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QUANTUM REIDEMEISTER TORSION, OPEN GROMOV-WITTEN
INVARIANTS AND A SPECTRAL SEQUENCE OF OH

FRANCOIS CHARETTE

ABSTRACT. We adapt classical Reidemeister torsion to monotone Lagrangian submanifolds
using the pearl complex of Biran and Cornea. The definition involves generic choices of
data and we identify a class of Lagrangians for which this torsion is invariant and can be
computed in terms of genus zero open Gromov-Witten invariants. This class is defined by

a vanishing property of a spectral sequence of Oh in Lagrangian Floer theory.

1. INTRODUCTION AND RESULTS

Lagrangian quantum homology QH (L) is an invariant associated to a closed monotone
Lagrangian submanifold in a tame symplectic manifold (M,w), see [BC0O9b]. This invariant
can vanish, for example if the Lagrangian can be displaced from itself by a Hamiltonian
isotopy, as is the case for any Lagrangians in C", in which case L is called narrow. A
variant of this construction associates a quantum homology to every field representation
w: Hy(M, L) — F*, denoted by QH?¥(L), and it often happens that the latter vanishes for
most ¢ (e.g. monotone toric fibers), even when L is not displaceable.

All known examples of Lagrangians behave in one of the following two ways: either
QH?(L) = H(L;F), where H(L) is the singular homology of L and the isomorphism is
not assumed to be canonical. In this case, L is said to be ¢-wide. The other extreme possi-
bility is QH¥(L) = 0, in which case L is called p-narrow and ¢ is a narrow representation.
This latter class of Lagrangians is the main character of this paper. Relevant definitions will
be given in the next sections.

Classically, Reidemeister torsion is an invariant extracted from the Z[m(X)]-equivariant
cellular complex of the universal cover X of a CW-complex X. It is a secondary invariant,
meaning that it is defined precisely for representations 71 (X) — F* for which the equivariant
cellular homology vanishes. In particular, the Euler characteristic of X vanishes, y(X;F) =
0. It has been used to classify 3-dimensional lens spaces up to homeomorphism and plays
an important role in the classification of manifolds, via the s-cobordism theorem. For an
account of that theory and more, see for example Cohen [Coh73], Milnor [Mil66] or Turaev
[Tur01].
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In this paper, we adapt Reidemeister torsion to the pearl complex of p-narrow Lagrangians,
which we call quantum Reidemeister torsion. This is rather direct over a field, although the
homological algebra involved is that of periodic chain complexes (i.e. with a Z/2Z grading),
rather than bounded chain complexes, as explained in §2 and 3.

Somewhat surprisingly, when trying to adapt the construction over rings, in order to
recover the more general notion of Whitehead torsion, one runs into algebraic difficulties
due to the cyclic grading and it is not always possible to define a notion of torsion for such
complexes, at least it is not clear to me how to do so. See §2.3 and 3.6 for more on this.

Other notions of torsion have been used in symplectic topology, although they were con-
cerned with the Floer complex rather than the pearl complex, in the works of Abouzaid-
Kragh [AK16], Fukaya [Fuk97], Lee [Lee03, Lee05a, Lee05b], Suarez [Suald] and Sullivan
[Sul02].

1.1. Main results. Let us first emphasize the following assumption, which will hold through-
out the text: whenever we write a Lagrangian L, we always mean L with a fixed
orientation and a fixed spin structure.

Consider (M,w) a symplectic manifold, convex at infinity whenever it is not compact,
with a closed, orientable and spin Lagrangian submanifold L. We assume furthermore that
L is monotone, which implies that its minimal Maslov index is even and satisfies N;, > 2, as
L is orientable. More precise definitions will be given from §2 onwards.

Our definition of torsion involves various choices of generic data D = (f, p, J), consisting
of a Riemannian metric p on L, a Morse function f: L — R such that (f, p) is Morse-Smale,
and an almost-complex structure J compatible with w. The resulting torsion is denoted by
7((L, ¢), D) € K,(F), see §3. Here, ¢: Hy(M, L; Z) — F* = GL(1,F) is a one dimensional
representation of Hy(M, L) and we assume that the characteristic of ' does not divide the
order of the torsion subgroup of @;H;(L;Z), denoted by Tor(L). The multiplicative group
K (F) =F*/ £ 1 is called the reduced Whitehead group of F. Because torsion is defined at
the chain-level, it is not a priori clear whether it depends on the choice of generic triple D.
In the present paper, we describe a class of Lagrangians for which we can prove invariance
and compute the torsion in terms of genus zero open Gromov-Witten invariants of L. We
postpone the general study of invariance to a future paper. Recall from the work of Oh
[Oh96] that to any monotone Lagrangian L, we can associate a spectral sequence (E*,d*)
using the Floer complex and an energy filtration. Moreover, this can also be twisted by ¢,
see §3.5. We say that L is E%-narrow if the first page of the twisted spectral sequence
has no homology for a representation ¢: Ho(M, L) — F*, which implies that ¢ is a narrow
representation; see Definition 5.0.1. Our main result is as follows.

Theorem A. Let L be a closed, monotone, orientable, and spin Lagrangian submanifold.
Let F be a field such that char F 1 |Tor(L)|, ¢: Ho(M, L; Z) — F* a representation and D
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a generic pearl data triple. Assume that (L,¢) is an EY?-narrow pair. Then the quantum
Reidemeister torsion of (L, @) is independent of the choice of generic pearl data D = (f, p, J)
and satisfies
| Tore,(L)]|
T La ) =
((L.9).D) = (st

Moreover, T(EY? h,®1), as a function of @, can be expressed as a rational function of genus

T(EY, he @ 1) = 7(E%?, Crit.f, h. @ )T(E"?, h. @ 1)

zero open Gromov- Witten invariants of L, weighted by ¢.

Some explanations are in order. Here, Tore (L) (resp. Tor,qq(L)) is the torsion subgroup
of @y Hop(L;7Z) (resp. ®rHokp1(L;7Z)), and their order are non-zero elements of F, by as-
sumption on the characteristic. 7(E%?, Crit,f, h. ® 1) is Milnor’s torsion of page 0 from
Oh’s spectral sequence, see §2.1.1 and §5. Open Gromov-Witten invariants are defined in
§4. Finally, 7(EY¥ h, ®1) is the torsion of the first page, see §2 and 5. The theorem will be
proved and stated again in Theorem 5.0.3, once all the relevant definitions are introduced.

Given g € Symp(M,w) and a spin Lagrangian L, we get a new spin Lagrangian g(L), that
we endow with the orientation and spin structure induced from the ones on L by g. There is
also an action on representations ¢: Hy(M, L; Z) — F* | defined by o g;': Ho(M, g(L)) —

F*. In §5, we will prove:

Corollary 1.1.1. Fiz g € Symp(M,w). Under the assumptions of Theorem A, g(L) is
EY%°9:" _narrow and quantum Reidemeister torsion is invariant under the action of g, that
is, T(L,p) = 7(g(L),p o g 1). In particular, torsion is an invariant of the Hamiltonian

isotopy class of L.

Let us now introduce a special class of E'¥-narrow Lagrangians for which we can do very
explicit calculations. More details are given in §5.1. Assume that L = S?**1 x V C (M, w),
where V' is orientable, spin, and assume that the minimal Maslov number of L is N, =
2k + 2. Let 0 := x x [V] € Hp,_(op+1)(L) denote the fundamental class of V in L. Let
w: Hy(M, L) — F* be a representation such that the associated twisted quantum homology
QH?(L) vanishes, and suppose that we have
(%) rei= Y GWh(o,pt)p(A) £0,

A€H(M,L)
where GWgly(x,y) denotes genus zero open Gromov Witten invariant with two boundary
marked points, going through the cycles x and y, in the homology class A (see §4). The
Maslov index of A must be 2k + 2 and the assumptions imply that L is E'¥-narrow. Our
second main result, stated again in Theorem 5.1.1, is then:

Theorem B. Let L = S+ x V be a closed, monotone, orientable, and spin Lagrangian
submanifold. Let F be a field such that char F 1 |Tor(L)|, ¢: Ho(M, L; Z) — F* a represen-

tation and D a generic pearl data triple. Suppose further that assumption () holds. Then
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L s EY-narrow, the quantum Reidemeister torsion of (L, ) does not depend on D and

Tore,(L)| — — . .
T(L,p) = anxw) € Ky(F), where |Tor.(L)| is considered an element of F*.
‘ TOTOdd(L)’

Corollary 1.1.2. Assumption (x) is satisfied for every narrow representation ¢ whenever

o L=_S' Thent(L,p)=r,".

o L is am-torus, L =S"x S' x --- x S' (m times), where m > 2. Then 7(L,p) =1
o L =S'"xX,, where X, is a closed orientable surface of genus g > 1. Then 7(L,¢) =

2(g—1)
Ty

e L is given by a product Lagrangian embedding S* x V C (S? x X, wg2 ® wx), where
Hy(X,V)=0.

