¢ T % T
G T NCE
Qg - G TT
GGgG9TTT

Geometry &
Topology

Volume 28 (2024)

Issue 5 (pages 1995-2482)

:'msp



Mohammed Abouzaid
Dan Abramovich
Tan Agol

Arend Bayer

Mark Behrens
Mladen Bestvina
Martin R Bridson
Jim Bryan

Dmitri Burago
Tobias H Colding
Simon Donaldson
Yasha Eliashberg
Benson Farb

David M Fisher
Mike Freedman
David Gabai
Stavros Garoufalidis
Cameron Gordon
Jesper Grodal

Misha Gromov

GEOMETRY & TOPOLOGY

Andris I Stipsicz

msp.org/gt

MANAGING EDITOR

Alfréd Rényi Institute of Mathematics

stipsicz@renyi.hu

BOARD OF EDITORS

Stanford University
abouzaid @stanford.edu
Brown University
dan_abramovich@brown.edu

University of California, Berkeley
ianagol@math.berkeley.edu

University of Edinburgh
arend.bayer@ed.ac.uk

University of Notre Dame
mbehren] @nd.edu
University of Utah
bestvina@math.utah.edu
University of Oxford
bridson @maths.ox.ac.uk

University of British Columbia
jbryan@math.ubc.ca
Pennsylvania State University
burago @math.psu.edu

Massachusetts Institute of Technology
colding @math.mit.edu

Imperial College, London
s.donaldson@ic.ac.uk

Stanford University
eliash-gt@math.stanford.edu
University of Chicago
farb@math.uchicago.edu

Rice University
davidfisher @rice.edu

Microsoft Research
michaelf @microsoft.com

Princeton University
gabai @princeton.edu

Southern U. of Sci. and Tech., China
stavros @ mpim-bonn.mpg.de
University of Texas
gordon@math.utexas.edu

University of Copenhagen
jg@math.ku.dk

IHES and NYU, Courant Institute
gromov @ihes.fr

Mark Gross

Rob Kirby

Bruce Kleiner
Sandor Kovics
Urs Lang

Marc Levine
Ciprian Manolescu
Haynes Miller
Tomasz Mrowka
Aaron Naber

Peter Ozsvith
Leonid Polterovich
Colin Rourke
Roman Sauer
Stefan Schwede
Natasa Sesum
Gang Tian

Ulrike Tillmann
Nathalie Wahl

Anna Wienhard

University of Cambridge

mgross @dpmms.cam.ac.uk
University of California, Berkeley
kirby @math.berkeley.edu

NYU, Courant Institute
bkleiner @cims.nyu.edu
University of Washington
skovacs @uw.edu

ETH Ziirich
urs.lang@math.ethz.ch

Universitit Duisburg-Essen
marc.levine @uni-due.de

University of California, Los Angeles
cm@math.ucla.edu

Massachusetts Institute of Technology
hrm @math.mit.edu

Massachusetts Institute of Technology
mrowka@math.mit.edu

Northwestern University
anaber @math.northwestern.edu

Princeton University
petero@math.princeton.edu
Tel Aviv University
polterov @post.tau.ac.il
University of Warwick
gt@maths.warwick.ac.uk

Karlsruhe Institute of Technology
roman.sauer @kit.edu

Universitit Bonn
schwede @math.uni-bonn.de

Rutgers University
natasas @math.rutgers.edu

Massachusetts Institute of Technology
tian@math.mit.edu

Oxford University
tillmann @maths.ox.ac.uk

University of Copenhagen
wahl @math.ku.dk

Universitit Heidelberg
wienhard @mathi.uni-heidelberg.de

See inside back cover or msp.org/gt for submission instructions.

The subscription price for 2024 is US $805/year for the electronic version, and $1135/year (+$70, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues and changes of subscriber address should be sent to MSP. Geometry & Topology is indexed
by Mathematical Reviews, Zentralblatt MATH, Current Mathematical Publications and the Science Citation Index.

Geometry & Topology (ISSN 1465-3060 printed, 1364-0380 electronic) is published 9 times per year and continuously online, by Mathematical
Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840. Periodical
rate postage paid at Oakland, CA 94615-9651, and additional mailing offices. POSTMASTER: send address changes to Mathematical Sciences
Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.

GT peer review and production are managed by EditFLow® from MSP.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

© 2024 Mathematical Sciences Publishers


http://dx.doi.org/10.2140/gt
mailto:stipsicz@renyi.hu
mailto:abouzaid@stanford.edu
mailto:dan_abramovich@brown.edu
mailto:ianagol@math.berkeley.edu
mailto:arend.bayer@ed.ac.uk
mailto:mbehren1@nd.edu
mailto:bestvina@math.utah.edu
mailto:bridson@maths.ox.ac.uk
mailto:jbryan@math.ubc.ca
mailto:burago@math.psu.edu
mailto:colding@math.mit.edu
mailto:s.donaldson@ic.ac.uk
mailto:eliash-gt@math.stanford.edu
mailto:farb@math.uchicago.edu
mailto:davidfisher@rice.edu
mailto:michaelf@microsoft.com
mailto:gabai@princeton.edu
mailto:stavros@mpim-bonn.mpg.de
mailto:gordon@math.utexas.edu
mailto:jg@math.ku.dk
mailto:gromov@ihes.fr
mailto:mgross@dpmms.cam.ac.uk
mailto:kirby@math.berkeley.edu
mailto:bkleiner@cims.nyu.edu
mailto:skovacs@uw.edu
mailto:urs.lang@math.ethz.ch
mailto:marc.levine@uni-due.de
mailto:cm@math.ucla.edu
mailto:hrm@math.mit.edu
mailto:mrowka@math.mit.edu
mailto:anaber@math.northwestern.edu
mailto:petero@math.princeton.edu
mailto:polterov@post.tau.ac.il
mailto:gt@maths.warwick.ac.uk
mailto:roman.sauer@kit.edu
mailto:schwede@math.uni-bonn.de
mailto:natasas@math.rutgers.edu
mailto:tian@math.mit.edu
mailto:tillmann@maths.ox.ac.uk
mailto:wahl@math.ku.dk
mailto:wienhard@mathi.uni-heidelberg.de
http://dx.doi.org/10.2140/gt
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/
http://msp.org/
https://msp.org/

Geometry & Topology 28:5 (2024) 1995-2124
:'msp DOI: 10.2140/gt.2024.28.1995
Published: 24 August 2024

Shear-shape cocycles for measured laminations
and ergodic theory of the earthquake flow

AARON CALDERON
JAMES FARRE

We extend Mirzakhani’s conjugacy between the earthquake and horocycle flows to a bijection, demonstrat-
ing conjugacies between these flows on all strata and exhibiting an abundance of new ergodic measures
for the earthquake flow. The structure of our map indicates a natural extension of the earthquake flow to
an action of the upper-triangular subgroup P < SL, R and we classify the ergodic measures for this action
as pullbacks of affine measures on the bundle of quadratic differentials. Our main tool is a generalization
of the shear coordinates of Bonahon and Thurston to arbitrary measured laminations.
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1996 Aaron Calderon and James Farre
1 Main results

1.1 Conjugating earthquake and horocycle flow

This paper deals with two notions of unipotent flow over the moduli space Jlg of Riemann surfaces. The
first is the Teichmiiller horocycle flow, defined on the bundle Sll/l/tg of unit-area quadratic differentials ¢
by postcomposing the charts of the flat metric |¢| by the parabolic transformation ((1) i) This flow is
ergodic with respect to a finite measure induced by Lebesgue in local period coordinates [Masur 1982;
Veech 1982] and is a fundamental object of study in Teichmiiller dynamics.

The second is the earthquake flow on the bundle @’IA/Lg, whose fiber is the sphere of unit-length measured
geodesic laminations on a hyperbolic surface. The earthquake flow is defined as a generalization of
twisting about simple closed curves, or by postcomposing hyperbolic charts by certain piecewise-isometric
transformations. While this flow is more mysterious, earthquakes are a familiar tool in Teichmiiller theory,
playing a central role in Kerckhoff’s proof [1983] of the Nielsen realization conjecture, for example.

These two flows are both assembled from families of Hamiltonian flows (extremal length for horocycle
[Papadopoulos 1986] and hyperbolic length for earthquake [Kerckhoff 1983; Wolpert 1983; S6zen and
Bonahon 2001]) and exhibit similar nondivergence properties [Minsky and Weiss 2002], but the horocycle
flow belongs properly to the flat-geometric viewpoint and the earthquake flow to the hyperbolic one. All
the same, Mirzakhani [2008, Theorem 1.1] established a bridge between the two worlds, demonstrating a
measurable conjugacy between the earthquake and horocycle flows. Consequently, the earthquake flow is
ergodic with respect to the measure class of Lebesgue on @lﬂ/tg.

In this article, we deepen this connection between flat and hyperbolic geometry, proving that the corre-
spondence can be further upgraded to yield new results on both the ergodic theory of the earthquake flow
and the structure of Teichmiiller space.
Theorem A Mirzakhani’s conjugacy extends to a bijection

0: P Mg < 21 My
that conjugates earthquake flow to horocycle flow.
The moduli space of quadratic differentials is naturally partitioned into strata EllJl/Lg (k), disjoint subsets
parametrizing unit-area differentials with zeros of order k = (k1, ..., ky). Similarly, for any ¥ we may

define the regular locus @lﬂ/tzfg (k) to be the set of (X, A) where A cuts X into ideal polygons with
(k1 +2,...,kn + 2) many sides, each with a cyclic symmetry of that order.

With this notation, Mirzakhani’s conjugacy can more precisely be stated as the existence of a bijection
1 greg 14g—4 1 gynsc 14g—4
P Mg (178 )<—>81Jl/t2,“(1g )

taking earthquake flow to horocycle flow, where the superscript nsc specifies the (full-measure) sublocus
of the stratum consisting of those differentials with no horizontal saddle connections.
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Shear-shape cocycles for measured laminations and ergodic theory of the earthquake flow 1997

One of our main applications of Theorem A is to produce an analogue of Mirzakhani’s conjugacy for
components of strata (even those coming from global squares of abelian differentials), confirming a
conjecture of Alex Wright [2022, Remark 5.6] (see also [loc. cit., Problems 12.5 and 12.6]).

Theorem B For every «, the map O restricts to a bijection
PGS (1) < 2 MG (k)
that takes earthquake to horocycle flow and (generalized) stretch rays to Teichmiiller geodesics.

While strata of holomorphic quadratic differentials are generally not connected, for g # 4 their connected
components are classified by whether or not they consist of squares of abelian differentials and the parity
of the induced spin structure (both of which depend only on the horizontal foliation when there are
no horizontal saddles), as well as hyperellipticity [Kontsevich and Zorich 2003; Lanneau 2008].! The
bijection O respects both the horizontal direction and the Mod(.S)—action, so Theorem B can be refined
to describe the preimages of these components.

As an immediate consequence of Theorem B, the earthquake flow is ergodic with respect to the pushforward
by 0~! of the Masur—Veech measure on any component of any stratum of quadratic differentials.

1.2 Geodesic flows and P —invariant measures

Pulling back the Teichmiiller geodesic flow via O allows us to specify a family of “dilation rays” which
serve as a geodesic flow for the earthquake flow’s parabolic action and in many cases project to geodesics
for Thurston’s Lipschitz asymmetric metric. Combining dilation rays and the earthquake flow therefore
gives a action of the upper-triangular subgroup P < SL; R on @lﬂ/tg by “stretchquakes”. See Section 15.3.

Due in part to the failure of O to be continuous, the stretchquake action on P!l is not by homeomorphisms
but rather by measurable bijections. More precisely, it preserves the o—algebra obtained by pulling back
the Borel o—algebra of 2!1.((S) along O. In a sequel [Calderon and Farre 2024a], we show that O is
actually a measurable isomorphism with respect to the Borel o—algebra on ! JMg and that the stretchquake
action restricted to each Q]’IJl/Lz,eg () is by homeomorphisms; see also Remark 2.2.

Remark 1.1 In fact, Arana-Herrera and Wright [2024] have shown that there is no continuous map
conjugating the earthquake flow to horocycle flow, at least when @IA/Lg and Ell.A/tg are equipped with
their standard topologies.

In their foundational work on SL, R-invariant ergodic measures on the moduli space of flat surfaces,
Eskin and Mirzakhani [2018, Theorem 1.4] proved that the support of any P—invariant ergodic measure
on Qljl/tg is locally an affine manifold cut out by linear equations in period coordinates. Our conjugacy
translates this classification into a classification of ergodic measures for the extension of the earthquake
flow defined above:

In genus 4, there are certain strata whose components have only been characterized via algebraic geometry [Chen and Moller
2014].

Geometry & Topology, Volume 28 (2024)



1998 Aaron Calderon and James Farre

Theorem C Every stretchquake-invariant ergodic measure is the pullback of an affine measure.

Proof If v is a stretchquake-invariant ergodic measure on @lﬂ/tg, then O,V is a P—invariant ergodic
measure on SZIJI/Lg, which is affine by [Eskin and Mirzakhani 2018, Theorem 1.4]. |

Using this correspondence we obtain a geometric rigidity phenomenon for stretchquake-invariant ergodic
measures on @l/l/tg; the generic point is made out of a fixed collection of regular ideal polygons.

Corollary 1.2 For any stretchquake-invariant ergodic probability measure v on QPIJl/Lg, there is some k
such that v—almost every (X, A) lies in @lﬂ/trgeg(g).

This in particular implies that the dynamics of the stretchquake action with respect to any ergodic
probability measure are measurably the same as its restriction to a stratum, on which we can identify
dilation rays as (directed, unit-speed) geodesics for the Lipschitz asymmetric metric on J(S) (see
Proposition 15.12).

Remark 1.3 General ergodic measures for the stretchquake action can look quite different than the
Lebesgue measure class on P! Jg, even when pushed down to .Ilg. For example, if v gives full measure to
QPlJl/Li,eg (4g —4), then a v—generic point is obtained by gluing together a single regular ideal (4g—2)—gon;
in particular, the injectivity radius at the center of the polygon can be arbitrarily large, allowing g — oc.
This implies that v gives zero mass to (the restriction of @lJl/Lg to) sufficiently thin parts of the moduli
space, as any (X, A) where X has a very short pants decomposition has injectivity radius uniformly
bounded above.

Remark 1.4 While an important result of [Eskin and Mirzakhani 2018] is that any P-invariant ergodic
measure on Qllmg is actually SL, R—invariant, the circle action on SZI.A/Lg (corresponding to rotating a
quadratic differential) does not have an obvious geometric interpretation on @lﬂ/tg. See also [Wright
2020, Problems 12.3 and 12.4].

1.3 Dual foliations from hyperbolic structures

A foundational result of Gardiner and Masur (Theorem 2.1 below) states that quadratic differentials are
parametrized by their real and imaginary parts, or, equivalently, their vertical and horizontal foliations
(or laminations). In particular, the real-analytic submanifold #“%()) of all quadratic differentials with
horizontal lamination A can be identified with the space JM%(A) of foliations that bind together with A.
See Section 2 for a formal definition. As the horocycle flow preserves the horizontal foliation, it induces
a flow on MF(A).

Mirzakhani’s conjugacy and our extension therefore both follow from the construction of flow-equivariant
maps that assign to a hyperbolic surface X" and a measured lamination A a “dual” measured foliation.

Geometry & Topology, Volume 28 (2024)



Shear-shape cocycles for measured laminations and ergodic theory of the earthquake flow 1999

For maximal laminations A, this dual is the horocyclic foliation F, (X)) introduced by Thurston [1986],
obtained by foliating the spikes of each triangle of X \ A by horocycles and extending across the leaves
of A. The measure of an arc transverse to Fj (X) is then the total distance along A between horocycles
meeting the arc at its endpoints. As Fj (X) necessarily binds S together with A, this defines a map

Fp: T(S) — MF).

We endow JMF(A) with the real-analytic structure coming from its identification with F*¥(}). The main
engine of Mirzakhani’s conjugacy is the following theorem of [Bonahon 1996; Thurston 1986]; see also
Section 2.1 for a discussion of her interpretation of this result.

Theorem 1.5 (Bonahon and Thurston) For any maximal A, the horocyclic foliation map F), is a real-
analytic homeomorphism which takes the earthquake in A to the horocycle flow restricted to MF(A) =
FH4 (L) in a time-preserving way. Moreover, the family { F) } is equivariant with respect to the Mod(.S)—
action. That is, Fg) (gX) = gF, (X) for all g € Mod(S).

When A is not maximal, the horocyclic foliation is no longer defined. The first thing one might try is to
simply choose a completion of A, but this approach is too naive. Indeed, this would require choosing a
completion of every lamination, which necessarily destroys Mod(S)—equivariance because laminations
(and differentials) can have symmetries.> Such a map will not descend to moduli space and is therefore
unsuitable for our applications. Besides, for our purposes it is important that the geometry of the
subsurfaces of X \ A predict the singularity structure of the corresponding differential.

If one restricts their attention to the case when A is filling and cuts X into regular ideal polygons, then there
is a canonical notion of horocyclic foliation. While this construction is equivalent on the regular locus to
the more general procedure we describe just below, any attempt to prove Theorem B with this restricted
viewpoint would necessarily rely on (Mod(.S)—equivariant) descriptions of the loci of surfaces built from
regular polygons, as well as the intersection of F“%(A) with strata, results which (to the knowledge of the
authors) were heretofore unknown. Compare Corollary 2.6 and Section 2.2.

We therefore place no restrictions on the topological type or the complementary geometry of A. Following
a suggestion of Yi Huang (communicated to us by Alex Wright), we prove that the correct analogue of
the horocyclic foliation for nonmaximal A is the orthogeodesic foliation 0; (X'), whose leaves are the
fibers of the closest-point projection to A and whose measure is given by length of the projection to A. As
in the maximal case, the orthogeodesic foliation binds together with A, inducing a map

05.: T(S) = MF(L).

See Section 5 for a more detailed discussion of this construction.

2For example, take y to be a simple closed curve; completions of y correspond to triangulations of X \ y where the boundaries are
shrunk to cusps (up to a choice of spiraling about each side of y). The space of such triangulations carries a rich Stab(y )—action,
and a computation shows that the horocyclic foliations for two completions in the same Stab(y) orbit need not be equal.
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2000 Aaron Calderon and James Farre

Theorem D For any A € ML(S), the orthogeodesic foliation map O, is a homeomorphism which
takes the earthquake in A to the horocycle flow restricted to MF (L) = F**(X) in a time-preserving way.
Moreover, the family {0, } is equivariant with respect to the Mod(S)-action. That is, 04y (gX) = g0y (X)
for all g € Mod(S).

Although M%(X) does not have an obvious smooth structure, the map O, still exhibits a surprising amount
of regularity; see Theorem E.

The proof of Theorem D requires generalizing Bonahon’s machinery of transverse cocycles to new combi-
natorial objects, called “shear-shape cocycles”, which capture the essential structure of the orthogeodesic
foliation; see Section 2.1. The space of shear-shape cocycles forms a common coordinatization of both
J(S) and MZF(A) that is compatible with the map O, and reveals an abundance of structure encoded in
the orthogeodesic foliation:

e When A cuts X into regular ideal polygons, the orthogeodesic and horocyclic foliations agree.

¢ The locus of points of X which are closest to at least two leaves of A forms a piecewise-geodesic
spine for X \ A which captures the geometry and topology of the complementary subsurfaces
(see Theorem 6.4). Moreover, this spine is exactly the diagram of horizontal separatrices for the
quadratic differential with horizontal foliation A and vertical foliation Oy (X).

e For every measure p on A, the intersection of w and 0y (X) is the hyperbolic length of & on X.

¢ The pullbacks of Teichmiiller geodesics with no horizontal saddle connections are geodesics with
respect to Thurston’s Lipschitz (asymmetric) metric (Proposition 15.12).

The orthogeodesic foliation map can also be thought of as relating the hyperbolic and extremal length
functions £, (-) and Exty (-) for any fixed A. Indeed, a seminal theorem of [Hubbard and Masur 1979]
states that the natural projection

T FHA) = T(S)

that records only the complex structure underlying a differential is a homeomorphism. Combining this with

the fact that the extremal length of A on Y is exactly the area of the differential 7~ (Y'), we deduce that:

Corollary 1.6 For every A € M£(S), the map 7 o 0y, is a Stab(A)—equivariant self-homeomorphism
of J(S) that takes the hyperbolic length function £, (-) to the extremal length function Ext) (-).
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2 About the proof

Given Theorem D, which associates to (X, A) a dual foliation 0, (X) describing the geometry of the
pair, it is not difficult to prove Theorems A and B. First we recall the relationship between differentials,
foliations and laminations in a little more detail.

The space of measured foliations (up to equivalence) on a closed surface S of genus g > 2 is denoted
by MZF(S). There is a canonical identification [Levitt 1983] between M%F(S) and ML(S), the space
of measured laminations on §'; throughout this paper we will implicitly pass between the two notions
at will, depending on our situation. By 29, and 9! J ¢ we mean the bundle of holomorphic quadratic
differentials over the Teichmiiller space and the locus of unit-area quadratic differentials, respectively.
We similarly let 2T, = T(S) x MEL(S) and P! T, be the locus of pairs (X, 1) where A has unit length
on X.

To every g € 2T, one may associate the real measured foliation |[Re(¢)| which measures the total variation
of the real part of the holonomy of an arc; the imaginary foliation |Im(q)| is defined similarly. These
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2002 Aaron Calderon and James Farre

foliations have vertical and horizontal trajectories, respectively, and so we will also refer to them as the
vertical and horizontal foliations (or laminations) of ¢ and write

q = q(|Re(g)|. Im(q)]).

A foundational theorem of Gardiner and Masur implies that the real and imaginary foliations completely
determine ¢, and that, given any two foliations which “fill up” the surface, one can integrate against their
measures to recover a quadratic differential.

A pair of measured foliations/laminations (7, A) is said to bind S if, for every y € ME(S),

i(y.n)+i(y.,A) >0,

where i (-, ) is the geometric intersection pairing. In the literature, such pairs are sometimes called filling,
though we choose to distinguish the topological notion of filling from the measure-theoretic notion of
binding.

Theorem 2.1 [Gardiner and Masur 1991, Thereom 3.1] There is a Mod(S)—equivariant homeo-
morphism
9T (S) = MF(S) x MF(S) \ A,

where A is the set of all nonbinding pairs (n, A). In particular, the set #**(A) of all quadratic differentials
with [Im(g)| = A may be identified with M%F (1), the set of foliations which together bind with A.

Proof of Theorems A and B By definition, there is a Mod(S)—equivariant projection Ty — ME(S)
with fiber 7(S). Theorem 2.1 implies there is a Mod(.S)—equivariant projection 2T, — ML(S) whose
fiber over A may be identified with M%F(X). Applying Theorem D on the fibers therefore yields an
equivariant bijection

0:PTg < 2T,

which takes unit-length laminations to unit-area differentials (Corollary 13.14), and quotienting by the
Mod(S)-action proves Theorem A.

Furthermore, we observe that the spine of the orthogeodesic foliation of a regular ideal (k+2)—gon is just
a star with k£ 4+ 2 edges, which corresponds to the separatrix diagram of a zero of order k when there are
no horizontal saddle connections. Thus O restricts to the promised conjugacy on strata (Theorem B). O

Remark 2.2 Mirzakhani’s conjugacy is defined on the Borel subset @ﬁg’g(l“g_“) C PIJg of full
Lebesgue measure and is moreover Borel measurable on its domain of definition. The latter assertion is a
consequence of a stronger result, namely that @Jf;eg(l“g -4 > 99 is continuous (with respect to the
subspace topology on P, ;eg( 1484y,

While convergence of measured laminations (in measure) does not typically imply Hausdorff convergence
of the supports, whenever a sequence {A,} of maximal measured laminations converges to a maximal
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measured lamination A, A, is eventually carried (snugly) on a maximal train track also carrying A. From
here, it is not difficult to deduce that A,, — A in the Hausdorff topology [Zhu and Bonahon 2004] and
thus the horocyclic foliations F, (X') converge to Fyx,. Intuitively, the leaves of A, intersect the leaves
of A with small angle (depending on the specific surface on which they are realized), so the orthogonal
directions become more parallel.

In [Calderon and Farre 2024a], we extend these ideas and prove that O is (everywhere) Borel measurable
with Borel measurable inverse by identifying a countable partition of ?J, and 27, into Borel subsets on
which O is homeomorphic. See also Section 16.

In general, the compact edges of the spine of a pair (X, A) correspond exactly to horizontal saddle
connections in the differential O(X, A). This observation allows us to prove that the generic point for a
P—invariant ergodic probability measure on %!.il, consists of pairs (X, 1) where A cuts X into a fixed
set of regular ideal polygons.

Proof of Corollary 1.2 Using our conjugacy, the desired statement is equivalent to the fact that any
P—invariant ergodic probability measure on SZl/l/tg is

(a) supported in a single stratum, and

(b) gives 0 measure to the set of differentials with horizontal saddle connections.

The first statement is implied by ergodicity, while the second follows from the fact that the measure
is actually SL, R—invariant [Eskin et al. 2015]. Indeed, for any quadratic differential ¢, the Lebesgue
measure of the set of directions # such that ¢ 9q has a saddle connection is 0, so Fubini’s theorem
implies (b). O

Refining the proof by considering connected components of strata, we can also conclude that v—almost
every pair has the same orientability, spin and hyperellipticity properties.

2.1 Shear-shape coordinates

Our strategy to prove Theorem D follows Mirzakhani’s interpretation of Theorem 1.5, in which she clarifies
the relationship between Thurston’s geometric perspective on the horocyclic foliation and Bonahon’s
powerful analytic approach in terms of transverse cocycles. Namely, she shows that the horocyclic
foliation map F) is compatible with shearing coordinates for both hyperbolic structures and measured
foliations. To motivate our construction, we give a brief outline of Mirzakhani’s proof below.

A (real-valued) transverse cocycle for A is a finitely additive signed measure on arcs transverse to A that
is invariant under isotopy transverse to A; observe that transverse measures are themselves transverse
cocycles. These objects equivalently manifest as transverse Holder distributions, cohomology classes,
or weight systems on snug train tracks [Bonahon 1997a; 1996; 1997b]. The space #(A) of transverse
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cocycles forms a finite-dimensional vector space which carries a natural homological intersection pairing
which is nondegenerate when A is maximal. The intersection pairing then identifies a “positive locus”
T (L) C #(X) cut out by finitely many geometrically meaningful linear inequalities. See also Section 7.1.

Bonahon [1996, Theorem A] proved that, for any maximal geodesic lamination A, there is a real-analytic
homeomorphism 07 : 7(S) — %1 (1) that takes a hyperbolic metric to its “shearing cocycle”, which
essentially records the signed distance along A between the centers of ideal triangles in the complement
of A. Mirzakhani [2008, Sections 5.2 and 6.2] then constructed a homeomorphism 7, (essentially by
a well-chosen system of period coordinates) that coordinatizes L% (A) by #T (1) and for which the
following diagram commutes:

T(S) . > MF(R)
® PR
()

Since F) = I, 0 0y is a composition of homeomorphisms, it is itself a homeomorphism. As the
construction of the horocyclic foliation requires no choices, the family { F } is necessarily Mod(S)-
equivariant. Finally, a direct computation shows that o transports the earthquake in A to translation
in %7 (1) by A, and Iy similarly takes horocycle to translation, demonstrating Theorem 1.5.

Shear-shape cocycles When A is not maximal, the space of transverse cocycles is no longer suitable to
coordinatize hyperbolic structures (or transverse foliations). Indeed, in this case the vector space # (1) has
dimension less than 6g — 6 and its intersection form may be degenerate; this is a consequence of the fact
that the Teichmiiller space of S \ A now has a rich analytic structure that transverse cocycles cannot see.

In order to imitate (1) and its concomitant arguments for arbitrary A € ML(S), we therefore introduce the
notion of shear-shape cocycles on A. Roughly, a shear-shape cocycle consists of finitely additive signed
data on certain arcs transverse to A together with a weighted arc system that cuts S'\ A into cells; this pair is
also required to satisfy a certain compatibility condition mimicking features of the orthogeodesic foliation
(Definition 7.11). Generalizing results of [Luo 2007, Theorem 1.2 and Corollary 1.4], we show that such
an arc system is equivalent to a hyperbolic structure on S \ A (Theorem 6.4), so shear-shape cocycles
may equivalently be thought of as transverse data together with a compatible hyperbolic structure on the
complementary subsurface(s). Like transverse cocycles, shear-shape cocycles also admit realizations as
cohomology classes or weight systems on certain train tracks (Definition 7.5 and Proposition 9.5).

Remark 2.3 Only certain classes of arcs admit consistent weights when measured by a shear-shape
cocycle, whereas transverse cocycles provide a measure to any arc transverse to A. While this sub-
tlety is exactly what allows us to understand how to relate shear-shape cocycles with the geometry of
complementary subsurfaces, it also presents a number of technical challenges throughout the paper.
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Unlike transverse cocycles, the space ¥ (A) of shear-shape cocycles is not a vector space, instead forming
a principal #())-bundle over a contractible analytic subvariety of I (S \ 1) (Theorem 8.1). All the same,
the cohomological realization of shear-shape cocycles equips ¥ (A) with an intersection form

wyge: FH(A) x H(A) —> R

that identifies a “positive locus” ¥% (1) and equips both $¥ (1) and ¥ (L) with piecewise-integral-
linear structures. The positive locus forms an % (1)—cone bundle over the same subvariety of T (S \ 1)
(Proposition 8.5) and fits into the familiar-looking commutative diagram

7(S) & > MF(L)
@ N e
PHT (L)

where o) and [, record shearing data along A as well as shape data in the complementary subsurfaces.
These maps can be thought of as a common generalization of Bonahon and Mirzakhani’s shear coordinates
as well as Fenchel-Nielsen and Dehn-Thurston coordinates adapted to a pants decomposition (see
Section 2.2). In the case when A is orientable, the map /; can also be viewed as an extension of Minsky
and Weiss’s description [2014, Theorem 1.2] of the set of abelian differentials with given horizontal
foliation.?

The conjugacy of Theorem D is then a consequence of the following structural theorem, which is an
amalgam of the main technical results of the paper (compare Theorems 10.15, 12.1 and 13.13).

Theorem E  For any measured lamination A, diagram (2) commutes and all arrows are Stab(A)—equivariant
homeomorphisms. Moreover:

e 0, Is (stratified) real-analytic and transports the earthquake flow to translation by A and the
hyperbolic length of A to wgy(-,A).

e The weighted arc system underlying o3 (X') records the hyperbolic structure X \ A under the
correspondence of Theorem 6.4.

e [, is piecewise-integral-linear and transports horocycle flow to translation by A and intersection
with A to wgye(-, A).

e The weighted arc system underlying I, (1) records the compact horizontal separatrices of q(n, A).

In the course of our proof, we also describe new “shape-shifting deformations” of hyperbolic surfaces
which generalize Bonahon and Thurston’s cataclysms by shearing along a lamination while also varying
the hyperbolic structures on complementary pieces. See Section 15.1.

3Technically, Minsky and Weiss [2014] investigate the family of abelian differentials with a fixed horizontal foliation and fixed

topological type of horizontal separatrix diagram, whereas our map applies to quadratic differentials (whether or not they are
globally the squares of abelian differentials) and packages together all possible types of separatrix diagrams.
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One particularly interesting family of deformations is obtained by dilation. The space ¥ (1) admits a
natural scaling action by R (, and, since both earthquake and horocycle flow are carried to translation
in coordinates, this scaling action indicates extensions of each to P—actions. A quick computation
(Lemma 11.1) shows that the pullback of a dilation ray by I, is (a variant of) the Teichmiiller geodesic
flow, so the P—action on the flat side is just the standard P—action on 2.

On the hyperbolic side, these dilation rays define our extension of the earthquake flow, and correspond to
families of hyperbolic metrics on which the length of A is scaled by a uniform factor. They are therefore
natural candidates for (directed, unit-speed) geodesics for the Lipschitz asymmetric metric on J(S), and
in some cases we can identify them as such (see Propositions 15.12 and 15.18, as well as Remarks 15.19
and 15.14).

Remark 2.4 Over the course of the paper we formalize the notion that shear-shape coordinates for
hyperbolic structures are essentially the “real part” of period coordinates for ?J. Interpreting o (X)4iA
as a complex weight system on a train track, Theorem C implies that the support of every stretchquake-
invariant ergodic measure on QJ’I.A/Lg is locally an affine measure in train track charts. See Lemma 10.10.

Coordinatizing horospheres Since the Thurston intersection form wggy captures both the hyperbolic
length of and geometric intersection with A, the coordinate systems of Theorem E also allow us to give
global descriptions of the level sets of these functions. In particular, we can recover Gardiner and Masur’s
description [1991, page 236] of extremal-length horospheres as well as Bonahon’s description of the
hyperbolic-length ones (which is implicit in the structure of shear coordinates for maximal completions).

Corollary 2.5 Suppose that A supports k ergodic transverse measures Aq,...,A;. Then, for all
Ly,..., L € R.y, the level sets

{XeJ(S)|lx(A;) =L;forall i} and {ne MF)|i(n,A;) = L; forall i}

are both homeomorphic to R%¢ —6—k,

Analyzing this coordinatization more closely, in fact both level sets can be described as affine bundles of
dimension dimg %1 (1) — k over the same subvariety of J(S \ 1) as underlies F#(1).

From this refinement, we are able to describe the intersection of the leaf F*“*(A) with strata. The
decomposition of period coordinates into real and imaginary parts shows that this intersection (when
not empty) is locally homeomorphic to R?, where d is the complex dimension of the stratum; our work
shows that these local homeomorphisms patch together to a global one. Compare [Minsky and Weiss
2014, Theorem 1.2].

Corollary 2.6 Suppose that X is a filling measured lamination that cuts a surface into polygons with
k1+2,...,kn+2 many sides, and let ¢ = +1 if A is orientable and —1 otherwise. Let 97 (k; €) denote
the union of the components of the stratum 24 (k) C 2T, that either are (¢ = +1) or are not (¢ = —1)
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global squares of abelian differentials. Then
{q € 2T (k;2) : [Im(q)| = A} = % T (1) = R?,

where d is the complex dimension of 274 (k; €).

Proof Theorem E indicates that the metric graph of compact horizontal separatrices of ¢(n, A) is
encoded by the weighted arc system underlying 7, (). These weighted arc systems are organized in
a piecewise-linear subvariety 4(S \ 1) of a product of weighted filling arc complexes that encode the
combinatorics of how a zero of order «; can split up into lower-order zeros joined by horizontal saddle
connections (see Sections 6, 7.3 and 10.1 and Figure 5). For differentials in the indicated set, there are no
compact horizontal separatrices, and so the underlying arc system is always the empty (filling) arc system
@ € B(S \ A). In other words, the image of {g € 2T (k;¢) : [Im(g)| = A} in coordinates is just the fiber
over @, where Proposition 8.5 identifies 9¢™ (1) as an %T (1)-bundle over Z(S \ 1).

The second isomorphism % (1) = R is just a dimension count (see Lemmas 4.6 and 7.3 in particular). O

In general, F** (L) N 2T, (k; &) forms a 3+ (A)-bundle over a union of faces of an arc complex of S \ A.
As a consequence, the only obstruction to completeness of any such leaf comes from zeros colliding
along a horizontal saddle connection (see also [Minsky and Weiss 2014, Theorem 11.2]). This global
description of F** (A1) N 2T, (k; €) also allows the importation of arguments from homogeneous dynamics
to investigate equidistribution in both 1.y and P! g and their strata; see the discussion in Section 16.

2.2 Generalized Fenchel-Nielsen coordinates

Our shear-shape coordinates for hyperbolic structures can be thought of as interpolating between the
classical Fenchel-Nielsen coordinates adapted to a pants decomposition and Bonahon and Thurston’s
shear coordinates. In both cases, one remembers the shapes of the complementary subsurfaces (pairs of
pants and ideal triangles, respectively) and the space of all hyperbolic structures with given complementary
shape is parametrized by gluing data (twist/shear parameters).

For general A, there is a map
cuty: IT(S) = T(S\A)

that remembers the induced hyperbolic structure on each complementary subsurface. Theorem 12.1 then
implies that the image of cuty is a real-analytic subvariety Z(S \ ) of J(S \ A) consisting of those
structures satisfying a “metric residue condition” (see Lemma 13.1). In the case where each component
of A is either nonorientable or a simple closed curve, Z(S \ A) is just the space of hyperbolic structures
for which the two boundary components of the cut surface corresponding to a simple curve component
of A have equal length. Theorem 12.1 together with the structure of %™ (1) also allows us to identify
the fiber cut;1 (Y) over any Y € #(S \ ) with the gluing data %™ (1) (though not in a canonical way).*

4See the discussion around (18) in regards to the positivity condition for disconnected A; in essence, % (1) is the product
of %+ (X;) for each nonclosed minimal component together with the twisting data around simple closed curves.
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We summarize this discussion in the following triptych:

Fenchel-Nielsen shear-shape shear
R3¢ —— J(S) (L) — T(S) ¥+ (L) — T(S)
| | l
R B(S\ 1) o)
A a pants decomposition A arbitrary A maximal

In each coordinate system, J(.S) is the total space of a fiber bundle over a base space of allowable shape
data on the subsurface complementary to A, while the fiber consists of gluing data.

A completely analogous picture also holds for foliations transverse to A, demonstrating /; as a common
generalization of both Dehn-Thurston and Mirzakhani’s shear coordinates.

2.3 Fenchel-Nielsen and Dehn—Thurston via shears and shapes

In order to give the reader a concrete example of shear-shape coordinates, we include here a discussion of
our construction for A = P a pants decomposition. In this case, shear-shape coordinates are just a (mild)
reformulation of the classical Fenchel-Nielsen and Dehn—-Thurston ones.

First we consider a hyperbolic structure X. A pair of pants in X \ P is typically parametrized by its
boundary lengths (a, b, ¢) or, equivalently, by the alternating side lengths of either of the right-angled
hexagons coming from cutting along seams. The orthogeodesic foliation on a pair of pants picks out
either a pair or a triple of seams (those which are realized as leaves of Op (X)), each weighted by the
length of a boundary arc consisting of endpoints of leaves of Op(X) isotopic to the seam. See Figure 1.
In this case, these lengths are just simple (piecewise-)linear combinations of the boundary lengths and the
metric residue condition defining Z(S \ P) just states that the boundaries that are glued together must
have the same length. See Figure 1.

The space %™ (P) reduces to a sum of the twist spaces for each curve of P, and so Proposition 8.5 implies
that % (P) is a principal R3¢ ~3_bundle over #(S \ P) = Ri%_3. The transverse data recorded by this
twist space then describes the signed distance between certain reference points in pairs of right-angled
hexagons in X that are adjacent to the same curve of P, which is the same as the twist parameter measured

by the appropriate choice of Fenchel-Nielsen coordinates.’

We can similarly recognize Iy : MF(P) — FS#*(P) as Dehn—Thurston coordinates. Now, from any
integral point 0 € %™ (P), we can construct a multicurve @ with prescribed intersection and twisting
parameters as follows: the weighted arc system describes how strands of « pass between and meet the

SFenchel-Nielson coordinates always involve some choice of section of the space of twists over the length parameters, and so
have only the structure of a principal R38~3_bundle over Ri_g_3.
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Ha+b—c)

%(a—kc—b) %(b—kc—a) a

Figure 1: The orthogeodesic foliation on pairs of pants. Note that the weight of each bolded arc
is a linear combination of the boundary lengths, whence the correspondence between shear-shape
and Fenchel-Nielsen/Dehn—Thurston coordinates. If any of the weights is zero, the orthogeodesic
foliation only picks out the two seams with nonzero weights.

components of P, while the transverse data recorded by % T (P) = R? describes the extent that strands
of o wrap around components of P. This procedure is clearly reversible and can easily be extended to
transverse foliations using a family of standard train tracks on each pair of pants (see [Penner and Harer
1992, Section 2.6]). As in the hyperbolic case, one can easily pass between these coordinates and the
standard Dehn—Thurston ones just by replacing the count of strands of o going from one boundary to the
other with the total intersection of o with each boundary.

3 Outline of the paper

The rest of this paper is roughly divided into four parts, corresponding to the orthogeodesic foliation,
shear-shape cocycles and shear-shape coordinates for flat and hyperbolic structures, as well as a collection
of further directions for investigation, some of which have been completed while this article was in press
(Section 16). While the constructions of I and o; both rely on foundational results established in the
first two parts, we have attempted to direct the reader eager to understand our coordinates to the most
important statements of these sections.

We expect that the reader is familiar with many of the standard constructions of Teichmiiller theory, as
well as the definitions of both the earthquake and horocycle flows; we recommend [Minsky and Weiss
2002, Section 4] for a particularly lucid overview of the relevant objects. We also refer the reader to
[Casson and Bleiler 1988; Thurston 1979, Section 8] for more on laminations and to [Penner and Harer
1992] for a comprehensive introduction to train tracks.

Sections 4-6: the orthogeodesic foliation Cutting along a lamination results in a (possibly disconnected)
hyperbolic surface ¥ with crown boundary, and in Section 4 we recall some useful information about the
Teichmiiller spaces of such surfaces. One particularly important definition is that of the “metric residue”
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of a crown end, which is a generalization of boundary length and plays an important role in cohomological
constraints on the shape data of shear-shape cocycles (Lemma 7.9).

With these preliminaries established, in Section 5 we discuss in more detail the orthogeodesic foliation
and the hyperbolic geometry of X in a neighborhood of A. In this section we also give a geometric
interpretation of the map in Corollary 1.6 that relates hyperbolic and extremal length.

The most important result of this part occupies Section 6, in which we show that the orthogeodesic foliation
restricted to X completely determines its hyperbolic structure. More explicitly, dual to each compact edge
of the spine of 03 (X) is a packet of properly isotopic arcs joining nonasymptotic boundary components
of . By assigning geometric weights to each of these packets, we can therefore combinatorialize the
restriction of 0y (X) to X by a weighted filling arc system.

Using a geometric limit argument, in Theorem 6.4 we prove that the map which associates to a hyperbolic
structure on X the associated arc system is a Mod(X)—equivariant stratified real-analytic homeomorphism
between J(X) and a certain type of arc complex for X, generalizing a theorem of [Luo 2007] for surfaces
with totally geodesic boundary (see also [Mondello 2009b; Do 2008; Ushijima 1999]). Moreover, by
construction, this map records both the combinatorial structure of the spine of 0) (X') as well as the metric
residue of the crowns of X.

Theorem 6.4 is used extensively throughout the paper in order to pass between the combinatorial data of
a weighted arc system, the restriction of 0; (X)) to X, and the corresponding hyperbolic structure on X.
The proof is independent of the main line of argument; as such, the reader is encouraged to understand
the statement, but may wish only to skim the proof.

Sections 7-9: the space of shear-shape cocycles The second part of the paper is devoted to our
construction of shear-shape cocycles for a given A and an analysis of the space $# (1) of all shear-shape
cocycles. Upon reaching this section, the reader may find it useful to glance ahead to either Section 10 or
Section 13 to instantiate our definitions.

After reviewing structural results on transverse cocycles, in Section 7 we give both cohomological and
axiomatic definitions of shear-shape cocycles (Definitions 7.5 and 7.11, respectively), both predicated on
some underlying weighted arc system on . In Proposition 7.13 we prove these definitions agree. Using
the cohomological description, we observe a constraint on the weighted arc systems that can underlie a
shear-shape cocycle coming from metric residue conditions (Lemma 7.9); this can also be thought of as a
generalization of the fact that one can only glue together totally geodesic boundary components of the
same length (compare Lemma 13.1).

Letting (S \ A) denote the subvariety of the filling arc complex of X cut out by the aforementioned
residue conditions, we show in Section 8 that the space $9€(A) of shear-shape cocycles forms a bundle of
transverse cocycles over (S \ A) with some additional structure (Theorem 8.1) whose total space is

Geometry & Topology, Volume 28 (2024)



Shear-shape cocycles for measured laminations and ergodic theory of the earthquake flow 2011

a cell of dimension 6g — 6 (Corollary 8.2). In this section we also introduce the Thurston intersection
form on $%(A) (Section 8.2) and prove that the positive locus % (A) it defines is itself a bundle
over B(S \ 1) (Proposition 8.5).

Finally, in Section 9 we give train track coordinates for the space of shear-shape cocycles. The train
tracks we use give a preferred decomposition of arcs on S into pieces that are measurable by shear-shape
cocycles and as such give a useful way of specifying shear-shape cocycles by a finite amount of data.
The weight space for a train track is also a natural model in which to consider local deformations of
a shear-shape cocycle, a feature which we exploit in Section 14. In Section 9.3 we discuss how the
piecewise-integral-linear structure induced by train track charts endows $%1 (1) with a well-defined
integer lattice and preferred measure in the class of Lebesgue.

The reader willing to accept the structure theorems can adequately navigate the remaining two parts of
the paper using weight systems on (augmented) train tracks as a local description of the structure of
shear-shape space.

Sections 10 and 11: coordinates for transverse foliations At this point, we have established the
structure necessary to coordinatize foliations transverse to A by shear-shape cocycles.

A measured foliation € MMF (L) determines a holomorphic quadratic differential ¢ = g (1, A) € F** (1) via
Theorem 2.1, and we begin by specifying an arc system ¢(q) that records the horizontal separatrices of g.
We then build a train track 7 carrying A from a triangulation by saddle connections (Construction 10.4);
augmenting 7 by the arc system «(q) then allows us to realize the periods of the triangulation as a
(cohomological) shear-shape cocycle I (n). This identification also gives a useful formula for 7; (1) as a
weight system on the augmented train track v (Lemma 10.10).

We then show that one can rebuild ¢ just from the train track weights defined by I (1); a similar (but more
technical) argument then gives that I (1) € %" (1) (Proposition 10.12). This reconstruction technique
together with the structure of shear-shape space therefore allows to deduce that 7, is a homeomorphism
onto its image. At the end of this section, we explain how the work done in the fourth and final part of the
paper implies that I3 surjects onto %™ (1) (Theorem 10.15), and why we choose to prove surjectivity
this way. See Remark 10.16 in particular.

Since I essentially yields period coordinates, it is not surprising that (a variant of) Teichmiiller geodesic
flow is given in coordinates by dilation (Lemma 11.1), while the Teichmiiller horocycle flow is translation
by A (Lemma 11.2). We also naturally recover the “tremor deformations” introduced in [Chaika et al.
2020] as translation by measures j supported on A that are not necessarily absolutely continuous with
respect to A (Definition 11.3). Figure 17 details a dictionary between the language of [Chaika et al. 2020]
and our own.

Sections 12-15: coordinates for hyperbolic structures In the final part of the paper, we use the
geometry of the orthogeodesic foliation to coordinatize hyperbolic structures via shear-shape cocycles.
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From Theorem 6.4, we know that the combinatorialization of Oy (X) on each subsurface S \ A by a
weighted arc system completely encodes the geometry of the pieces. Cutting X \ A further along the
orthogeodesic realization of each such arc, we obtain a family of (partially ideal) right-angled polygons.
The orthogeodesic foliation equips each polygon with a natural family of basepoints, one on each of its
sides adjacent to A, that vary analytically in (S \ A). We are thus able to define a “shear” parameter
between (some pairs of) degenerate polygons, and this shear data assembles together with the “shape”
data on each subsurface to give instructions for gluing the polygonal pieces back together to obtain X.

In Section 12 we state the main Theorem 12.1, that the shear-shape coordinate map oy : 7(S) — $# T (1) is
a homeomorphism, supply an outline of its proof, and derive some immediate corollaries. The construction
of o) is given in Section 13, where we formalize the discussion from the previous paragraph. We also
prove that the central diagram (2) commutes (Theorem 13.13), which then implies that oy, takes hyperbolic
length to the Thurston intersection form (Corollary 13.14).

Section 14 is the most technical part of the paper. In it, we define the “shape-shifting” cocycles
(Proposition 14.26) along which a hyperbolic structure can be deformed (Theorem 15.1); these de-
formations are generalizations of Thurston’s cataclysms or Bonahon’s shear deformations. Although the
construction of a shape-shifting deformation is rather involved, we attempt to keep the reader informed of
the geometric intuition that guides the construction throughout. Finally, in Section 15 we assemble all of
the necessary ingredients to prove Theorem 12.1. That the earthquake along A is given by translation
by A in $%1 (L) (Corollary 15.2) is an immediate consequence of the construction of shape-shifting
deformations as generalizations of cataclysms. We then discuss how the action of dilation in coordinates
can sometimes be identified with directed geodesics in Thurston’s asymmetric metric (Propositions 15.12
and 15.18).

4 Crowned hyperbolic surfaces

When a hyperbolic surface is cut along a geodesic multicurve, the (completion of the) resulting space is
a compact hyperbolic surface with compact, totally geodesic boundary. When the same surface is cut
along a geodesic lamination, the (completion of the) complementary subsurface can have noncompact
“crowned boundaries”. This section collects results about hyperbolic structures on such “crowned surfaces”
as well as the relationship between properties of the lamination and the topology of its complementary
subsurfaces.

Remark 4.1 Throughout this section and the following, we reserve S to denote a closed surface. If A is
a geodesic lamination, then S \ A denotes the metric completion of the complementary subsurfaces to A
(with respect to some auxiliary hyperbolic metric); we will refer to the topological type of a component
of S\ A by X. Hyperbolic metrics on S and ¥ will be denoted by X and Y, respectively.
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Hyperbolic crowns While less familiar than surfaces with boundary, crowned hyperbolic surfaces
naturally arise by uniformizing surfaces with boundary and marked points on the boundary. They are also
intricately related to meromorphic differentials on Riemann surfaces with high-order poles (see eg [Gupta
2021]).

A hyperbolic crown with ¢y, spikes is a complete, finite-area hyperbolic surface with geodesic boundary
that is homeomorphic to an annulus with ¢z points removed from one boundary component. In the
hyperbolic metric, the circular boundary component corresponds to a closed geodesic and each interval
of the other boundary becomes a bi-infinite geodesic running between ideal vertices; compare Figure 2.

In general, a hyperbolic surface with crowned boundary is a complete, finite-area hyperbolic surface with

totally geodesic boundary; the boundary components are either compact or hyperbolic crowns. We record

the topological type of a crowned surface of genus g with b closed boundary components and & crowns
. . {c} —

with ¢q, ..., ¢, many spikes as Zg , where {c} = {c1,...,ci}.

Remark 4.2 Ideal polygons may be considered as crowned surfaces of genus 0 with a single (crowned)
boundary component. All of the results in this section hold for both crowned surfaces with nontrivial
topology as well as for ideal polygons, but their proofs are slightly different. Our citations of [Gupta
2021] are all for the case when X is not an ideal polygon; for the corresponding statements for ideal
polygons, see [Gupta 2021, Section 3.3] or [Han et al. 1995].

Every crowned surface Y with noncyclic (and nontrivial) fundamental group contains a “convex core”
obtained by cutting off its crowns along a geodesic multicurve [Casson and Bleiler 1988, Lemma 4.4].
When Y has type Zif’}, this core is a subsurface of genus g with b + k closed boundary components.
Since each crown with ¢; spikes may be decomposed into ¢; ideal hyperbolic triangles by introducing
leaves wrapping around the totally geodesic boundary component, we have the following expression for

the area:
k

1
4) —Area(Y) =4g —4+2b + 2(@' +2).
=
Note that one can triangulate an ideal polygon of ¢ sides into ¢ — 2 ideal triangles, and so the above
formula also holds for ideal polygons.

The metric residue While crown ends (and ideal polygons) do not have well-defined boundary lengths,
one can define a natural generalization when there are an even number of spikes. This turns out to be a
fundamental invariant that controls when crowns can be glued together along a lamination (Lemma 13.1).

Let <6 be a hyperbolic crown or an ideal polygon with ¢ spikes, where ¢ is even. One can then orient 6,
that is, pick an orientation of the boundary leaves so that the orientations of asymptotic leaves agree.
Truncating each spike of € along a horocycle based at the tip of the spike yields a surface with a boundary
made up of horocyclic segments /1, ..., h. and geodesic segments g1, ..., g.. See Figure 2.
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Figure 2: Truncating an (oriented) crown to compute its metric residue.

Definition 4.3 [Gupta 2021, Definition 2.9] Let ‘€ be either an oriented hyperbolic crown or an oriented
ideal polygon with an even number of spikes. Then its metric residue res(6) is

res(€) = ) il(gi),

i=1

where g; is positive if the truncated crown lies on the left of g; and negative if it lies on the right.

Since changing the truncation depth of a spike increases the length of two adjacent sides, the metric
residue evidently does not depend on the choice of truncation [Gupta 2021, Lemma 2.10]. Observe also
that flipping the orientation of 6 flips the sign of its metric residue.

Similarly, define the metric residue of an oriented totally geodesic boundary component § of Y to
be ££(f8), where the sign depends on whether Y lies to the left of B (positive) or right (negative).

Deformation spaces of crowned surfaces We now record some useful facts about the Teichmiiller
spaces of crowned hyperbolic surfaces.

Given any crowned hyperbolic surface Y, one can obtain a natural compactification Y by adding on an
ideal vertex at the end of each spike of each crown. The corresponding (topological) surface ig} then
has b + k boundary components with ¢; marked points on the (h+i)™ boundary component. A marking
of a crowned hyperbolic surface Y is a homeomorphism

I iifi >Y
which takes boundary marked points to ideal vertices. We think of the boundary marked points as having
distinct labels, so different identifications of the boundary points of f]{C} with the spikes of Y yield
different markings. The Teichmiiller space of a crowned hyperbolic surface E{ Z is then defined to be the

space of all marked hyperbolic metrics on E{ }, up to isotopies which fix the totally geodesic boundary
components pointwise and fix each ideal Vertex of each crown.
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. [4 . .
As noted above, any crowned hyperbolic surface Ei;; contains an uncrowned subsurface which serves as

its convex core. Therefore, the Teichmiiller space of a crowned hyperbolic surface may be parametrized
by the Teichmiiller space of its convex core together with parameters describing each crown and how it is
attached. A precise version of this dimension count is recorded below.

Lemma 4.4 [Gupta 2021, Lemma 2.16] Let X = Eif; be a crowned hyperbolic surface or an ideal

polygon. Then I (X) = R¥, where
k

(5) d=6g—6+3b+) (ci+3).

i=1

Fixing the length of any closed boundary component of EZ{;’;Z cuts out a codimension 1 subvariety of J(X).
Similarly, the subspace of surfaces with fixed metric residues at an even—spiked crown has codimension
one. The following proposition ensures that the intersections of the level sets of length and metric residue
are topologically just cells of the proper dimension:

Proposition 4.5 [Gupta 2021, Corollary 2.17] Let ¥ = Zif[}; be a crowned surface or an ideal polygon.
Let B4, ..., Bp denote the closed boundary components of ¥ and let 61, . ..,6, denote the crown ends
which have an even number of spikes. Fix an orientation of each crown end. Then, for any (L;) € RZO
and any (R;) € R¢,

(Y, /) € () | £(Bi) = L; and res(€;) = R, forall i, j} = R9I~>~¢

where d is as in (5).

Topology When a crowned surface £ comes from cutting a closed surface S along a geodesic lamina-
tion A, we can relate the topology of A to the topology of X.

Recall that the Euler characteristic of a lamination is defined to be alternating sum of the ranks of its
Cech cohomology groups, viewing A as a subset of S. Below, we compute the Euler characteristic of a
geodesic lamination in terms of the topological type of its complementary subsurfaces.

Lemma 4.6 Let A be a geodesic lamination on S. Then the total number of spikes of S\ A equals —2x(}).

We also record the corresponding formula for later use. Suppose that S\ A = ¥; U---U X,,; then

m kj

(6) X0 =-33 3",

j=li=1

where {c{ ey c,ij} denotes the crown type of X;.

Proof Fix some train track t which carries A and has the same topological type; in Section 5.2 below,
this is referred to as snug carrying of A on . Lemma 13 of [Bonahon 1997b] states that, for any such
train track, x(A) = x(7), and so it suffices to compute the Euler characteristic of .
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Splitting the switches of 7 if necessary, we may assume that 7 is trivalent (observe that this operation
preserves the Euler characteristic). Then each spike of S \ A corresponds to a unique switch of t, and
each switch corresponds to three half-edges, so

#spikes(S \ A) = #switches(t) = % -#edges(7).

Plugging this into the formula x(t) = #switches(t) — #edges(z) proves the claim. m|

In general, the relationship between the boundary components of S \ A and A can be rather involved. For
example, one can construct a lamination on a closed surface of genus g > 2 consisting of three leaves,
two of which are nonisotopic simple closed curves and one which spirals onto each of the closed leaves.
In this scenario, there is not a precise correspondence between closed leaves of A and totally geodesic
boundary components of its complementary subsurface.

Note So that we do not have to deal with possible spiraling behavior of A, we henceforth restrict our
discussion to those laminations that support a measure.

5 The orthogeodesic foliation

In this section we construct the orthogeodesic foliation 0y (X)) € MF (L) of a hyperbolic surface X with
respect to A and describe some of its basic properties.

5.1 The spine of a hyperbolic surface

We begin by describing the orthogeodesic foliation restricted to subsurfaces Y complementary to A. Let
Y be a finite-area hyperbolic surface with totally geodesic boundary, possibly with crowned boundary.
As we are most interested in those Y coming from cutting a closed surface along a lamination, we also
assume that Y has no annular cusps.

Definition 5.1 The orthogeodesic foliation O3y (Y') of Y is the (singular, piecewise-geodesic) foliation
of Y whose leaves are fibers of the closest-point projection to dY.

Near 07, the leaves of O3y (Y) are geodesic arcs meeting dY orthogonally. To understand the global
structure of the foliation, however, we need to determine how the leaves extend into the interior of Y. In
particular, we must understand the locus of points that are closest to multiple points of Y.

To that end, for any point x € Y, define the valence of x to be
val(x) :=#{y € dY :d(x,y) =d(x,0Y)}.
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Figure 3: The spine of a hyperbolic surface with crowned boundary. Note that the finite core Sp°
(represented in bold) contains a spine for the convex core of the surface.

The (geometric) spine Sp(Y) of Y is the set of points of ¥ with valence at least 2, and has a natural
partition into subsets Spg (Y), where x € Spy (Y) if it is equidistant from exactly k points in Y. For the
rest of the section we fix a hyperbolic surface Y and refer to Sp(Y') and Spy (Y') simply as Sp and Spy.

It is not hard to see that Sp is a properly embedded, piecewise-geodesic 1-complex with some nodes of
valence 1 removed (equivalently, a ribbon graph with some half-infinite edges). Indeed, Sp decomposes
into a finite core Sp° and a finite collection of open geodesic rays; since we assumed Y had no annular
cusps, each ray corresponds with a spike of a crowned boundary component. See [Mondello 2009b,
Section 2] for a discussion of the structure of the spine of a compact hyperbolic surface with geodesic
boundary in which Sp? = Sp.

We record below a summary of this discussion; see also Figure 3.

Lemma 5.2 The finite core Sp° is a piecewise—geodesically embedded graph, whose edges correspond
to the components of Sp, with finite hyperbolic length and vertex set | J; >3 Spg. Each geodesic ray
of Sp\ Sp° exits a unique spike of Y.

By definition, the orthogeodesic foliation Oyy (Y) has k—pronged singular leaves emanating from
Uk>3 Spi for k > 3. The nonsingular leaves of Oyy (Y) glue along Sp,(Y) (usually at an angle) and can
be smoothed by an arbitrarily small isotopy supported near Sp. As the geometry of Sp interacts nicely
with the leaves of Oyy (Y'), we generally prefer to think about Oyy (Y) as a piecewise-geodesic singular
foliation rather than as a smooth one. When convenient, we will pass freely between the orthogeodesic
foliation and a smoothing.

We observe that there is also an isotopy supported in the ends of the spikes of ¥ and restricting to the
identity on dY that maps leaves of the orthogeodesic foliation to horocycles based at the tip of the spike.
This equivalence between the orthogeodesic and horocyclic foliations in spikes is of vital importance in
Sections 13—15 as it allows us to adapt many of Bonahon and Thurston’s arguments to this setting.

Remark 5.3 One can check that, for regular ideal polygons, the isotopy in spikes extends to a global
isotopy between the orthogeodesic foliation and the symmetric partial foliation by horocycles.
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Following the leaves of the orthogeodesic foliation in the direction of Sp defines a deformation retraction
of Y onto Sp; let r: ¥ — Sp be the map fully collapsing ¥ onto Sp. For x and y in the same component
of Sp,, the leaves r~!(x) and r~1(y) of 05y (Y) are properly isotopic. We may therefore associate to
each edge e of Sp, the (proper) isotopy class of 7! (x) for x € e; we call this the dual arc a, to e.

There is a distinguished representative of «, that is geodesic and orthogonal to both dY and e; compare
Figure 7. By abuse of notation, we henceforth identify ¢, with its orthogeodesic representative and define

Lemma 5.4 The metric completion of the surface with corners Y \ a(Y') is homeomorphic to a union of
closed disks and closed disks with finitely many points on the boundary removed. That is, «(Y) fills Y.

Proof Each component of Y \ ¢(Y) deformation retracts onto a component of the metric completion
of Sp\ @(Y). By the duality of arcs and edges of Spg, each component of Sp \ @(Y') is contractible. O

The orthogeodesic foliation also comes with a natural transverse measure: the measure of an arc k
transverse to (a smoothing of) Oyy (Y') is defined on small enough transverse arcs k first by isotoping
the arc into dY transversely to Oyy (Y) and then measuring the hyperbolic length there. Locally, the
orthogeodesic foliation admits a reflection about each edge of Sp, so by restricting k to those leaves
of O3y (Y) that intersect a given edge, we can use this symmetry to see that the measure of k is the
same after a transverse isotopy onto either boundary component of Y. Extending to all transverse arcs by
additivity defines a transverse measure on Oyy (Y).

To each component e of Spg we associate the length ¢, > 0 of either component of r~!(e) N 3Y; the
transverse measure of e is exactly c.. Anticipating the contents of the next section (see eg Theorem 6.4),
we define the formal sum

@ AY)i= ) cotte.

eCSpg

5.2 The orthogeodesic foliation

Now that we have described the orthogeodesic foliation on each component of S \ A, we can glue these
pieces together along the leaves of A to get a foliation of S.

Construction 5.5 Let X € J(S) and A be a geodesic lamination on X. Cutting X open along A taking
the metric completion of each component, we obtain a union of hyperbolic surfaces with totally geodesic
boundary (possibly with crowned boundary). On each such component Y, we construct the orthogeodesic
foliation Oyy (Y') as described in Section 5.1 above.
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A standard fact from hyperbolic geometry [Canary et al. 2006, Lemma 5.2.6] shows that the line field
defined by (a smoothing of) the orthogeodesic foliation forms a Lipschitz line field on X \ A. Since A has
measure 0, this line field is integrable near A, so the partial foliation defined on X \ A extends across the
leaves of A. This defines a measured foliation Oy (X) € MF(S), and hence a map 0y : T(S) — MF(S).

Later, we prove in Lemma 5.8 that A and 0 (X)) bind, allowing us to restrict the codomain of 0 to MMF(1).
Ultimately, our goal is to show that Oy, is a homeomorphism onto JULZF(1).

Geometric train tracks We now consider the geometry of 0y (X) in a neighborhood of A. The following
is a modification of an important construction of Thurston [1979, Chapter 8.9]:

Construction 5.6 Let € > 0 be small enough that the e-neighborhood N¢(4) is topologically stable. The
orthogeodesic foliation O (X)) restricts to a foliation of N'¢(A) without singular points, and collapsing
the leaves yields a quotient map 7 : Ne¢(A) — 7 where T can be C'—embedded in N¢(A) as a train track
carrying A in X. By changing €, we may assume that 7 is trivalent.® Then 7 = (A, X, €) is a geometric
train track.

We sometimes refer to N¢(A) as a train track neighborhood of A and the leaves of 0y (X)|y ) as ties.
A train track neighborhood coming from Construction 5.6 is a union of bands and annuli foliated by
ties glued together along the ties that collapse to switches of t. We recall that, if A meets every tie of t
and there is no path between spikes of S \ N¢(A) that is contained in N¢(X) \ A, then t is said to snugly
carry A. Equivalently, t snugly carries A if and only if S\ A and S \ t have the same topological type.
With this definition, it is clear that the geometric train tracks constructed above always carry A snugly.

Using the geometry of 7: N¢(A) — 7, the branches of t admit a well-defined notion of length. Indeed,
let 5 C 7 be a branch, and choose a lift b to the universal cover X. Let 0,0 C X be leaves of the
elevation A of A to X that meet 77! (5) C Ne (X) in segments g and g’. Since 0y (X) is equivalent to a
horocyclic foliation in N¢ (1), transporting g along the leaves of 03 (f ) near b onto g’ is isometric, so
Lx(g) = Lx(g’). We may therefore define the length of b (along \) as

tx (b) :=Lx(g)
for any g as above. Similarly, for any branch b C t, the ties of N¢(A) collapsing to b all have the same
integral with respect to A. Define

A(b) := A(k)

for any tie k C Oy (X)|,~1(p); this is equivalently the weight deposited by A on b in its  train track
coordinates.

Lemma 5.7 For any hyperbolic structure X and any measure A" on A, we have i (\/, 0, (X)) = {x(\)).

Proof Using Construction 5.6, find a geometric train track 7 : N¢(A) — 7 snugly carrying A on X. By
definition, the intersection pairing is given by the integral over X of the product measure dA’ ® d0; (X),

©In the literature, trivalent train tracks are also called “generic”.
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whose support is contained entirely in the train track neighborhood N¢ (). For each branch b C t, the
integral of this measure on 7w ~1(b) is just A’ (b)Lx (b), so

i(k’,@ﬂX))://X dk’@d@k()()://%(k) dN ® d0y (X)

= Z //_l(b) d) ® d0, (X) = Z N (b)Lx ().
bct YT

bCt
On the other hand, £y (1) is the integral over X of the measure dA’ ® d!;,, locally the product of the
transverse measure A’ and 1-dimensional Lebesgue measure /;, on the support of A" Since A is supported
in A, the integral of dA’ ® d1), is equal to the integral of d\’ ® d!), and again the support of the product
measure is contained in N¢(A). On each thickened branch 7~ (b) C N¢(X), the integral of dA’ ® d 1,
is A'(b)Lx (b), giving
Ly (V) =N (b)ex b). 0

bCt

With this computation, we can now show that A and 0 (X)) together bind S.
Lemma 5.8 Forany X € 7(S) and A € M£(S), we have Oy (X) € MF(L).

Proof Suppose that 7 is an measured lamination such that i (, ) = 0; without loss of generality, we
may assume that 7 is ergodic. Then one of two things must be true: either 1 is supported on A or its
support is disjoint from A. In the first case, i (1, 0y (X)) = £x () > 0 by Lemma 5.7.

If 7 is disjoint from A then it is contained in a component ¥ of X \ A, and we need only show that
i(n,0,(X)) > 0. Scaling the measure of 1 as necessary, let us assume that £x (n) = £y (n) = 1. Now we
recall that the set of weighted simple closed curves is dense in the space of measured laminations on Y.
By homogeneity and continuity of the intersection pairing, it therefore suffices to find some uniform
€ > 0 such that

i(y,0,(X)) = elx(y)

for every simple closed curve y C Y. Indeed, once we have demonstrated such a bound we may
approximate n arbitrarily well by weighted curves y /£y (y) to deduce the desired bound on i (n, Oy (X)).

So let Y be the convex hull of 1 (Sp°); Y; is compact and the inclusion of Yy into Y is a homotopy
equivalence. Any simple closed geodesic y in Y is contained in Yj, and, since Y deformation retracts
onto the component of Sp contained in Y, y is homotopic to a concatenation of edges in Sp°.

Give Sp° a metric making its edges e have length ¢, =i (e, 03 (X)); then the inclusion Sp® — Y, with
this metric induces an equivariant quasi-isometry on universal covers (this follows because they are both
Gromov hyperbolic and 71 (Y) acts cocompactly and properly discontinuous on each). The geodesic
lengths of closed curves in Sp and in Y are therefore comparable, so there is some € > 0 such that

i(y, 00 (X)) = Lgo(y) = Lx (v)e,

demonstrating the desired uniform bound. O
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q(01(X). 4)

Figure 4: Inflating a lamination and deflating its complementary components.

5.3 Deflation

For a given pair (X, 1) € 7(S) x M£L(S), the pair of laminations 0; (X)) and A bind by Lemma 5.8. By
Theorem 2.1, there is a unique quadratic differential ¢ = ¢(0; (X), A), holomorphic on some Riemann
surface Z, whose real and imaginary foliations are Oy (X) and A, respectively. In this section we define a
deflation map 9, : X — Z that allows us to make direct comparisons between the hyperbolic geometry
of X and the singular flat geometry ¢. This discussion is further expanded on in [Calderon and Farre
2024a, Section 8].

An informal description of @) is that it “deflates” the subsurfaces of X \ A, retracting them to Sp along
the leaves of 0 (X), while it “inflates” along the leaves of A according to the transverse measure. The
orthogeodesic foliation in a neighborhood of A assembles into the vertical foliation of the resulting
quadratic differential metric and %) maps Sp C X to the horizontal separatrices; compare Figure 4.

Remark 5.9 This heuristic description of % can be made precise by grafting X along A (see eg [Dumas
2009]) and then collapsing the hyperbolic pieces along the leaves of Oy (X). In particular, @, is not the
grafting map.

Proposition 5.10 Given a marked hyperbolic structure’ [f: S — X] € J(S) and A € MEL(S), let
[g: S — Z] € T(S) be the marked complex structure on which ¢(0) (X), A) is holomorphic. There is a
map

Dp: X > Z

that is a homotopy equivalence restricting to an isometry between Sp® with its metric induced by integrating
the edges against 0, (X) and the graph of horizontal saddle connections of q(0; (X), A) with the induced
path metric. Moreover, @y o f ~ g and %, ,0, (X) = Re(g) and D) A = Im(q) as measured foliations.

Proof Construction 5.6 supplies us with a geometric train track 7 : N¢(A) — 7. On the preimage
71 (b) of each closed branch b of T we integrate the two measures O (X)| ~N.(1) and A giving = 1(b)
the structure of a bifoliated Euclidean rectangle of length £x (b) and height A(b) These rectangles glue
along their “short” sides {7~ (s) : s is a switch of 7} to give N¢(A) the structure of a bifoliated Euclidean
band complex.

"Throughout the paper we suppress markings in our notation, but reintroduce them here to state the proposition precisely.
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The map 7 extends to a self~homotopy equivalence of X homotopic to the identity preserving the
orthogeodesic foliation leafwise. This means that the boundary of N¢(A) admits a natural retraction
onto Sp by collapsing the leaves of the orthogeodesic foliation in the complement of N'¢(A), and we take
the quotient generated by this equivalence relation to obtain a new surface ¥ with its complex structure
described below.

On each rectangle 7! (b), the bifoliated Euclidean structure gives local coordinates to C away from the
singular points of 0; (X) locally mapping 0y (X) to |[dx| and A to |dy|, thought of as measured foliations
on the plane. These coordinate patches glue together along the spine to give local coordinates away from
the points of valence > 3. Moreover, these charts preserve |dx| and |dy|, so the transitions must be of
the form z — 4z + « for some o € C. We have therefore built a Riemann surface Z equipped with a
half-translation structure away from the vertices of Sp, which become cone points of cone angle equal
to - val(v). Edges of Sp join vertices along horizontal trajectories representing all horizontal saddle
connections on ¢; their lengths in the singular flat metric are given by the integral over 03 (X'). Thus &,
induces an isometry of metric graphs, as claimed. |

This explicit description of the quadratic differential associated to the pair (X, A) by the map O from the
introduction will be useful in order to prove in Theorem 13.13 that (2) commutes.

6 Cellulating crowned Teichmiiller spaces

We now define a certain arc complex which combinatorializes the structure the orthogeodesic foliation
on complementary subsurfaces. The main result of this section is Theorem 6.4, which shows that this
arc complex is equivariantly homeomorphic to the Teichmiiller space of the complementary surface.
In particular, this shows that the restriction of the orthogeodesic foliation to each component of S \ A
completely determines the hyperbolic structure on that piece.

Before stating the theorem, we must first set up our combinatorial analogue for Teichmiiller space. This
appears as Definition 6.1 after a series of auxiliary constructions.

Suppose that ¥ = Z‘l{éz is a finite-area hyperbolic surface with boundary and without annular cusps. A
properly embedded arc I — X is essential if I cannot be isotoped (through properly embedded arcs)
into dX or into a spike. The arc complex o/ (X, 0%) of X rel boundary is the (simplicial, flag) complex
whose vertices are isotopy classes of simple essential arcs of X. Vertices span a simplex in &/ (X, 0%) if
and only if there exists a collection of pairwise disjoint representatives for each isotopy class. The filling
arc complex o1 (2, 0%) is the subset of & (X, 0X) consisting only of those arc systems which cut X
into a union of topological disks.

The geometric realization |.«7 (X, 0X)| of &/ (X, %) is obtained by declaring every simplex to be a regular
Euclidean simplex of the proper dimension; note that the topology of |/ (X, dX)| obtained from the

Geometry & Topology, Volume 28 (2024)



Shear-shape cocycles for measured laminations and ergodic theory of the earthquake flow 2023

metric structure is in general different from the standard simplicial topology (see eg [Bowditch and Epstein
1988]). The geometric realization |.<% (2, 0X)| is then the subspace of filling arc systems equipped with
the subspace topology induced by the metric structure.

Definition 6.1 The weighted filling arc complex | (X, 0X)|r of X rel boundary is the set of all
weighted multiarcs of the form
A= Z Cittj,

where o = | Jo; € #;(2,0%) and ¢; > 0 for all 7.

Throughout, we will use « to denote a single arc, and ¢ to denote an (unweighted) multiarc. The symbol 4
will be reserved to denote a weighted multiarc.

Note If ¥ is an ideal hyperbolic polygon, then the empty arc system fills ¥ and we consider it as an
element of | (X, 0X)|r. If X is not a polygon, then the empty arc system never fills.

So long as ¥ is not an ideal polygon, |<«%(X, 0X)|Rr is just |“hn(X, 0X)| X Rsg. When X is an ideal
polygon, | (X, 0X)|r is homeomorphic to the open cone on the filling arc complex

(l#tn (2. 0%)| x Rxo)/(|#n (. 05)| x {0}).

See Figure 5, left, for an example of |« (2, 0X)|r in the case when X is an ideal pentagon.

Remark 6.2 The standard duality between arc systems and ribbon graphs (see eg [Mondello 2009a])
assigns to every 4 € |« (2, 0X)|r a metric ribbon graph spine for X (with some infinitely long edges
if ¥ has crowns). One could of course translate the cell structure of |« (2, 0¥)|r into a cellulation of
an appropriate space of marked metric ribbon graphs.

While the arc complex definition is more practical for our definition of shear-shape cocycles, the dual
ribbon graph picture allows us to immediately understand how to record the geometry of the horizontal
trajectories of a quadratic differential (see Section 10).

Combinatorial geometry Now that we have defined our combinatorial analogue of Teichmiiller space,
we can also define combinatorial notions of both length and metric residue.

Suppose that § is a compact boundary component of ¥ and 4 € |«4(X, 0X)|r; then we define the
A-length £ 4(B) of B to be the sum of the weights of the arcs of A4 incident to 8 (counted with multiplicity,
so that, if both endpoints of & liec on 8, then its weight is counted twice).

Similarly, let € be an oriented crowned boundary component with an even number of spikes. Then the
edges of € are partitioned into those that have the surface lying on their left and those which have the
surface on their right; call these edges positively and negatively oriented, respectively. The A-residue
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ot /& B LaB)=c1+2cs+c3+cq

Figure 5: Arc complexes and combinatorial geometry. Left: the weighted arc complex of an ideal
pentagon rel its boundary. Right: the combinatorial length and residue associated to a weighted
filling arc system A.

res 4(“6) of 6 is then defined to be the sum of the weights of the arcs incident to each positively oriented
edge of € minus the sum of the weights of the arcs incident to the negatively oriented edges (where both

sums are again taken with multiplicity). See Figure 5, right, for an example calculation.

We have now come to the most important object of this section, and a foundational result of this paper
that allows us to pass between hyperbolic metrics, orthogeodesic foliations and metric graphs embedded
in flat structures.

Construction 6.3 Let Y be a crowned hyperbolic surface. As discussed in Section 5.1, the orthogeodesic
foliation determines a spine for Y together with a dual (filling) arc system «(Y). Weighting each dual arc
by integrating the measure induced by Oyy (Y') over the corresponding edge of Sp (compare (7)) therefore

defines a map
A:T(2) = |Fan(Z, 0Z)|r.

When X has compact boundary, Luo [2007, Theorem 1.2 and Corollary 1.4] states that A(-) is a Mod(X)-
equivariant stratified real-analytic homeomorphism; see also [Mondello 2009b; Do 2008; Ushijima 1999].
Our aim is to generalize Luo’s theorem to surfaces with crowned boundary. While the arguments of [Luo
2007] can probably be adapted to this setting, we prefer to use some elementary hyperbolic geometry

DX

Figure 6: The truncation of a crowned surface X along y and its double DX.
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to realize |« (X, 0X)|r as a subcomplex sitting “at infinity” of the weighted filling arc complex of a
surface with compact boundary.

Theorem 6.4 Let X be a crowned hyperbolic surface. Then the map
A:J(X) = | o (2, 05)|r

is a Mod(X)—equivariant stratified real analytic homeomorphism. Moreover, let By, ..., fp denote the
closed boundary components of 3 and €1, ..., the crown ends which have an even number of spikes.
Fix an orientation of each ‘6. Then the map above identifies the level sets

{(Y, /) € T (D) | €(Bi) = Li, res(€j) = Rj} = {4 € |ou(T,02)|r : £4(Bi) = Li, res 4(€;) = R;}
for any (L;) € RZO and any (Rj) € R¢.

The remainder of this section is devoted to deducing Theorem 6.4 from [Luo 2007, Theorem 1.2 and
Corollary 1.4; Mondello 2009b, Section 2.4]. Our plan is to appeal to the aforementioned references to
prove that, for a given maximal arc system o, the map A (- ) extends to a real analytic map Ay : T (X) — R¢
that agrees with A(-) on the locus of hyperbolic surfaces whose spine has dual arc system contained
in o (Lemma 6.9). We show that A(-) is a homeomorphism by building a continuous right inverse
Y:|ohn(X,0X)|r — T(X); Y(A4) is obtained as a geometric limit metric on a larger compact surface
with boundary as some arcs are pinched to spikes.

Endowing ¥ with an auxiliary hyperbolic metric, we take X° to be the surface with geodesic and
horocyclic boundary components obtained by truncating the tips of the spikes. Let y be the union of
horocyclic boundary components of X° and double X° along y to obtain a (topological_) surface DY and
an identification of £° with a subsurface of DX taking dX° \_Z into dDX; see Figure 6.

Let A =) cja; be a weighted filling arc system on ¥ and let p be the mirror image of & in D, so that
o Uy U B is a filling arc system on DX. For each 7 > 0, define

Bi=Y ciBi+ty vi+ )Y ciej€|u(DT, IDI)|g.

Since DX is compact, we can apply [Luo 2007, Corollary 1.4], which states that there is a unique
hyperbolic structure X; € (D X) whose natural weighted arc system coincides with B;.

Remark 6.5 It will be convenient to assume that « is maximal, formally adding arcs of weight 0 to 4
(and By) as necessary.

Our goal is now to show that (X;) converges as t — oo to a surface Y € J(X) such that A(Y) = A. The
convergence is geometric: we take basepoints x; € X; lying outside of the “thin parts” of the subsurface
corresponding to X° and extract a geometric limit of (X, x;) as ¢ — oco. The limit metric ¥ has spikes
corresponding to Y and so defines a point in 7 (X). Moreover, Y inherits a filling arc system naturally
identified with ¢, which is necessarily realized orthogeodesically.
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We begin with an estimate on the lengths of orthogeodesic arcs.

Lemma 6.6 If X is a hyperbolic metric on a compact surface with totally geodesic boundary and
A(X) =) cia;, then
tanh(l 3
min{log 3,2tanh™! (M) }

2
— =Lx(a;) = —07.7,
cosh(5¢;)

l
foreachi.

Proof Any leaf of the orthogeodesic foliation properly homotopic to ¢; has hyperbolic length at
least £y («j). Thus the embedded “collar” about «; consisting of all leaves of the orthogeodesic foliation
in the same homotopy class of «; has area at least ¢;€y (e;) (see Figure 7). On the other hand, the
Gauss—Bonnet theorem bounds area of the collar above by 27, so we get the bound

2w

e)((oti) < Z

Now we would like to find a lower bound for £x («;) in terms of ¢;; for notational convenience we fix i
and set « = «; and ¢ = ¢;. Assume that £y () < log 3. Let H be a component of X \ o meeting «; then
there is a unique point # € H equidistant from all boundary components of X meeting H. There is also a
universal lower bound to the distance from u to any such boundary component, given by log V/3, the radius
of the circle inscribed in an ideal triangle. Thus the leaf of Ogyx (X)) through u has length at least log(3).

Since £x (o) < log 3, there is a leaf of the orthogeodesic foliation parallel to o with length log 3. Using a
formula relating the lengths of the sides of a hyperbolic trirectangle [Buser 1992, Theorem 2.3.1], the
distance co from o and this leaf is given by

(8) tanh(1 ey (@) = %

Now this expression is decreasing in cg, and x > tanh™!(x) is increasing. We have that ¢ > 2¢q by
definition (see Figure 7), so the lemma follows. O

For any arc y; of y, some elementary estimates similar to those given in the proof of Lemma 6.6
(compare (8)) give £;(y;) = O(e™!/2). If a; appears in B, with coefficient ¢; = 0, then Lemma 6.6
provides a lower bound of log 3 for the length £, (a;) of ; on X;. We also have the following upper bound:

Lemma 6.7 If ¢; = 0 for some j, then, fort large enough,
1
log3 < {;(aj) < 2Zc,~ + 87 Z P + [y|log 144.

Proof We remove all arcs of @ Uy U B with positive weight from X and let H; be (the metric completion
of) the right-angled polygon component that contains «j. Our strategy is to find a path of controlled
length contained in dH; joining the endpoints of «;.

Notice that dH; alternates between segments of dX; and arcs of @ Uy U B with positive weight. From
Lemma 6.6, the total length of segments coming from arcs of & U § is at most 87 > 1/c¢i, because each
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Figure 7: A foliated collar of width ¢ about an orthogeodesic arc «. If the arc is shorter than
log 3, then there are (bold green) leaves of this collar of length equal to log 3. For a very short
arc y;, the distance between the longest leaf of its collar and the leaf of length log 3 is at most
log 2. The dashed arc «; has weight 0 and corresponds to one of two possible choices of maximal
completion of .

arc of @ U 8 can appear at most two times on dH;. Similarly, from the construction of our coordinate
system, the total length of the segments coming from d.X; that correspond to collars of arcs in &« U 8 is at
most 2 ) ¢;.

Suppose some arc y; of y forms a segment of dH;. The distance between the leaf of the orthogeodesic
foliation parallel to y; with length log(3) and the singular, longest leaf parallel to y; has distance uniformly
bounded above by log 2 for large values of ¢ (see Figure 7). Truncate H; by removing the leaves of the
orthogeodesic foliation parallel to y; with length at most log 3 to obtain a new (nonconvex) geodesic
polygon H;. An application of the collar lemma [Buser 1992, Theorem 4.1.1] to the double DX; along
its boundary shows that «; does not enter the region of H; that we removed.

Each arc y; of y contributed at most 27 + O(e™! / 2) to the length of dH,. However, after truncating, each
yi contributes at most 2(log 2 + log 3 +log 2) = log 144 to the length of dH; . Putting together all of our
estimates completes the proof. O

For each «; € o with positive coefficient ¢; in By, the orthogeodesic length £;(«;) of ; on X is bounded
above and below by the positive real numbers independent of ¢ provided by Lemma 6.6. If ¢; = 0
for some i, then Lemma 6.7 provides bounds on £;(¢;) independent of ¢. Therefore, there exists a
subsequence #; tending to infinity such that ({;, (c;;)) converges to a positive number ¢; for each i, while
£ (yi) = O(e™*/?) for each y; € Y-

The metric completion of X7, \ (¢ Uy U B) is a collection of hyperbolic right-angled hexagons, each
with three nonadjacent sides that corre_spoer to arcs of @ U y U B. The lengths of these sides determine
uniquely an isometry class of right-angled hexagons, which we have just proved converge to (degenerate)
right-angled hexagons in which the edges corresponding to arcs of y become spikes in the limit. The
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(degenerate) right-angled hexagons glue along « to form a complete hyperbolic surface ¥ homeomorphic
to X with a maximal filling arc system labeled by o and realized orthogeodesically on Y. That is, we
have constructed a surface Y(4) =Y € J(X).

Lemma 6.8 A(Y(4) =A.

Proof By construction, the length of the projection of every edge of the spine of X; dual to an arc of «
was constant along the sequence (X7, ) converging geometrically to Y (A4). The lemma follows. m|

In order to show that the inverse Y (-) is well defined, we will need the following statement, which refines
the relationship between the coefficients of B and the lengths of its arcs.

Let § = o Uy U B denote the support of B;. According to [Luo 2007, Theorem 1.2], the lengths of the
closest—point_projgctions of the edges of the spine dual to the arcs of § (ie the coefficients of the weighted
arc system) extend to an analytic local diffeomorphism Bs: 7(DX) — R? whose image is a convex cone
with finitely many sides.® Now we show that analyticity extends to infinity.

Lemma 6.9 For each maximal filling arc system « defining a cell of full dimension in < (%, %), there

is an analytic map
Ag: T (X) - R

such that, if the spine of Y € J(X) has dual arc system contained in «, then Ao (Y) = A(Y).

Proof The orthogeodesic length functions associated to our maximal arc system § =a Uy U on DX
form an analytic parametrization of J(DX), which we denote by {5: T(DX) — Rio. We have a

commutative diagram of analytic embeddings

Bgol; 1
8 i . RS
R>0 > Re

® N

- J(DY)

An explicit formula for Bg o ¢~ can be recovered from [Mondello 2009b, Section 2.4], which produces
an analytic mapping G : Rizé — R2Y8 that describes how Bj behaves when the arcs corresponding to y
have length close to 0. More precisely, let mqug: RS — R2Y2 pe the coordinate projection. Then, for

aUp 4
x§ = (Xg, Xy, xg) € R_ ;= xRS, we have

(10) nguéogéoﬁé—l(xﬁ) = G(xq, xp) + E
uniformly on compact subsets of Riﬁé X Rgo’ where E is a vector whose entries are all of order

O(maxyeZ{xf, b.

8The “projection length” associated to each arc of § (called the “radius coordinate” in [Luo 2007] and the “width” in [Mondello
2009b]) is positive when that arc is dual to an edge of the spine of a surface X € T(DX).
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Restricting to the locus of symmetric surfaces {X € T(DX) : £y, (X) = £g;(X) for all i }, the map G
therefore induces an analytic map F: Rg o —> R¥. Again, we have an analytic parametrization £ : 7 (¥) —
Rgo by length functions and a diagram

o F
R;O > RQ{
Lo Foly

T(%)

So take Aq = F o {y; it follows from the definitions that, if the dual arc system to the spine of a
surface Y € J(X) is contained in ¢, then 44(Y) = A(Y). |

A priori, Y (A) depends on the subsequence X;, converging geometrically to Y (4). However:

Lemma 6.10 The limit Y (A) does not depend on choice of subsequence Xy, , ie X; — Y. Moreover,
Y:|e(E, 0X)|r — T(X) is continuous.

Proof Throughout this proof, we let 77 := 74 g be the coordinate projection from the proof of Lemma 6.9.

Lets >0 and X;,5 € T(DX) be the surface obtained from X; by keeping all lengths of arcs of ¢ U 8 fixed
and taking £y, (X¢,s) 1= €y, (X;+) for each y; € y. Note that £y, (X;45) = O(e~G+1/2) By construction
of X}, the lengths of arcs of o U é agree with those of X}, so (10) gives

7(B5(X1) = 7(B3(X1.5)) = O™ H0).
Recall that w(By(X;)) = m(B;) is constant for all # > 0, so that

7(Bs(Xs41)) — (Bs(Xz,5)) = O(e~ D)

as well. Since Bg is open analytic, and {7 ({s(X;)) : ¢ > 0} C Rizﬁ lies in a compact set (Lemmas 6.6
and 6.7), we can adjust the lengths of arcs «; and B; of « U 8 in X, by O(e~ 1) to obtain Xy
Thus, for any #; — oo, the lengths (¢;, (¢ U B)) form a Cauchy_sequence, and hence converge. Thus any
two subsequential geometric limits (with bagepoints away from the spikes of the subsurface associated
with X°) coincide, which proves that Y (4) is well defined.

To see that Y'(-) is continuous, let 4, — A; by passing to a subsequence, we may assume that A; are in
the closure of the cell associated to a maximal filling arc system a. Let A and A be the mirror images
(with corresponding weights) of Az and A4 in D3, respectively. We build two families of approximating
surfaces X, X ]f € J(DX) corresponding to the weighted arc systems

A+kY vi+A and Ap+k) yi+ A

on DX, respectively. By [Luo 2007, Theorem 1.2] (alternatively the proof of Lemma 6.9), each X ,f is
close to Xy in (D X); hence, X ,f and X} have the same geometric limit Y (A4) € J(X), which is what
we wanted to show. O
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We now have all of the pieces in place to complete the proof of Theorem 6.4.

Proof of Theorem 6.4 By Lemma 6.10, Y (-) is well defined and continuous, and, by Lemma 6.8,
Y (-) is aright inverse to A(-); in particular, Y (-) is injective. For a given maximal arc system ¢, the
open orthant Uy = Rgo C R¥ is identified with the interior of a top-dimensional cell of |y (2, 0X)|R.
Some of the hyperplanes in 8]12{%0 are identified with the interior of cells associated with nonmaximal
filling arc systems contained in é; let Ug denote the closure of Uy in | <7 (X, 0X)|R.

