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INTRODUCTION

Symplectic field theory (SFT) is concerned with certain maps from Riemann surfaces
into a specific type of manifolds, namely symplectic cobordisms. ‘Counting” these
curves and organising the result in a generating series gives an element H in
an algebra of power series. The description of the limits of sequences of curves
gives the (graded) commutation relation [H, H|] = 0. This allows us to derive a
commuting system of partial differential equations in this algebra. This is called an
integrable hierarchy. As it turns out, the hierarchies we obtain from the simplest
examples correspond already to interesting physical systems.

This thesis can be considered as a narrow introduction to Symplectic Field Theory
as introduced by Eliashberg, Givental and Hofer in their paper [2], together with
an overview of (a subset of) the work done by Fabert and Rossi to link this to
integrable hierarchies [4, 3, 11].

The subject of SFT is so much work in progress that a very fundamental analytical
result in SFT (“tranversality” of a certain “Cauchy-Riemann operator”) has not yet
been proved. It is common practise in SFT papers to state everything that relies
on it nevertheless as a theorem. I will follow this convention. To give the reader
(and myself) a taste of the kind of analysis involved, I will give an exposition of a
related subject, called Floer homology, and work out (some of) the analysis there.

The outline of this thesis is then as follows.

In chapter 1, we will introduce Morse homology, which is a way of calculating
the homology of a closed manifold in terms of the critical points of a (generic) real
valued function. Conversely, it is a way of bounding the number of critical points
of a function by using homology.

Next, we will discuss Floer homology in chapter 2. This can be considered a
form of Morse homology, but in the infinite-dimensional setting of a loop space
of a manifold. In this case, both the geometrical ideas involved and the necessary
analysis become more complex.

These geometrical ideas are then useful background knowledge to study the
geometry behind Symplectic Field Theory, which is chapter 3. Then comes a
translation of these ideas into algebra in chapter 4.

We then discuss gravitational descendants in the well-known case of Gromov-
Witten theory, and the current work in extending them to symplectic field theory.
This comprises chapter 5. In the Gromov-Witten case, it is a well-known fact
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that integrable hierarchies are obtained; we discuss this in section 6.3. The same
is found in symplectic field theory; however it is still very difficult to compute
these hierarchies because the necessary tools, in particular a generalisation of the
topological recursion relations, have not yet been developed.

However, the fact itself that symplectic field theory leads to integrable systems
already gives new proofs of the structure of the integrable system in the Gromov-
Witten case. This is discussed in the last sections 6.4 and 6.5.
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MORSE HOMOLOGY

1.1 GRADIENT FLOW

Let M be a real, n-dimensional, closed manifold and f a smooth function f: M — R.
A point x € M is called critical for f if df vanishes at x. The goal of this first
chapter is to sketch a proof of the following lower bound on the number of critical
points of a generic f in terms of the Betti numbers h; = rank H;(M,Z/2Z):

M-

#erit(f) > ) h;

i=0

Along the way, we will see general ideas that will be helpful in our discussion of
Floer homology and Symplectic Field Theory.

The idea of the proof is that we can define a chain complex generated by the
critical points of f. This chain complex turns out to be chain homotopic to the
singular chain. This means that there must be a sufficient number of critical points
to generate singular homology. But this is just the formula given above. We borrow
liberally from the exposition in [7].

First of all, we choose a Riemannian metric g on M. This allows us to define
the gradient of f, with respect to g, written as V,f. For this, we see ¢ as a map
g: TM — TYM and define

Vof =g ' (df).
So the gradient of f is a vector field on M. We will write ®: M x R — M or
®;: M — M for its negative flow. Then a flow line is a path ,(t) = ®(x) for
a fixed starting point x. In this language, the flow is uniquely characterised by
requiring that 7,(0) = x and dy|:(5) = Veflyq for all flow lines 7.

Now g is positive-definite, which means that f is strictly decreasing along flow
lines of —Vg f. Then we can be sure that v is injective, or in other words, that the
flow ® has no periodic orbits.

Since we assumed M to be closed, we can also be sure that the limits x* :=
limy_, 400 y(t) exist. It is clear that the gradient of f must vanish in the limits
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t — o0, so these limits are critical points of f. We say that 7 is a flow line from
x~ to x7. The number of flow lines between a given start- and end-point allows us
to calculate M’s homology. The rest of this chapter will deal with this relation.

At a critical point x we define the Hessian 0*f of f as a map

P’f: M — T/M
¢ = Ve(df),

where V is some chosen connection. (The result does not depend on this choice.)
We call a critical point non-degenerate if 9 f is. A function f is called a Morse function
if all its critical points are non-degenerate. In local coordinates 9 f is symmetric
and can be diagonalised. The number of negative eigenvalues is the Morse index
i(x) of the critical point x.

Given two critical points x*, their Morse indices i(x~) and i(x") contain infor-
mation about the existence and number of gradient flow lines from x~ to x™. Let
us write M (x~,x") for the set of x € M such that 7, is a flow line from x~ to
xT. We have an straightforward R-action on this set by translation: ¢ € R acts by
sending x € M (x~,xT) to v,(c). We write

M(x",xT) = M(x~,x")/R

which gives us a moduli-space of gradient flow lines. For a generic pair (f,g) it can
be shown to be a real manifold, with dimension given by

dim M (x7,x%) =i(x7) —i(xt) - 1. (1.1)

In the generic case where this holds for all critical points x*, we say that the pair
(f,8) is Morse-Smale. We will assume that it is in the rest of this chapter.

1.2 BROKEN FLOW LINES

We are going to define a chain complex and homology based on critical points and
their Morse indices. To avoid orientation and sign issues, we choose coefficients for
homology in Z/2Z. With more work, we can do the same with coefficients in Z.

We define the Morse chain complex as follows. Let C; be the vector space over
Z/2Z generated by the critical points of Morse index i. We define a boundary
operator d: C; — C;_; given by:

d(x) = Y oy  wherecy, = #M(x,y) (mod2)
yeCi-1



1.2 BROKEN FLOW LINES

We want to prove that d> = 0. Since

dZ(X) — Z Cylzc_x,yz

zeCI:*Z

yECZ’l
it is sufficient to prove that for every x € C; and z € C;_», the sum Zy Cy,zCxy 18 Z€rO.
In other words, that the sum

Y #M(x,y) - #M(y,z)
Y

is even. We do this by proving that the set

UM(xy) x M(y,z)
y

can be seen as the 0-dimensional “boundary” of (a suitable compactification of)
the one-dimensional moduli space M (x,z). Such a boundary clearly has an even
number of points®.

So let us define this compactification of M (x,z). We do this by, for every
sequence (7;) in M(x,z), defining a limit for some sub-sequence. This limit will
usually be another flow line vy € M(x,z). Formally, this means that there are
representatives 4; of 7; and a representative ¥ of  such that lim;_, ¥;(f) = ¥(¢)
for all t, and the convergence is uniform on compact subsets. In some special cases
however, the limit is a broken flow line:

Definition 1.2.1. A sequence of flow lines (;) € M(x,z) converges to a broken

flow line (71, 7%) € M(x,y) x M(y,z) if

1. for some representatives (f;) of (7;), the points (B;(0)) converge to the critical
point y € M;

2. for some other representatives (#;), and for some representative 4! of 7!, we
have that (&;(t)) converges (uniformly on compact subsets) to 7' (¢) for all #;

3. for some other representatives J;, and for some representative 42 of 72, we
have that (5;(t)) converges (uniformly on compact subsets) to 7>(¢t) for all ¢.

Proposition 1.2.2. With x, z as above, every sequence (vy;) in M(x, z) has a sub-sequence
converging to either a flow line in M(x, z) or to a broken flow line in M(x,y) x M(y,z)
for some y.

Note that if we can coherently orient the moduli spaces, then these boundary points come in pairs
with opposite orientation. This suggests that if we choose the coefficients cxy with appropriate signs,
we can use coefficients in Z. This can indeed be done, as can be seen (again) in [7].
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Proof. Let (7;) be any sequence of flow lines in M (x, z). We pick a neighbourhood
V of x such that V contains no other critical points. Pick representatives &; such
that w; = %;(0) is the first point on the flow line such that y;(t) € 0V. Then the
sequence of points (w;) in M has a sub-sequence with a limit w in the compact
closure M. We still write (w;) and (v;) for this sub-sequence. We have w € 9V so
w is not critical. Let 4! be the flow line starting at w and 7! its equivalence class.
Then we know the following:

1. The sequence (1;) has representatives &; such that lim; .., &(t) = 4'(t) (by
definition).

This means that if 7' € M(x,z), we have found a limit in M x,z) and we are done.
So suppose that it is not, so w ¢ M. Then w € dM.

2. The limit lim;—, _ §'(#) is equal to x. It has to be a critical point in V and x
is the only one.

3. We just assumed ! € M(x,z), so we have that 7! € M(x,y) for some
critical point y. So M(x,y) is nonempty which means i(y) < i(x).

Pick a decreasing sequence U; that is a neighbourhood basis of y and pick T;
large enough such that v'(T;) € U;. Now &;(T;) converges to 7' (T;) as j — oo,
so we can pick N; such that if j > N; we have &j(Ti) € U;. Then the sequence
Bi(t) = &n.(T; + t) satisfies lim; . B;(0) = y. We replace (v;) by the sub-sequence
(’YNi)‘

4. Then B, is a sequence of representatives for 7; satisfying lim; . 3;(0) = y.

Next, pick a neighbourhood U of y containing no other critical points and let S;
be such that ;(S;) € 9U is the first intersection of the flow B; with oU. Define
5i(t) := Bi(S; +t) and let w’ be the limit of (some sub-sequence of) §;(0). Then
w' € 9U. Let 42 be the flow starting at w’ and 2 its equivalence class.

5. Then lim; .o, &;(t) = 4%(t).

We just need to see that 7> € M(y,z). Let U; be as above. Then there is N; such
that j > N; implies B;(0) € U;. In other words, J;(—S;) € U;. Fix some S > 0. Then
42(=S) = lim; o, 6;(—S) € U. So lim;_,_ ¥*(t) is a critical point in U, so it is
equal y. So we have y* € M (y,u) for some u. Now the moduli space M (y, u) is
non-empty so i(u) < i(y). So i(u) < i(x) — 2. The only such critical point in M is
z.Sou =zand 7% € M(y,z).

This concludes the proof of the existence of point-wise limits. We omit proving
the uniformity statement. O




1.2 BROKEN FLOW LINES

Figure 1.1: The graph of f on the Klein bottle K (depicted as a square with opposing
edges suitably identified).

Corollary 1.2.3. We have d> = 0, and therefore the pair (C.,d) is a chain complex. [

We define the Morse homology HM™¢(M, f, ¢) as the homology of this chain
complex. Note that, as far as we can tell now, it depends equally well on M, f and
g. Let us, as an example, calculate a Morse homology of the Klein bottle. We will
realise the Klein bottle K as [0, 27t] x [0, 7] where we identify all points (0,y) with
(271,y), and all points (x,0) with (271 — x, 77). Let g be the flat metric, and define a
function

f(x,y) :=sin(x) cos(y) .

It is a smooth function on K. Its critical points are a point p = (5,0) of index 2 (a
local maximum), two points q; = (0, %) and g2 = (7, 5) of index 1 (saddle points),
and a point r = (3,0) of index o (a local minimum). So C;, = (p), C1 = (q1,92)
and Cy = (r). This is all illustrated in figure 1.1.

There are two gradient flow lines from p to each g;, and two flow lines from each
gi to r. So the differential is identically zero. Then we obtain

HY°™*(K,f,¢) = ([p])
HY (K, £,8) = ([q1], [g2])
HY™(K,f,g) = ([r]).

This agrees with singular homology (with coefficients in Z/2Z).
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If we would have worked out the orientation issues, we would have found that
the two gradient lines in M (p, ;) have the same sign, and the two gradient lines
in M(g;,r) have opposing signs. This gives the differential d(p) = 2q1 + 242 and
d(g;) = 0. Then we get

H%\/Iorse(K’f’g,.Z) — {0}
HY™(K, f,&:Z) = (lq+q2)) /21 +92)) + {[]) = Z @ Z/22
HY'™*(K,f,$Z) = ([r])=Z.

Again, this agrees with the (possibly more familiar) singular homology with
coefficients in Z. This is a general fact:

Theorem 1.2.4. The chain complex CYM°™¢(M, f,g) is chain homotopic to the singu-
lar chain C2(M) for any Morse-Smale? pair (f,g). In particular, their homologies
HMorse(M, f,¢) and He(M) are isomorphic.

Proof. This is proved in [7]. O

In particular, we see that Morse homology does not depend on the choice of the
pair (f,g), as long as it is generic.

1.3 INDEPENDENCE OF THE CHOICE OF (f,g)

By theorem 1.2.4, we already know that Morse homology HM°™¢(M, f, ¢) does not
depend on the choice of the function f and metric g, as long as they are generic.
Since we only gave a reference for its proof, we may wonder whether we can show
this invariance in a direct way.

In fact, we can. Let us start with two given pairs (fo,g0) and (f1,81)- Let (fi, &)
be any smooth homotopy between them. We consider the manifold M x I and a
vector field on it, given by:

X(x,1) = Vg fi(x) +—H{t~ 1)

for (x,t) € M x I. It is clear that this vector field has a-periodic flow and that its
critical points are given by

crit(X) = crit(fo) x {0} Ucrit(f1) x {1}

2 This probably depends on the stricter definition of Morse-Smale as alluded to in an earlier footnote.
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We can calculate moduli spaces of flow lines of X between these critical points. We
tind Morse indices

iMX[(x X {0}) = ZM<X) +1

iij(x X {1}) = zM(x) .
Under genericity conditions for the homotopy (f;, g¢) similar to those for a pair
(f,8), we find that the moduli spaces of X-flow lines between critical points are
smooth manifolds whose dimension is given by equation (1.1). This means that

if x € M has index i for (fo,g0) and y € M has the same index i for (f1,g1), then
they have indices i + 1 and i respectively for the flow of X, so the moduli space

M((x,0), (1))

is zero-dimensional. Then it makes sense to define maps

¢i: Ci(M, fo,80) — Ci(M, f1,81)
x =) #M((x,0),(y,1))

yEerit(fq)
i(y)=i

We are trying to show that this induces an isomorphism on homology. We will
need several steps for this:

1. First, we want that ¢ is a chain map (i.e. p;od = d o ¢p;i11).

2. Then, we want that if ¥ and ® are two homotopic homotopies between the
same maps and metrics, then they induce chain homotopic chain maps ¢ and

¢.

