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IN CALABI-YAU 3-FOLDS
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Abstract. In this paper we define an invariant of a pair of a 6 dimensional symplectic
manifold with vanishing 1st Chern class and its relatively spin Lagrangian submanifold with
vanishing Maslov index. This invariant is a function on the set of the path connected com-
ponents of bounding cochains (solutions of the A, version of the Maurer-Cartan equation
of the filtered Aoo algebra associated to the Lagrangian submanifold). In the case when the
Lagrangian submanifold is a rational homology sphere, it becomes a numerical invariant.

This invariant depends on the choice of almost complex structures. The way how it de-
pends on the almost complex structures is described by a wall crossing formula which involves
a moduli space of pseudo-holomorphic spheres.

1. Introduction. This paper is a continuation of [7, Subsection 3.6.4] and [5].

Let (M, w) be a symplectic manifold of (real) dimension 2 x 3. We assume that cl(m) =
0in H*(M; Q). (Here we use a compatible almost complex structure of the tangent bun-
dle to define c'(M).) Let L C M be a relatively spin Lagrangian submanifold and 7 :
H>(M, L;Z) — 2Z its Maslov index homomorphism. (See [7, Subsection 2.1.1].) We as-
sume that pz, is 0. In this paper we consider such a pair (M, L). A typical example is a pair
of a Calabi-Yau 3-fold M and its special Lagrangian submanifold L. This is one of the most
interesting cases of (homological) mirror symmetry. Our main purpose of this paper is to de-
fine and study an invariant of such (M, L). It is independent of the various choices involved
in the construction but depends on the almost complex structures J of M.

We consider M(L; J; Ay) the set of ‘Ai-valued points of a Maurer-Cartan formal
scheme’ of the filtered Ao structure associated to L. This is the set of gauge equivalence
classes of bounding cochains and defined in [7, Section 4.3]. (Here we include J in the no-
tation since J dependence is rather crucial in this paper.) We study the cyclic filtered Ao
algebra (A(L), (-), {m,{’ 8 }) produced in [5] by modifying the construction of [7]. In our case
(0)

where jr is O we can reduce the coefficient ring to Ag = Ay,

the universal Novikov ring with R coefficient. (See (9).)

that is the degree O part of
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We denote by A its maximal ideal. Let [b] € M(L; J; A4). We define a superpotential
(without leading term) by:

Tﬂﬁa)

oo
M ACED DD DI s KL T IENONOE
k=0 BeHy(M,L;Z)

To obtain a superpotential which is independent of perturbations and other choices involved,
we need to add a constant term to ¥'(-; J). Note that m,{’ 8 is defined by using the moduli
space My41(8; J) of pseudo-holomorphic discs with k + 1 marked points and of homology
class B € Hy(M, L;Z). We use My(B; J), the moduli space of J holomorphic discs, of
homology class 8 without marked point, to define

) m? ) 5 = #Mo(B: ).

(See Sections 3 and 4 for precise definition.) And put

3) Wb H=v'b: N+ Y TFem
BeH,(M,L:Z)

More precisely we assume that our almost complex structure J satisfies the following:

ASSUMPTION 1.1. There exists no nontrival J-holomorphic sphere v : §> — M such
that v(S%) N L # @.

By dimension counting we find that the set of such J is dense.
THEOREM 1.2. (1) If J satisfies the Assumption 1.1, then there exists a function
W) HY(L; Ay) — Ay

which depends not only on J but also on the perturbations etc.

(2) There exists an isomorphism between the set M(L; J; Ay) and the set of critical
points of W (-; J).

(3) The restriction of W (-; J) to its critical point set M(L; J; Ay) depends only on
M, L, J and is independent of the choice of the perturbations etc.

We call ¥ (- ; J) a superpotential. The value ¥ (b; J) depends only on the path connected
component of [b] € M(L; J; A4). See Proposition 2.8.

COROLLARY 1.3. IfL is a rational homology sphere in addition, then M(L; J; A)
is one point. So the value of W (- ; J) at that point is an invariant of M, L, J.

In Sections 2 and 3 we develop the theory of the superpotential of cyclic filtered A
algebras of dimension 3 with additional data corresponding to m”’ 1p-In Section 2 we fix our
cyclic filtered Ao algebras and review the construction of the superpotential and its gauge
invariance. We next study its relation to pseudo-isotopies of cyclic filtered Ao, algebras to
complete the algebraic part of the proof of Theorem 1.2 in Section 3. The algebraic structure
we assumed in Sections 2 and 3 are realized in Section 4, where the proof of Theorem 1.2 is
completed.
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We can extend the domain H!(L; A7) of the definition of ¥ (b; J) as follows. Let e;,
i=1,...,b; be abasis of Hl(L; Z)/Torsion. We putb = ) x;e; where x; € Ag. We put
1
yi = e =Zﬁxf.
k=0

We define the strongly convergent Laurent power series ring

Ao<<y1,---,ybl,yfl,---,yl,jl))

as the set of formal sums

o
4) f()’l,---,ym):ZTMPI()’I,---,YhI)

i=1
where A; € R>¢ with lim; , s A; = 0o and P; is a Laurent polynomial for all i. (See [2].) We
remark that for each f asin (4) and y1, ..., 9, € Ap with v(y;) = 0, the sum

o0
Y THP )
i=1

converges in the 7" adic topology. Here v(-) is defined by

v (Z a,-T’\") —inf{A;: a; £ 0}
Therefore f (91, ..., 9p,) is well-defined.

THEOREM 1.4. (1) W(b;J) € AolY1s-ns Ybys ¥y v yb_ll)).
(2) There exists § > 0 such that W (- ; J) is extended to

(5) {()’l,,ybl), _8<U(yl)<8}

(3) Its critical point set is identified with M(L; J)s which is introduced in Theorem
1.2 [5].

(4) The restriction of W(-; J) to M(L; J)s is independent of the perturbations etc.
and depends onlyon M, L, J.

We prove Theorem 1.4 in Section 7.

In Section 5 we use the canonical models constructed in [7, Section 4.5] and [5, Section
10], to rewrite the definition of ¥.

In Section 6 we discuss the way how the superpotential ¥ depends on almost complex
structures. The main result is Theorem 1.5 below. We assume that Jy and J; satisfy Assump-
tion 1.1. We take a path 7 = {J;; t € [0, 1]} of tame almost complex structures joining
them. Let ./\/lf1 (oe; J) be the moduli space of J holomorphic stable maps of genus zero in M
of homology class @ € H(M; Z) and with one marked point. Here cl in the notation means
that this is a moduli space of stable maps from closed Riemann surfaces. The moduli space
M‘il(a; J) has a Kuranishi structure of (virtual) dimension 2. We put

(6) M ) = | 1 x M@ )

tel0,1]
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Using the evaluation map ev'™ : ./\/lf1 (a; J) — M we obtain a virtual fundamental chain
evim([./\/lﬁ1 (a; J)]) of dimension 3. Since Jy and Jp satisfy Assumption 1.1 it follows that

LNev™@MS (a; 7)) =9.
Therefore
(7 n(L; a; J) = [L]1N ev™([MS(a; D)) € Q

is well-defined. Moreover it depends only on M, L, «, Jo, J1 and is independent of the path
J.

THEOREM 1.5. Let [b] € M(L; Jo; Ay). We take the canonical isomorphism I, :
M(L; Jo; Ay) = M(L; Ji; Ay) in [7, Section 4.3]. Then we have:

@®) U(Lby )~ ¥ Iy = Y TnLie ).
aeH)(M;Z)
Theorem 1.5 is proved in Section 6. In Section 8 we discuss some conjectures, open
problems, and relations to various related topics.

REMARK 1.6. (1) The superpotential of the form (1) appears in the physics literature
[18, 22].

(2) Theideato include the 2nd term of (3) to obtain a numerical invariant of Lagrangian
submanifold is due to D. Joyce. It was communicated to the author by P. Seidel around 2002,
who also explained him the importance of cyclic symmetry for this purpose. (However the
appearance of the nontrivial wall crossing by the change of J was unknown at that time.)

(3) The appearance of the nonzero wall crossing term in the right-hand side of (8) is
closely related to the phenomenon discussed in [7, Section 3.8 and Subsection 7.4.1]. Around
the same time as the authors of [7] found this phenomenon, a similar observation was done
independently by M. Liu [17].

(4) Arelated homological algebra was discussed before by [3, 15]. The part concerning
the second term of (3) is not discussed there.

(5) All the A algebras and pseudo-isotopies between them which appear in the geo-
metric situation in this paper, are unital. We omit the argument on unitality since it is a
straightforward analog of the one in [5].

The author would like to thank to Y.-G. Oh, H. Ohta, and K. Ono. Joint works with them
are indispensable for the author to write this paper. The author would like to thank referees
for helpful comments.