Then Y (-) defines a continuous bijection Ug — Y (Uy), and this identification is homeomorphic, because
Aq supplies an analytic inverse on Y (Uy), by Lemma 6.9. Since these homeomorphisms glue along the
combinatorics of |« (X, 0X)|r, the map Y (-) is the desired global homeomorphic inverse to A(-).

Again by Lemma 6.9, A(-) is analytic restricted to the relative interior of the image under Y (-) of each
cell of |«41(X, 03)|r, demonstrating the stratified real analytic structure. That level sets of the residue
functions are mapped to one another is an exercise in unpacking the definitions. O

7 Transverse and shear-shape cocycles

We now define the main protagonists of this paper, the shear-shape cocycles on a measured lamination.
In Section 7.2, we give a first definition of shear-shape cocycles in terms of the cohomology of an
augmented neighborhood of A, twisted by its local orientation (Definition 7.5). While this definition has
technical merit (and exactly parallels the construction of period coordinates for quadratic differentials, a
fact which we exploit in Section 10), it is impractical to use. We rectify this deficiency in Section 7.3
by giving a second formulation which parallels Bonahon’s axiomatic approach to transverse cocycles
(compare Definitions 7.4 and 7.11). The main result of this section, Proposition 7.13, proves that these
two definitions agree.

The reader may find it helpful to consult Sections 10 or 13 while digesting these definitions so as to have

a concrete model of shear-shape cocycles in mind.

7.1 Transverse cocycles

As shear-shape cocycles generalize Bonahon’s transverse cocycles, we begin by recalling two equivalent
definitions of transverse cocycles for geodesic laminations which we generalize in Sections 7.2 and 7.3.

Remark 7.1 We have chosen to present transverse cocycles in a way that anticipates our construction of
shear-shape cocycles. The reader is advised that our treatment is ahistorical, and in particular omits the
fascinating (and quite subtle) relationship between transverse cocycles and transverse Holder distributions.
For more on this correspondence, see [Bonahon 1997a; 1997b; 1996].
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The first definition we consider is cohomological. Let A be a measured lamination on S'; then an orientation
of A is a continuous choice of orientation of the leaves of A. If N is any snug neighborhood of A, then one
may take a corresponding (snug) neighborhood N of the orientation cover A of A. Let ¢ be the covering
involution of N — N, and let H! (ﬁ , N ;R)™ denote the —1 eigenspace for the action of ¢*,

Definition 7.2 With all notation as above, a transverse cocycle for A is an element of H! (ZV LON: R)".
We use 7€(1) to denote the set of all transverse cocycles for A.

With the definition above it is clear that #(A) is a vector space, and, if A is a union of sublaminations
Atl,..., AL, then the space of transverse cocycles splits as

L
%) = P ).
=1
We record the dimension of #(A) below.

Lemma 7.3 [Bonahon 1997b, Theorem 15] The space of transverse cocycles forms a vector space of
real dimension —x(A) + no(A), where ng(A) is the number of orientable components of A.

When working with individual transverse cocycles, the above definition is rather unwieldy. Instead, it is
often more useful to think of a transverse cocycle as a function on actual arcs instead of on homology
classes.

Definition 7.4 Let A € ML(S). A transverse cocycle o for A is a function which assigns to every arc k
transverse to A a real number o (k) such that:

(HO) Support If k& does not intersect A, then o (k) = 0.

(H1) Transverse invariance If & and k' are isotopic transverse to A, then o (k) = o (k').

(H2) Finite additivity If X = k; U k,, where k; have disjoint interiors, then o (k) = o (k1) + o (k»).

The reader familiar with train tracks will recognize that these rules resemble those governing weight
systems on train tracks; see Section 9 for a continuation of this discussion.

We direct the reader to [Bonahon 1997b] or [Bonahon 1996, Section 3] for a proof of the equivalence
of Definitions 7.2 and 7.4 (our proof of Proposition 7.13, the corresponding statement for shear-shape
cocycles, can also be adapted to prove this equivalence).

7.2 Shear-shape cocycles as cohomology classes

Our first definition of a shear-shape cocycle is as a cohomology class on an appropriate augmented
orientation cover, paralleling Definition 7.2. This viewpoint allows us to deduce global structural results
about spaces of shear-shape cocycles (Lemma 7.8) and also reveals implicit constraints on the structure
of individual shear-shape cocycles (Lemma 7.9).
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Suppose that « is a filling arc system for S \ A. For each arc «; € @, choose an arc #; which meets «;
exactly once and is disjoint from A U« \ {o; }. We call such an arc ¢; a standard transversal to a;. Compare
Figure 9. An orientation of A U & is a continuous orientation of the leaves of A together with a choice of
orientation on each #; such that #; can be isotoped transverse to «; into A so that the orientations agree.
Most pairs A U o are not orientable, but each has an orientation double cover AU a (the reader should
have in mind the orientation cover of a quadratic differential). We note that if A U & is orientable then A
itself must be.

Consider a snug neighborhood N¢(A) of A on some hyperbolic surface X; since X \ A and X \ N¢(A)
have the same topological type, we can identify the arc system ¢ as an arc system on X \ N¢(X). In
particular, taking a small neighborhood N¢ () of &, there is a correspondence between complementary
components of X \ (A Ua) and X \ N¢(A U ). We will refer to any neighborhood Ny of A U whose
complementary components have the same topological type as X \ (A U @) as a snug neighborhood.

Now let Ny be a snug neighborhood of A U «; then the cover AU & — A U« extends to a covering
ﬁg — Ny with covering involution ¢. By definition of the orientation cover, each standard transversal ¢;
lifts to a pair of distinguished homology classes

1D 12 € H\(Ny. 0Ng: R)

i i

1)

i

(2)

such that (¢ =—t;".

The odd cocycles H'! (ﬁg, aﬁg; R)~ for the covering involution ¢* now provide a local cohomological
model for the space of shear-shape cocycles on A. Observe that, for each i and eacho € H 1 (ﬁg, 8]%; R)™,

O'(li(l)) = —L*O'(ll-(l)) = —O'(L*[i(l)) = O'(ll-(z)).

Definition 7.5 Let A € ML(S). A shear-shape cocycle for A is a pair (¢, 0) where @ = ) «; is a filling
arc system on S\ A and o € H! (ﬁg, aﬁg; R)™ is such that the values O'(li(] )) are all positive.’

Let ¥, U---U X, denote the components of S \ A; then we define the weighted arc system underlying o,

m
4:=Y o € [ lhu(E;. 05) v
ji=1
We denote the set of all shear-shape cocycles for A by $#(1), the set of all shear-shape cocycles with
underlying arc system a by $3°(A; ), and the set of all shear-shape cocycles with underlying weighted
arc system 4 by $¥(A; A). Often, we will leave the arc system implicit and just say that o is a shear-shape
cocycle for A.

9By Poincaré—Lefschetz duality, we have a linear isomorphism H! (]\Afg, 8]Vg; R) =~ H; (]Vg; R) mapping the odd cocycles for ¢*

to the odd cycles for tx. Compare with [Bonahon and Dreyer 2017, Sections 4.1 and 4.4], where a theory of (appropriately
generalized) transverse (co)cycles are applied to give shear-type coordinates for some higher-rank Teichmiiller spaces.
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Remark 7.6 By Theorem 6.4, a filling weighted arc system A is the same data as a marked hyperbolic
structure on each component of S \ A. In Sections 1215, we prove that (so long as ¢ satisfies a positivity
condition) these metrics glue together to give a complete hyperbolic metric on S.

Our definition of shear-shape cocycle a priori depends on the choice of auxiliary neighborhood Ny
of A U a. However, it is not hard to see that:

Lemma 7.7 The spaces of shear-shape cocycles defined by different snug neighborhoods are linearly
isomorphic. Moreover, any two choices of snug neighborhoods define the same underlying weighted arc
system.

Proof Given two nested, snug neighborhoods N, C Ny there is a deformation retraction of Ny onto N,
(this comes from the assumption of snugness). This induces an isomorphism

(12) H'(Ng.dNg:R) = H' (N}, ON,; R)

which also identifies the —1 eigenspaces of the covering involution. Therefore, we may identify the
shear-shape cocycles defined by Ny with those defined by N,,. To see that the weights on o do not depend
on the choice of Ny, we note that the deformation retraction of Ny onto N/, takes standard transversals
to standard transversals, and hence the value of the cocycle on the transversals does not change as we
change neighborhoods.

Now, given any two snug neighborhoods N, and Ng/ of A U ¢, one may take a common refinement Ng”
of Ny and Ng’ and apply (12) to deduce that the spaces of shear-shape cocycles defined by Ny and NQ/,
are linearly isomorphic and define the same underlying arc system. O

In view of this lemma, throughout the sequel we will change the neighborhood Ny carrying o at will.

As the orientation cover of A naturally embeds into ﬁg, we may identify (1) with a subspace of
H! (]’\7@, Bﬁg; R). Since any element of #(A) evaluates to 0 on each standard transversal, we can add
and subtract transverse cocycles from shear-shape cocycles without changing the underlying weighted arc
system. We therefore have the following analogue of Lemma 7.3:

Lemma 7.8 Let A be the weighted arc system underlying some shear-shape cocycle. Then ¥ (A; A) is
an affine space modeled on the vector space #()). In particular, dimg (YH(A; A)) = —x(X) +no(A).

Homological constraints on residues When A is orientable (or, more generally, contains orientable
components), there are homological constraints governing which weighted arc systems may underlie a
shear-shape cocycle. Passing between arc systems and hyperbolic structures on complementary subsurfaces
(via Theorem 6.4), these homological constraints govern when two structures can be glued together along A.
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For example, if A is a simple closed curve then in order to glue a hyperbolic structure on S \ A along A,
the lengths of the boundary components must have equal length. Tracing through the combinatorialization
by weighted arc systems, this implies that the A-length of the boundary components must be the same.
The following lemma generalizes this observation to the case when S \ A has crowned boundary (compare
Lemma 13.1 for a similar discussion using hyperbolic geometry):

Lemma 7.9 Suppose that o is a shear-shape cocycle for A with underlying weighted arc system A, and
let . be an orientable component of A. Then the sum of the (signed) residues of the boundary components
incident to (4 is 0.

Proof For any component p of A, let d(4) denote the boundary components (either closed or crowned)
resulting from cutting along . For the purposes of this proof, let «(it) denote the subarc system of o
consisting of those arcs with endpoints on .

Pick an orientation on j; this induces an orientation on each boundary component 6 € d(u), and hence
gives the metric residue of each such 6 a definite choice of sign. Since we are eventually going to prove
that the sum of these residues is 0, it does not matter which orientation of © we pick.

As u is orientable, picking an orientation on 4 is also equivalent to picking one of the lifts i of p in the
orientation cover A U &. Let a() denote the set of all lifts of arcs of « () which meet ji. Then, since
severing « (i) disconnects i from the rest of A U @, there is a relation
Y el =0 in Hi(Ng.0Ny:Z).
&iea/(ﬁ)
where g; is 1 if @; is on the left-hand side of i and —1 if @; is on the right-hand side, and 7; is the (relative

homology class of the) oriented standard transversal corresponding to &;. See Figure 8.

Therefore, for any cohomology class o € H! (]Vg, Bﬁg; 7)), and in particular any shear-shape cocycle,

(13) Z gio(ti) =0.

&iea/(-ﬁ)
Now ¢; is positive when the arc is on the left-hand side of [i, or equivalently (equipping u C S with
the corresponding orientation) when S \ A is on the left-hand side of . Similarly, ¢; is negative when

the complementary subsurface lies to the right of p. Unraveling the definitions and partitioning the arcs
of a() into their incident boundary components, (13) is equivalent to the statement that

Z res 4(€) = Z gic; =0,

6ed(i) a;€a(u)

which is what we wanted to prove. O
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Figure 8: Severing ties with one of the lifts {i of an orientable component p of A. This partition
induces a relation in homology, and hence a restriction on shear-shape cocycles. The top surface
contains A while the bottom contains A; the shaded regions are neighborhoods of these laminations.

7.3 Shear-shape cocycles as functions on arcs

In analogy with Definition 7.4, we can also view shear-shape cocycle as functions on transverse arcs which
satisfy certain properties. While this definition is more involved, it is more convenient for the calculations
of Sections 13—15 and better reflects the process of “measuring” arcs by a shear-shape cocycle.

As indicated by Lemma 7.9, we must first cut out the space of all possible weighted arc systems underlying
a shear-shape cocycle. Denote the complementary subsurfaces of A € M£(S) by Xq,..., X, and set

m
B(S\A) = {A € l_[ |7 (2, 02;)|r ) Z res 4(6) = 0 for all orientable components p C k},
j=1 ‘€ed(n)

where we recall that d(u) denotes the set of boundary components of S\ A resulting from cutting along .
By Theorem 6.4, we can reinterpret Z(.S \ 1) as the set of all hyperbolic structures on S \ A such that the
metric residues of the boundary components resulting from any orientable component p of A sum to zero.
We note that when each component of A is nonorientable, Z(S \ A) is just the product of the Teichmiiller

spaces of the complementary subsurfaces. When A is a simple closed curve, %(S \ 1) consists of those
metrics on S \ A where the two boundary components have the same length.

Using this reinterpretation together with Lemma 4.4, (S \ 1) is topologically just a cell:
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Lemma 7.10 Let A € ML(S) with S\A =X, U---UX,,. Then B(S \ 1) = R?, where

d =—no(h) + ) _ dim(T (%)),
j=1

where ng(A) is the number of orientable components of A.

Proof Let jiy, ..., [ty denote the orientable components of A and fix an arbitrary orientation on each.
Then the lemma follows from the observation that (S \ A) is a fiber bundle over

no(A)

l_[ {(RL) e RI0w)] ) ZRZ :0}
k

i=1
with fibers equal to

{[Y, Me[l7En ‘ res(6x) = RE for each 6 e a(u,-)}.
j=1

By Proposition 4.5, the fibers are each homeomorphic to R, where

m no()
d = (Zdim(ﬁ(zj))) — ( Z Ia(m)l)-
j=1

i=1

Totaling the dimensions of base and fiber gives the desired result. |
We can now present our second definition of shear-shape cocycles.

Definition 7.11 Let A € ML(S). A shear-shape cocycle for A is a pair (o, A) where A4 is a weighted
filling arc system

n
A=) "cia; € B(S\ )
i=1
and o is a function which assigns to every arc k transverse to A and disjoint from o := | Jo; a real
number o (k), satisfying the following axioms:
(SHO) Support If k& does not intersect A, then o (k) = 0.
(SH1) Transverse invariance If k and k' are isotopic through arcs transverse to A and disjoint from ¢,
then o (k) = o (k’).
(SH2) Finite additivity If k = k; U k,, where k; have disjoint interiors, then o (k) = o (k) + o (k7).
(SH3) A-compatibility Suppose that k is isotopic rel endpoints and transverse to A to some arc which
may be written as #; U £, where #; is a standard transversal and £ is disjoint from «. Then the loop
k Ut; UZ encircles a unique point p of A N, and
o(k)=0(l) +eci,

where ¢ denotes the winding number of k£ U ¢; U £ about p (where the loop is oriented so that the
edges are traversed k then #; then £). See Figure 9.
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While axiom (SH3) may seem convoluted upon first inspection, its entire effect is to prescribe how the
value o (k) evolves as an endpoint of k passes through an arc of . The sign change records whether the
map induced by k = #; U £ from the oriented simplex into S is orientation-preserving or -reversing.
Remark 7.12 In Section 9 (Proposition 9.5 in particular), we show that there exists a choice of “smoothing”
for o which resolves condition (SH3) into an additivity condition. This is equivalent to prescribing that
an arc k may only be dragged over a point of A N ¢ in one direction.

The equivalence between Definitions 7.5 and 7.11 is essentially the same as the equivalence of the
cohomological and axiomatic definitions of transverse cocycles [Bonahon 1996, pages 248-249]. However,
the A—compatibility condition (axiom (SH3)) contributes new technical difficulties, and so we have
included a full proof for completeness.

Proposition 7.13 The cohomological and axiomatic definitions of shear-shape cocycles agree.

Proof Suppose first that o is a cohomological shear-shape cocycle, that is, a cohomology class of the
orientation cover ]Vg of Ny that is anti-invariant under the covering involution and that gives positive
weight to the canonical lifts of the standard transversals of each arc of a filling arc system ¢«. We begin by
building from ¢ a function fy; the basic idea is to restrict an arc to a neighborhood of A, resulting in a
relative homology class, and to set f, to be o evaluated on this class.

Suppose that k is any arc transverse to A and disjoint from ¢. Choose a small neighborhood Ny of A U o
so that k meets dNy transversely and 0k N Ny = @; then k|, is a union of arcs with endpoints on dNg.

Each arc k; of k|, has two distinguished, oriented lifts kl.(l) and kl.(z) to ]Vg that cross A from right to
left. As in Section 7.2, these distinguished lifts satisfy

(14) e ([l V]) = k)

in Hy (ﬁg, aﬁg; 7)), where t is the covering involution of ﬁg — Ng. In particular 0([ki(1)]) = 0([ki(2)])
since o is anti-invariant under (. We therefore set

Jo (k) :== o ([k]).
where [k] is the homology class of either lift of k|, to ﬁg.
We now prove that f, satisfies the axioms of Definition 7.11:
(SHO) If k£ does not intersect A, then k|, is empty and [k] = 0, implying /5 (k) = 0.

(SH1) If k and k' are isotopic through arcs transverse to A and disjoint from e, then k|, and k’|,
are properly isotopic. One can lift this isotopy to the orientation cover to deduce that [k] = [k’] for the
correct choice of lifts, so fy(k) = f5(k').
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o

k 14

(k] =[a]1+[€] [k]+ [6] = [4]

Figure 9: Possible configurations of the disk A and the corresponding homological relations.

(SH2) Suppose that k = k1 Uk;; then, so long as Ny is small enough, itis clear that k|, = k1|, Uk2 | N, -
Therefore, since a lift of k|, consists of the union of lifts of k1|, and k3|, , we see that [k] = [k1]+[k2],
and hence the corresponding equality of f; values also holds.

(SH3) Finally, suppose that k is isotopic (rel endpoints and transverse to A) to £ U ¢;. Without loss of
generality, we assume that the restriction of each of k, £ and #; to N is a single properly embedded arc (if
not, simply break the arcs into smaller pieces and apply (SH1) and (SH2) repeatedly). We also assume
the restrictions are all disjoint (even at their endpoints), appealing to (SH1) as necessary.

The isotopy between k and £ U #; induces a map from a disk A to Ny such that 9A C IN, Uk UL U t;.
Refining Ny, isotoping the arcs, and homotoping the map as necessary, we may assume that A embeds
into Ny, and therefore must occur in one of the configurations shown in Figure 9.

Now choose one of the lifts A C ZVQ of A; this choice specifies lifts of the arcs k, £ and #; and therefore
(after equipping the lifts with their canonical orientations) relative homology classes [k], [£] and [#;]. As
these lifts together with aﬁg bound the disk A, we therefore get

[ic] = [€] £ [],

Ny i

Figure 10: A triangulation of a (snug) neighborhood of A U @. Axioms (SHO)—(SH3) imply that
0(dA) = 0 for each triangle A in the triangulation, ie o is a cocycle.
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where the sign is determined by the relative configuration of the arcs. Inspection of Figure 9 reveals that
the sign coincides with the winding number of the loop k£ U #; U £ about p.

Now suppose that (o, A) is an axiomatic shear-shape cocycle in the sense of Definition 7.11. Pick a snug
neighborhood Ny of A U a; our task is to show that the function k +— o (k) is indeed a cocycle (on the
orientation cover, and is anti-invariant under the covering involution).

We first show that o naturally defines a cochain on N relative to Bﬁg which is anti-invariant by (*.
Recall that any arc in the orientation cover comes with a canonical orientation. We may then assign to
any oriented arc k properly embedded in ﬁg the value +o(k), where k is the image of k under the
covering projection and where the sign is positive if k is oriented according to the canonical orientation
and negative otherwise. To the (canonically oriented lifts of the) standard transversals #; we assign the
value ¢;. Anti-invariance then follows by construction (compare (14)).

To see that this cochain is actually a cocycle, we show that it evaluates to O on every boundary. For
the purposes of this argument, it will be convenient to realize H'! (ﬁg, aﬁg; R) in terms of simplicial
(co)homology. The neighborhood Ny may be triangulated as depicted in Figure 10 (compare [S6zen and
Bonahon 2001, Figure 1]). In such a triangulation, each point of A N and each switch of N corresponds
to a unique triangle, while the remaining branches each contribute a rectangle which is in turn subdivided
into two triangles. This triangulation clearly lifts to an (t—invariant) triangulation of ]Vg.

It therefore suffices to prove that, for each oriented triangle A of ﬁg, we have 6 (0A) = 0. There are
three types of triangles, each of which corresponds to a different axiom of Definition 7.11:

e If A is (the lift of) a triangle coming from a subdivision of a branch, then one if its sides does not
intersect A and is thus assigned the value 0 by (SHO). The other two sides are isotopic rel A, cross
A with different orientations, and are assigned the same value by (SH1). Therefore 0 (dA) = 0.
Similarly, if A comes from a neighborhood of «, then the edges transverse to « are assigned the
arc weight ¢; (with opposite signs) while the other edge gets zero weight, so 0 (dA) = 0.

e Now suppose A is (the lift of) a triangle corresponding to a switch of Ny with 0A =k +ky —k.
Then, since the concatenation of k; and k, is isotopic transverse to A to —k, axiom (SH2) implies

o(ki)+o(ky)—o(k)=0
and again 0 (0A) = 0.

» Finally, suppose that A is (the lift of) a triangle corresponding to a point of A N ¢, so A is some
signed combination of the (canonically oriented) lifts of arcs k, £ and ¢, where ¢ is a standard
transversal and k is isotopic rel endpoints and transverse to A to £ U ¢. Without loss of generality
we assume that A is positively oriented; then, depending on the configuration of &, 7 and ¢, we

have either
L—k+t=0 or L—t—k=0

(as in Figure 9). In either case, axiom (SH3) implies that g (dA) = 0.
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Ps
e=+l1 Ny

Bi B2 [T

Figure 11: Since k& makes progress around  in the positive direction, ¢ = +1.

We have therefore shown that o (dA) = 0 for every triangle of a triangulation and hence o is indeed a
I-cocycle on ﬁg rel boundary, finishing the proof of the lemma. |

Measuring arcs along curves We will also want to associate a number o (k) to certain arcs k that have
nonempty intersection with «; this quantity should be invariant under suitable isotopy transverse to A
respecting the combinatorics of intersections with ¢.

So suppose w C A is an isolated leaf, ie a simple closed curve. We say that an arc k transverse to A U
and contained in an annular neighborhood of u is nonbacktracking if any lift k of k to the universal cover
intersects the entire preimage fi of u exactly once and k crosses each lift of an arc of o at most once.

If k is a nonbacktracking arc, then one may orient k and give u the orientation that makes k start to
the right of u. Record the sequence of arcs 1, ..., Bm crossed by k, in order (note that arcs of @ may
repeat in this sequence). Then, up to isotopy, we may assume that k is a concatenation of standard
transversals #1, ..., t;, together with a small segment k¢ disjoint from « crossing p from right to left.
Compare Figure 11.

Since k is nonbacktracking, the points 81 N i, ..., Bm N 1 make progress around y in either the positive
direction or the negative direction. Take ¢ = 41 in the former case and & = —1 in the latter, then define
m
(15) O’(k)IZO(ko)-l-&‘ZCj,
j=1

where ¢; is the weight corresponding to the arc ;. Note that the value of ¢ only depends on k and not
on its orientation, as reversing its orientation also reverses the orientation of p.

Lemma 7.14 Suppose that k and k' are nonbacktracking arcs transverse to A U @ contained in an
annular neighborhood of a simple closed curve component [ of A. If there exist lifts k and k' to S
whose endpoints lie in the same component of S \ (AU @) and k is isotopic to k' transverse to A, then
o(k) =o(k’).

Proof Fix a snug neighborhood Ny of A U «; then we need only show that k|, and K| N, define
homologous cycles in the orientation cover.
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We can find an isotopy [0, 1]> — S between lifts of k and k' (transverse to A) that leaves the endpoints in
the same component of S \ ng. Such an isotopy then descends to .S’ under the covering projection. The
intersection of the image of each transverse arc with N, defines a cycle in the relative homology group,
and this family of cycles is constant along the isotopy.

Since p is orientable, an annular neighborhood of w lifts homeomorphically to ﬁg, as do k and k.
Therefore, the isotopy between k and k’ (and the homology between their restrictions) also lifts to the
orientation cover ﬁg, showing that the (lifts of the) restrictions of k& and k’ are homologous there as well.
Compare Figure 11. =]

8 The structure of shear-shape space

In this section, we investigate the global structure of the space of shear-shape cocycles. Whereas Bonahon’s
transverse cocycles assemble into a vector space, the space ¥ (A) of all shear-shape cocycles is more
complex when A is not maximal, forming an principal €(X)-bundle over Z(S \ 1) (Theorem 8.1).

After understanding the structure of shear-shape space, we define an intersection form on F¥(A)
(Section 8.2) and use it to specify the “positive locus” A (1) (Definition 8.4), which we show in
Sections 10-15 serves as a global parametrization of both MZF(X) and T (S).

8.1 Bundle structure

Lemma 7.8 of the previous section parametrizes all shear-shape cocycles which are compatible with a
given weighted arc system. In this section, we analyze how these parameter spaces piece together to get a
global description of the space of all shear-shape cocycles for a fixed lamination.

Let G be a topological group. A principal G—bundle is a fiber bundle whose fibers are equipped with a
transitive, continuous G—action with trivial point stabilizers together with a bundle atlas whose transition
functions are continuous maps into G. We remind the reader that a principal G-bundle does not typically
have a natural “zero section”, but, instead, any local section of the bundle defines an identification of the
fibers with G' via the G—action. Moreover, any two sections define local trivializations of the bundle that
differ by an element of G in each fiber.

Theorem 8.1 Let A € MEL(S). The space SH(A) forms a principal #(A)—bundle over (S \ ) whose
fiber over A € #(S \ L) is FH(\; A).

Proof There is an obvious map from $#(A) to B(S \ 1) given by remembering only the values o (¢;)
of transversals to the arcs. For a given choice oy in the fiber $#(A; 4) over A, Lemma 7.8 identifies
FH(A; A) with (L) via the assignment o — 0 — 0.
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For any filling arc system « of S \ A, the space $%°(A; @) of shear-shape cocycles with underlying arc
system ¢ is naturally identified with the open orthant

(16) {0 € H' (Ng, 0Ng; R) ™ 20 (tY) > 0 forall i, j = 1,2},
where Ny is a snug neighborhood of A U« on S.

Consider the open cell %°(a) C %(S \ A) defined as all those weighted arc systems with support equal to
a maximal arc system ¢. Using cohomological coordinates (16) for $%°(A; ), we can find a continuous
section o of YH°(A; ) — 2°(«t). Then

$o: Z°(a) x H(A) = FH°(h:e),  (4.m) > 0(4) +n,
is a homeomorphism preserving fibers of the natural projections. For another choice of section o,

o' (b (4.1) = (4.0 +0"(4) —a(4)).
Evidently, the map A — ¢’(4) — o (A) € #()) is continuous.

If N/, is another snug neighborhood of A U ¢, then N, and N/, share a common deformation retract. The
comeosition of the linear isomorphisms induced on cohomolz)gy by inclusion of the deformation retract
preserves the orthants defined as in (16) as well as fibers of projection to Z(S \ A). This proves that
the principal #(A)—structure of the bundle lying over £°(«) does not depend on the snug neighborhood
whose cohomology coordinatizes $%°(A; o).

To show that the principal 7€(A)-bundle structures over all cells of Z(S \ 1) glue together nicely, we find
a continuous section of Y¥(A) — A(S \ A) near any given weighted arc system A4. Indeed, if @ C 8,
then inclusion Ny <> Npg of snug neighborhoods defines a map on cohomology. This map restricts toa
linear isomorphism on the kernel of the evaluation map on the transversals to \ @. Thus, the closure

(17) grr:p = | I#°(e)
B2a
a fills S\ A
of $H°(A; p) in S¥(A) may be realized as an orthant in 1 (ZV 8 aN 3:R)™ with some open and closed
faces; one of the closed faces corresponds to %°(A; a).10

Since the complex <% (S \ A) is locally finite, there are only finitely many arcs f1, . .., B disjoint from .
Let U C %(S \ A) be a small neighborhood of 4 and ¢ be a continuous section of F#H(A; o) — %° (o) NU.
For each i, after including $%°(A; «) as a face of $¥(A; o U B;), we may extend o continuously on
U N %°(a U B;). Continuing this process, eventually extending o to higher-dimensional cells meeting U,
we end up with a continuous section U — S¥ (L), as claimed. As before, trivializations defined by two
different sections differ by a continuous function U — #(A); this completes the proof of the theorem. O

10When every component of S \ A is simply connected, the empty set is a filling arc system. When this is the case, %°(2) is
identified with a point, while H(A; @) = H(1).
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Since every bundle over a contractible base is trivial, this implies that:
Corollary 8.2 Shear-shape space $%(\) is homeomorphic to R6876.

Proof Let X;,..., %, denote the complementary components of A, where X; has genus g; with b;

closed boundary components and k; crowns of types {c{ s c,i' }. By Lemmas 7.10 and 4.4, (S \ 1)
J

is homeomorphic to a cell of dimension

m m kj
—no(V) + Y dim(T(Z))) = —no(A) + Z(6gj —6+3bj + > (] + 3))
j=1

j=1 i=1
Lemmas 7.8 and 4.6 together imply that $%(); A) is an affine #(A)—space of dimension

m kj

no(h) = X0 =no() +3 3 3¢}

j=1i=1
Putting these dimension counts together via Theorem 8.1, ¥ (1) is homeomorphic to a cell of dimension

m

kj m
3 j 3 3
Z(6gj —6+43b; + 5 Z(cij + 2)) =57 ZArea(Z;) = EArea(S) =6g—0,
, =

j=1 i=1
where the first equality follows from (4). a

8.2 Intersection forms and positivity

Now that we have a global description of shear-shape space, we restrict our attention to a certain positive
locus ¥% (1) inside $%(X). The main result of this section is Proposition 8.5, in which we identify
F%T (1) as an affine cone bundle over Z(S \ 1).

Positive transverse cocycles We begin by recalling the definition of positivity for transverse cocycles, as
developed in [Bonahon 1996, Section 6]. Fixing some A € MEL(S), we recall that a transverse cocycle for A
may be identified with a relative cohomology class of the orientation cover N ofa snug neighborhood N
of A (Definition 7.2). The intersection pairing of N therefore induces a antisymmetric bilinear pairing

wye: H(A) x H (L) — R,

called the Thurston intersection/symplectic form. This form is nondegenerate when A is maximal and,
more generally, when A cuts ' into polygons each with an odd number of sides [Penner and Harer 1992,
Section 3.2].

Each transverse measure for A is in particular a transverse cocycle. Using the intersection form one can
therefore define a positive cone % (1) inside %()) with respect to the (nonatomic) measures supported
on A. Write

A=A U---Urlp Uy U---Uyyy,
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where the y,, are all weighted simple closed curves and the A; are minimal measured sublaminations
whose supports are not simple closed curves. Then set

L
(18) HT () = {,0 € %)) | ws(p. ) >0 forall p e | A(A,)},
=1

where A(X;) denotes the collection of measures supported on A;.

The reason for this involved definition is that the Thurston form is identically 0 exactly when the underlying
lamination is a multicurve. Therefore, if the support of A contains a simple closed curve y, the pairing
of y with every transverse cocycle supported on A is 0.1

On the other hand, so long as A is not a multicurve then the Thurston form is not identically 0. In fact,
the cone % (1) splits as a product
L

M
%) =Pt o) e P Hym).

=1 m=1

As A supports at most 3g — 3 (projective classes of) ergodic measures, each ¥ (;) is a cone with a side
for each (projective class of) ergodic measure supported on A;.

When A is a multicurve, there are no A;’s and so the condition of (18) is empty. As such, in this case the
space of positive transverse cocycles is the entire twist space:

M
HE (U Uyag) = H(y1 U Uyag) = €D H(ym) = RM.
m=1
Therefore, no matter whether y is a multicurve or not, the space %7 (1) is a convex cone of full dimension
(where we expand our definition of “cone” to include the entire vector space).

Positive shear-shape cocycles We now repeat the above discussion for shear-shape cocycles. By
Definition 7.5, any shear-shape cocycle (o, ) may be identified with a relative cohomology class of the
orientation cover ﬁg of a neighborhood Ny of A Ua. As above, the intersection pairing of N then defines
a pairing between any two shear-shape cocycles with underlying arc system contained inside «. However,
if the underlying arc systems of o, p € $¥()) are not nested, then there is no obvious way to pair the two
cocycles.

While it does not make sense to pair two arbitrary shear-shape cocycles, we can always pair shear-shape
cocycles with transverse cocycles. Recall from (the discussion before) Lemma 7.8 that ¥(A) naturally
embeds as a subspace of the cohomology of the neighborhood ]Vg defining a shear-shape cocycle and

U This is because the components of the orientation cover are all annuli, whose first (co)homologies all have rank 1. For noncurve
laminations, the homology has higher rank and so can support a nonzero intersection form.
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may be identified with the kernel of the evaluation map on transversals to ¢. Therefore, the intersection
pairing on Ny gives rise to a function

wyye: FH(A) x #(L) — R,

which we also refer to as the Thurston intersection form. Throughout the paper, we will differentiate
between the different intersection forms by indicating their domains in subscript.

We record some of the relevant properties of wyy below:

Lemma 8.3 The Thurston intersection form wgy is a Mod(S)[A]-invariant continuous pairing which is
homogeneous in the first factor and linear in the second. Moreover, for any A € (S \ A) and p € #(1),
the function

wyy (-, p): FHM; A) —> R

is an affine homomorphism inducing wy( -, p) on the underlying vector space #(1).

Proof We begin by showing that the form is actually well defined. Suppose first that o is maximal;
then, since the (homological) intersection form is natural with respect to deformation retracts, and any
two snug neighborhoods of A U o share a common deformation retract, the form does not depend on the
choice of neighborhood.

Now suppose that § is a filling arc system that is a subsystem of two different maximal arc systems o
and «;. Then one ‘can take a snug neighborhood Ng of A U 8 which includes into neighborhoods N;
of AUq; fori = 1,2. Now, since the (homologicaf) intersection form is also natural with respect to
inclusions, the Thurston form must be as well. Therefore, for any o € 7 (X; B) and p € F#(X) it does not
matter if we compute wyy (0, p) in Ng, Ny, or N,. -

Now that we have established that ws is well defined, the other properties follow readily from properties
of the (homological) intersection form. Since the homological intersection pairing is linear in each
coordinate, wgy is in particular linear in the second coordinate. Similarly, for any 4 € 2(S \ A) and
any two 01,0, € $¥H(A; A), we know that o1 — o, is a transverse cocycle, and again by linearity of the
homological intersection form we get that

wyy (01, p) — Wy (02, p) = wx(01 — 02, p)
for all p € #(X). Thus wyy is affine on each FH(A; A).

Finally, to see that the map wyg (-, p) is continuous for a fixed p, we recall that for any maximal arc
system «, the space ¥9° (A; ) of shear-shape cocycles with underlying arc system o may be realized
as an open orthant in cohomological coordinates (16), and this parametrization extends to its closure
FH; ).
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Since the intersection pairing on cohomology is continuous, for each maximal arc system ¢ the function
wyy (-, p) is continuous on S¥(A; o). But now, since we have checked that the value of wy( -, p) does
not actually depend on the neighborhood, it agrees on the overlaps of closures ¥7(A; &) for maximal .
Therefore, since the cell structure of (S \ A) is locally finite, we may glue together the functions
wyy (-, p) (which are continuous on each $#(X; o)) to get a globally continuous function on F¥(A). O

With this intersection form in hand, we may now define a positive locus with respect to the set of measures
supported on A.

Definition 8.4 The space of positive shear-shape cocycles $%T (1) is the set

FHT (L) = {0 € FH(L) : wgse(o, ) > 0 for all € A(A)}.

Observe the difference between the definition above and the one appearing in (18): any positive shear-
shape cocycle must also pair positively with all simple closed curves Y, appearing in the support of A. The
essential difference between the two cases is that additional branches of 7, coming from the underlying
arc system allows a shear-shape cocycle to meet each y;, without being completely supported on ;.
Indeed, one can check that the contribution to the Thurston form coming from the intersection of ¢ with
a simple closed curve component of A is always positive (compare (20)). In particular, the positivity
condition is automatically fulfilled for any measure supported on a curve component of A.

On each cohomological chart (16) or (17) it is clear that $% (1) is an open cone cut out by finitely
many linear inequalities (one for each ergodic measure supported on A, plus positivity of arcs weights).
However, this does not yield a global description of % (1). In order to get one, we must show that the
linear subspaces cut out by the positivity conditions intersect the #(X) fibers transversely.

Proposition 8.5 The space %" (1) is an affine cone bundle over %(S \ A) with fibers isomorphic

to %+ (1).

By an affine cone bundle, we mean that there is a (nonunique) section ag: Z(S \ L) = S¥ (1) such that
FHT (M) NFH(A; A) = 00(4) + 5T (1)

for every A € Z(S \ A). Moreover, any two such sections differ by a continuous map Z(S \ 1) — #(}).

Proof Choose mutually singular ergodic measures ftq,..., LN, V1, -, Var On A that span A(A), where
the supports of the u; are noncurve laminations and the y;, are all simple closed curves. Pick an arbitrary
0 € $H(A; A), and define

C@o):={peHQA)|wx(p, un) > —wgx(o, uy) foralln=1,..., N}.

By linearity of wg on #(A), together with the fact that the pairing ws( -, 45,) is not identically 0 since
the support of 1, is not a simple closed curve, this is an intersection of N affine half-spaces which do
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not depend on our choice of ergodic measures j; in their projective classes. Again by linearity, this is
just a translate of %7 (A) and hence is a cone of full dimension.

Now, since wgy( -, p;) is an affine map on ¥ (A; 4) for each j,
o+ Co)={nePHM; A) | wyy(n, pn) >0foralln=1,..., N} =FHT L) NFH; A)

is an affine cone of full dimension (where the last equality holds because the positive discussion is
automatically fulfilled for each y;,). It is a further consequence of affinity that this identification does not
depend on the choice of . The bundle structure then follows from continuity of weg. O

9 Train track coordinates for shear-shape space

In this section, we introduced train track charts for shear-shape cocycles. In Section 9.1, we recall
Bonahon’s realization of transverse cocycles to a lamination in the weight space of a train track that
snugly carries it. In Section 9.2, we reinterpret the cohomological coordinate charts (16) for $#°(A; )
by “smoothing” A U @ onto a train track 7o (Construction 9.3) and realizing ¥%°(A; @) as an orthant
in the weight space of 74 (Proposition 9.5). This construction also has the added benefit of converting
axiom (SH3) of Definition 7.11 into a simpler additivity condition; this is convenient for computations
and provides an explicit formula (20) for the Thurston intersection pairing. We rely on this formula in
Section 10.2 to show that foliations transverse to A define positive shear-shape cocycles (Proposition 10.12).

Later, in Section 9.3, we explain how the PIL structure of ¥ (1) is manifest in train track coordinates
and provides a canonical measure in the class of Lebesgue. When A is maximal, this measure is a constant
multiple of the symplectic volume element induced by wg Finally, in Section 9.4 we consider how train
track charts facilitate an interpretation of ¥%€()\) as organizing the fragments of the cotangent space
to MZ at A.

Remark 9.1 We advise the reader that two different types of train tracks appear below: those which carry
transverse cocycles for A and give coordinates on the fiber 7 (A; A), and those which carry shear-shape
cocycles and give coordinates on the total space SF(A).

9.1 Train track coordinates for transverse cocycles

We begin by recalling how transverse cocycles can be parametrized by weight systems on (snug) train
tracks. The advantage of these coordinates is that they determine the cocycle with only finitely many
values (a main benefit of the cohomological Definition 7.2), but do so using unoriented arcs on the surface,
not the orientation cover (a main benefit of the axiomatic Definition 7.4).

Let 7 be a train track snugly carrying a geodesic lamination A and ¢ a transverse cocycle, thought of
as a function on transverse arcs. For each branch b of t, pick a tie #;. Then one can assign to b the
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weight o (¢); by axiom (H1) this value does not depend on the choice of tie, and by axiom (H2) these
weights necessarily satisfy the switch conditions. Therefore, any transverse cocycle can be represented by
a weight system on 7, and in fact this map is an isomorphism.

Proposition 9.2 [Bonahon 1997b, Theorem 11] Let t be a train track snugly carrying a geodesic
lamination A. Then the map o — {0(lp)}pep(r) is a linear isomorphism between (1) and W(z), the
space of all (real) weights on t satisfying the switch conditions.

On a given train track snugly carrying A, the Thurston intersection form wsy is easily computable in terms
of the weight systems. To wit, if g, p € #(A) then their intersection is equal to

o(rs) o(ly)
p(rs) pLs)

where the sum is over all switches s of 7, and ry and £, are the half-branches which leave s from the

’

(19) CEEDD

right and the left, respectively. Compare [Penner and Harer 1992, Section 3.2].

9.2 Train track coordinates for shear-shape cocycles

In order to imitate the above construction for shear-shape cocycles, we first must explain how to build a
train track from A and a filling arc system « on its complement.

Suppose that 7 carries A snugly; then the complementary components of T U & correspond to those of
AUa. A smoothing of T U« is a train track 7, which is obtained by choosing tangential data at each of
the points of T N ¢ and isotoping each arc of o to meet T along the prescribed direction. Each component
of S\ 7 inherits an orientation from S, which in turn gives an orientation to the boundary (of the metric
completion) of each subsurface. A smoothing 74 is standard if for each switch of 7, with an incoming
half branch corresponding to an arc «; € ¢, the incoming tangent vector to ¢; is pointing in the positive
direction with respect to the boundary orientation of the component of S \ 7 containing «;; see Figure 12.

Recall (Construction 5.6) that a geometric train track t constructed from a hyperbolic structure X € J(S),
A € MZL(S), and € > 0 is obtained as the leaf space of the orthogeodesic foliation restricted to an
e—neighborhood of A in X (for small enough values of €).

Construction 9.3 (geometric standard smoothings) Let A € M£(S) and X be a hyperbolic metric
on S. Let « be a filling arc system in S \ A, realized orthogeodesically on X. For small enough ¢ > 0,
o N Ne¢(R) lies in a finite collection of leaves of 0, (X') and so each end of each arc of ¢ defines a point
in the quotient T = N'¢(A)/~, where ~ is the equivalence relation induced by collapsing the leaves of

0, (X)|x.0)-

The geometric standard smoothing 7 is then obtained by attaching « onto the geometric train track t at
these points and smoothing in the standard way.
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Lo

Figure 12: Left: a geometric train track neighborhood of ) together with an arc system @. Right:
the (preimage of the) standard smoothing 7.

Since « is filling, the components of X'\ (AUq) are topological disks. In a geometric standard smoothing 7,
each complementary disk incident to an arc o of o has at least one spike corresponding to an end of
that . Since no arc of ¢ joins asymptotic geodesics of A, the complementary polygons all have at least
three spikes and so 7, is indeed a train track.

Remark 9.4 A geometric standard smoothing keeps track of the intersection pattern of A with o on
“either side” of 7, and the endpoints of ¢ on a geometric train track 7 C X constructed from A by a
parameter € > 0 as in Construction 9.3 are stable as € — 0.

A standard smoothing 7, is reminiscent of the construction of completing A to a maximal lamination A’ by
“spinning” the arcs of o around the boundary geodesics of complementary subsurfaces to A in the positive
direction to obtain spiraling isolated leaves of A" in bijection with the arcs of . In Proposition 9.5 below,
we observe that, by smoothing ¢ onto 7 in a standard way, axiom (SH3) allows us to assign weights to
the branches of 7 in such a way that the switch conditions are satisfied. Thus, for a shear-shape cocycle
carried by 74, the weights deposited on the branches o C 74 encode “shape” data, rather than “shear”
data. As such, we do not think of a standard smoothing as corresponding to the completion of A to a

maximal lamination A’.

Proposition 9.5 Every shear-shape cocycle (o, A) € (L) may be represented by a weight system
W (0) on a standard smoothing T, that also carries A. Moreover, the map o — wy(0') extends to a linear
isomorphism

H'(Ng, dNg; R)™ = W(1y),

where Ny, is a neighborhood of A U «, ﬁg is its orientation cover and HI(J\AZQ, 8]\7@ R)™ is the —1
eigenspace for the covering involution t*.

In particular, this isomorphism realizes $%(A; o) and $%¢ T (A, &) as convex cones (with some open and

some closed faces) inside W (zy).
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o (k) o(f)
o(t)
[k] = []+1[€] o(k)=o0(t)+o()

Figure 13: A standard smoothing of a geometric train track. The equation in homology encoded
by axiom (SH3) becomes an additivity condition on the train track.

Proof Let 74 be a standard smoothing of 7 U« and for each branch b of 74, let 7, denote a tie transverse
to b. Evaluating a shear-shape cocycle o on 5 yields an assignment of weights

We(0):b — o(tp).
By axiom (SH1) of Definition 7.11, this weight system does not depend on the choice of tie.

To check that wy (o) satisfies the switch conditions, we observe that there are two types of switches of 74:
those that come from switches of 7 and those that come from smoothings of points of A N¢. Axiom (SH2)
implies that the switch condition holds at each of the former, while axiom (SH3) together with our choice
of smoothing ensures that wy (o) satisfies the switch conditions at each of the latter. Compare Figure 13.

We note that this discussion does not rely on the positivity of o on standard transversals, and so can be
repeated to realize an arbitrary element of H! (Ng, dNg;R)™ as a weight system on 4. a

Let A= c;a;; then on any smoothing 7 the identification of Proposition 9.5 restricts to an isomorphism
FH(: A) ={w € W(te) : w(bi) = ¢,

where b; is the branch of 7, corresponding to «;. Indeed, these coordinates together with the parametriza-
tion of transverse cocycles by weight systems on 7 < 74 (Proposition 9.2) give another proof that the
difference of any two shear-shape cocycles compatible with a given 4 € (S \ A) is a transverse cocycle
(Lemma 7.8).

Remark 9.6 The metric residue condition (Lemma 7.9) is still visible in train track coordinates, though it
is somewhat obscured. Indeed, suppose that A contains an orientable component carried on a component ¢
of the geometric train track t; fix an arbitrary orientation of ¢.

Take a geometric standard smoothing 7, of T U . Reversing the tangential information as necessary,
we can then construct a (nonstandard) smoothing of t U @ so that every arc of ¢ is a small branch
entering ¢ according to the orientation. Moreover, by reversing the sign of the weight on each arc which
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has its smoothing data modified, this nonstandard smoothing still carries shear-shape cocycles as a weight
systems. But then, by conservation of mass, the total sum of the weights on the branches entering ¢
must be 0. Hence, in this setting, the metric residue condition manifests as a condition embedded in the
recurrence structure of smoothings.

The extended intersection form on $¥()) also has a nice formula in terms of train tracks. Let T be a
(trivalent) train track snugly carrying A and let 7, be a standard smoothing of v U «; then, for o € ¥ (A)
and p € #()),
1 o(rs) o(ls)
(20) wy%(0, p) = 5
@0 =32 o) ol

where the sum is over all switches s of 7y, and ry and £, are the right and left small half-branches,

El

respectively. The proof of this formula is the same as that of (19) and is therefore omitted; the only thing
to note in this case is that the value does not change if one completes « by adding in arcs of zero weight.

9.3 Piecewise-integral-linear structure

A piecewise-linear manifold is said to be piecewise-integral-linear or PIL with respect to a choice of
charts if the transition functions are invertible piecewise-linear maps with integral coefficients. The track
charts that we have constructed from standard smoothings in this section endow each cell ¥ (A; ) with
a PIL structure which clearly extends over all of $#(A) (compare [Penner and Harer 1992, Section 3.1]).

The points of the integer lattice in W(zy) are invariant under coordinate transformation; thus, the integer
points $Hz (L) C FSH(A) are well defined.

The PIL structure defined by train track charts gives a canonical measure ftg in the class of the (6g—6)—
dimensional Lebesgue measure on ¥ (A). Namely, if B C $#(A) is a Borel set, then

#R-BNS¥Hy
21 B):= lim ——.
21 pox(B) = lim R626
Since the symplectic intersection form wgg is constant (19) in a train track chart, the volume element
defined by the (3g—3)—fold wedge product Awgy is a constant multiple of g3 on each chart.

We note that Z(S \ 1) is cut out of |.«%);;1(S \ 1)| by linear equations with integer coefficients, as is each cell
of |1 (S \ A)|. Therefore, the integer lattice ¥z (A) restricts to a integer lattice in the bundle ¥ (A; o)
over every cell («). Thus we obtain a natural volume element on the bundle over the k—skeleton
of (S \ A) whenever it is not empty.

9.4 Duality in train track coordinates

We now take a moment to discuss shear-shape coordinates from the point of view of train track weight
spaces; this discussion is motivated by that in [Thurston 1986], and is meant to clarify how shear-shape
cocycles fit into the broader theory of train tracks.
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We begin by recalling the analogy between shear coordinates for Teichmiiller space and the “horospherical
coordinates” for hyperbolic space. As observed by Thurston [1986, page 42], projecting the Lorentz
model

H" = {x]+- 4+ x5 —xg, =—1|xp41 >0}

to {x1,...,Xxy) along a family of parallel light rays gives a parametrization for H” in terms of a half-space.
In these coordinates, horospheres based at the boundary point £ € dooH” corresponding to the choice of
light ray are mapped to affine hyperplanes and geodesics from £ are mapped to rays from the origin.!?

When A is maximal and uniquely ergodic, Bonahon and Thurston’s shear coordinates similarly realize
J(S) as the space of positive transverse cocycles #7 (1), in which planes parallel to the boundary are
level sets of the hyperbolic length of A and rays through the origin are Thurston geodesics. Equivalently,
if 7 is a train track carrying A, then shear coordinates identify J(.S) as a half-space inside W ().

However, shear coordinates are no longer induced by a global projection. Instead, as noted by Thurston,
they can be thought of as a map that takes a hyperbolic structure X to (the 1—jet of) its length function
with respect to a given lamination. Shear coordinates are then a map not into W(t) but into its dual
space W(t)* (which can be identified with W (7) via the nondegenerate Thurston symplectic form). The

113

image cone is then the positive dual '~ of the cone of measures on A.

This formalism then indicates how shear coordinates generalize to maximal but nonuniquely ergodic
laminations. The map is the same, but now the positive dual of A(A) has angles obtained from the
intersection of hyperplanes, one for each ergodic measure on A. Rays in the cone still correspond to
geodesics, and affine planes parallel to the bounding planes correspond with the level sets of hyperbolic
length of the ergodic measures on A.

Our shear-shape coordinates come into play when A is not maximal. In this case, one can go through the
above steps for each maximal train track 7, obtained from a snug train tack carrying A by adding finitely
many branches. Since A is carried on a proper subtrack of t its cone of measures lives in a proper subspace
E C W(r). Taking the positive dual of A(A) and applying the isomorphism W(t) = W(z)* induced
by the Thurston form then realizes Teichmiiller space as a cone C in W(t). By definition, C N E is
exactly %7 (1), and one can check this demonstrates C is an affine ¢ (1)-bundle.

However, the base of this bundle structure is not canonically determined, in part because £ < W(t) is
generally not symplectic. Moreover, the same hyperbolic structure is parametrized by elements in many
different maximal completions, and to achieve Mod(.S)—equivariance one needs to understand how to
compare coordinates for different completions. Shear-shape space is designed to solve both of these

12This coordinate system is in some sense dual to the paraboloid model of [Thurston 1997, Problem 2.3.13]. Horospherical
coordinates place an observer looking out from the center of a family of expanding horospheres, whereas the paraboloid model
places an observer at another boundary point looking in.

13That is, those elements of W(z)* which pair positively with every element in A(A) via the intersection form.

Geometry & Topology, Volume 28 (2024)



Shear-shape cocycles for measured laminations and ergodic theory of the earthquake flow 2053

problems, picking out geometrically meaningful completions and gluing together the corresponding cones
all while preserving the bundle structure.

Indeed, the shear-shape coordinates defined in Section 13 associate to each hyperbolic structure a natural
finite set of completions (corresponding to standard smoothings of snug train tracks plus geometric arc
systems) together with a weight system on each completion. The discussion of this section (Proposition 9.5
especially) then implies that the associated shear-shape cocycle is independent of the choice of completion,
and that the corresponding train track charts glue together according to the combinatorics of Z(S \ A). In
this picture, level sets of the hyperbolic length now correspond to bundles over Z(S \ 1) whose fibers are
affine subspaces parallel to the boundary of % (1), while rays in $%* () correspond to scaling both the
coordinate in (S \ 1) as well as the coordinate in #T (1).

10 Shear-shape coordinates for transverse foliations

We now show how the familiar period coordinates for a stratum of quadratic differentials can be re-
interpreted as shear-shape coordinates. The main construction of this section is that of the map

I F (L) — FH)

which records the vertical foliation of a quadratic differential and should be thought of as a joint extension
of [Mirzakhani 2008, Theorem 6.3; Minsky and Weiss 2014, Theorem 1.2].

The idea is straightforward: Given some quadratic differential ¢ € F“* (1), the complement S \ Z(g) of
its zeros deformation retracts onto a neighborhood Ny () of A U a(g) for some filling arc system a(g)
(whose topological type reflects the geometry of ¢). We may therefore identify the period coordinates
of ¢ as a relative cohomology class in (the orientation cover of) Ny () with complex coefficients. The
imaginary part of this class corresponds to A, while its real part is the desired shear-shape cocycle 7 (¢).

The only obstacle to this plan is in showing that S \ Z(g) can actually be identified with a neighborhood
of AUa(g). To overcome this, we recall first in Section 10.1 how to reconstruct the topology of S\ A from
the horizontal separatrices of ¢; this guarantees that all relevant objects have the correct topological types.
We then describe in Section 10.2 how to build from S \ Z(q) a train track 7, snugly carrying A U a(g)
(Lemma 10.6); this in particular allows us to identify S\ Z(g) as a neighborhood of A Ua(q). We may then
define I (¢) using the strategy outlined above and identify it as a weight system on 7, (Lemma 10.10).

Section 10.3 contains a discussion of the global properties of the map I : piecewise-linearity, injectivity,
and its behavior with respect to the intersection pairing. In this section, we also record Theorem 10.15,
which states that 7 is a homeomorphism onto $%* (1). For purposes of convenience, the proof of this
theorem is deduced from our later (logically independent) work on shear-shape coordinates for hyperbolic
structures (Sections 12—15). See Remark 10.16.
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10.1 Separatrices and arc systems

Given a quadratic differential with |Im(q)| = A, our first task towards realizing |Re(q)| as a shear-shape
cocycle is to build a filling arc system «(¢) on S\ A that encodes the horizontal separatrices of g. We begin
by recalling how to recover the topology of S \ A from the realization of A as a measured foliation on ¢.

Recall that a boundary leaf £ of a component of S \ A is a complete geodesic contained in its boundary.
Note that infinite boundary leaves of S \ A are in one-to-one correspondence with leaves of A which are
isolated on one side, while finite boundary leaves (ie closed boundary components) are in two-to-one
correspondence with closed leaves of A.14

The corresponding notion for measured foliations is that of singular leaves. Let & be a measured foliation
on S and F denote its full preimage to S under the covering projection; then a bi-infinite geodesic path
of horizontal separatrices £ is a singular leaf of F if, for every saddle connection s of £, the separatrices
adjacent to s leave from the same side of £ (ie always from the left or always from the right); see [Levitt
1983, Figure 2].

There is a fundamental correspondence between boundary leaves of a lamination and singular leaves of a
foliation, which we record below. Heuristically, collapsing the complementary regions of a lamination
yields a foliation; the deflation map of Section 5.3 is a geometric realization of this phenomenon. Again,
compare [Levitt 1983, Figure 2] as well as [Minsky 1992, Lemma 2.1].

Lemma 10.1 Let A be a measured lamination on S and let % be a measure-equivalent measured foliation.
Then there is a one-to-one, 1 (S)—equivariant correspondence between the boundary leaves of S \ )
and singular leaves of F. Moreover, singular leaves of F that share a common separatrix correspond to
boundary leaves of the same component of S \ .

This lemma in particular allows us to read off the topological type of S \ A from the horizontal separatrices
of g. Set E(g) to be the union of the horizontal separatrices of ¢, equipped with the path metric. This
I—complex also comes equipped with a ribbon structure (that is, a cyclic ordering of the edges incident to
each vertex) and, by thickening each component of E (¢) according to this ribbon structure, E(¢g) can be
regarded as a spine for the components of S\ A.

Our construction of ¢(g) then records the dual arc system to the spine E(g) of S\ A.

Construction 10.2 Let ¢ be a quadratic differential on S with |Im(g)| = A. By the correspondence
of Lemma 10.1, each horizontal separatrix of ¢ corresponds to a pair of boundary leaves of the same
component of S\ A. Each infinite separatrix corresponds to a pair of asymptotic boundary leaves, while
nonasymptotic boundary leaves are glued along horizontal saddle connections. Dual to each horizontal
saddle connection of E(g) is a proper isotopy class of arcs on S \ A, and we set «(q) to be the union of
all of these arcs.

14This is true because we have insisted that A support a measure, and so no nonclosed leaf may be isolated from both sides.
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Since E(q) is a spine for S \ A and «(¢q) consists of arcs dual to its compact edges, we quickly see that:
Lemma 10.3 The arcs of a(q) are disjoint and fill S \ A.

Proof Each component of S \ X has a deformation retract onto the universal cover & of a component
of E(¢q). In particular, as the interiors of the edges of E are disjoint, duality implies that the arcs of &(g)
can all be realized disjointly. As this picture is invariant under the covering transformation, this implies
that the arcs are disjoint downstairs in S \ A.

Similar considerations also 1mp1y that the arc system is filling: let ¥ be a component of S \ A w1th
universal cover 3 with spine g, By construction, the edges of &(g) in S are dual to the edges of E
Since E(g) is a spine for S \ A, any loop in X is homotopic to a union of saddle connections, implying

that any nontrivial loop must pass through an edge of @ (g). Hence, a(g) fills S\ A. |

10.2 Period coordinates as shear-shape cocycles

Now that we understand the relationship between A and the horizontal data of ¢, it is easy to build objects
T*\ H* and T* on ¢ of the same topological type as A and A U «(¢). However, it is not immediate to
actually identify these objects as neighborhoods of A and A U ¢(¢). Below, we deduce this from the
stronger statement that they admit smoothings onto train tracks snugly carrying A and A U a(g); compare
[Mirzakhani 2008, Sections 5.2 and 5.3].

Construction 10.4 (train tracks from triangulations) Let H denote the set of all horizontal saddle
connections on ¢ and let T be a triangulation of ¢ containing H. Let T* be the 1-skeleton of the dual
complex to T and let H* denote the edges of T* dual to H. Note that T* is trivalent by definition.

Let A denote a triangle of T with dual vertex va in T*. Using the |¢|-geometry of A we may assign
tangential data to va as follows (compare Figures 14 and 15):

¢ If no edge of A is horizontal, then a unique edge e has largest (magnitude of) imaginary part.
Assign tangential data to va so that the dual edge to e is a large half-branch.

¢ Otherwise, some edge of A is horizontal and the other two edges have the same imaginary parts. In
this case, we choose tangential data so that the horizontal edge corresponds to a small half-branch
and leaves the large half-branch from the right, as seen by the large half-branch.

We denote the resulting train track by 7. The subgraph T* \ H* can also be converted into a train track ©

by deleting the branches of 74 dual to H.

Remark 10.5 The edges of H* correspond to the arcs of ¢(¢) and t is a standard smoothing of t Ua/(gq).
Our convention for “standard” ensures that additivity in period coordinates corresponds to additivity in
train track coordinates.
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Figure 14: An example of the train track 7, around a saddle connection. The thick black lines are
stems of horizontal separatrices of g while the light black lines are nonhorizontal edges of the
triangulation T. The dashed line is a branch of 7 \ 7.

By construction, the graph T* (equivalently, the train track 74) is a deformation retract of S \ Z(gq).
Similarly, T* \ H* (and ) are deformation retracts of the complement of the horizontal saddle connections.
Together with our discussion above, this implies that t has the same topological type as A and 7, has the
same topological type as A U a(q).

In order to actually realize these objects as neighborhoods of A, we observe that we can build an explicit
carrying map from (a foliation measure equivalent to) A onto t.

Lemma 10.6 The train track t carries A snugly. The weight system on t that specifies A is exactly the
(magnitude of) the imaginary parts of the periods of the edges of T.

0¢

Oy S [

Figure 15: Local pictures of the different types of switches of 7,. Here we have illustrated
the images of each triangle under the holonomy map. The orientation of each edge should be
interpreted as indicating the value of [ -], so that the edge vector is exactly the complex weight
assigned to the dual branch of t,. The graphical conventions of this figure mirror those of
Figure 14.
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Proof Let all notation be as above and let & denote the (singular) horizontal foliation of ¢.

One can directly build a homotopy of the nonsingular leaves of & onto 7: in a neighborhood of each
edge e of T\ H there is a homotopy of the leaves of % onto the branch of t dual to e. Now any leaf of
which passes through a triangle A of T does so (locally) only twice and must pass through the side of A
with the largest imaginary part, which corresponds to a large half-branch of t. The complement of the
separatrix meeting the vertex of A opposite to the side with largest imaginary part separates the (locally)
nonsingular leaves of & passing through A into two packets that can be homotoped onto t, respecting the
smooth structure at the switch dual to A; compare Figure 15.

Now the horizontal foliation % of ¢ is measure equivalent to A, and so as t carries % it carries A (snugness
follows as t and A have the same topological type). The statement about the weight system follows from
our description of the carrying map. a

Now that we have identified 7 as a snug train track carrying A, we may in turn identify a neighborhood
of A Ua(g) with (a thickened neighborhood of) 7. With this correspondence established, we may now
define 7, (¢) as the image of the real part of the period coordinates of ¢ under the natural isomorphism on
cohomology.

Construction 10.7 (definition of ) (¢)) Let S, A, g, a(q) and 74 be as above, Set My to be a thickened
neighborhood of 7 (in the flat metric defined by ¢) and let Ny be a snug neighborhood of A U« (g) (taken
in some auxiliary hyperbolic metric). Perhaps by shrinking Ny, we may assume it embeds into My as a
deformation retract (this follows by snugness).

Now 1 is itself a deformation retract of S \ Z(g), so the inclusion My — S\ Z(g) is a homotopy
equivalence; composing inclusions Ny < My — S\ Z(g) and lifting to the orientation covers yields
the isomorphism

(22) HY(S, Z(J9):C) L5 H Ny, 0N,: ©),

where the hats denote the corresponding orientation covers. As the composite retraction respects the
covering involution ¢, this isomorphism also identifies —1 eigenspaces for (*. We therefore define

I).(q) = Re(j* Per(q)),
where Per(q) are the period coordinates for ¢, and where the real part is taken relative to the natural

splitting C =R @ iR.

Remark 10.8 From the above construction, a basis consisting of branches for the weight space of 74
(equivalently a basis for H; (ﬁg, Bﬁg; 7) of dual arcs) picks out a basis for H (§ . Z(/q): Z). Moreover,
each relative cycle is realized geometrically as a saddle connection (as opposed to concatenations, thereof).

Geometry & Topology, Volume 28 (2024)



2058 Aaron Calderon and James Farre

To see that /5 (¢) is indeed a shear-shape cocycle, we need only observe that the values on standard
transversals to a(g) are all positive. This follows essentially by definition of the orientation cover and
construction of @(g). To wit: if « is an arc of ¢(g) dual to a saddle connection s, and ¢ is a standard
transversal to «, then the canonical lifts of ¢ are mapped to those of s under the isomorphism (22). As the
periods of /g increase as you move along the (oriented) horizontal foliation of (§ . \/q). this implies
that the value of ) (¢) on either of the lifts of 7 is exactly the length of the saddle connection s.

Therefore, the weighted arc system underlying 7 (¢) is none other than
Alg):= ) cao,
aca(q)

where ¢4 is the |g|-length of the horizontal saddle connection dual to the arc «.

Remark 10.9 Naturality of all of the isomorphisms involved quickly implies that this construction does
not depend on the choice of initial triangulation T. Indeed, suppose that T{ and T, are two triangulations
giving rise to train tracks t; and 7, and hence shear-shape cocycles o; and 0,. Since both t; carry
A Ua(g) snugly, Lemma 10.6 implies that they have a common refinement 7. Lifting the inclusions

N(tUa(g)) = Nz Ua(q) — S\ Z(q)
to their orientation covers and drawing the appropriate commutative diagram of cohomology groups, the

shear-shape cocycles built from each T; coincide as weight systems on the common refinement <.

For use in the sequel, we record below the weight systems on 7, corresponding to A and 7 (¢). The proof
follows by combining the constructions above with the discussion in Section 9 and is therefore left to the
scrupulous reader. See also Figure 15.

For a complex number z, define
z if arg(z) €0, ),
2]+ = :
—z ifarg(z) €[n, 2n).
Observe that [z]+ = [—z]4+ forall z € C.

Lemma 10.10 Let all notation be as above and, for each edge e of T, let b, denote the branch of 1y

e[ ],

defines a complex weight system w(q) on ty satisfying the switch conditions. Moreover,

Im(w(q)) =24 and Re(w(q)) = Ir(q).

dual to it. Then the assignment

10.3 Global properties of the coordinatization

In this section, we show that the map I, defined above gives a global coordinatization of M%F(X) = F**(A).
First, we record certain global properties of this map; as it is defined by reinterpreting period coordinates
as shear-shape cocycles, it preserves many of the structures imposed by period coordinates.
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For example, it follows by construction that [, respects the stratification of each space. That is, if
q €29 (ky,...,ky) NF"(L), then the spine dual to ¢(¢) has vertices of valence k1 +2,...,k, +2. In
a similar vein, since both F*#(A) and $# (A1) have local cohomological coordinates (which induce PIL
structures) we can deduce the following:

Lemma 10.11 For any A € ML(S), the map I, is Mod(S)[A]—-equivariant and PIL.'>

Proof Equivariance follows from the naturality of our construction: all combinatorial data (arc systems,
train tracks, etc) can be pulled back to a reference surface equipped with A, so changing the marking by
an element of Mod(S)[A] acts by transforming the combinatorial data on the reference surface.

The piecewise-linear structure on F*# (1) (respectively 7 (1)) is given by period coordinates (respectively
cohomological coordinates in a neighborhood/train track coordinates) and so the map is by construction
piecewise-linear. Integrality comes from the fact that a homotopy equivalence induces an isomorphism
on cohomology with Z—coefficients, and hence takes integral points to integral points. |

The Thurston intersection pairing gives us a powerful tool to understand constraints on the image of
I, ; in particular, /) (¢) must be a positive shear-shape cocycle. Indeed, the tangential structure of the
train track 7y at each switch provides us with an identification of each triangle A of T with an oriented
simplex. With respect to this orientation, we can compute the area of A by taking (one half of) the cross
product of two of its sides. Comparing the formula for the cross product with the Thurston intersection
pairing (20) then allows us to see that the intersection of A and I (¢) is exactly the area of ¢; compare
[Mirzakhani 2008, Lemma 5.4].

Proposition 10.12 For all n € M%F(X) and all € A(L),

wgge(D.(), ) =i(n, 1.
In particular, I (MF(L)) € FHT ().

The proof of this proposition is made technical by the fact that if u and ' € A(A) are ergodic but
not projectively equivalent then they are mutually singular. To deal with this difficulty, we build a
flat structure on the subsurface filled by u by integrating against A + ¢4 and [ (n) for small . The
triangulation T then induces a combinatorially equivalent triangulation of this new flat structure by saddle
connections, allowing us to compare the area of this new flat metric (computed via cross products) with
the Thurston form on our original train track 7. This inverse construction will also be used in the proof
of Proposition 10.14.

Proof We begin by observing that since i € A(A), there is a union of minimal components of the
horizontal foliation of ¢ (7, A) that supports w. Call this subfoliation % and let Y denote the subsurface
filled by & on ¢g(n, A). Note that Y must be a union of horizontal saddle connections, and hence is
contained in any triangulation T used to define 7. In particular, T|y is a triangulation of Y.

15We recall that a PL map between PIL manifolds is itself PIL if it sends integral points to integral points.
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Since n and A are realized transversely on ¢ (7, A) and this specific realization of 7 is nonatomic (as any
closed leaves of n have become vertical cylinders), we can compute the intersection number between 7
and any measure p supported on F as

(23) i(n,u)=/nxu=/nxu-
S Y

We now build a new flat structure on Y whose conical singularities coincide with those of Y'; the salient
feature is that T|y can be straightened out to a triangulation by saddle connections on the new singular
flat structure that reflects the geometry of A 4 . To construct the new singular flat structure, we build
charts from a neighborhood of each triangle A C T|y to C and describe the transitions.

Each triangle A of T is dual to a switch s with an edge that is dual to a large half-branch b incident
to s. Orient 7 N A so that a train traveling along b toward s is moving in the positive direction. The
other edges r and £ of A are dual to the half-branches of 7, to the right and left of s, respectively. The
vertices o, and oy are adjacent to r and ¢, respectively, and the vertex o is opposite b; see Figure 15.
On the interior of each triangle A, we orient the leaves of & parallel to b. The leaves of n are given
the orientation such that the ordered basis of tangent vectors to A and # at each point agree with the
underlying orientation of .S. With this orientation, the measures 7 and A induce smooth real 1-forms dn
and d A that look locally like dx and dy, respectively (as opposed to |dx| and |dy|, respectively).

Restricted to the interior of A, the local orientation of the leaves of 1 also gives the measure p the
structure of a measurable 1-form that we call du. Spreading out the measure on a closed leaf of u over
the horizontal cylinder of A corresponding to its support as necessary, we get that the map

Fi:A—>C, pr dn+id(A+tn),
Vp

obtained by integrating along a path y, from o, to p is isometric along leaves of % and nondecreasing
along leaves of n. We compute

Fi(o) =L (r) +i(A+1p)(r) and  Fi(og) = L) (D) +i (A + 1) (D).

Transverse invariance and additivity of p gives
(24) Fr(og) = Fr(0) = I () (£) + i (A + 1) ().

Since the pair (Fy(0), Fo(og)) forms a positively ordered basis for C (or, equivalently, since the triangle A
is positively oriented), the pair (F;(0), F;(0g)) is also positively oriented for small enough 7. Let A’ be
the convex hull of (F¢(o,), F¢(0), F:(oy)).

The area of A, may now be computed as half the cross product of F;(0) and F;(o;). Using (24) and
linearity of the cross product,

iy L L) im0
(25) Area(A}) = 3 A+ () A+ iu(0) > 0.
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Figure 16: Integrating against 7 and A + ¢y defines a new flat structure on triangles. These charts
piece together to give a new half-translation structure on the subsurface filled by p.

Now, for each A and any small enough 7, the map F; may be extended to an open set U(A) in Y \ Z(g)
that contains A (minus its vertices) and is such that, for every p € U(A), there is a unique nonsingular
|¢|-geodesic segment y, joining o, to p. We claim that, moreover, we may choose U(A) so that
A, C F(U(A)); see Figure 16.

If not, there is some vertex v of Ty \ A such that F;(v) € A}, \ F;(A). Indeed, by construction, U(A)
is a star-shaped neighborhood about the vertex o, of A, so there is a saddle connection joining o, to v.
This saddle connection passes through or shares a vertex of an edge e of A. Moreover, we may find v
such that the triangle A, formed by e and v is singularity free and contained in U(A). But now, the
straightening A/, of F;(A,) in C lies inside A}, with the wrong orientation since F;(v) lies between
F;(e) and the corresponding edge of A’,. This is a contradiction to the fact that F; is nondecreasing
along leaves of 7, or, alternatively, to the fact that the straightenings A/, are all positively oriented for
small enough 7. So we may assume that A}, C F(U(A)).

If Ay C Ty shares an edge with A, then the construction of the map F; on A; agrees with F; on
U(A)NU(A1) up to multiplication by 1 (depending on the configuration of the switches dual to A
and A1) and translation by the period of the arc connecting the basepoints o, of each triangle. Thus
these triangles glue up to a half-translation structure on Y \ Z equipped with a triangulation by saddle
connections corresponding to T|y.

In our new flat structure on Y, A + ¢ is measure equivalent to the horizontal foliation and (the restriction
of) n is equivalent to the vertical foliation. Hence, we obtain, for any ¢ small enough, that

/ nxA+tpn) = Z Area(A)) = Z %‘kl)irt’)({r)) )LI):l—(TZ)(fE)) = wyy(DH.(n), A +11),
Y A€T|y A€T|y ® ®

where the second equality follows from (25) and the third from (20). Combining this with formula (23)
and the linearity of the Thurston intersection form (Lemma 8.3),

i = 4 ([ et [ nx0) = om0 e 00.20) = o010

completing the proof of the proposition. O
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From the proof of Proposition 10.12, we can also extract the following, which allows us to recon-
struct a (triangulated) quadratic differential from a sufficiently positive shear-shape cocycle, inverting
Construction 10.4.

Lemma 10.13 Let t be a train track snugly carrying A and let 1, be a standard smoothing of A U «.
Suppose that o € $¥(A) is represented by a weight system on Ty such that, at every switch s of 14, the

contribution
1
2

a(rs) o(Ls)
A(rs) ML)

of s to wyy (0, L) is positive. Then there exists a quadratic differential g € F**(A) such that I, (q) = o

and the dual triangulation to ty is realized by saddle connections on q.

Proof The assumption that the contribution at each switch is positive implies that the basis (F(0), F(0¢))
is positively oriented at each switch, and so we can build a positively oriented triangle A with the
prescribed periods. These glue together into the desired quadratic differential. a

In particular, we can locally invert [, by building a quadratic differential out of triangles whose edges
have specified periods, so [, is injective.

Proposition 10.14 For any A € MZL(S), the map I is a homeomorphism onto its image.

Proof To see that 7, is injective, we observe that Lemma 10.13 provides a (left) inverse map A to [;.
Indeed, suppose that o = I (q) for some ¢ and pick a triangulation T as in Construction 10.4; let 74
denote the dual train track. Applying Lemma 10.13 then constructs a quadratic differential ¢’ on which
each edge of T is realized as a saddle connection. Since ¢ and ¢’ have the same periods with respect to
the same geometric triangulation, they must be equal.

To prove that I is continuous, we first observe that I is by definition continuous on the closure
FH(A;a(q)) of any cell, as it is induced by a continuous mapping on the level of cohomology. In general,
we need only exploit this fact together with a standard reformulation of sequential continuity: a function
/X — Y is continuous if and only if every convergent sequence x, — X has a subsequence x,, such

that f(x,,) = f(x).

So let ¢, — g € F“*(A). The polyhedral structure of ¥ (1) is locally finite, so, for n large enough,
I5.(qn) is contained in a finite union of cells. After passing to a subsequence ¢, , we may assume that ¢,
all share the same underlying (maximal) arc system B completing «. In particular, I (g, ) € F¥(A; B) for
all k and so I (qn, ) = I).(q) follows from continuit_y on cells. Therefore I is a continuous injectivgmap
between Euclidean spaces of the same dimension (Proposition 8.5 and Corollary 8.2) and so invariance of
domain guarantees it is a homeomorphism onto its image. O
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The image of I, In light of Lemma 10.13, to show that I; surjects onto $% ™ (1) it would suffice to
show that every positive shear-shape cocycle can be realized as a weight system on a train track where
every switch contributes positively to the intersection form. However, it is rather complicated to show that
every positive shear-shape cocycle admits such a representation (see the discussion in Remark 10.16).

Instead, we deduce this fact using the commutativity of (2) and the results appearing in Sections 12—15
coordinatizing hyperbolic structures by shear-shape cocycles. We emphasize, however, that Theorem 10.15
is logically independent from the work done in Sections 12—15 that leads to its proof. We include
the statement here (as opposed to after Section 15) to provide some closure to our discussion of the
parametrization of % (A) by shear-shape cocycles.

Theorem 10.15 The map I, : F**(A) — $% (L) is a homeomorphism.

Proof In Section 13, we define the geometric shear-shape cocycle g3 (X) € ¥ (A) associated to a
hyperbolic metric X € J(S) and show (Theorem 13.13) that oy (X) = I (0 (X)). In Section 15, we
prove Theorem 12.1, which states that the map 0 : T(S) — %1 (1) is a homeomorphism. In particular,
0y, is surjective and hence so is I, . Together with Proposition 10.14, this implies the theorem. a

Remark 10.16 If A is a maximal lamination, one can deduce surjectivity of /) by appealing to the
theory of “tangential coordinates” for measured foliations transverse to A. In general, given t snugly
carrying A, tangential coordinates can be constructed as a quotient of R5(@) by a vector subspace spanned
by vectors that model the change of length of branches of a train track on either side of a switch after a
small “fold” or “unzip”. When A is maximal, there is a linear isomorphism from shear coordinates to
tangential coordinates via the symplectic pairing wy; we refer the interested reader to [Thurston 1986,
Section 9] or [Penner and Harer 1992, Section 3.4] for details.

The transverse weights defined by the measure of A on 7 together with positive! tangential data give
T the structure of a bifoliated Euclidean band complex. If the tangential data satisfy a collection of
triangle-type inequalities, this band complex can be “zipped up” to obtain a bifoliated flat surface with
conical singularities. When defined, the linear transformation mapping tangential coordinates to shear
coordinates preserves the intersection number, and hence positivity.

A standard positivity argument (see [Thurston 1979, Proposition 9.7.6] or [Thurston 1986, Theorem 9.3])
shows that any tangential data with positive intersection with A has a positive representative, and hence
defines a foliation transverse to A. In particular, the map from JULF(A) to the space of tangential coordinates
with positive intersection with A is surjective. As the space of tangential coordinates with positive
intersection is isomorphic to #7 (1), this completes the proof of surjectivity in the maximal case.

This being considered, even in the case when A is maximal “it is harder to see the [positivity] inequalities
satisfied by the shear coordinates [than the tangential coordinates]” [Thurston 1986, page 45] and it is not

16Here positive means that there is a representative of the tangential data that is positive on each branch of t.

Geometry & Topology, Volume 28 (2024)



2064 Aaron Calderon and James Farre

clear how to run the “standard positivity argument” without passing through tangential coordinates. We
have therefore chosen to prove Theorem 10.15 in a way that avoids developing a theory of tangential
coordinates dual to shear-shape cocycles. Instead, we take advantage of the relationship between the
Thurston intersection form on ¥ (A) and the length of A on a given hyperbolic surface, as exploited in
the proof of Theorem 12.1 (see in particular Claim 15.8).

11 Flat deformations in shear-shape coordinates

The identification of Section 10 between periods of saddle connections and the values of the shear-shape
cocycle I; (¢) immediately allows us to transport certain flows on %** (1) to shear-shape space. Moreover,
Theorem 10.15 affords a new perspective on the “tremor deformations” of [Chaika et al. 2020] (see
Definition 11.3).

The horizontal stretch We begin by observing that the space %1 () carries a natural R g—action
given by scaling both the underlying arc system A and the values assigned to test arcs (equivalently, the
corresponding cohomology class or the weights on a train track realization). Using our correspondence
between period coordinates and shear-shape cocycles (Lemma 10.10), this dilation expands the real part
of each period, so the corresponding flat deformation is just a horizontal stretch.!”

Lemma 11.1 Let g € F“¥()); then

26) 5((5 V)e) =enw@

forall t € R.

In particular, our coordinatization linearizes the expansion of the strong unstable foliation under the
Teichmiiller geodesic flow.

Horocycle flow and tremors We now consider the horocycle flow on F#¥ (1), which is just the restriction
of the standard horocycle flow /i to the strong unstable leaf. An easy computation shows that, for every
saddle connection e of ¢, one has

o [fa] (o] f] [ o] )],

(here we have invoked the [ -]+ function to avoid fussing over square roots and orientations).

With the help of Lemma 10.10 we may translate this into the language of transverse and shear-shape
cocycles to observe:

Lemma 11.2 The map I takes horocycle flow to translation by A in a time-preserving way. In symbols,

Iy (hsq) = I)(q) + sA.

17This is just the Teichmiiller geodesic flow normalized so that the horizontal foliation remains constant. Applying the standard
geodesic flow takes (1) (¢), A) to (e'? I, (), et/2)).
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More generally, we can perform a similar deformation for any measure p supported on A, resulting in the
tremor flow along . First defined by Chaika, Smillie and Weiss in the context of abelian differentials, the
tremor tremy, (q) of a quadratic differential ¢ = ¢(n, 1) by a measure ;. € A(X) is the unique quadratic
differential specified by shearing 1 by u and leaving A fixed. Why this makes sense (note that 1 and p
may not fill .S') and why it can be continued for all time present significant technical challenges in [Chaika
et al. 2020, Sections 4 and 13]. However, when considered in our coordinates (and restricted to a leaf of
the unstable foliation), tremors become quite simple.

For a given lamination A, let |[A(X)|+ denote the vector space of all signed transverse measures on A; this
is naturally a vector subspace of #(A) of dimension at most 3g — 3 with basis consisting of the length 1
(with respect to some auxiliary hyperbolic metric) ergodic measures on A.

Definition 11.3 Let ¢ € F**(X) and let i € |[A(A)|+. Then the tremor trem, (¢) of ¢ along pu is the
unique quadratic differential specified by

(28) Iy (tremy,(q)) = I).(q) + .

Note that the fact that Iy (q) + 1 € %™ (1) follows by affinity of the Thurston form (Lemma 8.3).

Remark 11.4 Technically, the deformation considered above is a “nonatomic tremor” in the language
of [Chaika et al. 2020]. One can also consider “atomic tremors”, which transform ¢ by twisting along
certain admissible loops of horizontal saddle connections.

In shear-shape coordinates, these admissible loops correspond to certain simple closed curves in the
complementary subsurfaces. Atomic tremors are then realized by appropriately shearing the underlying
arc system A(q) along the curves and transporting the transverse cocycle using the affine connection
coming from train track coordinates. Of course, one can also define tremors along more complicated
laminations contained in S \ A.

For the convenience of the reader familiar with the terminology of [Chaika et al. 2020], we have included
a dictionary which translates between our notation and theirs (at least when the horizontal lamination is
filling — when it is not, one must replace A(X) with a subset of the zero set of A and take more care).
See Figure 17.

We can now immediately deduce certain properties of the tremor map from the structure of %1 (1) and
the intersection pairing. While we will not use these results in the sequel, we have chosen to include them
in order to demonstrate the utility of our new perspective on these deformations. For example, using our
coordinates one can easily deduce that (nonatomic) tremors leave horizontal data invariant and hence can
be continued indefinitely while remaining in the same stratum.

Lemma 11.5 For any g € ¥“*()) and p € |A(A)|+, the tremor path trem,, (q) is defined for all time and
is completely contained in ¥¥(A; A(q)). In particular, {trem;,(q)} always remains in the same stratum.
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shear-shape cocycles foliation cocycles
+
A(L) C,
AR+ Iq
g (n, 1) =i (14, n) —i(—,n)  signed mass Lg(u)
i(se,m) +i(u—,n) total variation |L|4 (1)

Figure 17: Translating between our language of shear-shape cocycles and the “foliation cocycles”
of [Chaika et al. 2020]. Throughout, we assume that ¢ = g (1, A) where A is filling (or, equivalently,
q has no loops of horizontal saddle connections). We have written a signed transverse measure [
as (= Uy — p— € |A(X)|+, where u+ € A(R).

Remark 11.6 The above lemma is one specific instance of a much more general phenomenon. The
global description of F*#(A) afforded by shear-shape coordinates allows one to formulate a general
criterion for extending affine period geodesics, a topic which the authors hope to address in future work.

Using our interpretation of tremors as translation, it is similarly easy to describe how tremors interact
with other flat deformations. Compare with [Chaika et al. 2020, Propositions 6.1 and 6.5]. We leave
proofs to the reader, as they follow immediately from (28) and (26).

Lemma 11.7 Let ¢ € ¥**(A). Then, for any ;1 € |A(\)|+ and for g; = (et(fz e_?/z),

g tremy (q) = trem,i/2,,(8¢(q))-

Additionally, for any (i1, ity € |AA)|+,

tremy, (q) tremy, (q) = tremy, 44, (q) = tremy, (¢) tremy,, ().

In particular, tremors commute with the horocycle flow.

12 Shear-shape coordinates for hyperbolic metrics

We now parametrize hyperbolic structures on S by shear-shape cocycles for a measured geodesic
lamination A. With respect to the Lebesgue measure on JUL£(.S), the generic lamination cuts a hyperbolic
surface into ideal triangles. As all ideal triangles are isometric, Bonahon and Thurston’s shearing
coordinates need only take into account the “shear” between pairs of complementary triangles to describe
a hyperbolic structure. As our objective is to generalize these coordinates to laminations with arbitrary
topology, we must therefore combine the data of the geometry of hyperbolic metrics in complementary
subsurfaces with the shearing data between them. The shear-shape space ¥ (A) is well suited to this task.

In Sections 13-15, we explain how to associate a “geometric shear-shape cocycle” to a hyperbolic metric
and prove that the space of positive shear-shape cocycles coordinatizes Teichmiiller space:

Theorem 12.1 The map o;: T(S) — $H (1) that associates to a hyperbolic metric its geometric
shear-shape cocycle is a stratified real-analytic homeomorphism.
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As detailed in the introduction, combining this theorem with Theorems 2.1 and 10.15 implies that the
orthogeodesic foliation map O is a homeomorphism, and consideration of the earthquake/horocycle
flows in % (1) coordinates then proves the conjugacy on slices (Theorem D).

We remark that the stratified regularity of o3 and O is the best one can expect, since the adjacency
of strata of differentials is not analytic (as there are multiple inequivalent ways to “break up a zero™).
Compare with [Dumas 2015, Theorem D], in which it is shown that, for a fixed Riemann surface Z, the
identification Q(Z) = M guaranteed by the Hubbard—Masur theorem [1979] is stratified real-analytic.

Fixed complementary subsurfaces By definition (see Section 13.2), the weighted arc system A4(X)
underlying oy (X') exactly identifies the geometry of X \ A via Theorem 6.4. Setting

T(S:4):={X €T(S): AX) = 4},

Theorem 12.1 therefore implies that 7(S'; A) is nonempty if and only if 4 € Z(S \ 1).

Remark 12.2 The authors do not know a proof of this fact that does not factor through Theorem 12.1
except in some special cases (for example, when the complement of A is polygonal, or when A is a union
of simple closed curves).!®

In fact, since % (1) is an affine cone bundle over Z(S \ A) (Proposition 8.5), we see that:

Corollary 12.3 For each A € #(S \ A), the set T (S; A) is a real-analytic submanifold of J(S) and the
restriction of o), to
T(S: 4) = FHT (0 A) =5 ()

is a real-analytic homeomorphism.

In this setting, the correspondence between J(S; A) and #7 (L) is a natural generalization of shear
coordinates, since the complementary subsurfaces to A are always isometric. In fact, the shape-shifting
deformations built to deform X by some s € (1) (see the proof sketch of Theorem 12.1 just below)
restrict to cataclysms/shear maps in the sense of [Bonahon 1996, Section 5]. In particular, if s represents
a measure supported on A, then the shape-shifting deformation determined by s is part of an earthquake
in s (Corollary 15.2); if s is a multiple of o) (X), the shape-shifting transformation can sometimes be
identified with part of a (generalized) stretch ray (Propositions 15.12 and 15.18).

In addition to being nonempty, J(S; A) is structurally rich; the authors hope to explore this space further
in future work. Of particular interest is the (degenerate) Weil-Petersson pairing on this locus and its
relation with the Thurston symplectic form and Masur—Veech measures.

180ne can of course complete A to a maximal lamination and then specify the shear coordinates on each of the added leaves, but

then one must be very careful to ensure that these shears satisfy the relations coming from the metric residue condition. The
argument then requires an involved computation with train tracks carrying the completed lamination.

Geometry & Topology, Volume 28 (2024)



2068 Aaron Calderon and James Farre

A sketch of the proof Since the proof of Theorem 12.1 spans several sections (two of which consist of
involved constructions of the relevant objects), we devote the remainder of this section to a broad-strokes
outline of the arguments involved. Our exposition throughout these sections is mostly self-contained, but
we sometimes refer to [Bonahon 1996] for proofs and to [Thurston 1986] for inspiration.

We begin in Section 13 by defining the map o . Under the correspondence established in Theorem 6.4,
we associate to X the weighted arc system A4(X) recording the hyperbolic structure on X \ A. We cut X
along the (ortho)geodesic realization of A U ¢ into a union of (degenerate) right-angled polygons, and
measure the shear between certain pairs of polygons. We then argue using train tracks that it suffices
to record the shearing data of o) (X) on short enough arcs k transverse to A and disjoint from o(X).
The value of 0 (X) on short k may then be defined by isotoping k to a path connecting vertices of
the spine Sp and built of segments alternating between leaves of A and of 0j (X'), then measuring the
total (signed) length along A. These measurements are equivalent to Bonahon and Thurston’s method of
measuring shears (via the horocyclic foliation) when k is short enough, but cannot be globally derived
from theirs due to obstructions coming from complementary subsurfaces.

The proof that o is a homeomorphism then follows the same general steps as appear in [Bonahon 1996].
After proving that oy, is injective and lands inside $#1 (1) (Proposition 13.12 and Corollary 13.14), we
then show that it is open (Theorem 15.1) and proper. Since Y% (1) is a cell (Proposition 8.5), invariance
of domain then implies that o) must be a homeomorphism.

Our proof of injectivity mirrors that of [Bonahon 1996, Theorem 12] with an additional invocation of
Theorem 6.4. For properness we mostly appeal to [Bonahon 1996, Theorem 20] but need to discuss
complications that arise from the piecewise-linear structure of shear-shape space. Similarly, our broad-
strokes strategy to prove openness parallels that of [Bonahon 1996, Section 5], in that we build a
“shape-shifting cocycle” ¢, for all small-enough deformations s of oy (X) (see Section 14). Deforming X
by postcomposing its charts to H? with ¢, then yields a surface X; with oy (X;) = o3 (X) + 5.