3. Next, if ¥ and ® are two homotopies with the endpoint of ¥ agreeing with
the start of ®, then we want that the chain map induced by the concatenation
of homotopies ¥ * @ is chain homotopic to the concatenation of chain maps

poyp.

4. We apply 2 and 3 to a homotopy ¥ and its reverse ®, to conclude that ¢ o i
is chain homotopic to the identity. Then they induce an isomorphism on
homology.

The first step is not very difficult. We have that
piod(x) = ) ) #M((y,0),(z1)#M((x,0),(y,0)) -z

z€Ecrit(f1) yecrit(fy)

i(z)=i i(y)=i+1
dogia(x) = ), ) #M((y1), (z1))#M((x,0),(y,1)) 2
oot i
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We can interpret the summands as counting broken flow lines from (x,0) to (z,1).
So they count boundary points of the compactified 1-dimensional moduli space
M((x,0),(z,1)). It has an even number of points, so ¢; o d(x) +d o ¢pi11(x) =
0 (mod 2). This just means ¢; od = d o ¢;11. So ¢ is a chain map.

The proofs of 2 and 3 are similar, so we will only prove 2. We will construct
a chain homotopy K: C; — C;;1 such that do K+ Kod = 1 — ¢. We do that as
follows. Consider the homotopy between the homotopies as a family ( fr, gr) where
T runs over a “digon” D, a square with two opposing edges each collapsed to a
point. Define a (generic) vector field X on D which agrees with X, and Xy on
the edges, and which has a critical point of index 2 on one vertex and with index
0 on the other. Next, consider the vector field X on D x M, given by X + V,_f-.
Then we define K as the map counting flow lines. This gives the chain homotopy
equation. The proof of 3 is obtained by replacing D with a triangle.

Applying 4 now gives that HY¢(M, f, ¢) is an invariant for M.

10
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2.1 HAMILTONIAN SYSTEM

SYMPLECTIC MANIFOLDS Let V be a vector space and w: V ® V — R be an anti-
symmetric, non-degenerate pairing. Here, non-degenerate means that w(x,-) =0
implies x = 0. Equivalently, it means that the matrix @ given by @;; = w(e; ® ¢;)
for a given basis (e;); of V has nonzero determinant. Such a pairing can only exist
when W is even dimensional, since

det(@) = det(@”) = det(—@) = (—1)4™W det(@) .

The pair (V,w) is called a symplectic vector space.
The canonical example is the following. Let py, - - -, p, together with g1, - - -, g, be
basis vectors for R>". Consider the anti-symmetric pairing wy(-, ) given by

wo(pi, q;) = —wo(qj, pi) = i

and zero on other combinations of basis vectors. Then (R?",wy) is a symplectic
vector space. In fact, it is not difficult to prove that any other 2n-dimensional
symplectic vector space is isomorphic to this one; i.e. there always exists a vector
space isomorphism ¢: V — R?" such that ¢*wy = w. We define the symplectic
group Sp(n) C Gl(2n) of transformations that leave wy invariant.

A symplectic manifold is a pair (W, w) with W a real smooth manifold and w a
closed two-form on W, such that (T,W,wy) is a symplectic vector space for all
x € W. A standard example for a symplectic manifold is the cotangent bundle
TV M to a given manifold M, with coordinates g; on M, coordinates p; expressing
the vector bundle fibres Tqv M on their basis (dg;), and the symplectic form w given
by w =} ;dp; A dg;. In fact, any symplectic manifold is locally of this type (this is
the content of Darboux’s theorem).

An almost complex structure on W is is a smoothly changing linear map | on
tangent spaces TyM with J> = —1. It is a standard fact (see e.g. [9]) that we can

11
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choose, on any W, an almost complex structure J such that w(-, J-) is a Riemannian

metric. For instance, in the example above, we can choose | a% = —2 and
1

0 _ 0
Jap = ag;-

HAMILTONIAN FLOW Let (W, w) be a symplectic manifold and H; = H;.; a
time-dependent smooth function on W. Let X; be the time dependent vector field
given by w~!(dH;) (here we identify w with the map ¢ € T,W — w(&,) € TYW).
Such a vector field is called Hamiltonian. We are interested in its periodic orbits.
In other words, if we write ®;: W — W for the flow of X;, then the fixed points y
of @ correspond one-on-one to solutions x: S' — W of dx(£) = Xty (r)- We call
such a solution non-degenerate if det(d® |, —id) # 0.

FLOER HOMOLOGY Consider the contractible loop space
L(W) := {x: S' — W | x is smooth and contractible}

We write T,L(W) for the tangent space at x € £; in other words, a tangent vector
€ TeL(W)isamap §: S' — TW with &(t) € T,y W. Then we can define a one
form ¥ given by (writing x(t) for dx(3))

.(8) = [ i) - Xu(x(0), (1) e

51

and we see that if ¥, = 0, then x is a periodic solution. We can try to apply
the ideas of Morse homology in this situation, where £(W) takes the role of the
manifold M, where ¥ takes the role of df, and where w(-, J;-) takes the role of the
metric g for a periodic family of almost complex structures J; that are compatible
with w. This is known as Floer homology.

To make all the details work, we will have to deal with the following complica-
tions. Let us start by noting that a flow line in £ is a one-parameter family of loops
in W, so it can be seen as a map from a cylinder into W.

First of all, we want the moduli spaces of flow lines to be smooth manifolds.
This requires perturbing the Hamiltonian to be generic. Next, we want the moduli
spaces to be compact. This requires adding analogues of broken flow lines to the
moduli spaces. Furthermore, it requires dealing with the ‘bubbling” phenomenon
in a otherwise converging sequence of cylinders.

Secondly, we want to be able to assign indices to the periodic orbits that allow us
to make a statement about the dimension of these moduli spaces. It turns out that
it is only possible to assign relative indices for a pair of orbits. These indices will be
the Conley-Zehnder indices.

12
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CHERN CLASS AND MONOTONICITY These things are easier when we lay the
requirement on (W, w) that it be monotone, which means that

/v*cl = T/v*a] (2.1)

S? s?

for every smooth map v: S> — W and for some T > 0. Here, c; is the first Chern
class of the almost complex bundle (TW, J;), which does not depend on J;. We also
define the minimal Chern number of (W, w) as the integer

N := inf {/v*cl | v: §* = W}NRxg
52
When fsz v*c; = 0 for all v, then we define N := oo, but this does not happen in

the monotone case. In the monotone case, N is nonzero.
We will assume 2.1 in the rest of this chapter. We will also normalise w such that

/ v'w e Z (2.2)

52
for all smooth v.

The following treatment follows largely the exposition in [13].

2.2 CONNECTING CYLINDERS

Suppose that we have chosen H; such that all its periodic orbits are non-degenerate,
and that we have fixed a family J; of w-compatible almost complex structures. Then
the 1-form ¥, and the metric that w(-, J;-) induces on £, lead to the flow Z given
by (for x € £, and so Z(x) € T, L)

Z(x)(t) = Ji(x(£))x(t) — VH(x(t))

where V is the gradient induced by w(-, J;-). We will write the negative flow lines
of Zasu:s € R+— u(s,-) € L, so uis a function of two variables s and t and
u(s,t) = u(s,t +1). The above equation for Z gives that u should satisfy the partial
differential equation

P} d
als‘ I ]t(u)alt‘ — VH(u) = 0. (2.3)

13
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We will define the energy of a solution u as

1 o
1 2
=y /( ) asar
0 (e}
and we will consider only solutions of (2.3) that have finite energy. It turns out that

these are exactly the ones that connect periodic orbits, so we will refer to them as
connecting cylinders. More precisely:

— VH;(u)

Theorem 2.2.1. Suppose u solves (2.3). Then E(u) < oo if and only if there are periodic
solutions x*(t) such that
lim u(s, t) = x*(t) (2.4)

s—r+00

and lim_, 4+ 0s14(s, t) = 0, where both limits are uniform over t. In this case we have

ou s
5 =0 )
Proof. This is [12, prop. 4.2]. O

We will write M (x~,x") for the space of all solutions to (2.3) and (2.4).
We can define the action functional as

ag(x,u):= /uw /Ht

where u: D?> = {z € C | |z| £ 1} — M is a chosen capping surface for x, which
means that u(e?™*) = x(t). Because of (2.2), a different choice of u will lead to an
integer difference in a(x). So we can also define ay(x), without reference to u, as
a functional taking values in R/Z.
When u € M(x~,x"), then we have
E(u)=ag(x",u~) —ag(x",u") (2.5)

where 1™~ is any capping surface for x~, and where u™ agrees with u~ #u.

2.3 PERTURBATION OF CONNECTING CYLINDERS

In order to study the moduli space M (x~,x™"), we pick an element u and study
‘nearby’ solutions. Let us re-write equation (2.3) as

E_)H,]u =0

14



2.3 PERTURBATION OF CONNECTING CYLINDERS

and we consider the map

op: C*(Rx S, W) — C®(RxSH,TW)
u +— dgyu € C°(R xS, T,W)

as a vector field on the space of solutions u to (2.4). The map dpy ; is customarily
referred to as the Cauchy-Riemann operator'. The Levi-Civita connection on W
induces (point-wise) a connection V on this space. Then, infinitesimally near a zero
u, other zeroes are found in directions & € C®(R x S!, T,W) for which V,;E_)HJ =0.
One may suspect, therefore, that the dimension of the moduli space is given by
the dimension of ker(¢ — Vgdp,;). To make this rigorous, and to establish that
the moduli space is a smooth manifold, we should relate this infinitesimal picture
to the ‘real” local picture. This can be done (thanks to the Riemannian structure)
using an exponential map, and details are in [8, § 3.3]. We will content ourselves
here with the infinitesimal picture.
So we are interested in the kernel of the map

¢ e Ve vaW)
= VW)Vt (VeI () ‘Z‘ V:VH()

for which we will write D. We choose a trivialisation T(s, t): R* — u* T, ;)M of
the symplectic bundle u*TM — R x S!, which means that the standard structures
wp and Jo on R¥" map to w and J. We write D := T~ ! o D o T. Then we obtain

DE = A&+ Joe+ T <v5T ) VeT 4+ V) () 2 VTVH<u>> ¢
(here &: R x S! — R?")

=: 095G + Joo:G + SC (2.6)

where S(s, t) is a family of matrices. The limits S* for s — 4-c0 are given by

SH(1)E = tim S(s,1)¢ = (T*) '] (ViT*¢ = Ve Xn)
because VT — 0 and VT(]%—;‘ — Vu) — Vr£Xy by (2.4). They are symmetric.
We can therefore replace D by D + K such that K is compact and such that the
resulting operator can be expressed as in (2.6) with S(s, ) symmetric for all s, ¢.
This compact perturbation will have no effect for the dimension that we are going
to calculate.

1 More precisely, ds + Jo; is the Cauchy-Riemann operator and we consider VH to be a perturbation.
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2.4 DIMENSIONS OF SOLUTIONS TO PDE’S

FREDHOLM OPERATORS Suppose L: A — B is a bounded linear operator be-
tween Banach spaces. We call L a Fredholm operator if it has closed range and if it
has finite dimensional kernel and co-kernel (the co-kernel is B/im L). Its Fredholm
index is dim ker L — dim coker L.

We call K: A — B compact if every bounded subset in A has an image with
compact closure in B. If L is Fredholm, then so is L + K. In the operator norm, we
have that Fredholm indices are stable under small perturbations.

If f+ X — Y is a smooth function, then we call f Fredholmif df: T. X — Ty, Y is
Fredholm for every x € X. Because Fredholm indices are stable under perturbation,
the index of df does not depend on x and we call it the Fredholm index of f. If
y € Y is a point such that df|, is surjective for every x € f~(y), then we call y a
regular value of f. It is a theorem (the infinite dimensional analogue of the implicit
function theorem) that in this case f~!(y) is a smooth, finite dimensional manifold.
Clearly, the tangent space at x to f~!(y) is given by kerdf|, and so, since df], is
onto, its dimension is the index of f.

SOBOLEV SPACES Let C* be the space of all smooth maps ¢: R x S! — R*"
(where R?" carries the standard symplectic, almost complex, and Riemannian
structure) that satisfy ||&(s, t)|| = O(e”*l) and similarly for its partial derivatives.
We will complete it into a Banach space in two ways. We define norms

llE, = / / 1&(s,6)])” dt ds

el = [ [ 16601 + LI + (s, 1) deds
—oo g1
where || - || is the norm induced by w(-,]-), and we define L? and W'? as the

completion of C* with respect to these norms. It is clear that D as in (2.6) extends
to an operator
D: W' — LV,

One can prove that (under a non-degeneracy condition) this operator is Fredholm,
and calculate its index. An argument called elliptic reqularity asserts that for p > 2,
any element in W7 that is in the kernel of D is actually smooth. This means that
the index of D is equal to the dimension of the moduli space of smooth connecting
orbits.

Details of this approach can be found in [8, appendix B] and in [10, appendix B].
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THE CONLEY-ZEHNDER INDEX Let py,- -, p, together with ¢y, - - -, g, be basis
vectors for R?" and wy the standard symplectic structure. Recall that the symplectic
group Sp(n) C Gl(2n) consists of all transformations that leave wy invariant. The
unitary group U(n) also acts on R?" if we identify each direct summand (p;, g;)
with a copy of C. It is easy to see that in this way, U(n) is a subgroup of Sp(n). In
fact, U(n) is a deformation retract of Sp(n).

Because of this, we can continuously extend the map det: U(n) — S! to a map
p: Sp(n) — S'. We do this in such a way that p is multiplicative with respect to
direct sums, invariant under similarity, and such that it takes the values 1 on
symplectic matrices with no eigenvalues on the unit circle.