NOTATIONS. The Novikov ring Ay is defined by:

o
9) AozizaiT*i;aieR,)\ieRzo, lim )\,:oo},
1=O 11— 00

where T is a formal variable.
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We consider a free graded A¢ module C such that
(10) C =C ®g Ao,
where C is an R vector space. We define C[1] by shifting the grading. Namely:
(11) crf =+,

We denote by deg, deg’, the degree and shifted degree of elements of C, C[1], respectively.
Namely:

(12) deg’ = deg—1.

We put

(13) Bi(C[1]) =C[11 ®4p, -+ - ®4, C[1]
k times

and

(14) By (C[1)=C[1]1®---® C[1] .
k times

2. Superpotentials and their gauge invariance. Let (C, (), {my g}) be a G-gapped
cyclic filtered A, algebra of dimension 3. (See [5, Definition 6.1].) Namely my g : By (Cl1D
— C[1]1is an R linear map for each B € G and k, with (8, k) # (0, 0), such that

my = Z TE(ﬁ)mk,,s
BeG

(we define E below) satisfies A relation

ki
0= Z Z(_l)*mkl(-xl,---,mkz(xi,---,-xi—i—kz—l),---’xk)

ki+hko=k+1 i=1
where * = deg’ x; + - -- +deg’ x;_1.
—k _ =3k . . .
(+) : C"®C" = — Risasymmetric nondegenerate inner product such that
(Mg g (X1, ..., Xk), Xo) = (—1)(deg F)degianbeobdegind) (g g X)), xg) -

In the general situation of [7, Condition 3.1.6], [5, Definition 6.2], G is a discrete sub-
monoid of R>o x 2Z. In this paper we always assume

15) G C R x {0}.
Namely G C R>¢. The map E : G — R is the identity. In our case
my g : Bi(C[1]) — C[1]

is always of degree 1 (after degree shift). We put C; = C ®g A..
In Sections 2 and 3 where we discuss A, algebras we assume either C is finite dimen-
sional or C is a de Rham complex.
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DEFINITION 2.1. We define

(1288 CJIr — Ag
by
00 E)
T
/ —
(16) w(b)_sz(mk,ﬂ(b,...,b),by
k=0 BeG

REMARK 2.2. (1) More precisely the right-hand side of (16) converges in the T adic
topology. In various cases, it converges in the topology of [5, Definition 13.1]. (It converges
in the case of filtered Ao algebras of Lagrangian Floer theory by [5, Theorem 1.2] .) See
Section 7 on the convergence.

(2) Sincedeg b = degb — 1 = 0. We have

deg' my (b, ....b) =1.

Namely degmy g(b, ..., b) + degb = 3. Therefore in the case when the dimension of our
cyclic filtered A, algebrais 3, the inner product in the right-hand side of (16) is well-defined.

We fix a basis ¢; € C and puth = Y x;¢;. Then ¥'(b) = Y 5. Pp(x1, ...) where Pg
is a formal power series. Therefore we can differentiate ¥’ formally. We have:

PROPOSITION 2.3. Ifb e CJIr then the differential of W' vanishes at b if and only if

(17) ZZTW)mk,ﬂ(b,...,b) =0.

k=0 BeG
This is [7, Proposition 3.6.50] . (17) is called the A, Maurer-Cartan equation.
DEFINITION 2.4. M(C; Ag)isthesetofall b C_l|r satisfying (17).

We next review the definition of the gauge equivalence from [7, Section 4.3] . We con-
sider

(18) by= Y TEPbyr). cty= > TEPcpr),
BE(B)>0 B:E(B)>0

where bg(t), cg(t) are polynomials with coefficients in 61, 60, respectively.
DEFINITION 2.5. (See [7, Proposition 4.3.5].) We say by € M(C; Ay) is gauge
equivalent to by € M(C; Ay) if there exist b(t), c¢(t) as in (18) such that:
(1) b(0) = bo, b(1) = by.
2
!

k
d (o) o0
(19)  —b()+ DN D TE Py p(b(), .. b(1), c(6), b(1), ... b(1) = 0.

k=0 =0 BeG

It is proved in [7, Lemma 4.3.4] that the gauge equivalence is an equivalence relation. We
denote by M(C; A ) the set of gauge equivalence classes.
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REMARK 2.6. It follows from (1), (2) that b(t) € /\7(C; Ay) for any ¢. (See [7,
Lemma 4.3.7] .)
PROPOSITION 2.7. Ifbg € ./\7(C; Ay ) is gauge equivalent to by € ./\7(C; Ay) then
' (bo) = ¥'(b1).

PROOF. We have

TE®B)
—gv (b) = ZZ 7 s, b0). b))
k=0 BeG
TE®) db
— Z Z <mk,5(b(t), e % b)), b(t)>
k= OﬂeG
(20) TE®B) db(1)
t
+ Z Z <mk,,s(b(r>, ,b(1)), >
k= OﬁeG
= Z > TE® <mk,ﬁ<b(t), L b(1)), @>
k=0 BeG
Since b(t) € f\Z(C; AL), it follows that (20) is zero. O
By Proposition 2.7 we obtain
(21) v M(C; Ag) — Ay

We remark that in the proof of Proposition 2.7 we only use the existence of families b(¢) in
M(C; Ay) joining bg and by. In other words, we did not use the existence of ¢ (). Therefore
we have:

PROPOSITION 2.8. Ifthemapt +— b(t) € M(C; Ay)isa C' map then

w'(b(0)) = ¥ (b(D).
REMARK 2.9. Proposition 2.8 may imply that the superpotential is locally constant on
M(C; AL) and so ¥’ depends only on ‘irreducible components’ of M(C; A4). Since the

property of M(C; A4) as a topological space can be rather complicated, we do not try to
study this point in this paper.

3. Pseudo-isotopy invariance. In[5, Definition 8.5], it is defined that (C, (-}, {mfa ﬂ},
{cf{ ﬁ}) is a pseudo-isotopy of cyclic filtered A, algebras if:
(1) my p and ¢ p are smooth. Namely

t mf{’ﬂ(xl,...,xk)

is smooth. (That is the coefficients are smooth functions of ¢ € [0, 1].)
(2) For each (but fixed) ¢, the triple (C, (-), {m;C 8 }) defines a cyclic fitered A, algebra.
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(3) For each (but fixed) ¢, and x; € C[1], we have
(22) <c]t(,/5(-x17 RN xk)’ .x()) = (_1)*<c]t(,/5('x07 X1y enens xk—l)a -xk> )
where * = (deg’ xo)(deg’ x1 + - - - + deg’ xz).

(4) Foreachx; € C[1]

d_,
—m
dr k,ﬂ(xl Xk)

ki
23) LD DR W Y G AP CIUNIE. VP CYRMOND B9

k1+ko=k+1 B1+p2=p i=1

ki
— Y Y > mp p @y g, (i) ) =0,

ki1+ko=k+1 B1+pr=p i=1
Here * = deg’ x| + - - - + deg’ x;j_1.
5) m}ao is independent of ¢. cf{’o =0.
(6) m; g has degree 1. ¢ ¢ has degree 0.

REMARK 3.1. In case C is the de Rham complex of a manifold L, we define the
smoothness in (1) above in a slightly different way. Namely it means that if x; are smooth
differential forms on L then m,’(’ ﬁ(xl, ..., Xr) is a smooth differential form on [0, 1] x L.

DEFINITION 3.2. (1) (C, (), {mg g}, {m_1 g}) is said to be an inhomogeneous cyclic
filtered Ao algebra if (C, (-), {my g}) is a cyclic filtered Ay, algebras and m_; g € R. We
also assume m_j o = 0.

2) (C, (), {mf{’ﬁ}, {c;wg}, {mil’ﬂ}) is said to be a pseudo-isotopy of inhomogeneous
cyclic filtered A, algebrasif (C, (-), {m,’(’ﬁ}, {cf{ﬁ}) is a pseudo-isotopy of cyclic filtered A oo
algebras,

t>mly g

is a real valued smooth function and if
d
Tl > Aehp (D.mf g (1) =0.

t

Bi+B2=p

Let (C, {-), {m}c’ ﬂ}, {cfa ﬂ}) be a pseudo-isotopy of cyclic filtered Ao, algebras. We consider
cyclic filtered Ao algebras (C, (-), {mg’ﬂ}) and (C, (-), {miﬁﬂ}). By [5, Theorem 8.2] there
exists an isomorphism

(25) ¢ =c(1;0) : (C, (), {m) g}) = (C. (). {my gD

of cyclic filtered A, algebras. (Namely ¢ is a filtered Ao homomorphism which has an
inverse, and which preserves inner product in the sense of [5, Definition 8.3].) It induces

¢t M(C, {mg’ﬁ}) — M(C, {m,i,,g})

(24)

by [7, Theorem 4.3.22]. The main result of this section is as follows.



