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ON THE HOCHSCHILD HOMOLOGY OF OPEN FROBENIUS
ALGEBRAS

HOSSEIN ABBASPOUR

ABSTRACT. We prove that the shifted Hochschild chain complex Ci (A, A)[m]
of a symmetric open Frobenius algebra A of degree m has a natural homotopy
coBV-algebra structure. As a consequence HH, (A, A)[m] and HH* (A, AV)[—m)]
are respectively coBV and BV algebras. The underlying coalgebra and alge-
bra structure may not be resp. counital and unital. We also introduce a
natural homotopy BV-algebra structure on Cx(A, A)[m] hence a BV-structure
on HH.(A, A)[m]. Moreover we prove that the product and coproduct on
HH, (A, A)[m)] satisfy the Frobenius compatibility condition i.e. HHx(A, A)[m]
is an open Frobenius algebras. If A is commutative, we also introduce a natural
BV structure on the shifted relative Hochschild homology HH . (A)[m—1]. We
conjecture that the product of this BV structure is identical to the Goresky-
Hingston[GH09a] product on the cohomology of free loop spaces when A is a
commutative cochain algebra model for M.
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1. INTRODUCTION

There have been many important works on providing algebraic models for the
string topology operations introduced by Chas-Sullivan ([CS, CS04]) and Cohen-
Godin ([CGO04]). One approach is to use the Hochschild cohomology of closed
Frobenius algebras [CJ02, Mer04, Tra08, TZ06, Kau07, Kau08, Men09, WW]. In
particular Félix-Thomas [FT08] proved that over rationals and for any closed sim-
ply connected manifold M the Chas-Sullivan BV-algebra H,(LM) is isomorphic
to HH*(A) := HH*(A, AV) where A is a finite dimensional model (i.e. closed
Frobenius algebra) for the cochains algebra M.

In [KS09] Kontsevich-Soibelman constructed an action of the chains of moduli
spaces of Riemann surfaces on the Hochschild complex of a closed Frobenius alge-
bras. This is a special of Constello’s theorem [Cos07] for Calabi-Yau categories and
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2 HOSSEIN ABBASPOUR

induces a natural BV and coBV structure on the the Hochschild homology and the
Frobenius compatibility between the BV product and coBV coproduct.

In this paper we assume that A is a symmetric open Frobenius algebra (uni-
tal) therefore A is not necessarily endowed with a non-degenerate scaler product.
Instead A is equipped with a compatible pair of product and coproduct of de-
gree m. First we prove that the shifted Hochschild chain C, (A, A)[m] is naturally
a homotopy coBV-algebra (Section 3) therefore HH,.(A, A)[m] is a BV-algebra.
Also as a consequence C*(A, A)[—m] and HH*(A, AV) are respectively homotopy
BV-algebra and BV-algebra thus we recover Tradler’s [Tra08] result for the closed
Frobenius algebras. In Section 4 we prove that C, (A, A)[m] has a natural homotopy
BV-structure and H, (A, A)[m] is a BV-algebra. Moreover, in Section 5 we prove
that the product and coproduct on HH, (A, A)[m] satisfy the Frobenius compati-
bility as well. Such a compatibility was expected in the light of Cohen-Godin work
for the free loop spaces (of not necessarily closed manifolds).

It is worth mentioning that HH,.(A, A) is generally not a unital algebra (or
equivalently HH*(A, AY) is not counital), reflecting the fact (in the geometric
side) the free loop spaces are infinite dimensional manifolds thus their homology
are not conunital. We recall that a unit for the Chas-Sullivan algebra on H % (LM)
exist if and only if the underlying manifold is closed manifold in which case the
cycle consisting of constant loops is the unit. Similarly HH,(A, A) is not counital
(or equivalently HH*(A, AY) is not unital) because the underlying manifold of the
cochain complex A may not be a closed compact one.

We also identify a natural BV-product on the shifted relative Hochschild homol-
ogy HH,(A, A)fm — 1] . We believe that this product is an algebraic model of the
Goresky-Hingston [GH09b] product on the relative cohomology H*(LM, M). As
far as we know this product was not known even for closed Frobenius algebras.

Our results can potentially be used to give an algebraic model for the string
topology of not necessarily closed manifolds. That would require generalizing our
results to an appropriate homotopic setting.

Throughout this paper k is a commutative ring and A = k @ A is a positively
graded augmented unital differential associative k-algebra with degdy = +1, A =
A/k i.e. A is the kernel of the augmentation € : A — k. See the appendix for the
sing conventions.

Acknowledgment: I am grateful to Nathalie Wahl for many helpful commu-
nications.

2. OPEN FROBENIUS ALGEBRAS AND BV-ALGEBRAS

We use the sing conventions explained in the appendix. A differential graded
(A, d)-module, or A-module for short, is a k-complex (M, d) together with an (left)
A-module structure - : A x M — M such that dy(az) = da(a)z + (—=1)1*ady (2).
The multiplication map is of degree zro i.e. deg(ax) = dega+ degx. In particular,
the identity above implies that the differential of M has to be of degree 1.

Similarly for a (M, dys) a differential graded (A, d) — bimodule, we have

dyr(azxb) = da(a)zb + (—1)1%ady (2)b + (1) Mlazd b,

or equivalently, M isa (A°¢ := AQ AP, da®1+1®d4) DG-module where A°? is the
algebra whose underlying graded vector space is A with the opposite multiplication

of A, ie. a”b= (—1)lal-tlp.q. All modules considered in this article are differential
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modules. We will also drop the indices from the differential when there is no
possibility of confusion.

Definition 2.1. (DG open Frobenius algebra). A differential graded open Frobenius
k-algebra of degree m is a triple (A, -, d) such that:

(1) (A,-) is a unital differential graded associative algebra whose product has
degree zero,

(2) (4,9) is a differential graded coassociative coalgebra of degree m that is
(e 1) = (-1)"(1 ®06)) and § is chain map of degree m, i.e. dd =
(-D)"d®1+1®d)d .

(3) 6 : A— A® A is a right and left differential A-module map. Using (sim-
plified) Sweedler’s notation, this reads

Z(xy)/ ® (xy)// — Z(_l)mlﬂwy/ ® y// — le ® x”y.
(wy) (v) €
Here we have simplified Sweedler’s notation for the coproduct dz =", 2} ® z/, to
6x = 3,y @' ® z” where (z) should be thought of as the index set for i’s. Since
the coproduct is assumed to have degree m therefore deg z’ + deg 2" = m.
In particular we have

> (dr) @ (de)" = (~1)" (X (de’ @ 2" + (~1)a’ @ da"))
(dx) (@)
and
Z(xl)/ ® (xl)// Q! = Z(_)m‘m/‘+mx/ ® (:CI/)/ ® (.T”)”
We shall say (4, -,6) is symmetric if 3 ;) 1'®© 1" = Z(l)(—l)‘1'||1”\+ml” ® 1.