We write Sp*(n) C Sp(n) for the open dense set of matrices that do not have
1 as an eigenvalue. It has two connected components, corresponding to positive
and negative values of det(id —¥). We fix two representing elements in these
components, namely the matrices At = —id and

Ai — diag(zl _1’ s, _1, 1/2, _1, .. ,—1)

For a path ®: [0,1] — Sp(n) for which ®(0) = id and ®(1) € Sp*(n), we consider
an extension ®: [0,2] — Sp(n) such that either ®(2) = A" or &(2) = A~, and
such that det(id — ®) does not change sign on [1,2]. Then (p o ®)(2) = +1, so
(0?0 ®)(2) = 1 and therefore p? o & can be regarded as a loop S' — S'. We define
the Conley-Zehnder index pcz of the path ® as ucz = degp? o &. It is well-defined
since ® is unique up to homotopy.

2.5 THE DIMENSION FORMULA

Let u be a cylinder connecting x~ with x*. Let us fix a capping surface v~ for x.
We define the capping surface v for x as the connected sum of u and v~, written
v~ #u; more precisely, we define v*(z) = v~ (2z) for |z| < 1/2 and v* (re?™) =
u(p(r),t) for r > 1/2 and for some homeomorphism B: [1/2,1] — [—oo, c0].

Since D? is contractible, the pullback symplectic bundle (v*)*TW can be trivi-
alised, say by ¢: (vF)*TW — D? x R?". If we fix an identification of (v*)*TW with
R?" on the point x*(0), then this trivialisation is unique up to homotopy. Parallel
transport along the Hamiltonian flow Xy defines a map Ty+ ()W — Ty= W and so
the trivialisation ¢ gives a map {1} x R?>" — {e?™} x R?". We see this as a path
®: [0,1] — Sp(n). We define the Conley-Zehnder index of the pair (x*,v%) as the
Conley-Zehnder index of this path.
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The Conley-Zehnder index depends on the choice of capping surface as follows:
uez(x, A#v) = ucz(x,v) —2c1(A) A€ m(W) (2.7)

Theorem 2.5.1. The index of the Fredholm operator D is given by
index D = pcz(x~,07) — ucz(x™, v #u) (2.8)

Now let Heg be the set of periodic Hamiltonians H such that all orbits are
non-degenerate and such that for all x~,x™, u the map D has 0 as a regular value.
Then every component (containing u) of every M (x~,x™") is a smooth manifold,
and its dimension agrees with the Fredholm index.

We now refer to [13] (which itself refers to [6]) for the fact that g is a countable
intersection of open dense sets. Let us write

nu(x) = pez(x,u) — 2tag(x, u)
which is well-defined because of (2.5), (2.1), and (2.7). Then we obtain

Corollary 2.5.2. For generic H, the moduli space M (x~,x") has smooth connected
components with the dimension of the component containing u given by (2.8), which is
equal to

r(x7) = nu(x") + 27E(u) (2.9)
U

2.6 COMPACTIFICATION OF THE MODULI SPACE

Consider three periodic orbits x,y,z and two connecting cylinders u; € M(x,y)
and u, € M(y,z). We want to consider this a broken flow line between x and
z. This means trying to find a family of connecting cylinders in M (x,z) that
approximate u; followed by u5.

We first try this by interpolation. Let &1 (s, t) € T,(;)W be such that exp, ;) (¢1(s, 1)) =
u (s, t) for large positive s, and similarly &> (s, f) such that expy (&a(s,t)) = ua(s, t)
for large negative s.

u1(s + R, t) fors < —iR
exp, ) (Br(s)1(s + R, 1)) for — IR<s<—IR+1

or(s,t) := ¢ y(t) for —IR+1<s<iR-1
expy ) (Br(5)&2(s — R,t)) for ;R —1<s < 3R
kuz(s—R,t) for %R<s
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where Br is a smooth cut-off function with Br(s) = 0 on —%R +1<s< %R —1
and Br(s) =1 on |s| > 3R. So we have smooth functions 0g with limits x and z.
They will probably not, however, satisfy the Cauchy-Riemann equation (2.3) on
the interpolation parts R — 1 < |s| < ZR. We will try to establish that a uniquely
determined nearby solution vg exists.

For this, consider the Cauchy-Riemann operator and its covariant derivative
Dg := Dg, on (exponentially decaying, smooth) vector fields along 9r. Suppose
that (1) we know that the Cauchy-Riemann operator takes a ’sufficiently small’
value on ¥r as R — oo; (2) we know that its covariant derivative is surjective; and
(3) that this covariant derivative takes "sufficiently large” values. Then in particular,
it takes "sufficiently large’ values in the direction opposite to the "sufficiently small’
value of the Cauchy-Riemann operator. Consequently, it must have nearby zeroes
for sufficiently large R. That such an approach can be made precise, can be seen in
[8, appendix A]. It is also easily generalised to a situation of a chain of connecting
orbits uy, - - -, uy in moduli spaces M (x1, x2) X M (x2,x3) X - -+ X M (X, Xgs1)-

If we add such chains of connecting orbits as a boundary to the moduli space
M(x,y), we may hope that the resulting moduli spaces are compact. For this,
we should have that every sequence of connecting cylinders (uy)nen in M(x,y)
should have a sub-sequence that converges uniformly to some chain #j, - - -, 7. This
is not in general true, however, because in certain cases, a sequence of connecting
cylinders may develop a "bubble’. We will now describe this phenomenon, and
also see how we can rule it out in the case that is relevant for us.

For an almost complex structure ], we define a J-holomorphic sphere as a smooth
map v: S? — M such that dv oi = J o dv, where i is the complex structure obtained
from S? = CP!. The energy E(v) of v is defined as [, v*w and is a positive quantity.
It is a fact that, in the monotone case, E(v) is bounded from below by N /.

Proposition 2.6.1 (convergence modulo bubbling). Let (u,),.n be a sequence in
M(x~,xT) with bounded energy. Then there exists a curve u in some moduli space
M((x,y) such that, on compact sets away from finitely many points zy,- - -,zo € R x S%,
the sequence (uy), N converges with derivatives to u. The energy of u is bounded by

E(u) <limsup E(u,) —¢(N/tT

n—oo

O
One should think of the sequence as developing J;-holomorphic spheres at

z = (s, t), which makes the energy bound intuitively plausible.
We also have, similarly to proposition 1.2.2, a
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Corollary 2.6.2. Let (u,), N be a sequence in M(x~,x") with bounded energy. Then
there exists a chain of curves 1y, - - -, ily and offsets (Sp1), - - -, (Spx) such that u, (s + sy, t)
converges to il; modulo bubbling. The limit cylinders satisfy

E(#;) <limsup E(u,) —{N/7

n—oo

j
where { is the total number of bubbles. O

k
=1

We will now prove that, in the monotone case, the moduli spaces M (x~,xt), the
one-dimensional component(s) of M (x~,x"), and M?(x~,x") are compactified
by adding broken flow lines as a boundary. This is then sufficient to define a
boundary operator d (since M!(x~,x")/R will be finite) and to prove d*> = 0 (by
an argument analogous to the one in Morse homology). It all comes down to
proving that, in the monotone case, there is not enough energy for bubbling to
occur.

Proposition 2.6.3. The space M (x~,x") is compactified by broken flow lines fori = 1,2.
Proof. For any u € M'(x~,x") we have, by (2.9),

na(x”) —ng(xt) +2TE(u) =i

Then a sequence u, has bounded energy, so it has a sub-sequence (also u,) converg-
ing to a limit chain #, - - -, ; in moduli spaces M; = M(xj,xj1) > i;. Applying
to same formula to a limit solution we obtain

k

k
gdimﬁj M; = 21 (7m(xj) = 1 (xj41) + 2TE(u)))
= =

k

= nu(x7) —nu(x*) +21 ) E(u))
i=1

< qu(x”) —nu(x") +27E(u) —2T¢N/T
i—2¢(N
For monotone (M, w), N is positive, and so are all the dimensions on the LHS.

Then we see that ¢ = 0. In other words, u converges to the chain iy, - - -, i} without
any bubbling. ]

2.7 THE FLOER HOMOLOGY COMPLEX

The definition of the Floer homology complex is somewhat more involved than in
Morse theory, because only relative indices depending on homology classes are
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defined. To deal with this, we introduce extra variables keeping track of the chosen
homology classes.

We assume that H>(W, Z) is torsion-free. Suppose that Ay, - - -, Ay is a Z-basis for
the image of 72(W) in Hy(W, Z). We associate formal graded variables zy, - - -, z¢
to this basis of degree —2¢;(A;). We define the Novikov ring A of W as the graded
ring of formal sums

Z cdl,...,dkzdl e ~de

dq, A €Z

satisfying the finiteness condition

#{(dl,- : ',dk) | Cdy, oy, 75 O,W(ZdZAZ) < C} <

for any c € R.

We associate graded formal variables g, of degree picz(7, v,) (for some choice of
spanning surface v.) to every periodic orbit 7, and we define the Floer homology
chain complex CF*(W) as the free graded module over the Novikov-ring generated
by these variables. We define a boundary operator d given by

d(q,-) = y Y e
{y*|M(y= ") /R is finite} ue M(y~ 7+)/R

and extended A-linearly. Then we have

Proposition 2.7.1. Suppose (M, w) is monotone. Then the operator d is a chain operator,
i.e. d is of degree —1 and d*> = 0.

Proof. The fact that d is of degree —1 follows easily from the two observations that
(1) M(y~,7T)/Ris 0-dimensional iff the difference pcz (7", v #u) — pcz(y~,v7) =
1; and (2) that by (2.7), the indices pucz(y", v #u) and ucz(y",v") differ exactly
by c1((—v,- )#u#v,+).

The fact that d> = 0 follows by exactly the same argument as in corollary 1.2.3,
taking into account that the homology class of u (relative to 1) does not change in
a component of M(y~,7T). O

We define HF*(W) to be the homology of the chain complex (CF*(W),d).

For suitable classes of manifolds, it can be proved that this homology is the
same as singular homology with coefficients in A. Beyond the monotone case, the
introduction of the Novikov ring allows one to bound the energy, as needed for
the proof of 2.6.3, even in the case T = 0. We will not attempt to go into this, but
instead refer the interested reader, once again, to [13].
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GEOMETRICAL SETUP

3.1 CONTACT STRUCTURES

A contact manifold is a pair (V, ) with V a real manifold and ¢ a sub-bundle of the
tangent bundle TV (so ¢ is a distribution) of co-dimension 1, satisfying the following:
locally at every point, there is a 1-form a such that ¢ = ker « and the restriction of
da to ¢ is non-degenerate. Again, this means (since da is antisymmetric) that fibres
of ¢ have even dimension so V must have odd dimension.

When ¢ is co-orientable, we can fix a globally. (However, for a given contact
structure, this choice is not unique.) We will assume co-orientability, and a choice
of « having been made, in what follows.

A contact manifold with a contact form is an example of a stable Hamiltonian
structure in the sense of [1]. This is a triple (V, w, «) such that

1. Vis a (2n — 1)-dimensional manifold;

2. wis a closed 2-form that is maximally non-degenerate, i.e. kerw = {v € TV |
w(v,-) = 0} is one-dimensional;

3. da has ker w C kerdu;
4. «(v) # 0 for v € kerw — {0}.

For a contact manifold we just take w = da. Other examples of stable Hamiltonian
structures are principal circle bundles 77: V' — M over symplectic manifolds M. In
this case, we take 7t*w)y for w and a can be any S!-connection form.

We can associate to (V,w,«) a vector field R on V, called the Reeb vector field.
We choose R in the one-dimensional distribution ker w and normalise by requiring
a(R) = 1. The flow of this vector field is called the Reeb flow. The Reeb flow
preserves a, since for the Lie derivative of a along R we have by definition

ER(X = LRdOC + d(lRlX)
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The first term is zero because R € kerw C kerda and the second term is zero
because it is d(a(R)) = d(1).

Periodic flow lines of the Reeb flow are called Reeb orbits. We do not restrict to
simple orbits; if 7y is a Reeb orbit, we write ., for its multiplicity.

For simplicity, we will write the exposition of symplectic field theory using the
language of contact manifolds, but this can be generilised to stable Hamiltonian
structures.

3.2 SYMPLECTIC COBORDISMS

We will now study symplectic cobordisms. The simplest example of these is the
symplectization of a contact manifold (V, ¢). It is defined as follows. Remember
that ¢ is a sub-bundle of TV. Therefore, we can consider the quotient bundle TV /¢
and its dual (TV/&)". A fixed contact form a defines a trivialisation (TV /&)Y =
V x (R\{0}). We pick the positive half R~, give it the coordinate e, and call the
symplectic manifold (V x R-q,d(e'a)) the symplectization of V. It does not depend
on « (but the factorisation V x R+ does).

By changing coordinates e’ — t we can describe the symplectization as V x R,
and we will do so in what follows. We call V x (—o0,0] the negative cylindrical end
and V x [0, c0) the positive cylindrical end. This allows us to define:

Definition 3.2.1. A symplectic manifold (W, w) is called a symplectic cobordism if
the following holds:

1. there is a compact contact manifold V~ such that W has a subset E~ sym-
plectomorphic to the negative cylindrical end of the symplectization of V—;

2. there is a compact contact manifold V' such that W has subset E* symplecto-
morphic to the positive cylindrical end of the symplectization of VT,

3. The subset that is the closure of W\(E~ U E™) is compact.

In this case we write W :_1>/ ~ V™. We see that the symplectization of a contact
manifold V is a cobordism VV. We call such cobordisms cylindrical.

We will now define the operation of “splitting” a symplectic cobordism W =
V=V along a contact manifold V C W, obtaining two cobordisms V=V and VV™.
So let V. C W be a manifold of dimension 2n — 1, which admits a contact form «|y
such that it is a restriction of some form a with da = w locally near V. Assume
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that W\V has two connected components W~ and W with V as their common
boundary. Then we define the symplectic cobordisms

We = W UV x][0,00)
WS = Vx(—00,0JUWT
with contact forms given by w|y- together with d(e'x), (which can be pasted

smoothly), respectively w|y+ together with d(ea). The notation W is explained
by the following limiting process: define the symplectic manifolds

W, = W UV x][0,1) (3.1)
Wt == Vx(t,0JUW*
W == W UV X[-T,T]UWT

(we should regard WTi as subsets of W;). Then Wy = W and the W;s are deforma-
tions of W, splitting W into the two cobordisms WZ in the limit T — oo. We write
W = W5 © Wi, and also (abusing notation) W = W~ @ W.

