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MINIMAL RATIONAL GRAPHS
ADMITTING A QHD SMOOTHING

MARTON BEKE

Using the picture deformation technique of de Jong and van Straten we
show that no singularity whose resolution graph has 3 or 4 large nodes, i.e.,
nodes satisfying d (v) + e(v) < —2, has a QHD smoothing. This is achieved by
providing a general reduction algorithm for graphs with QHD smoothings,
and enumeration. New examples and families are presented, which admit a
combinatorial QHD smoothing, i.e., the incidence relations for a sandwich
presentation can be satisfied. We also give a new proof of the Bhupal-
Stipsicz theorem on the classification of weighted homogeneous singularities
admitting QHD smoothings with this method by using cusp singularities.

1. Introduction

The study of complex surface singularities is a central area of interest in algebraic
geometry. A key problem is understanding the various ways a singularity can
be deformed into a smooth surface through a process called smoothing. This
paper investigates a specific type of deformation known as a rational homology
disk (QHD) smoothing. These are the topologically simplest kinds of deformations,
giving us hope of a complete classification. The conjecture is attributed to Wahl,
who had an unpublished list of singularities admitting a Q0HD smoothing, stating
that this list is complete. This paper presents further evidence for Wahl’s conjecture
by showing the following:

Theorem 1.1. No complex surface singularity whose resolution graph has at most
three large nodes of any degree, or at most four nodes of degree 3, and no further
nodes can admit a QHD smoothing.

We also give a new proof of the classification theorem for weighted homogeneous
graphs.

Theorem 1.2 [Bhupal and Stipsicz 2011]. The star-shaped graphs admitting a
QHD smoothing are precisely the graphs depicted in Figure 2 in Section 2 and
Figures 10—16 in Section 6.

MSC2020: 14B07, 14717, 32825, 32530, S51E30.
Keywords: rational homology disk, surface singularity, rational blowdown, Wahl’s conjecture,
smoothing, plane curve deformations.
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2 MARTON BEKE

Besides the algebro-geometric perspective, these spaces are also important in low-
dimensional topology motivated by the rational blowdown operation of [Fintushel
and Stern 1998], which uses QQHD fillings of linear graphs and a cut-and-paste
operation to generate topologically smaller exotic 4-manifolds. In a way this
problem also tries to classify all possible rational blowdowns of 4-manifolds.

Our result can also be interpreted as a generalization of an observation in [Bhupal
and Stipsicz 2013, Theorem 2.5, Remark 2.6]: a star-shaped graph, which admits a
QHD smoothing, cannot have a too negative node, which is the same as the large
nodes discussed here (e(v) +d(v) < =2).

In order to achieve these results, we use the deformation theory of sandwiched
singularities developed in [de Jong and van Straten 1998]. This reduces the question
of finding deformations of surface singularities to deformations of curves with
some intersections prescribed by the surface singularity. We will be mostly dealing
with the combinatorial properties of these intersection patterns. Using Donaldson’s
diagonalizability theorem, strong necessary conditions were imposed on graphs
admitting a QQHD smoothing by Stipsicz, Szab6é and Wahl [Stipsicz et al. 2008],
in particular the study of graphs with QQHD smoothings is essentially reduced to the
families G, W, N, M, A, B, C, a fact we will rely on in what follows. The proof
of Theorem 1.1 is as follows: Under the assumption of a graph having large nodes
and a QHD smoothing, we find a reduction algorithm (Section 3.2), so if a graph
admits (the combinatorics of a) @HD smoothing, then some smaller graph does
so too. This, and information about the general shape of our graphs, reduces the
problem to a finite number of graphs (Lemma 3.23). We then show (Theorem 4.1)
that any graph that admits a combinatorial solution to its @QHD smoothing problem
satisfies Z%( +n = 0, where n is the number of vertices of the graph, and Zg is
the anticanonical cycle. Using this statement, we can search through all possible
graphs to finish the proof of the theorem.

The proof of the Bhupal-Stipsicz theorem is a case analysis of possible solutions
to the @HD smoothing problem of graphs in A, B, C (since the other cases have
been settled already; see [Stipsicz et al. 2008, Section 8]). This argument is notably
simpler and shorter than the original proof, which utilizes the combinatorics of
symplectic curves and McDuff’s theorem. Accordingly the result is weaker, since
we only rule out the A, B, C graphs with one star from having a QHD smoothing,
whereas Bhupal and Stipsicz [2011] ruled them out from having a symplectic filling.
This gap is filled by new results of Plamenevskaya and Starkston. In [Plamenevskaya
and Starkston 2023] they expand the de Jong—van Straten theory into the symplectic
case, if the corresponding curve singularity has only smooth branches, and in
[Plamenevskaya and Starkston 2025] to the general case. This means, that if the
intersection pattern for a QHD smoothing is impossible then the graph cannot admit
a symplectic QHD filling.
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Figure 1. An illustration of the notation.

The paper is organized as follows: In Section 2, we review details on the A, B, C
families, and the deformation theory for sandwiched singularities. Section 3 gives
a specific introduction to minimal rational graphs, and describes and proves the
reduction algorithm. Section 4 shows some necessary conditions for a graph to
admit a combinatorial @HD smoothing. Section 5 is dedicated to examples of
graphs that admit combinatorial QHD smoothings, and Section 6 consists of an
introduction to the case when the curves can have cusp singularities, as well as the
proof of the Bhupal-Stipsicz theorem.

1.1. Notation. A number k on the edge of a graph I" means a path consisting of &
vertices framed —2. In some cases, k is allowed to be —1; in this case, we identify
the two endpoints of the edge with k and frame it e + f + 2, where e, f are the
framings of the two endpoints of the edge with k over it. See Figure 1.

2. Preliminaries

2.1. Graphs admitting a QHD smoothing. Stipsicz, Szab6 and Wahl [2008] derived
strong restrictions on the resolution graph of a singularity if it admits a QHD
smoothing.

Definition 2.1. A resolution graph I" on n vertices is called a symplectic plumbing
tree if its intersection lattice Qr admits an embedding into the negative definite
trivial lattice (Z(ey, ..., e,), n{—1)) such that K = _ ¢; represents the anticanonical
cycle of QOr.

Theorem 2.2 [Stipsicz et al. 2008, Corollary 2.5]. If a complex surface singularity
admits a QHD smoothing, its resolution graph is a symplectic plumbing tree.

The minimal resolution graphs with this property are completely classified; they
belong to one of seven classes. The first, G, consists of linear graphs, with framings
given by the negatives of the Hirzebruch—Jung continued fraction coefficients of
p*/(pg — 1) for p > g > 0 coprime integers. The next three W, N, M are depicted
in Figure 2.

The remaining A, B, C are defined by repeated blowups of an edge next to the
unique —1 vertex or the —1 vertex itself, beginning from the graph of Figure 3.
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Figure 2. The graphs of W, N and M where p, g, r > —1.

After the blowups, the framing of the —1 vertex (which is always unique) is changed
to —4, —3, —2 to obtain an element of the A, B, C classes, respectively.

Theorem 2.3 [Stipsicz et al. 2008, Theorem 1.8]. The set of minimal symplectic
plumbing trees S equals GUWUN UM UAUBUC.

This is only a necessary condition; for the first four classes, a converse of
Theorem 2.2 also holds.

Theorem 2.4 [Stipsicz et al. 2008, Theorem 1.10]. For everyI' € GUWUN UM,
there is a complex surface singularity with resolution graph I' admitting a QHD
smoothing.

The case of the A, B, C classes is only partially resolved, but there is a complete
classification for weighted homogeneous singularities in [Bhupal and Stipsicz 2011,
Theorems 1.4, 1.6], which will be proven in Section 6.

2.2. Deformations of sandwiched singularities.

Definition 2.5. A resolution graph I' is called a sandwich graph if it arises as a
subgraph of a graph that can be blown down to the empty graph. A singularity is
called sandwiched if its resolution graph is a sandwich graph.

Note that the deformation theory of sandwiched singularities essentially reduces
to deformations of plane curves, as will be explained momentarily. We rely on the
picture deformation method developed in [de Jong and van Straten 1998].

Let p: (A, E) — (C?, 0) be obtained by point blowups starting from (C?,0) and
the singularity X be obtained by contracting the non-(—1) curves from A. Choose

—a -1 —c

O O O
o

Figure 3. The starting graph for the construction of the A, B, C families,
where (a, b, c) = (3, 3, 3), (2,4, 4), (2, 3, 6), respectively.
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one transverse curvetta C; on each —1 curve of A. Now A can be seen as a good
embedded resolution of p(C).
Reversing the blowup process, de Jong and van Straten define:

Definition 2.6 [de Jong and van Straten 1998, Definitions 1.3, 4.1]. A decorated
curve is a pair (C, 1), where C =, C; C (C?, 0) is a curve with |/] irreducible
components and a function / : I — N assigning to each irreducible component a
number. Let m (i) denote the sum of the multiplicities of the i-th branch in the
minimal resolution of C. Then

ey m(i) <1(i)

for each i € I. For discussing deformations, it is useful to encode the decoration /
as a divisor on the normalization C of C.

From a decorated curve, we obtain a surface singularity as follows:

Definition 2.7 [de Jong and van Straten 1998, Definition 1.4]. Let (C,[) be a
decorated curve. The modification A(C ,1) — (C?,0) determined by (C,1) is
obtained from the minimal resolution of C by /(i) —m(i) further blowups at the i-th
branch of C. The analytic set X (C, /) is obtained by contracting the exceptional
curves not intersecting any branch of C in A(C, I).

Remark 2.8. If during the blowup process, we don’t reach the minimal good
resolution of C, the analytic set can have multiple singular points.

Note that the same surface singularity may be presented in multiple ways from
different decorated curves.

Next, de Jong and van Straten define the corresponding notion of deformation of
sandwich singularities from the decorated curve data.

Definition 2.9 [de Jong and van Straten 1998, Definition 4.2]. A one-parameter
deformation of a decorated curve (C, /) is a §-constant deformation Cpo — A of C
(where A :=(C, 0)) and a flat deformation /5 C CxA (where C is the normalization
of C) under the multiplicity condition of (1).

The multiplicity condition means a divisor on each fiber [, =IANC, =) pec, MpP
subject to ZpE(C,),- my,= ZPE(CO)’_ mp,=I(i), where (C); denotes the i-th irreducible
component of the curve C.

The important theorem for us is the following:

Theorem 2.10 [de Jong and van Straten 1998, Theorem 4.4]. For every one-
parameter deformation of (C, 1), there is a one-parameter deformation of X (C, 1),
and every one-parameter deformation of X (C, ) appears in this form!

Mostly we are interested in smoothing components. It is folklore that for rational
singularities (which sandwich singularities are; see [Spivakovsky 1990]) every
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component in the base space of the semiuniversal deformation space of X (denoted
by B(X)) is a smoothing component. That is, smoothing occurs over a generic
point of this component. A one-parameter deformation is always induced from
a well-defined component of B(X), and the generic fiber can be described by a
particularly simple special case of the previous theorem.

Definition 2.11 [de Jong and van Straten 1998, Definition 4.6]. A one parameter
deformation (Ca,la) is called a picture deformation, if for generic ¢t # O the
divisor /; is reduced.

Remark 2.12. It follows that the generic fiber of the é-constant deformation C;
only has transverse m-tuple points as singularities. Following [de Jong and van
Straten 1998] we call 1-tuple points “free.”

The general fiber of a picture deformation in general consists of a collection of
curves, with the m-tuple points marked for m > 1, and possibly some further marked
points on each component, so that in total, each component C; contains /(i) marked
points. Since we will only be working with the intersection patterns of these curves,
we will identify curves with their marked points, so that they are finite (multi)sets.

We mention one particularly useful construction, which produces a smoothing
over the Artin component of B(X), called the Scott deformation of X.

Theorem 2.13 (see [de Jong and van Straten 1998, Proposition 1.10; Plamenevskaya
and Starkston 2023, Proposition 4.1]). Let (C, 0) be an isolated curve singularity
of multiplicity m. There is a one-parameter deformation, the general fiber of which
only has singularities of the following two types:

o singularities of C after blowing up o,

o an m-tuple point.

Given a sandwiched singularity using Theorem 2.10 and iterating Theorem 2.13,
we obtain a picture deformation of X, the Milnor fiber of which is isomorphic to
the resolution of X. This will be useful when we compare @QHD smoothings to the
resolution of the singularity in Section 4.

One can gather all of the incidence information of this combinatorial setup into
a |{points}| x |{curves}| matrix I := (i) Where (,,, = 1 if point m is on curve n,
and O otherwise.

Theorem 2.14 [de Jong and van Straten 1998, Theorem 5.2]. There is an exact
sequence

2) 0— HZ(F)—>Z(pEC,:m,,;éO)%Z((C,),-)—)Hl(F)AO,

where F is the Milnor fiber of the picture deformation.
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Using [Greuel and Steenbrink 1983, Theorem 2], which states that for any
smoothing of a normal surface singularity, the Milnor fiber F satisfies b (F) =0,
we get:

Corollary 2.15. rk Hy(F) =: u(F) = #{points} — #{curves}.

Finally, we mention a method to recover the intersection lattice of the Milnor
fiber of the smoothing from a picture deformation.

Theorem 2.16 [de Jong and van Straten 1998, Theorems 5.5, 5.11]. The intersection
form on Hy(F) C Z(p € C; : m,, # 0) is the restriction of the Euclidean negative
definite inner product on the latter space. Moreover, the canonical class is
represented by (1,1, ..., 1) in this basis.

3. Combinatorial smoothings

3.1. The minimal rational case. Throughout this section, we assume I" to be a
minimal rational graph with a given sandwich presentation where each component
of the corresponding decorated curve is smooth.

Definition 3.1. In a tree graph I" we denote the unique path between two vertices
v,wel by plv,w):=@wW=vy,...,v, =w)C V().

Definition 3.2. Given a minimal rational graph I', choose a vertex v € I'. Add
—(deg(v) + e(v)) — 1 > 0 many —1 leaves to it, and —(deg(w) + e(w)) many
—1 leaves to every other vertex (deg denotes the degree of the vertex in the graph I,
and e is the Euler number of the vertex). This larger graph T is a sandwich
presentation of I with smooth branches, where the blowdown ends at v.

We will be only interested in the incidence structure of the smoothings. To this
end, we identify the components of the deformed curve (C); with the support of
their decoration divisor (/);. We make this identification concrete with the following
definition.

Definition 3.3. Given a sandwich presentation of I' with smooth branches define
a combinatorial smoothing to be a tuple (V, C), where V is a set of points, and
C C P(V) represents the curves corresponding to each —1 leaf of the presentation.
We denote a curve on a vertex w € I by Cy,, and v denotes the last vertex of the
blowdown. The curves have to abide by the following two rules:

(1) |Cyl = Ip(w, v)|+1.
() |CyNC; | =|p(w,v) N p(z, V).

Remark 3.4. Using the Noether multiplicity formula, it is clear that given a
sandwiched singularity with smooth branches, this is the incidence structure of a
picture deformation.
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Again, curves are identified with the support of their decoration divisor, and so
are finite sets.

There are many different ways to give a sandwich presentation of I with smooth
curves. This corresponds to the choice of v in Definition 3.2, the vertex where we
put one curve less than would be required to blow it down. De Jong and van Straten
[1998, Theorem 4.16.] explained how to relate combinatorial smoothings under a
change of this last vertex v.

Theorem 3.5 [loc. cit.]. Given a sandwich presentation of T" with smooth branches,
ending at a vertex v, a combinatorial smoothing (V, C) and another vertex w with
deg(w) + e(w) < 0 one gets another sandwich presentation of T" with smooth
branches, ending at w by adding an extra —1 leaf to v, and removing one from w.
There is a combinatorial smoothing of this graph (V , C) obtained as follows:

(1) Define Vi=V.

(2) Choose an arbitrary C,, curve to remove.

(3) Define the new curve (’jv = Cy.

@) ForC #Cyand p € Vwehave&:CwAC.
Remark 3.6. Switching from C, to C,,, and then back to C,, recovers the original

smoothing.

Definition 3.7. We put a partial ordering on the graph: x > y if y € p(x, v) where
v is the last vertex to be blown down.

Remark 3.8. From the definition it is clear that if x <y, then [C, N Cy| = |Cy| -1,
or stated differently A!p € C, : C; \ {p} C C,. On the other hand, if x 2 y and
z >y, then |C,NC,| =|C, NC,|. These basic properties will be used many times
in the following.

Definition 3.9. A reducing triple consists of three (not necessarily distinct) vertices
v < w < z, subject to the following conditions:

(1) {deg(v), deg(w), deg(z)} C {1,2}orv=w =z.

(2) There is one curve on w and at least one on v and z.

(3) No vertex in p(v, z) \ {v, w, z} has any curves.

(4) T\ p(v, z) and p(v, z) only connect with edges in I" at v and z.

Item (2) is to be understood additively, i.e., if say v = w, then it should have at
least two curves (one for w and at least one more for v).

Definition 3.10. For a reducing triple v < w < z, we let the blowdown end at v
and pick a distinguished curve on z and denote it by C,. The curve on w is denoted
by Cy. We name C, \ C, =: {Q}, C, NC, =: P, C;\ P =: Q’. Similarly, we will
denote curves on a vertex x by C!, C2, and so on.
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3.2. The reduction algorithm. Next, we prove a few simple statements in the
context of a given reducing triple. From now on, we also suppose that every node
satisfies deg(v) +e(v) < —2.

Lemma 3.11. Let w # x € I" be a vertex. If Q € Cy, then Q € C, for all x < a.

Proof. Since Q € Cy, either Q' C C, if x >z, 0or3lg’ € Q' : ¢’ € Cy if x # z. Now
supposing Q ¢ C, implies Cyx \ {Q} C C, since x < a. In the first case this implies
that P C C, by intersection count with C,, and since Q' C C, \ {Q} we get that
C,=PUQ' CC,, acontradiction. Similarly in the second case ¢’ € C, implies
that Q € C,, which is a contradiction. O

Corollary 3.12. If Q € Cy, Q ¢ Cy, thenx # y unlessw =z =x = y. ([

Remark 3.13. By this corollary, we can say that a vertex v € I' contains Q or not,
dependent on if its curves do.

Lemma 3.14. Ifa, b € " are in different components of T \ {v} and Q € C,, then
Q ¢ Cp.

Proof. The deg(v) = 1 case is vacuous. Secondly, if deg(v) =2 and Q € C, N Cy,
suppose z < a. Now b being in a different component means that Cp, has to
intersect C, once, but from Q € Cj, we get that there is also a ¢’ € Q' which is
in Cj, since it has to intersect C, once. The relation z < a implies that Q' C C,,
and thus |C, N Cp| > 2, which is a contradiction.

In the third case, when the reducing triple is v, v, v, Q" consists of a single
point, and the same argument shows that Q € C, N C;, implies Q' € C, N C), but
|C, N Cp| =1 by assumption. ([

Lemma 3.15. Let (w #)x < a, b witha Z b in two different components of T\ {x}.
IfO ¢ C)]C, C)%, then Q cannot be in both C, and Cy.

Proof. Assume x > z and letn + 1 = |CL|. If Q € C,, then there is a point ¢" € Q'
which is in C, and a point p € P with p ¢ C,. Call C.\ C{ = {p;}. Since C,
does not contain a point of P and contains Q, it also contains both p;’s. This
means that if Q € C, were true, then C, and C; would intersect in at least n — 2
points of C ; ncC %, in Q and pi, p; for a total of at least n + 1 points, which is a
contradiction since they have to intersect n times by assumption.

If x is in another component of "\ {v}, we argue similarly. The C’ intersect
Cy, C; in a single point, which can be in C; N C)%, or the p;’s. In either case, C,, Cp
have to intersect in the remaining at least n points of C! UC?2, and in Q, which is a
contradiction. O

We can extend the notion of reducing triple to the case where we replace
Definition 3.9(1) with v = w, deg(v) = deg(w) < 3 and deg(z) > 2.
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Lemma 3.16. With the modified assumption on the reducing triple, we have that
clncinc,={r}

Proof. Let the blowdown end at v. We choose one of the curves on z to be C, :=C Zl,

and define C,NC, =:{P}, C,\{P}=:{Q} and C,\{Q}=: Q' as usual. Furthermore,
assume that Q € CZZ. Pick x > z with a curve. Without loss of generality, assume
that P € C,. Then Q' C C,, since it missed Q € C Zz, and it cannot intersect C Z2
enough times otherwise. This implies C,; C C,, which is a contradiction. U

This tells us which point of C, to label Q. Now we only need to check that
only one component of I\ {z} and I" \ {v} can contain curves with Q. Afterwards
Lemmas 3.11 and 3.15 are applicable.

Lemma 3.17. If x £ y are in two different components of T" \ {z}, then x, y cannot
both contain Q.

Proof. The assumption Q € C, N Cy implies that C, and C, intersect n + 1 times,
since they have to contain (C Zl uc ZZ) \ {P}, which is a contradiction. [l

Lemma 3.18. Consider x > z and y in another component of T\ {v}. Then x, y
cannot both contain Q.

Proof. By Q € C,, we get that Q' C C,, and by the assumption on y, we get that
Cy,NQ'=@.So CyNC, =, which is a contradiction. O

Consider a graph I' and a u = 0 combinatorial smoothing of it (V, C). In this
case, the map I of Theorem 2.14 is injective, in particular invertible, so by [de Jong
and van Straten 1998, Corollary 5.12 and Theorem 13], such a combinatorial
smoothing is a qG-smoothing (see [Kollar 1991]) and, in particular, has no free
points. This guarantees us that there will be a curve besides C,, containing Q. The
preceding lemmas tell us that there is an edge of the graph that separates the vertices
containing Q from the vertices not containing it. We call such an edge a separating
edge.

Now, if there is a reducing triple in I', we can construct a smaller graph and a
combinatorial smoothing for it by contracting a separating edge, deleting Q from V
and C,, from C. This can be iterated until the graph has no further reducing triples.
A graph with no reducing triples consists of nodes with two curves and other vertices
supporting at most one curve, such that every component of I' \ {nodes} has at most
two curves total.

Definition 3.19. We call such a graph reduced.

Remark 3.20. During reduction, the number of nodes, leaves, and components
of I \ {nodes} can only decrease.
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Definition 3.21. Given a sandwich graph I' we define

8(I) := <Z —e(v) —d(v)) —1—=|V{@)|.
vell

Remark 3.22. Given (C, V), a combinatorial smoothing of I" with smooth branches,
we see § = |C| — |V(I")|. Notice also that §(T') =1 — > _(e(v) + 3), and compare
with Wahl’s formula [2011, Theorem 8.1], which states that the dimension of a
QHD smoothing component is given by h!(S) — > r(e(v) +3), where S is the
sheaf of logarithmic vector fields, the kernel of the map Tx — ®v, — 0.

For graphs in A, B, C, this quantity is always 3 — s if the graph only has degree-3
nodes, and 2 — s if it has a degree-4 node, where s :=#{v € I : deg(v) > 2}.

The above proposed algorithm leaves this quantity unchanged.

Lemma 3.23. After reducing a graph T' € A3, B3, C? with s many nodes, the
reduced graph y satisfies |y| < 7s — 2. Similarly for a graph T € A*, B*, C* we
have |y| <7s + 1.

Proof. In the first case I' \ {nodes} has at most 25 + 1 components, so y has at most
this many.

This implies that y has at most 2s +2(2s + 1) — 1 = 6s + 1 curves. Writing
3 —s5 <65+ 1—|y| and rearranging gives the result.

For the case where I" has a degree-4 node, we compute in a similar way that
2s +2(2s +2) — 1 = 6s + 3 is the upper bound on the curves, 2 —s < 6s +3 — ||
and the statement follows. ]

Using Lemma 3.23 and computer checking we obtain special cases of [Bhupal
and Stipsicz 2011, Theorems 1.4, 1.6; Wahl 2011, Theorem 8.6]:

Corollary 3.24. Let ' € AUBUC be a graph with one node of degree 3 (resp. 4)
with framing at most —5 (resp. —6). Then I cannot admit a QHD smoothing.

Proof. Suppose the graph has a QHD smoothing; apply the reduction algorithm
to its incidence structure. The reduced graph still has § =2 (1), with e(v) = -2
if deg(v) = 1, e(v) € {—2, =3} if deg(v) = 2, e(v) = —deg(v) — 2 otherwise.
A linear graph under these framing restrictions has § < —1, which is an immediate
contradiction. Thus, the graphs have a node and at least 3 leaves. This means that
they have § < 0, which is a contradiction. ([

Corollary 3.25. Let I' € AU BUC be a graph with two nodes of degree 3 and
framing at most —5. Then I" cannot admit a QHD smoothing.

Proof. Suppose I' admits a @QHD smoothing. Choosing a sandwich presentation
for I with smooth curvettas (since it is assumed to be minimal rational), we get a
combinatorial QQHD smoothing, to which we apply the reduction algorithm, after
which we obtain a reduced graph y.
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By Lemma 3.16, we have the same framing possibilities as before. Since § stays
constant, the reduced graph has § = 1, since this is true for the starting graphs. By
the previous corollary, graphs with a single node have § < 0, so all possible graphs
have two nodes. Checking all trees y with |y | < 12 under the constraints derived
thus far, we see that there is no reduced graph with nonsquare determinant. ([

Further, we can extend this to graphs with a degree-4 and a degree-3 node, and to
the cases with 3 and 4 nodes as well. In these cases, the determinant can be a square,
so we need to rely on Theorem 4.1, proved below, which states that for a graph
admitting a combinatorial QQHD smoothing, one has Z% + |I"| = 0. Unfortunately
the computation of the d-invariant! for general reduced graphs remains elusive.

Theorem 3.26. Let ' € AU BUC be a graph with one node of valency 4 and
framing at most —6, and at most 2 nodes of valency 3 and framing at most —5. Then
I cannot admit a QHD smoothing. ([

Theorem 3.27. Let I" € AU BUC be a graph with at most four nodes of valency 3,
and framing at most —5. Then I' cannot admit a QHD smoothing. U

4. Lattice embeddings

In this brief section, we wish to prove the following:

Theorem 4.1. If a sandwiched graph I" admits a combinatorial rational homology
disk smoothing, then the anticanonical cycle of the graph Zk satisfies Z%( +|I'|=0.

Proof. Consider a sandwiched graph I" with a fixed sandwich presentation T, which
admits a combinatorial QHD smoothing. Following [de Jong and van Straten
1998], we let P’ = 7' denote the free abelian group generated by the points of
the combinatorial QHD smoothing and endow it with the trivial negative definite
intersection form. Similarly, let L = Z' denote the free abelian group generated by
the set of curvettas of the sandwich presentation I'. Consider the mapJ:P — L
where p— > ., Li, i.e., the incidence matrix of the combinatorial smoothing.
Since rk P’ = rk L, by [de Jong and van Straten 1998, Corollary 5.10], the matrix
of this map in the natural bases is invertible over ().

Consider also the incidence map of the Scott deformation 7 : P =Z/*" — L. As
mentioned in [de Jong and van Straten 1998, Corollary 1.11; Plamenevskaya
and Starkston 2023, Subsection 4.2], the Milnor fiber of this deformation is
diffeomorphic to the resolution of the singularity; thus, by Theorem 2.16, we
have Qr — P.

Next note that I7* = JJ* = Qain in the language of [de Jong and van Straten
1998]; thus J='717*J*~1 = (J='1)(J~'I)* = id, which means that the rows of the
matrix J~'7 form an orthonormal basis for ker(J~' 1)+ =ker(I)* < P ® Q.

IThat is, 1(Z% +|]); see, e.g., [Némethi 2022].
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0 0
l !
0 L* > L* > 0

LI e
> s L

0 — ker f P > > coker f —— 0

| | | |

0 —— Hy(Fy) —— H*(Fy) —— H(3Fy) —— H\(Fy) —— 0

| | | |

0 0 0

Figure 4. f denotes the incidence matrix of a combinatorial smoothing,
and F'y the Milnor fiber [de Jong and van Straten 1998, Diagram 5.9].

Let 1, = (1){. The product I1;, equals (|L,-|)ll. Since the number of points
on each curvetta is determined by the sandwich presentation T, the same is true
for J1;. Thus J_1111+,, = 1;. This means that denoting the rows of JI by fi we
obtain a basis where taking K =) pep P We have

(3) J'D*J'DK = Z fi.

Until now, we were concerned with ker(/)=. We have P @ Q = (Q'*", (—1)!*7),
and an embedded (@', (—1)%). By Witt’s cancellation theorem (see Lemma 4.4
in [Milnor and Husemoller 1973]) this means that the orthogonal complement
generated by ker(J ~!7) is isomorphic to (Q", (—1)").

By (3) the orthogonal projection of K onto ker(1)* is equal to }_ f;, and so
has square —I, which implies that the orthogonal projection to ker(J ~!7) will have
square —n. From Theorem 2.16, this projection represents the anticanonical cycle
of T'; thus we get that Z2 = —n. U

Proposition 4.2. If a sandwiched graph I admits a combinatorial rational homol-
ogy disk smoothing, then Qr C U for some unimodular lattice U, withtk U = |I'|.

Proof. Let I : P — L denote the incidence matrix of the Scott deformation, and
J : P/ — L denote the incidence matrix of a combinatorial QHD deformation, as
previously. By Figure 4 [de Jong and van Straten 1998, Diagram 5.9] we get that
[ is surjective and J is injective. In particular H 2(F)) < H|(3F)) isa subgroup of
the discriminant group of Qr, which is isomorphic to H; (0 F) of size /|H (0 F)|.
By commutativity of the diagram and the fact that P is endowed with the trivial
negative definite intersection form, this subgroup is isotropic, which by [Looijenga
and Wahl 1986, 1.7.1] gives an integral unimodular overlattice U for Qr in Qf.. [J
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-2 -k-1 -n—1

O—*k-2)n O\n—3 O
\6_1

Figure 5. The graph Cl(k, n). The number x on an edge represents a
path of x many —2 vertices.

5. Some graphs admitting a combinatorial QHD smoothing

Example 5.1. Let us denote by fpp(n) the star-shaped graph with n> +n + 1 arms,
each of length n — 1, with the node having framing —n? — n — 2, and all other
vertices —2. A combinatorial QQHD smoothing of this graph is the finite projective
plane of order n. Each graph fpp(n) satisfies det(fpp(n)) = n"*+Y"(n + 1), and
they all have Z%( +n=0.

By modifying the finite projective plane configuration, we obtain further graphs
with combinatorial @QHD smoothings. Pick a point x and all lines through it. Add
further points ay, ..., a;, and curves {x, a;} to the configuration, and for all lines
that do not contain x, add all of the a;. This is a @QHD smoothing for the graph we
denote by fpp(n);.

Example 5.2. Consider k “clusters” consisting of n points each: {A; }’f with |A; | =n.
Define sets of curves as Cj =U 14 A;U{a;} where a; € A;. This is a combinatorial
(QHD smoothing of a graph, which we denote by Cl(k, n). See Figure 5.

Example 5.3. We define the cluster extension of the graphs Cl(k, n). Here, consider
another set B, with |B| = b, and add its points to all existing curves. Furthermore
add new curves D; = A; U {b;}. The construction corresponds to a combinatorial
smoothing of a graph if b > n > 2. See Figure 6.

Example 5.4. Another construction one can make is the star extension of Cl(k, n).
Add a new point x and a new set B of size b. Add the elements of B to the existing
curves, and define new curves S; = {x} U {b;} and F = U]f A; U{x}. See Figure 7.

Example 5.5. Using the complement idea, we generalize the family of Wahl [1981,
Section 5.9.2]. In this case we consider three sets A, B, C of sizes |a|, |b], |c|,

-2 3 k-1 —n-1

O—k-D)n—"_"CO—b-n-1 O n-3 O
n-3 \)\n—3
5 g

-b-1

Figure 6. The graph we obtain after cluster extending Cl(k, n).
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-b-2 -3 -k-1 -n-1
Of(k—l)n—l—? b—n C\/\n—?s O
n-2 n-3 : k
b s
-2

Figure 7. The graph we obtain after star extending Cl(k, n).
-2 -3 -3 -b-1
(%b—?)j}a—b—l%b—Z%)

b-2 b-2

_bg_)l/ %—1

Figure 8. The graph t(—a, —b, —b).

the curves are AU {b;}, BU{c;}, C U{a;} with a; € A, b; € B, ¢; € C, or one can
take the complements of the singletons inside their containing sets. We denote this
choice by flipping the sign of the set that the corresponding curves contain, i.e.,
a, —b, c uses the curves AU {b;}, BU(C \{c;}), C U{a;}. This gives combinatorial
smoothings for the graphs we denote by ¢ (a, b, ¢). If all parameters are positive,
we get Wahl’s family W (Figure 2, left), if one is negative, we get the A/ family
(Figure 2, right). In the case t(a, —b, —c) for the curves to be the smoothing of a
graph we need either @ = 2 or ¢ =2 and get the subfamily of N with p =0 and the
subfamily of W with ¢ = 0. If all three are negative with |a| > |b| = |c| we get the
novel graph of Figure 8.

6. Weighted homogeneous singularities — stars

This section presents a new proof of the main theorem of [Bhupal and Stipsicz
2011], namely the classification of weighted homogeneous singularities admitting
a QHD smoothing. From Theorem 2.4, we only need to check the star-shaped
elements of A, B, C. In contrast to Section 3, not all graphs will be minimal rational;
most curvettas will be ordinary cusps.

6.1. The degree-3 case. Let us begin with some generalities, which will be used
multiple times in the following. We will be dealing with star-shaped graphs with
three arms, where two of the arms have length 1 and decorations —a and —b,
respectively. We will always put max{a — 2, 0} many —1 framed vertices on the
—a vertex and max{b — 3, 0} many —1 framed vertices to the —b vertex. Denote
curvettas on these vertices by S; and L;, respectively. The third “long” arm will be
blown down starting from the end and decorated as necessary. Take an arbitrary
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-a, L -2 Cy Ch
O M) {-1 O O
-b, S

Figure 9. The general case graph with the curves indicated.

order on the —1 leaves on every vertex, and denote the j-th curvetta of the i-th vertex
by C;. See Figure 9 for an illustration. .

Since the node has framing at most —2, we know that the CiJ will be star-shaped
and the L;, S; will be smooth. We provide their intersections in Table 1, right.

The multiplicity sequence of these cusps are easily computed to be (2, 1, ..., 1),
so C ZJ must all have one double (2-tuple) point and further simple points (i.e., at
all but one point the curve is locally irreducible). For a cusp curve C, we define
X (C) to be the point in P which it contains with multiplicity 2. From this, it is
simple to compute how many points each curve has to contain and their intersection
multiplicities, this is collected in Table 1, left. We denote the points where these
curves intersect by {p; : 1 <i <4+ n}.

In this section, n will always denote the number of vertices on the “long” arm
(on which the Ci] are located). From the construction of the A, B, C classes, it is
easy to see by induction that there will always be 4 + n many curves in total in the
sandwich presentation described above. We will mostly be interested in the smooth
curves, the curves at the very end C;), and the curve closest to the node. We let £
denote the index where there exists C l}, and for every k < £, there is no C ,1

Remark 6.1. As before, we work with the intersection pattern of the given sandwich
presentation of the graph, and by a small abuse of notation, we identify curves with
the intersection points they contain.

We note some simple facts about these curves:

() | La | Sa ch

curve L;|S; Cij L; 1 1 2

#ofpoints | 2 | 3 | 5+ S; 2 3
c/ 6 + min{i, a}

Table 1. The combinatorial information in our setup. Left: Point data.
Right: Intersection data.
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-2 -2 -p—6
»—O
-3

Figure 10. Graphs in Cg admitting a @QHD smoothing.

Lemma 6.2. Consider Cij and Cé’fori <a. IfX(Cij) * X(Cg), then Cij - CZ
(as sets, without multiplicities). IfX(Ci]) = X(CS), then there is a single p € CiJ
with p ¢ C?.

Proof. If their double points differ, then we have p; := X (C 2 ) € Cij , otherwise,
(C?, Cij) <5+4i<6+i,andif p; € Cl.j, then it has to go through every point for
the intersection to reach 6 +1.

On the other hand, if their double points coincide, then there are a further 3 + i
simple points to make 2 + i intersections. U

Corollary 6.3. The C; curves all have distinct double points, and all other Cij
curves must pass through these double points with multiplicity 1. The L; and S;
cannot go through these points.

Proof. Since the C; curves contain 5 + n points with multiplicity, and there are
4 + n points in total, they go through all points, i.e., it is impossible for the second
case of Lemma 6.2 to occur.

Both L; and S; would intersect the C; curves too many times if they went
through the double points. (]

We state the following for emphasis:
Corollary 6.4. All C l’ must go through every other C 3 ’s double point.
6.1.1. Graphs in C. We begin the case analysis with the class C.

Theorem 6.5. In Cq, only the family depicted in Figure 10 can admit a QHD
smoothing.

Proof. In this case, there are no L;, S;, only the cusps. The known case is £ = n,
and we want to rule out any other possibility. It is easy to see by induction that
there will be 6 + ¢ many C,’ curves if £ < n. By Corollary 6.4, C l} would have to
contain 2 + 6 + £ > 5 4 ¢ many points, which is a contradiction. ([

Theorem 6.6. In Cs, only the graphs of Figure 11 can admit QHD smoothings.

Proof. In this case, we have three L;’s in addition to the cusps. If £ = n, we are
done, so let £ < n. Simple induction shows that there will be 34-¢ many C;’’s, so C l}
contains their double points, its double point and no further point. This means that
the L; have to go through C,’s double point to intersect it twice by Corollary 6.3.
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) -2 —p-3 =2 ) -3 —q-5

Figure 11. The graphs for the C3 case, p >0, g > —1.

If there would be another C}’ with £ < k < n, then it intersects C l} least 7+ ¢
times by Corollary 6.4, a contradiction. So there is C}, and the Cy curves. This
means that 3+ ¢ =4+4+n—3—1, ergo £ =n — 3, and this is the other known case. [J

Theorem 6.7. In Cy, only the graphs of Figure 12 can admit a QHD smoothing.

Proof. In this case, there will be four S; curves and the cusps. Let ¢ < n. There
will be 2 4- ¢ many cusps on the last vertex.

Counting the number of points of C 1} it has (besides the C;’ double points)
pa =X (C ) and a further simple point denoted by p;. All of the S; have to go
through p; and p; since (S;, C ) = 3. This also means that they have a further
point each pg,. If there is a second CJ for some £ <i < n, then X (Cj ) = Pd OF Ds.

If X(C/) = pa, then p; will be the point C; misses by Lemma 6.2, and ps, € C;.
If there were a third Cé’ curve with i < a < n, we see that X (Cg) = pg by
Corollary 6.4. By the same argument we get that pg, € C, bfori=1,. 4.

Every subsequent curve meets these same requirements. Let K :=C \{S, , C 1,
with |K| =k. Let K := UK\{X({CH: 1< <€+2}CV with [K|= Countmg
the curves and points of the configuration, we get

4) 24L0+1+4+k=24+C+2+4+k=4+n,
implying k = 1 +k.
Claim. C C51+3

Proof. If Cij would contain any further points, the curves in K restricted to the points
of K give a solution to the combinatorial smoothing problem for a linear graph,
since X (C) = pg for all C € K. This implies £ < k, which is a contradiction. [J

2 —p-2 - —4  —gq-4

?&P@ 7‘]%3@
7&q%2@—o
-3

Figure 12. The graphs for the C; case, p >0, g > —1.
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-4 -2 -4 -2 -3 -3 —q-4

-3 —-p-3
7PH V*q@—(}lﬂ
-4 —4

Figure 13. The graphs for the B, case, p >0, g > —1.

Any further curve would also go through p; and pg,, which means it would
intersect C L} 43 10+ £ > 9+ ¢ times, which is a contradiction. Substituting k = 1
into (4) we see that £ = n — 4; this is the third graph of Figure 12.

The other case plays out similarly. If X (C ZJ ) = ps, then every other curve has to
have its double point at p; and go through p, to intersect S; and C l} enough times.
The same argument shows that C; = CL?, there are no further curves and £ =n — 4.
This is the second graph of Figure 12.

If there is only one cusp curve that is not on the last vertex, then we have
44n=2+L+1+44,ergo . =n—3. The C;’s require 2+n — 3 =n — 1 points,
C g an additional 2. We have only 3 points left, which is a contradiction since the S;
need 4 additional points besides the previously mentioned ones.

Finally, if £ = n, we get the first graph of Figure 12. (|

6.1.2. Graphs in B. We continue with the B class.
Theorem 6.8. In B;, only the graphs of Figure 13 can admit a QHD smoothing.

Proof. In this case, there are L, S1, S> and the cusps. Suppose that not every blowup
happened on the edge next to the leaf. In this case, the setup of the cusps is identical
to the C; case, the curve C L} has (besides the X (C¢) points) a double point p; and
one further simple point p,. The points ps, ps have to be contained in the S; in order
to intersect C} three times (and both have one further point pg,). The curve L; has
to go through p, to intersect C/} twice, and thus it contains one further point py,.

We continue similarly to the C; case. Any further curve can have its double point
at either p,; or p;, and all of them have to be at the same point. Denote the curve
with the next smallest index after £ by C l] . From here, the same argument provides
that C [J is C (} 41 in both cases (if its double point is py, it must contain ps, and ps,;
if its double point is py, it must contain py and pr,). In both cases, there are no
further curves because they would intersect C t} 41 too many times. This gives the
second graph of Figure 13.

If every blowup happens next to the leaf, we get the first graph of Figure 13. [J

Theorem 6.9. In By, only the graph of Figure 14 can admit a QHD smoothing.

Proof. In this case, we have L and the cusps. Suppose not every blowup happened
next to the leaf. Then a simple induction shows that there are 4 4-¢ many C{ curves.
This means C t} goes through 6 4 ¢ points with multiplicity, which is an immediate
contradiction. (]
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-2 -2 -3 —p-5
»—O—0
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Figure 14. The graph for the B, case, p > 0.

6.1.3. Graphsin A.
Theorem 6.10. In As, only the graph of Figure 15 can admit a QHD smoothing.

Proof. In this case, there are S7 and the cusps. Suppose not every blowup happened
next to the leaf. There will be 3 + £ curves at the last vertex by induction. The
curve CL} will go through the double points of the C;/ curves, and it has its double
point and no further points. By Corollary 6.3, S; can only intersect Cg1 at pg, so at
most 2 times instead of the required 3, which is an immediate contradiction. Thus,
we are left with the case when every blowup happens next to the leaf, depicted
in Figure 15. O

6.2. The degree-4 case. Most of the setup stays unchanged in this case; there
will still be 4 +n many curves, the end curves have to go through all points, etc.
In addition to the L;, S;, there will also be some exceptional cusps T';. They intersect
the L;, S; in the same manner as the C l] curves do, and intersect the C lj curves
6 times.

Lemma 6.11. X(C;)) ¢ I'; for any i.
Proof. If this were not the case, they would intersect 7 times. U

In the following, we will assume that not all blowups happen next to the leaf. As
in the previous cases, a simple calculation shows, that C 5} has three points (besides
the double points of the C;’ curves of course): its double point denoted by p4, and
two simple points ps, and p,,. We fix this notation in this section.

Lemma 6.12. Every curve after C L} can have its double point at a maximum of two
of the three points pg, ps,, Ps,, i.€.,

UxchHu | X S pa, por» pok-

j>1 n]>;'6€
-3 -2 -4 —p-4
r—O—O
-3

Figure 15. The graphs for the A3 case, p > 0.
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Proof. There are two cases to consider. The first curves have their double points at
Dds Ds, O Ps,, Ps, and both are similar. If there is a curve with double point at p,
besides C, it has to miss one of the py,, say p;,. This means no curve can have its
double point at p, by Corollary 6.4.

Symmetrically, if every subsequent curve has its double point at the p,,, no
curve can have its double point at p; since it would have to miss one of the p;, by
Lemma 6.2. ]

Corollary 6.13. If X (C/) = py, then X (C?) = p, for any a < i.

Proof. Such curves have to miss one of the p;,’s, and so a point of any curve with
double point at any of these two points, which is a contradiction. O

Lemma 6.14. If every curve B after Ct} until Cij has X (B) = py and the next
curve C satisfies X (C) = py,, then all subsequent curves have their double points
at ps,. The same statement is true if we change the order of py, ps, or replace py,

Ds, With pg,, Ds,.

Proof. Let us denote a curve after C by C" with X(C) # X (C"). If X(Cl.j) = p4,
then by assumption we know that p;, € C/ and p,, ¢ C/; thus we only have to
rule out X(C’) = p,. This is automatic by Lemma 6.2: since py, ps,, Ps, € C,
the curve C’ will also contain these points, and thus all points of Cl}. This is a
contradiction, since X (C;) = X (C").

The case where X(Ci]) = ps, is simpler; if X(C) = py, then py, ¢ C, which is a
contradiction since p;, € C;. '

If X(C) = ps,, then X(C’) # pd, since it would miss a point of Ci], C. Since
X(C) # X(C') = X(C]) we get that C/ C C C C’, which is a contradiction. [J

The strategy of the proof follows the C,, B, cases: we analyze the configuration
of the existing L;, S;, I'; curves in relation to C t}’ then we take every other cusp,
which is not a Cyy, and use them construct a solution to the combinatorial smoothing
problem of a linear graph, i.e., a sequence of sets A; satisfying Definition 3.3.

This is done by observing that if some cusps C; have X (C;) = X (Cy), then by
“forgetting” the multiplicity of the double point the definition is already satisfied.
Furthermore if there are larger (in the sense, that they correspond to vertices of
the graph farther from the node) curves D; with X (D;) = X(D;) # X (C;) if we
remove X (C;) from D; the definition is satisfied. Furthermore we delete points,
which are contained in every curve, and identify points which we know must be
either contained or missed together.

6.2.1. GraphsinC.

Theorem 6.15. In C*, only the graph of Figure 16 can admit a QHD smoothing.
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Figure 16. The valency-4 graphs, which admit a @QHD smoothing, where
[a,b,c;d] €{[3,3,3;4],12,4,4;3],[2,3, 6; 2]} and p > 0.

Proof. We have five I'; exceptional cusps and the Cl.j on the fourth arm. If there is
no C}, we are done; otherwise, there are 1+ ¢ many C; curves. Counting points,
we see that Cé has three points (besides the double points of the CY): its double
point pg, and two simple points py,. The case (I';, C é) = 6 can only happen if
every I'; has its double point at p; and contains both p;, by Lemma 6.11.

A simple checking of cases shows that all of the I'; have to go through a further
shared point (denoted by pr), and each must have a final point not on any other I";
(denoted by p;). Every Ci'/ curve which is not C L} or Cy will have to contain
either pr or the p; to intersect the I'; 6 times (but not both). Note, that a “switch”
lemma, similar to Lemma 6.14 applies to these two possibilities as well, if some
curves contain, say pr, and the next curve contains the p;, then every subsequent
curve has to contain the p; as well, since the curves Ci] have to contain the previous
ones’ points except for at most one.

Every further curve C l] with i < n has to have its double point at p; or one of
the p,,. By Lemmata 6.12—-6.14 we have to consider the cases where some curves
after C L} have double points at p, or ps, and possibly some later curves have their
double points at py, in the former, or py, in the latter case.

We construct a new system of curves: Take the points of X := Cl} \ {A}, where
A denotes the double point of the first curve after C } Take every curve with index
(i, ) # ¢, 1) or (n,). Our new curves will be Cl.] \ X if the double point of
this curve was at A, or Ci] \ {X U {A}} if its double point was not at A, with the
modification that the p; are combined into a single point P, and finally with an
added new curve So = {pr, P}. These curves give a combinatorial solution to the
smoothing problem of a linear graph, and thus in particular it has at least as many
points as curves. From this we deduce that k+1 < l€+3, where k denotes the number
of curves in the original configuration besides C, Cy, T, and k denotes the number
of points in the original configuration besides the points of CL}, Pr, Ply -« -5 D5

Suppose there existed a @HD smoothing. Then we would have

14+ €4+5+14+k=14+€+3+1+5+k,

which is equivalent to
k=k+3.

Thus k + 4 < k+ 3, which is a contradiction. O
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6.2.2. Graphsin B.
Theorem 6.16. In B*, only the known case admits a QHD smoothing.

Proof. We have L, S;, S», I'1 besides the Cij . If every blowup happens next to
the leaf of the fourth arm, we are in the known case. Otherwise there are 1 + ¢
many C,’ curves, and C g has three points (which are not double points of the C¢
curves), denoted by py, ps,, ps, as before. Besides these three points, I'; has two
further points pr, p;. The curve L; contains two points. These can be either py
and a new point py, or py,, ps,. In this latter case, there can be no further C7, /_ since
either X(le) = pq which forces (C L)) =1,or X(Cj) = ps,» which 1mp11es
((Cl.f ), L1) = 3. This means that this case cannot occur since we would have fewer
curves than points. The S; have to go through p, to intersect C } three times. From
here, either they both go through py,, and each has one extra point (py and p3,
respectively), or they split the simple points (p,, € S1 and py, € $>) and meet at a
further point pg.

In the latter case, no further C; J can exist. This is because X (G} J ) = pg would be
forced, meaning p;, € C and py, ¢ C; ; / thus (C;, J S>) =2, which is a contradiction.
Thus this case cannot happen, since there are at least two curves on the long arm,
which are not on the end by the construction of the B class.

If both S; go through p, then by Lemma 6.14 the sequence of double points for
the subsequent Ci] curves must follow one of the following patterns:

(1) ps, then py,,

(2) pa then py,,

(3) pa then py,,

(4) entirely at py,.

In the first three patterns the “switch” may or may not occur.

For all of these cases we derive a combinatorial smoothing for a linear graph
using the same method as prev10usly Let A denote X (C; J ) where C; / is the next
curve after Cl. Let X := (C ULIUSTUS)\{A}L. If X(C)=A, then consider
C\ X, otherwise we take a curve to be C \ (X U{A}). Finally add a curve {pr, p1}.
The validity of this configuration shows that k + 1 < k + 3. On the other hand we
can calculate

1+0+5+k=1+0+8+k & k=k+3,

which is a contradiction. O
6.2.3. Graphsin A.

Theorem 6.17. In A*, only the known case admits a QHD smoothing.
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Proof. We have I'(, I';, S7 and the cusps. The known case is when every blowup
happens towards the leaf. Otherwise, 1+ ¢ is the number of C curves. Besides the
double points of the C;’ curves, C L} has its own double point p,, and two simple
points py, and py,. The curves I'y and I'; have their double points at p, to intersect
C } enough times. They intersect at one additional point pr, and each has a unique
simple point respectively denoted by p;, p>. The curve S| contains p4, ps, and a
further point pg.

The proof is essentially the same as the previous two cases. The double points
of subsequent curves are restricted to at most two of the three possible points
Dds Ds;» Ps,- Let A denote the double point of the first curve. We create a
solution to the combinatorial smoothing problem of a linear graph by identifying
the points p;, p; into a single point P, taking X = C 4} \ {A} and considering the
curves C/ \ X if X(C/) = A and C/ \ (X U{A}) if X(C/) # A, and finally adding
So = {pr, P} to the beginning of the configuration. This means that k + 1 < k + 3.
Assuming the existence of a QHD smoothing, we compute

14+ 84+44+k=14+0+T+k < k=k+3. 0

Remark 6.18. The known families already ruled out in, for instance, [Gay and
Stipsicz 2012, Proposition 4.2] can also be ruled out from having a @HD smoothing
using this method. Similarly to Section 5 one can find many graphs with a fixed
sandwiched presentation admitting a combinatorial QQHD smoothing. Unlike the
minimal rational case, this is even possible inside the A, B, C families.

More generally, there are graphs which are rational, and have more than one
—2 node in the A, B, C families, that don’t have a sandwich presentation using only
smooth and cusp curves. In fact there are rational graphs in A, B, C that are not
sandwiched at all.
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IWAHORI-HECKE MODEL FOR
THE UNIVERSAL SUPERSINGULAR REPRESENTATION

ANAND CHITRAO AND ASFAK SONEJI

Let F be a nonarchimedean local field with residue field [,. Every super-
singular representation of GL,(F) is a quotient of a universal supersingular
representation iz, for some integer 0 <r < g —1. When F is a finite extension
of Q,, Anandavardhanan-Borisagar and Anandavardhanan-Jana intro-
duced an Iwahori-Hecke model for r, in the regular case 0 <r < g —1. When
F =Qp, Chitrao introduced an Iwahori—-Hecke model for =, whenr =0, p—1.
This model was then used by Chitrao—Ghate to compute the reduction mod p
of two-dimensional irreducible semistable representations of Gal(Q,/Q,).
We extend this model to an arbitrary local field F for r =0, g — 1.

We also write down an explicit nonsplit self-extension of 7z, which has a
four-dimensional space of I (1)-invariants when F =Q, andr =0, p —1.

1. Notation and conventions

For a prime p, let [, = F,s be a degree- f extension of the finite field F,. Let F »
denote an algebraic closure of [,. We fix an embedding [, < F,. Let F be a
local field with ring of integers O, uniformizer @ and residue field F,. Let G be
the group GL,(F) and Z be its center. For u € [, the element [1] € O denotes
the Teichmiiller lift of u in the mixed characteristic case and denotes the image
of u under the natural embedding in the equal characteristic case. Let K = GL,(O)
be the maximal compact subgroup. Let I denote the Iwahori subgroup of upper
triangular matrices mod @, and I (1) be the pro- p-Iwahori subgroup of K consisting
of matrices that are upper triangular unipotent mod . Let

(01 (10 (0 1)
w._lo, a._ow, ﬁ._wo_aw.

Letr = (ro,...,ry—1) bean f-tuple of integers where r; >0 for0 < j < f —1. Let
V;; denote the symmetric r;-th power of the standard two-dimensional representation
of GLy(Fg). We identify it with the homogeneous polynomials of degree r; in
variables X j and Y; forall0< j < f—1. By V,Ffr'/ we mean that the action of GL, (F)

MSC2020: 11F70, 20G05, 22E50.
Keywords: modular representations, Iwahori—Hecke model, supersingular representations.
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is twisted by the j-th power of Frobenius. We view these as representations of K,
via the reduction mod @ map and then as representations of K Z by making the
scalar matrix @ act trivially. For such an f-tuple r, let V, be the representation
Vs ®F, Vrlfr ®r, - ®F, VrFfr_f;l of KZ. For 0 <r <gq — 1, let d" be the character
I — F sending (¢ 2) to d’ mod w and extend it to /Z by mapping the scalar
matrix w € Zto 1. If 0 <r < g — 1, we say that d" is regular and if r = 0, we say
that d" is nonregular.

Denote by indg ~ o the compact induction of a representation o of K Z. Following
notation of [Barthel and Livné 1994], for g € G and v € o, we use the symbol
[g.v] € indg 2 0 to denote the function from G to o which is supported on the
coset KZg~! and which sends g~! to v. To distinguish elements of different
induced representations, we will denote elements of compact induction indIGZ X
by [[g, v]] and those of indfzZ o by [[lg, v]]]. For an irreducible representation y,
we define the Iwahori—Hecke algebra as the endomorphism algebra Endg (ind?Z X)-
Similarly, for an irreducible representation o of K Z, the spherical Hecke algebra
is defined as Endg (indg 70).

2. Introduction

For a local field F, the classification of irreducible smooth representations over [,
admitting a central character of G began with the notable work of Barthel and
Livné [1994]. In addition to many interesting results, they proved the existence of
irreducible smooth representations, known as supersingular representations, which
cannot be obtained as a subquotient of a parabolically induced representation.

It is proved in [Barthel and Livné 1994, Theorem 34] that up to a twist by a
character, a supersingular representation can be realized as an irreducible quotient
(after a possible extension of scalars) of a universal representation

ind$, v,
T, = —""
(T)
forr=(rg,...,rp—1) withO <r; < p—1forall 0 <j < f — 1. Here, we have

r=ro+rip+---+rr pf ~land T is the standard spherical Hecke operator
defined in [Barthel and Livné 1994, Section 3.1]. Since 7, is defined over [, we
assume that all representations that we work with are defined over [,. Computing
I (1)-invariants, Breuil [2003, Corollaries 4.1.1, 4.1.4] showed that 7, is irreducible
when F = Q,. However, if [F : Q,] > 1, the structure of 7, is mysterious. For
instance, they are of infinite length. Schein [2011, Theorem 1.3] established a
criterion for irreducibility of quotients of 7. In [Schein 2014, Proposition 1.3],
he also studied the K -structure of the G-representations 7, when F/Q, is totally
ramified and [F : @,] > 1. It can be seen in [Breuil and Paskiinas 2012] that
explicit construction of a supersingular representation is a difficult task when
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F 2 Q) is unramified. Schein [2023, Theorem 1.1] constructed a family of super-
singular representations with good socle for a ramified extension F of Q,, with
the ramification index e < prl using diagrams. For a finite extension F of Q,,
Hendel [2019, Theorem 1.2] computed the space of [ (1)-invariants of m,, and
when F is unramified over Q,, constructed a universal supersingular representation
having all supersingular representations with a good K-socle as quotients. Jana
[2023, Theorem 1.4] has extended Hendel’s work concerning the 7 (1)-invariants
of 7. Using the results of this paper, we have recently computed the space of
I (1)-invariants of m, for r =0, g — 1 with Jana [Chitrao et al. 2026, Theorem 2.1].

A universal supersingular representation can also be constructed using the
Iwahori—-Hecke operators instead of the spherical Hecke operator T for a finite
extension of @, (see [Anandavardhanan and Borisagar 2015, Theorem 1.1; Anan-
davardhanan and Jana 2021, Theorem 1.1]). For 0 <r < g — 1, consider the regular
character d” of IZ. It is shown in [Barthel and Livné 1994, Proposition 13] that
the corresponding Iwahori—Hecke algebra is commutative and is given by

Fy[T-1,0, T1 2]

Endg (ind%, d") = .
glnd/z d) (T-1,0T1,2, T1,2T-1,0)

Here, T_; ¢ and T} > are Iwahori—-Hecke operators as defined in [Barthel and Livné
1994, (17) and (16)]. The precise formulas for these operators are given in [Anan-
davardhanan and Borisagar 2015, (9) and (10)] for F = Q,, and in [Anandavard-
hanan and Jana 2021, (3-2) and (3-3)] for an arbitrary F'/Q,. When F is a totally
ramified extension of @Q,, by [Anandavardhanan and Borisagar 2015, Remark 1],
we have

(2—1) Im T_1y() = Ker T],Q and Im T],Q = Ker T_1,().
When F is not totally ramified, there are strict inclusions
(2—2) Im T—LO g Ker T1,2 and Im T1,2 g Ker T—LO

as shown in [Anandavardhanan and Jana 2021, Remark 5]. When F is a finite
extension of @, the comparison between Iwahori induction and spherical induction
is given in [Anandavardhanan and Jana 2021, Theorem 1.1].

The Iwahori model for the universal supersingular representations is also useful
when one wants to compute the invariants in 7, under the action of principal
congruence subgroups. This is because using (2-1) one can write 7, as a quotient
of an induced representation by kernels of certain Iwahori—-Hecke operators. This
idea is worked out in [Anandavardhanan and Borisagar 2013, Theorem 1.2] to give
an easier proof of Morra’s result [2013, Theorem 1.4] on the K-structure of the
invariants of 7, under the principal congruence subgroups when r #0, p — 1.
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For the nonregular case r € {0, g — 1}, the Iwahori—-Hecke algebra is non-
commutative and is generated by Iwahori—-Hecke operators 77 o and 77 » satisfying

(2—3) T12,0 =Id and T1,2T],0T1,2 = —leg

as given in [Barthel and Livné 1994, Proposition 11]. The precise formulas for
these operators are given in Section 3. As far as the remaining cases are concerned,
Chitrao [2025, Theorem 3.13] provides an explicit Iwahori—-Hecke model for m,
in the nonregular case, though exclusively for Q,, i.e., forr =0 and p — 1. We
extend this model to include arbitrary local fields F’; see Theorem 4.4. We apply the
Iwahori—-Hecke model for GL,(Q),) to construct self-extensions of supersingular
representations, which have four-dimensional 7 (1)-invariants in the nonregular
case, as is outlined in Theorems 5.5 and 5.6. This explicit construction partially
generalizes the results of [Anandavardhanan and Borisagar 2015, Theorem 1.2] for
the regular case. Furthermore, we establish the correct analogues of the inclusions
in (2-1) and (2-2) for the nonregular case over an arbitrary local field F. Specifically,
in Lemmas 5.7 and 5.8, we show that these inclusions get replaced by

Im(T12+ Th0) = Ker(T—-19), Im(T_1,)=Ker(T1>+ T1y),
Im(T1 ) =Ker(Ti1,0+T-1,0), Im(T1 o+ T-1,0) =Ker(T12).

This highlights a striking structural dissimilarity between the regular and nonregular
cases.

One of the motivations behind this paper was to write down an Iwahori-theoretic
modular local Langlands correspondence between Gal(F /F) and GL,(F) as was
done in [Chitrao 2025] for F' = Q,. In [Chitrao 2025, Theorem 2.2], Breuil’s
correspondence was rewritten entirely in the language of Iwahori induction. For a
parameter r € {0, ..., p—1} and a smooth character n: Q; — F; , the correspondence
in the supersingular case (where the Hecke eigenvalue is A = 0) takes the form

:1G r
ind;, d

(indow,™M®n <= ®7.
2 (T-1,0+ 6, p-1T1,0) +(T1,2+8,0T1,0)

Here, w; is the fundamental character of level 2, and § denotes the Kronecker
delta. The correspondence in the language of induction from the Iwahori subgroup
(times the center) is especially useful while computing the reduction of semi-stable
representations of Gal(F/F) when F = Q p- 1t turns out that the automorphic
representation associated by the p-adic local Langlands correspondence with a two-
dimensional, irreducible, semi-stable representation of the absolute Galois group
of @, has a dense subrepresentation isomorphic to a quotient of a representation
induced from the Iwahori subgroup to GL,(Q,). Therefore, when computing the
reduction mod p of the automorphic representation, one must work with Iwahori
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induction. Using this idea, it is possible to compute the reduction mod p of two-
dimensional, irreducible, semi-stable representations of the absolute Galois group
of Q, with arbitrarily large Hodge—Tate weights. This has been done in [Chitrao
and Ghate 2023, Theorem 1.1] for weights at most p + 1, including the previously
untreated weights p and p + 1, and is further explored in [Chitrao and Ghate 2026]
for weights at most p?. Similarly, the results here might be useful in computing the
reduction mod p of representations of Gal(F/F) for arbitrary F/Q p- The progress
in this direction, however, is heavily dependent on a (yet to be discovered) mod p
local Langlands correspondence for representations of Gal(F /F).

3. Preliminaries

We state Lucas’ classical result in modular combinatorics, which computes the
residue of the binomial coefficient (7) modulo p.

Theorem 3.1 (Lucas). Letn, i €N be such that n = Zﬁ:o n;p/andi= Zﬁ:o ijp’,
where 0 <n; <p—1and0<i; < p—1. Then
n Ly
— j
()=T1(5) mer
j=0
Corollary 3.2. Letn,i € N. Then p| (':) ifand only if n; <i; for some 0 < j <k.

As mentioned in the introduction, the Iwahori—Hecke algebra is noncommutative
in the nonregular case. It is generated by the Iwahori-Hecke operators 77 ¢ and 77 7,
which satisfy (2-3). We write down the explicit formulas for these operators as
given in [Barthel and Livné 1995, Lemma 6]:

1
Tiollg, 111=1[[gB, 11l and Tillg, 1= Hg (wm i) : 1H

rel,

According to [Barthel and Livné 1995, Lemma 8(4)], the operator T_ o satisfies
(3-1 T_10="T0T12T10.

T_ollg, =Y [[g <Zg [f) , 1“
Arely

The spherical Hecke operator T is determined by

rtec1= 3 e B ) [e(4 2)1] o

rely

-1 -1 o [A] -1 -1 .
Tlg, X ---X?_l]:Z[g(o 1>,X(’; ~-Xj’f»_1:| if r=q—1.
rely

Its formula is
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4. Comparison between Iwahori induction and spherical induction

In this section, we prove the main comparison theorem between Iwahori induction
and spherical induction.

The following lemma extends a case of [Ghate and Vangala 2022, Lemma 2.15].
This lemma also appears in [Ghate and Pandey 2026].

Lemma4.1. For 0 < j < f — 1, fix integers r; > 0 such that
0<r=r0+r1p—i----+rf_1pf_1 is divisible by q — 1.
Then for any integeri =ig+ijp+-- -+if_1pf_1 €10, g — 1), let K; be the set of
f-tuples (ko, ..., kr_1) of integers such that 0 < k; <r; forall0 < j < f —1 and

k0+k1p+---+kf_1pf*1 =i modqg — 1. Then we have
Z <r0> (rf_l)_{(—l)i modp ifie(0,q—1),
(ko r DEK: ko ki1 2 mod p ifi =0.