We provide explicit examples in §6 where the coefficient r, is not trivial as an element of
either K(IF) or F*/ £ @(Hy(M, L)). The last case in the Corollary occurs for example if V
is closed and X is the cotangent bundle of V.

Remark 1.1.3. The case L = S x 52 is not covered by our methods. We provide an example
due to Oakley-Usher [OU13] in §6.2. In our subsequent paper [Chal5|, we study quantum
Reidemeister torsion for narrow, orientable Lagrangian 3-manifolds and prove that S* x S?

is indeed E'¥-narrow for every narrow representation.

1.2. Stably-free modules and the pearl complex. Whitehead torsion is a more general
version of Reidemeister torsion defined for acyclic chain complexes over a ring R, classically
the group ring Z[m (X)], where X is a finite CW-complex, see Milnor [Mil66]. Its definition
relies on the fact that the boundary modules of a bounded acyclic complex are stably-free
R-modules. As we point out in §2.3, this fact is no longer true when considering general
cyclic-graded chain complexes. Therefore, in order to define Whitehead torsion for the pearl
complex (as well as the Lagrangian Floer complex) one has to answer the following structural

question:

Question 1.2.1. Are the boundary modules in the pearl complex of a narrow Lagrangian

stably-free?

We discuss this in more details in §3.6, where we prove that over the group ring Z[Hs(M, L)],
the pearl boundary modules are projective.

1.3. Some questions related to Fukaya’s symplectic s-cobordism conjecture. In
[Fuk97], Fukaya sketches a construction of Whitehead torsion, for a pair of Lagrangian
submanifolds (satisfying suitable assumptions that we omit), denoted by 7(Ls, Ls), which is
defined precisely when the Floer homology HF'(Lq, L) of the pair vanishes. He then states

the following striking conjecture:
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Conjecture 1 (Fukaya’s symplectic s-cobordism conjecture). Let L1, Ly be two Lagrangians
submanifolds. Assume that HF(Ly, Ly) vanishes and moreover that 7(Ly, Ly) = 1. Then,
there exists a Hamiltonian isotopy ¢ such that Ly () ¢(L2) = 0.

This leads us to the following questions:

Questions. a. Suppose that L can be displaced by a Hamiltonian isotopy. Does it follow
that 7(L,p) =1 € F*/o(Hy(M, L)) for every representation ¢: Ho(M, L) — F*? Does the
converse hold if quantum Reidemeister torsion is replaced with quantum Whitehead torsion?
b. When L; = Ly, do the above two notions of torsion coincide? In other words, are the

pearl and Floer complexes simple homotopy equivalent?

Given Theorem A, an affirmative answer to the first question would imply very strong
restrictions on open Gromov-Witten invariants of displaceable Lagrangians. The second
question is motivated by the following classical phenomenon in algebraic topology: there are
topological spaces, namely three-dimensional lens spaces, which are homotopy equivalent
(hence have the same homology) but that are not homeomorphic, because they do not have
the same Reidemeister torsion, see [Coh73].

2. THE TORSION OF AN ACYCLIC CHAIN COMPLEX

2.1. Bounded complexes. Following the presentation by Milnor [Mil66], we recall the
definition of torsion of an acyclic chain complex. See also [Coh73] and [Tur01].
The reduced Whitehead group of a field F is the multiplicative abelian group
K(F)=F*/+1,

where F* = F\{0}. Given a finite-dimensional vector space V over F of dimension r and

two bases b = (by,...,b.), c = (c1,...,¢), there is a transition matrix (a;;), denoted simply

bi: E aijcj.

[b/c] = detb/c € K,(F).
This induces an equivalence relation on the set of bases of V', where b = ¢ if and only if
[b/c] = 1.
Let 0 = C,, —» C,,.1 — --+ = 1 = Cy — 0 be a bounded chain complex over a field F
such that each C; has a fixed finite basis ¢; = (¢; 1, ..., ¢ir,). Denote by B; the image of the

b/c, expressing b in terms of c:

Define

boundary morphism d: C;y; — C; and by Z;,; its kernel.
Choose bases b; = (b; 1,...,b;x,) of B; and assume that C, is acyclic, so that Z; = B; and
the Euler characteristic is x(C,) = 0. One then has exact sequences

O Bz Cl d Bifl —— O
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which split since we work over a field. Given splittings s;_1: B;_1 — C;, we get a new basis
of C; obtained by concatenating the bases s;_1(b;—1) and b;, which we write s;_1(b;_1)b;.

Notice that given splittings s,-1 and s,_;, we have [s;-1(b;i—1)b;/c;| = [si_1(bi—1)bi/ci].
Moreover, s;_1(b;—1)b; and s;_;(b;—1)b; are equivalent bases. We will often omit the section
and write simply b;_1b; for the new basis.

Definition 2.1.1. The torsion of the chain complex C, with respect to the bases {¢;} is

n

7(Cu ) = [[Ibimibi/ei] ™ € Ko (F).

i=0
As in [Mil66], if we choose different bases b of B;, we get

n n

(1) L0/ = [T (iaifed s /bi) % (B /i)
i=0 1=0
and the product []7_,([0/b:] * [t /bi_1]) " is equal to 1, so 7 is independent of b;.
Finally, torsion depends on the choice of basis c,, but equivalent bases yield the same
torsion. Indeed, choosing another basis ¢, we get

(2) 7(Cs, €) = 7(Cyci) H[Ci/CQ](_”i

2.1.1. Non-acyclic complezes: Milnor’s definition and torsion subgroups. If C, is not acyclic

and H,(C) has a fixed basis h., then one has the following exact sequences:

(3) O Zz Cz d Bi,1 —— O

0 B; Z; H; 0

which combine to yield a new basis b;_1h;b; of C;.

Definition 2.1.2. The torsion is defined as

n

T(C*, Cyx, h*) = H[hzbzbl_l/q](_l)z S El (F)

1=0

Choosing equivalent bases to ¢, or h, does not affect its value.

Suppose now that C, is a bounded chain complex that is finitely generated as a Z-module.
As above, let B; and Z; be the groups of boundaries and cycles, which are free Z-modules,
say B; = ZM) and Z; = 7', Write H;(C\;Z) = Z'V*O S Z)aZ & - - - & Z/agZ. By

standard algebra for modules over principal ideal domains, one can choose bases of Z; and
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B; such that, in the second exact sequence of (3), we have
7" = B, — Z; =7

az 1 <1< 5(4)

(4) "N L s <1< k)

In other words, there is only one free extension (of a given rank) of H;(C,;Z) by another
free module (of a given rank), and, in the appropriate bases, it is given by the obvious maps

written above.

Remark 2.1.3. Any two basis of a free Z-module are equivalent, since the transition matrix

has determinant plus or minus one.

Now, take a field F whose characteristic does not divide any of the a;’s and tensor both
sequences in (3) with F. This preserves exactness, boundaries, and cycles, by assumption on
the characteristic. Note also that a Z-basis h, of H,(C,;Z)/Tor, called a basis of the free part
of homology, gives a basis of H,(C,;F), denoted by h, ®r 1 or simply h, when the context
is clear. By the remark above, all bases of H,(C,;F) obtained this way are equivalent.

Then, the second sequence above (considered over ) is now free and is still given by (4).
Therefore, we get

5(i)
[(hi ®r 1)bibi—1/c) = HCLJ |TorH;(C,; Z)| € K, (F).