3.3 STABLE CURVES IN A COMPACT SYMPLECTIC MANIFOLD

Let (W, w) be symplectic of dimension 2n. Let | be a almost complex structure
on W. Let C be a connected Riemann surface and i the complex structure on its
tangent space. Then a J-holomorphic curve is a smooth map f: C — W such that
df oi = Jodf. If we mark r distinct points yy, - - -, y, € C, then we call the tuple
(f,v1,- -+, yr) a J-holomorphic curve with r marked points. We say that two such
curves with marked points, say (f: C = W,y1,---,y,) and (f': C" = W, v}, -, y,),
are equivalent if there is an isomorphism ¢: C — C’ with ¢(y;) =y and f o ¢ = f.

Suppose W is compact and let A € Hy(W,Z). We write Mgr(W, J) for the
moduli space of J-holomorphic curves (f: C — W, y3, - - -, y,) for which C is smooth,
compact and of genus g, for which f.([C]) = A (here [C] is the fundamental cycle
on C), identifying equivalent curves, and requiring the following stability condition:

If f is constant and if g = 0 (resp. 1), then C has at least 3 (resp. 1)
marked points.

Example 3.3.1. In the situation W = {pt} and g = 0, we need at least three marked
points to satisfy the stability criterion. All tuples (f, y1,y2,y3), with f the constant
map CP!' — {pt}, are equivalent and we can ignore A since Hy({pt}) = 0. So
Mo s({pt}) is the singleton {(f,0,1,00)}. If we add a fourth marked point, we
can add it anywhere on CP! away from the first three points, so Mq4({pt}) =
CP'\{0,1, 00}. In general, we can describe M, ({pt}) as the quotient of (CPl)r \A
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by the simultaneous action of Aut(CP!) on the factors, where A is the closed subset
{yi = y; for some i # j}.

We are interested in compactifying M?,r' We do this by allowing curves C — W
for which C has simple nodes. We must still require stability, specifically:

If f: C — W is constant when restricted to an irreducible component S C C,
and g(S) = 0 (resp. 1), then S has least 3 (resp. 1) special points, i.e.
marked points and/or nodes.

If C has simple nodes, we should specify more precisely that g refers to the
arithmetic genus. When a sequence of curves converges to a curve with a node, this
is sometimes referred to as bubbling.

The resulting moduli space is denoted Mﬁ,(w, ]).

Remark 3.3.2. The moduli spaces we are considering are, in general, quite com-
plicated objects. They are certainly not manifolds, and they often even fail to be
orbifolds. According to [3], they are “branched-labelled orbifold with boundaries
and corners” and even then only “after choosing abstract perturbations using poly-
folds”. Alternatively, algebraic geometers have introduced the notion of “stack”.

We will not go into definitions and properties of these structures. We will also
not need this; we will only use the fact that a moduli space can be given a structure
‘making it work” as if it were a manifold. Here, ‘'making it work” means that we
can talk about its dimension, homology, cohomology as if it were manifold. In
particular, we will use Stokes” theorem and Poincaré duality. This is what we will
mean by saying that a certain set is a moduli space.

We have the following theorem about it
Theorem 3.3.3. The compactified moduli space M;,(w, J) has dimension
(n—3)(2—2g) +2c1(A)+2r.
Here cy the first Chern class of the almost complex bundle (TW, J). O

Example 3.3.4. Let us compactify Mg4({pt}) = CP\{0,1,00}. Compactifying
adds the nodal curves with two irreducible components with two marked points
on either component. So

MOA = CPl\{yl,yz,ys} U{three nodal curves}

We describe what has just happened as follows: Given a curve C in the moduli
space M3, we get curves in M4 by letting a new point y4 run over the curve.
When the new marked point y4 hits an already marked point y;, a new component
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Mos({pt}) Cross sections

+({pt})

>

Figure 3.1: A half-dimensional drawing of the moduli space M5 as a fibre bundle
over ./\/l04 The fibre over a curve C € M04 is isomorphic to C itself.
Depicted in green are cross-sections corresponding to nodal curves;
depicted in red is a smooth curve.

29



GEOMETRICAL SETUP

isomorphic to CP! “pops up”; we get a node where y; was; and the three points
Vi, ¥4 and the node ensure the stability of the new component.

In the same way, we can try to describe m0,5. For every curve C € HOA, we
obtain a subset of curves in My s that can be identified with C in the following
way: When the new point ys5 hits a marked point, a new component pops up just
as before. When the new point y5 hits a node between two components, we insert
a new component at the node. This new component has two nodes attaching to to
the old components. These nodal points ensure, together with ys, stability.

We write 71: Mg,.1 — M, for the map that forgets the last marked point,
removing any components that thereby become unstable. In the case W = {pt}, we
see, in analogy to the previous example, that the fibre of 7t above a curve C € M,
is isomorphic to C itself. In other words, we can interpret M ,+1 as the universal
curve over My,

3.4 j-HOLOMORPHIC CURVES IN COBORDISMS

Now consider the situation where W is a cobordism. In this case, we will restrict our
choice of the almost complex structure | by specifying that in the cylindrical ends
(V£ x Ry, &+, d(e'a)), it is translation invariant along Ry (if W is not cylindrical
itself, this needs only hold for large enough t); that it preserves the contact structure
¢* on V*; and that it sends the field 2 to the Reeb vector field along V*.

ASYMPTOTIC BEHAVIOUR  We fix a number of punctures x1, - - -, x (distinct from
the marked points) on the compact connected Riemann surface C. We will allow
C — W to “run off to +00” (in the cylindrical ends of W) in a neighbourhood of
each of these x;. If we regard a punctured neighbourhood of x; as a cylinder, then
we will want it its end at infinity to map to a Reeb orbit in V*. We will now make
this precise and introduce the necessities for stability.

Let x be a puncture in a stable curve, and re'¥ holomorphic coordinates on a
neighbourhood U with x at r = 0. Then the real orientable blow-up at x is the surface

,re?)eS!xU|r=00r0=0¢}.
¢

Away from r = 0, it is diffeomorphic to U\{x}, so we can embed C into its
real orientable blowup, and this embedding does not depend on the choice of
holomorphic coordinates. An asymptotic ray at x is a choice of a point (6p,0) on the
blow-up at x.

Let v~ be a Reeb orbit on the negative cylindrical end V~. We endow it with a
preferred starting point y~ (0), which we will call asymptotic marker. Then we say
that a stable curve is asymptotically cylindrical at a puncture x~ over y~ if:
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1. The first coordinate fy of f: U — V X R extends to fy on the real orientable
blow-up at x~;

2. In the negative cylindrical end V x (—o0,0], the second coordinate fg satisfies
fr(re'?) = —cc asr — 0;

3. fv(6o + 6,0) parametrises the Reeb orbit v~ () with the preferred starting
point at 6 = 0.

At a Reeb orbit v in the positive cylindrical end V™, we require:
1. There is an extension fy to the real orientable blow-up at x;
2. In the positive cylindrical end V x [0, ), we have fg(rel?) — co asr — 0;

3. and fr(6p — 6,0) (note the change of orientation!) parametrises the Reeb orbit
77 (0) with the preferred starting point at 6 = 0.

HOMOLOGY CHOICEs Now that we allow punctures in C, it makes no sense to
talk about the homology class [C] or its push-forward f.([C]). Still, we want to
distinguish curves that assume “homologically different” images in W. To do so,
we make some homology choices at the cylindrical ends. We write I'* for the sets
of positive and negative Reeb orbits over which f is asymptotically cylindrical.

Let us write W = V~ U W U VT; in other words, we extend the cylindrical ends
VE X Ry to VE x (R U {#£o0}). We also write C for the real orientable blow-up
of C at each of the punctures. Then the asymptotically cylindrical curves f extend
to C and f.([C]) gives a relative homology class in Hy(W, T~ UT™).

We could, for all sets of Reeb orbits I'*, fix a cycle A € Co(W) with 0A =
Yo rer+ (7] = Ly-er-[v7] and then to (f, C) associate the homology class of the
cycle f.([C]) — A. However, we want these homology classes to be additive in
decompositions W = W©® B or W = B© W (with B cylindrical), so we cannot
choose A too freely; the part that is to cancel should only depend on one of T, T™.
The following construction takes care of this.

For a contact manifold V, we fix a basis a3, - - -, a; for H;(V), realised by paths
01,0k € A1(V). For every Reeb orbit v € V with homology class Y c;a; (we
assume that H;(V) is torsion-free, so this is uniquely defined) we fix a cycle
AW S CQ(V) with a(A7) = Zc%iéi - .

I have not found this change of orientation mentioned explicitly in the literature. It is necessary in
the following simple example: we can identify the symplectization of S' with C*. Then we want
id: C* — C* to be asymptotically cylindrical. Around the puncture at oo, holomorphic coordinates
rel? induce an orientation on S! opposite to the one induced by coordinates re'? around the puncture
at 0. We should flip it back.
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Now, fix a basis by, - - -, by for H1 (W) realised by paths 71, -, 17, € A1 (W). For
the chosen & € C;(V¥), fix cycles B € Co(W) such that 9(BF) = Zc}iyj — 5.
Then we have that

f(C) = X (Ay+) B )+ ) (Ay+ ) cyiB)

Yyer'= yer'+

is a closed cycle, giving rise to a homology class A € Hy(W). Choosing, in the
cylindrical ends, any homeomorphism Ry U {00} — [0, £K] (for large K) gives
a well-defined homology class A € Hy(W). This will be the homology class
associated to the curve f.

CONLEY-ZEHNDER INDEX AND BAD ORBITS Similarly to Floer homology, we
will need to define Conley-Zehnder indices for the Reeb orbits in order to calculate
dimensions of moduli space of curves. This definition is almost the same as the
definition given in section , but is slightly more complicated as the Reeb orbit may
be homologically nontrivial. We refer to [2, § 1.2] for the definition.

In symplectic field theory, we must ignore certain multiple covers of Reeb orbits
for technical reasons. We call a x-fold cover 7* of an orbit y bad if pucz(7*) #
ez (y) (mod2). We call it good otherwise. We will, without further mentioning
this, only consider good Reeb orbits.

MODULI SPACE AND COMPACTIFICATION

Definition 3.4.1. Let I'” and I'* be ordered tuples of (good) Reeb orbits in V~ and
V* respectively. We write s* = #I'=. Then we define the moduli space

A - .
ML, THW,])

as the moduli space of J-holomorphic curves with s* negative (positive) punctures,
asymptotically cylindrical above the orbits in I'*, with associated homology class A,
where we identify two curves if there is an isomorphism between the two C’s that
respects (the ordered sets of) marked points and punctures, and the asymptotic
markers at the punctures.

The compactification of these moduli spaces will be a bit more involved. In
addition to the “bubbling” phenomenon from the compact case, we now also
have the following phenomenon: In a sequence of curves, parts of the curve may
run off to £oo in the cylindrical ends. In this case, a natural limit may not be a
single curve f: C — W, but instead a chain of curves f, - - -, fx in a decomposition
W=W @ 0W.
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Example 3.4.2. As a sketchy example, consider the following. Suppose we have a
sequence of curves fr: C — W, where W = V x R is cylindrical and C of genus
0, with two marked points. Suppose that, as T — oo, the two marked points are
mapped 27 apart (in the R-direction).

We can write W = W, ©® WS where both W are symplectomorphic to V x R.
Referring back to the notation in equation (3.1), we see that W; is isomorphic to W
for every T. We can therefore regard the f: as maps f;: C — Wr. In our example
case, we will assume that (we can choose the isomorphisms W; = W such that) we
have two open sets UTi C C with

W) = Uy

where both f[;+ and fr|;- converge to curves fr:U* — WE . Ttis a fact that
these open sets U= will be isomorphic to punctured compact Riemann surfaces.
So we obtain a chain of two J-holomorphic curves, both with one marked point,
as the limit of the family. It is not difficult to see (on an informal level) that the
Reeb orbits of the positive punctures of f™ must agree with the Reeb orbits of the
negative punctures of f~.

It is clear in this example that the curves f* are only defined up to translation
along R. For a proper definition of convergence of a sequence of curves to a chain,
we refer to [2]. For our purposes, we need the following theorem that describes the
compactification of M?,,(F*, ['") that it entails:

Theorem 3.4.3. Let W = V‘Vi be a symplectic cobordism. Let f* be any sequence of
J-holomorphic curves in ./\/lgf.‘,,(l"*, ['"). Then there exists a split chain

W=A0---©0A,0Wo©B o ---@By,

where all A; and B; are cylindrical, and a chain of possibly nodal, possibly discon-
nected curves fi,- -, f,4p41 to which fi converges as k — co. The curves in the
cylindrical parts are defined only up to translation.

Proof. This [2], theorem 1.6.2. O

We will define MQY(F*, ") as the set My, (T~,T") together with all limits of
the above form. This indeed recovers all suitable combinations of curves in moduli
spaces M (A1) x - -+ x M(By); this can be proved along the same lines as ‘gluing’
in Floer homology.
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3.5 DIMENSIONS OF THE MODULI SPACE

In [2], the following conjecture is put forward:

Conjecture 3.5.1. For a generic choice of |, the compactified moduli space M;r (-, W, )
(see our convention about the structure of moduli spaces in remark 3.3.2) has dimension

Y. ncz(v") = ) Hez(vT) + (n=3)(2-2g—s7 —sT) +2c1(A) +2r, (3.2)
yelr'+ yel'~

with ¢q the first Chern class of the almost complex bundle (TW, ).

In all that follows, we will work with the moduli space and with this formula
as if this were a theorem. In particular, we will interpret this as saying that we
may apply Stokes’” theorem and Poincaré duality; see our remark 3.3.2. Note that,
because the Euler characteristic 2 — 2¢ is additive on a disjoint union of curves,
and because so are all other components of the formula, we can apply it to moduli
spaces of possibly disconnected curves, as well.