Proof. Consider the polynomial
F@) = 4x)°0+xP)T e (L4 xP

in the ring R = [Fp[x]/(x‘f_1 —1). Fori € [0, g — 1), the coefficient of x’ in f(x)
is given by the sum, over the set K;,

> (ro)...(”f—l)
(ko,....kp-1)€K; ko ky—1

However, f(x) = (1+x)". Letr =so+s1p/ +---+s,p" be the expansion of r
in base p/. Using the identity (1+x)? = (1+x) in R, we see that f(x) = (1+x)°,
where s =so+s1+---+s,. If r > ¢, thens <r and s =r mod g — 1. Iterating
this process, we may assume that s € (0,¢ — 1]. Since s =r =0 modg — 1, we
see that s = ¢ — 1. Therefore f(x) = (1+x)?"!in R.

Ifi € (0, g — 1), the coefficient of x’ in f(x) is

_ _ —1
<(p—1)pf L+ (p—Dp! 2+---+<p—1>):]i—[ <p—1>:(_1)i
if—lpf‘—l—|—if_2pf‘—2+---+i0 i ij

in [F,. The last equality follows from Theorem 3.1 and the fact (” l_l) = (—1)' mod p
for 0 <1 < p — 1. If i =0, however, the relation x?~! — 1 makes the leading term
constant. So, the coefficient of x’ receives contributions from the constant term and
the leading term, which proves the lemma. ([

ForjeZ/fZ,1et0;=X; Y;’ X 5’ _, denote the twisted Dickson polynomials
introduced in [Ghate and Jana 2025]. Using this notation, we state the following
theorem, which is the m = 0 case of [Ghate and Jana 2025, Theorem 2.18].
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Theorem 4.2. Letr =ro+rip+--- +rf_1pf_1 be such thatr; > q = p! for all
0<j<f—1,andr is divisible by g — 1. The map

f—1
' Ry 4o gOlEo)
Y QS > indy,
<

that sends a polynomial P = Py(Xo, Y0) ®--- Q@ Pr_1(Xy_1,Yr_1) € ®f ! VFr!
to the function p : GLo(F,) — [, defined by

¥p ((Ccl Z)) = Po(c,d)(g)...®pf_l(cpf*"dpf")

induces an isomorphism of GLy(F,)-representations

®f ) VFr’ - ingOle® g

@06y ey L
For brevity, let us define some notation. For r = (ro, ..., ry—1) with r; > 0 for
all0 < j < f—1, we write X” and Y” to represent X - - X "I~ and Y - --Y}f__l',
respectively. We also define X2=\ := xt! X? L Y” L=y~ 1---Y]’3__11

and X/ ~PHlyr=l.— X{)O*"’*”Y(f’*l---x;f - r- yrol,

Proposition 4.3. Let f > 1. Letr =ro+rip+---+ rf_lpf_l be such that
ri>q= pf forall0 < j < f — 1. Assume r is divisible by g — 1. Then, the maps

®) o

Fr/ Jj=0 "rj r r—p+1lyp—1 r

lo: ® —, Il X — X" yr— 4+ Y-
(6o, ..., 0p_1) - - -

and
60,...,9f_1)
sz%)_fﬂzi if (o, ovip-D) #(p =1, p =1,
YL Y if Goynvip-) =(p—=1,...,p= 1),
induce an isomorphism

®f 1 VFr/

-1
Vit e Qv ~ —.
® ® ! (Bo, ..., 0r_1)
Proof. By Theorem 4.2, we have that

F=1y,Fr/
® o Ve
@0 0r_1) =indyf, L
05 --->Uf—1
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There is a copy of ®{:—01 VOF " in indg(L[qu(gF 91 given by the constant functions. A brief
calculation shows that under the isomorphism presented above, the polynomial
Xt — }_(mz p=ly Y’ maps to the constant function 1.

Next, we prove that the map

1 f—1
f r/ ® ‘IFI‘J
E 1 9 0 — ’

X221y XY (g, ip ) #E (p— 1. p— 1),
Y2l ¥2 i Goy.oipm)=(p—1,...,p—1),

is GLy(F,)-equivariant.

Since ®f ) VFr1 is irreducible, it is generated by any nonzero vector. In
particular, it is generated by X2— ! Therefore to show ¢ p—11s GL, ([ )-equivariant,
it is enough to show

p1(@X2Y) = gup (X271 forall g € GLa(Fy).
Noting the Bruhat decomposition GL,([F,) = B LU BwB, it is enough to show
o (MXPZ) = Mo, (X220, 1 i (MYPEY = Mo, (Y2

for all M € B. The first identity is easy to check since B stabilizes XP=land X*.
We now verify the second identity. Let M = ({ /). Then the left-hand side of the
second equation above is

L1 [(bXo+dYp)P~" .. (bpf_lefl +ar qu)f’—‘]
({0, f—1)

where the sum runs over all tuples (io, ...,77—1) for which0 <i; < p —1 for all
0 < j < f — 1. Separating the (ip,...,if—1) =(p—1,..., p—1) term, the last
expression becomes

> (=D XY X lle}fll:|+Y6"---Y;ff.
(i0se-sif—1)#E(p—1,...,p—=1)
Next, we compute the right-hand side as
M, (Y= h=mu")
= (bXo+dYp)" - (" X gy +dP ¥y )0

— Z (;:;) . (rf 1>br kdk I’() k()Y(;CO . X;‘f:ifkf*IYJ]jfi—ll’

k
(koK f—1) /=1
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where the sum runs over all tuples (ko, ..., ky_1) for which 0 < k; < r; for all
0 < j < f — 1. Note that the coefficients of X* at the end of the two displays above
match, and so do the coefficients of Y. To show that the remaining expressions
are equal, it is enough to check

Y (m)...(rfl)z(—mi mod p forie (0, pf~l =1,

(kouork 1)K ko Ky
Z (]:0)---(;f_1>50 mod p for i =0.
(ko.....k s 1)eK; 0 /-1

Here, the indexing set K; is defined as in Lemma 4.1, which also provides the proof
for these congruences. Finally, a dimension count shows

®f 1 VFrJ

-1 -1
vire Qv :—. O
% 0 ® ' 6o, .., 05)

The following theorem generalizes [Chitrao 2025, Theorem 3.13], which was
the special case F' = Q).

Theorem 4.4. Let f > 1. Letr =ro+ri p+-- -—i—rf_]pf_l be such thatr; > q =p/
forall0 < j < f —1. Assume r is divisible by g — 1. The map

-1
&=
®:ind%, 1 — ind¢, (901‘0—91-_”, [id, 1]] — [id, Y* — x'=p*lyr=1},
induces isomorphisms
ind¥, 1 ind%, 1 - _
%z ’\’lndgz® v and 1z~ :inng®V;ijl.

(Th2T1,0) (Id+T1,2T1,0)

Moreover, the operators T_y o+ T1,0, T—1,0 on the left correspond to the operator T
on the right under the isomorphism above. Note that T € Endg (md Iz ®f 1 VFr )

in the first case is different from T € Endg (md ®f 0] V; r 1) in the second case.

Proof. We first prove that the map
f-1
G
(Bo, ..., 0f-1)

is an isomorphism. Since I Z C KZ C G With 1Z C K Z of finite index, there is
an isomorphism from 1nd?Z lto mdg z indX# 1 defined by

® :ind¥, 1 — ind%, . [lid, 111+ [id, Y* — x7=e+lyr=I}

(lid, 11] = [id, [[[id, 1]11].
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A brief computation using Theorem 4.2 shows the map sending Y? — X" =PF1ypr=1
to [[[id, 1]]] is an isomorphism between

=1 Fe
®j=0 Vrlj‘r
(6o, ..., 0F-1)

Since —T7 277 o is an idempotent by (2-3) in the noncommutative Hecke algebra,
we get a splitting

and indf7 1.

ind¥, 1 = Im(—T12T1.0) ®Im(Id + T1 2T} 0).

We also know from Proposition 4.3 that

-1 J
®{:0 Vrl;r

- -
ind$, ;= indf, ) V" @indf, Q) Vi,
j=0 j=0

(B, ..., 0F1

where the space indg Z(®§;& V; f 1) is identified with the subspace generated by
the element [id, X”] and the space ind% Z((X){ 7& VEr') is identified with subspace

generated by the element [id, X© — X"=PFlyP=! | yr]. Therefore, to prove the
first part of this theorem, we need to show that
. —1 j

« O(Um(=Ti 271 ) = ind§ ,(®' ) VIT)),

e O(Im(Id+T12T1,0)) = indgz(@j:ol V()Frj)'
Indeed, under the map

f=1 \,Fr/
Ry Vo
indfz 1— indg 7 L,
(6o, ..., 0F_1)

the element 77 »[[id, 1]] maps to
1 0 _ _ 1 [A] _ _
r_yr—p+lyp—1|_ r_yr—ptlyp—1
Z[(wm w),z x=rtly ] Z[ﬂ(o 1>w,x X"ty ]
rely rely

Since ((1) D}])w € KZ, we can move it to the other side to get
re_ ro—(p— —1
DB X0 X = X+ ¥o) PV g
—1 —
rely . (kp'f Xffl + Yfil)rf_l_(P—l)X?_%].
Expanding (A\?’ X; +Y;)" 7=~ forall 0 < j < f — 1, the above expression is

_[ Y <ro—§£— 1))“.<”f—1 —(p- 1>) 3 arta ik )_(rkzk}

ki_
(ko,..oskp—1) /-1 reFy

—[B, y'=ptlxr=1y,
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where the sum runs over all tuples (ko, ..., ks_1) for whichO <k; <r; —(p—1)
forall0 < j < f—1and where k =ko+kip+---+ ks p/7L.
Using the identity

if g — 1
(4-1) Z,ﬁ:{ 0 ifg—ML o,
e g—1 ifg—1]I

we see that the inner sum over A € F7 is nonzero modulo p if and only if the
exponent satisfies k = r (mod g — 1). Consequently, only these terms contribute to
the sum. In the quotient

F=1 e
®J=O Vrlj'r
B0, ....07-1)

we use the relations defined by the polynomials 6; to rewrite the sum of the
remaining terms as a linear combination of the monomials X“=*Y* for k satisfying
0 < kj < p — 1. Finally, applying Lemma 4.1 with r; replaced by r; — (p — 1)
allows us to evaluate the resulting sum of binomial coefficients. Thus,

(4-2) Ty 2[lid, 1]] — [B, X" ].
» Using (4-2), we see that

Ti > ollid, 111 = T1 2[[B. 11] = [id, X"].

f=1y,Fr/
®J=0 Vrjr

=1\, Fr/
\% —
(6o, ...,0F_1)

Moreover, [id, X”] generates ind% , (@7, Vi",) in ind§,
o Again using (4-2), we see that

(Id+ Ty 2Ty 0)[[id, 11] = [[id, 1]] + T3 »[[B. 111,
[[id, 111+ T12[[8, 111+~ [id, X* — X" =2+lyr=l 4 yr].

Moreover [id, X* — X"=?*1y?=1 4 yr] generates indgz(®f7& vEr).

We have proved that the natural map induces isomorphisms
. -1
ind¥, 1 j
—dZ_ =, indgz(® VOFP’>,
(T 2T 0) =0

. f=1

ind¥, 1 .G ( Fj)
— 12~ indG, ( @V ).
(Id + 71 2T1,0) R

(4-3)

These maps are respectively given by

(lid, 171+ [id, 1] and [[id, 1]] — [id, —(X2=1)].
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Indeed, the first map sends [[id, 1]] to

-1t
lid, Y2 — X2t yr=l1=[id, X" — X"=P*yP=l Ly mod ind%, ( & v§1’1>
j=0

and the second map sends [[id, 1]] to

-1
lid, Y* — )_(ﬂzpi—l] =[id, —(X*)] mod indgz<® V()FH).
j=0

Now using (2-3) and (3-1), we see that
ImTi,T10 < Ker(T-10+T10) and Imdd+T772710) S KerT_ .
Therefore, they are operators on the quotients
ind%, 1 o ind¢, 1
(T12T10) (d+T12T10)

respectively. Then, under the first map in (4-3), we see that

(T-10+ Tiollid, 111 = H(Zg “1‘]) , 1}] 118, 11
rely
=3 [(Zg [T]) , 1} + o, 1] = TTid, 1]

A€l

since B = ow and w € K Z. Similarly, under the second map in (4-3), we get

o= [[(5 %).1]
relfy

s [(zg [i]>’_()_(1’—1)]:T[id,—()_(H)]- O

rely

5. Self extensions of a supersingular representation of GL»(Q))

Throughout this section, let p be an odd prime. Let G =GL,(Qp) and K = GL(Z))
be its standard maximal compact subgroup. Let / be the Iwahori subgroup of G,
and /(1) be the pro-p-Iwahori subgroup of G. Let 7w, = indg 7 Vi /(T), where
r € {0, p — 1}, be a supersingular representation of G.
Breuil [2003, Corollary 4.1.3] proved that the map [id, 1] — [«, Y”~!] induces
an isomorphism
indg, Vo _ ind%, V,

T M
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Before we come to results, we need to consider the implications of the above
isomorphism for finding the self-extensions of m,. A key property of the Hecke
operator T is its injectivity which implies that we have an exact sequence

The following lemma is well-known. We could not find its proof in the literature.
Hence, we provide a short proof. One can compare this lemma on the automorphic
side with [Bhattacharya et al. 2018, Theorem 7.53] on the Galois side using the
nonsemisimple mod p local Langlands correspondence.

Lemma 5.1. Forr € {0, p — 1}, the exact sequence

is nonsplit.

Proof. Since o = m,_1, it suffices to prove that the sequence is nonsplit for r = 0.
Suppose that the given sequence is split. So, there exists a retraction map

g ind$, Vo
- (T

for the map T'. Using the fact that [id, 1] is fixed under / (1), alongside Breuil’s
determination of the I (1)-invariants of 7o [2003, Theorem 3.2.4], we deduce that
S(lid, 1]) = [id, %] + [, b] for some a, b € [,. Also, since the element [id, 1] is
fixed by w in = (';g) %, its image is fixed by w. Then, a quick computation using
[Barthel and Livné 1994, Lemma 20] shows b = 0. Writing T'[id, 1] as a sum
of GL,(Q)-translates of [id, 1], we see that S commutes with 7. Consequently,
S(T[id, 1]) = 0 in my. However, since S is a retraction map for 7', we get a

contradiction. 0

T

It is known using [Paskiinas 2010, Proposition 9.1, Theorem 10.13, Lemma 9.3;
Breuil and Paskiinas 2012, Corollaries 6.6, 6.7] that the one-dimensional subspace
of the three-dimensional Exth (7., ) spanned by the class of this self-extension
consists of all the self extensions of 7, which have a four-dimensional space of
I (1)-invariants, where Ext is computed in the category of smooth representations
with a given central character {. This is in contrast with the regular case, and hence
we write the argument in the form of the following proposition.

Proposition 5.2. Letr € {0,1,..., p —1}. Let ExtIG (,, ) be the space of self-
extensions of 7, with a fixed central character {. Then, the subspace of Exté; (7T, )

consisting of extensions having a four-dimensional space of I (1)-invariants has
dimension 1 ifr € {0, p — 1} or 2 if r ¢ {0, p — 1}.
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Proof. We claim that the subspace of Exth (7., ) consisting of the extensions with
a four-dimensional space of I (1)-invariants is the image of Ext;[ (Jr,’ (1), 71,1 (1)) under
the map obtained using the functor — ® indIG(l)Z ¢. It is shown in [Paskiinas 2010,
Proposition 9.1] that ¢ : Ext%{ (JTrI (1), 71,1 (1)) — Exté (7., ) is injective. Moreover,

[Paskiinas 2010, Lemma 9.3] says that

1 ifref0,p—1},

. L 1) _I(
dlmEXt’H(nr( ), ”r( = !2 otherwise

This is where the difference between the regular and the nonregular cases lies.

Next, we justify why every self-extension with a four-dimensional space of
I (1)-invariants lies in the image of ¢. Suppose E is one such self-extension of .
Then, taking 7 (1)-invariants, we get

I(1)

.= 0.

0— 7[,1(1)—> E'® 5 7

This sequence is exact because of the assumption that dim E/() = 4 and the fact
that dim 7, ) Finally, we note that the two copies of m, appearing as the
submodule and the quotient module of E are generated as G-modules by their

I (1)-invariants. Therefore E is also generated as a G-module by E/". This means
E ~ E'"V @y, ind{, ¢,

and thus the element in Extlc (7,, ) corresponding to E is in the image of ¢p. [

In this section, we focus on giving a realization of the self-extensions of 7,
belonging to the above-mentioned one-dimensional space, using the Iwahori—Hecke
model for the nonregular case, i.e., r € {0, p — 1}, given in [Chitrao 2025]. For the
regular case 0 <r < p—1, see [Anandavardhanan and Borisagar 2015, Theorem 1.2].

The following theorem gives the Iwahori—-Hecke model for a supersingular
representation of GL,(Q)) in the nonregular case.

Theorem 5.3. We have

ind%, 1 ind%, 1
—12° =indG, vy and ——LE— =ind§, V, ;.
(T1,2T0) (Id+ Ty 2T1,0)

Moreover, the operators T_1 o+ T10 and T_1 o on the left correspond to the
operator T on the right.

Proof. See Theorem 3.13 in [Chitrao 2025]. U
Explicitly, Breuil’s isomorphism in the nonregular case is given as follows.
Theorem 5.4 (Breuil’s isomorphism). We have
ind¥, 1 ~ ind¥, 1
(T-1,0)+(Ti2+To) (Tho+T-10+(T12)
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Proof. We construct the isomorphism using the action of 77 9 on ind?Z 1. Since
Ty o is invertible, it induces an automorphism of the entire space. Using (2-3)
and (3-1), we see that 77 ¢ interchanges the defining operators of the quotients via
T1,0T-1,0T1,0 = T12 and Ty o(T12 + T1,0)T1,0 = T—1,0 + T1,0. Consequently, T
maps the subspace (T_1,0) + (71,2 + T1,0) bijectively onto (71,04 T-1,0) + (71,2).
ensuring the induced map on the quotients is a well-defined isomorphism. ([

. . . . . ind$ , Vi
Theorem 5.5. Consider the irreducible supersingular representation mwy = m(KTZ)O

of GLy(Qyp). Then, a basis for the subspace of Ext%; (o, o) consisting of isomor-
phism class of short exact sequence

0> mg—> 17— 1m0 — 0,

where the representation T has a four-dimensional space of I (1)-invariants (as
explicitly computed in Remark 5.9), is given by isomorphism class of

ind¥, 1  ind%, Vo
(To10)+(Tip+ T (TY)
_indgz Vp-1

Theorem 5.6. Consider the irreducible supersingular representation 7,1 = &
of GL2(Qp). Then, a basis for the subspace of Extlc (wp—1, Tp—1) consisting of
isomorphism class of short exact sequence

00— my—

0> mp 1> 1 >m_1 >0,

where the representation T’ has a four-dimensional space of I (1)-invariants (see
Remark 5.9), is given by isomorphism class of

ind{, 1 ind$, V,_
0= mp_1—> NGz 5 Em KZZP 1—>7rp_1—>0.
(Tio+T-1,0) + (T ) (1)
Before we prove the theorems we note that
ind¥, 1 , ind¥, 1
T = T =
(T-1,0) + (T1 2+ T1,0)? (Ti.o+ T-1.0) + (T2
are isomorphic by defining a map
ind¥, 1 indf, 1

D: > = 5
X=[Tio+T-10+T7 )] [T+ Ti2+T10)7]=Y
as

(f+X)=(Ti)(H)+7Y.

It can be checked that ® is a well-defined G-linear map. Indeed, we must
show that ® maps (77,0+ 7-1,0) and (T12,2) to 0. The former is a consequence of
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Im(77,0+4 T-1,0) = Ker 77 ». For the latter, note that
(Ti2+T1,0*(=T12) = (TE, 4+ T1 2T10+ T10T12 + 1) (=T 2)
= —T13,2 —(=T2)— T1,0T12,2 T
== 13,2 - Tl,OTl%z
= —T13,2 —T_1,0T1,0T1,2.

Therefore, (T13’2) belongs to (T_1,0) + (T12 + Tl,o)z. Also, ® makes the diagram

ind%, 1 Tia indf,1 ind%, 1
0 (T1,0+T-1,00+(T1,2) § X (T1,0+T-1,00+(T1,2) 0
(5-1 T1,ol —T1,2=‘1>l Tl.ol
ind%, 1 Tip+T10  ind¥, 1 ind%, 1
0 (T-1,0)+(T1 2+T10) 4 Y (T-1,0)+(T1 2+T10) 0

commute. Indeed, it is easy to see that the second square commutes. For the first
square, we must show that —T122 f=TT10+1d) f in mdl’/z L for any f € ind?Z 1.

Note that

(Ti2+T1,0)> = T-1,0T1,0 = Tf, + T1,2 T 0 +1d.

Hence, ® is an isomorphism.

5.1. Proof of Theorem 5.5.
Proof. We prove that
o ind¥, 1
(T-1,0) + (T1 2+ Ti1,0)?
indG
Letmp = % be an irreducible supersingular representation of GL(Q)).
Consider the natural surjection

€ ExtIG (1o, 70).

ind%, 1
(T-1.0)+ T2+ Tip)’
fHT10)+(Tia+Ti0)* = f+(T-1.0)+ (Ti2+Ti o).

V:7—>

; _ _ (I10+(T2+T10) . ~ ind%, 1
We easily see Ker @ = V[T 00+ (T a1 07 We claim Ker ¥ = TrordaTho”

Consider a map

(T-1,0) + (T1 2+ T10)
Y =[(T-1,0)+ (T12+ T1,0)%]
fr=(Tia+Tio)(f)+Y.

Note that ¢ is a G-linear onto map. We show that Ker¢ = (T_1,0) + (T12+ T1,0)-
For that, we prove the following result.

¢ :ind¥, 1 —
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Lemma 5.7. For an arbitrary local field F, we have Ker(T_; o) = Im(T12+ T1,0)
and Ker(T 2+ T1,0) = Im(7T_1 o).

Proof. Since T g is invertible, Ker(T 271,0) = Ker(7,071,271,0) = Ker(7_1 ) and
Im(T1 2+ T1,0) =Im(T1 2710+ 1d). Using the fact —7; 277 o is an idempotent, we
see Ker(7 271,0) = Im(T 2710 + 1d). Therefore, we get the first equality. For the
second equality, a similar proof applies using Im(7 ¢77.2) = Ker(71,0712+1d). O

We can observe from Lemma 5.8 that Im(77 2+ 71,0) +Im(7_ o) € Ker ¢. Since

4G
% is irreducible and ¢ is nonzero, Ker¢ = (T_1,0) + (11,2 + T1,0)-
Hence, ’
indf, 1 ~ T+ Te+To) oy
(T_1,0)+ (T 2+ Ti0) X =[(T-1,0)+ (T12+ T1,0)%] ’
. . . ind¥, 1 1
which proves our claim 7 = Tt (TiatTio? € Extg (o, o). ]

5.2. Proof of Theorem 5.6.
Proof. We prove that
) ind%, 1

T = € Ext, (Tp_1,Tp_1).
(T1,0+T—1,0)+(T12,2) G P

~ ind%, 1 . . . .
Letm, | = T T 0T T be an irreducible supersingular representation of the

group GL,(Q,). Consider the natural surjection

. ind¥, 1
(Tho+T-10)+(T12)

fHTo+To10)+ (T — f+ (Tio+T-1.0) + (T1.2).

v

. r . (To+T-1,0)+(T12) . )~ indf, 1
We egsﬂy see Ker V' = X0t T o)+ (T We claim Ker ¥’ = TroF T OF T
Consider a map ’

(T1,0+T-1,0) + (T12)
X=[To+T-10+ (Tﬁz)] ’

[ T () + X

Note that ¢’ is a G-linear onto map. We show that Ker ¢’ = (71,0 + T-1.0) + (T1.2).
For that, we prove the following result.

¢':ind%, 1 —

Lemma 5.8. For an arbitrary local field F, we have Ker(T1,0+ T—1,0) = Im(T7 2)
and Ker(T12) =Im(T1 0+ 1T-1,0).
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Proof. Since Ty g is invertible,
Ker(T1,0+ T-1,0) = Ker(Id+ T12T1,0) = Im(T127T1,0) = Im(T72).

For the second equality, use that Ker(7) 271,0) = Im(T; 27} 0+ 1d), T; o induces an
isomorphism Ker (7 2) =Ker (T 2T1,0) and Im(T; 0+T-1,0) =Im(T} 2 T1,0+1d). O

We can observe from Lemma 5.7 that Im(7_ o+ T1,0) +1Im(7} 2) € Ker¢'. Since

% is irreducible and ¢’ is nonzero, Ker ¢’ = (T1.0 4+ T-1.0) + (T1.2).
Hence, .
ind?, 1 ~ Do+ Ta0+T2) oy
(Tro+T-10)+(T12) X = [(Tro+ T-1.0) + (T3] ’
which proves our claim t/ = ind7 1 € Exté; (Tp—1, Tp—1). O

T (Mo T-10)+H(T7)

Remark 5.9. We first recall the vector space isomorphisms for the two-dimensional
spaces of I (1)-invariants associated to the base representations:

( ind%, 1 )’ W ( ind%, 1 )’ o
(T-1,0) +(T12+ T1,0)  \(To+T-10)+(T12) '

Next, the space of I (1)-invariants in 7 is given by

( ind{, 1 )’ M
(T-10) + (Th 2+ Ti0)?

= ([Tid, 110, T0B. 111, 712+ Ti o) ([0, 11D, (Ti 2 + T1.0) (1B, 11D

Furthermore, t and 7’ are isomorphic (see (5-1)). Consequently, t’ also possesses
a four-dimensional space of I (1)-invariants given by

ind%, 1 HORY
<(T10+T10>+<T122)> = {[lid, 111, [[8, 111, 1 2(Ilid, 111), 71 2 (118, 1]]))
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THE CANONICAL EXACT SEQUENCE OF
DIFFERENTIAL MODULES FOR 0-DIMENSIONAL SCHEMES

TRAN N. K. LINH AND LE NGOC LONG

Given a 0-dimensional scheme X in P}, over a perfect field K, we examine
the second differential power of its homogeneous vanishing ideal. This
enables us to establish the canonical exact sequence for the associated Kihler
differential module. We also provide a formula for the Hilbert polynomial
of Kiihler differential modules when X is either a fat point scheme or a
0-dimensional locally monomial Gorenstein scheme.

1. Introduction

Let K be a perfect field, and let R be a finitely generated K -algebra of the form
R=P/I,where P =K|[Xy, ..., X,]is a polynomial ring over K and [ is an ideal
of P. One of the powerful tools for investigating the K-algebra R is its associated
Kéhler differential module. This module is precisely defined as Q}e = Ap/A2,
where A is the kernel of the multiplication map u: RQx R — R with f®g+— fg.
The module Q}e is finitely generated and it reflects many structural properties of the
K -algebra R, including criteria for smoothness, regularity, and ramification (see,
for instance, [EGA IV4 1967; Kunz 1986; Scheja and Storch 1974]).
It is well known that Q}e admits the canonical exact sequence of R-modules

=2 bl 4l - o,

where 8(f + I%) = df + IQ}D for each f € I and the map y is induced from
the functorial map Q}) — Q}e- A significant result by Mohan Kumar [1978]
demonstrates that when R is reduced, / is a complete intersection if and only if the
exact canonical sequence forms a free resolution of Qk, i.e., if and only if

0—I/1* 2 R s Qb 5 0

is exact and I/1? is a free R-module. This exactness condition has been further
explored in subsequent works. De Dominicis and Kreuzer [1999] proved that if
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I = Ix is the homogeneous vanishing ideal of a finite set of points X ={p1, ..., ps}
in P over a field K of characteristic zero, then the sequence of graded R-modules

(1) 0— Ix/Iy > R"' (=) L5 @k >0

is exact, where Iy is the homogeneous vanishing ideal of the double point scheme Y
in P . Recall that, for K -rational points p1, ..., p, and positive integers my, ..., my,
the saturated homogeneous ideal Iy =1 Zﬁ‘ N---N I,’Z‘Y of P defines a fat point scheme
X=mpi+---+msps in P . Recently, when char(K) = 0, the canonical exact
sequence (1) was generalized in [Kreuzer et al. 2015, Theorem 1.7] to such a fat point
scheme X=m|p;+- - -+m; p, using its fattening Y = (m+1) p1+- - -+ (ms+1) ps
in P% . Inspired by these advancements, it is natural to ask the following question:

Question 1.1. Given an arbitrary 0-dimensional scheme X in P over a perfect
field K of characteristic p > 0, does a subscheme Y of P exist for which the
canonical exact sequence (1) for the Kdihler differential module for X remains valid?

To answer this question, we will first deal with the differential powers of the
homogeneous vanishing ideal I of the scheme X. Throughout, we assume that the
support of X is disjoint from the hyperplane Z(Xy). This can be achieved without
loss of generality by a suitable linear change of coordinates, possibly after a small
base field extension if K is finite. The set {X° - X;" | (o, ..., &) € N"T1}
of all terms in P is denoted by T For m > 0, let D', be the P-module of
K -linear differential operators on P of order at most m. On account of [Dao
et al. 2018, Definition 2.2], the m-th differential power of the ideal Ix is given by
I;gm ={feP|5(f)elxforall § e D'['f—] }. The interplay between differential and
symbolic powers of an ideal has been studied extensively (see, for instance, [Dao
et al. 2018; De Stefani et al. 2020; Hochster and Huneke 2002; 2007]). For our
purpose, we focus on investigating the second differential power Igff = 13(5). Our
first result is the following theorem that shows how to compute a finite generating
system of I§iff, when X contains only a monomial point.

Theorem 1.2 (Theorem 3.2). Let K be a perfect field of characteristic p > O.
Assume that the homogeneous vanishing ideal Ix of the scheme X is a proper
monomial ideal of P, minimally generated by terms ti, ..., t, € T"t1,

(a) The ideal I;éiff is a monomial subideal of Ix.

(b) Forlfjfr,wewritetjzXSOj---Xff"j,andfor2§k§n+landl§j15

<< jk <r,wedefinet; = Xgo . -~X£", where, fori =0, ...,n,
0 ifaijy == =0,
?) B = iy if ajjy =+ =5, > 0and plaj,,
L .
Olijl+1 lfotijl:---:()lijk>0al’ldp)[06ijl,

max{o;j,, ..., q;} otherwise.
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Then
I;%lffzgjl,...,jk|1§j1§"'§jk§r; 2<k<n+1).

In the general case of a 0-dimensional scheme X, we show that I§iff is indeed a
saturated homogeneous ideal in P, and so it defines a 0-dimensional scheme Y in P
which is called the differential fattening of X. This notion can be viewed as a natural
extension of the classical notion of fattening for fat point schemes. Specifically,
when the characteristic of the base field does not divide the multiplicities of a
fat point scheme, its first fattening is precisely the scheme defined by the second
differential power of its vanishing ideal (see Remark 3.6). By x; we denote the
image of X; in R= P/Ix fori =0, ..., n. Using the above terminology, we give
an affirmative answer for Question 1.1.

Theorem 1.3 (Theorem 3.8). Let X be a 0-dimensional scheme in P, with homo-
geneous vanishing ideal Ix, and let Y be the differential fattening of X with its
homogeneous vanishing ideal Iy. The sequence of graded R-modules

0— Ix/Iy 2> R (1) > @k > 0

is exact, where 8(f + Iv) = >_i_(3f/dx;)e; for every homogeneous polynomial
felxandy(e) =dx;fori =0,...,n.

Clearly, the theorem enables us to compute the Hilbert function of the Kéhler
differential module Q}e and to bound its regularity index via those of X and of Y.
When X =m 1 p;+- - -+mjp;s is a fat point scheme in P, , Kreuzer, Linh, and Long
[Kreuzer et al. 2025, Remark 7.1] posed the question: does the Hilbert polynomial of
the m-form Kdhler differential module Q' depend only on m, n and the multiplicities
my, ..., mg? A positive answer for this question is given in [Kreuzer et al. 2025,
Theorem 7.12] when either char(K) =0 or char(K) > max{m; | j=1,...,s}. The
proof therein combines localization arguments together with either the exactness
of the Koszul-Euler complex for Kihler differential modules or Grobner basis
techniques to control the Hilbert function. However, these methods rely essentially
on the condition that the characteristic does not divide the multiplicities, and hence
they do not extend to the remaining case 0 < char(K) <max{m; | j=1,...,s}.
In this range, the subtle behavior of differential operators causes the standard
connection between differential and symbolic powers to fail (see [De Stefani et al.
2020, Examples 3.7-3.8] or Example 3.3). Building on Theorems 1.2 and 1.3, we
give a formula for the Hilbert polynomial of Q}e and this improves [Kreuzer et al.
2025, Theorem 7.12] form =1 and 0 < char(K) <max{m; | j =1, ..., s} (see
Corollary 3.10). Unfortunately, we do not know an answer to this question when
m >2and 0 < char(K) <max{m; | j=1,...,s}.

On the other hand, we are also interested in finding a formula for the Hilbert
polynomial of the m-form Kihler differential module for O-dimensional locally
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monomial Gorenstein schemes in P . Here, a 0-dimensional scheme X with support
Supp(X) ={p1, ..., ps} in P% is a locally monomial Gorenstein scheme if, for each
jefl, ..., s}, thelocalring O; of X at p; satisfies O; = K[X1, ..., X,1/Q;, where
9 is a monomial Gorenstein ideal generated by pure powers of the indeterminates.
The class of these schemes includes the class of 0-dimensional curvilinear schemes
which have been shown to play an important role in the proof of the so-called
Alexander—Hirschowitz theorem (see, for instance, [Chandler 2001]).

Corollary 1.4 (Corollary 4.8). Let X be a 0-dimensional locally monomial Goren-
stein scheme in P with Supp(X) = {p1, ..., ps}, and let p = char(K). For

j=1,...s,wewrite O; ZK[Xy, ..., X,1/Qj, where Q; = (X]]“-f,..-’X,'j”i) with
kij>1. For1<ij<---<iyp<nandl1<j<s,let
Car,oing =i €{it, ooy im} : ptkij}

Form > 1, we have

[ > [T &k I =D

1<ty <o <im1<niglG), ip_ i P€TG iy )i

HP(Q") =
1

N
j:

+x M & [ G-D]
Il <<l <niglay  im).j L€l tm).j
This paper is outlined as follows. In Section 2, we first recall the needed facts
about the Kéhler differential modules, the ring of K -linear differential operators,
and the K-linear differential powers. Then we consider these invariants for a 0-
dimensional scheme in P . In Section 3, we prove Theorems 1.2 and 1.3 and derive
their consequences (see Corollaries 3.5, 3.10, and 3.11). In the final section, we
establish a formula for the Hilbert polynomial of the m-form Kéhler differential
module associated to a 0-dimensional locally monomial Gorenstein scheme (see
Proposition 4.4 and Corollary 1.4).
Unless explicitly stated otherwise, we adhere to the definitions and notation
introduced in [Kreuzer and Robbiano 2000; 2005; Kunz 1986]. All examples in this
paper were calculated by using the computer algebraic system ApCoCoA [> 2026].

2. Differential modules and differential powers of ideals

In the following, let K be a perfect field and let P = K[ X, ..., X,,] be a polynomial
ring in indeterminates Xo, ..., X, over K. Let R be a finitely generated K -algebra
of the form R = P /I, where [ is an ideal in P. The image of X; in R is denoted
by x; fori =0, ..., n. We denote by u the multiplication map £ : RQ@x R — R
given by u(f ® g) = fg for f, g € R. This is a K-algebra homomorphism and its
kernel Ay := Ker(u) is an ideal of the algebra R ® ¢ R. In particular, the ideal Ag
is generated by {1 ®x; —x; ® 1|i € {0, ..., n}}.
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Definition 2.1. Let R = P/I be a finitely generated K -algebra.

(a) We call the finitely generated R-module €2 }Q k =Ar/ A%Q the Kdhler differential
module (or the module of Kdhler differentials) of R/K .

(b) For every m >0, we call the m-th exterior power Q% 1= A'g Qb sk the m-form
Kdhler differential module (or the module of Kdhler differential m-forms)
of R/K.

(c) We call the exterior algebra 2% /K= @mzo Q' /K the Kdhler differential
algebra of R/K.

Unless explicitly stated otherwise, all algebras will be K-algebras. So, we usually
simplify the notation and write Q' instead of Q' /K for all m > 0, as well as Q%
instead of Q2% /K- Notice that Q% = R and if [ is a homogeneous ideal of P, then
Q'p is a graded R-module for every m > 0. The Kihler differential module of R/K
comes together with the universal derivation dg : R — Q% which is defined by
dr(f)=f®1-1 ®f+A% for f € R. We write d for dp, if no confusion can arise.

As in [Kunz 1986, Section 1], the set of all K-linear derivations d : R — R is an
R-module and is denoted by Derg (R). By [Kunz 1986, Proposition 1.23], there is
an isomorphism

Homg (g, R) — Derg(R), ¢+ god.

Also, both Derg (R) and Homg (R, R) are submodules of Homg (R, R). The latter,
Homg (R, R), is the ring of endomorphisms of R/K, with operations of sum and
composition of endomorphisms.

If §, 60 € Homg (R, R), then their commutator is defined as

[6,0] ;=600 —606.

Obviously, [§, 0] € Homg (R, R). Every element in Homg (R, R) is simply a
multiplication map ur : R — R for some f € R, where pr(g) = fg forall g € R.
We write [8, f] for [8, p ], so that

[6, fl=8ous—pyrod and [f,gl=0

for all f, g € R and § € Homg (R, R).
Based on [Heyneman and Sweedler 1969, Section 2; Coutinho 1995, Chapter 3,
Section 1], we have the following notion.
Definition 2.2. Let R = P/I be a finitely generated K -algebra, and let m € N. The
K -linear differential operators of R of order at most m, Dy € Homg (R, R), are
defined inductively as
(i) Dy =Homg(R, R);
(i) D} ={6 e Homg (R, R) | [8, f]l e Dg_l for every f € R}.
The ring of K -linear differential operators of R is defined by Dg = J,,cn DR -



52 TRAN N. K. LINH AND LE NGOC LONG

Note that the ring structure on Dy is also given by composition and satisfies
Dy < D"R“rl form >0 and D o DII‘e - D%Jrk (see, e.g., [Coutinho 1995, Chapter 3,
Proposition 1.2]). The ring Dg is a noncommutative ring, and it is in general not
Noetherian (see [Bernstein et al. 1972]).

When R = P = K[Xy, ..., X,] and K is of characteristic zero, the ring Dp is
known as the Weyl algebra of P and it has a concrete description below (see, for
instance, [Bjork 1979, Chapter I, Proposition 1.2; Hart 1983, Theorem 2]). We
refer to [Smith 1986] for further information on Dp in positive characteristic. In
the following, do, ..., 9, are the partial derivatives defined by 9;(f) = 0f/dX; for
feP.Fora=(a,...,a,) € N""' by X* we mean the term X{° - - - X;," and its
degree is |a| = g + - - - + a,, and similarly, for 8 = (Bo, ..., ) € N'*1, by 88
we denote a d-term 850 L

Proposition 2.3. If K is a field of characteristic zero, then
Dp = P[Derg(P)] = K[Xo, ..., Xy, 0o, ..., 9l

and the set {X*3? | a, B € N"*1} is a K -basis of Dp. In particular, any § € DY
can be uniquely written as
§= Y fud* (fa€P).
loe|<m

For the finitely generated K-algebra R = P/, there is an (R ® ¢ R)-module
structure on Homg (R, R) given by the rule

(f®8)-0)(h) = fO(gh)

for f,g,h € R and 6 € Homg (R, R). Via this module structure, we have the
following characterization of differential operators (see [Heyneman and Sweedler
1969, Lemma 2.2.1 and Proposition 2.2.3]).

Proposition 2.4. The set Dy of K-linear differential operators of order < m is
an (R ®x R)-submodule (and so an R-submodule) of Homg (R, R). Moreover,
8 € D ifand only if Ag -8 € D't~ if and only if A" .5 =0.

The following notion of differential powers of an ideal in R was introduced in
[Dao et al. 2018, Definition 2.2].

Definition 2.5. Let J be an ideal of R and let m be a positive integer. The m-th
K -linear differential power of J is defined by

J™M = {feR|8(f)eJforallse Dy '},

It is straightforward to verify that J {m) is a subideal of J in R and if J; € J»
then Jl<m> c J2<m>. The next proposition gathers some additional properties of
differential powers from [Dao et al. 2018, Section 2].
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Proposition 2.6. Let J, Ji, J> be ideals of the finitely generated K -algebra R, and
let m be a positive integer. Then

(@ J"cJ™mcy;
(®) (J;NJp)m = g™ n g™
(¢) If R = P and J is a maximal ideal of P, then J'™ = J™,

In what follows, let X be a 0-dimensional scheme in the n-dimensional projective
space P over the perfect field K, and let Ix be the saturated homogeneous vanishing
ideal of X in P = K[Xo, ..., X;]. Then the homogeneous coordinate ring of X
is R = P/Ix. The ring R is a 1-dimensional, standard graded, Cohen—Macaulay
K-algebra. The set of closed points of X is known as the support of X and is
denoted by Supp(X) = {p1, ..., ps}. To each point p; € Supp(X) we associate the
homogeneous prime ideal 33; € P, whose image p; in R is a minimal homogeneous
prime ideal. In particular, the set of minimal homogeneous prime ideals of R is
{p1, ..., ps}. The local ring of X at p; is then the homogeneous localization R ;)
of R atp;.

Assumption 2.7. No point of the support of X lies on the hyperplane Z(Xy).

When this assumption fails, it suffices to perform a homogeneous linear change of
coordinates (potentially requiring a small base field extension if K is finite) without
affecting any of the results in this paper. Under this assumption, the elements xo and
xo— 1 are nonzerodivisors of R, the ring R = R/ (xo) is a 0-dimensional local graded
K -algebra, especially, R is a finite-dimensional K -vector space. Moreover, X is
contained in the affine space D (Xo) = A%. The affine coordinate ring of X,
viewed as a subscheme of A%, is given by S = R/(xo — 1) = A/Jx, where A =
K[Xq,...,X,]and Jx = 1§°h is the dehomogenization of Ix with respect to Xj.
The ring S is a O-dimensional affine K-algebra and hence a finite-dimensional
K -vector space.

For j € {1,..., s}, let I; denote the 3 ;-primary component of Ix, and define
Q= I; deh A and O = A/Q;. According to [Kreuzer and Robbiano 2005,
Proposmons 4.3.10 and 4.3.12], the homogeneous primary decomposmon Ix =
I N---N I induces the primary decomposition Jx = ;N ---N . Consequently,
the Chinese remainder theorem yields

SEA/Q X xA/Qy =01 x---x O,
Furthermore, the local ring of X at p; satisfies
R(pj) =(Q; foreach je{l,...,s},

as addressed in [Hartshorne 1977, Chapter 1, Section 3; Kunz 2013, Chapter III,
Section 2].
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Corollary 2.8. Let X be a 0-dimensional scheme in P with Supp(X) ={pi, ..., ps},
and let 1; be the B ;-primary component of Ix corresponding to the point p; for
jel{l,...,s}. Form > 1, we have

(m) _ pm)
L =1""n-..nrm

and\/I;m:\/Tj:iijorjE{l,...,s}.
Proof. This follows from the primary decomposition Ix = I; N --- N I; and by
Proposition 2.6(a)—(b). [l

The m-form Kihler differential module Q7% for the scheme X is a finitely
generated graded R-module and the Kihler differential algebra for the scheme X is
the exterior algebra Q% = P,,-0 Q-

Proposition 2.9 [Kreuzer et al. 2025, Proposition 4.2]. Let X be a 0-dimensional
scheme in P with homogeneous coordinate ring R = P /Ix.
(@) If m >n+2, then Q7 = (0).

(b) Form=0,...,n+1, the P-module Q' is a free P-module of rank (”H) with

m
basis

{dXiAN---nNdX;, |0<i] <---<i, <n}
(c) For m > 1, the module of Kdhler differential m-forms satisfies
Q= QR /(IxUp +dIx A,
where d Ix is the P-submodule of Q}J generated by {df | f € Ix}.
(d) Let Ix ={fi1,..., fr) for some fi,..., fr € P. Then

dlIx ={df1,....dfi) +(fidX; i e{l,...,k}, j€{0,...,n}).
Definition 2.10. Let M = @, _; M; be a finitely generated graded R-module.

(a) The map HF,; : Z — Z given by HF (i) = dimg (M;) for all i € Z is called
the Hilbert function of M. The Hilbert polynomial of M, denoted by HP,,,
always exists. If HP,, is a constant polynomial, it is also written as HP(M).

(b) The number ri(M) = min{i € Z | HFy;(j) = HPy;(j) for all j > i} is called
the regularity index of M.

Remark 2.11. The function HFx (i) := HFz (i) for all i € Z is called the Hilbert
Sfunction of X and the number ryx := ri(R) is called the regularity index of X. We
have

1 =HFx(0) < HFx(1) <--- < HFx(rx) =HFx(rx + 1) = - - - = deg(X),

where deg(X) is the degree of X, i.e., the constant Hilbert polynomial of R.
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It is worth noting that deg(X) = dimg (S). For i > ry, the map ¢; : R — S
defined by f > f% is an isomorphism of K-vector spaces (see [Kreuzer et al.
2018]). This structure map induces a valuable connection between the modules Q'
and Q' (see [Kreuzer et al. 2025]), ultimately leading to the proof of the following
result.

Proposition 2.12 [Kreuzer et al. 2025, Proposition 5.4]. Let X be a 0-dimensional
scheme in P" with homogeneous coordinate ring R and affine coordinate ring
S=R/{xo—1),and letm > 1. Then

HP(Q7%) = dimg (QY) + dimg (5~ Y and ri(QR) <2rx+m.

In addition, if char(K) = 0 or if char(K) = p > 0 and ptQ2rx +n + 1), then
(%) < 2rx +n.

3. The canonical exact sequence for Kihler differentials

As in the previous section, let K be a perfect field, let X be a 0-dimensional scheme
in P% with homogeneous vanishing ideal Ix and homogeneous coordinate ring
R = P/Ix. Further, let Supp(X) = {p1, ..., ps}, and let 3; be the homogeneous
prime ideal of the point p; for every j € {1, ..., s}. In the following, suppose
that Assumption 2.7 holds for X. Our goal in this section is to give an answer to
Question 1.1 posted in Section 1, regarding the existence of the canonical exact
sequence for the Kihler differential module Q}e of X. To achieve this goal, we will
first examine the second differential power of the homogeneous vanishing ideal I
of the scheme X.

Let M = (Xo, ..., Xn) € P and let Dp denote the ring of K -linear differential
operators on P. The second differential power I><<2> of Iy is given by

B —(feP|8(f)elxforall § € D).

This ideal is also written as I§iff. Fori=0,...,n, we will use 0; to represent d/9 X;.

Proposition 3.1. Suppose that X is a 0-dimensional scheme in P} with support
Supp(X) ={p1, ..., ps}. For j €{l,..., s}, let*B; denote the homogeneous prime
ideal of p; and let I be the corresponding B j-primary component of Ix.

(a) The ideal Igff is a saturated homogeneous ideal of P and
(3) IS8T — (felx |8 f e Ixforalli €{0,...,n}}C P.

(b) We have I§iff=1fliffﬂ---ﬂ[§iff, andvl;hffz\/sz‘ijorj =1,...,s

Proof. (a) According to [Coutinho 1995, Chapter 3, Proposition 1.1], we first
observe that D}J = P + Derg (P), where the elements of P are identified with
their multiplication operators of order zero. By [Kunz 1986, Example 1.22(c)],



56 TRAN N. K. LINH AND LE NGOC LONG

Derg (P) is generated as a P-module by the partial derivatives dy, ..., d,. They
form in fact a basis of Derg (P) since if Y _, f;9; = 0 for fo, ..., f, € P then
fi=Y" 0 fid;(Xx)=0fork=0,...,n. Thus we have DL, =P@®P®---D Pd,.
Consequently, (3) is true for Igff.

Nowletg=go+---+gs € Igff be a nonzero polynomial of degree d, where
gr € Py is the k-th homogeneous component of g. For each i € {0, ..., n}, we
have 9;(g) = 9;(go) + - - -+ 9;(ga) € Ix. Since Ix is homogeneous, 0;(g;) € Ix for
J€{0,...,d}. Thus g; € I§iff for j €{0,...,d}, and hence I;iiff is homogeneous.

Next, we will verify that Igff is saturated. It suffices to prove Igff = Igff p M.
Let f e Igff:pfmandi €{0,...,n}. Then X f € Ig?ffforallk:O,...,n, and so
0; (Xi f) € Ix. Observe that 0;(Xo f) € Ix and X f € Ix. In R, we have xof_ =0.
Under Assumption 2.7, xq is a nonzerodivisor of R, and this yields f =0, in other
words, f € Ix. Consequently, we have

X00;(f) = 0;(Xof) — f0:(Xo) € Ix
foralli =0, ..., n. This also implies 9; () € Ix foralli =0, ..., n. Hence f € I§iff.
(b) This follows from Corollary 2.8. [l

When the scheme X consists of a single monomial point, the homogeneous
ideal I§iff can be explicitly described by the following theorem. Here the set of all
terms in P is given by T" ™ = {X° - X3 | (o, . . ., oty) € N" T}

Theorem 3.2. Let K be a perfect field of characteristic p > 0. Assume that the
homogeneous vanishing ideal Ix of the scheme X is a proper monomial ideal of P,
minimally generated by terms ty, ..., 1. € T

(a) The ideal I§iff is a monomial subideal of Ix.

(b) For 1 < j < r, we write t; = Xng---XZ"j, and for 2 <k <n+1 and

I<ji<---=Zjk<r,wedefinetj . j :=X€°---X,f",where,fori:O,...,n,
0 ifaijy = =@, =0,
: %ijy ifijy = =i, > 0and plajy,
“4) Bi = .
aij, +1 ifaij, =--- =, > 0and pia;j,,
max{o;j,, ..., a;} otherwise.
Then

I}giff:(tjl’mjkIlijli...fjkfr; 2<k<n+1).

Proof. Note that I§iff C Ix by Proposition 3.1(a), and that a nonconstant term
t=Xg" - Xy € Ix belongs to IS if and only if a;t/X; € Ix fori =0, ..., n.
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(a) Let f € Igff be a nonzero homogeneous polynomial of degree d and write

f=citj+--+cut), wither, ..., ¢, € K\{O}and t, ..., 1, € T""! It suffices to
show thatt Eld‘fffor]—l ,m.Leti €{0,...,n}and wrltet _XVO’ co X
w1th(yo],...,yn])eN”+1andyoj—l— —{—ynj—dfor]—l Whenyl-j:O

in K, it directly follows that 0; (¢ J) =0 € Ix. Now, consider the case, where y;; #0
in K. In this case, for 1 < j <k <m, we have t; # ; and

Vl] j Vzktk 8 (t)
v v, k

8(t) X, X,

So, the element ¢, / X; appears in the expansion of 9; (f) = ¢19;(t]) +- - - +cni(t,,)
with a nonzero coefﬁ01ent Since Iy is a monomial ideal and 9; (f) € IX, this implies

(4! /
Dy,
Vij Xi
Consequently, 9; (t )eIxforevery j=1,...,mandforeveryi =0, ..., n. Hence,
we find 7, . .. Idlff
(b) Let
C={tj, jpll<jp=<--=<j=<r;2<k=<n+1}
where 1}, =X, ... XP" € T has the exponents ; as given in (4). For such a

term tn,---,Jk e I, 1t is easily seen that

Bi = max{a;j, ..., }
foralli =0, ...,n,andsotj, . ; € Ix. Inparticular, I' C Ix. Moreover, either p| B;
or both pJ[,Bl' and 8; > min{oz,-jl, cee, ozijk} + 1. If p|B; then ai(l‘jl ..... jk) =0e€ Ix.
When p{B;, we may assume without loss of generality that ;j, =min{e;j,, .. ., ®j },
and we get B; > «;;, + 1. Then

Bitj,.....j ; ; :
tjy. )= % — ﬁlXﬂO Xlﬁ 11 Xﬂ Xl/3++11 "'Xr/?"
l

is a multiple of 7, and hence it belongs to Ix. Thus, 0;(}, ..
i €{0,...,n}, whichmeans ¢; _; € I‘lliff Therefore, (I") C Ig?ff.

For the “2” inclusion, let u = Xgo - XY with (o, ..., ¥u) € N"T! be a term
in I;iiff. By (3), we have u C Ix and Bi(u) € IX fori =0,...,n. Since {1, ..., ¢}
is the minimal monomial system of generators of Iy, there exists j € {1,...,r}
such that #; |u. Let T, be the set of all terms in {71, ..., #,} which divide u. After
renumbering the indices of 7;, we may assume that 7, = {r, ..., t;} with s <r.
Obviously, we have

i) € Ix for all

5) vizmax{o;; | j=1,...,5} (@=0,...,n).
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Next, we construct a specific term 7;, _; € I' that divides u. Set k =n + 1. For
i €{0,...,n},if 0;(u) =0 then we choose j;+; = 1. If 9;(u) # 0, then 0; (u) € Ix
and 0; (1) divides u, and so we can choose an index ji+1 € {1,..., s} such that
tj.,10;(u). Now we consider the term ¢}, = X, Po... xf formed by these
chosen indices ji, ..., j,+1 according to (4). In order to show that 7},
need demonstrate that y; > §; foralli =0, ..., n.

From (4) and (5), y; > B; is true, except in the case where o;;, =--- =a;j,,, >0
and p{a;j,. In this exceptional case, we also have ; = «;j, + 1. If 9;(u) = 0, then
the characteristic of the field K must be p > 0 with p|y;. We know y; > «;;, >0
and p{a;j,. It follows that y; > a;j, +1=pg;. If 9;(u) # 0, by the choice of j;, we
find Ljipy |0; (). This implies y; — 1 > ijiir and so y; > ijq + 1= oij, + 1=48.

Altogether, we have y; > B; for every i € {0, ..., n}, and hence the constructed
term ¢;, ., € ' divides u. It follows that u € (T'). Therefore, (I') 2 I3, O

.....

sjn+1

In view of (4), the generating system for I;?ff can be restricted to terms #;,
whose indices satisfy j; < jpfork=2and 1 < j; <--- < jiy <r fork > 3.

Example 3.3. In [P’%(, let X be the 0-dimensional scheme defined by the monomial
ideal Ix = (X1, X2)5 C P = K[Xo, X1, X2]. The minimal generators of Ix are
h=X5,b=X1X5, 3= X:X3, t4 = X; X3, 5 = X1 X2, and t5 = X;.

(a) Suppose char(K) = 0: Following (4), we compute various terms #,; = Xg,
o= X%X;, f1,5 = X%Xz, 23 = X?Xg, 1345 = XTX%, etc. Consider the
element u = XfXé' € Igff. As in the proof of Theorem 3.2(b), we have
T, = {n, t3, 14}. By choosing the indices j; = 2, j, = 2, j3 = 3, we find
h23=0h3=X] X4 which divides u. A computation using ApCoCoA gives
a generating system of I;éiff consisting of 56 terms. In particular, we get
Idlff (X1, Xz) .

(b) Suppose char(K)=15: Observe that X f, X 3 e 19T since their partial derivatives
are zero in K. A minimal system of generators of I§‘ff is calculated by
(X3, X2X3, X3X3, X1X2, X3). In this case, we have IS £ (X}, X»)5. Tt is

worth noting that if char(K') # 5 then one can also verify that I§ diff — (X, X,)6.

Remark 3.4. The proof of Theorem 3.2 remains valid for any arbitrary nonzero
monomial ideal I in P. Specifically, a finite monomial system of generators
for 19 can be explicitly constructed from the minimal generators of I using
the formulas established above. If I is minimally generated by r terms in T"*!,
then the complexity of computing 7% using Theorem 3.2 is given by O (n?r"+1).
In addition, applying the above method to other special classes of ideals in P is an
intriguing direction for the authors. Nevertheless, extending these results beyond the
monomial case will likely involve further constraints or the theory of Grobner bases.
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As a direct consequence of Theorem 3.2, we obtain the following corollary.
The proof of part (a) for the case char(K) = 0 is discussed in [Dao et al. 2018,
Exercise 2.8], and the straightforward but tedious proof of the remaining cases is
left to the interested reader.

Corollary 3.5. Let K be a perfect field of characteristic p > 0. Suppose that X

contains exactly one point py = (1:0:---:0).
(@) If Ix = (X1, ..., X,)™ for some m > 1, then
Idiff_{ (X1, ..., Xyt if ptm,
- o o, m .
Tl X (X X Y =) if plm.
M) If Ix = (lel, R Xl,i”)for some integers ki, ..., k, > 1, then
XX (XX [ 1<i< j <) if p=0,

Igff: (Xf" li=1,...,n; p|k,‘)+(Xl].“'Jrl li=1,...,n; ptk;)

yy if p> 0.
X 1zi<jzm TP

Remark 3.6. Let py, ..., p, be distinct K -rational points in P, and let / p &P
be the homogeneous vanishing ideal of p; for j =1, ..., s. Given positive integers
my, ..., mg, the saturated homogeneous ideal Iy := 11'7”1' N---N I,';ff’ of P defines a
fat point scheme X =mp +- - - +mgpy in P%. The number m ; is the multiplicity
of the point p; for j =1, ..., s. Asin [Kreuzer et al. 2018, Definition 4.1], the first
fattening of this scheme is the fat point scheme Y = (m;+ 1)p;+- - -+ (ms + 1) p;s
in P%. When X = mp; +---+myp, and char(K)tm; for every j =1,...,s,
Proposition 3.1 and Corollary 3.5(a) imply that I;éiff is the homogeneous vanishing
ideal of the first fattening Y of X in P’%.

The above observation indicates that for a fat point scheme whose multiplicities
are not divisible by the characteristic of the base field, its first fattening coincides
with the scheme defined by the second differential power of its vanishing ideal. This
motivates the following general definition for arbitrary 0-dimensional schemes.

Definition 3.7. Let X be a 0-dimensional scheme in ", with homogeneous vanish-
ing ideal Ix. Then the saturated homogeneous ideal I;éiff defines a O-dimensional
scheme Y in PP . The scheme Y is called the differential fattening of X.

With this terminology in hand, we can now provide an affirmative answer to
Question 1.1, regarding the existence of the canonical exact sequence of the Kdhler
differential module Q}e for an arbitrary 0-dimensional scheme X.

Theorem 3.8. Let X be a 0-dimensional scheme in P with homogeneous vanishing
ideal Ix, and let Y be the differential fattening of X with its homogeneous vanishing
ideal Iy. The sequence of graded R-modules

0— Ix/Iy 2> R (-1) 1> @k > 0
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is exact, where §(f + Iv) = (30(f), ..., 0 (f)) =X i_o 8i (f)e; for every homoge-
neous polynomial f € Ix and y(e;) =dx; fori =0, ..., n.
Proof. Note that {e, .. ., e,} is the standard basis of the graded free R-module R
with deg(e;) =1 forevery i =0, ..., n. We also have R (-1 = Q}D/IXSZ}, and
I§ Cly= I§iff. By [Kunz 1986, Proposition 4.17], we have the canonical exact
sequence of graded R-modules

I/ 1225 L/l L5 @l -0,
where §*(f + Ii) =df + IXQ}D for each homogeneous polynomial f € Ix and
y*(dX; + IXQ},) =dx; fori =0, ...,n. So, it suffices to show that

Ker(8*) = IgM/13.

Indeed, for any polynomial f € Ix, we have f + 132 € Ker(§*) if and only if
df = Z?:o 0i(f)dX; e IXQ},. This is equivalent to the condition that 9;(f) € Ix
foralli =0, ..., n, which in turn is equivalent to f € IS, 0

More generally, the preceding proof also implies that for any ideal / € P and
R = P/I, there is a canonical short exact sequence

0—1/1% > L/l - ok —o.

Remark 3.9. Theorem 3.8 and Remark 3.6 together generalize the result of [Kreuzer
et al. 2015, Theorem 1.7] for fat point schemes X =m p; +- - - +mgpg in P’ This
holds even when the base field K is not necessary of characteristic zero, provided
that char(K){m; forall j=1,...,s.

Corollary 3.10. Let X be a O-dimensional scheme in P, and let Y be the differential
fattening of X.

(a) Fori € N, we have
HFQ}?(i) = (n+ 1) HFx(i — 1) + HFx (i) — HFy (@).
In particular, HP(Q}e) = (n+2) deg(X) — deg(Y) and the regularity index of Q2 }Q
is bounded by 1i(2}) < max{rx + 1, ry}.
(b) Suppose X=m1py+---+mypy is a fat point scheme in P, and let char(K) = p.
(i) We have

HP(Qk) = Z [(n +2) (ij;n—1> —~ (mj:”)] +

j=1

mj/p—I-n—l
()

(i) We have m| = --- =mg = 1 if and only ifHP(Q}e) =s.
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Proof. Claim (a) directly follows from Theorem 3.8. Now we will prove the two
parts in claim (b). For (i), we have HP(Q ) = (n + 2) deg(X) — deg(Y) by (a).
For j e {l,...,s},let X; =m;p; and let Y; be the differential fattening of X;.
Then deg(X) =" deg(X;) =>"}_, (’”-"J;”_l) and deg(Y) ="}_, deg(Y;). So,
it is sufficient to locally examine deg(Y ;). After a homogeneous linear change of
coordinates, we may assume p; = (1 :0:---:0). Then Ix; = (X1, ..., X,)mi.
If pfm, then, by Corollary 3.5(a), Iy, = (X1, ..., X,,)™i*t! and Yj=@m;+1)pj,
and consequently deg(Y;) = (mf+") en p|m;, Corollary 3.5(a) yields

n
a.:ﬂ>.

Letting A = K[X1, ..., X,1, it follows that I§*" = Iy, N A and

W
Iy/=<X1,..., m1+1 <X{7(¥1_”Xr]l7(1n

deg(Y;) = dimg (A/(Iy; N A))

=(m]:n)—#{(al,...,an)ef\l”|;ai=%}
_ (mjtny m;/p+n—1
-(")-Z ()

plm;

Hence we get the desired formula for HP(Q}Q) as in (1).

Finally, from (i), we have
n—1

HP(Qh) = Z [(n +2) (mjtln_l) - <m’n+n>} +

j=1 plm;
mj+n—1 mj+n—1 m;/p+n—1
= i—1 .
Z[( )+(" " o= o]+ 2 (M
plm;j
Therefore, HP(Q )=sifand only if m; = --- =my; =1, and (ii) follows. U

Next, let us consider a 0-dimensional scheme X C P with support Supp(X) =
{p1,..., ps} € Dy(Xp). For j e {l,...,s}, let B; be the homogeneous prime
ideal of p;, and let I; be the 3 ;-primary component of Ix. In the sense of
[Kreuzer and Robbiano 2016, Definition 4.3.1], the scheme X is termed a curvilinear
scheme if, for each j € {1, ..., s}, there exists a homogeneous linear change of
coordinates such that /; = (X, ..., X,—1, X ) for some positive integer k ;. For
such a curvilinear scheme X, the ideal Q; = I deh in A = K[X1, ..., X,]is also
generated by {X1, ..., X1, X } after an afﬁne linear change of coordmates The
affine ideal of X is Jx = Q; N --- Ny, and its affine coordinate ring satisfies
S=A/Jx=0;x---x0O, where O; = A/Q;.
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The next corollary describes the Hilbert polynomial of the Kéhler differential
module Q}e for a curvilinear scheme (see also [Kreuzer et al. 2025, Corollary 6.7]
for an alternative proof).

Corollary 3.11. Let X be a 0-dimensional curvilinear scheme in P, and let
kj =dimg (O;) =dimg (A/Q;) for each j € {1, ...,s}. Then

HP(QL) = 2XS:/<,~ - Y L
j=1 char(K)1k;
Proof. Let Y be the differential fattening of X. By Corollary 3.10, we have
HP(QK) = (n +2) deg(X) — deg(Y)
= (n+2) dimg (S) — dimg (A /ST
=(n+2) Y _dimg(0;) = dimg(4/Q5")

j=1 j=1

=D L +2)k; —dimg (4/Q51)].

j=1
Fix j € {1, ..., s}. Without loss of generality, we may assume that
Q) =1 = (X1, Xao1, X)),
If char(K)1k; then Corollary 3.5(b) implies that
QI — (X1, X))+ (G XN Ji=1, .., n),

and hence dimg (A/ Q‘}iff) =nk;+ 1. If char(K) | k; then Corollary 3.5(b) yields

kj
Q(;lﬂ = <X1, ey Xn71>2+ (Xl’lj>s

and consequently dimg (A/ Q‘}iff) = nk;. Thus we obtain the above formula for the
constant Hilbert polynomial HP(Q}Q). U

4. Differential modules for 0-dimensional LM G-schemes

We continue with the established notation. More precisely, let K be a perfect field,
and let X be a 0-dimensional scheme in P, with Supp(X) ={p1, ..., ps} € D (Xp).
Its homogeneous vanishing ideal in P = K[Xy, ..., X,] is Ix and its homogeneous
coordinate ring is R = P/ Ix. Furthermore, let A=K[Xy, ..., X,], let Jx C A be the
affine vanishing ideal of X, and let Jx = N- - -NLQ, be the primary decomposition
of Jx. Then the affine coordinate ring of X is S = R/{xo— 1) = A/Jx and it can be
decomposed as § = O x - - - x Oy, where O; = A/9Q); is the 0-dimensional local
ring of X at the point p;.
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In this section, we turn our focus to the following special class of O-dimensional
schemes that generalizes curvilinear schemes.