It is in the construction of ¢, performed in Section 14, where our discussion truly diverges from [Bonahon
1996; Thurston 1986]. When A is maximal, one can specify ¢; by shearing X along the leaves of A (ie
performing a cataclysm). Even in the maximal case this procedure is delicate, hinging on the convergence
of infinite products of small M6bius transformations (compare Section 14.2). In the nonmaximal case,
we must also simultaneously account for the changing shapes of complementary subsurfaces (which also
introduces extra complications into the shearing deformations since the shapes of spikes are changing).
See the introduction to Section 14 for a more granular description of the construction of gs.

13 Measuring hyperbolic shears and shapes

In this section, we take our first steps towards proving Theorem 12.1 by describing how to associate to
any hyperbolic surface X a geometric shear-shape cocycle o) (X) in a natural way; this yields the map

0. T(S) = FHO).
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After fixing some notational conventions that we will use throughout the sequel, we define o (X) by first
specifying its underling arc system A(X) in a variety of equivalent ways. After doing so, we define the
shear between “nearby” hexagons analogously to Bonahon and Thurston; placing all of this data onto a
standard smoothing 7, of a geometric train track is therefore enough to specify o) (X) (Lemma 13.6).

We then show that the data of shears between any two nearby hexagons can be recovered from the weight
system on 1y, even if those hexagons are not “visible” to 7, (Lemma 13.9). This in particular implies
that our choice of 7, does not actually matter, and hence oy (X) is well defined.

We then conclude the section by proving some initial properties of o). Proposition 13.12 shows that
the map is injective following an argument of Bonahon, while in Theorem 13.13 we show that our map
captures the geometry of the orthogeodesic foliation.

13.1 Preliminaries and notation

In this section, we discuss the geometry of a geodesic lamination on a hyperbolic surface and fix notation
in preparation for our definition of the geometric shear-shape cocycle of a hyperbolic structure.

Throughout, we use the symbol A to refer to both the measured lamination A and its support, realized
geodesically with respect to any number of hyperbolic metrics. We reserve S to denote a topological
surface and X the topological type of a component of S \ A, while X and Y will denote their hyperbolic
incarnations. We also adopt the following family of notational conventions: the expression g C A means
that g is aleaf of A, and ¥ C X \ A means that Y is a component of (the metric completion of) X \ A, etc.
The notation of [Bonahon 1996] is used as inspiration, since we will make direct appeals to the results
therein. However, our situation requires more care, since we have more objects to keep track of. A key
difference is that we will focus not on the relative shear between complementary subsurfaces of X \ A,
but on the relative positioning of pairs of boundary leaves of A, equipped with a natural collection of
basepoints determined by the orthogeodesic foliation.

Hexagons Given X € J(S) and A € ML(S), realize A geodesically on X. Construct the orthogeodesic
foliation 0) (X) on X with piecewise-geodesic spine Sp and dual arc system o = «(X), realized ortho-
geodesically with respect to X and A. The union A4 = A U & is a geometric object on X that fills; that is,
the metric completion of X \ A4 is a union of geometric pieces that are topological disks, possibly with
some points on the boundary removed corresponding to spikes. We lift the situation to universal covers
Xg C 1\7, where we have also the full preimages ST), X, o, etc of various objects.

Let % be the vertex set of §f); we will sometimes refer to v € # as a hexagon. Indeed, to v there is
associated a component H, of X \ Xg which is generically a degenerate right-angled hexagon, though
H, may also be a regular ideal or right-angled polygon, for example. We reiterate that, by abuse of
terminology, any complementary component Hy of X \ Xg is called a hexagon, no matter its shape.
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If { Hy : v € ¥} contains components that are not degenerate right-angled hexagons in the usual sense,
then ¢ corresponds to a simplex of % (S \ A) of nonmaximal dimension (or the empty set, if A is filling
and ¢ is empty). One may always include ¢ in a maximal arc system f, which necessarily defines a
simplex of full dimension. The complementary components of X \ x B are now degenerate right-angled
hexagons in the usual sense, and gluing them in pairs along g \ « gfves the more general “hexagons”
of X \ Xg. We will often tacitly choose and work with a maximal arc system containing the original when
convenient.

Pointed geodesics We now define a natural family of basepoints associated to boundary leaves of . For
v € ¥ and its associated hexagon H,, define the A—boundary 9) H, of H, to be the set of leaves of A
that meet 0H,,.

For v € # and g a leaf of d) H,, define p, to be the orthogonal projection of v to g. Observe that v
and p, lie along the same (singular) leaf of Oy (X). The orientation of S gives H, an orientation and
hence orients dHy; this yields an orientation-preserving, isometric identification of (g, p,) with (R, 0).
We refer to points on a based geodesic by their signed distance to the basepoint, so that 0 refers to p,
while +x refer to the points at signed distance +x from p,,.

For a pair v # w € ¥ not in the same component of Sp, there is a unique geodesic g, € 0y H, that separates
v from w. Symmetrically, there is such a pointed geodesic g}, € d) Hy, separating w from v. Note that
gy = gy occurs if and only if this leaf is isolated, and, by the assumption that A is measured, projects to
a simple closed curve component of A. Even in this case, the points p, and p,, are in general different.

13.2 The shear-shape cocycle of a hyperbolic structure

Our first task towards defining the geometric shear-shape cocycle o (X) of a hyperbolic structure X is to
construct a weighted filling arc system A(X) € 4(S \ A) which records the shapes of the complementary
subsurfaces.

With the technology we have developed up to this point, we now have many ways of constructing 4(X),
all of which are easily seen to be equivalent:

e To each @ € @(X), we associate the weight ¢, :=i(0) (X), eq), Where ey is the edge of Sp dual
to . Equivalently, ¢, is the length of the projection of e to either of the two leaves of A to which
it is closest. Then set A(X) = ) cqc.

e Each component Y C X \ A is naturally endowed with a hyperbolic structure; by Theorem 6.4 this
metric corresponds to a weighted filling arc system in |.«%y; (Y, 0Y)|r, and we let A(X) denote the
union of these arc systems over all components of X \ A.

e Let g be the quadratic differential with |Re(q)| = 05 (X) and |Im(g)| = A; then set A(X) = A(q).

The final definition together with the results of Section 10 implies that A(X) € A(S \ A) for every
hyperbolic structure X on S. In the interest of providing the reader with geometric intuition for this
condition, we have included an alternative, purely hyperbolic-geometric proof of this fact below.
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Lemma 13.1 With notation as above, A(X) € (S \ ).

Proof By Theorem 6.4, it suffices to show that for each minimal, orientable component p of A, the sum
of the metric residues of the crown ends of X \ A incident to p is 0. If x is a simple closed curve, then
the metric residue is just equal to the (signed) lengths of the boundary components resulting from cutting
along u, which clearly must match.

So assume that p is not a closed curve and pick an orientation. Construct a geometric train track
snugly carrying p as in Construction 5.6; then 7 inherits an orientation from the inclusion of © and so
has well-defined left- and right-hand sides. As in Section 5.2, every branch b of  has a well-defined
length along A which we denote by £;(b) > 0. At each switch s of t, let /i be the leaf of the horocyclic
foliation of N¢ (1) projecting to s. By assumption of snugness, the spikes of S \ 7 correspond with the
spikes of S\ i, so the union of the /i truncates each spike of each crown end incident to w by /.

Each crown incident to p inherits an orientation from the chosen orientation on p, and we now compute
the total metric residue with respect to these orientations and the truncations induced by the 4. Recall that
the metric residue of an oriented crown € is the alternating sum of the lengths of the geodesic boundary
segments running between the truncation horospheres (Definition 4.3). Each such geodesic segment
defines a cooriented trainpath (b; ---b,, =) in 7 (ie a trainpath and a distinguished side, left or right,
corresponding to + and —, respectively) which runs along the entirety of a smooth component of the
boundary of X \ 7. Using this identification, we may compute that the corresponding contribution to the
total metric residue is given by £, £+(b;).

Finally, we observe that every branch of 7 is a subpath of exactly two smooth boundary edges of X \ ¢
(corresponding to its left and right sides). Therefore, the sum of the metric residues of all of the crown
ends incident to u is the sum of the contributions of the corresponding cooriented trainpaths, which is
necessarily 0 since each branch is counted twice, once with positive and once with negative sign. Thus
A(X) e B(S\M). m|

Shears between nearby hexagons Our second step towards defining oy (X) is to determine how to
record shearing data between two hexagons that lie in different components of X \ i yet are close
enough together. Except for sign conventions (see Remark 13.3), our discussion is essentially identical to
Bonahon’s definition [1996, Section 2] of shearing between the plaques of a maximal lamination. Our
restriction to pairs of nearby hexagons reflects the fact that if two hexagons are far apart, a path connecting
them may meet a subsurface of X \ Aina variety of ways.

Given v, w € ¥, consider the associated pointed geodesics (g1, pv) € 0y Hy closest to Hy, and (g7, pw) €
0, Hy, closest to H,. We say that the geodesic segment ky, ,, C X joining py to py, is a simple piece if
kv w projects to a simple geodesic segment in X and k, 4, bounds a spike in every hexagon that it crosses.
That is, if ky,q crosses Hy for some u € ¥, then ky,, N Hy, bounds a triangle in H,,, two sides of which
lie on asymptotic leaves g} and g,/ defining a spike of aIf ky,w 18 a simple piece, then we say that
(v, w) is a simple pair.
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r=—0(X)(v, w)

Figure 18: Computing the shears between two nearby hexagons v and w. In this example, r < 0,
so oy (X) (v, w) > 0.

We observe that, if v, w € 3¢ are close enough together and lie in different components of §E), then (v, w) is
a simple pair. The exact value of “close enough” is unimportant, but we note that it suffices for d (H,, Hy)
to be smaller than the length of the shortest arc of a(X).

Now, following [Bonahon 1996, Section 2], let Ay, be the leaves of 1 that separate g,/ from gy,
equipped with the linear order < induced by traversing ky 4, from p, to py,. Since (v, w) is a simple
pair, the subset of those leaves that are also the boundary of a complementary component of X \ A come
in pairs that are asymptotic in one direction. The partial horocyclic foliations on the wedges bounded
by pairs of asymptotic boundary leaves extend across the leaves of Ay, foliating the region bounded
by g’ and g, . In particular, the leaf of the horocyclic foliation containing p, meets g;, (and the leaf
containing p,, meets g.’).

Since the orthogeodesic foliation is equivalent to the horocyclic foliation in spikes, for any simple
pair (v, w), the leaf of 04, (X~ ) containing p, meets g;, (and the leaf containing p,, meets g;’). In
fact, simplicity implies that Op ., (A7 ) foliates the “quadrilateral” bounded by g.,, g’ and the two leaves
of @Av,w(f) containing py and py,.

Definition 13.2 Suppose that (v, w) is a simple pair of hexagons. Using the orientation conventions
of Section 13.1, identify the corresponding pointed geodesics (g1, pv) and (g4, pw) With (R, 0). Now
since the hexagons are close enough, the singular leaf of Oy, (X~ ) containing p, meets g_ in some
point ¥ € R, and we set 0y (X)(v, w) = —r. See Figure 18.

It is not hard to see that oy (X')(v, w) remains the same if we flip the roles of v and w. Indeed, following
along the leaves of the orthogeodesic foliation defines an orientation reversing isometry from a subsegment
of g2 to a subsegment of g that takes ¢ — r —¢. In particular, p, maps to a point on g2, that is positioned
r signed units away from py,, and so oy (X) (v, w) = oy (X)(w, v).
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Remark 13.3 Our choice to set 0 (X)(v, w) = —r instead of +r records “how far along g, you must
travel from r to get to p,,”. Though this convention is the opposite of what appears in [Bonahon 1996],
it allows us to combine the data of o3 (X)(v, w) and A(X) into a system of train track weights on a
standard smoothing (Construction 13.5). Our convention also parallels our choice of [ -]+ function when
measuring periods of a quadratic differential (Lemma 10.10), which makes the relationship between the
hyperbolic geometry of (X, 1) and the flat geometry of ¢(0; (X), A) more transparent.

Below, we give an elementary estimate that will be used in the proof of Proposition 13.12; compare with
[Bonahon 1996, Lemma 8].

Lemma 13.4 Suppose that (v, w) is a simple pair of hexagons. Let (g,’, py) and (gy,, pw) be the
associated pointed geodesics. Then the geodesic segment k., y, joining py to p, satisfies

loa (X)(kv,w)| = E(kv,w)-

Proof As (v, w) is simple, the partial orthogeodesic foliation Oy, ,, ()? ) foliates the region U bounded by
g &y and the two leaves of Oy, , (f ) containing p,, and p,,. This foliation gives rise to a 1-Lipschitz
retraction 7 from U to g, defined by following the leaves of the orthogeodesic foliation to g2,. The
image 77 (ky ) is then equal to the segment of g7 joining p,, to the point labeled by o (X') (v, w), which
has length |oj (X)) (v, w)|. The lemma follows. |

Hyperbolic shearing as train track weights Now that we have explained how to record the shapes
of X \ A (Lemma 13.1) and the shears between nearby hexagons (Definition 13.2), we can package this
information together to define the geometric shear-shape cocycle o, (X)) of a hyperbolic structure X.

Below, we realize the shape and shear information specified above as a weight system on a standard
smoothing of a geometric train track carrying A; this strategy allows us to specify oy (X) by a finite
collection of information. Once we show that the weights are well defined and satisfy the switch conditions,
we then invoke Proposition 9.5 to interpret this weight system as an (axiomatic) shear-shape cocycle (see
Definition 13.8). This reinterpretation in turn makes it apparent that our initial choice of train track does
not matter.

Using Construction 5.6, choose a geometric train track  C X that carries A snugly and let 7, be a standard
smoothing of 7 U a(X) (see Construction 9.3). Note that the components of X \ T are in bijection with
the set of hexagons 9, and that the assumption that t carries A snugly ensures that if two hexagons
correspond to adjacent components of X \ 7o then they either share an edge of @ or form a simple pair.
We recall that two hexagons form a simple pair if the geodesic connecting their basepoints passes only
through spikes of S \ A.

Construction 13.5 Fix 7, C X as above. We then associate a weight system w(X) € R6(e) a5 follows:

¢ To each branch corresponding to o € «, assign the weight ¢, = i(0) (X), ey), where ey is the edge
of Sp dual to «.
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N
i Q, si=w(X)(b) s =—-w(X)(®)
b "N ¢ N _>\
; : d=w(X)(a)
SwW SE
o

Figure 19: Left: a local picture of t near s. Right: case (3). The switch condition is satisfied
because 51 = d — 5.

¢ For each branch b C 74 that dos not correspond to an arc of ¢, choose a lift be To. Letv,w €
% denote the vertices of Sp corresponding to the hexagons adjacent to b, and set w(X)(b) =
0. (X) (v, w).

Lemma 13.6 Let X, A, « and 14 be as above. Then the edge weights w(X) € R5(@) gjven by
Construction 13.5 satisfy the switch conditions.

Proof Reference to Figure 19 will provide clarity throughout. We note that 74 is generically trivalent,
but may be 4—valent if there are arcs oj, @, € o whose endpoints on A lie on a common leaf of the
orthogeodesic foliation. We give an argument only for the trivalent switches of 74, and leave it to the
reader to make the necessary adjustments for 4—valent switches (the statement for 4—valent switches can
also be deduced by continuity).

Let s be a trivalent switch; then standing at s and looking into the spike, there are small half-branches
exiting s on our right and left; call these r and £, respectively. By our convention on standard smoothings,
every half-branch of 7, corresponding to an arc of « is a right small half-branch.

If no branch of s corresponds to an arc of ¢, then the arguments appearing in [Bonahon 1996, Section 2]
imply that the weights satisfy the switch conditions, because the orthogeodesic foliation is equivalent to
the horocycle foliation in near 5. See also [Papadopoulos 1991, Section 6] for a discussion more similar
in spirit to ours.

Otherwise, the right small half-branch r is labeled by some « € «. Let b be the large half-branch incident
to s. Give names also to the hexagons incident to s and their distinguished points on b or £ by projection;
they are N, SE, and SW € ¥, and py, psg and psw, respectively, where b and £ form part of the
boundary of N, £ and r form part of the boundary of SE, and r and b form part of the boundary of SW.
See Figure 19.

Now take d = d(psw, psg), which is equal to w(X)(r) = ¢4 > 0 by definition. Define also
s1:=[wX) ()| =de(psw.pn) and  s3:=|w(X)()| =de(pn. PSE).
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Here d; is understood to mean the distance between leaves of the orthogeodesic foliation near 7, measured
along any leaf of A (see Section 5.2 for an explanation of why this value is well defined).

There are three kinds of configurations for the projection points psy, py and pgg that determine the
signs of w(X)(b) and w(X)({):

(1) The point px precedes both pgy and pgg with respect to the orientation of 7 on induced by Hy,
so that
w(X)(b)=—-s1 and w(X)¥)=—s, with s, > s7.
In this case, d = s, — 51 and so d — s, = —s1, which is exactly the switch condition.
(2) Both pgw and psg precede py, so that
wX)(b) =51 and w(X){)=s, with 51> 5,.
This possibility gives that d = s1 — 5, and so d + 55 = 7.

(3) The point pgp precedes pp, which in turn precedes psg, so that w(X)(b) = s1 and w(X)({) =
—s,. In this case, d = 51 + 52 and so d — s, = §1, which is again the switch condition.

Therefore, no matter the configuration of points py, psw and psg, the switch conditions are fulfilled at

s, completing the proof of the lemma. |

Remark 13.7 Importantly, w(X) is generally not the same as the weight system coming from the shear
coordinates of a completion of A (unless A was maximal to begin with).

Invoking Proposition 9.5 and Lemma 13.1, the weight system w(X) defines a shear-shape cocycle with
underlying arc system A(X).

Definition 13.8 The geometric shear-shape cocycle (o) (X), A(X)) of a hyperbolic metric X is the

unique shear-shape cocycle for A corresponding to the weight system w(X') of Construction 13.5.

The rule that assigns to a hyperbolic structure its geometric shear-shape cocycle therefore defines a map
0. T(S) > F#H(D), X o03(X),

which is the subject of the rest of this article.

Train track independence We have employed the language of train tracks for convenience — the ties

of a train track are a useful class of measurable arcs in the sense that they can be made transverse to A

and disjoint from ¢ (or record the weight associated to an arc of @). However, Construction 13.5 and
Definition 13.8 a priori depend on the choice of geometric train track 74 carrying A.

Now that we have identified the weight system w(X') with the shear-shape cocycle o; (X), however, we
can invoke both the axiomatic and cohomological interpretations (Definitions 7.5 and 7.11) to see that
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the value of oy (X') on any arc k transverse to A but disjoint from ¢ does not depend on the choice of
geometric train track. Indeed, let & be any such arc; then by transverse invariance (axiom (SH1)) we may
replace k& with a concatenation of short geodesics, all of which are transverse to A but disjoint from «.
By additivity (axiom (SH2)), it therefore suffices to show that the value of o) (X') on any short geodesic
disjoint from ¢ does not depend on the train track.

Lemma 13.9 Let k be a short enough geodesic segment on X that is transverse to A. Lift k to an arc k
on X and let v and w be the hexagons containing the endpoints of k; then

o (X) (k) = 03.(X) (v, w),

where on the left o) (X) represents the axiomatic shear-shape cocycle and on the right o) (X') represents
the shear between nearby hexagons (Definition 13.2). In particular, o (X)(k) does not depend on the
choice of train track employed in Definition 13.8.

In fact, the conclusion of this lemma holds for all simple pairs.

Proof So long as k is short enough (shorter than all arcs of ¢(X)), (v, w) is a simple pair. Using
axiom (SH1), we may therefore isotope k through arcs transverse to A but disjoint from ¢ to an arc k/,
defined to be the concatenation of ky 4, the geodesic connecting the points p, and py, on the boundary
geodesics g’ and g2, together with segments of the orthogeodesic foliation inside each hexagon H,
and Hy,.

Let v be a geometric train track snugly carrying A defined with parameter €; then the collapse map
7: Ne(A) — 7 takes k' to a train route on 7, and hence on 7,. Orient k£’ (and hence also the train
route 7 (k’)) so that it travels from v to w. Let v = uy, us, ..., u = w denote the sequence of hexagons
corresponding to regions of X \ 7o bordering this train route, so that the regions corresponding to u;
and u;4 1 both meet the same subsegment of 7(k’). Let p; denote their corresponding projections onto A.
Note that, since 7 (k”) is carried on t < 74, no pair of subsequent hexagons u; and ;1 lies in the same
component of §E) This plus the construction of the train track implies that (u;, u;41) is a simple pair,
and we can measure the shear oy (X)(u;, #;41) (up to sign) as the distance along the train track between

7(pi) and 7(pit1).

Now, given 7, carrying A, we observe that k" also determines a (pair of) relative cycle(s) in the corre-
sponding (orientation cover of the) e—neighborhood of Ay. The value 03 (X)(k) = 03 (X) (k') is then
equal to the value of the cohomological shear-shape cocycle evaluated on either of the oriented lifts k'
of k” which cross the lift of A with positive local orientation. We may therefore express

(K] =[]~ 2] + [t3] — -+~ £ [tn—1],

where ¢; is a (lift of a) tie corresponding to the branch of the train track connecting the regions corresponding
to u; and u;41, lifted to the orientation cover to have positive intersection with A. See Figure 20.
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o

Figure 20: Measuring the shear of a small arc using a geometric train track. By isotoping k to a
proper arc in the geometric train track neighborhood and then expressing its relative homology
class as a sum of the branches, we can compute its shear as the alternating sum of shears between
adjacent hexagons.

But now, by construction, o (X) evaluated on [#;] is just the shear o (X)(u;, u;+1). In turn, this shear
is equal to the signed distance along the train track between 7 (p;) and 7 (p;+1) (where the sign is
determined by the local orientation of A). Combining this with the expression for [l@’ ] above, 03 (X) (k) is
exactly equal to the signed distance along the train track between 7 (p1) and 7w (pp), which is the shear
oy (X) (v, w). |

We note that, in the proof above, the cohomological interpretation of shear-shape cocycles provides a
convenient workaround for the obstacle that the train route with dual transversals 1, ...,#y—1 iS not
in general isotopic to k through arcs transverse to A. Regardless, the relative homology class defined
by k" N N¢(A) is homologous to a linear combination of {#;} in the orientation cover of N¢(A).

Remark 13.10 The lemma above can also be proved by splitting any two geometric train tracks to a
common subtrack [Penner and Harer 1992, Theorem 2.3.1]. Each splitting sequence can then be realized
in the orthogeodesically foliated neighborhood N¢(A) C X by cutting along compact paths in the spine
associated to a spike, as in [Zhu and Bonahon 2004, Section 3]. Splits induce maps on weight spaces,
and so Lemma 13.9 is essentially equivalent to the statement that Construction 13.5 is compatible with
splitting and collapsing. See also [Bonahon 1997b, Lemma 6].

The cocycle as a map on pairs It will be convenient to repackage the data provided by o3 (X) in yet
another form, which also explains our choice of notation in Definition 13.2.

If v, w € ¥ can be joined by a Lipschitz continuous segment ky_,, which is transverse to A, disjoint
from ¢, and meets no leaf of X twice, then we say that (v, w) is a transverse pair and that ky 4, is a
transversal. If (v, w) is a transverse pair, we say that r is between v and w if there is a transversal ky
that decomposes as a concatenation of transversals ky, yy = Ky, - k. Finally, we define

o (X) (v, w) := 0 (X) (kv,w)
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and declare that o) (X)(v,v) = 0. Observe that, if (v, w) is a simple pair, then this agrees with our
definition of the shear between nearby hexagons (Definition 13.2).

Lemma 13.11 The shear-shape cocycle o) (X ) defines a map on transverse pairs that satisfies:

(1) my-invariance Foreachy € m{(X), we have o) (X)(yv, yw) = 03 (X) (v, w).

(2) Finite additivity If (v, w) is a transverse pair and r is between v and w, then
0x(X) (v, w) = o (X)) (v, 1) + op (X)(r, w).
(3) Symmetry o) (X)(v,w) = o) (X)(w,v).

The proof of this lemma is simply a consequence of unpacking the definitions and showing that two
different choices of transversals give the same shear values; the latter statement is just a repeated application
of axiom (SH3).

13.3 Injectivity and positivity

We now record some initial structural properties of the map o), defined above. In particular, we demonstrate
that o), is injective and interacts coherently with the orthogeodesic foliation map O and the shear-shape
coordinatization [, of transverse foliations.

Observe that injectivity of o, is equivalent to the statement that if two hyperbolic structures have the
same complementary subsurfaces and same gluing data along A, then they must be isometric. As the
horocyclic and orthogeodesic foliations are equivalent in spikes of complementary subsurfaces, the
proofs of [Bonahon 1996, Lemma 11 and Theorem 12] may be invoked mutatis mutandis. We outline
this argument below for the convenience of the reader, and direct them to [Bonahon 1996] for a more
thorough discussion of the estimates involved. We remark that this strategy also appears in the proof of
Proposition 15.12, where we use it to piece together Lipschitz-optimal homeomorphisms along A.

Proposition 13.12 The map ) : T(S) — FH(A) is injective.

Sketch of proof Fix homeomorphisms (§ , X) with (f i X) that lift the markings S — X; and are such
that each component $cS \ ) maps homeomorphically to a component Y,icX; \X fori =1,2.

Suppose that 0y (X7) = 03, (X3); then in particular 4(X;) = A(X3) and so, by Theorem 6.4, the com-
plementary subsurfaces X7 \ A and X, \ A are isometric. Therefore, for a given component X C S \ A,

we can find an 7 (X) equivariant isometry ¢y, : }71 — )72. Define ¢: X 1\A— X 2 \ A to be the union of
these maps on each complementary component; by construction, ¢ is an isometry.

We need to show that ¢ extends to a 1 (S)—equivariant isometry ¢ : X, > X,. To prove this, we apply the
arguments of [Bonahon 1996, Lemma 11], which we summarize presently. The first step is to construct
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a locally Lipschitz continuous extension of ¢; this step employs the length bound of Lemma 13.4 and
some elementary hyperbolic geometry, and the arguments of the first ten paragraphs of [Bonahon 1996,
Lemma 11] may be applied verbatim.

As in Bonahon’s original proof, we now show that ¢ is actually 1-Lipschitz, given that it is locally
Lipschitz. We first show that ¢ does not increase the length of leaves of the orthogeodesic foliation.

Given any segment £ of a leaf of the orthogeodesic foliation m, the length of £ restricted to any
hexagon H,, where u € # is completely determined by the isometry type of H,, and the distance along A
from p, € 0 Hy. As 03 (X1) determines the shape of X7 \ A, we can recover this information and hence
determine the length of £ N H,, just from the data of oy (X7).

From 0y (X3) = 0 (X1), we deduce that the length of £ in any hexagon of X 1 is equal to the length of ¢ ()
in the corresponding hexagon of X 2. Moreover, since ¢ is locally Lipschitz, the 1-dimensional Lebesgue
measure of ¢(£) N (p(X) is at most the 1-dimensional Lebesgue measure of £ N . By a now-classical fact,
the latter is zero [Birman and Series 1985]; hence, so is the former. Therefore, the length of £ in X is
equal to the length of £ in X5.

Now there is a path joining any two points in X 1 built from geodesic segments and segments of leaves of
the orthogeodesic foliation. The argument above shows that ¢ preserves the lengths of such paths, so ¢ is

globally 1-Lipschitz. The construction is completely symmetric, so ¢~

is 1-Lipschitz as well. Now every
1-Lipschitz homeomorphism between metric spaces with 1-Lipschitz inverse is necessarily an isometry,

and equivariance of ¢ is immediate from the construction. Therefore X; and X, must be isometric. O

The diagram commutes We have now developed sufficient technology to prove that the geometric shear-
shape cocycle of a hyperbolic metric is the same as the shear-shape cocycle associated to its orthogeodesic
foliation. In other words, diagram (2) commutes. Compare with [Mirzakhani 2008, Proposition 6.1].

Theorem 13.13 For all A € M& and all X € F(S), we have o3 (X) = I 00y (X).

Proof Fix a standard smoothing 7, of a geometric train track t for A on X. Our approach is to
compute both 03 (X)(b) and I 00, (X)(b) for each branch b of 7,. These numbers will coincide, so, by
Proposition 9.5, 0y (X) = I, 0 0; (X).

Let Ty C X be the piecewise-geodesic triangulation of X" whose vertices are the vertices of Sp, so that
there is an edge between v, w € Sp if the corresponding regions of X \ 74 share a branch. This recipe
generically yields a triangulation, but may have quadrilaterals in the case that two points of ¢(X) N A lie
on the same leaf of 0 (X) N N¢(A). In this case, we may either choose a smaller initial neighborhood to
define our geometric train track so that this does not occur, or these points correspond to arcs that meet
an isolated leaf of A on either side; in the latter case, choose either diagonal that crosses the quadrilateral
to include into Ty . Observe that each edge of Ty is either transverse to Oy (X') or a segment of a leaf (on
the off chance that two adjacent regions have exactly 0 shear between them).
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Let ¢ = q(0y (X), A), and recall that Proposition 5.10 provides a homotopy equivalence &y : X — ¢ in the
correct homotopy class satisfying @, .0, (X) = V(g) and @, A = H(g) both leafwise and measurably.
Furthermore, 2%, maps Ty to a (topological) triangulation of ¢ with vertices at its zeros. It therefore
remains to show that oy, (X) evaluated on a branch of 7, is the same as I (¢) evaluated on the dual edge
of this triangulation.

Now, by definition, 4(X) = A(q), so consider a branch b of 74 not corresponding to an arc of the arc
system. Dual to b there is an edge e of the triangulation %@ (T x) which is transverse to the orthogeodesic
foliation 0y (X') on ¢ (since Ty was transverse to 0y (X) on X'). Up to sign, the value of 15 (¢) on b is the
magnitude of the real part of the period of e, which is just the geometric intersection number i (03 (X), €)
by transversality.

On the other hand, oy (X)(b) is equal to the shear between the two hexagons on either side of b. This in
turn is equal to the geometric intersection number 7 (0) (X)), ky ) up to sign, where ky 4, is the geodesic
connecting the vertices p, and py, of A Na(X). Since &), takes ky q to an arc transversely isotopic to e,

we have |03, (X)(5)| = [11.(q)(b)].

Finally, to show that the signs are equal, fix matching orientations on ky ,, and e. These induce local
orientations on the leaves of A such that the algebraic intersection of A with ky 4, (respectively e) is
positive. In turn, this induces a local orientation on the leaves of 0y (X) near k, 4 (respectively e)
and our sign conventions are equivalent to stipulating that the sign is positive if ky 4, (respectively e)
crosses 0, (X) from left to right and negative if it crosses from right to left (compare [Mirzakhani 2008,
Section 5.2]). In particular, the signs agree and so oy (X)(b) = I;(¢)(b) for all branches b, completing
the proof of the theorem. |

Corollary 13.14 For all 1 € A(A),
g (op(X), ) =i (O0x(X), u) = Lx (1) > 0.
In particular, 0; (7 (S)) € 9% (1).

Proof The first equality is a direct consequence of Theorem 13.13 and Proposition 10.12. The second
equality was proved in Lemma 5.7. O

14 Shape-shifting cocycles

In the previous section, we explained how to associate to each hyperbolic structure X a shear-shape
cocycle 03 (X). In this one, we explain how to upgrade a small deformation s of the cocycle into a
deformation of the hyperbolic structure; this is eventually used to prove that oy : T(S) — %1 (L) is
open (Theorem 15.1). The main issue that we need to overcome is that we must simultaneously change
the geometry of the nonrigid components of X \ A while shearing these subsurfaces along one another.
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The goal of this section is therefore to build, for every small enough deformation s of oy (X), a 71 (S)—
equivariant shape-shifting cocycle that records how to adjust the relative position of geodesics of A,

Qs 03,9 x 0 % — Isom™ X,

where 0) # := {(hy, py) C 9y Hy : v € ¥} is the set of boundary geodesics of A equipped with basepoints
obtained from projections of the vertices of §|E> See Proposition 14.26.

In Section 15.1, we explain how to modify the developing map X - H? according to ¢, resulting in a
new (equivariant) hyperbolic structure X, with geometric shear—shape cocycle o (X) + s (Lemma 15.6).
By fixing a pointed geodesic (%, py) € 03 % we identify Isom™ (X ) with 7! X, so that the projection of
{0s((hy, pv), (hw, pw)) | (hy, pw) € 03 H} to X is then the geodesic realization of A in the new metric Xj.

When the deformation s preserves A(X), the cocycle ¢, corresponds to a cataclysm map: the com-
plementary components of X \ 1 are sheared along the leaves of % and map isometrically into the
deformed surface X;. When s alters A(X), we must shear the complementary subsurfaces while also
simultaneously changing their shape, introducing complications not present in Bonahon and Thurston’s
original considerations.

Deforming the cocycle We first make explicit what we mean by a deformation of a shear-shape cocycle;
we quantify what we mean by “small” in Section 14.2.

Observe that, if o and o’ in Y% (1) are close, then, by Proposition 8.5, their underlying weighted arc
systems A and A’ are close in (S \ A). In particular, the corresponding unweighted arc systems o«
and o’ must both live in some common top-dimensional cell of (S \ X), ie must both be contained
in some common maximal arc system f. Let T be some snug train track for A and let 7g be a standard
smoothing of 7 U 8. By Proposition 9.5, we may then identify o and ¢’ as weight syst%ms on tg; the
difference 0 — o’ € W(zg) is then a deformation of o. -

In general, if (o, A) € %1 (1) and B is any maximal arc system containing the support of A4, then the
deformations we consider in this section are those s € W(zg) such that o + s € W(zg) corresponds to a
positive shear-shape cocycle. Passing between equivalent definitions of shear—shapg cocycles, we may
also think of s as a “shear-shape cocycle with negative arc weights”. The underlying weighted arc system
of any deformation s will be denoted by a; while its coefficients are not necessarily positive, they will
satisfy the zero total residue condition of (13) by construction.

By Theorem 6.4, the arc system A + a gives each component of S\ A a new complete hyperbolic metric ¥
with (noncompact) totally geodesic boundary. Since the supports of 4 and A + a are both contained inside
some common maximal 8, one may set up a correspondence between the complementary components
of X \ Ay with the comp(;nents of Y \ supp(4 + a) (adding in weight 0 edges as necessary).

A blueprint To help guide the reader through this rather intricate construction, we include here a
top-level overview of the necessary steps, together with an outline of the section. Briefly, our strategy is
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to explicitly define ¢; on two types of pairs of pointed geodesics: the “simple pairs” between which the
orthogeodesic foliation is comparable to the horocyclic, and the pairs which live in the boundary of a
common subsurface. Piecing together these basic deformations then allows us to define ¢; on arbitrary
pairs of pointed geodesics.

Our construction of ¢, for simple pairs parallels Bonahon’s construction [1996, Section 5] of shear maps,
and as such requires a detailed analysis of the geometry of the spikes of X \ A. We therefore devote
Section 14.1 to recording a number of useful notions and estimates from [Bonahon 1996]. In this section,
we also introduce the “injectivity radius of X along A”, which measures the length of the shortest curve
carried on a maximal snug train track for A and plays a crucial role in our convergence estimates.

After these preliminary considerations, we turn in Section 14.2 to the actual construction of ¢4 on simple
pairs. As in [Bonahon 1996], the map is defined by adjusting the lengths of countably many horocyclic
arcs in an appropriate neighborhood of A, compensating for changing shears between hexagons. Unlike
in [Bonahon 1996], we must also adjust the arcs to account for the changing shapes of each of the spikes
(as we are deforming the complementary subsurfaces). Convergence of the resulting infinite product of
parabolic transformations is delicate; our approach follows [Bonahon 1996, Section 5] with influence
from the more geometric approach of [Thurston 1986]. An accessible treatment of Thurston’s construction
of “cataclysm coordinates” can be found in [Papadopoulos and Théret 2007, Section 3.5].

We then turn in Sections 14.3 and 14.4 to defining ¢, on pairs of geodesics in the boundary of the same
hexagon or the same complementary subsurface, respectively. It is here that our work significantly differs
from that of Bonahon and Thurston. In these sections we also develop the idea of “sliding” a deformed
complementary subsurface along the original; this viewpoint allows us to easily demonstrate a number of
otherwise nontrivial relations between Mobius transformations (see Propositions 14.18, 14.19 and 14.24).

Finally, in Section 14.5 we build the shape-shifting cocycle ¢, from these pieces; the cocycle relation
(Proposition 14.26) then follows from the cocycle relations for pieces and the separation properties of A.

Note Throughout this section and the next, we consider isometries via their action on a pointed geodesic,
and compositions should be read from right to left.

14.1 Geometric control in the spikes

We first record some useful definitions and associated geometric estimates. These estimates play a crucial
role in establishing convergence of the infinite products appearing in Section 14.2. Many of our definitions
follow Bonahon'’s, but in order to contend with the fact that the complementary subsurfaces of A are
not always isometric, we must relate certain constants to the geometry of A on X (see Lemma 14.5, in
particular).

Our discussion will take place with certain data fixed. Choose a hyperbolic surface X € J(S) and a
measured lamination A € M£L(S). Let € > 0 be small enough that an e—geometric train track t on X
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carries A snugly. The standard smoothing 7, for the arc system o = «(X) provides us with a vector
space W(ty) that models ¥¥(A; ). With 7, fixed, we endow the vector space of weights on branches
of 74 with the sup norm || - ||, and restrict this norm to the weight space W(zg).

Let kp be an oriented geodesic transverse to a branch b € t that also avoids «. Following Bonahon, we
define the divergence radius or depth ry(d) € Z~o of a component d of kp \ A to be “how long the leaves
of A incident to d track each other”, as viewed by .

More precisely, lift everything to the universal cover X. By convention, set r;(d) = 1 if d contains one
of the endpoints of kj. Otherwise, d is contained in a spike of H,, for some v € ¥, ie d connects a pair
of asymptotic geodesics g and g;. The divergence radius r;(d) is then the largest integer » > 1 such
that n(g;}') and 7(g ;) successively cross the same sequence of branches

b_r_H,b_r_;,_z, vonbo, . br_n, by

of 7, where by is the lift of b meeting lgb and 7: N (X) — 7 is the collapse map. By equivariance, r(d) is
clearly independent of the choice of lift kp, of kp.

Remark 14.1 After projecting back down to T C X, either b_, 41 ---bg or bg - -- b,—_1 defines a train
route Y4 in t that starts at b and terminates by “opening up” into the projection of H, in X. That is, the
geodesics g; and g diverge from each other (at scale €) at the terminus of y,.

Now there are boundedly many spikes of X \ A, and for each r > 1 each spike may contain at most one
component d C kj \ A with depth exactly r. This gives us the following bound:

Lemma 14.2 [Bonahon 1996, Lemma 4; S6zen and Bonahon 2001, Lemma 5] For any branch b of t
and any transversal kp, the number of components d of kp \ A with rp(d) = r is at most 6| x(S)|.

The train track interpretation of the depth of a segment also allows us to bound the value of a shear-shape
cocycle s in terms of its weights on a snug train track and the depth of its endpoints.

More specifically, for each component d of kp \ A, let kg be the subarc of kj, joining the initial point of kp
to any point of d. Then, for any combinatorial deformation s and b a branch of 74, there is an explicit
formula for s(kl‘f ) as a linear function of the weights of s on 7, with at most r;(d) terms [Bonahon
1997b, Lemma 6]. Conceptually, this formula arises by splitting 7, open along the spike s containing d,
until d is “visible” in some new track ré carried by 74 (see also the proof of Lemma 13.9).

The exact expression for 5(kg,) will not be important for us; instead, we record the following estimate,

which follows by considering the growth of edge weights upon splitting.

Lemma 14.3 [Bonahon 1996, Lemma 6; S6zen and Bonahon 2001, Lemma 6] Let kp, be a transversal
of a branch b. Then
|5(kg)] < l15]lcy 5 (d)

for every s € $¥(A; a) and every component d of kp \ A.
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We remark that our definitions of || - ||, and r5(-) make the bound given in Lemma 14.3 hold without a
topological multiplicative factor, as in [Bonahon 1996].

Geometric estimates on depth The depth of a component d of kp \ A is proportional to the distance
from a lift d to the vertex u € 9¢ inside the corresponding spike. The constant of proportionality in turn
depends on how quickly the spike of H, containing d returns to kp on X'; we now identify a quantity
that will allow us to estimate this constant.

Let k be any geodesic arc transverse to A such that each lift k to X bounds a spike in every hexagon that
it crosses; equivalently, the endpoints of k liein a simple pair of hexagons. As in Section 13.2, it suffices
for k to be shorter than the shortest arc of ¢(X). Now, for each leaf g of X, there is a bound Ri(g)>0
for the distance in g between intersections of g with different lifts lgl and l;z of k. Indeed, any two lifts
of k meeting g differ by a deck transformation y € m{(X) determined by a path in X that traces along
the projection of a segment in g and then closes up along k.

We then define the injectivity radius of X along A to be

inj, (X) := kHrgL infx R (8),
gcC

where the infimum is taken over all transverse arcs k& whose endpoints lie in a simple pair of hexagons.

Equivalently, the injectivity radius of A may also be computed by taking an ¢ such that the geometric
train track Ty, built from N¢(X) is snug and such that, for all €’ > ¢, the train track built from N¢(A) is

the same (not just equivalent) to Ty, as follows.!?

For each branch of 1,x, choose a tie #; (that is, a leaf of the orthogeodesic (or horocyclic) foliation
restricted to N'¢(A) that is transverse to b). The injectivity radius along A is then equal to the infimum
of the recurrence times of A to any ;. Using the “length along a geometric train track” function £

Tmax

defined in Section 5.2, we may therefore write
(29) inj, (X) = _inf £ (¥).
y<tmaX
where the infimum is taken over all simple closed curves y carried on the train track Tpx.
Remark 14.4 The length of the hyperbolic systole of X is clearly a lower bound for inj, (X'), which is
therefore positive. However, inj, (X') can be much larger than the length of the systole.

For example, if A does not fill the surface then there can be a disjoint curve of arbitrarily small length. In
addition, X may have a very short curve y transverse to A, and if A does not twist around y, then inj, (X)
is necessarily very large.

We can now relate the geometry of small arcs to their depth and injectivity radius along A.

19 Any € sufficiently close to the supremum of € for which N¢()) is snug satisfies these conditions.
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Lemma 14.5 [Bonahon 1996, Lemmas 3 and 5; Sozen and Bonahon 2001, Lemma 4] Given a branch b
of a geometric train track t constructed from A on X and a short transversal kp, there exists B > 0 such
that the following holds. For every component d of kj \ A with depth ry(d),

lx(d) < Be_DA(X)rb(d)’
where D) (X) = inj, (X)/9|x(S)|-

Proof The idea is the same as in the references, but our constants are different. Small geodesic arcs
meeting a spike s of a hexagon H, transversely and far away from the vertex v look like horocycles,
which have length that decays exponentially in distance from v. Therefore, we just need to give a lower
bound for the distance between d and v € H, along the spike s in terms of inj, (X') and the topological
complexity of S.

Consider the train path y,; starting at b that defines r,(d). By definition, y,; traverses exactly r;(d)
branches of t (counted with multiplicity). Now y; decomposes as a concatenation of maximal sub—train

paths with embedded interiors, each forming a simple loop in 7.2°

The depth r(d) is thus bounded above by the number of consecutive simple loops in y,; times the size of
the longest simple loop in t. The size of a simple loop in 7 is in turn bounded above by the number of
branches of t, which is at most 9|x(.S)|. Finally, since each simple loop in y, is carried on T < Tyax, it
must have length at least injy (X)) by (29).

Putting the above estimates together, the distance between v and d in H,, is at least

inj, (X)rp(d) o j (X) )
size of the longest simple loop in  — 9| x(S)| bR,
and the lemma follows. O

inj, (X) - #{simple loops in yz} >

14.2 Shape-shifting in the spikes

Our discussion now begins to diverge from [Bonahon 1996]. While pairs of asymptotic geodesics are all
isometric, the spikes of X \ A come with extra decoration, namely, a choice of horocycle at each cusp
(equivalently, basepoints which lie on a common leaf of the orthogeodesic foliation). In this section,
we explain how to use these decorations to define the shape-shifting cocycle ¢, on pairs of basepointed
geodesics coming from simple pairs of hexagons.

We remind the reader that X, A and 7, are fixed so that geometric objects like geodesic segments, hexagons,
arcs of ¢(X), etc are understood to live in and be realized (ortho)geodesically on X. Throughout this
section we will fix 4 = A(X) and use it to denote both a weighted arc system and the induced metric
on S\ A. Finally, we recall that s is a combinatorial deformation of o3 (X)) which changes 4 by a; we will
refer to the deformed hyperbolic structure on S \ A by 4 + a and its hexagonal pieces by G, for u € ¥.

20 A simple loop on a train track is a carried curve which traverses each branch at most once.
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Figure 21: Superimposing hexagons to measure the difference in the shapes of their spikes.

Shapes of spikes The group PSL,(R) acts transitively on pairs of asymptotic geodesics but, having
done so, cannot further act on the family of horocycles based at the spike. To measure this failure, we

associate below a geometric parameter which records the placement of basepoints in each spike.

Suppose that u € # is a hexagon of X \ Xg and s is a spike of Hy,, that is, a pair of asymptotic geodesics
g and g’ Both g and g’ come with basepoints p and p’ obtained by projecting u to these geodesics. We
then associate to s the number /1 4(s) which measures the length of either of the orthogeodesic leaves

connecting u to p or p’:

ha(s):=d(p.u)=d(p'.u).

Our notation reflects the fact that this function clearly depends only on the geometry of X \ A and not the
shearing along A. The reader familiar with the literature will observe that this parameter is essentially an
orthogeodesic version of the “sharpness functions” appearing in [Thurston 1986].

In order to measure the difference in sharpness functions between the realizations of s in A and in the
deformed metric 4 + a, we superimpose the hexagons H, and G, and measure the distance between

their boundary basepoints.

More concretely, choose an arbitrary orientation s of the spike s and fix realizations of both H, and G,
inside H2. As PSL,(RR) acts simply transitively on triples in dH?Z, there is a unique isometry that takes
the realization of s in G, to its realization in H,,. The vertex u of Sp is realized in both H,, and Gy; let p

and ¢ denote the projections of these points to one of the boundary geodesics g of s. See Figure 21.

Lemma 14.6 With all notation as above, the signed distance from ¢ to p along g is

tanh /1
an A+a(S))€R,

(30) Jxs(5):=¢ 1Og( tanh /14 (s)

where ¢ = +1 if § is oriented towards the shared ideal endpoint, and ¢ = —1 otherwise.

The parameter fx s(5) plays a crucial role below in our definition of the shape-shifting map on spikes. In
our convergence estimates, we will also need to consider the parameter

(31) Il = max| fx,o(5)] < oo,
which quantifies the maximum distance that the deformation s moves a basepoint in a spike.
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Proof We compute in the upper half-plane; up to isometry, we may assume that s is bound by the
imaginary axis V = iR~ and its translate 2 + V; the spine of the orthogeodesic foliation in this spike is
a subsegment of the vertical line 1 + V. With this choice fixed, the projections p and g of u to V' may
be identified with ie? and ie® for some a and b, respectively. Without loss of generality, we may also
assume that V' is oriented upwards (towards co); the opposite choice of orientations simply reverses all
signs at the end of the computation.

Now, for ¢ > 0, the path ¢ — tanht + i secht is the unit-speed parametrization of the orthogeodesic
emanating from V at i. Observe that the isometry z > e¢%z stabilizes V' and takes this segment to an
orthogeodesic segment emanating from ie? = p which is distance a from i. Since the orthogeodesic
segment through p meets the spine 1 + V' after traveling distance /4 4(s) (by definition), this implies that

e~ =tanhh 4(s).
Similarly, e=® = tanh / A+a(s). Together, these imply that

tanhhgqa(su) 4 p
tanh /1 4(s,) N

Taking logarithms, we see that @ — b is the signed distance from ¢ to p along V, as claimed. O
Remark 14.7 By Theorem 6.4, the parameter fx ;(5) varies analytically in a (and hence ).

Orientation conventions We now specialize to the case where (v, w) is a simple pair of hexagons with
associated oriented geodesic k, ,, running between p;’ on g’ (the projection of v to the boundary leaf
of d) H, closest to w) and p;, on gy .

Each leaf g C A crossed by ky,w inherits an orientation by declaring that furning right onto g while
traveling from v to w along ky 4, is the positive direction. We remark that if &, 4, crosses a hexagon H,,
then the induced orientation of g7, the geodesic in d; H, closest to w, is the opposite of the orientation
of g induced as a part of the boundary of H,. On the other hand, the two orientations on g, induced
by ky,w and coming from H,, agree. This is an artifact of our sign convention for measuring shears; see
Remark 13.3.

If g is a complete oriented geodesic in the hyperbolic plane and ¢ € R, we let Té be the hyperbolic
isometry stabilizing g and acting by oriented translation distance ¢ along g. The opposite orientation of g
will be denoted by g, so that 7 é =T,

For an oriented spike § = (g2, g), its opposite orientation is § = (g%, g¥). In particular, we note that,
if 5 is an oriented spike of Hj, crossed by kyw, then 5 is an oriented spike crossed by kww = kvyw.

Shape-shifting in spikes Suppose (v, w) is a simple pair and suppose u is between v and w. Let
5= (g2, gY) be the spike of u crossed by ky_,, with basepoints p, and p,,. We define the elementary
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shaping transformation A(5) € Isom™ (X~ ) = PSL, R determined by X, s and s to be
(32) A(§) = Tg{;\’,s(g) ° Tg_wa,s(g)‘

Ultimately, the element A (5) will be the value of the shape-shifting cocycle ¢, on the pair (g}, gi¥); see
just below for an explanation of how we think of A(5) as “changing the shape” of s.

Observe that A(5) is a parabolic transformation preserving the common ideal endpoint of s. A familiar
computation shows that in the spike determined by gp and A(5)g, the orthogeodesics emanating from
pv and A(5) py meet at a point distance /1 444(s) from each (supposing that the deformation is small
enough).

To the oriented spike 5 of u, we also associate the elementary shape-shift

(33) @(3) = Tgsgv,u) 0 A(5) o Tg—uf(v,u) _ Tgsgv,u)—kfx,s(i) o T;f(v’u)—i_fX’S(E)),

where we recall that the value s(v, u) is obtained by thinking of s as a function on transverse pairs (2 la
Lemma 13.11). Note that ¢(s) depends on our reference point v: whereas A(s) is eventually identified as
a value of the shape-shifting cocycle ¢;, the elementary shape-shifts ¢(5) are only building blocks for
values of ¢;.

For the opposite orientation 5 = (g%, gv), we check
gu gu gu gu
Since s(v, u) = s(u, v), we may similarly observe that ¢(5) = ¢(5)~!.
Take %y 4 to be the set of hexagons between v and w equipped with the linear order u < u; induced by

the orientation of ky 4. Let # C ¥, 4, be any finite subset and order its elements # = {uy, ..., u,}. For
short, we denote hexagons by H; := Hy,, spikes by s; 1= 5,,, geodesics by g7 := gy, €tC.

To the finite ordered set # we associate the product
(35) @i = p(s1) 00 p(s) 0 Toy"™ € Isom™(X).

The goal of the rest of the section is then to extract a meaningful limit from ¢y as # increases to ¥y 4.
Ultimately, this limit is how we will define the shape-shifting cocycle ¢; on the boundary geodesics g;’
and g, corresponding to the simple pair (v, w).

Remark 14.8 1In the case that A is maximal, each H; is an ideal triangle and so A = A 4+ a = &. In this
case, each spike parameter fx o(s;) is 0 and we recover the formula from [Bonahon 1996, page 255].

Geometric explanation of (33) Before proving convergence, however, let us explain the intuition behind
the formulas above. In order to interpret A(s) and ¢(5) as deformations of the hyperbolic structure X, we
will switch our viewpoint to think of them as values of a deformation cocycle, and so as affecting the
placement of pointed geodesics relative to each other. For brevity, let fx (5) =1t.
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Figure 22: The effect of A(5) when considered as a composition of left and right earthquakes.

Let us focus first on the shaping transformation A(s). The oriented spike 5 in the hexagon H,, is formed
by two pointed geodesics (g,,, p,) and (g}, p)Y). Fixing our viewpoint at (g;, p,), we may think of
A(5) as deforming X by holding (gr. pY) fixed and identifying (g%, p¥) with A(5)- (g}, py). This has
the overall effect of “widening” the spike s so that its sharpness parameter increases from /1 4 to /1 444.

If instead we fix our basepoint to be outside of H,,, say at the basepoint p’ on g’ C d) Hy, then this
transformation can viewed as a composition of left and right earthquakes. Let Q" and QV denote the
half-spaces to the left of the oriented geodesics g¥ and g7, respectively. Note that Q¥ C QY. The
deformation A(s) may then be ihought of as first transforming all geodesics of X that lie in O" by Tg_};f;
this has the effect of breaking X" open along g,” and sliding Q,, to the left by distance ¢ along g,/ while
keeping X \ QY fixed. The deformation then further transforms all geodesics in QV by T gf}i; ~this is
equivalent to the right earthquake with fault locus g, that slides Q" to the right while keeping X \ Q"
fixed. The cumulative effect is then that the spike s has been “pushed” in the direction of 5 by distance 7.
See Figure 22.

Remark 14.9 We give one final interpretation of A(s) as “sliding G, along H,” in the proof of
Proposition 14.19 below (see also Figure 26), once we have set up the framework to understand the utility
of this viewpoint.

In particular, note that the shear from H, to H, measured from p;’ to the image of p} under this
composition of earthquakes has increased by r = fy +(5). Therefore, if we let ¢} denote the basepoint
on g} corresponding to the hexagon Gy, then the shear from H, to H, measured from p.’ to the image
of g} under the deformation is exactly the original shear o) (X)(v, u) between v and u.

The elementary shape-shift ¢(5) can be interpreted in much the same way, but now the spike should be
pushed distance fx (5)+s(v, u), so that the resulting shear (measured between p* and the image of ¢,/
is exactly o3 (X) (v, u) 4+ s(v, u).

Finally, the composition (35) can be thought of as a composition of the operations described above (read
from right to left). Therefore, gy first performs a right earthquake along g’ by s(v, w), then performs
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an elementary shape-shift to pushing the spike s, by s(v, un) + fx (), then performs a shape-shift
for 5,1, etc. Observe that, if ¢} denotes the basepoint in g7’ corresponding to Gy, , then, by construction,
the shear between v and each u; measured from p,’ to the image of ¢ under the composite deformation
is exactly the desired shear oy (X) (v, u;) + s(v, u;).

Assuming the convergence of ¢y to a limit ¢, 4 (a step performed just below), the placement of
ey (gy,. py,) limits to that of ¢y (g4, Py). This in turn will be the placement of the geodesic (g,,, Pu)
relative to (g,’, p,’) straightened in the deformed surface X.; see Lemma 15.6.

Convergence We now consider the limiting behavior of ¢y as 9 — ¥, 4 ; that a limit exists is almost
exactly the content of [Bonahon 1996, Lemma 14]. We give a proof here for convenience of the reader
and to make sure that we are extracting the correct radius of convergence, ie that the modifications in the
cusps actually do not affect the radius of convergence (even though there are countably many contributions
from changing the shape of each spike).

Recall from Lemma 14.5 that the function D) (X) =1inj, (Y)/9|x(S)| gives a bound for the rate of decay
of the length of a piece of a leaf of 0y (X) in terms of its divergence radius.

Lemma 14.10 (compare [Bonahon 1996, Lemma 14]) If [|s]l¢, < Dy (X), then gy converges to a
well-defined isometry ¢, 4 as € tends to ¥y .

Definition 14.11 The limiting isometry ¢, 4, is called the shape-shifting map for the simple pair (v, w).

Remark 14.12 After combining all of our deformations in Section 14.5, the shape-shifting map ¢y,
will be identified as the value of the shape-shifting cocycle ¢, on the pair (g,’, g1,). However, due to the
asymmetry of our current definition, it is not clear that ¢, 111) = @u,v. See Corollary 14.14.

Proof of Lemma 14.10 For brevity, we set D = D; (X) for the remainder of the proof.

Identify X with H? and Isom™ ()? ) with the unit tangent bundle 7" ! H? so that the identity / is the vector
over py € X that is tangent to g’ and pointed in the positive direction with the orientation on g7’ induced
by ky.w. Equip T1H? with a left-invariant metric  that is right-invariant with respect to the stabilizer
of py. Finally, for 4 € Isom+(}?), let ||A|| :=d(I, A), so that |AB|| < ||A|| + || B]| holds by the triangle
inequality.

We first show that @y stays in a compact set in Isom™ (X~ ). Using boundedness, we then show that any

sequence # — ¥ is in fact Cauchy with respect to d, and hence converges.

We start by bounding the lengths of segments of the form ky , N H,, where u € ¥, 4. To this end,
construct a geometric train track r from A on X, and assume that the projection of ky ,, meets 7 transversely.
Subdivide ky 4 into arcs ky, ..., k;,, whose projections meet 7 once in branches by, ..., by. For all but
finitely many u € #, 4, we have ky, N H, C kj \X for some j =1,...,m.
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If d C kj \X, we set r(d) to be the depth rp, (d) of d with respect to bj, and set r(d) = 1 otherwise. By
Lemma 14.5, there is B > 0 such that for all u € ¥, 4,

C(kv0 N Hy) < Be™ PrikvwnH),

With this estimate in mind, our next task is to give a uniform bound on gy o T, 5@ for all finite
4 C Fy,w. Foreach i, let y; € Isom™ (X ) be the isometry corresponding to the tangent vector over
ky,w N g} pointing toward the positive endpoint of g?. Unpacking definitions, we may therefore write
the shape-shift ¢(s;) as

o(si)=yT sz(l)v u')+fX5(s’)T_(5(” i)+ fx 5 (si)) 1—1

where h; 1= )/l._lg;“.
An explicit computation (in the upper half-plane model, say) shows that
”Ts(v i)+ fx s (Sz)T—(s(v i)+ fx, 5(31))” < (e|s(v,u,-)+fx,5(sz')| — D) l(ky.w N H;)
< BelsWui)+ fx s(s)|l=Dr(kvwNH;)
By Lemma 14.3 and the triangle inequality,
15(v, i) + fx,s(si)| < 15llcy ¥ (kv,w N Hi) + |I5]5

and so we conclude that
Iy (P(St))/z | < Ble r (kv wNH;)(||s]lz4 —D)
1
for B’ = Bellsls.

Notice now that conjugation by y; changes the reference point of our calculation at a distance in the
plane at most £(ky,y), so the effect of yi_lcp(s,-)yi on g7 NMkyy is a displacement by etv.w) times the
quantity indicated above. Since this is independent of ¥,

(36) (i)l = Ofe" Cvr D Aelra=0)
for any spike s; corresponding to any hexagon u between v and w.

Expanding out ¢y in terms of the ¢(s;) (see (35)),

n n n
[Teeo| <> el = O(Z er(kv.wﬂH,-)(IIEHra—D))
=1 i=1

i=1
Since there is a uniformly bounded number of gaps with given depth (Lemma 14.2), the last expression is

lpse o T =

bounded by the sum of at most 6| x(S)| many geometric series which are convergent so long as ||s||, < D.
Therefore, there is a compact set K in Isom™ (f ) such that g3 € K for any finite subset # C ¥y 4.

Now that we have shown the family of isometries {3} to be uniformly bounded, we can show that any
sequence of refinements is in fact Cauchy. So suppose that 3, increases to ¥y, and |#,| = n. By
construction, we may therefore write

on =YY" and @ur1 = Vel
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where 9,41 = %, U {u} and v,y € K. Writing @n41 = Y9/ 0(s:0lp(s) ™" v/ ~'], we have

d(@n, ns1) = loG)les) ™ v .

The zeroth-order term in the Taylor expansion near the identity for the function X — ||[X, ¢’ _1]|| is 0,
because [I, %'~ !] = I Since ¥'~! stays in a compact set,

lle@s ™" 9" = O(le(swl)
(see [Thurston 1997, Theorem 4.1.6] or [Gelander 2014, Lecture 2, Lemma 2.1]).
Combining this estimate with the triangle inequality and (36),
d(gn.ont1) = O(lg(su)])) = O(e" oMol =D2),

Now there are at most 6| x(.S)| many u € 3, o with r(ky 4 N Hy) = r (Lemma 14.2), so as n — oo we
must have that r — oo, and hence d (¢, ¢,+1) — 0. Moreover, since this goes to 0 exponentially quickly,
the sequence is in fact Cauchy. |

Shape-shifting as a limit of signed earthquakes Here we give a different description of the shape-
shifting map which forgoes approximations by “pushing spikes” in favor of approximations by left and
right simple earthquakes (compare [Epstein and Marden 2006, Section III]). While this reformulation
is symmetric and geometrically meaningful, it comes at the cost of restricting which approximating
sequences # — ¥ actually yield convergent sequences of deformations ¢y. See also the remark at the
top of page 261 in [Bonahon 1996].

Let (v, w) be a simple pair and fix a geometric train track t snugly carrying A. So long as t is built from
a small enough neighborhood, we may assume that the geodesic k,y, is transverse to the branches of t.
Then, for each integer r > 0, let 3, ,,, denote the set of hexagons such that kv, N H,, has depth at most r

with respect to the branches of r. Order
%{),w = (HO =V, U1,...,Up, Up+1 = w)’

and, foreachi =0, ..., n, choose a geodesic /; that separates the interior of H; from the interior of H; ;.

Orient each /i; so that it crosses ky,y, from left to right and set
(37) (pS,w _ T;(Eu(),m) 0 A(sy) o T;I(MI,HZ) 0 A(s3)0-+-0 A(sp) 0 T;}Sun,unﬂ)'

We now wish to show that ¢;, ,,, — @y, as r — 00. As in the case of g3 — @y, this argument will
parallel that of [Bonahon 1996], with the extra complicating factor of the adjustments A(s;) to the shape

of cusps.

The interpretation of (37) as a deformation cocycle is now similar to that of (35), but is now a combination
of spike-shaping transformations together with simple earthquakes.
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Let us give a description of the action of this deformation on the pointed geodesic (gy,, ps,) in 0y Hy
closest to v. Reading the formula from right to left, we can obtain ¢, ,,(gy,, py,) by first breaking X
along h, = gy, and sliding the closed half-space containing H,, signed distance s(u, u,+1), keeping the
open half-space containing H, fixed. Applying the spike shaping transformation A(s;,) then preserves
the natural basepoints p, and p,’ but increases the sharpness parameter /1 4(s,), making it match that of
the spike in the hexagon G, in the deformed metric 4 + a. We then simply continue moving from w
to v (ie backwards along k), alternating between signed earthquakes in the /; and shaping the next
spike until we reach g¥. Note that, unlike the deformations associated to ¢y, each step of the process
requires only local information about the spike s; and the shear between u; and u; .

Lemma 14.13 [Bonahon 1996, Lemma 16] So long as ||s]|, < %DA (X), we have lim; 00 ¢y 1), = Pv,w-

Proof Using additivity, s(u;, #;41) = s(v, u;4+1) —s(v, u;), we observe that
(38) w;,w _ (T;év,ul)A(Sl)Th—ls(v,ul))(T}fl(v,uz)A(sz)Th—zs(v,uz)) . (T;lslflun)A(sn)Th—ns(v,un))T;’Ev,w).
So ¢y, is obtained from @y by replacing each term of the form

o(si) = T;;S”’”f)A(s,-)T;;(v’”f)
with
$(si) = Ty A(sy) T, )
and 75" with 77
gﬁ) n .

The basic estimate we need is approximately how close ¢(s;) is to ¢(s;) in Isom™ (A7 ) as r tends to
infinity. For this we will want to understand how closely /;_; approximates g? near its intersection
with Ky, as well as for g;* and 7;.

By construction, /; must be between g;” and g;, ; foreachi =1,...,n and h is between g,’ and g7.
But g}’ and g7, follow the same edge path of length 2r in T C 7, for otherwise there would be another
ue %;’w such that H, separates H; from H;y ;. Thus /; follows the same edge path and fellow travels
g/’ and g, for length at least O(2r D, (X)); using negative curvature, /; is 0(e~ P2y ¢lose to both
g;” and g7 | near ky,y.

From closeness of these geodesics from the previous paragraph (and our estimates for ||¢(s;)| from
Lemma 14.10) it is possible to obtain the basic estimate

¢ (s) ™ p(si) 1l = O (exp(llsllg  (kv,w N Hy) — Dy (X)),

which is small when |[|s]|¢, < Dy (X). Notice that we have also used the fact that the adjustment parameter
associated to each spike s(s;) is uniformly bounded; that said, even if it grew linearly in » we would
obtain the same estimate (up to a multiplicative factor).

The rest of the argument ensuring that ¢, ,,, and @y have the same limit as long as ||s||, < %Dk (X)
follows [Bonahon 1996, Lemma 16] and is omitted. We remark that the factor of % appearing at the end
is a relic of the techniques used in [Bonahon 1996, Lemma 16]. O
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The following simple fact was not apparent from the definition of ¢y, due to its lack of symmetry.
Fortunately, the approximation of ¢y by ¢, ,, gives us a symmetric description of @y,y-

Corollary 14.14 If (v, w) is simple and s, < %DA(X), then

_ —1
‘pw,v - (pv,w'

Proof We observe first that 3¢;, ,,, = 9}, ,, so that each term of ¢y, ,,, appears in ¢,, ,, with the opposite
orientation. Now, by (34), the inverse of the shaping transformation of an oriented spike is equal to the
shaping transformation of the same spike with opposite orientation. Therefore, ¢;, ,, = ((pz)’v)_l for all r,

and the equality holds as we take r — oo. |

14.3 Shape-shifting in hexagons

In this section, we explain how to define the shape-shifting cocycle ¢, on pairs of basepointed geodesics
that lie in the boundary of a common hexagon; this will encode the change in hyperbolic structure on X \ A.

While in this setting we do not have to worry about delicate convergence results, we must be more diligent
about recording the placement of basepoints on each geodesic of d) H,,. Moreover, the cocycle condition
(Propositions 14.18 and 14.19) only becomes apparent once we reinterpret the shaping deformations
defined below as “sliding the deformed hexagon along the original”.

Throughout this section, we have extended both 4 and A + a to some common maximal arc system o by
adding in arcs of weight 0 as necessary. We remind the reader that s(«) denotes the coefficient of « in a.

Notation and orientations Let H, C X \ Xg be a nondegenerate right-angled hexagon and enumerate
the A-boundary components of H, as d; H, = {(h1, p1), (h2, p2), (h3, p3)}, cyclically ordered about u.
Let o; € @ be the orthogeodesic arc opposite to /;, and denote by p;; the vertex of H, meeting both
h; and «j. See Figure 23. If H, is a degenerate hexagon (ie a pentagon with one ideal vertex or a
quadrilateral with two), then we label only those points and geodesics which appear in its boundary.

Each choice of orientation &; of «; induces orientations of /15, and /3 such that «; leaves from the
left-hand side of /; and arrives on the right-hand side of /i for {j, k} = {2, 3}; an example is pictured
in Figure 23. Observe that the opposite orientation & induces the opposite orientations on /1, and /3.
Throughout this section, we also adopt similar conventions for each orientation of o, and o3.

Recall that (by Theorem 6.4) the deformation s induces a new metric on X \X denoted by 4 4 a and which
contains a hexagon G, corresponding to H,. The corresponding basepointed A—boundary geodesics and
vertices of G, will be denoted by (g;, ¢;) and g;;, respectively. We adopt similar orientation conventions
as above for the realizations of «; in G,.
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Figure 23: Distinguished points on a hexagon H,, and induced orientations on /5, h3 € d) H,,.

Shapes of hexagons Paralleling our discussion for spikes, we first need to define geometric parameters
that measure the shape of the hexagon as well as the difference of the placements of the basepoints p;
and ¢; on the geodesics /; and g;. For concreteness, we only consider o below; the parameters for o,
and o3 are defined symmetrically.

We begin by associating to oy the parameter

Cs(oy) =L gqa(ag) —Ly4(ar) €R,

which measures the difference in the hyperbolic length of «; in the metric determined by 4 + a versus in
the original metric A induced by X.

Now fix an orientation & of «1; as above, this induces orientations of the geodesics /,, h3, g, and g3.
Let d 4 (@1, u) be the signed distance from p, to py; on & 2321 the local symmetry of the orthogeodesic
foliation implies that d 4 (&1, u) can also be computed as the signed distance from p3 to p3; on h3. Define
similarly d 444(¢1, u) as the distance from g5 to g»; on g, (equivalently, the signed distance from g3

to g31 on g3).

To all of this information, we associate the parameter

Sx,s(@1,u) :=dgqq(d1,u) —dg(ay,u) €R,

which measures the difference in how far u is from o in G, versus in H,,. More precisely, considering
H,, and G, in the hyperbolic plane, we can use an element of PSL, (R) to line up (%3, p21) with (g2, ¢21)
so that the basepoints and orientations agree. The parameter fx (&1, u) then measures the distance from
¢ to p, along hp, = g,. See Figure 24. Of course, symmetry shows that it is equivalent to align (23, p31)
with (g3, ¢31) and measure the signed distance from g3 to p3 along i3 = g3.

21The parameter d A (@1, u) is called the “z—coordinate” of the arc « in the hexagon H,, in [Luo 2007]. See also [Mondello
2009b, Proposition 2.10], where a formula is given in terms of the lengths of {o; : i = 1,2, 3}.
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Figure 24: The parameter fy (1, u) for two adjacent hexagons. We have decorated the base-
points on /1; = g, with a superscript to emphasize their dependence on the hexagon.

Note that reversing orientations reverses signs, so that d 4 (@1, u) = —d 4(&1, u) and hence
fX,S(&l ’ u) = _fX,ﬁ(&l ’ u)

The parameters associated to the hexagons which border a given arc are related in the following way:

Lemma 14.15 Let o be any edge of & and let H, and H, be its adjoining hexagons. Then

Sx s u) + fxs(@,v) =s(a),
where the orientation & is chosen so that u is on its left (equivalently @ is oriented so that v is on its left).
Proof The proof is an exercise in unpacking the definitions and being careful with orientations; compare

Figure 24. Let p% and pJ denote the projections of u and v to either of geodesics common to dy Hy,
and dy Hy, and let ¢ and g3 play similar roles for G, and Gy.

‘We can then write

fX,s(&’ u) + fX,s(&’ v) = fX,s(&’ u) - fX,s(&’ v)
= dgpa(@. 1) —d 4@ 1) — dgra@. v) + d (@, v)

=dp(p5. py) —dg(qy.q3) = s(a),

P31 =431
—_—

0
L hz E» L» t—s
P21 =421
DP2=q>2
—_ —_ —_
Sx . s(@q,u) Ls(eey) —fx,s(@1,u)
Th - T
3 aj ho

Figure 25: How the shaping transformation A (&, u) slides G, along H,,.
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where we recall that s(«v) denotes the coefficient of @ in a and where d, and d, represent the signed
distance measured along /1, and g,, equipped with the orientation induced by . a

Remark 14.16 Using Theorem 6.4 and some hyperbolic trigonometry, one may show that fy (¢, u)
depends analytically on both A and a for fixed oz and u.

Shaping hexagons To the hexagon H, and oriented arc &; in its boundary, we associate the shaping
transformation A(1,u) given by

(39) Ay, u) = Th;fx’s(&l’u) ° Taff("‘l) o ThJ:X~5(°‘1’”) € Isom™ (X),

where T3 denotes translation along the complete oriented geodesic extending @1. The shaping trans-
formation is explicitly constructed so that, if H, and G, are superimposed with (43, p2) = (22,42),
then

A(ary,u)(hs, p3) = (g3.93).

This claim is not immediately apparent from the expression of (39), but is easy to verify once we reinterpret
A(ay,u) as “sliding G, along H,”.

To wit, suppose that we superimpose Hy, and G, so that (/3, p3) = (g3, ¢3). Now consider what happens
as we apply A(ay,u) to G, while holding H, fixed; the first term Tf X5 @01 yranglates G, along h;
so that ¢31 = p31, and the right angle formed by «; and g3 in Gy, hnes up with the same angle in H,.

‘e (0[1) TfX s(al M)Gu

The transformation T then slides along o so that (12,¢21) = (g2, p21). Finally,

ThZfX’E(a"u) slides Tgff(“l)Thf;)‘-s(“l’”)G along hy = g5 so that g, lines up with p,. See Figure 25.

Summarizing, we have shown that 4 (&, u) takes a superimposition of Gy, on H, with (3, p3) = (g3, ¢3)
to another superimposition with (%5, p») = (g2, ¢2). In particular, this implies that applying A (ay, u)
to (h3, p3) takes it to the position of (g3, g3) in the latter placement of G, which is what we claimed.

Remark 14.17 An elementary hyperbolic geometry argument similar to that in the proof of Lemma 14.6
shows that if oy in X degenerates to an oriented spike s then the corresponding geometric parameter
Sx.s(&1,u) limits to the parameter fx (5). In particular, along this degeneration the corresponding
hexagon-shaping transformation A (@, u) converges to the spike-shaping transformation A4(5).

A cocycle condition for hexagons A number of relations hold between the shaping transformations for
different arcs and different orientations; eventually, these relations are what ensure that the deformations
we are currently building package together into an honest cocycle (see Proposition 14.26).

First, we observe that reversing the orientation of «; inverts the shaping transformation:
(40) A(&l s M) e Th__fX'f‘(al ’u) o Tfs((xl) ° T};fX.s(alsu)
3 2

(05

- ,5(_' ) ) _es .5(_' ’ ) g —
= TthX FLu OT&l (al)oThj;X oL = Ay, u)”!
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Now suppose that H,, is on the left and H, is on the right of the oriented arc &;. Combining the relation
of Lemma 14.15 with the definition of the shaping transformation, we obtain

41) A(dy,u) = T;iou) o A(@;,v) o0 Th—;(al).
This equation is used frequently in Section 14.4.

Finally, a beautiful and important relationship holds among the three shaping transformations in a single
right-angled hexagon. Our proof utilizes the “sliding” viewpoint explained above; the statement seems
difficult to prove just by writing down a string of Mobius transformations.

Proposition 14.18 Let u € ¥ be a nondegenerate right-angled hexagon with boundary arcs a1, @»
and a3, oriented so that H,, lies to the left of each ;. Then

A(as,u)o A, u)o A(ay,u) = 1.

A similar statement clearly holds for any cyclic permutation of (3,2, 1).

Proof In order to prove the lemma, we superimpose G, on top of Hy, so that (g3,q3) = (h3, p3).
Holding H,, fixed, the first shaping transformation A(ap,u) slides G, along /3, then along o, then
along /1, so that (g3, ¢») lines up with (/15, p»). The second shaping transformation A(&,, «) then acts
on this translated copy of Gy, by sliding it along /5, then a5, then /; so that (g1, ¢1) = (A1, p1). Finally,
the last term slides A (a1, u)A(d», u)G, along the edges of H, so that (g3, ¢3) returns to (h3, p3) (with
the same orientation).

Therefore, since A(d, u)o A(dy, u)o A(G3, u) preserves a unit tangent vector and Isom™ ()? ) acts simply

transitively on 7'! X, the composition of the three shaping transformations must be trivial. |

A similar result holds for degenerate right-angled hexagons, with the hexagon-shaping transformation
replaced with the corresponding spike-shaping transformation.

Proposition 14.19 Suppose that u € ¥ is a pentagon with two orthogeodesic arcs «; and o, and one
spike s, labeled so that (o1, a2, s) runs counterclockwise around u. Orient each o so that H, is on its
left and orient s so that it is pointing towards the ideal vertex of H,. Then

A(§) o A(O?z, u) o A(&l, u) =1.

Similarly, if u € ¥ is a quadrilateral with one orthogeodesic edge o and two spikes s1 and s, (labeled so
that («, 51, s2) is read counterclockwise), then

A(52) 0 A(S1) 0 A(at,u) =1,
where all orientation conventions are as above.

Geometry & Topology, Volume 28 (2024)



Shear-shape cocycles for measured laminations and ergodic theory of the earthquake flow 2099

Figure 26: Interpreting the spike-shaping transformation A(s) as sliding G, along H,,. Note that,
in this picture, fx s(5) <0.

Proof We only explain how to interpret the spike-shaping transformation A(s) in our “sliding” framework;
once we have done so, the rest of the proof is completely analogous to that of Proposition 14.18.

So let 5 be a spike of H,,, oriented as described; suppose that its left and right boundary geodesics are /13
and /5. Recall that A(5) is constructed so that, if we superimpose Gy, and H, with (g2, ¢2) = (h2, p2),
then A(5)(h3, p3) = (g3, ¢3). This can equivalently be interpreted by superimposing G, on H, with
(g3,93) = (h3, p3); then applying the shaping transformation to G, while leaving H,, fixed takes G, to
another superimposition where (g3, ¢2) = (43, p2). See Figure 26. |

14.4 Shape-shifting along the spine

In this section we package together the hexagon-shaping deformations defined in (39) into deformations
of entire complementary subsurfaces of X \ A As always, we will exhibit this deformation by explaining
how to adjust the positions of the pointed geodesics in the boundary of each component of X \ X relative
to one another. This in turn requires some bookkeeping of orientations and a liberal application of the
cocycle relation (Propositions 14.18 and 14.19).

Throughout this section, we fix some component ¥ of X \ . We remind the reader that the deformation s

induces a new hyperbolic structure 4 + a on ¥ whose hexagons and basepointed geodesics correspond to
those of Y.

Hexagonal hulls and induced orientations Suppose that v, w € ¥ are distinct hexagons of Y. Since
the corresponding component of §f) is a tree it contains a unique oriented nonbacktracking edge path
[v, w] joining v to w. We then define the hexagonal hull H (v, w) of (v, w) to be the union of all of the
hexagons corresponding to the vertices of [v, w]. Define also the truncated hexagonal hull H (v, w) by
truncating each spike of H (v, w) by the horocycle through the basepoints that are closest to the ideal
vertex. Note that both H (v, w) and H (v, w) come with (771 (Y)—equivariant) collections of basepoints
on their boundaries obtained by projecting each of the vertices of [v, w] onto the associated boundary
geodesics.
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Figure 27: The truncated hexagonal hull (shaded) of the path [v, w] and the induced orientations
on the paths 1 from p, to p,, in its boundary.

Now, for any (/y, py) € 0y Hy and (hy, pyw) € 0) Hy,, we have that 8?](1}, w) \ {pv, pw} consists of two
paths 6. We orient each of 51 so that they both travel from p, to py. See Figure 27.

With this induced orientation, the path §4 passes through a sequence of basepoints

Pv=D1.D2,---, Pn+1 = Pw-
We then associate a shaping transformation A; to each subsequent pair of basepoints as follows:
e If p; and p;4 are in different hexagons, then they must lie on the same geodesic /; of Y
and correspond to two hexagons H; and H;; both adjacent to an arc ¢;. In this case, define

Ai=T ; Fai ), where /i; is given the orientation induced by 84+ and where we recall that s(«;) is the
1
coefficient of «; in a.

e If p; and p;y are in the same hexagon H,; but do not lie on a common spike, then necessarily
they lie on geodesics connected by some arc ;. In this case, define A; = A(a;, u;) where the
orientation on «; is induced from 4.

e If p; and p;y lie on a common spike s;, then we define 4; = A(5;), where the orientation on s;
is such that the horocyclic segment of §4 cutting off s; runs from the left of one of the oriented
geodesics to the right of the other.

Finally, we then combine all of this information to define the shape-shifting transformation
(42) A(b4):=Ajo0Ayo---0 Ay,

where we recall that we are multiplying from right to left. Define 4(6—) analogously; the point is, however,
that the choice of & does not matter.

Lemma 14.20 A@B-)=A(54).

Definition 14.21 We call ¢p,, p,, := A(64+) = A(6-) the shape-shifting map for ((hy, py), (hw, Pw))-
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Proof The proof follows by induction on the length of [v, w]. If [v, w] has length 0, ie v = w, then this
statement is exactly the content of the cocycle relation for hexagons (Propositions 14.18 and 14.19).

Now suppose that [v, w] has length n and let u be the penultimate vertex in [v, w]. Let & denote the arc
separating u from w, and choose the orientation & so that u lies on its left. Up to relabeling, we may
assume that the orientation of § agrees with the orientation of OH (v, w). Denote by (h;—”, pui) € dY the
last basepoints of H, visited by §+ and let ¥+ denote the subpaths of §1 from p, to pff in the boundary
of the truncated hexagonal hull H (v, u). Define A(y+) analogously to 4(6+). Then we may write

AG)AG) T = AT BB T, 5 Ay )™
= (A A@ WA ™) A AGw T BB T ) A ™

where By and B, are the shaping transformations corresponding to arcs and spikes of w that are different
from o (labeled counterclockwise from o), oriented either so that w lies on the left of the arc or so that
the spike points into the common ideal endpoint.

Now observe that A(y4+)A(a, u)A(y—)~! is trivial by the inductive hypothesis, as it corresponds to the
comparison between the two possible definitions of ¢, »—. We also note that

A@,u)™! T;lgf‘)Bl B, Th‘;("‘)
is conjugate to
Th‘;("‘)A(&, u)—lT;(f)Ble = A&, w)B By = 1,

where the first equality follows from (41) (note the reversals in orientations of hff) and the second follows
from the cocycle relation (Propositions 14.18 and 14.19). Therefore, the entire term A(§4)A(5_)"! is
trivial, which is what we wanted to show. O

Remark 14.22 The above statement can also be proven by interpreting A(8+) in terms of sliding. In
particular, let Z denote the 771 (Y )—equivariant hyperbolic structure on Y corresponding to the weighted
arc system A + a. Then, superimposing Z on Y so that (gy,qw) = (hw, pw), One can consecutively
apply the shaping transformations A; to Z while keeping Y fixed.

Doing so, A, moves Z so that (gx,qn) = (hn, pn), then A,_; o A, moves Z so that (g,—1,¢n—1) =
(hp—1, pu—1), etc. At the end of this process, we have applied A(8+) to Z and by construction, the
pointed geodesic (g, ¢y) matches up with (/1y, py). Since the final positioning of Z is the same relative
to Y whether we used 4(§4) or A(5-), this allows us to conclude that the two compositions define the
same element.

Remark 14.23 While we used the distinguished boundary paths § to define the shape-shifting map,
one could in fact use any path from py to p,, in Y U@. In this case, one must take more care to enumerate
basepoints so that p; and p;;1 always either lie on the same geodesic or in the same hexagon.
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Observe that reversing the orientation [v, w]=[w, v] also reverses the sequence py+1, . .., p1 of basepoints

that the boundary paths 8+ meet. Since flipping the order of p; and p;4; inverts each of the 4;
. . _ _1

transformations defined above, we therefore discover that ¢p,,,p, = ¢, , -

In a similar vein, it is not hard to see that the shape-shifting maps satisfy a cocycle relation.

Proposition 14.24 For any triple of pointed geodesics (hy, py), (hy, py) and (hy, py) of 37,
@pu,pv © Ppv,pw ©Prw.pu = L.

Proof This follows immediately from the definitions when v lies on either of the paths §+ from u to w.

Otherwise, note that the intersection of paths [u, v] N [v, w]N[w, u] is a point x € . Choosing a basepoint
Px € 03 Hy, compute the shape-shifting transformations using the boundary arcs that pass through x.
Then we may express ¢p,.p, = ©pu,px © Opy,p, and, using the observation about inverses above, we
realize that

Ppu,pv © Pov.pw © Pow.pu = Pouspx © @py.pv © Ppu,p) © @, pu © Ppu,px) © Pp.pu = 1. o
14.5 The shape-shifting cocycle

We now combine the shape-shifting maps for simple pairs (Definition 14.11) with those for complementary
subsurfaces (Definition 14.21) into the promised shape-shifting cocycle (Proposition 14.26), which is well
defined as long as the combinatorial deformation s is small enough. As usual, we construct a geometric
train track 7 from A on X such that the weight space of 7, provides a notion of size for s.

Admissible routes For v, w € ¥ and Y a component of X \ X, we say that Y is thick with respect to v
and w if either

(1) Y contains v and/or w, or

(2) v and w lie in different components of X \ Y and the boundary leaves of Y closest to v and w are
not asymptotic.

Observe that, in the first case, there is either no or one boundary geodesic of Y separating v from w
(depending on whether v and w are both in Y or not), while, in the second, there are exactly two boundary
components of Y separating v from w.

Now let v, w € ¥ be any pair of distinct hexagons that do not lie in the same component of X \X and let
(hy, py) and (hy, pw) be a pointed geodesic in d) Hy and 9 Hy,. Then there is a unique (possibly empty)
sequence /iy, ..., h, of boundary geodesics of thick subsurfaces separating p, from p,,, ordered by
proximity to v (with /1; closest).?? If one of the /; lies in the boundary of two complementary subsurfaces
(so corresponds to a lift of a curve component of A), then we record it twice, once for each of the adjoining

22This sequence is necessarily finite, as the distance that any geodesic travels in a thick subsurface is bounded below by the
shortest arc of o (compare the discussion of “close enough” pairs of hexagons in Section 13.2).
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Figure 28: Thick subsurfaces between v and w and an admissible route from p,, to p,,. We have
highlighted a path from p, to p,, through the p;; each subpath from p; to p;4; specifies a factor
in the shape-shifting transformation.

subsurfaces. Additionally, if either &, or /&, is a boundary geodesic separating v from w, then we do not
record it as one of the /;. See Figure 28.

We now define an admissible route from p, to py, to be any sequence of basepoints

pv=Dpo, P1€hi, ..., pn€hy, Pn+1= Ppuw

coming from the projections of the central vertices u; of hexagons Hy; to h; € 0y Hy,. If any geodesic
h; = h;j4 is repeated, then we require that v and u; lie on one side of /; and that w and u; lie on
the other. Observe that the sequence of pairs (u;, u;4+1) necessarily alternates between simple pairs/pairs
sharing a boundary geodesic and pairs which lie in the same (thick) subsurface.

Shape-shifting along admissible routes To any admissible route we can then define a shape-shifting
transformation by concatenating the shape-shifting transformations for subsequent pairs:
(43) @pv.pw = Ppo,p1 © " Pop,put1s

where @p,; p,; ., is as in Definition 14.11 if (u;, u;+1) is simple and as in Definition 14.21 if u; and u; 41

lie in the same subsurface. If i; = h;4 1, then we orient 4; to the right as seen from u; and set

Opipis = T;i(”"’”"“) (recall that we can associate a shear value to the pair (u;, u;41) by (15)).

Lemma 14.25 The shape-shifting map ¢p, . p,, is independent of the choice of admissible route (as long
as it is defined).

Proof Since the /; are uniquely determined, it suffices to change one point at a time.

So suppose that p; and p; are both basepoints on the geodesic /;; we then demonstrate the equality

$pi—1,pi ©Ppipit1 = Ppi_1,p} °Ppl.pit1>

from which the lemma follows. Orient /; so that it runs to the right as seen from v or u;_;.
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Without loss of generality, we may assume that the hexagons u; and u; 4 lie in the same subsurface.
Otherwise, the hexagons ;1 and u; lie in the same subsurface and so (p;, p;+1) is either simple or the
points lie on the same isolated leaf. If this happens, we prove that

$pit1.pi ©Ppispi—1 = Ppiy1.p} °Ppl.pi-1>

which is equivalent to the equation above since each of the shape-shifting factors inverts when one flips
the order of the points.

We first consider the shape-shifting transformations coming from comparing p; or p; with p; . By our
reduction above, u; and u;. lie in the same thick subsurface Y. Let oy, ..., oy, denote the arcs of @ NY
encountered when traveling from p} to p; along /;; then our definition of shape-shifting in subsurfaces

associates the transformation
_ 78 it s(ey)

Pp;,pi hi )

where ¢ = 1 if h; is oriented from plf to p; and —1 otherwise. Combining this equation with the
subsurface cocycle relation (Proposition 14.24),

_ _ 7€ Z?:lﬁ(aj)
(44) (Ppl’.,pi_,_] - (pplf,pi O @pi.pit1 = Thi °Ppi,pit1-

We now turn our attention to the transformation ¢, .r. Consider first the case when (p;—1, pi) is
K

simple; since p; and p; both lie on A;, this implies that (p;_;, p}) is also simple. Moreover, since the

geodesics 9(;_;; that separate p; ; from p; are the same that separate p;_; from p;, we may write

Cpi_1pi = %_1)1;2 § @(s1)0---0@(sy) 0 T;i(ui—l,ui)

and similarly for ¢, - In particular, each approximation for ¢p,_, ,; differs from the approximation
for ¢p, | P by translation along /;, and so the same is true in the limit:

s(uj—1,u;)—s(ui—1,u;)
(45) Ppi—1.0, = Ppi—1.pi © T, :

Applying axiom (SH3) for shear-shape cocycles (Definition 7.11) multiple times, we compute that

(46) s(uioy, up) —s(ui—y,ui) = & ) s(a)).
j=1

where ¢, = +1 if p; precedes plf along /; and —1 if plf precedes p;. Combining (44), (45) and (46),

o _ o T52 Yjis@)) o T PIECT) o _ o
$pi—1,p, ©Ppl,piy1 = Pri—1.pi O Ly, h; pi,pi+1 = Ppi—1,pi © Ppi,pit1

since &, = —e&1. This completes the proof of the lemma in the case when (u;_1, u;) is simple.

Similarly, if p;_; and p; lie on the same isolated leaf of A, then so must p. Unpacking the definitions
shows that (45) holds in this case, and Lemma 7.14 implies that (46) does as well. Therefore, in this case
we also see that the desired equality holds. O
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Figure 29: The cocycle relation for admissible routes.

Finally, now that we have constructed shape-shifting maps for arbitrary pairs of pointed geodesics in dy ¥,
we can prove that they piece together into an Isom™ (X~ )—valued cocycle.

Proposition 14.26 The map constructed from X and s,

@51 039 x 339 — Tsom™ (X),  ((hy, pv), (hws Pw)) = Opy . pro

is a 71 (X )—equivariant 1—cocycle as long as ||s||, < %D;L (X).

Proof That ¢ is r; (X')—equivariant means that @y, .y p, =¥ °@py, pw © y~! for y € m; (X); this follows
directly from the construction.