When applying it both to a moduli space and to the description of its boundary
given in theorem 3.4.3, we can calculate a co-dimension 1 stratum of the boundary

of ﬂ;r(F*, I'"). This is easily done when using the following facts:
1. The expression 2 —2¢ — s~ — s+ is additive when pasting curves at punctures.
2. Writing M for a moduli space that allows disconnected curves, we have that

dim M/R = dim M — 1 (3.3)

Proposition 3.5.2. Under these conditions, a top dimension, dense open subset of the

boundary aﬂﬁr(r*, I'") is given by chains of possibly disconnected curves of length
two. More precisely: this dense open subset is given by chains of curves in splittings

W = We (V" xR)
oo W = (V"xR)eoW

where as usual, the curve in the cylindrical part is only defined up to translation.”
In terms of the moduli spaces, we have that (writing M for the moduli space of possibly
disconnected curves)

M

1,81

(T~,B%; W) x M%,_(B~,TT,; V" xR)/R

82,12

In [2], this boundary stratum is described by additionally requiring that the curve in the cylindrical
part has all but one connected component equal to a trivial cylinder without marked points. As far
as I can tell, this contradicts (3.3). However, the most important result proposition 4.2.1 continues to
hold, because in that case, only the curves satisfying this additional requirement contribute.
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and
M4

2n(T7,BY, VT X R)/R x Ml (B, T W)

(Ai+Ay=Anr+n=rg+9+# —1=g B~ NB" # Q) are multiple covers of
the appropriate stratum of the boundary; the multiplicity is kg+np-.

In the case of a cylindrical cobordism W = V x R, we obtain:

Proposition 3.5.3. A top dimension, dense open subset of the boundary Bﬂgr(l"_, I't;W)/R
is given by chains of (possibly disconnected) curves of length two, where in both parts, at
most one connected component is not a trivial cylinder. More precisely: this dense open
subset is given by chains of curves in a splitting

W = WoeW

where both curves may have only one connected component that is not a trivial cylinder
without marked points.
In terms of the moduli spaces, we have that

Mih

1,81

(T, BY;W)/R x M{2, (B~,TH;W)/R

2,12

(Ai+Ary=Anrn+n=ra+g9+#0—1=g B  NBT # Q) isamultiple cover of
an appropriate stratum of the boundary; the multiplicity is kg+np-.

Again, the trivial cylinder components are implied by the non-matching Reeb
orbits.
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ALGEBRAIC DESCRIPTION

4.1 PRELIMINARY REMARKS

The algebraic objects we will be considering will be algebras over C, and some will
have additional structure. Let us review the definitions.

GRADED ALGEBRAS

Definition 4.1.1. An algebra (over C) is a unitary, possibly non-commutative ring
A, together with a multiplicative C-action that is distributive over both the ring
addition and over addition in C, and that commutes with ring multiplication. A
(Z-)graded algebra is an algebra A that can be written as a direct sum

A= P A

d=—o0

such thatifa € Ajand b € A,, then ab € A;... The elements a of A; are said to
be homogeneous of degree d; we write deg a = |a| = d. A pair of homogeneous
elements a,b in a graded algebra are said to super-commute if

ab = (—1)lblpg .

An algebra A is super-commutative if all pairs of homogeneous elements super-
commute.

Example 4.1.2. Rings of polynomials (in any number of variables) are examples of
graded algebras, with deg given by the total degree of a monomial. The exterior
algebra A\*(V) on a vector space V is an example of a super-commutative algebra.

Definition 4.1.3. For two homogeneous elements 4,b in a graded algebra A, we
define the (graded) commutator [a, b] as

[a,b] = ab — (—1)1*¥lpg

We extend it to all elements in A bilinearly.
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Note that [4,b] = 0 if and only if a and b super-commute. We will often want
to write a polynomial in terms of monomials with a prescribed ordering for the
variables. To do so, we will use the identity

pa=(=1)""gp + [p,q].
Applying it inductively, we obtain the following helpful

Lemma 4.1.4. Let p1,- -+, pn,q1,- -, qm € A. Suppose all commutators [p;, q;] are in the
centre of A. Then by applying the above inductively, we obtain (writing py - - - py =: p®
and q1- qm =: qc)

pPe¢ = Y 240" Tlpw.4c)
{(bi,ci) }i i

where the sum runs over all matchings
{(bl,Cl),' . ',(bk,Ck)} CBxC= {1" 'Tl} X {1- . m}

(of any size from 0 to min(n, m)); where we write C' = C\ U; {c;} and B’ = B\ U; {b; };
and where the sign is given by

(=) P I T (= 1) sl
i

BRACKETS

Definition 4.1.5. Given a graded algebra A, a (graded) Poisson bracket on A is a
bilinear pairing
{,}:AxA—=A

that is anti-symmetric in the super-commutative sense, i.e. for homogeneous ele-
ments we have the identity

{a,b} = —(=1)"""{b,a}

and that satisfies both the (graded) Jacobi identity

{a,{b,c}} + (1) e, {a, b}y + (=)D, {c,a}} = 0.
and the (graded) Leibniz identity

{a,bc} = {a,b}c+ (=1)1"p{a,c}
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PRESENTATION OF NON-COMMUTATIVE ASSOCIATIVE ALGEBRAS We will of-
ten present our algebras as follows. For a countable set of variables {x;} we can
define the algebra

A :=C[{x;}] (non-commutative)
by which we mean that elements of A are finite' linear combinations of finite
words in the x;. If we specify commutation relations [x;, x]-] = h;j (where deg h;; =
deg x;x;j), then we obtain the algebra

A= A/ (Ui,]‘[xi,x]‘] — ]’li]‘) (4.1)

We just describe this algebra A as “the algebra of polynomials in the x; with the
given commutation relations”, without referring to A.

If we want to define a linear operator d: A — A, we can first define d: A — A;
then it is sufficient to verify that [x;, x;] — h;; € kerd for the operator d to be
unambiguous.

PARTIAL DERIVATIVES

Definition 4.1.6. Let A — A be as in (4.1). Suppose q € A is a formal variable.
Then we define the operator a% A A by requiring;:

0 : .
1. 5 18 C-linear;
0. _ 1.
2. 5.9 = 1;

3. For all other formal variables a € A, a%” =0;

4. For homogeneous elements a,b we have the graded Leibniz identity
é(ﬂb) éﬂ d d gb
_ _1)degadegq, "~
9q 9q +(=1) ? g

Note that a%[q, a)l = 0 for all a € A. Suppose that in A we have [g,a] = h,, and that
all h, are in ker a%. Then a% descends to an operator aa—q: A — A

Remark 4.1.7. It is important to realise how some of these graded operations and
identities notably differ from their (perhaps more familiar) commutative versions.
For example, for odd variables g, the vanishing of [g,4] is not tautological: If
[9,9] = 0, this means that 24> = 0. In particular, in a super-commutative algebra
(where we do have [g,q] = 0 by definition), all odd elements square to zero. This is
compatible with the graded Leibniz identity, which gives %zf = 0 in this case.

1 We can also allow infinite linear combinations satisfying some finiteness condition.
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The following construction shows a situation in which there is a clear relation
between commutators and Poisson brackets.

Example 4.1.8. Let A be a graded algebra containing an element 7 that is in the
centre of A. Suppose that all commutators [a,b] are in 1A. Then the algebra
P := A/hA is super-commutative. We define a Poisson bracket on P by the
formula (for 4,b = a,b mod hA)

i

(@) = (o8] hos

Then P is called the semi-classical approximation to A.

4.2 HAMILTONIAN ASSOCIATED TO A CONTACT MANIFOLD

Given a contact manifold and contact form (V,«) of dimension 2n — 1, and its
symplectization (W,w) = (V x R,d(e'a)), we collect some of the data about its
moduli spaces of stable curves in algebraic structures. We associate formal variables
to geometric objects in the following way:

1. We fix a basis (©1, - - -, ©) of closed forms for H*(V) and introduce associated
formal variables #, - - -, tk.

2. We introduce formal variables p,, and g, for every good Reeb orbit v in V.
The p variables should be thought of as being associated to the positive, and
the g variables as being associated to the negative cylindrical end of V x R.
3. We fix a basis (A, -, A)) for Hy(W,Z) and to A = d;A' € Hy(W,Z) we
associate an expression z‘fl x -zjf (we will also write z# for short).
We also introduce maps ev;: M;,(F*, I'")/R — V, sending a stable curve C to the
image in V of its ith marked point. Pasting these together, we obtain

r times

——A —
ev: M, (T7,T")/R— Vx.--xV.

We will use this map to pull forms on V back to the moduli space.
The dimension formula (3.2) reads (slightly reordered)

dim My, (T, T")/R="Y (ucz(v") = (n=3)+ ¥ (—pcz(v) — (n—3))
yiar 7er-

—(n—3)(2—-29)+2c1(A)+2r—1
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We collect the different summands of this formula in a grading of the variables
introduced above. We define:

degpy = (n—3)—pcz(7) (4-2)
deggy := (n—=3)+ pcz(7)

degt := deg®;—2

degz; = —2c1(AY)

degh := 2(n-3),

and we define the Weyl algebra 20 = 25(V, «) as the graded algebra of power series
in 71 with coefficients that are power series in the # and z; and polynomials in the
Py, qy; all graded commutators are zero, except for the p and g variables of the
same Reeb orbit -y, for which we let

[Py, 4] = 1472 (4-3)

(remember that «. is the multiplicity of the orbit). We will write monomials in 20
concisely as

B g, el oy py 2t =g T 2t
and also

K’y ..

1 .K')’s = KT

The grading of the variables is chosen such that if we have indices I = (i1, - - -, i)
for which ©; ® - - - ® ©,, is an r-form, then
1
h
+ tIZA —

deg 0, ® -+ ® ©;, —dim M5 (T",T")/R = 1+ deg Hal 24

This mean that if we choose T+, I and A such that deg %qrf pr —1, the form
O; ®---®0; on V has the same degree as the dimension of ﬂfg /R. So the

following definition gives a homogeneous element H € 120 of degree —1:

_1 1 1 * [T T+ Agg
H'_hz Z Zr!s*!s*!KFKﬁ /ev ©ntq pzh

g Arst T+ 4
Mg, (T~ T+)/R

We refer to H as the (SFT -) Hamiltonian for V. It is the subject of the following
foundational proposition.

Proposition 4.2.1. The Hamiltonian H satisfies®

[H,H] =0

This depends on the ®;’s being assumed closed. The equation is often known by the name “master
equation”.
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Proof. We have [H,H] = 2H - H so we can equivalently prove H-H = 0. This
product has summands (omitting the coefficient)

tIquBhglilt]qchhgzil .
We put the variables in normal order:

- Z itlu]unC’pB’uD n[pbi’qci]hgﬁngz

matchings in
BxC

(where we use the notation introduced in 4.1.4). A summand is only nonzero if all
commutators [py,, q,] are, which happens exactly if all pairs of variables p;. and g,
correspond to matching Reeb orbits. So we obtain:

Y _
— + Z Zl:KI‘ . tIU]qAUC pB UDhg1+gz+#l" 2
TrcBNC

(from now on, we will omit the signs and assume that they will work out with the
orientation on dMg,.) So the coefficients of the monomials

tIU]qAUC’ B'UD g1 +82-+#T 2

p

are given by

Kr 1 1 . / .
C) C)
Kakpkckp r1#AHB! rp#CH#D! / v I ev-y
Mg, (AB)/R Mg, (C,D)/R

which is equal to

Kr 1 1 / _—
Kakpkckp 11 #AWB! rHCHD! 1]

Mglrrl (ArB) /R XMgz,yz (C,D)/R

But we know that o -
Mg, (A,B)/R x Mg, (C,D)/R

is a xr-fold cover of a co-dimension one boundary stratum of
M,,(AUC,BUD)/R

(where g = g1 + g2 +#I' =1, r = r; +1r2). There are other boundary strata consisting
of disconnected curves (see the footnote on page 34). Over these, however, the
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integral of ev*®; vanishes because of the extra R-symmetry. So all contributing
boundary strata will occur in H - H, giving the following formula:

H'HZ;Z;ZZ 1 1

- Ig—1g+1
Arst [T+ Kr-Kr+ ris—:s™.

/ ev O tlgl pt s
IMy, (T~ T+)/R
Applying Stokes’ theorem, we obtain
H-H=0
which is what we set out to prove. ]

We define an operator d: 20 — 20 given by d*(a) = [H, 4]. It is of degree —1

and by
dlod" = [H,[H,]]
(by the Jacobi identity) = 2[[H,H],- ] =0

it is a chain operator. We write Hsgr(V, &) for the homology of the pair (2(V, ), d™).

We will also be interested in the semi-classical approximation to +28. We define
P := 1 ((320)/20) with Poisson bracket given by {a,b} = 1[a,b]|n 0. We write
h for the image of H in ¥p. Then d" := {h,-} is a chain operator and we write

Hyat(V, &) for the homology of (B(V,a),d"). Here, “rat” refers to the fact that h
corresponds to the rational curves (g = 0).

4.3 POTENTIAL ASSOCIATED TO A COBORDISM

We now repeat what was done in the last section to construct a similarly defined
power series associated to any (not necessarily cylindrical) cobordism. As before,

we will write W = V-V,

1. We fix a basic system of forms

(®11 Tty ®m+k)/
meaning that

a) these forms are linearly independent;

b) the forms have cylindrical ends. This means that in the ends V* x
(£K, £00) (for large K) they are pullbacks of forms on V=;

c) the cohomology classes of @, - - -, ®,, generate H*(W);
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d) and the cohomology classes of @11, - - -, @y, 1« generate the kernel of the
map Hén, (W) — H*(W). Here, Heomp means homology with compact
support.

We introduce formal variables !, - - -, "1k associated to these forms.

2. We introduce formal variables g, for every Reeb orbit v in V™, and formal
variables p., for every Reeb orbit  in V'*.
3. We fix a basis (A,---, A)) for Hy(W,Z) and to A = d;A' € Hy(W,Z) we
associate a monomial z‘fl .- -z;.ij (we will also write z4 for short).
We give variables a grading by the same formulae as in (4.2). We also introduce

maps ev;: M;r(T*,FJ“) — W, sending a stable curve C to the image in W of its
ith marked point, and all these maps together give

r times

———
ev: Mg, (T7,TF) = Wx---xW.

