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Abstract

Although the definition of symplectic field theory suggests that one has to count holo-
morphic curves in cylindrical manifolds R xV equipped with a cylindrical almost complex
structure J, it is already well-known from Gromov-Witten theory that, due to the presence
of multiply-covered curves, we in general cannot achieve transversality for all moduli
spaces even for generic choices of J.

In this thesis we treat the transversality problem of symplectic field theory in two
important cases. In the first part of this thesis we are concerned with the rational
symplectic field theory of Hamiltonian mapping tori, which is also called the Floer case.
For this observe that in the general geometric setup for symplectic field theory, the
contact manifolds can be replaced by mapping tori M, of symplectic manifolds (M, wyy)
with symplectomorphisms ¢. While the cylindrical contact homology of My is given
by the Floer homologies of powers of ¢, the other algebraic invariants of symplectic
field theory for M, provide natural generalizations of symplectic Floer homology. For
symplectically aspherical M and Hamiltonian ¢ we study the moduli spaces of rational
curves and prove a transversality result, which does not need the polyfold theory by Hofer,
Wysocki and Zehnder and allows us to compute the full contact homology of My = S* x M.

The second part of this thesis is devoted to the branched covers of trivial cylinders
over closed Reeb orbits, which are the trivial examples of punctured holomorphic curves
studied in rational symplectic field theory. Since all moduli spaces of trivial curves with
virtual dimension one cannot be regular, we use obstruction bundles in order to find com-
pact perturbations making the Cauchy-Riemann operator transversal to the zero section
and show that the algebraic count of elements in the resulting regular moduli spaces is
zero. Once the analytical foundations of symplectic field theory are established, our result
implies that the differential in rational symplectic field theory and contact homology is
strictly decreasing with respect to the natural action filtration. After introducing addi-
tional marked points and differential forms on the target manifold we finally use our result
to compute the E?-page of the corresponding spectral sequence for filtered complexes.
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Zusammenfassung

Obwohl es die Definition der symplektischen Feldtheorie nahelegt, dass holomorphe Kur-
ven in zylindrischen Mannigfaltigkeiten R xV gezahlt werden, die mit einer zylindrischen
fast-komplexen Struktur .J versehen sind, ist es bereits von der Gromov-Witten-Theorie
wohlbekannt, dass man wegen des Vorhandenseins von mehrfach iiberlagerten Kurven
auch fiir generische Wahlen von J keine Transversalitat fiir alle Modulrdume erreichen
kann.

In dieser Arbeit behandeln wir das Transversalititsproblem der symplektischen
Feldtheorie in zwei wichtigen Féllen. Im ersten Teil dieser Arbeit beschaftigen wir uns
mit der rationalen symplektischen Feldtheorie von Hamiltonischen Abbildungstori, was
auch als der Floer-Fall bezeichnet wird. Dafiir beobachtet man, dass im verallgemeinerten
geometrischen Formalismus der symplektischen Feldtheorie die Kontaktmannigfaltigkeiten
durch Abbildungstori My von symplektischen Mannigfaltigkeiten (M, wys) mit Symplek-
tomorphismen ¢ ersetzt werden konnen. Wihrend die zylindrische Kontakthomologie
von My durch die Floer-Homologien der Potenzen von ¢ gegeben ist, bieten die anderen
algebraischen Invarianten der symplektischen Feldtheorie von M, natiirliche Verallge-
meinerungen der symplektischen Floer-Homologie. Wir untersuchen die Modulraume
rationaler Kurven fiir symplektisch-asphérisches M und Hamiltonisches ¢ und beweisen
ein Transversalitatsresultat, welches nicht auf die Polyfold-Theorie von Hofer, Wysocki
und Zehnder zuriickgreift und uns die Berechnung der vollen Kontakthomologie von
My = St x M erlaubt.

Der zweite Teil dieser Arbeit ist den verzweigten Uberlagerungen von trivialen Zylin-
dern iiber geschlossenen Reeb-Orbiten gewidmet, welche die trivialen Beispielen fiir holo-
morphen Kurven sind, die in der rationalen symplektischen Feldtheorie untersucht werden.
Da alle Modulraume mit virtueller Dimension eins nicht regular sein konnen, benutzen
wir Obstruktionsbiindel, um kompakte Storungen zu finden, welche den Cauchy-Riemann-
Operator transversal zum Nullschnitt machen und zeigen, dass das algebraische Zahlen
der Elemente in dem sich ergebenen regularen Modulraum Null ergibt. Wenn die analy-
tischen Grundlagen der symplektischen Feldtheorie einmal bewiesen sind, wird unser Resul-
tat zeigen, dass das Differential in der rationalen symplektischen Feldtheorie wie auch der
Kontakthomologie strikt absenkend ist beziiglich der nattirlichen Aktionsfiltration. Nach
dem Einfiihren zusatzlicher markierter Punkte und Differentialformen auf der Zielmannig-
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faltigkeit benutzen wir zu guter Letzt unser Resultat, um die E2-Seite der zugehorigen
Spektralsequenz fiir filtrierte Komplexe zu berechnen.



Chapter 0O

Introduction

0.1 Symplectic field theory

Symplectic field theory (SFT) is a very large project, initiated by Y. Eliashberg, A.
Givental and H. Hofer in their paper [EGH], designed to describe in a unified way the
theory of pseudoholomorphic curves in symplectic and contact topology. Besides providing
a unified view on well-known theories like symplectic Floer homology and Gromov-Witten
theory, it shows how to assign algebraic invariants to closed manifolds with a stable
Hamiltonian structure.

Following [BEHWZ] and [CM2] a Hamiltonian structure on a closed (2m — 1)-
dimensional manifold V' is a closed two-form w on V', which is maximally nondegenerate
in the sense that kerw = {v € TV : w(v,-) = 0} is a one-dimensional distribution.
Note that here we (and [CM2]) differ slightly from [EKP]. The Hamiltonian structure
is required to be stable in the sense that there exists a one-form A on V such that
kerw C kerd\ and A(v) # 0 for all v € kerw — {0}. Any stable Hamiltonian structure
(w,A) defines a symplectic hyperplane distribution (§ = ker A\,w¢), where we is the
restriction of w, and a vector field R on V by requiring R € kerw and A(R) = 1, which
is called the Reeb vector field of the stable Hamiltonian structure. Examples for closed
manifolds V' with a stable Hamiltonian structure (w, \) are contact manifolds, symplec-
tic mapping tori and principal circle bundles over symplectic manifolds ((BEHWZ],[CM2]):

First observe that when A is a contact form on V', it is easy to check that (w:= d\, \)
is a stable Hamiltonian structure and the symplectic hyperplane distribution agrees with
the contact structure. For the other two cases, let (M,w)s) be a symplectic manifold.
Then every principal circle bundle S — V — M and every symplectic mapping torus
M —V — Sie, V=M,=RxM/{(t,p) ~ (t+ 1,¢(p))} for ¢ € Symp(M,w) also
carries a stable Hamiltonian structure. For the circle bundle the Hamiltonian structure
is given by the pullback 7*w under the bundle projection and we can choose as one-form
A any S'-connection form. On the other hand, the stable Hamiltonian structure on the
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mapping torus V' = My is given by lifting the symplectic form to w € Q?(M,) via the
natural flat connection TV = T'S' @ T M and setting A = dt for the natural S'-coordinate
t on My. While in the mapping torus case ¢ is always integrable, in the circle bundle case
the hyperplane distribution ¢ may be integrable or non-integrable, even contact.

Symplectic field theory assigns algebraic invariants to closed manifolds V' with a sta-
ble Hamiltonian structure. The invariants are defined by counting J-holomorphic curves
in R xV with finite energy, where the underlying closed Riemann surfaces are explicitly
allowed to have punctures, i.e., single points are removed. The almost complex structure
J on the cylindrical manifold R xV is required to be cylindrical in the sense that it is
R-independent, links the two natural vector fields on R xV', namely the Reeb vector field
R and the R-direction ds, by JO, = R, and turns the symplectic hyperplane distribution
on V into a complex subbundle of TV, £ = TV N JTV. It follows that a cylindrical al-
most complex structure J on R XV is determined by its restriction J, to § C T'V, which
is required to be we-compatible in the sense that we(-,J.-) defines a metric on {. Note
that in [CM2] such almost complex structures J are called compatible with the stable
Hamiltonian structure and that the set of these almost complex structures is non-empty
and contractible. On the other hand, following [BEHWZ], the energy F(u) of a punctured
J-holomorphic curve u = (a, f) : S —RxVis given by the sum of the A- and the w-energy
of u,

E\(u) = sup/a(a) da N f*\, Ey(u) = / frw,
A Js s

where A denotes the set of all smooth functions o : R — RJ with compact support
and L'-norm equal to one. It follows that E\(u), E,(u) are nonnegative and, following
proposition 5.8 in [BEHWZ], that all punctured J-holomorphic curves with F(u) < oo
are asymptotically cylindrical over a periodic orbit of the Reeb vector field R in the
neighborhood of each puncture as long as all periodic orbits are nondegenerate in the
sense of [BEHWZ], i.e., one is not an eigenvalue of the linearized return map restricted to
the symplectic hyperplane distribution.

While the punctured curves in symplectic field theory may have arbitrary genus and
arbitrary numbers of positive and negative punctures, it is shown in [EGH] that there exist
algebraic invariants counting only special types of curves: While in rational symplectic field
theory one counts punctured curves with genus zero, contact homology is defined by fur-
ther restricting to punctured spheres with only one positive puncture. Further restricting
to spheres with both just one negative and one positive puncture, i.e., cylinders, the result-
ing algebraic invariant is called cylindrical contact homology. Note however that contact
homology and cylindrical contact homology are not always defined. In order to prove the
well-definedness of (cylindrical) contact homology it however suffices to show that there
are no punctured holomorphic curves where all punctures are negative (or all punctures
are positive). While the existence of holomorphic curves without positive punctures can be
excluded for all contact manifolds using the maximum principle, which shows that contact
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homology is well-defined for all contact manifolds, it can be seen from homological reasons
that for mapping tori M, there cannot exist holomorphic curves in R x My carrying just
one type of punctures, which shows that in this case both contact homology and cylindrical
contact homology are defined.

0.2 Main theorems

The first part of this thesis essentially agrees with the paper [F1], i.e., we are concerned
with the moduli spaces of pseudoholomorphic curves studied in rational symplectic field
theory for Hamiltonian mapping tori, where the symplectomorphism ¢ is Hamiltonian, i.e.,
the time-one map of the symplectic flow of a Hamiltonian H : S x M — R. In this case
the Hamiltonian flow ¢¥ provides us with a natural diffeomorphism My = S* x M, so that
we can replace My by S* x M equipped with the pullback stable Hamiltonian structure
(W, M) on St x M given by wf = w+dH Adt, \! = dt with symplectic bundle ¢ = TM
and Reeb vector field Rf = 9, + X1 where X/ is the symplectic gradient of H, = H(t, ).
In [EKP] this is also called the Floer case. Furthermore (R xM,, J) can be identified with
(RxSt'x M, J i ) equipped with the pullback cylindrical almost complex structure, which
is nonstandard in the sense that the splitting (R x.S' x M) = R* @T M is not J”-complex.

Observe that the closed orbits of the Reeb vector field R on S' x M have integer
periods, where the set of closed orbits of period T' € N is naturally identified with the
T-periodic orbits of X# on M. Tt follows that the chain complex (2,9) for contact
homology naturally splits, % = @,y A", where A" is generated by all monomials
Q(z1,10)---A(zn,T,), With Ti-periodic orbits (x;,T;) and 17 + ... + T, = T, and it is easily seen
from homological reasons that this splitting is respected by the differential 0. Furthermore,
given two different Hamiltonian functions H;, Hy : S' x M — R the corresponding chain
map ¢ : (y,0;) — (™Ag,0s), defined as in [EGH| by counting holomorphic curves in
R xS' x M equipped with a non-cylindrical almost complex structure J?, which itself
can be defined using a homotopy H:RxS'x M — R from H; to Hs, also respects the

splittings Ay = @y Al L Ao = Doy As -

For our computation of the contact homology we choose Hamiltonian functions
H : S' x M — R, which are S'-independent and so small in the C?-norm such that in
particular all closed orbits of the Reeb vector field for any given period T" € N are critical
points of H : M — R. Furthermore we assume that H : M — R is Morse, which in turn
implies that all periodic orbits are nondegenerate in the sense of [BEHWZ], i.e., one is
not an eigenvalue of the linearized return map restricted to the symplectic hyperplane
distribution. We achieve this by rescaling any given Morse function on M, where the
scaling factor however has to depend on the period T' € N, which in turn implies that we
have to compute the contact homology using an infinite sequence of different Hamiltonian
functions. Making use of the splitting of the chain complex for contact homology into
chain complexes for different periods 7' € N and the fact that the chain map ® introduced
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above should lead to an isomorphism on the level of homology once the analytical program
for defining symplectic field theory is completed, we can formulate our result using a
direct limit as follows:

Let Ty € N be a sequence of (maximal) periods with Ty < T and limy_,o, Ty = 00
and let Hy : S'x M — R, N € N be a sequence of Hamiltonians with corresponding chain
complexes (Ay,0n), N € N. Assume that for every N € N we have defined a chain map
Oy (An,0n) — (Any1,0n41) using a homotopy Hy : RxS' x M — R interpolating
between Hy and Hy 1, which by the above arguments restricts to a map from 2% to 2% .
for every T' € N. Setting

HOS (5 M, %) = 1@, 050 = @) 1.8,

T<Tn

we obtain a directed system (Cy,®yp) with Cy = HCE™(S' x M,J"™) and
CDN,M :CI)NO@N+1O...O(I)M_1O(I)M fOI‘NS M.

Main Theorem A: Let (M,w) be a closed symplectic manifold, which is symplec-
tically aspherical, {ci(TM),mo(M)) = 0 = ([w],m2(M)). Then for every S'-independent
Hamiltonian H : M — R, which is sufficiently small in the C*-norm and Morse, there is
an isomorphism

N—oo

lim HCE* (S x M, J"?") = &(EP H.-»(M,Q)) @ Q[Hy(M)),
N

where & s the graded symmetric algebra functor.

In order to understand the relevance of this result note that our result implies,
once the analytical foundations for symplectic field theory are established and hence
the rational symplectic field theory for (S x M,w M) is defined for all choices of
Hamiltonians H : S' x M — R, that the contact homology of (S' x M,w™ M) with
symplectically aspherical M is isomorphic as a graded algebra to the tensor product
of the coefficient ring with the graded symmetric algebra generated by countably in-
finitively many copies of the singular homology of M with rational coefficients (with
degree shift) for any chosen H : S' x M — R. Indeed, assuming that the analytical
program for defining symplectic field theory is carried out and, in particular, proves that
Oy H (AN, 0n) — Ho(Ay,1,0n41) is an isomorphism for every N € N and T € N, it
follows that the direct limit limy_. Cy = limy_. HCE™V(S' x M, J7V) is isomorphic
to HC,(S* x M, J") for any chosen H : S* x M — R.

The second part of this thesis is made up of the results in [F2], where we studied the
trivial examples of punctured holomorphic curves in rational symplectic field theory, where
we again assume that the stable Hamiltonian structure is generic in the sense that all
periodic orbits are nondegenerate in the sense of [ BEHWZ], i.e., one is not an eigenvalue of
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the linearized return map restricted to the symplectic hyperplane distribution. While the
contribution of the trivial curves in cylindrical contact homology, namely trivial cylinders
staying over one orbit, is still immediately clear, observe that the trivial examples of
punctured holomorphic curves studied in general symplectic field theory are not only
these trivial cylinders but also their branched covers. We show that these branched covers
are in fact the reason why transversality for generic J in general fails in symplectic field
theory and whose contribution to the theory is therefore hard to determine. Indeed it
is easy to show that in every case where these trivial curves would contribute to the
algebraic invariants by index reasons, transversality for the Cauchy-Riemann operator can
never be satisfied, so that one has to perturb the Cauchy-Riemann operator appropriately
and count elements in the resulting regular moduli spaces. Here it is important that the
perturbation chosen for different moduli spaces are compatible with compactness and
gluing in symplectic field theory. In order to obtain these compact perturbations we study
sections in the cokernel bundle over the compactified moduli space, i.e., we generalize
the technique of computing Euler numbers of obstruction bundles for determining the
contribution of nonregular moduli spaces from Gromov-Witten theory to the case of
moduli spaces with codimension one boundary, as appearing in the study of pseudo-
holomorphic curves with punctures and/or boundary in (Lagrangian) Floer homology,
(relative) symplectic field theory, the work by Fukaya-Oh-Ohta-Ono and Cornea-Lalonde’s
cluster homology. With this we can show:

Main Theorem B: We can choose compact perturbations of the Cauchy-Riemann
operator, which make all moduli spaces of trivial curves reqular in a way compatible
with compactness and gluing, such that the algebraic counts of elements in all resulting
zero-dimensional reqular moduli spaces (modulo R-shift) are zero.

For the significance of this result for symplectic field theory we claim that, once
the analytical foundations of symplectic field theory are established, our result proves
that the differential in contact homology and rational symplectic field theory is strictly
decreasing with respect to the natural action filtration. In particular, the statement of
the theorem should be true for any choice of coherent compact perturbations chosen to
make the moduli spaces of symplectic field theory regular. We introduce the rational
symplectic field theory of a single closed Reeb orbit and use our result to compute the
underlying generating function. Including the even more general picture outlined in [EGH]
needed to view Gromov-Witten theory as a part of symplectic field theory, we further
prove what we get when we additionally introduce a string of closed differential forms
O = (6y,...,0n) € (2*(V))N. Here we prove by simple means (but using our main result)
that the generating function only sees the homology class represented by the underlying
closed Reeb orbit. It follows that the generating function is in general no longer equal to
zero when a string of differential forms is chosen, which implies that the differential in
rational symplectic field theory and contact homology is no longer strictly decreasing with
respect to the action filtration. However, we follow [FOOO] in employing the spectral
sequence for filtered complexes to prove the following important consequence of our main
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theorem B, which we however only prove for contact manifolds and symplectic mapping
tori:

Corollary: Consider a contact manifold or a symplectic mapping torus. Then
there exists a spectral sequence (E”,d") computing the contact homology, E* = H,(2, ),
where the E*-page is given by the graded commutative algebra Ay which, in contrast to A,
is now only freely generated by the formal variables g, with j; 0; =0 foralli=1,...,N.

Note that this in turn provides us with an easy method to show the vanishing of
contact homology:

Corollary: Assume that the string of closed differential forms is chosen in such a
way that it indeed generates the cohomology of the target manifold (and that none of the
corresponding formal variables is set to zero). Then the contact homology vanishes if there
are no null-homologous Reeb orbits, like in the case of symplectic mapping tori and unit
cotangent bundle of tori.



Chapter 1

Rational SFT in the Floer case

1.0 Summary

In this first chapter we are concerned with the moduli spaces of pseudoholomorphic
curves studied in rational symplectic field theory for Hamiltonian mapping tori, where the
symplectomorphism ¢ is Hamiltonian, i.e., the time-one map of the flow of a Hamiltonian
H : S' x M — R. More precisely, we prove main theorem A from the introduction:

Main Theorem A: Let (M,w) be a closed symplectic manifold, which is symplectically
aspherical, {c;(TM),mo(M)) = 0 = ([w], m2(M)). Then for every S'-independent Hamil-
tonian H : M — R, which is sufficiently small in the C*-norm and Morse, there is an
1somorphism

N—oo

lim HCE" (S x M, J"*") = &(ED H.»(M,Q)) @ Q[Ha(M))],
N

where & is the graded symmetric algebra functor.

As we outlined above, note that our result implies that, once the analytical foundations
for symplectic field theory are established, the contact homology for (S x M, wH A7) with
symplectically aspherical M is isomorphic as a graded algebra to the tensor product of
the coefficient ring with the graded symmetric algebra generated by countably infinitively
many copies of the singular homology of M with rational coefficients.

For the proof we show that for S'-independent C?-small Hamiltonians and a given
maximal period for the periodic orbits we can naturally enlarge the class of cylindrical
almost complex structures J? on R xS! x M, so that we achieve transversality for all
moduli spaces and additionally have an S'-symmetry on all moduli spaces of curves, where
the underlying punctured spheres are stable. Since non-constant holomorphic spheres
and holomorphic planes do not exist, it follows for every chosen maximal period T that
the subcomplex of the contact homology, which is generated by orbits of period < T,
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can be computed by only counting holomorphic cylinders, that is, Floer trajectories for a
Hamiltonian symplectomorphism on M.

The cylindrical almost complex structure J7 on R xS! x M is specified by the choice
of an S'-family of almost complex structures J, on M and an S'-dependent Hamiltonian
H : S'x M — R. In order to get an S'-symmetry on moduli spaces of curves with
more than three punctures, we restrict ourselves to almost complex structures J; and
Hamiltonians H;, which are independent of t € S'. We achieve transversality for all
moduli spaces by considering domain-dependent Hamiltonian perturbations. This means
that, for defining the Cauchy-Riemann operator for curves, we allow the Hamiltonian to
depend explicitly on points on the punctured sphere underlying the curve whenever the
punctured sphere is stable, i.e., there are no nontrivial automorphisms. Here we follow
the ideas in [CM1] in order to define domain-dependent almost complex structures, which
vary smoothly with the positions of the punctures. In [CM1] the authors use this method
to achieve transversality for moduli spaces in Gromov-Witten theory. Besides that we
make the Hamiltonian and not the almost complex structure on M domain-dependent in
order to achieve transversality also for the trivial curves, i.e., branched covers of trivial
cylinders (see the second chapter), observe that in contrast to the Gromov-Witten case
we now have to make coherent choices for the different moduli spaces simultaneously,
i.e., the different Hamiltonian perturbations must be compatible with gluing of curves in
rational symplectic field theory. We use the absence of holomorphic disks to present an
easy algorithm for defining these coherent choices and finally show that the resulting class
of perturbations is indeed large enough to achieve transversality for all moduli spaces of
curves with three or more punctures.

For the cylindrical moduli spaces the Hamiltonian perturbation is domain-independent,
and it is known from Floer theory that in general we must allow H to depend explicitly
on t € S' to achieve nondegeneracy of the periodic orbits and transversality for the
moduli spaces of Floer trajectories. However, the gluing compatibility requires that also
the Hamiltonian perturbation for the cylindrical moduli spaces is independent of ¢ € S*.
The important observation is now that we can indeed solve this problem by considering
Hamiltonians H, which are so small in the C%-norm that all orbits up to given maximal
period T are critical points of H and all cylinders between these orbits correspond to
gradient flow lines between the underlying critical points. Choosing H and J additionally
so that the resulting pair of H and the metric w(-, J-) on M is Morse-Smale, it follows
that all periodic orbits up to the maximal period are nondegenerate and we achieve
transversality for all corresponding cylindrical moduli spaces.

We emphasize that it is in fact the gluing-compatibility of the perturbations for the
moduli spaces, which forces us to use S'-independent Hamiltonian perturbations for
cylindrical moduli spaces, although we are actually looking for an S'-symmetry on the
moduli spaces of curves with three or more punctures. Note that in order to achieve
transversality for moduli spaces of cylinders one could alternatively introduce asymptotic
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markers at the punctures in order to fix S'-coordinates on the cylinders. However, since
the asymptotic markers are required to be mapped to marked points on the periodic
orbits, the S'-symmetry on moduli spaces of stable curves gets destroyed.

To any monomial in the chain algebra underlying contact homology one can assign a
total period given by the sum of the periods of the occuring orbits. For mapping tori it
follows from homological reasons that the differential respects this splitting of the algebra
into subspaces of elements with the same total period. Since our statements only hold
up to a maximal period for the asymptotic orbits, we cannot use the given coherent
Hamiltonian perturbation to compute the full contact homology, but we must rescale
the Hamiltonian for the cylindrical moduli spaces, which clearly affects the Hamiltonian
perturbations for all punctured spheres. To this end we construct chain maps between the
differential algebras for the different coherent Hamiltonian perturbations which are defined
by counting holomorphic curves in an almost complex manifold with cylindrical ends. We
prove by the same methods as above that we only have to count trivial gradient flow lines,
which shows that all chain maps are just the identity when the total period is small enough.

This first chapter is organized as follows:

While we prove in 1.1.1 all the fundamental results about pseudoholomorphic curves
in Hamiltonian mapping tori, we show in subsection 1.1.2 how we get an S'-symmetry
on all moduli spaces of domain-stable curves, but still have nondegeneracy for the closed
orbits and transversality for all moduli spaces. We collect all the important results about
the moduli spaces in theorem 1.1.6. Recall that we achieve the latter by combining the
relation between Morse homology and symplectic Floer homology with the introduction
of domain-dependent cylindrical almost complex structures. After recalling the definition
of the Deligne-Mumford space of stable punctured spheres in 1.2.1, we define the under-
lying domain-dependent Hamiltonian perturbations in 1.2.2 and prove in 1.2.3 that the
construction is compatible with the SF'T compactness theorem. After describing in detail
the neccessary Banach manifold setup for our Fredholm problems in 1.3.1, we prove in
1.3.2 the fundamental transversality result for the Cauchy-Riemann operator. Since all
our results only hold up to a maximal period for the asymptotic orbits, i.e., we have to
rescale our Hamiltonian perturbation during our computation of contact homology, we
generalize all our previous results to homotopies of Hamiltonian perturbations in 1.4.1
and 1.4.2. After describing the chain complex underlying contact homology in 1.5.1, we
prove the main theorem A using our previous results about moduli spaces of holomorphic
curves in R xSt x M.
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1.1 Moduli spaces

1.1.1 Holomorphic curves in R x S' x M

Let (M,w) be a closed symplectic manifold and let ¢ be a symplectomorphism on
it. As already explained in the introduction, the corresponding mapping torus My =
R xM/{(t,p) ~ (t+1,p(p))} carries a natural stable Hamiltonian structure (w, A) given by
lifting the symplectic form w to a two-form on M, via the flat connection TM, = T'S*@T M
and setting A\ = dt. It follows that the corresponding symplectic vector bundle £ = ker A is
given by TM and the Reeb vector field R agrees with the S'-direction d; on My. In this
paper we restrict ourselves to the case where (M, w) is symplectically aspherical,

([w], ma(M)) =0 = (c1(TM), m2(M))

and ¢ is Hamiltonian, i.e., the time-one map of the flow of a Hamiltonian H : S! x
M — R. In this case observe that the Hamiltonian flow ¢ provides us with the natural
diffeomorphism

OS5t x M = My, (t,p) — (t, 6" (t,p)),

so that we can replace My by S' x M equipped with the pullback stable Hamiltonian
structure.

Proposition 1.1.1: The pullback stable Hamiltonian structure (W A\) on S* x M is
given by
wl = wH+dHAdt, N = dt

with symplectic bundle € and Reeb vector field R given by
¢ = TM, RY = 0,4+ X[,
where XH is the symplectic gradient of H; = H(t,").

Proof: Using
dd = (1, XF @dt +do?) . TS' o TM - TS* & TM

we compute for v; = (vy1,v12),ve = (vo1,v99) € TS ®TM,

W (v, v9) = w(d®(vy), d®(vy))

= w((XT @ dt)(v11) + dP{ (v12), (X[ @ dt)(var) + d®f (va2))

= w(XtH, XtH)dt(Ull)dt(Ugl) + Ld(dq)f(vlg), dq)f(vgg))

+w (X, ddf (vag))dt(v11) + w(dP (v19), X{T)dt (vay)

= w(v1g, Va2) + wW(dP (v12), X )dt(va1) — w(dPF (va2), X )dt(v11)
= w(v1,v2) + (dH A dt) (v, v2)
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and A\ = X\ od® = dt. On the other hand, it directly follows that ¢ = TM, while
R = 9, — X spans the kernel of w’,

I RYY = w(-,0, — X))+ dH - dt(0, + X —dH (0, + X[ - dt
= —w, XM +dH =0

with M (RH) = dt(9, — X") =1. O

As in the introduction we consider an almost complex structure J on the cylin-
drical manifold R xS x M, which is required to be cylindrical in the sense that
it is R-independent, links the Reeb vector field R¥ and the R-direction &, by
JO, = R = 9, + X[* and turns the symplectic hyperplane distribution ¢# = T'M into a
complex subbundle of T(S' x M). Tt follows that J on R xS! x M is determined by its
restriction to £¥ = T'M, which is required to be wen-compatible, so that .J is determined
by the S'-dependent Hamiltonian H, and an S!-family of w-compatible almost complex
structures J; on the symplectic manifold (M, w).