That ¢ is a I—cocycle means it satisfies the familiar cocycle condition on triples, ie

Ppu,pv © Pov,pw = Pou,pw-

Note that, if p, lies on some admissible route from p, to py, then this is fulfilled automatically by
unpacking the definitions and invoking Lemma 14.25.

One special case of the cocycle condition is when p, = py,; in this case we must show that ¢p, ., = w;u} Do
To demonstrate this, observe that reversing an admissible route from v to w produces an admissible route
from w to v. Moreover, by Corollary 14.14 in the simple case and by definition in the other cases, each

®pi.pi4 also inverts when we flip i and i + 1, proving that reversing v and w inverts ¢p, p,, -

Now suppose that u, v and w are all distinct; then there exists a unique subsurface Y of X \X such
that each component of X \ Y contains at most one of u, v or w (note that some of u, v and w may be
inside Y). Choose basepoints r;, r, and ry, on the boundary components of Y that are closest to u, v
and w (if any ® € {u, v, w} is in Y then set r, = p,). See Figure 29.

Choose an admissible route from p, to p, containing r;, and r, and similarly for the other two pairs.
Then, by Lemma 14.25 and the observation that the cocycle condition holds along admissible routes, we
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may write

Ppu,pv = Ppu.ru © Pru,ry © Pry,py
and similarly for the other two pairs. Combining all three equations and applying the cocycle relation
for Y (Proposition 14.24),

Cpu,pv ©Ppv,pw = Pou,ru ©Pru,ry ©Pry,py ©Ppy,ry ©Pry,rw ©Pry,pw = Ppu,ru ©Pry,rw ©Prv,pw = Pou,pw>

finishing the proof. See Figure 29 for a graphical depiction of this argument. a

15 Shear-shape coordinates are a homeomorphism

We now finish the proof of Theorem 12.1 by proving that the map o;: J(S) — % (1) is open
(Theorem 15.1) and proper and thus, by invariance of domain, a homeomorphism.

In Section 15.1, we use the shape-shifting cocycle ¢, built in the previous section, to deform the
representation p: 1 (S) — PSL, R that induces the hyperbolic structure X. The deformed representation ps
is then discrete and faithful (Lemma 15.3) and the quotient surface X, has the desired shear-shape cocycle
(Lemma 15.6). In particular, this gives us a continuous local inverse to o, proving openness. These
statements are similar in spirit to those in [Bonahon 1996], but the specifics of our proofs are different. In
particular, instead of adjusting the relative placements of ideal triangles of X \ A, we adjust the relative
position of pointed geodesics in A

We then prove properness of o in Section 15.2, concluding the proof of Theorem 12.1. Here we return
to Bonahon’s argument [1996, Theorem 20], but applying this strategy in our setting still requires a bit of
extra care due to the polyhedral structure of %™ (1).

Finally, in Section 15.3, we show that the action of R on $% T (1) by dilation produces lines in T(S)
that can sometimes be identified with directed Thurston geodesics.

15.1 Deforming by shape-shifting

In this section, we show that any positive shear-shape cocycle close enough to g3 (X)) is actually the
geometric shear-shape cocycle of a hyperbolic structure. Compare with [Bonahon 1996, Proposition 13].

Theorem 15.1 Let é be a maximal arc system containing a(X') and let tg be a standard smoothing.
Then, for any s € W(tg) such that ||s||., < %Dk (X) and such that o) (X) + s represents a positive
shear-shape cocycle, there exists X; € T(S) close to X with

o (Xs) = o (X) + 5.
In particular, the image of oy (X) is open in Y%+ (1).

The proof of this theorem appears at the end of this subsection as the culmination of a series of structural
lemmas. Our strategy is to explicitly define X; by using the shape-shifting cocycle constructed in
Section 14 to deform the hyperbolic structure on X. Before proceeding we note the following:
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Corollary 15.2 For all t € R and for all i € A(A),

or(Eqy, (X)) = 0 (X) + 111

Proof That the earthquake Eq,,, (X) is defined for all time is a consequence of countable additivity (equiv-
alently positivity) of ; a complete proof can be found in [Epstein and Marden 2006, Section III]. Viewing
the set of measures supported on A as a subset of (1), the formula is immediate from Theorem 15.1
once we note that Eq,, (X) = Xy, which follows from the description of ¢, as a limit of simple left (or
right) earthquakes; see (37) and Lemma 14.13. O

Fix s as in the statement of the theorem and pick an arbitrary v € ¥ and (y, py) € 9y Hy. Identifying X
isometrically with H? and (4, py) with a pointed line picks out a representation p: 71 (S) — PSL, R
that induces X. Since [|s]|¢, < %D;L (X), Proposition 14.26 allows us to construct the shape-shifting
cocycle @s.

We may now deform the representation p by ¢, by defining

IOE:JTI(S) g PSLZ R? V'_>§0pu,ypv°/0(7/)-

The equivariance and cocycle properties of Proposition 14.26 ensure that p; is itself a representation.
Indeed,
Ps(Y1V2) = @py.yivapy © P(V172)

= Ypy.v100 © Pyipuyivape © P(Y1) © p(¥2)
= @py,y1pv ° p(y1)o Ppy,y2pv © /O(VI)_I op(y1)op(y2)
= ps(¥1) © ps(¥2)

for all yq, y2 € m1(S). Our goal in the rest of the section is then to show that p; is discrete and faithful,
and that the quotient surface has the correct geometric shear-shape cocycle.

Adjusting geodesics To show that p; has the desired properties, we use @ to adjust the position of Xin X.
Ultimately, these adjusted geodesics correspond to the realization of A on the quotient surface X /im ps.

Let ¥ (f ) be the space of geodesics in X, and let 9A C ¢ (X) denote the set of boundary leaves of .
Define a map
®p, 1 0 — Z(X)

as follows: If / is a leaf of 9, then & = h, for some (hu, pu) in 0) ¥. The map ®,, then takes (hy, pu)
isometrically to the pointed geodesic ¢p,, p, (hu, pu) C X. Note that, if i, = hy, for some other (11, py)
in d; ¥, then

(pp_vl,pu O Ppy,pw = Ppu.pw
by the cocycle relation (Proposition 14.26) and ¢, , »,, is by definition a translation along /. Therefore

Dy hy = Pp, hy, so Dp, is indeed well defined.

Geometry & Topology, Volume 28 (2024)



2108 Aaron Calderon and James Farre

Using the fact that S is closed, the following lemma follows directly from the fact that p; defines a
representation of 771 (.S) in the same component of representations as p. We give a hands-on explanation
that does not use this fact.

Lemma 15.3 The representation p; constructed above is discrete and faithful.

Proof For distinct leaves /1, and /iy, € 0A, we claim that ®,, (hy) is disjoint from &, (hy). Indeed, by
the cocycle relation, the position of &, (/) relative to ®,, (/) is the same as the position of @p, . p,, 1w
relative to s,. Every finite approximation of ¢, ,, by compositions of elementary shape-shifting
transformations preserves the property that the image of /., is disjoint from /4, so the same is true in the
limit.

Therefore, as long as p(y) does not stabilize /1y, ®p, (0(y)hy) = ps(¥)hy is different from @, (hy) = hy.
If p(y) is a translation along /,,, we can find y, such that ,o(yoyyo_l)hv # hy, and so ps(y) does not
stabilize p(Yoy v, Y. In either case, this implies that ps(y) acts nontrivially on the space of geodesics,
so in particular p;(y) # 1, ie ps is faithful.

Since 71 (.S) is a nonelementary group and ps is faithful, im p; is a nonelementary subgroup of isometries.
So assume towards contradiction that ps is indiscrete. Then im p; must be dense in PSL; R; see eg
[Sullivan 1985, Proposition, page 246]. In particular, there is an element y € 7 (.S) such that ps(y) is
arbitrarily close to a rotation of angle 5 around py. Then ps(y)hy = ®p, p(y)hy meets iy in a point,
which is impossible because ®,, (/) is either equal to or disjoint from ®,, (o(y)hy). We conclude that
ps 1s discrete, completing the proof of the lemma. a

By Lemma 15.3, the quotient X; = X /im ps is a hyperbolic surface equipped with a homeomorphism
S — X in the homotopy class determined by ps. As such, ps; induces a (p, ps)—equivariant homeo-
morphism 39X — 9X, and hence a continuous, equivariant map on the space of geodesics.

Lemma 15.4 The map ®,, extends continuously to X, and D,, (X) descends to the geodesic realization
of A on X.

Proof By equivariance, the induced map on geodesics agrees with @, on 9A. The leaves of 92 are
dense in A, so the closure of the image of ®,,, is the geodesic realization of A on X;, which is invariant
under the action of ps. a

Since &, (X) is the lift of the realization of A on X, we may now leverage our understanding of the
shape-shifting cocycle to show that the complementary subsurfaces of X; \ A have the desired shapes.

Lemma 15.5 A(Xs) = AX) +a.

Proof Recall that by construction the unweighted arc systems of X \ A and X; \ A are both contained in
some joint maximal arc system f, leading to an identification of hexagons of X \ A with those of X \ As.
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So let B be an arc of B, realized orthogeodesically in X. Let B also denote a choice of lift, orthogonal to A
in X, and let u and w denote the hexagons adjacent to 8. Choose either of the geodesics g of A meeting 8
and let g, and g, be the basepoints of # and w on g. Then, by the cocycle relation (Proposition 14.26),

gOPv,Pw = wPU,Pu o (ppu sPw

and so, applying equivariance, the placement of g, relative to ¢, differs from the placement of p,, relative
to py only by ¢p,,p,, -

But now, since u and w are in the same subsurface, we see by definition that ¢, , 5, 1s translation along g
by exactly s(8). Therefore, the distance along ¢, »,, & between g, and ¢q,, is exactly the distance along g
between p, and py, plus s5(B). Translated into arc weights,

or(Xa)(B) = 02.(X)(B) + 5(B).

completing the proof of the lemma. a

Now that we know that the “shape” part of the data of oy (X;) is what it is supposed to be, we need only
check that the “shearing” data is as specified. Compare [Bonahon 1996, Lemma 19].

Lemma 15.6 The surface X has geometric shear-shape cocycle 05 (X5) = 03 (X) + s.

Proof Observe that, by the cocycle relation (Proposition 14.26) and the discussion in Section 13.2, it
suffices to compute the change in shearing data between simple pairs.

So suppose that (v, w) is simple. For each integer r, recall that 3, ,, = (u;)7_, denotes the set of
hexagons such that the intersection of the geodesic from p, to p, with u; has depth at most r with
respect to a fixed geometric train track. Set v = uo and w = 41, and let h; = g;,, the pointed boundary
geodesic of u; closest to v. Then, by Lemma 14.13,

o = TV 0 A(s1) 0 THU1 0 A(s3) 0+ 0 A(sy) o Tyt

is a good approximation of ¢, p,, for large enough r.

Now, for each r, we can deform the hyperbolic structure on X by golr)v’ p,, (sacrificing equivariance) and
measure the shear o, (v, w) between v and w in that deformed structure. More precisely, we recall that, if
h’; denotes the other geodesic in u; that separates v from w, the spike-shaping transformation is equal
to a translation along /; then along /;. We may then deform X by replacing each translation in the
factorization of ¢, , ~with a (right) earthquake along the same geodesic; compare with our “geometric
explanation” of spike-shaping in Section 14.2.

“it1) appearing in ¢, ., = shears X along a leaf of A, it preserves the

Since each translation 7, ; (u'
1
orthogeodesic foliation in complementary components. Therefore, each such term in the deformation

thus changes the shear between v and w by exactly s(u;, u;41).
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On the other hand, each spike-shaping transformation A(s;) is a parabolic transformation fixing the vertex
of the spike and thus preserves horocycles based at that point. In particular, the distinguished basepoints
of each /; and /) remain on the same horocycle and hence deforming by A(s;) does not affect o, (v, w).

In summary, deforming X by the approximation ¢, , - changes the shear between v and w by

or(v.w) =0 (. w) = Y s(ui uir1) = s(v, w),
i=0

where the last equality follows from finite additivity (axiom (SH2)).

Since this equality holds in each approximation and ¢, , = ¢p,,p,, as I — 00, the equality holds in the
limit as well. Therefore, deforming X by ¢p,,p,, changes the shear between v and w by exactly s(v, w),
which is what we needed to show. O

Proof of Theorem 15.1 As |5, < %DA (X), Lemmas 14.10 and 14.13 ensure that the limits in
the definition of ¢, ,, make sense for all simple pairs (v, w). Proposition 14.26 then allows us to
construct ¢;. By Lemma 15.3, the deformed representation ps = ¢, - p is discrete and faithful, and, by
Lemma 15.6, the quotient surface has the correct geometric shear-shape cocycle.

Finally, we observe that the values of shape-shifting cocycle ¢ all converge to the identity as ||s||, — 0,
and consequently X; — X. |

15.2 The global structure of the shear-shape map

We have already proven in Corollary 13.14 that the image of o, lies in %™ (1). We now show that this
containment is in fact an equality, completing the proof of Theorem 12.1.

We proceed in two steps; the first is to show that:
Proposition 15.7 The shear-shape map o), is a homeomorphism onto its image.

Proof Proposition 13.12 (injectivity of ;) allows us to invert o; on its image and, for each X € J(S),
Theorem 15.1 provides us with an open neighborhood of 3 (X) € %™ (1) on which o, 1 is defined
and continuous. By Proposition 8.5, %1 (1) C $%(A) is an open cell of dimension 6g — 6. Invoking
invariance of domain, o, ! and hence o), are local homeomorphisms. An additional application of
Proposition 13.12 implies that oy, is globally injective, so o; is a homeomorphism onto its image, as
claimed. |

The second step is to prove that o : T(S) — $%T (1) is a proper map. That is, we must show that,
when X} escapes to infinity in J(S), the corresponding shear-shape cocycles o) (X}) must diverge
in 99T (1). Since proper local homeomorphisms are coverings and $%1 (1) is a cell, the map o3 must
be a homeomorphism.
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The proof we present below is essentially just that of [Bonahon 1996, Theorem 20], but we have to
address the additional complications introduced by the PL structure of Y% (1); this manifests itself in
the stratified real-analytic structure of the map.?3

Proof of Theorem 12.1 We begin by recording an estimate for the geometry of surfaces near the
boundary of the image of o (where “near” is measured in a train track chart).

So suppose that X € T(S), set @ =a(X), and build a standard smoothing 7, carrying A geometrically on X.
Fix € > 0 and suppose that there exists some s € W(zq) with |5/, < € such that 0 (X) + 5 € FHT (L)
is not in the image of o7 ; then Theorem 15.1 implies that

7D (X) < |lsll, <e.

The following claim can be extracted from the proof of [Bonahon 1996, Theorem 20]; we outline a proof
for the convenience of the reader.

Claim 15.8 There is a transverse measure ( € A(A) with 1/9%(S) < ||ull¢, =1 and

Cx (1) = wgw(oy(X), 1) <e.

Proof If there is a simple closed curve component of A with length at most €, then we are done. Otherwise,
even though A + a defines a hyperbolic structure on each piece of S \ A, the overall shear-shape cocycle
0y, (X) +s does not define a hyperbolic structure on S because the proof of Lemma 14.10 or Lemma 14.13
fails. Therefore, there is a simple pair (v, w) for which the finite products ¢ (or ¢;, ,,) fail to converge
as J€ tends to 9y 4 (0r r — 00).

We claim that there exists # between v and w and a spike s = (g, &) of H, such that the following holds:
for any geodesic transversal £ C X to A meeting the spike s, the countably many points of kn gCg
(labeled by r € N) exiting one end of g escape at a rate strictly slower than €(r — 1). In other words,
there are segments d, C g such that £x(d,) < e(r — 1) and d, meets k exactly r times.

If this were not the case, then, as in the proof of Lemma 14.5, the “gaps” ¢, C ky, \ A have length
Lx(cy) = O(e™¢"), where ¢, N g is labeled by r € N. This estimate on the decay of gaps implies that ¢y
converges as ¥ — 9, 4 and that (ps’w — @y,w as r — oo (see the proof of Lemma 14.10), contradicting
our assumption.

Now consider the weight system w, on 7, (not satisfying the switch conditions) defined by counting
the number of times d, travels along each branch of 74, and dividing by the total number of branches
n, that d, traverses, with multiplicity. Observe that n, > r by definition. Then ||w, |, < 1 in the
vector space R5(%) and w, takes value zero on branches corresponding to arcs of o. Moreover, w, is

23Recall that 9¢T (1) is an open cone with finitely many faces in a vector space, while $9¢™ (1) is an affine cone bundle over a
piecewise-linear space with no obvious way of extending the smooth structure over faces of (S \ 1).
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nonnegative on each branch and approaches the weight space W(t) C R as r — co. Since w, are
built from leaves of A, any limit point x defines a transverse measure supported on A (compare also
[Penner and Harer 1992, Proposition 3.3.2]).

There are at most 9 x(.S) branches of 7, so by the pigeonhole principal there is a branch such that each
w, has mass at least 1/9x(.S), and therefore so must p. But now, by construction,
{x(d —1)e
x (dy) < (r ) <
nr nr
providing the desired measure. |

tx () = lim €,

Now suppose towards contradiction that ¢ is maximal and oy (X%) € %" (A;@) is a sequence ap-
proaching some o € Y% (A; &) that is not in the image of o3. We may then apply the above construc-
tion to 0 — 03, (Xx) to extract a family of measures y on A satisfying 1/9x(S) < |||z, < 1 and
wyy (03, (X), ur) — 0. By compactness of the set measures on A with norm bounded away from zero and
infinity, there is some nonzero accumulation point p of pg. Continuity of wyy (Lemma 8.3) then gives

gy (o0 (Xk), ig) = wg3(o, ) = 0,

and so o & $% 1 (A; ), a contradiction. Hence, im(0y) N ¥ (A; @) is relatively closed. On the other
hand, o; is a local homeomorphism by Proposition 15.7, and hence im(o;) N ¥% (A; @) is relatively
open.

If we knew that the projection of im(o} ) surjected onto Z(S \ A) (or at least met each top-dimensional
face), we would be done. Since we do not a priori have this information, we instead work our way out
in (S \ 1) cell by cell.

To wit, we may invoke Theorem 15.1 once more to deduce that im(o; ) N FH T (A; ') is relatively open
for every filling arc system o’ that shares a common filling arc subsystem with o (hence, Y% T (A; @)
and 9% (A; ') intersect). Repeating the argument above for these cells, im(03) D %1 (A; ') as well.
Since #(S \ 1) is connected, iterating this procedure allows us to deduce that im(oy) D % (1). The
reverse inclusion follows from Corollary 13.14, so 03, is a homeomorphism onto $% ™ (1).

To address the regularity of o;, we note that while (S has a natural R—analytic structure, $#(A) does
not. However, for each arc system «, filling or not, the open cell %°(«) has a well-defined analytic
structure compatible with that of the analytic submanifold of J(S \ 1) that it parametrizes. The total
space of the bundle $9°(A; @) — %°(x) also carries an analytic structure, invariant under train track
coordinate—transformations (Proposition 8.5); thus 3 (A) has a stratified R—analytic structure.

The shape-shifting cocycle ¢, and hence the surface X;, then depends real-analytically on s € W(ty)
(where o here is equal to the support of 4(X), not a maximal completion). The reason for this is
clear: all elementary shape-shifting transformations are products of small parabolic transformations (see
[Thurston 1986, Section 9] or [Bonahon 1996, Theorem A]) or translations with translation distance that
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are (restrictions of) real-analytic functions on (an analytic submanifold of) J(S \ A). These products
converge absolutely to the shape-shifting cocycle, and hence uniformly on compact sets to an analytic
deformation. O

15.3 Dilation rays and Thurston geodesics

Using our coordinatization, we can define an extension of the earthquake flow to an action by the
upper-triangular subgroup.

Definition 15.9 Given a measured geodesic lamination A, a hyperbolic surface X € J(S), and ¢ € R,
define an analytic path of surfaces {X. }{} teR by

X} =03 (' or (X)),

called the dilation ray** based at X directed by A.

As the earthquake flow acts by translation in coordinates (Corollary 15.2), dilation and earthquake
along A (together with scaling the measure on A) fit together into an action by the upper-triangular
subgroup B < GL;R on PJT,. More explicitly, we can specify an action of B on J(§) x R5oA (by
homeomorphisms) by setting

47) (g [Z) (X, 7)== (05 a0y (X) + bA), cA).

These B—actions assemble into a Mod(S)—equivariant B—action on Jg (observe that o) depends only
on the support of A and not the actual measure). Quotienting by the mapping class group and restricting to
the unit-length locus then gives a P—action on @IA/Lg, and since dilation preserves the property of being
regular, a P—action on each stratum @IJI/Lrgeg (k). We call any such action an action by stretchquakes.

Using the commutativity of (2) (Theorem 13.13), we can compare (47) with the computations performed
in Lemmas 11.1 and 11.2 to see that:

Proposition 15.10 The map O takes the P—action of (47) on @l/l/tg to the standard P-action on Qllﬂ/tg.

While we have defined them via coordinates, it is not hard to see that dilation rays are geometrically
meaningful families of surfaces. Generally, we obtain paths of surfaces along which the length of A scales
nicely, and we can identify some dilation rays as directed lines in Thurston’s asymmetric metric on J(S).

Mirzakhani [2008, Remark, page 33] observed that, for a maximal lamination p, the dilation ray # — X li
corresponds to the stretch path directed by u defined by Thurston [1986, Section 4]. Very roughly, stretch
paths are obtained by gluing together certain expanding self-homeomorphisms of the ideal triangles that
form X \ u along the leaves of .

24We are abusing terminology here by declaring that the image of R under an analytic mapping is a ray. Our aim is to emphasize
that the dilation ray should be thought of as directed toward the future, even though it can be defined for all time.
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Lemma 15.11 [Thurston 1986, Proposition 2.2] Let P, be a regular ideal hyperbolic n—gon. For any
K > 1, there is a K—Lipschitz self-homeomorphism P, — P, that maps each side to itself and expands
arclength along the boundary by a constant factor of K.

Proof The orthogeodesic foliation O(P,) is measure equivalent to a partial foliation by horocycles
centered at the spikes of P,. The desired K-Lipschitz homeomorphism P, — Py, is constructed by fixing
the central horocyclic n—gon and mapping each horocyclic arc at distance s from the central region to the
horocyclic arc at distance Ks in the same spike. |

Any partition k = (kq,...,k,) of 4g —4 determines a regular locus @g;eg () of pairs (X, A), where the
complement of A in X is a union of regular ideal («; +2)—gons. Then @’lM?ch) is the moduli space of
pairs where £x (1) = 1.

Gluing together the expanding maps of regular polygons provides an explicit model of dilation rays
in ! Mg (k) and identifies them with geodesics for the Thurston metric. A survey of some basic properties
of Thurston’s metric as well as similarities and differences between directed stretch rays and Teichmiiller
geodesics can be found in [Papadopoulos and Théret 2007]. The following proposition was inspired in
part by recent work of Horbez and Tao [> 2024], in which they investigate the minimally displaced sets
in the Thurston’s metric using a similar construction.

Proposition 15.12 For any (X, 1) € ?J¢*(k), the dilation ray {X] : 1 € R} C ®T*(k) is a directed
unit-speed geodesic in Thurston’s asymmetric Lipschitz metric.

Proof Since A is regular on X, 03 (X) € 9% (1) lies in the fiber over the empty arc system. Scaling
0y, (X) preserves this arc system, so X }f is regular for all 7. It suffices to prove that the optimal Lipschitz
constant for a map X — X. )f in the homotopy class determined by markings is e’ for all # > 0.

Let H) (X) denote the (partial) foliation of X by horocyclic arcs that is measure equivalent to 0y (X).
The maps of Lemma 15.11 assemble to an e’—Lipschitz homeomorphism X \ A — X, t)‘ \ A such that
H, (X) maps to H; (X )’:) = e’ Hy (X) on each component (as measured foliations). Now, using the fact
that oy (X /{) = e'0y (X), we can adapt the argument of [Bonahon 1996, Lemma 11] (as sketched in
Proposition 13.12) to show that this map is locally Lipschitz and hence extends across A to an e’—Lipschitz
homeomorphism X — X;.

Thus e’ provides an upper bound for the optimal Lipschitz constant in the homotopy class determined by
markings. On the other hand,

Uyt (M) = 0g(03.(X7), 1) = oy (e’ 03 (X), h) = e'Lx (4).

so e’ is also a lower bound for the optimal Lipschitz constant. O

Remark 15.13 As in the last line of the proof of Proposition 15.12 we always have £ X! A) =ellx (X))
for arbitrary A € ML(S). Thus the distance from X to X }f in Thurston’s metric is at least . However, we
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do not always know how to build e’—Lipschitz proper homotopy equivalences X \ A — X. )’L \ A (in the
correct homotopy class) that expand arclength along dX \ A by a constant factor of e’.

Remark 15.14 (added in proof) Inrecent work, Pan and Wolf [2022] build new families of geodesics for
the Lipschitz metric using harmonic maps. Their work also uses our coordinates to show that certain “Hopf
differential disks” in Jg converge to “stretch—earthquake disks”. It would be interesting to know if their
new geodesics coincide with the dilation rays defined here, and, by extension, if their stretch—earthquake
disks are the same as the orbits of the stretchquake action defined here.

Remark 15.15 Our dilation rays are different from Thurston’s stretch rays defined with respect to one
of the finitely many maximal completions of A when A is not maximal. This follows from the fact that
0y (X) # 0yp/(X), where A’ is a maximal completion of A.

The map T4 * (k) x R — PT,* (k) defined by the rule (X, A,7) > (X!, e 1) is called the stretch flow.
The stretch flow is Mod(S)—equivariant and

U (€710 = Lx (1),
and hence descends to QPlJl/Lrgeg ().

Corollary 15.16 Let v be a P—invariant ergodic probability measure on Q’IMg.

e Forv-almostevery (X, A), the dilationray t > X )’L is a unit-speed geodesic in Thurston’s asymmetric
metric.

e On a set of full v—measure, the action of the diagonal subgroup of P is identified with the stretch

flow and O conjugates stretch flow to Teichmiiller geodesic flow.

In particular, the stretch flow is ergodic with respect to v.

Proof By Corollary 1.2, v—almost every point is regular (with respect to the same topological type of
lamination), so the first statement of the theorem is immediate from Proposition 15.12.

The second statement is essentially a restatement of Theorem B combined with the previous statement.
Alternatively, in the Gardiner—Masur parametrization of 2J¢ (Theorem 2.1), the Teichmiiller geodesic
flow at time 7 is given by (1, 1) = (e’n, e~*1), so unraveling the definitions and using commutativity
of (2) (Theorem 13.13) gives the result.

For ergodicity, we apply Theorem C which asserts, in particular, that O4v is an ergodic SL; R—invariant
probability measure on SllJl/Lg (k). The Howe—-Moore Theorem implies that any noncompact, closed
subgroup of SL; R inherits ergodicity (see eg [Feres and Katok 2002, Theorem 3.3.1]); in particular, the
Teichmiiller geodesic flow is ergodic with respect to Oxv. So O maps any stretch flow—invariant set B of
positive v—measure to an O, v Teichmiiller geodesic flow—invariant set of positive measure, which must
have full measure by ergodicity. Thus v(B) = 1, demonstrating ergodicity of the stretch flow. O
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Recently, Allessandrini and Disarlo [2022] constructed Lipschitz maps between some pairs of degenerate
right-angled hexagons that stretch alternating boundary geodesics by a constant factor. Recall from
Section 6 that the Teichmiiller space of an ideal quadrilateral is 1-dimensional and can be described as
the cone over a pair of points corresponding to the two arcs « and 8 that join opposite sides of Q.

Lemma 15.17 Let Q be an ideal quadrilateral with weighted filling arc system sd, where § € {«, f}. Let
Q! be the quadrilateral with arc system e's§. There is an e’ —Lipschitz surjection Q — Q' that multiplies
arclength along the boundary of Q by a factor of e!. Moreover, the projection of the compact edge of the
spine of Q is mapped to the projection of the compact edge of the spine of Q.

Proof Every ideal quadrilateral has an orientation-preserving isometric involution swapping opposite
sides. Thus the orthogeodesic representative of § cuts Q into two isometric pieces, each of which is a
right-angled hexagon with two degenerate sides. On each piece, we can apply [Alessandrini and Disarlo
2022, Lemma 6.9] to obtain maps which glue together along § to give a map with the desired properties. O

We immediately obtain some new geodesics for Thurston’s metric.

Proposition 15.18 If S\ A consists of ideal triangles and quadrilaterals, then, forany X € J(S),t+— X )f
is a directed, unit-speed geodesic for Thurston’s asymmetric metric.

Proof The proof is nearly identical to the proof of Proposition 15.12, so we only provide a brief outline.
Construct an e’—Lipschitz surjective map X \ A — X, t)‘ \ A from the units of Lemmas 15.11 and 15.17.
For the same reason as before, this map extends continuously across the leaves of A and provides an
e’—Lipschitz homotopy equivalence X — X7 in the homotopy class determined by markings. Thus e’
is an upper bound for the Lipschitz constant among homotopy equivalences X — X. ){ in the correct
homotopy class. This is clearly an upper bound for the ratio

Lu(X5)
max ————.
pedt(S) £y, (X)
But ¢’ is also a lower bound for this ratio, because the length of A is scaled by a factor of e’.

By [Thurston 1986, Theorem 8.5], there is an e’ ~Lipschitz homeomorphism X — X. }f homotopic to the
map constructed above. O

Remark 15.19 The proof of Proposition 15.18 clearly supplies a more general statement: if A is filling
and cuts X € J(S) into a regular polygons and quadrilaterals of any shape, then ¢ — X ){ is a geodesic
for Thurston’s metric.

There are other cases in which we can glue Lipschitz maps between degenerate right-angled hexagons
that can be found in the literature (eg [Alessandrini and Disarlo 2022; Papadopoulos and Yamada 2017]).
However, these other cases require additional symmetry that is not always present in our setting. We
suspect that there is a different approach that would prove that dilation rays can always be identified with
Thurston geodesics, so that O conjugates a kind of Thurston geodesic flow to Teichmiiller geodesic flow.
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16 Future and ongoing work

There is much more to understand about the correspondence between hyperbolic and flat geometry
described in this paper. In addition to using the orthogeodesic foliation to import tools from Teichmiiller
dynamics into the world of hyperbolic geometry (and vice versa), the authors expect this link to provide
retroactive explanations for analogous phenomena in the two settings.

We describe a number of future directions and potential applications of the correspondence below, some
of which will be addressed in forthcoming sequels.

Continuity and equidistribution Theorem D states that, for a fixed lamination Oy : 7(S) — MF(A) is
a homeomorphism, but, as Mirzakhani [2008, page 33] already observed, O cannot be continuous on P 7.
Moreover, Arana-Herrera and Wright [2024] have proven that the earthquake and horocycle flow are not
topologically conjugate by any map. At fault is the basic fact that the support of a measured lamination
does not vary continuously in the relevant topology.

In [Calderon and Farre 2024a], we investigate the continuity properties of O restricted to specific families
of (X, 1) with constrained geometry and topology. On these families, the support of A is forced to vary
continuously in the Hausdorff topology as the pair varies (in the usual topology on #Jg). For example,
each of the regular loci has this property. With this extra geometric control in hand, we prove that O
restricts to a homeomorphism PJ¢ * (k) <> 2 ¢* (k) on each regular locus.

By imposing a stronger (yet still geometrically meaningful) topology on JLL(S), we ensure the continuity
of O varying over all pairs: let 91£(S) denote the set of measured laminations with the “Hausdorff +
measure” topology, so that measured laminations are close in 9T£(S) if they are close both in measure
and their supports are Hausdorff close. We prove a general phenomenon that O: 7 (S) x ML(S) — 2T (S)
is locally Holder continuous with respect to a nice family of locally defined metrics in geometric train
track coordinates [Calderon and Farre 2024a, Theorem 12.7].

Our continuity arguments depend on a detailed analysis of the geometric structure of small foliated
train track neighborhoods of a lamination on a hyperbolic surface. This analysis is sufficiently robust to
produce “enough continuity” to deduce that O is a Borel-measurable isomorphism, a fact which is pivotal
for applications. The results of Section 1.2 then live in a more natural setting, as well.

Combined with this work, the conjugacy of Theorems A and B allows us to import techniques of flat
geometry to the hyperbolic setting. In particular, while O is not continuous, its discontinuity is controlled
enough that we can translate between equidistribution in ?!'J ¢ and equidistribution in 9! J ¢ [Calderon
and Farre 2024b].

Symplectic structure For a maximal lamination A, S6zen and Bonahon [2001] identified the Goldman
symplectic form on the Teichmiiller component of Hom(r1 .S, PSL, R)/PSL, R (also the Weil-Petersson
symplectic form) as 0wy in shear coordinates. For arbitrary A € ML(S) and X € T (S), the shape-shifting
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cocycles built in Section 14 provide an open set of deformations of the hyperbolization [p: 7;.S — PSL; R]
of X (Theorem 15.1). Taking derivatives (as in [S6zen and Bonahon 2001]) identifies the tangent space
to [p] with the vector space of Ad,—invariant Lie algebra valued 1—cocycles, yielding a reasonably explicit
formula for a vector in the tangent space at [p]. Using this formula, it is then possible to compute
an expression for the Goldman symplectic form in shear-shape coordinates. It remains to understand
precisely how O interacts with the various natural symplectic forms on P.ilg and 2.Mlg and the (degenerate)
symplectic forms on strata, a question that is made technical by the lack of regularity of O.

Measures To each PSL, R—invariant ergodic probability measure on 2!.lg, pushforward along 0!
produces a P—invariant ergodic probability measure on @lﬂ/tg (and vice versa). An important class of
such measures on the singular flat side is furnished by the Masur—Veech measure 1, on a component of
a stratum 2'lg (k). In [Calderon and Farre 2024a], we give a geometric description of v, := 05! (1,)
on the corresponding “stratum” @lﬂ/trgeg (), which parallels [Mirzakhani 2008, Theorem 1.4] that on the
principal stratum, v, disintegrates into the Weil-Petersson measure on hyperbolic surfaces and Thurston
measure on laminations (up to a normalization factor). We give an outline of the various ingredients
required to make the analogous statement for v, with k arbitrary.

As discussed in Section 9.3, the piecewise-integral-linear (PIL) structure on $%¢(A) endows it with an
integer lattice and distinguished measure in the class of Lebesgue. Indeed, for each filling A, the integer
lattice in 9% (1) restricts to an integer lattice on the fiber T (1) over the empty arc system due to
integrality of the equations defining the piecewise-linear structure of (S \ A). The empty arc system
corresponds to the set of X on which A is regular, and so the PIL structure induces a measure (in the
class of Lebesgue) on this regular locus.

We identify the kernel of the Goldman symplectic form restricted to regular loci as tangent to certain
“hyperbolic Schiffer deformations” associated to each even-gon in the complement of A. These directions
admit explicit descriptions as weight systems on a snug train track for A [Bonahon and Wong 2017,
Appendix] which can be reinterpreted as 1-forms on regular loci obtained as the differentials of coordinate
functions. Using our formula for the Goldman symplectic form restricted to regular loci, we identify
the pullback of the Lebesgue measure on the fiber #(A) over the empty arc system with an analytic
volume form obtained as a wedge power of the restricted symplectic form then wedged together with the
distinguished 1-forms associated to the kernel.

Using snug train tracks, one can define a k—Thurston measure on the space ME (k) of polygonal measured
laminations of a given topological type. While this is essentially Lebesgue measure in train track
coordinates for the “measure 4+ Hausdorff” topology, it is not locally finite in the usual topology on JLL(S).
One can construct natural train track coordinate charts that give local measurable trivializations of
QPIJ(/Lg (k) and exhibit v, as the product of k—Thurston measure and the Weil-Petersson-type volume form.

Expanding horospheres Counting problems for square-tiled surfaces/curves on hyperbolic surfaces
are intricately related to the equidistribution of L—level sets for the intersection number with/hyperbolic
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length of laminations as one takes L. — oo. When A is a multicurve, the equidistribution of such
“expanding horospheres” to the Masur—Veech measure on the principal stratum of SllJl/Lg/ the pullback
by O of this measure on Q’IMg (sometimes called Mirzakhani measure) was established in [Mirzakhani
2007; Arana-Herrera 2021; Liu 2022] using the geometry of the (symmetrized) Lipschitz metric, the
nondivergence of the earthquake flow, and a no-escape-of-mass argument. On the other end of the
spectrum, the equidistribution of expanding horospheres for maximal A to QIJI/Lg can be proven using
a standard “thickening plus mixing” argument from homogeneous dynamics; in the flat setting this is
implicit in the work of Lindenstrauss and Mirzakhani [2008], and was recently generalized in [Forni
2021, Theorem 1.6] using different methods. Equidistribution in the hyperbolic setting then follows from
the continuity results described above.

Using our extension of Mirzakhani’s conjugacy (and the continuity results described above), the same
“thickening plus mixing” technique can be used to prove that expanding horospheres based at any A equidis-
tribute to the Mirzakhani measure on ?!.ilg. Moreover, an analogous result holds for strata: intersections
of expanding horospheres based at A and the regular locus should equidistribute to the pullback to @IJI/Lg
of the Masur—Veech measure for a component of SllJl/Lg () [Calderon and Farre 2024b, Theorem 1.4].
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The asymmetry of Thurston’s earthquake flow

FRANCISCO ARANA-HERRERA
ALEX WRIGHT

We show that Thurston’s earthquake flow is strongly asymmetric in the sense that its normalizer is
as small as possible inside the group of orbifold automorphisms of the bundle of measured geodesic
laminations over moduli space. (At the level of Teichmiiller space, such automorphisms correspond to
homeomorphisms that are equivariant with respect to an automorphism of the mapping class group.)
It follows that the earthquake flow does not extend to an SL(2, R)—action of orbifold automorphisms
and does not admit continuous renormalization self-symmetries. In particular, it is not conjugate to
the Teichmiiller horocycle flow via an orbifold map. This contrasts with a number of previous results,
most notably Mirzakhani’s theorem that the earthquake and Teichmiiller horocycle flows are measurably
conjugate.

30F60; 32G15

1 Introduction

Context The bundle @lJl/Lg of unit-length measured geodesic laminations over the moduli space .lg
of hyperbolic or Riemann surfaces of genus g is most naturally seen as a construction of hyperbolic
geometry, whereas the bundle SZIJI/Lg of unit-area quadratic differentials over .Ilg is most naturally seen
from the perspective of either complex analysis or flat geometry. The bundle Q’IMg supports Thurston’s
rather mysterious earthquake flow, which is most concisely defined as a Hamiltonian flow using the
Weil-Petersson symplectic form, whereas the bundle Q,IA/Lg supports the Teichmiiller horocycle flow,
easily defined as part of the much-studied SL(2, R)—action. Mirzakhani showed that, despite their different
origins, these flows are measurably isomorphic.

Theorem 1.1 [Mirzakhani 2008] There is a measurable conjugacy @lﬂ/tg — QZIA/Lg between the
earthquake flow and the Teichmiiller horocycle flow.

In addition to being of fundamental interest as a bridge between different perspectives on the geometry of
surfaces and their moduli spaces, this theorem has powered many applications concerning equidistribution,
counting and the study of random surfaces [Mirzakhani 2007a; 2016; Arana-Herrera 2021; 2022; Liu
2022; Lu and Su 2022].

Mirzakhani’s conjugacy is only defined on a full-measure subset of %! Mg, and, as remarked by Mirzakhani
herself [2008, Section 6], this conjugacy cannot be extended to a continuous map on all of QPIJMg. Despite
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this, Calderon and Farre [2024] extended Mirzakhani’s conjugacy to a bijection which, although not

continuous, is geometrically natural and has exciting new applications.

One reason Theorem 1.1 is plausible is that there are many conceptual similarities between the earthquake
flow and the Teichmiiller horocycle flow, such as the following:

(1) Both arise from some notion of shearing.
(2) Both have been understood by analogy to unipotent flows on homogeneous spaces.

(3) Both are Hamiltonian with respect to related symplectic structures [Masur 1995; S6zen and Bonahon
2001].

(4) Both are associated to natural complex disks in Teichmiiller space, namely Teichmiiller discs for the
Teichmiiller horocycle flow and complex earthquake discs for the earthquake flow [McMullen 1998].

(5) Both have quantitative nondivergence properties [Minsky and Weiss 2002].

No continuous conjugacy In light of all these similarities and the work of Mirzakhani, Calderon
and Farre, one might wonder if a result stronger than Theorem 1.1 holds: perhaps the earthquake and
Teichmiiller horocycle flows are isomorphic from the point of view of continuous dynamics, ie perhaps
there is a different conjugacy between these flows that is also a homeomorphism. This question was
advertised by Wright [2020, Problem 12.3; 2022, Remark 5.6]. Our main result on asymmetry, which we
will state shortly as Theorem 1.4, implies a negative solution to this problem.

Theorem 1.2 There does not exist an orbifold conjugacy QPI./!/Lg — Sllﬂ/tg between the earthquake flow
and the Teichmiiller horocycle flow.

The technical restriction in Theorem 1.2 that the conjugacy respects the orbifold structure of these spaces
is natural since both spaces have the same orbifold structure [Hubbard and Masur 1979].

The existence of an orbifold conjugacy Q’I.A/Lg -9l Mg as in Theorem 1.2 is equivalent to the existence of
a topological conjugacy %! Tg— 9! T ¢ of the lifts to Teichmiiller space of the earthquake and Teichmiiller
horocycle flows that intertwines an automorphism p: Modg — Mod, of the mapping class group. For
detailed discussions on the theory of orbifolds, see [Thurston 1979, Chapter 13; Erlandsson and Souto
2022, Section 2]. In particular, the following corollary holds:

Corollary 1.3 There does not exist a mapping class group equivariant topological conjugacy P! Tg—
9! J ¢ between the earthquake flow and the Teichmiiller horocycle flow.

Strong asymmetry A flow E = {E;: ¥ — &};cr on a space & can be interpreted as a group homo-
morphism E: R — Aut(¥) mapping ¢ € R to E; € Aut(¥), where the automorphism group Aut(¥) is
defined in whatever category (smooth, continuous, measurable, etc) is under consideration.

The centralizer of the flow E is defined as

C(E)={FeAut(®): (Vi €R) E;0o F = Fo E,}.
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The centralizer corresponds to the most narrow concept of the set of symmetries of a flow one can consider,
consisting only of the automorphisms that commute with it. A slightly broader notion is the extended
centralizer of a flow, defined here as

Ci(E)y={FeAut(X):(Fee{l,-1})(Vt €R) E;o F = Fo E.}.
The extended centralizer includes time-reversing symmetries of a flow.
Even more broadly, one can consider the normalizer of a flow, defined as
N(E)={FecAut(¥):(Fee{l,-1},s e R)(Vt €R) E; o F = Fo E_,2s,}.

The normalizer includes symmetries that scale time, ie which conjugate the flow to a constant-speed
reparametrization of itself. If F'€ N(E) is as above, we call F a normalizer of the flow, or an s—normalizer
if we wish to specify the time dilation factor 2.

The smallest N(E) can be is the flow itself, namely N(E) = {E;};cr. When this is the case, we say
that the flow E is strongly asymmetric. Our main result establishes this strong asymmetry property for
the earthquake flow.

Theorem 1.4 The normalizer of the earthquake flow inside the group of orbifold automorphisms of %! Mg
is the flow itself.

Theorem 1.2 follows immediately from Theorem 1.4, since the Teichmiiller horocycle flow is normalized
by the Teichmiiller geodesic flow.

A few remarks Before discussing the proof of Theorem 1.4, let us make a couple of remarks.

Remark 1.5 In testing the plausibility of Theorem 1.4, it is natural to consider both Thurston’s stretch
map flow, defined in [Thurston 1998], and grafting, so we discuss both in turn.

The stretch map flow already makes a natural appearance in any discussion regarding Mirzakhani’s
conjugacy. Indeed, Mirzakhani’s conjugacy shows that the earthquake flow is part of a measurable
SL(2, R)-action in which the diagonal subgroup acts via the stretch map flow. The stretch map flow does
normalize the earthquake flow, but, since it is only defined on a full-measure subset of gPlJl/Lg, this does
not contradict Theorem 1.4.

Grafting plays a central role in the definition of complex earthquake discs. If one compares Teichmiiller
discs to complex earthquake discs, the Teichmiiller geodesic flow corresponds to grafting. Grafting is
continuous, but, since it does not normalize the earthquake flow, this does not contradict Theorem 1.4.

In the next two remarks, it is implicit that we are working in the category of topological orbifolds (so in
particular all conjugacies are continuous).

Remark 1.6 Theorem 1.4 implies that the earthquake flow is not conjugate to its own inverse. (The
inverse of a flow ¢ — E; is the flow t — E_;.)
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Remark 1.7 Theorem 1.4 implies that the earthquake flow is not the restriction of any SL(2, R)—action
to any one-parameter subgroup. (One way to see this is to note that every noncompact one-parameter
subgroup of SL(2, R) has nontrivial normalizer, since the horocycle flow is normalized by the geodesic
flow and the geodesic flow is normalized by an involution.)

Outline of the proof Every normalizer can and should be considered as a conjugacy between the
earthquake flow and a (possibly trivial) linear time change of itself. Given an s—normalizer F': @lﬂ/tg —
QPUI/Lg, we constrain its behavior until we are eventually able to show it is an element of the flow. This
involves four main steps, each occupying a different section of this paper. Throughout we assume
(X, 1) € Pl and F(X, 1) = (Y, p).

(1) By studying minimal sets, we show in Proposition 2.1 that p is a multicurve if and only if A is,
and, moreover, that the number of components of j is equal to the number of components of A.
This is strongly related to [Minsky and Weiss 2002; Smillie and Weiss 2004].

(2) Leveraging the rigidity of the curve complex, we show in Proposition 3.1 that p is a multiple of A.
This relies on [Ivanov 1997] and applies to all (X, ) € PL.il,.

(3) By carefully analyzing the periods of specific closed orbits, we determine in Lemma 4.2 what the
multiple is, showing u = e® - L. We moreover show in Lemma 4.3 that, often, many curves shrink
by at least a factor of ¢ * in the passage of X to Y. This gives a contradiction unless s = 0, showing
that the normalizer is equal to the extended centralizer, a conclusion we record as Proposition 4.1.

(4) In Proposition 5.1, we show that the extended centralizer of the earthquake flow is trivial, by
showing that many and hence all orbits are preserved, and using ergodicity. We use the generalized
McShane identity of [Mirzakhani 2007b] as a technical tool.

Open problems Many interesting questions related to Mirzakhani’s conjugacy remain open. We highlight
a few of them here.

To our knowledge, the only previously established dynamical difference between the earthquake and
Teichmiiller horocycle flows concerns cusp excursions in the specific case of once-punctured tori [Fu
2019]. Previous to this, it was known that certain orbits of the two flows do not stay finite distance apart
in one-dimensional Teichmiiller spaces [Minsky and Weiss 2002, Proposition 8.1].

Theorem 1.4 is a dynamical difference, since it relates to renormalization, but it would be illuminating to
find less subtle differences.

Problem 1.8 Find a dynamical, non-group-theoretic property that is invariant under topological conjuga-
cies and which holds for exactly one of the earthquake flow and the Teichmiiller horocycle flow.

It is easy to construct topological joinings between the earthquake flow and the Teichmiiller horocycle
flow. For example, consider the set of pairs

(X, 1), q) € P ity x 2 ity
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such that the horizontal foliation of ¢ is equal to A. This construction of a topological joining admits

many different variations.

Problem 1.9 Classify all the topological joinings between the earthquake flow and the Teichmiiller

horocycle flow.

More generally, our dynamical understanding of the earthquake flow remains incomplete, leaving questions
such as the following open.

Question 1.10 Is the earthquake flow polynomially mixing?

In comparison, it is known that the Teichmiiller horocycle flow is polynomially mixing [Avila et al. 2006;
Avila and Resende 2012; Avila and Gouézel 2013; Ratner 1987].

There are also interesting open questions related to strong asymmetry, including the following deliberately

vague question:
Question 1.11 How common is strong asymmetry in smooth dynamics?

The most interesting setting for this question may be flows that share some properties with the earthquake
flow, such as volume-preserving flows with zero entropy and having closed orbits of all periods.

Centralizers of flows (and diffeomorphisms) have been studied, for example, in [Obata 2021; Bakker
and Fisher 2014; Bonomo and Varandas 2019]. Actions of Baumslag—Solitar groups and other discrete
solvable groups have been studied, for example, in [Bonatti et al. 2017; Guelman and Liousse 2011;
2013; Wilkinson and Xue 2020; Burslem and Wilkinson 2004; McCarthy 2010]. Actions of solvable
Lie groups have been studied, for example, in [Ghys 1985; Ghys and Verjovsky 1994]. See [Wilkinson
2010; Navas 2018] for some open questions and additional context. See [Navas 2011] for more on the
one-dimensional case.

In [Fraczek et al. 2014], a continuous flow on the torus is constructed that (in particular) has a measurable
s—normalizer for every s € R but has no continuous s—normalizers for s 7 0. In light of Theorem 1.4
and the work of Mirzakhani, this is analogous to the situation for the earthquake flow. In [Fraczek and
Lemariczyk 2009], the symmetries of certain flows are studies in the measurable category. In [Berk et al.

2020], time-reversing translation flows are studied.
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2 A dimension argument using minimal sets
In this section we analyze minimal sets to obtain the following:

Proposition 2.1 Let F: P'lg — P1Mg be a normalizer of the earthquake flow, and suppose (X, A) €
@lJl/Lg and F(X,)\) = (Y, ). Then, for any k € N, A is a simple closed multicurve with k components
if and only if p is a simple closed multicurve with k components.

We begin by showing that every normalizer must preserve the locus of points (X, 4) € @IJI/Lg with A a
simple closed multicurve. We do this using the minimal sets of the earthquake flow.

A minimal set of the earthquake flow is a closed, earthquake flow—invariant subset of P!.il, that does not
contain any proper, nonempty, closed, earthquake flow—invariant subsets.

We will be interested in compact minimal sets. Minsky and Weiss [2002] showed that all minimal sets for
the earthquake flow are compact, but we will not require such a strong statement. The result we will need
is the following:

Theorem 2.2 A point (X, 1) € QPIJI/Lg is contained in a compact minimal set if and only if A is a simple
closed multicurve.

Smillie and Weiss [2004] prove the analogous statement for the Teichmiiller horocycle flow and state that
it should be possible to similarly obtain a result for the earthquake flow. However, as far as we know,
even the statement of Theorem 2.2 has not previously appeared in the literature. For the convenience of
the reader we sketch a proof in the appendix.

Since normalizers preserve minimal sets, we deduce the following corollary:

Corollary 2.3 Let F: P! My — P iy be a normalizer of the earthquake flow, and suppose (X, 1) €
Pl Mg and F(X,)) = (Y, ). Then X is a simple closed multicurve if and only if w is a simple closed
multicurve.

To get a grasp on the number of components of a simple closed multicurve, we study the local topology
of the lift to P! ¢ of the union of the compact minimal sets of the earthquake flow on QPIJl/Lg. The
following result is crucial to our approach:

Lemma 2.4 Let y € PMZL, be the projective class of a simple closed multicurve with k € N components,
U C PMZLg be a small open neighborhood of y in PMLg, and W be the path-connected component
containing y of the intersection of U with the subset of PM£, of projective classes of simple closed
multicurves. Then, if U is sufficiently small, U N W is locally homeomorphic to R%8 —7T-k,
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Proof Denote y := Zf-‘zl aiyi € PMEg. Then, if U is sufficiently small, W consists of projective
classes of simple closed multicurves of the form

k k’

v =Y (ai+e)yi+ Y 8y,
i=1 j=1

k

i=1

nonhomotopic and nonintersecting simple closed curves that are not homotopic and do not intersect any

where ¢ = (¢;) € R¥ is a small vector, kK’ > 0 is a nonnegative integer, (y]f)j.‘/zl are pairwise
of the components of y, and § := (J; )5.‘/:1 € ler/ is a small vector with positive entries. This fact can be
readily verified using Dehn-Thurston coordinates [Penner and Harer 1992, Section 1.2]. Indeed, if U
is sufficiently small, projective classes in W correspond to simple closed multicurves whose geometric
intersection number with any of the components of y is zero.

Furthermore, the closure of W in U is given by the connected component containing y of the intersection
of U with the projectivization of

Fe(y) ={A e MLyg 1 i(y, 1) = 0}.

Notice that % (y) is homeomorphic to R* x R®~6=2k ' where the first term of this product corresponds
to changing the weights of the components of ¢ and the second term corresponds to choosing a measured
geodesic lamination on Sg supported away from y. In particular, U N W is locally homeomorphic
to R6&—7—k, a

Suppose (X,y) € P! J ¢, where y is a simple closed multicurve with & € N components. Consider a
small open neighborhood U € 1T ¢ of (X, y). Denote by W the path-connected component containing
(X, y) of the intersection of U with the subset of points of ! J g where the lamination is a simple
closed multicurve. Directly from Lemma 2.4, we see that, if U is sufficiently small, U N W is locally

homeomorphic to R128—13-k,

the 6g — 6 increase in dimension with respect to Lemma 2.4 comes from
the dimension of Teichmiiller space. In particular, we can recover the number of components of y from

the dimension of this intersection.

As the number of components of y can be recovered from information depending exclusively on the
minimal sets of @IJI/Lg, this quantity is preserved by any earthquake flow normalizer. This concludes the
proof of Proposition 2.1.

3 An automorphism of the curve complex

In this section we use the rigidity of the curve complex to obtain the following:

Proposition 3.1 Every normalizer F: P!y — P!l of the earthquake flow admits a Modg—equivariant
lift F: P1T 4 — P14 such that, for every (X, 1) € P1 T, ifﬁ(X, A) = (Y, ), then p belongs to the
projective class of A € MEy.
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Because we assume F is an orbifold map, there exists a lift F: ! Tg— Pl ¢ that is equivariant with
respect to some automorphism of Modg. We start with this lift and show how to modify it to get the
desired lift F.

Denote by ¥ the discrete set of free homotopy classes of unoriented simple closed curves on the marking
surface Sg. By Proposition 2.1, every X € J 4 induces a map Wy : ¥g — ¥, in the following way: given
y € Py, let Uy (y) € Fg be the free homotopy class of the simple closed curves y’ given by

Y,y /Ly (Y)) := F(X,y/,(X)).

As T4 is connected and as ¥y is discrete, the map Wy : ¥y — F is independent of X' € Jg. From now
on we denote this map simply by W: ¥g — Fg.

We claim that ¥ induces an automorphism of the curve complex of Sg, meaning that it is bijective and
that any pair of simple closed curves can be realized disjointly if and only if their images under ¥ can be
realized disjointly.

Lemma 3.2 The map V: ¥, — ¥, defined above induces an automorphism of the curve complex of Sg.

Proof An inverse of W: ¥, — ¥, can be constructed using the inverse of F. Tt follows that W is bijective.

Notice that a pair o, B € ¥ of simple closed curves can be realized disjointly if and only if there exists a
path
[0,1] = ®'T,, 1+ (X, 7).

such that y; is a simple closed multicurve on Sg for every ¢ € [0, 1], yo = a/lx, (), y1 = B/Lx, (B) and
y: has exactly two components for every ¢ € (0, 1). It follows from Proposition 2.1 that F preserves
these types of paths. In particular, for every pair of simple closed curves o, B € ¥, their images
W(a), W(B) € ¥ are nonintersecting if and only if & and B are nonintersecting. m|

A well-known result of Ivanov [1997] shows that every automorphism of the curve complex of a closed,
connected, oriented surface Sg of genus g > 2 is induced by the isotopy class of a diffeomorphism of S;.
Thus there exists a diffeomorphism v/ : Sg — Sg such that the map ¥: ¥y — ¥, defined above is given
by W(y) = ¥ (y) for every y € ¥,. The diffeomorphism v acts on ?!J, by changing the markings
even if it does not preserve the orientation of Sg. It also acts naturally on the mapping class group Modg

by conjugation.

Since F: P! Tg— pl J ¢ is the lift of an orbifold map, there exists an automorphism p: Modg — Modg
such that
F(¢.(X, 1)) = p(¢).F(X.})

for every ¢ € Mod, and every (X, 1) € ?!J,. Consider the lift F': P1T g — P14 of F defined by
F'(X,0) =y L F(X.)).
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This lift intertwines the automorphism p’: Modg — Mod,g given by
P @)=y op@) oy

for every ¢ € Mod. Thus, by replacing F with F', we can assume without loss of generality that the map
V: ¥e — F¢ defined above is the identity.

As F intertwines the automorphism p: Modg — Mody, the map W: ¥y — &, defined above, which we
are assuming is the identity, also intertwines this automorphism. It follows that p(¢).y = ¢.y for every
¢ € Mod, and every y € ¥¢. As the kernels of the Modg—actions on ¥¢ and 4 are equal, p(¢). X = X
for every ¢ € Modg and every X € J . It follows that, without loss of generality, we can assume that the
automorphism p: Modgy — Modg is the identity.

The discussion above shows that the lift F satisfies the following property: for every X € J 4 and every
simple closed curve y € $g, if (Y, ) := ﬁ(X, v/4y (X)) € @lgg, then p belongs to the projective
class of y € M¥Fg. As simple closed curves are dense in P.MF, the same property holds for arbitrary
measured geodesic laminations. This concludes the proof of Proposition 3.1.

4 Inspecting the periods of closed orbits

In this section we show that the normalizer of the earthquake flow is equal to its extended centralizer.
Proposition 4.1 N(E)=CL(E).

In other words, given an s—normalizer F' as above, we show that s = 0. We begin by strengthening
Proposition 3.1 to control the scaling between A and .

Lemma 4.2 Let F be the lift produced by Proposition 3.1 of an s—normalizer F. Then, for every
(X.A) € PT,, if (Y, ) := F(X,A), then pu = e - A.

Proof Since for every (X,A) € ?!J, the measured geodesic lamination w := (X, A) given by
Y, n) = F (X, A) belongs to the projective class of A € M£g, we can consider the continuous function
¢:P1T, — R which to every (X, 1) € 1T, assigns the unique scaling factor ¢(X, 1) > 0 such that

(4-1) (X, A) =c(X,A)-A.
Our goal is to show that ¢: ! T ¢ — R is identically equal to e*.

Denote by T3, € Modg the Dehn twist of S along a simple closed curve y. One can check that, for every
(X,a-y)e®! J ¢ with @ > 0 and y a simple closed curve on Sg, the period of the earthquake flow orbit
of

(X,a-y) €' Tg/(Ty)
is exactly £, (X)/a.
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Now consider A = y /£, (X) with y a simple closed curve on Sg. Note that (X, 1) has period £, (X)? in
P1T,/(T,) and F(X, 1) = (Y,c(X,A)A) has period

L, (V) (X) £, (X)?
c(X,h)  e(X, 02

where the last equality uses the fact that ¢ (X, A)A must have length 1 on Y. As Fis Mod,—equivariant
and as s—normalizers multiply periods by e=2%, it follows that

£y (X)?
V( ) :e—ZSEV(X)Z.
c(X,A)?
Hence, ¢(X,y /4, (X)) =¢*. Asc:P!T 4 —R™ is continuous and as points of the form (X, y /£, (X)) €
pla ¢ with y a simple closed curve on Sy are dense in Pl g this finishes the proof. a

We now prove a loop-shrinking property for lifts F of s—normalizers of the earthquake flow. This property
will play a crucial role in the proof of Theorem 1.4.

Lemma 4.3 Let F be the lift produced by Proposition 3.1 of an s—normalizer F of the earthquake flow.
Then, for every X € J¢ and every simple closed curve o € Fg, if (Y, 1) := ﬁ(X, a/ly (X)), then
0p(Y) < ¢ Lp(X)

for every simple closed curve B € ¥ that can be realized disjointly from «, with equality if f = «.

Proof By Lemma 4.2, u = e’ -a /£y (X). It follows that
1=£,(Y)=e" Le(X) - La(Y).
Reorganizing the terms in this equality, we deduce
Ly(Y) =" Lo(X).

Let B € ¥, be a simple closed curve that can be realized disjointly from o« and is not equal to . We average
a and B with appropriate weights to obtain simple closed multicurves on Sy converging to o /£y (X),
with unit length with respect to X, and whose corresponding earthquake flow orbits are periodic with
explicit periods. Indeed, for every k € N, consider the positive weights

ar = ap(X, @, B) 1= (La(X) + k7" - La(X) 7" Lg(X)*) 7,
b = bie(X. . ) := (Lg(X) +k - Lo (X)2 - Lg(X) )7L,
These choices guarantee that, for every k € N,
(4-2) Lp(X) /by =k -La(X)/ag.
For every k € N, consider the simple closed multicurve on Sg given by
Ve =vi(X.a.B) :=ar(X.a.p)-a+ b (X, . B) - B.
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Direct computations show that £,, (X)) = 1 for every k € N. Directly from the definitions, one can also
check that
lim yp = a/ly(X).
k—o00

For every k € N, consider (Y, ux) := ﬁ(X, V). By Lemma 4.2, ;. = e® -y for every k € N. As Fis
continuous,

(4-3) Y = lim Y.

k—o0
Fix k € N. Denote by Ty, Tg € Modg the Dehn twists of Sy along @ and B. A direct computation
using (4-2) shows that the earthquake flow orbit of the image of (X, yx) in P1T . /(Ty, T}g) is periodic
with period given by the least common multiple

(4-4) lem(€o (X)/ag. Lg(X)/by) = Lp(X)/by.

Analogously, the earthquake flow orbit of the image of (Y, jux) in P'T o /(Ty, T ) is periodic if and
only if the following least common multiple is finite, in which case it is exactly the period of the orbit:

(4-5) lem(£y (Yy)/(e* -ax). Lg(Yi)/(e® - by)).

Since s—normalizers multiply periods by e =2, for the periods in (4-4) and (4-5) to agree, it is necessary
that
Lg(Yy) = e’ ALg(X).

Taking limits as £ — oo and using (4-3), we conclude
Lp(Y) <e - Lp(X). |
We can now conclude the proof of Proposition 4.1 as follows:

Proof of Proposition 4.1 Suppose by contradiction that s # 0. By working with the inverse of F if s <0,
we can assume without loss of generality that s > 0. Denote by F the Modg—equivariant lift provided by
Proposition 3.1. Let «, B, y € ¥ be simple closed curves such that « can be realized disjointly from B
and y, and such that 8 and y have positive geometric intersection number. Fix X € T, and let

(X hn) 1= F" (X, /Lo (X))
for every n € N. By Lemma 4.3, there exists N € N such that £g(X) and £, (X ) are arbitrarily small,

contradicting the collar lemma for hyperbolic surfaces. O

5 The centralizer of the earthquake flow

In this section we show that the extended centralizer of the earthquake flow is trivial.
Proposition 5.1 CL(E)=E.
We proceed in several steps, starting with the following geometric result:

Geometry & Topology, Volume 28 (2024)



2136 Francisco Arana-Herrera and Alex Wright

Lemma 5.2 Let X and Y be a pair of compact, connected and orientable diffeomorphic hyperbolic
surfaces with at least one totally geodesic boundary component. Suppose that, for some pair of markings
on X and Y, the lengths of the boundary components of X agree with those of Y, and, for every
simple closed curve, the length of its geodesic representative on Y is at most the length of its geodesic
representative on X. Then X and Y are isometric.

An analogous statement for closed surfaces is well known [Thurston 1998, Theorem 3.1]. We do not
know if the exact statement of Lemma 5.2 has appeared before in the literature, but, in any case, a short
proof is possible from known results.

Proof The monotonicity of the summands in Mirzakhani’s generalized McShane’s identity [2007b,
Theorem 1.3] guarantees that, if X and Y satisfy the assumptions, then, for every simple closed curve,
the lengths of its geodesic representatives on X and Y are equal. As the isometry class of a marked
hyperbolic structure with totally geodesic boundary components on a compact, connected, orientable
surface is determined by its marked length spectrum,! we conclude that X and Y are isometric. a

The following result shows that centralizers of the earthquake flow map points of the form (X, o/£y (X)) €
PLilg into their own earthquake flow orbit.

Lemma 5.3 Suppose F € C+(E) and let F be the lift provided by Proposition 3.1. Then, for every
X € Jg and every simple closed curve a € S, there exists a unique t € R satisfying

F(X,a/lq(X)) = E/(X, 0/l (X)).

For the proof, it is helpful to recall that an element of the extended centralizer is nothing other than an
s—normalizer with s = 0.

Proof Let (Y, u):= ﬁ(X,a/EO,(X)) € P1T,. Lemmas 4.2 and 4.3 ensure that u = /Ly (X) € MLy,
Ly (Y) =Lq(X),and £5(Y) < £g(X) for every simple closed curve B € ¥, that can be realized disjointly
from «.

Cutting X and Y along the corresponding geodesic representatives of @ on each surface yields a pair
of (possibly disconnected) hyperbolic surfaces with totally geodesic boundary components of matching
lengths. Lemma 5.2 guarantees these surfaces are isometric. As X and Y can be recovered from isometric
pieces by gluing along the boundary components corresponding to ¢, we deduce that X and Y only differ
by a Fenchel-Nielsen twist along «. In other words,

F(X,a/ta(X)) = (Y, 1) = E+(X, 0/l (X)). O

The following result extends the conclusion of Lemma 5.3 to arbitrary points (X, 1) € 1T ,:

1A proof can be obtained by adapting the arguments in [Farb and Margalit 2012, Proof of Theorem 10.7].
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Lemma 5.4 Suppose F € CL(FE) and let F be the lift provided by Proposition 3.1. Then there exists
a continuous, Modg —invariant function t: ?'J ; — R such that, for every (X, 1) € P1 T4, t = t(X, 1)

satisfies
F(X.3) = E/(X.))

and is the unique real number satisfying this equation.

Furthermore, if F € C(E), thent is earthquake low—invariant, and, it F € CL(E)\ C(E), then T is
“twisted-equivariant”, in the sense that

t(Es(X, 1)) = t(X, 1) —2s.

Proof Fix (X, 1) e ®! J ¢. As weighted simple closed curves are dense in ML, one can find a sequence
(An)nen of length 1 weighted simple closed curves such that A, — A in M£g as n — oo. By Lemma 5.3,
for every n € N, there exists #,, € R such that

(5-1) F(X,Ap) = Er, (X, A).
Claim 5.5 The sequence (t,),eN is bounded.

Proof Suppose by contradiction this was not the case. Assume #, diverges to +o0o along a subsequence;
the case when ¢, diverges to —oo along a subsequence can be treated in an analogous way. Rename
this subsequence as (,),ecN and assume without loss of generality that all of its terms are positive. Let
1 € MLg be a measured geodesic lamination such that

(5-2) // cos@dAidu >0,
X

where 6 is the angle measured counterclockwise from p to A at each intersection between p and A.
The existence of such a measured geodesic lamination pu € M<Eg can be argued as follows. By the
infinitesimal version of Thurston’s earthquake theorem (see for instance [Kerckhoff 1983, Appendix,
Theorem 2]), every tangent vector at X € J ¢ can be realized by an infinitesimal earthquake. In particular,
by Kerckhoff’s derivative formula [loc. cit., Corollary 3.4], the only way u could not exist is if the
function Y +— £, (Y') > 0 for Y € I, had a critical point, and, by convexity of length functions [loc. cit.,
Section 3, Theorem 1], a minimum at X. This is not possible, as can be seen, for instance, using shear
coordinates and reverse stretch lines.

By [loc. cit., Corollary 3.4], the integral in (5-2) is equal to the derivative at = 0 of the convex function
t = L, (E:(X,1)). By continuity, there exists ¢ > 0 and N € N such that, for every n > N,

// cosB@dr,du > c.
X

Kerckhoff’s work guarantees that, for every n > N,
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Denote by 7: P! ¢ — J¢ the natural projection defined by (X, A) = X. By definition,
E4 (X, hn) = F(X, M) € F(x 71 (X)).

As F is continuous, the set ﬁ(n_l (X)) €T, is compact. Thus, the sequence (ﬁu (Es, (X, )‘”)))neN
must be bounded. Taking limits as # — oo in (5-3) yields a contradiction, concluding the proof of the
claim. |

As (ty)neN is bounded, it admits a subsequence converging to some ¢ € R. Taking limits in (5-1) along
this subsequence, we deduce

(5-4) F(X, M) = E«(X,)).

The uniqueness of ¢ € R satisfying this condition follows directly from the fact that earthquake flow
orbits in P! ¢ are embedded. The continuity of the corresponding function 7: pl Jg — R follows
from (5-4) and uniqueness. The Modg—invariance of ¢ can be verified using (5-4) and the fact that Fis
Modg—equivariant. The earthquake flow—invariance or twisted-equivariance of 7 can be verified directly
from (5-4) and the fact that F is in the extended centralizer of the earthquake flow. |

We are now ready to conclude.

Proof of Proposition 5.1 Consider the function 7: !, — R above. Since it is Modg—equivariant, it
induces a function : Pl — R.

If F € C(FE), the function ¢ is earthquake flow—invariant. As the earthquake flow on @IA/Lg is ergodic
with respect to a measure of full support, # is equal to a constant £y € R on a dense set of QPIJ(/Lg. Applying
continuity and density, we conclude F' = Ey, as desired.

Suppose F € C+(E)\ C(E). There exists ¢ such that the set =1 ((c, ¢ + 2)) has positive measure.
The twisted-equivariance gives that, for all k, Ex maps t~!((c,c + 2)) into 11 ((c — 2k, c + 2 —2k)).
For different k integral, the sets 1~ ((¢c — 2k, ¢ + 2 — 2k)) are disjoint, and, since earthquake flow is
measure-preserving, they all have the same measure. So considering all £ integral contradicts the fact
that the space has finite measure, showing that such an /' cannot exist. |

We are now ready to prove that the earthquake flow is strongly asymmetric.
Proof of Theorem 1.4 Proposition 4.1 shows that N(E) = C+(FE) and Proposition 5.1 shows that
C+(E)=E. m|

Appendix Minimal sets

In this appendix we sketch, for the convenience of the reader, a proof of Theorem 2.2. The corresponding
result in the case of the Teichmiiller horocycle flow is discussed in detail by Smillie and Weiss [2004],
who remark there that “an analogous result for the earthquake flow may be proved by a similar argument”.
Our starting point is the following observation, the details of whose proof are left to the reader:
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Lemma A.1 IfK C @lﬂ/tg is a minimal set for the earthquake flow, and (X,\) and (X’,\") are in K,
then X — X is isometric to X' — /.

Sketch of proof For any fixed (X, A) € K, consider the set K’ C K of all (X’,1”) € K for which there
exists an isometric embedding

X—-A=X' -V
of complementary regions. Since the complementary regions are not changed by the earthquake flow, K’ is
invariant. A limit argument shows that K’ is closed, so the definition of minimality guarantees K’ = K.

Thus, for every (X, A), (X', 1)) € K, each complementary region embeds isometrically into the other.
Hence X —A = X' —A\. O

We also need the following nontrivial result:

Proposition A.2 If A is not a multicurve and the orbit of (X, A) is bounded in P! .Mlg, then the orbit
accumulates on some (X', \") with X —A # X' — M\

In fact, experts believe the following stronger statement is true (and accessible):
Problem A.3 Prove that, if A is not a multicurve, then the earthquake flow orbit of (X, 1) is not bounded.

We will not consider this problem here since it is certainly harder than what we require. The analogous
problem for the Teichmiiller horocycle flow is item (IV) in the list of problems at the end of [Smillie and
Weiss 2004] and has been considered in unpublished work of those authors.

Before addressing Proposition A.2, we note it implies Theorem 2.2.

Proof of Theorem 2.2 assuming Proposition A.2 If K is a compact minimal set and (X, 1) € K,
then Lemma A.1 implies that any (X', 1) in the orbit closure of (X, A) has X —A = X’ — A/, and so
Proposition A.2 implies A is a multicurve.

The converse implication —that if A is a multicurve then the orbit closure of (X, 1) is a minimal set—is
well known. Indeed, if 7 C Q?IJI/Lg is the subset obtained by starting at (X, A) and independently twisting
at each component of A, then 7 is an invariant torus and the earthquake flow is continuously conjugate to
a straight-line flow on 7. The converse implication follows from the fact that, for straight-line flows on
tori, every orbit closure is a minimal set. |

We conclude by briefly sketching how the ideas of Smillie and Weiss apply to Proposition A.2. Most of
the work is divided into two lemmas.

Lemma A.4 Suppose A is a measured geodesic lamination on X that is not a multicurve. Then there
exists some § > 0 such that, for all € > 0, we can find segments y, and y, of leaves of A that stay within
distance 1 of each other and are such that all leaves of A that come within § of the starting point py of y;
do so on the side of y; containing y,, and all leaves that come within § of the endpoint p, of y, do so
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V2 D2

P1 V1

Figure 1: The y;. The shaded half balls of radius § do not intersect A.

on the side of y, containing y1, and such that the transverse measure of a segment from Yy to y; is less
than €. Moreover, y, and y, can be taken to lie on nonisolated leaves of A.

In particular, it follows that both y; are segments of leaves of A adjacent to regions of X —A. See Figure 1.

The proof will use the concept of the thick part of a surface with boundary, which can be defined by
embedding the surface in its double and taking the thick part there; see for example [Lipnowski and
Wright 2024, Section 2.1] for details.

Sketch of proof Without loss of generality assume y has no closed leaves. Start with p; on the boundary
of the thick part of X — A, on a leaf « of A. Pick a point ¢ that is very close to p; and on a leaf § of A.
Follow both leaves @ and 8 in the same direction until they are distance % apart. The region R between
these segments of o and B, illustrated in Figure 2, has definite area.

The area of the thin part of X — A is small, so the thick part must intersect R. (Here the thick part should
be defined appropriately using §, and § should be taken small enough.)

We then pick p, to be on the boundary of the thick part of X — A intersected with R. (One should pick p,
so that the thick part and o are on different sides of the leaf through p,.) We define y; to be the segment
of o from p; to the projection of p, onto «, and similarly define y, using the leaf through p,. a

Lemma A.5 There exists a universal constant C > 0 such that the following holds. Consider any
measured geodesic lamination on Hl, any segments y, and y, of nonatomic leaves of A that stay within
distance 1 of each other, and any py € y; and p, € y,. Assume there are leaves of A that go between p1
and p,. Let Amax be a maximal geodesic lamination containing A. Assume the p; lie on the boundary
of H — Amax. Then there is a unique t € R such that the image of p, and p, under the time t earthquake

Figure 2: The region R.
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of A can be joined by a segment s of a leaf of the horocyclic foliation of A,y and this segment has length

at most C.

In applications, often A is already maximal, so Ap,x = A. The main conclusion here is that p; and p,
become bounded distance from each other; the use of the horocyclic foliation (and Ap,x) is merely a
convenient technical tool to obtain this.

One should of course think of H as the universal cover of a closed surface X'; we use the universal cover
only so that we do not have to specify a homotopy class for the arc s.

Sketch of proof The first claim is related to the fact that shears change linearly under earthquakes; see
for example the survey [Wright 2022, Section 4].

If one considers a rectangle R bounded by y; and y;, then A divides this rectangle up into countably
many small rectangles bounded by leaves of A. The preimage of s on (X, A) consists of one horocyclic
arc in each small rectangle; compare to a Cantor staircase.

For each small rectangle, one can define its maximum height to be the maximum length of a horocyclic
arc crossing that rectangle. A standard estimate shows that the sum of the maximum heights is at most
some constant C; see [Thurston 1998, page 16]. This uses the fact that the y; remain within distance 1 of

each other.

The length of s is the sum of the lengths of the horocyclic arcs of E_;(s), which is at most C. This gives
the result. o

Sketch of proof of Proposition A.2 Consider a sequence €, — 0 and, for each n € N, let y; ,, Y2 1,
P1,n and p; , be as provided by Lemma A.4 with € = ¢,.

The output of Lemma A.5 is a sequence of points (Xy, 4,) € ?!.llg on the earthquake flow orbit of (X, 1)
such that two points on the boundary of the thick part of X;; — A, = X — A are joined by a path on X,
of hyperbolic length at most C and transverse measure going to 0 as 7 — oco. By extending these paths
into the thick part and taking geodesic representatives, we obtain geodesic paths o5 on X}, of lengths
bounded above and below, which are uniformly transverse to A, and which have the same transverse

measure as the original paths of length at most C.

Passing to a subsequence if necessary, we can assume (Xy, A,) converges to some (Xoo, Aoo) € QPIJI/Lg.
For convenience, we can also assume that the supports of the A, converge to a geodesic lamination Ao
which contains the support of A .

Since the complementary regions X, — A, are constant, it follows that X — A = X5, — Xoo. Thus, to
show that X — A # Xoo — Aoo, it suffices to show that some leaves of the geodesic lamination A, are not
contained in the support of Aco.

This is verified by considering a limit o of the geodesic segments o0;; the limit o has length bounded
above and below, is transverse to A, and has 0 transverse measure with respect to Aoo. O
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The persistence of a relative Rabinowitz—Floer complex

GEORGIOS DIMITROGLOU RIZELL
MICHAEL G SULLIVAN

We give a quantitative refinement of the invariance of the Legendrian contact homology algebra in general
contact manifolds. We show that in this general case, the Lagrangian cobordism trace of a Legendrian
isotopy defines a DGA stable tame isomorphism, which is similar to a bifurcation invariance proof for a
contactization contact manifold. We use this result to construct a relative version of the Rabinowitz—Floer
complex defined for Legendrians that also satisfies a quantitative invariance, and study its persistent
homology barcodes. We apply these barcodes to prove several results, including: displacement energy
bounds for Legendrian submanifolds in terms of the oscillatory norms of the contact Hamiltonians; a
proof of Rosen and Zhang’s nondegeneracy conjecture for the Shelukhin—Chekanov—-Hofer metric on
Legendrian submanifolds; and the nondisplaceability of the standard Legendrian real-projective space
inside the contact real-projective space.

53D10, 53D42

1 Introduction

Let (Y2"*1 £) be a (2n+1)-dimensional contact manifold with contact form «, and A C Y be a (closed)
n—dimensional Legendrian submanifold. Specific assumptions we make for A and (Y, §) vary based on
our result. This list is summarized in Remark 1.3. A Reeb chord (or a—Reeb chord) of A is a nontrivial
flow starting and ending on A, of the Reeb vector field R, € I'(T'Y), which is defined by «(Ry) = 1 and
do(Rgy,-)=0. We are interested in estimating the number of Reeb chords from a given Legendrian (closed
submanifold) A to its image under a contact isotopy with compact support. If there are no such Reeb chords,
we say that the contact isotopy displaces A for that given «. This is the contact analogue of a Hamiltonian
isotopy displacing a Lagrangian submanifold; see Chekanov [7]. Our Main Theorem, Theorem 1.4, has
more information about Reeb chords than the known analogous results for Lagrangian intersection points,
because we not only give a single lower bound on how long some fixed number of chords persist, but
rather, a sequence of lower bounds depending on the number of chords required to persist.

Our main tool is a filtered Legendrian contact homology differential graded algebra (also called the
Chekanov—Eliashberg DGA). Let 4(A) be the free noncommutative unital algebra over the field (or ring) &
freely generated by «—Reeb chords of A. If the moduli spaces of these disks can be oriented in a coherent
way, for example by the choice of a spin structure on the Legendrian as in Ekholm, Etnyre and Sullivan [24]
and Karlsson [29], then k is Z or Z,. Otherwise k = Z5.

© 2024 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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The grading is induced by the Conley—Zehnder index of Reeb chords; see Section A.2.

The differential d has degree —1 and counts J—holomorphic disks in the symplectization (R; x Y, d(e*))
with Lagrangian boundary condition R; x A.

Each Reeb chord ¢ has a length (or action) £(c) := [, a > 0. For 0 </ < oo, let Al (A) be the unital
subalgebra generated by those generators ¢ length bounded from above by |, o @ <[. The action-decreasing
property of the differential, which is a direct consequence of the positivity of da—area and Stokes’ theorem,
implies that AL (A) C SA(A) is a unital sub-DGA.

An augmentation for the DGA s is a (graded) DGA—-morphism &: (4!, 9) — (k, 9 := 0) to the ground
field. Because £(1) = 0, for any Chekanov—Eliashberg DGA s, there exists [ > 0 such that s¢’ has an
augmentation.

The oscillation of a contact (e—)Hamiltonian H;: Y xR; — R is

1
||Ht||osc1=/ (max H; —min H;) dt.
0 YeEY yeyY

This oscillation defines the Hofer norm of the corresponding contact Hamiltonian isotopy (/5; H,-

In order to circumvent the analytical difficulties of establishing invariance of the Legendrian contact
homology algebra for general contact forms, we will make certain technical assumptions on the contractible
periodic Reeb orbits of (Y, «), at least below some fixed length. To this purpose, we introduce the following
definition.

Definition 1.1 Consider a contractible and nondegenerate periodic Reeb orbit y of (¥, «). We let
|y| € Z U {—o0} denote the minimum of the expected dimensions of the moduli spaces of unparametrized
pseudoholomorphic planes inside the symplectization R x Y that are asymptotic to the Reeb orbit y at
the convex end, where the symplectization has been equipped with a cylindrical almost complex structure.
In the case when the first Chern class vanishes, this expected dimension does not depend on the chosen
plane, and |y| € Z.

Note that, in the aforementioned moduli space, we do not identify planes that differ by a translation of
the symplectization coordinate. See Section A.1 for more details.

Example 1.2 The expected dimension |y| of a contractible Reeb orbit is at least two for suitable
nondegenerate perturbations of the round contact sphere

1
(S2n+l,ast =5 Z(xi dyi — yi dXi)) for n > 1,
1

as well as for the high-dimensional “lens spaces” given as the quotients S2”*1/Z; for a subgroup
Zx C S'. We will here consider the case RP2"+1 = §27+1 /7, see Proposition 6.4 for the relevant
index computation in the case of RP2"+1. The computations for the sphere and lens spaces are analogous.

Geometry & Topology, Volume 28 (2024)



The persistence of a relative Rabinowitz—Floer complex 2147

The assumption |y | > 1 for all contractible Reeb orbits allows us to define the Legendrian contact homology

algebra without involving the contact homology algebra for the periodic Reeb orbits; see Dimitroglou

Rizell [13, Section 3.3.3]. (Note that the contact homology algebra of periodic Reeb orbits has a canonical

augmentation in this case.) The assumption |y| > 1 also eliminates the need for considerations of the

periodic Reeb orbits in the proof of the invariance result from Ekholm [19] for the Legendrian contact

homology algebra under a Legendrian isotopy (while fixing the ambient contact form).

Remark 1.3 Before we state our results in detail, we give a quick summary, noting how general the

setup is in light of the above technical discussion on the Legendrian contact homology algebra.

Theorem 1.4 proves lower bounds for the number of Reeb chords between a Legendrian and
its image under a contact Hamiltonian in terms of the oscillation norm. This is for an arbitrary
Legendrian in an arbitrary contact manifold, but the bounds incorporate the technical condition on

|y | mentioned above.

Theorem 1.6 proves that the Shelukhin—Chekanov—Hofer metric of a Legendrian orbit space is
nondegenerate. This is for an arbitrary Legendrian in an arbitrary contact manifold.

Corollary 1.8 proves that the C °—limit of a sequence of Legendrians is again Legendrian. Here we
assume the contact manifold is geometrically bounded and there exists some lower bound on the
length of Reeb chords in the sequence. But there is no assumption on the closed Reeb orbits.

Theorem 1.9 generalizes the “interlinkedness” of an ordered pair of Legendrians; see Entov and
Polterovich [26, Theorem 1.5]. We make several assumptions here: the two Legendrians are
individually augmentable; |y| > 1 holds for all closed Reeb orbits; and the resulting well-defined
Rabinowitz—Floer complex is not acyclic.

Theorem 1.10 proves the nondisplaceability of the Legendrian equator in standard contact R P2*+1

equipped with a small perturbation of the standard round S !—invariant contact form. We will show
that the |y| > 1 assumption is satisfied because the perturbation is small.

Proposition 1.11 proves roughly that the Legendrian contact homology algebra, below any fixed
action level, of an arbitrary Legendrian undergoing a small generic isotopy in an arbitrary contact
manifold is invariant under stable-tame isomorphism. Here we assume |y| > 1 holds for those
closed orbits below this action level bound.

Usually we assume the contact manifold is closed. However, Theorems 1.4, 1.6 and 1.9 automat-
ically carry over also to open contact manifolds, given that they arise as open subsets of closed
contact manifolds, and that the contact form on the open contact manifold is taken to be the
restriction of a contact form on the ambient closed manifold. In addition, Proposition 1.11 requires
us to be in a setting where the DGA can be defined: aside from closed contact manifolds, cases
that can be treated are contactizations and prequantizations of symplectic manifolds with a convex
boundary or noncompact end.
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Theorem 1.4 (Main Theorem) Fix a generic closed Legendrian A C (Y, «) of a contact manifold with
a fixed contact form. Generically, we can order the Reeb chords by action

0<l(cy) <l(ca)<---.

Also, write h € (0, 400] for the minimal length of a contractible periodic Reeb orbit y that satisfies |y| <1.
Suppose that ' (A) with 0 < | < oo admits an augmentation to the field k, where | < h. Fix k and
consider any compactly supported contact Hamiltonian H;: Y — R such that || H¢||osc < min{/, £(cg)}.
Then there exist at least "

> " dim(H; (A1 k) —2(k — 1)

i=0

many Reeb chords with one endpoint on A and the other endpoint on (,boll’ H, (A).

Remark 1.5 The assumption on the expected dimension of the pseudoholomorphic planes inside the
symplectization should not be strictly necessary, but possible to replace by a condition on the existence
of an augmentation of the contact homology algebra of periodic Reeb orbits below the action level
[ > 0. However, the setup and analysis become significantly simplified under our stronger assumption.
More precisely, without these assumptions, one would have to define the Chekanov—Eliashberg algebra
with coefficients in the periodic orbit contact homology algebra in order to define the differential; or, in
the case when (Y, o) admits an exact symplectic filling, use anchored disks as in Ekholm [21]. More
importantly, our additional hypothesis allows us to avoid the technical gluing and transversality results for
pseudoholomorphic planes asymptotic to periodic orbits that require the use of virtual perturbations as
done by Pardon [36], Bao and Honda [1], and the polyfold theory of Hofer, Wysocki and Zehnder applied
in the SFT setting by Fish and Hofer [27]. With the additional hypothesis / < %, we only need SFT
compactness for closed Reeb orbits (see Bourgeois, Eliashberg, Hofer, Wysocki and Zehnder [3]), and the
gluing/transversality results for pseudoholomorphic discs with a single positive Reeb chord asymptotic.

Finally note that, even when replacing the assumption on the expected dimension of the pseudoholomorphic
half-planes by the existence of an augmentation, the contact form remains fixed throughout our Legendrian
isotopies. Hence, the difficult analytical issues that arise when proving the invariance under deformations
of the contact form would not be present even in the more general case.

In [17], we studied this problem when ¥ = P xR, and @ = dz — 6, where (P, d9) is an exact symplectic
manifold with a certain bounded geometry at infinity. In both cases we used a persistence homology
theory (via barcodes) defined by Reeb chords. The main difference between our setup in that article and
the typical setup, is that we considered complexes with a finite action filtration.

The new aspects of this article are: we translate known Floer-continuation results to new (but needed) Floer-
bifurcations results; we prove an invariance for a newly defined limited-action-window Rabinowitz—Floer
homology theory, which allows for chords of zero length to appear.

We now describe several new applications of the Main Theorem, Theorem 1.4.
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Fix a subset N C Y and let () be its orbit space under the identity component of the contactomorphism
group, Co(Y, £). Given a contact isotopy ¢’ and contact form «, let H ,a *® be the contact Hamiltonian
for ¢’. Following Rosen and Zhang’s [39, Definition 1.7], define on £(N) the pseudometric

1
Sa(N,N/):inf{/ max |Hy| dt ¢é,H,(N)=N’}~
0

Shelukhin [41] shows that this defines a right-invariant nondegenerate norm on Co(Y,&). If N is
n—dimensional and somewhere not Legendrian (or more generally, if N is not contact coisotropic) then
this pseudometric identically vanishes; see [39, Proposition 7.4]. We answer [39, Conjecture 1.10].

Theorem 1.6 The Shelukhin—Chekanov—Hofer distance &, on a contact manifold that is assumed to be
either closed, or which admits a codimension-zero contact embedding into a closed contact manifold,
and where « moreover is the restriction of a contact form on the closed manifold, is nondegenerate when
restricted to closed Legendrian submanifolds.

Remark 1.7 (1) The condition on admitting an embedding into a closed contact manifold holds, for
example, for contactizations and prequantizations of Liouville domains.

(2) The nondegeneracy should hold for more general open contact manifolds which are of bounded
geometry. For the proof, the following features are crucial: the constant # > 0 must be strictly
positive for some contact form, and we must be in a setting in which the SFT compactness theorem
for pseudoholomorphic curves is satisfied (we need, for example, convexity assumptions at infinity).

(3) We are grateful to Nakamura, who pointed out that it is most likely the case that the nondegeneracy
vs degeneracy of the distance depends on the particular choice of contact form in the case when
the contact manifold is open.

Two special cases of this were already proved: when the Legendrian is hypertight (no contractible Reeb
orbits or chords), by Usher [43], and when the Legendrian is orderable (no positive loops of Legendrians),
by Hedicke [28].

Consider a sequence of closed Legendrians A; which C%—converges to a smooth (not necessarily Legen-
drian) embedding A . Assume that there exists a § such that each A; has no Reeb chord y of a—length
£(y) < 8. Nakamura [33, Theorem 3.4] proves that A o is again Legendrian assuming two conditions:

(1) The Reeb vector field R, is nowhere tangent to A oo, and certain geometric boundedness conditions
hold for M.

2) Y,a)=(PxR;,dz—0).

The only need for the second hypothesis in Nakamura’s proof is to use [17] to show the Reeb chords persist
under a contact isotopy of small oscillatory norm. Since our Theorem 1.4 generalizes the persistence of
Reeb chords proven in [17] to more general contact manifolds, we get an easy corollary.
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Corollary 1.8 Nakamura’s convergence result holds only assuming the initial hypotheses: the Reeb
chord lengths cannot approach zero, A; is closed, and the ambient contact manifold (M, «) is either
closed, or admits a codimension-zero contact embedding into a closed contact manifold.

