
computations may be readily implemented in a computer algebra system such as
GAP [2002]. This was done by the author in the development of this work, especially
in gathering empirical information about some specific cases, for example, with
mp = 42. Lastly, and this is mildly conjectural, it seems that the theory developed
here applies to certain cases where actually p < m. Specifically, one might consider
those cases where p t m and the order-p subgroup is automatically characteristic
due to basic Sylow theory, for example, p =5 and m = 8.
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Further evidence for conjectures
in block theory

Benjamin Sambale

We prove new inequalities concerning Brauer’s k(B)-conjecture and Olsson’s
conjecture by generalizing old results. After that, we obtain the invariants for
2-blocks of finite groups with certain bicyclic defect groups. Here, a bicyclic
group is a product of two cyclic subgroups. This provides an application for
the classification of the corresponding fusion systems in a previous paper. To
some extent, this generalizes previously known cases with defect groups of
types Dyn X Com, Qo X Com and Do % Com. As a consequence, we prove
Alperin’s weight conjecture and other conjectures for several new infinite families
of nonnilpotent blocks. We also prove Brauer’s k(B)-conjecture and Olsson’s
conjecture for the 2-blocks of defect at most 5. This completes results from a
previous paper. The k(B)-conjecture is also verified for defect groups with a
cyclic subgroup of index at most 4. Finally, we consider Olsson’s conjecture for
certain 3-blocks.

1. Introduction

Let B be a p-block of a finite group G. One aim of this paper is to establish new
inequalities on the number of irreducible characters of B in terms of subsections.
We outline the idea behind these things.

Olsson [1981] proved the following:

I(B) <2 = k(B) < p°,

where d is the defect of B. In particular, this gives an example for Brauer’s k(B)-
conjecture. However, in practice this implication is not so useful because usually
the knowledge of /(B) already implies the exact value of k(B). Since the proofs
in [Olsson 1981] only rely on computations with the contributions of the trivial
subsection (1, B), it seems likely that one can extend this result to major subsections.
Then we would be able to apply induction on d (see Theorem 4.9). Hence, let
(z, b;) be a major subsection such that I(b,) < 2. In case [(b,) = 1, we have

MSC2010: primary 20C15; secondary 20C20.
Keywords: 2-blocks, bicyclic defect groups, Brauer’s k(B)-conjecture, Alperin’s weight conjecture.
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> ki(B) p¥ < pd by [Robinson 1991, Theorem 3.4] (a stronger bound can be
found in [Héthelyi et al. 2013]).
In Section 2, we show

(b)) <2 = k(B) < p°.

In contrast to Olsson’s paper, we use methods from [Robinson 1991] and [Sambale
2011b]. For p =2, Olsson proved the stronger statement /(B) < 3 = k(B) < p“.
Using his ideas, we generalize this to major subsections as well. The underlying
properties of the contribution matrices were first discovered by Brauer [1968], but
we will refer to [Feit 1982] for a more accessible account. Using Galois theory, we
overcome the difficulty that the contributions are not necessarily integers in this
general setting.

More generally, we consider arbitrary subsections for the prime 2 in order to
give bounds on the number of characters of height 0. Here it is known by [Broué
1980] (more recent accounts can be found in [Robinson 1992; Murai 2000]) that
the corresponding contributions for characters of height O do not vanish. Using
exactly the same method, we show that kg(B) < 27 if there is a subsection (u, b,)
such that b, has defect ¢ and [/(b,) < 3.

In Section 3, we present new infinite families of defect groups for which the block
invariants can be calculated. These defect groups are examples of bicyclic 2-groups
(i.e., D = (x)(y) for some x, y € D). The proofs make use of the classification
of the corresponding fusion systems in [Sambale 2012b]. However, we cannot
handle all bicyclic 2-groups. We also remark that these defect groups are in a
sense noncommutative versions of the groups Don X Com, Qon X Cym and Dyon % Coym
covered in [Sambale 2012a; 2013b; 2013a]. As a consequence, we verify numerous
conjectures including Alperin’s weight conjecture for these blocks.

In Section 4, we collect some more or less related examples for block invariants.
In particular, we discuss some defect groups of order 32. One of the main results
here is the verification of Brauer’s k(B)-conjecture for the 2-blocks of defect at
most 5. This completes [Sambale 2011c, Theorem 3]. The new ingredient here is
in fact an old result of Brauer that uses the inverse of the Cartan matrix of a major
subsection.

In Section 5, we obtain new cases for Olsson’s conjecture. In particular, we
handle the 2-blocks of defect at most 5 and some 3-blocks with defect group of
3-rank 2 that were left over in [Héthelyi et al. 2013].

2. New inequalities

Let B be a p-block of a finite group G with defect group D. We define the
height h(x) of a character x € Irr(B) by x(1), = ph0|G - D|,. Moreover,
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Irr;(B) :={x € Irr(B) : h(x) =i}, k(B) :=|Irr(B)| and k; (B) := |Irr; (B)| for i > 0.
As usual, we denote the set of irreducible Brauer characters of B by IBr(B) and its
cardinality by /(B) := |[IBr(B)]|.

In the following, we choose an element z € Z(D). Then there exists a Brauer
correspondent b, of B in Cg(z). The pair (z, b;) is called a major subsection.

Theorem 2.1. Let B be a p-block of a finite group with defect d, and let (z, b,) be
a major subsection such that [(b;) <?2. Then one of the following holds:

(1) > ki(B)p* < p”.

=0

(p+3)/2p~" ifp>2,
2) k(B) < {%2d o2

In particular, Brauer’s k(B)-conjecture holds for B.

Proof. In case [(b;) = 1, equation (1) holds. Hence, let /(b;) =2, and let C, = (¢;;)
be the Cartan matrix of b, up to basic sets. We consider the number

q(bz) = min{xpdcz—le 0#x¢€ Zl(bz)} eN.

If g(b;) =1, equation (1) follows from [Robinson 1991, Theorem 3.4.1]. Therefore,
we may assume ¢ (b;) > 2. Then Brauer’s k(B)-conjecture already holds by [Feit
1982, Theorem V.9.17], but we want to obtain the stronger bound (2). Since pd
is always an elementary divisor of C,, we see that C, is not a diagonal matrix.
This allows us to apply [Héthelyi et al. 2013, Theorem 2.4]. All entries of C,
are divisible by the smallest elementary divisor y := p~¢ det C,. Hence, we may
consider the integral matrix C .= (¢ij) = y~1C.. After changing the basic set, we
may assume that 0 < 2¢1p < ¢11 < €. Then

52 d

~ 1 _~ =~ ~2 ~ _ P
011622—75611022—012=detcz=7

and N
- - - det C B
011+022§f¢011+ z == f(n).
11

A discussion of the convex function f(¢q1) as in [Sambale 2011b, Theorem 1]
shows that ¢11 + ¢22 < f(2). Now [Héthelyi et al. 2013, Theorem 2.4] leads to

143
k(B) <y(cni+cn—Ccn)<y(fQ)—-1= p-i-T)/

Since y < pd_l, we get (2) for p odd. In order to deduce the k(B)-conjecture, we

need to consider the case p = 2. If ¢;; =2, we must have ¢, = 1. Hence, under
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these circumstances p > 2 since otherwise det C . is not a p-power. Now assume
¢11 >3 and p = 2. Since

d ~ ~

— P ~_ €2 —C12
pdczlz_czlz( n — )

14 —C12 11
we have ¢(b;) > 3. Now [Feit 1982, Theorem V.9.17] implies (2). We will derive
another estimation for p =2 in Theorem 2.2 below. ([

It is conjectured that the matrix C, for /(b;) > 2 in the proof of Theorem 2.1
cannot have diagonal shape (this holds for p-solvable groups by [Sambale 2011b,
Lemma 1]). Hence, for /(b;) = 2 Theorem 2.1(2) might always apply. Then
k(B) < p¢ unless p = 3.

In order to improve Theorem 2.1 for p = 2, we need more notation. Suppose
as before that (z, b;) is a major subsection. We denote the corresponding part of
the generalized decomposition matrix by D, := (difﬂ 1 x € Irr(B), ¢ € 1Br(b,)).
Then the Cartan matrix of b, is given by C, := DZTDZ. Moreover, the contribution
matrix of b, is defined as

M. == (m,)y yemm = |D|D.C;'D.".

In case [(z)| < 2, it can be seen easily that M, is an integral matrix. Then most
proofs of [Olsson 1981] remain true without any changes. This was more or less
done in [Robinson 2008] (compare also Corollary 3.5 in [Robinson 1991]). In the
general case, we have to put a bit more effort into the proof.

Theorem 2.2. Let B be a 2-block of a finite group with defect d, and let (z, b;) be
a major B-subsection such that [(b;) < 3. Then

KB) <ko(B)+ 2 32k (B) 2.
i=1

In particular, Brauer’s k(B)-conjecture is satisfied for B.

Proof. Observe that by construction m7, is a positive real number for every
x € Irr(B) since C; is positive definite. Since all elementary divisors of C, are
divisors of 2¢, the matrix 2¢ C; ! is integral. In particular, the numbers m;w are
also algebraic integers. Let x € Irr(B) be a character of height 0. Let [(z)| = 2". In

case n < 1, the proof is much easier. For this reason, we assume n > 2. We write

2)171_1

mi, = Y a;(0¢

J=0

with ¢ = 27/ and aj(x) € Zfor j =0, ..., 2"V — 1. As usual, the Galois
group 4 of the 2"-th cyclotomic field acts on Irr(B), on the rows of D, and thus
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also on M, in an obvious manner. Let I" be the orbit of x under 4. Set m := |T'|.
Then we have

mag(x) = Z mfw > 0.
yel

Assume first that ag(x) = 1. Since MZ2 =M_M.T =29M, (see [Feit 1982, Theorem
V.9.4)), it follows that
m2t= " |md "

el
telrr(B)

Applying Galois theory gives

[] m5.Peq
yell
telrr; (B)
for all i > 0. By [Feit 1982, Theorem V.9.4], we also know v(mfh) =h(t), where v
is the 2-adic valuation and ¥ € I'. Hence, also the numbers mf/”2_h(f) are algebraic
integers. This implies

zs> [ p%m5. =1
yell
‘[EIIT,'(B)

Now using the inequality of arithmetic and geometric means, we obtain

" m5 P = m2ki(B)
vel
telrr; (B)

for all i > 0. Summing over i gives

o.¢]
m2l= " |m P =m) 2%k(B),
yel i=0
telr(B)
which is even more than we wanted to prove.

Hence, we can assume that ag(x) > 2 for all x € Irr(B) such that A(x) = 0.
It is well-known that the ring of integers of @(¢) N R has basis {1,¢/ +¢7/ =
¢l —¢¥'=ij=1,...,2""2 —1}. In particular, the numbers a;(x) for j > 1
come in pairs modulo 2. Since v(mj,) = 0, we even have ao(x) > 3. For an
arbitrary character ¥ € Irr(B) of positive height, we already know that m?, ,2~")
is a positive algebraic integer. Hence, 2" | g j(¥) for all j > 0. By [Feit 1982,
Theorem V.9.4], we have v(mf/”//) > h(yr). Thus, we even have 2+ ao(y). As
above, we also have ao () > 0. This implies ZWEIHI_(B) me/ > 21tk (B) fori > 1
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via Galois theory. Using tr M, = 2%1(b,), it follows that

o
3:2> 3" mi, =3ko(B)+ Y 2 ki(B).
yelr(B) i=1

This proves the claim. U

We remark that Theorem 6(ii) in [Olsson 1981] should read /(B) < p2 —1
(compare with Theorem 6*(ii)).
It is easy to see that the proof of Theorem 2.2 can be generalized to the following:

Proposition 2.3. Let B be a 2-block of a finite group with defect d, and let (z, b,)
be a major B-subsection. Then for every odd number o one of the following holds:

(1) ZzZiki(B) <2%.
i=0
) (@ +2ko(B) + Y 2k (B) < 291(b.).

i=1
Proof. As in Theorem 2.2, let x € Irrg(B) and define ag(y) similarly. In case
ao(x) < «, the first inequality applies. Otherwise, the second inequality applies. [J

Observe that Proposition 2.3 also covers (a generalization of) [Olsson 1981,
Theorem 8] for p = 2.

Going over to arbitrary subsections (i.e., the element does not necessarily belong
to Z(D)), we can prove the following result concerning Olsson’s conjecture. This
improves [Robinson 1992, Theorem 3.1] for p = 2.

Theorem 2.4. Let B be a 2-block of a finite group, and let (u, b,) be a B-subsection
such that b, has defect q. Set a := |[/I(b,)] if |V/I(b,)] is odd and o =
L(b,)/(INL(by,)] + 1) otherwise. Then ko(B) < «24. In particular, ko(B) < 27 if
[(by) < 3.

Proof. The contributions for (u, b,) are defined by
M, == (m',) 4 yeins) = p? DuC;' D"

By [Murai 2000, Corollary 1.15], we still have m’)‘(w #0aslongas h(x)=h(y)=0.
However, in all other cases it is possible that m’;ﬂb =0. So we can copy the proof of
Theorem 2.2 by leaving out the characters of positive height. This gives ko(B) <29
or ko(B) <241(b,)/(c +2) for every odd number «. If |+/I(b,)] is odd, we choose
a = |/1(b,)]. Otherwise, we take « := |/I(b,)| — 1. The result follows. O

Finally, we generalize the “dual” inequalities in [Olsson 1981]. For this, let
M, = (') =2 1) — M.
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Proposition 2.5. Let B be a 2-block of a finite group with defect d, and let (z, b;)
be a major B-subsection. Then for every odd number « one of the following holds:

(1) ZZZiki(B) <2%.
i=0
) (@+2ko(B)+ Y 2"k (B) < 2/(k(B) —1(b.)).

i=1

In particular, Brauer’s k(B)-conjecture holds if k(B) — [(b,) < 3.

Proof. By [Feit 1982, Lemma V.9.3], the numbers m’X X for x € Irr(B) are still real,
positive algebraic integers. As in Theorem 2.2, we may assume |(z)| = 2" > 4. Let

us write
2)1—] -1

my, = Y a;(0¢’
j=0
with x € Irrg(B), ¢ :=e*"/?" and aj(x) € Z for j =0,...,2"~1 — 1. The Galois
group still acts on M]. Also the equation (M/)> = M, MT = 2¢ M/ remains true.
For t € Irr(B), we have v(m;”) =p(2¢ - mf(t) = v(mif) = h(t). Hence, in case
ao(x) < a we can carry over the arguments in Theorem 2.2.

Now assume that ag(x) > o for all characters x € Irrg(B). Here too the proof
works much as in Theorem 2.2. In fact, for a character ¥ € Irr(B) of positive height
we have v(m/, ) = p(24 — mi,,) > min{v(2), v(m3,,)} > h(¥) by [Feit 1982,
Theorem V.9.4]. Moreover, tr Mé =2¢(k(B) — [(B)). The claim follows. U

It should be pointed out that usually k(B) —I(B) = k(B) — (b)) <k(B) —1(b;)
for a major subsection (z, b,) (this holds for example if z lies in the center of the
fusion system of B; see [Kiilshammer and Okuyama ~ 2000]). However, this
is not true in general as we see in [Kiilshammer and Sambale 2013, Proposition
2.1(vii)]. Another problem is that k(B) — [(b,) for z # 1 is not locally determined
(in contrast to k(B) —/(B)). By combining with Proposition 2.3, we can replace
Proposition 2.5(2) by

(@ +2ko(B)+ Y 2" ki (B) < 2 min{l(b.), k(B) —1(b.)).

i=1
3. Bicyclic defect groups

As mentioned in the introduction, we consider in this section blocks with defect
groups coming from [Sambale 2012b, Theorem 4.19]. A key feature of the groups
in the next three theorems is that all their irreducible characters have degree 1 or 2.
We also remark that Olsson’s conjecture was verified for all blocks with bicyclic
defect groups in [Sambale 2012b].
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Theorem 3.1. Let B be a nonnilpotent 2-block of a finite group with defect group

D= (v,x,a|vy =x>=a”" =1, 'v=%v=v"!, ‘x=vx) = D1 X Com
forsomen, m>2. Then k(B) =2""1(2"+3), ko(B) =2"" ki (B)=2""1(2" - 1)
and [ (B) = 2. In particular, Brauer’s k(B)-conjecture and Alperin’s weight conjec-
ture are satisfied.

Proof. Let ¥ be the fusion system of B, and let z := v>"~ . Then by [Sambale
2012b, Theorem 4.19], Q := (z, x, a?) is the only F-essential subgroup up to con-
jugation. In order to calculate k(B), we use Brauer’s formula [Nagao and Tsushima
1989, Theorem 5.9.4]. We will see that it is not necessary to obtain a complete
set of representatives for the %-conjugacy classes. Since (v, ax) is an abelian
maximal subgroup of D, all characters in Irr(D) have degree 1 or 2. In particular,
k(D) := |[Irr(D)| = |D/D’'| + (|D| — |D/D’|)/4 = 2"~1(2" 4+ 3). Now we have
to count how many conjugacy classes of D are fused under Autg(Q). According
to [Sambale 2012b, Theorem 4.19], there are two possibilities Co(Autz(Q)) =
Z(%F) € {{a*), (a®z)}. In the first case, the elements of the form xa?/ are conjugate
to corresponding elements za®/ under Autz(Q). In the second case, a similar
statement is true for a%/. Observe that the elements xa”’ and xza?/ are already
conjugate in D. Since (a , z) €Z(D), no more fusion can occur. Hence, the number
of F-conjugacy classes is 2"~ (2" +3) — 2"~ =2m (2"~ 4 1),

Now we have to determine at least some of the numbers /(b,) where u € D. The
groups D= D/(az) and D, := D/(aZZ) have commutator subgroups D/(az)/(az)
and D' (a’z)/(a’z) of index 4, respectively. Hence, D and D, have maximal class.
The blocks b2 and b2, dominate blocks b, and bazz, respectively, with defect
group D;. Let % and %, be the fusion systems of b, and IZzZ, respectively. Then
in case Z(F) = (a?) or Z(%F) = (a?z), O is the only %-essential or F,-essential
subgroup of D or D», respectively, up to conjugation. Thus, [Brauer 1974; Olsson
1975] imply I(b,2) = l(lZz) =2and l(b,,) = l(l?zz) = 2. The same holds for all
odd powers of a? and a?z. Next we consider the elements u := a2’ for 2 < j<m-—1.
It can be seen that the isomorphism type of D/(u) is the same as for D except
that we have to replace m by j. Also the essential subgroup Q carries over to the
block b,. Hence, induction on m gives [(b,) = 2 as well. For all other nontrivial
subsections (u, b,), we only know /(b,) > 1. Finally, [(B) > 2 since B is centrally
controlled, by Theorem 1.1 in [Kiilshammer and Okuyama ~ 2000]. Applying
Brauer’s formula gives

k(B)>2" 42" 2" 1) -2~ =21 (2" + 3) = k(D).

We already know from [Sambale 2012b, Theorem 5.3] that Olsson’s conjecture holds
for B, i.e., ko(B) <|D: D'| =2"*!. Now we apply [Robinson 1991, Theorem 3.4]
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to the subsection (z, b;), which gives

|D| =271 42712 — 1) <ko(B) +4(k(B) —ko(B)) < ) _2"ki(B) < |D.
i=0

This implies k(B) = k(D) =2""1(2" 4+ 3), ko(B) = 2"+, ky(B) =2""1(2" — 1)
and /(B) = 2. Brauer’s k(B)-conjecture follows immediately. In order to prove
Alerin’s weight conjecture (see [Kessar 2007, Proposition 5.4]), it suffices to show
that Q and D are the only J-radical, F-centric subgroups of D. Thus, assume by
way of contradiction that Q is another %-radical, Z-centric subgroup. Since Q; is
Z-centric, it cannot lie inside Q. Moreover, Outg(Q ) must provide a morphism of
odd order because Q| < D. However, by Alperin’s fusion theorem & is generated
by Autg(Q) and Autg (D). This gives the desired contradiction. O

We add some remarks. First, the direct products of similar type Dyut1 X Com were
already handled in [Sambale 2012a]. Also if n =1, we obtain the minimal nonabelian
group C22 » Com for which the block invariants are also known by [Sambale 2011a].
Moreover, it is an easy exercise to check that various other conjectures (for example
[Eaton and Moret6é 2013; Eaton 2003; Malle and Navarro 2006]) are also true in
the situation of Theorem 3.1. We will not go into the details here.

The next theorem concerns defect groups that have a similar structure as the
central products Qn+1 % Con discussed in [Sambale 2013a]. Also, this result is
needed for the induction step in the theorem after that.

Theorem 3.2. Let B be a nonnilpotent 2-block of a finite group with defect group

n m n—1 _
D= (v,x,a|v” =1, a% =x>=v"", *v=% =v"}, %x = vx)

; Q2n+l .sz ; D2n+1 sz

for some n,m > 2 and m # n. Then k(B) = 2"T1(2"=2 4+ 1), ko(B) = 2!,
ki(B) = 2""1@2" — 1), ky,(B) = 2" and I(B) = 2. In particular, Brauer’s
k(B)-conjecture and Alperin’s weight conjecture are satisfied.

Proof. First observe that the proof of [Sambale 2012b, Theorem 4.20] shows that
in fact

D= (v,x,a|v’ =x>=1, a* = UZH, =% =0l y=vx) = Doni1.Com.
Let % be the fusion system of B, and let y := v¥"” and z := x%. Then by [Sambale
2012b, Theorem 4.19], Q := (x, y, a*) = Qg * Cyn is the only F-essential subgroup
up to conjugation (since n % m, D is not a wreath product). Again we use Brauer’s
formula [Nagao and Tsushima 1989, Theorem 5.9.4] to get a lower bound for
k(B). The same argumentation as in Theorem 3.1 shows that D has 2=l 4. 3)
conjugacy classes, and we need to know which of them are fused in Q. It is easy to
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see that xa?/ is conjugate to ya?*/ under Autg(Q) for j € Z. Observe that xa?/ is
already conjugate to xyazj and x~'a? = xa®*?" in D. Since Z(F) = (a?), this
is the only fusion that occurs. Hence, the number of F-conjugacy classes is again
2m@rl ).

Again D/(a”) has maximal class and /(b,2) = 2 by [Brauer 1974; Olsson 1975].
The same is true for the odd powers of a*>. Now let u := a* for some 2 < j < m.
Then it turns out that D /(u) is isomorphic to the group Dy x C,; as in Theorem 3.1.
So we obtain /(b,) =2 as well. For the other nontrivial subsections (u, b,,), we have
atleast/(b,) > 1. Finally, /(B) > 2 since B is centrally controlled (see [Kiilshammer
and Okuyama ~ 2000, Theorem 1.1]). Therefore,

k(B) > 2m+1 +2m(2n—1 + 1) _ 2m — 2m+1(2n—2 + 1) (1)

Also, ko(B) < om+l by [Sambale 2012b, Theorem 5.3]. However, in this situation
we cannot apply [Robinson 1991]. So we use [Héthelyi et al. 2013, Theorem 2.4]
for the major subsection (a2, b,2). Let us determine the isomorphism type of
D := D/{a?) precisely. Since (ax)?> =axax =vx%>a’>=v (mod (a?)), ax generates
a cyclic maximal subgroup D. Since ¢(ax) = avx =axv™' = (ax)~! (mod (a?)),
D = Dyu+1. Hence, the Cartan matrix of b, is given by

m (2712
(7.7
up to basic sets (see [Erdmann 1990]). This gives k(B) < 2" (2"~! 4 3), which is
not quite what we wanted. However, the restriction on ko(B) will show that this
maximal value for k(B) cannot be reached. For this, we use the same method as in
[Sambale 2013a]; i.e., we analyze the generalized decomposition numbers d, for
u :=a? and I1Br(b,) = {o1, @2}. Since the argument is quite similar except that n

has a slightly different meaning, we only present some key observations here. As
in [Sambale 2013a], we write

|
dy, = Y a;00,
j=0
where ¢ := ¢?"1/2" Tt follows that

@.a})=Q"+2)8;j. (a}.a5)=48; and (a},a;)=85;.

Moreover, h(x) = 0 if and only if Zﬁi‘ol “'a}(x) =1 (mod 2). This gives three
essentially different possibilities for ajl. and a% as in [Sambale 2013a]. Let the
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numbers «, B, y and § be defined as there. Then
y=2""—a-8,
k(B) < (2"+6)a+ (2" +4Hp+ (2" +2)y — /2
=2m =l L 6o 4B+ 2y —5/2
=2mtn=l oM L dg 428 —5/2,
8a+4B8 —8 < ko(B) <2"T!.

This shows k(B) < 2m+n—1 4 pm+l — pm+l(on=2 1 1) Together with (1), we
have k(B) = 2"t (2"=2 4+ 1) and I(B) = 2. The inequalities above also show
ko(B) =2"*+!. Now we can carry over the further discussion in [Sambale 2013a]
word by word. In particular, we get § =0,

ki(B)=2"—2)a+ (2" —1)B+2"y =21 2o — B
— 2n+m—l _ 2m—l — 2m—1(2n _ 1)

and finally k,(B) = 2"~!. The conjectures follow as usual. (|

Now we can also handle defect groups of type Q,u+1 X Com. It is interesting to see
that we get the same number of characters although the groups are nonisomorphic
as shown in [Sambale 2012b].

Theorem 3.3. Let B be a nonnilpotent 2-block of a finite group with defect group

2 =l x a -1 a

m ~
=1, =0 v=%=0v"], X =vx) = Qo1 X Com

D= (v, x,a|v¥ =a
for some n,m > 2. Then k(B) = 2"t (2"2 + 1), ko(B) = 2™, k| (B) =
2m=12" — 1), ky(B) =2""' and |(B) = 2. In particular, Brauer’s k(B)-conjecture
and Alperin’s weight conjecture are satisfied.

Proof. Let & be the fusion system of B, and let y := v¥"” and z := x2. Then
by [Sambale 2012b, Theorem 4.19], Q := (x, y, a*) = Qo1 X Coui is the only
%-essential subgroup up to conjugation. Again we use Brauer’s formula [Nagao
and Tsushima 1989, Theorem 5.9.4] to get a lower bound for k(B).

The same argument as in Theorem 3.1 shows that D has 2"~ (2" +3) conjugacy
classes and we need to know which of them are fused in Q. It is easy to see that
xa?/ is conjugate to ya?/ under Autg(Q) for j € Z. Since Z(%F) = (z, a?), this is
the only fusion that occurs. Hence, the number of %-conjugacy classes is again
22" 1 +1). In case n = 2, the group D/(z) = C3 x Cy» is minimal nonabelian,
and we get [(b;) = 2 from [Sambale 2011a]. Otherwise, D/(z) is isomorphic to one
of the groups in Theorem 3.1. Hence, again /(b.) = 2. As usual, the groups D/(a?)
and D/ (a?z) have maximal class and it follows that I(b2) =1(b,2,) =2. The
same holds for all odd powers of a® and a®z. For 2 < j <m — 1, the group D/(u)



2252 Benjamin Sambale

with u := a? has the same isomorphism type as D where m has to be replaced
by j. So induction on m shows [(b,) = 2. It remains to deal with u := a? 7. Here
D/{u) = Qon+1.Cy; is exactly the group from Theorem 3.2. Thus, for j # n we
have again [(b,) = 2. In case j =n, D/(u) = Cy  C,. Then [Kiilshammer 1980,
(7.G)] gives I(b,) = 2 as well. Now Brauer’s formula reveals

k(B) > 2m+1 +2m(2n—1 4 ]) _ 2m — 2m+1(2n—2 4 1)

For the opposite inequality, we apply [Héthelyi et al. 2013, Theorem 2.4] to the
major subsection (u, b,) where u := a’z. A similar calculation as in Theorem 3.2
shows that D/(u) = Q,n+2. Hence, the Cartan matrix of b, is given by

o 21412

2 4
up to basic sets (see [Erdmann 1990]). This is the same matrix as in Theorem 3.2,
but the following discussion is slightly different because a> has only order 2!
here. So we copy the proof of the main theorem in [Sambale 2013b]. In fact, we

just have to replace m with m + 1 and n with n — 2 in order to use this proof word
for word. The claim follows. (]

We describe the structure of these group extensions in a more generic way.

Proposition 3.4. Let D be an extension of the cyclic group {(a) = C» by a group
M that has maximal class or is the four-group. Suppose that the corresponding
coupling w : (a) — Out(M) satisfies the following: if w # 0, then the coset w(a)
of Inn(M) contains an involution that acts nontrivially on M/ ®(M). Moreover,
assume that D % Com 2 Cy for all m > 3. Then the invariants for every block of a
finite group with defect group D are known.

Proof. Assume first that M = C%. Then in case w = 0, we get the groups Con X C22
and Cyu+1 x C; for which the block invariants can be calculated by [Usami 1988;
Kessar et al. 2012]. So let w 7~ 0. If D is nonsplit, it must contain a cyclic maximal
subgroup. In particular, D is metacyclic and the block invariants are known. If the
extension splits, we obtain the minimal nonabelian group C22 x Con. Here the block
invariants are known by [Sambale 2011a].

Hence, let M be a 2-group of maximal class. Then |Z(M)|=2. Thus, for o =0 we
obtain precisely two extensions for every group M. All these cases were handled in
[Sambale 2012a; 2013b; 2013a]. Let us now consider the case w # 0. Since the three
maximal subgroups of a semidihedral group are pairwise nonisomorphic, M must be
a dihedral or quaternion group. Write M = (v, x |v>" =1, x2 ¢ (UZ'H), Tv=v7l).
Let o € Aut(M) be an involution that acts nontrivially on M/® (M). Then there
is an odd integer i such that “x = v’x. Since a® = 1, it follows that “v = v~!.
Hence, the coset o Inn(M) € Out(M) is determined uniquely. Hence, w is unique.
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So we get four group extensions for every pair (n, m). Two of them are isomorphic,
and all cases are covered in Theorems 3.1, 3.2 and 3.3 (and [Kiilshammer 1980]
for C4 2 Cy). O

4. More examples

Since almost all block invariants for 2-blocks of defect 4 are known (see [Kiilsham-
mer and Sambale 2013]), it is natural to look at 2-blocks of defect 5. Here for
the abelian defect group C4 x Cg, the invariants are not known so far. We handle
more general abelian defect groups in the next theorem. This result relies on the
classification of the finite simple groups. We denote the inertial index of B by e(B).

Theorem 4.1. Let B be a block of a finite group G with defect group Con X CS’ for
some n > 2. Then we have k(B) = ko(B) = |D| =213 and one of the following
holds:

(i) e(B) =1(B) = 1.
(i) e(B) =1(B) = 3.
(iii) e(B) =1(B) =1.
(iv) e(B) =21 and I(B) = 5.

Proof. Let D = Cy» x C3. Since Aut(D) acts faithfully on Q(D)/® (D) = C3, we
have e(B) € {1, 3,7, 21}. In case e(B) = 1, the block is nilpotent and the result is
clear. Now we consider the remaining cases.

Case 1: ¢(B) = 3. Then there are 2"*2 subsections (u, b,) up to conjugation
and 2"t of them satisfy /(b,) = 1. For the other 27+1 gubsections, [Watanabe
1991, Theorem 1] implies [(b,) = 3. This gives k(B) = 2"+3 = |D|. The height-0
conjecture follows from [Kessar and Malle 2013, Theorem 1.1].

Case 2: ¢(B) = 7. Here we have 2"*! subsections (u, b,) up to conjugation, where
2" of them satisfy /(b,) = 1. For the other 2" subsections, we use [Watanabe
1991, Theorem 1] in connection with [Kessar et al. 2012, Theorem 1.1] (instead of
[Kessar et al. 2012], we could also use [Kessar and Malle 2013], which we need
anyway). This gives [(b,) = 7 for these subsections. It follows that k(B) = |D| and
k(B) = ko(B) by [Kessar and Malle 2013, Theorem 1.1].

Case 3: ¢(B) = 21. Here we have again 2"*! subsections (u, b,) up to conjugation.
But this time 2" subsections satisfy /(b,) = 3 and the other 2" subsections satisfy
1(b,) =5 by [Watanabe 1991; Kessar et al. 2012]. The result follows as before. [J

Next we study another group of order 32 with an easy structure. For this, let
MNA(r, s) be the minimal nonabelian group given by

b

oy |22 =y = yP = x yl=[y,x, vl =1)
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for some r > s > 1 (see [Rédei 1947]). For the notion of a constrained fusion
system, we refer to [Oliver and Ventura 2009, Definition 2.3].