Finally,

(5) 7(C,®F,c, ®1,h, @ 1) H|Tor (CLZ)|

Simply put, torsion equals torsion! In case C, is the cellular or Morse complex of a manifold
X, we will often abbreviate this formula as

| Tore, (X)]

Ci,®@F,c,®1,h,®1 —_—
( ) |TOI0dd(X)|

Remark 2.1.4. Combining Remark 2.1.3 and formula (2), we see that this torsion depends

only on the equivalence class of ¢, and the unique class of h, ® 1.

2.2. Periodic complexes. Consider now a based 2-periodic chain complex Cf,) over a field
IF, with bases cp:

Chy Cloj



The primary example we have in mind is the pearl complex with a cyclic grading, see §3.3.
A similar version using maximal abelian torsion for the Floer complex has been considered
by Lee [LeeOba, §2.2.3].

Given such an acyclic chain complex, we may pick bases b;;) and define its torsion:

Definition 2.2.1. The torsion of a 2-periodic acyclic chain complex is

biyb _
[b11bp0)/ cpo]] € T\ (F).
[bojbp/ cq]

Equivalent bases of Cl,) yield the same torsion.

72(Clys cp) =

Equation (1) still applies to prove that 7, is independent of the choice of bases by;;. Choosing
different sections again leaves 75 invariant.

This torsion generalizes the one defined in the previous section. Given a bounded chain
complex C\, define a 2-periodic complex by setting

(C[o}ac[o]) = @ (Ck cx), (0[1170[1]) = @(Ckack)
k even k odd

with the differential being simply the direct sum of the differentials of C,. Note that x(Cly) =
x(Cy). Obviously, Bjo) = ®% evenBr and Bp) = @, 0aaBr. The split sequences
0 B; Ci Biy —0

N~
Si—1

can be added up by defining sjg) = @Secven, S = DSodd, to yield two splittings

(6) 0 — By Cly — By —=0

8li—1]

After a reordering of the bases, we get block diagonal matrices byjbyg / co] = @k evenbr+10x/
and bjo)bpj/cp) = @k odabr+10k/ck, therefore

T(C*, C*) = 7_2<C[*}a C[*})

Remark. If an acyclic complex has a Z/2kZ-grading, then one can cook up a Z/2Z-graded
acyclic complex out of it, by reducing the grading modulo 2, just as above, hence there is
no need to define the notion for such complexes, 2-periodic complexes are enough for this
purpose. It is not clear how to adapt these definitions to Z/(2k + 1)Z-graded complexes.

2.3. Stably-free modules and Whitehead torsion. It is possible to define the torsion of
free, bounded acyclic complexes with a preferred basis, over rings R satisfying the invariant
basis property (IBP) - e.g. commutative rings and group rings - as an element of the
Whitehead group of that ring, denoted by K;(R). This is ultimately possible because the

boundary modules B; are stably-free (meaning that there exist positive integers s; and k;
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such that B; @ R* = R*), by a simple induction argument. See e.g. Cohen [Coh73, §13] or
[Mil66, §4] for more on this.

Unfortunately, the same procedure does not work for periodic complexes over such rings,
since the boundary modules By; are not automatically stably-free, in fact not even projective,

as the following examples show. Moreover, it is easy to see that By is stably-free if and only
if B[l] is.

Ezamples. (1) Let By be a projective module that is not stably-free over some ring R
satisfying the (IBP) property (these exist), so that there exists a complement By to By
in a free module, i.e. By © By = RF, for some k > 1. Set Clo = Cpy = R* and define
differentials by projecting to each factor

d: C[l] — C[O] o C[O} — 0[1]
(bo, b1) = (o, 0) (bo, b1) — (0,b1)

Then Cl, is acyclic but the boundary modules are not stably-free, since im d = By and

im § = B[l].

(2) Take R = Z[Z/pZ] = Z[t]/(t* — 1), the group ring of Z/pZ, for p an odd prime number.
The polynomials t —1 and 1+t +---+t?~" are zero divisors in this ring. Set Cjo) = Cpj = R
with differentials

d: C[l] — C[g] 0: C[g] — Cm
rert—1) (L4t 4o+ tP71)

This complex is acyclic. The boundaries are R-submodules of R given by Bjg = (t — 1)R,
By = (1+t+---+ tP~1)R. These modules are not projective, hence not stably-free,
since projective submodules of R correspond to idempotents elements of R, and the only
idempotent elements of Z[G], with |G| finite, are 0 and 1, see e.g. Weibel [Weil3, Chapter
1, Example 2.1.2 and Chapter 2, §2, Corollary 2.5.3].

3. THE PEARL COMPLEX AND ITS TORSION

We refer to Biran-Cornea’s papers [BC09a, BC09b, BC12] for foundations and applications
of Lagrangian quantum homology. The version we use here (with oriented moduli spaces of
pearls) is adapted from [BC12].

3.1. Setting. Throughout the text, (M,w) is a 2n-dimensional symplectic manifold that is
connected and convex at infinity whenever it is not closed. The space of w-compatible almost
complex structures on M is denoted by 7.

All Lagrangian submanifolds L C (M,w) are closed and connected. Moreover, they are

endowed with a fixed choice of orientation and spin structure which we do not write.
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Let w: m(M,L) — R be given by the symplectic area of discs and u: mo(M,L) — Z
denote the Maslov index. The generator of the image of p is called the minimal Maslov
index and is denoted by Ny. Lagrangians are assumed monotone, that is, there exists a
constant n > 0 such that

°*w=1pu
ONLZZ

Since L is orientable, N is even and the second condition above follows from the first.

3.2. The 2-periodic pearl complex. Fix a triple D = (f, p, J), where f: L — R a Morse
function, p is a Riemannian metric such that (f, p) is a Morse-Smale pair, and J € J,, is an
almost complex structure compatible with w.

Set

Cr = Cp(D) = Z[Hy(M, L; Z)|{Crity f), k=0,...,n=dimL,

where Crity f is the set of critical points with Morse index k and Z[G] is the group ring of a
group G. We write the Morse index of a critical point z as |x|.
For a generic triple D, the pearl differential is defined by

d: @ Ck(D) — ©1rCr(D)
Crit f> z — Z ( Z #(P(z,y, A))A)y

y€Crit f A€eH>(M,L)
ol [y]— 1+14(4)=0
where #(P(z,y, A)) is the (signed) number of pearls in the homology class A going from =
to y. When p(A) = 0, a pearl is simply a negative gradient flow line of f. This morphism
decomposes as a finite sum

(7) d=dy+d;+...

where dys: C, — Ci—1 is the Morse differential and d;: C, — Ci_14n, counts pearls of Maslov
index iN;. Note that d;’s are not differentials, they need not square to zero, even though
d*> = 0.

Since Ny, is even, k and k — 14 iN, have different parity, hence there is a 2-periodic pearl
complex over Z[Hy(M, L)], defined by

Cr (D) = @ C(D), [¥=0,1

with an induced differential d: Cjy — Cj,—q).
The homology of this complex is called the quantum homology of L, denoted by QHj, (L),
or simply QH (L). Tt is independent of generic choices of D. If QH (L) = 0, we say that L is

narrow.
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3.3. Narrow representations and torsion. Fix a field F and a representation ¢: Ho(M, L) —
F* = GL(1,F). This induces a ring morphism (by convention, ring morphisms map 1 to 1)
¢: Z[H2(M, L)] = F,

so that F becomes a Z[H2(M, L)]-module. This defines a 2-periodic chain complex over F
by setting

CEZ] (D) = C[*] (D) Q7z[Ha(M,L)] F, d*=d®1l1.
As above, the homology of this new complex, denoted by QH?(L), does not depend on D.
If it vanishes, we say that L is @-narrow, which implies x(L;F) = 0.
Lemma 3.3.1. If QH(L) =0, then QH?(L) = 0 for every representation ¢: Ho(M,L) —
F*.

Proof. The complexes Cp,(D) are free Z[Hy(M, L)]-modules. Since QH (L) = 0, the bound-
aries d(Cp,j(D)) are projective Z[Hy(M, L)]-modules, by Proposition 3.6.1. By the universal
coefficient theorem (see e.g. Weibel [Wei94, Theorem 3.6.1}), there is an exact sequence

0 — QHp(L) @zpay (s, F — QHP (L) — Tor ™ MENQHL (L), F) — 0
The second and fourth term in this sequence are null, therefore L is ¢-narrow. U
The set of narrow representations of L over F is defined by
N(L,F) = {p: Hy(M,L) — F* | L is p-narrow} .
We also define
NT(L,F) = {¢: Hy(M,L)/Tor — F* | L is ¢-narrow} .