Entov and Polterovich define an ordered pair of Legendrians (A, A1) in (Y, &) to be interlinked if for
some [, ¢ > 0 and every contact Hamiltonian H satisfying H > c, there is a Hamiltonian orbit y from Ag
to A1 such that £(y) < u/c. Using a persistence homology theory for Reeb chords, they proved if Ay is
the O-sectionin (Y = J'Q,a = dz— pdq), A1 C J'Q has an augmentation, and there exists a unique
nondegenerate Reeb chord from Ag to A, then (Ag, A1) are interlinked; see Entov and Polterovich
[26, Theorem 1.5]. We can generalize this.

Theorem 1.9 Suppose Ay, A1 C (Y, @) are a generic pair of Legendrians with generic contact form o
for which |y| > 2 is satisfied for all contractible periodic Reeb orbits y (cf Remark 1.5). Assume that A
and A1 have augmentations.

Assume that the Rabinowitz—Floer complex RECI®1%) (Ao, A1) = LCH(Ag, A1), which is well defined
(see Section 4.2), is not acyclic. (This is automatically the case for instance when the chords of positive
action cannot be partitioned into pairs (c, d) with a(d) > a(c) and index difference |d| — |c| = 1.) Then
(Ao, A1) are interlinked.

Some hypothesis on the mixed chords is needed. Suppose Ag, A1 are both in two Darboux charts in
(J1Q.dz — pdq), separated by a large z—distance. Isotope Ag in the (p,q) direction such that the
T* Q—projections of Ag and A1 no longer intersect. During the isotopy we see (for example, via the
T* Q- or J°(Y )-projection) the mixed chords canceling in pairs with strips connecting them of expected
dimension 1. In this case neither (Ag, A1) nor (A1, Ag) are interlinked.

The standard Legendrian (n+ 1)—sphere inside the standard contact sphere is given by
AO ‘= SZn-i—l N mecn-i‘I

ie the intersection of the conical Lagrangian in C"*! which is given by the real-part and the unit sphere.
Quotienting by the Z,—antipodal map z — —z € C"*T1, A¢/Z, is the standard Legendrian embedding of
RP” into the standard contact RP2"T1 = §27+1 /7, Tt is easy to show that Ao can be displaced from
itself in S2”*1. By computing a Rabinowitz—Floer theory (Definition 4.6), we prove this is not true for
this real projective plane.

Theorem 1.10 Consider the standard contact R P?"* 1 equipped with a small nondegenerate perturbation
of the standard round S ! —invariant contact form as described in Proposition 6.12. The standard Legendrian
RP"™ = Ay/Z, has a Chekanov—Eliashberg algebra that admits an augmentation, and a well-defined and
invariant Rabinowitz—Floer homology that is equal to
RFH(RP" RP") = @) Zali].
i€Z
In particular, the standard Legendrian RP" cannot be displaced from itself for these contact forms.
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There are two standard methods to prove the invariance of holomorphic-curve-based theories, such as the
one underlying Theorem 1.4.

Given a generic Legendrian isotopy {A;};e[— 4] between two generic Legendrian submanifolds A —
and A 4, there is a filtered unital DGA-morphism

@ sl(Ay) — sA(A)

given by counting certain holomorphic disks in the symplectization R x ¥ with boundary lying on an exact
Lagrangian constructed from the trace of the isotopy with A 4 (resp. A _) at the positive (resp. negative) end.
See Chantraine [4], Chantraine, Colin and Dimitroglou Rizell [5] and Ekholm, Honda and K4lmén [25]
for details on these Lagrangian trace constructions. The filtration is defined by the length. The map &
has a DGA-homotopy inverse, and so induces an isomorphism on homology; see Ekholm [19]. This
invariance approach is known as the continuation method.

The bifurcation method studies how the DGA «(A;) varies with ¢ € [—, +]. Generically, there are
two events that occur at isolated ¢: a pair of Reeb chords can appear or disappear (birth/deaths); an
isolated holomorphic curve can appear (handleslide disk), and via one-parameter Gromov compactness,
can change the moduli spaces which define the differential. Each birth/death induces on the DGA a
stabilization/destabilization combined with possible filtered tame automorphisms, while each handleslide
disk induces a filtered tame automorphism; see Ekholm, Etnyre and Sullivan [23] and Chekanov [8]. So
the isotopy overall induces a sequence of (filtered) stable-tame isomorphisms.

A stable-tame isomorphism is conjecturally stronger than a homotopically invertible DGA—morphism. For
example, when making the analogous comparison for Morse chain complex invariance, the bifurcation
method preserves the stable—-Morse number and certain torsion-based invariances (see Damian [12] and
Sullivan [42]), which the continuation method, a priori, does not. However, due to sensitive gluing
analysis, for studying Chekanov-Eliashberg invariance the bifurcation method has only been proved
if (Y,a) = (P xR;,dz — 0); see again [23; 8]. This (and the proof of Theorem 1.4) motivates
Proposition 1.11. The statement is somewhat unwieldy because a general contact manifold may have
infinite Reeb chords with actions arbitrarily close, while we can only analyze events involving finite
numbers of birth/deaths and handleslides. However, it can be roughly formulated in the following
(imprecise) way: the Chekanov—Eliashberg algebra in a general contact manifold is invariant under
stable-tame isomorphism below any fixed action level.

Proposition 1.11 (bifurcation analysis for concordance maps) Let {A;};c[— 4] be a generic Legendrian
isotopy between two generic Legendrian submanifolds A— and A 4. Denote by @[, 5| the unital DGA-
morphism induced by the Lagrangian trace of the isotopy {A;}e[q,p] With [a, b] C [—, +]. Recall that
this is an exact Lagrangian cobordism diffeomorphic to a cylinder; see eg Appendix B for its construction.

Fix some number | > 0 and assume that all birth/deaths in the Legendrian isotopy A are generic, so that
none occur precisely at action [, while there are finitely many that occur at action strictly less than [ at
distinct times.
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For any sufficiently fine generic subdivision
—=h <h<--<IN=+

for which each (t;,t;4+1) contains at most one birth/death below action [, the following holds. The
restricted DGA-morphism Dz, 1, 1] Ay, ) Can be conjugated to the algebra map that is defined by
mapping to zero any generator involved in a death moment and canonically identifying all remaining Reeb
chord generators, where the conjugation is by filtered tame automorphisms of the domain and target. This
means, in particular, that @, ;. 1l Ay is a stable-tame isomorphism of DGAs.

Remark 1.12  Of course the sub-DGA s/ is itself not invariant; the restriction Dy, 14111l Ay is,
1

for example, not necessarily contained inside Al 4)-

Remark 1.13 Since we do not discuss the virtual perturbation schemes for defining the contact homology
algebra for periodic Reeb orbits, we again need to assume that |y| > 2 holds for any contractible Reeb
orbit of length at most / in the above proposition; cf Remark 1.5.

In [17], we exploited the bifurcation-type invariance in Ekholm, Etnyre and Sullivan [23; 24] to show
that the barcode from persistent homology induced by the action filtration is continuous with respect to
the oscillatory norm in the case of contactizations. The invariance by DG-homotopies from [19] that
holds in a general contact manifold also satisfies filtration-preserving properties, but these are a priori
not continuously depending on the oscillation alone; see the notion of length introduced in Sabloff and
Traynor [40]. Proposition 1.11 allows us to reprove the results from [17] in the general setting.

In Section 2 we review some algebra and combinatorics of DGAs, mapping cones and barcodes. In
Section 3, we prove Proposition 1.11. In Section 4, we introduce a Rabinowitz—Floer complex generated
by Reeb chords between two Legendrians, and study how a certain mapping cone of this complex changes
when one of the Legendrians isotopes (possibly through the other one). This version of the complex
was previously defined by Legout [31] in the case of a contactization, and is also related to the Floer
homology for Lagrangian cobordisms defined in [6]. In Section 5, we use the changing barcodes of these
mapping cone complexes to prove Theorems 1.4, 1.6 and 1.9. In Section 6, we compute the example of
Theorem 1.10; see Proposition 6.12.

Remark 1.14 We learned that Oh [34] has posted before us, by a couple of weeks, a related result: if
the Hamiltonian oscillation is less than the length of the shortest Reeb chord between, then the number
of Reeb chords is bounded below by the sum of the Betti numbers. This improves one of our earlier
results [16], in which we require the upper bound on the oscillation to be less than the length of the
shortest Reeb chord, multiplied by the conformal factor of the contact form. Whereas our prior results
[16; 17] and this paper use versions of Floer theory which have already been established by others, Oh’s
approach is different in that he establishes the analytical framework for a new theory called Hamiltonian
perturbed contact-instantons. With this new theory established, his result follows from Chekanov’s
original argument for Lagrangians [7].
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2 Algebraic preliminaries

This section is purely algebraic, with no mention of the geometric applications.

2.1 Filtered DGAs, augmentations and stable tame isomorphisms

Let (54, d) be either a noncommutative or a graded-commutative semifree unital DGA over the ground
field k. Assume (54, d) has an action filtration £: s{ — {—oco} UR, where £(d(x)) < £(x); we say that d
is (strictly) filtration-decreasing, or action-decreasing. See [17] for more details. Suppose « admits a
Z,—graded augmentation ¢: { — k. There is an induced filtration-preserving unital algebra-automorphism
Y, : A4 — oA defined by

We(a) =a—ela)

on the generators, whose inverse is defined by
U la) =a +ea).

In particular, the inverse is also filtration-preserving, and these automorphisms conjugate the differential to
¢ =Y, 0 801118_1,

which preserves both word-length and action. In particular, if we write 0°(a) = ) ; _,(0%(a)); as a sum
of monomials, then (d%); defines a strictly filtration-decreasing differential on the graded vector space
generated by the DGA generators, which is of degree-(—1).

A filtered tame automorphism ®: (4, ) — (54, ) of a semifree DGA s with preferred basis is defined

on the generators by
O(x) =kx + 8w,

where k € k is a unit, §J is the Kronecker-delta, and w € o is a word such that £(w) < £(y).

A canonical identification between semifree filtered DGAs with preferred bases is a DGA isomorphism
induced by an identification of the generators which preserves the grading and differential, but not
necessarily the filtration.

The stabilization (%, dg) of (A, d5) is constructed by adding to o two generators x, y such that dg(y) = x
and dg |4 = dy. Note that there is a canonical DGA inclusion & — % and DGA quotient % — .

A (filtered) stable-tame isomorphism (STI) ®: (4, d4) — (%B, dp) is a finite composition of (filtered) tame
automorphisms, (possibly nonfiltered) canonical identifications, stabilizations, and inverse stabilizations.
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Let @: (A, dy) — (9B, dg) be a DGA—morphism. For any augmentation & of % we can define the
conjugation
D 1= W0 Do Wl (o, 35%) — (B, 35),
which satisfies
(@)1 ®)1 = (35)1 (D)1
If @ is a (filtered) STI, then (®%); is a finite composition of (filtered) handleslides, and birth/deaths at the
chain level; see Section 2.4.

2.2 Mapping cones with filtrations and invariance

Let (Co1,do1) and (C19, d1o) be filtered graded complexes with action filtrations £: C — R U {—o0}, and
strictly filtration-decreasing differentials. (The grading subscript is suppressed while the “01” and “10”
subscripts will be justified in Section 4.) Moreover, assume that the generators of Cp; all have actions
above some fixed y € R while the generators of Cjg all have actions below y. We write

C~%:=(Y(~o0,a)CC

for the subcomplex consisting of chains of action less than @ € R, and denote the quotient complex
consisting of chains in the action window [a, b) by C[-?) .= Cc<b/C <2,

Let B: Cyo1 — C19 be a chain map, which automatically is strictly filtration-decreasing by the above
assumptions. For this reason, we get an induced action filtration on the chain complex given by the
mapping cone (Cone(B), dg), which we represent by

—0 B
(Clo@Cm,acOne:( 010 801))’

ie dcone 18 again strictly filtration-decreasing.

Suppose B’: Cj, — Cj, is another chain map between filtered complexes. Again we assume that all
generators of the domain have action greater than the action of the generators in the target, which means
that B’ is automatically strictly filtration-decreasing. A map f: C — C’ between filtered chain complexes
with filtrations £, £’ is said to have degree € € R if £/(f(x)) < £(x) + € for all x € C. Assume the
following:

(A1) There exist chain maps ¢o1: Co1 — Cg; and ¥19: C{, = C1o with homotopy inverses o1 and
¢10, with chain homotopies /;; : Y o ¢;j ~ idcl.j and k;j : ¢ij oVrij ~ idC,-’,-’ where all maps above
are of degree €.

(A2) The map B is chain homotopic to ¥19B’¢o1 via a chain homotopy H : B ~ ¥/19B’¢o1. Note that
this homotopy automatically has negative degree, ie it is strictly filtration-decreasing.

(Note in (A1) that the homotopies have degree € instead of 2¢ as is common in Hamiltonian Floer theory
literature, for example [44, Definition 8.1].)
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Then we have a homotopy commutative square
B
Co1 —— Cio
N
¢01l N ltblo
h N
/ /
Co1 7 Cio

where h = @19 H + k19 B’ o1 is the induced chain homotopy between ¢19B and B’¢g1, which thus is a
map of degree €. Similarly, there is a chain homotopy A’: Byg1 ~ Y10 B’ givenby i/ = Hro1 +v01B’ko1,
which makes the square in the diagram

B/
/ /
COI CIO

AN
Wml h l‘/flO
I N

Co1 5 Cio

commute up to homotopy. Both & and &’ are maps of degree €.
It follows that there are induced chain maps of the cones

Ci1o — Cone(B) —— Co;

Lo

C{o, — Cone(B') —— C{;

o

Ci1o —— Cone(B) —— Cy1

(P10 R (Y10 W
f_(o ¢01) and g—(o 1/’01)

of degree €. By the five lemma, the induced homology maps are isomorphisms.

given by

Lemma 2.1 The maps f o g and g o f are each chain homotopic to automorphisms of filtered chain
complexes (ie degree-zero chain maps with degree-zero inverses), via chain homotopies that are of
degree €.

Proof We show the statement for g o f'; the argument for f o g is completely analogous.

hio O
0 hot

of degree € from f o g to a chain automorphism of the form

ide,, K
0 idg, /-

There is a chain homotopy
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Since the entry K: Co; — Cjg is of nonpositive degree, the matrix is of degree zero. The matrix is a
chain map since it is chain homotopic to f o g. This chain map property translates to the fact that K is a
chain map (that performs a grading shift by +1). Note that the inverse map is

idc,, —K
0 idg, /)’

which hence is also of degree zero. O

2.3 Simple equivalences from small degree homotopy equivalences

Next we relate the homotopy equivalences of small degree as above with the invariance of bifurcation-type
that our previous work [17] was based on.

Recall that a basis {e;} of the filtered complex C is compatible with the filtration if there is an action
function £(e;) € R defined on the basis so that ¢ € C =4 if and only if ¢ can be written as a sum of basis
elements of action less than a; see [17, Section 2.1]. We say that a complex is §—gapped if two different
basis elements in a compatible basis have action values that either coincide, or differ by at least § > 0.

Lemma 2.2 Consider two filtered complexes C and C’, where C is —gapped and satisfies the property
that each action level has at most finitely many generators, and for which

(1) C and C’ admit bases compatible with the filtration whose elements are in a bijection x > x’,
under which the action satisfies £(x) — ' (x") < €; and

(2) there are chain maps ¢: C — C’ and r: C' — C, which both are of degree € > 0, where ¥¢ and
¢ are homotopic to automorphisms of filtered chain complexes via chain homotopies of degree €.

If § > 4¢ > 0, then ¢ is a isomorphism with inverse .

If we endow the complexes with bases that are compatible with the filtrations, ordered in decreasing
action, with the additional assumption that two different elements have distinct action values, then ¢ is
upper triangular with units on the diagonal.

Proof By the assumptions, we can write

Y = @+ K + K9,

where @ is an automorphism of filtered chain complexes. By the assumption that C is §—gapped, and
since K is of degree € < %8, we conclude that K is in fact filtration preserving. Hence 0K + K 9 is strictly
filtration-decreasing. It follows by a standard fact that ¢ itself is an automorphism of filtered chain
complexes.

The map ¢ is injective by the above. It thus suffices to show that ¢ is surjective since, in that case,
y=9¢".
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Note that, for any basis element x € C in a basis compatible with the filtration, the map induced by

quotient and restriction
¢: C[K(x)—3e,(ﬁ(x)+36) N C/[(f(x)—Se,é(x)-i—Be)

is a map between equidimensional vector spaces by the assumption on the action spectrum of the involved
complexes. Since ¢ is an automorphism of filtered complexes, together with the assumption that C

is 6—gapped, we deduce that the above map on the quotient is injective as well, and thus surjective.
Consequently the map ¢ itself is surjective, as sought. O

Lemma 2.3 (characterization of a birth/death) Consider two filtered complexes C and C’, and assume
that Clat+8.a+38) — cla.a+48) gre poth two-dimensional,, while C'l@-4148) = (. Assume that there exist
chain maps ¢: C — C' and v : C' — C which both are of degree € > 0, where Y¢ and ¢ are homotopic
to automorphisms of filtered chains complexes via chain homotopies of degree €. If § > € > 0, then
Clatd.a+38) jg 4 complex generated by x and y, with dx = ky for some unit k.

Proof Since the map ¢: C1@-a+48) _, ¢/la.a+48) — () induced by quotient and surjection is a homotopy
equivalence, C [a.a+48) jg acyclic. The only two-dimensional acyclic complexes are the ones described
above. |

2.4 Barcodes

We sketch without details the modified barcode theory done in [17, Section 2].

Fort e R, let C (t)gi be a filtered complex with filtration action £ taking values in [a;, b;) C R and —oo.
A piecewise continuous (PWC) family of such filtered complexes, parametrized by ¢, is characterized by
the following properties:

¢ The endpoints of the action window [a;, b;) vary continuously with ¢.

¢ There exists a discrete set of 1 <--- <ty such that during any component / C R\{¢1, ..., ¢y}, there
are canonically identified (for different ¢t € /') generators of the complexes which are compatible
with the action.

e The action of each such generator is continuous and almost everywhere differentiable with respect
torel.

e For each t € I, the differential strictly decreases the action.
e Foreacht € {t1,...,tn}, the chain complex undergoes at most one of the following possible
“simple bifurcations”:
— The algebraic equivalent of a Morse handleslide.
— The algebraic equivalent of a Morse birth/death.

— An entrance (resp. exit) of one generator into (resp. from) either the top or bottom of the action
window.
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We continue to use [17, Section 2] in defining barcodes, but for the equivalent definition based on normal
forms, see [37, Section 2.1] and [44, Definition 6.2]. A barcode is a finite collection of “bars” [s, e),
where the endpoint e might be +00. Let ¢¢y.c, : H(C(1)g)) — H(C(t)g') be induced from the inclusion
C(1)gd <> Cx(1)g, where a; < co < ¢1 < by. The barcode of the complex (C(Z)Zi, d;) is the barcode
uniquely characterized by the following properties:

¢ The number of bars with starting point s is equal to the dimension of the quotient

coker(¢s,s+¢) = H(C(I)Zj'e, 0¢)/im Ps s te.
where € > 0 is any sufficiently small number.

e The number of bars with starting point s that persist at action level [ > s is equal to the dimension
of the subspace

[Bs-te. 1+l (coker(¢s s4¢)) C H(C(t)5T€,8,) /im g e,

where € > ( is any sufficiently small number and where the map

[Bs-te. i+ coker(gs,s4e) = H(C(t),T€, ;) /im g4

is induced by descending ¢ ¢ 14 to the quotients.

Proposition 2.4 [17, Proposition 2.7] Consider a PWC family C (t)gi of filtered complexes with action
window. When the complex undergoes no such bifurcation, the barcode undergoes a continuous change
of action levels for its starting and endpoints. At the bifurcations the barcode undergoes the following
corresponding changes:

e Handle-slide The barcode is unaffected.

e Birth/death When two generators x, y undergo a birth/death, then a bar connecting £(x) to £(y)
is added to/removed from the barcode. (The bar is not present at the exact time of the birth/death,
but immediately after/before it is visible and of arbitrarily short length.)

¢ Exit below A generator slides below the action level a; at time t. If the uniquely determined bar
which starts at the action level of that generator is of finite length, then that bar gets replaced with a
bar of infinite length whose starting point is located at the same action level as the endpoint of the
original bar. If the bar has infinite length, then it simply disappears from the barcode.

e Entry below This is the same as an exit below, but in backwards time.

¢ Exit above A generator slides beyond the action level b; at time t. There is a uniquely determined
bar which either ends or starts at the action level of that generator. In the first case, the bar gets
replaced with one that has the same starting point but which is of infinite length. In the second case,
when the bar necessarily is infinite, then that bar simply disappears from the barcode.

e Entry above This is the same as an exit above, but in backwards time.
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2.5 A piecewise continuous family of complexes from small-degree homotopy equivalences

In order to investigate the continuous dependence of the barcodes in relation to the invariance properties
established in Section 2.2, we need to relate invariance under small-degree homotopy equivalence as in
Lemma 2.1 to the bifurcation-type invariance that Proposition 2.4 above is based upon.

Let C(¢), t € [0, 1], be a family of finite-dimensional filtered complexes with choices of compatible basis
elements. We assume that all basis elements vary smoothly with ¢ except that there are finitely many
times #; < --- <ty at which there is a unique birth/death moment. Roughly speaking, at these moments
precisely two basis elements of the same action either appear or disappear. The next paragraph gives the
precise characterization of a birth/death.

Since we require the differential to be strictly filtration-decreasing, the two basis elements that undergo
a birth/death at #; are necessarily missing from the complex C(#;). However, in the case of a birth
(resp. death) two generators for # > #; (resp. ¢t < t;) are assumed to have actions that extend continuously
to t = t;, such that the extensions moreover attain the same action value at t = #;. (Note that, in particular,
the action of any basis element is bounded in the family, and there is a global bound on the dimension
of the complexes C(¢) in the family.) For simplicity we make the additional assumptions that, at each
birth/death moment ¢ = ¢;, all elements in the compatible basis have distinct action values and, moreover,
their action values differ from the action of the (continuous extension of the) birth/death pair. In addition,
we assume that there is a finite set of times when the action values of a compatible basis are not distinct.

In order to simplify the notation, we will now assume that the finitely many times when the action
spectrum is not injective, as well as the birth/death moments, all occur at rational times ¢ € Q N [0, 1].

It is worth stressing that, at this moment, we have not yet made any assumptions on how the differential
of the complexes C(t) varies; we are simply prescribing how their compatible bases depend on ¢. Under
the further assumptions of the next result, Proposition 2.5, we establish an invariance result for this family
of complexes; this is in fact one of the main goals of this section.

Proposition 2.5 Let C(¢) be a family of complexes as above that satisfies the following additional
requirement. For all € > 0, all sufficiently large N >> 0 and all i € {0, ..., N — 1}, there are chain maps

¢i:Ci/N)—C((i+1)/N)and ¢;:C((i +1)/N)— C(i/N)

of degree € > 0, where ¥;¢; and ¢;; are homotopic to automorphisms of filtered chain complexes via
chain homotopies of degree €. Then, for N >> 0 is sufficiently large, there exists a piecewise continuous
family of complexes D(t) that admit isomorphisms C(t) =~ D(t) of filtered vector spaces, that moreover
are chain maps for allt =i/N, wherei =0,1...,N.

Proof We start by prescribing
D(i/N):=C(i/N)
foralli =0,1...,N.
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First we consider the special case when C(¢) has no birth/deaths, and the action values of the basis
elements are all distinct for all times. We then construct the PWC family as follows. The complexes
D(t) fort €[i/N, (i +1)/N) are constructed by setting D(¢) := D(i/N) as a complex, and then simply
letting the action values of a compatible basis vary accordingly with ¢ € [i /N, (i + 1)/N). (In particular,
the differential remains unchanged.) It is immediate that D(¢) = C(¢) holds on the level of filtered vector

spaces.

The family of complexes D(t) for ¢t € [i/N, (i + 1)/N) extends by continuity to also t = (i + 1)/N;
denote the limit filtered complex by 5((1’ + 1)/N). What remains is to construct an isomorphism of
filtered complexes 5((1’ +1)/N)=D((i+1)/N).

The assumptions of Lemma 2.2 are satisfied for all maps ¢; and y; whenever N > 0. In particular,
all complexes D(i/N) can be assumed to be 6—gapped for some fixed § > 0. Hence ¢;: D(i/N) —
D((i + 1)/N) is a chain isomorphism of degree €. Since D((i + 1)/N) is canonically identified with
D(i/N) (only the action values of the compatible basis have changed slightly), it follows that the induced
chain isomorphism ¢; : D((i +1)/N)— D((i + 1)/N) is of degree zero. This implies that we have a
PWC family, as sought.

In the case when the family C(¢) has birth/deaths or compatible basis elements of the same action value,
then we need to take care at those moments separately. This we do in the subsequent paragraph. After
having constructed the PWC family in a small neighborhood of these points in time, the family for the
remaining times can be constructed as above.

In the case when two action values for a compatible basis coincide at some ¢ = i/N, then we can again
use Lemma 2.2 as above to construct the family D(¢) fort € [i /N, (i +1)/N] and [(i —1)/N,i/N]. In
the case when there is a birth/death at =i /N, the same can be done by alluding to Lemma 2.3. Once we
have taken care of the construction of D(r) for these times, we simply invoke the construction in the first
simple case, ie the case when action values are distinct, and when there are no birth/death moments. O

3 Proof of Proposition 1.11

Consider, in the symplectization (R; x Y, d(e*«)), the Lagrangian trace of a Legendrian isotopy A;
with ¢ ranging from — to 4. This (exact embedded) Lagrangian concordance coincides with the cylinder
R x A4 for &7 > k for some k > 0, and after reparametrizing the Legendrian isotopy, the t—level set
of the trace is close to {t} x A; For example, see [4, Theorem 1.2], the proof of [19, Lemma A.1], the
proof of [25, Lemma 6.1], or [35, Definition 2.10] on constructing this trace. We recall the version of the
construction from Chantraine [4, Theorem 1.2] in Appendix B.

The length § € R>¢ of the cobordism, as defined by Sabloff and Traynor in [40], is the shortest § such
that {t € [t9, 70 + 6]} C R X Y contains the noncylindrical portions of the cobordism and almost complex
structure. Proposition B.1 shows how the length of the trace cobordism constructed by [4] depends on
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the conformal factor of the contact isotopy; we also consider the length of the “inverse cobordism”. The
length is crucial for analyzing the filtered invariance result, since the chain maps produced by the trace
cobordism have filtration properties that depend on this.

We denote by x’ a continuous family of chords of A;. Recall that the family of Legendrians is assumed
to be generic, which means that a chord x* of A4 that does not undergo a death-type bifurcation in the
family corresponds to a unique chord x T of A .

The Lagrangian together with an appropriately compatible almost complex structure J induce a DGA—
morphism
O: (A4, 04) > (A, 0-)

between the DGAs (s, d1) of Ay; see [19]. More precisely, we require as in [19] that the almost
complex structure is adjusted, which means that it is compatible with the symplectic form and cylindrical
outside of a compact subset; the latter means that the almost complex structure preserves the contact
planes lifted to R; x Y, is invariant under the R ;—translation, and sends d; to the lifted Reeb flow.

Suppose the Lagrangian trace of an isotopy A; induces the map ® and the inverse trace induces the
map W. Construct a generic 1-family of Lagrangians connecting the trivial cobordism A+ x R, with
induced DGA map id: (4, d+) — (4, d4+), to the trace concatenated with its inverse. Let G count
index —1 punctured pseudoholomorphic curves that occur at isolated moments in this family of cobordism,
as defined in [19]. Then

3-1) id=Ud—(3+G —Gay).

The result below follows from the filtration-preserving properties of the DGA—morphisms and chain
homotopy involved.

Lemma 3.1 (1) Consider the Legendrian isotopy A; generated by a time-dependent contact Hamil-
tonian H;. For any § > O the Legendrian isotopies

At eeli/NG+1)/N1 and  {A_¢}re[—i+1)/N,—i/N]

may all be assumed to have a trace cobordism of length less than § whenever N > 0. In addition,
both concatenations of these two trace cobordisms may be assumed to be compactly supported
Hamiltonian isotopic to the trivial cylinder through cobordisms of length at most 2§.

(2) Let ® and W above be induced by Lagrangian cobordisms of length § > 0, where the concatenation
of the cobordisms are Hamiltonian isotopic to trivial cobordism through cobordisms of length at
most 26. (For instance the trace cobordisms from part (1).) Then

(F(xT)) <t(xt)e?

holds for F € {W, ®}, while any word x* that consists of letters that satisfy £(x*) < a has the
property that G(xT) consists of words of letters that all satisfy £(x~) < e?)a. (Notation as in
equation (3-1).)
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Proof (1) We start by fixing a global contact isotopy that generates the Legendrian isotopy A;.
For N > 0, we may assume by continuity that the restriction of the contact isotopy that generates
{At}teli/N,(i+1)/n] has a conformal factor that is bounded by § > 0. The construction of the trace
cobordisms with the sought properties can now be deduced from Proposition B.1.

(2) The statement is clear for any map F that is defined by a count of finite-energy pseudoholomorphic
disks in R; x Y with boundary on a Lagrangian cobordism of length at most 26 and a single positive
puncture, when the almost complex structure is adjusted and, moreover, cylindrical where the cobordism
is cylindrical (eg outside of [—6, 8] x Y'). Namely, [6, Lemma 3.4 and Proposition 3.5(9)] explicitly bound
the Hofer energy of such curves used to define F(x™) from below by 0 and from above by the quantity
£(xH)ed —L(F(xT))e?. To match with their convention, we ignore their distinction of pure and mixed
chords, and we center the concordance around tp = O (from our definition of length above).

Since the chain maps F = ®, ¥ are defined by pseudoholomorphic disks of the type mentioned above,
the statement now directly follows in these cases.

The chain homotopy G has a more complicated construction, which was carried out in [19, Appendix B].
Each term in G(x{F -~-ij) corresponds to a count of disconnected pseudoholomorphic buildings [3],
where each component of the building has the topological type of a broken disk with a single positive
puncture at xl.+ fori =1,...,k. In addition, each component satisfies the following:

e There is a single level consisting of a number of pseudoholomorphic disks of index —1 and 0 inside
R x Y, each with boundary on one of the Lagrangian cobordisms in the family that interpolates
between the concatenation and the trivial cylinder (these are all of length at most 2§), and which all
have a single positive puncture. As in the first case, we can again assume that the almost complex
structure is cylindrical in the subset where the family of cobordisms are cylindrical (eg outside of
[—8,8] xY).

¢ All other levels consist of punctured disks of index 1 and trivial strips of index O inside R x Y,

with boundary on either R x A;/y or R X A(;41)/n5 and a single positive puncture, which are
pseudoholomorphic for a cylindrical almost complex structure.

If one considers these terms as a composition of operations, the fact that the disks of index 1 in the second
bullet point define the differential (which is strictly filtration-decreasing), the statement finally follows by
an energy estimate similarly to the first case. O

The remainder of the proof of Proposition 1.11 is similar to the proof of Proposition 2.5; roughly, we
decompose the isotopy into small steps that then are shown to induce homotopy equivalences of small
degree. Lemma 3.1(1) implies that, for a sufficiently fine decomposition of [—, +], each map ®[_;, 4
has an arbitrarily small cobordism length. To prove Proposition 1.11, we thus restrict to a single interval
of a sufficiently fine generic decomposition (this single small interval we continue to label [—, 4]) and
show that it is a finite composition of (de)stabilizations and tame automorphisms.
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Note that the Reeb chord lengths vary continuously with the parameter ¢. For a very fine decomposition
we may thus assume that these lengths are almost constant in the interval [—, +]. Together with the
proposition’s hypothesis of genericity, and since § > 0 can be assumed to be arbitrarily small, we get
three cases listed below. For all cases, we assume that no chord has action less than ¢28 . Recall that we
only consider the Chekanov-Eliashberg algebra Al generated by chords with actions less than /. Below
we thus disregard all chords of action greater than [’ for some suitable action level I’ >> [. Moreover,
after further shrinking § > 0, we can assume that no Reeb chords on the family A; of Legendrians has
length contained in the interval [e =31, €1"].

Case 1 There are no births/deaths in [—, 4+]. Further, any x T satisfies
((xT) e e Bu(x®), b e(x ),
while any y T different from x ™ satisfies
ety LN e ). e = 2.
(In particular, any two Reeb chords have distinct lengths.)

Case 2 The chords whose lengths are contained in [e =25, €20¢,] are precisely two, and undergo a
birth/death at 0 € [—, +]; ie there are precisely two chords x*, y* of lengths

"), L") € e o, e’ Lo]
for t > 0 (resp. t < 0), while there are no such chords for ¢ < 0 (resp. ¢ > 0). Furthermore, £(xT) > £(y ™)
(resp. £(x7) > £(y™)). The chords z! of length
0(z") ¢ [e™ 24y, €29 40)
satisfy the assumptions of Case 1.

Case 3 There are no births/deaths in [—, +]. There are precisely two chords whose lengths are contained
in [e=284, ¢2%£4], which moreover have lengths contained inside [e 3£, e¥£o], and satisfy +£(xT) >
+0(y*) while £(x%) = £(»°). The chords z* of length

0(=") ¢ [e7* b0, e to]
satisfy the assumptions of Case 1.

In the case when there are no births/deaths, the invariance under DG-homotopy together with Lemma 3.1(2)
now implies that

(3-2) Xt = (W0 —(0+G - GI))xT =kykext +) v —(0+G—-Goy)x"

J
= kq;kq>x+ —|—va + Zu;:
J k

is satisfied, where k¢ € k (resp. ky € k) are the coefficients (®(x*), x™) and (¥(x~),x™), and v;r, u:
are monomials of chords of A that satisfy

Uty = L) L),
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Case 1 Looking at the last two terms in equation (3-2), Lemma 3.1(2) implies two things. First, if
v;r e (k\ {0})x™T, then v;r is in the image of W of an element of action at most ¢%£(xT), which by
definition is not contained in kx~. Second, if u,‘: € (k\ {0})x™, then either x* appears as a term in
the differential of a word G(x™T) all of whose letters are of action at most e28€(x+), or as a term in
G(w™) for a word w™ of action £(w™) < £(xT). Moreover, in the latter case, all letters in G(w™), and
thus in particular x T itself, have action bounded by e25¢(wt). The hypotheses in Case 1 imply that
E(U;L), E(u;r) < {(xT). Thus ke = k‘il in (3-2) is a unit.

Cases 2 and 3 Case 1 handles all chords without other chords of approximately the same action. So we
have reduced to studying the maps at x and y which have approximately the same action. Consider the

1= (e )
yx yy

in the x, y basis, for the map F € {®, ¥, G, 04+, id}. The bound from below of £(z) implies there is no

2 X 2 matrix

additional (nonlinear) term involving x or y in either F(x) or F(y). Since £(x*) > £(y™),

0 0
w*“‘(@+»xo)

for some (04 )yx € k. We also consider the corresponding 2 x 2 matrix version of (3-2).

M=@$=m

So (3-2) implies 1 =idxx = Gxy(0+)yx. In particular, after the tame automorphism of scaling y by
((04)yx)"! = Gxy €k, we get 34 (xT) = y* + >, w; with £(w;) < £(y™T). The result now follows
from Chekanov’s algebraic treatment of birth/deaths [8, Sections 8.4-8.5].

Case 2 Since (x—, y™) do not exist,

Case 3 Assume at t = 0 that J is generic so that the DGA differential dg is well defined. Let
DO: (o4, 04) — (4, dp) and WO: (54, dg) — (<4, ) be the DGA morphisms induced by the trace and its
inverse over the subinterval [0, +] C [—, +]. Let G° be the homotopy relating W°®° and idg. As above,

define the 2 x 2 matrix
(Fxx ny)
Fyx Fyy

in the x°, y? basis for the map F € {®°, W% GO, 3dg,idg}. Stokes’ theorem implies that [0g] = O as a
2 x 2 matrix. From the 2 x 2 matrix equations
[ido] = [G%0o] + [00G"] + [¥00°] = [WOD7],  [91 0% =[@%0] =0, [¥°91]=[3p¥"] =0,
we get
L= (ido)xx = W3, 0%, + 92, @Y. (04)yx @R, =0, W3, (4)yx =0,

which imply (04),x = 0.
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Since [04] =0 as a 2x2 matrix, equation (3-2) implies that [W], [®] € GL(2, Z). [11, Corollary 2.6 ] proves
that SL(2, Z), which is an index 2 subgroup of GL(2, Z), is generated by the two tame automorphisms

(1) = ()

(_(1) (1)) € GL(2,72)\SL(2, 7).

Thus W and & are compositions of our allowable tame automorphisms.

But we also allow the map

4 A Rabinowitz—Floer theory for Legendrians

Rabinowitz—Floer homology in the case of a contact type hypersurface was originally defined by Cieliebak,
Frauenfelder and Oancea [9]. We present a version of the theory in the relative case, RFH, which previously
has been considered in the Hamiltonian setting by Merry [32] and Cieliebak and Oancea [10], and in
the SFT setting by Legout [31]. Our construction of the complex is the direct generalization of the
construction from [31] to the case of an arbitrary contact manifold, while allowing augmentations that are
only defined under some action level.

In Section 4.1, we compactify the moduli spaces used in Sections 4.2 and 4.3. In Section 4.2, we introduce
a Rabinowitz—Floer complex (RFC) as a mapping cone complex generated by Reeb chords. In Section 4.3,
we prove the invariance of this mapping cone complex. Compared to the invariance result from [31], we
here need to take extra care to control the filtration-preserving properties, in order to establish invariance
by a PWC family of complexes.

4.1 Compactification of certain moduli spaces

Let A(}L, Af’ C Y be two Legendrians isotopic to Ay, A} . Assume AT = A(ﬂf U Ali is embedded. Let
— <t < + parametrize this isotopy. (We use =+ instead +1 to avoid notational overuse of the symbol 1.)
Further, let Lo, L1 C (R; x Y, d(e*a)) be the exact Lagrangian concordance arising from the trace of
the isotopy, with L; N{t} x Y = Al?': for &7 > 1. Assume that L := Lo U L; has at most one transverse
double point g.

There exist primitives of e®o|ry; by exactness. Since this primitive is necessarily locally constant
wherever L; is cylindrical, we can fix a unique primitive that vanishes on the negative ends of L;. After a
small perturbation of L;, we may assume that there is a nonzero difference of primitives at the unique
intersection point {g} = Lo N L.
We consider several types of asymptotic behaviors for our holomorphic disks.

o Mixed a*—chords Such a chord starts on A(ﬂf (resp. Ali) and ends on Afc (resp. Agc).

e Pure a*—chords Such a chord both starts and ends on A(:)': (resp. Ali).

¢ Lagrangian intersection point ¢
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Let I' be a nonempty cyclically ordered set of the above, each endowed with a sign. Repetition is allowed.
Let Bd € {L, A%}. Let .4 (I"; Bd) denote the moduli space of J—holomorphic disks u: D — R x Y,
with boundary marked points, satisfying the following conditions:

o The boundary of the disk maps to L if Bd = L and to R x A* if Bd = A*.

¢ The (formal) dimension of the component is d.

¢ FEach marked point maps to an element of I'. The cyclic ordering of marked points induced by the
boundary orientation matches the cyclic ordering of the chords/double points in I.

e If a marked point maps to the double point (ie when Bd = L), then the puncture is positive
(resp. negative) if the primitive of e*«|;, evaluated along the boundary of the disk makes a jump to
a lower (resp. higher) value at the puncture, while traversing the boundary in the positive direction.
If a marked point maps to a chord, the endowed sign & indicates that it is an asymptotic limit at
the +00 end of the symplectization boundary.

Remark 4.1 Consider the Legendrian lift of Lo U L to the contactization (R; XY xRz, dZ + e*)
that is uniquely determined by the requirement that its Z—coordinate vanishes at t = —oco. The sign
of the puncture at a double point has the following direct reformulation in terms of the Reeb chord
on this Legendrian. A disk has a positive (resp. negative) puncture at g if and only if the value of the
Z—coordinate along the boundary of the disk, as specified by the Legendrian lift, jumps to a higher
(resp. lower) value at the puncture when traversing the boundary according to the orientation. This will
be important later, when we describe the cobordism by the front projection of its Legendrian lift.

Note that .14 (I'; A*) has an R—translation in the range. We denote the quotient of this translation by
N I A%) = m4(I; A¥)/R. We next list different types of boundary conditions for the moduli
spaces. In all cases below, I' may have some additional negative pure chords.

(1+) Bd= A*; T contains two positive mixed chords.
(24+) Bd= A¥*; T contains one positive and one negative mixed chord.
(3+) Bd= A*: T contains one positive pure chord and no mixed chords.
(4) Bd = L; T contains two mixed chords (both positive).
(5) Bd = L; T contains two mixed chords (one positive, one negative).
(6) Bd = L; I" contains one mixed chord (positive) and g (positive or negative).

(7) Bd = L; T contains one mixed chord (negative) and g (positive or negative).

Note that the sign of the puncture at g in cases (6) and (7) can be recovered by the following data: the
component of the starting point (or endpoint) of the mixed Reeb chord asymptotic of the disk, together
with the two action values of the potentials at g for each of the two sheets of L.
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Figure 1: Top: Boundary points of the compactification of the moduli space (1) of punctured
disks with boundary on the cylinders over AU A? with two positive mixed Reeb chord asymptotics.
Note that we have omitted any trivial strip inside the symplectization level from the figure. The
broken configurations on the left and right belong to (24 x 1), while the middle configuration
belongs to (1+ x 31). Bottom: Boundary points of the compactification of the moduli space (2..)
of punctured disks with boundary on the cylinders over A U Af. Note that we have omitted any
trivial strip inside the symplectization level from the figure. The broken configuration on the left
belongs to (24 x 24 ) while the one on the right belongs to (24 x 34). There are similar breakings
for the disks whose mixed Reeb chords start on AT and end on A.

We now describe the boundary 9 in the sense of the SFT compactification [3], also called Gromov—Hofer
compactification, of certain one-dimensional moduli spaces, modding out by the R—translation when
one can. We illustrate the notation with some examples. The broken curve (24 x 1) has boundaries in
two copies of (R x Y, R x A™). In the lower copy there is a curve of index 1 (rigid after R—translation)
of type (14). In the upper copy there is one curve of index 1 (rigid after R—translation) of type (24) and
one “trivial strip” of index 0, which is a curve of the form (R x chord). (We omit listing the trivial strips.)
The broken curve (6 x 6) has two index 0 curves of type (6) in the same copy of (R x Y, L), one with a
positive puncture at ¢ and the other with a negative puncture at gq.

Figures 1 through 3 depict the broken configurations corresponding to the boundary strata of the moduli
spaces of the corresponding type. Note that, in these figures, any trivial strip inside a cylindrical level has
been omitted. For every broken configuration in which there is a nonempty level with boundary on A ¥,
as well as a middle level with boundary on L, there might be noncylindrical components in the middle
level with only pure punctures. Such components are not exhibited in the aforementioned figures; see
Figure 6 for an example where levels of this type arise in the boundary of the moduli space of type (5).
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A%
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ATl A Al AT (A

Ly [RxA @Ll
Llwh RxA| |L; R x A

Figure 2: Top: Boundary points of the compactification of the moduli space (3+) of punctured
disks with all boundary components on either the cylinder over A, A7, or AfL. In other words,
these are the curves that are used in the definition of the Chekanov—Eliashberg algebra of either
Legendrian. All broken curves belong to (31 x 31). Note that we have omitted any trivial strip
inside the symplectization level from the figure. Bottom: Boundary points of the compactification
of the moduli space (4) of punctured disks with boundary on L = Ly U L with two positive
mixed Reeb chords. Note that we have omitted any trivial strip inside the symplectization level
from the figure. The broken configurations shown are as follows: The top row the left and middle
configurations are in (2.4 x 4), while the one on the right is in (14). On the bottom row from left
to right, the configurations shown are in (6 x 6), (5x5x 1_), and (4 x 3_).

The figures depict the most general case that we will need, ie the special case when Lo =R x A isa
trivial cylinder, which in particular means that AF = A, while L, is a Lagrangian cylinder from A7
to Af.
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ATl A

L1 RXAL] L1 Ll RxA L] RxA
R x A R x A

L R x A LlinA R x A

Ll Ll RxA Ll

Figure 3: Top: Boundary points of the compactification of the moduli space (5) of punctured
disks with boundary on L with one positive and one negative mixed Reeb chord puncture. Note
that we have omitted any trivial strip inside the symplectization level from the figure. The broken
configurations shown are in (5 x 2_), (5 x 24), (6 x 7), and (5 x 3_), going from left to right.
There are analogous configurations when the mixed Reeb chords start on L, and end on Ly.
Bottom: Boundary points of the compactification of the moduli space (6) of pseudoholomorphic
curves with one puncture asymptotic to a positive mixed Reeb chord from R x A to L;, and
one positive puncture at the unique intersection point. The broken configurations shown are in
(24 x6), (6 x3_),and (2x 7 x 1_), going from left to right. There are analogous configurations
in the case when the positive mixed Reeb chord starts on L and ends on R x A.

Proposition 4.2 For a generic almost complex structure, the boundary of a one-dimensional moduli
space is made of the following configurations of rigid moduli spaces:
(1+) (1 x34), 2+ x 11),
(24) (24 x24), (24 x31),
(B+) (Bxx31),
@) Q2+x4),(5x5x12),(14),(6x6),(4x32),
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B) 24 x5),(5%x2-),(6x7),(5x32),
6) 2+x6),(5x7x1-),(6x3_).

The Lagrangian cobordisms we study in Section 4 will not have any one-dimensional moduli space of
type (7).

Proof The mixed chords (or double points) each appears exactly once in the word of chords defining a
given moduli space. If a disk has only pure chords, then Stokes’ theorem implies it has a unique positive
pure chord. Therefore, transversality for these spaces can be achieved by either perturbing J near this
distinguished positive chord as in [13, Proposition 3.13], or by perturbing the Lagrangian boundary
condition near p as in [23].

These configurations are the only ones that can appear because

(a) adimension argument implies exactly one (nontrivial) moduli space in a symplectization;

(b) each moduli space has at least one positive puncture. O

4.2 The Rabinowitz complex as a mapping cone

In the following we assume that Ag = A is fixed, and that A} = ; H, (A1) is a Legendrian isotopy of
AT = Aj for — <t < +. We write A’ := Ag U A, while A = Ag U Ay as before.

Fix t € [—, +] as in Section 4.1. Choose a cylindrical almost complex structure that is regular for the
moduli spaces involved (ie that consist of disks for which there is a distinguished asymptotic that only
appears once, and where the moduli space is of expected dimension at most two before taking the quotient
by the action of translation). Recall that this is possible by [13, Proposition 3.13]. Assume there exist
augmentations &' defined for ! (A;), i =0, 1, which can be identified with an augmentation g¢g of the
DGA si! (A9) that is generated by the pure chords. In [17, Lemma 3.4], we describe how to define an

pure <
augmentation &; for &Qll,l}é(t)(At ), where

t
1) = [ (max He(y) =i He () d.

The setting for [17] was limited to (Y, «) = (P xR, dz —6). However, [17, Lemma 3.4] used only that
the DGA underwent a stable-tame isomorphism. Thus, Proposition 1.11 implies that [17, Lemma 3.4]
applies to our more current general setting.

Since the stable tame isomorphism given by Proposition 1.11 are the DGA—quasi-isomorphism induced

by the Lagrangian trace cobordisms, we get

Lemma 4.3 For a sufficiently fine subdivision t; < --- < ty, the augmentation &;; can, moreover, be
assumed to coincide with the pullback of the augmentation &;;_, under the DGA—morphism induced by
the exact Lagrangian trace of the isotopy A} for t € [t;_1. 1;].
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In the following, let xo1 (resp. x1¢) indicate a mixed chord starting on A (resp. A}) and ending on A}
(resp. A). All other chords z; below are pure. We define the actions of xg; and of x1¢ to be, respectively,

a(xg1) := +/ a>0 and a(xy):= —f a <0.
X01 X

10

Fix a;, by € R such that
(4-1) 0<by—a; <I—1(1).
Denote by
Cx(lar, b)) = Cx(Rxo N[as, by)) and  C*([ar, br)) = C*(R<o N[as, br))

the “linearized Legendrian contact homology complex” and the “dual cocomplex”, respectively, where the
former is generated by the mixed chords x¢; while the latter is generated by the mixed Reeb chords x1y.
In both cases we assume that the action a of the generators is contained inside the interval [a;, b;).

As prescribed below, the differential restricted to Cx«([a;, bt)) (resp. C*([az. by))) is the usual differential
of the Legendrian contact homology (co)complex linearized by the augmentation ¢, that counts trips with
one positive (resp. negative) mixed input Reeb chord and one negative (resp. positive) mixed output Reeb
chord; see below for the precise formula.

Remark 4.4 For the cocomplex, the differential increases the Reeb chord length ¢, hence decreases
the above action a. This is why when taking the quotient complex, we consider C *([a;, b;)) and not
C*((az.bi]).

Recall that the linearized Legendrian contact (co)homology complex of a pair of Legendrians can be
endowed with a grading that depends on additional choices of the two Legendrians involved; see [6] as
well as Section A.3. For simplicity we restrict ourselves to the case when the first Chern class of (Y, «)
vanishes, which means that we can choose a symplectic trivialization of the (square of the) determinant
C-line bundle deté — Y. Given the choice of a homotopy class of such a symplectic trivialization,
together with choices of Maslov potentials of A; as described in Section A.3, we get a canonically induced
Z—grading for which the linearized differential (resp. codifferential) is of degree —1 (resp. 1). In addition,
the choice of a Maslov potential can be naturally extended over a Legendrian isotopy. Note that a loop
of Legendrians can induce a nontrivial action on its set of Maslov potentials; see Lemma 6.11 for an
example.

For a pair of mixed chords x, y in either complex, and ordered (possibly empty) sets of pure chords z
and z’, define
mg, (xT, yi) = Z tIJ(7L0(x+z_yiz/_; Aes(z2)).
z,z/
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Note that the action of the individual pure chord z in z or z’ is less than b; —a;, and so &;(z) is defined.

We suppress the subscript notation when we define the maps

d01:C*([at,bt))—>C*([at,bt)), d10:C*([at,bt))—>C*([at,b;)), B:C*([at,bt))—>C*([at,bt]),

where
do1(xo1) = > mz:(Xgy, Yo1)Yot,
{vorla(yo1)€las,bs)NR >0}
dio(x10) = > mz: (¥ ¥10) Y10,
{r1ola(rr0)€lar,br)NR <o}
B(xo1) = > mz. (xg1, o)y 0.

{y1ola(yio)€las,b)NR <o}

Note that dgy and dj¢ are the linearized Legendrian contact homology differential and codifferential,

L dp1 O
dB._( o dlo)

is a filtered mapping cone differential for the filtered chain map B.

respectively.

Proposition 4.5 The matrix

Proof By Proposition 4.2(11) and 4.2(21), the matrix squares to zero. Consider xg; € Cx«([as, bt)) and
z10 € C*([a;, by)), for example. Then
<d§x01 ,Z10) = Z my, (x(—)i_l ) J’o_1)mKt (y(—)i_p ZI)) + Z my; (x(—)i_l’ yﬁ))m[\t (Y10 Zﬁ)),
Yo1 Y10
which vanishes by Proposition 4.2(14.). O

Definition 4.6 Let (a;,b;,&;,1 —I(t), A?) denote the auxiliary information used to define this cone
complex. We denote this mapping cone complex as

RFC ) (Ao, Afier) = (Cu(Dlar.be) & C" 72 (0)[ar. by). dp).
which naturally is a filtered chain complex with action window [a;, b;) and filtration induced by a.
Remark 4.7 (1) The sign change and shift of grading of the second summand is needed in order for the

summand B of the differential dp to be of degree —1. The relevant index for the disks with two positive
punctures whose count defines B was computed in [22, Lemma 2.5].

Further, with this convention, the degree of a generator is continuous under deformations through transverse
chords, even when the length of the chord at some point becomes zero, so that the component of the
starting and end points become interchanged; this readily follows from the definition of the grading in
Section A.3.

The mapping cone complex also can be defined without a grading. While the grading is necessary (and
warranted) to prove Theorem 1.10, the other results in Section 1 need only the ungraded complex.
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(2) We suppress the upper bound notation [ — /(¢) in an attempt to reduce the overbearing set of
decorations. To be consistent with similar concepts in other literature, we sometimes call the mapping
cone complex the Rabinowitz—Floer complex, and when the Legendrian is augmentable (so that we can
choose by =1 = —a; = 0o) we denote it by RFC« (A, Ay).

(3) The Legendrian contact cohomology complex C*((—o0, a]) is the degree-wise dual of a possibly
infinite dimensional complex. In such a case the chords x1¢ do not form a basis of RFC (A, A;), since
one must also allow formal infinite sums of such chords. In other words, in each fixed degree i € Z, the
filtered vector space RFCE_OO’+°°)(A, Ay) is the inverse limit of the directed system

RECI" T  RpCIH+o0)  RpCE>1) ..

of filtered vector spaces and canonical quotient maps induced by the filtration.

Theorem 4.8 Assume that the following conditions are satisfied:

e [ —[(—) > 0 is smaller than the length of any contractible periodic Reeb orbit y of degree |y| < 1;

e ¢_ is an augmentation of the sub-DGA &ﬁé;rle(_)(l\() U A1) generated by pure Reeb chords; and

e A} is generated by a Legendrian isotopy of oscillation

t
10) = [ (max He(y) - mi H:(3) .

Then, as long as | —I(t) > by —a; > 0 and [a;, b;) is a finite interval, there exists a sequence of
augmentations &; of the DGAs &ﬁé[rle(t)(Ao U A") that makes RFCE?’ -be) (Ao. Al; ;) into a well-defined
PWC family of complexes with action-window [a;, b;). In particular, the complexes undergo the

deformations specified by the barcode proposition (Proposition 2.4) as t varies.

In the case when | = 400, a; = —oo and by = +o00 holds for all t, then the homology of the entire
complex is invariant under Legendrian isotopy. In addition, in any smooth family of finite action windows,

we may assume that we have a PWC family of complexes.

The analogous invariance also holds when the first Legendrian is deformed by a Legendrian isotopy, while

the second copy is being fixed. The proof is completely analogous and left to the reader.

Remark 4.9 ¢ Theorem 4.8 holds if we replace /(z) with the oscillation underlying the Shelukhin—
Chekanov—Hofer norm or the Usher norm

t
L) = /_ max He()do or 1) = 1) + max[g(»)].

Here g(y) is the conformal factor for the time-# contactomorphism defined by H ; see [39, Definition 10.1].
This follows because [(z) < [1(2), [>(t).
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e If H defines a contact-form-preserving contactomorphism, ie if the conformal factor is 0, then the
length of the pure chords are preserved. It then follows from Proposition 1.11 that the stable-tame
isomorphism class of the Chekanov-Eliashberg algebra ! does not depend on . In particular, ! has an
augmentation for all ¢, and we can improve Theorem 4.8 by dropping the condition / — () > 0.

To prove Theorem 4.8, we write the isotopy as a concatenation of short isotopies. Below any action level
upper bound, we can assume there is at most one of the following singular moments: a mixed chord
that enters or leaves the action window [a;, by ); the birth/death of a pair of chords occurs; the actions of
exactly two mixed chords coincide; the action of a pure chord equals / —/(¢); and the action of a mixed
chord vanishes. All of these moments, except the last one, are considered in [17, Proposition 3.5], which
is the equivalent of Theorem 4.8 in the special case (Y, @) = (P X R;,dz —6). The case when the action
of a mixed chord vanishes corresponds to when the Legendrians Ag and A} intersect. By genericity we
can always assume that there are only finitely many such moments in the family. The invariance at these
moments is taken care of in Section 4.3.1 below.

To recycle the reasoning of [17, Proposition 3.5], we will apply the algebraic machinery from Section 2,
in particular Propositions 2.4 and 2.5, to our current geometric setup. (In particular, the algebraic
interpretation of bifurcation analysis done in [17] is replaced by Proposition 1.11.) And to apply the
Section 2 results, we need to establish the hypotheses (A1) and (A2) for Lemma 2.1.

Finally, in the case when /| = 400, a; = —oo and b; = 400, the proof of the invariance of the
complex is simpler, since we do not need to care about whether the maps consist of standard bifurcations,
ie handleslides or birth/deaths. (In other words, we do not need Lemma 4.13.) Instead, the weaker
property of quasi-isomorphism follows by standard invariance properties of the linearized Legendrian
contact homology as in [20], combined with the treatment of the double point and hypothesis (A2) in
Section 4.3.1 below.

4.3 Mapping cone complex invariance during a short Legendrian isotopy

We now consider a varying ¢t € [—, 4+]. Assume that the interval [—, +] is small. As in Section 4.1,
L denotes the Lagrangian isotopy-trace concordance of A’. Since the oscillatory norm € = [(+) —(—)
isotopy from A_ to A 4 is arbitrarily small, we assume that there are no pure chords whose lengths are in
the interval (/ —/(4),! —I(—)). Thus we can use the same action window [a—,b_) = [a+,b+) = [a, D)
for both complexes. Moreover, we assume that no mixed chords enter or leave this action window, and
that there are no birth/death pairs of chords when ¢ € [—, +].

4.3.1 One double point Suppose A N A’ = @ when ¢ € [—, +] \ {0} and that there exists a unique
intersection point A N A(l’ = {q} that is transverse in a one-parameter family. In particular, the double
point arises as a transverse family of mixed Reeb chords ¢;, whose action a(c;) changes sign at t = 0.
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Remark 4.10 For the remainder of this discussion, we assume that ¢ runs from A7 to A, and hence
a(c—) <0 < a(c4). The case when c_ runs from A to A7 follows from this case by considering the

reverse-time isotopy.

For some sufficiently small interval [—, 4], after a possible C°—small perturbation, we can choose a
contact-form-preserving Darboux neighborhood U C Y of ¢ such that the following hold:

e There is a contact-form-preserving identification
U = (B1)x X (B1)y X [—€.€]; C (B1)x xR xR, = (J1(B1). 1(dz — px dx))
for some 1 > 0 that we can make arbitrarily small, and where B, C R” is the disk centered at 0 of
radius r.
e ANU is the 0-section j 0.
o A" NJY(By) = j(f;) for some f;: By — R that smoothly varies with .
e Forall x € By \ By/3, fr(x) is independent of .
e Forall x € B3, fy(x) = x| +¢.
e Forall x € By, (df;)~1(0) = 0.
e The chord ¢; C 0 x 0 x R; is the unique mixed chord of A and A} in U.
In order to describe the trace cobordism it is useful to utilize the exact symplectomorphism
(Rr xR% XR; xR,,d(e*(dz—y dx))) = (R>0)g xR% XRZX xRp,, (t,x,y.2) (e, x,e"y,2),

where the target is equipped with the symplectic form d(q dpy; — px dx). For the choice of primitive
d(—pq dq — px dx), one can describe exact Lagrangians via their front projection to the contactization

(((]R>0)q xRYxRY xRy, )xRz,dZ — pgdq— px dx).

The noncylindrical part of the immersed Lagrangian trace cobordism inside R x U is constructed in these
coordinates via the front projection shown in Figures 4 and 5. We can assume that:

e The Lagrangian trace is cylindrical away from the intersection point, ie
LNRex (Y \U)) =Re x (AT UA)\U) =R x (AT UA)\U)
holds for some small neighborhood U of g.

e There exists A <0 < B so that L N {4 <t < B} contains the unique intersection point ¢ in the
level {r = 0}.

* In the above identification of R x U with a subset of R x J! By, the noncylindrical part of L is
identified with the exact Lagrangian immersion whose front is as shown in Figures 4 and 5. (The
figures depict L in the coordinates (¢ = €%, x, p, px, Z) on the contactization of the symplectization
R x U described above.)
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Lo=R.xAo oo

W=t

W=

Figure 4: The front projection of the Legendrian lift of the exact Lagrangian immersion L =
Lo U L, inside R; x U to the contactization (R; x U) x Rz of the symplectization. The Reeb
chord ¢ on the Legendrian lift corresponds to the unique double point {g} = Lo N L;. The
cobordism is cylindrical with a vanishing primitive of e« outside of a compact subset if all sheets
of the front are of the form e f(x) outside of a compact subset. In order for (4-2) to hold inside
the subset {||x | < %}, it suffices to consider a front which is the graph of a function of the form

e’(f(x) + g(e")) above B{’/3.

¢ The pullback of the Liouville form e« to L has a primitive that vanishes outside of a compact
subset; this is equivalent to the front projection in Figure 4 to consist of sheets that are of the form
e® f(x) outside of a compact subset.

e In the subset of R x U < R x J1Bj that lives inside R x JIBI/3, the immersed trace L is,
moreover, of the form

(4-2) R x A U{(r, P (x)): x € AT}

for some smooth y(7) > 0 (but not monotonously increasing) function that vanishes when t < 4,
and which is constant when t > B. Recall that qﬁ% is the Reeb flow of «.

Remark 4.11 Equality (4-2) holds because A/ is assumed to induced by the Reeb flow inside the
neighborhood J ! B; /3 of the double point.There is one subtle point here: the function y(7) must be
carefully chosen in order for e« to admit a compactly supported primitive when pulled back to L, as
postulated by the fourth bullet point above. This condition on the primitive is easier to describe in the
coordinates of the front projection: the front should be the graph of a suitable function of the form
e™( f (x) + g(e®)) above By,3, where g(e®) is constant for all &7 >> 0 sufficiently large.
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Z z

R:xAp A ut C+

Figure 5: Left: the front projection the Legendrian lift of the exact immersed Lagrangian cobor-
dism L = L U (R x Ao) to the contactization (R; x By;3) x Rz of the symplectization. Right:
the image of small disks #* with one puncture at the Reeb chord c and a positivepuncture at the
double point ¢ which is contained inside a slice consisting of the image of the line R, x {0} under
the Reeb flow.

Lemma 4.12 For [—, +] sufficiently small, the following holds. For a suitable compatible almost
complex structure on R x Y which is cylindrical outside of a compact subset, there exists a unique
pseudoholomorphic disk u™ (resp. u™) with positive (resp. negative) asymptotic puncture at ¢4 (resp. c—),
a positive puncture at g, and no other punctures. There exists a neighborhood of adjusted almost
complex structures (see Section 3) in which a generic choice J makes u™ rigid and transversely cut out.
Furthermore, there are no disks with a negative puncture at ¢ and with all other punctures negative Reeb
chord asymptotics, of which precisely one is mixed (and thus necessarily going from A to A7).

Proof From the above assumptions (including formula (4-2)), there exists a local projection

7:RxU CRxJYBy)— T*(By)
such that

(L NRxU)NT*Byjs ={(x,2x)}NT*By;3 and 7(Rx (AN By3)) = {(x,0)}.

Let Jr=(p,) be any almost complex structure compatible with the standard symplectic structure wo
on T*(By). This lifts to a unique cylindrical almost complex structure Jyy on R x U for which 7 is
(Ju, Jr*(B,))-holomorphic.

If Jr«(p,) is integrable in a neighborhood of the double point 0 € T*(B1), then [14, Lemma 8.3(1)]
proves the transversality result for the strip u+ C 7~ !(0) whose image is the trace of the isotopy of the
Reeb chord c; between g and c.. This strip is depicted in Figure 5.

Extend Jy to an adjusted almost complex structure J for R x Y. Since transversality is an open condition,
we can perturb J generically to assume all rigid holomorphic disks are transversely cut out.

We will show uniqueness of u = u™ first using a monotonicity result [13, Lemma 5.1] for Lagrangian
surgery cobordisms (the current setup is similar), then using a monotonicity result [30, Proposition 4.7.2]
for compact Lagrangians. The u™ case is similar.
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Using the notation of [13], let — = A and + = B so that L is cylindrical outside of {4 <7 < B} CR; xY.
In [13, Section 3.3.1] the total energy is defined by

Egq,81(0) = e / d(e*®@a) + sup/ p(t)dt Ao
u o(z) Ju

This total energy is the sum of the d(e®® a)—energy of u, where

A ift <A,
p(r)y=4qt ifte[A,B],
B ift>B,

and the (dt A a)—energy of u N {t ¢ [A, B]}, and where the p(7) are nonnegative bump functions that
have compact support contained in precisely one of the subsets

e (—o0, A], in which case fR p(t)dt =1, orin

s [B, +00), in which case [ p(t) dt = eB~4.
Let h(g+) > h(g—) = 0 be the primitives of e*«|r, at the two sheets of the double point of L, whose
size is controlled by the size of £(c4); see the difference of Z—coordinates in Figure 4. Applying
[13, Proposition 3.11(2) and (3)] to the first and second term of the total energy, we get

e [ deOa) =B Ates) + e Mg b, sup [ pe)dT na =B Abey),
u p(r) Ju
and thus
Epa,p(u') < " Acq) + e~ hige) —h(g-)) + e ey),

for any J-holomorphic strip u’ with its unique positive Reeb chord puncture at ¢, one positive puncture

at ¢, and possibly additional negative Reeb chord punctures. For the computation of the above bound on
the energy, we have used that the primitive of e« pulled back to L can be taken to have compact support.

In view of the above energy bound, and dependence of (h(g+) —h(g—)) on £(c+), we get the following
crucial property: total energy of u’ can be assumed to be arbitrarily small, after shrinking the interval of
the isotopy used in the construction of the cobordism (in order for £(c4) to become arbitrarily small).

Following the proof of [13, Lemma 5.1] based upon the standard monotonicity property for pseudoholo-
morphic curves in symplectic manifolds (see [30, Proposition 4.3.1]), there is a constant Eq such that if
u’ intersects the subset {z = 41} C J ! B; (which is disjoint from L), then

Ep4,B)(u') > Ey.

Under the assumption that the cobordism has been constructed so that £(c+) > 0 is sufficiently small
(while keeping the above coordinates, almost complex structure, and projection of L to 7 By, fixed),
we can hence conclude that u’ is disjoint from some fixed neighborhood of {|z| = 1}. Since

U ={|z| =1} Ud(B1 x B1) x (-1, 1),
the projected curve v = 7 o u'[,,—1 () has boundary v|,—1 (5 contained in d(By x B1) C T* Bj.
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In view of the above bound on the |z|-coordinate of u’, we conclude the following. If v intersects the
boundary d(By,3 X By), then its symplectic area can be bounded from below by Sikorav’s original mono-
tonicity result [30, Proposition 4.7.2]. More precisely, we apply this monotonicity to J7+ g, ~holomorphic
curves inside in (Bj/3 x By, wg) with boundary on the transversally intersecting Lagrangian planes

T[(L ﬂ(Bl/:; XBl X [—1, 1])) C B1/3 XB].

(The Lagrangian planar property of the projection of L is a consequence of formula (4-2).) We conclude
that any such v has wg—area bounded from below by some constant C > 0.

The holomorphicity of the projection 7, together with the fact that the two-forms d(e?@«) and p(z) d T Act
pull back to nonnegative two-forms on any pseudoholomorphic curve for a cylindrical almost complex
structure (recall that ¢’(7), p(t) > 0), implies the inequalities

0< / edda < Er4,B1(u).
v

In particular, we conclude that E[4 pj(u) has a lower bound in terms of the symplectic area of v which,
in turn, is bounded from below by C > 0 in view of the aforementioned monotonicity argument. For
£(c+) > 0 sufficiently small, the upper bound on the left-hand side implies that the image of u must be
contained entirely inside B;/3 x By x [—1,1].

Since the projected boundary condition 7 (L N (B1;3 x By x [—1,1])) consists of two transversely
intersecting Lagrangian planes, Stokes’ theorem can be applied to show that v must have vanishing
wo—area. Hence the projection v is constantly equal to 0 € By /3 x By. This means that u’ is contained
inside the Reeb orbit that projects to the origin in the above coordinates. The sought claim concerning
the uniqueness of u® follows from this.

The claim about the nonexistence of discs with only negative asymptotics is a consequence of Stokes’
theorem. o

For a pair of mixed chords x, y and ordered (possibly empty) sets of pure chords z, z’ define
mp(xF,yF) =) g0 FzyFL Le(z2).
z,z/

Lemma 4.12 implies (up to a g — =£¢q basis change)
(4-3) mr((c)" ") =1=mp(g", (c-)7).

Since a positive (resp. negative) puncture at ¢ means that the boundary of the disk makes a jump from
(resp. to) the component R x A at the puncture, we immediately get the vanishing result

mp(g~,(c2))=0=mp((c4)T.q7).
Choose § such that

max £(x19) <8 <£(c-) <0< minf(xg1).
X107Cc— Xo1
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Let RFCLS’b)(:I:) and RFC,[ka’s)(:I:) be the Rabinowitz—Floer complexes for A1 with maps d35, d &, B
from Definition 4.6.

Define the linear maps
¢o1: RECYD (+) - RFCYP) (<) and  ¢19: RECKD (—) — RFCD ()
via the generators, as follows:
44 go1(x01) = Y _mp(xgy. yo)vor +mr(xdy. g )e—.  pro(x10) =D mp(xo. )y 10.

Yyo1 Y10

Note that ¢19(c—) = c—, and c_ is not in the domain of either map.

Fix a small ¢ > 0. By Lemma 3.1, we can assume that the time interval of the isotopy, [—, +], is
small enough that the following holds. For any pair of distinct chords {x, y} # {c—, c+} and any chord

z ¢{e—,cq,
U(xT)—L(y )| >efe, [L(zT)—L(zT)| <e e, |l(c_)—L(cy)| <e Ce.

Lemma 4.13 For ¢ sufficiently small and for all xo1, X10 ¢ {c—,C+},

(do1x01.X01) = ko1 and (¢p10x10.X10) = k10
are units.

Proof The exact Lagrangian concordance L shown in Figure 4 has an inverse cobordism L, constructed
in the same manner, so that the concatenation L, ® L is (compactly supported) Hamiltonian isotopic
to R x AT. (One can either construct it by the front projection, or use the fact that the noncylindrical
component of L can be realized as a Lagrangian trace cobordism as constructed by Proposition B.1.)
Let L=Rx A%t andlet L' = Ly ® L1, such that L' N {|z| > 7o} agrees with L°.

For 0 <s <1, let L® be a smooth family of exact Lagrangian concordances with only double points of
arbitrarily small action, such that LS N {|t| > 1o} agrees with L°. As in the last statement of Lemma 4.12
(proven by an application of Stokes’ theorem and the positivity of the total energy) we conclude that
ME (T, L*) = @ whenever T has a double point of L’ (thus, of very small action), no positive Reeb
chords, and no negative Reeb at c..

MET, LS =@ implies that if we ignore disks with punctures at double points of the concordance, the
trace concordance and inverse-trace concordance induce maps ®, ¥ which satisfy (3-2). In particular, if we
set x = xo; (resp. X1¢) then we get that k¢ is a unit, arguing as in Case 1 in the proof of Proposition 1.11
in Section 3. But k¢ is also a count of the disks contributing to (¢o1X01,X01) (resp. {(¢10X10,X10)). O

Proposition 4.14 The maps ¢o1 and ¢1¢ satisfy axiom (A1) with degree €.

Proof We first verify that ¢01d(;L1 =dy;9o1:
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RxAT
....... > —<—
L] R x A Ll L1D RxA
Rx AT RxA

Figure 6: Further examples of boundary points of type (5 x 24) for the compactification of
the one-dimensional moduli space of pseudoholomorphic disks with precisely one positive and
precisely one negative mixed Reeb chord asymptotic, and boundary on L U (R x A). See Figure 3.
The components in the middle level that have only pure Reeb chord asymptotics are responsible
for pulling back the augmentations under the DGA-morphism induced by the concordance.

((po1dgh — dg1do1)xo01. =)

= > {dgx01. yo1){bo1y01.c—) — (o101, yo1){dg; yor.c-)
Yyol1

=Y mx_ (xg YomL (v, —mp(xgy yo)mr(g™, () Imz— (g, D).
Yo1

The term my (¢, (c—)™) = 1 is added to illustrate how the first and second sums are of type (24 x 6)
and (2 x 7 x 1), respectively.

The breaking of curves that involve only pure chords can be disregarded when the strips are counted
with augmentations; see the analysis of the so-called “§—breakings” in [6]. This is due to two different
mechanisms. First, a broken configuration such as (5 x 3_) shown in Figure 3, ie with a disk with only
pure punctures in the bottom level (these discs define the differential of the Chekanov—Eliashberg algebra
of A7), are canceled algebraically when the count is weighted by the value of the augmentation. (Recall
that augmentations vanish on boundaries of the Chekanov-Eliashberg differential by definition.) Second,
a disk with only pure punctures in the middle level, shown for instance in Figure 6, plays the role of
pulling back the augmentation e— under the DGA—morphism induced by the concordance L. In view of
Lemma 4.3, this pullback is equal to 4, as sought. For more details, see [6, page 416, I and II].

Since (6 x 3_) corresponds to such an augmentation-related breaking, Proposition 4.2(6) then implies the
right-hand side is 0. The relevant boundary of the moduli space is shown in Figure 3.
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For zg1 # c—,
((Po1dgh — dgrpor)xo1. zo1) = Y m g+ (Xgy. yo)mL ¥y 2o1) —mL(xgy. Yo )mz— (¥g- Zo1):
Yo1

which are the (24 x 5) and (5 x 2_) terms in Proposition 4.2(5). See Figures 3 and 6 for illustrations.
There is no (6 x 7) term since the component with a negative mixed Reeb chord asymptotic to z,; must
have a negative puncture at ¢, while m (¢~ z;;) = 0 holds by Lemma 4.12. The (5 x 3_) terms are the
augmented terms. Finally,

(Po1dy; —dgibo1)ct = ¢01(0) —dgyc— =0—0.

Verifying ¢10d;y = d f[)qblo has only one computation,

((¢10d19— diodr0)x10. 210) = Y mL (v, Xio)mz— (o yio) —mz+ (o x10)mL(z . y70),
Y10

which are all the terms in Proposition 4.2(5). Again the boundary is depicted in Figure 3, and we use
Lemma 4.12 to conclude that my (g™, X]o) = 0 since x], # c— holds by assumption.

For xo1 # ¢4, Lemma 4.13 implies ($o1X01,X01) = ko1 and (¢10X10,X10) = k10 are units. So to
construct (strict, not just homotopy) inverses Vo1, Y10 for ¢o1, P10, it suffices to set

Yo1(xo1) =kgi Xo1— Y {bo1(x01). yoi)yor — (do1(xo1). c—)c+.

Yo17#xo1

Yo1(c-) = ¢+,

Y10(x10) = kg X10— Y (b10(x10). y10)y1o-
Y10#X10

It is easy to check that these are chain maps.

Stokes’ theorem finally bounds all the maps’ degrees by € > 0. |
Proposition 4.15 The maps B~ and B are chain maps which satisfy axiom (A2). That is, ¢10 BT ¢o1
is homotopic to B~, where BT are of degree €.

Proof To prove axiom (A2), define (on generators, then extend linearly) the map

H:RFCY? (4) > RECI) (4),  defined by H := Hy + Hp,

where

4-5) (Hywo1,v10) := mL(w(J)rl, vfro) and (Hgwo1,v10) := mL(vaO, (c=)7){po1wo1,c-).
The degree of H is tautologically bounded from above by 0. It suffices to show that

(4-6) ((¢o1 B~ o1 — B )x01. y10) = ((dH + Hdy})xo01. y10).
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Apply Proposition 4.2(4) to analyze 0.t} (x(J)r1 z Y;E)Z, ; L) for possibly empty words of pure cords z, z’. The
broken configurations that constitutes this boundary are shown in Figure 2. If the count these boundary
strata weighted by augmentations, then the strata of type (4 x 3_) all cancel; for this reason, these
configurations can be ignored.

The right-hand side of (4-6) corresponds to the boundary strata of the following types:

(24 x4) These boundary points correspond to all terms in d f[) oHy—Hyo d(;rl.

(5x5x1_-) With the additional requirement that the component in (1_) has one positive mixed Reeb
chord asymptotic to c—, these boundary points correspond to the terms in Hg o d(;q. (Here
we have used the chain map property of ¢g1 established in Proposition 4.14 together with
equation (4-5).)

However, we also have:

(1) The broken configurations that correspond to d IJB o Hpg, which are of type (2 x 5) (which, thus,
are not boundary points of (4)).

We continue by analyzing the left-hand side of equation (4-6):
(14+) These components equal the (B+x01, Y10) term on the left-hand side.
By unraveling the definitions, the remaining term on the left-hand side is computed to be

$10B~ ¢o1(x01) = ¢1OB_(mL(x3_1,q+)C—+ZmL(x6’-1, yo_1)y01)

Yyo1

= o1 ( Z[mx— (210 () DImL(xdy. g+ mx_ (v z{mL (x5 yo_1)]210)

Z10 Yo1

- [mL(wro,zfo)mx_(zﬁ,,(c_)‘>mL<x0+1,q+)
Z10,W10

+ - + _+ + =
+ZmL(w10,Zlo)m;\_(ym,zlo)mL(xOl,y01)}w10.
Y01

Here we find the remaining types of broken configurations that arise in the boundary 9. (x(;r1 z yl+oz/ i L):

(5x5x1_-) With the additional constraint that no Reeb chord asymptotic of the component 1_ is
asymptotic to c—, these types correspond to the second term on the right-hand side.

What remains is the term (6 x 6). For this we need to analyze the term
mp(wiy, zio)m - (zf, (c-))mL(xg;.q™)
in the expression ¢19 B~ ¢o1(x01) further. We start by using Proposition 4.2(5) to rewrite this as

(m g+ (wiy, z70)m (21, (c-)7) +mp(wiy, g Imr(g™, (=) Imr(xg;. 7).
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These broken strata are shown in Figure 3. Since my,(¢™, (c—)™) = 1 holds by Lemma 4.12, the previous
expression can be simplified even further. We have thus found:

(6 x 6) This corresponds to the second term in the latter expression, ie the term m, (w fro, q )my, (x;r1 .q™).

The first term m 3 1 (wfro, Zip)m L(Z;FO, (c=) )mp, (xar1 ,q ™) of the latter expression remains to be taken
care of, since it is not inside boundary (‘9,/(/101(x(‘)"1 zy{';)z/ ; L). However, these terms cancel with the
remaining contribution on the right-hand side of equation (4-6), since:

() The first term

is equal to d f; o Hg by formula (4-5) (it is not a part of the boundary of the moduli space (4)).

We have thus established equation (4-6), as sought. a

4.3.2 No double points Consider the summands Cx(£) = RECL?) (4) and C*(+) = REC*% (+).
We define ¢¢1 and ¢ as in equation (4-4), noting that my, (x(;rl, g~ ) = 0 since there is no double point g.
The rest of the arguments are essentially simplifications of the ones above, since curves of type (6) and (7)
do not exist. Note that bifurcations can occur that were not considered in Section 4.3.1. Notably, a pair of
mixed chords may be born or die, making one of the above pair of RFC—complexes nonisomorphic. But
even in the event of a birth (death is a reverse-time birth), the statement and proof of Lemma 4.13 still
apply. To recap our argument: since there are no double points, we can apply Proposition 1.11 to replace
the DGA-morphism induced by the Lagrangian concordance with a stable-tame isomorphism (STI) of
DGAs. Lemma 4.3 equates how the pullback of the augmentation induced by the concordance is the
same as the change in augmentation induced by the STI in [17, Lemma 3.4]. Thus, as outlined shortly
after stating Theorem 4.8, we can apply the techniques of [17, Section 3], to both complexes Cy (%)
and C*(=), to prove Theorem 4.8.

5 Proofs of Theorems 1.4, 1.6 and 1.9

We need the following variation of [17, Lemma 3.1], which allows us to estimate the oscillation of a
contact Hamiltonian based on the change of lengths of a pair of Reeb chords.

Lemma 5.1 Consider a smooth one-parameter family c(t) C (Y, «) of Reeb chords with boundary on
a(t) e Ao, b(t) € A1(t), where Ao C Y is a fixed Legendrian submanifold and A1(t) C Y is a Legendrian
isotopy. (Here a is either the endpoint or the starting point, and c(t) is allowed to be of zero length, ie a
double point Ao N A1(t).) Then

5D Lf(c(t) = aXp (1) = Hi (b)),
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where Xp(;) € TY is the contact vector field that generates A1(t). In particular, if ¢(t) and d(t) are two

Reeb chords as above, then

|(£(c(0) —£(d(0))) = (£(c (1) = (d(1)] = | Helose

is satisfied.

Consider a smooth one-parameter family c1(t) of pure Reeb chords with initial and terminal endpoints at
a1(t),b1(t) € A1(¢). Then

d

EE(CI(I)) = a(X:(b1(1)) —a(X:(a1(2))) = Hi(b1(2)) — Hy (a1 (7).
Hence, the inequality |€(c1(1)) —£(c1(0))| < || H¢||osc holds.

Proof The calculation for the pure chords ¢; was proven in [17, Lemma 3.1] for general contact
manifolds, so we only need to verify the computation for c.

When ¢(¢) has positive length, we may perform the computation for a contact vector field X that can
be taken to vanish along all of Ag after cutting off the contact Hamiltonian in some neighborhood. The

computation of %E(c (2)) is then a direct application of [17, Lemma 3.1].

In the case when c¢(¢) is of length zero, we replace Ag by its image ¢;?a (Ao) under the time-¢ Reeb
flow, and instead compute %6(’5 (2)) for the induced chord between ¢5?a (Ap) and A1(¢). Here ¢(¢)
corresponds to ¢(¢) under the natural bijective correspondence of Reeb chords between, on one hand, A
and A1(¢) and, on the other hand, ¢§a (Ap) and A (?). Under this bijection, gotten by “removing” the
first time-€ portion, the chord lengths differ by the constant €.

The inequality involving the difference of lengths and oscillation of the contact Hamiltonian is finally

proven by the following computation:

1
(e 0) = (o) = ey = @m)| = [ 4ttt = S|

1
_ /0 |H (et () — Ho(d (1) dt

= /(max H; —min Ht) dt = || Ht|losc,
yeyY yeyY

where ¢ T (¢) and d *(¢) are the endpoints of the corresponding chords that lie on the component A1 (¢). O

5.1 Proof of the Main Theorem

Recall the notation from Theorem 1.4. A Legendrian A C (Y, «) is moved by a contact isotopy ¢é’ o
with 0 < ¢ < 1. The Hamiltonian H;: Y — R satisfies || H¢|losc < min{/,€(ct)}. Here 0 <[ < oo is
chosen such that there exists an augmentation ¢: #f’(A) — k, and ¢, is the Reeb chord with the k™
shortest length.
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Let 1 > € > 0 be a constant to be determined. Let Ag = Al = A and A} = ¢! ., (Af), where A is a
perturbation of a push-off (of flow e in the positive Reeb direction) of Ag. Then let A’ = AL UAY.

First set —ag = 2¢ = bg and [(t) = fé max H; — min H; dt. We claim that RFC[ka”b’)(Ao, A(l); £0)
(notation as in Definition 4.6) is quasi-isomorphic to the Morse complex of Ag. This can be seen since
C*(ap,0] = 0 and dgl counts only holomorphic strips which approximate the gradient flows of the
function which represents A(l’ graphically in a small J lAg neighborhood of Ag for a suitable cylindrical
almost complex structure; see eg [14].

We wish to adapt our situation in order to replicate [17, Section 3.4] as much as possible, which proves
the special case of Main Theorem, Theorem 1.4, when (Y = P XxR,,a = dz —6). In that case, due to the
global d, Reeb flow, we could choose a large N > 1 push-off instead of a small € < 1 one. The complex
considered in the previous setup is somewhat simpler since there never are any x¢ chords throughout the
isotopy (or chords of zero length). The chords at = 0 in the action window [N — 2¢, N + 2¢] form a
subcomplex which is quasi-isomorphic to the Morse complex of Ay.

The action of chords (= N versus ~ 0) which generate a Morse complex, and the generators of the
complex (type xo1 versus type Xo1, X10) are the only distinctions between the existing argument for the
Main Theorem, Theorem 1.4, when (Y = P xR, = dz — 6) presented in [17, Section 3.4], and the
needed argument for the Main Theorem when (Y, «) is arbitrary.

We briefly sketch this argument, deferring full details to [17, Section 3.4]. Label the Morse generators
X1,...,Xm. For each family x;(¢), consider families of two barcodes which are approximately based
on action windows [£(x; (t)) — (I —1(t)) +€,£(x; (¢)) + €] and [€(x; () —€,£(x; () + (I —[(z)) —€] as
specified in [17, equations (3.6) and (3.7)]. Then [17, Lemma 3.7] implies that in each action window we
see an infinite bar that starts at £(x; (¢)). Theorem 4.8 implies that we can use the barcode proposition
(Proposition 2.4) for this isotopy. By looking at both action windows simultaneously during this isotopy,
we verify that the bar can only disappear in the amount of time it takes £(x; (¢)) to coincide with one
of the values of some other mixed chord that was not part of the original Morse complex. The rate
of change of the difference of these action values is controlled by %l(t) as calculated in Lemma 5.1,
which brings in the || H¢|osc term as stated in the Main Theorem (Theorem 1.4). This sketch glosses over
the difference between the endpoints of the bars in a barcode, and their representations as Reeb chords.
However, this important distinction has been addressed in case (ii) in [17, Section 3.4], and the argument
there is independent of the contact manifold and form.

5.2 Proof of Theorem 1.6

Rosen and Zhang prove that, for any submanifold N C Y of dim(N) = n, the distance J, is either
nondegenerate or §, = 0; see [39, Theorem 1.9]. So it suffices to find A; and A, which are the images
of contact isotopies of A, and for which 64 (A1, Az) > 0.
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Consider any closed Legendrian A and fix a contact forma on Y. Let A;,i = 1,2, be givenby j ! (e2-i- f)
in a standard contact-form-preserving jet-neighborhood of the form
D, T*A x [-5¢,5¢], € (JIA,dz — pdq)
inside Y which identifies A with j 10, where f: A — [0, 1] is a Morse function, and 0 < € < 1. Let
0<min(f) =my <--- <my = max(f)

be an enumeration of the critical values of f that we, moreover, assume correspond to distinct critical
points. After postcomposing the Morse function with a suitable change of coordinates, we may assume

(5-2) 2min( f) > max(f) > 0.
Using the notation of Definition 4.6 for the Rabinowitz—Floer complex with action window
RECE P (A, Ay;e,)

we choose the following: the action window is constantly equal to [a;, b;) = [—2¢, +2¢); the initial
action threshold, / = 6¢, is sufficiently smaller than the length of any contractible periodic Reeb orbit y
of degree |y| < 1; by the existence of the above standard neighborhood, all Reeb chords of A and A; that
start and end on the same component have length at least 7¢, so g¢ is necessarily trivial; and A; is an
isotopy from Aj to A, with oscillation /(1) <e.

If we had studied a Legendrian isotopy from A to A, generated by a Hamiltonian H; such that /(1) no
longer satisfies [ —[(1) > by —ay (so that our technology breaks down), we automatically get a desired
lower bound

1
/ max |H;| dt = 5| Hellose > 31(1) = 5(I — (b1 —a1)) = 5(6€ —4¢) = €.
0
Assume we can apply Theorem 4.8; thus the isotopy deforms the barcode of RFCL_2€’+2€)(A, A1;€e1) to
that of RFC£_2€’+2€) (A, A; ez) via the bifurcations specified by the barcode proposition, Proposition 2.4.
During this isotopy, one of the following scenarios occur:

Case 1 Some starting/end point of a bar in the barcode of RFC£_2€’+2€)(A, A1;é&1) survives, and by
inequality (5-2), moves at least a distance €Z(2 min( ) —max( f)) > 0.

Case 2 Some bar in the barcode dies or escapes the action window. Note that the concerned bars all
are of length at least min{e?(mp —my1), ..., €>(my —my_1)} by the assumption made on distinct critical
values. (In fact, RFC£_2€’+2€)(A, Aj;e;) for i = 1,2 are the Morse complexes that compute the singular
homology H«(A;Z5). So even more can be said about the barcode, but we do not use this.) Theorem 4.8
together with the barcode proposition, Proposition 2.4, then implies that

1
/ max |H| > C
0
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holds for this Hamiltonian that generates a Legendrian isotopy from A to A, where
C := min{e?(2min( f) —max( f)), €2(my —my), ..., e>(mg —mg_1)} >0

is a constant that only depends on the contact form o« and the Legendrians A, Aj, A,. Here we use
Lemma 5.1 to relate change in Reeb chord length and the value of the contact Hamiltonian H; at the
endpoint of the Reeb chord of A; that corresponds to the moving bar.

We conclude that 6, (A1, Az) > C holds, as sought. O

5.3 Proof of Theorem 1.9

Let Af = éc,Hz (Ao), with H; > ¢ >0, AY = Ay and A’ = AL UA’. Recall the assumptions that Ao, A1
are augmented and that no pseudoholomorphic plane appears in the SFT-compactifications from [3]; see
Remarks 1.5 and 1.12. Thus we can set / = +oo and consider the sequence of complexes RFC«(Af, A1),
whose barcode in any finite action window is well defined for all # > 0 and varies continuously as in
Theorem 4.8. Since each finite bar is a pairing of two mixed chords of relative grading 1, the hypothesis
implies the barcode at ¢ = 0 either has an infinite bar with a starting point of positive action, or a finite
bar with starting point of negative action, and endpoint of positive action. The interlinkedness property
then follows by the continuity of the barcode, together with Lemma 5.1. Namely, according to the latter,
all endpoints of bars moves in the direction of decreasing action, with a speed bounded from below by
¢ > 0. (Here we use a large enough action window for the given Hamiltonian.)

6 Computations for the standard Legendrian R P” (proof of Theorem 1.10)

This section concerns computations of the Rabinowitz—Floer complex for the standard Legendrian
RP™ Cc RP2"*! with the goal of proving Theorem 1.10.