COUNTING PSEUDO-HOLOMORPHIC DISCS 705

THEOREM 3.3. We have
(26) () + Y TEPml  =w')+ > TFFmd
BeG BeG
PROOF. We also constructed
c(t; 0) : (C, (), (my g} = (C. (). {mf 4 )
in [5, Definition 9.4] . It is an isomorphism and depends smoothly on . We put

b(O) = ¢t 0(0) =3 > T *Pept: 0., b)
k=0 BeG \jf—/
and
f@O) =¥ @)+ Z TEB)
BeG
(27) o
- Z ﬁ<m;<(b(t)’ b)), b)) + Z TEB) !
k=0 + =

where mj =3 5 ¢ TE(/S)mk (We will also use ¢ =} 5.6 TE® p-) We calculate the
derivative of f(¢). The derlvatlve of the first term is:

> <dm;‘ b, ... b®) b(r>>
k+1\ dt U ’
k=0
=1 , db(1)
(28) +l;m<mk(b(t),..., 7,...,b(r)),b(r)>
<1, db(1)
+ ]; Y <mk(b(t), . b(1)), —>
The sum of the 2nd and the 3rd terms of (28) is:
Z<m;(b(t), L b(1)), %> =0
k=0

by cyclic symmetry and the Maurer-Cartan equation of b(¢).
We calculate the 1st term by using (23) and obtain:
ki—1

—Z > Z <ckl(b(t) b(z),qu(b(t),...),...),b(z)>

k=0 ki+hy=k+1 i=0 ;

(29) .
(o) 2— 1
DD 1<mk2(b(t)  b(1), ¢ (b(D). ...), ...),b(t)>.
k=0 ki+ky=k+1 i=0 +
We have

(€, (ool (D), .. ), ., b(D) = (¢ (b(D),...), ml_(b(0), ...))
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and
(mfcz(. . c;q ®@),...),...), b)) = (mzz(b(t), L), ch ®@),...))
= —(ch b@),...), m}cz(b(t), ..2)
by cyclic symmetry and [5, (56)]. Therefore (29) is equal to

(30) =D G, ). m, (b))

k=0 ki+ky=k+1
Using the Maurer-Cartan equation for b(¢) we find that (30) is equal to

(co(1), mg(D)) .
By (24) this cancels with the derivative of the 2nd term of (27). Namely f(¢) is independent
of t. O

DEFRINITION 3.4. Let (C, (-), {mk g}, {m_1,4}) be an inhomogeneous cyclic filtered
Ao algebra. We call the function ¥ : M(C; Ay) — A, defined by

W(b)=w'b)+ Y TFPm 4
BeG

its superpotential.

4. Geometric realization. Let M be a 3 x 2 dimensional symplectic manifold with
c' (M) = 0 and L its relatively spin Lagrangian submanifold with vanishing Maslov index.

For 8 € Hy(M, L; Z) let My (B; J) be the moduli space of stable J holomorphic maps
v:(X,0X¥) — (M, L) from a bordered Riemann surface X' of genus 0 with connected
nonempty boundary 9 X', and with k£ boundary marked points that respect the counter clock-
wise cyclic order of the boundary, such that v is of homology class 8. (See [7, Definition
2.1.27].)

In [5, Theorem 1.1], we defined a G-gapped cyclic filtered Ao, algebra (A(L), (-),
{m,{’ ﬁ}) on its de Rham complex. Here G is the monoid generated by the subset {f Nw; B €
Hy(M, L;Z), My(B; J) # ¥} of R>o. In this and the later sections, in the geometric sit-
uation, we denote by G the submonoid of Hy(M, L; Z) generated by {8 € Hy(M,L;Z);
My (B; J) # 0}, and put E(B) = B N w, by abuse of notation.

We also proved [5] that the pseudo-isotopy type of (A(L), (-), {m,‘c” ;3}) is independent of
the choice of J, perturbations, etc. The main result of this section is as follows.

THEOREM 4.1. If J satisfies Assumption 1.1, then there exists mil,ﬁ € R such that
(A(L), (), {m,{’ﬁ}, {mil,ﬁ}) is an inhomogeneous cyclic and gapped filetered A algebra.

Moreover the pseudo-isotopy type of it depends only on M, L, J and is independent of
other choices involved in the definition.

PROOF. Letev = (evy,...,evi—1) : My(B;J) — L¥ be the evaluation maps at the
boundary marked points. (See [7, Subsection 2.1.1].)

In [5, Theorem 3.1 and Corollary 3.1], we proved the existence of a Kuranishi structure
of My (B; J) with the following properties:
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(1) Itis compatible with the forgetful map
€2 forget o : Mr(B; J) = Mo(B: J).

(See [5, Section 3] for the precise definition of this compatibility.)

(2) For k > 1 the evaluation map evy : My(B; J) — L is weakly submersive, in the
sense of [7, Definition A1.13].

(3) [Itisinvariant under the cyclic permutation of the boundary marked points.

(4) We consider the decomposition of the boundary:

M8 H = | U

(32) I<i<j+1<k+1B1+p2=p
M _iv2(B2; DNevy Xev; Mi—jriv1(B1; J).

(See [7, Subsection 7.1.1.]) Then the restriction of the Kuranishi structure of My1(8; J) to
the left-hand side coincides with the fiber product Kuranishi structure in the right-hand side.
(5) We consider the decomposition

(33) IMo(B; ) = ( U MiB2: 1) ewp Xewy Mi(Bi: J))) /2.
Bi+B2=p
Then, the fiber product Kuranishi structure on M (B2; J) evy Xevy M1(B1; J) (Which is well-
defined by (2) coincides with the pull back of the Kuranishi structure to d Mo(8; J).
We remark that in general the decomposition of the boundary of d M(8; J) is given by

IMo(B; J) =< U MBI ewp Xewg Mi(Bis J)))/Zz
Bi+pr=p

(34) i
U JMSB: T) i xu L
B

Here Mﬁl(ﬁ ; J) is the moduli space of stable maps of genus zero without boundary, one
marked point and of homology class E € H>(M; Z). The sum is taken over all 8 € H»(M; Z)
which goes to § by i : Hy(M;Z) — Hy(M, L;Z). (See [7, Proposition 3.8.27] for the
second term of the right-hand side.) By Assumption 1.1 the 2nd term of the right-hand side
of (34) is an empty set.

Let Eg > 0. Then in [5, Theorem 5.1 and Corollary 5.1], we proved the existence of a
system of continuous families of multisections on the above Kuranishi spaces My (8; J) with
B N [w] < Ep with the following properties:

(1) The families of multisections are transversal to 0.

(2) It is compatible with the forgetful map (31). (See [5, Section 5] for the precise
definition of this compatibility.)

(3) For k > 1 the evaluation map evy induces a submersion of its zero set, in the sense
of [5, Definition 4.1.4].

(4) Itis invariant under the cyclic permutation of the boundary marked points.

(5) Itis compatible with the identification (32).
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(6) Itis compatible with the identification (33).
Let p; € A(L) (i =1, ..., k) be differential forms on L. In [5, Section 6] we defined
(35) m;fjg(m, covs i) = Corr(My11(B; J); ((evy, ..., ev), evp)) (o1 X -+ X k) .
Here the right-hand side is the smooth correspondence associated to the above continuous
family of perturbations. (See [5, Section 4].) (Note that (35) depends on the choice of family
of multisections. The symbol s is put to clarify this dependence.)
We next define mif g Let pt be the space consisting of one point. We have an obvious
map tri : Mo(8; J) — pt. Note A(pt) = R. Moreover
dim My(8; J) =dimL — 3+ u(B) =0.
Therefore we have an R linear map:
Corr(Mo(B; J); (tri, tri)) : R — R.
DEFINITION 4.2. For 8N [w] < Eo, we put
m{’ﬁﬁ = Corr(Mo(B; J); (tri, tri))(1) € R.

In [5, Definition 6.5] we defined a notion of cyclic filtered A, algebra modulo 7£0. Tt
is defined in a similar way as cyclic filtered A, algebra but we require filtered A, relation
and cyclic symmetry only modulo 7 £o.

DEFINITION 4.3. (1) An inhomogeneous cyclic filtered A algebra modulo T 0 is

(C, (). {mip 1 E(B) < Eo}, {m_1,55 E(B) < Eo})

such that (C, {-), {mg g; E(B) < Ep}) is a cyclic filtered A algebra modulo TEo and
m_1 s €R.
(2) A pseudo-isotopy of inhomogeneous cyclic filtered Ao algebra modulo T 0 is

(C, (), {mfc,,g; E(B) < Eo}, {C;w3§ E(B) < Eo}, {m’,l,ﬁ; E(B) < Eo}),
where
(C, (), {m/’c,,g; E(B) < Eo}, {c;{’ﬁ; E(B) < Eo})

is a pseudo-isotopy of cyclic filtered Ao, algebras modulo TEo (namely (22), (23) hold for
E(B) < Ep) and (24) holds for E(B) < Ej.