Proposition 4.2. Let B be a nonnilpotent block of a finite group with defect group
D =MNA(Q2, 1) x Cy. Then k(B) =20, ko(B) =16, ki (B) =4 andl[(B) =2. In
particular, Olsson’s conjecture and Alperin’s weight conjecture hold for B.

Proof. Let & be the fusion system of B. Since |D : Z(D)| =4, every F-essential sub-
group is maximal, and there are three candidates for these groups. Let Z(D) <M <D
such that M = Cy4 x C22. Then Autg(M) must act nontrivially on Q2(M)/P(M).
However, it can be seen that Np (M) acts trivially on Q2 (M) /P (M). In particular, M
is not F-radical. Hence, there is only one F-essential subgroup Q = C;‘ (up to con-
jugation). Since Q < D, ¥ is constrained and thus uniquely determined by Outg(Q)
(see [Linckelmann 2007, Theorem 4.6]). By [Sambale 2012b, Lemma 3.11], we
have some possibilities for Outg(Q). However, a GAP calculation shows that
only Outz(Q) = Ss is realizable. Then ¥ is the fusion system on the group
SmallGroup(96, 194) = (A4 X C4) x C;. In particular, there are exactly 16 %-
conjugacy classes on D. Moreover, Z(%) = C%, and for 1 # z € Z(%), we have
D/(z) € {MNA(2, 1), Dg x C,}. Hence, we get [(b;) = 2 as usual. For all other
nontrivial subsections (u, b,), we have [(b,) > 1. Since B is centrally controlled,
[Kiilshammer and Okuyama ~ 2000, Theorem 1.1] implies /(B) > 2. Brauer’s
formula for k(B) gives k(B) > 20. If x € D has order 4, then Cp (x)/{x) has order 4.
Hence, Olsson’s conjecture follows from [Héthelyi et al. 2013, Theorem 2.5]; i.e.,
ko(B) < |D : D'| = 16. For an element z € Z(D) \ Z(%), the block b, is nilpotent.
Thus, [Robinson 1991, Theorem 3.4] implies

|D| =32 < ko(B) +4(k(B) — ko(B)) < > 2%k;(B) < |D|.
i=0

The claim follows as usual. |

In the classification of the simple groups of 2-rank 2, the sole exception PSU(3, 4)
shows up (see [Alperin et al. 1973]). This group has a Suzuki Sylow 2-subgroup P
of order 64 (see [Craven and Glesser 2012, Definition 1.4]). The group P also
occurs in the classification of the center-free fusion systems on 2-groups of 2-rank 2
(see [Craven and Glesser 2012]). It can also be described as the smallest 2-group
with exactly three involutions and an automorphism of order 5. This answers a
question raised in [Berkovich and Janko 2008, Exercise 82.3]. In fact, P admits an
automorphism of order 15. Moreover, Z(P) = ®(P) = P' = Q(P) = C22, so P is
special (see [Gorenstein 1968, p. 183]).

Using this as a motivation, it seems worthwhile to obtain the invariants of blocks
with defect group P (this will be done in an upcoming diploma thesis). Doing so,
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we need to handle the extraspecial group P/(z) = Dg* Qg for 1 # z € Z(P) for
the induction step.

Proposition 4.3. Let B be a block of a finite group G with defect group Dg* Qg and
inertial index 5. Then l[(B) =5, k(B) = 13, ko(B) = 8 and ko(B) = 5. Moreover,
the Cartan matrix of B is given by

21111
12111
2111211
11121
11114

up to basic sets.

Proof. Let D = Dg % Qg, and let & be the fusion system of B. By [Stancu 2006,
Theorem 5.3], & is controlled by Autg (D). Let Z(D) = (z). As usual, we denote
the subsections by (u, b,). Then b. covers a block b, with elementary abelian defect
group of order 16. It follows from [Kiilshammer and Sambale 2013, Proposition 2.1]
that 5 = e(B) = e(b,) = e(b.) =(b,) =1(b.). Moreover, B is centrally controlled;
in particular, [Kiilshammer and Okuyama ~ 2000, Theorem 1.1] implies /(B) > 5.
There are three nonmajor subsections (u1, b1), (u2, b>) and (u3, b3). Since
|D'| = 2, every conjugacy class in D has at most two elements. In particular,
|Cp(u;)| =16 fori =1, 2, 3. By [Héthelyi et al. 2013, Proposition 5.1], we have
[(b;) =1fori=1,2,3. Now let us look at the major subsection (z, b;). By the
proof of [Sambale 201 1c, Proposition 1], the Cartan matrix of b, is given by

43333

W W W W
W W W M
W Wk W
W B~ W W
B W W W

up to basic sets. If we change the basic set, we get the following matrix with smaller
entries:

A

[}

Il

[\®]
—_ = = N
—_ = DN

11
11
21
12
11

A== = =

Now we consider the matrix D, := (df'j). Since z has order 2, D, is an integral
matrix such that DZTDZ = C. Since all columns of D, are orthogonal to the columns
of ordinary decomposition numbers, we see that the first four columns consist of
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exactly four entries =1 each. By way of contradiction, assume that the first two
columns of D, have the form

111 1.+ \"
1111 .- )"

Then there is at least one column of ordinary decomposition numbers that is not
orthogonal to the difference of these two columns of D,. This contradiction shows
that D, has the form

11.

A B

)
2]
Il
K = = =

1

1. .
1. .. .11
1

*

up to signs and permutations. It holds that k(B) =[(B) +1(b;) +1(b1) +1(b2) +
[(b3) > 13. Hence, for the last column of D, we have essentially the following
possibilities:

(S 11111,
(1.1.1.1.1.111)",
(L1 —1... ... 111,
@....... .. 111",
1. 21 1)

This already implies k(B) € {13, 14, 16}. In order to investigate the heights of
the irreducible characters, we consider the matrix M? = (mfj) =32D.C; ! DZT of
contributions. We have

13-3-3-3-1
-3 13 -3 -3 -1
32¢;'=1-3-313 -3 -1
-3 -3-313 -1
~1-1-1-15

By [Brauer 1968, (5G) and (5H)], we have
h(x) =0 <= m;, =1 (mod2) < Z d;, =1 (mod2).
@elBr(b;)

This gives ko(B) € {8, 12, 16} according to the last column of D*. By [Broué 1980,
Proposition 1], we also have h(x) =0 < d;'@ =1 (mod2) fori =1, 2, 3 where
IBr(b,;) = {¢;}. Since the norm of these nonmajor columns is 16, we have the
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following possibilities for the nonvanishing entries according to ko(B): sixteen +1;
twelve =1 and one +2; eight +1 and two +2; or seven 1 and one +3.

Taking this together, we can enumerate all the possibilities for the decomposition
numbers of nontrivial subsections with GAP. Then the ordinary decomposition
matrix (up to multiplication with an invertible matrix) can be determined as the
orthogonal space. Finally the square of the ordinary decomposition matrix is
the Cartan matrix C of B. Now we determine the elementary divisors of C by
considering the lower defect groups.

By [Brauer 1969, (7G)], the multiplicity m(d) of the elementary divisor d € N
of C is given by

md) =Y my (R)

ReR

where QR is a set of representatives for the G-conjugacy classes of subgroups of G of
order d. After combining this with [Broué and Olsson 1986, Formula (25)], we get

md)= Y my (R bg)

(R,bR)eR’

where %R’ is a set of representatives for the G-conjugacy classes of B-subpairs
(R, bg) such that R has order d. We have to emphasize that in contrast to other
papers we regard by as a block of Cs(R) instead of R Cg(R). Let bp be a Brauer
correspondent of B in Cg (D). Then after changing the representatives if necessary,
we may assume (R, bg) < (D, bp) for (R, bg) € ®'. Then it is well-known that
br is uniquely determined by R. Since the fusion of these subpairs is controlled by
Ng(D, bp), we get
m(d) =Y mf (R, bg)

ReR”

where R is a set of representatives for the Autg(D)-conjugacy classes of subgroups
of D of order d.

It is well-known that we have m(32) = 1. Now we discuss smaller values for d.
We begin with the case d = 2. For this, let mg)(Q, bg) >0 for some Q with |Q|=2.
Then (Q, bp) is in fact a subsection and 2 is also an elementary divisor of the
Cartan matrix of bg. In particular, /(bg) > 1. This shows that O =Z(D). One can
show that 2 occurs as elementary divisor of C, exactly four times. If we apply the
same arguments to the block b, instead of B, we see that m(2) = mg)(Q, bg) =4.

Now let 2 <d < 32 and Q < D such that |Q| =d. Then by [Broué and Olsson
1986, (2Q)], we have mgé(Q) > 0 where By := bgG(Q’bQ). Since Q is fully %-
normalized, [Linckelmann 2006, Theorem 2.4] implies that Cp(Q) is a defect
group of bp and Np(Q) is a defect group of Bp. By [An 2011, Proposition 2.1],
also the block by is controlled. If we follow the proof of this proposition more
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closely, it turns out that (Cp(Q), bgoc,(g)) is a Sylow bp-subpair. So the inertial
quotient of by is

Ncg(0)(Cp(Q), bocp0)/ Cp(Q) Cegi0)(Cp(Q))
<Ng(QCp(Q),bgcy0) NCs(Q)/Cp(Q)Cs(QCp(Q)).

All odd-order automorphisms of

Autz(Q Cp(Q)) =Ng(Q Cp(Q), bocy0)/ Ca(QCp(Q))

come from restrictions of Autg(D). However, the automorphism of order 5 in
Autg (D) cannot centralize Q since 2 < d. Hence, the inertial index of by is 1 and
l(bg) = 1. Finally, [Olsson 1980, Theorem 5.11] and the remark following it show

1 =1(bg) = mj) (Q)+mi) (Np(Q)) =mi) (0) +1

and mg) (Q) = 0. Taking these arguments together, we proved that the elementary
0
divisors of C are 32,2,2,2,2, 1, ..., 1 (including the possibility of no 1 at all).
Using this, our GAP program reveals that the only possibility for the generalized
decomposition numbers is

1111 . . !
11 11

11 11

IS S T S
1.1 .1 .1 .1 111
.01 o1 o1 1 34141
.1 o1 .1 .14 341
. 01 .1 .1 14141 3

(up to permutations and choosing signs as described earlier). In particular, k(B) =13,
ko(B) = 8 and [(B) = 5. Moreover, C is uniquely determined up to basic sets.
Hence, C = C; up to basic sets because in case z € Z(G), B and b, would coincide.
It remains to determine k; (B) for i > 0. For this, let ¥ € Irr(B) be the fourth
character in the numbering above. In particular, ¢ has height 0. Then for a
character xy € Irr(B) with 2(x) > 0, we can see that m;w is divisible by 4 but not
by 8. Thus, [Brauer 1968, (5H)] implies k>(B) = 5. [l

For the defect group in Proposition 4.3, the inertial index could also be 3. How-
ever, in this case the computational effort is too big.

In [Sambale 2011c], we verified Brauer’s k(B)-conjecture for defect groups of
order at most 32 but not isomorphic to the extraspecial group Ds * Dg. We are
finally able to handle this remaining group as well.
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Theorem 4.4. Brauer’s k(B)-conjecture holds for defect groups with a central
cyclic subgroup of index at most 16. In particular, the k(B)-conjecture holds for
the 2-blocks of defect at most 5.

Proof. Let B be a p-block with defect group D of the stated form. By [Sambale
2011c, Theorems 1 and 3], we may assume that there is a major B-subsection (z, b;)
such that D/(z) = Cé' (in particular, p =2) and B has inertial index 9. We apply
[Feit 1982, Theorem V.9.17]. For this, it suffices to determine the Cartan matrix
of b, (only up to basic sets). Thus, we may consider a 2-block B with elementary
abelian defect group D of order 16 and inertial index 9. As in [Kiillshammer
and Sambale 2013, Lemma 2.2], we obtain a list of possible Cartan matrices of B.
However, since we are considering 9 x 9 matrices it is very hard to see if two of these
candidates only differ by basic sets. In order to reduce the set of possible Cartan
matrices further, we apply various ad hoc matrix manipulations as permutations of
rows and columns and elementary row/column operations. After this procedure, we
end up with a list of only ten possible Cartan matrices of B that might be all equal
up to basic sets. For the purpose of illustrating, we display one of these matrices:

4-11 . 11 2

14 . 1-11 . 11
1 . 4 1-1 1 2-1-1
14 . . . 2 .
I1-1-1 . 4 . 1 11
1 11 .4 111
2 .2 .11 4 .2
1-1 211 . 4 .
1-1 . 1 12 . 4

It can be seen that all diagonal entries are 4 (for every one of these ten matrices). In
order to apply [Feit 1982, Theorem V.9.17], let C be one of these ten matrices. Then
we have a positive definite integral quadratic form g corresponding to the matrix
16C~!. We need to find the minimal nonzero value of ¢ among all integral vectors.
More precisely, we have to check if a value strictly smaller than 9 is assumed by g.
By [Liebeck 1971, Theorem 1], it suffices to consider only vectors with entries in
{0, £1} (observe that the notation of a quadratic form given by a matrix is the same
in [Feit 1982] and [Liebeck 1971]). Hence, there are only 37 values to consider.
An easy computer computation shows that in fact the minimum of ¢ is at least 9.
So Brauer’s k(B)-conjecture follows from [Feit 1982, Theorem V.9.17]. [l

We like to point out that we do not know a single Cartan matrix such that Brauer’s
k(B)-conjecture would not follow from [Héthelyi et al. 2013, Theorem 2.4] or from
[Feit 1982, Theorem V.9.17]. Since these two results are somehow related, it seems
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interesting to investigate the following problem: Let C = (¢;;) € 7" be the Cartan
matrix of a p-block with defect d. Assume that for all integral, positive definite
quadratic forms g (x1, ..., x;@p,)) = leisjsl gijxixj we have

Z qijCij > p?.
I<i<j<l
Then prove that xp?C~'xT > [ for all 0 # x € Z'. If this can be done, the k(B)-
conjecture would follow in full generality. A diagonal matrix shows that this
argument fails for arbitrary positive definite, symmetric matrices C.
In the next proposition, we take a closer look at the defect group Dg * Dsg.

Proposition 4.5. Let B be a block of a finite group G with defect group D = Dg* Dg.
Suppose that the inertial quotient Outg (D) has order 3 and acts freely on D/ ® (D).
Then k(B) = 11, ko(B) = 8 and [(B) = 3. Moreover, the Cartan matrix of B is
given by

[\
—_— = DN
—_— N =

1
1
6

up to basic sets. For the numbers k;(B) (i > 1), we have the following cases:
(k1(B), k2(B)) € {(0, 3), (2, D}.

Proof. Let & be the fusion system of B. By [Stancu 2006, Theorem 5.3], & is
controlled by Autg(D). By hypothesis, Outgz(D) = C3 acts freely on D/® (D).
Hence, there are two major and five nonmajor subsections. The Cartan matrix of
the nontrivial major subsection (z, b;) is given by

211
21121
116

up to basic sets. In particular, k(B) < 16. The nonmajor subsections (u, b,,) all
satisfy /(b,) = 1. Since B is centrally controlled, we have k(B) > 11. The first two
columns of the b, decomposition numbers have the form

1111 . ... o\
11 . . 11.. ...

up to signs and permutations (compare with the proof of Proposition 4.3). For the
third column, we have essentially 17 possibilities, which we do not list explicitly
here. As in Proposition 4.3, we get ko(B) € {8, 12, 16} and also the positions of the
characters of height 0 depending on the third column of D,. Since every element of
order 4 in D is conjugate to its inverse, all generalized decomposition numbers are
integers. For each of the 17 cases, we proceed by enumerating the five columns of
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nonmajor subsections with the help of a computer. Entirely similar to the proof of
Proposition 4.3, we see that the elementary divisors of the Cartan matrix of B are
32,2,2,1,...,1. Now the computations reveal k(B) = 11, ko(B) =8, [(B) =3
and the Cartan matrix of B up to basic sets. However, the value of k;(B) does
not follow immediately from these calculations. Instead we obtain the two cases
(k1(B), k2(B)) €{(0,3), (2, D}. O

It is easy to construct examples for Proposition 4.5 such that k;(B) = 0. In
contrast, k1 (B) =2 would contradict the ordinary weight conjecture (see [Robinson
2004]).

The next proposition concerns the Sylow 2-subgroup of PSU(3, 4) as mentioned
above. This will result will be used in an upcoming diploma thesis.

Proposition 4.6. Let B be a block of a finite group G with inertial index 15 and
defect group D e Syl,(PSU(3,4)). Then the elementary divisors of the Cartan
matrix of B lie in {1, 4, 64}, where 4 occurs with multiplicity at most 4.

Proof. Since D is a Suzuki 2-group, [Craven and Glesser 2012, Theorem 4.4] tells
us that the fusion system & of B is controlled. So as in the proof of Proposition 4.3,
the multiplicity of d as an elementary divisor of the Cartan matrix C of B is given by

md)= Y my (R, bg),

ReR”

where R is a set of representatives for the Autg (D)-conjugacy classes of subgroups
of D of order d. Assume firstd =2 and m';’ (Q, bo) > 0 for | Q| =2. Then (Q, bg)
is a subsection and Q C Z(D). One can show that by has defect group D and
inertial index 5. Moreover, bo covers a block b_Q of Cs(Q)/Q with defect group
D/Q = Dg * Qs. Hence, Proposition 4.3 implies that all elementary divisors of the
Cartan matrix of by are divisible by 4. This contradiction shows that m(2) = 0.
Now suppose that 2 < d < 64. Again we assume mg)(Q, bg) > 0 such that |Q| =d.
We argue as in the proof of Proposition 4.3. The inertial quotient of b is given by

Ncs0)(Cp(Q), bocy0))/ Cp(Q) Ccsz0)(Cp(Q))
<Ng(QCp(Q),bgcy) NCs(Q)/Cp(Q)Cs(QCp(Q)).

Every odd order automorphism in

Ng(QCp(Q),boc,0)/ Co(QCp(Q)) = Autz(Q Cp(Q))

comes from a restriction of Autg (D). Moreover, Outg (D) acts freely on D/ P (D).
So in case d > 4, we see that these odd order automorphisms cannot lie in Cg (Q).
Hence, in this case [(bg) = 1 and m(d) = 0 (compare with Proposition 4.3). It
remains to deal with the case Q =Z(D) = ®(D). Then we have by = bgG 2Dy
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Moreover, bg has defect group D and inertial index 5. Looking at the covered
block of C5(Q)/Q, we see that [(bg) = 5. Hence,

5=1(bg) = mf) (Q) +my) (Np(Q)) =m}) (Q) +1

by [Olsson 1980, Theorem 5.11] and the remark following it. This gives m(4) =
mgz) (Q) <4, and the proof is complete. U

Our next result handles rather unknown groups of order 32. The key observation
here is that the fusion system is constrained and thus quite easy to understand.

Proposition 4.7. Let B be a nonnilpotent block of a finite group G with defect
group D = SmallGroup(32, q) for q € {28,29}. Then k(B) = 14, ko(B) = 8,
ki(B)y=6andl(B) =2.

Proof. Let F be the fusion system of B. Using GAP, one can show that Aut(D) is a 2-
group. In particular, Outg (D) = 1. Moreover, one can show using general results in
[Sambale 2012b] that D contains only one F-essential subgroup Q. Here C% XCy =
Q< D. In particular, % is constrained. Another GAP calculation shows that % is the
fusion system of the groups SmallGroup(96, 187) or SmallGroup(96, 185) for
q € {28, 29}, respectively. We have ten B-subsections up to conjugation. The center
of D is a four-group and ®(Q) C Z(D). Hence, an odd order automorphism of Q
cannot act on Z(D). It follows that we have four major subsections (1, B), (z, b,),
(v, by) and (w, by,) up to conjugation. Here we may assume that [(b,) =1(by,) = 1.
On the other hand, b, dominates a nonnilpotent block with defect group D/(z) =
Dg x C;. Thus, by [Sambale 201 1c, Proposition 3] we have [(b,) = 2. Also we find
an element u € Q such that b, is nonnilpotent with defect group Q. Here [Sambale
2011c, Proposition 2] implies [(b,) = 3. The remaining nonmajor subsections split
in one subsection (u1, by) of defect 16 and four subsections (u;, b;) (i =2, 3,4, 5)
of defect 8. Here [(b;) =1 fori =1,...,5. In particular, Olsson’s conjecture
ko(B) <8=|D: D'| follows at once. Since B is centrally controlled, we also obtain
[(B) > 2 and k(B) > 14. So the generalized decomposition numbers di”j consist of
eight entries =1 and six entries 2. Hence, k(B) = 14, ko(B) = 8, k1 (B) = 6 and
[(B) =2. ([

Also in the next proposition, the corresponding fusion system is easy to under-
stand since it is controlled. Another advantage here is that k(B) is relatively small
so that the computational effort is small as well.

Proposition 4.8. Let D be a central cyclic extension of SmallGroup(32, q) for
q €{33,34}. Then Brauer’s k(B)-conjecture holds for all blocks with defect group D.

Proof. 1t suffices to consider a block B with defect group D = SmallGroup(32, q)
for g € {33, 34} as usual. GAP shows that B is a controlled block with inertial
index 3. Hence, the fusion system of B is the same as the fusion system of the
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group D x Cs3. It follows that there are only six B-subsections up to conjugation;
two of them are major. For 1 # z € Z(D), we have [(b;) = 1. Let us denote the
four nonmajor subsections by (u;, b;) fori =1, ..., 4. We may assume that b; has
defect group CS. It is easy to see that Autg (D) restricts to the inertial group of b;.
In particular, [(b;) = e(b1) = 3. Moreover, the Cartan matrix of b; is given by

2
211
1

—_— N =

1
1
2

up to basic sets (see [Sambale 2011b, Theorem 3]). Moreover, b, has defect 3 and
b3 and b4 have defect 4. Here, [(by) = [(b3) = [(bs) = 1. In particular, Olsson’s
conjecture ko(B) < 8 =|D : D’| follows. Looking at df] we get k(B) < 14. The
numbers d;‘jl can certainly be arranged in the form

r111. ..
rr. .11 ...

11 A U R

Using the contributions, it follows that ko(B) = 8. We can easily add the column
for (uy, by) as

(11 =1 =10--0" or 1 =11-11=11=10---0)".

We investigate next the elementary divisors of the Cartan matrix of B. For this,
we consider the multiplicity of (u;) as a lower defect group. The multiplicity of 2
as an elementary divisor of the Cartan matrix of b is certainly 2. Since (u) is
the only lower defect group of order 2 of by, we have m(2) = mg)((ul ), b1) =
mj ((u1), b1) = 2. This shows [(B) > 3 and k(B) > 10. Every automorphism of
order 3 of D fixes only two elements in D. Thus, it follows as in Proposition 4.3 that
m(d) =0 for 2 < d < 32. We have essentially four possibilities for the numbers dfj:

o eight entries +1 and six entries £2,
o eight entries +1, two entries =2 and one entry +4,
« seven entries =1, four entries £2 and one entry &3 or

e Six entries 1, two entries £+2 and two entries 3.

In particular, k(B) determines k;(B) for i > 1 uniquely. It remains to add the
generalized decomposition numbers corresponding to (13, b3) and (u4, bs). Here
the situation is distinguished by g € {33, 34}. Assume first that g = 34. Then u; !
and uZl are conjugate to u3 and uy, respectively. Hence, the numbers dff and dl.b;.“
are integers. It is easy to see that such a column must consist of the following
(nonzero) entries:
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« eight entries +1 and two entries +2 and

 seven entries =1 and one entry +£3.

In contrast, for ¢ = 33 the elements u; Uand uy are conjugate. So we may assume
Ug=usz 1, and it suffices to consider the column d;’; whose entries are Gaussian
integers. Let us write d;% :=a(x) + b(x)i, where IBr(b3) = {¢3}, a, b € ZK®
and i := +/—1. Then (a, a) = (b, b) = 8 and (a, b) = 0. Since we have only one
pair of algebraically conjugate subsections, there is only one pair of 2-conjugate
characters (see [Feit 1982, Lemma 1V.6.10]). This shows that b consists of two
entries 2. Now ko(B) = 8 implies that a has eight entries +1.

As usual, we enumerate all these configurations of the generalized decomposition
matrix and obtain the Cartan matrix of B as orthogonal space. However, we get two
possibilities /(B) € {3, 4}. We are not able to exclude the case /(B) = 4 despite its
contradiction of Alperin’s weight conjecture. Anyway in both cases [(B) € {3, 4},
all candidates for the Cartan matrix satisfy [Héthelyi et al. 2013, Theorem 2.4]. The
claim follows. U

We add a short discussion about the defect group

D :=SmallGroup(32, 27)
= (a,b,c|a*=b*=c?=[a, bl =[a, al =[‘a, b] = [b,b] = 1) = C5 x C,.

Let & be a nonnilpotent fusion system on D. One can show Q := {(a, b, “a, °b) = C;
is the only possible F-essential subgroup. In particular, % is controlled or con-
strained (note that controlled is a strong form of constrained). In the controlled
case, we have & = % p (D x C3) = Fp(SmallGroup(96, 70)). In the noncontrolled
case, we have various possibilities for & according to Outg(Q) € {S3, D19, S3 X Ca,
SmallGroup(18,4), Dig x Cs} (see [Sambale 2012b, Lemma 3.11]). These possi-
bilities are represented by the following groups:

SmallGroup(96, 195), SmallGroup(288, 1025),
SmallGroup(96, 227), SmallGroup(288, 1026),
SmallGroup(160, 234), SmallGroup(480, 1188).

Here observe that in case Outg(Q) = S3 there are essentially two different actions of
Outg(Q) on Q. The cases Outg(Q) € {53 x C3, SmallGroup(18, 4)} also differ by
Outg (D) € {C3, 1}, respectively. Additionally, for Outg(Q) = SmallGroup(18, 4)
there exists a nontrivial 2-cocycle on Outgz(Q) (on the other hand, the Kiinneth
formula implies H%(S3 x C3, F*) = 0 for an algebraically closed field F of char-
acteristic 2). This gives even more examples for blocks with defect group D. For
example, a nonprincipal 2-block of SmallGroup(864, 3996) has defect group D
and only one irreducible Brauer character. In all these examples, [(B) assumes the
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values 1, 2, 3,5, 6,9. We will not consider the block invariants in full generality
although it might be possible. We also end the discussion about the remaining
groups of order 32. In most cases (especially when 9 x 9 Cartan matrices show up),
the computational effort to compute the corresponding block invariants is too big.

In the following table, we enumerate all groups of order 32 by using the small
groups library and give information about blocks with corresponding defect groups.
In many cases, it can be shown with GAP that there are no nontrivial fusion systems.
These cases were also determined in [van der Waall 1991], but with the enumeration
of [Hall and Senior 1964]. Using a conversion between both enumerations provided
by Eamonn O’Brien, we confirm the results in [van der Waall 1991]. We denote
the modular group of order 2" > 16 by My, i.e., the unique group of class 2 with a
cyclic maximal subgroup.

small group # description invariants comments reference
1 Cs known nilpotent
2 MNA(2, 2) known controlled [Sambale 2011a;
Eaton et al. 2012]

3 Cs x Cy known nilpotent

4 Cg X Cy known nilpotent [Sambale 2012c]
5 MNAQ@, 1) known [Sambale 2011a]
6 MNAQ2,1) xC,  known nilpotent GAP

7 Mg X Cy known nilpotent GAP

8 C,. MNA(2, 1) known nilpotent GAP

9 Dg x Cy known bicyclic Theorem 3.1
10 Qg x Cy known bicyclic Theorem 3.3
11 CsCy known [Kiilshammer 1980]
12 C4 X Cy known nilpotent [Sambale 2012c]
13 Cg X Cy known nilpotent [Sambale 2012c]
14 Cg X Cy known nilpotent [Sambale 2012c]
15 Cg.Cy known nilpotent [Sambale 2012c]
16 Cie x Cy known nilpotent
17 M5, known nilpotent [Sambale 2012c]
18 D3, known  maximal class [Brauer 1974]
19 SDs3, known  maximal class [Olsson 1975]
20 On known  maximal class [Olsson 1975]
21 CIxC, known controlled [Usami 1988]
22 MNA@®2,1) x C,  known constrained Proposition 4.2
23 (Cys X Cy) x Cy known nilpotent GAP

24 C2 % Cy known nilpotent GAP

25 Dg x Cy known [Sambale 2012a]
26 Qg x Cy known [Sambale 2013b]
27 C3 % Cy
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small group # description invariants = comments reference
28 (Cy x C%) x Cy known  constrained Proposition 4.7
29 (Qg x Cy) xCy,  known  constrained Proposition 4.7
30 (Cy x C%) x Cy  known nilpotent GAP
31 (Cy x Cy) X Cy known nilpotent GAP
32 c3.C ;’ known nilpotent GAP
33 (Cya x Cy) x Cy controlled
34 (Cy x Cy) x Cy controlled
35 Cy % Qg known nilpotent GAP
36 Cg x C% known controlled [Usami 1988]
37 Mg x Cy known nilpotent GAP
38 Dg x Cg known [Sambale 2013a]
39 Dig x Cy known [Sambale 2012a]
40 SDie x Cs known [Sambale 2013b]
41 Q16 X Cy known [Sambale 2013b]
42 Dig* Cy known [Sambale 2013a]
43 (Dg X Cz) X C2
44 (Qs x C2) X C
45 Cyx C;3 known  controlled ~ Theorem 4.1
46 Dg x C32
47 Qs x C3 controlled
48 (Dg * Cy) x Cy controlled
49 Dg * Dg controlled
50 Dg *x Qg controlled
51 C ; controlled

We apply these results to Theorem 2.2.
Theorem 4.9. Let D be a cyclic central extension of one of the following groups:
(i) a metacyclic group,
(i1) a minimal nonabelian group,
(iii) a group of order at most 16,
(iv) [Ti=, Com where |{m; :i=1,...,n}|>n—1,
(v) M x C where M has maximal class and C is cyclic,
(vi) M x C where M has maximal class and C is cyclic,
(vii) Don X Com, Qon Xt Com and Don.Com as in Theorems 3.1, 3.3 and 3.2,
(viii) SmallGroup(32, q) for g € {11, 22,28, 29, 33, 34}, or
(ix) a group that admits only the nilpotent fusion system.

Then Brauer’s k(B)-conjecture holds for every 2-block with defect group D.



Further evidence for conjectures in block theory 2267

Proof. The case (iii) follows from Theorem 4.4. In case (viii), the result follows
from Propositions 4.2, 4.7 and 4.8 and [Kiillshammer 1980]. In all other cases,
it suffices to show [(B) < 3 for every block B with defect group given in the
remaining list of the statement. For the abelian defect group []i_, Com where
[{m;:i=1,...,n}| >n—1,itis easy to see that the inertial index e(B) is at most 3.
Thus, results of Puig and Usami [Usami 1988] imply Alperin’s weight conjecture
in this case. Now /(B) < 3 follows easily. For the remaining cases, the claim was
shown in [Sambale 2012c; Eaton et al. 2012; Sambale 2011c; 2012a; 2013b; 2013a]
and the present paper. (|

One can show with GAP that Theorem 4.9 suffices to verify Brauer’s k(B)-
conjecture for 244 of the 267 defect groups of order 64. Here we also use the
following elementary observation: Let z € Z(D) such that every fusion system
on D/(z) is controlled. If Cay(p)(z) is a 2-group, then Brauer’s k(B)-conjecture
holds for every block with defect group D.

For the group D = SmallGroup(64, 265), we can argue even more subtly. Every
block B with defect group D fulfills e(B) € {1, 3, 5}. In case e(B) = 3, we find
an element z € Z(D) such that D/(z) is elementary abelian. Then [Usami 1988]
implies k(B) < 64. On the other hand if e(B) = 5, we choose z € Z(D) such that
D/(z) = Dg * Qg. Here the k(B)-conjecture follows from Proposition 4.3.

For the purpose of further research, we state all indices g such that Brauer’s
k(B)-conjecture for the defect group SmallGroup(64, q) is not known so far:

134, 135, 136, 137, 138, 139, 202, 224, 229, 230, 231,
238,239,242, 254, 255, 257, 258, 259, 261, 262, 264, 267.

This implies the following corollary:

Corollary 4.10. Let B be a 2-block with defect group D of order at most 64. If D
is generated by two elements, then Brauer’s k(B)-conjecture holds for B.