Let us recall the definition of moduli spaces of holomorphic curves studied in rational
SFT in the general setup. Let (V,w,\) be a closed manifold with stable Hamiltonian
structure with symplectic hyperplane distribution £ and Reeb vector field R and let J be
a compatible cylindrical almost complex structure on R xV. Let PT, P~ be two ordered
sets of closed orbits 7 of the Reeb vector field R on V,ie, v: R = V ~(t+T) = ~(t),
4 = R, where T' > 0 denotes the period of 4. Then the (parametrized) moduli space
M°(V; P+, P~ J) consists of tuples (F, (z;7)), where {7, ..., 25 } are two disjoint ordered
sets of points on CP!, which are called positive and negative punctures, respectively. The
map F : S — R xV starting from the punctured Riemann surface S = CP' — {(z)} is
required to satisfy the Cauchy-Riemann equation

O,F =dF + J(F)-dF -i=0

with the complex structure ¢ on CP!. Assuming we have chosen cylindrical coordinates
w,f : RT xS' — S around each puncture z,f in the sense that w,f(j:oo,t) = z,f, the map
F is additionally required to show for all k = 1,...,n* the asymptotic behaviour

lim (Fop)(s,t+ty) = (oo, vp (Tit))

s—+too

with some ¢, € S* and the orbits v € P*, where T;- > 0 denotes period of 7. Observe
that the group Aut(CP') of Moebius transformations acts on elements in M°(V; P+, P~,.J)
in an obvious way,

0.(F,(z5)) = (Fop ™, 0(zf)), ¢ € Aut(CP"),

and we obtain the moduli space M(V; Pt P~ J) studied in symplectic field theory by
quotiening out this action.
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It remains to identify the occuring objects in our special case. First, it follows that all
closed orbits v of the vector field R = 9, — XT on S* x M are of the form

Y(t) = (¢ +to, z(t)),

and therefore have natural numbers 7' € N, i.e., the winding number around the S'-factor,
as periods. Since we study closed Reeb orbits up to reparametrization, we can set tq = 0,
so that v can be identified with = : R /T'Z — M, which is a T-periodic orbit of the
Hamiltonian vector field,

#(t) = X/ (a(1)).

Hence we will in the following write v = (z,T), where T" € N is the period and z is a
T-periodic orbit of the Hamiltonian H. We denote the set of T-periodic orbits of the Reeb
vector field R on S* x M by P(H,T).

For the moduli spaces of curves observe that in R xS x M we can naturally write the
holomorphic map F' as a product,

F=(hu):S— (RxS) x M.

Proposition 1.1.2: F : S — RxS! X M is J-holomorphic precisely when h = (hy, hy)
S — R xS is holomorphic and u : S — M satisfies the h-dependent perturbed Cauchy-
Riemann equation of Floer type,

Opupu = A" (du+ X (hg,u) @ dho)
= du+ X (ha,u) @ dhy + J(ha,u) - (du + X (ho,u) @ dhs) - i.

Proof: Observing that J(¢,p) : T(R xSY) @ TM — T(R xS') & TM is given by

1 0
J(t,p) =
200 = (50 )
with A(t,p) = =X (p) @ ds + J;(p) X (p) @ dt we compute

(dh, du) + J(h,u) - (dh,du) - i
= (dh+i-dh-i,

du + (J(hg,u) - du — X (hg,u) @ dhy + J(ha, u) X (hy, u) ® dhy) - 1)
= (Oh,du — X" (hy,u) @ dhy i + J(hg,u) - (du + X" (hy,u) @ dhy) - ).

Finally observe that dh; - i = —dhsy if O0h = 0. O

Recalling that our orbit sets are given by P* = {(27, ), ..., (v7.,T°5)}, we use the
rigidity of holomorphic maps to prove the following statement about the map component

h:S — RxS'. Let T* = T + ... + Tfi denote the total period above and below,
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respectively.

Lemma 1.1.3: The map h = (hy, he) exists if and only if TT = T~ and is unique
up a shift (sg,tg) € R xS,

]’L(Z) = h0(2> + (So, to)
for some fized map h® = (hY, hY). In particular, every holomorphic cylinder has a positive
and a negative puncture, there are no holomorphic planes and all holomorphic spheres are
constant.

Proof: The asymptotic behavior of the map F' near the punctures implies that

ho wk(S,t + to) s—>_:t>oo (:i:OO, Tkt)

with some ¢, € S'. Identifying R xS' = CP! — {0, 00}, it follows that h extends to a
meromorphic function i on CP! with 27, ..., z:ll poles of order T}, ..., T;; and 27 ,...,2, _
zeros of order T ,...,T . Since the zeroth Picard group of CP! is trivial, i.e., every
divisor of degree zero is a principal divisor, we get that such meromorphic functions exist
precisely when Tt = T~. On the other hand it follows from Liouville’s theorem that
they are uniquely determined up to a nonzero multiplicative factor, i.e., h = a - h° with
a € C* =2 R xS" for some fixed hy : CP' — CP!. For every J”-holomorphic sphere (h,u)
observe that h is constant, h = (s, o), and therefore u is a J;,-holomorphic sphere in M,
which must be constant by ([w], me(M)) =0. O

Note that the lemma also holds when ¢ is no longer Hamiltonian when we define
h = 7 o F using the holomorphic bundle projection 7 : R x My — R xS*.

It follows that we only have to study punctured J7-holomorphic curves
(hyu) : S — RxS' x M, S = CP' — {(z)} with two or more punctures, where
it remains to understand the map w. Note that by proposition 1.1.2 the perturbed
Cauchy-Riemann equation for u depends on the S'-component hy = hJ + £ of the map h.
Starting with the case of two punctures, we make precise the well-known connection be-
tween symplectic Floer homology and symplectic field theory for Hamiltonian mapping tori:

Proposition 1.1.4: The J"-holomorphic cylinders connecting the R -orbits (x*,T)
and (x=,T) in R xS* x M correspond to the Floer connecting orbits in M between the
one-periodic orbits x*(T-) and x=(T-) of the Hamiltonian Hy(t,) =T - H(Tt,-) and the
family Jp(t,-) = J(Tt,-) of w-compatible almost complex structures.

Proof: When n = 2, ie., z = (z7,z"7), we find an automorphism ¢ € Aut(CP!)
with ¢(27) =0, p(27) = oo. Since in the moduli space two elements are considered equal

when they agree up to an automorphism of the domain, we can assume that z = (0, c0).
It follows from lemma 1.1.3. that h: CP! — {0,00} 2 R xS — R xS is of the form

h(s,t) = (T's + so, Tt + o)
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with 7= T" + T~. We can assume that h is given by h(s,t) = (T's,Tt) after composing
with the automorphism ¢(s,t) = (s — sq/T,t — to/T) of R xS*. Now the claim follows
from the fact that the Cauchy-Riemann equation for u : R xS' — M reads as

Dy - 05 = Ogu + J(Tt,u) - (Qpu+ T - X7 (Tt,u)) =0,

with 7 - X = XTH O

1.1.2 Sl-symmetry, nondegeneracy and transversality

For understanding the curves with more than two punctures, observe that in these cases
the underlying punctured Riemann spheres S are stable, so that every automorphism ©
of S is the identity. While this implies that different maps h = h° + (s, to) give different
elements in the moduli space, the main problem is that the solutions for v moreover
depend on the S'-component hy = h9+to of the chosen map h, that is, the S'-parameter t.

Instead of studying how the solution spaces for u vary with t; € S!, it is natural
to restrict to special situations when the solution spaces are tp-independent. Moreover,
when this can be arranged so that all asymptotic orbits are nondegenerate and we can
achieve transversality for the moduli spaces, we can use the resulting S'-symmetry on the
moduli spaces to show that they do not contribute to the algebraic invariants in rational
symplectic field theory.

It is easily seen that the Cauchy-Riemann equation is independent of ¢, € S* when both
the family of almost complex structures J(¢, -) and the Hamiltonian H (¢, -) are independent
of t € S*. Hence for the following we will always assume that

J(t,-)=J, H(t,-)=H.
and it remains to address the problem of nondegeneracy and transversality.

It is well-known from symplectic Floer homology that we can achieve that all
one-periodic orbits (z,1) € P(S' x M, H) are nondegenerate by choosing H to be a
time-independent Morse function H : M — R with a sufficiently small C%-norm, so
that, in particular, only the one-periodic orbits of H are the critical points of H. While
this sounds promising to solve the first of our two problems, note that in contrast
to symplectic Floer homology we do not only study curves which are asymptotically
cylindrical to one-periodic orbits (z,1) but allow periodic orbits (x,7") of arbitrary
period T € N. Now the problem is that the T-periodic orbits of H are in natural
correspondence with one-periodic orbits of the Hamiltonian T - H, while T - H need
no longer be C?-small enough. In order to solve this problem, we fix a maximal
period T' = 2V and replace the original Hamiltonian H by H/2Y, so that all orbits up
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to the maximal period 2%V are nondegerate, in particular, critical points of H/2" | i.e., of H.

So it remains the problem of transversality. Although the definition of the algebraic
invariants of symplectic field theory suggests that all we have to do is counting true
J holomorphic curves in R x5! x M, it is implicit in the definition of all pseudoholo-
morphic curve theories that before counting the geometric data has to be perturbed in
such a way that the Cauchy-Riemann operator becomes transversal to the zero section
in a suitable Banach space bundle over a suitable Banach manifold of maps. It is the
main problem of symplectic field theory, as well as Gromov-Witten theory and symplectic
Floer homology for general symplectic manifolds, that transversality for all moduli spaces
cannot be achieved even for generic choices for J¥. While in Gromov-Witten theory and
symplectic Floer theory this problem can be solved by restricting to special geometric
situations like semi-positive symplectic manifolds, this does not work in symplectic field
theory. In fact the problem already occurs for the trivial curves, i.e., trivial examples of
curves in symplectic field theory, see the second chapter. In order to solve these problems
virtual moduli cycle techniques were invented, furthermore they were the starting point
for the polyfold theory by Hofer et al.

In order to solve the transversality problem in our S'-symmetric special case, we
combine the approach in [CM1] for achieving transversality in Gromov-Witten theory
with the well-known connection between symplectic Floer homology and Morse homology

in [SZ]:

It is well-known, see e.g. [Sch], that transversality in Floer homology and Gromov-
Witten theory can be achieved by allowing the almost complex structure on the symplectic
manifold (M,w) to depend on points on the punctured Riemann surface underlying
the holomorphic curves, i.e., introducing domain-dependent almost complex structures.
In this paper we fix the S'-independent almost complex structure .J and introduce
domain-dependent Hamiltonian perturbations H, which however are still S'-independent.
Here we let H rather than J depend on the underlying punctured spheres, so that
we achieve transversality also for the trivial curves, i.e., the branched covers of trivial
cylinders. Note that in order to make the latter transversal, it is clearly neccessary to
make the stable Hamiltonian structure on S' x M domain-dependent.

In order to make the choices for the domain-dependent Hamiltonian perturbations H
compatible with gluing of curves in symplectic field theory, the perturbations must vary

smoothly with the position of the punctures z = (27, ..., £}

H=H,:CP'— {sf,..,z2L} x M - R.

In order to guarantee that finite energy solutions are still asymptotically cylindrical over
periodic orbits of the original domain-independent Hamiltonian H, we require that H,
agrees with H over the cylindrical neighborhoods of the punctures. Furthermore, in order
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to asure that the automorphism group of CP! still acts on the moduli space, they must
satisfy

H@(é) = QO*I‘.]é = Héo (p_l.

When the number of punctures is greater or equal than three, i.e., the punctured Riemann
sphere is stable, it follows that H, should depend only on the class [z] € M, in the
moduli space of n-punctured Riemann spheres. For the construction of such domain-
dependent structures we follow the ideas in [CM1]. Further we show that the resulting
class of domain-dependent cylindrical almost complex structures JZ on R xS x M is still
large enough to achieve transversality for all moduli spaces of curves with three or more
punctures.

For curves with two or less punctures, the compatibility with the action of Aut(CP!)
implies that [, must be independent of points on the domain, i.e., just a function on M.
For this observe that for given two punctures z = (27, 27) and z,w € CP! — {27, 2%} we
always find ¢ € Aut(CP') with ¢(z) = 2, ¢(2) = w, so that

H,(w) = Ho)(w) = (¢ H,)(w) = Hy(¢™ (w)) = Hy(2).

On the other hand it is known from symplectic Floer homology that for fixed almost
complex structure J it is important to let the Hamiltonian explicitly be S!-dependent to
have transversality for generic choices, which seems to destroy our hopes for computing
the symplectic field theory of R xS! x M with S*-independent H and J. To overcome
this problem, we remind ourselves that we already assume H to be so small such that
all one-period orbits are nondegenerate, in particular, critical points of H. Furthermore
by proposition 1.1.4 we know that the J”-holomorphic cylinders naturally correspond to
Floer connecting orbits. The trick is now to use the following connection between Floer
homology and Morse homology:

If we choose H possibly smaller in the C?-norm, e.g. by rescaling, we can achieve that
all Floer trajectories u are indeed Morse trajectories, i.e., gradient flow lines u(s,t) = u(s)
of H between the critical points = and = with respect to the metric w(-,J-) on M.
When the pair (H,w(-,J-)) is Morse-Smale, the linearization F, of the gradient flow
operator is surjective, and it is shown in [SZ] that this indeed suffices to show that the
linearization D, of the Cauchy-Riemann operator is surjective as well. More precisely, we
use the following lemma, which is proven in [SZ]:

Lemma 1.1.5: Let (H,J) be a pair of a Hamiltonian H and an almost complex
structure J on a closed symplectic manifold with ([w], ma(M)) = 0 so that (H,w(-,J-)) is
Morse-Smale. Then the following holds:

o If 7 > 0 is sufficiently small, all finite energy solutions u : R xS* — M of 0 yu =
Osu + J(u) (O + X ™ (u)) = 0 are independent of t € S*.
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o In this case, the linearization D] of gj,TH is onto at any solution u : R xS — M.

Recall that we fixed a maximal period T' = 2V and let P(H/2", < 2%) denote the set
of periodic orbits of the Reeb vector field R#/2" for the Hamiltonian H/2Y with period
less or equal than 2V. We collect our results about moduli spaces of holomorphic curves
in R xS x M in the following

Theorem 1.1.6: Let (M,w) be a closed symplectic manifold, which is symplecti-
cally aspherical, equipped with a w-compatible almost complex structure J and H : M — R

so that lemma 1.1.5 is satisfied with = = 1. Further assume that for any ordered set
of punctures z = (zli,...,zfi) containing three or more points we have constructed

a domain-dependent Hamiltonian perturbation H, : (CP' — {z}) x M — R of H
with the properties outlined above. Then, depending on the number of punctures n we
have the following result about the moduli spaces of J¥ -holomorphic curves in R x.S* x M :

n = 0: All holomorphic spheres are constant.

e n = 1: Holomorphic planes do not exist.

n = 2: For T < 2V the automorphism group Aut(CP') acts on the moduli space
of parametrized curves M°(S* x M, (x*,T), (x=,T), JH/2N) of holomorphic cylinders
with constant finite isotropy group Z /T Z and the quotient can be naturally identified
with the space of gradient flow lines of H with respect to the metric w(-,J-) on M
between the critical points v+ and x~.

e n >3: For P* P~ C P(H/2N,< 2N) the action of Aut(CP') on the parametrized
moduli space is free and the moduli space is given by the product

RxS' x {(u,2):u:CP"— {2z} — M : (1), (x2)}/ Aut(CP")
with
(+1) : du+ X227 (z,0) @ dhS + J(u) - (du + X227 (z,u) @ dhS) i =0,
(x2) : wo (s, t) "= g,

In particular, there remains a free S*-action on the moduli space after quotiening out
the R-translation.

Proof: Observe that all statements rely on proposition 1.1.2 and lemma 1.1.3. For n = 2
we additionally use proposition 1.1.4 and lemma 1.1.5 and remark that the critical points
and gradient flow lines of H/2" are naturally identified with those of H. For the statement
about the isotropy groups observe that for h(s,t) = (T's,Tt) and u(s,t) = u(s) we have

k
(h,u) = (hop,uop) < p(s,t) = (s,t—l—T), keZ|TZ.
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For the case n > 3 observe that the action of Aut(CP') is already free on the underlying
set of punctures and that the moduli space of parametrized curves is given by the product

R xS x {(u,z) : u:CP* — {2} — M : (x1), (x2)}.

1.2 Domain-dependent Hamiltonians

Based on the ideas in [CM1] for achieving transversality in Gromov-Witten theory, we
describe in this section a method to define domain-dependent Hamiltonian perturba-
tions. In the following we drop the superscript for the punctures, z = (z;), since for the
assignment of Hamiltonians we do not distinguish between positive and negative punctures.

1.2.1 Deligne-Mumford space
We start with the following definition.

Definition 1.2.1: A n-labelled tree is a triple (T, E, A), where (T, E) is a tree with the
set of vertices T and the edge relation E C T x T. The set A = (A,) is a decomposition
of the index set I = {1,....,n} =JAs. We write aES if (o, 3) € E.

A tree is called stable if for each a € T we have n, = tA, + {0 : a«ES} > 3.
For n > 3 a n-labelled tree can be stabilized in a canonical way. First delete vertices a
with n, < 3 to obtain st(7") C T" and modify F in the obvious way. We get a surjective tree
homomorphism st : 7" — st(7"), which by definition collapses some subtrees of 7" to vertices
of st(T). If aEB with a ¢ st(T) but 8 € st(T'), the new subset Az in the decomposi-
tion of the index set is given by the union AgUA,. Note that A, # @ only if {5 : aES} = 1.

Definition 1.2.2: A nodal curve of genus zero modelled over T = (T,E,A) is a
tuple z = ((2ap)ars, (2k)) of special points zap, 2z € CP' such that for each o € T the
special points in Zy = {zap : «EB} U{2 : k € Ay} are pairwise distinct.

To any nodal curve z we can naturally associate a nodal Riemann surface
Y. = [HoerSa/{2ap ~ 2sa} with punctures (zj), obtained by gluing a collection of
Riemann spheres S, = CP! at the points z,5 € CP'.

A nodal curve 2z is called stable if the underlying tree is stable, i.e., every sphere
S, carries at least three special points. Stabilization of trees immediately leads to a
canonical stabilization z — st(z) of the corresponding nodal curve given as follows:
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If « € T is removed, we have #{5 € st(T) : aES} € {1,2}. If there is precisely one
B € st(T) with aES, let 25, =: 2 € Ag. If there exist stable 81,0, € T with aEf,
aE By, we set 2g,4 =: 25,5, € st(z) and 2p,o =: 23,5, € st(z). Observe that we get a natural
map st : ¥, — Yg() by projecting all points on o ¢ st(71") to 2z or 23,8, ~ 23,8 € Lst(z),
respectively.

Denote by My C (CPYHE x (CPYH™ the space of all nodal curves (of genus zero)
modelled over the tree T = (T, E,A). An isomorphism between nodal curves z,z’
modelled over the same tree is a tuple ¢ = (¢q )acr With ¢, € Aut(CP') so that ¢(z) = 2/,
ie., 2,5 = bal(zap) and z;, = ¢o(2x) if k € A,. Observe that ¢ induces a biholomorphism
¢ X, — Xy. Let Gr denote the group of biholomorphisms. For stable 7' the action
of Gr on /\A//lT is free and the quotient My = MT /G is a (finite-dimensional) complex
manifold.

Definition 1.2.3: For n > 3 denote by My, the moduli space of stable genus zero
curves modelled over the n-labelled tree with one vertex, i.e, the moduli space of Riemann
spheres with n marked points. Taking the union of all moduli spaces of stable nodal curves
modelled over n-labelled trees, we obtain the Deligne-Mumford space

Mo,n = H MT7
T

which, equipped with the Gromov topology, provides the compactification of the moduli
space M, of punctured Riemann spheres.

By a result of Knudsen (see [CM1], theorem 2.1) the Deligne-Mumford space M,
carries the structure of a compact complex manifold of complex dimension n — 3. For
each stable n-labelled tree T' the space My C My, is a complex submanifold, where any
My # My, is of complex codimension at least one in mom.

It is a crucial observation that we have a canonical projection 7 : MMH — Mo,n
by forgetting the (k + 1).st marked point and stabilizing. The map 7 is holomorphic
and the fibre 77!([z]) is naturally biholomorphic to ¥,. Moreover, for [z] € Mo,
every component S, C X, is an embedded holomorphic sphere in Mo, 1. Note that

C
Mo #7 H Mo,) as 7 ([z]) N Mo = CPP — {(2x)} for [2] € Mo,

1.2.2 Definition of coherent Hamiltonian perturbations

With this we are now ready to describe the algorithm how to find domain-dependent
Hamiltonians H, on M:

For n = 2 let H® : M — R be the domain-independent Hamiltonian from theorem
1.1.6, i.e., such that with the fixed almost complex structure J on M lemma 1.1.5 is
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satisfied with 7 = 1.

For n > 3 we choose smooth maps H™ : Mon1 — C®(M). For [2] € Mgy, we
then define H, to be the restriction of H (™ to the fibre 771([z]) & %,. In particular, for
z € My, C Mg, we get from ¥, = CP! a map

]?z = H(n)’ﬂ—l([é}) : C]Pl — COO(M) y

where the biholomorphism ¥, & CP! is fixed by requiring that (z1, 22, 23) are mapped to
(0,1,00). Further let d, = inf{d(zx, %) : 1 < k <l < n} denote the minimal distance
between two marked points with respect to the Fubini-Study metric on CP!, let D,(z)
be the ball of radius d,/2 around z € CP! and set N, = D,(2) U... U D,(2,). Then we
choose H™ so that H, agrees with H 2) on N.

The gluing compatibility is ensured by specifying H®™ on the boundary
OMony1i = Moni1 — Mons1, which consists of the fibres 77!([z]) = X, over
2] € OMy,, = My, — My, and the points zy,...,z, € CP' = ¥, in the fibres over
[&] € MO,n:

Note that we have already set H,(z,) = H®. For [z] € O My, = Mo, — My, we
have H, = H™| -1y : 8, — C®(M) with ¥, = [[S./ ~ and £T > 2. As before let

Zo = {27, ...,z } denote the set of special points on S,. Then we want that
H.|s, = Hzo
for z® = (29).
Since n, = #Z, < n, this requirement implies that a choice for the map

H®™ : Mg, — C®(M) also fixes the maps H™) : Mg,y — C=(M) for n’ < n.

IfH® Moy — C°(M), k=2,...n — 1 are compatible in the above sense we call
them coherent. We show how to find H™ : Mg, 1 — C®(M) so that H® ..., H™ are
coherent:

Let [z] € OMg, with ¥, = [[S,/ ~. Under the assumption that H,. was chosen
to agree with H® on the neighborhood Na of the special points it follows that all Ha
fit together to a smooth assignment H, : ¥, — C®(M). Let T = (T, E,A) be the tree
underlying z. Then it follows by the same arguments that the maps H") fit together
to a smooth map HT : 771(My) — C*®°(M). Now let 7 : T — T’ be a surjective tree
homomorphism with 477 > 2. Then My C My and it follows from the compatibility of
H® . H®Y that H” and H" agree on 7~!(My). Hence we get a unique assigment on

8M0’n+1 = W_l(H{MT : ﬁT Z 2})

After having specified the map H™ : Mg,1 — C%(M) on the boundary 0 Mg 1,
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we choose H™ in the interior M n+1 so that H (") is smooth (on the compactification
Mo ni1) and H™ agrees with H® on N, C 7 ([z]) for all [z] € Mg,

Assuming we have determined H™ for n > 2, we organize all maps into a map

H HMO7n+1 — COO(M)

Note that for n = 2 the space My ,41 just consists of a single point. A map H as
above, i.e., for which all restrictions H™ : Mg, — C*®(M), n € N are coherent, is
again called coherent.

Together with the almost complex structure J recall that this defines a domain-
dependent cylindrical almost complex structure J? on R xS x M,

JH HMMH — JTeni(R xSt x M).

With this generalized notion of cylindrical almost complex structure we call, according to
theorem 1.1.6, a map F = (h,u) : CP' — {2z} — RxS' x M .J"-holomorphic when it
satisfies the domain-dependent Cauchy-Riemann equation

9y (h,u) = d(h,u) + JI (2, h,u) - d(h,u) - i =0,
which by proposition 1.1.2 is equivalent to the set of equations Oh = 0 and
g = du+ X (z,u) @ dh + J(u) - (du+ X (2,u) ® dh) -i =0
with Xf(z, -) denoting the symplectic gradient of H,(z,-) : M — R.

Since H,(z,-) agrees with the Hamiltonian H® : M — R near the punctures,
it follows that any finite-energy solution of the modified perturbed Cauchy-Riemann
equation again converges to a periodic orbit of the Hamiltonian flow of H® as long
as all possible asymptotic orbits are nondegenerate. Observe that it follows from the
definition of H, that the group of Moebius transformations still acts on the resulting
moduli space of parametrized curves. We show in the section on transversality that
for any given almost complex structure J on M we can find Hamiltonian perturbations
H : ][, Moni1 — C®(M), so that all moduli spaces M°(S* x M; P+, P J""Y are cut
out transversally simultaneously for all maximal periods 2V, N € N.

1.2.3 Compatibility with SFT compactness

It remains to show that the notion of coherent cylindrical almost complex structures J7 is
actually compatible with Gromov convergence of J”-holomorphic curves in R xS x M:
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Definition 1.2.4: A J¥-holomorphic level ¢ map (h,u,z) consists of the following
data:

o A nodal curve z = [[S./ ~€ Mo, and a labeling o : T — {1,....0}, called levels,
such that two components o, 3 € T with aE3 have levels differing by at most one.

o J" -holomorphic maps F, : So — R xS* x M (satisfying d(ha,us) + J2%(2, ha, ) -
d(hasua) - i =0) with the following behaviour at the nodes: B
If o(a) = o(B) + 1 then zn5 is a negative puncture for (hg,us) and zs, a positive
puncture for (hg,ug) and they are asymptotically cylindrical over the same periodic

orbit; else, if o(a) = 0(B), then (ha,ta)(zas) = (hs, us)(2a)-

With this we can give the definition of Gromov convergence of J-holomorphic maps.

Definition 1.2.5: A sequence of stable J"-holomorphic maps (h”,u”,z") converges
to a level £ holomorphic map (h,u,z) if for any « € T (T is the tree underlying z) there
exists a sequence of Moebius transformations ¢*, € Aut(CP') so that:

o for (h,u) = (h1, ho,u) = (h1,a, hoa, Ua)acT there exist sequences sy, i =1,...,{ with

R 0 ¢4+ 84y == hia, (h5,u") 0 ¢ =5 (haa ta)

«

for all a € T in C22(9),
o forallk=1,...,n we have (¢%) 71 (2¢) — 2z if k € Ay (21 € Sa),

o and (¢7) 7" 0 ¢ — zap for all aEf.

Note that a level ¢ holomorphic map (h,u,z) is called stable if for any [ € {1,...,¢}
there exists a € T with o(a) = [ and (hq, u,) is not a trivial cylinder and, furthermore,
if (hg,uq) is constant then the number of special points n, = §Z, > 3. Although any
holomorphic map (h”,u”,z") € M°(S* x M; P+ P~;J%) with n = 4P* + P~ > 3 is
stable, the nodal curve z underlying the limit level ¢ holomorphic map (h,u, z) need not
be stable. However, we can use the absence of holomorphic planes and (non-constant)
holomorphic spheres in R x.S' x M to prove the following lemma about the boundary of
M(S' x M; Pt P~ J")/R:

Lemma 1.2.6: Assume that the sequence (h',u”,z") € M(S' x M;P* P~;J%)
Gromov converges to the level { holomorphic map (h,u,z). For the number of special
points n, on the component S, C X, it holds

e n, <n=4P"+4P foranya €T,
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e ifn, =n for some a € T then all other components are cylinders, i.e., carry precisely
two special points.

