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POINCARE DUALIZATION AND MASSEY PRODUCTS

A. MILIVOJEVIC, J. STELZIG, AND L. ZOLLER

ABSTRACT. We study the rational homotopy theoretic and geometric properties of a construction
which extends any cohomologically connected, finite type cdga to one satisfying cohomological Poincaré
duality. Using this construction we show that non-trivial quadruple Massey products can pull back
trivially under non-zero degree maps of Poincaré duality spaces, unlike the case of triple Massey
products as studied by Taylor. We also show that a non-zero degree map between formal rational
Poincaré duality spaces need not be formal. Our consideration of Massey products naturally ties in
with cyclic Aw-algebras modelling Poincaré duality spaces.
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1. INTRODUCTION

We treat the following three topics concerning rational Poincaré duality and formality:

e We study a construction which extends any cohomologically connected, finite type cdga by its
dual to one satisfying Poincaré duality on its cohomology, which geometrically corresponds to
taking the double of a thickened representing cell complex.

e Using this construction, we build examples of dominant maps to Poincaré duality spaces show-
ing that the main result of [MSZ23], namely that formality is preserved under dominant maps,
is sharp in a certain sense.

e We are led to revisit nice algebraic (namely, cyclic) models of Poincaré duality spaces, using
which we can give quick proofs of known formality results.

The existence of non-zero degree maps between closed manifolds, giving a relation going by the
name of domination, has been of substantial interest going back at least to work of Gromov, Milnor,
and Thurston in the 1970’s, see [CTR9, p.173]. The general empirical observation is that the domain
of a non-zero degree map should be “more complicated” than its target, see e.g. loc. cit. In view
of this heuristic, the authors showed in [MSZ23| that formality is preserved under domination. This
observation was in part motivated by a result of Taylor that non-trivial triple Massey products remain
non-trivial upon pullback by a dominant map.

2020 Mathematics Subject Classification. 55P62, 55530, 57N65.
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2 A. MILIVOJEVIC, J. STELZIG, AND L. ZOLLER

One is then naturally led to ask about the behavior of quadruple and higher Massey products
under pullback by dominant maps. In order to address this problem, we detail a construction that
extends any cdga to one satisfying Poincaré duality on its cohomology, and discuss its functoriality.
The construction is simple and by no means new, but we wish to give it a down-to-earth, workable
description, and study its rational homotopy theoretic properties, allowing us to easily construct
examples by hand. Explicitly we have:

Theorem A. For every n and any cohomologically connected, finite type cdga A, cohomologically
concentrated in degrees < n, the square-zero extension by its shifted dual P,A := A® D, A is a new
cdga satisfying n-dimensional Poincaré duality on its cohomology. This construction has the following
properties:
(1) The cdga P, A admits a cdga retract back to A. If A — B is a morphism of cdga’s which admits
a retract B - A of dg-A-modules, then A — B extends to a non-zero degree map P, A - P,B.
(2) The cdga A is formal if and only if P, A is formal (Proposition Corollary [5.5)).
(3) A Massey product is non-trivial on A if and only if it is non-trivial upon inclusion into P, A
(Proposition [3.10)).
(4) If A models the rational homotopy type of a finite complex X embedded in Euclidean n-space,
then P, A models the double of a thickening of X to a manifold with boundary (Proposi-

tion (7.2)).
Making use of this Poincaré dualization construction, we show:

Theorem B. (Theorem [4.1)) There exists a non-zero degree map ¥ — X between rational Poincaré
duality spaces, where X carries a non-trivial quadruple Massey product whose pullback to Y is trivial.

Hence the above-mentioned result by Taylor on triple Massey products does not extend to quadruple
products. This is furthermore to be contrasted with the main theorem of [MSZ23], i.e. formality being
preserved by non-zero degree maps, which in a sense does generalize Taylor’s theorem to higher
Massey products as long as vanishing of Massey products is understood in a suitably uniform sense.
Incidentally, the example constructed for theorem [B| also shows that a cdga may have no rational
Massey products, while its Poincaré dualization does have nontrivial Massey products, Section

With formality being inherited under a non-zero degree map it is natural to ask whether in this case
the map itself is formal. Again drawing upon the Poincaré dualization construction and its naturality
properties we find that this is not the case, proving:

Theorem C. (Corollary A non-zero degree map between formal rational Poincaré duality spaces
need not be formal.

In order to construct the example for the above theorem we extend the Poincaré dualization con-
struction to the category of As-algebras (Section . We find that the defining formula for the
dualization appears naturally for any minimal C-model of a Poincaré duality space provided there
are no higher operadic Massey products landing in top degree (Proposition . This is reminiscent
of how ad hoc Massey products landing in top degree on a Poincaré duality cdga vanish. One is led
to the notion of cyclic As-algebras (Section . Using cyclic models one can relatively quickly recover
some well-known results in rational homotopy theory on formality of Poincaré duality spaces given
some connectivity assumption (Section .

In Section [2] we review Massey products, recover Taylor’s theorem, and illustrate the necessity of
Poincaré duality therein. Then in Section [3]we detail the Poincaré dualization construction for cdga’s,
and note that a cdga morphism A — B extends to a non-zero degree map P, A — P, B when there is
a dg-A-module retract B - A. In Section [4] we construct a cdga morphism A — B admitting a dg-
A-module retract such that a non-trivial quadruple Massey product on A (and hence P, A) becomes
trivial on B, proving Theorem We further study the Massey products on B in Section [4.2} it
is a cohomologically simply connected six-dimensional non-formal cdga with no non-trivial Massey
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products. In Section [5] we extend the discussion of Section [3] to the A setting. In Section [6] we
construct an example showing Theorem [C] and in Section [7] we complete the proof of Theorem [A] by
giving the geometric interpretation of the algebraic dualization construction. In Section |8 we discuss
cyclic models of Poincaré duality spaces and use them to recover results of Miller, Cavalcanti, and
prove cases of a conjecture of Zhou.
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2. PRELIMINARIES

We recall the concepts used in the introduction and throughout, and set notation. We will consider
graded commutative algebras (A,d) over Q (though much of the purely algebraic discussion goes
through for an arbitrary field), where we allow entries in negative degrees, i.e. A = @z AF, but most
of the time we restrict to cohomologically connected cdga’s, i.e. those where H¥(A) = 0 for k < 0
and HY(A) = Q. Tf A¥ =0 for k < 0 and A° = Q, we say A is connected. We call A a (rational)
Poincaré duality cdga if its cohomology satisfies Poincaré duality. That is, there is an index n such
that H"(A,d) 2 Q and the pairing

H*(A,d)® H"*(A,d) - H"(A,d) = Q

given by
a® B~ al
is non-degenerate.
A rational commutative differential graded algebra (cdga) is said to be formal if there is a zigzag
of quasi-isomorphisms of cdga’s

(4,d) (B2, d) (B, d)

connecting (A,d) to a cdga with trivial differential. For A cohomologically connected, one may pick
a Sullivan model (AV,d) - A, i.e. a connected cdga that is free as an algebra, satisfying a nilpotence
condition (c.f. [FHTI12]), with a quasi-isomorphism to A. One may even pick (AV,d) to be minimal,
ie. d(AV) c A*2V; [FHTI2, p.191]. In terms of such a model, formality of A is equivalent to the
existence of a quasi-isomorphism (AV,d) - (H(A),0). (That is, we may replace the chain of quasi-
isomorphisms by a single “roof”.)

Computable obstructions to formality are given by (ad hoc) Massey products [M58, Section 2].
Given three pure-degree classes [x],[y],[2z] € H(A) such that zy = da, yz = db, the element az -
(—1)‘“3':66 is closed and therefore gives rise to a cohomology class. Modulo the ideal generated by [z]
and [y], this class is well-defined and independent of the choices of representatives and primitives.
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It is called the triple Massey product and denoted ([z],[y],[z]) := [az — (=1)*lab] € H(A)/([2],[y])-
Equivalently, the triple Massey product is the set of classes {[az — (-1)/*zb]} obtained for all choices
of primitives a, b.

Quadruple Massey products are defined similarly: Given four classes [w], [x],[y],[2] € H(A), which
for simplicity we assume to have pure even degree (which will be the case for us below), a defining
system for the quadruple product ([w],[z],[y],[z]) € H(A) is a collection of pure-degree elements
a,b,c, f,g such that da = wx, db = zy, dc = yz and df = ay — wb and dg = bz — xc. For any such
defining system, one obtains a cohomology class [wg + ac + zf] € H(A). The quadruple Massey
product ([w],[z],[y],[2]) € H(A) is then defined to be the collection of classes obtained from all
such defining systems. Again, this collection is independent of the chosen representatives for the
classes. As in the case of the triple product, the quadruple product is said to be trivial (or vanish)
if 0 € ([w],[z],[y],[2]). The definitions for quintuple and higher products are similar; we refer the
reader to [K66].

Massey products are invariants of the quasi-isomorphism type of a cdga, and on formal cdga’s all
Massey products vanish.

To a topological space X we can associate its connected cdga Apr (X)) of rational piecewise-linear
forms [Su77], [DGMST5]; this cdga computes the rational cohomology of X (see e.g. [DGMS75,
Theorem 2.1], [H07, Theorem 1.21]). We say the space X is formal if Apy(X) is formal as a cdga
[DGMST75, p.260], [HO7, Definition 2.1]. A space is a rational Poincaré duality space if its rational
cohomology satisfies Poincaré duality.

Let us give an alternative proof of Taylor’s theorem [Tal0] mentioned above.

Proposition 2.1. Let Y - X be a non-zero degree map between rational Poincaré duality spaces
and let a,b,ce€ H(X) with ab=bc=0. If

H(X)
aUH(X)+H(X)uc’

m = (a,b,c) #0 €

then also
H(Y)
*aUH(Y)+H(Y)u f*c’

ff(m)+0e 7

Proof. The map f*: H(X) — H(Y) has a one-sided inverse given by f; := @f*, iLe. fof”=Idy(x)-
Here f, denotes the pushforward, determined by f* and Poincaré duality. This yields a splitting

HY) R (XY e HY)/fH(X).

