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Formal groups and quantum cohomology
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We use chain-level genus-zero Gromov—Witten theory to associate to any closed
monotone symplectic manifold a formal group (loosely interpreted), whose Lie
algebra is the odd-degree cohomology of the manifold (with vanishing bracket).
When taken with coefficients in F, for some prime p, the p™ power map of the
formal group is related to quantum Steenrod operations. The motivation for this
construction comes from derived Picard groups of Fukaya categories, and from
arithmetic aspects of mirror symmetry.
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2938 Paul Seidel

1 Introduction

This paper is concerned with aspects of genus-zero Gromov—Witten theory, which are
specifically of interest if one works with integer or mod p cohomological coefficients.
There is a shared context between this and arithmetic aspects of Fukaya categories —
see for instance Alston and Amorim [2], Evans and Lekili [18], Lekili and Perutz [41]
and Lekili and Polishchuk [42] — even though we do not work on a categorical level.
Instead, our constructions will resemble those of certain chain-level structures, and of
cohomology operations, in algebraic topology.

la Background

Gromov—Witten theory on a closed symplectic manifold X can be axiomatized as
a cohomological field theory (see Kontsevich and Manin [38]), which means that
operations are parametrized by Deligne—Mumford moduli spaces of curves. We will
only consider genus-zero curves, where the notion of cohomological field theory is
related to ones from classical topology: namely, one can start with the little disc operad
(May [51, Chapter IV]), then enlarge it to the framed little disc operad (Getzler [28]),
and finally trivialize the circle action (Drummond-Cole [17]) to obtain the genus-zero
Deligne-Mumford operad. It is important for this paper to work on the chain level. An
example of a chain-level construction is the quantum A,—ring structure (Ruan and
Tian [61]), which refines the small quantum product. In abstract terms, this comes
from mapping Stasheff associahedra to Deligne-Mumford spaces, compatibly with the
operad structures.

To define the genus-zero cohomological field theory for a general X, one usually has
to work with coefficient rings containing QQ, because of the multivalued perturbations
involved in making moduli spaces regular. However, in the special case where X is
weakly monotone,! the relevant Gromov—Witten invariants, which count genus-zero
curves with > 3 marked points in a given homology class, can be defined over Z. If
one reduces coefficients to a finite field IF,, there are two obvious constructions of
cohomology operations. One can use the relation with the little disc operad to obtain
analogues of the Cohen operations [14] on the homology of double loop spaces. For
ease of reference, let’s call these quantum Cohen operations. The second approach
is to introduce quantum Steenrod operations, which were proposed in Fukaya [21]
and have attracted some recent attention in Wilkins [74]. These are both facets of a

1 Also called semipositive; see eg McDuff and Salamon [54, Section 6.4].
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Formal groups and quantum cohomology 2939

common story, which involves the equivariant cohomology of Deligne—-Mumford space
with p + 1 marked points, with respect to the action of the symmetric group Sym,,
permuting all but one point.

We take our bearings from both the “one-dimensional” quantum A .—structure and
the “two-dimensional” quantum Cohen and Steenrod operations. To thread our way
between the two, we use another family of moduli spaces, which come from the
convolution theory of Lagrangian correspondences, as in Bottman [6], Bottman and
Wehrheim [9], Fukaya [22] and Ma’u, Wehrheim and Woodward [48]. They map to
Deligne-Mumford spaces, and on the other hand, their boundary structure is governed
by Stasheff associahedra. The effect of using (the simplest of) these spaces is to equip
the set of quantum Maurer—Cartan solutions with a multiplicative structure. After
reduction mod p, that structure will admit a partial description in terms of a specific
quantum (Cohen or) Steenrod operation.

1b Algebraic terminology

Before continuing the discussion, we need to recall some definitions. In a “functor of
points” approach, an object is often described as a functor from a class of “coefficient
rings” to sets. We use the following coefficient rings, familiar from the theory of formal
schemes and from deformation theory.

Definition 1.1 An adic ring is a nonunital commutative ring N such that the map
N —lim, N/N™ is an isomorphism. In other words, (Vs N =0,and N is complete
with respect to the topology given by the decreasing filtration { N""}. Note that one
can adjoin a unit, forming the augmented ring Z1 & N, which contains N as an ideal.

Example 1.2 Standard examples are N = ¢Z[q] (power series with zero constant

m+1  We can also use field coefficients, for

term) or its truncations N = ¢Z[ql/q
instance taking N = ¢q[F,[¢], which simplifies the algebraic behavior slightly. An
example with “unequal characteristic” is N = pZ,, the maximal ideal in the ring of

p—adic integers, where N/N™ =7,/ p™~1.
Definition 1.3 A “formal group” is a functor from adic rings to groups.

This is somewhat weaker than the classical notion of formal group as in Lazard [39]:
there, one imposes additional conditions on the functor, leading to representability
results in an appropriate category of formal schemes. In our application, we will be
truncating what should really be an object of derived geometry, and representability in
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2940 Paul Seidel

the classical sense is not expected to hold. For simplicity, we have chosen to ignore the
issue, resulting in the definition given above.

As mentioned before, adic rings are a standard way to formulate deformation problems;
see Schlessinger [63]. The specific problem relevant for us is the following. Let A be
an Aoo-ring; see Section 2c¢ for our conventions. Given an adic ring N, let A ® N be
the inverse limit of tensor products A ® (N/N™). We consider solutions y € A! ® N
of the (generalized) Maurer—Cartan equation

(1-1) S ...y =
d=1
Two such solutions y, 7 are considered equivalent if there is an 4 € A° ® N such that
q

17
1 —= ~
(1-2) PPN GO R T) =y -
p.q

Definition 1.4 MC(A; N) is the set of equivalence classes of Maurer—Cartan elements
in A ® N. This is functorial in N, giving a functor MC(A) from adic rings to sets.

If N2 =0, (1-1) reduces to uh()/) =0, and (1-2) to ;L}l(h) =y —7. Hence, in this case
MC(A; N) = H'(A; N) is the cohomology with coefficients in the abelian group N.
Correspondingly, the general MC(A; N) can be viewed as nonlinear analogues of
cohomology groups. Note that what we are studying is not the deformation theory
of A as an A—ring: instead, it can be viewed as the deformation theory of the free
module A, inside the dg category of As,—modules.

1c The formal group structure

With this in mind, let’s return to symplectic geometry. To keep the formalism in
the simple form set up above (avoiding Novikov rings), we will assume that our
symplectic manifold X is monotone (rather than weakly monotone), which means that
its symplectic form satisfies

(1-3) [wx] =8¢ (X) € H*(X:;R) for some § > 0.

Take a suitable chain complex € = C*(X) representing its integral cohomology,
equipped with the quantum A so—structure pe. Note that the quantum Ao—structure is
only Z/2-graded; hence, the definition above should be interpreted so that Maurer—
Cartan elements are taken in C°% ® N, and correspondingly, the entire odd-degree
cohomology of X appears. Let MC(X; N) = MC(C; N) be the set of equivalence
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Formal groups and quantum cohomology 2941

classes of Maurer—Cartan solutions. One can think of this as the deformation theory of
the diagonal Ay as an object of the Fukaya category F(X x X), where X means that
we have reversed the sign of the symplectic form. In other words, deformations are
“bounding cochains” for Ay in the sense of Fukaya, Oh, Ohta and Ono [23; 24]. If the
closed—open map is an isomorphism, one can also think of this theory as deformations
of the identity functor on F(.X), which describes the formal neighborhood of the identity
in the “automorphism group” of that category. From the composition of automorphisms,
one would expect additional structure, and indeed:

Proposition 1.5 The functor MC(X') has the canonical structure of a “formal group”.

As mentioned above, if one makes suitable assumptions on the closed—open map,
this structure has an explanation purely within homological algebra. If one drops
that assumption, one could still obtain the group structure by looking at F(X x X)
together with its monoidal structure (in a suitable sense, which we will not try to make
precise) given by convolution of correspondences — see Bottman and Wehrheim [9]
and Ma’u, Wehrheim and Woodward [48]; another approach is Fukaya [22] and Lekili
and Lipyanskiy [40]. Compared to those constructions, the definition given here (which
avoids talking about Fukaya categories or Lagrangian correspondences) is less general
but more direct, and hence more amenable to computations.

Proposition 1.6 The groups MC(X; N) are commutative if N3 = 0. They are also
commutative if N4 =0 provided that, additionally, H* (X ; Z) is torsion-free.

Commutativity mod N3 is not surprising: it amounts to the well-known fact that the
Lie bracket on cohomology, which exists for any algebra over the little disc operad,
becomes zero for cohomological field theories. For general algebraic reasons (formal
exponentiation), one expects commutativity to hold always if N is an algebra over Q;
and the same should be true if NV is an algebra over IF, and N? = 0. In contrast, the
origin of the second part of Proposition 1.6 is more geometric: it reflects an explicit
(if poorly understood, partly due to a lack of examples) enumerative obstruction to
commutativity.

Remark 1.7 Our construction focuses on the odd-degree cohomology of X. One could

try to include even-degree classes by enlarging the notion of formal group to its derived
counterpart, which in our terms means allowing N to be a commutative dg (or maybe
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2942 Paul Seidel

better simplicial) ring. Another potential use of even-degree classes (with different
enumerative content) would be as “bulk insertions” at points in arbitrary position, as in
big quantum cohomology. Note however that, for classes of degree > 2, the standard
algebraic formalism of “bulk insertions” involves dividing by factorials. Hence, it
would have to be modified for our applications. Neither direction will be attempted in
this paper.

1d Quantum Steenrod operations

Fix a prime p. The quantum Steenrod operation, in a form slightly simplified by the
monotonicity assumption (1-3), is a map
(1-4) QStx,, =Y QStx,pa: H*(X:Fp) > H(X:Fp) ® Hy, ,(Fp),
A
with

I-2¢,(A
O Sty p,4: Hl(X;IF,,) — (H*(X§Fp)®H2/p(IFp))P cr(4).

Here, Hz /p (IFp) is the group cohomology of the cyclic group with coefficients mod p,
which is one-dimensional in each degree. We fix generators

(1-5) HE, ,(Fp) =Fplt.0).  with |r] =2, |0] = 1.

The notation here requires some explanation. For p = 2, we have 82 = (or § = 1172,
so the two generators are not independent. For p > 2, it is implicit that our description
is as a graded commutative algebra, so 62 = 0. The sum in (1-4) is over A € H,(X;Z),
and the notation ¢ (A4) is shorthand for integrating the first Chern class of X over A.
The classical Steenrod operations [70] are encoded in the 4 = 0 term. More precisely,
if we write Sty, , = Q Sty p.0, the relation with the classical notation is that

> S (x)e (X707 if p=2,
i
x|
(1-6) Sty p(x)= (_1)*(19 —1 !) 3 (1) P () (51200172
2 .
l

+ O (terms involving BP?) if p > 2,

where f is the Bockstein, and

_ Ixl(x| =) p—1
k = .

1-7

(1-7) > >

When handling the constants in (1-6) in practice, one should bear in mind that
—1)\?

(1-8) (pT) = (—1)P+D/2 1od p.
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See [70, Lemma 6.3]. For instance, if |x| is even and p > 2,

||
-1
(1-9) 1° term of Sty, p(x) = (_1)*(1’Tg) (—1)x172 plxl/2 )
= (=)I2=072_1Ixl/2(p+D/2(_p)lxl/2 plxl/2 ()

= pXI/2(x) = xP,

Definition 1.8 Define an endomorphism QEx , of H odd(X:TF,) by

(1-10) QEx, p(x)
the 71/2 (or ) component of O Sty »(x) if p =2,

(pT') times the (?~1/2_component of Q Sty p(x) if p>2.

To recapitulate, this has the form
(1-11) QBxp=) QBxpu.
A

with
QBx pa: H(X;Fy) — HP=(P=D2a (x| ),

and where the classical component is

S [x]—1 if p=2.
(1-12) EX’p(x):QEX’p’O(x):{ q*(x)  ifp

PUXI=D/2(x) if p>2.
le The p'" power maps

Let’s return to the formal group MC(X). The group structure gives rise to m™ power
(meaning the m—fold product) maps for each m > 1, which are functorial endomorphisms
of MC(X; N) for any N.

Theorem 1.9 The power maps of prime order fit into a diagram

p™ power of the formal group

MC(X:qFplql/q?*") MC(X: qF p[q]/q?*")

proj ectionl Tinclusion

(1-13)  MC(X:qF,lql/q?) MC(X; g7 F plgl/q? ™)

H*Y(M;Fp) H*Y(M;F,)

[

0

X.p
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2944 Paul Seidel

Remark 1.10 Because of the monotonicity of X and the grading of our operations,
see (1-11), one always has

(1-14) QEx p(x) =Ex p(x)=x for x € H'(X;TF,).

For comparison, consider the formal completion @m of the multiplicative group. In a
local coordinate 1+ z € Gy, the p™ power map is

D
(1-15) ze...ez=(14+2)? —1 =274 p(something) =z for z € Fp,

which matches what we have seen in (1-14). There is a categorical explanation for
the occurrence of the multiplicative group. Recall that H!(X; G,,) classifies flat line
bundles over X. The definition of the Fukaya category J(X) includes having the
Lagrangian submanifolds equipped with flat bundles. By tensoring with the restriction
of flat line bundles on X, one gets an action of H'(X; G,,) on the Fukaya category.
For us, it is better to think of the action as being given by the trivial Lagrangian
correspondence, namely the diagonal in X x X, equipped with a flat line bundle. From
that viewpoint, one can pass to the formal completion: one has a formal family of
objects in F(X x X), which consists of the diagonal together with a formal deformation
of the trivial line bundle; that gives rise to a deformation of the identity functor on F(X);
and composition of such deformations corresponds to the tensor product of line bundles.
Of course, within the present framework this discussion is of very limited concrete use:
the known examples of monotone symplectic manifolds with nontrivial H! (obtained
by combining Reznikov [60] and Millson [55], see Fine and Panov [19] for a discussion)
are somewhat esoteric.

Example 1.11 Let X € CP! x CP3 be a hypersurface of bidegree (1, 2), which has
odd cohomology H3(X;F,) = IF; for any p. Then QEx , = id, by a computation
from [74, Section 8]. More generally, each Q Ex, ,, is a multiple of the identity. Here
are the results for the first few primes:

pl 2 3 5 7 11 13 17 19 23 29 31 37 41
QEp/id|-1 -1 1 0 -4 -2 2 4 0 -2 0 -10 10

(1-16)

The entries lie in IF,,, and we have chosen integer representatives with the least absolute
value (with some fudging for p = 2). Those integers are meaningful: they are the ¢”
coefficients of the modular form [43, Newform 15.2.a.a]

1-17)  n@n@ng®)n(q"?).  where n(g) =q"** [ (1-¢".

n=1
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One can interpret this observation via mirror symmetry and arithmetic geometry. The
(conjectural, but supported by superpotential computations) statement is that a specific
elliptic curve appears in the mirror geometry, and hence is encoded in the Fukaya
category of X. Correspondingly, the automorphism group of the Fukaya category would
contain the derived automorphism group of that curve, and in particular, the product of
two copies of the curve itself. What we see in (1-16) is the leading coefficient of the
p™ power map of the formal group law of the elliptic curve. For general number theory
reasons, this is closely related to counting IF,—points on the curve, and the appearance
of (1-17) is an instance of the modularity of elliptic curves. For further discussion, see
Example 9.11 and Conjecture 9.12.

The computation underlying Example 1.11 turns out to involve only those quantum
Steenrod operations which can ultimately (using forthcoming work of Wilkins and the
author) be reduced to ordinary Gromov—Witten invariants. To push the understanding
of QEy,, further, one would have to study the contribution of p—fold covered curves,
which is beyond our scope here.

Example 1.12 Let X C CP! x CP? be a hypersurface of bidegree (1, 2). In this case,
QEyx,p is unknown. The answer involves stable maps to X with first Chern number
2 p —2. The difficulty is that there are points in the relevant space of stable maps which
have Z / p isotropy groups.

1f Structure of the paper

In order to make the underlying ideas appear clearly, the paper is set up as follows.
Most of the time (Sections 2—6) we work in an abstract operadic framework. In
principle, one could aim to prove that quantum cohomology is an instance of this
general setup, but that would overshoot the desired target somewhat. Instead, we will
explain (in Section 7) how to convert the previous arguments into symplectic terms,
in a more ad hoc way. In Section 8, we outline an alternative approach to parts of
the construction, based on Fukaya [22]. After that, Section 9 is a bit of an outlier: it
is concerned with computational techniques for quantum Steenrod operations, and is
formulated in a language much closer to standard Gromov—Witten theory. At this point,
we should make one apology for the paper. Because of the complexity of the formulae
involved, signs are sometimes not worked out, which we signal by +; however, we
have made sure that signs are given at key points. Part of this involves spelling out
certain conventions for equivariant cohomology, which is done in Section 10.

Geometry € Topology, Volume 27 (2023)
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2 Maurer-Cartan theory

After some introductory remarks about solutions of the Maurer—Cartan equations in
general Aoo—rings, we turn to a specific situation, namely the induced A s,—structure on
Hochschild cochains. Maurer—Cartan solutions in Hochschild cochains carry a formal
group structure, which can be considered as a purely algebraic counterpart of our main
construction. This algebraic viewpoint will not really be used later on: we include it
here for expository purposes, and also because it would provide the background for
linking the results in this paper to the Fukaya category. To make things more intuitive
from a classical homological algebra viewpoint, we will take the As,—structures to be
Z—graded in this section, even though, as mentioned before, the quantum A —structure
is only Z /2—graded.

2a Aq-structures

To clarify our conventions, let’s spell out the definition of an Ao.—ring. This is a free
graded abelian group A is with multilinear operations { ,uff[}, d > 1, which satisfy the
Aso—associativity relations

gl .
2-1) 0= Z(—l)*',uﬂ J+1(a1, - Mil(ai.H, cesQigj),....aq).

ij
Here, "% = |lai| + -+ + |lail|, where ||a|| = |a| — 1 is the reduced degree; both
will be standing notation from now on. If we consider A as a chain complex with
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differential d4 = —,quq, the associative algebra structure on H*(A) is induced by the
chain-level product

(2-2) ay-ay = (=) u2 (a1, ay).

From the overall “A,—lingo”, the notions of As,—homomorphism and homotopy
between such homomorphisms will be the ones that occur most frequently in our
discussion. Homotopy admits the following useful interpretation. Take the following
dg ring (cochains on the interval as a simplicial complex, with the Alexander—Whitney
product):
I=Zu®Zu®Zv, with |u|=|u|=0, |v|=1,
(2-3) wl=u, W=u, Gu=uii=0, wv=v=vil (and hence vu = v =0),
diu=v, dji=—v.
If A is an Aoo-ting, the tensor product A & J inherits the same structure, with
0 19 (@®x) = iy (@) @x+(—1)la®dyx,
;Lf@j(al@xl, e, 4g®Xxg) = (—1)*,u;11(a1, v dg)®x1--xg for d =2,
where * =} ;. ; [la;i| - |x;|. This Aco—structure is compatible with the projections

project to A @ Zu

(2-5) ARI——_ A

project to A @ Zu

Two Aso—homomorphisms A — A are homotopic if and only if they can be obtained
from a common homomorphism A — A ® J by composing with (2-5). We will often
use the following fact:

Lemma 2.1 LetJ: A — A bean Aoso—homomorphism such that the linear term F 1
is a chain homotopy equivalence (in view of our freeness assumption, that will be the
case whenever it’s a quasi-isomorphism). Then J has an inverse up to homotopy.

Unitality conditions, while not always strictly necessary, are both convenient for the
theory and satisfied in most applications (including ours). A homology unit for A is a
cocycle ey € A° such that the products

(2-6) ara-eq = (—1)|a|,u§1(a, eq) and ar>egq-a= ,uil(eA,a)

are homotopic to the identity (when working over a field, one asks that these products
induce the identity on cohomology, but that is obviously inadequate over Z; the notion
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used here goes back to [44, Definition 7.3]). One says that e4 is a strict unit if: the
inclusion Ze4 — A splits, as a map of abelian groups; the maps (2-6) are equal to the
identity; and in addition, all operations ,ufl(. ..,e4,...),d >3, are zero. The following
is [45, Theorem 3.7 and Remark 3.8]:

Lemma 2.2 Given any homologically unital Asx—ring A, there is a strictly unital
one A and an inclusion A <> A~ compatible with the Aso—structures, which is a
chain homotopy equivalence. (Note that by Lemma 2.1, we then also have an inverse
Aoso—functor F: A — A, such that F! is a chain homotopy equivalence.)

The result in [45] is more explicit: one can enlarge the 4 o—structure to A=A DZhd
Ze e where e q is the strict unit, and
o Mjﬁ(h) €eg+ A°,

PEASZh, ..., A®LZh) CA ford=>2.

This has a consequence which we find useful to state, even though it goes slightly
beyond the limits of our current terminology. Introduce an A,—category with two

objects Y and Y, morphism spaces
05 hom(Y,Y) = hom(Y,Y) = hom(Y,Y) = A,
hom(}7, }7) = A,

and with all As—structures inherited from A (the second part of (2-7) ensures that this
makes sense). The two objects are quasi-isomorphic, and so we arrive at the following:

Lemma 2.3 Given any homologically unital As—ring A, there is a homologically
unital Aso—category with two objects such that

¢ the endomorphism ring of the first object is A,
¢ the endomorphism ring of the second object is strictly unital, and

¢ the two objects are mutually quasi-isomorphic.

2b Maurer-Cartan elements

We have already mentioned the notions of Maurer—Cartan element (1-1) and of equiv-
alence between such elements (1-2). Given an As,—homomorphism JF: A— A, we
define the induced map MC(F; N): MC(JZ[; N) — MC(A; N) by

(2-9) Fry=> FF....9.
d
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The basic results (the second is a consequence of the first and Lemma 2.1) are:

Lemma 2.4 Homotopic Aso—homomorphisms induce the same map MC(/T; N)—
MC(A; N).

Lemma 2.5 Suppose that we have an A.,—homomorphism A — A, whose linear part
is a chain homotopy equivalence. Then the induced map MC(A~; N)—>MC(A; N) is
bijective.

One can think of equivalence of Maurer—Cartan elements in several ways. In terms of
the Aoo—structure (2-4),

(2-10) YQu+7RiU+h®@ve(A®I®N)!

is a Maurer—Cartan element for A®J if and only if y and ¥ are Maurer—Cartan elements
for A, and & satisfies (1-2). This makes Lemma 2.4 particularly intuitive. Another
possible interpretation goes as follows. Let’s add a strict unit, forming Ze ® A ® N.
There is an Ao—category whose objects are Maurer—Cartan elements in A ® N, with
morphisms between any two elements given by Ze & A ® N. The differential for
morphisms ¥ — y is
P q

(2-11) gy Wt T P8 T D),

P4
and the formulae for higher A,—compositions are similar. Clearly, / satisfies (1-2) if
and only if g = e + & is a closed morphism Y — y in our category. This viewpoint
can be useful when thinking about the transitivity and functoriality of the notion
of equivalence. Finally, if A is homologically unital, one can introduce a modified
version of the Maurer—Cartan category, by setting the morphisms between objects to
be A® (Z1 & N), which means using the natural identity of A rather than artificially
adjoining one. The resulting version of our previous observation (obvious in the strictly
unital case, and generalized from there using Lemmas 2.2 and 2.5) is this:

Lemma 2.6 Suppose that A is homologically unital. Then, two Maurer—Cartan
solutions are equivalent if and only if there is a g € A° ® (Z1 @& N) which, modulo N,
reduces to a cocycle homologous to e, and which satisfies

q

y4
| —_——— =
(2-12) Yok Gy e P ) =0
pP.q
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2¢ Hochschild cochains

As before, let A be an Aso—ring. Our attention will now shift to its Hochschild complex
(the complex underlying Hochschild cohomology)

(2-13) C=CC*(A) = [ | Hom(A[1]®?, A
d>0
The Hochschild differential is

2-14)  (dec)¥(ay, ... aq)
:_Z( 1)%icllell, = J'H( @i, ait), .. ag)

—|— Z( DEitleld=i+1q, ..,uil(ai+1, i)y, aq)

ij
(we apologize for the double use of d as differential and as counting the number of
entries); and its cohomology is the Hochschild cohomology HH* (A). We will also
use Hochschild cohomology with coefficients in a commutative ring R, denoted by
HH*(A; R), which is the cohomology of CC*(A; R) = € ® R— here, completion
means that we take each term in (2-13) ® R and then their product. € carries a canonical

Ao—structure, with ué = —de, and where the next term is
(2-15) pd(er.c)?( )=
HelCr,C2) Ay, ...,A40) =
X e | +H%, ezl d—j1—j2+2 J
Z (-1 iy ller i+, | ZHIU“A (al,...,cll(ail+1,...,a,'1+jl),...,
i1,j15i2,j2 j
i>Zi1+j1 czz(ai2+1,...,ai2+j2),...,ad).

The higher-order A ,—operations follow the same pattern as ,u%. If A has a homological
unit, then so does C. One way to show that is to apply Lemma 2.3: in that situation,
the restriction from the Hochschild complex of the A,,—category to the Hochschild
complex of either A or Aisa homotopy equivalence, allowing one to transfer properties
from A to A in two steps.

Note that strictly speaking, € does not fit into the original context for A.o—rings,
because (2-13) is not usually free. However, it is the inverse limit of chain complexes
of free groups, by using the (complete decreasing) length filtration, which is compatible
with the Aso—structure. All the associated notions have to be modified to take this
“pro-object” nature into account. We have already done that when defining Hochschild
cohomology with coefficients, by using the completed tensor product C ® R. Maurer—
Cartan elements, and homotopies between such elements, will live in such completed
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tensor products. To prove the analogue of Lemma 2.6 for Hochschild complexes, one
again uses reduction to the strictly unital case via Lemma 2.3.

The product on Hochschild cohomology induced from ué is graded commutative.
Additionally, Hochschild cohomology has a Lie bracket of degree —1. The two combine
to form the structure of a Gerstenhaber algebra. When we take coefficients in a ring
with pR = 0, let’s say for concreteness R = IF,, there is one more operation

for odd / if p > 2,

2-16)  Bu,p: HH' (A:Fp) — HHP'=(P~D (A F
( ) A, p (A:Fp) — (A Fp) forall [ if p = 2.

This combines with the bracket to form a restricted Lie algebra [77]. As we next explain,
following [71], the underlying chain-level map can be written as a sum over trees.

Terminology 2.7 A rooted tree with d leaves is a tree which (in addition to its finite
edges) has d + 1 semi-infinite edges. One of the semi-infinite edges is singled out, and
called the root; the other d are the leaves. There is a unique way of orienting edges, so
that they point towards the root. Given a vertex v, write |v| for its valence. Among the
edges adjacent to v, there is a unique outgoing one, and ||v|| = |v| — 1 incoming ones.

In our applications, the rooted trees (unless otherwise indicated) come with the following
structure. First, an ordering of the semi-infinite edges by {0, ..., d}, starting with the
root. Secondly, at any vertex, an ordering of the adjacent edges by {0, ..., |v|}, again
starting with the outgoing edge. A special case is that of rooted planar trees, where
all orderings come from a single embedding of the tree into the plane, which implies
certain compatibilities between them.

For now, we will only use rooted planar trees (the more general version will play a role
later on; see Section 3b). Given such a tree and a Hochschild cochain ¢, one defines an
operation A®d 5 A, by starting with elements of A at the leaves, and having vl act
at each vertex, with the output of that fed into the next vertex on our way to the root.
To define the chain map underlying (2-16), one considers those operations for trees
with p vertices, and adds them up with certain multiplicities: the multiplicity of a tree
is the number of ways to order its vertices, so that the ordering increases when going
towards the root (“‘causal orderings”). For p = 2, we get

(2—17) (E/{,zc)d(al, . ,ad) = ch_j+1(a1, . ,cj(a,-+1,. .. ,CZH_J'), N ,ad).
ij
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Figure 1: Sample trees that correspond to expressions from (2-18):
c(ay,c3(ay,as,aq),as,c, aq), left, and c3(ay, c?(c3(as. a3, as), as), as),
right.