One can also formulate a version of Theorem 4.9 for ko(B) using Theorem 2.4.
Compare also with [Héthelyi et al. 2013, Theorem 2.5].

Corollary 4.11. Let D be a 2-group containing a cyclic subgroup of index at most 4.
Then Brauer’s k(B)-conjecture holds for every block with defect group D.

Proof. We may assume that D is not metacyclic. In particular, |D|/exp D = 4.
If D is abelian, the result follows from [Sambale 2011c, Corollary 2]. Hence, let
us assume that D is nonabelian. Then D is one of the groups given in [Ninomiya
1994, Theorem 2]. We will consider this list of groups case by case and apply
Theorem 4.9. We remark that the terms “quasidihedral” and “semidihedral” have
different meanings in [Ninomiya 1994].

The group G is metacyclic.
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For the groups G, and G3, we even know the block invariants precisely.

Now consider G4. Here the element a lies in the center. In particular, the group
is a cyclic central extension of a group of order 4. The k(B)-conjecture follows.

For the group Gs, the element b lies in the center. Moreover, Gs/(b) is abelian
and has a cyclic subgroup of index 2. Again the claim holds.

The groups Gg, G7, Gg and Gg are metacyclic.

The groups G 19 and G are cyclic central extensions of metacyclic groups.

In G, the subgroup (a) is normal; in particular, " e Z(G132). Moreover, b
is central in G12/<a2m73> and Glz/(aznﬂ) = Dym—2 x Cy. The claim follows.

In G3 and G4, we see that b is central and the corresponding quotient is
certainly metacyclic.

Next, a®" " €Z(Gs) and G5 / (a2m73) = D,m-2 x C,. Exactly the same argument
applies to G 1¢.

For G17, we have c—'a%c = abab = a®>*?"~ and a* € Z(G17). Since G17/(a%)
has order 16, the claim follows.

The group G3 is slightly more complicated. In general, the core of (a) has index
at most 8. Thus, a7 s always central (in all of these groups). Adjusting notation
slightly gives

Gis/(@® Y= (a,b,c|a®  =b*=c*=[a,b] =1, cac=a"'b).

We define new elements in this quotient by 9 := a?b, ¥ := bc and @ := ac. Then

52 = 1, @> = b and a* = 1. Moreover, chc = c(acac)c = b. Tt follows that

1 ~—1

%2> =1and ¥0X =0~'. Hence, (7, X) = Dyu-s. Now ava~! =ca’bc=a*b=1

and finally axa~! = a’c = 0. Since G18/<azm—3> = (v, X, a), we see that this is
precisely the group from Theorem 3.1. The claim follows.

The groups G19, Goo and G, are metacyclic.

In G, the element a* is central and G, / (a*) has order 16.

Let us consider G»3. As above, we have
G23/(a2m_3) =l{a,b,c| azm_3 =’ =c?=la,b]=1, cac= a_1+2m_4b)

(observe that the relation [b, ¢] = 1 (mod (a®" ")) follows from b = a'*2" " cac).
Here we define  := a?+2" b, ¥ := bc and @ := ac. Then again (9, ) = Dyn-s.
Moreover, &2 = a®" b, @* = 1 and Gia~" = bca~'cac = a>?" ¢ = %. So
Go3/ (a2m73) is the group from Theorem 3.1.

Now it is easy to see that Gog/(a2" ) = Gas/(a®" ") = Gz /(a®" ).

Finally the group Gy has order 32, so also here the k(B)-conjecture holds. This

completes the proof. U

om=3

For every integer n > 6, there are exactly 33 groups of order 2" satistfying the
hypothesis of Corollary 4.11.



Further evidence for conjectures in block theory 2269

5. Olsson’s conjecture

We have seen in [Héthelyi et al. 2013] that Olsson’s conjecture holds for all con-
trolled 2-blocks of defect at most 5. Using the table above, we remove the controlled
condition.

Theorem 5.1. Olsson’s conjecture holds for all 2-blocks of defect at most 5.

Proof. By the remark above it, suffices to consider only the defect groups D :=
SmallGroup(32, m) where m € {27, 43, 44,46}. Let B be a block with defect
group D and fusion system %. Then we can find (with GAP) an element u € D
such that [Cp(u)| = | D : D’|. Moreover, we can choose u such that every element
v € D of the same order also satisfies |Cp(u)| = | D : D’|. Hence, the subgroup (u)
is fully %-centralized. In particular, Cp(u) is a defect group of the block b,. Now
the claim follows from [Héthelyi et al. 2013, Proposition 2.5(ii)]. (]

In [Héthelyi et al. 2013], we also verified Olsson’s conjecture for defect groups
of p-rank 2 provided p > 3. We use the opportunity to explore the case p =3 in
more detail.

Theorem 5.2. Let B be a 3-block of a finite group G with defect group D. Assume
that D has 3-rank 2 but not maximal class. Then Olsson’s conjecture holds for B.

Proof. By [Héthelyi et al. 2013, Theorem 5.6], we may assume that the fusion
system & of B is not controlled. Then |D| > 3* since D does not have maximal
class. By [Diaz et al. 2007, Theorems 4.1 and 4.2], it remains to handle the groups
D = G@3,r;¢€) of order 3" where r > 5 and € € {£1} as in [Diaz et al. 2007,
Theorem 4.7] (by [Diaz et al. 2007, Remark A.3], G(3, 4; €) has maximal class).
Assume that D is given by generators and relations as in Theorem A.1 of the same
paper. Consider the element x := ac. By [Diaz et al. 2007, Lemma A.8], x is not
contained in the unique F-essential (F-Alperin) subgroup C(3,r — 1) = (a, b, c3).
In particular, (x) is fully -centralized, and the block b, of the subsection (x, b,)

has defect group Cp(x). It is easy to see that D' = (b, c3r 3) =Cp,xCp It
follows that x3 ' = ¢¥ ™ 2 1 (mod D) and |(x)] z 3773, As usual, we have
ICp(x)| = |D : D'| =32 In case [Cp(x)| = 3!, we get the contradiction

b e D' C Cp(x). Hence, |Cp(x)| = |D : D'| and Cp(x)/{(x) is cyclic. Now
Olsson’s conjecture for B follows from [Héthelyi et al. 2013, Proposition 2.5]. [J

Theorem 5.3. Let B be a 3-block of a finite group with defect group D of order at
least 3*. Assume that D has maximal class but is not isomorphic to the group

. 3_3 3
B(3,r;0,0,0)=(s,s1,....81 |8 =5] , =5 =[s1,20 = =[s1,51]
3.3 303 .
=818383 = =S8._38._o8—1=1, 5 =[5i-1, 5] f0r1:2,...,r—1)

of order 3". Then Olsson’s conjecture holds for B.
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Proof. By [Héthelyi et al. 2013, Theorem 5.6], we may assume that the fusion
system & of B is not controlled. Then & is given as in [Dfaz et al. 2007, Theorem
5.10]. In particular, D = B(3, r; 0, y, 0) is given by generators and relations as in
[Diaz et al. 2007, Theorem A.2] where y € {1, 2}. Let D; be as in [Huppert 1967,
Definition II1.14.3]. Observe that in the notation of [Diaz et al. 2007; Blackburn
1958] we have D; = y1(D). From [Diaz et al. 2007, Proposition A.9] we see that
x :=ss1 ¢ Di. Moreover, we have x> # 1 also by the same proposition. Then by
[Diaz et al. 2007, Lemma A.15], x does not lie in one of the centric subgroups D,
E;orV; fori e{—1, 0, 1}. This shows that x is not F-conjugate to an element in D;.
By [Huppert 1967, Satz 111.14.17], D is not an exceptional group. In particular,
[Huppert 1967, Hilfssatz I11.14.13] implies |Cp(y)|=9=|D: D’| forall y € D\ D;.
Hence, (x) is fully F-centralized. Thus, the block b, of the subsection (x, b,) has
defect group Cp(x). Now Olsson’s conjecture follows from [Héthelyi et al. 2013,
Proposition 2.5]. U

We remark that the method in Theorem 5.3 does not work for the groups
B@3,r;0,0,0). For example, every block of a subsection of the principal 3-block
of >D4(2) has defect at least 3 (here r = 4). However, |D : D'| = 32 for every
3-group of maximal class.
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Network parametrizations
for the Grassmannian

Kelli Talaska and Lauren Williams

Deodhar introduced his decomposition of partial flag varieties as a tool for
understanding Kazhdan-Lusztig polynomials. The Deodhar decomposition of the
Grassmannian is also useful in the context of soliton solutions to the KP equation,
as shown by Kodama and the second author. Deodhar components % of the
Grassmannian are in bijection with certain tableaux D called Go-diagrams, and
each component is isomorphic to (I<*)¢ x (IK)” for some nonnegative integers a
and b.

Our main result is an explicit parametrization of each Deodhar component in
the Grassmannian in terms of networks. More specifically, from a Go-diagram
D we construct a weighted network Np and its weight matrix Wp, whose entries
enumerate directed paths in Np. By letting the weights in the network vary over
K or [K* as appropriate, one gets a parametrization of the Deodhar component R py.
One application of such a parametrization is that one may immediately deter-
mine which Pliicker coordinates are vanishing and nonvanishing, by using the
Lindstrom—Gessel-Viennot lemma. We also give a (minimal) characterization
of each Deodhar component in terms of Pliicker coordinates. A main tool for
us is the work of Marsh and Rietsch [Represent. Theory 8 (2004), 212-242] on
Deodhar components in the flag variety.
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1. Introduction

There is a remarkable subset of the real Grassmannian Gry , (R) called its fotally
nonnegative part (Gry ,)>o [Lusztig 1998; Postnikov 2006], which may be defined
as the subset of the real Grassmannian where all Pliicker coordinates have the same
sign. Postnikov showed that (Gry ,)>0 has a decomposition into positroid cells,
which are indexed by certain tableaux called JI-diagrams. He also gave explicit
parametrizations of each cell. In particular, he showed that from each J-diagram
one can produce a planar network, and that one can write down a parametrization of
the corresponding cell using the weight matrix of that network. This parametrization
shows that the cell is isomorphic to Rio for some d. Such a parametrization is conve-
nient because, for example, one may read off formulas for Pliicker coordinates from
nonintersecting paths in the network, using the Lindstrom—Gessel—Viennot lemma.

A natural question is whether these network parametrizations for positroid cells
can be extended from (Gry ,)>¢ to the entire real Grassmannian Gry ,(R). In this
paper we give an affirmative answer to this question, by replacing the positroid
cell decomposition with the Deodhar decomposition of the Grassmannian Gry, , (I€)
(here K is an arbitrary field).

The components of the Deodhar decomposition are not in general cells, but
nevertheless have a simple topology: by [Deodhar 1985; 1987], each one is iso-
morphic to (K*)? x (K)?. The relation of the Deodhar decomposition of Gy, (R)
to Postnikov’s cell decomposition of (Grx ,)>0 is as follows: the intersection of a
Deodhar component R p = (R*)“ x (R)? with (Gry.,) >0 18 precisely one positroid
cell isomorphic to (R()* if b =0, and is empty otherwise. In particular, when one
intersects the Deodhar decomposition with (Gry_,)>0, one obtains the positroid cell
decomposition of (Gry ,)>0. There is a related positroid stratification of the real
Grassmannian, and each positroid stratum is a union of Deodhar components.

As for the combinatorics, components of the Deodhar decomposition are indexed
by distinguished subexpressions [Deodhar 1985; 1987], or equivalently, by certain
tableaux called Go-diagrams [Kodama and Williams 2013], which generalize
J-diagrams. In this paper we associate a network to each Go-diagram, and write
down a parametrization of the corresponding Deodhar component using the weight
matrix of that network. Our construction generalizes Postnikov’s, but our networks
are no longer planar in general.

Our main results can be summed up as follows. See Theorems 3.16 and 7.8 and
the constructions preceding them for complete details.

Theorem. Let K be an arbitrary field.

e Every point in Gry ,(IK) can be realized as the weight matrix of a unique
network associated to a Go-diagram, and we can explicitly construct the
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Figure 1. The diagrams and networks associated to Rp, and R p,
in Example 1.1.

corresponding network. The networks corresponding to points in the same
Deodhar component have the same underlying graph, but different weights.

o Every Deodhar component may be characterized by the vanishing and nonvan-
ishing of certain Pliicker coordinates. Using this characterization, we can also
explicitly construct the network associated to a point given either by a matrix
representative or by a list of Pliicker coordinates.

To illustrate the main results, we provide a small example here. More complicated
examples may be seen throughout the rest of the paper.

Example 1.1. Consider the Grassmannian Gr, 4. The large Schubert cell in this
Grassmannian can be characterized as

Q. ={A eG4 | A2(A) #0},

where A ; denotes the Pliicker coordinate corresponding to the column set J in a ma-
trix representative of a point in Gry 4. This Schubert cell contains multiple positroid
strata, including Sg, where  is the Grassmann necklace $ = (12, 23, 34, 14). This
positroid stratum can also be characterized by the nonvanishing of certain Pliicker
coordinates:

Sy ={A €Gry4|A12(A) #0, Ar3(A) #0, A34(A) #0, Ay 4(A) #0}.

Figure 1 shows two Go-diagrams D and D; and their associated networks. Note
that the network on the right is not planar. The weight matrices associated to these
diagrams are

<1 0 —a3 —(azay +a3a2)> and (1 0 —a3 —a3C4>

01 a aray 01 0 an

The positroid stratum Sy is the disjoint union of the two corresponding Deodhar
components R p, and R p,, which can be characterized in terms of vanishing and
nonvanishing of minors as

%Dl = {A € S} | A1,3 750} and QRDZ = {A (S Sy | A1,3 :0}.

Note that if one lets the a;’s range over IK* and lets ¢4 range over KK, then we see
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that Rp, = (IK*)* and Rp, = (K*)? x K.

There are several applications of our construction. First, as a special case of our
theorem, one may parametrize all k£ x n matrices using networks. Second, by apply-
ing the Lindstrom—Gessel-Viennot lemma to a given network, one may write down
explicit formulas for Pliicker coordinates in terms of collections of nonintersecting
paths in the network. Third, building upon [Kodama and Williams 2013], we obtain
(minimal) descriptions of Deodhar components in the Grassmannian in terms of
vanishing and nonvanishing of Pliicker coordinates. It follows that each Deodhar
component is a union of matroid strata.

Although less well known than the Schubert decomposition and matroid stratifi-
cation, the Deodhar decomposition is very interesting in its own right. Deodhar’s
original motivation for introducing his decomposition was the desire to understand
Kazhdan-Lusztig polynomials. In the flag variety, one may intersect two opposite
Schubert cells, obtaining a Richardson variety, which Deodhar showed is a union of
Deodhar components. Each Richardson variety R, ,,(¢) may be defined over a finite
field K = [, and in this case the number of points determines the R-polynomials
Ryw(q) = #(Ry, 0 (F,)), introduced by Kazhdan and Lusztig [1979] to give a
recursive formula for the Kazhdan—Lusztig polynomials. Since each Deodhar
component is isomorphic to (F7)“ x (Fq)b for some a and b, if one understands the
decomposition of a Richardson variety into Deodhar components, then in principle
one may compute the R-polynomials and hence Kazhdan—Lusztig polynomials.

Another reason for our interest in the Deodhar decomposition is its relation to
soliton solutions of the KP equation. It is well known that from each point A in
the real Grassmannian one may construct a soliton solution u 4 (x, y, t) of the KP
equation. It was shown in [Kodama and Williams 2013] that when the time variable ¢
tends to —oo, the combinatorics of the solution u 4 (x, y, t) depends precisely on
which Deodhar component A lies in.

One final result of this paper is the verification that two notions of total positivity
for the Grassmannian coincide. Lusztig [1998] defined the totally nonnegative
part of any partial flag variety in a Lie-theoretic way. He also conjectured a cell
decomposition for it, proved by Rietsch [1998]. Independently, Postnikov defined
the totally nonnegative part of the real Grassmannian in terms of Pliicker coordinates,
and gave a cell decomposition of it. It is not obvious that Lusztig’s definitions (for
Gry ., (R)) coincide with Postnikov’s; however, this has been verified by Rietsch
(personal communication, 2009). In this paper we give a new proof that the two
notions of total positivity coincide.

Corollary 1.2. Lusztig’s definition of the totally nonnegative part of Gry ,(R) and
its cell decomposition coincides with Postnikov’s definition of the totally nonnegative
part of Gry ,(R) and its cell decomposition.
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The outline of this paper is as follows. In Section 2 we give some background on
the Grassmannian and its decompositions, including the Schubert decomposition,
the positroid stratification, and the matroid stratification. In Section 3 we present our
main construction: we explain how to construct a network from each diagram, then
use that network to write down a parametrization of a subset of the Grassmannian
that we call a network component. In Section 4 we define Deodhar’s decomposition
of the flag variety, and its projection to the Grassmannian. We also describe
parametrizations of Deodhar components in the flag variety which are due to Marsh
and Rietsch [2004]. In Sections 5 and 6 we prove that after a rational transformation
of variables, our network parametrizations coincide with the projections of the
Marsh-Rietsch parametrizations. Finally, in Section 7 we give a characterization of
Deodhar components in terms of the vanishing and nonvanishing of certain Pliicker
coordinates.

2. Background on the Grassmannian

The Grassmannian Gry , is the space of all k-dimensional subspaces of an n-
dimensional vector space [K". In this paper we will usually let K be an arbitrary
field, though we will often think of it as R or C. An element of Gry , can be viewed
as a full-rank £ x n matrix modulo left multiplication by nonsingular k x k matrices.
In other words, two k x n matrices represent the same point in Gry_, if and only
if they can be obtained from each other by row operations. Let ([Z]) be the set of
all k-element subsets of [n]:={1,...,n}. For I € ([Z]), let A;(A) be the Pliicker
coordinate, that is, the maximal minor of the & x n matrix A located in the column
set I. The map A — (A;(A)), where I ranges over ([Z]), induces the Pliicker
embedding Gry , — KP® " into projective space.

We now describe several useful decompositions of the Grassmannian: the Schu-
bert decomposition, the positroid stratification, and the matroid stratification. Note
that the matroid stratification refines the positroid stratification, which refines the
Schubert decomposition. The main subject of this paper is the Deodhar decomposi-
tion of the Grassmannian, which refines the positroid stratification, and is refined
by the matroid stratification (as we prove in Corollary 7.9).

2A. The Schubert decomposition of Gry, ,. Throughout this paper, we identify
partitions with their Young diagrams. Recall that the partitions A contained in a
k x (n — k) rectangle are in bijection with k-element subset / C [n]. The boundary
of the Young diagram of such a partition A forms a lattice path from the upper-right
corner to the lower-left corner of the rectangle. Let us label the n steps in this path
by the numbers 1, ..., n, and define / = I (1) as the set of labels on the k vertical
steps in the path. Conversely, we let A(I) denote the partition corresponding to the
subset I.
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Definition 2.1. For each partition A contained in a k x (n — k) rectangle, we define
the Schubert cell

Q) ={A €Gry | I (A) is the lexicographically minimal subset such that Ay (A) #0}.

As A ranges over the partitions contained in a k x (n — k) rectangle, this gives the
Schubert decomposition of the Grassmannian Gry ,, that is,

Gu.= || <.
AC(n—k)k

We now define the shifted linear order <; (for i € [n]) to be the total order on
[n] defined by

i<ji+1l<ji4+2<i---<in<; 1< ---<;i—1.
One can then define cyclically shifted Schubert cells:

Definition 2.2. For each partition A contained in a k x (n — k) rectangle, and each
i € [n], we define the cyclically shifted Schubert cell

Q’A = {A € Gry , | I (1) is the lexicographically minimal subset
with respect to <; such that A;,) # 0}.

2B. The positroid stratification of Gry ,. The positroid stratification of the Grass-
mannian Gry_, is obtained by taking the simultaneous refinement of the n Schubert
decompositions with respect to the n shifted linear orders <;. This stratification was
first considered by Postnikov [2006], who showed that the strata are conveniently
described in terms of Grassmann necklaces, as well as decorated permutations and
Jd-diagrams. Postnikov coined the terminology positroid because the intersection
of the positroid stratification of the real Grassmannian with the fotally nonnegative
part of the Grassmannian (Gry ,)>o gives a cell decomposition of (Gr ,)>o (whose
cells are called positroid cells).

Definition 2.3 [Postnikov 2006, Definition 16.1]. A Grassmann necklace is a
sequence $ = (Iy, ..., I,) of subsets I, C [n] such that, for i € [n], if i € I;
then ;11 = (I; \ {i}) U {j}, for some j € [n] (j may coincide with i); and if
i ¢ I; then I; | = I;. (Here indices i are taken modulo 7.) In particular, we have
|I1| =---=I,|, which is equal to some k € [n]. We then say that .$ is a Grassmann
necklace of type (k, n).

Example 2.4. $ = (1345, 3456, 3456, 4567, 4567, 1467, 1478, 1348) is an exam-
ple of a Grassmann necklace of type (4, 8).
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+]o]+]+]
+]o]+
0{0]|+
+10

Figure 2. A -diagram L = (A, D) p.

Lemma 2.5 [Postnikov 2006, Lemma 16.3]. For A € Gry ,, let $(A) =1y, ..., I,)
be the sequence of subsets in [n] such that, for i € [n], I; is the lexicographically min-
imal subset of (['Z]) with respect to the shifted linear order <; such that Aj, (A) # 0.
Then $(A) is a Grassmann necklace of type (k, n).

The positroid stratification of Gry , is defined as follows.

Definition 2.6. Let $ = (/y, ..., I,) be a Grassmann necklace of type (k, n). The
positroid stratum Sg is defined to be

Sy ={A €Gri, | $(A) = 9}.

Equivalently, each positroid stratum is an intersection of n cyclically shifted Schubert
cells, that is,

n
Sy =(") Ly
i=1

Grassmann necklaces are in bijection with tableaux called I-diagrams.

Definition 2.7 [Postnikov 2006, Definition 6.1]. Fix k, n. A A-diagram (A, D)k,
of type (k, n) is a partition A contained in a k x (n — k) rectangle together with a
filling D: A — {0, +} of its boxes which has the I-property: there is no 0 which
has a + above it and a + to its left.! (Here, “above” means above and in the same
column, and “to its left” means to the left and in the same row.)

In Figure 2 we give an example of a I-diagram.

2C. The matroid stratification of Gry p.

Definition 2.8. A matroid of rank k on the set [1] is a nonempty collection .l C ([Z])
of k-element subsets in [n], called bases of Jil, that satisfies the exchange axiom:
Forany I, J € Ml and i € I there exists j € J such that (1 \ {i}) U{j} € M.

Given an element A € Gry ,, there is an associated matroid .4 whose bases are
the k-subsets I C [n] such that A;(A) # 0.

I This forbidden pattern is in the shape of a backwards L, and hence is denoted I, pronounced “Le.”
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Definition 2.9. Let .M C ([Z]) be a matroid. Define the matroid stratum S, as
Suu=1{A eGrr, | A7(A) #0if and only if I € J}.

This gives a stratification of Gry, called the matroid stratification, or Gelfand—
Serganova stratification.

Remark 2.10. Clearly the matroid stratification refines the positroid stratification,
which in turn refines the Schubert decomposition.

3. The main result: network parametrizations from Go-diagrams

In this section we define certain tableaux called Go-diagrams, then explain how to
parametrize the Grassmannian using networks associated to Go-diagrams. First we
will define more general tableaux called diagrams.

3A. Diagrams and networks.

Definition 3.1. Let A be a partition contained in a k X (n — k) rectangle. A diagram
in A is an arbitrary filling of the boxes of A with pluses +, black stones @, and
white stones O.

To each diagram D we associate a network Np as follows.

Definition 3.2. Let X be a partition with £ boxes contained in a k x (n — k) rectangle,
and let D be a diagram in A. Label the boxes of A from 1 to ¢, starting from the
rightmost box in the bottom row, then reading right to left across the bottom
row, then right to left across the row above that, etc. The (weighted) network Np
associated to D is a directed graph obtained as follows:

o Associate an internal vertex to each 4+ and each @.

» After labeling the southeast border of the Young diagram with the numbers
1,2, ..., n (from northeast to southwest), associate a boundary vertex to each
number.

» From each internal vertex, draw an edge right to the nearest 4-vertex or
boundary vertex.

o From each internal vertex, draw an edge down to the nearest +-vertex or
boundary vertex.

o Direct all edges left and down. After doing so, k of the boundary vertices
become sources and the remaining n — k boundary vertices become sinks.

o If e is a horizontal edge whose left vertex is a +-vertex (respectively @-vertex)
in box b, assign e the weight a; (respectively c,). We think of a; and ¢, as
indeterminates, but later they will be elements of K* and K, respectively.

« If e is a vertical edge, assign e the weight 1.
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Figure 3. An example of a diagram and its associated network.

Note that in general such a directed graph is not planar, as two edges may cross
over each other without meeting at a vertex. See Figure 3 for an example of a
diagram and its associated network.

We now explain how to associate a weight matrix to such a network.

Definition 3.3. Let Np be a network as in Definition 3.2. Let
I={i1 <i2<---<ik}C[n]

denote the sources. If P is a directed path in the network, let w(P) denote the
product of all weights along P. If P is the empty path which starts and ends at
the same boundary vertex, we let w(P) = 1. If s is a source and ¢ is any boundary
vertex, define

Wi ::EZU)(P),
P

where the sum is over all paths P from s to ¢. The sign is chosen (uniquely) so that

Apnsyuiy(Wp) = Z w(P),

P
where

WD = (Wst)
is the k x n weight matrix. We make the convention that the rows of Wp are
indexed by the sources iy, ..., iy from top to bottom, and its columns are indexed
by 1,2, ..., n from left to right. An equivalent way to define the sign of Wj; is
toletg=1|{s+1,s+2,...,t—1}N 1|, that is, the number of sources which are

strictly between s and ¢. Then the sign of W, is (—1)9.

Example 3.4. The weight matrix associated to the network in Figure 3 is

1 ag 0 0 agaip 0 —agajo(ay +c7) —agaio(ariaiz +aiics +ag+cycs)
0010 —ag O aeCy aeag + aegCics
0001 O O —ay —a4cs

0000 O 1 0 ar
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3B. Distinguished expressions. We now review the notion of distinguished subex-
pressions, as in [Deodhar 1985] and [Marsh and Rietsch 2004]. This definition will
be essential for defining Go-diagrams. We assume the reader is familiar with the
(strong) Bruhat order < on W = &,,, and the basics of reduced expressions, as in
[Bjorner and Brenti 2005].

Let w :=s;,---s;, be areduced expression for w € W. A subexpression v of w
is a word obtained from the reduced expression w by replacing some of the factors
with 1. For example, consider a reduced expression in Gy, say s35251535253. Then
5352 1 535> 1 is a subexpression of s3s251535253. Given a subexpression v, we set
V() to be the product of the leftmost k factors of v, if kK > 1, and vy = 1.

Definition 3.5 [Marsh and Rietsch 2004; Deodhar 1985]. Given a subexpression v
of a reduced expression w = s;,s;, - - - 5;,,, we define
J;) = {k S {1, ey m} | Vik—1) < U(k)},
Jri=tkef(l,....m} | va—n =vm)
Jv' = {k € {1, ey m} | V(k—1) > v(k)}.
The expression v is called nondecreasing if v(j_1) < v forall j =1,...,m, for
example, if J; = &.
Definition 3.6 (distinguished subexpressions [Deodhar 1985, Definition 2.3]). A
subexpression v of w is called distinguished if we have

V) Sv-1 si; forall je{l,...,m}. (3-1)

In other words, if right multiplication by s;, decreases the length of v(;_1), then in
a distinguished subexpression we must have v(;) = v(j—1)s;;-
We write v < w if v is a distinguished subexpression of w.

Definition 3.7 (positive distinguished subexpressions). We call a subexpression v
of w a positive distinguished subexpression (or a PDS for short) if

V(j—1) < V(G—1)Si; forall j e{l,...,m}. (3-2)

In other words, it is distinguished and nondecreasing.

Lemma 3.8 [Marsh and Rietsch 2004]. Given v < w and a reduced expression w
for w, there is a unique PDS v for v in w.

3C. Go-diagrams. In this section we explain how to index distinguished subexpres-
sions by certain tableaux called Go-diagrams, which were introduced in [Kodama
and Williams 2013]. Go-diagrams are certain fillings of Young diagrams by pluses +,
black stones @, and white stones 0.

2In [Kodama and Williams 2013], we used a slightly different convention and used blank boxes in
place of +’s.
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Ss [ Sa|S3|S|S 15114131211 1511219163
Se | S5 |Sa ]SS 1098 7|6 14111 8|52
S7(Se6|Ss|Sa]|Ss 514131211 131107141

Figure 4. The labeling of a the boxes of a partition by simple
generators s;, and two reading orders.

Fix k and n. Let Wy = (s1, 82, ..., Su—k» - - - » Su—1) be a parabolic subgroup of
W = &,,. Let W* denote the set of minimal-length coset representatives of W/ W;.
Recall that a descent of a permutation 7 is a position j such that 7 (j) > w(j + 1).
Then WX is the subset of permutations of &,, which have at most one descent; and
that descent must be in position n — k.

It is well known that elements w of W* can be identified with partitions A,
contained in a k x (n — k) rectangle: if w = (wy, ..., wy,) € W then

{wn7k+1, wn7k+27 ey wn}

is a subset of size k, which gives rise to a partition, as described at the beginning of
Section 2A. We refer to this partition as A,,.

Moreover, it follows from [Stembridge 1996] and [Proctor 1984] that the reduced
expressions of w € W correspond to certain reading orders of the boxes of the
partition A,. Specifically, let Q¥ be the poset whose elements are the boxes of a
k x (n—k) rectangle; if by and b, are two adjacent boxes such that b, is immediately
to the left or immediately above by, we have a cover relation by < b, in Q. The
partial order on QF is the transitive closure of <. Now label the boxes of the
rectangle with simple generators s; as in Figure 4. If b is a box of the rectangle,
then let s, denote its label by a simple generator. Let w’é € W denote the longest
element in WX. Then the set of reduced expressions of wg can be obtained by
choosing a linear extension of Q* and writing down the corresponding word in
the s;’s. We call such a linear extension a reading order; two linear extensions are
shown in Figure 4. Additionally, given a partition X,, contained in the k x (n — k)
rectangle (chosen so that the upper-left corner of its Young diagram is aligned with
the upper-left corner of the rectangle), and a linear extension of the subposet of QF
comprised of the boxes of A, the corresponding word in s;’s is a reduced expression
of the permutation w € WX. Moreover, all reduced expressions of w can be obtained
by varying the linear extension.

Definition 3.9 [Kodama and Williams 2013, Section 4]. Fix k and n. Let w € WX,
let w be a reduced expression for w, and let v be a distinguished subexpression of
w. Then w and w determine a partition A,, contained in a k x (n — k) rectangle
together with a reading order of its boxes. The Go-diagram associated to v and w
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is a filling of A,, with pluses and black and white stones, such that: for each k € J
we place a white stone in the corresponding box; for each k € J; we place a black
stone in the corresponding box of 1,,; and for each k € J,© we place a plus in the
corresponding box of A,.

Remark 3.10. By [Kodama and Williams 2013, Section 4], whether or not a filling
of a partition X, is a Go-diagram does not depend on the choice of reading order
of the boxes of A,,.

Definition 3.11. We define the standard reading order of the boxes of a partition
to be the reading order which starts at the rightmost box in the bottom row, then
reads right to left across the bottom row, then right to left across the row above that,
then right to left across the row above that, etc. This reading order is illustrated at
the right of the figure below.

By default, we will use the standard reading order in this paper.

Example 3.12. Let k =3 and n = 7, and let A = (4, 3, 1). The standard reading
order is shown at the right of the figure below.

sS4 |83 ]82|81 81716 5‘
S5 |84 |53 41312
S6 1

Then the following diagrams are Go-diagrams of shape A.

o[olo[o] [+]o]o]+] [e]+][+]O]
O|0 +| O+ O
1©

©)

O +
O -+

They correspond to the expressions

5653545581528354, Selsallsaszl,  lszsalsyllsy.

The first and second are positive distinguished subexpressions (PDS’s), and the
third one is a distinguished subexpression (but not a PDS).

Note that the following diagram of shape X is not a Go-diagram. It corresponds
to the word 11s41s15211, which is not distinguished.