Proof: We prove this statement by iteratively letting circles on CP' collapse to obtain the
nodal surface X,:

For increasing the maximal number of special points on spherical components on a nodal
surface we must collapse a special circle with all special points on one hemisphere. Even
after collapsing further circles to nodes there always remains one component with just one
special point (a node). Since by ([w], m2(M)) = 0 there are no holomorphic planes and
bubbles (except ‘ghost bubbles” which we drop) this cannot happen, which shows the first
part of the statement. For the second part observe that collapsing circles with more than
one special point on each hemisphere leads to two new spherical components which carry
strictly less special points than the original one. [J

For chosen H : [, Mony1 — C(M) recall that for stable nodal curves z we de-
fined H, = H|1)) @ X, — C>(M). For general nodal curves z we can use the
stabilization z — st(z) and the induced map st : X, — g (;) to define

H,(2) :== Hy(y)(st(2)), z €3,

(compare [CM1], section 4) with corresponding cylindrical almost complex structure

T (2) = Tl (s6(2)) € Ten(S" x M).
Proposition 1.2.7: A J"-holomorphic level ¢ map (h,u, z) is lg—holomorphic.

Proof: If z is stable this follows directly from the construction of J as the restric-
tion of Jf to a component S, C X, agrees with iﬁﬂ when 2% = (29, ..., zﬁa) denotes the
ordered set of special points on S,. If 2 is not stable the proposition relies on the following
two observations:

Since there are no spherical components with just one special point all special points on
stable components of X, are preserved under stabilization, i.e., a node connecting a stable
component with an unstable one is not removed but becomes a marked point on Yg.).
On the other hand points on a cylindrical component (a tree of cylinders) are mapped
under stabilization to the node connecting it to a stable component (which then is a
marked point for the nodal surface ¥g.)). Since lg@ near special points agrees with
complex structure J#® chosen for cylinder we have J7(z) = ig(z) (st(2)) = J™*® for any
z € X, lying on a cylindrical component. [ - B

In order to show the gluing compatibility we prove the following proposition.

Proposition 1.2.8: Let (h",u”,z") be a sequence of lfy-holomorphz'c maps con-
verging to the level £ map (h,u,z). Then (h,u,z) is if—holomorphic.



24 1. Rational SFT in the Floer case

Proof: Recall from the definition of Gromov convergence that for any o € T (the
tree underlying z) there exists a sequence ¢” € Aut(CP!) and for any i € {1,...,¢}
sequences s; € R such that h{ o ¢ + 57,y — hi,a and (h3,u") 0 ¢, — (1,4, ua). Hence it
remains to show that

Jaod— J

in C®(Sy, Jey1(S* x M)) as v — oo for all a € T
__ Since the projection from the compactified moduli space to the Deligne-Mumford space
M, is smooth (see theorem 5.6.6 in [MDSa]), it follows from (h”,u”, 2") — (h,u, z) that

2¥ = st(z¥) — st(z) in Mo,,.
For a € st(T') and z € S, we have st(z) = z and it follows that

(§V7 QZSZ(Z)) - (St(§)7 Z) € MO,n-ﬁ-l .

Since J% ™ . Mo i1 — Tei(ST x M) is continuous, we have

lf»(qﬁﬂz)) - “—Ig(g)(z) = if(«z)

in Jeyi(S 'x M) for all z € S,. The uniform convergence in all derivatives follows by the
same argument using the smoothness of J7™.
On the other hand, if a ¢ st(T) and z € S,, then st(z) = 25, € st(2) if aEB. In Mg, 11
we have that

(2", ¢4(2)) = (2, 750)

since (@)~ (¢4 (2)) = 2o € Sp and therefore

o (0(2) = Lz (st(2)) = LI (2) . O

1.3 Transversality

We follow [BM] for the description of the analytic setup of the underlying Fredholm
problem. More precisely, we take from [BM] the definition of the Banach space bundle
over the Banach manifold of maps, which contains the Cauchy-Riemann operator studied
above as a smooth section.

1.3.1 Banach space bundle and Cauchy-Riemann operator

For a chosen coherent Hamiltonian perturbation H : [[, Mony1 — C°(M) and fixed
N € N, we choose ordered sets of periodic orbits

PE={(z5,TF), ..., (a5, TE)} € P(H® )2V, < 2V).

Instead of considering CP! = S? with its unique conformal structure, we fix punctures
zf’o, <.y 250 € 52 and let the complex structure on S = S% — {zf’o, ey 250} vary. Following
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the constructions in [BM] we see that the appropriate Banach manifold BP4(R xS* x
M; (:Bf, Tki)) for studying the underlying Fredholm problem is given by the product
BPUR xS* x M, (xf, TF)) = HLP2(S,C) x BP(M; (z)) x Mo

const

with d > 0 and p > 2, whose factors are defined as follows:

The Banach manifold B?(M; (7)) consists of maps u € H\:P(S, M), which converge to

the critical points :Ef € Crit(H®) as z € S approaches the puncture z,:f’o. More precisely,
if we fix linear maps @ki (R TxkiM , the curves satisfy

wo (s, 1) = exp, (OF - v (s, 1))

for some vi¥ € H'P(R* x S', R*™), where exp denotes the exponential map for the metric
w(-J-) on M.

The space HYP4(S,C) consists of maps h € HLP(S,C), for which there exist
(sg*,t5") € R? = C, so that hf = h o ¢ differs from the constant (s57*, ;") by a
function, which is not only in H'?(R* x.S', C), but still in this space after multiplication

with the asymptotic weight (s,t) — e*®,

RE x ST — R?, (s,1) — (hi(s,t) — (sp7", t57")) - eF°
€ H'"?(R* xS*,C).

Loosely spoken, H:2%(S, C) consists of maps differing asymptotically from a constant one
by a function, which converges exponentially fast to zero.

Finally M, , denotes, as before, the moduli space of complex structures on the punc-
tured sphere S, which clearly is naturally identified with its originally defined version, the
moduli space of Riemann spheres with n punctures.

Here we represent M, ,, explicitly by finite-dimensional families of (almost) complex struc-
tures on S, so that T; My, becomes a finite-dimensional subspace of

{y € End(TS) : yj + jy = 0}.

Note that in [BM] the authors work with Teichmueller spaces, since the corresponding
moduli spaces of complex structures, obtained by quotienting out the mapping class
group, become orbifolds for non-zero genus.

Given h € H.P4(S C) observe that the corresponding map h : S — RxS!
is given by h = h° + h, where h° denotes an arbitrary fixed holomorphic map
ho: S — R xS = CP! — {0, 00}, so that 2z, is a pole/zero of order T, Note that we do
not use asymptotic exponential weights (depending on d € R") for the Banach manifold

BP(M:; (z5)), since we are dealing with nondegenerate asymptotics.
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Let H'P(u*T'M) consist of sections ¢ € HP(u*T M), such that

loc
Eoui(s.t) = (dexp,z) (O - v (s,1)) - 06 (s.1)

with &0 € H'P(RE xS Rzm) for k = 1,...,n. Note that here we take the differential of
exp,+ T, :I:M — M at @i viE(s,t) €T, :I:M which maps the tangent space to M at xif
to the tangent space to M at

exp, (0 - vj: (5,1)) = w0 Ui (s, ).
Then the tangent space to B (R xS' x M; (zif, TF)) at (h,u, j) is given by
Thu,j) Bp’d(R xSt x M; (xf, T]?)) clogs(i(s C)eo Hl’p(U*TM) DTy Moy -

Consider the bundle T *S ®;.g w*T'M, whose sections are (j,J)-antiholomorphic one-
forms a on S with values in the pullback bundle u*T M,

a—Ju) -a-j=0.

The space LP(T*S®; ju*TM) is defined similarly as H'?(u*TM): it consists of sections
a € LP . which asymptotically satisfy

(W) als,t) - Os = (dexp,2)(OF - vi (s, 1)) - O " (s,1)

with a;* € LP(R* xS', R*™).

loc?

Over B4 = BP(R xS' x M; (2, T;")) consider the Banach space bundle £/ — B4
with fibre ' .
gt = P (TS ®;,;C) & LX(T*S @, u'TM).

Recall that we have fixed a coherent Hamiltonian perturbation H : [[Mg,41 —
C>(M). Our convention at the beginning of this section, i.e., fixing the punctures on S?
but letting the almost complex structure j : TS — T'S vary, now leads to a dependency
H(j,z) = H™(j, z) on the complex structure j on S and points z € S. For the following
exposition let us assume N = 0 in order to keep the notation simple.

The Cauchy-Riemann operator

Oyu(hyu, ) =0, yu(h,u) = d(h,u)+J"(j, 2, h,u) - d(h,u) - j

s

is a smooth section in E7¢ — BP? and naturally splits,

5- JH(h, U) = <5h, 5]7[{“) € Lp’d(T*S ®j,i C) D LP(T*S ®]’7J U*TM)

A

Here 0 = 0;; is the standard Cauchy-Riemann operator for maps h : (S ,j) — R xSt
and 0y g is the perturbed Cauchy-Riemann operator given by

Orn(u) = du+ X" (5, 2,u) @ dhy + J(u) - (du+ X" (5, 2,u) @ dhy) - 5,
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where again X*(j, z, -) denotes the symplectic gradient of the Hamiltonian H(j, z,-) : M —
R
It follows that the linearization Dy, ; of 0 i at a solution (h,u, j) splits,

Dﬁ,u,j - Dﬁ,u S Dj7
with D; : T; Mo, — 5%27]. and

Dy, = diag(9,D,):  HYP4(S,C) @ H(u*TM)
— Lp’d(T*S ®],l (C) EB LP<T*S ®],J u*TM)’
where
D,: H"(u*TM)— LP(T*S ®;.5 u TM),
D, =VE+J(u)-VE-j+Ved(u)-du-j
+Ve X (4, 2,u) @ dhS + VeVH (], 2,u) @ dhl

is the linearization of the perturbed Cauchy-Riemann operator dy .

1.3.2 Universal moduli space

Let H(M;H®, .. H®™Y) denote the Banach manifold consisting of C*-maps
H™ © Mg,y — CYM), which extend as C’-maps to Mo i1 as induced by HW®)
k=2,..,n—1and H™(j,-) = H® on a neighborhood N, C S of the punctures.

Note that it is essential to work in the C’-category since the corresponding space of
C*>-structures just inherits the structure of a Frechet manifold and we later cannot apply
the Sard-Smale theorem.

The tangent space to H* = H'(M; H®, ..., H" D) at H = H™ is given by
Ty HY(M HP . H™Y) = H(M;0,..,0).
The universal Cauchy-Riemann operator 0;(h,u,j, H) = @H(h,u,j) extends to a
smooth section in the Banach space bundle é’p’d — B x H® with fibre
opd * * O *
Epugr = EV0 = IPUT"S @, C) & L(T*S @;, u*TM).

Letting iH’@),...,lH’(”_l) D Mo, — jfyl(R xSt x M) denote the domain-
dependent cylindrical almost complex structures on R xS!' x M induced by J and
H® . HC"Y © My, — CYM), we define the universal moduli space M(S! x
M; pt p— JH@) ...,lH’("’l)) as the zero set of the universal Cauchy-Riemann operator,

M(S* x M; P, P (ST =
{(h,u,j,H) € B x H" : 9;(h,u, j, H) = 0}.
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Theorem 1.3.1: Forn > 3 let H®, ..., H™ Y be fized. Then for any chosen (P*, P™)
with 4P+ 4+ 4P~ = n, the universal moduli space M(S' x M; P+ P~ (JT"n-l) js

_ ~p.d
transversally cut out by the universal Cauchy-Riemann operator 0y : BP4 x H* — g for
d > 0 sufficiently small. In particular, it carries the structure of a C*°-Banach manifold.

The proof relies on the following two lemmata:

Lemma 1.3.2: The operator 0 : HiP%(S,C) — LPY(T*S ®;, C) is onto.

const

Proof: Fix a splitting . )
Ho 25 (8,C) = H'P(S,C) o T"

const

where I € C®(S,C) is a 2n-dimensional space of functions storing the constant shifts
(see [BM]). Given a function g : S — R with (g4 0 ¥i5)(s,t) = e*%*, multiplication with
g4 defines isomorphisms
H"4($,C) = HY(S,C),
LPT* S ®,;C) — LP(T*S®,;C),

under which O corresponds to a perturbed Cauchy-Riemann operator

dg =04 Sy: H*¥(S,C) — LP(T*S ®;, C).
With the asymptotic behaviour of ¢, one computes

S (t) = (S0 ¥i) (00, 1) = diag(Fd, Fd)

so that the Conley-Zehnder index for the corresponding paths W+* : R — Sp(2m) of
symplectic matrices is F1 for d > 0 sufficiently small. Hence the index of 9 : H:PA (S C) —
LP4(T*S ®;,; C) is given by

indd = dimI™ +inddy =2n—n+1-(2—n) =2,

where the first summand is the dimension of I'™ and the second is the sum of the
Conley-Zehnder indices. On the other hand, it follows from Liouville’s theorem that the
kernel of O consists of the constant functions on S, so that dim coker 0 = 0. [J

Lemma 1.3.3: For n > 3 the linearization Dy, g of d5(u, H) = 0yp(u) is surjec-
tive at any (h,u,j, H) € M(S* x M; P, P~; (J7®)nly,

Proof: The operator D,y is the sum of the linearization D, of the perturbed

Cauchy-Riemann operator 0 ;.r and the linearization of d; in the H’-direction,

Dy TyH' — LP(T*S ®;;u'TM),
DpG = XC(j,z,u) @ dhy + J(u) X (j, z,u) @ dhY .
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We show that D, g is surjective using well-known arguments:

Since D, is Fredholm, the range of D, p in L? (T*S’ ®;.u*TM) is closed, and it suffices
to prove that the annihilator of the range of D,, p is trivial.

We identify the dual space of LP(T*S®; ju*T M) with LY(T*S®; ju*TM), 1/p+1/q = 1
using the L?-inner product on sections in T™S5 ®; ; u*T'M, which is defined using the
standard hyperbolic metric on (5, j) and the metric w(-,J-) on M.

Let n € g%i]H — [PU(T*S ®,,; C) ® LP(T*S ®, ; uw*T M) so that
(Dur - (£,G),n) =0 for all ¢ € HY(u*TM) and G € Ty H. Then surjectivity of D, j is
equivalent to showing 1 = 0:

From (D,&,n) = 0 for all £ € H'"7(u*T M), we get that n is a weak solution of the
perturbed Cauchy-Riemann equation D}n = 0, where D} is the adjoint of D,. By elliptic
regularity, it follows that n is smooth and hence a strong solution. By unique continuation,
which is an immediate consequence of the Carleman similarity principle, it follows that
1 = 0 whenever 7 vanishes identically on an open subset of S,

On the other hand we have
0 = (DuG,n) = /(J(U)XG(j,z,U) ® dhi + X(j, z,u) ® dhy, n(z)) dz
g

= /S<VG(j,z,u) ® dhy — J(u)VG(j, z,u) @ dhS, n(2)) dz

for all G € Ty H'. When z € S is not a branch point of the map h° : S — R xS, observe
that we can write n(z) = n;(2) ® dh? + m2(2) ® dhd with n(2) + J(u)m(2) = 0, since 7 is
(7, J)-antiholomorphic. It follows that

(VG(j, z,u) @ dhy — J(u)VG(], z,u) @ dh3, n(2))
= (VG(j,z,u) @ dhY — J(w)VG(j, z,u) @ dhY,
m(z) ® dh — J(u)m(z) @ dhs)
= (VG(j, 2, u),m(2)) - [|dh7]* + (J(@)VG(, 2 u), J(u)m(2)) - [|dhy]*
= [[dnl]|* - (VG(j,2,u),m(2)) = [[dBY|* - dG(j, z,u) - m(2),

where dG(j, z, -) denotes the differential of G(j, z,-) : M — R.

With this we prove that 7 vanishes identically on the complement of the set of branch
points of h°, which by unique continuation implies n = 0:
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Assume to the contrary that n(zy) # 0 for some 2z, € S, which is not a branch point,
so that by (7, J)-antiholomorphicity 7;(z) # 0. We obviously can find Gy € C*°(M) such
that

dGo(U(Zo)) . 771(2’0) > 0.

Setting jo := j, let o € C®°(My 11, [0, 1]) be a smooth cut-off function around (jo, 20) €
Mot With ©(jo, 20) = 1 and ¢(j, z) = 0 for (j,2) & U(jo, 20). Here the neighborhood
(Jo, 20) € Ur(jo) x Us(z0) = U(Jo, 20) C Mon+1 is chosen so small that

U(jo, 20) N (MO,nJrl — Mong1) =0, Us(z) N Ny =0,
and dGo(z,u(2)) - m(z) > 0 for all z € Us(zp).

With this define G : Mg ,1 X M — R by G(j,2,p) := ¢(j, 2) - Go(p). But this leads
to the desired contradiction since we found G € Ty H® = H (M0, ...,0) with

1
(Du-Gon) = [ SIAEI - Gl 20 m(z) d= > 0. O

Us(z0)

Proof of theorem 1.3.1: For n > 3 we must show that the linearization Dy, ; y of the
universal Cauchy-Riemann operator d; is surjective at any

(h,u,j, H) € M(S* x M; P*,P~; (lH’(k))Z;%). Using the splitting Dy, ,, ;g = Dj, i + D;
we show that the first summand

Dhun: HPYS,C)e T, B (M; Pt P7) @ Ty H
— IPYT*S ®,,C) @ LP(T*S ®; 5 uw'TM)

is onto. However, since
DE,u,H = dlag((?, DuyH)7

this follows directly from the surjectivity of 0 and Dyy=D,+ Dg. O

The importance of the above theorem is that, combined with lemma 1.1.5, we obtain
transversality for all moduli spaces of holomorphic curves in R xS x M asymptotically
cylindrical over periodic orbits up to the given maximal period 2. Moreover we can
achieve that this holds for all maximal periods simultaneously.

Corollary 1.3.4: Forn =2 and T < 2V the moduli spaces

M(ST x M; (x+,T),(:1:_,T);iH/2N) are transversally cut out by the Cauchy-Riemann
operator for all N € N. For n > 3 we can choose H™ € H*, simultaneously for all
N € N, so that the moduli spaces M(S' x M; P*,P‘;JHQN) are transversally cut out
by the resulting Cauchy-Riemann operator for all PT, P~ c P(H® /2N < 2N) with
#Pt +#P =n.
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Proof: For n = 2 the linear operator
Dy, = diag(9, D,,)

is surjective since D, is onto by lemma 1.1.5. Indeed, recall that we have chosen the pair
(H®J) to be regular in the sense that (H® w(-,J-)) is Morse-Smale, which implies
that all pairs (H® /2N J) for any N € N are again regular, since the stable and unstable
manifolds are the same.

For n > 3 and N = 0 the Sard-Smale theorem applied to the map
M(SY x M; P P (JHOnZy 1 (M (H®Y 2Dy (B, g, H) — H

tells us that the set of Hamiltonian perturbations Hreg(PJr, P7) =
erg(P+,P ,0), for which the moduli space M(S' x M; Pt P~ J") is cut out
transversally by the Cauchy-Riemann operator 0;u, is of the second Baire category in

HE = HE(M; (H®)Z)). Since there exist just a countable number of tuples (P*, P~) with
P+ 4+ 4P~ = n, it follows that Hy,, = Hiey(0) = {Hieg(PT, P7,0) : 4P+ + P~ =n} is

reg reg
still of the second category.

Replacing H®, ..., H"=Y in the above argumentation by H® / 2N 7
H®=Y /9N for each N € N, we obtain sets of regular structures Hreg( ), for which
the moduli spaces M(S' x M;P+ pP—;J%/ 2" ) are cut out transversally for all
P+t P~ C P(H® /2N < 2N) However, it follows that Hieg = N{Hieg(N) : N € N} is still

reg

of the second category in H*. O

1.4 Cobordism

Since our statements only hold up to a maximal period for the asymptotic orbits, we can-
not use the same coherent Hamiltonian perturbation to compute the full contact homology.
As seen above we must rescale the Hamiltonian for the cylindrical moduli spaces, which
clearly affects the Hamiltonian perturbations for all punctured spheres. For showing that
the graded vector space isomorphism we obtain is actually an isomorphism of graded alge-
bras, we construct chain maps between the differential algebras for the different coherent
Hamiltonian perturbations, which are defined by counting holomorphic curves in an almost
complex manifold with cylindrical ends.

1.4.1 Moduli spaces

For a given Hamiltonian H : M — R let H : RxM — R be a smooth homotopy with
H(s,-)=H/2for s < —1and H(s,-) = H for s > +1. Besides that H defines a homotopy
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of stable Hamiltonian structures (w, A1) with corresponding (constant) symplectic hyper-
plane bundles ¢# = T M and R-dependent Reeb vector fields R (s, t,p) = 0; + X (s,t,p),
it equips R xS* x M with the structure of a symplectic manifold with stable cylindrical
ends

((—o0, —1] x S* x M, w2 NH/2) and ([+1,4+00) x S* x M,wf A1),

where the symplectic structure on the compact, non-cylindrical part (—1,+1) x S* x M is
given by )

gH:wg+dsAdt
with w# = w + dH A dt.

Together with the fixed w-compatible almost complex structure J on M, the homotopy
H further equips R xS x M with an almost complex structure J A by requiring that it
turns ¢ = T'M into a complex subbundle with complex structure J and

JH .9, =R (s, ) =0, + X" (s,").

It follows that (R xS x M, JH ) is an almost complex manifold with cylindrical ends
((—o0, —1] x S* x M, J"?) and ([+1,+00) x S* x M, J"). Note that J? is indeed

w-compatible.

For our applications we clearly have to replace the Hamiltonian H : M — R by the
domain-dependent Hamiltonian perturbation H : [, Mo n+1 XM — R from before. It
follows that the Hamiltonian homotopy H has to depend explicitly on points on the un-
derlying stable punctured spheres, i.e., for the following we consider coherent Hamiltonian
homotopies

H: [[Monst xRxM — R,

with corresponding domain-dependent almost complex structures

ig : HM07”+1 — j(Sl X M)

While it is again clear that the moduli spaces of J”-holomorphic curves with more
than two punctures come with an S'-symmetry, it remains to verify nondegeneracy for the
asymptotic orbits and transversality for the curves. Note for the first that we again have
to consider rescaled versions Hy : [, M1 x RxM — R with Hy(s) = H(s/2")/2.
Since Hy(s) = H/2V*! for s < —2N and Hy(s) = H/2"N for s > 42V it is clear that the
nondegeneracy holds for all asymptotic orbits of period less or equal to 2.

While we show below that we can again achieve transversality for all J#-holomorphic
curves with more than three punctures making use of the domain-dependency of the al-
most complex structure, it remains to guarantee transversality for J A _holomorphic cylin-
ders. Note that in analogy to proposition 1.1.6 it follows that all J4-holomorphic cylinders
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connecting orbits (z*,T) and (z~,T) with T < 2V are in natural correspondence to cylin-
ders in M connecting the critical points ™, ™, which satisfy the R-dependent perturbed
Cauchy-Riemann equation

Dy 0y = gu+ J(w) - (gu+ T - X7 (Ts,u)) = 0.

While in general transversality generically only holds for ¢-dependent Hamiltonian
homotopies H, we can now make use of the following natural generalization of lemma
1.1.5:

Lemma 1.4.1: Let (H,J) be a pair of a Hamiltonian H and an almost complex
structure J on a closed symplectic manifold with ([w], ma(M)) = 0 so that (H,w(-,J-))
is Morse-Smale. Choose p € C°(R,R") with p(s) = 1/2 for s < —1 and ¢(s) = 1 for
s>1, and let H:RxM — R, H(s,p) = ¢(s) - H(p). Then the following holds:

e The linearization F, of V,au=0u+ J(w) X (s, u) is surjective at all solutions.

o If 7 > 0 is sufficiently small, all finite energy solutions u : R xS' — M of 5J’I;[Tu =
Ogu+ J(w)(dyu+ X" (s,u)) =0 with H™(s,-) = TH(rs,-) are independent of t € S*.

o In this case, the linearization D, = D] of 5‘]7];7 is onto at any solution
w:R xSt — M.

Proof: The proof is a simple generalization of the arguments given in [SZ| and we just
show the first statement. Let ¢ : R — R* with 9, = . Then u(s) = u(p(s)) satisfies
V ;g =0 whenever u : R — M is a solution of V; yu = 0, since

Osti + VH(s, @) = 0sp(s) - Osu + p(s) - VH (u).

For 7 € LP(*TM) we find n € LP(u*T'M) so that 7(s) = n(@(s)). Assuming that
(F3€,7) = 0 for all € € HYP(a*TM), it follows that (F,&,n) = 0 for all £ € H"P(u*TM)
by identifying £(s) = £(p(s)), where Fy, F, denote the linearizations of Vg Vaom at
@, u, respectively. The regularity of (H,J) provides us with the surjectivity of F, at any
solution v : R — M, so that n and therefore 1 must vanish. [J

With the fixed Hamiltonian H (2) . M — R for the cylinders we choose the Hamiltonian
homotopy for the cylinders H® : R x M — R to be

HO(s,p) = p(s) - H (p),

so that H®(s,.) = H® /2 for s < —1 and H®(s,.) = H®. After possibly rescaling H®),
we can and will assume that both lemma 1.1.5 and lemma 1.4.1 hold with 7 = 1 for the
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fixed J and the chosen H®, H®  respectively.

Before we prove transversality in the next subsection, let us state the following

analogue of theorem 1.1.6. Denote by J " the domain-dependent almost complex structure
on R xSt x M induced by Hy.

Theorem 1.4.2: Depending on the number of punctures n we have the following
result about the moduli spaces of lg—holomorphic curves in R xSt x M:

e n = 0: All holomorphic spheres are constant.
e n = 1: Holomorphic planes do not exist.

o n=2: For T <2% the automorphism group Aut(CP') acts on the moduli space of
parametrized curves M°(S* x M, (z*,T), (=, T), JN) of holomorphic cylinders with
constant finite isotropy group Zr and the quotient can be naturally identified with the
space of gradient flow lines of H® with respect to the metric w(-,J-) on M between
the critical points xt and = of H®. In particular, we have

EM(R XS x M; (a4, T), (27, T); J&) = 6y v

since the zero-dimensional components are empty for x+ # x= and just contain the
constant path for x* = x~.

e n >3: For Pt ¢ P(H®/2N < 2V) and P~ c P(H® /2N+1 < 2N) the action of
Aut(CPY) on the moduli space of parametrized curves is free and the moduli space is
giwen by the product

St x {(s0,u,2) : 859 € Ryu: CP' — {2} — M : (1), (*2)}/ Aut(CP")
with
(x1): du+ XfN(z, hY + s0,u) ® dh
() - (du+ XV (2,19 + s9,u) @ dhS) i = 0,

(¥2) : wo (s, 1) 2Ege T

In particular, it remains a free S*-action on the moduli space.

Proof: The proof is completely analogous to the one of theorem 1.1.6. Note that it follows
by lemma 1.1.3 that i : CP' — {z} — R x5! can be identified with (sg,t9) € R xS and



1.4 Cobordism 35

that the map u now satisfies an sp-dependent perturbed Cauchy-Riemann equation. For
n = 2 observe that by lemma 1.3.1 we can identify M(S* x M; (z*,T), (z=,T); J%) with
the space of all u : R — M satisfying V ; oyu = 0, u(s,t) — z*, which following the proof
of lemma 1.3.1 can be identified with the space of u(s) = u(p(s)) satisfying V; yeyu = 0. O

1.4.2 Transversality

For the remaining part of this section we discuss transversality, where we again restrict
ourselves to the case N = 0:

Since 8,4 (h, u) = (5h,5J7g780u) with

5J,ﬁ,sou = du+Xﬁ(]7zah?+30,U)®dh8
+ J(u) - (du+ X7 (5,2, B + so,u) ® dhS) - i,

where Xg(j, z,8,u) denotes the symplectic gradient of I:[(j, 2,8,+) : M — R, it follows
that the linearization Dy, of 0,5 is again of diagonal form.

It follows that for n = 2 we get transversality from lemma 1.3.2 and lemma 1.4.1 by
the special choice of H®.

