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A sharp lower bound on fixed points of
surface symplectomorphisms in each mapping class

ANDREW COTTON-CLAY

Given a compact, oriented surface X, possibly with boundary, and a mapping class,
we obtain sharp lower bounds on the number of fixed points of a surface symplecto-
morphism (ie area-preserving map) in the given mapping class, both with and without
nondegeneracy assumptions on the fixed points. This generalizes the Poincaré—
Birkhoff fixed point theorem to arbitrary surfaces and mapping classes. These bounds
often exceed those for non-area-preserving maps. We give a fixed point bound on
symplectic mapping classes for monotone symplectic manifolds in terms of the rank
of a twisted-coefficient Floer homology group, with computations in the surface case.
For the case of possibly degenerate fixed points, we use quantum-cup-length-type
arguments for certain cohomology operations we define on summands of the Floer
homology.

37E30, 37J10, 53D40; 37C25

1 Introduction

1.1 Sharp fixed point bounds for surface symplectomorphisms

1.1.1 Overview Let (X, ) be a compact surface of negative Euler characteristic, !
possibly with boundary, with @ a symplectic form (ie area form). For any mapping class
we give sharp lower bounds on the number of fixed points of an area-preserving map ¢
in the mapping class, both in the case in which ¢ is assumed to have nondegenerate
fixed points? and in the general case in which degenerate fixed points are allowed.
This generalizes the Poincaré—Birkhoff fixed point theorem, which states that area-
preserving twist maps of the annulus have at least two fixed points, to arbitrary surfaces
and mapping classes.

WMSP(Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
1Our results extend to the nonnegative Euler characteristic case but these exceptional cases would be

cumbersome to carry around. All of these cases are already understood.
2That is, the fixed points of ¢ are cut out transversally in the sense that det(1 —d¢y ) # 0 for fixed points x.
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1658 Andrew Cotton-Clay

1.1.2 Traditional lower bound from Nielsen theory A traditional lower bound,
which is sharp for non-area-preserving maps on surfaces, comes from Nielsen theory.
Given a symplectomorphism ¢: ¥ — X let My — S ! be the mapping torus as a
Y-bundle over S, and let I'(My) be its space of sections. A Nielsen class 1 €
mo(I'(My)) of a fixed point x of a map ¢ is its homotopy class when considered
as a constant section of the mapping torus. The index of a Nielsen class 7, denoted
by ind(n), is given by the sum of the topological indices® of each fixed point in the
class 1. This quantity is invariant under deformation. The traditional lower bound
on fixed points when there is a nondegeneracy condition is given by Zn lind(n)], as
nondegenerate fixed points have index £1. In the general case with no nondegeneracy
condition, the traditional lower bound is given by the number of Nielsen classes with
nonzero index.

1.1.3 Mapping classes and Thurston’s classification Let Diff " (X) denote the space
of orientation-preserving diffeomorphisms of X. For closed surfaces, mapping classes
are elements of 7y (Diff™(X)). For surfaces with boundary, we define Diffgr(Z) to
be the space of orientation-preserving diffeomorphisms with no fixed points on the
boundary, and use the term mapping classes to refer to elements of g (Diff; (%)),
though this is not standard. By Moser’s trick, in dimension two, these are homotopy
equivalent to the versions with Diff replaced by Diffy, = Symp.

We state our results in terms of Thurston’s classification of surface diffeomorphisms
(see Thurston [20] and Fathi, Laudenbach and Poénaru [4]), which states that given a
compact, oriented surface X (with or without boundary) every element of 7o (Diff ™ (X))
is precisely one of the following types:

¢ Periodic (finite order) For some representative ¢, we have ¢t = id for some
E S Z>0.

e Pseudo-Anosov Some singular representative ¢ preserves two transverse sin-
gular measured foliations, expanding the measure on one and contracting the
measure on the other. See Cotton-Clay [1] for symplectic smoothings of these
singular representatives.

¢ Reducible Some representative ¢ fixes setwise a collection of curves C, none
of which are nullhomotopic or boundary parallel (and the mapping class is not
periodic).

3The degree of the induced map on Hj of a deleted neighborhood of the fixed point x.

Geometry & Topology, Volume 27 (2023)
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In the reducible case, we call such a curve C above a reducing curve. Cutting along a
maximal collection of pairwise nonhomotopic reducing curves C gives a map on each
component of X\ C, given by the smallest power of ¢ which maps that component
to itself, which is periodic or pseudo-Anosov. We call these components of X \ C
reducible components or geometric components when extending this to the case of the
entire surface for nonreducible maps. We say a component abuts the reducing curves
making up its boundary, as well as any curves making up its actual boundary.

1.1.4 Fixed annuli and standard representatives To understand fixed points of
surface symplectomorphisms, we are interested in components which map to themselves.
In addition to the geometric components described above, we must extend the notion
of components to allow for a number of fixed annuli between geometric components
or near a boundary when there is sufficient twisting along the reducing curve or at a
boundary curve. After standard perturbations (see Section 4.1.1), near a reducing curve
or boundary curve C, we choose standard representatives to have twisting regions (2 la
Dehn twists) connecting the components. Such a twisting region may have any number
(in Z>g) of circles of fixed points, which we think of as fattened to annuli and consider
as fixed annuli. See Section 4.1.2 for a definition and, for an optional further elucidation
of these, see Section 4.1.3 relating counting the number of these to a variant of fractional
Dehn twist coefficients, related to the concept in Honda, Kazez and Mati¢ [7].

These fixed annuli are important to consider as they can show up in one of two types
of components (see Section 1.1.5 below) which contribute to excess fixed points over
the traditional Nielsen theory lower bound. Indeed, the case of the Poincaré—Birkhoff
fixed point theorem can be thought of as a solitary fixed annulus in this context.

1.1.5 Excess over Nielsen lower bound: components of types A and B In what
follows, these fixed annuli are additionally considered components, on which the
induced map is considered to be the identity. Additionally, we consider mapping
classes on a surface with boundary with fixed annuli reducible in (Diff;(E)), even
if they are not reducible in 7o (Difft (X)).

There are two settings, in terms of standard representatives, in which the minimum
for area-preserving maps exceeds the topological minimum from Nielsen theory. Both
involve components on which the induced map is the identity:

¢ Components of type A We say a component is of type A if

— its induced map is the identity,

Geometry € Topology, Volume 27 (2023)



1660 Andrew Cotton-Clay

— it is genus-zero but nonannular,
— it does not abut with twist 0 € Q any pseudo-Anosov components,
— all its boundaries are nullhomologous or boundary-parallel, and
— all its boundaries have twist in Q with the same sign or 0.
e Components of type B We say a component is of type B if
— it is a fixed annulus (as above), and

— it is nullhomologous or boundary-parallel.

Here twist is in the sense of the fractional Dehn twist coefficient of [7].
1.1.6 Theorems and discussion

Theorem 1.1 Let (¥, w) be a compact, oriented surface, possibly with boundary,
with area form w. The minimum number of fixed points of an area-preserving map with
nondegenerate fixed points in a mapping class h is given by

>y lind(n)] if h is periodic or pseudo-Anosov,
>, lind(n)| +24+2B if h is reducible.

Here A is the number of components of type A, and B the number of components of
type B, of a standard representative of the mapping class 4.

The upper bound here is given by construction, which comes from perturbing maps
which are nice with respect to the Nielsen—Thurston geometry, which we call standard
form maps, with particular symplectic vector fields. The lower bound comes from Floer
homology computations for these standard form maps with certain twisted coefficients,
based on computations we performed in [1], plus a result discussed below showing
how computations with appropriate twisted coefficients give fixed point bounds over
entire mapping classes.

In this case, counting nondegenerate fixed points, components of types A and B each
contribute an additional two fixed points, analogous to the Poincaré—Birkhoff fixed
point theorem, which can be thought of as the case of a solitary fixed annulus.

Theorem 1.2 The minimum number of fixed points of an area-preserving map in a
mapping class h is given by

#{n : ind(n) # 0} if h is periodic or pseudo-Anosov,

{#{n :ind(n) # 0} + A+ 2B if h is reducible,

where A and B are as in Theorem 1.1.

Geometry & Topology, Volume 27 (2023)



A sharp lower bound on fixed points of surface symplectomorphisms 1661

To clarify Theorem 1.2, both components contributing to 4 and components contributing
to B contribute two to the minimum number of fixed points, but those contributing to
A have nonzero index and thus have already contributed one in the traditional Nielsen
bound. For type A components, degeneracy allow collapsing down to two fixed points,
but (also with type B components) no further.

Though we have restricted to surfaces of negative Euler characteristic, we note that a
twist map on the annulus may be considered to have one component of type B, and the
two fixed points guaranteed by the Poincaré—Birkhoff fixed point theorem appear in
the 2 B term here.

Again the upper bound is given by construction. The lower bound comes from “quantum
cup-length” computations for a certain cohomology operation* on the summand of
Floer homology corresponding to the given Nielsen class, plus a compactness argument
of Taubes. This cohomology operation is morally given by counting intersections of
holomorphic cylinders with cycles in H; (S, d.5) for S a reducible component on which
the map is the identity whose fixed points are in the Nielsen class. The fact that this
is well defined comes from an understanding of the homotopy type of the component
of the space of sections I'(My) of My — S ! corresponding to the given Nielsen
class, plus an algebraic invariance result given in [1] for certain types of cohomology
operations on Floer homology.

1.2 Fixed point bounds for monotone symplectic manifolds.

Let (X, w) be a symplectic manifold, and consider the problem of finding fixed point
bounds for symplectic mapping classes, which are connected components of Symp(X).

The symplectic Floer homology of a symplectomorphism ¢ is the homology of a chain
complex generated by the fixed points of ¢; see Section 2 for more details. Thus the
rank of Floer homology gives a bound on the number of fixed points of ¢, and results on
the invariance of Floer homology under deformation of ¢ give more general fixed point
bounds. A main challenge in obtaining fixed point bounds for symplectic mapping
classes is that we are interested in fixed point bounds on connected components of
Symp(X) as opposed to on Ham(X )—cosets of Symp(X'). Floer homology is invariant
under Hamiltonian perturbations between maps with nondegenerate fixed points, so as
long as we can define it on a given Ham( X' )—coset, the rank of the Floer homology for

4We note that the usual module structure over the quantum cohomology of ¥ vanishes in the situation of
interest.

Geometry € Topology, Volume 27 (2023)



1662 Andrew Cotton-Clay

any map in the coset is a bound on the number of fixed points for all nondegenerate
maps in the coset.

To deal with this, we give a general method for finding fixed point bounds for symplectic
mapping classes on monotone symplectic manifolds (X, w). We say that (X, ) is
monotone if [w] € H*(X) is a positive multiple of ¢;(X).3 The method consists of
performing a single Floer homology computation, for a suitable map ¢ in the symplectic
mapping class, with suitable twisted coefficients. Along the way, we show that Floer
homology computations for one suitable map ¢ with various twisted coefficients give
computations of HF«({, Ay, ), the Floer homology of ¥ with its natural Novikov
coefficients Ay, for any ¥ in the symplectic mapping class.

We identify a subset of each mapping class, which we call weakly monotone, such that
Floer homology is defined with any coefficients and is invariant under deformations
through such maps. In [1] we have shown that standard form maps on surfaces are in
this subset. Let wg be the two-form on My induced by w on ¥ x R and let ¢y be the
first Chern class of the vertical tangent bundle of My — S L

Definition 1.3 A map ¢: X — X is weakly monotone® if [wg] vanishes on To(My),
where To(My) C Hy(Mg:R) is generated by tori 7' with ¢4(7") = 0 such that
wlp: T — S! is a fibration with fiber S!, where the map 7: My — S! is the
projection.

In Section 3.1 we define a flux map. Monotone maps have zero flux, which allows
their Floer homology with untwisted coefficients to be computed. Weakly monotone
maps need not have zero flux, but they still have well-defined Floer homology with
untwisted coefficients. Further, if we apply well-chosen twisted coefficients, the Floer
homology gives a lower bound on fixed points for non-weakly-monotone maps in the
same symplectic mapping class.

Consider a flux map Flux(¢): N, — R. Here N} denotes the image under the map
Hy(Mg) — ker(¢« —id) C Hy(X) of ker(cy) C Ha(Myg). Let N be the image under
the map from the long exact sequence for the mapping torus fibration Hy(Mgy) —
ker(¢px —id) C H;(X) of the subset To(My) C ker(cg) C Ho(My).

SIf the multiple is negative, everything goes through similarly if there are no spheres with Chern class
above —n — 2, where 7 is half the (real) dimension of X. Even failing this, we should be able to use virtual
moduli space or polyfold methods. These are technical issues, but the statement that [@] is some multiple
of ¢{(X) seems vital to our argument.

®We used “weakly monotone for every Nielsen class” to refer to the same concept in [1].

Geometry & Topology, Volume 27 (2023)
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Theorem 1.4 Let X be a monotone symplectic manifold, h a symplectic mapping
classon X, and ¢ € h.

(1) Flux(¢): Np/tors — R is well-defined.
(i) Flux(¢)|,, Jtors ™ 0 if and only if ¢ is weakly monotone.
h ors

(iii) Let ¢ be such that Flux(¢) |Nh = 0. Then the rank of HF «(¢; Q(Z/Z[N}:/tors]))
gives a lower bound on the rank HF(; Ay) for ¢ any map in the class h,
where Ay, is the Novikov ring over which HF « (V) is naturally defined, and thus
gives a lower bound on the number of fixed points of a map in the mapping class
with nondegenerate fixed points.

Here Q(Z/2[N, /tors]) is the quotient field of the group ring of N, /tors over Z/2.
The Novikov ring A, is a ring over which HF «(v) can be defined, with generators
given by fixed points, even if ¥ is not weakly monotone. The main idea is that in some
cases the field Q(Z/2[Ny]) injects into A, in which case we have a field extension
and the ranks of the homology are the same. When we do not have an injection, we
can extend A, to a larger Novikov ring into which Q(Z/2[N]) does inject. When
homology is computed over the larger Novikov ring, the rank can only decrease, giving
the lower bound in Theorem 1.4. Yi-Jen Lee’s bifurcation analysis [12; 13] is vital to
this argument, giving a way to compare the Floer homology of maps with proportional
fluxes. We note that Lee and Taubes [14, Corollary 6.6] have a similar Theorem for
periodic Floer homology coming from their isomorphism with Seiberg-Witten Floer
homology. Lee also informed us that she was independently aware of the existence of
results such as Theorem 1.4.

Organization of the paper

In Section 2 we review Floer homology and Nielsen classes; develop general twisted
coefficients for Floer homology; review Novikov rings; and discuss invariance results
due to Yi-Jen Lee [12; 13].

In Section 3 we give a general method for finding fixed point bounds on a monotone
symplectic manifold using a Floer homology computation for any weakly monotone
symplectomorphism with a particular choice of twisted coefficients.

In Section 4 we carry out this method in the case of surface symplectomorphisms to
give a lower bound, using computations from [1]. We obtain an equal upper bound by
explicit constructions.

Geometry € Topology, Volume 27 (2023)



1664 Andrew Cotton-Clay

In Section 5, we give fixed point bounds for surface symplectomorphisms with possibly
degenerate fixed points. We use a certain cohomology operation in place of the quantum
cap product, which vanishes in the situation of interest, to give cup-length-type bounds.
An equal upper bound is again given by explicit constructions.

Acknowledgements This paper is adapted from part of my thesis [2] at UC Berkeley
under Michael Hutchings, who gave invaluable advice and support. I’d also like to
thank MIT for their hospitality during my last year of graduate school, and Denis
Auroux, for his advising and helpful discussions. The reviewers and editors also gave
numerous valuable comments and suggestions.

2 Floer homology, Nielsen classes, twisted coefficients,
Novikov rings and bifurcation analysis

2.1 Review of Floer theory and monotonicity

We provide a brief summary. For a more complete discussion, see [3; 18; 1; 15].

Let 3 be a compact, connected, oriented surface, possibly with boundary, of negative
Euler characteristic. Let @ be a symplectic form (ie an area form) on X. Let ¢ be
an element of Sympy (X, w), the space of symplectomorphisms (ie area-preserving
diffeomorphisms) with no fixed points on the boundary. We consider the mapping torus

f o,
of ¢ Rx 3

My = .
LTI = (9K
Note that this is a ©—bundle over S! with projection 7 : My —R/Z =S I

Let I'(My) denote the space of smooth sections of 7: My — S ! Note that a fixed
point x € ¥ of ¢ can be interpreted as a constant section . Let J denote the space of
almost complex structures J on R x My which are R—invariant, preserve the vertical
tangent bundle of 7: R x My — R xS !, and for which 7 is (J, j)-holomorphic, given
the standard complex structure j on the cylinder R x ST.

Suppose ¢ has nondegenerate fixed points, in the sense that d¢ does not have 1 as an
eigenvalue at any fixed point. Let Py yI'(My) denote the space of paths from yx to
Yy in I'(My). Let C € mo(Px,yI'(My)). Given a generic J € J, the moduli space
M(¢, x, y, C) of holomorphic sections R x ST — R x My in the homotopy class C
is smooth and compact, of dimension ind(C); see [5] or [6].

Geometry & Topology, Volume 27 (2023)
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For a statement of the index formula, see [16], or [1, Section 2.2] for a discussion
tailored to the current setting. Other than computations that we will cite below from [1],
we have need only of the change of homology class formula. In preparation, we define
the cohomology class ¢y € H 2 (My)=H 2(R x M) to be the first Chern class of the
vertical tangent bundle to the projection .

Proposition 2.1 [16] Let C,C’ € mo(Px,,T'(My)). Then ind(C) — ind(C’) =
2(cy.[C —C]).

Let wg denote the cohomology class in H?(My) = H?(R x M) of the vertical area
form on M.

Proposition 2.2 (Gromov compactness [6]) Let I C mo(Px,yI'(My)). The union
Ucer M(¢.x, y,C) is compact if the set of values

{wg(C—C") | C,C" € mo(Px,yT'(My)}
is bounded.

We have the following conditions.
Definition 2.3 A map ¢ € Symp, (X, w) is monotone if wy vanishes on the kernel of .

Definition 2.4 A map ¢ € Sympy(Z, w) is weakly monotone if wy vanishes on
To(My), where To(My) C Hy(My: R) is generated by tori 7" with ¢4(7') = 0 such
that | p: T — S is a fibration with fiber S!, where the map 7 : My — ST is the
projection.

Under either of these conditions, the moduli space
M1(¢,x,y)= U M(¢,X,y,C)
C:ind(C)=1
is compact. Thus we may define they symplectic Floer homology HF «(¢) of ¢ with

coefficients in Z /2 to be the homology of the Z/2—graded chain complex CF(¢) =
D crin(p) Z/2 - x with differential

dx =) #(M(¢.x.y)/R)-y,
y
where the R—action is by translation in the R—direction in R x M, and the Z /2—grading

of a fixed point x is given by the sign of det(1 — d¢). The homology of this chain
complex is invariant under deformations through monotone or weakly monotone maps.

Geometry € Topology, Volume 27 (2023)
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We recall:

Proposition 2.5 (monotone [18]; weakly monotone [1]) The space of monotone
(resp. weakly monotone) maps ¢ € Sympy (2, w) is homotopy equivalent to Diffy (%)
under the inclusion map. In particular, the space of those in each mapping class is
connected.

2.2 Nielsen classes and Reidemeister trace

There is a topological separation of fixed points due to Nielsen: given a fixed point x
of ¢, we obtain an element [yx] € mo(I"(My)), the free homotopy class of yx in the
space of sections I'(M). We denote this homotopy class by I'(Mg)[,,.]. The chain
complex CFy(¢) defined above, as well as all the variants to be defined below, split
into direct summands for each Nielsen class 1 € 7o (I'(My)):

HF«(p)= > HF«(¢.n).
nemo(I'(My))
We note that in the case of surfaces of negative Euler characteristic, Nielsen classes are
well-defined on entire mapping classes (ie there is no monodromy). Thus the rank of
HF+«(¢,n) is a lower bound on the number of fixed points in the Nielsen class 7 on,
for example, the weakly monotone subset of the mapping class.

A simpler lower bound on the number of nondegenerate fixed points in a Nielsen class
n € mo(I'(My)) is given by the absolute value of the index of the Nielsen class

ind(n) = Z ind(x).
x:[yx]=n
We note that ind(n) is the Euler characteristic of HF«(¢, n). A lower bound for the
number of fixed points of a map ¥ with nondegenerate fixed points in the same mapping

> lind().

nemo(I'(My))

For maps with possibly degenerate fixed points, the bound from Nielsen theory is the

class as ¢ is thus given by

number of essential Nielsen classes; that is, the number of Nielsen classes 1 for which
ind(n) # 0.

2.3 Twisted coefficients

We have a groupoid G4 whose objects are sections of the mapping torus My and
whose morphisms from x to y are given by homotopy classes of paths from x to y
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in I'(My). Given a ring R, we can take the groupoid algebroid R(Gy), a category
enriched over R—modules with the same objects as Gy and with Homgg,,) (x, y) given
by the free R—module generated by elements of Homg, (x, y). Note that we have a
homomorphism ind: Gy — Z given by the index.

If we have a representation p from R{Gg) to an R—module M, we can define Floer
homology with coefficients in p (or M if p is understood) as the homology of a chain
complex over M with generators the fixed points of ¢ and differential given by

ox=) Y pCD-y.

Yy CeMi(x,y)

where [C] is the homotopy class of the path in I"(My) associated to the flow line C,
and we abuse notation by identifying y with the section yy € I'(My). This is defined
for weakly monotone ¢ for arbitrary p (because then M (¢, x, y) is compact). In
Section 2.4 we discuss representations A4 suitable for each ¢.

We will typically suppress the ring R, which throughout this paper may be assumed to
be Z/2.

The standard representation py into the group ring of Hy(I'(My)) is defined as follows.
For every pair of sections x, y and every index i, we choose a path C)’;, y in I'(Mg)
between them, of index i if possible. We require that

i o~ it i __ i 0 _
Coy Gz =Gy Gy =-GC and Gy =x.

Here - signifies appending paths, — signifies reversal of a path, and * signifies the
constant path. Then py ([C]), for C a path from x to y, is defined to be [C - Cy, i?d(c)] €
H;(I'(Mg)). Note that in fact this lies in ker(cy) C Hi(I'(My)). We have made
choices, but the resulting Floer homology is well-defined up to a change of basis.

We typically compose this with the map H;(I'(My)) — H>(My) to get what we call
fully twisted coefficients, over 7 /2[H,(Mgy)]. If we desire to have field coefficients,
we may for example take the quotient field of the group ring of H,(My)/tors.

2.4 Novikov rings

Definition 2.6 For R aring, G an abelian group and N : G — R a homomorphism,
the Novikov ring Novg(G, N) is defined to be the ring whose elements are formal
sums Y geG dg - &, Where ag € R are such that for each r € R, only finitely many of
the ag with N(g) < r are nonzero.
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There is also the universal Novikov ring:

Definition 2.7 For R a ring, the universal Novikov ring A g is defined to be the ring
whose elements are formal sums Zr crar-T", where a, € R are such that, for each
s € R, only finitely many of the a, with » < s are nonzero.

Note that this is a field if R is a field. We have maps Novg(G, N) — A g given by
g+ TN® _ If Risafield and N is injective, this is an extension of fields.

We define a representation, the natural Novikov coefficients for ¢, denoted by Ay,
as follows. We have a representation into Novz,(ker(cg), @g), where the maps
Cp»wg: Hi(I'(Mg)) — R are defined as in Section 2.1. The representation is defined
in the same manner as the standard representation; we have simply taken a submodule
ker(cy) C H{(I'(My)) in which the image must lie, and allowed certain infinite sums.
We further compose this with the map to Az/,. This all is simply to say we take

~—ind(C)
Ap([C]) = thb(c Cy.x )

We may define HF «(¢, A4), the Floer homology of ¢ with coefficients in A4 for any ¢.
The point is simply that, while we may not have finiteness for M1 (x, y), we do have
that there are only finitely many C € M (x, y) with ws(C) < r for any given r € R,
by Gromov compactness, and this is precisely what is required.

2.5 Bifurcation analysis of Yi-Jen Lee

Yi-Jen Lee [12; 13] has worked out a general bifurcation argument for what she calls
Floer-type theories. Michael Usher [21] has a nice summary of the invariance result
this gives (which Lee conjectured in an earlier paper [11, equation 3.2] but did not
explicitly state as a theorem in [12; 13]) and its algebraic aspects. We have adapted the
statement to our setting involving representations p of Z/2(Gy).

Theorem 2.8 ([21, Theorem 3.6], due to Lee [12; 13]) Suppose (X, w) is a symplectic
manifold with w,(X) =0. Let ¢, : X — X be a smooth family of symplectomorphisms
withr € R and J, = {J;}, witht € R a smooth tamily (of 1-periodic families)
of almost complex structures on X such that (¢g, Jo) and (¢1, J1) are generic. Let
N =ker(cg): Hi(I'(My, )y) — R (this is independent of ).
() Suppose wg, | = f(r)wg,ly, for f(r) € R. Then HFx«(¢o,n, Jo; Ag,) =
HF «(¢1, 1, J1§A¢o0)- O
(ii) Suppose wg, |= 0 for all r. Then HF «(¢o, 1, Jo) = HF«(¢1,7, J1). In fact,
HF «(¢9, 1, Jo; p) = HF «(¢1, 1, J1; p) for any representation p.
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We point out that in item (i) we are indeed taking the Floer homology of ¢; with
coefficients given by the representation A4,. What this means is that we use wg, to
determine the power of T in p([C]).

3 Bounds on fixed points in symplectic mapping classes

3.1 Representations and flux

Throughout this section consider (X, w) a monotone symplectic manifold. The goal
of this section is to give a lower bound on fixed points for symplectomorphisms in a
symplectic mapping class /1 € o(Symp(X, w)) in terms of the rank of HF «(¢, p) for
one suitable choice of a pair (¢, p) with ¢ € & and p a representation of Z/2(Gg). In
this subsection we define the representations pp, for which it will be shown that (¢, pm)
is such a pair for any monotone ¢, and pywy for which it will be shown that (¢, pwm) is
such a pair for any weakly monotone ¢.

Monotone case We have a representation pp, that works for any monotone ¢. The
representation pp, is defined as follows:

We have the representation pg into Z /2[Hy (I'(My))]. We first compose’ with the map
H{(I'(My)) — H>(Mgy), noting that the image lies in the kernel of ¢y : Hy(My) — R.
Now we compose with the map to H;(X) in the long exact sequence for the mapping
torus, a part of which is

(1) Hy(X) -5 Hy(My) 2> Ker(¢w —id) C Hy (X).

We denote the image of ker(cg) in Hy(X) by Ny, (this depends only on the mapping
class /). Finally, we mod out by torsion and then take the quotient field, so that our
coefficients lie in the field

Q(Z/2[Np/tors]),

where Q denotes taking the quotient field. Essentially we have taken fully twisted field
coefficients, but we have been careful about where the image lies so that we can define
flux in this context, which both will be useful in specifying which maps ¢ are suitable
to work with and will be a useful tool in what is to come.

TTechnically we are composing with the map induced on the group ring by this map on homology. We
continue this abuse of terminology in what follows.
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We have a characterization of monotone maps in terms of Flux, which we define using
the long exact sequence (1) above:

Definition—-Lemma 3.1 The flux of any symplectomorphism ¢, denoted by
Flux(¢): Np/tors > R

and defined as
Flux(¢)(y) = wg(Cy),

where Cy, € Hy(My) is such that d(Cy) = y and c4(Cy) = 0, is well-defined. Here 0
is the map from the long exact sequence (1).

Proof First, we note that such a C,, exists because Ny, is the image under 9 (in the
long exact sequence) of ker(cg). Next we note that wg(C),) is well-defined because if
we take any other C,, such that d(C})) = y and cg(C)) = 0, the difference C), — C),
is in the kernel of ¢4 and, being in the kernel of d, must also come from an element
of Hy(X), which we denote by B. We have that ¢y oi: Hy(X) — Z agrees with
c1(X): Hy(X) = Z. Thus ¢1(X)(B) = 0. By monotonicity of X, this implies that
w(B) = 0. Because wg oi: Hy(X) — R agrees with w: Hy(X) — R as well, we
conclude that wg (Cy) — wg (CJ/,) = 0. Finally, we remark that this is a homomorphism,
and thus any torsion in N must map to 0 € R. |

Lemma 3.2 For a symplectomorphism ¢, we have

¢ is monotone <=> Flux(¢) = 0.

Proof The statement Flux(¢) = 0 is equivalent to wg vanishing on the kernel of ¢.
This implies that wg is some multiple of ¢g. O

Weakly monotone case With (X, w) monotone, we also give a representation Oym
that works for any weakly monotone ¢. The representation pwn, is defined as follows:

Let the image of the map H;(I'(My)) — H,(My) be denoted by T (My). This is
generated by 2—tori in My standardly fibering over S !, When composing the standard
representation into Z /2[Hy (I'(M)] with the map H; (I'(My)) — H,(My), the image
thus lies not only in ker(cg) but in ker(cg|, ( M¢))' In fact it lies moreover in To(Mgy),
generated by 2—tori 7" in My standardly fibering over S ! such that cp(T) =0. We
denote the image of T(My) under 0 in the long exact sequence as

N, C Nj, C ker(¢+ —id) C Hy(X).
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As before, we mod out by torsion and then take the quotient field, so our coefficients
lie in the field

Q(Z/2[N, /tors]).

We restrict Flux(¢) to N, /tors C Nj, /tors.

Lemma 3.3 For a symplectomorphism ¢, we have

¢ is weakly monotone Nielsen class 1 <= Flux(¢)| N

/tors =

Proof The statement Flux(¢) N} frors =0 is equivalent to wg vanishing on T(My).
Let To(Myg), be generated by 2—tori T in My standardly fibering over S ! such that
¢4 (T') = 0 and which moreover have a section in Nielsen class 7. Then the vanishing
of wg on To(My) is equivalent to wy vanishing on To (Mg ), for every 1, because every
such torus has a section, which lies in some Nielsen class, ie component of I'(My). O

Corollary 3.4 The space Symp,™ (X, w) of maps in the mapping class h which
are weakly monotone Nielsen class n is homotopy equivalent under the inclusion to
Symp,, (X, w). O

3.2 Fixed point bounds

Theorem 3.5 Let (X, w) be a monotone symplectic manifold, h a symplectic mapping
classon X, and ¢ € h. Let ¢ be such that Flux(¢)| ,,, = 0. Then the rank of
h

HF «(¢; Q(Z/2[N, /tors]))

gives a lower bound on the rank HF «({; Ay,) for ¥ any map in the class h.

Corollary 3.6 Let X be a monotone symplectic manifold, h a symplectic mapping
classon X, and ¢ € h. Let ¢ be such that Flux(¢)|N;Z= 0. Then the rank of

HF «(¢; OQ(Z/2[Ny /tors]))

gives a lower bound on the number of fixed points of any map in the mapping class
with nondegenerate fixed points. O

Remark 3.7 The corresponding versions with ¢ such that Flux(¢) = 0 and coefficients
in Q(Z/2[Ny/tors]) also hold, either with the same proofs or as a formal consequence.
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Theorem 3.5 follows from the following three lemmas.

Lemma 3.8 Let ¢ € h be such that Flux(d))lN}; =0andlet € h. Then HF (Y, Ay,) =
HF (¢, AW)'

Proof We use (i) from Theorem 2.8. Consider a smooth family ¥, of symplecto-
morphisms from o = ¥ to ¥ = ¢ with Flux(¢,)|Nl;= 1- r)Flux(1ﬂ)|Nl;. Note
that such a family exists as we can modify Flux in any direction we desire by flowing
by an S!'-valued Hamiltonian representing, as a map to S'!, the desired cohomology
class of the modification. Then (for a generic family of almost complex structures) the
conditions of (i) in Theorem 2.8 are met with f(r) = 1 —r. Summing over Nielsen
classes gives the result. |

Lemma 3.9 With ¢ and v as above, the rank of HF (¢, A,) equals the rank of
HF(¢, Q(Z/2[N,;/tors])/ker(Flux(lﬂ) | Nﬁ))'

Proof We have field extensions

Q(Z/Z[Né/tors])/ker(Flux(w) |Nl;))

— Novz/z(N,;/tors/ker(Flux(l/f)|N},l), Flux(1ﬂ)|N},l) — Ay.

The first is by allowing some infinite sums, and the second is the map discussed in
Section 2.4. Field extensions are flat, so the ranks are equal. |

Lemma 3.10 (Van, Ono and L& [22, Appendix C]) Let k be a field and let Cy be a
chain complex over ky, := k|ty, ..., t,]. Consider k, as an augmented k,,—algebra (for
some 0 < m < n) with augmentation sending t; tot; fori < m and t; to 1 fori > m.
Then

rank Hy(Cx ®p, km) < rank Hy(Cy). O
Proof of Theorem 3.5 Lemma 3.8 implies that, in particular, the rank of HF(, Ay)

equals the rank of HF (¢, Ay). By Lemma 3.9, this rank is equal to the rank of
HF(¢. Q(Z/2[Né/tors])/ker(Flux(W)|N;l)). We note that

CF(¢. Q(Z/2[Ny /tors]) /ker(Flux(¥)| v ))
~ CF(¢. Q(Z/2[N,/t0rs))) ® o(z/(N; f1ors)) Q(Z/2[N}/tors]) /ker (Flux(v) | /).

with the augmentation map sending elements of the kernel of Flux(y/)] N, to one. The
spaces Q(Z/2[N, /tors]) and Q(Z/2[N, /tors])/ ker(Flux ()| N;’,) are vector spaces
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over Q and as such their group rings over Z /2 and the aforementioned augmentation
map are as in Lemma 3.10, where n and m are their respective dimensions, with
k =7/2. Thus, by Lemma 3.10, the rank of the homology of the displayed complexes
is less than or equal to the rank of HF (¢, Z/2[N, /tors]), which is the same as the rank
of HF (¢, Q(Z/2[N, /tors])), giving the result. O

4 Bounds on fixed points for surface symplectomorphisms

4.1 Standard form maps and Nielsen classes

In this section we describe standard form maps and their Nielsen classes. See also
[1, Sections 3—4], which has more background.

4.1.1 Standard form for geometric components

Definition 4.1 For the identity mapping class, a standard form map is a small pertur-
bation of the identity map by the Hamiltonian flow associated to a Morse function for
which the boundary components are locally minima and maxima.

In this case every fixed point is in the same Nielsen class. This Nielsen class has index
given by the Euler characteristic of the surface.

Definition 4.2 For nonidentity periodic mapping classes, a standard form map is an
isometry with respect to a hyperbolic structure on the surface with geodesic boundary.

Every fixed point is in a separate Nielsen class and each of the Nielsen classes for
which there is a fixed point has index one.

Definition 4.3 For a pseudo-Anosov mapping classes, a standard form map is a
(specified) symplectic smoothing of the singularities and boundary components of the
standard singular representative. Each singularity has a number p > 3 of prongs, and
each boundary component has a number p > 1 of prongs. If a singularity or boundary
component is (setwise) fixed, it has some relative fractional twist coefficient in Q/Z
with denominator p.

See [1, Section 3.2] for further details, including an introduction to pseudo-Anosov
maps. For the specified smoothing, see [1, Figure 3 and surrounding]. See also the top
images in Figure 1 for a rendition in an example.

There is a separate Nielsen class for every smooth fixed point, which is of index one
or minus one; for every fixed singularity, which when symplectically smoothed gives
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p — 1 fixed points all of index minus one if the rotation number is zero modulo p, or
one fixed point of index one otherwise [1]; and for every fixed boundary component
with rotation number zero modulo p, which when symplectically smoothed gives p
fixed points all of index minus one.

In the pseudo-Anosov case, note that what we are using as a boundary is a deformation
of a punctured singularity in terms of the standard singular representative.

Remark 4.4 From this discussion, we see that for nonidentity periodic and pseudo-
Anosov mapping classes, the standard form map is such that all fixed points are
nondegenerate and, for every Nielsen class 7, the number of fixed points in 1 is |ind(n)|.

4.1.2 Standard form for reducible maps and fixed annuli In addition to the geo-
metric components described above, we extend the notion of components to allow for a
number of fixed annuli between geometric components or near a boundary when there
is sufficient twisting along the reducing curve or at a boundary curve.

To obtain a standard form for reducible mapping classes, the standard forms for
geometric components, described above, are joined by twisting regions (a la Dehn
twists). Each twisting region may have any number (in Zx¢) of circles of fixed points,
which we think of as fattened to annuli and consider as fixed annuli. Formally we have
a standard form whose existence follows from Thurston’s classification [20; 4]; see
also [1, Definition 4.6].

Definition 4.5 A reducible map ¢ is in standard form if there is a ¢— and ¢~ ! —invariant
finite union of disjoint noncontractible (closed) annuli N C X such that:

(i) For A a component of Nand ¢ the smallest positive integer such that Pt maps
A to itself, the map qﬁe | 4 is either a twist map or a flip-twist map. That is, with
respect to coordinates (g, p) € [0, 1] x R/Z, we have one of

(¢.p) = (q.p— () (twist map),
(g.p)—>0—q,—p+ f(q)) (flip-twist map),

where f:[0, 1] — R is a strictly monotonic smooth map. We call the (flip-) twist
map positive or negative if f is increasing or decreasing, respectively. Note that
these maps are area-preserving.

(ii) Let 4 and £ be as in (i). If £ = 1 and ¢|; is a twist map, then Im( /) C [0, 1].
That is, ¢|im( A has no fixed points. (If we are to twist multiple times, we
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separate the twisting region into the parallel fixed annuli separated by regions on
which the map is the identity.) We further require that parallel twisting regions
twist in the same direction.

(iii)) For S a component of ¥\ N and £ the smallest integer such that Pt maps A
to itself, the map Pt | ¢ is area-preserving and is either isotopic to the identity,
periodic, or pseudo-Anosov. In these cases, we require the map to be in standard
form as above.

We are most interested in the fixed annuli defined in item (ii) and which are parallel
and interstitial to the twist regions, as that is where fixed points may occur.

4.1.3 Counting fixed annuli The fixed annuli described above can be counted in
terms of a variant of fractional Dehn twist coefficients, related to those in [7]. This
subsection is optional, as the arguments proceed from the definition of fixed annuli
in the preceding subsection, but may be of interest. We first discuss fractional twist
coefficients, and then how to use that to count the number of fixed annuli.

Relative fractional twist coefficient Consider a mapping class g with a reducing
(setwise-fixed non-nullhomotopic, non-boundary-parallel) curve C or a setwise-fixed
boundary C. Suppose the induced map on the homology of C is the identity (rather
than —1). Then for each component abutting C, a geometric (periodic or pseudo-
Anosov) representative of that component gives a relative fractional twist coefficient in
Q/Z at its boundary. In the periodic case, this is simply the fraction by which it rotates
its circle boundary. In the pseudo-Anosov case, the singular measured foliations have
p prongs arranged around C and these are permuted, which we interpret as a rational
rotation.

Number of fixed annuli: reducing curve case Across such a reducing curve C,
relative to the geometric representatives on each side, we obtain a total fractional Dehn
twist coefficient x € Q at C, which is a lift of the sum of the two relative fractional
twist coefficients. Obtain these lifts by isotoping the map to pointwise fix C and using
the fractional Dehn twist coefficient [7] from each side. (Such isotopies are related by
a free Z—action which adjusts the coefficients on each side in complementary fashion.)

We say the mapping class g has a fixed annulus parallel to the reducing curve C for
each (necessary) more-than-full twist. That is, we say g has ceil(|]x| — 1) fixed annuli
parallel to C.

Geometry € Topology, Volume 27 (2023)



1676 Andrew Cotton-Clay

Number of fixed annuli: boundary curve case In the case of a setwise-fixed boundary
curve C, we are considering the mapping class g, which is an element of w( of the
space of maps in Diffa1r (%), which fix no points on the boundary. There are then two
neighboring mapping classes g1, g» in 7 of the space of maps Diff™ (X, %) which fix
pointwise the boundary. Each of these has its own fractional Dehn twist coefficient [7],
which we denote by y1, y» € Q respectively; these necessarily differ by 1. We may
think of the total twisting for g at C as being allowed to take any value in the open
interval between y; and y,.

Again, for each (necessary) more-than-full twist at C we say the mapping class g has a
fixed annulus parallel to the boundary curve C. That is the minimum over the possible
total twisting values, ie over the values in the open interval between y; and y,, of the
number of more-than-full twists. More simply, this is the minimum (over i = 1, 2) of

floor(] yi ).

4.1.4 Fixed points of standard form maps The fixed points of our standard form
reducible maps are as follows:

e Typela The entire component of components S of X\ N on which the induced
map is the identity, with x(S) < 0.

e TypeIb The entire component of components S of X\ N on which the induced
map is the identity, with x(.S) = 0. These are annuli and only occur when we
have multiple parallel Dehn twists.

e Type Ila Fixed points x of periodic components S of X\ N with x(S) <0
which are setwise fixed by ¢. These are each index one.

e TypeIlb Fixed points x of flip-twist regions. These are each index one. Note
that each flip-twist region has two fixed points.

e TypeIll Fixed points x of pseudo-Anosov components S of ¥\ N which are
setwise fixed by ¢. These come in 4 types (note that there are no fixed points
associated to a rotated puncture):

— Type IIla Fixed points which are not associated with any singularity or
boundary component of the pre-smoothed map. These are index one or
negative one.

— Type IIIb-p Fixed points which come from an unrotated singular point
with p prongs. There are p — 1 of these for each such singular point, each
of index negative one.
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— Type Illc Fixed points which come from a rotated singular point. These
are each of index one.

— Typellld-p Fixed points which come from an unrotated boundary compo-
nent with p prongs. There are p for each such boundary component, each
of index negative one.

4.1.5 Nielsen classes of fixed points of standard form maps We review Nielsen
classes of fixed points of standard form reducible maps, as discussed in [1].

In [1], adapting the work of [10] to the area-preserving case, we showed that we have
a separate Nielsen class for every component of type Ia or type Ib, for every single
fixed point of type Ila, IIb, Illa, or Illc, and for every unrotated singular point of the
pre-smoothed map for type IIIb (ie the collection of fixed points associated to a single
unrotated singular point are all in the same Nielsen class).

Type 111d fixed points associated to the same boundary component are in the same
Nielsen class. They may also be in the same Nielsen class as fixed points of the
component they abut if that component has fixed points at that boundary also of type
IIId or of type Ia (they cannot abut regions of with type Ib fixed points). In the former
case this Nielsen class is again separate from all others already specified, and has
combined index —p — ¢ from the p + ¢ index negative one fixed points. In the latter
case, we have already stated that this Nielsen class is separate from all others already
specified. Thus we have:

Lemma4.6 The combined index of the Nielsen class n associated to a fixed component
of S is

ind(n) = x(S) — > 2 O

Cemp(dS)
component abutting at C is of type IIId- p

Finally, the index of a fixed component of type Ib is zero.

4.2 Floer homology with twisted coefficients

We compute the Floer homology HF (¢, Q(Z/2[N, /tors])) for ¢ a standard form
reducible map. This splits into a direct sum over Nielsen classes. For Nielsen classes
not associated to a fixed component, ¢ has fixed points all of the same index and thus
there are no flow-lines at all and the differential vanishes.
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Consider first components .S on which the induced map is the identity, possibly abutting
components at a boundary with type IIId fixed points of pseudo-Anosovs. We perturb
with the Hamiltonian flow of a small Morse—Smale function that patches together with
the perturbation of the function on a neighborhood of any boundary components with
type I1Id fixed points.This is given by a Hamiltonian flow of a Morse—Smale function
with p saddle points; see [1] for details. In [1] we showed that the flow-lines we get
between fixed points in the Nielsen class n corresponding to the fixed points in this
component are only those which correspond to Morse flow-lines.

We are interested in the rank of the summand of HF «(¢, Q(Z/2[N, /tors])) correspond-
ing to such a Nielsen class 1. The key is to understand the extrema of the Morse—Smale
function. If the component has boundaries which rotate in opposite directions, we
may choose the Morse—Smale function to have no extrema, and then there are |ind(n)|
fixed points in the Nielsen class all of the same index and thus no flow-lines. If the
component has boundaries rotating all in the same direction, we may choose a Morse—
Smale function with one extremum. There are |ind(#)| 4 2 fixed points in the Nielsen
class 5. Finally, if there is no boundary, we may choose a Morse—Smale function with
two extrema. There are |ind(n)| + 4 fixed points in the Nielsen class 7. In these latter
two cases, we must further understand the flow-lines.

We consider the one-boundary-component case first. For the purposes of computing
rank, we may assume the extremum is a minimum by duality. Suppose first that we
have a type IIld boundary component abutting our fixed component S. In [1] we show
that there is precisely one flow-line from each of the p type IIld fixed points to the
minimum; see Figure 1. In this case we have a cancellation because we are working
with field coefficients and whatever element (even zero) of N, }; /tors this flow-line
corresponds to under the representation pyp,, it corresponds to a nonzero and thus
invertible element of Q(Z/2[N, /tors]). Thus the rank of the summand corresponding
to the Nielsen class 1 is |ind(n)|.

Suppose next that S’ does not abut any type IIId boundary components. Denote the
minimum by y. Then for every saddle point x we have two flow-lines to y.

Lemma 4.7 We have that 0x = ay y, where ay is nonzero if and only if the class of
the closure of the descending manifold of x in N, }; /tors C Hy(X) is nonzero.

Proof See Figure 2. We have two flow-lines C; and C,. Thus

dx = p((Cy - Cy D)y +p(Ca-Cy iy =a-y—b-y.

Geometry & Topology, Volume 27 (2023)



A sharp lower bound on fixed points of surface symplectomorphisms 1679

Figure 1: Top left: level sets of a Morse—Smale function for a neighborhood
of an unperturbed ITId boundary, viewed as a puncture. Top right: level sets of
the perturbed Morse—Smale function. Note that the central disk, which rotates
under the Hamiltonian flow, is excised to glue with other components. Bottom:
the plane represents part of the pseudo-Anosov with type IIId boundary. The
remainder of the surface represents a component with type Ia fixed points.
The unique flow-line is shown in bold.

Here, considered as elements of the group ring, the values a,b € N ,; /tors are such that
a—bin N }; /tors is the class of the descending manifold of x. This value is zero if and
only if ¢ = b. The result follows. O

If ay # 0 for some x, then y is a boundary because our coefficients lie in a field, and
so we have a cancellation and the rank is only |ind(n)|. If a, = 0 for all x, this is the
statement that the differential vanishes in the summand corresponding to the Nielsen
class 7, and so the rank is |ind(n)| + 2.

Lemma 4.8 In the above situation, ax = 0 for every saddle point x if and only if S
has genus zero and every boundary component of S is nullhomologous in Hy (X, 0X).

Figure 2: The closure of the descending manifold.
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y
Figure 3: Left: the nonzero genus case. Right: the genus zero case with all
boundary components rotating the same direction.

Proof In the case in which S has genus, we can find two descending manifolds which
meet algebraically once. It follows that neither of them are nullhomologous. See
Figure 3, left.

If S is genus zero, it appears as in Figure 3, right. The homology class of each of the
boundary components is given by either (plus or minus) the homology class of one
of the descending manifolds (if on either end) or the difference of two such. We see
all the descending manifolds are nullhomologous if and only if all of the boundary
components are. m|

In the case in which S has no boundary, we see that a, is never zero for saddle points
x and thus we cancel the minimum. Dually, we also cancel the maximum, say with
any saddle point we haven’t used to cancel the minimum. Thus in this case the rank is
lind(n)|. Summing up, we have shown:

Proposition 4.9 Consider a Nielsen class n corresponding to a fixed component S'.
If S does not abut any type IIId boundary components, every boundary compo-
nent rotates in the same direction, S has genus zero, and every boundary com-
ponent of S is nullhomologous in Hy(X,0%), then the rank of the summand of
HF«(¢, Q(Z/2[N, /tors])) corresponding to such a Nielsen class 7 is |ind(n)| + 2.
Otherwise it is |ind(7)|. |

4.3 Construction of maps using symplectic vector fields

We now construct a map ¥ in our mapping class / so that in every Nielsen class 7,
the number of fixed points in this Nielsen class equals the rank of the summand of
HF «(¢, Q(Z/2[N, /tors])) corresponding to the Nielsen class 1, which we computed
in the previous section.
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We start with a map ¢y, a standard-form reducible map but which is the identity on any
fixed components as opposed to having been perturbed by Hamiltonian flows. We next
perturb by Hamiltonian flows on any components for which there was no cancellation in
the previous section; that is, components for which the number of fixed points equaled
the rank. These are components which have boundary components rotating in different
directions as well as components which satisfy all of the criteria in Proposition 4.9.

Next we use a modified Hamiltonian on components .S which meet a type I11d boundary,
geometrically canceling the extremum with one of the type IIId fixed points. We start
with a Hamiltonian function with at most one extremum on such a component, which
patches together with the Hamiltonian on a neighborhood of the boundary of the
pseudo-Anosov region as in the previous section.

Lemma 4.10 On a component S meeting a type I1l1d boundary, there exists a modi-
fication of the aforementioned Hamiltonian perturbation whose critical points are all
nondegenerate saddle points.

Proof We geometrically cancel one of the p type IlId fixed points and the fixed point
corresponding to the minimum as in Figure 4. To do this, we consider, as in Figure 5,
the perturbed situation but without the central disk excised. We draw a loop y, excising
the disk it bounds and replacing it with “the rest” of S, ie the portion to the left of y in
Figure 4. This reduces the situation to one standard case. We rescale the Hamiltonian
on S to be small if necessary so there are points on which the Hamiltonian evaluates
to a number less than the evaluation of the Hamiltonian at the (local) minimum. 0O

Figure 4: Geometrically canceling the minimum when meeting a type I1Id
boundary. Left: before. Right: after.
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Figure 5: The perturbed type IIId boundary with shaded y—bounded disk
to be excised and replaced with the rest of the component S, and unshaded
region in which we are modifying the Hamiltonian. Left: before. Right: after.

Next we consider components S whose boundary components rotate all in the same
direction and which meet no type IIId boundaries, but have nonzero genus. In this case,
we can use an S !—valued Hamiltonian to remove extrema.

Lemma 4.11 There exists an S'—valued Hamiltonian on such a component whose
associated symplectic vector field is parallel to the boundary and whose critical points
are all nondegenerate saddle points.

Proof We modify the Hamiltonian away from the boundary as in Figure 6. a
Now we perturb this whole map by the flow of a small symplectic vector field.

Lemma 4.12 There exists a symplectic vector field V transverse to every boundary C
of a reducible component for which [C] # 0 in H{ (X, 0X).

Proof The plan is to choose a totally irrational flux class. In order to see that we
can choose the flow to be transverse to every reducing curve, we choose a handlebody

Figure 6: On a component which has genus, we can locally cancel the min-
imum geometrically with an S'-valued Hamiltonian. Left: before. Right:
after. The top and bottom circles marked with arrows are identified.
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Figure 7: On a genus zero component, if the symplectic vector field is nonzero
on at least one boundary component, then we can geometrically cancel the
minimum with an S'-valued Hamiltonian. Left: before. Right: after.

bounding ¥ such that the reducing curves all bound disks. Next we collapse this to
the underlying graph and put flows on each edge of the graph whose only rational
dependences are given by balancing conditions at the vertices. We then use this as a
guide to build the flow on the surface. O

We rescale the symplectic vector field so that it is small enough that its time-1 flow
does not move any of the fixed points too much and does not create any new fixed
points.

For components S whose boundary components rotate all in the same direction, which
meet no type IIId boundaries, and are genus zero but which have a non-nullhomologous
boundary component, we now modify the symplectic vector field V' in a neighborhood
of the component, keeping it transverse to each reducing curve.

Lemma 4.13 There exists an S'—valued Hamiltonian on such a component whose
associated symplectic vector field is transverse to the boundary and whose critical points
are all nondegenerate saddle points.

Proof We modify the Hamiltonian away from the boundary as in Figure 7. O
We’ve shown:

Proposition 4.14 Given a reducible mapping class h, there exists a map ¥ in the map-
ping class such that in every Nielsen class n, the number of fixed points in this Nielsen

class equals the rank of the summand of HF (¢, Q(Z/2[N, /tors])) corresponding to
the Nielsen class 1. O
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Combining this with our observations regarding identity, periodic, pseudo-Anosov
mapping classes and, for reducible mapping classes, with Proposition 4.9, we obtain
(summing over Nielsen classes):

Theorem 4.15 The minimum number of fixed points of an area-preserving map ¢
with nondegenerate fixed points in a mapping class h is given by

{Zn lind(n)| if h is periodic or pseudo-Anosov,
>y lind(m)| +2A4 if h is reducible,

where A is the number of genus zero components of the reducible mapping class on
which the map is the identity, which do not abut any pseudo-Anosov components, and
all of whose boundary components rotate in the same direction and are nullhomologous
or homologically boundary parallel. O

S Degenerate fixed points

If we are allowed degenerate fixed points, each of the Nielsen classes 7 for which the
bound for nondegenerate fixed points was |ind(#)| can be reduced to a single degenerate
fixed point. To see this, note that the only of these situations in which we are not already
reduced to a single fixed point are in cases in which the Nielsen class is associated
with a p—prong pseudo-Anosov singularity or in which the Nielsen class is associated
to a fixed component (possibly meeting type IIId boundaries). In the former case, we
simply modify the singular Hamiltonian Hng = pr-2 cos(p6) = uRe(z?)/|z|?~2 to
a smooth Hamiltonian which agrees with H;,, outside a small ball and inside a yet
smaller ball is Cr? cos(pf) = C Re(z?), which is smooth at the origin, where it has
a (generalized) monkey saddle. In the latter case, all of the fixed points are index
negative one, ie are given by saddles, and we can again combine them all into the
appropriate generalized monkey saddle, using p = |ind(n)| + 1 (the index of such a
degenerate fixed point is 1 — p).

Similarly, each of the Nielsen classes 1 for which the bound for nondegenerate fixed
points was |ind(#n)| 4 2 can be reduced to two fixed points: each of these corresponds
to a genus zero component of the standard form map on which the map is the identity
and for which each boundary component rotates in the same direction. Each of these
in the nondegenerate case one index one fixed point, some number k of index negative
one fixed points, where the component has k& + 1 boundary components. All of the
index negative one fixed points can be combined in one degenerate fixed point of the
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Figure 8: A three boundary component genus zero component with one
minimum and, instead of two nondegenerate index negative one fixed points,
one 3—prong monkey saddle.

same sort as in the previous paragraph. See Figure 8. Our task is now to show that we
can do no better. That is, we cannot combine these two fixed points into one.

To show this, we use a cohomology operation. The argument has similarities with
arguments that cup lengths give bounds on (even degenerate) fixed points, but even
though we have, by [1, Section 2.5], a deformation-invariant module structure over
the quantum homology of X (which agrees with Hy (X)), the module structure is
trivial. Every element of H;(X) acts as zero because each of the descending manifolds
from Lemma 4.7 is nullhomologous, and thus has zero algebraic intersection with any
element of H;(X).

All is not lost, however. If we restrict our attention to one Nielsen class 7, there is a
sense in which this descending manifold is homologically essential for this Nielsen
class.

Lemma 5.1 Let ¥ be a surface of negative Euler characteristic, h reducible map-
ping class, and n a Nielsen class corresponding to a fixed component S. Then
Hi(I'(Mg)y) = Hi(S) for any ¢ € h. In fact, w1 (I'(My)y) = m1(S). Furthermore,
the image of

H(T'(Mg)n) > Hy(My) — Hi (%)

in H{(X) agrees with the image of H1(S) — H;(X).
Proof We consider y as a map R — X with y(z) = ¢(y(t + 1)). An element of
m1(I'(Myg), y) is of the form y,(¢) for s € S =R/Z with yo(t) = y(t). We consider

ao(s) = ys(0) and a; (s) = ys(1). These are closed curves on X and ¢ (o (s)) = oo ().
Furthermore, oo (s) is homotopic to o1 (s) by the homotopy o (s) = ys(¢).
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As in [1, Lemma 3.2], we have a fibration X — I'(My) — X and thus a long exact
sequence on homotopy groups, a piece of which is

12(%,y(0)) = 71 ('(Mg), y) = w1 (%, ¥(0)).

The image in 71 (X, y(0)) of the element of 71 (I'(My), y) represented by the ho-
motopy ys(¢) is represented by «o(s). Because X is a surface of negative Euler
characteristic, 7,(X) = 0. Thus we have an injection

11 (M), y) = m1(Z, y(0)).

We choose our map ¢ (amongst those in the mapping class) to be a standard form one
which is the identity on S and choose our basepoint  to be the constant path at some
point in §. We claim that the image of this map is 71 (S, y(0)). We note that the image
consists of elements of 7;(X, y(0)) represented by loops «(s) based at y(0) which
are homotopic through loops based at y(0) (because y is the constant path) to ¢ (c(s)).
Thus the image contains 77 (.S, y(0)).

We now claim that any «(s) based at y(0) homotopic to ¢(c(s)) through loops
based at y(0) can be homotoped inside S. This would give the result. This follows
from [10, Lemma 3.4], with its modification to the standard form maps for the area-
preserving case (in which we need to consider multiple parallel Dehn twist regions
with fixed annuli in between) given in [1, Lemma 3.8 and Corollary 3.9]. These state
that any path between two fixed points of a standard form map which is homotopic rel
endpoints to ¢ applied to itself can be homotoped inside the fixed point set of ¢. The
component of Fix(¢) containing y(0) is simply S.

Finally, we note that the result continues to hold for any other map in the mapping class.
Nielsen classes are well-defined on the entire mapping class 4 by [1, Lemma 4.2], so
this statement is sensible. a

Now we restrict our attention to fixed genus zero components S which do not meet
type IIId boundaries, and whose boundary components all rotate in the same direction
and are all nullhomologous.

Lemma 5.2 The Floer homology chain complex CFx« (¢, Z/2[H(I'(Mg)y)]: 1) of
a map ¢ € h, restricted to Nielsen class n summand of such a fixed component S,
with coefficients in the representation 7, /2[H;(I'(My)y)], is well defined on the en-
tire mapping class h and invariant up to quasi-isomorphism. The same holds for
CF.«(¢,7Z/2;n), where the coefficients are the trivial representation 7 /2.
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Proof It is well-defined for any ¢ because wgy: Hi(I'(Mg)y) — R is the zero map
for any ¢ (which implies that every ¢ is n—weakly monotone as defined in [1]). This
follows because wg : Hi(I'(Mgy)y) — R agrees with the map

Hi(T'(Mg)y) — (ker(c¢) C Hz(M¢)) N (Nh C Hl(E)) Flux R,

and the image of H;(I'(Mg)y,) under all but the last composition is the image of
H{(S) - H{(X), by Lemma 5.1. This, however, is zero because S has genus zero so
that H;(9S) surjects to H;(S), but we’ve assumed the boundary of S is nullhomolo-
gous in X. The invariance up to quasi-isomorphism follows from Theorem 2.8(ii). O

We compute with ¢ a standard form map. We assume without loss of generality that the
Morse—Smale function on the component .S has one extremum, a minimum (otherwise
reverse orientation on X). The homology HF «(¢, Z/2; 1) has dimension |ind(n)| + 2,
generated by a fixed point y corresponding to the minimum and |ind(n)| + 1 fixed
points x; of index negative one.

Consider a homomorphism
B € Hom(H(I'(Mg)y), Z/2) = Hom(H(S),Z/2)
=HY(S;7Z/2) = H,(S,3S;7/2).
As in [9, Section 12.1.3] and [1, Section 2.5] we get a degree one map

0g: HF « (¢, Z/2;n) — HF « (¢, Z/2; 1))

dpz=), ) BIC-Cu)-w.

w CeMi(z,w)

defined by

Moreover, we show in [1, Proof of Proposition 2.9] that dg is well-defined (purely
algebraically) up to quasi-isomorphism of the pair

CFu(¢,Z/2[H (T (Mg)p)l;n) and  CFy(9,Z/2;n).

Thus, by Lemma 5.2, dg is a well-defined operation HF «(/, Z./2; 1) on the 7 component
of the Floer homology for the mapping class /4. This operation is what replaces quantum
cup products such as in [17] in a cup-length argument.

Lemma 5.3 There is a f such that 0gx; = y. In fact, for any sum ) _; ¢;x; with
¢y € Z/2 not all zero, there exists a ff such that 0g ), cix; = .
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Proof We simply take 8 to be the class in H(X,dX;7Z/2) of an arc meeting the
closure of the descending manifold of the saddle point corresponding to an x; appearing
with coefficient one once and all others zero times. See Figure 3 for a picture of the
descending manifolds. O

Thus the “cup-length” of HF(h,7Z/2;n) as an H'(S)-module is two.

We will be taking a limit in which degenerate fixed points are allowed to appear. We
have need of a Gromov compactness result appropriate for such a situation. We use
Taubes’s currents-in-the-target version of Gromov compactness (valid in dimension four)
[19, Proposition 3.3] as applied to compact subsets [a, b] x My in [8, Lemma 9.9].

Proposition 5.4 [19, Proposition 3.3; 8, Lemma 9.9] Let uy: R x[0, 1] = R x M
be a sequence of holomorphic sections with energies bounded by some E(. Then we
can pass to a subsequence such that

(i) the uy converge weakly as currents in R x My to a proper pseudoholomorphic
map u: R x[0, 1] - R x My, and

(if) for any compact K C R x M,

limk_mo[ sup dist(x,Im(u)) + sup  dist(x, Im(uk))] =0. O
x€lm(ui)NK x€lm(u)NK

From this we see that we have C%—convergence to the orbit corresponding to a fixed
point at each end.

Theorem 5.5 There must be at least two fixed points in the Nielsen class n correspond-
ing to such a fixed component S even if we allow degenerate fixed points.

Proof Suppose there is just one, necessarily degenerate, fixed point in Nielsen class 7.
Perturb by a small Hamiltonian flow such that all fixed points are nondegenerate.
Because HF «(h, Z./2; n) has rank one in even degree, we have at least one index-one
fixed point which survives in homology; choose one such and call it y. By Lemma 5.3,
for any index negative one fixed point x which survives in homology, there is a
B € Hi(S,dS) such that dg[x] = [y]. Thus there are (at least) two flow-lines from
x to y, and there are two such that the difference between their classes, mapped to
H,(S;Z/2), is nonzero.
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We now take a limit of small perturbations limiting to the degenerate situation. By
Proposition 5.4, after passing to a subsequence, the two flow-lines #; and vg above limit
to holomorphic curves u, v: R x [0, 1] = R x My, which C O_limit to the degenerate
fixed point at each end. Thus each of these two limits give continuous loops in I'(M).
We additionally see that [u] — [v] = limy _, oo [tg — vg] in Hy(I'(Mg), = Hi(S). This
latter limit is nonzero, and in particular at least one of u, v is nonconstant and thus has
positive energy. However, wg: Hi(I'(Mg)y) — R is the zero map, so we see that each
of u, v has zero energy, a contradiction. O

Summing over Nielsen classes, we conclude:

Theorem 5.6 The minimum number of fixed points of an area-preserving map ¢ in a
mapping class h is given by
#{n :ind(n) # 0} if h is periodic or pseudo-Anosov,
#{n:ind(n) # 0} + A+ B if h is reducible,

where A is as before and B is the number of fixed annuli.
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degeneration of minimal surfaces
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Let S be a closed surface of genus g > 2 and p a maximal PSL(2,R) x PSL(2, R)
surface group representation. By a result of Schoen, there is a unique p—equivariant
minimal surface & in H? x H2. We study the induced metrics on these minimal
surfaces and prove the limits are precisely mixed structures. We prove a similar result
for maximal surfaces in AdS>. In the second half of the paper, we provide a geometric
interpretation: the minimal surfaces ) degenerate to the core of a product of two
R-trees. As a consequence, we obtain a compactification of the space of maximal
representations of 771 (S) into PSL(2, R) x PSL(2, R).
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1692 Charles Ouyang

1 Introduction and main results

Let S be a closed, orientable, smooth surface of genus g > 1. For any reductive Lie
group G, one can form the character variety R(7(S), G) = Hom™ (7;(S),G) /J G,
consisting of conjugacy classes of reductive surface group representations into G. In
the classical setting, where G = PSL(2, R), one recovers a copy of Teichmiiller space.
A goal in the higher Teichmiiller theory is to understand geometric aspects of surface
group representations into higher-rank Lie groups.

Following the work of Labourie [23], given a reductive surface group representation p
into a semisimple Lie group G, to each complex structure J on the surface .S, one
can record the energy of the unique p—equivariant harmonic map from (§ ,J) to the
Riemannian symmetric space G/ K. This defines an energy functional on Teichmiiller
space, and Labourie proves that if the original representation p is Anosov, then the
energy functional admits a critical point. Hence, to each such representation p, there is
an associated branched immersed minimal surface in the symmetric space G/ K.

The existence and uniqueness of the minimal surface in the associated symmetric
space has been resolved by Labourie [24] for the rank-two real split simple Lie groups:
namely SL(3,R), PSp(4, R) and G,. Interestingly enough, the result still holds when
G is merely semisimple, as the case of PSL(2, R) x PSL(2, R) was proven by Schoen
in [39].

There is also the aim in the program of the higher Teichmiiller theory to understand
representations as geometric objects. This is a natural goal, given that in the case of
classical Teichmiiller theory, where the group is G = PSL(2, R) and the representation
is discrete and faithful, the associated geometric objects are given by marked hyperbolic
surfaces. Moreover, it is of interest to obtain a description of boundary points associated
to higher Teichmiiller spaces in terms of degenerations of geometric objects. It would
be interesting to have these geometric objects at the boundary be a generalization of
measured laminations (see [43, Section 11]), which are the limiting geometric objects
in the Thurston compactification of Teichmiiller space.

In the setting G = PSL(2, R) x PSL(2, R), this paper does exactly that: we provide a
parametrization of maximal surface group representations into PSL(2, R) x PSL(2, R),
by studying the induced metrics on the p—equivariant minimal surfaces in the symmetric
space H? x H2. If p = (py, p2), and T is the unique p—equivariant minimal surface in
H? x H?, then its quotient by the action of the fundamental group via the representation
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is the graph of the unique minimal lagrangian isotopic to the identity between (S, g;) =
H?/py and (S, g2) = H?/p;.

Let Ind(S) be the equivalence class of induced metrics on the graph minimal surface
in the product of two hyperbolic surfaces. Two such metrics are identified if one is the
pullback metric of the other by a diffeomorphism homotopic to the identity map.

We study the length spectrum of these induced metrics on the minimal surface and show
that we can degenerate the metrics to obtain singular flat metrics, measured laminations
and mixed structures. A mixed structure 1 = (Sq, ¢o, A) is the data of a collection of
incompressible subsurfaces |_| Sy, with a prescribed meromorphic (integrable) quadratic
differential on each subsurface (collapsing the boundary components and viewing them
as punctures), with a measured lamination A supported on the complement S\ |_| S .
Observe that a holomorphic quadratic differential on S and a measured lamination
on S are trivial examples of mixed structures, where S, = S and S, = &, respectively.
Define then PMix(S) to be the space of projectivized mixed structures. Our first main
result is the following.

Theorem A The space Ind(S) of induced metrics embeds into the space PCurr(S) of
projectivized currents. Its closure is Ind(S) LI PMix(S).

If we keep track of the ambient space, namely H? x H?, we show that by scaling the
ambient space by a suitable sequence of constants (which generally will be the total
energy of a harmonic map), we can obtain as limits of minimal lagrangians the core
of a pair of R—trees coming from measured foliations. In fact, we show there is an
isometric embedding from a metric space obtained from the data of a mixed structure
to the core of trees.

As a consequence, we have an answer to our original goal of ascribing something
geometric to maximal surface group representations into PSL(2, R) x PSL(2, R). By
studying degenerations of the minimal lagrangians, we obtain natural boundary objects
which are both geometric and are natural extensions of measured laminations.

Theorem B The space of maximal representations of PSL(2, R) x PSL(2, R) embeds
into the space of m|S—equivariant minimal lagrangians in H? x H?. The scaled
Gromov—-Hausdorff limits of the minimal lagrangians are given by the core of a product
T1 x T, of trees, where T and T, are a pair of R—trees coming from a projective pair
of measured foliations.
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Minimal lagrangians in H? x H? arise as the image of the Gauss map of the unique
embedded spacelike maximal surface in a Globally Hyperbolic Maximal Compact
(GHMC) AdS>—manifold; see [22]. Mess [28] showed that the maximal representations
into PSL(2, R) x PSL(2,R) are precisely the holonomy representations of GHMC
AdS3—structures. One could have studied maximal representations into PSL(2, R) x
PSL(2, R) by looking at the induced metric on the maximal surface instead. We show
an analogue of Theorem A, that the limits one obtains are also mixed structures. If
Max(S) denotes the space of induced metrics on the maximal surface, then our final
result is the following.

Theorem C The space Max(S) of induced metrics on the maximal surfaces embeds
into the space PCurr(S) of projectivized currents. Its closure is Max(S) U PMix(sS).

There has been some recent interest in studying surface group representations to the
Lie group PSL(2, R) x PSL(2, R) by way of geodesic currents. Work of Glorieux [15]
shows that the average of two Liouville currents, %(L x, + Lx,), yields the length
spectrum of the Globally Hyperbolic Maximal Compact AdS* manifold with holonomy
(p1.p2), where X; = H? \ p;. In another recent paper of Glorieux [16], it is shown
that this map which sends unordered pairs of elements in Teichmdiiller space to the
space of projectivized currents, given by (X1, X») = (X2, X1) — %(L x; +Lx,), is
injective. Recent work of Burger, lozzi, Parreau and Pozzetti [6] show the limits of this
embedding are given by the projectivization of a pair of measured laminations. The
limiting current 1 thus satisfies

(1-1) i(m-)=i(A1,-)+i(Az,-),

where A; and A, are specific representatives of the projectivize classes [A1] and [A,],
respectively, representing limits on the Thurston boundary.

We remark that our compactification via geodesic currents is distinct. If the limiting
laminations A and A, fill, that is, the sum of their intersection numbers with any third
measured lamination is never zero, then the corresponding limiting object 1’ under
our compactification is a singular flat metric coming from a unit-norm holomorphic
quadratic differential ® whose horizontal and vertical laminations are A and A,. The
corresponding current is thus given by

(1-2) lg) (@) =i2(n @) = i?(h1,0) +i% (2, @)

for a suitably short arc o away from the zeros of |®|. In general, this is different from
the sum of A; and A,. Notice that for y an arc of the horizontal lamination of ®,
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the two intersection numbers i (1, &) and i (', &) coincide, so that the two currents 1
and 1’ are distinct even as projectivized currents. However, using their limiting currents,
Burger, lozzi, Parreau and Pozzetti are able to construct and interpret their boundary
objects as subbuildings in the product of trees, endowed with the L!-metric.

Finally, since the first version of this paper appeared, related work has been done
on some of the other rank-two Lie groups; see Ouyang and Tamburelli [34; 35; 36].
More recently, together with Martone and Tamburelli [26], we have described our
compactification as a closed ball, upon which the mapping class group acts.
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2 Geometric preliminaries

2.1 Harmonic maps between surfaces

Let (M, o |dz|?) and (N, p |dw|?) be two closed Riemannian surfaces and
w: (M, 0 |dz[*) - (N, p|dw|?)

a Lipschitz map. Then the energy of the map w is given by the integral

&(w) = %/Mndw”z dvol,.

A critical point of the energy functional is a harmonic map. The energy density of the
map w, defined almost everywhere, is given by

_ ()
o(z)

and so the total energy is also given by the formula

(Jwz|* + wz[?),

e(w)

E(w) = /M e(wyodzAndz = /M p(w(2))(wz)* + |wz|?) dz A dz,
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which shows the total energy depends only upon the conformal structure of the domain
surface but on the metric of the target. Alternatively, a harmonic map w solves the
Euler—Lagrange equation for the energy functional, a second-order nonlinear PDE,

wzz + (log p)ww wz = 0.

To any harmonic map w: (M, o |dz|?) — (N, p|dw|?), the pullback of the metric
tensor decomposes by type according to

w*(pldw|?) = ®dz* +oedz dz + ® dz?,

where ® dz? is a holomorphic quadratic differential with respect to the complex
structure coming from the conformal class of (M, o |dz|?), called the Hopf differential
of w. Much of the formulas arising from harmonic maps make use of the auxiliary

_ pw(2), 5 _ pw(2))
H= o) |lwz| and L= o)

We list some of these formulas and make liberal use of them without always explicitly

functions

lwz|?.

citing the precise one:

¢ The energy density e = H + L.
¢ The Jacobian J = H — L.

¢ The norm of the quadratic differential

| _
¢ The Laplace—Beltrami operator
4 9?
0020z
¢ Gaussian curvature of the source
2 9%logo
K(o)=—— .
@) o 0z0z
¢ Gaussian curvature of the target
29%logp
K(p) =—— .
() 0 Jwow
¢ The Beltrami differential
: @ c
V= Yz _ —.,  with > ==.
w; OoH H
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The Bochner formula is given by

AlogH = -2K(p)H +2K(p)L+2K(c) when H(p) #0,
AlogL =-2K(p)L+2K(p)H +2K(c) when L(p)#0.

We shall often be in the setting where both the source and target are hyperbolic surfaces,
that is, K(0) = K(p) = —1, and so some of the formulas listed above can be simplified.
In the more general setting where the target has negative curvature, the existence of a
harmonic map in the homotopy class is due to Eells and Sampson [11], its uniqueness
is due to Hartman [19] and Al’ber [1], and the fact that if the homotopy class contains
a diffeomorphism, then the harmonic map itself is a diffeomorphism and # > 0, is due
to Schoen and Yau [40] and Sampson [38].

2.2 Teichmiiller space

Recall that Teichmiiller space 7 (.S) is the space of all hyperbolic metrics on S with
the identification g ~ /4 if there exists a diffeomorphism ¢ of the surface, homotopic
to the identity map, for which ¢*g = h. The topology is given by its marked length
spectrum.

Alternatively, one may regard Teichmiiller space as the space of marked Riemann
surfaces. For a fixed surface S, two complex structures (S, J;) and (S, J) are iden-
tified if there exists a biholomorphism f': (S, J;) — (S, J2) which is homotopic to
the identity. The topology is given by the metric which, for two points of Teichmiiller
space, assigns the logarithm of the quasiconformal dilatation of the unique Teichmiiller
mapping between the marked Riemann surfaces.

Teichmiiller space is topologically trivial, being homeomorphic to an open ball of

dimension 6g — 6.

2.3 Measured foliations and measured laminations

For a closed surface S, a measured foliation (S, ) is a singular foliation (finitely
many k—pronged singularities, with k € {3,4,...}) with a transverse measure, that is,
a measure u defined on each arc transverse to the foliation, such that the measure is
invariant under isotopy between two arcs through transverse arcs.

To any isotopy class of measured foliations, there is an associated measured lamination.
A measured geodesic lamination on a hyperbolic surface is a closed disjoint set of

Geometry € Topology, Volume 27 (2023)



1698 Charles Ouyang

geodesics with a transverse measure. Likewise, to any measured lamination, there is
an associated measured foliation, so that there is a canonical way to pass from one
to the other; see [7] and [37]. Hence, the space of measured laminations does not
depend upon the choice of hyperbolic metric. Thurston showed that both spaces are
homeomorphic to Euclidean balls of dimension 6g — 6; see [12] and [42].

2.4 Holomorphic quadratic differentials

The space of holomorphic quadratic differentials Qg is a holomorphically trivializable
vector bundle over Teichmiiller space, whose fiber over the Riemann surface X is the
vector space of holomorphic quadratic differentials on X. It is the vector space of
holomorphic sections of the square of the canonical bundle Ky, and so may be written
HO(X, Ki,). By the Riemann—Roch theorem, the complex dimension of this vector
space is 3g — 3. More concretely, if X is a Riemann surface and ¢ is a holomorphic
quadratic differential on X, then locally ¢ = f(z) dz2, where f is a holomorphic
function and z is a chart for X.

Holomorphicity of the differential and compactness of the Riemann surface ensures
the quadratic differential has precisely 4g — 4 zeros counted with multiplicity. Hence,
in a neighborhood avoiding a zero of ¢, one may choose natural coordinates { so that
g = d¢?. The metric |¢| is well-defined on the complement of the zeros and is locally
Euclidean. At the zeros, the metric has conic singularities of angle (n + 2), where n
is the order of the zero of the quadratic differential at that point.

For any point on the complement of the zeros of the quadratic differential, there is a
unique direction for which ¢ (v, v) € R™. Integrating the resulting line field, one obtains
a foliation, called the horizontal foliation of the quadratic differential g. Likewise, one
can define the vertical foliation of ¢, by integrating the line field of directions for which
q(v,v) € R™. The foliations come equipped with a transverse measure. For any arc y
transverse to the horizontal foliation, the measure for the horizontal foliation is given by

o =/ (V7)) |dz].
Y

and likewise, the transverse measure for the vertical foliation is given by integrating
the real part [Re(/¢)| over an arc y.

If S, is a compact surface of genus g with n punctures such that 3g —3 +n > 0, then
Qg n Will denote the space of integrable holomorphic quadratic differentials on Sg ;.
At each of the punctures, the differential has a pole of order one.

Geometry & Topology, Volume 27 (2023)



High-energy harmonic maps and degeneration of minimal surfaces 1699

2.5 Geodesic currents and marked length spectra

Let (S, o) be a fixed closed hyperbolic surface of genus g > 2. Then its universal cover
S may be identified isometrically with H?. Let G(§) denote the space of geodesics
of S. Then a geodesic current on S is a 771 (S)—equivariant Radon measure on G(g).
The space of geodesic currents, denoted by Curr(.S), is given by the weak™ topology.

Remark A priori, the definition of a geodesic current may appear to depend upon the
choice of hyperbolic metric, but it turns out G (§ ) depends only upon 71 (S); see [4].
Hence the space of geodesic currents is independent of the hyperbolic metric initially
chosen for S.

The ur-example of a geodesic current is given by a single closed geodesic y on S. Lift
y to a discrete set of geodesics } on S. These lifted geodesics may be given a Dirac
measure, which is 1 (S)—invariant as the lifts themselves are 71 (S)—invariant. Hence
for any closed curve, by looking at its geodesic representative, one obtains a geodesic
current on S. In fact, Bonahon [4] shows the space of weighted closed curves is dense
in Curr(S) and the geometric intersection number between curves has a continuous
bilinear extension to i : Curr(.S') x Curr(S) — Rx(. Moreover, a geodesic current on .S
is determined by its intersection number with all closed curves [33]. The topology then
on the space of geodesic currents is given by its marked length spectrum. For the fixed
surface §, denote by C the set of isotopy classes of closed curves. The marked length
spectrum of a geodesic current p is given by the collection {i (i, y)}yec. A sequence
of geodesic currents (i, is said to converge to u if their marked length spectra converge;
that is, for each y € € and € > 0, there is an N (e, y) such that for n > N (e, y), one
has |i (i, y) —i(un, y)| < €. It is important to note that N is allowed to depend on the
curve class chosen. No requirement on uniform convergence is required.

If a current arises from a metric, the following rather useful formula applies.

Proposition 2.1 (Bonahon [4]; Otal [33]) Let u be a current arising from a metric .
Then

i(1, 1) = % Area(o).

In the case where u is a geodesic current arising from a measured lamination, it is
not hard to see that i (i, ) = 0, but in fact, this turns out to be a characterization of
measured laminations.

Geometry € Topology, Volume 27 (2023)



1700 Charles Ouyang

Proposition 2.2 (Bonahon [4]) Let u be a geodesic current such that i (i, u) = 0.
Then p is a measured lamination.

It is clear that if p is a geodesic current, then so is ¢y for ¢ € Ry. The set of
projectivized currents, denoted by PCurr(S), is given by Curr(S)/~, where y ~ v
if there exists a positive constant ¢ for which © = cv, and so consists of projective
classes of geodesic currents. The space PCurr(SS) is then given the quotient topology.
We highlight an important property of this space.

Proposition 2.3 (Bonahon [4]) The space PCurr(S) is compact.

Several geometric structures have been shown to be embedded into Curr(S). The
first such example was due to Bonahon [4], who showed Teichmiiller space could be
embedded inside Curr(S) via its Liouville current, namely o — L, with the property
that for any closed curve y, one has /;([y]) = i(Ls, y), so that the length of the
geodesic representative of ¢ with respect to the hyperbolic metric o coincides with
the intersection number between the currents L, and y. As the space of measured
laminations can be realized as geodesic currents, Bonahon recovers the Thurston
compactification by way of projectivized geodesic currents.

Otal [33] has shown the space of negatively curved Riemannian metrics on surfaces can
be realized by geodesic currents. For any simple curve class [y], the length of the unique
geodesic representative coincides with the intersection number of the corresponding
geodesic current and the curve class [y], extending the work of Bonahon.

Duchin, Leininger and Rafi [9] have embedded the space of singular flat metrics arising
from integrable holomorphic quadratic differentials into the space of geodesic currents.
We summarize a few results here, as we shall use them in what follows. Recall that to
any holomorphic quadratic differential ¢, one can associate a singular flat metric |¢/|
via canonical coordinates.

The unit sphere QO é C Qg consists of the holomorphic quadratic differentials with L'-
norm one. Then the space Flat(.S') of unit-norm singular flat metrics may be identified by

Flat(S) = Q4 /S,

where the action of S! is given by multiplication by e’ 9 for0 <6 <2m. We require
this quotient because if ¢ is a holomorphic quadratic differential, then ¢ and e’ 9q will
have the same singular flat metric |¢|. For g € Q i,, consider the transverse measure
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for the vertical foliation of ¢, that is, v, = |[Re(,/q)|. Denote by vg = |Re(e!? NG
the vertical foliation of ¢ . Form the integral

1 (" 0
quzzfo v, db.

Theorem 2.4 (Duchin, Leininger and Rafi [9]) The integral L, is a geodesic current
such that to any simple closed curve y,

La(y) =i(Lg,v),

where |q| is the singular flat metric arising from the holomorphic quadratic differential q.
Furthermore, the map which sends |q| € Flat(S) to L, € PCurr(S) is an embedding.

As a geodesic current is determined by its marked length spectrum, the construction of
the geodesic current L, depends only upon the U(1)-orbit of ¢g. Hence we will use the
notation L 4| to denote the geodesic current whose marked length spectrum coincides
with that of the singular flat metric |g]|.

As the space of projectivized currents is compact, one may take the closure of the
space Flat(S), and it is shown in [9] that the limiting structures consist precisely of
projectivized mixed structures. A mixed structure may be defined as follows. Let
S’ be an incompressible subsurface of S equipped with a Riemann surface structure.
Then consider Q g, the space of integrable meromorphic quadratic differentials on S’
such that with respect to the underlying complex structure on S’, neighborhoods of
boundary components of dS’ are conformally punctured disks. To any such quadratic
differential ¢, the corresponding singular flat metric on S’ thus assigns length zero to
any peripheral curve. Let A be a measured lamination supported on the complement
S\ S’. The triple (S’, ¢, A) is called a mixed structure on S. For any n = (S’,¢, 1),
one obtains a geodesic current L, given by the property

1 /2 9
Ly =it +5 [ i) ds,

where A is a closed curve on S. We remark that in the case S’ = &, then 7 is
a measured lamination on S, so that the space Mix(S) properly contains ML(S).
The compactification of the singular flat metrics arising from unit-norm quadratic
differentials is then given by the following theorem.

Theorem 2.5 (Duchin, Leininger and Rafi [9]) The closure of Flat(S) in PCurr(.S)
is given by PMix(S).
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2.6 Anti-de Sitter space

We are primarily concerned with the anti-de Sitter space of signature (2, 1), which
is given by the quasisphere xl2 + x% — x§ — xi = —1 inside R?-?) with the metric
ds* = dx? +dx? — dx32 — dxZ. More precisely,
AdS? = {x e R®D : (x, x) = —1}.

As the manifold is pseudo-Riemannian, tangent vectors v € T AdS3 come in one of the
following three types:

o timelike if (v, v) <0,

e lightlike if (v, v) =0,

e spacelike if (v, v) > 0.

The anti-de Sitter space AdS? is given by the projectivization of X\dS3, its double cover.
The isometry group of AdS? is PSL(2, R) x PSL(2, R).

A smooth surface S <> AdS? is said to be spacelike if the restriction to S of the metric
on AdS? is a Riemannian metric. This is equivalent to the condition that every tangent
vector v € T'S is spacelike.

Consider the Levi-Civita connections on S and AdS® given by VS and V, respectively.
For a unit normal field N on S, the second fundamental form is given by

Vs = VS w +1I(v, w) N,

where v and w are vector fields on S, and vV and W are vector fields extending v and w.
The shape operator is the (1, 1) tensor given by B(v) = V, V. It satisfies the property
II(v, w) = (B(v), w). The maximal surfaces then are governed by the condition that
tr B=0.

An AdS? manifold is a Lorentzian manifold locally isometric to AdS®. Among these
manifolds, we restrict our attention to those which are globally hyperbolic maximal
compact, henceforth written as GHMC. These manifolds are defined by those satisfying
the following three properties:

(1) They contain a closed orientable spacelike surface S.
(2) Each complete timelike geodesic intersects S precisely once.

(3) They are maximal with respect to isometric embeddings.
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It follows that GHMC AdS? manifolds must be homeomorphic to S x R. Mess [28]
showed that the genus of S must be at least two, and that GHMC structures are
parametrized by two copies of Teichmiiller space. Barbot, Béguin and Zeghib [2]
showed that for each such GHMC manifold, there exists a unique embedded spacelike
maximal surface X. In fact, there is a parametrization of all such GHMC manifolds by
the unique embedded maximal surface it contains, along with its second fundamental
form.

Theorem 2.6 (Krasnov and Schlenker [22]) Let M be a GHMC AdS>-manifold and
let X be its unique embedded spacelike maximal surface. The second fundamental form
of X is given by the real part of a holomorphic quadratic differential on the underlying
complex structure of the maximal surface. Furthermore, there is a homeomorphism
between the space of all GHMC AdS?—structures and the cotangent bundle of Teich-
miiller space, which assigns to a GHMC AdS>—structure the conformal class of its
unique maximal surface and the holomorphic quadratic differential for which its real
part is the second fundamental form.

The induced metric of the maximal surface is given by e2%o, where o is the hyperbolic
metric and u satisfies the PDE

Agu = e —e7 24| P> — 1.

But the solution to this PDE is u = % log H, for which the PDE becomes the usual
Bochner equation. Here # is the holomorphic energy density arising from harmonic
maps between closed hyperbolic surfaces. Hence, the induced metric of the maximal
surface is given by Ho. As a corollary of our main result, we will describe the limiting
length spectrum of any sequence of induced metrics of the maximal surface.

3 Minimal lagrangians

A diffeomorphism ¢ : (S, g1) — (S, g2) is minimal if its graph ¥ C (S x S, g1 D g2)
with the induced metric is a minimal surface. Recall that ¥ is a minimal surface if
the inclusion i : 3 — (S x S, g1 @ g») is critical point of the area functional. Observe
that if ¢ is minimal then so is ¢~ 1. If w; and w, denote the area forms of g; and g5,
respectively, and if in addition ¥ C (S xS, w1 —w;) is a lagrangian submanifold, then
we say that ¢ is a minimal lagrangian.
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Theorem 3.1 (Schoen [39]) If g1 and g, are hyperbolic metrics on S, then there is
a unique minimal lagrangian map ¢: (S, g1) — (S, g2) in the homotopy class of the
identity.

Let ¥ denote the graph minimal surface with the induced metric. Then its inclusion
into the producti: ¥ — (S x S, g1 @ g»>) is a conformal harmonic map. A conformal
map to a product space is a product of harmonic maps whose Hopf differentials sum
to zero. Hence, for any pair of points in Teichmiiller space, one may record the data
of both the conformal structure of the minimal surface along with one of the Hopf
differentials. The harmonic-maps parametrization of Teichmiiller space which we
record below ensures the map is bijective. Sampson proved injectivity and continuity
of the map, and Wolf showed the map was surjective and admits a continuous inverse.

Theorem 3.2 (Sampson [38], Wolf [44]) Let (S, o) be a fixed hyperbolic surface.
For any point in Teichmiiller space [(S, p)], select the representative (S, p) so that the
identity map id: (S, o) — (S, p) is the unique harmonic map in its homotopy class,
and denote its Hopf differential by ®(p). Then this map

®:7(S) —» H*(X,K%)

is a homeomorphism, where X is the complex structure associated to (S, 0).

Theorem 3.3 There is a homeomorphism
V:T(S)XT(S)—> Q. (X1, X) > ([X], Hopf(uy)),

which assigns to any pair of points X, X, in Teichmiiller space the conformal structure
of the unique graph minimal surface ¥ C X; x X, along with the Hopf differential
Hopf(u) of the projection u;: ¥ — Xj.

Proof The discussion above ensures the map W is well-defined. As the construction of
the minimal surface varies continuously with the choice of X; and X3, it is clear the map
is continuous. To see injectivity of W, suppose that ¥ (X7, X3) = W (Y7, Y3) = (2, D).
Then the harmonic maps #1: ¥ — X and v : ¥ — Y7 have the same Hopf differentials,
so by the harmonic-maps parametrization, X; = Y;. The same argument forces
X, =Y. Surjectivity follows similarly, as to any choice of Riemann surface X = (S, J)
and holomorphic quadratic differential ®, there exists a unique hyperbolic metric
X1 = (S, g1) such that the identity map id: ¥ — X7 is a harmonic map with Hopf
differential ®. Similarly, one can find an X, arising from the Hopf differential —®.
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Hence W(X1, X,) = (X, ®), which gives surjectivity. The inverse is clearly continuous
as given the data of a Riemann surface and a holomorphic quadratic differential, the pair
of hyperbolic metrics may be written explicitly and vary continuously, which suffices
for the proof. O

4 Embedding of the induced metrics

In this section we study the induced metric on the graph minimal surfaces. Recall that
given a pair (X7, X3) of hyperbolic surfaces, Theorem 3.1 produces a graph minimal
surface ¥ in the 4-manifold (S x S, g1 & g»), where X; = (S, g;). lif m: (S, g1) —>
(S, g,) is the unique minimal map isotopic to the identity, thenid: (S, g1) — (S, m* g,)
is the unique minimal map isotopic to the identity, which in this case is the identity map.
The graph X, then, is the diagonal in S x S, and there is a canonical diffeomorphism
from S to the diagonal in §' X §. The induced metric on X thus furnishes a metric g
on S by the pullback of this diffeomorphism. Henceforth, when we say induced
metric, we refer to this metric g on .S, and will use X to denote (S, g). We consider
these metrics up to pullback by a diffeomorphism isotopic to the identity, and call
this subspace of metrics Ind(S) and endowing it with the compact—open topology.
The remainder of the section is devoted towards studying geometric properties of the
minimal surfaces and showing that Ind(S) can be embedded into PCurr(.S).

Proposition 4.1 Let X1 = (S, g1), X2 = (S, g2) and VY (X1, X3) = (X, ®). Then the
induced metric on the minimal surface X is given by g + m™*g,. Consequently, the
induced metric is given by twice the (1, 1) part of a hyperbolic metric when expressed
in conformal coordinates.

Proof As in the discussion above, we may choose a suitable hyperbolic metric X, =
(S, g») in the equivalence class of [ X>] to ensure that the unique minimal map isotopic
to the identity is the identity map. Hence, the graph of the minimal map is the diagonal
in § x S, so that (after identifying the diagonal with .S) the harmonic map from the
minimal surface X to X; is given by the identity map. The first result then follows by
definition of the product metric. Notice that the hyperbolic metric g; may be written in
conformal coordinates on ¥ as ® dz2 +oe; dz dZ+ ® dz%. As the minimal surface
is mapped conformally into the product X; x X, of hyperbolic surfaces, then one
obtains a pair u;: ¥ — X; of harmonic maps, whose Hopf differentials, Hopf(u{)
and Hopf(u,), sum to zero. Hence g, may be written in conformal coordinates
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on X as —® dz% 4+ 0ey dz dz —  dz?, with |®| = | — ®|, so by a result of Sampson
(Proposition 4.4) the energy densities e and e, will coincide. As the induced metric is
given by the sum, the induced metric has local expression 20e dz dz. |

Proposition 4.2 The induced minimal surfaces have sectional curvature that is strictly
negative.

Proof For any point p € %, it is clear that K, <0, since X is a minimal surface in an
NPC space, so we wish to show that K, # 0. The proof is by contradiction. Let {e1, 2}
be an orthonormal basis of N,X. Now consider the 2—plane spanned by eigenvectors
X and Y of the second fundamental form II. One has II(X,Y) = 212:1 II; (X, Y)e;.

The mean curvatures of the immersion are given by
41 Hy =11 (X, X)+1(Y,Y) =0,
Hy, =1(X,X)+1,(Y,Y)=0.

The Gauss equation tells us that at p,
(4-2) 0=Rm(X,7Y,Y, X)
=Rm(X,Y,7, X) — (LI(X, X),1(Y, Y)) + (II(X, ), II(X, Y))

2 2
=Rm(X.Y.Y. X)+ ) (X, OIL(Y.Y) - Y I;(X.Y)?,
j=1 j=1
and as H? x H? is NPC, from (4-1) and (4-2) it follows that I = 0 at p and that
Rm(X.Y,Y,X)=0at p. As T(H>xH?) =~ TH?® TH?, we may write X = X; ® X,
and Y =Y; @ Y,. A simple calculation shows
0 =Rm(X.Y,Y, X)

=Rm; (X1, Y1, Y1, X1) + Rma (X2, Y2, Y2, X>)

= k(X1 YD(X1 1P 1Y117 = (X1.71)?) + (X2, V2) (| X2 V2] — (X2, Y2)?)

=—1-(1X1 217112 = (X1. 71)}) — 1 - (|1 X222 — (X2, T2) ),

which by Cauchy—Schwarz implies that X; and Y7 (and also X, and Y;) are linearly
dependent. So the map u, drops rank, a contradiction, as our surface was a graph. O

For a choice of complex coordinates z = x + iy on the minimal surface X, then d/dx
and d/dy form an orthogonal frame. Denote then

and FE,

‘8x’zﬁ _‘8y|2 ay’

Geometry & Topology, Volume 27 (2023)



High-energy harmonic maps and degeneration of minimal surfaces 1707

Let J be the almost complex structure on the 4-manifold X7 x X;,. Then J = J; & J,,
where J; is the almost complex structure arising from X; = (S, g;).