+|+] o] o]
O+

_|_
T
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Remark 3.13. The Go-diagrams associated to PDS’s are in bijection with J-dia-
grams; see [Kodama and Williams 2013, Section 4]. Note that the Go-diagram
associated to a PDS contains only pluses and white stones. This is precisely a
J-diagram.

If we choose a reading order of A,,, then we will also associate to a Go-diagram
of shape A, a labeled Go-diagram, as defined below. Equivalently, a labeled
Go-diagram is associated to a pair (v, w).

Definition 3.14 [Kodama and Williams 2013, Definition 4.15]. Given a reading
order of A,, and a Go-diagram of shape X,,, we obtain a labeled Go-diagram by
replacing each O with a 1, replacing each box b containing a @ with a —1 and
an m;, and replacing each box b containing a 4+ by a p;, where the subscript i
corresponds to the label of b inherited from the reading order.

The labeled Go-diagrams corresponding to the examples above using the standard
reading order are:

—1
L1111 ps| 1 | 1| ps mg| P7| Po| 1
|11 pa| 1| p pa| 1] 1
1 1 D1

3D. The main result. To state the main result, we now consider Go-diagrams (not
arbitrary diagrams), the corresponding networks (Go-networks), and the correspond-
ing weight matrices.

Definition 3.15. Let D be a Go-diagram contained in a k x (n — k) rectangle. We
define a subset R p of the Grassmannian Gry , by letting each variable a; of the
weight matrix (Definition 3.3) range over all nonzero elements [K*, and letting each
variable ¢; of the weight matrix range over all elements K. We call R p the network
component associated to D.

Theorem 3.16. Let D be a Go-diagram contained in a k x (n — k) rectangle. Sup-
pose that D has t pluses and u black stones. Then Rp is isomorphic to (IK*)" x K",
Furthermore, Gry ,, is the disjoint union of the network components Rp, as D
ranges over all Go-diagrams contained in a k x (n — k) rectangle. In other words,
each point in the Grassmannian Gry , can be represented uniquely by a weighted
network associated to a Go-diagram.

A more refined version of Theorem 3.16 is given in Corollary 6.9.

Corollary 3.17. Every k x £ matrix M can be represented by a unique weighted
network associated to a Go-diagram contained in a k x £ rectangle.
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Proof. Letn =k+{£. Suppose M = (m; ;) is a k X (n —k) matrix. Let A(M) = (a; ;)
be the full rank k& x n matrix with an identity submatrix in the first £ columns and
the remaining columns given by

i+1
ai jrk = (D" myp

Then A(M) represents an element in the Grassmannian Gry ,, so Theorem 3.16
applies. The minors of M are in bijection with the k x k minors of A(M), so if
A(M) is represented by the network N, we see that m; ; enumerates paths from
the boundary source i to the boundary vertex j in N. ([

We will prove Theorem 3.16 by showing that each network component R p
from a Go-diagram coincides with a (projected) Deodhar component %, ,, in the
Grassmannian. (Therefore we may refer to each R p as a Deodhar component.)
More specifically, such Deodhar components have parametrizations due to Marsh
and Rietsch [2004], and we will show that after an invertible transformation of
variables, our network parametrizations coincide with theirs.

4. The Deodhar decomposition of the Grassmannian

In this section we review Deodhar’s decomposition of the flag variety G/ B [Deodhar
1985], and the parametrizations of the components due to [Marsh and Rietsch 2004].
The Deodhar decomposition of the Grassmannian is obtained by projecting the
Deodhar decomposition of G/B to the Grassmannian [Deodhar 1987].

4A. The flag variety. Let K be a field, and let G denote the special linear group
SL, = SL, (IK). Fix a maximal torus 7 and opposite Borel subgroups B* and B~;
thus 7, B*, B~ consist respectively of the diagonal, upper-triangular, and lower-
triangular matrices in SL,,. Let U™ and U~ be the unipotent radicals of B™ and B~;
these are the subgroups of upper-triangular and lower-triangular matrices with 1’s
on the diagonals. For each 1 <i <n — 1 we have a homomorphism ¢; : SL, — SL,,

such that
ab
o <c d) =

that is, ¢; replaces a 2 x 2 block of the identity matrix with (g Z). Here a is at the
(i + 1)-st diagonal entry counting from the southeast corner. (Correspondingly, we
will label the rows of such a matrix from bottom to top, and the columns of such a

(RN
U S

e SL,;;
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matrix from right to left.) We have 1-parameter subgroups of G defined by

10

xi(m) = ¢ ((1) ”1’) and  y;(m) = ¢ (m 1) . where m € K.

Let W denote the Weyl group Ng(T)/T, where Ng(T) is the normalizer of 7.
The simple reflections s; € W are given by s; :=s; T, where s; := ¢; (? _(])) and any
w € W can be expressed as a product w = s;,s;, - - - 5;, with £ = £(w) factors. We
set w =§;, i, - - - §;,. In our setting W is isomorphic to G,,, the symmetric group on
n letters, and s; corresponds to the transposition exchanging i and i + 1.

We can identify the flag variety G/B with the variety % of Borel subgroups via

gB «— g-B":= gBJ“g*l.
We have two opposite Bruhat decompositions of %:
#=||Btw B*=||B 0 BT
weW veW

We define the intersection of opposite Bruhat cells
Rypw:=BTw-BTNB v-BY,

which is nonempty precisely when v < w. The strata R, ,, are often called Richard-
son varieties.

4B. Deodhar components in the flag variety. We now describe the Deodhar de-
composition of the flag variety. Marsh and Rietsch [2004] gave explicit parametriza-
tions for each Deodhar component, identifying each one with a subset in the group.

Definition 4.1 [Marsh and Rietsch 2004, Definition 5.1]. Let w =s;, ---s;, be a
reduced expression for w, and let v be a distinguished subexpression. Define a
subset G,y In G by

8¢ =1x;,(my)s;'  forsomem; el if ey,
Gow:=1818"""8nm | g =Yi,(pe) for some p; e K* if£ e J),
g =i, if ¢ e Je.

There is an obvious map ()| x KVl — G, ,, defined by the parameters p;
and my. For v =w =1 we define G, = {1}.

Example 4.2. Let W =Gg, w =5657545556535455515253854 and v =sg1s4 15615411111,
This is the distinguished expression v encoded by the diagram from Figure 3 (which
is a Go-diagram). Then the corresponding element g € G, 4, (the MR-matrix) is
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given by

g = 56y7(P2)Says(pa)xe(ms)ig ' y3(pe)xa(ma)sy "
Ys5(p8)y1(po)y2(p10)y3(p11)ya(pi2), (4-1)

which is
1 0 0 0 0 0 00
0 1 0 0 0 0 00
p2 —Ms 1 0 0 0 00
0O O D3 1 0 0 00 4-2)
0 —ps —m7pg —m7+pp2 1 0 00
0 0 —peps —pstpupiz  pn 1 00
0 0 0 pwopupiz popit pio 10
0 0 0 popropi1pi2 PopioP11l Popio po 1

The following result gives an explicit parametrization for the Deodhar component
Ry.w- We use Proposition 4.3 as the definition of Ry 4.

Proposition 4.3 [Marsh and Rietsch 2004, Proposition 5.2]. The map
(K*)IJ.T\ % K — Gow
from Definition 4.1 is an isomorphism. The map g — g - B defines an isomorphism
Gow — Row (4-3)
between the subset Gy, of the group and the Deodhar component R,  in G/B.

Suppose that for each w € W we choose a reduced expression w for w. Then it
follows from [Deodhar 1985] and [Marsh and Rietsch 2004, Section 4.4] that

Row=| |Row and G/B=] | <|_| %v,w), (4-4)

v<w weW

where in the first sum v ranges over all distinguished subexpressions for v in w,
and in the second sum v ranges over all distinguished subexpressions of w. These
two decompositions are called the Deodhar decompositions of R, ,, and G/B.

Remark 4.4. Although the Deodhar decomposition of R, ,, depends on the choice
w of reduced expression for w, its projection to the Grassmannian does not depend
on w [Kodama and Williams 2013, Proposition 4.16].

4C. Projections of Deodhar components to the Grassmannian. Following [Ko-
dama and Williams 2013], we now consider the projection of the Deodhar decom-
position to the Grassmannian Gry , for k < n. Given the permutation
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w=(w(l), w?),...,wn) e Wk,
we let

I(w)y:={wnh—k+1),wn—k+2),...,w(n)},

a k-element subset of [n]. The map I gives a bijection between W* and k-element
subsets of [n].

Let nry.: G/B — Gry , be the projection from the flag variety to the Grassman-
nian; this is an isomorphism on each ®, ,,. For each w € W* and v < w, define
Po.w =7k (Ry ). Then by [Lusztig 1998] we have a decomposition

Grn= | | < | | @U,w). (4-5)

weWwk w=w

For each reduced decomposition w for w € Wk, and each v < w, we define
Py.w =Tk (Ry, ). Now if for each w € W* we choose a reduced decomposition w,
then we have

Pow=| | Pow and Gr,= | | <|_| @,,,w), (4-6)
T<w

r<w weWwk

where in the first sum v ranges over all distinguished subexpressions for v in w,
and in the second sum v ranges over all distinguished subexpressions of w.
Proposition 4.3 gives a concrete way to think about the projected Deodhar
components %, ,,. The projection 7 : G/B — Gry ,, maps g- BT € R, ,, (where
g € G4 ) to the span of the leftmost k£ columns of g. More specifically, it maps

8nn -+ nn—k+1 --- 8n,1 81,n—k+1 -+ 8nn—k+1
g=|" z o= s
8tn -+ 8lin—k+1 --- 81,1 81,n 8n,n

We call the resulting £k x n matrix M = (Mj,) the MR-matrix. To simplify the
notation later, we will label its rows from top to bottom by iy, is, ..., iy, Where
{ii <---<ir}=1(w).

Remark 4.5. Recall from Section 3C that in the Grassmannian setting (that is,
Wi = (81,52, .-+ Sn—k, ..., Sy_1) is a parabolic subgroup of W = &,,), the distin-
guished subexpressions of W¥ are in bijection with Go-diagrams. Therefore each
Go-diagram gives rise to an MR-matrix.

Example 4.6. We continue Example 4.2. Note that w € WX, where k = 2. Then
the map 72: Gy, — Gra 5 is given by
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( 1 0 0 0 0 0 00
0 1 0 0 0 0O 00
p2 —ms 1 0 0 0 00
10 0 s 1 0 0 00 .
&= o —psa —m7pg  —m7+pn2 1 0 00
0 0 —peps —petpupiz  pu 1 00
0 0 0 popitpr2 - popnn po 10
0 0 0 poplopiipi2 PopioP11 Popio Po 1)
PoP10P11 P12 PloP11P12 —pe+puipi2 —ms+pi2 1 0 00
M 0 0 —P6Ds —mipg ps 1 00
0 0 0 —ps 0 —ms 10
0 0 0 0 0 p 01
We label the rows of M from top to bottom by the index set {1, 3,4, 6}, and
the columns from left to right by the index set {1,2,..., 8}, so for example
M3z4 = —m7ps.

The following lemma is a consequence of Section 5.1 (and Corollary 5.8 in
particular) in [Kodama and Williams 2013].

Lemma 4.7. Let M = Mp be the MR-matrix associated to the diagram D. The
leftmost nonzero entry in row iy of M is in column iy. Furthermore, that entry is
equal to (—=1)* ] pi, where b is the number of black stones in the row iy of D,
and the product is over all boxes in the row i, of the labeled Go-diagram of D
containing a p;.

5. Formulas for entries of the MR-matrices

In this section we consider arbitrary diagrams (not necessarily Go-diagrams) con-
tained in a k x (n — k) rectangle and the corresponding MR-matrices, obtained by
multiplying factors §;, y; (p;), xi(m;)s; ! as specified by the filling of the diagram,
and then projecting the resulting 7 x n matrix to a k x n matrix. We will give formulas
for the entries of the MR-matrices in terms of pseudopaths in the corresponding
network. For the purpose of giving this formula, we will replace weights a; and c;
on the edges of the network by weights p; and m .

Recall that if D is a diagram, its network Np has three types of vertices:
+-vertices, @-vertices, and boundary vertices. A step on a network is an edge
between two vertices. Let W denote a single step west, S denote a single step south,
and E denote either a single step east, or an east-west combination step consisting
of a step east, followed by a step west ending at a @. Let A* indicate O or more
instances of a step of type A.
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Definition 5.1. A pseudopath P on a network is a path on the (undirected version

of the) network such that:

« it starts and ends at two different boundary vertices, or else is the empty path
from a boundary vertex to itself;

« it does not cross the same edge twice;

« its sequence of steps (for a nonempty path) has the form

WW*S(EE*S)*E*.

In particular, a pseudopath may not take two consecutive steps south.

Definition 5.2. The weight w(ﬁ) of a pseudopath P in a network is a Laurent
monomial in p;’s and m ’s, which is obtained by multiplying the following terms:

e 1/p; for every step west along an edge weighted p;;

o p; for every step east along an edge weighted p; which is preceded by a step

east;

» m for every step west along an edge weighted m ;;

o (="t where b (respectively w) is the number of black (resp. white) stones
that the pseudopath skips over in the horizontal (resp. vertical) direction when

we superimpose the Go-diagram onto the network.

Example 5.3. In Figure 5, there are two pseudopaths from 1 to 4, with weights
1/(popiop11) and —m7/(popiop11p12), and there is one pseudopath from 1 to 5,

with Weight 1/(p9p10p11p12).

Definition 5.4. If M is an MR-matrix, we will let M denote the matrix obtained
from M by rescaling rows so that the leftmost nonzero entry in each row is 1.

Definition 5.5. If D is a diagram contained in a k x (n — k) rectangle, then we let
i1 <ip <---<ig denote the labels of the sources in the corresponding network. If

P Pu P Do

Ps | ™7 |ps 12
_.3

m

.5 P4 4
5

1%

> L <6

8 o7

1

P2 Pu P Py

Ps L1 |pe 12
—o 3

m

.5 P4 4
5

D

> 1 <6

8 o7

P2 Pu P Py

Ps | "7 |pg 12
— 3

ms \|P.

5 4 o4
5

1% .6

8 7

Figure 5. The two pseudopaths from 1 to 4 and the unique pseu-
dopath from 1 to 5, indicated in bold. Note that the pseudopath in

the middle figure contains an east-west combination step.

1
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M and M are the corresponding k£ x n MR and rescaled MR-matrices associated to
D, then we will index their rows by iy, ..., i; from top to bottom and their columns
by 1,2, ..., n from left to right.

Theorem 5.6. Let D be a diagram contained in a k x (n — k) rectangle, and let
M = (My;) be the corresponding k x n rescaled MR-matrix. Then
Mst - Z w(ﬁ)7

P
where the sum is over all pseudopaths from the source s to the boundary vertex t in
the network.

Theorem 5.6 will follow from Theorem 5.10 and Lemma 5.11.

Example 5.7. The MR-matrix M from Example 4.6 corresponds to the network
from Figure 5. The rows of M are indexed by 1, 3, 4, 6 from top to bottom. Note
that after we rescale the rows of M, obtaining M, we have

M14= 1 — ity and ]\715=;.
popPioP11 popPioP11P12 pPopi1oP11P12

This agrees with our pseudopath computation from Example 5.3.

Next we will give a formula for entries of MR-matrices, in terms of pseudopaths
in modified networks.

Definition 5.8. Given a network Np with k sources labeled iy, ..., i; and n bound-
ary vertices, we obtain from it a corresponding modified network N, by:

« adding k new boundary vertices to the left of Np, labeled i{, ..., i; from top
to bottom;

 adding a new horizontal edge which connects i ; to the nearest vertex of the
network to its right.

See Figure 6 for the modified network associated to the network from Figure 5.

Definition 5.9. A pseudopath P on a modified network is a path on the modified
network which:

« starts at one of the boundary vertices labeled i{, ..., i}, and ends at one of the
boundary vertices labeled 1, 2, ..., n;

« takes a sequence of steps which has the form
(EE*S)*E™.

The arrows in Figure 6 indicate the allowed directions in which a path may travel.
The weight of a pseudopath in a modified network is defined the same way
as the weight of a pseudopath in a network (see Definition 5.2). Note that since
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P Pu P Do

U I 1
Py | My s 02
3/ — ) 3
m
A 5 \gP4 4
5
o P> e
8 &7

Figure 6. Example of a modified network.

a pseudopath in a modified network does not contain steps west along edges
weighted p;, its weight is a monomial (not a Laurent monomial).

Theorem 5.10. Let D be a diagram contained in a k x (n — k) rectangle, and let
M = (My;) be the corresponding k x n MR-matrix. Then

My =Y w(P),
P
where the sum is over all pseudopaths in the modified network from the boundary
vertex s’ to the boundary vertex t.

Lemma 5.11. Theorems 5.6 and 5.10 are equivalent.

Proof. There is an obvious bijection between pseudopaths in a network starting at
boundary vertex s, and pseudopaths in the corresponding modified network starting
at boundary vertex s’. The weights of the corresponding pseudopaths are the same
except for a factor of (=1 [ ] pi, where b is the number of @-vertices in row s of
the network, and the p;’s range over all edge weights in row s.

On the other hand, Lemma 4.7 implies that the leftmost nonzero entry of row s of
the MR-matrix M is precisely the quantity (—1)? [] p; above. Therefore Theorems
5.6 and 5.10 are equivalent. U

By Lemma 5.11, in order to prove Theorem 5.6 it suffices to prove Theorem 5.10.
Our strategy for proving Theorem 5.10 will be to interpret entries of the MR-matrix
in terms of paths in a chip network, and then construct a weight-preserving bijection
between these paths and between pseudopaths in the modified network.

Definition 5.12. A chip is one of the three configurations shown in Figure 7. We
call the three configurations y;(p)- or y;-chips, s;-chips, and x; (m)- or x;-chips,
respectively.

Definition 5.13. A chip network is a concatenation of chips. Note that it has n
boundary vertices at the left and n boundary vertices at the right. Let g be any
product of factors of the form y;(p), s;, and x; (m)s;” ! We associate a chip network
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] —— ] —mmmm88 1
2 — 2 — 2
i+1 i+t] — i+t1 —
n——m——7m—m——— n———— n .
%, (p) § x,(m)s;”

Figure 7. The three types of chips: y;-chip (left), s;-chip (center),
and x;-chip (right).

C, to g by concatenating the chips corresponding to the factors of g in the order
given by the factorization.

Example 5.14. The chip network C, associated to the product g from (4-1) is
shown in Figure 8.

Definition 5.15. A route Q in a chip network is a path in the network whose steps
all travel east (or southeast or northeast for slanted edges). The weight w(Q) of
such a route is the product of all weights on its edges. To each chip network C we
associate a weight matrix x(C) = x;;, where x;; = ZQ w(Q), and the sum is over
all routes from the boundary vertex i at the west to the boundary vertex j at the
east.

It is simple to verify the following result. Recall our convention from Section 4A
that the rows of g are labeled from bottom to top, and the columns of g are labeled
from right to left.

Lemma 5.16. Let g be a product of factors of the form y;(p), si, and x; (m)s'i_l.
Then the weight matrix x(Cy) of the chip network Cy associated to g coincides with
the matrix g.

1 1
2 Po 2
3 Pro 3
4 bPs Py 4
5 —l>< my ><—1 P 5
6 B B 6
7 D< ms ><_1 7
8 &: 8

g = S6y7(p2)5ays(pa)x6(ms)ig ' y3(pe)xa(m7)iy " ys(ps)y1(p) y2(p10)y3 (p11)ya(p12)

Figure 8. The chip network corresponding to the product g of (4-1).
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Proof of Theorem 5.10. Let D be a diagram contained in a k x (n — k) rectangle,
and N}, the corresponding modified network. Let i| < - -- <, be the labels of the
sources of Nj,. Let g be the product of factors of the form y;(p), §;, and x; (m)s,” !
which is encoded by D, and let M be the corresponding MR-matrix, whose rows
are indexed from top to bottom by iy, ..., ix. Recall that the projection from g to M
switches rows and columns, and the columns labeledn —k+1,n—k+2,....n
in g become rows labeled iy, iy, ..., it in M. Therefore, to prove Theorem 5.10 it
suffices to prove that forall 1 <7 <n and 1 <s <k we have

st =Y _w(P), (5-1)
P

where the sum is over all pseudopaths P from i; to ¢ in the modified network.

By Lemma 5.16, the matrix g coincides with the weight matrix x(Cy) = (xy;) of
the chip network associated to g. Therefore by (5-1) it suffices to prove that for all
1<t<mnand 1 <s <k we have

Xestoty = Y _w(P), (5-2)
P

where the sum is over all pseudopaths P from i; to ¢ in the modified network.

Recall from Definition 5.15 that x;; = ) 0 w(Q), where the sum is over all
routes Q in the chip network from the boundary vertex i at the west to the boundary
vertex j at the east. To prove (5-2), we will give a weight-preserving bijection
between pseudopaths P in the modified network from i; to 7, and routes Q in
the chip network from the boundary vertex ¢ at the west to the boundary vertex
s + (n — k) at the east. More specifically, given a pseudopath P, we will examine its
sequence of steps from source to sink, and explain how to build the corresponding
route Q in the chip network. As illustrated in Figure 9, each step in a pseudopath
corresponds to a portion of a route in a chip network. (Note that our bijection will
build the route in the chip network from east to west, rather than west to east.)

Recall from Figure 4 that each modified network comes from a diagram, and that
every box of a diagram is naturally associated with a simple generator s;. Therefore
every internal vertex in a modified network is naturally associated with a simple
generator s; for some i. We will call this the position of the vertex.

Let us consider the various kinds of steps in a pseudopath. Such steps naturally
fall into one of the following categories (illustrated in Figure 9):

0. A single step east, which starts at a source and ends at position s;.

I. A single step east, which is preceded by a south step and followed by an east
or south step. Such a step starts and ends at positions s; and s; (fori > j), and
is labeled by some weight p. It may skip over some (positions corresponding
to) white and black stones in the Go-diagram.
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Figure 9. Steps in pseudopaths and their corresponding fragments
of the chip network.

II. An east-west combination step, which is preceded by a south step and travels
from position s; to s; to s; (where i > j > k). The two components of such a
step are labeled by some weights p and m, and may skip over some white and
black stones.

III. A single step east, which is preceded by an east step and followed by an east
or south step. Such a step starts and ends at positions s; and s; (for i > j), and
is labeled by some weight p. It may skip over some white and black stones.
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IV. An east-west combination step, which is preceded by an east step and travels

from position s; to s; to s; (where i > j > k). The two components of such a

step are labeled by some weights p and m, and may skip over some white and
black stones.

V. A south step, which starts and ends at positions s; and s; (for i < j). Such a
step may skip over some white and black stones.

The above steps in a pseudopath correspond to the following portion of a route
in a chip network:

0. Start at the boundary vertex i 4+ 1 at the east of the chip network.

I. Start at level i, then travel west straight across the y; (p) chip. For each white
or black stone (say in position s¢) which lies in between positions s; and s,

travel northwest through the corresponding s, or x,-chip, ending at level j + 1.

II. Start at level i, then travel west straight across the y; (p) chip. For each white
or black stone (say in position s¢) which lies in between positions s; and s,

travel northwest through the corresponding sy or x,-chip. Finally, travel along
the —1-edge and then the m-edge of the x;(m) chip, ending at level j + 1.

III. Start at level i 4-1, then travel northwest along the p-edge in the y; (p) chip. For
each white or black stone (say in position s;) which lies in between positions

s; and s;, travel northwest through the corresponding s, or x,-chip, ending at

level j 4+ 1.
1 P Pu_ Pio P
Lo 1
py | My Ip 2
3 -3
m
& s \gP4 4
5
- L 6
8 7
% _ P Pu P P
s | M7 |p, IZ
S / e 3
s \gp.
4 > ! e 4
5
D
¢ 6
8 7

[N e Y I L S

[l B R A S

1
2
3
) P\ 1
_1>< m; -1 m 5
Py D 6
-1 ms -1
)23 ;
1
2
3
Ds Py 4
_ 1>< m;, -1 2 5
Py 14 6
-1 ms -1 7
P 3

Figure 10. Pseudopaths in the modified network and their corre-
sponding routes in the chip network.
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IV. Start at level i 41, then travel northwest along the p-edge in the y; (p) chip. For
each white or black stone (say in position s;) which lies in between positions
s; and s, travel northwest through the corresponding sy or x,-chip. Finally,
travel along the —1-edge and the m-edge of the x;(m) chip, ending at level
J+1

V. Start at level i + 1. For each white or black stone (say in position s;) which
lies in between positions s; and s, travel southwest through the corresponding
s¢ or xg-chip, ending at level j.

It is a straightforward exercise to verify that this map is a bijection between
pseudopaths P from i, to ¢ in the modified network, and routes Q between the
t vertex at the west and the s 4+ (n — k) vertex at the east in the chip network.
Moreover, the weights of P and Q are equal. See Figure 10 for examples of entire
pseudopaths and routes. U

6. Proof of the main result

Let D be a diagram which contains ¢ pluses and u black stones. In Section 6A we
will define an isomorphism

U =Uph: (K x K' - (K" x K

which maps each parameter from the weight matrix of the network Np to a Laurent
monomial in the parameters used in the MR-matrix M = Mp. Then in Section 6B
we will show that after applying W, our network parametrization of the network
component % p coincides with the corresponding MR-parametrization of the pro-
jected Deodhar component %, . Combining this fact with Proposition 4.3 yields
Theorem 3.16.

6A. A rational transformation of parameters.

Definition 6.1. Let D be a diagram, and let by be a box of D containing a + or @.
Let b; be the nearest box to the right of by which contains a + (if it exists). Let R,
be the set of boxes in the same row as by which are to the right of by and left of b;.
Let R, be the set of boxes in the same column as by and below by. If by exists, let
R, be the set of boxes in the same column as b; and below by (otherwise R, = O).
(See Figure 11.) Let Rf (resp. RZ) be the set of boxes in R, (resp. R;) containing
a+. Let R=R,UR;UR; and let R® be the set of boxes in R containing a @.
If by contains a +, then define

(—1)‘R.| nbeR;’ Pb

W(ap,) =
’ Phq HbeRZf Pb
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by R, b,

R, R

Figure 11. The definition of by, by, R;, Ry, and R,.

And if by contains a @, then define

mbo(_l)‘R.l l_[beRr+ Db
[pery Po

v (Cbo) =

We also extend the definition of W to all polynomials in the a;’s and ¢;’s by requiring
it to be a ring homomorphism.

Remark 6.2. Clearly W = W, is an isomorphism from (I<*)" x K" to itself.

Example 6.3. Consider the network from Figure 3 (shown again in Figure 12).
Then we have W(az) = 1/p2, W(as) = 1/pas, W(cs) = ms/pr, W(as) = 1/pe,
W(c7) =m7/pa, W(ag) =1/(p2pg), ¥(ag) =1/po, W(aio) =1/(pepio), ¥(ai) =
—pe/(pap11), and W(a12) = pa/(p2pgpi2).

From Definition 6.1, one may easily deduce a formula for ¥ (w(P)), where P
is a path in Np. We will state this formula in terms of the Go-diagram. Note that
one may identify a path P in Np with a connected sequence % of boxes in the
Go-diagram, where any two adjacent boxes must share a side. We call a box b in %
a corner box if the path P turns from west to south, or from south to west, at the
vertex associated to b. (Such a box » in D must contain a + or @.)

The next result, whose proof is left to the reader, is a simple consequence of
Definition 6.1.

Proposition 6.4. Let P be a path in the network Np, which we identify with a
sequence P of boxes in the Go-diagram D. Among the boxes in %, let By denote the
subset containing a +; let By denote the subset containing a @ which are corner

boxes of P; and let B3 denote the subset containing a @ which are not corner boxes
of P. Then
(=D [Tpep, ms

W(w(P)) = Mo 2
bEBl

(6-1)

Example 6.5. Let P; and P, be the paths shown in Figure 12. Then

V(w(Pr1)) =VY(agapaiics) = ——————
p2P4apopiopii
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1 1
‘_I;‘ + |+ + "_I;' + |+ +
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Figure 12. Two paths in Np and their corresponding sequences of
boxes in D.

and
msmny
P2P4P6P9P10

6B. Applying row operations to the rescaled MR-matrix.

W(w(P,)) = W(agaipcscr) =

Theorem 6.6. Let D be a diagram, let M = M p be the corresponding MR-matrix,
and let L be the matrix we obtain by putting M into reduced row-echelon form. Let
Wp = (W;;) be the weight matrix associated to D, and let W (Wp) be the matrix
obtained from Wp by applying the rational map \V to each entry. Then V(Wp) = L.

Proof. To prove Theorem 6.6, we start by considering the rescaled MR-matrix M.
Its rows are indexed by the set iy, ..., i, the set of sources of the network Np, and
the leftmost nonzero entry in every row is a 1. Moreover, by Lemma 4.7, the 1 in
row i, is located in column i,. The entries of the reduced row-echelon matrix L
obtained from M are given by the formula

Ly = Mst + Z (_1)rMsj1 Mj]jz tee Mjrt’ (6'2)
S<Ji<--<jr<t

where the sum ranges over all nonempty subsets {ji, ..., j-} C {i1,..., ik} of
sources of the network between s and .

By Theorem 5.6, the entry AF/VIS, equals ) 5 w(ﬁ), where the sum is over all
pseudopaths in the network Np from the source s to the boundary vertex ¢. Therefore,
the right-hand side of (6-2) can be interpreted as a generating function for all
concatenations of pseudopaths, where the first pseudopath starts at s and the last
pseudopath ends at ¢.

Let us identify a pseudopath with its collection of directed edges. Given a set of
pseudopaths on Np, we define its signed union to be the union of directed edges
that one obtains by taking the multiset of all directed edges in the pseudopaths, and
then cancelling pairs which traverse the same edge but in opposite directions. We
define the weight of a set of pseudopaths to be the product of the weights of each
pseudopath in the set.

Our goal is to show that after cancellation, the only terms which survive on the
right-hand side of (6-2) correspond to concatenations of pseudopaths whose signed
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Figure 13. A path in Np and its decomposition into U-turn pseudopaths.

union forms a directed path (and not merely a pseudopath) from s to ¢ in Np. This
will allow us to relate (6-2) to Wy, which is defined as a sum over all paths from s
to ¢ in Np.

Definition 6.7. A U-turn pseudopath in a network is a pseudopath whose sequence
of steps has the form (W W*S)E*.

First note that any path P in a network Np has a unique decomposition as a
signed union of U-turn pseudopaths. Moreover, the products of the weights of the
pseudopaths is precisely the quantity on the right-hand side of (6-1). See Figure 13
for an example of the decomposition into U-turn pseudopaths.

This observation on the decomposition of paths may be generalized to pseu-
dopaths. Consider a pseudopath P which is not a path, and turns from south to east
precisely g times (for ¢ > 1). Then for each 0 <r < g, there are (Z) decompositions
of P asa signed union of r pseudopaths. Moreover, each set of pseudopaths forming
a decomposition of P has the same weight. See Figure 14 for an example of all
decompositions of a pseudopath as a signed union of pseudopaths. It is easy to
check that each decomposition has the same weight.

Note that since all decompositions of a pseudopath have the same weight, and

because
(-7 () 0 e

< <
- - - -

| S Y - Y

\ - -

Y Y -
r=0 r=1 r=1 r=2 l

Figure 14. An example of the 29 decompositions of a path in Np
into pseudopaths.
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Po Pu Po P | P Pu Po P | P2 Pu Po P 1
Ds [ 1 | p 12 Ds | M7 ps 12
— 3 — 3
m m
N Py ol 5 \| P4 o4
5 *5
P, P,
T 16 L6
8 o7 18 o7

Figure 15. The three possible concatenations of pseudopaths from
1toS.

the net contribution of the corresponding concatenations of pseudopaths in (6-2)
is 0.

More generally, a term on the right-hand side of (6-2) corresponds to a concatena-
tion of pseudopaths (whose signed union may not be a pseudopath). However, just as
before, one may decompose the signed union Pin24 ways, where ¢ is the number
of times that P turns from south to east. And again, for g > 1, the net contribution of
the corresponding concatenations of pseudopaths in (6-2) is 0. Therefore when one
interprets the right-hand side of (6-2) as a sum over concatenations of pseudopaths,
the only terms that are not cancelled are the terms corresponding to concatenations
of pseudopaths whose signed union is a directed path.

Example 6.8. In Figure 15, the left and middle diagrams show a pseudopath from
1 to 5, and a concatenation of two pseudopaths from 1 to 5, whose weights cancel
each other. The right diagram shows a path from 1 to 5, written as a signed union
of two pseudopaths, which will not be cancelled by any other term.