The modulo 7 £0 version of Proposition 2.7 and Theorem 3.3 can be proved by the same
proof.

(A(L), (), {m,{:é IR {mi’f’ ﬂ}) which we defined above is an inhomogeneous cyclic filtered
Ao algebra modulo 750,

PROPOSITION 4.4. (A(L), (), {m,{:é}, {mi’f’ﬂ}) is independent of the choice of a Ku-

ranishi structure and a family of multisections s satisfying the properties listed in this section,
up to pseudo-isotopy of inhomogeneous cyclic filtered A algebras modulo T Fo.
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PROOF. Let us take two different choices of a system of Kuranishi structures and of
families of multisections. We consider [0, 1] x M (8; J) and evaluation maps

ev = (evy,...,evg—1) : [0, 1] x My(B; J) — L, ev, 1 [0, 1] x My (B; J) — [0, 1].

As in [5, Section 11 Lemmas 11.1 and 11.2], we have a system of Kuranishi structures and
continuous families of multisections on [0, 1] x My (8; J) with the following properties:

(1) The families of multisections are transversal to 0.

(2) Itis compatible with the forgetful map [0, 1]x (31).

(3) For k > 1 the evaluation map

(evy, evg) : [0, 1] x Mp(B;J) = [0,1] x L

is weakly submersive and induces a submersion of the zero set of family of multisections, in
the sense of [5, Definition 4.1.4].
(4) They are invariant under the cyclic permutation of the boundary marked points.
(5) Itis compatible with the identification

0. 11 x oM (: = U
I<i<j+1<k+1 Bi+pr=p
[0, 11 x (M j—is2(B2; Devy Xev; Mi—j+i+1(B1; J))
which is induced from (32).
(6) Itis compatible with the similar identification induced from (33).
(N
evy : [0, 1] x Mo(B; J) — [0, 1]
is weakly submersive and induces a submersion on the zero set of family of multisections, in
the sense of [5, Definition 4.1.4].
(8) Attty = 0,1 the induced Kuranishi structures and families of multisecitons on
{to} x My(B; J) coincide with the given two choices of Kuranishi structures and of families
of multisections.
In [5, Section 11], we defined a pseudo-isotopy of cyclic filtered A, algebras as follows.
Let p1,..., px € A(L). We put

Corri ([0, 1T x Myy1(B; J); ((evt, ..., evr), (evr, evp)))(p1 X - -+ X pr)

36
(36) =p@)+dtno(t),
and define

We next define mil PR Let tri : [0, 1] x Mo(8; J) — pt be an obvious map to a point.
We take 1 € A%(pt) = R and put the 0-form on [0, 1]

(38) Corry ([0, 1] x Mo(B; J); (tri, ev;))(1) = p(2) .
We then define
(39) m’ = p(t).



710 K. FUKAYA

LEMMA 4.5. (A(L), {-), {m]twg}, {cf{’ﬁ}, {mt—l,ﬂ}) above defines a pseudo-isotopy of

inhomogeneous cyclic filtered A algebras modulo T Eo.

PROOF. In [5, Section 11] it is proved that (A(L), (-), {mf{’ﬂ}, {c/tw?}) is a pseudo-
isotopy of cyclic filtered A, algebras modulo T £0. Therefore it suffices to check (24).
Let0 <1 <t <1. We have:

a([t1, 2] x Mo(B; J))
= ({t1, 2} x Mo(B; J))

U ( U (([r1, 2] X M1(B2: I)) (evp.ev) X (evprevg) (L1 121 X Mi(Bi; J))))/Zz-
Bi+p2=p

We now apply Stokes’ formula ([5, Proposition 4.2]) to a closed O-form 1 on the zero set of
multisections on [#1, t;] x Mo(B; J) and obtain:

mtfl,ﬁ _mtil,ﬂ = Z f (0.5, (1), m g, (1))dlt

Bi+pr=p
By taking t, derivative we obtain (24). a
The proof of Proposition 4.4 is now complete. o

We thus proved modulo T£0 version of Theorem 4.1. We next prove the following inho-
mogeneous version of [5, Theorem 8.1].

LEMMA 4.6. Let0 < Eg < Ej and (C, {-), {mf{’ﬂ}, {m"_l’ﬂ}) be a G-gapped inho-
mogeneous cyclic filtered A algebra modulo TEi,fori =0, 1. Let (C, {-), {mf{’ﬁ}, {c;wg},
{m’ 8 }) be a pseudo-isotpy of G-gapped inhomogeneous cyclic filtered A, algebras modulo
T Eo between them.

Then, (C, {-), {mg’ﬂ}, {mgl’ﬂ}) can be extended to a G-gapped inhomogeneous cyclic
filtered Ao algebra modulo TE' and (C, (-), {m;(’ﬂ}, {cf{’ﬂ}, {m” g}) can be extended to a
pseudo-isotpy of G-gapped inhomogeneous cyclic filtered Ao algebras modulo T between
them.

PROOF. We may assume that GN[Eyp, E1) = {Ep}. In [5, Theorem 8.1] the extension to
the cyclic filtered Ao, algebra modulo 7Z! and the extension to the pseudo-isotopy of cyclic
filtered A, algebras modulo TE1 are obtained. So it suffices to find m’_ 1.8 for E(B) = E.
We define

mo =l Y / (ch 5, (1) 5, (D)t
Bi+p2=

It is easy to check (24). O

We next construct a gapped inhomogeneous cyclic filtered Ao, algebra

(A(L), ()7 {mk,ﬂ}’ {m—l,/s}) .
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Let E; be asequence 0 < --- < E; < Ej4+1 < ---. We obtain a sequence
(AL, (). mp g). (ml ) gD, i=1.2,...

of inhomogeneous cyclic filtered A, algebras modulo 7 £i. By Lemma 4.5 we have a pseudo-
isotopy of inhomogeneous cyclic filtered A, algebras modulo T £

(40) (AL, (), tmglgh, {eg), {mE D)

between (A(L), (-}, {m} g}, (m' | ;}) and (A(L), (-), tmi Sy}, im0,

We can then use Lemma 4.6 in the same way as [5, Section 12] and [7, Section 7.2],
to extend (A(L), (-), {m};’ﬁ}, {m"_l’ﬂ}) to an inhomogenuous cyclic filtered A, algebra and
to extend (A(L), (-), {mi’fﬂ}, {c;;”tﬂ}, {m"_’tlﬁ ﬂ}) to a pseudo-isotopy of inhomogeneous cyclic

filtered Ao, algebras between

extension of (A(L), (-}, {my_ g}, {m' | z}) and (A(L), (-), {mi*g}, tm™ ).

These two extensions are isomorphic to each other.

Therefore we have (A(L), (-), {m,{:é}, {mi’f’ﬂ}).

We can prove that the pseudo-isotopy type of (A(L), (-), {m,{:é } {mf’f’ 8 }) is independent
of the choice of system of Kuranishi structures and continuous families of multisections in the
same way as [5, Section 14] by working out the inhomogeneous version of pseudo-isotopy of
pseudo-isotopies. We omit the details of it. Instead, we complete the proof of Theorem 1.2
directly without using the inhomogeneous version of pseudo-isotopy of pseudo-isotopies but
using only the result of [5, Section 14] and ones of this paper.

Let (A(L), {-), {mf{f ﬂ}, {m"_’lﬁ ﬂ}) be an inhomogeneous cyclic filtered A, algebra mod-

ulo 7% obtained by alternative choices. This sequence induces (A(L), (-), {m,{’gl}, {mi’f/ﬁ}).

By Proposition 4.4, we can show that for each i we have a pseudo-isotopy modulo 7 i
between two inhomogeneous cyclic filtered Ao, algebras (A(L), (), {mfa ﬂ}, {mi 1. ﬁ}) and

(AL), (), Am g}, fm”} 4]). We denote it by (A(L), (), fmy'g), {cpg), fm) o).

By [5, Theorem 14.1], this pseudo-isotopy modulo 7% extends to a pseudo-isotopy of
cyclic Ay, algebra. (We do not use the fact that it extends to a pseudo-isotpy of inhomoge-
neous cyclic A, algebras here.) Therefore by [7, Theorem 4.3.22], we have an isomorphism

(i) : MCACL), g} Ay) = MCAL), (mf ) A) .