Then the symplectic field theory potential F is given by essentially the same formula
as the one for H. Here it is:

F= LY

g ArIT*

1 1
rls=Ist! k- K+

/ ev* (O) tg' p' RS

—A _
M, (T7,IF)

Note that the pull-back extends smoothly to the boundary of M;r because we
assumed the forms to have cylindrical ends. By the dimension formula, F is
homogeneous of degree 0.

We mention the following analogue of the master equation, proved in a similar
way:
I—T_)eF - eFF =0

where H* are the H_a)miltonians of the contact manifo<1£15 V*, and where ~ means
d

substituting p~ — E%,and similarly < means gt — -
Proposition 4.3.1.

4.4 CALCULATIONS FOR TARGET CURVES

Let us try to calculate some Hamiltonians and potentials explicitly.
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Example 4.4.1. We calculate the Hamiltonian H for the contact manifold S' of
dimension 21 — 1 for n = 1. Let us choose a local coordinate ¢ such that [; d¢ =1,
and let d¢ be the contact form. Then the Reeb flow is just % and the periodic
orbits P are just k-fold covers (k > 1) of the circle. All Conley-Zehnder indices are
zero because the symplectic path induced by an orbit is in the trivial group Sp(0).
The cohomology H*(S!) is equal to (1,d¢). The symplectization W = S! x R has
Chern class 0, so we ignore the z variable.

We introduce variables p, and g associated to the orbit of multiplicity k, and
variables t and T associated to 1 and d¢ — we choose this notation for compatibility
with what we will do later. We have deg p, = deg qx = —2, deg tp = —2 and
deg t; = —1. We are trying to compute (omitting the combinatorial factors)

/ ov* (1®r4 2 d¢®4) el 8
Mg, (T~ T+)/R

for different g, and moduli spaces Mg ,(I'",T")/R. Such a moduli space has
dimension

dim My, (s7,s7) = =5+ 4g+2s~ +2s7 +2r

So all these moduli spaces have odd dimension. Also, T is an odd variable so
72 = 0, which gives that we are only interested in ¢ < 1. So we need only calculate
contributions for moduli spaces of dimension 1.

We list the possible values of g,7,s*.

1. ¢ =1,r = 1,s% = 0. These are constant curves of genus 1. The moduli space
is just S!, corresponding to all point images in W/R = V. The monomial is
Th and because of virtual cycle complications the integral over the moduli
space is — ;. We obtain a contribution — ;77

2. ¢ =0,r = 1,5% = 1. These are k-fold covers of the cylinder, asymptotically
cylindrical over gx and py. The moduli space Mg1({7«}, {7«})/R is, for
every k, equal to LI¥_;S!, where every point in a copy of S! corresponds to a
position of the marked point relative to that of the asymptotic markers, and
where the different copies of S! correspond to the different configurations
of the asymptotic markers. Also, ev*d¢ = k - d¢. We obtain a contribution

T Y k1 Gk Pk-

3. § = 0,7 = 3,s5% = 0. These are constant rational curves. The moduli space is
just S!, corresponding to all point images. Because of the combinatorics we
scale by ()L = 2. We obtain a contribution 12T,
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ALGEBRAIC DESCRIPTION

Putting it all together:

1/(1 d 1
k=0

Example 4.4.2. We now calculate the potential F for the complex plane W = C,
which can be seen as a symplectic cobordism with symplectic form that is a smooth
extension of dr A d¢ to the unit disk, positive cylindrical end V* = S! and no
negative cylindrical end. As a system of basic forms, we take A = 1 (restricting to
5 =1on S'), and ® = 6 A d¢ for some compactly supported, rotationally invariant
1-form 6, such that [, © = 1. We have ¢;([W]) = 1.

We introduce variables t corresponding to 1, T corresponding to ©, and py
corresponding to the Reeb orbits.

A curve that is asymptotically cylindrical over orbits i, - - -, 7k, will be a map
of degree ki + - - - 4+ kg+. Then ¢1(A) will be equal to the degree k :=kj + - - - + kg-+.
So The moduli space ﬂg,r(@ {vk, Yk, }) has dimension

dim M, ,(0,57) = —4 +4g+ 25" + 2r + 2k

We integrate a form of degree < 2r, so we are interested in the cases that this
dimension is < 2r. We list them:

1. ¢ = 1,s7 = k = 0. These are constant curves of genus 1, so we require
r > 1. The moduli space is M1 ,({pt}) x W, where W corresponds to the
constant image. In this case, the map ev is equal on all r factors, so the
pull-back ev*@®" integrates to zero whenever r > 1. So the only contribution
is T/, which must be scaled by —; because of virtual fundamental cycle
complications.

2.8=0, sT = k = 0. These are constant curves of genus 0, so r > 3. The
moduli space is My, ({pt}) x W. Again, ev is equal on all r factors, so the
pull-back ev*A®? ® @®"2 integrates to zero whenever r > 3. So the only
contribution is %tz'r.

3. ¢ =0,s7 =1,k = 1. These are curves f: CP'\ {puncture} — W, so we
may as well write f: C — C with a simple pole at co. Then the uncompact-
ified moduli space is (C"\A). Integrating ev*®®" gives 1, so we obtain a
contribution

=1

) Frrplz =e'piz.

r>0""



4.5 NON-DISCRETE SPACE OF REEB ORBITS
Putting this all together gives

1/1 1
F(tA+10) = 5 <2t21 +e'prz— 24Th) .

4.5 NON-DISCRETE SPACE OF REEB ORBITS

We will need a slight extension of this algebraic formalism to the case where the
stable Hamiltonian structure is a circle bundle V' — W over a symplectic manifold
W. In this case, every fibre corresponds to a Reeb orbit, so the set of Reeb orbits is
not discrete. However, we can still define an SFT Hamiltonian as follows.

First of all, note that it is not possible to define the notion of an asymptotic
marker on these Reeb orbits in a continuous way, because we do not know whether
V is trivial. We will therefore consider moduli spaces of stable curves without
asymptotic markers. Also, writing H*(W) = (e1,- -, e5) for a basis of homoge-
neous elements of W’s cohomology, we replace the variables p,,q, by variables
Pixs " PsirGixs - s, With commutation relation

[Pijer i) = w7 (4-4)

We replace the sum over sets of orbits by a sum over a number of homology classes
(similar to the sum over iy, - - -, i, for the marked points).
To be precise, we define a moduli space

ﬂér(s’, sT,V)/R

containing stable curves with s™ + s~ punctures, asymptotically cylindrical over
some Reeb orbit. We define the map ev with maps ev,,, - - -, ev,, to obtain

rtimes s~ +sT times

—A — —T—
evi Mg, (s7,sTV)/R— Vx:-ooxV x Wx--xW.

Now let us write @; = ©;, - - - ©; , a differential form on V, and ¢+ =¢;
differential form on W. Then we define

He= Y T T i

T Are T rls=Ist! k- K+

1."eisila

/ ev* (@e;ep: ) tgt pt zAn8
A

ﬂg,,(s‘,s*')/R
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GRAVITATIONAL DESCENDANTS

5.1 GROMOV-WITTEN POTENTIAL WITH DESCENDANTS

Let (W, w,]) be a closed symplectic manifold. We write H*(W) = (ey,- - -, e5) for
a basis of homogeneous elements of its cohomology, with e; = 1 its unit. Let

ﬂé (W) be the moduli space of stable rational curves, realising homology class A,
with r marked points.
We define r line bundles L, - - -, £, over the moduli space ﬂér(W) as follows.

For the bundle £;, we want the fibre at a point (C,y1, -, y,) € MSY(W) to be equal
to TV|,,C, the cotangent space to C at the ith marked point. To define how these

tibres fit together as a bundle, we consider a section o;: ﬂé (W) — Mgf 11 (W) of
the bundle 7t: MérH(W) — mg’,(W), where 0; sends (C, vy, - - -, y,) to the point
yi in the fibre nfl(C) = C. We define £; as the pullback by o; of the vertical
component (i.e. (kerdrm)Y) of Tvm3r+1(W).

We write 1; for their first Chern classes ¢1(L£;) € H? (ﬂé +(W)). We refer to these

cohomology classes as psi-classes, or as gravitational descendants. We write [;] for its
Poincaré dual.

Definition 5.1.1. We introduce formal graded variables +% of degree dege; —2(1 —
d) and define the rational Gromov-Witten potential of W, fy, as the expression

tdlll X tdyly 4
fyy —EZ Z /ev e, - e, )Pyt 1pr o _z

r Ldy, -

The integrals involving the cohomology classes ; are well-defined, because

ﬂé (W) has empty boundary. By the dimension formula, f is homogeneous of
degree 0. We refer to the variables t* with d > 0 as descendant variables.
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GRAVITATIONAL DESCENDANTS

Figure 5.1: The degeneration of a smooth curve into a nodal curve. To the left is a
half-dimensional "cartoon’; to the right is a full-dimensional illustration.
Note that the two irreducible components are not, in fact, tangent; on
the right hand side, this illusion is created by the necessity of embedding
in three dimensions.

DESCENDANTS WITH d; =1 It was noted by Witten in [14] that the cycles [;]
can be described as sets of curves having a certain configuration of nodes and
marked points. Namely, if we fix distinct 1 < i,j,k < r, then a representative of [¢;]
is given by the cycle that is the closure of the set of curves with two components,
such that y; is on one component and y; together with y; on the other. The argument
is as follows.

To calculate the divisor corresponding to ¢; = c1(L;), we should choose a generic
section of £; and find its zero set. We first choose j, k such that 1 <i,j,k < r are
distinct. We then define the following section Sisj k- For (C,y1,- - -, y,) where C has
no nodes (so C = CP?), consider the differential form w].(fk on C that has poles at y;
and vy with residues +1 and —1 respectively. Then w](.’:k has no zeroes, because the
cotangent bundle of CP! has degree 2. We let s, (C) := wﬁk|yi.

So in other words, s;;;x has no zeroes where C has no nodes. Now let us see what
happens to wfk when C degenerates into a nodal curve. We realise the degeneration
as follows (and as illustrated in figure 5.1). Let C; be the plane curve uv = ¢ for ¢
near 0 € C. Then C; is rational for every e # 0 and it has two rational components
for ¢ = 0, which are connected by a node at the origin (u,v) = (0,0).

If w, is a family of meromorphic differential forms, say w, = fe(u#) du, then it
degenerates into fo(u) du on the component v = 0 and into lim,_,¢ fo(¢/v) —¢/22dv
on the component 1 = 0. This limit only makes sense if fp has a pole of order no
greater than 1 at the origin. We see that if fy has such a pole, then wy will have
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5.1 GROMOV-WITTEN POTENTIAL WITH DESCENDANTS

a pole of order 1 at the node on the first component, and also a pole of order 1
at the node on the second component. These poles will have opposite residue.
Also, if fo has no pole at u = 0, then wy will be identically zero on the second
component. We will consider such degenerate meromorphic differentiable forms to
be the allowable differential forms on the degenerate curve. Note that it is a simple
zero as a function of e.

This means in particular that, for any nodal curve and two given non-nodal
points on it, we can uniquely find an allowable meromorphic differential form
having only poles at these two points with given (opposite) residues, and at the
nodes. Indeed, the differential form must, on every component, either have two
poles or be identically zero, which fixes it completely.

This describes in what way wj(fk degenerates. Namely, when y; is on one com-
ponent of C and y; and y, on the other, then wfk is identically zero on the first
component and so s;;;x(C) = 0. When y; and y; are on one component and y; on
the other, then s;;,(C) # 0. So, as promised, we have that [¢;] is the closure of
the set of curves with two components, such that y; is on one component and y;
together with y; on the other.

FORGETTING MARKED POINTS Considering this description of a psi class, we
can easily see the following relation between [¢;] C M, (W) and [¢;] C
——A
MO,r(W):

[¥i] = 77" [$i] + Dipsa (5.1)

-—A . .
where D;, 1 € M, 1(W) is the cycle of curves which have a constant component
that contains only the marked points y; and y, ;1 together with a node. Indeed,

these are precisely the curves in [¢;] C ﬂér +1(W) whose topologies are modified

when forgetting v, in such a way that they do not end up in [¢;] C ﬂé A(W).
This is known as the comparison formula.

Let us write 0;: Mo, — MO,H for the map sending a curve to the ith marked
point in My, 1 (interpreted as its universal curve). Then we see that

Dj;41 =imo;
More generally, we have
d; di—1 -1
Dy = (=17 oix [ (5.2)
-1

ir+1
perturbing the cycle D?’rjrll into a cycle E and then taking D - E. Note that Dfl’rjrll -

which we will show now. An intersection D;, .1 - D is defined by generically
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GRAVITATIONAL DESCENDANTS

D;,11. So infinitesimally, a generic perturbation E is given by a generic section of
the bundle

it

N:= (TMS,H(W)/TD)

over D%~!. Then the intersection D - E is given by the maximal Chern class cmax(N)

r+1°
in the cohomology of Dii;jrll

So let us describe N. Locally near a nodal curve C = C; V C; € D, a neighbour-
hood of D is given by curves uv = ¢ (see again fig. 5.1). Then an infinitesimal
change in ¢ can be regarded an element of T;,—¢C; ® T,—oCy, the tensor product of
the tangent spaces at the node. Now let us regard the two components (Cy,Cy)
as elements of moduli spaces ﬂgs X ﬂé,, with the additional marked points
corresponding to the node. Then as a bundle on ﬂo,r, the tangent space T,—oC>
is dual to £;, so its maximal Chern class is just —;. Similarly, T;,—oC; is dual to

L3 — M&B, which is trivial. Then

C(N) = _Ui*lpi

di—1

Intersecting with D;’ 3,

we obtain (5.2) inductively.