It is a simple exercise to verify that the absolute value of the weight of such a
concatenation is precisely the absolute value of the right-hand side of (6-1). We
also need to verify that the signs agree. Once we do this, then since Wy, is the sum
of all weights of paths in Np from s to #, ¥ (Wj,) equals the corresponding term in
the expression for Ly, in (6-2), so the proof is done.

We now check that the signs agree. More specifically, consider a concatena-
tion of (r + 1) pseudopaths whose signed union is a directed path P. Using
Definition 5.2, the total sign associated to the concatenation of pseudopaths from
(6-2) is (—1)" P+ where b (resp. w) is the number of black (resp. white) stones
that P skips over in the horizontal (resp. vertical) direction. (Note that for the
purpose of computing b and w, we can count stones skipped by P here, as op-
posed to the set of pseudopaths whose signed union is P.) Meanwhile, using
Definition 3.3 and Proposition 6.4, the total sign associated to the directed path P
in the expression W(Wy;) is (—1)2*1B3l where q is the number of sources in the
network which are strictly between s and ¢, and | B3| is the number of noncorner
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black stones in the boxes of the Go-diagram which P traces out. We need to show
that (_1)r+b+w — (_1)q+|B3\.

Note that | B3| is the number of black stones skipped either vertically or hori-
zontally by P. Let b, (resp. w,) denote the number of black stones (resp. white
stones) skipped vertically by P. Similarly, let b, (resp. wy) denote the number of
black stones (resp. white stones) skipped horizontally by P. With this notation, we
need to show that (— 1)+ Tt = (—1)brtbotd j e that (—1)»oF" = (1) Fa.

To prove this, we will show that ¢ — r = w, 4 b,. Note that g — r is the number
of sources strictly between s and ¢ which are not sources of any pseudopath in
the pseudopath decomposition of P, that is, which are not in the set {ji, ..., j-}
from (6-2). Recall that the pseudopath decomposition of P is a U-turn pseudopath
decomposition; therefore, a source between s and ¢ lies in {j, ..., j.} if and only
if P has a vertical edge ending at a + in this row. Otherwise P skips a black or
white stone in this row. This proves that ¢ —r = w, + b,, and hence completes the
proof of Theorem 6.6. O

We have now shown that after an invertible transformation of the parame-
ters, our network parametrization of % p coincides with the corresponding MR-
parametrization of the projected Deodhar component %, ,,. Combining this result
with Proposition 4.3 yields Theorem 3.16.

Our proof yields the following statement.

Corollary 6.9. Let D be the Go-diagram associated to the distinguished subexpres-
sion v of w. Then Rp = Py, as subsets of Gry ,. Furthermore,

Gren=|_|%b,
D

where the union is over all Go-diagrams D contained in a k x (n — k) rectangle.
Finally, we explain how our proof also yields Corollary 1.2.

Proof. We first note that the Marsh—Rietch parametrizations of Deodhar components
restrict to parametrizations of cells in the totally nonnegative part of the complete flag
variety (using Lusztig’s definition of total positivity), if v is a positive distinguished
subexpression of w, and the parameters p; range over R.o [Marsh and Rietsch
2004].

Our proof of Theorem 3.16 shows that if one takes a (particular) Marsh—Rietsch
parametrization of a cell in the nonnegative part of the complete flag variety, then
projects it to (Gry ,)> (using Lusztig’s definition of total positivity), and then uses
an invertible transformation of variables, one gets a network parametrization of a
cell of (Grg »)>0 (using Postnikov’s definition of total positivity). It follows that
Lusztig’s definition of (Gr_,)>0 coincides with Postnikov’s definition of (Grg ;) >0,
and moreover that the cell decompositions coincide. (]
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7. A characterization of Deodhar components
in terms of Pliicker coordinates

In this section we characterize Deodhar components in the Grassmannian by a list
of vanishing and nonvanishing Pliicker coordinates. Our main result in this section
is Theorem 7.8. The proof uses results from [Kodama and Williams 2013], which
gave formulas for Pliicker coordinates of Deodhar components.

7A. Pliicker coordinates of Deodhar components in terms of the MR parameters.
Consider the Deodhar component %y, ,, C Gry ,,, where w is a reduced expression
for w € W* and v < w. In this section we will review some formulas from [Kodama
and Williams 2013] for the Pliicker coordinates of the elements of P, 4 in terms of
the parameters which Marsh and Rietsch [2004] used to define G 4.

Theorem 7.1 [Kodama and Williams 2013, Lemma 5.1 and Theorem 5.2]. Let
w=s; ---s;, beareduced expression for w € W and v < w be a distinguished
subexpression for v. Let A = mi(g) € Py.w for any g € Gy . Then the lexico-
graphically minimal and maximal nonzero Pliicker coordinates of A are Aj and
Ap,where [ =w{n,n—1,....,n—k+1}andI' =v{in,n—1,...,n—k+1}. If
we write g = g1 - - - & as in Definition 4.1, then

Af(A) =D T pi and Ap(A)=1. (7-1)
iedy
Remark 7.2. If we write I = {iy, ..., ix}, then I' = vw ™ iy, ..., ix).
Definition 7.3 [Kodama and Williams 2013, Definition 5.4]. Let W = G,,, let
w = s, ---5;, be areduced expression for w € W* and choose v < w. This

determines a Go-diagram D of shape A = A,,. Let b be any box of D. Note that the
set of all boxes of D which are weakly southeast of b forms a Young diagram Al"; also
the complement of A})“ in A is a Young diagram which we call A" (see Example 7.4
below). By looking at the restriction of w to the positions corresponding to boxes
of )»g‘, we obtain a reduced express10n wy' for some permutation wlb , together with
a distinguished subexpression v;' for some permutation v} Similarly, by using
the positions corresponding to boxes of A", we obtain w‘b’llt put ™, and v
When the box b is understood, we will often omit the subscript b.

For any box b, note that it is always possible to choose a reading order of
A = A, which orders all the boxes of A°" after those of AI". We can then adjust
w accordingly; this does not affect whether the corresponding expression v is
distinguished Having chosen such a reading order, we can then write w = w"w°"
and v = v™™v°"". We then use g'" and g°" to denote the corresponding factors of
g € Gy,y. We define J,,om to be the subset of Jv+ coming from the factors of v
contained in v, Similarly for J pour and J .
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Example 7.4. Let W = &7 and w = 5455525354565551525354 be a reduced expression
for w € W3. Let v = s4s5511s41555111s4 be a distinguished subexpression. So
w=(3,5,6,7,1,2,4) and v= (2, 1, 3,4, 6,5, 7). We can represent this data by
the poset A, and the corresponding Go-diagram:

S4| 83| 82| 81 ® +|+|O
S5| 84| 83| 82 ® O|+|+
56| S5 | Sa +10|0O

Let b be the box of the Young diagram which is in the second row and the second
column (counting from left to right). Then the diagram below shows: the boxes
of A" and A°''; a reading order which puts the boxes of A% after those of A™"; and
the corresponding labeled Go-diagram. Using this reading order, w'™ = 5455575354,

wout = $655515253584, vi“ = S4S511S4, and v = 1S5S111S4.
out| out| out| out 11/10] 9 | 8 7;1“ prol po| 1
out| in | in | in 7151413 L pal ps
out| in | in 6 2|1 pe| 1 |1

Note that J 3., = {7, 11} and J;;m ={6,9, 10}. Then g € G,  has the form

in_out __

g =8"g"" = (548572(P3)y3(P4)sa) (v6 (P6) x5 (m7)55 ' 5132 (po) y3 (pr0)xa(mir)sy ).

When we project the resulting 7 x 7 matrix to its first three columns, we get the
matrix
—popio —p3pio —pio —mip 0 =10
A= 0 —p3ps —ps —-m7; 1 00
0 0 0 ps 0 01

Theorem 7.5 [Kodama and Williams 2013, Theorem 5.6]. Let w =s;, - - - s;, be
a reduced expression for w € W* and v < w, and let D be the corresponding Go-
diagram. Choose any box b of D, and let v = v};‘ and w™™ = w}f‘, and v°"' = vp" and
wo' = wp™. Let A =my(g) forany g € Gy w,and let  =w{n,n—1, ..., n—k+1}.
If b contains a +, define I,=v™(w™) "I e ([Z]). If b contains a white or black stone,

define I, =v"s,(w™) "I € ([Z]). If we write g=g1 - - - gy as in Definition 4.1, then:
(1) If b contains a +, then Ay, (A) = (—l)ljv.0ut| ]_[ieﬁom Di.
(2) If b contains a white stone, then Ay, (A) = 0.
3) If b contains a black stone, then

Ay (A) = (=DM, TT pi+ Ay (4p),

o7t
lereut
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where my, is the parameter corresponding to b, and Ay is the matrix A with
myp = 0.

Example 7.6. We continue Example 7.4. By Theorem 7.1, I =w{5, 6, 7} ={1, 2, 4}
and I’ = v{5,6,7} = {5, 6, 7}, and the lexicographically minimal and maximal
nonzero Pliicker coordinates for A are A;(A) = p3papepopio and Ap(A) = 1;
this can be verified for the matrix A above.

We now verify Theorem 7.5 for the box b labeled 5 in the reading order. Then
I, = v™(w™ 7 = {1, 4, 6}. Theorem 7.5 says that Ay, (A) = 0, since this box
contains a white stone. The analogous computations for the boxes labeled 7, 6, 4, 3,
2, 1, respectively, yield Ay 57 = —popio, A1,2,7 = P3p4pop10, A1.45 = P6PoP10s

A13,4 = papepop10, A1,2.4 = p3papepop10, and Ay 24 = p3papepopiro- These
can be checked for the matrix A above.

Proposition 7.7 [Kodama and Williams 2013, Corollary 5.11]. For any box b, the
rescaled Pliicker coordinate

Ap(4)

Hier* Pi

depends only on the parameters py and my which correspond to boxes b’ weakly
southeast of b in the Go-diagram.

7B. The characterization of Deodhar components in terms of minors. Given a
Go-diagram D of shape A, contained in a k x (n — k) rectangle, let [ = I (A). Itis
not hard to check that if D corresponds to the distinguished subexpression v of the
reduced expression w, then I = w{n,n—1,...,n —k+1}.

Theorem 7.8. Let D be a Go-diagram of shape A contained in a k x (n — k)
rectangle. Let A € Gry . Then A lies in the Deodhar component Rp if and only if
the following conditions are satisfied:

(1) Ay, (A) =0 for all boxes in D containing a white stone.
(2) A, (A) # 0 for all boxes in D containing a +.

() Ar(A) #0.
4) Aj(A) =0 forall k-subsets J which are lexicographically smaller than I ()).

Proof. Suppose that A lies in the Deodhar component R . Then by Theorem 7.1,
conditions (3) and (4) hold. And by Theorem 7.5, conditions (1) and (2) hold.

Now suppose that A € Gry_,, and conditions (1)—(4) hold. We want to show that
A € Rp. Since the Deodhar components partition Gry, ,, it suffices to show that A
cannot lie in R for any other Go-diagram D’. For the sake of contradiction, assume
that A € R p/. Then by conditions (3) and (4), and Theorem 7.1, it follows that D
and D’ must be Go-diagrams of the same shape. Therefore D and D’ correspond
to distinguished subexpressions v and v’ of the same reduced expression w.
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Choose a reading order for the boxes of the Go-diagrams D and D’, and let b be
the first box in that order where D and D’ differ. Then without loss of generality, in
D the box b must contain a +, and in D’ the box b must contain a stone. (Because
v and v’ are distinguished subexpressions of the same reduced word w, which agree
in the first £ factors and differ in the (£ + 1)-st factor, one of v and v’ must use
the (£ 4 1)-st simple generator s, and one must omit it.) In fact, it follows from
the definition of distinguished subexpression and the fact that D corresponds to a
distinguished subexpression that the box » in D’ must contain a white stone, not
a black one. (When building a distinguished subexpression from left to right, if
choosing the next simple generator s, would decrease the length of the word so far,
then one must choose s;.)

Now note that the minor which Theorem 7.5 associates to box b in D is Ay,
where I, = v'"(w™)~!(I), and the minor which the theorem associates to box b in
D'is Ay, where Ij = v/, (wi™)~1(I). But now note that v'"s;, = vi". Therefore
I, = Ié. So then by Theorem 7.5, if A € Ry, then Ay, (A) =0, while by condition (2),
Ay, (A) #0. This is a contradiction. O

Corollary 7.9. The Deodhar decomposition of the Grassmannian is a coarsening
of the matroid stratification: in other words, each Deodhar component is a union of
matroid strata.

Proof. Each matroid stratum is defined by specifying that certain Pliicker coordinates
are nonzero while the rest are zero. Therefore the corollary is an immediate
consequence of Theorem 7.8. U

There is also an oriented version of Corollary 7.9. To state this, we need a little
preparation. First we define the oriented matroid stratification of the real Grassman-
nian to be the decomposition into strata based on which Pliicker coordinates are
0, positive, and negative. Next note that from Definition 4.1 and Proposition 4.3,
it is immediate that if we are working over K = R, then the Deodhar component
coming from a Go-diagram D has 2" connected components, where r is the number
of boxes in D which contain a +. We have the following result.

Corollary 7.10. Consider the decomposition of the real Grassmannian into con-
nected components of Deodhar components. This is a coarsening of the oriented
matroid stratification: in other words, each connected component of a Deodhar
component is a union of oriented matroid strata.

Proof. From Definition 4.1 and Proposition 4.3, we see that the connected compo-
nents of a Deodhar component coming from D are in bijection with the 2" ways
of choosing a sign (either positive or negative) for each of the r parameters py
corresponding to the 4+ boxes of D. By Theorems 7.1 and 7.5, such a choice
of signs determines the sign pattern for the Pliicker coordinates Aj(;) and Ay,
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where b contains a +. Conversely, suppose we know the signs for those Pliicker
coordinates. Then we may algorithmically determine the signs of the p,’s: first we
use Theorem 7.1 to determine the sign of the product of all of the p,’s; then we
apply Theorem 7.5 to each box b containing a +, reading the boxes in an order
that proceeds from southeast to northwest. (For example, by reading the rows from
bottom to top, and the boxes within each row from right to left.) (]

Remark 7.11. Theorem 7.8 implicitly gives an algorithm for determining the
Deodhar component and corresponding network of a point of the Grassmannian,
given by a matrix representative or by a list of its Pliicker coordinates. The steps
are as follows.

(1) Find the lexicographically minimal nonzero Pliicker coordinate A;. Then the
Go-diagram has shape A (/). Fix a reading order for this shape.

(2) We determine how to fill each box, working in the reading order, as follows.
First check whether the box b is forced to contain a black stone. If so, proceed
to the next box. If not, look at Aj,. If this Pliicker coordinate is zero, b must
contain a white stone, and if it is nonzero, b must contain a +. Proceed to the
next box. This process will completely determine the Go-diagram.

(3) Given the Go-diagram, we know what the underlying graph of the network
must be. To determine the weights on horizontal edges, work through them
in the reading order again. The Pliicker coordinate A;, will only use edge
weights a, (when b contains a +) or ¢, (when b contains a black stone) and
weights ap and ¢, corresponding to boxes b’ which are earlier than b in
the reading order. Thus, we may use the Lindstrém—Gessel-Viennot lemma
recursively to determine each weight a;, or cp.
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Chow quotients of toric varieties
as moduli of stable log maps

Qile Chen and Matthew Satriano

Let X be a projective normal toric variety and T a rank-1 subtorus of the defining
torus 7 of X. We show that the normalization of the Chow quotient X // T, in
the sense of Kapranov, Sturmfels, and Zelevinsky, coarsely represents the moduli
space of stable log maps to X with discrete data given by Ty C X. We also
obtain similar results when 7y — T is a homomorphism that is not necessarily an

embedding.
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Appendix: Toric varieties have generalized Deligne—Faltings log
structures 2326
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1. Introduction

Throughout, we work over an algebraically closed field £ of characteristic 0.

Chow quotients of toric varieties were introduced by Kapranov, Sturmfels, and
Zelevinsky in [Kapranov et al. 1991]. Given a projective normal toric variety X and
a subtorus 7T of the defining torus T, the Chow quotient X J/ Ty has the property
that its normalization is the smallest toric variety that maps onto all GIT quotients
of X by Ty. We show in this paper that when Ty has rank 1, the normalization of
X J/ Ty can be reinterpreted as the coarse moduli space of the stack of stable log
maps introduced in [Chen 2011; Abramovich and Chen 2011] and independently
in [Gross and Siebert 2013]. We also obtain similar results by replacing Ty C T
with a homomorphism 7Ty — T and the Chow quotient in the sense of [Kapranov
et al. 1991] with that of [Kollar 1996].

MSC2010: primary 14H10; secondary 14N35.
Keywords: toric, Kontsevich, stable log map, Chow quotient.
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Let X be a normal toric variety of dimension n with defining torus 7. Denoting
by N = Z" the cocharacter lattice of 7', we see that every point v € N corresponds
to a morphism of multiplicative groups

ty:To:=G,, > T. (1-1)

It is convenient to view this map as the action of 7y on the identity element 1 € T'.
Let v = kw for some positive integer k and primitive lattice point w € N. Note that
¢ is an embedding if and only if k = 1.

We begin by introducing the Chow quotient X j/ Ty. For every point x € T, the
closure Z, := Tox of the orbit of x under 7T, with the reduced scheme structure is a
subvariety of X. Thus, we obtain a Chow cycle k-[Z,]. For x € T, the orbit closures
Z, have the same dimension and homology class. Denoting by 7’ := [T/ Ty] the
stack quotient, we therefore obtain a morphism from 7" to the Chow variety C(X)
of algebraic cycles of the given dimension and homology class. For the definition
and construction of the Chow variety C(X), we refer to [Kollar 1996, Chapter IJ.
Since the Chow variety is not actually a moduli space for cycles as above, one
may initially be worried that we only obtain a map on the level of closed points.
However, we will later see that there is a family of stable maps over T’ whose image
is precisely the Chow cycle we obtained here; it then follows from [Kolldr 1996,
Chapter I, 3.17 and 3.21] that there is a natural map 7" — C(X). We define the
Chow quotient X /| Ty to be the closure of the image 7’ in C(X) with the reduced
scheme structure.

Note that when k = 1, T" is a variety and X // Ty is the Chow quotient introduced
by Kapranov et al. [1991]. In this case, it is a toric variety and the fan of its
normalization is given explicitly in [Kapranov et al. 1991, §1].

As mentioned above, the goal of this paper is to relate X // Ty to moduli spaces of
stable log maps. Notice that by compactifying ¢, we obtain a stable map f; : P! — X,
where P! is marked at the points {0, co} = P!\ Tp. By viewing X as a log scheme
with its canonical log structure Jly given by the boundary X \ T and P! as a log
curve with log structure /Mp1 given by the two markings {0, oo}, we obtain a stable
log map

fi: (P dlp) — (X, ).

Let By be the curve class of the stable map f;, and let ¢y and c, be the contact
orders of 0 and oo with respect to the toric boundary X \ 7. Roughly speaking,
co and ¢, are functions that assign to the marked points their orders of tangency
with the components of X \ T (see [Abramovich et al. 2011] for more details). In
the toric case, the contact orders can be explained as the slopes and weights of the
unbounded edges of tropical curves associated to stable log maps; see Section 3.3.
Let ¥, (X) be the stack parametrizing stable log maps from rational curves with
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two marked points to X such that the curve class is Sy and the marked points have
contact orders given by co and c; here the notation

Lo := (0, Bo, 2, {co, co}) 1-2)

keeps track of the discrete data consisting of genus, curve class, number of marked
points, and their tangency conditions. Our main result is:

Theorem 1.1. The normalization of X /| Ty is the coarse moduli space of Jr,(X).
Remark 1.2. In particular, we see that ¥ (X) is irreducible.

Remark 1.3. In Proposition 2.3, we prove that for any I' = (0, 8, 2, {co, Coo}),
either the stack X (X) is empty or I' = I'g for some I'y as in (1-2). Thus, our
discussion covers all two-pointed stable log maps to toric varieties.

In the process of proving Theorem 1.1, we obtain an alternative description of
Jr,(X) that is more akin to the construction of the Chow quotient. As we saw
above, X // Ty is defined as the closure of 7’ in the Chow variety C(X). Replacing
C(X) by other moduli spaces, we obtain alternate spaces analogous to X // Tp. For
each point x € T, letting Ty act on x via the group morphism ¢ and taking the
closure, we obtain a stable log map

fo:t (PY, Mpr) — (X, Ay)

again with curve class By and contact orders ¢y and c. Note that for any point
x” € Tyx, the two stable log maps f and f,’ are canonically isomorphic. We thus
obtain a family of stable log maps over the stack quotient 7’. It is important to
notice that the log structure on 7" is trivial (and is denoted by 0*). The stack Jr,(X)
comes equipped with a log structure, and the above discussion defines a morphism
of log stacks

(T, 07)) = (o (X), Mo, x))-

Forgetting the log structures, we obtain an immersion
T" — Mo 2(X, o),

where M 2 (X, Bp) denotes the Kontsevich space of stable maps to X with genus 0,
curve class By, and two marked points. In analogy with the construction of the
Chow variety, we let 21 denote the closure of 7”7 in 9y 2(X, Bo). Then we have:

Theorem 1.4. Hr,(X) is the normalization of .

Remark 1.5. There is an analogous picture if one assumes that X is an affine
normal toric variety and replaces g 2 (X, o) above by the toric Hilbert scheme, as
defined in [Peeva and Stillman 2002]. That is, for all x € T, the Z, are T'-invariant
closed subschemes of X that have the same discrete invariants. We therefore
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obtain an immersion from 7" to an appropriate toric Hilbert scheme. The closure
of T’ in this toric Hilbert scheme is called the main component. Olsson [2008,
Theorem 1.7] shows that the normalization of the main component has a natural
moduli interpretation in terms of log geometry. Theorem 1.4 above can therefore
be viewed as an analogue of Olsson’s theorem, replacing his use of the toric Hilbert
scheme by the Kontsevich space. That is, we show that the normalization of 9Jt
carries a moduli interpretation in terms of stable log maps.

Recall that given any collection of discrete data I' = (g, B, n, {¢;}7_,), it is shown
in [Chen 2011; Abramovich and Chen 2011; Gross and Siebert 2013] that there is a
proper Deligne—-Mumford stack J-(X) that parametrizes stable log maps to X from
genus-g curves with #» marked points having curve class 8 and contact orders given
by the ¢;.! We show in Proposition 2.1 that if g = 0, then ¥-(X) is log smooth and
in particular normal. This is a key ingredient in the proof of Theorem 1.4, which
we give in Section 2. In Section 3, following [Nishinou and Siebert 2006; Gross
and Siebert 2013], we explain the relationship between tropical curves and stable
log maps to toric varieties. While the use of tropical curves is not strictly necessary
for this paper, they serve as a convenient tool to study the boundary of K (X).
Theorem 1.1 is then proved in Section 4.

Remark 1.6. One of the purposes of the theory of stable log maps is to define
and compute Gromov—Witten invariants with tangency conditions. The authors
plan to calculate the Gromov—Witten invariants in the case of this paper once the
forthcoming paper [Abramovich et al. > 2013] is ready to use; this latter paper will
carefully treat the virtual cycle of the space of stable log maps as well as a version
of the degeneration formula of Gromov—Witten invariants.

Prerequisites. We assume the reader is familiar with logarithmic geometry in the
sense of Fontaine, Illusie, and Kato (see for example [Kato 1989] or [Ogus 2006]).

2. Log smoothness and irreducibility

Throughout this section, X is a projective normal toric variety of dimension d and
I" is an arbitrary choice of discrete data (0, 8, n, {c;}). Let T be the defining torus
of X and M be the character lattice of 7.

Proposition 2.1. (¥ (X), My (x)) is log smooth over (k, 0F). Also, dim ¥ (X) =
dim X +n —3.

1Strictly speaking, [Chen 2011; Abramovich and Chen 2011] only consider log schemes that are
generalized Deligne—Faltings (see Definition A.1), so to apply their theory, one must first show that
the natural log structure on X satisfies this hypothesis. This is done in Proposition A.4, which we
relegate to the Appendix since the theory developed in [Gross and Siebert 2013] is already known to
apply to toric varieties.
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Proof. The universal curve on ¥ (X) induces a morphism of log stacks
7 (Hr(X), My x)) = Mo,n, Mong, )

where (Mg ,, Mon,,) denotes the log stack of (g, n)-prestable curves; see [Kato
2000] and [Olsson 2007, Theorem 1.10] for the definition and construction of this
log stack. Since (I ,, Mop, ) is log smooth over (k, 07), it suffices to show that
7 is log smooth. By [Olsson 2003, Theorem 4.6], this is equivalent to showing that
the induced morphism

' K (X) > Logn,, ion, )

of stacks is smooth, where £og g ) s the stack of log morphisms to a log scheme
(S, Mg) as defined in the introduction of [loc. cit.].
Let i : Spec A — Spec A’ be a square zero thickening of Artin local rings, and let

Spec A —— Hr(X)

Spec A’ —— iog(mwmmoﬂ)

be a commutative diagram. We may view this as a commutative diagram of log
stacks by endowing the Artin local rings with the log structure pulled back from
Logom,,,, Momg )* Hence, the two vertical arrows are strict. Denote the induced log
structures on Spec A and Spec A’ by 4 and A4/, respectively. We therefore have
a log smooth curve /', a cartesian diagram

(C, M) —— (C', Mc)

hl l”/

(Spec A, M) — (Spec A, M a’)

and a minimal stable log map f: (C, M¢) — (X, JMx), which we must show deforms
to a minimal stable log map [’ : (C’, M¢) — (X, My). Since the minimality
condition is open by [Chen 2011, Proposition 3.5.2], it suffices to show that f
deforms as a morphism of log schemes.

By standard arguments in deformation theory, it is enough to consider the case
where the kernel $ of A" — A is principal and killed by the maximal ideal m of A’.
Then the obstruction to deforming f to a morphism of log schemes lies in

Ext' (fo*Q(lx,_MX)/k, @CO) 9,

where fy denotes the reduction of f mod m and Cy denotes the fiber of C over
A’/m = k. By [Kato 1996, Example 5.6], Q%X’MX)/,{ ~ Ox ®z M. Therefore,
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Extl(f(;*szgmx)/k, Ocy) = H'(0¢,) =0,

where the last equality holds because Cy is a curve of arithmetic genus 0. This
shows that (J{r(X), My (x)) is log smooth.
To prove the claim about the dimension of ¥ (X), note that

dim Ex®(f5 Qx4 Ocy) = dim H(0%,) =d,

and so 7 has relative dimension d. Since dim 9y, = n — 3, we see dim K (X) =
d+n—3. O

Let J}.(X) denote the nondegeneracy locus, that is, the locus of ¥ (X) where the
log structure Ay (x) is trivial. By Proposition 2.1 and [Niziot 2006, Proposition 2.6],
HE(X) is an open dense subset of Jr(X). Consider the Kontsevich moduli space
of stable maps My , (X, B). The forgetful map

@ Hr(X) — Mo (X, B)

sending a stable log map to its underlying stable map induces a locally closed
immersion

HE(X) = Mo (X, B).

Since the forgetful map does not change the underlying markings or the underlying
maps, no stabilization of the underlying curve is needed here. Let 9 (X) be the
closure of 7. (X) in My , (X, B). Then P factors through a morphism

¢ . fjf[‘(X) — Dﬁr(X)
Lemma 2.2. ¢ is the normalization map.

Proof. By [Abramovich and Chen 2011, Corollary 3.10] and Proposition A.4, the
morphism & is representable and finite and so is ¢. Since (Jr(X), My (x)) is fs
and log smooth over (k, 07) by Proposition 2.1, it follows that J{r(X) is normal.
Since ¢ is an isomorphism over K7.(X), it is birational, and so by Zariski’s main
theorem, ¢ is the normalization map. ([

Now we consider the case I' = (0, 8, 2, {co, coo}), Where B is an arbitrary curve
class, and cp and co, are two arbitrary contact orders along the two different
markings. Note that both ¢y and ¢, are nontrivial. Otherwise, there is a curve in
toric variety intersect the boundary at only one point, which is impossible. Then
we have the following result:

Proposition 2.3. (1) If X (X) £, then ' =Ty for some I'g as in (1-2), obtained
from a group morphism (1-1).
(2) Hry(X) is irreducible.
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Proof. Assume that Jr(X) # &; hence, J}.(X) # & by Proposition 2.1. Let
s € Hp(X)(k) and f : P! — X be the stable log map corresponding to s. Note
that the log structure of the boundary of X is everywhere nontrivial. Since the log
structure is trivial at s, the image of f necessarily meets 7. After acting on f by
some element of T, we may assume that f sends 1 € P! to 1 € T C X. Choose a
maximal cone o in the fan of X such that the associated affine open toric variety
U C X contains f(0). Restricting f to U, we obtain a map f': V = Speck[t] — U.

Let P be the monoid 0¥ N M, and let ey, .. ., ¢; be the irreducible elements of P.
We see that for each i,

f(e) =1,

where ¢; is the contact order prescribed by I' and a; is some element of k[¢]. Note
that if o € k is a zero of g;, then the point t = « is mapped to the toric boundary;
however, the contact order given by I" implies that # = 0 is the only point in V that
maps to the boundary. Hence, a; must be a power of ¢. But if a; is divisible by ¢,
then the contact order of + = 0 along ¢; = 0 is greater than c;. Therefore, a; must
be a nonzero constant.

Now observe that the point 1 € T C U is given by ¢; =1 for all i. Since f(1) =1,
the equation f*(e;) = t“a; shows that ¢; = 1. Note that such f defines a group
morphism ¢, as in (1-1). This implies that first statement.

To prove the second statement, it is enough to show that J{}.(X) is irreducible,
which again follows from the above statement. U

Now we set I' =T as in (1-2) and use the setting and notation of the introduction.
As discussed in the introduction, we have an immersion 7" — ¥ (X). Let X be
the closure of 77 in H(X). The forgetful morphism ® then induces a map

¢ Xr — M.
Since Hr(X) is irreducible, Theorem 1.4 follows from the next lemma.

Lemma 2.4. Xr is an open substack of X1 (X), and so ¢’ is the normalization map.

Proof. As in the proof of Lemma 2.2, ¢’ is representable and finite. If X is an
open substack of K (X), it is then normal. Since ¢’ is an isomorphism over 7',
Zariski’s main theorem shows that it is the normalization map.

To show that X is open in K (X), it suffices to prove that X} := Xr NIL(X)
has the same dimension as Hp.(X). Since 7’ is dense in X, we see that Xr has
dimension d — 1. On the other hand, the map

7 (Hr (X)), Myrx)) — (Mo,2, Moy, ,)
in the proof of Proposition 2.1 induces a map

K2 (X) — M,



2320 Qile Chen and Matthew Satriano

where 97 , denotes the open substack of 9> with smooth fiber curves. By
Proposition 2.1, we see that H7.(X) has dimension d — 1. U

3. Tropical curves associated to stable log maps

The goal of this section is to prove Proposition 3.8. Following [Nishinou and Siebert
2006; Gross and Siebert 2013], we explain the connection between tropical curves
and stable log maps to toric varieties.

3.1. Review of tropical curves. Let G be the geometric realization of a weighted,

connected finite graph with weight function w. That is, G is the CW complex

associated to a finite connected graph with vertex set G and edge set G!'1, and
w:GM = N

is a function. Here we allow G to have divalent vertices. Given an edge [ € G,
we denote its set of adjacent vertices by dl. If [ is a loop, then we require w (/) = 0.
Let GY G be the set of one-valent vertices, and let
G:=G\GY.

Let G[olo] be the set of noncompact edges in G, which we refer to as unbounded
edges. A flag of G is a pair (v, [) where [ is an edge and v € d/. We let F'G be the
set of flags of G, and for each vertex v, we let

FGWw):={W,!) € FG}.
Let N be a lattice and M = NV. We let Ng := N ®7 Q and N := N ®z R.

Definition 3.2. A parametrized tropical curve in Ng is a proper map ¢ : G — N
of topological spaces satisfying the following conditions:

(1) For every edge [ of G, the restriction ¢|; acts as dilation by a factor w (/) with
image ¢(/) contained in an affine line with rational slope. If w(/) = 0, then
@(l) is a point.

(2) For every vertex v of G, we have ¢(v) € Ng.