This is usually written as ¢ o ¢, where o is the operation which underlies the homotopy
commutativity of /Lé, and which upon antisymmetrization yields the Lie bracket. The
p = 3 case is less familiar [71, Example 3.3]:

2-18) (Ea30)(ay,....aq) =

2 Z cd_jl_j2+2(a1, N .,le (@i 415 @iy 4j,)s

(RS s €Ay g1 i) ad)

+ Y TR gy (@ PG y),
i1,J1,i2,]2 ---»ai1+j1+jz—1)""’ad)'

The summands in (2-18) correspond to trees as in Figure 1, where that on the left admits
two causal orderings. Koszul signs as in (2-15) are absent here, since ||c|| is even;
recall that for odd p, the operation E 4, , is only defined on odd-degree Hochschild
cohomology.

Example 2.8 The first terms of de(c) = 0, for ||¢|| even, are
(%) =0,
219) k(e (@) + 13 (@ ) + p2 (e, a) = ¢ (1l @),

pnlic(ay, az)) + p3(c'(ar), az) + u?(ay, c'(az))
+ 13 ay, az) + i (ar, c® az) + pi(ay, az, c®)
= cl(p2 (a1, a2)) + A(ph @), az) + (=Dl @y, 1l (@,)).

The constant term in (2-18) is

(2-20) (E4.3¢)° =22, %) + el (e ().
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One sees that this is again a cocycle modulo 3:

2-21) (e %)
= 12" (€2, %) = 2, e () =313, 0, ) + M (1 (0, %))

= (e (@ () = 33 (. ¢ %) + 3¢ (U (. ).

Example 2.9 Suppose that A is a differential graded algebra, ie ,uff[ =0 ford > 3.
A derivation of A gives a cocycle in !, and applying (2-16) amounts to taking the p™®
iterate of that derivation.

2d The formal group structure

Given an adic ring N, let C® N be the space obtained by applying ® N to each factor
in (2-13) and then again forming their product. We consider Maurer—Cartan elements
¥ € €® N. Concretely, the first terms are

Yl e AIQN, Zuf{(yo, LYY =0,
(2-22) d

5 +q+1
y! eHom(A, A)°QN, Y ph™ G0y ay® .y =y (uy (@),
p.q

p q
and so on. One can think of y as a formal deformation of the identity endomorphism
of A. What this means is that y satisfies (1-1) if and only if, over Z1 & N,
i = idg +y! ifd=1,
N ifd #1,

satisfies the (curved) Ao.c—homomorphism equations. Similarly, two Maurer—Cartan

(2-23)

solutions are equivalent (1-2) if the associated A ,—homomorphisms (2-23) are (curved)
homotopic. The standard composition of 4s—homomorphisms (2-23) leads to the
following composition law for Maurer—Cartan solutions:

2-24) (niov2)(ay, ... aq) =

yf(al,...,ad)

+ Z Vld_jl_m_jerm(alv~~vV{1(ai1+1,---,ai1+j1),
lhﬁ:i’?;”m dirtiitts o V32 @igt1s - iyt ).
im—1+Jm—1=im o V3 @it @iyt j)s - )

This is strictly associative, and descends to a product on MC(C; N). Moreover, by
explicitly solving the equation ¢»¢; = id 4, one sees that this composition has inverses.
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The outcome is that N +— MC(C; N) comes with the structure of a “formal group”.
The analogue of Theorem 1.9 in this algebraic context is [71, equation (3-1)]:

Lemma 2.10 There is a commutative diagram

p™ power of the formal group

MC(C: gF p[q]/qP*1) MC(€; ¢F plql/q?*1)

projectionl Tinclusion

(2-25)  MC(C: ¢F ,[q]/9%) MC(C; ¢PFplgl/qP*")

H — ‘
©

HH'(A;Fp) HH'(A;F)p)

The proof is quite straightforward. Namely, let’s iterate (2-24) to form the p™ power of
a Maurer—Cartan element y. The outcome can be written as a sum over rooted planar
trees, with multiplicities. These multiplicities count “causal labelings” of trees, where
the vertices are labeled by {1, ..., p} and the numbers increase when going towards the
root. This limits the depth of the tree to be < p, but does not by itself limit the number
of vertices, since several vertices can carry the same label. However, in the formula
for the p™ power map, each vertex carries a copy of y, and since the coefficient ring
N = qFplgl/qP*! satisfies NP+! =0, the contribution from trees with > p vertices
vanishes. The labels on trees with < p vertices can be thought of as consisting of two
pieces: a choice of subset of {1, ..., p}, and then a choice of labels which uses all
numbers in that subset, and which obeys the causality condition. From that, it follows
that the only trees with nontrivial mod p contribution are those with exactly p vertices,
and where each label is used once. If we write ¥ = cq + O(g?), it then follows that

P
(2-26) Yo ey =E84,(c)q" €C&qF,lql/q"T".

Remark 2.11 In characteristic zero, the deformation theory associated to the Maurer—
Cartan equation in C is unobstructed: as a concrete illustration, the truncation map

(2-27) MC(C; ¢Q[g]) — MC(C; ¢Qlg]/¢*) = HH' (A; Q)

is onto. This is closely related to the formal group structure, since one can prove it by
formal exponentiation. The analogous statement in positive characteristic is no longer
generally true. The square of a class in HH! (A;F5) is not necessarily zero, and that
gives an obstruction to lifting to MC(C; ¢FF2[g]/¢>). As an example, take a polynomial
ring A = Z[a] with |a| = 1; the element a becomes central over F,, hence gives a
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Hochschild cohomology class. Instead, one could look at the 2—adic lifting problem,
but that’s also obstructed: in the first step, which means lifting to MC(C; 2Z/87Z), the
requirement is that the square of the Hochschild cohomology class must be equal to its
Bockstein (which fails in the same example).

Remark 2.12 If A is a dg algebra, the Hochschild complex has the same structure.
Let’s follow classical notation and write — for the product on Hochschild cochains.
The Maurer—Cartan equation is

(2-28) dey +y —vy =0,

and two solutions are equivalent if

(2-29) deh+ @y +y—h—-F+h—y)=0.
The composition law (2-24) can be written in terms of the brace operations from [72] as
m
e e
(2-30) visva=va+ Y niva.... vk

m=0

When put in this way, the formalism can be generalized to any complex € which is an
algebra over the braces operad [53], since that exactly provides the operations used in
(2-28)—(2-30). The formula (2-30) can be viewed as an application of a construction [27]
(see [76] for a review and further context) which equips the tensor coalgebra of C
with a bialgebra structure. It is possible that the geometric results in this paper could
be similarly sharpened, replacing ‘“formal groups” with a suitable bialgebra language
(where the comultiplication would be the standard tensor coalgebra structure, but the
multiplication would be A,); however, that would likely require the full generality
of Bottman’s witch ball spaces.

3 Parameter spaces

This section discusses the moduli spaces underlying our constructions. This is mostly
an exposition of known material; the small amount that may be new appears towards
the end of the section. Stasheff associahedra, Deligne-Mumford spaces, and Fulton—
MacPherson spaces (for the latter, originally in their homotopy equivalent guise [62] as
the little squares operad) belong to classical algebraic topology and geometry, and we
include a brief exposition mainly as a warmup exercise. The more complicated spaces
are borrowed from the theory of Lagrangian correspondences, variously combining
[49; 48; 9; 22; 5; 6].
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3a Associahedra

The Stasheff spaces (associahedra) S, for d > 2, are compactifications of the space of
ordered point configurations on the real line, modulo translations and positive dilations,
meaning of

{(51,....50) R 15y <--- <54}
{(51,....850) ~(t(s1),...,7(sg)) for T(s) = A + us with A € R, u > 0}

(3-1)

The collection {S;} has the structure of a nonsymmetric operad, given by maps

(3-2) [ TSio1 = Sa.
v

one for each rooted planar tree 7 with d + 1 semi-infinite edges, and where every
vertex v has valence |v| > 3 (see Terminology 2.7; it will be our standard procedure to
just denote such maps by the underlying tree). The single-vertex tree is a trivial special
case, since it gives rise to the identity map on .S;.

Topologically, Sy is a (contractible) compact manifold with boundary, whose interior
is (3-1), and whose boundary is the union of the images of the nontrivial maps (3-2).
One can get a slightly more precise description by introducing a suitable smooth
structure, for instance by embedding the Stasheff spaces into the real locus of Deligne—
Mumford spaces. Then S; becomes a smooth (and in fact real subanalytic) manifold
with corners, whose open strata are the images of [ [, (S}y| \ 9S),|) under (3-2).

We orient S; by picking, on the interior (3-1), the parametrization where (s1, s,) are

fixed, and using the standard orientation of the remaining parameters (s3,...,54).

3b Fulton—-MacPherson spaces

The Fulton-MacPherson spaces? FM, for d > 2, are compactifications of planar
configuration space up to translations and positive dilations:

{(z1,....29) €C:z; # zj fori # j}
{(z1,....zq) ~ (t(z1),...,1(zg)) for t(z) = A + puz with L € C, u > 0}

(3-3)

The (symmetric) operad structure on {FMy;} comes from permutations of the zj,
together with maps similar to (3-2),

(3-4) HFM"U" AN FMy,.
v

2The terminology is taken from [29]; versions of the construction arose in [3; 25; 37]
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Here, the rooted trees 7' come with our usual structure (see Terminology 2.7), but are
not necessarily planar. Changing the ordering of the semi-infinite edges of 7" amounts
to composing (3-4) with an element of Sym on the left; and changing the orderings at
the vertices amounts to composing (3-4) with an element of [ [, Symy, on the right.
The inclusion R C C induces maps

(3-5) S; — FMy,

which are compatible with (3-2) and (3-4) (they form a morphism of nonsymmetric
operads).

As before, FM; is topologically a compact manifold with boundary. One can complexify
it by considering point configurations in C2, which yields a smooth compact complex
manifold, and then embed FMy; into the real locus of that. As a consequence, it inherits
the structure of a smooth (or real subanalytic) manifold with corners, just as in the case
of the associahedra.

To orient FM, we consider representatives in (3-3) where z; and |z; — z,| are fixed.
Then, rotating z, anticlockwise around z; yields the first coordinate, and the remaining
coordinates are (z3, ..., zz) with their complex orientations. Equivalently, consider
the classical configuration space Conf,;(C), of which (3-3) is a quotient by the action
of (A, 1) € C x R™°. The Lie algebra of that group fits into an exact sequence

(3-6) 0>CeR— T,.,...,z,) Confy (C)— Tz,,....20)FMg — 0;

.....

our orientation of the quotient is compatible with that sequence and with the complex
orientation of Confy(C). In particular, Sym,; acts orientation-preservingly.

3¢ Deligne-Mumford spaces

For most of this paper, we will write DM for the Deligne-Mumford moduli space of
genus 0 curves with d 4+ 1 marked points, bringing it in line with the notation for the
other moduli spaces. One can consider it as a compactification of

{(21,...,Zd)e(Cd:z,~7éZj fori # j}

-7 {(z1,....z9) ~ (t(21)....,1(zq)) for T(z) = A + puz with A € C, u € C*}’

which is a free S!—quotient of (3-3). The operadic structure takes on exactly the same
form as for Fulton—-MacPherson spaces. Indeed, the quotient map on configuration
spaces extends to a map

(3-8) FM,; — DMy,
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which is compatible with (3-4) and its Deligne-Mumford counterpart. We adopt the
usual orientation of DM, as a complex manifold.

3d Colored multiplihedra

Ma’u, Wehrheim and Woodward [49; 48] introduced a geometric interpretation of the
classical multiplihedra, as well as certain generalizations. We will call these spaces
colored multiplihedra, and denote them by

(3-9) MWWy, a4 forr>=1,d,...,dy >0, d=d +---+d >0.
They are compactifications of

11,005 S1,dys e i8r 0522 8rd,) € R : Sk, <+ < Sk,q, foreach k}

3-10
G-10 {Sk,i ~ Sk,i + pfor p € R}

The intuitive meaning of (3-10) is that we have d points on the real line, which are
divided into r colors, with d points of any given color k. Points of different colors
can have the same position, while those of the same color are distinct and lie on the real
line in increasing order. We denote the compactification by MWW, 4 . It tracks
what happens on a large scale, meaning the relative speeds as points diverge from each
other, as well as on the small scale, where points of the same color converge. Therefore,
a point in the compactification consists of “screens” (terminology taken from [25])

which are either “large-scale”, “mid-scale”, or “small-scale”. Correspondingly, the
analogue of (3-2) is of the form

G0 T Sporx [T MWWy ol < TT Spon = MWW, g,

.....

v large v mid v small

Here, the tree T has d + 1 semi-infinite edges. We still single out a root, but the
leaves are now divided into subsets of orders dy, each subset being then ordered by
{1,...,dy}. Each vertex has one of three scales. The mid-scale vertices have the same
kind of combinatorial data attached to them as the entire tree: their incoming edges are
divided into r subsets of different colors, whose sizes we denote by ||v||1,..., ||V,
and then ordered within each subset. The large-scale vertices and small-scale vertices
just come with an ordering of the incoming edges. The small-scale vertices are also
labeled with a color in {1,...,r}. Any path going from a leaf of color k to the root
travels in nondecreasing order of scale: first through any number (which can be zero) of
small-scale vertices of color k; then through exactly one single mid-scale vertex, which
it enters by an edge with color k; and finally, through any number (which can be zero)
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2,1)(2,2)
2,1) (2,2)
i degeneration - -
(1,1) 12 T o (1,2)

\ s

Figure 2: A degeneration in MWW, »; see Example 3.1. The shaded regions
are “mid-scale screens”; we have drawn marked points of different colors as
lying on separate copies of the real line.

of large-scale vertices. There are compatibility conditions between the orderings, which
are somewhat tedious to write down combinatorially; see [48, Section 6] —they are
similar in principle to those for planar rooted trees, but concern each color separately.

Example 3.1 Suppose that in MWW, > we have a sequence of configurations where
one point (of the first color) moves to —oo, and the remaining three points move towards
the same position. The outcome is shown in Figure 2.

Topologically, MWW, ;. is again a compact manifold with boundary, having (3-10)
as its interior. Note that the codimension of the image of (3-4) is the number of small-
scale plus large-scale vertices, mid-scale vertices being irrelevant. As a consequence of
the resulting combinatorial structure of boundary strata, MWW, 4 can’t be made
into a smooth manifold with corners in the same way as the previously considered
moduli spaces. However, it is naturally a (subanalytic) manifold with generalized
corners in the sense of [36]. To prove that, one introduces a complexification as in
[49; 8], which is a complex variety with toric singularities, and embeds MWW, ;.
into its real locus.

As for orientations, we orient (3-10) by ordering the coordinates lexicographically, and
then keeping the first one fixed to break the translation-invariance.

Example 3.2 In the spaces MWW 1, no small-scale vertices can appear. The maps
(3-11) with zero-dimensional domains correspond to trivalent planar rooted trees with
an additional ordering of the r leaves, hence there are (2r — 2)!/(r — 1)! of them.
For instance, the two-dimensional space MWW ; ; is a 12—gon; see Figure 3. The
boundary sides each have either one large-scale screen containing three points, or one
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Figure 3: The space MWW i ; from Example 3.2.

mid-scale screen with two points (each possibility occurs six times). Figure 4 shows in
more detail a neighborhood of one of the corners of the 12—gon, and in particular, the
degenerate configuration associated to the vertex.

Example 3.3 The space MWW, ; is an octagon; see Figure 5. There are only two
points which belong to the same color, hence only one way in which a small-scale
vertex can occur, which is the boundary side at the top of our figure. The other boundary

sides are of two kinds, as in Example 3.2.

SE=E :i%:
NV Y \T%
=5

Figure 4: A specific part of MWW, ; ;, compare Figure 3. As one ap-
proaches the vertex along the edge from the left, the leftmost of the three
points on the large-scale screen moves to —oco. As one approaches it along
the other edge from the right, the rightmost point on the mid-scale screens
moves to +-00. We have colored the points that we think of as moving white.
(Of course, because of translation invariance, there are other equivalent ways
of thinking about the degenerations.)
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o
N V2 N V2
N v 2

Figure 5: The space MWW3 ; from Example 3.3.

One can associate to a real colored configuration a complex configuration, by setting
(3-12) Zki = Sk,i +hkv—1

and then ordering the zj ; lexicographically (we use +/—1 here to avoid notational
confusion with the index 7). This extends to a continuous map

(3-13) MWWy, a4 — FMy, providedthat d =d; +---+d, > 2.

r

In terms of (3-11), the extension uses the same formula (3-12) for the points on
each mid-scale screen, while the small-scale and large-scale screens use (3-5). To
be precise, there is one exception: mid-scale vertices with |v| = 2 have no Fulton—
MacPherson counterpart, and we simply forget about them, which is unproblematic
since MWWy ¢.1,0,....,0 = point. There is a commutative diagram involving (3-13) as
well as (3-5), (3-4), (3-11):

3-11)
IT Spwoix [T MWWy oo, < T Siot ——= MWWy, _q,

v small v mid v large

(3—13)l
(3-14) 1_[ Sl % 1_[ FMjjy % l_[ N (3-13)

v small v mid,|v|>2 v large

(3-5)l

1_[ FM" ol ey FM,
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It can be convenient to allow more flexibility in the construction of (3-13). Namely,
suppose that we have a collection of continuous functions

. d
(3-15) Tdynd, = (Tdy o dy 115 Tdy,dyorndy) MWWy g — R

with the following properties. In the interior of our space,

(3-16)  74,,...d, ki < Td,,....d,1,j at any point of (3-10) where si ; = s; ; for some
k<landi,j.

Take the pullback of 74, . 4 by (3-11) for some tree T'. Each index (k, i) corresponds
to a leaf of 7', and the path from that leaf to the root enters a single mid-scale vertex v
through an incoming edge labeled (k, j). Then, we require that the (k,7) component
of the pullback be given by the (k, j)—component of 7,
product in (3-11). Instead of (3-12), we can then set

Iv],» @s a function on the

.....

(3-17) Zkyi = Sk,i t Tdy,..dy k,iV 1.

Intuitively, the imaginary parts of the z; ; can vary depending on the modular parameters,
but if two points of different colors & </ come to lie on the same vertical axis, the point
with the higher color / always passes above that of color & (in contrast, points of the same
color still collide, “bubbling off” into a small-scale screen). The consistency condition
we have imposed on (3-15) ensures that (3-17) extends to a continuous map (3-13), with
the same boundary compatibilities (3-14) as before. This is a strict generalization of

the previous construction, since the constant functions 7y, 4, k,; = k clearly satisfy

our conditions. More general choices of (3-15) can be defined inductively by extension
from the boundary of MWW 4,

(3-16) is a convex condition.

d, to the entire space, which is unproblematic since

.....

As one application of (3-17), note that we have (orientation-preserving) identifications
(3-18) MWWy, . .d, =MWWy, a1 dis,d, it dp=0.

According to the original formula (3-12), these two isomorphic spaces come with
different maps to FM,;. However, when constructing the functions (3-15), one can
additionally achieve that

T ; fork <1, .
(3-19)  Taydp ki = { Dedi=t it 1y bod Lo, itd=o.
le,...,dl_l,d]+1,...,k—l,i for k >

and then the maps (3-13) obtained from (3-17) become compatible with (3-18).
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3e Witch ball spaces

Our next topic is a simplified version of Bottman’s witch ball spaces [6], for didactic
reasons: we won’t use them as such, but the discussion serves as a preparation for a
related construction to be carried out afterwards. Our notation is

(3-20) Bd1 ’’’’’ (dmsdmg1)seensdy > where r >2, d=d;+---+d, >0, 1 <m=<r-—1.

The interior is the configuration space (3-10) with an additional parameter ¢ € (0, 1).
This parameter extends to a map

(3-21) Ba,....(dm.dpmi)sedr — [0, 1].

Over ¢ € (0, 1], we just have a copy of (0, 1] x MWW, ;. In particular, by looking
at = 1 one gets boundary strata inherited from (3-11), which are images of maps

v large v mid v small

At t =0, the m™ and (m+1)™ color “collide”. There, the analogue of (3-22) is
3-23) [ MWW ol < [T MWWy x T Sp

v mid v small-mid v of any other scale

This time six different scales are involved, which we (unimaginatively) call “large”,
“mid”, “small”, “small-large”, “small-mid” and “small-small”. Suppose that we have
a path from a leaf to the root. As usual, the leaves carry colors {1,...,r}. If the color
of our leaf is # m, m + 1, things proceed as for the MWW spaces, with the path going
through any number of small vertices, one mid-scale vertex, and then any number of
large vertices. (There is a relabeling rule: if the color is k > m -1, it enters the mid-scale
vertex through an edge with color k£ — 1.) If the color is m (resp. m + 1), the path first
goes through small-small vertices, and then through exactly one small-mid vertex, which
it enters through an edge colored by 1 (resp. 2). It then proceeds through an arbitrary
number of small-large vertices, then through a mid-scale vertex, which it always enters
through the m™ color, following by large-scale vertices. To compute the codimension of
(3-23) one counts the number of “other scale” screens. Finally, our space has boundary
strata which lie over the entire interval [0, 1], and those are images of maps
[0,1]

324 [T Sior* TT Bivhseetiolmmstolmsosliols < T Sl

v large v mid v small
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Figure 6: One of the boundary faces of By (;,1); see Example 3.4.

where the superscript means that instead of a product, we have a fiber product over
(3-21); compare [7, equation (1)]. We refer to [6; 5; 7] for a detailed discussion; the
results obtained there can easily be carried over to our version.

Example 3.4 The space By (q,1) is half (sliced through horizontally) of [7, Figure 1b].
Figure 6 shows one of its boundary faces of type (3-24), namely

S2 X B1,(0,0) X[0,1] Bo,(1,1) = B(1,1)-
The spaces (3-20) are topological manifolds with boundary, and smooth manifolds with

generalized corners. For Bottman’s witch ball spaces, this is proved in [8], and the
same arguments apply to the (comparatively simpler) situation here.

As was the case for the MWW spaces, one can map our spaces to Fulton—-MacPherson
spaces

(3-25) Bdl9~~-9(dmsdm+1)=--~:dr — FM, provided that d > 2,
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compatibly with (3-22), (3-23) and (3-24). Suppose for simplicity that the maps (3-13)
have been defined using (3-12). The corresponding formula for By, ... (d,.dm1),....dr
is then

i+ k-1 if k <
(3'26) Zk’l' — {Sk,l + 1 =m,

Ski+k—=14+0)v—=1 ifk>m.

As before, the extension of this map to the entire space forgets any screens (necessarily
of mid-scale or small-mid-scale) which carry configurations consisting only of one
point.

3f Strip-shrinking spaces

We will now introduce a modification of the idea of witch ball spaces, designed to
avoid the kind of fiber products which appeared in (3-24). This is inspired by [9], and
correspondingly called strip-shrinking spaces. We will denote them by

(3-27) SSdl ,,,,, (st 1)seensdy > with r>2, d=dy+---+d, >0, 1 <m=<r—1.

(Note that this time, unlike the situation in (3-20), it is possible to have all d = 0.) The
SS spaces compactify colored configuration space as in (3-10), but without dividing
by common translation. The important point is an asymmetry between the two ways
in which points in the configuration can go to infinity. In the s — —oo direction, we
dictate a fairly standard behavior, where MWW spaces with r colors appear. In the
s — 400 limit, we think of the m™ and (m+1)* colored points as lying on lines that
become asymptotically close to each other, at a rate of 1/s5. One way to make this more
concrete is to consider the analogue of (3-26), which associates to a real configuration
a complex one. Choose a function ¢ : R — (—1, 0] with asymptotics

0 for s <« 0,

3-28 o~
(5-28) V) {—1+1/s for s > 0.
Then set (see Figure 7)

. '_{sk,i—kk«/—l for k <m,
ki = Ski = Ski+(k+¥(sg))v—1 fork >m.

To relate the spaces to Fulton—-MacPherson spaces, we can add two auxiliary marked

(3-29)

points, say

(3-30) 4 =14 (r 4+ DHV-1,
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—
e

Figure 7: A point in SS1,1),2, thought of as a configuration in C as in (3-29).

which stabilize the situation and otherwise stay out of the way. This gives continuous
maps

(3-31) SSay,...dmdmsr).dy = FMa12.

For a more precise picture, consider the analogue of (3-2),

332 [T MWWyopiol X SSposiatvals X [] MWWioyioll -

V<vsx mid V>Vy mid

<[] MWWyl X I1 Silv]

v small-mid v of any other scale

1> SSuy....dy-
Here, we have the same six scales as in (3-23), but with different roles. There is a
distinguished mid-scale vertex, denoted by v, to which corresponds an SS space. All
other mid-scale vertices carry MWW spaces, in two different versions: if v < vy (with
respect to the ordering of mid-scale vertices determined by the ordering of the incoming
edges at large-scale vertices) that space has r colors, but for v > v, there are only
r — 1 colors. The part of the tree lying on top of v < v, vertices consists of small-scale
vertices as in (3-11), and the same is true for v > vy if the color is # m. For that
remaining color, we have a structure of small-large, small-mid and small-small vertices,
parallel to (3-23).

Example 3.5 Take the two-dimensional space SS(; 1, denoting points in its interior
by (s1;s2) for brevity. Consider sequences

(3-33) (sfk);sgk)), k=1,2,..., where sgk) < sgk) and Sgk)’sgk) — 400.

The possible limit configurations, shown in Figure 8, correspond to the following
behaviors:

. k k k
@) (sg )—s§ ))/sg ) L 4o

(ii) (sgk) — sik)) / sgk) converges to a nonzero constant.

k k k k k
(iii) sg )—sg ) +00, but (sg )—sg ))/sg ) 0.
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@iv) sék) — sik) converges to a nonzero constant.

% sék) —sgk) — 0, but sgk) (sgk) —sgk)) — 4-00. Since the two points get increasingly

close to each other, the additional mid-scale screen carries only one marked

(k)
1

This leads to the appearance of a small-large screen.

point. On the other hand, rescaling by s,"~ separates the two points in the limit.

(vi) sék) —sgk) — 0, but sfk)(sgk) —sfk)) converges to a constant (which can be zero).
In that case, we get a small-mid scale screen with two marked points on it.

The whole space is a 14—gon (Figure 9), with three adjacent sides corresponding to (i),
(iv) and (vi) above, and corners corresponding to (i), (iii) and (iv).

The structure of SS as a compact topological space is relatively straightforward to
obtain, following the model of [6]. It turns out that it is also a topological manifold
with boundary, and in fact a differentiable manifold with generalized corners. The
last-mentioned property deserves some discussion, since the required construction of
coordinate charts, which borrows ideas from [8], is instructive in its own right.

A boundary pointin SSg,, . (d.dm1).....d, 15 given by a tree 7" and associated screens
carrying point configurations, as in (3-32). The gluing process which associates to this
point a chart in the interior involves (small) gluing parameters A, > 0 for the finite edges
of T', subject to constraints. Our main interest lies in those constraints, but let’s first
recall how to think of such gluing processes. This is made slightly more complicated
in our case by the fact that the screens have different natures: the vertex vy carries a
configuration of real numbers, without dividing by any group action; the mid-scale
and small-mid scale vertices carry configurations which are given up to translation;
and at all other scales we have configurations up to translation and rescaling. To deal
with that, it is convenient to stabilize the configuration associated to the distinguished
mid-scale vertex vx by adding two points s+ = +£1, thought of as belonging to their
own new color, just as in (3-30). To glue the screens together, we first choose specific
representatives for those configurations, which are defined only up to ambiguities.
Then, given any finite edge e of the tree, we take the screen associated to its source
vertex, rescale the points in that configuration by A, and then insert that into the target
vertex by adding the real number that corresponds to the point where our configuration
is being glued in. (In abbreviated notation, gluing s with scale A into a screen at point r
results in ¥ + As.) After we have done that for all edges, we translate and rescale the
resulting configuration to bring the points s+ back to their original position (and then
forget about those points).
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Figure 8: Some limits in SS(; 1), as discussed in Example 3.5. The * marks

the distinguished mid-scale screen.
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—o

Figure 9: The space SS(;,1) is a 14—gon; see Example 3.5. For space reasons,
we have only drawn half of it. However, the drawing is arranged so that
exchanging the first two colors corresponds to reflection along the vertical
axis, and the missing half can be inferred from that.

