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BILINEARIZED LEGENDRIAN CONTACT HOMOLOGY
AND THE AUGMENTATION CATEGORY

FREDERIC BOURGEOIS AND BAPTISTE CHANTRAINE

In this paper, we construct an 4..-category associated to a Legen-
drian submanifold of a jet space. Objects of the category are augmenta-
tions of the Chekanov algebra A(A) and the homology of the morphism
spaces forms a new set of invariants of Legendrian submanifolds called
the bilinearized Legendrian contact homology. Those are constructed
as a generalization of linearized Legendrian contact homology using
two augmentations instead of one. Considering similar constructions
with more augmentations leads to the higher order composition maps
in the category and generalizes the idea of [6] where an A..-algebra
was constructed from one augmentation. This category allows us to
define a notion of equivalence of augmentations when the coefficient
ring is a field regardless of its characteristic. We use simple examples
to show that bilinearized cohomology groups are efficient to distinguish
those equivalences classes. We also generalize the duality exact sequence
from [12] in our context, and interpret geometrically the bilinearized
homology in terms of the Floer homology of Lagrangian fillings (fol-

lowing [8]).
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1. Introduction

For a Legendrian submanifold A of a jet space J'(M) Legendrian contact
homology is the homology of a non-commutative differential algebra freely
generated by double points of the projection of A to T*(M) constructed
in [5] for M ~ R and in [9,11] in general. We refer to this algebra as the
Chekanov algebra of A denoted by (A(A),d) whose homology is denoted by
LCH(A). The boundary operator counts holomorphic curves in the symplec-
tization whose domains are disks with points removed on the boundary. At
one of these points, the holomorphic curve is required to have one positive
asymptotic and at all the others it is required to have a negative asymptotic.
When non-zero, Legendrian contact homology is most of time infinite dimen-
sional, hence this turns out to be difficult to distinguish two non-isomorphic
LCH algebras.
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Linearization of semi-free differential graded algebras (DGA) is a pro-
cess used in [5], which associates finite-dimensional invariants of Legendrian
submanifolds from their Chekanov algebras. Linearization is done using aug-
mentations of A(A) that is DGA-maps € : A(A) — K where K is the coef-
ficient field we consider (most frequently Zs). Those invariants have the
advantage to be both computable (once the boundary operator of Legen-
drian contact homology is known) and efficient to distinguish Legendrian
submanifolds which were not distinguished by other invariants. However,
the process of linearization makes the theory commutative. Also, it is not
efficient regarding the question of distinguishing augmentations of Chekanov
algebra.

In this paper, we propose a new invariant called bilinearized Legendrian
contact homology which closely follows the process of linearization but uses
the fact that the theory is non-commutative in order to use two augmenta-
tions instead of one.

More precisely, for each pair of augmentations (g, e1) we define a differ-
ential

d*t : C(A) — C(A)
in homology, and its dual
il ey s CF(A) = C7(4)

in cohomology, where C'(A) is the vector space over K generated by Reeb
chords of A. We denote by C*0°! the complex (C(A),d01), and by C¢, ¢,
the complex (C*(A),pl, .,). The homologies of those complexes are the
bilinearized (co)homology groups, we denote them by LCH®*'(A) and
LCH;, ¢,(A), respectively. Those are generalizations of the standard lin-
earized Legendrian contact homology, as it will appear obvious from the
definition that the differential d** is the standard augmented differential d®
from [5,9].

Our first result is that the set of those homologies is a Legendrian isotopy
invariant as stated in the following

Theorem 1.1. The set of isomorphism classes of LCHg, ¢, (A) (or of
LCH®**t (A)) over all pairs of augmentations (eg,e1) of A(A) is a Leg-
endrian isotopy invariant.

Geometrically, bilinearized Legendrian contact homology associated to
two augmentations g and £; amounts to counting the holomorphic curves
decorated with the augmentations. An example of such a decorated curve
is shown in Figure 1. Note that the number of negative asymptotics on the
left and on the right could be arbitrary (see equation (2.5) for an explicit
algebraic definition).
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Figure 1. Curve contributing to d®(y") (or pl, ., (73)).

We can use similar ideas and consider holomorphic curves decorated by
d+1 > 3 augmentations to build structural maps ,ugdjm,go 1 Ceyeg 1 @ ®
Ce co — Ccye0- Figure 2 gives an example of such a curve, again the number
of decorated negative ends is in general arbitrary, equation (2.4) gives the
explicit formula of this operation.

Those structural maps satisfy an As-relation which allows us to define
an As.-category whose objects are augmentations of the Chekanov algebra

o

€0 'Y1

Figure 2. Curve contributing to z2, ., (73,71 ))-
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of A. We call this category the augmentation category of A. We denote it by
Aug(A). This is a direct generalization of the A,-algebra constructed in [6].
Under Legendrian isotopy this category changes by a pseudo-equivalence as
stated in the following:

Theorem 1.2. If A is Legendrian isotopic to A’ then the categories Aug(A)
and Aug(A') are pseudo-equivalent.

These categories are not (in general) cohomologically unital (in the sense
of [17]). Therefore one cannot take the definition of quasi-equivalence as
in [17]. In Section 2.3, we introduce the notion of pseudo-equivalence which
will coincide with the notion of quasi-equivalence in the case of c-unital
categories. We borrow many notations from [17] and try to give the neces-
sary definitions to understand the main concepts in the present paper. As it
will follow from this section that the morphism spaces in the corresponding
homological categories are invariant under quasi-equivalences, Theorem 1.1
is a corollary of Theorem 1.2.

The benefit of having a category where the objects are augmentations of
A(A) is that it allows us to define the notion of equivalence of augmentations
even when the ground field K is not of characteristic 0 (compare with the
definition in [3]). After precisely defining equivalence of augmentations in
Section 2.4.2 we prove that

Theorem 1.3. If A is Legendrian isotopic to A’ then the quasi-equivalence
of Theorem 1.2 induces a bijection between the equivalence classes of aug-

mentation of A(A) and those of A(A).

In particular, if the characteristic of K is finite one gets that the (finite)
number of equivalence classes is a Legendrian invariant.

The group LCH®®*! appears to be an efficient tool to distinguish some of
those equivalence classes of augmentations using the following theorem.

Theorem 1.4. If €1 and €2 are equivalent then for all augmentations €
LCH""*(A) ~ LCH®**(A)

and

LCH®1(A) =~ LCH®®2(A).

The first part of the paper (Section 2) is devoted to the algebraic con-
struction of the augmentation category for any semi-free DGA, we borrow
the necessary definitions regarding A.o-categories from [17] and try to make
this paper as self-contained as possible. In the second part, we apply this
algebraic construction to the case of the Chekanov algebra of a Legendrian
submanifold. We also give a geometrical interpretation of the bilinearized
differential in terms of the Chekanov algebra of the 2-copy Legendrian link.
We also investigate in Section 3.3 the generalization of the duality exact
sequence from [12], and we prove the following theorem.
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Theorem 1.5. Let g9 and €1 be two augmentations of A where A C JY(M)
18 horizontally displaceable. Then there is a long exact sequence

(1.1)
= Higa(A) 5 LCHZE1(A) — LCHP (A) ™5 Hi(A) — -+

€1,€0

In Section 4.1, we interpret the bilinearized Legendrian contact homology
when €1 and €2 come from Lagrangian fillings in terms of the Lagrangian
Floer homology of those fillings (as defined in [8]). In Section 5, we provide
some simple examples of computations which demonstrate the effectiveness
of Theorem 1.4 to distinguish augmentations.