Definition 4.1. (a) The scheme X is called a locally monomial scheme if, for
each j € {1, ..., s}, there is a linear change of coordinates ¢; : A — A such that
Q' = ¢;(Q;) is a monomial ideal in A.

(b) The scheme X is called a locally monomial Gorenstein scheme (or, for short, an
LMG-scheme), if X is a locally monomial scheme and its local rings O; = A/Q);
are Gorenstein for j =1,...,s.

It is well known that every locally complete intersection is locally Gorenstein;
however, the converse does not hold in general. The following characterization
of an LMG-scheme at a given point can be found in [Herzog and Hibi 2011,
Corollary 1.3.2 and Proposition A.6.5].

Proposition 4.2. Let Q be a O-dimensional monomial ideal in A = K[X1, ..., X,].
Then the following conditions are equivalent:

(a) The ring A/ is a Gorenstein ring.
(b) The ring A/ is a complete intersection.
(¢c) The ideal Q is irreducible.

(d Q= (X]f‘, R Xﬁ”)for some positive integers ki, . .., k.
Corollary 4.3. The scheme X is an LMG-scheme if and only if, for j € {1, ..., s},
there are positive integers ki, ..., k, such that O; = A/(X|', ..., Xﬁ”) after a

suitable linear change of coordinates.

Now we aim to establish a formula for the Hilbert polynomial of Q'7, the m-form
Kihler differential module associated to LMG-schemes X. Since Q¢ = 0 for all
m > n + 1, we only need to consider the range 1 <m <n+ 1. Whenm =1, we
can apply Corollary 3.5 to derive the following formula for HP(Q}e).

Proposition 4.4. Let X be a O-dimensional LMG-scheme in P with support
Supp(X) ={p1., ..., ps}, and let p denote the characteristic of K. For j =1, ...s,
we write O; = A/Q;, where Q; = (X]f”, e Xﬁ”f) with kjj > 1. Then

HP(Q}e): _Zl[(n+1)k1j---knj— % klj"‘lz;;“‘knj]-
J= ptkij

Proof. Let Y be the differential fattening of X. By Corollary 3.10, we have
HP(Q}) = (1 +2) deg(X) — deg(Y)

= (1+2) Y dimg(0)) — " dimg (4/ a3
=1

j=1 j
— j; [(n+2)kyj - -knj — dimK(A/Qfli.iff)]‘
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Letting j € {1, ..., s}, we will compute dimg (A/ Q‘}-iff). Without loss of generality,
we may assume that p|k;; for i < e and pf{k;; for i > e. An application of
Corollary 3.5(b) gives

letf (

Consideratermt = X ‘f” .- X" e T", where T" is the set of all terms in A. Note
that 7 ¢ Q?iff yields o; #k;j fori=1,...,e. Thus,r €T" \Q?iff if and only if one
of the following holds:

klj z'+1/+1

e+1 y e

knj+1

kiyj
. ¢

Lxk x ) (XX e <it <ip <n).

e 0<au; <kjjforalli=1,...,n.
o if; =k;; forsomei €{e+1,...,n},then0 <q; <k foralll #i.

It follows that

dimg (A/QI™) = #(T"\ Q") =kyj - knj + Z kyj-edg ek
i=e+1
:klj kn]+zk1]l]n],
Pj(ku

where E; means that the term k;; is omitted from the product. Consequently, we
get the desired formula for HP(Q ). O

Example 4.5. Let K =[5 and let X be a 0-dimensional scheme in [P’?( defined by
Ix={(f1,..., fo) S P = K[Xo, X1, X2, X3], where
fi=X{+ X3,
fr=X5X1+ XoXT + X5 X2+ XoX1 X2+ X1 X2 — X5,
5= X;X2 X3+ XoX1 X2 X3+ X2 X2 X3 — X3,
fa=X3X3+X3X3+ X3,
fs = X3Xo + X2 X5+ Xo X1 X5 + X1 X3+ X5,
fo=X3X3+ XoX1 X3+ X1X5 — X5X3 — XoX1 X3 — X1 X3.
Then Supp(X) = {p1, p2, p3}. In A = K[X, X», X3], the affine vanishing ideal Jx
decomposes as Jx = Q) N Q) NQ%, where
Q) = (X1, X2, X3),
Q= (X1 +1, X2~ 1, (X3 - 1),
Qy=(XT+ X1+ 1, X3+1,X3).
Letting Q= (X1, X2, X3), Q= (X1, X7, X ) and Q3 = (X2 X3 X4> we find

O;j=A/Q;for j=1,2,3. Thus Xisa0- d1mens10nal LMG-scheme. An application
of Proposition 4.4 yields

HP(QL) =1+6478 =85.
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To treat the case that 2 <m <n+1, we apply the following observation. By [Kunz
1986, Proposition 4.12], the module QY decomposes as Q¢ = Q5 X -+ X € .
Furthermore, according to Proposition 2.12, the Hilbert polynomial of Q' satisfies

HP(Q) = dimg (27) + dimg (27 1)
=D [dimg (23,) +dimg (2]
j=1

and the regularity index of Q'¢ is bounded by ri(Q2y) < 2rx + m. This reduces the
problem to computing dimg (£2%) in the local setting where X contains exactly one
point.

Proposition 4.6. Let m, ky, ..., k, be positive integers and p = char(K). Suppose

that S = A/Q, where A = K[X,...,X,] and Q = (X}, ..., X\") € A. For
1<ij<---<iy,<n,let
Cipiny =0 € i1, ... im} : pthi}

and define

Tirimy =+ (XF 7 i € Tyi)-
Then

il B A i) (—m)

1<iy < <im<n

and

dimg (@)= Y IT « [[ ®-0.

1§i1<-~-<im§ni¢l“(,-l _____ im)

Proof. We equip A with the standard grading, where deg(X;) =1 and deg(d X;) =1
foreveryi =1,...,n. Then QY is a graded free A-module with basis

{dXi, A---AdX; |1 <i)<---<iy<n}

Im

by Proposition 2.9(b). Let us set ¢;, =dX; A---ANdX;, and write

Q’X = @ Ae,-l ,,,,, i
I<ij<-<ip<n
By [Kunz 1986, Proposition 4.12], we have the exact sequence of graded A-modules

0— QT +dAAQT ! - Q7 — Q¥ — 0.

Since £ is a monomial ideal, the graded A-module QQ" +d QA% " is a monomial
module in the sense of [Kreuzer and Robbiano 2000, Definition 1.3.7]. Of course,
fori=1,...,n, wehave dX}' =Y"_ :(X\) =k; X} 'd X; if ptk; and dX¥ =0
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if p|k;. By [Kreuzer and Robbiano 2000, Theorem 1.3.9] and Proposition 2.9(d),
a calculation gives

QQ’X + dQ A QnAl_] = @ J(il ..... im)Cilyersim

I<ii<-<ip<n

It follows that
QI = @ (A/JGy,...i)) (—m).

1<ij<-<ipm<n

Moreover, we have

dimg (A/ Sy, ....in) = 1_[ ki 1_[ (ki = 1).

P0Gy im) 1€ Gy
Therefore, we obtain the above formula for dimg (£27). [l

Example 4.7. Let us continue looking at the LMG-scheme X given in Example 4.5.
We know that Supp(X) = {p1, p2, p3} and O; = A/Q; for j = 1,2, 3, where
Q1 = (X1, X2, X3), Q2 = (X1, X2, X3), and Q3 = (X3, X3, X3). Since K is a
perfect field and O; = K, we have Q5 = 0 for m > 1. Notice that 27, = 0 for
m >4 and j =2, 3. By Proposition 4.6, we find

dimg (Qp,) =3,  dimg(Qp,) = 54,
dimg (Q3)) =0, dimg (Qp,) = 39,
dimg (Q3),) =0,  dimg(R),) =9.

Consequently, by Propositions 2.12, we get

3
HP(Qp,) = deg(X) + Y _ dimg Qp, =28+0+3+454=85,
j=1
3
HP(Q%) = ) (dimg Qp, +dimg Q3) = 043493 =9,
j=1
3
HP(Q3) = ) (dimg Q3 +dimg ©3)) = 040448 = 48.
j=1

When X is a 0-dimensional LMG-scheme, an application of Propositions 2.12
and 4.6 yields the following formula for the Hilbert polynomial of Q.

Corollary 4.8. Let X be a 0-dimensional LMG-scheme in P",, and let p = char(K).
For j=1,...s,wewrite O; = A/Dj, where Qj = (X]flj, R Xﬁ'u‘) with kij > 1.
Forl1<ij<---<ip<nandl1<j<s,let

ioin) = {0 € i1, oo im)  Plkij )
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Form > 1, we have

HP( ",;):Z[ > [T & I ®&-D»

J=1 S 1<y <o <im1=n i€l iy 1) FET Gy iy )0
+ E l_[ kij 1_[ (kij—l)]-
I<h<-<ly<ni¢lay,. . .im),j S NI
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ON THE MEASURE OF PRIMITIVE REPRESENTATIONS
OF AN INTEGER BY A QUADRATIC FORM

MANABU MURATA

We explicitly compare a measure defined by Siegel with a mass defined by
Shimura, both in the context of primitive representations of an integer by an
indefinite integral quadratic form. The main result gives an explicit formula
for the Siegel’s measure under the assumption that the lattices are maximal.
The result is applied to the computation of these measures in some families,
such as that of hyperbolic forms.

Introduction

Our study concerns the integral representations of an integer by an indefinite
quadratic form with integer coefficients. Namely, we take an indefinite symmetric
matrix S in GL,(Q) with entries in Z and consider the solutions over Z of the
quadratic Diophantine equation

(0-1) TxSx =t

with an integer #. Unlike the definite case, the set of solutions of (0-1) has infinitely
many elements in general. Siegel considered a measure on such an infinite set by
defining the volumes associated with orbits of the solutions under the unit group
of § and called it the measure of representations of t by S. In [Si3, Theorem 1]
he then proved the product formula, which expresses that measure as an infinite
product of local representation densities of ¢ by S. There are many researches
concerning his product formula, and recently the formula was generalized to the
case where S is defined over an arbitrary algebraic number field by Kojima and
Sakata in [KS]. However, the explicit results for computation seem to be not so
much known. The reader is referred to Ratcliffe and Tschantz [RT, Theorem 12], in
which they gave an explicit formula for the representation measures of integers by
Lorentzian forms. In this paper we give a way of computing Siegel’s representation
measure with the primitive condition explained below.
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With S and ¢ above, we set
B(S,H)={xeQ"|xSx=t, Zyx =7},

where Z,ll is the Z-module of all (1 x n)-matrices with entries in Z. The condition
Z!x = Z means that x is primitive in the traditional sense. We also set

Q) ={r eGL,R) | ySy =5}, Q(S.CO)={y e Q(S)|yC=C},
A(S) =Q(S)NGL,(Z), A(S,C)=Q(S,C)NGL,(Z),

with C € B(S, t). Since B(S, t) is stable under the map x — yx for y € A(S), we
can consider the set of the A (S)-orbits of B(S, ), which we denote by A(S)\B(S, ?).
For each representative C for A(S)\B(S, t) we consider (C Y) € GL,(R) with a
variable matrix ¥ € R? _,; then

. r 0

(C V)S(C Y= [TQ R:|
has the same signature as S, where Q € erl_1 and 'R=R € RZ:}. Fixing such
a matrix 77, we have the set P(S, C, T1) of all solutions (C Y) of the equa-
tion "(C Y)S(C Y) = T,. This can be viewed as a differentiable manifold on
which (S, C) acts on the left. In [Si3] Siegel defined the volume p(S, C) of
A(S, O)\P(S, C, Ty) using an 2(S, C)-invariant volume element on P(S, C, T});
similarly, the volume o (S) was defined for the equation "XSX = T'; see Section 1.3
for details. Then he considered the quantity

(0-2) V0= Y p(S.0)/p(S).

A(S)CeA(S\B(S,1)

Following Siegel, we call v(S, t) the measure of primitive representations of t by S.
It is noted that A(S)\B(S, t) is a finite set.
Siegel proved the product formula

(0-3) v(S, 1) =[]8y(S. 0,
p

where p runs over all prime numbers, 8, (S, t) is the primitive representation density
of t by S at p, and n > 4. In fact, this is the specialization of [Si3, Theorem 2]
to the scalar-valued Diophantine equation "xSx = ¢. (As for the case n = 4, see
a remark in [Si3, Section 12].) By virtue of (0-3), v(S, ¢) can be computed by
determining all the B, (S, t) in the product. Conversely, the determination of the
measure in question provides useful information on such local densities. Several
explicit results are known for local representation densities; examples are due to
Siegel [Sil, Hilfssatz 16], Yang [Y, Theorem 4.1], and more recently Ikeda and
Katsurada [IK, Lemma 5.4] for hyperbolic forms.
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On the other hand, Shimura considered the solutions of (0-1) in a different
perspective from Siegel’s and introduced the mass of the set of such solutions in [S2,
(13.14)]. Since our main result is obtained from his mass formula in [S2, Theorem
13.12], let us briefly recall Shimura’s treatment on the Diophantine equation.

Let ¢ be an indefinite symmetric matrix in GL, (Q) and assume that ¢ is semi-
integral; namely, the diagonal entries are in Z and the others in 27! Z. We use the
same symbol ¢ for the bilinear symmetric form defined by (x, y) — x¢ - Ty. We set
V=Q,,L=Z7Z,,G={y eSL,(Q) | yp-y =¢},and (L) ={y € G| Ly = L}.
We consider the set of solutions L[g, cZ] defined by

(0-4) Llg,cZl={x eV |okx,x) =q, ¢(x, L) =cZ}

with ¢, c € Q*. Then L[g, cZ] is stable under the map x — xy for y € I'(L).
Pick h € L[g, cZ] and consider the complement W ={y € V | ¢(h, y) = 0}, the
restriction ¢ of ¢ to W, and H ={y € G | hy = h}, which is regarded as the special
orthogonal group of ¥r. Then the mass of L[g, cZ] is defined by

(0-5) m(Llg.cZ) =Y v(HNBT(L)B™)/v(I(L))

peB

with a finite subset B of G such that L[q, cZ] = UﬁeB hBT(L). Here v(I"(L)) is
the constant #(I'(L) N {1})~! times the measure of the quotient I'(L)\ Z? with
respect to an invariant measure on the symmetric space Z% = Z(r, ) on which G
acts withO <reZand 0 <0 =60 € GL,_»,(R) (see Section 1.2 for details). The
quantity v(H N BI(L)B~") is defined similarly with H and Z¥ = Z(ry, 6;); in
particular if v is definite, 7| =0 and v(H N BT(L)B~Y) = [HN BT (L)~ : 1171
We note that m(L[g, cZ]) = #{L|[q, cZ]} when ¢ is definite.

The arithmetic nature of (0-4) can be clarified when L is Z-maximal in the
sense that L is a Z-lattice in V such that ¢(x, x) € Z for every x € L and L is
maximal among such lattices. To be precise, let G 4 be the adelization of G and
put C(Ly={a € G| La=L} Forx €V and @ € G4, xa is meaningful in V4
(=V®@Qa) as V is embedded in V4. Shimura called the set VNhC (L) the genus
of h and in [S4, Theorem 2.2(iv)] he proved that if L is Z-maximal and n > 2, then

(0-6) VNhC(L)=Llg, cZ].

This means that every element of L[g, cZ] locally belongs to hC(L), for every
prime p if L is maximal, where the subscript p means the p-component. Shimura
found a principle governing such genera VN hC(L)a~! for a € G 4 and gave the
mass formula based on that principle in [S4, Theorems 2.2 and 3.2]. In our maximal
case, that mass formula can be stated as follows:

(0-7) m(L{g, cZ)v(T'(L)) =m(H, Hy N C(L)),
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where H4 is the adelization of H and m(H, H4 N C(L)) is the mass of H relative
to Hy N C(L) (see (4-5) for the definition). By virtue of the classical mass formula
for orthogonal groups, m(H, H4 N C(L)) is essentially the inverse of an infinite
product of local representation densities of 2y by 2v itself. Thus (0-7) relates the
mass of the genus of a solution of the equation x¢ - "x = g to the local representation
densities of 2¢ by 2¢. Note that (0-7) is not applicable to L[q, cZ] with an arbitrary
lattice L in general, because it may not be maximal; see [S2, Theorem 13.12] for
the precise statement. In [S2, §13.15] Shimura asked how his mass formula can be
connected with Siegel’s product formulas.

The purpose of this paper is to connect Shimura’s mass with Siegel’s representa-
tion measure and by using the relationship, to give an explicit formula for v (S, ¢)
under the assumption that the lattices L and LN W are maximal. With ¢ and L = Z}l
as above, we have:

Theorem. Assume that ¢ is indefinite and semi-integral with n > 2. Pick h €
Llg, cZ] with q, c € Q* and consider (W, V) and H in the above manner. Assume
also that  is anisotropic if n = 3. Let m(L[q, cZ]) be the mass of L|q, cZ] defined
with 2% = Z(r, 0) and Z¥ = Z(ry, 01). Set S =L,(2¢) "' and t =27"¢,c"2q, where
L, denotes the level of ¢. Then m(L[q, cZ)) is related to the measure v(S, t) by

(0-8) m(L[g, cZ]) =21 =D7mR 2| 722 det(p) 2!

det(91 )rl /210n—r Pr
det(g)r/zpn— 1—r Pry

v(S,1).

Here p,, = HZ1=1 nk/zF(k/2)_l ifm > 0and po = 1, as usual, T'(s) is the gamma
function.

It is noted that S in the Theorem defines a quadratic form with even-integer
coefficients, because 27! S is semi-integral by the definition of £,. The assumption
on Y when n = 3 is needed to avoid the case where the volume o (1) becomes
infinite for a binary isotropic form .

By the Theorem combined with (0-3) the local primitive representation densities
of ¢ by § are related to m(L[g, cZ]). Further if L is maximal, the latter is related
to the local representation densities of 2vy by 2v via (0-7).

One virtue of our result is that it bypasses the classical product formula of
Siegel, which is not readily computable in practice. In his formal expression, the
local densities are difficult to compute explicitly, especially under the primitive
condition for indefinite forms. Our comparison approach trades the difficulty of local
representations for a more tractable (though still delicate) problem of evaluating
masses of arithmetic quotients of type '\ Z, which can at least be computed in the
maximal case through Shimura’s mass formula as will be seen from Theorem 4.1.
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The Theorem will be proved in Sections 2 and 3 after some preliminaries in
Section 1. We shall explicitly compare v(H N (L)~ with p(S, C ) for some
Cg by relating both to the same volume p(ayg), where a is a nonzero constant
and g is the matrix representing ¥ with a basis of the lattice LB~'NW. In
particular, Section 3 is devoted to connecting p(S, Cg) with p(ayrg) by means of
some technique of integration such as Siegel did in [Si3, §10].

The main result of this paper is an explicit formula for v(S§, ¢) that follows from
the Theorem combined with (0-7). To state it simply, suppose #n is even and put
M =LNW with h € L[q, cZ]. Set S = £,(29)~" and t = 27'¢,c72q as in the
Theorem. Then for Z-maximal lattices L and M we have (see Theorem 4.1)

V(S 1) =20,[L: L' [C(M) : HxNC(L)IL(n/2, 0 ' T [T A%
ple ple
Here L = {x eV |2¢(x, L) CZ}, ¢ (resp. ¢;) is the product of all the prime numbers
for which L » # L, (resp. M p» #Mp), L(s, x) is the L-function of the primitive
Dirichlet character x corresponding to Q(\/g) with § = (—1)"/? det(p), and the
constants A}, and Ag are explicitly given in Theorem 4.1. A similar formula will be
proven for odd n. Section 4.1 explains the actual computations on our formula.

As an application of Theorem 4.1, in Section 5 we shall consider the hyperbolic
form n, = [10, 16] and obtain an explicit formula for v(,, 2¢) for every squarefree
integer ¢g. We shall also deduce the local density B,(n,, 2¢g) at p =2 by comparing
our result with Siegel’s formula (0-3). A similar application will be discussed for
the Lorentzian form S, = [l"(; ! f)l] with n = 5 after the remark that the lattice Z! is
not Z-maximal with respect to S, and so Theorem 4.1 is not applicable to ¢ = S,
and L =Z! for any n > 2.

Another consequence of the Theorem is Corollary 5.9, on the invariance of the
mass of L[g, cZ] for indefinite ¢ with n > 3: Integral Z-lattices L in the same G-
genus have the same masses m(L|q, cZ]), provided L|q, cZ] # &. This invariance
does not hold when ¢ is definite; see, e.g., the table in [M2, Introduction].

Notation. Throughout the paper we follow the notation and terminology in [S2].
We denote by Z,, the ring of p-adic integers and by Q,, the field of p-adic numbers.
Weputszz{xz|xeFX}forF=Qoer.

If A is a commutative associative ring with identity element and if X is an
A-module, then we write A for the group of all invertible elements of A and X}
for the A-module of all (m x n)-matrices with entries in X. We put X = xLif
x is an invertible matrix. We denote by 1, the identity element of A]. We put
GL,(A) = (A?)* and SL,(A) = {x € GL,(A) | det(x) = 1}. For a symmetric
matrix S in A, we put S[x] = "xSx for x € A}, We write diag[ay, ..., as] for the
matrix with square matrices ay, ..., a; in the diagonal blocks and O in all other

blocks. If a union | J X; is disjoint, we indicate this by writing | | X;.
iel iel
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1. Preliminaries

1.1. Orbits of L[q, b] and B(S, t). Let V be a vector space of dimension n > 2
over Q and ¢ a nondegenerate Q-bilinear symmetric form on V x V. By a Z-lattice
in V we mean a finitely generated Z-submodule L of V that spans V over Q. We
call L integral with respect to ¢ if ¢(x, x) € Z for every x € L. If L is maximal
among such Z-lattices, we call it Z-maximal with respect to ¢. We put

L={xeV|2p(x,L)CZ).

If L is integral with respect to ¢, then L is contained in L. We let the automorphism
group GL(V) act on V on the right and define the orthogonal group of ¢ by
O(p) ={y e GL(V) | ¢(xy, yy) = ¢(x, y) for every x, y € V}. Put

I"(L)={y € O(p)| Ly =L},
SO(p) ={y € O(p) | det(y) = 1},

and I'(L) =SO(@)NI(L). We have [ (L) : I'(L)] <2 since [O(¢) : SO(p)] = 2.
Let i be an element of V such that ¢(h, h) # 0, and set ¢ = ¢(h, h) and
b = ¢(h, L). We consider the orthogonal complement

W=@Qn"={xeV gk h =0
and the restriction i of ¢ to W. We then regard O (/) as the subgroup
H ={y € O(p) | hy = h}

of O(¢) and SO(y) as H = SO(p) N H. Hence I'(M) means the subgroup
{y e H| My = M} for a Z-lattice M in W.

With g and b as above and L[qg, b] as in (0-4), we have h € L[q, b]. If k € L|q, b],
there exists & € SO(¢) such that k = ha, by [S2, Lemma 1.5]. Then, since L[q, b]
is stable under the map x — xy for y € I'(L), we have

(1-1) L[g,b]l= L] hBT(L)
BeB

with a subset B of SO(¢p). It can be seen from [S2, Theorem 11.1] that B is a finite
set. We may assume that B contains the identity element.

If [T°(L) : T'(L)] =1, we write B = B U B,, with
Bi={BeB|I"LE"'NnW)=TULE ' NW)},
B,={BeB|"(LB'NnW)£T (LB 'NnW)}.

If instead [I""(L) : I'(L)] =2, fix § e I'"(L) such that I'"(L) = I"'(L) uéI'(L), and
put
By ={Be B|hBSehBl'(L)}.
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If By, B> € B are such that 81 € By and hf8,6 € hB,I" (L), associate to the unordered
pair B, B either of 81 or B,. Let B; be the subset of B consisting of elements so
chosen. Then put

By ={BeBy | "L ' NW) £T(LE ' NW)},
Bp={BeBy | T"(LB~'NW)=T(LE~' NW)},
B, ={B € B|hBs chp'T(L) for B € By} fori=1,2,
BS = B3, LU B),.
Then we see that B, = By; LBy and B = B LU B, LI Bg.
Lemma 1.1. With the notation above, let § € B. Then:
() [H' NI (LB :HNT(WE H]=1if (L : T H] =1
Q) [HNT(LB™H : HNT B HI=1if [TUB~'nW) : T ' NnW)] = 1.
3) Suppose that [I""(L) : T'(L)]=2. Let I'""(L) =T'(L) UdI'(L). Then:
(i) Be B < [H'NT"(LB~H:HNT (LB H]=2.
(i) Be BIUBy LB, < [T"(LB'NnW): T(LB ' nW)]=2.
Consequently, B € By U By L Bgz if and only if

(LB~ ' NnW): H'NI(LB HI=[CWLB'nW): HNT(LB™H].

4) Ifn is even, then [T*(LB~'NW) : T(LB~'NW)] =2 for every B € B.

(5) If L is Z-maximal with respect to @, then LB~' N'W belongs to the genus of
LNW forevery B € B.

Proof. (1) If y € H'NT*(LB™"), then y € I'(LB~") by the assumption. Hence y
belongs to H N r(Lg=h.

(2) Take y € H'NT* (LB ") sothat y ¢ H. Clearly y € T*(LB~' N W). If it
belongs to I'(LA~! N W), then y € H, which is a contradiction. This proves that
[H'NT (LA™Y : HNT(LB™Y] =2 implies [T (LA~ ' NW) : T (LB~ NnW)] =2.
(3) We see that 188 € hpT' (L) if and only if By8~ '~ e H'NT*(LB~"), which
is so if and only if [H" N (LA™Y : HNT(LB™")] = 2. This proves the first
assertion. To prove (ii) for B € By, suppose that [T(LB~'NW): T (LB~ ' nW)]=1.
Then I'"(LB~' N W) must coincide with H*NT*(LA™"), and so T(LB~' NW) =
H' NI (LA™Y, in contradiction with (i). Hence (ii) is valid for 8 € B;. To prove
(ii) in the remaining case, let 8 € B, and 8’ € Bg be such that 288 € h8'T'(L).
We easily see that L(B)"'N'W = (LB~ N W)n, with some n € H*. In view of
this, we only have to prove (ii) for 8 € B,. Then the assertion immediately follows
from the definition of By;. Since H*NI"(LA~") = HNT(LB~") by (i), we have
the last assertion.



76 MANABU MURATA

(4) Fixing a basis of V, we employ the matrix representation of ¢, where we
identify V with Q.. Let LB~'NW =Z! kg with kg € Q'~! and put 0 = [,j;];
clearly o € GL,(Q) since L8~' N W has rank n — 1. Then the mapping xo > x
gives an isomorphism (V, ¢) = (Q), o0 - o) that maps LB~'N'W to Yo, Ze,
where {e;};_, is the standard basis of Q,11. Observe that 0 - 'o = diag[qg, ¥g] with
Vg =kpp kg, oH o ' ={y € O(cp-"0) | e1y =e1}, and

oT" (LB~ ' NW)o~" = {diag[1, w1 | yo € O(¥5) NGL,—1(D)}.

Now we find that diag[1, —1,_;] € (LB~ N W)o L. Since n — 1 is odd, this
proves (4).

(5) By [M2, Lemma 4.1] and since L is assumed maximal, the mapping A" (L) —
(LN (QhB)*L)B~'H defines a well-defined map of L[g, b]/ I'(L) into the set of all
H-classes in the H-genus of L N W. Then (L N (QhB)L)B~' = LA~ N W, which
proves (5). O

Let ¢y be the matrix that represents ¢ with respect to a Z-basis of L. With this
basis, we identify ¢ with gy, V with Q! and L with Z!, respectively; we may put
@(x,y)=x¢- "y forx,y € V. Then

Lig,bl={x€Q! |x¢p - x =q, x¢pZ! =1}.
The groups O (¢) and I'*(L) are defined by
O(p)={y eGL,(Q) | yp-"y =9}, T'(L)=0(p) NGL,(Z).

Also SO(¢) =0 (p)NSL,(Q) and I'(L) =SO(¢)NGL,,(Z), which is often denoted
by I'(¢). A matrix is called integral if all the entries are in Z. A symmetric matrix
is called semi-integral if the diagonal entries are in Z and the others in 27'Z. We
note that ¢g is semi-integral if L is integral with respect to ¢. Supposing ¢ is
semi-integral under the identification above, we denote by £(¢) the level of ¢;
namely, £(p) is the smallest positive integer N such that N (2¢)~! is an integral
matrix whose diagonal entries are all even.
For a symmetric matrix S € GL, (Q) we put

(1-2) QO ={y eGL,(Q | ySy =5}, A(S) =Q(S)NGL,(Z).

We easily see that Q(S) = 0(S) and the map y — y~! (resp. y — Ty) gives an
isomorphism O (S) = Q(S) (resp. O(S) = Q(S)). Supposing that S is integral, we
set

B(S,H)={xeQ!|xSx =1, Zx =7}

with ¢ € Z. This is stable under the map x — yx for y € A(S).
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Lemma 1.2. Put b = cZ and £ =27'0(¢p) in the above setting. Also put S = (£,
t =c g, and Cg = "(c"'hBy) for B € B. Then the mapping x — "(c~'xp)
defines a bijection of L|q, cZ] onto B(S, t). This also gives a well-defined bijection
of Llq, cZ]/ T (L) onto A(S)\B(S, t). Consequently, we have

Llg,cZl= LI hpri(L), B(S,n)= LI A(SCs.

BeBUB; BeBiUB,
Here By and B, are as in Lemma 1.1.

Proof. We first observe that ¢[(c™'xp)] = c™%q and Z), - "(c"'x¢) = Z for x €
L(q, cZ]. Tt follows that (¢~ 'x¢) € Z7. Since £¢ is integral by the definition of
£(¢), we have ¢ ~2£q € Z. Hence our map is well defined and bijective. Furthermore,
we have "(c " xep) =71 T(c"'x@) and e € A(¢Q) for e € (L) since I'"(L) =
O(¢) NGL,(Z) in the present setting. Thus the map xI"*(L) — A(S) - T(c 'x@)
is also well defined and bijective, which proves the second assertion. Now, the
["(L)-orbits of L[g, b] can be found after (1-1). From this and the definitions of
B,; and Bgi if [[*(L) : T'(L)] = 2 we can see the I"*(L)-orbits of L[q, b] in the
statement. For example, if [I""(L) : I'(L)] = 2, then

Lig,b]l= LI »pr(L)

BeBIUBLBS

= U apr(L)u L mpT(L)u LI AB'T(L)
BeB; BeB; ﬂ’eB

= |l &BI"(L).
ﬁEBll_le

The A(S)-orbits of B(S, t) follow from the bijection of L[g, cZ]/I"*(L) above. [

1.2. The symmetric space Z. Keeping the notation of the previous section, assume
that ¢ is indefinite. We put SO(¢), = {@ € SL,(R) | agp - '@ = ¢}. By a Witt
decomposition, ¢ can be represented by

0 0 -1,
(1-3) 0 06 0|, '@=0¢eGL/(R),
-1, 0 O

with r > 0, where 6 is positive or negative definite. If t = 0, we ignore 6. We take
k € Q* so that k¢ has signature (r 4 ¢, r). Also take o € GL, (R) so that

(1-4) ko - o is of the form (1-3) with 0 < 8 € GL;(R).
We put ¢’ = ko ¢ - 'o. Then following [S2, (16.3b)], we define a set Z¥ by
29 =Z(r,0) = {[“;] eR™|xeR,yeR, x+x >0y}

Notice that Z% depends on the choice of (1-4) above.
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Fora € O(¢'), and z € Z¥ we can define a(z) € Z¢ in the manner of [S2, §16.3].
Then by [S2, Proposition 16.6(i), (iii), and (v)], SO(¢’), acts transitively on Z¢,
C'={y € SO(¢)4 | y(1) = 1} is a maximal compact subgroup of SO(¢’),, and
{a € SO(¢)q | @(z) = z for every z € 29} = SO(¢')o N {=£1,}, where 1 = [10’]
Since SO(k¢) = SO(¢) and o SO(p)o ~! = SO(¢’), we can define the action of
SO(p)q on Z? by a(z) = (cao ") (z) for a € SO(p),4 and z € Z¢. Hence SO(p)
acts on Z% via the projection of SO(¢) into SO(¢),.

The space Z? can be viewed as a Riemannian manifold with the SO(¢),-invariant
metric ds? defined by [S2, (16.8¢c)]. Furthermore, the SO(¢),-action is transitive.
Hence Z¢¥ is a symmetric space on which SO(¢) acts; see [M3, Lemma 2.1] for
details with Corrections at the end of this paper. We define the SO(¢),-invariant
measure on 2¥ by dz = §(z)™"/? ]_[lr;r{ ]_[;:1 dz;j, where z = [z;;] = [;C] € Z¢,
8(z)=det2~ ' ("x+x—"Ty9~'y)), and ]_[lri{ ]_[;-:1 dz;j denotes the standard measure
on R (=R}, ).

Let D be an open subgroup of SO(¢)4 such that D contains SO(¢), and
SO(p)n N D is compact, where SO(p)4 denotes the adelization of SO(p) and
SO(¢)p its nonarchimedean part. Put I' = SO(¢) N D. Since T is discrete in
SO(@)q, I' acts properly discontinuously on Z%. Denote by vol(I"\ Z¢) the measure
of '\ Z¢ with respect to dz and assume that vol(I"\ Z¥) is finite. Then put

(1-5) v(T) = [T N{E£l,}: 1] vol(T'\ 2¥).

Let us take D by C(L) = {a € SO(¢)4 | Lo = L} with L = Z,11. Clearly I'(L) =
SO(p) N C(L) =I'(¢). Then we may assume that v(I'(cg)) = v(I'(¢)) for any
0 < ¢ € R. In fact, ce has the form in (1-4) with ¢ Y25 in place of o; hence
Z¢ = Z¢. Noticing that the O (¢)-action does not depend on this change of o, we
have the desired fact.

The mass of L[q, b] is defined by (0-5) with the I'(L)-orbits of L[g, b] as in
(1-1). As for v(H N BT (L)B~Y), if ¢ is definite, we put v(H N BI(L)A™!) =
[HNBT(L)B~! : 117!, In this case we understand that the space Z¥ consists
of a single point, which can be denoted by Z(0, k1) with k1 € {£1}. If ¢ is
indefinite, we have to realize ZV in the following procedure: We first represent
by a matrix 1o with a fixed basis of W; we then define Z¥ by Z¥0 with a fixed
matrix equivalent to ¥y in the same manner as in (1-4). Since H N BI'(L)B s
identified with the subgroup of SO (o) with respect to the fixed basis, we define
v(H N BT(L)B~") in the manner of (1-5). It can be verified that the action of H
on ZY¥ does not depend on the choice of matrix representation /.

1.3. The surfaces P(S, T) and P(S, C, T1). We recall some notation from [Si3].
For a symmetric matrix S in GL,(Q), the orthogonal group 2(S), = {y € R} |
Ty Sy = S} acts on GL,(R) via X — y X for y € Q(S),. Let Fg be the mapping
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X — S[X] of GL, (R) into the set of symmetric elements 7" of GL,, (R). We consider
the n? entries of X as differentiable functions of the n(n+1)/2 independent variables
in T and of n(n — 1) /2 new independent variables xi, ..., X,z—1)/2. This is valid
on a suitable neighborhood of X for each Xy € GL,(R) by virtue of the inverse
function theorem. Let Js(7', x) be the Jacobian of this transformation of variables.

For a symmetric matrix 7 in GL,(R) with the same signature as S we have
the n(n — 1)/2-dimensional surface P(S, T) = ]-'S_I(T). The group €2(S), acts
transitively on this surface. Notice that Jg(T, x) is a function of the coordinates

X =(X1,..., Xp(n—1)/2). We then define a volume element on P(S, T) by
nn—1)/2
(1-6) dv=1|det(TS™ M| |Js(T,x)| ] dxi-- dxpm-1y2-
i=1

This is invariant under the action of Q(S),. Also dv does not depend on the choice
of T. Let A(S) be as in (1-2). This is a discrete subgroup in Q(S), and acts
discontinuously on P(S, T). We denote by p(S) the volume of A(S)\P(S, T)
computed with dv.

Let us fix a nonzero vector C € Q7 and put S[C]=7€ Q. Set X =(C Y) in
GL, (R) with a variable matrix ¥ € R/}, where m = n — 1. The subgroup

QS Cla=1{y €Q2(8a | yC=C}

of Q(S), acts on the set of such elements X. Also Fg maps X to a symmetric
element 71 € GL, (R) with the same signature as S, which is denoted in the form

0

Ri| with Q e R! and 'R = R e R”.

t
(1-7) Ti = [ 0
Noticing that Y is related to (Q, R) by the equations 'CSY = Q and S[Y] = R,
in a similar way to the case of GL,(R) above we consider the nm entries of Y
as differentiable functions of the m(n + 2)/2 independent variables in 77 and of
m(m — 1)/2 new independent variables yi, ..., ynom—1)/2. Let ]SC(TI, y) be the
Jacobian of this transformation.
Let 77 be as above. We have the m (m — 1) /2-dimensional surface P(S, C, T1) =
]-"gl(Tl) N{(C Y)|Y e R} on which Q(S, C), acts transitively; namely,
P(S,C.T))={(C Y)eGL,(R) | Y €R]_, S[(C V)]=T}.

n—1°

With the function J SC (T1, y) of the coordinates y = (y1, ..., Ym@m—1)/2), we define
the Q (S, C),-invariant volume element on P(S, C, T1) by

m(m—1)/2
(1-8)  dvy = |det(TSHI"?IET I TT dyi- dYmom—-1))2-
i=1
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This does not depend on the choice of T1. Now, we put
Q(S,0)=2(S,C)aNGL,(Q),  A(S, C) =2(S, C)NGL,(Z).

Then we denote by p(S, C) the volume of A(S, C)\P(S, C, T1) computed with
d V1.

It is known that p(S) is finite if n > 2 or if n = 2 and the quadratic form
represented by S is anisotropic. Also if § is integral and C is primitive, then
(S, C) is related to p(S’) with a suitable symmetric element S’ of GL,,_;(Q).
These facts can be found in [Si3, (110) and (11)], for example. We note that p(S)
and p (S, C) are independent of the choice of T and T7, respectively. Also p(S, C)
is independent of the choice of a representative in the A(S)-orbit of C.

2. Proof of the Theorem

2.1. The volumes p(S) and p(S, Cg). Throughout this and the next sections, let
the notation be as in Section 1.1. Assume that the symmetric matrix ¢ € GL, (Q) is
indefinite and semi-integral, and that

2-1) Y is anisotropic if n = 3.

We note that (2-1) holds if and only if —g det(¢) & Q*%. Putm =n —1> 2, and
recall that L = Z,11. With the notation of (1-1) we set

LB™'NW =Z,ks, V5 =kpo- k.

with ks € Q.
We start with the A (£¢)-orbits of B(£¢, c~2£q) given in Lemma 1.2. Set

S=0p, t=c g, Cp="(c"'hBy) forpeB.
Then the measure of primitive representations of ¢# by S is defined by

v(S.D= Y p(S.Cp/p(S).

BeBIUBy

To study the relationship between p(S) and v(I'(L)), we define v(I"(L)) with
Z¢ = Z(r,0) and dz in the setting of (1-4). Since ¢ = ¢ ' 9@, a matrix equivalent
to ¢ over R is given by (1-3). Then 29 =2%= Z(r, 0) and the O(p)-action on
Z% is the same as the O(¢)-action on Z¢ under the isomorphism O (¢) = O(¢)
viay > ¢ lye.

Consider the isomorphism x — x¢ of (Q,l,, @) onto (Q,ll, @) over Q. This maps L
to Z}l(p and also L to 2_1Z}l because L = Z,ll (2¢)~ L. Since ['(L)=T(L)in SO(p),
it follows that I'(Z!) = T'(Z1¢) in SO(¢). Consequently we have I'(¢) = T'(¢), and
hence v(I'(¢)) =v(I'()) in the above setting. Further, in view of the fact mentioned
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after (1-5), we have v(I'(¢)) = v(I'(2~'£@)). Applying [M3, Proposition 3.3] to
the form 271¢¢ with « € {#1}, we have thus

Lemma 2.1. Put c, = 2rn/2 det(@)’/zprjrlt ,0,_1 with the notation of (1-4). Then
V(L)) = ¢, ldet(€@)| "D [T"(L) : T(L)] p(S).
As for p(S, Cp), it is related to the volume ,0(6‘7261///3) as follows.

Lemma 2.2. Assume that ¢ is indefinite and (2-1). For each hff € L|q, cZ] with
B € B we have

p(S, Cp) =Ic2tq|' ™" |det(c ™" @)|" |det(h kp)|"
T @Bt nwy s H 0 (L)~ plc2eyp).

This will be proven in Section 3.

2.2. The case of indefinite . We shall prove a relationship between v(H N
BT(L)B~Y) and p(c=€yp) for B € B under (2-1).

We define Z¥ by ZV¥# for each 8. To be precise, let us first fix the matrix v
representing ¢ with respect to a basis of W over Q and also fix a matrix equivalent
to ¥ over R as follows:

0 0 —1,
(2—2) K]O’()l//o . TO’() = 0 91 0 s 0< TQ] = 91 (S GLt1 (R),
~1,, 0 0

where r; > 0, k1 € {£1}, and o € GL,,(R); If 1; =0, we ignore 0;. We define zZV =
Z(r1, 61). Noticing Q) kg = W, we next take ag € GL,,(Q) so that Yo = agg - "ag.
Since K]O’oaﬂl///g . T(aoaﬂ) = K100V - ‘09, we have then ZVs = Z(r,0)) = ZV. As
mentioned in Section 1.2, the H-action on Z¥ does not depend on § € B.

Now, HNBT'(L)B~" is contained in I'(LB~' NW). Under the identification with
respect to kg, we can regard LB~'NW as Z,ln, H as SO(yg), and I(LB~'NnW)
as F(Z,ln) = SO(¥g) N GL,,(Z) = I'(Yp), respectively. Then by applying [S5,
Theorem 10(iii)] we have

v(HNBT(W)B™H) =[CAB™ nW): HNBT(L)B™ ] v(T (Wp)).
Lemma 2.3. Let the notation be as above. For each B € B we have

v(HNBT(L)B™)
= cy ldet(c2eyp) "2 [T (LB~ N W) : HNBT(L)B™] - plceipp),

where cy = 211m/2 det(6;)" /zpr_llrtl pr_ll with the matrix fixed in (2-2).



82 MANABU MURATA

Proof. Noting that v(I'(¥5)) = v(I'(2~'c™2€yg)), we apply Proposition 3.3 of
[M3] to the matrix 2_10_2£l/f,g to obtain our result.

In fact that proposition, with the notation used there, applies to the case n > 2,
but actually it is valid even when n = 2 and ¢ is anisotropic. Indeed vol($/A)
(see [M3, §3.2]) is finite for n > 1 except when n =2 and S is isotropic, and then
equality (3.5) of [M3] holds (see [Si3, (110)] for the proof). Consequently, the
proposition is applicable to 2_10_261&5 even if m = 2 (with the present notation)
under assumption (2-1). O

Proposition 2.4. The quantity v(H N BT (L)B~") is related to the volume p (S, Cp)
for B € B as follows:

V(HNBT(L)B™Y) = cylc™2q| "= 2/2gn= D212 | deg(p) |~/
[H NBT (LB~ HNBT(L)B™] p(S, Cp).

Here cy is as in Lemma 2.3.
Proof. Combining Lemmas 2.2 and 2.3, we obtain

V(HNBT(L)B™) = cylel* " [det(€yp)|"/?|eq|" " |det(p)| " |det("h Tkg)| ™"
[H BB~ HNBT(L)B™ ] p(S, Cp).

Since ¢[("h "kg)] = diag[q, V], we have
(2-3) |det("h Tkg)| = |q det(yp) det(p) |2,
From these the desired relation follows. O

Now, it can be seen from Section 1.1 that

Lgen,us, hBT(L) if [[(L) : T(L)] =1,

Ha. c21= {I_Iﬁeglugz BBT(L)ULLgeps ABT(L) i [I(L): (L)) =2.

By employing Lemma 1.1(1) and (3) we find that

[H'NT (LB : HNT(LB™H]
B {2 if [[(L):T(L)]=2and B € By,
1 @) DLl =1orif [[*(L): T(L)]=2and B € B, U BS.

The A(S)-orbits of B(S, 1) are given by Cg for B € By U B, by Lemma 1.2. We
also note that p(S, Cg) = p(S, Cg) if B € By and B’ € Bg satisfy B8 € hB'T'(L).
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Then by Proposition 2.4 the quantity m(L[q, cZ])v(I'(L)) is given by
(2-4) Y v(HNBL(L)B™)
BeB
_ {Zﬁeglugz vHNBD(LB™) i [(L):T(L)]=1,
Y genumup VH NPT (L)Y if [[M(L) : T(L)] =2,

= oy || TP det ()2 ML) - T(L)] 30 p(S, Cp).
ﬁEBll_IBz

Therefore, from (2-4) and Lemma 2.1 we obtain (0-8). This completes the proof of
the Theorem when 1 is indefinite.

2.3. The case of definite Y. Since v(HNBT (L)) =[HNBT(L)B~': 117! by
definition, the mass m(L[qg, cZ]) is then given by

m(Llg, ¢cZ]) = v((L) ™' Y [HNAr @B~ 1]

BeB

On the other hand, 2 (c‘zﬁtﬂﬂ)a is compact since Vg is definite. Then by using
[Si3, Lemma 26] we see that

_ —n/2
f du = p,_y |det(c™>0yrp) | n?
Q(c20Yp)a

where du is the volume element on Q(c‘zﬁwﬁ)a as in (1-6) with m and c‘zﬁlﬁg in
place of n and S there. Noticing that A(cfzﬁtp,g) is a finite subgroup in (cfzﬂwﬂ)a,
we thus have

p(c™2Pp) = pu—i|det(c 2 eyp)| T IAC T eYp) 117

Since [A(c™2eyg) : 1] = [[(c™2yp) : 1] = [[(LB~' N W) : 1], Lemma 2.2
combined with (2-3) shows that

—n/2

— - - . . — -1
p(S, Cp) = pu—i|c"2q 22| 171D |det() "2 [H NI (LB 1]

By the same way as in the indefinite case we can verify that the quantity
m(L[gq, cZ])v(I"(L)) is given by (2-4). From this together with Lemma 2.1 we
obtain (0-8) with r; = 0, which completes the proof of the Theorem.

3. Proof of Lemma 2.2

We preserve the notation of Section 2.1, and we introduce a bit more, before
proceeding to the proof.

If X = [x;;] is a variable matrix in Rg, we put {dX} = le ]_[3:1 dx;j on RPY,
Similarly for symmetric X, we put {dX} =]

isjdx,-j.
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3.1. Put p = n —r with the matrix in (1-4). Then § has the signature (p, n — p).
By [Si3, Lemma 27] there is ¢ € GL,,(Z) such that 'eSe = [il :] with0 < -8, €
GL,-,(Q). Since TeSe[e~! X] = S[X] under the map X — e 1X and Q(eSe) =
e~ 1Q(S)e, we see that p(S) = p(eSe) and p(S, Cp) = p(eSe, s‘lc,g). Hence
we may assume that S = [Sl *] with $; as above.

EE
Put
Xp=1{(Cp X1 X») e GL,(R) | (X1, X») e R}, xR, _ . S[X,]> 0},
W={(Q, R) € R), x R} | [}, %] has the same signature as S},

H={0<P=PecR'|PS'P=35).

Clearly, 2(S, Cg) acts on Xg. Let 2(S) acton ) by P+ P[y]fory € Q2(S). Itcan
be seen that ) is a symmetric space on which €2(S), acts transitively. We consider
the mapping F of Xz into §) x 2U defined by

F: (Cg X1 Xp) = (P, 0, R),
where

SI(Cp Xy X =[5 2], P =2S[X1)"'['X:S] - 5.
with

X1 =[{ ]Xo. ¥ €R}"”, and Xo € GL,(R).

By virtue of [Si3, Lemma 4] together with the assumption on S and S;, F is well
defined and Y bijectively corresponds to a point P on §) in the above way. Moreover,
U *I(Cﬂ X) corresponds to P[U] for U € Q(S, Cg) under the correspondence
Y — P, where X = (X; X»). Let Hy be a fundamental domain for A(S) in $.
Then it can be verified that

H(Cg) = L Hyly]
YEA(S)/A(S,Cp){£l,}
is a fundamental domain for A(S, Cg) in ).

Let D be a domain in 20 and Dy a domain in Xg of all (Cg X) such that
F((Cg X)) € H(Cg) x D. For (Q, R) € D let T} be as in (1-7) and consider the
surface P(S, Cg, T1). Since the (S, Cg)-action on P(S, Cg, T1) corresponds to
the (S, Cp)-action on §), the intersection J(Cg, T1) of Dy with P(S, Cg, T7) is a
fundamental domain for A(S, Cg)\P(S, Cg, T1). Then in the same way as in [Si3,
(116)] we have

(3-1) {dX} = |det($)|"/? / |det(T)| %0 (S, Cp){d QHd R},
Dy D

where p (S, Cp) is the volume of J(Cg, T1) computed with dv; of (1-8) with £¢
and Cg in place of § and C.
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3.2 We put§ = (Cp "(c”'kgBe)) € GLy(Q), Ws = §15], 1 = [ ] and

Dp={(e1 Y1 Vo) eGL,(R) | (Y1, Y>) € R; x Rl LWg[Y1] > 0].

m—p>

Since Wp = (Qhp)L in (V, ¢) and LN W = Z} kg B, we have

_ 219 0
\IJﬁ—C |:O wﬂj|

Clearly Q2(£Wg, e1) acts on Qg and Q(£Wg, 1) = s71Q(s, Cg)d since de; = Cg.
Observe that ¢[8Y1] > O for (e; Y1 Y2) € Pp. Then under the transformation of
variables

D Y)—>68(e1 Y)eXp withY = (Y 1?)

we have

(3-2) {dX} =f |det(8)" {dY} = |det(c ™' @) " [L/Ng]" ldr},
Dy S_IDO 5_1D0

where Ng =Zh + LB~ ' NW and [L/Ng] = |det("h Tkp)|.
To proceed in the integration over ) g, we put

H1={0<"P =P eRl| P(£Wp) "' P = W)

Then the mapping P — P[3] gives a bijection of $ onto §; and P[y][§] =
P[81[6~ 'y 8] for y € Q(S, Cg). Hence H(Cp)[4] is a fundamental domain for
§7TACS, Cg)d in $)1. Thus we can consider the mapping 7, similar to F, of ) g into
$H1xWvia (e; Y)— (Pr, Q, R). Notice that P[§]= Py if F((Cg X))=(P, Q, R)
and F1(871(Cp X)) = (P1, @, R). From this it follows that §~! Dy is a domain in
g of all (e Y) such that Fi((e; Y)) € H(Cp)[8] x D. Since Ul_l(el Y)eQp
corresponds to P[U] € $; for Uy € Q(£Wg, e1), the intersection J (e, T1) of
871Dy with P(£Wg, ey, T1) is a fundamental domain for § ' A(S, Cp)$ in this
surface for a fixed 7 with (Q, R) € D. Thus we get

(3-3) / {dY} = |det(¢wp)|'/? / |det(T1)|"/?p(A){d QMHdR}.
571D0 D

Here A = §7TACS, Cg)d and p(&) is the volume of J(e1, T1) computed with the
volume element on P({Wg, ey, T1), which is defined in the manner of (1-8) with
{Wg and e; in place of S and C. Combining (3-3) with (3-2) and (3-1), we obtain

(3-4) p(S, Cg) = |det(c ' @)["[L/Ng" p(A).
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3.3. To compute p(A), let D* be the projection of F; (8~ Dy) into 2. Put

D'={Q eR. | (Q, R) € D* with R € R"},
D(Q)={R=ReR"|(Q,R) e D*} forQeD.

Then the integral in the right-hand side of (3-3) is given by
(3-5) [ [ e odriag)
"JD(Q)

Furthermore, for (e; Y) € 87Dy we put Y = [i;] with y; € R}, and y; € GL,, (R).
Let D, be the set of all such y; and put

D(y1) = {y € GL,(R) | [3] € 57" Do}

for y; € Dy. Also put R = c‘zﬁwﬁ [y.] for a given y,. Then we observe that

t Q _ _ t fyl
[TQ R] = t¥pller NI = [T(ryl) 1] +c—2wﬁ[yz]] ’
{dQ} = |t|m{dy1}, {dR}={dR,} for fixed Q eD.

It can be verified that D’ = tD; and the map R; — f[y;] + R; is a bijection of
E(y;) onto D(Q) for each Q € D', where y; =¢~'Q and E(y;) = cfzét/f,g[D(yl)].
Moreover, det(T7) = t det(R;) because

t Q)[1 —t7'0] [t 0
0 R[1O 1, | [0 R—:'[Q]]
Hence under the transformations y; — Q and R; — R, (3-5) is given by
| ] e e o) R ).
Dy JE(y1)

Combining this with (3-3), we obtain

(3-6) / (v}
3_|D0
— 1" det(e 20y / / (det(R) ™2 p(R) R Hdy ).
D; JE(y1)

On the other hand, we have

/ (dy) = / f (dy2)ldy1).
8-1Dy Dy J D(y1)

Since c‘zﬁwﬂ maps y» to a symmetric element R; of GL,,(R), we consider the m?
entries of y, as differentiable functions of the m(m + 1)/2 variables in R; and of
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new variables uy, ..., upmm—1y,2. We define the volume element du by (1-6) with
m, c‘zﬁwﬁ, and R; in place of n, S, and T. Then we have

det(Ry)| 2 / duldR)),

f (dya) = det(c2ey5)] 2 /
D(y1) J(O,Ry)

E(y1)

where J(Q, R)) is the intersection of D(y;) with P(c_zﬁt/fﬁ, R1); here Q = ty;.
Combining these with (3-6), we get

(3-7) p(A) = [t]™ / du
J(O,Ry)

for each Ry, that is, each (Q, R) € D*.
Now, we may choose 71 = {Wg with (Q, R) = (0,1", c‘zﬁwﬂ) € D*, which
corresponds to Ry = R = c‘zﬂwﬁ. It can be seen that

PWg, e, 0Wg) = Q(UWg, e = {[ 8] |y e Qe 2eyp)al.

Hence the mapping Qg > (e1 ¥) +— (0F 1,)(er Y)-T(O} 1,,) € GL,,(R) gives the
bijective projection

(3-8) QUWg, e1)4 > [(1)2] >y € Q(c2Yg)a.

Note that J(0),, c™2¢y5) = D(0}) N Q(c™Yp)q = (07 1,)87 Do - T(OF 1,).
Since the (£ Wg, e)-action on Q2 (£Wg, e1) corresponds to the Q(cfzzw,g)-action
on Q(c2¢ Yg) under the projection, J (O,ln, 2 Vg) is a fundamental domain for
A\Q(c_zﬁwlg)a, where A is the image of A under (3-8). Let p(A) be the volume

of J(0!, c=2¢v) computed with du. Then by (3-7) we have p(A) = [¢t| ™" p(A).
Together with (3-4), this shows that

(3-9) p(S. Cp) = |t| ™™ |det(c ™" @) |"[L/Ng]" p(A).
3.4. We observe that Q(¢, Cg) = O(p, hB) = B~ H'B. Then
A(S,Cp) =B~ H'BNT (L),
which is contained in I'*(L N Wg). Since 6_19@, Cp)d = Q2 (Wg, e1), we have
BT'H BNT (L) Z A C T"((LNWRB)S).

Now, (LNWB)S =ZL kgB-c 'o("(hB) T(kgp)) = Z),(07 ¢~ '4g). From this it
follows that

r'(LNwps) ={[, 30] | 0 € Q(c™2eyp) NGL,,(Z)}.

In fact, if y =diag[1, yo]l € " ((LNWB)S) with yg € Q(c‘zﬁwﬁ), then (LNWgB)S =
(LN WB)YSy = Z),7%(07 c~'yp). This shows that Z) 7% = Z), which proves

m>
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the desired fact. Hence the image of I""((L N WB)§) under (3-8) is A(C_2£W5).
Summing up these, we see that

[A(c™typ) : Al = [T (LOWB): B~ H'BNT (L)),
p(A) =[T(LE~ NW): H'NT (LA H]p(c > Eip),

where ,o(c_zﬁw,g) is the volume of A(c_zﬁwﬂ)\ﬁ(c_zﬁw,g)a computed with du.
This combined with (3-9) gives the desired relation, which completes the proof of
Lemma 2.2.

4. A formula for v(S, ¢)

4.1. Statement. Given a Z-lattice L in a vector space V over Q, we denote by L,
the Z,-lattice in V ®q Q, generated by L over Z,. For the special orthogonal
group G of a quadratic form defined on V, we denote by G 4 the adelization of G
andput C(L)={a € G4 | La =L}.

Theorem 4.1. Let ¢ be an indefinite symmetric matrix in GL,(Q) and set L =7}
withn > 2. Pickh € L[q, 2~ 'bZ] for g, b € Q*. Set W = (Qh)*, M = LNW, and
H ={y eSO(¢) | hy =h}; let W be the restriction of the quadratic form represented
by ¢ to W. Assume that L is Z-maximal with respect to ¢, M is Z-maximal with
respect to W, and r satisfies (2-1). Set S = L@)2p)  andt = 2b*2£(<p)q, where
L(@) is the level of . Then the measure of primitive representations of t by S is
given by

V(8. 1) =2L(@)[L: L] [C(M) : HxNCI)I T~ TT AY

ple pler
'!L((n—l)/Z, x)¢n—1"" ifnisodd,
L(n/2, x)™! if n is even.

Here ¢ (resp. ¢1) is the product of all the prime numbers for which Zp # L,
(resp. Mp # M), ¢ is the Riemann zeta function, L(s, x) (resp. L(s, x1)) is
the L-function of the primitive Dirichlet character y (resp. x1) corresponding to

Q(/ (=12 det(p)) (resp. Q(+/(—=1)#=D/2det(V))), and the constants A and )»ﬁ

are given as follows:

(1) The case of odd n:

1 if det(p) € ZXQx% t, =1, and p | 2,
9 27'A+p)7 A =p'™)  ifdet(p) € Z3Qx* and 1, =3,
S P CE s if det() ¢ ZXQ? and 1, = 1,
2711 = p=m/2) if det(p) ¢ ZxQx* and t, =3,
v [T A= pPT A = () pTR) i xa(p) #0,
N P if x1(p) =0.
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(2) The case of even n:

20— {2—‘(1 +p) A= x (P pF (A = x(p)p™"?) if x(p) #0,
N o if x(p) =0,
1 ifdet(y) € ZXQx?, s, =1, and p | 2,
. 27'A+p)7 A= p*™)  ifdet(y) € Z3Qx* and s, =3,
P2t a pt ifdet(y) ¢ Z;Q;° and s, = 1,
2711 = pB/2) if det(y) ¢ ZXQx* and s, = 3.

Here t), (resp. s)) is the core dimension of ¢ (resp. V) at p.
The ideal 27 '5Z in Theorem 4.1 satisfies

4-1) b*Z =2g[L/L\[M/M]",

where [Z /L] (resp. [M /M]) is the discriminant ideal of ¢ (resp. ¥) defined in
[S3, §6.1]. It can be seen from [M1, Theorem 4.2] that if 4 € L|gq, 2-1pZ] with b
above, then L N W is Z-maximal with respect to i/, and vice versa. Hence the
assumption on the maximality of L N W in Theorem 4.1 can be replaced by the
condition that & € L[g, 2~'bZ] with b of (4-1).

As for the computation of the discriminant ideal of ¢, [S3, Theorem 6.2] describes
[L/L] and also £(¢) in terms of the invariants of ¢ in the sense of [S3] (see
Section 4.2 below). Similarly for the discriminant ideal of v, we need the invariants
of ¥, which can be determined by [M1, Theorem 1.1]. We note simple facts: (i)
[L/L] = [L : L1Z. (ii) If ¢ is semi-integral and if det(2¢)Z coincides with the
discriminant ideal of ¢, then L(= Z}q) is Z-maximal with respect to ¢.

As for the constants )Jf, and )\g, we need the core dimensions of ¢ and v at each
prime p | e and p | ey, respectively. These dimensions can be seen from the invariants
of ¢ and ¥. The index [C(M) : H4 N C(L)] is computable by [MY, Theorem 3.8]
together with the invariants of ¢ and ¥, since M = L N W is maximal.

As can be seen from the formula preceding Corollary 4.3, the maximality of L is
indispensable for our proof of Theorem 4.1. Indeed, (0-6) is valid only for maximal
lattices, and thus for maximal L we can connect m(L[qg, 2-1pZ]) with the mass
m(H, C(M)) via the mass formula in (0-7).

4.2. Invariants and discriminant ideal of a quadratic form. The invariants of ¢
consist of four data; the dimension n of V, the discriminant field K = Q(«/g) with
§ = (=1)""=D/2 det(p), the characteristic quaternion algebra, denoted by Q(¢),
and the index, denoted by s (¢). We denote a set of these invariants by

{n, K, Q(¢), Scc(®)}.

By [S3, Theorem 4.2] the invariants of ¢ determine the isomorphism class of
the quadratic space (V, ¢). The algebra Q(¢p) is the quaternion algebra over Q
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determined by an isomorphism A(¢) = Q(¢)™ or AT (¢) = Q(¢)™ according to
whether 7 is even or odd with some 0 < m € Z, where A(¢p) (resp. AT (¢)) is the
Clifford algebra (resp. the even Clifford algebra) of ¢; we put Q(¢) = Q% ifn=1.
The index of ¢ is defined by s (¢) = p — g if ¢ is equivalent to diag[1,, —14]
over R.

Let 1, be the core dimension of ¢ at a prime p. From [S3, §3.2] we have

if x(p) =1 and p is unramified in Q(¢),
if p is unramified in Q(¢),

if x(p) #1,

if p is ramified in Q(p),

(4-2) tp =

I
AW~ O

if x(p) =1 and p is ramified in Q(¢),

where y is the primitive Dirichlet character corresponding to K.

The discriminant ideal of ¢ is defined by [L/L] with a Z-maximal lattice L in
V with respect to ¢. Here, in general, for two lattices M, N in V we denote by
[M/N] the fractional ideal generated over Z by det(«) of all « € GL,,(Q) such that
Ma C N. The ideal [L/L] is independent of the choice of L and in fact, it can be
given by [S3, Theorem 6.2] as follows:

Dk (D))*Z if n is even,

4-3 L/L]=
@ /L] {zagl(DQ(w))zzmzaoz if n is odd,

where Dy is the discriminant of K, ¢ is the squarefree factor of §, Dg(y) is the
product of all prime numbers ramified in Q(¢), and D is the product of all the
prime numbers for which p | Do, and p t Dg. The same theorem gives the level
of ¢g, where ¢ is the matrix that represents ¢ with respect to a basis of L:

Dyg DZ if n 1s even,

4-4 Up0)Z =
(4) (o) {4502mDQ(¢)Z if 7 is odd.

4.3. Proof of the formula. We need a mass formula for indefinite quadratic forms.
We start by recalling the definition of the mass in the sense of [S1, (5.5.1)].

Given a symmetric element ¢ of GL,(Q) and a Z-lattice L in Q}l, we put
G=S0(p),C(L)={ae G| La=L},and I'(L)=GNC(L), where G 4 denotes
the adelization of G. Let G4 = | lyc4 GaC (L) with a finite subset A of G 4. Then
the mass of G relative to C(L) is defined by

m(G, C(L)) = Z (G NaC(L)a™).
aceA

This is independent of the choice of 4. Also when ¢ is indefinite, m(G, C (L))
depends on the choice of (1-4). Similarly, with the notation of (0-7), the mass
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m(H, H4NC(L)) is defined by

(4-5) m(H, HaNC(L)) =Y v(HNBC(L)B™),
peB
where B is a complete set of representatives for H\H4/(H4 N C(L)).

Proposition 4.2. Let ¢ be an indefinite symmetric matrix in GL,,(Q) withn > 3
and L a Z-maximal lattice in Q) with respect to ¢. Then the genus of L consists
of a single class with respect to SO(¢) and the mass of SO(¢) relative to C(L) is
given by

m(SO(p), C(L)) =v(I'(L)) =2"***7"det(0)"*p; ), o7 ' [L : L1717

T2 { D2 e 2k) ifn is odd,

ol (- 2)/zg“(2k)L(n/2 X) ifniseven,

where m(SO(¢), C(L)) is defined with a fixed matrix as in (1-4), and ¢, A%, and x
are as in Theorem 4.1.