(3) Foreach (v,!) € FG(v), let u,; be a primitive integral vector emanating from
@(v) along the direction of (/). Then

€y = Z wuy,; =0,
(v,)eFG(v)
which we refer to as the balancing condition.

An isomorphism of tropical curves ¢ : G — Ng and ¢’ : G’ — Np is a homeomor-
phism ® : G — G’ compatible with the weights of the edges such that ¢ = ¢’ o ®.
A tropical curve is an isomorphism class of parametrized tropical curves.
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3.3. Tropical curves from nondegenerate stable log maps. Let (X, Mx) be a toric
variety with its standard log structure, and let 7 C X be its defining torus. We denote
by N the lattice of one-parameter subgroups of 7. Let f : (C, M¢c) — (X, Mx) be
a stable log map over (S, Jls) with S a geometric point. Further assume that f is
nondegenerate; that is, the log structure Jlg is trivial.

In this subsection, we show how to assign a tropical curve Trop(f) : G — Ng
to any such nondegenerate stable log map f. Note that in this case, the points on
the source curve with nontrivial log structures are marked points or nodal points.
To begin, let G be the graph with a single vertex v, which we think of as being
associated to the unique component of C, and with one unbounded edge for each
marked point of C. We let Trop(f)(v) =0.

Let [ be an edge corresponding to a marked point p of C. If p has trivial contact
orders, then we set w (/) = 0 and let Trop(f) contract [ to 0. Otherwise, the contact
order is equivalent to giving a nontrivial map

C] :‘/‘_A'X,f(p) —> ./ac,p =N.
Note that we have a surjective cospecialization map of groups

ATV 78p
M:=N"— JI/LX,f(p)

corresponding to the specialization of the generic point of 7 to f(p). Composing
with ¢/”, we obtain a map
u M — 7,

which defines an element y; € N. Let u; be the primitive vector with slope given by
w € N. We define w(]) to be the positive integer such that p; = w(l)u; and define
the image Trop( f) (/) to be the unbounded ray emanating from O along the direction
of u;. This defines our desired map Trop(f) : G — Ng up to reparametrization.

Proposition 3.4. Trop(f) : G — Ng defines a tropical curve.

Proof. It remains to check that the balancing condition holds. That is, we must show
€, = 0. Note that every m € M defines a rational function on C and that the degree
of the associated Cartier divisor is 0 = €,(m). Therefore, e, e N =M is 0. [

3.5. Tropical curves from stable log maps over the standard log point. Suppose
(X, Mx) is a toric variety with its standard log structure, and let 7 C X be its
defining torus. Fix discrete data I' = (g, B, n, {c¢;}), and let f : (C, M) — (X, Mx)
be a stable log map with discrete data I" over the standard log point (S, Jls); that
is, S is a geometric point and JiLs is the log structure associated to the map N — Oy
sending 1 to 0. This is equivalent to giving a (not necessarily strict) log map

(S, Ms) — (Hr(X), My (x)),
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and the stable log map f is obtained by pulling back the universal stable log map
over (Hr(X), My (x)). In this subsection, we associate a tropical curve

Trop(f) : G — Ng

to f by modifying the construction given in [Gross and Siebert 2013, §1.3].

We define G to be the dual graph of C where we attach an unbounded edge for
each marked point. Given a vertex v, let # be the generic point of the corresponding
component of C. We therefore have a morphism

Mx’f(,) —> /VLC,, =N

of monoids. Taking the associated groups and composing with the cospecialization
map M — JI/L‘?(I? I yields a map

Tw.M—>17

and hence a point in N. We define Trop(f)(v) = 1.

Let [ be an edge of G. If 3/ = {v, v’} and v # v’, then we define the image of [
under Trop( f) to be the line segment joining 7, and t,/. In this case, T,y — 1, = e; 11y,
where ¢; € s = N is the section that smooths the node corresponding to /, and 1,
is an element of N. We define w (/) to be the positive integer such that u; = o ()uy,
where u; is a primitive integral vector.

Suppose now that / is an unbounded edge corresponding to a marked point p. If
p has trivial contact orders, then we set w (/) = 0 and let Trop(f) contract [ to t,,
where d/ = {v}. Otherwise, the contact orders of p define a nontrivial map

Cy 2./‘_/LX,f(p)—>l/l7LC,p=N®./(_/Ls—> N,

where the last map is the projection. Again taking the associated groups and
composing with the cospecialization map M — A/tf(p Fp)» Ve obtain

w M — 7.

We define w (/) to be the positive integer such that y; = w(l)u;, where u; € N is a
primitive integral vector, and we let Trop(f)(/) be the unbounded ray emanating
from 7, in the direction of u;.

Proposition 3.6. Trop(f) : G — Ng defines a tropical curve.

Proof. We must check that the balancing condition holds for each vertex v of G.
As in the proof of Proposition 3.4, every m € M defines a rational function on the
irreducible component of C corresponding to v. The associated Cartier divisor has
degree 0 =€, (m), and so €, = 0; see [Gross and Siebert 2013, Proposition 1.14]. [J
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Remark 3.7. Let R be the complete local ring of A! at the origin, and let il be the
log structure on R induced by the standard log structure on A!. Denote the closed and
generic points of Spec R by 0 and 7, respectively. Suppose 4 : (€, M¢) — (X, Mx)
is a stable log map over R with discrete data I' such that 4o = f. Note that 4, is
a nondegenerate stable log map. For each marked section p : Spec R — €, let [
and /,, be the edges of the dual graphs of 6, and 6, corresponding to the marked
points pg and p,, respectively. Consider the morphism

./‘7Lx|h(p) — A7t<<;|p = N@MR — N,

where the last map is the projection. Taking associated groups and precomposing
with the map M — ./(7L§(p |n(p)» we obtain a map M — Z of constant sheaves on
Spec R whose special and generic fibers are i), and w,;, . Hence, we see w;, = I, -

Denote by Trop( f;;) and Trop( fo) the tropical curves associated to the generic and
closed fiber of f. Then the above argument implies that Trop( f,) is the asymptotic
fan of Trop( fy) as defined in [Nishinou and Siebert 2006, Definition 3.1].

The following result plays an important role in the proof of Theorem 1.1:

Proposition 3.8. If the discrete data T is given by g =0,n =2, and B # 0, then
Trop( f) is an embedding whose image is a line. Moreover, C is a chain of P's and
f does not contract any components of C.

Proof. Since X (X) is log smooth by Proposition 2.1, there exists a stable log map
h: (6, Me) — (X, My) over (R, Mp) as in Remark 3.7. Let p, p’ : Spec R — €
be the two marked sections, and let [y, 16, [,, and l,’7 be the corresponding edges of
the dual graphs of C and 6,,. Since B # 0, the two marked points p, and p; of 6,
have nontrivial contact orders. The balancing condition for Trop(/,) then shows
iy, = — i, # 0. By Remark 3.7, we therefore have S 0. In particular,
Trop( f) maps Iy and [, to unbounded rays.

We next show that if / is an edge of G, then Trop(f)(/) is a point or it is a line
segment or ray parallel to 1;,. Suppose Trop(f)(/) is not a point. If Trop(f)(/)
is unbounded, then [/ is [y or 16, and so Trop(f)(/) is parallel to p,. Otherwise,
Trop(f) () is a line segment and 9/ = {v, vy} with v # v;. If Trop(f)(/) is not
parallel to pu;,, then the balancing condition shows that there is an edge [; 7 [ such
that v; € 9/; and Trop(f)(/1) is not parallel to 1;,. Hence, /; is a line segment with
endpoints v; and v,. Again, the balancing condition shows that there is an edge /,
containing vy such that Trop(f)(l2) is a line segment which is not parallel to p,.
Since C has genus 0, we see [, [, and [, are distinct. Continuing in this manner,
we produce an infinite sequence of distinct edges /; of the dual graph of C. This is
a contradiction.

Lastly, we show that every irreducible component A of C has exactly two special
points. Hence, C is a chain of P's, f does not contract any component of C,
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and Trop(f)(G) is a line parallel to w;,. Suppose A is a component with at least
three special points, and let v be the vertex of G corresponding to A. Then G \ v
is a disjoint union of nonempty trees 71, 13, ..., T,, with m > 3. Without loss
of generality, 7| only contains bounded edges. The argument in the preceding
paragraph then shows that Trop( f) maps every edge of T} to a single point. If C;
denotes the subcurve of C corresponding to 77, then we see that every special point
of Cy has a trivial contact order, and so f contracts C;. Since Tj is a tree, C; contains
components with only two special points. This contradicts the stability of f. [

4. The Chow quotient as the coarse moduli space

Throughout this section, we let I' = I'g and C(X) denote the Chow variety as in
the introduction. Let K be the normalization of X // Ty. Since the stack H(X) is
normal, it follows from [Kolldr 1996, Chapter I, 3.17 and 3.21] that there is a map

F:Hr(X)— C(X)

sending a stable log map f : (C, Jl¢c) — (X, Mx) to the image cycle f,[C]. Since
Hr(X) is irreducible by Theorem 1.4, F factors as

% (X) 5 X ) Ty > c(x),

where i is the natural inclusion. Since F is an isomorphism over 7’ and Hr(X) is
normal, by Proposition 2.1, we obtain an induced morphism

G:Hr(X)— K.
To prove Theorem 1.1, we show:

Proposition 4.1. G is a coarse space morphism.

Proof. Note that both ¥ (X) and K are normal and proper, and G is bijective on the
level of closed points over 7’. To show that K is the coarse moduli space of K (X),
by Zariski’s main theorem, it suffices to show G is quasifinite. To do so, it is enough
to show F’ is quasifinite at the level of closed points. That is, we show that if
x € X // Ty is a closed point and E, denotes the corresponding cycle of X, then
there are finitely many stable log maps whose image cycles are given by E. Let

E,=) a;Z,

where the g; are positive integers and the Z; are reduced irreducible closed sub-
schemes of X. Let Z be the normalization of Z;. Since E, is of dimension 1, we
have Z ~ pl,

We claim that if f : (C, M¢) — (X, My) is a stable log map that defines a
closed point of X (X) such that the image cycle of f is E,, then f can only be
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ramified at the special points of C. Given this claim, F’ is quasifinite. Indeed,
since Proposition 3.8 shows that no component of C is contracted under f, the
number of irreducible components of C is bounded by ) _ a;. For each irreducible
component A of C, the restriction f|4 factors as

A—>Z~—>X

for some i. Since the first map A — Z; can only be ramified at the two fixed
special points, it is determined by the degree of f|4. This implies that there are
only finitely many choices for the underlying map C — X. Since the forgetful
morphism & : Hr(X) — Mo 2(X, B) is finite, there are finitely many choices for
the stable log map f.

It remains to prove the claim. By Proposition 2.3, #(X) is irreducible and T’
is dense, so there exists a toric morphism A! — J(X) such that the fiber over
0 € Al is our given stable log map f : (C, M¢) — (X, Mx) whose image cycle
is E,. Let R denote the complete local ring /@\Al’o and let

¢ —" ,x

|

Spec R

be the associated underlying stable map. Let n € Spec R be the generic point.

We first handle the case when X is smooth. Let €° be the open subset of €
obtained by removing the special points. Note that €° is normal, and h|¢. is
quasifinite by Proposition 3.8. By the purity of the branch locus theorem [Altman
and Kleiman 1971, p. 461], if h|¢- is ramified, then the ramification locus D is
pure of codimension 1. Since %|¢- is not everywhere ramified over the central fiber,
D must intersect the generic fiber. However, /|¢. is unramified over the generic
fiber, so we conclude that D is empty.

We now consider the case when X is singular. Let p: X — X be a toric resolution.
We may replace R by a ramified extension as this does not affect the set of closed
pomts By the properness of Hr(X), we can assume we have a stable log map

(<€ Mz) — (X M%) and a commutative diagram of the underlying maps

h
—

q p

— R
=

%LX

over R. Here h is the underlying map of the stable log map to X, which can be
also obtained by taking the stabilization of the prestable map p o i. The previous
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paragraph shows that h only ramifies at the special points. Since Proposition 3.8
shows that 6 and € are both chains of P''s, we see that / only ramifies at the special
points as well. U

Appendix: Toric varieties have generalized Deligne-Faltings log structures

The theory of moduli spaces of stable log maps (Y, JAly) is developed in [Chen
2011; Abramovich and Chen 2011] and [Gross and Siebert 2013] for different
classes of log schemes (Y, Jly). In [Chen 2011; Abramovich and Chen 2011],
Abramovich and the first author consider log schemes that are generalized Deligne—
Faltings (see Definition A.1); Gross and Siebert [2013] consider log schemes that are
quasigenerated Zariski. It is shown in [Abramovich and Chen 2011, Proposition 4.8]
that when (Y, Jily) is both generalized Deligne—Faltings and quasigenerated Zariski,
the Abramovich—Chen and Gross—Siebert constructions are identical. Gross and
Siebert show that the standard log structure Jlx on a normal toric variety X is
always quasigenerated Zariski. Here we show that if X is also projective, then Jilx
is generalized Deligne—Faltings. Therefore, the two theories agree for projective
normal toric varieties.

Definition A.1. A log structure Jly on a scheme Y is called generalized Deligne—
Faltings if there exists a fine saturated sharp monoid P and a morphism P — Jly
that locally lifts to a chart P — Jly.

Remark A.2. Given a fine saturated sharp monoid P, let Ap = Spec k[ P] with its
standard log structure Jl4,. Then there is a natural action of Tp := Spec k[ P$”]
on (Ap, M4,) induced by the morphism P — P @ P8P sending p to (p, p). The
log structure L4, descends to yield a log structure Jl4,,7,) on the quotient stack
[Ap/Tp]. By [Olsson 2003, Remark 5.15], a log scheme (Y, (ly) is generalized
Deligne—Faltings if and only if there exists a strict morphism

(Y, My) — ([Ap/Tp], Miap/1p1)
for some fine saturated sharp monoid P.

Let X be a projective normal toric variety, and let Aly be its standard log structure.
Let Q C R" be a polytope associated to a sufficiently positive projective embedding
of X. Placing Q at height 1 in R" x R and letting P be the monoid of lattice points
in the cone over O, we have X = Projk[P]. Note that P is fine, saturated, and
sharp. Let (Ap, Jla,) be as in Remark A.2, let U be the compliment of the closed
subscheme of Ap defined by the irrelevant ideal of k[ P], and let My = M4, |y .
The function deg : P — Z sending an element to its height induces a (3,,-action on
(Ap, JMy,). Hence, Ay descends to yield a log structure Jlp on X.

Lemma A.3. M p is generalized Deligne—Faltings.
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Proof. We have a cartesian diagram

(U’ JM«U) E— (AP7=/M'P)

l l

(X, Mp) — ([Ap/Gn], Mia,/6,1)

where all morphisms are strict and the vertical morphisms are smooth covers. Note
that the G,,-action on (Ap, Jl4,) is induced from the morphismo : P - P& Z
defined by p — (p, deg p). Since o factors as

P—>P®P¥ > PRZ

where the first map is p — (p, p) and the second is (p, £) — (p, deg &), we see
that there is a strict smooth cover

([Ap/Gp], Miap/G,1) — [Ap/TP], Miap/Tp))-
Hence, Remark A.2 shows that .l p is generalized Deligne—Faltings. (]

Note that Alp|r = O}, where T is the torus of X. We therefore obtain a map
Y Mp — 0% =1 ly.

Proposition A.4.  is an isomorphism, and so (X, My) is generalized Deligne—
Faltings.

Proof. To show ¥ is an isomorphism, it is enough to look Zariski locally on X.
Note that X has an open cover by the X, := Spec k[ Q,], where v is a vertex of
the polytope Q and Q, is the monoid of lattice points in the cone over Q — v :=
{g—v|qge QcCR"}. Let P, be the submonoid of P8” generated by P and —v.
Then we have a cartesian diagram

APU l—) U

|

X, —— X

where 7 is induced from the map Q, — P, embedding Q, at height O in P, and
where the composite of i and U — Ap is induced from the inclusion P — P,.
Hence,

Mo, = (Mp,)®m,

and so 1 is an isomorphism over X,,. (]
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Vinberg's representations
and arithmetic invariant theory

Jack A. Thorne

Recently, Bhargava and others have proved very striking results about the average
size of Selmer groups of Jacobians of algebraic curves over ( as these curves are
varied through certain natural families. Their methods center around the idea of
counting integral points in coregular representations, whose rational orbits can
be shown to be related to Galois cohomology classes for the Jacobians of these
algebraic curves.

In this paper we construct for each simply laced Dynkin diagram a coregular
representation (G, V') and a family of algebraic curves over the geometric quotient
V//G. We show that the arithmetic of the Jacobians of these curves is related to
the arithmetic of the rational orbits of G. In the case of type A,, we recover the
correspondence between orbits and Galois cohomology classes used by Birch and
Swinnerton-Dyer and later by Bhargava and Shankar in their works concerning
the 2-Selmer groups of elliptic curves over Q.

1. Introduction 2331
2. Preliminaries: Vinberg theory, stable involutions, subregular
elements 2337
3. Subregular curves 2345
4. Jacobians and stabilizers of regular elements 2354
Acknowledgements 2366
References 2366

1. Introduction

This paper is a contribution to arithmetic invariant theory. Let G be a reductive
group over a field k, and let V be a linear representation of G. Then the ring k[V]¢
is a k-algebra of finite type, and we can define the quotient V/G = Spec k[V]° and
a quotient map 7 : V — V//G. The determination of the structure of k[V]° and
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the fibers of 7 falls under the rubric of geometric invariant theory, and is important
in algebraic geometry.

In the case where k& is not algebraically closed, a further layer of difficulty is
obtained by considering the G (k)-orbits in the fibers of 7 over k-points of V//G.
This problem can be translated into the language of Galois cohomology, and as
such often has close ties to arithmetic.

Bhargava has singled out those representations which are coregular, in the sense
that k[V]¢ is isomorphic to a polynomial ring, as promising candidates for repre-
sentations which may have interesting connections to arithmetic. For example, he
has studied together with Shankar the case G = SL, and V = Sym* 2", the space of
binary quartic forms. In this case there are two independent polynomial invariants
I and J, and k-rational orbits with given values of I and J are related to classes in
the Galois cohomology group H!(k, E[2]) for the elliptic curve

E:y2=x3+lx+l.

These considerations have had very striking applications; see [Bhargava and Shankar
2010], or [Poonen 2013] for a beautiful summary. See also [Ho 2009] for a
variety of similar orbit parametrizations associated to other representations, and
[Bhargava and Ho 2013] for an exhaustive study of coregular representations related
to genus-one curves. For each choice of pair (G, V), one makes a construction
in algebraic geometry which relates orbits in the given representation to algebraic
curves, possibly with marked points, given line bundles, or other types of extra
data.

By contrast, this paper represents a first effort to describe some of the phenomena
appearing in arithmetic invariant theory through the lens of representation theory.
We take as our starting point certain representations arising from Vinberg theory,
whose role in arithmetic invariant theory has been emphasized by Gross. If G is a
reductive group over k endowed with an automorphism 6 of finite order m, then
the fixed group G? acts on the § = ¢ eigenspace g; C g = Lie G for any choice
¢ € k* of primitive m-th root of unity. Vinberg theory describes the geometric
invariant theory of these representations. In the case when 6 is regular and elliptic,
in the sense of [Reeder et al. 2012], the generic element of g; will have a finite
abelian stabilizer, and orbits in the representation are thus related to interesting
Galois cohomology.

If G is a split reductive group over k, then it has a unique G (k)-conjugacy class
of regular elliptic involutions €, characterized by the requirement that g; contain
a regular nilpotent element. It is the representations associated to these canonical
involutions for simple G of type A, D or E that we study in this paper. We associate
to each of these groups a family of algebraic curves, namely the smooth nearby
fibers of a semiuniversal deformation of the corresponding simple plane curve
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singularity. The arithmetic of the Jacobians of these curves turns out to be related to
the arithmetic of the rational orbits in the Vinberg representations. In each case the
families of curves are universal families with marked points of fixed type. In types
A and D we obtain families of hyperelliptic curves, while in types Eg, E7 and Eg
we obtain families of nonhyperelliptic curves of genus respectively 3, 3 and 4.

Remark 1.1. In the forthcoming work [Bhargava and Ho 2013], the authors
construct families of related coregular representations through the operations of
symmetrization and skew-symmetrization. These representations are all related
to the arithmetic of curves of genus one. For example, they consider the natural
representation of SLy x SL, x SLy x SLy, on 2 ® 2 ® 2 ® 2, and its quadruple
symmetrization yields the representation of SL, on the space of binary quartic
forms described above.

The quadruple skew-symmetrization, however, is not directly related to curves
of genus one. In fact, the Vinberg representation we associate to E7 is the repre-
sentation of SLg/u4 on A*8. This is the quadruple skew-symmetrization of the
above representation of SL3, and our work shows that its orbits are related to the
arithmetic of the universal family of nonhyperelliptic curves of genus 3 with a
rational flex in the canonical embedding.

Results. Let us now turn to a precise statement of our main results. For any
unfamiliar notation relating to algebraic groups and their Lie algebras, we refer to
the section on notation (page 2335). Let k be a field of characteristic zero, and let
G be a split adjoint group over k of type A, D or E. We choose a regular elliptic
involution @ of G as described above, and set Gy = (G?)°, g1 = 99:_1. Then Gy
acts on g; and a Chevalley-type restriction theorem holds for the pair (G, g1). In
particular, the space B = g; /Gy is isomorphic to affine r-space: g; is coregular.
We write A C B for the discriminant divisor. Thus A is the image under 7 : g1 — B
of the set of elements which are not regular semisimple.

Proposition 2.27 below implies that g; contains subregular nilpotent elements.
We choose a subregular normal sl,-triple (e, i, f). (See Definition 2.16 for the
definition of a normal sl,-triple. To say that it is subregular simply means that e
and f are subregular nilpotent elements of g.) Define X =e+34(f)1 =e+34(f)Ngi.
Our first theorem concerns the natural map X — g; — B.

Theorem 1.2. The morphism X — B is a flat family of reduced connected curves,
smooth away from A. The equations of these curves are given in the statement of
Theorem 3.8.

In fact, X is a transverse slice to the Gy-orbit of e inside g;, and X — B realizes
a semiuniversal deformation of the central fiber X, which is an affine plane curve
with a unique simple singularity of type equal to that of G. (For the definition of a
simple curve singularity, we refer, for example, to [Cook 1998].)
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The following theorem incorporates results of Section 2 and Theorem 4.10.

Theorem 1.3. Let x € g; be a regular semisimple element; equivalently, suppose
that b = (x) € B(k) does not lie inside A.

o The stabilizer Zg,(x) = Zy is a finite abelian k-group and depends only on b
up to canonical isomorphism. This group is endowed with a nondegenerate
alternating pairing Zp X Zp — 3.

o Let Y}, denote the smooth projective curve containing X, as a dense open subset.
Let Jy, denote its Jacobian variety. Then there is a canonical isomorphism
of finite k-groups Jy,[2] = Zp,. Under this isomorphism the above pairing
corresponds to the Weil pairing of Jy,.

Given b € (B\ A)(k), we write g1 = 71 (b). If K is a separable closure of k,
then g1 5(K) consists of a single Go(K )-orbit; the rational orbits in g (k) are there-
fore classified by a suitable Galois cohomology set, with coefficients in Z, = Jy,[2].
The inclusion X, C g1, induces a map on rational points X, (k) — g1.5(k)/Go(k).
Our main theorem asserts that this map can in fact be interpreted in terms of
2-descent on the Jacobian Jy,:

Theorem 1.4. There is a commutative diagram, functorial in k:

Xp(k) —— g1,5(k)/ Go(k)

| |

Jy, (k) —— H'(k, Jy,[2]).

For the definitions of the arrows in this diagram, we refer to the statement of
Theorem 4.15. If G = PGL3, then the family of curves X — B is the family
y2 = x3 4+ Ix + J of genus-one curves described above, and we then recover the
correspondence between orbits and Galois cohomology classes used by Bhargava
and Shankar in their work on the average size of the 2-Selmer group of an elliptic
curve over (). We are hopeful that the ideas discussed in this paper will have
applications to the study of the average size of 2-Selmer groups beyond this case;
compare the discussion following Conjecture 4.16.

Methods. Our methods are inspired primarily by work of Slodowy. Rational double
point singularities of surfaces can be classified in terms of the Dynkin diagrams
of simply laced simple algebraic groups. Grothendieck conjectured that one could
give a representation-theoretic construction of this correspondence by looking at the
generic singularity of the nilpotent cone of the corresponding group G. A proof of
this conjecture was announced in a famous ICM lecture of Brieskorn [1971], but the
first detailed proofs were given by Esnault [1980] and Slodowy [1980b]. Our work
is what one obtains on combining the respective ideas of Slodowy and Vinberg.
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(After this work was completed, J. Sekiguchi informed us of some related earlier
work [Sekiguchi and Shimizu 1981] where our families of curves also appear.)

Let us say a few words about the limits of our methods. Essential to our work
is the use of sl,-triples, whose existence relies in turn on the Jacobson—-Morozov
lemma. We must therefore work over a field of sufficiently large characteristic,
relative to the Coxeter number of G. In this paper we choose for simplicity to work
over a field of characteristic zero.

More serious is the lack of information we obtain about the image of the
map g1 (k) - H L(k, Jy,[2]) constructed above. It follows from the above con-
siderations that it contains the elements in the image under the 2-descent map
8: Jy, (k) > H (k, Jy,[2]) of X, (k); we conjecture (page 2363) that it moreover
contains the image under 6 of the whole group Jy, (k) of rational points of the
Jacobian. In other words, we currently lack a way to construct sufficiently many
orbits in the representations we study. We hope to return to this question in a future
work.

Outline. Let us now outline the contents of this paper. In Section 2, we prove
some basic properties of the so-called stable involutions 6, and define the Vinberg
representations to which they correspond. An important point here is the calculation
of the stabilizers of the regular elements in g; in terms of the root datum of the
ambient reductive group G. We also introduce the subregular nilpotent elements,
and address the question of when g; contains subregular nilpotent elements which
are defined over the base field k.

In Section 3, we construct the families of curves mentioned above inside a
suitable transverse slice to the subregular nilpotent orbit.

Finally, in Section 4, we show how to relate the 2-torsion in the Jacobians of
our curves and the stabilizers of regular elements, and prove our main theorem
relating the 2-descent map to the classifying map for orbits in non-abelian Galois
cohomology.

Other groups. In this paper we restrict to simple groups G arising from simply
laced Dynkin diagrams, and the corresponding Vinberg representations. One can
try to apply our constructions to groups of nonsimply laced type. The families of
curves thus obtained are versal deformations of planar curve singularities “with fixed
symmetries”; this is the direct analogue for our context of the results in [Slodowy
1980b, §6.2]. The Jacobians of these curves admit a family of isogenies ¢, and it
seems likely that some version of our main result continues to hold, with the groups
Jy,[¢] now playing the role of the groups Jy,[2].

Notation. As mentioned above, we work throughout over a field k of characteristic
zero. We assume basic familiarity with the theory of reductive groups over k, as
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studied, for example, in [Humphreys 1975] or [Springer 2009]. We assume that
reductive groups are connected.

If G is a reductive group acting linearly on a k-vector space V, then the ring
of invariants k[V]¢ is a k-algebra of finite type (see, for example, [Springer 1977,
Theorem 2.4.9]). We define V//G = Spec k[V]° and call it the categorical quotient.
It in fact satisfies a universal property, but we will not need this here. We will write
N(V) for the closed subscheme of V cut out by the augmentation ideal of k[V]¢.

If G, H, ... are algebraic groups then we will use gothic letters g, b, . . . to denote
their Lie algebras. Let G be a reductive group, and 7' C G a split maximal torus.
Then we shall write ®; C X*(T) for the set of roots of T in g, and & C X..(T)
for the set of coroots. The assignment o € ®¢ — du € t* identifies ®; with the set
of roots of t in g, and we will use this identification without comment. We write
W () = Ng(T)/ T for the Weyl group of G with respect to t. We have the Cartan

decomposition
s=te P

aedy

where dim g* = 1 for each o € ;. We write U, C G for the unique T -invariant
closed subgroup with Lie algebra g, (see [Humphreys 1975, §26.3]). The tuple

(X*(T)’ (Dta X*(T)’ CDI/)

is a root datum in the sense of [Springer 2009, §7.4]. We write A for the center
of G, and ay for its Lie algebra.

We will write Lg = Z® for the root lattice of G and Ag C Lg ®7 Q for the
weight lattice of Lg. (These are the groups Q and P, respectively, of [Bourbaki
1968, Chapter VI, §1.9].) If the group G is clear from the context, we will omit the
subscript G. We understand these to depend only on G and not on 7, so that Lg
and Ag are defined up to (nonunique) isomorphism. We write W C Aut(L¢) for
the corresponding Weyl group.

If x € g, we write Zg(x) for its centralizer in G under the adjoint representation,
and 34(x) for its centralizer in g. If x is semisimple, then Zg (x) is reductive. Let
T C G be a maximal torus, and suppose that x € t. Then T C Zs(x) is a maximal
torus. Let

Oi(x) ={a € ;| x(x) =0} and CIJtv(x) ={a' e CIDtv | € ®¢(x)}.
Let W(x) = Zw ) (x). Then the root datum of Zs(x) is
(X*(T), De(x), Xo(T), D (x)),

and the Weyl group of Zs(x) with respect to T can be identified in a natural way
with W(x).
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2. Preliminaries: Vinberg theory, stable involutions, subregular elements

Throughout this section, G is a split reductive group over a field k of characteristic
Zero.

Elements of Vinberg theory. Let 6 € Aut(G) be an automorphism of exact order
m > 1, and let ¢ € k be a primitive m-th root of unity. We will also write 8 for the
induced automorphism of g. We associate to 6 the grading g = ®;cz/mz 9i, where
by definition we have

gi={xeglox)=¢'x}.

We write GY for the fixed subgroup of 6, and G for its connected component.
Then Lie Gy = gy, so the notation is consistent. The action of G? on g leaves each
g; invariant.

In what follows, we shall consider the representation of G on the subspace
g1 C g. The study of such representations is what we call Vinberg theory. For
the basic facts about Vinberg theory, and in particular for proofs of the unproved
assertions in this section, we refer to the papers [Vinberg 1976] or [Levy 2009].

Lemma 2.1. Let x € g1. Then x can be written uniquely as x = x5 + x,, where
X5, Xp both lie in g1 and are respectively semisimple and nilpotent.

Definition 2.2. A Cartan subspace ¢ C g; is a maximal subalgebra consisting of
semisimple elements. Note that ¢ is automatically abelian.

Proposition 2.3. Suppose that k is algebraically closed. Then an element x € g,
is semisimple if and only if it is contained in a Cartan subspace, and all Cartan
subspaces are Go(k)-conjugate.

Let ¢ C g1 be a Cartan subspace, and define W(c, ) = Ng,(¢)/Zg,(c). This
is the “little Weyl group” of the pair (G, ). We define rank & = dimc. This is
well-defined by Proposition 2.3.

The following result is contained in [Panyushev 2005, Theorem 1.1]. It is Vin-
berg’s main result concerning the invariant theory of the representations considered
here.

Theorem 2.4. 1. Restriction of functions induces an isomorphism
klg11?* — ke
Moreover, W (¢, 0) is a (pseudo-)reflection group and k[c]V ©? is a polynomial
ring in rank 6 indeterminates.

2. Let m: g1 — g1//Go denote the quotient map. Then 7 is flat. If k is alge-
braically closed, then for all x € gy, m~'m(x) consists of only finitely many
Go(k)-orbits.
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We say that v € g; is stable if Gy - v is closed in g, and Zg,(v) is finite. We
say that 0 is stable if g; contains stable elements. The property of being stable is
hereditary, in the following sense.

Lemma 2.5. Suppose that 6 is a stable automorphism. Let x € g; be semisimple.
Let H=Zg(x)andhy=Lie H. Then 6(H) = H, and 0|y is a stable automorphism.

Proof. Given x as in the lemma, choose a Cartan subspace ¢ containing it. Then ¢
contains a stable vector, which is also stable when considered as an element of bh;
the result follows. |

Stable involutions. In this paper we shall be particularly interested in the stable
involutions.

Lemma 2.6. Suppose that k is algebraically closed. There is a unique G(k)-
conjugacy class of stable involutions 6.