It may strike the reader that there are too many gluing parameters with respect to the
codimension of the boundary strata; and indeed, the parameters are not independent,
but subject to constraints. To formulate those, we can think in terms of the scales
that the screens acquire after gluing. For any vertex v, let A, be the product of the
k;tl along a path going from vy to v, with the sign +1 if the path follows the edge
orientation, and —1 otherwise. We also need the following terminology:

(3-34) Given a small-mid scale vertex v—, we say that a large scale vertex v is
a turning point for v_ if there is a path from vs to v— which follows the
orientation until it hits v4, and then goes against the orientation to v_.
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For any v_ there is a unique turning point v4. With that at hand, the relations are:

(3-35) If v is a mid-scale vertex, A, = 1 (this is automatic for v = vy).

(3-36) If v is a turning point for v— (so v— is small-mid scale), Ay Ay_ = 1.

It is easy to see that for a codimension-one stratum, all the A, therefore end up being
the same.

Example 3.6 Consider gluing from the horizontal boundary edge at the top of Figure 9.
Let’s say that the large screen carries the configuration (rq, r,); the mid-scale screen
on the left carries a configuration (s;;s,); the remaining screen, corresponding to
V«, 1S empty, but we add a third color and its points s+ as explained above. The
constraint (3-35) says that the gluing parameters for both edges must be equal, so we
effectively have a single parameter A. In a first step, gluing with that parameter yields
the configuration

(3-37) (ri+Asy;ri+Asa o —A,rp +A).

After that, we apply translation and rescaling which maps r, + A back to &1, that being
s — A~1(s —r,); and (forgetting those points) we end up with

(3-38) (A —r2) + 5127 —12) +52) €SS(11y \ 9SS(1,1)-

This means that the gluing takes place in a way which preserves the size of the mid-scale

screens, even though that has been obscured a bit by writing it as rescaling by A and
then its inverse.

Example 3.7 Consider the situation of the horizontal boundary edge at the bottom of
Figure 9, which is also Figure 8(vi). Let’s say that A; and A, are the gluing parameters
for the edges leading to the large-scale vertices, and A 5 that for the remaining edge. Then,
(3-36) says that A1 A5 ' =1, and (3-36) that Ay, Ay = A1 (A1A; 'ATH) =220 1A =1
As mentioned before, the end result is again that all gluing parameters are equal.
Suppose that the large-scale screen carries (rq, 1), the mid-scale screen carries r, and
the small-mid scale screen carries (s1;52). The analogue of (3-37) is

(3-39) (r2+k2sl;r2 +A252;r1 — A, r1+A),
and that of (3-38) is obtained by applying s — A~!(s — 1), which gives
(3-40) (k_l(rz—r1)+ks1;k_l(r2—r1)+ks2).

In the end, the two points end up at position O(A~1), and at distance O(A) from each
other, which matches the description in Example 3.5(vi).
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Figure 10: A generalized corner point; see Example 3.8.

Allowing some of the parameters to become zero yields a partial gluing process, which
extends the chart obtained by gluing to include boundary points. In order for the
relations (3-35) and (3-36) to make sense in this context, one multiplies them all
by )\;1, S0 as to get equations between monomials with nonnegative coefficients. One
can think of this completely as a limit of the previous gluing process.

Example 3.8 Take the example from Figure 10. After preliminary simplifications,
the relations between gluing parameters are Ay = Ay, A7 = AyA3, Ay = A5 and, more
importantly,

(3'41) )\2)\.3 :)\.5)\.6.

Hence, this point is not a classical corner in its moduli space. After gluing, the position
of the two rightmost points is of order A3, and the distance between them is of
order kgl. In the limit as all gluing parameters to go zero, k2k3kg1 = As — 0 by
(3-41), as in the similar but simpler situation of Example 3.5(v).

It is convenient to pass from the multiplicative language of gluing parameters to the
additive language of monoids. We define an abelian group G7 as follows. There is one
generator g, for each edge. For a vertex v, we define g, to be the signed sum of g,
over a path from vy to v, with signs according to orientations. The additive relations
corresponding to the ones above are

(3-42) gy =0 for a mid-scale vertex v,
(3-43) gvy +&v_ =0 if vy is a turning point for v_.
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Let G1,>0 C G be the submonoid generated by the g.. The gluing parameters, includ-
ing the degenerate cases where some are set to zero, are elements of Hom(G%O, ]RZO),
where R=0 is the multiplicative monoid.

Lemma 3.9 G is a free abelian group, whose rank is the number of vertices of T
which are neither mid-scale nor small-mid scale (in other words, the “other scales” in
(3-32)).

Proof Let E7 be the set of finite edges, and Ry be the set of relations. Our definition
amounts to a short exact sequence

(3-44) 0 — ZRr IS, 7 Er _ Gr — 0.

Any relation has a distinguished finite edge associated to it: for (3-42), the edge
exiting v, and for (3-43), the edge exiting v—. Those edges are pairwise different.
Given an element of Z T, the coefficients for the distinguished edges give a splitting
of the first map in (3-44), which implies freeness of the quotient. a

Lemma 3.10 Gr > is saturated, meaning that if g € Gt satisfies mg € Gt >¢ for
somem > 2, then g € GT,>9.

Proof For this, it is simpler to work exclusively in terms of the g,, and use (3-42)
to drop the mid-scale vertices. Hence, let V7 be the set of all vertices which are not
mid-scale. We start with Z"7, and define G by quotienting out by (3-43). An element

(3-45) > mygy e’
veVr

is nonnegative if satisfies the following conditions. If v lies above vy in our tree
(meaning that the path from v to the root goes through v), then m, < 0. If vy lies
above v, then m, > 0. Finally, the m, increase as one goes towards the root. As
before, G1,> is the image of the nonnegative elements in the quotient Gr. Here is an
equivalent form of the desired statement:

Claim Given some element (3-45), suppose that there are rational numbers c¢,_ € [0, 1],
one for each small-mid-scale vertex v_, such that

(3-46) Yomuget Y o (gu +8uy)

velr v_small-mid

satisfies the nonnegativity condition. Then the same can be achieved with ¢, _ € {0, 1}.
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To prove this, we take (3-46) and then gradually modify the ¢, . Take a turning
point v4. There can in principle be several corresponding small-mid scale vertices
V_1,...,VU— . The coefficient of vy in (3-46) is then

J
(3-47) My, +cy,, where ¢y, = Z Cy_ ;-
i=1

If this is an integer, we do nothing. Otherwise, we increase (some of) the noninteger ¢,_ ;
until the resulting expression (3-47) becomes equal to the next larger integer. Let’s
apply this to all turning points. The outcome is that now we have an expression
(3-46) which still satisfies the nonnegativity condition, and where the coefficients of all
turning points are integers. In a second pass, we change the coefficients of small-mid
scale vertices again, but without affecting (3-47), to make all of them integers. The
situation is, simplifying the notation, that we have noninteger ¢y, ..., ¢ € [0, 1] such
that ¢y + -+ + ¢ is an integer; and we then need to change them to be either 0 or 1,
while preserving the sum, something that’s clearly possible. Having done that, we have
justified our claim. O

Lemma 3.11 Gr > is sharp, meaning it contains no nontrivial pair of elements +g.

Proof We know that Hom(Gr,>¢, R=%) recovers the space of gluing parameters,
including degenerate ones. In particular, there is a distinguished point where all gluing
parameters are set to zero, which is the zero map. Composing that with a homomorphism
Z — G1,>0 would mean that the zero map Z — R=? is a group homomorphism, which
is nonsense. O

Lemmas 3.9-3.11 say that G%O is a toric monoid (terminology as in [36]). For the
space of gluing parameters, this is precisely what defines a generalized corner.

4 The formal group structure

This section carries out versions of our main constructions in an idealized context, where
the technicalities of symplectic topology have been replaced by a general operadic frame-
work (this degree of abstraction comes with its own occasional complications). The
primary objects under consideration will be chain complexes which are algebras over
the Fulton—-MacPherson operad. Abstractly speaking, in view of [53, Theorem 1.1], this
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Figure 11: The boundary faces of Sy appearing in (4-1), as trees and as strata
of the compactified configuration space.

situation is not more general than the purely algebraic one mentioned in Remark 2.12.
However, that viewpoint lacks the geometric explicitness which is useful for applications
to symplectic topology.

4a Associahedra

Consider the singular chain complexes of the associahedra, C«(Sy;). These inherit
the structure of a nonsymmetric operad, using the maps induced by (3-2) as well as
the shuffle (Eilenberg—Mac Lane or Eilenberg—Zilber) product. One can inductively
construct “fundamental chains” [Sy] € C;7_,(Sy) such that [S;] = [point] and

(4-1) 0[Sl =D (=D (([Sq—j1] X [S)])-
ij

Here, the sum is over pairs (7, j) corresponding to trees 7;; with two vertices, of
valences j + 1 and d — j + 2, respectively; and where the unique finite edge is the
(i +1)% incoming edge of the first vertex (0 <i <d — j + 1); see Figure 11. We take the
shuffle product (here just denoted by x) of the fundamental chains [Sy_ ;4] and [S;],
and then map that to C«(Sy) by the chain-level map induced by (3-2), denoted here
by Tjj,«. The sign takes into account the co-orientations of the boundary faces. In view
of (4-1), [S4] has a preferred lift to a cycle for the pair (S;, 0S;), whose homology
class is then a fundamental class in the standard sense, compatible with the orientations
described in Section 4a.

Our standing convention is that chain complexes are cohomologically graded, hence
we now switch to the grading-reversed version C_4(Sz). By an algebra over the
chain-level Stasheff operad, we mean a chain complex of free abelian groups A, which
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comes with maps
d

——
(4-2) C+(SHRIAR Q@A — A,

compatible with the composition maps induced by (3-2). Let’s evaluate these maps at
[Sy]®a; ® -+ ® ay, multiply with a sign (—1)*, where

(4-3) *=(d = Dlar| +(d =2)|az| +---+lag—l,

and denote the outcome by ,uf; (ay,...,ag). These maps, together with ,u}q = —dy,
make A into an A-ring. The associativity equations (2-1) are a direct consequence
of (4-1). Homological unitality is not part of this framework, hence has to be imposed
as a separate property.

Remark 4.1 It is maybe appropriate to recall briefly how the signs work out. If we
denote the operation (4-2) by offl, the starting point is its chain map property, which
together with (4-1) yields

@4 D DI (T x (Samj ] X [S]) B a1 8-+ @ aq)
! + (terms involving d4) = 0.

The operad property, not forgetting the Koszul signs, transforms this into

(4-5) Z(_l)(d+1)j+l+j’l‘zOJq J+1([Sd—j+1]®al®"'
K ®07 ([S/1®ai41® - ®ai;)®+-Rdg)
+ (terms involving d ) = 0;

or, in terms of the A ,—operations,

At .
@-6) (=D*> (=D ps ™ Nay. . pwd @iy aigg). . aq)
Y + (terms involving d4) = 0,
with * as in (4-3). The sum in (4-6) is over 2 < j < d — 1, but only because we have
omitted the differential terms, which are

@7 Y (DITF o ([Sql®ar @ ®dadip ® -+ ®ag)
’ —da(04(Sq)®ar ® -+ ag))
=(=D*Y (D ub(ar. ... ph(ais1). ... aq)

+ (=D b udar, ... aq).
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p=i+j ISp<i+j

Figure 12: Graphical representation of the terms in (4-8).

4b Dependence on the fundamental chains

Suppose we are given two sequences of fundamental chains [S;] and [§d], each of
which separately satisfies (4-1). To relate them, we want to make further choices of
fundamental chains, which have a mixed boundary property:

4-8)  fp,1,4€Ca—2(Sq), where p,g=0and d=p+1+q,
Jp.1,0=[Sp+1l,

f0,154=[§q+1]’
afp,1’q=
o Jp—j+1.1,4%[S)] if p>i+j,
Z(_l)(d—l—])]'HTij,* f",19P+¢1+1—i—~jXfp—i,l,i+j—p—1 ifi§p<i+j,
& Jp.a—j+1%1S)] if p<i.

Graphically, one can think of (4-8) as follows. Let’s mark the (p+1)* leaf of our planar
trees. Vertices that lie on the unique path connecting that leaf to the root correspond to
factors carrying an appropriate f* chain, while the remaining ones always carry [S] or
[§ | chains, depending on whether they lie to the left or right of the path; see Figure 12.

Let 4 and ji4 be the Aoo—ring structures associated to [S,;] and [§d]. In the same
way, the action of f, 1 4 gives rise to operations

(4-9) ¢ﬁ’l’q:ﬂ®p+q+l — A[ll—p—gq], where p+1+¢g>2,
1,0 +1 0,1, ~g+1
d’A = Mf{ ) ¢A 7= MZ[ )

which, as before, we extend by setting

0,1,0
$0 10 = —dj.
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The relations inherited from (4-8) are

(4-10) Z (—1)*i¢£_1+1’1’q(a1,...,/Lil(ai_f_l,...,ai+j),...,ap;ap+1;

Pt ap+2,.-- vap—i-q—i-l)
+ Y (=R PRI g
I=p<it ¢£_i’1’i+j_p_1(ai+l, e lpyAp 13 A2, s it j);
e lpyqt)
+Z (_1)*i¢£,1,q—j+1 (al, e lpiApyd;
p<i ap+2,...,,ilil(a,url,...,a,-+j),...,ap+q+1)
=0.

Remark 4.2 The operations (4-9) equip the shifted space A[1] with the structure of an
Aoso—bimodule, where 1 acts on the left and [t on the right; see eg [64, equation (2.5)];
the shift is there to match sign conventions.

In a second step, we find fundamental chains
4-11) gp,q € C4—1([0,1]xS;), where p,q>0andd = p+q,
98p.q = 113X fp—1,14—{0} X fp, 1,41
+Z(_1)(d—i—j)j+i

Y —8p—j+1.4 XS]] ifp=i+j,
Tijwy GO fitgmip-i X gp—iitj—p i =p<it],
—8p.g—j+1%[S)] if p <1i.

When compared to (4-1) and (4-8), the spaces involved have acquired an additional
[0, 1] factor; hence, we should really write id[g ;] X 77;,«. The graphical representation
involves drawing a dividing line between the first p and last g leaves of our trees. In
the first two summands in (4-11), we remove that dividing line and instead mark the
leaves that are on either side of it, leading to the appearance of two f terms. For the
remaining summands, vertices to the left (resp. right) of the dividing line carry [S]
(resp. [:S" ]) chains; see Figure 13. If the dividing line ends at the top vertex, which is
the middle case in both (4-11) and Figure 13, the finite edge of the tree becomes the
marked edge of the bottom vertex, which explains how that vertex carries an f term.

Let’s take the image of (4-11) under projection to S;. Its action under the operad
structure, with additional signs inserted as in (4-3), gives operations

(4-12) Y9 ABPTE 5 Al — p—gq],  where p.q >0,
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8p—ii—p+j
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8p—j+l.q
p=i+j i<p<i+j p<i

Figure 13: Graphical representation of the ) ; ;in (4-11).

which we complement by setting wjl{’o = —idy and %01,1 = id 4. These satisfy

(4-13) Z (—1)*"1//£_j+1’q(a1, cees ,uj{(ai_,_l, cedigj), ..., ap;

p=itj Ap+1s--- ,ap+q)
— Z ¢J’;{l’p+q_i+j(a1,...,a,-;
i<p<i+j wﬁ_i’i"'j_p(aiﬂ, e pi Ay s Qi )i Aigjt s - - Aptq)
+ Z (—1)*" Iﬂﬁ’q_jﬂ (al,. S dp;
p=i ap+1,...,[lil(a,url,...,a,-+j),...,ap+q)
= 0.

Note that (4-13) contains terms which correspond to the boundary faces {0} x S; and
{1} x S;:

1) 02y ey
— 2 ar, L ap Y (apa1)idpia. . dpig)
=2 " ay, . apoiapiapgn, .. dpg)
— o ay. L apiapyiapya. . apig).

Example 4.3 The simplest instance of (4-13), bearing in mind the conventions for
%10 p110 and 011 s

(@-15) " (uyan)iaz) + DYyt s (a2)
L1, . ~
= ML(WA (ar;az)) + Mi(al,az) - Mi{(al ,az).
This says that (—1)?tly 11 (a;, a,) is a chain homotopy relating the two versions of

multiplication.

Remark 4.4 Following up on our last observation, one can give the following inter-
pretation of (4-13). Recall from Remark 4.2 that the operations ¢ equip A (here, we
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undo the shift for simplicity) with an 4s—bimodule structure. By construction, this is
isomorphic to (A, ;t4) as a left module over itself, and to (A, [i4) as a right module.
Correspondingly, one has two bimodule maps

- PA
(4-16) (A, pa) ®z (A, fia) == (A, pa),
PA
given by
p_lslsq_l . .
IOA (aly---,ap®ap+l,---,ap+q)
=+ Ny, aps e apg)s
@1 P pra
,Ofl ol (al,...;ap®ap+1;...,ap+q)
_:|:¢p 1l’q(al,...;ap;...,ap_l,-q)-

In these terms, (4-13) says that i provides a homotopy between p and p.

It is worth noting that homological unitality, when it holds, can be used to simplify
the picture. Namely, suppose that (14 and fi4 are both homologically unital, with
a priori different units e4 and 4. Then a bimodule map as in (4-16) is determined up
to homotopy by the image of [e4 ® €4] in H°(A). In our situation, the two classes are

(4-18) [Wi(ea, @) =[ea] and [fi%(ea.n)] = [eal,

so the existence of a homotopy ¥ just amounts to saying that the two units are, after all,
cohomologous. Similarly, the different choices of 1 form an affine space over H~!(A).
Let’s define an A o—ring structure on

(4-19) H=A®I=Au® A & Av,

where J is the noncommutative interval (2-3), as follows. The differential ,ué( is as
in (2-4). The nonzero higher As,—operations, for d > 2 and p,q > 0, are

,uff{(al ®u,...,ad®u):uﬁ(al,...,ad)@)u,

p+q(a1®u Ay QU apy1 U, ... ,dpyq 1)
b Pq .
= (=DFrray M (ay, ..., ap;apt1,. .., Aptq) QV,
@20 , o _
ug (a1 @u,...,ag Qu) =puy(ay,...,ag) u,
1 ~ ~
p+q+ (@1 ®@u,....ap QuU,ap11 @V, apy2 U,...,dpygy1 Q)
:(—1)*P+4+1_*P+1¢1”1"1(a1,...,ap;ap+1;ap+2,...,ap+q+1)®v.
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(This generalizes the previous (2-4), which corresponds to the diagonal Ao—bimodule
structure and vanishing 1/.) The Ao—associativity relations follow directly from (4-10)
and (4-13).

Remark 4.5 As a check on the signs, consider the associativity relation for

(al ®ua~"aap®u’ap+l ®7/7,,ap+q®7/7),

and more specifically the v—component of that relation. This turns out to be exactly
(4-13) multiplied by (—1)*P+q+1. The crucial terms, compare (4-14), are

(4-21) (—1)*”—lui+q(a1 ®u, ..., v—component of /i:(ap ®U),dps ®T,...)
= (—1)*P+1Mi+q(a1 Qu,...,ap RV, apy1 Ql,...)
= (—1)*P+‘1+1¢£_1’1’q(a1,...,ap_l;ap;ap_,_l,...,ap+q)®v
and

(4-22) (—1)*1’,ufff+q(al ®u,...,ap ®u,v—component of ,ug{(apﬂ ®u),...)
= (—1)*p+1ugf+q(a1 Qu,....ap QuU,dpt1 VV,...)

x p,1,g—1 . .
= (=1)Trtap, (@i,....ap;api1;apsa,....dptq) @ V.

By construction, the projections (2-5) are 4so—homomorphisms from pq¢ to pt4 and i 4,
respectively, and also chain homotopy equivalences. By taking a homotopy inverse
(Lemma 2.1) of one projection, and composing with the other projection, we get an
A so—homomorphism

(4'23) (‘A7 ILL-A) - (‘A9 laﬂ)’

whose linear part is homotopic to the identity (one can achieve that it is exactly
the identity). For a completely satisfactory statement, one would need to prove that
(4-23) is itself independent of the choice of (4-9) and (4-12) up to homotopy of Ao—
homomorphisms; and also, that the composition of two maps (4-23) is again a map of
the same type, up to homotopy. This would use higher analogues of J. For the sake of
brevity, we will not carry it out here.

4c Fulton—-MacPherson spaces and colored multiplihedra

One defines the structure of an algebra over C_4(FMy) on a chain complex € by
maps analogous to (4-2), with the additional stipulation of Sym —invariance. On the
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cohomology level, H*(C) becomes a Gerstenhaber algebra. The chain-level structure
is a classical topic in algebraic topology ( E,—algebras; see eg [51; 14; 53; 68]). For our
purpose, only part of that structure is relevant — that part, maybe surprisingly, does not
include the fundamental chains [FMy] € C,4_3(FMy) and the resulting L o—structure;
in fact, the chains relevant for us have dimension < d.

First of all, having chosen fundamental chains [.S ;] for the Stasheff associahedra, one can
map them to Cy_,(FMy) via (3-5), and their action turns C into an Ao-ring. As before,
one has to require homological unitality separately. Next, choose fundamental chains
MWWy, a.]€ Cqaei(MWWy, ;) for the colored multiplihedra, which satisfy
the analogue of (4-1). It is worthwhile writing this down:

(4-24) MWWy, 4. ]1=
Z (_1)(dk—i—j +diy1++dy)j+di+Fdi— 1 +it1)

ijk Tijkex«((MWWa, g —jt1,...a,1 % [S;])
+ Z (_1)<>Td11 ,...,djqr,*([Sj]X[MWWdLl ,...,d1,r]x' : 'X[Mwwdjsl,...,djyr])‘
partitions

The second sum is over all j > 2 and partitions
dy=di+-+djy, ..., dr=dy,+--+dj,
such that d; ; +---+d;, >0 foreachi =1,..., j. The sign there is given by

425 o= > disdig+ (- Ddi++diy—1)
i1<i2; k1>k2

(=2 + ety = 1) oo

Example 4.6 Examples of the degenerate configurations corresponding to the terms
in (4-24) are shown in Figure 14. (The trees 7;j; and Ty, .. 4; , can be inferred from
looking at those, so we will not define them explicitly.) Figures 3 and 5 illustrate the
orientation issues: in both of them, the actual moduli space has the standard orientation
of the plane, and the arrows show the orientations of the boundary strata arising from
(3-11).

Choose maps (3-13), take the images of the fundamental chains under those maps, and
let them act on €. The outcomes are operations

(4-26) disendr . @®d _, @[] _ 4],
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(k,i+1) - (k,i+]))

(r,1)

(k,i+j+1) ---
(1,1) (1,d1)
° di, ° da,, —o—o——od;,
o o - o o 7 °

dy 1 da 1
\ 12 / j /

Figure 14: Top: a summand in the first sum in (4-24). Bottom: a summand
in the second sum in (4-24).

In their definition, we insert signs as in (4-3); for
,Bgl""’d’(clil,...,cl,dl;...;cr,l,...,cr,dr)
this means (—1)* with
(4-27) x=(dy+--+dr—Dlcra|+ 1+ +dr =2)[c12| + -+
+(di+-+dr—Dlerg, |+ i+ +dr—1 — Dlcaq |+ -+

For MWW, 0.1,0,...,0 = point, where there is no corresponding Fulton-MacPherson

space, we artificially set
(4-28) ﬂg,...,o,l,o,...,o — ide.
As a consequence of (4-24),

i g1 dic—j+1,....dy
(4-29) Y (—DFwi gt hTT TR g et

Tk .
ij Ck,lv---v“é(ck,i+l:-~~’Ck,i+j)’---’ck,dk;---§Cr,1’-~-’cr,dr)
i (nd1.1,-.d1, . .
= Z (—I)O;Lé(ﬂel’l 1'(01,1,...,cl,d“,...,cr,l,...,c,’dl’r),...,
partitions ditod:
,3@]’1 ”(cl,dl—dj,1+1,---,Cl,d1§---§Cd,—dj,,+1,---,Cr,d,.))~

Here, the sums are over indexing sets as in (4-24), except that we now additionally
allow the differential ,U,é = de. Recall that by construction, the map (3-13) forgets
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factors of MWWy 0.1,0,...,0 = point. Algebraically, this corresponds to the places
where (4-28) appears in (4-29). The » symbol is the sum of reduced degrees of all ¢
which precede the p; and Q yields the Koszul sign that corresponds to permuting
the ¢ ; from their original order into the order in which they appear on the right-hand
side of (4-29), but using reduced degrees ||cx.; ||.

Remark 4.7 The operations (4-26) constitute an Aso,—multihomomorphism with
r entries C x -+ x € — C (the single-object version of an A.,—multifunctor; see
[4, Definition 8.8], or closer to our context, the discussion of the » = 2 case in
[9, Section 4.5]). What we will study later on amounts to the action of those As—
multihomomorphisms on Maurer—Cartan elements. One can argue that the homomor-
phisms themselves should be the center of attention;* in the interest of keeping the
discussion concrete, we have chosen not to take that route.

Example 4.8 In view of (4-28) and (4-29), B3 satisfies
(4-30)  pe(BE(er. c2) = BE(uge).c) = (=DIMBZ (1. pne(ea))

= Be(ualer, ) — pg(Be(er), Belca)) =0,
which means that (—1)l¢1] ﬂé (c1,c7) is a chain map of degree —1. Geometrically, the
reason is that the image of the fundamental chain under MWW, — FM,, is a one-cycle.

However, this cycle is supported at a single point of FM, 2= S'!, hence is necessarily
nullhomologous. This implies that ,Bé is chain homotopic to zero.

Example 4.9 The first substantially nontrivial case is ,Bé’l, which satisfies

L1, . 1,1 . L1, .
@31 peBe (crzen) =B (ug(en):ea) = (DI B (e pg(e))
= —M%(C’l ,€2) — (—1)”c1 ”"'cznﬂé(cz, c1).
In more conventional terminology, (—1)I€1 |ﬂé’1 (c1; cp) is the o operation which shows

homotopy commutativity of the product on H*(C).

Definition 4.10 Fix an adic ring N (Definition 1.1). Given yq,...,Yr € Cl® N,
define

dp dy
d a"'adr f__d“. .f__d“
(4-32) C v = Y BT L e )
dy,....dr >0,
di+-+d,>0

3Meaning that Proposition 4.20 should be understood as a consequence of a composition property of the
A so—multihomomorphisms up to homotopy; and similarly that Corollary 4.25 should be true because for
r =1, one gets an Aso—endomorphism of € which is homotopy equivalent to the identity.
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Suppose that we have (y1,...,y,) as well as, for some k, another element ¥.# Then,
define a linear endomorphism of € ® N by a generalization of (2-11),

d p
k di,..., di,....dy . .
433 PCf@® = > > gt (V1o Vhn s Vi €,
Vhoooos Tk oo i Vi oo os Vr)-
N’ N’
q d,

The definitions, taking (4-28) into account, have the following immediate consequences:
@-34) Te(1,-..y) =y +---+y mod N2,

(4-35) Te(yrs-.ove+E..oyr) =Te(x) + Pé’k(&“) + (order > 2 terms in &),
4-36) £€CR®N™ = PL(£) =& mod N,

@-37) T, ¥) =TT B 0) = PO (i = T

In (4-35), the endomorphism Pé’k is with respect to ¥, = y%. The two subsequent

equations, in contrast, use a general .

Lemma 4.11 If yq,...,y, are Maurer—Cartan elements (1-1), then so is

y=He0. ..., v

Moreover, the equivalence class of y depends only on those of y1, ..., V.

Proof From (4-29) one gets

(4-38) Z/Lg(%--wy)ZZPé’k(ZMé(ka--’Vk))-
a B j

Here, the P operations are defined using Y4 = k. This shows that the Maurer—Cartan
property is preserved. Similarly, suppose that for some 1 < k < r, we have another
Maurer—Cartan solution i . Then, for the associated y and ¥ = T15(y1, ..., Vs - - ¥r)s

P q

—_— K omm

439) Y udTTGTTY P )77
Pq

P q
k 1l ——
= P (E po (Vk»---»Vk’x,ykw--s)/k))-
D.q

In particular, if we have an element 4; which provides an equivalence between yj
and Y, then i = P@r’k (hy) provides an equivalence between y and ¥, by (4-37). O

4The basic case is Yk = V. but for some applications, the freedom to choose a general ¥, is important.