Recall the definition
AO = S2n+1 mmeCn-i-l C (S2n+17§st)

of the standard Legendrian sphere inside the standard contact sphere, as defined in Section 1. By taking
the quotient under the antipodal map we obtain the standard Legendrian embedding

Ao:=Ao/Zyr C SPH1 )7, = RP?H!

of RP" into the standard contact projective space.

Remark 6.1 It is possible to also pass to further quotients S2”*1/7Z; with k > 2 in order to obtain
Legendrian embeddings in the standard contact (higher-dimensional analogues of) “Lens spaces”. Most
of the analysis carried out in this section should be possible to apply with only minor modifications in
order to derive similar results also for general even-dimensional lens spaces, ie k = 2m > 2. However,
we do not pursue this direction further.
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Similarly, any linear Lagrangian subspace V"1 c C"*! gives rise to a Legendrian embedding
Ay =82+t ay ¢ (§27+1 gy

of §”, and hence a corresponding Legendrian embedding
Ry :=Ay/Zy c RPP"F g

of RP". (Note that Ag = KERe cn+1.) All of these different Legendrian embeddings are clearly Legendrian
isotopic via an ambient contact isotopy that preserves the round contact form. In particular, we obtain a
C*°—small Legendrian push-off of Ao by considering Ay fora Lagrangian plane V C C"*! which is
sufficiently close to 93¢ C* 1,

Recall that the round contact 2”11 ig equipped with the contact form o = % > i(xidyi —y;dx;), and
a time-t Reeb flow given by complex scalar multiplication by ¢??. Hence S2"*! is foliated by simple

P2n+1 g foliated

closed Reeb orbits, all of whose periods are equal to 7. It follows that the round R
by simple closed Reeb orbits of period %kn for each k = 1,2,3,.... The orbits of period %kn form
a manifold 'y =~ CP" of Reeb chords which are nondegenerate in the Bott sense; see the work [2] by

Bourgeois. Note that these Reeb orbits are contractible if and only if k = 2m.

The Reeb chords on Ay all come in connected families Q(K V)EOtt =~ RP" labeled by the Reeb chord
lengths %kn, k=1,2,3,.... These families are also smooth manifolds which are nondegenerate in the
Bott sense.

In Sections 6.1 and 6.2 below we will compute the Conley—Zehnder indices of these orbits and chords. In
addition, we compute the Conley—Zehnder indices of the chords and orbits after a generic perturbation by
a Morse function on the Bott manifolds as described in [2], which makes the contact form nondegenerate.
The conclusion of Proposition 6.4 in Section 6.1 is that the Chekanov—Eliashberg DGAs of the standard
Legendrian RP” C RP2"*! is well defined for the aforementioned nondegenerate perturbations of the
round contact form. In Proposition 6.8 from Section 6.2 the degree of the Reeb chords on RP" are
computed. This is useful for showing that RP" admits augmentations, which of course is crucial for
defining the Rabinowitz—Floer complex in Proposition 6.12.

6.1 Conley-Zehnder index of a periodic Reeb orbit

Here we perform Conley—Zehnder index computations for the periodic Reeb orbits on the round R P21,
as well as its nondegenerate perturbations. See Section A.1 for the definition of the Conley—Zehnder
index.

Recall that precisely the even covers of the simple orbits are contractible. In addition, since the universal
cover of RP2"*1 is §27F1 it follows that m,(RP2"+1) = 0, and any two planes with the same
asymptotic Reeb orbit are homotopic through planes of the same kind. Denote by 7: RP2*T1 — CP"
the prequantum bundle projection, for which D¢ is injective. For any contractible Reeb orbit y € I'2,,
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take the trivialization of £ along the Reeb orbit y that is induced by pulling back a symplectic frame at
the point 7r(y) € CP™ under the bundle projection 7.

We will apply the index formula (A-1) to prove the following.

Lemma 6.2 Consider a plane u: C — R x RP2"**1 which is asymptotic to y € I'p,,. The relative first
Chern class with respect to the above choice of trivialization satisfies
3

¢f ]l = cEF [roul =mn +1)  for m > 1,

cpr
1

where ¢ is the usual first Chern class and the detailed definition of cirel is in Section A. 1.

Here we identify w o u with a sphere that is homologous to m - L, where L € H,(CP™) denotes the
homology class of a line.

Proof By Stokes’ theorem the symplectic area of the chain 7w ou in CP” is equal to the length of the
periodic Reeb orbit. Here we have endowed CP" = RP?"+1/S§1 with the symplectic form induced

P2n+1

by the curvature da of the prequantization form « on R via symplectic reduction. (With these

conventions, the area of a line in CP” is equal to r.) Since CP" is monotone, ie the area and index are
proportional, the second equality follows. The first equality then follows since

Drl|g:§ - TCP"
is a symplectic bundle morphism which is an isomorphism on the fibers. |
Lemma 6.3 The Conley—Zehnder index of y € I'2,, with respect to the above choice of trivialization is
equal to
(6-1) pcz(Ay —38-id) =n,
independently of the multiplicity 2m.

After a perturbation by a Morse function on the Bott manifold as in [2], the nondegenerate orbit that
corresponds to a critical point has Conley—Zehnder index

,uCZ(Ay—S-id)—H—Zn:i—n,

where i € {0, 1,...,dim ['5,, = 2n} is the Morse index of the critical point.

Proof The computation in the Bott setting was performed in [45, (3.10)]. Alternatively, one can argue as
follows. The linearized Reeb flow in this trivialization is constantly equal to the identity map. Hence,
the aforementioned perturbation of the Reeb flow by a small positive rotation s +— /%5 id in the contact
planes perturbs the nondegenerate return map to a nondegenerate one. We then compute the classical

Conley—Zehnder index of this path, as defined in [38], which gives %(Zn) =n, as sought.

The Conley—Zehnder index after the perturbation by a Morse function on the Bott manifold follows from
formula (A-2). Recall that dim I';,, = 27 is independent of m. O
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In conclusion, we have shown the following.

P2n+1

Proposition 6.4 For a planeu:C — R xR which is asymptotic to a Reeb orbit in the family I";,,

for some m > 1, for the round contact form we have the identity
index(u)=((n+1)-3)+n+2mn+1)=Cm+2)(n+1)—4

for the expected dimension of the moduli space of unparametrized pseudoholomorphic planes of the same
type (with asymptotics that are free to vary in the Bott family I",,,).

Moreover, after a small perturbation of the contact form by a Morse function defined on the Bott manifolds,
as constructed in [2], all periodic Reeb orbits may be assumed to be nondegenerate, and to satisty the
bound

ly|=>4(n+1)—4—2n=2n
on their degrees.

Proof The result follows from a direct application of the index formula (A-1) combined with the above
computations of the relative first Chern class and Conley—Zehnder indices. |

6.2 Conley-Zehnder index of a pure Reeb chord

The next step is to compute the Conley—Zehnder indices for the pure Reeb chords 92(]{ v)k on Ay, both
for the round contact form and after a nondegenerate perturbation. The definition of the Conley—Zehnder
index for Reeb chords will be recalled in Section A.2.

First, note that the Reeb chords on RP” C RP2"*1 are all null-homotopic when considered as elements
in 71 (RP?"*t1 RP™) when n > 1. This follows since any Reeb chord lifts to a Reeb chord on the
standard Legendrian sphere under the universal cover

(52n+1’ 52n+1 m%e(cn-i-l) — (RP2n+1,RPn),

where both the map and the restriction S2”+1 N 9ReC”+1 =~ §” — RP" are universal covers. Moreover,
any element in 7 (RP2" 1 RP"™) lifts to an element in 75 (S2**1, §™) under this map, where the latter
group vanishes whenever n > 1. Hence the Maslov class automatically vanishes on 7o (RP2" 1 RP")
when n > 2. This is also the case for n = 1, by a standard calculation.

Contractibility of a Reeb chord is equivalent to the existence of a continuous half-plane
u:(H,dH) —> (R xRP?"T! R xRP")

with boundary condition on the cylinder over the Legendrian R P” and puncture asymptotic to the Reeb
chord. It follows similarly to the case of planes discussed above that two half-planes that share the same
asymptotics are homotopic through half-planes of the same type when n > 2; indeed, 5 (S2" 1, §") =~
71(S™) = 0 whenever n > 2. In the case n = 1, m5(S3,S') = 7;(S!) = Z and there are infinitely
many homotopy classes of planes asymptotic to any given family of Reeb orbits. The implication is the
following.
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Lemma 6.5 Any Reeb chord c is the asymptotic of a half-plane, and for any two pseudoholomorphic
half-planes u; and u, asymptotic to ¢, we have index(u1) = index(u3). Here, index(u) denotes the
Fredholm index of a linearization of the 8 at u, viewed as an element of a standard Banach space of
maps.

The Reeb chords on the Legendrians Ay for the round contact form come in Bott families Q(K V)E"tt =
R P", where the images of these chords coincide with k—fold multiples of the simply covered periodic Reeb
orbits for k = 1,2, 3, .. .. The index formula for a pseudoholomorphic half-plane inside R x R P21 with
boundary on Ay and asymptotics to the chord ¢ € SZ(K V)EOtt (without a constraint at a fixed asymptotic
orbit) is given by formula (A-3) in Section A.2. Namely,

index(u) = (CZ(c) — 1) + prxrpa[ul.
where CZ(c) is the Conley—Zehnder index of the path of Legendrian planes along c; see Section 6.2.
In order to compute the Conley—Zehnder index and the relative Maslov class, we need to make the choice
of a capping path (up to homotopy) as described in Section A.2. Since the Reeb flow is totally periodic,
we will simply choose the constant capping path.
Lemma 6.6 For the constant capping path, we have the identity

URxRPn[U] = urpn(wou) =k(n+1) forsome k >1,

where R pn is the classical Maslov index for a disc with boundary on the Lagrangian RP" C CP™".

Here we identity m ou with a disk in (CP",RP"™) that is homologous to k D, where D € H,(CP" ,RP")
is the homology class represented by either of the two hemispheres in a complex line CP1 < CP" that
intersects RP" in an equator.

Proof The claim about the homology class of 7 o u follows an area consideration similar to the proof of
Lemma 6.2.

The first equality is immediate from the choice of capping path, together with the fact that D |g: § —
TCPY is a bundle morphism that is a symplectic isomorphism on the fibers.

The Maslov index computation
urpn(mou) =k(n+1)

is well known. (Note that the symplectic area of the projected disc in (CP",RP") is equal to %kn,
where 7 is the symplectic area of a line.) |

Lemma 6.7 With the above choice of constant capping paths, the Conley—Zehnder index satisfies
(6-2) CZ(c)=n
forany ¢ € SZ(KV)E"“, independently of k =1,2,3,. ...
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After a perturbation by a Morse function on the Bott manifold as in [2], the nondegenerate Reeb chord
that corresponds to a critical point has Conley—Zehnder index

CZ(c)+i—n=i,

where i € {0,1,...,dim2(A y )P = n} is the Morse index of the critical point.

Proof This is similar to the computation of equation (6-1) in the periodic case. More precisely, the Reeb

P2n+1

flow on R is totally periodic, and the starting point and end point of all Reeb chords on RP"

coincide. The return map of the Reeb flow is the identity, and we make it nondegenerate by performing a
ids

small positive rotation s — e’°? id in the contact planes. Finally, the result is obtained by computing the

standard Conley—Zehnder index of this nondegenerate path. |

Proposition 6.8 For a half-plane u as above with boundary on R x Ay, and boundary puncture asymptotic
to a Reeb orbit in the family (A V)EOtt for some k > 1, for the round contact form we have the identity

index(u)=m—-1)+k(n+1)=0+k)(n+1)-2

for the expected dimension of the moduli space of unparametrized pseudoholomorphic half-planes of the
same type (with asymptotics that are free to vary in the Bott family Q(K V)]]i"’“).

Moreover, after a small perturbation of the contact form by a Morse function defined on the Bott manifolds
as in [2], all Reeb chords with boundary on Ay may be assumed to be nondegenerate, and to satisfy the
bound

lc|>2n+1)—2—n=n

on their degrees.
Proof It suffices to use the index formula (A-3) with the computations from the above lemmas. O

6.3 Computing the DGA and the Rabinowitz complex

First we show that the Chekanov—Eliashberg algebra of RP"” C RP2"*1! has a (canonically defined)
augmentation. Of course, here it is important that the Chekanov—Eliashberg algebra is well defined in
the first place, ie there is no Gromov-bubbling which is not captured in the algebra. This nonbubbling
follows from Proposition 6.4 above, which bounds the degree of a contractible periodic Reeb orbits from
below by 2n.

Proposition 6.9 Consider a small Morse perturbation of the round contact form to a nondegenerate one
as described above. The DGA of Ay has an augmentation in Z, that sends all Reeb chord generators to 0.

Proof In the case n > 1 this follows directly from the degree computation in Proposition 6.8; since all
chords have degree strictly greater than one, the differential of the DGA has no constant terms.
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In the case n = 1 we cannot argue merely by considerations of the degree. In this case there is a single Reeb
chord ¢ in degree |c¢| = 1, while all other chords have degree at least 2. There are thus two possibilities
when coefficients in Z, are used: either dc = 1, and there are no augmentations, or d¢ = 0, and there is a
unique “trivial” augmentation that sends all chords to zero. We will see that the latter case holds.

Since RP3=UT*S? ={(q, p) € T*S? | ||p|l =1} and Ay is Legendrian isotopic to the conormal lift
{(q0, p) | ||l = 1} of a point g¢ € S?, the Legendrian Ay admits an exact Lagrangian filling isotopic to
{(qo, p)} C T*S? inside the exact symplectic filling 7*S? of the contact manifold UT*S? = Rp2"+!
when n = 1. Hence, in this case, the Chekanov-Eliashberg algebra admits augmentations that are
geometrically induced by the fillings by the functorial properties of SFT proven in [19]. (Recall that
by functoriality, a Lagrangian filling induces a DGA-morphism from the Chekanov—Eliashberg algebra
of the Legendrian at the positive end to the empty-set Legendrian, whose DGA is the ground ring with
trivial differential. Such a morphism is by definition an augmentation.) In view of the above degree
consideration, the existence of the augmentation implies that d has no constant terms. Hence, there is a
(trivial) augmentation. O

The mixed Reeb chords that start on A and end on Ay and which are of length # > 0 can be parametrized
by their starting points
(Ao N e 12, V)/Zs C Ko.

The mixed chords from Ag to Ay are nondegenerate if and only if all Kidhler angles between the two
subspaces are pairwise distinct. In any case, as for the pure chords, any mixed chord y can be concatenated
by any closed Reeb orbit of period %kn, in order to form a new mixed Reeb chord of length £(y) + %kn.

We continue to direct our attention to the following particular family of Lagrangian subspaces

Vs = (eiszr/(n+l)—se Oy eis27r/(n+l)—se Oy eis(n—i—l)yr/(n—i—l)—se Oy )R C (Cn—i—l
: - S .

for € > O sufficiently small, and the induced one-parameter family Ay = KVS C RP2"*1 of Legendrians.

Lemma 6.10 For a suitable choice of Maslov potentials, the complex RFC (Ko, A 1) is generated by the
mixed chords cj].c withk € Z and j € {1,2,...,n,n+ 1} that all are nondegenerate and whose gradings are
given by |c]].‘| = j +k(n+1)—1. In addition:

e The chords c]’.c withk =0,1,2, ... start on Ko, end on Kl,andare of the form
cK(t) = e -0y,
fort € [0.4(x(j/n+ 1) +k)—€)].j=1,....n+1andk =0,1,2,3,....
e The chords cj’.c withk = —1,-2, -3, ... start on 1~\1, end on Ko, and are of the form
k . i2t iy +1)—
ci(t):=¢é LtUm/ =)
fort € [0, 3(n(—j/n+ 1) —k)+e€)].j=1,....n+landk =—1,-2,-3,....
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e Their actions satisfy
ki1 ko
a(c;') <alc;))

if and only if (k1, j1) < (ka, j2) with respect to the lexicographic order.

Proof Consider the family Ag of Legendrian push-offs. It can be seen that for § > 0 sufficiently small,
Kg is obtained by the perturbation of the image of Ao under a small positive Reeb flow by a perfect
Morse function RP” — R. Recall that such a Morse function has precisely n + 1 nondegenerate critical
points, one in each degree 0,1,2,...,n.

We proceed to perform the computation of the grading of the mixed chords, as defined in Section A.3.
First, note that the chords c]].‘ correspond to the critical point of the above Morse function with Morse
index j — 1. For a suitable choice of Maslov potentials, a standard computation thus gives us |cJ‘.)| =j—1

see eg [15, Lemma 2.9(2)].

The chords c]].‘ with k > 0 have the same start and endpoints as cj(.). By Section A.3 the difference in
Maslov potential can be computed by the relative Chern number cirel [u] of a plane u: C — R x RP2"+1
whose asymptotic is the k—fold cover of the simple periodic Reeb orbit that contains cj(-), relative the
trivialization that is constant under the periodic Reeb flow. We compute this index to be

¢§ il = " [ ou] = k(n + 1),

where the right-hand side is the first Chern class in CP”" of the k—fold multiple of the generator of
H{(CP"). The computation of |c]].‘| for all k£ > 0 follows from this.

We leave the computation of the degree of the chords c]].c with k < 0 to the reader, since it follows by
analogous computations (although the order of the Legendrians have been switched).

To deduce the statement for A from the statement for Kg, it suffices to use the continuity of the degrees
of the chords. This, in turn, holds since all chords remain transverse as the parameter s € [, 1] varies. O

Lemma 6.11 There is a contact-form-preserving isotopy ¢ of the round projective space (RP?"+1 )
such that

o @' acts on Ag by the Reeb flow and a reparametrization, more precisely, ¢' (Ag) = e!™/ @ +tD R
forallt € [0, 1];

e in addition, ¢1 fixes 7\1 setwise, ie ¢1(K1) = Kl;

¢ the mixed Reeb chords with one endpoint on Ao and one endpoint on ¢’ (KI) remain nondegenerate
for allt € [0, 1], in particular there are no birth/deaths of Reeb chords during this isotopy (note that
mixed chords can shrink to a zero-length chord and change direction in the path, which corresponds

to the moments when Ko N Kl # @); and
e the path of nondegenerate mixed Reeb chords parametrized by t € [0, 1] that is induced by the
above isotopy connects the chord cJ’.C (att = 0) with the chord cJ’.C 1 if j <n+1, and with c’f+1 if
j=n+1(att=1).
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Proof Tt suffices to consider the action on C” of a path of real matrices in SO(n + 1) C SU(n + 1) C
GL(n + 1, C) that starts with the identity matrix, and ends at a matrix in SO(n + 1) that represents a
linear map of the form

8xj|—>:|:8 for j =1,2,....,n+1,

Xj+1
on the standard basis of C"*! (here we write 9 Xpgo = dx,)- In other words, the latter matrix performs as
a permutation of the real coordinate lines. The new Legendrian now corresponds to the subspace

(Cn—i-l Sy = (iei(n+1)7r/(n+1)—se . ax1 ’ iein/(n—i—l)—se . axz’ o ieinn/(n-}—l)—se . axn—l—l )]R~

Note that this contact isotopy fixes Ao set-wise for all 7 € [0, 1], but that the time-1 map does not fix Al

It is finally a simple matter to apply the time-r/(2(n 4 1)) Reeb flow in order for the image of A; to
become fixed set-wise under the time-1 map.

This proves the first two bullet points, while the third and fourth follow from the first two. |

Proposition 6.12 There exist arbitrarily small perturbations of the round contact form on RP?"*1,
n > 1, to a nondegenerate contact form, for which the minimal degree of a contractible Reeb orbit is
ly| > 2n. Moreover,

(1) the Chekanov—Eliashberg algebra the standard Legendrian R P", which is well defined and invariant
under Legendrian isotopy by the above, admits an augmentation; and
(2) the Rabinowitz—Floer complex RFC, (/~X0, 1~X1) for the above pair of standard R P"’s, which thus
also is well defined and invariant under Legendrian isotopy, can be assumed to have underlying
graded vector space of the form
RFCx(Ro. A1) = P Z2 - ci = @) Zalil.
i€Z i€Z
where |cij| =i € Z and a(c;) < a(cij+1), and with a ditferential that vanishes.

Proof We perturb the contact form by a Morse function defined on the Bott manifold of Reeb orbits
as in [2]. Proposition 6.4 implies the sought bound on the degree of the periodic Reeb orbits. The
well-definedness claimed in part (1) is a consequence of this bound. The augmentation of the Chekanov—
Eliashberg algebra then follows from Proposition 6.9.

For part (2), the form of the graded vector space that underlies the complex can be seen by considering
Lemma 6.10. Recall that the mixed chords described in that lemma already are transversely cut out,
and may be assumed to be unaffected by the small perturbation of the round contact form by the Morse
functions. The same is also true for the path of mixed Reeb chords in the isotopy produced by Lemma 6.11.

Consider the barcode of the filtered complex
RFCy« (Ao, A1)

with coefficients in Z,. The claim that the differential vanishes is equivalent to the claim that there are no
finite bars in this barcode for any finite action window.
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We argue by contradiction and assume that there exists a finite bar. By degree considerations, this finite
bar must start at some Reeb chord ¢; end at ¢; 41 for some i € Z.

Consider the family of barcodes that corresponds to the family of filtered complexes
RFCy (Ao, ¢' (A1), with 7 €0, 1],

obtained from the isotopy produced by Lemma 6.11. Here we can impose a finite action window that
includes £(c;) and £(c;+1), and is much larger than the oscillation of the Hamiltonian which generates ¢’ .
This enables us to apply Theorem 4.8 to get a PWC. For this family of pairs of Legendrians, no births/deaths
of mixed Reeb occur; the Reeb chords remain transverse, even if their lengths can shrink to zero and
change direction. Since the barcode varies continuously, we deduce that no bar can (dis)appear during the
deformation.

Lemma 6.11 moreover implies that the generators of RFC (Ao, ¢'(A1)) vary continuously for ¢ € [0, 1],
and connect ¢; to ¢;+1. In particular, since ¢; is the start of a finite bar, we conclude that there must be a

finite bar in the barcode of
REC4(Ag, ¢ (A1) = REC4(Ag, A1)

that starts at ¢;+1 as well. It is however impossible for a single chord to correspond to both an endpoint
and a starting point of a bar, which is the sought contradiction. O

Appendix A Gradings and indices for Reeb chords and orbits

Here we recall some generalities about index formulas of pseudoholomorphic curves and Conley—Zehnder
indices for a (2n+1)—dimensional contact manifold (Y, ) with a choice of contact form which is
nondegenerate in the Bott sense. We consider both cases of periodic Reeb orbits and Reeb chords on
Legendrians. We also consider Maslov potentials for pairs of Legendrians and induced gradings of mixed
Reeb chords. None of these results are new, but since they can be difficult to extract from the literature,
we give a brief but systematic treatment of relevant definitions and basic results.

For simplicity we assume that the first Chern class of the contact distribution § — Y vanishes. The Reeb
chords and orbits of « are assumed to be nondegenerate in the Bott sense; see [2]. (In particular, this also
includes the case when the Reeb chords and orbits are nondegenerate in the usual sense.)

A.1 Grading and Conley-Zehnder index for periodic Reeb orbits

The grading |y| of a contractible period Reeb orbit y € C*°(S!,Y) that lives in a Bott manifold T" is

defined as the expected dimension
|y| = vdim J(T")

of the moduli space that consists of unparametrized finite-energy pseudoholomorphic planes

u:C >R, xY
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that are

e asymptotic to some Reeb orbit in the (possibly zero-dimensional) Bott family I" > y (which is free
to vary); and

¢ pseudoholomorphic for an almost complex structure J that is compatible with d(e*«) and cylin-
drical outside of a compact subset.

Here we do not identify two solutions that differ by a translation of the symplectization coordinate t € R.

Remark A.1 Both the contractibility of y and the vanishing of the first Chern class on spherical classes
are crucial for the well-definedness of the grading.

One can compute the expected dimension from topological data of the map u. Namely,
|y| := index(u).

This Fredholm index index(u) has been computed; see [2], [45, Proposition 3.7] or [18]. Here we use the
formulation from [45, Proposition 3.7] applied to the special case of a pseudoholomorphic plane.

(A-1) index(u) = ((n + 1) = 3) + pcz(Ay —8-id) +2¢5 [ul,

where § > 0 is a sufficiently small number. Strictly speaking, we will not define the individual terms in
the expression A, — ¢ -id, although see Remark A.3.

Remark A.2 The quantity n 4 1 in our formula corresponds to 7 in [45]. In addition, unlike the
formulation from [45, Proposition 3.7], we consider the moduli space of unparametrized planes; one thus
has to add dimg Aut(C) = 4 to (A-1) in order to get the cited formula.

What remains is now to explain the quantities in the formula. First we need to choose a symplectic
trivialization of the contact planes £ along y (up to homotopy).

o The relative first Chern class cf w1 [1] is the algebraic number of zeros of a section of the determinant
line u* det £ line that is constant in the trivialization of y* det§ — S chosen along the Reeb orbit.

» The Conley—Zehnder index j1cz(Ay —§-id) in the nondegenerate case can be computed as a Maslov
index of a suitable (nonclosed) path of Lagrangians, as shown in [38, Remark 5.4]. The path of
Lagrangians is obtained by taking the graphs of the symplectic path induced by the linearized Reeb
flow (in the chosen trivialization of y*& — S'1); this is a path of symplectic matrices that start with
the identity matrix and ends with a symplectic matrix whose eigenvalues are all different from one
(by the nondegeneracy assumption).

e The Conley—Zehnder index pcz(Ay — 8 -1d) in the degenerate case, ie when the linearized time-one
map of the Reeb flow along y has an eigenvalue equal to one, is computed as follows. Deform the
path of symplectic matrices induced by the linearized Reeb flow by adding a small positive rotation
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s > ¢'%5 id, for some § > 0, in the contact plane. Then compute the above Conley—Zehnder index
for this deformed path.

Remark A.3 The notation pcz(A, — § -id) is motivated by the nondegenerate case (second bullet
point above), where the Conley—Zehnder index also can be computed by first perturbing the asymptotic
operator A, for the linearized F] J—equation by adding a small negative multiple of the identity, and
then computing the corresponding classical Conley—Zehnder index. We refer to [45, Section 3.2] for a
description of the asymptotic operator A, which has a discrete spectrum, and which is injective if and
only if the periodic Reeb orbit y is nondegenerate.

As described in [2], for a contact manifold (Y, o) with a Reeb flow that is nondegenerate in the Bott sense,
one can use a small Morse function f: ' — R defined on the Bott manifolds in order to perturb the
contact form to one whose Reeb flow is nondegenerate, while still keeping control of the periodic orbits.
More precisely, the Reeb orbits obtained by such a perturbation coincides with the critical points of the
Morse function f, where the Reeb orbit corresponding to the critical point p has Conley—Zehnder index

(A-2) ncz(Ay —§-id) +index(p) —dim T,
where index(p) denotes the Morse index of the critical point p of f.
Remark A.4 In particular, the Conley—Zehnder in the degenerate case coincides with the Conley—

Zehnder index of the nondegenerate orbit at the maximum of the Morse function that arises from the
aforementioned perturbation.

A.2 Grading and Conley-Zehnder index for pure Reeb chords which bound planes

In addition to the vanishing of the first Chern class of £ — Y, we now also assume the Maslov class of R x A
vanishes. In this case, the grading |c| of a contractible pure Reeb chord ¢ € C*°(([0, €], {0. £}). (Y. A))
that lives in a Bott manifold 2 can be defined as the expected dimension

|c| = vdim JM(c).
Here M(c) denotes the moduli space that consists of unparametrized finite-energy pseudoholomorphic
half-planes
u: (CN{y =05, {y =0} > R xY.RxA)
that are

e asymptotic to some Reeb chord in the (possibly zero-dimensional) Bott family 2 > ¢ (which is free
to vary); and

¢ pseudoholomorphic for an almost complex structure J that is compatible with d(e*«) and cylin-
drical outside of a compact subset.

Here we do not identify two solutions that differ by a translation of the symplectization coordinate t € R.
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Remark A.5 Again, for the well-definedness of the above grading, both the contractibility of y as well

as the vanishing of the Maslov class for disks are crucial properties.

As before we can compute the expected dimension from topological data of the map u by
|c| := index(u),

where the Fredholm index can be expressed as

(A-3) index(u) = (CZ(c) — 1) + urxa U]

We proceed to describe the quantities in the above formula. First we need to choose a continuous capping
path of Lagrangian tangent planes along c(¢) that connects T, ()A C &c(0) to Ty A C Ec(p) (up to
homotopy).

o The relative Maslov class [trx a [1] of the half-plane u which is defined by concatenating the path
of Lagrangian tangent planes along u|¢,,—gy with the capping path at the puncture to obtain a closed
path of Lagrangian tangent planes, and then computing the usual Maslov index for this loop of

Lagrangian tangent planes in the trivialization induced by u.

e The Conley-Zehnder index CZ(c) in the nondegenerate case is defined as follows. First, we use
the Reeb flow to identify the contact planes along the Reeb chord. Construct a closed loop of
Lagrangian tangent planes by rotating T¢(g)A to T¢(1)A in the contact plane by using the minimal
positive Kdhler angles (these are nonzero by the nondegeneracy assumption). Then concatenate
this path with the capping path to obtain a loop of Lagrangian tangent planes. The Maslov index of
this loop is the Conley—Zehnder index.

o The Conley—Zehnder index CZ(c) in the degenerate case is computed as above, but where we first
perturb the Lagrangian tangent plane T, () A at the starting point by a small positive rotation e'%id
in the contact plane.

Similarly to the perturbation of Bott manifolds of periodic Reeb orbits by Morse functions as constructed
in [2], one can also perform a perturbation of the Bott manifolds of Reeb chords. We again obtain an
analogous formula

(A-4) CZ(c) + index(p) —dim 2

for the Conley—Zehnder index of the nondegenerate Reeb orbit that corresponds to the critical point p of
the Morse function f:9 — R. Here index(p) denotes the Morse index of the critical point p of f.

Remark A.6 As in the periodic orbit case, the Conley—Zehnder in the degenerate case coincides with
the Conley—Zehnder index of the nondegenerate orbit at the maximum after such a perturbation.

A.3 Grading and Conley-Zehnder index for mixed Reeb chords
In this subsection we assume that the mixed Reeb chords are all nondegenerate in the strong sense.
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The grading of a mixed Reeb chord with endpoints on two different Legendrians Ao and A; depends
on several additional choices. First, we need to choose a symplectic trivialization of the square of the
determinant C—line bundle (detc £)®C2? — Y (up to homotopy). This is possible since the first Chern
class vanishes (in fact one only needs it to be two-torsion). Note that, since TA; C £ is Lagrangian, its
image [T, ()A;] C (detc éc(o))@’c2 =~ C inside the determinant line is a one-dimensional real subspace.
Second, we need to make continuous choices of lifts to R of the angular phase in R/ Z, ie the argument,

of the images
[TA:]:= (detr A;)®*? C (detc £)®°% - Y

of these real subspaces in the latter C—line bundle. (Passing to the square means that this operation is well
defined on unoriented Legendrian tangent spaces.) The choice of such a lift is called a Maslov potential,
and it exists if and only if the Maslov classes of A; vanish. See [15, Section 2.5] or [6] for more details
about Maslov potentials in the Legendrian setting.

We can define the grading of a mixed Reeb chord c: [0, £] — Y from A; to A; as follows. Let i €R
be the lifts of phases of [TA;] C (detc £)®C? at the endpoints of the Reeb chord ¢ as defined by the
choice of Maslov potential. Use the Reeb flow ¢% : (Y, o) — (Y, ) to identify T, (g)A; with a Lagrangian
tangent plane ¢f€ (TeoyAi) Céce)- By continuity (of course using the triviality of (detc EC(I))@’Cz —Y)
we obtain a lift q_56 of the phase of [gbfe(Tc(o)Ai)] C (detc Ec(g))@"cz. Perform the smallest positive
rotation ¢'%, for some 6y € (0, ), that makes the real line

[p% (Te(0)A)] C (detc £cg))®c? = C

coincide with [qﬁfe (TeeyAi)]. (The nondegeneracy implies that this angle is nonzero.) The Conley—Zehnder
index is then the difference |
CZ() = ~ @y +60—P1) € Z

of lifts of phases, and we define the grading via
lc|:=CZ(c)—1 € Z.

This grading depends on the chosen symplectic trivialization of the C—line bundle (detc £)®€2 — Y as
well as the choice of Maslov potentials of the Legendrians involved.

A feature of this grading is that an unparametrized pseudoholomorphic strip in R; x Y that has a positive
asymptotic to the mixed Reeb chord ¢, and a negative Reeb chord asymptotic to the mixed Reeb
chord ¢, lives in a moduli space of expected dimension

vdimM(cT,c7) = |cFT|—]c7).

Note that, for this dimension, we again do not identify solutions that differ by a translation of the
T—coordinate.

We end by noting that Legendrian isotopies naturally induce continuous extension of the Maslov potential.
In the case of a loop A’ of Legendrians, the effect on the Maslov potential at a point p € A? = A
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can be seen to be as follows. Take a smooth path y(¢) € A’ so that y(0) = p = y(1), and consider the
trivialization of y*(detc £)®<? induced by the real lines [T, r)A*]. The action on this isotopy of the
Maslov potential at p can then be seen to be equal to

cirel[u] cZ.

Here the relative first Chern class computes the algebraic number of zeros of a smooth extension of
the section of u*(detc £)®C2 along a smooth orientable compact surface u: ¥ — Y whose bound-
ary parametrizes y(¢), where we require the section to be nonzero and constant with respect to the
aforementioned trivialization along the boundary y(z).

Appendix B Length of trace cobordisms and conformal factors

It is well known that the trace of a Legendrian isotopy can be deformed to an exact Lagrangian concordance
in the symplectization; see [4; 5; 25] for different versions of this construction. Here we revisit the version
from [4, Theorem 1.2] and show that it fits our purposes as far as control on the length is concerned. The
length of a Lagrangian cobordism was defined in [40] by Sabloff and Traynor; see Section 3.

Let A C (Y, @) be a Legendrian submanifold of a contact manifold with a choice of contact form «. Let
¢£¢, g (Y. kera) — (Y, kera) be a contact isotopy with gi)g’ g = 1d, which thus is generated by a contact
Hamiltonian H;:Y — R defined by H; o ¢f¥ H= oz(qﬁ;’ g )- Furthermore, let f;:Y — R be the smooth
function for which (¢’ );, g = e/1a. The function e”' is called the conformal factor of the contact
isotopy and was introduced in Section 1. In particular, (z, y) — (v — f;(¥), ¢g’ g (¥)) is a Hamiltonian
isotopy of the symplectization that is generated by the t—dependent Hamiltonian e* H;: R; x Y — R.
Note that this symplectic isotopy preserves the primitive e« of the symplectic form.

Proposition B.1 For a contact isotopy as above, the following holds for any arbitrary choice of € > 0:
(1) There exists a Lagrangian trace cobordism Lg; C (R; X Y, e«) from A to d)olt’ g (M) of length

e mingey seo1] fr(x) = 0.

(2) There exists a Lagrangian trace cobordism L1g C (R; X Y, e%a) from ¢(}l’ g (A) to A of length

Ite maXyey,relo,1] Jfi(x) = 0.

(3) One can assume that the two concatenations Lo1 © L1o and L19 © Lo of traces, which are thus

equal to —e
equal toe

Lagrangian cobordisms from A to itself and ¢01[ g (M) toitself, respectively, are of length

=el+e( max _fy(x)— min _f;(x)).

x€Y,t€[0,1] x€Y,t€[0,1]

Co .

Moreover, these concatenations are Hamiltonian isotopic to the trivial Lagrangian cylinders R x A
and R x ¢01l’H(A), respectively, by isotopies supported in a subset of the form [0, co] x Y (after a
suitable translation of the T—coordinate).

(4) AIl Lagrangian cobordisms constructed above have primitives of the pullback of e« that can be
taken to be globally constant on each cylindrical end +t >> 0.
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Proof (1) It suffices to consider the image of the trivial Lagrangian cylinder R x A under the time-one
map of the Hamiltonian isotopy defined by a Hamiltonian of the form p(t)e® H;. Recall that 7 is the
symplectization coordinate here, while 7 is the time-coordinate. We take p(7): R; — 0 to be a smooth
function that vanishes on the subset (—oo, 0] and is equal to one on the subset [§, +00) for some § > 0.

So far we have merely repeated the argument from the proof of [4, Theorem 1.2]. To achieve the bound
on the length, it suffices to choose § > 0 sufficiently small, so that the inequality
1+e€ ; ;
Gy ) 2 iy )
is satisfied. To show the result follows from this inequality, we use the fact that e* H; generates a Hamil-
tonian isotopy (7, y) — (t — f:(¥), ¢&’ g () of the symplectization, which means that maxyey f;(y) is
the maximal translation in the negative symplectization direction at time ¢.

(2) This is similar to (1), using the fact that (<,‘bé H)_1 again is a contact isotopy (thus it is generated by a
contact Hamiltonian) whose conformal factor is equal to — f;. We then apply the construction from (1) to
the cylinder R x ¢ olt g (A) instead of R x A, while using the contact isotopy (qﬁg H)_1 instead of ¢& o

(3) The constructions in (1) and (2) can be taken to depend smoothly on the family of contact isotopies
t= (@l g)r =@ty fort €0, 1], where the family is parametrized by r € [0, 1]. Writing e/rt for the
conformal factor of (qb(; g)r We immediately note that
max X)> max x) and min X)> min X
x€Y,t€[0,1] fl( ) T xeY,tef0,1] fr’t( ) x€Y,t€[0,1] fr’l( ) T xeY,tel0,1] ft( )

holds for any r € [0, 1], from which the sought length properties follow.

We thus produce families of Lagrangian cobordisms whose concatenations Lg, © LY, (resp. L, © Lg;)
interpolate between R x A (resp. R x qboll’H(A)) atr =0and Lo; © Lo (resp. L1o ® Lop) at r = 1.
The corresponding isotopy may be assumed to be supported inside [0, ¢g] x Y. Since this is an isotopy
through exact Lagrangians, a standard fact implies that it is generated by a global Hamiltonian isotopy.

(4) As follows by Cartan’s formula, a Hamiltonian isotopy qb;(r)e, H' RxY — R xY, with /() being
of compact support, pulls back the primitive of the symplectic form e®« to a one form e« 4+ dG. Since
¢; (v)er H, PrESEIVES the primitive e« outside of a compact subset, we conclude that G: Y — R is locally
constant outside of a compact subset or, equivalently, d G is compactly supported. The sought statement

follows from this. O
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Packing Lagrangian tori

RICHARD HIND
ELY KERMAN

We consider the problem of packing a symplectic manifold with integral Lagrangian tori, that is,
Lagrangian tori whose area homomorphisms take only integer values. We prove that the Clifford torus
in S? x §? is a maximal integral packing, in the sense that any other integral Lagrangian torus must
intersect it. In the other direction, we show that in any symplectic polydisk P(a, b) with a, b > 2, there
is at least one integral Lagrangian torus in the complement of the collection of standard product integral
Lagrangian tori.

53D12, 53D35

1 Introduction

In this paper we consider packings of symplectic manifolds by Lagrangian tori. Since every symplectic
manifold contains infinitely many disjoint Lagrangian tori, we must set a scale in order to pose meaningful
questions. We therefore restrict our attention to Lagrangian tori whose area homomorphism takes only
integer values. These will be referred to as integral Lagrangian tori.! The fundamental packing question,
in this setting, is the following:

What is the maximum number of disjoint integral Lagrangian tori contained in a given
(pre)compact symplectic manifold?

A more approachable version of this question is to consider a specific collection of disjoint integral
Lagrangian tori in a symplectic manifold (M, w), and to ask if it is a maximal integral packing in the
sense that any other integral Lagrangian torus in M must intersect at least one torus in the collection. In
this paper, we study this question in the simplest nontrivial setting.

1.1 Results

Equip the sphere S? with its standard symplectic form @ scaled so that / g2 = 2. Let Ly be the
monotone Clifford torus (product of equators) in (52 x S2, n{w + n5w). Our first result is the following.

Theorem 1.1 The Clifford torus L is a maximal integral packing of (S* x S2, wiw+ niw).

I These are also sometimes called Bohr—Sommerfeld Lagrangians.

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
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Consider R* equipped with its standard symplectic structure wy4. For real numbers a, b > 0, consider the
symplectic polydisk

P(a,b) ={(z1,22) € C? | n|z1|* < a, |z2)* < b} C R*.

Identifying L ; with the standard Clifford torus in R*, Theorem 1.1 implies that L ; is a maximal
integral packing of each P(a,b) with 1 <a,b < 2.

If a and b are both greater then 2, then a natural candidate for a maximal integral packing of P(a, b) is
the collection of integral Lagrangian tori

{Liy |k, 1 eN, k=<la].l=<|b]}

where Ly ; is the product of the circle about the origin bounding area k in the z;—plane with the circle
about the origin bounding area / in the z,—plane. The analogous packing in dimension two is always
maximal. Our second result shows that, in dimension four, this candidate always fails.

Theorem 1.2 If min(a,b) > 2, then{Ly ;| k,l €N, k < |a], [ < |b]} is not a maximal integral packing
of P(a,b). For every € > 0, there is an integral Lagrangian torus L™ in

PQ2+e24+e)\{Lk |k, 1 €{l1,2}}.
1.2 Overview

The first step in our proof of Theorem 1.1 is to show that any integral Lagrangian torus contained in
(S2x 82, n{w + 7} ) is actually monotone. This follows from the work of Hind and Opshtein [9], and is
proved in Proposition 3.2 below. Arguing by contradiction, we then assume there is a monotone Lagrangian
torus L in (S? x S2, 7w+ m} ) that is disjoint from the Clifford torus L ;. The work of Ivrii [11] and
Dimitroglou-Rizell, Goodman and Ivrii [5] implies that there is a finite-energy holomorphic foliation & of
S?x S2\ (LU Ly ,1) which has a normal form near I and L ;; see Section 3.5. We use F to establish
the existence of two symplectic spheres, F and G, in (S2 x S2, nfw + mjw). These are obtained from
the compactifications of the pseudoholomorphic buildings obtained in Section 3.7; see Propositions 3.20
and 3.22. Both F and G represent a homology class of the form (1,d) € H,(S? x S%;Z) = Z? for
some large d. They also have special intersection properties with the leaves of % and with each other;
see Proposition 3.24. Using the spheres F and G, together with the operations of blow-up, inflation and
blow-down, we then alter the ambient symplectic manifold away from LU L ; to obtain a new monotone
symplectic manifold, (X, ). This new manifold is symplectomorphic to (S x.S?, (d + D(nfw+niw)),
and L and L ; remain disjoint and monotone therein. However, the images (transforms) of the spheres
F and G in (X, 2) are now in the class (1, 0) and their existence implies, by the work of Cieliebak and
Schwingenheuer in [4], that I and L ; must both be Hamiltonian isotopic to the Clifford torus in (X, €2).
It then follows from standard monotone Lagrangian Floer theory (as in Oh [17]) that it is not possible for
IL and L ; to be disjoint. This contradiction completes the proof of Theorem 1.1.
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To prove Theorem 1.2 we construct, for every € > 0, an explicit embedding of the closure of P(1,1)
into P(2+¢€,2+¢€)\{Lg; | k,I € {1,2}}, using a time-dependent Hamiltonian flow. The desired
Lagrangian, L™, is the one on the boundary of the image.

1.3 Commentary and further questions

Given that Theorem 1.1 is reduced to the problem of detecting intersection points of two monotone
Lagrangian tori, using Hind and Opshtein [9], it is natural to ask whether Lagrangian Floer theory (rigid
holomorphic curves) can also be used to prove Theorem 1.1 directly. To the knowledge of the authors
this is not yet possible. The following result seems to be as close to a proof of Theorem 1.1 as one can
currently get using Lagrangian Floer theory.

Theorem 1.3 Suppose that L is a monotone Lagrangian torus in (S x S?, niw + nyw). If the
Lagrangian Floer homology of L, with respect to some C*—local system, is nontrivial, then L must
intersect L 1.

This follows from the work of Ritter and Smith in [19].2 In particular, Corollary 1.5 of [19] implies that
the Clifford torus L ; split-generates the monotone Fukaya category of (S 2x 82, niw+niw). Itis not
known whether there exist monotone Lagrangian tori in (S2? x §2, n{w + n5w) whose Lagrangian Floer
homology is trivial for every choice of C*-local system. In [20], Vianna constructs a countably infinite
collection of monotone Lagrangian tori in (S2 x S2, m{w + mjw), no two of which are Hamiltonian
isotopic. Each of the tori in Vianna’s collection satisfies the hypothesis of Theorem 1.3.

The following question, in the spirit of Theorem 1.1, remains unresolved.
Question 1.4 Does every pair of monotone Lagrangian tori in (S* x S*, n¥w + m}w) intersect?

Progress on other aspects of the study of disjoint Lagrangian tori has also recently been made in two
related works by Mak and Smith [13], and by Polterovich and Shelukhin [18]. Let {y;} be a collection
of disjoint circles bounding disks of the same area, and let E be the equator in the sphere S2. In [13]
and [18] it is shown that, with respect to certain nonmonotone symplectic forms on S? x S?2, packings
of the form & = | | y; x E are maximal in the sense that any Lagrangian torus Hamiltonian isotopic to
y1 X E must intersect . In comparison, the maximal packing given by Theorem 1.1 only includes a
single torus, L 1,1, but we do not assume any other tori are Hamiltonian isotopic to it. Theorem 1.2 shows
that analogous packings of the form |_| y; x y; are no longer maximal.

Below are a few of the questions suggested by Theorem 1.2, which also remain unresolved.

Question 1.5 s every integral Lagrangian torus in P(2+¢€,2+¢€)\{Ly | k,! € {1,2}} Hamiltonian
isotopic to Ly 1?

2We are grateful to the referee for pointing out this reference.
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Question 1.6 Suppose 2 < a,b < 3. Are there six disjoint integral Lagrangian tori in P(a,b)?
Question 1.7 Suppose 2 < b < 3. Are there three disjoint integral Lagrangian tori in P(2,b)?

Question 1.5 has recently been answered negatively, and Questions 1.6 and 1.7 positively, by Hicks and
Mak in the preprint [7]. The question of whether these domains might actually contain infinitely many
disjoint integral Lagrangians remains completely open.

Acknowledgements The authors would like to thank the referee of this paper for their careful analysis
and many valuable comments. We also thank Karim Boustany for helpful comments and for pointing out
a few mistakes.

The authors are supported by Simons Foundation grants 633715 (Hind) and 429872 (Kerman).

2 Conventions, labels and notation

Every copy of the two-dimensional sphere S? will implicitly be identified with the unit sphere in R3
and we will label the north and south poles by oo and 0, respectively. In (S2 x S2, i+ i), we use
these points to define the four symplectic spheres Sy = S? x {0}, Seo = S? x {o0}, Tp = {0} x S? and
T = {00} x 2. The ordered basis {[So]. [To]} of H2(S? x S?;Z) is used to identify it with Z2.

Let L C (M, 2) be a Lagrangian torus in a four-dimensional symplectic manifold. A diffeomorphism v
from T2 = S' x S to L will be referred to as a parametrization of L. It specifies a basis of H;(L;Z)
and thus an isomorphism from H;(L;Z) to Z?. We will denote this copy of Z? by H lw (L:Z). The
parametrization ¥ can also be extended to a symplectomorphism ¥ from a neighborhood of the zero
section in T*T? to a Weinstein neighborhood U(L) of L in M. We will denote the corresponding
coordinates in the neighborhood U(L) of L by (p1, p2,41,¢>) and, for simplicity, we will assume that

W(L) ={|pi] <e,|p2| <€} forsome € > 0.

3 Proof of Theorem 1.1

Arguing by contradiction, we begin with the following.

Assumption 1 There is an integral Lagrangian torus IL in (S2 x S2, 7w + 7y w) which is disjoint from
the Clifford torus Ly ;.

We will show that Assumption 1 can be refined in three ways.
3.1 Refinement 1: we may assume that L is monotone

A symplectic manifold (M, Q) is monotone if the Chern and area homomorphisms,

c1:my(M)C Hy(M,Z)—7Z and Q:my(M)— R,
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are positively proportional. Recall that a Lagrangian submanifold L C (M, 2) is monotone if its Maslov

and area homomorphisms,
wimy(M,L)y—7Z and Q:7my(M,L)—R,
are positively proportional. We will denote the constant of proportionality of L by A.

If L is a Lagrangian torus, one can verify monotonicity by checking it for a collection of disks whose
boundaries generate Hy(L;Z).

Lemma 3.1 Suppose that (M, 2) is a symplectic 4—manifold which is monotone with constant %k. A La-
grangian torus L in (M, Q) is monotone with constant A if there are two smooth maps vy, v,: (D?, S1) —
(M, L) such that the boundary maps vi|g1 and vy|g1 determine an integral basis of Hy(L;Z) and
w(lvi) = AQ(vy) fori =1,2.

Refinement 1 is validated by the following result.
Proposition 3.2 Every integral Lagrangian torus L in (S? x S?, niw + 75 w) is monotone.

Proof By Theorem C of [5] there is a Hamiltonian diffeomorphism which displaces L from the pair of
spheres So U To. Hence, L can be identified with an integral Lagrangian torus L inside the polydisk
P(2—€,2—¢) C (R* wy4) for some sufficiently small € > 0. By Lemma 3.1, it suffices to find two
smooth maps vy, vy: (D?, S!) — (R*, L) such that the boundary maps v;|g1 and v;|g1 determine an
integral basis of H;(L;Z) and w([v;]) = 2w4([v;]) for i = 1, 2. Simplifying further, we note that, for
R4, the maps . and w4 can be recast as homomorphisms

w:Hi(L;Z)—7Z and w4: Hi(L;Z)— R
and it suffices to find an integral basis {e1, e;} of H;(L;Z) such that p(e;) = 2wq4(e;) fori =1, 2.

Since L is contained in P(2—e, 2—e¢), it follows from [3] that there is a smooth map f: (D, S')— (R*, L)
of Maslov index 2 whose symplectic area is 1. To see this we include the polydisk P(2 —¢€,2 —¢€) into
B*(4 — 2¢), the ball of capacity 4 — 2¢, and then compactify this ball to C P? equipped with the Fubini—
Study form rescaled by (4 — 2¢) /7. In this setting, the proofs of Theorems 1.1 and 1.2 of [3] imply that
there are three discs mapping to C P2, with boundary on L, that each have Maslov index equal to 2 and
positive symplectic areas whose sum is at most (4 — 2¢). These discs are holomorphic away from L and
are obtained from a limit of spheres in the class [C P!]. Hence, by positivity of intersection, exactly one
of the three discs intersects the line at infinity, and the other two discs, f and g, can be viewed as maps to
B*(4—2¢) C R*. Since L is integral, the total symplectic area of f and g is either 2 or 3. In either case,
one of them, say f, has symplectic area equal to 1. If e; is the element of H,(L; Z) represented by f|g1,
we then have u(e;) =2 and wy(eq) = 1.
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Let ¢ be a class in Hy(L;Z) such that {e, ¢} is an integral basis. Since i(c) is even, by adding integer
multiples of e to ¢, if necessary, we may assume that (c) = 2. It remains to show that w4(c) = 1.

Arguing by contradiction, assume that w4(c) # 1. Set

~ e if wg(c) > 1,
c+2(e;—c) ifwa(c) <.

Then {eq, ¢} is an integer basis of Hy(L;Z) that satisfies
wg(er) =1, w4(0) =2 and pler) = p(C) =2.

In [9], Hind and Opshtein prove that if a Lagrangian torus in P(a, b) admits such a basis, then either
a > 2 or b > 2. This contradicts the assumption that L lies in P(2—¢€,2 —¢€) and we are done. O

3.2 Refinement 2: we may assume that LL lies in the complement of So U Soc U Ty U T,

To verify this, we utilize the relative finite-energy foliations from [5], which we now recall.

3.2.1 Foliations of (S? x §2)\ L In [6], Gromov proves that if J is a smooth almost complex
structure J on S? x S? that is tamed by the symplectic form niw + m5w, then there is a foliation of
S? x §? by J-holomorphic spheres in the class (0, 1), and another with fibers in the class (1, 0). For
any monotone Lagrangian torus L C (S? x S2, n{w + n5w), there is an analogous relative foliation
theory, developed first by Ivrii [11] and then completed by Dimitroglou-Rizell, Goodman and Ivrii [5],
with input from Wendl [21] and Hind and Lisi [8]. By stretching certain Gromov foliations along L and
smoothing the compactifications of the limiting buildings with more than one level, they obtain symplectic
S2—foliations of S? x S? that are compatible with L. A version of this is described below. As in [8], we

focus on the curves which, after stretching, map to S2 x S2\ L.

Input Let L be a monotone Lagrangian torus in (S2 x S2, niw + n5w). Fix a parametrization ¥ of L
and the corresponding Weinstein neighborhood

U(L) = {Ip1] <€ |p2] <€

Definition 3.3 A tame almost complex structure J on (S% x S2\ L, n{w + i) is said to be adapted
to the parametrization  if, in U(L), we have

0 /2, .2 0
J—=—Vpi+p;

qi api’

For such a J, each negative end of a finite-energy J—holomorphic curve # mapping to S x §2\ L is
asymptotic to a closed Reeb orbit on a copy of the flat unit cotangent bundle S} T 2 of T2, corresponding
to L. This Reeb orbit covers a closed geodesic y of the flat metric on T 2. In this case, we simply say
that the end of u is asymptotic to L along y.
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Output As described in Section 2.5 of [5], each J adapted to the parametrization ¥ of L is part of the
limit, as T — oo, of a standard family almost complex structures J;>q on S? x S? that are tame with
respect to 77 @ + ) w. Taking the limit of the Gromov foliations for the J; as T — oo, it follows from
Theorem D and Propositions 5.3 and 5.16 of [5], and the fact that L is monotone, that one obtains a
foliation & = F(L, ¥, J) of S x S?\ L with the following properties.

¢ The foliation % has two kind of leaves: unbroken ones consisting of a single closed J—holomorphic
sphere in S2 x S2 \ L of class (0, 1), and broken leaves consisting of a pair of finite-energy
J—holomorphic planes in S% x S\ L.

e FEach leaf of ¥ intersects S in exactly one point. For a broken leaf this means that exactly one of
its planes intersects Seo.

¢ The ends of two planes of a broken leaf are asymptotic to the same geodesic, but with opposite
orientations. This geodesic is embedded. We denote its homology class, equipped with the
orientation determined by the plane which intersects Soo, by B € Hy(L;Z). This class is the same
for all broken leaves of & and is referred to as the foliation class of %.

e Limits of the Gromov spheres in the completion of a neighborhood of L, which is a copy of T*T?2,
are cylinders asymptotic to geodesics in the classes + .

e Each point z € S? x S2\ L lies in a unique leaf of &, and each point of L lies on a unique geodesic
in the foliation class S that corresponds to a unique plane of a broken leaf of % that intersects Soo.

e If L is disjoint from a configuration of symplectic spheres, then we may assume these spheres are
complex with respect to all J;. In particular, if L has been displaced from So U Soo U Ty U T,
then we may assume this configuration of symplectic spheres is J—complex.

e Suppose L is disjoint from S, and we therefore take S, to be complex. Then, by positivity of
intersection, there is a well-defined map p: S2 x S? — S Which takes z € S2 x S2\ L to the
unique intersection of its leaf with S, and takes z € L to the intersection with S, of the broken
leaf asymptotic to the unique geodesic through z representing the foliation class. The image p(L)
is an embedded closed curve in Soo. Moreover, if L is homotopic to L ; in the complement
of Ty U Teo, then p(Ty) and p(Two) — which are points, since T and Too are complex — lie on
opposite sides of the closed curve p(L).

Lemma 3.4 (straightening) For all sufficiently small € > 0 we may assume, by perturbing J outside
of U(L), that the unbroken leaves of % that intersect U(L) do so along the annuli

{p1=68,q1=0,—€ <py<e}

for some 6 € S and nonzero § € (—e, €).

Proof The statement for broken leaves was established in Proposition 5.16 of [5]; see the first bullet point
of the proof. This means the parts of the broken leaves lying outside of AU(L) form two S !—families of
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holomorphic disks, with boundaries { p; =0, g1 =6, p, = +¢}. We may smoothly identify a neighborhood
of such an S '—family of holomorphic disks in the complement of WU(L) with (—e€g, €g) x S x D2, where
the disks correspond to subsets {0} x {8} x D?, and the circles {p; = 8,q; = 0, p» = %€} in JU(L)
match with the circles {8} x {#} x 3D?. Hence our S !—families of holomorphic disks can be extended to
smooth families of disjoint smoothly embedded disks Ds g = {3} x {0} x D? with |§] <€pand 0 € ST.
We may assume these disks extend smoothly into U(L) along the surfaces {p; =38,¢q1 =0, —€ < py <€}.
For a sufficiently small €g > 0, we may also assume that the disks Ds ¢ are symplectic, since they are
C*°—close to the holomorphic disks corresponding to § = 0. Hence, we may choose a tame almost
complex structure, Jy, which agrees with J inside U(L) but is chosen outside of AU(L) so that the
disks Ds ¢ are Jo—holomorphic. With this, we replace the foliation & = F(L, v, J)) with the foliation
Fo = F(L, V¥, Jy) and the neighborhood AU (L) with

WUo(L) = {|p1| <eo.|p2| <e}.

By construction, for each annulus {p; = 6,q; = 0, —€ < p, < €} with |[§| < €, there is a pair of
Jo—holomorphic disks which join smoothly with the boundary components to form Jy—holomorphic
spheres in the class (0, 1). These are unbroken leaves of %, for § # 0, and broken leaves for § = 0.
Moreover, by positivity of intersection, these are the only leaves of % intersecting Ug(L). |

Example 3.5 (solid tori bounded by L; ;) For the Clifford torus L;; C S 2% S? and a J adapted to
the standard parametrization 1 ; of Ly 1, we get a foliation Fq 1 of § 2x 82 \ L1,; with leaves in the
class (0, 1). As Ly is disjoint from So U Soo U Ty U T we may assume that these four spheres are
J—complex. The broken leaves of % ; comprise two families of J—holomorphic planes with boundary
on L1, 1, which can be labeled as follows: so, which consists of the planes intersecting So, and s.0, which
consists of the planes intersecting Soo. The families of holomorphic planes s¢ and s can be seen directly
for a model almost complex structure, but in fact exist for all J adapted to a parametrization of L; ;. We
will write s¢(J) and so0(J) when we want to highlight the dependence of these families on J. Modulo
reparametrization, s and so, form compact moduli spaces, as they represent classes of minimal positive
area in H,(S? x S2, Ly,1). These moduli spaces are automatically regular by [21, Theorem 1].

For each J as above, there is an analogous foliation of S?2 x S?2 \ Ly,; with leaves in the class (1, 0). The
broken leaves in this case yield two families of J—holomorphic planes, ty and ts,, which consist of the
planes intersecting 7 and T, respectively.

The following result establishes Refinement 2. The proof is based on that of Corollary E in [5].

Proposition 3.6 Suppose that L is a monotone Lagrangian torus in (S? x S?2, niw + myw) that is
disjoint from L1 ;. Then there is a Hamiltonian diffeomorphism ¢ of S 2 x S? which displaces L from
So U Soo U Ty U To and is supported away from L, ;. Moreover, ¢ (IL) is homotopic to L ; in the
complement of Ty U T« and also in the complement of Sy U So.
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Proof We first displace I from S in the complement of L 1, or equivalently S from L. Let Jo be an
almost complex structure on S 2% S2 \ L1,; that is adapted to the standard parametrization ¥y ; of L ;
and such that S, is Jp—complex. We deform J through almost complex structures J; to an almost
complex structure Jo, which is also adapted to a parametrization of IL. For each 7 we have a finite-energy
Jz—holomorphic foliation in the class (1, 0) including the broken leaves ty and t», as in Example 3.5. We
can find a smooth family of holomorphic spheres H; in the class (1, 0), that is, unbroken leaves of the
corresponding foliations, with Hy = So.

In the limit T — oo, the moduli spaces of J;—holomorphic disks to(J;) and to(J7) both converge. Indeed,
their limits to(Joo) and teo(Joo) still represent classes of minimal positive area in H,(S? x S2, L,,UL),
where all classes still have integral area; see also Lemma 3.23 for this. Moreover, as the union of broken
spheres with respect to J still has codimension 1, we may assume the H; converge to an unbroken
sphere, Hoo. As the H are all disjoint from L ; and Hy is disjoint from IL, we can find a Hamiltonian
isotopy supported away from L ; displacing Soo from L, as required.

The remainder of the argument follows similar lines. We may assume that each of the spheres Sy, Sco,
Ty and T are Jo—complex. Let F( be the corresponding Jy—holomorphic foliation of .S 2x 82 \Li,
in the class (0, 1). Let pg: S? x S? — S be the projection map from the (sixth bullet point of the)
description of % above. We may assume that the points po(7p) and po(7'so) lie in different components
of Soo \ po(L1,1)-

Fix a parametrization of I and let (Py, P,, Q1, O2) be the corresponding local coordinates on the
Weinstein neighborhood AU(LL) of .. We may also assume that U(IL) is disjoint from the Weinstein
neighborhood AU(L ;) corresponding to ;1. Consider a smooth family J;¢[o,1] of almost complex
structures on S2 x §2\ L; ; such that each J; is equal to Jo in (L, 1), and in U(L) we have

0 0

We can then smoothly extend the family J; to ¢ > 1 to stretch (to length 7) along a small sphere bundle
in U(IL), as in [1]. This yields a family of foliations %, of S x $2\ Ly 1. Since the planes of the broken
leaves of & have minimal area they persist under the deformation to yield the planes of the broken leaves
of %,. This yields a family of maps p;: S? x S — So.

Lemma 3.7 The sets p;(IL) in So converge in the Hausdorff topology to a subset of a circle Coo € Soo

ast — oo.

Proof Let Jo, be the limiting almost complex structure on S2 x S2\ (L U Ly ,1). The circle C is the
intersection with S, of the broken leaves of the Jo, foliation which are asymptotic to IL. Now, p;(IL)
consists of the intersection with S, of J;—holomorphic spheres which intersect I.. Hence a sequence
of points z; € p;(IL) corresponds to a sequence of J;—holomorphic curves in the class (0, 1) which all
intersect IL. Up to taking a subsequence, this sequence of curves converges to a broken curve asymptotic
to I and hence the z; converge to a point in Ce. O
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Lemma 3.8 If we denote the projection with respect to the fully stretched almost complex structure

by Poo, then Coo = poo(LL) is disjoint from poo(L1 7).

Proof This follows from the fact that the original planes of the broken leaves have area 1 and so cannot
degenerate further. Indeed, since IL is monotone, any holomorphic curve asymptotic to I. must have
integral area, and in particular curves in the class (0, 1) cannot converge to buildings with more than two

top level curves. |

The results above imply that there is an N > 0 such that p,(L ;) is disjoint from Cy, forall z > N.
With this we can choose two continuous curves ¥y, Voo : [0, 00) — Soo With the following properties:

* 70(0) = po(To) and Yoo (0) = po(Teo)
e yo(t) and yoo(?) are disjoint from p,(L; ;) for all ¢ € [0, 00),

e for some N > 0, both y(?) and Yoo (?) are disjoint from Cxo, and Co is disjoint from p;(L; 1)
forallt > N,

o (o separates Yo(N) and Yoo (V) in Seo.

For each ¢ € [0, 00), both pt_1 (vo(¢)) and pt_l (Yoo (?)) are Jy—holomorphic spheres in the class (0, 1)
disjoint from L ;. The family of spheres

{07 (o) }refo.n]

forms a symplectic isotopy, which displaces T from L in the complement of L ;. Similarly, the family
of spheres

07 Voo () }reo.N]

forms a symplectic isotopy which displaces T, from L in the complement of L ;. Moreover, these
isotopies can be generated by a single Hamiltonian flow on S? x S? that fixes Ly ,;. The inverse flow
displaces IL. from 7Ty U T,. The final separation condition is enough to guarantee the homotopy condition
in the theorem.

By considering also the J;~holomorphic foliation in the class (1, 0) (see Example 3.5), we can displace IL
from Sy U Se too. After adjusting the isotopy of Sy U Soo, we may assume that it fixes Ty U To; se€
Corollary 3.7 of [5]. Hence the inverse flow will not reintroduce intersections with 7y or 7. O

3.3 Refinement 3: we may assume that LL is homologically trivial in
(82x82)\ (SoU Se UTyU Ty)

To see this, note that (S2 x S2) \ (So U Sec U Ty U Tso) can be identified with a subset of the cotangent
bundle of T2 in which L 1,1 1s identified with the zero section. In this setting we can invoke the following.
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Theorem 3.9 [5, Theorem 7.1] A homologically nontrivial Lagrangian torus L in (T*T?,d}) is
Hamiltonian isotopic to a constant section. In particular, if L is exact then it is Hamiltonian isotopic to
the zero section.

If our monotone Lagrangian I was homologically nontrivial in (S? x S2)\ (So U Seo U Ty U Teo) it would
then follow from Theorem 3.9 and Section 2.3.BZ of [6] that L N Ly ; # &, which would contradict our
original assumption.

3.4 A path to the proof of Theorem 1.1
By the three refinements established above, it suffices to show that the following assumption is false.

Assumption 2 There is a monotone Lagrangian torus L in the set
Y =(S?2x8?)\ (SoU SeoUToU Two)

which is disjoint from the Clifford torus L ; and is homologically trivial in Y.

A path to a contradiction To obtain a contradiction to Assumption 2, we will show, using a sequence of
blow-ups, inflations and blow-downs, that it implies the existence of two disjoint monotone Lagrangian
tori in a new (monotone) copy of S2 x S2, which are both Hamiltonian isotopic to the Clifford torus
therein, and hence cannot be disjoint.

To perform the necessary sequence of blow-ups, inflations and blow-downs, we must first establish the
existence of a special collection of symplectic spheres and disks in our current model; see Proposition 3.24.
These spheres and discs must be well placed with respect to a holomorphic foliation of S2x S2\(LUL 1)
which we introduce below in Section 3.5. They are obtained from special holomorphic buildings, whose
existence we establish in Section 3.7. These existence results rely on the analysis of a general stretching
scenario that is contained in Section 3.6.

Remark 3.10 To falsify Assumption 2, we must use it to build and analyze a complicated set of secondary
objects in order to derive a contradiction. The reader is asked to bear in mind that many of the results
established in the remainder of this section hold in a setting which will later be shown to be impossible.

3.5 Straightened holomorphic foliations of S2 x S2\ (L U L;,;), under Assumption 2
Let I be a Lagrangian torus as in Assumption 2. Here we describe the holomorphic foliations of
S2x 82\ (L U Ly;) that are implied by the existence of L.

Let ¥ be a parametrization of I and v; ; be the standard parametrization of L ;. Consider a tame
almost complex structure J on (S? x S2\ (L U Ly,1), m}w + n5w) which is adapted to both ¢ and vy ,;.
We will always make the following assumption.

(A1) J is equal to the standard product complex structure near Sy, Seo, 79 and T. In particular,
Ty and T, are unbroken leaves of the foliation.
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Let J; be the family of almost complex structures on S x S? that are determined by J as in [5, Section 2.5].
Taking the limit of the Gromov foliations in the class (0, 1) with respect to the J; as T — o0, and arguing
as in [5], we get a J—holomorphic foliation

F=FL.Li,1.¥. V1,1, J)
of S2x S?\ (LU L ;). The features of this foliation are described below and are illustrated in Figure 1.

Each leaf of & still intersects S in exactly one point, but there are now three types of leaves. The first
are unbroken leaves consisting of a single closed J—holomorphic sphere in S? x S?\ (L U Ly 1) of
class (0, 1). The second type of leaves are broken and consist of a pair of finite-energy J—holomorphic
planes in S? x S?\ (L U Ly ;) that are asymptotic to L ; along the same embedded geodesic with
opposite orientations. As in Example 3.5, the collection of planes like this which intersect So, comprise a
one-dimensional family, s, and their companion planes comprise a family sy. The third class of leaves
are also broken, but consist of pairs of finite-energy J-holomorphic planes in $% x $2\ (L U Ly ;)
that are asymptotic to I.. These pairs also have matching ends. We denote by t the set of all the
J—holomorphic planes of broken leaves that are asymptotic to I and intersect So.. The collection of
their companion planes will be denoted by ty. As established below in Lemma 3.11, the planes of vt
intersect both S, and Sy while the planes of v intersect neither of these spheres. Since curves in the
class (0, 1) have area 2, and by monotonicity planes asymptotic to our Lagrangians have integral area, no
more complicated degenerations are possible.

Note that there are now two foliation classes, L, and B, |, determined by each of the two classes of
broken leaves.

The foliation & also defines a projection map
p:S?x 8% > Su.

In this setting, the images p(L1,1) and p(IL) are disjoint embedded circles in So, which, by Proposition 3.6,
are disjoint from 7y U T and are homotopic in the complement. Therefore, without loss of generality,
there are disjoint closed disks A9 C Soo With boundary p(IL) and Ao C Soo With boundary p(L ), such
that p(Ty) € Ag and p(Tx) € Aso. Denote the closed annulus defined by the closure of Soo \ (Ao U Aso)
by B. These features of F are all represented in Figure 1.

Lemma 3.11 The planes in v intersect both Sy and S~. Equivalently, the planes in vy are disjoint
from Sy U Seo.

Proof We define a relative homology class ¥ € H,(S? x S2, (So U Soo U Ty U To) by first choosing
an embedded path y: [0, 1] = Seo With y(0) = Ty N Seo and y(1) = Too N Seo. Then choose a
family of embedded paths o; in each p~!(y(¢)) going from Ss to So. The union of the o; define X.
By Proposition 3.6 we may assume that y intersects p(IL) in a single point y(#p). The intersection
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plane in t plane in 5o
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plane in tg planeinso p=1(w) So
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| Soo
f
p@L) p(L1,1)
Figure 1: The foliation % of $? x S?\ (L U Ly ;).

L N p~'(y(ty)) is an embedded circle, bounding disks from ty and tso. The disks in ts, intersect Seo
by definition, so arguing by contradiction, if to happens to intersect Sy then our circle L N p~1(y(¢9))
separates So and S0, and thus must intersect the path oy,. This is the only intersection between X and L,
and so we would conclude that 3 ¢ L is nontrivial, contradicting Refinement 3. |

Straightening Let (Py, P>, Q1, Q>) be coordinates in the neighborhood U(IL) of I determined by v,
and let (p1, p2,4¢1,q2) be coordinates in the neighborhood U(L ;) of L ; determined by ¥y ;. As
in Lemma 3.4, where we had only one Lagrangian torus, we may assume that the leaves of & are
straight in both WU(IL) and WU(L,;). In particular, we may assume that the unbroken leaves of & that
intersect AU(IL) do so along the annuli {P; =§ # 0, Q1 = 0, | P2| < €}, the planes of v intersect U(L)
along the annuli {P; =0, Q1 = 0,0 < P, < €}, and the planes of v( intersect U(IL) along the annuli
{P1 =0,01 =60,—€ < P, <0}. Similarly, we may assume that the unbroken leaves of & that intersect
AU(Ly,1) do so along the annuli {p; =6 # 0,q1 = 0, |p2| < €}, the planes of s intersect U(Lq ;)
along the annuli {p; =0,¢9; = 0,0 < p < €}, and the planes of s intersect U(L; ;) along the annuli
{p1=0,q1=0,—€ < py <0}.
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The map p can also be described simply in these Weinstein neighborhoods. In U(IL), we may assume
that the region { Py < 0} C U(IL) is mapped by p into the interior of A, and { P; > 0} C U(IL) is mapped
by p into the interior of B. Similarly, we may assume that in U(L ;) the region {p; > 0} CU(Lq ;) is
mapped by p into the interior of A and {p; < 0} CU(Ly,;) is mapped by p into the interior of B.

Using some of the freedoms available in the choice of ¥ and v ;, we can add the following additional
assumption:

(A2) The foliation class Br, is equal to (0,—1) € le (IL; Z), and the foliation class B, , is equal to
0.—1) € B/ (Ly1;2).

3.6 Stretching scenario for class (1, d), under Assumption 2

Recall that for each nonnegative integer d and a generic tame almost complex structure J on S? x S2
there exists a smooth J—holomorphic sphere u: S — S2 x S? representing the class (1, d). Moreover,
this curve is unique, up to reparametrization, if we impose 2d + 1 constraint points. To see this, note
that for the integrable product complex structure such a curve can be written explicitly as the graph of a
degree d rational map, and this implies that the Gromov—Witten invariant associated to the homology class
and point constraints is 1. Hence, nodal curves will exist for all tame almost complex structures and away
from a codimension 2 subset of almost complex structures we will have smooth curves. The uniqueness
in the assertion above follows because spheres in the class (1, d) have self-intersection number 2d, so
distinct spheres cannot satisfy the same 2d + 1 point constraints.

Let J¢, for > 0, be the family of almost complex structures on .S 2 % 82 used in Section 3.5 to obtain
the foliation %. For a sequence 7z — 00, let ug 4: S? — S? x S? be a sequence of Jr, ~holomorphic
curves in the class (1, d) that converges to a holomorphic building F4 as in [1]. The limit F; consists of
genus zero holomorphic curves in three levels. The fop level curves map to S2 x S2\ (L U L; ) and are
J—-holomorphic. The middle level curves map to one of two copies of R x S*T 2, the symplectization of
the unit cotangent bundle of the flat torus. These copies correspond to I and L ; and the identifications
are defined by the parametrizations ¥ and ¥ ;. It follows from the definition of the family J; that these
middle level curves are all J.yi—holomorphic where J.y is a fixed cylindrical almost complex structure.
Similarly, the bottom level curves of the limiting building map to one of two copies of 7*T?2 and are
Jstg—holomorphic, where Jgq is a standard complex structure.

Each top level curve of F; can be compactified to yield a map from a surface of genus zero with boundary
to (S2x S2, LU L,1). The components of the boundary correspond to the negative punctures of the
curve. They are mapped to the closed geodesics on I or L ; underlying the Reeb orbits to which the
corresponding puncture is asymptotic. The middle and bottom level curves can be compactified to yield
maps to either I or L ; with the same type of boundary conditions. These compactified maps can all be
glued together to form a map Fz: S? — S2 x S? in the class (1, d).
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Definition 3.12 A J-holomorphic curve u in $? x §%\ (L U Ly ;) is said to be essential (with respect
to the foliation %) if the map p ou is injective.

Definition 3.13 Let u be a J—holomorphic curve in S? x S2\ (L U L ;). A puncture of  is said to be
of foliation type with respect to IL. (L1 ;) if it is asymptotic to a closed Reeb orbit which lies on the copy
of S*T 2 that corresponds to L. (L1,1) and covers a closed geodesic in an integer multiple of the foliation
class B, (BL, ,)- The puncture is of positive (negative) foliation type if this integer is positive (negative).

Lemma 3.14 Let u be a J—holomorphic curve in S* x S\ (L U L ) with a puncture. Let {c;} be a
sequence of circles in the domain of u which lie in a standard neighborhood of the puncture, wind once
around it, and converge to it in the Hausdorff topology. If the puncture is of foliation type with respect
tollL (Ly1,1), then the sets p(u(c;)) converge to a point on p(IL) (p(Ly,1)). Moreover each p(u(cy))
either maps into the point (in which case u covers a plane in a broken leaf) or it winds nontrivially around
the point. If the puncture is not of foliation type then the sets p(u(c;)) converge to p(IL) (p(L1,1)).

Proof This follows from the exponential convergence theorem from [10]. O

Corollary 3.15 If u is an essential J—holomorphic curve in S% x S2\ (L U Ly ;), then its punctures
on IL are either all of foliation type or none of them are, and similarly for the punctures on L 1. If u has
no punctures of foliation type, then it is either a J—holomorphic plane or cylinder.

Assume u has no punctures of foliation type. If u is a plane, then the closure of the image of p ou is
Ag or A or the closure of their complements in Sx. If u is a cylinder, then the closure of the image
of pouis B.

Proof Lemma 3.14 implies that if u has punctures of both foliation type and not of foliation type on IL
or Ly 1, then p ou will not be injective. Indeed, the projection of a small circle around a puncture
of foliation type on L (resp. L 1) will intersect any circle sufficiently close to p(IL) (resp. P(L1,1)),
including the projections of small circles around punctures not of foliation type.

Essential curves with all punctures not of foliation type project onto connected subsets of So, With
boundary components equal to I or L; ;. Checking possibilities, the second half of the statement
follows. |

The following result can be proved in the same way as Lemma 6.2 in [8].

Lemma 3.16 Let u be an essential curve whose punctures on 1L are all of foliation type. Then these
punctures are either all positive or all negative (see Definition 3.13).

Similarly, let v be an essential curve whose punctures on L 1 are all of foliation type. Then the punctures
on Ly ; are either all positive or all negative.
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image(u) N U

planes in tg oOr tso

p(LL) p(image(u) NU)

Figure 2: Images of curves of a limit F; of Type 2b in a neighborhood U of p~!(p(LL)). If one
replaces u with u, then this picture also works for limits F; of Type 1.

Let uy 4 be a sequence converging to F; as in the stretching scenario for class (1,d). Positivity of
intersection implies that the curves uy 4 must intersect each leaf of & exactly once. This fact imposes
several important restrictions on F,; in relation to the foliation &, allowing us to identify a handful of
possible limit types.

Proposition 3.17 Let F; be a limit as in the stretching scenario for class (1, d). Then the building F;
is of one of the following types.

o Type0 F, isa(possibly nodal) J—holomorphic sphere in S? x S?\ (L U L1 1) in the class (1,d),
where one (essential) sphere lies in the class (1, j) for some 1 < j < d, and any remaining top
level curves are either spheres covering unbroken leaves of the foliation, or pairs of planes covering
broken leaves of the foliation. Any middle and bottom level curves are cylinders asymptotic to
Reeb orbits in multiples of the foliation class.

e Typel F,; has a unique essential curve uy. The punctures of uy are all of foliation type, and
along IL, and also L 1, are either all positive or all negative. The image of p ou, is Soo minus
finitely many points on p(IL) U p(L;,1). The other top level curves of F,; either cover unbroken
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Figure 3: Images of curves of a limit F; of Type 2a or 3 in a neighborhood U of p~1(p(IL)).

leaves of the foliation, or they are J—holomorphic planes covering one of the planes of a broken
leaf of the foliation. Any middle and bottom level curves cover cylinders asymptotic to Reeb orbits
in multiples of the foliation class.

e Type2a F; has exactly two essential curves, u, and u. The closures of the images of the maps
pour, and pou are Ay and B U Ao, respectively. Any punctures of u on L are all of foliation
type and are either all positive or all negative. The other top Ilevel curves of Fy cover (broken or
unbroken) leaves of %. Any middle and bottom level curves in the copy of T*T ? corresponding
to L1,1 cover cylinders asymptotic to Reeb orbits in multiples of the foliation class.

o Type2b F; has exactly two essential curves, u anduy,, . The closures of the images of the maps
pouandpouy,  are AgU B and A, respectively. Any punctures of u on I are all of foliation
type and are either all positive or all negative. The other top level curves of Fy cover (broken or
unbroken) leaves of %. Any middle and bottom level curves in the copy of T*T? corresponding
to I cover cylinders asymptotic to Reeb orbits in multiples of the foliation class.

e Type3 F, has exactly three essential curves, uy,, u anduy, ;. The closures of the images of the
maps uy,, u and uy,, | are Ao, B and Ao, respectively. The other top level curves of F,; again
cover (broken or unbroken) leaves of %.

Limits of Type 2b and Type 3 are partially illustrated in Figures 2 and 3, respectively.
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Proof of Proposition 3.17 We begin with the following result, which allows us to use essential curves to
sort the limit structures.

Lemma 3.18 Let F; be a limit as in the stretching scenario for class (1,d). If u is a top level curve
of F;, then it is either essential or else the image of p ou is a point. The essential curves have disjoint
images under p, which are open sets, and these images include the complement of p(IL) U p(L1 ;).

Proof The curves of F; can be compactified and glued together to form a map F;: S — S2x S2in
the class (1, d). Let T be an unbroken leaf of the foliation. Since (1,d)eT = (1,d)*(0,1) =1, we see
that 7" can only intersect one top level curve with p ou nonconstant. If u is a top level curve such that
the map p ou is constant, then u covers part of a (possibly broken) leaf of our foliation and contributes
intersection number 0 with all unbroken leaves.

Assume then that u is a top level curve such that pou is nonconstant. By the discussion above, u intersects
any unbroken leaf T either once or not at all, and therefore if p ou has any double points they must lie in
p(L) U p(Ly,1). But positivity of intersection again implies that the nonconstant map p o u is an open
mapping and this implies that the double points of p o u form an open set. We conclude that there are no
double points and u is essential. To see that the essential curves have disjoint images under p we can
apply the same argument to a union # U v. The intersection number also implies that all unbroken fibers
intersect at least one essential curve. d

Lemma 3.18 implies that there is an essential curve u of F,; that intersects 7j. The closure of the image
of p ou must contain Ay. By Corollary 3.15 the following cases are exhaustive.

Case 1 (u has no punctures) In this case, p o u must be a bijection onto So,. Hence, u is a J—
holomorphic sphere in a class of the form (1, j) for j in [0, d]. By Lemma 3.18 all the other top level
curves of F; must cover leaves of the foliation. This also implies that middle and lower level curves
cover cylinders asymptotic to multiples of the foliation class.

The top level curves of F; which cover fibers fit together to form a possibly disconnected curve in the
class (0,d — j). If j = d then F; consists only of the curve u. Either way, the building is of Type 0.

Case 2 (u has punctures and they are all of foliation type) In this case we claim that Fj is of Type 1.
By Lemma 3.14, the image of the map p o u includes points in each component of the complement of
p(L)U p(Ly,1), and so by Lemma 3.18 we have that p ou is a bijection onto S, minus a finite set of
points on p(IL) U p(Ly,1). The other top level curves of F; must either cover unbroken leaves of & or
they are J—holomorphic planes covering one of the planes of a broken leaf of %. The statement about
positivity or negativity of punctures is Lemma 3.16.

Case 3 (u has at least one puncture not of foliation type) Since u intersects the leaf 7§, the closure of
the image of p ou is either Ay or Ay U B. In either case, u has exactly one puncture not of foliation type
and does not intersect 7.
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Suppose that the closure of the image of pou is A9. By Lemma 3.18, there is an essential curve v of Fy
that intersects 7o, and the images of p ou and p o v cannot intersect. Hence the closure of the image of
povis either Ao or BU Aoo. In the first case, Fy is of Type 3 with ug, = u and up, , = v, where the
third curve, u, exists by Lemma 3.18. In the second case, F,; is of Type 2a with uy, = u and u = v.

If, instead, the closure of the image of pou is Ag U B, a similar argument implies that F; is of Type 2b.

This completes the proof of Proposition 3.17. a

3.7 The existence of special buildings, under Assumption 2

In this section we will establish the existence of two special limits of the stretching scenario for class
(1, d) when d is sufficiently large. The following result will be used to exploit the large d limit.

Lemma 3.19 There exists an € > 0 such that
area(u) > eu* (So U Sxo)

for all J~holomorphic curves u in S? x S?\ (L U Ly ;).

Proof Fix an open neighborhood of So of the form N¢ = Soo x D?(€), where D?(¢) is the open disc
of area €. We may assume that the closure of N is disjoint from IL. U L ; and, by (A1), we may assume
that J restricts to N'¢ as the standard split complex structure. Let 775 : Soo X D?(€) — D?(€) be projection
and set

Ue,o0 = ulu—] Ne)-
By perturbing ¢ if needed we may assume that 1 (N¢) is a smooth manifold. We have

degree(mpoute g) = U® Seo.

This implies

area(ue,oo)Z/ u:oo(weaw)zf (720Ue.00) 0 = (/ w)uoSoo:euoSoo.
= (We) (20Ue.00) "1 (D2 () D2(e)
A similar calculation for Sy gives the result. a

Proposition 3.20 For all sufficiently large d, there exists a limiting building F as in the stretching
scenario for class (1, d) such that F is of Type 3. The building consists of its three essential top level
curves, ur,, u andur,, |, together with d — 1 planes in to U too and d planes in sq U $o.

Proof Fix d + 1 points on L; ; and d points on L. For t > 0, let J; be the family of almost complex
structures on S2 x S? from Section 3.5. It follows from the discussion in Section 3.6 and the compactness
result from [1] that for a sequence t; — oo there is a sequence uy : S? — S? x S§2 of Jz,,—holomorphic
curves in the class (1, d) that pass through the 2d + 1 constraint points and converge in the sense of [1].
Their limit, F, is the desired building.
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To see this we first note that the point constraints already preclude the possibility that F is of Type 0.
Indeed, top level essential curves are disjoint from the point constraints, so these must be satisfied by
curves of F inside copies of 7*T? (corresponding to neighborhoods of I or Ly ,1). In the Type O case,
the nonessential curves fit together to form a union of spheres in the class (0,d — j) for some 0 < j <d.
These intersect I U L ; in a finite set of geodesics, and any middle or lower level curves in our 7' *T2
cover cylinders asymptotic to these geodesics. As there are at most d such cylinders they cannot satisfy
the 2d + 1 point constraints. (The holomorphic cylinders in 7*T 2 are described explicitly by Lemma 4.2
in [5].)

If F was of Type 1, then punctures of its essential curve on L ; would all be of the foliation type.
The remaining top level curves of F asymptotic to L ; would cover broken planes, and all the curves
of F mapping to the copy of T*T? corresponding to Ly ,; would cover cylinders over geodesics in the
foliation class B1,1. To satisfy the d 4 1 point constraints on L ; the essential curve of F must have at
least d + 1 punctures on L 1, matching with at least d + 1 cylinders in the copy of 7*T?2. But then F
would have d + 1 curves covering planes in 59 U So. By Lemma 3.16, the punctures of the essential
curve on L ; are either all positive or all negative. Hence these d + 1 curves either all lie in sq or all lie
in §oo. This contradicts the fact that (the compactification of) F has intersection number d with both Sy
and S. The same argument precludes the possibility that F has Type 2a.

It remains to show that F does not have Type 2b. Assuming that F has Type 2b, we will show that it
must include a collection of curves of total area equal to two, that intersect So U Soo d times. If d is
sufficiently large, this contradicts Lemma 3.19 above.

Claim 1 If F has Type 2b, then it includes at least d planes in so U S.

To see this, consider the subbuilding F; ; of F consisting of its middle and bottom level curves mapping
to the copies of R x S*T?2 and 7*T? that correspond to Ly ;. Since it is connected and has genus zero,
it follows from Proposition 3.3 of [8] that

index(Fyp,;) =2(s—1),

where s is the number of positive ends of F; ;. Since Fi ; passes through the d + 1 generic point
constraints on L ;, and the Fredholm index in these manifolds is nondecreasing under multiple covers,

we must also have
index(Fq,1) = 2(d + 1).

Hence, F; ; has at least d 4 2 positive ends. Under the assumption that F has Type 2b, two of these
positive ends match with the two essential top level curves of F. This leaves at least d positive ends
of Fy; that match with top level curves of F that cover planes in s9 U Soo.

Remark 3.21 The same argument implies that if F has Type 3, then again it must include at least
d planes in s9 U Sco.
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Claim 2 If F has Type 2b, then it includes d planes in vy and none in tso.

The d constraint points on IL imply that, if F is of Type 2b, it must contain ¢ planes covering broken
planes asymptotic to L. These planes match, via cylinders in 7*T 2, with asymptotic ends of an essential
curve, and by Lemma 3.16 these ends are either all positive or all negative. Hence we have d planes
either all in vy or all in ts. To show that these planes cannot be in ts,, we consider intersections with
So U Seo. Overall, the top level curves of F must intersect So U Soo exactly 2d times. The planes of F
asymptotic to L ; from Claim 1 account for at least d of these intersections.

Since L is homologically trivial in Y, by Lemma 3.11 each plane of to, must intersect both Sy and S,
while the planes in tvq intersect neither of these spheres. If the d planes of F asymptotic to I were in teo
then they would contribute another 2d intersections with Sy U Seo. By positivity of intersection, this
cannot happen, so these planes must belong to ty as claimed.

To complete the argument, we now balance areas. The total area of all the curves in F is 2(d + 1).
If F has Type 2b, then the planes from Claim 1 and Claim 2 have total area at least 2d. Its essential
curves must then have total area equal to 2. Also, they must contribute the remaining d intersections
with Sp U Seo. It follows from Lemma 3.19, that this is impossible for all d sufficiently large. Hence F
cannot be of Type 2b, and must instead be of Type 3. Arguing as above, it follows that in addition to its
three essential top level curves, F must then have d planes in 5o U 5o and d — 1 planes in tg Uteo. O

Proposition 3.22 For all sufficiently large d, there exists a limiting building G as in the stretching
scenario for class (1, d) such that G is of Type 3. In addition to its three essential curves it consists of
d planes in vo Ut and d — 1 planes in 5o U .

Proof Here we fix d points on L ; and d + 1 points on L, and for J; as in Proposition 3.20 consider
the limit, G, of a convergent sequence of J;, —holomorphic spheres, for 7 — oo, that represent the class
(1, d) and pass through the 2d + 1 constraint points. The point constraints imply that G' is not of Type 0.

If G was of Type 1, the point constraints would imply that G includes at least d planes, which by
Lemma 3.16 either all lie in s¢ or all lie in s, and at least d 4 1 planes either all in tg or all in te.
From this it follows that the essential curve of G would have area 1. Recalling Lemma 3.11, since L is
homologically trivial, the planes of v, each intersect Sy U Soo twice. Arguing as in Claim 2 from the
proof of Proposition 3.20, if the planes asymptotic to I lie in v, then the broken planes will contribute a
total of d + 2(d + 1) intersections with Sy U S, a contradiction as there are only 2d such intersections.
On the other hand, if these planes all lie in t( then the essential curve must contribute d intersections
with So U Seo. As this essential curve has area 1, this contradicts Lemma 3.19 when d is sufficiently
large. Hence, G is not of Type 1.