Proposition 4.3 Let E;, E, and J be as above. The second fundamental form is

given by
—Re ® - Im® Im®
(E,. E;) = e®(oe)y, —oe(Im®), +Im P(oe)y JE,
oey/20e(02e? —4|D|?)
N Im ®(oe), —oe(Re P)x +Re P(oe)x JE,.
oey/20e(02e2 —4|D|?)
(E,. Ey) = Re ®(oe)y +oe(ImP)y —Im P(oe)y JE,
oey/20e(02e? —4|D|2)
—Im ®(0e), +o0e(Re P)x —Re D(oe)x JE
2,
oey/20e(02e? —4|D|?)
(E,. Ey) = Im ®(0e), —oe(Re ®)x +Re P(oe)y JE

oey/20e(02e? —4|D|2)
L —oe(Re @), +Re P(oe)y, —Im P(oe)x 7
oey/20e(02e? —4|D|?)

E,.

Proof As X C X x X> is a lagrangian submanifold, { £, E,, JE{, JE,} forms an
orthonormal basis of T'(X; x X3) = T X1 & TX> in this neighborhood. The second
fundamental form then is given by

2
I(X.Y) =) &(VxY.JE;)JE;.
j=1
where g = g1 ® g» and V= Vi & V,. We first calculate II( £, E1). As the minimal
surface metric is given by 20¢ |dz|* = 20e (dx?* + dy?), one has

st (. ) =200 = | 2]

so that
1 4
E = —.
V20e 0x
Similarly, E» is given by ]
1
E, = —.
? 20e 0y
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To calculate JE{, we project E to each of its factors and apply the almost complex
structure on each of its factors; namely, we find the vector which has the same length
and forms angle 7 with the projected factor using the hyperbolic metric. This is the
complex structure arising from the conformal class of the metric. To find J; E| =
a(d/0x) + b(d/dy), for instance, we observe first that the hyperbolic metric on X7 is
given by

p1 =®dz* +oedzdz + ©dz?
=QRe®+o0e)dx>—4ImPdx dy + (—2Re ® + oe) dy?.

Hence we want to solve for a # 0 and b > 0 which satisfy

0 0 _
(4—3) g1 (Cla +b@,E1) =0,

0 i 0 J\ _ __2Re®P+oe
(4-4) gl(aa‘f‘b@,aa‘f'b@)—gl(El,El)——zae .

Some basic algebra yields that
2Im® 2Re® +oe

a= and b= ,
V(2oe)((oe)? —4|D?) V(2oe)((oe) —4|D?)
so that

. 2Im ® i+ 2Re ® + oe i
' J@oe)(0e) —4[0R) x| \/(20e)((0e)? —4[D2) Iy

Now J, E is found similarly, and is given by

—2Im ® d —2Re ® + e d

T Ey = 9 9
(0o — 40P X | Vaoe(e)? —4aI7) 0y

The tangent vector given by ﬁElE 1 splits as V}il E & V%l E. The Christoffel
symbols for g; and g, can be readily calculated:

1 9

1 _ 1 I
Ve B = v(1/«/208)3/ax J2oe 0x

e
N———"

20e \ v/ 20¢e 0/9x 9x V20e )y

1 I (101 0 12 0 1 d
=—7—\—7=—=\ T+ Tiig )t Y
V20e\~20e dx dy V20e ) 0x
=|—'T ——) )=+ —"T%, —,
(208 i \/20’6(\/20'6))() ax +20€ 118)’
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where lFlll and 1F121 are the usual Christoffel symbols, with the extra superscript
denoting that these are the ones for the metric g;. They are given explicitly by

1(—2Re<I>—|—Ue

11
ri o= L(eSeEToe
1 02e2 —4|®|2

5 (2QRe® +o0e)x

2Im ®

m((—4 Im qDX) — (2 Re ® + Ue)y)),

21 1 2Im®
FII_E(W(ZRC®+06)X

2Re® +oe
02e? —4|0|2
Similarly, the same can be done for the metric g, and using the formula for II, one gets
II(E{, E1). The same can be done for the rest. O

(—4Im®x) — 2Re ® + ae)y)).

It would be curious to see under what conditions different points in Q¢ would yield
the same induced metric. One might hope that the space of induced metrics would be
homeomorphic to Qg, but the following result of Sampson shows this is not possible.

Proposition 4.4 (Sampson) For a fixed closed hyperbolic surface X = (S, o), if ®;
and ®, are two Hopf differentials on X arising from harmonic maps from X to closed
hyperbolic surfaces of the same genus such that the norms |®{| and |®,| coincide, then
the energy densities coincide, that is, e; = e;.

Hence, if we select two elements of O, say (X, ®1) and (X, ®,), where |P| = |D;|
but ®; # &,, then the corresponding energy densities are the same and hence the
corresponding induced metrics are the same.

The following proposition is a converse to the result of Sampson and shows this is the
only situation for which the corresponding induced metrics coincide.

Lemma 4.5 On a fixed closed hyperbolic surface, we have e; = e, if and only if
[Py | = [P].

Proof That |®;| = |D,| implies e; = e, is due to Sampson. Now suppose ¢; = 5.
Then Hq + £1 = H, + L5, so the Bochner formula AlogH; = 2H; —2L; — 2 may
be rewritten as Alog H; = 4H; —2e; — 2. Subtracting the two equations fori = 1,2
yields

H
Alog —L = 4(H{ —Hy).
Ho
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Now H; > 0, so that the quotient H /H, attains its maximum on the surface; we claim
this is 1, for if the maximum of #H/H, were greater than 1, then at the maximum
(which is also the maximum of log(#1/#,)) we would have
0> A]ogﬂ =4(H1—Hy) = 47—[2(& — 1) >0,
H2 Ha
a contradiction, so that H;/H, < 1 and symmetrically H,/H; < 1. Hence H; = H;
and so £; = L,, by the assumption on the energy densities. From the formula
|®|2 /0% = HL, the conclusion follows. a

Corollary 4.6 The space of induced metrics Ind(S) may be identified with Qg /~,
where (X, ®1) ~ (Y, ®,) if X =Y and || = |D,|.

We conclude this section by proving that the space Ind(S) can be embedded into
the space of currents, and that the embedding remains injective after projectivization,
thereby obtaining an embedding into projectivized currents.

Proposition 4.7 The space Ind(S) can be realized as geodesic currents.

Proof From Proposition 4.2, the induced metrics have strictly negative curvature, so
by Otal [33], there is a well-defined embedding C: Ind(S) — Curr(S) from the space
of induced metrics on S to the space of geodesic currents, which sends 20e — Ljge,
so that if y is a closed curve, then /r5e ([¥]) = i (L2ge, ¥)- |

The following lemma is a statement concerning energy densities and their failure to
scale linearly.

Lemma 4.8 On a fixed closed hyperbolic surface, if e; = ce,, then ¢ = 1, and hence
| D] = [Ds].

Proof Without loss of generality, suppose ¢ > 1, else we may re-index so that ¢ > 1.
Then H/H, < c, for if Hi/H, > ¢, we locate the maximum of H{/H,, and the
Bochner formula at that point yields

H
0= Alog ,H—l =4(H1 —Ha) —2(e1 —e2) = 4(H1 —Ha) —2(cex —e3)
2

H

2
>4H; (c—1)—2e3(c—1)
=(c—1)@Hy—2e3)=(c—1)2H,—2Ly)=2(c—1) T, >0,
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a contradiction. Notice the upper bound is actually attained, for at a zero of |®|, we
have that £ vanishes and so at such a zero we have the equation

7‘[1 = CHz + C£2,

and as we have H/H, < c, it follows that £, must also vanish whenever £; does. In
fact, we can say more about the zeros of £;. The condition on the energy densities
yields the equality

0=(cHa—H1) + (cL2—Ly),

and the bound on the quotient H;/H, implies that the first term is nonnegative so the
second term is nonpositive, that is, cLy, — L] <0orc < Li/Ly or Lo/L; < 1/c, s0
that the order of the zeros of £, is greater than or equal to the order of zeros of £;. As
|®|2/06% = HL and H > 0, both £ and £, have exactly 8g — 8 zeros counted with
multiplicity, so the order of vanishing of £; is the same as that of £, at every point
of the surface. Hence the quadratic differentials ®; and ®, differ by a multiplicative
constant k € C, that is, ®; = kP,. At the zero of |P;| (and so also a zero of |Pq|),
which is a maximum of the quotient #{/H,, the Bochner equation now reads

H 2|2 2|®, |2

0> Alog —* = 2H; — |2‘| —2H, + |22| =2(H; —Ha) = 2Hs(c— 1) > 0,
2 o H] o Hz

which implies ¢ = 1, and by the previous lemma |k| = 1. O

Theorem 4.9 The space of induced metrics Ind(S) embeds into PCurr(S).

Proof Let 7: Curr(S) — PCurr(S) be the natural projection map. It suffices to show
that the map 7 o C: Ind(S) — PCurr(S) is injective. If the images of two induced
metrics under the map 7 oC coincide, then by Otal’s theorem [33] on the marked length
spectrum rigidity of negatively curved Riemannian metrics, we have

o0dzdz =co'e dzdz,

where ¢ € R~ . Then they will be in the same conformal class, so that o = ¢’. Then
e =ce’, and by Lemma 4.8, ¢ = 1. O

Remark As the induced metrics are not scalar multiples of each other, we make a
slight modification by dividing the induced metrics by 2 to ensure these metrics are now
precisely the (1, 1)—part of a hyperbolic metric when written in conformal coordinates,
rather than twice that.
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5 Compactification of the induced metrics

In this section we identify the elements in the closure Ind(.S') C PCurr(S). As the space
of projectivized currents is compact, we obtain a compactification Ind(S) L PMix(S)
of the induced metrics from the embedding obtained in the previous section.

5.1 Flat metrics as limits

In a simple scenario where the conformal structure of the minimal surface remains
fixed, we can describe the asymptotic behavior of the induced metric. We consider the
simplest case, where X ,, (and consequently X ,) lie along a harmonic-maps ray, that
is, the sequence of Hopf differentials of the projection map onto the first factor is given
by t, P, where ® # 0 and ¢, — oo.

Proposition 5.1 Let 0,e, be the induced metric where 0,, = o for all n, and the Hopf
differentials of the harmonic maps uy ,: (S,0) — X , are given by 1, ®, where ®,
is a unit-norm quadratic differential on (S, o). Suppose &, — co. Then everywhere
away from the zeros of |®q|, one has

Proof By construction, the Hopf differential of the harmonic map from (S, 0) to X7 ,
is given by #, ®g, where @ is a unit-norm quadratic differential. In a neighborhood
away from any zero of @, consider then the horizontal foliation of ®, = #,®(. By
the estimates on the geodesic curvature of its image [45], a horizontal arc of the
foliation in this neighborhood will be mapped close to a geodesic in X7 ,; we do not
reproduce the techniques here, as we will do so later in a slightly modified setting.
Using normal coordinates (x, y) for the target adapted to this geodesic and estimates
on stretching [44], we have that

(x,y)—~ (21,}/2)(, 0) +o(e™"),

where the constant ¢ only depends upon the domain Riemann surface and the distance
from the zero of the quadratic differential. For the harmonic map from (S, o) to X3 ,,
its Hopf differential is given by —1#,, ®¢, so that an arc of its horizontal foliation, which
is an arc of the vertical foliation of #, P, gets mapped close to a geodesic, yielding

(x, ) > (0,26}/2y) + o(e™).
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Hence, as a map from X to the 4-manifold X , x X, , with the product metric, we
have that the induced metric 0y ¢y, in this neighborhood has the form

4ty +0(e™)) dx? 4+ 20(e™ ") dx dy + (41, + 0(e™")) dy?.

Dividing by 4, and observing that for a high-energy harmonic map, the total energy is
comparable to twice the L'-norm of the quadratic differential (Proposition 5.8), and
taking the limit, yields the conclusion. O

Proposition 5.2 Suppose 0, ¢, is a sequence of induced metrics such that 0;, — o in
T(S) and &, — oo. Then, after passing to a subsequence, there exists a sequence t,

and a unit-norm quadratic differential ®( on [o] such that
. Onén

lim

n—o0

n

Proof Let ¢, = &,. Then the result follows from the compactness of unit-norm
holomorphic quadratic differentials over a compact set in Teich(S), and the argument
in the previous proposition. O

As the previous results only show C° convergence in any neighborhood away from
a zero of the quadratic differential, it is not quite so obvious we have convergence in
the sense of length spectrum. The following technical proposition shows we actually
do have convergence when the metrics are regarded as projectivized geodesic currents.
With the length spectrum embedding (as given in Theorem 4.9), we now have sequences
of points whose limits are the flat structures in the space of geodesic currents.

Proposition 5.3 Let 0,¢, and &, be in the same setting as above. Then, as currents,

Proof As the topology of geodesic currents is determined by the intersection number
against closed curves, it suffices to show that given any closed, nonnull homotopic
curve class [y] and € > 0, there is an N ([y], €¢) such that for n > N, one has that
li (Lo,en/cns V) — i (Lo V)| < €. We choose a representative y of [y] to be a [®g|—-
geodesic with length L =i (L¢,|, ¥) with some fixed orientation. As the estimate in
Proposition 5.2 does not hold near a zero z; of |®y|, the first step is to construct open
balls V; of radius € in the |®o|-metric about each zero z; of @ (choosing € sufficiently
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small) so that

(i) balls centered about distinct zeros do not intersect,

(i1) if the curve y enters one of the neighborhoods V;, then the curve y must intersect
the zero z; before y exits V;,

(iii)) (1—€)C —(4g —2)mwe > 0, where C is the systolic length of the surface
(S, Do)

As @ is holomorphic, the zeros are isolated, so we can easily ensure that (i) is satisfied.
If the curve y does not intersect z;, then as y is a closed curve, the distance from z; to
the curve y in the |®g|-metric is bounded away from zero, guaranteeing condition (ii).
Finally, condition (iii) follows as the systolic length C of (S, |®¢|) and the genus of
surface are fixed.

As the complement of the union of the V; forms a compact set, by Proposition 5.2
we can find an N so that for n > N the metrics o,e,/E, and |y differ by at most €.
Now each time y enters V;, say at p, then hits the zero z; and exits V; for the first time
thereafter, say at ¢, we may replace that segment of y with a segment running along the
boundary of V; connecting p and ¢g. Notice that this does not change the homotopy class
of y. We make this alteration for each instance y enters a V;, and denote the new curve
by /. Observe that each time we make such an alteration, the length of the curve (in the
|®¢|-metric) increases by at most K;e, where K; is a constant depending only upon the
|®g| and the order of the zero z;. In fact K; < (4g —2)x. Hence the |®¢|-length of 3’
is bounded above by L + Z{:l n; K;e, where n; is the number of times y enters V;.
But as ¥’ now lies in the complement of the union of the V;, by Proposition 5.2, the
length of 3’ in the oye,/Ey—metric is at most (1 + e)(L + Z{:l n,-K,-e). But the
length of )’ in the 0,e,/E,—metric must be at least the length of the geodesic in its
homotopy class, which has length L) =i(Lg,e, /s, ); hence

j
e +e)(L +Zn,~K,-e) > L.

i=1

Distributing on the left-hand side and subtracting both sides by L yields

J J
ZniKie - e(L -+ ZniKie) > L, —L:=i(Lg,e,/e, V) —i(Lioy|:V)-

i=1 i=1

Now if L; — L > 0, we are done, for K; is independent of € and »; is constant in €.
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So consider the case where L) — L < 0, that is, L > L. Consider the o,e,/Ex—
geodesic ¥, in the homotopy class of y, and again we give ¥, an orientation. Naturally
¥, can enter and exit the V; neighborhoods multiple times, but we remark that as the
distance function on a NPC space from a convex set is itself convex, then each time
the curve leaves V;, it must pick up some topology before returning, that is, the part
of the curve rel endpoints lying on the boundary of V; is not homotopic to a segment
along the boundary of V;.

However, now if § enters and exits V; say a total of r times, we consider the pairs
of entry and exit points ordered accordingly as py,q1,..., pr,qr using the chosen
orientation. Now look at the segment of 7, between pg and pgy 1. If this is homotopic
rel endpoints to a segment of the boundary of V;, then we look at the segment of ¥,
between ps and p,4, (using a cyclic ordering, so r + 1 is identified with 1) and see if
that segment is homotopic relative endpoints to a segment along the boundary of V;. We
repeat this until the segment of },, between p; and py is not homotopic rel endpoints to
the boundary of V;. Then we repeat this process for ps and ps—; (again using a cyclic
ordering) until we find the segment of ¥, between ps and pg~ which is not homotopic
rel endpoints to the boundary of V;. Then we replace the segment of ¥ between pg 41
and py_; with a segment along the boundary of V; connecting these two points. We
repeat this for each 7, so that when the curve leaves V;, it picks up some topology
before reentering V;. Altering ¥, in this fashion yields a curve ¥, lying outside of all
the V;. Switching over to the |®¢|-metric yields the inequality
4g—4
(1+e)L,+ Y miKie>L,
i=1
where m; is the number of segments of the altered curve ¥, lying on the boundary
of V;, and once again K; is a constant depending solely on the order of the zero z;. By
the assumption that L > L), we have actually that
4g—4 4g—4
L, +eL+ Z miKie>L, so €L+ Z m;Kie > L—1L),.
i=1 i=1
It suffices to show that m; can be bounded independently of n. This follows from
an estimate on the systolic length of the metric oe,/&,. Let C’ denote the systolic
length among all homotopically nontrivial curves which avoid the V; for the metric |®|.
Then C’ > C. Then by Proposition 5.1, the systolic length among all homotopically
nontrivial curves which avoid all the V; for the metric oe, /&, is at least (1 —e)C’.
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If K denotes the largest constant among the K;, then one has that

for by construction we had m; segments of %, each of which is not homotopic rel end-
points to the boundary of V;, so that if we connect the endpoints of the segment with a
segment along the boundary of V;, we add at most Ke to the length of the segment.
But we now have a closed curve not homotopic to the boundary of any of the V;, so
the length of this closed curve is bigger than C’. This suffices for the proof. a

The resulting flat metrics arising from unit-norm holomorphic quadratic differentials
are distinct as Riemannian metrics from the induced metrics as the quadratic differential
metrics have zero curvature away from the zeros, whereas the induced metrics have
negative curvature everywhere (Proposition 4.2). In fact, the flat metrics are distinct as
geodesic currents, as work of Frazier [13] shows that the marked length spectrum distin-
guishes nonpositively curved Euclidean metrics from the negatively curved Riemannian
metrics.

5.2 Measured laminations as limits

However, not all limits of induced metrics are given by flat metrics. One can also
obtain measured laminations. This is most readily seen in the setting where one takes a
hyperbolic metric and looks at the minimal lagrangian to itself. The induced metric
of the minimal surface is then twice the hyperbolic metric. We thus have a copy of
Teichmiiller space inside the space of induced metrics inside the space of projectivized
currents. From Bonahon [4], we know we must have projectivized measured laminations
in our compactification of the induced metrics. However, there are more ways to obtain
measured laminations than by degenerating only the induced metrics which are scalar
multiples of hyperbolic metrics, as the following proposition shows.

Proposition 5.4 Suppose that Ly, ., leaves all compact sets, but that the sequence
&y of total energies is bounded. Then, in PCurr(S), we have [Ls,¢,] — [A] € PMFE(S).
Furthermore, if [Lg,] — [A'] in the Thurston compactification, theni (A, ") = 0, where
A€[A]and A €[)\].

Proof By the compactness of PCurr(S), any sequence [Ly,,¢,] subconverges to [A] €
PCurr(S). Hence, there is a sequence of positive real numbers so that #;, Lgs,¢, — A €
Curr(S). We claim ¢, — 0.
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Consider a finite set of curves yq, 2, ..., Y% Which fill the surface S. Then the current
Y1+ Y2+ -+ vk is a binding current, that is to say, it has positive intersection number
with any nonzero geodesic current.

As L, e, leaves all compact sets in Curr(S),
lim i(Lo,e,. 1+ + Vi) = 00,
n—>o0
so by continuity of the intersection form, one has
lim tyi(Loye, V1 +--+vi) =i(A, y1+ -+ yi).
n—o0

But the intersection number on the right-hand side is finite, hence #;, — 0. From
Proposition 2.1, one has i (Ls,e,,, Loy,e,) = % Area(S, 0,e;,), which in this case is %Sn.
Then

. . . . Y
l()\., )\,) = nli)IIC}o 1 (tnLU”en . tnLo'nen) - nll)rl;.lo t,%ESn == O,

where the last equality follows from the boundedness of total energy, hence A € MFE(S).
Now if [Ls,] — [A'], then there is a sequence ¢, — 0 such that 7, L,, — A’. Then

l()\.,)\,/) = nli)rroloi(tnlzo'”en, t’{lLo-n) S nll)l’go tnt;li(Lgnen, Lo—nen) - nl_i)Ilgo tnt’;gn - O,

where the inequality follows from o, < 0, e, as metrics, and the last equality by the
boundedness of the sequence of total energy &, along with the sequences 7, t,, tending
towards zero. O

5.3 Mixed structures as limits

As some of the possible limits are the singular flat metrics arising from a holomorphic
quadratic differential, the closure of the space of induced metrics on the minimal surface
must include mixed structures, as these arise as limits of singular flat metrics. The main
theorem asserts these are precisely all the possible limits of the degenerating minimal
surfaces.

Theorem 5.5 Let 0,¢, be a sequence of induced metrics such that o, leaves all
compact sets in T (S) or &, — oo. Then there exists a sequence t,, — 0 such that, up to
a subsequence, we have ty Lg,e, — 11 = (S’, ¢, ) € Mix(S) C Curr(S). Furthermore,
given any 1 € Mix(S), there exists a sequence of induced metrics oney,, and a sequence
of constants t, — 0, such that t, L, ,, — 1. Hence, the closure of the space of induced
metrics in the space of projectivized currents is Ind(S) = Ind(S) LU PMix(S).
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The proof of the main theorem will follow from a series of intermediate results, and
will be at the end of the section. The strategy is to show that if the sequence of
currents coming from the induced metrics is not converging projectively to a measured
lamination, then scaling the induced metrics to have total area 1 is enough to ensure
convergence in length spectrum. To each normalized induced metric, we produce a
quadratic differential metric in the same conformal class as the induced metric, which
will serve as a lower bound. Convergence of the quadratic differential metric to a mixed
structure will yield a decomposition of the surface into a flat part and a laminar part.
On each flat part, we will prove the conformal factor between the normalized induced
metric and the quadratic differential converges to 1 uniformly (away from finitely many
points). An area argument will show the complement is laminar.

The following proposition allows us to analyze sequences of induced metrics which
are not converging to projectivized measured laminations. If the sequence of induced
metrics is not converging to a projectivized measured lamination, we may scale the
current associated to the induced metric by the square root of its area (which is also the
total energy). We remark that in the case where the limiting geodesic current is not a
measured lamination, scaling the induced metrics by total energy of the associated har-
monic map is strong enough to ensure length-spectrum convergence, yet delicate enough
to ensure the limiting length spectrum is not identically zero. This should be compared
to the situation in [45; 8], where one always scales the metric by the total energy.

Proposition 5.6 Suppose the conformal class of the minimal surface leaves all compact
sets in T (S), and the sequence of total energy is unbounded, that is, £, — oo. Then,
up to a subsequence, there exists a sequence ¢, — 0 and a geodesic current yu such

1/2

that ¢y Ls,e,, — 4. If |t is a measured lamination, then ¢, = o(E, 7). If u is not a

. -1/2
measured lamination, then ¢, < &,, / .

Proof By Theorem 4.9, one has an embedding of the space of induced metrics into
the space of projectivized geodesic currents, which is compact. Taking the closure
implies the first result. If [u] is the limiting projective geodesic current, then one can
choose a fixed representative; call it .

If 1 is a measured lamination, then dividing the current L, ¢, by 5,1/ ? normalizes the
current to have self-intersection number 1. Then, as the measured laminations have
self-intersection 0, the second result follows.
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Suppose then that p is not a measured lamination. Then its self-intersection number is
positive and finite. But

I(M,/L) llm l(Cn o'nen,Cn Oneén )— hm C I(Lanen»LO'nen)
n—00

= lim cn —Area(S Onen) = hm c / Open dzy Ndzy

n—00 )
b4
= lim ¢ = &,,
n—oo " 2
so that 0 < limy,— oo c,% En < 00; that is, ¢, =< 8;1/2, as desired. O

With this normalization, the self-intersection of the current will be 7 that is to say we
have scaled the induced metric to have total area 1.

The following proposition shows the relation of the induced metric to the corresponding
Hopf differential metric.

Proposition 5.7 Away from the zeros of ®, one has the identity

1
oe = |d>|(| | +|v|)

Onen > 2|®y.

Consequently,

Proof This result follows immediately by manipulation of the formulae involving H
and L. One has

H c
02e? =02 (H> +2HL + L) = 0 *HL (Z +2+ ﬁ) = |<I>|2( +2+1v |2)

v]?

Taking a square root on both sides yields the result. O

For a given sequence 0,e, we consider the associated smooth (away from the zeros
of the quadratic differential) function 1/|v,| + |vg|. This function is well-defined for
each n by Lemma 4.5.

The following proposition due to Wolf allows us to pass freely between the L!—norm
of a Hopf differential and the total energy of the corresponding harmonic map. The
original proof was for a fixed Riemann surface as the domain, but the argument holds
when the domain is allowed to change. For the ease of the reader, we have included
the adapted proof.
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Proposition 5.8 [44, Lemma 3.2] For any Riemann surface (S, J) and hyperbolic
surface (S, 0), if id: (S, J) — (S, o) is a harmonic map with Hopf differential ® and
total energy &£, then

E+2mx(s) 2P| <€ —-2mx(S).

Proof AsH —L =7 and [ Jo dzdz =—2m), we have
/Hodzdf—l—brx =/£0dzd2= / dvdzdz,
as the integrands agree. But, recalling that |[v| < 1, we have
/@vdzd?f/ |D| dsz:/’H |v|0dzd§§/%adzd§=/£a dzdz—2my.
Summing up the first two and last two integrals respectively yields
[eadzd?—i—an 52/ |<I>|dzd3§/eadzd§—27r)(,

proving the proposition. O

Corollary 5.9 If the sequence ® , of unit-norm quadratic differential metrics con-
verges projectively to a measured lamination, then so does the associated sequence
Loye,/ E,i/ % of geodesic currents.

Proof Suppose that L|g,,| — [A] in the space of projectivized currents. Since
i(Li®,,|» L@, ,|) = 5 while i (A, 1) = 0, there exists a sequence #, — 0 such that
the length spectrum of #,|®y ,| converges to that of some A € [A]. This is to say, there
is a curve class [y] for which the length of its geodesic representative against the metric
|®o.,| is unbounded, so by Propositions 5.7 and 5.8, the sequence of lengths of the
[y]-geodesic against the metrics o,e;, /&, is unbounded. Hence there is a sequence
sp — 0 such that s, Lg,e, / 5,}/ 2 converges to a current (. But as the self-intersection of
Lo, e, /En is exactly 7, the intersection of 1 with itself is zero, from which the result
follows. |

The previous corollary allows us to exclude the case where the sequence of flat metrics
tends towards a projectivized measured lamination, for in that case, we have that the
sequence of induced metrics also tends towards a projectivized measured lamination.
Hence, we need only consider the case where the sequence of flat metrics converges to
a nontrivial mixed structure, say 7. The data of n gives us a subsurface S’ for which the
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restriction of 7 is a flat metric arising from a quadratic differential. Here we consider
S’ up to isotopy.

The remainder of the section is devoted towards showing that if the sequence of unit-
norm quadratic differential metrics converges to a mixed structure that is not entirely
laminar, then so does the sequence of unit-area induced metrics. This will then complete
the proof of Theorem 5.5.

We begin by recording the following useful bound due to Minsky, for the function
g =log(1/[v]).

Proposition 5.10 [29, Lemma 3.2] Let p € S be a point with a neighborhood U such
that U contains no zeros of ® and in the |®|-metric is a round disk of radius r centered

G(p) <sinh™! (_|X£f)| )

Proof The PDE AG =27 > 0 shows that G is subharmonic in U. It suffices therefore
to bound the average of G on U in the |®|-metric. Some algebra yields

at p. Then there is a bound

. 10
smhg = EEJ

Using the concavity of sinh™! on the positive real axis, we obtain

G(p) < |P|-Avgy (9) (by subharmonicity of G)
.,_110
= |D|-Avgy (smh ! 5@)
. -1 10 . .1
<sinh (|CI>|—Ang (5 @)) (by concavity of sinh™")
1 o
= sinh™! — JdA(|®
sin (27rr2 /(; o) J dA(] |))
S
< ginh™! ('X(2 )|) (by Gauss—Bonnet). O
r

As we are in the setting where the sequence Lg,, , of currents coming from unit-area
holomorphic quadratic differential metrics converges to a nontrivial mixed structure
n = (S’, o, A), we have that the restriction of the metric |®¢ ,| to S” converges to
the metric |®o,|. On this systole positive collection S’ of subsurfaces, we have the
following proposition.
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Proposition 5.11 Given e, €’ > 0, there exists N = N (e, €) such that forn > N,

m|¢0’n|({p €S: (ﬁ + |v,,|)(p) 22—}—6/}) <e.

Consequently the limiting function 1/|v| + |v| is equal to 2 almost everywhere with
respect to the |®oo |—metric.

Proof By Proposition 5.7, one has the equality

onen |<1>n|( | ) 1@l |<I>n|( I )
= — 4|V = + v .
& = & Uonl T = T 1 oy T

Defining

l—cn || Pall

2 T &
one has ¢, — 0 by virtue of Proposition 5.8. Observe that ¢, > 0, as the function
1/|vn|+|vn| = 2, the area of |Dg ,| = |P,|/||Px| is 1 and the area of the scaled metric
onen/En is also 1. If my, then denotes the |Pg_,|-measure of the set of points for which

’

the function 1/|vy,| + |vy| is at least 2 + €/, then one has

1 1—c¢
| (—+ |vn|)( n)dA(|q>0,n|)
(:(1/Ival+Hva ) (p)=24¢} \ [Vn] 2

1 1—c
- (—+|vn|)( n)dA(|q>0,n|)
(p:(1/Ivnl+IvaD(p)<2+€} \ [Vnl 2

=/dA(0”e") =1.
En

The integrand in the first integral is at least (2 + €’)(1 — ¢,)/2, whereas the second

integrand is at least 2(1 — ¢,)/2. Multiplying these lower bounds with the measures of
their respective sets yields

(2+e’)(1_2€n)mn+2(1_2€")(1—m,,) =<1

Some basic algebraic manipulation leads from

m ((2+€/)(1_Cn)_2(1_cn))<c to m <2L
" 2 2 - T (=€)

and as €’ is now fixed, one may find a sufficiently large N to guarantee m, < €. As the

metric |®qo| has finite total area, convergence in measure of the sequence of functions
1/|va| 4 |va| to the constant function 2 implies that up to a subsequence, one has
convergence to the constant function 2 almost everywhere. O
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Sets of measure zero can be rather problematic if we wish to say something about
length of curves. The following proposition shows that we actually have convergence
off the zeros and poles of | D]

Proposition 5.12 Suppose &, — oo. Then, up to a subsequence,

+ v =2

[Vn|

everywhere on S’ except at the zeros and poles of |®qo].

Proof Observe that the function 1/|vy| + |v,] is not defined at the zeros of |®,|, but is
well-defined everywhere else. Moreover, the auxiliary function G = log(1/|v]) satisfies
the partial differential equation

1
Alog— =27, >0,
[Vn |

so that the function G and hence 1/|v;,| + |v,| never attains an interior maximum on
the complement of the zeros. It follows that 1/|v,| + |vy,| is only unbounded in a
neighborhood of a zero of a corresponding quadratic differential ®,. The sequence of
flat metrics |®g ,| on S’ converges geometrically to |® |, and so the zeros of |y,
on S’ will converge to the zeros of |®|. For any € > 0, consider balls of radius 3¢
about each zero of |®|, choosing € sufficiently small that balls about distinct zeros
do not intersect. Call this collection B. Then for large n, balls of radius € in the |®g ,|-
metric about the zeros of |®,| will be contained in B. For each boundary component
of S, which in the geometric limit is collapsed to a puncture, choose a geodesic curve
with respect to the | P, |-metric, homotopic to the puncture and enclosing the puncture,
of length /¢ > 3¢, so that the |®|—distance of each point of the curve to the puncture
is at least 3e, possibly choosing a smaller € until such a configuration is possible. This
gives an annulus for each boundary component of S’. Call the collection of these
annuli A.

For any point in the complement of both A and B, for large =, the injectivity radius
with respect to the |®g ,|—metric is at least € and the distance to any of the zeros is at
least €. Moreover, each point p in the region satisfies the property that any ¢ € B¢/>(p)
has injectivity radius at least § and distance at least 5 to any zero or the boundary of
the cylindrical region. Hence, by Proposition 5.10, the value of log(1/|v,]|) is at most
M >, where the constant no longer depends on 7, once 7 is chosen sufficiently large.
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As the function log(1/|v,]) is subharmonic, by the mean-value property, one has at
any point p in this set that

1

1
L= / log — dAjqy , < (1o
Bc/2(p)

[vnl

log —Area(Be/z(P)))G/ + Mé/26”

[Vnl
for n large enough, so that log(1/|v,|) < €’ outside a set of measure at most €” by
Proposition 5.11. As the choice of € was arbitrary, the conclusion follows. |

This collection of propositions proves the following result:

Theorem 5.13 Suppose L|g, ,| converges to a nontrivial mixed structure jv. Then
the corresponding metrics oyen/Ey as £, — 00, restricted to S’, converge in length
spectrum to |Poo|.

Proof Defining A and B as in the previous proof, on the region S’ \ (4 U B)
Proposition 5.12 guarantees that we have uniform bounds on the sequence of functions
1/|va| + |va| whose limit was the constant function 2. Hence, by Arzela—Ascoli, up
to a subsequence, we have uniform convergence on this region. Hence, by the same
argument as that of Proposition 5.3, the length spectrum of the scaled induced metric
on this domain converges to the limiting length spectrum of the sequence |®g |, which
is [Poo. |

Proof of Theorem 5.5 Recall that for any flat metric arising from a holomorphic
quadratic differential, one can find a sequence of induced metrics so that the chosen
flat metric is the limit in the space of geodesic currents (Proposition 5.3). Hence by
Theorem 2.5, any mixed structure 1 can be obtained by a sequence L, of currents
coming from the induced metrics. On the other hand, to any sequence of induced
metrics leaving all compact sets, then either it converges projectively to a measured
lamination or it does not. If it does not converge to a measured lamination, then the
energy is unbounded and the corresponding sequence of normalized Hopf differential
metrics must converge to a mixed structure i which is not purely laminar. The previous
theorem thus ensures there is a nonempty collection of incompressible subsurfaces, S’,
on which the limiting current 1 is a flat metric. But on the complement of S’, the
current 1 restricts to a measured lamination (as on this complement the areas of the
metric tend to zero), so the proof of Theorem 5.5 is complete. |
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5.4 Dimension of the boundary

We end this section with a remark about the compactification of the induced metrics.
Recall the dimension of the space of induced metrics (being homeomorphic to Qg /S )
was 12g — 13. The dimension of the singular flat metrics can be readily seen to be
12g — 14. The actual mixed structures are stratified by the subsurfaces for which
the mixed structure is a flat metric. A subsurface of lower complexity yields fewer
free parameters in the choice of a flat structure, and the extra choices one gains for a
measured lamination on the complementary subsurface is strictly less in our loss of
choice for the flat structure. Hence the boundary of the compactification of the induced
metrics via projectivized geodesic currents is of codimension one.

6 Analysis of the limits

In this section, we wish to relate the mixed structures with cores of R—trees arising
from measured laminations. To this end, we elucidate the relation between the mixed
structure and the pair of projective measured laminations obtained from the pair of
degenerating hyperbolic surfaces.

6.1 R-trees

Here we recall some basic facts about R—trees. An R—tree 7" is a metric space for
which any two points are connected by a unique topological arc, and such that the arc
is a geodesic. Equivalently, if (X, d) is a metric space, for any pair of points x, y € X,
define the segment [x, y]={z € X :d(x,y) =d(x,z) +d(z, y)}. Then an R—tree is
a real nonempty metric space (7T, d) satisfying:

(i) Forall x, y € T, the segment [x, y] is isometric to a segment in R.

(i) The intersection of two segments with an endpoint in common is a segment.

(iii)) The union of two segments of 7" whose intersection is a single point which is an
endpoint of each is itself a segment.

A group I" acts on T by isometry if there is a group homomorphism 6: I' — Isom(T').
The action is from the left. An action is said to be small if the stabilizer of each arc
does not contain a free group of rank two. An action is said to be minimal if no proper
subtree is invariant under I".
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A particularly important class of R—trees comes from the leaf space of a lift of a
measured foliation on a closed surface to its universal cover. Any measured foliation F
on a closed surface of genus g > 2 may be lifted to a 71 S—equivariant measured
foliation on its universal cover. The leaf space can be made into a metric space,
by letting the distance be induced from the transverse measure. This is an R—tree
with a I' = ;S action by isometries. Naturally, not all R—trees with a 7S action
arise from this construction. A theorem of Skora [41] shows that an R—tree with a
1S action comes from a measured foliation if and only if the action is small and
minimal. Alternatively, one may start with a measured lamination (A, i) on S and
lift it to a measured lamination (X, () on the universal cover. Then an R—tree may be
formed by taking the connected components of S \ X with edges between two vertices
if the two components were adjacent (separated by a geodesic), and then metrically
completing the distance induced by the transverse measure. The R—tree comes equipped
with a 71 S action, and is 7y S—equivariantly isometric to the R—tree constructed from
the corresponding measured foliation. In what follows, we will deal exclusively with
R-trees with a r1.S action coming from the leaf space of the lift of a measured foliation.
There is a rich theory of convergence of hyperbolic space to R—trees in the literature
from a number of different perspectives; see [3; 30; 31; 41; 46].

6.2 Convergence of metric spaces

In this section, we construct noncompact metric spaces admitting a 771 S action by
isometries.

Definition 6.1 Let X and X’ be two metric spaces and let € > 0. An e—approximation
between X and X” is arelation R in X x X that is onto, and such that for every x, y € X
and every x’, y’ € X’, the conditions x Rx" and yR ' imply |dx (x, y)—dx/ (x’, )| <e.

Definition 6.2 Let X}, be a sequence of metric spaces, each admitting an isometric
action by a group I', and let X be a supposed limiting metric space, also admitting
an isometric action by the same group I'. We say X, converges to X, in the sense of
Gromov—Hausdorff if for every € > 0 and every finite set A C I", and for every compact
subset K C X0, then, for n sufficiently large, there is a compact set K, C X, and
an e—approximation R, which is A—equivariant between K, and K in the following
sense: for every x € K, every x,, yn € K;, and every « € A4, the conditions ax € K
and x, R,x and y, Ryax imply d(axy, y,) < €.
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We construct a sequence of noncompact metric spaces X, with an isometric action
by I' = 71 S, as follows. Take the induced metric (S, one;,) and lift the metric to
the universal cover (§ ,O0nen). We will deal with the case where the induced metric
converges in length spectrum to a mixed structure that is not entirely laminar — this
is to ensure so that we can scale our metric spaces by total energy; for the case of
a mixed structure that is entirely laminar, the same discussion holds after amending
the sequence of constants. The sequence of noncompact metric spaces thus will be
Xn = (§ ,0nn/En). The following proposition is clear.

Proposition 6.1 The manifold X, = (S,6n¢,/Ex) is a noncompact metric space
admitting an isometric action by the group I' = w1 S.

Proof As X, itself is a noncompact Riemannian manifold with I' = 71 .S acting on it
by isometries, the result follows immediately. O

Up to a subsequence, the metrics (S, ope,/E,) Will converge in length spectrum to
a nontrivial mixed structure n = (S’, ¢, A). We construct a noncompact metric space
Xoo = Xy from the mixed structure 7. Regard n as a geodesic current on (§ ,8). To
any two distinct points x, y € S, one can form the geodesic arc o connecting the
two points. Let ¢ be the set of bi-infinite geodesics which intersect o transversely.
Then the intersection number i (n, &) is given by the n—measure of ¢. This yields a
pseudometric space coming from the geodesic current 1. Notice that it is possible for
the intersection number to be zero, for instance if the geodesic arc is disjoint from the
support of the current, or if it forms no nontransverse intersection with the support of 7.
Taking the quotient by identifying points which are distance 0 from each other, and
then taking the metric completion, yields a noncompact metric space Xoo. As ' =S
acted on 1 equivariantly, I' acts by isometries on X,. For a more detailed discussion
about the construction of a metric space from the data of a geodesic current, see [5].

Remark In the setting where 7 is a measured foliation, the metric space Xy is a familiar
one. It is an R-tree dual to the foliation. The space is constructed by collapsing the
leaves of the foliation with the distance on the tree inherited by intersection number and
then completing; see [32]. The case where 7 is a nontrivial mixed structure follows the
same spirit of this construction. The laminar part is treelike, formed on the universal
cover by collapsing leaves of the supported lamination and then completing. On the
flat part, the metric space is formed by the product of the trees dual to the vertical and
horizontal lamination of a quadratic differential whose metric is the given flat metric.
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The preceding discussion is summarized by the following proposition.

Proposition 6.2 To any mixed structure 1, the construction above gives a noncompact
metric space Xy admitting an isometric action by I' = 71 S.

Using the Gromov—Hausdorff topology, one has the following.

Theorem 6.3 A subsequence of the metric spaces (S, Gnen/En) converges in the
sense of Gromov—Hausdorff to a noncompact metric space X, coming from a mixed
structure ) acted upon by I' = 71 S.

Before presenting the proof, we record one useful fact regarding convergence of maps.
This follows from work of Korevaar and Schoen.

Theorem 6.4 (Korevaar and Schoen [21]; see also [8]) Let M be the universal cover
of a compact Riemannian manifold. Let uy, : M = X, 1 be a sequence of maps such that

(a) each X}, is an NPC space, and

(b) the uy, have uniform modulus of continuity: for each x, there is a monotone
function w(x, -) such that

li ,R)=0 and d , < o(x, R).
Lim o(x, R) and  max (ur(x), up(y)) = w(x, R)

Then the pullback metrics d,, converge (possibly after passing to a subsequence)
pointwise, locally uniformly to a pseudometric do.

Proof of Theorem 6.3 Recall from Theorem 5.13 that on S’ we have uniform con-
vergence of the induced metric to the flat metric. For the complementary subsurface,
recall that metric spaces were obtained as the induced metric on the minimal surface,
so that the metric came from a pullback of a harmonic map. By Proposition 5.6, the
scaled metric is the pullback metric of a harmonic map with energy at most 1. Hence,
by Theorem 6.4 (see [21, Proposition 3.7] or [8, Theorem 2.2]), the metrics converge
uniformly. As the lifts of the induced metrics admitted an 1.5 action by isometries, so
does the limit. O

6.3 Convergence of harmonic maps

Not only do the metric spaces converge in a suitable topology, the harmonic maps do as
well. As we have shown in the preceding section that the domains converge in the sense
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of Gromov—Hausdorff to a metric space arising from a mixed structure, and as shown
in work of Wolf [46], one has that the lifts of a sequence of degenerating hyperbolic
metrics, when properly scaled, subconverge in the sense of Gromov—Hausdorff to R—
trees dual to a particular measured lamination in the projective class of the associated
point on the Thurston boundary. Hence we have both domain and target converging in
the same topology to noncompact metric spaces with isometric actions by I' = 71 S.
It is natural to expect some sort of convergence in the harmonic maps. In Wolf [46],
the domain is a fixed Riemann surface, and the target is changing. Here, we have both
domain and target changing (and converging). We begin by reviewing the necessary
definitions.

Definition 6.3 Let X, and X be metric spaces admitting an action of a group I
and let (Y, d,) and (Yo, doo) be metric spaces admitting an isometric action of I'.
Suppose fn: X — Yy and foo: Xoo — Yoo are equivariant maps. Then we say that
fn converges (uniformly) to f if

(i) both X}, and Y, converge (uniformly) to X and Y respectively in the sense of
Gromov, and

(ii) for every € > 0, there is an N (€) such that for n > N (¢), the e—approximations
R,, R, satisfy the condition that for every x, R,x, one has f(x,) R}, f(x).

We will require a notion of harmonic map for maps between singular spaces. The
following can be found in more detail in [10]. While the general theory of harmonic
maps between Riemannian polyhedra is covered there, in what follows, we only deal
with singular flat metrics and metric graphs.

Definition 6.4 Let X be an admissible Riemannian polyhedron and Y a metric space.
Let ¢ € L2 (X, Y). The approximate energy density is defined for € > 0 by

loc
dy ($(x), 9(x"))

/
€m+2 d,LLg(x )

@) = |

Bx (x,e)

Definition 6.5 The energy E(¢) of a map ¢ of class L2 (X, Y) is

loc

E@ = sup (hmsup | rec@ dug).

feCe(X,[0,1) \ €—0
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Definition 6.6 A harmonic map ¢: X — Y is a continuous map of class VVkl)C’2 (X,Y)
which is bi-locally E—minimizing in the sense that X can be covered by relatively
compact subdomains U for each of which there is an open set V D ¢(U) in Y such
that

E(¢lv) < EWlv)
for every continuous map ¥ € WI’Z(X, Y)withy(U)CVand ¢y =¢in X \ U.

loc

We obtain a classification of the flat parts of the mixed structure arising from the data of
the limits of the sequences X7 , and X, ,. Let S’ be a connected subsurface for which
the limiting mixed structure 7 is a flat metric. For each n, denote by S, the subsurface
isotopic to S’ such that the boundary components are geodesics with respect to the
induced metric o,e,/E,. Let X 1’,n denote the restriction of the hyperbolic metric X; ,
to the subsurface of S, in the same isotopy class of S’, but which has geodesic boundary
with respect to the hyperbolic metric. Then let u;n denote the restriction to S, of the
harmonic map u; 5, : (S, onen) = Xin.

Theorem 6.5 Consider a connected component of S’. The sequence of harmonic
maps u'y ,: (S, 0nen/En) = X1,n/2En converges to a w1 (S’)~equivariant harmonic
map u': (S', |Pso|) = Ty, where Ty is the R—tree dual to Ay = limy—oco X1 ,1/2En.
The Hopf differential is given by ®,. Likewise, the same holds for A, and —® .
Hence, the laminations are the vertical and horizontal foliations of ®.

Proof We begin by showing that A is a well-defined measured lamination in the
projective class of [A ], which is the limit on the Thurston boundary of the sequence X .
This will follow from standard estimates on stretching and geodesic curvature of an arc
of the horizontal foliation which avoids the zeros. This will be an adaptation of the
argument employed in [45], for the case where the domain conformal structure is fixed
and the Hopf differentials lie along a ray.

We first show boundedness of the Jacobian. For any neighborhood U of the surface
which avoids a zero of ® ;, one has the usual PDE

(6-1) Ag, log —— = 4T, > 0,
|Vn
and, consequently,
1
(6-2) Aoy, || Pnll log e 4[| ®n| T > 0.
n
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Using the conformal invariance of harmonic maps, we replace the metric o, on the
neighborhood U with a metric o;, in the same conformal class as o, but one which is
flat on U. Subharmonicity of the function ||, || log(1/|vs |2) yields

(6-3) [®nlllog —=(p) = — |9 log dA(op)
| n| nR? JBR(p) v |
on a ball of ¢, radius R contained in U. Some algebra yields
1n |l log [val>(p) _ 1
©-4)  Tu(p) =< —||q> (I dA(oy).
" In(p) 7R? JBr(p) In v | "

and hence

(6-5)  Jn(p) =
In(p) ( | @n| log |vn|_2(q)) 1 / /
su TIn dA(0)).
|l log [val=2(p) qu;f(p) In(q) TR? BRr(p) (o)

But one has that

TIn _ @l (1=[val?)

(6_6) - ’
[@nllog [va|™2  onlval log|va|2

so that in applying Proposition 5.12 to the expression (6-6), one obtains that (6-5) may
be rewritten as

6-7) () < n / Tn dA()).
Br(p)

where ¢, will depend on the metric |®g ,|, |vs|, R and 0,. But, on the neighborhood U,
we know for sufficiently large n that |®,| — |®|, and |v,| — 1 and 0, — 00, Where
Ooo 18 the uniformizing metric of ®,. Hence ¢, remains bounded on U. But, finally,

6 [ gddey=[ —JndA(on)<sup— / T dA(on)
Br(p) Bgr(p) O
S—ZJTX(S)C,,,

where here ¢;, will only depend upon the injectivity radius of the metric o, on the
neighborhood U, which for large n will be close to the injectivity radius of 0.

From (6-7), (6-8) and the PDE in (6-1), by elliptic regularity (see [14, Problem 4.8a])
one obtains that |v,| — 1 in C1*(U), where U does not contain a zero or pole of ®n.

In the natural coordinates of the quadratic differential, the hyperbolic metric gy 5 is
given by (oney + 2| Pull) dé';% + (onen —2(|Dnll) dﬁrzl-
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Recall that the geodesic curvature of an arc of the horizontal foliation of ®¢ , in the
natural coordinates for ®q , = d{? = d&?2 + dn? is given by the equation

1 8gll,n
2811,n/822.n M

so that for y an arc of the horizontal foliation of ®, , avoiding the zeros, one has

(6-9) K(V)T]=constant == —

1 d
6-10) « _ = —(onen +2||P
( ) (V)ﬂ constant Z(Gnen+2||d>n||)(0n€n—2||<I>n||)1/2 ann( n€n | ®nll)
1 d

- —0nfy.
2jn(0nen+2||q>n”)l/2 M e

But simple algebra yields that o,e, = || ||| Po 1| (|va| ™! + [Va]), so that in the natural
coordinates as |® ,| = 1, one actually has o,e, = || Pp||(|va|~! + |vn]). Hence

- _ _ 0
610 ) = JIPnl1 = o) v omen + 2190 )72 5 un
n

— - _1/2 O
(6-12) = 31 @all?y " vl Onen + 20 ul) ™2 5= v,
n

as Jn = Hn(1 —|vn|?). As | ®n]|H;,; ! = [vn|/|Po,nl, rewriting (6-12) gives

1 1 0
(6-13) k(y)=53 o
2(|®0,n|'|vn|)(0n€n+2||q)n”)1/2 My

|Vn|,

and as |v,| — 1 in C1¥(U), one obtains Kgi , (V) = o(||@,)71?) = 0(5,,_1/2).

Then to any arc y of the horizontal foliation of ®,, one has that it is mapped close to
its geodesic in the target hyperbolic surface. The following standard calculation on
the stretching shows that by normalizing the target hyperbolic manifold by the total
energy, the resulting length is given by the intersection number with the measured
lamination A ;. One has

grn (V) = / HY2 4 L1 dsy, = / HY2(1 4 |vnl) dse,
Y Y

A RS
- |1/2

dse,

Y [Vn 0,11/2

= ||<1>n||1/2/(1+ (ﬁ—l))(z—a—wnn)dw
Yy n

=2(| D))y, 1 (¥) + O(@all"2(1 = [val)).

(1+[val)
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recalling that in order to obtain the metric oe, one has to divide both hyperbolic
surfaces by twice the energy, which is approximately four times the L!'-norm of the
Hopf differential for sufficiently large energy, independent of the Riemann surface
structure; see Proposition 5.8. Meanwhile, a similar calculation shows that an arc of
the vertical foliation of ®,, say «, has length in the target hyperbolic surface given by

lgl,n(a)Z/Hill/z_Eill/zdsan :[H}l/z(l_lvn|) dso'n
o

o
||/ Po,n "2
o

1/2
Gn/ |Vn|1/2

(1 —[val) ds,

1= v
= 10al? [ =t dsa,

[va|

=o0(£)/?).

Noting that a horizontal arc of &, is a vertical arc of —®,, one sees the A1 and A,
are the horizontal and vertical foliations of ®, (the geometric limit of ®,; see [27]),
respectively.

To get our desired harmonic map from the flat subsurface to the two trees, notice that
the above estimates show that a horizontal arc of ® , gets mapped close to a geodesic
in the target space which is a hyperbolic surface scaled by the reciprocal of total energy.
As the scaled induced metric limits to the flat metric |®oo|, a horizontal arc of @,
will thus be mapped by an isometry to the tree 77 and any vertical arc collapsed, so
that the limiting map in the universal cover is given by a projection onto the leaf space
of the vertical foliation of ®,. The same argument holds for 75. O

Proposition 6.6 For any closed curve y on the surface S, one has the inequalities

Zgl,n () <lsye,(y) and Zgz,n V) < lope, (¥).

Consequently, if t, Lg,e, —> 1 as currents, then the length spectra of limy— oo tn Lg; ,
are well-defined. If the limiting currents are denoted by Aj, then

i(Aj,-)<i(n,-).

Proof As the minimal surface has induced metric of the form g , + g2, ,, where the
gi,n 1s a hyperbolic metric, both inequalities follow immediately. The final comment
follows from choosing a closed curve y = y;, to be a o,e,—geodesic and using the

inequality /2, ([y]) </2,. (V). =
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Combining Proposition 6.6 and Theorem 6.5, we obtain a necessary and sufficient
condition on the pair of measured laminations A; and X, to determine a corresponding
flat part on the mixed structure. Recall that a pair of measured laminations A1, A, fill if
for any measured lamination A3, one has i (A1, A3) +i(Ay,A3) > 0.

Corollary 6.7 Let A} =1im, 00 X/, /2E, be a pair of nonzero measured laminations
on a subsurface S’. Then the pair of laminations fill if and only if the restriction of the
mixed structure i to S’ is flat.

Proof If 7 is flat on S’, the preceding theorem shows the pair of laminations are dual
and hence fill. If the pair of laminations do fill, then for any third lamination A" one
has by Proposition 6.6 that i (1, A") > 0, so that it cannot be a lamination, and hence
must be flat by definition of a mixed structure. |

Proposition 6.8 On the subsurface S” = S\ S’, the laminations A1 and A, restrict to
a pair of measured laminations which have no transverse intersection. If A denotes the
measured lamination part of the mixed structure, theni (A, 1) =i(A,A,) =0.

Proof By Proposition 6.6, since i (A,A) = 0, one has that i (A1,A) =i(A,A) = 0.
Using the inequality again yields i (A1,A3) < i(A,A;) = 0, from which the result
follows. |

In the setting where both singular spaces are finite metric graphs, the resulting harmonic
maps are affine maps. Each edge of the domain graph is mapped via the constant map,
or mapped linearly to the target graph. The following result of Lebeau characterizes all
such harmonic maps.

Theorem 6.9 (Lebeau [25]) Given two finite metric graphs G and G’, every continu-
ous map between G and G’ is homotopic to an affine map which minimizes the energy
within its homotopy class. Furthermore, the map is unique up to parallel transport.

Proposition 6.10 Suppose L, ., /c, converges to A, where A is a Jenkins—Strebel
lamination (measured lamination supported on finitely many closed curves). Then
the sequence of metric spaces (S, one,/Cy) converges geometrically to a finite metric

graph.

Proof This follows immediately from Theorem 6.4 (see also [21, Proposition 3.7]), as
the induced metrics are the pullback metrics of a harmonic map from H? to H? x H?2,
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which is NPC. The assumption on the modulus of continuity follows from the bound
on the total energy of the maps u, to the rescaled target, so that total energy is at
most 1. Hence, the limiting metric space is the dual graph of A, which is a finite metric
graph. O

Theorem 6.11 Let C, — oo, so that L., /c, — 1, Where n is a mixed structure
with laminar part supported on a finite collection of simple closed curves. Suppose
Ly, ,/c, = *i, where A; are measured laminations also supported on a finite collection
of simple closed curves. Then the sequence of harmonic maps u; »: (S, onen/Cyn) —
Xin/Cy converges to amap u;: X, — T;, which is a union of harmonic maps.

Proof Recall that X, is the metric completion of the metric space obtained from the
geodesic current 1 by creating a pseudometric space from the intersection number
with 7, and then identifying points with 0 distance.

As the case where 1 is flat has been previously handled in Theorem 6.5, we first
construct a 771 S—equivariant map between the laminar part of X3 and 7; (here we will
consider only the case where 7 is a Jenkins—Strebel lamination). The same construction
will produce a similar map to 7>. Let D be a connected fundamental domain of the
laminar region of X;. Then D is a finite metric graph. We embed the graph D into the
laminar region S” of the minimal surface as follows: we map each vertex of D to its
corresponding thick region on S”. The geometric convergence of the minimal surfaces
to D from Proposition 6.10 allows us to determine which region of the minimal surface
will converge to a given vertex. Once we have made our choice of where to send each
vertex of D, if there is an edge e connecting two vertices of D, then we send the edge e
to the geodesic arc connecting the two points on the minimal surface where we have
mapped our two vertices. (The limiting map we will obtain later will not depend on
this choice, as distances will converge uniformly.)

As we have convergence in length spectrum and as there are only finitely many edges,
we can ensure that for large n > N (¢€), the length of the image of each edge has changed
by at most €. We require that the embedding is proportional to arclength. Then there is
a collection of continuous maps ¢, : D — X, with the property that given € > 0, there
isan N = N (e) so that ¢, is a (1+€)—quasi-isometry.

Likewise, as X 1.n/ Cn converges geometrically to an R—-tree, a fundamental domain of
X1.n/Cy will converge geometrically to a finite graph G ; see for instance [46]. Hence,
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there is a collection of continuous maps ¥, : X ,/C, — G with the same property as
bn.

Form the composition g, = Yoy n0¢,: D — Gy, where uy ,: (S, 0ne,/Cy) —
X1,n/Cy is a harmonic map with total energy at most 1. We claim this sequence of
maps g, is uniformly bounded and equicontinuous. Uniform boundedness is clear
as the target graph G is a finite graph. To see it is equicontinuous, we note that,
as ¢, and ¥, were (14€)—quasi-isometries, and since there is a uniform Lipschitz
constant of the maps u ,, as the total energy of the maps are bounded by 1 (see [20,
Theorem 2.4.6]), equicontinuity follows. Hence, by the Arzela—Ascoli theorem, we
have a subsequence gj converging uniformly to amap g: D — G;.

We have that g is harmonic as a map between singular spaces, for we have uniform
convergence of distances (see [21]) between the approximate metric spaces coming
from our scaled induced metrics and the limiting R—tree. Hence all the quantities
in the definitions of the approximate energy density, and the energy, converge. As
there is a unique energy minimizer (up to parallel transport, by Theorem 6.9) between
the limiting spaces (which are finite graphs), the map g must be this unique energy
minimizer. (If g were not the energy minimizer, it would have larger energy than
the unique energy minimizer, by say §. One could then construct a map between the
approximate Riemannian manifolds, which would have energy lower than the harmonic
maps u1 ,, contradicting the harmonicity of u 5.)

From Theorem 6.5, we obtained a limiting harmonic map u’ on the flat part of X3 to
the tree 77, and now we have a limiting harmonic map g from the laminar part of X7
to the tree 7. Taking the union yields the desired u: Xy — T7. The same argument
holds for 75. O

6.4 Cores of trees

Here we review some basics of cores of R—trees. A more detailed overview of this
material may be found in [18; 46].

For any R—tree, a direction at a point x € T is a connected component of 7\ x. A
quadrant in Ty x T is the product 81 x §, of two directions §; C Ty and §, C T,. We
will say that the quadrant is based at (x, x;) € T7 x T,, where Xx; is the basepoint for
the direction §;.

Let 77, T, be a pair of trees with a common group action by I'. Let x = (x1,x3) €
T x T be a basepoint.
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Definition 6.7 Consider a quadrant Q = §; x §; C T1 x T,. Then Q is said to be
heavy if there exists a sequence Y € I' such that

(i) ve-xeQ,

(1) di(yr-xi,xj) —>o0ask —>oofori =1,2.

Otherwise we say Q is light.

We define the core of a product of trees to be the product 7 x T, with all light quadrants
removed.

Definition 6.8 (Guirardel [18]) The core C of T; x T is the subset

C=T1><T2\|: U Q]

O light quadrant

Take a pair yq, y» of simple closed geodesics on a hyperbolic surface and let 77 and 75
be the trees dual to the laminations. On the surface S, foliate by parallel curves a small
open tubular neighborhood 4; = y; X (—¢, €) of each of the curves. Define the map
Di: S — T; which maps the connected components of S \ A to the corresponding
vertex of 7} and each A; to the corresponding edge of 7;. This construction extends to
measured laminations, as the simple closed curves are dense in the space of measured
laminations. The following proposition characterizes the core in terms of the map

p = (p1. p2)-

Proposition 6.12 [18] Let T} and T, be dual to a pair of measured laminations A
and A,, respectively. Consider the map p = (p1, p2): S > T x T, as defined above.
Then C(Ty x T») = p(S).

Proof The result will follow from the claim that any quadrant Q = §1 X6, in T1 x T,
is light if and only if p7(81) N p5 ' (82) = @. Itis clear that if p7!(81)N p51(82) =2,
then Q is light, as for each point x € S, the orbit of (p;(x), p2(x)) does not intersect Q.
Conversely, if p1_1(51) intersects p, 1(8,), then take Us, to be an open half-plane
in S with bounded Hausdorff distance from )23 1(8;), where Us, is bounded by a
geodesic in hi. As p1_1(81) has nonempty intersection with p° 1(83), so do Us,
and Us,. Moreover, there exists an & € m;.S whose axis y intersects the pair of
geodesics bounding Us, and Uy, . Then / is hyperbolic in both 7' and 77, and # makes
0 heavy. O
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Remark This characterization of the core of two trees is particularly useful in our
setting. When the trees come from a pair of dual measured laminations, the map
P = p1 X p> has the same image as the map which sends H? to the corresponding
leaf space of each of the measured foliations. However, the map defined above is not
quite projection to the leaf space when the two laminations are not dual. One has
to refine the pair of laminations to A7, A%, so that each now has the same support as
supp(A1) Usupp(Az). We describe the measure on A7 by describing the case where A
and A, are a collection of simple closed curves. To A; we add the weighted curves in A,
not in A1 and vice versa for ;. We now take the image of the projection of H? onto the
leaf space of the trees dual to A}, followed by projection of the tree 7} to T;. This map
now has image coinciding with the core. This slight modification is required to ensure
the core is one-dimensional when the laminations have no transverse intersection; see
[18, Theorem 6.1].

We present our next main result concerning the relation between the mixed structures
we obtain as limits of the induced metrics and the limits of the corresponding graphs
of the minimal lagrangians.

Theorem 6.13 Suppose C, — oo, so that L., /c, — 1 and X1 ,/Cy, — T and
X3 n/Cy — T,. Then the metric space Xy is isometric to the core of the pair of trees
(T1, T,). Consequently, the minimal lagrangians f)n/Cn C H2/C, xH?/C, converge
geometrically to the core C(Ty x T5) C Ty x T5.

Proof Define the auxiliary map ¥: P(ML x ML) — PMix(S) by
W([A1,22]) = lim [Lo,e,],
n—0o0

where X, C X , X X, 5 is the minimal lagrangian with induced metric 20,e;, and the
(X1,1, X2 ) converge projectively to [(A1,Az)]. We claim the map is well-defined.

Choose [(A1,A2)] € PIML x ML) and a representative (Ay,A,) € [(A1,A3)]. Then
if both (X ,,/kn, X2 n/kn) and (Y} ,/dpn, Y2 n/dy) converge in length spectrum to
(A1, A2), then for large enough n, we will have that X ,/k, will be close to Y ,/dp
as negatively curved Riemannian surfaces (and likewise for X5 ,/k, and Y ,/dy)
by [33]. Hence the induced metrics on the respective pairs of minimal lagrangians will
have close length spectra, so that W is well-defined.

To see that W is continuous, observe that the induced metric on the minimal surface
varies continuously as a map defined on 7 (.S) x 7 (S), and since the length spectrum of
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the induced metric varies continuously as one takes a sequence of hyperbolic surfaces
(X1,0, X2,0) = [(A1,A2)] e P(ML xML), one finds the space of mixed structures varies
continuously on P(ML x ML) by a diagonal argument.

But we now have a union of harmonic maps from X3 to 71 x T,. From Theorem 6.5,
the harmonic map on the flat part is given by projection to its vertical and horizontal
lamination. By Theorem 6.11, the harmonic map from the laminar part is given by an
affine map, when both trees come from Jenkins—Strebel differentials.

As the homotopy classes of the maps were given by the identity map, one sees that
vertices on the domain graph are mapped to the vertices of the target graph — the thick
regions of the minimal surface are necessarily mapped to the thick regions of the target
scaled hyperbolic surface; for if a vertex were to be mapped away from vertices, the
approximating thick region of the minimal surface would be mapped deep into a thin
region of the target scaled hyperbolic surface, so that the thick region of the minimal
surface would not have diameter going to zero, contradicting the geometric convergence
of the thick region to a vertex. Hence by Theorem 6.9, the map is an affine map which
maps vertices to the corresponding vertices.

But this yields the product metric for the core of the two trees; see Proposition 6.12
and the remark which follows. The equality of the metric space associated to the mixed
structure and the core of the trees then holds for pairs of R—trees dual to a pair of
Jenkins—Strebel foliations, which is a dense set in P(ML x ML), and both quantities
vary continuous for P(ML x ML), thus the theorem follows. O

7 Applications to maximal surfaces in AdS>

In this section, we prove the required analogues of the minimal lagrangian setting to
show a similar result for limits of maximal surfaces.

Proposition 7.1 On a fixed hyperbolic surface (S, o) one has H; = H, if and only if
€1 =éej.

Proof If e; = e,, then |®;| = |®,| by Lemma 4.5. From |®{| = |®,|, one ha,s by
some basic algebra, £, = H{L;/H,. From the Bochner formula, one has
AlogH =2H—-2L-2,
1

7‘[1 Hl
“Alog— =(H1—Hy)—(L1—Ly)=H1—Hr)— L1 ——].
3 Og’H2 (H1 2)— (L1 — L) = (H,4 2) 1( 7{2)
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At a point p € S for which the quotient 7/, achieves its maximum (which without
loss of generality we may assume to be greater than 1, or else as before we may
re-index), the left-hand side of the preceding calculation must be nonpositive, but the
right-hand side is positive, hence H; = H, everywhere. O

Proposition 7.2 On a fixed hyperbolic surface (S, o), if H; = c¢H, thenc¢ = 1.

Proof Without loss of generality, take ¢ > 1 or we may re-index to ensure this is the
case. Once again by the Bochner formula,

H
AlogH—1 = 2(Hy —Ha) —2(L1 — L2).
2

0=Aloge =2(cHs —Ha) —2(L1 — L) = 2Ha(c — 1) = 2(L1 — L3).

Hence, everywhere one has
E] —ﬁz = Hz(c— 1) > 0.

But £ vanishes at the zeros of the quadratic differential ®{, a contradiction. Hence
c=1. |

Proposition 7.3 Let H = [H dA(c). Then & = 2H + 4wy. Consequently, if

Proof As 7 =H—Land [ Jodzdz =—2mY, one has

/Hodzd?—l— 2wy = / Lodzdz.
Adding the terms yields

E:/(H+£)adsz:2/7—[0dzd3+471)(:2H+4nx. ]

Recall from Section 2.6 the existence and uniqueness of a spacelike, embedded maximal
surface in any GHMC AdS® manifold.

Proposition 7.4 [22, Lemma 3.6] The induced metric on the maximal surface is of
the form Ho .

Proposition 7.5 The induced metric on the maximal surface has strictly negative
curvature.
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Proof The formula for curvature is given by

1 11 /AlogH Alogo -J
Kuo = ———AlogHo = —— =,
Ho 2Ho og7Tta 27—[( o + o ) H

where the last step comes from the Bochner equation and the curvature of the hyperbolic

metric. O

Theorem 7.6 There exists an embedding of the space of maximal surfaces into the
space of projectivized currents.

Proof As the induced metrics on the maximal surfaces are negatively curved, they
may be realized as geodesic currents. By Proposition 7.2, the projectivization remains
injective. O

Theorem 7.7 The closure of the space of induced metrics on the maximal surfaces
is given by the space of flat metrics arising from unit-norm holomorphic quadratic
differentials and projectivized mixed structures.

Proof To any induced metric Ho on the maximal surface, there is a unique singular
quadratic differential metric |®| associated to it. Some algebra shows that

:B>

Ho >
V]

|PI,

which for high energy, Proposition 7.3 tells us H approximates the L!-norm of
the quadratic differential, so that if the sequence of unit-norm quadratic differentials
converges to measured lamination, then so does the projective current associated to the
induced metric on the maximal surface. (If the energy is bounded, an adaptation of the
proof of Proposition 5.4 shows that the limit of induced metrics will be a measured
lamination.) Hence, we assume the sequence of unit-norm quadratic differential metrics
converges to a mixed structure. On the flat part of the mixed structure, from the
proof of Proposition 5.12 we know that up to a subsequence the Beltrami differentials
converge uniformly to 1 outside of a small region about the zeros of the differential
and a cylindrical neighborhood of the boundary curves. But then we know that on this
subsurface the maximal surface metric will converge to |®| in terms of its length
spectrum. As the total area of the mixed structure is 1 and we have normalized the
maximal surface metric by the total holomorphic energy, on the complement, the area
of the metric tends to 0, so that the restriction of the limiting current is a measured
lamination. O
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We observe there is a rather interesting trichotomy at play here. For high energy, on the
subsurface S’, if the quadratic differentials converge to |® | then so do the associated
sequence of minimal surface metrics and the sequence of maximal surface metrics.

8 Compactification of maximal representations to
PSL(2,R) x PSL(2,R)

In this final section, we provide an application of our work to compactifying the maximal
component of the character variety y (PSL(2, R) x PSL(2, R)). The theory of maximal
representations is defined for general Hermitian Lie groups G and is considerably
more straightforward to define in our specific setting of G = PSL(2, R) x PSL(2, R).
Nevertheless, we will define a maximal representation in the general setting before
providing a straightforward characterization in our setting.

Let G be a Hermitian Lie group, that is, a noncompact simple Lie group whose
symmetric space G/K is a Kidhler manifold. Equivalently, there is a G—invariant
two-form w on G/ K. Let S be a closed, orientable, smooth surface of genus g > 2.
Then given a representation p: w1.S — G, there is a p—equivariant map f S > G/K
defined by taking any smooth section of the flat bundle £, = S x 0 G/K — S. Define
the Toledo invariant to be

T (p) =%/Sf*a)

The Toledo invariant will be well-defined for each such representation as the number
obtained will not depend on the choice of section chosen above; a different section
would yield another map differing by a p—equivariant homotopy, giving the same
number. A well-known Milnor—Wood type inequality holds for the Toledo invariant,

IT(p)] = |x(s)| - rank(G/ K).

Representations whose Toledo invariant attains the upper bound are known as maximal
representations. We now restrict our attention specifically to the group G =PSL(2, R) x
PSL(2, R), whose associated symmetric space is H? x H?Z.

For each representation to the group PSL(2,R) x PSL(2, R), one obtains a pair of
representations to the group PSL(2,R). By work of Goldman [17], the Euler num-
ber of representations to PSL(2, R) characterizes the connected components of the
representation variety. The maximal representations are precisely those whose pro-
jections live in the Hitchin component of PSL(2, R) representations, that is, those
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representations that are both discrete and faithful. Hence, such a representation yields
a pair of points in Teichmiiller space and an associated minimal surface. We may
parametrize such representations by the equivariant minimal lagrangian in H? x H?
from Theorem 3.1. As a final consequence of our study of these minimal lagrangians, we
obtain a compactification of the maximal component of surface group representations
to PSL(2, R) x PSL(2, R).

Theorem 8.1 Let S be a closed surface of genus g > 1. The space of maximal
representations of w1(S) to PSL(2,R) x PSL(2,R) embeds into the space of w1S—
equivariant minimal lagrangians in H? x H?. The scaled Gromov—Hausdorff limits of
the minimal lagrangians are given by cores in the product Ty x T, of trees, where T}

and T are a pair of R—trees coming from a projective pair of measured foliations.

Proof For any maximal representation p = (o1, p2), we may look at the two closed
hyperbolic surfaces given by X; = H?\ p; and X, = H? \ p,. This gives a clear
homeomorphism between the maximal component and two copies of Teichmiiller space
and thus, by Theorem 3.3, to the bundle of holomorphic quadratic differentials over
Teichmiiller space. By Theorem 3.1, we obtain a minimal lagrangian between X;
and X, which respects the marking. Taking the lift gives a r; S—equivariant minimal
lagrangian in H? x H?2. As distinct representations have distinct minimal lagrangians
(distinguished by both the metric via Corollary 4.6 and the second fundamental form
via Proposition 4.3), we have our desired embedding.

If pn = (P11, P2,n) 1S a sequence of representations leaving all compact sets, then there
exists a sequence of constants C,, — oo such that passing to a subsequence one has
flsn/Cn — T and fz,n/Cn — T, where T and T, are both R—trees, and at most
one of the trees is just a single vertex. By Theorem 6.13, the Gromov—Hausdorff limit
of the minimal lagrangians scaled by C, converges to the core of the product 77 x 75,
which suffices for the proof. O
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Orbifold bordism and duality for finite orbispectra

JOHN PARDON

We construct the stable (representable) homotopy category of finite orbispectra,
whose objects are formal desuspensions of finite orbi-CW-pairs by vector bundles and
whose morphisms are stable homotopy classes of (representable) relative maps. The
stable representable homotopy category of finite orbispectra admits a contravariant
involution extending Spanier—Whitehead duality. This duality relates homotopical
cobordism theories (cohomology theories on finite orbispectra) represented by global
Thom spectra to geometric (derived) orbifold bordism groups (homology theories
on finite orbispectra). This isomorphism extends the classical Pontryagin—Thom
isomorphism and its known equivariant generalizations.
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1 Introduction

The classical Pontryagin—Thom isomorphism [30; 31; 37] equates manifold bordism
groups 24(X') with corresponding stable homotopy groups [S, X A M O] for spaces X .
When X is a G—space (G a compact Lie group), equivariant versions of this isomor-
phism are well-studied; see for instance Brocker and Hook [6], Conner and Floyd [10],
Schwede [34], Wasserman [38] and tom Dieck [11].
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A main result of this paper is to construct the Pontryagin—Thom isomorphism in the
homotopy theory of orbispaces, as developed in Haefliger [20]. The basic objects of
this homotopy theory are orbi-CW-complexes, which are built like CW—-complexes by
attaching cells of the form (D¥, 3DK) x BG for finite groups G along representable
maps; see Gepner and Henriques [18]. (The more general setting in which one allows
compact Lie groups in place of finite groups is unfortunately beyond the scope of
this paper, most significantly due to the failure of “enough vector bundles” in this
context.) The most familiar instance of orbispaces in topology is probably orbifolds;
moduli spaces of solutions to elliptic partial differential equations, as they appear in
low-dimensional and symplectic topology, are also best regarded as orbispaces, and
they provide some of the motivation for our present investigation.

The Pontryagin—Thom isomorphism relates “geometric bordism theories” with “homo-
topical cobordism theories” for orbispaces X . In our setting, the relevant geometric
bordism theories 2« (X) are given by bordism classes of (possibly “derived”) orbifolds
with a representable map to X (and possibly with some sort of tangential structure).
The homotopical cobordism theories relevant for us are those associated to the global
Thom spectra defined by Schwede [34]. These theories (on both the geometric side and
the homotopical side) come in two flavors; on the geometric side, these correspond to
the adjectives “ordinary” and “derived”. The difference between ordinary and derived
bordism measures the failure of equivariant transversality.

The Pontryagin—Thom isomorphism between geometric bordism and homotopical
cobordism passes through the category of finite representable orbispectra and a con-
travariant “duality” involution on this category. The construction of this category and
of its involution are our remaining main results. They both rely crucially on the fact,
proven in Pardon [29], that compact orbispaces admit “enough vector bundles” — the
assertion that a given compact orbi-CW—-complex X admits enough vector bundles is
equivalent to the assertion that X is homotopy equivalent to a compact effective orbifold
with boundary; effective means that in the local models R”/G or (R"™! x R>¢)/G,
the homomorphism G — GL,(R) is injective. Enough vector bundles also underlies
much of the other reasoning in this paper, including the definition of derived orbifold
bordism groups, the extension of geometric bordism theories to orbispectra, and the
relation between orbi-CW-complexes and the global homotopy theory from [34].

Before stating our main results more formally, we give a concrete example to motivate
the more abstract discussion which follows.

Geometry & Topology, Volume 27 (2023)
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Example 1.1 We describe a stable homotopy theoretic realization of the bordism group
of closed orbifolds, which for reasons which will become apparent shortly, we denote
by Q4 (R(x)). This group has been studied by Druschel [13; 14; 15], Angel [1; 2] and
Sarkar [33].

The first main point of the Pontryagin—Thom construction for manifolds is to note that
every manifold M admits a homotopically unique embedding into R as N — oo, in
the sense that the space of embeddings M < RV becomes highly connected in the
limit N — oco. We therefore seek a corresponding sequence of orbifolds X with the
property that every orbifold M admits a homotopically unique embedding into X in
the limit N — oo. In this pursuit, it is helpful to separate the two key properties of R™Y
which give rise to the unique embedding property for manifolds: it is contractible (so
everything has a homotopically unique map to it) and high-dimensional (so the locus
of maps which are not embeddings has arbitrarily high codimension as N — 00).

Now if we are seeking an embedding of orbifolds M < X, we should first note
that an embedding is necessarily representable, so we should not seek Xy which are
contractible, rather we should seek X with the property that the space of representable
maps to Xy is contractible (for every domain orbispace). This universal property defines
a unique homotopy type, which we denote by

(1-1) R#) = || BGoxAp/w,

Go——>Gp
where the right side is modeled on the nerve of the 2—category of finite groups, injective
maps and conjugations. It is straightforward to check that R () has the desired property:
it is enough (by an obstruction theory argument) to show that the space of representable
maps BG — R(x) is contractible for every finite group G, and this space is

(1-2) | |  RepMaps(BG,BGo) AP/~ - | | AP/~,
Gy Gy G—=>Go——Gy

which is contractible as it is the nerve of a category with an initial object (the under-

category of G in the 2—category of finite groups, injective maps and conjugations). Thus,

in particular, every compact orbifold M admits a homotopically unique representable

map M — R(x).

Next, we should realize R(x) as a high-dimensional orbifold so as to ensure that the
locus of representable maps M — R(*) which fail to be an embedding has arbitrarily
large codimension inside the space of all maps (in fact, to guarantee this, we need more
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than just that the dimension of R(x) is large, rather we need that when its tangent
bundle is decomposed into isotypic pieces with respect to the isotropy group actions,
every isotypic piece has high dimension). Filter R(x) by finite subcomplexes, and
use enough vector bundles [29] to realize each as a compact effective orbifold with
boundary; moreover, use enough vector bundles again to replace each with the total
space of the unit disk bundle of a vector bundle over it, whose isotypic pieces are all
high-dimensional. We thus get a sequence of compact orbifolds with boundary and
smooth embeddings Xy < X; < X, < - .-, such that for every closed orbifold M,
the direct limit over i — oo of the space of embeddings M < X; is contractible.

There is now an obvious Pontryagin—Thom collapse map giving, for any smooth
suborbifold of X; of dimension d, an element of mO™¢ ((X;, 0X;)~TXi), where mO
is the global spectrum defined by Schwede [34] — we define the category of orbis-
pectra which includes expressions such as (X;, dX;)~7%i as objects, and we show
that global spectra define cohomology theories on orbispectra. The homotopically
unique embedding property of the sequence Xy — X; < X, < -.- thus gives us
amap Qx(R(x)) — lim, | mO ™~ *((X;, 0X;)~T%i). Now Theorem 1.3 defines an
involution D on the category of orbispectra which sends X; to (X;, 0X;)~ 7%, so we
may formulate the Pontryagin—-Thom map more intrinsically as

(1-3) Q«(R(*)) > mO™*(D(R(x))),

where to be completely precise we should remark that D is defined only on the category
of finite orbispectra, so D(R(x)) is really an inverse system of orbispectra, to which
applying the contravariant functor mO~* yields a directed system of graded abelian
groups, and the right side above refers to its direct limit. Theorem 1.4 states that this
Pontryagin—-Thom map is an isomorphism (for any orbispectrum in place of R(x)). We
thus conclude that the group of closed orbifolds modulo bordism is mO™* (D(R(x))).

1.1 Categories of orbispaces

We approach the homotopy theory of orbispaces from the point of view of orbi-CW-—
complexes; these are built like CW—complexes from cells (D*,3Dk) xBG for integers
k > 0 and finite groups G, which are attached along representable maps — this is a
slight adaptation of a definition given by Gepner and Henriques [18]. We denote by
Spc the category of CW—complexes and homotopy classes of maps, and we denote by
OrbSpc (resp. RepOrbSpc) the category of orbi-CW-complexes and homotopy classes
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of all (resp. representable) maps. There are thus functors
(1-4) Spc — RepOrbSpc — OrbSpc,

with Spc being a full subcategory of both RepOrbSpc and OrbSpc. It was pointed out
already by Gepner and Henriques [18] that the distinction between representable and
all maps leads to two distinct theories, both of which can legitimately be called “the
homotopy theory of orbispaces”.

The functor Spc — OrbSpc has a left adjoint X — | X| (the coarse space of X) and a
right adjoint X +— X (the classifying space of X'). The functor RepOrbSpc — OrbSpc
also has a right adjoint, which we denote by X + R(X'). The orbi-CW-complex R(x)
plays a recurring role in our discussion; it is the terminal object of RepOrbSpc, and it
is what Rezk [32] calls the normal subgroup classifier N.

Remark 1.2 We certainly expect, but do not pursue here, co—categorical refinements
of all of our constructions. This expectation is reflected in our notation: although all of
the categories under consideration in this paper are homotopy categories, we do not
include the prefix Ho in their notation.

Of importance are also the categories of relative orbi-CW-complexes RepOrbSpc,,
and OrbSpc,., which are analogues of the category Spc, of pointed CW—complexes.
It should be noted, however, that RepOrbSpc,, and OrbSpc,, are not the homotopy
categories of pointed orbi-CW-complexes; rather, their objects are orbi-CW-pairs
(X, A) —meaning X is an orbi-CW-complex and 4 € X is a subcomplex — with a
nontrivial notion of morphism. The essential reason this slightly complicated definition
is needed is that for an orbi-CW-pair (X, A), there is no good way to collapse 4 to a
point and form a quotient orbi-CW-complex X/A. We have functors

(1-5) Spc,. — RepOrbSpc,, — OrbSpc,,

again with Spc,, being a full subcategory of the latter two, and there is a natural map
from (1-4) to (1-5) given by adjoining a disjoint basepoint.

The categories RepOrbSpc and RepOrbSpc,, are a natural setting for homotopy theory.
The category RepOrbSpc,, has a natural notion of a cofiber sequence X — Y — Z, and
every morphism X — Y in RepOrbSpc,, extends to a half-infinite “Puppe” sequence
X->Y—>Z->3X XY —>3XZ—> 22X —---, in which every consecutive triple
is a cofiber sequence.
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The natural functor RepOrbSpc — PSh(Rep{BG}) (at the level of co—categories or
model categories) is an equivalence by Gepner and Henriques [18], where Rep{BG} <
RepOrbSpc denotes the full subcategory spanned by the objects BG for finite groups G.
This means that RepOrbSpc is the free cocompletion of its full subcategory Rep{BG}.
We conjecture that RepOrbSpc is the category of representable fibrations over R(x)
(here R is the right adjoint to RepOrbSpc — OrbSpc) with “reasonable” fibers — note
that the data of a representable fibration over R() is at least intuitively comparable to
the data of a presheaf on Rep{BG}. Let us also remark that both these descriptions
of RepOrbSpc (and the corresponding descriptions of RepOrbSpc,,) are manifestly
natural settings for doing homotopy theory, whereas proving this for RepOrbSpc,, as
we define it requires a somewhat explicit argument. On the other hand, it is somewhat
less apparent from these descriptions what the full subcategory of finite orbi-CW-
complexes RepOrbSpcf C RepOrbSpc is.

The categories OrbSpc and OrbSpc,, do not seem to be a natural setting for homotopy
theory; for example, there are morphisms in OrbSpc,, which do not have a cofiber in any
reasonable sense. Rather, OrbSpc (similarly for OrbSpc,,) is a full subcategory of the
larger category, say denoted by OrbSpc, obtained by gluing cells (Dk, aDk )xBG along
all (not necessarily representable) maps, as constructed by Gepner and Henriques [18];
note that this takes us outside the realm of stacks admitting étale atlases. Gepner
and Henriques [18] further showed that OrbSpc is equivalent, again at the level of
oo—categories or model categories, to PSh({BG}). This latter category PSh({BG})
was shown by Schwede [35] to be equivalent to the global homotopy category GloSpc
defined in [34] (with respect to the “global family” of all finite groups); see also
Korschgen [24] and Juran [21]. We will not explain in detail (nor use) the precise
relationship between OrbSpc and OrbSpc = PSh({BG}) = GloSpc; rather, we describe
just the little bit that we need.

1.2 Geometric bordism theories

We consider various flavors of geometric bordism groups, all of which are sequences
of functors

(1-6) Z;i: RepOrbSpc, — Ab

satisfying Z;(2X) = Z;41(X) and @, Zi(Xy) => Z; (||, X«) and which sends
cofiber sequences to exact sequences; such a functor might be called a homology theory
for orbispaces.
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The bordism group 24 (X) is the set of closed orbifolds with a representable map to X,
modulo bordism (graded by dimension); this is an abelian group under disjoint union.
To define Q24 (X, A) for a pair (X, 4), consider compact orbifolds-with-boundary M
and representable maps of pairs (M, dM) — (X, A). Our notation is consistent with
the usual meaning of Q. (X) for spaces X, namely bordism classes of closed manifolds
mapping to X, since an orbifold with a representable map to a space is necessarily a
manifold. Moreover, Q24 (X/G) is G—equivariant bordism for G—spaces X, ie bordism
of G—manifolds mapping equivariantly to X.

There is no additional generality to be gained by considering arbitrary (not necessarily
representable) maps here, since a map to X is the same as a representable map to R(X),
where R: OrbSpc — RepOrbSpc is the right adjoint to RepOrbSpc — OrbSpc, so
bordism of orbifolds with an arbitrary map to X is given by Q4 (R(X)). For example,
the group of bordism classes of closed orbifolds is Q.(R(*)). Filtering R(*) by
subcomplexes gives a spectral sequence converging to Q4 (R(x)); see Angel [1] for a
similar spectral sequence.

There are also derived bordism groups Q9(X), whose elements are represented
by “derived orbifold charts” (D, E, s) consisting of an orbifold D, a vector bundle £
over D, and a section s: D — E whose zero set is compact, together with a representable
map D — X (grading by “virtual dimension” dim D —dim E'). These are considered
modulo restriction (removing from D a closed subset disjoint from s~!(0)), stabilization
(replacing D with the total space of a vector bundle V' over D, replacing £ with EHV
and replacing s with s & idy-), and bordism.

The tautological map €2, — 9 is not generally an isomorphism; in fact Q9 is often
nonzero in negative degrees * < 0; see Example 5.4. This can be viewed as a strong
measurement of the fact that a vector bundle over an orbifold need not have any section
which is transverse to zero.

That these derived bordism groups Q9 define a homology theory for orbispaces
requires enough vector bundles. This is related to the fact that the “proper” definition
of a derived orbifold is as something with an atlas of derived orbifold charts (it would
be essentially obvious that bordism of these defines a homology theory for orbispaces),
and enough vector bundles implies everything has a global chart.

For any vector bundle over X, there are so-called “inverse Thom maps”

(1-7) Qe(X) > Quypp(XY) and  Q47(X) — QI (X)),
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with terminology following Schwede [34, Section 6]. For derived bordism, the inverse
Thom maps are isomorphisms, whereas for ordinary bordism they are isomorphisms for
vector bundles with trivial isotropy representations, but not in general. In fact, similar
to the situation in global homotopy theory [34, Section 6], there is a precise sense in
which derived bordism is the localization of bordism at the inverse Thom maps.

A remarkable result of Wasserman implies that bordism is in fact a particular instance
of derived bordism with tangential structure. Specifically, €24 is bordism of derived
orbifolds together with a vector bundle V' and a stable isomorphism of vector bundles
TD—E =V —RK, modulo (V, k) (V @R, k +1). This fact fundamentally underlies
the Pontryagin—Thom isomorphism for €2, — homotopical cobordism theories are really
all derived cobordism theories with some sort of tangential structure.

We can also consider bordism of orbifolds with tangential structure. The sort of
tangential structure & permitted (“coarsely stable” or “stable”) depends on whether we

Qf,der

are considering Q¥ or . We leave a precise discussion of these theories for the

main body of the paper.

Geometric bordism theories may be extended to the category of orbispectra (to be
discussed shortly) by twisting. Structured derived bordism of (X, A)~¢ is defined as
bordism of derived orbifolds over (X, 4) with the given structure on their tangent
bundle minus &; so to extend underived bordism to orbispectra, the key is to think
of it as structured derived bordism via Wasserman. For example, Qg((X LA)TE) s
bordism of derived orbifolds representable over (X, A) with a stable isomorphism
between their tangent bundle and £. Such twistings are the natural home for the
fundamental class: given a compact orbifold with boundary X, it has a fundamental
class [X] e Qg((X ,0X)~TX); orienting TX with respect to some structure allows one
to undo the twist after pushing forward to the corresponding structured bordism group.

1.3 Homotopical cobordism theories

Any global spectrum [34] defines a cohomology theory for orbispaces, namely a
sequence of functors

(1-8) Z': OrbSpc, — Ab

satisfying Z'(£X) = Z'*1(X) and Z'(| ], Xo) = [ Z'(Xa) and which sends
cofiber sequences to exact sequences. Namely, given an orthogonal spectrum Z: QO —
Top,., the group Z°(X, A) is the direct limit over vector bundles E /X of sections of
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QE Z(E) — X supported away from A, modulo homotopy. In fact, we may define
Z%((X, A)7¢) to be the direct limit of sections of QE Z(E & &), which extends Z*
to the category of orbispectra (which we will meet shortly). The viability of this
definition depends on enough vector bundles (though one could formulate a more
complicated definition, involving patching together choices of local vector bundles,
which would not require an appeal to enough vector bundles). We expect, but do
not prove, that this definition is equivalent to that obtained from the composition
OrbSpc < OrbSpe = PSh({BG}) = GloSpe > GloSp.

The orthogonal spectra relevant for this paper are the global Thom spectra defined by
Schwede [34, Section 6]. These include the global sphere spectrum S and the two
flavors of the Thom spectrum of the infinite orthogonal group, mO and MO. The
associated cohomology theories are called homotopical cobordism theories.

1.4 Categories of orbispectra

To relate geometric bordism and homotopical cobordism requires introducing the cate-
gory of orbispectra. We will only ever discuss finite orbispectra, namely desuspensions
of finite orbi-CW-pairs by vector bundles. The category of “naive orbispectra” has
objects of the form X" (X, A), with morphisms X" (X, A) — X7 (Y, B) given by
the direct limit over k of the space of relative morphisms ¥~ (X, A) — T4~ (Y, B).
We are more interested in the category of “genuine orbispectra”, whose objects take the
form (X, A)~Y for V a vector bundle (with possibly nontrivial isotropy representations)
and whose morphisms are defined by a direct limit over passing to Thom spaces of
arbitrary vector bundles.

We define two homotopy categories of finite (genuine) orbispectra RepOrbSpf and
OrbSpf , again depending on whether we use representable maps or not. They fit into a
diagram

(1-9) Sp/ — RepOrbSp’/ — OrbSp/,

with Spf (the category of finite spectra) being a full subcategory of the latter two. The
definitions of these categories use enough vector bundles (though this could probably
be eliminated if one took a more abstract approach).

The categories Spf and RepOrbSpf are natural settings for stable homotopy theory.
For example, every morphism in RepOrbSpf fits into an “exact triangle” (although we
do not actually prove that RepOrbSpf is triangulated). We conjecture that the category
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RepOrbSp —a category we do not define, but at the level of co—categories it would be
Ind RepOrbSpf —is the category of parametrized spectra over R(s).

As before, OrbSpf does not seem to be natural setting for stable homotopy theory. It
seems likely there is a functor OrbSpf — GloSp (the category of global spectra [34]),
though we do not quite construct it, nor is it clear if we should expect it to be fully
faithful.

1.5 Duality

Now a key result is to define a contravariant involution D (“duality”) on the category
RepOrbSpf . The construction of this functor relies crucially on enough vector bundles.

Theorem 1.3 The category RepOrbSpf admits a contravariant involution D preserv-
ing cofiber sequences, defined by declaring that

(1) for any compact orbifold with boundary X and codimension-zero suborbifold
with boundary A C 0X, we have

(1-10) D((X, A)7%) = (X, 0X — A°)§TX

and

(2) for any smooth embedding of such pairs f: (X,A) — (Y,B) (so X CY isa
smooth suborbifold of Y meeting dY transversely precisely in A = X N B),
we have that (Df)TY: (Y,9Y — B°) — (X, 39X — A°)TY/TX g the obvious
collapse map.

It follows from the definition that D stabilizes the full subcategory Spf - RepOrbSpf
and coincides on it with classical Spanier—Whitehead duality of finite spectra [36]; the
definition of D is essentially identical to Atiyah’s formulation [3], just generalized to
orbifolds. However, whereas Spanier—Whitehead duality on Spf is characterized by the
universal property of amap X AY — S° being the same as a map X — DY, we do not
know a universal-property characterization of the involution D on RepOrbSpf . There
is at least a natural map from maps X — Y to maps X A DY — R(x), but it is not an
isomorphism and we do not know any sense in which it characterizes D; the essential
reason for this is that A does not play well with representability; see Example 1.8. The
identity map X — X thus corresponds to a canonical pairing X A DX — R(x) which,
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upon passing to classifying spaces (note that R-(:l:) = %), gives a pairing X ADX — S°,
hence a comparison map

(1-11) DX — DX,

where we should understand that the classifying space of an object of RepOrbSpf
is an object of Sp = Ind Spf, not Spf, so DX is an object of Pro Spf. The results
of Greenlees and Sadofsky [19, Corollary 1.2] and Cheng [9] may be viewed as the
assertion that this comparison map is K (n)-local for all n, where K (n) denotes Morava
K—theory.