We recall that a closed (DG) Frobenius algebra is a finite dimensional unital
associative differential graded k-algebra A = §,;>0A; equipped with a symmetric
inner product (—,—) such that the map a : x — (y — au(y) := (=1)*F1F™(z y) =
(=1)I¥(x,y)), from A to AV is a degree m isomorphism of differential graded A-
bimodules.

We recall that symmetric means

<$ay> = (_1)|z||y|<y,$> = (_1)|z|(m—\m\)<$,y>.

Notice that « is of degree m therefore a being A-biequivarant must take into
account the degree. We spell this out in details since it is important to get the
signs right.

Let L: A9 AY — AY and R: AY @ A — AV be respectively the left and right
action of A on AY We will use the same notation for the action of A on itself. Then
« being A-biequivariant means

Ll®a)=aol
and
Rla®1) =aoR,

which after applying to elementa x,y € A, it reads (—1)m|y|y C 0 = Qy, and
Oy - Y = Ogy. It follows from the definition of closed Frobenius algebras that the
inner product is invariant

(xy, z) = (z,yz2),
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and symmetric and

(2.1) (dz,y) = —(—=1)1*Nz, dy).
We can now define a coproduct § : A — A ® A by requiring that the diagram

dual of the product

(2.2) A @ AV (A A)Y

AR A

to be commutative. Note that in the diagram above o, a ® a and iy ® i4 (because
dimA < o0) are isomorphisms therefore § exists and is unique because of the non-
degeneracy of the inner product. The coproduct dz = @) ' @z is characterized
by the identity

(2.3) (x,ab) = Z(—l)m‘ml‘@:",a) (x',b)
()
Since the inner product has degree m, we obtain
(2.4) (w,ab) = (1) (g
()

which in the special case x =1 it reads,

(2.5) (a,b) = (1,ab) = (=1)™PHF™ N (1" a)(1',b
1)
The coproduct § is coassociative of degree m and satisfies condition (3) of Def-
inition 2.1 because all the other maps in the diagram (2.2) are morphisms of A-
bimodules. We can also check this directly,

S (0™ W (@y)”, a)((y)', b) = (xy, ab) = (x,yab)
(2.6) =Y (=)™ o ya)(a’, b)
= > (1" "y, a) (' b)

which together with the non—degeneracy of the inner product imply

> (@) @ (ay)" =D a2’ @a'y,

(zy) ()
Similarly

Z(&)m'@w’w(zy)",a><<zy>' 9 = ) = ()
(2.7) DN ()l a) (' ba)
= Z(*l)m|y,|<y",a><$y b) = Z(*l)m‘z‘(*l)mm ‘<y ,a)(zy',b)
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therefore
Y (@y) @ (wy)" = ()" lay’ @ y”
(zy) ()
In other words a closed Frobenius algebra over a field is also an open Frobenius
algebra.
By replacing b = 1 in (2.3), we obtain

(w,a) = (z,al) =Y (-1 (2" a)(a',1)
(@)
=Y (=)@’ )2, a).
(z)
which implies
(2.8) z=> (="l 1)a.
(@)
Similarly by taking for a = 1, we obtain

(z, b> = <Z(_1)m‘zl‘ <$N’ 1)'1'/5 b>'
The non-degeneracy of the inner product implies that
(2.9) z=> (-)m @ 1)
()

In other words n(x) = (x, 1) is a counit that is

(2.10) T = Z(*l)mwn(x')x” _ Z(fl)mm,'n(x“)x/
(z) (x)

Again using the Frobenius property (or a diret computation) we have

(2.11) z=> ()"Mp@1)” =3 (=) z)
(1) (1)
and

(2.12) z=Y (-1)MIp'2)1" =" (-1 In(1”)1’

(1) (1)
Example 1: An important example of symmetric open Frobenius algebra is the
cohomology with compact support H (M, Z) of an oriented n-dimensional manifold
M (not necessarily closed). Note that H}(M,Z) is equipped with the usual cup
product and, using the Poincaré duality isomorphism (see [Hat02, Theorem 3.35])

H:(M,Z) ~ H, _.(M,Z),

one can transfer the natural coproduct A from H,(M,Z) to HX(M,Z). Then the
triple (HX(M,Z),U,A) is a symmetric open Frobenius algebra whose differential
is identically zero. The Frobenius compatibility condition is satisfied because the
Poincaré duality isomorphism above is a map of H*(M,Z)-modules. Note that this
open Frobenius structure is only natural with respect to proper maps or inclusion
(of open sets).
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If M is closed then H*(M,Z) = H}(M,Z) is indeed a closed Frobenius algebra
since H*(M,Z) has a counit given by [ : H*(M) — Z, the evaluation on the funda-
mental class of M, while Poincaré duality is given by capping with the fundamental
class. The non-degenerate inner product is defined by (z,y) := f[M] xUy. Over
the rationals it is possible to lift this Frobenius algebra structure to the level of
cochains. By a result of Lambrechts and Stanley [LS08], over rationals there is a
connected finite dimensional commutative DG algebra A which is quasi-isomorphic
to the singular cochain algebra C*(M,Q) on a given n-dimensional manifold M,
equipped with a bimodule isomorphism A — A inducing the Poincaré duality
H*(M) — H,—.(M). The analogue of this result for open manifolds is still not
known. It is more reasonable to expect a kind of homotopy open Frobenius model
for open manifolds rather than an open Frobenius algebra model. This also suggests
the result of this paper need to be generalized to the homotopy Frobenius algebra,
a notion to be defined.

Example 2: It is known that the homology of the free loop space of a closed
oriented manifolds is an open Frobenius algebra [CG04]. Similarly the Hochschild
cohomology HH*(A) of a closed Frobenius algebra is an open Frobenius algebra
[TZ06].

Proposition 2.2. (1) A closed Frobenius algebra is a symmetric open Frobe-
nius algebra.
(2) A symmetric open Frobenius algebra A with a counit is finite dimensional
and in fact is a closed Frobenius algebra.
(3) A symmetric and commutative open Frobenius algebra is cocommutative.
1)|z”||z’|Z// /

(4) For all z in a symmetric open Frobenius algebra A, Z(z)(* z

belongs to the center of A.

Proof. 1) Tt follows from the characterization (2.5). Indeed,

m|b\+mz \1 ||1”\+m<1 ><1// _ m|b\ Z
( \aHb|+m|a|+mZ 1//
= (=1)l"(b,a) = <a7b>

therefore 2(1 (=) Hmyr @1 = ml'el”

2) The inner product is defined by (x,y) = n(xy). It is clearly invariant.
The identity 2 = S (=1 Inz")2’ = S2(=1)™"In(21”)1" proves that A =
Spanx{1’s} hence the finite dimensionality of A.