2. Algebraic setup
2.1. The n-copy algebra of a free DGA.

2.1.1. The n-copy algebra. Let K be a field. For each n € N we denote
by K,, the semi-simple algebra over K generated by e;, i € {1,...,n}, with
the relations e; - e; = J; je; and ) e; = 1. For a set A we denote by Cy,(A)
the free K,-bimodule generated by the elements of A and by

An(A) =K, ® Cn(A) @ (Cn(A) ® Cn(A)) D---D Cn(A)®k D

the tensor algebra over K,, of C,,(A) (here ® denotes the tensor product of
K,-modules). For each a € A we denote by a; ; the element e;-a-e; € Cp(A).
Note that as a Kp-bimodule Cy(A) decomposes as @ ; ;) Cn(A)i,; where
Cy,(A); ; is the submodule generated by the a; ;. In the tensor algebra A,,(A),
Cn(A)ij @ Cp(A)k, is non-zero iff j = k. A pair of multi-indices (Z,J) of
the same length k, i.e., I = (i1,...,i) and J = (j1,...,Jk), is said to be
composable if for every [ = 1,...,k — 1 we have j; = ¢;41. Then the tensor
product Cy,(A)1,7 := Cp(A)iy j1 @ - - @Cp(A);, j, does not vanish iff (I, J) is
composable, so that the tensor algebra A,,(A) decomposes as a K,,-bimodule
as the direct sum of submodules C),(A)r s over all composable pairs (1, J).
Note that, for i = 1,...,n, the K-subalgebra A, (A); C A,(A) defined as
the tensor algebra of Cy,(A);;, and corresponding to multi-indices I and J
having all components equal to , is naturally isomorphic to A(A) := A;(A)
as a K-algebra.

Now suppose that the tensor algebra A(A) is equipped with a differential
0 such that (A(A),0) is a differential algebra. We define a differential 9,
on Ay, (A) by setting On(e; - a - ej) = e; - (a) - ¢; for all a € A, where J(a)
is interpreted as an element of A, (A). We then extend 9, to A,(A) by



BILINEARIZED LCH AND THE AUGMENTATION CATEGORY 559

linearity and by the Leibniz rule. Note that since a = 3, ;a;; in An(A)
and ) ,e; = 1 in K,, the formula tells us that any word of length %k in
d(a) appears as a sum in 9, (a) over all composable pairs of multi-indices of
length k.

2.1.2. Grading. Assume also that the set A comes with a grading map
gr : A — 7 which defines a grading on homogeneous elements of A(A)
by gr(ab) = gr(a) + gr(b). Defining the grading of elements of K,, to be
0, this extends to a grading on A,(A). From now on we assume that the
differential 0 has degree —1, so that 9, has degree —1 as well and turns
(A,(A),0,) a DGA over K,,. This means that the Leibniz rule becomes:
d(ab) = d(a) - b+ (—=1)8"@q - 9(b). The DGA (A, d) with generating set A
is commonly referred in the literature to a semi-free DGA.

In order to agree with the degree convention in the literature (see [17]),
there is a stabilization process when going from the language of DGAs to the
language of A..-categories which induces a difference between the notions of
grading. We will give two different notations for those two different gradings.
We denote by gr(a) the grading of a € A as a generator of A, this grading
will be referred to as the reduced grading according to the literature. We
will denote by |a| = gr(a) 4+ 1 the absolute grading of a as a generator of the
dual module C*(A). Although we will pay careful attention to our notations,
the convention is that whenever we speak in the world of A..-categories the
grading is assumed to be the absolute grading and in the world of DGA the
grading is assumed to be the reduced grading.

If V' is a graded vector space, we denote by V[d] the graded vector space
isomorphic to V' with degree shifted by d (i.e., the grading of a in V[d] is
gr(a) — d). When defined between graded vector space, we assume that all
our linear maps preserve the degree hence a map F : V — W shifting the
degree by d will be denoted by F : V. — W|d].

If T: (V,pui) — (WId], uly) is a linear map between chain complexes, we
will sometimes denote for short T o ui, + (=1)%udy, o T by pl(T).

2.1.3. Augmentations of A,,(A). Recall that an augmentation of a DGA
A over K is a DGA map from (A4,0) to (K,0). More precisely it as a map
e : A — K satisfying

e c(a) =0if gr(a) # 0,

e c00=0,

o c(ab) =¢(a) - (b).
Let E = (e1,...,e,) be a n-tuple of augmentations of A(A) over K. We
define eg: A, (A) — K, by eg(a) =), ei(e; - a-€;) - €. In other words, eg
equals ¢; - ; on A(A);, and g vanishes on Cp,(A)r, s when the multi-indices
I and J are not constant.

Proposition 2.1. eg is an augmentation of A, (A) over K,.
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Proof. First, one must check that g is an algebra morphism. For a €
Cn(A)r.yand b € C,(A)k 1, we have eg(a-b) = €i(a-b)-e; = g;(a)ei(b)-e; =
ep(a)eg(b) if I, J, K, L have all components equal to i. Otherwise, a -b =0
so that eg(a-b) = 0 and at least one of eg(a) or e (b) vanishes as well.
Second, one must check that egod,, = 0. Since O, (e;-a-e;) = e;-0(a) - €,
we have eg o Op(e; - a - ej) = e; - €; 0 0(a)d; j which vanishes since ¢; is an
augmentation. O

Using the augmentation er one defines the K,-algebra map ¢., : A, —
A,, which sends a generator a to a+¢eg(a). Consider the induced differential
O°F = ¢cpy oanogngl. Since e is an augmentation, 9°7|¢, (4) has no constant
term and hence decomposes as a sum 97”7 & 057 @ --- @ 05" & - where
957 : Cp(A) — Cn(A)®4[—1]. From 0°F 0d°E = 0 one gets that 9;# 0 f* = 0.

Dualizing each of 03" one gets a family of maps pdn s Cx(A)®d
Cr(A)[2 — d] (using the absolute grading here) defined by the relation:

uM(f)(®) = f(957 (b))
for any K,-balanced form f on C),(A).

Similarly to [6] from 0°Z o 9°F = 0 one gets that the family of maps Mggl
is an Aj,-algebra structure on C;(A) that is:

(2.1)
d d—i

§ :E : d—i+1,n Lo . )
J;ugE (ad’ad—la--'aaj+i+1aM5E(a]+la"'aa]Jrl)aa]v"-val)
i=1 j=0

where X = |a1| + -+ + |a;| — J.

2.2. The augmentation category.

2.2.1. Bilinearized complexes. Note that ,uggl maps C7 ;. @C! . ®
- ® Cr . to CF . [2 —d] and that this map depends only on 0 and

1,10 14,50

€igsEig_y+-- -+ Eig- Lhis implies that, after identifying each C}; with C*(A)

for each (d + 1)-tuple of augmentations ey,...,e4 the map ,ugg induces a
map pud o C*(A)® — C*(A)[2 — d] independent of n > d + 1 and
the remaining augmentations in E. A similar discussion holds for the map
957 : C(A) — C(A)[—1]. From equation (2.1) one deduces that:

(2.2)

&.
s.

d
§ : d—i+1 . i o
_1 J:uad, JEjgir€gyennE (ada Ad—15 -+ Aj4i+1, Maj+i,...,aj (a’]—i-z: SERE)
=17

I
o

aj41 ,aj,...,al) =0.
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In particular, when d = 1 one gets u;hao o 'U';I,EO = 0, similarly defining
d®0<t the map on C(A) associated to 95 one gets d*01od*0! = (). Hence, we
get two complexes called the bilinearized complezes, Ce, ., = (C*(A), ul, o)
and C*0°1 = (C'(A),d®01). The homology of C*01 is called the bilinearized
homology of (A(A),0) with respect to €9 and &1 and the homology of C¢, ,
is called the bilinearized cohomology.