Proof. The first assertion follows from [S2, Theorem 9.26] (cf. [S4, Remark 2.4(5)])
since L is Z-maximal with respect to indefinite ¢. Hence by definition we have
m(SO(p), C(L)) =v(I'(L)). With a Z-basis of L, we may identify ¢ with ¢ and
L with Z}l, where ¢ is the matrix representing ¢ with respect to the basis of L.
Then ¢ is semi-integral and by the first assertion the genus of ¢ consists of a single
class with respect to SO. Thus by [M3, Corollary 3.4] we obtain

-1
(4-6) v(I'(L)) =272 det(9)* p; ), p; ' Idet(2)| "+ D/ (1_[ 2—1e,,(2¢>> :
p

where the last product is taken over all prime numbers p and e,(2¢) is the
representation density of 2¢ at p. By [S1, Theorem 8.6(2)] each e,(2¢) can
be given by e,(2¢) = p"ordy@=n(r=h/2+ord, @@V . (D ,)7], where ord, is
the order function of Q,, C) ={y € GL,(Q,) | y¢ -y = ¢, L,y = L,}, and
(D)) ={yeCy | Zp(y —1,) C pL,}. Since L, is maximal for every prime p,
we can compute such an index as follows.

If n is even, then by [S1, Proposition 3.9] we see that

(n=2)/2

[Ch: (DpT1=2p""" D2 [T a=p™
i=1

1—x(p)p™/? if x(p) #0and pfQ(yp),
20+ p)A—x(p)p'=»~1 if x(p) #0 and p | Q(¢p),

If n is odd, by [S1, Proposition 3.9] (if det(p) € Z; Q;z) or [MY, Lemma 2.5]
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(otherwise), we see that

(n=1)/2 .
(€Y (D)1=2p""" V2 T (1-p~)
i=1

1 if det(p) € ZXQx*and 1, =1,
2(1+p) (= p'™~" if det(p) € Z;Q,? and 1, =3,
2(1 + p-m/2y-1 if det(g) ¢ Z;Q;Z and 1, = 1,
2(1 — pl=-m/2)-1 if det(g) ¢ Z;Q;Z and 1, = 3.

Now, we observe that p | ¢ if and only if p divides [L/L]. In view of this, combining
all results on e, (2¢) and [Cﬁ : (Dp)(f], we can compute the product [ | 2_161, 2p).
p

Since [L/L] = det(2¢)Z in our setting, the desired formula follows from (4-6). O

The notation being as in Theorem 4.1, let M = Z,ll_lk and set ¥y = ke - k. We
fix two matrices equivalent to ¢ and yr; over R as follows:

0 0 _1r 0 0 —1r1
4-7) kop-o=| 0 6 0 |, koyi-oy=| 0 6, 0 |,
1,0 0 1, 0 0

with 0 < 70 = 6 € GL,(R) and 0 < "0; = 0, € GL,,(R), where «, k1 € {£1},
o € GL,(R), and o7 € GL,,—1(R). In particular, r; = 0 if ¢ is definite. We then
define v(I"(L)), and also v(I") for a subgroup I" of H if i is indefinite, as in (1-5).

Since L is Z-maximal with respect to indefinite ¢, by Proposition 4.2 the genus
of L consists of a single class with respect to SO(¢). By virtue of [S4, Theorem 3.2]
(or by (0-7)) we obtain

m(L[g, 27 'pZ)v(T' (L)) =m(H, H4NC (L)) =[C(M): HyNC(L)Im(H, C(M)).
Corollary 4.3. In the notation of Theorem 4.1, the mass of L[q, 2~ 'bZ)] is given by

m(Llg, 2~ 'bZ]) = 221021y - Hy NI TI0E) ™ TT A7
ple ples
det(el)r'/zpr+,pr[]\~4 : M(=2)/2
det(0)"/2py, 11, Pr, [L:L]n=D/2

_ {L((n —1)/2, x¢(mn ="' ifnisodd,

L(n/2, x)7! if n is even.

Proof. Suppose that ¢ is indefinite and n > 3. Since M is Z-maximal with respect
to ¥, we have m(H, C(M)) = v(I"(M)) by Proposition 4.2. Therefore

m(L[g,27'bZ]) = [C(M) : H4 N C(L)|v(T'(M))/v(I'(L)).
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Applying the formula in Proposition 4.2 to these v(I'(L)) and v(I"(M)), we obtain
the desired result.

If n =3, then ¥ is anisotropic by (2-1). In this case [S1, Theorem 5.8] is applica-
ble to m(H, C(M)) and Proposition 4.2 is applicable to v(I"(L)). Combining these
results, we have the formula in the statement. This settles the case of indefinite .

Suppose i is definite. Then m(H, C(M)) is given by [MY, Corollary 2.7].
Notice that the expression

[(n=2)/2] 1— )/2 . .
_ _ —3)/2)! )" if n is odd,
=1y 2% — 1)1 2y | (7
Prt /!:[1 S PO if 1 is even

equals 2 for n > 2. Combining these facts with Proposition 4.2, we have the desired
formula withri =0t =n—1> 1). ([l

Now we put 27 '5Z = cZ and observe that
2" = |2¢~ YDA L1280 - M2,
Then our Theorem (page 72) shows that in the present case

4-8) m(Llg,27'bZ]) =2V Re(p) L L1 M s M)
det(©1)" /2 pri1 pr

. v(S,1).
det(e)r/2prl +11 Pr

Here m(L[g,27'bZ]) is the same quantity as in Corollary 4.3. This is because
if v is indefinite, the spaces 2% and ZV in Theorem are respectively defined by
Z(r,0) and Z(r1, 61) and we may assume that these are defined with the setting
of (4-7). That is also true for definite i in a similar reason. Thus (4-8) combined
with Corollary 4.3 leads to the formula for v(S, ). This proves Theorem 4.1.

5. Applications

With § and ¢ as in (0-2), we denote by (S, t) the measure of representations of ¢
by S mentioned in the Introduction. This representation measure is related to the
primitive representation measures in the formula (see [Si3, Lemma 33])

(5-1) w(S, )=y " v(S, ¢

for 0 # t € Z, where ¢ runs over all positive integers satisfying ¢ =%t € Z. By [Si3,
Theorem 1], u(S, t) can be expressed as an infinite product of the representation
densities «a, (S, ) of by S for all primes p. We here recall the two kinds of
densities, o, (S, 1) and B,(S, 1), for our application. By [Sil, Hilfssatz 13] their
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values are
d =2ord,(2t) +1,
ap(S, 1) =p " #A,4(S,1), Bp(S.1)=p " -#B,u(S,1),
Ay(S,t)={z€(Z,/p'Zy)} | Szl —t € p'Z,},
Boi(S.1)={z€ (Zy/p?Z,)} | Slzl—t € p'Zy. (Z))12=1,} .

We note that if p does not divide the square factor of 7, then 8,(S, 1) = «,(S, ).

5.1. The quadratic form n,. We consider the quadratic form in 2r variables defined

by ¢ =27'n,, where
10 1,
Ll P

for 2 < r € Z. Clearly ¢ is indefinite and semi-integral. The invariants of ¢ are
{n,Q, M>(Q), 0} with n = 2r, where M,,(Q) = Q) as usual. In fact, det(¢) =

(=1)"27" and
L L]0 1.1, LT _ [t 0
L =11 of [, =1,]7L0 =1,

which reveals the discriminant field and the index of ¢. As for the characteristic
algebra, since A(p) = M- (Q) by [S2, Theorem 2.6], we have Q(¢) = M>(Q).

We set L = Z;. This is integral with respect to ¢ as ¢ is semi-integral. We then
observe that [L /L] = det(2¢)Z = Z, which coincides with the discriminant ideal
of ¢ by (4-3). Hence L is Z-maximal with respect to ¢.

Given g € Z, # 0, set ¢ = ab* with squarefree a € Z and b € Z. Let us take
h = abe, + be,, where {e;}]_, is the standard basis of Q,ll. We easily see that
heLlq,27'bZ]. Set W = (Qh)*, ¥ = ¢|w, and H = {y € SO(¢) | hy =h}. Then
the invariants of ¢ are {n — 1, Q(\/—¢), M2(Q), soc} With 550 = —1 or 1 according
as g > 0 or < 0; in particular, ¥ is indefinite.

To prove this, we first observe that

r—1

W = Q(abe, —bey) + 3~ (Qe; +Qeri),

i=1
r—1
LNW = Z(abe, —bey) + Y (Ze; +Ze, ).
i=1
In the basis {abe, —be,, e;,e,4+; | i =1,...,r — 1}, ¥ is represented by the matrix
Yo = diag[—q, 21 nr—1]. Hence we have a Witt decomposition

0 0 271,
oY 'o = 0 —gq 0 ,
271,10 0
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with o € GL,,_{(Q). Then A" (/) = M,--1(Q) by [S2, Theorem 2.6], which shows
O () = M»(Q). The other invariants can be seen with vy above.

Proposition 5.1. For every squarefree integer a and 2 <r € Z we have

(5-2) v(nr, 2a) =20 [+ p').

pla

Proof. The discriminant ideal of ¢ is given by 2aZ by (4-3). Since v is semi-
integral and |det(2vg)| = 2|a|, L N W is Z-maximal with respect to ¥r. Therefore
Theorem 4.1 is applicable to ¢ and /& € L[g, 2~ 'hZ)]. In view of the invariants of ¢,
we see that £(¢p) =1 by (4-4), x =1,and e =1 as L = L with the notation of
Theorem 4.1. Then 27'¢ = n,. Also, p | ¢; if and only if p | 2a. Hence we have

v, 2a) = 2[C(LNW) : HaNC(L)Z ()~ [T A%
pl2a

Observe that the core dimension of ¥ at p equals 1 for any prime p, because of
Q) = M»(Q). Noticing that det(y) ¢ Z;Q;2 if and only if p | a, by [MY,
Theorem 3.8] we have [C(LN W) : H4 NC(L)] = 2*, where X is the number of
prime factors of a. Further, kﬁ equals 1 or 27'(1 4 p'=") according as p | 2 or
p | a. Combining these, we obtain the desired formula. U

On the other hand, Siegel’s product formula (0-3) specialized to (S, t) = (1,, 2a)
shows that

v, 2a) =[] B, (1, 2a) = Bo(nr, (A =277 e ()™ [T (14 p" .
p

2#pla

Indeed, it can be seen from [Sil, Hilfssatz 16] that 8,(n,,2a) =1 — p™" or
(1—p~")(1+ p'~") according as p {a or p | a for every odd prime p. Comparing
this with (5-2), we have

Corollary 5.2. The representation density B> (n,, 2a) is given by

1 ifa is odd,

(5-3) Ba(ny, 2a) =2(1 =277) - {1 +21=" ifais even.

We mention that Siegel in [Si2, (90)] took up an integral matrix S equivalent to 7,
over Z and computed (S, 2¢) for every positive integer £, which hence coincides
with (5-2) with r = 2 if £ is odd squarefree. We note that the present (S, 2¢) is
denoted by u (S, 2¢)/u(S) with the notation of [Si2]. We also mention that (5-3)
in the case of even a can be verified by [IK, Lemma 5.4] together with the second
assertion of [Y, Theorem 4.1].

Now, we shall discuss a calculation of the representation measure w(n,, 2q) by
means of (5-1). To make our argument short, let ¢ = ab” with a squarefree integer a
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and a prime number b not dividing a. We consider the set
Llgl={xeL|xp x=q}.

By [M1, (4.1)] a fractional ideal b(g) of Q can be defined by the equality b(q)2 =
2q[Z - L1[M : M1~", where [L : L] is the discriminant ideal of ¢ and [M: M]is
that of y. Since [L : L]=Z and [M : M] = 2aZ, we have b(g) = bZ. Then from
[M1, (4.4)] we see that

Llgl=L[gq,2"'pZ]U L[q,27'Z].

Observe that m(L[q, 27 'bZ]) is related to v(1,, 2a) and m(L[g, 27'Z]) to v(n,, 2¢)
by the Theorem. Then by (5-1), u(n,, 2q) is given by

(5-4) n(nr, 2q) = b* " v(n,, 2a) +v(n,, 2q).

Here v(n,, q/2) =v(n,, a/2) = 0 whenever a is even, because of B(n,,t) = & for
any odd integer ¢. Thus formula (5-2) computes v(n,, 2a) in (5-4).

Another measure v(7,, 2q), however, cannot be computed by Theorem 4.1. This
is because L N W; is not Z-maximal with respect to 1|, where W; = (Qk)™*,
Y1 =¢lw,, and Hy ={y € SO(p) | ky =k} withk € L|[q, 2717]; see (4-1). Since
still the present L is maximal, Theorem combined with (0-7) connects v(n,, 2q)
with m(H;, C(L N Wy)). In view of this, it is useful in application to remove the
condition of the maximality of L N W from Corollary 4.3.

Let us show an easy example of v(n,, 2q) by employing Siegel’s formula (0-3).
Assume r = 2 and put n = n for simplicity. Let g =2-3% witha =2,b = 3,
for example. Then d = 7,5, or 1 according as p = 2,3, or p{ 6. If p {6, by
[Sil, Hilfssatz 16] we have B,(n,36) =1 — p~2. If p | 6, direct calculations (by
computer) show that #B,7(n, 36) = 4718592 and #B5s(n, 36) = 17006112; hence
we have B> (1, 36) = § and B3(n, 36) = 32. Thus by (0-3),

v(n, 36) = 2(n, 36)B3(n, 36) [ [ — pH) =4¢(2)~".
P16
Therefore by (5-4) together with (5-2) we obtain
w(n, 36) =372v(n, 4) +v(y, 36) = 13/3¢(2).

We can check this result by using [Si3, Theorem 1], or simply, by [Si2, (90)]
mentioned above.

5.2. The quadratic form S,. In this subsection we assume n > 2 and set

|1 O gl
)
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Clearly S, is indefinite and semi-integral, S, =5, and det(S,) = —1. By definition
the level of S, is 4 for every n. We shall first observe the relation between m(L[e, Z])
and v(2S,, 2¢) by applying Theorem to S, and L, where ¢ =1 or —1.

Lemma 5.3. The invariants of S, are
{(n,Q(W—=1), By.oo,n —2} if n=0,5 (mod 8),
{n. QW/~=1), M2(Q),n =2} if n=1,4 (mod8),
{n,Q, M2(Q),n—2} ifn=2,3 (mod8),
{n,Q, Byoo,n—2} if n=06,7 (mod38),
where B, « is a definite quaternion algebra over Q ramified exactly at 2.
Proof. We first recall the characteristic algebra Q(1,,) for m > 0:
M>(Q) ifm=0,=x1,2 (mod8),
B if m=4,£3, —2 (mod 8).

Suppose n =0 (mod 8). Put n = 8k. Then (—1)"/?det(S,) = (—1)**!, and hence
by definition the discriminant field is Q(+/—1). Clearly the index of S, equals n —2.
By applying [S3, Lemma 2.8(i)] to 1,_, and diag[1, —1], we see that

A(Sy) = A(1,-2) ®g A((— 1) "2/ 2diag[1, —1]) = M, (B2, ) ® M2(Q)

with 0 < s € Z. From this it follows that Q(S,) = B2 ~. Hence we have
{n, Q(~—1), By.co,n — 2} if n = 0 (mod 8). The other cases can be handled
in a similar way. (]

Let {e;}!_, be the standard basis of Q,11. For h € L[e, Z] put W = (Qh)* with
respect to S, and H = {y € SO(S,,) | hy = h}. Let ¥ be the restriction of the
quadratic form represented by S, to W.

(5-5) O(ly) = {

Lemma 5.4. The quantity v(2S,, 2¢)/m(L[e, Z)]) can be given by

V(2S,,28) {4n(1_”)/2F((n -1)/2) ifn>3ande=1,
m(L[e,Z]) |2" ifn>2ande=—1.

Here m(L[e, Z) is defined as in (0-5) with 25 = Z(1,2-1,_2), ZY =21, 2-1,_3)
ife=1,and 2¥ = 2(0,1,_) ife = —1.

Proof. With Z S¢ = Z(r,0) and Z¥ = Z(ry, 0)), our theorem shows that

V250,28) _ oim-nm-y2, 9O pa1-ripr
m(Ll[e, Z]) det(0)"1 /2 pp_rpy

Since S, = diag[1, 1,,_», —1] is equivalent to

0 0-1/2
|: 0 1n—2 0 :|
12 0 0

(5-6)
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over Q, we may set Z5%=2(1,2-1,_7). We pick e; and fix it. Clearly e; € L[1, Z].
Take W and v as above with e; in place of . Then we have W = >_"_, Qe;. With
this basis ¥ is represented by vy = diag[1,,—», —1], which is isotropic. Hence we
have to assume that n > 3 in the application of Theorem. Since Vy is equivalent to

0 0 -1

[ 0 21,3 0]

-1 0 0
over R, we set Z¥ = 2(1,2-1,_3). Clearly pp—2/pn—1 = a7 ((n—1)/2).
Combining these facts with (5-6), we have the relation in the case of ¢ = 1. For the
case of ¢ = —1, we pick e, € L[—1, Z]. Then ¢ is positive definite. The desired
relation follows from (5-6) with r; = 0. Ul

Now we cannot apply Theorem 4.1 — more precisely, (0-7)—to m(L[e, Z])
because the present L is not Z-maximal with respect to S, for any n > 2 as will
be shown below. On the other hand, (0-3) is applicable to v(2S,, 2¢) if n > 4 and
so we can calculate m(L[¢e, Z]) by Lemma 5.4. To see this, let us take n =4 and
¢ =1, for example. By [Sil, Hilfssatz 16] we have «,(254,2) =1 — éE(p)p_2 for
every p {2, where & is the primitive Dirichlet character corresponding to Q(+/—1).
As for p =2, a direct calculation shows that #B,5(254, 2) = 98304. Hence we have
B2(284,2) =3 and thus v(284, 2) = 3L(2, £)~! by (0-3). This equals (254, 2)
since t = 2 is squarefree. Therefore, by Lemma 5.4,

3/2
m(L[1, Z]) = Lv(2S4, )= T2 6,
e 2

As mentioned in the Introduction, our theorem treats the quadratic form repre-
sented by S (in the statement), whose coefficients are all even integers. For this
reason, v(S,, k) cannot be derived from the theorem. There is an explicit formula
for the representation measure p(S,, k) valid for 0 # k € Z if n > 3. According to
that formula, 1£(S4, 1) equals %L(Z, £)~!: see [RT, Theorem 12]. For the equality
(S, 1) = % the reader might refer to [Y, Theorem 4.1].

Returning to our example, take a Z-maximal lattice Lo in Q! with respect to S,,.
Let Sp be the matrix that represents S,, with respect to a Z-basis of Ly. Then by
(4-4) and (4-3) together with Lemma 5.3 we can determine the level of Sy and
[Lo: Lol:

Lemma 5.5. With the notation above, we have
if n=2 (mod 8),
if n=1,3 (mod 8),

ifn=0,4,6 (mod8),
if n=5,7 (mod 8).

1 ifn=2 (mod8),
0(So)=12 ifn=6 (mod8), [Lo: Lol =
4 otherwise;

0 A =
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On the other hand, we have
[L:L]=|det(2S,)| =2".

Thus L is not Z-maximal with respect to S,, for any n > 2 as mentioned.

If Lo[g, 27 'bZ] # @ for a given g € Q* with b satisfying (4-1), one can compute
v(S, t) by means of Theorem 4.1, where S = 2(S0)(2Sp) ! and 1 = 2b_2Z(So)q.
We illustrate this in the case of n = 5:

Example. The lattice

3
57 Lo=) Zei+Zfi+Zes, fi=2""(e1+ertes+es).

i=1

is Z-maximal with respect to Ss, because representing Ss (in the basis of Lg) by

100 10 21 120
010 1o 12120
So={0 0 1 4 0], whoseinverseis 1 1 22 0},
Ll 22240
0O 0 0 0 -1 0 0 0 0-1

we easily see that Sy is semi-integral and [Lo:Lol= |det(25p)| = 8. Together with
Lemma 5.5, this proves the desired fact.

We consider the set L[g, Z] with Sy. Notice that L = Zé 1s Z-maximal with
respect to Sp.

Suppose h € L|g, Z] with a squarefree odd positive integer g. With this & we
set W, ¢, and H as before. The invariants of ¢ are {4, Q(/—¢), Q(¥), 2}, where
Q (1) is the indefinite quaternion algebra over Q of discriminant P or 2 P according
asg =1 (mod4) or g =3 (mod 4), and P is the product of all the prime factors
of ¢ such that p = 3 (mod 4). The discriminant ideal of v is 4gZ. Together
with [Lo : Lo] = 8, this shows that (4-1) is satisfied in the present case. Hence
Theorem 4.1 is applicable to i € L[g, Z]. Clearly £(Sp) =4 by Lemma 5.5.

Proposition 5.6. Assume that L|q, 7] # @ with a squarefree odd positive integer q

in the above setting. Then v(2S7 !, 2q) is given by

24L2, %) [1 ifg =1 (mod4),
5¢(4) 371 (1-x(227)(1=x(2)27%) ifg=3 (mod4),

where x is the primitive Dirichlet character corresponding to Q(/—q).

Proof. Put K = Q(\/—¢q) and M = L N W. We see that A7Ip # M, if and only if
p|2q. Then we have

(28", 29) =[C(M) : HinC(LILQ, )¢® ' [T T »Y-
p12 P12q

V(2851 2¢) =
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Since Q(¢) = B3, o, the core dimension of ¢ at p = 2 equals 3 by (4-2). Hence
)Lg =2"1.371(1 —27%). Also since Dy = —4q or —q according to whether
g =1 (mod4) or g =3 (mod 4), we have )»g =2"! for any p | ¢ in both cases.
As for p=2,if g =1 (mod4), then AY =27'; if g = 3 (mod 4), then 1) =
2713711 — x(2)27 1) (1 — x(2)272). It can be seen from [MY, Theorem 3.8] that
[C(M): HyNC(L)] =2"* with the number A of all prime factors of g. Combining
all this, we have the desired formula. O

Corollary 5.7. The representation density (25, L 2¢) is given by

3 ifg =1 (mod 4),

—1 —

Proof. For each p12, we have a,(2S; ", 2¢) = (1— p~) (1 — x(p)p~2)~" by [Sil,
Hilfssatz 16]. Thus (0-3) in the present case shows that

251 2¢) L(2, 1 if g =1 (mod 4),
(287" 2g) = Ba( L2 x) . itq (mod 4)
1—2-4 ¢4 1—x(2)2 if g =3 (mod 4).

Comparing this with Proposition 5.6, we obtain 5,(25, 1 2g). U

We end this subsection by showing, under some conditions, the existence of the
element i € L[g, Z] needed in Proposition 5.6. Clearly, L[gq, Z] # & if and only if
Lolg, Z] # & with respect to S5, where Lg is the maximal lattice given in (5-7).

Lemma 5.8. For a positive integer q the following assertions hold.

(1) If q is even and squarefree, then Lolq, Z) # @.
(2) If q is odd and squarefree, then Lo[q, 27 'Z] # @.
3) Ifq is odd and q + 1 is squarefree, then Lolq, Z] # ©.

Proof. We shall employ the results from the 4-dimensional quadratic space (Q}t, 14).
Clearly Q}‘ can be identified with the subspace Z?:l Qe; of Qé under the map
x +— [x 0]; notice that [x 0]S5-"[x 0] =x-"x forx € Q}‘. Then by (4-3) and (5-5)
we see that M = Z?:l Ze; + 7 f, is a Z-maximal lattice in (Q}t, 14). By a result of
Yoshinaga [ Yo, Lemma 7.4(1)],

Mlq,Z] # @ if q is even and squarefree,

(5-8)
M[q,27'Z1 # @ if ¢ is odd and squarefree.

Assertions (1) and (2) follow from these results since Ly = M +Zes and (Qes)=Q 411
with respect to S5 = diag[14, —1]. To prove (3), set ¢ + 1 = 2a with a squarefree
odd integer a > 0. Then by (5-8) we can find g € M[2a, Z]. Putting h = g + es,
we easily see that h € Lo[q, Z]. O
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5.3. Invariance of the mass m(L|q, b]) for indefinite 9. Let (V, ¢) be a quadratic
space over Q, SO(¢) 4 the adelization of SO(¢), and L a Z-lattice in V. We recall
that the genus of L is the set of all Z-lattices in V' of the form Lo with o € SO(¢) 4.
There is a correspondence between the genus of a lattice and the genus of a matrix;
see [S2, §9.27] for details.

Corollary 5.9. Let the notation and assumptions be as in Theorem with n > 3. Let
Ly be a Z-lattice in the genus of L for which Li|q, cZ] # @. Pick hy € Lilq, cZ]
and let | be the restriction of ¢ to the complement (Qh)* in (V, ¢). Define the
mass m(L1[q, cZ)) as in (0-5) with Z9 = Z(r, 0) and ZV = Z(ry, 6,). Then

m(Lilg, cZ])) =wm(L[q, cZ)).

Proof. Since ¢[h] = ¢[h], we have h; = hy with y € SO(¢). Hence we can take
a matrix representing v by the matrix representing ¥ with respect to a basis of W.
We then define m(L[g, cZ]) as in the statement.

Let ¢; be the matrix that represents ¢ with respect to a Z-basis of L. Then ¢
belongs to the genus of ¢; namely, ¢; = o, - "o, with «, € GL,(Z,) for every
prime spot v of Q, where Z,, = R if v is the archimedean prime. Since det(¢) and
£(¢) are genus invariants, these coincide with det(¢;) and £(¢;), respectively. Put
{ = 2_18((,0). It can be seen from the definition that £¢; belongs to the genus of
S(= £¢). By virtue of [Si3, Theorem 2] the measure v(S, t) is a genus invariant,
and thus v(£@y, t) = v(S, t) with t = ¢~2€g. This is valid even when n = 4; see a
remark in [Si3, Section 12]. Then we can find the desired equality by applying our
theorem to m(L[q, cZ]). O
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Corrections to [M3]

o Page 91, line 3 from the bottom: “a Z-lattice L” should be “the lattice L = Z}”.
e Page 99, Lemma 2.1: “C,” should be “C, N (G,)o”. We also mention that

(Gy)o/(CyN(Gy)o) is analytically diffeomorphic to G,/ C,, with the notation there.
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GROUP TOPOLOGIES ON GROUPS OF ABSOLUTELY
BICONTINUOUS HOMEOMORPHISMS

J. DE LA NUEZ GONZALEZ

The group of homeomorphisms of the closed interval that are absolutely
continuous and have an absolutely continuous inverse was shown by Solecki to
admit a natural Polish group topology z,.. We show that under mild conditions
on a compact space endowed with a finite Borel measure such a topology can
be defined on the subgroup of the homeomorphism group consisting of those
elements g such that g and g~! preserve the class of null sets.

We use a probabilistic argument to show that in the case of a compact
topological manifold equipped with an Oxtoby-Ulam measure, as well as in
that of the Cantor space endowed with some natural Borel measures, there
is no group topology between 7,. and the restriction ., of the compact-open
topology. In fact, we show that any separable group topology strictly finer
than 7., must be also finer than 7,.. For one-dimensional manifolds we also
show that z., and t,. are the only Hausdorff group topologies coarser than
Tq.c, and one can read our result as evidence for the nonexistence of a good
notion of regularity between continuity and absolute continuity.

We also show that while Solecki’s example is not Roelcke precompact,
the group of absolutely bicontinuous homeomorphisms of the Cantor space
endowed with the measure given by the Fraissé limit of the class of measured
boolean algebras with rational probability measures is Roelcke precompact.
This can be interpreted as showing the nonexistence of a good notion of
regularity between continuity and absolute continuity.

Introduction

Recall the notion of absolute continuity from classical real analysis.

Definition 0.1. We say that ¢ : [0, 1] — R is absolutely continuous if there exists
some ¥ € L'([0, 1]) such that for all # € [0, 1] we have ¢ (¢) — ¢ (0) = f[o 1 v dh,
where X is the Lebesgue measure on the interval.
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If f is absolutely continuous, then the derivative of f exists and coincides with
Y almost everywhere. In [21, Lemma 2.4] Solecki considers the group

HZFM([O, 1) := {g e HT([0,1]) | g and g*l are absolutely continuous},

where 7 ([0, 1]) denotes the homeomorphism group of a topological space X and
HT ([0, 1]) the subgroup of those which are orientation preserving in case [0,1] is a
manifold, and he shows that it is a Polish group with the topology 7. induced by
the metric p(f, g) := || f' — &’ll1. One can define the group Hpq.(S') analogously
(see [4; 9]) and prove Polishness in essentially the same way, although in this case
an additional term controlling the displacement of a reference point is needed in
the definition of p.

Even though absolute continuity is particularly interesting in the 1-manifold
setting, in so far as it can be regarded as the first of an infinite family of intermediate
regularity conditions defining some Polish subgroup of the ([0, 1]) (see [4]), we
believe worth pointing out that Solecki’s Polish group generalizes to a wide variety
of other contexts, some of which will be explored here.

Recall that given two nonnegative measures 1, v on a measurable space (X, A)
we say that v is absolutely continuous with respect to w, written v < u, if and only
if v(A) =0 for any A € A with u(A) = 0. We are interested in the case where
is a Borel measure, i.e., a measure on the Borel o-algebra 5(X) of X. The group
‘H(X) acts on the space of Borel probability measures in a natural way by letting
g -1 be the push-forward measure: (g - u)(A) = u(g_l(A)) for A € B(X).

Definition 0.2. Let X be a topological space and x a Borel measure on X. We let
Hpac (X, i) be the subgroup of H(X) consisting of all those g € H(X) such that
g-n<pand u < g - (equivalently, g=!- u < ), that is, the subgroup of all
g € H(X) such that for A € B(X) we have u(A) =0 if and only if u(g(A)) =0.

Using a different terminology, Hp..(X, 1) is the group of all homeomorphisms
of X that preserve the measure class of u. In the case in which X =[0,1] and u
is Lebesgue measure this definition agrees with the one in classical analysis given
in Definition 0.1. The condition g - © < u for a homeomorphism in g is satisfied
precisely when g is absolutely continuous in the sense of Banach, a terminology
frequently found in older literature. We could thus refer to Hp,. (X, 1) as the set of
absolutely bicontinuous homeomorphisms in the sense of Banach.

Fact 0.3 (Radon—Nikodym; see [13], Corollary 7.34). If u, v are two o -finite
measures on a measurable space (X, A) such that v < ., then there exists a unique
¢ € LY(X, A, ) (that is, well-defined up to a w-null set) such that v(A) = fA ¢du
forall A € A. We write such ¢ > 0 as dv/du. It follows that for all A-measurable
h:X — Rwehave h € L'(X, A, v) ifand only if h¢ € L' (X, A, n), with equality
fhdv = fh¢ du in that case.
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This allows one to define the following generalization of the absolute value of
the Jacobi determinant, central to the entire subsequent discussion.
Definition 0.4. If g € Hyue (X, 1), we write D(g) = dfl’l.
7
We establish the following generalization of Solecki’s result.

Proposition A. Let X be a metrizable compact topological space and p a finite
Borel measure on X such that X has a basis of open sets with w-null frontier.
Then the topology t,. on Hpac (X, 1) generated by the restriction of the compact-
open topology on H(X) and the topology induced by the distance p,.(g, h) :=
ID(g) — D(h)||1 it is a Polish group topology.

When X €{[0,1], S'} and w is Lebesgue measure we recover Solecki’s result [21].
Even in the original setting, our proof that t,. is a group topology diverges somewhat
from that in [21]. Our result applies, in particular, to compact manifolds of arbitrary
dimension equipped with an Oxtoby—Ulam measure, as defined below.

Definition 0.5. An Oxtoby—Ulam measure on a compact connected manifold X is
a finite Borel measure (necessarily regular) satisfying the following properties:

e (U) > 0 for all nonempty open U C X,
e n({x}) =0forallx e X
e and u(0X) =0.
We will refer to (X, n) for X and p a probability measure as above as an OU pair.

It is easy to establish the existence of Oxtoby—Ulam measures on an arbitrary
compact manifold M. If the manifold is orientable and admits a differentiable
structure, one may choose a volume form and define an Oxtoby—Ulam measure, up
to renormalization, by letting the measure of an open set be the absolute value of
the integral of the volume form over that set. In the general case, we may start with
a finite cover of M by embedded topological closed balls of the same dimension
and then obtain an Oxtoby—Ulam measure by adding an Oxtoby—Ulam measure on
each of the balls.

Another natural way of producing pairs (X, ) as in the statement of the proposi-
tion is the following. Suppose given an inverse system ; : X; 11 — X; of continuous
epimorphisms between compact topological metric spaces, together with finite Borel
measures w; on X; satisfying (¢;).«(i;+1) = t;. Then by Theorem 2.2 in [2] the
inverse limit X :=lim X; can be endowed with a limit Borel measure p :=lim p;
such that for each of the natural projections ; : X — X; we have (7r;). (1) = u;.
If X; is generated by sets of w;-null frontier for all 7, it can be easily checked that
the same property holds for (X, w).

Two natural Borel measures on the Cantor space C are worth considering. Given
some finite measure o on {1,...r} one can take the power pj measure on
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{1, ...r}*=C positive on singletons. We will refer to this as a generalized Bernoulli
measure.

Other than this, given any countable field K € R, one can consider the Fraissé
limit Bg of the class of all the finite Boolean algebras (see, for instance, [11] for
K = Q) equipped with probability measures with values on K N[0, 1]. By Stone
duality, one can identify Bg with the family of clopen sets of C, with the measure
on By extending to a unique (up to this identification) Borel measure on C, which
we will denote by ug.

A gap between group topologies. We will use the term 7., to refer to the restriction
of the compact-open topology to the group at hand. The main result of the paper is
Theorem B below, which establishes the existence of a gap between 7., and 7, in
a range of situations.

Theorem B. Let (X, 1) be either
(I an OU pair, or

(Il) the Cantor space C = X equipped with either g for some dense subfield
K C R or a generalized Bernoulli measure.

Then there is no group topology t on Hpac (X, ) with t.o C T C 4. In fact, more

=

is true: for any separable group topology t on Hpae (X, 1) if Tco S T, then 1,0 C 1.

=

In the case of a one-dimensional manifold X, one can read the result above as
stating that there is no notion of regularity (for homeomorphisms) sitting between
continuity and absolute continuity in the same way absolute continuity sits between
C'-regularity and continuity. A more general set of sufficient conditions for the
first claim in the statement is given in Proposition 7.1 and the reader interested only
in this claim for the examples covered by Theorem B may skip the discussion in
Section 6. In the one-dimensional case we actually know that t., is the coarsest (not
just minimal) Hausdorff group topology on Hp,.(X, ;) by the arguments in [8].
Therefore, we can conclude:

Corollary C. Let (X, i) be an OU pair with X € {[0,1], S'} and u be as above.
Then t,. and t., are the only Hausdorff group topologies on Hp,.(X, L) coarser
than t.,.

Strategy of the proof. Write & := Hp,.(X, n). The proof of the first statement of
Theorem B goes roughly as follows. Assume that we are given a group topology ©
with 7., € 7 C 74.. By the continuity of multiplication, it suffices to find a fixed
integer K > 0 such that for every U € Ni4(t) there is U’ € Nyg(t,) inside UX. The
second inclusion implies that U € Ng(t) contains some V € Nig(z,.). It is not hard
to show that for any g € & supported on some set U € X we have ||g|lzc <2u(U)
ksee Lemma 3.5), so any such V will contain the subgroup &y of all elements
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supported on U for any open U C X with u(U) < «y, for some constant «. The local
fragmentation property for homeomorphism groups tells us that a finite product of
the form &y, - - - By, is a neighborhood of the identity in 7, if X = U,k: 1 Ui. The
argument above yields the existence of many similar products inside U¥, but only
under constraints on @ (U;) which might rule out the covering condition.

Note that we can assume U = U~!, so that for any U € X with u(U) < ky and
g € Uwe have &,y = gByg~! C U3, If (X \ g(U)) < ky, then surely we can
find an open U’ C X with u(U’) < xy and UUU’ and conclude using fragmentation,
so that the problem reduces to the existence of g € U for which a suitable U exists.
This is done in Corollary 5.9, and the main difficulty is how to get there.

It is not difficult to prove that if ||g||,. is sufficiently close to 2, the supremum
of all possible values, then such a U will exist, even though it might be very far
from being connected. In order to proceed, we turn to the assumption © C .,
which amounts to the existence of some €y > 0 (depending only on t) such that in
every W € Nig(t) we can find ||g]|,c > €. Our goal is now to get from “a definite
amount” to “almost as large as possible”.

Continuity of multiplication is far from enough for that purpose, since, while it is
true that any V € Nyg(7) will contain arbitrary finite products of the form g - - - g,
with ||g;|lsc > €0, a careless choice of g; might result in In(D(g;)) for different
gi canceling out under composition, canceling their good properties instead of
combining them. On the other hand, we have very little control over the choice of
the g;, and there is no obvious way to ensure that the sign of In(D(g;)) for different
values of i agrees in any suitable set. Here, probability comes to our rescue. Given
a measurable real function ¥ (i.e., a random variable) on a probability space (X, w),
as well as a constant C > 0, Chebyshev’s inequality allows us to infer a particular
behavior of the function on a suitably large set from the properties of an aggregate
function of ¥, namely

Iy 13

€] plx e X[yl >Ch ===,

And it involves precisely aggregate values derived from D(g), the kind of thing we
have access to.

For the sake of additivity (in the cocycle sense) it is natural and standard to replace
D(g) with ¢ :=D(g) :=In(D(g)) and we are interested in our candidate element g
being “almost optimal” in the sense above, so that ¢ has very large positive values
on the points of some set X € X of very small measure and negative values of very
large absolute value on the points of some set X_ C X of almost total measure. Note
that in any case [ D(g)du =1 (see Observation 1.1), which implies that in passing
from D(g) — 1 to ¢ = D(g) we expect the contribution to the expectation f drdu
of the locus of positivity of ¢ to be uniformly bounded, while the contribution of
the locus of negativity is expected to blow up. Hence, it makes sense to try to find g

C>0.
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in our arbitrary neighborhood of the identity such that for a given large C > 0 we
have ¢ < —2C + 1 so as to conclude u({x € X |p(x) < —-C}) < %

Recall that one can assume that g = g - - - g,,, where ||g;|l.c > €0 for €y(7), but
the latter is far from enough for our purposes. The key will be to show that for
constants K, ¢ > 0 the g; can be chosen satisfying the following properties:

(a) D(g) is well-approximated by >"/_, D(g:).

(b) Each D(g;) can be approximately bounded from above by a measurable func-
tion of the form —c + v;, where f Yidu =0 and || Y W H2

(c) (); is the sequence of differences of a martingale sequence, a weak form of
probabilistic independence (see Definition 3.1).

Writing ¢ = ZJ 1 ¥j» (c) implies that ||1p||2 < Kn, sothatin (1) we can set C =nc
and still have the right-hand side converge to zero at a controlled speed.

Showing this involves two steps. Section 4 is dedicated to the proof of Corollary 4.7,
which establishes that the elements g; in our product can be taken with || g; || not
only uniformly nonzero, but also sufficiently evenly spread over X in a technical
sense. The subsequent Section 5 is almost entirely concerned with the existence
of (g;)7_, admitting a sequence (;) as above, stated precisely in Proposition 5.3,
from which Corollary 5.9 follows. The property established in Corollary 4.7 is
crucial in ensuring that the bound in (b) (uniform on an almost full set) can feature
the constant ¢ > 0, which stands for the negative excess resulting from applying
the logarithm to negative values.

Key to the proof of Proposition 5.3 is that, given gy € &, if g; € & is chosen
sufficiently close to the identity in 7, (as a function of g;), then D(gog;) is well ap-
proximated by the sum D(gg) +D(g1), and the two functions behave independently
in a certain sense. It is in order to exploit this phenomenon that the assumption

o < T 1s used.

Roelcke precompactness. We say that a topological group (G, ) is Roelcke pre-
compact if it is totally bounded with respect to the Roelcke uniformity or, in more
concrete terms, if for any neighborhood V of the identity in G there are finitely
many elements {gi, ...g,} such that G = | J,_, Vg/V. Roelcke precompactness is
the topological correlate of the model theoretical notion of w-categoricity, which
explains some of its importance.

In [19] Rosendal develops a theory that endows every topological group in some
large family that contains all Polish groups with a canonical metrizable coarse
structure. Roelcke precompactness implies boundedness in the sense of said coarse
structure. It is shown in [9] that the group (Hpqc (X, i), Tae), where X € {[0, 1], sty
and p is the standard measure, is bounded. One might wonder whether this could
just be a consequence of Hpq (X, ) being Roelcke precompact, but that is not so:
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Theorem D. If (X, 1) is a 1-dimensional OU pair, then Hpq (X, 1) is not Roelcke
precompact: indeed, if (gn)neN C Hpac(X, 1) is a sequence such that

o (gn)neN converges to the identity in t.,, and

o (gn)neN does not converge to Id in 7.,
then (g,)neN Is not totally bounded for the Roelcke uniformity.

Remark. When (X, u) is an OU pair with dim(X) > 2, the non-Roelcke precom-
pactness of Hpq (X, 1) follows from that of (H(X), t.,) (see [18]) together with
Corollary 2.9.

One might wonder whether it might be possible to abstract the proof of Theorem D
so as to show that the conclusion holds for any sufficiently nontrivial instance of
Proposition A. However, some degree of uniform control of the topology of X over
the measure seems to be needed, as evidenced by our last result, which plays out in
the opposite direction.

Theorem E. Let K a countable subfield of R. Then (Hpac(C, k), Tac) is Roelcke
precompact.

Structure of the paper. Section 1 is dedicated to the proof of Proposition A, while
introducing useful notation and results used later on. Section 2 focuses on the
properties of Hp,-(X, 1) in the case in which (X, w) is an OU pair. It collects
technical statements generalizing properties of the group of homeomorphisms of
a compact manifold, such as a fragmentation property relative to t.,. Section 3
collects a handful of miscellaneous results and definitions of a probabilistic nature
to be used in later sections. Sections 4 and 5 are directly concerned with the proof
of Proposition 5.3, key to Theorem B, as described in more detailed in the summary
of the proof of Theorem B provided above.

Section 6 considers a group topology t in Hp,. (X, () of which it is only assumed
to be separable in the case in which (X, i) is an OU pair. Adapting well known
arguments found in the literature on automatic continuity of homeomorphism
groups yields conclusions which fall short of automatic continuity for Hp,. (X, i),
but which can be combined with Corollary 5.9 to recover the stronger claim in
Theorem B. The theorem itself is proved in Section 7, while Section 8 is devoted to
the proofs of Theorems D and E.

1. A family of Polish groups

Let X be a compact metric space and p a finite Borel measure on X. We will
assume throughout the paper that in such situation some compatible metric d on X
has been fixed. For the sake of simplicity, we write & 1= Hpq (X, ).
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For readability, in the presence of integrals we will often use o to denote the
composition of elements in #(X) and write Id for the identity map. We write 14
for the indicator function of a set A C X, and simply 1 in place of 1.

The following two observations are well-known and easy to show (see [21]). We
include a proof of the next one for completeness.

Observation 1.1. For any g € ® and any ¢ € L' (X, i) we have
[@eorwdu= [ sau

Proof. [(¢pog)D(g)dpn=[dpogd(g™-n)=[¢pogogdu=[¢pdu. O
Using this and the fact that D(g) is well-defined up to a set of measure zero, one

also checks:

Observation 1.2. For any g1, g2 € & we have

1

D(g1082) = (D(g1) 0 g2)D(g2). D(g; )= D(g)og;
1) &

a.e.

Recall that given gy, g» € & we write

Pac(g1, 82) = ID(g1) —D(g) 1,  lIg1llac := pac(g1, Id).

Clearly pq. is a pseudometric on &. For A € B(X), f € L'(X, ) and g € & we
also write

Iflla:=11afllt,  lgllac.a :=1D(g) = 1l1,a-

Write 7, 1= 7,.(X, ) for the topology generated by the restriction to & of the
compact-open (uniform convergence) topology on H(X), which we shall denote
henceforth simply as 7.,, and the topology induced by the pseudometric p,. above.

Fix a compatible metric d on X (necessarily complete).

Definition 1.3. Given § > 0 we write

Vs:={ge®|supd(g(x),x) <8}, V5:={g€&]|gllac <8}, Ws:=VsNVy,

xeX

so that a system of neighborhoods of 1d in 7,. is given by {Wjs}s-o.

The following observation is well-known (the first statement is a formal general-
ization of a result in [21]), but we include a proof for completeness.

Observation 1.4. For any hy, hy, g € & we have pyc(h, hy) = pgc(h1og, hyo g).
Therefore, the following equalities hold:

illae = 187 laes A1 0 hallac < 171 llac + A2 llac-
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Proof. The first equality is an easy consequence of Observations 1.1 and 1.2, while
the second equality follows by taking s, =1d, g = hl_l. For the final inequality:

1h1 0 hallac = pac(h1. h3 ") < pac(hi, 1) + pac(hs ' 1) = [hillac + 12 lac
where the last step follows from the equality ||/, Ylae = 2]l ac- ([l
Definition 1.5. Given f € C%(X) we write

wr:Rag—> Reg,  wp(8) =sup{|f(x)— fO)]d(x, y) <5}
The following fact will be used throughout the paper:
Observation 1.6. Let g B and AeB(X). Ifp € c'(x) satisfies ||¢p—D(g)||1,4 <€

and wy(8) < €’ then for any h € Vs we have
ID(goh) —¢pD(h) 1.4 < €+ € u(h(A)).

If wg(28) <€ and W :=3";" | i 1a, for some partition {A;}I"| of X into Borel sets
of diameter at most § and A; € [infa, ¢, sup,, @1, then the inequality above holds
with yr in place of ¢.

Proof. Using the composition rule and the triangular inequality for the first inequality
and Observation 1.1 in the equality after that we obtain

ID(goh)=¢D(h) 1,4 = [I((D(&) =)o) D(M)|l1,a+ [ (@oh—p)D(h) 1,4
= [D(g)—¢ll1,.a+I(poh—p)D(M)]l1,4
<etllpoh—llocl D14 < e+€'1(h(A)).

The second claim follows similarly, since the assumption that wg(28) < €’ implies
that [poh — ¥l < €. (]

Lemma 1.7. Forany g € ® and € > 0 there is § = & (€, g) such that for any h € Wi
we have |58 llac = pac(g, g oh) < €.

Proof. Choose some ¢ € C°(X) such that ||[¢ — D(g)|1 <  and 8 > 0 such that
d < rnin{a)d)(f), € }
4/ 4(¢lleo
Then

ID(8)—(D(g)o)DM) |11 < llp—dD M) ll1+ ¢ —D() I+ 1((¢—D(g))oh)D () |
<l¢p—¢DPMi+5+(5+%5)
< llocllD() — 1|1 + 3€ <e,

where we used Observation 1.6 in the second inequality. (]

Corollary 1.8. Under the assumptions on X and | made at the beginning of the
section, T, is a group topology on &.
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Proof. Lemma 1.7, together with the fact that 7., is a group topology, implies
that the unique left-invariant topology on & for which {W;}s-¢ is a system of
neighborhoods of the identity is in fact a group topology. It has to coincide with
T4c by the same lemma. O

It remains to show that (&, t,.) is Polish. Consider the metric p : & x & — Rxg
on & given by

(g1, 82)
=supd(g1(x), g2(x)) +supd(gy ' (x), g5 ' (X)) + Pac(g1, 82) + pacler s &3 ).
xeX xeX

This induces the topology t,. on & by Observation 1.4, together with the fact
that the metric given by the sum of the first two terms above is a complete metric
for the compact-open topology.

Fact 1.9. Suppose we are given two finite measures (L, v on a measurable space
(X, A) for which v < . Then for any € > 0 there exists some § > 0 such that
V(A) <€ forall A e Awith u(A) <.

Given g € ® and § > 0 we write
Q,(8) := sup {1£(g(A)) | A € B(X), pu(A) <3}.

Lemma 1.10. Let g = (g1)n>0 be a sequence in & that is Cauchy with respect to p.
Then the function Qg = sup,,~ 2,, satisfies liII(l) Qg(e) =0.
8 = 0 8

Proof. For a fixed € > 0, take ng such that for all n > no we have || 04c(gn, &)l < 5.
Then sup,.(1(gn(A)) < € for any A € B(X) such that Qg (1(A)) < % for all
0 <k <ny. O

Lemma 1.11. p is a complete metric on &.

Proof. Let g = (gn)n>0 be a Cauchy sequence in & with respect to p. Then
(8n)n>0 must converge in 7., to some go, € H(X), by the completeness of the
metric poo(g, h) = sup,cy d(g1(x), g2(x)) +sup,cy d(g; " (x), g5 ' (x)) on H(X).
We claim that goc € Hpac (X, p). Note that (D(g,)),>0 must be Cauchy in L'(X, )
and thus must converge in LY(X, ) to some function ¥ > 0, which implies that,
for any A € B(X),

) 11(gn(A)) = [A D(gn) dp =2 /A Wdp.

Since g, = goo 1N Ty, We have

o) < U N &(U)

n>0k>n

for any open set U € X. The continuity of y then allows us to conclude that

3) H(8o(U)) = Tim p(ga (V)
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and so, in particular, 1(gsc(U)) < 2, (u(U)) for any such U, which implies that
U(goo(A)) =0 for any A € B(X) with (A) =0, by Lemma 1.10 and the regularity
of u. A similar observation can be made for the inverse 80_01 and the (Cauchy)
sequence (g, 1),120 and so we conclude that go, € Hpae (X, ().

Now if U C X is an open set with u(Fr(U)) =0 then 1 (Fr(g(U))) =0, and
thus by (3) we have

1(X) = u(goo(U)) + 11(geo(X \ U)) < Jim [10(gn (U)) + (8 (X \ U))] = (X)),

which implies
1(go(U)) = lim u(gn(U))=/‘I'du
n— oo U

for all such U. Any finite union of open sets with p-null frontier also has p-null
frontier, and open sets with p-null frontier generate the topology of X by assumption.
This implies that every closed (i.e., compact) set F C X is the intersection of a
descending sequence of open sets Uy D U1 D - - - with p-null frontier, as follows:
for each n the set F is covered by finitely many open sets of diameter at most %
with p-null frontier, so we can take U, as their union (intersected with U,_; to
ensure nestedness).
Using the dominated convergence theorem, we now have

(800 (F)) = im 1(80(Uy)) = lim /Uw dp = /Fw du.

The regularity of the measures g% u and A — [, Wdu now easily shows that
(g (A)) = fA Wdu for all A € B(X) and thus that D(g) = ¥ and D(g,)
converge t0 D(gxo) in L. Arguing similarly for g2 and (g, !),>0, we conclude
that lim;,— 0 (g1, &o0) = 0. O

To conclude the proof of Proposition A we note that the separability of X implies
that of Hpqc (X, ).

Observation 1.12. The topology t,. is separable.

Proof. Every compact metric space is second countable. It follows that h(X) is
itself separable. Let {¢,},>1 be some dense subset of L'(X, ) and {hn}n>1 a
countable dense subset of #(X) for the compact-open topology. For every pair of
integers n,m and N > 1, let g,.m. N € Hpac (X, ) be either an element such that
ID(gnmnN)—Pnll1 < L and Sup,cx d(8nm,N(X), hy(x)) < % in the case that such
an element exists and arbitrary otherwise. It is easy to check that {g, . N }n.m. N>1
is dense in 7. O

2. Some properties of Hpq(X, ) for an Oxtoby-Ulam pair (X, )

Fix an OU pair (X, u). The goal of this section is to generalize some basic
properties of homeomorphism groups and the compact-open topology to our group
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B = Hpqe(X, n) of absolutely bicontinuous homeomorphisms with the restric-
tion topology. We introduce ball transitivity (Corollary 2.4), local fragmentation
(Lemma 2.13), and uniform perfectness of the group (Lemma 2.15). Of these, only
fragmentation will be required in the proof of the first statement of Theorem B,
whereas the rest will be used only to generalize some arguments from existing
automatic continuity proofs in Section 6.

For any subset A of a topological space we will use the notation A, Fr(A),
A to refer to the interior, frontier and closure of A in X, so that Fr(A) = A N
X\ A. In the context of our topological manifold X we will use the notation
dX to refer to the boundary of X. By a nicely embedded ball in X we mean
the homeomorphic image in Int(X) of the standard closed m-ball B™(1), which
can be extended to a homeomorphic embedding of the open ball B (2). By a
boundary half-ball we mean the image of B” (1) NR”~! x R~ by a homeomorphic
embedding 4 : B"(1)NR™ ! x R>p, which extends to a homeomorphic embedding
h: B™(2) NR™~! x R=o — X with the property that 2~'(X) = B" (2) N {x,, = 0}.
By a w-adapted ball (resp. boundary half-ball) we mean a nicely embedded ball
(resp. boundary half-ball) whose frontier is p-null.

We denote by H (X, 9.X) the group of homeomorphisms of X fixing d X pointwise.
Note that this is still a Polish group when endowed with the compact-open topology.

A useful tool will be the following classical result due to Oxtoby and Ulam.

Fact 2.1 [16, Theorem 2]. Let X be a compact manifold and ., ;' two Oxtoby—
Ulam measures on X with (X)) = ' (X). Then there exists some h € H(X, 0X)
such that hyp = ',

Given g € H(X), write supp(g) := {x € X | g(x) # x} and denote its closure by
supp(g). Given an open set U C X and h < H(X) we write

by :={g € b supp(g) C U}, by :={g € b|supp(g) S U}.

Given A € B(X) we say that h € H(X) is measure-class preserving on A if for
all C € B(X), C € A we have that u(C) = 0 if and only if u(k(C)) = 0. The
following is obvious from o -additivity:

Observation 2.2. Let Fy, € B(X), k>0. Then g € H(X) is measure-class preserving
on =g Fr if it is on Fy for all k > 0.

Observation 2.3. Let h € H(X) and assume that Y is a closed subspace of X
homeomorphic to a compact m-manifold such that £ (0Y) = 0. Then there exists
some g € H(X) supported on Y such that hg is measure-class preserving on
Uje]—' Y;. We may choose g so that

1hglac,y = |1 (Y) = (A (Y))].
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Proof. Apply Fact 2.1 to the two OU measures
v = ;h*(l/«[h(Y)) and vy := LMn/
n(h(Y)) n(Y)
on the compact manifold Y. This yields an element y € H(Y, dY) such that
y*(v1) = vp. We then have

_ 1)

)
Therefore, if we extend y by the identity outside Y to an element of H(X), then
hg is measure-class preserving on Y. Thus, D(hg) is well-defined on Y and equal

to the constant function u(h(Y))/u(Y), so that ||hg|lc.y is also well-defined and
equal to |u(Y) — u(h(Y))|. O

(hoy) (in)) = nh(X))y* (1) = n(h(¥Y))v2

The following is most likely known, but we have failed to find an appropriate
reference.

Corollary 2.4. Let {B;}_,, {B!};_, be two collections of disjoint j1-adapted balls
and boundary half-balls X with the property that B; is a boundary half-ball if
and only if B! is, in which case they both intersect the same boundary component.
If m = 1, we assume that the two collections are ordered in the same way up to
orientation. If m = 2, then we also assume that the intervals in which B; and Bl./
touch the boundary components of X are ordered identically for the two collections.
Then there exists h € & such that h(B;) = Bi’for alll <i<r.

Proof. A standard application of the annulus theorem of Kirby [12] and Quinn [17]
shows the existence of hg € H(X) with ho(B;) = B} for all 1 <i <r. Note that for
this to work it is crucial that B; and Bl./ are nicely embedded, as there are exotically
embedded balls to which the theorem does not apply.

The result then follows by applying Observation 2.3 to each of the members
of the covering of X given by {B;}/_, U{X \ U;_, B;}. For each member A of
this covering, we thus obtain an element g4 supported on A with the property
that s o g4 is measure-class preserving on A. The product of all the (pairwise
commuting) g4 is an element g with the property that 4 := hog € & and acts on
the balls as needed.! ([

IThe annulus theorem (originally an important conjecture) states that for any two m-balls By, B
with B nicely embedded in By, the complement B \ B is homeomorphic to sm=1 5 10,1]. For
the statement above in the boundaryless case one first finds disjoint nicely embedded balls {E; }r
such that B; B/ - E The annulus theorem provides homeomorphisms ¢; : E; \B =E; \B/ wh1ch
can be pa@ted w1th suitable homeomorphisms v; : B; = B’ and the identity outside of U —1 Eito
yield the desired global homeomorphism /(. In the presence of boundary half-balls one can argue
in a similar way. All one needs to show is that given boundary half balls By, By with B; € 1;’0 the
homeomorphism type of the pair (Bg \ B 1- Bo \ B 1 N dM) does not depend on Bj and B;. Note
that the complement By := Bg \ él is homeomorphic to an m-ball by the generalized Schoenflies
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Fact 2.5 [14, Lemma 3.10]. Given a compact manifold X, there is some N =
N(X) > 0 such that for any € > 0 we can write X =\, V; with V; = ey, Fiy,
where {F 1}y, is a collection of disjoint balls and boundary balls of diameter less
than €.

Lemma 2.6. In the conclusion of Fact 2.5 we may assume that all balls and
boundary half-balls F; involved are ji-adapted.

Proof. 1t is enough to show that given a finite collection {D;};c; of balls and
boundary half balls whose interiors cover our compact manifold X one can always
find p-adapted (boundary half) balls le C D;, i € I of the same type that are
pn-adapted and whose interiors cover X.

Claim 2.7. There is 6 > 0 such that the union of the interiors of some collection
{D;}ie 1 as above (not necessarily p-adapted) will cover X provided D; is contained
in D; UNs(Fr(D;)).

In view of this, all we need to show is that for every D; there is another ball or
boundary half ball of the same type, D! € D;, such that

(i) D; is p-adapted and
(ii) D; € Ns(Fr(D;)) U D.

Such D; can be found as follows. Consider the Borel measure 1t 3 p, on D; obtained by
removing all u-mass from Fr(D;), i.e., Hp, )= M(COD ) forall C € B(D;). Itis
trivial to check that this is an Oxtoby—Ulam measure on D;. Thus Fact 2.1 applies,
and so for some & > 0 we have that 6, is the push-forward of the Lebesgue
measure A on the euclidean unit ball B” by some homeomorphism ¢ : B™ — D;.
The rescaled balls « B™ € B™, a € (0,1), have A-null frontier, so that

ju(Fr(¢(@B™))) = (¢ (Fr(aB™))) =6~ ' A(Fr(aB™)) =0

that is, ¢ (e B™) satisfies (i). By continuity, it will satisfy (ii) for « sufficiently close
to 1, and so we are done.

As for the claim, the open cover {ﬁi}ie ; must admit a positive Lebesgue number
8 > 0, meaning that for any point x € X we have B(x, §) C D; for some i € I.
We show that we can take this to be the § in the statement of the claim. For
the sake of contradiction, assume that there is x € X \ UI.e It Dl’ CIfx e lo)i, then
X € b,- \Dl’ C Ns(Fr(D;)) so that it cannot be the case that B(x, §) C D;. It follows
that B(x, §) ;(_ ﬁ,- for all i, contradicting the choice of é. U

For § > 0 write f/(; = {g eHX)|Vxe Xd(x,gkx)) < 8} so that Vs = V5 NG.

theorem [15], so all that is left to show is that the homeomorphism type of the pair (d By, dB, N dM)
does not depend on B( and By, which is a consequence of the annulus theorem in dimension m — 1.
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Lemma 2.8. Let g € H(X) and let U be an open subset of X, F C U a compact
set, and € > 0. Then there exists some h € H(X, 0X) such that

o F Csupp(h) Csupp(h) C U,
e he f/g, and
o gh is measure-class preserving on supp(h).

Proof. Let N(X) be as in Fact 2.5. Using Lemma 2.6 construct N finite families
{ Bf}ie 7, of p-adapted balls and boundary half balls such that diam(Bf ) <¢€/N for
all 1 <l < N and i € J; and the union of the interiors of all the Bf covers X.

Let Cy,...C, be an enumeration of all sets of the form Bl.l that intersect F.
Clearly, F C Uj?:] ¢ ; and, by taking € to be small enough, we may assume that
U;'nzl C i CU.

Using Observation 2.3 we can find 4, € H(X, 0X) with supp(k;) € C; such
that gh; is measure-class preserving on C;. Applying 2.3 once more (to the
homeomorphism g’ = gh) yields hy € H(X, dX) such that gh;h, is measure-class
preserving on C,. Since (gh1)c\c, = (gh1h2)|c)\c,> gh1h2 is also measure-class
preserving on Ci \ C,. By Observation 2.2 ghh, is thus measure-class preserving
on Cy U C,. Continuing in this fashion, we obtain hy, ... h, € H(X, 0X) with h;
supported on C; and such that if 4 := hyh; - - - hy,, the composition gh is measure-
class preserving on U']’?:] C;, which is a neighborhood of F' contained in U.

Since diam(Cj) < €/N and one can still separate the family {C;}_, into N
distinct families of disjoint sets, it is not hard to see that 2 € V, and so we are
done. ([l

Corollary 2.9. For any OU pair (X, u) the group Hp,-(X, u) is dense in H(X)

with respect to Tc,.

Local fragmentation for the restriction of the compact-open topology. We write
N¢(A) for the metric neighborhood N.(A) :={x € X |d(x, A) < €}.

Definition 2.10. We say that a subgroup f < H(X) satisfies the weak local frag-
mentation property for t., if for any finite collection Uy, ... U,, V of open subsets
of X with V < |J7_, U, there is § > 0 such that

by NVs S bg,--- b,
If in the situation above for any € > 0 there is § > 0 such that
by NVs C (hy, NVe) -+ - (b5, NVe),
then we say that b satisfies the local fragmentation property for t.,.

Lemma 2.11. For any compact manifold X, if ty < h(X) b satisfies the weak local
fragmentation property with respect to T.,, then it satisfies the local fragmentation
property with respect to Tc,.
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Proof. Let V, Uy, ...U, C X be open subsets with VC U,'r:1 U; and € > 0. Let

N=N(X)beasinFact2.5. Then V< J_, U;VZI V;.j, where each V; ; is the union

of the interiors of some disjoint collection of compact subsets of V; of diameter at

most € /N. The desired conclusion now follows from the weak local fragmentation

property applied to V and {V; ;|1 <i <r, 1 < j < N} and the observation that

hV,-J "‘bV,'ﬁN g(f}e/N)Ngve- (]
We recall the following fact, due to Edwards and Kirby [6].

Fact 2.12. Let M be a compact manifold. Then H(X) and H(X, 0 X) have the weak
local fragmentation property for t.,.

Lemma 2.13. If (X, n) is an OU pair, then ® := Hp, (X, 1) satisfies the weak
local fragmentation property for t.,.

Proof. Write §) for H(X) and let Uy, ... U,, V be open sets in X such that V C
U;:l U;. We will show by induction on r the existence of some § > 0 such that

€)) ®VHV5Q®LI}1"'®(I},'

The weak local fragmentation property for z., will then follow. The base case r =1
is trivial, so assume r > 2. It is easy to find an open set U’ such that U’ C Ul# U,

and VCU'UU,. By the induction hypothesis, there exists o > 0 such that
5) Sy NVs, C (’5@1 . ~Q§f/r_1.

Next, let € := §p/2. By the local fragmentation property for the ambient group b
there exists § > 0 such that

(6) by NVs C (b5, NVe) (b, NVe).

We claim that condition (4) holds for the § given above. To see this, choose an
arbitrary g € &y NV;. By (6) we can write g = &8>, where g; € b7, N V. and
§2 € h?]r N f}e-

By applying Lemma 2.8 with F :=3supp(g;) Nsupp(g2) and U := U’ NU,, there
exists some h € H(X, 0X) such that

e F Csupp(h) Csupp(h) CU'NU,,
e he f/e, and
e g:= g1h is measure-class preserving on supp(h).
Observe that
supp(g) < supp(g1) Usupp(h) < supp(g1) Usupp(h) S U".
Clearly, g agrees with g on supp(g) \ supp(%). We also have

(7 supp(g) \ supp(h) € supp(g1) \ supp(h) < supp(g1) \ F.
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But g; agrees with g on the set supp(g1) \ F. Since g is measure-class preserving
everywhere, this implies that g is also measure-class preserving on X \ supp(h).
From Observation 2.2, we conclude that g € &. The choice of € also guaranties
that g € Ve € Vy,. Therefore, by (5) there are g; € &7, 1 <i <r — 1 such that
§=81 &1

Finally, write g, := h~!g,. Clearly g, is in &, since g and g are, while also

SUPp(g2) < SUpp(82) Usupp(h) < U 0
The next result follows from an approximation argument like that of [10, Lemma 5].

Corollary 2.14. Let X = [0,1] and suppose that Uy, ... U, are open sets with
0,1) = U;:l U;. Then there exists some continuous function € : X — Rxq with
e~1(0) = {0, 1} such that

[ge®|¥xe 1) d(gkx),x) <€)} & - & .

Uniform perfectness.

Lemma 2.15. Assume that D, D' C X are either p-adapted balls or boundary
half-balls in X satisfying D C D'. In case they are boundary half-balls, assume in
the latter case that dim(X) > 2. Then there is h € & such that {hk(D)}kez are
disjoint.