Now we must prove that (—, —) is symmetric. By the identity (2.10) we can
write

—lal)( |b\)<1/,a><1//7b>

zy =Y (=)™ @'y =3 (=) In(17z)1y,

therefore for all x and y

(@,y) = > (=)™ In1"z)n(1'y).
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Since A is symmetric, we have
(@,y) =Y (=)™ z)p'y) = (=) I gy 1y)
= Z(fl)m(m—\1/|)+(m—|w|)(m—\y\))+mn(1/x)n(1//y>

= (1)l 1y (1Y) = (~1) 1V, 2)
3)
(2.13)

Zz/ Rz = Z(*l)mmﬂ/ Q1" = Z(*l)mmﬂlq|1"+m1'1” @1
= 3 (e A el g 17§ (gt leDla el |~ lel)+m g g g

— Z(_l)\z'\\:c”\+|x|(m+|x|f|x’\f\:n”\)er:L_// ® .T/ _ Z(_1)|m'||x”\+m$// ® .’L'/.

4)
:CZ(—l)'Z”||Z,|ZH ’_ Z(*l)'Z””quZ”Z/ _ Z(*l)(‘l”H‘ZD‘1,|:C1//21/

) ) )
= S () DI I gy S () I g
) B

_ Z(_1)m\z\+|z||mr’|+ml_/zx// _ Z(_1)m‘z‘+|Z|(|1”|7|I|)+m1/21”x

= S(—ymleb DI 17
M

= SO(—aymlallE e+ 1 =D g
M

— (71)(m+|2|)|l|(Z(il)\z”llz/\zuz/)x.
(2)

We recall that Z(Z)(—l)‘z””zl‘z”z’ is of degree m + |z|. O
Before explaining how an open Frobenius algebras gives rise to a (co)BV-algebra,

we recall the definition of the BV-algebras and the definition of Hochschild homol-
ogy and cohomology.

Definition 2.3. (Batalin-Vilkovisky algebra) A BV-algebra is a Gerstenhaber al-
gebra (V*,-,[—, —]) with a degree one operator A : V* — V**1 whose deviation
from being a derivation for the product - is the Gerstenhaber bracket [—, —], i.e.

(0,] := (—1)*lA(ab) — (1)1 A(a)b — ar(b),
and A2 = 0.

It follows from A% = 0 that A is a derivation for the bracket. In fact the Leibniz
identity for [—, —] is equivalent to the 7-term relation [Get94]

A(abe) = A(ab)e + (=1)1*aA(be) 4 (=1)Uel=DIIpA (ac)
— Ala)be — (=D)aA(b)e — (=1)leHPlghAc.

Definition 2.3 is equivalent to the following one:

(2.14)
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Definition 2.4. A BV-algebra is a graded commutative associative algebra (A*,-)
equipped with a degree one operator A : A* — A*t! which satisfies the 7-term
relation (2.14) and A? = 0. It follows from the 7-term relation that [a,b] :=
(=Dl A(ab) — (=1)I?|A(a)b— aA(b) is a Gerstenhaber bracket for the graded com-
mutative associative algebra (A4*, ).

There are very interesting examples using the differential forms of Riemannian
or symplectic manifolds, which are essentially due to Kozsul [Kos85]. The inspiring
example for us is the homology of the free loop space LM := CY(S!, M) of an ori-
ented manifold [CS] for which an algebraic model can be obtained using Hochschild
cohomology of cochains algebras of M [Jon87]. Let us recall the definition of the
Hochschild complex.

The (normalized) Hochschild chain complex with coefficients in M is defined to
be

(2.15) C.(A, M) := M ® T(sA)

and comes equipped with a degree +1 differential Drocr, = do + di. We recall that
TV = @®,>0V®" denotes the tensor algebra of a k-module V.
The internal differential is given by

(2.16) do(mlai,--- ,an]) = dymlar, - ,an] — Z(—l)”m[al, coe s daag, ... ap)
i=1

and the external differential is

dl(m[ala T aan]) :(_1)|m‘ma1[a2’ e ’an]
(217) +Z(71>€¢m[a17... s Qi—1 Qg "t 7an]
1=2
_ (_1)5n(|an|+1)anm[a1, e ;an—l];

with e = |m| and €; = |m|+ |a1|+---|a;—1| —i+1 for ¢ > 1. Note that the degree
of mlay, -+ ,a,] is |m| + X" |ai| — n.

When M = A, by definition (Cy (A4, A), Droch = do+dy) is the Hochschild chain
complex of A and the Hochschild homology of A is by definition HH,.(A, A) :=
ker D/im D is the Hochschild cohomology of A.

Similarly we define the M-valued Hochschild cochain of A to be

C*(A, M) := Homy (T (sA), M).

For a homogenous cochain complexf € C"(A, M), the degree |f| is defined to be
the degree of the linear map f : (sA)®’j — M. In the case of Hochschild cochains,
the external differential of f € Hom(sA®", M) is

(2.18)
di(f)(a1, - ,an) = _(_1)(|a1\+1)\f|a1f(a2, )+

n

- Z(il)qf(ala A1, aan> + (71)€n,f(a1, o aanfl)an;

=2
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where €¢; = |f|+ |a1| + - - -+ ]a;—1| —i+ 1. The internal differential of f € C*(A, M)
is

(219) dof(ala T aan) = d]\/ff(a’la e aan) + Z(_l)Eif(ala e adAaia e aan)'

i=1
The Hochschild cohomology of A with coefficient in M is by definition HH*(A, M) :=
kerDHoch/ im DHoch.

Remark 2.5. Naturally one can consider k-dual Homy(C. (4, A), k), DY;,.,) and
its cohomology ker DY;,.;,/ im DY;,.;,- The result is isomorphic to (C*(A, AY), DHech),
In fact the isomorphism ~: (C*(A, AV), DHech) — Homy(C.(4, A),k), D},.p) is
given by f s f,

(2.20) flag,a,--- ay) = (=11 f(ay ag, -+ an)(ao)
Therefore HH*(A, AY) ~ H*(Homy(C«(A),k), DY;,..))- All over this article C* (A, AY)
is identified with Hom(C\ (A4, A), k) using the isomorphism above.

Gerstenhaber bracket and cup product: When M = A, for v € C™ (A, A) and y €
C"(A, A) one defines the cup product x Uy € C™T(A, A) and the Gerstenhaber
bracket [z,y] € C™T"1(A, A) by

(2.21)

(x U y)(alv e vaern) = (71)|y|(zigm |ai|+1)x(a17 T ,am)y(an+1, s 7am+n)7
and
(2.22) [2,y] == woy — (=) FFDIFDy o g,
where
(woy)(ar, -+ s amin-1) = (~1) WV s (0 gy o aj y(aji, - aqm), ).
and
(2.23) :Eoy:z:rojy

J

It turns out that the operations U and [—, —] are chain maps, hence they define

two well-defined operations on HH*(A, A). Moreover, U is commutative up to
homotopy which is given by — o —.