5.2 STRING EQUATION AND TOPOLOGICAL RECURSION RELATIONS

Our description of the descendant moduli spaces can be seen as a description of
these divisors in terms of lower-dimensional moduli spaces. The exact relation is
best expressed as a set of partial differential equations for the rational Gromov-
Witten potential. They involve the Poincaré pairing 1 := [, ejej; we also write VKl
for the coefficients of the inverse matrix. The equations are the following:

Proposition 5.2.1 (The string equation (SE)). We have:

of a1 OF 10 0,
9101 :;t latd/i"'Z;t it

7

Proof. The last term on the right hand side accounts for constant curves with three
. . . . . ——A
marked points, which have no image when trying to define a map 77: Mg ;(W) —

——A . : : 07 e
M2 (W): the coefficient of the corresponding monomial %1t%/t% is given by

/ ev*ele,'e]' = /6161'6]' = 7’]1]

{constant Curves} w
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The rest comes down to proving the following formula

r
d dr 1,0 — d di—1 d,
/ eV*(“‘el)lpll"'lPr ¢r+1_2 ev*(zx) 11__,1/11' .
. i=1
Moy (W) M, (W)

(where, on the RHS, terms with negative exponents should be ignored). Note that
ep is just 1 so we can ignore it. By the comparison formula (5.1) we have

eyl = (] - D)

Now if we represent [¢;] by the zero set of s;;,1 for some j & {i,r + 1}, then it is
clear that the cross-terms give empty intersection. So we obtain

- [¢i].di+(_1)d"Diii+1
by (52) = [Pi]" + (~1)%(~1)" oy [y

d; di—1

= (v —on [y

We then see

/ ev*(a)yt -y = / ev*(a) (ﬂ*lpfl + 01*1/1?71)
Moyt Mot
* 1dy d—1
(o)
The term 77%( f 1... ) does not contribute for dimensional reasons, and neither

do terms with more than one factor Ui*lpfli_l because the cycles D;,.; do not
intersect each other for different i. So we obtain

.
d d;—1
= E eV*(D‘)”*%l TRyt e ﬂ*li’fr
=1

Mo, 1

r
d di—1 ;
— Z/ev*((x) 11...¢1i lp}’
i=1 v
MO,r

(here we also use that ev; o 7T = ev;), which is what we wanted to prove. O

Proposition 5.2.2 (The topological recursion relations (TRR)). For any indices «, B,y
and descendant levels d, b, ¢, we have:
o’ f -y ?%f o f
+Lugboren 4 Ltk B0 Faten
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Proof. Suppose that 91/ . .. t4rir i a term of the LHS, so its coefficient is an integral

over the moduli space Wér +3(W). More precisely, it is a sum over all ways of
assigning indices «, 8,y (and their corresponding descendant levels d 4-1,b,c) to
the r + 3 marked points. The form to be integrated contains a certain y; with
positive exponent d + 1, so we may instead integrate over [i;] and replace the
exponent by d.

Now, components of [¢;] can be identified with partitions X UY = {1,---,r} A
curve C; V C; in such a component, for which we will write [X | Y], can be regarded

——A ——A .
as an element of M x_.1(W) X Mgy 1(W). Let us write 7: [X | Y] C [¢] —
——A ——A . . .
Mox1(W) x Moy, 1(W). Then the image of T is exactly the pairs of curves for
which the extra marked points map to the same point in W.
With this notation, the topological recursion relations come down to proving

d dr _
[ evul g -
[l[],]gﬂg[,
a A a
Z / eV* (“61)4711 to 711171] / eV* (068])11011 ttt 4]722
A1+A=A ﬂAl Ay

0,71 +1(W) m0,72+1(Vv)
r+ra=r

Here, the exponents of the psi classes are just given by distributing dy, - - -, d, over
dy,---,d,,d - dy, depending on the partition X UY. The sum over homology
classes A; + Ay = A has only finitely many nonzero terms, because the moduli
spaces are empty when w(A) < 0.

When passing from the psi-class cycle to to product of moduli spaces in this way,
the only difficulty is in imposing the constraint that the extra marked points map

to the same point in W. For this, we consider the map
€V +1 X €Vpyy1! M0,71+1 X ./\/l()/r2+1 - WxW

We write A C W x W for the diagonal. Then (ev,, 1 X eerH)_1 (A) is precisely
the image of 7. In cohomology, the Poincaré dual to A is given by the Kunneth
formula by

.
n'e; \ej

(where we should regard the first/second wedge factor as cocycles in the first/second
direct product factor). Then an integral over (ev, 1 X ev,,;1) ' (A) is just an inte-
gral of the form given above. This concludes the proof. O
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5.3 GRAVITATIONAL DESCENDANTS IN SFT

In the context of symplectic field theory, the definition of gravitational descendants,
and establishing similar PDE’s for the SFT potential, is a work in progress. A defi-
nition of gravitational descendants is given in [3], and some work on establishing
(generalisations of) the string equation and of the topological recursion relations
has been done in [4, 5].

The main difficulty is that the SFT-moduli spaces have a topological boundary
while Gromov-Witten moduli space have not. This means in particular that an
integral over a Chern class, which is only defined up to addition of a closed
form, depends on the chosen representative. Furthermore, the convenient line
bundle sections that we chose to give a description of the divisors [¢;] fail to be
generic, since they will have zero sets of co-dimension 1. In the case of the string
equation, one can work around these problems by considering it to be a relation
in SFT-homology in stead of in the Weyl algebra itself, see [4]. (One must also
ensure that the chosen representatives in different moduli spaces are in some way
‘coherent’.) The second problem seems to be what is currently blocking generalising
the topological recursion relations to SFT, although some work (for a very specific
case and with a modification of the potential and moduli spaces) has been done
in [5]. The authors suggest to consider, a modified symplectic field theory, which
they call non-equivariant, which should correspond to how one can remove the
additional S'-symmetry in moduli spaces such at Mo, ({7}, {7*})/R. They give
details in the case of cylindrical contact homology, which is basically SFT retricted
to these moduli spaces.

For what follows, however, we will need no more than the definition of gravita-
tional descendants from [3], and only in the cylindrical case W = V x R. The trick

is to define descendant moduli spaces MS};""d’ (I, T*; W) /R, which will play the role
of the cycle [zpfl e 1pf’] . For this, we again introduce r line-bundles £; (1 <i <)

on ﬂo,r(l"*, I'"; W) /R, given fibre-wise by the cotangent space at the ith marked
point. If M, (T~,AT;W)/R x M,,(A~,T";W)/R describes a boundary stratum
of ﬂo,(r—, I't;W)/R, then L; restricted to this stratum is just the pull-back of the
corresponding line bundle on either of the factors. We define a coherent collection of
sections as a collection of sections for every line bundle £; of every moduli space
(for a given target manifold) such that these sections agree under this pull-back on
the boundary stratum.

Given a coherent collection of sections, we define the descendant moduli spaces

—..0,1,0--- —A;-01,0- .
M = My, (T~,T™; W) /R as the zero set of the section of £;. We next

take the line bundles £°? on these descendant moduli spaces and take a coherent
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0,20

collection of sections; we define the moduli spaces M as their zero set.

Inductively, we define M 040 We define

dy-

— 1,0, — 0,
M = A M

which is generically a transversal intersection. Lastly, we define the rational
descendant Hamiltonian, for which we also write h when no confusion is to be
feared, as
1 1 1 N
h:= v (@) tP r,A
A%i LDT+ rls= st kr—xp+ dq! - - - d,! / (©1) 6] P
M,

M e e /R

Because we chose the sections to be coherent, we can easily prove this
Proposition 5.3.1. The descendant Hamiltonian satisfies the master equation
{h,h} =0

Proof. This is proved in [3]. The proof is similar to, and no more difficult than, our
proof of proposition 4.2.1. O
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INTEGRABLE SYSTEMS

6.1 INTRODUCTION

In physics, one tries to describe the evolution of a physical system as a path in an
appropriate phase space. Let us call this phase space £; it may have coordinates
such as position, momentum, wave amplitude, et cetera. We are interested in the
dynamics of function(al)s on £ as time evolves. These dynamics are commonly
expressed by endowing the space of functionals 8 with a Poisson bracket {-, - }q, by
fixing a distinguished functional H, called the Hamiltonian®, and by the equation

oF
g—{F/H}‘JB

One approach to solving such a system is by finding constants of motion, or
symmetries, which are functionals F such that F[u] is independent of t. It is clear that
H itself is such a constant of motion, since {H, H}q = 0. For time-independence,
we want these constants of motion to Poisson-commute with the Hamiltonian
H, and for technical reasons, also with each other. In fact, it is common to start
with trying to find a collection of Poisson-commuting functionals F,, and then
selecting a Hamiltonian among them, hopefully corresponding to some physical
system. Systems for which a sufficient number (in a well-defined sense) of explicit
independent commuting symmetries can be found are called integrable systems?.

In the following, we will not distinguish between Hamiltonians (which dictate
certain dynamics) and symmetries (which do not). Instead, we refer to all of them
as Hamiltonians and introduce a "time’ variable for every one of them. The result
is called an integrable hierarchy.

To avoid confusion later on, we should point out now that it will not be the SFT Hamiltonian H, but
rather its partial derivatives that will play this role.

Note that this is not a mathematically meaningful definition, because it is unclear what ‘explicit
means.

’
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6.2 INFINITE DIMENSIONAL HAMILTONIAN SYSTEMS

We will, following [11], define a Poisson algebra P8 of functionals on a formal loop
space L. We will use Einstein’s summation convention.

FUNCTIONALS Let £ = L(R") be the space of smooth functions u = (u!,---,u"): S' —
R". Also, let € — x be a coordinate on S'. We write iy, tixy, - - - or ul®) for the
derivatives with respect to x, and u** for the sth derivative of the ath component

of u. Then a local functional F on L is a map £ — C given by an expression

1 27
Flu] = 27_[/f(x,u,ux,uxx,---)dx
0

where f is a smooth function of x and u and polynomial in the derivatives
Uy, Uy, - -. We extend the set of these to a set P of formal local functionals
by regarding the variables x,u, uy, - - - as formal independent variables. In other
words, P is the set of formal power series in x, u, iy, - - - that are analytic in x and
u and polynomial in the other variables, modulo total x-derivatives.

POISSON BRACKET We now introduce a notion of derivative for a local functional.
If F is a local functional, we can, for a perturbation v € T|, L represented by vectors
v(x) € R" = T|,)R", consider the form &, F[u] given by

0
OpF[u] := a—s\gzoF[u + o]

A short calculation gives

2r
1 > of
= /s
doF[u] 271/;%)81,11350 dx
) =
21
(by integration-by-parts) = L / ivj,O(_a )? o dx
y y 27T =0 * auj's

0
21

=: 1/vj'0(5jr(u) dx
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6.2 INFINITE DIMENSIONAL HAMILTONIAN SYSTEMS

Given a flat metric 1;j on R", we will now introduce a Poisson bracket {-, '}‘Ii' For
this, it will be convenient to write {f, G} = {F, g} for the density corresponding to
the functional {F, G} (where f, g are the densities for F, G). We define:

27
_ L [9f iy 98
{f. Gl = 2 | sull axéuf dx

0

FOURIER EXPANSION We can express the loop (u, Uy, Uyy, - - - ) in Fourier coeffi-
cients (ug, gk, px), defined by the equation

. 0o . . . .
u = u{) + Z q;(eflkx + p;(elkx
k=1

and its x-derivatives. We can regard u{),q{(, p{c as elements of P with densities
W, ulelkx yje—ikx respectively. So it makes sense to calculate their Poisson brackets.
We have

k) (ujeikx)

q;.[u] gives — = 5)el
. ) ) ujefikx ;.
p[u] gives (&14) = g
SO
{p;(,qjy};p[u] — /e—ikx],lijaxeifx dx
Sl
= ity el(t=hx gy
st
= i€5k417ij

For later use, we note now that this is the same formula as the semi-classical
approximation to (4.4).

POISSON-COMMUTING Let us now see what it means for two functionals F and
G to Poisson-commute in terms of their density. Remember that two functionals F
and G Poisson-commute if and only if {F, G} = 0. That is,

27
.Gy wdx =0
0
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for every u € L. This happens if and only if {f, G} is a total x-derivative. Let us
write {f, G} = 9,Q). Then explicitly

Q) = {f,G} (6.1)
_ v 9 iy 98
N s,tZ::() aui,s” axauj't

Later on, we will be interested in the special case that f and g only depend on u
and not on its x-derivatives. Then we obtain

9,0 = of iiy 9%

out T T oui
Q) of .. 92
W = Tushyisss
Q) _ of i 82g
ou™  ouil! Qumul for all m
90 af . o%g
_ Pham 90 i YS gom
do oum du oul qumui du

.. 2
So in particular, the form a—fn” %8 du™ is closed. This means
aut 'l gumu

d <8fl-]~82g> _ 9 <afijazg>

ou \ oul’ Qumu ou™ \oui | Quru
82f y azg azf . azg
1 = Y . .
aunaui77 umyl 87~um8ul’7 ouu (6-2)

We will refer back to here when we obtain commuting Hamiltonians from symplec-
tic field theory.

63 THE DUBROVIN-ZHANG PRINCIPAL HIERARCHY — TAKE I

We have a particularly interesting way of finding a collection of symmetries in the
case where we can describe the phase space as the loop space of the cohomology
of a symplectic manifold, with Poisson bracket induced by the Poincaré pairing
(considered as a flat metric). We will describe this construction in this section.
Consider the rational Gromov-Witten potential f(t%1,%2,...) for a symplectic
manifold M, with cohomology generated by Ay, - - -, As. Here, we will choose A;
to be the unit in the cohomology ring, and it will play a distinguished role in
what follows. We define the pairing 7;; = [, AiA;. We consider t01, ... 19 to be
coordinates for H*(M), and the %/ are considered to be time variables for j > 0.
We will often write ¢ for the set of t#/-variables. We label some of f’s derivatives:

0°f
Quupp(t) = FYEETTT
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and we define the function

ul(x,t) = i_Of (x 4+ £21,402,.. )
SR TR Y

which we regard as a t-dependent loop in £. Note the peculiarity of what this
means: for a given x, u(x) is both parametrised by H*(M) (and also by descendant
variables), and it takes values in it. This is motivated by the following

Proposition 6.3.1. We have (substituting x — 0)

Qaszﬁ<t) = Qaabﬁ(ul(t)/ Tty us(t), 0,0,--- )
i.e. Quapp is invariant under the substitution t% — u'(t) and t% — 0 for d > 0.