For n > 3 let us describe the setup for the underlying universal Fredholm prob-
lem:

As before the Cauchy-Riemann operator extends to a C*°-section in a Banach space

bundle &' — B xH'. Here B = BPY(R xS x M; P*, P~) denotes the manifold of
maps from section 5, which is given by the product

BPUR xS* x M; (zf, TE)) = HEPA(S,C) x BP(M; (x5)) x Mo, ,

const

while the set of coherent Hamiltonian perturbations M’ (M; (H®)"=1) is now replaced by
the set of coherent Hamiltonian homotopies
y

H = H,(M; H; (H®)2)

for fixed coherent Hamiltonian H : [, M,y xM — R and H®, ..., F¢=1:
Any H™ ¢ 7:/ is a C’-map

H™ : Mgir x RxM — R,

which extends to a C*-map on M(),n_l’_l X R xM, so that
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e on ((MOWH — Moni1) U (Mo, XNO)) x R x M it is given by
H® .. H®Y

o ™ = H™ /2 on Mg ,1 x(—00, —2V) x M,
e and H™ = H™ on Mg,1 x(+2V, +00) x M,
where Ny C S again denotes the fixed neighborhood of the punctures. It follows that the
tangent space at H=H® ¢ 71/ is given by
-0 W n—1
Since the linearization of 0 i at (h,u,j, H) € B*? wH' s again of diagonal form,

DE,U,jaf{ = Dj + dlag(é, Du,ﬁ) .
T Mo ®HP(S,R) @ HY? (w'TM) & Ty H'

const

— IPUT*S ©,,; R?) @ LP(T*S @; 5 u"TM)

it remains by lemma 1.3.2 to prove surjectivity of D, z, which is the linearization

of the perturbed Cauchy-Riemann operator 9, (u, H) = 5J7ﬁ750 (u). Since the proof is
in the central arguments completely similar to lemma 1.3.3, we just sketch the main points:

Assume for some n € LP(T*S ®;; w*TM) that (Dy.a(&, G),n) = 0 for all (£,G) €

HY(u*TM) ® Tg’l:fe. From (n, D,&) = 0 for all £ we already know that it suffices to show
that n vanishes on an open and dense subset.
Now observe that it follows from the same arguments used to prove lemma 1.3.3 that

0= (DaGn) = [ NI - dCl. 5 HE) +s00u() () d

for all G € Tﬁﬂg, where B is the set of branch points of the map

R S — RxS', we again write 7(z) = m(z) ® dh? 4+ m(z) ® dhY with
m(2) + J(w)m(z) = 0 for z € S — B and where dG(j, 2, h(2) + so,-) denotes the
differential of G(j, z, h}(2) + so,-) : M — R. But with this we can prove as before that 7
vanishes identically on the open and dense subset S — B:

Assume to the contrary that n(zy) # 0, i.e., 71(z9) # 0 for some zy € S — B. As in the
proof of lemma 1.3.3 we find Gy € C*°(M) so that

dGo(u(zo)) - m(20) > 0.

Setting jo := j, observe that we can organize all fixed maps hy : S — R xS for different
jon S into a map hg: Mg ni1 — R xSt Let
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¢ € C®° (Mo, x R, [0,1]) be a smooth cut-off function around
(Jos 20, P (Jos 20) + 80) € Mons1 x R with ©(jo, 20, hg(Jo, 20) + s0) = 1 and @(j, 2, hg (4, 2) +

s) = 0 for (j,2,s) & U(jo, 20, S0). Here the neighborhood U (jo, 20, S0) C Mont1 x R is
chosen so small that

U(jo, 20, S0) N <((m0,n+l — Mopns1) U (Monta XNO)) X R) =

U(jo, 20, 50) N (MO,nH X ((—m,—l)u(+1,+w))) —

s =

and dGo(z,u(2)) - mi(z) > 0 for all (2,7, h{(4,2) + s) € U(jo, 20, S0)-
Defining G : Mo xRxM — R by G(j, 2, 5,p) = ¢(j, z,5) - Go(p), this leads to the
desired contradiction since we found G € Tfﬂ:/ = ﬂi(M :0;0,...,0) with

(D - G.n) =/ [dRS(2)I* - dG (o, 2, g (o, 2) + s0,u(2)) - mi(2) dz > 0.
B

So we have shown that the corresponding universal moduli space
MR xS* x M; P+, P~ JH, (JH’(’“))Z;%) is again transversally cut out by the Cauchy-
Riemann operator 0;. Further it follows by the same arguments as in section 4 that we
can choose a (smooth) coherent Hamiltonian homotopy
H: 1], Moni1 xR — C=(M) such that for all N € N and P*, P~ the moduli spaces

MR xSt x M; P, P~ J ﬁ) are transversally cut out by the Cauchy-Riemann operator.

1.5 Contact homology

1.5.1 Chain complex

The contact homology of S* x M equipped with the stable Hamiltonian structure (wf, \#)
is defined as the homology of a differential graded algebra (2(, ), which is generated by
closed orbits of the Reeb vector field R and whose differential counts J-holomorphic
curves with one positive puncture. As in [EGH] we start with assigning to any (z,7T) €
P(H), which is good in the sense of [BM], a graded variable g, 1y with

deg qory = dim M/2 — 2 + pey(x, T).

Here jicz denotes the Conley-Zehnder index for (z,7"), which is defined as in [EGH] after
fixing a basis for H;(S* x M) and choosing a spanning surface between the orbit (z,T)
and suitable linear combinations of these basis elements. Note that in the corresponding
definition in [EGH] one adds n — 3, where n denotes the complex dimension of R xS x M.
Further we assume, as in [EGH], that H;(S' x M) and hence Hy(M) is torsion-free, where
we use that the torsion-freedom of H,(S) also yields the Kuenneth formula for H, (S x M).
Let

Q[Ha(S" x M)] = {D> q(A)e* : A€ Hy(S" x M), q(A) € Q}
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be the group algebra generated by Hy(S' x M) = Ho(M) & (H,(S') ® Hy(M)). Since
c1(T M) clearly vanishes on H,(S') ® Hy(M) we can and will work with the reduced group
ring Q[Hy(M)]. With this let 2, be the graded commutative algebra of polynomials in the

good periodic orbits
F =2 1@y - 0
q

where
j1—times Jo—times

g = (G(I17T1)7 vy Q(:C1,T177 a(Iz,Tz)a ) Q(IQ,TQ?a )

with coefficients f(q) in Q[Hy(M)].

Let C, be the vector space over Q freely generated by the graded variables g, r), which
naturally splits, C\. = @, C] with CT generated by the good orbits in P(H,T). Since C,
is graded, we can define a graded symmetric algebra &(C,): Denoting by T(C,) the tensor
algebra over C, the symmetric algebra is defined as quotient, &(C,) = T(C,)/J, where J
is the ideal freely generated by elements

a @b+ (—1)dgatdesbily o 4 e ()

for pairs a,b of homogeneous elements in T(C,). Let & : T(C,) — &(C,) denote the
projection. One easily sees that &(C,) is the graded commutative algebra freely generated
by the basis elements of C, with rational coefficients, so that 2, agrees with the tensor
product of the graded symmetric algebra over C, with the group algebra Q[Hy(M)],

A = 6(C.) ® Q[Hy(M)].

For the following we assume that all occuring periodic orbits are good.

Note that to any holomorphic curve in M(S* x M; P*, P~; J*) we assign as in [EGH]
a homology class A € Hy(S' x M) after fixing a basis for H;(S' x M) and choosing
spanning surfaces between the asymptotic orbits in P™, P~ C P(H) and suitable linear
combinations of these basis elements. For fixed (z¢,Ty) € P(H) we follow [EGH] and denote
by h(z, 1) € 2 the generating function, which counts the algebraic number of holomorphic
curves with Pt = {(zo, Tp)} but arbitary orbit set P~ = {(z7, T} ), ..., (z,, T.))},

n’» - n

h(ﬂﬂo,To) = Z ﬁMA(Sl X M’ P+7P_71H)/R q(z;,Tf)“‘Q(zﬁ,T;) eAv
P— A

where M 4(S' x M; P+, P~; J") denotes the one-dimensional component of the moduli
space, whose curves represent the class A € Hy(M) = Hy(S' x M)/(H(S') @ Hi(M)).
Note that in comparison to [EGH] we have not introduced asymptotic markers at the
punctures, so we do not have to quotient by the number of their possible positions. Then

the differential 0 : A — 2 is defined by (see [EGH],p.621)

8f — Z h(IO7T0) i

(z0,To)EP(H) aq(%fo)
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Setting dj, = deg(q(z,,7,)), we get for the monomial f = q that

i
xl,Tl) Yz, T0)
a (q.(];l ,T1) T q.(j;n,Tn))

Jn

= Z (=k,Tk) aqu (qgalcl,Tl)"'q(xn,Tn))

— E E (_ 1d1+ AJp—1dp—1+(— l)qu€1 ) - qgkq _
z1,Ty zp—1,Th—1

0

apry  (Meen) - mqwm) A ) Do)

Ik o .
= DD (et N gy Yoy
aq(l’k’Tk) ’ qukvé’k)qgﬂlz:ilfkﬂ) ...qf;an)
with
0ap1) = by %Q(%Tk)
q(xy,,T3)

= D AMA(S X M; PP/ R g poy s 1y €

P-,A

i.e., O satisfies a graded Leibniz rule. Note that for commuting the variables we made use
of

deg(h(IO,To) ’ 8/aq($k,Tk)) =1,

which follows from

For (Ti,...,T,) € N" let 2ATT») denote the subspace of 2 spanned by monomials
Q(xl,Tl) q(xn,Tn)7

AT T) — 0T () @ Q[Ho(M)] := S(TT+T(C,)) @ Q[Hy(M)],
where
gl (0) = 0T @ ... @ CT.

Note in particular that T1-Tn) does not depend on the ordering of the 77, ...,7T,,. Since
B M(S' x M; PH P J"Y/R =0 for Ty + ...+ T7 # T}, by lemma 1.1.3, it follows from
the above calculations that the differential 0 respects the splitting

A=Ppa,
TeN

T (Tl,...,Tn)
where ' = @TIJFWJFTTL:TQ( .
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1.5.2 Proof of main theorem A

In what follows we use our results about holomorphic curves in R x.S' x M to prove main
theorem A. At first we compute H, (QIQN, 0) = @pon H (A", 0) using our results about
moduli spaces of holomorphic curves in R x.S* x M in theorem 1.1.6 together with the
transversality results:

With the fixed almost complex structure J on M let H : [[Moni1 — C°(M) be a
coherent Hamiltonian perturbation as before, in particular, H® satisfies lemma 1.1.5 with
7 = 1. Following corollary 1.3.4 we further assume that H is chosen such that transver-
sality holds for all moduli spaces M(S' x M; P+, P~ J7/?"), p£ c P(H® /2N < 2N),
simultaneously for all N € N. Together with theorem 1.1.6 it then follows that for defining
the algebraic invariants we only have to count gradient flow lines of the function H® on
M with respect to the metric g5 = w(-,J-) on M.

For N € N let (y,0x) denote the differential algebra for the domain-dependent
Hamiltonian H/2Y : [[ Mgn+1 — C*®(M) and the fixed almost complex structure J on
M. For the computation of the contact homology subcomplex we use special choices for
the basis elements in H;(S! x M) and the spanning surfaces as follows: Choose a basis for
Hy(S' x M) = H,(S') @ H(M) containing the canonical basis element [S'] of H;(S'),
which is represented by the circle (z*,1) : S' — S'x M, t +— (t, z*) for some point z* € M.
For any periodic orbit (z,T) € P(H® /2N < 2V) we have [(z,T)] = T[S'] € H,(S* x M),
since x is a constant orbit in A, and we naturally specify a spanning surface S 1)
between (x,T') and the T-fold cover of (z*,1) by choosing a path ~, : [0,1] — M from x*
to x and setting S 1) 1 ST x [0,1] — S x M, S (t, 1) = (Tt,v.(r)).

Lemma 1.5.1 Let HM, = HM,(M,—H®, g;;Q) denote the Morse homology for
the Morse function —H@ and the metric g; = w(-,J-) on M with rational coefficients.
Then we have

H@2" 0n) = =2 (@) HM. ) @ Q[H(M)]

where

S (PHM. )= P ST TIEPOM. ).
N

Ti+..+Tp<2N N
Proof: For the grading of the g-variables we have
deg qzry = dim M /2 — 2 + pez(x,T) = ind_g(x) — 2,

when we choose a canonical trivialization of 7'M over (z*, 1) and extend it over the spanning
surfaces to a canonical trivialization over (z,7), i.e., the map © : S' x R*" — g*TM =
S x T, M is independent of S*. It follows that CT agrees with the chain group C'M,_, for
the Morse homology for 7' < 2V and therefore

AT = 65 (P CM.—s) © Q[Ha(M)].
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Here it is important to observe that any (z,T) € P(H® /2N < 2V) is indeed good in the
sense of [BM]: note that it follows from pcz(z,7T) = ind_g(z) — dim M/2 that pez(x,T)
has the same parity for all 7' < 2.

It follows from theorem 1.1.6 that the generating function for (zg, 7p) € P(H® /2N, <
2V is given by

xo To) — Z ﬂ MA .%'0, (.Z', T))/ R Q(I,To)eA-

where all curves in M((zo,T), (:U,T)) /R are gradient flow lines. Further it follows from
the above choice of spanning surfaces that they all represent the trivial class A € Hy(M) =
Ho(S'x M) /(Hy(S')® Hy(M)): Indeed, letting u denote the gradient flow line between zg
and z it follows that u represents the class A = T[S ® [y, full — .| € H1(S') ® H{(M).
Hence we in fact have

Morse
hiro.70) Z (20, 7) qamo) = 0" Qao,m0)

with #(x,70) denoting the algebraic number of gradient flow lines of —H® from z( to
x € Crit(H®). It follows that the differential Oy on Qlf\,QN is given by

aN( (1,11) " qg;an))

ji1d1+...+jr—1di_1+1—1)dy J Jk—
ZZ(_l)Jl 1Hetk—1dk—1+(1-1) “Cor 1) Lo\ T )

1 . aMorse Jr—l Jk+1 Jn
Tk

l—
" Yy 1) UarTw) * Ny, 1) Vanir Tir) = Van Tn)

in particular, dy respects the natural splitting

A=Y = b o= P eI @C’M* 2) ® Q[H,(M)].

Ty+.. +T,<2N Ti+.. +T,<2N

Using the graded Leibniz rule, the Morse boundary operator 9M°™¢ on C'M,_, extends
to a differential 93 on the tensor product

T ( @CM* o) = CMZ",

it directly follows from the definition of 93¢ and the above computation for @ that

oG = Godyre.
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With the theorem of Kiinneth we get

and the claim follows. [

With this we can now complete the proof of main theorem by using theorem 1.4.2 and
the transversality result of section four:

To this end choose a coherent Hamiltonian homotopy H: 1], Mo xR — C%(M)
as in section four, ie., with H(j,z,s,p) = H(j,z,p)/2 for small s and

H(j,z,s,p) = H(j,z,p) for large s such that for all N € N and P*, P~ the mod-

uli spaces M(R xS x M; P, P~; J) are transversally cut out. Let lﬁ denotes the
coherent non-cylindrical almost complex structure on R xS x M induced by J and H/2".

Let Uy : (UAy,0n) — (Ani1,0n11) be the chain homotopy, defined as in [EGH],
by counting holomorphic curves with one positive puncture and an arbitrary number
of negative punctures in the resulting almost complex manifold (R xS x M, J&)
with cylindrical ends.  Then it follows from theorem 1.4.2 that the restriction
UL (AN, 0n) — (Ax.q,0n41) is the identity for T < 2V, since again all curves
with three or more punctures come in S!'-families and all zero-dimensional cylindrical
moduli spaces just consist of trivial gradient flow lines.



Chapter 2

Trivial curves in rational SFT

2.0 Introduction

2.0.1 Summary

The second part of this thesis is concerned with the trivial examples of punctured holo-
morphic curves studied in rational symplectic field theory. Recall from the introduction
that for all our expositions we assume that the stable Hamiltonian structure is generic in
the sense that all periodic orbits are nondegenerate in the sense of [BEHWZ].

As we already mentioned at the beginning it is in general impossible to achieve
transversality for all moduli spaces in symplectic field theory even for generic choices of
J due to the presence of multiply covered curves. On the other the trivial examples of
holomorphic curves studied in rational symplectic field theory are not only the trivial
cylinders over closed Reeb orbits but also their multiple covers. Indeed we will show
in this chapter that the branched covers of trivial cylinders are in fact the reason why
transversality for generic J in general fails in symplectic field theory and whose contribu-
tion to the theory is not immediately clear. Indeed, as we already quoted at the beginning,
it is easy to show that in every case where these trivial curves would contribute to the
algebraic invariants by index reasons, transversality for the Cauchy-Riemann operator can
never be satisfied, so that one has to perturb the Cauchy-Riemann operator appropriately
and count elements in the resulting regular moduli spaces. Here it is important that the
perturbation chosen for different moduli spaces are compatible with compactness and
gluing in symplectic field theory. In order to obtain these compact perturbations we study
sections in the cokernel bundle over the compactified moduli space, i.e., we generalize the
obstruction bundle technique for determining the contribution of multiple covers to the
algebraic invariants from Gromov-Witten theory to symplectic field theory. With this we
prove the second main theorem of this thesis:

Main Theorem B: We can choose compact perturbations of the Cauchy-Riemann
operator, which make all moduli spaces of trivial curves reqular in a way compatible
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with compactness and gluing, such that the algebraic counts of elements in all resulting
zero-dimensional reqular moduli spaces (modulo R-shift) are zero.

For the proof we show that for every moduli space of trivial curves the cokernels of
the linearizations of the Cauchy-Riemann operator indeed fit together to give a global
vector bundle over the corresponding compactified moduli space, and prove that there
exists an Euler number for coherent (that is, gluing-compatible) sections in the cokernel
bundle which is zero. While in Gromov-Witten theory the existence of the Euler number
is immediately clear since all moduli spaces are pseudo-cycles, i.e., homologically have
no boundary, but their computation is hard in general, the opposite is true here: Since
the algebraic invariants of symplectic field theory rely on the codimension one boundary
phenomena of the moduli spaces of punctured curves, i.e., the regular moduli spaces define
relative rather than absolute virtual moduli cycles, Euler numbers for Fredholm problems
in general do not exist since the count of zeroes in general depends on the compact
perturbations chosen for the moduli spaces in the boundary. In this paper we make use of
the fact that the moduli spaces in the boundary again consist of branched covers of trivial
cylinders and prove the existence of the Euler number by induction on the number of
punctures. For the induction step we do not only use that there exist Euler numbers for
the moduli spaces in the boundary, but it is further important that all these Euler numbers
are in fact trivial. The vanishing of the Euler number in turn can be deduced from the
different parities of the actual and the virtual dimensions of the moduli spaces following
the idea for the vanishing of the Euler characteristic for odd-dimensional manifolds. From
some invariance argument we deduce that, once the analytical foundations of symplectic
field theory are established, the result about sections in the cokernel bundles suffices to
prove that the algebraic number of elements in the regular moduli spaces, obtained by
adding general compact perturbations to the Cauchy-Riemann operator are still zero even
when the abstract perturbations no longer result from sections in the cokernel bundles.
Despite the analytical work in order to show that the cokernels fit together to give a
nice vector bundle and showing that studying sections in it gives the right result, the
strategy of our proof indeed only relies on the difference of the parity of the Fredholm
index, i.e., the virtual dimension of the moduli space, and the actual dimension of the
moduli space, including the moduli spaces in the boundary. Hence it should be appli-
cable to a wide range of other multiple cover problems in pseudoholomorphic curve theories.

Remark: Note that in order to prove d> = 0 in embedded contact homology and
periodic Floer homology the authors of [HT1] and [HT2] also study sections in obstruction
bundles over moduli spaces of branched covers of trivial cylinders. Beside the fact that
their papers became available shortly before this project was finished, we emphasize
that there is an essential difference between their project and ours: While we view the
branched covers of orbit cylinders as trivial examples of curves counted in the differential
of rational symplectic field theory and therefore count trivial curves of Fredholm index
one, M. Hutchings and C. Taubes developed a generalized gluing theory for symplectic
field theory in dimension four where trivial curves of Fredholm index zero are inserted
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between the curves to be glued.

After describing the geometric setup underlying symplectic field theory, we focus on
the basic facts about trivial curves in symplectic field theory. Since we have to deal
with nonregular moduli spaces we introduce coherent abstract perturbations. We then
rigorously describe the moduli spaces M and M of trivial curves, obtained by quotiening
out or not quotiening out the R-action, and their compactifications. We show that M
and M are given as products involving the moduli space of punctured spheres and
use the conservation of energy to describe their compactifications M and M° which
are again made up of moduli spaces of trivial curves. Introducing the notion of a tree
with (based) level structure (T, L), (T,L, ;) we show that M and M° carry natural

stratifications and prove that M and M° are smooth manifolds with corners. While for
this we explicitly describe the compactifications using Fenchel-Nielsen coordinates on the
moduli space of punctured spheres, we emphasize that the compactifications M and M"
are different from the one obtained using the Deligne-Mumford-Knudsen compactification
of the moduli space of punctured spheres, in particular, M (and M") have codimension
one boundary strata. We then introduce the cokernel bundles Cokerd; and Coker0;
over the compactified moduli spaces M and M". After describing the neccessary Banach
space bundle setup, we study the linearization of the Cauchy-Riemann operator d; and
prove that, by energy reasons, the kernel of the linearization of J; agrees with the tangent
space to the moduli space. This proves in particular that the cokernel of the linearization
of 9; has the same dimension at every point in M (and M) which is sufficient to prove
that Cokerd; (and Cokergd;) naturally carry the structure of a smooth vector bundle

over the strata of M (and M?). In order to show that these bundles over the strata

fit together to a smooth vector bundle over the manifold with corners M (and W) we
prove a linear gluing result for cokernel bundles. While we show that the construction of
coherent orientations in [BM] together with the complex orientations of the strata of M

(and M?°) equips the cokernel bundle with an orientation over each stratum, it follows
from the results in [BM] that these orientations in general do not fit together to give
an orientation of the whole cokernel bundle Cokerd; (Coker05 ;) but differ by a fixed
sign due to reordering of the punctures. Equipped with the neccessary analytical results
about Cokerd; (and Cokeryd ;) we finally prove the main theorem. After showing that
sections in the cokernel bundle indeed provide us with the desired compact perturbations
for the Cauchy-Riemann operator, we discuss the gluing compatibility for sections in the
cokernel bundle and define the notion of coherent sections in Cokerd;. We finally prove
by induction that there exists an Euler number for coherent sections in Cokerd; and show
that it is zero. For this we study sections in the cokernel bundle Cokery0; over M. We
again emphasize that the induction step does not only need the existence result of Euler
numbers for the moduli spaces in the boundary but also that these numbers are indeed
zero. After this we discuss the implications of our result on rational symplectic field
theory once the analytical foundations are proven. After explaining why the conclusion of
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the main result should continue to hold for all choices of coherent compact perturbations,
we introduce the natural action filtration on symplectic field theory. Finally we introduce
the rational symplectic field theory of a single closed Reeb orbit and use our result to
compute the underlying generating function. Including the even more general picture
outlined in [EGH] needed to view Gromov-Witten theory as a part of symplectic field
theory, we further prove what we get when we additionally introduce a string of closed
differential forms. Here we prove by simple means (but using our main result) that the
generating function only sees the homology class represented by the underlying closed
Reeb orbit. It follows that the generating function is in general no longer equal to
zero when a string of differential forms is chosen, which implies that the differential in
rational symplectic field theory and contact homology is no longer strictly decreasing with
respect to the action filtration. However, we follow [FOOO] in employing the spectral
sequence for filtered complexes, where we use our result to show that after passing from
the E'-page to the E2-page we only have to consider those formal variables, where the
homology class of the underlying closed orbit is annihilated by all chosen differential forms.

This chapter is organized as follows: After two introductory subsections on trivial
curves and coherent compact perturbations, section one is concerned with the nonregular
moduli spaces of unperturbed branched covers of trivial cylinders. While section two is
devoted to establishing the existence and the properties of the cokernel bundle, we prove
the main theorem in section three. In section four we finally discuss the implications of
our result on rational symplectic field theory once the analytical foundations of symplectic
field theory are proven.

2.0.2 Trivial curves in symplectic field theory

Beside the constant curves with no punctures, which do not contribute to the differential
by algebraic reasons, note that for each closed orbit + of the vector field R we have the
trivial cylinder R x~ as trivial example of a J-holomorphic curve in R xV, where the
J-holomorphicity follows from J0; = R = 7. While these trivial cylinders correspond to
the trivial connecting orbits in Floer homology and by the same arguments turn out to be
irrelevant for the algebraic invariants, it is important to observe that in contact homology
and (rational) symplectic field theory we get from a single trivial cylinder infinitely many
other trivial examples of punctured .J-holomorphic curves with two or more punctures
by considering branched and unbranched covers of the given trivial cylinder. While the
unbranched covers are again trivial cylinders over a multiple of the underlying Reeb orbit,
it follows (see proposition 2.1.1) that the branched covers are in one-to-one correspondence
with meromorphic functions on the underlying closed Riemann surface by removing zeroes
and poles and identifying CP' — {0,00} = R xS! & (R x~,J). While these curves are
clearly trivial in the above sense, it is important to observe that they are also trivial from
another viewpoint:
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Like the constant curves and cylinders staying over one orbit are the only holomorphic
curves in Gromov-Witten theory and symplectic Floer homology with trivial energy, the
branched and unbranched covers of trivial cylinders are the only punctured holomorphic
curves with vanishing w-energy. Indeed, if u = (a,f) : S — RxV has E,(u) = 0 it
follows, see lemma 5.4 in [BEHWZ], that df € kerw = R xR, so that the image of the
V-component f is a closed Reeb orbit. On the other hand, assuming as in [EGH] that the
first homology group of V' is torsion-free, observe that after choosing a basis for H; (V') and
choosing for each simple orbit v a spanning surface f, in V realizing a cobordism between
v and a suitable linear combination of these basis elements as in [EGH], we can define an

action
S(y) = / fow,

for every simple closed Reeb orbit 7. On the other hand, note that for a multiply covered
orbit 7™ we can use the formal multiple f7* of the spanning surface f, to realize a cobor-
dism between 4™ and a linear combination of basis elements, so that S(y™) = m - S(v).
Then E, (u) can be expressed as the difference of the actions of the closed orbits i, ..., fi
corresponding to positive, respectively negative punctures of u and the w-area of the ho-
mology class A € Hy(V) which we can assign to u using the spanning surfaces for the

simple orbits underlying fyli s een ’Yfi,
nt n-
=Y SO =D Sty ) +w(A).
k=1 (=1

In particular, it follows that the moduli spaces ./\/lg,o(var, ,Wm: ™y ) of J-
holomorphic Curves of genus g in R xV which are asymptotlcally cylindrical over the mul-
tiple covers y™1 ..., v Mo of ~ at the positive, over v™ ,...,7"»~ at the negative punctures
and represent the homology class A =0 € Hy(V), entlrely consist of multiple covers of the
trivial cylinder over . For this observe that m] + ... + m' =my + ...+ m__ since else
the moduli space is empty by homological reasons, so that

zs )= 32507) = (5wt =3 mp)-S0) =0

For the rest of this paper we restrict ourselves to the case of rational curves, i.e., with

genus g = 0. Note that the moduli space Movo(ymi, s ymjﬁ ;™ ..., ) contributes to
the differential in rational symplectic field theory only when its virtual dimension given by
the Fredholm index of the linearization of the Cauchy-Riemann operator 0y,

nt

indd; =3 pez(y"™) Zucz M)+ (m—3) - (2—n),

k=1

is equal to one, where n = nt + n~ is the number of punctures and dimV = 2m — 1.
For this observe that under the assumption that the Cauchy-Riemann operator meets the
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zero section transversally in a suitable Banach space bundle over a Banach manifold of
maps this implies that the moduli space is one-dimensional, i.e., discrete after quotiening
out the natural R-action. While for trivial cylinders the Fredholm index is always zero,
there indeed exist examples of branched covers with Fredholm index one. For example it
is easy to check that the moduli spaces Mg o(7?;7,7) and Mg o(7y,7;7?) of pairs of pants
mapping to the trivial cylinder over an arbitrary hyperbolic orbit v in a three-manifold have
virtual dimension equal to one and therefore, in contrast to the underlying trivial cylinder,
possibly contribute to the algebraic invariants of rational symplectic field theory. On the
other hand we prove in proposition 2.1.1 that when the number of punctures n = n* +n~
is greater or equal to three the moduli space is given by

+ — —
MO,O(’Ym;r> "'77m"+;7m1 ) "'7’7m"7) =R XSI X MU,n*-l—n’ X Zm+ X Zm*a

where M ,,+4,~ is the moduli space of stable n-punctured spheres, which is a complex
manifold of complex dimension n — 3. In particular, the moduli space is a complex
manifold of complex dimension greater or equal to one so that, when the Fredholm index is
assumed to be one, the actual dimension of the moduli space must be strictly larger than
its virtual dimension expected by the Fredholm index. Note that this in turn implies that
the moduli cannot be transversally cut out by the Cauchy-Riemann operator, in other
words: Ewven for generic choices of J, each moduli space of trivial curves with Fredholm
index one must be nonreqular in the sense that the the Cauchy-Riemann operator does not
meet the zero section transversally.