The maps ,ug 1.....ep are higher order compositions of an A-category we
describe here.

2.2.2. Definition of Aug(A). The augmentation category Aug(A) is the
Aso-category defined by

e Ob(Aug(A)) is the set of augmentations of A,
e Morphisms from & to 3 are the complexes C., ., = (C*(A), pt, ., ),
e The A, .-composition maps are

Mgd,...,ao 1 Ceyeay ® @ Ceyeg = Ceyeg 2 —d].

In order to facilitate computations, we unravel here the construction to
give an explicit formula'for those maps. If O(a;) = >, . @i . oob .. by
: J J
with z; , €Kandb;,..., bfk € A then

(23) 0Py = Y D0 @l eo) o )

11 5eenig J1<J2<-<Jd

x e1(b] )---ed_l(szdil)sd(bj )-eabl )b b b

Yi1+1 Vjg+1

and
(2.4)
d . . .
WpomoCab) =30 30 X0l ealth) - ealt], )
a;€Alg<--<ly Aleniy
bd_b{l , 7b1:b§l
1

where we do a slight abuse and identify a; with its dual generator.
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To make things clearer, if wgbgwg—1bg—1wq—2 - wibjwp is a word in J(a)
then we have a corresponding contribution e4(wy) - - e1(wi1)eo(wp) - a in
ugdrwgo(bd, ...,b1) (see Figures 1 and 2). When obvious we will drop the
subscripts and write ¢ instead of g 0"

The most useful special cases of equations (2.3) and (2.4) are when d =1
which gives

(2.5)
ENa) = D0 D0 o) ol )e ) ab) b

i1yein =1,k

(2.6)
/’L;heo(b) = Z Z xgl,.,.,ikgl(bgl)"'51(@1_1)60(%“)"'50(%)'aj-
aj €A i,
b=b!,

The homological category of Aug(A) is H(Aug(A)) whose objects are
the same as those of Aug(A), the morphism spaces are Hom(eg,e1) =
H(C., ¢,) and the composition of morphisms is given by [b] o [b2] =
(—1)‘b2‘[u§2751750(62,bl)] (note the case d = 2 of equation (2.2) implies that
this is well defined). The case d = 3 of equation (2.4) implies that this
composition is associative, hence (except for the existence of an identity
morphism) H(Aug(A)) is a genuine category.

2.3. Equivalence of non-unital A..-categories. By the stabilization
process for the grading when going from the world of DGA to the one of
Aso-category, generators of degree 0 in the morphism spaces are elements a
of A such that gr(a) = —1. This implies that, by degree considerations, the
augmentation category has no reason for being unital (in any of the sense
of [17]). The notion of equivalence of categories in this context is not imme-
diate. For convenience for the reader we will recall here the basic definitions
of Aso-functors and natural transformations from [17]. Then we will propose
a definition for equivalence of A,.-categories which do not necessarily have
units (cohomological or strict). For objects €p and 7 in an A..-category A
we maintain the notation C;, ., for the morphism space from ¢y to 1. As
we will consider several categories, we will sometimes denote this morphism
space CA _in order to specify in which category the morphism space is

~ Mereo
considered.

Definition 2.2. An A-functor F between two As-categories (A, {u%})
and (B, {u$}) consists of the following:

e A map F : Ob(A) — Ob(B),
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e For each d > 1 and (gq,¢1,...,64) € Ob(A)4!, a map Fgl

yees€0 7

Ceieg 19 ®Ce e — CF(ad)7F(ao)[1 — d] satisfying:
(2.7)
d
Z M%(F;;,...,ed_sT (ad’ cee ad—sr-i-l)? ceey Fssll,...,ao (asla cee 7a1))
r=1s1+-+s-=d
d d—i ' '
= Z (_1)%ng;.Z.Tele,ej,...,ao (ad7 e P’iél(aj+i7 . ,CLJ'+1), . ,CLl).
i=1 j=0

The terms d = 1,2 of equation (2.7) imply that F{_}h60 descends to a map
H(F') : H(C:, gy) = H(Cp(ey),F(e0)) Which is a functor from H(A) to H(B).
Again we drop the subscripts from the notation as they are most of the time
obvious and write F¢ for Fgﬁ."go.

We now recall the definition of a pre-natural transformation between Aq,-
functors.

Definition 2.3. Let F and G be two As-functors from A to B. A pre-
natural transformation of degree g from F to G is a family T = {79} >0
where each T¢ consists of maps ng,..-,ao D Ceyeg s @ - ® Co ey —
Ct(eq),Fleo) 9 — d]-

The set of pre-natural transformations comes with a degree 1 differential
defined by

d+1 r

pM=>>3" > (-D)'up(G(aa,- . ag—s41); -

r=1i=1 s14--+s-=d

G (a81+~~+8¢+17 ce a81+~'+8¢+1)7
(28) TES‘:1+.4.+SZ.,.‘.,631+.4.+3i_1 (a31+"‘+3i7 R a51+“‘+5i71+1)’
Pt (aler"’JrSi_l? s 7a81+'~-+8i_2+1)7 s 7F81 (asl> s 7a1))
d d—i
Hi+g—1pd—i
_ Z (—1) i+g 1Tsd,ff51j+¢,5j,.--,€0 (ad, cey Gt 1,
i=1 j=0
(@i, a511), a5, .., a1)
where 1 = (g — 1)(Jax| + -+ + |as 4ops;y | =51 =+ = 5i-1).

A natural transformation is a pre-natural transformation such that
p!(T) = 0. For convenience of the reader we will explicitly detail the case
d=0,1and 2 of u*(T)? = 0 as it will be useful later.

e d=0:
(2.9) 79 S CG(so),F(so) s.t. ul (TO) =0,
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o d=

(2.10)

12(G(ay), T°)+(=1)= Dol =02(70 P (ay))+p1 (T (a1)) —T" (1" (a1)) = 0,
o d=

(2.11)
(G (az), GM(ar), T°) + (1) DUl 3 (G (ay), TO, F (a1))

)
+( 1)~ D(Ja1|+|az]) p3(T°, Fl(a1), F(ag))
w2 (G?(az, ar), T°) + (—1)l9~DlerltlazD 279 F2(ay, a1))
1* (G (az), T (ar)) + (1)~ D9=D2(T a), F (a1))
(T2 (a2, 01))(=1)7T?(az, ' (a1)) + (=1)7H9I T2 (0! (), an)
+ (— )T (1% (a2, a1)) = 0.

Equation (2.9) implies that 7° descends to a family of maps from F(gg) to
G(g0) in the homological category ([T2] € H(Ceyey),r(=y))) Which by (2.10)
satisfies H(GY)([a]) o [T2] = (-1)919[T2 10 H(F)([a]), i.e., [T] is a natural
transformation from H(F1!) to H(G?).

Now assume that 7° = 0. Then equation (2.10) implies that T _
Ceyco = CG(er),F(eo)l9 — 1] is a chain map inducing [Tal1 <,] in homology.

Following [17] we denote by nu-fun(F,G)? the set of pre-natural trans-
formations from F to G. It comes with a filtration where F" (nu-fun(F, G)?)
are pre-natural transformations such that 7% = 0 for k& < r. It is obvious
from equation (2.8) that u! preserves this filtration. The previous remarks
about the T = 0 case is part of the statement in [17, Section (1f)] that

the first page of the spectral sequence associated to this filtration is

E’g— H HOInK(HOInH(A)(ET 1,€r)®"‘®HOH1H(A)(€1,€0),

€05--Er

Homp () (F(e0), G(er)).