By the projection formula
F(ffwuy) =20 fuy for e H(X),yeH(Y),

this (additive) splitting is compatible with the natural H (X )-module structures on both sides (given
by f* on the left and (Id, f*) on the right). Therefore, writing K := H(Y)/f*H(X), the domain of
definition of the Massey product decomposes as

H(Y) . H(X) . K
—
ffauH(Y)+H(Y)U f*c aUH(X)+H(X)uc  frauK+Ku f*c
and under this splitting, we have f*(m) = (m,0). O

Remark 2.2. The above proof, like Taylor’s, works for maps of Poincaré duality cdga’s over any field,
as long as we interpret deg f # 0 to mean that deg f is invertible.
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Example 2.3. Without the Poincaré duality assumption (on the domain cdga; see Remark , it
is easy to find examples of cohomologically injective maps of cdga’s such that a non-vanishing triple
Massey product in the domain vanishes in the target. For example, consider the inclusion of cdga’s

A= (M(z,y,2),dz = zy) = B:= (A(z,y, z,u,v),dz = xy,dv = xz — yu) ,

where all generators are in degree 1. This induces an inclusion A’ := A/A*3 < B’ := B/B>® which
is injective on cohomology. Now, (x,x,y) is a non-vanishing triple product in A’, while in B’ it is
represented by [zz] = [yu], which lies in the indeterminacy.

Example 2.4. Continuing along the lines of Example we give an example of a non-formal cdga
with a map to a formal cdga which is injective on cohomology. Namely, take

(A(X2,Y2,a3,b3,c3),dX =dY =0,da=X? db=XY,dc=Y?)

and
(A(IIZ’Q,y27 as, 537’73)/(332,33y,y2), d= 0) .

The map sending X ~ z,Y — y,a —» a,b — [,c — 7 descends to the truncation of both cdga’s
whereby we mod out the (differential) ideals of all elements of degree > 6. The resulting map is a
cohomologically injective map from a non-formal cdga to a formal one; indeed, the domain carries the
non-trivial triple Massey products ([X],[X],[Y]) and ([ X],[Y],[Y]).

3. POINCARE DUALIZATION

We detail a construction that “completes” any cohomologically connected cdga to one satisfying
Poincaré duality on its rational cohomology, which in certain cases is functorial. This construction
is rather simple and has appeared before, see e.g. [KTV2I Proposition 14ff.], [LeV22] for modern
context. Here we study it in detail within the context of rational homotopy theory.

Fix a natural number n. Let (A,d) be a complex of rational vector spaces. We define the (n-th)
dual complex D, A by (D, A)* = (A"*)V with differential (D,A)* - (D, A)**! given on pure-degree
elements ¢ € D, A by d(¢)(a) := (-1)¥"1¢(da) for any a € A. Clearly, D, is a contravariant functor
(given by ((Dnr)(p)) (b) = @(r(b)) for a map of complexes B > A) and

HY(D, A) = (H"™*(A))".

Now let us assume A carries in addition the structure of a graded-commutative algebra, such that
d is a derivation (i.e. A is a cdga).

Definition 3.1. Let (A,A,d) be as above. The n-th Poincaré dualization of A is given, as a
complex, by
P,A=Ae D,A,

with multiplication (extending that on A) defined on pure-degree elements a € A, ¢ € D,, A by the dual
complex element given by

(an@)(®) = (-1)¥p(and),
(pra)b):=p(anbd),
and setting @ A =0 for @, € D, A.

Lemma 3.2. The Poincaré dualization P, A is indeed a cdga.

Proof. Graded commutativity of the multiplication holds by definition. For associativity, we only need
to check the case ¢ € D, A and a,b € A as all other combinations of products of three elements are
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either zero or entirely in A, where associativity holds since A is a cdga. We compute, for c € A:

((pra)nb)(c) =(pra)(bnac)
=p(anbnc)
= (A (anb))(c).

That d is a derivation again only has to be checked on products of the form ¢ A a with ¢ € D, A
and a € A. In this case, we compute:

(de na)(b) = dp(anbd)
= (-1 p(d(anb))
= (-1)¥1p(da A b) + (1) Hel (g A ab)

= (1) (p A da)(b) + (1)1 (o A @) (db)
= (-D)¥ (o A da)(b) + d(¢ A a)(b). 0

Let us now further assume that A is cohomologically connected, H(A) is finite-dimensional, and
HF(A) # 0 at most for 0 < k < n.

Lemma 3.3. The cohomology H(P,A) is finite dimensional and concentrated in degrees 0,...,n.
Further, P, A is a Poincaré duality cdga, i.e. for any integer k, the pairing

H*(P,A) x H"*(P,A) = H"(P,A) = Q
is non-degenerate.
Proof. By construction, H*(P,A) = H*(A) ® H*(D, A) = H*(A) ® (H" *(A))Y and H" *(P,A) =
H"*(A)® H"*(D,A) 2 H"*(A) ® (H*(A))", and the pairing is given (up to a non-zero scalar) by
evaluation. O

Example 3.4.
o Let A= (A(z)/2? d=0) with |z| > 1 and let n > |z|. Then

Pn(A) = (A(:r,y)/(:L‘2,y2),d = 0)

with |y| = n - |z, i.e. we obtain the cohomology algebra of the product of spheres SI#l x Sl¥!,
e Take now, for example, A to be a minimal model for S?, i.e. A = (A(:J:,y),dy = x2). Then

P, (A) is generated as an algebra by z,y, and a dual basis {957“, ;@}kzo for {z*, 2%y}, in degrees
n — 2k and n — 2k — 3 respectively. satisfying

ghy naly = 2h-l zhyaal =ak-ly, 2k azly=0, zF Azl =2kl

for k£ > [. All other products of dual elements with basis elements from A are zero. The
differential is determined by d(Z) = d(¥) = 0 and for k > 2, d(z¥) = -xF2y, d(x*y) = 0.
One may check that this is connected to the first example (with |z| = 2) by a chain of quasi-

isomorphisms.
e For a non-manifold example, consider the formal space S? v .S3, with model

(A(z,9)/ (2%, 2y),d =0)
with |z| = 2, |y| = 3. Then for n > 4, its n-th Poincaré dualization is the cohomology ring of
the manifold (52 x S”’Q) # (53 X S”’?’) equipped with trivial differential. Note that for large
enough n, the boundary of a thickening of S% v §% in R is (S2 X S”‘2) # (53 X S"‘3).
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Remark 3.5. We easily see that the Poincaré dualization of a Poincaré duality cdga is obtained
by tensoring with Q[x]/(x?), with z of the appropriate degree. Geometrically, this corresponds to
crossing with a sphere (at least when n is greater than the cohomological dimension of the original
algebra). We discuss in Section m how Poincaré dualization for a general cohomologically finite type
cdga, at least for large enough n, corresponds to taking the double of a thickening of a corresponding
cell complex embedded in Euclidean space (cf. the third example above).

The Poincaré duality cdga’s that one can get via the Poincaré dualization construction are quite
restricted. As a simple example, notice that (Q[x]/(z"),d = 0), with deg(x) = 2 and k > 2 (corre-
sponding to (CIPQQ) cannot be obtained by Poincaré dualizing some cdga. The case of even k also
follows from the following:

Proposition 3.6. Let (A,d) be a cdga. For n =0 mod 4, the middle degree pairing
H"?(P,(A))® H"*(P,(A)) - Q

given by a® 3 ~ ¢, where af8 = c1, is a sum of hyperbolic forms. In particular, the signature of this
pairing is zero.

Proof. This follows from the equality H"/?(P,A) = H"?(A) @ H"?(A)Y. We can pick any basis for
H™?(A) and complete it with the dual basis to one for H™?(P,A). In this basis, the assertion is
clear. ]

Corollary 3.7. If (A, d) is cohomologically simply connected, and n (not necessarily divisible by four)
is at least by two larger than the cohomological dimension of A, then P,(A) is realized by a closed
manifold.

As indicated in Remark in Section [7] we show that this manifold, for large enough n, can be
taken to be the double of a thickening of a representing cell complex.

Proof. By the above, if n = 0 mod 4, the signature of P,,(A) (with respect to any choice of generator for
top degree rational homology) is zero. Notice also that respect to the dual of 1, the pairing is equivalent
over the rationals to one of the form Y%, 22 — #; (indeed, a rational change of basis takes the form

98) into (§ %)). Hence by [Su77, Theorem 13.2], for n > 5, choosing all rational Pontryagin classes
to be trivial, there is a closed smooth manifold realizing this data. The only remaining non-trivial
case is n = 4, in which case our requirements force A to have the cohomology ring of a wedge sum
v¢S?, and so Py(A) has the cohomology ring of the connected sum #,(S% x S?), which is intrinsically
formal, so it realizes Py(A). O

Now consider a cdga B, satisfying the same finiteness and connectedness conditions as A, and a
map of cdga’s f: A - B. In general, it is not true that this can be extended to a map P,A — P,B.
However, one has:

Lemma 3.8. Given a map r: B - A of dg-A-modules, i.e. a map of complexes satisfying r(f(a)Ab) =
a Ar(b), the map

feDyr:P,A— P,B

is a map of cdga’s. When r(1) # 0 (equivalently r o f is a non-zero multiple of the identity), the map
f ® Dyr has non-zero degree.

Proof. Because both f: A — B and D,r: D,A— D,B are maps of complexes, so is f & D,r, where f
and D, r are extended trivially to all of P,A. It thus remains to show that the map is compatible with
the product. If both factors are in A ¢ P, A, this is true since f is an algebra map. If both entries are
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in D, A, their product is zero, and so is the product of their images under D,r. The remaining case,
acA,peD,A, follows from:

((f ® Dar)(9 A a))(b) = (Dar( na) ) ()
= (p A a)(r(b))
= p(anr(b))
= (r(f(a) Ab))
= (Dur()) (f(a) AD)

= (Dar(2) A £(a))(b)
= ((f @ Dur)(¢) A (f ® Dur)(a) ) (1).