On the other hand, since (A(L), {-), {m;'c’fﬁ}, {cf{’fﬂ}, {m’;”1 ﬂ}) is a pseudo-isotopy modulo
TEi of inhomogeneous cyclic filtered A, algebras, the modulo 7% version of Theorem 3.3
implies

(41) W ((f)«(bi): J) = W (b J) mod T .
Fori > j, we have isomorphisms

(ci.j)w t MCA(L), {m] g} Ay) = MA(L), {mj g}: Ay)
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and
(¢; )= - M(A(L), {mifﬂ}; Ay) = M(A(L), {m;{/’ﬁ}; Ay).
They are induced by the pseudo-isotopies of filtered A, algebras. (We obtain it from (40) by

the method of [5, Section 14]). Using the fact that (40) is a pseudo-isotopy modulo TEi of
inhomogeneous cyclic filtered A, algebras, we have

@2) (S| )abi): ) =W (b: J) mod TE | W ((c;j)a(b)): J) = (b'; J) mod TE,

where b; € M(A(L), {mf{’ﬂ}; Ay) and b) € M(A(L), {m;;{ﬂ}; AL).
Furthermore the construction of pseudo-isotopy of pseudo-isotopies in [5, Section 14]
implies

(43) (Fi)« o (Ci,j)* = (Cg,j)* © (f/)* .
We remark that there exists an isomorphism

(€ s MCAL), (m] 4} Ap) = M((AL), ), Im{5), (m”] ) Ap)
such that (¢;)« o (¢;, j)« = (¢;)+. We also have

(st MCAL). {m] g} A1) = MAL), (). Aml5 ) (w5 o h: A)

such that (¢})4 o (c;’j)* = (C/j)*-
Moreover by (42) we have

(44) W ((¢))x(b)); J) =W (b;; J) mod TE U ((c)x(b)); J) =W (b;; J) mod TE

Suppose f(b) = b'. (Namely b = (¢;)«(bi), b" = (¢})«((f1)«(bi)).)
Then (41), (43), (44) immediately imply

) =w(kh;J) mod TE .

Since this holds for any E;, we proved Theorem 1.2.(3). The proof of Theorem 1.2 is now
complete. O

5. Relations to canonical models. In [7, Subsection 5.4.4] and [5, Section 10], we
can

defined a canonical model (H, (:), {mk,ﬂ}) of a G-gapped cyclic filtered A, algebra (C, (-),
{mk g}). Here H is the m o cohomology of C and H = H ®g Ag. We regard H C C
by taking an appropriate representative. Then H C C. (Note we assumed C is either fi-
nite dimensional or the de Rham complex A(L).) We also constructed a G-gapped cyclic
filtered Aoc homomorphism §f : H — C, which is a homotopy equivalence. Suppose that
(C, (), {mg g}, {m_1 g}) is an inhomegeneous G-gapped cyclic filtered Ao algebra. In this
section, we will define mc_a{l’ p SO that f. : M(H; A;) — M(C; Ay) preserves the superpo-
tentials.

To define mc_a{" g We need some notations. We use results and notations of [5, Sections 9
and 10] in this section.

Let 7 be aribbon tree. (We always assume that 7 is connected.) Let Co(7) be the set of
vertices. We assume that we have its decomposition Co(7) = C(i)m(T) U CSX‘(T) to interior
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vertices and exterior vertices. Let 8(-) : C(i)m(’T) — G be a map to a discrete submonoid G
of REO'

DEFINITION 5.1. We denote by Gr~(k, B8) the set of I' = (7, C(i)m(’T), CS’“(’T),
B(-)) such that: (1) Zvec(i)m(T),B(U) =B. 2 #CS“(T) =k+ 1. 3)If B(v) = 0, then
v has at least 3 edges. (4) If v € CSX‘(T) then v has exactly one edge.

The automorphism group Aut(I") of an element I' = (7, CI"(T), CSY(T), B(-)) of
Gr~(k, B) is the set of isomorphisms ¢ : 7 — 7 of ribbon trees which preserve the decom-
position Co(T) = CI'(T) U CS*'(T) and satisfies the relation B(¢ (v)) = B(v).

We define Gr(k, B) as in [5, Definition 9.1]. Namely its element is an element of
Gr~ (k, B) together with a choice of a base point which is an exterior vertex.

We remark that k = —1,0, 1, ... in Gr™ (k, B). The case k = —1 is included. We also
remark that the automorphism of a rooted ribbon tree is trivial.

Let (v, e) be a flag of I', that is a pair of an interior vertex v and an edge e containing v.
Letb € H'. We are going to define m(I"; b) € R.

Let 7y, ..., 7; be the irreducible components of I" \ v. We number them so that ¢ € 7y
and they respect the counter clockwise cyclic order of R?. Together with the data induced
from I, the tree 7; defines an element (I, v) € Gr(k;, Bi). Here the base point of (I}, v) is
v forall i.

DEFINITION 5.2.

m(I", v, e; b) = (my go)(Fryv) b, ... )y oo Fy (D oo D)) Frpwy (D, .., D))
Here f(r,v) is defined in [5, Section 10]. We put m(I, v, e; b) = 0 if I" has no interior vertex.

We remark that there is no sign in Definition 5.2, since the degree of b after shifted is
even.

LEMMA 5.3. m([l, v, e; b) is independent of v and e and depends only on I" and b.

This is [5, Proposition 10.1]. Hereafter we write m(/"; b) in place of m(I", v, e; b).
In case ¥ has exactly one interior vertex v, no exterior vertex, and 8(v) = B, we define

(45) m7;b) =m_; g
where I' = (T, {v}, 4, B()).
DEFINITION 5.4.
can _ _md)
M-1.p = Z #Au(l)
reGr=(—1,8)

We remark that we write m(I") instead of m(I"; b), since in the case of I' € Gr—(—1, B)
there is no exterior vertex and hence b never appears.
(H, {-), {mi‘:‘g}, {mc_a{l’ /5}) is an inhomegeneous G-gapped cyclic filtered A, algebra. Let

g M(H; Ay) —> Ay
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be its superpotential. The filtered Ao, homomorphism§f: H — C induces f, : M(H; Ay) —
M(C; Ay) by

(46) eb) =S TEO i 4b. ... b).

k=0 BeG
The main result of this section is:
THEOREM 5.5.
47) Y (f4(b)) = ¥ (b) .

REMARK 5.6. We consider the case of C = A(L) with H'(L; R) = 0. Then since
H! = 0, the set M(H; Ay) consists of one point 0. Therefore M(C; A4 ) also consists of
one point. The invariant of Corollary 1.3 is the value of the superpotential at this point.
Theorem 5.5 implies that this invariant is

TE®
(48) DL TED DD Fau(r) "

BeG BeG reGr—(—1,8)

PROOF OF THEOREM 5.5. Letb € H} = H' ®r Ay. We define

00 TE®)
(49) @ (b) = Z Z Z mm(]"; b)e Ay .

k=—18€G r'eGr-(k,p)
LEMMA 5.7.

@ (b) = v (D).
PROOF. In view of Definition 5.4 it suffices to prove:

m(I; b)

(50) (M (b, ... by by =k +1) Y FAGD)

reGr=(k,p)
We will prove (50) below.
Let I € Gr=(k, B). Let {vg, ..., vk} = CSX‘(F) such that vy, . .., vg respect the coun-
terclockwise cyclic order of R?. Let ¢; be the unique edge containing v;. We define v, by
de; = {v;, v;}. Then (I, v;) is a rooted ribbon tree with root v;, for each i.

By the definition of miag given in [7, Subsection 5.4.4], we have:

k
wenp, =y Y M b)
SR : #Au(r)
reGr=(k,g) i=0

Here m(r,,,) is as in [7, Section 10].

This is because (I', v;) € Gr(k, B) and (I, v;) is the same element as (I, v;) in Gr(k, B)
if and only if there exists an element of ¢ € Aut(/”) such that ¢ (v;) = v;.

Moreover

(M) (B, ..., b), b) =m(I,vj, ei3 b,
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where the right-hand side is defined in Definition 5.2. (See also [5, Definition 10.1].) By
Lemma 5.3, that is [5, Proposition 10.1], m([", v;, e;; b) is independent of i and is m(I"; b).
This implies (50). The proof of Lemma 5.7 is complete. a

The next proposition completes the proof of Theorem 5.5. ]

PROPOSITION 5.8. Ifb e /\7(H; Ay), then we have:

(51 P (D) = ¥ (§+(D)) .
PROOF.
LEMMA 5.9.
TE®)
DT Pmopt 30 e up(a®), 0, 1 D)
(52) B#0 4, B)#(1,0)

o TE®
=2 ) D S HC M D).
#Aut(I)
k=—1B€G IreGr-(kp)
PROOF. Let I' € Gr~(k, B) and (v, e) be its flag. (We are considering the case when
I" has at least one edge.) We obtain the irreducible components Iy, ..., I of I" \ v as before.
By definition we have

(53) My g Far,vy@s - D)s oo f 0By oo D) 0Dy ..., b)) =m(T; b) .