2.3.1. Yoneda modules. Recall from [17] that given an object ¢ of an
Aoo-category A one can see the assignment €1 — C. ., as being part of the
definition of a right A..-module over A, called the right Yoneda module of
¢ and denoted by Y;. The action ugl,f Vi (e4-1)®Cey ey @ ®Csy o —
Vi (gg) of A on Y% is given by the A, operation u? (see [17, Section (11)]).
This assignment is part of an A..-functor, called the Yoneda embedding and
denoted by Y., from A to the Ay-category of right modules over 4. This
functor is cohomologically faithful, it however fails to be cohomologically
full if the category A lacks a cohomological unit (one cannot construct the
retraction of [17, Section (2g)]).
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Let € and ¢’ be two objects of an Ax-category A, we say that e is pseudo-
isomorphic to € if there exists a quasi-isomorphism of Ay-modules T : Y5 —
V¢ (i.e., T induces an isomorphism in homology, see Definition 2.4). We will
consider two Ay-categories A and B to be pseudo-equivalent if there exists
a cohomologically full and faithful functor F : A — B such that any object
of B is pseudo-isomorphic to an object of the form F(¢). In this situation, F
will be referred to as a pseudo-equivalence of A-categories. Of course, when
both involved categories admit cohomological units the definition recovers
the one from [17] since the Yoneda embedding is cohomologically full and
the last part of the definition implies that H(F) is essentially surjective.

2.3.2. Cohomological adjunctions. In order to prove that stable isomor-
phic DGAs have pseudo-equivalent augmentation categories, one needs to
prove that the relation of pseudo-equivalence is an equivalence relation. In
order to do so we will introduce the notion of cohomologically adjoint func-
tors and cohomological adjunction.

It is worthwhile to unravel the definition of morphism of modules in the
A sense. A morphism of Yoneda modules is given by a sequence T¢ :
Vi(ea—1) @ Cey 1eg @@ Cey gy — yﬁl (e0), d > 1, i.e., a family of maps

T Ceregy @Cey 1290 @ ®Cc o — Cor g,
such that (see [17, equation (1.21)]):

(2.12)
d—1
(_1)TM]+1(Td_] (ada ad—1y--- 7aj+1)7 g, .- - 7a1)
7=0
d d—i
+Z Td H_l ad,ad_l,.. . ,[LZ(CL]'JFZ',... ,ajH),aj,...,al) =0.
=1 ]:0

For d = 1, equation (2.12) implies that T is a chain map, we recall now
the definition of quasi-isomorphism.

Definition 2.4. A morphism T between two Yoneda modules Y and )¢ is
a quasi-isomorphism if for every object ¢ the chain map TEIO 1 Ceey — Cor g
induces an isomorphism in homology.

Let F be a pseudo-equivalence from A to B then for any object ¢ of B there
is an object of A that we denote by G(g) such that ¢ is pseudo-isomorphic to
F(G(g)). Considering all together the pseudo-isomorphism leads to a family
of maps

d
T : Cad,adfl Q- CEl’EO - CF(G(Ed))vfo
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It follows from [17, Theorem 2.9] adapted in our context that G is part
of a cohomologically full and faithful functor G : B — A. Hence the family
of maps T is a pre-natural transformation T € F*'(nu-fun(Id, FoG)). Com-
paring equations (2.8) and (2.12) we get that this pre-natural transformation
satisfies:

d
:U’I(T)d = Z Z (_1)TM;3((‘¢ 0G)” (ad,. .. ’ad_5r+1)7 RRE)

r=3 s1+-+s,=d
(2‘13) (f © g)SJ (a'81+82+837 s 7as1+82+1)7
T (Qsyts5 - Gsy )y Asy—1, - - - 5 Q).

Note that since F is cohomologically full and faithful it admits an inverse
[F1]7! in homology, since we work over a field this map actually lifts to a

. 1. B A i3 1 1 .
chain map U? : CF(Ell)vF(Eé)) — O The composition UG(al)% o T%F(E{)) :
0517 Fley) CG(EI),86 is a quasi-isomorphism inducing an isomorphism © :

Hom(F(g}), 1) ~ Hom(e), G(£1)). Combining equations (2.11) (with 70 =
0) and (2.13) for the couple (F'(a),b) where a € Cg? o and b € C’f; F(eh)
one gets

pa(T(b), F(a) + T (1 (b, F' (a) = p' (T?)(b, F* (a).

This implies that a induces the following commutative diagram in
homology:

Hom(F(e)), 20) —— Hom(}, G(eo))

[u@(-ﬂa))@ [uﬁ(-,anl
Hom(F(e}), g0) —2— Hom(e,, G(eo))

A similar diagram exists for left composition. All in all, the fact that T
induces an isomorphism of Yoneda modules and that F and G are coho-
mologically full and faithful implies that 7' induces an adjunction between
H(F) and H(G). This justifies the following definition.

Definition 2.5. Let F : A — B and G : B — A be two cohomologically
full and faithful functors. A cohomological adjunction between F and G is a
pre-natural transformation 7" : Id — F o G satisfying equation (2.13).

The previous discussion together with the adaptation of [17, Theorem
2.9] in our context implies the following proposition.
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Proposition 2.6. An A.-functor F : A — B is a pseudo-equivalence iff
there exists a cohomologically full and faithful functor G : B — A and a
cohomological adjunction T between F and G.

We cannot emphasize enough that the fact that we work over a field is
absolutely necessary for the last claim to be true, recall that in [17] one relies
on the fact that we can split any complex as a sum of an acyclic complex
and a complex with vanishing differential.

Note that the degree 1 pre-natural transformation T : Id — Id defined by
T! = Idand T¢ = 0 for d # 1 satisfies ' (T')¢ = pu? for d even and 0 for d odd
and thus is a cohomological adjunction from Id to Id. Under the geometric
picture of Section 3.2, this should correspond to the interpolation between
the two comparison maps given by the trivial cylinder which counts holo-
morphic curves with moving boundary conditions on (a small perturbation
of) the trivial cylinder. In this situation, only the trivial curves contribute
which gives the definition of T™.

Note also that in the presence of c-unit, the evaluation T (c) is an element
of Cq(F(e,)),e, Which induces a natural isomorphism from H(G o F) to the
identity as one expects from a quasi-equivalence in this context.

We are now able to prove the following proposition.

Proposition 2.7. The relation of pseudo-equivalence of Ax-categories is
an equivalence relation.

Proof. The identity functor is obviously a pseudo-equivalence as T' = Id
induces an isomorphism from Y to itself hence the relation is reflexive. It
follows from Proposition 2.6 that it is symmetric. In order to prove transi-
tivity let Fo : A — B and Gy : B — A be cohomologically adjoint pseudo-
equivalences. Similarly let F; : B — C be the pseudo-equivalence from B
to C with cohomological adjoint G;. Denote by Tj and Tj the respective
homological adjunctions.

F1 and G; being cohomologically full and faithful, one gets that the map
H(F})oH(G1}) is an isomorphism. Again as we work over a field, this implies

that there exists a chain map S, . ¢ — C¢ _ which
P Peop,e1 P (G1(51)),F1 (GI(EO)) €1,€0

induces (H(F})o H(G}))_1 in homology.
This implies that the following composition,

C TooG1 ~B 1 C
(214) C61,€0 CFQOGOOGl(El),Gl(Eo) CFloF()oGoOG1(81),F10G1(€())

SoT?
- CF10F00G00G1(€1),€0
is a quasi-isomorphism. This is the first application necessary to define an
adjunction from Fj o Fy to Gi o Gp.
In order to define the higher order terms denote by A’ the image of F'oG!.
The homological perturbation lemma of [17, Section (1i)] allows us to
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extend S to an As.-functor on A’. The homological adjunction is thus given
by u?(LsTY, L, Ra, To) where p? is the composition of natural transfor-
mations, £ and R are respectively the left and right compositions of a pre-
natural transformation with a functor (see [17, Section (1e)]). We are brief
here as in the present paper only the homological result will be relevant and
thus only the first map matters. O

Remark 2.8. Note that at the most elementary level one gets that for
an As-category the set of isomorphism types of the groups H(C;, ) is
invariant under quasi-equivalences.