Duality allows us to define, for any global spectrum E, an E-homology functor
RepOrbSp/ — Ab by taking

(1-12) E«(X):= E"*(DX).

Note that whereas E—cohomology is a functor on OrbSpf , we only define E—homology
as a functor on RepOrbSpf .

Recall that in ordinary stable homotopy theory, the E—homology of a (finite) space X is
defined as [S®, X A E]=[DX, E]. Due to D not being the monoidal dual with respect
to A, this equality no longer holds in our context, so there are a priori two reasonable
notions of £—homology for orbispaces. We consider the latter definition since it is the
one which is relevant for the Pontryagin—Thom isomorphism. The former definition
(implemented in the context of global homotopy theory) is proposed by Schwede [34]
and is presumably quite different.

1.6 Pontryagin—Thom isomorphism

We may now state the Pontryagin—-Thom isomorphism relating geometric bordism and
homotopical cobordism on RepOrbSpf .

Theorem 1.4 There are natural isomorphisms of functors on RepOrbSpf

(1-13) S. = Qff,
(1'14) mO* - Q*,
(1-15) MO, = Qder,

Example 1.5 Under the Pontryagin-Thom isomorphism, the unit 1 € S°(X) is sent
to the fundamental class [X] € Qg((X ,0X)~TX) for any compact orbifold-with-
boundary X.
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Example 1.6 The orbi-CW-complex R(x) is not finite, but we may nevertheless
define Q4 (R(*)) and mO«(R(*)) by taking the direct limit over finite subcomplexes,
and we conclude they are isomorphic; compare Example 1.1.

The Pontryagin—-Thom construction also gives a description of the morphism groups in
RepOrbSpf and in OrbSpf in terms of bordism.

Theorem 1.7 Let (X, A) and (Y, B) be compact orbi-CW-pairs carrying stable vector
bundles & and {. The set of morphisms

(1-16) D((X, )% - (¥,B)"¢

in OrbSpf (resp. RepOrbSpf ) is in canonical bijection with bordism classes of derived
orbifolds (C, dC) with a representable map f: C — X, a map (resp. representable map)
g:C — Y such that 3C € f~1(A)U g~ !(B), and a stable isomorphism between T C

and f*&+ g*¢.

Note that this result gives multiple descriptions of the same stable mapping group,
since a given object of OrbSpf or RepOrbSpf may be expressed as (X, 4)~¢ in many
different ways; in particular, passing from (X, 4)~¢ to ((X, A)¥)~" ¢ via the obvious
isomorphism acts via Theorem 1.7 on bordism classes of derived orbifolds by passing
to the Thom space of the pullback of V' (and similarly for (Y, B)~%). Also note that,
in the case of RepOrbSpf , the description of morphisms is manifestly symmetric in

(X, A)~¢ and (Y, B)~¢, as it should be given that D is an involution.

Example 1.8 As we remarked earlier, there is a canonical pairing W A DW — R(x*)
in RepOrbSpf , which induces a natural transformation

(1-17) Hom(Z, W) — Hom(Z A DW, R(x)).

Let us understand it via Theorem 1.7. Set Z = D((X, A)~%) and W = (Y, B)~%.
The domain of (1-17) consists of bordism classes of derived orbifolds (C, dC) with
representable maps f: C — X and g: C — Y such that 3C € f~1(4) U g~ (B),
together with a stable isomorphism between 7C and f*& + g*{. The codomain
consists of bordism classes of derived orbifolds (C, dC) with a representable map
(C,0C) = (X, A) x (Y, B) and an isomorphism between 7T'C and the pullback of
& + ¢ —note that there is a unique up to homotopy representable map C — R(x), so
we can simply ignore this piece of data. The map from the domain to the codomain is
the evident one: send ( f, g) to f x g. Of course, representability of f x g is a rather
different (and weaker) condition from representability of both f and g.
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A notable omission in Theorem 1.7 is an interpretation of the bordism group where
both f and g are arbitrary (not necessarily representable).

Acknowledgements We thank André Henriques for discussions about orbispaces and
Stefan Schwede for discussions about global homotopy theory. The comments from
both referees were also extremely helpful. This research was conducted during the
period the author served as a Clay Research Fellow and was partially supported by a
Packard Fellowship and by the National Science Foundation under the Alan T Waterman
Award, grant 1747553.

2 Topology of orbispaces

2.1 Orbispaces as topological stacks

We briefly recall some definitions and basic properties; for further background we refer
the reader to [29, Section 3; 20; 27; 4; 25; 5].

We work in the 2—category Shv(Top, Grpd), whose objects will simply be called
“stacks”. Morphisms between stacks do not form a set, rather a groupoid, which is the
meaning of the prefix “2-".

The Yoneda inclusion Top < Shv(Top, Grpd) is continuous, and we systematically
identify objects of Top with their images in Shv(Top, Grpd). Such stacks are called
representable.

A morphism of stacks X — Y is called representable if and only if for every topological
space Z and every map Z — Y, the fiber product X Xy Z is representable. For any
property P of morphisms of topological spaces which is preserved under pullback, a
representable map of stacks X — Y is said to have P if and only if X Xy Z — Z has P
for every topological space Z and every map Z — Y. Examples of such properties
include being an open inclusion, a closed inclusion, étale, separated, proper (which by
definition implies separated), and admitting local sections.

The inclusion Top € Shv(Top, Grpd) admits a left adjoint | - | : Shv(Top, Grpd) — Top
known as passing to the coarse space of a stack. For a fixed stack X, open (resp. closed)
inclusions Y < X are in bijection with open (resp. closed) subsets |Y| € | X|.

A stack X is called topological if and only if there exists a representable map admitting
local sections U — X from a topological space U; such a map is called an atlas.

Geometry € Topology, Volume 27 (2023)



1760 John Pardon

A choice of atlas U — X gives rise to a topological groupoid U x y U X U presenting X .
Conversely, every topological groupoid M = O is uniquely of this form. The coarse
space of a topological stack X is the quotient of any atlas U by the image of U xy U —
U x U (which is an equivalence relation). For a topological group G acting continuously
on a topological space V, the stack quotient V' /G is by definition the topological stack
presented by the action groupoid G x V X V.

By a “point” p of a stack X, we mean a map p: * — X, ie an object of X (x), where
* denotes the one point space. The automorphism group of this object of X (x) is
called the isotropy group of p, denoted by G,. Given a point * — X, the fiber product
* X x * has trivial isotropy, and its points are in bijection with G,. If X is a topological
stack, then x Xy * is a topological space, which thus endows G, with the structure of
a topological group.

A separated orbispace is a stack X which admits an étale atlas U — X and whose
diagonal X — X x X is proper. Equivalently, X is a separated orbispace if and only
if | X'| is Hausdorff and there exists a cover of X by open substacks of the form Y/ T’
where I" is a finite discrete group acting continuously on a Hausdorff topological
space Y [29, Proposition 3.3]. In particular, a separated orbispace has an étale atlas
U — X for which U is Hausdorff. Henceforth we will drop the prefix “separated”
from “separated orbispace” and simply write “orbispace”.

The isotropy groups of an orbispace are all finite and discrete. A map of orbispaces
is representable if and only if it is injective on isotropy groups [29, Corollary 3.6]; in
particular, an orbispace is a space if and only if its isotropy groups are all trivial.

The stack quotient V' /G is an orbispace provided V is Hausdorff, G is compact
Hausdorff (these imply V' /G has proper diagonal), and there exists a map W — V
such that the resulting map G x W — V is étale (this implies that W — V /G is an
étale atlas). In particular, V /G is an orbispace for V' Hausdorff and G finite.

An orbispace is called paracompact if and only if its coarse space is paracompact.

For any finite group G (we equip all finite groups with the discrete topology), the
stack BG := */G (the stack quotient of a point * by the trivial action of G) is an
orbispace. The quotient map * — BG is the universal principal G-bundle: for any
stack Y, the functor from maps ¥ — BG to principal G-bundles over ¥ given by
pulling back * — BG is an equivalence of groupoids. The groupoid of maps BG — BH
is (canonically equivalent to) the groupoid Hom(G, H)/H in which an object is a group
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homomorphism ¢ : G — H and in which an isomorphism ¢ = ¢’ is an element 1 € H
satisfying ¢ = h¢@’h~!. The full subcategory of stacks of the form BG for some finite
group G is thus equivalent to the 2—category FinGrp of finite groups, homomorphisms,
and conjugations. We will frequently restrict consideration to representable maps, in
which case the category formed by BG is denoted by InjFinGrp, which is the same as
FinGrp except homomorphisms are required to be injective.

Lemma 2.1 For orbispaces X and Y, the product X x Y is an orbispace and the
natural map | X x Y| — | X| x |Y'| is a homeomorphism.

Proof For étale atlases Uy — X and Uy — Y, the product Uy x Uy — X x Y is
an étale atlas, and the diagonal of X x Y is the product of the diagonals of X and Y,
hence is proper. Thus X x Y is an orbispace.

The assertion that | X x Y| — | X| x |Y| is a homeomorphism can be checked locally
on | X | and |Y|. It thus suffices to show that for actions of finite groups G and H on
Hausdorff spaces X and Y, the natural map |[(X xY)/(G x H)| — |X/G| x|Y/H|
is a homeomorphism. This map is obviously a bijection. Open subsets of the domain
correspond to (G x H)—invariant open subsets of X x Y. Open subsets of the target are
generated by products of G—invariant open subsets of X with H—invariant open subsets
of Y. Open subsets of the latter form are certainly of the former form (which is the
obvious direction in which |X x Y| — | X| x |Y| is continuous). Conversely, suppose
U C X xY is a (G x H)—invariant open set and let (x, y) € U. Let us show that there
exists a product of a G—invariant open subset of X and an H—invariant open subset
of Y which contains (x, y) and is contained in U. Since U is open in the product
topology, it contains a neighborhood V x W of (x, y) where VC X and W C Y are
open. Now since U is (G x H)—invariant, it also contains (G - V) x (H - W), so we are
done. O

Lemma 2.2 If X is an orbispace and U — X is an étale atlas with U Hausdorff, then
U — X is separated.

Proof The map U xy U — U x U is separated since X — X x X is separated, and the
map U x U — U is separated since U is Hausdorff. The composition U xy U — U
is thus separated; hence U — X is separated. O

Lemma 2.3 A map of orbispaces is an isomorphism if and only if it induces isomor-
phisms on isotropy groups and induces a homeomorphism on coarse spaces.
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Proof Let f: X — Y be a map of orbispaces which induces isomorphisms on isotropy
groups Gx = Gr(y) and induces a homeomorphism on coarse spaces | f|: [ X|—[Y],
and let us show that f is an isomorphism. The property of f being an isomorphism is
local on |Y|, so we may assume without loss of generality that Y = Y’/ G for some
finite group G acting continuously on a Hausdorff space Y’. Since f is representable,
X' :=Y'xy X is a space, and X = X’'/G. We thus have a G—equivariant map
X’ — Y’, which induces a homeomorphism |X’/G| = |Y’/G| and which induces
isomorphisms on stabilizer groups. This implies that X’ — Y is a bijection. It suffices
to show that the map f”: X’ — Y’ is open, and hence is a homeomorphism. What we
know is that f’ sends G—invariant open subsets to open subsets. Let x € X’. Since
Y is Hausdorff, there exist open neighborhoods U, C Y’ of g- f/(x) forall g € G
such that g - Uy = Ugy, and Uy N Uy, = @ for g- f/(x) # h- f'(x) while Uy = Uy,
for g+ f'(x) =h- f'(x). Now let V € (f/)~1(U;) be any open neighborhood of x.
Its image f”/(V) C Y is the intersection of two open sets f/(G - V)N Uy, so f/(V) is
open. Thus f’ is open. O

A topological orbifold is an orbispace X which is étale locally homeomorphic to R”,
in the sense that for some (equivalently, every) étale atlas U — X, the space U is
locally homeomorphic to R” (it may also be required paracompact if one so desires).
In other words, X is locally isomorphic to U/ T" for U C R” open and " ~, U acting
continuously. A topological orbifold is called locally tame if and only if we may take
such actions I' i, U to be restrictions of linear actions on R”. A smooth structure on a
topological orbifold X is a choice of atlas U — X together with a smooth structure
on U such that the two smooth structures on U xx U obtained via pullback from the
smooth structure on U coincide (smooth structures relative to U — X and U’ — X
are equivalent if and only if they give rise to the same pullback smooth structure on
U xx U’). Smooth orbifolds are locally isomorphic to U/ T for U € R” open and
I' ~n U acting smoothly (equivalently, linearly).

2.2 Vector bundles and principal bundles over orbispaces

A (real) vector bundle over a stack X is a representable map V' — X along with maps
RxV — Vand V xy V — V over X such that the pullback to any topological
space Z — X is a vector bundle over Z with its fiberwise scaling and addition maps.
Similarly, for a Lie group G, a principal G—bundle over a stack X is a representable
map P — X along with a map G x P — P over X such that the pullback to any
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topological space Z — X is a principal G-bundle with its G—action. We only ever
consider finite-dimensional vector bundles, so we will usually omit the adjective “finite-
dimensional” for the sake of brevity. We will also only ever consider positive definite
inner products, so we will also usually omit the adjective “positive definite”.

For a vector bundle V' — X and a point p: * — X, the fiber V), := V Xx * carries a
linear action of the isotropy group G. Similarly, given a principal G-bundle P — X
and a point p: * — X, the fiber P, carries a Gp—action compatible with the G—action;
so, fixing an identification of G—spaces P, = G, this becomes a homomorphism
G, —G.

Lemma 2.4 For any topological space X, the tautological bijection between (setwise)
maps X x R" — R™ (resp. X x G — G) which for every fixed x € X are linear
(resp. G—equivariant) and maps X — Hom(R"”,R™) (resp. X — G) restricts to a
bijection between the subsets of continuous maps.

Proof For one direction, the map R” x Hom(R”, R™) — R (resp. G x G — G) is
continuous, so its pullback along a continuous map X — Hom(R”, R™) (resp. X — G)
remains continuous. For the other direction, note that the “matrix entries” of a map
X — Hom(R”, R™) can be recovered from the map X xR” — X xR" by appropriate
pre- and post-composition with maps * — R” and R — R, and similarly for Lie
groups G. O

It follows immediately from Lemma 2.4 that for any topological space X, the func-
tor from the groupoid of maps X — | |,> */ GLn(R) to vector bundles over X
defined by pulling back the vector bundle |_|,>oR"”/GL,(R) — | |,5¢ */ GLx(R)
is an equivalence; similarly for X — /G and principal G-bundles, and similarly
for X — | |,50 */O(n) and vector bundles with inner product. These statements
automatically extend to arbitrary stacks X: a vector bundle V' — X is the same as the
specification, compatible with pullback, of a vector bundle V7 — Z for every map
Z — X from a topological space Z, which is, by the above result for topological spaces,
the same as the specification, compatible with pullback, of a map Z — x/ GL,(R) for
every map Z — X from a topological space Z, which is the same as a map of stacks
X — | l,>0 */ GLy(R) (and similarly for */G and */O(n)).

There is a standard deformation retraction from Inj(R”, R™) to the subspace of isometric
injections given by f + f(f* f)~/% for t €0, 1]. Since this deformation retraction
is O(n)x O(m)—equivariant, by Lemma 2.4 it induces, for any injective map of vector
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bundles with inner products over a topological space X, a canonical homotopy through
injections to an isometric injection; moreover, the same holds for arbitrary stacks X,
by the reasoning as in the previous paragraph.

We now move on to some foundational results which are specific to orbispaces.

Lemma 2.5 Every principal G—bundle over an orbispace X is locally of the form
(GxY)/T-Y/TforT' Y andT" — G.

Proof The case of G = GL,(R) (ie vector bundles) was proven in [29, Lemma 6.7].
The essential point in generalizing the proof given there to general G is to note that
there is a G—conjugation, G—translation and S,—invariant “averaging” operation giving
a retraction onto the diagonal G € G" defined in its neighborhood. |

Some important properties of vector bundles and principal bundles require a paracom-
pactness assumption.

Lemma 2.6 [29, Lemma 5.1] Every vector bundle over a paracompact orbispace has
an inner product. |

Lemma 2.7 For a paracompact orbispace X , every principal G—bundle over X x [0, 1]
is pulled back from X .

Proof The case of G = GL,(R) (ie vector bundles) was proven in [29, Lemma 6.2].
The same averaging operation as before allows this proof to apply to general G. O

2.3 Gluing orbispaces

We now explain how some basic topological gluing constructions are generalized to
the orbispace context. These constructions provide the foundation for doing algebraic
topology with orbispaces.

We begin with a discussion of how to glue together stacks along open substacks. The

first step is to observe the following “descent for morphisms” property:

Lemma 2.8 Let X =|J, Uy be a cover by open substacks. The functor

(2-1) Hom(X,Y) =5 { fo € Hom(Ua.Y), gap: faluanus = f8lusnu |

8ap&py = &ay over Uy NUgN Uy}
is an equivalence for any stack Y. (On the right side, an isomorphism ( fq, gaﬂ) —
(fo- 8qp) consists of my: fo = fq such that g, ;g = magap over Uy N Up.)
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Proof We may construct an inverse to (2-1) as follows. Given an element of the
right-hand side, we may associate to any map Z — X (where Z is a topological space)
amap Z — Y, as follows. The map Z — X induces an open cover Z = J, Z xx Uy.
Each map Z xy U, — U, may be composed with our chosen element on the right
side of (2-1) to amap Z xy Uy — Y. The compatibility data on the right side of (2-1)
provides descent data to glue these maps together (using the stack property for Y')
to a map Z — Y. We have thus associated to each map Z — X amap Z — Y.
This construction is compatible with pullback, hence defines a map of stacks X — Y.
Tracing through definitions, it can be checked that this map is a two-sided inverse
to (2-1). O

Lemma 2.8 may be reformulated as saying that X is the colimit of the diagram
consisting of the open substacks Uy, their pairwise intersections Uy N Ug, and their
triple intersections Uy N Ug N U), (and no higher intersections).

Going in the opposite direction, let us argue that pushouts of open inclusions of stacks
always exist. Namely, consider a pair of open inclusions X <= U < Y. Given such
data, we may define a stack X Uy Y by the following natural mapping property: a map
Z — X Uy Y (with Z a topological space) consists of an open cover Z = Zxy U Zy,
maps Zy — X and Zy — Y such that in both cases the inverse image of U is Zy N Zy,
together with an isomorphism between the two resulting maps Zy N Zy — U. It
is immediate to check that the maps X — X Uy Y < Y are both open inclusions
intersecting along U, so Lemma 2.8 implies that

U—— X

Il

Y — XUyY

is a pushout. Since X «— X Uy Y <= Y are open inclusions, it follows that if X and
Y both admit étale atlases, then so do U and X Uy Y. Also, if X and Y are locally of
the form V/ T for a finite group I" acting on a Hausdorff space V, then the same holds
for X Uy Y. Thus if X and Y are orbispaces, to verify that X Uy Y is an orbispace, it
suffices to show that | X Uy Y| is Hausdorff. Since the coarse space functor | - | is a left
adjoint, it preserves all colimits, so |[X Uy Y| = |X| Uy, |Y|. This gives an effective
procedure to glue together a pair of orbispaces along a common open subspace and to
show that the result is again an orbispace.

The next construction we wish to discuss is the formation of mapping cylinders for
representable maps of orbispaces. For a map of topological spaces A — X, the mapping

Geometry € Topology, Volume 27 (2023)



1766 John Pardon

cylinder cyl(A — X)) is defined as the pushout

A —— X

(2-3) lx{o} l

Ax[0,1] — cyl(4 — X)

A basic property of colimits in the category of topological spaces is that the property
of a diagram being a colimit diagram is local on the colimit object. It follows that
colimit diagrams are preserved under étale pullback: if U — colim p is étale, then
the natural map colim(p Xcolim p U) — U is an isomorphism. Thus the formation of
mapping cylinders commutes with étale pullback: if U — X is étale, then the natural
map cyl(A xy U — U) — cyl(A — X) xx U is an isomorphism. This fact allows us
to define the mapping cylinder of any representable map of stacks 4 — X for which X
(hence also A) admits an étale atlas. Indeed, let A — X be such a map. Choose an
étale atlas U — X, which pulls back to an étale atlas 4 xy U — A. We thus obtain a
topological groupoid U x y U =X U presenting the stack X', and we obtain a topological
groupoid U xxy A xy U =X A xx U presenting A. The map A — X induces a map of
topological groupoids from the latter to the former, which presents the map 4 — X.
We may consider the “cylinder” of this map of groupoids, namely

(2-4) cyl(U xy Axy U —>UxxU)Zcyl(Axy U - U),
and we define cyl(4 — X') to be the topological stack presented by this groupoid. Note

that cyl(U xy Axy U > U xy U) =cyl(Axy U - U) xy U since U — X is étale.

Lemma 2.9 The stack cyl(A — X) is independent, up to canonical equivalence, of
the choice of étale atlas U — X.

Proof 1t suffices to show that for any two atlases U — X < U’, the inclusions of the
groupoids (2-4) for U and U’ into the groupoid for U U U’ induce equivalences of
stacks. To show this, it in turn suffices to show that the map

(2-5) cylU' xy Axy U - U xxy U) = cyl(Axy U — U)
admits local sections. This in turn is implied by the assertion that the natural map
(2-6) cylU' ' xx Axxy U - U xx U) = U xycyl(Axxy U — U)

is an isomorphism, which holds as formation of mapping cylinders of topological spaces
commutes with étale pullback (both sides are (U’ xxy U) xy cyl(A xxy U — U)). O
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Formation of mapping cylinders commutes with passing to the coarse space: for
any representable map of stacks A — X admitting étale atlases, the natural map
cyl(|A| = | X|) = | cyl(A — X)| is an isomorphism. This can be checked by inspection,
using the fact that for any topological stack X with atlas U — X, the map U — | X| is
the topological quotient by the image of U xy U — U x U, and fact that |4 x [0, 1]| —
|A| % [0, 1] is an isomorphism for any topological stack 4 [29, Lemma 6.15].

It now follows that if 4 and X are both orbispaces, then so is cyl(4 — X). Indeed,
if Y/ T < X is an open inclusion for ¥ Hausdorff and I" finite, we obtain an open
inclusion (A xy Y)/I' = Axx (Y/T') — A. Since A is an orbispace, its diagonal
is proper, so the action map I' x (A xxy Y) — (A xx Y) x (4 xx Y) is proper, hence
its precomposition with 4 xx Y 2 rx (A xx Y) is proper; this being the diagonal
of A xx Y, we conclude that 4 xy Y is Hausdorff. We thus have an open inclusion
cyl(Axy Y - Y)/ T < cyl(A — X), where cyl(4 xy Y — Y) is Hausdorff. The
coarse space |cyl(4 — X)| = cyl(|A| — | X|) is Hausdorff since | X'| and | 4] are.

Our next task is to show that the mapping cylinder diagram (2-3) is a pushout. This
gives another proof of the fact that formation of mapping cylinders commutes with
passing to the coarse space. We begin with an example to show that mapping cylinder
diagrams, even of topological spaces, need not be pushouts in the category of all stacks.
Our task is thus, more precisely, to identify a particular full subcategory of stacks in
which mapping cylinder diagrams are pushouts; see Proposition 2.13 below.

Example 2.10 Consider the pushout diagram

{1y — [1.2]

L

[0,1] —— [0,2]

in the category of topological spaces. Let X denote the stack defined by the property
that a map Z — X from a topological space Z is a continuous map f: Z — [0, 2]
such that there exists an open cover Z = U U V with f(U) € [0, 1] and f(V) <[1,2].
(Note that X is indeed a stack!) Now there is a tautological diagram

{1} — [1.2]

L]

0,1] —— X
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which is not induced by a map [0, 2] — X; there is no open covering [0,2]=U UV
with U € [0, 1] and V' <1, 2]. It follows that the diagram (2-7) is not a pushout in the
category of all stacks.

Lemma 2.11 Let { Xy }qe4 be any diagram of topological spaces and denote its colimit
by X := colimye 4 Xy. For any topological stack T, the map

(2-9) Hom(X,T) — lin[}1 Hom(Xy, T)
oe

is fully faithful.

Proof We just need to recall the description of Hom(X, T') for X a topological
space and T the stack associated to a topological groupoid M =X O. An object of
Hom(X, T') is an open cover X = J; U; together with a collection of maps o; : U; — O
and B;j: U; N Uj — M projecting to a; x j and satisfying B;;8;x = Bix over
U; NU;j NUy. Anisomorphism between (U;, o;, Bij) and (U}, o}, , ;’j/) is a collection
of maps y;;7: Uy N U/, — M projecting to o; x o, and satisfying f;;yjj = yij» over
Ui NU; NUjr and y;iBirj» = yijr over U; N Uy NUj,. Composition of isomorphisms
relies on the fact that Hom(—, M) is a sheaf.

Now fix two objects (U;, «;, Bij) and (U, o, ;,j,) of Hom(X, T). The set of
isomorphisms between them is the set of collections of maps y;;7: U; N Ul.’, - M
satisfying certain compatibility properties. Now we note that for any open subset
U C X, the map colimyeyg Uy — U is an isomorphism, where U, denotes the
inverse image of U inside Xy. Thus, since M is a topological space, the data of maps
U; NU/, — M is equivalent to giving a compatible collection of such maps over the
inverse images of U; NU}, in each Xy. Such data is precisely the data of an isomorphism
in limye 4 Hom(X,, T') between the images of (U;, a;, B;;) and (U}, o}, lf,j/). |

Lemma 2.12 For any topological stack X with atlas U — X, the functor
(2-10) Hom(X,T)

= Eq(Hom(U. T) = Hom(U xx U, T) = Hom(U xx U xx U, T))
is an equivalence for any stack T. (Concretely, an object on the rightisamap f:U — T
and an isomorphism i : fp; = fp, in Hom(U xx U, T') such that the composition of

iopipandio pyyagrees with i o p13 in Hom(U xy U xx U, T'), and an isomorphism
(f,i) = (f’,i’) is an isomorphism j: f > [’ suchthati’o jp; = jpyoi.)
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Proof This is similar to the proof of Lemma 2.8. Given a map Z — X from a
topological space Z and an element of the right side of (2-10), we may define a map
Z — T as follows. Our map Z — X may be regarded as an open cover of Z, maps
from the elements of the open cover to U, and maps from pairwise intersections to
U xx U, satisfying a cocycle condition. The element of the right side of (2-10) turns
this into maps from the elements of the open cover to 7" and isomorphisms between
them on their pairwise overlaps, satisfying a cocycle condition. The stack property
for 7" means that this data defines a map Z — 7. One now checks that this is a
two-sided inverse to (2-10). O

Proposition 2.13 For any representable map of stacks A — X admitting separated
étale atlases, the mapping cylinder diagram (2-3) is a pushout in the 2—category of
stacks which admit a separated étale atlas.

Proof We are supposed to show that for any stack 7" which admits a separated étale
atlas, the map

(2-11) Hom(cyl(4 — X), T) — Hom(X, T') Xgom(4,7) Hom(A4 x [0, 1], T')
is an equivalence of groupoids.

We begin with the case that X and A4 are topological spaces. In this case, Lemma 2.11
says that (2-11) is fully faithful, so it remains to prove essential surjectivity. Thus
suppose we have maps X — T and A4 x [0, 1] — T and an isomorphism between
the respective induced maps A — 7. We should glue these together into a map
cyl(A — X) — T. Fix a separated étale atlas O — T', hence a groupoid presentation
M = O of T with M = O x7 O. The map X — T thus may be regarded as an
open cover X = (J; U;, maps U; — O, and maps U; N U; — M, which we may pull
back under f: A — X to obtain the map A — 7. This map is isomorphic to the
restriction to 4 = A x {0} of the given map A x [0, 1] — T, which is a priori defined
by a different open cover. Now the key point is the following. Consider one of the
open sets f~1(U;) € A, which is equipped with a map f~'(U;) — O. This map
may be regarded as a section over /1 (U;) € A = A x {0} of the separated étale map
O x7 (A x[0,1]) = A x[0, 1]. Since this map is étale, each point p € f~1(U;) has a
neighborhood V), x [0, £,) over which the section extends. Since this map is separated
and [0, ¢,) is connected, these extensions are unique. They hence glue together to
give an open set V; € A x [0, 1] intersecting 4 x {0} in f~!(U;) such that the map
£~ (U;) — O admits a unique extension to V; together with an isomorphism of the
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resulting composition to 7" with the given map 4 x [0, 1] — 7. Now V; and U; define
together an open set W; C cyl(A — X), and we have defined thus a map W; — O.
These W;, together with 4 x (0, 1], cover cyl(4 — X)), so this data defines for us a
map cyl(4 — X) — T lifting our given data on the right side of (2-11).

Having treated the case that X and A4 are topological spaces, we deduce the general
case using Lemma 2.12. Fix an étale atlas U — X, so that cyl(X — A) is presented
by the topological groupoid

(2-12) cylAxy U > U)xxy U Zcyl(Axy U - U).
By Lemma 2.12, we conclude that cyl(X — A) coincides with the coequalizer
(2-13) Coeq(cyl(A Xy U—->U)SceylAxy U —->U)xxy U g

cyl(Axxy U - U) xxy U xx U).

Each term in the coequalizer is a cylinder (since xy U is an étale pullback so can
be brought inside cyl) of a map of topological spaces. Hence each of these terms is
a pushout (in the 2—category of stacks which admit a separated étale atlas). Since
coequalizers commute with pushouts, we conclude that cyl(X — A) is the pushout of

Coeq(Uﬁ:UxXUEEUxXUxXU)

I

(2-14) Coeq(Axx U £ AxxUxxU € Axx UxxUxxU)

!

Coeq(Axx Ux[0, 1] Axx Uxx Ux[0,1] & Axx Uxx Uxx Ux[0,1])

The top two coequalizers are simply X and A by Lemma 2.12. The bottom coequalizer
is A x [0, 1], not by pulling out the x[0, 1] on general categorical principles, but rather
by applying Lemma 2.12 to the atlas U x [0, 1] - 4 x [0, 1]. |

We now combine the results obtained thus far into a general gluing operation:

Proposition 2.14 Let B — C be a representable map of orbispaces, and let B — A
be a closed inclusion which is collared in the sense that it factors as

B X% By0,1) < 4,
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where the second map is an open inclusion. The pushout

B—C

(2-15) £ l

A—— AuUpC

exists in the category of stacks admitting a separated étale atlas, and A Up C is an
orbispace.

Proof Define A Ug C by gluing A \ B (an open substack of A) to cyl(B — C)
along B x (0, 1) using a choice of collar B x [0, 2) < A. The fact that cyl(B — C)
is the pushout of B x [0, 1] <~ B — C (Proposition 2.13) and 4 Up C is the pushout
of cyl(B — C) < B x(0,1) — A (Lemma 2.8) implies that (2-15) is a pushout.
In particular, the gluing A Ug C does not depend on the choice of collar used to
construct it. O

We are also interested in countable iterations of such attachment operations. Let us call
a map of orbispaces X — Y a mapping cylinder inclusion if and only if it is a closed
inclusion and admits a factorization of the form X — (X U4 (A XxRx>q)) < Y, where
the second map is an open inclusion and the first map is the natural inclusion of X
into the open substack X Uy (4 %[0, 1)) € X Uy (4 x[0, 1]) = cyl(4 — X)) for some
representable map of orbispaces A — X . Equivalently, X — Y is a mapping cylinder
inclusion if and only if it is the right vertical map in some pushout diagram (2-15)
(without specifying a choice of such presentation).

Proposition 2.15 Let Xy — X; — --- be a sequence of mapping cylinder inclusions of
orbispaces. The colimit colim; X; exists in the category of stacks admitting a separated
étale atlas, and this colimit is an orbispace.

Proof We begin with the case that all X; are Hausdorff topological spaces, where
we show that the colimit in the category of topological spaces X := colim; X; is the
desired colimit. Let us first note that X is itself Hausdorff. Indeed, let p, ¢ be distinct
points of X, and choose i large so that they both lie in X;. Since X; is Hausdorff,
choose disjoint open subsets Ulf and U,; of it containing p and ¢, respectively. A
factorization of X; — X;; witnessing that it is a mapping cylinder inclusion gives
disjoint open subsets U ;‘H and Uq""‘1 of X;4+1 whose intersections with X; are Ulﬁ
and U, q’, respectively. Iterating in this way, we produce disjoint open subsets U, and
U, of X containing p and ¢, respectively.
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Now let us show that for any stack 7" admitting a separated étale atlas, the map
Hom(X, T') — lim; Hom(X;, T') is an equivalence (still in the case X; are topological
spaces and X = colim; X; is the colimit in the category of topological spaces). It is
fully faithful by Lemma 2.11, so it remains to show essential surjectivity. Choose
a separated étale atlas U — T'. Fix an object of lim; Hom(X;, T'); this consists, in
particular, of open covers X; = ;i Uij and maps U;j — U, with certain descent data
on intersections. Now the key step is to note that, as was proven already during the
proof of Proposition 2.13, the open sets U;; covering X; extend to X;4; along with
their maps to U. We may thus construct new open covers of the X; by induction as
follows: the new open cover of X is simply the one we are given to start with, and the
new open cover of X; is obtained by taking the new open cover of X;_1, extending it to
a neighborhood of X;_; inside Xj; as in the proof of Proposition 2.13, and then adding
X; \ Xj—1 (which is open since X;_; C X; is closed) intersected with all the open sets
in the given open cover of X;. We thus obtain an open cover of X and continuous
maps from the elements of this open cover to U, along with the relevant descent data to
define a map X — T'. This completes the proof in the case that the X; are topological
spaces.

‘We now move on to the general case. Note thatif X — Y is a mapping cylinder inclusion,
then so is | X'| — |Y|, since passing to the coarse space preserves open inclusions and
mapping cylinders. Hence |X;| — |Xj+1| is a mapping cylinder inclusion. Thus
the colimit colim; | X;| — which must be the coarse space of colim; X; if it exists —is
Hausdorff as above. Now every X; maps to colim; | X;|, and since the latter is Hausdorff,
it suffices to prove the statement after restricting to an open cover of colim; | X;|. Thus
fix a point p € colim; | X;| and let us prove the statement in a neighborhood of p. We
have p € | X;| for some i, and let us construct an open neighborhood of p as in the
paragraph above, ie we begin with an open neighborhood U’ C | X;| of p, we consider
Ui+l C|X;4 | the inverse image of U; in the mapping cylinder X; U4 (4 x R>g), and
iterating gives the desired open neighborhood in the colimit. The effect of restricting
to such an open subset is that we have reduced ourselves to the situation of a chain of
closed inclusions Xy <> Xj < ---, where X; 11 = X; Uy, (4; x Rxg).

We may now treat this special case as follows. By restricting further to an open subset
of Xy (and its inverse image in every X;), we may assume without loss of generality
that Xy = Y,/ G for some Hausdorff space Y acted on by a finite group G. Pulling
back under each projection, we obtain a sequence of inclusions of Hausdorff topological
spaces Yy <> Y| < -+, each with an action of G, where Y; | = Y; Up, (B; XxR>),
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G-equivariantly, and X; = Y;/G. Now it suffices to show that colim;(Y;/G) =
(colim; Y;)/G; note that colim; Y; is Hausdorff, as shown above. Express each Y;/ G
via the topological groupoid G x Y; =X Y;, and appeal to Lemma 2.12 to see that for
any stack 7', we have

(2-16) limHom(X;, T))
1
—> lim Eq(Hom(Yi, T) 2 Hom(G xY;, T) § Hom(G x G x Y, T))
l
= Eq(lim Hom(Y;, 7)) =2 limHom(G xY;, T) § lim Hom(G x G x Y, T)).
l l l

Now for T admitting a separated étale atlas, we have an equivalence lim; Hom(Y;, T) =
Hom(colim; Y;, T) since ¥; < Y;4 are mapping cylinder inclusions, and the same
holds for G x Y; and G x G x Y; for the same reason. We also have colim; (G x Y;) =
G x colim; Y; since G is finite (the functor xG on topological spaces is cocontinuous
whenever G is locally compact since it then has a right adjoint Maps(G, —)). We
therefore have, for 7" admitting a separated étale atlas,

(2-17) limHom(X;,T') =
l
Eq (Hom(coljm Y;,T) Z Hom(G xcolim Y;,7T") E;) Hom(G xG xcolim Y, T)).
l l 1

Applying Lemma 2.12 once more, we see that the right side is Hom((colim; Y;)/ G, T),
as was to be shown. O

2.4 Orbi-CW-complexes (topology)

We now define orbi-CW-complexes. The definition we give realizes in some form a
proposal of Gepner and Henriques [18], but differs on some key details. An orbi-CW—
complex X is specified as follows. We begin with the “(—1)-skeleton” X_; := @. The
k—skeleton X} is defined in terms of X;_; by attaching cells of the form DX x BG
for finite groups G along representable attaching maps DK x BG — Xj_;. In other
words, X}, is defined as the pushout

| |aD* xBG, Hole oy,
o

(2-18) l l

| | D* xBGy ——— Xxi
o
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in the category of topological stacks admitting an étale atlas, which exists by Proposition
2.14, which also guarantees that X} is an orbispace. The orbispace X is now defined
as the ascending union

(2-19) X = collcika,

which exists and is an orbispace by Proposition 2.15. Since the coarse space functor
| - | preserves colimits (since it is a left adjoint), it follows that the coarse space of an
orbi-CW—complex is a CW—complex, with exactly the same attaching maps.

An orbi-CW—complex is equivalently a pair (X, uy o) where X is an orbispace and
Uk D¥ xBGy — X }k.o 18 a collection of representable maps which satisfy the
following inductive condition: the restriction uy |ypkxpg, has image contained in
the closed substack Xj;_; € X (begin with X_; := &), the resulting map X :=
Xie—1 Yuy |_|a Dk x BG, — X is a closed inclusion, and X is the colimit of the
closed substacks Xj.

Lemma 2.16 A pair (X, uy o) consisting of an orbispace X and a collection of
representable maps uj g D¥ x BGy — X is an orbi-C W-complex if and only if the
pair (| X1, |ug,q|) is a CW-complex and all ug o|(pryoxpg, induce isomorphisms on
isotropy groups.

Proof We show by induction that X; € X is the closed substack corresponding to the
closed subset | X |; € |X| induced by the CW-structure (|X |, [ug |). The image of
Uk,alapk xBG, 1 contained in the closed substack Xy € X since this can be checked
at the level of coarse spaces. By assumption [ X [g—1 U}y, | Ll Dk — | X | is a closed
inclusion, and we would like to show that Xz _; Uy, , Lo Dk x BGy — X is aclosed
inclusion, with the same image. The coarse space of the domain of the second map
coincides with the domain of the first map since coarse space commutes with colimits
and | X |x_1 = |Xk_1]| by the induction hypothesis. The second map therefore factors
through the closed substack of | X'| corresponding to | X |5 € | X| (the image of the first
map, by definition). To check that the first map of this factorization is an isomorphism,
it suffices by Lemma 2.3 to note that it induces a homeomorphism on coarse spaces
and isomorphisms on isotropy groups (by the hypothesis on ug 4|(pryoxpa,, )-

Next, we should show that the map colimy X; — X is an isomorphism. Again
by Lemma 2.3, it suffices to note that it induces isomorphisms on isotropy groups
(immediate since X € X are closed substacks) and induces a homeomorphism on
coarse spaces (since (| X, |ug q|) is a CW—-complex). |
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Definition 2.17 A subcomplex A of an orbi-CW-complex X consists of a subset
of the set of cells of X such that the attaching map of any k—cell in 4 lands inside
Ax_1 € Xj_1, which is a closed substack by induction on k. By Lemma 2.16,
subcomplexes of X are in bijection with subcomplexes of | X|.

Given two orbi-CW—complexes (X, uy o) and (Y, v g), we may ask whether their
product (X x Y, uy o X vg g) is an orbi-CW—complex; note that a product of cells
D¥xBGy x D' xBGy is indeed a cell DX+ xB(Gg x Gp). In view of Lemma 2.16 and
Lemma 2.1, this reduces to the corresponding question for the ordinary CW—-complexes
obtained by passing to coarse spaces. It is known that a product of CW—complexes is a
CW-complex if at least one of the factors is locally finite [40] or if both factors are
locally countable [26]. (In fact, the question of when a product of two CW—complexes
is a CW—complex is completely solved in [7].)

3 Homotopy theory of orbispaces

3.1 Homotopies

Two maps of orbispaces f,g: X — Y are called homotopic if and only if there
exists a map &: X x[0,1] — Y such that 2(0,-) and A(1,-) are isomorphic to f
and g, respectively. In particular, if f/ and g are isomorphic, then they are homotopic.
Homotopy classes of maps form a set. A map with a two-sided inverse up to homotopy
is called a homotopy equivalence.

Example 3.1 Homotopy classes of maps BG — B H are in bijection with conjugacy
classes of group homomorphisms G — H. The “space” (properly defined) of maps
BG — B H would be the homotopy quotient Hom(G, H)// H.

Lemma 3.2 If f and g are homotopic, then f is representable if and only if g is
representable.

Proof Since for maps of orbispaces, representability is equivalent to injectivity on
isotropy groups, it suffices to consider the case of maps from BG. Thus, consider a
map BG x[0,1] = Y. Locally Y = U/ T for T finite acting on U Hausdorff. So, a
map BG x [0, 1] — Y is (locally) amap G — I" and a map [0, 1] — U landing in the
G-fixed locus. This is injective on isotropy groups if and only if G — I is injective,
which is obviously an open and closed condition on [0, 1]. O
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Corollary 3.3 A homotopy equivalence of orbispaces is representable.

Proof Let f and g be homotopy inverses of each other. Since fog and go f are
homotopic to identity maps, they are representable by Lemma 3.2. Thus f o g and
g o f are both injective on isotropy groups, from which it follows that f and g are
injective on isotropy groups. a

Lemma 3.4 Let f:Y xBG — X be a map where Y is a topological space and X is
an orbispace. There exists a partition of Y into open subsets Yy indexed by the normal
subgroups N < G, representable maps Yy x B(G/N) — X, and an isomorphism
between f and the composition

(3-1) Y xBG — | | YN xB(G/N)— X.
NG

Moreover, this data is unique up to unique isomorphism.

Proof Applying Lemma 2.12 to the atlas ¥ — Y x BG, we find that the data of
amap Y x BG — X is the same as the data of a map f: Y — X together with
a homomorphism G — Aut(f). Moreover, for a point y € Y, the homomorphism
G — Gy(y) induced by restricting G — Aut(/f) coincides with the action of the
corresponding map ¥ x BG — X on isotropy groups. Now we recall that for maps
of orbispaces, representability is equivalent to injectivity on isotropy groups. It thus
suffices to show that for any map f: Y — X and any a homomorphism G — Aut( f),
the map y — ker(G — Gy(,)) is locally constant.

Thus, fix f:Y — X and g € Aut( /), and let us show that the set of y € Y for which
gly € Gy(y) is the identity is open and closed. The set of such y is the fiber product
of Y and X over X Xyxx X. Thus it suffices to show that X — X Xy« x X is an open
and closed inclusion. We can check this locally, so we can assume that X = Z/H for
Z Hausdorff and H finite. Then X xxxx X = (e X")/H (the action of H is
by conjugation) and the map from X is the inclusion of the component # = 1. a

3.2 Orbi-CW-complexes (homotopy)

The basic objects with which we shall do homotopy theory are orbi-CW—complexes.
Many basic facts about CW—complexes generalize immediately to orbi-CW—complexes,
with identical proofs. For example, for X an orbi-CW-complex and 4 € X a sub-
complex, the pair (X, A) has the homotopy extension property — by the universal
property of colimits, we may proceed by induction on cells, for which the statement
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is obvious since cells have boundary collars. Every map of orbi-CW-complexes is
homotopic to one which sends the k—skeleton of the domain to the k—skeleton of the
target. Also a homotopy equivalence between orbispaces X = X’ and homotopies
between attaching maps { fo, : 0D¥ xBGy — X }o and { f.: 9D* xBGy — X'} induces
a homotopy equivalence

(3-2) X Ugf, | |0D* xBGy = X' Uy, | | 0D* xBG,.
o o

Proposition 3.5 A compact orbifold is homotopy equivalent to a finite orbi-CW—
complex.

Proof sketch Let X be a compact orbifold, and choose a Morse function f: X — R
as follows. We define f by induction on the stratification of X by the order of the
stabilizer group. A given stratum is a purely ineffective smooth suborbifold, so we
just choose any Morse function on it (generic ones are Morse), and we extend it in
the normal directions by a positive definite quadratic form. Note that in this way, at
any critical point, the isotropy group acts trivially on the negative eigenspace of the
Hessian. Thus the change in the homotopy type of sublevel sets when passing a critical
point of index k is precisely to attach a cell (Dk , 0Dk ) xBG. O

We now discuss homotopy groups of orbi-CW—complexes. For an orbispace X, we
have a set nOG (X) of homotopy classes of maps BG — X . These are functorial in X
and (contravariantly) in G. More generally, we define nkG (X, p) for a “basepoint”
p:BG — X as the set of maps f: S¥ x BG — X together with an isomorphism
between f|s«xpg and p (where x € S¥ is a fixed basepoint), modulo homotopy. A
homotopy here means a map A: [0, 1] x S x BG — X together with an isomorphism
between /o, 1]x+xBG and p o mxxpG. The sets n,? (X, p) are functorial in (X, p)
and G. As with ordinary homotopy groups, JTkG (X, p) is a pointed set for k =0, a
group for kK = 1, and an abelian group for k = 2.

Example 3.6 We have JTOG (BH) = Hom(G, H)/H (quotient by the conjugation
action). For a map ¢: G — H (inducing a basepoint Bg: BG — BH), we have
]TIG(BH, Bg) = Z g (im(p)) (the centralizer of p(G) C H) and JTkG (BH,Bg) = 0 for
k>2.

In view of Lemma 3.2, there is a distinguished subset 7 &P (X)< 71’(‘); (X) of homotopy

0
classes of representable maps BG — X. Evidently ng "P(X) is functorial under
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representable maps of X" and injective maps of G. The sets 7 G(X) and JTG TP (X)
contain the same information, in the sense that

(3-3) 2" P(X) =2 O\ | im(xd™N (X) = =28 (X)),
14N <G
(3-4) 2l (X)= | | nZ™ ).
N<G

A basepoint p: BG — X factors uniquely as BG — B(G/ ker p) AN X, where the
second map is representable, and by Lemma 3.4 we have 7’ G(X,p) = T, G/ ker p (X, pP)
for k > 1; so in this sense the information in the homotopy groups of an orbispace X
is already contained in the case of representable basepoints.

We will also make use of relative homotopy groups nkG (X,Y,p)foramap Y — X
and a basepoint p: BG — Y. For k > 1, an element of 75 (X, Y, p) is represented by
a diagram

oDk xBG —— Y

(3-5) l l

Dk xBG —— X

together with an isomorphism between the restriction of dD¥ xBG — Y to * x BG
and the basepoint p. These are considered up to homotopy, ie diagrams in which the
orbispaces on the left are replaced with their product with [0, 1], and we specify an
isomorphism with p o m.xpg over [0, 1] x * x BG. Now nkG (X, 7, p) is a pointed set
for k =1, a group for k = 2, and an abelian group for £ > 3.

It is essentially immediate from the definitions that for a map ¥ — X and a basepoint

p:BG — Y, there is a long exact sequence (of pointed sets)

(3-6) - —>n2(XYp)—>7r (Y,p)—>7r1 (Xp)—)ﬂ1 (XYp)—>Jr0(Yp)
— 7, (X D).

It is thus natural to define 7 G(X,Y) as the pointed set T, G(x)/ noG (Y). We now have
the following version of Whitehead’s theorem.

Proposition 3.7 A map of orbi-CW-complexes is a homotopy equivalence if and only

G

if it induces isomorphisms on JTk for all basepoints and on 7ty .
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Proof Let Y — X be a map of orbi-CW-complexes which induces an isomorphism
on all nkG . In view of (3-3), the map ¥ — X respects the subsets n(? P JTOG It

follows that Y — X is representable.

Since Y — X is representable, we may form its mapping cylinder cyl(Y — X);
moreover, by first applying cellular approximation to ¥ — X to homotope it to be
cellular, we may ensure that cyl(Y — X)) is again an orbi-CW-complex.

It now suffices to construct a dotted lift in the diagram

Y —— Y

cylYy - X) — X

after possibly homotoping the bottom map rel Y. Since ¥ C cyl(Y, X) is a subcomplex,
it is equivalent to solving the homotopy lifting problem

oDk xBG —— Y

(3-8) | |

Dk xBG —— X

which is equivalent to the vanishing of all relative homotopy groups of ¥ — X. We
are thus done by the long exact sequence (3-6). O

Conjecture 3.8 Any metrizable locally tame topological orbifold is homotopy equiva-
lent to an orbi-CW—complex.

A first step towards proving this was taken in [29, Proposition 4.6], which shows
that there always exists a representable map f from any paracompact orbispace to
the geometric realization of a simplicial complex of groups (which is a particular
case of an orbi-CW-complex). The next step would be to argue that, choosing the
cover in the proof of this result to be sufficiently fine, it is possible to construct a
map g in the reverse direction (using equivariant contractibility of R” with respect to
a linear G—action) and, moreover, that g o f is homotopic to the identity. One can
then add cells to the target of f, extending g appropriately, until f and g both induce
isomorphisms on all JrkG , and then apply Proposition 3.7 to f o g. This is how the
standard proof of the corresponding assertion for topological manifolds goes. That
result also extends to absolute neighborhood retracts, so it is natural to ask whether
this extension has a generalization to the orbispace setting. One could also reasonably
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conjecture that a compact locally tame topological orbifold is homotopy equivalent
to a finite orbi-CW-complex. This is true for manifolds by the work of Kirby and
Siebenmann [22; 23], and other proofs were given later by West [39] and Chapman [8];
see Ferry and Ranicki [16] for further discussion.

3.3 Homotopy categories of orbispaces

We denote by OrbSpc (resp. RepOrbSpc) the category whose objects are orbi-CW-
complexes and whose morphisms are (resp. representable) homotopy classes of maps.
By Lemma 3.2, representability is preserved by homotopies, and a homotopy between
representable maps is itself representable. The tautological functor RepOrbSpc —
OrbSpc is thus faithful and conservative. The homotopy category of CW—complexes is
denoted by Spc, which is a full subcategory of both RepOrbSpc and OrbSpc.

The functor Spc — OrbSpc has a left adjoint, namely the coarse space functor
|- |: OrbSpc — Spc, which sends orbi-CW-complexes to CW—complexes, as noted
earlier.

We use Spcf C Spc, RepOrbSpcf C RepOrbSpc and OrbSpcf C OrbSpc to denote
the full subcategories spanned by finite (orbi-)\CW-complexes. Note that the adjectives
“finite” or “compact”, and the resulting notation for full subcategories, sometimes are
used to indicate instead those objects which are compact objects in the categorical
sense; finite orbi-CW-complexes are compact objects categorically, but the converse is
not true.

3.4 Classifying space

The inclusion Spc < OrbSpc has a right adjoint denoted by X +— X, where X is
known as the classifying space of X . This right adjoint may be constructed as follows.
It suffices to show that for any orbi-CW-complex X, there exists a CW—complex X
and a map X — X such that the homotopy lifting problem

apk — 3 X

(3-9) l //x l

Dk — 5 x

always has a solution. Indeed, this implies that the map X — X induces a bijection
between homotopy classes of maps ¥ — X and homotopy classes of maps ¥ — X
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for any CW—complex Y. We may construct X as follows. We begin with X _1=d.
We define X, ;. from X, %1 by attaching a k—cell for every element of 7 (X, X k—1)
(for every basepoint when k > (). By cellular approximation and induction, we have
i (X, Xi) = 0 for all i < k. It follows that i (X, X) = 0 for every i, which is
equivalent to solvability of the above lifting problem.

Example 3.9 For a CW-complex X, the set of homotopy classes of maps X — BG is
in natural bijection with the set of isomorphism classes of principal G-bundles over X,
which is in turn in bijection with the set of homotopy classes of maps X — BG. It
follows that BG = BG.

The natural map (X xY)™ — X xY isan isomorphism since X — Xisa right adjoint.
Lemma 3.10 Let X be an orbi-CW—complex covered by subcomplexes P, Q cX

mtersectmg inA:=PNQ,s0X =PUy Q Fix class1fymg spaces PP, Q — Q0
and A — A, with subcomplex inclusions A— Pand A — Q such that the diagram

(3-10)

N N
o
Q — I

— A —
+—— A —
stnct]y commutes; this may be achieved by rep]acmg P and Q by the mapping cylinders
of A— P and A — Q Then X = P Uz Q with the obvious mapto PU4 Q = X .

Proof Given a CW—complex Z and amap Z — X = P U4 Q, let us lift it (up to
homotopy) to PU Fi Q By subdividing Z and homotoping the map Z — X, we may
assume that each cell of Z maps either entirely to P or entirely to Q. Now we first lift
the cells which mapto 4 = PN Q to A. A cell which maps to P (resp. Q) but not
entirely to A4 is now lifted to P (resp. Q). This shows that the map from homotopy
classes of maps Z — P Uz Q to homotopy classes of maps Z — X = P U4 Q is
surjective. To show injectivity, apply the same argument rel boundary to a homotopy
between the compositions of two maps Z — PU 1 Q with P U i Q — PU4 Q. Note
that in this proof we used the lifting property (3-9), which is a priori stronger than
(albeit a posteriori equivalent to) the adjointness property of the classifying space at the
level of homotopy categories; the lifting property instead corresponds to a universal
property at the co—category level. O
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One can similarly argue by induction on cells that one can construct X by taking each
cell (D¥,3DF) x BG of X and replacing it with (D*, 3DX) x BG and attaching as
appropriate.

Remark 3.11 There are other, more point set topological, definitions of the classifying
space of more general topological stacks. These include taking X to be the nerve of
the simplicial space [p]— U xx ---xx U (p + 1 times), where U — X is a suitable
atlas. It is also possible to define X—>X by the universal property that X x xZ—~>7Z
should be “fiberwise contractible” for any topological space Z mapping to X'; compare
Noohi [28]. We will not make either of these definitions precise, nor prove that they
give the right adjoint of Spc < OrbSpc, though this is also possible.

3.5 Right adjoint

Here is another adjoint.
Proposition 3.12 The functor RepOrbSpc — OrbSpc has a right adjoint R.

Proof It suffices to show that for every orbi-CW-complex X, there exists an orbi-
CW-complex R(X) and a map R(X) — X such that for every commuting diagram
of solid arrows

IDK xBG —2 R(X)

(3-11) l rep T l

DKxBG ——— X

there exists, after possibly homotoping the bottom map rel boundary, a dotted lift.
Indeed, given such a map R(X) — X, it follows (by induction on cells) that the
induced map RepOrbSpc(Z, R(X)) — OrbSpc(Z, X) is a bijection, which implies
that the adjoint R exists as a functor.

We may now construct the orbi-CW-complex R(X) inductively, just as we constructed
X above. We begin with R(X)_; = &, and we define R(X)j by attaching copies of
DK xBG to R(X)j—; along the upper horizontal maps in some set of diagrams (3-11)
with R(X)r_1 in place of R(X) representing every homotopy class of such; note that
the attaching maps are by definition representable. Using cellular approximation and
induction, it follows that R(X), satisfies the desired lifting property (3-11) for all
k <r;hence R(X) is as desired. O
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The proof of Proposition 3.12 given above shows existence, but is not so amenable
to computation. So, let us sketch what we expect is a more concrete definition of the
functor R: OrbSpc — RepOrbSpc, without claiming to give a complete proof. We
define a functor R: OrbSpc — RepOrbSpc as

(3-12) RX):= | ] APxBGoxlx’/E;Ts(BG,,,X)/~.

G();)-";)Gp

The reader may recognize this formula as a “homotopy coend”. Here M(BG, X)
denotes the classifying space of the mapping orbispace Maps(BG, X'), which is de-
fined by the universal property that a map ¥ — Maps(BG, X) is the same as a map
Y xBG — X. When X is an orbi-CW-complex, one can instead be much more
concrete: I\M(BG , X)) may be defined by replacing each cell D¥ x BH in X with
D¥ x Hom(G, H)// H, where H ~, Hom(G, H) by conjugation and // denotes the
homotopy quotient. Now (3-12) is meant to be modeled on the nerve of the 2—category
InjFinGrp of finite groups, injective homomorphisms and conjugations; the quotient ~
indicates the colimit over the natural face and degeneracy identifications.

Conjecture 3.13 The expression (3-12) defines a functor R: OrbSpc — RepOrbSpc,
which is right adjoint to RepOrbSpc — OrbSpc.

Proof sketch There is a tautological map R(X) — X, and it suffices to show that the
induced map

(3-13) RepMaps(BG, R(X)) — Maps(BG, X)
is a homotopy equivalence. Now liepTaﬁs(BG, R(X)) is given by

(3-14) | |  A? xRepMaps(BG. BGo) x Maps(BG, X)/~.
G();)"-;)Gp
Now R/GMS(BG ,BGy) is just the classifying space of the groupoid of morphisms
G — Gy in InjFinGrp, so we can equivalently write this as
(3-15) | | AP x Maps(BG,, X) / ~.

G—>Gy——>Gp

This being a homotopy colimit over a category with an initial object simply reduces to
Maps(BG, X), as desired. m]
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The space R(*) € RepOrbSpc is the terminal object, and so may be expected to play
a role in the homotopy theory of orbispaces; see eg Conjectures 3.14 and 3.34. It is
characterized by the universal property that the space of representable maps to it is
contractible, in the precise sense that nOG’reP(R(*)) =x for all G, and 71,? (R(x),p)=0
for representable, hence all, basepoints p. Combining this with Lemma 3.4 implies that
the space of all (not necessarily representable) maps from BG to R(*) is homotopy
equivalent to the (discrete) set of normal subgroups of G. It follows that R(x) is, in
Rezk’s language [32], the normal subgroup classifier A/; more precisely, the tautological
functor RepOrbSpc — OrbSpc sends R(*) € RepOrbSpc to N/ € OrbSpc — from our
perspective, the categories RepOrbSpc and OrbSpc have the “same” objects, namely
orbi-CW—complexes, so it makes sense to simply say that R(*) is A/, however in
Rezk’s setup the functor R: OrbSpc — RepOrbSpc is the more natural one, being
given by a restriction of presheaves, so the use of its left adjoint RepOrbSpc — OrbSpc
becomes more significant.

Specializing (3-12) gives
(3-16) Rx= || ar xBGO/N,

Go——>Gp
which is an orbi-CW-complex, and one can follow the proof sketch above to see that
it is indeed R(*). Since every object of RepOrbSpc admits a unique up to homotopy
representable map to R(x), we may think of objects of RepOrbSpc informally as being
“representable over R(*)”. More precisely, we make the following conjecture, a form
of which is proven by Rezk [32, Proposition 4.6.1]:

Conjecture 3.14 The category RepOrbSpc is equivalent to the category of repre-
sentable fibrations over R(*) (with reasonable fibers).

We can specify this further: the equivalence should send a representable fibration
over R(x) to its total space, and the fiber over a generic point of R(*) should be the
classifying space X of the orbispace X . There are also interesting functors to G—spaces
given by pulling back under the unique up to contractible choice representable map
BG — R(*). In fact, it seems that fibrations over R(*) should be the same (in the
oo—categorical context) as PSh(Rep{BG}), where Rep{BG} C RepOrbSpc denotes
the full subcategory spanned by the objects BG, and PSh denotes presheaves. The
proposed formula (3-12) and the sketch of proof of Conjecture 3.13 in fact would apply
to define an inverse of the restricted Yoneda functor RepOrbSpc — PSh(Rep{BG}).

Geometry & Topology, Volume 27 (2023)



Orbifold bordism and duality for finite orbispectra 1785

3.6 Homotopy categories of relative orbispaces

We now introduce categories OrbSpc,, and RepOrbSpc,, of “relative orbispaces”. These
categories should be thought of as analogues of the category Spc,, of pointed CW-—
complexes and homotopy classes of pointed maps. They are, however, not the (repre-
sentable) homotopy categories of pointed orbi-CW-complexes and homotopy classes of
pointed maps. The reason that pointed orbi-CW-complexes and pointed maps are not
what we want to consider may be traced back to the fact that there is no well-defined
quotient orbi-CW—complex X /A4 of a given orbi-CW—-pair (X, A).

We begin with the categories of orbi-CW-pairs OrbSpcPair and RepOrbSpcPair, whose
objects are orbi-CW-pairs (X, A) (meaning X is an orbi-CW—complex and 4 C X is a
subcomplex), and whose morphisms (X, 4) — (Y, B) are (representable) commutative
squares. Product of pairs is defined as usual,

(X, A)x(Y,B):=(X xY,(AxY)U(X x B)),
as is the notion of homotopies between maps of pairs.

Now the categories OrbSpc,, and RepOrbSpc,, of “relative orbispaces” are defined as
follows. The objects are again orbi-CW—pairs (X, A). A “relative map” of orbi-CW-
pairs (X, A) --> (Y, B) consists of a closed set A € AT C X, an open set U C X with
X =U U(A4™)° and a map of pairs (U, U N AT) — (Y, B). The composition of two
relative maps

+ +
(3-17) (X, A) -==-2=223 (Y, B) _Slf__"f’_g)% (Z,C)

is the triple
(AT u 7B, fTH(V).g0 /).

and composition is associative. A homotopy between relative maps is a relative
map (X, A) x[0,1] — (Y, B). The morphisms in OrbSpc, and RepOrbSpc, are
(representable) relative maps modulo (representable) homotopy. Note that it is not
true that representability is preserved under homotopy, nor that a homotopy between
representable maps is necessarily representable. There is a tautological functor

(3-18) RepOrbSpc,, — OrbSpc,,
which is not faithful. The homotopy category of pointed CW—complexes Spc,, is a full

subcategory of both RepOrbSpc, and OrbSpc,,.
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Proposition 3.15 (excision) The functors

(3-19) OrbSpcPair — OrbSpc,,,
(3-20) RepOrbSpcPair — RepOrbSpc,,,

are localizations at the collection W of morphisms of the form (P, P N Q) — (X, Q),
where X = P U Q is a cover by subcomplexes.

The same holds if we restrict both sides to the full subcategories spanned by finite
orbi-CW-=pairs.

Proof First note that the morphisms W in RepOrbSpcPair do indeed become isomor-
phisms in RepOrbSpc,, (hence also in OrbSpc,,). Indeed, such morphisms are, up to
isomorphism in RepOrbSpcPair, of the form

(3-21) (X, A) > (X Upxgoy (B x[0, 1]) Upy(13 Y. A Upgygoy (B x[0,1]) Upxq13 Y),
and these have an evident inverse up to homotopy in RepOrbSpc,,.

‘We now show that OrbSpcPair — OrbSpc,, satisfies the universal property of localization
at W, namely that for any functor OrbSpcPair — C which sends all morphisms in W
to isomorphisms factors uniquely up to unique isomorphism through OrbSpc, (and
the same for RepOrbSpcPair — RepOrbSpc,,). Let F': OrbSpcPair — C be given. The
action of F on objects is fixed since OrbSpcPair — OrbSpc,, is essentially surjective.
We are thus reduced to showing that there exists a unique collection of maps

F: OrbSpe, ((X,A),(Y,B)) - C(F(X, A), F(Y, B))
factoring F, which are compatible with composition.
Given amap (A1, U, f): (X, A) — (Y, B) in OrbSpc,,, it factors as
(3-22) (X, 4) > (X, 4N L w,unaty-Ls v, B).

By subdividing X, we may shrink U € X and AT C X to be subcomplexes covering X ;
so U is, in particular, likely no longer open. Since F sends W to isomorphisms it
follows that F applied to this map is determined uniquely by F. It is a tautology that
F (A, U, f) defined in this way is invariant under homotopy of (4™, U, f'), simply
because the two maps (X, 4) — (X x [0, 1], 4 x [0, 1]) coincide in RepOrbSpcPair.
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Finally, we should check that F respects composition; this follows from the commuting
diagram
(X, 4)

/ 1

(X, AT U f~1Y(B1)) ¢ (X, 4%

i v

U, unAtU f~Y(BY)) «— (U UNAT)

(3-23) WT \ s

('), fTA)ynAat U TH(B)) (Y. B%)
I 1
(V,VvnBt
\/g
(Z,C)

The point here is that once the maps W are declared to be isomorphisms, commutativity
of the diagram implies (being careful about the directions of the maps) that the rightmost
vertical composition coincides with the leftmost vertical composition.

To see that the same holds after restricting to finite orbi-CW-pairs, we just need to
observe that if the input orbi-CW-pairs in the above proof are all finite, then the
additional orbi-CW-pairs appearing in the intermediate constructions can also be taken
to be finite. O

The functor Spc,, — OrbSpc,, has both adjoints. The existence of the left adjoint (the
coarse space) is immediate — send an orbi-CW-—pair (X, 4) to the CW—pair (| X |, | 4]).
For the existence of the right adjoint (the classifying space), we argue as in Lemma 3.10.
Given an orbi-CW-complex (X, A), we may find classifying spaces X>XandA— A
sothat AC X isa subcomplex and the classifying maps together define a map of pairs
(f , Z) — (X, A). The argument of the proof of Lemma 3.10 then shows that this map

exhibits (f , 121“) as the classifying space of (X, A).
There is a symmetric monoidal “smash product” A on RepOrbSpc{ and OrbSpc{ ,

defined as follows. Product of finite orbi-CW-pairs

(X, A)x(Y,B):= (X xY,(AxY)U (X x B))
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is a symmetric monoidal structure on RepOrbSpcPairf and OrbSpcPairf . To see that

it descends to RepOrbSpc*f and OrbSpcf , it suffices by Proposition 3.15 to note that

(P, PNQ)x (Y, B)— (X, Q) x (Y, B) is again of the form (P, P’'N Q") — (X', Q),
namely

X' =XxY, P =PxY and QO =(0xY)U(X xB).

Let us argue that there is a natural isomorphism (Z A W)™~ = ZAW.IfZ = (X, A)
and W = (Y, B), then, recalling that the classifying space of (X, 4) is (f , /T), this is
the assertion that

(3-24) (X xY)™, (AXY)Ugxp (X xB))™) = (X xY,(AxY)Uz 5 (X x B)),

which follows from Lemma 3.10 and the fact that classifying space commutes with
products.

Given any oo—category such as (the co—categorical refinement of) RepOrbSpc, there is
an oco—category of “pointed objects of RepOrbSpc”, namely the under-category of the
terminal object, in this case R (). It is reasonable to expect this yields the same result
as our explicit geometric definition of the category of relative orbispaces:
Conjecture 3.16 There is an equivalence

RepOrbSpc,, = RepOrbSpc g/

as co—categories.

Conjecture 3.17 The category RepOrbSpc, is equivalent to the category of pointed
representable fibrations over R(*) and to the category of presheaves of pointed spaces
on Rep{BG}.

3.7 Cofiber sequences

A cofiber sequence in RepOrbSpc,, is a three-term sequence isomorphic to
(3-25) (Y,B) > (X,A) > (X,AUpY)

for an orbi-CW-complex X with two subcomplexes A,Y € X and B:=ANY.

Proposition 3.18 Every morphism X — Y in RepOrbSpc, extends to a cofiber
sequence X —Y — Z.
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Proof Equivalently, we are to show that every morphism in RepOrbSpc,, is isomorphic
to an inclusion (Y, B) — (X, A), where X is an orbi-CW-complex, 4,Y C X are
subcomplexes and B =Y N A.

First, note that any map of orbi-CW-pairs (X, 4) — (Y, B) may be replaced by a
map of the desired form by first homotoping it to be cellular and then considering
(X,A) — (cyl(X —Y),cyl(4 — B)). Thus it suffices to show that every morphism
in RepOrbSpc,, is isomorphic to the image of a morphism in RepOrbSpcPair.

A general morphism in RepOrbSpc, may be expressed in terms of morphisms of
orbi-CW—pairs as

(3-26) (X, A) = (X, AT) < (v,Vvn4at) = (¥, B),

where X is an orbi-CW-complex, AT,V C X are subcomplexes, and X =V U AT,
We now consider the gluing

(3-27) (X, AHUu((Vv, ¥ nAat)yxI)u(, B).

The inclusion of cyl((V, VNAT)— (Y, B)) —hence also of (Y, B) —into this orbi-
CWn-pair is an isomorphism in RepOrbSpc,, by Proposition 3.15. Thus the natural map
from (X, 4) to (3-27) is a map of orbi-CW—pairs, which becomes isomorphic to our
given morphism in RepOrbSpc,,. O

In fact, a quadruple (X, 4, Y, B) as above determines not only a three-term sequence
(3-25), but a half-infinite sequence, each of whose consecutive pairs of morphisms
form cofiber sequences. This so-called “Puppe sequence” takes the form

(3-28) ----—> (Y, B) x (I*, 01%) — (X, A) x (I*, 31%)
— (X, AUY) x (I*,91%) - ...
where the “connecting maps”

(3-29) (X, AUY)x (I*,01%) -=> (Y, B) x (I* 1, a1%t1)

are defined as (r,idjx, ¢), where r: (X, AUY) — (Y, B) is a retraction defined in a
neighborhood of (Y, B), and ¢: X — [0, 1] is a map which equals 1 on Y and equals 0
outside a small neighborhood of Y.

Proposition 3.19 Every consecutive triple in the Puppe sequence is a cofiber sequence.
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Proof The three consecutive terms appearing in (3-28) certainly form a cofiber se-
quence. Shifting forward by one, we have a cofiber sequence

(3-30) (X, A)x (I*, 01%) X8, (X x I (Ax D)UY x {1})) x (I*, a1%)
— (X X1, (X x{0})U(Ax D)UY x{1}) x (1%, 31%),

into whose third term (Y, B) x (I, 1) x (I*, 3I*) includes isomorphically. Shifting
forward by one again, we have a cofiber sequence

(3-31) (X x[L 1], (Ax[L 1)) u x{1}) x (1%, 91%)
S (X x I, (X x{0)U(AxT)UY x{1}) x (I¥, o1%)
> (X x [0, 1], (X x {0 u(A4x[0,3]) U (X x{3})) x (1%, 91%).

This concludes the proof. |

Example 3.20 Here is an example to show that there is no similar notion of cofiber
sequences in OrbSpc,.. Consider the map BG — x; this is a map in OrbSpc, and we
consider its image in OrbSpc,, under the natural map OrbSpc — OrbSpc,, given by
“disjoint union with a basepoint”. Suppose it has a cofiber BG — x — X, where
X € OrbSpc,,. Now the defining property of the cofiber is that for any ¥ € OrbSpc,, a
map X — Y is the same thing as a map * — Y and a nullhomotopy of the composition
BG — % — Y. On the other hand, a nullhomotopy of this composition induces a
nullhomotopy of the original map * — Y, by Lemma 3.4. Thus there is a unique
map X — Y, namely the zero map (sending everything to the basepoint). It follows
that X = & is the terminal object of OrbSpc,. Now if we additionally suppose
that our cofiber sequence extends as the Puppe sequence to give BG — x — X —
BG x (I,01) — (I, 0I), we obtain a contradiction, since X = &, so the cofiber of
X — Z is Z for any Z € OrbSpc,,. The key point in this argument was the use of
Lemma 3.4.

3.8 Enough vector bundles

We now recall the “enough vector bundles property” proved in [29], which underlies
most of our subsequent work in this paper. We also derive some corollaries which we
will also need.

We begin with some definitions. By “vector bundle” we will always mean a finite-
dimensional vector bundle. Recall that for any vector bundle V' over an orbispace X,
the fiber over a point p: * — X is a vector space V), which carries a linear action

Geometry & Topology, Volume 27 (2023)



Orbifold bordism and duality for finite orbispectra 1791

of the isotropy group G, of p. A vector bundle is called coarse if and only if these
isotropy representations G, ~ V), are all trivial —this is equivalent to V' being pulled
back from the coarse space | X[, hence the terminology. A vector bundle is called
faithful if and only if the isotropy representations are all faithful. A vector bundle is
called module faithful if and only if each V), is faithful R[G,]-module (equivalently,
every irreducible representation of G, occurs inside V). The pullback of a coarse
vector bundle is coarse, and the pullback of a (module) faithful vector bundle under a
representable map is (module) faithful.

Lemma 3.21 If V is a faithtul representation of a finite group G, then the open set
Ve C V on which G acts freely is open and dense.

Proof The complement of V™ C V is the locus Uizr=<c VH  which is a finite
union of proper subspaces. O

Lemma 3.22 If V is a faithful representation of a finite group G, then every irreducible
representation of G is a direct summand of a tensor power of V.

Proof This is a classical fact with many known proofs, whose correct attribution is
not known to me. By Lemma 3.21, there exists a point x € V* all of whose translates
by G are distinct. By Weierstrass, there exists a polynomial function on V* (that is, an
element of P72, Symi V') which is approximately a bump function supported around x.
The translates of this element under G are thus linearly independent, so their span
is a copy of the regular representation of G inside i, Symi V', which is in turn
contained in @5e, V&L O

It follows from Lemma 3.22 that given a faithful vector bundle £ over a compact
orbispace (or, more generally, an orbispace with isotropy groups of bounded order),
there exists an N < oo such that @,Nzl E®! is module faithful. If E is a module
faithful vector bundle over a compact X and F is arbitrary (more generally, X could be
paracompact and F bounded dimensional), there exists an N < oo and an embedding
F s E®N,

It was shown in [29] that every orbispace satisfying certain mild hypotheses admits
a faithful vector bundle. In particular, all compact orbispaces admit faithful vector
bundles. In fact, the construction gives somewhat more precise control on these faithful
vector bundles, however for us, all we need is the following:

Theorem 3.23 [29] Every finite orbi-CW-complex admits a faithful vector bundle.
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Note that the same thus holds for any space homotopy equivalent to a finite orbi-CW-
complex (such as a compact orbifold-with-boundary), since homotopy equivalences of
orbispaces are representable.

Corollary 3.24 Let f: X — Y be a representable smooth map of smooth compact
orbifolds. There exists a vector bundle E /Y such that f lifts to a smooth embedding
of X into the total space of E.

(Recall that a smooth embedding of orbifolds is locally modeled on V/G € W /G for
an inclusion V' € W of G-representations.)

Proof Let E be any module faithful vector bundle over Y. Choose arbitrarily a
connection on E, and equip f*E with the pullback connection. We claim that there
exists a section s of f*EN whose derivative ds: TX — f*EN is injective. Indeed,
in local coordinates X = R”/G and E = (R" x V)/G, for some actions of G on R”
and V, consider the map s given by a G—equivariant linear map R” — V. Since V
contains all irreducible representations of G, by taking N large enough we can choose
R” — VN to be injective. Thus ds is injective at zero, hence in a neighborhood; cutting
it off we can make it compactly supported. By compactness, we can take the direct
sum of finitely many such s to obtain a section s: X — f*EN whose derivative is
injective everywhere. Such an s is a smooth immersion. A smooth immersion may be
“separated” by a map from X — necessarily factoring through | X |!—to RM, so our
desired vector bundle is EN & KM . O

Recall that an orbifold (resp. orbifold-with-boundary) is locally modeled on R” /G
(resp. (R”™! x R>¢)/G), and that it is called effective when the homomorphisms
G — GL,(R) are injective.

Corollary 3.25 Every finite orbi-CW-complex is homotopy equivalent to a compact
effective orbifold-with-boundary.

In fact, Corollary 3.25 is equivalent to Theorem 3.23 since every effective orbifold-
with-boundary admits a faithful vector bundle, namely its tangent bundle.

Proof We proceed by induction on the number of cells. Thus, suppose that X is a
compact effective orbifold-with-boundary and that Z = X Uy pkypg (DX x BG) for
some representable map 3Dk x BG — X . Let us show that Z is homotopy equivalent
to a compact effective orbifold-with-boundary. The strategy is to realize the cell
attachment to X as a handle attachment.
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By Corollary 3.24, after replacing X with the total space of (the unit disk bundle of)
a vector bundle over it (and smoothing its corners), we may assume that our map
3Dk xBG — X is a smooth embedding into d.X . By the tubular neighborhood theorem,
this smooth embedding is locally modeled on the inclusion of the zero section into the
total space of a vector bundle v over dD¥ x BG. Now we have v T (dD¥ xBG) = T X
over dD* x BG, and identifying the outward normal along 3X with the inward normal
along 3DK x BG, we obtain an identification v @ T'(D¥ x BG) = TX over dD¥ x BG.
By Theorem 3.23, there exists a vector bundle  on Z and an embedding TX — 7|x.
By replacing X with the total space of n|y/7TX, we may assume that TX = n|x.
We thus have an embedding 7'(D¥ x BG) < 7 defined over aD* x BG. By further
enlarging 1 (and modifying X as this requires), we may ensure that this embedding
T (D* x BG) < 1 extends to all of D¥ x BG. The cokernel of this embedding is thus
an extension of v to DX x BG, so we can perform a handle attachment to construct our
desired compact effective orbifold-with-boundary. Finally, we should note that in the
case k = 0, we should not take BG as this is not effective; rather, we can take the unit
ball in any faithful G-representation modulo G. O

We will need an analogue of the previous corollary for orbi-CW—pairs. Let us define an
orbifold pair (X, A) to consist of an orbifold-with-boundary X and a codimension-zero
suborbifold-with-boundary 4 € dX. In this paper, we only ever deal with compact
orbifold pairs.

Corollary 3.26 Every finite orbi-CW-pair is homotopy equivalent to a compact effec-
tive orbifold pair.

Proof Corollary 3.25 implies the result for finite orbi-CW-pairs of the form (X, X);
namely, realize X as a compact orbifold-with-boundary Z and take (Z x [0, 1], Z).
Now given a finite orbi-CW-pair (X, 4), we begin with an orbifold pair homotopy
equivalent to (4, A), and we successively attach handles (away from the marked part
of the boundary) as in the proof of Corollary 3.25 to make it homotopy equivalent
to (X, A4). m]

3.9 Stable homotopy categories of orbispaces

13313 999

We now describe how to “‘stabilize”” the categories OrbSpc,,{ and RepOrbSpC,{ to
obtain categories of finite orbispectra. The categories of finite “naive orbispectra”

are defined by taking the direct limit of OrbSpc{ and RepOrbSpc{ under successive
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applications of the suspension operation ¥ (namely x(/, d7)). The formal desuspension
(X, A)~Y for any coarse vector bundle ¥ makes sense as a naive orbispectrum, since
any such V' embeds into a trivial vector bundle. We are more interested in the categories
OrbSpf and RepOrbSpf of finite “genuine orbispectra”, whose objects take the form
(X, A)~Y for any vector bundles V, with morphisms being a suitable direct limit over
passing to Thom spaces of arbitrary vector bundles.

We first discuss naive orbispectra. The suspension operation X (/,d[) defines an
endofunctor ¥ of both RepOrbSpc, and OrbSpc,. The direct limit of successive
applications of this endofunctor defines stable homotopy categories

(3-32)  RepOrbSpc,[=7']:= lim(RepOrbSpe, —> RepOrbSpe, — -+ ),
(3-33) OrbSpe,[£71] := lim(OrbSpc, > OrbSpe,, — ---).

Concretely, the objects of both these categories are formal symbols X7 (X, A) for
orbi-CW-—pairs (X, 4) and integers n > 0, and the set of morphisms X7"*(X, A) —
>7™(Y, B) is the direct limit over £ — oo of morphisms in RepOrbSpc,, and OrbSpc,,,
respectively, from 77 (X, A) to ¥~ (Y, B), which makes sense for k > max(m, n).
It follows that ¥ defines autoequivalences of RepOrbSpc,[Z~!] and OrbSpc,[Z7!],
and that there is a natural isomorphism ! ((X, 4) x (1,d1)) = (X, A) in both these
categories. There is a functor RepOrbSpc,[E~!]— OrbSpc,[E~!]. We can make sense
out of symbols (X, A)™" (here (X, A) is a compact orbi-CW—pair and V a coarse
vector bundle over X) as objects of RepOrbSpc, [~ ~!] and OrbSpc,[~~!], namely by
embedding V <> R” and taking (X, 4)~" := Z7((X, A)R"/V), which is independent
of the choice of embedding V' < R” up to canonical isomorphism.

The category
Spe,[Z7'] = lim(Spe, =, Spe, —=>---)

lies as a full subcategory inside both RepOrbSpc,[~~!] and OrbSpc,[Z7!].
Lemma 3.27 The categories OrbSpc,[E~!] and RepOrbSpc,[E~!] are additive.

Proof There is a natural abelian group structure on the morphism space in OrbSpc,,
and RepOrbSpc, from (X, A) x (I2,01?) to (Y, B). This gives an enrichment of
OrbSpc,[=~!] and RepOrbSpc,[E~!] over abelian groups. It is immediate that finite
disjoint unions are finite coproducts. A category enriched over abelian groups and
which has finite coproducts is additive. |
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The categories OrbSpc,[E~!] and RepOrbSpc, [E~!] may be described alternatively
as localizations as follows. We consider the “Grothendieck construction”

(3-34) Groth(OrbSpc, —> OrbSpc, —> ---),

namely the category whose objects are formal symbols X" (X, A) and whose mor-
phisms 7" (X, A) — X7(Y, B) are morphisms (X, A) — X"~ (Y, B) in OrbSpc,
for n > m (and there are no morphisms otherwise). There is a class A of morphisms
YTHETTM(X, A)) - Z7(X, A) corresponding to the identity map of X"~ (X, A)
for n > m. It is immediate that this class A forms a right multiplicative system, a notion
whose definition we now recall.

Definition 3.28 (right multiplicative system) A class of morphisms W in a category C
is called a right multiplicative system if and only if it satisfies the following three axioms:

e ¥ contains all identities and is closed under composition.

¢ Right Ore condition For every pair of solid arrows

A--—--> B
(3-35) | leW
¢C — D

there exist an object 4 and dotted arrows such that the diagram commutes.

* Right cancellability For every commuting diagram of solid arrows

A--—--3 B
(3-36) ! % |ew

v

C — D

there exist an object 4 and dotted arrows such that the diagram commutes.

Note that W is not required to contain all isomorphisms. This is rather antithetical to
the philosophy of category theory, however this generality is significant for us.

For any right multiplicative system W in a category C, the localization C — C[W ~!]
exists provided a certain smallness condition is satisfied. Furthermore, for X, Y € C,
the set of morphisms X — Y in C[W ~!] admits the following concrete description.
Given X € C, consider the category {Z W, x } whose objects are arrows Z W, x
and whose morphisms are morphisms over X, ie {Z W, x } is a full subcategory of
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the over-category C, x. The fact that W is a right multiplicative system implies that
{Z W, x } is filtered. Provided each category {Z W, x } is essentially small, the
localization C[W ~1] exists and the set of morphisms X — Y in C[W '] is the direct
limit over {Z W, x } of the set of morphisms Z — Y.

The functor from the Grothendieck construction (3-34) to OrbSpc,[Z~!] sends 4 to
isomorphisms, hence factors uniquely through the localization. Using the explicit
description of morphisms in the localization by a right multiplicative system, it is
immediate that this functor is an equivalence.

We now define the categories of finite genuine orbispectra OrbSpf and RepOrbSpf .
Let us begin with the categories OrbSpcPair/*~ Ve and RepOrbSpcPair/>~Ve!, whose
objects are (X, A)~¢, where (X, A) is a finite orbi-CW-pair and £ is a vector bun-
dle over X. A morphism in these categories (X, A)~¢ — (¥, B)~¢ consists of a
(representable) map f: X — Y, an embedding i : f*¢ < £, and a section 5: X —
£/i(f*¢) such that A € f~1(B)Us~!({|-| > &}) for some & > 0—these triples
(f.i,s): (X, A)~¢ — (Y, B)~% are considered up to homotopy, namely the equivalence
relation of there being such a morphism (X x [0,1], 4 x [0,1])~¢ — (¥, B)~%. To
compose

(X, A)—E (f3i,s) (Y, B)—C (g,4:1) (Z, C)—T]
we take g o f and j oi; now there is an extension
(3-37) 0—¢/i(§) > n/ji€) —n/j@) 0.

and choosing a splitting (which is unique up to homotopy) allows us to take 1 f @ js
as our section for the composition. Composition is associative.

We now define categories OrbSpel”™ " and RepOrbSpel™™ " by modifying the
definition above by declaring that a morphism (X, 4)~¢ --> (¥, B)~% consists of
A C AT C X closed and U € X open with X = U U (47)° and a morphism
(U, UNAT)¢ > (Y, B)~¢ in OrbSpcPair/>~ V¢ or RepOrbSpcPair/ ~Ve!; these are
considered modulo homotopy as usual. Composition of

i +
(3-38) (X, A)™8 --2- 2225 (Y, B) T sty (Z,0) 7

is given by (AT U f~1(BY), f~1(V),go f. joi,tf & js) as before. The proof of
Proposition 3.15 applies without modification to show that:
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Proposition 3.29 (excision) The functors
(3-39) OrbSpcPair/- Vet — OrbSpel ™V,
(3-40) RepOrbSpePair/- ¥ — RepOrbSpef ™",

are localizations at the collection W of morphisms of the form (P, P N Q)¢ —
(X, Q)_E, where X = P U Q is a cover by subcomplexes and & is a vector bundle
over X. O

We now localize RepOrbSpc*’_VeCt and OrbSpc*’_VeCt at the class of morphisms S
given by the images of the isomorphism classes in RepOrbSpcPairf —Veet of the tau-
tological morphisms ((X, A)E)~ESD 5 (X, 4)~¢. The following deserves empha-
sis: the objects of RepOrbSpc{’_VeCt and OrbSpc,{’_veCt remain symbols (X, A)7E,
and while two different symbols (X, 4)~¢ and (X', 4)~¢ may be isomorphic in
the localizations RepOrbSpel> ¥ or OrbSpc ™! they need not be isomorphic in
RepOrbSpcPairf ~Vect and hence are regarded as completely different when it comes

to the question of whether a morphism is or is not in S

Lemma 3.30 The morphisms S form a right multiplicative system in the categories
RepOrbSpc,{’_VeCt and OrbSpc V<",

Proof Closedness under composition holds because any vector bundle on the total
space of a vector bundle is pulled back from the base, so a Thom space of a Thom space
is a Thom space. (Note that isomorphisms in RepOrbSpcZ* ™ and OrbSpe/~¥ect
need not be in S, and that we have not shown that S is not closed under composing
with such isomorphisms!)

,—Vect

We verify the right Ore condition. When the morphism C — D in OrbSpc; comes
from OrbSpcPairf ~Veet (and similarly with “Rep” prefixes), we can simply pull back
the bundle involved in B — D:

(X, A)f*'?)—(EGBf*n) ———=» ((Y, B)n)~®n
(3-41) c Si leS
K AF s (B
In the general case, the bottom row becomes

X. A >, ahH)t—wunahH)f 5w, B)S.
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Now we may pull back n to U, but not to X. Instead, we appeal to Theorem 3.23
(enough vector bundles) to embed the pullback of 7 to U into the restriction of a vector
bundle T on X. We thus obtain the following diagram:

(X, A7) ~ED 5 (X, AT)7) 7€) S (U.UNnAT) )6

I
i | les
i i ¥
(3-42) les les (U, UNAT) " ny=E&f™n) _y ((y, Bym)~¢®n)
I I
I
i i €S les
~ ~ ~

X, A% — s (X, At —"  wunat)yt — 5 (v,B)¢
The desired result follows.

We verify right cancellability. It suffices to show that given maps C — B <8, D,
applying the pullback procedure above to C — D ES Bresultsin C €5 4 — B for
which A — B and A — C — B coincide (in this way, the dotted arrows in (3-36) that
we produce depend only on the maps C — D & B). As above, we first consider
the situation of a morphism C — D coming from OrbSpcPair/>~V¢t (or similarly,
from RepOrbSpcPair/>~Ve), ie we consider (3-41). Even in this setting, the desired
commutativity is not obvious and requires the following calculation. We reproduce the
relevant diagram, rewriting it in a more convenient way:

(X, A" m-Urees metef n . ((y, B)1)—(n)

L

(X, A)~Urofmmed _ , (y, B)~¢

Let the diagonal map (X, A)~§ — (¥, B)")~¢®" be given by the maps f: X — Y,
g: X — f*n, the obvious inclusion f*(CBn) — f*Cd [*ndE, and s: X — £. Now
we have two maps (X, A)/ 1)~ S/ 0@t n) _, ((y, B)")~(E®n) which we wish
to show are homotopic. The top horizontal arrow is given by f7: X /™7 — Y7 the
inclusion f*¢® f*n— f*¢® f*n®ED f*n, where f*n goes to the last copy, and
the section X /™1 — x %%, & ® f*n. The composition of the left vertical arrow and
the diagonal arrow is given by (f oy, g): X/ — Y, the inclusion [*¢ & f*n —
SHE® f*n®ED f*n, where f™*n goes to the first copy, and s @y XIS e@ .
These maps are evidently not the same, but they are homotopic as follows. We first apply
the obvious linear homotopy from one inclusion f*¢® f*n— f* D f*ndED f*n
to the other, noting that the induced action on the cokernel, naturally identified in both
cases with f*n, is multiplication by —1. Now our two maps coincide except that we
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need to transform (g, ids+y) into (ids+,, —g) (note the sign picked up from the first
homotopy), which we can do using rotation matrices for 6 € [0, /2]

Finally, we should show right cancellability in the case of general maps C — D; we
use the same strategy as above. Note that a pullback along C — D involves a choice of
vector bundle £ over C (let us call this a £—pullback), and that a choice of embedding
& — { determines a map from &—pullbacks to {—pullbacks (“stabilization”). Now it
is evident from the definition that given a £&—pullback and a &—pullback, there exist
embeddings & < ¢ and £’ < ¢ such that the induced ¢{—pullbacks coincide. Note that
this includes the assertion that pullbacks induced by homotopic maps are equivalent,
which is shown by considering the pullback along the homotopy itself. It now suffices
to show the same commutativity as before, namely that 4 — C — B and 4 — B agree.
To see this, note that the present situation is that of the solid arrows in (3-42) plus
a single additional diagonal arrow (U, U N AT)~¢ — (¥, B)")~¢®M in the lower
rightmost square. The resulting dotted arrows in that square commute by the reasoning
in the previous paragraph, which combined with the commutativity of the rest of the
diagram imply that everything commutes. O

The right multiplicative system S also satisfies the smallness condition needed to
localize: the category of S—morphisms over (X, A)~¢ has as its objects all vector
bundles over X, and the isomorphism classes of these form a set.

By Lemma 3.30 and the smallness condition, the localizations of RepOrbSpc*’_VeCt

and OrbSpc,{ Vet at S exist, and we denote these localizations by RepOrbSpf and
OrbSpf , respectively. Morphisms (X, A)~¢ — (¥, B)~¢ in RepOrbSpf and OrbSpf
are thus described as the direct limit over vector bundles 1 over X of morphisms
m—n®E) - f,—Vect f>—Vect .
(X, A)M — (Y, B)™* in RepOrbSpc; and OrbSpcy , respectively.
Now it makes sense to write (X, A)" for an object of RepOrbSpf for any finite orbi-
CW-pair (X, A) and any stable vector bundle V' over X, since a stable isomorphism £ —
F = E' — F’ induces an isomorphism ((X, A)Z)~F = (X, A)E")~F" in RepOrbSp”.

There are functors RepOrbSpc{ DR RepOrbSpf and OrbSpc*f DS OrbSpf .
To construct them, note that =7(X, A) — (X, A)R" defines functors out of the
relevant Grothendieck constructions, which send A to isomorphisms.

Lemma 3.31 The categories RepOrbSpf and OrbSpf are additive.

Proof Same as Lemma 3.27. O
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For any covering space (X', A") — (X, A) (meaning X’ — X is a covering space
and A’ = A xy X’), there is an induced map (X, 4) — (X, A’) in RepOrbSp”. It is
defined by embedding X" into the total space of a vector bundle over X — which exists
by enough vector bundles Theorem 3.23 — and taking the usual collapse map.

There is a functor RepOrbSpf — OrbSpf , and the category of finite spectra Spf is a
full subcategory of both.

There is a classifying space functor OrbSpf — Sp, defined as follows. We first
define the corresponding functor OrbSpcPair/> V¢! — Sp, which sends (X, 4)~" to
(/\7 , /T)_V € Sp; concretely, (/\7 , /T)_V is the direct limit over finite subcomplexes
(fo,go) and embeddings V|x, — RN of E_N((fo, /TO)RN/V)). Given a map
(X, 477V - .B)™" in OrbSpcPairf Vet consisting of a map f: X — Y, an
inclusion f*W < V and a section s: X — V/f*W, we define a \ map (X A7V >
(Y B) W in Sp as follows. Choose classifying spaces AC X and BC Y and
the map f XY fitting into a strictly commutative diagram with f such that
f(f 1(B)) c B; this can be done by induction on the cells of (X, 4) and (Y, B).
Now the map f X > Y, the pullback inclusion f f*W < V and the pullback of s
define a map (X, A)~Y — (¥, B)™" in SpcPair™¥**', hence in Sp; concretely, the
induced map in Sp is given, over a given finite subcomplex of (1\7 , fT), by taking N large
enough that the map f*W < V <> R¥ is homotopic to the pullback of W < R¥,
so f*RN/W)=RN/V)®V/f*W. So we may use the identity on the first factor
and the section s on the second factor to define a map (f , /T)RN/ V- (17, E)RN/ w
(strictly speaking, only on arbitrary finite subcomplexes thereof), which we desuspend
by N. It is immediate to check that morphisms W are sent to isomorphisms, and
morphisms S are also by inspection. We therefore have a classifying space functor
orbSp/ — Sp.