In order to see why the Fredholm index can be smaller than the actual dimension,
observe that the index is sensitive to the underlying periodic orbit v and the dimension
of V', while the actual dimension is not. On the other hand the nontrivial behaviour of
the Conley-Zehnder index under replacing an orbit by some multiple cover makes it hard
to exclude trivial curves with Fredholm index one. Restricting to contact homology for
simplicity, note that the best way to get a hand on the possible range of the Fredholm index
of trivial curves for the general case, i.e., without further assumptions on the underlying
Reeb orbit «, is to combine the formula for the virtual dimension of the moduli space

MO,O(fyn_l; BEREET 7)7
inddy = pez(y"") = (n—1) - pez(y) + (m—3) - (2 —n)
with the estimate for the Conley-Zehnder index of multiply covered orbits in [L],

(n—D(ucz(y) = (m—=1)) +(m—=1) < pez(y"1)
< (n—1D(pcz(y) +(m—1)) — (m —1)
to obtain
(2—n)(2m —4) < indd; < 2n —4.

While the right hand side agrees with the actual dimension of the moduli space
Moo(v* 7, ...,7) and is strictly greater than one, the left hand side is nonpositive for
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m > 2, i.e., dimV > 3. Hence we cannot exclude branched covers of trivial cylinders with
Fredholm index one for any number of punctures greater or equal to three as well as any
dimension of V' greater or equal to three (without imposing further assumptions on the
underlying Reeb orbit).

2.0.3 Coherent compact perturbations

Since the actual dimension of the moduli spaces does not agree with the virtual dimension
expected by the Fredholm index, we already deduced that the Cauchy-Riemann operator
0y cannot be transversal to the zero section in a suitable Banach space bundle over a
Banach manifold of maps. The general way to remedy this is to add compact perturbations
to the Cauchy-Riemann operator d; so that it becomes transversal. Since the linearization
of the perturbed Cauchy-Riemann operator then differs from the linearization of the
original one only by a compact operator, it is still a Fredholm operator with the same
index, which now by the implicit function theorem agrees with the local dimension
of the zero set of the underlying nonlinear perturbed operator. In order to obtain a
compactness result for this new zero set one also has to add compact perturbations
to the Cauchy-Riemann operator over the moduli spaces forming the boundary. In
particular, the compact perturbations chosen for any moduli space must be compatible
with the compact perturbations chosen for the moduli spaces forming its boundary. The
algebraic invariants are then defined by replacing the original compactified moduli space
by the compactified zero set of the perturbed Cauchy-Riemann operator. Note that
this can be achieved by either thinking about the specialities of the problem and then
using special perturbations as in the first chapter or by building a general framework
allowing for arbitrary compact perturbations. The observation that one is only interested
in the zero set of the perturbed Cauchy-Riemann operator led to the (relative) virtual
moduli cycle techniques in symplectic Floer homology and Gromov-Witten theory for
general symplectic manifolds, see [LiuT], [LT], [FO], [MD], where the construction of
the relative virtual moduli cycles in symplectic field theory is sketched in [B]. On the
other hand, the wish to obtain the (relative) virtual moduli cycle directly as the zero
set of the perturbed Cauchy-Riemann operator, viewed as a section in some kind of
infinite-dimensional bundle over an infinite-dimensional space of maps, led to the in-
vention of polyfolds by Hofer, Wysocki and Zehnder, see [HWZ] and the references therein.

While the virtual moduli cycles techniques as well as the polyfold theory provide us
with the correct setup to handle the problem of transversality in symplectic field theory, it
seems that one has to give up any hope to finally compute the desired algebraic invariants.
However it is is a folk’s theorem in Gromov-Witten theory, see e.g. [MD], [MDSal, that in
some good cases the situation can be drastically simplified:

Although the Cauchy-Riemann operator 0; is not transversal to the zero section, it
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might happen that its zero set is still a manifold and that the virtual moduli cycle can be
represented by the zero set of a generic section in a finite-dimensional obstruction bundle
over the compactification of the nonregular moduli space. In particular, the zero set
agrees with (the compactification of) the regular moduli space obtained by adding to the
Cauchy-Riemann operator a suitably extension of the given obstruction bundle section.
The standard example of such an obstruction bundle is the cokernel bundle, where one
has to show that the cokernels of the linearization of d; at every zero always have the
right dimension so that, in particular, they fit together to give a finite-dimensional vector
bundle. Note however that the dimension of the cokernel usually jumps, so that the
cokernels in general only fit together to local obstruction bundles, which leads to the
definition of Kuranishi structures in [FO].

Using the characterization of trivial curves as curves with trivial w-energy we can prove
that we indeed have a global obstruction bundle over the compactification of every moduli
space of trivial curves. While in Gromov-Witten theory the count of elements in the
moduli space, more general, the cobordism class of the moduli space, is independent of
the chosen abstract perturbation of the Cauchy-Riemann operator, this no longer holds for
the moduli spaces in symplectic field theory. This follows from the fact that the moduli
spaces in symplectic field theory typically have codimension one boundary strata, while in
Gromov-Witten theory the regular moduli spaces form pseudo-cycles in the sense that the
boundary strata have codimension at least two, i.e., from the homological point of view
have no boundary. So while in Gromov-Witten theory the moduli spaces can be studied
separately, the interplay between the different moduli spaces is the reason why the algebraic
invariants of symplectic field theory are defined as differential algebras, which can be shown
to be independent of extra choices like the cylindrical almost complex structure and the
compact perturbation. In our case this problem is expressed by the fact that we have
to study sections in vector bundles over moduli spaces with codimension one boundary,
so that the count of zeroes in general depends on the choice of sections in the boundary,
i.e., the chosen perturbations of the Cauchy-Riemann operator used to define the regular
moduli spaces in the boundary. However we outline below that in our case we indeed have
a well-defined count of zeroes so that, as in the Gromov-Witten case, we can (iteratively)
define Euler numbers for our Fredholm problems.

2.1 Moduli space of trivial curves

2.1.1 Branched covers of trivial cylinders

+ +
Choosing closed orbits ’yf? Treen ;nfi of the vector field R on V| where 4™ denotes the

m.th iterate of the simple orbit v, and a homology class A € Hy(V'), the moduli space
+ _ —

+ m m
m m — . .
Mao( g n+"1371 1., ~ ) of punctured J-holomorphic curves in R xV' of genus

zero is defined as follows (see [EGH]):
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Fix positive and negative punctures 27, ..., zji € S? and pairwise disjoint embeddings of

half-cylinders wlf : R xS «— S with hmr:ioo wki(r, )= sz, where § = 92— {zf, ey zfi}
. g _
Then the moduli space /\/12170(7;1 Ty Zﬁi;yfﬁ,...ﬁ;’f_) of parametrized curves con-

sists of tuples u = (u,j, u*), where j denotes a complex structure on the punctured
sphere S which agrees with the standard complex structure on the cylindrical coordi-
nate neighborhoods of the punctures, p* = (i, ..., ix), ptii € (TZ%S2 —{0})/R, = St
is a collection of directions at the punctures zf, ...,zfi, called asymptotic markers, and

w: (S,5) — (RxV, J ) is a (4, J)-holomorphic map which is asymptotically cylindrical over

the closed orbit «, j’“[ at the puncture zf:,

(wo ) (s,t + pf) — y(mET=4t), k=1,..,n*

Here T7 denotes the period of the simple orbit + and it follows from the chosen S!-shift
in the asymptotic condition that the asymptotic marker p,f € S' is mapped to the point
27k = 74 1(0) on the underlying simple orbit. Note that when the asymptotic condition
is fulfilled with the asymptotic marker ,uf, then it also holds for the asymptotic markers
wE+/mE, € = 1,...,mf — 1. Representing a basis of H,(V), which is assumed to be
torsion-free as in [EGH], by circles in V' and choosing for each simple orbit v a spanning
surface in V' between 7 and a suitable linear combination of these circles as in 0.3, one
can assign an absolute homology class in Hy(V') to each map u. With this we require that
the map u represents the given homology class A € Hy(V).

Note that when nt + n~ < 3 we have a umque complex structure i on S

and we obtain the moduli space ./\/le(’Y1+,- " n++,717_,. ,7 -’ ) as quotient of

+
M Ao(’h SPR nf +;fyl L, _”:) under the obvious action of the automorphism group
Aut(S,7). On the other hand, when n* +n~ > 3 the automorphlsm group of (S,7) is

+
trivial, so that the desired moduli space M4 0(’71 s Yok +7717_ , ...,%, ~) agrees with

+
the moduli space MY (77" i, ey n+”+; " ™ e fyn_"__) of parametrized curves from before.

When all chosen simple orbits agree, 7o = 7, k = 1,...,n%, and A = 0 € Hy(V),
we already outlined in 0.2 that all curves have trivial w-energy E,(u) = 0, and therefore
have V-image contained in a trajectory of the Reeb vector ﬁeld When there is at least
one puncture it follows that the moduli space Mg o(y m g ey Y n+,7 , ..,ym;—) entirely
consists of branched covers of the trivial cylinder over a Smgle closed orbit . For every
(simple) closed orbit 7 of the vector field R, the trivial cylinder R x+ represents a curve in

the above sense with ug : (R xS1,i) — (R xV,J), (s,t) — (T7s, fy(T”lf)) Which is holomor-

phic by Jd, = 4 = R. It follows that every curve u in Mogo(y™, ...,y Ml ym ey Y ™)
is of the form u = h o ug with the branched covering map

h:(S,j) — RxS
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between the punctured Riemann spheres (S, 5) and R x5! = C* = CP' — {0, oo}

It directly follows from the asymptotic conditions for the curve wu in

+ _ —
M()’O(le*’ ey Yt ™ L ™) that b extends to a holomorphic map from (52, j) = CP!
to CP!. More precisely, it represents a meromorphic function h on (S?,j), where the

positive punctures z;, ...,z are poles of order my,..,m} ., the negative punctures
2y ,..., 2, are zeroes of order my,..,m__. For the rest of the paper we make the

convention to identify w directly with the branched covering h. Furthermore we make the
convention that, unless otherwise mentioned, all considered branched covers are connected
and have no nodes. Choosing the standard complex structure i on S?, (S?%,i) = CP!,

and letting the positions of zf,...,zf; € CP! vary, it follows that the moduli space

Mo,g(”ymf, s ’ymIJr 4™ ...,y ) agrees with the moduli space of meromorphic functions
on CP' with the given number of poles and zeroes with multiplicities m7, ..., mfi, where
we just must take care of the possible different choices for the asymptotic markers.

For the following expositions we assume that m + ... + m'. =mi + ..+ m__ since
else the moduli space is obviously empty by homological reasons. In particular, there are
no holomorphic planes (n = nt +n~ = 1). For n = 2 the moduli space Mgo(7™;7™)/ R
consists precisely of m? elements, namely the unique trivial cylinder over the iterated orbit
4™ together with the m? possible choices for the asymptotic marker above and below.
Note that here the actual and the virtual dimension given by the Fredholm index agree
to be zero, so that they are not interesting from the viewpoint of symplectic field theory.
Hence it suffices to restrict our considerations to the stable case n > 3.

Proposition 2.1.1: For n = n™ +n~ > 3 the moduli space of trivial curves (con-
nected, without nodes) with fized multiplicities mE, ..., mfi s given by

M0,0<7mir7 "'7’7mz+;7m17a 77m’:7)/R = Sl X MO,n++n— X Zm+ X Zm—,

where My, denotes the moduli space of n-punctured spheres and m* = miﬁ C mfi.

Proof: For the proof we fix the natural complex structure j =4 on S? (52 i) = CP!, and
let instead the positions of the punctures zf[, o zji vary. Since the zeroth Picard group
Pic’(CP!) is trivial, i.e., all degree zero divisors on CP! are in fact principal divisors,
it follows that a meromorphic function exists for any choice of zeroes and poles with
multiplicities, as long as the number of poles with multiplicities agrees with the number

of zeroes with multiplicities. More explicitly, an example of A is

_ HZ;l(Z — )™

- Tnt mt
[Tiea(z = 20

and it follows from Liouville’s theorem that such a map is uniquely determined up
to a nonzero multiplikative factor, i.e., h = a - hy with ¢ € C*. Since for n > 3 the

h°(2)
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automorphism group Aut(CP') already acts freely on the ordered set of punctures
(zf,...,zjfi), it follows that the moduli space agrees with the product C* x Mg ,+4p-
with C* = R xS'. On the other hand there are m,f possible directions for the asymptotic
marker ,uf at each puncture z,:f, k=1,...,n*%, for each (h,j) as outlined in the definition of

: + : + i ~
the moduli spaces, so that pj; € Z,,2, i.e., pE =y, e fis) € Lt X % mei > 7. O

In what follows we fix the multiplicities mi, ..., mqfi and abbreviate the corresponding
moduli space of trivial curves by

¥ mt my m_
M = M0,0(7m1 e VI ”7)/R'

Note that here we view the target R xS! as a cylindrical cobordism in the sense of [BE-
HWZ], so that we quotient out the corresponding R-symmetry on the moduli space. Later,
for the proof of the main theorem, we further have to consider the corresponding moduli
space of holomorphic curves in R x S* without quotiening out the R-translations,

mT m* m m
MOIMO,O(V 17"'77 n+;7 17"'7/7 n7)7

i.e., we view the holomorphic curves as sitting in a noncylindrical cobordism by just ignoring
the natural R-action.

2.1.2 Compactification

While introducing abstract perturbations we must asure that these are compatible with
the curve splitting phenomena described in the compactness theorem of symplectic field
theory. Hence we must also include the compactification of the moduli space of trivial
curves into our considerations which is, of course, not too bad. Recall that by [BEHWZ]
the compactification of a moduli space of curves in a cylindrical or noncylindrical cobor-
dism consists of holomorphic curves in cobordisms together with a level structure. Calling
a level (non-)cylindrical whenever the corresponding cobordism is (non-)cylindrical,
observe that when we start with curves in a cylindrical cobordism the resulting levels
are all cylindrical. On the other hand, when we start with curves in a noncylindrical
cobordism, there is precisely one noncylindrical level, while all other levels are cylindrical.
Furthermore we call a connected component of a holomorphic curve (non-)cylindrical
when it is (not) a cylinder. This leads to the following compactness statement:

Proposition 2.1.2: The boundary of the compactified moduli space M consists of
level holomorphic curves in the sense of [BEHWZ], which are connected or disconnected
nodal branched covers of the same orbit cylinder, such that the punctured spheres un-
derlying all noncylindrical components are stable and on each level there is at least one
noncylindrical component. The same holds true for the compactification M°, except that
the last part of the statement need not be satisfied for the noncylindrical level. For ﬂ_zt
follows that all connected components carry strictly less than n punctures, whereas for M°
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this is true only up to the case of a two level curve where all curves on the noncylindrical
level are cylinders.

Proof: Choosing a sequence of holomorphic curves in M, it follows from the compactness
theorem in [BEHWZ]| that a suitable subsequence converges to a level holomorphic map
in the sense of [BEHWZ]. It follows from lemma 5.4 in [BEHWZ] together with the
preservation of the w-energy that the connected components in each level of the limiting
level curve are again, after resolving the nodes, multiple covers of the corresponding orbit
cylinder. Since there are no multiple covers with one puncture and every curve with no
punctures is constant it follows that every component of the limit level holomorphic map
has at least two punctures, i.e., that every noncylindrical component has positive Euler
characteristic. Furthermore there always must be a noncylindrical component on each
cylindrical level, since otherwise the R-action is trivial. The remaining statements on the
number of punctures follow from the additivity of the Euler characteristic. [J

Definition 2.1.3: A (n",n7)-labelled tree with level structure is a tuple
(T,L) = (T,E,A", A, L), where (T,E) is a tree with the set of vertices T and the
edge relation E C T x T, the sets AT = (AL),er are decompositions of {1,...,n%}, i.e.,

L AL ={1,....n*}, AZNAS =Owhena # 3,

a€cT

and L : T — {1,...,L} is surjective map, which is called a level structure. Furthermore, a
tuple (T, L, 4y) = (T, E,A*,A~, L, ly) with {y € {1,...,L} is called a (n*,n")-labelled tree
with based level structure.

Observe that every level branched cover in M represents a (n*,n~)-labelled tree with
level structure, where the tree structure (7, E') represents the underlying nodal curve, i.e.,
bubble tree, and the elements k € {1,...,n*} represent positive or negative punctures. On
the other hand, a level branched cover in the boundary of M° represents a tree with based
level structure (7T, £, {y) with £, denoting the noncylindrical level. It follows that M and

MO carry natural stratifications

m: UM’RL, W: U M%,E,Eo

T.C T,L to
where M7,z and M., can be described as follows:

First we can assign to every labelled tree with level structure (T, £) = (T, E,A*, L) a
nodal surface with positive and negative punctures by assigning to each o € T" a sphere
S. = 5% to any edge (a,3) € E a marked point 2,5 € S, and to any k € AZ, o € T

o)
a positive, respectively negative puncture zf: € S,. Since to each positive, respectively

negative puncture we assign a fixed multiple 7’”% of the underlying simple orbit ~, we can
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naturally assign a multiplicity with sign mqs € Z to each edge in £ by requiring for each

a € T that
Zmag—i-ka Zm;:O.

B:aEP keAd keAy

Note that each edge («, 5) with m,g # 0 corresponds to a positive or negative puncture
for the components a and 3 and mq3 = —mg, denotes the period with sign. In particular,
when mgs > 0 then L(«) > L(), whereas by similar arguments the edges with trivial
multiplicity m,3 = 0 corresponds to nodes between components a and 3 in the same level,
L(a) = L(F). With this we define sets of positive, respectively negative punctures on S,
by

ZF = {5 ke ALY U{zap: L(B) > L(a)}
= {2l k=1,..,n7},

Z, = {2z, ke A} U{zap: L(B) < L(a)}
= {zopik=1,.,n.}

and denote the corresponding punctured sphere by S, = S, — {zai’l,...,z:ni}, while

Z% = {zap : L(a) = L(B)} is the set of nodes connecting S, with Sg of the same level
Note that by the above definitions we assign a positive multiplicity m= ok b0 any point 2t ok
in ZX. Finally note that we did not fix the complex structure on any of the punctured
spheres S,.

We want to describe the moduli space My . using the corresponding moduli spaces
of nodal curves on the different levels. For this observe that to any labelled tree with
level structure (T, E,A*,L£) we can assign a tuple of labelled trees T, = (Tg,Eg,Azt),
¢e€{l,. L}, where T, = {a € T : L(a) =}, B, = EN (T x Ty) and Af = (AZJaeTe
with A?fa = Afxt U {ﬁ S Tﬁil : CYEﬁ}

For every Ty, = (Ty, E;, AF), ¢ € {1,...,L} we now introduce the moduli space Mpr,
as follows: Every element in My, is a tuple (he, jos 117) = (Ravs Jous 12 )aer,, Where jg is a
complex structure on S, and hq (Sa, Ja) — R xSt extends to a meromorphic function on
(Se = 52, j4) with poles, respectively zeroes zil, s z:ng of multiplicities mil, amE

ang

such that ha(zap) = hs(2sa) if zag € Z3, ie., 230 € Zj. Further p = (,uil,...,,uan )

denotes the collection of asymptotic markers ,uf p € Zm:tk.

Note that in general the trees Ty are not connected. Denoting the connected components
by Ty1,...,1y n,, the moduli space My, can be written as direct product

Ne-1
Mr, = Mr,, X... x Mg, o x R™

of moduli spaces Mr,,, k = 1,...,N; of connected nodal branched covers, where the
R-factors encode the relative R-position of the connected components of the curves in Mr,.
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With the moduli spaces My, ..., My, we can finally describe the moduli spaces My 2
and M% Lty

While the definitions of complex structures and holomorphic maps is straightforward,
we explicitly want that two tuples (hy, je, fe)e=1.... L represent the same element in My .
if the asymptotic markers at pairs of positive and negative punctures, which correspond
to edges between components in neighboring levels, describe the same decorations. Note
that this convention is implicit in the proof of the master equation of (rational) symplectic
field theory, which is derived by studying the codimension boundary strata of moduli
spaces. Indeed we will show below that this convention guarantees that the compactified
moduli space M (and M") carries the structure of a manifold with boundary. Going
back to the goal of describing My, explicitly, we assign to any tuple (hy, jo, /,L?:)gzl 77777
MT1 X X MTL a tU‘ple (h>j> :u:t79) € MT,£7 where (haj) = (hﬁajf)le,...,L = (homja)OéET-
For the asymptotic markers ;* and decorations 6 we recall that

py = (g)aety,  pg = (1) keat> (Has) £(8)>L())s

o = (1% Jkeaz (Hap)c(8)<c(a))-

From this we get asymptotic markers y* = (Mf)k:L“"n:ﬁ: and decorations 0 = (0ag)c(a)>2(8)

by setting . .
Imagl X Hlmag|
Oap = [(Hap, oa)] € BA p Z,

where A,p = Apg, denotes the diagonal in Zj,, ;| X Zjm,,|- For this recall that mqs = —mga
and observe that two pairs of asymptotic markers (iag, f1pa) and (uy,g, i5,) represent the
same decoration if there exists some jg € Zjm, 5| With (17, 5, 113 0) = (fap + o, fipa + 10)-
With this it follows that the moduli space M is given by

Mo, ... X Mr,
My, = = =3
T,E A

with A =[], )5z(5) Das- On the other hand, it follows from the same arguments that

M7, ;4 is given by
0

My, X X Mp, X X My,
A ?

Here M%O is the moduli space of trivial curves on the noncylindrical level, so that

o _
Mz 4y =

MOT/zo = RXx My, whenever Tj, represents a curve with at least one noncylindrical
component, and just consists of a point if all components are trivial cylinders.

Observe that each M, is a smooth manifold of codimension
dim M —dim Mz, =L —1+2N,

where L is the number of levels and N = $#{aE3 : L(a) = L(6)} denotes the number of
nodes between components in the same level. For this observe that creating a new level
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we indeed only loose one dimension corresponding to the R-coordinate on the new level
which is quotiented out. It follows that the compactified moduli space M is a stratified
space with natural stratification

M=McMcMc.cMc.cM =M,

where
k

M - U MTJ;.

(T,£):L—14+2N<k

contains the components of the compactified moduli space of codimension at most k. In
the same way we have

—k —00 —_—
M= M M MY M MY = A,

where
oF | l 0
M = MT7£7£0 .

(T,Llo):L—1+2N <k

Observe that Ml, defined as disjoint union of the moduli space with the codimension
one boundary components, consists of curves with two level and no nodes. More precisely,
the connected components of the codimension one boundary are given by fibre products

M1 X MQ
A Y
where M; = Mg, My = My, denote moduli spaces of possibly disconnected branched

covers without nodes. Note that here T7,T5 are trees with trivial edge relation and Z,,, , =
Hﬁ(a):2 £(B)=1 Lim, | acts on M1 and M5 in the obvious way. On the other hand, observe

M1 sz12 Mg =

that the connected components of the codimension one boundary of M are given either
given by products of the form

M} X Zimy o My, My X Zm, o M3
with M) = R x M; and M) = R x M, or
{point} x M, M x{point}

corresponding to M = {point}, M3 = {point}, respectively, i.e., where on the noncylin-
drical level we just find trivial cylinders.

We close this section with an important technical lemma about the compactified
moduli spaces M and M.

Proposition 2.1.4: The compactified moduli spaces M and MO naturally carry
the structure of a manifold with corners.
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Proof: We prove the statement only for the compactification of M, since the state-
ment about the compactification of M follows the same arguments. Essentially it follows
from an explicit description of the moduli space M and its compactification in terms of
Fenchel-Nielsen coordinates:

Recall from the definition of the moduli spaces that we fixed n* positive and n~ negative

punctures 27, ..., z:i € S? and fixed cylindrical coordinates

PE REXS — S

around each puncture z,f, k € {1,..,n*} on the punctured sphere S=92_ {zli, e z:i}
Beside the mentioned embeddings of half-cylinders we now embed n — 3 finite cylinders
Ut [-1,41] x S' — S, k € {1,...,n — 3} such that their images are pairwise disjoint,
disjoint from the cylindrical coordinate neighborhoods of the punctures and such that the
circles ¥,({0} x SY) € S, k =€ {1,...,n — 3} define a pair of pants decomposition of S.
Observe that this naturally defines a (n™,n™)-labelled tree (7°, E°, A°), where T is the
set of pair-of-pants components,
S=J 7

a€eT?

with the obvious edge relation
(@,8) € EB° & YanYs+£0,
and the decompositions A%* = (A%F), <70 of the sets {1,...,n*} given by
ke AN c{1,..n*} & zfev,.

We fix a complex structure jo on S such that it agrees with the natural complex structures
on the embedded cylinders. Let E° = E°/{(a,3) ~ (B,a)} be the set of undirected

edges and for every 7 € E° let ¢, : [~1,4+1] x S' — S denote the corresponding
embedding of the finite cylinder. For every (r,,t,) € (Rf xS let S, ., denote the
punctured Riemann sphere obtained from S by replacing for each 7 € E° the embedded
cylinders 9. ([—1,0] x S*) by [—r;,0] x ST, ([0, +1] x S') by [0, +r,;] x S', and gluing
[—7,,0] x S* and [0, +7,] x S* with a twist ¢, € S*. Note that for any (r,,t,) € (R} xS")*°
the punctured Riemann sphere S(rﬁtT) represents an element in Mg, and we assume
without loss of generality that the complex structure j, on the noncylindrical part of S

is chosen such that the map from (Rj xS 1)E0 to My, is indeed a coordinate chart for M,,.

Assuming that we have covered M, by coordinate charts of the above form, we are
now ready to describe the compactification M of M by compactifying each coordinate
neighborhood in the following nonstandard way. First observe (compare [BEHWZ]) that
when we compactify each coordinate neighborhood by viewing it as a subset of (R x.S 1)E0
with compactification (R x Sl)Eo, R = RU{4o00}, then we obtain the Deligne-Mumford
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compactification Mi’n with decorations at each node. On the other hand, note that when
we use the compactification (CP')®* of (R xS by identifying R xS' = C*, then we
obtain the usual Dehgne Mumford compactification M(]n without decorations. In order
to obtain M = S! x M()n X Lo+ X Ly~ we need yet another compactification Mon of
My .. Besides that we want decorations only at those nodes which correspond to a pair
of a positive and a negative puncture, we must keep track of the relative R-shift of the
different components when they are mapped to the trivial cylinder.

To this end, recall that each k € A%* represents a positive, respectively negative
puncture to which we assign a fixed multiple ’ymki of the underlying simple orbit 7. Hence
we can again naturally assign a multiplicity with sign m.g € Z to each directed edge in
E° by requiring for each o € T° that

Z Mag + Z m:— Z m, = 0.

B:aE3 keAdT keAas

Note that mg, = —mas. Now we identify the coordinate subset of My, not with
(RS xSY)E°) but view it as a linear subspace of (R xS1)E" x RT*T” by setting for
(a,3) €T x T°

k

Saf = Z M (yi—170) T lyim1vi]>

i=1
where a = 7, ..., = [ is the enumeration of vertices on the unique directed path in
(T°, E°) from a to 3.