Remark 2.9. Note that the map S o T appearing in the proof of Proposition
2.7 induces an isomorphism from Hom(eq, F'(g)) to Hom(G(e1), g) for any
gy € A and €; € B whenever T is a homological adjunction. This justifies
the ambiguity between left and right adjunction.

2.4. Invariance.

2.4.1. Construction of functors on Aug(A). Let A and B be two semi-
free DGAs with generating sets A and B respectively and let f : A — B be
a DGA map. We denote by f, the associated map between A,, and B,.

For an augmentation € set F'(¢) =€ o f.

For a n-tuple of augmentations E = (e1,...,&,) one defines f¢# : A, —
By, by the K,-algebra morphism ¢, o fy o d);%gE) where F(eg) is the n-uple
(F(e1),...,F(s,)). This is a DGA-map from (A,,d"¢E)) — (B,,0°F). Its
restriction to Cp,(A) decomposes as a sum f;” @ fo” @@ f;* @ -+ where
f;E : Cp(A) — Cn(B)®’ are K,-bimodule homomorphisms. Note that there
is no 0-order term in the decomposition as those coming from F),(eg) cancel
with those coming from ¢€_Elo o Dualizing each of the f;E and restricting
them to Cye, , @+ ® Ceyey ome gets maps F 1 Coyey , @+ @ Cryey —
CF(ey),F(e1)[1 — d] (again note that here we use the absolute grading). As in
Section 2.2.1 those only depend on the augmentations €1,...,e4 and on f.
We denote by F? the sets of maps {ng,...,al} for all d-tuples of augmenta-
tions. From f¢F o 9F(E) = 9¢E o fE one deduces the following

Proposition 2.10. The family F = {F} is an Ao -functor from Aug(B)
to Aug(A).

The construction is functorial with respect to the composition as stated
in the following:

Proposition 2.11. Let f and g be two DGA maps then the Aso-functor
associated to fog is GoF, where the composition of Aso-functors is defined
as in [17, Section (1b)].
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Proof. Consider (f o g)°?|c(a)- As f is a DGA map one gets the decompo-
sition

(fo9)low(@) =Y fs, ® @ fs,(gi(a)).
Dualizing this equation and denoting H the functor associated to f og leads
to the formula

H%ag,...,a1) =Y > G (F(ag, . 0a-s,11)s- -, F*(as,, ..., a1)),
T si4-+sp=d

which is the composition formula of A..-functors. d

2.4.2. Equivalence of augmentations. We are now ready to give the
definition of equivalent augmentations.

Definition 2.12. T'wo augmentations €; and €5 are equivalent if there is an
Aso-functor F such that e; = F(e3) and a homological adjunction T" from
F' to the identity.

Note that in [3] equivalence of augmentations has a different shape. Pre-
cisely it is said that two augmentations are equivalent if there exists a deriva-
tion K such that 1 = 9 0 eX99K  Thig definition is of course problematic
if our coefficient ring is not an algebra over a field of characteristic 0. Equiv-
alent augmentations from [3] are equivalent in our sense using f = eK9+9K
to construct the A.-functor. The natural transformation is given by dual-
izing homogenous component of K. It is not clear to us whether or not the
converse is true, compare also Formula (2.12) with the formula appearing
in [13, Lemma 3.13].

Definitions 2.4 and 2.9 imply the following

Theorem 2.13. Let 1 and €2 be two augmentations of A. If €1 is equiva-
lent to e then for any augmentation e, we have H(C:, ;) ~ H(C.,.) and
H(Cepe,) ~ H(Ceey).

2.4.3. Invariance under stable isomorphisms. Recall that a stabiliza-
tion of a DGA is a new DGA with two more generators b, ¢ such that 9b = c.
Two DGAs are said to be stable isomorphic if they become isomorphic
after a sequence of stabilizations. The aim of this paragraph is to prove the
following;:

Theorem 2.14. Let A and A’ be two stable isomorphic DGAs. Then their
augmentation categories are pseudo-equivalent.

Proof. From Proposition 2.7, it is sufficient to prove the theorem first for an
isomorphism and second for a stabilization. Let f : A — A be an isomor-
phism. Consider F the associated functor as in Proposition 2.10, and G the
functor associated to ffl. Then F oG = Id and G o F = Id imply that the
categories Aug(A,d) and Aug(A,d') are pseudo-equivalent.
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Let A’ be a stabilization of A. The natural inclusion i : 4 — A’ is a
DGA morphism, inducing a functor Z. Note that here I* = 0 for k > 2.
The map j : A" — A which sends b and ¢ to 0 is also a DGA morphism
inducing J. Obviously Z and J are cohomologically full and faithful and
J oZ is the identity. Note that as vector spaces the morphism spaces (€152
and C=11°7(22) are canonically the same and that the augmented differential
u;hs,z corresponds to the one for I o J(g;). This implies that the pre-natural
transformation defined under this identification by T€11752 = Id and T? = 0 if
d # 1 is a homological adjunction from Z to J as noted in Section 2.3. [

The set of equivalence classes of augmentations behave nicely with respect
to stable isomorphisms of DGAs. Namely

Theorem 2.15. Let A(A) be a free DGA. Then we have:
(1) Let f be an isomorphism of A then €1 is equivalent to e2 iff e10 f is
equivalent to 9 o f.
(2) Leti: A— A be the inclusion of a DGA into one of his stabilizations.
Then €1 is equivalent to €9 iff €1 0 i is equivalent to £ o i and two
augmentations e\, €% of A" are equivalent iff their restrictions to A are.

Proof. The first part is obvious. It is sufficient to compose the natural
adjunction with the functor induced by 1.

If the stabilization is not of degree 0 the result is obvious, thus we sup-
pose that the stabilization has degree 0. One needs to prove that if ' is an
augmentation of A" then ¢f, defined by ¢(,(a) = €’(a) for all generators a € A
and e;,(b) = €((c) = 0 is equivalent to ¢’. To do so we proceed as in the proof
of Theorem 2.14. We define the DGA morphism f : A" — A’ by f(a) = a
for all a € A, f(b) =b—¢€'(b) and f(c) = c. Obviously F(¢') = ¢f,. The pre-
natural transformation T" defined by 7" = Id and 7% = 0 induces the desired
homological natural adjunction. The proof is complete as e = ¢’|404. O

3. Geometric interpretation

3.1. Legendrian contact homology. In this section, we consider the jet
space J1(M) := T*M xR of a n-dimensional manifold M with the standard
contact structure £ = ker(dz — 6) where z parametrizes R and 6 = Y pdq is
the standard Liouville form on T*M with (q,p) the conjugate coordinates.
A Legendrian submanifold A of J!(M) is a n-dimensional submanifold such
that TA C £. We assume here that all Legendrian submanifolds are compact.

We denote by 7 the canonical projection of J'(M) to T*M and by II
the canonical projection of J!(M) to M x R. For a Legendrian submanifold
A, m(A) is called the Lagrangian projection and II(A) is called the front
projection.