Geometry € Topology, Volume 27 (2023)



Formal groups and quantum cohomology 2985

We want to mention a few elementary statements which, taken together, stand in a
converse relation of sorts to Lemma 4.11.

Lemma 4.12 Suppose that we have y1, ..., Vik—1.Vi+1----.¥r € CL ® N. Then, for
eachy € @' ® N, there is exactly one yj such that e, vr)) =y

Proof By (4-35) and (4-36), if £ € C'®N™, then TIL(y1,.... vk + & ..., 7)) =
G(yis-...¥r) +&mod N m+1_This allows one to solve for y; order by order, and
to show uniqueness of the solution in the same way. a

Lemma 4.13 Suppose that we have yi,...,y, € C' ® N. If all but yy are Maurer—
Cartan elements, and y = TI5(y1, ..., yr) is Maurer—Cartan as well, then y; must
also be Maurer—Cartan.

Proof From (4-38) and the assumptions, one sees that Pg’k (Zl ,ué (7 yk)) =0.
On the other hand, by (4-36), Pé’k is clearly invertible.

Lemma 4.14 Given Maurer—Cartan elements yy, ..., Vk—1, Yk+1- - - - » ¥r and y, there
is a unique Maurer—Cartan element yy such that TI;(y1.....yr) = y.

Proof This is simply a combination of Lemmas 4.12 and 4.13. O
Lemma 4.15 Suppose that we have Maurer—Cartan elements y1, ..., ¥, and y for

somel <k <r.If y =T5(y1.....yr) and Y = TG(V1 - ... V=1 Vs Vi1s -+ Vr)
are equivalent, then so are yy and V.

Proof This is a consequence of (4-39) and the fact that Pé’k is an automorphism. 0O

Take the case r = 1 of (4-32). Then (4-29) says that (,Bé = id, ,Bé, ...) form an
Aoso—homomorphism from € to itself (which is not surprising, since the underlying
spaces MWW are the multiplihedra). The corresponding operation (4-32) is just the
action of the 4s,—homomorphism on Maurer—Cartan elements. One can show that
this A —homomorphism is always homotopic to the identity, and hence Hé(y) is
equivalent to y. (The first piece of the statement about the A4 —homomorphism is
Example 4.8, but we won’t explain the rest here; as for the action on Maurer—Cartan
elements, we will give an indirect argument in Corollary 4.25.) Therefore, that case
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is essentially trivial. With that in mind, the first nontrivial instance of (4-32) is r = 2,
which we will denote by

(4-40) yiev2 =5(y1, 12).

It will eventually turn out that the r > 2 cases can be reduced to an (r—1)—fold
application of this product (Corollary 4.24), and hence are in a sense redundant.

4d Well-definedness

Proving that (4-32) is well-defined involves comparing different choices of the underly-
ing Aso—structures je, as well as of the operations Be. Since the details are lengthy,
and the outcome overall not surprising, we will provide only a sketch of the argument.

One can generalize the construction of the operations (4-26) by allowing the use of
different versions of the A o—structure (in fact, a different version for each color of input,
and another one for the output). Concretely, suppose that we have (r + 1) choices of
fundamental chains for the Stasheff associahedra, with their associated Aoo—structures
He,0,-- - he,r. By choosing fundamental chains on the colored multiplihedra which
satisfy an appropriately modified version of (4-24), we get generalized operations
(4-26), which then lead to a map

(4-41) I15: MC(C, e 13 N) x -+« x MC(C, pe,rs N) = MC(C, pie,0: N).

For instance, let’s look at r = 1. Then, what we get from the modified operations
(4-26) is an Aso—homomorphism between two choices of Aso—structures on €, whose
linear part is the identity. That gives an alternative proof of the uniqueness result from
Section 4b. (In spite of that, it made sense for us to include the original proof; the
reason will become clear shortly.)

In (4-41), we want to understand the effect of simultaneously changing ji¢ o, one of
the other jie g1, with k > 0, and correspondingly also (4-41). Namely, suppose that
we have alternative versions jie o and fic k4. Alongside (4-41), we also have another
operation which uses the alternative 4 —structures, as well as different choices of
functions (3-17) and fundamental chains on the MWW spaces. Let’s denote that version
by ﬁg. The construction from Section 4b yields Aqo—structures pug¢,o and g k41,
where H = C®J. One can then construct a new operation H];{’I’l, where k +14+/=r,
which fits into the following diagram, with vertical arrows induced by (2-5):

Geometry € Topology, Volume 27 (2023)



Formal groups and quantum cohomology 2987

MC (-3, ;N .. x MC e, ;N IT¢
(C, e, 1s N)x -2 X (©C, tek+1:N) —G>MC(C’, pe,0:N)
X+ X MC(C, pe,r; N) ,

(¢
1R

MC(C, “N)x---x MC(K, -N) nk
(4-42) (C, e, 1: N) X oo x MC(H, pge e41: N) T MC(H. 3¢ 0 N)
X+ x MC(C, pe,,: N) ’

Il
IR

MC(C, pe,1: N) X -+ x MC(C, ig k+1: N) Tt po
’ ’ —— MC(C, N
x - X MC(C, pe,r: N) (€. AeorN)

Rather than giving the general construction of (4-42), we will only look at the r =1
case. This is not terribly interesting in itself, but contains the main complications of
the general situation, while allowing us to couch the discussion in more familiar terms.
The setup for r = 1 is that we are given the following data:

* Four Ao—structures on C, namely pe x and jie for k =0, 1.

e Two Ao—structures on H, namely gy for k = 0,1, which are constructed
with the aim of interpolating between jie x and jie . Their definition, following
(4-20), involves operations ¢¢ x and Ve  as in (4-9) and (4-12).

¢ Finally, we have two versions of (4-26), which are A,—homomorphisms

Be: (C, pe,1) = (C, peo)s
Be: (C, fie.1) — (C, fie,o)-

The aim is to define an A—homomorphism B4¢, again having the identity as its linear
term, which fits into a commutative diagram

B -
(©, te,1) ——— (C, fie,0)

B
(4-43) (H, pae1) ——— (3, fa3¢,0)

= B =
(C, fie,1) —— (C, fie,0)
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The corresponding special case of (4-42) is then defined through the action of B4 on
Maurer—Cartan elements. The definition of 8¢ involves two kinds of operations:

(4-44) o1 e®PHITE el p—¢] for p+q >0,
with o 10 _ ﬂg“, Ug’l’q = ~g+1 and, in particular, 08’1’0 = ide, and

(4-45) 9. e8P  e-p—gq—1] for p.q>0.

These enter into a formula parallel to equation (4-20): the nonzero terms of our Aso—
homomorphism are, for p,q > 0,

ﬂ;"{(cl®u,...,cd®u)zﬂg(cl,...,cd)@)u,

ﬁ§+q(cl®u,...,cp®u,cp+1®L7,...,cp+q®ii)
P Pq .
4d6 = (=1)"rtara " (cr, .. CpiCpttne s Cprq) AU,
(4-46) dr o~ . _
By (cr®u,...,cq®@u)=PBelct,...,cq) U,
+q+1 ~ ~
i g (1 ®u,....cpQU,Cp11 @V, Cpi2@U,...,Cp1g+1 @ U)

— x —k p,l.q . .
= (=) Fptat 174100 (Cr, oo Cpi Cpt 13 Cpt2s -2 Cptgt1) V.

The fact that (4-46) satisfies the Asc,—homomorphism relations reduces to certain
properties of (4-44) and (4-45). Those for (4-44) are

. _p—j+1,1, j . .
(4_47) Z (—l)*laéJ J q(CI’---’Cl'7/-’Lé,1(Cl.+1’""Ci+j)""’cp+1’
p=i+j

¥ i1, p+q—i+j ,
+ E (=1%o bra J(cl,...,c,-,
i<p<i+j p—i,1,i+j—p—1
¢e,1

1 Cpigti)

(Cig1s--iCpitiensCitj);
Citj+1s-- -,Cp+q+1)

i D:1,q—j+1 . .
+Y (DFiol T ey ep

p<i ~J
..,Me,l(cl'_i_l, ce s Cid )y Cpigat)

s,1,t( pd dy .
= Z ¢)€’0 ( el(cl"'"cdl)""’IBCA(Cd1+"'+ds_1+1’""cd1+"'+ds)’

partitions p—d——dg,1,d++dg+1—p—1 ) ]
Op (Cd1+-~-+ds+lw°"cp+17

ey Cd1+...+ds+1);
Adst1+
s B ' (Cp+q+2—ds+,+1 ye Cp+q+1))-

On the right-hand side, the sum is over all (s, ¢) and partitions dy + -+ + dg 14+, =
p+1+gsuchthatd; +---+ds <p+1landd;+---+ds+1 = p+ 1. In spite of
the apparently larger number of terms which appear, this is formally parallel to the
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Aoso—homomorphism equation, and in fact the nontrivial operations (4-44) are obtained
from a choice of fundamental chains on MWW/, ;1 1, as well as functions (3-17). The
trick is that the boundary behavior of these data is partially determined by the choices
underlying Be and ,5@, just as in our previous discussion of (4-8). Introducing the
shorthand notation Xd ]i :=dy +dy41+---+d; for k <, the relations for (4-45) are

(4-48) — Z (—1)*if(3p_]+1’q(671,...,Ci,ﬂ‘éyl(cl'_i_l,...,Ci_l,_j),...;

>i+j
+ Ui,l,p+q—i—j(c c_.wp—i,iﬂ'—p(c, . N
e 15+--,Ci, e1 l+1,...,Cp+1,...,C,+]),
i<p<i+j . )
Ci+j+1""’617+¢I)
¥ _p.a—j+1 R
_Z(_l) lfgq / (Cli'"7Cp’--"/’L‘éjl(cl.-i‘l""7Ci+j)"~~,cp+q)
p=i
X5y s,1,t [ pd d .
= Z (=1 Ed1¢€,0 (lBel(cl""’cdl)"'"IBGS(CEd‘l"_l-i—l’""Cde)’
partitions p—Eds,EdiY_H—p . ‘
To (Czdf+1,...,Cp,Cp+1,...,CEdiv+l),
Zds+1+1 ,
...,ﬂeA t(6p+q+2_ds+t+l,...,Cp+q))
s,t (pd d .
+ Z ‘/fe,o(ﬂel(clv---7Cd1)s---sﬂes(czdf—l_,_l,---,CEdf)»
partitions ~dyts
B (Cprgra—digipre - Cota))-

Combinatorially, the difference between the two terms on the right-hand side of (4-48)
is where the dividing semicolon between the first p and last ¢ inputs comes to lie: in the
first case, we require that Xdj :=dy +---+ds < p <dy +-+-+dsy1 =: Edf“, o)
that semicolon is inside one of the innermost operations, which becomes a t operation;
in the second case, we require that Xd IS :=dy +---+ ds = p, so that semicolon
separates the two kinds of inputs for the i operation. Topologically one realizes (4-45)
by choosing suitable fundamental chains on [0, 1]x MWW, 4, and analogues of (3-17)
on that product space. The second sum in (4-48) contains terms which correspond to
the boundary faces {0, 1} x MWW, just as in (4-14):

(4-49) oé’_l’l’q(cl,...,cp_l;l/fé”lo(cp);cpH,...,cp+q+1)
+ oe’l’q_l(cl, ces Cps wg”ll (Cp)iCpgis--sCpygt1)
= —aé’_l’l’q(cl, s Cp_15CpiCptls---sCpiq)
+0p PNy Cp+13Cp+2s---+Cpiq)-
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Example 4.16 The first new operation ré’l satisfies

(4-50) pe(re (i) + e (mélen):ien) + (=DIMee e png(ea))
= BE(c1. c2) = BE(er. c2) + Yy (c1: ) = Yo (cri ca),
bearing in mind that all versions of the Ao—structure on € share the same differential

—d = ué = ¢g:(1)’0 = ¢g:11 % This is exactly what’s required for the first nontrivial

Aso—functor equation on J: one has

(4-51) M;-(,o(ﬂf%{(cl Qu,cr ®u)) + M%—[,o(ﬂjlf(cl ®u), Bic(c2 ® i)

= (_1)”61 I+l (I’L(li'(fé’l (c1:¢2)) + wel:é (1 (72)) Q.
while

(4-52) (e, (c1@u). c2@m)+(= DI B3 (cr@u. pi 1 (c200))
+B3 (13 1 (c1®u, 2 D))
= (=plerFlel(—reuieni e +A3(er. =D g i peen))
—Eé(ﬂ ) Cz)+lﬁé:11 (c1; Cz))@l).
To conclude our discussion, let’s return to the general context (arbitrary r), and note

that then, repeated application of (4-42) allows one to change all the choices involved.
We record the outcome:

Corollary 4.17 Suppose that we have two different choices of fundamental chains on
the associahedra and colored multiplihedra, as well as of functions (3-17), leading to
two versions of the Ao—structure and operations (4-32). These fit into a commutative
diagram

Hr
MC(€, pte; N) —— MC(C, pe: N)

(4-53) zl F
ﬁr

MC(C, fig; N)" ——— MC(C, fie; N)

Here, we have related our Ao—structures using functors as in (4-23), and the vertical
arrows are the induced maps on Maurer—Cartan elements.

4e The p™ power operation

When defining (4-26), suppose now that we choose our functions (3-15) so that they
satisfy (3-19). For the fundamental chains, we may also assume that they are chosen
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to be compatible with the identifications (3-18). In algebraic terms, the outcome is a
cancellation property, which allows one to forget colors that do not carry any marked
points:

di,....dr—1,0,d yeeesd di,..., dic—1,di41,--5d
(4_54) el k—1 k+1 r — el k—1-8Kk+1 r'

Assuming that such a choice has been adopted, we have:

Lemma 4.18 Take a prime number p, and the coefficient ring N = qF,[q]/q?T".
Then, for y = qc + O(g?), one has

(4-55) e sy) =B (e s 0)g”.

Proof This is elementary, along the same lines as in Lemma 2.10. Applying (4-54)
allows one to rewrite (4-32) as
d; dj

(4-56) Tg(y,....y) = Z (l};) Z ﬂd“ ’d"(y,...,y,...,y,...,y),

1<k=r dy,...,dg>0

where the combinatorial factor reflects the possibilities of inserting 0 superscripts into
each B operation. Suppose that our coefficient ring is N = ¢gF,[q], and set r = p.

Then (4-56) becomes
dy dp

di,..., dje "
(4_57) Hg(%,y): Z 131 l‘( e Yie a3V ,)/)

as the only nonzero term. |

4f Deligne-Mumford spaces and commutativity

Let’s consider the question of commutativity of the product (4-40). Concretely, this
hypothetical commutativity would mean that there is an 7 € C® ® N such that

p q
(4-58) ZMPJ”H ieve, . iy 2oy 2o v) =vieva— 2o v

Let’s suppose, to simplify the exposition, that the coefficient ring is N = ¢Z[q].
Moreover, we choose to define the operations (4-26) as in Section 4e, so that (4-54)
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holds. That entails some convenient (but not essential, of course) cancellations in our
formulae. Given two Maurer—Cartan elements

(4-59) Yk =qcx + O(q?) for k=1,2,
with leading terms c; which are cocycles in !, we have by definition,

(4-60) yieva—raev = q2(Be " (crica) — Bg ' (caien)) + O(g?).

In writing down this formula, we have exploited the fact that, due to our choices,
,Bé’o(ck, Cr) = ,Bg’z(ck, ¢i). It follows from Example 4.9 that

(4-61) (cr.c2) € € (=DIMBe (erien) — (=DMl ey ep)
is a chain map of degree —1. On cohomology, it defines the Lie bracket
[-.-]: H*(©) ® H*(€) > H*™'(©),

which is part of the Gerstenhaber algebra structure. Geometrically, 81-! arises from
a one-dimensional chain in FM, whose boundary points are exchanged by the Z/2—
action. The sum of this chain and its image under the nontrivial element of Z/2 is a
cycle, which generates H; (FM,) = H,(S ') = Z. If we similarly write 7 = gb+ O(q?),
then (4-58) taken modulo ¢ says that b is a cocycle, and that

(4-62) pg(c1+ca,b)+ug(b, ¢1+¢2)+(coboundaries) = Be™ (¢15 ¢2) =B’ (cai ¢1).

By (4-31), the left-hand side of (4-62) is nullhomologous. Hence, for (4-62) to be
satisfied, the Lie bracket of [¢1] and [c,] must be zero, which means that commutativity
does not hold in this level of generality.

We now switch from Fulton—-MacPherson to Deligne-Mumford spaces. One could
define the structure of an algebra over C_,(DMy) on a chain complex C in the same
way as before. However, that notion is not well-behaved. For instance, the action
of DM, = point would yield a strictly commutative product on €. The underlying
problem is that the Sym —action on DMy is not free — from an algebraic viewpoint,
C_«(DMy) is not a projective Z[Symg ]-module. There is a simple workaround, by
“freeing up” the action. Namely, let (E;) be an Eoo—operad, which means that the
spaces E 4 are contractible and freely acted on by Sym,. Let’s adopt a concrete choice,
namely, the analogue of Fulton—-MacPherson space for point configurations in R,
Then

(4-63) DMz =DMy x E4

Geometry € Topology, Volume 27 (2023)



Formal groups and quantum cohomology 2993

is again an operad, which is homotopy equivalent to DM, but carries a free action
of Sym,. The maps (3-8) admit lifts

(4-64) FM, — DM,

which are compatible with the operad structure, including the action of Symy . As an
existence statement, this is a consequence of the properties of E;; but for our specific
choice, such lifts can be defined explicitly by taking (3-8) together with the natural
inclusion FM; — E,.

Assume from now on that € carries the structure of an operad over C_,(DM), and
hence inherits one over the Fulton—MacPherson operad by (4-64). Take the one-cycle
in FM, underlying (4-60) and map it to (the contractible space) DM,. Choosing a
bounding cochain (which is itself unique up to coboundaries) yields a nullhomotopy

(4-65) Kt €82 — €[-2],

el (i) + kg (ndlen)s e2) + (=DIieg T (ers nd(e2))
= 13(13’1 (cl ; C2) — (_l)llcl I ”52”13(13:1 (CZ; Cl)-

As a consequence, if we set
(4-66) h=q"kg! (e1:¢2) € € ® 47 Z]q],

then (4-58) is satisfied modulo q3 (on the left-hand side, only the p = ¢ = 0 term
matters at this point). Hence, if we reduce coefficients to ¢Z[¢]/q>, then (4-40) is
commutative. Nothing we have said so far is in any way surprising: the vanishing of
the Lie bracket in the case where the operations come from Deligne-Mumford space is
a well-known fact—if one uses the framed little disc operad as an intermediate object,
it follows from vanishing of the BV operator.

Let’s push our investigation a little further. As special cases of (4-29), we have

4-67) (B (c1.caie3)) = By (nbler). caics)
— (=Dl ey, né(ea): ) — (=nlerltleal g21 (o1 er: pdies))
= Be’ (ud(cr.ca)ies) — (=Dl B gt (i e3). )
—ud(er. B (caie3)) — ud(Bi(cr. ). c3)
— (=Dlleshllerlitliead 2 (e5 B2 (e, e2)) — ud(er. carc3)
— (=nylealliesl 3 (e 5. e0) — (—1yUerltleaDlies 3 es e ey,
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and respectively,

4-68) pE(Be(c3icr,ca)) — B (pbles)icr )
— (=Dl (es: pder). ) — (=DIesIHIel BE2 (e3: ¢, pb(er))
= (—D)IeslL T (e35 ud(er, e2)) — 2By (3 ¢1). 2)
— (=pllerMlesll 2 ey, B! (e3:¢2)) — nd(es. B3(er. c2))
- (‘D”QH(HCI "+”62")Mé(/3(22(01 ’ Cz), C3) - Mé(ﬁ, 1, CZ)
_ (_1)||03|| IIclllﬂé(q,% ¢2) — (_1)IIC3II(IIC1 "+”62"),ué(61,62,63).

Therefore, if we consider the map Ké’l : @®3 5 C[-2] given by
2,1
(4-69) K (c1,c25¢3)
2,1 ) L2, . 1,1 .
= IB@ (Cl » €25 03)_(_1)”63 Idlles ”+"02”)IBC (037 C1, CZ)_KC (/’Lé(cl s CZ)’ C3)

— (=nyllealliesl 2 et (e13¢3), €2) — (=DM 2 (eq, k00" (e23 ¢3)),

then that satisfies
1,1-2,1 . 2,1, 1 .
(4_70) /’LG(KC (01,62,03))_K(3 (/’LC(CI)’CZ’C3)

— (=)l g3 (e1, pud(ea)i ez) — (=t ezl g2:1 ey ea: pdies)) =0,

which means that (—1)|02‘Ké’1 (c1,c¢2; c3) is a chain map of degree —2. The same
observation applies to

@-71) K 2 (crsea,c3)
= e’ (crica,c3) = (=Dl Hlelgel ey 501
— (=Dl (e1; 2 (ea, 3)) — ik (e15 e2), €3)

= nletlelyd e e e e3)).

We now return to the original situation (4-59). Suppose that the cocycles K| é’l (c1,c1;¢2)
and Ké’z(cl ; ¢, Cp) are trivial in H™*(C), and that we have chosen bounding cochains
for them,

@4-72)  Kg'(enenie) = ppd™) and KeP(erieaca) = ped'?).
Then (4-58) is satisfied modulo g* by the refinement of (4-66) given by

(4-73) h=ky i va) + 0% +b52) € € @ ¢Zlql/q*.
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It remains to look at the geometry underlying (4-69) and (4-71). Both cases are parallel,
so let’s focus on K é’l . For B (23’1 (c1, c2; ¢3), take the relevant map and project it to actual
Deligne—-Mumford space for simplicity, which means considering the composition

(4-74) MWW, ;| — FM3; — DMj; — DMj3 = S2.

Looking at Figure 5, we see that three boundary sides of the octagon MWW, i,
corresponding to the u? terms in (4-69), are mapped to paths in DM3 which are images
of the canonical map S3 — DMj3 and two of its permuted versions (those which
preserve the ordering between the first and second point in the configuration). The
remaining sides are collapsed to “special points”’, meaning the images of the maps
DM, x DM, — DMj3. Altogether, we get a relative cycle, whose homology class
in H,(DM3, (DM3)R) = H,(S?, S1) is independent of all choices involved in the
construction. From the assumption (3-16), one sees easily that this cycle corresponds to
one of the two discs in S? bounding S'. Correspondingly, for ,Bé’z(q; c1,C3), we get
a relative cycle corresponding to the other disc. The outcome of this discussion is that
K é’l is constructed from a cycle which represents a generator of H,(DM3) = H,(S?);
roughly speaking, the difference between the two discs bounding the same S'!. Since
the action of Sym; on H,(DM3) is trivial, the induced map

(4-75) (1, [eal, [e3]) = (=D K3 (e1, 1 ¢3)]: H*(©)®% — H*2(@)

is graded symmetric. In particular, [Ké’1 (c1,¢1:¢2)] € H'(C) must be 2—torsion. If
we can rule out such torsion, then the class must necessarily vanish, and similarly for
[K é’z(cl ; €2, ¢2)]. We can carry over the argument to other coefficients:

Proposition 4.19 The product » on MC(C; N) is commutative if N3 = 0. It is also
commutative if N* = 0 and, additionally, H*(C) is a free abelian group.

Proof The first part is as in (4-66). For the second part, the obstruction is now
[Ké’l(cl,cl;cz)] € H*72(C; N?), and similarly for Ké’z. From our assumption, it
follows that H*(C; G) = H*(C) ® G for any abelian group G. Hence, the symmetry
argument that ensures vanishing of (4-75) carries over to arbitrary coefficients. a

4g Strip-shrinking spaces and associativity

Let’s assume that € is homologically unital; this assumption is used in the context of
geometric stabilization arguments, which add extra marked points. Our aim is to show:
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Proposition 420 Foranyr >2andany 1 <m <r —1, I15(y1, ..., yr) is equivalent
to H’é_l(yl’ e VYm® VYm+1s - - 9)/7') = HE_I(V’ s Hé(ym, Vm—i—l)’ R ’VV)'

Before getting into the proof, let’s draw some immediate consequences.
Corollary 4.21 The product e is associative.

This is because, by the r = 3 case of Proposition 4.20, I1 é(yl, ¥2, ¥3) is equivalent to
both TI2(y1 *¥2.¥3) = (Y1°¥2) e v3 and I2(y1, 20 v3) = 1 * (V2 * ¥3).

Corollary 4.22 The neutral element is y = 0, meaning that y 0 and 0 e y are both
equivalent to y .

The definition says that

(4-76) ye0=> Bal(.....y).
d

so the statement is not immediately obvious. However, it is obvious that 0 ¢ 0 = 0.
By Lemmas 4.14 and 4.15, y > y 0 is a bijective map from MC(C; N) to itself. By
associativity, that bijective map is idempotent, and therefore the identity. (There is a
more direct geometric argument which shows that (4-76) is equivalent to y, along the
lines of Example 4.8, but we have chosen to avoid it.)

Corollary 4.23 (MC(C; N), ¢) is a group.
This is a combination of the previous two corollaries and Lemma 4.14.
Corollary 4.24 Foranyr > 3, I15(y1,....yr) is equivalent to yy ®--- ;.

This follows by induction: if Hé‘l (¥1,...,Yr—1) is equivalent to y; ®---ey,_1, then
O5(y1...., yr) is equivalent to TI5 1 (yy * 2, ..., ), hence to (y1 e y2) e+ o s

Corollary 4.25 TI1 é(y) is always equivalent to y .
Proposition 4.20, with r = 2, says that Hé(yl, ¥2) = Y1 *Y» is equivalent to Hé(yl V),

which implies the desired statement by specializing to y; = 0 (again, this is a workaround
which avoids a direct geometric argument).
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Proof of Proposition 4.20 This uses the strip-shrinking moduli spaces from Section 3f,
with their maps (3-31). The codimension-one boundary faces are images of maps (3-22)
defined on the following spaces. First, in parallel with the first term of (4-24), we have

(4-77) SSdy,.di—j+1,dy X Sjs

where j and k can be arbitrary (in particular, the latter can be m or m + 1, something
that’s not entirely reflected in our notation). The analogue of the second term in (4-24)
is less obvious:

k—1 r colors

(4-78) §; x l_[ MWW, ,....d; . X SSdk.l,~~~s(dk,madk,m—i-l):'--adk.r

i=1

J a;
x 1_[ (Mwwdi,ls~--sdi,m—1,aisdi,m+2:-~~ydi.r x 1_[ Mwwdi.l.lydi.ll)’

= 1 =1
i=k+ r — 1 colors ! 2 colors

The last kind of MWW factor corresponds to the small-mid vertices in the terminology
of (3-22). Such boundary faces are parametrized by “double partitions”. One first
chooses j > 2 and partitions

d1=d1’1+..-—|—dj’1, e, dr:dl,r+"'+dj,r.

In addition, there is a distinguished k € {1, ..., j} for which (dg ;....,dk,,) can be
(0,...,0). Finally, for each i > k, one chooses a further a; and corresponding partitions
dijn=di11+ - +dig1anddiymi1 =dij12+ - +dig .

We fix fundamental chains on the SS spaces, compatible with the boundary structure in
the usual sense. We then insert those chains into our operadic structure through (3-31),
with the additional convention that at the stabilizing marked points (3-30), we will
always apply a fixed homology unit ec. Denote the resulting operations by

(4_79) agl,...,(dm;dm—i-l),...,dp : e®d N e[_d]’ where d = dl et dr > 0.

The simplest example is SSy, ... o = point, which is mapped to FM; = S ! by taking
the configuration (3-30). This coincides with the map S, — FM, which is part of our
A so—structure, and therefore

(4-80) ag """ 0,0),,0 _ ué(e@, ee) = ee + (coboundary).

Generally, the operations (4-79) satisfy the equation obtained from setting the sum of
boundary contributions (4-77), (4-78) equal to zero:
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di,..dir—j+1,....d . .