There is a symmetric monoidal “smash product” A on RepOrbSpf and OrbSpf defined
as follows. The product (X, A) ¢ x (¥, B) ™% := (X x Y, (AxY)U (X x B)) ¢ ¢ is
a symmetric monoidal structure on RepOrbSpcPair/>~ V! and OrbSpcPair/ =V, To
see that it descends to RepOrbSpf and OrbSpf , it suffices to show that a morphism in
W or S times a fixed (Y, B)_f again lies in W or S. For § this is obvious, and for
W this follows by inspection exactly as in the construction of the smash product on
RepOrbSpcf and OrbSpc{ .

There is a natural isomorphism (Z A W)™ = ZAW for Z,W € OrbSpf; to de-
fine this, it suffices to define it on the corresponding functors out of the product

Geometry & Topology, Volume 27 (2023)



Orbifold bordism and duality for finite orbispectra 1801

OrbSpcPair/> Vet x OrbSpcPair/~ V!, where it is defined in the same way as the
corresponding isomorphisms for Z, W € OrbSpc,,.

3.10 Exact triangles

A triple of morphisms in RepOrbSpf is called a cofiber sequence if and only if it is
isomorphic to

(3-44) (Y,B) ¢ > (X, A)¢ > (X, AupY)~¢

for an orbi-CW—complex X with two subcomplexes 4,Y € X and B := ANY and
a vector bundle & over X'; compare (3-25). We now show that every morphism in
RepOrbSpf has a cofiber, from which it follows that every morphism can be extended
to a bi-infinite cofiber sequence by desuspending the Puppe sequence.

Proposition 3.32 Every morphism in RepOrbSpf is isomorphic to one of the form
(Y, B)§ — (X, A)~¢ for X an orbi-CW-complex carrying a vector bundle & and
A,Y € X subcomplexes with B=ANY.

Proof Since the localization RepOrbSpc*’_veCt S—_1> RepOrbSpf is by a right mul-
tiplicative system, every morphism in the target is isomorphic to one coming from
the source. In other words, every morphism in RepOrbSpf is (up to isomorphism)
a formal composition (X, 4)~§ — (X, A1)~¢ < (U, U N AH)~¢ L (v, B)~¢. As
in the proof of Proposition 3.18, we may assume that U, AT C X are subcomplexes
covering X. Form the gluing X Uy (U x [0, 1]) Uy Y, and find, using enough vector
bundles (Theorem 3.23), a vector bundle t over it together with embeddings & < t|x
and { — t|y. By replacing v with t & 7, we may ensure that the composition
f*t < &|y < |y is homotopic to the pullback under f of the embedding ¢ < t|y.
We thus obtain a commutative diagram

(X, A)Tlx/&)=tlx — (X, AT x/&)~lx « (U, UNnAT)Du/Eluy=tlu — ((v, B)Tl¥/8)~7ly
(3—45) leS es es )
XA — (X, A e— U, UNnAt)y  —— (¥, B)¢

Now the top row is just the desuspension by t of maps (X, A)7x/€ — (X, AT)TIx/&
(U, U N At)Tlu/Elu — (v, B)*I¥/¢ all of which respect the vector bundle r being
desuspended by. Now take this as (3-26) and apply the construction of that proof to it,
and then desuspend by t (which we crucially must note does indeed make sense on the
result). O
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3.11 Stabilizing over R (%)

Let us now give an alternative definition of RepOrbSpf (but not of OrbSpf ). Morally,
we would like to simply say that
(3-46) RepOrbSp/ = lim  RepOrbSpc,

Vect(R (%))
in the sense that every orbi-CW-complex X admits a unique up to contractible
choice representable map to R(x), so vector bundles on R(*) act by endofunctors on
RepOrbSpc by pulling back and passing to Thom spaces. There is a problem with
taking (3-46) literally: there are not enough vector bundles on R(), so instead we will
filter R(x) by subcomplexes. Here are the details.

For N > 1, let R(x)y denote the image of * € OrbSpc under the right adjoint to
RepOrbSpcy — OrbSpcp, (which exists by the same argument as in Proposition 3.12),
where the subscript N indicates restricting to orbi-CW—complexes with isotropy groups
of order < N. There are representable maps R(*)y — R(*)ps for N < M by abstract
nonsense (the functor RepOrbSpc,, — RepOrbSpc,, induces a map between their
terminal objects), and the infinite mapping cylinder of R(*); — R(*), = R(*)3 —---
is R(x). Concretely, R(x)y is given by (3-16) restricted to groups of order < N.

Fix orbi-CW-complexes R(x)p and cellular maps R(x)ny — R(*)n+1, and let R(x)
denote their infinite mapping cylinder. Let R(*)y x denote the k—skeleton of R(*) .
Note that, whereas R(*)y has an intrinsic functorial description, R(x*)x x does not: it
depends on the chosen orbi-CW-complex realization of R(*)y. Concretely, we may
(but are not obliged to) take R(x)x  to be the subcomplex of (3-16) spanned by groups
of order < N and simplices of dimension < k. Now every map 0D" x BG — R(x)n
extends to D" x BG provided r <k and |G| < N.

Now suppose X is an orbi-CW-complex of dimension < k with isotropy groups
of order < N. Then there exists a representable map X — R(*)y k42, any two
such maps are homotopic, and any two homotopies are homotopic rel endpoints. In
particular, for every vector bundle £ over R(*)x k42, We obtain a vector bundle £y
which is well-defined up to unique homotopy class of isomorphism. Moreover, for any
representable map X — Y, the pullback of £y is isomorphic to £x by an isomorphism
which is well-defined up to homotopy, and this rule is compatible with composition
X—->Y—>Z.

Now let RepOrbSpcPairy ; S RepOrbSpcPair denote the full subcategory spanned
by those orbi-CW-pairs (X, 4) for which X (though not necessarily A) is homotopy
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equivalent to an orbi-CW-complex of dimension < k with isotropy groups of size < N.
Given any vector bundle & over R(*)y k2, suspension by the pullback of £ defines a
functor from RepOrbSpcPairy . to itself. Let Vect? (R () ~.k) denote the 2—category
whose objects are vector bundles over R(*)p x, whose morphisms are inclusions
V < V’, and whose 2-morphisms are homotopy classes of paths in Emb(V, V'). We
may consider the direct limit

(3-47) lim RepOrbSpcPairy 4,
Vect? (R(¥) Nk +2)

where to an inclusion of vector bundles & < £" on R(*)y x4+ We associate the endo-
functor of RepOrbSpcPair y ;. given by suspending by the pullback of £/&. We may also
define (3-47) more concretely (without discussing direct limits of categories over filtered
2-categories): its objects are triples (X, 4, &), where (X, A) € RepOrbSpcPair; ;. and
£ is a vector bundle on R(*)x k42, and the set of morphisms (X, 4,§) — (Y, B,{) is
the direct limit over 7 € Vect(R(*) n k +2) of the set of pairs of embeddings § < n <> ¢
and maps (X, A)/&x — (v, B)/9¥ modulo simultaneous homotopy of the embed-
dings and the map.

Now note that increasing N and k induces a full faithful inclusion of categories (3-47),
since restriction of vector bundles between these subcomplexes of R(x) is cofinal by
enough vector bundles Theorem 3.23 (or, rather, the stronger version [29, Theorem 1.1],
which applies since R(*)x +2 has bounded dimension and bounded isotropy groups).
We therefore obtain a category

(3-48) lim lim RepOrbSpcPairy 4 -
Nk Veet? (R($) N ke+2)

Restricting to the full subcategory spanned by finite orbi-CW-pairs, ie replacing
RepOrbSpcPair ;. with RepOrbSpcPair]’(,’ &> We obtain a natural functor to RepOrbSpf ,
namely the map given by sending the object (X, A) in the n—term of the direct limit to
(X, A)~"x (with the obvious action on morphisms); this is a map out of each copy of
RepOrbSpcPairﬁ,  and descends by the natural coherences.

Proposition 3.33 The functor

(3-49) lim lim RepOrbSpePair}, , — RepOrbSp”
Nk Vect? (R(*) Nk +2)

is the localization at the morphisms (P, PN Q)™ "? — (X, Q)™ "X for X = PU Q and
n a vector bundle on R(*) N f+2-
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Proof The morphisms (P, PN Q)™ " — (X, Q)™ for n any vector bundle on X (not
necessarily pulled back from R(*)y x+2) are sent to isomorphisms by Proposition 3.29.

First, we note that in the definition of RepOrbSpf as the double localization
—1 —1
(3-50) RepOrbSpcPair/>~ Vet LN Rf:pOrbSpc{’_VeCt N RepOrbSp”,

ie first localizing at the class W of morphisms (P, P N Q)¢ — (X, 0)~¢ and then
at the class S of morphisms ((X, A) V)_V_S — (X, A)~¢, we could instead localize

—Vect

in the reverse order. Indeed, given that the localization of RepOrbSpcPairf ’ at

W LIS exists, it suffices to argue that its localization at S exists. In fact, S forms a right

J.=Veet _ this “easier” variant of Lemma 3.30

multiplicative system in RepOrbSpcPair
was the first step in its proof, in fact. Thus the localization RepOrbSpcPairf Vet g 1)
exists, and morphisms (X, A)~¢ — (¥, B)~¢ in it are the direct limit over /X of

morphisms ((X, 4)")™"~¢ — (¥, B)~¢ in RepOrbSpcPair/:~¥ect,
Now it suffices to show that there is a natural equivalence

(3-51)  lim lim RepOrbSpcPairﬁ, P RepOrbSpcPair/> Ve [s71].
Nk Vect? (R(¥) N je+2)

First, let us describe the functor: the copy of RepOrbSpcPair]{, x over the object 1) €

Vect? (R(*)) N k+2 maps to RepOrbSpcPairf’_Ve“[S_l] as (X, A)+— (X, A)~"x_ This
functor is obviously essentially surjective, since (X, 4)~¢ in the target is isomorphic
to (X, A)"x/§)=1x for any embedding & <> ny. It thus remains to show that (3-51)
is fully faithful.

In both the source and target of (3-51), the morphisms sets are expressed as direct
limits. The set of morphisms (X, 4)™"X — (Y, B)™"" in the domain of (3-51) (where
(X,A4),(Y,B)e RepOrbSpcPair]/i,’ candne Vect? (R(x) N.k+2)) is the direct limit over
T € Vect(R(*) N k+2) of the set of representable morphisms (X, 4)™ — (Y, B)™.
The set of morphisms between their images under (3-51) is the direct limit over vector
bundles E over X of tuples consisting of a representable map f from the total space
of E to Y, an embedding f*ny < ny @ E and a section of (ny ® E)/i(f*ny) such
that the “relative part” of (X, A)¥ is contained in f~'(B)Us~'({|-| > &}). Since f
is representable, there is a natural identification f*ny = ny, which gives a canonical
choice of embedding f*ny <> nx @ E, which need not coincide with the embedding
which is chosen as part of the data. However, for the purposes of calculating the
direct limit over E, we may assume that the chosen embedding f*ny < nxy & E
is the canonical one: indeed, given any such embedding, passing to an appropriate
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E’ > E makes it homotopic to the canonical one, and similarly any homotopy from the
canonical embedding to itself can be made nullhomotopic rel endpoints by enlarging E.
Hence the set of morphisms in the target of (3-51) is the direct limit over vector
bundles E over X of tuples consisting of a representable map f from the total space
of E to Y and a section of E such that the relative part of (X, A)E is contained in
S7UB)UsTI({|-| > &}). By cofinality, we may instead declare that E = 7y and take
the direct limit over v € Vect(R(*)n k+2) of the set of maps (X, 4)™ — (Y, B)™ in
RepOrbSpcPairﬁ,k, since ty = f ™ty canonically for any representable map f. O

Given the description of RepOrbSpf as a direct limit over suspension by vector bundles
pulled back from R(x), it is natural to make the following conjecture, parallel to
Conjecture 3.14.

Conjecture 3.34 The category RepOrbSpf is a generating full subcategory of the
category of parametrized spectra over R ().

If Conjecture 3.34 is valid, it is natural then to ask whether fiberwise Spanier—Whitehead
duality makes sense and, if it does, how it is related to the duality involution from
Theorem 1.3, which we prove immediately below.

3.12 Duality

We now define the contravariant involution D: RepOrbSpf — (RepOrbSpf )°P as stated
in Theorem 1.3.

Proof of Theorem 1.3 To begin, we define D: RepOrbSpcPairf — (RepOrbSpf )°P.
By Corollary 3.26, we may regard RepOrbSpcPairf as the category of compact orbifold
pairs (and morphisms thereof). For any compact orbifold pair (X, A), we set

(3-52) D(X,A):=(X,dX — A°)~TX,

The functoriality of D under maps of orbifold pairs (X, A) — (Y, B) is defined as
follows. First, for any vector bundle E over Y, denote by (Y £, B¥) the pair consisting
of the total spaces of the unit disk bundles of E over Y and B. Obviously (Y £, BE) —
(Y, B) is an isomorphism in RepOrbSpcPairf , and there is also a natural identification
D(YE, BE)= D(Y, B) —the effect on duals of passing from (¥, B) to (Y £, BE) isto
suspend and desuspend by E. Now, choose E so that our map X — Y lifts to a smooth
embedding X — Y £, meeting the boundary of Y £ transversely precisely in 4. There is
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now an obvious collapse map (Y £,9Y £ —(BE)°) --> (X, 90X — A°)TYE/TX, which
is independent up to homotopy of the choice of lift of X — ¥ to X — Y £, and this
collapse map is our desired map D(Y, B) = D(YE, BE) — D(X, A). By embedding
any two choices of E into a third, we see that the map D (Y, B) — D(X, A) thus defined
is independent of the choice of E. Making the same construction in a family over [0, 1]
shows that it is invariant under homotopy. One also checks that this recipe is compatible
with composition, and hence defines a functor D RepOrbSpcPairf — (RepOrbSpf )°P.

To descend this functor to D: RepOrbSpc*f — (RepOrbSpf )°P, by Proposition 3.15 it
suffices to check that D sends certain maps to isomorphisms. Specifically, let (X, A)
be a compact orbifold pair, P a compact orbifold-with-boundary and d4 <= Q — 0P
an identification between compact codimension-zero suborbifolds-with-boundary of 04
and 0P. We may form (X, A) #o (P x [0, 1], P) and consider the inclusion (X, 4) —
(X, A)#g (P x[0,1], P). These inclusions are precisely the morphisms inverted by
the localization RepOrbSpcPairf — RepOrbSpc,{ from Proposition 3.15. Now, it is
evident that the dual of the inclusion (X, 4) — (X, 4) #o (P x [0, 1], P) is a map
(X,0X —A°)T «— ((X,0X — A°) #o (P x[0,1], P))~T (the superscript 7 denotes
desuspension by the tangent bundle), which is also an isomorphism in RepOrbSpf , SO
we are done.

We now define

(3-53) D:lim  lim  RepOrbSpcPair), — (RepOrbSp/)®.
Nk Vect? (R(*) N,k +2)

As above, we define D((X, A)™"%) := (X, 90X — A°)"x~TX for (X, A) a compact
orbifold pair. The functoriality under maps in RepOrbSpcPair]{,, & 1s the same as before:
the space of stable maps (¥, Y — B°)"Y~TY _ (X 9X — A°)"x~TX 5 the same as
the space of stable maps (Y, 9Y —B°)~TY — (X, X —4°)~TX 50 we simply take the
same map D(Y, B) = D(X, A) associated to our original map (X, A) — (Y, B). This
recipe is compatible with the morphisms in the direct limit over Vect? (R (k) N.k+2) by
inspection (and then obviously with the direct limit over N and k), so we obtain the
functor (3-53).

By Proposition 3.33, to descend D from (3-53) to RepOrbSpf , it suffices to verify that
it sends certain maps to isomorphisms, but these are exactly the same as we already
saw above. We therefore obtain the desired functor D.

By inspection, D sends cofiber sequences to cofiber sequences.
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There is an obvious identification DDX = X for every X € RepOrbSpf , directly
from the definition. To check that this defines a natural isomorphism of functors
D? =1, we just need to show that it is compatible with morphisms. Any morphism
in RepOrbSpf can be expressed as (X, A)7" — (Y, B)™"Y for compact orbifold
pairs (X, 4), (Y, B) € RepOrbSpcPairy _, and 1 € Vect? (R(*)n ) and some map
f1:(X, A)— (Y, B) which is a smooth embedding of orbifold pairs (ie A = X' N B and
X meets the boundary of Y transversely). We then have a collapse map (Y, dY — B°) —
(Y,Y — N, X), whose target is relatively homotopy equivalent to (X, 3X — A°)TY/TX
this collapse map is (Df)TY ~¢. Now we may realize this collapse map as an embedding

(3-54) (Y,dY — B®) SAEIN (Y x[0, 1], (Y = B°) x [0, 1)) U ((Y — N°X) x {1})).
We may now dualize it again to obtain

(3-55) (X, A) = (N X x[0, 1], (No X x 3[0, 1]) U (4 x [0, 1]))

(3-56) = (Y x[0,1], (B x[0,1) U (Y x{0}) U (N, X x {1})) = =(Y, B),

which is indeed (the suspension of) the map we started with. O

Duality commutes with smash product: there are natural isomorphisms D(Z A W) =
DZ AN DW for Z, W € RepOrbSpf . Indeed, it suffices to define such a natural
isomorphism of functors of Z and W in the left side of (3-49) (where we may assume all
objects are compact orbifold pairs), and such an isomorphism is evident by inspection.

There is a natural pairing Z A DZ — R(x), defined as follows. Let Z = (X, A)~E be
an orbifold pair desuspended by a vector bundle. The diagonal gives a map

(3-57) (X,0X) —> (X, A) "¢ A (X, 0X — A°)E.

We desuspend to obtain (X, 3X)™7¥ — (X, 4)~¢ A (X,0X — A°)§~TX and then
dualize to obtain a map Z A DZ — X. Composing with the canonical map X — R(x)
defines the desired map Z A DZ — R(x).

4 Vector bundles

4.1 Classifying spaces

For any compact Lie group G, let us argue that there is an object BG € OrbSpc
which classifies principal G—bundles, in the sense that it carries a principal G—bundle
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EG — BG such that the induced map from homotopy classes of maps X — BG to
isomorphism classes of principal G-bundles over X is a bijection for any orbi-CW-
complex X. (By Lemma 2.7, for any orbi-CW-complex X, necessarily paracompact,
every principal G—bundle over X x [0, 1] is pulled back from X, so there is indeed
such a map.) Note that /G has this representing property for all stacks, not just
orbi-CW-complexes, however it is not itself an orbi-CW—complex unless G is finite,
so it is not (in the present context) BG.

Lemma 4.1 The classifying space BG € OrbSpc exists.

Proof We argue as in Proposition 3.12. Construct, by induction, an orbi-CW-complex
BG carrying a faithful principal G—bundle EG — BG. Begin with (BG)_; = @.
Consider triples consisting of a map dD¥ x BI' — (BG),_, a faithful principal G—
bundle P over DX x BT, and an isomorphism over 3Dk x BT between the restriction
of P and the pullback of (EG);_;. Note that since P — D¥ x BT is faithful, the
map dD* x BI' = (BG)j_; must necessarily be representable. To define (BG)y, we
attach a cell to (BG)j_; for each homotopy class of such triple (we may omit trivial
homotopy classes, ie those which are induced by maps D¥ x BI' = (BG)x_1); the
data of each triple tells us how to extend (EG);_1 — (BG)r_; to (EG)r — (BG)y.

Now we claim that EG — BG is the desired universal principal G—bundle over
an orbi-CW—complex. It suffices to show that for every triple consisting of a map
dD¥ x BT — BG, a principal G—bundle P over D¥ x BT, and an isomorphism over
3Dk x BT between the restriction of P and the pullback of EG, we can extend the map
and the isomorphism to D xBT. By cellular approximation, we may assume the map
dDK x BI' — BG lands inside (BG)j_;. Now our principal G-bundle over Dk xBT
is necessarily pulled back from BI" (since DF is contractible) hence is classified by
a conjugacy class of homomorphisms I' — G. In particular, it is pulled back from
Dk xB(T /N) for N < T the kernel. Since the principal G-bundle over BG is faithful,
this map also factors, uniquely, through Dk x B(I'/N) by Lemma 3.4. Now that we
have a representable map to (BG);_1, we can appeal to the definition of (BG) to see
that the triple involving DX x B(I'/ N) extends as desired, hence by precomposition
the original triple as well. |

Remark 4.2 Another construction of BG is given in [29]. There, the G-CW-complex
EG is defined by the property of carrying a G—action with finite stabilizers such that
(EG)H is contractible for every finite subgroup H < G. The orbispace BG is then
defined as the quotient (EG)/G.
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Note that since EG — BG is faithful, a principal G-bundle P — X is faithful if and
only if the corresponding map X — BG is representable.

It is important to note that the extension property shown above in the proof that
BG represents the functor of isomorphism classes of principal G-bundles is strictly
stronger than the representing property (though of course a posteriori it is equivalent).
The extension property corresponds to a more homotopical (co—categorical or model
categorical) universal property of BG, and it will be used implicitly at later points,
eg to know that every isomorphism of principal G—bundles is induced by a homotopy
of maps to BG.

Remark 4.3 The object classifying principal G—bundles depends strongly on the
category we are working in. For example, the CW—complex BG € Spc classifying
principal G-bundles over CW—complexes evidently does not coincide with the orbi-
CW-complex BG € OrbSpc classifying principal G—bundles over orbi-CW-complexes.
Rather, it is immediate that the right adjoint to the inclusion Spc < OrbSpc, namely the
classifying space functor, sends BG to BG (and R(BG) classifies principal G—bundles
in the category RepOrbSpc). Similarly, if we were to define a larger category of “Lie
orbispaces” allowing objects such as */G, then the right adjoint (if it exists) to the
inclusion of OrbSpc into this larger category would send /G to (what we have decided
to call) BG € OrbSpc. As a more explicit warning to the reader: the most natural
meaning of the symbol BG thus differs from context to context, and it should probably
default to BG := */G unless the contrary is explicitly stated, as we have done here.

4.2 Stable vector bundles

We discuss stable vector bundles on orbi-CW—complexes. The principal new feature
in this discussion compared with the corresponding discussion for CW—complexes is
that there are many different ways to “stabilize”. We will consider only two extreme
notions: “coarse stabilization”, involving a direct limit over @ R, or, equivalently, over
@ V for arbitrary coarse vector bundles, and “stabilization”, involving a direct limit
over @ V for arbitrary vector bundles V.

For an orbi-CW-complex X, let Vect(X) denote the category whose objects are vector
bundles over X and whose morphisms are homotopy classes of injective maps. As a
set, Vect(X) is the set of homotopy classes of maps X — | |,~,BO(n).

Lemma 4.4 The category Vect(X) is filtered. O
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Example 4.5 A vector bundle over BG is a G-representation. Thus objects of
Vect(BG) are in bijection with elements of Zgo, where G denotes the set of iso-
morphism classes of real irreducible representations of G. An automorphism of an
object of Vect(B(G) also splits as a direct sum of isotypic pieces. The component group
of the space of automorphisms of p®" for n > 0 is Z/2 if End(p) = R and is trivial
otherwise (ie if End(p) = C or H).

For two vector bundles V and W on X, let 7 Iso(V, W) denote homotopy classes
of isomorphisms V' — W. Vector bundles and isomorphisms up to homotopy form a
groupoid Vect(X )iso. A stable isomorphism V --> W up to homotopy is an element of
4-1) 7o Iso™(V, W) := lim molso(VOE, W E).

EeVect(X)
Vector bundles and stable isomorphisms also form a groupoid Vect(X): . If we

restrict (4-1) to coarse vector bundles £, we obtain the notion of a coarsely stable

isomorphism and a resulting groupoid Vect(X ). If X is compact, then the sequence
0 < R <> R? < ... is cofinal in coarse vector bundles on X, so it is equivalent to
stabilize just by these. When stabilizing with respect to all vector bundles, there seems
to be no such nice canonical sequence (though see [29, Remark 1.4]). The notion of
stable isomorphism is most reasonable when X is compact (or at least has enough

vector bundles).

The groupoid of vector bundles and stable isomorphisms may be extended to a larger
groupoid of stable vector bundles (similarly, the groupoid of vector bundles and coarsely
stable isomorphisms extends to a groupoid of coarsely stable vector bundles). A
(coarsely) stable vector bundle is a formal difference £ — F (where F is coarse); if
X is compact a coarse vector bundle is equivalently a formal difference £ —R”. An
isomorphism of (coarsely) stable vector bundles (E — F) — (E’ — F’) is a (coarsely)
stable isomorphism E @ F’ --> E’ @ F; note that we can indeed compose these.
Provided X is compact, the groupoid of coarsely stable vector bundles is the direct
limit of Vect(X) SR, Vect(X) Ok, ... The groupoid of stable vector bundles is
the direct limit of Vect(X') over the 2—categorical refinement Vect?(X) of Vect(X) in
which a morphism is an inclusion of vector bundles and a 2-morphism is a homotopy
class of paths of inclusions.

Example 4.6 Isomorphism classes of stable vector bundles on BG are in bijection
with Z¢. The automorphism group of every one is the product of Z/2 over all p € G
with End(p) = R. Coarsely stable vector bundles on BG are in bijection with Z @291

=0 >
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and the automorphism group of a coarsely stable vector bundle is Z /2 (corresponding
to p = 1) times the product of Z /2 over all p # 1 for which End(p) = R and whose
isotypic piece is nontrivial.

There is an orbi- CW—complex bO := lim, BO(n) defined as the infinite mapping
cylinder of the maps BO(n) ©R, BO(n + 1) This orbispace bO classifies coarsely
stable vector bundles: a map X — bO up to homotopy is the same as a coarsely stable
vector bundles of dimension zero over X up to isomorphism. The notation bO is chosen
to coincide with the notation for a corresponding global space defined by Schwede
[34, Section 2.4], which has the same classifying property; see Section 6.2 below.

One might desire an orbispace BO classifying stable vector bundles; intuitively, it
should be the group completion of | |, BO(n). There is indeed a global space BO
[34, Section 2.4] which is the group completion [34, Theorem 2.5.33] and which has
this desired classifying property, as we will see in Section 6.2. Note that if we were
to naively apply the usual definition of group completion to the monoid |_|,, BO(n),
we would need to apply B to it, and this would involve gluing along nonrepresentable
maps. In fact:

Lemma 4.7 There does not exist an orbi-CW-complex BO and a functorial bijection
between isomorphism classes of stable vector bundles over orbi-CW-complexes X and
homotopy classes of maps X — BO.

Proof Consider a vector bundle V' over a CW—complex X which is not stably trivial,
eg one with nontrivial Pontryagin classes. Now fix a nontrivial irreducible representa-
tion Q of a finite group G, and consider the stable vector bundle (V — Rm) ® Q over
X xBG. The restriction of this stable vector bundle to any * x BG is evidently zero.
Hence if it were pulled back from a classifying map X x BG — BO, each restriction
* X BG — BO would factor through * — BO, hence by Lemma 3.4 the entire map
X x BG — BO would factor through X — BO, implying that our given stable vector
bundle is pulled back from X. On the other hand, stable vector bundles on X x BG
are simply the direct sum over G of stable vector bundles on X, so our given stable
vector bundle is definitely not pulled back from X . As in Example 3.20, the key point
in this argument was the use of Lemma 3.4. O

4.3 Stable structures on vector bundles

A structure on vector bundles G is a sequence of orbi-CW-complexes B&(n) for
n > 0 each carrying a vector bundle &, of rank n (equivalently, we could specify the
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maps B&(n) — BO(n)); we write & for | |, &, over | |,,50B&(n). An G—structure
on a vector bundle V' over an orbi-CW—complex X is a map f: X — | |, B&S(n)
together with an isomorphism V' = f™*&. The set of G-structures up to homotopy on a

vector bundle V' is denoted Strg (V). An isomorphism V' == W induces a bijection
Strg (V) = Strg(W).

The notion of an G—structure provides a common language for many structures of
interest on vector bundles. In particular: for B&(n) = BSO(n), an G—structure is
an orientation; for B&(n) = BU(n/2), an G-structure is a complex structure; for
BG&(n) = *, an G-structure is a trivialization (or framing).

A shift on a structure on vector bundles & is a collection of maps s,: B&(n) —
BS(n + 1) and isomorphisms s, &,4+1 = &, & R; equivalently, we could specify for
each diagram

B&(n) — BS(n+1)

@2 & Jewes

BO() 255 BOM + 1)

a homotopy between the two compositions. A shift on & gives rise to natural maps
Strg (V) — Strs(V @ R), and a homotopy class of coarsely stable G—structure on V
is an element of

(4-3) SuE (V) := lim Strs (V & R™).
n

We have StrE' (V) = Strg (V) if (4-2) is a homotopy pullback square (in the sense that
the relevant lifting property holds for every (DK, dD¥) x BG). It also makes sense to
put a coarsely stable G—structure on a coarsely stable vector bundle: Str‘ét(F —Rk) =
lim Stre(V ®R" %), and coarsely stable isomorphisms between coarsely stable vector
bundles induce maps between their sets of homotopy classes of coarsely stable G—

structures. The orbi-CW—complex b& :=lim, _ _ B&(n) (infinite mapping cylinder)

-
classifies coarsely stable vector bundles with G—structure, in the sense that homotopy

classes of maps X — b@ are in bijection with isomorphism classes of coarsely stable
vector bundles with G—structure.

The set Strg' (V) has a canonical involution defined by noting the canonical isomorphism
Strg'(V) = SuE' (V @R) and acting via idy @(—1) on V ®R. Note that, having defined

the involution on every Str&' in this way, the isomorphism Str&' (V) = SuE'(V & R)
10

respects involutions since ( 01

) and (} _9) lie in the same component of O(2).
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A coarsely stable orientation is simply an orientation, due to the aforementioned
condition that (4-2) be a homotopy pullback being satisfied. To define coarsely stable
complex structures, we should take &, := BU(|n/2]) and &, to be the tautological
bundle plus R for n odd, and the map s to be addition of R (choosing a convention for
which homotopy class of complex structure on R? to use). A coarsely stable complex
structure is weaker than a complex structure (even in even dimensions). A coarsely
stable framing exists only on coarse vector bundles.

A stable structure on vector bundles is a structure on vector bundles & together with a
map i : * — B&S(1) with an isomorphism i *§ = R and maps

Spm:BS(n) xB&(m) — B&(n + m)

with isomorphisms &, & &, = s;,k,mén.i_m which are associate and graded symmetric
in the sense that we now explain. Associativity means that the two resulting maps
BGS(n) xB&(m) xBS (k) — BS&(n+m+ k) covered by isomorphisms &, D&, D& =
&1+m+k are homotopic. Note that s := s, 1 o (id x7) defines a shift on &, so we can
already make sense of coarse stabilization. Graded symmetry is the statement that the
maps Strg (V) x Strg(W) — Sug'(V & W) given by adding in either order differ by
(—1)|V| W1 where —1 denotes the canonical involution on Str%St defined above. We
thus obtain graded symmetric maps

(4-4) Strg'(V) x Sug (W) — SuE(V & W)

defined as the direct limit over n and m of (—1)""! times the map Strg(V @ R”) x
Strg(W @ R™) — Strg(V & W @ R"™).

A homotopy class of stable G—structure on V is an element of the direct limit

(4-5) Sug (V) = lim Sug'(V e w)
w

over the category whose objects are vector bundles W equipped with a homotopy class
of coarsely stable G—structure and whose morphisms are injections of vector bundles
V — W together with a homotopy class of coarsely stable G—structure on W/ V such
that the resulting homotopy class of coarsely stable G—structure on W =V @ W/ V is
the given one, modulo homotopy. (We warn the reader that the forgetful functor from
this category to Vect(X) need not be cofinal.)

Lemma 4.8 The indexing category above is filtered.
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Proof It is nonempty since there is the zero vector bundle. Given objects V and V/,
they both admit morphisms to the same object V @& V', namely @ V"’ in the former case
and @ V in the latter case twisted by (="l v, Finally, suppose we are given two
morphisms V' —V @& W and V — V @ W/ where V@ W =V & W'. Then compose
further with @ V/, so that the two compositions become @ (W @ V) and & (W' @ V),
which we assumed were the same — notice that |W | = |W’|, so the sign twist in each
case is the same. d

There are associative graded symmetric maps
(4-6) StE (V) x SuE (W) — Sk (V & W).

In particular, Str(0) is an abelian group (to see that it has inverses, note that an
element of Str (0) is given by a vector bundle V' with two coarsely stable G—structures,
and exchange them with a sign twist), each Str(V) is either empty or a principal
homogeneous space for Strf (0), and the addition maps (4-6) are maps of Strg (0)-sets.
Each Strg (V) also carries a canonical involution given by adding R and acting on it
by —1.

It also makes sense to discuss stable structures on stable vector bundles, and the above
continues to apply.

A stable orientation is the same as an orientation. A stable almost complex structure is
strictly weaker than a coarsely stable almost complex structure. A stable framing is the
same as a coarsely stable framing.

5 Orbifold bordism

5.1 Definitions

We define orbifold bordism Q.4 (X, 4) and derived orbifold bordism Q3 (X, A) for
any orbispace pair (X, A) as follows.

Consider compact orbifolds with boundary Z together with a representable map
f:(Z,0Z) — (X, A). A bordism between such pairs (Z1, f1) and (Z,, f>) con-
sists of a compact orbifold with boundary W with a codimension-zero embedding
ZUZy— oW and a representable map f: (W,0W —(Z5 U Z3)) — (X, A) whose
restrictions to Z; and Z, are f; and f,, respectively. (Alternatively, one could
regard W as a compact orbifold with corners, where the corner locus is precisely
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071U dZ, C dW.) Bordism is an equivalence relation (by a collaring result, which
allows one to glue together bordisms). Now Q. (X, A) is the set of pairs (Z, f) modulo
compact bordism, graded by dimension.

We now consider a “derived” version of this construction. A derived orbifold chart
(with boundary) Z is a tuple (D, E,s), where D (the “domain”) is an orbifold (with
boundary), £ (the “obstruction bundle™) is a vector bundle, and s (“the obstruction
section”) is a smooth section. A derived orbifold chart with boundary is called compact
if and only if the zero set of s is compact. A restriction of a derived orbifold chart with
boundary replaces D with an open subset of D which contains the zero set of s (we may
always restrict to a precompact subset of D, hence the noncompactness of D is never
an issue). A stabilization of a derived orbifold chart with boundary Z = (D, E, s)
replaces D with the total space of a vector bundle F over D, replaces E with its direct
sum with F, and replaces s with its direct sum with the identity map on F. Bordism
of derived orbifold charts is defined as before. Now Q4" (X, A) is the set of compact
derived orbifold charts with boundary Z = (D, E, s) together with a representable
map (D, 0D) — (X, A), modulo compact bordism, restriction and stabilization. It is
graded by virtual dimension dim D — dim E. There is an obvious map Q. — Q.

While bordism of orbifolds is obviously an equivalence relation (since boundaries of
orbifolds with boundary have collars), the analogous assertion for bordisms of derived
orbifold charts relies on enough vector bundles.

Proposition 5.1 Two compact derived orbifold charts with boundary representable
over (X, A) represent the same element of Q3" (X, A) if and only if they are compactly
bordant after restricting and stabilizing.

Proof It suffices to check that the stated relation is transitive. Suppose that Z; ~
Zy ~ Z3, and let us show that Z; ~ Z3. The key obstacle to overcome is that the
vector bundles by which one stabilizes Z; to become bordant to (stabilizations of) Z
and Z3 may not coincide.

We begin by introducing a new perspective on stabilization. Let (D, E, s) be a derived
orbifold chart, and let Q be a vector bundle over D together with a surjection f: Q — E.
We obtain a new derived orbifold chart

(5-1) ({deD,qE Q:s(d) = f(9)}, Q. 7).
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In fact, this new derived orbifold chart is a stabilization of (D, E, s): indeed a choice
of splitting Q = E @ ker f identifies the new derived orbifold chart above with the
stabilization of (D, E, s) by ker f.

Let us now observe that stabilization is transitive: a stabilization of a stabilization is
a stabilization. The point is just that if (D, E,s) » (D', E’,s") »~ (D", E",s") are
stabilizations, then the vector bundle W by which the second stabilization stabilizes
is pulled back from D C D’ (the first stabilization says that D’ is the total space of
a vector bundle over, hence has a projection map down to, D). Choosing such an
identification of W with the pullback of its restriction to D identifies (D", E”,s")
with a stabilization of (D, E, s).

We now return to the problem at hand. We have bordisms Cy, and C,3 between
stabilizations of Z, Z,, Z3. By making a small deformation, we may assume that
these bordisms are collared, ie near the boundary are the product of the boundary
times [0, €). Consider the orbispace Cj, Uz, C»3, ie the gluing of the “domains” of the
corresponding derived orbifolds, possibly after restricting to precompact open subsets
thereof. By enough vector bundles Theorem 3.23, there is a module faithful vector
bundle Q over this space. There thus exists an N < oo and surjections ®1, and ®;3
from Q®V|¢,, and Q®¥|c,, to the obstruction spaces E1, of C15 and Ej3 of Cy3,
respectively (say, independent of the radial coordinate of the collar near the boundary),
thus determining stabilizations of Cy, and Cj3, respectively. The resulting composite
stabilizations of Z, on the boundary are thus determined by surjections Wy, o @, and
W53 0 Oy3 from Q@N to the obstruction space E, of Z;, where Wy,: E1; — E; and
Wy3: Ey3 — E5 are the surjections inducing the stabilizations of Z, on the boundaries
of Cy, and C,3, respectively. If these surjections Wi, o @1, and Wy3 0 ®,3 from Q@N
to E, are homotopic through surjections, we may insert such a homotopy in the collar
coordinate and glue the stabilizations of Cj, by ®, and C,3 by ®,3 together to obtain
the desired glued bordism between (stabilizations of) Z; and Z3. By replacing N with
2N and replacing ®;, and ®,3 with &1, @ 0 and 0 @ P, 3, respectively, the desired
homotopy through surjections is simply the obvious linear interpolation. |

Remark 5.2 A derived orbifold is an object with an atlas of derived orbifold charts.
It is a consequence of enough vector bundles that every derived orbifold has in fact a
global chart. Thus we may (and do) define derived orbifold bordism groups purely in
terms of derived orbifold charts, without delving into the details of the definition of
derived orbifolds. The cost of this approach is that enough vector bundles becomes a
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crucial ingredient in the proofs of most properties of derived orbifold bordism as we
have defined it here.

5.2 Basic properties

The sets €24 and Q‘ai,er are both abelian groups under disjoint union; each element is its
own inverse.

These groups €25 and Qdder are functorial under representable maps of pairs, namely
they define functors RepOrbSpcPair — Ab. In fact, they descend to functors

(5-2) RepOrbSpc,, — Ab,

which can be seen either directly from the definition or by appealing to Proposition 3.15.
(The proof is exactly as for classical bordism, so we omit it.)

There is a natural map Q27 — Qdder (take E = 0). Since a section of a vector bundle over
a manifold can be perturbed to be transverse to zero, the map Q24(X, A) — for(X ,A)
is an isomorphism for (X, 4) € Spc,.

There are natural product maps

(5-3) Q+(X, A) @ Q«(Y, B) = Q4«((X, A) x (Y, B)),
(5-4) Q¥r(X, 4) @ QY (Y, B) — QUT((X, A) x (Y, B)),

given simply by taking product of (derived) orbifolds.

(Derived) orbifold bordism groups also satisfy exactness:

der

Proposition 5.3 The functors €24 and €27 send any cofiber sequence (3-25) to an
exact sequence of abelian groups.

Proof We treat both cases (2, and for) simultaneously, writing Qider) for either
one.

It is immediate that any element of kader)(X , A) represented by something mapped
entirely to A is zero (multiply by / to obtain a bordism to the empty set). It follows
that the composition Qider)(Y, B) — dier) (X, 4)— Q,(kder) (X, AUpgY) vanishes.

Now suppose an element (Z, 0Z) of kader)(X, A) is sent to zero in Qider) (X,AUpBY).
There is thus a nullbordism C of (Z, 3Z) over (X, AUp Y)—in the case of QU this
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uses Proposition 5.1. The boundary of this bordism consists of Z (mapped to (X, 4))
and its complement, which is mapped to 4 Ug Y. Replace the map f: C — X
with its composition with a small perturbation of the identity ®: X — X satisfying
®(A) € 4, &(Y) € Y and ®(Nbd B) € B; such a map ® may be constructed by
induction on cells. Since the closure of ®~!(Y — B) is disjoint from B, it follows that
the closure of the set (f|3c)~ (Y — B) is disjoint from Z € dC. Now take Z’ € 9C
a compact codimension-zero submanifold with boundary, disjoint from Z, containing
(flac)~ (Y — B). Thus (Z’,3Z') — (Y, B) represents an element of 2 (Y, B)
which is sent to Z in Qider)(X, A). a

Applying Proposition 5.3 to the Puppe sequence gives a long exact sequence, which
acquires the usual form once we observe that Q4 (X, 4) = Q41 ((X, 4) x (I, 1))
(and likewise for 24°7), as we will see next. Namely, for any cofiber sequence (3-25),
we obtain a (bi-infinite) long exact sequence

(5-5) - = Qx(Y,B) > Qx(X,A) > Qu(X,AUgY) > Qu_1(Y,B)—> -+,

and the same for Q.

Example 5.4 Here is a way to detect nontrivial negative-degree classes in derived
bordism. Let G be any finite group. There is an ungraded map

(5-6) Qx(BG) — Qu(x),
(5-7) M/G— MO:

every representable map N — BG is of the form M/G — BG for M = N Xgg *.
Similarly, there is an ungraded map

(5-8) QL (BG) > Q47 (%) = Qu ().
(5-9) (M, E,s$)]G+— (M%, E% s|y6).

One should be careful to note that this map does indeed respect bordism (in particular,
stabilization). For any G-representation V, this map sends

(5-10) (BG,V/G,0) e Q*. (BG)

to (%, V?,0) e Q‘iegim i (%), which is nonzero if and only if V¢ = 0. We conclude

that if V¢ = 0 then Q% (BG) # 0.
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5.3 (Inverse) Thom maps

For any vector bundle V' over X, there are natural inverse Thom maps (terminology
following Schwede [34, Section 6])

(5-11) Qu(X, A) = Qar (X, DY),
(5-12) QET(X, 4) > QYL (X, ),

given by replacing a given (derived) orbifold with the Thom space of the pullback of V.
We also have Thom maps in the opposite direction

(5-13) Qa4 (X, A)Y) = Qa(X. A),
(5-14) QL (X, ) = QF (X, 4),

given by intersecting with the zero section of V. More precisely, the Thom map on €2
is only defined for coarse vector bundles V, and it requires an appeal to Sard’s theorem
to conclude that intersecting with a generic perturbation of the zero section of V' is
transverse. The Thom map on Q3 is defined for all vector bundles V' and consists
simply of adding V' to the obstruction bundle and the identity section to the obstruction
section.

Proposition 5.5 The Thom map and the inverse Thom map are inverses.

Proof We have four compositions to show are the identity map:

d
(5-15) QY (x, 4) > jjl)Vl((X, Yy =l (x, a),
(5-16) foi?m((X’ V) - ¥, 4) > fo_fl)m(()(, 7).

The map (5-15) for Q is the identity by inspection. The map (5-15) for Q" is the
identity since its action on a given derived orbifold chart is to stabilize by V. The map
(5-16) for Q24 is also the identity by inspection — given a transverse perturbation & of
the zero section which is transverse to a given orbifold, consider replacing (X, 4)¥
with a small tubular neighborhood of the image of ¢ relative its boundary.

The map (5-16) for Q" may be expressed alternatively as

517 QT (X, DY) = QFL (X, YY) > QFL (X, A7),

which looks very much like (5-15), except it is not quite the same since here the first
map “inflates” along the second copy of V' whereas the second map intersects along
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the zero section of the first copy of V. However, we may note that (X, 4)V®¥ has
. . . . . . 0 1 .

an automorphism, homotopic to the identity map, given by the matrix (_1 0) -idy,

conjugation by which turns the second map into intersection with the second copy

of V, putting our composition into the form (5-15) for 4, which we already saw is

the identity map. O

Given the Thom isomorphism, we may extend 2, and Q% to orbispectra as follows.
Bordism Q4 extends to naive orbispectra RepOrbSpc[~~!] by taking

Qx(Z7NX, A)) := Qugn(X, A),

which is consistent since Q4 (X, A) = Qx4+1(2 (X, A)) by the Thom isomorphism.
Derived bordism Q3" extends to genuine orbispectra RepOrbSpf by taking

Qu((X. A)7V) 1= Qg (X, 4),
which is again consistent by the Thom isomorphism.

When V is not coarse, the inverse Thom map Q«(X, 4) — Q4 (X, A)Y) is in
general not an isomorphism. It is thus natural to ask whether Q4((X, 4)”) may be
expressed as bordism classes of some class of (derived) orbifolds mapping to (X, A)
(rather than (X, A)Y). We will see how to do this below, based on Wasserman’s
theorem, which we will meet shortly. This is the key to extending 24 to genuine
orbispectra.

For the moment, we will observe that Q, — Qﬁ,{er is the localization at the inverse

Thom maps, in the following sense:

Lemma 5.6 For finite orbi-CW-=-pairs (X, A), the natural map
(5-18) Qu[1]x,4):=

lim Q. p (X, 4)) =
VX

lim Q%% (X, 4)") = Q¥ (X, 4)
V/X

is an isomorphism.

Proof We prove surjectivity. Let (D, E,s) be a derived orbifold chart which is
representable over (X, A). To obtain the corresponding derived orbifold chart over
(X, A)Y, we simply replace D with the total space of the pullback of V to it. By
enough vector bundles (Theorem 3.23), we may take V so that its pullback to D
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surjects onto £. Now we may perturb s by adding to it (epsilon times) this surjection,
thus making it transverse. Hence our derived orbifold chart lies in the image of

Q*+|V|((X’ A)V) - Qi?_|V|((X’ A)V)

Injectivity follows from the same argument applied to a derived orbifold bordism
between two orbifolds. O

5.4 Wasserman’s theorem

A remarkable observation of Wasserman [38] provides a sufficient condition under
which a section of a vector bundle over an orbifold may be perturbed to become
transverse to zero. In particular, it gives a condition under which a derived orbifold is
bordant to an orbifold.

To state this condition, let us fix some notation. For a vector bundle V' over an orbispace
and a point p, we may decompose the fiber V), into a direct sum of isotypic pieces,
indexed by the set G, of isomorphism classes of real irreducible representations of
the isotropy group G, of p. In particular, we may split V), as the direct sum of the
isotropy invariant part (Vp)GP = (Vp)1 and the direct sum (Vp)5 _, of isotypic pieces
p
of nontrivial representations. We denote by Vi~ | € V the sum of the isotypic pieces
associated to nontrivial representations (note that Vi~
and for a map of vector bundles f', we denote by f~ | its action on these subspaces.

; 18 not itself a vector bundle),

Given a vector bundle V' over an orbifold X together with a map o: TX — V for
which o, is surjective, a section s: X' — V' is called a—consistently transverse (to

zero) if and only if over its zero set ds is surjective with (ds).~_, =«

. ~
iso—1 iso—1°

Theorem 5.7 (Wasserman [38]) Let X be an orbifold, let E be a vector bundle
over X and fix amap o: TX — E for which a,_, is surjective. Every section of
E has a C%—small perturbation which is a—consistently transverse. This perturbation
may be taken relative to a neighborhood of any closed set over which it is already
o—consistently transverse.

(We credit this result to Wasserman [38], although Wasserman only stated the special
case that X = R”/G and E is the descent of the trivial bundle R” with the same
G—action, and « is the identity.)

Proof We proceed by induction over the stratification of X by order of stabilizer. By
triangulating a given stratum, it suffices to perturb on any given disk rel boundary
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inside X, which all have a standard local model. In other words, it suffices to consider
the case of X = DX x D¢ x W /G, where G ~, W has zero invariant part Wb =o,
the section s is a—consistently transverse over a neighborhood of 3Dk x 0% 0, and we
would like to make it o—consistently transverse over a neighborhood of D¥ x0x0. Now
over DK x 0 x 0, the derivative ds is G—equivariant, hence respects the decomposition
into isotypic pieces:

(5-19) ds)®(ds)g_,: (TD*®TD Yo W - EC @ E;_|.

By perturbing (rel a neighborhood of the boundary) the restriction of s to D* x0x 0, we
may make (ds); surjective; note that s is constrained to land inside £ over DK x0x0.
We may then extend s to a neighborhood of DX x 0 x 0 so that (ds)g_, = ag_, over
DK x 0x0.

We are not quite done, however, since the above construction ensures that our perturbed
section s will be o—consistently transverse over D¥ x0x0and a neighborhood
of DK x 0 x 0, but not over a neighborhood of DK x 0 x 0. To fix this, choose an
isomorphism E = 7* E, where 7 denotes the projection 7 : DFx Dt x W/G— Dfx Dt
forgetting the last coordinate. Now given the section s defined above, set

(5-20) s(a,b,c) :=s(a,b,0) +ag_,(c),

where we use the isomorphism E = n* E to make sense of the right-hand side as
an element of the fiber of E over (a, b, ¢) € D¥ x D x W /G. Now this section s
is certainly a—consistently transverse over a neighborhood of D¥ x 0 x 0, however
it does not agree with s over a neighborhood of dDK x 0 x 0. Instead, let us use
@54+ (1 —¢)-s for a smooth function ¢: Dk [0, 1] vanishing near 3Dk and which
equals 1 over a large compact set. This interpolation is now «—consistently transverse

over a neighborhood of D¥ x 0 x 0, noting that the restriction of d¢ to the (-) part

iso—1
of the tangent bundle is zero. |

Remark 5.8 A stable homotopy theoretic analogue of this argument appears in
tom Dieck [12, Satz 5] and Schwede [34, Theorem 6.2.33]. It would be interesting to
explore whether a stable homotopy theoretic analogue of Fukaya and Ono’s “integer
part” construction [17] exists as well; that construction follows a strategy similar to
Wasserman’s strategy above, though rather than using « in the normal directions, one

requires complex polynomial behavior in the normal directions.

Corollary 5.9 A derived orbifold chart whose tangent bundle is stably isomorphic to a
coarsely stable vector bundle is bordant to an orbifold.
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Proof Let Z = (D, E,s) be a derived orbifold chart. By assumption, the stable vector
bundle 7D — E is stably isomorphic to a coarsely stable vector bundle F—R”™ — in fact,
we will not use anything special about RV other than that it is coarse. In other words,
there exists a vector bundle V and an isomorphism TD &V @RYN = E@V & F.
By stabilizing our derived orbifold chart (D, E,s) by V, we may reduce this to
TD ®RN = E @ F. Now the compositiona: TD - TD®RN = E® F — E is

evidently surjective on (-) pieces. We can thus apply Wasserman (Theorem 5.7)

iso—1
to perturb s to a section s’ which is transverse to zero (and agrees with s outside a

compact set). The desired bordism is thus (D x [0, 1], E x [0, 1],ts + (1 —1¢)s’). O

The literal converse to Corollary 5.9 is false for trivial reasons — [0, 1] times anything
is nullbordant yet need not have coarsely stable tangent bundle. The next subsection
formulates an “up to bordism” version of Corollary 5.9 which is an “if and only if” (or
rather isomorphism) statement.

5.5 Orbifold bordism as oriented derived orbifold bordism

Let us now explain how Wasserman’s theorem implies, as one might expect after seeing
Corollary 5.9, that orbifold bordism may be expressed as derived orbifold bordism with
a sort of tangential structure, namely what we will call a coarsely stable structure on
its stable tangent bundle. We may thus think of €2 as an “oriented” version of Q3, in
the sense that modifying the definition of Q%" by imposing a marking on the stable
tangent bundle yields 2.

A coarsely stable structure on a stable vector bundle V' is a coarsely stable vector
bundle W and a stable isomorphism V = W. A given stable vector bundle may admit
multiple nonisomorphic coarsely stable structures (nonisomorphic coarsely stable vector
bundles may be stably isomorphic).

Derived orbifold bordism with coarsely stable tangential structure Q%" is defined
as follows. Consider derived orbifold charts Z = (D, E, s) representable over (X, A)
together with a vector bundle A and a stable isomorphism A—RIEI=ITPI=l4l - Tp_E,
modulo restriction, stabilization, A — 4 @ R and bordism. Let us argue that bordism
after restriction, stabilization and 4 + A @ R is transitive, and hence is an equivalence
relation. As argued in the proof of Proposition 5.1, given two bordisms Cy; and Cs3,
we may stabilize so that the requisite stabilizations of Z; coincide. The bordisms may
thus be glued, so it suffices to argue that the coarsely stable structures can also be glued.
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We have vector bundles 41, on Cy; and A53 on Cy3 and a coarsely stable isomorphism
between their restrictions to Z,. Thus, stabilizing 4, and 4,3 by adding RX, we
get a genuine isomorphism on Z,, which allows us to glue them together. Now we
have stable isomorphisms between this glued coarsely stable vector bundle and the
tangent space to our glued derived bordism, separately on Ci, and Cj3, and their
restrictions to Z, are homotopic. They may thus be glued (nonuniquely). We conclude
that bordism after restriction, stabilization and 4 — A @ R is an equivalence relation,
as desired.

Remark 5.10 One can similarly define a theory Q;CSt’der of bordism of derived
orbifolds with coarsely stable structure on minus their tangent bundle.

Given that bordism after restriction, stabilization and 4 — A @ R is an equivalence
relation, the proof of Proposition 5.3 now applies to show that Q" OrbSpc, — Ab
sends cofiber sequences to exact sequences.

Proposition 5.11 The natural map Q, = Q"Y' s an isomorphism.

Proof Surjectivity is the statement that every derived orbifold chart (D, E, s) with
coarsely stable vector bundle £ and stable isomorphism & = TD — E is bordant
to an orbifold, ie a derived orbifold chart whose obstruction section is transverse.
Corollary 5.9 provides a transverse perturbation of s which, executed over [0, 1], defines
the desired bordism.

Injectivity is (given the nontrivial result, proved just above, that derived bordism with
coarsely stable tangential structure is an equivalence relation) the statement that every
derived orbifold bordism between stabilizations of orbifolds, with coarsely stable
structure on its tangent bundle, agreeing with the tautological such on the boundary,
can be perturbed rel boundary to be transverse. Concretely, such a structure is (after
stabilizing as in the proof of Corollary 5.9) a vector bundle F and an isomorphism
F & E = TD @ R¥, which on the boundary must coincide with the isomorphism
E =TD givenby ds and F = R¥ (some isomorphism); thus s is already o—transverse
over the boundary, so the relative form of Wasserman’s Theorem 5.7 gives us what we
want. d

The theory Q5% may be twisted: for any stable vector bundle & on X, we may define

E@cst,der
Q5

a grou (X, A) of bordism classes of derived orbifolds carrying a coarsel
group ying y
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stable vector bundle W and an isomorphism 7D — E = £ @ W. These twisted theories
are the natural setting for inverse Thom maps

(5-21) QiGBcst,der(X’ A) N Qiiﬁ/e?CSt,der((X’ A)V).

Now there is an obvious Thom map in the reverse direction—add V' to the obstruction
space and the identity map to the obstruction section— which is an inverse to the
inverse Thom map exactly as in Proposition 5.5. There are also forgetful maps

(5-22) QiGBV@cst,der(X’ A) N QiéBcst,der(X, A)

for vector bundles V', which need not be isomorphisms. This refines the discussion of
inverse Thom maps for €24 given above.

The Thom isomorphism for these twisted theories allows us to extend 24 = Q%" o
genuine orbispectra by defining

(X, AV = QST )T = QUESH X ).

To check that this indeed defines a functor RepOrbSpf — Ab, use the localization
result Proposition 3.33 and the twisted Thom isomorphism. Indeed, the definition above
gives a functor out of the direct limit of RepOrbSpc ;. (by the Thom isomorphism),
and it satisfies excision (by inspection), thus descending to RepOrbSpf . This functor
sends cofiber sequences to exact sequences; the proof for twisted th’der is the same
as for untwisted, which was already mentioned above.

5.6 Tangential structure

We define orbifold and derived orbifold bordism groups with tangential structure, and
we show how to generalize the basic properties proven above to this setting. In a
word, a structure on vector bundles & with a shift allows us to define orbifold bordism
groups 2, and a stable structure on vector bundles & allows us to define derived
orbifold bordism groups Q.

For G a structure on vector bundles with a shift, we define bordism groups Q¢ as
follows. We consider orbifolds with coarsely stable G—structure on their tangent bundle.
Using the isomorphism Strg' (V) = Sug'(V @ R), we can define a notion of bordism of
orbifolds with coarsely stable G—structure: given a boundary marking Zo Ll Z; € oW,
we use the isomorphisms SuE (7' Z;) = Sug (T Z; @ R) = Strg (T W] z,) — where,
crucially, we identify R with the inward normal along Z, and the outward normal
along Z| — to require compatibility between the coarsely stable G—structure on W with
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those on Zy and Z. Bordism is a symmetric relation, as can be seen by inverting the
coarsely stable structure on the bordism, ie applying the canonical involution of Strg'.
It is transitive since coarsely stable G—structures glue: by applying ®R¥ enough times,
we reduce to gluing for G-structures; an G—structure over C;, and one over C,3 which
are homotopic over Z, glue, nonuniquely, to an G—structure over Cy; Uz, Cp3. The
resulting G-bordism groups Q¢ satisfy functoriality (including excision) and exactness

by the same reasoning as before. They have inverse Thom maps
(5-23) QP(X, A) > Q7 (X, 4)x (1,31)),

and Thom maps in the reverse direction which are inverse to the inverse Thom maps;
this extends Q¢ to a functor on naive orbispectra. As before, we may extend QY to
genuine orbispectra by viewing it as a structured version of derived orbifold bordism.
Namely, 2 coincides with the group Q"*" of bordism classes of derived orbifold
charts carrying a coarsely stable vector bundle A with isomorphism 4 = TD — E and a

chst,der

coarsely stable G—structure on A. These groups satisfy the same properties as

above, and the map Q& — Qf“t’der is an isomorphism. There are also twisted versions
QiGBGCSt’der(X , A) for any stable vector bundle £ on X, and there are inverse Thom
maps

DScst,d DV BScst,d
Qi cst er(X’ A)_>Qi+|V| cst. er((X’ A)V)

and forgetful maps
Qi@V@Gcst,der N QiGBGcst,der

for any vector bundle V with coarsely stable structure. We may thus extend Q& to

genuine orbispectra by taking Q& (X, A)~8) = QiiETSt’der(X ,A).

Now suppose G is a stable structure on vector bundles, and let us define derived
G-orbifold bordism. We consider derived orbifold charts (D, E, s) together with a
stable G—structure on 7D — E, modulo restriction, stabilization and bordism as before.
The equivalence relation proof of Proposition 5.1 applies; for this, we need to know that
stable structures on vector bundles glue, and the main point to see that is to use enough
vector bundles to know that we can stabilize by vector bundles on C;,U z, C23 to reduce
to gluing (again, nonuniquely) G-structures on Cy, and C,3 which agree over Z5.
The resulting theory thus satisfies exactness. These theories can be twisted: we may
define QZ®6’der(X , A) to be bordism classes of derived orbifold charts with a stable
G-structure on 7D — E —V, where V is any stable vector bundle on X'; an G—structure
on V gives an isomorphism Q% ®S%(x, 4) = Q9%"(X, 4). Inverse Thom maps
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for Q5% now take the form

(5-24) QL€ (x, A) > IS (x. 4)Y),

and there are also Thom maps which are inverse to these. We may thus extend Qf’der

to orbispectra as Q"% ((X, 4)~¢) := Qiii’lder(X , A). The natural map

(5-25) h_;/)n QS (X ) — n_;/)nsszf;m((x, H7y = @S% (x, 4)

is an isomorphism, where the direct limit is over all vector bundles with G—structure
as in (4-5). There are also graded symmetric product maps on Q¥ and Qf’der.

5.7 Fundamental classes

We make a few remarks about fundamental classes of orbifolds and derived orbifolds.

A closed orbifold M has a tautological fundamental class [M ] € Qgim ar (M). This class
is best viewed as arising from the more refined fundamental class [M] € Qgr(M —TM)
lying in the bordism group of derived orbifolds representable over M with a stable
isomorphism between their tangent bundle and 7'M . This class may be pushed forward
under the map Qg(M “TMy 5 Qo(M~TM) forgetting the framing and under the
inverse Thom map (M ~TM) — Qim ar (M), to obtain the naive fundamental class
[M] e Qgimm(M). If TM is equipped with an G-structure, then we may push forward
to ng ar (M) using the G-structured inverse Thom map to obtain the G-structured

fundamental class. The same applies when M is a compact orbifold with boundary,
just replacing M with the pair (M, dM).

Let us now work towards the fundamental class of a derived orbifold. Consider an
inclusion of subcomplexes (Y, B) — (X, A) (so B =Y N A) and a vector bundle E
over X with a section s: X — E whose zero set is (contained in) Y. There is then an
induced map (X, A) — (Y, B), obtained by appealing to the fact that (Y, B) C (X, A)
is a retract of any sufficiently small neighborhood, and any two such retracts are
homotopic. Thus if (D, E, s) is a derived orbifold chart and Z := s~!(0) has the same
neighborhood retract property, we obtain a map

(5-26) (D,dD)"TP . (z,02)7 T4,
where TZ :=TD—FE,dZ :=ZNdD and dim Z :=dim D —dim E’; note that whereas
the left side is the dual of D, the right side is very much not the dual of Z unless s is

transverse to zero. We may now define [Z] € Qg((Z ,0Z)~TZ) as the image of [D]
under the above map. Since T Z is not a vector bundle, but only a stable vector bundle,
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we are no longer able to map this fundamental class to Qg z(Z, 0Z), rather only to
Qgierrn ~(Z,0Z); the map now involves the inverse of an inverse Thom map, which only
exists for QU If T Z is equipped with a stable G—structure, then we can also push
forward the fundamental class to Qgr’geé(Z ,0Z).

If our derived orbifold Z € D does not have the neighborhood retract property, the
above reasoning produces only a class in the inverse limit lim__ Qg((Z e, 0Z:) TZ),
where Z; C D denotes the e—neighborhood of Z. This is not really the correct bordism
group to associate to (Z,9Z)~TZ, rather differing from it by a liLnl term. In the
correct bordism group to attach to it, a cycle would be a collection of (derived, with
structure) orbifolds (Mg, IMy,) — (Zs,, 0Z,,) together with bordisms between M,
and My, | over Zg, (fixing some sequence &1 > £, > --- converging to zero).

6 Global homotopy theory

This section shows one way to connect the homotopy theory of orbispaces developed
thus far and global homotopy theory. We prove only what we need for the Pontryagin—
Thom isomorphism; there is yet much to be worked out. We refer to the treatment by
Schwede [34] for the foundations of global homotopy theory. Global homotopy theory
depends on a choice of set F of isomorphism classes of compact Lie groups; we will
always take this set be the class of finite groups, and it will not be mentioned further.

6.1 Global spaces

Here we relate the category OrbSpc with the global homotopy category GloSpc, whose
objects we call global spaces.

Let L denote the topological category of finite-dimensional real vector spaces with a
positive definite inner product and linear isometric (in particular, injective) maps. An
orthogonal space is a continuous functor F': . — kTop, where kTop is the category of
k—spaces1 [34, Definition 1.1.1]. In other words, it is the assignment to each V' € L of a
k—space F (V') and to each pair V, W €L a continuous map F(V)xL(V, W)— F(W),
such that this rule is compatible with composition for triples V, W, U € L. The category
of orthogonal spaces is denoted by OrthSpc.

1A k—space is a topological space which is compactly generated and weakly Hausdorff.
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A map of orthogonal spaces F — F’ is called a global equivalence if and only if for
every finite group G, every orthogonal G-representation V' and every diagram of solid

arrows
oDk —— F(V) ----- » F(W)¢

DF =y F'(V)G -3 F'(W)C

there exists an orthogonal G—representation W and an inclusion V < W such that after
pushing forward under it, the bottom map D¥ — F'(W)Y above may be homotoped
rel boundary so as to lift to F(W)Y; see [34, Definition 1.1.2]. The category of global
spaces GloSpc is the localization of the category of orthogonal spaces OrthSpc at the
global equivalences. (There is a model structure on OrthSpc whose weak equivalences
are the global equivalences, giving an effective way to understand the localization
GloSpc; see [34, Section 1.2].)

An orthogonal space gives rise, in particular, to a representable map

| | F®™/0m) — | | */0m).

n=0 n=0
Thus for any vector bundle V' with inner product over a stack X, we may pull back
under the classifying map to obtain a representable map F(V) — X. Moreover, for
any isometric inclusion V' < W of vector bundles with inner product, we get a map
F(V) — F(W) over X. Denote by Vect?(X) the category of vector bundles with
inner product on X and homotopy classes of injective isometric maps; this category
is filtered. There is thus a directed system over Vect? (X ) assigning to a vector
bundle V the set of homotopy classes of sections of F (V') — X. Note that the forgetful
functor Vect? (X) — Vect(X) is an equivalence, due to Lemma 2.6 and the deformation

~1/2 Therefore

retraction from injections to isometric injections given by f + f(f* f)
in the event that the orthogonal space F is pulled back from the category of finite-
dimensional vector spaces and injective maps, we may simply take the direct limit over

Vect(X) and forget about inner products.

Given a finite orbi-CW-complex X and an orthogonal space F, let Hom(X, F) denote
the direct limit over V € Vect? (X)) of homotopy classes of sections of F(V) — X.
This set Hom(X, F) is functorial in X (pull back vector bundles) and in F. This is
only a reasonable definition because of enough vector bundles; in particular, enough
vector bundles is used crucially in the following proof that maps from a finite orbi-CW-—
complex to an orthogonal space descend to a functor (OrbSpcf )°P x GloSpc — Set.
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Lemma 6.1 For a finite orbi-CW-complex and a global equivalence of orthogonal
spaces F — F’, the induced map Hom(X, F) — Hom(X, F’) is a bijection.

Proof Let V be a vector bundle with inner product over X, let a section of F'(V) — X
be given, and let us lift it (up to homotopy) to (F'), after possibly enlarging V. Since X
is finite, it suffices to do this lifting cell by cell. So, fix a cell (D¥, dD¥)xBG of X. The
pullback of V to this cell is classified by a map D¥xBG — |I,,>0 */O(n), which up to
homotopy (hence isomorphism by Lemma 2.7) factors through BG — |_|,,> */O(n),
which is an orthogonal G-representation V. Now the section of F/(V) — X pulled
back from D¥ xBG is amap DX — F’(V)©, which over dD* we have lifted to F(V)©.
We are thus in exactly the situation of the solid arrows in (6-1), so we conclude that
there exists another orthogonal G-representation W, and an embedding Vy — W,
such that the desired lift exists over DK x BG after pushing forward to Wy. Now by
enough vector bundles (Theorem 3.23), there exists a W’ on X and an embedding
V < W’ which over D¥ x BG factors through Vo <> Wy <> Ws. O

There is much more to this story; however, further precise discussion would take us
too far afield. There is a functor

(6-2) OrbSpc/ — GloSpe,
(6-3) X —Emby(E,—) with E/X faithful,

where Emby (£, V') denotes the total space of the fibration over X whose fiber over
x € X is the space of embeddings Emb(E, V') —this is a space since F is faithful. The
spaces Emby (E, —) form an inverse system on the category of vector bundles on X, and
for an inclusion of faithful vector bundles E <> E’, the induced map Emby (E’, —) —
Emby (E, —) is a global equivalence [34, Proposition 1.1.26(ii) and Definition 1.1.27].
A map of orbispaces f: X — Y induces maps Emby (f* Ey,—) — Emby (Ey, —) for
any vector bundle Ey over Y. Taking Ey to be faithful and choosing an embedding
of f*Ey into a faithful Ex, we obtain a map

Emby (Ex,—) — Emby(f*Ey,—) — Emby(Ey, —).

Conjecture 6.2 For X € OrbSpcf and F € GloSpc, the set Hom(X, F) coincides
with the morphisms from the image of X under (6-2) to F.

Conjecture 6.3 The functor (6-2) is fully faithful.
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Schwede [35] has shown that GloSpc is equivalent to PSh({BG}), where {BG} <
OrbSpc is the full subcategory spanned by the objects {BG},? and in [18] Gepner and
Henriques have defined via stacks a natural enlargement OrbSpc of OrbSpc, resulting
from gluing together cells (D, dDX) x BG under arbitrary maps, and shown that
the natural map OrbSpc — PSh({BG}) is an equivalence. Together this defines an
equivalence OrbSpc = GloSpc.

Conjecture 6.4 The restriction of the equivalence OrbSpc = GloSpc from [18; 35] to
the full subcategory OrbSpc € OrbSpc coincides with the functor (6-2).

6.2 Global classifying spaces

We now recall various “global classifying spaces” from [34].

For any compact Lie group G, there is a “global classifying space” BG € GloSpc; see
[34, Definition 1.1.27], note that there it is denoted by By G It is represented by the
orthogonal space

(6-4) (BG)(V) :=Emb(E,V)/G

for any faithful G—representation E. In particular, when G = O(n), it is natural to take
the defining representation O(n) ~, R”, so we get

(6-5) BOm))(V) :=Gry (V).
Also, when G is finite, BG € GloSpc is the image of BG € OrbSpc under (6-2).

Let us see that the global space BG represents the functor of G—bundles on finite
orbi-CW—complexes. Maps from a finite orbi-CW—complex X to BG is the direct
limit over V' /X of the space of embeddings of E into V modulo G, where G ~, E
is a faithful representation. Denoting by Emby (E, V') the total space over X, we
note that Emby (E, V) — Emby (E, V)/G is a principal G-bundle, so any section of
Emby (E,V)/G — X gives via pullback a principal G-bundle over X. Conversely,
given a principal G-bundle P — X, a section of Emby (£, V)/G together with an
isomorphism between the resulting pullback bundle and P — X is the same as an
embedding £ xg P < V, and the space of such embeddings becomes contractible in
the direct limit over V.

Conjecture 6.5 The functor (6-2) sends BG' € OrbSpc to BG € GloSpc.

2This result requires a homotopical categorical context such as model categories or co—categories.
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There are two natural global spaces bO and BO which generalize the classifying
space BO :=lim BO(n). The global space bO [34, Example 2.4.18] is given by the
orthogonal space

(6-6) bO(V) := Grjp|(V @ R™),

in which to a map V < W we associate the map

eW/V)
(6-7) Grypy (V& R®) ——— Gry (W @ R).

The global space bO is the direct limit of BO(n) € GloSpc [34, Proposition 2.4.24].

Let us argue that bO classifies coarsely stable vector bundles of rank zero. Maps from
a finite orbi-CW-complex X to bO are given by the direct limit over all vector bundles
E over X of global sections of Gr|g|(E & R°°). We may express this as the direct
limit over both n and E of subbundles of rank |E| of E & R”. Equivalently, this is
quotient bundles of E @ R” of rank n. Now taking the direct limit over E, we realize
every vector bundle has a homotopically unique surjection from E & R” in the direct
limit over E. Thus what remains is the direct limit over n of vector bundles over X,
with passage from n to n 4 1 acting as @ R. This is precisely rank-zero coarsely stable
vector bundles over X.

Conjecture 6.6 The functor (6-2) sends bO € OrbSpc to bO € GloSpc.

The global space BO [34, Example 2.4.1] is defined as the orthogonal space
(6-8) BO(V) :=Grp(VeV),

in which to a map V < W we associate the map

eW/V)

(6-9) Griyy(VeV)—Grpy(WeV) —)Gr|W‘(W€BW).

We argue that BO € GloSpc classifies stable vector bundles of rank zero; recall from
Lemma 4.7 that there is no BO € OrbSpc with this property. Maps from a finite
orbi-CW-complex X to BO are the direct limit over £/ X of subbundles of rank | E|
of E@® E. Let us choose to view this as the direct limit over pairs of vector bundles
E and E’ of subbundles of rank |E| of E @ E’. Taking the direct limit over E’, we
see that this is just vector bundles of rank | E| on X, and that in the remaining directed
system over E, when going from E; to E,, we add E,/E;. Thus we get precisely
rank-zero stable vector bundles over X.
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6.3 Global spectra

Here we relate the category OrbSpf with the global stable homotopy category GloSp,
whose objects we call global spectra.

Let O denote the based topological category with the same objects as . and with mor-
phism space from V' to W given by the Thom space of (ie the one-point compactification
of the total space of) the tautological vector bundle “W /V” over L(V, W). An orthogo-
nal spectrum is a based continuous functor F: O — kTop,,, where kTop,, is the category
of pointed k—spaces. In other words, it is the assignment to each V' € O of a based
k—space F(V'), and to each pair V, W € O abased map F(V)A OV, W) - F(W),
such that this rule is compatible with composition for triples V, W, U € L. The category
of orthogonal spectra is denoted by OrthSp.

A map of orthogonal spectra F — F’ is called a global equivalence if and only if for
every finite group G, every orthogonal G-representation V', every k, £ > 0 and every
diagram of based G—equivariant maps on the left

Dk NSV —— F(V & RY) ADEK ASW — 5 F(W @ RY)
ow | o=l
DFASY —— F/(VeRY DFASY —— F/(W @R

there exists an orthogonal G—representation W and an inclusion V < W such that after
pushing forward under it, the square obtained on the right has a lift after homotoping
the bottom map rel boundary (everything G—equivariantly); see [34, Equation (3.1.11)
and Definition 4.1.3]. The category of global spectra GloSp is the localization of the
category of orthogonal spectra OrthSp at the global equivalences. (There is a model
structure on OrthSp whose weak equivalences are the global equivalences, giving an
effective way to understand the localization GloSp; see [34, Section 4.3].)

Given an orthogonal spectrum F and a vector bundle V' — X with inner product (over
any stack X'), we may define a representable map F (V') — X by applying F to the
fibers of V, just as we did for an orthogonal space. This map F(V) — X is moreover
equipped with a “basepoint” section. A vector bundle V' — X (where X is still any
stack) has an associated sphere bundle S* (fiberwise one-point compactification of V)
again by defining it over |_[, > */ GL,(R) and pulling back under the classifying map;
this is also equipped with a “basepoint” section. We may thus consider, for any vector
bundle V — X with inner product, based maps S¥ — F(V) over X, where “based”
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means that the composition of the basepoint section of ¥ with the map SV — F(V)
is the basepoint section of F (V).

Let us now argue that given an isometric inclusion of vector bundles with inner product
V < W, we may push forward a based map S¥ — F(V) to obtain a based map
SW — F(W). The structure of F as an orthogonal spectrum gives a based map
F(V) — F(W) over the total space of S WIV  which over the basepoint section of
SWIV (ie when pulled back under it) is the constant map to the basepoint section
of F(W). Precomposing this map S¥/V xy F(V) — F(W) over X with a map
SV — F(V) over X defines amap S¥ xx S¥/V — F(W), which we claim descends
uniquely to a map S% — F(W). To prove this claim, it suffices to show that the
obvious® map S¥ xx S wiv _ sW pulls back under any map Z — X, where Z is a
topological space, to a topological quotient map. Since vector bundles (inner product
is now irrelevant) are locally trivial, this amounts to showing that S” x S x Z —
S™TM 7 is a topological quotient map for any topological space Z, which holds
since the locus ({*} x S™) U (8" x {x}) € S™ x $™ contracted by S” x S™ — Sn+m
is compact.

We now show that global spectra give rise to cohomology theories on orbispectra.
Namely, we construct a functor

(6-11) (OrbSp’ )P x GloSp — Ab,

(6-12) W x Z > Z°(W),

sending cofiber sequences to exact sequences.

We begin by defining (W, Z) — Z°(W) as a functor
(OrbSpcPair/ ~Ve<)°P x OrthSp — Ab.

For a finite orbi-CW-pair (X, A) with vector bundle £ and an orthogonal spectrum F,
we consider homotopy classes of based maps S — F(V & £) over X, which over
a neighborhood of A are the constant map to the basepoint. By the discussion in
the paragraph just above, such homotopy classes of maps form a directed system
over V € Vect®(X), and we define FO((X, A)~¢) to be its direct limit; this set is
naturally an abelian group by the usual argument involving R? € E. As before, this
is only a reasonable definition because of enough vector bundles. Note that, for the
purposes of computing the set of homotopy classes of based maps SV — F(V & £),

30Obvious since its existence over the universal classifying space is clear, so we can just pull back to X
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we may consider just those which are properly supported over X in the sense that they
send a neighborhood of the fiberwise basepoint of SV to the fiberwise basepoint of
F(V @ &) —to see this, apply a map S” — S¥ which sends a neighborhood of the
basepoint to the basepoint, which we may construct universally over | |,- ¢ */O(n).
That FO((X, A)~%) is a functor of F € OrthSp is evident. The following implies
descent to a functor of F € GloSp.

Lemma 6.7 A global equivalence of orthogonal spectra Z — Z' induces an isomor-
phism Z°((X, A)~%) — Z'°((X, A)~%).

Proof Same as Lemma 6.1. O

We now argue that Z°((X, A)~¢) is functorial in (X, A)~¢ € OrbSpcPairf Vet Sup-
pose givenamap f: X — Y, an inclusion f*¢ < & and a section s: X — &/ f™*{ such
that A is covered by f~1(B) and the locus where |s| > & for some £ > 0. Now given a
map SV — F(V @ ¢) over Y supported away from B, we may pull it back to obtain a
map S/V — F(f*V & f*¢) over X supported away from f~!(B). We then further
pair with s, viewed as a section of S&//"¢, to obtain a map SV — F(f*V & )
supported away from A. To finish the construction of (6-11), it suffices to show
that morphisms W and S are sent to isomorphisms. That morphisms W are sent to
isomorphisms follows from enough vector bundles (Theorem 3.23) — restriction of
vector bundles is cofinal. That morphisms S are sent to isomorphisms is immediate
from the definition.

Proposition 6.8 For any global spectrum Z, the functor Z° sends cofiber sequences
in RepOrbSpf to exact sequences.

Proof We are to show that Z°(Y, B) < Z%(X, A) < Z°(X, AUpY) is exact. The
composition is evidently zero. Now suppose we have a section over (X, 4) whose
restriction to (Y, B) is nullhomotopic after stabilizing by a vector bundle on Y. The
restriction map on vector bundles is cofinal by enough vector bundles, so without loss
of generality we are in the situation of a section on (X, 4) whose restriction to (Y, B)
is nullhomotopic rel B. Now (Y, B) has a nice neighborhood inside (X, 4), so we can
extend this nullhomotopy to a homotopy of sections over (X, 4) to become supported
away from A Up Y. O

Define Z/ (W) := Z°(Z~'W), so the Puppe sequence now gives a bi-infinite long
exact sequence of the expected form for any cofiber triple in RepOrbSpf .
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6.4 Global Thom spectra

We now recall the so-called global Thom spectra [34, Section 6], whose associated
cohomology theories are called homotopical cobordism theories. They are given by
the orthogonal spectra

(6-13) S(v):=S",
(6-14) mO(V) := Grjp|(V @ R®)7,
(6-15) MO(V) := Gryp (V@ V)7,

where t denotes the tautological vector bundle. The structure maps are induced by
those of the corresponding bO and BO defined above, just passing to Thom spaces as
appropriate. In the present context of orthogonal spectra, Thom space always means
the one-point compactification of the total space. These are ring spectra in various
senses, however we will not discuss this precisely, instead referring to Section 6 of
Schwede [34].

There is a canonical “unit element” 1 € S°(X) for any orbispace X, namely that given
in the definition of S°(X) by taking E = 0 and taking the unit section of QES(E) = §°
over X.

Remark 6.9 It is natural to conjecture that S© € OrbSpc, is sent to S and that
lim BO(n)R" =% ¢ OrbSp is sent to mO, under natural functors to GloSp. As we have
not defined an orbispace BO, we cannot define an orbispectrum corresponding to MO.

6.5 Pontryagin—-Thom isomorphism
Theorem 1.4 is the combination of Propositions 6.10 and 6.11 below.

Proposition 6.10 There is a bijection S°(DW) = QU(W), which is natural in
W e RepOrbSpf .

For a compact orbifold-with-boundary X, this bijection sends the unit element 1 € S°(X)
to the fundamental class [X] € Qg((X ,0X)TTX),

Proof Given a compact orbifold pair (X, A) and a vector bundle & over X, we define
a map

(6-16) SO((X,0X — A%~ Ty - Qff(x, 4)7%)
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as follows. The value of S°((X, 9X — A°)§~TX) is the direct limit over vector bundles
E/X of (homotopy classes of) sections of QF SESEDTX gyer X supported away
from 90X — A°. Equivalently, this is sections s of SE®TX (the fiberwise one-point
compactification) over the total space of E @ £ over X whose zero set s~!(0) is proper
over X and disjoint from the inverse image of dX — 4°. Such data defines a compact
derived orbifold chart with boundary (D, E @& T X, s) (here D is an open subset of the
total space of E @ &), representable over (X, 4), with a stable isomorphism between
its tangent bundle and &; this defines an element of Qg((X , A)~%). This construction
is compatible with enlarging E, and sends homotopies of sections to bordisms, hence
defines the desired map (6-16).

Let us argue that (6-16) defines a natural transformation of functors S°(DW) — Qg(W)
of W e RepOrbSpf . By Proposition 3.33 and the universal property of localization
(and of direct limit), it suffices to show that this defines a natural transformation of
functors out of RepOrbSpcPairﬁ;f for every & € Vect(R(*) N k+2), compatible with
the functors modifying £ and N, k. Compatibility with the functors modifying & and

N, k is immediate; the real content is to check that the diagram

SO(DW) —— Qf (W)

(6-17) l l

S°Dz) — QN(Z)

commutes for any map W — Z in RepOrbSpcPair]{;;f. We may assume that this map
W — Z is a smooth embedding of compact orbifold pairs (X, A) — (Y, B), namely
X — Y is a smooth embedding and A = X N dY meeting transversally (so X has
corners at the boundary of 4), desuspended by a vector bundle & on R(*)x k42, where
the isotropy groups of X and Y have order < N and X, Y have dimension < k. In this
case, the map on duals is simply the evident map (Y, Y — B®) --> (X, X —A°)TY/TX
desuspended by T'Y and suspended by £&. Now commutativity of the above diagram is
clear.

It remains to show that the natural transformation S®(DW) — Qg(W) is a bijection for
every W e RepOrbSpf , which we may take to be of the form (X, A)~¢ fora compact
orbifold pair (X, A) with a vector bundle & over X. To show surjectivity, let (D, E, s)
be a derived orbifold-with-boundary chart with a representable map (D, dD) — (X, 4)
and a stable isomorphism 7D — E = £. By Corollary 3.24, the map from D to X
can be replaced by a smooth embedding by replacing X with the unit disk bundle of
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a vector bundle over X (and A is replaced with its inverse image in this total space).
Thus we may assume D is a suborbifold of X’; choosing a nice collar near dX, we
may further assume that it meets dX transversely, precisely along dD. Now we may
stabilize our derived orbifold chart by TX/ T D so that D is in fact an open subset
of X. Now we have a stable isomorphism 77X — E = £, namely an isomorphism
E®EPD F=TX & F for some vector bundle F. By further replacing X with the
total space of F' and stabilizing our derived orbifold chart by F, this becomes a true
isomorphism of vector bundles TX = E & £ over D, which remains an open subset
of X. Further stabilizing by & (thus adding & to both E and T X') ensures that £ extends
to all of X, together with the isomorphism 77X = E @ &. Now the section s cutting out
our derived orbifold is, after extension as “infinity” to the rest of X, a section of S E
This gives, by definition, an element of S((X, X —A4°)"E) =S°((X, 90X —A4°)§-TX)
which maps to our given element of Qg((X ,A)7E).

Finally, injectivity is just a relative version of surjectivity. We are given two elements
of S°((X,dX — A°)§~TX) with the same image in Qg((X, A)7E). Applying “rel
boundary” the same procedure used to prove surjectivity to the derived bordism relating
the images of our two given elements of S°((X, 3X — A°)¢~TX) produces a homotopy
between them. O

Proposition 6.11 For W € RepOrbSpf , there are natural bijections

(6-18) mO°(DW) = Qo(W),
(6-19) MO°(DW) = Q&' (W).

Proof We follow the proof of Proposition 6.10.
Given a compact orbifold pair (X, A) and a vector bundle & over X, we define maps

(6-20) mO°((X,0X — A°)5TX) 5 Qo (X, A) %) = szfg“"def(x, A),

(6-21) MO°((X, 09X — A°)5~TX) — Qfr((X. 4)™%) = QT (X, A),

as follows. The values of mO°((X, 9X — A°)§~TX) and MO°((X, X — 4°)§-T¥X)
are, respectively, the direct limits over vector bundles £/X of (homotopy classes of)
sections of

(6-22) QE®E Gry gy rx (E ® TX @ RIEHFITX])T,
(6-23) QE®E Grip rx(E®@TX ® E® TX)T,
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over X supported away from dX — A°. Equivalently, this is open subsets U of
the total space of E @ & over X carrying a rank |E| 4 |TX| vector bundle V <
EFd TXEBR'EH"TX' (resp. VS E®TX P EDTX), and a section s: U — V whose
zero set s 1(0) is proper over X and disjoint from the inverse image of X — 4°. Such
data defines a compact derived orbifold chart with boundary (U, V, s), representable
over (X, A), with a stable isomorphism between its tangent bundle and 7X + E+&—V
(which in the case of mO is identified with £ +(E @ TX @RI EITITX]) /y _RIEHITX])
We thus obtain an element of Qf;““d”(x, A) = Q5 (X, A)7E) = Qo((X, A)7F)
(resp. Qger((X , A)7)). This construction is compatible with enlarging E and sends
homotopies of sections to bordisms, hence defines the desired maps (6-20)—(6-21).

The proof that (6-20)—(6-21) define natural transformations of functors (6-18)—(6-19)
of W e RepOrbSpf is exactly as in the proof of Proposition 6.10.

It remains to show that the natural transformations (6-18)—(6-19) are bijections for
W = (X, A)~¢ for a compact orbifold pair (X, A) with a vector bundle & over X.
As before, the argument for injectivity is a relative version of that for surjectivity,
so we will just explain surjectivity. To show surjectivity, let (D, V, s) be a derived
orbifold-with-boundary chart with a representable map (D, dD) — (X, A) and, in the
case of mQ, a vector bundle B and a stable isomorphism 7D —V =&+ B — RIBI
(in the case of MO, with dim 7D — |E| = |&|). As in the proof of Proposition 6.10,
we may homotope and stabilize to reduce to the case that D is an open subset of X.
Now further stabilize both X and D by the vector bundle &, so that we now have an
isomorphism 77X = & @ E where E is the tangent bundle before stabilizing. We seek
an element of mO° (X, 0X — 4°)~E) (resp. MO®); more specifically, we will produce
a section of Grg|(E @ E)* (resp. Grjg|(E @ E)"). We have a stable isomorphism
E ®RIBl =V @ B (resp. an equality | V| = | E|); in the former case we may stabilize
X and D to get a true isomorphism. For mO°, we want to embed V — E & RIEL
which we get from the isomorphism E @& RIBl = V & B once | E| > | B| which we
can achieve by stabilizing. For MO®, we want V < E @ E. Stabilizing to V’ and E’
allows us to embed V < E' @ E hence V' < E'® E’. O

7 Bordism and stable maps

In this final section, we apply the Pontryagin—Thom principle to describe morphism
spaces in RepOrbSpf and OrbSpf in terms of derived orbifold bordism.
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Proof of Theorem 1.7 Fix a compact orbifold pair (X, A) with a vector bundle &
and a finite orbi-CW-pair (Y, B) with vector bundle ¢. Given a map in RepOrbSpf
(resp. OrbSpf )

(7-1) D((X,A)~%) = (X,0Xx — 4% TX = (v, B)~S,

we associate as follows a bordism class of derived orbifold chart with boundary (C, 0C)
with amap (C,dC) — (X, 4) x (Y, B) whose projections to X and Y (resp. to X) are
representable, and with a stable isomorphism between its tangent bundle and & + ¢.
The data of a map (7-1) consists of a vector bundle £ over X, an open subset U of the
total space of E @ &, a (representable) map 2: U — Y, an embedding h*¢ — TX @ &
and a section s of the quotient whose zero set is proper over X such that X — A° is
contained in the union of f~!(B) and the locus where |s| > ¢ for some & > 0. This
data defines for us a compact derived orbifold chart (U, (TX & E)/h*C,s), which has
the desired form by inspection. Homotopies of maps evidently induce bordisms.

Let us argue that this association (of a bordism class to a stable map) is natural in
(Y, B)~%. To make sense of this statement, we should note that bordism of derived
orbifolds of the requisite form is indeed a functor of (¥, B)~¢ € RepOrbSpcPairf »—Vect
(resp. OrbSpcPair/> V"), where a map (Y, B)~¢ — (Y’, B')"¢ givenby q: Y — Y/,
q*¢ < Cand s: Y — ¢/q*¢ pushes forward a derived orbifold mapping (Y, B)
under ¢ and adds ¢/¢*¢’ to the obstruction space and s to the obstruction section. This
evidently descends to RepOrbSpf (resp. OrbSpf ) due to sending to isomorphisms
the morphisms W (obvious) and S (same as Proposition 5.5). Now to see that the
association of a bordism class to a stable map is natural, due to the universal property of
localization it suffices to show it is a natural transformation of functors of (Y, B)~¢ €
RepOrbSpcPairf Vet (resp. € OrbSpePair/> YY), This is evident by inspection.

Next, to see naturality in (X, At e RepOrbSpf , we may argue as in the proof of
Proposition 6.10: it suffices to check naturality as a functor out of RepOrbSpcPairﬁf
for & € Vect(R(*))n k+2- and this can be seen by inspection upon arranging maps to
be smooth embeddings of orbifolds.

It remains to show that this association of a bordism class to a map (7-1) is bijective. As
in the proof of Proposition 6.10, injectivity is simply a relative version of surjectivity,
so we will just prove surjectivity. Thus, suppose given a compact derived orbifold
chart with boundary (D, V,s) with a representable map f to X, a (representable)
map g to Y with 9D € f~1(4) U g7!(B), and a stable isomorphism between its
tangent bundle 7D — V and f*& + g*¢. By replacing (X, A) with the total space of
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a vector bundle over it, we may assume the map D — X is a smooth embedding. By
stabilizing (D, V, s), we may assume D — X is an open inclusion, so we have a stable
isomorphism TX =V & £ & g*¢ over D. Now further stabilize by & so that we have
an everywhere-defined isomorphism 7X = £ @ E (so E is the tangent bundle of X
before stabilizing). The resulting stable isomorphism E =V & g*{ may be turned into
a genuine isomorphism by further stabilization. We want a map (X, 90X — A°)~F —
(Y, B)_z, and this is precisely what we have: our open subset of X is D, which has
a (representable) map g: D — Y, we have an embedding g*{ — g*¢ @ V = E, and
we have a section of the quotient V', namely the obstruction section. O

Example 7.1 We describe the set of stable (representable) maps BG — BH for
finite groups G and H. Such maps (ie morphisms in RepOrbSpf and OrbSpf ) are,
according to Theorem 1.7, in bijection with bordism classes of derived orbifolds C with
a representable map to BG, a (representable) map to BH and a stable isomorphism
TC = 0. By Wasserman’s theorem (Theorem 5.7), this is the same as bordism classes
of orbifolds C with the requisite (representable) maps and stable framing. Now C has
dimension zero, so it must be a disjoint union of BK for some finite groups K; the only
bordisms between these have the form BK x [0, 1], so bordism is just homotopy. A
homotopy class of (representable) map BK — BG is a G—conjugacy class of (injective)
homomorphism K — G. A stable framing of BK is, according to Example 4.6, an
element of the product of Z/2 over all irreducible real representations of K with
End(p) = R. We thus obtain a group-theoretic description of the morphism space
BG — BH in RepOrbSpf and in OrbSpf .

Stated slightly differently, Theorem 1.7 says that the category RepOrbSpf may be
described as follows. The objects of RepOrbSpf are denoted by (X, A)~¢, where
(X, A) is a compact orbifold pair and £ is a stable vector bundle over X. The mor-
phisms (X, A)_E — (Y, B)_C are bordism classes of derived orbifolds (C,dC) —
(X, 0X — A°) x (Y, B) whose projections to X and to Y are representable, equipped
with a stable isomorphism TC = TX — f*& + g*¢. Composition is given by derived
fiber product. In this description, the action of duality D is obvious: it trades (X, A)~¢
for (X, 9X — A°)§~TX with the evident action on morphisms.

There is a notable omission in Theorem 1.7: we have no idea what category one gets
if one allows both maps to (X, 4) and to (Y, B) to be arbitrary (not required to be
representable). The resulting category has an apparent involution D, but that’s all this
author knows.
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Using Theorem 1.7, we may associate to any map X — Y in RepOrbSpf a map
X A DY — R(%) in RepOrbSpf as follows. Given a derived orbifold of the shape
prescribed by Theorem 1.7 to specify a map X — Y, we simply note that the same
derived orbifold also defines a map X A DY — R(x) by taking the product of the two
maps and appealing to the canonical map to R(x).

In particular, there is a canonical pairing X A DX — R(x) induced by the identity map
X — X (equivalently DX — DX). It may be described concretely as follows. Let
(X, A) be a compact orbifold pair carrying a vector bundle &. The diagonal map is a map

(7-2) (X,0X) — (X, A) x (X, X — A4°).

Now suspend/desuspend to define a map (X, dX)~T¥ — (X, A)“Ex(X, 90X —4°)sTX
and then dualize to obtain

(7-3) (X,0X — A TX x (x, A)~¢ > X,

which we may compose with the map X — R(x). This defines a map DZ A Z — R(x)
for Z = (X, A)~%. Tracing through the definition of the bijection in Theorem 1.7, it is
immediate that this is indeed the canonical pairing Z A DZ — R(x) as described above.
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Higher genus FJRW invariants of a Fermat cubic

JUN LI
YEFENG SHEN
JIE ZHOU

We reconstruct all-genus Fan—Jarvis—Ruan—Witten invariants of a Fermat cubic
Landau-Ginzburg space (x3 + x3 + x3: [C*/u3] — C) from genus-one primary
invariants, using tautological relations and axioms of cohomological field theories.
The genus-one primary invariants satisfy a Chazy equation by the Belorousski—
Pandharipande relation. They are completely determined by a single genus-one
invariant, which can be obtained from cosection localization and intersection theory
on moduli of three-spin curves.