A Reeb chord v of A is trajectory v : [0,7] — J'(M) of % such that
T > 0, v(0) and «(T) belong to A. Those are in bijection with double
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points of the Lagrangian projection. A Reeb chord is non-degenerate if the
corresponding double point of the Lagrangian projection is transverse and
if all Reeb chords are non-degenerate A is called chord generic. We denote
by R(A) the set of Reeb chords of A (if A is chord generic this is a finite set
since A is compact).

If A is chord-generic there is a grading map gr : R(A) — Z defined by the
Conley-Zehnder index (see [9]).

We denote by C(R(A)) the graded K-vector space generated by R(A) and
A(A) the tensor algebra of C(R(A)) as in Section 2. In general, K will be
Zo; if A is relatively spin, one can also consider Q. This algebra is called
the Chekanov algebra of A, it is a DGA with differential 9 defined counting
some holomorphic curves in R x J'(M) (see [10,11]).

Let J be an almost complex structure on T* M compatible with —d#f. To J
we associate an almost complex structure J on R x J1(M) by the following.

The differential of the projection 7 induces an isomorphism between |, ;..

and Ty, (T*M); we set J|¢ = J under this identification. Finally, we set
J % to be equal to %. Such an almost complex structure will be referred to
as a compatible almost complex structure.

We denote by Dy, the two-dimensional closed unit disk with the (k + 1)-
th roots of unity removed. For a complex structure j on Dy we choose
holomorphic coordinates [T, 00] x [0, 1] near 1 and [—oo, =T x [0, 1] near the
other punctures. A map u : (Dy,j) — R x J'(M) is said to be holomorphic
if duoj = Jodu.

If u is a holomorphic map then u(p o]« [0,1] decomposes as a map (a, v, f)
with a : [T, 00| x[0,1] = R, v : [T, 00]x[0,1] — T*M and f : [T, c0]x[0,1] —
R. Suppose u(0Dy) C R x A then for a Reeb chord 7 we say that u has a
positive asymptotic v at 1 if v(z) — 7(y) and a(z) — oo when z — 1.
Similarly, for a root of unity zop we say that u has a negative asymptotic v
at zg if v(z) — m(v) and a(z) — —oo when z — zj.

For Reeb chords v, 71, ..., v, we denote by M(y™,71,...,7x) the moduli
space of holomorphic maps from (Dy, j) to R x J'(M) with boundary on

R x A, positive asymptotics ¥ and negative asymptotics 71, ..., for all j
modulo biholomorphism (Dy, j) ~ (Dy, j') and translation in the R direction
in R x J1(M).
The differential 0 on A(A) is defined by
6’7—1—: Z #M(7+771aa7k)’717k
YLrees Vi

gr(y1--ye)=gr(y+)—1

on generators and is extended to A(A) by linearity and the Leibniz rule.
The homology of the DGA (A(A),d) is called the Legendrian contact
homology of A and is denoted by LCH(A).
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As the Chekanov algebra (see [5,9]) of a Legendrian submanifold A is
a semi-free DGA, the previous construction applies in this case to give the
augmentation category for the Legendrian submanifold A. We denote this
category by Aug(A). In the next section, we will show that this augmentation
category can be extracted from the geometrical data of the differential of
the Chekanov algebra of the n-copy Legendrian link.

One can choose more sophisticated coefficient rings to define Legendrian
contact homology, for instance one can keep track of the homology class
of the curves defining the differential using the group ring K[H;(A)]. Even
though this is not a field, one can still carry out the previous construction
considering all the chain complexes, tensor products and dual spaces over K
(the coefficients from H;(A) inducing a decomposition of the vector spaces).

3.2. The augmentation category of Legendrian submanifolds.

3.2.1. The augmentation category Aug(A). From Section 2, we deduce
that there is an A.o-category associated to A(A) we denote this category by
Aug(A). Note that from Theorem 3.2 the curve contributing to the products
u™ are the curves shown in Figure 2.

The homologies of the complexes (C(R(A)),d*<') and (C(R(L)), pit, -,)
are called the bilinearized Legendrian contact homology and cohomology
groups, and are denoted by LCH®**! (L) and LCH,, ., (L).

Recall that Legendrian isotopies induce stable tame isomorphisms (and
thus stable isomorphisms) of the Chekanov algebra (see [5,9,11]). Thus The-
orem 2.14 implies Theorems 1.2 and 1.1. Theorem 1.3 is itself a consequence
of Theorem 2.13 which also implies Theorem 1.4.

We will now describe how the bilinearized differential appears naturally
when considering the Chekanov algebra of the two-copy Legendrian link
associated to A.

3.2.2. The n-copy Legendrian link. Let A be a Legendrian submanifold
of JY(M). Choose small Morse functions f;,i = 2,...,n on A such that, for
each i # j, the critical points of f; and f; are disjoint and f; — f; is a Morse
function. We also set fi = 0 in order to simplify notations. We denote by A,,
the Legendrian link Ay LIAsU---UA, where A; is a perturbation of A+ ie%
by the 1-jet of the function € f;. The front and Lagrangian projections of Ay
are illustrated by Figures 3 and 4 for the Legendrian unknot A.

3.2.3. Reeb chords of A,,. Let R(A) be the set of Reeb chords of A. Reeb
chords of A,, are of three different types:

(1) Reeb chords of A; for each i € {1,...,n} called pure chords.

(2) Critical points of f; — f; for each ¢ # j called continuum chords.

(3) Long (i.e., not continuum) Reeb chords from A; to A; for each i # j
called mized chords.
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V1,2

Figure 3. Front projection of the two-copy Legendrian
unknot before perturbation.

Figure 4. Lagrangian projection of the two-copy Legendrian
unknot after perturbation.

For a fixed 4, the set of chords of type 1 of A; are in bijection with R(A);
for v € R(A) we denote 7;; the corresponding chord of A;. Similarly, for
each i # j, chords of type 3 are in bijection with R(A) and for v € R(A) we
denote by +; ; the corresponding chord from A; to A;.

3.2.4. The differential. Let I. be the two-sided ideal of A(A,,) generated
by continuum chords, i.e., Reeb chords coming from critical points of the
functions f; — f;. Then we have:

Proposition 3.1. For sufficiently small e > 0, (1) C I..

Proof. Let £ be the minimal length of all Reeb chords of type 1 and 3 and
F be the maximum of all maxima of the functions f; — f; so that the length
of any chord of type 2 is smaller than e(n — 1 + F)). Set ¢ < ﬁ. As
0 decreases the length of chords, we get that for any chord of type 2 its
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boundary is in the algebra generated by chords of type 2. The Leibniz rule
thus implies that 9(1.) C L. O

We denote by A,(A) the quotient A(A,)/I.. Then the differential on
A(A,,) descends to a differential 9, on A, (A). Note that A, (A) is isomorphic
to the tensor algebra over K of C,,(A) where Cy,(A) is the free K-vector space
generated by Reeb chords of A, of type 1 and 3.

We extend the vector space structure of Cy,(A) to a K,,-module structure

by setting €; - vjk - €1 = 0ij - Okt - Vjik-

3.2.5. Structure of 8,,. Consider now the subalgebra of A, (A) linearly
generated by v;, j; ® -+ ® Vi, j, Where (I = (i1,...,1),J = (ji,...,Jk)) is
a composable pair of multi-indices. As a K,-algebra it is isomorphic to the
algebra A, (A) of Section 2.1 with A = R(A). As the differential 0 counts
connected holomorphic curves it is obvious that 9, (A, (R(A))) C An(R(A)).

Theorem 3.2. For sufficiently small ¢ > 0, On|a,(r(n)) % the differential
on the n-copy algebra of (A(A), ) as in Section 2.1.