The statement about the degree follows since the top-degree cohomology in P, A and P, B is generated
by any class that evaluates non-trivially on 1. O

Remark 3.9. Consider the category whose objects are cdga’s satisfying the conditions of A above
and morphisms A — B given by pairs (f,r) as above, with composition (g,s) o (f,r) = (go f,70s).
Then Poincaré dualization P, defines a functor from this category to that of Poincaré duality cdga’s.
Restricted to degree-wise finite dimensional cdga’s, it is fully faithful.

Proposition 3.10. Let (A,d) be a cdga which admits a non-trivial Massey product. Then also
P,(A,d) has a non-trivial Massey product. Namely, the image of a non-trivial Massey product m in
(A,d) by the inclusion into the Poincaré dualization is also non-trivial.

Proof. By construction, P,A = A® D, A with A a subalgebra and D, A a differential ideal. Thus
(as mentioned in Remark , the inclusion of cdga’s i : A - P, A admits a one-sided inverse map
of edga’s r : P,A - A with roi = id. Now for any non-trivial Massey product m € H(A), i(m) is
non-trivial as (r oi)(m) € m. Recall, we treat a Massey product as the set of cohomology classes
obtained via any possible defining system (see [K66]), with the Massey product being trivial if the
zero class is contained in this set. ]

Remark 3.11. Since we will implicitly use it in the next section, we remark on the following obvious
property: if a Massey product m is defined and trivial in A, then the same holds in P,(A) for any n,
as A embeds into P,(A).

Remark 3.12. We note the following immediate generalization of Taylor’s theorem that non-trivial
triple Massey products pull back non-trivially under dominant maps. Let X be a rational Poincaré

duality space, and Y ER X a map such that the fundamental class of X is in the image of the induced
map in rational homology, where Y has finite-dimensional rational cohomology. Then if (x,y,z)
is non-trivial on X, so is (f*z, f*y, f*z) on Y. Indeed, consider the corresponding map of cdga’s
Apr(X) —» Apr(Y), and the composition Apr(X) - Apr(Y) <= P,(Apr(Y)) for some (large) n.
Take a class [a] in D, (Apr(Y)) such that [a]f*[w] # 0, where w is a volume class for X. Since
o? = 0 by construction, we obtain an extended map Apr(X) ® Q[a]/(a?) - P,(Apr(Y)) by sending
«a ~ «. This map is clearly of non-zero degree, and so Taylor’s theorem applies, whence we draw our
conclusion by Proposition

Let us now discuss how formality of A relates to the formality of P, A.
Proposition 3.13. If P,(A) is formal, then A is formal.

Proof. We mimic the proof that the retract of a formal space is formal [FOT08, Example 2.88]. Con-
sider the maps of cdga’s A SN P,(A) 5 A used in the proof of Proposition Take minimal models
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of A and P,(A), and a map ¢ from the minimal model of P,(A) to its cohomology which induces
the identity on cohomology [DGMST75, Theorem 4.1]. We have the following homotopy commutative
diagram, where 7 and 7 denote the induced maps on minimal models:

A" S P(A) —"— 4
T 1
M(A) — M(P,(A)) —— M(A)
%

H(Pa(A)) —"— H(A)
Now the map #*¢¢ induces #*7* on cohomology, which is an isomorphism since 7i = id. O

We also have the converse, whose proof we postpone to Section
Proposition 3.14 (Corollary . A is formal if and only if P, A is formal.

If A is a minimal Sullivan algebra whose cohomology is finite-dimensional and concentrated in
degrees < k, the formality of P,A for n > 2k can alternatively be quickly recovered from [FMO05,
Theorem 3.1].

4. A QUADRUPLE MASSEY PRODUCT PULLING BACK TRIVIALLY
4.1. Construction of the example. Our goal is to prove the following statement:

Theorem 4.1. There is a non-zero degree map of cohomologically connected rational Poincaré duality

cdga’s Py ER P, such that P, carries a non-trivial quadruple Massey product, which becomes trivial
in P». That is, there are cohomology classes [w], [z],[y],[2z] € H(P1) such that the Massey product
([w], [z],[y],[2]) is defined and does not contain zero, and

0 e([f ()], [f (@) [f ()], [£(2)])-

We first construct cdga’s with finite-dimensional cohomology A, B (not satisfying Poincaré duality),
together with a cdga morphism f: A - B and a differential graded A-module homomorphism r: B — A
sending 1~ 1, such that A carries a non-trivial quadruple Massey product which f sends to a trivial
one. Then Poincaré dualizing for large enough n and applying Proposition (and Remark
will yield a map P,(A) - P,(B) with the desired properties. The cdga’s A and B we will construct
here will be free as graded algebras, facilitating the further investigation of B in Section Another
(related but more ad hoc) example proving Theorem is provided in Remark

Remark 4.2. In view of Taylor’s result, see Proposition the above datum f,rm A & B with A
carrying a non-trivial triple Massey product which becomes trivial in B can not exist (in particular,
there is no such r in Example .

Indeed, consider a triple Massey product ([z],[y],[2z]) in A. Then, as the triple Massey product
([f(®)],[f(y)],[f(2)]) vanishes in B, we can find a defining system a,b € B with da = f(x)f(y),
db = f(y)f(z) such that af(z) - (-1)/*lf(2)b is exact. But then using that r is a dg-A-module
morphism we find that r(a),r(b) is a defining system for ([z],[y],[2]) and the representing cocycle

r(a)z = (~1)"ar(b) = r (af (2) - (-1 f(2)b)

is exact. This shows triviality of the Massey product ([z], [y],[2])-
In order to motivate what is happening in the example we will construct for Theorem [4.1] it is
rather instructive to check where the above argument fails for quadruple Massey products. To this
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end consider a quadruple Massey product ([w], [z],[y],[2]) in A. (For simplicity of notation, assume
these classes are in even degrees.) As before, choose a defining system a, b, ¢, g, h for

(Lf ()] [f @ L] L))
such that da = f(w)f(2), db= f(2)f(y), de = f(y) (=), dg = af(y) - f(w)b and dh = bf(2) - f(z)e.
While it still holds that r(a),r(b),r(c),7(g),r(h) is a defining system for ([w],[z],[y],[z]) it is in
general no longer true that the cocycles representing the Massey products get mapped to one another,
i.e. we might have
wr(h) +r(a)r(c) +zr(g) #r(f(w)h+ac+ f(2)g)

if r(ac) # r(a)r(c), which can happen since r is not fully multiplicative. In particular the right
hand side being exact does not force the left hand side to be so. In other words: while a non-trivial
triple Massey product would obstruct the construction of the module retract r in the counterexample
below, the freedom of choosing r(ac) will allow us to construct r even in the presence of a non-trivial
quadruple Massey product. O

We begin with the construction of A. Set (A4,d) := (A(V=") ® A(VZ%),d), where
V= = (X,Y,a,b,c,e, f,h,i)

with
degree ‘ generators ‘ differential
2 XY X, Y0
3 a,b,c a~»X? b XY c¢~Y?
4 e, f e~Ya-Xb f-»Yb-Xc
5 h,i heXe+ab i—-Yf+bc

and V> is a vector space which we construct inductively in order to eliminate all cohomology in
degrees > 7. To be precise, we first choose cycles representing a basis for degree 7 cohomology. Then
for each these element introduce a generator in V¢ and map it to the chosen cycle under the differential.
The resulting algebra will have trivial degree 7 cohomology while cohomology in degrees < 6 remains
unchanged. Now repeat this process inductively for all higher degrees.

Lemma 4.3. The cohomology of (A, d) is generated by the linearly independent cohomology classes of
the cocycles 1, X, Y, m, where m = Ye+ac+ X f. Furthermore the Massey product ([ X],[X],[Y],[Y])
is non-trivial and represented by [m].

Proof. Clearly 1, X,Y generate cohomology in degrees < 2. Furthermore A3 = (a, b, ¢) maps isomorphi-
cally onto A?(X,Y) so there is no cohomology in degree 3,4 in A(X,Y,a,b,c). This changes in degree
5, where the ker d is generated by Ya—Xb, Yb—Xc. Note that the corresponding cohomology classes do
indeed form a basis of H>(A(X,Y,a,b,c),d), since d vanishes on the degree 4 span of the above genera-
tors. Thus after introducing e, f we obtain H>(A(X,Y,a,b,c,e, f),d) =0=H*(A(X,Y,a,b,c,e, f),d).
At this point we compute that the degree 6 part of kerd is (Xe + ab,m,Y f + bc) ® A3(X,Y). The
differential maps the degree 5 span of the above generators onto A3(X,Y") so the cocycles in the left
hand factor yield a basis for the cohomology at this stage, after introducing h, i, V" only the class of m
remains, generating HY(A). This proves the first part of the lemma. The reader can also verify this
with the “Commutative Differential Graded Algebras” module in [Sage]:

T.<X,Y,a,b,c,e, f,h,i >= GradedCommutativeAlgebra(QQ, degrees = (2,2,3,3,3,4,4,5,5))
A=T.cdg-algebra({a: X * X,b: X *Y,c: Y *Y,e: Y ra-X*b, f: Y xb-Xsc,h: X xe+axb,i:Y * f+bxc})
[A.cohomology (i) for 4 in [1..7]]

When writing down a defining system for the Massey product ([X],[X],[Y],[Y]), there is no
choice for the primitives of X2, XY,Y?, except for a,b,c. When choosing primitives pi,ps for the
cocycles Ya — Xb and Yb - Xec, we get p; = e+ aq, p2 = f + ag for some o; € (kerd)* = A2(X,Y).



POINCARE DUALIZATION AND MASSEY PRODUCTS 11

Then the resulting representative of ([ X],[X],[Y],[Y]) is m+Y a1 + Xae. Independent of the choice
of ay, this is cohomologous to m. Hence we get a unique non-trivial cohomology class representing

(X1 [X], [V, [Y])- O

Now we come to the construction of B, which we will define as (A ® AW,d). Up until degree 5 the
generators of W and their images under d are given as follows:

degree ‘ generators ‘ differential

3 Y a,y 0

4 SXasSYarSXvy, Sy Sy > ¥

5 tz‘,Z=1,...,9 tl"—>’UZ‘

where

v =m -y, v =Y sxq— XSya, v3=Ysx,—Xsy,,
vg=aa— XSxq, Us=ba- Xsyq, vg = cax—Y Syq,
vy =ay-Xsxy, vg=by-Xsy,, vg = cy - Ysy,.