Distinguishing further the undirected edges in E° by whether their multi-

plicity is zero or not, E° = EJ U E%, we now obtain M,, by viewing it as
a subset of (RxS')F x (R ><S1)Ei x RT’*T’ with compactification given by
(CPHE x (R x SH)FE x RO 1t directly follows from the construction of My,

that M, carries the structure of a manifold with corners. Further the boundary of M,
in ./A\//loyn consists of tuples ((r,,t,), (sa3)) With r, = oo for some edge 7 € E°. While
the coordinates (r;,t,;) describe a nodal curve with decorations at nodes corresponding
to edges in EY, we show that the coordinates (s,s) describes a level structure with
relative R-shifts. More precisely, recalling that M = S' x Mg, X Z,+ X Zy,—, we show
in the following that there is a natural identification of S x //Vlo,n X Lt X Loy~ With
the compactified moduli space M of trivial curves. To this end we assign to any tuple
(to, ((rrytr), (Sap)), #) a level branched covering (h, j, u*, 6) as follows:

First observe that the underlying nodal curve is described by the coordinates
(rr,tr) € (CPYE x (R x SM)P%, where o, f € T° belong to the same connected component
when r, < oo for each edge on the unique path from « to . Note that the latter defines
an equivalence relation ~ on TV, such that the quotient T' = T°/ =~ with induced edge
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relation £ C T x T is the tree representing the nodal curve. Distinguishing the undirected
edges in £ by whether they have a nonzero multiplicity or not, £ = Ey U E, note that
the undirected edges in Ey now correspond to nodes connecting components in the same
level, while the edges in Ey correspond to pairs of components living on neighboring levels
connected by a positive, respectively negative puncture. Since each branched cover of the
trivial cylinder is determined up to R x S'-shift by the underlying punctured sphere in
M., it follows that the level branched cover in M is already known up to the S'-shifts,
decorations in Zjy, s X Zjm,s /A = Ly, at the punctures between levels and the level
structure with the relative R-shifts.

First, in order to see how the coordinates s,3 € R, a, 3 € T? fix the level structure and
the relative R-shifts, let ((r2,}), (sks)) € (Ry x S1)E” x R™*™ be a sequence converging
to ((rr,tr), (sap)), where without loss of generality ¢ = t,. Let S = 5(@,&) be the
corresponding sequence of punctured spheres converging to the punctured nodal surface S
with connected components Si, [o] € T = T°/ ~, and let A" = (h},h3) : S, — R xS
be a corresponding sequence of branched covering maps converging to the level branched
cover h = (h)er + S — RxS'. In order to see the relation between (s54)a,s and
the level structure and relative R-shifts of the limit level curve h, fix points z,, 23 on the
pair of pants components corresponding to two chosen a, 3 € T°. For each (v,d) € E°
on the unique path from.a to B, set hl; = fol hY o @Dy s t)dt, with the embedding
Yls - [=rls, +rls] x ST — S, of the finite cylinder at the edge (v,9) € E?, where 75 = T 4]

and ¢, : [_Tén77rg7] x S'— S, %@(S, t) = ,%(—s7 —t). Observe that we have
1 +7",%
:6_ ?7 - / / . as(h?o¢25>(57t) ds dt

+7‘7L
_ / / Or(hs o ury) (5. 1) dt ds
o,

= [T e v ) - 0o v 0 as
= 2 Mg - 7’,?5.

Now let o = 9,71, ..., v = 3 be the enumeration of vertices in 7° on the unique path from
« to 8 and set hj; = hl; for v = 7;, 0 = ;. Then we have

k-1
hi(za) — h?(zﬂ) = h(z) — hg,l + Z(h?fm - hzT'LJrl,i)
i=0

—1
+ (h’?z 1 hZi—&-l) + hz,k—1 — Ry (23).
1

N

7
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With m; j = mas, 17t = rls for v = 7;, § = 7; we have

T
L

n E
(hi,i—H z+1 z 2m; Z+1rz g4+l — 28015?

I
o

so that
(P (za) — Y (25)) — 2825

= (h?(za + Z ii—1 Zi+1) + ( Z,k—l _h?(zﬁ))

k—1
= (h[oc],1<za) - h[a],Ol + Z Py i1 — [%],i,i—i-l)
=1

+ (P k-1 — higa(zs))-

Note that the last expression depends only on the underlying nodal curve and is indepen-
dent of the R xS'-shifts. But this shows how the coordinates s,s € R describe the level
structure and the relative R-shifts, in particular, two connected components belong to the
same level precisely when —oo < s,5 < 400 for each a, 3 € TV representing the connected
components in T = T°/ ~.

In order to fix the S'-shifts and decorations in Zym, 5 at punctures between levels,
observe that the coordinates ¢, € S with 7 € ESE determine decorations ¢, at the nodes
T € E corresponding to pairs of punctures connecting components on neighboring levels.
Together with the S'-coordinate ¢, they fix the S'-shifts on each connected component of
the level branched covering map as follows:

First for « € T with 1 € A} we fix h, by requiring that h, maps the asymptotic
marker at z{” to to € S'. On the other hand, if h, is fixed for some a € T, we can
fix the S'-shift for maps hg with aEf as follows: On the one hand, when m,z = 0,
i.e., when o and 8 represent curves in the same level connected by a node z,3 ~ 234,
the condition h,(zas) = hg(2ss) immediately fixes the S'-shift for hg. Now consider
the case when mas # 0, i.e., 2,3 and z, are positive or negative punctures. After
choosing an asymptotic marker at z,5, which is mapped to 0 € S' under h,, we can use
the decoration tj, 5 € S, (o, 3] € EL to get an asymptotic marker at z3,, and choose
hg (Sﬁ,jﬁ) — R x5! so that it maps the asymptotic marker at zs, to 0 € S'. Since
ha : (Sa,ja) — R xS! 2 R xv is asymptotically cylindrical over the multiple y/™esl it
follows that there are |m,g| different possible choices for the asymptotic marker at z,s.
Using the decoration t,5 this leads to |mga| = |map| different possible choices for the
asymptotic marker at zg,, which however all lead to the same map hg : (S5, j5) — R xS™.
Note that in this way we do not only get the holomorphic maps hy : (Sa,ja) — R x5!
(up to the common R-shift in each level), but also the decorations tog € Zjp, 4|, i-€., We
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see that each element (to, ((7;,%,), (Sap)), pF) € St x /A\/Jlo,n X Liy+ X Loy— uniquely defines
an element (h, j, u,0) € M.

For the reverse, assume we are given an element (h,j, u,0) € M, i.e., we are given
maps h, and hg for two components «, § connected by an edge in (7, £), where we must
only consider the case where a and 3 live on different levels. Here we simultaneously
have |m,g| different possible choices for the asymptotic marker at z,5 and |mqgs| different
possible choices for the asymptotic marker at 2,3, which lead to |m,g| different possible
choices for the decoration (.5 € S* which is then fixed using 6,5 € Ly, 5 U

2.2 Obstruction bundle and Fredholm theory

For determining the contribution of the moduli spaces of branched covers of trivial
cylinders to the differential in rational symplectic field theory and contact homology,
we show in section 2.3.1 that it suffices to study sections in a natural candidate for an
obstruction bundle over the compactified moduli space of branched covers, the so-called
cokernel bundle Cokerd; of the Cauchy-Riemann operator 0;. Hence we follow the
standard approach in Gromov-Witten theory of using obstruction bundles in order to deal
with moduli spaces which are not regular in the sense that they are not transversally cut
out by the Cauchy-Riemann operator.

2.2.1 Cokernel bundle

Denoting by Dy, ; the linearization of the Cauchy-Riemann operator dy at (h,j,u*) € M,
which we discuss in detail in the upcoming subsection, the fibre at (h, j, p*) of the bundle
Coker 9y over M as well as the bundle Cokery 0; over M" is given by the cokernel of Dy, ;

(Coker 5]>(h7j7ui) = (Cokery 5])(h,jvﬂi) = coker Dy, ;.

For the extensions Cokerd;, Cokeryd; over the compactifications M and M° we require
that the fibre over (h, j, y, ) in the stratum My,z or MY, ., is given by

(Cokerdy) n.juo) = (Cokerodys) nju0)
L

= P {(na)act, : Mo € coker D, ., Nal2ap) = Np(25a)}-
(=1

Since the fibre does not depend on the position of the asymptotic markers pt € Zyyx,
it follows that Cokerd; (Cokergd;) naturally lives over the quotient M/(Zy,+ X Zy,-)

(W/ (Zip+ X Loy~ )) rather than M (M) and we will view it this way. However it will later
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become important to consider it as a bundle over M (M®) when we talk about orientations.

Denoting by Coker"* 9 7, CokerOT’ﬁ 0, the restrictions of Cokerd;, Cokeryd; to Mrp,
MOT’ r, observe that they are given as direct sums

Coker™* 0; = T Coker™' 0; @ ... @ TN, Coker e 0y,

Cokerl* 9, = 7 Coker™ 9, @ .. @ CokerTZO’N/”]O 05 ®
o OJj 1,1 J D . 40, Ng, 0 J
* TL,N o)
.. @y y, Coker' "Nt 9y,

with the projections

Mrp X...x Mrp
ok Ly X Lop-) = : L — 7, + XX -
f,k MTME /( m+t m ) A X Zm+ % me MT@JC /( mZk m[,k>’
d similar for MY. . /(Z 7 h + + .+ _ & +
and similar for My o /(Zp+ X Zi-), where my) = [loer,, ma, ma = may - - me .

and Coker’®* (CokerOTé’k) denotes the cokernel bundle over Mr,, / (th X ZmZk)
(MTM /(Zm?k X Zmlk» for ¢ =1,....L, k = 1,..., N,. Note that there exists no natural

map from My, (MOTL) to Mr,..., Mr, and hence to Mg, ,,.... Mg,  , since we
quotient out the diagonal A, i.e., identify pairs of asymptotic markers if they represent
the same decoration.

Recall from subsection 2.1.2 that when M belongs to the codimension one boundary
of M it is of the form My, = M, X Loy 5 My, where M; and My are moduli spaces of
possibly disconnected trivial curves without nodes. Note that the compactification of the
fibre product M; X Zmy My C OM can directly be identified with the fibre product of the
compactifications,

Ml szw Mz = ./\/ll me1,2 ./\/lz.

For this observe that the partitioning of the levels of a limiting curve in Mj X Loy M,
into levels belonging to the compactification M; or My, respectively, follows from the
conservation of the total Euler characteristic under degeneration of punctured Riemann
surfaces. Denoting by Coker 9 ; and Coker 0 ; the extensions of the cokernel bundles over

My, M, to the corresponding compactified moduli spaces, it directly follows from the form
of Cokerd; over the strata Mr  that

COkeraJ|ﬂ1me12ﬂz = mCoker 0y @ m5,Coker 0y,

with the projections w5 : M/ Zp+ — Mo/ ZmliQ. For the cokernel bundle Cokeryd; it
follows in the same way that ’

Cokergéﬂw = = WfCokeroléJ@ﬂgCoker25J,

X Mo
1 Zm1’2

CokelrgaﬂmlxzmQHg = m,Coker 0; & m;Cokery 0,
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and

Coker05J|{point}Xﬂ = Cokergéj|mx{point} = Cokerd;.

In order to show that Cokerd; indeed serves as an obstruction bundle, we show in the
upcoming subsection 2.2.2 that on every stratum My, C M we have

ker Dh’j = Th,j MT,L

at every (h, j, u*,0) € Mr, see subsection 2.3.1 below, which then automatically implies
that Coker™* is indeed a smooth vector bundle over Mo .. In order to show that these
vector bundle naturally fit together to a smooth vector bundle Cokerd; over the manifold
with corners M, we prove in subsection 2.2.3 a linear gluing theorem relating the cokernel
bundles over different strata of M.

2.2.2 Linearized operator

For all this we first need to understand the linearization D) ; of the Cauchy-Riemann
operator 0y at (h,j) € M /(Zp+ X Zyp,-). In what follows we formulate our statements
only for the cokernel bundle Cokerd;, since the statements for Cokeryd; then follow
immediately. For the Banach manifold setup we follow [BM] and the expositions from the
first chapter.

Recall from the definition of the moduli spaces that we fixed n™ positive and n™ negative

punctures zf, e zfi € S? and fixed cylindrical coordinates

YE T REXS — S

around each puncture z,f, k € {1,...,n*} on the punctured sphere S=92_ {zli, e z:i}
Let the space H.P% (S, C) consist of all maps from S to C differing asymptotically from a
constant one by a function, which is still in H? after multiplication with an asymptotic
weight. To be precise, any v € Hub%(S,C) is in HS? and for any puncture 2 there exist

(sgF t2%) € R? 2 C, so that the function
R* xS' = C, (s,1) = [(voti)(s,t) = (557" 65 ")] -

is in P, Let further L7 (T*S ®,,C) denote the space of (j,i)-antiholomorphic one-forms
on S with values in C, which are still in L? after multiplication with the asymptotic
weight e*?s.

With h*¢ denoting the pullback of the subbundle & C T’V under the branched covering
map h : (S,j) — (RxS i) = (R x~,J), we introduce the spaces H'*(h*§) of sections
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and LP(T*S ®;, Je h*€) of (j, Je)-antiholomorphic one-forms on S with values in h*¢, where
the H'P- and LP-topologies are defined with respect to any trivialization of ¢ along the
fixed Reeb orbit ~.

Following [Sch] and [BM] there exists a Banach space bundle £” @ over a Banach mani-
fold of maps BP¢ in which the Cauchy-Riemann operator 9, extends to a smooth section.
In our special case it follows that the fibre is given by

£y = LMUT"S ©;; C) & LM (T"S ®5 h*),

while the tangent space to the Banach manifold of maps B¢ =
+ _ _
Bp’d(’ymf, Yty Ly ) at (hy ) € M ) (Zyy+ X Zyy-) is given by

T BV (™)) = HEP(S,C) @ HP(h¢) & Ty Mo, -

const

Note that we use the complex splitting of the tangent bundle T(R xV') = C®¢ in order
to write tangent spaces and fibres as direct sums.

In order to give an explicit formula for the linearization Dy ; of d; we choose a
complex connection on (, J¢) which we extend to a connection V on T'(R xV) = C&¢,
C =R-0,®R-R by requiring R-invariance and Vd, = VR = 0, where 0, is the R-direction
and R the Reeb vector field of the stable Hamiltonian structure. For this connection it
follows that the linearization Dy, ; of ; at branched covers of orbit cylinders (h, 5) is of a
special form.

Proposition 2.2.1:  With respect to the complex connection V on TR xV) from
above, the linearization Dy ; of Oy at (h,j) € M [(Zy+ X ZLp-) is given by

Dy : HMPH(S,C)@ HY(h*E) & T; Mo,

const
— LTS ®;,; C) @ LP(T*S @, 5, h*€),
D - (v, 02,9) = (Ovr + Djy, Djvy),

where  : H-P1 (S, C) — LPA(T*S ®;,i C) is the standard Cauchy-Riemann operator,
D HY(h¢) — L/(T"S @, °€),
Divy = Vg 4 Je - Vg - § + Vanva + JeVianva
describes the linearization of 0y in the direction of € C TV and
D;: Ty My, — LPY(T*S®;,C), Djy=1i-dh-y.

describes the variation of 5 with j € Mo,,.

Proof: Since V is a complex connection, it is well-known, see e.g. [Sch], that the
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const

fixing the complex structure j € M,,, is given by

linearization Dy, : HLP4(S,C) @ HY(h*€) — LPYT*S ®;, C) ® LP(T*S ®j,7c h*E) of 0

Dy -v = Vv+J-Vuv-j+ Tor(dh,v) + J Tor(J - dh,v),
where Tor(X,Y) = VxY — Vy X — [X,Y]. First it follows from the special form of V that
Vu+J-Vu-j=(0v, Vg + Jg - Vg - 5).

for v = (vy,v5) € HY2A(S,C) @ H'P(h*¢). On the other hand,

const

Tor(dh,v) 4+ J Tor(J - dh,v) =

Varv +J Va0 —Vydh — J -V (J - dh) — ([dh,v] + J[J dh,v]) =
Varv+J-Vyagv+J-(L,(Jdh)—J- L,dh) =

Vav+J -Viagv+J -LyJ -dh=Vgv+J-Viav.

From Vo, = VR = 0 it follows that Tor(dh,vy) + J Tor(J - dh,v,) = 0, while for vy € £ we
have Vapvy + J - Vyanve € €, s0 that Dy, - (vi, 1) = (Jvy, D§U2> with D,i as in the lemma.
Finally note that for the linearization of d; in the direction of My, there is obviously no
variation in the &-direction,

Djy=(i-dh-y,0). O

Based on this result, the following lemmata describe kernel and cokernel of Dy, ;.

Proposition 2.2.2:  The standard Cauchy-Riemann operator 0 : Hiéﬁ;‘i(s,@) —
Lr(T*S ®;,; C) is onto, so that

coker Dy, ; = coker Dg.

Proof: The first part of the statement is the content of lemma 1.3.2 from the first chapter,
while the the second part of the statement follows from the upper-triangle-form of Dy, ;. [

Proposition 2.2.3: The operator Dfl has a trivial kernel, so that

ker Dh,j = Th,j<R X M)

Proof: Note that here the second part of the statement follows from the first
one using proposition 2.2.2 as follows: First it is clear that we have the in-
clusion T, ;(Rx M) C kerDy;, since RxM = 0;'(0). On the other hand,
using the first part of the statement we know that the kernel of Dy ; consists
of all pairs (h,y) € HLPY(S,C) @ T; My, satistying dh + Djy = 0.  Since
d: HoP4(S,C) — LP4T*S®;,C) is surjective, it follows that ker Dy, ; projects surjectively

const

onto T; My, where the fibre can be identified with ker 0 = C. In particular, we have that
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the dimension of ker Dy, ; agrees with the dimension of T}, ;(R xS' x My ,,) = Tj,;(R x M),
so that the inclusion must indeed be an equality.

The statement about the kernel of D} is the linearized version of lemma 5.4 in [BEHWZ].
For chosen h = (hy, hy) : (S, ) — R xS* 2 (R x,J) and vy € ker D, C H'(h*¢) we can
use the exponential map of some Riemannian metric on R xV to get for r > 0 sufficiently
small a family of curves

expy, 7y = (hy,expy, 1va) : (S,5) — R xV.

Note that their w-energies E, (exp, rvs) = [¢(expy, rv2)*w by homological reasons agree
with the w-energy of h and hence vanish,

E,(expy, rve) = E,(h) =0,
since all curves in the family are asymptotically cylindrical over the same closed Reeb
orbits near the punctures. Choosing an atlas (Us, ¢a)aca for the complex manifold .S with

local holomorphic coordinates (s4,t,) on U, C S, together with a subordinate partition of
unity (¥a)aca, observe that the above integral can be rewritten as

/(exph2 TU9) W
g

= Z Vo - wW(0s, €XPp, TV2, Oy, €XPy, T02)dSo A dt,
Ua

= Z/ Vo - We(Te0s,, €XPy, TV, Ty, €XPp, TV2)dSo N diq,
o Ua

where ¢ denotes the projection TV = C®{ — £ and the second equality follows from
R € kerw. With the metric (-, )¢ = we(+, Je-) on € we get that the latter is equal to

Z/ Ve - (T¢0s,, €XPy, TV, —T¢ J Oy, €Xpy,, TV2)e dSq N dly =
« Ua

S [ tred, exmy, o
[o% Ua

Ty, €XPy,, TV — 77537 expy, 702 - Os, )¢ dsa A dtq.

For » = 0 observe that we have 7T§5J expy, TV2 = WgéJhg = 0 and 70, expy, TV2 =
me0s, ho = 0, where the latter uses that h = (hq, ho) is a branched cover of a trivial cylinder,
i.e., hy is contained in a trajectory of the Reeb vector field. Letting ®;,,7v, denote parallel
transport on £ starting from hs in the direction vy with respect to the complex connection
V from before, where we additionally assume that it preserves we, i.e., the metric (-, ),
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the Leibniz rule implies

d? _

W‘r:0<ﬂ' ¢0s,, €Xpy, TV2, M0, €XPy, TV2 — TeOy €XPy, T2 - 88a>g -
d? 1

W\r:()«@hz,rvg)’ T¢Os,, €XPp, TV2,

(Ppy1v2) 705, €Xpy, T2 — (PpyTv2) WDy €Xpy, TV - 8sa>£ =

d _
<% |T=U(®h2rv2) 17'('585& €XPp, 02,

d _
%’r:()(q)}mrvg) 177585(1 exXpy, I'V2

4
dr'"=Y

<VSQU2, VSQUQ - DiUQ . 85a>5. = |Vsa1}2|§

(@hQrvg)’lﬂgéj expy, Tz - 85a>§ =

Hence,

d2
0 = WEw(eXphrvg)

= Z/ Vo - |V, v2]f dsa A dty,
a Ua

so that Vs, vz = 0. Since by the same arguments V; v, = 0 we indeed have Vv = 0 on
S, which by vy, € H'(h*€) implies vy = 0 as desired. [J

Since the kernel of the linearized operator agrees with the tangent space to the moduli
space of trivial curves, the dimension of the kernel of the linearization of 9, is constant
on the moduli space. Together with the constancy of the Fredholm index it proves that
the cokernel bundle is of constant rank over M /(Z,+ X Zp,-) = S* x Mo,,. By the same
arguments it follows that the cokernel bundle over the moduli space My, is of constant
rank for any tree with level structure (7', £). As in [MDSa] this rank constancy proves
that Coker’"* 9; is indeed a smooth vector bundle over the smooth manifold Mo

Corollary 2.2.4: Coker’* 9, naturally carries the structure of a smooth vector
bundle over My .

2.2.3 Linear gluing

This subsection is concerned with the following extension of the above result:

Proposition 2.2.5: Using a linear gluing construction (relating the cokernel bun-
dle over the moduli space with the cokernel bundles over the boundary strata) we can equip
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the cokernel bundle Cokerd; over the compactified moduli space M with the structure of a
smooth vector bundle over a smooth manifold with corners.

Recall that we have shown in proposition 2.1.4 that the compactified moduli space
M carries the structure of a smooth manifold with corners. For the proof it suffices to
establish linear gluing theorems for the cokernel bundle under gluing of the underlying
moduli spaces of branched covers. For the gluing theorems we must distinguish the case
of gluing of curves on different levels, i.e., gluing at punctures, and gluing of curves in the
same level, which corresponds to gluing at a node.

Gluing of moduli spaces:

In order to describe gluing of the cokernel bundles, we must start with gluing of
the underlying moduli spaces of branched covers. Although these moduli spaces are
nonregular and we hence cannot apply the usual gluing theorems, the gluing can explicitly
described as follows:

Starting with the case of gluing at a puncture and using the notation introduced in
2.1.2, let (T, L) = (T, E, A%, L) denote the tree with level structure given by T' = {1, 2},
1E2 and £(1) = 1, £(2) = 2. Note that the moduli space My, is given by the fibre
product M X Zn 1 My where M, My denote moduli spaces of connected branched covers
without nodes. Let (h,j,0, %) € My with h = (hy, ha), j = (j1,J2), 0 = 612 € Zp,,
and p* = (pf, p3) with pf = (uf)keA{c, uE = (pf)keAQi. Then the underlying punctured
spheres are Sy = S? — (Z U Z7), S, = S? — (Z§ U Z;), where the connecting pair of
punctures is (219, 221) With 215 € Z; and 291 € Z;". We define the family of glued curves

(hrajruui) = ﬁ?’(hajaea:ui) = (hlajlvul)ﬁh9<h27j2vu2)

as follows, where r = rj; € R" denotes the gluing parameter:

When 912 : R™ xS 1 - 5’1, (00 :_]RJr x5! — S, denote the fixed cylindrical coordinates
around 219 € S, 291 € Sy, let ST, S5 denote the punctured surfaces with boundary given
by cutting out the half-cylinders (—oo, —r) x S, (4+r, +00) x S!, respectively,

7 = S — ta((—00, —1) x '), S5 = 85 — thon (41, +00) x S*).

We introduce the punctured surface S™ underlying (h", 4", u*) by gluing S{ and S§ along
the boundary with the twist given by the maps h; and hy and the decoration 65,

S" = S0,y = ST [ S5/ {tbia(—r,t) ~ thar (47,1 + 612)}.

Note that here the decoration 6,5 is viewed as an element in S! rather than in Zmlg. For
this reqall that the maps hq, hy determine m, o different asymptotic markers at 215 € S; and
291 € Sy, which determine S'-coordinates in the cylindrical coordinates 115 and 15;. Hence
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there are my, possible ways to glue S’l" and Sg so that these S'-coordinates match, and the
element in Z,,,, singles out the unique gluing twist. Note that S7 is again diffeomorphic to
a punctured sphere and the complex structures j; on S; and js on Sy determine a complex
structure j” on S” since both agree with the standard complex structure on the embedded
half-cylinders determined by /15 and ¢5;. On the other hand, the branched covering map
h" (Sr, j") — R xS! is unique up to R-shift by the requirement that the asymptotic
markers of A" match with those of the maps hy on ST and hy on S% and exists by the choice
of the gluing twist 6, € S, since it is chosen so that the S!-shifts for h; and hy agree.
Hence we found a natural gluing map for gluing at punctures

ﬁ : (Ml XZm12 MZ) X (07 +OO) - M7 ((h,j,@,/ﬁi)ﬂ”) = (hr7jr7lj“:t)'

On the other hand, for the case of gluing at a node we want a gluing map from M to
the moduli space M for a tree T' = {1, 2}, 1E2 with trivial level structure £(1) = £(2) = 1,
ie.,

Myp ={(h1, 71, 1) € My, (he, Jo, pta) € Mot hi(z12) = ha(221)}.
Here everything follows the expositions from above, except that now the maps hy; and ho
in h = (hy,ha), 5 = (J1,J2), (h, 7, ut) € My satisfy hi(z12) = ha(201) and cannot be used
to fix the gluing twist 0, € S'. Hence we now have two gluing parameters r = 5 and
0 = 015 and the gluing procedure is given the map

4 Mg x(0,400) x St — M, ((h,j, %), r,0) — (R, 70 p*).

Linear gluing of the cokernel bundle:

We now start with the gluing of the cokernel bundles. It follows from proposition 2.2.2
in the last subsection that the fibres of the cokernel bundle over (h,j) € M are given by

(Coker ;)(n;) = coker Dy ; = coker D5 = ker(D5)",

where
(D;)* « HY(T*S ®;5, h*€) — LUK*E), 1/p+1/q=1

denotes the formal adjoint of the linearization D : H'(h*¢) — LP(T*S ®; Je h*€) of 0
in the direction of the hyperplane distribution & C TV. Since by elliptic regularity all
occuring kernels and hence cokernels are independent of the choice of p > 2, see [Sch], we
set in the following p = ¢ = 2. Note that since ker Di = {0} by proposition 2.2.3, the
operators (Dj)* are surjective.

In the case of gluing at punctures we want to define a gluing map

#: Coker’™* 9; x (0, +00) — Coker d;
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where T'= 1,2, 1E2, L£(1) = 1, £(2) = 2, while for gluing at nodes we are looking for a
map

# - Coker” 0y x (0,+00) x S — Coker 0,

where T' = (T, E) is given as before but with the trivial level structure £(1) = 1 = L(2).
Both gluing maps are constructed in such a way that they are bundle maps over the corre-
sponding gluing maps for the underlying moduli spaces of branched covers. Following the
expositions in [Sch] about linear gluing we start with the definition of pregluing operations:

Linear pregluing at punctures. Starting again with the case of gluing at punctures,
recall that the cokernel bundle over My, = M, X Zom 1 M is given as direct sum,

Coker™ 9; = 7t Coker' 07 @ T Coker? 0y,

where Coker!, Coker® 0, denote the cokernel bundles over M;, M, and my, m the projec-
tions from M™* /(Zp+ X Zp,-) to My [ (L X L), Mo [(Zy, X Ly, Tespectively. Let
(hj,j,g,ﬂi> - MTL = Ml XZm12 MQ Wlth h = (hl, hg), j = (jl,jz). FOI'

= (m,m) € (Coker™ d;)n) = (Coker' 9;)n, jy) ® (Coker? 8;) 1, )
with
n € (Coker? 5(])(;“41) = ker(Dil)* C HI’Q(T*S’l ®j,,7 h1E),
1 € (Coker” D)y ) = ker(Dj )" C HY*(T" Sy ®, 5, hi€)
we define a preglued section

my =t = miln, € HY2(T*S" ®;r 5, (B)*€)

in the bundle of j", Je-antiholomorphic one-forms over the glued surface (S’", J") with
values in the pull-back bundle (h")*¢. Note that the integration measure for defining the
H'%-norm agrees on the connecting cylindrical neck sy ((0, +7] x S1)4,,012([—7,0) x ST)
with the standard measure ds A dt on the cylinder.