Theorem 2.6. (Gerstenhaber [Ger63]) Let A be a differential graded associative
algebra. (HH*(A, A),U,[—,—]) is a Gerstenhaber algebra that is for all x,y and
z€ HH*(A, A) we have:

(1) U is an associative and graded commutative product,

(2) [z,yU2] = [2,y] Uz + (=1)I=I=Dlly U [z, 2] (Leibniz rule),

(3) 3] = —(~L)(= D0y ]

4) [[z,y], 2] = [2, [y, 2]] — (=1)U=I=DWI=D [y [z 2] (Jacobi identity).

The Hochschild homology and cohomology of an algebra have an extra feature,
which is the existence of the Connes operators B, respectively BY ([Con85]). On
the chains we have

n+1
(2.24) Bl(ap[ar,az -+ ,a,]) = Z(—l)eil[azﬂ S, Ao, )

i=1
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and on the dual theory C*(A) = Homy (T (sA), AV) = Hom(A ® T(sA), k) we have

n+1

(BY¢)(aolar,az -+, ay]) = (~1) Z(*l)%(l[ai S lny a0, A1),

where ¢ € C"t1(A) = Hom(A ® (sA)®" ! k) and ¢; = (|ag| + ... |ai—1| — i) (Ja;| +
...|an] —n+i—1). In other words

BY(¢) = (1)1l 0 B.

Note that deg(B) = —1 and deg BY = +1. The following theorem shows how a
closed Frobenius algebra gives rise to a BV-algebra.

Theorem 2.7. (Tradler [Tra08]) The Hochschild cohomology HH*(A, A) of a
Frobenius algebra A has natural a BV-structure whose underlying Gerstenhaber
structure is the standard one [Ger63]. The BV-operator corresponds to the Connes
operator BY wusing the natural isomorphism HH*(A, A) ~ HH*(A, AY)[m].

The main idea here is that we try to identify the homotopy (co)BV-structures
directly on C,(A, A) (and its dual) rather than C*(A, A).

3. coOBV STRUCTURE ON HOCHSCHILD HOMOLOGY

In this section we present a natural homotopy coBV-structure on the shifted
Hochschild chain complex C.(A, A)[m] of a symmetric open Frobenius algebra
(A,-,6) of degree m. The natural candidate for the coBV operator is the Connes
operator B, so we just need a degree m coproduct on the Hochshild chains C (A4, A).
This is given by formula (before the shift)

(3.1)

Oaolar,+an) = 3 (D (@ar, a1 ad) ® (@, o)
(ap),0<i<n

where 0; = aj + a1 + ag + - - - a; + . This coproduct is of degree m and is a chain
map i.e.

oDHoch = (*1)m(DHoch R1+1® DHoch)

The proof that 6 is a chain map, uses A being symmetric. The most nontrivial part
of the proof is that

> (—1)lavl e +Harlt-odap )+ (lap D (g [Hloa 4 lap-il+p-D g gl ay , .
(ao)
_ Z(71)|a’0\(\a;{|+\a1|+---|ap,1|+p71)+\a;{\+|a1|+---+\ap71\+p71+|a’o|ag[a1, ..

(a0)

' 7ap*1] ® aa[ap+1’ t ’an]

’ ’apfl] ® a(/)ap[aerl, S, G
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appears in (Dgoch @ 1 +1® Dpoen) twice but with opposite signs. The proof of
the identity above is as follows:

’ 1" "
E (_1)\110\(\110 H‘lal|+‘“\ap|+P)+(|ap|+1)(|ao|+\a1\+"'\ap—1\+17—1)apa6’[al, e ap—1] ® a6
(ao)
’ " "
= E (,1)|1 [(117[+|aol+-|ap|+p)+(lap|+1)(|1 \-i‘lao\-i““\ap—l\-l-:D—l)apl”ao[al7 e ap1] ® 1/
(a0)
1" 7
— E |1 [(laol+-lap|+p)+(lap|+1) (|1 |+\¢10\+“'\¢1p71\ﬂO*l)erapl’aO[al7 e ap1] ® 1"
(a0)
" ’
— E (fl)m\ap\ﬂap|(|a0|+"'|ap|+P)+(|ap\+1)(\ap\+|110|+ Japl+p—1)+m 1 ao[ah e ap1] ® a;’
(a0)
1" 7
= E m\ap\Jr(ll [+lap)(laol+-lap|+p)+(lap[+1)(]1 |+\a0|+'“|ap\+P*1)+m1’a0[a17 e ap1] ® 1"ap
(ao)
17|11’ 1’ 1)(|1’ 1)qn /
— E | 1114 mlap|+(11 |+ apl) (ao|++lap|+p)+(|ap|+ 1) (117 |+|aol+|ap|+p—1) aolar, -+ ,ap—1) ®1'a,
(ao0)
— E (|%|+\ao\)\ao|+m|ap|+(\ao\+|%\)(\GOH‘ |ap\+P)+(\ap\+1)(\a6'\+|a1|+‘“|ap|+P—1)ag[a1’ e ap1] ® af)ap
(ao)
17 1" !
— E |ao\(\ao [+lai|+:lap—1|+p—1)+|ag H‘lal|+“‘+\ap—1\+P—1+|ao|a6’[a1, e ap—1] ® af)ap.
(ao)

This gives rise to a product on Hochschild cochains as follows: For f ,g € Hom(A®
T(sA), k) we set

Fog=n(®"(fog)=(-1mHu(feg) o0
where p : k ® k — k is the multiplication. Note that this product is of degree —m,

therefore in order to obtain a product of degree zero we should shift the grading by
—m. The new degree zero product on Hom(C\ (A4, A), k)[—m] is (see the appendix)

fog=(1"fog
More explicitly, for f and § € Hom(C, (A, A), k)[—m] we have
(feg)(GO[ala e ;an])

(a0),1<i<n

In the case of a closed Froebnius algebra this product corresponds to the standard
cup product on HH*(A, A) using the isomorphism

HH*(A, A) ~ HH*(A, AY)[~m] ~ H*(Hom(C, (A, A))[-m]

induced by the inner product on A. More explicitly we identify A with AV, as
bimodules, using the map = — (a, := (=1)*{x,—)) which identifies C*(A4, A)
with C*(A, AY). The latter itself is identified with Hom(C, (A, A), k) using the
isomorphism (2.20). Overall we have an isomorphism of cochain complexes which
sends f € C*(A, A), f: (sA)®" — A to the cochain f € Hom(A ® (sA)®", k)[m),

.]E(G/Oa ai,--- ;an) = (_1)(a0+1)f<a0, f(ala e aan)>-
Using the identity

z=> ()" = (—1)m (1)1

S (mymleltaart il fagfay, - ai1, ai))d(aglaisr

; Qn)).
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we can write
f(al, . ’an) = Z(_l)lf‘(1+‘1//|)f(1”, ai, - ,an)ll-
1
which is an explicit formula for the inverse of the isomorphism f f.
Let f: (sA)®” — Aand g: (sA)®7 — Ain C*(A, A) be two cochains. First note
that the degrees of f and g as elements of Hom(C, (A4, A),k)[m] are respectively
equal to |f| and |g|.