We check that at this stage H*(A®A(a, 7, Sxa,Sva,SX~, Sy~),d) is trivial in degree 5 and in degree
6 a basis is represented by m and the cocycles v;, i = 1,...,9. We finish the construction of B by
defining W25 so that H>7(B) = 0 by inductively killing all cohomology in degrees > 7. We will not
need to describe this last step explicitly.

Remark 4.4. The cdga (A ® AW=® d) is minimal and one can carry out the construction such
that (B,d) is minimal. In fact A - B is a relative minimal model. Cohomologically H*(B) =
H*(A) @ {[a],[B]), where [af3] is a nontrivial generator of H%(A).

Now we verify that the quadruple product ([ X ],[X],[Y],[Y]) becomes trivial in B = A AW under
the inclusion A = A® W:

Lemma 4.5. We have 0 € (¢[ X ], ([ X],[Y],[Y]).

Proof. For simplicity we omit explicitly mentioning the inclusion map ¢. Choose X,Y as representa-
tives of [X],[Y], and make the following choice of primitives: d(a—a) = X2, db= XY, d(c+~) =Y?2,
With these choices, the triple product ([X],[X],[Y]) is represented by (a — )Y — Xb, for which we
make the choice of primitive d(e — sys) = (a — @)Y — Xb. For the triple product ([X],[Y],[Y]), we
have d(f -sx~) = bY =X (c+7) for the given representative. Hence the quadruple product, with these
choices of primitives, is represented by

(e-sya)Y +(a—a)(c+7)+ X(f —sxy) =d(t1 +te+17). O

It remains to construct a dg-A-module retract of the map 1:A - A® AW. In order to do this we
recall the following

Definition 4.6. Let A be a dga and (M, d) be a dg-A-module. Then a semi-free extension of (M, d)
is a dg-A-module of the form (M & (A®V'),d), where V is a graded vector space and d(1® V') c M.

For us this concept is helpful due to the following standard lemma. Part (1) is an immediate
observation, while part (2) is a more explicit form of [FHT12, Lemma 14.1] which will prove useful
when dealing with the explicit example.

Lemma 4.7. (1) Let f:M — N a morphism of dg-A-modules and (M & (A® V'),d) a semi-free
extension of M. Let (v;);s be a basis of V, and let («;);e; be a collection of elements in N
with da; = f(dv;)). Then f extends to a morphism of dg-A-modules M @ (A® V) - N by
setting f(v;) = a.
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(2) Let A - A® AW be a relative minimal cdga with A* = W' = 0. For 0 < j < i, set Viij) =
(AIW)% 7. Then AW = Do<j<i V(i j) and for any (4,7) as above the inclusion

A®( P V(k,z))—’A‘X’( ) V(k’J))

(k,1)<(3,9) (k,D)<(4.5)

is a semi-free extension, where we use the lexicographical order on tuples.

Proof. Part (1) is straightforward verification. For the proof of part (2) we observe that due to
W = W>2 we indeed have
AW = @ (A*'w)l = @ (AW,
0<2k<l 0<j<i

It remains to check that d(V(z-’j)) cA® (EB(k7l)<(l-,j) V(k,l))' To see this, we investigate the differential
with respect to its bidegree A ® ((APW)?), where p is the wordlength degree in W and ¢ is the
cohomological degree in AW. If p does not increase then ¢ decreases by at least 1 due to minimality
and A' = 0. Furthermore p can decrease by at most 1 in which case ¢ decreases by 2 since d(W)n A
lies in degrees > 3. Consequently

d((Ai—jW)Qi—j) cA® ((Azi—j+1W)s2i—j+1 ® (Ai—jW)s2i—j—1 ® (Ai—j—lw)s2i—j—2)
which proves the claim. O

Thus by this lemma, in order to define the retraction r: A@ AW — A it suffices to inductively specify
images of a suitable basis of AW and extend A-linearly. By the following lemma, no obstructions arise
past a certain degree.

Lemma 4.8. Any morphism

7“=A®( &) V(m‘)) - A
(1,7)<(4,3)
of dg-A-modules extends to A ® AW.

Proof. Recall that by part (1) of Lemma the only obstruction to extend r over a new generator
v is that the class [r(dv)] € H*(A) has to vanish. By definition, for (7,) > (4,3) the space V(; ;) is
concentrated in cohomological degrees > 6 (since V(; ;) = 0 for i # 0) while H (A) is concentrated in
degrees < 6. (Il

Furthermore note that for (7,j) < (4,3), we have V(; ;) c A(W=?) which means we have already
computed all the required algebra generators. We define r according to the following table, where we
list all non-trivial V{; jy with (4,7) < (4,3) in their order of occurrence.

extension generators image under r
‘/(0’0) 1 1-1
‘/(2,1) Q, a,y~0
‘/(3,1) SXa,SYasSXy,SYy S« =0
Via2) ary ary = m
V(473) t1,...,%9 t;—0

One checks that indeed for any of the generators v above we have r(dv) = dr(v). Then by Lemmal4.7]
and Lemma [4.§] we obtain the desired retraction 7 A ® AW — A.

In conclusion, applying the Poincaré dualization construction, together with Proposition |3.10] and
Remark we obtain a non-zero degree map of simply connected Poincaré duality algebras with
the desired properties, as long as n > 8. This can then be realized by a map of (simply connected)
spaces [Su77] which satisfy rational Poincaré duality.
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Remark 4.9. Instead of introducing more generators to cohomologically truncate the cdgas in the
previous construction one can consider the following more ad hoc variant of truncation in the spirit
of Example avoiding some of the technicalities. The cdgas below, although not minimal and
cohomologically larger than the previous construction, are rather similar in spirit and do also provide
a counterexample for the proof of Theorem 4.1} Define A’ := A(X,Y,a,b,c,e, f) with the following
degrees and differential:

degree ‘ generators ‘ differential
2 X, Y X, Y —0
3 a,b,c a~»X? b XY ¢~ Y?
4 e, f e»Ya-Xb f-Yb-Xec

Denote by m := X f + ac + Ye a representative for the quadruple Massey product

(XX Y] [Y])
which one checks to be nontrivial just as in the original construction. Set A := A’/(A")*". Next, define
B'= A® AW with W = span(a,~, g, h,2) with the following degrees and differential:

degree ‘ generators ‘ differential
3 a,y a,y 0
4 5Y s SX~ sya Ya sx, = Xy
5 Q Q>m-Xsxy—Ysy,+ay—ac—ay

Now, set B := B’/I where I is the ideal generated by (AW)2". Then, as an A-module, B is free of
rank 6:

B=A®Aa® Ay® Asy, ® Asx, ® AQ® Aary.
In fact it is a sequence of semi-free extensions. Thus we can define a module retract r : B - A by
sending all but the first and last summand to zero, sending 1 —~ 1 and a7y —~ m. This map of modules
is compatible with the differential, i.e. 7d = dr which, according to Lemma [£.7] can be checked directly
on the generators.

The Massey product ([X],[X],[Y],[Y]) vanishes on B. Indeed, choose primitives d(a — ) =
X2 db=XY,d(c+~) =Y? Then the triple product ([X],[X],[Y]) is represented by aY - Xb-aY =
d(e - syq), and ([X],[Y],[Y]) is represented by bY — Xc¢ - Xv = d(f - sx,). With these choices of
primitives, the quadruple product is represented by

X(f-sxy)+(a—a)(c+7)+(e—-syq)Y =dQ.

Poincaré dualizing the pair (A, B) with respect to the inclusion and r gives another example as in
Theorem A1

4.2. Homotopical properties of B and its Poincaré dualization. We now consider Massey
products and the non-formality of the cdga B constructed for Theorem (we will not consider now
the one constructed in Remark . Namely, we will show all Massey products on B vanish, but
that B is not formal. We will explicitly see that one cannot make uniform choices making all Massey
products on B vanish.

Recall, B only has cohomology in degrees 2, 3, 6, spanned by {[X],[Y]},{[a],[7]},{[m] = [Ye+
ac+ X f]} respectively.

Proposition 4.10. All triple Massey products on B vanish.

Proof. For degree reasons, we only have to consider triple Massey products involving two degree two
classes and one degree three class. There are two cases: when the degree three class is the first or
third entry (we only need consider one of these two possibilities), and when the degree three class is
the middle entry.

In the first case, i.e. a Massey product of the form

(e[ X]+ o[ Y], es[ X+ ea[Y], 5[] + e6[7]),
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first note that X, Y, «, v are the unique representatives of the appropriate cohomology classes (recall
that in general the Massey product does not depend on this choice of representatives of the starting
classes). Now, we have

(X +c2Y)(e3X +4Y) =d((c1e3)a+ (creq + cac3)b+ (cacq)c),
(e3X +caY)(csa+coy) = d((c3¢5)5x0 + (€3¢6)5x~ + (CaC5)sya + (Cac6) Sy~ ).
With these choices of primitives, the Massey product is represented by
((c1es)a+ (c1eq + cac3)b + (cacq)c)(esa+ cgy)
—(aa X +c2Y)((e3¢5)sxa + (c3¢6)sx~ + (€aC5)Syq + (€acs)Sy~)
= c1c305dty + crezcgdty + cocycsdts + cocqcgdty + creqcsdts
+ creqcgdts + cacsesd(ts — to) + cacscpd(ts — t3).
For the second case, i.e. a Massey product of the form
([ X]+caY] es[a] +ealv] e5[ X] + s [Y]),

we choose again X,Y, «,y as the obvious representatives, and

(a1 X +c2Y)(cza+cay) = d((cic3)sxa + (c1€4)5x~ + (C203) Sy + (C2c4) Sy~ ),

(cza+cay)(es X +c6Y) = d((e3c5)sxa + (€3¢6)Sya + (cacs)sx~y + (€ace)Sy~).