Picking a basis 21, ..., 2y ) of Ha(M, L;Z)/Tor, we consider N™°(L,F) as a subset of
(F*)22(M.L) Tt is in fact an open subset, by arguments of Biran-Cornea [BC12, §3.1].

Given ¢ € N(L,TF) and D a generic set of data, there is a preferred basis for C[ﬁ] (D) given
by Crit,; f. Proceeding as in §2.2, we have:

Definition 3.3.2. The quantum Reidemeister torsion of the pair (L, ¢) is
T((L7 Sp)a D) = TQ(C[i}(D)v Crlt[*]f) € Fl(F)
It induces a function 7(L, -, D): N¢(L,F) — K,(F).

Remarks 3.3.3. a. Narrow representations do not always exist (for example, take any L with
non-vanishing Euler characteristic over F). However, when N; = 2, narrow representations
can be detected by computing partial derivatives of the Landau-Ginzburg superpotential,
see Biran—Cornea [BC12, §3.3] for more on this.

b. It is possible to give a Z-grading to the pearl complex by introducing a Novikov variable

that keeps track of Maslov indices. However, doing this makes the pearl complex unbounded,
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and the differential becomes periodic. Thus, to define torsion in this context, one needs to
take an infinite product of determinants which repeat themselves every multiple of N;. To
avoid this type of issue, we chose to get rid of the Novikov variable altogether and use a
7, /27-grading.

3.4. Invariance. In this paper, we prove that 7((L, ¢), D) is independent of D, whenever
(L, ) belongs to a certain class that we call E'¥-narrow and which contains tori endowed

with a narrow representation, see §5.

Remark. There are other contexts in which the behaviour of torsion under changes of
data has been studied. See for example Hutchings [Hut02], Hutchings-Lee [HL99] and
Lee [Lee0ba, Lee05b] for finite/infinite-dimensional Morse-Novikov complex of circle-valued
Morse functions. In their context, torsion is not invariant, however its product with a zeta
function encoding gradient periodic orbits is invariant.

Suarez [Suald] studies torsion for exact Lagrangian cobordisms, Sullivan [Sul02] a version
of the Lagrangian Floer complex, and Abouzaid-Kragh [AK16] study torsion for exact La-
grangians. In these contexts, torsion is invariant. Abouzaid-Kragh use the action filtration
to prove this; our Theorem 3.5.1 is a generalization of their methods to the non exact setting.

3.5. Oh’s spectral sequence and a family of chain complexes associated to d;. In
this section, we will briefly need Novikov ring coefficients in order to define Oh’s spectral
sequence [Oh96] in Lagrangian Floer homology. In the pearl context, this corresponds to the
degree spectral sequence of Biran—Cornea [BC09b]. We follow the presentation by Biran—
Membrez [BM15, Appendix A].

Set A = Agp = RJ[t,t7'] the ring of Laurent polynomials in t. We set degt = |t| = —N.
Here, R is a ring, which will be either Z[Hs(M, L)], Z or a field F. Set also

Rt™/Ne =0 mod N,

0 otherwise

Given a generic pearl triple D = (f, p, J), recall from formula (7) that d = dy; +d; +da+. . ..
Squaring this, we get 0 = d%; + dydy + didys + dyrda + d? + dadps + - ... From this, we see
that d; induces a map in Morse homology and this map squares to zero. Expanding on these
ideas, Oh obtained a spectral sequence in Floer homology, which in our context gives the

following

Theorem 3.5.1 (The degree spectral sequence). There is a spectral sequence of algebras
{£;

p,q’
following properties:

° EI(?)#J = CP'HI—PNL (D) ® PpNL; d’ = dy ®1
12

d"; A}, with d” of bidegree (—r,r — 1), called the degree spectral sequence, having the



® El,q = Hpyqpn, (L; R) ® Pyn, d' = dy, @t, where

p

dl*l HT(L, R) — HT‘—1+NL (L, R)

15 induced from d;.

e dy. satisfies the Leibniz rule with respect to the Morse intersection product, i.e. di.(x-
y) = di(@) -y + (1) o - di.(y)

o As the differential has bidegree (—r,7 — 1), {E} ., ”N—tlj
pages. Moreover, it converges to QH(L; A). In particular, when R is a field, we have

d"} collapses after at most |

Ppro=tlpy = QH(L; A)
Remark. The Leibniz property of dj. was first proven by Buhosvky [Buh10].

We will sometimes indicate the Morse function and the triple D when writing Morse
homology, e.g. d¥.: H!(L; R) — H{+NL—1(L; R). From the theorem, we get d2, = 0, thus for

each 0 < k < N — 2, there is a chain complex of (not necessarily free!) R-modules

(8) 0 — H{(L) — H{_y, 5, (L) — - — H{

)(L> —0
We write this family of complexes as (H.(L),dy.). Notice the particular case N, = 2, as
there is a single complex:

dl* dl*
0 —> Ho(L) 2~ H\(L) —> - —— H, (L) 2~ H,(L) —0

We list below a few properties of this chain complex, which will be useful when computing
torsion later on. They all follow from the general machinery of [BC09b] and Theorem 3.5.1.

(Naturality) Given any ring morphism ¢: Z[Hy(M, L)] — F, (E] ,,d"; A) is natural with respect
to the associated change of coefficients. The resulting spectral sequence is denoted
by (B¢, d™; ).

(Independence) di, is independent of D. Namely, first recall that given Dy = (f,p,J) and Dy =
(g9,p',J') two generic pearl data triples, there is a canonical comparison morphism
@3; between the associated pearl complexes which induces a morphism of spectral
sequence. Moreover, this morphism induces, on the first page, yet another map
which coincides with the homology value of the usual canonical Morse comparison
morphisms (see Schwarz [Sch93] for relevant definitions) [®/].: H/(L) — HY(L)
between the respective Morse homologies of f and g, where we omit Riemannian

metrics from the notation, and makes the following diagram commute (over Z or for
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any field representation of Hy(M, L)):

(9) HI(L) Hf_1+NL(L)
[<I>§}*l j[‘bﬁl*
2
HY(L) HY |y, (L)

Using the spectral sequence, one gets:

Theorem 3.5.2 ([Buh10], [Buh09] (Proof of Theorem 1)). Let L™ be a monotone Lagrangian
submanifold whose Morse homology ring is generated by H, 1(L;F) and assume that L is
p-narrow for some representation @: Ho(M, L) — F*. Then Ny = 2 and the chain complex
(H.(L;F),df,) is acyclic. In other words, 0 = EZ¢ = E}¢ = --- = EX%.

Remark 3.5.3. Lagrangians with a homology ring as above are for example tori or S' x X,.
See Corollary 5.1.2.

3.6. Algebraic structure of the pearl boundary modules. In view of the discussion
on stably-free modules in §2.3, we were asking in Question 1.2.1 whether the pearl boundary
modules are stably free. As of now, we cannot answer this question positively, neither can
we find a counterexample. Note that the counterexamples of §2.3 were purely algebraic and

did not make use of geometry. Nevertheless, we can make a first step in the right direction:

Proposition 3.6.1. Assume that L is narrow, QH(L) = 0. Then, the pearl boundary
modules by are projective Z[Hy(M, L)]-modules.

Proof. The proof uses the quantum product over the ring Z[Hs(M, L)] (see Biran—Cornea
[BCO9b]). Recall that given any generic pearl triple D = (f, p, J), there is another generic
triple D’ = (g, p, J') with the following properties:

e The Morse function g has a single maximum, denoted by L,.
e There is a quantum product (over the ring Z[Hy (M, L)])

o: C[k] (ga p,> '],) ®Z[H2(M,L)] C[l}(f> P J) — C[k‘i’l*ﬂ}(f? P '])

which endows Lagrangian quantum homology with a unital ring structure and satisfies
the Leibniz rule with respect to the pearl differentials. Moreover, L, is a chain-level
unit for this product, i.e. L, ox =z, Yo € C(f, p, J).