Proof. Assume without loss of generality that D and D’ are embedded balls and
pick some p-adapted ball Dy with D € Dy € Dy C D’ and some point pg € D’ \ Dy.
Using Fact 2.1, one can easily see that Dy is the first entry of a sequence of
wn-adapted balls {Dx}r>0 such that, for all £ > 0,

e Diyy CDOI forall 0 <!/ <k,

o there is some constant A € (0,1) such that p(Dj1) = A (Dy) for all k > 0, and
o Dy converges to { po} in the Hausdorff topology as k goes to infinity.

Using Observation 2.3 it is easy to construct a sequence of elements (fx)x>0 C H(X)
supported on D’ such that

o hy agrees with iy on D"\ Dy, and

e hi maps D; homeomorphically onto Dy for 0 <[ <k.

In view of the statement of 2.3, we may also assume

2k Nl bac, D\ Dy
k—
= (uw(D'\ D1) — u(D"\ Dp)) + Z(M(Dl) — u(Dyy1) — (u(Dy11) — 1(Di12)))
1=0

—_

k—1

< u(Do\ D1)+ Y (1 =12 11(Do) < (Do \ D) + (1 = 1) (Do)
=0
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The sequence (/)0 is seen to converge in 7, to some hy, € & with the desired
property. U

The following follows easily from a standard argument due to Anderson [1] and
is likely known.

Corollary 2.16. Let D, D' C X be two embedded (boundary) balls such that D C D
Then for any g € & there exists hy, hy € &, such that g = [hy, h].

Proof. Take hj as given by Lemma 2.15 and let
hl € Q5Uk20 h/\(é)

be the element that acts on hk(lo)) as gh_k for all k > 0 (using Observation 2.2). [J

3. Some general preliminaries for Theorem B

Here we collect some material needed in the next two sections. Most of it applies
in the general setting of Proposition A. We first recall the very basic probability
theory needed in the proof, namely Chebyshev’s inequality, martingales, and the
behavior of their variance. The second subsection relates the behavior of D(g) to
the measure distortion of the element g € &. The third one introduces the technical
notion of filling blocks and good covering sequences, needed in the following two
subsections to precisely state and proof the existence of elements g such that D(g)
deviates from D(Id) in a evenly spread manner, and we prove existence in the case
of an OU pair.

Martingales and Chebyshev’s inequality.

Definition 3.1. Let (X, A, i) be a probability space. We say that a sequence of
functions ¥, ... ¥, : X — Rin L'(X, n) is a sequence of martingale increments
if as random variables the expectation of i conditional on (i7);<¢ is 0. In other
words, if [y du =0 and for every 1 <k <n — 1 and every finite tuple of real
intervals J := (Ji, ... i) if we let Ay := {x | ¥;(x) € J;for 1 <i <k} then we
have fA, Vg1 dp =02

For the following, see, for instance, [13], Example 10.2 and Theorem 10.4.

Fact 3.2. For any sequence of martingale increments Yy, . ..y, we have
n 2 n
2
v =D w3
I=1 2 =0

ZEquivalently, if the sequence (Z’;Zl ¥;)s_, is a martingale that starts at zero.
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Fact 3.3 (Chebyshev’s inequality). For any probability space (X, A, u), any f €
L*(X, ) and any € > 0 we have

||f||§‘

n({xeX|1f)]>e€}) < =

The following is a standard fact and an immediate corollary of Facts 3.3 and 3.2.

Corollary 3.4. For any €, C > 0 there exists some N = N (C, €) € N such that for
any n > N and any sequence of martingale increments \ry, V1, ... with |y ||% <C
forall 1 <1 <n we have

(-

Two observations on derivatives and integrals. Let X and u be as in the assump-
tions of Proposition A and write & := Hp, (X, ©). Without loss of generality, let u
be a probability measure. Given a real function f on X, we write ¢4 := ¢liy>0)-

Lemma 3.5. Let g € & and let A € B(X). Then

1 i Yi(x)|> 6}) < €.

ni—o

llgllac,a =2 /A(l —D(g)+du+ (n(g(A)) — n(A)) < u(A) + n(g(A)).

Proof. Note that

u(g(A))—;L(A)=/A(D(g)—l)du=/A(D(g)—1)+du—/A(1—D(g))+du-

Since fi + (—f)4 =|f]| forall f e L'(X, p), it follows that
2/A(1—D(g))+du+u(g(A))—u(A)=/AII—D(g)Iduz Igllac,a-

On the other hand, since D(g) > 0 almost everywhere, we have f A(1=D(g)+du =
1 (A), from which the inequality in the statement follows. U
Corollary 3.6. Suppose that A € B(X) and g € & satisfy

(1) 1gllac.a > €i(A) for some € > 0, and

2) n(g(A)) <1 +06)u(A) for some § > 0.
Then

1(Ag) = 3((e = 8)u(A)),

where Ag:={x € A|D(g)(x) <1 — 1(e — )}

Proof. By Lemma 3.5 we have

/A(l — D)+ dit = 5(lIgllac.a — (1£(g(A)) = (A))) = 5 (€ — ) (A).
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On the other hand, we have
/A (1=D(g)4dp < 1(Ag) + (€ — ) (A \ Ag) < ju(Ag) + 5 (€ — O)u(A),
since D(g) > 0 a.e. The result follows. U

Filling blocks and good covering sequences.

Definition 3.7. Given € > 0, we say that A C X is an e-filling block if ©(Fr(A)) =0,
n(A) > 0 and there exist n > 1 and a finite set {g;};_; € & such that D(g;) is
constant almost everywhere in some neighborhood of A and if we let A; := g1(A)
we have

e w(A;NAy)=0forl <l <! <n,and

C (VUL A1) <e.

The following result is due to Fathi [7], based on the work of Brown for the
unmeasured case; see also [3, Chapter 17].

Fact 3.8. For each OU pair (X, |4) there exists a continuous surjection
f:I"—X
such that the following hold:

(a) The restriction of f to I \ 01" is an embedding onto an open dense subset of
X, so that in particular, f(I"\ 01") € X\ 0X and thus 0X C f(31").

(b) We have f(I"\oI")N f(dI") = @.
(c) The measure u is the push-forward of Lebesgue measure on 1" by f.

Here 1" is only a particular description of the standard n-dimensional ball as a
topological manifold.

Definition 3.9. By a covering sequence (for (X, i)) we mean a sequence
S = (,Pm’ gm, g,%)sz,

where P,, = {P(m,[)};c¢, is a collection of finitely many measurable sets and

m

%, € %y is such that the following conditions are satisfied.
(1) U,ez,m P(m,l) =X.
(2) Fordistinctl, I’ € %, we have P(m, )N P (m,l") CFr(P(m,1))NFr(P(m,l)).
3) wEFr(P(m,)))=0and u(P(m,l)) >0 forallm >0 and!/ € %,.
(4) Forany m >0and ! € %, there is l' € £, with P(m +1,1) C P(m, ).
(5) sup;c g, diam(P(m, 1)) converges to 0 as m tends to infinity.
(6) For m" > m > 0 and every [ € .%,, we have

LuPm. D) < p(Pm. 0 | ) Pe'.1)).
les,
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If, in addition, for some € we have
(7) P(m,1) is an e-filling block for all m >0, € &,

then we say P is e-filling.
We say that (X, ) is well-covered if it admits an e-filling good covering sequence
forall € > 0.

Corollary 3.10. If (X, p) is an OU pair, then any p-adapted ball D C X is an
e-filling block for all € > 0 and (X, ) is well-covered.

Proof. Fix a continuous surjection f : I" — X as given by Fact 3.8. By Corollary 2.4,
the property of being an e-filling blocks holds for some ball D if and only if it
holds for any p-adapted ball of the same measure. We can thus assume that D is
disjoint from f(31"). The preimage f~'(D), which is disjoint from 31", is easily
shown to be an e-filling block in I" for every € > 0 with respect to the Lebesgue
measure, as witnessed by elements of Hp,.(X, ) which fix the boundary of 1”
pointwise. The properties of f ensure that those elements push forward by f to
homeomorphisms of X which in turn witness the fact that D is an e-filling block in
(X, w) for all €.

To construct a covering sequence .7, for each m > 0 it suffices to push onto X
the cover of 1" by the collection of all cubes of the form [O, %]m + o, where « is
an arbitrary n-tuple with values in zim(N N[0, 2™ — 1]). The subset of indices .&,,
will correspond to the images of the small cubes that do not touch 97", which are
all e-filling for any €, by the previous paragraph. ([

4. Density of elements with well-distributed norm around the identity

Throughout this section and the next, we assume that (X, w) satisfies the hypotheses
of Proposition A, with u(X) =1, and d is a compatible metric on X.

The main goal of this section is to prove Corollary 4.7, whose content can be
rephrased as saying that for any group topology 7 on & finer than 7, but strictly
coarser than t,. there is some constant € such that for §-small enough and any
finite collection {A;};_, of é-filling blocks with pairwise w-null intersection the
collection of g € & such that D(g) deviates at least €y on average from 1 on each
A; (i.e., |gllac,a;, > n(A;) for all i) accumulates at the identity with respect to 7.

For a group topology t 2 7,,, being strictly coarser than 7, is equivalent to
the existence of €y > 0 such that the collection of elements g with ||g|lsc > €0
accumulates at the identity and the proof of Corollary 4.7 involves the following
two ingredients.

e Lemma 4.1, which shows, using an argument involving the continuity of conjuga-
tion of a flavor often seen in minimality proofs, that in the situation above for some
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fixed €, €’ > 0 and every e-filling block A € B(X) the collection of g € & such that
llgllac.a; > €' (A) accumulates on the identity with respect to 7.

» Continuity of multiplication with respect to T now easily implies that given
{A;};_, as in the statement of Corollary 4.7 we can find in every neighborhood
of identity products of the form g; o--- o g,, where || g;|lac.4, > €'1t(A;) for each
1 < <r. To prevent composition from mostly canceling out the good properties of
the individual g; rather than aggregating them we use Lemma 4.4, which states that
the composition gg o g1 of two elements from & preserves enough of the maximum
of ||gollac.4 and ||g1llac,4 on any Borel set A, provided g; is chosen sufficiently
close to the identity in 7., in terms of 7.

We start with some notation and facts that will be useful in the proof of Lemma 4.4,
and also later on.

Lemma 4.1. Suppose that t is a group topology on & finer than t., and such
that there is €y > 0 with the property that for all V € N;(1d) there is g € V with
gllac > €o.

Then for every V € N;(Id) any ieo-ﬁlling block A there is some g € V such that

1gllac.a > Leom(A).

Proof. Assume for the sake of contradiction the existence of some V € N;(Id) and
an Jeo-filling block A such that for all g € V we have [|gllac,a < 3€0i(A).

According to Definition 3.7 there exists n > 1 and a finite set {g;};_; € & such
that D(g;) is constant on some neighborhood U; of A and, if we let A; := g;(A),
we have

e w(AjNAy)=0forl <l <! <nand
. M(X\ULI A[) < €.

If we let §; > 0 be small enough that N5, (A;) € g;(U), then for any element g € Vs,
a simple application of the chain rules implies that for almost all x € A we have
D(g#)(x) =D(g)(gi(x)), from which the equality u(A))Igllac,.a = u(A)lIgllac,a,
follows.

Let §* = min; /<, §; and consider V' := V= N (), Ve e N;(Id) (where we
use 7., C 7). By assumption, we can find g € V' with the property that ||g||s. > €o.
In particular || g8 [|4c.4 < }Teou(A) for all 1 </ < n. By the discussion just above,
lIgllac,a, < %éou(Al) forall 1 <l <n, and if we write C := U?:l Ay, then clearly also

Iellac.c = 2 ghue.r < Jeon(C) = beo

Therefore
1w(g(X\ ) — u(X\ C) = pu(C) — u(g(0)) < 1o,
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and thus ||gllac.x\c < 24(X \ C) + J€o < 3€o by Lemma 3.5. This leads to a
contradiction:

1 3
gllac = lIgllac.c + ”g”ac,X\C =< 7€0+ 7€0 = €o. U

Definition 4.2. Given A € B(X) with u(Fr(A)) =0, u(A) > 0 and € > 0 we write

pa(e) =sup{d > 0| n(g(A)AA) <eun(A)},
so that, in particular, | (A) — u(g(A))| <eif g € Vs for § < pa(e).

For example, if X = I, i the Lebesgue measure, d the standard distance, and
A C [ an interval, then pa(e) =€/(2u(A)) for € small enough.

Observation 4.3. Given A as in 4.2, we have p4(¢) > 0 for every € > 0.

Proof. 1t suffices to show that for any sequence (g,), € H(X) converging to Id
in 7., the measure of u(g,(A) \ A) and that of (A \ g,(A)) both converge to
0. As in the proof of Lemma 1.11, we must have A C |, . [),)=, &n(A) and
thus (e Upm=n (A \ 8m(A)) € Fr(A), which implies that lim,, A \ n(gn(A)) =0.
Arguing with X_\ A instead of A one can likewise deduce lim,, t(g,(A)\A)=0. O

We call to the reader’s attention that the proof of the following lemma contains a
nested chain of sublemmas, with 4.6 subordinate to 4.5, in turn subordinate to 4.4.
We use the width of the end-of-proof symbol to indicate their degree of nesting.

Lemma 4.4. Given any gy € &, any compact A C X and any n > 0 there is some
8(go, n) > 0 such that for any g, € Vs we have

1
”gO ° g1 ”ac,A > max{”gOHaC,As g”gl ”ac,A} - 1.

Proof. We start by choosing ¢ € C°(X, R.¢) such that |D(gg) — ¢| < %n and
A > 0 such that wg (21) < %n, where wy is the function introduced in Definition 1.5.
Consider now some partition A = [ [/_, A; into finitely many Borel sets of diameter
less than A and with a p-null frontier. For 1 <i < n choose an arbitrary x; € A;.
Let Z; be the set of indices i such that ¢ (x;) > land Z_ := {1, ...n}\ Z;. We will
now check that any § with

8) 0<8< min{)», pa(1), pa; (2), pa; (m) }:;1

satisfies the conditions of the statement. Fix some arbitrary g; € Vs and let ¥ :=

Y1 (i) g,
Lemmad.5. [¥D(g1)— 11,4 >max{l| — 114, glIg1llac.a}—5m.
Proof. We will show that for any i € {1, 2, ...n} we have

©) /A ¢ ) D(g1) — Hdp = max{lg (xi) = (A, glgillac.a } = ;-
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Summing this over 1 < i < n yields the lemma. To prove (9), first take i € Z%.
Since g1 € Vs and § < n/(4ne (x;)1(A;)) we get

(10) /A 1p()D(g) — 1 dp > /A (@C)D(g1) — 1) dp
=¢><xi>[ D(g1) dp — (A
A;
= (x;)u(g1(A;)) — n(A;)
. N n _ .
= 9 (1(A) = g ) = (4D
= |p(xi) — 1|pu(A) — %.

For i € Z_ we can argue similarly:

(11) /A |¢(xi)D<g1>—1|duz/A_(1—¢<xi)D<g1>>dM
= n(A;) — ¢ (xi)(g1(Ay))
= (40 = o) (40 + 71—
= (1= ¢)u(A) = ;-
n
= i) — (A = ;L.
n

This establishes the first half of (9) for an arbitrary value i € {1, ...n}. It remains
to show that

/ ¢ (x)D(g1) — 1 dp = gllgillac. 4, — 41
A; n

and, clearly, we may assume
(12) 16 (xi) = 1 1£(AD) < glIg1 lac,a;

so that then

1
8u(A;) 81 (A;)

where we have used Lemma 3.5 in the second inequality and the fact that g; € Vs
and § < Py, (2) in the last one. It follows that ¢ (x;) > %
We will also need the following:

((AD + 11(g1 (A;))) < 24D 1

i)—1 <
lp(x;) —1] < 81 (A

”gl ”ac,A,- =<

Lemma 4.6. Let A € B(X) and 6 € L'(X, w). Then for all B > 0 we have

186 — 11,4 = BIIO = 1ll1.4 — B = 1] 1(A).
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Proof. Let Ay == {x € A|6(x)> 1} and A_ := {x € A|6(x) < 1}. Then

f IﬁG—IIdMZ/ ﬂ<1—9>du+f (1—B)dp
A_ A_ A_

=pIO —lha_dp+ 1A= pHr(A-).

Arguing analogously, one obtains

/ |/39—1|dMZ/ ﬁ(9—1)du+/ (B—1Ddp
Ay Ay Ay

= Bl0 — Ulac,a, + (B —Du(A).
Adding the inequalities in the last two displays yields the desired result, since
(=B (u(A-) —n(A4) = [1 = Blu(A). 0
To conclude the proof of Lemma 4.5 we write
lé (xi)D(g1) — Ulac,a; = & (xi) g1 lac,a; — | (xi) — 1] e (A;)
= 3llgtllac.a; = gllgillac.a; = gl81llac,a;-

where we first used Lemma 4.6 with 8 = ¢ (x;), then applied the inequalities
¢(x;) > % and (12). D

To conclude the proof of Lemma 4.4 we apply Observation 1.6. We use the fact
that |D(go) — @ll1,4 < 51, as well as 8 < A, g1 € Vs, and wy(214) < 7. We obtain

(13) 1180081 llac,a = 1¥D(g1)—1ll1,.a— 50— g (g1 (AN = 1Y D(g)—1l1,a— 3.

But by the choice of A and ¢ we have

I —Ua=llg—ia— g1 = llgollac.a — 21,

which together with Lemma 4.5 yields

I D(g) 1,4 — 31 = max{l|¥ — 1]l1,4, g1D@Dlac,a} — 37
> max{l|gollac,a» §1P(& ) lac.a} — 1.

Combining this with (13), the conclusion of Lemma 4.4 follows. (]

Corollary 4.7. For every € > 0 there are €', €’ > 0 such that the following happens.
Let T be a group topology finer than t., such that for all V € N;(Id) there is g € V
with ||gllac > €. Let Ay, ... A, be a finite collection of € -filling blocks in X whose
pairwise intersection is p-null. Then for any V € N (1d) there is g € V such that
lgllac,a; = €”"u(A;) forall 1 <i <n.
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Proof. We show that we can take ¢’ := %e, and €” := 6]—46. Pick U € N, (Id) such
that U" € V. We choose g1, ... g, € ® iteratively in the following manner, where
we write go =Id and g; = g1g> ... g; for 1 <i <n. Having found gy, ... gi—1, we
choose g; as follows:

(1) Let V; stand for & if i = 1, and otherwise for Vs, where § = 5(§l~_1, 60/2”+7)
is given by Lemma 4.4.

(2) Using the fact that 7., € v and Lemma 4.1 one can pick g; € UNV; with
”gi”ac,A,- = %GM(AZ')-

An iterated application of Lemma 4.4 easily shows that g := g, € V satisfies
llgllac,a; = éeu(Ai) forall 1 <i <n. -

5. Covering sequences and the density of elements with very large norm

The goal of this section is to establish Proposition 5.3, which, given a sequence
(gi)i>1 € & that meets certain conditions, allows us to approximate the logarithm
of D(g1g2- - gk) by 6 — €'k, where €’ > 0 and ()~ is a sequence in L' (X, n)
that as a sequence of random variables is a martingale process. This result is quite
technical, and its proof involves some structural subtleties, which we outline at the
outset. Its goal is to show Corollary 5.9, which states that under certain conditions
on a group topology T on & every neighborhood of the identity must contain
elements that contract some Borel sets of measure arbitrarily close to w(X) =1 to
a set of measure arbitrarily close to 0.

The following trivial upper bound A on the logarithm will be useful. Suppose
given an approximation ¢ > 0 of D(g;) for one of the g;. At some point, we
will need to bound In(¢) from above by the sum of a negative constant and some
function of bounded variation. On any point x € X at which ¢ (x) < 1, we have
In(¢p(x)) < ¢ (x)—1 and the negative difference In(¢ (x)) —¢ (x)+1 can be offloaded
on either the constant or the inequality. Keeping track of how this “gain” aggregates
over different sets of points will be a key ingredient in the proof of Proposition 5.3.

Definition 5.1. Let A : (0, c0o) — R be the continuous function defined by

In(t) ifr>1,

A(t) =
@) {t—l ifr <1.

Observation 5.2. Let ¢ : X — R.g and p : X — [—1, 1] be measurable functions,
A € B(X). Then

IA(D) + pl3 4 < 20¢l1,4 + 614(A).

Proof. Consider an arbitrary y € [—1, 1]. For y > 1 and we have

(A +y)* =) +y)* < In()+1D? <2(1+In(y) + 1 In(y)?) <20 =2y,
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while for any 0 <y <1 we have
(AM+y)’=0+y -1’ <4
One can use this to conclude:
IA@) +pl5.4 <20@— Dy 4+ a+4u(x € X |px) <1}
<2[pll +4pr(A). O
Proposition 5.3. For € > 0 small enough the following holds. Let (Pu, %, %) m>0

be a good covering sequence as defined in Definition 3.9. For any n > 0,k € N*
there are functions

5,7,]( AL R.o and my i : &F 5 N

with the properties described below.
For any sequence g1, . .. g, of elements of &, writing my =0 and

Sk =08 k—1(815 -5 8k—1)s My i=my (g1, ... 8k)
fork>1,if
I gr € ng and
D) 118k lac. pimg_r.) > €u(Pmi_y, D) for alll € 2, ,
then there exist
e a sequence (i), _, of martingale increments on (X, i) such that ||1pk||§ <8,
e ¢ := Le(—35€ —In(1— 55€)) > 0, and
« © € LN(X, w) with |©]; <,
such that the inequality

(14) D(giogr---gn) <O+ e €T i v

holds almost everywhere.

Overview of the proof. We work with a fixed n > 0. The construction is by induction
on k. We assume that §; , and m , are already defined for 1 < j < k and we are
given a tuple gx_1 := (g1, ...gk—1) € &*~!, which satisfies the conditions of the
statement of Proposition 5.3. We also assume that the construction has provided us
with step functions V¥, ... ¥x_1, together with some additional auxiliary data, to
be described in detail below.

We begin the k-th step of the construction using the previous information to find
Ok 1= 8,k (8k—1), after which, given g, € & satisfying (I) and (II), we describe how
to find the aforementioned auxiliary data, consisting of

« a continuous 6 : X — R. ¢ which approximates D(g) sufficiently well in LY

3In particular, m ;, 81 , are constants dependent on 7.
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« a positive constant A; > 0 depending on the modulus of continuity of 6;

e an integer my := my (8k—1, §k) > mi—1 large enough to ensure that the sets in
P, have uniformly small diameter in relation to A; and

« astep function ¢y : X — R. defined in terms 6, and the covering P,,,, which is
meant to approximate D(gy) still reasonably well by the choice of A and my.

We next need to find the next martingale increment ¥ in the sequence. In
Lemma 5.4 we describe how to find a step function v that bounds In(¢) in a
uniformly strict manner, integrates to zero on each of the sets in the previous
partition P (my_1) (i.e., its expectation conditional to P (mk_j,[) is null) and has a
uniformly bounded L2-norm (variance). The proof is technical and contains the
two nested sublemmas 5.5 and 5.6.

To conclude, we need to show that for any tuple (g1, ...g,) € &”" as in the
hypothesis, with a resulting sequence of step functions 1, . .. V,, the control of ¥,
over ¢; forall 1 < j <n, as well D(g;) being well-approximated by ¢ ;, translates
into the existence of a suitable ® such that inequality (14) is satisfied, which comes
down to combining together all the information coming from the previous steps in
a telescopic sum (which explains the powers of two in some of the definitions). [J

Proof of Proposition 5.3. Recall that n > 0, which is given to us, is fixed and most
of the functions defined above are dependent on it (even if the dependence is hidden
from the notation from this point on).

Notation. Recall that my = 0.

o« &:= (—3%6 —In(1— %e)) so that €/ = 6ieé,

e Aj = e‘j€/+zlj=1 ¥ (in particular, Ag = 1),
e pji= minlegmj PPm;.1) (see Definition 4.2),
o v i=p(P(mj,1)).

Choice of i, my and the auxiliary data. We adopt the convention Ay := 1 and
initially set

(15) O = %min{ Ak—1, Pkfl(%G/), Pkfl(zllé), Sk—1 }-

Given g; € & satisfying conditions (I) and (II) we find my and i through the
following sequence of choices:

(i) 6 € C°(X), 6 > 0 such that

T _n
@ 16 = Plgplh < Fez—— and

’

. 2
) 16 = D@1, Pme_r.y < min{5, (53) =14 forl € L,

ii) s € (0, 8) such that wg, (2y) < ———1——
(11) r € (0, &) suc aa)gk( k)<2k+2||Ak71”oo’
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(iii) and finally mj > myj_; such that SUPjc 4, diam(P (my, 1)) < Ay.

Define ¢y as the step function

¢k = inf ek(x) lp K
le%nk(xep(mk,l) ) ()

We start the proof of the proposition with the following sublemma.

Lemma 5.4. There is some function yr; constant on P (my, ) for everyl € £, and
satisfying

(@) In(¢pr) < —€' + Yy almost everywhere,
(b) fP(mk_lJ) Yrdu =0 for eachl € £, |, and

© llvlls <8
Proof. Letl € £, ,. By (15), the assumption g € Vs,, and (I) we have
(16) p(gr(P(mi—1,D)) < (1+min{le’, teb)veoi.

On the other hand, since at least p-half of P(my_1,[) is covered by sets of the form
P(my, 1) withI' € .Z,, (item (6) of 3.9), it follows from (II) in the choice of g, that

(17) I8k llac, Pon_1.t) = S€Vk—11-

Together with (16), this allows us to apply Corollary 3.6 with %e in place of the €
in the statement of the Corollary and }16 in place of §, and obtain the inequality

w({x € Pmk—1, 1) | D(gr)(x) < 1— 1€}) = feevi—r.
From the bound | D(gx) — Ok ll1,p(m,_.1) < %e’vk_lyl in (1b) it follows that
(18)  u({x e Pm—1. ) | ID(g1)(x) — 6k (x)] = 35€}) < 55€ve-1.-

Write A; := {x € Pmp_1,0) | ¢p <1— } This is a union of sets of the form
P(m, '), u € Ly, P(my, 1) C P(mk_l, l) We can use inequalities (17) and (18)
to conclude that

(19) w(A) = pu({x € P(mp—1, 1) |0 < 1— 35€}) > 35€v_14,

since clearly D(x) <1 — 6 and |D(gr)(x) —0(x)| < 326 imply 0(x) < 326 for
x € P(my_y,1).
Set K; := fP(mk,l,l) A(gp) dpe.

Lemma 5.5. The inequalities —vi_1; < K; < €'vk_1; hold.

Proof. We start by bounding from above a natural approximation of K; using (16):

(20) / AD(g0) dp < / (D(ge) — Ddp = L1 .
P(my_1,0) P( )

Mi—1,
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Using the monotonicity of A for the first inequality below, the fact that A is 1-
Lipschitz for the third one, and (20) together with item (1b) for the last one we
obtain

Q1) K < /P( | A6 du
mg—i,

< P A(D(gk)) dir + IA(D(gr)) — MO, Pmp_y.1y
Mi—1,
< A(D(gr) die + 1D(gk) — Ol Pmyr.0)
P(mg-1,0)
<LIevii+3€ v =€y
The bound K; > —vj_1; follows trivially since A o ¢ > —1 everywhere. 0
Next, write
/ A)—K
Y= max{o’ M} o] = M
w(A) Vk—1,1

Lemma 5.6. Foralll € £, , we have
op>¢€ and {o;,01—y}<[—1,1].

Proof. Let | € £, . Then either

Ki+e'vi_iy
w(Ap)
» y; =0, the quantity

oy = >0and oy =€/, or

/
Kitevioit negative, and o; = — K
w(Ap) Vk—1.1

Using the upper bound in Lemma 5.5 in the first inequality below and inequality
(19) in the second we get
26/1)](_1’1 < 64¢’
n(Ap €
If y; > 0, then 0; = €’ and the inclusion {07, 0; — ;} C [—1, 1] is clear (for € small
enough). In the second case we have

=¢.

VI =

K;
E 17

Vi—1,1

€§m=m—w=—

where the first inequality follows from —K; + €'vy_;; < 0 and the second from
Lemma 5.5. O

To conclude the proof of Lemma 5.4, define

Y = A(dp) + Z ©01lpamg_y.) — vila)).
leZn,_,

We proceed to check that v satisfies the properties in the conclusion of Lemma 5.4.



GROUP TOPOLOGIES ON GROUPS OF HOMEOMORPHISMS 133

(a) The inequality
In(¢r) < —€' + i
holds almost everywhere. Indeed, by definition, € = —36—2 —In(1 — 36—2), that is
€ =T(1 — 55), where
F'(y)=G—-1D—In(y).
It is not hard to see that I' is strictly decreasing on (0, 1]. For all for all x € A; we

have ¢ (x) <O(x) <1-— ;—2 and A(¢(x)) = x — 1. Therefore for all x € A; outside
a set of measure zero we have

In(¢e(x)) < Ap(x)) =€ < Ap(X)) —y1 = =01 + Y (x) < —€' + ¢ (x).
The inequality between first and last terms can be proven for almost all x €
P(my_1,0)\ A; in a similar way. Recall that ¢’ < ¢y is from Lemma 5.6.

(b) Foralll € %, , the choice of o0; implies that
/ Yidu =K +opve—1,; — yin(A;) =0.
P(my—1,0)

(c) Finally, the bound |[¥]2 < 8 holds, as a consequence of Observation 5.2,
which applies with p := Zleffmk l,l(ollP(mHJ) —¥114,), using the conclusion of
Lemma 5.6 and the inequality llrl Lp =<2 O

End of the proof of Proposition 5.3: L'-approximate bound of the derivative. We
are now in a position to finish the proof of Proposition 5.3. Assume that the process
has run for n steps, producing elements gy, ... g, € ®, together with all the other
data. Write g, := gr110...g, forall 0 <k <n. Set

O i= Ar-1(D(geo &) — dD(@) € L' (X, ), 1<k=n,

Ex := AxD(8p), 0<k<n.

For all 1 <k < n noting that g; o gy = gx—1 we see that, almost everywhere,
(22)  Epo1— O = A1 D(8x) < Ar—re < TVED(g) = AeD(8x) = B,

where the first equality follows from simple algebraic manipulations, the inequality
follows from the conclusion of Lemma 5.4 and the final equality from the definition
Aj = e JET v

Adding inequality (22) for all values 1 < k < n we get the validity almost
everywhere of

D(g10...8n) = B0 < O+ B, = O+ " Xizt V1,

where © := )}, ©. To conclude the proof of Proposition 5.3 it suffices to show
that ||®||; < n, which boils down to the following:
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Lemma 5.7. The inequality |D(gk o &x) — drD(&1) |1 < m holds for
k—11loo
1<k<n.

Proof. We will verify that we may apply Observation 1.6 with /(21| Ar_ils0)
in place of the values of € and €’ in the statement of that observation. Recall that by
construction SUPe g, diam(P (my, 1)) < A, and ¢y agrees with infycp g, 1) Ok (x)
on each of those sets.

The L' bound in the assumptions of Observation 1.6 follows from (1a), combined
from the L°° bound resulting from the choice of 1 in (ii), as well as the properties
of ¢, mentioned above:

n B n
25201 Ak lloe 2K 1 Ak—1lloo

1D(gi) —dillt < 1D (gr) — Okl + 110k — drclloo <2

In order to verify the conditions pertaining to the €” in Observation 1.6, observe
first that for all 1 <s <n we have 8,4 < %AS < %(SS, as well as g; € Vs,. It follows
that g, € Vasiir S Vi O

From Lemma 5.7 we get

. . 2n n
Ol < 1Ak D — D <A tlloo——ut— = L
10kll1 < 1A k=1 llooll(D(gk) © 8k — di)D (G111 < | Ak 1||oo2k+1“Ak_1”oo o

from which we easily get ||®||; < n, concluding the proof of Proposition 5.3. 0O

Lemma 5.8. Assume that (X, ) is well-covered and let T be a group topology on
Hpac (X, @) satisfying t.o S T and T, 51 t. Then for any V € N;(Id) and any § > 0

=

there exists some g € V such that u({x € X | D(g)(x) = §}) <.

Proof. Pick €y > 0 such that for every V € N;(Id) there is some g € V with

llgllac > €0 and write € = &eo and € = 61—46(31—26 — ln(l — 31—26) — 1). Let also
Py Ly L) m=0 be an Alfeo—ﬁlling good covering sequence for (X, u). Let
V= min{%, g}, Ny = max{ "21n(?/8)'|’ N (8, v)},
€ €

where N : R2>0 — N is the function given by Corollary 3.4. Pick U=U"" € N, (Id) with
UNe € V. Using Corollary 4.7 and the assumption that 7., C T we can inductively
choose g1, . .. gn, € U such that for some 0 < 5 < (%8)2 and 8 := 8, (g1, - - - 8k—1)s
my = my (81, - ..8k), where &, ;, m, ; are given by Proposition 5.3, then the
following conditions are satisfied:

* 8k € Vs,
® ”gk”ac,P(mk,l) > G,LL(P(mk’ l)) forl e gn/“{

If we write g := gj o+ - g,, then 5.3 yields ©® € L(X.x) with O] < (38)*
and a sequence of martingale increments ¥, ..., such that ||Wl||% < 8 and
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’ N
D(g) < © 4 e No¢ 202491 almost everywhere. Using one of the bounds on Ny in
each of the last two inequalities below, we get

w({x € X | (D) —O)(x) > 16)) < pu({x € X | e~ M+ T2 w1 > Lg))

§M<{XGX‘—E +VO,ZW )>ln(8£2)})

<l feex | [ o] 1)) <2

N —

On the other hand, ||©®]; < (%6) implies that u({x € X |©(x) > 18})< 15 and
thus

n({xeX1D(9)28}) su({xeX | (D()-O)(x) = 38})+u({reX |©x) = 35})
<3$. ([

Using the regularity of the measure u together with Observation 1.1 one easily
concludes:

Corollary 5.9. Under the assumptions of Lemma 5.8 for any V € N;(Id) and any
8 > 0 there is some open set V C X and some g € V such that u(V) > 1—3§ and
n(g(v)) <é.

6. Separable topologies on Hp,. (X, i) in the Oxtoby-Ulam case

Let X be a compact manifold and i an OU measure on X, and set & := Hp,o (X, ).
Without loss of generality, we assume that w is a probability measure. In this
section we show Lemma 6.2 below, as well as a variation, Lemma 6.7, with a
weaker conclusion in the case X = [0, 1]. Both lemmas can be interpreted as saying
that any separable group topology on & is reasonably close to being finer than .,
in the sense that any neighborhood V of the identity in T will contain any set of the
form &y for an open set U satisfying certain conditions, the most important being
that u(U) < « for some k > 0 depending on V. We do this by adapting, in a rather
straightforward manner, arguments from the literature on automatic continuity
of homeomorphism groups. Unfortunately, we fall short of proving automatic
continuity for (&, t,.), as the final steps in those proofs fail in this context and we
do not know how to fill the gap.

Definition 6.1. Assume that X # [0, 1]. Given € > 0 by an e-fine collection we
intend a finite disjoint collection {D;};cx of embedded balls and boundary half-balls
such that

o diam(D;) <e foralll € A, and
e W(Uea D1) e
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By an e-fine open subset of X we intend one of the form [ J;_, D; for some e-fine
collection {D;};e.

Lemma 6.2. If X # [0, 1], then there is some number N such that for any separable
group topology t on & := Hpao (X, 1) and every V € N¢ (1d) there exists some € >0
such that for any €-fine open subset V of X we have &y C V.

Proof. By continuity of multiplication, it suffices to show, after fixing ¢, that for
any arbitrary U = U~! € N, (Id) the result is true with V replaced by U'# in the
conclusion. Fix such U. For the following see Lemma 3.2 in [14], which uses only
the Baire property.

Lemma 6.3. The closure of U contains the standard neighborhood of the identity
W of ta4c (Definition 1.3) for some § > 0.

Take € := 4—118 for the above § and fix an e-fine collection {D;};ca. The following
follows from Observations 2.2 by the same argument as in Lemma 3.8 in [14].

Lemma 6.4. Assume that for alll € A we are given a countable disjoint collection
{Dy1.r}k>0 of sets of the same type as D). Then there is some choice function
p : A — Nsuch that for all | € A and any choice of elements g, € &p, ,, there is
some g € QSUIEAJ@O N U? such that 81Dy Jor all L.

Using Corollary 2.16 and Lemma 2.15 together with the argument in the proof of
Lemma 3.7 in [14] and the inclusion ., € t,. We obtain the following refinement
of Lemma 6.3:

Lemma 6.5. Let D;; C X, A € A,k >0 be as in Lemma 6.4 and p : A — N the
choice function provided therein. Assume that for alll € A a set D; [0)1, o) Of
the same type as Dy is given. Then for any choice of elements g; € & Drpy there is
g€y, ,pN U'2 such that 8] ., = 8 foralll <l <r.

To conclude the proof of 6.2 let {D;};ca be as given by Lemma 6.5. We can use
Observation 1.6 to find Ay € W; such that hy(D;) C D; for all [ € A (recall that A
is finite) and by Lemma 6.3 (in fact, we only need t,,-density) we may assume that
hg € U. It follows that (’5U16A p, C Uho c U™, U

Definition 6.6. Let u be the Lebesgue measure on X =[0,1], ¢ >0 and w:[0,1] —
R>o some continuous function with »~1(0) ={0,1}. By an (w, €)-fine collection
we intend a countable disjoint collection {D;};ca of closed subintervals of (0, 1)
such that

o diam(Dy) < sup,.p, w(x) forall € A, and
* 1(Upen D) <€

An (w, €)-fine set is defined as a set UlE A Dol for some collection {D;};c, as above.
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Lemma 6.7. Let X = [0,1] and i be the Lebesgue measure. Then there is some
number N such that for any separable group topology T on & := Hpa. (X, 1) and
every V € N;(1d) there are w, € as in Definition 6.6 such that for any (w, €)-fine set
V C X we have &y C V.

Proof. Let d be some compatible proper metric on (0, 1). One can define a modified
metric p on Hpa(0,1) by
pg, h) :=min{1, sup d(g(x), h(x))+ sup d(g~"(x).h™"(x))
x€(0,1) x€(0,1)
+1D(8) =DM 11 +I1D(g™") = DB~}

The same argument as in Proposition A shows that p is complete and induces a
group topology. It is not separable, but the resulting topological space will have
the Baire property nevertheless, so that Lemma 6.3 will hold with the topology
induced by p in place of 7,.. From this point on, the argument continues in the
same fashion as in Lemma 6.2. Alternatively, one may use the existence of generic
conjugacy classes [10] and the argument in the proof of automatic continuity for
Homeo™ (R) found in [20]. O

7. Proof of Theorem B

We restate the result toward whose proof we have been working in the previous
three sections.

Theorem B. Let (X, u) be either
(D) an OU pair,
(II) or the Cantor space C = X equipped with either g for some dense subfield
K C R or a generalized Bernoulli measure.

Then there is no group topology t on Hpac (X, i) with t.o C T C 4. In fact, more
is true: for any separable group topology T on Hpac (X, 1), if Tco S T, then 1,0 C T.

Given an open set V € X we let cdiam(V) stand for the supremum of the
diameter of all connected components of V.
Proposition 7.1. Let (X, n) be as in Proposition A and let & := Hpqc (X, ().
Assume also that
(a) (X, ) is well-covered,
(b) & has the local fragmentation property for T.o;
(c) we are given some collection € of open sets in X and N > O with the following
propetrties:
(i) Forany U € ¢ and F C o(U) we have | JF € €.
(i) For any € > 0 there is a covering of X by sets Vi,...Vy € € with
cdiam(V;) <e.
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Then 1., is the only group topology t on & satisfying the following conditions:

(D) Tac SZ T,Teo & T.

(2) ForanyV € N,(1d) there is € > 0 such that for any open V € € with u(V) <€
and cdiam(V) < € we have &y C V.

In particular, there is no group topology T on Hpac(X, () with teo T T C Tye.

Proof. Assume 7, g t and 7., € 7 and pick arbitrary V e N;(Id) and U=U"" ¢
N;(Id) with UN*2 C V. Let € > 0 be the constant associated with U by (2). By
Corollary 5.9 there is some open set V C X and some g € U such that u(V) >1— %e
and u(g(V)) < %e. Using the regularity and continuity of the measure, one can
easily find open sets V', V/ with V' C V, V'UV” =X, and u(V’) <e.

Now, fix some § > 0 such that § <€, w¢(8) <€, and § is smaller than the Lebesgue
number of the open cover {V’, V”}. Choose Vi, ...V, € € with X = U?’:] and
cdiam(V;) < 6. For each 1 < j < N define V]f € ¢ as the union of the connected
components of V; contained in V’ and define ij’ € ¢ analogously. Our choice of §
ensures that V; = ij U VJV and that cdiam(g(V]f )) < €. The choice of € implies that

05;(‘,{) usg;, cU.
The fragmentation property implies the existence of some 5 > 0 such that
C .. 05C I 14 N 18\N 2N+2
V,,g@l,, v Oy VI,VQ[U wH™ cU cV,
and so we are done. ]

Proof of Theorem B. Assume first that (X, ©) is an OU pair with X # [0, 1],
B :=Hpac (X, ). We will apply Proposition A. We need to check that conditions (a),
(b) of the proposition are satisfied by (X, ©) and that the separability hypothesis on
T implies (c) on t, where ¥ is the collection of all finite unions of balls and boundary
half-balls. (Note that (c) is trivial when 7 C t,., by Lemma 3.5.) This follows from
Corollary 3.10 (for filling partitions), Lemma 2.13 (for local fragmentation) and
Lemma 2.6 in combination with Lemma 6.2 (to ensure property (2)).

In case (II) (X = C) of the statement, conditions (a) and (b) of Proposition A are
trivial to check. For (c), note that there clopen sets can be made to play the role of
embedded balls, so that the relevant notion of an e-fine collection is just that of a
finite collection {C;};c5 of disjoint clopen sets with diam(C;) < e, M(U Cl) <e€.
The analog of Fact 2.5 in this context is immediate, since any finite covering by
open sets is always refined by a covering by disjoint clopen sets. The analog of
Lemma 6.2 can be shown using an simplified version of the same argument, along
the lines of [20] (using the commutator trick instead of the existence of generic
conjugacy classes), establishing property (2).

The case X = [0, 1] is somewhat more involved. We cannot apply Proposition A
directly, but we can argue along similar lines. For any € > 0 and any continuous
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function w : [0,1] — R>¢ with o~ 1(0) = {0,1}, let %w.c be the collection of all
unions of the interior of an (w, €)-fine collections in the sense of Definition 6.6.
Fix a separable group topology 7 on & satisfying 7, € 7 and 7, C t. We begin
by establishing an analog of property (2) in the statement of Proposition A, namely,
that for any such t and any V € N, (Id) there are €, @ as above such that &, C V
for any U € %, . This is the content of Lemma 6.7.

We need to show the existence of some constant M > 0 such that for any
symmetric ¥V € N (Id) the set VM contains some neighborhood of the identity in t.,.
Fix V from here on and let (w, €) the pair associated to V by the above discussion.

As in the proof of the proposition, we note that by Corollary 5.9 there is some
open set V C [0, 1] and some g € U such that (V) > 1 — %e and u(g(V)) < %e.
Using the regularity and continuity of the measure one can easily find open sets
Vo, Vi, V» such that Vj C V, Ui Vi = (0,1) and all of g(Vp), Vi, and V, are
(w, €)-fine open sets. Arguing as in the proof of Proposition A, we conclude
that By, &y, Gy, C V3. This does not imply that 13 € A; (1) right away, since the
applicable variant of fragmentation is Corollary 2.14, which has a weaker conclusion
than that of Lemma 2.13. Fortunately, this issue is not new and can be handled by
a straightforward adaptation of arguments in the literature.

For § > 0 write Us :=[0, §)U(1 -4, 1], and note that by Lemma 2.13 it suffices to
show that for some integer constant M’ we have &, € VM’ for some § > 0. We also
know that some neighborhood of the identity in 7,., and thus &y, C VM for some §
small enough, must be contained in the closure of V in 7, and thus also contained in
the closure of V in t,,. To find M’ with the required properties, one can now apply
a set-theoretical argument originally due to Truss [22], as is done in [20]. We refer
the reader especially to the discussion starting in the last paragraph of p.366. [J

8. Roelcke precompactness: proofs of Theorems D and E
Theorem D. If (X, n) is a 1-dimensional OU pair, then Hpq.(X, () is not Roelcke
precompact: indeed, if (8,)neN C Hpac (X, 1) is a sequence such that
o (gn)neN converges to the identity in t.,, and
e (gu)nenN does not converge to 1d in t,,
then (g,)neN Is not totally bounded for the Roelcke uniformity.

Proof. For simplicity, assume that p is the Lebesgue measure and d the standard
distance.

Observation 8.1. Suppose givenu,u, g, g’ € & with g =ug'u and g’ € Vs, as well
as some finite collection of disjoint open intervals {J;}1<i<k in X. Then

k
letllae + Nillae = Y 1) — (g (Ji)] — 2k8.
i=1
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Proof. For 1 <i <klet A; :=|u(J;) —pn(J;))|. Letalso J/ := g'u(J;) and A} :=
l(J))— @ (J)))|. Since g" € Vs, itis clear that | (J;) — (g (Ji)| <28+ A; + A
for all i. But then
k k k
Z [ (Ji) — n(g(Ji))l < 2ké + Z A+ Z A} < 2k8 + l[ullac + ]l ae,
i=1 i=1 i=1

as needed. O

Let (gn)nen € & be a sequence such that g, € Vs, for some sequence (5,), € R-o
converging to zero, but such that (g,), does not converge to Id in 7,.. Up to passing
to a subsequence, we may assume || g,|| > € for some € > 0. If the conclusion
of the theorem does not hold, then up to replacing (g,), by a subsequence we
may assume that for any n > O there are u,, i, € Vg such that g, = u, goit,. An
approximation argument such as in Observation 1.6 yields the existence of some
finite disjoint collection of intervals Ji, ... Jy € X with disjoint interiors such that
Zle [m(go(Jy) — w(Jp)| = %e, which together with Observation 8.1 leads to a
contradiction:

— 00

1 ~ 1 n
7€ = lunllae + llttnllac = 7€ —2ké, — €. O

1
2

Key to making this proof work is that the condition g € Vs implies some uniformly
bounded distortion under the action of g for all intervals. The absence of a similar
property for the Cantor space with any reasonably homogeneous Borel probability
measure is what makes Theorem E possible. Before proving it, we state two simple
preliminary results. The first follows easily from the density of continuous functions
in L1(X, n) for any finite Borel measure u on a separable topological space X;
see [5, p. 92].

Fact 8.2. Let u be a Borel probability measure on the Cantor space C, M > 0 a
positive integer and ¢ € L' (C, ), ¢ > 0 such that ||¢ — dly-1onll = 1/2M).

Then there is a step function  := Z3M X1 A;» where the Aj are clopen and
lg—vi=1/M.

j=13M
Observation 8.3. Let K be a countable subfield of R and & = Hpq(C, ug). For
any two partitions {A;};_, and {B;};_, of C into clopen sets, there exists some
g € 6 such that g(A;) = B; for all 1 <i <r and D(g)4, is constantly equal to
i (Bi)/ 1k (Ai).
Proof. The assumption that K is a field, together with the uniqueness of Fraissé
limits, implies that for any clopen set A C C there is a homeomorphism 4 : C >~ A

such that h,ug = g (A)(ik)1a, from which the result easily follows (compare
with Observation 2.3). O

Theorem E. Let K a countable subfield of R. Then (Hp,c(C, LK), Tac) is Roelcke
precompact.
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Proof. Let B denote the boolean algebra of clopen subsets of C, & :=H,.(C, ). To
prove (8, t,.) is Roelcke precompact, it suffices to show that for all W € N7 (Id)
and any infinite sequence (g,),>0 € & there is some infinite subsequence (g, )k>0
such that g,, e Wg, W for all k #[. Without loss of generality there is some integer
constant N > 0 and some partition {A;}’;_, of C into clopen sets such that writing
b for the subgroup consisting of all the elements of & preserving each A setwise,
we have that W consists precisely of those elements g € h satisfying ||g[lsc < 1/N.
Form>0,i,jef{l,...r}let

Al = AN g, (A)),
AT = (x € AT | D(gm) (x) = 1),
AN = {x € AT | D(gm)(x) < 1},

Write K := 6Nr2. Form > 0 and (i, J)efl,.. .r}2 we can choose a partition

Tm,+  ATm,— m . . m,+ . amA+ A At AM,— A A—
{;141.’/. , Ai’j } € B of Ai’j such that if we write Di’j = Ai’j AAi’j = Ai’j AALJ.,
then

1 1
-1
(23) gnllac.or, < 5 gm lac.anor) < 55+
For convenience, we will use the abbreviations
pm,t Am,E m,— ,__ prm,— m,+ .__ pm,+
Bij =am(Aij), Cij =45, G =B,

Ch L jp— ’+ = 71

For n > 0 and (i, j) € P we can find by Fact 8.2 and (23) a partition

(Cl(D.....CFGK)) S B
of C;’fji such that
i T K
Up to passing to a further subsequence we may assume that for all 1 <k <3K we
have

Sk I
m,£
(24) ”D(hl,] ) - k; Kﬁlcﬁi(k)”lﬁci_ << —.

AT+ AL 1 Am,+ ALt 1
(25) (AT R) = (A7 ()| = 370 (BT 00) = (B ()| = 375

By Observation 8.3 we can find v, w € h such that for all (i, j) e Pand 1 <k <3K
the following properties are satisfied:

(i) vAYF k) = ATk,
’ M W(ANE )

(i1) D(v) has constant value A0 n Ag’f (k).
Gil) w(B E k) = B>E (k). o

N - BYEwR)
(iv) D(w) has constant value 2w ) o BQ’.i(k).

u(BlFky
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r 3
Define AT, A~ by AT:= |J KAO jE(k) and similarly for B*. From (25)
and (ii) we get hj=1k=1

@®M|H—Zm ﬁ%»w@ﬂmk—,wm_f<$.

Clearly, similar mequahnes hold for w and él’i in place of v and Al’i

Let g := wg v and note that g1 (A7 (k) = go(A]"7 (k) = B(’i(k) for all
1<i,j<rand1 <k <3K. Itis easy to see that there are elements u, i € b with

Ura+ :IdA+, ﬂ[Bf :Idgf, g():ﬁglu,
and with u preserving each A?f (k) and u preserving each ﬁg ’le (k).
Lemma 8.4. The inequalities ||i]lac, || ]lac < # hold.

Proof. We get the estimate

3
- k
H”W‘ZKﬁﬁwon
k=1 ' l’Ai,.j
> k(A% ()
= 3Kp(Al (k) A

LA

+ZK—Mm$®%mM¢ml
+IPwg) =Dl 41

D(gl)_ZKSK A (k)

1LAMS

<o+ tlwlp S5 <o
In this display the equality uses Observation 1.1 (after an application of the chain rule
to rewrite D(g1) as D(wgov)D(v)), plus the identities (i) and (ii); while in the last
inequality we used (24) to bound the first term, Observation 1.4 once again and (25)
to bound the second term. Adding over all 1 <i < j <r and combining the result
with (24) for m = 0 yields [D(§1) — D(go)l1.a- <4(PT|+|P~)/K = 1/(2N).
Using Observation 1.4 again and then the inequality above we obtain

- - — - 1
litllac = Nitllac,5- = 1D @&1) = P@)h.5- = D(g0) = P@DI.5- = -

By estimating ||D(~_1) D(g0 )1, s+ symmetrically we also get ||u||qc < 2;’. [l
Now go = nwgvu with w, vu € §. On the other hand,

- ~ 1
lawllae < Nllae + lwllae <

by Observation 1.4 and similarly |Jvu|| < %, so uw, vu € W, contradicting the
choice of (g,),>0. This concludes the proof. O



GROUP TOPOLOGIES ON GROUPS OF HOMEOMORPHISMS 143

References

[1] R. D. Anderson, “The algebraic simplicity of certain groups of homeomorphisms”, Amer. J.
Math. 80 (1958), 955-963. MR
[2] J.R. Choksi, “Inverse limits of measure spaces”, Proc. London Math. Soc. (3) 8 (1958), 321-342.
MR
[3] C.O. Christenson and W. L. Voxman, Aspects of topology, Pure and Applied Mathematics 39,
Dekker, New York, 1977. MR
[4] M. P. Cohen, “Polishability of some groups of interval and circle diffeomorphisms”, Fund. Math.
248:1 (2020), 91-109. MR
[5] J. L. Doob, Measure theory, Graduate Texts in Mathematics 143, Springer, 1994. MR
[6] R.D. Edwards and R. C. Kirby, “Deformations of spaces of imbeddings”, Ann. of Math. (2) 93
(1971), 63-88. MR
[7] A. Fathi, “Structure of the group of homeomorphisms preserving a good measure on a compact
manifold”, Ann. Sci. Ecole Norm. Sup. (4) 13:1 (1980), 45-93. MR
[8] P. Gartside and A. Glyn, “Autohomeomorphism groups”, Topology Appl. 129:2 (2003), 103-110.
MR
[9] J. Herndon, “Absolute continuity and large-scale geometry of Polish groups”, preprint, 2018.
arXiv 1802.10239
[10] D. T. Ihli, “Generation and genericity of the group of absolutely continuous homeomorphisms
of the interval”, preprint, 2022. arXiv 2203.02854
[11] A. S. Kechris and C. Rosendal, “Turbulence, amalgamation, and generic automorphisms of
homogeneous structures”, Proc. Lond. Math. Soc. (3) 94:2 (2007), 302-350. MR
[12] R. Kirby, “Stable homeomorphisms and the annulus conjecture”, Ann. Math. 89:3 (1969).
[13] A.Klenke, Probability theory: a comprehensive course, 2nd ed., Springer, 2014. MR
[14] K. Mann, “Automatic continuity for homeomorphism groups and applications”, Geom. Topol.
20:5 (2016), 3033-3056. MR
[15] B. C. Mazur, “On embeddings of spheres”, Acta Math. 105 (1961), 1-17. MR
[16] J. C. Oxtoby and S. M. Ulam, “Measure-preserving homeomorphisms and metrical transitivity”,
Ann. of Math. (2) 42 (1941), 874-920. MR
[17] F. Quinn, “Ends of maps, III: Dimensions 4 and 5, J. Differential Geometry 17:3 (1982),
503-521. MR
[18] C. Rosendal, “Global and local boundedness of Polish groups”, Indiana Univ. Math. J. 62:5
(2013), 1621-1678. MR
[19] C. Rosendal, Coarse geometry of topological groups, Cambridge Tracts in Mathematics 223,
Cambridge University Press, 2022. MR
[20] C. Rosendal and S. Solecki, “Automatic continuity of homomorphisms and fixed points on
metric compacta”, Israel J. Math. 162 (2007), 349-371. MR
[21] S. Solecki, “Polish group topologies”, pp. 339-364 in Sets and proofs (Leeds, 1997), London
Math. Soc. Lecture Note Ser. 258, Cambridge Univ. Press, 1999. MR
[22] J. K. Truss, “Generic automorphisms of homogeneous structures”, Proc. London Math. Soc. (3)
65:1(1992), 121-141. MR

Received October 6, 2025. Revised February 26, 2026.

J. DE LA NUEZ GONZALEZ

KOREA INSTITUTE FOR ADVANCED STUDY (KIAS)
SEOUL

SOUTH KOREA

jnuezgonzalez @ gmail.com


https://doi.org/10.2307/2372842
http://msp.org/idx/mr/98145
https://doi.org/10.1112/plms/s3-8.3.321
http://msp.org/idx/mr/96768
http://msp.org/idx/mr/487938
https://doi.org/10.4064/fm605-1-2019
http://msp.org/idx/mr/4036729
https://doi.org/10.1007/978-1-4612-0877-8
http://msp.org/idx/mr/1253752
https://doi.org/10.2307/1970753
http://msp.org/idx/mr/283802
https://doi.org/10.24033/asens.1377
https://doi.org/10.24033/asens.1377
http://msp.org/idx/mr/584082
https://doi.org/10.1016/S0166-8641(02)00140-2
http://msp.org/idx/mr/1961392
http://msp.org/idx/arx/1802.10239
http://msp.org/idx/arx/2203.02854
https://doi.org/10.1112/plms/pdl007
https://doi.org/10.1112/plms/pdl007
http://msp.org/idx/mr/2308230
https://doi.org/10.2307/1970652
https://doi.org/10.1007/978-1-4471-5361-0
http://msp.org/idx/mr/3112259
https://doi.org/10.2140/gt.2016.20.3033
http://msp.org/idx/mr/3556355
https://doi.org/10.1007/BF02559532
http://msp.org/idx/mr/125570
https://doi.org/10.2307/1968772
http://msp.org/idx/mr/5803
http://projecteuclid.org/euclid.jdg/1214437139
http://msp.org/idx/mr/679069
https://doi.org/10.1512/iumj.2013.62.5133
http://msp.org/idx/mr/3188557
http://msp.org/idx/mr/4327092
https://doi.org/10.1007/s11856-007-0102-y
https://doi.org/10.1007/s11856-007-0102-y
http://msp.org/idx/mr/2365867
http://msp.org/idx/mr/1720580
https://doi.org/10.1112/plms/s3-65.1.121
http://msp.org/idx/mr/1162490
mailto:jnuezgonzalez@gmail.com




PACIFIC JOURNAL OF MATHEMATICS
Vol. 344, No. 1, 2026

https://doi.org/10.2140/pjm.2026.344.145

ADJUNCTION INEQUALITY FOR
SPATIALLY REFINED s-INVARIANTS

QIUYU REN

We note an adjunction inequality in the space kCP? for the s-version of the
Sq!-refinement of Rasmussen’s s-invariant. This does not hold for general
spatial refinements of s-invariants.

Ren [7, Corollary 1.4] proved that for an oriented link cobordism X : Lo — L
in some kCP? \ (int(B*) Lint(B*)) between two oriented links Lo, L; C S° with
mo(L1) = mp(X) surjective, we have an adjunction-type inequality for Rasmussen’s
s-invariant [2; 6] over any coefficient field F of the form

1) s(L1) < s(Lo) — x(2) = [ZF = [[Z]].

However, Ciprian Manolescu informed us that the adjunction inequality (for
knots) may fail for spatially refined s-invariants defined by Lipshitz and Sarkar [5],
Sarkar, Scaduto and Stoffregen [8] and Schiitz [10]. The counterexample he found is
the knot 942 which bounds a disk in the punctured CP? with homology class [CIPI]
whose geometric intersection number with CP! is 3 (see Figure 1), but for which
some versions of the odd Sq'-, Sq?>- and even Sq’-refined s-invariants are equal
to 2, violating (1).

Let us see what goes wrong with the proof in [7] if it were applied to these
refined s-invariants. The proof relies on the following three facts about s-invariants:

(a) s is defined for all oriented links in S3. If ¥ : Ly — L, is an oriented cobordism
in $3 x I with 7o(Lo) = 79(X) surjective, then s(L) — s(Lg) > x(X).

(b) If T(n, n), 4 is the torus link 7' (n, n), equipped with an orientation where
p strands are oriented against the other g strands, p > g, p +¢q = n, then
s(T(n,n)pg) =(p—q)* =2p+1.

() s(LUT(n,n)pq)=s(L)+s(T(n,n),,) — 1 for any oriented link L.

Lipshitz and Sarkar’s refined s-invariants are only defined for knots, but it is not

hard to extend the definition to links and address item (a), which we will do in a
while. For this natural generalization, however, one can verify using KnotJob [9]

MSC2020: primary 57K18; secondary 57K 10, 57K40.
Keywords: Rasmussen s-invariant, adjunction inequality, spatially refinement, Khovanov homology.
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+1

Figure 1. A diagram of the knot 94,. Untwisting the twist region results
in the unknot.

that siqz(T(3, 3)2.1) =s(T' (3, 3)2,1) + 2, violating item (b). The same violation for

T (3, 3)2,1 appears for the odd Sq'-refinement and the s-version of one of Schiitz’s

two odd Sq’-refinements (once appropriately defined). These contribute to the

failure of the corresponding refined s-invariants to satisfy (1) for the example of 94;.
On the positive side, we show the following.

1
Theorem 1. The adjunction inequality (1) holds for sJSrq , the s-version of the even
Sql -refinement of s (defined for knots in [5], and extended to all oriented links as in
Section 0.1).

For the proof of (1) in [7] to work, it suffices to justify (a)—(c). We address each
of them in the following three sections, respectively.

0.1. Spatially refined s-invariants for links. We recall the construction and some
properties of even spatial refinements of Rasmussen’s s-invariant from Lipshitz and
Sarkar’s work [5], with the relevant definitions extended from knots to oriented
links in the natural way. Compare with [5, Definitions 1.1-1.2, Theorem 1].

Let 6 be a stable cohomology operation of degree m over a field F and let
L be a nonempty oriented link in the sphere S® with orientation 0. Also, let
W (L) = span{[s,], [s5]} C thee(L; F) (use Bar-Natan homology Khgy [1; 11]
instead of Lee homology Khy ¢, [4] if char(F) = 2, and do the same below) denote
the 2-dimensional subspace spanned by the canonical generators corresponding to
the orientation of L and its reverse. For an integer g = #m9(L) (mod 2), consider
the maps

—m 0 > j
(2) Kh™™4(L; F) = Kh®(L; F) <2 HY(CKh:% (L; F)) L Kb, (L; F),

where Kh is the Khovanov homology [3], CKhy, is the Lee chain complex, and
Cthge is its subcomplex consisting of elements with filtered degree at least g.
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With respect to the link L, the integer g is 6-half-full (resp. 0-full) if the
subspace VI(L) := j(p_l(im(e))) N W(L) of W(L) is at least 1-dimensional
(resp. 2-dimensional); it is half-full (resp. full) if the subspace im(j) N W (L) of
W (L) is at least 1-dimensional (resp. 2-dimensional). Hence

o if g is O-half-full (resp. 6-full), then ¢ is half-full (resp. full);
« if g is half-full (resp. full), then g — 2 is 6-half-full (resp. 6-full).

Note that in this language, the classical s-invariant of L over [ is
s[F(L) = max{q : ¢ is half-full} — 1 = max{q : ¢ is full} 4 1.
Define the 6-refined s-invariants of L by
rf(L) := max{q : q is 0-half-full} + 1, % (L) := max{q : ¢ is O-full} + 3.

Thus ri(L), si(L) e {sT(L), sT(L) +2}. If 0 denotes the zero stable cohomology
operation over F, then s¥ = r?r = s?r.

For computational purposes, we note that sfr (L) =s"(L)+2if and only if there
exists an x € HO(CKh>, ™' (L; F)) with j (x) =[s,] and p(x) €im(6). Similarly,
r(L) = s"(L) +2 if and only if there exists an x € H(CKh? ‘" *!(L; F)) with
Jj(x) =[s,] £1[s5] and p(x) € im(#) for some sign =.

If ¥ : Lo — L is an oriented link cobordism in 3 x I between nonempty
links with o(Lo) — m1(X) surjective, then Khy . (X) maps W (Lg) isomorphically
onto W(L1), which restricts to monomorphisms V9(Lg) — VITx3) (L) (this
uses the naturality of stable cohomology operations on Kh; see [5, Theorem 4]).

It follows that
3) rf (L) —rl(Lo) > x(2), s9(L1) —s%(Lo) > x (D).

Finally, we define ¢ (@) = 5% (@) = 1. It is straightforward to check that (3) still
holds when L, L; are allowed to be the empty link.

The minus versions of the spatial refinements of s are defined as 7% (L) := —ri(Z),
(L) = —si(Z), where L denotes the mirror image of L. We will not use them.

0.2. Sq'-refined s-invariants for torus links.

Proposition 2. For p > q, p+ g = n, we have
Sq' _ R _ 2
S (T(nan)p,q)—s (T (n, n)p,q)—(p_Q) —2p+1.

1
The same holds for riq when p = q.
Proof. Write T =T (n,n), 4 and s(-) = sf2 (). By Theorems 1.1 and 2.1 of [7],
we know Kh®$M=1(T) = 7 and Kh'*@~1(T) = 0. Since Sq' is the Bockstein
homomorphism, it follows that Sq1 cKh~ D=7 Fy)) — Kh* DT F,) is
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the zero map. Hence s> n (T) = s(T). When p = ¢, the 1nduct10n scheme in
[7, Section 5] implies that Kh™ 1#(T) = 0 for all *. Hence r (T) =5(T). The
last equality is [7, Theorem 1.1]. U

1
0.3. s_S,_q under disjoint union with nice links.

Proposition 3. Let T be an oriented link in S3 such that
Sq' 1 Khi =M= (T; Fy) — Kb D=1(T; Fy)
is zero for i =0, 1. Then, for any oriented link L in S°, we have
1 1 1
SY@uT) =53 (L) +s39(T) - 1.

By arguments in the proof of Proposition 2 above, we know all torus links
T =T(n,n),, satisfy the conditions in Proposition 3.

Proof. Write for short s(-) =s2(-). When L = @ or T = @, the statement is trivial.
Assume T, L are nonempty Since Sq' : Kh™ M =1(T: Fy) — Kh®*D=1(T; F,)
is zero, we know sJr (T) =s(T).