We remark that the left-hand side of (53) is independent of (v, ¢) by Lemma 5.3 or [5, Propo-
sition 10.1]. If we take the sum of the right-hand side of (53) over all I', v with weight
TE®) /#Aut(I") then we obtain the sum of the terms k > 0 in the right-hand side of (52).
(Note (I, v) may be isomorphic to (I', v") by some element of Aut(I"). We take the sum over
I'eGr=(k+1,8)andv € C(i)m(F), and not over the isomorphism classes of (I, v).)

We claim that the sum of the left-hand side of (53) over the pairof I" € Gr~(k + 1, B)
and v € C)"(I"), with weight TE®) /#Au(I") is

TE®)
(54) > T s (e B): - (D), 1))
(,B)#(1,0)

To prove this claim, we first remark that the automorphism of (I, v, e) is trivial. There-
fore, for each given I € Gr~(k + 1, B) and its frag (v, e), we have

# O, e); (v, ) = (v, e)) = #Aut(IN) .

On the other hand, the number of choices of e for given I', v is [ 4+ 1. Hence (54).

Finally we remark that the first term of (52) is equal to the sum of the right-hand side in
the case k = —1 and I" has no edge, by (45).

We thus obtain (52). O
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LEMMA 5.10.

(m1,0(F (D)), fx(b))

(55) 3 e
_ 5 ——#C™(YmM(I"; b) .
IO Faur) oL M)
k=—1B€G I'eGr=(k,B)

Here Cilm(F) is the set of interior edges. (We say an edge is an interior edge if it does
not contain an exterior vertex.)

PROOF. Let (v,e)beaflagof I € Gr™ (k, B) such that e is an interior edge. We define
w/ (I, e, v; b) as follows. Let T(z)), 7(/1) be the irreducible components of I" \ e such that T(é))
contains v. We put 7(g) = T(é)) Ue, T(1y = T(’l) U e. Using the data induced from I, the trees
'T(o), 7’(1) induce (F(o), U/) € Gr(k(o), ,3(0)), (F(l), v) (S Gr(k(l), ,3(1)). (The roots of F(()),
Iy are v and v, respectively.) We define

(56) m' (I, e, v; b) = (m10(f(ry).0) (b, - - - D)), f(rgy v (Bs - .-, D)) .
SUBLEMMA 5.11.
(57) wm' ([, e, v;b) = —m(; b).

PROOF. We use [5, Lemma 10.1], its proof and notations there, during the proof of
Sublemma 5.11.

Let I', v, e be as in Sublemma 5.11. We put de = {v,v'}. Let Ty, ..., T, be the irre-
ducible components of I" \ v'. We number them so that v € 7y and it respects the counter-
clockwise cyclic order of RZ. 7; together with the data induced from I becomes (I, v'),
whose root is v’. By definition

I'jy=nuU---Ul,Ue.
Therefore by the definition in [5, Section 10], we have

(58)  Firuy By o b) = (G oMy ) Geryuy B - BYs oo f(rty (s -, D)) .
Therefore
(59) m' (I, e, v;b) = ((my,00 G omy, gw)) Gy vy ... D), ...,

f(rv) (s - D)), f(rigy ) (D, .., D))

By [5, Lemma 10.1] we have
(60) mi 0o G = —G omy o+ I1 — identity .

Since v is an interior vertex, then either 8(v) # 0 or v has three or more edges. Therefore
(F(()), V) € Gr(k(()), ,3(())) with (k(()), ,3(())) # (1, 0). It follows that f(r(o)’v)(b, ...,b) eImG.
We remark that

(ImG,ImG +ImIT) =0.
Therefore
m’(F, e, v, b) = —(mm,,g(vz)(f(pl,v/)(b, ey b), ey f(rm’v/)(b, ey b)), f(p(o)’v)(b, ey b))
= —m(I; b),
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as required. The proof of the sublemma is complete. a
Lemma 5.10 now follows from Sublemma 5.11. O
Since I' is a tree we have #C(i)m(F) — #Cilm(l“) = 1. Therefore Lemmas 5.9 and 5.10

imply Proposition 5.8. a

Using the proof of Theorem 5.5 and [5, Section 9], we can prove the following:

THEOREM 5.12. If two gapped inhomogeneous cyclic filtered Ao, algebras are
pseudo-isotopic to each other, then so are their canonical models.

We omit the proof since it is a straightforward analog and we do not use Theorem 5.12
in this paper.

6. Wall crossing formulas. In this section we prove Theorem 1.5. We first review
the definition of the numbers n(L; «; J) in (7) in more detail.

We remark that n(L; «; J) is a rational number since we can use multi (but finitely
many) valued section of ./\/lﬁ1 (o; J) to define it. (The argument to do so is the same as [10].)

On the other hand, to prove Theorem 1.5 we need to choose a perturbation of M‘il(oz; T)
so that it is compatible with the one of My (8; J). Here

(61) M8 ) = | 11} x Me(B; T

tel0,1]

Since we use a continuous family of multisections to perturb My (8; J), we need to use a
continuous family of multisections also for Mfl (a; J). Actually this is the way taken in [5,
Sections 3 and 5].

There exists a Kuranishi structure and a continuous family of multisections on
M‘il(a; J) with the following properties:

(1) The evaluation map

(62) (evs, ev'™) Mfl(ot; J)—[0,11x M

is weakly submersive.

(2) The continuous family of multisections is transversal to 0 and (62) induces a sub-
mersion on its zero set.

(3) The image of the restriction of (evy, evim) to the zero set of the continuous family
of multisections is disjoint from {0, 1} x L.

This is [5, Lemmas 3.2 and 5.3]. Let tri : Mfl(oz; J) — pt be the trivial map. We use
the above continuous family of multisections and define

(63) Corr(MS!(a; 7); (tri, ev'™))(1) € A(M) .
(63) is a smooth differential form of degree

dimg M — dimg MS(a; ) =6 — 6+ c' (M) N[a] +2 -6+ 1) =3.
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DEFINITION 6.1. We put:
n(L;a; J) = / Corr(/\/lfl(a; J); (tri, ev™))(1) € R .
We also define: "
n(L;o; J;t) = /LCorr(M?(a; J) Nev, ([0, 1]); (tri, ev™)) (1) € R.

The submersivity of (ev;, evim) implies that n(L; «; J; t) is a smooth function of 7.

THEOREM 6.2. In the situation of Theorem 1.5, (A(L). (). {m{%}, {m% 4 is
pseudo-isotopic to (A(L), (-), {m,{fﬁ}, {mfl’/S + A(B)}) as inhomogeneous gapped cyclic fil-
tered Ao algebras. Here

AB) = Y nLif ).
Biix(B)=B
PROOF. We consider the moduli space (61) and the evaluation map
(evr, ev) = (evy, e, . .., eve_1) : Mi(B: T) — [0, 1] x L¥.

By [5, Section 11] we have a system of Kuranishi structures and families of multisections on
M (B; J) for B Nw < Eyp, with the following properties:

(1) The families of multisections are transversal to 0.

(2) They are compatible with the forgetful map

(64) forgety o : Mr(B; J) — Mo(B; J) .
(3) For k > 1 the evaluation map
(evr, ev) : My(B; J) — [0, 1] x L

is weakly submersive and induces a submersion of the zero set of the family of multisections,
in the sense of [5, Definition 4.1.4].
(4) They are invariant under the cyclic permutation of the boundary marked points.
(5) Itis compatible with the identification

M Do I U U
t€[0,1] 1<i<j+1<k+1 Bi1+pr=B
{t} x M j—iv2(B2; Jt)evy Xev; Mi—jrit1(B1; 1)),
which is induced from (32). (Note the difference between the right and left hand sides is the
part t = 0, 1, which appears in (8).)
(6) We consider the inclusion:

I Mo(B; ) D( U M2 ) evrewy X cen ey M1 B T ))>/ ”
B1+p2=p
ul U 8 x MBI xu L)
1€l0.1]1 i, (B)=8

(65)
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Then the Kuranishi structures and the families of multisections are compatible with (65). We
use the Kuranishi structure and families of multisections on Mﬁl(ﬁ ; Jr) which is explained in
this section for the second term of the right-hand side of (65).

(7) The evaluation map, ev; : Mo(8; J) — [0, 1] is weakly submersive and induces a
submersion of the zero set of the family of multisections, in the sense of [5, Definition 4.1.4].

(8) At = 0,1 the induced Kuranishi structure and families of multisections on
Mp(B; T) Nev, ! ({ro}) coincides with the given choices of the Kuranishi structures and the
families of multisections on My (8; Jy,).