—

fUglao, a1, apq) = (—1) DU (an (FUg) (a1, aprq)) =

(= 1)@t DT HaD+mHADHI 1D (61 f(ay, -, ap)) (ah, glapsn,- - aps)) =
(a0)

Z(_l)(aoﬂ)(\f|+\g\)+m(1+\a6|)+\g\(ap—la(fl)+(1+\a6’D\f|+(1+\a6|)|g|f(ag, ar, -, ap)j(
(a0)

Since o, = |f| + m it follows that FUg = f * g, therefore (HH*(A, A),U) and
(H*(A, AY)[m],®) are isomorphic as algebras.

li
g, Ap+1s° " 5 Aptq)-

Theorem 3.1. For a symmetric open Frobenius algebra (A,-,5) of degree m, the
shifted Hochschild chain complex (Cy(A, A)[m], 0, Drocr) is a homotopy co-BV al-
gebra. As a consequence (HH,.(A, A)[m],0,B) and (HH*(A, AY)[m],®,BY) are
respectively BV-algebra and coBV-coalgebra. In particular if A is a closed Frobe-
nius algebra, then using the natural isomorphism

(3:2) (C™(A,AY)[m], ®) = (C*(4, A), ),

HH*(A, A) is endowed with a BV-algebra whose underling Gerstenhaber algebra
is the standard one and the BV-operator is the image of the Connes operator BY
under the isomorphism (3.2). This recovers Tradler’s result [Tra08], Theorem 2.7
for closed Frobenius algebras.

Proof. The homotopy for co-commutativity is given by
h(aolar, - ,an)) := Z (—=D%agla, -+ yai, 1", aj,-+ ,a,) @ V]aip1, -, aj—1].
(1),0<i<j<n+1
where
ti = (11" + 1)(lao| + -+ + las +4) + [V|(Jao| + lar| + - -+ + |ai| + i+ [17])

(VT +laies] + - +lajal +5—i = Dllag| + -+ |an| +n—j+1)

= 1|1V + (m + 1)(|laol + - - + lai| +4)

+ (V] + laia| + - +lajoal+5 =i = D)(la| + -+ + |an| +n = j + 1)

and for j =n+ 1 and ¢ = 0 the corresponding terms are respectively

+aplar, - ,a;, 1" @ V[air1, -, an).
and
+ao[l”,aj, - ,a,] @ 1Vay, -, a;_1].
We have
(3.3) (Dtoeh @14 1® Dpoen)h — (1) T hDpoen = (—1)" 7060 — 0

where 7 : C, (A, A)®? — C,(A, A)®? is given by 7(a1 ® ag) = (—=1)letlle2la, @ a.
To see this, note that in (Dpoch ® 1 + 1 ® Dpoen)h the term corresponding to the
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last term of the external part of the Hochchsild differential of the first factor of
taolar, -+, a;, 1" @ Vlai1, - an] is

+1"aglar, -+ ,a;] @ V]air1, -+ yan] = £aglar, -+, a;] @ aglaisr, -+, an)

which is precisely 0; and the term corresponding to the first term of the external

Hochchsild differential of the first factor of +ag[l”,a;,- - ,a,] ® [a1, - ,a;-1]
is :I:aol”[aj, e ,an] X 1/[0,1, e ,ajfl] = :I:aol’[aj, tee ,an] (24 1”[(11, e ,aj,l] =
taplaj, - ,an] @ aglar, - ,aj—1] which is (—=1)™76.

To prove that the 7-term (coBV) relation holds, we use the Chas-Sullivan [CS]
idea (see also [Tra08]) in the case of the free loop space adapted to the combinato-
rial (simplicial) situation. First we identify the Gerstenhaber co-bracket explicitly.
Considert the operation

S:=h+4+(-1)"10h
on the Hochschild complex before the shift of degree of m. Once proven that S

is, up to homotopy, the deviation of B from being a coderivation for 6, the 7-term
homotopy coBYV relation is equivalent to the homotopy co-Leibniz identity for S.

Compatibility of B and S: We prove that S = 0B — (—1)™(B®id+id® B)f up to
homotopy. To this end, we prove that h is homotopic to (B)2 — (—1)™(B ® id)d
and similarly 7h ~ (0B); — (id ® B)0 where B = (6B)1 + (6 B)2, with

0B)1(aolar,-yaal) = > Y £(1"[ai, - ay)) © (Vlager, - an a0+ ai1)).
0<i<j<n (1)

and

(OB)2(aolar, - vanl) = > Y £(1"[aj,+ san,a0,a1,- ,ai]) @ (V[aign, - a;-1]).
0<i<j<n (1)
The homotopy between h and (6B)s — (—1)™(B ® id)6 is given by
H(a’o[a’lﬂ'” 7an]) = Z Z((_l)uk’i’jl[ak-‘rl)'"aialuaa’ja"' aa/naa/Oa"'ak])
0<k<i<j<n+1 (a;)
@ (V[aiy1, - aj-1]),
where
Vkyij = (laipr| + -+ laj-a| + 7 =i+ D)(laj| + - an| +n—j+ 1)+
(lao| + -+ [aw| + &+ D) (Jag+1] + -+ |ai| +]aj| + - +]an| +n—j+i—k+ 1)+
VIV + laol + -+ + lal +lag[ + -+ + lan] + 1 = +8) + (1" + D(larsa| + - + lai| +i = k).
In the formulae describing H, the sequence a;, - - - , a;—1 can be empty. In DgocnH +

(=1)™2H(DHocn ®id +id @ Dpoen), the terms corresponding to k = 0, k = i and
j =mn+1 are respectively h, —(0B)s and

(~D)™(B®Dblaolar, - ,an]) = (=1)™ Y £(Larsr, -+ @i ap, a1, ax]) @ (aglaier, -+, an)).