Since s(Ll_IT) =s(L)+s(T)—1, it suffices to show that s (L|_|T) =s(LUT)+2
if and only if sJSr (L) = s(L) + 2. Although the “if” dlrectlon is simpler, we prove
the two directions together.

We first observe that any filtered cochain complex C* over a field F is filtered
isomorphic to a filtered complex of the form

C*= H*(C)® (@ E;;) ® (EB A;>,
o 8

where each E, (resp. Ap) is a 2-term filtered cochain complex [ = [ in some
homological degree, which is not (resp. is) filtration-preserving. Thus, C* is filtered
chain homotopy equivalent to H*(C) & (@a E;)

In particular, for each X € {L, T'}, we can choose such a filtered chain homotopy
equivalence (which we simply denote as =) CKhj (X) = Khin(X) @ (D, E ,)-
Then

Kh**(X; ) = gr (Khin (X)) @ (EB gr*(E},a)),
o
and px(jy ' ([Soy]) € Kh*®=1(X: F) (see (2) for notation; here ¢ = s(X) — 1
and subscripts indicate dependence on the link) is the affine space over

Vy = px (ker(jx)) = P imHO(EZT O™ - grO7NEY )

o

containing xy := gr*®~1([s,,]).
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For the disjoint union, we have

CKhji\(LUT) = Khjj(L) ® Khjjn(T) @ (GB E} ,® Kh§N<T))

® (@ Khj\ (L) ® E’;,,e) ® (@ E} ,® E’;,,g>,
B

a’ﬂ

and we will use the decomposition

Kh* DN L UT; Fo) = @D (KW B 71H4(L; Fy) @ K D =174(T; Fy))
h,qeZ

=Kh"* DL ) @ grf D KGN (T)) © Hikew
where

Hyew = KO (L: Fy) @ (GB gr“”*(E%@)
B

ea( ay) Khh’s(L)_1+q(L;F2)®Kh_h’s(T)_l_q(T;[F2)).
(h,q)#(0,0)

We see that prur (i ([S0,] ® [671)) € Kh*EUD=1(L 11 T Fy) is the space
containing x; ® xy affine over

Viur i= prurker(jrur)) = Vi @ g M1 KBS(T) @ W

for some subspace W C Hgkew.
On the other hand, since

Sq} .7 =Sq; ®1+1®Sqy,
by our assumption on 7', the image im(SqlL,_,T) C KOS EUD=1 (LT [F,) is equal to
im(Sqz, : Kh™ "L Fy) — Kn™* (L Fa) @ gr' D™ (Khigy(T)) @ W
for some subspace W’ C Hggey. It follows that
SSULUT) =s(LUT) +2 < x; ®xr € Viur +im(Sql ;)
& x; €V, +im(Sq})

— 5 (L) =s(L)+2. 0
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ON THE INVARIANTS OF FINITE GROUPS ARISING IN A
TOPOLOGICAL QUANTUM FIELD THEORY

CHRISTOPHER A. SCHROEDER AND HUNG P. TONG-VIET

We investigate structural properties of finite groups that are detected by
certain group invariants arising from Dijkgraaf-Witten theory, a topological
quantum field theory, in one space and one time dimension. In this setting,
each finite group G determines a family of numerical invariants associated
with closed orientable surfaces, expressed in terms of the degrees of the
complex irreducible characters of G. These invariants can be viewed as
natural extensions of the commuting probability d(G), which measures
the probability that two randomly chosen elements of G commute and has
been extensively studied in the literature. By analyzing these higher-genus
analogues, we establish new quantitative criteria relating the values of these
invariants to key structural features of finite groups, such as commutativity,
nilpotency, supersolvability and solvability. Our results generalize several
classical theorems concerning the commuting probability, thereby linking
ideas from finite group theory and topological quantum field theory.

1. Introduction

There is a long history of using invariants to deduce structural properties of finite
groups. These invariants are often constructed by counting objects associated with
the group, such as elements, conjugacy classes or irreducible characters. In this
paper, we take a different approach. Given the remarkable compatibility between
mathematics and physics, it is reasonable to expect that group invariants arising
naturally in physics are useful for characterizing group structure. Here, we consider
Dijkgraaf—Witten theory, a topological quantum field theory (TQFT), in one space
dimension and one time dimension. In short, such a TQFT determines a commutative
Frobenius algebra that gives rise to invariants of surfaces. If we assume that this
algebra is the center Z(CG) of the complex group algebra of a finite group G, then
the invariant of a genus-A surface takes the form

%G = Y (%)zh_z,

x€lrr(G)
MSC2020: primary 20C15, 20E45; secondary 20C20, 20D10, 20D15, 20D20.
Keywords: character degree, conjugacy class, invariant, commuting probability, TQFT.
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where Irr(G) is the collection of complex irreducible characters of G. Note that
Qo(G) = 1/|G| and Q;(G) = k(G), where k(G) is the number of conjugacy
classes of G (equivalently, the number |Irr(G)| of irreducible complex characters).
If we consider the invariants Qp(G) as arising from a sequence of increasingly
complicated experiments, we might imagine that we first measure Qy(G), then
Q1(G), and so on. With this in mind, it is natural to consider the following scaled
invariants, which, as we will show, are very well-behaved:

1 1 2h—2
WG == > (o) -
G Xem(a)<x“))

Now note that go(G) =1 and ¢1(G) = k(G) /|G|, where the latter is the so-called
commuting probability d(G), which was first considered by Joseph [20; 21], then
by Gustafson [15] and many others. Viewed in this way, the “quantum invariants”
qn(G) are generalizations of the commuting probability, for which the following
structure criteria are known:

(a) Ifd(G) > d(Dg) = %, then G is abelian (Gustafson [15]).
(b) If d(G) > d(S3) = 3,
(©) Ifd(G) > d(Ay) = %, then G is supersolvable (Barry, MacHale, Ni Shé [3]).

(d) If d(G) > d(As) = %, then G is solvable (Dixon [10]).

then G is nilpotent (Lescot [23]).

In this paper, we investigate which structural properties of finite groups are
witnessed by the invariants g5 (G). Our main results establish broad generalizations
of the classical structure criteria above to arbitrary genus 2 > 1. The bounds in our
first theorem are clearly best possible.

Theorem 1.1. Let G be a finite group, and let h be a positive integer.

(a) If gn(G) > qn(Dgy), then G is abelian.

®) If gn(G) > qn(S3), then G is nilpotent.

©) If gn(G) > qn(Ay), then G is supersolvable.
(d) If gn(G) > qn(As), then G is solvable.

Guralnick and Robinson showed in [14, Lemma 2(x)] that if p is a prime and
d(G) > 1/p, then G has a normal Sylow p-subgroup. Our next result generalizes
this p-closed criterion to all genera.

Theorem 1.2. Let G be a finite group, let p be a prime, and let h be a positive
integer. If g, (G) > y (h, p), where y (h, p) = (1 +1/p*" 1Y /(p+1), then G has a
normal Sylow p-subgroup.
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This criterion is the best possible. For example, if p =2/ —1 is a Mersenne prime,
then the Frobenius group G = (C2) % C, satisfies g (G) = y (h, p) and does not
have a normal Sylow p-subgroup. Although Theorem 1.2 implies Theorem 1.1(b)
and much of part (c), we will in fact use the latter to prove this p-closed criterion.

Given a prime p, it is also natural to consider a p-local version of the invariants
grn(G) by summing over irreducible p-Brauer characters instead of irreducible
complex characters. We define

1 1
TP TR

Note that q1,,,(G) = k,(G)/|G|,, where k, (G) is the number of irreducible
p-Brauer characters (equivalently, the number of p-regular conjugacy classes).
This invariant is denoted by d,/(G) in the literature, and it was shown in [33,
Theorem 1.1] that if p is an odd prime and d, (G) > 1/(p — 1), then G is p-
solvable. This result is best possible for p > 3 since d,/ (PSLa(p)) =1/(p — 1).
Our next theorem extends this result to all values of the genus.

Theorem 1.3. Let G be a finite group, h a positive integer, and p an odd prime.

If gn.p(G) > a(h, p)/(p—1), where a(h, p) = 2*4+/p=1)/2*2/p—1),
then G is p-solvable.

Note that @ (%, p) < 1 when both & > 1 and p > 2. Theorem 1.3 is not best
possible for 2 = 1, in which case, again, the best bound is 1/(p — 1) from [33].
We suspect, but have not proved, that the result is also not best possible for # > 1.
Our proof relies on a lower bound for k,(G) when G is not p-solvable. At the
time of writing, the best known bound is k,/(G) > +/p — 1, which was proved by
Hung and Mardéti in [30]. An improvement in this bound would lead directly to an
improvement in Theorem 1.3.

Finally, it is natural to consider an invariant g, (G) dual to g5 (G) by summing
over the sizes of the conjugacy classes C € CI(G) of a finite group G, where C1(G)
denotes the set of all conjugacy classes of G. We define the invariant

~ 1 1
qn(G) = Gl Z 1cpT
CeCI(G)
Note that go(G) = 1 and ¢;(G) = d(G). From the definition, g, (G) > gn+1(G) for
all integers & > 0. We again prove generalizations of the structure criteria witnessed
by the commuting probability to all values of the genus h.

Theorem 1.4. Let G be a finite group, and let h be a positive integer.
(@) If gn(G) > gn(Dg), then G is abelian.
®) If g1 (G) > qn(S3), then G is nilpotent.
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(©) If gn(G) > gn(Ay), then G is supersolvable.
(d) If gn(G) > qn(As), then G is solvable.
We also prove a dual criterion for the existence of a normal Sylow p-subgroup.

Theorem 1.5. Let G be a finite group, let p be a prime and let h be a positive integer.

Ifgn(G) >y (h, p), where y (h, p) = (1+1/p" "'+ (p—=1)/(p+1D""1 /(p(p+1)),
then G has a normal Sylow p-subgroup.

This criterion is best possible, as again the Frobenius group G = (C,)/ x C »
with p =2/ — 1 a Mersenne prime satisfies §;,(G) = 7 (h, p).
We conclude this Introduction with some remarks.

Remark 1.6. The content of Theorems 1.1(a)—(d) and 1.4(a)—(d) is that the group-
theoretic properties of commutativity, nilpotency, supersolvability and solvability
are witnessed by the value of ¢, (G) or g, (G) for a particular “minimal” group G
for all & > 1. For example, Theorem 1.1(d) says that solvability is witnessed by As
for all values of the genus /. Of course, our theorems would have trivial content
if the invariants preserved the ordering of finite groups for all /; that is, if for all
finite groups G and H it were true that g;,(G) > g, (H) for some 4 > 1 implied that
d(G) > d(H), then all our theorems would follow trivially from the corresponding
result for d(G). But this is not the case. For example, if G =S¢ and H = PGL;(9),
then g5 (G) > gn(H) and g,(G) > g, (H) for all h > 1, but d(G) = d(H).

Our next example illustrates a general phenomenon: Notice that for a finite
group G, the invariant g, (G) approaches 1/|G’| as h approaches infinity, where G’
denotes the derived subgroup of G. Therefore, if d(G) > d(H) for some finite
groups G and H, but 1/|G’| < 1/|H’|, then there must exist some positive integer N
such that g, (G) < g, (H) for all h > N. For example, let G = As, and let H be
an extraspecial p-group of order p? for the prime p = 59. Then d(G) = % and
1/|G'| = g5, while d(H) = (p>+ p—1)/p* and 1/|H'| =1/ p. Then d(G) > d(H),
while 1/|G’| < 1/|H’|, and the preceding observation applies. In fact, a calculation
shows that g, (G) > g, (H) for h =1, 2, 3, while ¢,(G) < g, (H) for h > 4.

For the dual invariant, take G = As and let H be an extraspecial p-group of
order 113. Then d(G) < d(H) yet §;(G) > G, (H) for all integers h > 2.

Remark 1.7. By examining our proofs, it is easy to see that our results hold not
only when the exponent in g, (G) is the negative of the Euler characteristic 2 — 2k
of a genus-h surface, but for any real number s > 1. In this way, our results are
related to the so-called zeta function {g(s) =) yelm(G) X (1)~ of a finite group G,
which was used by Liebeck and Shalev to prove various results on Fuchsian groups,
coverings of Riemann surfaces, subgroup growth, random walks and representation
varieties [24; 25; 26]. We also note that the zeta function for conjugacy class
sizes was studied in [25] for finite groups of Lie type, with applications to base
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sizes of primitive permutation groups. Since our motivation stems from topological
quantum field theories, we have stated and proved our results in this special case.

Remark 1.8. Itis known thatd(G) <d(N)d(G/N) when N <G [14, Lemma 2(ii)].
Our proofs would be simplified if g, (G) < gn(N)gn(G/N) for all h. We have not
been able to prove this statement, however. If it were true, then it must of course be
true for N = Z(G). But this already seems to be a hard question about projective
character degrees: letting Z = Z(G),

1 1
w67zl 2y 2o S

relrr(Z) xelrr(GIA)

So to prove that g, (G) < g5 (G/Z), it would suffice to show, for example, that

1 1
2 ymEs 2 smEer

x lrr(G|1) x€lrr(G/Z)

that is, we want to show the sum over projective character degrees of G/Z is less
than the sum over ordinary character degrees. We know that they are fewer in
number: |Irr(G|))| < k(G/Z) as a consequence of Gallagher’s result on “6-good”
conjugacy classes (see Theorem 1.19 and Corollary 1.23 in [19]).

Remark 1.9. The ratios |G|/ x (1) for x € Irr(G) are the character degree quotients
originally considered by Chillag and Herzog in [5]. In order to be compatible with
group quotients, many authors have considered instead the character codegrees
[G : ker(x)]/x(1). Note that if G is simple, then the character codegrees and
character degree quotients of nontrivial characters coincide.

Remark 1.10. Our “dual invariant” g, (G) also has a physical interpretation in the
context of lattice Hamiltonians for Yang—Mills gauge theories with finite gauge
group [27]. These theories are motivated by the potential for quantum simulation
of gauge theories.

Outline. Our paper is structured as follows. As our methods are purely group-
theoretic, we defer an introduction to Dijkgraaf—Witten theory to Section 6. In
Section 2, we make some remarks and collect some known facts that will be needed
in the rest of the paper. In Section 3, we prove Theorems 1.1(a)—(d) and Theorem 1.3.
In Section 4, we prove Theorem 1.2. In Section 5 we prove Theorems 1.4(a)—(d) and
Theorem 1.5. Only the proof of Theorem 1.3 requires us to cite results that depend
on the classification of finite simple groups. We do use Brauer’s k(G V')-theorem in
the proof of Theorem 1.1(c), but there the group G is solvable, and the proof in
that case does not rely on the classification. All groups considered in this paper are
assumed to be finite.
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Notation. Our notation is standard. We follow [18] for finite group theory and [17]
for the character theory of finite groups. Let n be a positive integer. We denote
by A, and S, the alternating and symmetric groups of degree n, respectively. The
dihedral group of order 2 is denoted by D,,, and a cyclic group of order n by C,,.
The special linear, projective general linear, and projective special linear groups
of degree n over the finite field of size ¢ are denoted by SL,(¢), PGL,(¢g), and
PSL, (g), respectively. For a finite group G and a subset X C G, we write Cg(X)
and Ng(X) for the centralizer and normalizer of X in G, respectively. The derived
subgroup of G is denoted by G’, and Z(G) denotes the center of G. The set of
complex irreducible characters of G is denoted by Irr(G), and we let k(G) be the
number of conjugacy classes of G. We will repeatedly use that k(G) = |Irr(G)|.
We denote by CI(G) the set of all conjugacy classes of G. If N < G and A € Irr(N),
then Irr(G|A) denotes the set of all irreducible characters of G lying above A. If p
is a prime, the set of irreducible p-Brauer characters of G is denoted by IBr(G).
All other notation is standard.

2. Preliminaries

As noted in the introduction, the invariants g, (G) can be viewed as generalizations
of the commuting probability d(G) = k(G)/|G| first considered by Joseph [20; 21],
then by Gustafson [15]. Our proofs are based on the extensive literature on this
invariant. Our first lemma collects some of the facts that are already known.

Lemma 2.1. Let G be a finite group.
(a) We have q1(G) = d(G) and q,(G) > qp+1(G) forall h = 0.
(b) If G is perfect and d(G) > %, then G = As or G =SL;(5).
(c) If p is a prime such that a Sylow p-subgroup of G is not normal, then d(G) <
1/p.
(d) If G is a nonabelian p-group for some prime p, then d(G) < 1/p +1/p>.
(e) If G is nilpotent with a nonabelian Sylow p-subgroup for some prime p, then
d(G) <1/p or |G'| = p.
(f) Whenever N < G, we have d(G) < d(G/N)d(N). In particular, we always
have d(G) <d(G/N).

Proof. Part (a) follows from the definition using |Irr(G)| = k(G) and x (1) > 1
for all x € Irr(G). Part (b) is [6, Proposition 1.6]. Part (c) is [14, Lemma 2(x)].
Part (d) is [14, Lemma 2(viii)]. Part (e) is [14, Lemma 2(ix)] and part (f) is [14,
Lemma 2(ii)]. [l

Our next lemma shows that g, (G) is monotone with respect to subgroups H < G
forall h > 1.
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Lemma 2.2. Let G be a finite group, and let h be any positive integer. If H < G,
then qn(H) = qn(G).

Proof. We have

1
qh(G)zﬁ Z X(I)Zh Z Z x(1 )2h 2

x €lrr(G) welrr(H) Xelrr(G\\//)
1 [G: H] 1
a1, 2, s =, X, e e
yelr(H) Yyelr(H)

The first inequality follows because we have enumerated all the x € Irr(G) (possibly
multiple times). The characters in Irr(G |) are the constituents of /¢ by Frobenius
reciprocity, and ¥ ¢ (1) =[G : H]y(1). The sum erlrr(le) 1/x(1)?"=2 is as large
as possible when all the degrees are as small as possible and |Irr(G|y)] is as large as
possible. Since i lies under x, x (1) > ¥ (1). If equality holds for all x € Irr(G|y),
then x (1) is as small as possible and |Irr(G|y)| = [G : H] is as large as possible,
which yields the second inequality. U

The next result slightly improves [14, Lemma 2(x)] for nonabelian simple groups.

Lemma 2.3. Let G be a finite nonabelian simple group, and let p be a prime
dividing |G|. Then d(G) <1/(p+1).

Proof. Suppose for a contradiction that d(G) > 1/(p + 1). Since G is a finite
nonabelian simple group, by [10] we know that d(G) < 1—12 Hence 1/(p+1) < 1—12,
which implies that p > 13 as p is a prime. Let P be a Sylow p-subgroup of G.
Suppose that [G : Ng(P)] < p. Since [G : Ng(P)] is coprime to p, we deduce that
[G:Ng(P)] < p—1. Since G is nonabelian simple, the core of Ng (P) in G is trivial,
so G embeds into S;,_1, the symmetric group of degree p — 1. But then |G/ is not
divisible by p, which is a contradiction. Thus [G : Ng(P)] > p+ 1. By Burnside’s
normal p-complement theorem [16, Theorem IV.2.6], we have Ng(P) # C(P)
and hence |Ng(P)| > 2p. Combining these two inequalities, we obtain

|G| =[G : NG(P)]-ING(P)| =2p(p+ ).

Let d be the minimal degree of a nontrivial complex irreducible character of G.
By [12, Theorem 1], we have d > (p — 1)/2. By [14, Lemma 2(vi)], noting that
G’ = G, we have

d(G)<i+(1—i) I S
d? d*)|G'| T (p—=1)* 2p(p+1)
Since d(G) > 1/(p + 1), it follows that

1 4 1

Pl (=12 2p(p+ D)
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Simplifying this inequality gives 2p* — 13p? —4p < 1,i.e.,2p> —13p> —4p <O0.
This can be rewritten as (2p — 13) p <4 which is impossible for p > 13. Hence, the
assumption d(G) > 1/(p + 1) leads to a contradiction, and the lemma follows. []

We also need the following easy lemma due to Lescot [23], whose proof we
include for completeness.

Lemma 24. Ifd(G) > %, then

[l pe—
4d(G) — 1
Proof. Since |G| = Y. x(1)? and the number of linear characters is [G : G'], we
have x €lrr(G)
IGI—-1G:G'1= Y x(1)* 2 4(k(G) —[G : G').
x(H)>1
Dividing both sides by |G| and rearranging yields the claim. ([

Remark 2.5. We will repeatedly use the fact that if the smallest degree of a nonlinear
irreducible character of G is n, then d(G) and g;(G) can be bounded in terms of n
and |G’|, with equality if all nonlinear characters have degree n:
k(G)—[G:G’]) 1 < 1 )+d(G)

1
qn(G) < @([G G+ 22 = G\ T 22 22"

We will derive similar inequalities for g, (G) in the course of our proofs.

We now turn to the properties of a finite group G that are witnessed by the
dual invariant g, (G) = 1/|G| Y. ¢ccyq) 1/ICI"~, where CI(G) is the collection of
conjugacy classes of G. Whereas we showed that g, (G) is monotone with respect
to subgroups in Lemma 2.2, we now prove, in a nicely dual result, that g5 (G) is
monotone with respect to quotients.

Lemma 2.6. Let G be a finite group, let N < G, and let h be any positive integer.
Then qp(G) < qn(G/N).

Proof. Let G = G/N and use the bar notation. Let 7 : G — G/N denote the
canonical homomorphism. Given a conjugacy class D € CI(G), the preimage
n~ (D) C G is closed under conjugation, so it is a union of conjugacy classes C;
of G, say

7 Y(D)y=CUC,U---UCy.

Let S(D) ={Cy, ..., Cy}. Choosing some x; € C; fori =1, ..., k, we have |C;| =
[G : Cg(x;)]. Similarly, |D| = (G : Csz(xp)]foralli =1,...,k since n(x;) € D.
Writing Cz(x;) = H/N for some subgroup H < G, we have |D| =[G : H]. Note
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that Cg(x;) < H. Therefore,
|ICil =[G : Ca(x)] =[G : HI[H : Cs(x;)] = | D.

Furthermore, |7 ' (D)| = |D||N| since 7 is an |N|-to-1 map. Since |C;| > |D|, we

have
k

INIID| =) |Ci| = k|D],
i=1
and so kK < |N|.
Each conjugacy class of G lies in the preimage of exactly one conjugacy class
of G. Now we calculate

- IN| .=
‘Ih(G)_— > Z |h iy |G| > it~ 46
DeCl(G) CeS(D) DeCI(G)
which is what we wanted to show. |

The following easy lemma is our main tool for proving the structure criteria in
Theorem 1.4.

Lemma 2.7. Let G be a finite group, and let n be the smallest size of the noncentral
conjugacy classes of G. Let h > 2 be an integer, and assume that G is not abelian.
Let N be an integer such that d(G)/qn(G) < N. Then either

(1) nh—1 <N, or

N d(G)
) [G:Z(G)] = = <
gn(G)(N +1) —d(G) ~ gn(G)
Proof. Since G is not abelian, §,(G) < d(G). If n"~1 < N, then part (1) is
satisfied. Assume that =1 > N. Son"' > N > d(G)/gn(G). It follows that
gn(G)n"1'—d(G) > 0 and

> N+1>d(G)/gn(G)+ 1.

We have
316 = ——(1z(e) + OO
|G| nh—1
Using that d(G) = k(G)/|G| and rearranging, we find that
h—1 -1
[G:Z(G)] = <

gn(Gn"=1 —d(G)’

Since the right-hand side is a decreasing function of #n"~!, we have

N d(G)
[G:Z(G)] = - =< ;
Gn(G)Y(N +1) —d(G) ~ gn(G)?

as claimed. O




160 CHRISTOPHER A. SCHROEDER AND HUNG P. TONG-VIET

3. Commutativity, nilpotency, supersolvability and solvability criteria

In this section, we prove the four claims of Theorem 1.1.

Proof of the commutativity criterion, Theorem 1.1(a). Suppose for a contradiction
that G is a counterexample to the claim with minimal order. The degrees of the
complex irreducible characters of Dg are 1, 1, 1, 1 and 2. By a result due to
Gustafson [15], d(G) < % since G is nonabelian. Altogether, we have

<11 +27") = g4(Dg) < qx(G) <d(G) < 3.

We first claim that G is nilpotent; that is, all Sylow subgroups of G are normal
in G. By Lemma 2.1(c), if a Sylow p-subgroup of G is not normal for some
prime p, then d(G) < 1/p. But then % < %, which is impossible.

Next, we claim that all Sylow subgroups of odd order are abelian. Note that if
G = A x B, then ¢;,(G) = gy (A)gn(B). Since G is nilpotent by the last paragraph,
this means that ¢,(G) = [] ¢»(P), where the product runs over the set of Sylow
subgroups of G. In particular, g, (P) > % for every Sylow subgroup P. However, by
Lemma 2.1(d), if P is nonabelian then d(P) < 1/p+1/p?. Thus, 1/p+1/p*> > %
This inequality only holds if p =2, so all Sylow subgroups of odd order are abelian.

We may now assume that G is a nonabelian 2-group such that g, (G) > g;(Ds).
Now, by Lemma 2.1(e), either d(G) < % or |G'| =2. We have d(G) > % by the
first paragraph, so |G’| = 2. Therefore,

gn(Dg) < gn(G) < (1 =272y 1 q(G) - 272,

where we used that nonlinear irreducible characters of G have degree at least 2 and
the observation in Remark 2.5. Thus,

This contradicts the bound d(G) < % from the first paragraph, proving the result. [

Next, we prove Theorem 1.1(b). We will show that a minimal counterexample is
a minimal nonnilpotent group; that is, a nonnilpotent group whose proper subgroups
are nilpotent. The structure of such groups, which we summarize in the following
lemma, is well understood:

Lemma 3.1 [16, Theorem II1.5.2]. Suppose G is a minimal nonnilpotent group.
Then G = Q x P, where Q is a Sylow q-subgroup for some prime q, while P is a
cyclic Sylow p-subgroup for some prime p and ®(P) < Z(G).

Proof of the nilpotency criterion, Theorem 1.1(b). Suppose for a contradiction that
G is a counterexample to the claim with minimal order. The irreducible character
degrees of S; are 1, 1 and 2. Since G is not nilpotent, it contains a nonnormal
Sylow p-subgroup for some prime p dividing |G|. This means d(G) <1/p < % by
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Lemma 2.1(c). Altogether, we have
F<304+27%D) =g,(S3) <@n(G) <d(G) < 1 < 3.

This means that the only nonnormal Sylow subgroup is the Sylow 2-subgroup.

Now, by the monotonicity of Lemma 2.2, every proper subgroup of G is nilpotent,
so G is a minimal nonnilpotent group by induction and has the structure described
in Lemma 3.1. We know that p = 2 by the last paragraph, and g # 2 since G is not
nilpotent. As P is cyclic, [P : D(P)] =2.

Consider the structure of G’: As G is not nilpotent, of course G’ > 1. As
d(G) > %, we have |G'| <9 by Lemma 2.4. Since G/Q = P is abelian, G’ < Q.
So g =3, 5 o0r 7 and G’ is cyclic of prime order ¢. Since G’ < Q, we have
G'NZ(Q) > 1,s0 G < Z(Q) as G’ has prime order. So Q centralizes G’.
If G’ < Q, then G'P < G is nilpotent by induction on the group order, so P
centralizes G, as well. But then G’ < Z(G) and G is nilpotent, a contradiction. So
we have that G’ = Q is cyclic of order 3, 5 or 7.

Since ®(P) < Z(G), the product QP (P) is abelian of index 2 in G. So every non-
linear irreducible character of G has degree 2 since it is a constituent of a character
induced from a (necessarily linear) character of Q® (P). As G has [G : G'] = | P|
linear characters, the remaining nonlinear characters must be }1(|Q| — 1)|P]| in
number since the resulting sum of squared degrees is | P|+ JT(I Q|—-D|P|-2*=|G]|.
Therefore,

1 —-DIP| 1 1 —1 1 2
QIz(G)Zﬁ(|P|+(|Q| 4 ! |22h_2):5<1+q2ﬁ)>§(1+2ﬁ>=%(53)-

But the inequality implies that ¢ < 3. We have reached our final contradiction and
proved the claim. U

To prove the supersolvability criterion of Theorem 1.1(c), we will show that a
minimal counterexample is a minimal nonsupersolvable group; that is, a nonsuper-
solvable group whose proper subgroups are supersolvable. The structure of such
groups was determined by Doerk [11], and can be read off from [2, Theorem 12]
and [16, Chapter VI, Exercise 16]. We summarize the results we will initially need:

Lemma 3.2 [11]. Suppose G is a minimal nonsupersolvable group. Then G has
exactly one normal Sylow p-subgroup P and a complement Q such that |Q| is
divisible by at most two distinct primes. Furthermore, P/ ® (P) is a minimal normal
subgroup of G/ ®(P) and is not cyclic, and Q N Cg(P/P(P)) = QN P(G) =
@(Q)NP(G).

Proof of the supersolvability criterion, Theorem 1.1(c). Let G be a counterexample
to the theorem with minimal order. The irreducible character degrees of A4 are
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1,1, 1 and 3. Since G is not supersolvable, d(G) < % by [3]. Altogether, we have
P < 31437y = g, (Ay) < ga(G) <d(G) < .

Then by Lemma 2.2, for every proper subgroup H of G, we have g, (H) > gy (G) >
gn(A4) and hence by the minimality of |G|, H is supersolvable. As G is not
supersolvable, G is a minimal nonsupersolvable group and has the structure de-
scribed in Lemma 3.2. Now we work in G = G/®(G), which is again minimal
nonsupersolvable, since if G is supersolvable then G is supersolvable by [16,
Theorem VI.8.5]. Recall that ®(P) < ®(G) by [16, Lemma I11.3.3]; since P/ P (P)
is minimal normal in G/®(P) by Lemma 3.2, ®(P) = P N ®(G). Therefore, P is
a minimal normal, elementary abelian, noncyclic subgroup of G, where G = P Q
and Q acts coprimely, faithfully and irreducibly on P. By Brauer’s k(G V)-theorem
[13, Theorem], we know that k(G) =k(P x Q) < | P|. Using this and Lemma 2.1(f),
we have

~ <d(G)<d(G) < —

N

I

and so |Q| < 3. Since Q has prime order and P is an irreducible Q-module, this
means Cz(x) < P for all nontrivial X € P, so G is a Frobenius group. Now, if
O = (1) has order 2, then 7 acts as inversion on P (see [17, Lemma 7.21] and its
proof). So every subgroup (X) < P is fixed by Q, which means P = (X) is cyclic
as it is an irreducible Q-module. This contradiction implies that |0| = 3.

Now we count the characters of the Frobenius group G: Since G’ = P, there are
[G : G'1 = | Q| linear characters, and each of the nonlinear irreducible characters of
G is induced from an irreducible character of P lying in one of the (|P| —1)/| Q|
orbits under Q. So

Y — (|Q| ik 1)

4 PO 0]
Rearranglng and using that |Q| = 3, we find that p’ < |P| < 32 < 7. Therefore,
|P| =4 and so G = Ay. In particular, P is a 2-group.

Let r be a prime divisor of |G|, and let R be a Sylow r-subgroup of G. If R is
not normal in G, then d(G) < % Since d(G) = gn(G) > qn(Ay) > % we deduce
that % > Alf which forces r < 4 and hence r € {2, 3}. In particular, Q is a -group,
where m C {2, 3}. Since we showed that the Sylow p-subgroup P is a 2-group, Q
must then be a 3-group. Now, since ®(Q) > ®(Q)NS(G) =0 NCs(P/DP(P))
and Q = Q/(®(Q) N P(G)) is cyclic of order 3, we have ®(Q) = ®(Q) N P(G).
So Q is itself cyclic by Burnside’s basis theorem [16, Theorem III.3.15]. We

have shown that G = P Q, where P is a 2-group and Q is a cyclic 3-group, and
G=G/P(G)=A4
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Now we turn to the more precise classification of minimal nonsupersolvable
groups in [2, Theorem 10]. Since Q is cyclic of 3-power order and p =2, inspecting
the list of possibilities in [2, Theorem 9] shows that only Types 2 and 3 are possible.
We inspect each of these in turn and derive contradictions:

Type 2: Q = (z) is cyclic, P is an irreducible Q-module over the field of p elements
with kernel (z4) in Q.

Since P < G is an irreducible Q-module, P has no Q-invariant nontrivial proper
subgroup. In particular, P N ®(G) = 1 and so P = P is elementary abelian of
order 4 by what we showed above. The kernel K = (z°) is central in G and has
index 3in Q, so |Q|=3|K|and |G| =12|K|. Wehave [G:G'1=[G: P]=|0| =
3|K|, and the nonlinear irreducible characters of G are induced from characters
Y1 X Yy € Irr(P x K) with iy # 1, which split into | K| orbits under G. Thus, each
of these | K| nonlinear characters of G has degree 3. So

1 K| 1 1
G)=——[3|K =—|1 =q,(Ay),
q1(G) 12|K|( | |+32h_2> 4( +32h_1> qn(Asg)
which is a contradiction. Note that if K =1, then G = Ay4.

Type 3: P is a nonabelian special p-group of rank 2m, the order of p modulo q
being 2m, Q = (z) is cyclic, z induces an automorphism on P such that P/®(P)
is a faithful and irreducible Q-module, and z centralizes ®(P). Furthermore,
|P/®(P)| = p* and |P'| < p™.

Since |P| =4, we have m = 1. So |P’| < 2, which means P is an extraspecial
2-group of order 23. Since P/®(P) is a faithful Q-module, Q is cyclic of order 3.
If P is an extraspecial 2-group of order 23, then P has 4 linear characters and
1 nonlinear irreducible character of degree 2. The nontrivial linear characters
form one Q-orbit and induce irreducibly to the same nonlinear character of G of
degree 3. The unique nonlinear character of P is necessarily G-invariant, and so
extends to G since [G : P] = 3 is prime (see [17, Corollary 6.19]). This gives
rise to |Irr(G/P)| = 3 distinct irreducible characters of G of degree 2 by [17,
Corollary 6.17]. There are [G : G'] =[G : P] = 3 linear characters. So

1 3 1 1 1 1 1
41(G) = (3+ s +—32h_2) < g(6+—32h_2> - <1+—2 _ 3%_1) <an(Ag),

again a contradiction. The result is proved. ([

Proof of the solvability criterion, Theorem 1.1(d). If h =1, then ¢, (G) =d(G) >
d(As) = 12, and G is already known to be solvable by a result of Dixon [10]. So,
now assume that 4 > 2, and suppose that G is a counterexample to the claim with
minimal order. By Lemma 2.1(a), we have d(G) > ¢, (G) > q,(As) > 1/|As| = 61—0.

We first note that g,(G’) > ¢;(G) by Lemma 2.2. So if G’ < G, then G’ is
solvable by induction on the order of the group. But then G is also solvable, a
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contradiction. So G = G’ is perfect and nontrivial irreducible characters have degree
at least 2. Thus,

1 k(G)—1 1 (k(G)+2*2-1
qn(G) < <1 + W) = _( 22h—2 )

|G| |G|
Next, we have the following inequalities when k(G) > 5:

k(G) 42221 - 2k(G)

22 = for h =2,
k 2221 &
G)+ < (G) for h > 2.
22h—2 3

It is not difficult to see that if k(G) < 5, then |G| < 12, and so G is solvable (see
[4, Note A] or [34, Table 1]). Since G is nonsolvable, we must have k(G) > 5.
Therefore, we have

d(G) =k(G)/IG| = 3¢2(G) > 3q2(As) = 3 515555 > 3
d(G) =k(G)/|G| = 3qx(G) > 3qs(As) > & = forh>2.

20
Therefore, G is perfect with d(G) > % for all 4 > 2. Then by Lemma 2.1(b),
G = A5 0r G =SL,(5). But

2 2 2 1 1
qn(SL2(5)) = 120 (1 T T T T T 6211—2)

= % 2+ 32h-2 + 42h—2 + 52h—2 = qn(As).
This is our final contradiction, and Theorem 1.1 is proved. H

Next, the proof of Theorem 1.3 runs along the lines of that of Theorem 1.1(d).
Although it may be true that g, ,(G) is monotone with respect to subgroups,
the proof of Lemma 2.2 will not work when the prime p divides |G|, because
Frobenius reciprocity does not hold in this case. However, we can again show that
a minimal counterexample to the theorem must be perfect by using some basic
results from the theory of Brauer characters. Before we begin, recall that we defined

ath, p) =22+ /p=1)/2*2/p—=1).

Proof of Theorem 1.3. Suppose for a contradiction that G is a counterexample to the
claim with minimal order. We first show that if N < G is a normal subgroup with
index equal to any prime r, then g ,(G) < gp, ,y(N). This will then imply that G
is perfect, since if not, then there exists such an N < G with a(h, p)/(p—1) <
qn,p(G) < qpn,p(N), so N is p-solvable by induction on the order of the group. But
then G is also p-solvable since the quotient G/ N is cyclic, which is a contradiction.

Now, each character ¢ € IBr(G) lies above at least one character 6 € IBr(N).
Denoting by IBr(G|6) the collection of irreducible p-Brauer characters of G lying
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over 0 € IBr(N), we have

1 1
qn,p'(G) =< —.
h,p |G|p/ QEZ Z (p(1)2h72

IBr(N) pelBr(G|0)

Since N < G has prime index r, there are two possibilities for each 6 € IBr(N):

(1) 6 is G-invariant, in which case 0 extends to an irreducible Brauer character
6 of G by [29, Theorem 8.12] since G/N is cyclic. In addition, the characters ,Bé
for B € IBr(G/N) are all the irreducible constituents of ¢ by [29, Corollary 8.20].
Note that ,B(l)é(l) =6(1) since B is linear. Finally, since N < G, ¢ € IBr(G) is
an irreducible constituent of ¢ if and only if 6 is an irreducible constituent of @y
by [29, Corollary 8.7]. Therefore, [IBr(G|0)| = [IBr(G/N)| =[G : N],.

(2) The stabilizer of  in G is N, in which case the induced character ¢ = 09 is
irreducible by Clifford’s theorem [29, Theorem 8.9]. So |IBr(G|0)| = 1, again by
[29, Corollary 8.7], and ¢ (1) > 6(1).

Therefore, for each 6 € IBr(N) we have

3 I _IG:Nly
2h—2 — 2h—2°
¢eIBr(G|0) o) o)

and so
[G:Nly

1
Gl Z qu’lvp’(N),

9€IBr(N)

qn,p (G) =

which is what we wanted to show.
Since we now know that the counterexample G is perfect, all nontrivial irreducible
Brauer characters are nonlinear, and we have

1 ky(G)—1 1 [(ky(G)+222_1
(G) < 1+ -2 = P ,
qn,p (G) = |G|p’ ( + 22h—2 ) |G|p/ ( 22h—2

where the inequality follows since ¢(1) > 2 for all nonlinear ¢ € IBr(G).

Now, since G is non-p-solvable, it is known that k, (G) > /p —1 by [30,
Theorem 1.2]. Note that the following inequality is satisfied for k,,(G) > /p —1
and each h > 1:

ky(G)+22=2 1
22h-2

<a(h, pky(G).
To see this, multiply through by 2?*~2, move all terms involving kp (G) to the
right-hand side, and use that k,,(G) > /p — 1. This implies that
kp(G) 1
>
|Gl alh, p)
But this contradicts [33, Theorem 1.1], and the theorem is proved. O

1
qn,p(G) > —.

dy(G) = P



166 CHRISTOPHER A. SCHROEDER AND HUNG P. TONG-VIET

4. Criterion for the existence of normal Sylow subgroups

In this section, we prove Theorem 1.2, which is a criterion for the existence of a
normal Sylow subgroup. Let p be a prime, and let & be a positive integer. Recall
that for a finite group G and a prime p, G is said to be p-closed if G has a normal
Sylow p-subgroup. Define

V(h,P)Zﬁ(l—l—pz,lz_]).

Note that y (h, p) > 1/(p + 1). We now prove Theorem 1.2.

Proof of Theorem 1.2. Let G be a counterexample to the theorem with minimal
order. Then g, (G) > y (h, p) but G does not have a normal Sylow p-subgroup. By
Lemma 2.1(c), we have d(G) < 1/p. Consequently,

L2 d(6) 2 4(©) > vl p) > ——.
D p+1
By Lemma 2.2, for each proper subgroup H of G, we have g;(H) > q;(G) >
y (h, p) and thus by the minimality of |G|, H is p-closed. In particular, every
proper subgroup of G is p-closed. Also, if N is a normal subgroup of G, then every
proper subgroup of the quotient group G/N is p-closed.

Assume that p = 2. Then y(h, p) = q»(S3) and since g;,(G) > q,(S3), G
is nilpotent by Theorem 1.1(b). But then G has a normal Sylow 2-subgroup, a
contradiction. Therefore, we may assume that p > 3.

Let P be a Sylow p-subgroup of G.

Claim 1: (P®) = G. Hence, G has no proper normal subgroup of p’-index.

Let L = (P%). Then P < L < G. Suppose that L < G. By the minimality of
|G|, L has a normal Sylow p-subgroup, which implies that P < L. Since P is
characteristic in L, we deduce that P < G, which is a contradiction. Therefore,
G = L as desired.

Claim 2: G is not a nonabelian simple group.
Since d(G) > 1/(p + 1), this follows from Lemma 2.3.

Claim 3: Let N be a maximal normal subgroup of G. Then G = (x)N with
[G : N]= p, where N has a normal Sylow p-subgroup, which is O,(G), and x € P
is a p-element and P = (x)O0,(G). In particular, G is p-solvable with a Hall
p'-subgroup R and G = PR with [P : 0,(G)] = p.

Since G is not a simple group, G has a maximal normal subgroup, say N. It
follows that N has a normal Sylow p-subgroup, say P;. As Py I N <G, we

deduce that Py < G and thus Py < O,(G). Since G/N is a simple group and
d(G/N)>d(G)>1/(p+1) and p divides |G/N| by Claim 1, Lemma 2.3 yields
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that G/N is abelian. Hence, G/N is cyclic of order p. It follows that G = PN
and PNN =P JdG. As[G: N]=[P: P;]= p and P is not normal in G, we
deduce that Py = O,(G). Let x € P\ P;. Then P = (x) P; = (x)0,(G). Since
N/Op,(G) is a p’-group and both O,(G) and G/N are p-groups, G is p-solvable.
So G has a Hall p’-subgroup R and thus N = RO,(G) and G = PN = PR with
[G:N]=[P:0,(G)]=p.

Claim 4: R is a Sylow r-group of G for some prime r.

LetG=G/0 »(G). Then P=C p acts coprimely and nontrivially on N=RZ=R.
Suppose for a contradiction that | R| = | R| is divisible by at least two distinct primes.
Let g be a prime divisor of |R|. By the coprime action theorem [18, Theorem 3.23],
P stabilizes a Sylow g-subgroup Q of R. But then P Q is a proper subgroup of G,
and hence it has a normal Sylow p-subgroup. Thus, P centralizes Q. It follows
that |G : C é(ﬁ)l is not divisible by g. Clearly, this index is also not divisible by p.
As this is true for all prime divisors of |R|, we must have G = Cg(ls), which
is a contradiction. Thus R is an r-group for some prime r, and so it is a Sylow
r-subgroup of G.

Claim 5: Let n be the smallest nontrivial character degree of G. Thenn > (p—1)/2.

Note that G is nonabelian and so such a minimal nontrivial degree n exists. Let
x € Irr(G) such that x (1) = n and let K be the kernel of x. Then K is a proper
normal subgroup of G. We consider the following cases.

Case 1: G/K has a normal Sylow p-subgroup. Then PK/K < G/K as PK/K
is a Sylow p-subgroup of G/K. By Claim 1, we have G = PK and thus G/K =
P/PNK, whichis a p-group. Since x €lrr(G/K) is nonlinear, G/ K is anonabelian
p-group and thus n = x (1) > p > (p —1)/2.

Case 2: G/K does not have a normal Sylow p-subgroup. It follows that G/K
has a faithful irreducible character of degree n and does not have a normal Sylow
p-subgroup. By [12, Theorem 1], p <2n+1 or n > (p —1)/2.

Claim 6: G' = RU, where U =G'N 0,(G) 4G.

Note that G is a {p, r}-group by Claim 4, so it is solvable and G’ < N < G.
Since (P%) = G, we deduce that G/ G’ is an abelian p-group. Thus, G’ contains
a Sylow r-group of G. It follows that R < G’. By Dedekind’s modular law,
G' = R(G'N 0,(G)), where G'N 0,(G) is a normal Sylow p-subgroup of G'.

Claim 7: The quotient G/R'O,(G) is a Frobenius group with a cyclic complement
of order p and Frobenius kernel an abelian 2-group of order 2™ for some m > 2,
and p=2"—1.

Note that N/0,(G) = RO,(G)/0,(G) 1G/0,(G) and thus (N/0,(G)) =
R'0,(G)/0,(G). Hence, R'0,(G)<G. Let G=G/R'0,(G). Then 0,(G) =1,
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Ql

<G, G’ =R and G = (x)R with |X| = p. Moreover, R is an abelian r-group and
G'|=|R| =
character degree of G. Hence,
d(G) =~ +<1 : ) 1
p? P*J G|

by [14, Lemma 2(vi)]. Since d(G) > 1/(p + 1), we deduce that

r™ for some positive integer m. It follows that p is the only nontrivial

w (P D(P*=1)
r < 2—.
p-—p—1
Since p > 3, we can check that

(p+D(P*-1)

<2p+1.
pr—p—1

Hence ' <2p. Asr # p, we have r'" <2p — 1. Moreover, as

1 — 1
= <d(G) = —,
|G| p
we deduce that ™ > p. Thus
() p=r"<2p-—1.

By Fitting’s theorem [18, Theorem 4.34], R =[R, P] x Cﬁ(ls). If CE(F) is
nontrivial, then [R, P]P is a proper subgroup of G, which implies that it is p-
closed and hence P centralizes [R, P]. This is impossible as it would imply that P
centralizes R and thus G has a normal Sylow p-subgroup. Therefore, C E(ﬁ) =1
It follows that G is a Frobenius group with kernel R and a cyclic complement P.
This implies that r — 1 = kp for some positive integer k. Combining with (x), we
getr™ —1=p. As p>3, p+1=r" must be even. Hence r =2 and

2" —1=p.

In particular, m > 2 is a prime and p is a Mersenne prime.

For brevity, we define I'(p, m) := C}' x C), to be a Frobenius group with kernel
an elementary abelian 2-group of order 2" and cyclic complement of order p with
2" —1=p.

Claim 8: We have R' =1, so G/0,(G) = G/R'0,(G) = T'(p, m) with p =
2" —1>7and m > 3 an odd prime.

Assume that m = 2. Then p = 3 and

y(h,3) =11 +3""D) =g, (Ay).
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Hence, ¢;,(G) > g, (A4) and so by Theorem 1.1(c), G is supersolvable. By [16,
Theorem VI.9.1(c)], as G is a {2, 3}-group, G has a normal Sylow 3-subgroup,
which is a contradiction. Therefore, we may assume from now on that m > 3 and
p=2"—1>17.

Working in the quotient group G/0,(G), we may assume O,(G) = 1. By
Claim 6, G’ = R and so G”" = R’ with [R : R’] = 2™ by Claim 7. Recall that n
is the smallest nontrivial character degree of G. Assume first that n > p. By [14,
Lemma 2(vi)], we have

Vs <tr(i-)y L <L) !
— < — - — — - — .
P+l R A R AT
As above, we deduce that p < |G’| <2p — 1. Write |G'| = |R| = 2"*¢ for some
integer ¢ > 0. Recall that 2" =1+ p so

p<|G|=(+p)2=2p+2°<2p—1.

This implies that 2¢ = 1, and hence G’ = R is abelian.
Now assume that n < p. As |G| =2"%¢p and n divides |G| and is coprime to p,
we deduce that n = 2¢ for some positive integer a > 1, and hence that

s(p—1 <2 <p=2"—1,
the first inequality coming from Claim 5. It follows that

1Q"—-2)<2"<p—1=2"-2.
Therefore,
2l —1=102"-2) <29 <2" -2,

We deduce that n =2¢ =2"~!. By [14, Lemma 2 (vi)], we have

L DR 1 1
1= 4O =g (e )G

Since m > 3, simplifying the previous inequality, we obtain

-1
P
Now, the second summand on the right hand side of the inequality is at most 7 and
thus 2"t¢ = |G’| < 2™ + 7. However, this is impossible if ¢ > 1 as m > 3.

We showed in both cases that G’ = R is abelian. If R is not elementary abelian,
then the subgroup S generated by all elements of R of order 2 is a proper subgroup of

R stabilized by P, so SP < G has a normal Sylow p-subgroup. Then P < SP fixes
every element of order 2 in R, and so P acts trivially on R by [18, Corollary 4.35].

IG'| < 2™ +
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But then P < G, a contradiction. Thus, R is elementary abelian and G = I'(p, m),
as claimed.

Claim 9: The final contradiction.

Assume O,(G)=1. Then G =T'(p, m), and so [G : G'] = p and p is the unique
nontrivial character degree of G. Hence, ¢, (G) = v (h, p), which is a contradiction.

Assume that O,(G) > 1. Note that G' = RU and U = G’ N 0,(G) is a normal
Sylow p-subgroup of G.
(i) Assume that p 1 |G’|. So G’ = R is a normal Sylow r-subgroup of G. Now P =
(x)0,(G) is abelian. In this case, G'(x) < G. If G'(x) < G, then x centralizes G,
which is impossible. Thus G = G’(x). In particular, P = (x) and y = x” centralizes
G' =R.

By Claim 8, G/0,(G) =T'(p, m) is a Frobenius group with G’ = R an elemen-
tary abelian subgroup of order 2" = p + 1. Thus F(G) = G’ x (y) =G’ x 0,(G)
is abelian and in fact O,(G) = (y) is central in G. It follows that p is the only
nontrivial character degree of G. Since [G : G'] = | P|, we have
1 <|P| k(G) — | P]

G)=—

Solving for k(G) — | P| from the second equation and plugging it in the former, we
get ¢, (G) = y (h, p), a contradiction.

) and |G| =[G : G'1+ p*(k(G) — | P)).

(ii) Assume p | |G’|. So |G’| = |R|p® for some positive integer e. Let n be the
minimal nontrivial degree of G. By [14, Lemma 2 (vi)], we have

1 1 (1 1 1
—_— <= - — )
p+1 n? n? ) |G|

Assume first that n > p. The preceding inequality then implies that

(P+D@P* -1

< — .

pr—p—1
As in the proof of Claim 8, we deduce that |G’| < 2p — 1. However, since |G'| =
|R|p¢ with e > 1 and |R| =2" =1+ p > 8, we see that |G'| > 2p — 1, which is a
contradiction.

Assume that n < p. By Claim 5, we have n > (p —1)/2. Thus (p —1)/2 <n <
p—1. Let x elrr(G) with x (1) =n. Recall that 2" = p+1and G/ O,(G) =T (p, m).
It follows that x (1) divides |R| where |R| = 2" since p 1 x (1) and x (1) | |G|. So
n = 2¢ for some positive integer a. Since (p —1)/2= (2" —2)/2=2""1-1<
29 < p—1=2"—2, we deduce that n = 2"~

Employing the same argument as in the proof of Claim 8, we obtain a contradic-
tion as m > 3.

IG'|

The proof of the theorem is now complete. (]
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5. The dual invariant

In this section, we prove Theorems 1.4 and 1.5.

Proof of the abelian criterion, Theorem 1.4(a). Assume for a contradiction that G
is a counterexample to the claim with minimal order. Note that the sizes of the
conjugacy classes of Dg are 1, 1, 2, 2, 2. Since ¢;(G) = d(G), we must have h > 2.
As G is nonabelian, we have d(G) < % by [15]. Every noncentral conjugacy class
of G has size at least 2, so we have

s KG) ~12(6)]
4_1(1 + 27) =gn(Dg) < gn(G) < ﬁ(lZ(Gﬂ + T)
B 1 1 d(G)
= [G: Z(G)] <1 - 2h—1> + 2h—1
1 1 1 5
=i zenl 7)) e

We find immediately from these inequalities that [G : Z(G)] < 4. Butthen G/Z(G)
is cyclic and G is abelian, a contradiction. ([

Proof of the nilpotency criterion, Theorem 1.4(b). Assume for a contradiction that
G is a counterexample to the claim with minimal order. Since ¢;(G) = d(G), we
must have 2 > 2. We have

< (14 5+ 57) =80(S9) <3G =d(G) < 5.

6 6 2h—1 " 3h-1 - -2

As gy (G/Z(G)) = gn(G) by Lemma 2.6, the quotient G/Z(G) is nilpotent
if Z(G) > 1 by the minimality of |G|. But then G is nilpotent, a contradiction.
Therefore, we may assume that |Z(G)| = 1.

Since d(G)/Gn(G) < 3/+ =3, we may take N = 3 in Lemma 2.7. Letting n > 2
be the minimal nontrivial class size, if n~! < N = 3, then we must have i = 2.
In this case,

11 1

36 =28 <@(0) < E(l +

k(G)—l)_ 1 diG) _ 1 1
2 _2|G|+ 2 _2|G|+4’
which means |G| < 9 and so G = S3, a contradiction. Therefore, it only remains
to consider case (2) of Lemma 2.7; that is, |G| < d(G)/§»(G)* < 18. The only
nonnilpotent groups with trivial center of order less than 18 are dihedral groups
Dy, for k =3,5, 7 and A4. Since

~ 1 (k—1)/2 1
Qh(DZk)=ﬁ(1+ ST +kh*1>




172 CHRISTOPHER A. SCHROEDER AND HUNG P. TONG-VIET

when k is odd, g, (D) is a decreasing function of &, and so g, (G) < g, (S3) for all
h in these cases. The class sizes of A4 are 1, 3,4, 4, so

G = 75 (14 55 + 707

3h—1 4h—1
2 2 1 1 ~
< —(“ s ) = g (U g+ i) <@,
a contradiction. The result is proved. O

Proof of the supersolvability criterion, Theorem 1.4(c). Assume for a contradiction
that G is a counterexample to the claim with minimal order. Since g;(G) = d(G),
we must have & > 2. We have
<25 (14 57+ 507) = @A) <31(6) =d(G) = 5.

Since d(G) > ﬁ, G is solvable by [10]. Since G is supersolvable if G/ P (G) is
supersolvable by [16, Theorem VI.8.6(a)] and G is supersolvable if G/Z(G) is
supersolvable by the definition of supersolvability [16, Definition VI.8.5(b)], it
follows by Lemma 2.6 and induction that both the Frattini subgroup and the center
of G are trivial.

Suppose that G has two distinct minimal normal subgroups, say M| and M,. By
Lemma 2.6 and the minimality of |G|, both G/M; and G/M, are supersolvable,
and so G is supersolvable as G embeds into a supersolvable group G/M| x G/ M.
This is a contradiction. Therefore, G has a unique minimal normal subgroup, say M,
and since G is solvable, M is an elementary abelian p-group of order p™ for some
prime p and positive integer m > 1. If m = 1, then G is supersolvable, so we may
assume that m > 1. As ®(G) =1, we have F(G) = M by Gaschiitz’ theorem [16,
Theorem II1.4.5], and hence Cz (M) = M by [16, Theorem I11.4.2 b)].

First assume that n = 2, where n is the minimal size of a noncentral class
of G. Let x € G be such that |x°| =[G : C5(x)] = 2. Then C(x) < G, and so
M < Cg(x) as M is the unique minimal normal subgroup of G. Hence, x lies
in Cq(M) = M. Since (x%) is a normal subgroup of G and x € M, we must
have (x®) = M. As [x%| =2, M = (x, x") for some € G\ C;(x). In particular,
|M| = p? as M is noncyclic elementary abelian and generated by two elements.
Now, M = CG(M) = CG(X) N C(;(x’) = CG(X) N CG()C)t = CG(X) as Cg(x) is
normal in G. Thus, [G : M] =[G : C5(x)] =2, and so |G| =2p?%. If p =2, then
G is a finite 2-group, so it is nilpotent and hence it is supersolvable. Therefore,
we may assume that p > 3. Since |G| = 2p?, G has a cyclic Sylow 2-subgroup
Q = (g), where g is an involution, acting on the unique minimal normal subgroup
M =C, xC, of G by conjugation. But this is impossible. To see this, let 1 #a € M.
We have (aa¥)® = a®a = aa®, so (aa¥) is a normal subgroup of G. If aa® # 1,
then (aa?) is a nontrivial cyclic normal subgroup of G properly contained in the
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noncyclic group M, contradicting the fact that M is minimal normal. On the other
hand, if aa® = 1, then a® = a~! and (a) is again a nontrivial normal subgroup of G
properly contained in M.

Therefore, may assume that n > 3. Since d(G)/gn(G) < %/% = 4, we may
choose to set N = 8 in Lemma 2.7. Since 3”1 < n~! < N = 8, we must have
h =2. We have

11 1 d(G) 1

— =a-+(A q < — < —
7 q2( 4)<6]2(G)_|G|+ . —|G|+

O|—

Simplifying this inequality, we obtain |G| < 24. Since G is nonsupersolvable with
trivial center, the only possibility for G is A4. This is a contradiction.

There remains to consider case (2) of Lemma 2.7. Since Z(G) = 1 by the first
paragraph and we chose N = 8, we have

96

G| < =— <20.
Gl < 5 <

8
1 1
2973
The only nonsupersolvable group of order less than 20 with trivial center is again A4.

This contradiction completes the proof of this item. ([

Proof of the solvability criterion, Theorem 1.4(d). Assume for a contradiction that
G is a counterexample to the claim with minimal order. Since ¢;(G) = d(G), we
must have & > 2. We have

& < dn(As) < Ga(G) <d(G) < 5.

As g, (G/Sol(G)) > g, (G) by Lemma 2.6, the quotient G/Sol(G) is solvable if
the solvable radical Sol(G) is nontrivial by the minimality of |G|. But then G is
solvable, a contradiction. Therefore, we may assume that |Sol(G)| = 1.

Let n be the minimal nontrivial class size of G. If n is a prime power, then
the subgroup generated by that class is a solvable normal subgroup of G by [22].
As G has no nontrivial solvable normal subgroups, we must have n > 6. Since
d(G)/Gn(G) < (35)/(¢5) =5, we may take N =5 in Lemma 2.7. This means that
n"~1 < N never occurs, and we need only consider case (2) of Lemma 2.7; that is,

|G| <d(G)/4n(G)* < 300.

The only nonsolvable groups of order less than 300 with trivial solvable radical are
As, Ss, and PSL3(2). The conjugacy class sizes of As are 1, 12, 12, 15, 20; those
of S5 are 1, 10, 15, 20, 20, 24, 30; and those of PSL3(2) are 1, 21, 24, 24, 42, 56.
Then one can check by direct calculation that g, (PSL3(2)) < gn(Ss5) < gn(As).
This means G is not isomorphic to As, Ss, or PSL3(2), and we are done. O
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We now prove Theorem 1.5. For a prime p and a positive integer %, define

TR U S
P b U T T T )
Proof of Theorem 1.5. Since y(h,2) = gn(S3), if p = 2, then G is nilpotent by
Theorem 1.4(b) and thus has a normal Sylow 2-subgroup. Therefore, we may
assume p > 3. As q;(G) =d(G) and y (1, p) = 1/p, the theorem follows from
Lemma 2.1(c) when h = 1. So we may assume that 4 > 2. Let G be a counterexample
to the theorem with minimal order. Then

1 - -
> > -
b2 d(G) = qn(G) > y(h, p) > S D)
but G is not p-closed. Let P be a Sylow p-subgroup of G. We may assume that
0,(G) =1 as otherwise, by Lemma 2.6 and the minimality of |G|, we deduce that
G/0,(G) has a normal Sylow p-subgroup and so does G, a contradiction. Next,
assume that Z(G) > 1. Then Z(G) is a p’-group, and G/Z(G) has a normal Sylow
p-subgroup PZ(G)/Z(G) again by Lemma 2.6. It follows that P I PZ(G) < G
which implies that P < G, a contradiction. Therefore, Z(G) = 1.

Next, we claim that G has a unique minimal normal subgroup. Suppose that
G has two distinct minimal normal subgroups, say N; and N,. By Lemma 2.6
and the minimality of |G|, both G/N;| and G/N; are p-closed. Since G embeds
into G/N; x G/N,, the group G is p-closed as subgroups and direct products
of p-closed groups are p-closed. It follows that G has a unique minimal normal
subgroup N, and N = §™ for some simple group S and some integer m > 1.

Let H = Ng(P). Since PN <G by Lemma 2.6 and the minimality of |G|, we
have G = H N by Frattini’s argument.

Claim 1: If C is a noncentral conjugacy class of G, then |C| > p.

If Co=xY is a noncentral conjugacy class of G having minimal size, we claim that
|Co| > p. Forif |Co| =[G : C5(x)] < p instead, and U = ﬂgeG C;(x)8 is the core
of Cg(x)in G,then U G and [G : U] =|Cy|-[Cs(x) : U]. As G/U embeds into
the symmetric group S;, where t = |Co| =[G : Cg(x)] < p, |G/ U] is not divisible
by p. Since U < G and Sylow subgroups are conjugate by Sylow’s theorems,
P <U. Hence U is nontrivial and thus N < U < Cg(x). In particular, x € Cg(N).

If N is nonabelian, then Cg(N) = 1, which leads to a contradiction. Now
assume that N is abelian. Then S = C, for some prime r and so N is an elementary
abelian r-group of order »™. Since G = HN and N is the unique minimal normal
subgroup of G, we must have ®(G) = 1 and that F(G) = O,(G) is a product
of minimal normal subgroups of G by Gaschiitz’ theorem [16, Theorem I11.4.5].
Thus F(G) = N and so Cg(N) = N by [16, Theorem I11.4.2 b)]. It follows that
x € N. Furthermore, since P < Cg(x), we have x € Cy(P). Observe that P
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acts coprimely and nontrivially on N. By Fitting’s Theorem [18, Theorem 4.34],
N =[N, P]xCy(P). Notethat Ny(P)=NNNg(P)=NNH. As NG, we have
H NN < H and since N is abelian, H NN < N. It follows that HNN <G =NH,
and by the minimality of N, we have N N H = 1. Now Cy(P) < Ny(P) =1,
which implies that x € Cy(P) = 1, a contradiction.

Therefore, we have shown that |Cy| > p, and thus since Z(G) = 1, for each
nontrivial conjugacy class C of G, we have |C| > p.

Claim 2: |G| <2p(p+1)and|P|=p. Letn, =[G : NG(P)]. Thenn, =1+ p
or 1+ 2p. In particular, H = P and G = PN.

Assume for a contradiction that |G| > 2p(p + 1). The hypothesis yields

<c7h<G)si<1+ > ><1<1+%)

1
p(p+1) |G| ceciey ICI"1) 7G| P
C#l

1 1 d(G)
=—(1—-— .
IGI< p’”) * pi!

1 1 d(G)
< .
pp+1) 2p(p+1) ph!

Since d(G) < 1/p, we obtain p" < 2p(p + 1), which implies h =2 as p > 3.
For h =2, the hypothesis yields (noting that d(G) < 1/p):

e L (1l oy L (1), 4G
y(z’p)_P(p+1)(1+p+p+l><qh(G)§|G|<l p)+ )

1 1 1
=iei('=5) o
Simplifying, we obtain |G| < (p + 1)? < 2p(p + 1), a contradiction.

Assume that |P| > p2. If N is nonabelian, then |N| is divisible by 4 and |G| >
4p* > 2p(p + 1), a contradiction. Assume that N is abelian. Since C(N) = N,
P acts nontrivially and coprimely on N. Hence |[N| > p as P has at least one
nontrivial orbit on N \ {1}. Then H N N = 1 by the argument in Claim 1, and thus
|G| =|H||N| > p?|IN| > p3>2p(p+1). In both cases, we obtain a contradiction.
Thus, |P| = p as claimed.

By Sylow’s theorem, we know that n, = 1 mod p, so that n, =1+ kp for some
positive integer k. Since n, =[G : H] <[G: P] <2(p+1), we haven, <2(p+1)
andson, € {1+ p,1+2p}.

Now since |G| = [H|n, € {(1+ p)|H|, (1+2p)|H|} and |G| <2p(p + 1), we
must have |H| < 2p, forcing |H| = p and thus H = C(P) = P. In particular,
G =PN.

Claim 3: N is abelian.

Then
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Suppose otherwise. Then N = S™ for some nonabelian simple group S. By the
uniqueness of N, we deduce that G has a trivial solvable radical.

If |C| = p for some class C, then by [22], (C) is a normal solvable subgroup
of G, which is impossible. Thus |C| > p + 1 for every nontrivial class C of G.

If p divides |S], then p = |G|, > (|S],)" means thatm =1and G = PS =S is
simple. However, in this case, |G| > 2p(p + 1) by the proof of Lemma 2.3. Thus p
does not divide |S| and so N is a p’-group. So |G| = p|S|" withm =1 or m = p.
(If N is not simple, then m = p since P acts transitively on the simple factors of N
as N is a minimal normal subgroup of G.)