We denote by dy,d, the pearl differentials of each pearl complex. Note that dy,(L,) = 0 for
degree reasons (see (7)). Since L is narrow, this means that there exists o € Cj,—1j(g) such
that dy(c) = L,. Assume now that y = ds(x), then d;(ooy) = dy(0)oy+(—1)""llood;(y) =
Lyoy+ (=1)"lgo dfc(x) = y. Therefore, left multiplication with o provides a splitting of

dg, which implies that C(f) = Im d & ker d, hence the boundary modules are projective. [
14



4. OPEN GROMOW-WITTEN INVARIANTS AND THE DIFFERENTIAL df,

In this section, we introduce the notion of open Gromov-Witten invariants that appears
in Theorem A. Contrary to absolute Gromov-Witten invariants, defined using holomorphic
spheres (see e.g. McDuff-Salamon [MS04]), care must usually be taken in the open case, as
bubbling of discs is a codimension one phenomenon. In our context however, this does not
happen and the definition is rather straightforward. For a broader view of the subject, where
bubbling issues are present, the reader is referred to Biran-Cornea [BC12], Georgieva-Zinger
[GZ13], Liu [Liu04], Solomon [Sol06a, Sol06b], Solomon-Tukachinsky [ST16], Welschinger
[Well5], etc.

Fix A € Hy(M, L) such that u(A) = N, J an almost complex structure compatible with
w and denote by M(A;J) = {u: (D* SY) — (M,L) | dyu = 0, [u] = A} the space of
J-holomorphic discs in the homology class A. By the work of Lazzarini [Laz11], these are
automatically simple curves, as u(A) = Np and L is monotone. Therefore, for generic J,
M(A; J) is a smooth manifold of dimension dim L+ p(A) = n+ p(A). Our implicit choice of
spin structure on L induces an orientation on this space, by the work of Fukaya-Oh-Ohta-Ono
[FOOO009, Chapter 8]. Moreover, by monotonicity and Gromov compactness for discs (see
Frauenfelder [Fra08]), M(A;J) is a closed manifold and its bordism class does not depend
on J. In other words, given two regular Jy, J; and a generic path J = {J;, t € [0, 1]} between
them, there is a smooth, oriented, closed cobordism between M(A; Jy) and M(A; J;), given
by Usejo,) M(A; ).

There is an evaluation map

evy: M(A; J) x ((SH*N\A)/G — L x L
(u,01,02) = (u(01),u(6:))

where A is the diagonal and G is the group of biholomorphism of the disc acting via the
formula g - (u,61,05) = (uog,g7(01),97(62)). Note that M(A;J) x ((S*)?*\A) is a non
compact manifold of dimension n + u(A) +2 = n + 2 + Np. It represents the space of
J-holomorphic discs in class A with two distinct marked points.

Now, let D = (f, p,J) be a generic pearl data triple. Denote by 1, the negative gradient
flow of f with respect to p. Let € Critf, and define W"(x) = {p € L | limy—,_ ¥4(p) = =}
the unstable manifold of x; it is a non proper submanifold of L. Similarly, W*(x) = {p €
L | limy_,o ¥ (p) = x} is the stable manifold of .

Fix x,y € Critf such that |y| = |2| — 1+ Ny. By genericity of D, the map ev, is transverse
to W*(x) x W#(y). Therefore,

P(x,y, A; D) = evy ' (W"(x) x W*(y))
15



is a zero dimensional manifold; it is the set of pearls from x to y in the homology class
A. By the results of Biran-Cornea [BC09b, §3.4], [BC12, Appendix A], it is in fact a com-
pact orientable manifold, hence there is a well-defined integer #{P(z,y, A;D)}. Recall the
decomposition d = dy + ), d; in (7). Then, over Z[Hy(M, L)],

(10) di(z) =Y (> #{P(z.y. A, D)}A)y

Yy p(A)=Nr

By definition, P(z,y, A; D) also represents the set of J-holomorphic discs in homology class
A, with two distinct boundary marked points intersecting respectively W*(z) and W*(y).

Fix x,y € HJ(L;Z) two Morse homology classes in the free part of H/(L;Z), such that
ly| = |x| — 1+ Np. Write x = > a;x;, y = > bys, with a;,b; € Z, x;,y; € Critf.

Definition 4.0.1. Let L be a closed, orientable, spin, monotone Lagrangian submanifold of
(M,w) and A € Hy(M, L;Z) be such that u(A) = Ny. Fix D = (f, p, J) a generic pearl data
triple and =,y € HY(L;Z) satisfying |y| = |x| — 1+ Ny. The number

GWibh(,y) = > aib#{P(xi,y;, D)} € Z
i,
is called a genus zero open Gromov-Witten invariant in class A, intersecting the cycles x and
v.

Let p: Hy(M, L;Z) — F* be a representation. By formula (10) above, we get the following
interpretation of dy, and df, from §3.5:

Proposition 4.0.2. The differentials on the first page of Oh’s spectral sequences E', B¢
are expressed in terms of open Gromouv-Witten invariants of minimal Maslov index, with two
marked points. Given x € H\y(L; Z) or x € Hjy(L; ), then

di(r)= Y > GWih(zypA |y

YEH |z 14Ny -1 \H(A)=NL

di(x)= Y > GWih(zy)e(A) |y

YEH 1N, —1 \p(A)=Ng

Using the commutative diagram (9), which ultimately relies on the compactness results of
[BCO9Db, §3.4], one obtains:

Corollary 4.0.3. GW({"z(x,y) does not depend on the decompositions © = Y a;x;, y =

> biy;. Moreover, it is independent of the choice of generic pearl data triple D(f, p, J).
16



5. QUANTUM TORSION FOR E'¥-NARROW LAGRANGIANS

Motivated by Buhovsky’s Theorem 3.5.2, we introduce the following class of pairs (La-
grangian, representation of Hy(M, L)), which contains ¢-narrow tori:

Definition 5.0.1. Let (L, ) be a pair where L is a closed, orientable and spin monotone
Lagrangian (and assume these choices are fixed), and ¢ € N(L,F) is a narrow representa-
tion. Then (L, ) is called E'*-narrow if the associated degree spectral sequence satisfies
H(EL?,d') = B2 =0,

Recall that df,([L]) = 0 for degree reasons. Then, we see from the results in §3.5 that
Ef;f = 0 if and only if any of the following equivalent conditions hold:

e The unit [L] € H,(L;F) for the Morse intersection product is in the image of d7,.
e The family of chain complexes given by (H.(L;F),df,) (see (8)) is acyclic.

Assume that char F { |Tor(L)|. For an EM%-narrow pair (L, ¢) as above, each choice of pearl
data D = (f, p, J) yields a family of equivalent bases hf ®r 1 of H/(L;F), given by tensoring
any basis of the free part of H/(L;Z) (which are all equivalent for a fixed f) with I, as
explained in §2.1.1. Since the complex (8) is acyclic by assumption, its torsion relative to
this equivalence class of basis is defined and we denote it by 7(EY¥, D, hf @ 1). The choice

of pearl data triple is also irrelevant:

Lemma 5.0.2. Assume (L, p) is EY*-narrow and suppose that char F t |Tor(L)|. Given
Dy, Dy two generic pearl data triples, we have T(EY?, Dy, hit @ 1) = 7(EY¥ Dy, h2 ® 1).

Proof. First observe that in the commutative diagram (9), the Morse comparison morphisms
over Z and F are related by the formula [@;;]F = [CI);;] z @ 1, by assumption on the charac-
teristic of F. In other words, a basis of the form A/t ® 1 is mapped by the Morse comparison
morphism to a basis h/> ® 1. Finally, writing the comparison morphisms in those bases, we
get matrices such that det([@}z] z®rl) = det[@ﬁ] z = %1, hence changing the Morse function

does not change the value of torsion. 0

Therefore, it makes sense to speak of the torsion of the acyclic complex (8) with respect to
the equivalence class of h, ® 1, which we denote by 7(E“¥, h, ® 1) € K{(F). The following
theorem gives a useful tool to compute quantum Reidemeister torsion, as well as to prove its
invariance, and is the reason we introduced the class of E'*-narrow pairs (L, p). Compare
with Abouzaid-Kragh [AK16, Lemma 2.1]. Recall from §3.3 that 7(L, ) induces a function

7(L,-): {o € NT™(L,F)} — K,(F),

which depends on variables z1, . .., 2y, (a,). Moreover, the representations ¢ such that (L, ¢)
is E¥-narrow form an open subset of N¥¢¢, since their complement is given by the vanishing

of the map dY,: H,11_n, (L;F) — H,(L;F) = F.
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Theorem 5.0.3. Let L be a closed, monotone, orientable, spin Lagrangian and ¢ € N'(L,TF)
a narrow representation, where char F 1 |Tor(L)|. Suppose that (L, ) is an EY?-narrow pair.
Then the quantum Reidemeister torsion of (L, ¢) is independent of the choice of generic pearl
data D = (f,p,J) and satisfies

| Tore,(L)|
T(L,p)=7((L,¢), D) = ————
(L) = 7((Lr9). D) = 1

where T(E%?, Crit, f, h, ® 1) is Milnor’s torsion of E%?. Moreover, the function 7(L,-) is a
rational function whose coefficients are expressed in terms of genus zero open Gromov- Witten

T(B", he @ 1) = 7(E*?, Crit.f, he @ )7 (E", hy ® 1)

invariants of L.