Then the representative of the Massey product corresponding to these choices of primitives is the
image under d of

010306t2 + 6164C6t3 - 626305t2 - 626465753. Ul

We saw in Lemma (4.5 that the quadruple Massey product ([X],[X],[Y],[Y]) vanishes in B. We
extend this to the following:

Proposition 4.11. All quadruple Massey products on B vanish.
Proof. For degree reasons, we only need consider quadruple Massey products of the form
<61[X] + CQ[Y],Cg[X] + C4[Y],C5[X] + CG[Y],C'][X] + Cg[Y])

As before, there are unique choices of representatives X,Y for [X], [Y] respectively. We will make
the following choices of primitives throughout:

X%=d(a-a), XY =db, Y2=d(c+7).

So, we have

(X +c2Y)(e3X + 1Y) =d(cies(a—a) + (c1eq + cac3)b + caca(c+ 7)),

(e3X +c1Y)(e5X +¢c6Y) =d(cses(a— ) + (esce + cacs5)b + cace(c+ 7)),

(5 X +c6Y)(er X +cgY) =d(cser(a—a) + (eses + cger)b + cges(c+7)).

With obvious choices of primitives, the triple Massey product
(c1[X]+co[Y],e3[ X ]+ cu[Y], e5[X] + c6[Y])
is then represented by
d ((cacacs — crcac6)s5x~ + (Cac3e5 — €1€3C6) Sy o + (C103C6 — Cac3cs)e + (c1cace — cacacs) f),

and (c3[ X ]+ ca[Y], 5[ X] +c6[Y], c7[X] + cs[Y]) is represented by

d ((caceer — c3c608)sx~ + (Cacscr — €3¢5¢8) Sy o + (C3¢5¢8 — cacser)e + (cacecs — cacecr) f) -
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Then the quadruple Massey product is represented by

d((cacqcser — crescges )ty — (cacscscr — c163¢6C7 + C1C4C5C7 — C1C3C5C8 )ty

+ (c1e3c607 — Ccacacser + crcacscs — cicacser)h + (cicacecs — cacacser)ty

+ (C2C4C5C8 — C1C4CgCY *+ C2C4CeCT — 02036608)(t8 - tg) - (02646507 - 01036608)t6

+ (61040668 — C2C4C5C8 + C2C3CCR — 02046607)i). O
Corollary 4.12. All Massey products on B vanish.

Proof. By the above, all triple and quadruple products vanish. For degree reasons we see that there
cannot be non-trivial quintuple or higher products. O

Note that the above calculations show that among triple Massey products on B, uniform choices of
primitives can be made so that they all vanish, and likewise separately for quadruple Massey products.
However, we will now see that one cannot make uniform choices simultaneously for both the triple
and quadruple Massey products. More precisely we have the following:

Definition 4.13. We say that all Massey products on a cdga A vanish uniformly if there is a map
d™':imd — A such that dod ™! = id and for a Massey product m = (ao1,...,ar—1,) one can inductively
build a defining system yielding the trivial class [0] € m by setting a;; = d* Yici<j @iy, Where
a = (~1)l9*1g for homogeneous elements.

Lemma 4.14. Let A = (AV,d) be minimal. If A is formal, then all Massey products on A vanish
uniformly.

Proof. There is a quasi isomorphism A — H*(A) whose kernel we denote by I. This is an acyclic
differential ideal. For o € imd we note that a € I is closed and due to acyclicity we find 8 € I with
df3 = a. Hence we find C c I such that d:C - imd is an isomorphism. We define d™! as the inverse of
this isomorphism. In that case any representative for a Massey product built using d~! as above will
lie in the ideal I as well. As any closed element in I is exact this proves the lemma. O

Now we return to our cdga B. Consider the element X?2. A primitive for this must be of the form
a + ki + koy for some coefficients k1, ks. Consider now the triple Massey product ([X],[X], [«]).
There are unique choices of representatives X, . A primitive for X« must be of the form sx, +
1 X%+ XY +c3Y?, and the Massey product is represented by

(a+kyy)a—X(sxa+c1 X2+ XY +c3Y?)
=d(ty — X(cr1a + cab + c3c)) + kaya.
From here we see we must choose k2 = 0 in order to make ([ X ], [X], [a]) trivial.
Similarly, we must choose k; = 0 to make ([X],[X],[7]) trivial. But now, the quadruple product

([X],[X],[Y],[Y]) can not be made trivial this choice of primitive a for X2. Indeed, taking the
unique representatives X,Y, generic primitives are given by

XY =d(b+ cra+ o),
Y2 =d(c+cza+eqm).

Then the left triple product is represented by aY — Xb - ci Xa — ca X7y, with e — c15x0 — c25x4 + do
being a generic choice of primitive (where ¢ is an arbitrary element of degree three). The right triple
product is represented by bY +c1Y a+coYv— Xc—c3Xa—cy Xy, with generic choice of primitive given
by f+cisya + C2Syy — €35xa — CaSx~ +d¢’ for some ¢’

With these choices of primitives, the quadruple product is represented by

Xft+ac+Ye+c1Xsy,+caXsyy—c3Xsxa—caXsxy

+ezaq + caay — 1Y sxo — 2Y sxy + d(X @' + 9Y).
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Note that m = X f + ac + Ye appears, while ay does not; hence this element represents a non-zero
cohomology class. We conclude that the Massey products on B do not vanish uniformly. We therefore
have:

Proposition 4.15. B is not formal.

Note that this also follows from [MSZ23, Theorem B]. We now give a third proof by considering
the Poincaré dualization P,(B). Fix a basis for D,,(B), namely the dual basis to that given by the
monomials in the chosen generators for B. If p is such a monomial, p will denote the corresponding
element in the dual.

Lemma 4.16. The quadruple Massey product ([X],[Y],[Y],[Ye - ay]) is non-trivial in P,(B).
Proof. Choose Ye—@? as a representative for its cohomology class; generic primitives for the adjacent
pairwise products are given by
XY = d(b +kia+ kg’y),
Y2 =d(c+ksa + k),
Y(Ye-ay)=e=d(ksYa—-keXb+dyp),
where the k; are coefficients such that ks + kg = 1, and ¢ is any degree n — 6 element.
The left triple product ([ X],[Y],[Y]) is thus represented by (bY - X¢)+k1Y a+keYy—ks Xa-ky X,
with generic choice of primitive
f+kisya +kasyy —k3sxa — kasx +dn,
where n is a degree 3 element.
The right triple product ([Y],[Y],[Ye - a@7]) is represented by
(c+ksa+kyy)(Ye-a7) - Y (ksYa—keXb+dp) = —ksy — ky@i — ksa — d(Y ).
Hence, for our choices of primitives to even fit into a defining system for the quadruple product, we

must have k3 = k4 = 0. A generic primitive for the right triple product is then given by k5)’(\2 +de-Y,
where € is an element of degree n — 5. The quadruple product is thus represented by

f+kiSya + kesy +dn)(Ye —am) + (b+ ki + ko) (ksYa — kg Xb + dp) + X (ks X2 - Yo + de).
Y

Note that 7 is the sum of an element in D,,(B) and an element in the span of «,~, and so (dn)(Ye-
a7) = 0. Hence the above simplifies to

ke X +bdp + d( (k1o + kav) @) + ks X - XY @ +d(Xe),
which, since ks + kg = 1, is cohomologous to X. O

Proof. (of Proposition [4.15]) This follows from the later Corollary which tells us that formality of
A would imply formality of P, A, which contradicts the existence of a non-trivial quadruple Massey
product noted above. O

5. POINCARE DUALIZATION FOR Ao-ALGEBRAS

We now discuss how the Poincaré dualization extends to the category of A..-algebras; we point
the reader to [KeOl], [LHO2], [LV12] for detailed treatments of A and Cu-algebras, along with
As-bimodules. We will use the notation and conventions in [MSZ23, Section 2].

Remark 5.1. There are a priori different notions of quasi-isomorphisms when considering unital
or non-unital algebras and morphisms and A, and Cs-algebras. However, two strictly unital Ae.-
algebras are quasi-isomorphic through strictly unital A.-morphisms iff they are quasi-isomorphic
through arbitrary Ae-morphisms. Furthermore, (resp. unital) dga’s are weakly equivalent iff they are
weakly equivalent as (resp. unital) Ac-algebras. The same statements holds for (res. unital) cdga’s
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and Co-algebras. Furthermore, two (unital) cdga’s (resp. Cw-algebras) are quasi-isomorphic as dga’s
iff they are quasi-isomorphic as (unital) dga’s (resp. As-algebras). See [HM12], [LH02], [LV12] and
the discussion in [CPRNW19).

Let (A,m.) be an As-algebra with finite-dimensional cohomology. Fix some N and define D, A
and P, A as in Section [3l We extend the definition of the m; to all of P, A. Set m;(e) = 0 whenever
two or more inputs come from D,A. For ¢ € (D, A)" " = (AF)V we extend the definition of m; by
setting

(1) mi(wla- -5 T-1, Py L+l - - 7$Z)(b) = g'W(mi('lerla' ..,wi,b7$17. . '71.171))

for z;,b € A, where ¢ = (—1)l+By G bileD el wigh Rt = Sl
This is precisely the formula that makes D, A an infinity- A-bimodule as in [Tr08, Lemma 2.9] (see
the corrected sign in [Tr11]). We then immediately have the following:

Proposition 5.2. This defines an A -algebra structure on P, A.

Lemma 5.3. Let A ER B be a map of As-algebras, and D, A 2 B a map of A-A-bimodules,
where B obtains its bimodule structure from f (see e.g. [MSZ23| 2.4]). Then f extends to a map of

A-algebras P, A LR B.

Proof. On inputs all from A, we set F; = f;. If two or more inputs lie in D, A we set F; = 0. For one
input ¢ in D, A, we set

Fi(al)' <oy G5-1,9, Aj+15 - 'ai) = ¢i(a17" <y Aj-1, P, Aj+1, - - al)

That F; is a morphism of A.-algebras follows from the corresponding equations for f and the A..-A-
bimodule map ¢. O

Since an Ag-A-bimodule morphism B — A induces a morphism of A..-A-bimodules D, A - D, B
(see e.g. [CO8| p.9]), we obtain in particular the following generalization of Lemma

Corollary 5.4. Given an As-algebra morphism f:A — B and a morphism m B — A of Ax-A-
bimodules, we obtain an As-algebra morphism P,A — P, B extending f.