We solve an all-genus Landau—Ginzburg/Calabi—Yau correspondence conjecture for
the Fermat cubic Landau—Ginzburg space using Cayley transformation on quasi-
modular forms. This transformation relates two nonsemisimple CohFT theories: the
Fan—Jarvis—Ruan—Witten theory of the Fermat cubic polynomial and the Gromov—
Witten theory of the Fermat cubic curve. As a consequence, Fan—Jarvis—Ruan—Witten
invariants at any genus can be computed using Gromov—Witten invariants of the
elliptic curve. They also satisfy nice structures, including holomorphic anomaly
equations and Virasoro constraints.
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1846 Jun Li, Yefeng Shen and Jie Zhou
1 Introduction

Let (d;8) be a weight system such that § = (81,...,05) € Zf is a primitive N —tuple
with w; := d/6; € Z4+. We say the system is of Calabi—Yau (CY) type if

N
(1-1) d=58 + - +8y, i Z%:l.
l

i=1

The dimension of the CY-type weight system (d; §) is defined to be

N
R 26;

= E 1-— ) =N-2.
‘ i=1( d)

Let /14 be the multiplicative group consisting of d™ roots of unity and

271;/—_1).

) )
Js = (é‘dl, .- -’ng) €ug for ¢y := exp(

We call the data ([CV/(Js5)], W) a Landau—-Ginzburg (LG) space, where W is a
nondegenerate quasihomogeneous polynomial on CV satisfying

W(Aslxl,...,ksNxN) =A"W(xy,...,xy) forall AeC*.

The polynomial W is assumed to have only an isolated critical point at the origin
and not involve quadratic terms x;x; for i # j. In general, we can consider Landau—
Ginzburg spaces ([CV /G], W) for a group G which is a subgroup of the group of
diagonal symmetries with J5 € G; see Chang, J Li and W-P Li [6] and Fan, Jarvis and
Ruan [20]. Two enumerative theories can be associated to such an LG space:

e The first is the Gromov—Witten (GW) theory of the G/(Js)—quotient of the
hypersurface defined by the vanishing of W in the corresponding weighted
projective space PNV ~1(81, ..., 8x). The quotient space is a CY (N —2)—orbifold
by the CY condition in (1-1).

e The second is the Fan—Jarvis—Ruan—Witten (FJRW) theory of the pair (W, G)
as introduced by Fan, Jarvis and Ruan [19; 20].

Both the GW theory and the FIRW theory associated to a CY-type weight system
are cohomological field theories (CohFT, for short) in the sense of Kontsevich and
Manin [32].
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We shall focus on the theories arising from one-dimensional CY-type weight systems.
These systems are classified by

The LG space we consider is ((C3/(J5)], W), with W the Fermat polynomials
(1-3) W= x5 (15,

On the CY side, the hypersurface W = 0 in the weighted projective space P2 (81, 85, 83)
is an elliptic curve, denoted by £; or £ (when the degree d is implicit or unimportant
in the discussion) for simplicity. We focus on the GW theory of £&. The GW state
space is then defined to be ¥¢ := H*(E,C). Let Mg (€, B) be the moduli stack of
degree-f stable maps from a connected genus-g curve with n markings to the target £.
Letevy for k = 1,2, ..., n be the evaluation morphisms, 7 be the forgetful morphism,
and [Mg 4 (€, B)]'I" be the virtual fundamental cycle of M ¢.n(&E, B). The ancestor GW
invariants are given by

)= [ [T evi (o ple

[Mn €D

The ancestor GW correlation function is the formal g—series

(14 vyt @ = Y qPlayy i), .

d=0

By the virtual degree counting of [M, »(E, B)]'T, if the series

Gy ooyt )E 1 (9)

in (1-4) is nontrivial, then

n

(1-5) > (3degay +£x) = B—dimc £)(g— 1) +n=2g—2+n.
k=1

On the LG side, we consider the FJRW theory of the pair (W, (Js)) as originally
constructed in [19; 20]. The main ingredients consist of a CohFT

Faw - (), 1L AP
and FJRW invariants (see Section 2.1 for details)

¢
(o). i) Pt
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with o; elements in the vector space ¥y, (s5)y- The space ¥, ( 5)) contains a canonical
degree-2 element, denoted by ¢ below. We assemble the FIRW invariants into an

ancestor FJRW correlation function (as a formal series in )

(1-6) oyl anplm) Prtad (s)

o0
1 ¢ W.{J.
=Y Llvt . anylrso. . sp) Pk,
m=0

m

1.1 LG/CY correspondence via modularity

One of the motivations for constructing the FIRW invariants [19; 20] is to under-
stand mathematically the so-called Landau—Ginzburg/Calabi—Yau correspondence
proposed by physicists; see Greene, Vafa and Warner [24; 54], Martinec [39] and
Witten [56]. The Landau—Ginzburg/Calabi—Yau correspondence conjecture (see Chiodo
and Ruan [12; 48] and Fan, Jarvis and Ruan [20]) predicts that for a CY-type weight
system the corresponding GW and FJRW theories are related. In the past decade, a lot
of effort has been made to formulate and solve this conjecture:

¢ An LG/CY correspondence between the vector spaces was solved by Chiodo
and Ruan [13].

¢ Genus-zero LG/CY correspondence for various pairs (W, G) has been studied
using Givental’s /—functions; see Basalaev and Priddis [1], Chiodo, Iritani and
Ruan [10; 11], Clader [14] and Lee, Priddis and Shoemaker [36; 37].

¢ For the quintic 3—fold, the correspondence has been pushed to genus one; see
Guo and Ross [25].

¢ For higher genera, the only known examples in the literature (see Iritani, Milanov,
Ruan and Shen [29; 40; 41], Krawitz and Shen [34] and Shen and Zhou [50])
are all generically semisimple, and therefore the correspondence at higher genus
is a consequence of the genus-zero correspondence, based on Givental [23] and
Teleman’s [52] classification of semisimple CohFTs.

One of our main results is to solve this conjecture at all genera for the Fermat cubic
pair (W = x13 + xg + xg, Js), using the properties of moduli spaces and quasimodular
forms. We remark that the GW CohFT and the FJRW CohFT for such a pair are not
generically semisimple, and therefore this case is beyond the scope of Givental and
Teleman’s results.
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1.1.1 Quasimodular forms and the Chazy equation Specializing to the cases of
one-dimensional CY-type weight systems, it is known (see Bloch and Okounkov [3] and
Okounkov and Pandharipande [43]) that the GW correlation functions for an elliptic
curve are quasimodular forms; see Kaneko and Zagier [30]. The key of this work is to
relate the generating series in (1-4) and (1-6) using transformations on quasimodular
forms.

Consider the Eisenstein series

1 1
1-7 Eri (1) i= — —— for t € H,
(c.d)=1

where ¢ is the Riemann zeta function. These are holomorphic functions on the upper half-
plane H, of which E,j for k > 2 are modular under the group I" := SL(2,7Z)/{£1},
while E, is quasimodular [30]. To be more precise, E, is not modular, but its
nonholomorphic modification E, (z, T) is modular, where

Es(v,7) = Ex(1) —

7 Im(t)
The set of quasimodular forms (we regard modular forms as special cases of quasi-
modular forms) for I" form a ring [30]:

(1-8) My(T) := C[Ey(z), Eq(t), E6(7)]-

The set of almost-holomorphic modular forms as introduced in [30] also gives rise to a
ring that is isomorphic to M (I"):

(1-9) My(T) := C[Ey (7, 7), E4(v), Eg(2)].

Let ¢ = exp(27r+~/—17). The GW invariants of elliptic curves are (see [43]) Fourier
coefficients expanded around the infinity cusp t = v/ —100 of certain quasimodular
forms. For example,! let € H?(€) be the Poincaré dual of the point class. Then

qn
1—g™

(1-10) —24(w){ (@) = Ea(q) =1-24) n
n=1

For any f € M, (I'), we define

Or—

2r/—1dt’

'We are sometimes sloppy about the argument for a quasimodular form when no confusion should arise.
For instance, we shall occasionally write Ej (q) for Ej (7).
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The Eisenstein series E,, E4 and E¢ satisfy the so-called Ramanujan identities
(1-11)  Ey= L(E;—Es). E,=3XE;E4—Es), Ej=3(E,E¢—Ej).
Eliminating E4 and E¢, we see that E; is a solution to the so-called Chazy equation,
(1-12) 21" —2ff"+3(f)* =0,

Our key observation is that the Chazy equation (1-12) appears in both GW and
FIRW theory for one-dimensional CY weight systems, thanks to the Belorousski—
Pandharipande relation discovered in [2].

Proposition 1 Consider the LG space ([C?/(Js)], W) given by (1-2) and (1-3). Then
both the genus-one GW correlation function —24((0)))f 1 (¢) and the genus-one FIRW

(W’(

correlation function —24{¢) " J“))(s) are solutions to the Chazy equation (1-12).

Here for a function f(g) in g, we use the convention f’(¢) = qd4 f’; for a function
f(s)ins, f'(s) =05 f.

Further, using more tautological relations discovered by Faber and Pandharipande [17]
and Ionel [28], we can show that both the GW and FIRW correlation functions in (1-4)
and (1-6) are determined by the genus-one correlation functions in Proposition 1.

Proposition 2 Consider the LG space ((C3/(Js)], W) given by (1-2) and (1-3). Let

f==24(0)5, or f=-24(p)"VD.

Then the GW correlation functions in (1-4) (or the FJRW correlation functions in (1-6))
are determined from f by tautological relations and are elements in the ring C[ f, f”, f"].

1.1.2 LG/CY correspondence via Cayley transformation By direct calculation,

we can show «w»f,l(‘]) and «¢»§I’41/,(J5

form —ﬁE »(7) at two different points on the upper half-plane. In particular, the GW

))(s) are expansions of the same quasimodular

functions are Fourier expansions around the cusp T = +/—100. This viewpoint allows
us to relate the GW functions in (1-4) and the FIRW functions in (1-6) by a variant of
the Cayley transformation which we now briefly review, following Shen and Zhou [50].

For any point 74« € H, there exists a Cayley transform that maps a point 7 on the upper
half-plane H to a point s(7) in the unit disk D, namely
T—Tx

s(1) = (T« —f*)r_f*.
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This transform is biholomorphic, and we denote its inverse by t(s). Following
Zagier [57] and [50], there exists a Cayley transformation that maps a weight-k almost-
holomorphic modular form

f € My(T) = ClEs(v. 7). E4(v), Eo(v)]
to .
(1-13) (T(S)—_T*) S(@(9),7()).
Toe — T
The Taylor expansion of the image gives a natural way to expand the almost-holomorphic
modular form f near T = Ty, where the local complex coordinate is s(7).

Using the fact that M, (') and M, (I") are isomorphic differential rings, a holomorphic
Cayley transformation C@‘;fk’l (see Section 4) can then be defined [50]. This turns out to
be the correct transformation to relate the GW correlation functions in (1-4) and the
FIRW correlation functions in (1-6), both of which are holomorphic, and it allows us
to solve the LG/CY correspondence conjecture for the Fermat cubic pair.

Theorem 3 Consider the Fermat cubic polynomial W = xl3 + xg + xi’ and the
LG space ([C3 /3], W). There exists a degree- and grading-preserving vector space
isomorphism

Uy %g = H*(g) — %(W,M3)
and a holomorphic Cayley transformation 61! with

_ V-1 2r/—1
T*——Wexp( 3

) e H,
such that

€Nyl W) (@) = (WY W)y ) PR (s).

The explicit construction of W and 6"°! will be given in Section 4.

It is straightforward to generalize Theorem 3 to the rest of the one-dimensional CY-type
weight systems in (1-2); the only difference lies in the technical computations on
the initial genus-one FIRW invariants. This approach of using modular forms was
previously introduced in [50] for elliptic orbifold curves.

It is worthwhile to mention that for one-dimensional CY-type weight systems, our
approach of the LG/CY correspondence is compatible with the /—function approach
introduced by Chiodo and Ruan [11] and Milanov and Ruan [40]. In fact, the automor-
phy factor in the Cayley transformation (1-13) provides equivalent information to the
symplectic transformation that appears in [11, Corollary 4.2.4].
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1.2 Applications: higher-genus FJRW invariants and their structures

The higher-genus FIRW invariants are very difficult to compute in general. In our exam-
ple, with the identification of the correlation functions with quasimodular forms, various
results from the GW side can be transformed into the LG side via the holomorphic
Cayley transformation, which respects the differential ring structure of quasimodular
forms. In particular, higher-genus FIRW invariants can be computed easily, and nice
structures of the FJRW correlation functions can be obtained for free.

Indeed, higher-genus FIRW invariants are determined from the results on descendent
GW invariants of elliptic curves, given by Bloch and Okounkov [3], whose generating
series admit very concrete and beautiful formulae. The following gives a sample of the
computations.

Corollary 4 For the ancestor FIRW correlation functions, when d = 3,

2g—2\(W,u3) _ bmn %2:1(E2) ¢ %QZI(E“ ‘ C@};:I(Ed "
i M D D e 2 )
£,m,n>0

L+2m+3n=g

where %2:1(E 2i) fori = 1,2, 3 are holomorphic Cayley transformations of the Eisen-
stein series E,, E4, E¢ whose expansions can be computed explicitly, while {by, n }m.n
are rational numbers that can be obtained recursively.

The holomorphic anomaly equations (HAEs) discovered by Oberdieck and Pixton [42]
and the Virasoro constraints discovered by Okounkov and Pandharipande [44] for the
GW theory of elliptic curves also carry over to the corresponding FJRW theory. See
Corollaries 23 and 24 for the explicit statements.

Outline In Section 2 we review the basic construction of CohFTs and use tautological
relations, in particular the Belorousski—Pandharipande relation, to prove Propositions 1
and 2. In Section 3 we calculate a genus-one FJRW invariant for the d = 3 case
using cosection localization. In Section 4 we prove Theorem 3 using properties of
quasimodular forms. In Section 5 we review some results on GW invariants for the
elliptic curve and discuss the ancestor/descendent correspondence. In Section 6 we
give some applications of the quasimodularity of the GW and FJRW theory for the
d = 3 case, such as the explicit computations of higher-genus FJRW invariants based
on the results on the GW invariants of the elliptic curve, the derivation of holomorphic
anomaly equations and Virasoro constraints they satisfy.
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2 The Belorousski-Pandharipande relation and the Chazy
equation

We study the two cohomological field theories (GW and FJRW) for the one-dimensional
CY-type weight systems using tautological relations and axioms of CohFTs. The key
is the identification between the Belorousski—Pandharipande relation and the Chazy
equation.

2.1 Cohomological field theories

Both the GW theory and the FIRW theory of the LG space ((C /G], W) satisfy axioms
of cohomological field theories (CohFT) in the sense of [32], which we briefly recall.

Let M, be the Deligne-Mumford moduli stack of genus-g stable (ie 2g —2 +n > 0)
curves with n markings. A cohomological field theory with a flat identity is a quadruple

(%’ T,’ 1’ A)’
where the state space
9¢ - = geeven fay %odd

is a Z,—graded finite-dimensional C—vector space (called a superspace in [32]), n is a
nondegenerate pairing on ¥, 1 € ¥ is the flat identity, and

AN:={Agnec Hom(%@’", H*(-/Wg,n, C))}

is a set of multilinear maps satisfying the CohFT axioms below:
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(i) Let |-| be the grading. The maps A , satisfy
2-1) Agn( .. aq,aa,...) = (=Dalle2lA, (o ap,..0).

(i1)) The maps in A are compatible with the gluing and the forgetful morphisms
° Mgl,nl-l-l S Mgz,n2+l g -/Wg,n and Mg—l,n+2 - Mg,n,
o 7: Mg py1 — Mg, forgetting one of the markings.

For example, the compatibility with the forgetful morphism is
(2-2) Agnti(or,....an, 1) =7 Ag nlaq, ... an).

(iii) The pairing 7 is compatible with Ag 3:

[ Aojs(ar,az, 1) =n(ayg, o).
Mo.3

Let Y € H*(M ¢,n) be the cotangent line class at the k™ marking. For each CohFT
(¥, 1,1, A), one defines the quantum invariants from A by

n
23) (aryit, .y, = / Agan@i.....an) [ v for ax €.
Me.n k=1

Such invariants are called the ancestor GW invariants for the GW CohFT, and FIRW
invariants for the LG CohFT. Our focus is the relation between these two types of
invariants arising from the same CY-type LG space ((CV /G], W).

Fix a basis B for 3. It is convenient to choose the elements oz from B and parametrize
oy by si. We introduce the genus-zero primary potential of the CohFT as a formal
power series

n
1
(2-4) Fo=)0 > ilenean)yy [T se.
n=0ares k=1

Here primary means all £; = 0 in (2-3).

2.1.1 FJRW invariants The CohFTs arising from GW theories have become a
familiar topic since [32]. Here we only recall some basics on the LG CohFT constructed
from the FJIRW invariants defined in [19; 20]. See also [4; 6; 31; 46] for various CohFT
constructions for LG models.

Geometry & Topology, Volume 27 (2023)



Higher genus FIRW invariants of a Fermat cubic 1855

As G acts on CN | for any y € G, the fixed-point set Fix(y) is an N, —dimensional
subspace of CN. Let W, be the restriction of W on Fix(y). Following [20], one
considers the graded vector space (called the FJRW state space)

(2-5) Hw.c) = €D %y

yeG
where each #,, is the space of G-invariants of the middle-dimensional relative cohomol-
ogy in Fix(y). There is a natural pairing {, } and an isomorphism (see [20, Section 5.1])

(2-6) (Hw.c) () = ( B Gac(Wy)Qrix ). Res).

yeG
Here Jac(Wy ) is the Jacobi algebra of W, Qrix(y) is the standard holomorphic volume
form on Fix(y), and Res is the residue pairing.

In [19; 20], Fan, Jarvis and Ruan constructed the virtual fundamental cycle over the
moduli space of W—spin structures, and a corresponding CohFT

Haw.g), (), 1, AWD),

,G)

which defines the so-called FJRW invariants (o Wfl R/ )é n~ through (2-3).

We now specialize to a pair (W, G) given in (1-3) with G = (Js). For a set of
homogeneous elements oy € #,, for k = 1,2,...,n, the dimension formula in
[20, Theorem 4.1.8] shows that, if (alwfl, e, nwn")(W 78)) i3 nontrivial, then

n

2-7 2g—2+n=Z%degak+Z€k.

k=1 k=1
We remark that both % ;; and % ;1 are one-dimensional: ¥ j; is spanned by the flat
identity 1 € €, and I by a canonical degree-2 element ¢ € 3 It We let s be
the corresponding linear coordinate of the space # It The constraint (2-7) allows us
to define the ancestor FJIRW correlation function (as a formal series in )
2-8) (ervys . a0 ()

oo

1 ¢ £, W,(Js)
Z — allﬁll,-- sy, ,Sd) ¢>gn+n51 :

m!
- m

In the following, we will use the subscript d to label the CY-type weight systems
in (1-2). Let Q = dx{ Adx, A dx3. For each polynomial W;, when d = 3 (resp. 4, 6),
we consider the element

(2-9) h(Wg) = 5=x1x2x3  (resp. 32x2x§ 316x4x2)
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According to (2-6), the FJRW state space is
(2-10) How,,c.) = & %13—1 ® Hieg, = C{1,¢,b1,b2}.

Here the even part is spanned by 1 € 3, and ¢ € 3 It while the odd part is spanned
by
by =h(Wg)Q and by =Q € Jac(Wy)Q)° € ¥,

The degrees are

(2-11) degl =0, degb; =degb, =1, deg¢p =2.

2.1.2 Genus-zero comparison We begin with a comparison between the genus-zero
parts of the two theories. On the GW side, recall the state space for the elliptic curve

Eqis H*(E4,C). Let 1 € HO be the identity of the cup product, and w € H? be the
Poincaré dual of the point class. We choose a symplectic basis {e;, e} of H! such that

etUey =—eyUe; =w.
We define a linear map W: H*(E4) — #w,,,(s5)) by
(2-12) v(1) =1, Y(w) = ¢, W(e;)="b; fori=1,2.

Let (29,1, 12,1) be the coordinates with respect to the basis {1, e, e2, w}. Similarly
we let (ug, u1, us, u) be the coordinates with respect to the basis {1, by, by, ¢}.

The moduli stack Mg »(E4, B) is empty when ¢ = 0 and B > 0. Then according
to (2-4), the genus-zero primary GW potential is

E, 2
./_‘Od = %ZOI + tol117.
A calculation on residue shows that

(213)  (L1.¢)g4 =(1.by.by)gd =1

0 and (1,b2.b1)0¢ = —1.

Thus the genus-zero primary FIRW potential is
]-"(de = %u(z)u ~+ ugu iU, + quantum corrections.
These quantum corrections vanish as shown below. This was first observed by Francis
[21, Section 4.2] using WDV'V equations.
Proposition 5 The map W in (2-12) is a degree- and grading-preserving ring isSomor-

phism, and

(2-14) ]—"gV”’ = %u(z)u + uouqus.
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Proof It is easy to see that W preserves the degree and grading. To show W is a ring
isomorphism, it is enough to prove (2-14). The compatibility condition (2-2) implies the
string equation in FJRW theory. Combining the degree constraints (2-11) and (2-7), we
find that the quantum corrections are encoded in C;(s), where C;(s) is the correlation
function with i copies of bj—insertions and 4 —i copies of by—insertions. For example,

Co(s) = (b1,b1,b1,b1)4 and  Cs(s) = by, by, by, ba))g s.

The Z,—grading (2-1) shows C;(s) = 0, because for & = by or by,

(oo, YW = (—nlllelfo o, )W = —(a,a... )02 O

2.2 The Belorousski-Pandharipande relation and g-reduction

The tautological rings RH (M gn) of M g¢,n are defined (see [17] for example) as the
smallest system of subrings of H*(My ) stable under pushforward and pullback by
the gluing and forgetful morphisms. Thus pulling back the tautological relations in
RH(Mg ) via the CohFT maps Ag , gives relations among quantum invariants. We
use this technique to prove Propositions 1 and 2.

2.2.1 The Belorousski—-Pandharipande relation for a genus-one correlation func-
tion The degree constraints (2-11) and (2-7) show that the nonvanishing genus-one
primary FIRW invariants could only come from the coefficients in {¢) ?/‘f (s). We
determine this series and the GW correlation function ((a)))‘lg"l (¢), up to some initial
values, by using the tautological relation found by Belorou’sski and Pandharipande
[2, Theorem 1]. The relation is a nontrivial rational equivalence among codimension-2
descendent stratum classes in M 2,3, shown in Figure 1.

Each stratum in the relation is represented by the topological type of the stable curve
corresponding to the generic moduli point in the stratum. The markings on the stratum
are unassigned. The geometric genera of the components are underlined. The cotangent
line class ¥ always appears on the genus-two component.

Proof of Proposition 1 On the FIRW side, we integrate

AJi(p.0.0) € HY(My3)

over the Belorousski—Pandharipande relation. We read off one term from each stratum.
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A7l Tlor S\ e
Do BRIl =

Figure 1: The Belorousski—Pandharipande relation.

Strata in the first row of Figure 1 Let us consider the first stratum in the first row.
Integration over this stratum gives the term

=2 Y (@A™ (e . Bl s (InPE (B b BN 4 (5).

aaa/aB:B/E%Wd

@@’ stands for the (o, a’) component of the inverse of the paring 7,

Here the notation n
etc. For any homogeneous element o € ¥y, , the degree constraint (2-7) implies that if
(o) ;V {(s) is nonzero, then

2-D)+1= %dega.

This contradicts (2-11), where we have dega =0, 1, 2. Thus (o)) ;V {(s) =0, and hence
the contribution from this stratum is zero. Similar arguments imply that the contribution
from all the strata in the first row of Figure 1 vanish, since the contribution from each
stratum must contain one of the following terms as a factor:

()4 (s) = (avi)yd(s) = (pvr. )y 4(s) = ($.ava)y 4(s) =0.

Other vanishing strata Now we look at the first, second and fifth strata in the second
row, the third, fourth and fifth strata in the third row, and the second, third, fifth and
sixth strata in the last row. Each stratum has a genus-zero component with at least four
markings (including the nodes). According to Proposition 5, for the primary invariants,

(Dot =0 forall n>4.

Thus the integral of A ;V $(b.0.9) e H #(M3 3) over each of these strata vanishes.
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For the first and second strata in the third row, the genus-zero component only contains
three markings, but at least two of the markings are labeled with the class ¢. Again by
Proposition 5, we have

(¢. 9. a)) =0 forall « € #y,.
So the contribution from these two strata also vanishes.

Finally, the integral on the first stratum in the fourth row also vanishes. This is a
consequence of the Z,—grading. In fact, we apply the degree constraint (2-7) to the
genus-one component and find that the nonvanishing contribution from this stratum, if
it exists, should be of the form

60 Z $.9.9, ¢)) 4(s)m? (1, o, »(I;Vgna o

o,
The vanishing of this term is a direct consequence of the formula (2-13), where

nd’,l — nbl,hz —1 and nbz,bl =_1.
Nonvanishing terms Now we see that all the possibly nonvanishing terms are from
the third and fourth strata in the second row, and the fourth stratum in the last row. Let

us calculate them term by term. The third stratum of the second row gives a possibly
nonvanishing term

W,
o) e (1.0 105 2" (p. b o) 4 (5) = 2gg”.
The fourth stratum of the second row gives a possibly nonvanishing term
— 3. #) 4?1 (1.6. 1) g 4 ()" (. 9) 4 () = —2E¢'g
The fourth stratum of the last row gives a possibly nonvanishing term
R IR VAOUR U NN RACTISES B P
Here the denominator 2 in the term above comes from the automorphism of the graph.

Putting all these together, the Belorousski—Pandharipande relation in Figure 1 allows
us to verify by brute-force computation that the correlation function g := {(¢)) TV‘I’ (s)is
a solution to

(2_15) %gg// 158 g/g/ + lg/// =0.

Thus —24{¢) EVf (s) is a solution of the Chazy equation (1-12).
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By integrating the GW cycle A§d3 (w, w,w) over the Belorousski—Pandharipande
relation in Figure 1, we similarly see that —24((¢>))f‘*’1 (g) is a solution of the Chazy
equation (1-12). O

The identity (2-15) is independent of the specific form £y, as should be the case since
the GW invariants are independent of the choice of complex structures put on the
elliptic curve.

Remark 6 For the elliptic orbifold curve X ;=& ) /i for some particular elliptic
curve €M) that admits u v as its automorphism group, the first stratum in the fourth
line does not vanish. Let j be the rank of the Chen—Ruan cohomology HJ (Xn),

which satisfies
2 1

LTN

Similarly, define g = ((P))f’}’ , where P is the point class on X . The Belorousski—

Pandharipande relation now gives

2gg" (&) + (—gon+13) 38" =0
where ' = Q0 is now the derivative with respect to the parameter for the point class P.
Then f = —24g satisfies

2ff//_3(f/)2_2(1 _11_2M)f”/ =0.

Its solutions coincide with those of (2-15) via the relation Q = qN ; see [49] for more
details.

1

2.2.2 g-reduction for higher-genus correlation functions We prove Proposition 2
using the g—reduction technique introduced in [18], first recalling:

Lemma 7 [17;28] Let M (k) be a monomial of —classes and k—classes /Wg,n.
Assume deg M > g when g > 1, and deg M > 1 when g = 0,. Then M (y, k) is equal
to a linear combination of dual graphs on the boundary of Mg .

Proof of Proposition 2 Consider the GW or FJRW correlation function of the form
((altﬁfl,...,anwn”));n, where & = &4 or Wy.

Using that the cohomology classes have 0 < deg oz, < 2, and using (1-5) and (2-7), we
deduce that the correlation function is trivial if

n
>t <2g-2.
k=1

Geometry & Topology, Volume 27 (2023)



Higher genus FIRW invariants of a Fermat cubic 1861

Assuming it is nontrivial and Y j _; £x > 1, we must have
n n .
L 2g—2>g ifg=>2,
2-16 de k = f >
o s [T ) =R { T

Then, [];—; w]f"' is a monomial satisfying the condition in Lemma 7, thus we can
apply this technique and use the splitting axiom in GW/FJRW theory to rewrite the
function as a linear combination of products of other correlation functions, with smaller
genera.

We then repeat the process for nontrivial correlation functions with smaller genera
and eventually rewrite the correlation function as a linear combination of products of
primary (all £; = 0) correlation functions in genus zero (which are just constants) and

in genus one, which must be f;"_l) ={(w,..., a)))f"n or (¢,...,p) fV;’ Thus we have
{
(ervy' ..oy )&, e Clia. £ 17 1=Clta. 3. /7).
The last equality follows from (2-15). O

3 A genus-one FJRW invariant

Throughout this section, we consider the d = 3 case, with W3 = x13 + xg + xg and
G = 3. We focus on the following genus-one FIRW invariant (see (1-6)) with n = 3:

O = {g.....p) WM,
~————

1,n
n

Combining the computations in [38], we will prove:

Proposition 8 [38, Theorem 1.1] For the (W3, u3) case, one has the FIRW invariant
% s
(3-1) Q13 =(9.0.¢) 5" = L.

We first obtain a formula that expresses the Witten top Chern class for ®1 3 in terms of
a Witten top Chern class of three-spin curves in Lemma 9. Then in Proposition 15 and
Corollary 17, we analyze the latter virtual class explicitly by cosection localization.
Finally, we deduce Proposition 8 from these results and explicit computations in [38].

3.1 Witten top Chern class

We begin with a formula for a Witten top Chern class of the moduli of three-spin curves.
The relevant moduli M g=1,23(W3, 1u3) (defined in [6]) is the moduli of families

(3-2) E=[ZC (L pi)i]
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such that X C 6 is a family of genus-one 3—pointed twisted nodal curves, each marking

log

is a stacky point of automorphism group w3, p; : 55;.8’3 ~ “’%O are isomorphisms together

with isomorphisms &; = £ for i = 2 and 3 understood, and the monodromy of £;

along X; C X is %.2 Because of the isomorphisms &; = &1, we have the canonical

isomorphism
1/3

Wiy = /\71’23

= M, 23 (W3, 13),

where we recall that W3 parametrizes families of £ = [X C €, &£, p] with objects X, 6,
¥ and p as before.

Let
[M 3 (W3, j13) P € AxM 53(Ws, i3)

be the FJRW invariant of the pair (W3, i3), which is defined in [6] as the cosection
localized virtual cycles of the moduli stack M 1,23(W3, u3)?, parametrizing

S = {((6’ 2’551’ s 01,92, 903) | ((6’ E,igl, .. ) € MI,ZS(W3’ /’L3) and @i € F(gl)}
We let

—1/3, i —1/3
[Ml’/23p]wr € A*Ml’/zi‘ﬁ

be the similarly defined cosection localized virtual cycle.
Lemma9 We have the identity

(3-3) (M 03 (Ws, 13)P1 = (M) 57193 € A2 Ws = Ao,

Proof First, we have the Cartesian product

M 23 (8%, 13)P X My 53 (33, j13)? —— My 23 (x> + p3, (13)%)?

l |
My 25 (3, p3) % My g3 (0% o) el M s 4 52, (us)?)
where the morphism f sends (6, X, %, %,) to
((6,%,%1), (6, X,%2)).

Applying [6, Theorem 4.11], we get that
G4 [My (347, (13)) P17 = (M 23 (7, 13) PIXIM 3 (67, 13) PT).
20ur convention is that for € = [A!/j,] and an invertible sheaf of G¢—modules having monodromy

a/r €0, 1) at [0], locally the sheaf takes the form O 1 (a[0]) /1t .
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Now let
Vi 3 3 i 3 Vi 3 3 2
g My 3 (x7 +y7 u3) = My 3 (x7, p13) > My 53(x” + ¥, (13)7)
be the diagonal morphism. Then
fog: /\71,23(363, H3) —> /\71,23(X3, H3) X M1,23(X3» n3)
is the diagonal morphism. As g is étale and proper, we conclude
(3-5) My 23 (3% + %, ) P10 = g [M 53 (6% + 3, (13) ) 7T
Combined with (3-4) and (3-5), we obtain
My 23 (0% + 3% ua) I = (f 0.)" (M 53 (6%, ) P X [M 03 g) PI™),
which is ([M1,23 (x3, Mg)P]Vir)z. Here we have used that M1,23 (x3, j13) is smooth.
Repeating the same argument to go from x3 + y3 to Wj proves the lemma. O
3.1.1 Cosection localized virtual cycles Let }V be a smooth DM stack, with a
complex of locally free sheaves of 0yy—modules
(3-6) £* = [Ow(Eo) > Ow(E1)]

of rank ag and a; = ag + 1, respectively. Let w: E¢ — W be the projection; the
section s induces a section § € I‘(E 1) of the pullback bundle E 1 :=n*E{. We define

3-7) M:=(§=0)CE,.

Assumption 10 We assume D = (ker s 7% 0) C W is a smooth Cartier divisor; Im(s|p)
is a rank-(ag—1) subbundle of E|p.

Because D is a smooth Cartier divisor, we can find a vector bundle F on W fitting into
(3-8) Ow(Eo) 5 Ow(F) B> Ow(Ey)

so that n1|yw—p = s|w—p is an isomorphism, F — E; is a subvector bundle, and
S=TMn2011.

We let A = H'(E*). By Assumption 10, it fits into the exact sequence

(3-9) 0 — O (Eg) & Oy (F) — A — 0.

Further, there is a line bundle 4 on D such that A = Op(A). In the following, we
will view ¢;(A4) as an element of A'D. Then for the inclusion ¢: D — W, we have
1x¢1(A) € AW. Since A is a line bundle on D, we have ¢; (A) = [D], thus:
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Lemma 11 ci1(E1—F)=c1(E1—Ey) —[D].

We let J C Eg|p be the kernel of s|p; by our assumption it is a line bundle on D. We
relate A to J:

Lemma 12 Let the situation be as stated and assume Assumption 10. Then A = J (D).

Proof Let J = Op(J) and let n = ker{Op(F) — A}. Then 7 fits into the exact
sequences

0—>0p(J)>0p(Eg) >n—0 and 0—>n— Op(F)—>0p(4)—0.

Let £ € Op(J) be any (local) section. Let § € Oyy(Ey) be a lift of the image of &
in Op(Eg). Then ¢(€) € Oy (F), where ¢ is as in (3-9). Clearly, ¢(€)|p = 0. Let
t € 0yy(D) be the defining equation of D. Then t_lgb(§) € Oy (F)(—D). We define
@ (&) to be the image of t_1¢(§) in Op(A(—D)) under the composition

Ow(F)(=D) — Op(F(=D)) — Op(A(=D)).

It is direct to check that ¢: Op(J) — Op(A(—D)) is a well-defined homomorphism of
sheaves, and is an isomorphism. |

This way, M (see (3-7)) is a union of W C E{ (the O—section) and the subbundle
J C Eglp C Eg. As M C Ej is defined by the vanishing of §, it comes with a normal
cone

(3-10) C :=1lim [',—1; C Eq|p.
t—0

Lemma 13 With Assumption 10, the cone C C E 1|m is a union of two subvector
bundles n,(F) C E1 and 7*n,(F)|y C Ell].

Proof This is local, thus without loss of generality we can assume ay = 1. Since
D = (s = 0) is a smooth divisor in W, near a point at D we can give ¥V an analytic
neighborhood U with chart (u, x), where u is a multivariable, so that D = (x = 0) and
Slu: Eolu = E1|u takes the form

sly = (x,0): 0y — Oy @05~ ~ oy (Ey).

We let y be the fiber-direction coordinate of Eg|yy. Then 7~ (U) C E has the chart
(u,x, y), with §[ -1y = (x,0). Therefore, the cone C C Ey over a~1(U) is the
line bundle

®(a1—1 ~ =
©rr_1(U)ﬂM C @n—l(U)ﬂ/Vl (&) @TL'EL?(U)AM = @n’_l(U)ﬂ/\/l(El)' O
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Assumption 14 We assume that there is a homomorphism (cosection)
o E 1 | M — o) M

such that o |y = 0, and 7*n,(F)| s lies in the kernel of o.

Let
[MIYF = 0,[C] € AN %W

be the image of [C] under the cosection localized Gysin map.

Proposition 15 Let the situation be as mentioned, and suppose the cosection o is
fiberwise homogeneous of degree e. Then

MIYT = —¢)(Eg— E{) — (e + 1)[D] € A'W when a; —ag = 1.

Proof Following the discussion leading to [5, Lemma 6.4], we compactify M by
compactifying J by P := Pp(J & 1). Let Do = Pp(J & 0) C Pp(J & 1). Then
P =JUDs, and M = PUW. Let 7: P — D be the tautological projection.
Then n*F|y C El |7 extends to 7* F C 7* E{, a subbundle. Because o is fiberwise
homogeneous of degree e, we see that ol : El |y = 7*E1];y — Oy extends to a
homomorphism

6: ¥ E{(—eDso) — Op,

which is surjective along Doy, = M — M.

We let 7* F(—eDoo) C 7*E1(—eDyo) be the associated twisting of the subbundle
7*F C w*E;. Applying [5, Lemma 6.4], we conclude that

!

(3-11) 0,[C] = 0% [F1+ 4 (054 £, (ool * F(—€Doo))).

When a; —ag =1,

!

3+ B (—eDon)l T F(=€Doo)] = ¢1 (T*(E1/ F)(—€Doo)) = 7 c1(E1/ F) — e[Doo].

Thus 7+ (Oi'z*El(—zpoo)[ﬁ*F(_eDOO)]) = —e[D]. Combined with Lemma 11, the
proposition follows. O

0

3.2 Applying to the FJRW invariant

We let M = M :/ 233’p . We claim that there is a complex of vector bundle as in (3-6) so

that M is defined as in (3-7), and there is a cosection o satisfying Assumption 14.
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Indeed, let Ml »3 be the moduli of 3—pointed genus-one twisted curves where all
markings are (3 stacky. Then the forgetful morphism ¢: M 1/3 53 J\/ll’zs is finite and
smooth. Furthermore, let (X C 6, £) be the universal famlly of Ml ,3- Then (£ C€6)
is the pullback of the universal family of M1,23’ and a standard method shows that
we can find a complex £° = [s: Og(Eg) — O¢(E)] of locally free sheaves such that
E* = R°n, ¥, in the derived category. Here 7 : € — /Wi/; is the projection. Then a
standard argument shows that this complex £° is the desired one, giving a canonical

embedding of M = Mi/ 233’p into the total space of Ey, as the vanishing locus of §.

The choice of cosection o is induced by Oy (E;) — H'(£*), following that in [6], and
satisfies Assumption 14. Finally, following the construction of [Ml/ 3P ]Vir, we see that

[M]wr — [ :/233ap]v1r‘

We skip the details here.
We next check that Assumption 10 holds in this case.

1/3

Lemmal6 LetDCW (= M55

is a smooth divisor of W.

) be the locus where R®m+ < is nontrivial. Then it

Proof Let (¢,X,%) € W be a closed point such that H%(¥) # 0. Then a direct
calculation shows that € has a node g € € that separates 6 into two irreducible
components € and R, so that ¢ C € is a 1—pointed (twisted) elliptic curve with
h°(£Llg) =1, and ¢ U X C R is a 4—pointed (twisted) rational curve. "fhe same
M3, be the

1,23
closed locus (see Figure 2) where RO7.% is nontrivial, Rz, <% is a locally free sheaf

argument shows that the converse is also true. Therefore, letting D C M

of Op—modules. Equivalently, letting

mp.6p =6 X _1/3 D—>D

M
1,23

be the projection, this says that wp«(£|¢,) is a rank-one locally free sheaf of Op—

modules. Let 7 be a local section of this sheaf. Then (¢ = 0) C €p becomes a family

of rational curves, the family that contains all those ¢ U ¥ C &R mentioned. This shows

that €p — D is exactly the subfamily in /\/l / ’

,3 that can be decomposed into 1—pointed
twisted elliptic curves ¢ C € with h0($|fg) = 1, and 4—pointed twisted rational curves

q U X C R. This implies that D is a smooth divisor of W = M i/ 233 |

We illustrate the divisor D by a decorated graph in Figure 2. A generic point in D
consists a nodal curve with a genus-one component (g = 1) and a genus-zero component
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Figure 2: The divisor D on the moduli stack W = M :/ 23 3

(g = 0). The monodromy along the node is % on the genus-one component and %
on the genus-zero component. Here 4% = 1 is the rank of R%m, <& restricted to the

genus-one component.

Finally, to apply Proposition 15 we need to show that the cosection is fiberwise
homogeneous of degree e = 2. This follows from the definition of the cosection in [6],
and the degree e is 3 — 1, where 3 is the denominator of % Applying Proposition 15,
we obtain:?

Corollary 17 The Witten top Chern class of the moduli of three-spin curves M i/ 23 5 IS

(3-12) [Mi{j;P]V" = —¢1(R* %) — 3[D).

Applying Lemma 9, we get

(3-13) O1,3 = deg[M ,3(Ws, w3) PV = deg([/ﬁi’/;;p]"irf.

Thus the FJRW invariant ®1 3 in Proposition 8 can be calculated explicitly from the
triple self-intersection of the cycle (3-12). Note that the first term in (3-12) can be
calculated by Chiodo’s formula [9]. The calculation is subtle and lengthy, and the
details are given in [38]. An alternative approach to computing this invariant using the
mixed-spin-P fields method developed in [7; 8] is also presented in [38].

4 LG/CY correspondence for the Fermat cubic

This section is devoted to proving Theorem 3. We shall show that the GW/FJRW
correlation functions as Fourier/Taylor expansions of the same quasimodular form

3This formula is a special case of a sequence of formulae for moduli of r—spin curves, conjectured by
Janda (personal communication, 2019).
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around different points (the infinity cusp and an interior point on the upper half-plane)
which are related by the so-called holomorphic Cayley transformation that we shall
introduce.

4.1 Cayley transformation and elliptic expansions of quasimodular forms

It is well known that the Eisenstein series E,(t) is not modular; however, its non-
holomorphic modification

(4-1) Es(t,7) = Ea(1) —

3
7 Im(1)
is modular. The map (called modular completion) sending E, to E 5,and E4 and Eg¢ to
themselves, is an isomorphism from M, (") to the ring of almost-holomorphic modular
forms

(4-2) My (T) :=C[E,, E4, Eg].

More premsely, for any quasimodular form f(7) € M,(T) of weight k, we denote
by f (r,7) € M, (I") its modular completion. The function f can be regarded as a
polynomial in the formal variable 1/ Im(r)

J
(4-3) f=r+ Z fi (Iml(r))

with coefficients some holomorphic functions f; for j = 1,2,...,k in . We call
the inverse of the modular completion the holomorphic limit. It maps the almost-
holomorphic modular form f in (4-3) to its degree-zero term f in the formal variable
1/Im(7).

For any point 7, € H, we form the Cayley transform from H to a disk D (of appropriate
radius determined by 7« and ¢ # 0),

(4-4) T 5(1):=c2n \/—_1(1'* —Tx) L

T — Ty

It is biholomorphic and we denote its inverse by t(s).

Following [57], in [50] we defined a Cayley transformation ‘6, based on the action (4-4)
on the space of almost-holomorphic modular forms; it maps the almost-holomorphic
modular form f € M, (I') to

435 G (N5.5) = Qrv/le >"‘/2(’(S) - )f(r(s) #(5)).

This gives a natural way to expand an almost-holomorphic modular form near t = 7.
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modular completion
MT) —_ M)
constant term map

gho! Gra
~ modular completion
~ ~
eri(M (D), €, (M (I))

holomorphic limit

Figure 3: Cayley transformation on quasimodular and almost-holomorphic
modular forms.

A similar notion of holomorphic limit can be defined near the interior point tx. Compu-
tationally, this amounts to taking the degree-zero term in the s—expansion of (4-5) (now
regarded as a real-analytic function in s and ) using the structure (4-3). This procedure
induces a transformation ‘61;21 on quasimodular forms. We will call the transformation
(62:1 the holomorphic Cayley transformation. This transformation can be shown to
respect the differential ring isomorphism between the differential ring of quasimodular
forms and the differential ring of almost-holomorphic modular forms. We illustrate the
construction by the commutative diagram in Figure 3. See [50] for details.

We are mainly concerned with the expansions of the quasimodular form E, around the
infinity cusp ~/—1o0 and the elliptic points

4-6)  Te= —2nb__lr($)r(1 - é)e_”ﬁ/d for d € {3.4.6}.

For the Fermat cubic polynomial case d = 3, in (4-4) we take

) 1 ra/d) /=4
D T aVIIT(—1/d)2" '

The choices in (4-6) and (4-7) then lead to the rational expansion of E, around t:

hol 1.2 1.5 1.8
(4-8) €, (E2) = —55" — 13138 — 33597705 T -

The other cases, d = 4, 6, are similar. All of these computations are easy following
those in [50].

4.2 LG/CY correspondence

We consider the elliptic points (4-6) and the value (4-7) for ¢ in (4-4). Theorem 3 then
follows from:
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Theorem 18 Consider the LG space ((C3/(Js)], W) given by (1-2) and (1-3), with
d=3.

(i) The genus-one GW correlation function is
(4-9) —24(w) 1" (9) = E2(q)

(i)) The GW correlation functions {--- ))gdn are quasimodular forms in the ring
ClE,, E}, ET].
(iii) The genus-one FIRW correlation function (¢)) i’thz (s) is the Taylor expansion of
—ﬁE » around the elliptic point
V=1 exp(2n«/—l)  H:
Vg 3

Tx = —

that is,
(4-10) (@)% (s) =62 (@) (@)

(iv) The FIRW correlation functions { - - - )) ?,/‘,i are holomorphic Cayley transforma-

tions of quasimodular forms in the ring
CeR (Ea). €5 (E). €5 (E5)]

such that
L 14
G (a1 YV (@) = (W)Y W)Y ) ().
Proof Part (i) is a well-known result in the literature; see eg [43]. We give a new
proof based on the Chazy equation. In order to get (4-9), it suffices to check*
& &
(a))l‘fl’o = —21—4 and <w>1‘,11,1 =1.

Both invariants can be obtained by analyzing the virtual fundamental classes explicitly.
Part (ii) is a consequence of (i), the Ramanujan identities (1-11), and Proposition 2.

For (iii), the selection rule [20, Proposition 2.2.8] implies ©® 1 = 0, = 0, as the
corresponding moduli spaces are empty. On the other hand, according to Proposition 8,
O1,5 = 1o3-

Now we see that as a formal power series in s, the first three terms of (@) TV‘II (s) match
those obtained from cG}T“;I(E ») in (4-8). Since both {¢) TV‘I’ (s) and €"°!(E,) satisfy the

Tx

4Note that only two initial conditions are needed to determine a solution from the space of formal power
series in ¢ = €277,
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Chazy equation (1-12), we conclude that
W,
(D)1 4(s) = =356 (E2).

For (iv), we recall that, by g-reduction, in either theory all nontrivial correlation
functions are differential polynomials in the building block ((a)))‘lg"l (q) or (&) ?/f (s).
Since the holomorphic Cayley transformation respects the differential ring structure and
the g—reduction is independent of the CohFT in consideration, (iv) is a consequence
of (iii), the Ramanujan identities (1-11), and Proposition 2. O

Remark 19 Propositions 1 and 2 hold for all of the one-dimensional CY weight
systems in (1-2) and (1-3). Provided the analogue of Proposition 8 for the d = 4
or 6 case is obtained, the same argument as in the proof of Theorem 18 generalizes
straightforwardly.

5 Ancestor GW invariants for elliptic curves

The tautological relations used in establishing Proposition 2 are not constructive, and
hence not so useful for actual calculation of higher-genus invariants. For this reason,
we make use of the beautiful formulae for the descendent GW invariants of elliptic
curves given by Bloch and Okounkov [3] and reviewed below. For later use we also
discuss the ancestor/descendent correspondence.

5.1 Higher-genus descendent GW invariants of elliptic curves

In [43], Okounkov and Pandharipande proved a correspondence between the stationary
GW invariants and Hurwitz covers, called Gromov—Witten/Hurwitz correspondence.
To be more precise, let (]_[1N=1 w&le i );5 4 be the disconnected, stationary, descendent
GW invariant of genus g and degree d (the number N of markings is self-explanatory
in the notation). Here 1% is the descendent cotangent line class attached to the it
marking, and the symbol e stands for disconnected counting. The invariant is called
stationary as the insertions only involve the descendents of w.

Following [43], we define the N —point generating function by

N _ o N
(5-1) FN(Gi....oneg) = Y <<]_[w1/ff>> [1=""

g =1
with the convention

(P20 (@) = 1.
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The GW/Hurwitz correspondence [43, Theorem 5] allows one to rewrite the N —point
generating function Fa(zy,...,zn,q) by a beautiful character formula from [3]:

_ det Mn(z1,22,...,2ZN
(5-2) FN(Z1,22,---7ZN,Q):(q)ool Z - :

O+ 2+ +2N)

all permutations of z1,...,zn
Here My (zy1, 22, ..., zN) is the matrix where the (i, j) entry is zero if j # N and

i > j 4+ 1 and otherwise is given by

if j#N and if j =N.
(—i+DOE +-+zn—)) 17 (N —i+1)! /
Recall that © is defined to be the prime form
v . ¥ )
(5-3) o) = —J0212CD . pPannE.4)
0z9(1/2,1/2) (2. @)|z=0 —2mn

= 271V—1€E222/24J(z),

with:

(i) The Euler function

@)oo =1 4"
n=1

is related to the Dedekind eta function by 7 = ¢'/?*(¢)ce.
(i1) The Jacobi theta function

Z q(1/2)(n+1/2)2e(n+1/2)z

nez

19(1/2,1/2)(2,61) =

has characteristic (%, %)

(ili) The Weierstrass o—function o (z) satisfies the well-known formula® (see [51])

o0

) . z sz 2k

where B,y for k > 1 are Bernoulli numbers determined from

oo

X 1 Bok ok
ex_l_l—ix—l—];@k)!x .

>Note that the z—variable here differs from the usual one by a 277 +/—1 factor.

Geometry & Topology, Volume 27 (2023)



Higher genus FIRW invariants of a Fermat cubic 1873

Note that we often omit the subscript g in the correlation function

(s},

i=1
which can be read off from the degree of the insertion according to the dimension
axiom. We shall also omit the argument ¢ in the functions for ease of notation.

The formula (5-2) provides an effective algorithm for computing the stationary descen-
dent GW invariants. For example, as already computed in [3], one has

1
(@)o®(z1)

1
(5-5) Fr(z1,20) = P TEE (02, InO(z1) + 9, log O(z3)),

Fi(z1) =

Remark 20 Let () °¢ be the generating series of stable maps with connected domains
with neither descendent nor ancestor classes. Then one has the well-known formula

(5-6) (@) = —54 Ea.

It is easy to see that

(5-7) ()€ = (@)F exp(G(@) and G =D ()25, 4q*.
d>1

In this case, by enumerating stable maps with connected domains, one can show that
d _ o& d _ d
(5-8) 4570 = ;«w»g:l,c,q =4 7, 108(@)os-

Solving this equation and using the initial terms of G, which can be easily computed,
one obtains

(5-9) G = —log(¢)oo-
This then gives
(5-10) (@) = @) (@) = @ (—35) E2-

More generally, for the one-point GW correlation function, the same reasoning implies
that

(0P*)e = (@) (oy*)e.
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The result (5-9) indicates that one can add an extra contribution from the degree-zero
part to G, whose corresponding moduli is an Artin stack. This contribution can be
defined to be log q‘ﬁ. In this way, after applying the divisor equation, it yields
the contribution —21—4 for the degree-zero part in {w)°®. This definition of the extra
contribution for the Artin stack changes (¢)oo to 7. What one gains from the inclusion
of this is the quasimodularity of the GW generating functions. The discrepancy will be
further discussed from the viewpoint of ancestor/descendent correspondence below.

It is shown in [3] by manipulating the series expansions that the descendent GW correla-
tion functions are essentially (modulo the issue discussed in Remark 20) quasimodular
forms. By induction, the weight of (q)oo«]_[ilil a)wl.k i ))'g is > (ki + 2). This can also

be seen easily by using (5-3) and (5-4).
5.2 Ancestor/descendent correspondence

Since explicit formulae in [3] are available only for descendent GW invariants, while
we are mainly concerned with ancestor GW invariants, we shall first exhibit the relation
between these two types of GW invariants. The relation between the descendent
GW invariants and the ancestor GW invariants are described for general targets in
[33, Theorem 1.1]. This is the so-called ancestor/descendent correspondence. This
correspondence is written down elegantly using a quantization formula of quadratic
Hamiltonians in [22, Theorem 5.1].

We summarize some basics of quantization of quadratic Hamiltonians from [22]. Let
H be a vector space of finite rank, equipped with a nondegenerating pairing { —, — ).
Let H((z)) be the loop space of the vector space H, equipped with a symplectic form
2 defined by

Q2(f(2).g(2)) :=Res;=o(f(—-2). g(2)).

Let 71 be the collection of variables ¢ = {1} Where a runs over a basis of H, and ¢
be the collection
t ={tg,ty,...}.

We organize the collection ¢y, into a formal series #:
tp(z) = Zt]iotizk.
i
Similar notation is used for s; and s below. Introduce the dilaton shift

(5-11) q(z) =t(z)—z1.
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We consider an upper-triangular symplectic operator on H((z)), defined by

o0
Sizh:=1 +ZZ_’S,~ for S; € End(H).

i=1
Given an element G(¢) in a certain Fock space, the quantization operator S of a
symplectic operator .S gives another Fock space element

(5-12) (5716)(q) = " @D/2hg((5q] ),

where [S¢q]. is the power series truncation of the function S(z~!)¢(z), and the qua-
dratic form W =Y (Wyqk., q¢) is defined by

Z Wie S*(w_l)S(z_l)—Id‘

k4 -1 —1
k,ezow z w4z

Here Id is the identity operator on H((z)) and S* is the adjoint operator of S

Following Givental [22, Section 5], for the descendent theory we define a particular
symplectic operator S; by

(5-13) (@.5:b) = (a. $> = @b+ (a.byk)ss 1k,
k=0

Now we specialize to the elliptic curve case and write down the quantization formula for
the ancestor/descendent correspondence explicitly. Henceforward, we use the following
convention:

e Recall {1,by, by, ¢} is a basis of the FJRW state space # (1, G,) given in (2-10).
We parametrize the ancestor classes lwe, by lﬂe, bzwz and qﬁwe by

(5-14) s, sp. sp and s}

e Recall {1, e, e, w} is a basis of the cohomology space H*(£). We parametrize
the ancestor classes lwé, e1 wé, e wz and a)we, and descendent classes lwe,
elwe, ezwe and wwe by

0,1 .2 .3 0 71 72 73
(5-15) ). 1), t;.1;, and 1), 1,.1;.1;,
respectively.

The total descendent potential of the GW theory of £ is defined by

(5-16) DE(F) = eXp( > hg—lfgg(i)) = exp( DRIy ?)Z,‘f,,)-

£>0 g=0 n=0
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The total ancestor potential of the GW theory of £ is defined by

AS (1) = exp( > hg‘l}";g(t)) = exp( h RS Y (N t>§‘,€n)-

£=0 g=0 n=0
2g—2+n>0

The total ancestor FJRW potential is defined similarly.
The quantity 7 €(t) is the genus-one primary potential of the GW theory of £ appearing

in A®, with the parameter ¢ = e’ keeping track of the degree. By [22, Theorem 5.1],
the ancestor/descendent correspondence of the elliptic curve is given by

(5-17) Df =TT 051 AE,
under the identification fé = té.

According to (5-9), the genus-one potential is
FEO =G@) =) ()]%.49" = —log(@)ec for g =¢".
d=1
Thus we obtain

§71 A5 =TT ODT = ()0oD° = (@)oo Y KT BV
g.nez

A direct calculation of (5-13) shows the restriction of S; to the odd cohomology is the
identity operator, and the restriction to even cohomology is given by

w(o)=("7) ()

Now, we write down an explicit formula for the quantization operator (5-12). The
symplectic operator S; is given in terms of infinitesimal symplectic operator A (t)/z:

Sy = exp(hg))

Here h(t) € End(H) is such that i()(1) = tw if h(t)(w) = 0, and A(t)(e;) = 0
otherwise. In terms of the Darboux coordinates q;c and ﬁ;{, the corresponding quadratic
Hamiltonian has the form (see [35, Section 3], for example)

h
P(%) = 2(qo)z_t qu-i-lpk

k>0

Applying the quantization formula, we get

(5-18) §t = exp(P(hi—z))) = exp(—t
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As a consequence, we observe that this operator has no influence on the parameter g 2
for the descendent a)wk . Thus we obtain:

Proposition 21 The relation between the stationary descendent invariants and the
corresponding ancestor invariants is given by

e efi ]

i=1 g i=1 4

Quasimodularity for the correlation functions in the disconnected theory is equivalent to
quasimodularity for the connected theory, as one can see by examining the generating
series. Hence our Theorem 18(ii) is consistent with the results in [3; 43] about the
quasimodularity via the above proposition.

6 Higher-genus FJRW invariants for the Fermat cubic

In this section we give several applications of Theorem 3. With the help of the Bloch—
Okounkov formula [3], Cayley transformation allows us to compute the FIRW invariants
of the Fermat elliptic polynomials at all genera. It also transforms various structures for
the GW theory of elliptic curves, such as the holomorphic anomaly equations [42; 43]
and Virasoro constraints [44], to those in the corresponding FJRW theory.

6.1 Higher-genus ancestor FJRW invariants for the cubic

Consider the Laurent expansion of the N—point generating function

FN(Zl,Zz,...,ZN,q).

The Laurent expansion of 8" In ® is clear from (5-4), while that of 1/® or 1/¢ can be
obtained by applying the Faa di Bruno formula to the exponential term in 1/, which
in the current case is determined by the Bell polynomials in — By E,y /2k for k > 2.
However, this only gives the Laurent coefficients in terms of the generators E,j; for
k > 2, for the ring of modular forms. The expansions obtained are not particularly
useful for our later purpose, which prefers a finite set of generators only.

We proceed as follows. First, the Taylor expansion of the Weierstrass o—function is
given by the classical result [55]

Am.n 27_[4 m 167‘[6 n - 4m—+6n+1
6-1 = . E —F s
©-1) o Z (4m—|—6n+1)!( 3 4) ( 27 6) 27~/ —1

m,n=0
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where the coefficients a,, , are complex numbers determined from the Weierstrass
recursion

Amp=3M+1)ap41n-1 —|—13—6(n—|—1)am_2,n+1—%(4m—|—6n—1)(4m+6n—2)am_1,n,

with the initial values ag o = 1 and ap,,, = 0 if either of m or n is strictly negative.
The Laurent expansion of 1/¢ is then obtained from the above. It takes the form

1_ P m 1676 n - 4m+6n—1
o o= B (5E) (55) (s

m,n=0

for some by, 5, that can also be obtained recursively. The formula in (6-1) also gives rise
to the Laurent expansion of dIn o, and hence of d1n ®, in terms of the generators E,
E4 and Eg4. Together with that of d In ® it can be used to compute the Laurent expansion

of Fn(z1,22,...,2ZN,¢q).
Consider the N = 1 case first. According to (5-5), the Laurent expansion of Fy is

given by

|
Fi(z.q) = e~/

27 \/__I(Q)oo

1 bm, ¢
= . Z ’Z!n(_ﬁEZ) (21—4E4)m(—ﬁE5)n22€+4m+6n-
(‘I)oo £,m,n>0

We therefore arrive at the following relation for the descendent GW correlation functions
when k > —2:

~ b
63 @eol0?*) = 3 (55 E2) (35Ea)" (~riw Ee)"
{,m,n>0 )
2l+4m+6n=k+2

As explained in Proposition 21, this is the corresponding ancestor GW correlation
function and is indeed a quasimodular form of weight & + 2. The first few Laurent
coefficients are

1 1 1 1 2
(6-4) 1, —5zEs, W(§E4+§E2)’

The other cases are similar. For example, for the N = 2 case from (5-5) we write
zZ1+2z3 9z, InO(z1) + 9z, log O(22)
O(z1 +22) 21+ 22 .

The first term on the right-hand side is expanded as in the N =1 case, while the second

(@)oo F2(z1,22) =

term is expanded using (5-3) and (5-4).
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Recall that the derivative on the level of generating series corresponds to the divisor
equation in GW theory, and that taking derivatives commutes with Cayley transforma-
tions, as shown in [50]. The generators of the differential ring of quasimodular forms
are E,, E4 and E¢. To deal with the differential structure, it is in fact more convenient
to use the generators E,, E} and EY for the ring of quasimodular forms as opposed
to £y, E4 and Eg. By Theorem 18, the ancestor GW correlation functions satisfy

N of
(6-5) << [Tovt >> € C[E,. E}, EY).
i=1

Theorem 3 applies to the disconnected invariants (by examining the relation between
the generating series), and we have

(6-6) Pyt . U )T = (wy oy R )i,

Now we can apply Cayley the transformation directly to the disconnected, ancestor GW
correlation functions and obtain the disconnected, ancestor FJRW correlation functions.
As computed in (4-8), for the d = 3 case we have

hol 1.2 1 5 1 8
(6-7) %.:(Ez):—§s —mS —ms + ..

Since %Eil respects the product and the differential structure [50], the differential
equations (1-11) imply

{cghol(E )_cghol(E2 12E/) = 3S+ 813 + 51035 +-

Ghol(Eg) = N EyE4—3E,) = —8— 383 — 56 .

(6-8)

From (6-3), Proposition 21, Theorem 3 and the degree formula (1-5), we immediately

obtain
bm.n
«(prg 2»0W3 Z 0 ( (GhOI(Ez)) ( (ghOI(E4)) (_m(@hol(E6))
Z+52’r’:zlii}-13‘2n0=g

Now Corollary 4 follows from the fact that the disconnected and connected one-point
ancestor functions are the same.

6.2 Holomorphic anomaly equations

We now describe holomorphic anomaly equations for the FJRW correlation functions.
In the rest of the paper we shall only discuss connected invariants, and hence omit the
superscript o from the notation.
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6.2.1 HAE:s for ancestor GW correlation functions In [42], Oberdieck and Pixton
use the polynomiality of double ramification cycles to prove that the GW cycles
Ag,n (1, ..., ap) of the elliptic curves are cycle-valued quasimodular forms. Taking
the derivative of those cycles with respect to the second Eisenstein series E5(g), they
obtain a holomorphic anomaly equation [42, Theorem 3]. As a consequence, intersecting
the corresponding GW cycles with [ [, w,f"' on Mg, leads to a holomorphic anomaly
equation for the ancestor GW functions

(ervy".....an¥y")e (@) € CIEs. Ey. Eol
For each subset I C {1,...,n}, we use the convention
ap = {oyl i eI},
For convenience, we introduce the normalized Eisenstein series
Ca(9) = —54 E2(q).

It is a classical fact that the Eisenstein series E,, E4 and E¢ are algebraically indepen-
dent. We have [42], for the ancestor GW correlation functions,

69) gelorvi' oo o) (0)

= (ayy' s eV L) ()
+ Y e 1 @), (@)

g1+82=¢

_22(/5“")«““”f“---’lwf"“,-..,anwn"»;n(q).

Remark 22 This equation can also be proved using only the combinatorial results
reviewed in Section 5.1; see Pixton [45].

6.2.2 HAE:s for ancestor FJRW correlation functions Recall that the holomorphic
Cayley transformation %221 respects the differential ring structure of the set of quasimod-
ular forms. Applying the holomorphic Cayley transformation to (6-9), using Theorem 18
we immediately obtain the following HAE for the ancestor FJRW correlation functions:

Corollary 23 Let the notation be as in Theorem 3. For the d = 3 case, the ancestor
FJRW correlation function

(it anyim) e € CLeN(C,), €W (Ey). € (Eg)]  for Cy = 4 E>

Tx Tx
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satisfies
d
(6-10) m«aﬂ/f{{lw-,an‘/’n"»?ﬁ?z
= oYy LN+ Y (e D) (Lag,)

g1t+82=¢g
{1,...,n}=1 11,

n
ei n
=23 oy 8y T ) e

i=1

where 83. is the Kronecker symbol.

6.3 Virasoro constraints

Virasoro operators in Gromov—Witten theory were proposed by Eguchi, Hori and
Xiong [16] for Fano manifolds, and later extended to more general targets [15; 22]. The
famous Virasoro conjecture predicts that the total descendent potentials in GW theory
are annihilated by the Virasoro operators. It is one of the most fascinating conjectures
in GW theory. Despite significant developments in the literature, it remains open for a
large category of targets.

The Virasoro conjecture for nonsingular target curves is solved by Okounkov and
Pandharipande [44]. In particular, when the target is an elliptic curve, the formulae are
particularly simple. To be more explicit, using the coordinates induced by (5-15) and
letting

(On: =L+ 1) (L+n—1)

be the Pochhammer symbol with the convention ()¢ := 1, the Virasoro operators
{Li | k € Z and k > —1} are given by

ad
_(k+1)|8 +Z((€)k+1te F (A D8] -3 )
kr1 1o Tt k+¢
- 0 0
+Z((€+1)k+ltzlt~1 + (O 4117 2 )
£=0 k+t e

According to [44, Theorem 1], the total descendent GW potential defined in (5-16) is
annihilated by these Virasoro operators:

L{DE(F) = 0.
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Recently in [27], using Givental’s quantization formula of quadratic Hamiltonians [22],
the second author and his collaborator study Virasoro operators in FJRW theory and
conjecture that the total ancestor FIRW potential of any admissible LG pair (W, G)
is annihilated by the defining Virasoro operators. Besides various generically semi-
simple cases, they also verified the conjecture for the nonsemisimple Fermat cubic
pair (W3, 3), using Theorem 3. More explicitly, using the coordinates induced
in (5-14), the Virasoro operators {LZV”L * |k € Z and k > —1} for the Fermat cubic
pair (W3, u3) are

) 0 9
L]I:V_w,,uz = —(k + 1)1F + Z((E)k“sga o T £+ 1)k+15c§ 953 )
e =0 Skt Yt

= 0 9
+ Z((E + Dig15 I + (g)k+1sgzaT)-

£>0 k+¢ Sk+e

It is not hard to see that these operators commute with the quantization operator S o1
in the ancestor/descendent correspondence formula (5-17) and the holomorphic Cayley
transformation %Eil in Theorem 3. Therefore, Virasoro constraints for the FIRW theory
are a consequence of Theorem 3.

Corollary 24 [27] The total ancestor FJRW potential of the pair (W3, (i3) is annihi-
lated by the Virasoro operators {LZVHL ¥

LM AWk (5) = 0.

Appendix

A.1 A genus-one formula for the Fermat cubic polynomial

For the examples we study, the connection between modular forms and periods of
families of elliptic curve gives rise to nice formulae for the holomorphic Cayley
transformation of quasimodular forms in terms of hypergeometric series and Givental’s
I—functions. In the following, we shall only consider the d = 3 case, as an example,
the other cases are similar.

Let us first recall some facts of quasimodular forms following the exposition in [49].
Let I'(3) be the level-3 principal congruence subgroup of I' = SL(2,Z)/{%1}. Itis
well known that the ring of quasimodular forms (with a certain Dirichlet character) for
I'(3) is generated by

A=04,27)
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and
(A-1) E = 1(E,(37) + Ex (1)),

where 04, is the theta function for the A,-lattice. Further, define the quantities (where
n is the Dedekind eta function)

37)3 c3
(A-2) c=31CD" i w=E
n(t) 43
These quantities satisfy
(A-3) A=F(%.3 La),

and furthermore

1 1 9
=13E,31)-E = o,
(A_4) 2( 2( T) Z(T)) 2]‘[\/—_1@(1—@) a_L_a
6 81 y 203 - A3
_ 9 oo A —
27+/—107 g A

Using (A-1), (A-2) and (A-4), we can rewrite the quasimodular form E, as

\/_88 log A — (4o — 1) A3

271 V= 19t (
In [50] the following was obtained from period calculation. Taking s = 1/(1 —{3) as
given in (4-6) and ¢ as in (4-7), one has

s(t) = Zn«/—_lc(t* — f*)z

(A-5) Ex (1) =

121og A + log(a (1 — ) ))

— Tx

:_2nd_c(f*—r*)—( l 53) (~a)”/22 ‘(i > zz )
3°3°3

Also,

and

3
Combining the properties of the holomorphic Cayley transformation, Theorem 18
and (A-5), we immediately get

0 -1 - -
(@17 = €' (@) ) = (=5 logs Fi(3. 53 3:07") — g log(1 —a ™).
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In the above GW generating series, the divisor class @ which corresponds to the first
Chern class of a degree-one line bundle on £ is used as the insertion. According to the
divisor axiom,

()50 = —logn(o).

up to an additive constant. Results derived for a plane cubic curve £3, such as those in
Givental’s formalism, use the pullback of the hyperplane class on the ambient space P2
as the insertion. The corresponding class H is related to the one w above by H = 3w.
Hence we have, up to an additive constant,

()53 = —logn(37).
and thus
(H)7Y = =34 -3E2(37).
Using (A-1), (A-2) and (A-4), one can rewrite it as

&3 __ 1
«H»l’() - 27.[\/_—1

This matches the results in [47; 58] obtained using virtual localization. Its holomorphic
Cayley transformation is

%(—% log, F) (% %; L) — ﬁ log(e3(1 —a))).

CE(HN ) =7 o (3 logs Fi(3. i i07) = gy log1—a 7).

This agrees with the result derived using the wall-crossing method in Guo and Ross [26].

A.2 Cayley transformation and /-functions

Now we discussion the connection between our formulation of LG/CY correspondence
and the original formulation in [11, Conjecture 3.2.1] using /—functions.

A.2.1 I-functions and analytic continuation Following [11, Section 4.2], the
cohomology-valued Givental /—function for the GW theory of the cubic hypersurface

{W; =xf —i—xg —i—x; =0} cP?
is given by®

3d
(A6 Tow(@.2) = Y zg/rre ez CH 4D

=ISV(qz1+ ISV (QH
d 0 1 ’

®Here the variable q should not be confused with the variable g = 2% % in modular forms.
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where H is the hyperplane class of P2. The /—function for the FIRW theory of the
pair (W3, u3) is given by
(k) ) tk+3¢

(A-T) Irrw(t,2):=z Z F(k) Z (k) 3g2kT br—1 =1,V )21+ 17V (1),
>0 3

where ¢g = 1 and ¢; = ¢ are nontrivial degree-zero and degree-two elements in the
state space, respectively. The genus-zero LG/CY correspondence [11] relates these
two I—functions by analytic continuation via q = 3. To be more explicit, one has the

analytic continuation
l FRW(Z)
(A-S) (3 1 )
; (I;JRW(Z)
(=D 27V/=1& (=D @rv=1%¢
23 =6 m(E) -5 (Ifw(r(q)))

(=02 2VEIg 2 eav=D2g [ \iSVa)))
3(z) 1-¢ T3 (1-¢)?

where the normalization factor % on the basis {7, gJRW, 1 f JRWA s introduced so that the

connection matrix lies in SL,(C). In particular, define

IGW(q) IFJRW(Z)

A-9 low = — and  fpRW 1= e

(A-9) Gw 19 () FIRW 1R ;)
Then one has

7i/3 (%) low — 27i T«

(A-10) IFIRW = —

P3Gy v =2

A.2.2 Cayley transformation Following the computations in [50] as in Section A.1,
we can relate the above I—functions to modular forms. In particular, we see that

1Y) _ I ez,,,-/3(_£)r<%)2

A-11) tgw = — o . s.
( ) low JGW IFJRW([) i I‘(—%)

Here s is the coordinate given in (4-4), again with t, = 1/(1 —¢{3) as given in (4-6) and

¢ as in (4-7). Analytical continuations on the /—functions, induced by (A-10), coincide
with Cayley transformations on them induced by (4-4), by construction [50].

Through the connection to modular forms, LG/CY correspondence on I—functions
can be restated as follows. Let M = I'(3)\H* be the modular curve as the global
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moduli space, where H* = H U P!(Q). Denote its canonical bundle by K . Then

I GW I FIRW

and correspond to descriptions of the same holomorphic section of the line

bundle that is isomorphic to Kf&l/ 2, but on different patches of the moduli space. Their

1/2

coordinate expressions 7, OGW and / gJRW, with respect to the trivializations (dt)"/“ and

(ds)'/2, respectively, are modular forms related by Cayley transformation.

A.2.3 Stationary correlation functions At higher genera, consider the stationary
correlation function
L
«al W1 ! ] aann »;,n’

with o; = @ when & = &3 and o; = ¢ when & = W3. By applying the g—reduction
technique in Lemma 7 inductively, we see that under the map (A-11) this correlation
function on the GW side is the Fourier expansion of a quasimodular form of weight
2g — 2 + 2n near the cusp, and on the FJRW side is the Taylor expansion (in terms of
the parameter s) of the same quasimodular form near the point 7.

According to standard facts in the theory of modular forms (see eg [53; 57]) on the
transition between quasimodular forms and almost-holomorphic modular forms, we
see that on the level of GW correlation functions the modular completion is induced by
the transformation mapping of the frame of H¢*"(&3, C) from {1+ 2xitH,2niH} to
{14+ 2mitH,(1/(t—7))(1 —27i7 H)}. This transformation also induces the modular
completion on the FIRW correlation functions by composing with the aforementioned
transformation that relates 79V with 7RV,

Then we have a succinct way to reformulate our higher-genus LG/CY correspondence
result on (o Wfl R 1/ »;n Denote its modular completion by

for s’ oyl ).

Let I(‘)‘ = Ig’w and dt® = dt for & = &;, and I(f' = IgJRW and dt® = ds for & = Wj.
Then the quantity

U2 (ary(" .y ) d )"

is a global (smooth with holomorphic pole) section of the holomorphic line bundle
K;%[" on the modular curve M = T"(3)\H"*.
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Compact moduli of elliptic K3 surfaces

KENNETH ASCHER
DORI BEJLERI

We construct various modular compactifications of the space of elliptic K3 surfaces
using tools from the minimal model program, and explicitly describe the surfaces
parametrized by their boundaries. The coarse spaces of our constructed compactifi-
cations admit morphisms to the Satake—Baily—Borel compactification and the GIT
compactification of Miranda.
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Ever since the compactification of the moduli space of smooth curves by Deligne and

Mumford was accomplished, the search for analogous compactifications in higher

dimensions became an actively studied problem in algebraic geometry. While moduli
in higher dimensions is highly intricate, the pioneering work of Kollar and Shepherd-
Barron [31] and Alexeev [3] (see also Hacon, McKernan and Xu [19], Hacon and
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Xu [20] Kollar [28] and Kovacs and Patakfalvi [32]) has established much of the
underlying framework for modular compactifications in the (log) general type case via
KSBA stable pairs, where semi-log canonical singularities serve as the generalization
of nodal curves; see the survey by Kollar [27].

One of the most sought-after compactifications is for the space of K3 surfaces. K3
surfaces do not immediately fit into the above framework as they are not of general
type, but rather Calabi—Yau varieties. On the other hand, like for abelian varieties,
since the space of (polarized) K3 surfaces is a locally symmetric variety it has several
natural compactifications, eg the Satake—Baily—Borel (SBB), toroidal, and semitoric
compactifications of Looijenga. Unlike the KSBA approach, these compactifications
do not necessarily carry a universal family or modular meaning over the boundary.

As such, one of the central questions in moduli theory is to give the aforementioned
naturally arising compactifications a stronger geometric meaning by connecting them
with a KSBA compactification. With this in mind, our goal is to construct modular
compactifications for elliptic K3 surfaces — compactifications where the degenerate ob-
jects are K3 surfaces with controlled singularities — and understand how they compare
to the Satake—Baily—Borel compactification.

By the Torelli theorem, the moduli space of polarized K3 surfaces is a 19—dimensional
locally symmetric variety. Similarly, it is well known that the moduli space of elliptic
K3 surfaces with a section, which we denote by W with coarse space W, is an 18—
dimensional locally symmetric variety, corresponding to U—polarized K3 surfaces; see
Dolgachev [14] and Nikulin [38]. Recall that a generic elliptic K3 surface f: X — P!
with section S has 24 Iy singular fibers. Let F4 = >_a; F; denote the sum of these
24 fibers weighted by a; € Q N[0, 1]>4. We consider the closure of the locus of pairs
(f: X = C,S + F,) inside the KSBA moduli space. For the moment we assume all
a; = a, so that we can quotient by S,4. Denote the closure of the resulting locus by
W (a), and let 0 < € < 1.

Theorem 1.1 (Theorems 6.13, 6.15 and 6.14, and Figure 1) The proper Deligne—
Mumford stacks W (a) fora € QN|0, 1] give modular compactifications of W. There is
an explicit classification of the broken elliptic K3 surfaces parametrized by Wy (€), and
an explicit morphism from the coarse space W (€) to W*, the SBB compactification
of W . Furthermore, the surfaces parametrized by Wy (€) satisfy H' (X, Ox) = 0 and
wy = Oy.
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Theorem 1.1 shows that the boundary of W (€) parametrizes K3 surfaces with slc
singularities. Although W, (€) compactifies a moduli space of pairs, it gives a natural
compactification of the space of elliptic K3s as the singular fibers are an intrinsic choice
of divisor. Moreover, without choosing a divisor, the moduli space is a nonseparated
Artin stack. In Section 7, we present an alternative explicit description of the surfaces
parametrized on the boundary of the moduli space more akin to Kulikov models. In
particular, we show that we can decompose the boundary of W (a) into combinatorially
described parameter spaces.

As mentioned above, viewing the moduli space of elliptic K3 surfaces as a locally
symmetric variety, one naturally obtains the SBB compactification W*. While a priori
the SBB compactification does not have a modular meaning, it turns out that in the
case of elliptic K3 surfaces, this compactification can be identified with the GIT
compactification of Weierstrass models of Miranda W (see Section 2.6 and Odaka and
Oshima [39, Theorem 7.9]), which provides some geometric meaning. In particular,
in the theorem above as well as the remainder of this section, all of our spaces admit
morphisms to WY,

One benefit of the SBB compactification is that all of the parametrized surfaces are
irreducible. The next theorem discusses a modular compactification coming from
the KSBA approach, where the boundary parametrizes irreducible surfaces. Indeed,
consider pairs (f: X — P!, S +¢F) for 0 < € < 1, ie only one singular fiber carries a
nonzero weight, and this weight is very small. We denote the closure of this locus by .

Theorem 1.2 (Theorems 8.1 and 8.2, and Figure 1) The compact moduli space K.
parametrizes irreducible semi-log canonical Weierstrass elliptic K3 surfaces satisfying
H'(X,0x) = 0 and wy = Ox. Moreover, there is an explicit generically finite
morphism from the coarse space K¢ to W*.

In light of the above theorem, it is natural to ask how the compactifications W, (¢) and
Ce are related. In previous work (see Ascher and Bejleri [8]) we showed the existence
of wall-crossing morphisms on moduli spaces of elliptic surfaces. In particular, our
previous work implies that (up to a 24-to-1 base change corresponding to choosing a
singular fiber) the universal families of W, (€) and K are related by an explicit series
of flips and divisorial contractions as the weights of 23 of the marked fibers are reduced
from € to 0. This aspect is crucial to our work (see eg Section 8.1) — these explicit
morphisms allow us to understand how our compactifications are related to each other,
and how they compare to others lacking a modular meaning.

Geometry € Topology, Volume 27 (2023)
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W(A)
o )
We(a) Ke — Fe

=~ | |
B W WO« WC

Figure 1: This diagram shows the various compactifications we introduce as
well as how they are related; see also Remark 4.10.

Finally, we introduce one more KSBA compactification. While in K¢ we mark one
singular fiber with weight e, it is natural to ask what happens if we mark any fiber,
not necessarily singular, with weight €. We denote this compactification by Fe. See
Figure 1 for the relations between the spaces we introduce, which are:

%Y The normalization of Brunyate’s compactification with small weights on both
section and singular fibers; see Section 1.1.

W(A) The KSBA compactification with .A-weighted singular fibers.
Wy (a) The quotient by S,4 when A= (a, ..., a).
Ke The KSBA compactification with a single e—marked singular fiber (where
ek ).
Fe The KSBA compactification with any fiber marked by € (where € < 1).
W* The SBB compactification of the period domain moduli space W .
W¢  Miranda’s GIT compactification of Weierstrass models; see Section 2.6.

W The GIT compactification of Weierstrass models with a chosen fiber; see the
discussion after Theorem 1.3.

Theorem 1.3 (Theorem 8.8 and Figure 1) There exists a smooth proper Deligne—
Mumford stack F parametrizing semi-log canonical elliptic K3 surfaces with a single
marked fiber. Its coarse space is isomorphic to an explicit GIT quotient WG of Weier-
strass K3 surfaces and a chosen fiber. Furthermore, the surfaces parametrized by Fe
satisfy H (X, Ox) = 0 and wy = Oy.

On the interior, F¢ is a P! bundle over W. In this sense F is similar in spirit to the
KSBA compactification of Laza of degree-two K3 surfaces [34]. The GIT problem
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of Miranda can be modified to parametrize Weierstrass fibrations with a chosen fiber
(see Section 8.3), denoted above by WG. It turns out that WG is precisely the coarse
moduli space of F¢; in particular, the morphism F¢ — V~VG realizes F¢ as a smooth
Deligne—-Mumford stack.

Our approach combines explicit use of the theory of twisted stable maps (see eg Ascher
and Bejleri [7]) with the minimal model program (MMP). The various compactifications
are then related by an explicit series of wall-crossing morphisms. In particular, we wish
to emphasize that the power of our approach lies in understanding the compactifications
for various coefficients and how they are related via wall crossing morphisms. Often
the spaces with very small coefficients are the smallest compactifications which are still
modular, but having access to the spaces for all coefficients is helpful in understanding
the geometry of compactifications obtained via different methods.

1.1 Previous results

Using Kulikov models, Brunyate’s thesis [12] constructs a stable pairs compactification
of the space of elliptic K3 surfaces % which parametrizes pairs (X, €S + §F), where
€ and § are both small. In particular, Brunyate gives a classification of the surfaces
appearing on the boundary, and conjectures that the normalization of 3 is a toroidal
compactification. Recently Alexeev, Brunyate and Engel [4] confirmed Brunyate’s
conjecture, and showed that this space is isomorphic to a particular toroidal compactifi-
cation using the theory of integral affine geometry and continuing the program started
by Alexeev, Engel and Thompson [5].

One difference between our approach and the work of Brunyate is in our descriptions of
the compactifications at various weights and choice of markings. Instead of using Ku-
likov models, we describe the steps of MMP and the induced wall-crossing morphisms
that relate the stable limits of elliptic K3 surfaces for different weights to highlight
the underlying geometry of the various compactifications. Brunyate’s space % admits
a morphism W (€) — % which identifies Wy (¢) with the normalization of B; see
Proposition 4.4 and Remark 4.7. In particular, the boundary components of % and
Wy (€) are in bijection (see Remark 4.5) and the moduli spaces parametrize essentially
the same surfaces. Indeed there is a sequence of flips relating the universal family of %
and the universal family over W, (€) which induces this morphism.

Finally, we note that in a slightly different direction, Inchiostro constructs a KSBA
compactification of the space of Weierstrass fibrations (of not necessarily K3 surfaces)
with both section and fibers marked by 0 < ¢, < 1 [25],
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1.2 Other lattice polarizations

It is natural to consider fibrations with specified singular fibers. In this case, one obtains
a moduli space which is a locally symmetric variety, corresponding to a M —lattice
polarization, encoding the singular fiber type. Our methods work in that case as well.
Here we quickly discuss an example of this point of view.

Example 1.4 Consider the lattice M = U & D?“. Then M —polarized K3 surfaces
correspond to 413 isotrivial elliptic K3 surfaces. Equivalently, these are Kummer K3
surfaces obtained from abelian surfaces of the form E x E’ with the elliptic fibration
induced by the projection E x E’ — E. Marking the four minimal Weierstrass cusps
by a single weight a gives us a moduli space whose coarse space is two copies of the
j-line, one parametrizing the j—invariant of the fibration, and the other the j—invariant
of the configuration of singular fibers. The stable pairs compactification has coarse
space given by P! x P! = M o 4 x M ¢ 4. The universal family consists of 4N isotrivial
j—invariant oo fibrations over the locus {00} x P!, a union X Uy, X of two copies of
the 217 rational elliptic surface glued along a smooth fiber over the locus P! x {oo},
and a union X Uy, X of two copies of the 2N isotrivial j—invariant oo fibration glued
along an N fiber over the point (0o, 00).

Structure of the paper

In Section 2 we discuss the background on elliptic K3 surfaces and their moduli (as a
period domain, the Satake—Baily—Borel compactification, and a geometric invariant
theory compactification). In Section 3 we review the results from our previous works
[6; 7; 8; 9] on KSBA compactifications of moduli spaces of elliptic fibrations and
the connection with twisted stable maps. In Section 4 we restrict to the case of
elliptic K3 surfaces and collect the definitions of and preliminary observations on
the compactifications we consider, including a discussion on isotrivial j—invariant co
fibrations of K3 type.

The main body of the paper begins with Section 5, where we discuss the wall-crossings
that occur for the compactification Wy (@) as the coefficient a is lowered from 1 down
to % + € for 0 < € <« 1. In Section 6 we continue the wall-crossing analysis as a
is decreased down to 0 < € < 1, and we prove Theorem 1.1, which describes the
surfaces appearing on the boundary of the moduli space Wy (€). In Section 7 we
use Theorem 1.1 and twisted stable maps (see Section 3.2) to explicitly describe the
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boundary components of Wy (€). Finally, in Section 8 we describe the moduli spaces
with one marked fiber (Ia.T and F¢) and prove Theorems 1.2 and 1.3; the latter theorem
is proven by introducing a modified version of Miranda’s GIT compactification; see
Section 8.3.
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2 Elliptic K3 surfaces and their moduli

2.1 Elliptic surfaces

We begin with the basic definitions surrounding elliptic surfaces following [8]; see
also [37].

Definition 2.1 An irreducible elliptic surface with section (f: X — C,S) is an
irreducible surface X together with a surjective proper flat morphism f: X — C to a
smooth curve C and a section S such that

(i) the generic fiber of f"is a stable elliptic curve, and

(ii) the generic point of the section is contained in the smooth locus of f.
We call the pair (f: X — C, S) standard if all of S is contained in the smooth locus

of f.

Definition 2.2 A Weierstrass fibration is an elliptic surface obtained from a standard
elliptic surface by contracting all fiber components not meeting the section. We call the
output of this process a Weierstrass model. If starting with a smooth relatively minimal
elliptic surface, we call the result a minimal Weierstrass model.

The geometry of an elliptic surface is largely influenced by the fundamental line
bundle <.
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Definition 2.3 The fundamental line bundle of a standard elliptic surface is

(1) L= (fiNs/x)",

where N,y denotes the normal bundle of S in X. For an arbitrary elliptic surface we
1

define & as the line bundle associated to its minimal semiresolution.
For X a standard elliptic surface, the line bundle & is invariant under taking a semires-
olution or Weierstrass model, is independent of choice of section .S, has nonnegative
degree, and determines the canonical bundle of X if X is either relatively minimal or
Weierstrass; see [37, II1.1.1].

2.2 Singular fibers

If (f: X — C,S) is a smooth relatively minimal elliptic surface, then f has finitely
many singular fibers, which are each unions of rational curves with possibly nonreduced
components whose dual graphs are ADE Dynkin diagrams. The singular fibers were
classified by Kodaira and Néron (see [11, Section V.7]).

An elliptic surface in Weierstrass form can be described locally by an equation of the
form y2 = x3 4+ Ax + B, where 4 and B are functions of the base curve. Furthermore,
the possible singular fiber types can be characterized in terms of vanishing orders of
A and B by Tate’s algorithm; see [43, Table 1]. Moreover, if the smooth relatively
minimal model (f: X — C, S) has a singular fiber with a given Dynkin diagram, the
minimal Weierstrass model will have an ADE singularity of the same type.

2.3 Elliptic K3 surfaces

By the canonical bundle formula and the observation that deg £ = 0 if and only if the
surface is a product, a smooth elliptic surface with section (f: X — C, S) is a K3
surface if and only if C = P! and deg(¥) = 2; see [37, I11.4.6].

Definition 2.4 A standard (possibly singular) elliptic surface is of K3 type if C =~ P!
and deg(¥) = 2.

For an elliptic surface of K3 type, the Weierstrass model is given by y? = x3 + Ax + B,
where A and B are sections of O(8) and O(12), respectively, and the discriminant
9 =443 +27B? is a section of 212 >~ 0(24).

I'The seminormal version of resolution of singularities; see eg [26, Section 1.13].
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Remark 2.5 The number of singular fibers of a Weierstrass elliptic K3 counted with
multiplicity is 24, and a generic elliptic K3 has exactly 24 nodal (I;) singular fibers.

2.4 Moduli of lattice polarized K3 surfaces

We now discuss lattice polarized K3 surfaces and their moduli; see [21; 15; 16]. An
elliptic K3 with section (f: X — P!, S) is characterized by the fact that NS(X)
contains a lattice U which is spanned by the classes of the fiber f* and section S. The
moduli of K3 surfaces with specified NS(X) were studied by Dolgachev [14]; see
also [38]. By the Torelli theorem for polarized K3 surfaces, the moduli space of minimal
Weierstrass elliptic K3 surfaces with at worst ADE singularities is an 18—dimensional
locally symmetric variety W = "\ D associated to the lattice Ulé ~U’®E g

2.5 The Satake-Baily—-Borel compactification

One can use the techniques of Baily and Borel [10] to obtain a compactification W*
by adding some curves and points. We briefly review this compactification following
[35, Section 3.1]. The boundary components of W* are determined by rational maximal
parabolic subgroups of the identity component of the orthogonal group O(2, 18) of the
lattice Ulé. Every boundary component of W* has the structure of a locally symmetric
variety of lower dimension. We recall the following properties:

(i) The compactification is canonical.

(i) The boundary components have high codimension (as they are points and curves).

(iii) The compactification is minimal: if S is a smooth variety with S a smooth
simple normal crossing compactification, then any locally liftable map S — W
extends to a regular map S — W*.

Theorem 2.6 [21, Section 2.3; 42] The boundary of W* is a union of 0— and 1—
dimensional strata. The O—dimensional strata correspond to K3s of type III, and the
1-dimensional strata to degenerate K3s of type II. Moreover, the 1-dimensional strata
are all rational curves, each parametrizing the j—invariant of the elliptic double curves
appearing in the corresponding type II degenerate K3.

2.6 Geometric invariant theory

Miranda [36] used geometric invariant theory (GIT) to construct a compactification of
the moduli space of Weierstrass fibrations, and completed an explicit classification in
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the case of rational elliptic surfaces. More recently, Odaka and Oshima [39] explicitly
calculated Miranda’s compactification for the case of elliptic K3 surfaces. Moreover,
they showed that the GIT compactification of Miranda, W€, is isomorphic to W*, the
SBB compactification. In particular, using this identification, one is able to give a
geometric meaning to W* by relating the boundary of W* with the GIT polystable
orbits in WO, We review these results now.

Let T, = (P!, Opi1(n)). The surface X has a Weierstrass equation, and as such X
can be realized as a divisor in a P?~bundle over the base curve. For the Weierstrass
model of an elliptic K3 surface, we think of X as being the closed subscheme of
P(Op1(4) ® Op1(6) ® Op1) defined by the equation y?z = x3 + Axz? + Bz3, where
Ae rg, B e Flz, and

(i) 44(q)3 +27B(q)* = 0 precisely at the (finitely many) singular fibers X, and
(ii) for each g € P! we have v4(A4) <3 or vy(B) <5.

We note that any Weierstrass elliptic K3 surface with section and ADE singularities sat-
isfies the above conditions, and conversely, the surface defined as above is a Weierstrass
elliptic K3 surface with section and ADE singularities; see [39, Theorem 7.1].

We write V,4 = I's @ I'1, and define the GIT moduli space for Weierstrass elliptic
K3 surfaces by WC = V34 // SLa. By the above discussion the open locus WO c WO
parametrizes the ADE Weierstrass elliptic K3 surfaces. The following theorem describes
the boundary W& \ WO

Theorem 2.7 [39, Proposition 7.4] The boundary W¢ \ WY consists of

(i) a l-dimensional component WSIGC parametrizing isotrivial j—invariant oo slc
surfaces,

(i) a l-dimensional component WCL; whose open locus W(L; , barametrizes normal
surfaces with two type L type cusps.

Furthermore, the intersection of the two components is the infinity point of both P1s
parametrizing the unique j—invariant oo slc surface with two L type cusps. This point
is polystable, and the strictly semistable locus is W9 , ie W is part of the GIT-stable

- slc
locus of WO.

It is natural to compare the GIT compactification WY to the SBB compactification W*.
This is the content of [39, Theorem 7.9], where we define wé .=Ww¢ \Wg.

slc,o0 * slc
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Theorem 2.8 [39, Theorem 7.9] The period map W — W extends to an isomor-
phism WO = W*, which identifies Wsch, oY Wg , With the 1-dimensional cusps and

identifies WS N Wg with the O—dimensional cusp.

sle

3 Moduli of .A-broken elliptic surfaces and wall-crossing

In this section we review and supplement the results from our previous work on
compactifications of the moduli spaces of elliptic surfaces via KSBA stable pairs.

Definition 3.1 A KSBA stable pair (X, D) is a pair consisting of a variety X and a
Weil divisor D such that

(i) (X, D) has semi-log canonical (slc) singularities, and

(il) Ky + D is an ample Q—Cartier divisor.

Stable pairs are the natural higher-dimensional generalization of stable curves, and
their moduli space compactifies the moduli space of log canonical models of pairs of
log general type.