(4-81) Y agh "(etah e Crdyi e
ijk J(p ) .
ck,l"--’/Le(ék,i+1v---ka,i+j)’~~ka,dk»~~-’

Cr1se-- ’Cr,dr)

_ Jf pd1.1s0d1r . . . .
= Z :l:,u@(,Be (61,1a---aél,d“’---7Cr,1’---v6r,d1,,.)»---»

pg;)t?t]i)é?ls agk’l S (Cl,d1,1+-"+dk—1,l +1 0 Cldy Atrdy 15 D
Bt G ez (e g eray
gj'Ll’dj'm(cm,dm—dj,m+lv S Cmt Ldg 1 —dj g 1)
.,ﬂgj’aj’l’dj’aj’z(- e Cmdis -+ CmA L d g1 )
Cm+2.dmir—dmizj+1 - Cmt2.dpmias - ) ’

with double partitions as in (4-78), the only difference being that we have an additional

,ué(ﬂg"“"d’) term. Given Maurer—Cartan elements y1, ..., ¥, set
dy dy
482 g= Y agtrrlmdmehedn GETTR LT
diyesdr =0 cC'®(Z1® N).

As a direct consequence of (4-81), this satisfies

p
(4'83) Z/’Lg+q+l( ’(:3()/17"-7)/1‘)""’Hé(yl""’yr)’g7
pPq

Hg_l()’l,---,Vm'Vm+1,---,Vr)’---’H’é_l()/l’---’Vm’Vm+1,---,Vr))

q
=0.
In view of (4-80) and Lemma 2.6, this is exactly what we need to prove the equivalence
of the two Maurer—Cartan elements in question. O

S Cohomology operations

Following Steenrod and (in a more abstract context) May, reduced power operations
arise from homotopy symmetries. This general principle can be applied to configuration
spaces, as in Cohen’s classical work, and also to Deligne-Mumford spaces. After a
brief review of the underlying homological algebra, we discuss those two instances,
and their relationship.
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S5a Equivariant (co)homology

Let C be a complex of vector spaces over a field . Given an action of a group G on C,
one can consider the group cochain complex C;(€) and its cohomology H(C). (This
is a mild generalization of the classical concept of equivariant cohomology, where the
coefficients lie in a G—module; see eg [10] for a general account, and [46, page 115] or
[73, page 179] for the traditional choice of group cochain complex.) If C*(X) is the
cochain complex of a space X carrying a G—action, and V is a representation of G
over IF, then setting € = C*(X) ® V recovers

(5-1) HE(C*(X)® V) = HL(X: V) = H*(X xg EG: V),

the equivariant cohomology in the classical sense (with coefficients in the local system
over the Borel construction X xg E G determined by V7). A variant of the construction
yields the group chain complex CY (C) and group homology HC (€). Recall that in
our convention, all chain complexes are cohomologically graded. If we start with
the chain complex Cy(X) of a space, and a representation V', as before, then setting
C=C_x(X)®V gives

(5-2) HE(C_o(X)®V)=HO (X:V)=H_(X xg EG: V).

Group homology and cohomology carry exterior cup and cap products

(5-3) HG(C1) ® Hi(C2) — H(Cr ® C),

(5-4) HY(€1)® HE(C2) — HI (€ ® Ca):

see eg [10, Section V.3]. The cases relevant for our purpose are where G is a permutation
group Sym,, of prime order, or its cyclic subgroup Z/p, and F = F. For the cyclic

group, there are particularly simple complexes computing equivariant (co)homology.
The cohomology version is

Cy,(© =Cl® e,  with |t| =2, 6] =1,
(5-5) dg, p(t*c) = t* de + 61F(Te - o),
dgp(0t5c) = —0t% de + * T (e + Te+---+ TP e),

where T': C — C is the generator of the Z/ p—action. In the case of trivial coefficients
C = FFp, the differential vanishes. The ring structure (5-3), for C; = [F, and general
@, = G, satisfies [7] - [t*¢] = [tF+'¢] and [t]- [t¥Oc] = [t*T1c]. However, for p =2
and C; = €, =, one has [0]-[0] = [¢], while for p > 2 that expression would be
zero. Indeed, in the case p = 2 it is more convenient to write § = 11/2; for a more
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precise discussion of the choices of generators used here in relation to topology, we
refer to Section 10a. The group homology version is

CEIP (@) =els]@oCls], with |s| =—2, o] =—1,
(5-6) dZ/p(SkC):Sk dC—O’Sk_l(C+TC+---+TP_IC),
d?'P(oskc) = —osk de — sK(Te — o),

and under (5-4), ¢ acts on equivariant homology by canceling one power of s in (5-6)

-1

(by convention, s is set to zero). Because the index of Z/p C Sym,, is coprime to p,

for every complex € with Sym,,—action,

(5-7) HS*ymp (€) — Hy, ,(€) is injective,
(5-8) HE'P @) = H™ (@) is surjective.

Let (/) with / € Z be the one-dimensional representations which are

e trivial if / is even, and

* associated to sign: Sym,, — {+1} CF; if / is odd.
Note that the restriction of the sign homomorphism to Z/ p is trivial. The relevant
special case of (5-7) can be made explicit:

-1 -2 —1

(5-9) HS*ymp (Fp) =F,[t?7 @ 0tP“Fp[tP7 7] C Hi/p(IFp),
(5-10) Hs*ymp (Fy(1)) = l(p_l)/sz[tp_l] ® Qt(p_3)/2Fp[tp_l] - Hz/p(]Fp)'
See eg [50, Lemma 1.4]. Let C be a general complex of IF,—vector spaces, and consider

Sym,, acting on its tensor power C®? by permuting the factors with Koszul signs. In
this situation, there is a canonical equivariant diagonal map

m

(5-11) H'(@©) - HE! (€27 QF, (1))

which lifts the standard diagonal H! () — HP!(C®P); see eg [50, Lemma 1.1(iv)] for
its well-definedness. The equivariant diagonal is compatible with multiplication by
elements of [F,, but not additive. It is sometimes convenient to simplify the discussion
of (5-11) by restricting to the cyclic subgroup:

HY, (€2F 9T, (1)

(5-12) y [

l
H*(€) ———— Hy, (C®P)
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By explicit computation in (5-5), one sees that the equivariant diagonal for Z/p
becomes additive after multiplying with z. It follows that (5-11) becomes additive after
multiplying with 7=, since that lies in the subgroup (5-9).

5b Cohen operations

Let € be a complex of [F,—vector spaces, which has the structure of an algebra over
the IF,—coefficient version of the Fulton-MacPherson operad. Recall that the action of
Sym,, on FM,, is free. The associated Cohen operation is a map

(5-13) Cohy: H'(C) — (H*(FM,/Sym,: F, (1)) ® H*())?',

defined as follows:

(5-11) I
H! ‘(e) HS”ymp (C®P RF (1))

: operad structure
|
‘ Hsl;lmp (Hom(C_(FM,). C) ® F (1))
|
|
|
! l

(5-14) ‘ Hsf’ymp (Hom(C—«(FM ) ® F (1), €))
\
: Kiinneth
l Hom?! (H>3"" (FM,: F (1)), H*(C))
|
J/ freeness of the action

H*(©) p!
( 2 ) —— Hom?! (H_(FM,,/Sym : F (1)) H*(€))
H*(FM,,/Sym ,; F (1))

On the middle lines, the Sym ,—action is trivial on the C—factor. Because their definition
involves (5-11), these operations are not expected to be additive. Note that we could also
have defined our operations using Z/ p, but of course, they would still lie in the subspace
H*(FM, /Sym,,; Fp(1)) C H*(FMp/(Z/ p); Fp). For computational purposes, let’s
spell out what happens when one decodes (5-14).

Lemma 5.1 Suppose we have an cycle ¢ € @ of degree [. Then c®? € C®? is a cycle
which is Sym,,~invariant up to an IF (I)~twist, and which therefore represents a class in
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HS*ymp (C®P ®F,(1)). Similarly, suppose that we have a chain B € C(FM,; Fp) with
the property that 9B goes to zero in Cx(FMp) Qsym, Fp (). Such a chain represents
aclass [B] € Hx(FMp/Sym,; Fp(l)). As a consequence of the properties of B and c,
the image of B ® ¢®P under the operad action is a cycle in ©. That cycle represents the
image of [c] under (5-13), paired with [B].

The structure of Cohen operations was determined in [14, Theorems 5.2 and 5.3]. The
group relevant for operations on the even-degree cohomology of C is

F, if*=0,1,

5-15 H*(FM,,/Sym,: F,) =
( ) (FM,/Sym,,: Fp) {0 otherwise.

For % = 0, that just recovers the p—fold power for the product that is part of the
Gerstenhaber algebra structure on H*(C). If we suppose that p > 2, the operation
obtained from the % = 1 group can again be described as part of the Gerstenhaber
structure, as x — [x, x]x?~2. The twisted counterpart is more interesting:

F, ifx=p—1,p-2,
5-16 H*(FM,/Sym,,; F,(1)) = { 7
( ) (FM,/ ymp; Fp (1)) {0 otherwise.

Moreover, still as part of [14, Theorem 5.3], the pullback map
(5-17) Hs*ym,, Fp(1)) = H*(BSymp; F,(1)) > H* (FMp /Sym,,; [, (1))

is onto. Therefore, the groups (5-16) can be thought of as generated by 1(P=1/2 and
01P=3)/2 the lowest-degree generators in (5-10). Note that for p > 2, t(?~1/2 js the
image of 6¢(P=3)/2 under the Bockstein .

5¢ Quantum Steenrod operations

The same idea works for any operad, and in particular, Deligne-Mumford spaces.
Concretely, this means that we consider the action of Sym,, on DM, which keeps
the marked point zo fixed, and permutes (zy,...,zp). Given an algebra C over the
[Fp—coefficient Deligne-Mumford operad, one gets operations analogous to (5-13),

(5-18) H' (@) - (H*©)® Hgyr, (DMp; Fp(1)))” g

In principle, the same caveat as in Section 4f applies, which means that we should
replace DM, by a homotopy equivalent space (4-63). However, that makes no difference
for the present discussion, since only the equivariant cohomology of the space will be
involved.
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Unfortunately, the equivariant mod p cohomology of Deligne-Mumford space is not
known (to this author, at least), but there are simplified versions of this construction
which are easier to understand. Because p is assumed to be prime, the Sym ,—action
on DM, has a unique orbit O, with isotropy subgroups isomorphic to Z/ p (all other
isotropy subgroups have orders not divisible by p). For concreteness, we just look at
one specific point ¢ € Op, whose isotropy subgroup is the standard cyclic subgroup
Z/p C Symy:

(5-19) o= (C=C=CU{oo}, z0 =00, 23 =™V IKIP for k= 1,..., p).

Lemma 5.2 Restriction to ¢ € O, yields isomorphisms

(5-20) HZ

S, (OpiFp(D)) — H}, (0p:Fp) — H, (0:Fp) = HE, (Fp).

~

Proof This is elementary: the underlying map of Borel constructions, obtained by
composing

(5-21) ESymj, xz/p ¢ < ESym, Xz, Op = ESym, Xsym, Op,

is a homeomorphism. Moreover, the local system on ESym,, Xsym, Op associated to
Fp(1) is canonically trivial. a

Quantum Steenrod operations are obtained by replacing DM,, in (5-18) by its sub-
space Op. In view of Lemma 5.2, we can equivalently define them using the Z/ p—
equivariant cohomology of a point. Written in that way, they have the form

(5-22) QSty: H'(€) > (H*(©) ® Hy, ,(Fp))”'.

Following our discussion of (5-11), we know that (5-22) becomes additive after multi-
plication with 77!, Since that multiplication acts injectively on H2 /pFp). one sees
that (5-22) is already additive.

As an intermediate object between the two spaces considered so far, take DM;’7 be
the moduli space of smooth genus-zero curves with p 4+ 1 marked points, or equiva-
lently (3-7), which is an open subset of DM,, containing O,. Similarly, let FM; be the
configuration space (3-1), which is the interior of FM,, and hence homotopy equivalent
to the whole space. The forgetful map FM, — DM, restricts to a circle bundle
FM, — DM,.
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Lemma 5.3 Restriction to Op C DM;, together with Lemma 5.2, yields isomorphisms

(5-23) H,y (DM ) 2 Hy, (point; ),

0 for x < p—2,
5-24 HE, . (DM};F,(1)) =~
(5-24) sym, (DM Fp (1) {Hg/p(point;IFp) for x> p—2.

Moreover, the pullback map is an isomorphism

(5-25) Hs*ym,, (DM,; Fp(1)) — Hgyp, (FMp:Fp(1))  for + = p—2, p—1.
Proof Consider the Gysin sequence and its restriction to (5-19):

oo HE2 (DM By (1) = Hi, (DM Fp(1) = Hyy (FM5: (1)) — -

T

s> HE2(0Fp) ——— Hy (01 Fp) ——— HE, (ST Fp) — -

Over ¢, the fiber of the circle bundle FM; — DM; can be identified with the repre-
sentation of Z/ p with weight —1. In other words, the S in (5-26) carries the action
of Z/ p by clockwise rotation. The —¢ appearing in the sequence is the associated
equivariant Euler class. For / = 0, inspection of (5-15) shows that the rightmost | in
(5-26) is always an isomorphism. One can therefore prove (5-23) by upwards induction
on degree.

For / = 1, we use a variant of the same argument. The Gysin sequence and (5-16)

imply that
5-27 HE, (DMS:F,(1 0 forx<p-2,
(5-27) sym, (DM: Fp (1)) = H,, (FM5: By (1) for = p—2.
Let’s look at the first nontrivial degree, and the maps

_ liback _ stricti _
(5-28)  HZ.2 (point; Fp(1) i HE2 (DM3: B, (1)) Jestrietion, HE (03 ).

From (5-27) and (5-17), it follows that the first map is an isomorphism. The composition
of the two maps is just (5-7), hence an isomorphism. It follows that the second map
must be an isomorphism as well, which is part of (5-24). On the other hand, since the
Symy,,—action has isotropy groups of order coprime to p outside Op,

(5-29) H,, (DMj, 0,:F,(1)) = H*(DMj /Sym,,, Op/Sym,,; Fy (1)),

and the right-hand side vanishes in high degrees. From that and Lemma 5.2, one sees

that the restriction map HS*ymp (DM Fp(1)) — H /p (point; Fp) is an isomorphism
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in high degrees. By downward induction on degree, using (5-16) and (5-26), one
obtains the degree > p — 1 part of (5-24). From (5-24), it also follows that the map
H;;;]i (DM); Fp(1))— HSl;mp (DM; Fj, (1)) in the top row of (5-26) is an isomorphism,
which then implies (5-25) in degree p — 1; the degree p — 2 part of the same statement

has been derived before, in (5-27). a

As an immediate consequence, suppose that C is an algebra over the chain-level
Deligne-Mumford operad. Consider its induced structure as an algebra over the Fulton—
MacPherson operad. By definition, the associated operations (5-13) and (5-22) fit into
a commutative diagram
o /
(H*(©) ® H*(EM;/Sym,,:F,(1)))”

Cohen

(5-30) H!(€) —— (H*(©) ® Hy,,, (DM};F, 0)”!

quantum Steenrod
/
(H*(©) ® Hy, (Fp))”

If / is odd, then Lemma 5.3 shows that both vertical arrows are isomorphisms on the
degree p —2 or p — 1 cohomology groups of the moduli spaces. Those cohomology
groups are one-dimensional, and their generators can be identified with 61P=3)/2 and
1 (P=1/2, respectively. To put it more succinctly:

Lemma 5.4 The Cohen and quantum Steenrod operations
(5-31) H () > HP' k(@) forl oddandk = p—2ork =p—1

coincide.

6 Prime power maps

This section brings together the lines of thought from Sections 4 (formal group structure)
and 5 (cohomology operations). Our first task is to make part of the discussion
in Section 5b more concrete, by introducing an explicit cocycle which generates
HP~Y(FM,/ Sym,; Fp(1)). By looking at the relation between that cocycle and the
1 — FM,, we obtain an abstract analogue of Theorem 1.9 in the

.....

operadic context.
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6a A cocycle in unordered Fulton-MacPherson space

Take (3-5), modify it by rotation by i so as to put the resulting configurations on the
imaginary axis in C, and then compose that with projection to FMp, /Sym,, (recall that
the Sym ,—action is free, so the quotient is again a smooth manifold with corners, or
topologically a manifold with boundary). The outcome is a submanifold (a copy of the
associahedron Sj)

(6-1) Z, C FM,/Sym,,

with 0Z) C 9FM,, /Sym,,. By definition, (6-1) has a preferred lift to FM), and therefore,
the local system I, (1)| Z, has a canonical trivialization. Using that and the orientations
of S, and FM,,, we get a class

(6-2) [Zpl€ Hp—2(FMp/Sym,,, 0FM,, /Sym,,; Fp(1)) = HP_I(FMP/Symp;IFp(I)).

In terms of the previous computations (5-10) and (5-16), this can be expressed as
follows:

Lemma 6.1 For p = 2, (6-2) is the image of § = t'/2 under (5-17); for p > 2, it is
the image of

(6-3) (~1)P=D/2 (L2002 ¢ rr= (BSym, Fy(1)).

Proof Let’s consider the more interesting case p > 2 first. Take the map
(6-4) Conf,(C) — R? /R =R?™!

which projects ordered configurations to their real part, and then quotients out by
the diagonal R subspace. This map is Sym ,—equivariant, and the fiber at 0 is the
subspace Z, = R x Conf,(R) C Conf,(C) of configurations with common real part,
(z1=s+~—111,... JIp =8+ \/—_llp). Let’s orient that by using the coordinates
(s,t1,...,tp) in this order. This differs from its orientation as a fiber of (6-4) by a
Koszul sign (—1)??=1/2 = (—1)(»=1)/2_On the other hand, the fiber at 0 represents
the pullback via (6-4) of the equivariant Euler class of the Z/ p—representation R? /R.
From this and (10-5), we get

~ _ -1 _ _
65  [Zy)= (=D 1>/2(PT!)N’ D/2 ¢ HY ! (Confy(C):Fp).

Sym
classes involved live in that group, and the map from there to Z/p—equivariant co-

The corresponding relation must hold in HZ ~ (Conf,(C); F,(1)) as well, since both
p

homology is injective. Note that V4 p is the preimage of Z, under the quotient map

Geometry € Topology, Volume 27 (2023)



Formal groups and quantum cohomology 3007

Conf,(C) — FM,,. Moreover, inspection of (3-6) shows that the orientations of FM,,,
Zp and V4 p we have used are compatible with that relation. Since the quotient map
is equivariant and a homotopy equivalence, (6-5) implies the corresponding property
for [Z,].

One could follow the same strategy for p = 2, but we can be even more explicit. The
generator of Hy(FM,/Sym,;Z/2) = Z /2 consists of a loop of configurations where
two points rotate around each other, and its image in H;(BSym,;Z/2) = Z/2 is
obviously nontrivial. On the other hand, that loop intersects Z, transversally at exactly
one point, which proves the desired statement. |

6b A cycle in unordered Fulton-MacPherson space

Consider the space MWW, | with d colors, denoted here by MWW/ for the sake
of brevity. As a special case of (3-11), its codimension-one boundary faces are of the

form
T
(6-6) MWWy, x -+ X MWW, X Sp 25 MWW g
there is one such face for each decomposition of {1,...,d} into r > 2 nonempty
subsets (11, ..., I,) with dy = |I}|. In describing the boundary faces, we have used the

identifications (3-18). Suppose that we choose maps (3-13) so as to be compatible with
(3-18), as in Section 4e. Consider two decompositions (/y,..., I7) and (71, e, fd),
which correspond to the same ordered partition dj = |I;| = |7 & |. Then, the associated
maps (6-6) and (3-13) fit into a commutative diagram

Ty 1oeees Ir TTI ..... Ir

MWW, 7 MWWy, x -+ x MWW, X S, —— s MWW,

(6-7) l l

My —— " FM,

,,,,, 1, € Symy is the unique permutation which maps {1,...,d;} order-
preservingly to I, {d + 1,...,d + d,} order-preservingly to I, and so on; and
correspondingly for A Suppose that we choose fundamental chains to be also

compatible with (3-18). Then, (4-24) simplifies to

6-8)  OAMWWyl= Y Ty 1, «(MWWg]x---x [MWWg, ]x[S,]).
(Iy,....1})

Thinking of the homology of FM,/Sym,, as in Lemma 5.1, we get:
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Lemma 6.2 Suppose that d = p is prime. Then, the image of [MWW p] under
(3-13) is a chain, denoted here by B, € C«(FM;F,), with the property that 0B,
goes to zero in Cx(FMp:Fp) ®sym, Fp(1). Therefore, it represents a class [Bp] in

Proof Consider two codimension-one boundary faces as in (6-7). The resulting
chains in FM differ by applying the permutation AN A 1 ;- Hence, when
mapped to Cx(FMy) ®sym, Fp(1), they differ by the sign of that permutation. On the
other hand, their entries in (6-8) differ by the same sign. When computing 9B, in
C«(FMp) ®sym, Fp (1), the two kinds of signs cancel, which means that the contributions
are the same. Now, the cyclic group Z/ p C Sym,, acts freely on ordered decompositions
corresponding to the same ordered partition, and this provides the required cancellation

mod p for the terms of 0B,. ad

Lemma 6.3 The canonical pairing between the cohomology class of (6-2) and the
homology class from Lemma 6.2 is [Z,] - [Bp] = (=1)Pp—1/2,

Proof We think of this Poincaré-dually as an intersection number. The relevant
cycles intersect at exactly one point of FM,,, which is a configuration (zy;...;zp) with
re(z;) =---=re(zg) =0 and im(z;) < --- <im(zy). The tangent space of Z; C FMy
at that point can be thought of as keeping (z1, z») fixed, and moving (z3,...,z4)
infinitesimally in the imaginary direction. The tangent space to the image of MWW,
at the same point consists of keeping z; fixed, but moving (z3, ..., zg) inﬁnitesimallg/
in the real direction. Note that positive horizontal motion of z, yields a clockwise
motion of the angular component of z, — z{. This observation, when combined with
standard Koszul signs, yields the desired local intersection number. a

To see the implications of Lemmas 6.1 and 6.3, note that, by the dual of (5-16)
and (5-17),

(6-9) Hy_ i (FM,/Sym,,; Fy (1)) 2 H,—1(BSym,,; Fy(1)) = F,.

In those terms, what we have shown is:

Lemma 6.4 For p =2, the homology class of the cycle from Lemma 6.2 is the unique
nontrivial element in (6-9). For p > 2, it is

(51"

times the standard generator (dual to =1/ 2).
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Take [c] € H°(@) and our B, and consider the image of B, ® ¢®? under the operad
action. This defines a map H°Y(C) — H°Y(@), which by Lemma 5.1 is a certain
component of the Cohen operation applied to [c]. Lemma 6.4 tells us exactly what it is:

the ¢1/2 (or 6) component of (5-14) if p =2,
(6-10) 131
(pTl,) times the 1(?~1/2_component of (5-14) if p > 2.
If ¢ has degree 1, the same process computes ﬂél (c:...;c), by definition of (4-26).

Lemma 4.18 shows that this is the leading order term of Hg (y,...,y) for a Maurer—
Cartan element y = gc + O(g?), and Corollary 4.24 identifies that with the p—fold
product of y under our formal group law. The consequence, under the assumption of
homological unitality inherited from the proof of Proposition 4.20, is:

Theorem 6.5 Take the group law » on MC(C; ¢Fp[g]/q?*!). The p™ power map for
that group fits into a commutative diagram like (1-13), with the operation (6-10) at the
bottom.

To conclude our discussion, note that if the operad structure is induced from one over
Deligne-Mumford spaces, as in (4-64), then the relevant operation (6-10) can also be
written as a quantum Steenrod operation, by Lemma 5.4.

7 Constructions using pseudoholomorphic curves

We will now translate the previous arguments into more specifically symplectic terms.
The choice of singular chains on parameter spaces, and its application to a general
operadic structure, is replaced by a choice of perturbations which make the moduli
spaces regular, followed by counting-of-solutions to extract the algebraic operations. For
technical convenience, we use Hamiltonian Floer theory (with a small time-independent
Hamiltonian) as a model for cochains on our symplectic manifold. Correspondingly,
all the operations are defined using inhomogeneous Cauchy—Riemann equations on
punctured surfaces. This makes no difference with respect to Theorem 1.9, since the
Floer-theoretic version of quantum Steenrod operations agrees with that defined using
ordinary pseudoholomorphic curves (for p = 2, see [75]; the same strategy works for
general p).

7a Floer-theoretic setup

Let (X, wy) be a closed symplectic manifold, which is monotone (1-3). We fix a
C?—small Morse function H € C*® (X, R), with its Hamiltonian vector field Zz. We
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also fix a compatible almost complex structure J, and the associated metric gy. We
require:

Properties 7.1 (i) All spaces of Morse flow lines for (H, g ) are regular.

(i1) All one-periodic orbits of Z gy are constant, hence critical points of H. Moreover,
the linearized flow at each such point x is nondegenerate for all times ¢z € (0, 1],
which implies that the Conley—Zehnder index is equal to the Morse index p(x).

(iii) No J-holomorphic sphere v with ¢y (v) = 1 passes through a critical point of H
or intersects an isolated Morse flow line. Here, ¢q(v) is the usual shorthand for
¢1(X) integrated over [v] € Hy(X).

Consider the autonomous Floer equation, where as usual S' =R /Z:

uw:RxSt— X,
(7-1) dsu+ J(0ru—Zpg) =0,

limg— 1o u(s, 1) = x4,

where the limits x- are critical points of H. This equation has an (RxS!)-symmetry
by translation in both directions. For S !—invariant solutions, meaning 7—independent
maps u = u(s), it reduces to the negative gradient flow equation du/ds + Vo, H = 0.
Denote by D, the linearized operator at a solution of (7-1). Its Fredholm index can be
computed as

(7-2) index(Dy) = pu(x—) — u(x4) + 2¢1 (),

where in the last term, we have extended u to (R x S1) U {00} = S2, the two-point
compactification. As a consequence of transversality results in [33; 20] (see in particular
[33, Theorem 7.3] and [20, Theorem 7.4]), we may further require:

Properties 7.2 (i) All solutions of Floer’s equation with index(D,) < 1 are inde-
pendent of 7. Concretely, there are none with negative index; the only ones with
index zero are constant; and those with index(D,) = 1 are isolated Morse flow
lines for (H, gy).

(i) For the last-mentioned u, all solutions of D,& = 0 are independent of ¢, hence
lie in the kernel of the corresponding linearized operator from Morse theory.
In view of Properties 7.1(i) and (ii), this implies that such Floer solutions are
regular.
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Define C to be the standard Morse complex for (H, g y), meaning that
(7-3) C =P Z[-n(x)].
X

where Z, is the orientation line (the rank-one free abelian group whose two generators
correspond to orientations of the descending manifold of x), with a differential de that
counts isolated gradient flow lines. When considered as a Z/2—graded space, this is
equal to the Floer complex of (H, J), thanks to the properties above. Our conventions
are cohomological, meaning that with notation as in (7-1), de takes “x4 to x_".

7b Operations

Take C = CP! with marked points zg = 0o and zy, ..., z4 € C. Consider the resulting
punctured surface,

(7-4) C=C\{zo,....24y =C\{z1,..., 24}
An inhomogeneous term v¢ is a (0, 1)-form on C with values on vector fields on X:
(7-5) ve € QUNC, C® (X, TX)) = C®(C x X,Homc (T C, TX)),

where the (0, 1) part is taken with respect to J. We require that our inhomogeneous
terms should have a special structure near the marked points:

(7-6) Do = (Zg ®re(d log(z —Zk)/27T\/—_1))0’1 near zj for k > 0,
“ (ZH ® re(d log(z —SC)/zﬂ«/—_l))o’l near zy = oo,

where £c € C is an auxiliary datum that we consider as part of v¢. In cylindrical
coordinates

Zr+exp(—2m(s+~/—1t))  near z; for k > 0, where (s,7) € R=9x ST,

77) z=
7-7) = {§C+exp(—2n(s+\/—lt)) near zo = oo, where (s,1) € RS0x S,

what (7-6) says is ve = (Z g ® dt)®!. Consider the inhomogeneous Cauchy—Riemann
equation

u:C - X,
(7-8) = ve(u),

1imz—>zk u(z) = xi,
where the limits x; are again critical points of H. When written in coordinates
(7-7) near the marked points, (7-8) reduces to (7-1), explaining why this convergence
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rescaled version of C,

Ci

Figure 15: Gluing punctured planes equipped with inhomogeneous terms,
as in (7-12). The shaded regions are where the inhomogeneous term on the
glued surface is prescribed.

condition makes sense. The linearization of (7-8) has

d
(7-9) index(Dy) = f1(x0) = ) 11(xj) + 2¢1(w).
j=1

We will not explain the compactness and transversality theory for moduli spaces of
solutions of (7-8), both being standard (the first due to monotonicity, the second
because we have complete freedom in choosing v¢ on a compact part of C). For a
single surface C and a generic choice of v, counting solutions of (7-8) will give rise
to a chain map €®? — @ which preserves the Z /2—degree (and which represents the
d—fold pair-of-pants product).