Proof. Apply Lemma [5.3| with B @ D,, B being the target A..-algebra. O

Corollary 5.5. If A and B are weakly equivalent (i.e. connected by a zigzag of quasi-isomorphisms),
then P,A and P, B are weakly equivalent.

Proof. Given a quasi-isomorphism A — B, we can find a quasi-inverse B — A of As-A-bimodules.
Then as in Corollary we obtain a morphism P,A — P,B of A-algebras, which is a quasi-
isomorphism by construction. Il

Corollary 5.6. If A and B are weakly equivalent dga’s, then Py A and PyB are weakly equivalent
(also as dga’s). If A and B are furthermore cdga’s, then PyA and PyB are weakly equivalent as
cdga’s by [CPRNW19, 3.2-3.4].

From here we immediately obtain:

Corollary 5.7. If the cdga (or dga) A is formal, then P, A is formal. Combining this with Proposi-
tion [3.13] we have that A is formal if and only if P, A is formal.
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6. A NON-FORMAL NON-ZERO DEGREE MAP

Let Ho = Ho(cdga) be the homotopy category of cdga’s, i.e. the localization at all quasi-isomorphisms.
Recall that a cdga A is formal if and only if it is isomorphic to H(A) in Ho. There is a natural gen-
eralization of this condition to maps as follows: Let

I:={e) — o3}

be a category with two objects and one morphism between them. Then let Ho! := Fun(I, Ho) be
the functor category, i.e. objects are maps [A — B] in the homotopy category and morphisms are
commutative squares in Ho. For every map f: A - B, one has two natural objects of Ho':

[f1:=[f: A~ Bland [H(f)]:=[H(f): H(A) > H(B)].
In analogy with the case of objects, we say:

Definition 6.1. A map f of cdga’s is called formal if [f] = [H(f)] in Ho'.

For example, a cdga is formal if and only if the identity map is formal. We argue that this notion
coincides with several existing notions of formality of maps (which are known to be equivalent) in the
literature, and give a characterization in terms of Cw-algebras that we will use later on.

Recall that for any cofibrant object in cdga’s C' (in the projective model structure, e.g. the cdga
underlying a minimal model), morphisms [C, A] in Ho can be identified with homotopy classes of
maps, and there is a “lifting property” saying that for any quasi-isomorphism A — B, composition
induces an isomorphism [C, A] = [C, B]. In particular, for any choice of minimal models My — A,

M
Mp - B and map f: A — B, there exists a unique homotopy class of maps M4 =RV B making the
following diagram commute up to homotopy:

A+—— My

(2) lf |
B +— Mp

Lemma 6.2. Let f: A > B be a map of connected cdga’s. The following conditions are equivalent:

(a) The map f is formal.
(b) There is a diagram

AN

-~ A —— - +— A, —— H(A

A )
1 [

¢<— B —— - <— B, —— H(B)

in the category of cdga’s, which commutes up to homotopyELwhere the horizontal morphisms
are quasi-isomorphisms [S22] (2.4)].
(c) Let My = A and Mp = B be minimal models. Then there is a diagram

+—— My —— H(A)

% l Lo

« Mp — H(B)

in the category of cdga’s, which commutes up to homotopy [S22), (4.2)].

1We can take left homotopy or right homotopy. For non-cofibrant sources of morphisms, these notions differ (and are
generally not even equivalence relations), but by the equivalence with either choice works.
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(d) Let M4 = A and Mp = B be minimal models. Then there is a diagram

in the category of cdga’s, which commutes up to homotopy [DGMS75l p. 260].

(e) Consider H(A) and H(B) as Cs-algebras with trivial higher operations. Then there are
strictly unital Cu-algebra quasi-isomorphisms My — H(A) and Mp — H(B) such that the
diagram

My —= H(A)

Mfl Lo

Mp — H(B)

in the category of strictly unital Cw-algebras commutes up to homotopy. Here H(f) is the
induced morphism on cohomology, with trivial higher components.

Proof. Clearly, = |(d)} |(b)] @ and by definition of My, Using the lifting property, one
sees [(D)={(c)l For [(a)=i(c), we note that by one is reduced to finding maps My — H(A) and
Mp — H(B) making the right diagram commute up to homotopy. By assumption, we find these in
the homotopy category (i.e. zigzags of maps). Now one applies the lifting property repeatedly.

The implication [(d)}={(e)] is immediate. Conversely, assuming [(e)] the horizontal arrows in the ho-
motopy category of Cs-algebras are represented by cdga morphisms and @ follows. To see this
using only the homotopy theory of non-unital Cw-algebras, one may use the fact that all objects in
the diagram are canonically augmented and arrows respect these augmentations due to cohomological
connectedness and strict unitality by arguing as follows: we pass to the non-unital category by pro-
jecting onto positive degrees, invoke the fact that the inclusion of non-unital cdga’s into Cu-algebras
induces an equivalence on the homotopy categories, find a cdga representative of the arrows by using
that M}, M}, are cofibrant as non-unital cdga’s and pass back to the unital category by extending
the maps unitally to degree 0. (Il

Remark 6.3. Analogously, one defines formality for any diagram in the category of cdga’s. Note that
there is potential ambiguity in what one might mean by formality of an automorphism of a cdga. If
we consider the automorphism as an object in the functor category Ho!, then it is easy to see that it
is formal if and only if the cdga itself is formal. However, one can also consider the automorphism as
an object of the functor category Ho®?, where

Cy={e O}

is the category with one object and one non-trivial morphism, in which case formality of the morphism
is a non-trivial condition beyond just formality of the cdga.

Now we construct a dominant non-formal map between formal Poincaré duality cdgas. Consider the
formal cdgas A = (H(S?),d=0) and B = (H(S%v (83 x §%)),d = 0), which as vector spaces are given
by A=(1,a)g and B = H(S? v (53 x S1)) = (1,0, 8,7, By)g with a, 8,7 of degree 2,3,4 respectively.
Between these we have the strictly unital Coo-morphism f: A - B with fi(«) = «a, fa(a® «) = § and
fr =0 for k > 3.

Now in order to pass to dualizations we define the retract map m B — A as the A-bimodule
morphism r with r;(«) = a, r1(8) = r1(7) = r1(87) = 0, and vanishing higher components. Thus for
n € N we obtain an extension f:P,A - P,B by dualizing r as in Corollary Using that r has no
higher components one quickly checks that the extension is again a strictly unital Cs-morphism.
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Proposition 6.4. If n > 8, there do not exist As-automorphisms ¢ of P, A and ¥ of P, B such that
(¢ o f o)y vanishes on a ® a.

Proof. First note that any automorphism ¢ of P, A satisfies p2(a®a) = 0 and that ¢1(«) is a non-zero
multiple of . Hence it suffices to show that (¢ o f)2(a® «) # 0 for any automorphism v of P,B.
Note that ¥1(8) = ¢f for some non-zero rational number ¢. Assuming on the contrary that there is
an automorphism 1 of P, B such that (1o f)s(a® ) =0, we have

0=(vo fl2(a®a)=ti(fa(la®a))x2(fi(a)® fia)) =cfPr(a®a).
Since ma(a ® a) =0 = ma(a ® v), the morphism equation for ¢ applied to a ® a ® v yields

0=ma(Y2(a®a) ®Y1(7)) £ ma(th1(e) ® Ya(a®7)) = +ma(cf ® Y1(7)) £ ma(h1(a) ® Ya(a®7)).
Note that 11 («) is a non-zero scalar multiple of «, and 11 (7y) is a non-zero scalar multiple of v. Further
note that multiplication with « is trivial on B in positive degrees, and hence multiplication with « is
trivial on P, B in degrees below n—2. As 12(a®) has degree 5, it follows that ma(a®v2(a®7y)) =0,
leaving us with the contradiction 0 = ma(8® 7). O

Lemma 6.5. If g, ¢: P, A - P, B are homotopic Ae-morphisms (see [LH02, 1.2.1.7]), then g2(a®a) =

ga(a®a).

Proof. If ¢’ is homotopic to g, then there is a map hi: P, A - P, B of degree —1 satisfying
(9-9")2=h1oma-mzo(g1®h1)—mzo (h1®gy).

But ma(a® ) =0 and hi(a) = 0 since (P,B)* = 0. O

If My - P, A and My — P, B are minimal cdga models, then by the argument in the last paragraph
of the proof of Lemma [6.2] the strictly unital Coo-morphism f lifts to a cdga morphism M : My — Mo
(i.e. the resulting square in the homotopy category of Cw-algebras commutes).

Corollary 6.6. For n > 8, the non-zero degree map My is a dominant non-formal map of cdga’s.

Proof. For the proof it suffices to consider the (non-unital) category of As-algebras. Recall that
any quasi-isomorphism admits a quasi-inverse and that furthermore any quasi-isomorphism between
minimal A.-algebras is an isomorphism. Furthermore we observe that P,A and P,B are minimal
Aqo-algebras and we identify them with their cohomology. Using this and assuming M/ to be formal,
then by criterion of Lemma we would obtain a diagram

P,A o P,A

| Lo

P,B—Y4 P B

whose image in the homotopy category of A-algebras commutes and in which ¢, are isomorphisms.
Hence we find a homotopy between 1 o f o o and H(f). Since the higher components of H(f) are
trivial this cannot happen by Proposition and Lemma [6.5 O

We say a map of spaces Y — X is formal if the induced map Apr(X) - Apr(Y) is formal in the
above sense. The geometric realization of My thus gives the desired example for Theorem

Geometrically, the map f: A - B we started with corresponds to the map S? v (8% x §%) —» §2
given by the identity on the S? summand, and by the projection to S followed by the Hopf map
h:S% - 52 on the S3 x §* summand. This map factors through S? v §3 and in fact one can show that
Idge vh: 5% v 83 - S2 is forma]EI: indeed, it is homotopic to p o) where p = Idgz v#: S? v §% - §2 is
formal and 1 = Idgz v(h + Idgs): S? v §3 - S? v §3 is a self-equivalence. The role of the S* factor in

2As we are seeing here, generally the composition of two formal maps need not be formal; see e.g. [FT88, p.106,
Proposition].
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the second summand above is to restrict the possible automorphisms intertwining S? and S in order
to ensure non-formality.