Proof. Consider AH; the n-copy Legendrian link consisting of n-linked copies
of A translated in the z-direction, without perturbing them by Morse func-
tions. Reeb chords of this link are not all non-degenerate as any point of A;
belongs to a chord running from A; to A; for all j # ¢. However, if chords

of A are non-degenerate then chords of K?L are Morse-Bott. Similarly to [2],
one can consider the Morse—Bott approach to Legendrian contact homol-
ogy using a Morse-Bott generic compatible almost complex structure J on
R x M.

For sufficiently small € > 0, J will be a generic almost complex structure
in the sense of [11] for the link Kfl obtained by perturbing K?l using the
Morse function ¢ - f;, for all ¢ € (0,€). All chords of K; are described as
before and are therefore in natural bijection for all ¢ € (0,¢). When ¢ = 0,
all non-continuum chords are in bijection with non-continuum chords of K’;
for t > 0 and are non-degenerate. Thus, as they are all in natural bijection,
we drop the index ¢ and denote them by the same letter.

Let M¢(v",71,...,7) be the moduli space of holomorphic maps on Dy
with boundary on R x KZ. We label the connected components of 9(Dy) by
Co, . ..,Cky1 starting from the arc connecting 1 to e2m/(k+1)  For a multi-
index I = (ig, i1, ...,4x) we denote by MI(y*,71,...,7) the moduli space
consisting of holomorphic maps such that the connected component C; of
9(Dy) is mapped to R x AZ, for j=0,...,k.

If £ > 0 is small enough, if ¥, ~1,...,7% are non-continuum chords, then
the moduli spaces M/ (v+,71,...,7) are diffeomorphic for all ¢t € [0,¢),
since all non-continuum chords are non-degenerate.
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Recall that elements of M’ (v 1, ... ,7;) are in bijection with holomor-
phic curves in T* M with boundary on the Lagrangian projection of A; with
punctures to the double points corresponding to the Reeb chords (see [14]).
As the Lagrangian projection of A + is% is equal to the Lagrangian projec-
tion of A, the moduli space of holomorphic curves M’ (v, v,...,v) and
M (vt 41,..., ) are in bijective correspondence for any multi-indices I
and J of length k + 1. O

For a n-tuple of augmentations F = (eq,...,&,) of A(A) over K one
gets an augmentation g of A(A,,) over K, setting eg(vi;) = €i(7) - €; for
any v € R(A) and sending every mixed chord to 0 similarly as done in
Section 2.1.3. The fact that this is an augmentation follows from Theorem
3.2, Proposition 3.1 and applying Proposition 2.1 to the quotient algebra.

For n = 2, the augmented complex decomposes as Ct! @ C?? @ C12 @
C?*'@CY2(f) and from the fact that only the pure chords are augmented we
get that C%* are subcomplexes, the corresponding differential is the standard
augmented differential. C%*! is also a subcomplex, it follows from Theorem
3.2 that its differential corresponds to the bilinearized differential d®!-°2.
Finally C12 @ C%2(f) is a subcomplex with differential

derez
<p df)’

The differential d**°2 is the bilinearized differential and the complex
(C(f),d?) is the Morse complex of fo. This can be seen by a standard
Morse-Bott argument and follows for example from [12, Theorem 3.6].
Finally, p is a chain map and thus the complex C12 @& CY2(f) is the cone
over p, we denote it C(p).

3.3. Duality exact sequence. A Legendrian submanifold A of J'(M) is
horizontally displaceable if there exists a Hamiltonian diffeomorphism ¢ of
T*M such that ¢(mw(A)) N 7(A) = 0. Note that if M is non-compact any
compact Legendrian submanifold is horizontally displaceable.

In [12], it is proved that linearized Legendrian contact homology and
cohomology of horizontally displaceable Legendrian submanifolds are parts
of an exact sequence (which generalizes the duality of [16]):

(3.1) - — Hpy(A) —» LCHY " Y(A) — LCH5(A) — Hy(A) — ---

called the duality exact sequence.
The same considerations allow us to prove Theorem 1.5.

Proof of Theorem 1.5. This is almost a direct application of the arguments
in [12] applied to the 4-component link 2As which consists of two copies
Ay and Kg of Ay far apart in the z-direction (one perturbs the second copy
using Morse functions in the same manner as in the previous section).
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First note that the discussion at the end of the previous section implies
that there is an exact sequence induced by p:

- — Hya(A) 25 H(C(p)) T LCHS 2 (A) & -

It remains to identify H(C(p)) with the bilinearized Legendrian cohomol-
ogy. In order to do so, one must investigate how the exact sequence is built
in [12]. One closely follows the notation from there. The Reeb chords of 2A,
are of four types:

(1) Chords going from A to itself denoted by ¢" and their corresponding

chords on As denoted by 4.

(2) Chords going from Ay to Ay denoted by ¢* whose positive and negative
ends are nearby the positive and negative ends of the corresponding
chords on As. s

(3) Chords going from Ay to Ay denoted by p' whose positive ends are
nearby the negative ends of the corresponding chords on K; and neg-
ative ends are nearby the positive ends of the corresponding chords
on Kg. "

(4) Critical points of the Morse functions on A used to perturb As.

The corresponding vector space complexes are denoted QV, Q', P! and
C'. Since A, is itself a two-copy Legendrian link each of those vector spaces
decomposes further. We label each of the summand by the positive and
negative ends of the chords. For instance, Q' = Q1, QL ®Ql, ® QL @ Q}l
where the differential splits as in the previous section. The vector space Q' @®
C' is a subcomplex for the linearized differential given by the augmentation
12 of 2A, given by £1 and e9. This subcomplex is shown to have the structure
of a mapping cone of a map 7 : (Q',d*?) — (C7,df). With respect to the
decomposition of Q' this map turns out to be n=p11Dp2a®0d0d0;in
other terms the vector space Q1, ® Q3 @ Q}cl is a subcomplex.

The long exact sequence of equation (3.1) is the one given by this mapping
cone, this implies that the exact sequence for the link As:

(3.2)
. —>Hk+1(A) D Hk—i—l (A) -

LCHZ *'(A) ® LCHZ, " 1(A) ® LCHZ Y (A) @ H"*1(C(p*)) —

€2,€1

LCHS' (A) & LCH (A) & LCH*2(A) @ Hy(C(p)) — - -

splits as four exact sequences, the first two are the exact sequences for LCH®?
and LCH® and the other two lead to isomorphisms: 0 — LCH; ) —

HC(p) — 0 and 0 — H"*~1(C(p*)) — LCH;"***(A) — 0. This completes
the proof. O

A difference with the duality exact sequence lies in the fact that since
€0 is a priori different from e; the manifold class (as in [12]) is not well
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understood, this is due to the fact that one cannot describe the fundamental
class (see Example 5.1).

4. Perspectives

4.1. Lagrangian fillings. In [8], Ekholm developed a Lagrangian intersec-
tion Floer theory for exact Lagrangian fillings related to the construction
of the rational relative symplectic field theory of [7]. This construction is
related to the wrapped Fukaya category of [1]. The convex part of this the-
ory is the Lagrangian intersection theory of the Lagrangian fillings in the
classical sense.

We recall the definition of Lagrangian filling which is a special case of
Lagrangian cobordism as in [4].

Definition 4.1. A Lagrangian filling of a Legendrian submanifold A of a
contact manifold (Y,¢) in R x Y is a compact Lagrangian submanifold L of
(—00,0) x Y such that

(i) OL = A,
(ii) LU (R4 x A) is a Lagrangian submanifold of R x Y.

In [8,13], it is shown that an exact Lagrangian filling with vanishing
Maslov class of a Legendrian knot leads to an augmentation of its Chekanov
algebra. We denote the augmentation induced by L by er. A consequence
of the results of [8] is the following isomorphism:

LCHZ *2(A) ~ Hy(L).