This is mostly the same as the one we used in the proof of Proposition 4.4. The only
difference is the second term of (65). It appears since the fiber product ./\/lfl (,5 3 T )ppint Xm L
can be nonempty in the situation where we consider a one parameter family of almost complex
structures.

We now define m}c’ﬂ, C;c,,s for k > 0 in the same way as (36), (37) using M (8; J) in
place of [0, 1] x My(B; J).

We finally define m’ 1,p a8 follows. We take 1 € A%(pr) = R and put the 0-form on
[0, 1]

(66) Corry (Mo(B; J); (tri, evy)) (1) = p(2)

and define

(67) mp=p0O+ Y nlLipi T,
Biin(B)=8

We can prove (A(L), (-), {m}c’ﬂ}, {cfaﬂ}) is a pseudo-isotopy of gapped cyclic filtered A
algebras modulo 7 ©0 in the same way as [5, Section 11].

To prove (A(L), (-), {m}c’ﬂ}, {cf{ﬁ}, {mil’ﬁ}) is an inhomogeneous pseudo-isotopy of
gapped cyclic filtered A, algebras modulo 7 0 it suffices to prove (24). Let0 <1 <, < 1.
We have:

I(Mo(B: T) Nev; ' ([, 12]))
= ({t1} x Mo(B; Ji)) U ({t2} x Mo(B; Jp,))
(68) U Uﬁ1+/32=/3 (Ml(lg2§ J) (evy,evy) X (evy,evp) Ml(ﬁl? J)NnN evfl([tls 53]
Z
Ul U 8 x MBI xu L)
teltr.nl i (B)=p
We apply Stokes’ theorem ([5, Proposition 4.2]) to obtain:

(69) m? L —ml = ) / (ch.p, (1), my 5, ()t
Bi1+p2=

Here the sum of the 1st and the 3rd terms of (68) gives the left-hand side of (69).
We obtain (24) by differentiating (69).
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We remark
mbyp=ml g+ > i B ).
Biis(B)=p
The proof of Theorem 6.2 is complete. (Actually we need to go from modulo 7 £0 version to

Theorem 6.2 itself. We omit the proof of this part since it is the same as the one for Theorems
1.2 and 4.1.) O

7. Convergence. In this section we prove Theorem 1.4. Actually most of the ideas of
the proof is in [5, Section 13]. Let b = b | Xi€;i, where €; is a basis of Hl(L; R). We put

i=

yi = e*. For B € Hy(M, L; Z) we define 9; 8 € Z by 9; 8 = 98 N e; and define

by
0;
(70) Y =TT
i=1
THEOREM 7.1. We regard the superpotential ¥ (b; J) as a function of x; then we have:

(71) W)= T md oy
BeG

Theorem 1.4 (1) follows immediately from Theorem 7.1.

PROOF. Let p be a closed one form on L. By definition we have

(m{ (0., p), P)
= Corr(Mg(B; J); (tri, (evy, ..., evg, evp)))(p X -+ X p) € Ao(pt) =R.

Then, by the same argument as the proof of [5, Lemma 13.1], we have

1
<m1{,/5(,0, e, ,0), ,O) = F(’O N aﬂ)kJrlmil’ﬂ
Theorem 7.1 follows easily. .

We turn to the proof of Theorem 1.4 (2). We take a Weinstein neighborhood U of L.
Namely U is symplectomorphic to a neighborhood U’ of the zero section in T*L. We choose
81 so that forc = (c1, ..., ¢cp,) € [-31, +811%1 the graph of the closed one form Zf;l cie; is
contained in U’. (Here we take a de Rham representative of ¢; € H '(L: R) and regard e; as a
closed one form.) We send it by the symplectomorphism to U and denote it by L(c). We may
take 8, < &y so thatif ¢ = (c1,...,cp) € [, ~|—82]bl then there exists a diffeomorphism
F.: M — M so that

(72) Fo(L) = L(c),
(73) (F¢)sJ is tamed by w .

Then we have an isomorphism

(74) Mo(L(c); (F)«(B); (Fe)«J) = Mo(L; B3 J).
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We can extend this isomorphism to their Kuranishi structures and families of multisections on
them. We can then use Proposition 5.8 and (74) to obtain:

J _ o (Fo)sd
(73) ML = M (R (). L)
Here we include L and L(c) in the notation to clarify the Lagrangian submanifold we study.
Theorem 7.1 and

BN @] = (F)u(B) Nlw] = Y cidif

(See [5, Lemma 13.5].) then imply:
(76) Y (y: L(c); (Fe)« () =¥ (y(0): L: J),

where we put y(c); = T~ “y;. In (76) we include L in the notation of the superpotentials to
clarify the Lagrangian submanifold we study. We regard the superpotential as a function of y;
by using Theorem 7.1.

Since the right-hand side converges in A{y1, ..., Y5, yfl, e, y;ll)), it follows that
¥ (y(c); L; J) converges for ¢ = (c1, ..., cp,) With |¢;| < §. This implies Theorem 1.4 (2).

Theorem 1.4 (3), (4) follows from Theorem 1.2. The proof of Theorem 1.4 is
complete. 0

Once the convergence is established, Propositions 2.3, 2.7 and Theorems 3.3, 4.1, 5.5 are
generalized in the same way to our larger domain of convergence.

8. Concluding remarks.
8.1. Rationality and integrality.

CONJECTURE 8.1. In the situation of Corollary 1.3 we have ¥ (0; J) € Ag.

We remark that a filtered A structure on H (L) is constructed in [7] over Agnov. In [5]
and in this paper, we work over R coefficient to use a continuous family of multisections and
the de Rham theory for construction. This is the reason why we can not prove Conjecture 8.1
by the method of this paper. A possible way to approach this conjecture is to use the theory

of Kuranishi homology by Joyce [14].

CONJECTURE 8.2. There exist integers oé € Z for each B € Hy(M, L; Z) such that

can /(. _ =27 BNw . J
(77) we; J) = Z AT} .
deZi:p/deHy(M,L;Z)
This is an anolog of the corresponding conjecture for Gromov-Witten invariants of genus

zero. (See [11].) The factor d ~2 js discussed in [17]. There is a discussion on this conjecture
in [19].

8.2. Bulk deformations and generalizations to non Calabi-Yau cases etc. In this
paper we assumed dimg M = 3, c'(M) = 0, uz, = 0. This assumption is used to define
m’ 1. Namely it is used to show that the (virtual) dimension of Mq(8; J) is 0. We may use
bulk deformations ([7, Section 3.8]) to obtain a numerical invariant in some other cases, as
follows.



722 K. FUKAYA

We consider the moduli space M x(B; J) of bordered stable J-holomorphic curves of
genus zero with [ interior marked points and k boundary marked points, one boundary com-
ponent and of homology class 8. Let o1, . . ., o7 be closed forms on M. We may consider

Corr(M;,0(B; J); (ev™, tr)) (o1, ..., 00) € A*(pt) =R

ifx=n+u(B)—3+2/—> dego; =0.

We obtain similar numbers by considering M; ¢ (8; J) and differential forms on L. The
algebraic structure behind this ‘invariant’ is not yet clear to the author. So the study of them is
a problem for future research. Another case where a numerical invariant is defined is the case
when M is a toric manifold and L is its 7" orbit. In that case M; x(8; J) for B € Hy(M, L; Z)
with Maslov index > 2 only is related to our structures. See [8] and references therein for this
case.

8.3. The case of real points. We assume dimcM = 3 andlett : M — M bea
J-anti holomorphic involution. We assume that L = {x € M ; t(x) = x} is nonempty. Then
it becomes a Lagrangian submanifold. We assume L is t-relatively spin. (See [9] and [6,
Chapter 8] for its definition.) (If L is spin then it is T-relatively spin.) Then in [9] and [6,
Chapter 8 Sections 34 and 38], we constructed m,{’ 8 such that

(78) m a1 x) = D L),

where % = ZOSstk deg x; deg’ xj. (See [6, Theorem 34.20] and [9, Theorem 1.5].) We can
combine the construction of [9] with the one in [5] and can define an inhomogeneous cyclic
filtered Ao algebra (A(L), (-), {m,{’ﬂ}, {mfl’ﬂ}) satisfying (78). Moreover mfl’ﬁ satisfies

J J
(79 Motz = M-18"
Then its superpotential satisfies
(80) U(=b;J)=¥(D;J).
In particular b = 0 is a critical point.

CONJECTURE 8.3. The critial value W (0; J) is equivalent to a special case of the
invariant by Solomon [20].

We can prove ¥ (0; Jo) = W (0; Jp) if there exists a family of almost complex structures
J; such that t.J; = —J;. In fact we can show

81) n(L; B; J) = —n(L; . B; J)

for such 7 = {J;}. (See [9, Subsection 6.4].)