In [8], we defined KSBA compactifications £ 4 of the moduli space of log canonical (Ic)
models (f: X — C, S+ F4) of A-weighted Weierstrass elliptic surface pairs. For each
admissible weight vector .4, we obtained a compactification £ 4, which is representable
by a proper Deligne—Mumford stack of finite type [8, Theorems 1.1 and 1.2]. These
spaces parametrize slc pairs (f: X — C, S + F4), where (f: X — C, S) is an slc
elliptic surface with section, F4 = Y a; F; is a weighted sum of marked fibers with
A= (ay,...,ay),and 0 <a; <1, and (X, S + F4) is a stable pair.

Before stating the main result, Theorem 3.6, we must first discuss the different (singular)
fiber types that appear in semi-log canonical models of elliptic fibrations as studied
in [6].

Definition 3.2 Let (g: Y — C, S’ + aF’) be a Weierstrass elliptic surface pair over
the spectrum of a DVR and let (/: X — C, S + F,) be its relative log canonical model.
We say that X has

(i) a twisted fiber if the special fiber f™*(s) is irreducible and (X, S + E) has
(semi-)log canonical singularities where E = f*(s)™9;
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(ii) an intermediate fiber if f*(s) is a nodal union of an arithmetic genus-zero
component A, and a possibly nonreduced arithmetic genus-one component
supported on a curve E such that the section meets A along the smooth locus of
f*(s) and the pair (X, S 4+ A + E) has (semi-)log canonical singularities.

Given an elliptic surface f: X — C over the spectrum of a DVR such that X has an
intermediate fiber we obtain the Weierstrass model of X by contracting the compo-
nent E, and we obtain the twisted model by contracting the component A. As such,
the intermediate fiber can be seen to interpolate between the Weierstrass and twisted
models.

One can consider a Weierstrass elliptic surface (g: Y — C, S’ +aF’) over the spectrum
of a DVR, where either F’ is a Kodaira singular fiber type, or g is isotrivial with constant
Jj—invariant oo with F’ being an Ny, fiber type. Then the relative log canonical model
(f: X - C,S + F,) depends on the value of a. When a = 1 the fiber is in twisted
form, when a = 0 the fiber is in Weierstrass form, and for some 0 < ag < 1 the
fiber enters intermediate form. The values ay were calculated for all fiber types in
[8, Theorem 3.10]:

fiber type | II III IV Ny II* II* IV* I}

2) p s 302 101 1 11
0 6 4 3 2 6 4 3 2

We now state the definition of pseudoelliptic surfaces, which appear as components of
surfaces in our moduli spaces, a phenomenon first observed by La Nave [33].

Definition 3.3 A pseudoelliptic pair is a surface pair (Z, F) obtained by contracting
the section of an irreducible elliptic surface pair (f: X — C, S + F’). We call F the
marked pseudofibers of Z. We call (f: X — C,S) the associated elliptic surface to
(Z.,F).

The MMP will contract the section of an elliptic surface if it has nonpositive intersection
with the log canonical divisor of the surface. There are two types of pseudoelliptic
surfaces which appear, and we refer the reader to [8, Definitions 4.6 and 4.7] for the
precise definitions.

Definition 3.4 A pseudoelliptic surface of type II is formed by the log canonical
contraction of a section of an elliptic component attached along twisted or stable fibers.
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Figure 2: An A-broken elliptic surface. Two types of pseudoelliptic surfaces
(see Definitions 3.4 and 3.5) are circled: type II (left) and type I (right).

Definition 3.5 A pseudoelliptic surface of fype I appears in pseudoelliptic trees,
attached by gluing an irreducible pseudofiber Gy on the root component to an arithmetic
genus-one component E of an intermediate (pseudo)fiber of an elliptic or pseudoelliptic
component.

Figure 2 has a tree of pseudoelliptic surfaces of type I circled on the right, with a
pseudoelliptic of type II circled on the left.

Theorem 3.6 [8, Theorem 1.6] The boundary of the proper moduli space &, 4
parametrizes A-broken stable elliptic surfaces, which are pairs (f: X — C,S + F4)
consisting of a stable pair (X, S 4+ F4) with a map to a nodal curve C such that X
consists of

e an slc union of elliptic surfaces with section S and marked fibers, as well as

e chains of pseudoelliptic surfaces of types I and II (see Definition 3.3) contracted
by f with marked pseudofibers.

Contracting the section of a component to form a pseudoelliptic component corre-
sponds to stabilizing the base curve as an .4-stable curve in the sense of Hassett; see
[6, Corollaries 6.7 and 6.8]. In particular:

Theorem 3.7 [8, Theorem 1.4] There are forgetful morphisms &, 4 — M g, A

Remark 3.8 For an irreducible component with base curve P! and deg £ > 0, con-
tracting the section of an elliptic component may not be the final step in the MMP —
we may need to contract the entire pseudoelliptic component to a curve or a point; see
[6, Proposition 7.4].
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3.0.1 Wall and chamber structure We are now ready to discuss how the moduli
spaces &£ 4 change as we vary A. There are three types of walls in our wall and chamber
decomposition.

Definition 3.9 (I) A wall of rype Wy is a wall arising from the log canonical
transformations, ie the walls where the fibers of the relative log canonical model
transition between fiber types.

(II) A wall of type Wy is a wall at which the morphism induced by the log canonical
transformation contracts the section of some components.

(III) A wall of type Wy is a wall at which the morphism induced by the log
canonical transformation contracts an entire rational pseudoelliptic component;
see Remark 3.8.

Remark 3.10 (i) The walls of type Wy are precisely the walls of Hassett’s wall
and chamber decomposition [23]; see discussion preceding Theorem 3.7.

(i) There are finitely many walls; see [8, Theorem 6.3].

Theorem 3.11 [8, Theorem 1.5] Let A, Be Q" be weight vectors with 0 < A<B <1.
Then:

(i) If A and B are in the same chamber, then the moduli spaces and universal
families are isomorphic.

(i) If A < B then there are reduction morphisms &£, 53 — &y, 4 on moduli spaces
which are compatible with the reduction morphisms on the Hassett spaces.

(iii) The universal families are related by a sequence of explicit divisorial contrac-
tions and flips. More precisely, across W1 and Wy walls there is a divisorial
contraction of the universal family, and across a Wy wall the universal family
undergoes a log flip.

Remark 3.12 For more on Theorem 3.11(iii), we refer the reader to [8, Section 8].
La Nave (see [33, Section 4.3 and Theorem 7.1.2]) noticed that the contraction of the
section of a component is a log flipping contraction inside the total space of a one-
parameter degeneration. In particular, the type I pseudoelliptic surfaces are thus attached
along the reduced component of an intermediate (pseudo)fiber; see [8, Figure 13].
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3.1 Strictly (semi-)log canonical Weierstrass models

In order to understand the stable pair degenerations of log canonical models of Weier-
strass elliptic surfaces, we need to understand strictly log canonical and semi-log
canonical Weierstrass fibrations. We collect some results in this direction here, begin-
ning with the definition of a fype L singular fiber.

Definition 3.13 [33, Section 3.3] Let f: X — C be a Weierstrass fibration with
smooth generic fiber and Weierstrass data (4, B). If 12 =min(3v4(A4), 2v4(B)), where
vg denotes the order of vanishing at a point g € IP 1 we say that f has a type L fiber at q.

Lemma 3.14 If F isatypeL cusp of X, then X has strictly log canonical singularities
in a neighborhood of F and the log canonical threshold Ict(X, 0, F') equals 0.

Proof After performing a weighted blowup p: Y — X at the cuspidal point of F,
we get an exceptional divisor E (a possibly nodal elliptic curve) and strict transform
A := ;' (F) (arational curve meeting E transversely). Writing u*Ky = Ky + aE,
it follows from the projection formula that Ky.E + aE? = 0. On the other hand,
Ky .E + E? = Kg = 0 by the adjunction formula and E2 # 0, since it is exceptional.
Therefore a = 1, so X has a strictly log canonical singularity at the cuspidal point of
F, and the discrepancy of (X, € F) for any € > 0 will be strictly greater than 1. O

Remark 3.15 The type L cusp decreases the self intersection S? by 1, and thus
increases deg & by 1; see [33, Remark 5.3.8].

We now discuss some facts on nonnormal Weierstrass fibrations with generic fiber
a nodal elliptic curve. These appear as semi-log canonical degenerations of normal
elliptic surfaces and as isotrivial j—invariant co components of broken elliptic surfaces.

We first recall the definition of the fiber types Ny, of these fibrations; see [6, Section 5]
and [33, Lemma 3.2.2].

Definition 3.16 Fibers of type Nj have Weierstrass equation y2 = x2(x — t%).
Lemma 3.17 [33, Lemma 3.2.2] Fibers of type Ny, are slc if and only if k € {0, 1, 2}.

Remark 3.18 (i) The general fiber of an isotrivial j—invariant oo fibration is
type Np.

(i) N, is the j—invariant co version of the L cusp; see Remark 3.19.
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Remark 3.19 The N, fiber behaves analogously to the type L fiber. Indeed by the
proof of [6, Lemma 5.1], on the normalization (X7, D) of a surface X with an N,
fiber, the double locus D consists of a nodal curve with node lying over the cuspidal
point of the N, fiber, and X'V is smooth in a neighborhood of this point. In particular,
(X", D) has log canonical singularities in a neighborhood of the nodal point of D
and lct(XV, D, A) = 0 for any curve A passing through this point. Therefore by the
definition of semi-log canonical, X has strictly semi-log canonical singularities in a
neighborhood of the N, fiber F and slct(X, 0, F) = 0.

The local equation given above for a type Ny fiber is not a standard Weierstrass equation.
One can check that the standard equation of an Ny, fiber is given by

3) y2=x3—%12kx+%t3k.

Proposition 3.20 If (f: X — C,S) is an isotrivial j—invariant oo slc Weierstrass
fibration with aj, type Ny, fibers, then —S? = deg(¥) = Dk ak%k.

Proof Let A and B the Weierstrass data of (f: X — C, S). If ¢ € C lies under an
N, fiber, then A vanishes to order 2k and B to order 3k at ¢. Then A and B have
degree Y 2kay and )_ 3kay, respectively. The result follows since the degrees of A
and B are 4deg & and 6 deg &, respectively. |

Note that for k even the Ny fiber has trivial monodromy, and for £ odd it has u,
monodromy. This determines the twisted models of these fibers.

Corollary 3.21 Let F be an Ny fiber. Then the twisted model of F is an Ny
(respectively twisted Ny) fiber if k is even (respectively odd).

Proof By the local analysis of [7, Section 6.2], in the even case the twisted model
must be stable since there is no base change required, and the odd case there is a 1,
base change so the twisted model is a nodal cubic curve modulo the w, action, ie a
twisted N, fiber. O

Thus, given an Ny fiber, we can cut it out and glue in an N, fiber since the families
are isomorphic to Ng (respectively N;) families over a punctured neighborhood. We
can ask how this surgery affects —S? = deg &.

Corollary 3.22 Let (f: X — C,S) be an isotrivial j—invariant co Weierstrass fibra-
tion and let (f: X’ — C, S’) be the result of replacing an Ny, fiber by an Ny, fiber.
Then —(S')?> = —S? + 1.
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3.2 Elliptic fibrations via twisted stable maps

In [7] we used the theory of twisted stable maps, originally developed by Abramovich
and Vistoli [1; 2], to understand limits of families of elliptic fibrations. The basic
idea is that an elliptic surface f: X — C gives an a priori rational map C --> M ;
which extends to a morphism C --> M 1,1 from an orbifold curve C with coarse moduli
space C. Now we understand limits of a family of elliptic surfaces by computing limits
of the corresponding family of such maps. The twisted stable limits serve the same
purpose for elliptic fibrations that Kulikov models serve for K3 surfaces, ie they form
the starting point from which applying the MMP yields the stable limit.

3.2.1 Twisted stable maps limits We now recall structure of the limiting surfaces
obtained using the twisted stable maps construction. As we will be studying slc degen-
erations of surfaces, the surfaces themselves will degenerate into possibly reducible
surfaces. The degenerate surfaces will carry a fibration over a nodal curve whose j—map
is the limit of the j—map of the degenerating family. Furthermore, there is a balancing
condition on the stabilizers of the orbicurve C over nodes, which implies the action on
the tangent spaces of the two branches at a node must be dual; see [1, Definition 3.2.4]
and [40]. Finally, the stabilizers of a twisted stable map are concentrated either over
nodes or at marked gerbes contained in the smooth locus. In particular, the limit of a
map from a smooth schematic curve C can only have stabilizers over the nodes.

These observations motivate the following necessary conditions for a twisted surface
to appear as a limit of a family of degenerating elliptic surfaces. We consider the case
where the degenerating family of elliptic surfaces has 12d1; marked singular fibers
where d = deg &, as this is the generic situation and the relevant one for the present
paper. This corresponds to the moduli map C — /\71,1 extending to a morphism on all
of C such that the j—map C — M 1,1 = P! has degree 12d, and is unramified over co.

Proposition 3.23 Suppose (f: X — C, S + F) is a twisted elliptic surface [7] over a
rational curve which is the limit of a degenerating family of smooth elliptic surfaces
with 12d1 and arbitrary marked fibers. Then:

(i) If X is reducible, its irreducible components are either attached along nodal
fibers, or in the pairs of twisted fibers I, /T; /Ny, II/II*, III/TIT* or IV /IV*.

(i) The total degree of the j—map C — ]\71,1 is 12d.

(iii) Away from the singular locus of C, the fibers of [ are at worst nodal. In
particular, every marked fiber in F = Z?=1 F; is an 1, fiber for some a > 0.
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The surfaces of Proposition 3.23 correspond to genus-zero balanced twisted stable
maps to M 1,1 of degree 124 which are parametrized by the space Ko , (M 1,1, 12d)(0).
Here 0 is the tuple of n zeroes, denoting the fact that the marked points have trivial
stabilizer.

Theorem 3.24 [9, Theorem 5.5] Each point
[(f:C—= M. pis--.. pn)] € Kon(Miy,1.12d)(0)

admits a smoothing to a map from a nonsingular n—pointed schematic rational curve.

Corollary 3.25 A twisted elliptic surface admits a smoothing to a generic 12d1,
elliptic surface if and only if it satisfies the conditions of Proposition 3.23.

3.2.2 Relative twisted stable maps One of the primary moduli spaces of interest
from the perspective of stable pairs is the closure of the locus where the marked fibers
are exactly the 1241, fibers. These fibers lie above the preimages of co € M 1,1
under the j—invariant map C — M 1, and thus we are concerned with the closure
Koo C IC0,24(/\_/11,1 ,24) of the locus parametrizing maps from a smooth rational curve
which are unramified over oo and such that all marked fibers map to co. Equivalently,
this locus is the space of maps relative to the divisor [oo] with multiplicities (1,..., 1).
The closure of such loci has been studied in the Gromov—Witten literature under the
name of relative stable maps; see eg [13; 17; 45]. In [9], we considered the question
of determining the points of this locus for twisted stable maps to stacky curves. The
conditions characterizing this locus [9, Conditions (*)] can be phrased in the context
of elliptic fibrations:

Proposition 3.26 Suppose (f: X — C, S + F) is a twisted elliptic surface over a
rational curve which is the limit of a degenerating family of 12d1; elliptic surfaces
with marked singular fibers. Then the following hold in addition to the conditions of
Proposition 3.23:

(i) F consists of 12d nodal singular fibers.
(i) Every fiber with j = oo which is not on an isotrivial component is marked.

(iii)) For each maximal connected tree T of isotrivial j = oo components X, the
number of marked fibers contained on T' is equal to the sum of the multiplicities
of the twisted fibers of the nonisotrivial components along which T is attached.
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Remark 3.27 The last condition says that if an isotrivial j—invariant co component is
attached to an I, fiber, there must be » markings on that component, since an I, fiber
is produced when n marked I; fibers collide.

Theorem 3.28 [9, Theorems 1.7 and 1.8] The conditions of Proposition 3.26 charac-
terize the boundary of K. In particular, any twisted surface satistying these conditions
is the limit of a family of smooth 12d1; elliptically fibered surface with marked singular
fibers.

Remark 3.29 After determining the shape of a twisted stable maps limit, we will use
wall-crossing to compute the limits as one reduces weights.

4 Moduli of weighted stable elliptic K3 surfaces

In this section we specialize the discussion of Section 3 to the case of elliptic K3
surfaces and define the various compactifications of the stack W of elliptic K3 surfaces
and its coarse space W which we need. The goal is to obtain an explicit description of
the compactifications for various choices of weights A. In particular, we will explicitly
describe the surfaces parametrized by the boundary of £4 in this case, as well as
understand the wall-crossing morphisms.

From now on we assume that g(C) = 0 and deg £ =2 so that C = P! and £ = Op1(2),
and (f: X — C,S) is an elliptic K3 surface with section.

Definition 4.1 Let)V(A) be the closure in £ 4 of the locus of pairs (f: X — C, S+ F )
where X is an elliptic K3 surface and Supp(F 4) consists of 24 1; singular fibers.

Definition 4.2 If A= (a,...,a) is the constant weight vector, then S,4 acts on W (.A)
by permuting the marked fibers, and we denote the quotient by Wy (a).

Proposition 4.3 W(A) and W, (a) are proper Deligne—Mumford stacks. Moreover,
the coarse space W 4 (a) of Wy (a) is a modular compactifications of W for each
O<ac=<l.

Proof The fact that they are proper Deligne—Mumford stacks follows from [8]. By
construction, W, (@) has an open set parametrizing elliptic K3s with 241; fibers. Recall
that W parametrizes lattice polarized K3 surfaces, and such a lattice polarization is
equivalent to the structure of an elliptic fibration with chosen section. The result follows
by the observation that a generic elliptically fibered K3 surface has 241; fibers. O
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Brunyate constructs a compactification 3 of the space of elliptic K3 surfaces by studying
degenerations of pairs (X,€;S + Fp) where B = (e, ..., €), ie with small weights
on both the section and the fibers (in particular, Brunyate requires €; < €), so that
Supp( F) is the closure of the rational curves on X [12]; see also [4, Section 7]. In fact
there is a morphism B” — W, (€), given by increasing the weight on the section to 1.

Proposition 4.4 There is a morphism B® — Wy (€) fore < 1.

Proof Consider a 1-parameter degeneration of pairs (X, €S + Fg) inside 3. We may
generically choose smooth fibers G = J;¢; G; to mark so that the pair (X, S+ Fg+G)
is stable, where the section has coefficient 1. By the results of [8], there is a sequence
of flips and contractions as one reduces the coefficients of G from 1 to 0. The resulting
stable limit in Wy (¢) only depends on the point (X, €Sy + (Fz)o) in % and not on
the family or choice of auxiliary markings. Therefore we obtain the desired morphism
by [18, Theorem 7.3]. O

Remark 4.5 Comparing Theorem 6.13 with [12, Theorem 9.1.4] (see also [4, Sec-
tion 7]), we see that there is a bijection between the boundary strata of % and
Wq(€) = W(B)/S,4. For example, the third case in [12, Theorem 9.1.4] maps to
case (E) of Theorem 6.13 if there are no IFy components, and to either case (D) or (F)
depending on the parity of the number of components if there are [Fy components.

Corollary 4.6 The morphism from Proposition 4.4 is an isomorphism.
Proof It is a proper birational set-theoretic bijection between normal spaces. O

Remark 4.7 It follows from Corollary 4.6 that there is in fact a morphism Wy (¢) — %
which can be thought of as induced by decreasing weights on the section.

Definition 4.8 Let K denote stable pairs compactification of the space parametrizing
pairs with only one singular fiber marked with weight 0 < € < 1, and let K, be its
coarse moduli space.

Next we define the moduli space F, which is like K¢, only we allow any fiber to be
marked.

Definition 4.9 Let F¢ be the closure in £ 4 of the locus of pairs (f: X — C, S +¢€F),
where [ has precisely 24 1; fibers, 0 < ¢ < 1, and F is any fiber.
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Remark 4.10 At this point we have introduced many compactifications (see Figure 1
and the list on page 1894):

W(A) The stable pair compactification with .A-weighted singular fibers.
We(a) The quotient by Sy4 when A = (a, ..., a).
K¢ The stable pairs compactification with a single e-marked singular fiber.
Fe The stable pairs compactification with any fiber marked by e.
W* The SBB compactification of the period domain moduli space W.

We now give a brief overview of how they are related (again, see Figure 1).

(i) There are 24 generically finite morphisms W(A) — K of degree 23!, corre-
sponding to forgetting all but one marked singular fiber.

(ii) There is a degree 24 generically finite rational map K. --> W (€), corresponding
to choosing a singular fiber.

(iii) There are morphisms W, (€) — W* and K¢ — W*; see Theorems 6.15 and 8.2,
respectively.

(iv) We will see in Section 8.3 that the moduli space F is a smooth Deligne-Mumford
stack whose coarse space is an (explicit) GIT quotient. Furthermore, there is a
morphism F¢ — W* (see Theorem 8.8) which is generically a P! bundle.

We end this section with an important proposition.

Proposition 4.11 For any surface X parametrized by W(A) (for any A) or Fe (in
particular K¢), we have H' (X, Ox) = 0.

Proof Since slc singularities are Du Bois [26, Corollary 6.32; 29], X has Du Bois
singularities. Then H! (X, Ox) = 0 since H* (X}, Oy, ) is constant in any flat family of
varieties with Du Bois singularities [29, Corollary 1.2], and any X arises as the special
fiber of a flat family whose general fiber is a surface X7 with H!(X, 7.0x,)=0. DO

Remark 4.12 We will see in Theorem 8.1 that the surfaces on the boundary of F¢ (and
thus also K¢ ) satisfy wy = Ox. Moreover, if F is the marked fiber, then 2 F is an ample
Cartier divisor such that (2 F )2 = 2. Then following [5, Definition 3.4, Proposition 3.8,
and Theorem 3.11], we see that 7 and K¢ are proper Deligne-Mumford stacks repre-
senting a functor over arbitrary base schemes. Due to subtleties with defining moduli
spaces in higher dimensions, the remaining spaces follow the formalism developed
in [8] and thus correspond to Deligne-Mumford stacks representing functors only over
normal base schemes; see [8, Section 2.2.2] for more details.
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4.1 Isotrivial j—invariant oo fibrations

Here we prove some preliminary results on isotrivial j—invariant co elliptic fibrations
of K3 type which appear in the boundary of the various moduli spaces described above.
We begin by bounding the number of N; fibers (see Definition 3.16) which can appear
on an slc elliptic K3.

Proposition4.13 Let (f: X — P!, S) be an isotrivial j = oo slc Weierstrass fibration
of K3 type. Then X has one of the following configurations of cuspidal fibers:
(1) 4Ny,
(i) 2N{Ns, or
(iii) 2N,.
Proof We must have only Ny, N; and N by the slc assumption, so, by Proposition 3.20,

2= %al + a,, which only admits the nonnegative integer solutions (4, 0), (2, 1) and
(0,2) for (ay,ay). O

Remark 4.14 Up to automorphisms of P!, the global Weierstrass equation for the
surfaces in Proposition 4.13 can be written as follows:

(i) »? =x3—%t252(l—s)2(t—)\s)2x+22—71353(t—s)3(t—ks)3 for L e P1\{0, 1, co}.
(i) y?=x3— %t2s2(t —5)*x + 2—27t3s3(t —s)°.
(iii) y2 =x3- %t4s4x + %t6s6.
In particular, up to isomorphism there are unique surfaces with configurations (ii)
and (iii).
Finally, we need the following key proposition.

Proposition 4.15 Suppose (fo: X — P, S) is an isotrivial j = oo slc Weierstrass
fibration of K3 type and F C X is an Ny, fiber. If f is the central fiber of a 1 —parameter
family of Weierstrass models (f : % — €, ¥) — B with generic fiber ( f: %y — Cy. ¥y)
a 241, elliptic fibration, then there are at least k + 1 type 1, fibers of f, that limit to
the Ny, fiber F fork =1,2,3,4.

Proof Consider the twisted stable maps limit of f;. By Proposition 3.23(i), the
Weierstrass N fiber ' must be replaced by a surface component Y attached along
the twisted model of F by a twisted fiber of type I* (resp. I) if k is odd (resp. even).
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By Proposition 4.13, the possibilities for X are 4N, 2N N, and 2N,, as well as
the non-slc cases N1N3 and Ny4. Since the degree of the j—map is constant for a
family of twisted stable maps, the sum of degrees of the j—map of the components
of the twisted model is 24. This means that Y is rational when &k = 1,2 and K3
when k = 3,4. The number of I; fibers of f; limiting to the N; fiber F of f is the
same as the number of I; fibers limiting to the component Y in the twisted model.
By Proposition 3.23(ii)—(iii), the component Y cannot be isotrivial and deg(¥) > 1.
By Persson’s classification [41], a rational elliptic surface Y with an I* fiber has at
least 2I; fibers, and one with an I, fiber has at least three other I fibers counted with
multiplicity. Similarly, by [44, Theorems 1.1 and 1.2], an elliptic K3 surface with an
I* fiber has at least 41; fibers, and one with an I, fiber has at least five other 1; fibers
counted with multiplicity. O

1

5 Wall crossings inside W, (a) for a > v

Recall that W, (a) denotes the space where all singular fibers are marked with weight
a and we have taken the S,4 quotient. The main goal of this section is to describe
the surfaces parametrized by Wy (75 + €) for 0 < € < 1. In particular, we explicitly
describe the wall crossings that happen as we vary the weight vector from a = 1 to
a= % +e€.

By Corollary 5.6 we see that surfaces parametrized by Wy (a) have at most two
elliptically fibered components, but possibly with trees of pseudoelliptic surfaces
attached to them. In Proposition 5.15 we classify the possible surfaces parametrized by
Wy (a) with a single normal elliptically fibered component. In Theorem 5.16 we classify
the possible surfaces parametrized by W, () with a single nonnormal elliptically fibered
component. In Theorem 5.19, we classify the possible surfaces parametrized by W (a)
with two elliptically fibered components. Finally, in Propositions 5.18 and 5.20, we
show that surfaces of each type appearing in the aforementioned results do exist on the
boundary of Wy ().

Lemma 5.1 There are type Wy walls where type 1 pseudoelliptic surfaces form at
a=1/k fork=1,...,11.

Proof Recall that type I pseudoelliptic surfaces form when a component of the
underlying weighted curve is contracted — this occurs when ka = 1. Finally, note that
24a > 2 for each of these values of k, so the moduli space is nontrivial. O
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Lemma 5.2 There are type Wy walls at a = %, 13—2 and 12—2 where rational pseudo-

elliptic surfaces attached along intermediate type 11, Il and 1V fibers, respectively,
contract to a point.

Proof This follows from [8, Theorem 6.3] as well as the observation that a rational
elliptic surface attached to a type II, III or IV fiber must have a II*, IIT* or IV* fiber,
respectively, and so it has 2, 3 or 4 other marked fibers counted with multiplicity. O

Since these walls are all above %, we obtain:

Corollary 5.3 Any type IL, Il or IV fiber on a surface parametrized by Wy (11—2 + e)
is a Weierstrass fiber. In particular, there are no pseudoelliptic trees sprouting off of it.

In a similar vein we have the following two lemmas:

and L, where:

Lemma 5.4 There are type Wy walls at a = 107

111

4638

(i) Rational pseudoelliptic surfaces attached along intermediate type N fibers con-
tract onto a point.

(i1) Isotrivial j—invariant oo surfaces with deg ¥ = 1 attached along intermediate
type N fibers contract onto a point.

Proof A rational elliptic surface attached along an N fiber must have an I,’: fiber in
the double locus. Since an IZ has discriminant 6 + k, there are 6 — k markings counted
with multiplicity on the rational pseudoelliptic. By the classification in [41], there
exist rational elliptic surfaces with I}' for 0 < k < 4. Since the log canonical threshold
of an intermediate N fiber is %, the surfaces with an N / I}: double locus contract at
1/(2(6—k)). These give walls above % for 1 <k <4. Similarly, isotrivial j—invariant
oo surfaces with an N fiber and deg £ = 1 must be attached along another N; fiber
and so contract at 1/(2k), where they support k fibers. |

Next we consider the base curve at % + €:

Lemma 5.5 Let A= (a,...,a) fora = % + €. Then curves C parametrized by
/\_/lo,A are either

(i) asmooth P! with 24 marked points, with at most 11 markings coinciding, or

(i1) the union of two rational curves, each with 12 marked points and at most 11
markings coinciding.
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Proof If C is a smooth P!, since the total weight for any marking is at most 1, we
see that at most 11 points can coincide. If C is the union of two rational curves, since
each point is weighted by 11—2 + € and since each curve needs total weight greater than 2
(including the node), each curve must have (exactly) 12 points, and again at most 11
can coincide. Finally, suppose C is the union of three components C = U;’=1 C; with
C1 and Cj3 the end components. Since the C; component needs at least one marking to
be stable, at least one of C; and C3 will not have enough marked points to be stable. O

Corollary 5.6 Let (f:X — C, S+ F,) be a surface pair parametrized by W (% —i—e).
Then f: X — C has at most two elliptically fibered components.

Remark 5.7 X can have many type I pseudoelliptic components mapping by f onto
marked points of C.

Definition 5.8 If (/: X — C, S + F,) is a surface pair parametrized by Wo (5 +€),
the main component of X, denoted by X,,, is the union of all elliptically fibered
components of f: X — C.

Remark 5.9 By Corollary 5.6, for all surfaces pairs parametrized by W, (11—2 + e),
either X7, and C are irreducible or X, = X; U X, and C = C; U C,, where X; and
C; are irreducible and f'|x, : X; — C; is an elliptic fibration.

5.1 Explicit classification of surfaces inside W ({5 + €)

We conclude that every surface parametrized by )/_Vg(ll—2 + e) consists of a main
component (see Definition 5.8) possibly with trees of pseudoelliptics sprouting off. In
order to do understand the possible main components X, parametrized by W, (11—2 + e),
we will use the following construction of a Weierstrass model for X,.

5.1.1 Construction of a family of Weierstrass models Let
(fo: Xo — Co, So + (Fa)o)

be an elliptic surface pair parametrized by W, (% + e), which by Corollary 5.6 has at
most two elliptic components. Consider a 1-parameter family (/: %€ — €, 9+ %F,) > T
with generic fiber (f: X — Cy, Sy + (Fa)y), a 241, elliptic K3 surface, and special
fiber Xy. Let %, be a generic smooth fiber of the elliptic fibration f: & — % such that
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the closure 4 is a generic smooth fiber of fy: Xo — Cy. In particular, Gy = ¢ avoids
any pseudoelliptic trees of X.

Let Yy denote the irreducible component of Xy on which G lies. The component Y
is necessarily elliptically fibered, and so either Yy = X}, is the main component or
Xm = Yo Ug, Y1 glued along a twisted fiber Hy. To classify the possible elliptically
fibered components of Xy, we will take the relative log canonical model of the pair
(¥,F +9) — T using the main results of [8].

First, if X, = Yo U Yy, there is a type Wy crossing causing a flip of the section of Y}
such that Y; becomes a type I pseudoelliptic. Then in either case we have a new family
where Y is the unique elliptically fibered component with trees of type I pseudoelliptic
surfaces sprouting off of it. We make the following assumption, and revisit it when we
see it holds in Lemmas 5.13 and 5.14:

Assumption 5.10 Suppose every type I pseudoelliptic tree attached to Y is attached
along the intermediate model of a log canonical Weierstrass cusp.

There exists a sequence of type Wy extremal contractions followed by a type Wiy
relative log canonical morphism of the family that contract the trees of type I pseudo-
elliptic components to a point, resulting in a Weierstrass model Y’ of Yj. Denote the
resulting family of surfaces by &' — T'.

Since type Wiy contractions preserve the generic fiber of the family & — 7', we must
only check type Wiy contractions of the section S. By [25, Proposition 5.9], we may
blow up the point to which the section has contracted to preserve the generic fiber of the
family, and so we have that 96/,, = &. The resulting family of fibrations (¥’ — €) — T
is a family of slc Weierstrass models over P! with deg(¥) = 2, generic fiber a 241,
elliptic K3, and special fiber Y’. By Remark 3.15, we can conclude that Y’ is one of
the following Weierstrass limits:

(i) a minimal Weierstrass elliptic K3 surface (deg & = 2),
(ii) a rational elliptic surface with a single type L cusp, or

(iii) an isotrivial elliptic surface with two type L cusps and all other fibers stable.

By considering the discriminant of ¥ — %€ as a flat family of divisors on %6, we have
the following key observation:
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Remark 5.11 Suppose Y’ — Cy is normal. The number of I; fibers of the generic
fibration X — C,, that collide onto a singular fiber F of Y' — Cj is the multiplicity
of F in the discriminant of the Weierstrass model Y/ — Cj.

We can use this observation to constrain the possible components of the twisted stable
maps limit of (f: X, — €,, ¥, + F). In this limit, the singular fibers (f': &, — €;)
cannot collide since they are marked with coefficient one. Let Y” be the unique
component of a twisted model that maps birationally to the component Y in the above
family of Weierstrass models. Then each connected component of the complement of
Y” is a tree of twisted surfaces that gets collapsed onto a fiber of Y by the sequence
of flips and contractions that produce the Weierstrass model above. In particular the
number of marked fibers on each tree of elliptic components sprouting off a fiber of
Y” is exactly the multiplicity of the discriminant of the resulting singular fiber on the
Weierstrass model Y.

Remark 5.12 The type L cusps are the Weierstrass model of an intermediate fiber
of type I, for m > 0. Such fibers are not contracted until they have coefficient O,
and so any pseudoelliptic tree glued along a type I, fiber will remain when lowering
coefficients to any € > 0.

Finally we revisit Assumption 5.10. We first need the following characterization of
intermediate models of non-log canonical Weierstrass cusps:

Lemma 5.13 Suppose X = Xy Ug X is a smoothable broken elliptic surface that
is the union of broken elliptic surfaces X; — C;, where C; = P! and each X; has a
unique main component. Let X’ be the result of the type Il pseudoelliptic flip of the
section of Xy, so that the strict transform X is attached to X| by an intermediate fiber
AUG. Then AU G is the intermediate fiber of an slc cusp if and only if —Sg <1,
where Sy is the section of X¢ — Cj.

Proof The question is local around a neighborhood of the flip. Therefore, we may
assume that X and X are irreducible, so that there are no pseudoelliptic trees sprouting
off either of them. On the component X| we have the divisor S| + a4 + G. Note that
G has coefficient 1 since it is in the double locus, and the coefficient a is given by
the sum of coefficients of marked fibers on X7. Then the Weierstrass model of AU G
inside X has log canonical singularities if and only if G contracts onto the Weierstrass
model in the log canonical model of the pair (X7, S 4+ G), ie when all the coefficients
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on X are 0. Since the pair is smoothable, this occurs if and only if X contracts to a
point in the log canonical model of X, where all the coefficients on X are set to 0.
Since G is marked with coefficient 1 on X, this occurs if only if X is a minimal
rational elliptic surface by [6, Proposition 7.4], which holds if and only if —Sg <1
(where the strictly less than 1 case happens if G is a twisted fiber rather than a stable
fiber of Xj). O

Lemma 5.14 Let X be a surface parametrized by Wy (1—12 + 6) and suppose Y C X,
is a normal main component. Then Assumption 5.10 is satisfied for every pseudoelliptic
tree attached to Y . Moreover, the fibers these pseudoelliptic trees are attached to are
minimal intermediate fibers.

Proof Let X’ — C’ denote the twisted stable maps model of X — C, and let X, and
Y’ denote the strict transform of X}, and Y in X'. Let Z be a pseudoelliptic glued to
an intermediate fiber F of Y, and let Z’ be the components of X’ that map to Z. By
Remark 5.11, the number of markings on Z is equal to the contribution of F to the
discriminant of the Weierstrass model of Y. Since X}, is the main component, there
are less than 12 markings on Z, and so the order of vanishing of the discriminant of
F in Y is less than 12. It follows that the order of vanishing of the Weierstrass data
in a neighborhood of this fiber satisfies min{3v(a), 2v(b)} < 12, so these are minimal
Kodaira types by the standard classification. a

5.1.2 X,, isirreducible We first deal with the case where the main component X,
of a surface parametrized by W, (% + e) is irreducible.

Proposition 5.15 Let X be a surface parametrized by W (5 + €) such that the main
component Xy, is irreducible and normal. Then X, is a minimal elliptic K3 surface
with trees of pseudoelliptic surtaces of type I attached along intermediate models of
I, 1%, III* and IV* fibers.

Proof By Lemma 5.14, Assumption 5.10 is satisfied. Following Section 5.1.1, we
saw that there are three possibilities for the Weierstrass stable replacement of the
main component X, of a surface in V_\/U(% + e). In case (i) we have a minimal
Weierstrass elliptic K3 surface. Then since all fibers are minimal Weierstrass fibers,
any pseudoelliptic surface has to be attached by the intermediate model of a minimal
Weierstrass fiber. These are exactly the intermediate models of type I, IL, III, IV, IT*,
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IIT* and IV*, since type I, Weierstrass fibers do not have intermediate models. By
Corollary 5.3, pseudoelliptics sprouting off of II, III and IV fibers have contracted onto
the Weierstrass model. We now rule out cases (ii) and (iii) of Section 5.1.1.

In case (ii), the Weierstrass model of the main component is a rational elliptic surface
with exactly one type L cusp. In this case, there must be a type I pseudoelliptic tree Z
in X attached to X}, along an intermediate model of an L cusp, and by Remark 5.11,
there are 12 marked pseudofibers on Z. Let X1 — C; be a twisted stable maps model
that maps to X in V_Vg(ll—z + e). We may write X; = Y| Uy, Z;, where

(i) Z is a broken elliptic fibration that dominates the pseudoelliptic tree Z,
(ii) Y7 is a broken elliptic fibration that dominates X \ Z,
(iii) the component of Y supporting the fiber Y1 N Z; =1, is birational to X3, and

(iv) the Y; N Z{ =1, fiber becomes the intermediate fiber on X3, after Z; undergoes
a type II transformation into the pseudoelliptic tree Z.

Then 12 of the marked fibers of X; — C; must lie on Z; and the other 12 on Y.
In particular there is a node of Cy, such that if we separate C; along that node we
obtain two trees of rational curves each with 12 marked points. However, this means
the stable replacement of C; inside the Hassett space Mg 4, for A = (a,...,a) with
a= % + €, is a nodal union of two components, contradicting that X has only one
main component.

In case (iii), the Weierstrass model of X}, is a trivial surface with exactly two type L
cusps and all other fibers stable. There must be type I pseudoelliptic trees attached
along each of these L cusp fibers in X,;, and no other pseudoelliptic trees attached
to X7, as every other fiber of its Weierstrass model is stable. As in the previous analysis,
let X; — C; be a twisted stable maps surface whose image in Wy (% + e) is X, and
let X’ be the component of X that dominates X,,. Then X’ is attached to exactly
two other components of X7, so by stability it must have at least one marked point
on it. Since X7 — (7 is the twisted stable maps model, all the marked fibers have
Jj—invariant 0o, and so since X' is isotrivial, it must be nonnormal, a contradiction. I

Next we consider the irreducible, but nonnormal main component case:

Theorem 5.16 Let X be a surface parametrized by Wy (5 + €) with an irreducible
nonnormal main component X,,. Then one of the following holds:

(a) Xy is an isotrivial j = oo fibration with 4N; minimal Weierstrass fibers.
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(b) Xjy is anisotrivial j = oo fibration with 2N; minimal Weierstrass fibers, as well
as an intermediate N, fiber which must have a tree of pseudoelliptic surfaces
attached to it along a type 1,, pseudofiber.

(¢) Xm is anisotrivial j = oo fibration with 2N, intermediate fibers, each of which
has a tree of pseudoelliptic surfaces attached to it by an 1, fiber.

(d) Xy, is an isotrivial j = oo fibration with a minimal Weierstrass N fiber, as well
as an intermediate N3 fiber which has a tree of pseudoelliptic surfaces attached
toit by an T} fiber.

(e) Xy is an isotrivial j = oo fibration with a single intermediate Ny fiber which
has a tree of pseudoelliptic surfaces attached to it by an 1, fiber.

Moreover, if we denote by | the number of marked N fibers on Xy, then

(@) (b) © d ©)
4<1=16 3=</=<17 2=<I=<18 8=</=18 13=</=19

Proof Suppose that Assumption 5.10 is satisfied. By Section 5.1.1, the Weierstrass
model of the main component must be an slc isotrivial j = co Weierstrass fibration
with deg & = 2, which are classified by Proposition 4.13. The Ict of a type N, fiber
is 0, so these do not contract to Weierstrass models, and any attached pseudoelliptic
trees do not contract for nonzero weight.

In case (c), the stability condition on the twisted stable maps limit implies that there
must be at least one marked N fiber to give that rational component of the base curve
at least three special points.

The types of pseudofibers that are attached to intermediate N; and N, fibers must
have j—invariant oo, so they are either type I,, or I}, respectively. The twisted model
of an N fiber is a nonreduced rational curve, and so must have a stabilizer at the
corresponding point of the twisted stable map. Therefore, it must be attached to an I}
fiber, which also has a nontrivial stabilizer at the corresponding point of the twisted
stable map. Similarly, the twisted model of an N, fiber is a nodal curve so it has no
stabilizer, and therefore must be attached to an I, fiber.

If Assumption 5.10 is not satisfied, then by Lemma 5.13 we must have a K3 component
Y attached to X;, along a fiber F such that Y is not the main component. This only
happens if Y has less than 12 singular fibers counted with multiplicity away from the
fiber along which Y is attached to X,,. In that case F is a fiber of ¥ with discriminant
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at least 13, so F is either an I, fiber for n > 13 or an I} for n > 7. Consider a generic
family of 241; surfaces degenerating to this surface as in Section 5.1.1.

In the first case, we have that n type I; fibers collide to sprout out a trivial component
with n markings, which becomes the main component when Y flips into a pseudoelliptic.
Since Xj;, has only Ny fibers away from where Y is attached and the degree of & must
be 2, the attaching fiber is N4 by Proposition 3.20. This gives us (e). In the second
case, let us denote by Y’ and X, the strict transforms of ¥ and X, in the twisted
stable maps replacement of the limit of the family. Then Y’ and X, are glued along
twisted Iy} /N fibers since the order of the stabilizer is 2. Then the base curve of the
X,, component must have at least one more point with a stabilizer since any finite
cover of P! is ramified in at least two points. On the other hand, the stabilizer of any
Jj—invariant co—curve is [ty so these other points have to have stabilizers of order 2.
Now when the component Y’ flips into the pseudoelliptic surface Y, the twisted fiber
on X,, to which it is attached must flip into a non-semi-log canonical intermediate
fiber since Assumption 5.10 fails. Thus it must be an Ny, fiber for & > 3. The other
twisted fibers on X, must flip into intermediate models of Ny, fibers for k > 1 since
the N fiber has no stabilizers. Since the degree of & for the main component X}, must
be 2, by Proposition 3.20, the fiber along which Y is attached must be N3, and the only
other nonstable fiber is a single N;. This gives us case (d).

To obtain the number of markings, we may apply Proposition 4.15 to see that each Ny
fiber is marked with multiplicity at least & 4 1. This gives an upper bound on n. For
the lower bound, we look at the largest number of marked I; fibers that can appear on
a component attached to the Ny fiber. For an Ny fiber this is five markings on a 5I;1]
rational, for N, this is 11 markings on a 12I; (attached along one of the I; fibers), for
N3 this is 11 markings on an 111;I7 elliptic K3, and for Ny this is 11 markings on a
121115 elliptic K3. Here we have used that X}, is the main component so all the other
components must have undergone pseudoelliptic flips at a wall above % + €. Finally,
each N fiber is Weierstrass since there are at most five markings on the component
attached to it, and so by Lemma 5.4, these components contract to a point at a Wy
wall above % + €. O

Remark 5.17 Each of the main components in Theorem 5.16 that have only interme-
diate models of semi-log canonical cusps (cases (a), (b) and (c)) are j = oo limits of
normal isotrivial elliptic surfaces. The 4N surfaces are limits of 417 isotrivial fibrations.
Indeed, the locus in the moduli space of such surfaces is birational to P! x P, where the
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first coordinate parametrizes the j—invariant of the fibration and the second coordinate
parametrizes the configuration of the 413 (or 4N1) singular fibers. Similarly the 2N{N»
surface is the limit of the isotrivial 21; L, surface and there is a rational curve of these
in the moduli space. Finally the 2N, surface is the limit of isotrivial 2L Weierstrass
fibrations, but this family of 2L surfaces does not actually appear on this component of
the moduli space as we describe below.

Note that in each of these cases, when the surface is isotrivial with j # oo, all the
markings must be concentrated on the special fibers. Indeed by Remark 5.11, there
must be six markings concentrated at an I§ fiber and 12 concentrated at a type L fiber.
Therefore the isotrivial j = oo surface pairs that are limits of Weierstrass models as
in the above paragraph must have six markings concentrated at each Ny fiber and 12
markings concentrated at each N fiber. In particular, they cannot have any marked
N fibers. Therefore, not all surface pairs with isotrivial j = co main components are
in the limit of the above locus of normal Weierstrass fibrations. In particular, since
the type 2N, fibrations must have at least one marked Ny fiber by stability for twisted
stable maps, we see that the 2L family limiting to 2N, does not appear.

Finally we address the question of existence of each of the limits described above.

Proposition 5.18 Each of the cases described by Proposition 5.15 and Theorem 5.16
occurs in Wy (11—2 + e).

Proof We may take the Weierstrass model of the described main component. In
each case it has a Weierstrass equation with A and B of degree 8 and 12, respectively.
Since the space of Weierstrass equations is irreducible, there exists a family of 241,
elliptic K3 surfaces with this Weierstrass limit. By taking the stable replacement in
We (% + e) we must obtain stable limits as described. O

5.1.3 X, is reducible Now we classify the broken elliptic surfaces in Wy (11—2 + 6)
where X}, is the union of two irreducible surfaces.

Theorem 5.19 Let X be a surface parametrized by W (5 + €) with reducible main
component X, = Yo U Y;. Then one of the following holds:

(i) The Y; are rational elliptic surfaces glued along an 1y fiber. They are minimal
Weierstrass surfaces away from possible intermediate type II*,III* and IV*
fibers along which type 1 pseudoelliptic trees are attached.
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(i1) Yy is an elliptic K3 surface, Y, is a trivial j—invariant oo surface, and they are
glued along 1;, /Ny fibers. There are 12 marked Ny fibers on Y7, and Y, has
minimal Weierstrass fibers or minimal intermediate type IT*, IITI* or IV* fibers
where type 1 pseudoelliptic trees are attached.

(iii) Yy is an elliptic K3 with an Iz fiber, Y; is a 2N isotrivial j—invariant oo surface,
and they are glued along twisted 1§ /Ny fibers. Away from the If fiber, Y, has
minimal Weierstrass fibers or minimal intermediate type IT*, 1II* and IV* fibers
where type I pseudoelliptic trees are attached. There are 7 <[ < 10 marked Ny
fibers on Y.

(iv) The Y; are isotrivial j—invariant oo surfaces glued along Ng fibers. Each surface
has a single intermediate N, fiber with a type 1 pseudoelliptic tree attached.
There are 1 <[; <9 marked Ny fibers on Y;.

(v) TheY; are isotrivial j—invariant oo surfaces glued along Ny fibers. Each surface
has two minimal Weierstrass N fibers. There are 2 < [; < 8 marked N fibers
onY;.

(vi) The Y; are isotrivial j—invariant oo surfaces glued along Ny fibers. Yy has two
minimal Weierstrass N fibers and Y1 has one intermediate N, fiber with a type
I pseudoelliptic tree attached. There are 2 < [y < 8 marked N fibers on Yy and
1 </; <9 marked Ny fibers on Y;.

Proof We will proceed by taking the Weierstrass limit of the main component and
using the classification in Section 5.1.1 to determine what can be attached as the other
main component.

First suppose that Assumption 5.10 does not hold for the fiber along which the Y; are
glued, so that after performing a pseudoelliptic flip of Yy, the fiber on Y; is not the
intermediate model of a semi-log canonical Weierstrass cusp. Then as in the proof of
Theorem 5.16, Yy is a K3 component and Y7 is an isotrivial j—invariant co surface.
Furthermore, they are either glued along twisted I,/Ng or I /N fibers. Since they
are the two main components, they must each have 12 markings, so we conclude that
n = 12 in the first case and n = 6 in the second case. Furthermore, as in the proof of
Theorem 5.16, in the I} /N case Y7 must have another Ny fiber. This gives us cases
(i1) and (iii), respectively.

From now on we can suppose that Assumption 5.10 holds. Let us fix some notation.
Denote the Weierstrass limit of the Y; by Yio, which must be one of the surfaces listed
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X/

smiyed (Y] — ——
X €W, (5 +e) GYI

Figure 3: The circled component Z; represents the union of Y/ along with
the pseudoelliptic trees emanating from Y. The entire Z; component domi-
nates Y;, and the Y/ component contains the pseudoelliptics.

in Section 5.1.1 if it is normal, or Proposition 4.13 if it is isotrivial j—invariant co.
We will denote by X! — C! a twisted stable maps model of the surface X — C in
Weo (% + 6) and we will denote by Yi1 the unique component of X! dominating Y;.
Let Z il C X! be the maximal connected union of connected components of X! that
contains Yil. Finally we will denote by G the fiber along which Y, and Y; are glued,
and by G; its model in the Weierstrass limit, which is obtained by flipping one of the
Y; and contracting the transform on G on the other; see Figure 3.

Now, since Yy and Y7 satisfy Assumption 5.10 for the fiber along which they are glued,
by Lemma 5.13 we must have 0 < —Sl.2 <1, where S; is the section of Y;. Note that
Sg # 0, otherwise Yy would be trivial and so the degree of the j—map on Zy would be 0
and the degree of the j—map on Z; would be 24, which would put us in situation (ii).

Suppose that Y is normal. Then, by Section 5.1.1, Y is a rational elliptic surface and
Gy is a type L cusp. Since the twisted model of a type L cusp is a stable curve, G is
an I, fiber. On the other hand, there must be 12 markings on Y, away from G, and
son = 0 and G is in fact a smooth fiber. Since G is smooth, Y; cannot be isotrivial
Jj—invariant oo so it is normal, and the same analysis applies to Y;. Thus we obtain (i).

Next, if Yy is not normal, then as above Y is also nonnormal. Now the Y; satisfy
Assumption 5.10 for the fiber G. We claim that they must also satisfy it for any
pseudoelliptic trees away from G. Indeed suppose that Y, has an intermediate fiber
F not satisfying Assumption 5.10. Then by Lemma 5.13, there must be an elliptic K3
attached to it. Every fiber of Y; is Ny for k£ < 2, and we get cases (iv), (v) and (vi) by
considering the various possible Ny, fibers on a surface with —S?2 < 1.
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Since N, fibers have 0 Ict, they must be intermediate with pseudoelliptic trees attached,
while pseudoelliptic trees attached to an N fiber undergo type Wy contractions at
walls above 11—2 + ¢ by Lemma 5.4 so N, fibers are minimal Weierstrass. Finally, the
number of markings is constrained by Proposition 4.15, stability, and the fact that there
are two main components so there must be 12 total markings on each. O

Proposition 5.20 Each of the cases described in Theorem 5.19 occurs in the boundary
of We ({5 +€).

Proof Case (i) is the stable replacement in We (15 + €) of a Kulikov degeneration of
type II. Case (ii) occurs when 12I; fibers collide to give an I, fiber. Similarly, case
(iii) occurs when 121 fibers collide to form an Iz fiber. Case (iv) occurs when one
starts with a degeneration of type (i) and takes the limit as the I; fibers approach the
double locus G. Since marked I fibers from both Y and Y; must fall into G as the
Jj—invariant of G must match on both sides, two isotrivial components appear such
that each rational surface is attached to one of them along an Ny fiber which leads to
N, fibers when the rational surfaces undergo a flip. Similarly, case (v) occurs when
you start with a surface of type (i) and degenerate the two rational components into
2N; isotrivial j—invariant oo surfaces. Finally, for case (vi), take a degeneration as in
case (i) and then further degenerate Y so that it is an isotrivial 213 surface. Then the
stable replacement of the limit as the j—invariant of the 2I surface approaches oo is
case (vi). O

6 Surfaces in W, (¢), the 24—marked space at a = €

In the previous section, we studied the wall crossings that occur in Wy (a) as we let the
weight vary from 1 to % + ¢, and we used this to classify the surfaces parametrized
by the boundary of W, (a) for a = % + €. The goal of this section is to explicitly
study the wall crossings that occur as we reduce the weight further, from a = % +€
toa =€ for 0 < e <« 1. As a result, we determine the surfaces parametrized by the
boundary of W, (€). The main results in this direction are Theorems 6.13 and 6.14. In
Theorem 6.13 we describe the possible surfaces on the boundary, and in Theorem 6.14
we use the theory of twisted stable maps (see Section 3.2) to show that all such surfaces
appear on the boundary. Finally, in Theorem 6.15, we describe a morphism from the
coarse space of Wy (€) to the GIT quotient WC. These three theorems together give a
proof of Theorem 1.1.
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We begin with the wall at 11—2:

Lemma 6.1 At a = %, there are type 11l contractions of rational pseudoelliptic

components attached by an I; fiber.

Proof An Ij must be attached along another Ijj by the stabilizer condition. Furthermore,
an Ij rational surface has six other markings with multiplicity. Putting this together
with the description of the walls, we get a wall at 1/(2k) = % since % is the lct of If;

see (2) in Section 3. O

Lemma 6.2 Ata= % the trivial component Y7 in case (ii) of Theorem 5.19 contracts
onto the 11, fiber it is attached to.

Proof The component of the base curve lying under Y; contracts to a point, but since
Y; is trivial, it contracts onto a fiber. O

Lemma 6.3 Let X be a surface parametrized by Wy (% + 6) from Theorem 5.19(iii).
Then the stable replacement for coefficients % — € is an irreducible pseudoelliptic K3
surface with an I¢ fiber.

Proof X has main component X, = Yy U Y7 consisting of an elliptic K3 with a
twisted I fiber glued to an isotrivial j—invariant oo surface along a twisted N fiber.
Each surface has 12 markings. At coefficient % — €, both section components are
contracted by an extremal contraction. We first perform the extremal contraction of
the section of Y7 which results in a flip of Y; to a pseudoelliptic surface. Then the
section of Y contracts to form a pseudoelliptic with the pseudoelliptic model of Y;
glued along an I pseudofiber. Finally, ¥; contracts onto a point as in Lemma 6.1. O

Putting the above together with the observation that the Hassett space becomes a point
at 11—2 so the base curves all contract to a point, we get:

Theorem 6.4 Let X be a surface parametrized by W (15 —€).

(1) If X has a single main component, then X, is the pseudoelliptic surface asso-
ciated to an elliptic surface, as in Proposition 5.15 and Theorem 5.16, with an
Ay singularity where the section contracted. Any type II, 111, IV, Ny and I} for
k <5 pseudofibers of X, are Weierstrass and any 1, fibers satisfy n < 12. There
are pseudoelliptic trees sprouting off of intermediate type IT*, IIT*, IV* and Ny,
for k > 2 fibers as before.
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Figure 4: Illustration of Example 6.6.

(i1) If X has two main components, then X, is a union along a twisted pseudofiber
of the surfaces appearing in Theorem 5.19, parts (1), (iv), (v) and (vi). Any typell,
I, IV, Ny and IZ for k <5 pseudofibers are Weierstrass. There are pseudoelliptic
trees sprouting off of intermediate IT*, TIT*, IV* and N, fibers as before.

Lemma 6.5 There are type IlI walls at a = 61—0, 31—6 and ﬁ where rational pseudoelliptic

surfaces attached along intermediate type II*, III* and IV* fibers, respectively, contract
to a point.

Proof This follows from [8, Theorem 6.3] as well as the observation that a rational
elliptic surface attached to a type II*, III* or IV* fiber must have a II, III or IV fiber,
respectively, and so it has 10, 9 or 8 other marked fibers counted with multiplicity. O

Next we study some examples of the transformations that occur for small coefficients.

Example 6.6 (Figure 4) Suppose X, is a smooth elliptic K3 surface with 24 (I;)
fibers, and suppose it appears as the general fiber of a family (f: ¥ — B, ¥+ %,) with
limit as in Theorem 5.16, case (d). In particular, this is a stable limit for a = % +e€
and F consisting of the 24I; fibers on the generic surface X;. We will compute the
stable limit of this family for a < 11—2 We will denote by X the a—stable special fiber
of ¥ - B.
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We begin with the twisted stable maps limit X! — C. It consists of a union YO1 u Yl1
where YO1 is an elliptic K3 and Yl1 is a trivial j—invariant co surface with n» marked
fibers glued along an I, fiber of YO1 where n > 12. At a = 1/(24 —n), the component
YO1 undergoes a pseudoelliptic flip to obtain the model in Theorem 5.16(d), ie Y is
a pseudoelliptic K3 glued along an intermediate N4 fiber A U G of Y. Next, for
a=< %, the section of Y|" contracts onto an A singularity so that X consists of a
pseudoelliptic isotrivial j—invariant co surface with an intermediate N4 pseudofiber and
a pseudoelliptic K3 sprouting off it. To continue the MMP on this 1—parameter family
and compute the stable limit for smaller a, we need to compute (Kya + F4).A% and

(Kga +%?).G%. We can restrict the log canonical divisor to the component Y to obtain
Kys+ G + (24 —n)aA® + naf,

where f is a pseudofiber class. Pulling back to the blowup of the section (1 : Ylb - Yy
where b = % + €,

W (Kyp+G +Q24=n)ad® +naf®) = Kyp + G® + (24—n)ad® + naf® +12aS8°.

Here S f’ is the section which is a (—2)—curve and f? is a fiber class. Now A? is
the curve obtained by flipping the section Sy of Yol. Using the local structure of
the flip (see eg [33, Section 7.1]), we compute that (42)? = —%, A .GP = % and
(Gh)? = —%. Similarly, using push—pull for the contraction p: Ylb — Yl1 onto the
twisted model of Yll, we get that K yr = -2f by 245, Putting all these together and
using push—pull for p,

(Kya+G+(24-n)ad"+naf).A* = (KY1b+Gb+(24—n)aAb+na fP+12a5%).4°

=1lys-1
= sna—s,

(Kyla +G+Q4—n)aA*+naf).B? = (KY1b —|—Gb+(24—n)aAb+nafb+12an’).Gb
= %+(24—n)-%a.

In particular, for a < 1/n, there is an extremal contraction of the curve class of A% in %7,

On the other hand, since (4%)% = —% and p is the contraction of a (—2)—curve which

intersects A? transversely, we have (4%)? = 0, so this curve class rules Ylb over G
and the extremal contraction for ¢ < 1/n contracts X onto Y, the pseudoelliptic K3.

Remark 6.7 In the above example, n < 19, by eg [44].

Example 6.8 (Figure 5) Suppose X; as above is a smooth elliptic K3 surface with
24 (I,) fibers, which appears as the general fiber of a family (f: ¥ — B, ¥ + %,) with
limit as in Theorem 5.16(e). We compute the stable limit for small a as above and we
keep the same notation.
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Figure 5: Illustration of Example 6.8.

The twisted stable maps limit X! — C! consists of a union YO1 U Yl1 where YO1 is an
elliptic K3 and Yl1 is a 2N, isotrivial j—invariant oo surface. They are glued along
twisted I /N; fibers with n > 6. At a = 1/(18 —n), the component YO1 undergoes a
pseudoelliptic flip to obtain the model in Theorem 5.16, case (e), ie Y’ is a pseudoelliptic
K3 with a twisted I; pseudofiber glued along an intermediate N3 fiber A* U G* of Y.
As above, the section of Y{* contracts onto an A4 singularity for ¢ < % so that X'¢
consists of a pseudoelliptic isotrivial j—invariant co surface with an intermediate N3
pseudofiber and a pseudoelliptic K3 sprouting off it. The N pseudofiber of Y|* may
have a pseudoelliptic tree sprouting off of it, but it exhibits a type Wy contraction onto

the Weierstrass model of the N fiber by Lemma 5.4.
Restricting the log canonical divisor to the component Y?, we obtain
Kya+G+ (18 —n)aA® + (6 + n)af

where f is a pseudofiber class. Pulling back to the blowup of the section pu: Ylb — Y
where b = % + ¢,

1 (Kya + G + (18 =n)aA® + (6 +n)af*)
= Kyp + G? + (18— n)ad® + (6 +n)af® + 12aS?.
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As above, A? is the curve obtained by flipping the section Sg of YO1 which is a rational
curve with self intersection —% since YO1 has a twisted Iy fiber. Thus we can compute
that (4%)% = —%, AP GP = % and (G?)? = —%. Using push—pull for the contraction
Jo¥ Ylb — Yl1 onto the model of Yl1 with a twisted N fiber for the double locus and a
Weierstrass N fiber for the other Ny, we get that K yP == f by 45 Putting all these

together and using push—pull for u,

(Kya +G + (18 —n)aA® + (6 +n)af).A"
= (Kyp +G? +(18—mad + (6 +m)af® + 12a5}).4"

=2gn-1
= san—3,

(Kye + G + (18 =n)aA® + (6 +n)af).B*
= (Kyp + Gb + (18 —n)ad® + (6 +n)af® +12a8%).G°
= % + (18—n)-%a.
For a < 1/(2n), there is an extremal contraction of the curve class of A% in 4. On
the other hand, since (4%)% = —% and p is the contraction of a (—2)—curve which
intersects A° transversely, we have (4%)? = —% so this curve class is rigid and
therefore undergoes a flip. After the flip, the strict transform Y{* for a < 1/(2n) is now
a pseudoelliptic attached along an intermediate pseudofiber of Y. By Lemma 5.13, the

flipped pseudoelliptic contracts and goes through a type Wiy pseudoelliptic flip for some
small @ = € > 0, giving the stable limit as the minimal Weierstrass pseudoelliptic of Y.

Remark 6.9 By eg [44], the maximum 7 such that there exists an elliptic K3 with an
I is 14 and so the above phenomena occur for 6 < n < 14.

Combining the above examples gives:

Proposition 6.10 (i) There are type Il walls at 1/k for 13 < k < 19 where the
isotrivial j—invariant oo main component of the surfaces from Theorem 5.16,
case (d), contract as a ruled surface onto the 1, fiber of the pseudoelliptic K3
sprouting off of it.

(ii) There are type 111 walls at 1/(2n) for 6 <n < 14, where the isotrivial j—invariant
oo main component as in Theorem 5.16, case (e), goes through a flip to become a
pseudoelliptic attached to an intermediate model of the I}; on the K3 component.
At some smaller a = € > 0, this pseudoelliptic contracts onto the Weierstrass
model of the I}, fiber.
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Corollary 6.11 The stable replacements in W (€) of the two main component surfaces
of Wy (% + e) from Theorem 5.19(d)—(e) are pseudoelliptic K3s with Weierstrass 1,
and I}; fibers, respectively.

Proposition 6.12 If X is a surface parametrized by Wy (€) then wy = Oy.

Proof If X is irreducible then the result is clear, since X is the contraction of the
section, a (—2)—curve, on a K3 type Weierstrass fibration.

Therefore, suppose X consists of multiple components. Let p: ¥ — D be a 1-parameter
family over the spectrum of a DVR with generic fiber a 24I; elliptic K3 and central
fiber X. Now there is a sequence of pseudoelliptic flips producing a model p’: ¥’ — D,
where the sections of X are blown back up so that the components of central fiber X’
of p’ are all elliptically fibered and glued along twisted fibers (for example, these flips
occur as part of the MMP when decreasing the coefficient on the section of the twisted
model, or equivalently, X’ is the model parametrized by the Brunyate/Inchiostro moduli
space). Then X' = X, Ur, X1 UF, ---UFf, | Xn UF, Xy41, where Xo and X, are
rational elliptic surfaces and X7, ..., X}, are trivial j—invariant oo fibrations.

Then KX’|X0 = KX() + Fy, KX/|Xn+1 = KXn-H + F, and KX|X,~ = KX,. + Fi_1+ F;
fori =1,...,n, which are all 0 by the canonical bundle formula since Xy and X}, 4+
(resp. X1,..., Xp) satisfy deg £ =1 (resp. deg & = 0). Thus Ky~ is numerically trivial,
that is, Ky = 0.

We proceed in two steps. First we show that X’ is Gorenstein and then we show that
the pullback

n+1
(4) Pic(X') — €D Pic(X:)

i=0
is injective. For the first claim, note that away from the gluing fibers Fj, the surface X’ is
a minimal Weierstrass fibration. From the classification of surfaces (see Corollary 6.11),
the components X; are glued along I, type fibers, and so in a neighborhood of F; the
surface corresponds to a map from a nonstacky nodal curve into M 1. In particular,
in a neighborhood of Fj, the elliptic fibration X’ — C is a flat family of nodal curves
over a nodal curve. In either case, X’ is Gorenstein.

Next, denote by 7: | | X; — X' the natural morphism. By [22, Proposition 2.6 and
Remark 2.7] there is a diagram of short exact sequences of sheaves of abelian groups
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on X' |
1 — 0%, =TT, Oy, —— N ——0

L,

| —— 0%, ——— 1,0% 0

where F’ is the double locus on X’ and F is the double locus on X;. As an abstract
variety, F is the disjoint union of two copies of F’. By [22, Proposition 4.2], (4) is
injective if and only if y : Pic(F’) — Pic(F) is injective and coker H® (o) = coker H° (B).
The map y is simply the diagonal, so it is injective. Moreover, since X/, X; and F; are
all connected projective varieties, applying H to the above diagram gives

H%a)
1 k* P TT2g ke

I

HO
| —— [ligk* — 2O, [Tizo k* x

Here f; and H°(«) are the diagonal maps, H°(B) is the product of diagonal maps

for each i, and f; is given by (xq, ..., Xy+1) = (X0, X1, X1, X2, ..., Xn, Xp+1). The

cokernel of H?(«) can be identified with H:’j 11 k* by the map

X X
(x0,... x,,_,_l)r—)( ! n+1).

Xo X0

Similarly, the cokernel of H°(B) can be identified with []/_, k* by the map

bo by by
(a()’b()valvb]»'-*»an’bn)'_)( geeey -
a() aq dp
Therefore the induced map on cokernels is given by
X2 Xn+1
(xl,...,xn+1)»—> (XI,—,...,—),

which is an isomorphism. Thus we conclude that (4) is an injection.

This means that X" is Gorenstein and wy pulls back to the trivial line bundle under (4),
so wys = Oxv. It follows that wyr/p = Og. Now &’ is related to ¥ by a sequence
of log flips. Since these flips always contract K—trivial curves, we conclude from the
cone theorem (see eg [30, Theorem 3.7(4)]) that the canonical line bundle is preserved,
so wy = Oy and so wy = Oy. O

Putting all of this together, we have a classification of the boundary components of
Ws (€); see Section 7 for an alternative description.
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Theorem 6.13 The surfaces in Wy (€) are

(A) an irreducible pseudoelliptic K3 with the section contracted to an A; singularity
and minimal Weierstrass pseudofibers,

(B) an irreducible isotrivial j = oo pseudoelliptic with 4N; Weierstrass fibers,

(C) anisotrivial j = oo fibration with 2N Weierstrass fibers and an N, intermediate
fiber with a tree of pseudoelliptics sprouting off of it,

(D) anisotrivial j = oo fibration with 2N, intermediate fibers each sprouting a tree
of pseudoelliptics,

(E) a union of irreducible pseudoelliptic rational surfaces along an 1 fiber,

(F) a union of isotrivial j = oo pseudoelliptic surfaces with a single intermediate
N, fiber sprouting a pseudoelliptic tree on each, glued along an Ny fiber,

(G) aunion of irreducible isotrivial j = oo surfaces each with 2N; Weierstrass fibers
glued along an Ny fiber,

(H) a union of an irreducible isotrivial j = oo surface with 2N; Weierstrass fibers
and an isotrivial j = oo surface with a single N, fiber sprouting a pseudoelliptic
tree, glued along an Ny, fiber.

Furthermore, every surface X satisfies wy = Oy and Hl(X, Ox) = 0. Finally, the
number of marked Ny fibers are as in Theorems 5.16 and 5.19.

Now we show that each surface actually appears on the boundary, using the full
smoothability results of Section 3.2.

Theorem 6.14 Every slc surface pair in Theorem 6.13 appears in the boundary of
We (€).

Proof Given any surface satisfying the conditions of Theorem 6.13, we can construct
a twisted surface whose stable replacement is the surface obtained by flipping the
pseudoelliptic components into elliptically fibered ones as in the previous section,
replacing each cuspidal fiber by a twisted fiber, and attaching a component with dual
monodromy satisfying the conditions of Propositions 3.23 and 3.26 to each of these
twisted fibers. By full smoothability (Theorems 3.24 and 3.28), this twisted model
is the limit of a family of 241 elliptic K3 surfaces with singular fibers marked, and
its stable replacement must be the initial surface as computed in the previous two
sections. O
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We conclude this section by discussing the connection between W (¢) and the GIT
quotient WO .

Theorem 6.15 (connection with GIT/SBB) If W, (¢) denotes the coarse space of
W (€) then there is a morphism W (€) — WY = W* with the following structure:

(i) The locus of surfaces of type (A) maps isomorphically onto WSG.

(ii) The locus of surfaces of type (B) maps as a generic P 12—bundle onto Wgc, o by

forgetting the marked fibers. The closure of this locus in W (€) parametrizes the
unique surtace of type (G) along with a choice of marked fibers, and this locus
all maps onto WSGIC N Wg

(iii) The locus of surfaces of type (E) maps onto Wg by taking the j—invariant of the
Iy fiber along which the two components are glued.

(iv) The surfaces of type (C), (D), (F) and (H) all get mapped onto the point

wG A wG

Wa. NW7.
Proof By Theorem 6.13, we have a classification of surfaces in Wy (¢€). Each of the
irreducible surfaces mentioned in the theorem is also parametrized by W*, yielding
a rational map Wy (€) — WY defined on a dense open subset. Now one can easily
check that the limit in WC of a Weierstrass family limiting to a surface of type (B)
(resp. type (C), (D), (G), (F) or (H)) is the j—invariant of the L (resp. N») fiber in Wg
This depends only the central fiber of the family, not the family itself, so the morphism
extends uniquely by normality after applying [18, Theorem 7.3]. |

7 Explicit description of the boundary of W, (¢)

In the previous section, specifically Theorems 6.13 and 6.14, we gave an explicit
description of the surfaces parametrized by the boundary of W (€). The goal of this
section is to enumerate the resulting boundary strata of Wy (€) in a combinatorial way,
akin to Kulikov models; see Proposition 7.2 for the analogue of type Il degenerations,
and Theorems 7.5, 7.7 and 7.9 for the analogues of the fype III degenerations.

Before starting, we define R; to be the space parametrizing pairs (X, .S + F), where
X is a minimal Weierstrass rational elliptic surface, .S is a section, and F'is a fiber of
type I,,. Note that n < 9. The following is well known:
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Lemma 7.1 [24, Section 3.3] Rj is a (9—n)—dimensional affine variety which is
irreducible for n # 8, while Rg has two components.

Using these spaces, we will explicitly describe the boundary of Wy (€). To do so, we
use the notation of Kulikov models (models of type II and III).

7.1 Type II degenerations

Proposition 7.2 There are two type II strata:

(i) The first is a dimension-17 stratum Wy isomorphic to a quotient of the fiber
product Ry X; R, namely the self fiber product of the j—map j: Ro — Al. A
point parametrizes two rational elliptic surfaces with a marked 1 fiber of the
same j—invariant glued along this fiber, and the quotient comes from swapping
the two surfaces; see Theorem 6.13(E).

(i) The second is a dimension-17 stratum W3° = Sym'¢(P') x A! where A! is the
j—line. The j-line parametrizes the 4N isotrivial j—invariant oo component,
and Sym!®(P') parametrizes the m markings on this surface other than the N
fibers counted with multiplicity; see Theorem 6.13(B).

7.2 Type I1I degenerations

The first step is to “unflip” the pseudoelliptic components in Theorem 6.13. After, we
can describe each surface as a chain Xy U---U X, 41, where both X, and X,,4+ are
Weierstrass fibrations of rational type (deg £ = 1), and X1, ..., X} are all isomorphic
to trivial j—invariant oo fibrations C x P!, with C being a nodal cubic. These surfaces
are all glued along nodal cubic fibers (ie either I,, or N fibers). Further, each X; for
i =1,...,n must have at least one marked fiber by stability. We call the surfaces X
and X;,1 the end components and X1, ..., X, the intermediate components.

Lemma 7.3 An end component must have at least three marked fibers if it is normal,
or at least four marked fibers if it is isotrivial j—invariant oo, counted with multiplicity.

Proof If an end component is an isotrivial j—invariant oo surface, then it must be
a 2N, fibration glued along an Ny fiber. Each N must carry at least two markings
counted with multiplicity so the surface carries at least four. If it is a normal rational
elliptic surface, then the number of markings is given by 12 —n, where the surface is
glued along an I, fiber. Since n < 9 for I, fibers on a rational elliptic surface, then
there are at most three markings on such a component. O
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Corollary 7.4 For the chains Xy U---U X, 41 in the type III locus, n is at most 18.

Proof As there is at least one marking on each of the intermediate components, the
number of components is bounded by the number of markings not on Xy and X4 1.
By Lemma 7.3, there are at least six combined on these components so there are at
least 18 markings to be distributed among the intermediate components. a

Now we will describe an explicit parametrization of each of the type III strata. There
are three cases, depending on whether none, one or both of the end components X
and X1 are isotrivial j—invariant co. We call these strata type Iy, I1I; and III,,
respectively. The type Il strata are further indexed by the fiber types I, and I along
which Xy and X, are glued. In this case, there are 12 —r and 12 — s fibers marked
on Xy and X, 41, respectively, which gives us r 4 s markings remaining for the middle
components X1, ..., Xy. Thus, n must satisfy 1 <n <r +3s.

Finally, for each n, we can fix a single marking on each component X7, ..., X, and fix
coordinates so that the components are glued along fibers at 0 and oo, and the chosen
marking is at 1. That gives us freedom to parametrize » 4+ s —n additional markings
among X1, ..., X,. For each choice of partition Z?:l a; =r + s —n we can consider
the stratum where there are a; markings on X;.

Theorem 7.5 (type Illy locus) Fix data

n
15r,s§9, ISn§r+S, E ai:r-"-s_n.
i=1
r,s,n 7,0 1e_ .
0,a1,...,an O,Cll,...,an) - 18 n Wlth a

finite parametrization by Rg x Gy x ---x Gyt x R,. Here a point of the above product

There is a type Il stratum I11 of dimension dim(I1I
determines the surface pairs X¢, X,+1 as well as the configuration of a; marked fibers
on X1,..., X, avoiding the double locus.

Remark 7.6 Just to reiterate, Ry and R, parametrize the surfaces Xy and X1,
respectively, and the G, parametrize the marked fibers on the X; avoiding the double
locus.

Next, we consider type III; strata where exactly one of the end surfaces, without loss of

generality X, is an isotrivial j—invariant oo surface of rational type. Then Xy must be
the 2N surface glued along an N fiber. There are two markings each on the N fibers
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for a total of four. Then for each 0 < s < 17, there is a stratum with 17 —s marked Ny
fibers on Xjy; see Theorem 5.16. After picking coordinates so that the N; fibers are
at 0 and 1 and the double locus is at oo, these 17 — s markings must avoid co and so
give a factor of A7~ parametrizing X,. The other end component X, ; is a rational
elliptic surface glued along an I, fiber for some r and with 12 — r marked fibers.

This gives 33 — s —r total markings on Xy and X,,4+. On the other hand, there are at
most 24 markings, so 33 —s —r < 24. In the case of equality, there are no intermediate
components and we have a stratum parametrized by A!7=5 x R,. Otherwise, we have
1 <n <s+r —9 intermediate components with s + r — 9 markings distributed on
them. After fixing one marking on each intermediate component at coordinate 1, there
are r + s —9 —n marked fibers partitioned into Y ;_; @; =r + s —9 —n. This gives a
finite parametrization by A!775 x G} x --- x Gy* X R,.

Theorem 7.7 (type III; locus) (1) Fix the data
1<r<9, 0=<s=<17, s+r=09.

There is a type Il stratum IIIq’S of dimension dim(III;’S) = 17 with a finite
parametrization by A5 x R,.

(i1) Fix the data

n
1<r<9, 1<s<17, 1<n<s+r-9, Zai:r+s—9—n.
i=1
There is a type I11; stratum IH?ET,..., an of dimension dim(IIIq”Sa’ﬁw an) =17—n
with a finite parametrization by A1775 x Gl x -+ x G x R,

Remark 7.8 Again, here A%~* parametrizes the 8 —s marked Ny, fibers on X;, the Gy
parametrize the marked Ny fibers on the X;, and R, parametrizes the surface X, 1.

Finally, we have the type IIl, stratum where both X, and X, are isotrivial j—
invariant co. In this case, Xy and X}, are described by affine spaces of dimension
17 —s and 17 — r, respectively, where there are 17 — s and 17 — r marked N fibers on
Xo and X4+ in addition to the 2N; which each appear with multiplicity two. This
gives 42 —r — s total marked fibers among the end components, so 42 —r —s < 24, and
we again have two cases: this is an equality and there are no intermediate components,
or this inequality is strict and there are intermediate components with » + s — 18 marked
fibers. Thus, as before:
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Theorem 7.9 (type IlI, locus) (1) Fix the data
0<s,r<17, s+r=18.

There is a type IIl, stratum III;’S of dimension dim(III;’S) = 16 with a finite
parametrization by A1775 x A17=5 = A16,

(i1) Fix the data

n
1<s,r<17. l<n<s+r—18, Y aj=r+s—n—18.
i=1
There is a type 111, stratum III;’,SQ’TW’ ar of dimension dim(III;’fa’TW., an) =16—n
with a finite parametrization by A1775 x Gl x -+ x Gt x AT,

Remark 7.10 In the above theorem, the A7~ (resp. A!7~") parametrize the markings
on Xy (resp. X,+1), and the Gy} parametrize the markings on the X;.

8 Spaces with one marked fiber

The goal of this section is to describe the surfaces parametrized by the boundary of the
moduli spaces K¢ (resp. Fe), ie the moduli spaces parametrizing one e—marked singular
fiber (resp. any fiber). In Section 8.1 we describe the boundary of the two moduli
spaces; see Theorem 8.1. In Section 8.2 we prove Theorem 8.2, which describes a
morphism from K, to WC. Finally, in Section 8.3 we extend Miranda’s GIT construction
to produce a moduli space of Weierstrass surfaces with a choice of marked fiber.
The main result in this direction is Theorem 8.8, which shows that F¢ is a smooth
Deligne-Mumford stack with coarse space map F — WG given by the extended GIT
compactification we discuss in Section 8.3.

8.1 Spaces with one marked fiber

In this section we first consider the moduli space F, (see Definition 4.9), which
corresponds to marking only one (possibly singular) fiber with € weight. In particular,
we give a description of the surfaces parametrized by the boundary. Note that since K¢
is a slice of Fe, this description also applies to the surfaces parametrized by /Ce.

Theorem 8.1 (characterization of the boundary) The surfaces parametrized by F.
are single-component pseudoelliptic K3 surfaces whose corresponding elliptic surfaces
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are semi-log canonical Weierstrass elliptic K3s, and the marked fiber F' can be any
fiber other than an L type cusp. Moreover, all surfaces parametrized by F satisfy
H'(X,Ox) =0 and wy =~ Oy.

Proof We follow the explicit stable reduction process explained in eg [8, Section 6]. Let
(fX>6,S+F)>T

be a 1-parameter family whose generic fiber (f: X; — Cy, Sy + Fy) is a Weierstrass
elliptic K3 surface with 24 1; fibers, and a single (possibly singular) marked fiber F;,.
Denote by ( fo: Xog — Co, So + Fp) the special fiber, and consider the limit obtained
via twisted stable maps; see eg [7]. The limit ( fo: X — Cg. Sy + Fg) will be a tree
of elliptic fibrations glued along twisted fibers, and the closure of the fiber F' will be
contained in precisely one such surface component. While this surface will be stable as
a map to M 1,1, it will not necessarily be stable as a surface pair. To resolve this, choose
some generic markings G = | J;<; Gi to make the above limit stable as a surface pair.
In this case, G will consist of generic smooth fibers.

As we (uniformly) lower the coefficients marking G' towards 0, there will be some
choice of coefficients such that the weighted stable base curve is an irreducible rational
curve. Indeed, the components of the base curve will contract precisely when there
is not enough weight being supported on the marked fibers. As we only lowered
the coefficients marking G, and the fiber F(’) remained marked with coefficient 1, the
(unique) main component, call it Yy, fibered over the rational curve will contain the
original marked fiber.

Now we have a single main component with marked fiber Fj with type I pseudoelliptic
trees attached to it. When the coefficients of G are set to 0, the type I trees will undergo
type Wi contractions to a point to produce the Weierstrass model of Y, away from
the fiber F (’). When the coefficient of F(/) is reduced to 0 < € < 1, it will cross Wy walls
to become a Weierstrass fiber.

We saw in Proposition 4.11 that H! (X, Ox) = 0, so it suffices to show that wy =~ Oy.
This holds on any Weierstrass elliptic K3 surface (see [37, Proposition III.1.1]), and
since X is obtained from a Weierstrass elliptic K3 by contracting a (—2)—curve (the
section), we have wy =~ Oy. O

8.2 Stable pairs to GIT/SBB

The goal of this section is to describe the morphism from Wy (¢) to W¢ (and thus
to W*).
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Theorem 8.2 (connection with GIT/SBB) Let K¢ be the coarse moduli space of Ke
and let A C K, be the boundary locus parametrizing surfaces with an L type cusp, with
U = K¢\ A. There is a morphism Ko — WY 2= W* such that the diagram

A < s Ke ¢ > U

| |

P! > WO «——— WO

commutes, where j: A — P! sends a surface with an L cusp to its j—invariant, the
morphism U — WY is proper and finite of degree 24, and P! —~ W¢ C WY maps
bijectively onto the strictly GIT semistable locus.

Proof By Theorem 8.1 every surface parametrized by K. is a single-component
pseudoelliptic K3 surface. In particular, if we blow up the point to where the section
contracted, we obtain an (unstable) slc Weierstrass elliptic K3 surface. Consider the
PGL,—torsor P = {(X,s.,t) | (s.t) € C = P!}/ ~, where X is an slc Weierstrass
elliptic K3 surface obtained by blowing up the section of a surface parametrized by K,
s and ¢ are coordinates on the base C = P! (or equivalently a basis for the linear
series | F| of a fiber F on X'), and we quotient by scaling. Note that the Weierstrass
coefficients (A(s, ), B(s,t)) defining X are unique up to the scaling of the G, action
(4, B) — (A*4,A°B).

Since the semi-log canonical Weierstrass elliptic K3 surfaces are GIT semistable (see
[36, Proposition 5.1]), we obtain a PGLj,—equivariant morphism P — V which induces
a morphism ¢: K¢ — WO, ]

Remark 8.3 (i) The morphism K, — WY is generically a 24-to-1 cover, as it requires
the choice of some marked fiber and generically there are 24 choices. The morphism is
not finite — eg families with one L type cusp of fixed j—invariant are all collapsed to
the same polystable point.

(ii) All the underlying surfaces of pairs parametrized by K¢ are in fact GIT semistable,
even though all pairs with an L type cusp of fixed j—invariant map to the same GIT
polystable point. One might wonder if the locus inside the GIT stack [V}, // PGL;]
consisting of those surfaces that appear in K¢ is an open Deligne-Mumford substack
with proper coarse moduli space factoring the morphism K¢ — WY Furthermore, it is
natural to compare this to a Kirwan desingularization of W. We will pursue these
questions in the future.
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(ii1)) In the morphism from stable pairs to GIT, all surfaces with an L type cusp
get collapsed to the polystable orbit corresponding to the KSBA-unstable but GIT
semistable (unique) surface with 2L cusps of the same j—invariant.

(iv) The locus of surfaces with an L type cusp is 9—dimensional. Indeed, such surfaces
are birational to a rational elliptic surface (which has an 8—dimensional moduli space)
with a choice of a fiber to replace by an L type cusp. There is a P! worth of choices.

8.3 GIT for Weierstrass surfaces with a marked fiber

We extend Miranda’s GIT construction to produce a moduli space of Weierstrass surfaces
with a choice of marked fiber. Such data can be represented by triples (A4, B, /), where
(A, B) € V4n @ Ven are Weierstrass data as above and / € V; is a linear form. Then
Gm x Gy, x SL, acts naturally on Vyn @ Ven @ Vi, where the first G, acts on
Van @ Ven with weights 4N and 6 N and the second acts on V; with weight one.

To study GIT (semi)stability, we follow Miranda’s strategy. Consider the natural
morphism
[Van ®Ven — S Van & S Ve,

let Z be the image of £, and let My C P(S3Vay ® S2 Vi) be its projectivization.
By [36, Propositions 3.1 and 3.2]:

Proposition 8.4 The morphism f xid: Vay ® Ven ® Vi — S3Vun @ S2Ven ® V3
is finite and SL,—equivariant with fibers contained in G, x G, orbits. In particular,
two triples (A, B,l) and (A’, B’,[’) are in the same G, x G, x SL, orbit if and only
if the corresponding points in M x P (V;) are in the same SL, orbit.

This lets us compute a GIT compactification of the moduli space of minimal Weierstrass
fibrations with a chosen marked fiber as a GIT quotient (M x P) // SL,. We will
linearize the moduli problem using the Segre embedding of P(S3Vyn ® S2Ven) xPL.

Proposition 8.5 A triple (A, B, ) is stable if and only if it is semistable. Further, it is
not stable if and only if there exists a point g € P! with v4(A) > 2N and vg(B) > 3N,
or with vy (A) = 2N, vg(B) = 3N (with at least one equality) and vy (l) = 1.

Proof Let (A4, B,l) € My, let A: G, — SL, be a 1—parameter subgroup, and pick
coordinates [Ty, T1] so that A acts by To — A¢Ty and 77 — A~¢T;. Then it acts on
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(4. B.1) by
4N 4N
A = Zai Tét14N—l s Zai)\zel_4eNTélfN_l,
i=0 i=0

6N . . 4N . . .
B = ZbiTéIIGN—l s Z b,‘)nzel_&NTél‘fN_l,
i=0 i=0
[ =1yT) + ZITO = Iok_eTl + Zl)LeT().
The coordinates of P(S3Vyy @ S2Vsn) x P(V}) are given by loaiajay, lobibm,
lyajajay, and lyb;b,, which respectively have weights
2e(i+j+k)—12eN —e, 2e(l+m)—12eN —e,
2e(i+j+k)—12eN +e, 2e(l+m)—12¢eN +e.
By the Hilbert—-Mumford criterion, a point is not stable (resp. semistable) if and only if

there exists a 1—parameter subgroup such that all the weights are nonnegative (resp.
positive).

Suppose (A, B, /) is not (semi)stable and pick a 1—-parameter subgroup and coordinates
as above. Then we have, after dividing by e # 0,

2e(i+j+k)—12eN —e < (=) 0 = lyajaja; =0,
2¢(l +m)—12eN —e < ()0 = [ybiby, =0,
2e(i+j+k)—12eN +e < ()0 = ljajajar =0,
2e(l+m)—12eN +e < (2)0 = [1b;by, = 0.
Note that the left-hand side is always odd and so equality is never achieved. From
this we can conclude that stability coincides with semistability. Now consider the
cases where i = j = k and / = m. We see that loa? =0fori <2N, llaé3 = 0 for
i <2N —1, lohf =0 for I <3N and /;b; =0 for/ <3N —1. Let g =[0,1] be
the point given by 7y = 0. If /y # 0, then we must have that ¢; = 0 fori < 2N and
by =0fori <3N. Thus the order of vanishing satisfies v4(4) > 2N and vy (B) > 3N.
Otherwise, if [y = 0 then /; # 0 so we must have that ¢; =0 fori <2N —1 and b; =0
for i <3N — 1. In this case, vg(/) =1, v4(4) = 2N and v4(B) = 3N.

Conversely, given a triple (A, B, /) satisfying such order of vanishing conditions, we
may pick coordinates such that ¢ = [0, 1]. Then clearly the 1-parameter subgroup
acting by (Ty, T}) — (AT, A~ T}) demonstrates that (4, B, [) is not stable. ]

In the case of K3 surfaces where N = 2, we obtain an especially pleasant result:
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Corollary 8.6 A point of 90, is stable if and only if it represents a 1 —marked Weier-
strass fibration ( f: X — P!, S 4 € F) with at worst semi-log canonical singularities.

Proof First note that the generic fiber of the fibration f: X — P! represented by a
stable point in 91y is at worst nodal, since the Weierstrass data of a stable point cannot
be identically 0. Then combining Proposition 8.5 with [33, Lemmas 3.2.1 and 3.2.2
and Corollary 3.2.4], and noting that the log canonical threshold of a type L./N, fiber
is 0 (see Lemma 3.14), a point is unstable if and only if there exists a point ¢ € P!
such that the pair (X, S + €F) is not semi-log canonical around the singular point of
/7 (g). The result then follows since a Weierstrass fibration (X, S 4 ¢ F) has semi-log
canonical singularities away from the singular points of the fibers. O

Definition 8.7 If 915 denotes the stable/semistable locus, we define We = M3 // SL,.

Theorem 8.8 F. is a smooth Deligne-Mumford stack with a coarse space map
Fe — w¢ given by the GIT compactification. Furthermore, there is a morphism
Fe— WO given by forgetting the marked fiber. A Weierstrass fibration (f: X — P, S)
is represented by a point in W€ if and only if there exists a fiber F such that (X, S +€F)
is a stable pair.

Proof By the proof of Theorem 8.2 we obtain a birational morphism F¢ — [90t3 /PGL;].
On the other hand, by Corollary 8.6, there is a family of KSBA-stable one e—marked
Weierstrass fibrations (f: X — P!, S+¢F) over 905, This induces a PGL, equivariant
map M5 — Fe which gives an inverse map [} /PGL,] — F exhibiting these as
isomorphisms. Then note that [ /PGL,] is a smooth stack, as 9t} is an open subset
of a smooth variety, so F¢ is smooth.

The composition Fe¢ — [90t3 /PGL;] — 9N, // SL; is the coarse moduli space map.
Indeed, [9t5/SL,] and [ /PGL,] have the same coarse moduli space; note that
[0t} /SLa] — [0 /PGL,] is a pp—gerbe since it is the base change of the map
BSL; — BPGL,, so [I5/SL,] — [} /PGL,] is a relative coarse space and the
coarse map [ /SL,] — MS // SL; factors through it.

If (4, B, 1) is in M then (4, B) is a semistable point for Miranda’s space, and con-
versely if (A4, B) is semistable in Miranda’s space, then for a generic choice of fiber F,
the corresponding fibration (X — P!, S + eF) is a stable pair and the corresponding
GIT data (4, B,!) is GIT stable. O
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Chern characters for supersymmetric field theories

DANIEL BERWICK-EVANS

We construct a map from d | 1-dimensional Euclidean field theories to complexified
K-theory when d = 1 and complex-analytic elliptic cohomology when d = 2. This
provides further evidence for the Stolz—Teichner program, while also identifying
candidate geometric models for Chern characters within their framework. The con-
struction arises as a higher-dimensional and parametrized generalization of Fei Han’s
realization of the Chern character in K-theory as dimensional reduction for 1|1-
dimensional Euclidean field theories. In the elliptic case, the main new feature is a
subtle interplay between the geometry of the super moduli space of 2|1-dimensional
tori and the derived geometry of complex-analytic elliptic cohomology. As a corollary,
we obtain an entirely geometric proof that partition functions of N' = (0, 1) super-
symmetric quantum field theories are weak modular forms, following a suggestion of
Stolz and Teichner.

55N34, 81T60

1 Introduction and statement of results

Given a smooth manifold M, Stolz and Teichner [26] have constructed categories of
d|1-dimensional super Euclidean field theories over M ford =1, 2,

(1) d|1-EFT(M) := Fun®(d|1-EBord (M), V).

Its objects are symmetric monoidal functors from a bordism category d|1-EBord(M) to
a category of vector spaces V. The morphisms of d|1-EBord(M') are d|1-dimensional
super Euclidean bordisms with a map to a smooth manifold M . For details we refer
to Stolz and Teichner [26, Section 4]. In [26, Sections 1.5-1.6], they conjectured the
existence of cocycle maps

cocycle cocycle

) 1|1-EFT(M) ------ »K(M) and 2[1-EFT(M)------- » TME(M)

for K—theory and the cohomology theory of topological modular forms (TMF). In
this paper we construct subcategories Eg'l (M) C d|1-EBord (M) consisting of super

© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution
License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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circles with maps to M when d = 1, and super tori with maps to M when d = 2, both
viewed as a particular class of closed bordisms over M. A super Lie group Eucg|; acts
through super Euclidean isometries on super circles and super tori, inducing actions
on LIN(M) ford = 1,2.

Theorem 1.1 The invariant functions C °°(£g|1 (M))Eucann determine cocycles in 2—
periodic cohomology with complex coefficients when d = 1, and cohomology with
coefficients in the ring MF of weak modular forms when d = 2. Composing with
gll (M) C d|1-EBord(M) determines maps from field theories to
these cohomology theories over C:

(@) 11-EFT(M) =5 coo gl (M) Feem e, g [, ')

restriction along L

with |B| = -2, and
e 2/1-EFT(M) 2255 ¢ (L2 (M))Bucan 98, Hpr; MF).

For M = pt, the map (4) specializes to part of an announced result of Stolz and
Teichner [26, Theorem 1.15]; see Remark 3.24. Applied to general manifolds M,
one can identify H(—; C[B, B~!]) with complexified K-theory, and H(— ; MF) with a
version of TMF over C; see Section 3.5. Hence, Theorem 1.1 proves a version of the
conjectures (2) over C.