Similarly one proves that 7h ~ (0B); — (—1)™(id ® B)#.
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Co-Leibniz identity: The idea of the proof is identical to Lemma 4.6 [CS]. We prove
that up to some homotopy we have
(3.4) ®id)S = (ide7)(S®id)f + (id® S)0
At the chain level, we have
(0 ®@id)h = (id® 7)(h ®1id)0 + (id ® h)b,
o to prove (3.4) we should prove that up to some homotopy
(O ®@id)Th = (id @ 7)(Th ® id)0 + (id ® Th)6.
The homotopy is given by G : C*(A4) — (C*(A))®3
Glaolar, -+ an]) = > > (W farr, -+, a)) © (15[aj4,-- -, ax])
0<I<i<j<k (1),(1)
& G/O[a/la s, a, 1’13 Qig1y---,0a5, 1/2) Q41" Gn, A0, - aa/l—l]a

that is

GDrocn + (=1)""2(Dgoen ® id ® id + id @ Doen, @ id +id @ id @ Dioen)G

= (0 ®id)th — (id® 7)(th ® id)f — (id ® Th)0.
The signs in G are determined using Koszul sign rule just like the previous examples

As for the last part of the theorem, we have already proved that ® corresponds
to the cup. It only remains to prove that underlying Gerstenharber bracket of the
BV-structure of (C*(A4, A),U) is the standard one. To that end, it suffices to prove
that 7 : (C*(A, A)[m],U) — (C*(A, AV)[m],®) (see (2.20)) sends the homotopy
of the commutativity o of U to the homotopy of the commutativity (— ® —)h of
©®: Let x € Hom((sA)®P, A) and y € Hom((sA)®?, A). Then the degrees of &
and § as element of Hom(C,(A, A),k)[m| are respectively |z| and |y|. Similarly
to the definition of ®, the homotopy for the commutativity of £ and g is given
U(z,5) = (—1)"= V4 @ §)h where i : k ® k — k is the product of the ground
ring:

\If(.i', g)(GOa ar,--- ’ap-i-q—l)
= Z +Z(ao, a1, i, 1", Giggr1, - Qprg—1)J(1, Gig1, - - Gigg)
(1)

and on the other hand (see (2.22)):
z oy(ao, a1, - Apyq-1) = (_1)(\a0\+1)(\z\+|y|—1)<a0, (zoy)(at, - aptq—1))
= Zﬂao,z(al, @ Y(@ig1s Yidg)s Gitgr1s Optg—1)
7
= Hlao, w(ar, -+ yai, 1"V, y(@irs, - Gigg)), Gitgrt, Gprg-1))
g 1)
=Y Hao, x(ar, -+ 0, 1" airgir, - aprg-1)) (1 y(air, - aisg))
)
03,17, Gigi1, Apg—1)F(1, dig1, - - Gitg)

= 3 (—1) WD ol +1 Bl a4V g
()

A comparison of the signs by using the identity |y| + [1'| + [ai1] - - - 4 [ai4q/| = m,
finishes the proof. O
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Remark 3.2. By Félix-Thomas [Fél] theorem, this cup product on HH*(A, AV)
provides an algebraic model for the Chas-Sullivan product on H,(LM) the homol-
ogy of the free loop space of closed oriented manifold M. Here one must work over
a field of characteristic zero and for A one can take the closed (commutative) Frobe-
nius algebra provided by Lambreschts-Stanley result [LS08] on the existence of an
algebraic model with Poincaré duality for the rational singular cochain algebra of
a closed oriented maniflold.

4. BV STRUCTURE ON HOCHSCHILD HOMOLOGY

Although there is no action of the chains of the moduli space of Riemann surfaces
on the Hochschild complex of an open Frobenius algebra, some parts of such action
in the case of closed Frobenius algebras can be formulated using the product and
coproduct of the underlying algebra (see also [WW]). Therefore one can write down
various operations in the Hochschild homology of an open Frobenius algebra, but
the desired identities have to be proved directly by giving explicitly the required
homotopies. Here is one example.

Theorem 4.1. For A a symmetric open Frobenius algebra, the shifted Hochschild
homology HH.(A, A)[m] can be naturally equipped with a BV-structure whose BV-
operator is the Connes operator and the product at the chain level (before the shift
of degree) is given by degree m — 1

0 ifp>0

4.1 e bolbr, -+ ,bg| =
40 sl om0

Proof. Proposition 2.2 (4)implies that e is a chain map (of degree m). The product
e is strictly associative. We only have to check this for x = a[ |, y = b[ ] and
z =cler, -+, ¢pn]. Using Proposition 2.2, we have

(woy) ez =3 (—1)llla" I AW 1Y ) (o ) (0" b) coen, -, n] =
1) 1ol ema’ D LW 1 T Ha ) § ™ 31070 Y e, -+ )

1

@l e’ o D-+18 10 181”61 a'+10”D 5™ 078 e, - -, €]

Dlalla” +m(la’[+]a”[)+]b" |[b"]) Za”a’b"b’CO[ch o
1 \a’\\a”\+m\a\+m2+lb”\\blza" V'V eoler, el
On the other hand

ze(yez)= (_1)\a’Ha”|+\b”llb'\ Za”a/b”blco[ch .

= (=)l HTIVEN " 60 Y Y cgler, - en] = (1) (2 0 y) 0 2

= (=1
=(=1
(=1)
= (=1

Next we prove that the product is commutative up to homotopy. Indeed the ho-
motopy for = agla1, -+ ,ap) and y = bo[b1, - - , by is given by
K(z,y) = Z(fl)(\aélﬂ)(la&’\+|a1\+~~+|ap\+p)a/0/[a1, Ce s ap, abboybi, .. by,
(ao)
that is

Diiocn K — (—1)" "' K(Dpoch ® 1 +1® Digocn) = z 0y — (—1)11171T7y 0 2
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Note that deg K = m — 1. It is instructive to verify the case p = 0. The most
nontrivial case of cancellation in Dgoen K — (—=1)™ 'K (Dpoch ® 14+ 1@ Dyoch)
follows from the identity

Z(_l)(la6|+1)la3|+(\bq\+1)(\a6’\+|a6|+\bo|+‘~+\bq71|+q)b alllabbo, -+, by_1]

"
= (—1)mt 3 (1) lool g g 1)+ a1 bol b +a=D) gl [t b by ]

whose proof is as follows:

Z( 1)(aol+Dlag |+ (bgl+1)(lag 1 +lag | +bol+Hba—1l+D)p [ql by, -+ by_1] =

Z( 1)(I1’\+1)(\1”|+\ao\)+(|bq|+1)(|1”\+|1’\+|ao|+\bo|+~‘+\bq71|+q)bq1~a0[1/bo’... by1] =