For r > 0 let 5" : [0,4+7r] — [0, 1] be a smooth cut-off function such that §"(s) = 1 for
0<s<r/4and §(s) =0 for 3r/4 < s < r with |0s5"| < 4/r. Let

By, 65+ 8" — [0,1]
be the two cut-off functions which are constant equal to zero on Sg, S’l", constant equal to
one on ST — 1a([—7,0] x ), S5 — U1 ([0, +7] x S*) and are on thyy([—7,0) x S*) C S,
91 ((0, +7] x ST) C S5 given by

B (Y12(s,t)) = B"(=s), By(¥i(s,t)) = B"(+s),



72 2. Trivial curves in rational SFT

respectively. With this we define the preglued section 7,7, on S = S{ jjS; by

M = miyne = Bim + Byns.
It follows that 7 agrees with 71, 17, over ST — tyo([—7,0] x SY), S5 — ha1 ([0, +7] x S1),
respectively, while over the connecting neck we have
(M5 © ¥12)(s, 1) = B"(=s) - (m °¢12)(s, 1),
(6 0 ¥a1)(s,1) = B"(+5) - (N2 © ¢ha1)(s, 1)
Observe that by §7(s) = 0 for 3r/4 < s < r this indeed yields a well-defined section in
Hl,Q(T*Sr ®jT,J5 (hr>*§)

Linear pregluing at nodes. In the case of gluing at a node, recall that the cokernel
bundle Coker” 9; over My = {(hy,j1, j11) € My, (ha, ja, ft2) € My : hy(212) = hy(291)} has
fibre

(Coker” 07) ;) = {(m,n2) € (Coker' 0;)n,.4,) ® (Coker® 1)y o) :
m(z12) = n2(221)},

where again

m € (Cokerl 5J>(h17j1) = ker(Dle)* C Hl’Q(T*Sl ®]’1’J hi’f)a
12 € (Coker” 05) (hy o) = ker(Di2)* C HY}(T*Sy @5, hiE).
Note that since z15 and z5; are now points on the punctured surfaces Sl, Sg, the measure

on Sp, Sy underlying the H'2-norm now does not agree with the cylindrical measure on
P1o([—7, 0] x S1), 191 ([0, +7] x S1) but with the standard measure as a subset of S* 2 5}, Ss.

For 1 = (ny,m,) € (Coker” 0 7)(h,j) We define the preglued section
! = Bro = Mty gle € HY (155" ®jro g (W70)°€),

where the subscript at the glued punctured surface SS’G should indicate that for gluing
at nodes we do not use the standard cylindrical measure on the connecting cylindrical
neck 191 ((0, +7] x SHtg,,0012([—7,0) x S1), but again take the measure as subset of the
standard sphere 52 = §79.

As above, we require 707 to agree with 1y, 7, over ST —t15([—7, 0] x S1), S5 —1)a1 ([0, +7] x
S1), respectively, while over the connecting neck we use the cutoff function 5" to set

(15" © 912)(5,) = B7(=s) - (m 0 ¥1a) (s, 8) + (1 = 57(=9)) - 1 (21),
(15" 0 Wa1)(s,8) = B7(+5) - (112 0 Vo) (s, 1) + (1 = 57 (+)) - 112(221)
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Observe that this gives a well-defined section H2(T*S;" ®jro.g. (W70)*E) since 7 (+7r) = 0
and 71 (z12) = 72(221).

The gluing lemma. For r € (0,+00), 6 € S* let
12(Coker™ D))y = ker(DS,)*H ker(DS, )”
= {80 m2) 11 € kex(D} )", i = 1,2}
C HY™(T*S" @, (K)E),
0p(Coker” D7)y = {B0g(m.m2) s i € ker(D§ )" i = 1,2,m1(212) = 12 (221) }
* or,0 7,0\ %
C HLZ(T SO ®jr,97J§ (h 9) 5)
denote the subspaces of preglued sections. With the orthogonal projections
T HY2(T*S" ®jr ge (h")*§) — coker Dyr jr = ker(D5,)*
T 5 HY(T* S R0, ¢ (h"9)*¢) —  coker Dyro jro = ker(Dihe)*

we can state and prove the gluing lemma:

Lemma 2.2.6: The projections from the spaces of preglued sections on the fibres of
the cokernel bundles over the underlying glued branched covers,

T 42(Coker™ 8;) ;) — (Coker 95) g jry, (7, 57) =t (h, 4,0)
Tro - E’Q(COkGI‘T aJ)(h,j) — (Coker a(])(hr,f)’jr,e), (hrﬁ’jrﬁ) = ﬁr’g(h,j)

are isomorphisms for all v > 0 sufficiently large, and additionally for all gluing twists
6 € St in the case of gluing at nodes.

Proof: For the proof we follow the proof of proposition 3.2.9 in [Sch]. However we
emphasize that we cannot directly apply the linear gluing lemma in [Sch], since the linear
operator Dir over the glued surface does not agree with the glued operator D}il, jljj,.,ngm 3
studied in [Sch]. We outline the proof for the case of gluing at punctures, and claim that

the arguments for gluing at nodes are similar:

Observe that it suffices to find for every r > 0 sufficiently large a constant ¢ > 0 such
that ’|(D§T7jr)*n’|2 > ¢||n|l12 for all n € (42 Coker™* )ty = (ker(Dj )*#0, ker (D5, )*)*.
Indeed, it then follows that

ker(Dj,. )" N (ker(Dy, )8 ker(D5,)")* = {0},

which proves that the orthogonal projection is surjective. On the other hand, since
dim ker DfLT s = dimker Dil ;, = dimker DEQ ;» = 0 by proposition 2.2.3 and the index

of Dir . equals the sum of the indices of D,SL - and DfL -, it follows that
»J 1,J1 2,J2

dim ker(DfLr)* = dim ker(Dle)* —I—dimker(D,iQ)*.
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Since the latter agrees with the dimension of the space ker(Dfll)* "o ker(Dfm)* of preglued
sections, the surjectivity of the orthogonal projection directly implies that it is an
isomorphism.

Assume to the contrary that there exists a sequence
€ (ker(Dil)*hgnﬁ ker(DiQ)*)L, Ty — 00
with |7, ]2 = 1 but ||(D5..)*7nll2 — 0 as n — co. Now observe that

(D5 ) (B ma)llz < I1(Dgn ) allz + ealldBr™ - a2
< (D5 ) lle + 1lldB5 oo - 12

for some ¢, > 0 with |[df{"]|le < 4/rn and |mull2 < |9ullie = 1, so that
(D5 ) (B ma)|l2 — 0 for n — oo. But since (h™,j™) — (hi,j;) on Sj" = S —
th19((—00, —r,,) x S1), this directly implies that

(D5, (B w) |2 — O

in the L?(S;)-sense and we can use the semi-Fredholm property of (Dfll)* and the bound-
edness of (77,) to deduce that, possibly after passing to a suitable subsequence,

Tn H:2 *
0. = m, m € ker(Dj )",

Using the same arguments we deduce (5"n, — n2 € ker(Dfm)*. We use this to prove the
desired contradiction by computing

L= lim [[nalliz = lm ((57")* 00 + (85") 1, )12
(L= (B7)* = (B5")°) “ s )12
771 +ﬁ2 772a77n>

+ hm

hm

{
n
0 (0]
n

hm Ulﬂrn 9772777n>12 0,

since 7, € (ker(Dle)* >0 ker(DiQ)*)L, where it only remains to prove that

lim (1 — (67") = (65")%) - s )12 = 0.

n—oo

For this we use that 1 — (37")? — (33")? has only support in the middle part
Uor([Frn /4, 1] X St Una([—rm, —ra /4] X ST) = [=3r, /4, +3r, /4] x St

of the cylindrical neck to prove that the H'2-norm of (1 — (5]")? — (85*)?)n, tends to zero
as n — oo:
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Choosing a unitary trivialization of the symplectic hyperplane bundle £ over the simple
orbit 7, the restriction of the the differential operator (D5, )* to [—3r, /4, +3r, /4] x ST C S"
is of the form

Dy, = 05 + JoOy + Sy : HY([~3r, /4, 4+3r, /4] x S* R*™?)
—  L*([~3rn/4, +3r, /4] x S, R*"?)

with S,,(s,t) € REm=2xCm=2) which we extend to an operator on the full cylinder R x5!
by setting S, (+s,t) = S, (+3r,/4,t), Sp(—s,t) = S,(—3r,/4,t) for s > 3r,/4. In order
to study the operator D, let hy, = h'™"|(_s;, ja4800 j1xst 1 [—37n/4, +3rn /4] X ST — R xS!
and z,, = h,(0,-) : S' — R xS'. Since for n — oo the length of the cylindrical neck goes
to infinity, it follows that h, converges on each compact subinterval uniformly with all
derivatives to the R-independent function z., = lim, .oz, : S* — R xS! of the form
Too(t) = (S0, maat + to). From this it follows that S, (s,t) — S« (t), i.e., D, is converging
in the operator norm to a translation invariant operator D.

Finishing the proof observe that from

1D (0 — (B7") 0 — (8521 |2
< |[Dunall2 + c2([|dBT ool 810 ll2 + [|dB5™ lool| 2™ 1 |2)
< HDnnn”Q + CQ(”dﬁ;nHoo + ||dﬁ§"||oo)||77n||2

and [|dB]™||oo, [|AB5™ [loo — 0, [|7nll2 = 1, || Dnmnll2 — 0 it follows that

Do (1 = (B0 = (85")*na) |2 — 0, n — oo

But now we can use the fact that the operator D, : H“W2(RxS',R*™?) —
L%(R xS', R*™?) is an isomorphism ([Sch]) and hence

1L = (817)* = (B2"))mall12 < €3 [ Do (10 = (81?11 — (B3") ") |2

for some c3 > 0 to deduce that ||(1 — (37")? — (85*)*)1ull12 — 0 as n goes to infinity. OJ

2.2.4 Orientations

In this section we show how the techniques by [BM] and [HWZ] for defining coherent
orientations of the moduli spaces in symplectic field theory define an orientation of the
cokernel bundle Coker d; over the non-compactified moduli space M and discuss the
extension over the boundary strata. Although we have seen in the last section that the
cokernel bundle Coker d; naturally lives over the quotient M /(Z,,+ X Z,,-), obtained by
forgetting the asymptotic markers u* € Z,,=, we show in this section that in general we
can orient Coker d; only over the full moduli space M. For this we start with recalling
the main points of the constructions of coherent orientations in [BM]:
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Let S = 82 — {zfo, e zi[i oy denote as in 2.2.2 the punctured sphere underlying the
moduli space M. For regular paths of symplectic matrices

Af, AT [0,1) — Sp(2m — 2), det(Af(1) — A5 (0)) #0

with AE(0) = 1, AF(0)AL(0)~" = AF(1)AE(1)~! and where 2m — 2 is the rank of £, let
O((S, 7, i), (Af)gil) denote the set of Cauchy-Riemann operators
D: HRH(S,C) @ HY (S, R™?)
— Lp’d(T*S ®j,i (C) EB LP(T*S ®j,Jo RQm_2>
D-v=dv+Jy-dv-7+ S5 v

where S : S — R¥™?™ ig g family of symmetric matrices such that the limit matrices are
of the form

S§—T 00 0 0
(S 0uR)(ost +4) 5 (S0 ut)woast +1) = () gup) )

and where Sif, ..., 5%, : ST — R 2xCm=2) are related to AT, ..., A% : [0,1] — Sp(2m—2)

via

Si(t) = —Jo- Ap(t)- Ay (1)

forall k =1,...,n*.

Since every operator D € O(S, (AF)iZ,) = Ui, O((S, 4, ™), (A)Z,) is a Fredholm
operator, we have the determinant line bundle Det(S, (AF)rZ))) over O with fibre

Det(S, (Af)Zil))D = Det(D) = A" ker D @ A™* coker D.

Since the space of Fredholm operators O((S, j, u®), (A,f)}gil) is contractible, it follows
that the restriction Det((S, 7, u¥), (AF)1,) of Det(S, (A)2))) to O((S, 4, ut), (AF)Z)
is trivial. On the other hand, it is shown in proposition 11 in [BM] that the determinant
line bundle remains trivial when we allow the complex structure j on the punctured sphere

S to vary.

In [BM] the futhors describe a mfthod to orient how the iresulting bundles
Det(($, 15, (AF)E,) over O(S, 1, (AF)E,) = U, O((S, 4, 4%), (AF)) for any number
of punctures, directions p* and regular paths AT, ...,Affi of symplectic matrices. The
construction is based on arbitrarily fixing orientations for determinant bundles over the
space O((C*,0), A) of Cauchy-Riemann operators on the holomorphic plane, constructing
a gluing map for determinant bundles under gluing of Riemann surfaces and finally observ-
ing that we have a natural orientation of Det(S?) induced by the complex orientation of
the determinant line over the standard Cauchy-Riemann operator on (5?%,i) = CP!. Note
that at this point the specification of the asymptotic markers u = (u*, u=), p* = (,uki)Zil
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becomes important, as they describe how to glue the holomorphic planes to the punctured
sphere S to obtain the closed sphere S2. However it directly follows from the construction
that the orientations on Det((S, ), (AF)nZ,) for different asymptotic markers g fit
together to give an orientation of the whole determinant bundle Det(S, (Af)’,gil))

Observe that the linearization of 0 at some (h, j, u*) € M,

Dy HPZS(S,C) @ H'(h€) @ T; Mo,

const

— Lp’d(T*S ®j,i (C) D LP(T*S ®j,J5 h*f),

can be written as sum Dy, ; = Dj, + D; with

Dy Ty Mog — IPU(T"S ©,,.C) & LP(T5 9, 7€)
Dy, : HP4(S,C) @ H'P(h*€) — LPYT*S ;; C) & LP(T"S ®;,4, h*€)
where D), is a Cauchy-Riemann operator. Using a unitary trivialization of the hyperplane
bundle & over the closed simple orbit v, we get a unitary trivialization of h*¢ and a natural
map
- +\nt St
op : M - 0(57 (Ak )kzl)a (hm]?# ) = Dh7

where the regular paths of symplectic matrices Af, ey Afi are determined by the restriction

to & of the linearized Reeb flow along . Using the map op we can pull-back the determinant
bundle Det = Det(S, (A,f)}gil) to obtain the line bundle op* Det over M. On the other
hand, following the arguments in [BM], we deduce from the fact that D, ; = D; & D,
is homotopic to the stabilization 0 & D;, with the complex vector space T; M, ,, that the
determinant spaces of the linearization Dj, ; and the Cauchy-Riemann operator D), are
canonically isomorphic, so that the pull-back of the determinant bundle over the space of
Cauchy-Riemann operators is isomorphic to the determinant bundle of the fully linearized
operator
op* Det 22 A™ Ker 9; ® A™* Coker 0

with fibre A™*ker Dy, ; ® A™> coker Dy, ; over (h, j, u*) € M.

Since Kerd; and Cokerd; are bundles over M /(Zy+ X Zy,-), it follows that
the action of Z,,+ X Z,,- lifts in an obvious way to an action on the vector bundle
A" Ker 9; @ A™** Coker 0; which is trivial on the fibres. On the other hand, the fibres
over (h,j, u*), (h, j, W’*) € M do not neccessarily carry the same orientation. Indeed it is
shown in theorem 3 in [BM] that this action is orientation-preserving if 7 is good, else,
the action is orientation-preserving or -reversing if y' — u € Z,,+ X Z,,- is even or odd,
respectively. In this case the even iterates 72* of the simple orbit v are called bad.

Proposition 2.2.7: For every tree with level structure (T,L) with trees Ti,..., 1y,
the choice of coherent orientations in [BM] equip the cokernel bundles Coker™ 0,
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..., Coker™™ 0, over My, ..., Mg, with orientations, which descend to an orienta-
tion of the cokernel bundle Coker’* 9, = 1 Coker™ 0; & ... @ T Coker™ 9, over
Mrpe = Mqp x.. x My, /A, The orientations of the cokernel bundles over the strata
Mo C M in general do not fit together to an orientation of the cokernel bundle Cokerdy
over the compactified moduli space M, but differ by a fized sign due to reordering the
punctures.

We remark that the fact that the orientations of the cokernel bundles over the different
strata differ by a fixed sign is not completely trivial, since the strata are in general
not connected due to the possible choices for the asymptotic markers. Furthermore it
directly follows from theorem 3 in [BM] that the cokernel bundle Coker d; is orientable

+
over the quotient M /(Z,+ X Z,-) only when all asymptotic orbits ’ymli, Yt are good.

Proof: In the way described above the choice of coherent orientations in symplectic
field theory following [BM] provides us with an orientation of the determinant bundles
A™* Ker 0; @ A™* Coker 0; of the Cauchy-Riemann operator 0; over the moduli space
of branched covers M. But since by lemma 2.2.3 Kerd; agrees with the tangent
space to Rx M and Rx M = RxS' x Mo, X Zyy+ X Zp,— is a complex manifold,
we always have a natural orientation of Kerd;, which directly fixes an orientation on
the cokernel bundle Coker d; over M by requiring that the orientations on Kerd; and
Coker 0, determine the orientation of the determinant bundle A™ Ker 9; @ A™** Coker 0.

In order to see that the same arguments can be used to orient the cokernel bundles
Coker™ 9, over the moduli spaces M7, of nodal curves for ¢ = 1, ..., L, observe that the
constructions in [BM] immediately generalize to nodal curves in such a way that the
orientation of the determinant bundle for the nodal surface fits with the orientation for the
determinant bundle over the glued surface. Indeed this follows, using the gluing argument
for the determinant line bundles, simply from the fact that also on closed surface with
nodes we have a standard Cauchy-Riemann operator providing us with a natural orienta-
tion of the determinant line bundle over the space of Fredholm operators on a closed nodal
surface, which clearly fits with the natural orientation of the determinant bundle over the
space of Fredholm operators over the glued surface. In order to see that the orientations
of Coker™ 9, ..., Coker’* 9, determine an orientation of the cokernel bundle over the
stratum Mrp, = Mqp X... x My, /A, we must show that the lift of the action of A on
My, ... x Mg, to the cokernel bundle Coker™* 9; = 7F Coker™ 9; @ ... @ 75 Coker’™ 0
is orientation-preserving:

For this recall that A = Hc(a)>£(5) Aup, where Ayp is the diagonal in Zjy,, ;) X Zjmg,|
so that A,g acts on Mqp x My, for & = L(a), { = L(B). Now it follows from
theorem 3 in [BM] that the Zj,_,-actions on the cokernel bundles Coker’™ 9; and
Coker’® 0, are orientation-preserving if ~/™esl is good, and simultaneuously orientation-
preserving or -reversing for even or odd elements in Zjy, | if ylmasl is bad. Hence the
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action on the direct sum 7} Coker™ 9; @ Coker™® 9, is orientation-preserving in all cases.

The statement about the behaviour of the orientations on the cokernel bundles under
gluing directly follows from theorem 1 in [BM] which states that the gluing diffeomor-
phisms preserve the orientations up to a sign due to reordering of the punctures. This is
however an immediate consequence of the behaviour of the orientation of moduli spaces
under reordering the punctures. [

2.3 Perturbation theory and Euler numbers

2.3.1 Perturbed Cauchy-Riemann operator

As outlined in the section about the linearized operator, the Cauchy-Riemann operator 0,
can be viewed as a smooth section in a Banach space bundle E7¢ over a Banach manifold of
maps BP?. Since for the contribution to the differential in contact homology and rational
symplectic field theory we are interested in moduli spaces of branched covers M of virtual
dimension zero while the actual dimension is always strictly greater than zero, it follows
that in the cases of interest the Cauchy-Riemann operator 9; does not meet the zero
section transversally. In other words, the image bundle Im0; of 9; over M with fibre
(Im ;)p; = im Dy, ; is a true closed subbundle of the Banach space bundle £7 over the
moduli space of branched covers M = 9;'(0) C B”“, where the closedness of im Dy, ; in
Ei’j follows from the semi-Fredholm property of Dy ; : Ty ; Brd — Si’j. In particular,
observe that we have a natural splitting

gpd |5;1(0) =Imd; @ Coker J;
with the cokernel bundle Coker 0, introduced in section two.

For determining the contribution of M to the differential in contact homology and
rational symplectic field theory it follows that the Cauchy-Riemann operator d; has to
be perturbed slightly to a transversal section in the Banach space bundle EP¢ — BP¢ in
the sense that it meets the zero section transversally. This means that we have to add a
compact perturbation v to the Cauchy-Riemann operator to make it transversal and count
elements in the regular moduli space M",

MY = (95)710) c B*, 04 =0+ v.

We first prove the folk’s theorem that it indeed suffices to study smooth sections in
the cokernel bundle Cokerd; c &P |m over the moduli space M, i.e., the zero set of
the Cauchy-Riemann operator d;; for a different proof in the context of Gromov-Witten
theory, see proposition 7.2.3 in [MDSa]. For this we extend a section in Coker d; over M
to a smooth section in the Banach space bundle E7? over the whole Banach manifold B¢
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as follows:

Choosing a unitary trivialization of (&, we, Je) along the Reeb orbit v, note that it can
be extended to a unitary trivialization of (§,we, Je) over a sufficiently small neighborhood
N of v using parallel transport along geodesics with respect to a unitary connection V.
Further identifying N with a neighborhood of the zero section in v*¢ = S' x C™ ! we
assume that N = S' x B.(0) with B.(0) = {z € C" ' : |2] < ¢}

Now observe that for a section v in the cokernel bundle Cokerd; over M we have
v(h,j) € LP(T*S ®;; C™1) for every (h,j) € M [(Zy+ X Zy,-), which for every tuple
(h,j,2), z € S defines an element v(h, j, 2) € TS ®;, C™'. Identifying for fixed complex
structure j the branched covering map h with the direction ¢ € S! of the asymptotic
marker, i.e., (h,j) = (t,7) € S x Mo, =2 M [/(Zn+ X Zypy-), note that this defines for
every (j,2) a smooth map vy(j, 2) : S* — T*S ®;; C™ . With the choice of a smooth
cut off function ¢, : [0,€¢] — [0,1] with ¢.(0) = 1 and ¢.(¢) = 0 we can extend v,(J, 2)
to a map starting from N = S x B.(0) by setting vo(7, 2)(t,v) := @c(|v|) - vo(3, 2)(t) for
(t,v) € ST x B.(0).

Let U = UP? denote the small neighborhood of M in BP? of all maps
u : S — RxV having image contained in the neighborhood N of v in V. Writing
uw = (h,v) : S — (RxS') x B.(0) C RxV we can define an extension of v from M to
UP? by setting v(u, j)(2) = vo(j, 2)(t(u),v(z)) with t(u) € S* denoting the direction of
the asymptotic marker defined by the map u. Note that this indeed defines an extension
and that v(u,j) € LP(T*S ®,;; C™'). In particular, v defines a section in trivial bundle
EPY |, pa with fibre LP4(T*S ®;, C) @ LP(T*S ®;; C™1), which in turn after extending by
zero defines a section in the Banach space bundle 7% over the whole Banach manifold
B4, Then the following holds:

Proposition 2.3.1: Let v be a section in the cokernel bundle Cokerd; C &P |
over the moduli space M = 0;%(0) C B, which is extended to a section in EP* as
described above. Then it holds:

e The moduli space M" agrees with the zero set of v in M,
MY ={(h,j) € M :v(h,j) = 0}.

o Ifv is a transversal section in Coker 0y, then 04 is a transversal section in Erd e,
MY is regular.

e The linearization of v at every zero is a compact operator, so that the linearizations
of Oy and 0% belong to the same class of Fredholm operators.

Proof: First we find no zeroes of 0% outside of the neighborhood U of M since there
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) = ;. For every (u,j) € U with u = (h,v) : S — (R xS") x B.(0) let m; denote the
projection onto the first factor in Sﬁ’j = [PUT*S ®;; C) @ LP(T*S ®;; C™"). Then
we have by construction that 7 o v(u,j) = 0 while 7, 0 9;(u) = 0h with the standard
Cauchy-Riemann operator 9 : H.P% (S, C) — LPYT*S ®,; C). For (u,j) € U—M it
follows that m o 0%(u) = Oh # 0, so that we find no zeroes of 94 in U — M. Finally, on
M we have 9% = v.

With respect to the splittings T}, ; B** = (ker D, ;)* @ ker Dy, ; and SZ:‘; =imDy; ®
coker Dy, ; at (h,j) € M, observe that the linearization Dh,jég : T Bt — Sﬁ’j. at a zero
v(h,j) =0, (h,j) € M, is of upper triangle form

~ Dy, ; 0
Dy, .04 = )
It (Dg,jy D}L,jy)’

where D°, D' denotes differentiation in the direction of (ker Dy, ;)* and ker Dy, ; = T}, ; M,
respectively.  Since v is a transversal section in Cokerd; over M precisely when
D}w.y : ker Dy, ; — coker Dy, ; is surjective at every v(h,j) = 0, the second statement
follows from the fact that Dy, ; : (ker Dy, ;)* — im Dy, ; is an isomorphism.

For the last statement it suffices to see that the linearization Dy v : Thvap’d —
coker Dy, ; is an operator with finite-dimensional image. [

Since the cokernel bundle Coker 0; as well as its base space M are oriented, it follows
that the regular moduli space M" carries an orientation, which by the construction of
orientations for Coker 0; agrees with the orientation of moduli spaces in symplectic field
theory constructed in [BM]. The contribution of branched covers of orbit cylinders to the
differential in rational symplectic field theory is given by the algebraic count of elements
in M", which however might explicitly depend on the chosen perturbation v.

2.3.2 Gluing compatibility

In order to have transversality for all moduli spaces of connected branched covers without
nodes we choose transversal sections v = v,3 in the cokernel bundles over the moduli spaces

+ + - -
M == Mﬁi = MO,O(Pyml s "'7ﬁym"+;’ym1 gy Y "7)/R

for all tuples /m = (m*,m~), m* = (m7,...,m ) with
M| :=mi +..4+m 7, =m] +..+m_,

i.e., for which M5 # (.
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To be precise we choose transversal sections v in the cokernel bundles over the
quotient M /(Z,,+ X Z,,-), where we forget the position of the asymptotic markers at the
positive, respectively negative punctures. In this way we ensure that the chosen abstract
perturbation and hence the contribution of curves to the differential does not depend on
the choice of asymptotic markers, which is implicit in the algebraic setup of symplectic
field theory. At this point recall that although the cokernel bundle Coker d; naturally
lives over the quotient M /(Z,,+ X Z,-), it is in general only orientable over the complete
moduli space M, since the orientation of a fibre in general depends on the choice of the
asymptotic markers at the punctures.

In order to have the compactness and gluing results for the resulting regular moduli
spaces which are implicit in the definition of algebraic invariants in symplectic field theory
we consider only sets of cokernel sections (v ), which are compatible with compactness
and gluing in symplectic field theory in the following sense:

Let (h%,j9), ¢ € N be a sequence of curves in the regular moduli space M" = M
which converges for ¢ — oo to a level branched covering (h, j) € Mgy, C M with

MT,ﬁ = MTl X... X MTL /A

and Mr, = Mr,, x... x Mg, | X R~ Then all components (he, jox) € Mr,,, { =
1,..,L, k = 1,..., N, again satisfy a perturbed Cauchy-Riemann equation. When the
moduli space M , is made up of curves with no nodes, i.e., for which the trees 71 1, ..., T n,
are trivial, the moduli spaces M, = MTM are again moduli spaces of connected branched
covers without nodes,

Mok = Mgy,

e e = + -
for new tuples gy, = (17, 7,3 ), Mg = (M1, - mf,k,n;tk)' Assuming that the abstract

perturbations vy, = v, for the moduli spaces My, are already chosen, compatibility with
gluing in symplectic field theory now means that the abstract perturbation v = v is chosen
in such a way that (hgy, joi) satisfies the Cauchy-Riemann equation with perturbation vy g,
i.e., is an element in the regular moduli space Mzek’“ C My . Observe that for every level
¢=1,..., L we have

M| + ... + Mg N, | = |7,

while for the number of punctures 7 = n = n* +n~ and §Mp = nex = n}k +n,, we
have
ﬁm&k < jj?’?L

It follows that the choice of the abstract perturbation r,; depends only on abstract
perturbations v -, with §m’/ < §m and [m/| < |m).