Proof. Assume first that N, = 2. We deal with the general case at the end of Step 1 below.

We also fix D = (f, p, J) a generic pearl data triple and ¢ € N (L,F) a narrow representation.
Recall from §3.3 that we compute Reidemeister torsion 7((L, ), D) with respect to the

equivalence class of bases {c¢;} given by Crit.(f). We will show that one can change this

basis to a more manageable one without affecting the torsion.

Step 1:

Recall from (7) that the differential decomposes as a sum d? =: d = d%, + df + ..., where

d?: Cr — Cg_119;, since we assume Nj, = 2. Moreover, dY; is simply the reduction in F of the

count of negative gradient flow lines between two critical points of consecutive index, induced

by ¢(1z) = 1g, hence it computes Morse homology H{(L;F). In matrix form, d: Cj — Cji_1]

is then:
Ciea Ci Cipo
(11) Cioa|--- df dy O
Civr |-+ df dY dy;
Ciys \-+- df dy df

In case N, > 4, define Co, = Crn, ®Crn, 2P - - @ Crg1)n,—2 and Cots1 = Ciny 41D Cry, 43D
o+ @ Clrs1)N,—1, for k = 0,1,...,n/Nr. Then matrix (11) will look exactly the same as
above, with C; replaced by C; and the rest of the proof will also be the same. To lighten the
notation, we assume that N, = 2 in the remaining steps below.

Step 2: Change the basis of C; to a more manageable one.

Applying the constructions from §2.1.1 to the Morse differential d7,, we get two exact se-

quences of F-vector spaces:

d

(12) 0 pp—

BY, —0

0 BM M H; 0

(2 K3
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The superscript M is used to emphasize that these are the Morse differential boundaries,
and not the pearl boundaries. Pick any basis b of BM as well as the bases h; = hlf ®r 1 of
H;(L;F). We obtain a new basis of C; given by s(h;)bMs(bM,), written sometimes h;bMbM |,
where s denotes sections of the sequences above, which by a slight abuse of notation are
given the same name. Set bﬁ = Dk=i mod 20 and ] = Bk=; mod 2k, ¢ = 0,1. By formula
(2), we have

7(Cg, bOE i) = T((L, 9), D) [ [les/ b b} |

i=0
By formula (5), this yields
[ Toroaa(L)]
7(Cops bRy ) = Torn D) (L #) D)

Our task is now to compute the torsion on the left-hand-side of this equality.
Note that £%% is the Morse complex, therefore

B | Torey (L)

E%? Crit,f,h, ®1) = — 1
T( y LIl f ® ) |T0r0dd(L)|

Step 3: Write dy; in the new basis.
With respect to the bases h;bMbM | the Morse differential d7;: C; — Ci_1 is given by:

S(Hifl) 0 0 0
(13) BM, 0 0 I
s(BM,) 0 0 0

where [ is the identity matrix.

Step 4: Write the matriz for df: C; — C;11 in the new basis.
As noted in §3.5, df induces a map df, on Morse homology. The map df: C; — C; 1 is then,

in matrix form:

s(H;) B s(B))

s(Hit1) [ df, 0 ?
(14) BM, 7 ? 7
s(BM) 0 0 ?

where 7 denote some matrices which do not matter for our purpose.
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Step 5: Find a basis for the pearl boundaries By = Im(d: Cjiy1) — Cpyp).
Using matrices (13) and (14), we see that a part of matrix (11) looks as follows:

Ci—o G Cito
g, 0 720 00
a2 2 200 o1 0
(15) 0 0 ?[0 00
7, 0 700 0 0
Cis1 ds 7 72 200 0
0 0 ?2(0 0 0

Pick a set of linearly independent vectors j, C s(H,(L;F)) that are mapped by df, to a basis
of df,(s(H,)) C s(H,+1). Abusing notation a bit, we say that j, is a basis for the image of
df,. We see, by the shape of matrix (15), that d: C;; — C;_1) is injective on the vector space
spanned by the linearly independent vectors in the set Vi = {s(b2,), j, | r = [{] mod 2}. In
other words, d(Vm) is a set of linearly independent vectors in Cj;_y) and dim B > dim V).

Since L is EY¥-narrow, we have

(16) ker d7¥ = Im(d?,: H,_y(L;F) — H,(L;F)) = Im d}, ¥

Lemma 5.0.4. The vectors in d(V};) span all of By_q), hence provide a basis for the image
of d.

Proof. Since L is g-narrow, we have dimCj; = dim Bj; + dim Bj;_y). Moreover, L is Elv-
narrow, hence dim H, (L) — dimker d;¥ = dimIm d;¥ = dimkerd}"¥. A dimension count

then yields
= Y (dims(B,) + dim H, — dimker dj¥)

r=[i—1]

+ ) (dims(B),) + dim H, — dim ker d}¥)
s=li]

= Z (dim s(BM ) 4+ dim ker d;1"%)
r=[i—1]

- Z(dim s(BM)) + dim H, — dim ker d;¥)
s=[i]

=Y dim H, + dim s(BY' ) + dim s(B")
s=|4)

= Z dim C, = dim Cy).
s=li]
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Therefore, the first inequality is an equality and, since dim By;_q; > dim V}; for each [i], we
get the desired conclusion. O

Step 6: The torsion of (E%* h, ®1).
By assumption on L, we have the following exact sequences:

(17) 0—Imd,"¥ — H.(L;F) — Im ;¥ — 0

which split by a splitting s: Im d}¥ — H, that we fix. Denote ¢; = d,"*(ji_1) the basis (i.e.
a list of vectors) of Im dj,"*. By Lemma 5.0.4, a basis b;_yj of By = Im (d: Cyj — Ci_))
is given by concatenating the vectors in the list ¢;_q; and the vectors d(s(b% )). Therefore,
using the splitting s of the sequence (17), the map s4: Bji_1] — Cj, defined via

qi-1 — 5(Q[i71])
d(s(bfﬁ)) — s(b%)

is a section of d. Reordering the vectors in the basis by in the order indicated by the labels
above matrix (18) (which does not change torsion, since it is an element of F*/ £ 1), we
see that the matrix bgjbpj/ by bf‘g] bf\f} is upper triangular and the relevant diagonal parts of it
look as follows:

df,(Jai-1) Sa(quisr) d(s(b3])) sa(d(s(b{ ,)))

C /- 0 0 0 0 0
1<2(i—1), [[[=0 mod 2
Hy(L; F) e Q2i s(qaiv1) 0 0 0
(18) BY o ? 0 I 0 0
s(B3Ly) - 0 0 0 I 0
sy Gl --- 2 2 2 2

1>2(i+1), [l]J=0 mod 2

There is also a similar matrix for byby/ h[l]bf‘ﬁb% , with go; (resp. s(qaiy1)) replaced with
¢2i—1 (resp. s(qai)). Therefore,

_ | Torey (L)|[boybpy / hioybigy oy _ |Tore,(1)] ﬁ[QkS(Qk-i-l)/hk](_l)k
|TOI“Odd(L) | [b[g]b[l]/hm b%bﬁ] |TOI‘0dd(L)‘ it

B | Tore, (L)
- ’TOI'Odd(L) |

7((L,¢), D)
T(EY, h ®1) = 7(E*%, Crit,. f, h. @ 1)7(E", h, @ 1)

and this proves the first part of the theorem.
Step 7: Open GW-invariants.