S (= 1) D oD +(a D ool +Hbol 4 Hbas H0)p, 110 [1'by, - - -, by1] =

S (= 1)V IV DAY a0 D+ (g D0 Hao oo+ Hba1 ) 1700 17b, - - - | be1] =

Z( 1)m+m\bq\+|bg\(\b;\+|bp\)+(|bg\+1)(\b;\+|bp\+|a0|)+(\b,,\+1)(m+\ao|+\b0|+m+\bq,1|+q)b;a0[bgb0’,,, by_1] =
S (= 1) mbal Rl (V100 D1 100 DY ol o 4 (g D a0 4101 1+0) g [17 b, - - -, b 1]
:Z(fl)mﬂ1”||1’\+|bp|+(\1”|+\bp|+1)(|1’\+|bp|+\ao\)+(|bp\+1)(m+\ao\+~»+\bp4|+q)1/a0[1~bqb0,. by1]

:Z( 1)\bq\+(|1’\+|bq\+1)(\1”\+|bq\+|ao|)+(\bq|+1)(m+|ao|+\bo|+~‘+\bq71|+q)1~a0[1/bqb07 < by1]

= Z(fl)\bq\+(|a6|+\bq|+1>(|a3|+\bq\)+(|bq\+1)(m+\ao\+|bo\+~v+|bq71\+q>a6/[a6bqb0, by_1]

— Z(fl)m—lﬂaolﬂaf{\(\ae\+1)+(|bq\+1)(\bo|+‘~+\bq71|+q—1>ag[a6b bo, by_1]

Let us examine the case of p = ¢ = 0. For z = a[ ] and y = b] ]: for the
external differential we have

di K (z,y) = Z(,l)\a”\+(|a/|+1)|a”|a//a/b ]+ Z (—1 |a”\(\a'|+\b|+1)+1+(\a’\+1)\a”‘a/ba,/[ |
=zey— > (-1 Maba’[ | =zey— 3 (—1)I"IFaDPlp g ]
=rey— Z 1) FHaDIbH 1Y em g gy 11
—zey— Z 1) Bl bl e (16" [+ bD+mpryrg ]

- Dl S )l | =z ey (~1)FIy 0

As for the internal differential do, we have doK (z,y) = (-1)"'K(dy® 1+ 1®
dp)(z ® y), therefore

Droen K = (—1)" ' K (Droen @ 1+ 1@ Diroen)(z 0 y) =z 0y — (—1)121W1Fmy 0
The Gerstenhaber bracket is naturally defined to be

(4.2) {z,y} = K(a,y) + (1)WWK (y, ).
Next we prove that the identity
(4.3) {z,y} = Blzoy) — (~1)"(Br ey — (1)/"lz e By)

holds up to homotopy. First note that Bx e y = 0 for all x and y. A homotopy
between all the remaining three terms is given by H + (—1)*"K (1 ® B) where
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H(y)= > (=11, ,bg,af,a1,- - ap,agbo, by, - - br_1],
(a),1<k<g+1
with
ar = (lag| +1)(lag| + lar| + -+ +|ap| + p)
+ ([bk] + -+~ [bgl + a — & — 1)(|lag| + lag| + ar] + -+~ + lap| + [bo| + [b1] + - - [br—1]| + k +p +1).

First notice that [Dgoen, K o (1 ® B)](z ® y) is exactly = ¢ By. To analyse the
rest we have to consider two cases:
e Case p > 1: In this case B(z e y) = 0. In computing [Dgoch, H|(z @ y)
only two term survives. Those are the ones corresponding to £ = 1 and
k = g+ 1. The one corresponding to k = ¢+ 1 gives us exactly K(z,y) and
for k = 1 we obtain (—1)"*+=lIWI K (y, ). This terms is produced when we
compute the last term of the external part of DyocnH:

1)(aol+1)(ag [+ lax |+ +lap|+p)+ (b1 [+ [bg|+a) (Jag | +]ag [+]ar [+ +]ap|+|bo|+p)

(=1)

(—1)UaolHlbol+1)(Jbr 4 bl Hlag [ Hlas [+t lta)tl gl o, o b all ay - ap] =

(= 1)la6l+(bollbal+ ol +a) (g [lar - +Hlaplp+D gt oty o b all ay - ay] =

(= 1)V (ol a4 bol+@) (1| +laol +Has 4+ Flanl+2+ 1D 1 po by - b 17ag, a1+ ap) =

(= 1) VI L (Qbo {ba - bg+a) 1V | lao o |+-+apl+p+D) 1 7 [by o b Vag,ay -+, ap] =
(—1)7F B+ 1) (G 4160 )+ (Bol +1b1 |-+ Ibg|+a) (1B | +lao] +las |+ +|ap\+p+1)b~[b - by, bhao, a1 -+, ap) =
(=) el e6 H DB [ b1 - Hba Dy [ o b Bhag, a1+ ap) = (—1)™HEIVIK (y, 2),

therefore [Dgocn, H(z @ y) = {z, y}.

e Case p = 0: In this case, comparing to the previous case, an extra term
in [Dgoch, H|(z ® y) shows up. This is the term where af and agby are
multiplied. This is precisely

55'9 Zzil Za"'abqaa/gafjbO;bla"'abi—l]
i=1 (a)

which is not necessarily zero if p = 0.
Finally we prove the that Leibniz identity (before the shift of the grading)

{zyezy ={a.yl ozt (1) Dy o {2, 2}

holds up to homotopy. We prove that it in fact it holds strictly. First note that
if y € ®p>0(A @ (sA4)®") then all the terms vanish. Therefore we suppose that
y=>b[ ]. Since {z,y} € ®n=0(A® (sA)®"), it suffices to prove that {z,y e z} =
(—1)(m=1+lzDlvly o {2, 2}, and to that end we check the follow identities

K(z,yez) = (-1 0y o K (2, 2)

and

K(yezz)=(—1)m-iHlDlvl+lelyitm o i(5 z).
We prove the first identity, the second one is similar. For = agai1, - ,ap] and
z = coler, -+ - ¢q), We have

. b b/+ ’ +1 //+ et + " IBNIAN
K(:c,yoz)f(fl)‘ [16"[+(lag [+ 1) (lag[+]a1]-+[ap| p)ao[ah,_,,ap,aob Vegyer-oo ey
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and
1 / ’ 1"
ye K(.’L‘, z) = (_1)“7 [16"1+(lag[+1) (lag |‘H‘11““‘f“apH‘P)b”b’a/O'[al, cey Opy %00, cy--- ;Cq]

The claimed equality is proved as follows:

1" / ! "
(=)W gl 1) (a1l Has+2) g1 [l W e, - ]
1 ’ 7 "
— (= 1)mlaolH I Qa0 Y D (L el Han 4917 [, a1 g, - ]
1 ’ ’ 1" " 7
(1) lao IV I VI oma(aol 1 DAV Hasl-Has ) 1 [q, a1V eo, - - -, eq]

= (f1)m|a0|+\b”|Ib'\+|(b”b’)’I(I(b”b/)”\+|b"b'\)+m4r(|aol+\(b”b')”\+|b"b/\+1)(\(b”b')/|+\a1\---Hap\ﬂo)