We need to review briefly the gluing process for surfaces, to see how it fits in with
inhomogeneous terms. Suppose that we have two surfaces Cx = C \ {z 1.....,Zx 4, }
for k = 1,2, which also come with inhomogeneous terms vc, , and in particular
éc, € C. Fix some 0 <i < d;. The gluing process produces a family of surfaces
Co=C\{z),1....,21,4}, Wwhere d = d; + d, — 1, depending on a sufficiently small
parameter A > 0. Namely, take the affine transformation

(7-10) $r(2) = Az —éc,) + 21i+1s
then
71k fork <i,
(7-11) Zagk = \Pr(Zak—i) fori <k =<i+d,

Z1 k—ds+1 fork >i+d,.
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We want to equip the glued surfaces with inhomogeneous terms v, which are smoothly
dependent on A and have the following property. Fix some sufficiently small » > 0 and
large R > 0. First,

Ve, = V¢, where |z| > Rand |z —z; | <r for0 <k #i +1,
(7-12) ve, = ¢a «Vc, Where AR <|z—zy ;41| =7,

$yvc, =ve,  where |z —zp | <r forany k > 0.
The upshot is that v¢, is completely prescribed in certain (partly A—dependent) neigh-
borhoods of the marked points on Cj, as well as on an annular “gluing region”; see
Figure 15. On each such region, v, is given by a similar expression as in (7-6). In
particular, the middle line of (7-12) really says that

log(z—z1,i41)

2/ —1

10g(2—§cz)))0’1 i
—_— where R <|z— <A 'r.
e 2—tc|

Additionally, there are asymptotic conditions as A — 0:

0,1
(7-13) Ve, = (ZH ®re(d )) where AR < |z—zy ;41| =<7

S ¢)>|:VC)L = (ZH ®re(d

(7-14) o On |z —zy ;41| > r, the family vc, can be smoothly extended to A = 0, by
setting that extension equal to vc, .

e On |z| £ R, the family d)i‘ Ve, can be smoothly extended to A = 0, by setting
that extension equal to vc,.

Given that, it makes sense for a sequence of solutions of (7-8) on Cy, , with A; — 0,
to converge to a “broken solution” which consists of corresponding solutions on C}
and C,; and conversely, the gluing process for broken solutions applies —as used,
for instance, in proving associativity of the pair-of-pants product. Again, we omit the
details, which are standard. Thanks to our use of an autonomous Hamiltonian, there
is also a version where C, is rotated before being glued in, meaning that we use a
small A € C* (inserting absolute values wherever the size of A appears in the formulae
above).

A process such as (7-11), in which the A—dependence of the marked points follows a
specific pattern, is simple to describe, but far more rigid than the analytic arguments
require. Here is a more appropriate formulation, where the first part describes the
ingredient for compactness arguments, and the second part addresses gluing of solutions.

Definition 7.3 Take (i and C, as before. Choose arbitrary families of surfaces with
inhomogeneous terms Cj , and C; ,, depending on r € R for some m, and which
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reduce to the given ones for » = 0. Apply the previously described notion of gluing in
a parametrized way, which means that we have a family C; ,.

(i) Suppose that Cy is a sequence of surfaces with inhomogeneous terms v, , which
for k > 0 are isomorphic to Cy, ,, for Ax > 0 and (Ag,r¢) — (0,0). We then
say that the C degenerate to (Cy, C).

(ii) Suppose that Cy is a smooth family of surfaces with inhomogeneous terms v,
depending on a parameter o > 0. Suppose that for small o, these are isomorphic
to Cy.(0).r(c)» Where (A(0),7(0)) satisfies (A(0),7(0)) = (0,0) and A/(0) > 0.
We then say that the family C is obtained by smoothing (Cy, C»).

To clarify the notation, it might be useful to look slightly ahead to our first application.
When defining an Ao—structure, one deals with C; and C, which depend, respectively,
on moduli in Sg, \ 354, and Sg, \ 0S4,. In these terms, r is a local coordinate on
the product of those spaces, while A is the transverse coordinate to S, x Sg, C 0S4,
where d = dy 4+ dy — 1. As this example shows, our discussion has been limited to the
simplest process of gluing two surfaces together; a complete description would include
the generalization to arbitrarily many surfaces.

To round off the discussion of inhomogeneous terms, let’s mention an obvious gen-
eralization, which is to equip (7-4) with a family of compatible almost complex
structures (J;),ec which reduce to the given J outside a compact subset. When
defining the associated notion of inhomogeneous term, one uses those structures to
define the (0, 1) part, and similarly for (7-8). It is straightforward to extend the gluing
process to this situation. Usually, this generalization is not required, since the freedom
to choose v¢ is already enough to achieve transversality of moduli spaces. However,
there are situations such as the construction of continuation maps, where varying almost
complex structures necessarily occur (because one is trying to relate different choices
of J).

7c¢ The quantum A ,,—structure

This is the most familiar application. Given (sq,...,s;) as in (3-1), we think of
them as complex points z; = s, and then equip the resulting surface (7-4) with an
inhomogeneous term v¢, which should vary smoothly in dependence on the points,
and be invariant under the symmetries in (3-1); one can think of this as a fiberwise
inhomogeneous term on the universal family of surfaces over S; \ dS,;. Along the
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boundary of the moduli space, we want the family to extend along the lines indicated
in Definition 7.3(ii). Of course, on a boundary stratum of codimension k, one has
k components that are being glued together, and the definition should be adapted
accordingly. The outcome is a parametrized moduli space, which consist of points
of Sz \ S, together with a solution of (7-8) on the associated surface. For generic
choices, these parametrized moduli spaces are regular. Moreover, they are oriented
relative to the orientation spaces at limit points, meaning that a choice of isomorphism
Zy, =Zfork=0,...,d,determines an orientation of the parametrized moduli spaces.
A signed count of points in the zero-dimensional moduli spaces, with auxiliary signs as
in (4-3), yields operations ,ug for d > 2, which one combines with the Floer differential
,ué = —dp to form the (Z /2-graded) quantum Aso—structure.

One can adapt the arguments from Section 4b to show that the quantum A4 .o—structure is,
in a suitable homotopical sense, independent of all choices, including the Floer differ-
ential. Suppose that we have (H, J) and (H J ), leading to chain complexes (C, de)
and (é, dg). For each of the two, we make the choices of inhomogeneous terms required
to build the A —structures, denoted by e and ug. To relate them, we start by picking
a third version of the chain complex, denoted by (é, dé), based on some (fVI , J ). Next,
we introduce maps

(7-15) ¢g’1’q:e®1’®é®é®q—>é[1—p—q],

with ¢g’1’0 = —dg, which turn é[l] into an As—bimodule, with pe acting on the left
and g on the right. This is analogous to (4-9), except that the conditions on ¢ > 1.0 and
¢ 14 which we imposed there are no longer satisfied. The geometric construction of
(7-15) involves another family of inhomogeneous terms over Sy \ 0S4, d = p+1+4.
Those terms are modeled on H near (zy,...,zp), on H near (zp+2.....24), and on
H near the remaining points (zg, Zp+1). Similarly, our surfaces carry varying families
of complex structures. The behavior under degeneration to dSy; follows the pattern
from Figure 12, with some components of the limit carrying the inhomogeneous terms
that define the two Ao—ring structures, and others, the 4—bimodule structure; we
have represented this in a more geometric way in Figure 16.

At this point, we add continuation maps to the mix. These arise from the configuration
(zo = 00, z; = 0), meaning the surface C = C*. In our application, the behavior at z,
is always given by (ﬁ, .7), and that at z; by either (H, J) or (H, J). The outcome is
two chain maps 10 oy

(7-16) e—- 80
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Figure 16: The A,—bimodule operations (7-15). We show the behavior of
the inhomogeneous terms on a sample (codimension 5) boundary stratum, for

(p.q)=4.7).

Our sign conventions are nonstandard: on cohomology, ¥ %! induces the canonical
isomorphism between Floer cohomology groups, whereas ¥ !0 has the opposite sign.
Extending (7-16), we want to build operations

(7-17) yla. e®r ®C® > C[l—p—q] ford=p+q>0,

which unlike their counterparts in (4-12) are defined even if p or ¢ are zero, and
(that being taken into account) satisfy the same kind of relation (4-13). Geometri-
cally, the parameter space underlying (7-17) is no longer [0, 1] x S; as in Section 4b,
but instead Sy 1, where we think of having inserted an additional point s, with
Sp <8t < Sp+1, into (3-1). The orientation is that associated to ordered configurations
(51,....8p, 8. ..., 8p+q) multiplied by (—1)?. When forming the associated surface
(7-4), we do not equip it with a puncture corresponding to sy: the position of that
point just serves as an additional modular variable. The inhomogeneous terms and
almost complex structures are determined by (/, J) near z, ..., zp; by (ﬁ , J ) near
Zp41s---sZp+gq;> and by H near Zo. In the limit as we approach a point of 95,41, the
screen containing sy corresponds to a component surface which carries data underlying
(7-17), while the other components have data underlying the Aso—ring structures or the
Aso—bimodule structure.

Example 7.4 Consider the cases where p + ¢ = 2. The algebraic relations are
U (udler, ) =g er: 30 (e2)

(7-18) —qbg’l’l(wél’o (c1); 52)—92%’1’0(01 ; wg’l (¢2)) ¢ = (terms involving differentials).
v (HE@. ) —gg " (Vg (@1): )
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Figure 17: The construction of the maps (7-17), in the case from Example 7.5.
The cross marks the additional point (not a puncture of the associated surface).

On the cohomology level, consequence is that if the classes [¢x] and [¢;] correspond
to each other under canonical isomorphisms, meaning that [wél’o(ck)] = _ng )1 (€x)],
then their products inherit the same property:

(7-19) [ (ueler, el = [pg (e v YDl = —lgpg (e v (@))]
=lgg " Wt en: @) = oy (Vg @) @)
= —[yg i@, @)
Example 7.5 For (p,q) = (1,2), the algebraic relation is
(720) =32 (Y (e1); &2, E) =g (Vg (€1382):E) =g (13 ¥ (€2): )
— ¢ e v @, @) + DIy e 1@, )
= (terms involving differentials).

Figure 17 shows the relevant degenerations, corresponding to the boundary faces of Sj.
Using (7-15) and (7-17), we define an A —structure on
(7-21) H=(C®Zu) ® (CRZi)® (C®Zv),

where the symbols u, # and v have degrees as in (2-3). The definition is a modified
version of (4-20). The differential is

wice®u) = pe(@) @ u+ (=DIMy 0@ @,
(7-22) @) = @ @i+ )y @ o,
1@ @) =@ ®v,
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and we similarly change the higher 4.,—operations in the case when the input consists
of only terms from either C or C:

Mff{(q@u,...,cd@u) =M‘é(cl,...,cd)®u+(—1)*d1//g’0(cl,...,cd)®v,
(7-23) o
M;’{(&“l@a,...,zd@a)=Mg(a,...,zd)®a+(—1)*dwé’ (@1..... 0 Q0.

As before, the projection maps from (7-21) to € or Care compatible with 4o—ring struc-
tures, and are chain homotopy equivalences. This implies the desired well-definedness
statement for the Aoo—structure, as in (4-23).

7d An alternative strategy for proving independence

The approach to well-definedness of the quantum A —structure adopted above involves
additional families of Riemann surfaces, leading to the larger A o—ring J, which serves
as an intermediate object. Alternatively, as we will now explain, one can enlarge the
target symplectic manifold.

Let’s start by looking at a toy model, namely the symplectic manifold S?2.

(7-24) Choose (Hg2, Jg2) as in Section 7a, satisfying the following additional tech-
nical condition. At a local maximum or minimum of Hg>, the Hessian is
Jg2—invariant. This means that there are local Jg2—holomorphic coordinates
centered at that point, in which H¢>(y) = (constant) & |y|? 4+ O(|y|?). When
choosing inhomogeneous terms, we also require that they be zero at the local
maxima and minima of Hgo>.

As a consequence of the condition on inhomogeneous terms, the constant map at a local
minimum or maximum will be a solution of (7-8). One can use a counting-of-zeros
argument for solutions of linear Cauchy—Riemann type operators on line bundles to
show that the constant maps at minima have injective linearizations, and hence (since
they have index 0) are regular. A similar argument, applied to (7-8) itself rather than
its linearization, shows the following:

Lemma 7.6 (i) LetpeS 2 be a local maximum. For any solution of (7-8) on S 2,
which is not constant equal to p, the homology class [u] € H,(S?) = 7 satisfies

(7-25) W] =#{1 <i<d:x;=p}+#u""(p))
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(i) Letpe S2 be a local minimum. For any solution of (7-8) on S2, with xog = P,
and which is not constant equal to p, we have

(7-26) [u] > 1 +#u"(p)).

Take the graded abelian group obtained by using only critical points of Hg> which
have index < 1 as generators. We want to equip this with a version of the quantum A so—
structure, which uses inhomogeneous terms as in (7-24), but only considers solutions
with degree [u#] = 0. The argument showing that this works consists of three steps.
First, Lemma 7.6(i) implies that for all solutions, one has [¢] > 0. It follows that if we
consider a sequence of maps of degree zero which converges to a limit with several
pieces, then each piece must again have degree zero. Suppose that our original sequence
consisted of maps whose limits are critical points of index < 1. Our second point is that
then, no critical point of index 2 can appear in the limit, since it would cause one of the
pieces to have positive degree, again by Lemma 7.6(i). Thirdly, transversality of moduli
spaces is unproblematic except possibly for the constant solutions at local minima; but
we already know that such solutions are regular (in the ordinary sense of considering a
fixed C, and therefore in the parametrized sense as well). We want to point out two
properties of this Asc—structure: the maps involved stay away from the local maxima,
because of Lemma 7.6(i); and if u is a map that contributes to it, and whose limit x is
a local minimum, the map must actually be constant, by Lemma 7.6(ii) and the degree
requirement.

Take a monotone symplectic manifold X'. For each minimum or maximum p of Hg>, we
choose a Morse function and almost complex structure on X, written as (Hy . Jx,p).
On the product X x S?2, we then proceed as follows.

(7-27) Take a Hamiltonian Hy , 2 and almost complex structure Jy, g2, satisfying
our usual conditions, and with the following additional properties. In a local
J g2—holomorphic coordinate on S2 around a local minimum or maximum p,
we have Hy g2 = H52+Hx,p+0(|y|3), and Jy g2 = Jg2xJx, p+O(|y]?)
similarly. When we choose inhomogeneous terms, they should have the
property that, when restricted to X x {p}, they take values in vector fields
tangent to that submanifold.

As a consequence of this, we can have solutions of the associated equation (7-8) which
are contained in X x {p}. If p is a local minimum, then any such solution is regular in
X x S? if and only if it is regular inside X x {p}. The counterpart of Lemma 7.6 for
X x S2, proved by projecting to S2 and arguing as before, is:
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Lemma 7.7 (i) LetpeS 2 pe a local maximum. For any solution of (7-8) on
X x S2, which is not contained in X x{ p}, the homology class [u] € H, (X x S?)
satisfies

(7-28) [X]-[u]=#{1<i<d:x;eXx{p}+#u (X x{p})}.

(ii) Let p € S? be a local minimum. For any solution of (7-8) on X x S?, with
Xo € X x {p}, and which is not contained in X x {p}, we have

(7-29) [(X]-[u] = 1+ #{u""(X x {p}}.

For each local minimum p, we make choices of inhomogeneous terms which, building
on the previously chosen (Hy, ,, Jx, p), yield a quantum A o—structure €,. On X xS 2,
we then make corresponding choices, which restrict to the previous ones on X x { p} for
each local minimum p. When building the corresponding version of the A o—structure
on X x S2, denoted by X, we use only those critical points of Hy , g2 which do not lie
on X x {p} for alocal maximum p; and only maps u with [X]-[u] = 0. This works for
exactly the same reasons as in the previously considered toy model case. Moreover, the
following two properties hold: those maps that contribute avoid the subsets X x { p},
where p is a local maximum; and projection to the subgroup generated by critical
points in X x {p}, where p is a local minimum, is a map

(7-30) K — €,

compatible with the Ao,—structure. At this point, we specialize to functions Hg> that
have exactly one local maximum, but possibly several local minima. By looking at
the Morse theory of Hy g2, one sees that the projections (7-30) are chain homotopy
equivalence. By looking at those maps for two local minima, one relates the Aso—
structures C,, for different p.

7e The formal group structure

Take the parameter spaces (3-9). We think of the interior of this space as parametrizing
a family of punctured planes, which degenerate along the boundary. This is essentially
constructed as in (3-13), but with two differences. First of all, we do include the spaces
MWWy 1...0, to which we associate a once-punctured plane (a cylinder) with an
inhomogeneous term, which is that defining the Floer differential. Since we are not
dividing by translation, the only isolated point in the associated moduli space is a
stationary solution at a critical point of the Hamiltonian, and that is the geometric origin
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of (4-28). Hence, to each “screen” in the limit corresponds a surface (unlike our original
construction (3-13), where some of the screens were collapsed). The second difference
is that we need everything to depend smoothly on parameters (the original construction
was purely topological, hence allowed us to get away with continuity). More precisely,
near the codimension-one boundary points of MWW, ;. , we really need a situation
as in Definition 7.3(ii); but along the codimension > 1 points, all we need is the situation
from Definition 7.3(i), since those points only appear in compactness arguments. In
any case, given the structure of MWW, ; as a smooth manifold with generalized
corners, it is unproblematic to define the required notion of smoothness, and to construct
families of inhomogeneous terms satisfying it (by induction on dimension). The
outcome are operations as in (4-26), with the difference that (4-28) is now a geometric
statement rather than a separately imposed condition. One can therefore define (4-32)
for the quantum A ,—structure, and Lemmas 4.11-4.15 carry over immediately. What’s
important for applications is that we can, if desired, choose the inhomogeneous terms
to be compatible with forgetting any color that has no marked points belonging to it;
and therefore, to make our operations satisfy (4-54).

Well-definedness of (4-32) can be proved by a combination of the approaches from
Sections 4d and 7c. Namely, suppose first that we have Aso—rings Cy, ..., C,, each
defined by a separate choice of function and other data. One can generalize (4-26) to
obtain a map

(7-31) MC(Cy; N) x - x MC(Cy; N) — MC(Co; N).

Now, we want to change the Ao—structure on €y and one of the ;4. The new
versions are related to the old ones by larger Aoo—rings Hy and I 1, constructed as
in the uniqueness argument from Section 7c. The main tool in analyzing this change is
an analogue of the middle — in (4-42), which is a map

(7-32) MC(Cy;N) x - x MC(Hg41; N) x -+« xMC(Cp; N) - MC(Hp; N).

The definition of this involves two kinds of parameter spaces. The first ones are
again the MWW, 5, but where we single out one of the dy; points of color
k + 1, as in the definition of (7-15), for special treatment when constructing the
inhomogeneous terms and almost complex structures. The second class of parameter
spaces are MWWy, 4, +1,..d,» Which have an additional point of color k+1
(more precisely, there is one such space for every possible position of the additional
point with respect to the other dy). That point will not correspond to a puncture of the
resulting Riemann surface; we just use its position as a modular variable, following the
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Figure 18: The construction from Example 7.8.

idea from (7-17). Of course, the additional marked point can in principle split off by
itself into a mid-scale screen; when constructing the Riemann surface, that screen will
not correspond to a component. We omit the details entirely.

Example 7.8 The simplest example of a parameter space of the second kind is
MWW/, where the additional marked point could be placed either on the left
or right. The context in this case is that we have two versions of (7-21), namely
Hr = Cru & ékﬁ &) ékv for kK = 0,1. As part of their Ay —structure, we have
continuation maps C — ék. On the other hand, as part of the r = 1 case of (7-31),
we have constructed continuation maps €; — Co, él — éo, él — éo. The two
versions of our moduli space then yield chain homotopies between compositions of
those continuation maps, drawn as dashed arrows here:

Ci ——C él — éo
AN N
(7-33) l N l l AN
< N > N
¢ —Co C; —— Co

The geometry behind the construction on the left is shown schematically in Figure 18.

Remark 7.9 Alternatively, one could prove the well-definedness of the maps T
using the approach from Section 7d, which means defining a corresponding structure
using X x S2, which comes with quasi-isomorphic projections to different copies of X.

The spaces SS from (3-27), while more complicated, show the same geometric behavior
as MWW. Hence, the same kind of argument allows the proof of Proposition 4.20
to carry over, which completes our discussion of Proposition 1.5. There is a minor
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point which may be worth mentioning: in Section 3f, we added two marked points
in the definition of the map (3-31), whose purpose was to break the symmetries of
Fulton—-MacPherson space. In a pseudoholomorphic curve context, we treat the extra
points as in the well-definedness arguments above, meaning that their position gives
additional modular variables on which the inhomogeneous term depends.

7f Commutativity

Adapting the arguments from Section 4f, we will now prove Proposition 1.6. This is
the first time that one of the features of our Floer-theoretic setup, namely the time-
independence of the Hamiltonians and almost complex structures, and the resulting
S!_symmetry of (7-1), will be used in a substantial manner.

Throughout the following discussion, it is assumed that choices of inhomogeneous
terms have been made so as to satisfy (4-54). Let’s start with the moduli space
underlying ,Bé’l. It involves a family of surfaces depending on one parameter, which
we denote by Cy = C \ {z1(s), z2(s)} for s € R. One can assume that this family is
symmetric outside a compact parameter range, in the sense that for some S > 0,

(7-34) (21(=5), 22(=9)) = (22(5), 21(5)) if [s] = S,

and that the inhomogeneous terms are chosen compatibly with this symmetry. As a
consequence, there is partial cancellation between the two moduli spaces that enter
into (4-61), with the parts having |s| > .S contributing only canceling pairs of points.
One can therefore say that (4-61) is computed by a single parametrized moduli space,
whose compact parameter space is a circle, obtained by gluing together the endpoints
of two intervals [—S, S]. If we parametrize this circle by r € R /27w Z compatibly with
its orientation, then that family of surfaces can be deformed to the simple form

(7-35) (z1(r), 22(r)) = (exp(rv/—1), —exp(rv/—1)).

Up to rotation, this is independent of r, and (it is here that we use time-independence)
one can choose an inhomogeneous term to be compatible with that; in which case, the
moduli space cannot have any isolated points, hence contributes zero. The deformation
which ends up with (7-35), which can be thought as a family of surfaces parametrized
by a compact two-dimensional disc, therefore gives rise to a nullhomotopy (4-65). As
in our previous discussion of (4-60), this implies commutativity of the formal group
structure mod N 3, which is the first part of Proposition 1.6.
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Figure 19: The geometry underlying (7-36): ,Bé’l (c1,c2;¢3), top left, and
ﬂé’2(63; c1;¢2), bottom left. Since part of the structure agrees, we can remove
the hatched regions and join the rest together, with the outcome shown on
the right after removing the “trivial screens” that have only one marked point.
The pairs of points drawn as lying on a circle rotate around each other once
in dependence on the parameters.

Next, let’s look at part of the formula (4-69),
(7-36) ,Bé’l (1,25 ¢3) — (_1)||03 I lleq ||+||62||)ﬁé’2(C3; 1,C2).

The underlying moduli spaces are two copies of the octagon from Figure 5. Five
of the boundary sides of those octagons match up in pairs which carry the same
inhomogeneous term. We may assume that this extends to a neighborhood of those
sides. As far as counting points in zero-dimensional moduli spaces is concerned, we can
then cut out suitably matching neighborhoods and glue the rest together. The outcome
of this process, shown in Figure 19, is that our expression can be computed by a single
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moduli space parametrized by a compact pair-of-pants surface. Moreover, along each
boundary circle, we find that one of the components is a copy of the family of surfaces
underlying (4-61), and which can be therefore filled in with a family parametrized by a
disc. As a consequence, we find that the operation K é’l defined in (4-69) is given by
a family of surfaces parametrized by S2. One can further deform that family so that
degenerations happen only along three points (instead of the previous three discs) in
the parameter space.

The outcome is that we have a family of four-punctured spheres, parametrized by S2.
Inspection of Figure 19 shows that this family has degree 1 in H,(DM3) = Z. This is
a Floer-theoretic implementation of the four-pointed Gromov—Witten invariant, which
we can relate to the standard version by a gluing argument as in [58]. As a consequence,
identifying H*(C) = H*(X; Z), we have that on the cohomology level,

(7-37) / xo Ko (x1,x25x3) = (X0, X1, X2,X3)a, Where x; € H*(X; 7).
X

(See (9-1) for our notational conventions in Gromov—Witten theory.) For the par-
ticular case of Ké )1 (x1,x1;x2), where x; has odd degree, the graded symmetry of
Gromov—Witten invariants means that (xg, X1, X1, X2)4 = 0. Assuming additionally
that H*(X;Z) is torsion-free, it follows that Ké’l(xl,xl;xz) itself is zero. As in
Proposition 4.19, this and the corresponding argument for K2 imply the desired
commutativity statement modulo N 4.

7g¢ The p™ power map

We now carry over the required arguments from Sections 5 and 6, leading to the proof
of Theorem 1.9 as the Floer-theoretic analogue of Theorem 6.5.

We can bring Floer-theoretic constructions closer to the abstract operadic framework,
by making a generic choice of inhomogeneous terms which are parametrized by FM,;.
In the interior, this means that for every complex configuration (zq, ..., z;) we choose
an inhomogeneous term v¢ on the resulting surface (7-4), in a way which is compatible
with the action of the automorphisms which appear in (3-3). We then ask that this
should extend to the “screens” associated to points in d0FMy, in a way which enables
compactness arguments for boundary strata of any dimension, see Definition 7.3(i), and
gluing for codimension-one boundary strata, see Definition 7.3(ii). We also ask that
our choices should be Sym;—equivariant (recall that the symmetric group acts freely
on FMy).
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Suppose that we have maps (3-13) based on smooth functions (3-15). By pull-
back, our previous choice induces a family of inhomogeneous terms parametrized
by MWW, . 4.. For a point in IMWW,, . any vertices that are collapsed under
(3-13) correspond to cylindrical components C = C \ {z; }, which we equip with the
standard inhomogeneous term v = (Z o ®re(dlog(z —z1)/2nv/—1 ))0’1 . Moreover,
a generic choice of (3-13) ensures transversality for the parametrized moduli spaces

.....

holds, which means that the resulting operations satisfy (4-54).

We will be specifically interested in MWW p, in the notation from Section 6b, and the
associated operation ,Bg = ﬂé """ ! with p prime. At this point, we fix an odd-degree
cocycle

(7-38) ceCRF,,

which will remain the same throughout the subsequent discussion. Applying ,Bg to p
copies of ¢ yields another such cocycle, hence a cohomology class

(7-39) B2 (c;...;0)] € HYY(E;Fp).

The underlying geometric phenomenon was explained in Section 6b: the codimension-
one boundary faces of MWW , correspond to nontrivial decompositions of {1, ..., p}
into nonempty subsets (71, . o ) for any » > 2. If we act by an element of Z/ p on
such a decomposition, we get a new decomposition (7 Lowves 7,), and the corresponding
boundary faces, when mapped to FM,, are related by the action of a suitable element
of Sym,,; see (6-7). The cohomology class in (7-39) is independent of our choice of
inhomogeneous terms.