The proof relies on the existence of an exact triangle involving LCH®Z (A),
HF(L) and the full Lagrangian Floer homology of L.

Similarly to the case of the wrapped Floer homology, in jet space the
full Floer homology vanishes, so that LCH*F (A) and H F'(L) are isomorphic.
Standard arguments then show that HF(L) ~ H(L). In the context of
bilinearized Legendrian contact homology, only the latter isomorphism fails
to be true as two different Lagrangian fillings might not be Hamiltonian
isotopic. Namely from [8, Theorem 4.9] we have:

Theorem 4.2. Let Ly and Lo be two exact Lagrangian fillings of A with
vanishing Maslov class inducing augmentations €r,, and 1, of A(A). Then
LCHZ, *22 (A) = HF*(Ly, Ly).

The proof is exactly the same as in [8, Section 4.4] but we make no use

of the conjectural Lemma 4.10 from there as we do not need to compare
holomorphic curves with Morse gradient trajectories here.
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4.2. Relation with generating families. This project is part of an
attempt in producing a unified picture of the Legendrian invariants aris-
ing from holomorphic curves on one side and generating families on the
other. Recall that a generating family for a Legendrian submanifold A
in jet space J'(M) is a function F : M x R™ — R such that A =
{ (0, Po, F(90,m0))|%E (90, m0) = 0 po = %= (g0,m0)}. To such a family one
associates the difference function

F: MxR™"xR™ — R
(g:m,m2) —  F(q,m2) — F(q,m)

and defines the generating family homology to be GF(A,F) = H.(F >
€, F = €). The set of those homology groups for all generating families form
a Legendrian invariant bearing similarities with the linearized Legendrian
contact homology. For instance, when M = R, it has been shown in [15]
that LCH®(A) ~ GF(A, F¥) where F*¢ is an equivalence class of generating
family associated to € via graded ruling. It is a conjecture that this result
holds in any dimension.

Bilinearized Legendrian contact homology appears naturally when trying
to extend this conjectural isomorphism to a generalization of generating
family homology to an invariant communicated to us by Petya Pushkar and
defined using the function:

F: MxR™xR" — R
(g,m1,m2) —  Fi(q,m2) — Fa(q,m)

and constructing GF(A; Fy, Fy) = H*(ﬁ > e,ﬁ = ¢) where F; and F, are
two generating families for A (one assume that they have been stabilized to
be defined on the same space). Conjecturally, those homologies correspond
to the bilinearized Legendrian contact homology groups. More deeply, one
can adapt a construction of Fukaya to construct an A..-category whose
objects are generating families for A and morphism spaces are the Morse
complexes associated to F'. One expects the existence of an As.-functor
from this category to Aug(A). It is not expected that this functor is a quasi-
equivalence, we however expect it to be cohomologically full and faithful and
that it induces an equivalence of categories for the derived categories.

Note that the considerations in Section 4.1 also imply the existence of a
cohomologically full and faithful functor from a Fukaya-type category con-
structed using a Lagrangian filling of A to Aug(A) we similarly conjecture
that this induces a quasi-equivalence of the derived categories.

5. Examples

In this section, we will show how bilinearized contact homology allows us to
distinguish augmentations of some DGAs.
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5.1. Trefoil knot. We start with the example of the maximal Thurston—
Bennequin right-handed trefoil knot shown in Figure 5. It has five augmen-
tations all of which lead to isomorphic linearized contact homologies. How-
ever, we will see that in the bilinearized contact homology table non-diagonal
terms are not isomorphic to any diagonal term. As a consequence, all those
five augmentations are pairwise non-homotopic. Moreover, all five augmen-
tations arise from Lagrangian fillings of the trefoil knot. Thus, the compu-
tation implies that those Lagrangian fillings are pairwise non-symplectically
equivalent (a result claimed by Ekholm, Honda and Kalman in [13]).

The Chekanov algebra of K has five generators. Two of degree 1: a1 and
as, and three of degree 0: b1, b and b3. The differential is given by:

Oai; = 1+ by + bg + bi1bobs,
Oaz = 14 by + bz + b3babs.
This DGA admits five augmentations listed in Table 1.
An easy computation shows that LCH*"% (K) = Z[0] as soon as i # j
and that LCH®"® (K) = Z[1] © Z3[0]. These five augmentations are thus all

pairwise non-equivalent. As it is shown in [13], those five augmentations arise
in this context from five different Lagrangian fillings of K (one gets them

Figure 5. Right-handed maximal tb trefoil knot.

Table 1. Augmentations of the right-handed maximal tb tre-

foil knot
by by b3
e7 1 1 1
es 1 0 O
£3 1 1 0
€4 0 0 1
E5 0 1 1
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by resolving the crossing b; in various orders). It follows from our compu-
tation and Theorem 4.2 that those Lagrangian fillings are non-Hamiltonian
isotopic. Note that it follows from [13, Lemma 3.13] that isotopic exact
Lagrangian fillings lead to equivalent augmentations (the map 7% is defined
counting degree —1 holomorphic curves along a generic isotopy %).

We compute also the maps of the exact sequence of Section 3.3 in order
to show that there is no fundamental class in the context of bilinearized
Legendrian contact homology. To get the explicit maps one needs to consider
the differential of the two-copy trefoil knot of Figure 6 (here the Morse
function on S! has two minima m; and ms and two maxima M; and Ms).
Specifically one needs to understand the map p : C?' — C7 of Section 3.2.5
arising while computing the differential 0 on generators of type 7i2. From
Figure 6 we get:

Figure 6. Two copies of the maximal tb trefoil knot.
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where the terms (---) do not involve any continuum chords and are char-
acterized by Theorem 3.2.

This is enough to compute explicitly the long exact sequence. For €; and
€9 we get that

) =0
F10r) =0

P2 (br) = my + ma,
P2 (be) = my,
po2(bg) = ma

In this situation, LCH""** is generated by [bs]. And the map p°2 is
injective. Similar considerations imply that the map o : Hy(S!) — LCHS%E1
is surjective. The map from LCH? _ — LCH;"** is thus 0.

€2,€1

5.2. Chekanov—Eliashberg knot. Consider the Legendrian knot of
Figure 7.

It is one of the two Legendrian knots which have been distinguished in [5]
using Legendrian contact homology. The second one admits only one aug-
mentation and hence has no non-trivial bilinearized Legendrian homology.
However, this one admits three augmentations that are (as we will compute)
non-equivalent. Again the degree of a; is 1 and the degree of b; is 0. The

bs

az
ay

by

as a4 /
</ bs

Figure 7. Chekanov—Elisahberg Legendrian knot.
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Table 2. Augmentations of the Chekanov—Eliashberg knot.

bs bg by bg bg

er 0 O 1 1 1

e 0 1 1 1 1

es 1 0 1 1 1

differential is given by

8(a1) =1+ b7 4 brbgbs + bs + bgbgbs,
O(az) = 1+ by + bsbsbo,
d(az) = 1+ bsbr,
9(as) = 1+ bgbo.

The augmentations are listed in Table 2.

For all of these augmentations, the linearized Legendrian contact homolo-
gies coincide and are given by LCH® (K) ~ Zs[1] ® Z3[0], i = 1,2, 3.

However, for any choice of a pair &; # ¢; of augmentations, we get
LCH®*% (K) =~ Z3[0] and we deduce that these three augmentations are
pairwise non-equivalent.

As the second Chekanov—Eliashberg example has only one augmentation,
we get that the set of equivalence classes of augmentations for those knots
are different.

1]

2]
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