7. GEOMETRIC INTERPRETATION OF THE DUALIZATION

We come now to the geometric interpretation of the algebraic dualization construction.

Lemma 7.1. Let A ER B be a map of cohomologically finite type cdgas, where the cohomology of B

furthermore satisfies Poincaré duality. Then if f admits a retract B — A of A-modules, it extends to
an As-morphism P, A — B, where n is the cohomological dimension of B.

Proof. Poincaré duality of B provides a quasi-isomorphism of dg-B-modules B - D, B, given by
b~ bAF, where F is a representative of a fundamental class (thought of as a degree zero element in
D, B). In particular, this is a quasi-isomorphism of dg-A-modules, and hence we may find a quasi-
inverse v in the category of As-A-bimodules. The composition 1o D,r is a map of A-A-bimodules,
and hence we can apply Lemma |5.3] O

Proposition 7.2. Let A be a connected cohomologically finite type cdga and X a finite cell complex
such that Apy(X) is weakly equivalent to A. Suppose we have embedded X into R™ and thickened
it to an n-dimensional manifold with boundary M. Then P, A is weakly equivalent to Apr(D(M))
where D(M) denotes the double of M.

Proof. Choose a deformation retract for the inclusion X < M and the obvious retract for the inclusion
M < D(M). The composition
Xo>Mo>DM)->M->X

is the identity. Hence we have, on piecewise-linear forms, a map Apr(X) - Apr(D(M)) which
admits a retract. We thus obtain by Lemma an As-morphism P,(Apr (X)) - Apr(D(M)),
where n denotes the dimension of M. It is cohomologically injective as a non-zero degree map between
cdga’s that satisfy cohomological Poincaré duality. Furthermore, since the sum of Betti numbers of
P,(Apr (X)) is clearly twice that of X, this map is an As-quasi-isomorphism by Lemma below.
By [CPRNW19], P, (Apr(X)) and Apr(DM) are also weakly equivalent as cdgas. O

Lemma 7.3. For a finite type space Y, let B(Y) = ¥, dim(H*(Y;Q)) denote the sum of its rational
Betti numbers. For X, M, D(M) as above, we have
B(D(M)) =2B(X).
Proof. Denote by i the inclusion 0M < M. From the Mayer—Vietoris long exact sequence in homology
> H,(OM)->H,M)® H.(M) - H.(D(M)) > H._1(OM) — -+

we obtain the exact sequence

0— H.(OM)/keri, > H.(M)® H.(M) - H.(D(M)) — keri, - 0,
giving us

B(D(M))=2B(M) - B(OM) +2dimkeri,.
On the other hand, from the long exact sequence in homology for the pair (M,0M) we obtain the
exact sequences
0—> H.(OM)/keri, - H.(M) - H.(M,0M) — keri, — 0,
giving
B(M) +2dimkeri, = B(OM) + )" dim H;(M,0M;Q).

By Poincaré-Lefschetz duality we have Y, dim H;(M,0M;Q) = B(M), and combining the above two
equations yields B(D(M)) =2B(M) =2B(X). O
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8. SIMPLE POINCARE DUALITY MODELS

Definition 8.1. Let (A, m.) be a minimal A.-algebra with commutative mgy satisfying Poincaré
duality on its cohomology with dimension n. We say A is simple if m; maps trivially to A™ for k > 3.

This definition is motivated by the observation that on a cdga satisfying Poincaré duality on its
cohomology, the triple and higher Massey products landing in top degree are trivial. Indeed, given a
Massey product (z1,...,x), one can perturb any chosen primitive of (xg, ..., z) by any class pairing
non-trivially with z; and hence scale the output of the k-fold Massey product (which lies in the
one-dimensional top cohomology) to zero; this argument is from [CEMOS, after Lemma 7).

Example 8.2. Let (A,m.) be any strictly unital minimal As-algebra (i.e. the my, k > 3 vanish
whenever one plugs in 1 as one of the inputs; such models always exist for unital dgas [LH02| §3.2.1])
with commutative mgo, and Py (A) its Poincaré dualization. Then Py (A) is simple. Indeed for z; € A,
@ € Dn(A), evaluating my(z1, ..., 211,90, Zi41, .., 2) on 1 € AY we obtain

@(mk’(a}l+la ey 17 LR l’l_l)) =0.

These models are useful as the operadic Massey products can be computed using the same formula
as was used for the definition of Poincaré dualization, eq. :

Proposition 8.3. Let (4,m.) be simple, and let ®: A*¥ - (AV=%)V denote the isomorphism induced
by a choice of fundamental class and Poincaré duality, i.e. the map defined via the homomorphism
[:AYN - @ so that

(@(@) () = [ ma(ad).

Then, for any [ < k we have
-1 k
(q)(mk(.%'l, R l‘k))) (b) = (_1)kl+21 (El+1+|b‘+‘xl|)+k|xl|q)(':vl)(mk(xl+l7 sy T,y b7x17 s 7xl—1))a
where Eg denotes Z{:i |z

Proof. The left-hand side of the above equation equals [ mg(mg(z1,...,2x),b). On the other hand
we have, using the commutativity of mo, that

@(SU[)(mk(.’El_,.l,...,I‘k,b,$17...,$l_1):fmg(xl,mk($l+1,...,b,...,fEl_l))

= (_1)|xl\(2§_1+|b|+2ﬁ1+k> / m2(mk(xl+lu sy Ly b7 L1y 71.171)7 .’El)-
Let us denote x41 = b when it simplifies the notation. To finish the proof, let us consider the
left-hand side again, and observe that the arguments x1, ..., 2k, b of mg o (my ® 1) may be permuted

cyclically, up to a change in sign, in case their degrees add up to N + k — 2. To see this observe first
that by the As-equation and the fact that A is a simple Poincaré duality model we get

0= —mo(1®my) + (~1)*ma(my ®1)
when evaluated on (x1,...,2x1). Evaluating and using that ms is commutative, this becomes

)k+\x1\25+1

TTLQ(mk({L‘l, e ,l’k),l‘k+1) = (—1 mQ(mk(l'Q, Cen ,:L‘],Hl),l'l).

Iterating [ times, we obtain
l k+1
mQ(mk(xla ey xk)a :Ek+1) = (_1)lk+21(21 +1)m2(mk’(xl+la oy Ty Llet1, L1y e -y xl—l))'wl)'
From here we have
(@(mp (1, ) (b) = (~1)FEDSTCEHD (@ (0y)) (my (2, g, by, 11m)),

which is equivalent to the desired equation. O
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Equivalently, the formula in the statement of Proposition [8.3]is equivalent to the following: for any
1+ 1+ j =k the diagram

Aok 10PN g gV g 4SS
| |
A i AY

commutes, where the right hand vertical map is the A.-A-bimodule structure on A" from eq. .
Ie., ® defines a strict morphism of A.-A-bimodules A — AY.

This says that A together with the pairing given by ® is a cyclic A-algebra, see e.g. [CL11]
Definition 3.1], and [HLO§| for the Cs case, where the term symplectic is used instead of cyclic; for
motivation of the latter terminology we refer the reader to the original [K93].

On the other hand, it is clear that a unital minimal cyclic As-algebra with commutative mo is
simple. Namely, for my(x1,...,xx) in top degree, we have

f mk(xl, . ,:Bk) = @(l)mk(xl, Ce ,I’k) =+ f mg(l'l,mk(:tg, ey T 1)),
which vanishes by unitality.

Corollary 8.4. A strictly unital minimal A.-algebra with commutative mo satisfying Poincaré du-
ality on its cohomology is simple if and only if, upon making a choice of fundamental class, it is cyclic
with respect to the pairing given by ® defined above.

The existence of cyclic (also known as symplectic or Frobenius) Co-models, or As-models, is well
known; see [HLOS, Theorem 5.5], [CL09, 1.2], [KTV21l Corollary 29], [KS06, Theorem 10.2.2].

As applications, we now prove an analogue of [FMO05, Theorem 3.1], that a cdga satisfying Poincaré
duality on its cohomology, of dimension NN, is formal if and only if it is [ﬂ — 1]-formal in the sense of

2
loc. cit., and recover (and extend) some known formality results for Poincaré duality spaces.

Corollary 8.5. Let A be a simple, strictly unital, Ao-algebra in which my, vanishes on (ASINV/2-11)&x

for k >3. Then A is formal.

Proof. Let x1,...,x; € A and assume |x;| > N/2 for some 1 <[ < k. For degree reasons, we can assume
all other inputs are of degree < N/2. In fact, if |x;| > N/2, we can assume all other inputs are of
degree < N /2. If |z;| = N /2, there might be another input of degree N/2, in which case, in order for
the output to be in degree < N, all k — 2 other inputs must be of degree 1; in this case the output is
in degree N and hence my vanishes by simplicity. Therefore we assume we have a single x; of degree

> N/2, and for the other inputs, |z;| < N/2.

To show my(z1,...,x) vanishes, we show that ®(my(x1,...,xx)) vanishes when evaluated on any
b, whose degree we may assume is N — |my(x1,...,2%)| < N/2. Now,
(I)(mk(xh s ,[I}k))(b) = :t(b(xl)(mk(xl+la <oy Tk b,flﬁl, s 7xl71))7
and the input on the right-hand side vanishes by assumption. O

Remark 8.6. It is not true that s-formality in the sense of [FM05] is equivalent to the existence of a
minimal Cs model with ms3 vanishing on inputs whose individual degrees are < s. Indeed, consider
for example the cdga

(A(a,b,c,x,y),da =0,db=0,dc=ab,dx = a®,dy = b5),

where deg(a) = deg(b) = 2,deg(c) = 3,deg(x) = deg(y) = 9. Its cohomology satisfies Poincaré duality
with formal dimension 19. It is easily seen to be 8-formal but not 9-formal, both in the sense of
[EMO05]. However, if we were to find a minimal A, model with my3 vanishing on inputs of degree < 8,
then ms3 would also vanish on inputs of degree <9 since HY is trivial, implying formality.