Proof. We show that Q(t) and Q(ul(t),---,u®(¢),0,0, ) both solve the same
system of ordinary differential equations with the same starting value. First of all,
we have

ui(tofl —,19,0,0,--0) = i]'i’
’ ’ rYr Yy - ;7 ato’jato/l (tU,ll...,tO,S,O,(),...)
. . 0 - of 1
(by the string equation) = ’7”% [Z AL 5 + 2t0’k17kgt0’€] |(t0/l,,..,t0,s/0,0,...)
d,i
. . 9%f
_ d+1, 40,0
= ,71] [dZt Zatorfatd'i —{—77]gt ] |(to,1,...,t0,s,0,0,.u)
,1
(because all t#t1iare 0) = %
so we have

Q(tO,ll, . -,tO’S,O,O,- )= Q(ul(tO,ll, . .,tOrS,(), 0,---),- .,us(tO'll. . .,tOrSIO’ 0,---),0,0,- -

Next, consider the vector fields X, on the space parametrised by ¢, given by

0 *f . 9
T ; otdkgt0i 7 ot

Xk

The topological recursion relations yield directly
Xd,kui =0

and
X xQaupp =0
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and so
1 s Q) i
XaQ(u' (t),- -+, w’(£),0,0,--+) = ZW|(u1(t),~-,u$(t),0,0,~.)Xd,kll =0
1

So we have X;;Q(t) = X;,Q(u(t)) = 0 for a system {X;} of vector fields.
Then Q(t) = Q(u(t)). O

We will define the Hamiltonians

hdl(u) - Qd+1,i,0,1(ull Tty uS, O/ O/ tee )
1 21
h;{u] oy hai(u) dx
0
Then:
Lemma 6.3.2. We have
of
hgi = Wkul,u;us,0,0;”)
Proof. Apply the string equation. O

Proposition 6.3.3. The function u solves the Hamiltonian system

ou

Spli = {w, hy;}(u)

(here w is considered a density and therefore so is {uf, h;;}, into which we substitute
uk +— u*) and the Hamiltonians Poisson-commute:

{hd,i/ he,j} =0
Proof. We calculate (writing ; = % for short):

{uj/ hdl}(u]) = 5k1/lj77k£ax5(hdi(ul, Tty us/ O/ 0/ e )
. oM
— sl ke dic 1
= o7 3xW(u,---,us,0,0w-)
; 0*f
{4
= 77] axW|(ul,~~;us,0,0,--~)
; 0*f
{4
= 1055
it o°f
(PTPTEYE
ou/
otdi
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{hgg, hbﬁ} [u]

(Maw, hbﬁ do not depend
on x-derivatives of u)

(by proposition 6.3.1)

(0x = 0j01)

(by the TRR)

27

1 I
(27_[) /(S'ha(xﬂ /0 5]’11,/5 dx

/z o

27
1 9 f y
Py W(u(x),o,---)nfax
0
27
1 o%f
2 | otvigpax’!
0
2
1 [ o

at0iggan !
0

ahb
)70, Z au]f u(x)) dx

0°f
W(u(x),o,- ) dx
0*f
“apiarp 4

ij

03 f q
ot019t0igtbp :

i

03 f

E ata+1,ucat0,1atbﬁ dx
0

1
m/aanJrl,oc,h,ﬁ dx
0

0

Example 6.3.4 (The dispersionless Korteweg-de Vries hierarchy). Let f be the
rational Gromov-Witten potential for M = {point}. So we have only a single

generating cohomology class e; and a single sequence of variables %!, 11,
for which we will write t°,#,- - -.

we have

2,1
P21

Then we easily see that fuu_g -0 = ¢ (to)s. So
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and by the equations we derived earlier (note 7;; = J;; and il = &)

Ju

ot

(chain rule)

(for d =0)

(for d > 0) (TRR)

9. 04(w,0,- )
0*f
3t |(80)
o3f
U paar (w0:)

Ox

Uy
3
aZf a f

SearaTlw0-)  gmgmp we-)

=1

o2
3091 w0-)

1
{”/ hd}[u] = Eudux
hy 1,
ou oAt
_ I i
ha = G
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Let us check that they are in involution.

 omy., oh,

thabed = 5 0
_ 1 d—1 1 e—1
= -t %eon
_ 1 d+e—3
T d-Die—2nt ™

1 .
o (arema e )

64 GROMOV-WITTEN POTENTIAL AND SFT OF CIRCLE BUNDLES

We consider the same situation as in the last section: (M, w) is a closed symplectic
manifold, with a basis Ay, - - -, Ay of its cohomology such that A; = 1, and with
Gromov-Witten potential with descendants f(t*/A;, z).

Let : S' x M — M be the trivial S!-bundle and let ¢ be the horizontal
distribution. Let a := % where €?™? — ¢ is a coordinate along S!. Then
(S' x M, &) becomes a contact manifold with contact form &, and the fibres of
7t correspond to Reeb orbits. We can find a basis for its cohomology of the form
Ay, Ay, B, - - -, 0., where the A;’s are pullbacks 7t*A;. This gives us a rational
SFT-Hamiltonian (with descendants) h(Y;; ts;Ai + Y4 149:, 9, p,z). We would

like to find out how it is related to the Gromov-Witten potential.

The relation we describe will, on the side of the Gromov-Witten potential, be in
terms of the densities of the Hamiltonians that we studied in the last section:

of
hd,i(u) = W’(ulr'"rusroror'”) .

On the side of the SFT-Hamiltonian, it will be in terms of the functionals
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(Remember that the Fourier coefficients ué, q{c, p;( are local functionals given by

1 21
uplu] = 27_[/ujdx
0
1 21
qlu] = 27[/uje+ik"dx
1 27
plu] = 27_[/uje_ikxdx ).
0

Note that it is not immediately obvious that h;; is local. However, we have the
following

Theorem 6.4.1. With the above definitions, we have

hy[u] = 27T/har,z‘(”) dx

Proof. Let us abbreviate the formulae by writing po for uy, and p_, for g,, and by
writing s for r +s~ +s™. Then:

* (X d s
hdl Z+ Z rls— ls+l / eV (Ai A d(P) i Pf T pg{s (6.4)
rsTeT M(VxR)/R

and

ha;(u) =) Z rl eV (Al ut -t
R VT

We will substitute the Fourier expansion of u , giving

hdl Z Z AlPZ Epll 1k1x . Epzy 1kx

i

So after integrating over x, we get

1 . . .
. /ev (- Dydp --pp (6:5)

27
217_[/}161,1'(1/{) dx = ; ‘ Z
0

~
fay
~
Lo~
~.
LY
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Comparing (6.4) and (6.5), we see that we should have

rls—lst!

M,(s—,sT;VxR)/R
So let us explore the relation between the moduli spaces
Mo, (s,s7;V xR)/R

and
Mo,r—&-s* +sT (M) :

First of all, we see that V x R can be seen as a C*-bundle over M, and, since the
radial component is a trivial bundle, we can extend it to a complex line bundle
L — M. Let C = (C,x%,y, f) be a 1-story curve in My,(s~,s*;V x R). Then
projecting down gives a curve C in Mg, s+ (M). We can regard C as a section
s of L over C. This section will have zeroes at the points 7r(x~) and poles at the
points 7t(x"), with multiplicities corresponding to the multiplicities of the orbits in
I'%. We get a divisor [s] on C, with support in the last s~ + s* marked points on C.
Since L is a trivial bundle, deg[s] = 0.

Conversely, given such a divisor [s] of degree 0, it determines the section s,
and therefore an element C of Mo,r(s—,ﬁ ;W x R), up to a multiplicative con-
stant in C*. After modding out by the R-action, we find that it determines an
S!'-bundle of curves in My,(s7,s*;V x R)/R. So we get the diagram (writing
divo(M, - 15+ (M)) for the bundle whose fibre over C are the degree 0 divisors
with support in the last s~ + s marked points)

M(V x R) —=divo(M(M)) —= M (M)
)

Sl

These maps respect pullbacks of the A;’s, and d¢ integrates to 1 over the S!-
symmetry. The right hand map has discrete fibres, corresponding to the divisors
with support in the last s~ + st marked points. This corresponds to the cover-
ing number of the Reeb orbits over which C is asymptotically cylindrical. The
combinatorial factor (rji:tf) is explained by the fact that M, -, ¢+ (M) does not
distinguish between the marked points and the punctures. The theorem follows. [

A slight extension of the above argument also applies to non-trivial circle bundles.
We will illustrate this in the following example.
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Example 6.4.2 (Toda lattice). Let M = CP! and V = S?, which we regard as the
Hopf-fibration 77: V. — M. Let W = V x R. We can regard W as the total space
of the line bundle O(—1) over M, minus the zero section. We write H*(M) =
(6o = 1,0,) with fM 6 =1;s0 175 = 17ij =(1- 51-]~).

We can relate the SFT of V to the G-W of M. For this, recall that 7t induces a

_ _ v
map 7t : Mér(s_,er;W) — ./\/lg:ﬁs#ﬁ(M). Let us write f := 7. f for f in the
SFT-modspace, and letd = [, 6, be its degree. We can regard f as a section of
v

the line bundle f*O(—1) = O(—d), with poles at the marked points x;" - - - x; and
zeroes at x7 - - - x__. Suppose that these marked points have multiplicities " - - - k.
and x; ---x_; then we see that

Y ki =)k =d (6.6)

Let us now substitute

= uh =y + Y (ple™ + ghe )

Zy e

into f, and integrate over x. Then the only nonzero contributions come from
monomials in {p,g.} that satisfy (6.6); this then exactly gives

oh of
hy; = ﬁkr:o,to/i:uf,tdi:o) = W(ul ~-u’,0,0 ) dx

Sl

This allows us to calculate h. We know that without descendants, f = %t%tz +ef2z,.
Then the above gives

ho [u] = /uluz dx
g1
1 2 .
hO,Z [1,[] e /2 <u1> + eu2_1x dx
sl
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giving the equations of motion

ou!
W = {ulfho,l}
(remember that 7/ =1 —¢6) = axzi()él(ul, u?)
= ou'! (check)
gt = %yt ()
= O.u? (check)
ou'
W = {ull ho,z}
= e ()
- 2, (euz—ix>
= (ui—i)e" ™
gz = P (010)
= ol =ul
. o%u? 2 ( u?—ix
(taking these together) 3 (102 = (dy) (e )

Note that this in not an integrable hierarchy on the loop space. This is explained
by the substitution z — e~'*.

65 THE DUBROVIN-ZHANG PRINCIPAL HIERARCHY — TAKE II

We will now describe the same hierarchy on the same space £L(H®*(M)), but from
the different perspective of symplectic field theory. Symplectic field theory gives
new proofs of the structure of the integrable system in the Gromov-Witten case.
This has been previously done in [11].

We start with the same bundle 77: S! x M — M as in the last section. It is a
framed Hamiltonian structure. We write h(t; 7; g; p) for its rational SFT Hamiltonian
with descendants, as defined in section 4.5. Here, the variables % are associated to
the basis Ay, - - -, As of H*(M), and the variables T are associated to A; A d¢ for a
coordinate ¢ on S'. We let

oh

. (tO,ll. - t9%0,0,---;0,---,0; 7;p)

hyifu] =
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where we have expressed u € L as

W = 0 + E q;(e—lkx + p;(e—Hkx
k=1

By theorem 6.4.1, h;; is indeed a local functional, with density

of
hd,z' = W|(”1""’us’0’0"')

By proposition 5.3.1, we have {h,h} = 0. We can expand h in the number of T
variables as

h = ho(tg5p) +hai(t; 4 )T + hayiyansy (895 ) THITRER 4
Note that h;; agrees with our previous definition. We get

0 = {hh}
= {h(), hg} + {h(), hd,de’i} -+ {hd,l'Td’i, h()} + {hd1,i1 Td]’il, hdz,iszz'iz} + -
= {hg, hy}
+{hg, hy; } % 4 hy i {ho, T} + hy; {t% ho} + {hy;, ho} %
+hy, i hy, (T, T2Y 4 hy, by, TR T
+hd1,i1{lelillhdz,iz}TdZ,iz + {hd1,i1' hdzliz}le’il sz,iz +ee
= {hg, hp}
+2{h0/ hd,i}Td,i
+ ({hay iy By} + 2000, By, }) T TR 4

Since the coefficients for all T-monomials must be zero, we get

{ho,hp} = 0
{ho,hg;} = 0
{hgih,;} = —2{ho,hy;.;}

The moduli spaces inherit the S!-symmetry of the bundle, and the t-variables
correspond to the forms 77*A which have no component in this direction. We
conclude that hy = 0. Then the first two equations do not tell us much. However,
the last one gives

{hg;,h,;} =0.

So we have found a commuting system of Hamiltonians.
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Let us see what this tells us in terms of the densities h,, h, ;. Let us define (),
as in (6.1), so
0xQiy1iej = {Hai hej}

Then applying lemma 6.3.2 (a consequence of the string equation) we get

g ; Phoj

ou! ou/oul
Pha;  Phe
dutou’ duioul
Phy; e,
oulow | ou
= 0xQeju,i

0xQiej =

S0 Qyiej = g ja,i- This means that the system of Hamiltonians hy ; is tau-symmetric.
By (6.2), we have

Pha, e Fhej _ Phy e Ohe
oumouk” oulou™  Qumouk’ utoum
In terms of the Gromov-Witten potential, we get
2°f Kt 2°f B 2°f ke 2°f
aromytdigrk'T 3i0igeign — amadigiok T 310.igigfom
where we must substitute t** — 0 for a > 0. In the case d = ¢ = 0, we have
derived the Witten-Dijkgraaf-Verlinde-Verlinde (WDV'V) equation for the Gromov-

Witten potential (without descendants).
Now consider the case ¢ = 0 and n = 1. By the string equation, we have

Pf
a0 g10igr01 — i

so we get
Pf Pt ., Of
atomprigrok T 1= 5150k T 50010 0m
o ¥, o
AOmprdigf0i oMk i igHm
and by lemma 6.3.2 we get
ot 26, 0f

QR mQHigi] — gpd-Ligrok | 30090 m

(where we must again substitute t** — 0 for a > 0) which is a special case of the
topological recursion relation for the Gromov Witten potential.
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Hamiltonian
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Leibniz identity, 38
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descendant ~, 55
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Morse homology, 7
Morse-Smale, 4

Novikov ring, 21

Poisson bracket, 38
potential

SFT ~, 44
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Reeb flow, 25
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