The last step of the proof is now simply a matter of unwrapping definitions.
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Fix a generic pearl triple (f, p, J) and a basis h, ® 1 associated to f. Then, by Proposition
4.0.2, df, is represented by a matrix whose entries are

Z GW(fQ(hk ® 1, hi—11n, ® 1)p(A)
A

Finally, a basis for the image of df, is obtained by applying Gaufl algorithm to the matrix
df,. In this algorithm, one performs only rational operations (over F) on the entries of the
matrix. The same holds when taking a section of the sequence (17). Torsion is then obtained
by taking products and divisions of determinants, which are themselves polynomial functions
in the entries of the matrices involved. U

Remark 5.0.5. It seems that the theorem should generalize to yield the following formula:
7((L.¢), D) = [ [ r(E")
k=0

which would prove invariance for all monotone Lagrangians. However it is not clear how to
choose bases for the pages E*¥, k > 2. In the theorem above, there was a canonical choice
of bases given by Crit, f and h, ® 1 on E° and E'. See also [Chal5, Remark 4.2.3] for a

similar discussion.

Proof of Corollary 1.1.1. This is similar to Biran-Cornea [BC09b, Proposition 4.3.1]. The
only difference concerns orientations of the space of pearls, which ultimately relies on ori-
entations of the space of pseudo-holomorphic discs. But our choice of spin structures on L
and g(L) guarantees that orientations are also preserved; this follows e.g. from Cho [Cho04,
Theorem 6.4] or Fukaya-Oh-Ohta-Ono [FOOO09, §8.1.4]. Here are the details.

Fix D = (f,p,J) a generic pearl data triple on L, as well as an orientation and a spin
structure on L, and g € Symp(M,w). Then g.(D) = (fog™ ', (g7)*(p), g Jg; ') is a generic
pearl data triple on g(L). Moreover, with the orientation and spin structure on g(L) induced
from the ones on L by g, using the results of Cho and Fukaya et al. , we obtain a chain-level
identification g: C(L, D) — C(g(L), g«(D)). Therefore, torsion on both sides coincide, as well
as the degree spectral sequences, open Gromov-Witten invariants, etc. 0

We end this section with a useful computational lemma, making more precise the coeffi-
cients of the rational function mentioned above.

Lemma 5.0.6. Let (L, p) be an E?-narrow pair as above and [L] := ([L|z®1) € H,(L;F) =
F denote the fundamental class. Fix 0 € Hyp1-n, (L;F) a preimage of [L] with respect to
dy,. Then a splitting of the exact sequence (17) is given by left-multiplication with o :

s: (Im df, C H,(L;F)) = Hyp1-n, (L; F)
T o

where - denotes the Morse intersection product.
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Proof. This is a simple application of the Leibniz rule in Theorem 3.5.1. Indeed, we have
x = df,(y) for some y, by assumption. Moreover, df,(c-z) = df,(0)-x+(=1)Nt"lo-df, (z) =
di.(0) - z=[L]-x==x O

5.1. A special class of E''**-narrow pairs and their torsion. In this section, we assume
that the monotone Lagrangian L is a product S?**1 x V' C (M,w). Moreover, in order to
apply Theorem 5.0.3, we consider only connected closed orientable V' and we assume that L
admits a spin structure, which is equivalent in this case to V' admitting a spin structure; we
also allow V' to be a point. Let 0 := *® [V] € H,_(2k11)(L; Z) be the fundamental class of V'
in L. We impose the following rather strong restriction on open Gromov-Witten invariants
of L:

Assumption (x): Let ¢: Hy(M, L) — F* be a representation such that df, (o) =r,L, 0 #
r, € IF.

Obviously, L is then EY%-narrow and N;, = 2k + 2. Notice also that

Ty = Z GW(;L}Q(O—7 pt)gD(A)

w(A)=2k+2

by Proposition 4.0.2.

Theorem 5.1.1. Let L = S%**1 x V be a closed, orientable, spin and monotone La-
grangian submanifold. Let ¢: Ho(M,L) — F* be a representation satisfying Assump-
tion (x). Suppose that char F t |Tor(L)|. Then Np = 2k + 2, L is E™-narrow and

| Tor.,(L)| —~x(V) _ 5=
L = — K{(F).
T( 9 §0) | TOT’Odd(L)Vn(p € 1( )

In §6, we will provide non trivial applications of the above theorem and prove the following

Corollary 5.1.2. Assumption (x) is satisfied for every narrow representation ¢ whenever

k=0 and

e V is a point.

o V is a m-torus, i.e. L is a m + 1-torus. Then 7(L,¢) =1

e V is an orientable surface of genus g > 1. Then 7(L, ) = ri(gfl)

o L is given by a product Lagrangian embedding S* x V C (5% x X,wg2 @ wx), where

Hy(X,V) =0.

Remarks. a. The case of S* x S? does not fit the above pattern and will be discussed in §6.2.
b. The second and third cases follow from Buhovski’s Theorem 3.5.2. We will nevertheless

(re)prove them in §6.3.

Proof of Theorem 5.1.1. Let L = S**! x V and assume there exists ¢ satisfying Assump-
tion (x). Note first that, by the Kiinneth formula, we have H,(L;F) = (Hy(S**!) ®

H,(V)) D(Ha1 (S*) @ Hy—(2141)(V)) ”



Let 5,4, i = 1,...,dim H,(V) denote the basis of H,(V;F) obtained by tensoring a basis
of the free part of H,(V;Z) with 1 € F. Recall that all bases obtained in this way belong
to the same equivalence class. Similarly, let * and [S?**!] denote the corresponding bases of
H(S**4,F). Then, a basis of Im (df,: H,_@11)(L) = H,(L)), r < n, is given by the set of

vectors

1
qri = T_df*<* ® ﬁT—(Qk—l—l),i)

©
Indeed, by Assumption (x), we have
1
Qri = r—df*(a (ERan Br—(2k+1),i))
[}
1 1
= —d{.(0) - ([S™"] @ Broorrn)i) = —0 - dL(S™T] @ Brortny.e)
¥ ®

1
=[S ® Br—@kr1) — o i ([S*] @ Br—(2k41).4)
)

Also, notice that by definition of o = *®[V], we have, for any x € H,(L), o-2 € Hy(S**)®
H.(V) C H.(L), which proves linear independence of the vectors ¢,,. To prove that the
vectors span the image, note that the above computation yields

1
—0  Qrioktl; = — * QB
Te T

since 02 = 0. Therefore, the set of vectors ¢r; and ia - Grt2k+1,; provide a basis of H, (L),
where ¢ = 1,...,dim H,(V), j = 1,...,dim H,;9,+1(V). Hence the vectors g,; must span
the image.
Finally, we have the change of basis matrix ¢,s(q,r2k41)/(*® B, + [S* T @ B,—(2k+1)) given
by
{qm} {S(QT+2k+1,j)}
Hy(5) © H,(V) ( . )

H2k+1(52k+1) ® H,_(2641)(V) I 0
1
with determinant m. By Theorem 5.0.3, we conclude that
¢

I Toreo(L)| (v
L - L TN x(V;F)
(L) [Toroaa(L)] #

6. EXAMPLES AND PROOF OF COROLLARY 5.1.2

6.1. The circle. Although it is possible to compute this example using only a perfect Morse
function (by Theorem 5.0.3), we will do everything by brute force since it illustrates how

computations are done in general.
24



Consider first a monotone circle S' C S?) i.e. a circle dividing S? in two parts (or hemi-
spheres) of equal area. Then Hy(S? S') = Z? with generators given by the classes of
the hemispheres, denoted by A and B. Fix a Morse-Smale function f,: S? — R with
Critof, ={y; | i=1,...,n} and Crity f, = {z; | i =1,...,n}, as on Figure 1.