If we can generalize this construction in the way suggested in Subsection 8.2, it seems
likely that we can reproduce the invariants of Solomon and Welschinger [24] and
Pandharipande-Solomon-Walcher [19].

The superpotential we defined in this paper is also likely to be related to the numbers
studied by Walcher [23]. (For such a purpose we need to include flat bundle on L. In fact
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in [23] it seems that several flat connections are used to cancel the wall crossing term which
appears in (8).)

8.4 Generalizations to higher genus and Chern-Simons perturbation theory.
The right-hand side of the formula (48) has obvious similarity with the invariant of Chern-
Simons perturbation theory ([1]). It seems very likely that we can combine two stories to
obtain an invariant counting the number of stable maps from bordered Riemann surface with
arbitrary many boundary components and of arbitrary genus. Its rigorous definition is not
known at the time of writing of this paper. The author is unable to do it at the time of writing
this paper because of the transversality problem. Here we describe some ideas and explain the
difficulty to make it rigorous.

Let 7 be a ribbon graph. Namely it is a graph together with a choice of cyclic order
of the sets of edges containing each vertex. It uniquely determines a compact oriented 2
dimensional manifold X' (7") without boundary and an embedding i : 7 — X(7) such that
the cyclic order of the edges is induced by the orientation of X'(7) and that the connected
components of X' (7) \ 7 are all discs. (We do not assume that 7 or X' (7)) is connected.)

Let Co(7) be the set of vertices and let | = #Co(7). For v; € Co(7), let k; be the
number of edges containing v;. Let e; 1, ..., ¢; x; be the set of such edges. The set of the pair
(vi, e j)wherei =1,...,1, j=1,...,k; is called a flag. Let F1(7) be the set of flags.

We next consider a compact oriented 2 dimensional manifold X' with boundary d.X. We
assume dX has at least [ connected components 9; X', i = 1,...,[/ and on 9; ¥ we put k;
boundary marked points. There may be other components of X, on which we do not put
boundary marked points. (We remark that we do not assume that X' is connected.) Each of
the boundary marked points thus corresponds to an element of F1(7).

Let 8 € Hy(M, L; Z) where M is a 6 dimensional symplectic manifold with c'(M)=0
and L its relatively spin Lagrangian submanifold such that H'(L; Q) = 0. We consider
the pair (j, v) where j is a complex structure on ¥ and v : (X,9%Y) — (M,L)is a j-J
holomorphic map. Let M (X'; 8; L; J) be the moduli space of such pairs. (We take the stable
map compactification. It has a Kuranishi structure of dimension #F1(7").) The evaluation map
at each boundary marked points gives

(82) ev: M(X;B;L; J) —> L)

We next consider the operator G : A(L) — A(L) of degree +1 as in [5, Lemma 10.1].
We can associate a distributional form G on L x L of degree 2 such that

(G(u),v):/é/\(uxv).

(See [1].) For each edge e of 7 we have 7, : LT L2, that is the projection to the
factors corresponding to (v, e), (v/, ) where de = {v, v'}. We now ‘define’

(33) m(7; E;ﬁ;L;J)=/ ev*< 1_[ ”f(é)>.
M(Z;8;L5 ) eeC\(T)
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To define the right-hand side of (83) rigorously, we need to take an appropriate perturbation
of our moduli space M(X; 8; L; J) and use it to define its virtual fundamental chain.

The case when the genus of ¥ is 0, X has only one boundary component, and 7 is a
tree, is worked out in this paper and [5]. In that case, it is important to find a perturbation
so that it is compatible with the process to forget boundary marked points. As we remarked
in [5, Remark 3.2], the way we constructed such a continuous family of multisections in this
paper and in [5] uses the fact that the genus of X' is 0. So it can not be directly generalized to
higher genus case.

If we can find an appropriate way to rigorously define (83), we then put

(84) W(S.T:L: )=y S xEFHAEONTANlny (T, 3: i L1 ).
7.2

This is expected to become an invariant of M, L, J.

Here X#X'(7) is defined as follows. For each v € Cy(7) we remove a small ball B(v)
centered at v from X (7°). We then glue d B(v;) with the i-th boundary component of X. We
thus obtain X'#X'(7) which is a compact oriented 2 dimensional manifold with or without
boundary. x (X#X (7)) is its Euler number. We take the sum for 7, X' such that X#X(7)
is connected. (Here the sum is over the topological types of X and 7. We actually need to
divide each term by the order of the appropriate automorphism group in a way similar to (48).)
S is a formal parameter which is called the string coupling constant in physics literature.

PROBLEM 8.4. Let M, L, J be a triple of symplectic manifold M, its relatively spin
Lagrangian submanifold L and its tame almost complex structure J, such that dimL = 3,
c'(M) = 0 = pr, HY(L; Q) = 0. Define an invariant ¥ (S, T; L; J) so that at T = 0
it becomes perturbative Chern-Simons invariant and at S = 0 it becomes the invariant of
Corollary 1.3.

REMARK 8.5. The study of Chern-Simons perturbation theory suggests that we need
to fix a framing of L in order to obtain an appropriate perturbation.

When we generalize the story to the case H'(L; Q) # 0, we need to consider the case
when 7 has exterior vertices and X has a boundary marked point on the component other
than / components 9; ¥. In that case we expect to obtain a certain algebraic structure on
H'(L; Ag). We believe that involutive-bi-Lie infinity structure [4] is appropriate for this pur-
pose. More precisely this is the case when at least one element of H'(L; Q) is assigned to
each of the connected component of the boundary. (In genus 0 it corresponds to my g with
k > 0.) If we restrict to such cases, the wall crossing phenomenon (the J dependence) does
not seem to occur. Namely the algebraic structure is expected to be independent of J up to
homotopy equivalence. (This is certainly the case of genus zero as is proved in [5].)

8.5. Mirror to Donaldson-Thomas invariants. Let M be a symplectic manifold of
dimension 6 and ¢! (M) = 0. We consider the set Lag(M) of pairs (L, [b]) such that L is a
relatively spin Lagrangian submanifold with u; = 0 and [b] € M(L; J; Ag).
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We say (L, [b]) ~ (L', [b']) if there exists a Hamiltonian diffeomorphism F : M —
M such that L’ = F(L) and F,(b) is gauge equivalent to b’. Let £ag(M) be the quotient
space. The quotient topology on Lag(M) is rather pathological. Namely it is likely to be non-
Hausdorff in general. We also need to take an appropriate compactification of this moduli
space by including singular Lagrangian submanifolds, for example. (Such a compactification
is not known at the time of writing this paper.)

On the other hand, we can define a ‘local chart’ of Lag(M) as follows. Let (L, [bo]) €
Lag(M). We take § > 0 small so that for L(c) with c = >_ c;e;, |ci| < 8, there exists F, as
in (72), (73). We consider

A@) ={(1, ..., yp); yi € A, Jv(yi)| < 8}.

Then a neighborhood of (L, [by]) is identified with the set of (y1 ..., ym) € A(J) satisfying
the Maurer-Cartan equation

(0.¢]

(%)E: }: TP m] 4(b.....b) =0, where b = log(y)er + - + log(ym)en -

k=0 BeHy(M,L;Z)
We remark the equation (85) is well-defined by Theorem 1.4.

yi = €% =Ty with ¢; = v(y;) then b’ = } " log y'e; and L(c) defines an element of
Lag(M; (F¢)«J). (See Section 7 and [5, Section 13].) Using the independence of the Maurer-
Cartan scheme of almost complex structures, we obtain an element of Lag(M) = Lag(M; J).
In this way the set M(L; J)s in Theorem 1.4 can be glued. Its union can be identified with
Lag(M). Each of M(L; J)s is arigid analytic space and the glueing maps are morphisms of
rigid analytic spaces. Thus, one may regard Lag(M) as a kind of ‘non-separated rigid analytic
stack’.

We remark that the equation (85) is equivalent to

V¥ =0.

Thus our situation is similar to the one which appears in Donaldson-Thomas invariants.
(Thomas [21], Joyce [13], Kontsevich-Soibelman [16].) There the role of the superpotential
is taken by the holomorphic Chern-Simons invariant.

PROBLEM 8.6. (1) Find an appropriate stability condition for the pair (L, [b]) and
use it to construct a moduli space Lag® (M) of stable pairs (L, [b]) which has better properties
than Lag(M).

(2) Define an invariant which is the ‘order’ of £ag® (M) in the sense of virtual funda-
mental cycle.

(3) Prove that it coincides with Donaldson-Thomas invariant of the Mirror manifold of
M.

It seems to the author that this problem is very difficult to study at this stage.
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REMARK 8.7. After [5] had been put on the arXiv and at the time of final stage of
writing this article, a paper [12] was put on the arXiv, where a different construction of a
similar invariant as the one in Corollary 1.3 (over Q) is sketched.
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