24 A. MILIVOJEVIC, J. STELZIG, AND L. ZOLLER

Remark 8.7. We note how the existence of minimal strictly unital cyclic C'w-algebra models recovers
Miller’s theorem [M79] that a k—connected rational Poincaré duality space of formal dimension <
4k + 2 is formal. Namely, choosing a minimal cyclic Coo-model, we see that its higher operations ms3
necessarily vanish: for degree reasons the only possibly non-trivial output would lie in top degree,
which is excluded by simplicity.

Furthermore, we can recover part of the extension of Miller’s theorem by Cavalcanti [Ca06, Theorem
1] that formality still holds if the formal dimension is < 4k + 4 and bx,q = 1. Namely, one need
only additionally consider higher products of the form ms(z,z,z) for € H**!, and, in the case of
dimension 4k + 4, those of the form m3(z,xz,y) for y € H**? (or permutations thereof). The products
ms(x,x,z) vanish since we are in a C-algebra and mg vanishes on shuffles; note that there are three
(1,2) shuffles, for example. In dimensions of the form 4k + 4, by Poincaré duality a product of the
form ms(x,z,y) € H3**3 vanishes if and only if mo(z, m3(x,2,y)) = 0, which holds since by cyclicity
ma(x,ms(z,z,y)) = tma(y, ms(x,z,z)) = 0.

In [Zh19, Conjecture 1], Zhou conjectured a generalization of the above, in the following form: an
n—dimensional k-connected closed manifold with by, = 1 admits a minimal A, model with my; = 0 for
any j >3 such that n < (j+1)k+4. We can confirm this immediately for all j >3 with n < (j+1)k+2,
by taking a minimal simple Co, model. If k >2 and n=(j+1)k+3, 0or k>2 and n = (j + 1)k + 4,
we can verify the conjecture if j is not a power of two. Indeed, one sees that m;(z,z,...,z) for
x € H*! vanishes since there is some 0 < i < j such that the (i,j — i) shuffle equation has an odd
number of terms; i.e. since j is not a power of two, some binomial coefficient (g) is odd. The only
other potentially nonvanishing my; are of the form m;(y,z,x,...,z) and permutations thereof, where
y € H*2; these vanish again by cyclicity. In the case k=1 and n = (j+ 1)k +3,(j + 1)k + 4, we can
verify the conjecture if we furthermore assume that j + 1 is also not a power of two, to ensure the
vanishing of mj,i(z,z,...,x).

Since the above arguments only make use of the vanishing of the cohomology in certain degrees and
Poincaré duality, we are furthermore concluding these underlying cohomology algebras are intrinsically
formal.

REFERENCES

[BMFM20] Buijs, U., Moreno-Ferndndez, J.M. and Murillo, A., 2020. Ae Structures and Massey Products. Mediter-
ranean Journal of Mathematics, 17(1), pp.1-15.
[CPRNW19] Campos, R., Petersen, D., Robert-Nicoud, D. and Wierstra, F., 2019. Lie, associative and commutative
quasi-isomorphism. To appear in Acta Mathematica. arXiv preprint arXiv:1904.03585.
[CT89] Carlson, J.A. and Toledo, D., 1989. Harmonic mappings of Kdahler manifolds to locally symmetric spaces. Publi-
cations Mathématiques de l’IH]:i)S7 69, pp.173-201.
[Ca06] Cavalcanti, G.R., 2006. Formality of k-connected spaces in 4k+3 and 4k+4 dimensions. Mathematical Proceedings
of the Cambridge Philosophical Society (Vol. 141, No. 1, pp. 101-112).
[CFMO08] Cavalcanti, G.R., Ferndndez, M. and Mufioz, V., 2008, June. On Non-Formality of a Simply-Connected Sym-
plectic 8-Manifold. In AIP Conference Proceedings (Vol. 1023, No. 1, pp. 82-91). American Institute of Physics.
[CO8] Cho, C.H., 2008. Strong homotopy inner product of an Ae-algebra. International Mathematics Research Notices,
2008(9), pp.rnn041-rnn041.
[CL11] Cho, C.H. and Lee, S., 2011. Notes on Kontsevich-Soibelman’s Theorem about Cyclic As-algebras. International
Mathematics Research Notices, 2011(14), pp.3095-3140.
[CL09] Chuang, J. and Lazarev, A., 2009. Abstract Hodge decomposition and minimal models for cyclic algebras. Letters
in Mathematical Physics, 89, pp.33—49.
[DGMST75] Deligne, P., Griffiths, P., Morgan, J. and Sullivan, D., 1975. Real homotopy theory of Kdhler manifolds.
Inventiones mathematicae, 29(3), pp. 245-274.
[FHT12] Félix, Y., Halperin, S. and Thomas, J.C., 2012. Rational homotopy theory (Vol. 205). Springer Science &
Business Media.
[FOTO08] Félix, Y., Oprea, J. and Tanré, D., 2008. Algebraic models in geometry. OUP Oxford.



POINCARE DUALIZATION AND MASSEY PRODUCTS 25

[FT88] Félix, Y. and Tanré, D., 1988. Formalité d’une application et suite spectrale d’Filenberg-Moore. Algebraic topol-

ogy—rational homotopy (Louvain-la-Neuve, 1986), Lecture Notes in Math., vol. 1318, Springer, Berlin, 1988, pp.
99-123.

[FMO05] Ferndndez, M. and Muftioz, V., 2005. Formality of Donaldson submanifolds. Mathematische Zeitschrift, 250(1),
pp. 149-175.

[HLO8] Hamilton, A. and Lazarev, A.Y.E., 2008. Symplectic Ces-algebras. Moscow Mathematical Journal, 8(3), pp.443-
475.

[HO7] Hess, K., 2007. Rational homotopy theory: a brief introduction, Interactions between homotopy theory and algebra,
175-202. Contemp. Math, 436.

[HM12] Hirsh, J. and Milles, J., 2012. Curved Koszul duality theory. Mathematische Annalen, 354(4), pp.1465-1520.

[Ke01] Keller, B., 2001. Introduction to A-infinity algebras and modules. Homology, homotopy and applications, 3(1),
pp-1-35.

[K93] Kontsevich, M., 1993. Formal (non)-commutative symplectic geometry. In The Gelfand mathematical seminars,
1990-1992 (pp. 173-187). Birkh&user Boston.

[KS06] Kontsevich, M. and Soibelman, Y., 2008. Notes on Ao -algebras, Ao-categories and non-commutative geomnetry.
In Homological Mirror Symmetry: New Developments and Perspectives (pp. 1-67). Berlin, Heidelberg: Springer Berlin
Heidelberg.

[KTV21] Kontsevich, M., Takeda, A. and Vlassopoulos, Y., 2021. Pre-Calabi- Yau algebras and topological quantum field
theories. arXiv preprint arXiv:2112.14667.

[K66] Kraines, D., 1966. Massey higher products. Transactions of the American Mathematical Society, 124(3), pp.431-449.

[LHO2] Lefevre-Hasegawa, K., 2002. Sur les Ao -catégories (Doctoral dissertation, Ph. D. thesis, Université Paris 7, UFR
de Mathématiques, 2003, math. CT/0310337).

[LeV22] Leray, J. and Vallette, B., 2022. Pre-Calabi—Yau algebras and homotopy double Poisson gebras. arXiv preprint
arXiv:2203.05062.

[LV12] Loday, J.L. and Vallette, B., 2012. Algebraic operads (Vol. 346, pp. xxiv+-634). Heidelberg: Springer.

[M58] Massey, W.S., 1958. Some higher order cohomology operations, Sympos. Int. Topologia Algebraica pp. 145-154.

[MSZ23] Milivojevié, A., Stelzig, J. and Zoller, L., 2023. Formality is preserved under domination. arXiv preprint
arXiv:2306.12364.

[M79] Miller, T.J., 1979. On the formality of K — 1 connected compact manifolds of dimension less than or equal to
4K - 2. Illinois Journal of Mathematics, 23(2), pp.253-258.

[Sage] SageMath, the Sage Mathematics Software System (Version 8.8), The Sage Developers, 2019,
https://www.sagemath.org.

[Sal7] Saleh, B., 2017. Noncommutative formality implies commutative and Lie formality. Algebraic & Geometric Topol-
ogy, 17(4), pp.2523-2542.

[S22] Suciu, A.L, 2022. Formality and finiteness in rational homotopy theory. arXiv preprint arXiv:2210.08310.

[Su77] Sullivan, D., 1977, Infinitesimal computations in topology, Publ. Math. IHES, tome 47, pp- 269-331.

[Tal0] Taylor, L., 2010. Controlling indeterminacy in Massey triple products, Geom. Dedicata 148, pp. 371-389.

[Tr08] Tradler, T., 2008. Infinity Inner Products on A-Infinity Algebras, J. Homotopy Relat. Struct. 3 (2008), no. 1, p.
245-271.

[Tr11] Tradler, T., 2011. Erratum to ”Infinity-Inner-Products on A-Infinity-Algebras”, J. Homotopy Relat. Struct. 6
(2011), no. 1, p. 113-114.

[Zh19] Zhou, J., 2019. On the Construction of Minimal Model for Some A-Infinity Algebras. University of California,
Irvine.

MAX-PLANCK-INSTITUT FUR MATHEMATIK, VIVATSGASSE 7, 53111 BONN
Email address: milivojevic@mpim-bonn.mpg.de

MATHEMATISCHES INSTITUT DER LUDWIG-MAXIMILIANS-UNIVERSITAT MUNCHEN, THERESIENSTRASSE 39, 80993
MUNCHEN
Email address: jonas.stelzig@math.lmu.de

MATHEMATISCHES INSTITUT DER LUDWIG-MAXIMILIANS-UNIVERSITAT MUNCHEN, THERESIENSTRASSE 39, 80993
MUNCHEN
Email address: zoller@math.lmu.de



	22a_Milivojevic_cover