Our first point is that we can realize (7-39) using a family of surfaces without de-
generations. To do that, let’s choose a Sym,—equivariant isotopy that pushes Fulton—

MacPherson space into its interior,
¢r:FMp, — FM,, with r €0, €],
(7-40) . o
$o =1id, ¢,(FMp) CFM), =FM, \ dFM,, for r > 0.

Write ¢, for the original map MWW , — FM,,. The perturbed version,
(7-41) Tp=¢rotp: MWW, —FM, \ dFM,, for some r > 0,

will retain the same Z / p—action on codimension-one boundary faces as ¢,. Going
back to the choice of inhomogeneous terms over FM,,, we want to also assume that the
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pullback of that family by (7-41) should lead to a regular parametrized moduli space.
Given that, from (7-41) for some r > 0 we get a new operation ,Bg, which again yields
a cohomology class

(7-42) BE(c;...;0)] € HOY(E;TFp).

A similar construction, where one interpolates between ¢, and 7, shows that this
cohomology class agrees with (7-39). At this point, we no Ionger need to compactify
configuration space: to define (7-42), one can use families of perturbation data which
are only defined on FM; (and still Sym ,—equivariant).

In the same vein as in (4-63), take
(7-43) DM, =DM, x Ej.

where E; is the interior of Fulton—MacPherson space for R%°, meaning point configu-
rations up to translation and rescaling. More precisely, we think of this as the direct
limit of the corresponding spaces in each finite-dimensional Euclidean space. There is
an embedding

(7-44) FM; — DM,

which takes each point configuration to the pair formed by its quotient in Deligne—
Mumford space and its image in E ;. In this context, classes in H: Yl (DM F, (1)) are
realized by smooth simplicial chains in (7-43), having F,—coefficients, and quotiented
out by the relation that acting on a chain by some 0 € Sym,, is the same as multiplying
the chain with (—1)%&"®)_ Let’s write C3y™p (DMS; F» (1)) for this chain complex.

Choose a family of inhomogeneous terms on the family of surfaces pulled back by the
projection DJV[; — DM;, and which is Sym ,—equivariant. For every smooth map from
a simplex to DM, that family of inhomogeneous terms gives rise to a parametrized
moduli space. If that space is regular, we get an operation (C ® IE‘p)‘X’P — CQF,.
By adding up those operations with coefficients, we extend the construction to chains.
Let’s specialize to using p copies of our cocycle ¢ as input. Morally, this can be thought
of as giving rise to a Z/2—graded chain map

(7-45) CM™ (DM Fy (1) — €21+ @ T,

The cautionary “morally” figures here because of the regularity condition for moduli
spaces, which makes it impossible to define such a map on the entire chain complex.
However, any argument involving a relation between specific chains, such as the one we
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are about to give, only involves finitely many terms, and one can assume that the chains
involved are embedded into the infinite-dimensional space @M;. One can a posteriori
make a choice of perturbation terms over DM; which makes the finitely many spaces
involved regular. Hence, for all practical purposes, the consequence is the same as if
we had a map (7-45). In particular, we do get a map

(7-46) H™ (DMS: Fy (1)) — HPT*(C: ).

One can think of (7-42) as an instance of this general construction, by smoothly
triangulating the spaces MWW ,, in a way which is compatible with the Z/ p—action
on codimension-one boundary;trata, and then using the embedding (7-44). Using
Lemma 5.3, one identifies the relevant homology class with that underlying the (p—1/2
coefficient of the quantum Steenrod operation, up to a coefficient which is spelled out
in Lemma 6.4. This equality, applied to (7-46), implies Theorem 1.9.

8 An alternative approach

The approach outlined in this section was pointed out to the author by Fukaya. It
is an application of the results from [22] (taking the Lagrangian correspondence to
be the diagonal, but with a general bounding cochain, which is our Maurer—Cartan
element). The basic building blocks are parameter spaces from [47], which are close
cousins of Stasheff associahedra (and in particular, are manifolds with corners in the
classical sense). One can use them to define the composition law on Maurer—Cartan
elements, a little indirectly, following [22, Theorem 1.7]; and to prove its associativity,
following [22, Theorem 1.8]. On the other hand, it’s not clear that there is a easier route
from there to Theorem 1.9, which is one reason why we have not given first billing
to this approach. Because of its complementary nature, our discussion will be quite
sparse: not only are proofs omitted, we won’t even make the distinction between the
implementation of these arguments in an abstract operadic context (as in Section 4,
assuming homological unitality) or a concrete Floer-theoretic one (as in Section 7).

8a The moduli spaces

We start with basically the same configuration space as in (3-10), except that the
ordering of points in the last color is reversed:

Sk <ot <Sggq fork <r,
(1,00 s S1,dys -3 Sp0s s Spd,) "
Sp1 > > Sy,
(8-1)

{Sk,i ~ Sk,i + 1 for p € R}
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More importantly, we now consider a compactification of (8-1) which is smaller than
its counterpart from Section 3d. This compactification will be denoted by

(8-2) Qd,....d,» Where r>2 dy,....d, 20, d=dy+---+d, >0,

partly following the “quilted strips” terminology from [47]. The recursive structure of
boundary strata is expressed by maps

m
&3 ] Qruostieedvot-x TT Spu T, 0o
j=1 vinTj, v#vo,j

Here, T4, ..., Ty, (for any m > 1) are trees of the following kind. In each 77, denote
by vo,; the vertex closest to the root. Then, the incoming edges at that vertex should
carry one of r colors, and are ordered within their color. The parts of the tree lying
above v, ; have planar embeddings, and inherit a single color. The whole thing is
arranged, of course, so that the total number of leaves of each respective color add up to
(dy,...,d,). Geometrically, what happens is that as groups of points move to 00, we
split them up into separate screens, which correspond to the Q factors in (8-3) (in the
terminology of Section 3d, these would be called mid-scale, since there is no rescaling
involved, just translation); but we do not keep track of the relative speeds at which
this divergence happens (no large-scale screens). The remaining factors in (8-3) are
small-scale screens, which describe the limit of points converging towards each other.
The image of (8-3) has codimension equal to the overall number of factors (vertices)
minus one. This is related to the fact that Qg4 . 4, is a smooth manifold with corners.

r

Let’s map our points to radial half-lines in the punctured plane,
(8-4) Zki = exp(—sk,,- — @\/ —1) e C*,

and add a marked point at 0 (the zj ; are ordered lexicographically, and the extra point
is inserted between the last two colors). This extends to a continuous map

(8-5) OQd,,...d, > FMgy1.

In terms more familiar from pseudoholomorphic curve theory, one can think of the
configurations (8-4) as lying on parallel lines on a cylinder. In the limit, this breaks
up into several cylinders, plus spheres (copies of C with a marked point at infinity,
and other marked points lying on the real line) attached to them; see Figures 20(i) and
21(i). On the combinatorial level, the map (8-5) works as follows: starting with trees
as in (8-3), one adds an incoming edge to each vertex v, ; except the last one, and then
identifies those edges with the root edges of 7} 11, thereby combining all our trees into
a single 7', which is what appears in (3-4); see Figure 20(ii).
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2 — & —
1
2
T, T
Vo,1 Uo,2
@ (i1)

Figure 20: (i) A boundary point in (8-2), drawn in the way familiar from
pseudoholomorphic curve theory; and (ii) the corresponding picture in Fulton—
MacPherson space.

8b The operations

Algebraically, the outcome of using (8-2) and (8-5) are operations
(8-6) Xgl’m’dr_l’l’dr . 6d1+"'+dr+1 > Cl—dy—---—dy].

Additionally, we set

(8-7) Xg,...,l,O — M(l-z

The property of these operations, derived as usual from the structure of codimension-one
boundary strata, and including (8-7), is that

diyesdi—j+1,..,1,d o
(8-8) Y Exgk (Clts s Cldys e Chils e e

ks Mé(ck’,-_,_l, e Chidf)s e Chodp s 3G G Crd,)
+ Z :l:Xlél—Pl,~~~,1,dr—Pr (61,1, e Clprse s Cr—1,15-++5Crpp_q5
Ploesbr Xgl”"’l’p’ (Clpi41s--2Clodyi--3CiCrpysnsCrp,);
Cropr+1s--- 7Cr,dr)
+Z:|:Xgl""’l’dr_j+l (Cite-vsCiCrt Criy Mé(é‘r,iﬂ, s Crit),s
i i Crd,)
=0.
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In terminology similar to [47], these define the structure of an Ao—(r—1, 1)-module,
with the first  — 1 factors acting on the left, and the last one on the right.

Example 8.1 Suppose that d; =---=d,_; = 0. Then, the points (8-4), with the origin
added as usual, lie on a half-line in C. One can use that to identify Q¢ 0.4 = Sg+1-
The auxiliary data involved in defining (8-6) can be chosen to be compatible with that,

in which case one gets Xg”"’l’d = ,u’é“.

Example 8.2 For r = 2, the points (8-4) still lie on R C C, hence Qg4, 4, = Sa, +d,+1

and, for suitable choices, X‘él’l’dz = Mgl+d2+l.

1,...,1 1,1

Example 8.3 The operations with two inputs, Xg”“’ % and Xg"“’ , are all chain
homotopic to the multiplication ,ué, simply because they come from a single two-point

configuration in the plane.
Our purpose in defining these operations is the following:

Definition 8.4 Let y;,...,y, € €' ® N be Maurer—Cartan elements. We say that y,
is the product of (y;,...,y,—1) if there is a k € C® ® (Z1 & N) which modulo N
reduces to a cocycle representing the unit [ec], and such that

d dr—1 dy
89 Y @t G ki T ) = 0.

The expression (8-9) includes a term Mé(k), corresponding to (dy,...,d;)=(0,...,0).
If write k = e¢ + (coboundary) + 4 with 4 € C® ® N, then (keeping Example 8.3 in
mind) the next-order term in the equation says that
I P I O R P N O R P (78]

= (g1, ee)l + - + (g (-1, ee)l + [ (ee, vr)]

=Y — =Vt + 7] =0 in H'(€® N/N?).

For r = 2, and assuming the choices have been made as in Example 8.2, the condition
in (8-9) reduces to the criterion for equivalence of y; and y, given in Lemma 2.6.

Lemma 8.5 The notion of product from Definition 8.4 only depends on the equivalence
class of the Maurer—Cartan elements involved.
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This is the analogue of Lemma 4.11, and is proved in a similar way. Given (y1, ..., ¥r)
and k as in (8-9), and an element /2 € @° ® N which provides an equivalence between
yj and y;, we can construct an explicit k which shows that V1s-- 2 Vjs--.. yr) satisfy
the same condition:

; dj—i—1
@1 k=k+ Y xS T T k),

dy,....dy,i

(The formula as written is for j < r, but the j = r case is parallel.)

Lemma 8.6 Given (yy,...,V,—1), there is a unique equivalence class y, satisfying
Definition 8.4.

This is roughly analogous to Lemma 4.14. It is maybe helpful to reformulate the issue
as follows. We have a right 4 —module structure, defined by

(8-12) (cicrs-..5cq) d dr1

di,...dr—1,1,d . . .
— Z Xe T Y e V=15 €L 1, Ca),s
di,...dr—1

which (thanks to Example 8.1) is a deformation of the free module C. One then wants
to modify that module structure through y insertions, so as to “undo” the deformation,
rendering it trivial. This is a purely algebraic question, which can be reduced to the
strictly unital situation if desired (using Lemma 2.2).

Proposition 8.7 In the sense of Definition 8.4, it y is the product of (y;, yi+1) for
somei <r —1, and y, is the product of (y1,...,Vi—1,VsYi+2,---»Vr—1), then y, is
also the product of (y1,...,¥r—1).

This is the associativity statement for our notion of product. The proof uses a moduli
space of points lying on certain lines in the punctured plane. It is convenient to draw that
plane as a pair-of-pants, see Figure 21(ii), which is half of the “double pants diagram”
in [22, Section 11.2]. The two known statements about products come with their
respective elements k as in (8-9). One inserts those elements at the two bottom ends,
and the Maurer—Cartan elements at points on the respective lines (the arrows denote
the ordering of the points), the outcome being another element & which establishes the

desired statement.

Remark 8.8 Let’s briefly discuss the counterpart of Definition 8.4 in homological
algebra, in the spirit of Section 2. Take a homologically unital 4.—ring A, and its
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Z1,1| e

%221
Z12| ®

9222

® 23,2
Z1,3| @ ®|Z3,1

() (ii)
Figure 21: (i) Another picture of a point configuration (8-4), with correct

ordering of the lines and points. (ii) An analogous picture of the moduli
spaces that enter into the proof of Proposition 8.7 (r =4, i = 1).

Hochschild complex C; see (2-13). Given a Maurer—Cartan element y € C' ® N, one
can define two Aco—bimodules £, and R,, whose underlying space is A ® (Z1 & N),
with bimodule structure

;g . . _
(8-13) ne, (@1,....ap ap1idpsa, ... Aptge1) =
ptqg+1
:|:,bLA (al,...,ap+q+1)
ptq+2—j j
+Z:I:uA (al,...,...,a,-,)/f(aiﬂ,...,a,-+j),...,ap+1,
ij
...,ap+q+1),
p+q+3—ji1—j2 i
+ Z iy (@1, i, v/ @iy g1, i+ jy)s
i1j1i2j2 j
...,a,-z,yjz(a,-2+1,...,a,-2+j2),...,ap+1,...,ap+q+1)
together with
;L . . _
(8-14) ny), (@r,....ap;apr1:Gps2, ... Apigt1) =
pt+qg+1
tuy (ar,....aptq+1)

+q+2—j j
+Z:|:,b£fl a j(al,...,Llp+1,...,Lll',)/J(a,'+1,...,Cli+j),...,6lp+q+1)

ij
prq+3—ji—j2 j
+ Z + (al,...,ap+1,...,ail,y“(ailJrl,...,a,'1+jl),
i1j1i2j2 j
Qi Y2 @iy 1s e Qigt o) s Aptgt1)
+...
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Here, the rule is that an arbitrary number of y terms are inserted, but always to the
left (8-13), or right (8-14), of a,4 1. For y = 0, this reduces to A with the diagonal
bimodule structure extended to A®(Z 16 N '), which will denote by £y =R¢ =D. More
generally, £,, and R,, can be viewed as pullbacks of D by the formal automorphism
(2-23) acting on one of the two sides. Using that, one sees easily that the bimodules
are inverses: there are bimodule homotopy equivalences

(8-15) fRy ®AL},ZLV ®A3Qy2®.

Here, the tensor product notation is shorthand: we are really taking the tensor product
of Aso—bimodules relative to A ® (Z1 @ N), and making sure that completion with
respect to the filtration of N is taken into account. Modulo N, all our bimodules reduce
to the diagonal bimodule. Consider the Hochschild complex of A with coefficients in a
bimodule B, denoted here by CC*(B); see eg [26, Section 2.9]. We say that y; is the
product of (y1,...,¥r—1) if there is a cocycle

(8-16) ke CCoRy, @A+ RaRy, , ®aLy,)

which, after reduction modulo N, represents the identity in HH(A). For r = 1, one
can use (8-15) to show that this is the case if and only if yq, y» are equivalent. On the
other hand, for ¢ defined as in (2-24), there are homotopy equivalences

(8—17) L}/] ®A"'®ALyr—l :’Cyr—]’"'yl and CRV] ®A"'®A5Ry,,_1 ::Ryl""')’r—l'

Combining that with the previous observation shows that our definition of product is
the same as saying that y; is equivalent to y; ®--- ¢y, _1.

8c Relating the two approaches

To conclude our discussion, we’ll mention a possible way to connect the construction
in this section to the rest of the paper, or more precisely: to prove that, if y, is the
product of (y1, ..., yr—1) in the sense of Definition 8.4, then y, is also equivalent to
Hg_l (71, .-, Vr—1), which is the product from Definition 4.10. The reader is exhorted
to treat this as what it is, a suggestion: it relies on new moduli spaces whose structure
has not been fully developed.

We begin by introducing an additional parameter ¢ € [0, 1), and changing (8-4) by
letting the first » — 1 radial lines collide in the limit ¢ — 1:

T = = W
(8-18) zk,i—{exP< S,i — (1—1) p 1—tm/ l)e(C ifk=1,...,r—1,

exp(—sr.i) ifk=r.
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f these three lines collide in the limit

1
T T

t—1

Figure 22: A limit in the space PQj; ;  , which lies in the image of (8-20).
For compatibility with Figure 21, we have drawn the MWW components
rotated by 90 degrees.

This leads to a compactification of [0, 1) times (8-1), which we write as
(8-19) t:PQq,. .4 —10,1] for r >3.

Over each ¢ € [0, 1), the fiber is a copy of Oy, 4,. In the limit # — 1, points of the
first » — 1 colors bubble off into screens which have the structure of MWW spaces
(Figure 22). This means that we have maps
J

(8-20) Qjura x [ [MWWa, .., = PQuy....a,

i=1
for each partition dy = dy 1 +---+dj1,....dr—1 =dy_1,1 ++---+dr_1,j, whose
images are the top-dimensional parts of the fiber of (8-19) over t = 1. The space (8-19)
comes with a map to FMy 1, which over the fiber # = 0 reduces to (8-5).

The definition (8-18) suffers from the usual disadvantage of parametrized spaces,
meaning that its compactification contains strata that are fiber products over [0, 1]. To
bypass that difficulty, one can try to use those spaces in a “time-ordered” form (the
same strategy as in [65, Section 10e]), which means that we consider k—tuples of
points in PQy, | .4, , X - XPQq, | . 4., Wwhere (d; ) is again a partition of (dy),
such that the associated parameters satisfy #; < --- < #;. Pairs of points with equal
parameters now occur in the boundary of two different such spaces (when #; = #;1;
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for some i; and as a boundary face of one of the PQ factors involved). If we insert
Maurer—Cartan elements (yy, ..., Y,) at the marked points in C*, and add a trivial
term which is the identity map, the outcome should be a map

(8-21) Pe:C—C

which, setting y = Hé_l (V1. .., Yr—1), satisfies

dy dr—1 dy

di,....dr—1,1,d, . . e
(8_22) q)@( Z Xel ! (Vla---a)/l,---,yr—l,---,Vr—lvcvyr,---,)/r))
di,...dy

dy,1,d . .
= E Xe W Vi @) Ve V).
——— ——
dy,d> d d»

The left-hand side of this equation represents what happens for #{ = 0 (the 1 = 0
component then gives xe, and the other components give ®¢), while the right-hand side
represents what happens for #; = 1 (with the y factors coming from the collision of the
first  — 1 lines). Suppose that y;, is the product of (y1,..., y»—1); see Definition 8.4.
Then, inserting the associated element k into (8-21) produces another element, which
shows that “y, is the product of (¥)” in the same sense. As pointed out before, in that
special case, the definition just amounts to saying that y, and y are equivalent.

9 Computing quantum Steenrod operations

By definition, quantum Steenrod operations belong to genus-zero enumerative geometry.
Generally speaking, it’s an open question what their role is within that theory. However,
for low-degree contributions one can give a satisfactory answer, in terms of the usual
Gromov—Witten invariants. After explaining this, we will turn to specific example
computations.

9a Gromov-Witten theory background

Let’s start in a context which is a little different than the rest of the paper. Take X to
be a closed symplectic 2n—manifold, with the only restriction (for notational simplicity,
since we only want to use power series in the Novikov variable ¢) that the symplectic
form must lie in an integral cohomology class, denoted here by

Qx eIm(H*(X;Z) - H*(X;Q)).
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Genus-zero Gromov—Witten invariants for 7m—pointed curves, and their generalizations
that include gravitational descendants, will be written as

(9'1) (Vfrlxl,---,wrmxm)m
=Y gAY Y X € QL] for xi € HY(X: Q).
A

where the sum is over A € H,(X'; Z). For the contribution of A4 to be potentially nonzero,
one should either consider classes with positive symplectic area Qx -4 = [ 4 ox >0, o0r
take A = 0 (the case of constant curves) and m > 3. For expositions of Gromov—Witten
that include the properties used in this paper, see eg [57, Section 1] or [35, Chapter 26].

We introduce another formal variable ¢, so that the coefficient ring for our algebraic
considerations will be Q[r*!][¢]. The small quantum product, and the small quantum
connection, on the Z/2—graded space H*(X; Q)[t*!][¢] are defined by

(9-2) /X(J’l *12) ¥3 = (V1. V2, V3)3»
(9-3) Vy=qgy+t'Qx *y.

We will consider endomorphisms ® of H*(X; Q)[¢*!][¢] which are (linear over the
coefficient ring and) covariantly constant with respect to V. Concretely, this means that

(9-4) (qdg®)(y) + 17! Qx * O(y) — 17 D(2x * ) = 0.

If we expand ® = ®© 4+ 4™ 4+ 420?@ 4 ... (9-4) becomes

9-5) 2 (Qxy) = 2x 2@ (p).

(9-6) <I>(k)(y) =1kt (<I>(k)(QXy) — QXQD(k)(y)) + (recursive terms) if k > 0,

where the generic “recursive terms” covers expressions involving only o . pk-D),
By repeatedly inserting (9-6) into itself, we get

©-7) B () =™ Z(—l)i (T)Qé(cb(k)(ﬂﬁ_iy) + (recursive terms).
1

Setting m > 2n means that in the sum we have i > n or m —i > n, so all those terms
vanish. One therefore gets explicit recursive formulae, which show that the constant
term ®©), subject to (9-5), determines all of ®. The case we are interested in is where
®© (y) = xy is the cup product with a given class x € H*(X; Q). There is a formula
for the resulting ® = ®,, in terms of gravitational descendants, closely related to the

Geometry € Topology, Volume 27 (2023)



3038 Paul Seidel

standard formula for solutions of the quantum differential equation:
©8) [ y00sm)
X

=/Xy0xy1—t_l(yo,(l+l_11/f)_1xy1)2+t_1((1—t_1w)_1y0x,y1)2
—172) vo, (L4171 xep)a (=179 ey )2
k

In principle, the terms (1 4 ---)~! are supposed to be expanded into geometric series;
but for degree reasons, only one term in this series is nonzero for each class A that
contributes to the expressions in (9-8). The (ey), (e,\c’) are Poincaré dual bases in
H*(X;Q), meaning that in the Kiinneth decomposition,

(9-9) Zek ® ey = [diagonal] € H*"(X x X; Q).
k

Checking that ®, satisfies (9-4) is an exercise using basic properties (divisor equation
and TRR) of Gromov—Witten invariants. Using the string equation, one can write the
special case yo =y, y1 =1 as

<9m>‘Ly¢ﬂn:iLyx—fW%a+4*wr¢wz+f%a—f*wr5mh
3}{: L) e 2 (=17 ) e

Let’s modify the context slightly, and assume that X is weakly monotone. Moreover,
choose an integer lift of the symplectic cohomology class, again denoted by Qy.
Then, one can define mod p versions of Gromov—Witten invariants counting curves
in A € Hy(X;Z), for which we use the same notation:

(9-11) (X1,.. .. Xm)m,a €Fp with x; € H*(X;]Fp),
m >3, or

provided that {
anymand 0 < Qy -4 < p.

For m > 3, this is the classical definition in terms of an inhomogeneous 5—equati0n
(Gromov’s trick). The definition in the second case can be reduced to the first case by
taking the divisor equation as an axiom, where the class inserted is always (the mod p
reduction of) Qy. Alternatively, one could argue more geometrically: if Qy - 4 < p,
then no stable map in class A can have an automorphism group whose order is a
multiple of p. This should allow one to define virtual fundamental classes in homology
with [F,—coefficients (we say “should” since this has not, to our knowledge, been carried
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out in the literature). The discussion of the second case also applies to gravitational
descendants, with the same assumption 0 < Qy - A < p. Geometrically, this uses
the fact that orbifold line bundles whose isotropy groups have orders coprime to p
have Chern classes in mod p cohomology; algebraically, one can use the formula
(involving the divisor relation and TRR) that reduces invariants involving gravitational
descendants to ordinary Gromov—Witten invariants.

The quantum product and connection can be considered as acting on H*(X; IFP)[I,‘i Nlg].
where one now thinks of ¢ as in (1-5). Formal linear differential equations in character-
istic p have a much larger space of solutions than their characteristic 0 counterparts,
simply because %xl’ = 0. As an instance of that, the uniqueness statement derived
from (9-7) now holds only up to order ¢?~!, because of the division by k™. If one
truncates the formula (9-8) modulo g7, then all terms appearing in it are defined with
Fp—coefficients; and it yields the unique solution modulo ¢? of (9-4), whose q° term

equals the cup product with x.

9b Application to quantum Steenrod operations

We adapt our previous definition of quantum Steenrod operations to the weakly mono-
tone context, by adding the variable ¢. This means that, with (¢, 0) as in (1-5) (and
omitting the manifold X for the sake of brevity),

(9-12) 0Sty =Y ¢ QS 4: H*(X;Fp) > H*(X;Fp)lt, 0]l4]-

A
We find it convenient to introduce a minor generalization, which is a bilinear map on
cohomology. More precisely, for each x € H*(X;F,) one gets an endomorphism
of H*(X;Fp)l[t, 0]l¢]. denoted by

9-13) 0%px =Y ¢ 40T, 41 H*(X:Fp)lt. 0]lg] - H* (X:Fp)[r. 0]4].
A

Geometrically, while quantum Steenrod operations are obtained from holomorphic
maps which have (5-19) as a domain, we use the remaining Z/ p—fixed point (z = 0)
on that curve as an additional input point to define (9-13). In other words, one can
view it as an equivariant version of the “quantum cap product”, obtained from the Z/ p—
equivariant curve in Figure 23. On a technical level, the definition is entirely parallel
to that of quantum Steenrod operations, by looking at moduli spaces parametrized by
cycles in the classifying space BZ/p [66]. The ¢° term of (9-13) is the cup product
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(T

p points arranged symmetrically, insert x in each

Figure 23: The Riemann surface underlying the definition of QX x(-); see (9-13).

with the classical Steenrod operation,

(9-14) sz,x,O(y) = Stp(x)y-
The relation between (9-12) and (9-13) is that
(9-15) OSty(x) =0%p x(1).

Remark 9.1 Tt is natural to extend the definition of (9-13) to x € H*(X;Fp)[¢g] in a
Frobenius-twisted way, meaning that X, ;x = ¢” X, . Then,

(9-16) QEP,Xl o QEP,XZ — (_1)17(17—1)/2|X1| |X2|Q2p,x1*xZ~

Note that as a consequence of (9-14) and (9-16),

O-17) 0%y x(QS4 (1) = OFpx 0 Oy, (1) = ()PP~ D2XIIQ%, (1)
= (=1)P—D/2xllylg Sty (x * ).

Every class in H*(X;F)p)[t, t~1, 0] can be written as St,(y) for some y. An analogous
statement holds for quantum Steenrod operations, and by combining that with (9-17),
one sees that O St, actually determines QX,.

For our purpose, the key point is the following result:

Theorem 9.2 [66, Theorem 1.4] For any x, the endomorphism QX x is covari-
antly constant for the small quantum connection (9-3), meaning that it satisfies (9-4).
(We have tacitly extended the coefficient ring to include 6.)

As a consequence of that and the discussion at the end of Section 9a, Q% « is
determined modulo g7 by the classical term (9-15). More explicitly, comparison with
(9-8) shows that

(9-18) 0%px = Pgi,(x) modulo .

Specializing to (9-14) and using (9-10) leads to:
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Corollary 9.3 The low-degree contributions to the quantum Steenrod operation are:

©-19 > qQX'A/ Y O Sty 4(x)

Qx-A<p X

=/XyStp(x>—r‘1 D g A 1+ T St ()2,

0<Qx-A<p

+072 Y A= Y)Y SK () 14
0<Qx-A<p

-3 Qx-(Ao+4 —1,\—1
—1 Do 2 a TG A+ T S () ek)2,a
Qx-Ap>0 k —1.,3—1
ar 020 A =17 Y) e V1,4, -
Qx-(do+A1)<p
Note that even though there are negative powers of ¢ in the formula, we know a priori
that none of them can appear in Q St,, so all terms involving them must cancel.