Next we show that G cannot be of Type 2b. Assume that it is. Then G includes d + 1 planes either all in
to or all in t. Counting intersections as above, G must have d + 1 planes in ty.
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Arguing as in Claim 1 above, we consider the subbuilding G'1,; of G consisting of its middle and bottom
level curves that map to the copies of R x S *T2 and T*T? that correspond to Ly ;. Since G is
connected and has genus zero, we have

index(Gl,l) = 2(S — 1),

where s is the number of positive ends of G'; ;. Since G, passes through the d generic point constraints

on L, we also have
index(Gl,l) Z 2d

Hence, G has at least d + 1 positive ends. Two of these positive ends match with negative ends of the
two essential curves of G ;. It follows that G must have at least d — 1 planes in 59 U 5oo. This means the
planes covering broken leaves then have area at least 2d. As the limiting building has total area 2d + 2
and also includes two essential curves, we see that the essential curves each have area 1 and there are
exactly d — 1 planes in 59 Uss. As the planes in t( are disjoint from Sy U Soo, the essential curves of G
must have d + 1 intersections with Sg U Soo. Lemma 3.19 again implies that this is impossible for all
sufficiently large d.

Finally we show that G' cannot be of Type 2a. In this case G includes d planes in ty U too and d planes
all in either s or all in 54,. The planes asymptotic to L ; thus account for all intersections with either
So or Se and so the planes asymptotic to I therefore all lie in tg. The essential curves have total area 2
and must together account for all intersections with either Sy or Soo. This contradicts Lemma 3.19 as
before. |

Lemma 3.23 All curves in the limiting buildings F and G that map to S* x S?\ (L U L ;) have area 1,
and in particular are simply covered.

Proof To see this, first observe that classes in H,(S? x S2, L U L 1) all have integral area. Indeed,
adding classes which lie only in H,(S? x S2,LL) or H,(S? x S2, L1,1), which have integral area by
monotonicity, any relative class can be completed to an integral area absolute homology class.

Note that since F is of Type 3, it has its three essential curves together with 2d — 1 other top level curves
that cover leaves of the foliation. Since F has total area 2d + 2 and all curves have integral area, the
result for F follows.

The same argument applies to G . O
3.8 A collection of symplectic spheres and disks, under Assumption 2

Let J be a tame almost complex structure on S? x §2\ (L U L 1) that is adapted to parametrizations
and 1, of L and L j, respectively. Recall that for the projection p : S 2 x §? — S, defined by the
foliation & corresponding to J, the images p(IL) and p(L,;) are disjoint circles. There are also disjoint
disks A9 C Soo with boundary p(IL) and Ao C Soo With boundary p(Lj ;) such that p(7y) € Ao and
P(Tx) € Aoo; see Figure 1. In this section we will prove the following result.
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Proposition 3.24 For sufficiently large d there exist embedded symplectic spheres
F,G:S? - S?*xS*\(LULy)
in the class (1, d), and embedded symplectic disks
E:(D* S') — (S*xS% L) and E;;:(D*S')— (S*xS? L)
of Maslov index 2, such that:
(1) F,G,E and E; ; are all J-holomorphic away from arbitrarily small neighborhoods of a collection
of Lagrangian tori whose elements are near to, and Lagrangian isotopic to, either I or L ;.
(2) The class of E|g1 and the foliation class By, form an integral basis of Hy(L : Z).
(3) The class of Ej 1|g1 and the foliation class ,BLH form an integral basis of Hy(L1,1 : Z).
(4) Exactly one of F and G intersects the planes of vo and the other intersects the planes of tso.
(5) Exactly one of F and G intersects the planes of sy and the other intersects the planes of S.
(6) FeE+GeE=d.
(7) FeEi1+GeE1=d.
(8) FeG =2d.
(9) The set p(F N G) consists of d points in Ay and d points in Aso.

Remark 3.25 This proposition is the key to our result. Following Theorem 1.1, the spheres F and G will
eventually be transformed to form axes of a new copy of S2 x S?2 in which L and L 1 must intersect. A
natural approach to finding spheres in the complement of the Lagrangians may have been to fix constraint
points in the complement of I U L ; and then take a limit of holomorphic spheres through these points
as we stretch along I U L ;. Indeed, generically this does give holomorphic spheres in the complement,
but it seems difficult to obtain in this way a pair of spheres where one intersects the family ty and the
other the family t.

Our alternative approach is to start with the Type 3 curves given by Propositions 3.20 and 3.22, and this is
why we need to assume d is large. The Type 3 buildings intersect our Lagrangians in such a way that they
can be deformed, by a diffeomorphism supported near the Lagrangians, into cycles which are disjoint
from IL and L ; and have the required intersections. The process is illustrated in Figure 4. In the figure,
the blue curves correspond to curves in the building F and the black curves correspond to the deformed
cycle contained in the complement of L. The curves running vertically correspond to broken leaves of
the foliation, and those running horizontally to essential curves.

More precisely, we will deform the building F constructed in Proposition 3.20 to a building F ({v{, w1})
containing curves asymptotic to Lagrangians L(v;) and L j(w;). In local coordinates L(v;) will
be a translation of I and L ;(w;) a translation of L; ;. Similarly, the building G constructed in
Proposition 3.22 is deformed to a building G' ({v,, w5 }) containing curves asymptotic to Lagrangians IL(v;)
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and L; ;(w3), where again, in local coordinates, IL(v;) will be a translation of I and L; ;(w3) a
translation of L i.

Our proof proceeds by describing these deformations carefully and then remarking that the images of the
buildings can be smoothed to form our symplectic spheres. This smoothing occurs only near IL(v;) and
Ly 1(wy) for F({vy,w;}), and only near IL(v3) and L 1(w3) for G ({va, w,}). As the six Lagrangian
tori IL, L(vq), L(v2), L1,1, L1,1(wy) and L ;(w>) are disjoint, and in fact disjoint from any intersections
between different buildings, this smoothing does not affect our intersection pattern calculation.

Proof of Proposition 3.24 In what follows, F and G' will be limiting J—holomorphic buildings of
Type 3 as established in Proposition 3.20 and Proposition 3.22, respectively. We assume that they are in
the same class (1, d) for some large d.

The top level curves of F are
uL,u,up, | uy, ... Ug_1,ug,...,Uq}.

Here, ur,, u and uy,, | are the essential curves of F. For some nonnegative integer ag < d — 1, the curves
uiy,...,uq, belong to tg and the curves uy 41, ..., ugq—1 belong to . For some nonnegative integer
Bo < d, the curves uq,..., ug, belong to 5o and the curves ug, 11, ..., uy belong to 5.

Similarly, the top level curves of G are

{UL, U, UL, 5 V1 Vg, O, 0
where for some nonnegative integer Yo < d the curves vy, ..., vy, belong to tg and vy, 41,..., v belong
to too, and for some nonnegative integer 69 < d — 1, the curves vy, ..., vs, belong to 5o and the curves

0541 -+ -+ 0g—1 belong to soo.

3.8.1 Deformations near . Consider the coordinates (P, Q1, P, Q5) in the Weinstein neighborhood

of L,
WL) ={|P1]| <e, [ P2| <€}

For each translation vector v = (a, b) € (—¢, €) X (—¢, €), there is a corresponding nearby Lagrangian

torus
L(v) =L(a,b) ={Py =a, P, =b} CcUL).

Note that the parametrization i of I determines an obvious parametrization, ¥ (v) = ¥ (a, b) of L(a, b),
and a canonical isomorphism from Hll’/f (L:7Z) to H;/f(a’b)(L(a, b), 7).

Given a finite, nonempty collection of translation vectors,
V= {vla s vk} = {(al’bl)’ SRR (ak’bk)}’
let Jy be an almost complex structure on the complement of the collection of Lagrangians
k
L) = L)),

i=1
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which coincides with J outside U(IL) and inside has the form

=, 0
Van_ IOVaPla

where py is a positive function away from IL(¥) and in a neighborhood of each LL(v;) has the form
pr =V (Pr—ai)* + (P, —bi)’.

In this case, we say that Jy is adapted to IL(V') with respect to . The set of all such almost complex

(3-1)

structures adapted to some nontrivial collection IL(V') C U(IL) will be denoted by $q;(r,)-

Following Section 2.5 of [5], for each Jy in $q,,) one can construct, for T > 0, a standard family of
almost complex structures Jy ; on S 2 x S? that are tame with respect to n{w + m5w, such that the limit
T — 00 corresponds to the process of stretching the neck along small sphere bundles surrounding each of
the components of IL(V'); see [1]. The structure Jy is the part of the limit of the Jy ; corresponding to
S2xS2\(L(V)u L 1). The limit of the Gromov foliations for the Jy ., in class (0, 1), yields a foliation
FWV) of S2x S2\ (L(V)U Ly, ;). For example, for ¥ = {(0,0)} we have Jy = J and F(V) = F.

Lemma 3.26 Leaves of the foliation (V') intersect U(IL) along the annuli {P; =6, Q1 =0, | P,| < ¢€}.
A leaf of (V') that intersects U(IL) along the annulus { Py = 8§, Q1 = 0, | P,| < €} is broken if and only
if the collection V' contains an element of the form (8, b;).

Proof It follows from equation (3-1) that these annuli are Jy—holomorphic. By assuming J satisfies the
conclusions of Lemma 3.4, they also extend to Jp —holomorphic spheres in the class (0, 1). By positivity
of intersection, these spheres, and indeed any holomorphic sphere in the class (0, 1), are leaves of the
foliation F (V). |

First deformation process Our first deformation process allows us to deform a regular J—holomorphic
curve so that its ends on I become ends on a nearby Lagrangian IL(v).

Lemma 3.27 (Fukaya’s trick) Let u be a regular J—holomorphic curve withk > 0 ends on I and/ > 0
endson L . Forall v=(a,b) with ||v||* = a®+b? sufficiently small, there is a regular J,, ~holomorphic
curve u(v) with k ends on IL(v) and [ ends on L; ;. Moreover, the ends of u(v) on IL(v) represent the
identical classes in H 11'/' (v)(L, R), as do those of u in H 11/’ (L,R). The classes corresponding to the ends
of u(v) on L ; are also identical to those of u.

Proof For ||v| sufficiently small, the Lagrangian isotopy ¢ +> IL(zv) for 0 <7 <1 is contained in U(L).
Let f;, be a family of diffeomorphisms of S x S? such that

e fo,v is the identity map,

e fiw(L)=L(tv) forall z €0, 1],

e cach f;, is equal to the identity map outside of U(LL), and

e || ft.ollct is of order 1 in |Jv].
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Let J;yp be a family of tame almost complex structures in $q,(,) such that each J;, is adapted to L(7v)

with respect to . Set
Jiv = (ft,_vl)*-]tv-

For || v|| sufficiently small, Jtv is a tame almost complex structure on S2 x S?\ (LU Ly ;) forall 7 €0, 1].
Since u is regular, for sufficiently small ||v| the curve u persists to yield a regular fv—holomorphic
curve #(v) with the same asymptotic behavior as u. By our choice of J1v, the curve

u(v) = fipou(v)

is then regular, J,—holomorphic and has & ends on L(v) instead of L. m|

Applying Lemma 3.27 to F and G To apply Lemma 3.27 to the top level curves of F and G we need
these curves to be regular. Lemma 3.23 implies that the top level curves of the buildings F and G are
somewhere injective. Since they are the limits of embedded curves, they are actually embedded and hence
regular for generic choice of J. The work of Wendl in [21] implies that they are regular for all J.

Lemma 3.28 For any tame almost complex structure J on
(S?x S2\(LUL;, ), 7fo+wiw)

that is adapted to both yy and /1 ;, the top level curves of the buildings F and G are all regular.

Proof By [21, Theorem 1], any embedded J—holomorphic curve u mapping to $% x S2\ (L U Ly 1) is
regular if its Fredholm index is greater than or equal to the number of its asymptotic ends. In our setting,

we have
index(u) =5 —2+2c,(u*T(S? x S?),u*TL),

where s is the number of ends and ¢; is the relative first Chern class. It suffices to show that for each top
level curve u of the buildings F and G, we have ¢; (u*T(S? x S?),u*TL) > 1.

Since F and G both have Type 3, it follows from Lemma 3.23 that each top level curve u is either a
J—-holomorphic plane or cylinder. If u is a plane, then 2¢y (u*T(S? x S?),u*TL) is just the Maslov
class. By monotonicity, this is equal to 2 since, by Lemma 3.23, our top level curves all have area 1.

If u is a J—holomorphic cylinder, we can then produce a disk v from it by compactifying the ends of u
and smoothly gluing a disk w to one of them. If the disk w has area A then, by monotonicity, it has
Maslov index 2A4. By additivity of the area and the Chern class, v has area 4 + 1 and Maslov index
201 (u*T(S? x S?),u*TL) + 2A. Since the area is A + 1, by monotonicity v must have Maslov index
2(A 4 1). This implies that 2¢; (u*T(S? x S?),u*TL) = 2, as required. m|

For v = (a, b) with ||v|| sufficiently small we now define the deformed building F (v) as follows. The
top level curves of F (v) are obtained by applying Lemma 3.27 to those top level curves of F with ends
on L, and leaving the others unchanged. That is, the top level curves of F (v) are

{uL(l)), ]Lt(v)7 Ur, ¢, Ml(l)), ) Md_l(l)),ul, cee ,Ud}.
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The middle and bottom level curves of F (v) are the same as those of F except they are now considered
to map to copies of R x S*T2 and 7*T? that correspond to IL(v) rather than L.

Note that F (v) still has a continuous compactification F(v): S? — S2 x S2, which can be deformed
arbitrarily close to IL(v) to obtain a smooth sphere F = F(v): S? — S? x S? which is J,—holomorphic
away from a small neighborhood of IL(v).

Lemma 3.29 Setv = (a,b) and V = {(0,0), v} and suppose that ||v|| is small enough for F (v) to exist.
If a and b are both nonzero and |a| is sufficiently small with respect to |b|, then each top level curve of
F (v) is Jy —holomorphic for some Jy in Joy,).

Proof By Lemma 3.26, for any adapted almost complex structure, the leaves of the corresponding
foliation intersect U(IL) in the annuli {P; = §, Q1 = 6,|P,| < €}. Hence if b # 0 and a = 0, the
preimages of the regions Ay and B for LL(v) intersect U(IL) in the subsets {P; < 0} and {P; > 0},
respectively (since they consist of the leaves which are not broken along IL.(v)). It follows that the closures
of the essential curves of F (v) are disjoint from IL: the curves themselves are disjoint since they project
to the regions Ao, B or A, and they are compactified by circles in IL(0,b) or L ;.

By continuity, these essential curves remain disjoint from IL also for sufficiently small a when we
deform using Lemma 3.27. Therefore, for all |a| sufficiently small, the essential curves of F (v) are Jy—
holomorphic for any Jy which only differs from J; in a small enough neighborhood of IL. Meanwhile,
any top level curves of F (v) that cover broken leaves intersect U(LL) in annuli lying in { P; = a}, and
these annuli are holomorphic for any adapted almost complex structure. |

Arguing in a similar fashion we can assert that the top level curves of F (v) are Jy—holomorphic for
more general collections V. For example, we have the following statement.

Lemma 3.30 Set vy = (a1,b1), v = (ap,by) and V = {(0,0), v{, v}, and suppose that ||v || is small
enough for F (vy) to exist. If ay and by are both nonzero, |a1| is sufficiently small with respect to |b1|,
and ||v, || is sufficiently small with respect to |a |, then each top level curve of F (v{) is Jy —holomorphic
for some Jy in Joyr,).

The deformed building G (v) is defined analogously, and satisfies the analogues of Lemmas 3.29 and 3.30.

Second deformation process Consider V' = {(0,0), (ay, b1), (az, b2)} with by and b, nonzero. For
suitable choices of a; and b;, our second deformation process deforms the essential J—holomorphic
curve up, of F into a curve, u{ , which has the same asymptotics as u, but is Jpr—holomorphic for some
Jy that is adapted to IL (V') with respect to .

The primary deformation result is as follows.

Geometry & Topology, Volume 28 (2024)



2234 Richard Hind and Ely Kerman

Lemma 3.31 Setv = (0,b), ¥V = {(0,0), v} and suppose that 0 < |b| < €. For s € [0, 1], let Js be a
smooth family of almost complex structures in $q,) such that

L] JO = J’
e J; is adapted to 1L, with respect to V¥, for all s € [0, 1), and
e J; is adapted to L(V') with respect to .

Then the essential curve uy, of F belongs to a smooth family of Js—holomorphic planes uy,(s) for
s €10, 1]. Moreover, the Jy —holomorphic plane

up,(1): C — S*x S*\(L(V)ULy,)

is disjoint from the region { P; > 0} and is essential with respect to %, and the closure of the image of
pour(l)is Ag.

Proof By Lemma 3.23, the initial curve up, has area equal to 1. Since L is monotone, no degenerations
are possible until s = 1. In other words, the family of deformed curves up,(s) exists for all s € [0, 1)
and it suffices to show that it extends to s = 1. To prove the first assertion of Lemma 3.31 we argue
by contradiction, and assume that there is a sequence s; — 1 such that the curves up, (s;) converge to a
nontrivial Jp—holomorphic building H which includes curves with punctures asymptotic to L(v). We
will show that this implies that, unlike uy,, none of the curves of H intersect T}, a contradiction.

Claim 1 Let v be a Jy —holomorphic curve of H. Any puncture of v asymptotic to IL.(v) must cover a
closed geodesic in a class (k,!) € H;(IL(v); Z) with k <0.

Since the closure of p oury, is Ay, by our choice of coordinates in Section 3.5, uf, is disjoint from the
leaves of & which intersect U(IL) in the region { P; > 0}. The same is true of the curves uy, (s) for all
s < 1. Hence, v must also be disjoint from these leaves. The curve v can be extended smoothly to
the oriented blow-up of the relevant puncture, such that the resulting map v acts on the corresponding
boundary circle as

0+ (0,b,01+k6,0,+10)

for some O, O, € S!. The tangent space to the image of ¥ at a boundary point on the circle is spanned
by {k9/00Q1+19/00Q,,k d/dPy +103/dP,}. If k were positive, this would contradict the fact that v is
disjoint from the leaves through { P; > 0} since v = (0, b). This proves Claim 1.

Claim 2 Let v be a Jy —holomorphic curve with a puncture that is asymptotic to I.(v) along a geodesic
in a class which is a multiple of the foliation class, ie of the form (0,1]) € Hll/’(v)(}L (v); Z). Then v must
cover a plane or cylinder of a twice broken leat of the foliation & (V).
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This follows, as in [8, Lemma 6.2], from the asymptotic properties of holomorphic curves and the fact that
v lies in { P; < 0}. Let w be a broken plane asymptotic (modulo taking to covers) to the same Reeb orbit
as an end of v. Then if v does not cover w it must intersect all nearby leaves of the foliation, including
those which lie in the region { P; > 0}. This gives a contradiction as in Claim 1, proving Claim 2.

We can now complete the proof of the first assertion of Lemma 3.31. Let Hy,, denote the collection
of top level curves of H, let Hy, be the subbuilding consisting of the middle and bottom level curves
of H that map to the copies of R x S*T?2 and T*T? corresponding to I, and let H, be the subbuilding
consisting of the middle and bottom level curves of H that map to the copies of R x S*T? and 7*T?
corresponding to L(v).

Consider the classes (k1,11),..., (km,ln) € Hi(IL(v);Z) of the geodesics determined by all of the
punctures of top level curves of H that are asymptotic to IL(v). These constitute the boundary of the
cycle in IL(v) that is obtained by gluing together the compactifications of the curves of Hy. Hence, the
sum of the classes (k1,/1), ..., (km,lm) must be (0,0) and, by Claim 1, each k; must be zero. It then
follows from Claim 2 that any curve of H with an end on IL(v) must cover a plane or cylinder of a broken
leaf of F(v).

Partition the curves of H,,, U H, = H \ Hf, into connected components based on the matching of
their ends in the copies of R x S*T?2 and T*T? corresponding to IL(v). Denote these components by
H,,..., H;. The compactification of each H; is a cycle representing a class in 7,(S?x S%,1L). By
monotonicity, the symplectic area of this cycle is a positive integer. Since the area of uf, is one, we must
have k = 1 and the area of the cycle determined by H; must be one. Assuming the limit is a building
including curves asymptotic to IL(v), by definition all curves of H; have ends on IL(v). By the discussion
above, this implies that all the curves of H; must cover a plane or cylinder of a broken leaf of % (V)
through IL(v). None of these leaves intersect Ty, and neither do the curves of Hy,. Hence, no curve of
H = H, U Hy, intersects T, which is the desired contradiction.

The remaining assertions of Lemma 3.31 follow easily from positivity of intersection. To see that ug, (1) is
disjoint from the region { P; > 0} note that the initial curve uy, is disjoint from the leaves of the foliation
that intersect this region since its image under p is Ay and our choice of coordinates has {P; > 0}
projecting to B. Positivity of intersection implies that no new intersections of the uy, (s) with these fibers
can appear during the deformation.

Finally, since ut, (1) does not cover a leaf of the foliation, it also follows from positivity of intersection
that uyp, (1) is disjoint from the hypersurface { P; = 0}. In particular, any intersection with leaves in
{ Py = 0} would imply intersections with the region { P; > 0}. Hence the closure of p o up, (1) is equal
to Ayp. O

Translating the Lagrangian tori of Lemma 3.31 slightly in the P;—direction, we get the following
generalization.
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Corollary 3.32 Let ug, be the essential curve of F which is mapped by p onto Ay. Choose nonzero
constants by and b, in (—e, €). If § > 0 is sufficiently small, then for any a; and a, in (-6, §) and

V = {(0, 0)’ (alabl)’ (a2’b2)}’

there is a Jy —holomorphic curve
ul :C—8*xS2\(L(V)ULy,)

in the class of uy, such that u{ is disjoint from the region { P; > 0} and is essential with respect to F,
and the closure of the image of p o u]{ is Ayp.

Proof This has been established in the case when a1 = a, = 0. But then if the a; are sufficiently small
we can appeal to Lemma 3.27 to see that still there are no degenerations. |

Intersections near . Consider translation data

V ={0,v;,v2} ={(0,0), (a1, b1), (a2, b2)}.

In what follows we will always assume that v{ and v, are distinct and the a; and b; are as small as
necessary but not zero. If ||v;|| is sufficiently small then, as described in Lemma 3.30, the deformed
building F (vq) is well defined and its top level curves

fup (v1), u(v),up, |, u1 (1), ..., ug—1(v1), Uy, ..., ug}
are all Jy—holomorphic for some Jy in Joyr,).

We also assume that Corollary 3.32 holds for V. This yields a Jyp—holomorphic curve u{ which
is disjoint from the region {P; > 0} and intersects the leaves of % (V') that pass through the planes
{P1 =c <0, Q1 =0} exactly once.

The intersection number between each top level curve of F (v{) and the curve u{ is well defined since

the curves of F (v;) are disjoint from IL, as established in Lemma 3.30; see Figure 4. We denote the total
of these intersection numbers by F (v{) e u{.

Similarly, the intersection number of each top level curve of F (v{) with any of the planes in either t
Or oo is well defined and all such intersections are positive. Since this number is the same for any plane
in the family, we denote these numbers by F (v{) ety and F (v;) ® too, respectively.

Let F(vy): S? — S? x S2 be the compactification of F(v;), let E: (D%, §') — (52 x S2,L) be
the compactification of the curve u{ , and let vy and too be the solid tori obtained by compactifying
the planes of ty and teo. Deforming F (vq) in a neighborhood of L(v;), we obtain a smooth map
F=F(v;):S? — S?x S? such that

(3-2) FeE =F(v))*E = F(v))ou},

(3-3) Fety=F(v))ets = F(vy)ety for x=0,00,
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Ugg+1 (V1) Uag+2(VD)ug_y(vy)  Uag+1 Uag+2 Ug—y

T Voo

L) _gd B
u(v1) TN, u)
\O/ (1] o (@ ®
S

Q
i

N
=
/N
(1Y

0
0
\0

u1(v1) uz(vy) gy (vy)

Figure 4: The intersection pattern of Lemma 3.33 for the case b; > 0. The large dots in the figure
represent the isolated intersections points, in U(IL), of the relevant pairs of curves.

where F (v1) * T4 denotes the intersection number with any disk in the family. Moreover, the intersection
points that determine the equal intersection numbers in (3-2) and (3-3) are identical.

Recall that ¢ is the number of top level curves of F lying in ty. Hence, by Proposition 3.20, there are
d —1—ayg top level curves lying in teo.

Lemma 3.33 Consider V = {0,v{,v,} = {(0,0), (a1, b1), (a3, b,)} such that vy and v, are distinct,
ay is negative, and by and b, are nonzero. Suppose that |a | is sufficiently small with respect to |b1|.
If by >0, then Fety =0, Fetoo =1and FeE = «y.

If by <0, then Fetg=1, Fetooc =0and FeE =d — 1 —ay.

Proof Here we give the proof of the case when b; is positive. The proof for b; < 0 is identical and is
left to the reader.
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The situation for b; > 0 is illustrated in Figure 4, where the black curves can be deformed near LL(v1)
to form our sphere F. As the figure suggests, the contribution to F et from intersections in U(L) is
zero, the contribution to F ¢ to from intersections in AU(IL) is one, and the contribution to F ¢ [E from
intersections in U(IL) is og. These assertions are proven below along with the fact that there are no other
contributions to these numbers.

The map F represents the class (1, d). For each disk in t( there is a companion disc in Teo such that the
pair can be glued together, along IL, to form a sphere in the class (0, 1). Hence,

Fotg+ Foeto=1.

Since all intersections are positive, in order to prove that F ety =0, and F et = 1, it suffices to prove that
F ety > 1. In particular, it suffices to show that for the curve u(v;) of F (v;), we have u(v{)*te > 1.

The curve u(v) is essential and projects under p to the region in Soc bounded by p(IL(v1)) and p(L1,3).
Thus it intersects U(IL) in the region { P; > a;} and intersects all leaves of the foliation which meet
AU(IL) in this set. Also, if U(IL) is sufficiently small, it intersects U(IL) inside { P, > 0}. This is true when
a1 = 0 because by > 0, and remains true for small @; by continuity. As te intersects U(IL) in the region
{P; =0, P, > 0} and t¢ in the region { P; = 0, P, < 0}, we see that u(v) intersects the planes in t
rather than those in g, as required.

It remains to prove that F ¢ [E = g when |aq| is sufficiently small with respect to |b;]|. By (3-2), and the
fact that the top level curves of F (v;) are

fup(v1), u(vy), ur,  ur(v1), ... ug—1 (V1) ug, ... ugf,
it suffices to prove that for |a| sufficiently small with respect to |b;|, we have
(3-4) u,-(vl)'u{ =1 forl=<i<a,

and u{ is disjoint from all the other top level curves of F (vq).

By Corollary 3.32, the curve u{ is essential for %, and the closure of the image of p o u{ is Ag. So if w

is another curve in S2 x S2 and p o w is disjoint from A, then u{ is disjoint from w. This observation
implies that u]{ is disjoint from uz, | and the u; for j =1,...,d, since these curves all project into Ano.

Another consequence of u]{ being essential with respect to % is that it intersects any fiber of & either
once or not at all. The curve u]{ intersects U(IL) in the region { P; < 0} and has an end asymptotic to a
circle in L = { Py = P, = 0}. Since by > 0, this implies that for all a; < 0 such that |a;| is sufficiently
small with respect to by, u{ must intersect the annuli of the form {P; = a;, Q1 =6, P, < by} exactly
once. Now the planes u;(v{) all belong to broken fibers of & that intersect U(IL). For 1 <i < oy, the
curves #;(vq) intersect U(IL) in annuli of the form {P; = a1, Q1 =60, P, < by}. Fori > «ay, the u;(vq)
intersect WU(IL) in annuli of the form {P; = ay, Q1 = 0, P, > b1}. Hence, for 1 <i < ay, u{ intersects

the fiber of & containing u;(vq) at a point on u;(v{). This yields equation (3-4). On the other hand,
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fori > ay, u{ intersects the fiber of % containing u;(v{) at a point in the complement of u;(v). Hence,

u]{ is disjoint from these curves.

Next we show that, when |a| is sufficiently small with respect to |bq], u]]’j is disjoint from u(vy).
Considering projections, it is clear that the part of #(v;) in the complement of WU(LL) is disjoint from u]E

since its projection is contained in the interior of B U A .

Suppose that a; = 0. Then u((0, b1)) NU(L) is contained in { P; > 0} and is asymptotic to I.(0, by).
This is disjoint from u{ NAU(IL), which is contained in { P; < 0} and is asymptotic to L. By continuity,
u((ay, b)) NUL) is then disjoint from u{ NaL(LL) for all ay < 0 with |a1| sufficiently small with respect
to |by].
Lastly, we must prove that

ug,(vy)e u{ =0
when |a | is sufficiently small with respect to |b;|. Following Lemma 3.31 the compactifications of u]{
and uy, are homotopic in the space of smooth maps (D?, S!) — (p~'(4y). L), so for a; sufficiently
small it suffices to show that

ug,(vy)eur, =0.
Let &1, (v1) and ug, be compactifications of uy, (vy) and uy,. We claim that uy, (v{) e uy, = 0 is equivalent
to the fact that the Maslov index of up, is equal to 2. To see this we recall that

(3-5) pliy) = 2¢q (up),

where cq(ur,) is the relative Chern number of uy,, which is equal to the number of zeros of a generic
section § of if (A2(T(S? x §?))) such that &| g1 is nonvanishing and is tangent to A*(T'L).

Let v(ir,) be the normal bundle to the embedding iy, and fix an identification of iy (7'(S 2 x §?)) with
the Whitney sum v (iig,) @ T'(D?). For polar coordinates (r,#) on D? consider the section r /36 of
ﬁ]L(T(S2 x §2)). The restriction r /30| g1 is nonvanishing and tangent to T'L.

Replacing v by ¢v; for some small ¢ > 0, if necessary, we may assume that uy,(v) is close enough up,,
in the C !—topology, to be identified with a section, o, (v1), of v(iiy,) C up (T(S 2 x 8?)). The restriction
or,(v1)|g1 is roughly parallel to the vector field d/dP,. By rotating in the normal bundle this section is
homotopic through nonvanishing sections of the normal bundle to a section of T'IL along dD? which is
orthogonal to d/06.

Set £ =r d/360 Ao, (vy). It follows from the discussion above that £| g1 is nonvanishing and is tangent to
A?(TLL). Moreover, the zeroes of £ correspond to the union of the zeros of r 9/36 and op,(v1). Since i,
is embedded, the zeros of oy, (v1) exactly correspond to the intersections uy, (vy) ® uy,. By (3-5), we have

p(ur) = 2(1 +up (vy) e ur).
As p(ug,) = 2 (as it has area 1 by Lemma 3.23, and L is monotone) we have ug, (v;) ® ug, = 0. O
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Assuming that v, = (a3, by) is sufficiently small, we can deform the building G to obtain a new building
G (vy) with top level curves
{vL(v2), v(v2),up, ;,v1(v2),...,v4(v2),01,..., 04 1}.

Let G (v3): S2 — S2 x S2 be the compactification of G (v,). Again we can deform G (v5), arbitrarily
close to L(v,), to get a smooth map G = G(v3): S? — S? x S such that

GeE=G(vy)*E =G (vy) o),
Goty =G (vy) et =G (vy) ety for % =0, 00.

Arguing as in the proof of Lemma 3.33 we get the following.

Lemma 3.34 Consider V = {0,v{,v,} = {(0,0), (a1, b1), (az, by)} such that a, is negative, and b;
and b, are nonzero. Suppose that |a,| is sufficiently small with respect to |b;|.

If b, > 0, then
G0E=y0+v]L(v2)ou£, Getg=0 and Gety, =1.
If b, <0, then

GeE =d—y0+v]L(v2)°u£, Getg=1 and Gety =0.
The term v, (v;) ® u{ is not necessarily equal to zero. Instead we have the following identity.

Lemma 3.35 For V = {0,v{,v,} = {(0,0), (a1, b1), (az,by)}, where by and b, have opposite signs,
and ay and a, are sufficiently small relative to by and b,, we have

v (v2) e u) = v (v2) eur(v1).

Proof First we consider the case when a; = a; = 0. The image of the map vy, (v,) projects to Ag
and its boundary lies in IL(v,). Hence, using our assumption on sign, the family of Lagrangians IL(¢v)
for 0 < ¢ < 1 are disjoint from the compactification of vy (v;). It then follows from the proof of
Lemma 3.27 that the compactification of uy, is connected to that of uy,(v{) by a path of smooth maps
us:(D?,S1) — (S2x S2,L(tvy)). Therefore we have, as required,

v, (v2) e ur, = v, (v2) cur (vy).

For the general case we use the fact that the maps vary continuously with the parameters and so the
intersection numbers remain unchanged for a; and a, sufficiently small. a

When v, and v, are distinct, with by # b, and a; # a, sufficiently small, the intersection numbers of
the top level curves of F (v{) and G (v,) are also well defined. The following results concerning these
intersections will be useful.
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Lemma 3.36 For vy = (a1, by) and v, = (a3, by), suppose that a; <a, <0, with a; and a, sufficiently
small.
If by > b,, then

uij(vy)ev(vy) =1 fori=1,..., a9,

vi(v))eu(vy) =1 fori=yy+1,...,d.
If by < by, then
ui(vy)evp(vy)=1 fori=oa9+1,...,d—1,
vi(vy)eu(vy)=1 fori=1,...,.

Moreover, all the intersection points here project to Ay.

Proof Since the curves u(v{) and vy, (v,) are essential with respect to %, they intersect a leaf of the
foliation either once or not at all. Hence it suffices to detect a single intersection of the relevant pairs
of curves listed. We detect an intersection for the first type of pair above and leave the other cases to
the reader. For 1 <i < «g the planes u;(v) intersect W(L) in annuli {P; = ay, Q1 = 0, P, < by}.
As v, ((0, by)) is asymptotic to IL((0, b)) = {P; = 0, P, = by} it intersects u;(vq) provided a; is
sufficiently small (since the boundary of vr, ((0, b,)) intersects all annuli { Py =0, Q1 =6, P, <by}). For
a, sufficiently small, the plane vy, (v5) is a deformation of v, ((0, b)) and so the intersection persists. As
v, (vy) intersects fibers at most once, the intersection number is equal to 1. Since a; < 0, the intersection
point projects to Ay. |

Corollary 3.37 For vy = (ay,by) and v, = (a,, b;), suppose that a; < a, < 0, with a, and a,
sufficiently small.

If by > by, then F N G contains at least oy + d — yo points in WU(IL) that project to Ay.

If by < by, then F N G contains at least d — 1 —ag + o points in U(IL) that project to Ay.

Remark 3.38 It follows from Lemma 3.35 that any excess intersection points between F and G in

p~1(Ayp), that is, more than described by Corollary 3.37, correspond to intersection points between G
and [, at least if the b; have opposite sign and the a; are sufficiently small.

Adding deformations near L1 ; To completely resolve the intersections of /' and G we must also
apply deformations in the Weinstein neighborhood

W(L1,1) = {1l <€ |p2| <€l
Here we consider nearby Lagrangian tori of the form
Lij(w):={p1=c,pp=d} for w=(c,d) € (—€,€)x(—¢€,€).

The space of almost complex structures that are adapted to collections of these translated Lagrangian tori
near Ly, with respect to ¥ 1, is defined analogously to $q,r) and is denoted by $oy(, ;)-
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Given nontrivial collections

V =A{vy,...,vx} ={(a1,b1),...,(ar,br)} and W ={wq,...,w;}={(c1,d1),...,(c;,d})},
set X = {V,W}. Let Jx denote the corresponding (doubly) adapted almost complex structures in
Faw) N Far, ,)-

Lemma 3.27 generalizes to this setting as follows.

Lemma 3.39 Let u be a regular J—holomorphic curve withk > 0 endsonlL and [ > 0 endson L, ;.
Forallx ={v,w} = {(a, b), (c,d)} with | x| sufficiently small, there is a Jx—holomorphic curve u(x)
that represents the class in mw2(S? x S2,IL(v) U Ly 1(w)) and which corresponds to the class [u] in
m(S?x S2, LU L 1) under the obvious identification. The curve u(x) has k ends on IL(v) and these
represent the identical classes in H V() (IL; Z) as do those of u in H; v (IL; Z). The curve also has [ ends on
Ly 1 (w) which represent the identical classes in le 1(w) (Ly1; Z) as do those of u in H‘//l (L1 1:2).

Corollary 3.32 generalizes as follows.

Lemma 3.40 Let ug, and uy,, , be the essential curves of a building F as in Proposition 3.20. Let
X ={V,W}, where
V' ={(0,0), (a1,b1),(a2,b2)} and W ={(0,0),(c1.d1), (c2,d2)}.

If by, by, dy and d, are in (—¢, €) and ay, a,, ¢y and ¢, are in (38, 8), then for all sufficiently small §
there is a Jx —holomorphic curve

uit :C — SEx S2\(L(V)U Ly 1 (W))

in the class of uy, such that uf is disjoint from the region {P; > 0}, the closure of the image of

po uf is Ag, and u]])f intersects, exactly once, the leaves of %#(X) that pass through the planes

{Pl =c<0, Q1 29}
There is also a Jx —holomorphic curve

ug, ,:C—>S*x P\ (LV)U L1 (W)

in the class of up,, | such that ”L is disjoint from the region {p, < 0}, the closure of the image of

po ”1{(1 is Aoo, and u¥X L. mtersects, exactly once, the leaves of %(X) that pass through the planes

{tri=c>0,q1 =0}

Completion of the proof of Proposition 3.24 Let F be a building as in Proposition 3.20 and let G' be a
building as in Proposition 3.22. Set

xy={v,wi}={(ar. by). (c1.d1)}, x2 = {2, wa} = {(a2.b2). (c2. d2)},
V = {03 vy, DZ} = {(07 0)7 (alvbl)’ (a27b2)}7 W = {07 wi, wZ} = {(O’ 0)’ (cl’dl)’ (CZ’ dZ)}’

and set
X ={V.,w}.
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We assume that ||x{|| and ||x,|| are small enough for Lemma 3.39 to yield the deformed buildings
F(x;) and G (x5). We also assume that |a;|? 4 |a2|? + |c1]? + |c2|? is small enough with respect to
|b1|? + |b2|? + |d1|? + |d»|? for Lemma 3.40 to yield the deformations uﬂ)f and u])fl iy

Let E: (D2, S!) — (52 x S2,1L) be the compactification of uf, and Eq 1: (D?, S — (S2x 82, Li,1)
be the compactification of ufl’l. Since the homology classes represented by the ends of u]i( and ”1{(1.1
are identical to those of the essential curves uy, and uy,, ,, the maps E and Ey,; satisfy conditions (2)
and (3) of Proposition 3.24.

Consider compactifications F(x1): 8?2 > 82 x 82 of F(x;), and G (x5): S? - S% x S of G (x»).
Arguing as before, we can perturb these maps, arbitrarily close to the Lagrangians L(vy), Ly 1(w;),
LL(v2) and L ;(w>), to obtain smooth spheres F and G such that condition (1) of Proposition 3.24 holds.

It remains to verify the conditions (4) through (9) of Proposition 3.24, which involve intersections.

In the current setting, Lemma 3.33 holds as stated and the proof is unchanged.

Lemma 3.41 Suppose a; is negative, and by and b, are nonzero. Suppose that |a| is sufficiently small
with respect to |by|.

If by > 0, then Fety =0, Feteo =1and FeE = .
If by <0, then Fetgy=1, Fetoo=0and FeE=d —1—ay.

Lemmas 3.34 and 3.35 and Corollary 3.37 change only in notation, and yield the following.

Lemma 3.42 Suppose that a, is negative, by and b, are nonzero, and |a,| is sufficiently small with
respect to |b,]|.

If b, > 0, then Geoty =0, G ety =1 and
GeE =y —I—v]L(xz)-u]I}f.
If b, <0, then Gety=1,Gets = 0 and
GeE = d—yo-l—v]L(xz)-uH)f.
Lemma 3.43 If by and b, have opposite sign, and a; and a, are sufficiently small, then
vp(x2) sufl = vp,(x2) eup (x1).
Lemma 3.44 Suppose that a; < a, <0, and ay and a, are sufficiently small.

If by > by, then F N G contains at least og + d — Yo points in U(IL) that project to Ay.

If by < by, then F NG NAU(L) contains at least d — 1 — oy + o points in U(IL) that project to Ay.

The following analogous results follow from similar arguments.
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Lemma 3.45 Suppose c; is positive, d; and d, are nonzero, and |cy| is sufficiently small with respect
to |d|.

If dy >0, then Fesy=0, Feseo=1and FeE;;=p.
Ifdy <0, then Fesy=1,Fesoo=0and FeE, | =d— fo.
Lemma 3.46 Suppose c; is positive, d; and d, are nonzero, and |c;| is sufficiently small with respect
to |dy|.
If dy) > 0, then G*59 =0, G5, =1 and
GeE; =50+UL1,1(x2)-u1{(1’1.
If dy <0, then Gesy =1, G5, =0 and

G’E1’1 =d-1 —50+UL1_1(x2)'U1{(1_1-

Lemma 3.47 If d{ and d, have opposite sign, and ¢ and c, are sufficiently small, then
vL, ,(x2)e ”i(l,l =vr,  (x2)eur, (x1).

Lemma 3.48 Suppose that ¢y > ¢, > 0, and ¢y and ¢, are sufficiently small.
If d| > d», then F N G contains at least By + d — 1 — 8¢ points in U(L 1) that project to Axo.

If dy < d, then F NG contains at least d — By + 8¢ points in U(L 1) that project to Ao.

With F and G fixed as above, the remaining analysis can be organized using the following two alternatives:

o Alternative 1 Either o9 > y9 or Yo > g + 1.

¢ Alternative 2 Either 8¢ > 69 + 1 or 6y > Bo.

Casel (o> ypand Bg > 8o+ 1) In this case, we choose our translations so that
a1<a2<0, b2<0<b1, 0<(32<Cl, d2<0<d1.

For these conditions on b; and b,, Lemmas 3.41 and 3.42 yield Fetg =0, Feroo =1, Getg =1 and
G ¢, = 0. This implies condition (4) of Proposition 3.24.

Similarly, for these conditions on d; and d;, Lemmas 3.45 and 3.46 imply that F esy =0, Fesy =1,
Gesyo=1and G *s,, = 0. This gives condition (5) of Proposition 3.24.

The maps F and G both represent the class (1, d) in Hy(S2x S2;7),s0 FeG = (1,d)s(1,d) =2d.
On the other hand, for the choices above, Lemmas 3.44 and 3.48 imply that

FeG = (ao+d—yo0)+ (Bo+d—1—b).
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In the current case, with g > 9 and B¢ > 8¢ + 1, these two summands are each at least d, and so we

must have
(3-6) Qo = Yo,
(3-7) Bo =1+ do.

It follows that F N G consists of exactly 2d points, d of which are contained in U(LL) and project to Ao,
and d of which are contained in AU(L, ;) and project to Aoo. This yields conditions (8) and (9) of
Proposition 3.24.

Since F ¢ G = F(x1)* G (x,), it follows from the equalities above that there can be no intersections
between the essential curves of F (x) and those of G (x;). In particular, we must have

(3-8) L (x2) sur(x1) =0,
(3-9) v, (x2)eur, (x1) =0.
Equation (3-8) and Lemma 3.43 imply that
v (x3) e u]i( =0.
By Lemmas 3.41 and 3.42 and equation (3-6), we then have
FeE+GeE=ay+d—yy=d,
which yields condition (6) of Proposition 3.24.
Similarly, Lemmas 3.45, 3.46 and 3.47, together with equations (3-7) and (3-9), imply that
FeE 1 +GeE1=d

and hence condition (7) of Proposition 3.24. This completes the proof of Proposition 3.24 in the present

case.

Other cases The proofs in the other cases follow along identical lines. For the sake of completeness we
list the inequalities for the components of the translations that lead to the desired intersection patterns of
Proposition 3.24, in the remaining scenarios. For the case g > 39 and 8¢ > Bg, we choose

a1 <ay <0, by<0<by, O0<cy<cy, dy<0<d,.
For Y9 > ag + 1 and B¢ > 8¢ + 1, we choose

a;<a, <0, by <0<by, 0<cy<c, dy<0<d,.
Finally, for the case 9 > g + | and §¢g > B¢, we choose

a1 <ay <0, by <0<by, O0<cy<cy, dy<0<d,.

To complete the proof of Proposition 3.24, we remark that the smoothings F' and G can be replaced by
smooth symplectic spheres without changing the various intersection numbers. To do this, it is enough
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to replace F and G by symplectic spheres which coincide with F and G away from neighborhoods of
L(vy) and L ;(wq), respectively IL(v3) and L; ;(w); that is, the new spheres differ only away from
all intersection points.

Now, we know that the asymptotic ends of the top level curves of F (x;) and G (x;) are simply covered,
either because the curves are essential, or for covers of leaves by applying Lemma 3.23. Generically the
asymptotic limits are distinct. Then, for small perturbations, we may assume that the top level curves
restricted to a neighborhood of the Lagrangians are symplectically isotopic to the corresponding top level
curves of our original buildings F and G'. (In the case of F (x;) the isotopy maps L(v;) and L; ;(wq)
to I and L ;, respectively.) Finally, recall that the buildings F and G' are limits of sequences of smooth
embedded holomorphic spheres as our almost complex structures are stretched along the Lagrangians.
Therefore, after a small perturbation, we may assume the top level curves of these buildings restricted
to a compact subset of the complement of IL. U L ; extend to smooth symplectic spheres in .S 2xS2.
Combining the isotopies and these extensions gives our symplectic spheres as required.

3.9 Scene change

Consider (S2x S2, 7w+ 7} w) with our disjoint Lagrangian tori I and L, and the various symplectic
spheres and disks constructed in Proposition 3.24: F, G, E and E ;.

To prepare for the proof of our main theorem, we specify our choice of almost complex structure. Near
their various intersection points, the listed spheres and disks are already complex for a suitable almost
complex structure. We can correct this almost complex structure, without perturbing F or G, to an
almost complex structure J which is compatible with our symplectic form at the intersection points (not
just tame) and extends to make our symplectic spheres and planes (the interiors of the disks) complex.
Also we may assume J remains adapted to the parametrizations v and v; ; of I and L 1, respectively.
As the spheres and planes from Proposition 3.24 were already holomorphic near the axes Ty, Too, So
and S0, and also near the broken planes in tg, teo, 59 and s, Wwe may assume that these curves all
remain complex. In other words the only correction from the J used in Proposition 3.24 occurs near the
intersection points to ensure compatibility, and near the regions where the F' and G are symplectic but
not complex.

Given this choice of J we have an associated foliation & and projection p: S? x S — So. As the
broken curves are the same as in Proposition 3.24, the subsets Ay, B and A, of S are the same as in
the proposition, and in particular property (9) continues to hold.

Let H be a sphere of & which is disjoint from F NG, and H; for 1 <i < 2d the spheres of F intersecting
the 2d points {p1,..., pag} of F N G. We note that these H; are distinct since F' and G both represent
a homology class (1, d) and so intersect fibers of & each in a single point.

One other small perturbation is required. We may choose Darboux charts about each p; mapping an open
set B; to the round open ball about the 0 of capacity € in R* = C2, such that J is pushed forward to
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F G E E,s H wiw + m;w-area
F |2d F 242d
G |2d 2 G 242d
E k d-—k =x* E 1
Eiz| 1l d-1 0 = Ei 1
H 1 1 * * 0 H 2

Table 1: Initial intersection numbers, left, and initial symplectic areas, right.

the standard complex structure at 0 (this requires compatibility of J). We may assume these charts are
disjoint from H. In these charts, F', G and H; intersect the origin and are tangent to distinct complex
planes. Making e smaller if necessary, we are able to perturb our symplectic spheres so that they actually
coincide with their tangent plane in the open chart. Finally we adjust J so that it is pushed forward to the
standard structure on the whole ball, while F, G and H; remain complex.

Given this, we proceed with the main proof. We start with the intersection pattern and area profile in
Table 1.

For pairs of distinct curves the intersection numbers here just denote a signed count of intersection points
with multiplicity. The self intersection number of closed spheres are defined as usual. The asterisks
denote undefined quantities. The numbers come from the fact that ' and G represent the class (1, d), and
from the properties listed in Proposition 3.24. The integers 0 <k < d and 0 </ < d are undetermined.

We now alter (S? x S2, niw + mjw), away from L and Ly,;, to obtain a new ambient symplectic
manifold in which the disjointness of these Lagrangians is a contradiction.

Step 1 Blow up the balls B; of capacity € around each of the 2d points p; in FNG.

Denote the new manifold by (W, ©21). It follows from the analysis of the blow-up procedure from [15],
see also Proposition 9.3.3 of [16], that (W, 1) contains 2d exceptional divisors é; each of area €. Since
the H; intersect the balls B; in J—holomorphic planes, (W, £21) also contains the proper transforms of
the H;. These are denoted here by H; and are symplectic spheres of area 2 — ¢. By property (9) of
Proposition 3.24, d of the f], intersect [£ once, and the other d of the f], intersect £ 1 once.

Again, since they intersect the B; in planes, the proper transforms of F and G, denoted by F and G, are
also well defined. These are spheres of area 2d + 2 — 2de which are now disjoint. The sphere H of F is
disjoint from the balls, but we denote its image in the blow up by H, which remains of area 2. After this,
the relevant intersection numbers and areas are as in Table 2.

Step 2 Inflate both Fand G by adding a tubular neighborhood of capacity d.

Here we recall that since F and G are symplectic spheres of self intersection O they have tubular
neighborhoods which can be identified symplectically with S? x D?(§), where S? is a sphere of area
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F G E Ei; H éi I?,- Qq—area

F |o F | 2+42d-2de
G |0 o G | 242d—2de
E | k d—k = E 1

Eiqn| 1 d-=1 0 x Ei4 1

H |1 1 % % 0 a 2

(€Y |2d 2d 0 0 0 —1 & €

HYy| 0 0 d d 0 1 -1 H; 2—¢

Table 2: Intersection numbers after Step 1, left, and areas after Step 1, right.

24 2d —2de and D?(8) a disk of area §. In this case inflation means replacing the symplectic form
on this neighborhood by another one, €25, such that 2, — €24 is a compactly supported area form of total
area d on the disk factor, D?(§).

Applying the inflation result from [12], we may assume, by Lemma 3.1 in [14], that J is also tame with
respect to 2,. This means that all of our J-holomorphic curves which intersect Fand G, namely E,

Eqq, H and ¢ i» remain J-holomorphic and, in particular, symplectic.

The inflation procedure does not change the intersection pattern, and the §2,—area of curves increases,
from the previous step, by d times the sum of the intersection numbers with F' and G leaving us with the

area profile in Table 3, left.
Step 3 Apply the negative inflation procedure from [2], of size €, to each €;.

This negative inflation procedure yields a new symplectic form, €23, such that the 23—area of each ¢;
is less than its 2,—area by €. That is, the 23—area of each €; is 2d. One way to visualize this is to
blow-down the €; giving balls of capacity € 4+ 2d and then blow-up slightly smaller balls of capacity 2d.

Negative inflation by € also increases the area of homology classes by € times the sum of the intersection

numbers with the €;. The €23 area profile is given in Table 3, right.

Q,—area Q3—area
F | 2+2d—2de F | 2+2d
G | 242d—2de G | 2424
E 1+d? E | 144>
Ei1 1 +d? Eiq| 1+d?
H 2+2d H | 2+2d
é; €e+2d é; 2d
H; 2—¢ H 2

Table 3
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F G EX Ef‘jl H H; Q-area
F | o F 2+42d
G |0 o0 G 242d
EX | k d—k =« EX | 14+d?+2d
EX |1 d-1 0 EX | 1+d*+2d
H 1 1 * * 2 2+42d
(#Y|2d 24 d 0 0 %; 2+2d

Table 4: Intersection numbers after Step 4, left, and areas after Step 4, right.

Step 4 Blow down each fAIi.

We denote the symplectic manifold resulting from this final step by (X, €2). Each of the exceptional
divisors ¢; in (W, Q3) is transformed, by Step 4, into a sphere ¥; in X which has Q-area equal to
2d + 2 and now lies in the same class as H. The disks E and E 1,1 each intersect d of the I;T, and so are
transformed by Step 4 into disks EX and E IX 1» Whose symplectic areas have each been increased by 2d.
See Table 4.

Lemma 3.49 (X, Q) is symplectomorphic to
(S2x 8%, (d+ Do & (d+ o).

Proof The presence of the embedded symplectic spheres F and H, with the same Q-area and satisfying
FeF=HeH=0 and FeH=1,
implies that either (X, ) is symplectomorphic to
(S2x 8%, (d+ 1o ® [+ o),

or there are finitely many symplectically embedded spheres with self-intersection number —1 in the
complement of F and H in X, and X can be blown down to a copy of S2 x S2. This follows from the
proof of Theorem 9.4.7 of [16]. As a consequence, if H,>(X;Z) has rank 2 then X is symplectomorphic
to S2 x S2.

A simple analysis of the construction of (X, ) from (S2 x S2, n{w + jw) allows us to compute this
rank. The 2d blow ups in Step 1 imply that the rank of H,(W;Z) is 2 4 2d. The subsequent 2d blow
down operations in Step 4 imply that the rank of H,(X;Z) is 2, as required. |

Henceforth, we may identify (X, Q) with (S2 x S2,(d + 1)@ @ (d + 1)w). The Lagrangian tori I and
L ; are untouched, as submanifolds, by the four steps above. They remain Lagrangian and disjoint in
(X, €2). Note that L ; is not equal to the Clifford torus in (X, 2) with respect to the identification above.
In what follows we denote the Clifford torus in (X, ) by Ly.
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The manifold (X, ) also inherits an almost complex structure, denoted here by J, which equals J
away from the collection {§€,~}. In particular, J is adapted to the original parametrizations ¥ and v/ ;
of L and L; ;. As in Section 3.5, J determines a straightened foliation F = FIL, L1,1.¥. V1,1, f) of
X\ (L ULj;). The original collections of planes s, S0, to and tso still comprise the broken leaves
of this new foliation. The symplectic spheres F and G now represent the class (1,0) € Hy(X;Z) =
H,(S? x S%;7Z). As in Proposition 3.24, it is still true that exactly one of F and G intersects the planes
of 59 and the other intersects the planes of s, and exactly one of F and G intersects the planes of tg
and the other intersects the planes of to.

Lemma 3.50 The Lagrangian tori I and L ; are both monotone in (X, 2).

Proof Let Doo:(D?,S!) — (S2xS?,1L) be a compactification of one of the planes of too. The disk Doy
has Maslov index equal to 2 and symplectic area equal to 1 with respect to 7@ + 75 ®. The map Dol g1
represents the foliation class 8r,. The image of the map Do is unaffected by the four steps defining the
passage from (S2? x S2, niw+ i) to (X, ). Viewed as a map from (D?, 81 to (X,1L), Do still
has Maslov index 2, and Do | g1 still represents By,. The Q—area of Do, as a map into (X, 2),is d + 1.
This follows from the fact that exactly one of F and G intersect Do, and so the inflations in Step 2
increase the symplectic area by d.

By assertion (4) of Proposition 3.24, the boundary E| g1 represents a class which, together with By, forms
an integral basis of H;(IL;Z). The same holds for EX|¢1. To prove that L is a monotone Lagrangian
torus in (X, ) it then suffices, by Lemma 3.1, to prove that the Maslov index of EX : (D2, §') — (X, L)

is equal to
2
d+1
where 1+ d? + 2d is the area of EX . This follows from the fact that, in (W, 3), E has Maslov index 2,

intersects exactly d of the fAIi, and each of the corresponding intersection numbers is 1. In blowing down

(1+d*+2d)=2d +2,

the IfI, and passing from E to EX, each of these intersection points yields an increase of 2 in the Maslov
index.

The proof that L ; is monotone in (X, €2) is identical. |

Lemma 3.51 The Lagrangians I and L ; are both Hamiltonian isotopic to the Clifford torus Ly in
(X, Q).

Proof This follows from the main result of Cieliebak and Schwingenheuer in [4]. In the language of that
paper, the compactification of the straightened foliation F= FIL, Li1.¥. Y11, J ) yields a fibering of L.
and a fibering of L ;. For the fibering of IL, the spheres F and G are disjoint sections in the class (1, 0)
and exactly one of them intersects the (compactification of the ) planes of vty and the other intersects
the those of to. The main theorem of [4] then implies that L is Hamiltonian isotopic to the Clifford
torus Ly in (X, €2). An identical argument holds for L ;. O
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With this, the contradiction to Assumption 2 becomes apparent. Since the Lagrangian Floer homology
of Ly is nontrivial by [17], any Lagrangian tori Hamiltonian isotopic to Ly must intersect nontrivially.
Hence, IL and L ; cannot be disjoint in (X, €2).

Remark 3.52 The assumption that I. and L ; are disjoint is used twice in the proof of Theorem 1.1: at
the very end, and in the proof of Refinement 3 in Section 3.3.

Remark 3.53 The fact that L ; is the Clifford torus (and not just another monotone Lagrangian torus)
is crucial (only) in the proof of the existence results in Propositions 3.20 and 3.22.

Remark 3.54 There is an alternative to the argument used at the end of the proof of Theorem 1.1 that
avoids appealing to Lagrangian Floer homology. Instead, one can use the fact that the symplectomorphism
in Lemma 3.49 can be chosen to map F, G and the transforms 7, o and T. o to the axes S2 x {0}, S? x {oo},
{0} x S? and {oo} x S2, respectively. The complement of these axes in S? x S? can be identified with
a domain in T*T? in which the Clifford torus is identified with the zero section. We can check that L
and L ; are homologically nontrivial in this copy of T*T? and so, by Theorem 3.9, are Hamiltonian
isotopic to constant sections. The monotonicity condition then implies the constant section must be the
zero section. Finally Gromov’s intersection theorem for exact Lagrangians in cotangent bundles, from
Section 2.3.BZ of [6], implies that they must intersect.

4 Proof of Theorem 1.2

It suffices to prove the following.

Theorem 4.1 For any € > 0, there is a § > 0 and a symplectic embedding of the polydisk P(1+ 6,1+ 6)
into P(2+ €, 2+ €) whose image is disjoint from the product Lagrangians Ly ; fork,l € {1,2}.

The desired additional integral Lagrangian torus L™ is the one on (the image of) the boundary of
P(1,1)C P(1+46,1+9).

4.1 Proof of Theorem 4.1

We will use rescaled polar coordinates ;, R; on R* = C2, where R; = 7|z;|> and 6; € R/Z. In these
coordinates the standard symplectic form is

2
® =Y dR; ndb;,
i=1
and Lk,l = {(91 ’ k’ 927 Z)}
4.1.1 A polydisk For € > 0 fixed, choose positive numbers £, w such that

2<l<2+e, w<2, l—i—l<1.
L w
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Then choose positive constants o and § such that

L+o<24+e, wHo<?2, 1T—l_(s+111)l(s<1.

Set

S={c<R;y<{+0,0<Ry<w+o0c} and T:{0<91<12‘5’0<92<1$5}.

Note that § x T is a subset of P(2 4+ €,2 4+ €) and is symplectomorphic to P(1 48,1+ 6). Both L ;
and L, ; intersect S x T', while L > and L; > do not.

4.1.2 Theplan To prove Theorem 4.1 it suffices to find a Hamiltonian diffeomorphism of P(2+¢,24¢)
that displaces S x T" from the Ly ;. Equivalently, we construct a Hamiltonian diffeomorphism W of
P(2 4+ €,2 + ¢€) such that each of the images W(Ly ;) is disjoint from S x T'.

To construct ¥ we use Hamiltonian functions which are of the form F (01, 6,). The Hamiltonian flow ¢§,
of such a function preserves 6; and 6, and generates a Hamiltonian vector field parallel to the Ry R—plane.
In particular, the only points of ¢§,(L k,1) which could possibly intersect S x T are those whose (61, 6)
coordinates lie in 7.

Since we only need to control the images of the Ly ;, we can cut off autonomous functions like F
in (moving) neighborhoods of d)% (L) for specific values of k and /. After this cutting off, the new
Hamiltonian will depend on all variables and be time dependent. In general, for a closed subset V', we
denote the function obtained by cutting of F along ¢§,(V) by Fly. Note that

¢%[V] (v) = ¢pk(v) forall veV and €0, 1].

Also, each map ¢}[V] is equal to the identity away from an arbitrarily small neighborhood of

U ¢r0).

t€[0,1]

4.1.3 A diagonal move ILet g:R/Z — R be a smooth function such that for some positive real number
c(g) > 0 we have

’

g'(s)=c(g) forse [O, 1(# + ﬂ]

max(g’) = ¢(g), and min(g’) is less than and arbitrarily close to

12—5 n 135
B ST e
{ w
Letting G(61, 62) = g(61 + 6;), we have
(4-1) 9501, Ry, 02, Ry) = (01, Ry + 18" (61 + 62). 62, Ry + 18 (61 + 62)).
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The image ¢é (L1,2) is well defined as long as

(18 146
J4 w
(4-2) &) <5 1y
_+_
V4 w

and is contained in P(2+¢,2+ €) as long as ¢(g) < €. Henceforth, we will assume that £, w and § have
been chosen such that the first constraint on ¢(g) implies the second.

It follows from (4-1) and (4-2) that ¢7, (L ) is contained in
{Ri <1+4+c(g)}N{Ry>1}
for all ¢ € [0, 1]. Hence, each image ¢>’G (L1 ) is disjoint from the other Ly ;. Since g’ =¢(g) >0on T,

each qb& (L1,2) is also disjoint from S x T'.

4.1.4 A vertical move Let/: R/Z — R be a smooth function such that for some positive real number

0 < c(h) <o we have 148
W (s) = —(1—c(h)) for s € [o, %]

min(k’) = —(1 —c(h)) and max (/) is greater than and arbitrarily close to
) 146
A== )
R
1-=- 1448

which is greater than one since w + ¢ <2 and c¢(h) < 0.

Letting H (61, 6,) = h(6,), we have

(4-3) ¢ (01, Ry, 02, Ry) = (1. Ry, 02, Ry +1h'(6,)).

Clearly, L, ; and L, » are disjoint from qb}l (Ly,1) forall £ €0, 1]. Moreover, for 6, in [0, (1 + §)/w]

we have
Gp(01.1,65, 1) = (61, 1,65, ¢c(h)).
So (;5}1 (Lq,1) is disjoint from 7" x S by our choice of ¢ (/).

Some points of L ;, with values of 6, in ((1 + 6)/w, 1), are mapped by qﬁ}q to points having R,
coordinate greater than and arbitrarily close to

1—c(h)

u)—_l > 2.

146
Choosing w sufficiently close to 2 and § sufficiently small ensures that ¢111 (Ly,1) liesin P(2+€,24¢€).

1+

4.1.5 A time delay The Hamiltonian diffeomorphism ¢ }{[L , cannot be used to move L ; off of
1.1
S x T while leaving L > undisturbed. For, as described in the discussion above, ¢ }{[L ](ngz) will
1.1
intersect S x T'.
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The Hamiltonian diffeomorphism
1 1
PHir, 1 ° PG, 5
has the same problem. By (4-1) and (4-3), the image of (0;,1,6,,1) € L;; under ¢%, belongs to
@& (L1 2) if and only if g'(6; + 6,) = 0 and th'(6,) = 1. Since max(/') > 1, these intersections occur
and so the map above will again push L; 5 into § x T'.
We can fix this by adding a time delay. The first intersection between (]5}1 (Ly,1) and q% (L1,2) occurs at

t = (max(#’))~!. Let t be less than and arbitrarily close to (max(/’))~!. Hence, 7 is also less than and

arbitrarily close to w

s
1—c(h)
Consider the Hamiltonian diffeomorphism

{i’,: 1—7 ot ° 1 )
¢H[¢}_I(L1,1)U¢é;(l‘1’2)] ¢H[L1,1] ¢G[L1.2]

It follows from the analysis above that the map U is compactly supported in P(2 + €,2 + €). In fact, it is
supported in an arbitrarily small neighborhood of the subset {R; < 14 ¢(g)}. Hence, \I’(Lz,l) =Ly,
and @(Lz,z) = L, ». By the definitions of 7 and the cut-off operation, we have CIJI(LI,I) = ¢1111 (L1,1)
and thus \TJ(LI,I) is disjoint from S x 7". In addition, we now have the following.

Lemma 4.2 The image @(Ll,z) is disjoint from S x T when c(h) is sufficiently close to o and § is
sufficiently small.

Proof By construction, for (61, 6,) € T we have
U(01.1.62.2) = (61. 1+ ¢'(01 +62). 62,2+ ¢ (01 + 62) + (1 = 1)} (62))
= (01. 14 ¢(g),02.2+ c(g) — (1 —1)(1 —c(h))).
It suffices to show that we can choose c¢(g) and c(%) so that
(4-4) 24c(g)— (A1 —=v)(1—c(h)) >w+o.

Since 7 is less than and arbitrarily close to w

S
146
1—c(h)’
is also suffices to show that we can choose ¢(g) and ¢ (%) so that
1
c(g) > w(l — m) + (6 —c(h)).

The right-hand side can be made arbitrarily small by taking ¢ (/) to be close to o and § to be small. Since
the choice of ¢(g) is independent of the choice of ¢(/) and the constraint (4-2) on c(g) relaxes as § goes
to zero, we are done. |

Henceforth, we will assume that the conditions of Lemma 4.2 hold.
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4.1.6 A final (horizontal) adjustment The images lAI"(LM), \TJ(LI,Z) and lAI’I(Lz,z) are disjoint from
S x T but ¥ still fixes L >, which intersects S x T'. Since L is close to the boundary of S x T', we
can make a simple adjustment to obtain the desired map, W, which moves L, off of $ x T" as well.

Let f:R/Z — R be a smooth function such that for some positive real number c¢( /) greater than and
arbitrarily close to £ 4+ o — 2 we have

fl(s)y=c(f) forse [O, —H_(S],
1
max( /") = ¢(f) and min( f”) is less than and arbitrarily close to

c(f)
Ly
1446

Setting F(61,0,) = f(61), we have

¢% (01, Ry, 62, Ry) = (01, Ry +1f'(61), 62, R2).
Our lower bound for ¢( f) implies that ¢},(L 2,1) is disjoint from S x T". Looking at the R,—component,
it is clear that ¢11,(L2,1) is disjoint from L, » = @(Lz,z). To prove that ¢;(L2,1) is also disjoint from
\TI(LI,I) and \B(Ll,z), it suffices to prove the following.
Lemma 4.3 The sets{R; <1+ ¢(g)} and qbll, (L2,1) are disjoint.

Proof It suffices to prove that

2— z(# >14c(g)
——1
1+6
or, even more, that
{+o0-2
1>c(g)+ —
——1
146
The latter inequality clearly holds for all sufficiently small values of ¢(g) and £ + o — 2. |
The Hamiltonian diffeomorphism
_ a1 1-7 T 1
V=R, ) O¢H[¢L<L1,1)u¢>éu1,zn °PHiL, 1 ° P61, ,

now has all the desired properties. With its construction, the proof of Theorem 4.1 is complete.

Question 4.4 Can VW, or any other Hamiltonian diffeomorphism which displaces the Ly ; from S x T,
be generated by an autonomous Hamiltonian?
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The parabolic Verlinde formula: iterated residues and wall-crossings

ANDRAS SZENES
OLGA TRAPEZNIKOVA

We give a new proof for the parabolic Verlinde formula in all ranks based on a comparison of wall-
crossings in geometric invariant theory and certain iterated residue functionals. On the way, we develop a
tautological variant of Hecke correspondences, calculate the Hilbert polynomials of the moduli spaces,
and present a new, transparent, local approach to the p—shift problem of the theory.
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1 Introduction

1.1 The Verlinde formula

The Verlinde formula [31] is a strikingly beautiful statement in enumerative geometry motivated by
quantum physics. Our focus in this paper will be the more difficult, parabolic variant, which we briefly

describe below.

Let C be a smooth, complex projective curve of genus g > 1, and fix an auxiliary point p € C. We will
call a vector ¢ = (¢ > ¢3 > --- > ¢,) € R” satisfying Y ¢; =0 and ¢1 — ¢, < 1 regular if no nontrivial
subset of its coordinates sums to an integer. For such a ¢ € R”, there exists a smooth projective moduli
space Po(c) (see Seshadri [21], Mehta and Seshadri [15] and Bhosle [4]), whose points are in one-to-one
correspondence with the equivalence classes of pairs (W, Fx), where W — C is a vector bundle of

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
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rank r on C with trivial determinant, F is a full flag of the fiber W),, and the pair satisfies a certain
parabolic stability condition depending on c; see Section 2.1. This condition roughly states that for
a proper subbundle W’ C W, the degree deg(W’) is strictly smaller than the sum of a subset of the
coordinates of ¢ depending on the position of Wp’ with respect to Fi.

There is a natural way to associate to a positive integer k and an integer vector A € Z” satisfying
A1+---+ A, =0aline bundle £(k; 1) on Py(c), in such a way that if c = A/ k, then £(k; 1) is ample.
The parabolic Verlinde formula is the following expression for the Euler characteristic of the ample line
bundle ¥(k; A): assume ¢ = A/ k is regular; then

—i)(g) exp(2m’i -X)

(2sinm(x; —x;))28~-1

M) Ko@) 908 20) = N Y

J
where N, = r(r(k + ry —hHs-1, A=A+ %(r —1,r—3,...,1—r), and the sum is taken over the finite
set of those points in the interior of the parallelopiped

{x=0G1,x2,..., %, =0)|0< xj —xjp1 < lfori=1,...,r—1},
which satisfy the conditions

e (k+r)xeZ", and

e xi—xj¢Zforl<i<j<r.

Remark 1.1 This finite set is a set of lattice points in the interior of (» — 1)! identical simplices. (These
are the orange-colored points in the rhombus on Figure 1.) By symmetrizing with respect to the group of
permutations of the r coordinates, one obtains the same function on each of these simplices. Using the
Weyl character formula, this allows one to rewrite (1) in a more familiar form as

XA (x)
(2sinm(x; —x;))%&8=2"

X(Po(c), E(k; 1)) = (r(k + r)r—l)g—l . Z 0

i<j
where y is the character of the irreducible SU(r)-representation of highest weight A, and the sum
is now taken over the lattice points of the form (k + r)x € Z" in the interior of a single simplex
x=0>x1>x2>-->x,-1>x, =0)}.

Remark 1.2 Equality (1) remains valid in greater generality, for certain cases when A/ k is nonregular.
This slightly more technical statement will be given in Theorems 4.7 and 4.8.

Notation We denote the discrete sum in (1) depending on k, A, r and g by Ver(k, A). In what follows,
the shift %(r —1,r=3,...,1—r) will be denoted by p, and thus we have A = A + p.

Equality (1), the parabolic Verlinde formula, has attracted a lot of attention over the years, and there are a
number of different proofs. There is a generalization of this formula associated to a simply connected
compact Lie group, and the form presented here corresponds to the case of the group SU(r).
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(2,1,0)

(1,0,0)

(1,1,0)

(0,0,0)
Figure 1: The set of A vectors, left, and the finite set from (1), right, for k = 6, r = 3.

In this article, we give a novel proof of this result, which stands out with its technical simplicity. We
believe the methods and ideas described in the paper will have other applications in geometric invariant
theory and the study of moduli spaces.

Below, we give a quick sketch of the strategy of the proof, treating the example of the case of rank 3 in
Sections 1.2—1.4. Next, in Section 1.5, we give a short guide to the contents of the paper.

Our work has a close relationship with several earlier approaches, and we describe these links in Section 1.6

Acknowledgements The authors gratefully acknowledge the help and insights of Michael Thaddeus
at several stages of this work, as well as the advice and encouragement of Tamas Hausel and Michele
Vergne. We had useful discussions with Frances Kirwan, Eckhard Meinrenken, Gdbor Tardos and Chris
Woodward. This research was supported by SNF grant 175799, and the NCCR SwissMAP.

1.2 The residue formula

The proof is based on 3 ideas. We will follow the arguments below for the case r = 3. We thus fix an
integer kK > 1 and an integer vector A = (A1 > A, > A3) suchthat A1 + A, + A3 =0and A; — A, <k.

We start with the study of the right-hand side of (1), which, for » = 3, may be written in the somewhat

simplified form
(A + Dny 4+ Aznp

—2sin2m k13
Ver(k,}) =Ny Y P s FNTEN
O<np<ni<k+3 ( 8in 71 sin 7 sin 7
k+3 k+3 k+3

where 11 and n, are integers.

Remark 1.3 This is essentially the form of the formula given in Remark 1.1. Since we are considering
representations with trivial central character, in this case, y is 3 identical sine terms, and this factor of 3
is hidden in N3 .
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Using Theorem 4.7 and Remark 4.6 one can show that
pr(kiA) if Az >0,
p—(k;A) if A, <O,

where p4+ and p_ are two polynomials, given by the right-hand sides of the expressions of Example 4.11

Ver(k,A) =

on page 2278. We note two properties of pi(k, A):

(A) The wall-crossing difference p— — p4+ has a relatively simple form (cf Example 4.15 with A1 + A3
replaced by —A5):

—3(k + 3)2)8 . e(A1+Dx—A2y
p-<k;x)—p+(k;x>=5§3§§s( (k+3))" e dx dy,

0o (1— ex(k+3))wq>(x, y)2g—1
where we(x,y) =2 sinh(%x) -2 sinh(%y) -2 sinh(%(x + y)).
(B) An easy calculation via substitution shows that for any permutation on three elements o € X3, our
polynomials have the symmetries
2 py(k;o-A+61[k]) = (=1)7 p4(k; A + 61[K]),
3) p—(kio-A+0_1[k]) = (1) p—(k: A + 6_1[k]),
where

Ork] = 1k(1.1,-2)+(0,1,—1) and 6_1[k] = 3k(2.—1,—1) + (1,—1,0).
1.3 Wall-crossings in moduli spaces

Now consider the left-hand side of (1). It is easy to check that the set of isomorphism classes of parabolic
bundles in Py(c) remains unchanged as long as ¢, does not change sign. Hence, effectively, we have two
moduli spaces Py(>) and Py(<), corresponding to the two chambers separated by the red (c; = 0) line

in Figure 1. Introduce the notation
q+(kid) = x(Po(>), £(k: 1)) and g (k:A) = x(Po(<),%L(k; 1))
for the generalized Hilbert polynomials of these two spaces.

In Section 5, we derive a simple formula (31) for the wall-crossing difference in geometric invariant theory.
The formula has the form of a residue of an equivariant integral, taken with respect to the equivariant
parameter. In our case, the space on which we integrate is the space of rank-3 parabolic bundles which
split into a direct sum of a rank-2 and a rank-1 bundle. This equivariant integral may be evaluated using
induction on the rank (cf the detailed calculation in Example 6.15 on page 2295), and the result is

(_3(k + 3)2)g . e}»lz+k2u+z
4 _(k; M) — :1) = ResR
“ q—(k;A) —q+ (ks A) Res Res e —w)2E1(l _ oGtz dzdu,

where u plays the role of the equivariant parameter, the generator of H . (pt). This iterated residue

coincides with the expression above after changing (z, u) to (x, —y), and thus we have
) P+—DP—=q+—q-.
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1.4 Hecke correspondences, Serre duality and the symmetry argument

Hecke correspondences between moduli spaces of bundles of different degrees were introduced by
Narasimhan and Ramanan in [19]. In Section 7 of our paper, we describe a “tautological” variant of
this construction, which identifies the same space with several moduli spaces of parabolic bundles with
different degrees and weights. Using this construction we can fiber our two moduli spaces, Po(>) and
Py(<) over the moduli spaces of stable bundles (without parabolic structure) of degrees 1 and —1:

Flag; — Po(<) - N—1 and Np <= Py(>) < Flag;,

where the fibers are full flags of 3—dimensional vector spaces. Serre duality applied to a Flag;—bundle
implies a X3—antisymmetry of the Euler characteristics of line bundles on this space, and after careful
identification of these bundles, we derive the same symmetry properties for the functions ¢+ as we did
for the polynomials p+: g+ (k; A) satisfies (2), while g—(k; 1) satisfies (3).

The final argument is elegant: we can rearrange equation (5) describing the equality of wall-crossings as

P+ —4+ = Pp-—4—,
and we introduce the notation ®(k; A) for this polynomial. Then ® satisfies both (2) and (3), and thus it

is anti-invariant with respect to an affine Weyl group action in the plane for each fixed k. This implies
that ®(k; A) vanishes and this completes the proof.

1.5 Contents of the paper

There are a number of complications which arise when » > 3. We will highlight these in this section, and
also give a brief guide to the contents of the paper.

We start with a quick introduction into the theory of parabolic bundles in Section 2. Here we describe the
line bundles we are considering, as well as the chamber structure of the space of parabolic weights induced
by the stability condition. The combinatorics of the iterated residue formulas mentioned in Section 1.2
above is considerably more complicated in the higher rank case, and is best treated using the notion of
diagonal bases of hyperplane arrangements introduced in Szenes [23]; we review this construction in the

special case of the A, root arrangement in Section 3.

Using this notion, in Section 4, we present a residue formula for the Verlinde sums on the right-hand side
of (1) obtained in Szenes [24] (Theorems 4.4 and 4.7). It turns out that because of a standard p—shift type
effect in the theory, this residue formula does not have a manifestly polynomial form on our chambers,
and thus, we formulate our main result, Theorem 4.8 in two parts: in part (I) we state the equality of the
Euler characteristics of line bundles with a modified residue formula, which is manifestly polynomial
on our chambers, and in part (II) we state the equality of the modified formula with the original residue
formula from [24]. Part (II) is proved in Section 10, while the proof of part (I) takes up the rest of the

paper.
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At the end of Section 4, we present our wall-crossing formula for Verlinde sums in Proposition 4.18,
which uses in an essential manner the yoga of diagonal bases; cf property (A) above for the case of r = 3.

The geometric part of our work starts in Section 5, where we derive a simple general result, formula (31),
for wall-crossings in GIT. We apply this result to parabolic moduli spaces in Section 6 and, using induction
on the rank, obtain Theorem 6.13, the higher-rank version of formula (4) above.

It is downhill from here: in Section 7 we describe the tautological Hecke correspondences we need in
several places in the paper, and in Section 8 we derive the Weyl-symmetries of the polynomials g, and
finish the proof along the lines sketched above.

We are essentially done, but we hit a snag when checking the beginning of our induction on the rank: our
argument does not work for » = 2. Roughly, the reason for this is that we need our simplex of parabolic
weights to have at least two regular vertices, and for r = 2, we have only one. The way out is to consider
the moduli space with two punctures and then all the pieces fall in place. This argument is carried out in
Section 9.

1.6 Historical remarks

There is a long list of proofs of the Verlinde formula, and we cannot do justice to all the approaches in
this short introduction. We will thus focus on the historical lineage of our paper, and the works that are
closest in spirit to what we do; see Sorger [22] for a more comprehensive overview.

The proofs of the Verlinde formula fall in two categories: proofs of the fusion rules and proofs that find
some interpretation of the “Fourier-transformed” discrete sum on the right-hand side of (1); our work
belongs to this second group. Another line of division concerns the model which one uses for the moduli
spaces: via the Narasimhan—Seshadri correspondence, the moduli spaces of vector bundles may equally
be presented as symplectic manifolds of certain types of flat connections on punctured Riemann surfaces,
and this opens the way of using the methods of symplectic geometry. While these symplectic approaches
lead to results equivalent to the ones coming out of the algebrogeometric setup, the fields of applications
of the two approaches seem to be very different.

The idea of proving the Verlinde formula via wall-crossings appeared in the seminal paper of Michael
Thaddeus [27]. He used a geometric approach and managed to prove the Verlinde formula in rank 2 by
crossing walls in the moduli of stable pairs. The master space construction, which plays a central role in
our paper, also first appeared in his work [28]. In a sense, our paper may be thought of as the completion
of his program.

A paper closely related to our work is that of Jeffrey and Kirwan [13], which approaches the problem
from a symplectic/cohomological point of view (see also Jeffrey and Kirwan [12]), and has a somewhat
different angle form ours. This paper also uses the residue calculus introduced in [23; 24], but not quite as
consistently as our work, and the parabolic case was not resolved from this point of view; see Jeffrey [11].
The geometric model used in [13] to represent the moduli spaces as quotients is rather complicated.
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In a comprehensive paper covering the case of all compact groups, Bismut and Labourie [5] used a
differential-geometric approach to find the generating function for the parabolic Verlinde formula. This
work was the motivation for the residue formula in [24], which is also used in the present paper.

In a remarkable series of papers Alekseev, Meinrenken and Woodward [1], again approaching the subject
from the symplectic point of view, gave a direct proof of (1), using reduction in infinite dimensions. A
general approach related to twisted K-theory was introduced by Meinrenken in [16]. We should also
mention recent work by Loizides and Meinrenken in [14], which employs the residue techniques of [24].

Finally, we drew motivation from the paper of Teleman and Woodward [26], where the Verlinde formula
is put in the framework of localization in K-theory of stacks. This very impressive work is probably
accessible to a small number of experts only. In the present article we demonstrate, in particular, that the
sophisticated tools employed in [26], at least in this instance, may be replaced by a simple combinatorial
device.

In summary, the virtues of this article are:

¢ A proof of the parabolic Verlinde formula which needs as background only the basics of GIT.

e The discrete sum, and the generating function giving the coefficients of the Hilbert polynomial are
treated at the same time, and the p—shift is dealt with explicitly.

¢ A few technical innovations, such as an efficient wall-crossing formula in GIT (Theorem 5.7) and the
tautological Hecke correspondences, keep the arguments simple, and the technical difficulties related
to infinite-dimensional quotients or singularities, in our approach, are absorbed by a combinatorial
device: the theory of iterated residues.

2 Parabolic bundles

2.1 Definitions

Let C be a smooth complex projective curve of genus g > 2, and fix a point p € C.
e A parabolic bundle on C is a vector bundle W of rank r with a full flag Fi in the fiber over p,

Wp=F2--2F 2F=0,

and parabolic weights ¢ = (c1,...,cr) assigned to Fy, Fr—_1,..., Fi, satisfying the conditions
c1>cpy>-+>¢c, and c1—cr <l.
e The parabolic degree' and the parabolic slope of W are defined as

pardeg W

,
degW =degW — ; d lope W = .
pardeg eg Z ¢; and parslope p—

i=1

I For technical reasons, we have chosen a sign convention opposite to that in the majority of treatments in the literature.
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e A morphism f: W — W' of parabolic bundles is a morphism of vector bundles satisfying f,(F;) C
i
bundle endomorphism preserving the flag Fi.

F Jf_l ifc,—jy1 <c In particular, an endomorphism of a parabolic bundle W is a vector

* Denote by ParHom(W, W) the sheaf of parabolic morphisms from W to W’. Then there is a short
exact sequence of sheaves

6) 0 — ParHom(W, W') — Hom(W, W') — T, — 0,

where T), is a torsion sheaf supported at p. The rank of 7, is the number of pairs (7, j), such that
¢ < cJ/.; cf Boden and Hu [6].

If W/ C W is a subbundle of W, then both W’ and the quotient W/ W' inherit a parabolic structure
from W in a natural way; cf Mehta and Seshadri [15, Definition 1.7].

e A parabolic bundle W is stable of weight ¢ if any proper subbundle W’ C W satisfies par slope(W’) <
parslope(W); and W is semistable of weight c, if the inequality is not strict.

Remark 2.1 The parabolic stability condition depends on the parabolic weights only up to adding the
same constant to all weights ¢;.

2.2 Construction of the moduli spaces

We start with a quick review of the construction of Mehta and Seshadri [15] of the moduli space of stable
parabolic bundles. It follows from Remark 2.1 that, without loss of generality, we can assume that the
parabolic weights of a rank-r degree-d bundle belong to the simplex

Ad={(cl,cz,...,cr) cl>cz>~-->cr,cl—cr<l,g c,-=d}.
i

Definition 2.2 We will call a vector ¢ = (c1,....¢,) € R” such that ), ¢; € Z regular if for any
nontrivial subset W C {1,2,...,r}, we have ) oy ¢; ¢ Z.

Now choose an integer d > 0 such that H1(W) = 0 and W is generated by global sections for any
rank-r degree-d semistable parabolic bundle W of parabolic degree 0. Put N =r(1 —g) +d.

« Consider the Grothendieck quot scheme Quot(N, r) [9] parametrizing quotients 0V — W, where
W is a coherent sheaf of degree d and rank r.

¢ This space is endowed with a universal bundle UQ, and a generically free action of the group
G = PSL(N) which does not, however, lift to UQ.

e Let LFQuot C Quot(N, ) be the open subscheme consisting of locally free quotients W such that
the induced map H°(O") — H®(W) is an isomorphism.
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* Denote by X0 the total space of the flag bundle Flag(UQ ,) on LFQuot x p. This space is endowed
with the flag of vector bundles Fl; C --- CFl,—1 CFl, = UQ,.

e Letk €Zand (A,...,Ar) € Z" be such that Y ;_; A; = kd, and consider the line bundle
L(k; 2) = det(UQ,)* ' 78 @ det(m, . UQ) ™* @ (FI, /Fl,— )M @ -+ @ (Fli)™
on XQ, which does carry a G-linearization (lift of the G—action from XQ).

¢ Finally, assume ¢ € Ay is regular (cf Definition 2.2 above) and define ﬁd (c), the moduli space of
stable parabolic weight-¢ vector bundles on C, as the GIT quotient XQ //°G of X0 with respect
to any linearization L(k;A) such that A/ k = c.

Theorem 2.3 [21] Assume that c € Ay is a regular weight vector. Then the moduli space ﬁd (c)isa
smooth projective variety of dimension r?(g—1) + (2) + 1, whose points are in one-to-one correspondence
with the set of isomorphism classes of stable parabolic bundles of weight ¢ (cf Section 2.1).

Remark 2.4 Via the determinant map, the moduli space ﬁd (c) fibers over the Jacobian of degree-d line
bundles with isomorphic fibers, and in this paper, we will focus on the moduli space

Pa(c)={W € P4(c) | det W =~ 0(dp)}.

which is smooth, projective and has dimension (72 —1)(g — 1) + (;)

Remark 2.5 Tensoring with the line bundle O(mp) induces an isomorphism

®©(mp): Pd(C) - Pd—i—rm(c)’

so the moduli spaces P,;(c), essentially, depend only on d modulo r.

2.3 The Picard group of P;(c)

For a regular ¢ € A, there exist universal bundles U over P;(c) x C endowed with a flag %; C--- C
Fr—1 CFr = Up, and satisfying the obvious tautological properties. In general, such universal bundles U,
and hence the flag line bundles %; +1/%;, are unique only up to tensoring by the pullback of a line bundle
from P, (c). Nevertheless, we have the following statement.

Lemma 2.6 Fork €Z and A = (A,...,A;) € Z" such that Z;=1 A; = kd, the line bundle
7) La(k: X)) = det(U,)F178) @ det( U) * @ (Fr /Fr_ )M @ -~ @ (F1)Mr

on P;(c) is independent of the choice of the universal bundle U .

Proof Note that tensoring U with a pullback 7*< of a line bundle & on Py(c) changes det(U,) by £"
and det(m4U) by $4-7(&=1), O

Remark 2.7 The line bundle L(k; A) defined in Section 2.2 descends to the line bundle &£ (k; A) on the
GIT quotient P;(c).
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Notation We will say that U is normalized if the line subbundle %; C U, is trivial. The parameter k is
often called the level.

Let w € H?(C) be the fundamental class of our curve C, and e, ..., €2, a basis of H'(C) such that
ejej+g = for 1 <i < g, and all other intersection numbers e;e; equal 0. For a class § € H*(P x C)

of a product, we introduce notation for its Kiinneth components (cf [32]):

2
(8) §=80)®1+) Sey®ei+82@wcPH*(P)QH'(C).

i i=0
We will need the following formula.
Lemma 2.8 The equality 2¢1(£4(r:d,...,d)) = c2(Endg(Uyg))(2) holds, where Endg stands for
traceless endomorphisms.

Proof Taking the first Chern class on both sides of (7), we obtain
c1(&q(rid,....d))=r(1=g)c1(Ug) ) —rc1(m«(Ug)) +de1(Ug) oy

where we evaluate the middle term using the Grothendieck—Riemann—Roch theorem, and ¢1(Uy)(2) = d:
c1(mx(Ug)) = chy(m(Uyg)) = 7« cha(Ug) — (g — Dec1(Ug ) (o)
=c1(Ug)@)d —c2(Ug)2) — (¢ = De1(Ug) (o)
This leads to the formula
c1(Eg(rid,....d))=—d(r—1)c1(Ug)) +1rc2(Ug)(2),

which is easily seen to equal %cz (Endo (Uo))(2)- |
2.4 Walls and chambers

The central question we address in this paper is how the moduli space of stable parabolic bundles depends
on the choice of parabolic weights. Let W be a vector bundle of degree d with a fixed full flag F, of the
fiber W), and let us try to determine the structure of the set of parabolic weights ¢ € A, for which W is
stable. Clearly, for this we need to study the set of parabolic weights ¢ = (¢, ¢2, ... ¢;) for which one
can find a proper subbundle W’ C W such that

) parslope(W') = parslope(W) = 0.

A subbundle W’ C W determines a short exact sequence of parabolic bundles

0O>W ->W->WwW'=0,

and the position of WI; with respect to F gives rise to a nontrivial partition of the set {1,2,...,r} into
two sets, I1" and I1”, cf [15, Definition 1.7]; the parabolic weights of W’ and W” are then ¢’ = (¢;); e/
and ¢”” = (¢;);emn, correspondingly. The slope condition (9) translates into a pair of equivalent equalities

(10) d'=>"¢ and d'=Y ¢,

iell” iell”
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(5. (3:3.-3)

wIN

_%)-

W=

Po(<)|Po(>)

(0,0,0)

Figure 2: The space of admissible parabolic weights for rank r = 3.

where d’ and d” = d — d’ are the degrees of W’ and W”, respectively. This means that the critical
values of ¢ € A, for which (9) is possible lie on the union of affine hyperplanes (or walls) defined by the
equations

Z c¢i=1, where [ €Z,and I1' C {1,2,...,r} is nontrivial.

iell’
As only finitely many of these walls intersect the simplex A 4, their complement is a finite union of open
polyhedral chambers. It is easy to verify that as we vary c inside one of these chambers, the stability
condition, and thus the moduli space Py (c), does not change.