T T2 Ln

Yn

FIGURE 1. f,: S' — R, the "rock-and-roll” function

By varying n, this gives all possible Morse-Smale functions on S!. Fix also a generic
compatible almost complex structure J € 7.
The pearl differential on Z[Hy(S?, S1)](Critf,) is then given by

d(x;) = yio1 — ¥s, d(y;) = (A— B) Zafj

where we used the convention yy = y,. To understand the shape of d(y;), note that, given any
two points on S* (e.g. y; and z;) and any generic J, there is one simple pseudoholomorphic
disc in the class A and minus one in the class B, going through z; and y;, counted with
appropriate signs.
Given ¢: Hy(S? SY) — F*, A — 2z, B + 2z, we get an induced representation
©: Z|Hy(5?%,8")] — F and S* is p-narrow if and only if 7 = 21 — 25 # 0, since d(y;) =1 > z;.
A quick check shows that bases by and b; for d(Crity f) and d(Critof) are given by

boz{yi—yiﬂ]izl,...,n—l}, blzz.f@
i=1

Moreover, splittings of (6) can be chosen as

82[)0-)01 5:b1_>00

%
Yi = Yi+1 = Tita ZSBZ = o
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so that

S(Z ) (Y1 — y2) (Y2 —w3) - (Yn—2— yn—1) (Yn—1 — yn)
(1 : 1 0 0 0
Y2 0 -1 1
o ot — s(b)boco
Yn—1 —1 1
Yn 0 —1
styi —y2) 0 S(Yn—1 —Yn) DT
T / 0 .. 0 1 \
Ta 1

= 8<bo)b1/01
| ;

Ty 1

Finally, we arrive at

(St p) =~ = ! € K(F).

roo2—Z
Note that this holds for any generic triple deﬁnling tile pearl complex, as any Morse function
on S! is like f, for some n, hence 7 does not depend on the choice of generic data, a fact we
knew already.
If ¢ is induced from a representation v: Hy(S*) — F*, 1~ 2z # 1, via ¢ = 0 0 ), where
d: Hy(S?%,SY) — Hy(S') is the connecting morphism, then
1 z z

7‘(51,90):2_%222_1:(z—1)(z+1)

In analogy with the classical notion of Reidemeister torsion (or R-torsion), where one quo-
tients K 1(F) by o(H,(S?%,S1)), we have:

T(Slaso) =

e TA(F)/ £ (8%, 8Y) = Fa(F)/ £ (H(5Y)

22

1

This does not coincide with the usual value of R-torsion for the circle: Ay (S') = ) €
Z E—

F>*/+(H(SY)) (see e.g. [Mil66, §8]). Note however that A, (S?), as a function of z, divides

7(S',¢) (compare with [HL99, Theorem 1.12] or [Lee05a, Corollary 2.3.4]).

Remark. If 3, is an orientable surface of genus different than zero, closed or not, then any
simple closed contractible curve is a monotone Lagrangian L. Moreover, it bounds only one
holomorphic disc of Maslov index two (by assumption on the genus) and, using arguments
similar to the ones above, we get: 7(S',p) = 1 € F*/p(Hy(XZ,,S")) and Ay(S'), as a

function of z, does not divide 1!
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6.2. Narrow S! x S2. In this section, we assume that L = S' x S? is monotone, and we
fix pearl data D given by a perfect Morse function on L. Fix also a narrow representation
0: Hy(M,S' x S?) — F*. In this case the pearl complex is H,(L) = F{ab,a,b, L), where
dega = 1,degb = 2 and ab denotes the intersection product. Notice that Theorem 3.5.2
does not apply to L. Nevertheless, it turns out that L must be E'*-narrow, see [Chal5].

This case is covered by Theorem 5.1.1. We have dy.(b) = d(b) = r,L and 7,(L) = 1> €
K1(F), r, # 0. An explicit example where this happens is given in Oakley-Usher [OU13,
Proposition 8.2], based on Biran’s Lagrangian circle bundle construction [Bir06]. In this
case, L C CP? and there is a single holomorphic disc contributing to r,, therefore

T(S' x 8%, ) =1 €F*/ £ o(Hy(M, L))

In the light of Fukaya’s symplectic s-cobordism conjecture in §1.3, it is tempting to conjecture
that this Lagrangian is displaceable by a Hamiltonian isotopy.

6.3. Proof of Corollary 5.1.2.

6.3.1. The n-torus, n > 2. By Theorem 3.5.2, monotone tori are E'¥-narrow for every
narrow representation ¢ and their minimal Maslov number is two. In this section, we consider
a monotone Lagrangian n-torus L = S x -+ x S! (n times), n > 2 and we fix p € N(L,F)
a narrow representation.
By Theorem 5.0.3, it is enough to compute the torsion of the exact sequence
df. df.
0 — Ho(L) — Hi(L) — -+ —= Hp1(L) —= H,(L) —=0

The Morse homology ring of L is generated by n classes x; € H,,_1(L;F). The unit is denoted
by L € H,(L). Since the above sequence is exact, we have that df,(z;) = r;L, r; € F, and at
least one of the r; is not zero. Moreover, a permutation of the z; will not change the value
of torsion as an element of K (FF), hence we assume without loss of generality that 7 # 0.
Note also that x; is the fundamental class of an n — 1-torus V' embedded in L such that
L = S' x V, therefore L satisfies Assumption (). This proves the second part of Corollary
5.1.2.

Since 7(L, ), a second-order invariant, is always trivial for p-narrow monotone tori, it
would be interesting to know if higher order invariants can be defined and whether they
are trivial or not for such tori. Compare with [Fuk97] and the discussion in §1.3, which
conjectures that there should be no higher-order invariant.

6.3.2. The product of a circle and an orientable genus g surface, g > 2. We consider mono-
tone embeddings of L = S x ¥, where X, is a closed orientable surface of genus g, g > 2

(the case g = 1 was treated in the previous example).
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Fix ¢ € N(L,F) anarrow representation. By Theorem 3.5.2, L is EV*-narrow and Ny, = 2.
As a ring, we have

AF[alvﬁla CI aa/gaﬁ_wz]
04151 == O‘gﬁga O‘iﬁj =0 (Z 7&])

where Ag[z, y] denotes the free graded exterior algebra (over F) generated by x,y. By exterior

H.(L) =

algebra, we mean here that xy = (—1)"~1?D=wDyz since we use the homology product.
Moreover, we have deg a; = deg 8; = degz = 2.

Set df,(ey) = a;L, di,(B;) = b;L, di.(z) = cL, where a;,b;,c € F. Notice that, for i # j
(which is allowed since g > 2), we have 0 = df,(«;f3;) = a;0; — bja;, therefore a; = b; = 0
for all ¢,7. Since L is yp-narrow, the only possibility is that ¢ # 0. The following table
determines df, completely:

x € Hy(L) | df,(z)
L 0
@i, B 0
z cL, c#0
a1 0
;2 —coy
Biz —cfi
a1z cay fy

Notice that z = * x [Sy] and ¢ = Y | GWgk(c, pt)p(A), therefore ¢ satisfies Assumption (x)
and, by Theorem 5.1.1, we have

7(L,p) = 2971 = ¢ xC0) ¢ K |(F).

Of course, determining the exact value of ¢ depends on M and on the Lagrangian embedding
of L.

6.3.3. Split Lagrangian embeddings S* x V' C S? x X, where Hy(X,V) = 0. We consider the
monotone embedding of L = S x V in (M,w) = (5? x X,wg2 ® wx) given by the product
Lagrangian embeddings of S* in S? with a given Lagrangian embedding of V' C X, where V
is closed and Hy(X,V) = 0. We will use the notations from §6.1.

Note that Ho(M, L) = Ho(S?, S')@® Hy(X, V) and the morphisms w, x respect the splitting;
moreover, N = 2. Choosing a (regular!) split compatible almost complex structure, we
see that the only pseudoholomorphic discs with boundary on L are pairs (u,pt), where
u: (D?,8Y) — (52, 5) is pseudoholomorphic and pt is a constant disc in the pair (X, V).
Therefore,

d.(x % [V]) = (A - B)L
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where (A — B) € Z[Ho(M,L)] and A, B are the generators of Hy(S? S'). Hence L is E'-
narrow, since it is ¢-narrow as soon as S* C 5% is. Asin §6.1, set 0 # r, = p(A — B) € F*.

We have dy,(* x [V]) = r,L and L satisfies Assumption (x). Finally, using Theorem 5.1.1,

we get

(L, p) = T;X(VﬂF) € K, (F).

By using the computations from §6.1, we see that this torsion is not trivial as an element of
either K (F) or F* /(Hy(M, L)), provided that x(V;F) # 0. This completes the proof of
Corollary 5.1.2.
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