We elaborate on this connection between Theorem 1.1 and the conjectures (2). The
maps (3) and (4) come from sending a field theory to its partition function. This
assignment defines a type of character map for field theories. Similarly, the cohomology
theories in (2) have Chern characters valued in certain cohomology theories defined
over C. Putting these ingredients together, we obtain the diagrams

11-EFT(M) ------=----- » K(M)

restrl lCh
coo el e 2w cip, g
5) 1
2/1-EFT(M) --- 225 TMF(M)

restr J l Ch

oo p2l1 Eucs cocycle ]
ool (Mry)Euean H(M: MF)

One expects the cocycle maps in (2) will make these diagrams commute. This offers
new perspective on the conjectures (2), as we briefly summarize. Extending a partition
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function to a full field theory requires both additional data and property: a choice of
preimage under the map restr in (3) and (4) need not exist nor be unique. Similarly,
refining a cohomology class over C to a class in the target of (2) is both data and property:
a class is in the image of the Chern character if it satisfies an integrality condition,
and lifts of integral classes need not be unique owing to the presence of torsion. Up
to an equivalence relation called concordance (see below), the conjectures (2) assert
that the data and property determining such refinements — either as field theories or
cohomology classes — precisely match each other.

The concordance relation features in the full conjecture of Stolz and Teichner, which
asserts that the cocycle maps (2) induce bijections between concordance classes of field
theories and cohomology classes. Recall that for a sheaf F: Mfld°® — Set on the site of

manifolds, sections sg, s; € F(M) are concordant if there exists s € F(M x R) such

* *
0 1

Concordance defines an equivalence relation on the set (M), whose equivalence

that so =i’ s and s; = i}s, where ig,i1: M — M xR are the inclusions at 0 and 1.

classes are concordance classes.

Proposition 1.2 The assignment M +— C °°(£g| ! (M))Eucant js a sheaf on the site of
manifolds. Concordance classes of sections map surjectively to H(M ; C[8, B~!]) and
H(M ;MF) when d = 1 and 2, respectively.

There is an analogous definition of concordance for (higher) stacks, where the stack
condition is used to show that the concordance relation is transitive. Assuming that
M +— d|1-EFT(M) is a d—stack, Proposition 1.2 implies that concordance classes of
d|1-dimensional Euclidean field theories map to H(M ; C[B, B~!]) and H(M ; MF) for
d =1 and 2, respectively. We expect this to implement the Chern character for K—theory
and TMF through the maps on concordance classes induced by the diagrams (5).

This brings us to a technical point: although it is expected that the assignment
M +— d|1-EFT(M) is a d—stack, when d = 2 this statement is contingent on a
fully extended enhancement of the existing definitions. This fully extended aspect is an
essential ingredient in Stolz and Teichner’s conjecture that concordance classes of 2|1—
dimensional field theories yield TMF; see [26, Conjecture 1.17]. In this paper, the source
of (4) uses the 1-categorical definition from [26]. Fully extended 2|1-dimensional
super Euclidean field theories should map to this 1—categorical version (via a forgetful
functor), and from this one would obtain a Chern character on concordance classes via
postcomposition with (4).

Geometry € Topology, Volume 27 (2023)
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1.1 Cocycles from partition functions

In physics, the best-known topological invariants associated with the field theories (1)
are the Witten index in dimension 1|1 (see eg Witten [27]), and the elliptic genus in
dimension 2|1 (see eg Witten [28] or Alvarez, Killingback, Mangano and Windey [1]).
These are examples of partition functions. For example, when d = 2 the partition
function of the A" = (0, 1) supersymmetric sigma model with target a string manifold
is a modular form called the Witten genus; see Witten [29]. This genus led Segal [23]
to suggest that certain 2—dimensional quantum field theories could provide a geometric
model for elliptic cohomology.

Stolz and Teichner refined these early ideas, leading to the conjectured cocycle maps (2).
In their framework (as in Segal’s [24]), partition functions are defined as the value of a
field theory on closed, connected bordisms [26, Definition 4.13]. The definition of a
super Euclidean field theory implies that this restriction determines a function invariant
under the action by super Euclidean isometries

(6) d|1-EFT(M) — C*®({closed bordisms over M })isometrics

Fei Han [18] shows that (6) applied to a class of 1|1-dimensional closed bordisms
over M,

(7) Map@®R!, M) ~ MapR1/Z, M)S' c Map(R'1/Z, M) C 1|1-Bord(M),

encodes the Chern character in K-theory. To summarize, restriction along (7) evaluates
a 1|1-dimensional Euclidean field theory on length 1 super circles whose map to M
is invariant under the action of loop rotation. This restriction is also a version of
dimensional reduction. When the input 1|1-dimensional Euclidean field theory is
constructed via Dumitrescu’s [14] super parallel transport for a vector bundle with
connection, the resulting element in C%(Map(R°!', M)) >~ Q*(M) is a differential
form representative of the Chern character of that vector bundle.

The cocycle map (4) is a more elaborate version of restriction along (7). The goal is to
find an appropriate class of closed 2|1-dimensional bordisms so that the restriction (6)
constructs a map from 2|1-dimensional Euclidean field theories to complex-analytic
elliptic cohomology. There are two main problems to be solved in this 2—dimensional
generalization. First, one cannot specialize to a particular super torus, as in the spe-
cialization to the length 1 super circle in (7). Indeed, elliptic cohomology over C is
parametrized by the moduli of all complex-analytic elliptic curves. This problem is

Geometry & Topology, Volume 27 (2023)
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easy enough to solve, though its resolution introduces some technicalities: one restricts
to a moduli stack of super tori.

The second obstacle is more serious. Stolz and Teichner’s field theories are neither
chiral nor conformal, and hence restriction only gives a smooth function on the moduli
stack of super Euclidean tori. On the other hand, a class in complex-analytic elliptic
cohomology only depends on the holomorphic part of the conformal modulus of a
torus. Resolving this apparent mismatch comes through a surprising feature of the
super moduli space Céll (M): the failure of conformality and holomorphy is measured
by a specified de Rham coboundary; see Proposition 1.5. Loosely, this shows that
functions on /J(z)“ (M) possess a kind of derived holomorphy and conformality.

1.2 Outline of the proof

Theorem 1.1 boils down to somewhat technical computations in supermanifolds, so
we briefly outline the approach and state key intermediate results in terms of ordinary
(nonsuper) geometry. There are three main steps in the construction:

(i) Construct the super moduli spaces Egl ! (M).
(i) Compute the algebras of Eucgy|i—invariant functions C oo(Eg”l(M ))Eucait in
terms of differential form data on M.
(iii)) Construct the cocycle maps (3) and (4) using the output of step (ii).
The main work is in step (ii), culminating in Propositions 1.4 and 1.5 below.

For step (i), we start by defining
@) LMY = M xMap@® 29, M), £ (M) C d|1-Bord(M),

where M4!! is the moduli space of super Euclidean structures on RN / 74, and
Map(R411/Z4 M) is the generalized supermanifold of maps from R4!'/Z9 to M.
Hence, an S—point of £!/1 (M) determines a family of super Euclidean circles with a
map to M, and an S—point of £2/' (M) determines a family of super Euclidean tori
with a map to M. There is a canonical functor £!' (M) — d|1-Bord(M), regarding
these supermanifolds as bordisms from the empty set to the empty set. Next we consider
the subobject of (8) gotten by taking maps invariant under the R%—action on R4 /74
by precomposition. Equivalently, this is the S! = R/Z—fixed subspace when d = 1
and the T2 = R?/Z>—fixed subspace when d = 2. This yields finite-dimensional
subobjects

© MU xMap®OY, M) ~ £ (M) = £ (MR 2 < 40 (ar)
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that, roughly speaking, are the subspaces of maps that are constant up to nilpotents.
Restricting a field theory along the composition ﬁg (M) c i (M) — d|1-Bord(M)
extracts a function, providing the first arrow in (3) and (4),

(10) restr: d|1-EFT(M) — C®(£21 (br))Euean.

See Lemmas 2.12 and 3.15.

Remark 1.3 The restriction (10) is dimensional reduction in the sense of [10, Glossary],
though it differs from dimensional reduction in the sense of [26, Section 1.3].

Step (ii) is a technical computation. The d = 1 case is characterized as follows.
Proposition 1.4 The elements of C o"(L(l)ll(M ))Eucil are in bijection with pairs

(Z, Zy), where
(1) Ze@Qy(M;C®R=)[B.B7'D)°. Zye(QUM;C®°R-0)[B. 7))

with |B| = —2. Here Z is closed of total degree zero, Z, is of total degree —1, and
they satisfy
(12) 3Z=dZ,,

where d is the de Rham differential on M, and 9, is the vector field on R associated
to the standard coordinate £ € C*°(Rxg).

For the d = 2 case, let H C C denote the upper half-plane with standard complex
coordinates 7,7 € C°°(H), and let v € C*°(R+() be the standard coordinate.

2|1

Proposition 1.5 The elements of C*°(L,

(Z,Z%,Z,), where

(M))Eveit are in bijection with triples

03 Z € (Q4(M; C®(H x Rx)[B, ~1])SH2))0,
Zz, Zy € (Q°(M; C®°(H xRx0)[B, 7)1,

with || = —2. Here Z is closed of total degree zero, Zz and Z, are of total degree —1,
they satisfy an SL;(Z)—invariance property stated in Lemma 3.23, and
(14) 30Z =dZ, and ;7 =dZz,

where d is the de Rham differential on M, and 07 and 0, are vector fields on H
and R .
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In Propositions 1.4 and 1.5, the closed differential form Z arises by restriction to a

subspace
(15) R0 x Map(R1, M) < £/ (M),
(16) Lat x Map(RY', M) < 221 (M),

where Lat is the space of based, oriented lattices in C. Indeed, (11) and (13) come

from
(17) C®(R>0xMap(R, M))PIIl = (Qa(M: C®(R>0)[B. A7)’
C(LatxMap(R!", M))® 211 = (Q°(M: C™(HxRo)[B. 5712 H)°.

When d = 1, £ € R corresponds to (super) circles of length £, and (12) shows that
the failure of Z € C®(Rxo x Map(RO!!, M))Euctit to be independent of this length is
d—exact. When d = 2, a point (7,7, v) € H x R corresponds to (super) Euclidean
tori with conformal modulus (z, 7) and total volume v. Then Z, and (14) show that
the failure of Z € C®(Lat x Map(RO!!, M ))Eue2it o be independent of the volume is
d—exact. Similarly, Z7 and (14) show that the failure of Z to depend holomorphically
on the conformal modulus is d—exact. This is the precise sense in which functions
on Céll (M) exhibit a derived version of holomorphy and conformality.

Finally for step (iii), we consider the maps, with notation from Propositions 1.4 and 1.5,
(18) C*°(Ly (M) —H(M: C™R=0)[B, 7)), (Z.Zo)~[2),
(19) C®(Lg (M) —HM: C®(HxR=0)[B, ' D2P, (2, Zz, Z)~ (2],
where || = —2 and has weight 1 for SL,(Z), meaning 8 +— (¢t + d)f.

Proof of Theorem 1.1 from Propositions 1.4 and 1.5 Starting with the d = 1 case,
we claim that the map (18) factors through cohomology with coefficients in the subring

C[B. B~ ] = C*®(Rx¢)[B, B~ '], including as the constant functions on R . Indeed,
observe that

(20) 0[Z]=[0¢Z] =1[dZ¢] = 0,

using (12). Hence, [Z] € H(M;C[B,B~']) € HWM;C>®(R=o)[B, 7)), and (18)
determines the cocycle map in (3).

Similarly, the map (19) factors through cohomology with coefficients in the subring

@) ME= (OB, ) ® o (C°(H x Ro)[B. 1)@,
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where MF is the ring of weak modular forms; see Definition 3.26. The map (21) is the
pullback of smooth functions along the projection H x R~ ¢ — H composed with the
inclusion O(H) C C°(H). Indeed, we have

0[Z]=[0vZ]=[dZy] =0 and 087[Z]=[0zZ]=[dZz]=0

using (14), where the first set of equalities demonstrate independence from R~ ¢, while
the second demonstrate holomorphic dependence on H. Finally, the SL, (Z)—invariance
property for Z (see Lemma 3.23) shows that [Z] is indeed a cohomology class valued
in modular forms,

[Z] € H(M:MF) C H(M: C®(H x Rxo)[8, p~')¥2@,
and hence (19) determines the cocycle map in (4).
Surjectivity of the cocycle maps (3) and (4) follows from the inclusions
QUM CIB, 1) = CX(Ly (M), 0> (@.0) = (Z, Z),
Q4 (M;MF) — C®(LIN (M), @ (0,0,0) =(Z, Zz, Zy),

using the description of functions from Propositions 1.4 and 1.5 and the maps on
coefficients described in the previous two paragraphs. The definition of the maps (18)
and (19) together with the de Rham theorem then implies that every cohomology class
admits a refinement to a function on £g|1 (M). |

The following remarks relate our results to other work.

Remark 1.6 The above analysis of the moduli space of super Euclidean tori is related
to previous investigations of moduli spaces of super Riemann surfaces in the string
theory literature; see eg Donagi and Witten [13] and Witten [30]. However, the vast
majority of prior constructions in string theory and in the Stolz—Teichner program only
study the reduced moduli spaces. In particular, the cocycle models for (equivariant)
elliptic cohomology in Berwick-Evans [7; 6], Barthel, Berwick-Evans and Stapleton [3]
and Berwick-Evans and Tripathy [8] arise as functions on the reduced moduli space. In
this prior work, the correct mathematical object comes only after imposing holomorphy
by hand. However, as Theorem 1.1 shows, this property emerges naturally from the
geometry of 2|1-dimensional super tori.

Remark 1.7 When M = pt, Proposition 1.5 shows that partition functions of N' =
(0, 1) supersymmetric quantum field theories are weak modular forms: Q°%(pt) = {0},
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so Zy = Zz = 0 are no additional data. In contrast to the arguments in the physics
literature that analyze a particular action functional (eg [9, Sections 4.3—4.4]), the proof
here emerges entirely from the geometry of the moduli space of super Euclidean tori.
This recovers Stolz and Teichner’s claim from [26, page 10] that “holomorphicity is a
consequence of the more intricate structure of the moduli stack of supertori”.

Remark 1.8 The data Z7 in Proposition 1.5 is closely related to anomaly cancellation
in physics and choices of string structures in geometry. An illustrative example is the
elliptic Euler class: an oriented vector bundle V' — M determines a class [Eu(V)] €
H(M ; MF) if the Pontryagin class [p; (V)] € H*(M ; R) vanishes. In Section 3.7 we
show that the set of differential forms H € Q*(M ;R) with p; (V) = d H parametrizes
cocycle refinements of [Eu(})] to a function on £(2)|1 (M). Geometrically, H is part
of the data of a string structure on V. In physics, H is part of the data for anomaly
cancellation in a theory of V—valued free fermions. Under the conjectured cocycle
maps (2), V—valued free fermions are expected to furnish representatives of elliptic
Euler classes in TMF(M ); see Stolz and Teichner [25, Section 4.4]. Perturbative
quantization of fermions rigorously constructs elliptic Euler cocycles over C (see
Berwick-Evans [6, Section 6]), and Theorem 1.1 shows that lifting a cohomology class
to a 2|1-dimensional Euclidean field theory must depend on a choice of string structure,
at least rationally.

Remark 1.9 If the input field theory in (4) is super conformal, then dZ,, = 0, whereas
if the input theory is holomorphic then dZ7 = 0. For a general field theory (not
necessarily conformal or holomorphic) the differential form dz Z, — dy Z7 is closed.
These closed forms have the potential to encode secondary cohomological invariants
of field theories. Although we do not know explicit field theories for which this
cohomology class is nonzero, the structure appears to be related to mock modular
phenomena and the TMF-valued torsion invariants studied in Gaiotto, Johnson-Freyd
and Witten [17] and Gaiotto and Johnson-Freyd[16].

Remark 1.10 In light of Fei Han’s work [18] on the Bismut—Chern character, it
is tempting to think of the restriction 2|I-EFT(M) — C°(£2!1 (M))Eue2it (without
taking 7'>—invariant maps) as a candidate construction of the elliptic Bismut—-Chern
character. Indeed, functions on C®(£2I1(M))Eu<2t can be identified with cocycles

analogous to (14), where Z is a differential form on the double loop space and the

Geometry € Topology, Volume 27 (2023)



1956 Daniel Berwick-Evans

de Rham differential d is replaced with the T'?—equivariant differential investigated in
Berwick-Evans [5].

1.3 Conventions for supermanifolds

This paper works in the category of supermanifolds with structure sheaves defined
over C; this is called the category of cs—supermanifolds in Deligne and Morgan [12].
The majority of what we require is covered in the concise introduction [26, Section 4.1],
but we establish a little notation presently. First, all functions and differential forms
are C—valued. The supermanifolds R”™ are characterized by their super algebra of
functions C®(R"™) ~ C°(R"; C) ®c A*C™. The representable presheaf associated
with R assigns to a supermanifold S the set

Rn|m(S) = {tlstz’ e ,tn € COO(S)CV’ 91’ 925 cee em € COO(S)Odd | ([i)red = (E)red}a

where (#;)req denotes the restriction of a function to the reduced manifold Seq < S,
and (7;)req is the conjugate of the complex-valued function (¢;);eq on the smooth mani-
fold Steq. We use this functor of points description throughout the paper, typically with
Roman letters denoting even functions and Greek letters denoting odd functions.

We follow Stolz and Teichner’s terminology, wherein a presheaf on supermanifolds
is called a generalized supermanifold. An example of a generalized supermanifold
is Map(X,Y) for supermanifolds X and Y, which assigns to a supermanifold S
the set of maps S x X' — Y. For a manifold M regarded as a supermanifold, the
generalized supermanifold Map(R®!!, M) is isomorphic to the representable presheaf
associated to the odd tangent bundle I17'M , as we recall briefly. We use the notation
(x,v¥)eITM(S) foran S—point, where x: S — M isamap and ¢ € I'(S; x*T M )°%d
is an odd section. This gives an S—point (x 4 ) € Map(R°!', M) by identifying x
with an algebra map x: C*°(M) — C*°(S) and ¢ : C®° (M) — C°°(S) with an odd
derivation relative to x. These fit together to define an algebra map

22) coM) EP, c0(8) @ 0.C®(S) ~ C(S x RO,

with the isomorphism coming from Taylor expansion in a choice of odd coordinate
6 € C®(RO). The map (22) is equivalent to S x RO — M, ie an S—point of
Map(RO!!, M). The functions C®(Map(R°', M)) ~ C®(TIITM) ~ Q*(M) recover
differential forms on M as a Z/2—-graded C—algebra. The action of automorphisms
of R on this algebra encode the de Rham differential and the grading operator on
forms; see eg [19, Section 3].
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2 A map from 1|1-Euclidean field theories to complexified
K-theory

The main goal of this section is to prove Proposition 1.4. From the discussion
in Section 1.2, this proves the d = 1 case of Theorem 1.1. We also prove Proposition 1.2
when d = 1, and connect this result with Chern characters of super connections.

2.1 The moduli space of super Euclidean circles

Definition 2.1 Let E!l! denote the super Lie group with underlying supermanifold
R and multiplication

(23) (t.0)- (0= +1' +i00",0+0") for (1,6), (., 0) RN (S).

Define the super Euclidean group as Eucyj; := E!l %7 /2, where the semidirect
product is defined using the 7Z /2 = {£1}-action by reflection, (¢, 0) — (¢, £6), for
(t,0) e ENL(S).

The super Lie algebra of E! is generated by a single odd element, namely the left-
invariant vector field D = dg —i600d;. The right-invariant generator is Q = dg +i60;.
The super commutators are

(24) 1D, Dl=D*=—id, and 1[0.0]=0=id,.

Remark 2.2 The factors of i = +/—1 in (23) and (24) come from Wick rotation;
see eg [12, page 95, Example 4.9.3]. This differs from the convention for the 1|1—
dimensional Euclidean group in [20, Definition 33], but is more closely aligned with
the Wick rotated 2|1-dimensional Euclidean geometry defined in [26, Section 4.2] and
studied below.

Let Ril(l) denote the supermanifold gotten by restricting the structure sheaf of R! 1o
the positive reals, R-o C R.
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Definition 2.3 Given an S—point (¢, 1) € Rm

super Euclidean circles is defined as the quotient

(25) Sph = (S xRNz

(S), the family of 1|1-dimensional

for the left Z—action over S determined by the formula
(26)  n-(1,0) = (t +nl+ink0,nh+0) for n e Z(S), (t,0) e R (S).

Equivalently this is the restriction of the left E'/'—action on S x R'I" to the S—family
of subgroups Z x S c E'I' x S with generator

(€,0)

xS~ <RI x5 cEN xS,

Define the standard super Euclidean circle, denoted by S'I' = § 11 |é =R!/Z, as the
quotient by the action for the standard inclusion Z Cc R c E!I'.

Remark 2.4 The S—family of subgroups S x Z <> S x E'l' generated by (£, 1) €

1|1(S ) is normal if and only if A = 0. Hence, the standard super circle S 1 inherits
a group structure from E!l!, but a generic S—family of super Euclidean circles S, |}\
does not.

Remark 2.5 There is a more general notion of a family of super circles where (26)
incorporates the action by Z/2 < Eucyj;. This moduli space has two connected
components corresponding to choices of spin structure on the underlying ordinary circle,
with the component from Definition 2.3 corresponding to the odd (or nonbounding)
spin structure. This turns out to be the relevant component to recover complexified
K-theory.

We recall [26, Definitions 2.26, 2.33 and 4.4]: for a supermanifold M with an action by
a super Lie group G, an (M, G)—structure on a family of supermanifolds 77— S is an
open cover {U;} of T with isomorphisms to open sub-supermanifolds ¢: U; => V; C
S x M and transition data g;;: V; N V; — G compatible with the ¢; and satisfying
a cocycle condition. An isometry between supermanifolds with (M, G)—structure is
defined as amap T — T’ over S that is locally given by the G—action on M, relative
to the open covers {U;} of T and {U/} of T". Supermanifolds with (M, G)—structure
and isometries form a category fibered over supermanifolds.

Definition 2.6 [26, Section 4.2] A super Euclidean structure on a 1|1-dimensional
family 7 — S is an (M, G)-structure for the left action of G = Eucy|; on M = R,
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Lemma 2.7 An S-family of super circles (25) has a canonical super Euclidean
structure.

Proof We endow a family of super circles with a 1|1-dimensional Euclidean structure
as follows. Take the open cover S x R!I! — S, 1 ;. supplied by the quotient map, and
take transition data from the Z—action on S x R”l By definition this Z-action is
through super Euclidean isometries, and so the quotient inherits a super Euclidean
structure. O

We observe that every family of super circles pulls back from the universal family

(Rm RN /7 —>Rm along a map S —>R1|1 Hence,

MmN 3:Rl>|é and ST .— (Rllllell )7 — Rlll
are the moduli space of super Euclidean circles and the universal family of super

1|1

Euclidean circles, respectively. The following shows that M ! = =R_, can equivalently

be viewed as the moduli space of super Euclidean structures on the standard super
circle.

Lemma 2.8 There exists an isomorphism of supermanifolds over Rill,
27) RN x g1t =, sl

from the constant R_’ 1 o—family with fiber the standard super circle, to the universal
family of super c1rc]es. This isomorphism does not preserve the super Euclidean
structure on S'11.

Proof Define the map

28) R xR SRR (0,1,1,0) > (6,1, (€ +i26),0 +11),

for (£,A) € Rlll (S) and (7, 0) € RU'(S). Observe that (28) is Z—equivariant for the
action on the source and target given by

n-( A t,0) = (LA t+n,60) and n-(L,ht,0) =Lk t+nl+ir0),0+nh),

respectively. Hence (28) determines a map between the respective Z—quotients, defining
a map (27). This is easily seen to be an isomorphism of supermanifolds. Since (27)
is not locally determined by the action of Eucyj; on R, it is not a super Euclidean
isometry. O

The following result gives an S—point formula for the action of Eucy|; on § 1 and
M = lo coming from isometries between super Euclidean circles.
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Lemma 2.9 Given (¢,1) e R} (S) = 1|1(S) and (s n.£1) e (BN % 7Z/2)(S) =
Eucy|1(S), there is an isometry f(s p +1): Se ALY |A, of super Euclidean circles
over S sitting in the diagram

,E1) -
S xRN D S xR
S1|1 Sisn.xn) S1|1
LA o

where the upper horizontal arrow is determined by the left Eucy|;—action on R the
left vertical arrow is the quotient map (51) for (£, A), and the right vertical arrow is the
quotient map for

(29) (€, \) = (£ £ 2inh, £1).

Proof Consider the diagram

(s’ns:l:l)'
7 x S xRN 7 xS xRN
(30) €n)- j l 1)
(s:n::tl)'
S xR S xR

where the horizontal arrows denote the left action of (s, 7, £1) € Eucy}1(S) on S xR
while the vertical arrows denote the left Z—action generated by (£, A), (¢/,A) € Rl 11 0 (S).
The square (30) commutes if and only if (¢/,1) = (s,n, £1)- (£, 1) - (s, 7, j:l) le
lll 0(S) C E!1(S), ie (29) holds. Commutativity of the diagram (30) gives a map on
the Z—quotlents which is precisely amap S, ! |1 ) Z’| l)h, This map is locally determined
by the action of ENl %z /2, and hence respects the super Euclidean structures. O

2.2 Super Euclidean loop spaces

Definition 2.10 The super Euclidean loop space is the generalized supermanifold
£y =R x Map(s'1t, ar),

We identify an S—point of £!!' (M) with a map S gl |k1 — M given by the composition

(31) S~ s xS 5 M,

by pulling back the isomorphism from Lemma 2.8 along the map (£,1): S — Rl 11
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We will define a left action of Eucy|; on i (M) determined by the diagram

Sglj;z ;’SXSHI &
(32) rl M
Sel/l’l)hf — = xS ¥

where the horizontal arrows are the pullback of the isomorphism in Lemma 2.8, and
the super Euclidean isometry f is from Lemma 2.9 with (¢/,1") = (£ &= 2nA, £1).
The arrow ¢’ is uniquely determined by these isomorphisms and the input map ¢.
Hence, given (£, A, ¢) € Rgé (S) x Map(S!!', M)(S) and an S—point of Eucy1, the

Eucy|;—action on £ (M) outputs (¢, 1/, ¢’) as in (32).

Remark 2.11 Precomposition actions (such as the action of Eucy|; on Map(S U m )
above) are most naturally right actions. Turning this into a left action involves inversion
on the group: the formula for ¢’ in (32) involves ¢ and the inverse of f. This inversion
introduces signs in the formulas for the left Eucy|;—action on E(l)ll (M) below. Our
choice to work with left actions is consistent with Freed’s conventions for classical
supersymmetric field theories [15, pages 44—45]; see also [11, page 357].

There is an evident S !-action on £!! (M) coming from the precomposition action of
S'=E/Z <E'/Z on Map(S!!', M). Since the quotient is given by S!!1 /S ~ROIT,
the S!-fixed points are

33) £ty =R xMapRO!, M) c RIS x Map(s'1T, M) = £ (M)

We identify an S—point of L(l)ll(M ) with a map S Kl |)1 — M that factors as
(34) S~ §x 51 = s xRI/Z 25 § xR = 1,

where the map p is induced by the projection R — RO The action (32) preserves
this factorization condition; we give an explicit formula in Lemma 2.13 below. Hence,
the inclusion (33) is Eucy|;—equivariant.

Lemma 2.12 There is a functor L‘(l)l ! (M) — 1|1-EBord(M) that induces a restriction
map

(35) restr: 1|1-EFT(M) — C®(£)" (M))Event,
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Proof The 1|1-dimensional Euclidean bordism category over M is constructed
by inputting the 1|1-dimensional Euclidean geometry from Definition 2.6 into the
definition of a geometric bordism category [26, Definition 4.12]. The result is a
category 1|1-EBord(M) internal to stacks on the site of supermanifolds; in partic-
ular, 1|1-EBord(M) has a stack of morphisms consisting of proper families of 1|1-
dimensional Euclidean manifolds with a map to M, with additional decorations related
to the source and target of a bordism.

By Lemma 2.7, super Euclidean circles give examples of S—families of 1|1-dimensional
Euclidean manifolds. An S—point of E(l)“ (M) therefore defines a proper S—family
of 1/1-Euclidean manifolds with a map to M via (34). We can identify this with
an S—family of morphisms in 1|1-EBord (M) whose source and target are the empty
supermanifold equipped with the unique map to M . This defines a functor £(1)|1 (M) —
1|1-EBord(M) and a restriction map 1|I1-EFT(M) — COO(E(I)|1 (M)). We refer to
the discussion preceding [26, Definition 4.13] for an explanation why the restriction to
closed bordisms extracts a function from a field theory.

Finally we argue that this restriction has image in Euc;|;—invariant functions. By
definition, an isometry between 1|1-dimensional Euclidean manifolds comes from
the action of the super Euclidean group Eucy; = E!' % Z/2 on the open cover
defining the super Euclidean manifold. By Lemma 2.9, the action (32) on £(1)|1 (M) is
therefore through super Euclidean isometries of super circles compatible with the maps
to M. By definition, these isometries define isomorphisms between the bordisms (34)
in 1|1-EBord(M). Functions on a stack are functions on objects invariant under
the action of isomorphisms. Hence, the restriction 1|1-EFT(M) — C o"(E(l)“(M )
necessarily takes values in functions invariant under Eucy|;, yielding the claimed
map (35). O

2.3 Computing the action of Euclidean isometries

Lemma 2.13 The left Eucy|;-action on RIJ(I) x Map(RO!, M) is given by

A .
(36)  (s.m.ED)-(LA,x.9) = (6 +2ink, £A,x £ (TS —n)w, ie—’"“%),
using notation for the functor of points,
(s,m, £1) € (B % Z/2)(S) ~ Eucy |y (S),
€. 1) e R ().
(x,¥) € ITM(S) ~ Map(R°", M)(S).
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Proof Let py;: Sg1 |k1 — S x R denote the composition of the left three maps

in (34). Given (s,n,%£1) € Eucy|1(S), (£,1) € Rilé(S) and (x,¥) e ITM(S) ~

Map(RO', M)(S), the goal of the lemma is to compute formulas for (¢/, ") € Rgé (S)
and (x’,¥') € ITM(S) in the diagram
11 De ol1
Se,k S xR (x,9)

37) | | > M
gl Py v x",¥")

VY S XROH

where the arrow labeled by f; , +1 denotes the isometry between super Euclidean
circles from Lemma 2.9 for (s, n, =1) € Eucy; (S). Hence, we see that (¢/, A") is given
by (29). To compute (x’, ¥’), we find a formula for the dashed arrow in (37). To start,
consider the map
oo RIS > ROUXS, (e 0) =60-2g,

which is part of the inverse to the isomorphism (28). Indeed, we check the Z—invariance
condition for the action (26),
nl+t+inA6 t

7 =0—A 7
Hence Py ) determines a map py j: Se1 |}f — 8 x RO, which is the map in (37). From
this we see that the dashed arrow in (37) is unique and determined by
s+in6

Pean-(2,0)) = per(ml+1+ink0,nk+60) =nk+6—21

0 > i(@ +n—A ) with (s, 7, £1) € Eucy|1(S), 8 € RO1(S).

The left action (32) is given by (see Remark 2.11 for an explanation of the signs)

(x+91//)|—>x:i:(G—n—kﬂ%ﬁe)t/f:x:t(%—n)t/f:l:@(l—in%)w,

which is the claimed formula for (x’, ¥'). O

Just as R-actions on ordinary manifolds are determined by flows of vector fields,
E!"_actions on supermanifolds are determined by the flow of an odd vector field.
This comes from differentiating a left ! I"_action at zero and considering the action
by the element Q of the super Lie algebra, using the notation from (24). Odd vector
fields on supermanifolds are precisely odd derivations on their functions. We note the
isomorphism

38) oL (M) ~ CPRI x MapRY!, M)) ~ CPR!L) @ (M)

~ C®(R>o)[A]® Q°(M),
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1)1
>0

associated with the universal family of super circles S = Rgé — Rilé CcR!'I'. In the

where (in an abuse of notation) we let £, A € C°(R_) denote the coordinate functions

above, we used that
C®MapRY, M)~ Q*(M) and C®(S xT)~C®(S)®C®(T)

for supermanifolds .S and 7" using the projective tensor product of Fréchet algebras; see
for instance [20, Example 49]. Let deg: Q°*(M) — Q°(M) denote the (even) degree
derivation determined by deg(w) = ko for w € QK (M).

Lemma 2.14 The left E'"—action (36) on E(l)“ (M) is generated by the odd derivation

N A
39) Q.—Zlkd6®1d d®d lg®deg

using the identification of functions (38), where d is the de Rham differential and deg is
the degree derivation on differential forms.

Proof We recall that right-invariant vector fields generate left actions, so that the
infinitesimal action of E!!! on Ll(l)' '(M) is determined by the action of Q. Furthermore,
minus the de Rham operator generates the left E°!_action (x, ) > (x —ny, )
on I1TM, and minus the degree derivation generates the left R*—action (x, V) >
(x,u"1y); see eg [19, Section 3.4]. Applying the derivation Q = 9, + inds to (36)
and evaluating at (s, 17) = 0 recovers (39). a

2.4 The proof of Proposition 1.4

The Eucy I —equivariant inclusion
R x Map(R!', M) — RL\{ x Map®®!, M) = £/ (M)
is along S—families of super circles with A = 0. So by Lemmas 2.13 and 2.14 we have
COO(R>O X Map(ROU’ M))Euc1|1 ~ Q.(M; COO(R>O))E1|1XZ/2
= lev(M C*®(Rxo))

using (36) to see that Z /2 acts through the parity involution (so invariant functions are
even forms) and (39) to see that the E!!_action is generated by minus the de Rham d
(so invariant functions are closed forms). This verifies the equality (17) when d = 1
and extracts the data Z from an element of C °°(E(1)| ! (M ))EBuetn,

Geometry & Topology, Volume 27 (2023)



Chern characters for supersymmetric field theories 1965

Next, observe that
1 . 1
coLi (M) ~ C® R x MapRO, M)) ~ @ (M; C2(R!1L))
~ Q*(M: CZ(Rxo)[AD,
11
>0
odd coordinate function A. For convenience we choose the parametrization of functions

where the final isomorphism comes from Taylor expansion of functions on R_; in the

@0) COLM (M) =~ (0%8/2(Z 4+ 2iM12 7)) | Z, Zy € Q°(M; C®(R=0))},

where £9°¢/2¢) = ¢k/2¢) for w € Q¥ (M ; C®(R~)). We again have that Z /2 < Eucypy
acts by the parity involution, so since A is odd and £ is even we find

Co(Ly (M))*?
= (092/2(Z 4202 Z)) | Z € QY (M; C®(Rsy)), Zy € QUM ; C®(Rog))}.
Next we compute
Q%e/2z 4 2ipe!/2pde/2 7))
d A
= 2i)»%(£d°g/22) —TV2pdee/2q7 _ojppdee/2q7, — szeg/z deg(Z)

= —7V/2qdee/2q7 4 2jpgdee/? (‘2—? — ng),

where in the first equality we use that d(£9°¢/2¢) = £~1/2¢9¢/2(dw), and in the second
equality we expand

i i deg /2
2zkd€ (4 Z)
using the product rule and then simplify. Hence
A pdeg/2 L0 p1/2 dzZ
41) QU™ (Z+2iM1°Zy))=0 <+ dZ=0and dZ;,= TR

By Lemma 2.14, Q generates the ! I'_action and, since E!!! is connected, Q—invariant
functions are equivalent to ! I'_invariant functions. Finally, we identify even differ-
ential forms with elements of Q*(M; C*®(Rx¢)[B8.B~']) of total degree zero and
odd differential forms with elements of °*(M; C®(Rx)[B, B~]) of total degree —1
(essentially replacing £ in (40) by B). This completes the proof of Proposition 1.4.

2.5 Concordance classes of functions

For Proposition 1.2 we require a refinement of the cocycle map.
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Definition 2.15 Using the notation from Proposition 1.4, for each © € R~ o define a
map
cocyeley, : C(Ly! (M))E11 — (@4 (M CIB. )",

cocycle,, (Z, Zy) = Z(w),

where Z(p1) denotes evaluation at € R~ and (22,(M; C[B, B~11)) is the space of
closed differential forms of total degree zero.

Lemma 2.16 The composition

cocycle,,

Co2 (L (M))Fuetn 22 (@ (M CIB, B71)° S H(M; CIB, B71))

C

agrees with (3) and hence is independent of [L.

Proof The calculation (20) shows
[cocycle,, (Z, Ze)|=[Z(w)])=|Z]=cocycle(Z, Z;) eH(M; C[B, "))
CH(M;C®Rx0)[B,87').

In particular, the class underlying c;c‘}Fle“ (Z, Z,) is independent of L. a

Proof of Proposition 1.2 for d =1 Proposition 1.4 implies M +— C °°(£(1)|1 (M))Euen
is a sheaf on the site of smooth manifolds. The map in Definition 2.15 is a morphism
of sheaves

(42) cocycle,, : C® (LI (=) — Q& (— C[B, A7)

taking values in closed forms of even degree. By Stokes’ theorem, concordance classes
of closed forms on a manifold M are cohomology classes. Hence, taking concordance
classes of the map (42) applied to a manifold M proves the proposition when d = 1. O

2.6 The Chern character of a super connection

A super connection A on a Z /2—graded vector bundle V — M is an odd C-linear
map satisfying the Leibniz rule [22]
A:QUM: V) > Q(M:V), A(fs)=df-s+ (=D rAs,

for f € Q*(M) and s € Q*(M; V). One can express a super connection as a finite sum
A= Zj Aj, where Aj: Q*(M;V) — Q°*t/ (M V) raises differential form degree
by j. Note that A is an ordinary connection on V', and A; is a differential form valued
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in End(V)°4 if j is even and End(V)® if j is odd. Super parallel transport provides a
functor, denoted by sPar, from the groupoid of Z /2—-graded vector bundles with super
connection on M to the groupoid of 1|1-dimensional Euclidean field theories over M :
) Vet (M) 25 1]1-EFT(M) = C°(R-q x Map(R®!!, Ar))Euect,
(V,A)r— sPar(V,A) +— sTr(eM‘Z).

Part of this construction is given in [14], reviewed in [26, Section 1.3]. A different
approach (satisfying stronger naturality properties required to construct the functor sPar)
is work in progress by Arnold [2]. Evaluating the field theory sPar(V, A) on closed
bordisms determines the function sTr(eeAz) € C®(Rso x Map(R°", M)). The
parametrization (40) extracts the function Z determined by

0%2/2 7 — gTr(exp(CA?)).
Hence we find that Z = sTr(exp(A})) for
(44) Ap=LYV2 A0+ AL+ 0 V20, + 07 A; 40

The R ¢—family of super connections (44) appears frequently in index theory, eg [22]
and [4, Section 9.1]. By [4, Proposition 1.41], the failure for Z to be independent of £
is measured by the exact form

d AZ dAe AZ
45 —sTr(e™¢) =d| sTr[ ——e™¢ ).
(45) dﬁs r(e™t) (s r( dte
By Proposition 1.4, the data Z = sTr(eA% Yand Z; = sTr((dAy/ dl)eA%) determine an
element of C ""(L‘(l)l1 (M))Eucint refining the Chern character of the Z /2—graded vector
bundle V.

Remark 2.17 If A = V is an ordinary connection, the family (44) is independent of £
and Z; = 0. This recovers Fei Han’s identification [18] of the Chern form Tr(exp(V?))
with dimensional reduction of the 1|1-dimensional Euclidean field theory sPar(V, V).

3 A map from 2|1-Euclidean field theories to complexified
elliptic cohomology

The main goal of this section is to prove Proposition 1.5. From the discussion
in Section 1.2, this proves Theorem 1.1 when d = 2. We also prove Proposition 1.2
when d = 2 and comment on connections with a de Rham model for complex-analytic
elliptic cohomology, complexified TMF, and elliptic Euler classes.
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3.1 The moduli space of super Euclidean tori

We will use the two equivalent descriptions of S—points of R2I:

(46) RZ‘I(S) = {x’ S COO(S)evv e COO(S)Odd | (x)red = (;)red’ (y)red = (;)red}
(47) ~{z,w € C®(S)”,0 € CP(S)™ | (2)red = (W)rea},

where reality conditions are imposed on restriction of functions to the reduced manifold
Sted <> S. The isomorphism between (46) and (47) is (x, y) = (x + iy, x —iy) =
(z, w). Below we shall adopt the standard (though potentially misleading) notation
z := w. We take similar notation for S—points of Spin(2), using the identification
Spin(2) >~ U(1) C C with the unit complex numbers. This gives the description

48)  Spin(2)(S) ~ U(1)(S) = {u,it € C®(S)™ | U)req = (@)oq it = 1}.

Definition 3.1 Let E2I! denote the super Lie group with underlying supermanifold
R21" and multiplication

(49) (z.2,0)- (. 27,0V =(z+7.2+7 + 00,0 + 0
for (z,Z,0), (z/,Z,0") e R2(S). Define the super Euclidean group as E2' xSpin(2),
where the semidirect product is defined by the action (using the notation (48))

(u,)-(z,2,0) = (u?z,u’z,uh) for (u,u) € Spin(2)(S).

The Lie algebra of E2I! has one even generator and one odd generator. In terms
of left-invariant vector fields, these are d, and D = dg — 80z, whereas in terms of
right-invariant vector fields they are d; and Q = dg + 69z. The super commutators are

(50) [aZ’D]ZOv [D’ D]=—8§ and [8ZvQ]=O’ [QvQ]zaf

Let Lat C C x C denote the manifold of based lattices in C parametrizing pairs of
nonzero complex numbers £, £, € C* such that £;/¢, € H C C is in the upper half-
plane. Equivalently, the pair ({1, £,) generate a based oriented lattice in C. We observe
that (£1,4,) — (£1,£1/¢,) defines a diffeomorphism Lat >~ C* x H, so that Lat is
indeed a manifold. When regarding Lat as a supermanifold, an S—point is specified by
(1,01.,42,4,) € Lat(S) C (C x C)(S), following the notation from (47).

Definition 3.2 Define the generalized supermanifold of based (super) lattices in R?!!
as the subfunctor sLat C R2I! x R2/! (viewing R21 xR a5 a representable presheaf)
whose S—points are (Zl,zl,kl), (ZZ,ZZ, Ap) € R2|1(S) such that:
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(i) The pair commute for the multiplication (49) on E2!1(S) ~ R2/1(S),
(€1, 81, A1) (2. 8o, ho) = (L2, €2, hp) - (€1, 81, hy) € EIL(S).

(i) The reduced map Sieq — (R2|1 X R2|1)red ~ R2 xR? ~ C x C determines a
family of based oriented lattices in C, ie the image lies in Lat C C x C.

Remark 3.3 Condition (i) is equivalent to requiring that (¢, 01, h1), (g, €y, hy) €
E2/1(S) generate a Z2—subgroup, ie a homomorphism S x Z2 — S x E2I! over S.

Definition 3.4 Given an S—point A = (({1, 41, A1), (2, €2, 1)) € sLat(S), define
the family of 2|1-dimensional super tori as the quotient

(51) T2 .= (S xR/ 72
for the free left Z2—action over S determined by the formula
(52) (n,m)-(z,z,0)
= (z+nly +mly, Z+n(ly +110) + m(ls + 120), nhy +mhs + 6)

for (n,m) € Z2(S) and (z,z,0) € R21(S). Equivalently, this is the restriction of
the left E2/'—action on S x R2!! to the S—family of subgroups S x Z2 C S x E2!
with generators over S specified by (£1, €1.1y) and (£5, £, A,). Define the standard
super torus as T2!1 = R2! /Z? for the quotient by the action for the standard inclusion
Z?* c R c E2! ie for the square lattice.

Remark 3.5 The S—family of subgroups S x Z2 < S x E2/! determined by A (as in
Remark 3.3) is normal if and only if A; = A, = 0. Hence, although the standard super

torus 72! inherits a group structure from E21, generic super tori 7' i ! do not.

Remark 3.6 There is a more general notion of a family of super tori where the
action (52) also incorporates pairs of elements in Spin(2). This moduli space has
connected components corresponding to choices of spin structure on an ordinary torus,
with the component from Definition 3.4 corresponding to the odd (or periodic—periodic)
spin structure. This turns out to be the relevant component of the moduli space to
recover complex-analytic elliptic cohomology.

Stolz and Teichner’s (M, G)—structures are discussed before Definition 2.6.

Definition 3.7 [26, Section 4.2] A super Euclidean structure on a 2|1-dimensional
family 77 — S is an (M, G)-structure for the left action of G = E2I1 % Spin(2)
on M = R2I!,
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Lemma 3.8 An S—family of super tori (51) has a canonical super Euclidean structure.

Proof The proof is the same as for Lemma 2.7, using the open cover S x R21T - Till
and transition data from the Z?—action (52). O

Every family of super tori pulls back from the universal family (sLatxR2!")/Z2 — sLat
along a map S — slLat. Hence, we regard
M =glat and T2 = (sLat ><]R2|1)/Z2 — slat

as the moduli space of super Euclidean tori and the universal family of super Euclidean
tori, respectively. The following identifies sLat with the moduli space of super Euclidean
structures on the standard super torus.

Lemma 3.9 There exists an isomorphism of supermanifolds over sLat,
(53) slat x 7211 ~, 7201,

from the constant sLat—family with fiber the standard super torus to the universal family
of super Euclidean tori. This isomorphism does not preserve the super Euclidean
structure on T2/

Proof Define the map sLat x R2I" — sLat x R2/! by
(54) (1. €1, 11,02, 82,05, x, 7. 0)
'_>(El,ZI,AI»EZ»ZZ’)\LEIX"‘EZJ}’x(zl‘i‘)\le)"i‘Y(ZZ‘i‘)\ze),0+X)\l+y)\2)

for (€1, €1, A1, L2, €5, Ay) €sLat(S) and (x, y, 8) e R2I1(S), where the source uses (46)
to specify an S—point (x, y, #) € R2/1 () whereas the target uses (47). Observe that (54)
is Z%—equivariant for the actions on the source and target,

(n.m)- (L1, L1, A1, Ly, €, ko, X, 1.0) = (€1, €1, Ay, Lo Lo Ay, x + 11, y +m, 0)
and
(n,m)- (L1, L1, A1, L3, €2, 42, 2,2,6)
= (1,01, A1, L2, 82, ha, 2+l +mly, Z+n(ly +110)+mE+120), 0 +nk+mhsy),

respectively. Hence (54) determines a map between the respective Z2—quotients,
defining a map (53). This map is easily seen to be an isomorphism of supermanifolds.
Since the map (53) is not locally determined by the action of E2I! x Spin(2) on R2/!,
it is not a super Euclidean isometry. a

Definition 3.10 Define the super Lie group Euc,; := E2! x Spin(2) x SL1(Z).
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The following gives an S—point formula for the action of Eucy|; on 721 and M2 =
sLat coming from isometries between super Euclidean tori.

Lemma 3.11 Given A = (1,41, A1), ({2, €2, X3)) € sLat(S) = M2I1(S) together
with (w, @, 1, u, 1) € (E2' xSpin(2))(S) and y € SL,(Z)(S), there is an isomorphism
JSw,@,nu,7)" Ti'l — Ti',l of super Euclidean tori over S sitting in the diagram

(wﬂﬁa’l:”aﬁ) :

S x R2I S x R2I

l |

f(w,@,n.u.ft)

201 21
Ty Ty

where the upper horizontal arrow is determined by the left E2I1 x Spin(2)-action
on R2!1, the left vertical arrow is the quotient map (25) for A, and the right vertical
arrow is the quotient map for

(u?(aly + bly). u?(a(ly + 2nh1) + b(Es + 21)2)). (ahy + bkz)))
(uz(cﬁl +dly), u?(c(£y +2nh1) +d Ly + 2nhy)), t(chy + dkz)) '

where y = [ 4 3] € SLy(Z)(S).

(55) A= (

Proof Consider the diagram

yx(w,w,n,u,i)

72 x S x R2I 72 x S x R2I
(56) Al lA’
(w,w,n,u,un)
S x R2l S x R2I1

The horizontal arrows are determined by the left action of (w, w, n) € E21(S), (u,n) €
Spin(2)(S) on S x R2!! and a map S x Z2 — S x Z?2 specified by y € SL,(Z)(S).
The vertical arrows are the Z2—action on S x R2/! generated by A, A’ € sLat(S).
Using (49), this square commutes if and only if (55) holds. Commutativity of (56)
gives a map on the Z2—quotients, which is precisely a map TX“ — Tzl,l. This map is
locally given by the action of E2I1 % Spin(2) on R21, 5o by construction it respects
the super Euclidean structures. O

We will require an explicit description of functions on sLat, ie the morphisms of
presheaves sLat — C°°. Regarding Lat as a representable presheaf on supermanifolds,
there is an evident monomorphism Lat < sLat from the canonical inclusion C x C ~
R2xR2 <> R2'xR2I In the following, let A1, A, € C°°(sLat) denote the restriction of
the odd coordinate functions C®(R2! x R2I') ~ C°(R*)[A1, A,] under the inclusion
sLat C R21T x R2IT,
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Lemma 3.12 There is an isomorphism of algebras

C®(sLat) = C®(Lat)[A1, A2]/ (A1 A2).

Proof Consider the composition
S — sLat € R?I x R 2022, R2IT,

where, as usual, we write the associated pair of maps S — R2! as (¢4, £;,1;) and
s, 05, A2). We therefore have 4 even and 2 odd functions on slLat that, as maps of
sheaves sLat — C®, assign to an S—point the functions £;, £, £, {5 € C®(S)® or
A1, Ao € C®(S5)°% Tt is easy to see that arbitrary smooth functions in the variables
£y, 2 1,4, 572 continue to define maps of sheaves and hence smooth functions on slLat.
Furthermore, since these are the restriction of functions on R2 x R? C R2IT x R2I 1 we
can identify them with functions on Lat. This specifies the even subalgebra C°°(Lat) C
C®°(sLat). On the other hand, the odd functions A; and A, are subject to a relation
coming from condition (i) in Definition 3.2, namely that A {1, = A,A; € C*(S)°4 for
all S. Since these are odd functions, this is equivalent to the condition that A1A, = 0.
Hence the functions on slLat are as claimed. a

Remark 3.13 The relation A;A, = 0 implies that C°°(sLat) is not the algebra of
functions on any supermanifold, and hence the generalized supermanifold sLat fails to
be representable.

3.2 Super Euclidean double loop spaces

Definition 3.14 Define the super Euclidean double loop space as the generalized
supermanifold
2 (M) := sLat x Map(Tz‘l, M).

We identify an S—point of £ (M) with a map Ti'l — M given by the composition
(57) T~ sx T = M,

using the isomorphism from Lemma 3.9.

We shall define a left action of Eucy|; on £ (M) determined by the diagram

T SxT 4
(58) sl E M
T — = gx 79
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where the horizontal arrows are the inverses of the isomorphisms of supermanifolds
pulled back from Lemma 3.9, and f" is the super Euclidean isometry associated to an
S—point of Eucy|; in Lemma 3.11. These isomorphisms together with the arrow ¢
uniquely determine ¢’ in (58). Hence, for (A, ¢) € sLat(S) x Map(T21', M)(S) and
an S—point of Eucy|;, we define the Eucy|j—action on £2(M) as outputting (A, ¢’)
in (58). We caution that this is a left Euc,|;—action on sLat x Map(T'2/1, M), and refer
to Remark 2.11 for a discussion of left actions on mapping spaces.

There is a T'>—action on £2!!(M) coming from the 7"%-action on Map(721', M) by
the precomposition action of 72 on T 211 The T2—fixed points comprise the subspace

(59) E(z)“(M) .= sLat x Map(R%", M) C sLat x Map(T3!", M) = 211 (M).
We identify an S—point of this subspace as a map Ti“ — M that factors as
(60) T & §x T2 = § xR /22 2 5 x RO > M,

where the map p is induced by the projection R2I" — RO, The action (58) preserves
this factorization condition; we give explicit formulae in Lemma 3.17 below. Hence,
the inclusion (59) is Eucy|j—equivariant.

Lemma 3.15 There is a functor Egll (M) — 2|1-EBord(M) that induces a restriction
map
(61) restr: 2| 1-EFT(M) — C (2" (M))Evean,

Proof The proof is completely analogous to that of Lemma 2.12. Namely, Lemma 3.8
gives a functor Eg' ! (M) — 2|1-Bord(M), and Lemma 3.11 shows that the action of
Eucy|; on £(2)|1 (M) is through isomorphisms between S—families of 2|1-dimensional
Euclidean bordisms. Hence, the restriction map lands in Eucy|j—invariant functions. O

3.3 Computing the action of super Euclidean isometries

Definition 3.16 Using the notation from Lemma 3.12, define the function
Ul =4

62 1:
(62) VO T

€ C*®(slat).

The restriction of vol along Lat < sLat is the function that reads off the volume of
an ordinary torus C/¢,Z @ £,Z using the flat metric. In particular, this function is
real-valued, positive and invertible. By Lemma 3.12, the function vol on sLat is also
invertible.
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Lemma 3.17 The left E2I! x Spin(2)—action on sLat x Map(RO!, M) is given by
(63) (w9wv n’u’I’_l)'(zl’zl’)"viZvZZ’)\'Z’x’ W)
= (uzfl,b_lz(zl +2nh1), Ay, uPly, 112 (Ly + 20h2), s,
Aily — ot Aly — Aol
x—ﬁ_l(n—i- 142 —Axby _ 142 2110)1/’,

2i vol 2i vol
Aly — Aol
il exp( =22 )y ),
2i vol

(w.w,n) € (), (u.u) € Spin(2)(9).
(x,¥) € ITM(S) ~ Map(R°", M)(S).

where

The SL,(Z)—-action on sLatxMap(R°', M) is diagonal for the action on sLat from (55)
and the trivial action on Map(R°!', M).

Proof Let py: Ti'l — S xR denote the composition of the left three maps in (60).
Given (w, @, n) € E2I1(S), (u, ) € Spin(2)(S), A € sLat(S) and (x,¥) € ITM(S),
the goal of the lemma is to compute formulas for A’ € sLat(S) and (x’, y') e ITM(S)

in the diagram

p
e : S x ROl ()

(64) f(w.w,n.u.ﬁ)l | > M
12N : )

T} S x RO

where the arrow labeled by f(y.i,7,4,7) denotes the associated map between super
Euclidean tori from Lemma 3.11. For the first statement in the present lemma we take
y =1id € SL,(Z)(S). We see that A’ is given by (55). To compute (x’, ¥’), we find a
formula for the dashed arrow in (64) that makes the triangle commute. To start, part of
the data of the inverse to the isomorphism (54) is

DA S xR2I1 SXROH,
(65)
pa(z,z,0) =0 + Aq

EZz—ZZZ 221—221

2i vol 2" 2i vol
We verify that s is Z2—invariant for the action (52),
peal(n.m)-(z,Z,0))

= Pea(z+nly+mly, Z+n(ly +1160) +m(ls + A20), nhy +mhs +6)
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s 4 04 E+nls +4110) + mla +220)l, — (z +nly + mby)l,

2i vol
s (z+nl; +ml)l —E+nl; +r10) +mls + r0))4,
2 2i vol
Eﬁz —ZZz ZZ] —EEI
=0+4+A
T 2i vol 2" i vol

where we used (62). Hence pp determines a map pp : Till — S x RO which is the
map in (64). From this we see that the dashed arrow in (37) is unique and determined by

(h1€z —Aal)) (@ + On) — (€2 — Aol y)w
2i vol '

(66) 9!—)1/_!(94-774—

As in Remark 2.11, the left action of E2!! x Spin(2) on (x + 8v) € Map(R', M)(S)
is given by

0+ ()»152—)»251)(—15—977)+()~1572—)»221)w)w

(x+0w)»—>x+ﬁ_l(9— -
2i vol

N (H (A2 =22l = (1 —)»zzl)w)w

2i vol

+L_£_10(1 _n)\1€2 —lzﬁl)w’

2i vol

which gives the claimed formula for (x’, ¥’). Finally, a short computation shows that

PA = paroy,where y: Till — Til,l is the isometry associated to y € SL,(Z)(S) from

Lemma 3.11. Hence, the SL,(Z)—action on sLat x Map(R°/!, M) is indeed through
the action on sLat. O

From the Lie algebra description (50), a left 21" _action determines an even and an odd
vector field gotten by considering the infinitesimal action by the elements Q = dg + 003
and 9 of the Lie algebra of E2I'. We note the isomorphisms

(67) C= (LA (M) ~ C=(sLat x Map(R!", M)
~ C*(Lat x Map(R!, M))[A1. A2]/ (A1h2)
~ (C%°(Lat) ® Q*(M))[A1. A2]/ (A1A2),
where in (67) we used that the projective tensor product of Fréchet spaces satisfies
C®(SXxT)>C®(S)®C™®(T)

for supermanifolds S and T'; see eg [20, Example 49].
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Lemma 3.18 The derivative at O of the left E2!'—action on Eéll (M) trom (63) is
determined by the derivations on C°°(£§| ! (M)),

~ Ml —=Xat
5, = 1 2. 2 1®d,
(68) 21 VOl
~ . . Aaly — Aty
Q=2k18e— ®1d+2k282 ®id—id®d — —— ®deg,
1 2 2i vol

where d is the de Rham differential and deg is the degree endomorphism on forms.

Proof The proof follows the same reasoning as the proof of Lemma 2.14, using that
right-invariant vector fields generate left actions and that the EO!! % C*-action on
Map(RO", M) is generated by minus the de Rham operator and the degree derivation.
In this case we apply the derivation Q = 0, + 10 and 0y, to (63) (with (1, u) = (1,1))
and evaluate at (w, w, n) = (0,0, 0) to obtain (68). ]

3.4 The proof of Proposition 1.5

Functions on L‘(z)ll (M) can be described as

69) €Ly (M)
= C®(sLat x Map(R°!", M)
~ Q*(M;C?(sLat)) =~ Q*(M; C*(Lat)[A1, A2]/ (A1A2))
~Q*(M;C*®(Lat)) ® A - Q°(M;C®(Lat)) @ Ay - Q°(M; C°°(Lat)),

using Lemma 3.12 in the second-to-last line, and where the isomorphism in the final
line is additive. We start by proving a version of Proposition 1.5 for invariants by

E2' %7/2 < B2 % Spin(2) x SLy(Z) = Eucy); -

Analogously to the notation in Section 2.4, let vol®€ ) = vol®  for w € Q¥ (M).

Lemma 3.19 Any element w € C°°(£g|1 (M))Z/2 can be written as
(70) w = voldeg/z(a)o + 27 vol!/2 w1 + 27y vol!/2 ),

where wy € Q¢ (M ; C®(Lat)) and w, w, € QY(M; C>®(Lat)). A Z/2—invariant
function w expressed as (70) is E2! _invariant if and only if

(71) dwy =0, 821 wo =dw; and 322“’0 =dw,,

where d is the de Rham differential on M .
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Proof The element —1 € U(1) >~ Spin(2) acts through the parity involution, which on
C®°(sLat) is determined by A; — —A;. Using (69) and the fact that vol is an invertible
function on Lat, we see that any 7 /2—invariant function can be written in the form (70).
Next we compute for wg € Qk (M C(Lat)),

2(h19g, + A207,) (vol*/? wo)

0l — 0,8y <2
—20u0g, +a05)((“2572) )

21
Al — A4
= M deg(volk/2 o) + 2V01k/2()\.1 07, +A207 )wo.
2i vol 1 2

So, by Lemma 3.18,
O (vol**/2 wg) = vol*/2(2(h1 07, + A2, Jwo — vol /2 dwp).
Using that k% = k% = A1Ay = 0, we compute
Q(Voldeg/2 wo + 2A volldeg+1/2 () 4 25 yol(deg+1)/2 >)
= Voldeg/z(Z(kl BZI + Azazz)wo —vol ™2 dwg — 22 ;dw; — 2k2dw2).

Matching coefficients of A; and A,, the condition Qa) = 0 is therefore equivalent
to (71). Finally, invariance under the operator ﬁw from Lemma 3.18 follows from
being Q—closed, specifically from dwg = 0. Since E2I" is connected with Lie alge-
bra generated by Q and gw, we find that (71) completely specifies the subalgebra
COO(E?)U(M))IEz‘le/Z CCOO(L%H(M))Z/Z. O

Next we compute the Spin(2)—invariant functions. Consider the surjective map
(72) ¢:lat > HxRso, (€1, 81,02, 82) > (£1/€2.£1/L3, vol) € (H x R20)(S),
and use the pullback on functions to get an injection
(73) CO(H xR>0)[B. B~ C¥(Lat). /" = (0" N)E*.
We observe that the image of this map is precisely Pz C 2°(Lat) for

CR(Lat) i={f € C®(Lat) | f(uLy, 0Ly, ulait®ly) = u™F £(£1,01,02,02)},

the vector space of smooth functions of weight k/2, where (u, #) are the standard
coordinates on U(1) ~ Spin(2). Indeed, C*°(H x R¢) includes as C°(Lat) ~
C(Lat)SPin(2) Cr°(Lat) = {0} for k odd, and there are isomorphisms of vector
spaces Cyp (Lat) = Cg°(Lat) = C % (Lat)SPin(2) gotten by multiplication with E’z‘.
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Lemma 3.20 An element w € C°°(£(2)‘ ! (M))Spin@) C°°(£§|1 (M))Z/2 expressed
in the form (70) has wq, @1, w, in the image of the inclusion

(74)  Q*(M;C*®(H xR<)[B, ,8_1]) — Q*(M;C®°(Lat)), with |B|=-2,

determined by the map (73) on coefficients, where wy is in the image of an element of
total degree zero and w1, w, are in the image of elements of total degree —1.

Proof From the description of the Spin(2)—action in (63), if
w e COO(E(Z)“ (M))Spin(z) - C00(£3| 1 (]‘/[))Z/Z7
we obtain the refinement of the conditions from (70),

woe @ FM:CR(Lar) ~ P QF (M L35 CE0(Laty)
keZ keZ
C Q™ (M; C°(Lat)[¢; ),

w1, 0 € @ QTN (M C5R(Lat) > P Q% (M 55 C§R (Lat))
keZ keZ
C QUM ; CE(Lat)[65 ).

This gives the description
(75) @ = (vol /€)% /2] 4 241 (vol /L)@ TD/ 20! 4 2}, (vol/€,) e +1/2¢]
where g, ], 0, €Q*(M; C(Lat)SPn@)) ~ Q*(M; Cg°(Lat)) are Spin(2)—invariant.

After identifying £, with 87! as per (73), we obtain the claimed description. |

The following allows us to recast the invariance condition as a failure of Z = wq to have
holomorphic dependence on the conformal modulus and be independent of volume.

Lemma 3.21 An E2I! x Spin(2)-invariant function on /J(z)“ (M) is equivalent to a
triple (Z, Zz, Z,) where Z € Q*(M; C®(H x R~)[B, B~]) has total degree zero
and Z,, Zz € Q*(M; C®(H x R¢)[B, B~']) have total degree —1 and satisty

(76) dZ =0, 0,Z=dZ, and 0:Z =dZs

for coordinates (t,7) on H and v on R .
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Proof For the image of Z under (74), we differentiate

- - 1
le Z(@l/ﬁz,ﬁl/ﬁz,vol) = Z—E);Z— %BUZ,
2 1
) o 7 0
8222(21/62,61/&,\/01) = —Z—zafZ + ZBUZ

2
The result then follows from comparing with (71): writing 821 Z and 8222 as d—exact
forms is equivalent to writing dzZ and 9, Z as d—exact forms. O

Definition 3.22 A function f € C®(H x R ) has weight (k. k) € Z x Z if
at+b _ i
f( : v) = (ct +d)*(cT+ D) f(z,v).
ct+d
Let MF,  C C*°(H x R~¢) denote the C—vector space of functions with weight
(k. k).

Consider the inclusion

(78)  EPMF, ;= C¥HxR)[B.B), [ p ) for feMF .

keZ
Lemma 3.23 In the notation of Lemma 3.21, a triple (Z, Z,, Zz) determines an
SL;(Z)—invariant function on L‘éll (M) when

Z e P @ (M : MFyp).
keZ
Z, e @M MF ), Zz e @D Q%N (M i MFy ),
keZ keZ
using (78) to identify the above with elements of Q*(M ; C®(H x R~¢)[B, B71)).

Proof We observe that
ab

byr>cli+dly=Ly(ct+d) for 1 =L/, |:C J

for the SL,(Z)—action on Lat, so that (73) is an SL,(Z)—invariant inclusion for the
action on H by fractional linear transformations and 8 — B/(ct + d). The SL,(Z)—
invariant property for Z then follows directly. The properties for Z, and Zz can either

} € SLy(Z),

be deduced from the fact that (76) are SL,(Z)—invariant equations, or by (a direct but
tedious computation) using (77) to write Z, and Z7 in terms of wgy and w1, and then
applying the SL;(Z)-actions on wq, w1, w, computed in Lemma 3.17. O

Proof of Proposition 1.5 The result follows from Lemmas 3.21 and 3.23. O
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Remark 3.24 As announced in [26, Theorem 1.15], a 2|1-Euclidean field theory
over M = pt has a partition function valued in integral modular forms. Theorem 1.1
when d = 2 specializes to the holomorphy and modularity statements in this result
when M = pt; generalizing the integrality statement would require one to consider the
values of field theories on super annuli with maps to M .

Remark 3.25 The Lie groupoid Lat//Spin(2) x SL,(Z) gives a presentation of the
moduli stack of Euclidean tori with periodic—periodic spin structure and choice of base-
point, where SL;(Z) x Spin(2) acts via the restriction of the action from Lemma 3.17.
The involution generated by —1 € U(1) >~ Spin(2) is the spin flip automorphism, which
acts trivially on the underlying Euclidean torus and by the parity involution on the spinor
bundle. Consider the subspace H xR C Lat of based lattices whose second generator
£, e R. o C C*ispositive and real. Since every based lattice can be rotated to one of this
form (using the action of Spin(2) on Lat) the full subgroupoid of Lat//Spin(2) xSL,(Z)
with the objects H x R.y C Lat is equivalent to Lat//Spin(2) x SL,(Z). Since
{Z£1} C Spin(2) acts trivially on the subspace H xR ¢ C Lat, the manifold of morphisms
in this full subgroupoid is H x R+ ¢ x {#1} x SL,(Z). Composition of morphisms
gives the set {1} x SL,(Z) the structure of a group, which turns out to be the
metaplectic double cover MP, (Z) of SL,(Z). There is a functor between Lie groupoids
u: HxRso//MPy(Z) — H//MP,(Z), where the target is a standard presentation for
the stack of complex-analytic elliptic curves endowed with a periodic—periodic spin
structure. Geometrically, the functor u extracts the underlying complex-analytic elliptic
curve with spin structure.

Finally, observe there is a functor Lat//Spin(2) x SL,(Z) — M3/l Eucy|1, so a family
of Euclidean tori with spin structure and choice of basepoint determines a family of
super tori. Our arguments involving super tori do not encounter the metaplectic double
cover because at the outset (in Lemma 3.19) we restrict to functions invariant under the
spin flip automorphism. Hence only the quotient MP,(Z)/{£1} >~ SL,(Z) features in
our arguments.

3.5 Weak modular forms and complexified TMF

Definition 3.26 Weak modular forms of weight k are holomorphic functions f € O(H)
satisfying

b

f(j;—tfl) = (cr-l—d)kf(r) for 7 € H, [z d:| € SL,(Z).
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Let MFj, denote the C—vector space of weak modular forms of weight k. Define the
graded ring of weak modular forms MF as the graded vector space

MFy,, if k is even,

MF = A MF¥, where MFX :=
D v {o if k is odd,

keZ

with ring structure from multiplication of functions on H.

Cohomology with coefficients in weak modular forms is the object that naturally
appears when studying derived global sections of the elliptic cohomology sheaf in the
complex-analytic context. Indeed, complex-analytic elliptic cohomology assigns to a
smooth manifold M a sheaf £¢(M) of differential graded algebras on the orbifold
H //SL,(Z) with values

(79) EUM)U) := (OU; QL (M)[B.B7']).d) for U C H.

The SL,(Z)—equivariance data for this sheaf comes from pulling back functions along
fractional linear transformations and sending 8 +— (¢t + d)B. This connects with
standard definitions of elliptic cohomology in homotopy theory (eg [21, Definition 1.2])
by identifying H //SL,(Z) with the moduli stack of complex-analytic elliptic curves,
and values (79) with the de Rham complex for 2—periodic cohomology with coefficients
in O(U). Using the Dolbeault resolution of holomorphic functions on H, the complex
(Q*(M; QO*(H)[B, B~')S2@) d + §) computes the derived global sections (ie the
hypercohomology) of the elliptic cohomology sheaf ££¢(M ). Since H is Stein, the
inclusion
O(H) < (2" (H). 9)

is a quasi-isomorphism. Hence, derived global sections of the elliptic cohomology
sheaf are cohomology with values in weak modular forms,

H(M: O(H)[B. B~')S>® ~ H(M : MF).
We refer to [5, Section 3] for details.

A weak modular form is a weakly holomorphic modular form if it is meromorphic as
T — i0o. For M compact, cohomology with values in weakly holomorphic modular
forms is isomorphic to the complexification of topological modular forms,

TMF(M) ® C ~ H(M ; TMF(pt) ® C) C H(M ; MF),

(80)
TMF(pt) ® C ~ {weakly holomorphic modular forms} C MF,
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and the inclusion on the right regards a weakly holomorphic modular form as a weak
modular form. We expect the image of 2|1-Euclidean field theories along (4) to
satisfy this meromorphicity property at oo, and hence have image in the subring
TMF(M ) ® C. This follows from an “energy bounded below” condition discussed for
M = ptin [26, Section 3]. However, proving that the image of field theories satisfies
this condition requires that one analyze the values of field theories on super tori and
super annuli.

3.6 Concordance classes of functions

The cocycle map (4) can be factored through a complex that computes the derived
global sections of the elliptic cohomology sheaf, namely the complex

(Q*(M; QO*(H)[, p~')S2B) d +9)

described above.

Definition 3.27 Using the notation from Proposition 1.5, for each u € R ¢ define a map

(mM: COO(£(2)|1(M))EUC2|1 N ZO(Q.(M, QO,*(H)[IB’ ﬁ_l]),d—f—g)SLz(Z),
(2,27, 2y) > Z(n) + dTZz(n),

where the evaluation is at tori with volume v = u € R~ .

Lemma 3.28 The composition

COO(E(Z)“ (M))EUCZII m ZO(Q.(M, QO’*(H)[ﬂ, ﬁ_l]); d +§)SL2(Z)
de Rham H(M, MF)

is independent of . and agrees with (4).

Proof Let us verify that the map in Definition 3.27 is well-defined. By Proposition 1.5,
the image is contained in the subspace of degree zero cocycles:

(d+)(Z (W) + dTZz(p)) = dTd: Z (1) — dTdZz (1) = 0.
The image is SL,(Z)—invariant by Lemma 3.23. The remainder of the proof is com-

pletely analogous to that of Lemma 2.16. |
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Proof of Proposition 1.2 for d =2 By Proposition 1.5, M +— CC"’(E(z)|1 (M ))Euean
is a sheaf on the site of smooth manifolds. The map in Definition 3.27 is a morphism
of sheaves

cocycle,,: Co(La! (-)Feeait — 70(*(—: QO (H)[B. 1)), d + )12,

When evaluated on a manifold M, concordance classes of sections of the target are
cohomology classes. This completes the proof. O

3.7 The elliptic Euler class as a cocycle

For a real oriented vector bundle V' — M, consider the characteristic class

[Eu(V)]:= |:Pf( ,BF)exp(Z 2o )sz(FZk))]

in HImV(Ar; C°(H)[B, B71])52@) | where F = VoV € Q2(M;End(V)) is the
curvature for a choice of a metric-compatible connection V on V and Pf(—SR) is the
Pfaffian. The functions E,; € C*°(H) are the 2k™ Eisenstein series, where we take
E5 to be the modular, nonholomorphic version of the second Eisenstein series,

1 2mi
E ’_ — 1 , E ’— EhOl —,
2(.7) ot Z (nt +m)?|nt + m|% 2(6) = (®- -7
(n,m)eZ2

whose relationship with the holomorphic (but not modular) second Eisenstein series
EgOI(r) is as indicated. For k > 1, the Eisenstein series E,; € O(H) are holomorphic.
Thus, if

[p1 (V)] =[Te(F?)/(2(27i)*)] € H* (M R)

vanishes, then [Eu(V)] € HE™Y (M ; O(H)[B, B~'])52(D) is a holomorphic class.

When dim V = 24k, we may ask for a preimage of AK[Eu(V)] € H*(M ; MF) under
the cocycle map (4), where A is the modular discriminant. We start with the differential
form refinement of Eu(V), evident from its definition above,
B>Tr(F?)

dmi(t —7)2
and whose failure to be holomorphic is as indicated. Since d,, Eu(V) = 0, we may
choose Z = A¥Eu(V) and Z, = 0. The remaining data to promote A¥Bu(V) to
a function on £§|1(M) is a choice of coboundary dz(AX Eu(V)) = dZz, which in
turn is determined by H € Q3 (M) with dH = p;(V), ie a rational string structure.

Bu(V) € Q*(M;C®(H)[B. B7'])., 0dzBu(V)= Eu(V),

Geometry € Topology, Volume 27 (2023)
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This identifies the set of rational string structures on (V, V) with choices of lift of

A¥[Eu(V)] to a function on £(2)|1 (M). We expect a similar story without the dimension

restriction on V' and the factors of A though an enhancement of (4) that incorporates a

degree n twist [26, Section 5].
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Isotopy of the Dehn twist on K 3# K 3
after a single stabilization

JIANFENG LIN

Kronheimer and Mrowka recently proved that the Dehn twist along a 3—sphere in
the neck of K3 # K3 is not smoothly isotopic to the identity. This provides a new
example of self-diffeomorphisms on 4-manifolds that are isotopic to the identity in
the topological category but not smoothly so. (The first such examples were given by
Ruberman.) We use the Pin(2)—equivariant Bauer—Furuta invariant to show that this
Dehn twist is not smoothly isotopic to the identity even after a single stabilization
(connected summing with the identity map on S2? x S2). This gives the first example
of exotic phenomena on simply connected smooth 4-manifolds that do not disappear
after a single stabilization.

57R50, 57R52, 57R57; 55P91

1 Introduction

Understanding smooth structures on 4-manifolds remains one of the most difficult
topics in low-dimensional topology. In this dimension, many results that hold in the
topological category do not hold in the smooth category. Such phenomena are called
“exotic phenomena.” To motivate our discussion, we list three major instances of exotic
phenomena:

e By the groundbreaking work of Donaldson [16; 18] and Freedman [20] (and many
subsequent works), there exist many pairs of simply connected closed smooth 4—
manifolds that are homeomorphic but not diffeomorphic.

e Ruberman [33] gave the first example of self-diffeomorphisms on 4-manifolds that
are isotopic to the identity in the topological category, but not smoothly so. Further
examples are given by Auckly, Kim, Melvin and Ruberman([5], Akbulut [3], Baraglia
and Konno [8] and Kronheimer and Mrowka [26].
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¢ By the combined work of Wall [36], Perron [31], Quinn [32] and Donaldson [16],
there exist pairs of embedded 2—spheres in 4—manifolds with simply connected com-
plement that are topologically isotopic to each other, but not smoothly so; see [3; 5]
for explicit families of such examples.

Exotic phenomena appear in each of these three problems, which we call the “diffeo-
morphism existence problem”, the “diffeomorphism isotopy problem” and the “surface
isotopy problem”. A fundamental principle, discovered by Wall [36; 37] in the 1960s,
states that these exotic phenomena will eventually disappear after sufficient many
stabilizations on the 4—manifolds. (Here stabilization means taking the connected sum
with §2 x §2.) More precisely:

e Wall [37] proved that any pair of homotopy equivalent simply connected smooth
4-manifolds are stably diffeomorphic. Namely, they become diffeomorphic after
sufficiently many stabilizations.

e Gompf [22] and Kreck [25] further proved that any pair of homeomorphic orientable
smooth 4-manifolds (not necessarily simply connected) are stable diffeomorphic. They
also proved that nonorientable pairs can be made stably diffeomorphic by first doing a
twisted stabilization (ie connected summing a twisted bundle S 2% 82). In fact, for
any G with H'(G;7Z/2) # 0, Kreck [24] constructed examples of homeomorphic
nonorientable smooth 4—manifold pairs with fundamental group G which are not stably
diffeomorphic. (Different constructions of such examples were given by Cappell and
Shaneson [13] for G = Z/2 and Akbulut [2] for G = Z.) This implies that a twisted
stabilization is indeed necessary in the nonorientable case.

¢ By combining the results of Kreck [23] and Quinn [32], we know that homotopic
diffeomorphisms of any simply connected smooth 4-manifold are smoothly isotopic
after sufficient many stabilizations. Here stabilization means first isotoping the diffeo-
morphisms so that they all pointwise fix a small ball B, and then taking the connected
sum with the identity map on S? x S? along B.

e The work of Wall [36], Perron [31] and Quinn [32] shows that any two homologous
closed surfaces of the same genus embedded in a 4—manifold with simply connected
complement become smoothly isotopic after sufficiently many external stabilizations.
Here external means that the connected sums with S2 x S?2 are taken away from the
surfaces.

These results motivate the following natural question:
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Question 1.1 How many stabilizations are necessary in each of these three problems?

There has been speculation that one stabilization is actually enough in all three problems.
This is based on several known results:

e It is shown by Baykur and Sunukjian [12] that exotic pairs of nonspin 4—manifolds
produced by “standard methods” (logarithmic transforms, knot surgeries, and rational
blow-downs) all become diffeomorphic after a single stabilization.

¢ In the large families of examples (of embedded surfaces and self-diffeomorphisms)
established in Akbulut [3] and Auckly, Kim, Melvin and Ruberman [5], exactly one
stabilization is needed.

¢ Auckly, Kim, Ruberman, Melvin and Schwartz [6] proved that any two homologous
surfaces F; and F, of the same genus embedded in a smooth 4-manifold X with
simply connected complements are smoothly isotopic after a single stabilization if
they are not characteristic (ie [F;] is not dual to the Stiefel-Whitney class w,(X)).
This shows that in the noncharacteristic case, one stabilization is indeed enough in the
surface isotopy problem. (When the surfaces are characteristic, they proved a similar
result involving a single twisted stabilization.)

We prove the following theorem.

Theorem 1.2 (main theorem) Let § be the Dehn twist along a separating 3—sphere in
the neck of the connected sum K3# K3. Then § is not smoothly isotopic to the identity
map even after a single stabilization.

To the author’s knowledge, Theorem 1.2 provides the first example that exotic phe-
nomena on simply connected smooth 4—manifolds do not disappear after a single
stabilization with respect to S2 x S2. In particular, it implies that one stabilization is
in general not enough in the diffeomorphism isotopy problem.

Note that Kronheimer and Mrowka [26] proved that § itself is not smoothly isotopic to
the identity, using the nonequivariant Bauer-Furuta invariant for spin families. Our
result is based on the Kronheimer—Mrowka theorem and makes use of the Pin(2)—
equivariant version of the Bauer—Furuta invariant. This invariant was defined in Bauer
and Furuta [11] (for a single manifold) and in Szymik [35] and Xu [38] (for families).
It has been extensively studied in many papers, including Baraglia [7] and Baraglia
and Konno [9], and it is the central tool in Furuta’s proof of the 1—80—theorem [21]. The
idea of using gauge-theoretic invariants for families to study the isotopy problem first
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appears in Ruberman [33]. The idea of using the Pin(2)—equivariant Bauer—Furuta
invariant to further study Dehn twists on 4—manifolds was suggested by Kronheimer
and Mrowka in [26].

We outline the proof of Theorem 1.2: By taking the mapping torus of §, we form a
smooth bundle N with fiber K3# K3 and base S'. Then it suffices to show that the
bundle N, formed by fiberwise connected sum between N and (S2 x S?) x S!, is not
a product bundle. This is proved by showing that the Pin(2)—equivariant Bauer—Furuta
invariant BFFin(2) (]V ) is nonvanishing for both spin structures. Note that BFFin(2) (]v )
equals the product of BF® in(2)(N ) with the Euler class e (a stable homotopy class
represented by the inclusion from S 0 = {0, oo} to the 1-dimensional representation
sphere S®). We prove this by contradiction, assuming

Pin(2) -
(D BF'"™*(N)-eg = 0.
This gives information on BFFin(2) (N) and its S!'—reduction
BFSI (N) € {SR+2H S6]§}Sl '

We can explicitly compute the homotopy group {SR+2H g 6]E}S VA-Y/ /2. Based
on this computation, information from (1) and the fact that BFS' (N) gives a vanishing
family Seiberg—Witten invariant, we can prove that BFS' (N) = 0. This further implies
that the nonequivariant Bauer—Furuta invariant BF{"}(N ) vanishes, which contradicts
Kronheimer and Mrowka’s result that BFt¢} (N) equals the nonzero element 13 € 3.
Note that ez becomes trivial when reducing to the subgroup S! C Pin(2). As a
consequence, the S '—equivariant Bauer—Furuta invariant vanishes after a single stabi-
lization (just like the classical Seiberg—Witten invariants and Donaldson’s polynomial
invariants). This explains why the Pin(2)—equivariance is essential in our proof.

We end this introductory section by remarking that it is still open whether one stabi-
lization is enough to make any pairs of simply connected homeomorphic 4-manifolds
diffeomorphic. (See Akbulut, Mrowka and Ruan [4], Donaldson [17] and Fintushel
and Stern [19] for a possible approach using the 2—torsion instanton invariants.) It’s
also unknown whether two homotopic characteristic surfaces with simply connected
complements become smoothly isotopic after a single stabilization. The proof of
Theorem 1.2 suggests that the Bauer—Furuta invariant could be useful in attacking these
problems. As a first step, one needs to establish new examples of spin 4—manifolds with
sufficiently interesting higher-dimensional Pin(2)—equivariant Bauer—Furuta invariants.
Note that in a recent paper by the author and Mukherjee [29], we use Theorem 1.2 to
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establish the first pair of orientable exotic surfaces (in a punctured K3 surface) which
are not smoothly isotopic even after one stabilization.

The paper is organized as follows: In Section 2, we give a brief review of some basic
Pin(2)—equivariant stable homotopy theory and recall the definition of the equivariant
Bauer—Furuta invariant. We also use this section to set up notation and to adapt some
standard results to our setting. The actual proof of Theorem 1.2 is given in Section 3.
Experts may directly skip to Section 3 and occasionally refer back to Section 2 for
notation and results.

Acknowledgements The author is partially supported by NSF grant DMS-1949209.
The author would like to thank Tye Lidman and Danny Ruberman for very enlightening
conversations, Mark Powell for pointing out Kreck’s work [24], and Selman Akbulut
for explaining his work in [2; 3].

2 Background

2.1 Pin(2)-equivariant homotopy theory

In this section, we collect some standard results (mostly from [1; 28; 30; 34]) on
G—equivariant stable homotopy theory in the case

G =Pin(2) = {'}U{j %} Cc H.

Instead of stating the most general form of these results, we will only focus on the
special cases that are actually needed in our argument. We refer to [1; 34] for an
introduction to equivariant stable homotopy theory (in the case of finite groups) and to
[28; 30] for a more general treatment.

Since all objects we study here are finite G—-CW complexes, for simplicity, we will
work with the G—equivariant Spanier—Whitehead category [1] (instead of the homotopy
category of G—spectra). Of course, there are a lot of drawbacks (eg one cannot always
take limits/colimits), but it is enough for our purpose.

2.1.1 Basic facts and definitions Let U be a countably infinite-dimensional G—
representation space equipped with a G-invariant inner product, which we call a
“universe”. We assume that U contains the concrete representation

(@2)o (@) (@)
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Here R is the trivial representation, R is the 1-dimensional representation on which
S acts trivially and j acts as —1, and H is acted upon by G via left multiplication in
the quaternions.

To apply the results in [30] directly without checking additional conditions, we further
assume that U is “complete”. This means that U contains infinitely many copies of all

isomorphism classes of irreducible G—representations. !

We will use H to denote either the group G or its subgroups S! or {e}. By restricting
the G—action on U, we can also use U as a complete H—universe. We use Rpg to
denote the set of all finite-dimensional H-representations contained in U. We will
treat R as a subset of R g1 and Ry, by restricting the G—action.

For any V € Ry, we use SV to denote the 1-point compactification of V (called
the representation sphere) and use S(V') to denote the unit sphere. We set oo as the
basepoint of S¥ and we use S(V)4 to denote the union of S(V) with a disjoint
basepoint.

Let X, Y and Z be based finite H—-CW complexes; see for example [15, Chapter I]
for a definition. We use the notation [X, Y] to denote the set of homotopy classes of
based H-maps from X to Y (ie maps that preserve the basepoint and are equivariant
under H).

Given any V, W € Ry with V. C W, let V- be the orthogonal complement of V in W.
Then smashing with the identity map on .S v provides a map

SV AX, SYAYIHE S [SPAX, SW AY)H.
One can check that these maps make the collection
SV A X. SV "Y1} yery,

into a direct system. We define {X, Y} as the direct limit of this system. As in the
nonequivariant case, the set {X, Y} is actually an abelian group. A based H—-map

SYAX > SYAY for VeRy

will be called a stable H—map from X to Y. An element in the group {X, Y will
be called a stable homotopy class of H—maps.

ISince all G—-CW complexes we consider can have only G, S or {e} as their isotropy group, all arguments
we make actually will still hold for the incomplete universe (B, R) @ (Poo R) & (Do H), which is
more relevant to the geometric setting.
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Fact 2.1 Given any based H-map f: X — Y, we form the mapping cone C f and
leti: Y — Cf be the natural inclusion. Then for any Z, the functor {*, Z}H is a
generalized cohomology theory [30, page 157]. As a result, there is a long exact
sequence

@) - (SEAx. 23 Lqcr 2y Dy, zyH
Soix, 2 S cp sRAZVH .

associated to the cofiber sequence X Lyic f.

Fact 2.2 Suppose the H-action on X is free away from the basepoint. Then there is a
natural map

3) g X, Y - (X/H, Y/H}

from the equivariant homotopy group to the nonequivariant homotopy group of the
quotient space. This map is constructed as follows: Since the H-action on X is
free away from the basepoint, any [ f] € {X, Y} can be represented by an H—-map
I SV A X — SY AY such that the H—action on V is trivial; see [1, Proposition 5.5;
28, Theorem 2.8, page 65]. The map f induces a nonequivariant map between the
quotient space,

f/H:SY AN(X/H)=(SY AX)/H > (SY AY)/H =S¥ A(Y/H).
Then we define qg ([ f]) as [f/H]. One can check that this does not depend on the
choice of f and V.

Fact 2.3 [1, Theorem 5.3; 28, Theorem 4.5, page 78] Suppose the H—action on X is
free away from the basepoint and the H—action on Y is trivial. Then the map qg is an
isomorphism.

For the rest of the section, we assume X and Y are based finite G-CW complexes. The

next few facts concern various relations between the G—equivariant homotopy groups

and the S !'—equivariant homotopy groups.

Fact2.4 [1, Theorem 5.1; 28, Theorem 4.7, page 79] There is a natural isomorphism

(4) CAX Y S XA S®)1), Y10

constructed as follows: Take any [ f] € {X,Y}S ! represented by an S '—map
SV AXx > SV AY.
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By enlarging V' if necessary, we may assume V € Rg. Then we consider the G—-map
FSYAXASR)D) = (S AX)x{IDVISY AX)x{=1}) > Y
defined by setting
floex{1) = f(x) and f'(xx{=1})=jf("x)

forany x € SV A X. Welet «([f]) =[f']. This map ¢ turns out to be an isomorphism.

Next, we recall the two operations about changing groups, namely the restriction map
(5) Resd, (X, V}0 - (X, V)5

and the transfer map

(6) 9, (X, V)5 - (X, 7)°.

The restriction map is defined by simply ignoring the j—action. To define the transfer
map, we consider the Pontryagin—Thom map

p: SR SR ASR),

that crushes all points outside a normal neighborhood of S (]R) in SR, (Here we identify
the Thom space of the normal bundle of .S (I@) as SR A (S (@)Jr).) Then the transfer
map is defined as the composition

D XY S (S ) A XY = (SR AS@)4) A X, B AV

PSR A x SR AYYG = (X, ¥)O.
To describe the composition of transfer and restriction, we define the conjugation map
(8) ¢ X, YIS S x.vys

as follows: Take any element [ /] € { X, Y}Sl represented by an S'-map f: SV AX —
SY AY. By enlarging V if necessary, we may assume V € Rg. Then ci([f]) is
represented by the composition

._1 .
SVAX LIS sV axLsV Ay L sV Ay,

Note that when the S!-action on X is free away from the basepoint, the maps ¢; and
the map ¢ g1 defined in (3) are compatible. That means

(€)) gs1(cj(@) = joggi(@)o; " forall e {X.¥}5"
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Here j and j~! are treated as elements in {Y/S!, Y/S'}{€} and {X/S!, X/S'}{e},
respectively.

Next is a special case of the double coset formula [30, Chapter X VIII, Theorem 4.3].
It can be verified directly by unwinding the definitions.

Fact 2.5 Forany a € {X, Y}Sl,
(10) Res$) Trd, (@) = o + ¢ ().

We end this subsection with an alternative description of the image of Trg =

Lemma 2.6 Let eg €S 0.8 ]E}G be the element represented by the inclusion map

1) S° = {0, 00} <> SR,

(This element is called the Euler class of I@.) Then the kernel of the map

(12) (X.7}9 5B, (x SR Ay)6

equals the image of the transfer map (6).

Proof There is a cofiber sequence S° —S RP GR,g (}R)Jr. Smashing this sequence

with X and applying the functor {*, S® A Y}% we get the exact sequence
(SRASR) ) AX, SRAY) 25 (SR A x, SR AYVG E, (x SR A0

So we see that the image of p4 equals the kernel of the map (12). The lemma follows

from the definition of Tr§,; see (7). O

2.1.2 The characteristic homomorphism We now define the characteristic homo-
morphism B
¢ {SGR-i-bH SdR}Sl 7

following [11], where a, b and ¢ are nonnegative integers with d > a + 2. This
homomorphism is of interest to us because the (family) Seiberg—Witten invariant can
be obtained by applying ¢ on the Bauer—Furuta invariant. Note that although R is trivial
as an S !—representation, we still distinguish it with R in order to keep track of the
Jj—action.

To define ¢, we take the smash product of the cofiber sequence
SO §PH _, SR A S(hH) 4
with the sphere S?R and get the cofiber sequence

(13) SR _, gaR+bH _, g@+DR 1 (pH).,.
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This induces the long exact sequence
14) - — {S(a-i-l)]R’ Sdﬂ’é}sl _ {S(a-i-l)R A S(bH)+, Sd]ﬁ}sl

s {SoR+bH Sdni}sl _ {goR Sd]ﬁ}sl .
Since d > a + 2, the equivariant Hopf theorem [14, Section 8.4] states that the stgble
homotopy class of an S!—equivariant stable map from SR or S@+DR (5 g dR g

determined by its mapping degree on the S!—fixed point sets. Since this mapping
degree is always 0 for dimension reasons,

{SQR, Sde}Sl — {S((l-i-l)R’Sdﬂi}Sl =0.
Therefore, we get an isomorphism
(15) %—: {S(a+1)R/\S(bH)+,Sd]§}S1 =, {SQR-i-bH’Sd]ﬁ}SI‘

Note that the S'—action on S@+DR A §(hH), is free away from the basepoint, with
quotient space S@tDR » (CP_%_b_l. By composing £~! with the isomorphism ¢ g1
given in (3), we get the isomorphism

(16) ¢ =ggi o~ ': {SURADH Sde}Sl =, (g@+DR ACP—ZFb—l’Sd]E}{e}'
Definition 2.7 Suppose d —a is an odd number less than or equal to 45 — 1. Then we
define the characteristic homomorphism
£ {SAR+PH Sdui}sl =7
by setting ¢ (o) as the image of 1 under the induced map on the reduced cohomology
(W (@) Z = 89(sR) > F9(s@tDR \Ccp2b-ty~ 7,

Here we use the standard orientations on S dﬂé, S@H+DR gpq cpz@=a=1 ¢4 identify
the homology groups as Z. If either d —a is even or d —a > 4b — 1, we simply define
t as the zero map.

To discuss the behavior of ¢ under the conjugation map ¢; defined in (8), we prove:
Lemma 2.8 Forany o € {SAR+6H gdRys'

¥(cj(@) = (=1)moy (),

where m € {(CP_%_b_l, (CP_%_I’_1 yie} is the “mirror reflection map” defined as

m([Zl,Zz,Z3,Z4, ce ’ZZb—leZb]) = ([—22,21,—24,23, e ,—22[,,22[,_1]) for Zj eC.
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Proof By formula (9), ¥ (cj(«)) equals the composition of () with the elements

je {Sd]li’ Sd]ié}{e}
and
j—l c {S(a-‘rl)]RACPib—I’S(a-i-l)R/\(CPib—l}{e}’

which are just (—1)? and a suspension of m, respectively. O
Corollary 2.9 Whend —a is odd, t(cj(a)) = (—1)%(3‘1_“_1%(05) for any «.

Proof When restricted to CP!, the map m is just the antipodal map, and so has
degree —1. Using the ring structure on H *(CP20~1), we see that m has degree
(—1)%(‘1_"_1) on HY (S@+DR | (CPib_l). The result follows from Lemma 2.8. O

We end this section with the following result, which is essentially the algebraic version
of the vanishing result for the Seiberg—Witten invariant of connected sums.

Lemma 2.10 Given any o € {S#R+b1H Sdlflé}sl and a € {SPR+b2H SdZ@}Sl,
we have t (a1ay) = 0if di > a; and dy > a,.