Now [N|=[G:H]=n, {1+ p,1+2p}, sowehave [IN|=|S|" =1+ por
1 +2p. Since P has order p and Cs(P) = P by the last step, the only point of
N fixed by P under conjugation is the identity and every other orbit has size p.
This implies that P has at most 3 orbits in its conjugation action on N, which
is impossible since |N| is divisible by at least 3 distinct primes by Burnside’s
p®qP-theorem, so N must have at least 4 orbits under the action of P.

Claim 4: The final contradiction.

We now have that G = PN with | P|= p, and N is an elementary abelian r-group
of order r™ for some prime r and v = |[N|=14 p or 1 +2p. Since Z(G) =1,
we see that G is a Frobenius group with Frobenius kernel N and complement P.
Therefore, G has the following class structure: the " — 1 elements of order r split
into classes of size p, and the ™ (p — 1) elements of order p split into classes of
size r'™. Since r™ = 14 kp for k =1 or k =2, we have

. 1 e -0/p p-—1 ) 1 < k p—1 )
G)=—|1+ + = 1+ + .
(@) |G|< pt! M=) p(A+kp) " ph=t " (1+kp)h~!
If [N| =1+ p, then substituting k = 1 into the equation above yields g, (G) =y (h, p),
a contradiction. So r”* = |N| =14 2p, and we can calculate g, (G) by substituting

k = 2 into the equation above.
Since

0n(G) < ! +d(G)< ! —i—1
———— < gn(G) £ — < —,
p(p+1) |G| ph=! = p(1+2p) p"

we deduce that p" < (1 + p)(1+2p), forcing h =3 and p =3, or h = 2. In the
former case, we calculate directly that y (3, 3) > ¢3(G), a contradiction. Similarly,
if h =2, then we calculate directly that we must have

! <1+1+p_1) 7(2, p) < §2(G) 1 (1+2+p_1)
— —+— =72, p) <@(G)=——F— - :
pp+1) p p+l p(1+2p) p 1+2p

This can be simplified to 5p* 4+ 2p> —3p? —3p < 1, which is impossible since
p = 3. The proof is now complete. (]
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6. Introduction to Dijkgraaf—Witten theory

For mathematicians, a topological quantum field theory (TQFT) is a machine for
generating topological invariants of manifolds. For example, Witten [35] showed
that the Jones polynomial is a topological invariant of manifolds in a certain TQFT.
Atiyah [1] axiomatized topological quantum field theories in the language of cat-
egory theory as a functor from a particular category of bordisms to the category
of vector spaces. The invariants that we consider arise in the context of Dijkgraaf—
Witten theory [7; 9] in one space dimension and one time dimension. Such a
TQFT determines a commutative Frobenius algebra that gives rise to topological
invariants of surfaces. The new contribution of this paper is that, upon assuming
this Frobenius algebra is the center of a complex group algebra, we instead consider
these invariants as invariants of groups. It should be noted, however, that Dijkgraaf—
Witten theory has already been used to study finite groups; for example, row and
column sums in their character tables [28; 31; 32]. In this section, we derive
these topological invariants in an elementary, explicit way, without assuming any
previous knowledge of quantum field theory. For a similarly gentle introduction,
we recommend Dijkgraaf’s 2015 lecture at the Institute for Advanced Study [8].

Let X, Y be two closed (n — 1)-dimensional manifolds. A bordism from X
to Y is a quadruple (Z, p, fx, fr) where Z is an n-manifold with boundary 6Z,
p:8Z — {0, 1} is a continuous map (partition of the boundary into two components),
fx : X = p~N0), fy : ¥ = p~'(1) are diffeomorphisms. (The empty set is
considered an (n—1)-manifold for all n.) Two such bordisms Z, Z’ from X to Y
are considered equivalent if there is a diffeomorphism from Z to Z’ respecting
the maps p and f in the obvious way. Declaring Mor (X,Y) to be the set of all
equivalence classes of bordisms from X to Y, we get the structure of a category
B(n—1) on closed (n—1)-manifolds. The composition of two bordisms is obtained
by gluing them. This category B(m) is a symmetric monoidal category with disjoint
union as the monoidal product. Any covariant functor of symmetric monoidal
categories from B(m) to vector spaces Vecty over a field k, with tensor product as
the monoidal product, is an example of a topological quantum field theory.

When n = 2, closed 1-manifolds are just disjoint unions of a finite number of
circles S!. So a TQFT T of the above type on objects of B(1) is determined by
specifying T(S') = V. The images of morphisms via T are linear maps between
appropriate tensor powers of V. For example, a cylinder is a bordism between two
circles, and it corresponds to the identity map id: V — V. Perhaps most importantly,
the “pair of pants” corresponds to a multiplication of quantum states VQ V — V,
which gives V the structure of an algebra. This multiplication is commutative,
which we can see from topological considerations: Interchanging the legs in a
pair of pants (which corresponds, on the vector space side, to switching the order
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C—>V, Il>e

V—->C

O

V-VRV

bordism map V =Z(CG)
VeV -V ey e =208, ey
2
(}: VRV —>C <ex,ex/>=5x,x/(X(l))

e= Y e
x €lrr(G)
(1)

)

Table 1. Bordisms giving rise to linear maps of vector spaces.

of the tensor product) is a diffeomorphism, so two such bordisms are equivalent.
The bordisms giving rise to a multiplicative identity e € V, a comultiplication
V — V ® V and a bilinear form () : V ® V — C are pictured in Table 1. By
considering appropriate bordisms, it is not difficult to show that the multiplication

is associative and the bilinear form satisfies the identity

(a,b-cy={a-b,c)

of a Frobenius algebra. A genus-/ surface can be decomposed into a composition
of the bordisms in Table 1, giving rise to a map C — C. Since the map is linear, it
is defined by the image of 1, and this complex number is a topological invariant of

the surface.
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Now we assume that V = Z(CG) is the center of the complex group algebra of a
finite group G. We compute the maps in terms of a basis for Z(CG) that is indexed
by the irreducible complex characters x € Irr(G) of G; namely, the primitive central

idempotents
_xMD N7y
=61 Z x(8)g.
geCG

In this basis, the multiplicative identity decomposes as e = ) yelm(G) €x» and the
multiplication takes the form e, -e,’ =8, ,7e,. We define the bilinear form to be

2
1
(e, ex) = Sx,x/(%) )

which is the coefficient of the identity in the product e, - e,/ times 1/|G|. This is
the so-called special Frobenius algebra structure on Z(CG).

To show that the “cup” in the third row of Table 1 gives rise to a multiplicative
identity of V, note that the bordism in Figure 1, top left, is homeomorphic to the
cylinder, which is the identity map. To show that the “cap” in the fourth row of
Table 1 sends e, to (x(1)/ |G|)?, note that the cap is homeomorphic to adding a
cup to the bordism for the bilinear form, as in Figure 1, top middle. Finally, to show
that the comultiplication is e, — (|G|/ X(l))zex ® ey in the last row of Table 1,
note that capping off the comultiplication is homeomorphic to the cylinder, which
represents the identity map, as in Figure 1, top right.

Now, we compute the map C — C for a genus-4 surface by composing the maps

<,
B

Figure 1. Bordisms for calculating (top row from the left) the cup, the
cap and the comultiplication. Decomposing the genus-/4 surface on the
bottom into bordisms calculated in Table 1 yields an invariant Q;,(G) of
the surface.
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in Table 1:

Ly Ly (19 e, 2y (1O,

x €lrr(G) x €lrr(G) x €lrr(G)
@ &; G\ o Gl \2h-2
— - > Z <u) ey —> Z (L) = 95(G).
x (1) x (D)
x €lrr(G) x €lrr(G)

The number 9, (G) is the topological invariant of a genus-£ surface in this TQFT.
In this paper, we considered a more well-behaved invariant of groups by scaling
Q5 (G) by an appropriate factor of |G|, namely

1 1 2h—2
G)=— —) .
m@ =1g] 2 (x(l))

x€lrr(G)
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FROM BRICK MANIFOLDS
TO GRASSMANNIANS OF BIMODULES

EVGENY FEIGIN AND MARKUS REINEKE

We study a class of Grassmannians of subbimodules over the path algebras
of quivers. Our quiver Grassmannians include Escobar’s brick manifolds
as well as Labelle’s generalizations. We give an explicit construction of the
varieties in question, provide examples and clarify the connection with the
quiver representation spaces. We also prove smoothness of our Grassman-
nians, construct cellular decompositions and derive a realization as framed
moduli spaces. The framed moduli realization leads to a recursive formula
for the motives.

1. Introduction

The brick manifolds introduced in [Escobar 2016] are certain fibers of the Bott—
Samelson varieties which are not birationally isomorphic to the flag varieties. They
turn out to be useful in various situations; see, e.g., [Dotsenko et al. 2019; Casals
et al. 2021; Speyer 2023]. In the type-A case under certain conditions the brick
manifolds are smooth toric varieties admitting an explicit realization as collections
of subspaces in an ambient vector space satisfying a number of incidence conditions.

A generalization of the type-A brick manifolds was suggested in [Labelle 2025].
The generalized brick manifolds are no longer toric, but still smooth and admit an
explicit realization in terms of collections of subspaces. Conjecturally, their Poincaré
polynomials are equal to a specialization of Toda eigenfunctions [Braverman and
Finkelberg 2005; Givental and Lee 2003]. The conjecture is equivalent to a certain
fermionic-type recursion for the Poincaré polynomials [Braverman and Finkelberg
2014; Feigin et al. 2009; Labelle 2025].

All of these constructions have to do with the equioriented type-A quiver. More
precisely, the generalized brick varieties can be realized as Grassmannians of
bimodules of the corresponding path algebras. Our goal is to extend the setup to
the case of arbitrary quivers with no parallel paths and to study the varieties thus
obtained. Below we provide some details of the construction and formulate the
main results.

MSC2020: 14M15, 16G20.
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Let Q be an acyclic quiver without parallel paths; let Qg be the set of vertices
and Q; be the set of edges. We fix a collection of vector spaces Vi = (V;);cg, and
for each pair (i, j) € Q(z) of vertices of Q we define the vector space

MV.)i, Z@VP such that j«%p«%i

w,w’

(i.e., w is a path in Q from a vertex p to i and ' is a path in Q from j to p). The
collection M (V,) = (M (V,); ;)i ; has a natural structure of a bimodule over the
path algebra A of the quiver Q; in other words, M (V,) carries a natural structure
of a module over A ® A°P. Our main objects of study are the varieties

X (V,) = Gri S (M (V)

of subbimodules of M (Vy) of certain codimension f (Vi) = (f; ;)i j. The fi;
vanish unless there exists a path from j to i in Q; if such a path does exist, then
Ji,j =dim V;. These varieties can be also realized as quiver Grassmannians for
certain quivers (see also [Cerulli Irelli et al. 2012; Caldero and Reineke 2008;
Cerulli Irelli 2020]).

One observes that if Q is an equioriented type-A quiver, then the Grassmannians
above are isomorphic to the generalized brick manifolds from [Labelle 2025]. We
prove the following theorem, where d = (dim V;);cg, and G4 =[], c0, OLg;-

Theorem A. Assume that Q is acyclic and has no parallel paths. Then X (V) is a
smooth G g-equivariant compactification of the representation space Rq(Q).

Our next task is to study the motives [X (V,)] of the varieties X (V,). More
precisely, we construct a cellular decomposition of our Grassmannians of bimodules
and derive a recursive formula for their motives [X (V,)] which involves more
general Grassmannians. We note that our formula in the equioriented type-A case
is different from the one conjectured in [Labelle 2025].

Theorem B. Let Q be an acyclic quiver with no parallel paths. Then X (V,) admits
a cellular decomposition with the cells labeled by the torus fixed points and the
motives [ X (V)] satisfy the recursive formula from Theorem 7.4.

Our construction works for quivers with parallel paths as well. However, the
varieties thus constructed are more complicated; in particular, they are no longer
smooth in general. We provide the definitions and examples at the end of our paper.

The paper is organized as follows. In Section 2 we introduce basic notation on
quivers and bimodules over path algebras. In Section 3 we introduce our main
objects of study — certain quiver Grassmannians of subbimodules. In Section 4 we
provide several examples of the general construction. In Section 5 we show that our
Grassmannians compactify representation spaces and in Section 6 we give a proof
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of smoothness. In Section 7 we provide a framed moduli realization and derive a
recursive formula for the motives of the framed moduli spaces. Finally, in Section 8
we generalize our construction to the case of quivers with parallel paths.

2. Quiver representations and bimodules

We start with introducing basic definitions from the theory of quivers (see, e.g.,
[Assem et al. 2006; Schiffler 2014]). Let k be an algebraically closed field, and
let O be an acyclic quiver with set of vertices Q¢ and arrows written as « : i — j.
We denote by A = kQ the (finite-dimensional) path algebra of Q over k. The unit
of the path algebra decomposes into orthogonal idempotents 1 =) _; c, €~ Then
e; Ae; is linearly spanned by the paths from j to i.

Left modules over A correspond to representations of Q over k; namely, to a
representation V = ((V;);, (V,)q) we associate the module with underlying k-vector
space V =P, Vi, the generator e; of A acting as the projection to the V;-component
of V, and the generator « acting via projecting from V to the V;-component, mapping
with V;, to V;, and embedding V; into V. Conversely, given a left module V over A,
we define V; = ¢;V fori € Qg and V,, as the action of & on V, which gives a
well-defined map from V; to V; foralla :i — j.

In particular, the indecomposable projective representation P; corresponds to Ae;
and the indecomposable injective representation I; corresponds to A*e; (where
A* =Homy (A, k) denotes the linear dual). Every left A-module V then admits a
standard projective resolution

0— @ Aej®kel~Vi> @Aei®keivi> V — 0,
ai—j i

where the maps are given as follows: for a path @ in Q starting in i (which is an
element of Ae;) and an element v of ¢; V, we define B(w ® v) = V,,(v). Here V,, is
defined as

Vogyo---0Vy fo=a;---a;.
For a path @ in Q starting in j and an element v of ¢; V, we define
d(wRV)=wa@v—uw® V,(v).

Now we consider A-A-bimodules. By definition, these are equivalent to left
A ® A°P-modules. We have (kQ)°° = k(Q°P), where Q°P denotes the opposite
quiver, with an arrow o* : j — i for every arrow o : i — j in Q. It is then easy to see

@2-1) A® A% ~k(Q x Q°)/I,

where Q x Q° is the quiver that has vertices (i, j) for i, j € Q¢ and arrows
(o, j):(,j)— G, j)foralla:i — i’in Q and j € Qy, as well as arrows
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(i, a*):(,j)— (@i, j)foralli € Qpand @: j — j"in Q. The ideal I is generated
by all commutativity relations, that is, by all

(e, ), B*) = (@' B (e, j)

fora:i —i"and B:j — j' in Q. We can thus view A-A-bimodules M as
representations of Q x Q°P, given by k-vector spaces M; ; for i, j € Qo and linear
maps My, j: M; j — My jforalla:i —i"in Q and j € Qo, as well as linear maps
Mo+ M; jy — M; j foralli € Qpand o : j — j" in Q, such that

Ma,j OMi,,B* = Mi/”g* o Ma,j/

fora:i—i’and B:j— j in Q.
The A-A-bimodule A®; A* decomposes into indecomposable projective bimodules
P;j=Ae; ®@ejAfori, j € Qg. We have

Homagaer (P;j, Py) = ejAe; ®ejAe;
forall i, j,q,l € Q.

3. A class of Grassmannians of subbimodules

From now on and till the last section we assume that Q is a tree, that is, there are
no parallel paths in Q. For every i € Qg we fix a k-vector space V;, and consider
the bimodule Ae; ®; V; ® e; A (which is isomorphic to (dim V;)-many copies of
the indecomposable projective bimodule P;;). Finally, we define

(3-1) M(V,) =P Aei @ Vi ®eiA.

ieQo
To describe this as a representation of Q x Q°P fulfilling the commutativity relations,
we calculate

M(V.)ij=eiM(V)ej =D eide, @V, Qe Ae; = EP V.

P (w,0")

where the final direct sum ranges over all pairs of paths (w, @’) in Q such that
LW o .
Jj o~ p i
All maps are given by obvious inclusions; we only treat the case of the map M (V,),
for an E.II’I‘OW ol —> af’/ in g: . given a COInpOI‘leIlt V), of M 9/*),; gw09rre§pogding
to a pair of paths j ~~ p ~> i, we have a pair of paths j ~ p ~~ i’, yielding a
corresponding component V), in M (V) ;.
Let Q¢ C Qg x Qg be the set of pairs of vertices (i, j) such that there exists
a path from j to i in Q. Then the target of any arrow in Q x Q° whose source
belongs to Qy is also in Qp. We denote by Q the full subquiver of O x Q° with
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the set of vertices Qp. It follows from the definition that M (V) is completely
determined by its restriction to Q.

There is a natural structure of a poset on the set of vertices Q. Namely, given
two pairs (i1, j1), (i2, j2) € Q% connected by paths j; ot iy and jp bect i» we write
(i1, j1) < (i2, jo) if w; is a subpath of w;.

Recall that an upper ideal is a subset C such that ¢; € C implies that ¢, € C for
any c¢; > c¢1. We call an upper ideal indecomposable if it cannot be written as a
disjoint union of two upper ideals.

Lemma 3.1. There is one-to-one correspondence between the indecomposable
subrepresentations of M (V,) and the indecomposable upper ideals of the poset Q.

Proof. Let CC Qg be an indecomposable upper ideal. We define the Q0 module M (C)
with dim M (C). =1 for c € C and M (C). =0 for ¢ ¢ C in an obvious way, i.e., with
all arrows between nonzero spaces being isomorphisms. Then M (C) is obviously
an indecomposable subrepresentation of M (V).

Now assume we are given an indecomposable Q module M C M(V,). Let
C C Qo be the set of elements ¢ € Qg such that M, # 0. We claim that C
is an indecomposable upper ideal and M ~ M (C). First, C is an upper ideal
because all the maps in M (V,) are injective. Second, it is indecomposable, since
a decomposition C = C; U C; into a disjoint union of two upper ideals would
lead to the decomposition of the module M. Finally, let us show that all the
nontrivial components of M are one-dimensional. We choose a minimal element ¢
of the poset Qg such that M. # 0. Choosing a vector v € M. we construct a
subrepresentation N C M as follows. First, v € N. Second, N contains N (v) —
a subrepresentation of M generated by v. Third, we add to N all vectors of M which
are mapped to N (v) by all possible compositions of arrows. Since all the maps
of M (V,) are embeddings, all the nontrivial components of N are one-dimensional.
We are left to show that N is a direct summand of M. This follows from the
injectivity of the arrows and from the assumption that Q has no parallel paths. [J

We define a dimension vector f = f(V,,) for Q x Q° (or, equivalently, for Q) by

dim V; if there exists a path from j to i in Q,
fij= .
0 otherwise.

Our central object of interest is the Grassmannian of quotient bimodules
Vi
X =Gl (M(V,)).

Lemma 3.2. Let e =dim M (V,) — f (V). Then the Grassmannian X is isomorphic
to the Grassmannian of A subbimodules (A @ AP modules) Gro(M (Vy)).

Proof. The desired isomorphism sends an element of Grggjllp(M (V,)) to the

quotient representation. (]
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4. Examples

4.1. Linearly oriented type-A. Let Q be the linearly oriented type-A, quiver given
byl > 2— -.--— n. Then

M(\Vy)ij=V;®---@V; for j<i,

and zero otherwise. All maps in this representation are given by the natural
inclusions of direct summands. We have f; ; =dim V; for j <i, and zero otherwise.
We can interpret X = Grf: w400 (M (Vy)) as the Grassmannian of subbimodules

G (M (V)
where e is given by
€ j :dimVj+~--—|—dimV,~_1

for j < i, and zero otherwise (we note that e = dim N (V,) for certain natural
projective bimodule; see (5-1)). We thus arrive at the variety X (dy, ..., d,) defined
in [Labelle 2025], where d; = dim V; (if all d; = 1, one gets the Escobar brick
manifolds [2016]).

Here is a picture for the representation M (V,) for Q = As:

Vie V@ Vs
VieV, V2@ V3
Vi V2 V3

The dimension vector e is given by
di+d
d, dy
0 0 0

4.2. Alternating orientation quivers. Let Q be a quiver with alternating orientation,
that is, every vertex is a source or a sink. We then find

Vi ifi = j,
M(V,)ij=1V;@®V, ifthereisanarrow «: j— i,
0 otherwise.

The only nonzero maps in M (V,) are the inclusions of direct summands

M(V*)a,i:vi_)vi@v', M(V*)j,o,*:Vj—H/,-eaV,-
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for all @ : i — j. In particular, there are no proper commutativity relations fulfilled
by this representations. In fact, we can view it as a representation of the quiver I
with vertices i € Q¢ and v, for o an arrow in Q, and arrows i — v, <« j for all
o i — jin Q. This is again a quiver with alternating orientation, and M (V,,) is
the projective representation

@ Pi®V;.

i€Qo
The nonzero components of the dimension vector e = e(V,) are given by
e; j = dim V; for all arrows j — i in Q. Hence one gets
Gre(M(V.)) =~ [ | Graim vy (Vo) ® Viw)-
aeQ

4.3. Type D quiver. Let Q be the D4 quiver with vertices 1, 2, 3, 4 and arrows
1 — 2,2 — 3 and 2 — 4. Then the quiver Q is of the form

/31 \ ) /33
e
N

11 > 21 < 22

42
41 44

The representation M (V,) is given by

VieVa® Vs V3
Voo Vs

Va®Vy

—

ViV, e Vy Va
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and the dimension vector e is given by

d +d> 0

di+d> 0

Hence the Grassmannian of subbimodules Gr, (M (V,)) is isomorphic to the quiver
Grassmannian for the alternating As quiver with representation

ViV =>ViegWheoV: <« VgV, > VioWdVa<—V, eV,

and the dimension vector (d», d| +d», dy, d) +da, d»).

5. Compactification of representation spaces

The goal of this section is to prove our Grassmannians of subbimodules equivariantly
compactify the representation spaces.
Letd = (dim V});cq, and let

Ra(Q) = €P Homy(V;, V)

ai—j

be the representation space. The group G4 = ]_L- €00 GL(V;) acts on Rgz(Q) by
the base change; the orbits of this action correspond to isomorphism classes of
k-representations of Q of dimension vector d.

Recall the notation X = GrA{’f@"g?)p (M(V,)). The variety X admits a natural

G4 action induced by the obvious action on the spaces V;.

Theorem 5.1. There is a G4 equivariant embedding Rq(Q) C X such that the
image is dense in X.

Proof. We consider the projective bimodule

(5-1) NV = P A¢;@Vi®eA

oi—
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and consider bimodule maps from N (V,) to M (V,) (inspired by the form of the
standard projective resolution above). We then have

Homagaow (N (Vy), M(V.))
~ P P Homupar(Ae; @ Vi ®eiA, Ae, @V, @epA)
a:ii—j peQo
@ @ Homy (V;, Homygaor (Ae; Qe A, Ae, ® e, A) @ V))
a:i—j peQo

~ (P Hom (V. V; ® V).

aii—j

[

Here we use the fact that
Homugaor(Ae; @e;A, Ae, Qe,A) = ejAe, Qe,Ae;

is spanned by o ® ¢; and ¢; ® a, making use of the assumption that there are no
parallel paths in Q.
Similarly, we can compute

Endgan (M (Vy)) ~ @ Ende (Vi)
i€Qo
(even without the assumption on Q) and
Endagan(N(V)) = €D Endi(V)
wii—>j

(again using the assumption on Q).
Moreover, let us note that

dim M (V,) —dim N(V,) = f.

Namely, we have already proved that

MV, j = GB Vp,
J%pi
and similarly, we find
N(Voij= @ Vp.
Jp St

The only summand of M (V,); g not appearmg as a summand of N(V,); ; is the
summand V; corresponding to j % i <5 i in case there exists a path o’ from j to i
(again using the assumption of Q admitting no parallel paths). This proves the
identity of dimension vectors.
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Inside X = Grggzp (M (V,)), we thus have the locally closed subset consisting
of quotients whose kernel is isomorphic to N (V,). This subset is isomorphic to the
quotient of the set

Hom'yL 1oy (N (Va), M (V5))
of injective maps by the group
Autagaor (N (Vy)).
By the above calculation, this is nothing else than the quotient of

Z= & Hom(V;. Vi@ V))
oi—
by the action of
H= [T cLov.

oi—>j

On the open subset Z° of Z consisting of tuples

Fl
Foz Q:i—>j

where all F are invertible, we can use the action of H to normalize all F,} to
identity maps. This shows that

Z°/H ~ Ra(Q).

The action of Autygaer (M (V,)) =~ G4 on X then restricts to the standard change
of base action of G4 on

Ri~Z7°/HCZ/HCX,

yielding the claimed equivariant embedding in to X, which is a projective variety. [l

6. Smoothness

This section’s goal is to prove smoothness of the Grassmannians of subbimodules,
generalizing the corresponding results from [Labelle 2025]. As above, we assume
that the quiver Q has no parallel paths.

Theorem 6.1. The varieties Grﬁggip (M(Vy)) are smooth.

Proof. We use a slight generalization of [Cerulli Irelli et al. 2013, Proposition 7.1]
(see also [Cerulli Irelli et al. 2014]): if B is an algebra of global dimension at most
two and M is a representation of B such that Ext}9 (M, M)=0and

Ext!(N, M/N) =0 =Ext*(N, M/N)
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for all B-subrepresentations N of M of dimension vector e, then Grf_,9 (M) is smooth
and irreducible of dimension (e, dim M — e). A direct inspection of the proof of
[Cerulli Irelli et al. 2013, Proposition 7.1] immediately shows that the proof carries
over to the present assumptions.

The algebra A ® AP is of global dimension at most two as it is the product of two
hereditary algebras. Alternatively, we can easily construct projective resolutions of
the simple representations S; ® S; as

0_>@Pp@Pq_)@Pp®Pj@@Pi®Pq—>Pi®Pj—>Si®Sj—>0.
i>p i=p q—J

q—J

Obviously, P; ® P; has vanishing Ext! since it is a projective bimodule.
Now assume we have an exact sequence

0>N->M=PPV,®P,— M/N—0.
i

Using the long exact sequence induced by Hompg(-, M/N) and the projectivity
of M, we find

0 = Exth(M, M/N) — Exty(N, M/N) — Ext3(M/N, M/N)
— 0=Ext3(M, M/N) — Ext3(N, M/N) — Exty(M/N, M/N) = 0;

thus Ext3 (N, M/N) =0 and
Exth (N, M/N) ~Ext3(M/N, M/N).

The right-hand side is a factor of Ext%(M /N, M); thus we are finished if we can
prove that the latter vanishes.

We can compute ExtzB (5;®S;, M) using the above projective resolution of §; ®S ;.
Namely, we have a right exact sequence

P My 0 P Miy > P My > Exz(Si ® S, M) — 0.
i—p q—j i—p
q—1J
It is then easy to see that

Ext3(Si®S;, P®P) =0

for all vertices i, j, [ of Q such that there exists a path j ~» i, again using the
assumption that there are no parallel paths. Now the proof can be finished as above:
we only have to prove that Ext% (M/N, M) =0. But M/N, being of dimension
vector f, has a composition series with subquotients S; ® S; for j ~~ i, whereas M
is a direct sum of the P; ® P;. Thus this Ext-group indeed vanishes. (]
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7. Framed moduli spaces and motivic generating series

7.1. Torus fixed points. In this section we describe cellular decompositions of the
varieties X. We start with the description of the labeling of the set of cells.

Let us fix bases of all V; and denote by D;, i € Qy, a set of cardinality d; =dim V;
labeling the basis elements of V; (the sets D; do not intersect). Let T C G4 be a
torus of rank Zi d; acting on M (V,) (recall that all maps in this representation are
just inclusions of direct summands). Define

Dij= U D,

j&p&i
for all 7, j € Qo. We have natural inclusions maps i, ; : D; j C D; ; for all
a:i—i"and j € Qp,aswell as o+ : D; j C D; j forallae: j'— jandi € Q.
Set e = dim N (V,) as above. The next lemma follows from the above definitions.

Lemma 7.1. The T-fixed points in the Grassmannian X are labeled by tuples of
subsets (1; j C Dj j)i jeg,s |1i,j1 = €i,j (i, j € Qo), which are compatible with all
the inclusion maps 1y, ; and i; ox.

Proof. Each collection I; ; determines a torus fixed point in the Grassmann variety
Gre” (M (Vy);,j). The product of these points belongs to the Grassmannian of
bimodules X if and only if the collections I; ; satisfy all the conditions above.
In what follows for a collection I of the admissible sets /; ; we denote the corre-
sponding point in X by p(I). (]

Recall (see Theorem 6.1) that our Grassmannians of subbimodules are smooth.
Choosing a general enough one-dimensional subtorus one applies the Biatynicki-
Birula theorem [1973; 1974] in order to derive an affine paving of X. The cells of
the paving are labeled by the collections I = (/; ;); ; from the above lemma. Recall
(see Section 3) the quiver Q whose set of vertices consists of pairs (i, j) € Qg x Qo
such that there is a path from j to i in Q. The vertices Q form a poset and for each
upper ideal C in Q¢ which cannot be written as a disjoint union of two upper ideals,
one gets an indecomposable Q module M (C). In particular, all the components
of M (C) are at most one-dimensional and the nontrivial components are labeled by
the elements of C.

Lemma 7.2. The point p(I) as a Q module is isomorphic to the direct sum of
modules M (C) over all upper ideals C satisfying that there existsi =1, ...,n and
r € D; such that

rel,p <= (a,b)eC.

The representation M (C) further decomposes into a direct sum of M (C,,) such that
C = ||, Cu and each C, is an indecomposable upper ideal.

Proof. 1t is enough to note that the maps 1, ; and (; o+ are embeddings. ]
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7.2. Framed moduli spaces. Using the methods of [Reineke 2008], one can prove
that X is isomorphic to a framed moduli space. Define vector spaces M; ; as
V; if there exists a path from j to i in O, and as O otherwise. Consider the
variety R,(Q x Q°P, I) of representations of Q x Q°P on the vector spaces M; ;
which satisfy all commutativity relations (making them into a representation M of
kQ ® kQ°P), on which the group

Ge= ][ GLWM; j)

J~i
acts. We define the framed representation variety as
RITT(Q x Q. 1) = Re(Q x Q°, I) x ) Homy (Vi, My,
i€Qo

in which we consider the open subset Rf_fr(Q x Q°, )% of pairs (M, F) such
that the direct sum of the images F;(V;) C M;; generates M as a representation
of O x Q°. The group G, acts freely on the latter, and the quotient

M{TM(Q x 0. 1) = R{T(Q x O™, ¥/ Ge
exists as quasiprojective variety since it is a GIT quotient of a set of stable points.

Proposition 7.3. The framed moduli space Mf_fr( 0 x Q. 1) is isomorphic to
the Grassmannian of subbimodules X.

Proof. 1t suffices to note that the images of the maps F; generate M if and only if
the representation M is a quotient of the projective representation M (V). ([

We stratify RI=(Q x Q°P, I) by locally closed subsets RI=T(Q x Q°P, I),
consisting of all pairs (M, F) such that the images F;(V;) generate a subbimodule
of dimension vector g < e. In particular,

RIT(Q x Q% e = R{T(Q x 0%, DY
is the open stratum. We have
Rgfﬁ(Q x Q°P, Dg~G, x Pees Zge—gs
where Zg ¢ C Rg_fr(Q x Q°. I) consists of pairs
M % f
o M"|'{o|)
where (M’, f') € RET(Q x Q°, I)* and M" € Ry_¢(Q x Q°P, I). We claim that
the natural projection

PiZgeg— RIT(Qx QP 1) x Re_g(Qx Q. 1)
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is a Zariski-locally trivial vector bundle of rank (e — g, g)p, where B=kQ ®kQ°P,
and the homological Euler form (-, -)p can be computed using the projective
resolution of simple bimodules as

sz]yu ZXU)’I N Z Xi jyi,j+ Z XijYi'j’-

i—i’ l—)l
J J _>] 7=

Namely, constancy of the fiber dimensions of p is a consequence of the Ext%—
vanishing property
Ext3(S; ®S;, P® P) =0, whenever j ~ i.

The above stratification immediately allows us to formulate a recursive formula
for motives. We work in the localization Ko(Vary)[L™!, (1 —L)~!,i > 1] of the
Grothendieck ring of k-varieties, for [ = [A!] the Lefschetz motive, [Z] denoting
the class of a variety Z.

Theorem 7.4. One has
| Sregyd [Re(Q X Q. D)]

[Gel
= -1 (@ x @, ) e Q]Op’ DL yiesonn
g=e e-8
Proof. The proof follows from the stratification described above. U

We note that thanks to the existence of cellular decomposition, the framed moduli
spaces are trivially motivated, that is, their motive is a polynomial in the Lefschetz
motive, and consequently,

[MZ™T(Q x Q. D] =) dim H' (M{~"(Q x Q. 1), @) - L'/,

8. Quivers with parallel paths

In this section we drop the condition that Q has no parallel paths and develop a more
general construction. We show that in general the Grassmannians of subbimodules
are more complicated; in particular, we give a nonsmooth example.

Let Q be a quiver with no cycles (but parallel paths are allowed). Let Q be a new
quiver whose vertices are paths @ in Q and there are two types of arrows. Namely,
let @ be a path in Q with the source s(w) € Qg and target ¢ (w) € Qp. Let o, B € O
be the arrows satisfying ¢ (o) = s(w), s(8) =t (w). Then the arrows in Q are

(8-1) (s(@) % 1) 225 (s(@) - t(a) = s(w) % 1)),

(8-2) (5@) % 1@) 29 (s(@) % 1) = s(8) £ 1(B)).
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We define the ideal 7 in the path algebra of Q generated by the relations & (w) B(w) =
,é(a))&(w) foralla, B € O, we Qo, satisfying the conditions as above.

Let us fix a collection of vector spaces V;, i € Qg, with dim V; = d;. We define
akQ /1 module M (V,) as follows. For a path w (a vertex of Q) the space M (Vy)w
is defined as

M(V)p = @ V,, o passes through p,

where the maps M (V,)g(w) and M (Vy) f(w) are the obvious embeddings. Also,
given a dimension vector dim(Vy) = (d;)icg, We define the dimension vectors

fWdimV,) = f= (fo)wedy e(dimV,)=e= (€w)peg, DY

fo=diw) ew= Y dp

pEW
p#t(w)
In particular, dim M (V,) = f + e. We are interested in the Grassmannian of
submodules
_ a2/
(8-3) X = Grgim v,) (M (V).

Given a Q module V we denote by V the kQ /1 module (of dimension e(dim V))
defined as follows. For a lazy (length zero) path w in Q the space V,, is trivial
(zero). For a nonlazy path one defines

Vo= P tx+Va):xesic P v
(JELISE) Qo3pew
(here the sums are taken over the arrows of Q which show up in the path w). The

maps V&(w) and \73( «) are the obvious embeddings.

Lemma 8.1. The kQ/I module V is a subrepresentation of M (Vi) of dimension
e(dimV).

Proof. The sum @Qlaae otX +Vu(x) 1 x € s(a)} is direct thanks to the acyclicity
of 0. U

This lemma allows to embed the representation variety Rep,(k Q/I) into the
Grassmannian X (8-3).

Conjecture 8.2. The closure of the image of the above embedding coincides with X .
In particular, X is irreducible.

Let us consider the example Q =1 =2 — 3. Then Q is of the form

1 2 3
™~
-~ =
(123), (123),
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(here the subscripts a and b correspond to the two arrows between the vertices 1
and 2). The ideal [ is generated by the two commutative squares in the picture.

Given a collection of vector spaces Vi, Vo, V3 of dimensions d;, d;, d3 the
module M (V) is given by

Vl w N \ )
VieV, ViV, Va@ Vs

~

VieV,® Vs VieV,® Vs

The dimension vector e(V) is given by
0 0 0
d, d d
di +d» dy +d,

The corresponding Grassmannian is irreducible. To see this one notices that we
can forget the vertices of Q in the upper row (since the values of the dimension
vector e are anyway zero); the remaining quiver is of type As:

(12), = (123), < 23 — (123)}, < (12),.
The module M (V,) takes the form
U eUX e U e U,
where U; ; are indecomposables supported between vertices i and j. The dimension
vector e reads as (dy, d| +d», d», dy +d», dy). In particular,

T ®d; Dd; ®d;
e_dlrnUL2 EBU2,4 €BU4’5 .

Now to prove the irreducibility it suffices to observe the Ext vanishing criterion
from [Cerulli Irelli et al. 2012].

Finally, let us consider the case dim V,, = (1, 1, 1). Then one checks that the
Poincaré polynomial of the quiver Grassmannian X is equal to

1459 46¢>+q°,
and hence X is singular.
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ON MIXED CURVATURE FOR HERMITIAN MANIFOLDS

KA1 TANG

We consider mixed curvature C, g for Hermitian manifolds, which is a convex
combination of the first Chern Ricci curvature and holomorphic sectional
curvature introduced by Chu, Lee and Tam (2022). We prove that if a compact
Hermitian surface has constant mixed curvature c, then the Hermitian metric
must be Kihler unless ¢ =0 and 2« + 8 = 0, which extends a previous result by
Apostolov, Davidov and Mushkarov (1996). For the higher-dimensional case,
we also partially classify compact locally conformal Kihler manifolds with
constant mixed curvature. Lastly, we prove that if $ >0 and ¢(n+1)+28 > 0,
then a compact Hermitian manifold with semipositive but not identically zero
mixed curvature has Kodaira dimension —oo.

1. Introduction

1.1. Background. For a Hermitian manifold (M", g, J), the Chern curvature R is
the curvature induced by the Chern connection V which is defined as the connection
such that Vg = VJ = 0 with no (1, 1)-components on the torsion. The first Chern
Ricci curvature Ric is defined by

Ric = —+/—100 logdet g,

which is a (1, 1)-form representing the first Chern class c¢;(M). The holomorphic
sectional curvature H is defined by

H(X)=R(X, X, X, X)/|xI*

for a (1, 0)-tangent vector X € T"9M [45]. Given the perplexing relationship
between the holomorphic sectional curvature and the first Ricci curvature, one
can attempt to interpolate between these curvatures by considering the following
curvature constraint: In [11] (see also [5]), Chu, Lee and Tam introduced, for
o, B € R, the mixed curvature

o
X2

Cop(X) = Ric(X, X) + BH (X).
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We always assume that «, B are both not 0, otherwise, the definition is trivial. Cj g is
the Ricci curvature and Cp; is the holomorphic sectional curvature. When the
metric g is Kéhler, the mixed curvature encompasses many interesting curvature
conditions. (i is the notion Ric™ (X, X) introduced by Ni [23]. Cj _; is the
orthogonal Ricci curvature Rict (X, X) introduced by Ni and Zheng [26]. Cx—1 n—k 1S
closely related to the k-Ricci curvature Ric; introduced by Ni [24].

Recently, there have been many important results on compact Kihler manifolds
with Cy g > 0 or Cy g < 0. It was proved by Yang [37] that a compact Kéahler
manifold with Cp 1 > 0 must be projective and rationally connected, confirming a
conjecture of Yau [41]. Ni [23] showed that it is also true if Ric; > 0 for some
1 <k <n. Matsumura [21; 22] established the structure theorems for a projective
manifold with Cp 1 > 0. In [5; 11], it was shown that any compact Kihler manifold
with Cy g > 0, whose constants satisfy o > 0 and 3o + 28 > 0, must be projective
and simply connected. Zhang and Zhang [43] generalized Yang’s result to the
quasipositive case, confirming a conjecture of Yang affirmatively. Tang [32] showed
the projectivity of compact Kihler manifolds with quasipositive C,, g. Very recently,
Chu, Lee and Zhu [12] established a structure theorem for compact Kéhler manifolds
with Cy g > 0. For the nonpositive case, Wu and Yau [34] confirmed a conjecture
of Yau that a projective Kihler manifold with Cp 1 < 0 must have ample canonical
line bundle. Tosatti and Yang [33] were able to drop the projectivity assumption
in Wu and Yau’s theorem. Chu, Lee and Tam [11] proved that a compact Kihler
manifold with C, g < 0 and o > 0 and B > 0 has an ample canonical bundle. For
more related works, we refer readers to [6; 13; 16; 18; 25; 27; 31; 35; 39; 42].

Previous results have primarily focused on the study of Kihler cases. In this
paper, we mainly investigate Hermitian manifolds.

1.2. Constant mixed curvature. The holomorphic sectional curvature plays a
fundamental role in Hermitian geometry. Complete Kédhler manifolds with constant
holomorphic sectional curvature H are called complex space forms. They are
quotients of complex projective space CP", the complex Euclidean space C", and
the complex hyperbolic space CH", equipped with (scaling of) the standard metrics.
A long term folklore conjecture in non-Kéhler geometry is the following:

Conjecture 1.1. Let (M", g) be a compact Hermitian manifold with n > 2. Assume
that H = ¢ where c is a constant. If ¢ # 0, then g is Kdihler and if c =0, then R = 0.

Note that compact Chern flat manifolds were classified by Boothby [4] in 1958 as
the set of all compact quotients of complex Lie groups (equipped with left-invariant
metrics compatible with the complex structure). The compactness assumption in the
above conjecture is necessary, as there are counterexamples in the noncompact case.

In complex dimension n = 2, the conjecture holds. In the ¢ < 0O case, it was
solved by Balas and Gauduchon [3] (see also [2]) in 1985 for Chern connection
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and by Sato and Sekigawa [29] in 1990 for Riemannian connection. The general
case for n = 2 (for both Chern connection and Levi-Civita connection) was solved
by Apostolov, Davidov and Mushkarov [1] in 1996, as a corollary of their beautiful
classification theorem for compact self-dual Hermitian surfaces.

Theorem 1.2 (Apostolov—Davidov—Mushkarov). Any compact Hermitian surface
with pointwise constant holomorphic sectional curvature with respect to the Levi-
Civita connection or the Chern connection must be Kdahler.

For n > 3, the conjecture is still largely open. Tang [30] confirmed the conjecture
under the additional assumption that g is Chern Kéhler-like (namely R obeys all
Ké&hler symmetries). Chen, Chen and Nie [10] proved the conjecture under the
additional assumption that g is locally conformally Kéhler and ¢ < 0. They also
pointed out the necessity of the compactness assumption in the conjecture by explicit
examples. Zhou and Zheng [46] proved that any compact Hermitian threefold with
vanishing real bisectional curvature must be Chern flat. Real bisectional curvature
is a curvature notion introduced by Yang and Zheng [40]. It is equivalent to holo-
morphic sectional curvature H in strength when the metric is Kihler, but is slightly
stronger than H when the metric is non-Kéhler. Rao and Zheng [28] showed that the
conjecture holds if the metric is Bismut K&hler-like, meaning that the curvature of the
Bismut connection obeys all Kdhler symmetries. Subsequently, Zhao and Zheng [44]
proved a very beautiful theorem, which states that all compact Strominger Kihler-
like manifolds are pluriclosed. Broder and Tang [7] proved that pluriclosed metrics
with vanishing holomorphic sectional curvature on compact Kéahler manifolds are
Kihler. They also showed that Hermitian metrics with vanishing real bisectional
curvature on compact complex manifolds in the Fujiki class C are Kéhler.

On the other hand, if Chern Ricci curvature is nonzero constant A, namely
Ric = Ag, then g is K&hler. For these reasons, we naturally consider constant mixed
curvature. We assume that o and g are arbitrary fixed real numbers, and g # 0.
Mimicking the above folklore conjecture, we propose the following:

Conjecture 1.3. Let (M", g) be a compact Hermitian manifold with n > 2. Assume
that the mixed curvature Cy g equals ¢ where c is a constant. If ¢ # 0, then g is
Kdhler.

Note that if Cy g = 0, we may not be able to conclude that R = 0. For example,
the isosceles Hopf manifold satisfies C, g = 0 with na + B = 0, but it does not
imply R =0 which we will see in Section 3.

Using similar techniques as in [1], we confirm Conjecture 1.3 in the surface case:
Theorem 1.4. If (M2, g) is a compact Hermitian surface with constant mixed
curvature Cy g = c, then g must be Kéhler, unless c =0 and 200+ =0. Ifc =0
and 2o + B = 0, the either M? is a Kihler surface, or M? is an isosceles Hopf
surface.
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In fact, we can prove a stronger result, assuming the mixed curvature Cy g is
equal to a pointwise constant f where f is a real-valued function on M?>.

Theorem 1.5. Assume (M?, g) is a compact Hermitian surface with pointwise
constant mixed curvature Co g = f. If 20+ B # 0, then g is Kdhler.

For higher-dimensional cases (n > 3), we can also restrict ourselves to locally
conformally Kéhler metrics or Chern Kihler-like metrics. The second main result
of this paper is the following theorem, which generalizes Chen, Chen and Nie’s
result [10] to the mixed curvature case.

Theorem 1.6. Let (M", g) be a compact locally conformal Kdhler manifold with
constant mixed curvature Cy g = C.

(D) Ifc=0and naa+ B # 0, then g is Kdihler
) Ifc<Oand [(n+2)a+4B](na+ B)B > 0, then g is Kdhler.
B) Ifc>0and[(n+2)a+4B](na+ B)B < 0, then g is Kdihler.

If the Hermitian metric is Chern Kihler-like, we can get similar conclusions
even without the compactness condition.

Theorem 1.7. Let (M", g) be a Kdihler-like manifold with nonzero constant mixed
curvature Cq g = c. If (n +2)a +4B # 0, then g is Kdihler.

For other connections, such as the Strominger connection and Gauduchon
connection, there has also been some new progress recently. Chen and Zheng [9]
proved that any compact Hermitian surface with (pointwise) constant Strominger
holomorphic sectional curvature must be either Kdhler or an isosceles Hopf surface
with an admissible metric. Chen and Nie [8] showed that it is also true for any
Hermitian surface with pointwise constant holomorphic sectional curvature with
respect to a Gauduchon connection. Additionally, there are interesting discussions
regarding the almost Kéhler case (see [19; 20] for details).

1.3. Semipositive mixed curvature. The relationships between the holomorphic
sectional curvature, the Ricci curvature, the algebraic positivity of the (anti)canonical
line bundles, and some birational invariants of the ambient manifolds are still
mysterious. Yang [36] proved that a compact Hermitian manifold with semipositive
but not identically zero holomorphic sectional curvature has Kodaira dimension —oo.
We extend Yang’s result to mixed curvature.

Theorem 1.8. Let (M", g) be a Hermitian manifold with semipositive but not
identically zero mixed curvature Cy p. If B >0, a(n+1) +2B > 0, then the Kodaira
dimension k (M) equals —oo.

This paper is organized as follows. In Section 2, we give some basic knowledge
which will be used in our proofs. In Section 3, we prove Theorems 1.4, 1.5, 1.6
and 1.7. In Section 4, we prove Theorem 1.8.
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2. Preliminaries

Let (M, g) be a Hermitian manifold of dimension n and denote by w the Kihler
form associated with g. If w is closed, that is, if dw = 0, we call g a Kédhler metric.
We will directly use g to denote the Kihler form, which should not cause any
ambiguity. Denote by V the Chern connection.

Fix any p € M, let {ey, ..., e,} be a frame of (1,0)-tangent vector of M in a
neighborhood of p, with {¢1, ..., ¢,} being its dual coframe of (1,0)-form. We will
also write e ='(ey, ..., e,) and ¢ =(¢y, ..., ¢,) as column vectors. Let (-, -)

be the inner product given by Hermitian metric g, and extend it bilinearly over C.
Define |- |2 =(-,-). Let 6,  and © be respectively the connection matrix, torsion
column vector and curvature matrix under e for the Chern connection. Then the
structure equation and Bianchi identities are

dp=—"0Ap+7, dO=0A0+0O, dr=—'0AT+OAp, dO=0AO—OAL.

It is well known that the entries of the matrix ® are all (1,1)-forms, while the entries
of the column vector t are all (2, 0)-forms, under any frame e. Define

Ou = Ri54i0i N @
If we choose local holomorphic chart (z1, ..., z"), we write
n
W= «/—_IZg,-jdziA dz’.
=

Then the curvature tensor R = {R,; 5,7} of the Chern connection is given by

Rifkl_ = — az.gk_l_‘ +g”q 8gk.é 85??.
9z'9z/ dzt 97/

There are four distinct traces of the Chern curvature tensor and, therefore, four
distinct Chern Ricci curvatures. The first and second Chern Ricci curvatures
RIC(l—) =R;; = gkeleke and RIC(—) = gl R; ;i trace to the same Chern scalar
curvature u. The third andfourth Chern Ricci curvatures RIC([) =gk R; 5 and
Ric (4) = g’ZRl 7k trace to what we refer to as the altered Chern scalar curvature v,
i e

i pir(D) _ k(D) RN TN ) NN 3 N )
u:=g Rlcij =g Rlck[’ vi=g RICiZ =g Rlck] .
The first Chern Ricci curvature is a (1, 1)-form representing the first Chern class ¢ (M).
For convenience, we also denote the first, second, third, and fourth Ricci curvatures
as p0, p@, p3 and p® respectively. The components of the Chern torsion T are
given by Ti.‘j = gk‘}(a,-gj[ —0,8:7)- Wewrite n =3, n;dz' = Dok Tf‘k dz7' for the
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torsion (1, 0)-form. It is well known that

/(u—v)dv:/ In|?dv.
M M

Note that if the g is a Kéhler metric, then R obeys all Kihler symmetries, the four
Chern Ricci curvatures are the same and T = 0.
By the conformal formula for Hermitian metric, the Hermitian g = e g satisfies

(2-1) Rygi; =" (Rygi; — 285 F),

where R is the curvature tensor of g and R is the curvature tensor of g.
For Hermitian surfaces (Mz, g), we list a few formulas. By [17, p. 113, (4.2)],
we get

1
(2-2) (M) = w[142 — (Ric'V, RicM)]g2.
T

From [3] (also see [14]), we have

(2-3) pV+p®—2Re(p?) = (u—-v)g,

(2-4) / (pV.p@)g*= / (pV.Re(p'))g” = / N f u(u—v)g>.
M M M M

We recall the formula of Weyl curvature tensor for a Hermitian surface (M2, g).
One has W = W* + W, and g is said to be self-dual if W~ = 0. Let {e}, e} be a
local unitary frame of M. Then

1
{61 ANey, exNeq, E(el Aep—ep /\éz)}
forms a basis of the complexification of A2, the space on which the Hodge star
operator is minus identity. We call this basis the standard basis associated with the
unitary frame e. In [1], it was proved that:

Lemma 2.1 [1]. Let (M?, g) be a Hermitian surface, and e a local unitary frame.
Then under the standard basis associated with e, the components of W™, the antiself
dual part of the Weyl tensor, are given by

Wi =R33,

1

— (R 55 +R35— R57— Ri75),
/2 1222 2212 1211 1112

- 1
W3 = E(Rﬁﬁ + Rzizi - Rszi - R2§1T - RlizT - Rzﬁi)-

W, =
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3. Constant mixed curvature

3.1. Hermitian surface. We will prove Theorem 1.4 in this section. As in [1], the
first step is to show that any Hermitian surface with constant mixed curvature must
be self-dual:

Proposition 3.1. Let (M?, g) be a Hermitian surface. Assume that the mixed
curvature Cy g is pointwise constant, namely Cy g = f where f is a real-valued
function on M?. Then W_ =0, namely, M is self-dual.

Proof. For any fixed p € M, let X = e and Y = e; be orthonormal (1, 0)-vectors,
and set Cy g = f(p) = c. It follows from the average trick that
1

vol(S3) JzeT, "M
1Z|=1

(3-1) aRic(Z, Z) + BH(Z) dO(Z) = 3o + B)u + Bv = 6bc.

Hence

(3-2) (Ba+2B)(R 17+ Ryzp3) + B+ B) (Ry1p5+ Rz 1) +B(R 357+ Ry713) = 6.
By Cy.5(X) =Cqo,p(Y) = ¢, we have

(3-3) a(Ripi1+ Rip) T BRimiT=¢, a(Rygi7+ Ryzpp) + BRyzp; =
From (3-2), (3-3) and 8 # 0, we get

G4 Ryt + Ryzps — (Rympz + Ryzy1 + Rzt + Roppz) = 0.

So W3 =0. Leta, b € C and |a|® + |b|> = 1. Then aX + bY is unit vector. Thus,
by carrying out the calculation, we obtain

c=aRic(aX+bY,aX+bY)+BR(aX+bY,aX~+bY,aX+bY,aX+bY)
= afla|*Ric(X, X)+abRic(X, Y)+baRic(Y, X)+|b|*Ric(Y, Y)}

+B{lal*R(X, X, X, X+|b|*R(Y,Y,Y,Y))

+al?|b*[R(X, X, Y, Y)+R(Y,Y, X, X)+R(X,Y,Y, X)+R(Y, X, X,Y)]

+a’b*R(X,Y, X, Y)+a*b*R(Y, X, Y, X)

+a*ab[R(X, X, X,Y)+R(X,Y, X, X)|+a’ab[R(Y,X,X,X)+R(X,X,Y, X)]

+ab’b[R(Y,Y,Y, X)+R(Y,X,Y,Y)|4+ab*b[R(Y,Y,X,Y)+R(X,Y,Y,Y)]}.
In fact, by combining (3-4), Cy,5(X) = Cq,p(Y) = ¢ and la]? + |b]> = 1, the above
can be simplified to
(3-3) 0=uw[abRic(X,Y)+ baRic(Y, X)]

+ Bla*b*R(X,Y, X, Y)+a*b*R(Y, X, Y, X)]
+ Bl(a*ab)A + (@*ab) B + (ab*b)C + (ab*b) D],
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where we assume that

A=R(X,X,X,Y)+R(X,Y,X,X); B=R(Y,X,X,X)+R(X,X,Y,X);

(3-6) _ _ _ _ _ _
C=RY,Y,Y, X\)+R(Y,X,Y,Y); D=RY,Y,X,Y)+R(X,Y,Y Y).
: -1 -1 —=1l 5_ 1
Now we choose special a and b. Seta_ﬂ,b_ﬁ,a nd a =7 b_ﬁ. Then
we get
3-7) R(X,Y,X,Y)+R(Y,X,Y,X)=

Setting a = g, b= %, and a = %ﬁ, b= 1%’ We have

(3-8) R(X,Y,X,Y)—R(Y,X,Y,X)=0
Hence R 3,3 = R(X, Y, X, Y) =0. So W! =0. Now (3-5) is further simplified to

(3-9) 0=cafabRic(X,Y)+ baRic(Y, X)]
+ Bl(a*ab)A + (@*ab) B + (ab*h)C + (ab’b) D).

NG /3

Setting a = 5= b= -5, and a = ‘/75, b= %i, yields
A+C=B+D.
Setting a = —% = ‘2[, and a = ‘/g, b= %, yields
A+B=C+D.
From these, we get
(3-10) Rizs+ Rz — Rizir — Rigz =D — A =0,
namely, W2 =0. We conclude that W_ = 0. |

Next, we consider the case under conformal changes. We first establish a lemma.

Lemma 3.2. Let (M", g) be a compact Hermitian manifold. Assume that the mixed
curvature Cy g is pointwise constant, namely Cy g = f where f is a real-valued
function on M. Then we have

(3-11)  [a(n+2) + B1RicY +BRic® +28ReRic®) =[2(n + 1) f — aulg.
Proof. For p e M, let X = X’— € T(l Y 1. Since Cop(X)= f(p)=catp,

(3-12) a Ric(X, X)|X|>+ BR(X, X, X, X) = c|X|*.
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Specifically, we have
(3-13)  aX XX X (587 + Rijgii + Rizgi + Ruggif)
+BX XX X (R 547+ Risii + Rie; + Regi )
=2cX' XX X! (g; 7817 + gi7817)

Thus the above equality holds for any X = X’-%: if and only if

G-14) - a(R;jg47 + Ryijgii + Rizgij + Ry&ij) + B(R; jyj + Ryii + Rijyj + Rygi ;)
= 2¢(8;j8ki + 8ii8kj)-

Taking the trace, we obtain (3-11). (|

Proposition 3.3. Let (M?, g) be a compact Kéiihler surface of constant holomorphic
sectional curvature H = c¢. Let § = e*F' g is a conformal metric with pointwise
constant mixed curvature Cy g = f, where F is a smooth real-valued function on M.

(1) If 2a+ B # 0, then F is constant, namely, g is Kdihler.
(2) If f is constant, then F is constant unless f =0 and 2a + 8 = 0.

Proof. We denote the first, second and third Ricci curvatures of g as 1, g, 5
respectively. Let u, v be the scalar and altered scalar curvatures of g, and i, v are
the scalar and altered scalar curvatures of g.

By (2-3) and (3-11), we have
(3-15) P+ 52 —2Re(sY) = (@ - D)g,
(3-16) [4a + 815V + B +2BRe(6?) = [6f —aillg,

and since [3a + Blu + Bv = 6 f, we obtain

(3-17) 205"V +2B8Re(5P) = (ait + B1)3.

By (2-4),

(3-18) / (pV. Re(p'))8* = f (p0. 58— / (it — 9)g".
M M M

Combining (3-17) and (3-18), we get
(-19)  (@+28) / PF =2+ p) / 0, 53+ B / @)
M M M

Setting c% =/ M c%(M ), according to (2-2), we have

1 9~ (1) ~(1)s ~
(3-20) C%ZW[/ u2g2_/<p(l)’p(l)>g2i|'
T M M
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Hence, we have

(3-21) 167%(a + B)c? =oz/

M

PF 4B f @)
M

On the other hand, for the Kéhler metric g with H = ¢, we have u = v = 3c. So

1
2 2,2
(3-22) o = / u-g-.

From (3-21) and (3-22), we have

(3-23) @+p) / e =a / P8+ B / @)
M M M

Since § = ¢*F g, by (2-1), we obtain

(3-24) li=u—4AF; o =v—2AF.

From these, we get
(3-25) (¢ +pB) / g’ =« f (u—4AF)?g*>+ 8 / (u—4AF)(u —2AF)g>.
M M M
Then
(3-26) (a1 B) / (AF)g? =0,
M

where we use fM AFg? =0 and u = 3c. This means that if 2o + 8 # 0, then
AF =0. So F is constant.

If f is constant, we assume that f = ¢. We only consider the case where
20+ B =0. We have

(3-27) a(u—2v) =6¢.

From (3-24) and (3-27), we get

(3-28) 28e*F = —ac.

If ¢ # 0, then F is constant. (]

Recall that Hopf manifolds are compact complex manifolds whose universal
cover is C" \ {0}. An isosceles Hopf manifold (see [9]) means M (’; =C"\ {0}/(¢)
where

(3_29) ¢ : (Zl’ ZZ’ c ey Zn) — (alzls a2Z25 LI ] anzn)

with 0 < |a; L=2|a2| =-.-=]a,| < 1. The standard Hopf metric g with Kahler form
wg =~/—1 aa|‘zz\ descends down to Mg. Write h = |z|, ¢; = ha%, 0 = %dz,-. Then e

|z
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becomes a unitary frame with ¢ the dual coframe. By the structure equations,

1 -
(3-30) 0ij = Z(a — d)hd;;.
Hence

2 - 2

(3-31) O = —ﬁ[ah A (0h)]8;; + Z(Bah)&-j.
We get

ZiZj
(3-32) Rz = —|’Z—|56k1 + 861

where h; = g—zhl From this, the first Ricci curvature is

(3-33) R:=—nJ%

+ nd;;.
ij |Z|2 1)

2

So we get scalar curvature ¥ = n° — n and altered scalar curvature v = n — 1.

It implies
(3-34)  (R;817+ Ryj&ii+ Rij8; + Rii&i;) —n(Ri5i+ Ryt + Ry + Ryji7) = 0.

So when na + B = 0, the Hopf manifold has C, g = 0. Note that the Hopf manifold
is not Chern flat. We also obtain the following lemma.

Lemma 3.4. Let M? be a Hopf surface with standard Hopf metric g. Let § = ¢*F' g
be a conformal metric with pointwise constant mixed curvature Cy g = f, where
F' is a smooth real-valued function on M. Then the metric g does not exist, unless

f=0and2a+ p =0.

Proof. According to (3-21) and (3-33), it is easy to deduce that c% = 0. From (3-21),
(3-24) and u = 2v, we have u = 2v and

(3-35) 0 =4« / (v—2AF)*g>+28 / (v—2AF)*g?
M M
=2Qa+ B) / (v—2AF)?*g>.
M

This means that if 2a 4+ 8 # 0, then AF = % = %, namely, F is constant. This of
course will contradict with v # 0.
On the other hand, it is easy to deduce that

(3-36) Qa+p)v =2f.

When 2o + 8 =0, f must be zero. ([l
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Let g = ¢?F' g be a conformal metric with pointwise constant mixed curvature
Co,p = f on M". We denote curvatures of g as R;5;;. Generally, from (2-1) and
(3-14), we can obtain
(3-37)  a(R;j& + Ri;8ii + Rif&k; + Rig&i7) + B(Rjir + Rijii + Riji; + Rygi7)

—2(na+PB)g; i Fit+e&i FiitgiFi+eiFi1=21¢" (g;78u+8i87)-

Now we are ready to prove the main result of this article, Theorem 1.4.

Proof of Theorem 1.4. Let (M?, g) be a compact Hermitian surface with constant
mixed curvature Cy g = c. By Proposition 3.1, we know that M? is self-dual. Hence,
by Theorem 1’ in [1], g is conformal to a metric # on M 2 which is either

(1) a complex space form, or
(2) the nonflat, conformally flat Kéhler metric, or
(3) an isosceles Hopf surface.
Write g = > h.
For case (1), by Proposition 3.3, if ¢ # 0 or 2o + 8 #~ 0, we get that F is constant.
Hence g is Kihler.
For case (2), M? is a holomorphic bundle over a curve C of genus at least 2, and
h is locally a product metric where the factors have constant holomorphic sectional

curvature —1 (for the base curve) or 1 (for the fiber). Following [1], let (z1, z2) be
holomorphic coordinates, and let w;, be the Kéhler form

dz' A dzy dz? A dZy
(3-38) op=2V—1——= 42Vl —F=5 =0 + ws.
(I—lz11%)? (1+z2/%)?
Let e be a unitary frame, such that e; is parallel to % Then under the frame e,
(3-39) Ryi=-1 Rpp=1L

and the other curvatures are zero. So Rj; = —1, R,5 = 1, and the other Ricci
curvatures are zero. Define R; ;= (=18, ;. Here, let’s assume that g has pointwise
constant mixed curvature Cy g = f, where f is a real-valued function on M?.
According to (3-37), we can deduce that

—(a+pB)—-2Qu+p)F 7= fezF;
(3-40) (@+B) —2Qa+p)Fy; = fe;
Qa+B)F7=0.
Suppose 2a 4 f # 0, and set Fi; = x, Fj3=y. Soy —x = 21&
and y; = F,57 = 0. Then we have

(3-41) Ax=x7=y;7=0; Ay=0.
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This implies that A F is constant. Hence F is constant and g is Kéhler. Note that
in this case we can only have f =0 and o + 8 =0. If 2o + 8 = 0, from (3-40),
f =0 and o + =0, which contradicts with 2o + 8 = 0.

For case (3), by Lemma 3.4, if ¢ # 0 or 2« + 8 # 0, the Hermitian metric g does
not exist on isosceles Hopf surface. ([

Proof of Theorem 1.5. From the above proof of Theorem 1.4, combining with
Proposition 3.3 and Lemma 3.4, we can easily draw the conclusion. (]

3.2. High-dimensional Hermitian manifold. We first consider the case of compact
locally conformal Kahler manifolds with constant mixed curvature. We also follow
similar steps as in [10]. We first present the following lemma.

Lemma 3.5. Let (M", g) be a compact locally conformal Kihler manifold with
pointwise constant mixed curvature Co g = f.

() If f =0and na + B # 0, then g is globally Kdihler.
Q) if f <0and [(n+2)a+4B]l(na+ B)B > 0, then g is globally Kiihler.
B) iff=0and [(n+2)a+4B]l(na+ B)B < 0, then g is globally Kiihler.

Proof. We denote the first, second and third Ricci curvatures of g as p1), p@®, p®
respectively. Let u, v be the scalar and altered scalar curvature of g. Since g is
locally conformal Kéhler, 90*g = 99*g and

(3-42) pM =p® +9d%g,

where from (3.12) in [10]. So p® is a real closed (1,1)-form. According to
Proposition 3.2 in [10], we also have

(3-43) pM —p@ = [(v—u)g+ndd*gl.

n—1
By Lemma 3.1, we get

(3-44)  [a(m+2)+B1pV + o +28Re(p®) = [2(n + 1) f — aulg;
(3-45) [an+1)+Blu+Bv=nn+1)f.

From these, we obtain

(3-46) [a(n+2)+4B1p? = ﬁ{[@n —2)(n+1)f —2(na + Bulg
+[BR2—n)—am+2)(n—1)]03*g}.

Hence, we differentiate (3-46) to obtain

(3-47) dil@Gn=2)(n+1) f =2(na + Bulg} =0.
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Letn=0CBn—-2)(n+1)f —2(no + B)u. Then we will prove that 5 is either
everywhere nonzero or n = 0.

(1) If n is everywhere nonzero, then g is globally Kéhler.