Proof. To show uniqueness, we reduce immediately to the case that G is adjoint.
By [Reeder et al. 2012, Lemma 5.6], any stable vector v € g is regular semisimple,
and 6 acts as —1 on its centralizer ¢ = 34(v). In particular, we have ¢ C g;. It
follows that the trace of 8 on g is equal to — dim ¢ = — rank G, and a well-known
theorem of E. Cartan asserts that this determines 6 up to G (k)-conjugacy. We can
also reduce existence to the case of G adjoint. We will prove existence (even when
k is not algebraically closed) in this case below. (]

Lemma 2.7. Let 6 be a stable involution of G. Then 0 satisfies the following.

1. rank® =rank G.

2. There exists a maximal torus C in G on which 0 acts by x — x 1.

3. Forall x € Ag, we have 0(x) = x~\.

4. Let ¢ be a Cartan subspace (and hence, a Cartan subalgebra). Then the natural
map W(c, 8) — W(c) is an isomorphism.

Proof. The first and second properties follow from the proof of Lemma 2.6. For the
third property, we recall that A is contained in any maximal torus of G. The final
property is [Reeder et al. 2012, Corollary 7.4]. U

Suppose for the rest of this section that 8 is a stable involution.

Proposition 2.8. Let x = x; + x, € g1 be a regular element. Then Zgo(x) =
Az [2]. In particular, this group is always finite and abelian.

Proof. We have Zg(x) = Zg(x5) N Zg(xy,), so after replacing G by Zg(x,), we
may assume that x = x,, is a regular nilpotent element.

Then Zg(x) = Ag - Zy(x), a direct product, where U is the unipotent radical of
the unique Borel subgroup containing x. Quotienting by A, we may suppose that
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G is adjoint and must show that Zy (x)? is trivial. But since x is regular, this is a
finite unipotent group, so the result follows. U

Corollary 2.9. Let x = x;+x, be a regular element, and let ¢ be a Cartan subspace
containing xg. Let C C G denote the maximal torus with Lie algebra c. Then

Zgo(x) ZHom(X*(C)/2X*(C) + Z®(x), Gp).

Proof. For any reductive group G with root datum (X (T), ®, X (T), thV ), there
is a canonical isomorphism X*(Ag) = X*(T)/Z®. Now apply Proposition 2.8. []

Corollary 2.10. Suppose that G is adjoint and that k is algebraically closed. Let
x € g1 be a regular semisimple element. Let L denote the root lattice of G, and
A C L ®z Q the weight lattice. Then there is an isomorphism

Zg,(x) =Hom(N, Gp),

well-defined up to conjugacy by the Weyl group W of L, where N denotes the image
of Lin AJ2A.

Proof. Let G*° denote the simply connected cover of G. Then 0 acts on G*¢. A
theorem of Steinberg — [Onishchik and Vinberg 1988, Chapter 4.4.8, Theorem 9] —
states that (G*¢)? is connected, and hence G is the image of the map (G*)! — G.
The present corollary now follows from the previous one. O

Now suppose that the simple components of G are simply laced (that is, their root
systems are all of type A, D, or E), and let L, A and W be as in the statement of the
corollary. Then there is a W-invariant quadratic form (-, -): L x L — Z uniquely
determined by the requirement that (&, ) = 2 for every root «. The pairing (-, )
on L induces a pairing (-,-): L/2L x L/2L — [F,. An easy calculation shows
this pairing is alternating. In fact, we have the following:

Lemma 2.11. The pairing (-, -) descends to a nondegenerate alternating pairing
on N.

Proof. Suppose x € L. Then the image of x in L/2L lies in the radical of (-, -)
if and only if (x, L) C 27, if and only if x € 2A, since A is the Z-dual of L with
respect to the pairing (-, - ). O

Pairings of this type, associated to regular elliptic elements of Weyl groups, were
first considered in [Reeder 2011].

Corollary 2.12. Suppose that G is an adjoint group, and that the simple compo-
nents of G are simply laced. Then for any regular semisimple element x € g1, there
is a canonical nondegenerate alternating form (-, -): Zg,(x) X Zg,(x) = Wa.
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We now show how to construct a stable involution over an arbitrary field k£ of
characteristic 0. We let G be a simple split adjoint group, and fix a split maximal
torus 7 and a Borel subgroup B containing it. This determines a set ®+ C & = &
of positive roots, and a root basis R C ®*. We fix moreover for each « € R a
basis X, of the one-dimensional vector space g* C g. The tuple (T, B, {Xq}acr)
is called a pinning of G.

This choice of data determines a splitting Aut(G) = G x X, where X is the
group of pinned automorphisms induced by automorphisms of the Dynkin diagram
of G. On the other hand, writing L = X*(T) = Z® for the root lattice of g, the
choice of root basis determines a splitting Aut(L) = W x X in a similar manner; see
[Bourbaki 1975, Chapter VIII, §5.2]. We write o € X for the image of —1 € Aut(L),
and define 6 = p¥(—1) x o € Aut(G)(k), where p¥ € X,(T) is the sum of the
fundamental coweights.

Lemma 2.13. The automorphism 6 is a stable involution.
Proof. This follows immediately from Corollary 5.7 of [Reeder et al. 2012]. [

This stable involution has good rationality properties. This is based on the
following fact.

Lemma 2.14. Let 0 be as above. Then g, contains a regular nilpotent element. Any
two regular nilpotent elements of g\ are conjugate by a unique element of G (k).

Proof. The element ), _p X, is regular nilpotent and, by construction, lies in g;.
Fix a separable closure K of k. If E, E’ € g; are two regular nilpotent elements
then they are conjugate by an element of G?(K). (This follows from [Levy 2007,
Theorem 5.16].)

For any such FE, the group Z;¢(E) is a finite unipotent group, and therefore
trivial. It follows that E, E’ are conjugate by a unique element of G’ (K), which
must therefore lie in G? (k). O

Corollary 2.15. There is a unique G(k)-conjugacy class of stable involutions 0,
of G such that there exists a regular nilpotent element E| € g with 61(E) = —E}.

Proof. We have already proved the existence of such an element. For the uniqueness,
fix again a separable closure K of k. We have seen that G(K) acts transitively on
pairs (61, E1). On the other hand, the stabilizer of such a pair in G(K) is trivial. It
follows that any two such pairs are conjugate by a unique element of G (k). U

Definition 2.16. We call a tuple (E, H, F) of elements of g a normal sl,-triple if
it is an sl,-triple, and moreover we have E € g1, H € go, and F € g;.

Note that if (E, H, F) is a normal sl,-triple, then the restriction of 6 to the
subalgebra spanned by these elements is a stable involution.

Lemma 2.17. 1. Any nilpotent element E € g, is contained in a normal sly-triple.
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2. Any two normal sly-triples (E, H, F) and (E, H', F') are Z¢,(E)(k)-con-
jugate.

Proof. Fix a separable closure K of k. For the first part, choose an arbitrary sl,-
triple (E, h, f) containing E, and decompose h = ho+ h into 6-eigenvectors. The
argument of [Kostant and Rallis 1971, Proposition 4] implies that there is a unique
F € g1 ® K such that (E, hg, F) is an slp-triple. But an sl,-triple is determined
uniquely by any 2 of its 3 elements, so descent implies that F' € gy, and (E, ho, F)
is the desired triple.

For the second part, we argue as in the proof of [Kostant and Rallis 1971,
Proposition 4] and apply [Bourbaki 1975, Chapter VIII, §11.1, Lemma 4] to obtain
the desired rationality property. O

Corollary 2.18. The group G (k) acts simply transitively on the set of pairs
((6v), (E, H, F)),

where 0y is a stable involution of G and (E, H, F) is a normal sly-triple with
respect to 01 in which E is a regular nilpotent element.

Example 2.19. We illustrate some of the concepts introduced so far in the case
where G is a split adjoint group of type A,,. Let V be a vector space of dimension
2r + 1, with basis {e1, ez, ..., e, v, fr, ..., f2, fi}. We define an inner product
(-,-) on V by the formulae

(ei.e;) =0={(fi, fj) = (ei,v) = (fi, v)
for all 7, j and

(v,v)y=1, (e, fj)=1dij.

If T € End(V), write T* for the adjoint of 7" with respect to this inner product.
Then we take G = PGLy;+1 = PGL(V), and 0: sly, 1| — slp,1 to be the involution
X +— —X*. Itis easy to check that —6 is just reflection in the antidiagonal. In
particular, fixing the standard pinning (7, B, {Xy}aecr) of slp,41, this 0 is exactly
the stable involution constructed of Lemma 2.13.

Then we see that G = Gy = SO(V) is connected, and we have

g=go®Dgr, go={X€End(V)|trX=0,X=—-X"}=s0(V).

In particular, g; = {X € End(V) | tr X =0, X = X} consists of the space of trace
zero operators self-adjoint with respect to (-, - ).
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The regular nilpotent element determined by the pinning is

01 0...0
0010
E=|. . ... .
0...0 01
0...0 0O

These representations of odd orthogonal groups are exactly the ones used in
[Bhargava and Gross 2013] to deal with the Selmer groups of hyperelliptic Jacobians.

Subregular elements. We recall that x € g is called subregular if dim34(x) =
rank G + 2.

Proposition 2.20. The Lie algebra g contains subregular nilpotent elements. Sup-
pose that G is simple and that k is algebraically closed. Then there is a unique G (k)-
orbit of subregular nilpotent elements in g, and these are dense in the complement
of the regular nilpotent orbit in the nilpotent variety of g.

Proof. This follows from [Steinberg 1974, §3.10, Theorem 1]. O

Thus if g is simple, then its nilpotent variety has a unique open orbit, consisting of
regular nilpotent elements; its complement again has a unique open orbit, consisting
of the subregular nilpotents. If g =g; X - - - X g, is a product of simple Lie algebras,
then any nilpotent element n can be written uniquely as a sum n = nj + - - - + ng,
where n; € g;. It is then easy to see that n is regular if and only if each n; is regular
in g; and n is subregular if and only if some n; is subregular in g;, and all other n ;
are regular nilpotent elements. In particular, when k& is algebraically closed there
are exactly s G (k)-orbits of subregular nilpotent elements, and there is a canonical
bijection between these and the set of connected components of the Dynkin diagram
of g.

Now suppose that 6 is a stable involution of G. Before we continue, it is helpful
to note the following.

Lemma 2.21. Let x € gy. Then
dim 34,(x) = (dim34(x) —rank G)/2 and dimGg-x = (dimG -x)/2.
Proof. This follows from [Kostant and Rallis 1971, Proposition 5]. O

Our next goal is to show that g; contains subregular nilpotent elements. We use
a trick based on the Kostant—Sekiguchi correspondence, which we now recall:

Theorem 2.22. Suppose that k = R and that G is semisimple. Let T be a Cartan
involution of G. Then each of the following three sets is in canonical bijection with
the others:
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1. The set of nilpotent G(R)°-orbits in g.
2. The set of nilpotent G*(C)°-orbits in g°=! @g C.
3. The set of nilpotent Gy(C)-orbits in g1 Qg C.

(Here we write G(R)° and G* (C)° for the connected components of these groups
in the analytic topology.) The map G(R)° - X + G (C)° - X’ satisfies G(C) - X =
GO - -X.

Proof. The bijection between the first two sets is constructed in [Collingwood
and McGovern 1993, §9.5]. The existence of the bijection between the latter two
follows since t is a stable involution, and all such are conjugate over C. (]

Corollary 2.23. Suppose that k is algebraically closed. Then g; contains subregu-
lar nilpotent elements.

Proof. This is implied by Theorem 2.22 since, if K = R and g is split, all conjugacy
classes of nilpotent elements have an element defined over k. U

To obtain more information, we must argue on a case-by-case basis. For the rest
of this section, we assume that G is adjoint, and that g; contains a regular nilpotent
element. We first recall the following (see [Slodowy 1980b, §7.5, Lemma 4]).

Proposition 2.24. Suppose that G is simple and simply laced, and let x € g be a
subregular nilpotent element. Then Z¢ (x) is the semidirect product of a unipotent
group with either G, (if G is type A,) or the trivial group (if G is of type D, or E,).
In particular, this centralizer is connected.

Corollary 2.25. Suppose that k is algebraically closed, and that G is of type D,
or E.. Then (G%/Go)(k) acts simply transitively on the set of Go(k)-orbits of
subregular nilpotent elements of g;.

Proof. Let x be a subregular nilpotent element. Then Zgo(x) = Zg,(x), by
Proposition 2.24. It therefore suffices to show that #(G? /Go) (k) is equal to the
number of real subregular nilpotent orbits. This can be accomplished, for example,
by inspection of the tables in [Collingwood and McGovern 1993]. ([

Proposition 2.26. Suppose that k is algebraically closed, and that G is of type

A,. Then there is a unique Go(k)-conjugacy class of subregular nilpotent elements

in d1-

Proof. We note that when k = R, there is a unique real orbit of subregular nilpotents

in g. [l
We now treat the case where k is not necessarily algebraically closed.

Proposition 2.27. The space g, contains a subregular nilpotent element. In par-

ticular, we can find normal sly-triples (e, h, f) in g with e a subregular nilpotent
element.
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Proof. Let K denote a separable closure of k. It suffices to find a normal sl,-triple
(e, h, f) in g®; K such that e is subregular nilpotent and 4 € g. For then the set of
subregular elements is Zariski dense in g?dh:Z (see [de Graaf 2011, Proposition 7])
and our chosen field & is infinite.

Since g; contains a regular nilpotent element, we may assume that G is equipped
with a pinning (7, B, {Xq}«cr) and that 6 is the involution of Lemma 2.13, con-
structed in terms of this pinning. In particular, t) = t® C g is a split Cartan
subalgebra of Gy.

Let (e, h, f) be a subregular normal sl,-triple in g ®; K. After conjugating by
an element of Go(K), we can assume that 4 lies in t) ®; K C t®; K. Now we
have a(h) € Z for every root «, since 4 embeds in an sl-triple, and hence # lies
in ty. The result follows. ]

Definition 2.28. We refer to a normal sl-triple (e, &, f) with e subregular as a
subregular normal sl,-triple.

Proposition 2.29. 1. Suppose that G is of type D, or E,. Then all subregular
nilpotent elements in g; are G° (k)-conjugate.

2. Suppose that G is of type As,. Then there is a bijection between k> /(k*)? and
the set of Go(k)-orbits of subregular nilpotent elements in g1, given by sending
d - (k*)? to the orbit of the element (in the notation of Example 2.19 above):

(fir fa> far> > fa>dey, e > ey 11— - e, v 0).

3. Suppose that G is of type Ao 1. Then all subregular nilpotent elements in g,
are G(k)-conjugate.

Proof. Let x € g; be a subregular nilpotent element. The first part follows since
Z e (x) is a unipotent group, and hence has vanishing first Galois cohomology. To
prove the second and third parts, we make an explicit calculation using the results
of Kawanaka [1987]. Briefly, if (e, &, f) is a normal s[,-triple, let Gy denote the
connected subgroup of G with Lie algebra go N g?4”=%. Then Kawanaka shows that
Z¢,(e) has the form C x R, where R is connected unipotent and C = Z(;O (e) has
reductive connected component. We summarize the results of this calculation here.

If g is of type Ay,, a choice of subregular nilpotent x is the transformation given
by the formula (in the notation of Example 2.19)

fi> L= fab> o> e e > > e, v 0.
If d € k>, we define another element x; by the formula
fi> o fab> > fui>dey,epn>ep_1 > > e, v 0.

One calculates that Zg,(e) is a semidirect product of w, by a connected unipotent
group, with Galois cohomology isomorphic (via the Kummer isomorphism) to
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k> /(k>)?. With appropriate identifications the element d € k*/(k*)? corresponds
to the G (k)-orbit of the element x,.

If g is of type Ay,11, then one calculates that Zg,(e) is connected unipotent, so
has vanishing first Galois cohomology. U

Proposition 2.30. Suppose that k is algebraically closed. If G is of type A, Dy, 41
or E, then the closure of every regular nilpotent Go(k)-orbit in g, contains every
subregular nilpotent orbit.

If G is of type Dy, then the closure of each regular nilpotent G(k)-orbit con-
tains exactly 3 subregular nilpotent orbits, and each subregular nilpotent orbit is
contained in the closure of exactly 3 regular nilpotent orbits.

Proof. The only cases needing proof are A4+, D,, and E7. The case of Ay, 41
follows immediately, since (G?/G)(k) permutes the regular nilpotent orbits. The
cases of D, and E7; follow from the descriptions given in [Dokovi¢ and Litvinov
2003] and [Dokovi¢ 2001], respectively. O

3. Subregular curves

For the rest of this paper, we fix the following notation. We suppose that G is a split
simple group over k, of type A,, D,, or E,. We fix also a stable involution 6 of G
and a regular nilpotent element E € g;. We recall that the pair (6, E) is determined
uniquely up to G2 (k)-conjugacy. In this section we construct a family of curves
over the categorical quotient g; /Go. The construction is based on the notion of
transverse slice to the action of an algebraic group, which we now briefly review.

Transverse slices. For the moment, let H be an algebraic group acting on a variety
X, both defined over k. Let x € X (k). By a transverse slice in X to the orbit of
x (or more simply, a transverse slice at x), we mean a locally closed subvariety
S C X satisfying the following:

1. x € S(k).
2. The orbit map H x S — X, (h, s) — h - s, is smooth.

3. § has minimal dimension with respect to the above properties.

It is easy to show that if X is smooth, then transverse slices of the above kind
always exist and have dimension equal to the codimension of the orbit H - x in X.
(Here we use that k is of characteristic zero; in general, one should assume also
that the orbit maps are separable.) An important property of transverse slices is the
following slight extension of [Slodowy 1980b, §5.2, Lemma 3]:

Proposition 3.1. Let H be an algebraic group acting on a smooth variety X. Let
S1, 82 be transverse slices at points x1, x; € X (k), respectively, where x1, x; lie in
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the same H (k)-orbit of X. Let f: X — Y be an H-equivariant morphism, where
H acts triviallyon Y.

e 81, 8, are étale locally isomorphic over Y in the sense that there exists a
variety S over Y with a geometric point s and étale Y -morphisms ¢1: S — Si,
¢r: S — Sy with ¢1(5) = x1, P2(5) = x».

o Suppose further that k = C. Then S1(C), $2(C) are locally isomorphic over
Y (C) in the analytic topology. Furthermore, there exist arbitrarily small
neighborhoods U, C S1(C), Uy C $2(C) of x and analytic isomorphisms
Y Uy — U over Y (C) such that the induced maps

U]‘—)X((D), U]gUz‘—>X((E)
are homotopic over Y (C).

An important special case where we can construct transverse slices explicitly
is the case of a reductive group H acting via the adjoint representation on its Lie
algebra h. Let (e, h, f) be an sl,-triple in b.

Proposition 3.2. S = e + 35(f) is a transverse slice to the action of H at every
point of S. In other words, the multiplication map w: H x S — b is everywhere
smooth.

The proof is based on the following construction of Slodowy. First, we may
decompose ) = &; V; into a direct sum of irreducible submodules under the adjoint
action of the sl, spanned by e, i, and f. We let A: G,,, — H be the cocharacter with
di(1) =h. Let py, ..., p, be algebraically independent homogeneous polynomials
generating the ring of invariants k[h]”. (We remind the reader that the adjoint
representation of H on b is coregular, so such elements certainly exist.) We suppose
that they have degrees dy, . . ., d.. We suppose that V; has dimension m;, and choose
for each i a basis vector v; of the lowest weight space of V;.

A general element v € S can be written in the form v =e+ ), x;v;, and we have

A0 (V) = t2e + Z M, tuv=te+ Z tX;v;
i i

and
pi(A® ) = pi(v),  pi(tv) = 1% p;(v).

Defining an action p of G, on § by p(#)(v) = 21t~ (v), we see that S is p-
invariant, and the p-action contracts S to e. If we let G,, act on ) H by the square
of its usual action, then the composite S < b — b/ H becomes G,,-equivariant. In
other words, writing wy, . .., w, for the weights of the p-action on §, the morphism
S — b/ H is quasihomogeneous of type (d, ..., d,; wy, ..., w,). The weights w;
are given by the formula w; = m; + 1.
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Proof of Proposition 3.2. Define an action of G, x H on H x S by

(t, 8) - (k, 5) = (gka (1), p(1)(5)),

and let G,, x H act on h by (¢, g) - X =1t?g(X). Then the map p: H x S — b is
equivariant for these actions, and smooth in a neighborhood of H x {e} C H x S;
since the G,,,-actions are contracting, it follows that i is smooth everywhere. [

Corollary 3.3. The composite S — b — b/ H is faithfully flat.
Proof. The composite H x S — S — h//H is equal to the composite

HxS—bHh—bh/H,

which is a composition of flat morphisms, hence flat (H x § — b is flat since we
have just proved it to be smooth). Since the second projection H x S — S is flat,
S — b/ H must also be flat.

The image is a G,,-stable open subset of h/ H containing the origin, hence the
whole of b/ H. The faithful flatness follows. ]

Let us now return to our group G with stable involution 8, and let (e, &, f)
now denote a normal sl,-triple. From the above, we see that there is a direct sum
decomposition g = [e, g] @ 34(f). Both summands are 6-stable so we deduce that
g1 = le, gol ® 34(f)1, where by definition 34(f)1 = 34(f) N g1. It follows that
X =e+34(f)1 is a transverse slice at e € g;, and the contracting G,,-action on
e +34(f) leaves X invariant. Identical arguments to those above now prove the
following.

Proposition 3.4. The map . Gox X — g is smooth and the composite X — g; —
91/ Go is faithfully flat.
We now examine two special cases of this construction in more detail.

The regular sl, and the Kostant section. Let dy, ..., d, denote the degrees of
algebraically independent homogeneous generators of the polynomial ring k[g;]°.
We let (E, H, F) be the unique normal sl,-triple containing the element E, and set
k = E +34(F)1. We call « the Kostant section. It has the following remarkable
properties.

Lemma 3.5. The composite k < g1 — g1//Go is an isomorphism. Every element
of « is regular. In particular, the map g1(k) — (g1//Go)(k) is surjective, and
if k is algebraically closed then k meets every Go(k)-conjugacy class of regular
semisimple elements.

Proof. 1t is well-known that in this case the map k — g1/ Gy is quasihomogeneous
of type (2dy, ...,2d,;2d, ..., 2d,); compare [Panyushev 2005, proof of Theo-
rem 3.3]. Lemma 3.14 now implies that it must be an isomorphism. The remaining
claims are immediate. O
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A subregular sl;. Fix anormal subregular sl-triple (e, i, f), and set X =e+34(f)1.
(Note that if G is of type Ay, then there is no nonzero subregular nilpotent element,
and therefore no subregular sl,-triple, since by definition an s(,-triple consists of
3 linearly independent elements. In this case, we just take X = g;.) Recall that we
have defined an action of G,, on X.

Proposition 3.6. We have dim X =r + 1. We write wy, ..., w41 for the weights
of the Gy,-action. After reordering, we have w; = 2d; fori =1,...,r — 1. The
2d;,i=1,...,r —1 and w, and w1 are given in the following table:
2d1 2d2 2d3 s s 2dr_2 2dr_1 Zdr Wy Wr41

A, 4 6 8 .-~ ... 2r—2 2r 2r +2 2 r+1

D, 4 8 12 .-+ - 4r—8 2r 4r — 4 4 2r—4

Es 4 10 12 16 18 24 6 8

E7 4 12 16 20 24 28 36 8 12

Eg 4 16 24 28 36 40 48 60 12 20

Proof. The proof is by explicit calculation, along similar lines to the proof of
[Slodowy 1980b, §7.4, Proposition 2]. We describe the method. If V C g is a 6-stable
simple sl-submodule, then its highest weight space is #-invariant. Moreover, the
eigenvalue of 6 on this highest weight space determines the action of 6 on every
weight space. We can calculate a decomposition of g into a direct sum of §-stable
simple sl;-modules by calculating the dimension of each weight space of &, and the
trace of 8 on each weight space. This can be accomplished by using the explicit 6
constructed in Lemma 2.13 and a list of the roots of g. We can then fill in the table
by reading off the lowest weight spaces which have 9-eigenvalue equal to —1. [J

Example 3.7. We illustrate the method of proof in the case that G is of type A»,.
Then a choice of & is

10 0
h=100 0],
00 -1

in the notation of Example 2.19. We can write the weights of 4 on g with multiplicity
as follows:
-2 0 2
-1 1
-1 1
0

Thus g decomposes as a direct sum V(3)d V(2) b V(2) & V(1), where V(i)
denotes the unique isomorphism class of sl,-modules of dimension i. In this case
—1 is an eigenvalue of 6 of multiplicity 1 on each weight space. (Recall that —6 is
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reflection in the antidiagonal.) We can now decorate each weight space with a +
or —, according to its 6-eigenvalue:

-2~ 0t 2~
-1t 1~
—1- 1"
0-
It follows that dim 34( /)1 = 3, as expected, and the eigenvalues of 4 on 34(f); are
—2, —1 and 0, hence the weights on e + 34(f)1 are 2, 3 and 4.

Henceforth we write g;/Go = B, and ¢: X — B for the restriction of the
quotient map 7 : g; — g1/ Go to X. The main result of this section is the following.

Theorem 3.8. The fibers of ¢ are reduced curves. The central fiber Xo = ¢~ '(0)
has a unique singular point which is a simple singularity of type A,, D,, E,,
corresponding to that of G. We can choose homogeneous coordinates (pq,, - - -, Pd,)
on B and (pg,, ..., pa._,,x,y) on X such that the family X — B of curves is as
given by the following table:

G | X

A, y2 — xr-H +p2xr—1 + At pro

Dy | y(xy+p)=x"""+pox"2+ -4 pry

Ee | ¥} =x*+y(pax?+ psx + ps) + pex* + pox + p1

Eq7 |y} =x%y+ piox? + x(p2y* + psy* + p1a) + pey* + pi2y + pis

Es | y> =X+ y(p2x® + psx? + prax + pao) + p12x> + pisx? + paax + p3o

(This means, for example, that when G is of type A,, the relation p,4; =
y2 — (2"t 4 pox"~ 1 4 ... 4 p,x) holds on X.) The proof of Theorem 3.8 follows
closely the one in [Slodowy 1980b], with some simplifications due to the fact that we
work with curves, rather than surfaces. We begin with some general considerations,
and reduce to a case-by-case calculation using the invariant degrees of G.

The possibility of choosing coordinates as above is a consequence of the next
result.

Lemma 3.9 [Slodowy 1980b, §8.1, Lemma 2]. Let V and U be k-vector spaces of
dimensions m and n, respectively, on which G, acts linearly. Let ¢: V — U be a
morphism equivariant for these actions. Suppose that d¢o has rank s and that G,
acts with strictly positive weights on U and V.

Then there exist G,-invariant decompositions V. = Vo d W, U = Uy & W,
dim W = s, and a regular automorphism o of V such that ¢ o o has the form
(vo, w) = (¥ (vo, w), w) for some morphism : Vo W — U.

To apply this to the map ¢: X — B, we need the following result.
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Proposition 3.10. Let x € X. Then do, has maximal rank r = rank G if and only
if x is a regular element. The map d¢y: T,X — TyB has rank r — 1.

Proof. Let p: g — g//G denote the adjoint quotient map. For any y € g;, we have
dpy(go) =0. This is true if y is regular, since then go =[y, g1] C [y, g] is contained
in the tangent space to the orbit G - y. It then follows for any y € g;, since the
regular elements are dense. In particular, we have rank dp, = rank dm, =rank dg,
for any y € X. The first part of the proposition now follows, since y € g; is regular
if and only if dp, has maximal rank.

For the second part, we remark that rank dp, = r — 1 if e is subregular nilpotent,
by [Slodowy 1980b, §8.3, Proposition 1]. ([

We thus obtain a decomposition of affine spaces X = V@ W, B=Uy®d W, where
dimW =r —1, dim Vy = 2, and dim Uy = 1. With respect to these decompositions
we write ¢: Vo W — Uy @ W in the form ¢ (v, w) = (¥ (vg, w), w).

Recall that ¢ is G,,-equivariant of type (2dy, ..., 2d,; wi, ..., wy41). By in-
spection of the tables above, we have 2d, > w;, eachi =1,...,r + 1, and hence
the weights occurring in W are 2d, ..., 2d,_;. Moreover, the unique weight of
Uy is given by 2d, and the weights of V; are w,, w, 4. Let x, y be homogeneous
coordinates on V of weight w, and w, 1, respectively. It follows that Xg C Vj is
cut out by a quasihomogeneous polynomial f(x, y) of type 2d,; wy, wy+1).

Proposition 3.11. After possibly making a linear change of variables, the polyno-
mial f(x,y) is as given by the following table.

G fx,y)
A r>1 y? —x/ 1
D,.,r>4 xyz—x’_1

E6 y3_ 4

Eq 3—x3y

Eg y—x°

Proof. We suppose first that k is algebraically closed. Then the induced map
Go x Xo — m~'(0) is smooth, since X is a transverse slice and this property is
preserved under passage to fibers (see [Slodowy 1980b, §5, Lemma 2]). Since
7~1(0) is smooth along the regular locus, X is generically smooth, hence reduced.
We now proceed by direct computation. Let us treat for example the case of A,.
Then f(x, y) is quasihomogeneous of type (2r +2; 2, r + 1), where we suppose
that the weights of x and y are 2 and r + 1, respectively.

Since f defines a reduced curve, it must have the form ay2 —bx"*! witha, b
nonzero constants. After rescaling we may assume that f has the form given in the
statement of the proposition. The same argument works for the other cases as well.
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Now suppose that £ is not algebraically closed. The same argument suffices,
except in the cases Ay,4+1 and D,,. For example, in the case A, one must
rule out the possibility f(x, y) = y> —ax?*2, where a € k* is a nonsquare. But
the natural action map Gy X Xo — 7~1(0) induces an injection on geometric
irreducible components — see Lemma 4.14. The irreducible components of 771(0)
are geometrically irreducible, so it follows that the same must be true for X, hence
a must be a square. The same argument works for the case of type D»,. ([

At this point we have identified the central fiber of ¢ with the desired curve.
We will obtain the identification over the whole of B via a deformation argument.
Before doing this, we must determine the singularities appearing in the other fibers
of ¢.

Proposition 3.12. Let t € g; be a semisimple element, and let b denote its image
in B. Let D denote the Dynkin diagram of Z¢(t), and write it as a disjoint union
D = D1 U---U Dy, of its connected components.

Let y € 9~ (b)(k) = X}, (k) be a singular point. Then y is a simple singularity of
type D; for somei =1, ...,s.

Proof. We have an isomorphism
Go x“0® (1 +N(Gg(0)1) =7~ (b,

induced by the map (g, +n) — g - (t +n). Let y have Jordan decomposition
y = ys + yn. Without loss of generality, we may suppose that k is algebraically
closed and that y; = ¢. Then y, € 34(¢) is a subregular nilpotent element. If we
decompose [34(1), 34(1)] = (' % .. x ¥ into a product of simple, §-stable subalgebras
then y, has a decomposition y, = y; +- - - + yx, where y; € [ is a nilpotent element.
After renumbering, we can assume that y; € [! is a subregular nilpotent element,
and all of the other y; € [ are regular nilpotent. Moreover, the restriction of 8 to
each [ is a stable involution.

Now fix a transverse slice S; to the Zg,(¢)-orbit of y; in [}. It then follows
that S} + ) =i is a transverse slice to the Zg, (¢)-orbit of y, in N' ([%) and hence
X =t+8+ ijzyj is a transverse slice at y to the G action in 7 1(b), as the
above isomorphism makes 7~ (b) into a fiber bundle over G/ Zg,(t) with fiber
NGg()-

On the other hand, we know that X}, is also a transverse slice at y to the G action
in 771 (b). The result now follows from Proposition 3.1 and Proposition 3.11. [

Semiuniversal deformations and the proof of Theorem 3.8. We can now complete
the proof of Theorem 3.8. There exists a semiuniversal deformation Z — D of the
central fiber X as a G,,,-scheme, where Z—>Disa morphism of formal schemes
with underlying reduced schemes given by X¢o — Speck [Slodowy 1980b, §2.7].
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The proof of the theorem is based on the fact that, since Xg is given as the zero
set of an explicit polynomial f(x, y), Z — D admits a canonical algebraization
Z — D which we can calculate explicitly and then compare with X — B.