Proof The product oja, belongs to the group

(§(@rta)R+(b1+b)H S(d1+d2)ﬂ§}S1‘
Therefore, t(x1a;) can be nonzero only if dy + d, —ay — a, is odd. Without loss
of generality, we may assume d; —a is odd and d, — a;, is even. Since d; > a; for

i = 1,2, the group {S%R, S“’i]ﬁ‘}sl vanishes. By the long exact sequence (14), we see
that o; equals the image of some element

Bi e (S@HDR A S, STRYS! = (SR A (55H /50), SUR}S",

Here we identify S?H /S0 with S® A S(b;H)y by treating SR as the one-point
compactification of (0, +00) and sending v € H? \ {0} to (Jv], v/|v]) € (0, 00)x S (b; H).

Next, we consider the commutative diagram

Sbi+b)H 1, (b +b2)H / g0

(17) F ly

SblH/\szH 91742 (SblH/SO)/\(SbZH/SO)
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where ¢, ¢1, g and
y: S(b1+b2)]HI/SO

N S(b1+b2)H/((S0 A SbZ]HI) U (SbllHI A SO)) — (SblH/SO) A (szH/SO)
are all quotient maps. From (17), we see that

ay Nay = (BiAB2)o(qiNg2) = (B1 AB2)oyog.
Therefore, £ (x1az) = (B1B2)oy.
Moreover, checking the explicit construction of the map g g1 given in Fact 2.2, we see
that g g1 is also natural under the smash product and composition. Therefore,
V(ai0n) =gg1(§(@1a2)) = gg51(B1P2) 0 g1 (),

and gg1(B1B2) equals the composition
SltatDR A ((S(bH)+ A S(b2H)1)/S")

— (S@HDR A (S(byH)1)/S ") A (S@HDR A (S(byH)1)/ST))
a1 (B1)AGG1(B2) Sdl]}i/\SdZ]E

Because d, —aj, is even, the cohomology H% (S@2 DR 1 (§(h,H)4)/S')) equals 0.
So ¢g1(B2) induces the trivial map on the reduced cohomology. This implies that
¥ (ap02) induces the trivial map on H91+92(x). Hence, 7(ajc3) = 0. O

2.2 The Pin(2)-equivariant Bauer—Furuta invariant for spin families

In this section, we briefly summarize the definition and some important properties
of the Bauer—Furuta invariant for spin families. This invariant was originally defined
in [11] for a single 4—manifold. The family version was first defined in [35; 38] and
later extensively studied in [7; 9]. Because we want to construct the Bauer—Furuta
invariant as a concrete element in the G—equivariant stable homotopy group of spheres,
some care must be taken in the construction.

2.2.1 Spin structures on the circle family of 4-manifolds Let N be a smooth fiber
bundle whose fiber is a closed spin 4—manifold M and whose base is another closed
manifold B. For simplicity, we will make the following assumption throughout the

paper:
Assumption 2.11 The bundle N satisfies:

(i) M is simply connected.
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(i1) The signature o (M) is at most 0.

(iii)) Let M, be the fiber over the point x € B. Then the action of 7;(B, x) on
H?(My;Z) (given by the holonomy of the bundle) is trivial.

We equip N with a Riemannian metric and let Fr’(N) be the frame bundle of the
vertical tangent bundle of N. This is an SO(4)-bundle over N.

Definition 2.12 A spin structure s on N is a double covering map 7 : P — Fr’(N)
that restricts to a nontrivial covering map Spin(4) — SO(4) on each fiber. Two spin
structures (7, P) and (7/, P’) are called isomorphic if there exists a homeomorphism
P — P’ that covers the identity map on Fr’(N).

Definition 2.13 The pair (N, s) is called a spin family. Two spin families (N1, s1)
and (N,, s,) over the same base B are called “isomorphic” if there exists a bundle
isomorphism f: Ny — N, such that f™*(s,) is isomorphic to 5.

We are mainly interested in the case that B is a circle or a point. By Assumption 2.11,
N has a unique spin structure when B is a point and has two spin structures when B is
a circle. We give an explicit description of these two spin structures as follows: Let
ap - Pyr — Fr(M) be the covering map given by the unique spin structure on M . Then
the bundle N is obtained by gluing the two boundary components of M x [0, 1] via a
diffeomorphism f': M — M . The diffeomorphism induces amap fx:Fr(M)—Fr(M),
which has two lifts f*:t: Pyr — Ppy. These lifts differ from each other by the deck
transformation t: Pyy — Pps. We use f*ﬂE to glue the two boundary components of
Pyr x I and form two spin structures on N.

Definition 2.14 When N = M x S, the maps f*i are just the identity map and the
deck transformation 7. We call the associated spin structures over N the product spin
structure and the twisted spin structure, respectively. Let s be the unique spin structure
on M. Then we use 5 to denote the former and use §* to denote the latter.

For general M, the product family and the twisted family are not isomorphic. For
example, Kronheimer and Mrowka [26] established:

Example 2.15 The product family (K3 x S, §) and the twisted family (K3 x S!,5%)
are not isomorphic, as can be proved by the nonequivariant Bauer-Furuta invariant.

However, for the special case of S2 x S2, these two families are indeed isomorphic:
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Lemma 2.16 ((S%?x S?)x S',5) and ((S? x $?) x S, 5%) are isomorphic.

Proof There is an S!-action on S? with fixed points {0, co}. Weuse £: S xS? — §2
to denote this action. As x varies from 0 to 27, the induced map

(idg2 x E(x,+))x: T(0,0)(S% x S%) — T(0,0)(S? x S?)

gives an essential loop in SO(4). Using this fact, one can verify that the bundle
automorphism
F(S?x8?) xS - (82 x85?)x S!

defined by f(y1,y2,x) = (y1,E(x, y2), x) satisfies f*(§) = 57. a
2.2.2 Definition of the Bauer-Furuta invariant As in the case of a single 4—

manifold, a spin structure s gives rise to two quaternion bundles S* over N. Denote
by S xi the restriction of ST to the fiber M. Then the spin Dirac operator

D(My):T(S7)—T(Sy)

is a quaternionic linear operator. We form the operator D over N by putting D (M)
together.

Now we consider four Hilbert bundles V', V=, YT and ¢/~ over B. The fibers of
V* are suitable Sobolev completions of I'(S ;E), and the fibers of 4+ and U~ are
completions of Q! (M) and Qi(M ) @ QO(My)/R, respectively. We let G = Pin(2)
act on V* by left multiplication in the quaternions, and we let G act on U by setting
the S'-action to be trivial and setting the j—action as multiplication by —1.

The family Seiberg—Witten equations give a fiber-preserving G—equivariant map
Sw:utevt -u eV .

This Seiberg—Witten map can be written as / + ¢, where / is the fiberwise Fredholm
operator
l:=D&(d*.d*

and c is a certain 0" order operator. Furthermore, by the boundedness property of the
Seiberg—Witten equations [11, Proposition 3.1], SW extends to a map

SWT: (U+ & V+)oo - U BV o
between the one-point completions

UT BV oo 1= UT B VF) U {0}

Geometry & Topology, Volume 27 (2023)



Isotopy of the Dehn twist on K3 # K3 after a single stabilization 2001

To apply the finite-dimensional approximation technique on the map SW, we carefully
choose finite-dimensional subspaces of V¥ and 2/* as follows: First, we apply Kuiper’s
theorem [27] to get canonical trivialization of the bundles

(18) V-~ Bx L2 (H®) and UT = Bx L*([R%®).

Here L2 (%) denotes the completion with respect to the L?-norm. Choose 12, 7 >> 0 and
let Ut CU™ and V™ C V™ be the subbundles corresponding to the bundles B x H”"
and B x R under the isomorphism (18). Let H2Jr be the subbundle of &/~ consisting
of all self-dual harmonic 2—forms on M,. We set

U :=Hf ®(d*.d"Ut) cu .

(Note that (d T, d*) is injective by our assumption that b; (M) = 0.) We choose m large
enough so that V™~ is fiberwise transverse to D and we set V1 := D=1(V™) c V+.

Set WH:=UT@®V*tand W™ :=U~ @ V™. As explained in [11], when m and n
are large enough,
swrwhnsw—1t) =g,

where S(W 1) denotes the unit sphere in the orthogonal complement of W~ in
U~ @ V™. Therefore, by composing SW™ with a specific G—equivariant deformation
retraction

piU” BV oo \ S(IW ) — W,

one obtains a G—equivariant map
sw: Wb — W
w: Wi — Wg.

Restriction of (18) gives canonical trivializations of the bundles V™~ and U™*. By
Assumption 2.11, 7 (B) acts trivially on H?(My). Therefore, as explained in [26], a
homology orientation of M determines a canonical trivialization of H2Jr . At this point,
we have obtained canonical trivializations of U* and V ~. Using these trivializations,
we get the composition map

(19) (S"™EAVE) = WE S Wy o (S et M)RnE |
IR S(m—i—b"‘(M))]ﬁ-i—n]HI’

where pj denotes projection to the first factor.

From now on, we specialize to the case that B is a circle or point. Note that VT is a
quaternionic bundle of dimension n — %GU(M ) and the group Sp (n — %GG(M )) has
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trivial 7r; for i <2. So the bundle V't has a trivialization (canonical up to homotopy).
This trivialization allows us to fix an identification

Vi~ (S D/ | p
and rewrite the map (19) as a G—map
(20) Gv: SMRH—cON/1OH \ g glmtb+ (M)R+nH

which represents an element in [§w] € {S~(@M)/1O)H \ g Sb+(M)]E}G. By checking
the concrete construction of sw in [11], one establishes:

Fact 2.17 Consider the map smR By —> S (m+b (M)R given by restricting SW to
the S'—fixed point sets. This map can be explicitly described as the composition

Sm]li A By projection Smf@ inclusion S(m-i—b"'(f\l))ﬂé

Definition 2.18 Suppose B is a point. Then M = N and S~@M)/16H , B, —
S—@M)/IOH 1y this case, we define the G—equivariant Bauer—Furuta invariant as

BFC (M, 5) := [W] € {S—(U(M)/16)]H[’ Sb*‘(M)]I-i}G‘
We will neglect the spin structure s in our notation when it is obvious from the context.

Example 2.19 BFC(S*) is an element in {S°, S°}C represented by a G—map from
the S™R+7H 4 jtself. By the equivariant Hopf theorem [15, Chapter 11.4], such a
stable homotopy class is determined by its restriction to the S'—fixed points. Hence,
by Fact 2.17, we see that BFC(S%) = 1.

Example 2.20 BF®(S?x5?)e{S°, SR1G i represented by a G—map from S™R+7H
to §m+DR+7EH  Sych a map is also determined by its restriction on the S!—fixed

points. By Fact 2.17 again, we see that BE? (S2 x §2) = eg- Here eg is the Euler
class defined in (11).

When B is a circle, we identify it with the unit sphere S(2R) in S*R. Consider the
cofiber sequence
1) S(R) U {oo} — S° — §2R 2, gR 1 (§(2R) U {o0}).
The map p, which is just the Pontryagin—-Thom map for the inclusion S(2R) < S2R,
can be treated as a stable map from S® to B, . This stable map induces the map

P ASTEM/IOH g Sb+(M)]§<}G — (SR-@M/1OH Sb+(M)1Ié}G

that sends o to & o (idg— /161 A p).
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Definition 2.21 When B = S(2R) we define the G-equivariant Bauer—Furuta invariant

BFG(N,E) = p*[sw] € {SR—(U(M)/M)]HI’ Sb+(M)]§}G_

In either case, we define both the S'—equivariant and nonequivariant Bauer—Furuta
invariants as the restriction of the G—equivariant Bauer—Furuta invariant:

BF®' (N, s) := Res$, (BFC (N, 5)),
BF'}(N. 5) := Res{,,, (BF (N, )).

In [26], Kronheimer and Mrowka gave an alternative definition of BFt€} (N, 5): Take a
generic section 7 of the bundle W™ that is transverse to the map sw. Then the preimage
sw~1(r) is a manifold. When B is a point, the canonical trivializations of the bundles
W determine a stable framing on sw™' (). When B is S(2R), we fix a stable framing
on B that bounds a framed disk. Then together with the trivializations of W= this
determines a stable framing on sw™!(r). In [26], the family Bauer—Furuta invariant is
defined as the framed cobordism class of sw=!(r).

Recall that the framed cobordism classes of smooth n—manifolds are classified by
elements in the #n™ stable homotopy group of spheres. The following lemma states that
our definition of BF{¢} is essentially identical to Kronheimer and Mrowka’s definition.

Lemma 2.22 The framed cobordism class of sw™~!(r) is classified by the nonequivari-
ant Bauer—Furuta invariant BF*€} (N, 5).

Proof By Sard’s theorem, we can take r to be a constant section that sends the whole

(m+b+ (MOR+H Then sw—! () = s (o) and it is also

B to a generic point ry € S
the preimage of the point

{0} x rg € S]R+(m+b+(M))]I§+n]HI

under the composition

(22) (ldsﬁ A Sﬁ‘v)v) ° (ids(n—G(M)/l6)H+m]1§ A P) SZR+mR+(n_G(M)/16)H
_y GR+(m+bF(M)R+H

Because r is a regular value of sw and any point in {0} x B is a regular value of p,
we see that {0} x ¢ is indeed a regular value of the map (22). Recall that an element in
the stable group of spheres defines a stably framed manifold by taking the preimage of
a regular value and taking the induced framing. The proof is finished by observing that
the stable framing on B that bounds a framed disk (the one we used to fix the framing
on sw™!(r)) is exactly the framing induced by the inclusion B < S2R. O
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2.2.3 Some properties of the Bauer—Furuta invariant In this subsection, we sum-
marize some important properties of the Bauer—Furuta invariant. We start with a
vanishing result. Recall from Definition 2.14 that on the trivial bundle N = M x S! there
are two spin structures: the product spin structure § and the twisted spin structure 5°.

Lemma 2.23 The Bauer—Furuta invariants BF® , BFS " and BF'®} of the product spin
structure § are all vanishing.

Proof The cofiber sequence (21) induces a long exact sequence
o {(STOMD/IOH bt MIR\G &7, (—(M)/1OH \ g cb* (MR\G

27, (GR=(@(M)/16)H SbﬂM)ﬂ'é}G N

’

where ¢* is induced by the map ¢: By — S that preserves the basepoint and sends B
to the other point. By its definition, the map $w for (M x S!,§) is just a pullback of
the corresponding map for (M, s) via the map ¢. So [SW] € Image(¢*), which implies

BFO((M x S',5)) = p*([$W]) = 0.

The invariants BFS ! and BF%¢} vanish because BFY vanishes. O

Regarding the Bauer—Furuta invariant of the twisted spin structure, Kronheimer and
Mrowka [26] proved the following result by studying the stable framing on the moduli
space:

Proposition 2.24 We have
n-BF}(M,s) wheno(M) =16 mod 32,

23)  BF M x S1,57) =
23) (M %5757 { 0 when 32 [o/(M).

Here n € {S®, $9}{€} denotes the Hopf map.

Remark It would be interesting to prove a generalization of Proposition 2.24 for
BFC (M x S',57) and BFSI(M x ST 57).

Next, we give a connected sum formula for the family Bauer-Furuta invariants. This
formula was originally proved by Bauer [10] for a single 4-manifold.

To set up the theorem we let (N;, s;) fori = 1, 2 be two spin families over B = S(2R)
with fiber M;, both satisfying Assumption 2.11. To form the connected sum, we
pick sections y;: B — N;. By Assumption 2.11(i), the section y; is unique up to
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homotopy. We remove small standard 4-balls around these sections to form the family
N;—D*x S of 4-manifolds with boundary. Then we can form the fiberwise connected
sum by identifying the collars of their boundaries. To fix such an identification, we
need to choose a smooth family of orientation reversing isomorphisms

= {¢x Y1 (x)(Ml)x yz(x)(MZ)x}xeB-

We use N; # N, to denote the resulting bundle over B, with fiber M # M,. In
general, the result Ny # N, will depend on the choice of q‘) up to homotopy. Because
m11(S0(4))=2/2, there are essentially two choices.

Lemma 2.25 There exists exactly one choice of qg such that the spin structures s; and
5, can be glued together to form a spin structure on N # N,. We denote this choice
by ¢(51 §,) and denote the resulting spin structure by s1 #52

Proof Denote by ¢~Si the two choices of <;~5 Then they provide gluing maps
FEON; —D*x S > (N, — D* x S,

which differ from each other by a Dehn twist on d(N, — D* x S1). Under any boundary
parametrization d(N, — D* x S1) =2 §3 x S, this Dehn twist can be written as

t(v,x) = (@(x)v,x) for (v,x)eS3xS!,

where a: ST — SO(4) is an essential loop. Note that S x S, regarded as the product
S3_bundle over S!, has two family spin structures (the product spin structure and the
twisted spin structure), which are related to each other by «. We see that exactly one of
the two maps f* sends s la(v, —D4xs1) 10 $2|3(n,—D4xs1)- This finishes the proof.
We also note that when ¢ = ¢(s1,52), the gluing map on the boundary has two lifts
to the gluing map on the spin bundle, but they give isomorphic spin structures on the
connected sum. O

From the discussion above, there is a unique way to take the connected sum of two
spin families (©;, s;). The resulting spin family (N #
written as (Ny,s1) # (N3, 82).

$(s1,52) N,, 51 #5,) will also be

To talk about the Bauer—Furuta invariant of a connected sum, we also need to specify
a rule for homology orientation. Given homology orientations on My and M,, we
let the homology orientation on M7 # M, be defined by putting the oriented basis for
Hi (M) in front of the oriented basis for Her (M>). The following theorem is a family
version of Bauer’s connected sum formula [10]:
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Proposition 2.26 Let (M x S!,§) be the product family for some spin 4—manifold
(M, s). Then

BFY((Ny.s1)#(M x S'.5)) = BF¥ (N, 51) ABF7 (M. 5)
for H= G, S! or {e}.
Proof The proof is essentially identical to the single 4—manifold case in [10]; see [26]
for a sketch of the proof for the family version (in the nonequivariant setting). A

central step is an excision argument that builds a homotopy between the approximated
Seiberg—Witten maps sw (20) for the bundle

NiUM x SHu(S*x sh
viewed as a family over S! with fiber M; U M U S*, and the bundle
(N#(M xSHUS*xSH)u(s*xsh),

viewed as a family over S! with fiber (M #M )US*US*. This homotopy is constructed
by multiplying various sections by scalar-valued real cutoff functions and applying
various terms in the Seiberg—Witten map, which are all G—equivariant. Therefore, this
homotopy is G—equivariant. O

As a corollary, we get the following result, which computes the Bauer—Furuta invariant
under family stabilization:

Corollary 2.27 Consider the product spin structure 5y and the twisted spin structure
¢ over the product bundle ((S? x S?) x S1). Then, for any spin family (N, s) that
satisfies Assumption 2.11,

(24) BFC((N,s)#(((S* x %) x §1),50)) = BFC (N, 5) - e
and
(25) BFC (N, s)#(((S*x §%) x §1),5§)) = BFC (N, 5) - eg.

Here e € {S9°, S]R}G is the Euler class defined in (11).

Proof The formula (24) follows from Proposition 2.26 and Example 2.20. The formula
(25) follows from (24) and Lemma 2.16. O
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3 Proof of the main theorem

3.1 The key proposition

In this subsection, we prove the homotopy theoretic Proposition 3.2, which will be the
key ingredient in the proof of our main theorem.

Recall that the group {SR+2H g 6]ﬁ}s " admits a conjugation action ¢;; see (8). The

following lemma computes this group and this action:

.. . ™ 1 . . .
Lemma 3.1 The characteristic homomorphism ¢ : { SR T2H §ORVS™ _ 7 is surjective
and has kert = 7, /2. The conjugation action c; acts trivially onkert.

Proof Smashing the cofiber sequence S° — S2H — SR A (S(2H), ) with SR, we
get a cofiber sequence SR — SR+2H _, §2R \ (§(2H), ), which induces the long
exact sequence

s (S2R RS QR (52, ), SOB}S!
— (SR+2H S6]§}S1 — (SR Smﬁ}sl .

By the equivariant Hopf theorem [15, Chapter IL4 ], { SR, 56@ }S1 ={$R, Smﬁ‘}s1 =0.
Hence, we get the isomorphism

{SR-FZH, S6I§}Sl ~ {SZR /\(S(ZH)+), S6I§}Sl'

Note that the S'-action on S?R A (S(2H).) is free away from the basepoint. By
Fact 2.3, ~ B
(SR A (SQH)4). S = (2R A (CP3), SRy,

The cofiber sequence CP} — CP3 — CP3/CP! induces the exact sequence
(S7B A (CPL), SRYE o (578 A (CPY), SR}
— (S’ A (CP3/CP), SR} s (57R 5 (CPL), SR},
By the cellular approximation theorem,
{S7B A (CPL), SRS — (§7R A (CPL), SR} — ),
So we obtain the isomorphism

{S?R A(CPY), SR} = (§7R A (CP?/CPY), 5B},
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To understand the stable homotopy type of CP3/CP! as a nonequivariant space, we
let x be the generator of H?(CP?;Z/2). Then the total Steenrod square is given by

Sq(x) = Sq°(x) + Sq*(x) = x + x2.
By the Cartan formula,
Sq(x?) = (x +x%)? =x2 € H*(CP3;Z/2).

In particular, Sq?(x2) = 0, which implies that the attaching map between the 6—cell
and the 4—cell in CP3, regarded as an element in the stable homotopy group | = Z /2,
is trivial. Therefore, we conclude that CP3/CP! is stably homotopy equivalent to
SOR \/ §4R This implies

(SR A (CP3/CPY), SRV — oy =720 7.

The projection to the mp—summand can be alternatively defined as the mapping degree
on H(x;Z), so it is exactly the characteristic homomorphism #. We have shown that
t is surjective with kernel Z/2. By Corollary 2.9, we have #(cj(a)) = () for any
o € {SRA2H S6R}Sl. So ¢j must send ker 7 to ker¢. Since ker? = 7 /2, ¢; must act
trivially on it. |

Proposition 3.2 Let o be an element in {SRT2H §O6R\G that satisfies the conditions

t(Resg1 (@)) =0 and o-eg=0.
Then Resg1 (@) =0.

Proof By Lemma 2.6, we see that ¢ = Trgl(,B) for some B € {SR+2H S6]§‘}Sl.
Therefore, by the double coset formula (10), Resg (o) = B +c¢j(B). By Corollary 2.9,

0=1(B+¢j(B)) =2t(p).

So B is in the kernel of ¢, which is Z /2 by Lemma 3.1. By Lemma 3.1 again, ¢; (8) = .
So Res§, () =28 =0. O

3.2 Proof of Theorem 1.2

Let X; be the K3 surface and Xy = S? x S2. Let s; be the unique spin structure on
X; fori =0, 1. We consider the Dehn twist

SIXI#XI —)XI#XI
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along the separating S3 in the neck. We want to show that § is not smoothly isotopic
to the identity map even after a single stabilization. Without loss of generality, we may
assume that the stabilization is done in the first copy of X;. Then we need to show that
the map

8 i=lidy, #6: Xo# X1 # X1 — Xo# X1 # X,

is not smoothly isotopic to the identity map. As in [26], we will prove this by forming
the mapping torus

Nis := ((Xo# X1 #X1) x[0,1])/(x,0) ~ (8°(x). 1)
and showing that it is a nontrivial smooth bundle over S!.

By Lemma 2.23, the product spin structure over the trivial bundle has vanishing BFC.
So, it suffices to show that both spin families associated to Ngs have nontrivial BEC.

To prove this, we consider the product family (X; x S',5;) and the twisted family
(X; x ST, s7). By the discussion in [26, begining of Section 5], the mapping torus Ns
can be formed as the fiberwise connected sum

(X1 x SN #p, 51y (X1 x S,
Therefore, the bundle Ngs can formed as the fiberwise connected sum

(XoxSl)#(p(gO’g])(Xlel)# f) (XIXSI)

(1,5
as well as the fiberwise connected sum
(Xo x 81 #y(r 5m) (X1 X SH #yr 5 (X1 x ST).

The two spin families associated to Ngs are

(Xo x S',50)# (X xS, 5 #(X; x S',5T)
and
(Xox SLa0)# (X x ST, 5D #(X; x S',5).

We will show that
BEY((Xo x S'.50) # (X1 x S1.51) # (X, x S'.57)) #0,
and the other family is similar. We use « to denote the element

B (X1 x 81 81)# (X1 x §1,57)) e {sB2H, sy,
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By Proposition 2.26, Resg1 () can be decomposed as the product of the elements
BFS' (X1.51) e {SH $31S" and  BFS' (X, x §'.57)) e {SRTH g3RyS!,

By Lemma 2.10, the Seiberg—Witten invariant Z(Resg . (@)) equals 0. (This can also be
proved by checking the explicit description of the Seiberg—Witten moduli space given
in [26].)

By Corollary 2.27,
BFC((Xo x S".50) # (X1 x S', ) # (X1 x S'.5])) = - e55.

For the sake of contradiction, suppose «-eg = 0. Then, by Proposition 3.2, Resg1 (x) =
0, which implies

BF (X] x S1,51) #(X; x S5 = Res{Ge}(oz) = Resfel} oResg1 () =0.

However, Kronheimer and Mrowka [26, Proposition 5.1] computed this nonequivariant
Bauer—Furuta invariant as 73 # 0 € 3. (The Kronheimer-Mrowka definition of BF{¢}
coincides with ours because of Lemma 2.22.) This is a contradiction and our proof is
finished.
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Cellular objects in isotropic motivic categories

FABIO TANANIA

Our main purpose is to describe the category of isotropic cellular spectra over flexible
fields. Guided by Gheorghe, Wang and Xu (Acta Math. 226 (2021) 319-407), we
show that it is equivalent, as a stable co—category equipped with a 7—structure, to
the derived category of left comodules over the dual of the classical topological
Steenrod algebra. In order to obtain this result, the category of isotropic cellular
modules over the motivic Brown—Peterson spectrum is also studied, and isotropic
Adams and Adams—Novikov spectral sequences are developed. As a consequence,
we also compute hom sets in the category of isotropic Tate motives between motives
of isotropic cellular spectra.

14F42

A list of symbols can be found on page 2046.

1 Introduction

Isotropic categories are local versions of motivic categories, obtained by, roughly
speaking, killing all anisotropic varieties. Although they often have a handier structure
than their global versions, they exhibit some key characteristics of both motivic and
classical topological phenomena. In [21], Vishik introduced the isotropic triangulated
category of motives and computed the isotropic motivic cohomology of the point,
which is strongly related to the Milnor subalgebra. By following this lead, we studied
in [19] the isotropic stable motivic homotopy category. In particular, we identified the
isotropic motivic homotopy groups of the sphere spectrum with the cohomology of the
topological Steenrod algebra, ie the E,—page of the classical Adams spectral sequence.
These results are quite surprising since they show that topological objects naturally
arise from isotropic environments, which could lead to a fruitful exchange between
topology and isotropic motivic theory.

Motivic categories, constructed by Morel and Voevodsky (see [16; 23]) in order to
study algebraic varieties by topological means, are extremely rich categories. Even
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over an algebraically closed field they are more complex than the respective topological
counterparts. For example, while every object in the classical stable homotopy category
is cellular (built up by attaching spheres), not every motivic spectrum is cellular, since
many algebrogeometric phenomena come into the picture. In spite of this, it is still
interesting to understand the structure of the category of cellular objects in motivic
stable homotopy theory. This project was initiated by Dugger and Isaksen in [3] and
much attention has been dedicated to it since then. Our work, in particular, is concerned
with understanding the structure of the subcategories of cellular objects in isotropic
categories, which we believe could shed light on the deep interconnection with topology.

We have already highlighted that motivic categories are particularly challenging to
study. For example, one of the difficulties that one does not encounter in classical
topology is the presence of an object t that appears in various incarnations throughout
motivic homotopy theory, sometimes as an element of the motivic cohomology of
the ground field and sometimes as a map in the 2—complete motivic stable homotopy
groups of spheres. Hence, the principal task is to first find some substitutes for the
original motivic categories and tools which could help in the process of analyzing them.
In the case of algebraically closed fields, for example, topological realization is a very
helpful tool since it allows us to study the initial motivic category by looking at its
deformation t = 1, which happens to be just the classical stable homotopy theory; see
Dugger and Isaksen [4]. However, in this process part of the information is lost, so one
can try to recover it by studying other deformations, for example r = 0. This was done
by Isaksen in [9], Gheorghe in [5] and Gheorghe, Wang and Xu in [6]. More precisely,
in [9] the stable motivic homotopy groups of Ct, the cofiber of 7, are identified with the
E,—page of the classical Adams—Novikov spectral sequence, while in [5] the motivic
spectrum Ct is provided with an E—ring structure inducing an isomorphism of rings
with higher products between 74« (C 1) and the classical Adams—Novikov E,-page. A
parallel result for isotropic categories was obtained in [19], where the isotropic sphere
spectrum X was equipped with an E —ring structure inducing an isomorphism of rings
with higher products between 74« (X) and the classical Adams E,—page. Moreover,
in [6] the category of Ct—cellular spectra is described, and is proved to be equivalent
as a stable co—category equipped with a t—structure (see Lurie [13]) to the derived
category of left BP.BP—comodules concentrated in even degrees, where BP is the
Brown—Peterson spectrum and BP4BP its BP-homology.

We intend to follow a similar path for isotropic categories. Recall that a field k is
called flexible if it is a purely transcendental extension of countable infinite degree over

Geometry & Topology, Volume 27 (2023)
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some other field. In our situation it is really essential to work over flexible fields since,
as highlighted in [21], these are the ground fields over which the isotropic categories
behave particularly well. For example, over algebraically closed fields, due to the lack
of anisotropic varieties, the isotropic category would be just the same as the original
motivic category, so in this case the isotropic localization produces nothing new. We are
encouraged by the evident parallel between the computations of 74 (C7) over complex
numbers (see [5; 9]) on the one hand, and of 744 (X) over flexible fields (see [19]) on
the other. More precisely, we have been guided by the idea that studying the isotropic
stable motivic homotopy category over a flexible field is similar in some sense to
studying the stable oo—category of Ct—cellular spectra in the motivic stable homotopy
category over complex numbers. Indeed, they obviously share some common features
which is highlighted by our main theorem:

Theorem 1.1 Let k be a flexible field of characteristic different from 2. Then there
exists a t—exact equivalence of stable co—categories

Db (Ax—Comody) = %_MOdc[:)ell,HZ /20

where Ay is the classical dual Steenrod algebra and %—Modi’ ell,HZ /2 is the stable co—
category of HZ /2—complete X—cellular modules having MBP—-homology nontrivial in
only finitely many Chow—Novikov degrees (the superscript “b” stands for “bounded’;
see Definition 8.4).

As a consequence, we obtain that the category of isotropic cellular spectra is completely
algebraic, which makes it easier to study. Moreover, it is deeply related to classical
topology, as foreseeable from results in [19; 21].

In order to achieve our main results, we need several tools. In particular, it is necessary
to develop and study isotropic versions of both the Adams spectral sequence and
the Adams—Novikov spectral sequence. This requires a focus on the motivic Brown—
Peterson spectrum MBP (see Vezzosi [20]) from an isotropic point of view. In particular,
we note that the isotropic Brown—Peterson spectrum is an E —ring spectrum, in contrast
to the topological picture where BP has been shown not to admit an Es—ring structure
by Lawson in [11]. Then we use techniques developed by Gheorghe, Wang and Xu
in [6], based on Lurie’s results (see [13]), to first describe in algebraic terms the
category of isotropic MBP—cellular modules, and then the category of all isotropic
cellular spectra. Finally, we are also able to provide some results about the cellular
subcategory of the isotropic triangulated category of motives, ie the category of isotropic
Tate motives.
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Outline We now briefly present the contents of each section. In Section 2, we provide
our main notation. Then we move on to Section 3 by recalling isotropic categories
and their main properties, mostly referring to results in [19; 21]. Since we are mainly
interested in cellular objects, we recall in Section 4 definitions and some of the main
results from [3], which are useful in the rest of the paper. Section 5 is devoted to a deep
analysis of the isotropic motivic Adams spectral sequence, which was already initiated
in [19]. These results are used in Section 6 to study the motivic Brown—Peterson
spectrum from an isotropic perspective. In particular, we compute its isotropic stable
homotopy groups. Sections 7 and 8 are modeled on Sections 3, 4 and 5 of [6]. More
precisely, in Section 7 we endow the isotropic motivic Brown—Peterson spectrum with
an E-ring structure, and then identify, as a triangulated category, the category of
isotropic MBP—cellular spectra with the category of bigraded F,—vector spaces. In
Section 8, after developing an isotropic Adams—Novikov spectral sequence, we describe
the category of isotropic cellular spectra in algebraic terms as the derived category of
comodules over the dual of the Steenrod algebra equipped with a 7—structure. Finally,
in Section 9, we provide an algebraic description of the hom sets in the category of
isotropic motives between motives of isotropic cellular spectra, which is a step forward
in understanding the category of isotropic Tate motives.

Acknowledgements [ would like to thank Alexander Vishik for very helpful comments
and Dan Isaksen for having pointed out to me the work by Gheorghe, Wang and Xu on
which this paper is modeled. I am extremely grateful to Tom Bachmann for very useful
remarks. I also wish to thank the referees for very useful comments which helped to
improve the exposition and to simplify Section 7.

2 Notation

We denote hom sets in SH(k) by [-,-] and the suspension S??2 A X of a motivic
spectrum X by X792 X. Moreover, if E is a motivic E,—ring spectrum, the stable
oo—category of E—modules (see [13]) is denoted by E—Mod, its smash product by
- Ag - and hom sets in its homotopy category by |-, - ]|g.

If R is an algebra and C a coalgebra, then we denote by R—Mod and C—Comod
the categories of left R—modules and left C—comodules, respectively. Hom sets in
these categories are both denoted by Homg( -, -) and Hom¢ (-, - ), and it will be clear
from context if they are meant to be hom of modules or comodules. For a bigraded
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object My« (resp. M **) we denote by X729 My, (resp. X279 M **) its suspension, the
bigraded object defined by P I M, p = My, p—, (resp. P4 M@0 = patrbtay,
The convention for bigraded homomorphisms between bigraded objects is

Hom?9 (M, Nix) = Hom® (279 My, Nis)
and
Hom?4(M**, N**) = Hom* (P9 M** N*¥),

where Hom?%?( -, -) denotes the bidegree-preserving homomorphisms. Moreover, the
bounded derived categories of R—Mod and C—Comod are denoted by Db (R-Mod)
and D?(C-Comod), respectively.

3 Isotropic motivic categories

In this section we want to introduce the main categories we consider, namely isotropic
motivic categories. These categories are built from the respective motivic ones by
killing all anisotropic varieties. We refer to [19, Section 2; 21, Section 2] for more
details on the construction and properties of isotropic categories.

Let us recall first the definition of flexible field from [21]:

Definition 3.1 A field k is called flexible if it is a purely transcendental extension of
countable infinite degree: k = ko(t1, 2, .. .) for some other field k.

Henceforth we assume k is a flexible base field of characteristic different from 2. We
proceed by recalling the definition of a fundamental object in SH (k) for the construction
of the isotropic stable motivic homotopy category SH(k/ k).

Definition 3.2 Denote by Q the disjoint union of all connected anisotropic (mod 2)
varieties over k, ie varieties which do not have closed points of odd degree, and by
C (Q) its Cech simplicial scheme C (0)n = O"F! with face and degeneracy maps
given by partial projections and partial diagonals, respectively. We define the isotropic
sphere spectrum X as Cone(Ej’_o(v,‘(Q) — S) in SH(k).

We recall from [19, Section 2] that X is an idempotent monoid, that is, there is an

equivalence X A X = X induced by the map S — X, and so it is an Eo—ring spectrum;
see [19, Proposition 6.1].
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Definition 3.3 The full triangulated subcategory X A SH (k) of SH(k) will be called
the isotropic stable motivic homotopy category and denoted by SH(k/ k).

This triangulated category has very nice properties. In particular it is both localizing
and colocalizing; see [19, Section 2]. The very same construction was done first for
DM(k) by Vishik in [21] by tensoring the triangulated category of motives with the
idempotent M (X), where M : SH(k) — DM(k) is the motivic functor.

Definition 3.4 The full triangulated subcategory M (X) ® DM (k) of DM (k) will be
called the isotropic category of motives and denoted by DM (k/ k).

The following result tells us that the isotropic stable motivic homotopy category is
nothing but the stable co—category of X—modules:

Proposition 3.5 There is an equivalence between the isotropic stable motivic homotopy
category SH(k/ k) and the stable co—category X-Mod of modules over the motivic
Eso—r1ing spectrum X.

Proof This follows immediately from [13, Proposition 4.8.2.10]. |

Remark 3.6 Since by construction X kills all anisotropic varieties, it kills in particular
nontrivial quadratic extensions. Consider an element x in k such that neither x nor —x
is a square. Then X A % Spec(k(+/x)) and X A ° Spec(k(y/—x)) are both zero.
This implies that the Euler characteristics of Spec(k(+/x)) and Spec(k(/—x)), which
are equal to (2)(1 + (x)) and (2)(1 + (—x)), respectively, in 7 o(S) = GW(k) (see
[12, Corollary 11.2; 15, Theorem 6.2.2]), vanish in g o(X). It follows that 1 4 (x)
and 1 4 (—x) vanish in g o(X) and so does their sum

24 (x) 4 (—x) =24+ (1) + (1) =3+ (1)

Hence, —3 = (—1), and so 9 =1 (so 8 = 0) in 7¢,¢(X). From all this one deduces that

X is 2—power torsion.!

We are now ready to define isotropic motivic homotopy groups and isotropic motivic
homology and cohomology.

Definition 3.7 Let X be a motivic spectrum in SH(k). Then the isotropic stable
motivic homotopy groups of X are defined by

TX) = [S**, XA X] = mex (XA X).

1T am grateful to Tom Bachmann for this argument.
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Recall that motivic cohomology with Z /2—coefficients is represented by the motivic
Eilenberg—Mac Lane spectrum HZ /2. Then we define isotropic motivic cohomology
as the cohomology theory represented by the motivic E—ting spectrum X A HZ /2.

Definition 3.8 For any X in SH(k), we define the isotropic motivic cohomology of X

as
(X)) = [X, S (X AHZ/2)]

and the isotropic motivic homology of X as
HS(X) =[S*™* X AHZ/2 A X] = Hyn (XA X).
The isotropic motivic cohomology of the point was computed by Vishik:
Theorem 3.9 [21, Theorem 3.7] Let k be a flexible field. Then for any i > 0 there
exists a unique cohomology class r; of bidegree (=2 + 1)[—2/1 + 1] such that
H**(k/k) = AF, (ri)izo

and Qjr; = §;j, where the Q; are the Milnor operations.
At this point, we want to introduce the isotropic motivic Steenrod algebra A**(k / k)
and its dual A« (k/k). They are defined as the isotropic motivic cohomology and
homology, respectively, of the motivic Eilenberg—Mac Lane spectrum.
Definition 3.10 The isotropic motivic Steenrod algebra is defined by
A (k/k)=Hzf(HZ/2)=[HZ/2, Z** (X AHZ/2)| = [XAHZ /2, ** (X AHZ/2)]
and its dual by

Asx(ke/ k) = HS(HZ /2) = [S**, X AHZ /2 AHZ/2).

The structure of A**(k/k) was studied in [19, Section 3]. We summarize the main
results:

Proposition 3.11 [19, Propositions 3.5, 3.6 and 3.7] Let k be a flexible field. Then
there exists an isomorphism of H**(k /k)— M**—bimodules
A (k/ k) = H™ (k/ k) ®F, §** ®F, M™,

where M** is the Milnor subalgebra Ay, (Q;)i>o and G** is the bigraded topological
Steenrod algebra, ie G2"" = A",
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By projecting the motivic Cartan formulas (see [24, Propositions 9.7 and 13.4]) to the
isotropic category, one gets a coproduct on A**(k/k) given by

A" = Y S ®Se¥. A(Q)=0i®1+1® 0.
i+j=n

This coproduct structures A**(k/k) as a coalgebra whose dual is described as an
H.,..(k/ k)—algebra by
Hoo (k1T Eli>0.
Asn (/) = wx (K / )[le &jliz0,j>1
(T,‘ )
where 7; is the dual of the Milnor operation Q; and &; is the dual of the motivic
cohomology operation quj .- Sq>.

[24, Lemma 12.11])

’

The coproduct in A« (k/k) is given by (see

k ) k )
VE) =Y 5L ®& Y@ =) E®nut+uel
i=0

i=0

Remark 3.12 By Proposition 3.11, the projection from A**(k/ k) to its quotient by
the left ideal generated by Milnor operations provides a homomorphism

A (k/k) — H**(k/k) ®F, G**.

This map induces a left A**(k / k)—action on H**(k/k) @, G** and, dually, a left
A (k / k)—coaction on Hyx (k / k) @F, Gsx, Where Gy is the subalgebraIF5[£, &5, ... .

4 Cellular motivic spectra

We are mostly interested in cellular objects of isotropic motivic categories. We recall
from [3, Remark 7.4] that the category of cellular motivic spectra, which we denote
by SH(k)cen, is the localizing subcategory of SH (k) generated by the spheres X7+9S.
Similarly, the category of Tate motives, which we denote by DM (k) 1y, is the localizing
subcategory of DM (k) generated by the Tate motives T (¢q)[p]. If E is a motivic Eoo—
ring spectrum, then we denote by E-Mod, the stable co—category of E—cellular
modules, meaning the localizing subcategory of E-Mod generated by 79 E.

Definition 4.1 The category of X—cellular modules will be called the category of
isotropic cellular motivic spectra, and is denoted by SH(k/k)cen. In the same way, the
full localizing subcategory of DM (k/ k) generated by the objects M (X)(q)[p] will be
called the category of isotropic Tate motives, and is denoted by DM (k / k) Tate.-
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A fundamental property of the category of cellular objects is that isomorphisms can be
detected by motivic homotopy groups:

Proposition 4.2 [3, Corollary 7.2 and Section 7.9] Let E be a motivic E-ring
spectrum and X — Y be a map of E—cellular motivic spectra that induces isomorphisms
on w4 forall p and g in Z. Then the map is a weak equivalence.

Another essential advantage of dealing with cellular objects is that they allow the
construction of very useful convergent spectral sequences.

Proposition 4.3 [3, Propositions 7.7 and 7.10] Let E be a motivic E~,—ring spectrum
and N aleft E—module. If M is a right E—cellular spectrum then there is a strongly
convergent spectral sequence

E2, = Tor™ ) (e (M), m4x(N)) = mg0.u(M AE N).

S\t u = S,t,u
If M is a left E—cellular motivic spectrum then there is a conditionally convergent

spectral sequence

E;’t,u = EthT’i;u(E)(ﬂ**(M)’ Txx(N)) = [Et_s’uM’ N]E

5 The isotropic motivic Adams spectral sequence

In this section we recall the construction of the isotropic motivic Adams spectral
sequence; see [19, Section 4]. Moreover, we study the circumstances under which the
E,—page is expressible in terms of Ext—groups over the isotropic motivic Steenrod
algebra.

Definition 5.1 Let Y be an isotropic motivic spectrum (an object in X-~Mod). Then
the standard isotropic motivic Adams resolution of Y consists of the Postnikov system

cor —— (XAHZ/2)M AY XAHZ/2ANY ———— Y

S | I

XAHZ/2AN(XAHZ/2)M AY XAHZ/2ANXAHZ/2ANY XAHZ/2AY

where X A HZ /2 is defined by the exact triangle in SH(k)
XAHZ/2—S— XAHZ/2 - 21X AHZ/2.
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By applying motivic homotopy groups functors 7y to the previous Postnikov system
we get an unrolled exact couple, which induces in turn a spectral sequence with E{—page
described by

EPM > s (X AHZ/2 A (X AHZ/2)™ AY)
and first differential
AP s (X AHZ/2 AN (X AHLZ/2)™ AY)
— s 1y (XAHZ/2 A (XEAHZ/2)MSTIAY).
In general, differentials on the E,—page have tridegrees given by
ds,t,u. Es,t,u — Es+r,t+r—1,u
r * r r °
We call this spectral sequence the isotropic motivic Adams spectral sequence.
The isotropic Adams spectral sequence converges to the homotopy groups of a motivic

spectrum closely related to Y, namely its X A HZ/2-nilpotent completion, which

we denote by Y1 . /2

construct the E—nilpotent completion of a spectrum Y for a homotopy ring spectrum E'.

Before proceeding, let us recall from [2, Section 5] how to

Definition 5.2 Let £ be a homotopy ring spectrum and Y a motivic spectrum in
SH(k). First, define E by the distinguished triangle in SH (k)

E—>S—E—>3xWE.
Then define E, as Cone(EA*T1 — S) in SH(k). This way one gets an inverse system
i > E,ANY > > E{AY > EgAY,

and the E—nilpotent completion of Y is the motivic spectrum Y7 = holim(E, A Y).

Note that, by [19, Proposition 2.3], if ¥ is an isotropic motivic spectrum so is Yg.

Proposition 5.3 Let Y be an isotropic motivic spectrum. If Lini EYM" =0 for any s,

t and u, then the isotropic motivic Adams spectral sequence for Y is strongly convergent
to the stable motivic homotopy groups of the HZ /2—nilpotent completion of Y .

Proof By [2, Proposition 6.3; 4, Remark 6.11], under the vanishing hypothesis
on lim! E&"*, the isotropic motivic Adams spectral sequence strongly converges to
<~r

n**(YBé\/\HZ/

nilpotent and X A HZ /2-nilpotent completions coincide. In fact, after smashing the

,)- It only remains to notice that, since Y is an X-module, its HZ /2~
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morphism of distinguished triangles

HZ/2 S HZ/2 »1.0HZ /2

l | l

XAHZ/2 ——S —— XAHZ/2 —— 210X AHZ/2

with X, one gets

XAHZ/2 X XAHZ/2 —— 21X AHZ/2

| |2 l

XAXAHZ)2 —— X —— XAXAHZ/2 —— ZOX A X AHZ/2

since X is an idempotent in SH (k). It follows that X AHZ /2 =~ X AX AHZ/2, and
so X AHZ /2, = X A (X AHZ/2), for any n. Therefore, since Y =~ XA Y,

Yx/\/\HZ/2 =holim((X AHZ/2), AY) = holim(X A (X AHZ/2)y AY)
=~ holim(X AHZ /2, AY) = holim(HZ /2, AY) = YI—?Z/Z' O

Remark 5.4 By [14, Section 5.2 and Theorem 1.0.3], the HZ /2—completion of a
connective motivic spectrum coincides with its (2, n)—completion. Since all isotropic
motivic spectra are 2—power torsion (see Remark 3.6) and so 2—complete, the previous
result establishes the convergence of the isotropic Adams spectral sequence for a con-
nective isotropic spectrum to the motivic stable homotopy groups of its n—completion.

s,tu

Definition 5.5 A spectral sequence { E;’""} is called Mittag-Leffler if for each s, ¢

3 ’ty ’ty
and u there exists r¢ such that E}"""% =~ E3" whenever r > ry.

Note that every Mittag-Leffler spectral sequence satisfies the condition lim! ESP =0
Pa—

for any s, t and u; see [2, after Proposition 6.3]. We will see that in many important

cases the isotropic Adams spectral sequence is Mittag-Leffler, which guarantees strong

convergence.

Now, we would like to understand what conditions we need to impose on Y in order to
be able to express the E,—page of the isotropic Adams spectral sequence in terms of
Ext—groups over the isotropic motivic Steenrod algebra. In order to do so, we need the
following lemmas.

Lemma 5.6 Let k be a flexible field and Y an object in X-Mod. Then there exists an
isomorphism of left Hyx(k /k)—modules

HEX(XAHZ/2AY) = A (k[ 5) @, (k) HEL(Y).
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Proof Since by [8, Theorem 5.101 HZ /2 AHZ/2 is a split HZ /2-module, ie it is
equivalent to a wedge sum of the form \/ . 4 XP*9*HZ/2,

Asse(k/ k) = 745 (X AHZ /2 AHZ ) 2) = n**( \/ TPl (%A HZ/Z))

a€A

> (P =P, (X AHZ/2) = @D BP9 Hy (k[ k).
a€A a€A

Now, let Y be any object in X-Mod. Then
HE(XAHZ/2AY) = max (X AHZ/2ANHZ/2AY)

~ n**( \/ TP (X AHZ/2 A Y))
a€A
=~ P P ms (X AHZ/2AY)
a€A
= (P sPete HIN(Y) = A (k) 5) ® g1, k10 HE(Y). O
a€A
Remark 5.7 By the previous lemma, the map ¥ — X A HZ/2 A Y induces in
isotropic motivic homology a coaction HI(Y) — Asx(k/k) Q H,x (k) k) HE(Y),
which structures Hi°(Y) as a left Ay (k/k)—comodule.

Next we show that, if the homology of an isotropic cellular spectrum Y is free over
H...(k/ k), then the motivic spectrum X AHZ/2 A Y is a split XAHZ /2-module.

Lemma 5.8 Let k be a flexible field and Y an object in X—-Mod,.y such that Hff(Y )
is a free left Hyx(k/k)—module generated by a set of elements {xy}qec 4, Where X
has bidegree (qo)[p«]. Then there exists an isomorphism of spectra

\/ =Pt (X N\HZ/2) = X AHZ/2 Y.

aeA
Proof Since H*%(Y) 2 74+« (X AHZ/2 AY), we can represent each generator Xy as
amap XPx9%S - X AHZ/2AY, where (¢4)[pa] is the bidegree of x,. For all « € A,

this map corresponds bijectively to a map XP«9¢(X AHZ/2) > X AHZ/2 A Y of
XAHZ /2—cellular modules. Hence, we get a map

\/ TP (X AHZ/2) > X AHZ/2AY

a€A
of XAHZ/2—cellular modules. In order to check that it is an isomorphism, by
Proposition 4.2 it is enough to look at the induced morphisms on homotopy groups.
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Indeed, we have, on the one hand,

n**( \/ TPt (XAHZ /2)) = (P SPete i (RAHZ /2) = ) SP9 Hin (k / k)

a€A a€A acA

and, on the other,

Tax(XAHZ/2AY) = ) Huw(k/ k) - Xa,
acA
by hypothesis. By construction, the map we are considering induces in homotopy
groups the homomorphism of Hy(k / k)-modules

n**( \/ Ep“’q“(%/\HZ/D) — Tax(XAHZ/2AY)

a€A

which sends 1 € XPa49« H, . (k/k) to xo for any o € A4, so it is an isomorphism. [

The next lemma provides us with a condition under which the isotropic cohomology of
a spectrum is dual to its isotropic homology.

Lemma 5.9 Let k be a flexible field and Y an object in X-Mod such that there is an
isomorphism X AHZ /2 NY = \/ e 4 2P (X AHZ/2) for some set A. Then for
any bidegree (q)[p] there is an isomorphism

HGH(Y) 2 Hom P il o (HL2(Y), Ho e/ 10)).

iso

Proof Since X AHZ/2AY = \/ e 4 TP (X AHZ/2) by hypothesis,

HS2(Y)=[S** X AHZ/2 A Y] [s**, \/ srete (%/\HZ/Z)]
a€A
>~ (P BP9 Hyw(k [ k),
a€A

from which it follows that

Hom " 1o (H3d (V). Hiw G/ 1) 2= [ ] Hpo—p.ao—a K/ ).
acA

On the other hand, we have the chain of isomorphisms

HP9(Y) =Y, ZP9X AHZ/2)] = [X AHZ/2 A Y, =79 (X AHZ/2)]xAnz /2

iso

~ [ \/ =Pt (X AHZ/2), Ep’q(%/\HZ/2)i|

a€A XAHZ/2
~ [ \/ srete, E”’q(%/\HZ/2)] > [ | Hou-p.au—a(k/k). O
acA a€A
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We now define a certain concept of finiteness which suits the isotropic environment:

Definition 5.10 A set of bidegrees {(¢q)[pal}ac4 is isotropically finite type if, for any
bidegree (g)[p], there are only finitely many o € A such that p — py > 2(q¢ — qo) = 0.
Moreover, we say that a set of bigraded elements {xq }qe 4 is isotropically finite type if
the corresponding set of bidegrees is so.

Lemma 5.11 Let k be a flexible field and {(qy)[pal}ac4 an isotropically finite type
set of bidegrees. Then for any bidegree (q)|[ p], the obvious map

Tp.q (:{ A\ TPtz /2)

a€A

a€A
is an isomorphism.

Proof First note that, for any bidegree (¢)[p], one has the commutative diagram
7pg(X AV qen TPe9HL/2)

Hom”y L, /o (H2 (\ e g ZPe9«HZ/2), H** (K k))

Homg! (e 4 P9y, H** (k/ k)

\>

Hom” 2. /1) (Bgeq BP9 A (k [ k), H™* (k / k))

The left vertical arrow is the isomorphism described by the chain of equivalences

n,,,q(am \/ szquZ/z) > (P 7p.q(X A XP*IHZ/2)

a€A a€A
~ @ HPe— P4 (| [ ) ~ 1_[ HPe=PAe=4 (k[ k)
a€A ac€A
= [ | Homf:? (577 "4F,, H*™* (k/ k))
a€A
~ Homﬁf( P =P F,, H** (k /k)),

ac€A
where the identification

@ HPe=PAa=d (k[ ) l_[ HPe=PAe=d (k[ k)

a€A a€A
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is due to the fact that the set {(¢q)[pallaca is isotropically finite type, so for any
bidegree (g)[p] the group HP*~P-9«~4 () / k) is nonzero only for a finite number of
o € A by Theorem 3.9. The bottom horizontal map is obviously an isomorphism since
A**(k / k) is an F,—vector space. The right vertical map is an isomorphism since

Homflf*(k/k)( o (\/ EP“"’“HZ/2), H**(k/k))

o

= Homif*(k/k) (1_[ o (RP9*HZ /2), H**(k/k))
o

= Hom%Z ; /1y (1_[ ST P de A (k[ k), H**(k/k))
o

s Hom 2 D =007 e/ ). P k).
o

where the last isomorphism comes from the fact that the set of bidegrees {(¢¢)[Pa]}ac4
is isotropically finite type, so for any bidegree (¢)[p] the group

Hom% o (S7Pe 9 A (k [ k), H** (k / k)) = HP*~ P94 (k [ k)

is nontrivial only for finitely many o € A by Theorem 3.9. O

At this point, we are ready to present the structure of the E,—page of the isotropic
Adams spectral sequence, which behaves as in the classical case.

Theorem 5.12 Let k be a flexible field and Y an object in X-Mod,; such that
HS(Y) is a free left Hys(k / k)—module generated by an isotropically finite type set
of elements {x4}qc4. Then the E,—page of the isotropic motivic Adams spectral
sequence is described by

EY"" = BxCRE o (Hs (Y), H (k[ K)).
Proof First, we want to prove by induction that HiS°((X AHZ/2)"* AY) is a free left
Hyx (k / kk)-module generated by an isotropically finite type set of elements {xq }nye 4,

for any s > 0. The induction basis is guaranteed by hypothesis after setting Ay = A.
Suppose the statement is true at the s — 1 stage, ie

HEN(XAHZ/DM ' AY) = @ =5 Huw(k/ k) - Xa.

ac€A;_q
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Then by Lemma 5.6, the map (X AHZ/2)N7IAY — XAHZ /2A (X AHZ/2)M7IAY
induces in isotropic motivic homology the monomorphism

QB SISO (k) k) - xq — @ S0 A (k/ K) - Xa.

€A a€As—

Hence, the standard Adams resolution induces, for any p and ¢, a short exact sequence

iso [ (F T T3 AS—1 i XAHZ/2)M!
0~ H(EARENY ™ AY) > Hyg (X AHZ/2 A EAHE) ™ AY)
— H®| (XAHZ/2)™ AY) 0.

Now note that, by the very structure of the dual of the isotropic motivic Steenrod algebra,
Asx(k/ k) is freely generated over Hyx(k/ k) by a set of generators {1, yg}ge p Which
is finite in each bidegree and such that pg > 2¢gg > 0 for any 8 € B, where (¢g)[pg] is
the bidegree of yg. Hence, the set {ygXq}geB,ac4,_, is isotropically finite type and
freely generates H.5 (X AHZ/2)M AY) over Hyx(k/k):

HR(EAHZDMAY) = @ 7 Hulk/b)- ypxa.
BeB,acA;_

Therefore, Lemma 5.8 implies that all X AHZ/2 A (X AHZ/2)" A'Y are wedges
of appropriately shifted X A HZ/2. More precisely, for any s > 0, there exists an
isomorphism
XA \/ =PeHZ/2 5 X AHZ/2A (X AHL/2)M AY,
a€Ay
where A = B x Az, from which we deduce, using Lemma 5.11, that the E;—page

of the isotropic Adams spectral sequence can be described by

ESMM o~ Tr—su(XANHZ/2 A (XAHZ/2)N AY)

1
=~ Homfgii*(k/k)( P m P A (k) k), H**(k/k)).

a€Ag

Moreover, note that

is0

0« H*(Y) « @ P de ¥ (k[ ) < @ Y e A ([ k) < -

a€A a€A

is a free A**(k/k)-resolution of H.:¥(Y). Thus, for any s, ¢ and u, we have an

isomorphism

E™ = ExCLE G (Hy (V) HY (k[ K)). -
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By using the isotropic motivic Adams spectral sequence, in [19] we computed the
isotropic motivic homotopy groups of the sphere spectrum, which can be identified
with the E,—page of the classical Adams spectral sequence.

Theorem 5.13 [19, Theorem 5.7] Let k be a flexible field. Then the stable motivic
homotopy groups of the HZ /2—completed isotropic sphere spectrum are completely
described by

2%/ —x 2%/ %/ 2%/ — ’
T (Xfyz,/2) 2= Extgns 7" (Fa, Fa) 2 Ext ™" (Fa, Fa).

6 The motivic Brown—Peterson spectrum

In this section, we recall from [20] the construction of the motivic Brown—Peterson
spectrum. Moreover, we compute its isotropic homology and homotopy, which will be
useful later on for the construction of the isotropic motivic Adams—Novikov spectral
sequence, and so for the proofs of our main results.

Definition 6.1 Suppose MGL ;) is the motivic algebraic cobordism spectrum (see
[22, Section 6.3]) localized at 2. Then following [20, Section 5] one defines the motivic
Brown—Peterson spectrum at the prime 2 as the colimit of the diagram in SH (k)

+++— MGL(3) “2> MGL(3) “2> MGL(3) — -+,

where ¢(3) is the motivic Quillen idempotent.

Note, in particular, that MBP is a homotopy commutative ring spectrum and a direct
summand of MGL ).

Proposition 6.2 Let k be a flexible field. Then there is an isomorphism of H**(k / k)-
modules
*(MGL) = HZ(BGL) = H*™*(k/k)[cr.ca....]
and an isomorphism of Hx(k / k)—algebras
HS°(MGL) 2= HS°(BGL) = Hyx(k/Kk)[b1,bs, .. .],

where ¢; is the i™ Chern class in HZi’i(BGL) and b; € H*°.(BGL) is the dual of c’i

iso 2i,i
with respect to the monomial basis for any i.
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Proof First, note that the maps P! — P® and HZ /2 — X AHZ/2 induce a commu-
tative square

)

| |

H**(Pl) H**(Pl)

1S0

where the left vertical morphism is the projection H**(k)[c] — H**(k)[c]/(c?) and ¢
is the only nonzero class in H?!(P%®) >~ H?!(P!) = 7/2. If we also denote by ¢
the images of ¢ under the horizontal maps in isotropic motivic cohomology, then the
right vertical homomorphism is given by the projection

H* (k[ k)l — H** (k/F)[c]/(c?).

Hence, X AHZ/2 is an oriented motivic spectrum (see [20, Definition 3.1]) and the
statement follows immediately from [17, Proposition 6.2]. O

Following [8, Section 6], let i: L — IF5[bq, by, .. .] be the homomorphism from the
Lazard ring L classifying the formal group law on [F»[by, b5, ... ] which is isomorphic
to the additive one via the exponential ), - bpx™T1. Lazard’s theorem implies that
h(L) is a polynomial subring F5[b], | n # 2" —1], where b;, = b, modulo decomposables.
Denote by 7 : F;[by, by, ...] — h(L) a retraction of the inclusion.

In the next proposition, we give a description of isotropic homology and cohomology
of the algebraic cobordism spectrum MGL.
Proposition 6.3 Let k be a flexible field. Then the coaction
A: HS(MGL) — Axx(k/ k) QH,. (k/ k) HS°(MGL)
factors through Hyx(k/k) ®F, Gsx ®F, F2[b1, by, ... ] and the composition

HISO(MGL) —> H**(k/k) ®]F2 g** ®F2 Fz[bl bz, .. ]
e, — Hyx(k/k) ®F, Gux ®F, h(L)
is an isomorphism of left A« (k / k)—comodule algebras. Dually, the map

H**(k/k) ®F, G** ®F, h(L)" — H;:*(MGL)

180

is an isomorphism of left A** (k / k)—module coalgebras.
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Proof From [8, Lemma 5.2], since HZ /2 A MGL is a split HZ /2-module (see the
remark after [8, Definition 5.4]), we deduce that
HY(MGL) = s (X AHZ/2) ®r,, (17,/2) T+ (HZ /2 AMGL)
=~ Hyx(k/k) ®H,, (k) Hxx(MGL)
as an Hy.(k/k)—algebra. From [8, Theorem 6.5] we know that the coaction

factors through Py« ®F, F2[b1, by, .. .] and the composition

Hyx(MGL) 2> Py ®, Falby. bs. .. .1 225 Py @, h(L)

is an isomorphism of left A, (k)—comodule algebras, where Py is the subalgebra of
Asx (k) defined by Hyx(k)[£1,&2, .. .]. By tensoring the previous composition with
H..(k/k) over Hyx(k) we get the desired isomorphism, which completes the first
part. The second part follows easily, since G4+ ®F, /(L) is isotropically finite type,
from Lemmas 5.8 and 5.9 by dualizing the homology isomorphism. O

The next result provides us with the structure of isotropic homology and cohomology
of the motivic Brown—Peterson spectrum MBP.

Proposition 6.4 Let k be a flexible field. Then the isotropic motivic homology of
MBP is described as a left A« (k/k)—comodule by
HE(MBP) = Hys (k[ k) ®F, G-

Dually, the isotropic motivic cohomology of MBP is described as a left A**(k/k)—
module by

w0 (MBP) = H**(k/k) ®F, G**.
Proof From [8, Remark 6.20], one knows that MBP is equivalent to MGL ) /x, where
x is any maximal /i—regular sequence (a sequence of homogeneous elements in L such
that s(x) is a regular sequence in s(L) which generates the maximal ideal). Therefore,

Theorem 6.11 of [8] implies that there exists an isomorphism of A« (k)—comodules
Hy (MBP) 2 Py
Since HZ /2 AMBP is a split HZ /2-module, we deduce from [8, Lemma 5.2] that
HEY(MBP) = Hax(k/k) ®p,, (k) Hax (MBP) = Has(k/k) ® g1, (k) P
=~ Hyx(k/ k) ®F, Guxs

which proves the first part. The second part follows again from dualization, since G
is isotropically finite type, by Lemmas 5.8 and 5.9. O
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Later on, we will also need the isotropic homology and cohomology of MBP A MBP:

Proposition 6.5 Let k be a flexible field. Then the isotropic motivic homology of
MBP A MBP is described as a left Axx(k /k)—comodule by

H)(MBP AMBP) = Hyx (k[ k) ®F, Gux ®F, Gux-

Dually, the isotropic motivic cohomology of MBP A MBP is described as a left
A**(k / k)—module by

H*(MBP AMBP) = H**(k/k) ®F, ¢** ®F, G**.

is0
Proof Since HZ /2 AMBP is a split HZ /2—-module,
H(MBP AMBP) = (Hux(k/ k) ®F, Gix) @t (k) (Hor (k] k) ®F, Ga)

= H**(k/k) ®IF2 G ®]F2 Gxx

by [8, Lemma 5.2] and Proposition 6.4. The description of the isotropic cohomology
follows again by dualizing the homology isomorphism. |

Now, we compute the isotropic stable homotopy groups of MBP by using the isotropic
Adams spectral sequence developed in the previous section.

Theorem 6.6 Let k be a flexible field. Then the isotropic motivic homotopy groups of
MBP are described by
759 (MBP) = IF,.

Proof Note that, by Proposition 6.4, H15°(MBP) is freely generated over Hyx(k/k)
by Gs««, which is isotropically finite type. Hence, Theorem 5.12 implies that the
E,—page of the isotropic motivic Adams spectral sequence for X A MBP is given by

E3"" 2 ExCN G o (Hisa (MBP), H** (k/ k).

Now, we deduce from Proposition 6.4 and [19, Theorem 5.4] that

EXC oy CHr (MIBP), H**(k /) < EXEL o (™ (k[ K)@5,G™* H* (k[ K))
= Extgel (67, Fp) = Extg " (F2, )
_F2 ifs=1=u=0,
~ 10 otherwise.

Therefore, the E,—page of the isotropic Adams spectral sequence for X A MBP is
concentrated just in the tridegree (0, 0, 0), from which it follows that all differentials
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from the second on are trivial. Thus, the Mittag-Leffler condition is clearly satisfied,
and so strong convergence holds by Proposition 5.3. Then it immediately follows from
Remark 5.4 and the fact that MBP is n—complete that

7S (MBP) 22 744 (X A MBP) = . O

In the following sections it will be also useful to know the isotropic homotopy groups
of MBP A MBP, which we compute in the next result.

Theorem 6.7 Let k be a flexible field. Then the isotropic motivic homotopy groups of
MBP A MBP are described by

759 (MBP A MBP) 22 Gy

Proof The proof of this theorem goes along the lines of the previous one. Since
H2(MBP AMBP) = Hys (k[ k) ®F, G ®F, Gxs by Proposition 6.5 and Gux ®F, Gax
is isotropically finite type, by Theorem 5.12 the E,—page of the isotropic Adams spectral
sequence for X A MBP A MBP is provided by

Ey ~ Ext;i’f(k /1y (Hio (MBP AMBP), H** (k/ k).

Again, we note that by [19, Theorem 5.4],
ExC oy (Hisy (MBP AMBP), H** (k / k))
= EXC2 o (H ™ (k) @, G @, G H (/)
= Extg (6% ®F, §**, F2) = Extg (G, Fy)
gt,u if s =0,
0 if s #0.

In particular, since G is concentrated on the slope 2 line, all differentials from the

~

second on are trivial by degree reasons. Hence, the Mittag-Leffler condition is met,
which implies that the spectral sequence is strongly convergent. From all this, it follows
as above that

75 (MBP A MBP) 22 744 (¥ A MBP A MBP) 22 Gy O

7 The category of isotropic cellular MBP-modules

In this section we start by providing X A MBP with an Es,—ring structure. This allows
us to talk about the stable co—category of X AMBP-modules X AMBP-Mod and its
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cellular part X AMBP-Mod,j;. Our aim is to focus on the category of isotropic cellular
MBP-modules, which is the same as that of cellular X AMBP-modules. In particular,
we completely describe the category XAMBP-Mod,; in algebraic terms. This section
is structured along the lines of [6, Section 3]. Therefore, before each result we indicate
the one from [6] it corresponds to. We hope this will clearly shed light on the deep
parallelism between [6] and this work.

Proposition 7.1 The homotopy commutative ring structure on X A MBP extends to an
E »o—ring structure.

Proof It follows from [13, Proposition 1.4.4.11] that there exists a f—structure on
X-Mod with nonnegative part generated by X2™" for any n € Z. By [1, Theorem A.1],
X AMGL belongs to the nonnegative part of this #—structure, and so X AMBP does also.
On the other hand, one deduces from Theorem 6.6 and [1, Lemma 2.4] that X A MBP
belongs to the nonpositive part too. Hence, X A MBP is a homotopy commutative ring
spectrum in the heart of the abovementioned 7—structure, which means that it is an
E oo-ring spectrum.? O
Once we know that X A MBP is a motivic Es—ring spectrum, we can consider the
stable co—category of X A MBP-modules and its homotopy category which is tensor
triangulated. In particular, we focus on its cellular part.

Proposition 7.2 Let k be a flexible field and Y an object in X A MBP-Mod,.y such
that 74 (Y') is isomorphic to the IF,—vector space @, ¢ 4 XP**9F,. Then there exists
an isomorphism of spectra

\/ TP«4e (X AMBP) = Y.

acA
Proof We follow the lines of the proof of Lemma 5.8. Each generator of w44 (Y)

represents a map XP«9«S — Y. For all € A4, this map corresponds bijectively to a
map XPe9 (X A MBP) — Y of X AMBP-cellular modules. Hence, we get a map

\/ TP« (X AMBP) - Y

a€A
of X AMBP-—cellular modules that induces an isomorphism on homotopy groups since
7% (X AMBP) = IF, by Theorem 6.6. Therefore, it follows from Proposition 4.2 that
the above map is an isomorphism of spectra. a

21 am grateful to Tom Bachmann for this argument.

Geometry & Topology, Volume 27 (2023)



Cellular objects in isotropic motivic categories 2035

This result implies the following corollary, which corresponds to [6, Corollary 3.3]:

Corollary 7.3 Let k be a flexible field and X and Y be objects in X A MBP-Mod_;.
Then
[X. Y]xnmsp = Homg) (s (X), s (Y)).

Proof It follows from Proposition 7.2 that

X = \/ £P9 (X AMBP) and Y = \/ ZP#45(X AMBP)
a€A BeB

for some sets A and B. Then

[X, Y]xamsp = [ \/ zPedas, \/ nres (%/\MBP):|
a€A BEeB

= l_[ @ Tpy—pp.ga—as (X AMBP) = 1_[ @ $Pa—Pda—98TF,

a€A BeB a€A BeB

~ Hom;;f( @ sreer, @ zpﬂ,wz)

a€A BeB
= Homp (ax (X). Tan(Y)). O

The next theorem, which corresponds to [6, Theorem 3.8], identifies XAMBP—Mod,.p
with the category of bigraded [F,—vector spaces, which we denote by Fo—Mods.
Theorem 7.4 Let k be a flexible field. Then the functor

st XAMBP-Modcer = Fa-Modiss

is an equivalence of categories.
Proof This follows immediately from Proposition 7.2 and Corollary 7.3. O

Remark 7.5 The equivalence provided by Theorem 7.4 is actually an equivalence of
triangulated categories, where [F,—Mod. is structured as a triangulated category in
the obvious way. More precisely, the translation functor is the suspension £!° and
distinguished triangles are of the form

vLow — coker(f) ® 20 ker(f) — =10V,

where f is a morphism of bigraded [F,—vector spaces.
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8 The category of isotropic cellular spectra

This section is devoted to the understanding of the structure of the category X—Mod,ej,
that is, as we have already noticed, the category of cellular isotropic spectra SH(k / k)cenr.
We give a nice algebraic description of this category based on the dual of the topological
Steenrod algebra. The results here are the isotropic versions of the ones in [6, Sections 4
and 5], therefore the proofs we provide are isotropic adaptations of the respective ones
in [6].

In the next lemma, which corresponds to [6, Lemma 5.1], we compute the MBP—
homology of isotropic MBP—cellular spectra.

Lemma 8.1 Let k be a flexible field. Then for any I € X A MBP-Mod, there is an
isomorphism of left Gy«—comodules

MBP**(I) =~ Gux ®IE‘2 ﬂ**(l)-

Proof Since the motivic spectrum 7 is by hypothesis in X AMBP-Mod,.j;, we deduce
from Theorem 7.4 that [ = \/,c 4 2?*9« (X A MBP) for some set A. Therefore, by
Theorem 6.7,

MBPysc (1) = 755 (MBP A ) 2 74 ( \/ TPt (X AMBP A MBP))
acA
=~ (P =P« 5, (X AMBP A MBP)

a€A

= @ Yheda G Gux QF, Vv,

a€A
where V = @, 4 P« 9«[F,. Now, note that by Theorem 6.6,

ax(I) = @ TP 7,00 (X AMBP) = V.

acA
It follows that

The following lemma, which corresponds to [6, Lemma 5.3], describes algebraically
the hom sets from isotropic cellular spectra to isotropic MBP—cellular spectra.

Lemma 8.2 Suppose that k is a flexible field. Then for any X € X-Mod.e and
I € XAMBP-Mod, there is an isomorphism

[X. 7] = Homg (MBPyx(X), MBPys(1)).
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Proof By Theorem 7.4 and Lemma 8.1, we have the sequence of isomorphisms
[X. 1] = [X AMBP A X. I]xampp 2 Homp:" (s (X AMBP A X). an (1)
=~ Homg? (74x(X AMBP A X), Gyxe ®F, s (1))
= Hom(* (MBPy (X). MBPy (1)), O

Before constructing the isotropic version of the Adams—Novikov spectral sequence we
need:

Lemma 8.3 Let k be a flexible field and Y an object in X-Mod. Then, for any s > 0,
there exist isomorphisms

MBP, (X AMBP)™ A Y) = 759G, % @, MBP,«(Y)

and
MBP.«(X AMBP A (X AMBP) AY) 2= £75%G,. ®F, Gx©* ®F, MBPys ().
Proof First note that, by arguments similar to the ones in Lemma 5.6, we have an
isomorphism
MBP,.«(X AMBP A (X AMBP)™ A Y) 2= Gyx ®F, MBPxx (X AMBP)™ A Y)

for any isotropic spectrum Y and any s > 0, so we only need to prove the first part of
the statement. We achieve this by an induction argument, after noting that obviously
the statement holds for s = 0.

Now, suppose the statement holds for s — 1, ie

MBP. (X AMBP)M ! AY) = 217506, %51 @p MBP..(Y)

and
MBP, (X AMBPA (X AMBP)M "I AY) = 217506, ®F, G ® ™! @, MBP« (Y).
Then the distinguished triangle in SH (k)

(XAMBP)™¥ AY — (X AMBP)¥ ' AY > X AMBPA (X AMBP)¥ ' A Y
— XLOX AMBP)M A Y

induces in MBP-homology the short exact sequence

0> 270G, %! @, MBPwk(Y) = ' %G ®F, Gax®* ™' ®F, MBPux(Y)
— ZLOMBP, (X AMBP) AY) — 0.
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It follows that

MBP. (X AMBP) A Y) = 750G, % @, MBP«(Y)
and

MBP,. (X AMBP A (X AMBP) AY) = 750G, ®F, Gux®® ®F, MBP4«(Y). O

We are now ready to construct the isotropic Adams—Novikov spectral sequence, which
corresponds to [6, Theorem 5.6]. Before proceeding, we would like to fix some notation.

Definition 8.4 Let X be an isotropic spectrum. The Chow—Novikov degree of
MBP,, ,(X) is the integer p —2g. We denote by %—Modi’eu the category of bounded
isotropic cellular spectra, that is, isotropic cellular spectra whose MBP—homology is
nontrivial only for a finite number of Chow—Novikov degrees.

Theorem 8.5 Let k be a flexible field and X and Y objects in X-Mod? - Then there

cel
is a strongly convergent spectral sequence

E3" = Extgl " (MBPx (X), MBP.k (V) =[S X, Vi ).

Proof Consider the Postnikov system in X-Mod,e

oo —— (XAMBP) AY XAMBPAY ———— Y
\ l (1] J\ l
XAMBPA (XAMBP)M AY XAMBPAXAMBPAY XAMBPAY

where X A MBP is defined by the distinguished triangle in SH (k)
X AMBP — S — X AMBP — £"-°X AMBP.

If we apply the functor [X** X, — ] we get an unrolled exact couple

v [E** X, X AMBPAY] [Z**X,Y]
[Z**X, X AMBPAXAMBPAY] [Z**X,XAMBPAY]

that induces a spectral sequence with E;—page given by

EJM > [R5 X, X AMBP A (X AMBP)™ A Y]

and first differential

s, t,u ., S,tu s+1,t,u
" E77 — E .
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This is what we call the isotropic Adams—Novikov spectral sequence. Note that by
Lemmas 8.2 and 8.3 the E{—page has a nice description:

E}"" =~ Homg" (MBPyx(X), Gxx ®F, Gux®® ®F, MBPyk(Y)).

Hence, the E,—page has the usual description given in terms of Ext—groups of left
G«s«—comodules:

E"" o Extg " (MBPy (X), MBPy (Y)).
By standard formal reasons, this spectral sequence actually converges to the groups

[Z79%X, YL, \spl- We only have to notice that

A ~ VA ~ VA
Y3€/\MBP = YX/\HZ/Z = YHZ/Z'
The second isomorphism comes from the same argument as the proof of Proposition 5.3.

Regarding the first isomorphism, we may consider, following [4, Section 7.3], the

. . A
bicompletion Y{a€ AMBP, XAHZ/2}"

homotopy limit of the cosimplicial spectrum
(XAHZ/2AY ) awme = (XAHZ/2)™ AY ) Avmp
= (XAHZ/D™N AY ) awmr =+

or, equivalently, by computing the homotopy limit of the cosimplicial spectrum

This spectrum may be obtained by computing the

(XAMBPAY)} 72 = (RAMBP)Y 2 AY)E 70
= (XEAMBP) AY){rnz)2 g e
Since HZ /2 is a motivic MBP-module, for any #,
(XAHZ/DM AY )2 aump = (XAHZ/2)M A Y,

from which it follows that the first homotopy limit is just Yaé\/\HZ /2

we know that X A MBP is HZ /2—complete; thus, for any 7,

On the other hand,

(X AMBP)M AY)} uz/2 = (XAMBP)M A Y,

and the second homotopy limit gives back Y yizp. This implies Y, \ipp = Y1, 1y /2

It only remains to prove the strong convergence. The arguments are the same as
in [6, Theorem 3.2] and we report them here only for completeness. First, suppose
that MBP.4 (X)) is concentrated in Chow—Novikov degrees [¢, b] and MBPy(Y) is
concentrated in Chow—Novikov degrees [c,d]. Then the E;—page, and so all the
following pages, are trivial outside the range ¢ —b +2u <t < d —a + 2u. Now, note
that the differential on the E,—page has, as usual, the tridegree (r,r — 1,0), which
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means in particular that it is trivial when r — 1 > d —a — ¢ + b. This amounts to saying
that the spectral sequence collapses at the E;_,_.4p2—page, and so it is strongly
convergent. d

Definition 8.6 Let X-Mod;,5z /2 be the full triangulated subcategory of X-Modce

b,>0
celLuz,/2 the

full subcategory of X— ModC ell,HZ /2 whose objects have MBP—homology concentrated

consisting of HZ / 2—complete cellular isotropic spectra. Denote by X—Mod

in nonnegatlve Chow-Novikov degrees, and by X- Mod®: the full subcategory

cell HZ /2
of ¥-Mod? cell,HZ /2 whose objects have MBP- homology concentrated in nonpositive
Chow—Novikov degrees. Finally, let X— Modce]1 HZ/2 be the full subcategory whose
objects are in %—Modfe“ (P)IZ /2 and X- Modfeﬁgz /20 ie the objects have MBP-homology
concentrated in Chow—Novikov degree 0.

We want to point out that, since X A HZ/2 is a X A MBP-module and X A MBP
is XAHZ /2-complete, the subcategories of HZ/2—complete and MBP—complete
isotropic spectra coincide.

The next corollary, which corresponds to [6, Corollary 4.7], computes hom sets from

X- Modb’—o to X— Mod

celLHZ /2 in algebraic terms.

cell HZ /2

Corollary 8.7 Let k be a flexible field, X an object in X-Mod?=? and Y in

cel,LHZ/2
X Modb’fglz /2 Then the functor MBPy provides an isomorphism

[X, Y] 2 Hom}® (MBPs(X), MBPs(Y)).

Proof As we have already pointed out, the £{—page of the isotropic Adams—Novikov
spectral sequence is given by

Ei‘,t,u ~ HOmg (MBP**(X) Gux QF, g**®s QF, MBP**(Y))

Since we are interested in the group [X, Y], the part of the E;—page that is involved
b,>0

cel,LHZ/2
is nontrivial. Since

consists of the groups in tridegrees (z, ¢, 0). By hypothesis, X is in X—Mod

while Y is in X- Modceﬁ Hz/2 S0, among these groups, only £ P

in this tridegree all differentials from the second on are trivial by degree reasons,
[X, Y] = E>*? = Exty”* (MBP,x (X), MBP (Y))
=~ Homg (MBPyx(X), MBP,(Y)), O

By using the isotropic Adams—Novikov spectral sequence we also get a corollary, which
corresponds to [6, Corollary 4.8] and is a generalization of [19, Theorem 5.7]:
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Corollary 8.8 Let k be a flexible field and X and Y objects in %—Modgu’HZ /2 Then

there is an isomorphism

[S94X, Y] 2 ExtZ" """ (MBPs (X ), MBPss (Y)).
Proof This follows because the differentials d2"*: ES" — ESTHITI=1U of the
isotropic Adams—Novikov spectral sequence are trivial for r > 2 since £ ;’t’” is trivial
for ¢ # 2u. Hence, the spectral sequence is strongly convergent and collapses at the
second page, from which we get that

[S94X, Y] 2 B0 = BxtZ 2" (MBPyx (X)), MBPyi (Y). O

Before proceeding, we also need the following lemma which essentially corresponds
to [6, Lemma 4.10].

Lemma 8.9 Let k be a flexible field and M a Gy«—comodule concentrated in Chow—
Novikov degree O which is finitely generated as an IFy—vector space. Then there exists

an object X in 3€—M0d§?311 HZ/2 such that M = MBP4(X).

Proof Since by hypothesis M is a finite-dimensional [Fy—vector space, according to
[10, Theorem 3.3] one has a finite filtration of subcomodules

OxMyCcMyC---CMy=M

such that, for any i, M;/M;_, is stably isomorphic to F», ie M;/M;_; = %2949,

for some integer ¢;. We want to prove the statement by induction on 7. First, note

that by Theorem 6.6 the comodule X29/:9F, is the MBP-homology of the isotropic

spectrum X.29i-4i %QZ /2 for any i. Now, suppose that there exists an object X;_; in

%—Mod?e“’HZ /2 such that M;_; = MBP,(X;—1). Then the short exact sequence
0— M;_y > M; - $?449F, — 0

represents an element of Extéfk’o(Ezqi 4iF,, M;_1), namely, by Corollary 8.8, a

morphism f; in [qui—l’qi%ﬁz/z, Xi_1]. Let us define X; as Cone(f;). Then we

have a long exact sequence in MBP-homology
s 22004, & M MBPs (X)) — 22900, & 310
Note that the connecting homomorphism

Zix: Exto’O’O(Ezqi’q"Fz, EZqi,qi]Fz) N Extl’o’O(Ezqi’qi]Fz, M;_y),
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described as the Yoneda product with the element g; of Extl’O’O(Ezq" Aif,, Mi_q)
Gaex
corresponding to the short exact sequence

0 — M;_1 — MBPy(X;) — X299 F, — 0,
converges to the map
fix: [EZqi—l,qi%ﬁZ/z, $29i—1.gi :{QZ/z] - [EZqi—lsQi ﬁZ/z’ Xi_1]

induced by f; in isotropic homotopy groups; see [18, Theorem 2.3.4]. By Corollary 8.8
the isotropic Adams—Novikov spectral sequence collapses at the second page, so
gix = fix. It follows that the extensions g; and f; coincide, which implies that
MBP... (X;) = M;. O

The next result is the isotropic equivalent of [6, Lemma 4.2].

Lemma 8.10 Let k be a flexible field and X be a filtered system in %—Modzn HZ/2"
Then the colimit colim X, in X-Mod.; also belongs to %—Modg“’HZ /2

Proof First note that, since MBP4(colim Xy ) = colim MBPy.(Xy), colim X, has
MBP-homology concentrated in Chow—Novikov degree 0. Moreover, recall from [18,
Corollary A1.2.12] that Extg,, (IF», —) may be computed as the homology of the cobar
complex for the second variable. Since the cobar complex preserves filtered colimits,
so does Extg,, (F,, —). Then Corollary 8.8 implies that

701, (colim X ) 2= colim 17, (Xo) = colim Ext3” """ (F5, MBP s (Xq))
~ Exté::t’zu’”(ﬂ?z, colim MBP«(Xy))
= Extg 2" (Fy, MBPux (colim X,)) = 77 4 ((colim X){iz,/)

from which it follows that colim Xy, is HZ /2—complete. a

We are now ready to identify %—Modgu HZ/2

comodules concentrated in Chow—Novikov degree 0 that we denote by Gys—Comod?,,.

with the abelian category of left Gyx—

The following proposition is an isotropic version of [6, Proposition 4.11]:

Proposition 8.11 Let k be a flexible field. Then the functor
MBP..: -Mod,, 117, — Gux—Comody,

is an equivalence of categories.
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Proof First, note that Corollary 8.7 guarantees that the functor MBPy is fully faithful.
We just need to show that it is essentially surjective. Recall from [7, Propositions 1.4.10,
1.4.4 and 1.4.1] that any left Gx«—comodule M is a filtered colimit of comodules M
which are finitely generated as [Fo—vector spaces. By Lemma 8.9 all M|, are expressible

as MBP,«(Xy) for some X in %—Molel’HZ/z. Therefore, M =~ MBP.(X), where

X = colim X,. O

Remark 8.12 Q**—Comodg* is equivalent to the category of left A.—comodules,

where A, is the dual of the topological Steenrod algebra. Hence, the previous result

Y%

can be rephrased by saying that .’{—ModCell HZ/2

is equivalent to the abelian category
of left A,—comodules.

The next proposition, corresponding to [6, Proposition 4.12], provides %—Modi’eu HZ/2
with a 7—structure.

Proposition 8.13 Let k be a flexible field. Then (X-Mod2; 7 . X-ModZi=h )

defines a bounded t—structure on %_MOdé)ell,HZ /2

Proof Just by the definition of %—Modfjlom /2 and Z{—Modfjgz /2 the first is closed

under suspensions, the second under desuspensions and both under extensions. Clearly

b _ b,>n
%_MOdcell,HZﬂ = U :{_MOdcell,HZ/Z’

nez

b,>n . th :
where .’£—Modceu,HZ /2 18 the n™ suspension of X-Mod

objects X and Y in %—Modfefglz /2 and %—Modi’j Eé /

%—Modi’éi%z /2), respectively. Then by Corollary 8.7

b,>0
cel, HZ/2"
, (the first desuspension of

Next, we consider

[X. Y] 2 Hom® (MBP,x (X), MBP,x(Y)) 2 0,

since MBP«(Y) is concentrated in negative Chow—Novikov degrees while MBPy4 (X))
is concentrated in nonnegative Chow—Novikov degrees. Finally, let X be an object in

.’{—Modfe’HZ,EIZ /20 then MBP(X) is concentrated in nonnegative Chow—Novikov degrees.

Consider the projection MBP(X') — MBP(X), that kills all the elements in positive

Chow—Novikov degrees, and note that there exists an object Xy in X-Mod”
cell,LHZ/2

such that MBP(X() = MBP(X)o. Now, by Corollary 8.7, this morphism comes from

amap f: X — Xy such that =10 Cone( /') belongs to %—Modfjjlz /2 Therefore,

by [6, Proposition 3.6], the pair (%—Modfjglz /2 %—Modé’j%z /2) defines a bounded

b
t—structure on %—MOdceu,HZ /2" i
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We are now ready to prove the main result of this section, which corresponds to
[6, Theorem 4.13]. In this theorem we identify Z{—Modi’ ell,HZ /2 with the derived cate-
gory of left Gyx«—comodules concentrated in Chow—Novikov degree 0.

Theorem 8.14 Let k be a flexible field. Then there exists a t—exact equivalence of
stable co—categories

Db (G* *— ComOdg *) = :{_MOdgell,HZ/Z :

Proof First, by Propositions 8.11 and 8.13, (}Z—Modé’e’l?gz /20 %—Modﬁf%z /2) defines
a bounded 7—structure on %—Modfen’HZ /2 whose heart is equivalent to the category of
left G.«x—comodules concentrated in Chow—Novikov degree 0, so has enough injectives.
Now, let X and Y be objects in %_MOlel,HZ /2 such that MBP,(Y) is an injective
G«sx—comodule. In this case the isotropic Adams—Novikov spectral sequence

ES"" = Extg " (MBPyx (X), MBPyi (Y)) = [/ 75" X, Y]

collapses at the second page since the E,—page is trivial for s # 0. Hence,
[S7X, Y] = Exty " (MBPyx (X ), MBPy«(Y))
= Homyg!"" (MBPy (X ), MBP(Y)) = 0
for any i > 0 since both MBP. (X)) and MBP4(Y') are concentrated in Chow—Novikov
degree 0. It follows by [6, Proposition 2.12], which is based on Lurie’s recognition
criterion [13, Proposition 1.3.3.7], that there exists a —exact equivalence of stable

oco—categories
Db (G**— ComOdg*) — %_MOdfell,HZ/Z

extending the equivalence on the hearts. |

Remark 8.15 Given the identification G4 =~ A4, Theorem 8.14 identifies as trian-
gulated categories the category of bounded isotropic HZ /2—complete cellular spectra
with the derived category of left .4,—comodules, namely Db (Ax—Comody).

By using the same argument as in [6, Corollary 1.2] one is able to obtain an un-
bounded version of the previous theorem, identifying the whole %ﬁz /2—Modceu with
Hovey’s unbounded derived category Stable(Gy+—Comod?, ), which is the same as

Stable(Ax—Comod.); see [7, Section 6].

Corollary 8.16 Let k be a flexible field. Then there exists an equivalence of stable
oo—categories
Xfiz /2~ Modcey = Stable(Gx+—Comod?,).

Geometry & Topology, Volume 27 (2023)



Cellular objects in isotropic motivic categories 2045

9 The category of isotropic Tate motives

We finish in this section by applying previous results in order to obtain information
on the category of isotropic Tate motives DM (k / k). In particular, we get an easy
algebraic description for the hom sets in DM (k / k)Tae between motives of isotropic
cellular spectra.

First, we prove the following lemma, which tells us that the isotropic motivic homology
of an isotropic spectrum is always a free Hyx (k/k)—-module.

Lemma 9.1 Let k be a flexible field and X an object in X-Mod. Then there exists an
isomorphism of left Hy«(k / k)—modules

HE(X) = Hyx(k/ k) ®F, MBPyi (X).

Proof The Hopkins—Morel equivalence (see [8, Theorem 7.12]) implies in particular
that HZ /2 is a quotient spectrum of MBP. It follows that HZ /2 can be obtained from
MBP by applying cones and homotopy colimits, and so it is an MBP—cellular module,
from which we get by Theorem 7.4 that

XAHZ/2= \/ TPed=(X AMBP)
a€A

for some set 4. Now note that, by Theorem 6.6,

His(k k) = mys (X AHZ/2) = n**( \/ TPl (% A MBP))
a€A
> (P =Pe9 5, (X AMBP) = @) £P*4F,.
a€A a€A

At this point, let X" be an object in X—~Mod. Then

H(X) = 7y (X AHZ/2 A X) 2 74k ( \/ TP (X AMBP A X))
a€A
> (P =P« 1, (X AMBP A X) = ) S729* MBP.x (X)
a€A a€A

In the next proposition we compute hom sets in the isotropic triangulated category of
motives between motives of isotropic cellular spectra. They happen to be isomorphic
to hom sets of left Hyx(k/k)—-modules between the respective isotropic homology.
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Proposition 9.2 Let k be a flexible field and X and Y objects in X-Mod,e;;. Then
there exists an isomorphism

Homp p(k ) kype (M (X), M(Y)) = Homp, , k1) (HED(X), HE(Y)).

Proof Consider the functor
HS: DMk [ k) tate = Hiew (k] k)~Mod g4

which sends each isotropic Tate motive to the respective isotropic motivic homology,
and let X and Y be motivic spectra in X—-Modc.y;. Then, by Theorem 7.4, Lemma 9.1
and [19, Proposition 2.4],

Homp vk / keyp (M (X)), M(Y))
= [ X, XAHZ/2 Y] = [XAMBPAX,XAHZ/2 A Y]xamBP
=~ Homp, (744 (X AMBP A X), 74 (X AHZ/2 A Y))
=~ Homp, (MBP.(X), HS(Y))
=~ Homp, , (k/ 1) (Hex(k/ k) ®F, MBP.i (X), HiY(Y))
= Homp, /iy (HL% (X), HZ(Y)). D

Remark 9.3 The last result suggests that isotropic Tate motives that come from
SH(k/k)cen are very special in the sense that hom sets in DM (k/k)rye between
them are described simply in terms of hom sets of free Hyx(k/k)—modules. This
property does not hold in general, so the next task should be to understand hom sets
in DM (k / k)tue between general isotropic Tate motives and try to describe them in
algebraic terms. Unfortunately, since Hy«(k/ k) is not concentrated in Chow—Novikov
degree 0, the strategy used in [6] and adapted in Sections 7 and 8 does not immediately
apply. Hence, some new ideas are needed and the hope is to develop them in future work.

List of symbols

k flexible field with char(k) # 2

SH(k) stable motivic homotopy category over k

SH(k/k) isotropic stable motivic homotopy category over k

DM(k) triangulated category of motives with Z /2—coefficients over k

DM(k/k) isotropic triangulated category of motives with Z /2—coefficients
over k

s (+) stable motivic homotopy groups
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wise() isotropic stable motivic homotopy groups

Hoo (), H** () motivic homology and cohomology with Z /2—coefficients

HE(-), HE () isotropic motivic homology and cohomology with Z /2—coefficients

Hy.(k), H** (k) motivic homology and cohomology with Z /2—coefficients
of Spec(k)

H..(k/k), H**(k/k) isotropic motivic homology and cohomology with Z /2—
coefficients of Spec(k)

A**(k), Asx (k) mod 2 motivic Steenrod algebra and its dual

A**(k/k), Awsx(k/k) mod 2 isotropic motivic Steenrod algebra and its dual

A*, Ay mod 2 topological Steenrod algebra and its dual

G**, Gax bigraded mod 2 topological Steenrod algebra and its dual, ie
G?79 = A9 and GP9 = 0 for p # 2q, similar for the dual

M** Milnor subalgebra A, (Q;)i>o of A**(k/k) where the Q; are the
Milnor operations in bidegrees (2! — 1)[2/T1 — 1]

S motivic sphere spectrum

HZ/2 motivic Eilenberg—-Mac Lane spectrum with Z /2—coefficients

MGL motivic algebraic cobordism spectrum

MBP motivic Brown—Peterson spectrum at the prime 2

X isotropic sphere spectrum
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