(2) If n =0 at some point p on M, then n =0 on M (see [10]). Therefore, if n =0
we have the following cases:

(a) Suppose f =0 and na + 8 # 0. Then u = v = 0. This implies that g is
balanced. Since g is also locally conformal Kihler, we get g is Kéhler.

(b) Suppose f <0and [(n+2)a +4B](na+ B)B > 0. We only consider the case
where there is at least one point p such that f(p) < 0. We have

348) u= O =D0ADS | —ed DI+ 2= Dat (= 2)B1f
= 2na+p) B 2B(na+ B) .

Hence, we get

= D@ =D+ 2 +4p1S

B 2(na + B)p
So f y (@ —u)g" >0, which is contradiction with a well-known result that
fM(v —u)g" <0.If f>0and [(n+2)a+48](na+ B)B < 0, this would also
lead to a contradiction.

In this way, we have completed the proof. U

(3-49) v—

Proof of Theorem 1.6. Let g be a compact locally conformal Kihler manifold with
constant mixed curvature Cy g = c. Under the assumptions of Lemma 3.5, we know
that g is globally Kéhler. We assume that % is Kidhler metric where dh = 0, and
g =e*Fh. Set

(3-50) A=[Bn—2)n+1)ec—"2na+puler.

By (3-47), we get that d(Ah) = 0. So A is constant. Since & is Kéhler, we get
(3-51) *fu=e*fv+2(1—n)A,F.

We also have that

(3-52) (x(n+1)+Bu+ Bv=nn+1)c.

From (3-50), (3-51) and (3-52), we can easily deduce that

(3-53) ce*m+ 1D —D[(n+2)a+48]
=[a(m+1)+2B]A+48(1 —n)(na + B)A,F.

(1) If c =0 and na + B # 0, by integrating (3-53) with respect to the metric /i, we
obtain that F is constant. This implies that g is Kihler.
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2) fc<0,[((n+2)a+4B](na+ B)B > 0, we will show that F is constant. Set
(3-54) B=la(n+1)+28]A.
By integrating (3-53) with respect to the metric /2, we have
(3-55) cn+1D(n—D[n+2)a+48] /MeZFh” = B - Vol(M).
On the other hand, we also have that
(3-56) ApF = =5 (Mpe ) + 262 |0 F 3,
Substituting (3-56) into (3-53), and then integrating it, we obtain
(3-57) B fM e R = c(n+ 1)(n — D[(n +2)a + 48] Vol(M)
+88(n — D) (na + B) /M DF 2",

By (3-55), (3-56) and the Cauchy—Schwarz inequality, we have

(Vol(M))? < fM A pn /M e 2P < (Vol(M))2.

The equality holds if and only if F is constant. Therefore g is Kihler.
(3) If c > 0and [(n+2)x +4B8](na + B)B < 0, the proof is similar to case (2). [J
Now we will prove the Kihler-like case.

Proof of Theorem 1.7. This proof is relatively simple. Let (M", g) be a Kéhler-like
manifold with constant mixed curvature Cy g = ¢. Then Ric) = Ric® = Ric®,
u = v and by Lemma 3.2, we have

[(n+2)a +4B]RicV) = [2(n + 1)c — aulg,
[(m+Da+28lu=nn+1)c.
When (n 4+ 2)a + 48 # 0, we get that
[(n+ Da +28]Ric” = (n+ 1)cg.
If ¢ #0, then g is Kéhler. ([l

4. Semipositive mixed curvature

In this section, we provide the proof of Theorem 1.8.

Proof of Theorem 1.8. Let gg = fo1 /=1) g be the Gauduchon metric (i.e., gg satisfies
aéwg” =0) in the conformal class of g, where f € C*°(X, R) is a strictly positive
function (such a metric always exists [15]). Let wg(-, ) :=gg(J-, ). Let Sg,;
and S:gc be the scalar and altered scalar curvatures of g¢, and let S, and §g be the
scalar and altered scalar curvatures of g.



216 KAI TANG

Then
1 1
fXSgGa)g:n/Rw()/\wé
1 -1 -1
—n/Rlc()/\a)G —n/XfoRlc;)/\a)g =/XfOSga)Z.

A similar computation (see, e.g., [36]) then gives [}, §gng =y foggwg. Let ng
denote the torsion (1, 0)-form of gg. We then compute

@+ 1)+2) [ St
= [ (@01 + )i + BSi0)ot + [ B(Se — S
= [ fo(@+1)+B)Se + 85w + B [ Inalzb.

It follows from the average trick that

1 . _ (4 Da+ B)S, + BS,
—VOI(SZ"—I) ZT;iOIMa Ricy(Z, Z) + ,BHg(Z)dQ(Z) = ni D)

If g has semipositive but not identically zero mixed curvature Cy g and 8 > 0,
a(mn+1)+28 > 0, then we have

Secwg > 0.
/;(gGwG>

This means that the Gauduchon metric gg has positive total scalar curvature. By
Theorem 1.3 in [38], we know that M admits a Hermitian metric with positive
scalar curvature, which implies that the Kodaira dimension « (M) equals —oo. [J
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THE SIZE OF A SET FROM THE SIZE
OF ITS COUNTABLE POWER SET

WILLIAM CHAN

Let [w1]” and [w;]=“! be the set of all increasing w-length and countable-
length sequences of countable ordinals, respectively. Assume @; — , (a)l)‘z"1 .
For any sequence (Y, : n € ), if |[w1]=*!] < |]_[new Y, |, then there exists an
n € o such that |[w;]”]| < |Y;l.

Assume Woodin’s extension AD* of the axiom of determinacy. For
any set X, let Z(X) be the set of subsets of X and let 7, (X) be the set
of countable subsets of X. For any X which is a surjective image of R,
if | Z(w01)| = [P0, (X)], then |[01]°] < | X].

1. Introduction

We will show that assuming the partition relation @ — (a)l);)' holds, if [w;]=*!
injects into an w-length Cartesian product of the form [[,., Y., then there is an
n < w such that [w;]® injects into Yj;. This is partial evidence towards a conjecture
that the w-length Cartesian product operation [, ., ¥, cannot create an injective
copy of [w;]=*" unless one of the factors Y;; already had an injective copy of [w;]=*!.
The previous result will be used to show that under AD™, if X is a surjective image
of R and &(w;) injects into &, (X), then [w;]* injects into X. This provides
partial evidence towards a conjecture that the countable power set operation #,,, (X)
cannot created an injective copy of #(w;) unless X already had an injective copy
of Z(wy).

A cardinality is an equivalence class of a set under the bijection equivalence
relation. If X is a set, then the cardinality of X, denoted by |X|, is the bijection
equivalence class of X. If X and Y are two sets, then one writes | X| < |Y] if and
only if there is an injection of X into Y. One writes | X| < |Y| if and only if | X| < |Y|
but —(]Y| < |X]|). A cardinal is an ordinal which does not inject into any smaller
ordinal. If X is a well-orderable set, then | X| has a unique cardinal as a member.

The axiom of determinacy, AD, fully classifies the cardinalities below & (w) or R.
Regularity properties for R (including the perfect set property, the property of Baire,
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and Lebesgue measurability) answer many questions concerning combinatorial
properties of the cardinality of R or & (w).

A major goal of recent research under determinacy is to classify the cardinalities
below & (w;) which means to identify all the cardinalities of subsets of &2 (w;)
and determine their relationship under the injection comparison relation. A deep
understanding of some cardinalities strictly below £?(w;) has been obtained. For
example, Woodin [21] provided a complete classification of the cardinalities below
R X wi, [01], and ) = {f € [@1]%*" : sup(f) = o}"!} under ADg and DC.
However, Woodin [21] also showed that the collection of cardinalities below [w1]=!
is very large and exhibits complex behavior under the injection comparison relation.
Chan and Jackson [7] studied the structure of the cardinality below R x w; and
between [w1]=*! and £ (w;) under AD and V = L(R) (where ADp fails). The full
classification below Z(w;) and many basic combinatorial properties of &?(w)
are very far from fully understood. Further development toward understanding
the cardinality of £?(w;) has been motivated by many conjectures concerning
inaccessibility of the cardinality of & (w1).

One such inaccessibility feature concerns the regularity of %?(w1) and the search
for the cofinality of &?(w1). Chan, Jackson, and Trang [10] developed the basic
theory of regularity and cofinality in the choiceless determinacy context. The
conjecture is that &?(w;) has globally regular cardinality which means that for
all sets X which are images of R such that & (w) does not inject into X and all
functions ® : Z(w;) — X, there is an x € X such that |®~'[{x}]] = | Z(w1)].
Substantial evidence for the global regularity of 4?(w) is provided in [10].

We will focus on another inaccessibility conjecture for &?(w;) which was
investigated in [7] involving the countable power set operation. If X is a set,
then &2(X) is the power set of X consisting of all subsets of X. If « is a cardinal,
then 22, (X) ={Y C X : |Y| < «} (that is, the collection of all subsets Y of X such
that Y injects into « but k¥ does not inject into Y). A particularly interesting case is
Z,,(X) which is the collection of all countable subsets of X.

The countable power set conjecture states that for any set X, if 4?(w;) injects
into &, (X), then &(w;) already injected into X. The intuition is that the countable
power set operation applied to any set X cannot create a copy of Z(w;) in &, (X)
unless a copy of #(w;) was already present in X.

The set #(w;) contains many important smaller cardinalities which include
R, w1, RUwi, R x w1, [w1]?, and [w(]=*". Evidence for the above conjecture can
be given by showing that for any set X, if | Z(w1)| < | P, (X)|, then X must have
an injective copy of R, w;, RUw, R X w1, [@w1]?, or [w]=“".

An oo-Borel code is a pair (S, ¢) such that S is a set of ordinals and ¢ is a
formula in the language of set theory. A set A € R is co-Borel if and only if
there is an co-Borel code (S, ¢) such that A={x e R: L[S, x] &= ¢(S, x)}. An
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oo-Borel code for A is a highly absolute definition for A in the sense that to query
membership of x € A, one only needs to determine the truth of ¢(S, x) in L[S, x]
which is the minimal inner model of ZFC containing x and the code set S. The
statement that all subsets of R have co-Borel codes and DCg are part of Woodin’s
extension of determinacy known as AD". Chan and Jackson [7, Theorem 6.10]
began the investigation of the countable power set conjecture by showing that
under AD™, for any set X which is an image of R, if |2 (w)| < |2, (X)|, then
IRUw;| < |X]|. They also asked if X is an image of R and | Z(w1)| < |Pw, (X)],
then does |R x wi| < |X| hold. Moreover, since |R x wi| < |[w1]?| < | £ (w1)], an
even stronger question would be under the same setting, does |[w;]”| < | X| hold.
The goal of the paper is to answer the latter question positively which will provide
evidence for the countable power set conjecture:

o (Theorem 3.6) Assume AD, DCg, and all subsets of R are co-Borel. For any set
Y which is a surjective image of R, if | Z(w)| <|Z,,(Y)], then [[w{]°] < |Y].

The main theorem requires a sufficiently deep understanding of the cardinalities
of the relevant sets to answer a class of related “finite-dimensional combinatorial
questions”. Vaguely, an n-dimensional combinatorial question on a set X requires
finding an X C X with |)? | = |X| for which one has complete control over all
n-tuples from X. An important one-dimensional combinatorial question concerns
regularity and cofinality. For example, for a particular set X and cardinal §, X is
d-regular if and only if for all functions ® : X — §, there exists a y < § such that
|®~'[{y}]] = |X|. One can ask for which ordinals § is X d-regular. There are
many important two-dimensional combinatorial questions including primeness and
basis for linear orderings. Important finite-dimensional questions (of arbitrary finite
dimension) include the Jonssonness property and optimal colorings for partitions
on n-tuples through a set X. Primeness is most relevant here. Chan, Jackson, and
Trang [9] defined the notion of primeness. A set X is a said to be prime (or 2-prime)
if and only if for all sets A and B, if | X| <|A x B|, then | X| <|A] or | X| <|B]. Chan,
Jackson, and Trang [9] showed that under ACE and assuming all subsets of R have the
Baire property, R and R/ Ej are prime. They also showed that if « is an uncountable
cardinal satisfying k — (K)‘2“+w, then [« ] is prime. Moreover, they showed that for
all n < w, [w,]? is prime and even [w,,]* is prime (even though w, does not possess
the partition property w, — (w,)5 " since w, is singular when 3 < n < w). More
recently, Chan [3] has used a generalized Namba forcing (a form of Cox—Krueger
Namba forcing [11] or diagonal Prikry forcing) over HOD-type inner models under
AD™ to determine the exact extent of ordinal regularity for [«]® for all cardinals
k < ©. These Namba forcing methods can be adapted to establish the primeness of
[«]® for other k < ®. These recent developments have provided a deep combinatorial
understanding of the cardinality of w-sequences of ordinals (which corresponds to
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the smallest non-well-orderable cardinal exponentiations). In particular, note that the
2-primeness of [w;]” under the partition relation w; —, (a)l);’““ can be regarded
as an inaccessibility phenomenon for [w;]® with respect to the two-fold Cartesian
product operator: For any sets A and B, A x B has an injective copy of [w]* if
and only if one of the factors A or B already possessed an injective copy of [w;]®.

However, one is still missing such understanding for the cardinality of [w;]=*!.
If « is an ordinal and X is a set, then we say that X is x-prime if and only if
for any sequence (Y, : o < k), if | X| < “_[a</( Y, |, then there exists an @ < k
such that |X| < |Yz|. Cardinals of countable cofinality are not w-prime. It is
shown in [9] that if « is a cardinal and A < «, then « is A-prime if and only if
A < cof(x) and for all § < k, —(|k| < |*8]). Steel [19, Theorem 8.26] and Woodin
[20, Theorem 2.16] showed that under AD™, boldface GCH holds below ® which
is the statement that for all ¥ < ©, k™ does not inject into Z(«). Thus under
ADT, a cardinal « is A-prime if and only if A < cof(x). In particular, any cardinal
of uncountable cofinality is w-prime under AD*. Note that [w]® is clearly not
w-prime although it is 2-prime under the partition relation w; — 4 (a)l)‘;er. In [9],
it is shown that under AD™, a set which is an image of R and is §-prime for all
6 € ON cannot be linearly orderable. If all subsets of R have the Baire property,
then R/ Ey is not linearly orderable. In [9], it is also shown that R/ Ey is §-prime
for all § € ON under ACE and all subsets of R have the Baire property. There are
currently no known examples of a linearly orderable non-well-orderable w-prime
set but the natural candidate is [w;]=“!. However, it is not presently known if
[w1]=*" is even 2-prime. The w-primeness conjecture for [w;]~*! is the statement
that the strong partition property w; — (w;)3" (or the very strong partition property
w1 =>4 (01)Z,,,) implies [w1]=*" is w-prime. Intuitively this conjecture states that
[w1]=*" is inaccessible to the countable Cartesian product operation in the sense
that for any sequence (Y, : n € w) of sets, [w1]~“" injects into ]_[new Y, if and only
if there is a factor Y; which already has an injective copy of [w;]=*!. The key

combinatorial fact needed to prove Theorem 3.6 is the following evidence for the
<wi.

w-primeness conjecture for [w]

e (Theorem 2.11) Assume w| — 4 (a)l);". Let (Y, : n € w) be a sequence of sets.
If [[w]=%] < ’]_[,Kw Y, |, then there is an n € w such that |[w]°| < |Y5].

The last ingredient to prove the main result of the paper will involve some
consequences of Woodin’s analysis of nice models of AD* by OD oo-Borel code
forcings (a variation of Vopénka forcing). This forcing will not be used directly
here but two consequences will be needed. The first states in nice AD" models, if a
set A C R is ordinal definable via a formula ¢, a suitable set z, and some ordinals,
then there is a uniform procedure which takes ¢, z, and the ordinal parameters
to a oo-Borel code (S, ¥) for A such that S is ordinal definable from z. (See
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Fact 3.2 for the precise statement.) Woodin’s perfect set dichotomy [1; 2] states
that if X is a surjective image of R, then either X is well-orderable or R injects
into X. The second necessary fact is a uniform version of Woodin’s perfect set
dichotomy which states that if X is a quotient of an equivalence relation E on R
with co-Borel code (S, ¢) and X is well-orderable, then a well-ordering of X can be
found uniformly from the co-Borel code (S, ¢). (The precise statement is provided
in Fact 3.3.)

If Y is a set, let 7, (Y) be the set of all injective functions f : € — Y where
€ < w;. The following will be shown:

e (Theorem 3.5) Assume AD, DCg, and all subsets of R are co-Borel. If Y is a
surjective image of R and ® : Z(w;) — £, (Y), then there exists a function
o P(w1) = Ly, (Y) such that &D(A) enumerates ®(A) for all A € Z(w).

What is remarkable about Theorem 3.5 is that there exists generally no map
I': 2, (Y)— I, (Y)such that I'(B) is a well-ordered enumeration of B for all
B € #,,(Y). In fact, there is generally no injection from 2, (¥) into Z_,, (Y).
For example for ¥ = R, one can show that |Z_,, (R)| < |Z,, (R)|.

Given the main result of the paper that for any set X which is an image of R,
| Z(w1)| < | P, (X)| implies |[w1]”| < | X|, the next natural evidence one would like
for the countable power set conjecture would be to show that |2 (w1)| < | Py, (X)]
implies |[w1]=*!| < |X|. If the w-primeness conjecture for [w;]=*' can be shown,
then the arguments of Section 3 will immediately show that | 22 (w;)| < |2, (X)]
implies |[w]=*!| < |X|. One will need a deeper understanding of the cardinality of
[w1]=*" to handle w-primeness and other finite-dimensional combinatorial questions

involving [w]=*!.

2. Evidence for primeness

Definition 2.1. Assume € € ON and f : ¢ — ON.

o The function f is discontinuous everywhere if and only if for all 8 < e,
sup(f | B) =sup{f(a):a < B} < f(B) (and note that this implies f is strictly
increasing).

o The function f has uniform cofinality w if and only if there is a function
F:exw—> ONsuchthatforalle <€ andn € w, F(a,n) < F(a,n+1) and
f (o) =sup{F(x,n):n e w}. (Afunction F : € x o — ON with this property
will be called a witness for the uniform cofinality w of f.)

o The function f has the correct type if and only if f is both discontinuous
everywhere and has uniform cofinality w.

If X € ON and € € ON, then [X]; will denote the collection of f : e — X of the
correct type.
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The following is the correct type club partition relation.
Definition 2.2. Let « be a cardinal.

o Lete <k and y < k. The statement x — (K); asserts that for all P: [«] — y,
there is a B < y and a club C C « such that for all f € [C]S, P(f) = B.

o Lete <k and y < k. The statement x —, (k j; asserts that for all €/ < € and
v <Y,k = ()5
o If « satisfies k — (k)%, then « is called a strong partition cardinal.

K

o If k satisfies k —, (k)<,,

then « is called a very strong partition cardinal.

o If « satisfies k — (k)5 then « is called a weak partition cardinal.

See [2; 4; 17] for more information on the combinatorial aspects of partition
properties. The ordinary partition relation k — («);, is the assertion that for all
P:[k]¢ — k,thereisa B <y and an A C k with |A| =« such that for all f € [A]€,
P(f) = B. The correct type club partition and the ordinary partition relation are
closely related after a small shift in exponent: k —, ()5 implies k — (k)5 and
Kk — (k)5 implies k — (k)5. The correct type partition relation is much more
practical for combinatorial arguments and essentially all applications of partition
properties in the determinacy context directly or indirectly use the notion of a
correct type partition.

It can be shown that for any € < k, k — (/c)?re implies that k — (k)<, . Thus
if k is a weak partition cardinal, then k — (k) =k holds. It is not known if a strong
partition cardinal must always be a very strong partition cardinal. The most natural
universes to study partition properties are those satisfying AD. Moreover, the only
known method to establish the existence of a strong partition cardinal comes from
Martin’s argument which uses pointclass boundedness principles under determinacy
to create good coding systems for functions from certain ordinals to certain ordinals.
(See [2; 4; 14; 15] for more information concerning good coding systems.)

If T is a pointclass, then let I refer to the dual pointclass. Let 6(I") be the
supremum of the lengths of the pre-well-orderings in I' N I". For each n € o, 6}, is
defined to be §(X}). By using the Kunen-Martin theorem, Kunen and Martin
showed that 8}, = (85, 417 for all n € w. Jackson [12; 13; 14] computed the
values of all the projective ordinals 8,11 for 1 <n < w. In particular, 6% = w1, and
thus 3; = w,. Martin showed that 6; = wy+1, and thus § 31 = wy+2. The ordinal 6%
is defined to be 8(212). Let A € Z(w;). The ordinal 84 is the least § such that
Ls(A,R) <1 L(A, R) (¥;-elementarity in the language of set theory augmented
with constant symbols for each real and the collection of all reals and the models
are given the intended interpretation). It can be shown that §5 = (6%)L(R). The
following are some important examples of partition cardinals under the axiom of
determinacy for which the results of this paper apply.
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Fact 2.3. Assume AD.

e (Martin [2, Corollary 4.27; 15, Theorem 12.2]) w is a very strong partition
cardinal.

o (Martin—Paris [2, Theorem 5.19 and Corollary 6.17; 15, Corollary 13.5]) w; is
a weak partition cardinal but not a strong partition cardinal.

o (Jackson [12; 13]) 8;,1“ is a very strong partition cardinal.

o (Jackson [12; 13; 14]) 8;,1 4o Is a weak partition cardinal and not a strong
partition cardinal.

o (Kechris—Kleinberg—Moschovakis—Woodin [16; 18, Theorem 5.8]) For any
A € P(k), 84 is a very strong partition cardinal.

o (Kechris—Kleinberg—Moschovakis—Woodin [16; 18, Theorem 5.5]) (DCp) 6% is
a very strong partition cardinal.

First, one will define a combinatorially useful injection of [w;]?” into [w]=*!.
The injection is defined in Definition 2.6 and will be used in Theorem 2.11. The
definition of the injection will use the linear ordering from Definition 2.4. The main
combinatorial properties of the injection is described in Fact 2.7.

Definition 2.4. Let « be a cardinal and A : ¥k x @ — « be a function. Define

0a ik — k by 0a () =sup{A(a, n) :n € w}. Say that A : k X w — K is a witness

for uniform cofinality w for some discontinuous function (namely 9 ) if and only

if the following hold:

(1) Forall« <k andn € w, 0 < Ao, n) < Ao, n+1).

(2) 0 : k — k is discontinuous everywhere (in the sense of Definition 2.1 which
implies 04 is strictly increasing).

(Note that A witnesses that 9 is a function of uniform cofinality w, and thus

oA € [k]5)
If y <« and o < DA (y), then let n); be the least n such that o < A(y, n).
Let LA consist of all tuples (y, «, Bo, . .., B,7_;) with the following properties:

(1) y <k and o < 0A(y).
(2) If n}; =0, then the tuple takes the form (y, «).
(3) If ny; > 0, then By < By < --- <Bu_1<vV.
Let < be the lexicographic ordering on L. Let £ be the linear ordering
(La, <A)-

Fact 2.5. Let k be a cardinal. Let A : x X w — k be a witness for uniform cofinality o
for some increasing discontinuous function. Lo = (La, <a) is a well-ordering of
order type k.
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Definition 2.6. Let «, A, and 0 be as in Definition 2.4. A pair (A, X) is suitable
if and only if the following holds:

(1) ¥: La — « is an order-preserving function from LA = (L, <a) into (k, <).
(2) For all yo <« and (yo, &, fo, .., B,o_) € La,
0a(10) < B0 & fo. - Byo_p) <dalyo+ ).
(3) X has the correct type in the following natural sense:
(a) X is discontinuous: for all x € L,
sup(X [ x) =sup{Z(y) : y <a x} < X(x).

(b) X has uniform cofinality w: there is a IT: La X @ — « such that for all
xeLaandn € w,

[M(x,n) <M(x,n+1) and X(x)=sup{ll(x,n):ncw}.
For each f € [«]®, define a function Aa x)(f) : 0a(sup(f)) = k by

Awas)(H)@) = Zsup(f), a, £(0), ..., f(nPP —1))

<K

for each @ < 0a(sup(f)). Thus Aa,x) : []” — ~“k.

Fact2.7. Letk, A,0n, LA = (La, <A), 2, Aa,x) be as in Definitions 2.4 and 2.6.
The following properties hold:

(1) Forall f € [«x]? and ap < a1 < 0a(sup(f)),
A,z (Hao) < Aa,s)(Flar).

(2) For all f € [K]w, A(A,Z)(f)(o) > DA(Sup(f)) and A(A,Z)(f) e [K]ZA(Sup(f))-
(3) Forall f, g € [x]?, if sup(f) < sup(g), then

sup(Aa,x)(f)) <0a(sup(g)) < Aa,x)(g)(0).

(4) Suppose f, g € [k]?, sup(f) = sup(g), m € w is least such that f(m) # g(m),
and f(m) < g(m). Forall @« < A(sup(f), m),

A () = A,z (@) ().
For all a such that A(sup(f), m) <o <0a(sup(f)) =0a(sup(g)),
Anas) () < Aa (@@ < An s (f)a+1).

(5) A,z i [k]? = [k]I" is an injection. Let K = X[La] and J =0alk]. For
all € € J, cof(€) = w. Thus the range of Aa sy is . ;[K \ (¢ + DIS.
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Proof. Each of above properties are straightforward observations by comparing the
relevant coordinate of a relevant tuple in L A used in the definition of A x)(f)(a).
The following provides the details:

(1) Let f € [k]® and ap < a1 < da(sup(f)). Observe
(sup(f), ap, f(0), ..., f(n(sxl(l)p(f) — 1)) <a (sup(f), ay, f(0),..., f(n(sxl:p(.f) 1)

by comparing the second coordinate. Thus A a 5)(f)(a0) < Aa,x)(f) (1) since
Y is order preserving.

(2) By the suitability of the pair (A, X),
A,z (f)(0) = Z(sup(f), 0) > d(sup(f)).

Note that (1) shows that A(a x)(f) is an increasing function. For all @ <9 A (sup(f)),

sup(Aa,x)(f) [ @) =sup(Z | (sup(f), &, £(0), ..., F(YPL) —1)))
< S(sup(f), @, £(0), ..., f(SPU) —1))
=A@z (),

using the discontinuity of X. Thus Aa x)(f) is discontinuous everywhere. Fix a
function IT: LA X @ — « which witnesses that ¥ has uniform cofinality w as in
Definition 2.6(3b). Define F : da(sup(f)) X w — k by

F(a,n) =T(sup(f), &, f0), ..., f(PD —1)),n).

F witnesses that Aa x)(f) has uniform cofinality w. Thus A x)(f) has the
correct type, and hence Aa x)(f) € [K]ZA(SUP(f)).

(3) Suppose f, g € [x]” and sup(f) < sup(g). For all & < 0 (sup(f)),
(sup(f), &, f(0), ..., f(nyPV) —1)) <4 (sup(f)+1,0)

by comparing the first coordinates. Thus

A,z (@) < Z(sup(f)+1,0) <da(sup(g)) < Aa,x)(8)(0)
for all @ < DA (sup(f)) by (2) established above and Definition 2.6(2). Hence
sup(Aa,x)(f)) <0a(sup(g)) < A x)(8)(0).

(4) Suppose f, g € [«]“, sup(f) =sup(g), m is the least such that f(m) # g(m),
and f(m) < g(m). Suppose o < A(sup(f), m) = X(sup(g), m). Then

n(S;lp(f) = n(syp(g) <m.

Thus
Aax) (@) = Z6up(f). a, £0), ..., f(RPL) —1))

= X (sup(g), @, g(0), ..., g(nzul’(g) —1)
= A, n)(8)(@).
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Now suppose A(sup(f), m) = A(sup(g), m) < a. Then ny™" = n3P® > m.
Thus

(sup(f), @, £(0), ..., FRPY) — 1)) <4 (sup(g), @, g(0), ..., g(nPE& — 1))
<a (up(f).a+1, f(0),..., Fmi™y)

by comparing the (m+2)-nd entries for the first inequality and comparing the second
entry for the second inequality. Thus

Anaz(@) < Ans) (@@ < Anas(Hla+1).

(5) Suppose f, g € [x]” and f # g. If sup(f) # sup(g), then (3) above implies
A,y (f) # A, x)(8). Suppose sup(f) =sup(g). There is aleast m € w such that
f(m) # g(m). Then Aa 5)(f) # A, x)(g) by (4). Thus A x) is an injection.
Let K = X[La] and J = 0a[k]. By definition of ¥ and A(a x) and (2), for all
f e kl?, Ann)(f) € KPPV Since Aa,)(£)(0) > da(sup(£)) by (2)
and 0A(sup(f)) € J, Aa,5)(f) € U.,[K \ (€ + 1]S. Note that for all y € «,
cof(da(y)) = w as witnessed by the cofinal sequence (A(y, n) : n € w). Thus for
all € € J, cof(e) = w. U

Let X C k with |X| = «. Let enumy : ¥k — X be the increasing enumeration
of X. For a, B <k, let next§, (B) = enumy (g+1) () which is the a-th-element of X
strictly greater than .

Fact 2.8. Let k be a cardinal and C C k be a club subset of k. Then there is
a suitable (A, X) such that A 1 k X w — [C]}k and ¥ : Lo — C. (Note that
OA K — [C]}k and X : La — [C]}k since X has the correct type by suitability.)

Proof. The function A : k X w — [C]i, Y:La—C,and I1: Lao X w — «k will be
defined by recursion by choosing the minimal element of C which maintains the
necessary properties. Let ¥ < k. Suppose A | ¥ X w has been defined. This implies
one can meaningfully define the objects 05 | y, ng forall n < y and a < 0A (1),
and a linear ordering A, using the definition of L from Definition 2.4 with the
restriction that the first coordinate is less than y. Suppose X [ A, and 1 [ A, x w
have been defined. Suppose the following properties have been shown:

(I) ¥ [ A, is increasing.

(2) For all x € A,, with first coordinate n < y, 0a(n) < X(x).

(3) Forall yp < y1 <y and x € A,, with first coordinate yp, X(x) < da(¥1).
4) IITA, xw: A, Xxw— k witnesses that X [ A, has uniform cofinality w.

Letd, =sup(X[A,). Let A(y,n) =next’fcJl (6,). Letda(y)=sup{A(y, n):ncw}.
Now one can meaningfully define Ay+1*using the definition of L given in
Definition 2.4 restricted below y + 1. Let B, = A,, ;1\ A, which are the elements

of A, ;1 with first coordinate y. Note that ot(A, 1) < « and ot(B,) < « by the
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argument from Fact 2.5. Let ¢, = ot(B,) and 7, : B, — ¢, be the unique order-
preserving bijection. For x € B, let X(x) = nextg'ny (x)+w(0 A(y)) and for n € w,
let TT(x, n) = nexte™ " (0,4 (y)). One has defined A [ (y +1) x w, £ [ A, 41,
and IT [ A, ;1 x w. Using the induction hypothesis that X [ A, is order preserving,
¥ | A,y is order preserving by construction. Note that 94(y) < X(x) for all
x € B, by construction. Now suppose yp < y and x € A, ;| with first coordinate yy.
Y(x) <sup(Z [ A) =68, <A(y,0 <da(y). IT [ Ay X o witnesses that
¥ | A, 41 has uniform cofinality w. Thus the four properties hold at y + 1 for
AT+ xw, X [Ay+1,andl'l FA)/-H X w.

Suppose y is alimit ordinal and forall y <y, A [y xw, X [Aj,and [1] A; x @
have been defined with the above four properties. Note A, = U);q, Aj. Then
Alyxw, XA, and I1[ A, x w also have these four properties.

This completes the construction of A : k¥ X w — [C]i and X : Lp — C.
Ifa < B <k, then 0p(x) < sup(X [ Ay+1) < 0a(B) using properties (2) and (3)
at B+ 1. Thus 0, is an increasing function. Suppose @ < k. Then we have
sup(@a [ o) < sup(Z | Ap) = 8y < A, 0) < 0a(a) by property (2) and (3)
at o + 1. Thus 0, is discontinuous. The function X : L — « is increasing by (1).
For all yy < y; < k and x € LA with first coordinate yy, 04 () < Z(x) < 0a(¥1)
follows by properties (2) and (3) at y; + 1. This verifies Definition 2.6(2). Suppose
x € L with first coordinate y, and hence x € B,. If x is the least element of B,,

then ), (x) = 0 and
sup(X [ x) =sup(X [ A,) =4,
< A(y,0) <da(y) <nexte(da(y))
= nextcg'ﬂy(x)er(DA(V)) =X (x).
Now suppose x is not the minimal element of B,,. Then

-y (y)+w

sup(Z [ x) = sup{Z(y) : y <a x} = sup{next,. ©ay) 1y <a x}

w-v+w -1y, (x)

= sup{nexts” " (0a(y)) v <7y, (0)} < nexte " (0a(¥))
(a(y)) = X (x).

Thus X is discontinuous. IT witnesses that X has uniform cofinality w. ¥ has the
correct type. Thus (A, X) is suitable with the desired properties. (]

If § <€ and f : € — ON, then let drop(f, ) : (¢ — &) — ON be defined by
drop(f, §)(@) = f(§ + «). If « is a cardinal, then we let club, denote the set of
all club subsets of k. For any cardinal « and € < «, a relation R C [«]{ x cluby
is C-downward closed in the club,-coordinate if and only if for all £ € [«]S and
clubs C C D, if R(¢, D) holds, then R(£, C) holds. Without the axiom of choice,
uniform choice of homogeneous sets for many partitions is a very subtle and

-7y (x)+w
< nextc
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challenging problem. “Club uniformization” results are often very important for
combinatorial questions involving partition spaces. The club uniformization of
Theorem 3.10 in [6] is more than sufficient for the proof of Theorem 2.11 (for just
the cardinal w;); however, the proof is not purely combinatorial. The following
club uniformization results are proved from just the strong partition property and
will allow for the selection of clubs homogeneous for various desired properties in
the main construction of Theorem 2.11

Fact 2.9. Assume k —, (k)5 and € < k. Let R C [k]§ x club, be C-downward
closed in the club,-coordinate. Then there is a club C C « such that for all
¢ € dom(R)N[CIS, R(¢, C\ (sup(€) +1)).

Proof. Fix € < k. If g € [«], then let Cy be the closure of g[«] which is a club.
Define P : [«]— 2by P(f)=0ifandonlyif f [ e edom(R) = R(f [ €, Carop(f,e))-
By k — ()3, thereisaclub C Ck and an i € 2 such that for all f € [C]S, P(f)=i.
Pick any ¢ € [C]S. First, suppose £ ¢ dom(R). Pick any g € [C \ (sup(£) + 1)]%
and let f =¢ —~ g. Then f € [C]} and P(f) = 0. Now suppose ¢ € dom(R).
There is some club D C « such that R(¢, D). Let g € [C N D]{ with g(0) > sup(¥)
and observe that C, C D. Since R is C-downward closed in the club,-coordinate,
R(£,Cyq). Let f =€ —~ g. Note that f € [C]§ and g = drop(f, €). Thus P(f) =0.
Since C was assumed to be homogeneous for P, this shows that i = 0. Fix an
h € [CI{. Let E = Cp, which is a club subset of «. Suppose £ € dom(R) N[E]S.
Let o < « be least such that h(«) > sup(€). Let f =€ —~ drop(h, «) and note that
felCL, f I e=¢ drop(f.€) = drop(h, @), and E \ (sup(€) + 1) = Carop(i.-
P(f) =0 implies that R(f [ €, Carop(f,e))- Thus R(£, E\ (sup({) + 1)). E is the
desired club. O

Fact 2.10. Assume k — (k)5. Let R C [«]; x club, be C-downward closed in
the club,-coordinate. There is a club C C k such that R(¢, C \ (sup(¥) + 1)) for all
£ € dom(R)N Uee[C],L [C\(e+ DI

Proof. Fix € < k. Define R¢ C [«]S X club, by R(¢, C) if and only if R(Z, C).
R€ is C-downward closed in the club,-coordinate. By Fact 2.9, there is a club D
such that R(¢, D \ (sup(£) 4 1)) for all £ € dom(R¢) N[C]S. Define S C k x cluby
by S(e, C) if and only if R€(€, C\ (sup(£)+ 1)) for all £ € dom(R)N[C]S. By the
above discussion, dom(S) =«. By Fact 2.9 applied with e =1, there isaclub E C«
such that S(e, E\ (e+1)) forall e € [E]l- Let £ e dom(R)N Uee[E],L [E\(e+D]IS.
Let € = |£| and note that € € [E]i and £ € [E\ (e + DI, S(e, E\ (e + 1)) holds.
Since ¢ € dom(R€) N[E \ (e + 1), RE(L, (E \ (¢ + 1)) \ (sup(€) + 1)). Since
(E\(e+ 1)\ (sup¢) + 1) = E\ (sup(¥) + 1), R°(L, E \ (sup(£) + 1)). Thus
R, E\ (sup(£) +1)). E is the desired club. O

The following will provide evidence for the conjecture that [w;]=*' is w-prime.
In the following argument, there will be a very large family of relevant partitions.
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Fact 2.10 will provide a club which is “simultaneously homogeneous” for all the
relevant partitions in the formal sense of Fact 2.10. Using this club, one will define
an injection of the form presented in Definition 2.6. A number of fine technical
details need to be verified to see that this injection interacts meaningfully with all
the relevant partitions.

Theorem 2.11. Assume « is a cardinal satisfying k — , (/c)g Let k < k and
(Y, : 1 < &) be a sequence of sets. If |[k]=*| < H_[ n<Ax
such that |[k]°| < |Y5].

Proof. Since |[x]=¥| < ’Hnek , let @ [k]°F — qu/\ Y, be an injection.
If f,g € [k]™F and [ # g, then let x(f, g) be the least element n € A such
that ®(f)(n) # ®(g)(n). Let Z C k be the club of indecomposable ordinals
below « and work within Z. Note that k —, (k)5 implies ¥ — ()5, and hence
k —, (k) 2§ by the comments in the paragraphs following Definition 2.2.

For any € € Z and ¢ € [Z]¢, let 0, ! € [Z]S be defined by i (a) =12 - +1).

Claim 1. There is a club C? Ck and ij < A such that x (£ ~ °, £ ~ ') =7 for all
(8,€) €[CV1%,all € € [CY\ (e + ], and all L € [CY\ (sup(£) + D]

Proof of Claim 1. For any (8, €) € [Z]? (hence § <€) and £ € [Z\ (¢ + 1)]?, define
Py [Z\ (sup(t) + 1)IS — A by Pse (1) = x (€ ~ 0, € ~1'). By k = (1),
there is an 15 ¢ r € A and a club C € Z such that Ps ¢ ¢(t) = ns.¢ ¢ for all ¢t € [C]S.
For (8, €) € [Z]2, define Ps . :[Z\ (e +1)]2 — A by Ps.c(£) =n5.c.0- By k = ()3,
there is aclub C € Z and an ns € A such that Ps (£) =ns.c.¢ =ns.c forall £ € [C]i.
Define P : [Z] — A by P(8,€) =ns.c. By Kk =« (K))L, fix a club CO C Z and an
il € A such that P(8, €) =n; . =1j forall (8, €) € [CJ]2. For (8, €) € [CO let Rs.« €
[CO]ZSk x club, be defined by Rs (¢, C) if and only if Ps . (1) =7 forall t € [C]S. Fix
(8,¢) € [Cg]i. By definition of C8, ns.« =1n. By definition of ns . =7, there is a club
D C Z such that Ps ¢ (€) =ns.c.c =ns.c =7 for all £ € [D]3. Fix an element £ € [D]?.
By definition of s ¢ ¢ =1, thereisaclub E C Z such that Ps ¢ ¢ (1) =ns5.c.e =Ns.e =1
for all ¢ € [E]S. Therefore Rs (¢, E). So £ € dom(Rs). Since £ € [D ] was
arbitrary, [D]ﬁsk C dom(Rs.¢). Rs.e is C-downward closed in the club,-coordinate.
By Fact 2.9, there is aclub F € D such that Rs (¢, F \ (sup({) + 1)) for all
£ edom(Rs ) N[ [F]‘S (since [D]% < dom(R;s ¢)). Since (8, €) € [CO] was
arbitrary, it has been shown that for all (8, €) € [C 0] there is a club C with the
property that Rs (£, C \ (sup(£) + 1)) for all £ € [C]§k Define R C [Co]i X cluby

by R((8, €), C) if and only if Rs (£, C \ (sup({) + 1)) for all £ [C]i. Note that
dom(R) = [Cg]i by the above discussion. R is C-downward closed in the club,-
coordinate. By Fact 2.9, there is a club C? - Cg such that R(($, €), C? \ (e +1))
for all (8, €) € dom(R) N[CY1? = [C)]2. a

Claim 2. There is a club C C C0 such that ®(£)(n) £ ®()(n) forall § € [ *,for
allt e [C\ (5 + 1)] *,for all € € [C \ (sup(£) + 1)]* and forall 1 € [C \ (¢ + DIS.

n<A
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Proof of Claim 2. For (8, €) € [Z]2 and £ € [Z]2, let Qs ¢.¢ : [Z]S — 2 be defined by
Os,0,e(t) =01if and only if ®(£)(1) # P () (). By k —4 (k)5, there is a js ¢ €2
and a club C C Z such that Qs ¢ (1) = js.¢.c forall t € [C]S. For all 6 € [Z]}k and
Le[Z]3, define Qs.¢:[Z]L — 2by Qs.¢(€) = js.0.c. By k = ()1, thereis a js €2
and a club C C Z such that Qs ¢(€) = js¢ for all € € [C]}k. For all § € [Z]i, let
Qs :[Z]2 — 2 be defined by Qs(¢) = js ¢. By k — (k), there is js € 2 and a club
C C Z suchthat Qs(¢) = jg ¢=jsforallLe[C ] Define Q:[Z ] —2by Q(5) —]5.
By k —. (/c)z, there is a j € 2 and a fixed club C1 C Z such that Q(§) = js = J
for all § € [CO]1 Let S C [Z] X club, be defined by S, C) ifandonly if js o= j
forall £ € [C ] S is C-downward closed in the club,-coordinate. By Fact 2. 9
there is a club C1 C C1 such that S(§, C1 \ (8 + 1)) for all § € dom(S) ﬂ [C
Suppose § € [C, ]1 By definition of C|, Js =Jj- By definition of js = j, there
is some club C € Z such that js, = js = j forall £ € [C]* and hence S(3, C).
So 6 € dom(S). Since § € [Cé]i was arbitrary, this shows that [Cé]i C dom(S),
and hence [C]]! € [C}]L € dom(S). Therefore S(8, C| \ (8 + 1)) for all § € [C]]!.
Define T C [Z]5* x club, by T (¢, C) if and only if Q¢ ¢,(1) = J_ for all € € [C]i
and for all t € [C\ (e + 1)]§. T is C-downward closed in the club,-coordinate and
therefore by Fact 2.10, there is a club C; € C| such that T (¢, C} \ (sup(¢) + 1))
for all £ € dom(T') ﬂUBE[C il C \(B+1)]S. Fix £ € U(SE[C nt [C \ (8 + 1)1 Thus
[£] € [C, ]1 Define U, C Z X cIub by Uy (e, C) if and only if Oy, ge(l) = ] for
all 1 € [C]. Since |¢] € [C]1L, € € [C]\ (1] + DIV, and S(el. €\ (€] + 1)),
one has that jig ¢ = j. By definition of Jie,e = j, there is a club D g Z such that
JieLe,e = Jiele = ]_ for all € € [DH< Fix € € [D]j< By definition of Jielee = ]T, there
isaclub E C Z such that Q¢ ¢.c (1) = jjej.e.c = j forall t € [E]S, and thus Uy (e, E).
So € € dom(Uy). Since € € [D]i was arbitrary, this shows that [D]! € dom(Uy).
U, is C-downward closed in the club,-coordinate. Thus by Fact 2.9, there is a
club F € D such that Uy (e, F \ (e + 1)) for all € € dom(U,) N [F]i = [F]}k. Thus
Ole,e,e() _ffor alle € [F]] and forallt e [F\(e+1)]S. Thus T (¢, F). This shows
that £ is an element of dom(7'). Since the element £ € Uae[c ]1 C \(§+ 1)]‘3 was
arbitrary, it has been shown that Uae[c ] C \ (6 + 1)]‘S - dom(T) and therefore
UzSe[C] 3\ 6+ DI S Userent [C\ (8 + 1)]® € dom(T). Thus we have
T, C \(sup(£)+1)) forallEeU(;e[C ]1 C \N@S+DI; 12. In summary, Qg[e(t)—]
for all 8 € [C ] forall £ € [ Cz1 \ 6+ 1) ,forall e €[ Czl \ (sup(¥) + 1)]*, and
all t € [C \(e+DIS.

Let C=CYNCl Let§ € [C1L, o € [C\ (8 + DI, € € [C\ (sup(£o) + DL,
€1 €[C\(e+ 112, and t € [C\ (sup(£)+1)]<. Fori €2, let ! € [C\ (sup(£1)+1)]¢
be defined by ¢/ (@) =1(2-a+i) and let o' € [C\ (e 4 1)]¢ be defined by o/ = €1 ~ /'
(and note that |o/| = 8 + € = € since € € Z is indecomposable). Since (8, €) € [C ]ﬁ,
L e [E\(E—[—l)]i, andt e [C\(sup(£1)+1)]i, one has, by Claim 1 and since CcC C?,
that x (6%, o) = x(¢; ~°, ¢y ~ ") = 7. Thus (") () # ®(o!)(77). Hence
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there must be some i € 2 such that ®(o")(7) # (£o)(7)). Thus Qs g, (07) = 0.
Since § € [C]L, €o € [C\ (8 + D2, € € [C\ (sup(£y) + D]}, and o’ € [C\ (e + DS,
Q(;,go,e(a") = ]_ It has been shown that ]_ = 0. Since C C Czl, the conclusion of
the previous paragraph completes the argument for Claim 2. U

By Fact 2.8, let (A, ¥) be a suitable pair such that A : k X © — [E]}k and
T:La—>[Cl. Note that 94 1k — [ClL. Let Aa,z) : (K17 = Uerep [C\ e+ DS
be the injection as defined in Definition 2.6 possessing the properties stated in

Fact 2.7. Let T" : [k]” — Yj be defined by I'(f) = ® (A, ) () ().
Claim 3. The function I is an injection and therefore |[k]°| < |Yj|.

Proof of Claim 3. Suppose f, g € [x]® and f # g. First, suppose sup(f) # sup(g)
and without loss of generality, sup(f) < sup(g). Note that 9 (sup(f)) € [C].. By
Fact 2.7(2) and (5), we obtain that A z)(f) € [C \ @ (sup(f)) + 1)132 P
and Aa.x)(g) € [C\ @a(sup(g)) + DIZ2PE 1t follows from Fact 2.7(3)
that 9 (sup(g)) € [C \ (sup(Aa, () + 1)]i. We use Claim 2 to conclude
that I'(f) = ®(A@a, () # P(Aa,x)(8))(m) = I'(g). Secondly, suppose
sup(f)=sup(g), mcw is least such that f(m)#g(m), and without loss of gener-
ality, suppose f(m) < g(m). Let § = A(sup(f), m) = A(sup(g), m) and note that
de [5]i by definition of A. Lete =04 (sup(f)) =04 (sup(g)) and note that € € [5]}5,
8 < €, and hence (8, €) € [C]2. By Fact 2.7(4), A(a.5)(f) [ 8 = Aa.x)(g) | 8. Let
L= A5 (f)]6=Anx)(g) |5 Notethat e < £(0) by Fact 2.7(2). The set
A= (A5 ()@, An.5)(8)@) 8= AGsup(f), m) = A(sup(g). m) < & < €}
has order type € (since € € C C Z is indecomposable). Let:: € — A be the increasing
enumeration of A. Since Aa x)(f) and A(a, x)(g) have the correct type, ¢ has the
correct type, and thus ¢ € [E\(sup(ﬁ)—i— D)]S. By Fact 2.7(4), 0= drop(Aa,x)(f), 8)
and (! = drop(A(a,x)(g). ). Hence, £ ~ O = A x)(f)and £ ~ = A x)(8).
Thus (8, €) € [C]L, £ € [C\ (e + 1D]%, and ¢ € [C \ (sup(£) + 1)]¢. By Claim 1 (and
since CY D C), 1= x(€ ~° € ~ ") = x(Aa.5)(f), Aa.5)(g)). By definition
of x, T'(f) = D (Acs,m) () # D(Aca,5) (@)@ =T'(g). O

Fact 2.12 [8]. Suppose « is a cardinal such that k — . (k);*. For all x < k, there
is no injection of [k]=* into XON, the class of x length sequence of ordinals.

Under AD™T, Fact 2.12 can be extended to all uncountable cardinals ¥ < ©. Let
Ppk) ={A € P(k) :sup(A) < k}. Note that | Zp (k)| < |[«]=*]|. If k is regular,
then | 2 (k)| = |[x]~¥|. It was shown in [3] that under AD™, if k¥ < ® is singular,
then | Zg(k)| < |[k]=¥]. The main result of [3] shows that under AD™, for all
w<k<0®and x <k, Zg(k) does not inject into *ON, and hence [«]=* does not
inject into X*ON.

Corollary 2.13. Suppose k is a cardinal satisfying k —, (k)5, A <k, and Yis a
set. If |[kK]=%| < [*Y|, then |[]°| < |Y].
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Proof. Let @ : [k]=¥ — *Y be an injection. For n < A, let ¥, = Y. By applying
Theorem 2.11 to (Y, : n < A), |[«]”] <|Y|. Suppose |Y|=[[«]”]. Let Z: Y — [«]*
be an injection. Define IT:*Y — “*k by II(f)(w - 8 +n) = Z(f(8))(n) for all
8 < A and n € w. The function IT is an injection. Then [To & : [x]=F — e is an

injection which violates Fact 2.12. This shows that |[«]*| < |Y|. ([l

Remark 2.14. In light of the strict cardinality inequality of Corollary 2.13, one
would expect a strict inequality in statement of Theorem 2.11: that is, there is
an 7 such that [[«]“| < |Y7], in the notation for Theorem 2.11. Unfortunately, the
argument for Corollary 2.13 would require the existence of a sequence (X, :n < A)
such that ¥, : ¥, — [«]“ is an injection for each n < A. When A > w, there is
insufficient choice even under determinacy to find such a sequence. Of course, the
ideal strategy to produce the strict inequality in Theorem 2.11 would be to answer the
question of whether [« ]=* is A-prime for all A < k when K satisfies suitable partition
properties: if |[k]~¢| < H_[n<A 1<¢1 < |Y;].

The next fact says that if « is a strong partition cardinal, then &2 (k) is ON-regular.

Fact 2.15 [4]. Suppose « is a cardinal satisfying k —, («)5. For all functions
W : P(k) — ON, there is an a € ON such that |¥~![{a}]| = |2 (k)|.

Proof. Since |2 (k)| = |“2| = |[x]5|, one will interchangeably use the various
presentations of this cardinality. Assume the result fails. By replacement, for every
function W : [« ] — ON, there is a § € ON such that W : [« ] — §. Let § be the least
ordinal such that there is a function W : [« ]$ — & with the property that for all @ < 6,
W} < |k I£]. By mlnlmahty, 8 must be a cardinal. If f € [«]f, then let
7O, f1 e [x]* be defined by fi(a) = f(2-a+i) for bothi € 2. Define P : [x]< — 2
by P(f) =0 if and only if W(f%) < W(f!). By k — (k)5, there is a club Co C «
which is homogeneous for P. Suppose Cy is homogeneous P taking value 1. Fix
g €[Cols. Foreachn e w, let g, € [Col% be defined by gn () =g(w-a+n). For each
n € w, there is an f,, € [Co]% such that f = g, and g = gn+1. For all n € w, since
P(fy) =1, one has W(g,+1) = W(f") < W(f°) = W(g,). Thus (¥(g,) : n € »)
is an infinite descending sequence of ordinals which is a contradiction. Thus Cy
is homogeneous for P taking value 0. Let & € [Col5. Let g € [Col; be defined by
gla) =g -a+2). Let ®:“2 — [Cypls be defined by ®(p)(a) =h(3-a + p(a))
where p €“2 implies p takes the form of a function from « into 2. ®:“2 — [Cy]} is

an injection. For each p € “2, there is a unique f, € [Col such that f; 0= d(p) and
fl} = g. The statement P ( f),) =0 implies that ¥(®(p)) = \IJ(fS) < \D(fp) =W(g).
Let n = W(g) and note that n + 1 < § since § is a cardinal. Define ¥ : 2 — n+1
by £(p) = ¥(®(p)). Foralla < n+ 1, [ [{a}]l < W' [{a}]] < |2(x)| by
the assumption on W and the fact that & : X! [{e}] — W~ '[{«}] is an injection.
Thus ¥ witnesses that 41 violates the minimality of §. This contradiction implies
that P has no homogeneous club. This contradicts k — 4 («)5. O
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Fact 2.16. If « is a cardinal satisfying k — (k)5, then |[k]™| < [ 2 (k).

Proof. For the sake of a contradiction, suppose ® : #(k) — [«]=* is an injection.
Let W : Z(k) — « be defined by W(X) =dom(P(f)). By Fact 2.15, there is an
€ < k such that |~ ![{e}]] = |2 (k)|. Let = : Z(k) — W~ ![{€}] be an injection.
Then ® o ¥ : #(k) — [k]€ is an injection. Since |[x]<*| < |Z(«)|, this implies
there is an injection A : [x]=* — [«]¢ which contradicts Fact 2.12. |

Theorem 2.17. Suppose k is a cardinal satisfying k —, (k)5. Let (Y, : o < k)
be a sequence of sets. If |2 (k)| < ‘U;\« [T, Yel|, then there is A < i such that
I[x]1°] < |Y5].

Proof. LetT' : (k) — U, _, [ I,~; Yo be an injection. The idea is to consider the
assignment of A € & (x) to the domain of I'(A) which is an ordinal less than k. By
Fact 2.15, there is a A < « such that a subset of cardinality &?(k) is assigned to A.
This will induce a function from [«]=* into [ | Y. Then the result will follow
by applying Theorem 2.11. The details follow.

Define W : 2 (k) — «k by W(A) =dom(I"(A)). (Note that '(A) e |, _, [ 1,5 Yo
implies that I (A) is a function on some A < «, and thus W (A) is this A..) By Fact 2.15,
there is a A < « such that |[U~'[{A}]| = |2 (k)|. Let = : Z(k) — ¥ I[{A}] be
an injection. Since |[x]™| < |Z(k)|, let I1: [«]= — P (k) be an injection. Let
@ [k]°° — [],-; Yo be defined by ® =T o X o I1. Since & is an injection, there
is some A < k such that |[x]®| < |¥;| by Theorem 2.11. O

a<X

Corollary 2.18. Let «k be a cardinal satisfying k —, (k)5 and let Y be a set.
If |Z(0)| < [T¥Y ], then |[k]°] < |Y|.

Proof. Let ® : #(k) — =FY be an injection. For each « < «, let Y, =Y. By
applying Theorem 2.17 to (Y, : @ < k), |[x]*] < |Y]|. Now suppose |[«]°| = |Y].
(The key observation is that |<*([«]”)| = |~*k|.) Let ¥ : ¥ — [«]® be an injection.
Define IT: <Y — <Kk as follows: if f € *Y for some A < «, then [T1(f) € “*« is
defined by I1(f)(w -8 +n) = Z(f(8))(n) for all § < k and n € w. The function I1
is an injection. Then ITo @ : (k) — =¥k is an injection which violates Fact 2.16.
This shows that [[«]*]| < |Y]. O

3. The well-ordered power set operation

To study the well-ordered power set operation, some results concerning determinacy
in the presence of co-Borel codes will be necessary. Below the two relevant facts
will be summarized. See [2; 18] for more information about co-Borel codes.

Definition 3.1. A pair (S, ¢) is an co-Borel code if and only if S is a set of ordinals
and ¢ is a formula of set theory. A set A € R is co-Borel if and only if there is an
oo-Borel code (S, ¢) suchthat A ={x e R: L[S, x] &= ¢(S, x)}.
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The following result states that if AD and DCr hold and J is a set of ordinals,
then there is a uniform procedure which translate an OD{L](’?}R) definition for a set of
reals to an OD{LJ(’JZ’}R) oo-Borel code for that set of reals. This is done using Woodin’s
result that any model of the form L(J, R) = AD + DC is a “symmetric extension”
of HOD{LJ({’R) when J is a set of ordinals. In particular, truth in L(J, R) can be
captured by a suitable remainder forcing of the w-direct limit of the ODy;; co-Borel
code forcing on the various R". See [2; 3] for the details concerning this forcing

and these results in the model L(R).

Fact 3.2 (Woodin). Assume AD and DCg. Then there is a function E such that
B(¢, J,z,a) is an oo-Borel code for the set A={x e R: L(J,R) =¢(x, J, z, @)}
for all formula ¢ of set theory, sets of ordinals J, z € R, and finite sequences of
ordinals a. (Moreover, the definition of E(¢, J, z, @) is absolute into L(J, R), and
thus (¢, J, z,a) € L(J, R).)

Proof. This is shown for L(R) in [2, Theorem 7.19]. The same argument works
for L(J, R) after suitable relativization. Moreover, the proof provides a uniform
manner of obtaining such co-Borel code from ¢, J, z, and a@. Also [3] provides a
proof in full generality. O

Fact 3.3 (Woodin perfect set dichotomy; [2, Theorem 8.5]). Assume AD and DCg.
Let E be an equivalence relation with oo-Borel code (S, ¢). Then exactly one of
the following holds:

(1) R/E € OD(;"™, and hence R/E has an OD{§;"" well-ordering (which is
obtained uniformly from (S, ¢)).

(2) |IR| < IR/ E]| (there is an injection of R into R/ E).

Proof. The definability of the well-ordering in the first case can be seen by the

inspecting the argument corresponding to the first case. See the proof of this result
as presented in [5, Theorem 3.2] which states this more explicitly. U

Definition 3.4. Let X be a set. Let 2w (X) be the collection of all sets A C X
such that A is well-orderable. If « is a cardinal, let 22, (X) be the collection of all
A C X such that |A| < k (that is, A injects into « but x does not inject into A).
Note that for all cardinals k¥, &, (X) C Pwo(X).

If § € ON, then let Z_5(X) be the set of all injective functions f : € — X with
€ < 4. Let Z_on(X) be the set of all injective functions f : € — X for some ordinal €.
(By the axiom of replacement, there is a cardinal « such that Z_, (X) = Z_on(X).)
Let v : Z_on(X) = Pwo(X) be defined by v(f) = f[dom(f)]. The function
t: I on(X) > Pwo(X) is a surjection. For any cardinal «, the restriction of t to
T (X) is a surjection of the form v : Z_, (X) — £ (X).

Theorem 3.5. Assume AD, DCg, and all sets of reals have an oo-Borel code.
Let k < © and Y be a surjective image of R. Let ® : (k) - Pwo(Y). Let
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t:Z_on(Y) = Pwo(X) be defined by t(f) = f[dom(f)]. Then there is a function
& : P(k) = I-on(Y) such that ® =t o .

Proof. For each A € #(k), one will uniformly define an equivalence relation E 4 on
a subset R4 C R along with the co-Borel code for E4 so that ®(A) is in bijection
with R4 /E 4. Fact 3.3 will uniformly provide a well-ordering for R4/E 4 which
will be used to define ®(A). The precise details follow.

Since k < O, let ¢ : R — « be a surjection. Define a pre-well-ordering <
on R by x < y if and only if ¢(x) < ¢(y). Let rk<(x) be the rank of x in the
pre-well-ordering < and note that tk< = ¢. Let I" be any nonselfdual pointclass
closed under A, 3%, and containing < (for example, the pointclass 211 (=) frequently
used for the Moschovakis coding lemma). Let U CR xR x R be a setin I" and
universal for subsets of R? in I" (which exists by an application of the Wadge
lemma). Let 0 € R be the constant 0 function. For each e € R, define the set
Co={aek:3x)k<(x) =a AUl(e,x, 6))}. Foreach AC«k,let T4 CR xR
be defined by T, (x, y) if and only if rk<(x) € A A y = 0. By the Moschovakis
coding lemma, thereisa V C R2 with V € I such that V C T, and for all « < «,
TaN@kZ [{a}]xR) # @ if and only if VN (k2! [{a}]x R) # @. Since U is universal
for subsets of R? in I, there is an e € R such that V = U, ={(x,y):Ul(e, x, y)}.
Then C, = A. Thus the map e — C, is a surjection of R onto &2 (k) via the explicit
coding procedure described above using < and the universal set U. Note that this
coding is absolute to any inner model M containing all the reals, <, and U. This
implies that Z (k) = £ (k) N M.

Since Y is a surjective image of R, without of generality, assume ¥ = R/E for
some equivalence relation E on R. Define R € & (k) x R by R(A, z) if and only if
[z]g € ®(A). Note that forall A € Z(k), Ra ={z€R:R(A,2)}=JP(A) and
R4/E = ®(A). Define R € R x R by R(e, z) if and only if R(C,, 7).

Since all sets of reals have oo-Borel codes, let (So, @), (S1, ¢}), (S2, ¢3), and
(83, <P§) be oo-Borel codes for <, U, E, and ﬁ, respectively. For notational
simplicity, merge all four sets of ordinals Sy, S, S, and S3 into a single set
of ordinals 7 in some simple manner. Then one can find four formulas ¢g, @1, @2,
and ¢3 so that (T, ¢g), (T, ¢1), (T, ¢2), and (T, ¢3) are oco-Borel codes for <, U,
E, and R, respectively.

Thus <, U, E, Re L(T, R). By the discussion above, Z(k) C L(T, R). Thus
R € L(T, R) since within L(T, R), one can define R(A, z) if and only if there
exists an e € R such that R (e, z) and C, = A. Moreover using the co-Borel codes
(T, @o), (T, @1), (T, @), and (T, ¢3), the above shows that R is ODL(T B Let
Ae P(k). Define E4, CRxRbyx E4 yifandonly if x E y AR(A, x)/\R(A, y)
which is an equivalence relation on R4 = {x : R(A, x)}. Note that E4 and Ry4
are OD{LT(TA[}R). Since T and A can be merged into a single set of ordinals and

the equivalence relation E 4 is ODLT(TA[?), Fact 3.2 implies there is co-Borel code
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for E4 which is ODLT(C‘R) Let (S4, @4) be the least such co-Borel according to
the canonical ordering of OD T( AR) (or let it be the co-Borel code obtained by
the uniform procedure of Fact 3.2). Since Ry/Es = Ro/E = ®(A), Ro/E4 is
well-orderable. Therefore by Fact 3.3, Ra/E4 has an OD7 (T R) well-ordering.
Let —4 be the ODL(T ”? least such well-ordering (or more exphcitly, the well-
ordering uniformly deﬁned from (S4, ¢4) as in the proof of Fact 3.3 found in [2]).
Let ¥4 : ot(Ca) — Ra/E4 be the canonical order-preserving enumeration of
RA/E4 = ®(A) via C4. Let ®(A) = 4. Thus @ : P(k) — Z_on(Y). Since
®(A) = 4 enumerates ®(A) = Ry/E4, t(P(A) = P(A). Thustod =&, O

In other words, Theorem 3.5 states that for all ® : # (k) > Pwo(Y), there is
a function ® : P (k) — Z.on(Y) such that &D(A) is an well-ordered enumeration
of ®(A) for any A € Z (k). Note that there is in general no map I' : Pwo(Y) —
Z_-on(Y) which sends a well-orderable B C Y to a well-ordered enumeration I"(B)
of B. In fact, there is in general no injection of Pwo(Y) into Z_on(Y). For example,
let Y = R. Let Eg be the equivalence relation on “2 defined by x Eq y if and only
if there exists an m € w such that for all n > m, x(n) = y(n). If ACE holds and
all subsets of R have the property of Baire, then R/ Ey is not linearly orderable.
R/Ey injects into Z,,, (R) by the inclusion map since Ey is an equivalence relation
with all countable classes. Thus &, (R) is not linearly orderable. However 7, (R)
is linearly orderable by the lexicographic ordering. (Also one can inject 7, (R)
into & (w1 ) and use the lexicographic ordering on &?(w1).) This shows that #,,, (R)
does not inject into Z_,, (R). This discussion also shows |Z_,, (R)| < |, (R)].

Theorem 3.6. Assume AD, DCg, and every subset of R has an oo-Borel code. Let
Kk < O satisfy k — 4 (k)5. Let Y be a surjective image of R. If |2 (k)| < |2, (Y)|,
then |[k]%| < |Y].

Proof. Let ® : Z(k) — Z(Y) be an injection. By Theorem 3.5, there is a
o P(k) —> L.on(Y) such that ® =to ®. Since ® is injective, this implies that o
must be injective. For all A € Z(x), ®(A) = t((i)(A)) = d~>[dom(d~>(A))] implies
that ®(A) is a well-ordered injective enumeration of ®(A). Since ®(A) € L, (Y),
®(A) € Z_(Y), and thus @ : (k) — Z_(Y). Since Z_(Y) € <XY, ® may
be regarded as an injective function ® : Z(x) — <¥Y. Then |[x]°| < |Y| by
Corollary 2.18. ([l
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