9¢ A localization argument

The approach to quantum Steenrod operations via Theorem 9.2 is formally slick,
but maybe somewhat indirect; we will therefore suggest a possible alternative. For
simplicity, we will work out only the most elementary case. Namely, let’s assume that
our symplectic manifold X is an algebraic variety, and that we use the given complex
structure. We fix some A € H,(X'; Z) which is holomorphically indecomposable: this
means that one can’t find nonzero classes A, ..., 4,, r > 2, each of them represented
by a holomorphic map CP! — X, such that A; +--- + A, = A. This implies that
the space of unparametrized rational curves in class A4 is compact, and contains no
multiple covers. We further assume that this space is regular. Consider the standard
framework involving stable map spaces,

Lpt1,00-Lpti,p

(9-20) l
J\/_tp+1 — jV[p+1(X; A)

eVp+1=(eVp+1.05--€Vp+1.p) Yo+

Here, J\_/[p+1 is genus-zero Deligne—-Mumford space (we prefer to use the conventional
algebrogeometric notation rather than that in the rest of the paper); J\_/[p+1 (X;A)is
the space of stable maps; and the L, | x are the tautological line bundles (cotangent
bundles of the curve) at the marked points. Our assumption was that Mo (X ; 4)
is regular, hence smooth of complex dimension 7 4 ¢1(A) — 3. As a consequence,
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all J\_/[p+1 (X'; A) are smooth of dimension n+cq(A4)+(p—2), and actually fiber bundles
over Mo(X; A) with fiber JV(I,H (CP';1). The Sym,,—action on Deligne-Mumford
space has a canonical lift to 3\_/Ep+1 (X; A).

At this point, we (re)impose the assumption that p is prime. Let J\_/E; +1(X ; A) C
Mp41(X; A) be the subset of stable maps which, under the forgetful map to Deligne—
Mumford space, are mapped to the point from (5-19). Clearly, that subset is invariant
under Z/ p C Sym,,. As_before, one can describe its geometry explEitly: JV[; X4
is a fiber bundle over My (X; A) with three-dimensional fiber Jv(; 41 (CP'; 1), and
Z/ p acts in a fiber-preserving way.

Lemma 9.4 The fixed-point set F' C J\_/[;H (X; A) of the Z / p—action is the disjoint
union of:

(i) A copy of M,(X; A). The restriction of €Vp+1 to that component can be
identified with (ev3 o,€v2,1,...,€v2,1). Moreover, the normal bundle N of this
component is the dual of the tautological bundle L, 1 — JVEZ (X; A), and the
(Z./ p)-action on it has weight —1.

(ii) A copy of M{(X;A). The restriction of €vp41 to that component can be
identified with (evy 9, ..., evy ). Topologically, the normal bundle N of this
component is a direct sum of a trivial line bundle and the dual of L o, with the
(Z./ p)-action having weight 1 on each component.

Proof (i) The relevant rational curves have two components C = C_ Ug Cy;
see Figure 24. C_ carries marked points zy, ..., z, and also the node ¢, and can
be identified with (5-19), in such a way that { corresponds to oo; the stable map is

¢ ¢
C_ C, C_ C,
@) (i)

Figure 24: The fixed loci from Lemma 9.4 (with p = 3). The lighter shaded
components are those where the map is constant.
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constant on that component. The other component C4 carries the node ¢ and the
marked point zg; the stable map on that component represents A. The fiber of the
normal bundle to the fixed locus at such a point can be canonically identified with
T:C- ® T¢Cy; see eg [31, Proposition 3.31]. The identification of C_ with (5-19)
mentioned above provides a distinguished isomorphism 7;C_ = C over the entire
stratum, and also shows that the action of Z/ p on Ty C_ has weight —1. By definition,
T¢Cy is the dual of the cotangent line which is the fiber of L 1, and carries the trivial
7./ p—action.

(i) Here, the curves also have two components C = C_ U C., with details as follows;
see again Figure 24. There are no marked points on C_, and u|C_ represents A. The
other component is isomorphic to (5-19), compatibly with all marked points and so
that the node ¢ corresponds to 0 € C; and u|Cy. is constant. The fiber of the normal
bundle to the fixed locus at such a point can be written as an extension

(9-21) 0—T¢(Cy) > N > T (Co) @ T (Cy) — 0.

The tensor product in the right term again expresses gluing together the two components.
This time, because { is identified with the point 0 in (5-19), the Z / p—action has weight 1
on Tz (C4) = C. The subspace on the left in (9-21) corresponds to staying inside the stra-
tum of nodal curves, but moving the position of the node on C.. Topologically (9-21)
splits, even compatibly with the (Z/ p)—action, leading to the desired statement. 0O

Reformulating the definition of quantum Steenrod operations, one can say that the
pairing (y, x) - [y ¥0O Stp,_4(x) is obtained as follows:

HI(X;Fp) ® H'(X;F ) ——————— HL] (XP:F,) ® H' (X;F))

pj+l +1.
(9-22) Hy)  (XPTFp)

3
evpﬂl

pj+l—2n—2c,(A)+6, . .. pj+l A7 .
HZ/p 1 (pO]Ilt, IFP) (T HZ/p (M;-i-l (X, A))

M54 (X5A4)

The — is (the topological version of) the equivariant diagonal map (5-11), and the
integration map <« is the pairing with the equivariant fundamental class of the moduli

Geometry € Topology, Volume 27 (2023)



3044 Paul Seidel

space. The localization theorem for Z / p—actions [1, Proposition 5.3.18] shows that
this integral can be computed in terms of the fixed locus:

Z/p _
(9-23) / w:/(w|F)eZ/p(N)_1 for weHz/p(M;_l_l(X;A)),
Mo (X4 F

where ez, ,(N) is the equivariant Euler class of the normal bundle. Applying this to the
description from Lemma 9.4, with w being a class pulled back by evaluation, we get:

Corollary 9.5 The contribution of a holomorphically indecomposable class A, which
has regular moduli spaces, to the quantum Steenrod operation is

(9-24) f ¥ 0Stya(x)
X

=t . (L+ YY) T St ()24 + 12—t Y) Ty Sty (x)) 1, 4.

The use of an integrable complex structure is not really necessary. It was convenient for
expository purposes, because it makes the moduli spaces into differentiable manifolds,
so that we can talk about the normal bundle to the fixed locus. However, (9-23) also
applies to actions on topological manifolds, provided that they are linear in local
topological charts near the fixed locus (thereby defining a notion of normal bundle).
One can prove that property for regular moduli spaces of pseudoholomorphic curves
by standard gluing methods.

Clearly, (9-24) is compatible with the formula (9-19), which we obtained by other
means (conversely, one could specialize our earlier argument to only use the class 4,
and thereby recover (9-24) from it). In principle, this localization method should apply
more generally to classes A4 that are p—indecomposable: by that, we mean that one
can’t write A = pA{+ Ay +---+ A, for r > 1 and nonzero classes Ay, ..., A, which
are represented by holomorphic curves (this is always satisfied if Qy -4 < p). In
that situation, there is another component to the fixed locus, which corresponds to
the final sum in (9-19). However, note that there are significant technical issues: one
can no longer assume that the moduli spaces under consideration are smooth, hence
presumably needs to apply a virtual analogue of localization, analogous to [30]. Maybe
the most salient argument in favor of the direct approach is that it shows how, when
going beyond the situations we have considered so far, the existence of p—fold covered
curves complicate the situation: such curves yield yet more components of the fixed
locus of the Z/ p—action, whose contributions would need to be studied separately.
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9d Basic examples

From this point onwards, we return to the monotone context from the main part of the
paper — actually, our first two examples are only spherically monotone, meaning that
the symplectic class and first Chern class are positive proportional on 75 (X'), but that’s
just as good for our purpose. In terms of formulae such as (9-19), this simply means
that all expressions are polynomials in ¢ for degree reasons, and hence it is permitted
to remove the formal variable by setting ¢ = 1.

Example 9.6 Let X = T2 x CP%. We consider p = 2, take any x € H!(T'?;F,), and
let / € H?(CP?;TF,) be the generator. The classical contribution is

Ex(x®1D)=x®1,
(9-25) E,(x®1) =x®I?,
B,(x®1%) =0.

For degree reasons, the only other contribution comes from the class 4 of a line in CP2,
and in view of of invariance under symplectic automorphisms, that contribution must
be that QE, 4(x ® /?) is some multiple of x ® /. Using the notation 6 = 112, we

have Q St(x ® 12) = 1%/2(x ® [?). Take some y € H'(T%;TF,). Then (9-24) says that

(9-26) /X(y ®1) QS 43P (x@1%) =1t (y LY (x®1%))2,4

= ll/z(/ yx)(l, VI cp2aa-
T2

In the rightmost term, the Gromov—Witten invariant is taken in CP2, and we have
marked that notationally (to get to that expression, we have used the fact that all our
curves are constant in 7'2—direction). Geometrically, what we are considering in that
term is the space of all lines in CP? going through a specific line Z (representing /) and
a point ¢ ¢ Z (representing /%). That moduli space can be identified with Z, and the
normal bundle to Z is the dual to the line bundle which gives rise to the gravitational
descendant in the formula. Hence, {/, ¥/?)¢ p2o.4= 1.

Let’s pass to the algebraic closure F,, with a nontrivial third root of unity ¢ € 5.
This yields a splitting of 1 € QH*(CP?;F,) into idempotents u; = 1 + ¢/ 1 + ¢/ [
The natural extension of Q 2, to H°%(X;TF,) is linear in a Frobenius-twisted sense,
meaning that QE,(¢+) = {2 QE,(+). From our previous computations, it follows that

(9-27) 0B:(xQ@uj) =xQuj.
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Let’s see how this might look from a categorical viewpoint, along the lines of Remark
1.10. The Fukaya category of CP2 over F 5 is more properly described as a collection of
three categories, each of which is semisimple, and which correspond to the idempotent
summands F,u j in quantum cohomology. Unfortunately, we cannot introduce a
meaningful version of the Fukaya category of 7> without Novikov parameters, because
there are no nontrivial monotone Lagrangian submanifolds. However, the diagonal in
the Fukaya category of X x X makes sense in a monotone context, so we can frame the
discussion in that language. Algebraically, the diagonal splits as the direct sum of three
objects, again corresponding to the u;. We can take one of those summands and equip
it with a flat line bundle, or formal family of flat line bundles, in the T2 —direction.
The convolution of such Lagrangian correspondences gives us H'(T?%; G,,) = G,zn,
respectively its formal completion. Since we can do that independently for all three
summands, we see the formal completion of G, appearing, which is consistent with
(9-27). If one wanted to work over F, itself, only the idempotents vy and u; + u;
would be defined, giving rise to a more complicated picture of the Fukaya category.

Example 9.7 Along the same lines, take X = T2 x CP! x CP!, but now with p = 3.
Take x,y € H'(T?;F;) and k,/ € H>(CP! x CP!;F3). The only classes A which
contribute to Q E3(x ® k) are those which yield the two rulings of X, and hence satisfy
([point]) 1,4 = 1. For each such class, (9-24) yields

029 [ (r@N0EA 8k =~ ONEE A =-[ GRNEBE).
Adding up their contributions yields
(9-29) QE;=-2id=id on H*(X;F3).

The same holds on H!(X;IF3); see (1-14). The corresponding question for H3 (X ;[F3)
is just outside the reach of our methods, because there is a potential contribution from
classes that are 3 times that of a ruling.

This time, the Fukaya category of CP! x CP! splits into four semisimple pieces over I3,
so one expects to see the product of four copies of the formal group associated to 72,
meaning a total of G,Sn, which is compatible with our (partial) computation.

9¢ Fano threefolds

The remaining examples will be monotone symplectic six-manifolds, which have
H{(X;Z) =0 and H.«(X;Z) torsion-free (in fact, they will be algebraic, meaning
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Fano threefolds). We will assume that there is some A € Z such that
(9-30) c1(X)xx =Ax for x € H3(X),

or, equivalently,
(y, x), :k/ yx for x,ye H}(X).
X

From now on, we fix a prime p, and our notation will be that x, y € H3(X; Fp). The
classical Steenrod operations applied to x have potentially nontrivial components in
degrees 3, 4 and 6. The degree 4 component is the Bockstein 8, which is zero because
all our classes come from H?3(X; Z). The degree 6 component is the t 37=7/20 part
of Sq(x). For p = 2, this is just the cup square, which again is zero by lifting to
H3 (X;7Z); and for p > 2, it involves the Bockstein, see (1-6), hence is again zero. The
outcome is that only the degree 3 component survives. Taking the constants in (1-6)
into account (and omitting X from the notation), this says that
xt3/2 if p=2,
31 Sty = {—(pT_l!)xz“P‘”/z itp>2.

As a consequence of (9-30) (and the divisor and TRR relations in Gromov—Witten
theory), we have for 0 <d < p —2,

J—1 pd+1
2=d—+1(y,w x>2=m=(dT1)!/ny'

Let’s look at | v ¥ QEp(x). For degree reasons, the curves that contribute to this lie in

(9-32) (v, ¥?x)

classes 4 with ¢ (A) = p — 1, hence (setting Qy = ¢1(X) in view of monotonicity)
Corollary 9.3 applies. At first sight, the outcome reads as follows:

(9-33) f YO, ()
X

+ > (=DFy DTy, o (v [point)y L,
do=2-Ap>0
dIZQ'A1>0
do+d;=p—1

1<y,w1’—2x>z,A—/X yx Y (P poind)y 4

Q- A=p—1

Using (9-32), one simplifies this to
034 [ »08,
X

_ APt ao M
(o) Z oo G )

2<d=<p-1
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Besides A, the enumerative ingredient that enters is the quantum period (see [12], where
the notation is Gy)

(9-35) =1+ Y _ ¢y *[point]); 4.
d>2

or more precisely, what’s obtained from it by truncating mod ¢? and then considering
the coefficients as lying in [F,,. In that notation, one can also write (9-34) as

(9-36) QE, = —(¢? '—coefficient of ¢~ M1T) id.

All the examples that we will consider are instances of [12, Theorem 4.7], itself based
on Givental’s work.

Example 9.8 Let X be the intersection of two quadrics in CP>, which is also a moduli
space of stable bundles (with rank two and fixed odd-degree determinant) on a genus

two curve. This has 4
7% ifl =3,

(9-37) H(X;Z)=137 ifl=0,2,4,6,
0 otherwise.

The first Chern class is twice a generator of H%(X; Z). For degree reasons, this implies
that Q &, = 0. This is not necessarily indicative of the general picture, since we already
know that the prime p =2 is exceptional [15, page 137]: the small quantum cohomology
ring has QH®*"(X) = Z[h]/ h* (h?* — 16), hence does not split into summands if one
reduces coefficients to 5.

Let’s look at odd primes. We have A = 0 since there are no classes A with Qy -4 = 1.
The quantum period is [13, page 135]

(2d)'2 2
(9-38) Z dl)6 1+2242+32q4+(7°)q +(%) q8+....
d=0
Applying (9-34) yields
(p—DP

(9-39) QE,=— id=(-1)®/2id forodd p.

(3(p=1)'e
We should point out that the first nontrivial case p = 3, where the enumerative geometry
is that of lines on X, is amenable to the more direct method of Section 9¢c. The space
of lines is regular [59, Theorem 2.6] (it is isomorphic to the Jacobian of the genus
two curve associated to X [59, Theorem 4.7]), and there are 4 lines passing through a
generic point [16, page 135]. That information enables one to apply (9-24) and obtain
Q83 =—4id = —id.
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When thinking about the outcome of this computation, it may be useful to know that
there is an algebraic group whose formal completion shows the same behavior, namely

(9-40) G={x+iy:x*+y> =1},

where i is an abstract symbol such that i> = —1 (some readers may feel more com-
fortable writing this as a group of 2 x 2 rotation matrices). It is a nonsplit torus,
which becomes isomorphic to G, over any coefficient ring that contains an actual root
of —1. To write down the group law for the completion G, one can use the rational
parametrization z = y/(1 + x), in which it is given by

21 +22

(9-41) Z1®Zp = .
1 —Z1Z2p

The p™ power map, for primes p > 2, is (x + ip)? = x? + (—=1)?~D/2jyP mod p,
or for (9-41),

p

——

(9_42) Z’---.ZEM

7 = (—1)(1’_1)/221’ = (—1)(1’_1)/22 for z € IFp.
X

A natural conjecture would be that the formal group associated to X is G*. Note that
in [69], a direct summand of the Fukaya category of X was shown to be equivalent
to the Fukaya category of the genus two curve. This seems to suggest a role for @fn
rather than G* (compare Remark 1.10). However, [69] works with complex number
coefficients. To the author’s best knowledge, we do not have a version of that argument
that would work over Z or [, and hence, it remains an open question to interpret the
computation above in terms of mirror symmetry.

Example 9.9 Let X C CP* be a cubic threefold. This situation is parallel to the
previous example, except that H3(X) is ten-dimensional. The quantum period is
[13, page 134]

(3d)!
(9-43) M= (d')sq“ =14+64+5q* + 1%+ 8248 + ...
- (d!

One again has QE, = 0 and A = 0 for degree reasons, but this time

(3p—3')
(9-44) 08,=——-2_Lid=0 for p>2.

(P__1|)

5!
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Example 9.10 The quartic threefold has [13, page 136]

_ -2t 5 B!

(9-45) Z @’

We have A = —24, the “big eigenvalue” in the terminology of [67, Corollary 1.14]. The
e~2%4 cancels out the corresponding term in (9-36), and we again have Q E p=0.

In both of the previous examples, homological mirror symmetry is known to hold [67],
but again, arithmetic aspects are not addressed in that paper. Even assuming that the
answer given there is true arithmetically, it takes the form of an orbifold LG (Landau—
Ginzburg) model with a highly degenerate singular point. For our purpose, one would
need to understand the formal completion near the identity of the derived automorphism
group of such an LG model, which is a purely algebrogeometric problem, but one
whose answer is not known to this author. This means that we do not have a mirror
symmetry interpretation for the vanishing of Q& .

Example 9.11 (previously mentioned in Example 1.11) Let X be a hypersurface
of bidegree (1,2) in CP! x CP3; equivalently, this is obtained by blowing up the
intersection of two quadrics (which is an elliptic curve) in CP3. It is a Fano threefold

satisfying 72 1234
1 - b 9 b

(9-46) H(X;Z)=137Z ifl=0,6,

0  otherwise.
More precisely, we have H,(X;Z) 2= H,(CP! x CP3;Z) by inclusion, and for the
exceptional divisor 72 x CP! C X, we similarly have H3(T? x CP!) =~ H3(X;Z).
The classes potentially represented by holomorphic curves are

(9-47) A= (d],dz), with d{,d, >0 and Qx -A =d; + 2d,.

Curves in the unique class 4 = (1,0) with Qy - 4 = (1,0) form the ruling of the
exceptional divisor. From that, one easily sees that A = —1. We have [13, page 183]

_ (d1+2d2)' d d
9-48 M = o411 = 1+2d>
4% ¢ ¢ Z (s
and hence
1
(9-49) Q8,=id Y = ————
i1 p_ 1D (d2])

See (1-16) for the first few terms. As before, the lowest-degree case p = 2 is amenable
to more direct methods, and was in fact determined in [74].
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One can write
12

m! m 2 ~
(9-50) Z _— = Z < ) = constant coefficient of W™,
N2(d, 4 did,d
di+2dr=m (dl) (dZ) di+2dr=m 19242

where ) ) ) )
(xg + x7 + x2X3)(X0X1 + X5 + X3)

XoX1X2X3

W (xo,x1,X2,X3) =

This is an elementary combinatorial argument: when we expand
2 2 m 2 2\m
(xg +x7 +x2x3)" (x0x1 + x5 +x3)",

the monomial (xgx;x,x3)™ arises by picking each xi term an equal number (d; in
our formula) of times, which leads to the multinomial coefficients. Setting m = p — 1
allows us to apply that to (9-49). Next, consider the intersection of the two quadrics
that appear in (9-50),

(9-51) C={x§+x12+x2X3=0, x0x1+x§+x§=0}CP3.

There is an elementary number theory argument which allows one to count the number
of points of C(IF,) modulo p; it goes as follows. By little Fermat,

(9-52) Z (1—x5 —x] —x2x3)P "1 (1 = xox1 — x5 —x3)P" ' €T,

counts the number of points in IF; lying on the intersection of our quadrics. On the
other hand,

w5 = (225
X509 X3 X0 X1 X2 X3

B {l for (ip,....i3)=(p—1,...,p—1),
0 for all other 0 <iy,...,i3 < p—1.

If we expand (9-52) and apply (9-53) to the resulting terms, the outcome is that (9-52)

is the xé’_le’_le_lxf_l—coefﬁcient of (xé —xf —x2x3)P 7 (x0x; —x% —x_,z))l’_l,

which is what appears in (9-50). Adjusting that to the point-count in projective space,

we get

(9-54) 1 —#C(IFp) = constant coefficient of W™ mod p.

The isogeny class of the elliptic curve Jac(C) is listed as [43, Isogeny class 15.a],
and its associated modular form is (1-17). Point-counting becomes relevant for us
through a theorem of Honda [34; 56; 32], which says that 1 —#C(IF,) mod p can be
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identified with the p' coefficient of the p power map for the formal group which is
the completion of Jac(C) (this coefficient is sometimes called the Hasse invariant of
the mod p reduction of C; maybe more precisely, it is a special case of the Hasse—Witt
matrix of an algebraic curve). The natural interpretation of this in terms of mirror
symmetry is the following:

Conjecture 9.12 Take X as in Examples 1.11 and 9.11. The Fukaya category of X
contains a direct summand equivalent to the derived category of sheaves on a genus
one curve, whose Jacobian is isogeneous to that of C. (The remaining summands are
expected to be semisimple: they do not contribute to H°(X) or to our formal group.)

It turns out that this is compatible with predictions coming from “classical” enumerative
mirror symmetry. There (see eg [12, Definition 4.9]), a mirror superpotential W €
Z| ylil , yzfEl , ygcl] for X needs to have the property that

dyi ANdy, Ad
(9-55) H:/ paW A1 N Ay2 A a3
[y1I=ly2l=1y3l=1 Y1)y2)3
. 2 constant coefficient of W4 d
> i -
d=0

There can be infinitely many different superpotentials for the same X, related by
certain birational changes of variables. Assuming that the anticanonical linear system
for X contains a smooth divisor, then the actual mirror of X, formed relative to that
divisor, should come with a proper (fibers are compact) function that specializes to
those superpotentials in different Zariski charts.

Getting back to our example: the function I;f/(l , X1, X2, Xx3) — 1 satisfies the property
(9-55), as a consequence of (9-50), but fails another requirement for mirror superpoten-
tials, that of having a reflexive Newton polyhedron. Instead, the precise relation is as
follows. One of the superpotentials for our specific X, given in [11, Polytope 198], is

9-56) W =yi+y+ys+y7 vays+yyy 4+ i 5
One can then write
(9-57) W(l,xl,xz,X3) —1= W(xl_lxzxgl,xl_lxz_l)q,xl_lx%).

The monomial coordinate change in (9-57) is a Z/4—cover of the (1, y2, y3)—torus by
the (x1, x2, x3)—torus; such coordinate changes do not affect oscillating integrals as
in (9-55). It is clear from the definition (9-50) that the critical locus of W(l ,X1,X2,X3)
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contains an affine part of C, lying in the fiber w1 (0). Hence, the critical locus of W
contains an affine part of a Z /4—quotient of C, lying in the fiber W~!(—1). Moreover,
the Hessian in transverse direction to those critical loci is nondegenerate over Q
(or over I, provided that p is large). In view of the expected correspondence between
the Fukaya category of X and the category Dfmg associated to a compactification of W,
this provides strong support for Conjecture 9.12, and also gives a specific candidate
genus-one curve (within the given isogeny class).

10 Sign conventions

Signs are important for some of our example computations. This section clarifies the
conventions used for Z/ p—equivariant (and therefore Sym,—equivariant) cohomology,
and for the Steenrod operations.

10a Equivariant cohomology

Take the standard classifying space BS' = §®°/S! = CP®. Lett € H §, | (point) =
H?(CP™) be the Chern class of O(—1). Given a representation V of S!, form the
associated vector bundle

(10-1) (Vx8®)/S! - CP®, whereg-(v,z) =(gv.g '2).

In this way, the representation V of weight k corresponds to the line bundle O(—k).
We use the same convention as in (10-1) when forming the Borel construction (the
equivariant cohomology of a space), and similarly for equivariant Euler classes of
vector bundles.

Given a representation Vi @ ---@® Vy,, its equivariant Euler class, defined as the Euler
class of the associated bundle (10-1), is therefore

(10-2) eqi(V)=ky---kqt?.

We embed Z/p C S in the obvious way, and take the mod p reduction of ¢ to be the
generator of Hé /p (point; IFp,), leading to a corresponding version of (10-2). We take
0 e HZ1 /p (point; IF,) to be the tautological generator, meaning the one associated to
the identity map Z/p = w1 (B(Z/ p)) — Fp. Then, the Bockstein satisfies

(10-3) B(O) = —t.
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Example 10.1 Fix some odd p. Take the fundamental representation of Z/p on R?,
by cyclic permutations, and let V' be its quotient by the trivial subspace R(1,...,1).
Our orientation convention is that taking first (1, ..., 1), and then after that lifts of
an oriented basis of V, yields an oriented basis of R?. If we temporarily ignore
orientations, then clearly

(10-4) V=V ®V2@"'V(p—l)/2'

This decomposition can be made explicit in terms of a discrete Fourier basis. A
computation of the determinant of that basis (compare eg [52]) shows that (10-4) is
in fact orientation-preserving. As a consequence,

1\, (-
(10-5) ez, (V) = (pT)”(p /2.

Example 10.2 To check the sign in (10-3), let’s replace the infinite-dimensional space
K(Z/p,1) by the lens space L(p,1) = S*/(Z/ p), with Z/ p acting diagonally on
S3 = {|z1]*> + |z2/*> = 1} C C2. The relation between the homological Bockstein b
and its cohomological counterpart § is that

(10-6) (B, x) + (=D, b(x)) = 0.

Consider {|z1| <1, z; = y/1 —|z1|?} C L(p, 1), with the complex orientation from z;.
This is a Z/ p—cycle, whose homology class we write as x. Applying the homological
Bockstein yields a 1/ p fraction of the boundary, which is exactly the circle {z, = 0} C
L(p, 1), with its orientation given by going around z; anticlockwise from 1 to 2™ ip
This means that by definition of 6,

(10-7) (0,b(x)) = 1.

The class —t is Poincaré dual to the zero-locus of a section of the pullback of O(1),
hence represented by the cycle {z; = 0}, with the usual orientation of the z; circle.
The intersection number of that and the mod p cycle defined above is

(10-8) (—t,x) = 1.

From (10-6), for y = 6, and (10-7) we get (8(6), x) = 1, which together with (10-8)
yields the desired (10-3).

10b Steenrod operations

The appearance of combinatorial constants similar to those in (1-6) goes back to the
classical literature; see eg [70, pages 107 and 112]. The point of introducing those is to
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make sure the operations satisfy the Steenrod axioms. Since a comparison between
different definitions is made more complicated by sign conventions for equivariant
cohomology, we want to explain one way of checking the choices made here.

Fix an odd prime p. Consider the Steenrod axiom which says that P%(x) = x for
x € H*(X;F,). With our convention (1-6), this is equivalent to

x|
(10-9)  Sty(x) = (=1)* ( 21 ) ([ (P—D/21x]
+ terms of higher degree in H*(X;F)),

with * as in (1-7). Suppose that X is an oriented closed manifold, and that we apply
this to x = [point] € H4™X) (X F,). By definition, St,(x) is obtained from

restriction

p™ power to diagonal

(10-10) H™X)(X:F,) HEONO (X P ) HEIMO (X TFy).

Hence, it maps x to itself times the equivariant Euler class of the normal bundle to the
diagonal X C X2, restricted to a point. If X is one-dimensional, that normal bundle is
given by the representation V' from Example 10.1. In general, it can be identified with
dim(X) copies of V, up to a Koszul reordering sign (—1)T,
Ix[(x| =D p(p—1) _ [x[(|x[-1) p—1
2 2 2

Combining that with the |x|™ power of (10-5) precisely yields the constant factor in
(10-9).

(10-11) = mod 2.
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