Example 2.9 Consider the case of rank-3 degree-0 stable parabolic bundles with parabolic weights

¢ =(c1,c¢2,c3) € Ag. The set Ay is an open triangle with vertices (0, 0, 0), (%, —%, —%) and (%, %, —%)

(see Figure 2), and there exist only two essentially different stability conditions. The wall separating the
two regimes is given by the condition ¢, = 0. We write Po(>) for the moduli space Py(cq, ¢z, c3) with

¢y >0, and Py(<) for Py(cy,ca,c3) with cp <.

3 Wall-crossing in the Verlinde formula

A key component of our approach is the notion of diagonal basis and the associated generalized Bernoulli
polynomials introduced for general hyperplane arrangements in [23]. Using this formalism, we will be
able to formulate our main result, Theorem 4.8.

3.1 Notation

We begin by setting up some extra notation for the space of parabolic weights introduced in Section 2.1.

e LetV=R"/R(1,1,...,1) be the (r—1)—-dimensional vector space, obtained as the quotient of R".
The dual space V* is then naturally represented as

V*:{a=(a1,...,ar)€]Rr|a1+...+ar=0}‘

Let x1,X2,...,x, be the coordinates on R”; given a € V*, we will write (a, x) for the linear
function ) ; a; x; on V. We will sometimes identify this linear function with the vector a itself.
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e The vector space V* is endowed with a lattice A of full rank:
A={A=A1,....,.A))€Z" | A1 +---+ A, =0}
In particular, for 1 <i # j <r, we can define the element all = X; —xj in A.

e Our arrangement is the set of hyperplanes {x; = x;} C V, with 1 <i < j <r. It will be convenient
for us to think about this set as the set of roots of the A,_; root system with the opposite roots
identified:

d={+a’ |1<i<j<r}

Note that V'* carries a natural action of the permutation group X,, permuting the coordinates x;
for j =1,...,r, and this action restricts to an action on ¢ as well.

e The basic object of the theory is an ordered linear basis B of V* consisting of the elements of ®.
Let us denote the set of these objects by %:

p={B =M .. BUr-1yec e ~'|B abasisof V*}.
e For B € &, we will write F1(B) for the full flag
[v* = (B, gl gy (B, =2y (I,

where ( - )y, stands for linear span.
3.2 Diagonal bases

Definition 3.1 e Forte X,_; and B € B, we will write B O t for the permuted sequence

(,B[t(l)], 13[1(2)], o ﬁ[t(r—l)]).

e For two elements B, C € B we will write B 4 C if for any t € X,_1, we have FI(B O t) # FI(C).
e A subset @ C B of (r — 1)! elements is called a diagonal basis if for any two different elements

B,C €9, we have B 1 C.

Remark 3.2 This definition is motivated by a construction in [23], which associates to each diagonal
basis 9 a pair of dual bases of the middle homology and the cohomology of the complexified hyperplane
arrangement on V' ®g C defined by ®. The dimension of these (co)homology spaces is (r — 1)!.

3.3 Combinatorial interpretation

This notion has the following purely combinatorial form.

e We can think of ® as the edges of the complete graph on r vertices.
¢ Then the set B may be thought of as the set of spanning trees of this graph with edges enumerated

from 1 to r — 1. We will introduce the notation

B+ Tree(B)
for this ordered tree.
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Figure 3: B = (a!3, "2, a34).

¢ In this language, the flag F1(B) corresponds to a sequence of r nested partitions of the vertices
(starting with the total partition into one-element sets and ending with the trivial partition) associated
to Tree(B), the j™ partition being the one induced by the first j — 1 edges. For example, the
ordered tree [(2,4)(1, 3), (1,2)] induces the same sequence of partitions as [(1,4), (2, 3), (1, 2)];
see Figure 3.

e A diagonal basis 9 is then a set of (r — 1)! ordered trees such that the (r — 1)! partition sequences
obtained by reordering the edges of any one of the ordered trees are different from (r — 1)! — 1
sequences of partitions obtained from the remaining elements of 9.

3.4 Examples

There are essentially two known constructions of diagonal bases [23].

I. The Hamiltonian basis For each permutation o € ¥,, we can define

(11) o(B) = (aa(r—l),a(r)’ aa(r—z),o(r—l)’ o ’ao(l),a(z)) ey

The set #,, = {o(B) | 0 € X, (1) = m} is then a diagonal basis. In the combinatorial description, this
diagonal basis corresponds to the set of Hamiltonian paths starting at vertex m, and endowed with the
reversed natural ordering of edges.

Example 3.3 Here are some examples of Hamiltonian bases:
« Forr=3:9% = {(@> a"?), (@2 o).
o Forr=4: 9 = {(@* a®? a'?), (@*4,a>2 a'?), (@*3, 024 a!?), (@2, ot ol ),

(0(4’2, 063’4, 0{1,3)’ (a2,3, 064’2, d1’4)}.

II. The no-broken-circuit (nbc) bases Let v: {l, cees %r(r — 1)} — ® be a total ordering, which we will
represent as an order relation < on . To this ordering, one can associate the so-called noncommutative
no-broken-circuit diagonal basis [23]

gl = {BM,... . prheq|pl<... < glr=1l and
o 2 M — (@, g g1y Linearly independent}.
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1,4 Y 2,3ga2,4v 1

Example 3.4 Leta!:3 Zal4la Zal? 234 be the ordering of the positive roots for rank

r = 4. Then
1,3 1,2 3,4 1,3 1,4 23 1,3 1,4 2,4 1,3 1,4 1,2
FB[v] = {(a ool a”), (e a T, o), (a7, a o), (a7, a T o),
@13, 023, a3%), (@13, a?3, a2’4)}
is the corresponding no-broken-circuit diagonal basis.
Remark 3.5 The hyperplane arrangement induced by @ is invariant under the natural action of X, on

the vector space V. It follows easily from the definition that if & is a diagonal basis and 0 € ¥, is a
permutation, then o () is also a diagonal basis.

4 The residue formula and the main result

In this section, we recall the residue formula from [23] for Ver(k, 1), the discrete Verlinde sum on the
right-hand side of (1). The key feature of this formula is that it exposes the piecewise polynomial nature
of Ver(k, A), which is key for our wall-crossing analysis. While the objects are relatively simple, the
formalism is heavy with notation, so we begin by describing the one-dimensional case.

4.1 The residue formula in dimension 1

The story begins with the Fourier series

1 exp(2rian)
12
(12) T o
nezZ\0

for m > 2, which is a periodic, piecewise polynomial function given by the formula
exp({a}x) dx
x=0 1 —exp(x) x™’
where {a} is the fractional part of the real number a. The polynomial functions thus obtained on the
interval [0, 1] are called Bernoulli polynomials. The polynomial on the interval containing the real number
c € R\ Z is given by
exp((a —[c])x) dx

Res ——MMM———,

x=0 l—exp(x) x™
where [c] is the integer part of c.

Now we pass to a trigonometric version of this formula, calculating finite sums of values of rational
trigonometric functions over rational points with denominators equal to an integer k.

We thus replace the rational function x~™ by the (hyperbolic) trigonometric function
fx)=(2 sinh(%x))_zm,
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and introduce an integer parameter A related to a via ka = A. We consider the sum of values of the
function f over a finite set of rational points in analogy with (12),
k—1

exp(2miin/k)
Z (2sin(zrn/k))2m’

n=1
where A, k € Z. This sum is again periodic in A mod k, and for m > 2 we can evaluate it via the residue

theorem as
k{r/k} kd - .
z z z=exp(x/k) exp({)&/k} X) X
—1)™ R . = —1)" Res ————- <—)d.
DR G —yem T2k R e REA A
Again, this is a piecewise polynomial function in the pair (k, A), which is polynomial in the cones bounded

by the lines A = gk for q € Z.

Note that in these calculations, a key role is played by the Bernoulli operator
f(x)exp(ax)dx
(13) f = Ber[f](a) =

1 —exp(x)
which transforms meromorphic functions in the variable x into polynomials in @, and plays the role of a

generalized Fourier operator.
4.2 The multidimensional case

We return to the setup of Section 3 with the vector space V' endowed with the hyperplane arrangement ®.
We introduce the notation F¢ for the space of meromorphic functions defined in a neighborhood of 0 in
V ®r C with poles on the union of hyperplanes

U txl@Y.x)=0}

1<i<j=<r
In particular, the function
we = l_[ (2 sinh(m (x; — x]-)))
i<j

is an element of Fg.

To write down our residue formula, we need a multidimensional generalization of the notions of integer

and fractional parts. Given a basis B = (B[1, ..., BIr=1) € B of V*, and an element a € V*, we define
[a]p and {a}p to be the unique elements of V' * satisfying
r—1
[alp =a—{ajpeA and {a}pe ) [0.HpUL.
j=1

This notion naturally induces a chamber structure on V*: we will call a € V* regular if a is a point of

continuity for the functions a — [a]g,{a}p for all B € B, ie when {a}p € jr;ll (0, 1)BU1. Now, for

regular a and b we define the equivalence relation
(14) a~b when [alp = [b]p forall B €%.

The equivalence classes for this relation form a A—periodic system of chambers in V*.
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(1,—1,0) 0,1,-1)
(0,0,0)
Figure 4: Chambers for rank r = 3.
Convention We will think of a partition IT of {1,2, ..., r} into two nonempty sets as an ordered partition

IT = (IT', I1”) such that r € T1”, and we will call these objects nontrivial partitions for short.

The following statement is straightforward.

Lemma 4.1 The equivalence classes of the relation ~ are precisely the chambers in V* created by the
walls parametrized by a nontrivial partition T1 = (I1’, [1") of the first r positive integers, and an integer [ :

(15) SHJ:{CEV*‘ZC]'II}.

jell’

Remark 4.2 The walls given in (10) are precisely the same as the ones given in (10) for the case
d = 0, where they play the role of walls separating the chambers of parabolic weights ¢ in which the
parabolic moduli spaces Py(c) are naturally the same. This “coincidence” is precisely what we need for
our comparative wall-crossing strategy. There is a small terminological issue here: the “chambers” in
Section 2.4 are the intersections of the equivalence classes of ~ defined above with the open simplex
Ao &ef A, where the parabolic weights live; see Figures 2 and 4. We will use the term “chamber” in both
cases if this causes no confusion.

Each element B = (BI1, ..., B'=11) € & defines an iterated version of the Bernoulli operator (13) on
the space of functions F¢: interpreting the elements a, ,B[j I € V* as linear functions on V', we define

. B 1 F(x)expla, x) d (B, x) A---Ad (B x)
(16) l%el‘[f(x)](a) - W /Z(B) (1 —CXp((ﬂ[l],x))) (1 —exp((ﬂ[r—l],x))) )

where the naturally oriented cycle Zp is defined by

Zp={weVrC||(BY x)|=¢ for j=1,....r—1} CV Qg C\ {we(x) =0},

with real constants ¢; satisfying 0 < ¢,_1 < --- < €1. Thus again, iBerp is a linear operator which
associates to a function in F¢ a polynomial on V*.
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Remark 4.3 Let us make a small remark about the computational aspects of the operator iBerg. Denoting
the coordinate (7], x) by yjfor j=1,...,r—1,and writing f and a in these coordinates: f(x) = f(y),
(a,x) = {(a,y), we can rewrite (16) as

F(y)exp(@, y)dyi A+ Adyr_
B y1=0  yr—1=0 (1 —exp(y1))--- (1 —exp(yr—1))
where iterating the residues here means that we keep the variables with lower indices as unknown
constants, and then use geometric series expansions of the type

1 _ onimy2 1 yieg i 5
I—exp(y1—y2) 1—exp(y1—y2) yi—y2 l—exp(y1—y2) = yi*'

4.3 Invariance of diagonal bases and the main results

Diagonal bases have the following key invariance property.

Theorem 4.4 [23] Let f € F¢, and ¢ € V* be regular; let % be a diagonal basis of ®. Then the
functional

S ) Berlf(x))(@=[]p)

Be9
(see (16) above) transforming a meromorphic function f € %¢ into a polynomial in the variable a € V'*
is independent of the choice of the diagonal basis %. In particular, for regular a € V*, the functional

(17) [ ) Berlf(x)](ia}n)

Be9

transforms f into a well-defined piecewise polynomial function on V*, which is polynomial in each
chamber.

As this functional is invariantly defined, it is not surprising that it is equivariant with respect to the
symmetries of our hyperplane arrangement. For 0 € X, we define, as usual

(18) o- f(x)= flo" x).

This convention is consistent with (11).

Lemma 4.5 Let f € ¥¢ and o € X,, and pick any diagonal basis %. Then

> iBerl /() a—[o-clp) = Y iBerlo™" - f(0)(@—[cl).

Bey Be%y

Proof Indeed, recall that o € ¥ takes a diagonal basis to another diagonal basis (see Remark 3.5), so

> iBerlf(0)l(0-a=[o-clp) =} Berl /()]0 a—[0-clyp).

Be% Be9
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Now we perform the linear substitution x = o (y), and obtain

Y iBerl /0l a—[o-clop) = iBerlo™" - f()](@=[c]p). O

Be% Bey

Remark 4.6 By picking the Hamiltonian diagonal basis #1 = {0 - By | 0 € Stab(1, )}, we can turn
the argument in the proof above around, and obtain the formula

Y BerlfWl@—lelp)= > iBero-/(x)](-a—[o-c|p)
Bey, o€Stab(1,X,) 0
Z o-f(y)exp{o-a—[o-c]p,y)dyiA---Adyr—1

= Res -+ Res (1—exp(y1)) - -+ (1—exp(yr—1))

y1=0 Yr—1=0

o €Stab(1,X%,)
where

Bo= (1 =Xr—1—Xp,...,Yr—2=X2—X3,Yr—1 = X1 —X2) €R.

Now we are ready to write down the residue formula for the Verlinde sums proved in [24, Theorem 4.2].
Recall that we denoted by Ver(k, A) the finite sum on the right-hand side of (1).

Theorem 4.7 Letg> 1,k e 779 X e A, and let 9 be any diagonal basis of ®. Introducing the notation
k=k+rand A = A+ p, we have

(19) Ver(k,2) = Nyx ) iBerlwg ™ (x/k)(A/k ~[€]p).
Be9

where ]Vr,k = (—1)(5)(g_1)Nr,k (see (1)) and ¢ € V* i a regular point in a chamber that contains X /k in

its closure.

Now, if we look at our main goal (1): proving the equality
(20) Ver(k,A) = x(Po(A/ k), £o(k: 1)),
we discover a rather embarrassing mismatch. Both sides are piecewise polynomial functions; however,

¢ according to the HRR theorem, y(P(A/k),¥o(k;A)) is polynomial on the cones over the equiva-
lence classes (see (14)) of A/ k, while

¢ according to (19), Ver(k, 1) is polynomial on the cones over the equivalence classes of ) / k,

and these conic partitions of {(k, 1) | A/ k € A} could clearly be different; see Figure 5 for a sketch of
this problem.

Thus for (1) to be true, some miracle needs to occur, and these miracles are well-known in the area of
“quantization commutes with reduction” [17; 29; 30; 25]. We will return to this problem in Section 10,
but for now, we will be satisfied to use (19) to write down a (conjectural for the moment) formula for
x(Po(A/k),Lo(k; L)), which is manifestly polynomial on the cones where A/ k is in a fixed equivalence
class.
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k

pi)

N TSN

Figure 5: The vector A/ k is in the orange chamber, while A / k is in the green chamber.

Let us fix a regular ¢ € A marking a particular chamber in A. The two cones {(k;A) | A/k ~ ¢} and
{(k; 1) | A/k ~ c} intersect along an open cone (this cone is shaded in orange in Figure 5), and on this
intersection, the expression

1) Y iBerlwg > (x/k)](/k — 1/ k]p)
Be9

coincides with the right-hand side of (19). As (21) is manifestly polynomial on each cone where A/k is
in a particular chamber in A, this expression will be then our main candidate for y(Po(A/ k), Lo(k; 1)).

Our plan is thus to split the proof of (20) into three parts: the first is equality (19), and the other two are
given in our main theorem below. We formulated all our statements in a manner that allows us to treat the
cases when A/ k or A/k are on a boundary separating two of our chambers in A.

Theorem 4.8 Let A € A and k € Z”° be such that ./k € A. Let ¢ and ¢ € A be regular elements,
specitying two chambers in A, which contain A/ k and A /k in their closures, correspondingly. Then for
any diagonal basis 9, the following two equalities hold:

M X(Po(e). (ki 1)) = Ny ) iBerfwg > (x/l)]A/k — [clp).
Be9
In > iBerfwg > (x/k)4A/k ~ [dp) = ) _ iBerfwg ¥ (x/k)](A/k —[]p)-
Be%y Be%y

Remark 4.9 Part (I) of the theorem implies that if A/ k € A is not regular, then
X(Po(c™), L(k; 1)) = x(Po(cT), L(k; 1))

for regular ¢* € A in two neighboring chambers that contain A/ k in their closure; see Proposition 10.1
and Remark 10.4.
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Before we proceed, we formulate a mild generalization of part (I) of our theorem. As observed above, if
we fix a generic ¢ € A, and vary (A, k) in such a way that A/ k ~ ¢, then both sides of the equality (I) are
manifestly polynomial, and thus we can extend the validity of this equality as follows.

Corollary 4.10 Let c € A be a regular element, which thus specifies a chamber in A and a parabolic
moduli space Py(c) as well. Then for a diagonal basis 9%, an arbitrary weight A € A, and a positive
integer k, we have
(22) X(Po(c). £(k: 2)) = Ny ) iBerfwg ™ (x/k)(A/k ~[c]p).

Be%
Example 4.11 Let us write down these formulas in case of r = 3 explicitly. Let & be the diagonal basis
from Example 3.3; then using Remark 4.6, we obtain

eAMx+Ar+A2)y+x+y _ Aix+(Ar+A3)y+x

1 (Po(<), L(k; 1) = (=)L (3(k +3)%)8 Res Res dx dy,
o

=0x=0 (1= ¥ 6T (1 = ET g (v, y)26 1

X(Po(>), L(k; 1)) =
g1 g erx+ A+ y+x+y _ A1 x+(A1+A3)y+x+y(k+3)
-1 Bk +3 Res R dx dy,
(=DF Gk +3)79) s (1—ex®+3)) (1 — ey &) g (x, y)28~1 ray

where we(x,y) =2 sinh(%x) 2 sinh(%y) 2 sinh(%(x + y)).

4.4 The walls

Our first step is to identify the wall-crossing terms of the residue formula (22), which originate in the dis-
continuities of the function ¢ — {c}p. These discontinuities occur on “walls”: the affine hyperplanes (15).
The following is straightforward:

Lemma 4.12 Let Sty be the wall defined by (15), and B = (811, ..., p"=11) € B an ordered basis
of V* Then, as a function of c, the fractional part function {c} g has a discontinuity at a generic point
of the wall Sty exactly when Tree(B) (see page 2270) is a union of a tree on I1’, a tree on I1” (the

enumeration of the edges is irrelevant here) and a single edge (which we will call the link) connecting TT’
and T1".

Notation We will denote the element of B corresponding to this edge by Biink; this vector thus depends
on B and the partition IT.

Proof We fix B, and note that for our purposes, ¢ € Sty ; will be considered generic if it belongs to only
this one wall in A; this is equivalent to the condition that the only nontrivial subsets of coordinates of ¢
which sum up to an integer are I1’ and IT1”.

Note that an element

r—1
c=> biplen
Jj=1

is a point of discontinuity of the fractional part function { - } g if and only if b; € Z for some 1 < j <r—1.
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Next, we express the coefficient b; via the coordinates of ¢: we show that for all 1 < j <r —1 we have
(23) bj = Z c; for some subset W; C {1,...,r}.

iew;
Now we orient the edges of Tree(B) in such way that they are all directed “away” from the root vertex r,

and, without loss of generality (recall that Y ¢; = 0), we can assume that this orientation agrees with the
signs of the elements Blile B. 1tis easy to verify then that the subset

= {k € {l,...,r} | the unique directed path in Tree(B) from r to k contains the edge _
corresponding to S/ ]}

satisfies (23).

Hence we can conclude that if ¢ € Spy; is generic and the coefficient b; is an integer, then necessarily
W; = I1’, and thus T1” = {1,..., 7} \ ¥, and cutting the edge corresponding to Bl/1 from Tree(B)
results in two disjoint trees, on I1” and on I1”, respectively. O

Now choose two regular elements ¢ ™, ¢~ € V* in two neighboring chambers separated by the wall S .l

in such a way that

(24) [cf‘-[‘,] = and [cg]=1-1,
where
=Y
iell’

and, as usual, [¢] stands for the integer part of the real number g. Now introduce the notation
~ ) 1—2 A~~~
pr(kid) = Npye ) iBerfwg > (x/k)(A/k = [c*]B)
Be%

for the two polynomial functions in (k, A1) corresponding to ¢t and ¢, respectively. We define the
wall-crossing term in our residue formula (22) as the difference between these two polynomials:

p+(k;A) — p—(k: ).
Using Lemma 4.1 and (24), we obtain the following simple residue formula for this difference.

Lemma 4.13 Let (I1,1), ¢* and ¢~ be as above, and let us fix a diagonal basis &% C %. Denote by %|T1
the subset of those elements of %, which satisfy the condition described in Lemma 4.12. Then

25  prk D)= p-(k. ) =Np > lBer [(1 = exp(Biink (X)) w28 (x/K) | (A /k — [c T B).
Bey|IT

where Blink is the “link” element of B (depending on I1 and B) defined after Lemma 4.12.

Remark 4.14 The multiplication by 1 — exp(Biink(x)) in (25) has the effect of canceling one of the
factors in the denominator in the definition (16) of the operation iBer.
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Example 4.15 Calculating the difference of two polynomials from Example 4.11, we obtain the wall-

crossing term for the rank-3 case:
erx+(A1+A3)y+x

P 1) = p (ki 4) = (=3(k +3)%)* Res Res
Re

dxdy.
=0x=0 (1— e*®+3)ug(x, y)28—1

4.5 Wall-crossing and diagonal bases

Now we pass to the study of the combinatorial object %|I1 defined in Lemma 4.13. One thing we will
discover is that even though each diagonal basis consists of (r — 1)! elements and the right-hand side
of (25) does not depend on the choice of %, the number of elements in %|IT might vary with %.

First we look at the case of the Hamiltonian basis ;. Form now on, we will use the notation |IT'| = r’/
and |T1”| = r” for a nontrivial partition IT = (IT’, [1”") — recall the convention r € I1”. The following

statement is easy to verify.

Lemma 4.16 Let IT = (IT, I1”) be a nontrivial partition such that 1 € T1’ (the other case is analogous).
Then

%1/l ={o(B)|o(1)=1and o(IT") € '}.
In particular, |?€1 |H‘ =" =1

It turns out that for our geometric applications, instead of #1, we will need to choose a particular nbc basis,
where the ordering is chosen to be consistent with TT.

To simplify our terminology, we will use the language of graphs and edges introduced in Section 3.3,
and we will think of &’/ € ® as an edge in the complete graph on r vertices. To define the ordering v,
we need to choose an edge between IT’, IT”; the choice is immaterial, but for simplicity we settle for
m & max{i € [T’} and r € I1”, and set Bjjnxk = ™" to be the smallest element according to v.

The v-ordered list of edges thus starts with Bji,k, and then continues with the remaining r’ - r” — 1 edges
connecting IT" and I1”. Next we list the %r’ (r’ — 1) edges connecting vertices in I1’ in any order, and
finally, we list the remaining edges, those connecting vertices in I1”.

Notation We introduce the natural notation ®" and ®” for the A, and A, root systems corresponding
to IT” and I1”, and we denote by @[v], 9’'[v] and %”[v] the diagonal nbc bases induced by the ordering v
on ®, ®" and ®”, respectively.

The following is easy to verify.

Lemma 4.17 Given elements B’ € 9'[v] and B” € %" [v], we can define an element of %[v] as follows:
we start with By, then append B’, and then continue with B”. This construction creates a one-to-one

correspondence
(26) %' [v] x D" [v] — D[V]|TT.
In particular, |Qb[v]|H| =@ =D " =1
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Finally, putting Lemmas 4.13 and 4.17 together, we arrive at the following elegant statement.

Proposition 4.18 Let (I1,7), c™ and ¢~ be as in Lemma 4.13, and let %' and %" be diagonal bases of

®" and ®”, correspondingly. Then

@7 prk:)=p-(k:)=(k+r)Noge 3 37 Res iBeriBerlwg > (x/k)](A/k~[c"]5) dPin.
B'ew Breqr Pin=0

where Resg,  —oiBerp iBerp, dpiink is simply iBerp (see (16)) with B obtained by appending B’, and

then B” to Biink, and with the factor (1 — exp({Biink. X)) removed from the denominator.

Remark 4.19 The expression

ﬁRes 1Ber1Ber[w1 2g(x/k)](/\/k [c*1B) dBink
link=0 B’

may equally be interpreted as follows. We write
A3 X/k [t = Mok Bk +n' +n"

according to the splitting of B, think of w(x/ k) as a function in Fg~ with some fixed values of the

parameters from B’ and Bk, and then calculate
1Ber[wq> 28 (x k)] (n").

The result will be a rational function Q in the variables from B’ and Bk, and we proceed to calculate
iBerg/[Q](n’) to obtain a function F in the variable Bk, and finally the answer is

Res exp(Biink) F (Biink) d Bink-

link =
We observe that since the trees Tree(B’) and Tree(B”) are disjoint, the order of the application of the
operations iBer g/ and iBerg~ is immaterial.

5 Wall-crossing in master space

Master spaces were introduced by Thaddeus in [28] in order to understand the dependence of GIT
quotients on their linearizations. Following his footsteps, in this section we describe a simple but very
effective method to control the changes in the Euler characteristics of line bundles when crossing a wall
in the space of linearizations. (Similar results appeared in [8].)

5.1 Wall-crossing and holomorphic Euler characteristics

We begin by recalling the basic notions of geometric invariant theory.

Let X be a smooth projective variety over C, and G a reductive group acting on X. A linearization
of this action is a line bundle L on X with a lifting of the G—action to a linear action on L. An ample
linearization is G—effective if L” has a nonzero G—invariant section for some n > 0; the space of such
linearizations Coneg (X)) is called the G—effective ample cone.
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For L € Coneg (X), we define the invariant-theoretic quotient My = X // LG as the Proj of the graded
ring of invariant sections of the powers of L:

My =Proj P HO(X. L"),
n

According to Mumford’s geometric invariant theory [18], there is a partition of X (depending on L)

(28) X = X°[L]UX*[L]U X"[L]

into the set of stable, strictly semistable, and unstable points such that there is a surjective map
(X°[LIUX®®[L])/G — ML.

When X**[L] is empty, this map is a bijection, and the quotient My = X*[L]/G is a smooth orbifold.

In [7], Dolgachev and Hu studied the dependence of the GIT quotient M7 = X // LG on L. They showed
that Coneg (X) is divided by hyperplanes, called walls, into finitely many convex chambers such that
when L varies within a chamber, the partition (28) and thus the GIT quotient M, remains unchanged.
Moreover, an ample effective linearization lies on a wall precisely when it possesses a strictly semistable
point.

Now let us consider two neighboring chambers, with smooth GIT quotients M and M_. We pick an
arbitrary linearization £ of the G—action on X, which descends to M and M_. This last condition
means that if S C G is the stabilizer of a generic point in X, then S acts trivially on the fibers of &£. We
will call such linearizations descending.

Thus, given such a descending linearization & of the G—action on X, we obtain two line bundles: one
on M and one on M_, which, by abuse of notation, we will denote by the same letter &. Via taking Chern
classes, this construction creates a correspondence between classes in H?(My,7Z) and H*(M_,7),
which we will assume to be an isomorphism of free Z-modules. We will thus identify these lattices, and
introduce the notation I" for them:

I =H?>My,Z)~ H*(M_,7).
The walls mentioned above can be thought of as hyperplanes in ['g ="' ®7 R.

Our goal in this section is to compare the holomorphic Euler characteristics y(My,¥) and y(M_, &),
which are given by the Hirzebruch—Riemann—Roch theorem:

(ML, P) = / exp(cy(¥)) Todd(My4).
My

As this expression is manifestly polynomial in ¢ (&), we obtain thus two polynomials on I', and our goal

is to calculate their difference, the wall-crossing term
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5.2 The master space construction
To simplify our setup, we will make some additional assumptions.

Assumptions 5.1 (a) The generic stabilizer of X is trivial.

(b) Let L4 and L_ be two ample linearizations of the G—action on X from the adjacent chambers
corresponding to the quotients M4 and M_. Without loss of generality, we can assume that the
linearization Lo = L4+ ® L_ lies on the single wall separating the two chambers, and that the
interval connecting ¢y (L) and ¢1(L-) in 'g = ' ®z R does not intersect any other walls.

(c) Let X be the set of those semistable points x € X*[Lg] which are not stable for L
X0 1= X*[Lo]\ (X*[L4]U X°*[L-])
We assume that X© is smooth, and that for x € X© the stabilizer subgroup Gx C G is isomorphic
to C*.

(d) Assume that there is a linearization L of the G—action on X such that Li=L_® L™ for some
positive integer 7, and such that for each x € X, the stabilizer subgroup G acts freely on L *\O.

Now we introduce the master space construction of Thaddeus [28]. Consider the variety Y = P (0 & Z),
which is a P1-bundle over X endowed with the additional C*—action (1,¢~!). As Y is a projectivization
of a vector bundle on X, it comes equipped with O(1), which is the standard G x C*—equivariant line
bundle. To simplify our notation, we will denote the same way the linearizations of the G—action on X
and their pullbacks (with tautological G—action) to Y.

The master space Z then is the GIT quotient of ¥ with respect to the linearization L_(n) = L_ ® O(n):
zZ=y)-mg,
which inherits a C*—action from Y. Some additional notation:

e We denote this copy of C* by T.
¢ We denote the projection Y — X by x, and the quotient map Y* — Z by .
¢ Introduce the notation Y (0:-) and Y(-:0) for the two copies of X in Y, corresponding to the two
poles of the projective line; then Y is partitioned into three sets
Y =Y(0:)uY(-:0)uL®,

where L° is the line bundle I, with the zero-section removed. We will write 7o for the restriction
of 7 to L°. We collect our maps in the following diagram:

[°— s vy=POoL) >y Yz
(30) o l”
X
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Proposition 5.2 (i) There are embeddings
i—:M_— 7 and 14: My —Z

obtained as the quotients Y*NY(-:0)/G and YN Y(0:-)/G, correspondingly.

(ii) The strictly semistable locus of Y with respect to the linearization L_(n) is empty, and the GIT
quotient Z = Y*/G is smooth.

(ili) There is an embedding 1o: X°/G — Z, obtained via ¥ (o~ 1(X°?)). We denote the image of 1,
by Z°.
(iv) The fixed point locus ZT is the disjoint union of 1 (M), ._(M_) and Z°.

Proof Statements (i)—(iii) follow from [28, 4.2, 4.3]. To prove (iv), first note that Y (-:0) and Y (0:-)
are fixed by T, so we immediately obtain that M4+ C Z are fixed components. Also the G—action on Y
commutes with the T—action, so a point ¥ (y) € ¥ (7, 1 (X)) is fixed by 7T if and only if the T—orbit
T -y C ;7 1(X) is contained in the G—orbit G -y C w5 1(X). Since T -y C 75 ! (x) for some x € X, we
need y € 75 1(X?). Moreover, for any y € 75 !(x) C 75 1(X?), T -y = n5'(x) = Gx - y, so a point
V¥ (y) € Y (51 (X)) is fixed by T if and only if ¥ (y) € ¥ (751 (X?)) = Z°. i

Construction Given a G—equivariant vector bundle £ on X, we can construct a T—equivariant vector
bundle {(E) — Z on Z by first pulling E back from X to Y, and endowing the resulting bundle 7* E
with the trivial action of T, and the action of G pulled back from X. We then obtain {(E) — Z by
descending 7*E to Z.

Before we formulate our wall-crossing formula, we need one more ingredient: the identification of the
normal bundles of the fixed-point components of Z.

Lemma 5.3 (i) The normal bundle on the component My of ZT is ¢ (Z_1)| Mo and the normal
bundle of M_ is {(L)|,, .

(i) Letx € X°, denote by G the stabilizer of x in the group G, and consider the point 1o(x) € Z°
(see Proposition 5.2(iii)). Then the normal vector space of Z 0c Z atthe point to(x) is canonically
T —equivariantly isomorphic to the T —vector space Z;’C xG, Nx X, where Ny X is the vector space
normal to X° C X at x, and the T ~ C*—-action is induced by left multiplication by t~! on Zx.

Proof Part (i) immediately follows from the formula for the tangent space of the projective line:
TP (V) ~Hom(S, Q), where S — V — Q is the tautological sequence on P(V'), the projectivization of
the vector space V.

For part (ii), consider diagram (30); our goal is to identify the descent to Z¢ of the normal bundle Nno—l X0
to 751 X% in L°. We only need to observe that this bundle may be identified with the pullback 7* N X ©
of the normal bundle to X° in X, endowed with the natural G—action and a T—action, which is trivial on
the fibers. O
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Remark 5.4 Restricting the operator ¢ to X, we can construct a T—equivariant vector bundle on Z°
from a G—equivariant vector bundle on X°. Then the normal bundle N o of Z® C Z may be also
described as ], (N X 0). The T—weights of the action may be computed by fixing x € X, identifying
the stabilizer subgroup Gy C G with T via its action on the fiber L x> and then considering the action
of G, on N, X©.

Lemma 5.5 The restriction of the line bundle ¢ (Z) to Z° is trivial with T—weight 1.

Proof Note that n;"z admits a G—equivariant tautological nonvanishing section. For calculating the
weight, we observe that while 7" acts on Ly with weight —1, the 7T—weight of LS xg, L is +1. |

Definition 5.6 Given a T—vector bundle V' on a manifold on which 7 acts trivially, the 7—equivariant
K-theoretical Euler class of V* which we denote by E;(V'), may be described as follows: let x1, ..., Xy,
be the Chern roots of V', and [y, .../, € Z be the corresponding 7—-weights. Then

n

E/(V) =[] =175 exp(—x;)).

j=1

Now we are ready to write down our wall-crossing formula for (29). A key role will be played by the
following notion: given a rational differential one-form on the Riemann sphere, let us denote taking the
sum of residues at 0 and at infinity by p — Res;=0,00 1:

Res = Res + Res .
t=0,00 t=0 t=00

Theorem 5.7 Let & be a linearization of the G-action on X and denote by { (&), as above, the T—
equivariant line bundle on Z obtained by pullback to Y and descent to Z. If Assumptions 5.1 hold, then

Cht (é' (g) | ZO)

dt
Todd(Z%) %=,
Ei(Ngo) 005

31) KM %) — (M-, %) = Res [
yAY

—Ooo

where N o is the T —equivariant bundle on Z° described in Lemma 5.3, ch, is the T —equivariant Chern
character, and E;(N 7o) is the K-theoretical Euler class of N ;0.

Proof The Atiyah—Bott fixed-point formula [2] applied to the line bundle & on our master space Z
yields

chy ()] )
32 Z. & dd(F),
(32) 102, %) = Fzzj/ o Tod(r)

where the sum is taken over the connected components of the fixed-point locus Z7 .
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In Proposition 5.2, we identified these components as M4, M_ and Z°. Lemma 5.3 identifies the
equivariant normal bundles of M4 and M_, and thus the corresponding contributions are

/ ch(¥) Todd(M ) d / ch(¥) Todd(M_-)
= an —.
My 1—t"Texp(cy(L)) M_ 1—texp(—cy1(L))
We observe that y;(Z, ) is a Laurent polynomial in ¢ since it is the alternating sum of 7—characters of

finite-dimensional vector spaces. Thus, as a function of ¢, y;(Z, %) has poles only at t = 0, oo, and by

the residue theorem, we have dt
Res x:(Z,%)— =0.
t=0,00 t

On the other hand, since

A A
Res —ﬂ =—A and Res ﬂ = A,
t=0,001—¢t"1B t t=0,00 1 —tB t
we have h(%) Todd(M. )
Res DD A dt My 1),
1=0,00 Jp, 1 —t—lexp(ci(L)) !
h($¥) Todd(M_
Res ch(®) Todd(M-) di =x(M_,L).

1=0.00 Jm_ 1—rexp(—ci(L)) !
Now, applying the functional Res;—¢, to the two sides of (32) multiplied by d¢/t, we obtain the desired
result (31). O

6 Wall-crossings in parabolic moduli spaces

In this section, we apply Theorem 5.7 to wall-crossings in the moduli space of parabolic bundles.

From now on, we assume that d = 0, and we write A for the corresponding set of admissible parabolic
weights Ag. Recall from Section 2.2 that for regular ¢ € A, the moduli space of stable parabolic
bundles Py(c) is the GIT quotient XQ //°PSL(x), where XQ is a subspace of the total space of a flag
bundle over the Quot scheme. Let us fix a partition IT = (IT, IT”) and an integer /, and introduce the
notation A} and A”, for the simplices of parabolic weights of T1" and I1”. Let ¢ € X, be the unique
permutation which sends {1,...,r’} to I1’ preserving the order of the first r’ and the last r”" elements.
We choose ¢? = (c?, .. ,c?) € Sy, and two regular elements ¢T,c™ € A in two neighboring chambers
separated by the wall Sty ;, such that

ct=c"+e(..,0,1,0,...,0,—1)

for some positive € € Q, where 1 and —1 are on the ¢(r’)™ and r™ places, respectively. Let

¢ = Z c?xi €A) and ("= Z c?xi e,
i€ll’ ieIl”
For (k, ) € Z x A, consider the polynomials

q+(k, ) = y(Po(cE), Lo(k; 1)).
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Our goal is to calculate the difference of these two polynomials.

Notation To simplify our notation, from now on, we omit the index ¢ from the symbols for equivariant
characteristic classes.

6.1 The master space construction

We construct the master space Z from Section 5.2 using the following data:
¢ A smooth variety X = XQ; see Section 2.2.

e Linearizations L* = L(k; A%) of the G—action on X (see Section 2.2) such that A*/k = ¢*.

e The linearization L = L(0; x4y — xr) of the G—action on X.

The following statement is easy to verify.

Lemma 6.1 [6, Section 3.2] The subset X° C X is the set of points representing vector bundles W
on C such that W splits as a direct sum W' & W', where W’ and W' are, respectively, ¢'— and ¢”'—stable
parabolic bundles. Therefore, we have the following description of the locus Z°:

Z0=w=weaew'"|WeP/('),W"e P_j("), det(W) ~0}.

Remark 6.2 The locus Z° is fibered over Jac! with fiber P;(c’) x P_;(c”) by the determinant map
P(¢) — Jac!, and

(33) H*(Z°, Q) ~ H*(Pi(c) x P_;(c"),Q) ® H*(Jac', Q).

Remark 6.3 If the rank of the vector bundle W € P;(c) is 1, then ¢ = and P;([) is isomorphic to J ac!,
while P;(/) is a point.

Now we need to verify the hypotheses of Theorem 5.7. Note that in our present construction X is not
projective; however, it contains all semisimple points of the flag bundle over the open subscheme of
the Quot scheme parametrizing locally free quotients (see Section 2.2) for all possible polarizations,
and hence the missing points of the Quot scheme have no effect on any of our constructions (a similar
argument appeared in [28]).

Assumptions 5.1(a)—(b) are trivially satisfied, so we study the action of the stabilizer G, C PSL(N) of
point x € X on the fiber Ly \ 0.

¢ For a general point x € X the stabilizer of x is the center Z 5y C SL(NV), which acts trivially on the
fiber Ly \ 0.
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e For x € X°, any element of the stabilizer of x induces an automorphism of the corresponding
vector bundle W = W’ @ W, so the stabilizer of x in GL(N) is isomorphic to C* x C* € GL(N).
An element (t1,1,) € C* x C* is in SL(N) if and only if tV'2)" = 1, where N’ = y(W’) and
N" = y(W"). Note that (¢1, 1) acts on Zx as tltz_l, and we need f; = f» (hence th = 1) for this
action to be trivial, so the stabilizer of any point in Ly \ 0 is the center Z y C SL(N).

Then the action of G = PSL(N) is freeon Y \ (Y(0:-) U Y(-:0)), and the action of G, C PSL(N) on
L, \ 0 induces an isomorphism Gy ~ C* ~ T
Now by Theorem 5.7, the wall-crossing polynomial g—(k;A) — g+ (k; A) is equal to

ch($o(k; A
- - (Lolk; 1] 40)
t=0,00 J 70 E(Nzo)

Todd(Z°) #.

Note that in our case, the 7—action on Z is free outside the fixed locus Z T, so as a functionin ¢t € T, the
integral in (34) may have poles only at t = 0, 1, co. Then, using the residue theorem and substituting
t = e%, we conclude that (34) equals

ch(Lo(k; )] 50) o
(35) —11};33 /ZO E(N o) Todd(Z") du,

and thus our goal is to calculate this integral.

Our first step is to identify the characteristic classes under the integral sign; see Proposition 6.11 for the
result.

We start with the study of the restriction of the line bundle £ (k; A) to the fixed locus Z° C Z. First, we
describe a parametrization of the factor H* (Jacl, Q) in (33). Let ¢ be the Poincaré bundle over Jac xC
such that ¢ ($) () = 0; define n € H?(Jac) by (3_; 1(P)(e,) ® e;)?> = —2n ® w (see Section 2.3), then
(see [33]) for any m € Z,

(36) / e =mé.
Jac

As Z9 is a connected component of the fixed locus of the T—action on Z, its equivariant cohomology
factors: Hy(Z 0y ~ H*(Z°) ® C[u]. In particular, there are canonical embeddings H*(Z°) — Hp(Z 0)
and Clu] — H;(ZO).

Remark 6.4 It follows from Lemma 5.5 that ¢ (¢ (Z,)| Z0) = U.
Recall that for a parabolic weight ¢ = (c1,...,¢,) € A, we have set cry = ) ¢y Ci-

Lemma 6.5 Let A = (Ay,...,A;) € A,k € Z”% and let T1 = (I1’, 11”") be a nontrivial partition with

rell”. Let
k/= Z kixl- and /\// = Z /\ix,',
iell’ iell”
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and define § by (A/ k) =1+ 6. Then

kK nk
ch(seo(k;mzo)=ek5"exp(’7—,+’7—”)ch(5£,(k;x’,..., k)R (ki Al AT+ kS)),
r r

where X denotes the external tensor product of line bundles on P;(c’) x P_;(c").

Proof First, note that
ch(Lo(0; A)] o) = eXUTDU ch(Ly (0: A, ... AL —kl —k8) RE_;(0; A, ..., ALy + kI +kS§)),
and thus it will be sufficient to identify the restriction of £(k;0). It follows from Lemma 2.8 that
k
c1(£o(k:0)) = 7-c2(Endo(U)) (2)-
Note that
c2(Endo(U))(2) = —k ch2(U) ) + ¢§(U)2) = —k cha(U) a),
and thus
e1(Lo(k: 0)) = —k cha(U)2).

Denote by U’ and U” the normalized (see Section 2.3) universal bundles over P;(¢’)xC and P_;(¢")xC,

respectively. Since
ch2(U] ,0)(2) = cha(U' ® (L) z0)2) + ch2((7”|20)(2),
we have (see Remark 6.4)

(BT c1(Lo(k:0)| o) = —k cha(U')2) —k u c1(U) ) —k cha(U") )

k ~ k ~ k ~ k ~
= WCZ(U/)(Z) - Fc%(U,)(z) + WCZ(UN)(Z) - WC%(UN)(Z) —klu.
Now, since

3 (U")ay=2lc1(U)—2n and ¢}(0") ) =—21c1(U") -2,
by Lemma 2.8 we have
k kil k k
c1(Lo(k:0)| 50) = 701(581(1’/; I,....01)— 701((]/) + - + ﬁcl(éf_l(r’; —1,...,=1))

kl k
+ ﬁcl(U") + nﬁ—klu

= 1 (L1(k: 0,....,0, k1)) +c1 (L_1(k: 0,....,0,—kI))) + n(rE + %) —klu,

!/

and this completes the proof. |

Lemma 6.6 Denote by U’ and U” the normalized (see Section 2.3) universal bundles over P;(c) x C
and P_;(¢"") x C, and denote by m the projections along C. Then the T —equivariant normal bundle to the
fixed locus Z° C Z is

(38) Nzo = R (ParHom(U’, U")) ® RE7,(ParHom(U", U")),
where the T >~ C*-action has weights —1 and +1 on the two summands, respectively.
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Remark 6.7 As we are working with fixed determinant moduli spaces, the pushforwards in (38) are to be
taken along the curve C in the part of P;(¢’)x P_;(c”")x C, where det(W') det(W”) ~ 0; see Lemma 6.1.

Proof According to Lemma 5.3, for any point x € X, the normal bundle N o at the point ¢o(x) € Z°
may be identified with the 7'—vector space Z; xXG, Nx X 0 where Ny X0 is the normal bundle to X% Cc X
at x, with the T—action induced by left multiplication by #~! on L x-

Denote by UQ the universal bundle over X, which descends to the normalized universal bundles on
Po(cT). Recall that any point x € X represents a vector bundle which splits as a direct sum of two
subbundles, hence we have UQ, = U} @ Uy, and

Ny X° = H'(C,ParHom(U,}, Uy)) ® H'(C, ParHom(Uy , U})).

(See [20, Proposition 1.13] for the description of the deformation space of parabolic bundles.) A simple
calculation (see Remark 5.4 and Lemma 5.5) shows we have a T-module isomorphism

L2 xg, H'(C,PartHom(U,;}, UL)) ~ L, ® H'(C, ParHom(U7, U;))

with T—weight —1 induced by multiplication on L x and trivial action on U7 and Uy ; applying the
projection formula we obtain that

Ly ® H'(C,PartHom(U,}, U7)) ~ H}(C,PartHom(U;f @ L1, UL)).
Similarly, we have

Z; xg, H'(C,ParHom(U; ,U])) ~ Z;l ® H'(C,ParHom(U, , U;"))
~ H}(C,ParHom(Ux_, U; ® Z;l))
with T'—action of weight 1.

Finally, we observe that according to our normalizations, the bundles Ut ® L' and U~ descend to
the normalized universal bundles U’ and U"” over P;(c¢’) x C and P_;(c”) x C, respectively, and this
completes the proof. O

6.2 Calculation of the characteristic classes of N o

Before we calculate the equivariant K-theoretical Euler class of the conormal bundle N}, we need to

0s
introduce some notation. Recall that for 1 <i, j < r, the differences x; — x; € V* are liZnear functions
on V, and the function x; — x; corresponds to the linearization Lo(0; x; —x;) on X, which descends to
the line bundle £o(0; x; — x;) on the moduli space Po(c); see Section 2.2. As in Section 5.2, we denote
by ¢(Lo(0; x; —x;)) the line bundle on Z obtained by the pullback and then descent. This way, we obtain

a correspondence between the linear functions x; — x; and the T—equivariant line bundles on Z.
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Recall the definition of the permutation ¢ € X, given at the beginning of this chapter: ¢ takes the first r’
numbers to IT’, preserving the order of the first 7" and the last r” elements. We introduce the symbols

zi = zj = c1(§(Lo(0: xg(5) = Xp(j)))] z0) for 1<i,j<r',
(39) i =zl = (E(Lo(0; Xp(rr4i) — X'+ ) 7o) for 1<i,j<r",
u=(zy, —z,) = c1(£(Lo(0: Xp ¢y — X)) 40)

for the equivariant cohomology classes in H % (Z9). The last equalities are consistent with Lemma 5.5.

Remark 6.8 Letting %, and %/ denote the flag bundles (see Section 2.3) on Py(c’) and Po(c”), corre-
spondingly, we have (see Remark 6.2)
zi—zi =Ty /T @ (Fr_ i /T )T € H?(Py(c)),

zf =z} = 1l (F)_i /T @ (F)_ | F)_)*) € H*(P_i(c")).

Taking into account these identifications, functions on V' give rise to equivariant cohomology classes
on Z°. To make the splitting Hp(Z 0y ~ H*(Z%) ® C[u], explicit, however, we will write these classes
in the form fy,(z, z”"), thinking of them as functions of the differences of the z/s and the differences of
the z;’, depending on the parameter 1. With this convention, we introduce the notation

w(z', ") = 1_[ 2 sinh(z; —z}/) 1_[ 2 sinh(z/ — z}),

I,J i,J
P(i)<p(r'+)) o(r'+/)< (@)
1 1
CACRESEE D DR CE R S DR G}
i,J i,J
d()<¢p(r'+J) (r'+/)<e (@)

where, according to (39),
zi—zj = (zj—z) tu—(z/ —z)) = c1 (¢£(L0(0: X9 () — X'+ ) 7o) € HZ(Z°).

Proposition 6.9 The K-theoretical Euler class E(N 7o) (see Definition 5.6 with ¢ = e¥) is given by the

formula
E(Nzo)_l _ (_l)lr—i-r/r”(g_l)e_rlu CXP(% + %)w;(z/’ Z//)I—Zg exp(p;(z/,z”))
cch(& (=1, =L =l D) RS L =),

Proof It follows from the short exact sequence (6) for parabolic morphisms that
ch(—m (ParHom(U"”, U"))) = —ch(m (Hom(U", T"))) + Z %77
i,j
¢(D)<p(r'+j)
ch(—m (ParHom(T’, U"))) = —ch(m(Hom(U', U"))) + Z % 7,

i,J
¢(r'+j)<¢ ()
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so by Lemma 6.6,
(40) ch(Nzo) =
ch(—m(Hom(T",U")) ® —mi(Hom(T", T"))) + ) e%iTE 4 3 s
i,j i,j
$@)<¢(r'+)) d(r'+j)<e ()
Let f(x) be a power series in one variable, and W a vector bundle of rank r with (equivariant) Chern

roots y1, ..., yr. Then we denote by [ f(x)]" the multiplicative (equivariant) characteristic class of W
given by the function f(x) in Chern roots of W':

o™ =T ron.
Jj=1

Lemma 6.10 Let P be a smooth variety, and let S be a T —vector bundle on P x C with T—weight 1;
pick a point p € C and denote by w: P x C — P the projection along the curve. Then

exp(—chz(S)(2)) .
[(2sinh(}x))*¢ 2]

1 —m S —teX —mS
1 —¢tle—x T 1 —tex ’

1 —mS* 1 (—mS*)*
S il

1—te™™ 1—te*

E(—mS EB—JT!S*)_I = (_1)rk(—ﬂ!S)

Proof Note that

E(-mS)~!

Applying Serre duality and the Grothendieck—Riemann—Roch theorem we obtain
ch(—=mS) +ch((—mS*)*) = ch(—mS) +ch(m(S® K¢)) = ch(—m S) + 7« (ch(S ® K¢) Todd(C))
= ch(—m§)+ch(mS)+(2¢—2) ch(S,) = (2g—2) ch(Sp),
where K¢ is the canonical sheaf on the curve C, hence

[ 1 }_”’Se(_ms*)* = [ 1 ]Sp _exp(=c1(Sp)(g— 1))
: —

1 —te* - 1 _[ex)Zg—Z [(2 Sinh(%x))Zg—Z]Sp .

Since
[~e*]™™S = (=)™ exp(cr (—mS)),

and, by the Grothendieck—Riemann—Roch theorem,

chy (=m§) = chy(Sp)(g —1) —cha(S)(2),
we conclude that

[2e*]7™S = (= 1)) exp(c (Sp) (g — 1)) exp(—cha(S) (),

which finishes the proof of Lemma 6.10. O
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Note that the last two terms in (40) are the sums of Chern characters of line bundles, so they contribute

the multiplicative factor
exp(py (z'.2"))
wy(z’,z")

to the equivariant class E(N,o0)~'; and using Lemma 6.10 with § = Hom(U”, U"), we obtain that the
inverse of the K-theoretical Euler class of the first term in (40) is
(=) HTED W 2)2 72 exp(—cha(Hom(T", ) ).
Note that
—chy (Hom(U", U")) (2) = 3¢2(Endo(U’ & U"))(2) — 2c2(Endo(T")) (2) — S¢2(Endo(T")) 2
=c1(L(r:0)| o @ Ly (—r"s=1,.... =) RL_j(=r":1,....])).

The latter equality follows from Lemma 2.8. Finally, using Lemma 6.5 to calculate the Chern character
of £(r;0)| 70> We obtain the formula for the class £ (Nz0)™!, and the proof of the lemma is complete. O

6.3 The wall-crossing formula

Putting Lemma 6.5 and Proposition 6.9 together, we obtain the following.

Proposition 6.11 The wall-crossing term (35) is equal to

K Res e(k‘s_rl)“/ |:(w;( (z',2"))' 728 exp(py (', "))
u=0 P (c")xP—i(c")
ceh(Epk+r" A =1 A =LA —1—kE+rl)

gg_l(k+r/;A,/1/+l,...,A,;(//_1 +l, /r///+l+k8—rl))
Todd(P;(c’) x P_; (c”))i| du,

where § is a parameter depending on A and the wall St ; (see Lemma 6.5) and K is the constant

)lr+r’r”(g—1) (r(k +r))*
(r/r//)g :

(—1

Now all that is left to do is to perform the integral, using an induction on the rank based on Corollary 4.10.
We will begin with the case / =0, as it is simpler. For / =0, the integral from Proposition 6.11 has the form

41) / [w(z',2") 1728 P 2") Todd(Po(c”)) Todd( Po(c”))
PO(C/)XPO(CN) ",/ / / /.17 14 14
-ch(ifo(k-i-r IR43 ERER ,—k5)®$0(k+r, 1o Nprr—1 s Npr +k8))]

sHp/—12r

The inductive hypothesis (22) may be cast in the form

(42) / ch(&o(k: 1)) Todd(Po(c)) = Ny D iBerlexp(h. x/k) - we (x/k)' ¢](0/k ~ [c]).
Po(c) ’ Be% B
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Now let us fix k, and allow A to vary. We can extend this equality by linearity to arbitrary linear
combinations of Chern characters of line bundles of the form

> ch(SFo(k: A1) = ch(Lo(k: 0)) - ) ch(Fo(0: A1)

Since any polynomial on V' up to a fixed degree may be represented as a linear combination of exponential
functions of the form exp(A, x/k), formula (42) may be generalized in the following way.

Lemma 6.12 Let G(x) be a formal power series on V, and denote by G(z) the characteristic class in
H*(Py(c)) obtained by the identification of functions on V and cohomology classes of Py(c), described
before the equation (39). Then we have

(43) /P o, ok 0)G () Todd(Po(e)) = i 3 iBerlGx/k) - (s/))(p/k = ).
ole Beg

Finally, let %’ and %" be Hamiltonian bases (see Section 4.5). Since
wa (x/k)war (x /lyw) (x/k) = wa(x/k) and o (x/k)p" (x/k)ps (x/k) = p(x/k),

where we, we~ and p’, p” are naturally defined for the root systems &’ and ®” (see Section 4.5), the
integral (41) is equal to

ﬁr’,k—f—r”ﬁr”,k—{—r/
: Z Z i]%grilgs:/r[w@(x/lg)I—dep(x/k)]
e e 4 ! / A ’ ” i ” r ”
((A’ s pl—10 ! _ks)/k_[c ]B’ + (AI, e Aprr_ 15 Ay +k8)/k_ [C ]B//).

Identifying u (see (39)) with the “link” element of the diagonal basis @ = («?" )7 g ') (see Section 4.5),
and moving the factor eK%% from Proposition 6.11 inside the argument of iBer, we obtain the proof of the
following theorem for / = 0.

Theorem 6.13 Let c* € A be in the neighboring chambers; then the wall-crossing term

X(Po(c™), Lo(k: 1)) = x(Po(c™), Lo(k: 1))

is equal to

(k + r)ﬁr,k Z Z Res iBeriBer[w¢(x/]}\)1_28](X/]€_ [C+]B) do{(p(r’),r,
B’E@’B”G@”a(b(ﬂ)’r:o B’ B”

where %' and 9" are the diagonal bases of ® and ®” (see Section 4.5) correspondingly.

Remark 6.14 This wall-crossing term coincides with the one from Proposition 4.18.
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Example 6.15 It follows from Example 2.9 that in case of rank 3, the permutation ¢ € X3 sends (1,2, 3)
to (1,3,2). Then u = ¢1(F; @ F,™) and let z = z| — z}) = c1(F};/F| ® F™). Then the inverse of the
K-theoretical Euler class of the conormal bundle is (see Proposition 6.9)

ch(éE)eg"/zeZ/2 (2 sinh(%u) 2 sinh( (z— u)))1 2g

where & = £4(2; 0, 0) is a line bundle on the moduli space Py of rank-2 degree-0 stable parabolic bundles.
The Chern character of the restriction of the line bundle £o(k; A1, A2, A3) to X is

e3k77/2 ch(gglg)e)nz-i-/lzu‘
Hence the wall-crossing term

X(Po(<), Lok, 1) = x(Po(>). Lo(k, )

is equal to

e}”zu Ch(iﬁo(k-i‘l;kl-i-l,—ll—
_(%(k +3))g RE(S) . 1 2g—1 [ . 1 2 2g—1
(2 s1nh(§u)) P (2 s1nh(§(z —u)))

The integral is the Euler characteristics of a line bundle on a moduli space of degree-0 rank-2 stable

1
) Todd(Py) du.

parabolic bundles, so we can calculate it using the induction by rank. It is equal to

(A1+1)z

DE T2k +3 ¢ Re d
DTl = 0 (2sinh(3(z —u)) 2sinh(} ))zg_l(l—e(k+3)z) ;

so the wall-crossing term is

Alz-i-)tzu-‘rz

g
(=3(k +3)?) Res Res T T dz du,

where @y (z, u) = 2sinh(3(z —u)) 2 sinh(u) 2 sinh(1z). Note that this is exactly the same polynomial
as in Example 4.15, after changing (z, u) to (x, —y).

7 Tautological Hecke correspondences

If [ # 0, then we need one more step in our proof, which uses the Hecke correspondence to calculate the
wall-crossing term (35).

7.1 The Hecke correspondence

Given a rank-r degree-d vector bundle W with a full flag0 & F; & --- & F, = W), at p, one can obtain
a rank-r degree-(d —1) vector bundle W’ with a full lag0 S G1 S -+ € G, = Wp’ using the tautological
Hecke correspondence construction as follows.
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The evaluation map W — W, induces the short exact sequence of the associated sheaves of sections
(44) 0= W W = Wy /Frey — 0

on curve C. Since W’ is a kernel of &, it is a locally free sheaf, thus gives a rank-r vector bundle W’
over C with det(W’) >~ det(W) ® O(—p). The image of the associated morphism of vector bundles «
at the point p is Fr—1 C Wy, so ap: le — W), has a one-dimensional kernel G C Wp’. Moreover,
compositions of ¢, with the quotient morphisms Fy_; — F,_1/F; induce a full flag of the corresponding
kernels G; € - S G,—1 S G, = WI; in Wp/.

Denote this operator between the sets of isomorphism classes of degree-d and d — 1 vector bundles with
a flag at p by
¥: (W, Fe) > (W', Gy).

Similarly, for any m > 0, one can define the operator #™ between the sets of isomorphism classes of
degree-d and d — m vector bundles with a flag at the point p by iterating the above construction m times.
Clearly, these maps are independent of the parabolic weights.

Proposition 7.1 Let ¢ € A be a regular (see page 2266) point. Then the operator ¥ induces an

isomorphism between the moduli spaces Py(c1,...,cr) and Py_1(ca,...,cr,c1—1).
Proof First, we need to show that if W € Py(cy,...,cr) is a parabolic stable bundle with parabolic
weights (c1, ..., cr), then W, its image under the Hecke operator %, is parabolic stable with respect to

parabolic weights (c3, ..., ¢y, c1 —1). For this, consider the subbundle V/ € W’ and leta(V') =V C W
(see (44)) be its image. Since W is parabolic stable,

parslope(V) < parslope(W) = parslope(W’).
We need to prove that parslope(V’) < parslope(W’). There are two possible cases:

e If o maps V' to V isomorphically, then deg(V') = deg(V') and V), C F,_1, hence parslope(V') =
parslope(V) < parslope(W).

e Otherwise, deg(V') =deg(V)—1, and V), is not contained in F,_1, so one of the parabolic weights
of V'is ¢; — 1. Then, as in the previous case, parslope(V’) = parslope(1V/), and the result follows.

To show that the map ¥ is an isomorphism, note that #” maps
(45) Py(cr,ca,...,¢r) = Pyg_p(c1—1,ca—1,,...,¢cr—1).

Itis easy to check that given W' and iterating the associated morphism of locally free sheaves of sections (44)
r times, we obtain a subsheaf W’ C W of sections of W which vanishes at the point p. So the map (45)
is just tensoring by O(—p), and hence it is an isomorphism. O
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Now we can define an operator #™ for any m € 7Z, taking the inverse map if necessary. We will need the

following statement, which follows from Proposition 7.1 and the construction of #".

Corollary 7.2 Let m > 0. Then under the isomorphism #™ the line bundle £;(k; A1, ..., A;) corre-
sponds to the line bundle Lj_;, (ki Ar—m+1s . s Ar, Al =k, ..., Arem — k).

7.2 The effect of the Hecke correspondence on the integral

Recall that our goal is to calculate the wall-crossing term from Proposition 6.11. For simplicity, we
assume that /[ is positive (the other case is analogous). We apply the Hecke operators %! and %! to the

moduli spaces P;(c¢’) and P_;(c”) to obtain
Py = Po(c)pq--mmcpncy =1, cp—=1) = Pi(c),
Py = Po(c;',,_H_1 +1,....c0+1,cf oo 0y = Poy(c”).
Recall (see page 2270) that there is a natural action of the group X, on V*, and hence (see page 2291)
on H2(P;(c") x P_;(c")). Let T’ € £,» and t” € ¥, be the cyclic permutations defined by

(=L =L g ep) = (Cppga e = L= 1),
(el e L D) = (e L L] el ).
Now set T = (t/,7”) € Z,» x Z,» C X,. Note that
v(=l+r, . =l —,..., =) =7-p'=p and "-(I,....1,1—1", ... 1—=r"y=1"-p"=p",

so applying the Hecke operator 9! x %! to the wall-crossing term from Proposition 6.11 and using
Corollary 7.2, we obtain that the wall-crossing term (35) is equal to

(46) K Res ekd6—7Du /
u=0

Xt IN1—2g 1-03(z',z")
/ //(t-wu (z',z") et Pu
Pyx Py

ch(Lotk+r"3 7" Wy =k oo Ay =k A foee s Ay A=k 41])))
-Ch(igo(k-i-r,‘ T”'(Allly e 9A’;-//_17 A’:'///—l-f‘l +k, ceey :-///+k+k8_rl)))

// //(Z Z//) ,0”(2/,2”)e‘C/'p/(Z,,ZN)—p,(Z/,Z”) Todd(P(;) Todd(P(;/)) du
As in Section 6.3, according to Lemma 6.12, we can calculate this integral using the induction on rank. Let

9%’ and 9" be two Hamiltonian diagonal bases. Then /(%) and t”/(%") are also Hamiltonian diagonal
bases (see Remark 3.5) and the integral in (46) is equal to

(47) (—l)lrﬁr/,k-i-r”ﬁr”,k—}-r’
> iBeriBerlr i (r/k)! T (we (x/kywar (xﬂ?))l—zge”"x/k’]

B'et’ (%) ~
B'er'@)) (¢ =Ko A =R A A A — kS D)
— [ (e —1 »---»Cl_l’cl+1""’cr’)]B'
T e A A A kAL R kS — 1)k
—[t" (Yoot 1 el + D).
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To arrive at Theorem 6.13, we need to make additional transformations of formula (47): first, we shift A/
and A", and then we apply Lemma 4.5 to eliminate the cyclic permutation .

Note that given an ordered basis B € % and an element v € V'* such that {v}p = 0, for any weight A € A
and positive integer k we have

(48) (A +kv)/k—[c+v]g =A/k —[c]g.
In particular, to perform the shift of A’ in (47), we use the following equality for any B’ € 9':
49) A~k A=k Ay AL AL — kS D) [k
—[(c} .. .ch el =)= (1,...,1,0,...0,=])] g
=M AL AL — kS 4Pl —1k) k= [(c}. ...y el =D B,

which clearly remains true after changing 9’ to /(%) and applying t’ to both sides of the equation.
Similarly, shifting the last terms of (47) by z”(0,...,0,—1,---—1,—1+1), we can rewrite (47) as

(50) (=D Ny pegrr Ny g
> iBer iBer|z - WX (x/k) 28 (we (x [k ) wer (x /k)) 1 728 TP/

Bler / / / / ™/ / / / /
B'er"@") (v My, ... Ay A —kS+rl—1k)/k—[t - (c].....cr_y =Dl
N A A kS =l 1) [k — [ (el ety el + D] Br).

Finally, identifying u (see (39)) with the “link” element of the diagonal basis
T(gb) — (af¢(r/),T(r)T/(@/)_[//(gb//))
(see Section 4.5) and
¢ moving the factor eKk8—rDu from (46) inside the argument of iBerg, where
B = (at¢(r/)’t(r)B,B”),
o applying (48) with B = («™"):7(") B’ B”) and v = [o7¢()-7("),
¢ applying Lemma 4.5, and
¢ using the fact that
v (e (xR wer (x/) = (=D wer (x/k)wer (x/k).

we obtain the formula of Theorem 6.13 for arbitrary / € Z.

8 Affine Weyl symmetry and the proof of Theorem 4.8(I)

In this section, we prove certain symmetry properties of our Hilbert polynomials on the left-hand side of
equation (1), and we finish the proof of Theorem 4.8(I). We start with the basic instance of symmetry of
Hilbert polynomials: relative Serre duality.
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8.1 Serre duality

Proposition 8.1 Let € — X be a rank-2 vector bundle over a smooth variety X, letw:Y =P(€) > X
be its projectivization and wy y the relative cotangent line bundle. Then

AV ERwF)y) = =Y. 7" L@ 0y 5™

for any line bundle ¥ € Pic(X).

Proof By Serre duality for families of curves [10, Chapter III, Sections 78], for any integer #,
(51) 1Y, 7*LR0(n)) = —x (Y, (£ ® (A*€)"T1) @ 0(—n - 2)).
Denote by Q2y,/y the sheaf of relative differentials on Y'; the short exact sequence

0— Qx/y ®0x > 7*¢é(—1) > 0x -0
implies that
wy/y = A E(=1)) = 7% (7*€) ® O(-2).

Then the statement follows from (51) by substituting n = —2m. a
Now we can generalize this statement to the case of flag bundles.

Proposition 8.2 Let 7:Y = Flag(€) — X be a rank-r flag bundle over X. Let ¥ be a line bundle on X,
and F1, F2 /%1, ..., Fr/Fr_1 the standard flag line bundleson Y . Fork € Z and A = (A1, ...,A,) € A,
write

L(k: 1) = (T*DF & (Fr /Fr )M & (Fr1/Fr )2 @ R F)".
Consider the polynomial
qlks A, Az, .o Ar) = (Y, E(ki A1, Az, o Ar))
in (k,A) € Z x A, and extend this definition to R x V*. Then q(k; A — p) is anti-invariant under the

permutations of A1,Az,...,A,.

Proof For1 <k <r,let Flagp(€) — X be the flag bundle over X obtained from ¥ by forgetting the
k—dimensional subspace. Then ¥ >~ P (Fgy1/Fg—1) — Flagp(€) is a P! —bundle over Flag(€), and
thus applying Proposition 8.1 we obtain

XY Lk A, Aty Attt s AP)) = —x (Y Lk A, oo A1 — LA+ 1,000 A)),
and the result follows. O

Geometry & Topology, Volume 28 (2024)



2300 Andprds Szenes and Olga Trapeznikova
8.2 The Weyl antisymmetry of the functions ¢; and ¢_;

Armed with this statement, we are ready to take on the symmetries of the Hilbert polynomial of our
parabolic moduli spaces. We note that the two sets A4 of weights for degree-+1 stable parabolic
bundles are simplices with one of their vertices at (1/r,...,1/r)and (—1/r,...,—1/r), correspondingly;
see Section 2.2.

Denote by Ny the moduli spaces of rank-r degree-+1 stable vector bundles and by UN any universal
bundle over N1 x C; see eg [3].

Lemma 8.3 Letc = (cy,...,c,) be a parabolic weight from the chamber in A, which has as one of
its vertices the (regular) point (1/r,...,1/r). Then the moduli space P1(c) of rank-r degree-1 stable
parabolic bundles is isomorphic to the flag bundle Flag(UN ,) over Ni. An analogous statement holds in
the case of degree —1 and the point (—1/r,...,—1/r) € A_;.

Proof A simple calculation shows that a point (cq,...,c,) € Aq such that all ¢; > 0 lies inside the
chamber in A; with the vertex (1/r,...,1/r). Hence it is enough to prove the first statement for the
moduli space Pi(cy,...,c,) with positive parabolic weights.

Moreover, it is sufficient to show that if (W, Fy) is a parabolic stable vector bundle which represents
a point in Pi(cy,...,cr), then W is stable as an ordinary bundle. Assume that W admits a proper
subbundle W’ with slope(W') > slope(W) = 1/r, then deg(W’) > 1. Since all parabolic weights of W
are positive, this implies that parslope(W’) > 0 = parslope(W), and therefore W is parabolic unstable.
The proof for degree-(—1) bundles is analogous. |

Denote the moduli spaces described above by P;(>) and P_;(<), correspondingly, and their images
under the Hecke isomorphisms % and #~1 by Py(>) and Py(<).
The following statement is straightforward; see Lemma 2.8.

Lemma 8.4 The line bundles £1(r;1,...,1) and ¥£_1(r;—1,...,—1) on P;(>) and P_;(<) defined
in Lemma 2.6 may be obtained as pullbacks of the ample generators of the Picard groups Pic(N4+1).

Example 8.5 In the case of rank-3 parabolic bundles the moduli space Pi(c1, ¢z, c3) with2¢3>c1+ca—1
is a flag bundle over N; and it is isomorphic to the moduli space Py(>) from Example 2.9, while the
moduli space P_1(cy,c2,c3) with 2¢; < ¢ + ¢3 + 1 is a flag bundle over N_; and it is isomorphic
to Po(<).

Now we establish the Weyl antisymmetry of the polynomials
ql(k;kl, ey k,«) = X(P0(>),§£0(k; Al, R ,)tr)),
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defined on R x A, as in Proposition 8.2. Let t € X, be the cyclic permutation such that 7-(cy,...,¢;) =
(¢c2,....,¢r. 1), and consider two points in V*:
01[k] = k+r-(1,1,...,1)—(k+r)xr—p=‘L’-(&—k,li,...,&)—f-(p)
r r r r
k k k k
= (7—%(;’—1)4—1,7—%(1’—1)4—2,...,7—%(r—1)+r—1,—k+7—%(r—1)),
9_1[k1=—"j’.(1,1,...,1)+(k+r)x1—p=z—l.(—é,...,—’f,—é+k)—r—1.(p)
_ (k—é+%(r—1),—§—%(r—l),—§—% r—1)+1,...,—’§—% r=1)+r-2).

Proposition 8.6 The polynomials g1 (k; A + 61[k]) and g—1(k; A + 6_1[k]) are anti-invariant under the
action of the Weyl group by permutations of Ay, ..., A,.

Proof Recall that the moduli space Py(>) is isomorphic to the flag bundle P;(>) over N under the
Hecke isomorphism #~!. Then using Corollary 7.2, Proposition 8.2 and Lemma 8.4, for any permutation
o € X, we obtain

g1k 0 - A+ 01[k]) £ x(Po(>), Lolk; o - A+ 01 [k]))
=X(P1(>),581(k;r_1-0-k+(k ]i)—p))

7, ey ,
= 7Py T (ki (55 <))
= (=17 x(Po(>), £o(k; A + 61[K)))

L —1)% g1 (k; 2 + 61 [K)),

where the second and fourth equalities hold by Corollary 7.2, and the third equality follows from
Proposition 8.2 and Lemma 8.4. The proof for g_; is similar. |

The two group actions in Proposition 8.6 may be combined in the following manner. For k > 0, we define
an action of the affine Weyl group ¥ x A on A x Z, which acts trivially on the second factor, the level,
and the action at level k is given by setting

oA=0-(A+p)—p and yA=A+4+(k+r)y foroeX,yeA.

We denote the resulting group of affine-linear transformations of V* by i[k], and note that the action is
defined in such a way that

(52) oA+p=c-(A+p) and (yA+p)/k=y+ R +p)/k.
It is easy to verify that the stabilizer subgroup
s+ € Stab(0, k], S[k]) € S[k]
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1

is generated by the transpositions s; ;41 for 1 <i <r —2, and the reflection «”"~">" 05,1 ,; similarly,

57 Y Stab(0_4 k], S[k]) € [k

1,2

is generated by s; ;41 for 2 <i <r —1, and the reflection «*“ 0 571 5.

Then Proposition 8.6 maybe recast in the following form: the polynomial ¢ (k; A) is anti-invariant with
respect to the copy X of the symmetric group X,, while g—; (k; 1) is anti-invariant with respect to the
copy X, of the symmetric group %,.

The following statement is straightforward:

Lemma 8.7 Both subgroups E;t are isomorphic to ¥,, and for r > 2, the two subgroups generate the
affine Weyl group S[k].

8.3 The Weyl antisymmetry of the polynomials p; and p_4

Following (22), we define the two polynomials

peitin =3 iBer[wg ** (x/k)O./k = [041]B).
where

91=%-(1,1,...,1)—x, and 9_1=—%-(1,1,...,1)+x1.

Proposition 8.8 The polynomial py(k; ) is anti-invariant with respect to X7, and p_1 (k; 1) is anti-
invariant with respect to X,

Proof The points 64 [k] are the fixed points of the actions of £F, and clearly limg_, o0 O+1[k]/ k = O+1.
This means that we can fix a small open ball D C V* centered at 67 such that

(53) AJkeD = (cA+p)/k~6; forallc e T,

Then for A/ k € D we have

pikid) = Berlwg > (x/b)I((A/k}p).
Be9

Now let us consider a generator of X1 of the type 0 = s; ;41 for some 1 <i <r —2. Using (52) and

Lemma 4.5, and the fact that 0 - wep = —we, we obtain
pi(kiod) =) Berlwg **(x/k))(-(A/kip) = ) iBer((—wy)' 7 (x/k))(1A/k}B) = —p1(k: 2).
Be9 Be%y

The case of the last generator o —Lrg Sr—1,r is similar, but after the substitution we need to use the

equality {a" 1" +1/l/c\}3 = {X/]/C\}B to obtain pl(k;lgoz'_l’r +Sr—1,0-A) = —p1(k; A). a
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8.4 Proof of Theorem 4.8(I)

Recall that in Lemma 4.1 we introduced a chamber structure on A C V* created by the walls Sty ;, where
IT = (IT’, I1”) is a nontrivial partition, and / € Z. Before we proceed, we introduce some extra notation.
Denote by

A={(kia)|a/ke AyCR™"xV*
the cone over A C V*, and let
A = {(k;a) |a/k € A is regular} C A

be the set of its regular points. Denote by §H,l C A the cone over the wall St,; C A; then A is
the complement of the union of walls S m, in A. Finally, denote by Eng the intersection of the lattice
Z70 x A with Are,

By substituting ¢ = A/ k, we can consider the left-hand side and the right-hand side of formula (I) of
Theorem 4.8 as functions in (k,A) € Erzg. We denote by ¢g(k; A) and p(k; A) the left-hand side and the
right-hand side, correspondingly.

We showed that g (k; A) and p(k: A) are polynomials on the cone over each chamber in A; see Theorem 4.4,
Section 2.4. We proved that the wall-crossing terms —ie the differences between polynomials on
neighboring chambers — for g (k; 1) (see Theorem 6.13) and for p(k;A) (see Proposition 4.18) coincide,
hence there exists a polynomial ®(k; 1) on Z>° x A such that the restriction of ®(k; 1) to Eig is equal
to the difference p(k; A) —q(k;A).

Now for r > 2, we can conclude that
Ok:A) = p1(k: A) —qi(k: L) = p—1(k;: X) —q-1(k: M),

where pyq(k;A) and g11(k; L) are the restrictions of p(k;A) and ¢(k;A) to two specific chambers
defined in Sections 8.3 and 8.2. Then, according to Propositions 8.6 and 8.8, the polynomial ®(k; 1) is
anti-invariant with respect to the action of the subgroups Eﬁc, and hence by Lemma 8.7, it is anti-invariant
under the action of the entire affine Weyl group i[k]. It is easy to see that any such polynomial function
has to vanish, and thus p(k; 1) = g(k; ), and this completes the proof of part (I) of Theorem 4.8 for the
case when A/k € A is regular.

As in Corollary 4.10, we can extend p(k;A) from the interior of each chamber to its boundary by
polynomiality. Clearly, to prove part (I) of Theorem 4.8 for the cases when A/k is not regular, it is
sufficient to show that these extensions from the chambers containing A/ k in their closure give the same
value on (k; A). It follows from Remark 10.4 that this is the case, and this completes the proof of part (I)
of Theorem 4.8; see Remark 4.9.
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9 Rank 2, two points

Unfortunately, the argument above does not work for » = 2 because in this case, 01 [k] = 6_;[k], the
groups X, and Xt coincide, and thus they do not generate the entire affine Weyl group. The way out is
to pass to the 2—punctured case.

9.1 Wall-crossing

We will thus fix two points p, s € C, and study the moduli space of rank-2, stable parabolic bundles W
with fixed determinant isomorphic to O(pd), with parabolic structure given by a line F; C W), with
weight (¢, —c), and a line G{ C W, with weight (a, —a).

Now we need to repeat the analysis of our work so far in this somewhat simpler case; some details will
thus be omitted.

Set d = 0; then the space of admissible weights (see Figure 6) is a square
O={(c,a)|1>2¢>0,1>2a>0},
which has two adjacent chambers defined by the conditions
c>a and c¢<a.

Denote the corresponding moduli spaces by Po(c > a) and Po(c < a). Again, we have universal bundles
over Py(c > a) x C and Py(c < a) x C, which we will denote by the same symbol U this bundle is
endowed with two flags, 1 C ¥, = Uy and 41 C 9, = U;. For u, A € Z, we introduce the line bundle

Lk; 2, 1) = det(Up)F178) @ det (4 (U)) * @ (F2/F1)* @ (F1) ™ ® (G2/G1)" @ (G1) ™.

We repeat the construction of the master space from Section 5.2, choosing a point (c¢?, ¢®) on the wall
and two points
(c,a)i =(%c% +te(1,0) 0, where € € Qsy,

from the adjacent chambers. We can identify the fixed-point set Z° as follows.

(0.3) (3-3)
P()(C < a)
Py(c > a)
©0 (1o

Figure 6: The space of admissible weights in the case of rank r = 2, two points.
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Lemma 9.1 The locus Z° defined in Proposition 5.2 is
Z0~Ja ~{V=LoL " |L,=F, L;' =Gy}

As in Section 6.1, denote by $ the universal bundle over Jac® xC normalized in such a way that
c1($) (o) = 0; see (8). Define

2
ne H2(Jac) by (Zq(})(ei) ®€i) =-2nQw.
i

We have then flac e =mé& form e Z.

Let 77: Jac® xC — Jac® be the projection and N o the equivariant normal bundle to Z° in Z. Then, as
in Lemma 6.6, Proposition 6.9 and Lemma 6.5, we obtain the identifications

e Nzo = RLm.(ParHom($, $71)) & Rl (ParHom($~ !, §)), where T ~ C*-action has weights
(=11,
e E(Nzo)™! = (=1)%(2sinh(1u)) 7> exp(4n),
o chr(L(k: A, w),0) = exp(Zkn) exp(u(A — w)).
Now we define the polynomials

he(k: 2 1) % v(Po(c > a), 2(k: o)) and  he(k: A, 10) % 1(Polc < a), Lk A, ).

Applying Theorem 5.7, we obtain the following expression for their difference.

Lemma 9.2 The wall-crossing term equals

ho (ki do ) — he () = (1) (2K 4 4)€ Res SPUA=1)
(ihai=hethi o) = (¥ @+ Rey 28 L0

9.2 Symmetry

Denote by P_j(c > a) the image of the moduli space Po(c > a) under the Hecke isomorphism #
(see Section 7) at the point p, and by P—i(c < a) the image of the moduli space Py(c < a) under the
Hecke isomorphism %€ at the point s.

We have the following analogue of Lemma 8.3.
Lemma 9.3 Denote by N_; the moduli space of rank-2 degree-(—1) stable bundles on C, and by UN

any universal bundle over N_1 x C. Then the moduli spaces P_1(c > a) and P_1(c < a) are isomorphic
to the bundle P(UN,) x P(UN;) over N_1.

Denote by J[p] and J[s] the vertical tangent lines of P(UN)) and P (UNj), respectively, and by £_4
the pullback of the ample generator of the Picard group of N_; to P(UN,) x P(UNy); see Lemma 8.4.
Then a simple calculation shows the following.
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6-[4] | |
o ey
 Poe <) 3
3 P()(C>a) 3
00 o,

) 01[4]

Figure 7: The space of admissible weights in the case of k = 4, r = 2, two points.

Lemma 9.4 Under the Hecke isomorphism 3 at p, the line bundle £ (2k; A, i) on Py(c > a) corresponds
to the line bundle $* | ® T[p]™*** @ T[s]* on P_;(c > a).

Under the Hecke isomorphism  at the point s, £(2k; A, 1) on Py(c < a) corresponds to the line bundle
iflil QI [p* @ T[s] ™t on P_i(c < a).

As in Section 8.2, applying Serre duality for families of curves (see Proposition 8.2) to the line bundles
on the two P! x P! bundles over N_;, we obtain that the polynomials 4~ (k; A, i) and h<(k; A, u) are
anti-invariant under the action of the Weyl group ¥, x ¥, with the center at 61 [k] = (%(k +1), —%) and
0, k] = (—%, %(k + 1)), correspondingly; see Figure 7. In other words, we obtain the following four
identities.

Lemma 9.5 ho(k; A, ) ==h=(k; A, —pu—1)=—h=(k;=A+k+1,n),
ha(k; A, ) =—ha(k;—A—1,0) =—h(k; A, —pu+k +1).

Now define the polynomials
~ A 1)) — A—
hs(k; A, ) = (1) 12k + 4)8 Res expu(A +pt 2)) exp(d = 1)) d
u=0  (2sinh(3u))"¥ (1 —exk+2))
exp(u(A+pu+1)) —expu(A —pu + k +2)) du
(2sinh(Lu))?® (1 — euk+2)

and from here we can follow the logic of the proof of part (I) of Theorem 4.8.

’

ho(k;d, ) = (—1)8 12k + 4)8 Res
u=

Proposition 9.6 The polynomials introduced above, in fact, coincide:

ho(k: A, ) =hs(k; A, 1) and he(k; A, p) =ha(k; A, ).

Proof It is a simple exercise to show that s (k; A, p) and h< (k; A, u) satisfy the identities appearing in
Lemmas 9.2 and 9.5, and hence the polynomial

Ok; Ay 1) = hs (ks Ay ) — hs (ks Ay ) = he (ks Ay 1) — B (ks A, 1)
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satisfies all four X,—symmetries listed in Lemma 9.5. These groups together generate a double action of
the affine Weyl group $in A and W separately, and this implies the vanishing of ©. a

As Py(c > a) is a P! -bundle over the moduli space of rank-2 degree-0 stable parabolic bundles Py(c, —c),
substituting 4 = 0 in h~, we obtain the Verlinde formula for rank 2.

exp(u(A+73))

Corollary 9.7 x(Po(c,—c), Lo(k; 1)) = (—1)8~1(2k+4)8 Resy,— —
"7 (2sinh(Lu))?E T (1—euk+2))

10 The combinatorics of the [Q, R] =0

In this section, we give a proof of the second part of Theorem 4.8. Let A/ k € A, and fix a regular element
¢ € A in a chamber containing A/k in its closure, and another regular element ¢ € A containing A/k in
its closure. Our goal is to prove the equality p.(k; A) = py(k: A), where we define

(54) pe(kid) = Npje D iBerlwg * (x/k)(A/k = [c])
Be%y

for a regular ¢ € A and diagonal basis 9. This is a subtle statement, which is a combinatorial-geometric
projection of the idea of quantization commutes with reduction (or [Q, R] = 0 for short; see [17; 25]).

IfA/k ~ A / k, ie when A /k and A / k are regular elements in the same chamber in A, then p.(k; 1) =
pe(k: A) is a tautology. We assume thus that this is not the case, and denote by ¥(k, A) the set of walls
separating ¢ and ¢, or containing either A/k or ) /lg or both. Equivalently, the wall Sty ; belongs to
S(k, A) if

G/ zlz0fm or W/ om <1< @A/,

where ¢ = ), e ¢; for an element ¢ = (¢, ..., c¢,) € V*. Clearly, there is a path in A connecting ¢
and ¢, which intersects only walls from ¥(k, A) in a generic points. Then to prove the equality p.(k; 1) =
pa(k; M), it is enough to show the following, at first sight somewhat surprising, fact.

Proposition 10.1 Assume g > 1, A/k € A, Si; € F(k,A) and let c¢* € A be two points in two
neighboring chambers separated by the wall Sty ;. Then

(55) Pe+ (ki A) = pe—(k; A).

Proof The difference of the two sides of (55) is expressed as a residue in (34). The integral in (34)
is a rational expression in the variable ¢, and our plan is to show by degree count in ¢ and ¢! that its
residues at zero and at oo vanish. We define the degree of the quotient of two polynomials R = P/Q of
the variable ¢ as deg,(R) = deg,(P) —deg,(Q), and we set deg,—1 (R) = deg,(R(¢t™!)). Then, clearly,

deg,(R) <0 = tRes R % =0 and deg;,~1(R) <0 = Reg R # =0.
=00 =
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A convenient expression for (34) will be (46), where we change variables via ¢t = e%. In what follows, we
will always tacitly assume this substitution, and we will write, for example, deg,+: (1/(e" —e™")) = —1.
We thus obtain a formula of the form Res;—¢,00 f(#) dt/¢, and to show that this is zero, it is sufficient to
show that deg,(f) < 0 and deg,—1(f) <O.

Now we observe that the variable u occurs only in the first line of (46), and thus, calculating the degrees
in ¢ and 1! separately, we obtain the formula

(56) deg,+1(f) = £(kd—rl) + (1 —2g) deg,+1 (- wy) + deg,+1 (exp(z - py,)).-

Recall that here,  represents the distance of A/k from the wall St ;, while w,; and p,;, represent the
parts of the Weyl denominator and the p—shift corresponding to roots connecting IT” and T1”, respectively.

We begin the study of this expression with some simple remarks. We recall that the permutation
preserves the partition IT = (IT’, I1”), and thus we have

deg,+1(t-w,) = deg,+: (w,;) = %r'r”.
Using, in addition, that ,o;( is linear in u, we obtain

deg, (exp(t - p,;)) = —deg,—1(exp(t - p;)) = deg,(exp(py,)).

Combining these equalities, and assuming g > 1, we arrive at the following conclusion.
Lemma 10.2 The inequality

(57) |(k§ —rl) + deg, (exp(p;))| < %r'r”

implies the vanishing of the wall-crossing term: equality (55).

Before we proceed, we introduce some notation. Denote by

Inv(IT) ={@i, j) | I'3i > j e 1"}
the set of “inverted” pairs of elements of the partition IT. The number of these pairs |Inv(IT)| coincides
with the standard notion of length of the shuffle permutation ¢ € ¥, introduced in Section 6.

Each pair (i, j) which is not inverted contributes +%u to p,;, while each inverted pair contributes —%u,

and thus we have
(58) deg, (exp(py)) = 57'r" — [Inv(IT)].

Also, recall the notation cpy = Zi e ¢i for an element ¢ = (cq,...,¢,) € V*; in particular, we have
(A/k)m =146 and
pr =Y 3(r+1D—i.

iell’
The following is a simple exercise, whose proof will be omitted:

(59) deg, (exp(p;)) = pr-
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Now we come to a key point of our argument.

Lemma 10.3 If the intersection of the wall St ; with A is nonempty, then

(60) —%r'r” <Ir—pr < %r/r”.
Proof Pick a point ¢ = (cy, ..., ¢,) in the intersection Sy ; N A, and recall that forany 1 <i < j <r,
we have 0 <¢; —c¢j <1, and
Sa=-Y =t
il iell”
Then
LG SENCERIED B B CEa!
(i,j)€lnv(IT) iell’ jell”
and, similarly,
>0 (ei—¢j) <r'r” = [Inv(I)).
iell’ jell”
Now, since
Z Z (Ci_Cj) :r” Z Ci—r/ Z Cj :lr,
iell’ jell” iell’ N

we can conclude
—|Inv(IT)| < Ir < r'r” — |Inv(IT)].

In view of (58) and (59), these inequalities are equivalent to (60), and this completes the proof. O
Now we are ready to prove (55). The condition S1; € F(k, A), ie that Sty ; separates A/ k and i/lg or
contains A/ k or A/k, may occur in two ways.

s Ak =1> ()At/lg)n/, which is equivalent to the two inequalities § > 0 and [k +Ir > A + pr.
After canceling /k and reordering the terms, we can rewrite these as

(61) 0>ké—1Ir+pr = prrv —1r.
Using Lemma 10.3 then we can conclude that
0>k§—1Ir+pm >—1r'r",
which, in view of the equality (59), implies the necessary estimate (57).

e The second case is similar: (A/ k) <[ < (i/lg)n/ is equivalentto § <0 and lk +Ir <A + pr.
This leads to

(62) Ofk(g—lr—{—pnlfpr[/—lr’

which, in turn, implies
0<k$—Ir+pm < %r’r”,
and hence (57).
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This completes the proof of Proposition 10.1: indeed, a simple calculation shows that if A/k € A then
A / k e A, so the conditions of Lemma 10.3 hold. We have just shown that this implies (57), and according
to Lemma 10.2, we can conclude the vanishing of the wall-crossing term (55). |

Remark 10.4 If A/k € A is nonregular, then it belongs to some wall from the set ¥(k, A). Hence
Proposition 10.1 implies that the right-hand side of formula (I) of Theorem 4.8 is a well-defined function

on the cone over A:
{(k,\)eZ7"x A |A/k € A}.
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