The correct setup for constructing perturbations v = vz with the desired properties
is to study smooth transversal sections 7 in the cokernel bundle Cokerd; over the
compactification M of the moduli space M = M,;. More precisely, we study smooth
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transversal sections in the cokernel bundle over the quotient M/(Z,+ X Z,-), i.e., we
again forget the positions of the asymptotic markers. Then the abstract perturbation
v = vy for the moduli space M is given by the restriction v = v|p of the section to the
interior, while the abstract perturbations v - for the moduli spaces for tuples m’ with

tm/ < #m and |m/| < |m| determine # on the boundary M = M — M as follows:

Let (T, L) be a tree with level structure which represents curves with no nodes, i.e., for
which all trees Ty, € =1, ..., L, k = 1, ..., Ny are trivial, and denote again My = Mz, the
corresponding moduli spaces of branched covers. Let us further assume that Mr  is indeed
a boundary stratum, i.e., does not agree with the top stratum M. Denoting by Coker®* ,
the cokernel bundle over My, / (th X Zme_,k) with the sets Zmzk =Z,+ X..xXZL, +

£,k,1 l,k‘,ni

.k
of asymptotic markers at the positive, respectively negative punctures, recall that the

cokernel bundle over Mr z /(Zy,+ X Zyp,-) is given as sum of pullback bundles
Coker™* 9; = T Coker'' 0; @ ... @ TN, Coker™t 9
under the projections

Teg : Mg [ (Lt X L) — Mo /(Zm;jk X Zm;k)-
For the section ¥ in the cokernel bundle over M /(Z,,+ X Z,,~) we now require that the
restriction vy 2 to My g /(Zp+ X Zp,-) is given by

vre(h,j) = (ia(hag, jia), - von, (hong s Jon,))

for (h,j) € My with h = (hy1,....,hen,), J = (J11,--,Jr.n, ). In other words, v is over
M given as sum of pullback sections

- _ * *
V|MT,L =T V11D ... © T N, VLN,

with v 1, ..., vp N, chosen before. Ngte that this makes sense, since all sections vy, indeed
live in the cokernel bundle Coker* 9; over the quotient M, / (Zmﬁ X Zm;k).

~ We define M c M by pulling back the section v from the cokernel bundle over
M/(Z+ X L) to the cokernel bundle over M and setting

M =rY0).

Recall that we have seen in proposition 2.2.5 that the cokernel bundle Cokerd; can be
equipped with the structure of a smooth vector bundle over the compactified moduli space
M, which by proposition 2.1.4 is a smooth manifold with corners. Since 7 is assumed to be
smooth and transversal to the zero section, it follows from a version of the implicit function
theorem that M’ is a smooth submanifold with corners of M, which is furthermore neat
in the sense that

OM =M NoM.
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More precisely it follows that M is again a stratified space with strata
M%E = Ml_/ N MT,L‘, .

Since v is independent of the directions of the asymptotic markers at the punctures, it
follows that Z,,+ x Z,,- still acts on the regular moduli space M". Furthermore the con-
ditions on the section v imply that for ./\/lrfp ¢ with trivial trees 71 1, ..., T n, We have

L
U — VL,N
M= TRY T x MY 5 x ME JA

(=1

This motivates the following definition:

Definition 2.3.2: A section v in the cokernel bundle Cokerd; over the compactified moduli
space M is called coherent if it is the pullback of a section in the cokernel bundle over
the quotient M /(Zy+ X Zy,-), which over each boundary stratum M.z [(Zp+ X Zpy-) for
trees with level structure (T, L) with trivial trees T} 1, ..., T n, 1S given as sum

— L *
V|MT,L =T 11D ... DT N, VLN,

of pullbacks of sections in the cokernel bundles Coker'* 9y,...,Coker =¥1 9; under the pro-
jections

Tk - MT,E /(erﬁr X Zm*) - MTZ,k /(Zmzrk X Zmzk)

We emphasize that our notion of coherency is weaker than the usual definition: While
we just require that the abstract perturbations are of a special form over each boundary
stratum, one usually additionally requires that for every moduli space one chooses a
unique abstract perturbation in the sense that if a moduli space appears in two different
boundary strata the two perturbations agree. However it follows from our proof of
theorem 2.3.3 that our weaker assumption indeed suffices to prove our desired result.

Let My Xz, , My C OM be an arbitrary codimension one boundary stratum. Recall
from subsection 2.2.1 that the restriction of Cokerd; to M, X Zn, My =M, X Zn 1 My C
M is given by the sum of pullback bundles

Coker8J|m1XZm12m2 = mjCoker 0y @ m;Coker 0;.

It directly follows from the definition that any coherent (and transversal) section ¥ in
Cokerdy is given over My Xz, My by

o s .
V\MlXmeMQ =T D Tyl

with coherent (and transversal) sections in Coker 0 7, Coker 0 7, respectively. Furthermore

v i 72
My Xz, Mo =My Xg, My
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2.3.3 Euler numbers for Fredholm problems

We have seen that the perturbation chosen for a moduli space explicitly depends on the
perturbations chosen for the moduli spaces forming the boundary of its compactification.
However, in this last section we prove that for any coherent and transversal section v
in Cokerd; in the sense of definition 2.3.2 the algebraic count of elements in the regular
compactified moduli space M’ is zero, independent of all choices. Together with the
discussion in 0.3 we have then shown that branched covers over trivial orbit cylinders do
not contribute to the differential of rational symplectic field theory, i.e., we have proven
the main theorem.

Theorem 2.3.3: For the cokernel bundle Cokerd; over the compactifica-
tion M of every moduli space of branched covers over a trivial cylinder with
dimyi M = dim M — rank Coker 9; = 0 the following holds:

o For every pair 1°, ' of coherent and transversal sections in Cokerd; the algebraic

count of zeroes of 7 and 7' are finite and agree, so that we can define an Euler
number x(Cokerdy) for coherent sections in Cokerd; by

X(Cokerdy) = £(#°)71(0) = #(#")~'(0).
e This Euler number is x(Cokerd;) = 0.

Proof: We prove this statement for all moduli spaces of trivial curves by induction on the
number of punctures n > 3.

Let 7 be a coherent and transversal section in Cokerd;. In order to see that
the zeroes of v can be counted to give a finite number, observe that it follows from
dim M —rank Cokerd; = 0 and the implicit function theorem that #~!(0) is a neat
zero-dimensional submanifold of M, i.e., a discrete set of points in M C M, which is
compact as a closed subset of a compact set.

Now let 7° and 7' be two coherent and transversal sections in Cokerd;. In order to
see that the numbers of zeroes f(#°)71(0) and #(7')~1(0) indeed agree, let %' be a section

in the cokernel bundle Cokeryd; over M [ (Zp+ X Zopy—), which is coherent and compatible
with #° and 7' in the sense that over each stratum

M(Y]“,L,EO /(Zer X Zm*)
My X x My X M, X Ma, X X M,
A X Loy X Loy~

ot 0o _ o1 :
the restriction vy, , =V |MoT7u0 is of the form

01 o *_ 0 * 0 * 01
Vrrce — Tbp ©...0 Too—1VTy, D T, V1,

o
BTy Vg D ... Vs
Lo+1 TZO+1 L”Tr,»
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with the projections

. A0 (0)
ﬂ-f,k . MT,[,,ZQ /(Zm+ X Zm_> - MTZ,IC /(Zmzk X me_,k>,
where 4. , ..., 1/%0_1 and V%%H, .., v}, are given by 7 and ', respectively. Note that this

implies that

—01 *—01 *—1
14 - -— = VISR% Ty
’M?XZMIQMQ 1V @ mals,

—01 *—0 *~01
Vo 0 = SR UDYZ
|M1sz12M8 171 D 2Y2

=01 I | =01 _
v |{p0int}><./\/l =v and v ’Mx{point} =V

and that we can always find a section 7' in Cokeryd; with the above properties by
iteratively extending as in 2.3.2 the sections from the boundary of M to the interior
of the moduli space. In particular, observe that by proposition 2.1.2 the numbers of
punctures of the curves in M{ and M3 in the codimension one boundary of M" are
strictly smaller than the number of punctures of the curves in M°.

Note that by the propositions 2.1.4 and 2.2.5 the cokernel bundle Cokeryd; over M°
can also be equipped with the structure of a smooth vector bundle over a manifold with
corners. With this we further again assume that 7% is a smooth and transversal section
in Cokerody, which in turn implies that for each stratum /\/lOT7 .1, the underlying sections

0 0 01 1 1 T A3 Tey, 7
VIys w VI oo VI o Voo -+ Vo, Of the cokernel bundles Coker dy, ..., Coker,® 0y, ...,

Coker’t 9, are again smooth and transversal. Now it follows from
dim M° — rank Cokeryd; = 1 + dim M — rank Cokerd; = 1

that the resulting regular moduli space

701

M = ()H0) ¢ MO

DOl
is a neat one-dimensional submanifold of M°. In other words, we have that M° is a

one-dimensional manifold with boundary given by

1701 1701
oMY =M" noM°.
]701
In order to determine the boundary of M?  observe that after setting

(M xzmmﬂg)D = M” N(M]xg, M),
My %z, MY)™ = M 1 (M, xz,, M),
({point} x #)™" = M® A ({point} x M),
and (M x {point})™ = M® N (M x {point}),
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the boundary conditions for #°! yield

01 1

(MO xz,, . Mo ) = MY xg, My,

(¥ x50, MY = M, M
({point} x M) = {point} x Mﬁl,
and (M x {pomt}) - M x {point}.

701

All together it follows that the boundary of MOV is given by

oM = (MDO x {point}) U ({point} x ﬂpl)
o U (M xa,, M) U (M s, ME),
2<ny,na<n

where we take the union over all those codimension one boundary strata of MO where the
number of punctures ny,ny for /\/ll, Mg (and M, Mg) is strictly between two and the
number of punctures n for My, i.e., MY, /\/lo # {point}.

501

Now since OM" is the boundary of a one-dimensional manifold and taking into

account the orientation of the codimension one boundary of the base space M° it follows
that

0 = #(M" x {point}) — #({point} x M)
Y (R e, M) - T o, T,
2<ny,na<n

Note that here # refers to the orientation as boundary of (M7 "', which itself is induced
by the orientation of the cokernel bundle Cokergd; over M. In order to show that

— 0 —pl e
#(@°)7H0) = #M =H#M =#(")7H(0),
i.e., to prove the existence of the Euler number x(Cokerd;), it hence suffices to show that

#(Ml X Ly MO )=0

p01

0”1 Vi
and  #(M] Xz, M) =
for every other boundary stratum:
For this observe that in order to have
1701

#(M g, M) 0,
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we in particular must have
701

— 0 01/2
Mll XZm12 M2 7é @,

which is equivalent to
50 —!
MP#0  and  MY® #0.
Now since both 7{ and v9! are transversal, i.e., have zero as a regular value, it follows that
— 0
dim M, —rank Cokerlaj = dim M?

01

and  dim MY —rank Coker()Qa; = dim(MJ)*2

(AVARRAVS
o o

On the other hand, since

1 = dim M° —rank Cokeryd,
= 1+ dim M; +dim /\/lg —rank Cokerlaj — rank Coker()?a]

it follows that we indeed must have equality, i.e.,

dim M —rank Cokerlay = dim /\/l'f? =0
01

and  dim MY — rank Cokery 0, = dim(M2)%' = 0.

In other words, we can immediately forget about all boundary components
=01

- v . : . .
M g, M) * where the virtual dimension of M; (and of MS$) is not equal to

zero, i.e., the underlying Fredholm index of 9 is not equal to one, where a corresponding
1_101

Y |
statement clearly also holds for the boundary strata M Xy M2, In particular, ob-

serve that this would directly prove the existence of the desired Euler number y(Cokerd,)
if we were able to show that none of the moduli spaces M; or My appearing in the
codimension one boundary has virtual dimension zero. While this is typically the case
when the compactification is not “too large” , note that here there is no way to exclude
the latter from happening. However, at this point, we can now make use of the induction
hypothesis as follows:

Since the number of punctures for the moduli space M; and M is strictly smaller than
the number of punctures for the original moduli space M, it follows that we do not only

have Euler numbers X(Cokerlé 7) and X(Coker25 ;) for coherent and transversal sections in

the cokernel bundles Coker 0 ;7 and Coker 0 7, but by assumption further know that they
are zero. In other words, we already know that

#1ﬂ§/? = X(Cokerléj) = 0, #QMZ% = X(Coker25j) =0,

where 1, #2 refers to the algebraic count with respect to the orientation on the cokernel
bundle Coker' 9;, Coker? 9, over My, Ms, respectively. Denoting by #1, #, further the
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algebraic count with respect to the induced orientation on Cokery d;, Cokerj d; it follows
that

ikl 072 1 ikl 0%
%£12<j»11 ><an12 JA/IQ ) - ;;;I;" %ﬁl/x4]7 * %£2j¥12 — 0,
=01 =01
% _ 1 W
MY g, M) = ——a MY M = 0

where #15 refers to the induced orientations on 7} Coker' 9; @ 73 Cokerj d;. But since the
algebraic counts # and #, differ only by sign by proposition 2.2.7, it follows that

701 501

B(M xz, MY ) =0, #M" xg, My') =0,

which proves the first part of the theorem.

It remains to prove x(Cokerd;) = 0:

But for this we must only observe that the rank of Cokerd; is always odd, since it
agrees with the dimension of M, which itself is the product of a one-dimensional manifold
with a complex manifold. Indeed, we have

rank Cokerd; = dim M = dim(S' x Mg,) =2(n—3)+1=1 mod 2.

Following the idea of proving the vanishing of the Kuler characteristic for odd-
dimensional closed manifolds, observe that for any coherent and transversal section v in
Cokerd; the section —v has the same property and we have

x(Cokerd;) = #(—v)"1(0) = — 47 1(0) = —x(Cokerd,),
implying x(Cokerd;) = 0. [

2.4 Consequences

2.4.1 Action filtration on rational symplectic field theory

In this section we want to discuss the implications of our main theorem on rational
symplectic field theory. While we have seen that the problem of achieving regularity
for moduli spaces already appears in the case of trivial curves, which we however have
settled above using obstruction bundles, note that our method does not allow us to
solve the problem for the other moduli spaces studied in rational symplectic field theory.
Beside the fact that we cannot assume the nonregular moduli spaces to be manifolds
in general, we further cannot assume that the cokernels of the linearizations of the
Cauchy-Riemann operator fit together to give a vector bundle of the right rank over the
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nonregular moduli space. For this recall that we have proven the latter by a linearized
energy argument in proposition 2.2.3 which is not available in the general case. In order
to settle the transversality problem in symplectic field theory H. Hofer, K. Wysocki and
E. Zehnder invented the theory of polyfolds, which however at the moment of writing
this paper is still on its way of being completed. While our result about trivial curves in
rational symplectic field theory is itself independent of the methods used to achieve regu-
larity in the general case, let us outline how our result can be embedded in the general story:

While the most natural way consists in using our obstruction bundle perturbations for
the moduli spaces of trivial curves and extending them via the polyfold theory to abstract
perturbations for all other moduli spaces, we claim that the statement of the main theorem
is true independent of the method used to define the coherent compact perturbations. In
particular it should hold for the abstract perturbations constructed using the polyfold
theory of [HWZ] as well as the domain-dependent Hamiltonian perturbations used in
the first chapter. Since the analytical foundations of symplectic field theory are not yet
established, we cannot make the above statement rigorous in full detail. However, let us
point out the important consequences of our result to symplectic field theory of which we
are confident that they can be shown once the analytical tools from polyfold theory are
available. Despite the fact that we can not make them rigorous by the aforementioned
reasons, we decided to state them as propositions with proofs as it is common in recent
papers on symplectic field theory, see e.g. [B] and [EGH].

Proposition 2.4.1: For all choices of coherent compact perturbations v which make the
perturbed Cauchy-Riemann operator (9” Jy + v transversal to the zero section in an
appropriate Banach space bundle (or polyfold) setup, the algebraic count of elements in
the resulting reqular moduli space M’ = (04)7(0) is zero. It follows that branched covers
over orbit cylinders do mot contribute to the algebraic invariants of rational symplectic

field theory.

Proof: Here we proceed as in the proof of theorem 2.3.3 and prove the statement
by induction on the number of punctures. For every moduli space of trivial curves M
assume we are given an arbitrary coherent perturbations 7° and 7', constructed e.g.
using the polyfold theory of [HWZ], which, after being added to J;, make all strata
of the compactification ./ M regular. Using polyfold theory we can construct a compact

perturbation %' of M so that, in the notation from before, the codimension one
1701

boundary strata of the resulting regular moduli space M®  are again given by

— 501 —
N 01 21 Y |

(W(l) sz12 M )V = M(l) sz12 M;Q,

- 0 — 9 Zh

(Ml XZ"llz ) = '/\/ll1 XLy M(Q) )
({point} x /\/l) = {point} x Mﬁl,
and (M x {pomt}) - M x {point}.
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In particular we again have

¥y v Ky v i
7t —— 3 —— ) Zh
= Y (#MT M) — (M %o, MT)).
2<n1,n2<n

Using the induction hypothesis it follows as before that the right hand side of the equation
is equal to zero, so that

i.e., the number of elements in the regular moduli space is independent of any choice of
coherent compact perturbations. Assuming in particular that 7° is a coherent compact
perturbation resulting from a section in the cokernel bundle Cokerd; as studied before, it
follows that this number is zero. [J

Like in Gromov-Witten theory and symplectic Floer homology the trivial curves in
symplectic field theory can be characterized by the fact that they carry no energy in
a certain sense, which, as in Floer homology, can be expressed as difference of actions
assigned to the asymptotic periodic orbits. More precisely, we can introduce a natural
action filtration on rational symplectic field theory as follows:

The action
s0) = [ Fw

which we defined in 0.2 using the spanning surface f, for every closed Reeb orbit v, nat-
urally defines an action filtration F on the chain algebras 2 and 3 underlying contact
homology and rational symplectic field theory. For this observe that over the group ring
over Hy(V') A and P are generated by the formal variables ¢, (and p,) assigned to every
good orbit v in the sense of [BM], so that for every monomial we can define

n- nt
‘7:<qu"'qv;,pﬁ”'pv;@A) = Z S(ve) — Z S(v)) + w(A).
k=1 /=1

Note that in the contact case, i.e., where the one-form A of the Hamiltonian structure on
V' is contact and w = d\, we have w(A) = 0 and the action for the periodic orbits 7, i.e.,
the closed Reeb orbits, is given by integrating the one-form A along 7.

Corollary 2.4.2: Like in cylindrical contact homology the differential in contact homology
and rational symplectic field theory is strictly decreasing with respect to the action filtration.

Proof: Since the differential d = d® = {h,-} : B — P in rational symplectic field
theory, given by the generating function h € P counting holomorphic curves in R xV/,
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satisfies a graded Leibniz rule, it is strictly decreasing with respect to F precisely when
for every orbit -,

(dp,,p* q" ) £ 0 implies F(p,) > F(p' ¢" e?)
and  (dg,,p" ¢" ) #0 implies F(g,) > Fp" ¢ e?),

where (dp,, prg" e?) and (dqv,pFJqu_eA) denote the coefficients of

r+ r—_ A __ A
P € =P Dyt Gyl €

in the series expansion of dp, and dg,, respectively. On the other hand it follows from the
definition of d that

<dp7’pF+qF—eA> = <{h7p’y}7pF+qF—€A>
oh +
= hy <8—%’ Fgtet)

= *r, (h,p" (¢" ¢)e?)

with the Hamiltonian h € ‘B of rational symplectic field theory, and similar for dg,, so that
the requirement on d is equivalent to requiring that

<h,pr+qr_e‘4> # 0 implies f(pFJqu_eA) > 0.

Note that here we use F(q,) = — F(p,). In order to see how this follows from the above
proposition, recall that <h,pr+qF7 et) is given by the algebraic count of elements in the
moduli space described by the monomial p'"¢" e, which consists of the curves which are
asymptotically cylindrical over the orbits v, ..., fi at the positive, respectively negative
punctures and represent the homology class A € Hy(V'). On the other hand recall from 0.2
that the w-energy of a holomorphic curve u in the moduli space can be expressed in terms
of the actions of the closed orbits 77, ..., fyf; and the integral of w over the homology class
A€ HQ(V) by

Eu(u) =) S =Y S(n) +w(4),
k=1 /=1

e, E,(u) = ‘?’-"(C_IAY;...qf_pﬁ...pfr+ e). But since the algebraic count of curves in mod-

uli spaces of curves with E, (u) = 0 is zero by proposition 2.4.1, we get the desired result. [J

Recall that this statement is trivial in the case of cylindrical contact homology and
symplectic Floer homology since the only trivial curves in these cases are trivial cylinders.

2.4.2 Marked points, differential forms and the spectral sequence
for filtered complexes

Since trivial curves are characterized by the fact that they have trivial w-energy and this
quantity is preserved under taking boundaries and gluing of moduli spaces, it follows that
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every algebraic invariant of rational symplectic field theory has a natural analog defined
by counting only those trivial curves. More precisely, observe that the generating function
h € P counting holomorphic curves in (R xV,.J) can be written as a sum h = hg+hs
where hy € P is the generating function for the curves with trivial w-energy and h-
the one for the curves with strictly positive w-energy, which in turn immediately implies
that also the differential d = d® : 8 — P is given as a sum d = dy + d-o with dy = d™,
dsog = db>o,

In the same way as we use the study of the boundaries of one-dimensional moduli
spaces (after quotiening out the R-action) to deduce the fundamental identity {h,h} =0
implying d? = 0, it follows from the aforementioned fact that the w-energy is preserved
under taking boundaries and gluing of moduli spaces that we already have {hg,hy} = 0
and therefore dj = 0. Even further it is clear that we already have {hg.,ho,} = 0
where hy ., is the generating function counting all trivial curves over the closed Reeb orbit
v € P(V) so that hg = 3. _p () hoy.

Denoting by ., the graded Poisson subalgebra of P generated only by the variables
Pk, Gy assigned to multiple covers of the chosen Reeb orbit «y, observe that we have
ho, € B, so that dy, = {hg,,-} defines a differential on P.. We call its homology
H.(B.,, do) the rational symplectic field theory of .

While it follows from our main theorem that hg, = 0 and therefore H.(%B.,,do,) =B,
when no differential forms are chosen, let us spend the remaining time studying what
can be said about the general case described in [EGH| when a string of closed differential
forms is introduced:

To this end, let © = (0y,...,0x) € (2*(V))N be a tuple of closed differential forms.
Abbreviating 4" = (vmli, s 7mfi), note that on every moduli space Moo, (", 4™ of
trivial curves with additional r marked points w = (wy, ..., w,) € S™ we have r evaluation
maps

evi: Moo, (Y AT )R =V, i=1,..r

given by mapping the tuple (h, j, 1, w) € Moo, (7™, 7™ )/ R to h(w;) € V, which extend
to the compactified moduli space Mg, (y™", 7™ )/ R. Since we still cannot expect the
moduli space Mo,o,r(VW, 7™ to be transversally cut out by the Cauchy-Riemann oper-
ator, we must proceed as before and choose coherent sections 7 in the cokernel bundles
Cokerd; over the compactified moduli spaces M = Mg o.,.(7"", 7™ )/R to obtain the
regular moduli spaces

Moo (7754 ) /R =51(0) € Moo, (7,7 )/R.
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Assigning to each chosen differential form 60; € Q*(V') a graded formal variable ¢; with
degt; = deg0;—2 and abbreviating p,, = p,m and ¢, = g, we let B, be the graded Poisson
algebra of formal power series in the variables p,, with coefficients which are polynomials
in the ¢,,’s and formal power series of the ¢;’s. Following [EGH] we define the generating
function hg, € P, by

1
h = — / ,ev*9~ /\/\GV*Q =4+ Q-
" ;f”“”‘““! L e VU ro B
m ,7/ 1Yy b

Theorem 2.4.3: For chosen string of closed differential forms © = (04, ...,0x) € (Q*(V))V
the generating function hy . € B, is given by

hy, = > Zm/ﬁi © Pmml-

i:deg 6;=1 meN v

Proof: Since the positions of the marked points are not fixed, it follows that the dimension
of the regular moduli space ./\/lo,om(’yﬁﬁ,fyﬁr)” is given by 2r plus the dimension of the
underlying regular moduli space M0’0(7m+,77ﬁ7)” with no additional marked points.
In the case of true branched covers, i.e., Moo(y™ ,7™ ) # Moo(y™,~™) it follows
that Mo,o,r(’YM+,7m_)” has dimension greater or equal to 2r + 1. In other words, the

top stratum of Mg, (y™", ") /]Ru has dimension greater or equal to 27, which in
turn must agree with the degree of the differential form evjd;, A ... A evy 6, in order
to get a nonzero contribution to hy.,. In particular, at least one differential form 6;,,
k € {1,...,r} must have degree greater or equal to two. On the other hand, observing

that the image of the evaluation map ev, from Mgg,. (77", 7" )/R to V is clearly
contained in the closed Reeb orbit v and that the pullback of a form on V under the
inclusion map v <— V is nonzero only for forms of degree zero or one, it follows that
evy 0;, = 0. So, while we have shown in this paper that moduli spaces of true branched
covers without additional marked points do not contribute to the generating function hy ,
it follows from the last observation that this remains true when we introduce additional
marked points and differential forms by simple topological reasons. Finally, observe
that for moduli spaces of trivial cylinders the top stratum of Mg, (7™,7™)/ R has
dimension 2r — 1, so that here we might get nonzero contributions from moduli spaces
with one additional marked point if the corresponding differential form has degree one.
Since the moduli spaces of trivial cylinders are automatically regular, it is easily seen
that this contribution is given by integrating the one-form along the closed Reeb orbit . [J

Observe that the generating function is in general no longer equal to zero when a string
of differential forms is chosen, which implies that the differential in rational symplectic
field theory and contact homology is no longer strictly decreasing with respect to the
action filtration, where we have set F(t;) = 0 for each formal variable ¢;. However, in order
to show how theorem 2.4.3 can be used to compute SFT invariants, we follow [FOOO] in
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employing the spectral sequence for filtered complexes, where for simplicity we restrict
our attention only to the computation of the contact homology for contact manifolds and
symplectic mapping tori. Recall from the introduction that in both cases the contact
homology is indeed well-defined.

Corollary 2.4.4: Let V be a contact manifold or a symplectic mapping torus. Then there
exists a spectral sequence (E",d") computing the contact homology, E* = H,(,0), where
the E%-page is given by the graded commutative algebra Ay which, in contrast to A, is now
only freely generated by the formal variables g, with f7 0; =0 foralli=1,...,N.

Proof: First observe that it follows from the theorem of Arzela-Ascoli that for any
given maximal period 7" > 0 the set of closed Reeb orbits of period < T' is compact.
Together with the assumption that the contact one-form A is chosen generically in the
sense that every closed orbit is nondegenerate and hence isolated, it follows that the
number of closed orbits with period less or equal T is finite for every T' > 0, so that,
in particular, the action spectrum { fv)‘ : v € P(V)} is a discrete subset of R™. Note

that this automatically implies that the set of action values F(¢") € R*, I' C P(V) is
discrete, and hence can be identified with the discrete set {a;, as, ...} C RT with a, < ag1.

Using this we equip the chain complex (2, 0) underlying contact homology with a
filtration (F*A)ren by requiring that F* 2 is spanned by monomials ¢" with F(¢") < ay.
Note that it follows from the fact all curves have nonnegative contact area that the
differential is indeed respecting the filtration, 9 : F*2A — F*QA. Now we can use as in
[FOOO)] the spectral sequence (E",d") for filtered complexes to compute the homology of
(A, 0). In order to see how the theorem implies the corollary it suffices to observe that the
differential d" : Ej , — Ej ,_, agrees with the part dy of the differential 9 : 2 — 2, which
is counting only curves with zero contact area, i.e., trivial curves. Hence E? = H, (2, 0y)
and it is easily deduced from the fact that J, satisfies the Leibniz rule that the latter
agrees with 2y as defined above.

On the other hand, for symplectic mapping tori one can use as in the first chapter
the splitting of the chain complex with respect to the total period and again use the
compactness of the set of closed orbits of bounded period to get discreteness of the action
spectrum. [
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