Proposition 3.13. Let f(x, y) be a polynomial in two variables, quasihomogeneous
of type (d; wi, wa). Let Xo C A? denote the closed subscheme defined by f, and
suppose that X has an isolated singularity at the origin. Then we can construct
a semiuniversal G,,-deformation of Xy: Let J = (df/0x,df/dy) C k[x, y] denote
the Jacobian ideal of f. Then k[x, yl/J is a finite-dimensional k-vector space, and
receives an action of G,,. Choose G,,-invariant polynomials g\(x, y), ..., g.(x, y)
projecting to a k-basis of Gp,-eigenvectors of k[x, y]/J. Now define

Z={f4+tg+ - +t.ga =0} CAZx A",

and let ®: Z — D denote the natural projection to the A" factor.

Suppose that g; has weight r;, and let G, act on t; by the character t —
Then @ is a Gy,-equivariant morphism, and the formal completion ®:Z—>D of
this morphism is a semiuniversal G,,-deformation of Xy.

rd=ri,

Proof. See [Slodowy 1980b, §2.4]. (]

Applying this to our fixed polynomial f, we obtain a family of curves Z — D,
where D is an affine space of dimension 7, and a Cartesian diagram of formal
schemes:

X—7

B——D
An elementary calculation shows that in each case A,, D,, or E,, we have n =r
and Z — D is the family of curves appearing in the statement of Theorem 3.8. The
morphism B — D is given by power series and respects the G,,-actions on either
side, which both have strictly positive weights; it follows that these power series

are in fact polynomials, so this morphism has a canonical algebraization. We obtain
a second Cartesian diagram:

S—

|

O<~—N

The bottom horizontal arrow is a G,,-equivariant polynomial map between affine
spaces of the same dimension and the weights on the domain and codomain are the
same. We now apply the following lemma:
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Lemma 3.14 [Slodowy 1980b, §8.1, Lemma 3]. Let Gy, act on affine spaces V, U
of dimension n, and let ¢: V — U be an equivariant morphism. Suppose that:

o G, acts on 'V and U with the same strictly positive weights.

e The central fiber ¢~ (0) is zero dimensional.
Then ¢ is an isomorphism.

We must verify that the second condition holds. If b € B is mapped to 0 € D,
then X, = Xg. Proposition 3.12 implies that all singularities in the noncentral fibers
of ¢ are simple singularities belonging to simply laced root systems of rank strictly
less than r, and so we must have b = 0. This completes the proof of Theorem 3.8.

A lemma. The results of this section will be used later. Let S = e + 34(f), and let
7 denote the involution of S induced by —6. Thus S is an affine space of dimension
r +2, and we have ST = X

Lemma 3.15. We can choose global coordinates z1, ..., 2,42 on S, uy, ..., u,
on B such that 71, ..., zZ,+1 are fixed by t, t(2,+2) = —2Z,+2, and such that the
following holds: the morphism X — B is given by the formula

@l D) P (2 2t f @1 Zrg1)

for some polynomial function f, and the morphism S — B is given by the formula

2
(Zlv ~~'5Zr+2) e (le e Zr—1>» f(zl’ ---er+1)+Zr+2)-

Proof. We recall that there is a contracting action of (3,,, on S, and that this action
sends X to itself. Applying Lemma 3.9, we see that we can find G, and t-invariant
decompositions S = V@ VU, B = Uy U such that the map S — B is given by
(vg, v1, U) — (1/f(vo, vy, U1), u) for some (,,,-equivariant morphism . Moreover, t
acts trivially on Vo@ U and as —1 on V. We have dim Vp =2, dim V| =dim Uy =1,
dim U =r — 1. Moreover, v is quasthomogeneous of some degree.

We choose coordinates as follows: let zy, ..., z,— be arbitrary linear coordinates
on U, z,, z,+1 coordinates which are eigenfunctions for the G,,-action, and z, 4
an arbitrary linear coordinate on Vj. Then [Slodowy 1980b, §7.4, Proposition 2]
implies that z,1, has degree equal to half the degree of . It follows that we must
have ¥ (vg, v, u) = ¥ (v, 0, u) + zf - after possibly rescaling coordinates. (The
coefficient of zf 4» must be nonzero since Sy has a unique isolated singularity.) [

Corollary 3.16. Let b € B(k), and let t € ' (b) (k) be a semisimple element. Then
there is a bijection between the connected components of the Dynkin diagram of
Z(t) and the singularities of the fiber X;,, which takes each (connected, simply
laced) Dynkin diagram to a singularity of corresponding type.
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Proof. Lemma 3.15 implies that the singular locus of S is equal to the singular
locus of X;,. We have seen that the singular points of X, are precisely the subreg-
ular elements of X,,. It therefore suffices to show that X, meets each G-orbit of
subregular elements in p~!(b) exactly once, or equivalently that S, meets each
G-orbit of subregular elements in p~!(b) exactly once. This follows immediately
from [Slodowy 1980b, §6.6, Proposition 2] and the remark following. O

4. Jacobians and stabilizers of regular elements

We continue with the notation of the previous section. Thus G is a split simple
group of type A, D, or E,, 0 is a stable involution of G, and E € g; is a regular
nilpotent element. The pair (0, E) is uniquely determined up to G2 (k)-conjugacy.
This data determines a regular normal sl,-triple (£, H, F'). We choose further
a subregular normal sl-triple (e, i, f). Our chosen sl,-triples give two special
transverse slices: first, the Kostant section x = E + 34(F), which is a section of
the categorical quotient 7 : g; — B by regular elements; second, a transverse slice
to the Go-orbit of e, X = e+ 34(f)1. The fibers of the induced map ¢: X — B are
reduced connected curves.

In this section we shall write g° for the open subvariety of regular semisimple
elements, and B™ for its image in B. For any variety Z — B we will write
Z"™ = Z x g B™. Thus the morphism X™ — B™ is a family of smooth curves.

Homology. Fix a separable closure K of k. In the following if X is a k-scheme of
finite type, we will write H{ (X, [F,) for Hélt(X Qi K, [F)*, the dual of the first étale
cohomology of X ®; K. This is a finite group, and receives an action of the Galois
group Gal(K / k).

Suppose that A is a finite group scheme over k, killed by 2, and that Y — X is an
A-torsor. This defines a class in H} (X ®« K, A ® K) = Hom(H, (X, F2), A(K)).
Viewing H;(X, ;) as a finite group scheme over k, this class defines a homomor-
phism H(X, ;) — A.

Now suppose given an embedding K < C. Then there is a canonical iso-
morphism H; (X, F,) = H; (X (C), ;) with the topological homology. If X (C) is
connected and x € X (C), then the homomorphism 771 (X (C), x) — A(C) induced by
the torsor ¥ — X factors through the Hurewicz map 71 (X (C), x) — H{ (X (C), F»)
and the induced map H,(X (C), F,) — A(C) agrees with the previous one, up to
applying the comparison isomorphism. In particular, this map does not depend on
the choice of basepoint.

If X is a geometrically connected smooth projective curve over k, then there is a
canonical isomorphism H; (X, F») = Jx[2], where Jx denotes the Jacobian of the
curve X.
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Stabilizers of regular elements. Let grleg C g1 denote the open subset of regular
elements. We write Z — grleg for the stabilizer scheme, defined as the equalizer of
the diagram

reg M) reg

GO X g] _ > g]
(g, x)—~>x

Proposition 4.1. 1. Z is a commutative group scheme, quasifinite over grleg .

2. Z admits a canonical descent to B. In particular, for any two x, y € grleg with
the same image in B, there is a canonical isomorphism Zg,(x) = Zg,(y).

Proof. The first part can be checked on geometric fibers.

For the second part, we show that x*Z is the sought-after descent. The map
(G x  — grleg is faithfully flat. In fact, it is étale, and [Kostant and Rallis 1971,
Theorem 7] shows it to be surjective. It is now easy to construct an isomorphism
between m*«k*Z and Z over this faithfully flat cover. This defines a morphism of
descent data since Z is commutative. ]

We henceforth write Z for the descent to a commutative group scheme over B.
Consider the orbit map u™: Go x k™ — g}°. This map is finite and étale, and we
can form the pullback square:

[ — Gox k™

L

er inS

Concretely, for b € B"(k), ', — X, is the Zj-torsor given by

Iy ={g€Golg k()€ Xp}. (4-1)
We thus obtain a Galois-equivariant map H;(Xp, F2) — Zp.
Theorem 4.2. If G is simply connected, the map just defined is an isomorphism.

Example 4.3. Let us first illustrate the theorem in the case G = SL,. We can take

6 to be conjugation by the matrix ((1) _?). Then we have

w={(5 %)} o w={(570))

The regular nilpotents in g; are those with x or y zero but not both, and the only
subregular nilpotent element in g; is zero. The quotient map g; — g1/Go = A!
sends the above matrix to xy € Al. In particular X = g; in this case, with the
smooth fibers of the map ¢: X — g; /Gy isomorphic to the punctured affine line.
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The group Gy is isomorphic to G, and t € G, acts by

t'Ox_ 0 1%x
y o) \tr %y 0)°

The stabilizer of any regular semisimple element is u; C G,,, and it is clear that
for any b € A! — {0}, the induced map H;(Xp, F2) — up is an isomorphism.

We now consider the proof of the theorem in the general case. It suffices to prove
the theorem when k = C, which we now assume. In what follows, we simplify
notation by identifying all varieties with their complex points. Fix a choice ¢ of
Cartan subspace, and let C C G denote the corresponding maximal torus.

Now choose x € ¢, and let b =7 (x) € B. Let L = Zg(x) and [ = Lie L. We
write L' for the derived group of Zg (x), which is simply connected, since G is. In
the following, given y € ¢, we shall write gy, for the fiber of the map g x/wec— ¢
above y, and [; , for the fiber of the map [; X/ w ) ¢ — ¢ above y.

Lemma 4.4. Let y € ¢'*. Then there is a commutative diagram

Hi(ly, F2) —— Zp1(y)

| |

Hi(g1,y, F2) —= Zg,(y)

Proof. This follows from the existence of a commutative diagram

Ly ——1,

-

GO I gl,ya

where the top row is a Z; ! (y)-torsor and the bottom row is a Zg,(y)-torsor. The
vertical arrows are compatible with the homomorphism Z; ! ) = Zg,(y). O

Suppose that X; has a singular point u = u; + u,. Choose g € Gg such that
g-us=x €c,and set v=g-u. The Jordan decomposition of v is v = vy +v, = x+v,.
Then v, € [ is a subregular nilpotent, corresponding to a connected component
D(v,) of the Dynkin diagram of L. We choose a normal subregular sl,-triple
(vpn, t, w) in [ containing v,, and define X!'=v, + 31(w)y. X! is a transverse slice
to the Lg-orbit of v in [}, by Proposition 3.4.

Proposition 4.5. The dimension of X' is rank G + 1. X' C gy is a transverse slice
to the Go-orbit of v in g;.
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Proof. X! has the correct dimension to be a transverse slice to the orbit of a subreg-
ular element, so it suffices to check the infinitesimal condition [v, go] N 3(w); = 0.
In fact, we show that [v, g] N 31(w) = 0. Define

V= @ g“.

aed,

a(x)#0
Then V is the orthogonal complement of [ with respect to the Killing form of g,
and so is [-invariant. It follows that [v, g] = [v, V] & [v,, [] C V & [v,, []. We thus
have [v, gl N3(w) = [v,, I N 3(w) =0. (]

Proposition 4.6. For all sufficiently small open neighborhoods U of u in X, there
exists an open neighborhood Uy of b € ¢/ W such that for all y € =~ (Uy) N ¢ there
is a commutative diagram

Hi(X),F2) — Hi(l1,y, F2)

l |

Hi(Uy, Fy) —— Hi(g1,y, F2).

Proof. If U 1is a sufficiently small open set around « in X, then by Proposition 3.1
we can find an isomorphism i between U and an open neighborhood V of v in
X! over ¢/ W, such that /(1) = v and the two induced maps V < [; < g; and
V = U < g; are homotopic over ¢/ W. After possibly shrinking U, we can assume
that the image of V in ¢/ W (x) maps injectively to ¢/ W.

In particular, for ¢ sufficiently close to b we have a commutative diagram

Hi(Ve, Fy) —— Hi (11 ¢, F2)

l l

Hy(U¢, Fp) —— Hi(g1,c, F2).

To obtain the statement in the proposition, we note that for ¢ sufficiently close to
band y e 7~ (¢) N¢, we can find an open subset V! C V, such that the inclusion
V.cX ; induces an isomorphism on H;. (Use the contracting G,,-action.) This
completes the proof. ([

Corollary 4.7. With hypotheses as in Proposition 4.6, suppose in addition that
y €. Let C(x) C L' be the maximal torus with Lie algebra ¢ N\ ['. Then there is a
commutative diagram

Hi(X}, F2) — X.(C(x))/2X.(C(x))

l l

Hi(Xy, F2) — X.(C)/2X.(C).
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Proof. There is an isomorphism
Z6,(y) = X(0)/2X,(C),

and similarly for Z L) (y). The corollary now follows from Proposition 4.6, on
noting that the map U, — g , factors through the inclusion X, C gy y. O

To go further, it is helpful to compare this with another description of the
homology of the curves X .

Theorem 4.8. 1. The map X" — ¢/ W is a locally trivial fibration (in the
analytic topology), and so the homology groups H\(X., F») for c € B" fit into
a local system ¥1(X) over ¢/ W. The pullback of this local system to ¢*° is
constant.

2. Suppose x € ¢ has been chosen so that a(x) =0 for some a € ®., and the only
roots vanishing on x are . Then for each y € ¢ there is a vanishing cycle
Yo € H1(Xy, F2), associated to the specialization X, — X,. This element
defines a global section of the pullback of 3, (X) to ¢".

3. Let R, C @ denote a choice of root basis. Then for each y € ¢ the set
{Va | o € R} is a basis of Hi(Xy, [2).

It seems likely that this description of the local system #;(X) is well-known to
experts, but we have not been able to find an adequate reference in the literature.
The proof of this theorem is given in Section 4 below. See in particular Lemma 4.20
for the definition of the vanishing cycle y,.

Now suppose x € ¢ has been chosen so that «(x) = 0 for some « € ®, and
the only roots vanishing on x are +«. Then the derived group of L is isomorphic
to SL,. By Corollary 3.16, the fiber X, has a unique singularity of type A;. For
y € ¢ sufficiently close to x, we have by Corollary 4.7 a diagram

H (X}, F2) — X.(C(x))/2X.(C(x))

l l

Hi(Xy, F2) X (C)/2X+(C).

It follows from the calculations in Example 4.3 for G = SL, that the top arrow is an
isomorphism, while the right vertical arrow has image equal to the image of the set
{0, ¥} in X,(C)/2X,(C). Moreover, it is clear from the proof of Proposition 4.6
and the definition of the vanishing cycle (Lemma 4.20) that the image of the
nontrivial element of H; (X!, F,) in H; (X y, [2) is exactly the vanishing cycle y,.
Applying the commutativity of the above diagram, we deduce that the image of y,
in X,(C)/2X,(C)isjusta’ mod 2X,(C). Since y, comes from a global section of
the local system 3¢ (X), we deduce the result for any y € ¢, not just y sufficiently
close to x.
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It follows that for any y € ¢, the map
H\(Xy, F2) = Zg,(y) = X (C)/2X.(C)

takes a basis of H; (X, [>), namely the set of y, as o ranges over a set of simple
roots, to a basis of X, (C)/2X,(C), namely the corresponding set of simple coroots.
This completes the proof of the theorem.

The case of G adjoint. We now introduce a compactification of the family X — B
of affine curves.

Lemma 4.9. The family ¢ : X — B admits a compactification to a family Y — B of
projective curves. Endow Y \ X with its reduced closed subscheme structure. Then
Y \ X is a disjoint union of smooth nonintersecting open subschemes Py, ..., P,
each of which maps isomorphically onto B. Moreover, Y — B is smooth in a
Zariski neighborhood of each P;. For each b € B®(k), Y}, is the unique smooth
projective curve containing Xy, as a dense open subset. Each irreducible component
of Yo meets exactly one of the sections P;.

Proof. We take the projective closure of the equations given in Theorem 3.8, and
blow up any singularities at infinity. An easy calculation shows in each case that
the induced family ¥ — B satisfies the required properties. ]

Let us now suppose that G is adjoint, and let G — G denote its simply connected
cover. We write Z%¢ for the stabilizer scheme of G* over B. The natural map
Z5¢ — Z is fiberwise surjective. Fix b € B™(k). In Theorem 4.2, we saw that the
inclusion X, <> gy 5 induces an isomorphism H; (X, F2) — Z;° of finite k-groups.
On the other hand, we have a surjection H (X, F2) — Hi(Yp, Fp).

Theorem 4.10. The composite
H](Xb, |]:2) — ZZC — Zh
factors through this surjection, and induces an isomorphism H\(Yp, Fy) = Z,,.

By Corollary 2.12, there is a canonical alternating pairing on Z;°, with radical
equal to the kernel of the map Z;° — Z;. On the other hand, there is a pairing (-, -)
on H(Xp, F,), namely the intersection product, whose radical is exactly the kernel
of the map H,(X,, Fp) — H;(Yp, F»). The theorem is therefore a consequence of
the following result.

Theorem 4.11. The isomorphism H\ (X, F2) = Z;° preserves these alternating
pairings.

Corollary 4.12. There is an isomorphism Jy,[2] = Z), of finite k-groups that takes
the Weil pairing to the pairing on Zj, defined in Corollary 2.12.
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Proof of Theorem 4.11. We can again reduce to the case k = C. Fix a choice of
Cartan subspace ¢, and let C C G*¢ be the corresponding maximal torus. Choose
y € ¢®. Let y, € Hi(X,, [>) be the element defined in Theorem 4.8. We will
derive the theorem from the following statement: fix a root basis R, of @, and let
a, B € R, be distinct roots. Then (y,, yg) = 1 if a, B are adjacent in the Dynkin
diagram of g, and (¥4, yg) = 0 otherwise. We split the rest of the proof into two
cases, according to these possibilities.

Case 1. If a, B are distinct adjacent roots, then we can choose x € ¢ such that the
elements of @, vanishing on x are exactly the linear combinations of o and 8. Let
L =Zge(x)and L' = L% Then L' = SL3, and the root system ®.(x) C ®, is
spanned by o and 8. Moreover, we have by Corollary 4.7 for all y € ¢ sufficiently
close to x a commutative diagram

H (X}, F2) — X.(C(x))/2X.(C(x))

l l

Hi(Xy, F2) X, (C)/2X.(C),

where C(x) C L' is the maximal torus with Lie algebra cN ('. We know that the
horizontal arrows are isomorphisms, and the vertical arrows are injective. The
vertical arrows preserve the corresponding pairings.

Now, both of the objects in the top row of the above diagram are 2-dimensional
[F,-vector spaces, and their corresponding pairings are nondegenerate. (This is easy
to see: the curve X )1 is a smooth affine curve of the form y> = x> +ax + b.) There
is a unique nondegenerate alternating pairing on any 2-dimensional [F,-vector space,
so we deduce that (yy, yg) = 1.

Case 2. If a, B are distinct roots which are not adjacent in the Dynkin diagram of g,
then we can choose x € ¢ such that the roots vanishing on x are exactly the linear
combinations of & and 8. Let L = Zg(x) and L' = L%, Then L' = SL, x SL,,
and X, has exactly two singularities, each of type A;. We can choose disjoint
open neighborhoods Uj, U, of these singularities in X such that for each y € ¢
sufficiently close to x, the map Hy (U, , U U, y, F2) — H{(Xy, [2) is injective and
has image equal to the span of y,, and yg. We see that these homology classes can
be represented by cycles contained inside disjoint open sets of X . Therefore their
intersection pairing is zero, and the theorem follows. (]

A parametrization of orbits. We suppose again that k is a general field of charac-
teristic 0. Before stating our last main theorem, we summarize our hypotheses. We
fix the following data:

A split simple adjoint group G over k, of type A,, D,, or E,.
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« A stable involution 6 of G and a regular nilpotent element E € g;.
o A choice of subregular normal s[,-triple (e, &, f).

In terms of these data, we have defined:

o The categorical quotient B = g/ Gy.

o The Kostant section ¥ C gj.

o A family of reduced connected curves X — B.

o A family of projective curves Y — B containing X as a fiberwise dense open
subset.

A stabilizer scheme Z — B whose fiber over b € B(k) is isomorphic to the
stabilizer of any regular element in g 5.

 For each b € B™(k), a natural isomorphism Jy, [2] = Z,, that takes the Weil
pairing to the nondegenerate alternating pairing on Z; defined in Corollary 2.12.

Proposition 4.13. For each b € B™(k), there is a bijection
g1.5(k)/ Go(k) Zker(H' (k, Jy,[2]) — H'(k, Go)),
which takes the orbit of k;, to the distinguished element of H' (k, Jy, [2]).

Proof. Let K be a separable closure of k. We recall that if H is an algebraic group
over k which acts on a variety X, and H (K) acts transitively on X (K), then given
x € X (k) there is a bijection

X (k)/H (k) =ker(H'(k, Zy (x)) - H'(k, H)),

under which the H (k)-orbit of x is mapped to the distinguished element, by [Gross
and Bhargava 2012, Proposition 1]. We apply this with H = Go, X = g1, and
base point x =k}, € g1,,(k) induced by the Kostant section. The result follows on
using the identification Zy (x) = Jy,[2] of Theorem 4.10. O

To go further we want to interpret the relative position of the nilpotent elements
E and e geometrically.

Lemma 4.14. There are bijections between the following sets:

1. The set of irreducible components of Xy.

2. The set of Gg-orbits of regular nilpotent elements in g containing the Gy-orbit
of e in their closure.

3. The set of connected components of Y \ X.

Proof. The map uo: Go x Xg — N(g;) is flat, and so has open image. This image
therefore contains all regular nilpotent Go-orbits whose closure meets e. On the
other hand, one checks using Proposition 2.30 that in each case the number of
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regular nilpotent Go-orbits containing e in their closure is equal to the number of
irreducible components of Xy. We can therefore define a bijection between the first
two sets by taking an irreducible component of X to the Gg-orbit of any point on
its smooth locus.

We write Y \ X = Py U---U Py as a disjoint union of open subschemes, each of
which maps isomorphically onto B. By Lemma 4.9, each irreducible component
of Yy meets a unique section P;. We define a bijection between the first and third
sets above by taking an irreducible component of Xy to the unique section P;
meeting its closure in Yj. (|

We come now to our main theorem. We choose a section P = B inside Y \ X,
and we suppose that E corresponds under the bijection of Lemma 4.14 to the unique
component of Xy whose closure in Yy meets P. For each b € B®(k), Py € Yp(k)
defines an Abel-Jacobi map f Py y, Jy,. (For the definition of this map, see
[Milne 1986, §2].)

Theorem 4.15. For every b € B™(k), there is a commutative diagram, functorial in
k, and depending only on e up to Gy(k)-conjugacy:

Xp(k) —— g1,5(k)/ Go(k)

Ty, (k) —>= H(k, Jy,[2]).

The arrows in this diagram are defined as follows:

e (s induced by the inclusion X, — g1 p.
e g is the restriction of the Abel-Jacobi map * to X}, C Y.

e § is the usual 2-descent map in Galois cohomology associated to the exact
sequence

0= Jy,[2] = Jy, 3 gy, — 0.

e y is the classifying map of Proposition 4.13.

Proof. We think of the group H'!(k, Jy,[2]) as classifying Jy, [2]-torsors over k.
With b as in the theorem, let £, = [2]_1fp”(Yb) C Jy,. We write j,: E, — Y}, for
the natural map. This is a Jy,[2]-torsor over Y, and the composite § o g sends a
point Q € X, (k) to the class of the torsor jb_l(Q) C Ep.

On the other hand, we recall the Jy,[2]-torsor I', — X, of (4-1), which extends
uniquely to a torsor hp: Dp — Y, by Theorem 4.10. The composite y ot sends a
point Q € X, (k) to the class of h;l(Q). It follows from [Milne 1986, Proposition
9.1] that the two covers D, — Y}, and Ej, — Y}, become isomorphic as Jy, [2]-torsors
after extending scalars to a separable closure of k. To prove the theorem, it therefore
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suffices to prove that D; and E}, are isomorphic as Jy,[2]-torsors over Y}, before
extending scalars. It even suffices to prove that h;l (Pp) is always the split torsor,
or in other words that h,;] (Pp) (k) is not the empty set.

Let u: Gog x k — g; denote the orbit map, and let X’ denote the intersection
of X with the image of . Because of the compatibility between E and P, the
subset X" U P of the underlying topological space of Y is open; let Y’ denote the
corresponding open subscheme. Then Y’ contains a Zariski open neighborhood of
PinY.

Let I = u~'(X’); this is a Z-torsor over X'. We show that I’ extends to a
Z-torsor over Y. In fact, there is a commutative diagram with exact rows:

0—— H\Y',Z) —— H\(X', Z) ——— H)(Y', R' . Z)

t

| | |

0 —— Hy(Yy, Z) — H{ (X}, Z) — Hy (Y, R'jk . 2),

where j: X’ — Y’ is the obvious open immersion, and (- )x denotes base change
to the separable closure K /k. Leti: P < Y’ denote the complementary closed
immersion. There is an isomorphism R! Jjk.+(Z2) =ik «Z, and hence

HY(Yy, R jk «(Z)) = HY(Bk, Z).

The group HéOt(BK, Z) is trivial. Indeed, the morphism Z — B is étale, while the
stalk of Z above the origin is trivial. The rightmost vertical arrow in the above
diagram is injective, and so the class of I'” in Hélt(X’, Z) lifts to Hélt(Y’, 7). We
write D" — Y’ for the corresponding torsor.

Let F/ — B denote the pullback of D’ to B = P — Y’. We must show that for
b as in the theorem, Fy is the trivial Z-torsor over k. We claim that in fact, F’ is
trivial. For we can choose a Zariski open neighborhood Uy of 0 € B and a Galois
finite étale cover U — Uy such that F’' x g U has a trivialization as a Z-torsor. If
U is sufficiently small, then Z(U) < Zj = 0 is trivial, so there is a unique such
trivialization. By descent, there exists a unique trivialization of F’ over Uy. The
existence of the contracting G,,-action on X — B now implies that F" must be
globally trivial, as required. This completes the proof of the theorem. U

A conjecture. We hope that the representations studied in this paper will have
applications to the study of the average size of the 2-Selmer groups of the Jacobian
varieties Jy,. The first step towards such applications is the following conjecture.

Conjecture 4.16. With assumptions as in Theorem 4.15, there exists a function
n: Jy, (k) = g1,5(k)/Go(k), functorial in k, making the diagram
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Xp(k) —— g1,5(k)/ Go(k)

Ty, (k) —= H'(k, Jy,[2])

commute.

The conjecture is true in each case (namely G of type A,, A3z, or D) where the
curves Y} have genus one. The representations we construct in this case are a subset
of the ones studied by Bhargava and Ho in their paper on coregular representations
associated to genus-one curves [Bhargava and Ho 2013], and in a forthcoming work
they apply their representations to the study of the average sizes of Selmer groups
[Bhargava and Ho > 2014]. In the cases listed above one could also apply the
methods of this paper, together with Bhargava’s techniques for counting integral
points in truncated fundamental domains, to calculate the average size of the 2-
Selmer groups of the curves in the corresponding families. Details will appear
elsewhere.

Bhargava and Gross [2013] have shown something very close to this conjecture
when G is of type A,,. They construct rational orbits using the geometry of the
intersection of two quadric hypersurfaces, and apply this to calculate the average
size of the 2-Selmer groups of a certain family of hyperelliptic Jacobians. On
the other hand, for some other Vinberg representations the work of Gruson, Sam
and Weyman [Gruson et al. 2013] gives a relation between the geometric invariant
theory and the geometry of the Jacobians of our algebraic curves, and it seems
likely that this should extend to an arithmetic relation also.

The proof of Theorem 4.8. In this section we prove Theorem 4.8. Thus G is a
simple simply connected group over k = C, 6 a stable involution, and ¢ C g; a
Cartan subspace. We fix a normal subregular sl,-triple (e, , f) in g, and define
S=e+33(f), X =e+33(f)1 = SNg;. Let v denote the automorphism of §
induced by —6; we then have S = X. In what follows we identify all varieties
with their complex points.

Lemma 4.17. Both S™ and X™ are locally trivial fibrations (in the analytic topology)
over ¢ /W,

Proof. We combine the Ehresmann fibration theorem and the existence of a good
compactification for X™ to see that it is a locally trivial fibration over ¢"*/W. The
corresponding result for S follows from the simple relationship between S and X,
see Lemma 3.15. O

Corollary 4.18. The homology groups H,(Sp, F2) and H\(Xp, Fp) for b € ¢/ W
form local systems ¥>(S) and ¥#(X), and these local systems are canonically
isomorphic.
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Proof. Only the second part needs proof. It follows either from a sheaf-theoretic
argument, or from the assertion that suspension does not change the monodromy
representation of a singularity, at least when one is working modulo 2; see [Arnol’d
et al. 1988, Theorem 2.14]. O

Given y € ¢ we write X, and Sy for the respective fibers over y of the maps
X X¢we—cand S X we—>c.

Lemma 4.19. The local systems #(X) and ¥,(S) become trivial after pullback
to ¢*.

Proof. In light of Corollary 4.18, it suffices to prove this assertion for #,(S). The
existence of the Springer resolution implies the existence of a proper morphism
S-S x¢/w ¢ such that for every y € ¢, the induced map S — Sy is a minimal
resolution of singularities. Moreover, S — ¢ is a locally trivial fiber bundle and
S X €® = § x¢/w ¢ is an isomorphism. See [Slodowy 1980a] for more details.
These facts imply the lemma. (|

It follows that for any y, z € ¢'*, the groups Hi(X,, F>) and H (X, [>) are
canonically isomorphic.

It is a consequence of Lemma 3.15 that given b € ¢/ W, a fiber X, has a unique
nondegenerate critical point if and only if S, does. Let y: [0, 1] — ¢ be a path
such that y (¢) is regular semisimple for 0 < ¢ < 1, but such that a unique pair
of roots £« vanishes on (1) = x. Then X, (or S,) has a unique nondegenerate
critical point, by Corollary 3.16. Let y = y(0). We define a homology class (that
we call a vanishing cycle) [y ]; € H (X, [») as follows.

We can find local holomorphic coordinates zj, ..., z,+1 on X centered at the
critical point of X; and local holomorphic coordinates uy, ..., u, on ¢/ W centered
at b such that the map X — ¢/ W is locally of the form

2 2
(@15 Zrp) 2 (@05 e 215, 27+ 254)-

For ¢ close to 1, we can then define a sphere (for a suitable continuous choice of

branch of </u,(¢t) near t = 1):
S' o) = {0, w1 (), Vur (D2, Vur (D210 | 2+ 274 = 1, 3z = 0}

We define a homology class in H; (X, [») by transporting the class of S L(t) for ¢
close to 1 along the image of the path y in ¢/ W. An entirely analogous procedure
defines [y 1o € H>(Sx, Fp).

Lemma 4.20. The homology class of the cycle [y] € Hi(X,, [2) (respectively,
[v]o € Ha(Sy, F2)) is well-defined and depends only on a. Moreover, these classes
correspond under the isomorphism Hy (X, F2) = Hy(Sy, F2) of Corollary 4.18.
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Proof. It is well known that the [y ]; are well-defined and depend only on the path
y up to homotopy. It follows from Lemma 4.19 that the [y ]; depend only on the
endpoint x = y (1) and not on the choice of path. To prove the lemma it suffices
to show that [y ], depends only on «. In fact [y ], is, by construction, the unique
nontrivial element in the kernel of the map

Hy(Sy, F2) = Ha(Sy, F2) = Hy(Sy, F2) — Hy(Sy, Fp).

The proof of [Shepherd-Barron 2001, Theorem 3.4] implies that there is an isomor-
phism of local systems %2(5’ ) = X, (C)/2X,(C) over ¢, and that the kernel of the
map HZ(S'X, Fo) — Hy(Sy, F») corresponds under this isomorphism to the span in
X4(C)/2X,(C) of " [l

We can therefore define for each « € ®, a global section y,, of the pullback of the
local system 3€; (X) to ¢, namely the class [y]; constructed above. Theorem 4.8
now follows from the above facts and the following result.

Lemma 4.21. Let R, C ®. be a choice of root basis, and let x € ¢™. Then the set
{va | @ € R} is a basis of H (X, Fp) as Fy-vector space.

Proof. This follows immediately from the corresponding fact for the simple coroots
{aV |a € R} O
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