UANAY UARAY
(bb)[alv'-'aa()(bb)CO;"'ch]:
= (_1)m|‘10|+m(m+|b\)+|b”\\b/|+(\b”b/|+\1/|)(|1”\+|b”b/\)+m+(|ao\+|1”|+\b”b'|+1)(|1'\+|b”b/\+|a1\“‘+\ap|+1))

VARET "
b"b'1'ax, ..., a0l"co, -+ ;¢4

UARETR "
b"b'1'ar, ..., a0l"co, -+ , ¢4
_ (— 1yrolan 1B V13 e o+ o+ 117 o+ me DY bl o +0) 17
1 ’ 7 "
_ (= 1)laol - 1Y 1m0+ bR me D (L b el lap 007 170y e, - ]

(=1
(=1

= (_1)\17”\\b/|+\b|+m+(\a6|+\b|+m+1)(m+|b\+|a3\+|a1|~»+|ap|+p)b~b/ag[ah o ahco, gl
(=1)

_qymllm= DIyl (a1 (ag [ +an | +ap+p) g g

/
A1y .oy Gp,y GRCO, CT -+, Cql.

O

5. FROBENIUS COMPATIBILITY OF THE PRODUCT AND COPRODUCT

As we mentioned previously we are inspired by the algebraic structures of the
homology of free loop spaces. Cohen-Godin [CG04] result holds even for the mani-
folds which are not closed. The difference with the closed case would be that there
won’t be a counit for the underlying algebra structure. The coalgebra structure
generically has no counit, otherwise the homology of the free loop space would
have the homotopy type of a finite dimensional manifold which is not true except
for very special kind of aspherical manifolds. Therefore it is natural to expect a
Frobenius compatibility condition (Definition 2.1, (3)) between the product and
coproduct.

Theorem 5.1. Let A be a symmetric open Frobenius algebra. The product e (4.1)
and coproduct 6 (3.1) on HH,(A, A)[m] satisfy the Frobenius compatibility condi-
tions, Definition 2.1, (3).

Proof. We have to prove that 6 is a map of (degree m) left and right HH, (A, A)-
modules, that is (—1)™(1®e)o(§®1) = foe at homology level. First we consider the
right H H,(A)-module structure. Let & = agla1, -+ ,am] and y = bo[by,--- ,b,] €

(_1)m|ao|+m(m+|b\)+lb”\\b’|+(m+\b|+\1'\)(\1”|+m+\b|)+m+(\a0|+\1”\+|b\+m4r1)(\1'\+M+|b\+|a1\---H%HP)

"
,...,aol Co,y

+Cq)
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C.(A,A). Ifm > 1, then §(z e y) = 0, and

O *Yy= ( Z (_1)ak|a/0|a6/[ala T aak] ®a6[ak+1’ T aam]) Yy

(a0),1<k<m

(Y U aan, o] @ (ahlare, o am] op)
(a0),1<k<m

= Z (,1)om|a6|+\(a6)’\\(aa)”lag[al,... L am] @ (a})” (ah) bo[by, - -+ by
(ao0),(ag)

= Z (fl)m+am\a6\+|a6||(a6/)/|(ag)”[ah e am] @ (all) abbolby, - -, byl
(a0),(1)

= Z (—1)mFomlaolHlaol(171+aa D17 qy oo a] @ Valbolby, -« by)-
(a0),(1)

So we have to prove the latter is homotopic to zero. The homotopy is given by

H(x,y) = Z (_1)m+0m(|a6|+1)+\a6\(\1”|+\a6'\)+|1'\1”a6'[a1’ e am] @ Vlahbo, by, -+, by]
(a0),(1)
Two non-trivial cancellations occur in computing D goen H — (—1)?" H (D troch @ 1+

I® Dpgocr)) as consequences of the follow identities (we omit the signs for the sake
of simplicity):

am1”aglar, -+ am—1] @ Uagbo[b1, -+ ,bn] = aml'al a1, -, am—1] ® 1"agbolby, -+, by)
=al,agla, - am—1] ® alapbo[br, -+ ,bn] = Vaglar, -+, am—1] @ 1" amagbolby, -+, by)
=1 (amao)"[a1, -, am—1] ® 1" (amao) bolb1,- - ,bn)

and

ailar, -, am] ® by 1'[abbo, b1, -+ bn1] = biaglar, -+, am] @ bl [aGbo, b1, -+, bp—1]

= 1”bna6’[a1, e ,am] ® 1/[(16b0, bl, e ,bnfl] = 1”bn1”[a1, e ,am] ® 1’[(101/1)0, bl, e ,bnfl]
=1"b,1" (a1, am] @ 1'[agl"bo, b1, ,bp1] = 1"b[ar, -+, am] ® 1'[agbinbo, by, - -+, by—1]
=1""[ay, - ,am] @1 [aol"bybo, b1, bp—1] =1"1"[ar, -, am] @ 1'[agl’bpbo, b1, -+, by_1]

= 1”@3[@1, ce 7am] ® 1/[a6bnbOa by, 7bn—1]

If m = 0, then for z = a[ |

Oz oy) =00 (-1) " la"abo by, -+ b))
(a)
= 3 (e o) 1 o) sk ) (00 b by, -, bi] @ (a”a'bo) (Bt b

(a),(a’ a’bo)
0<k<n

S (1l lla” Fmta” (G B0) a1 b0) b+ 100 +8) (0B ) [y -+ by] 0 (a'bo) [Bis 1, - » b

(a),(1)
0<k<n

= 37 (1)l el Y D1 bl B 1 ] @ 671 g+ bl

(a),(1)
0<k<n
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On the other hand,

()" @e)e @)@y = (-1 @ (d[ e y)

(a)

_ Z(_l)m-‘r\a”\(\a\+|a//|)a”[ | @ (d[]ey)
(a)

= E: (—=1)mHla”I(al+la” D+ 16D 1071 & (o))" (a') bolby, - -, b
(a),(a”)

= Z (,1)m\a’|+\(a”)”|(|a|+\(a”)”\)+|a/ll(a”)/\(a//)//[]®(a")/a'b0[bh...7bn]
(a),(a”)

= Z (71)m‘“”‘+m‘“'|+‘1”‘(‘“‘+|l”|>+‘“"(‘“”‘Hl")1”[]®a”1’a’b0[b1,---,bn]
(a),(a”)

= 37 (—aymle e al YD Lo DI m ] ] g 6717 b by, -+ by
(a),(a")

= 3 (—aymle D e m )4 e LD [ ] @ 010 o by, - b
(a),(a")

= 37 (aymUe D@0 alm) e (a4 b0) b b+ (o )| ] @ 6 (a'bo) b, <+ , b
(a),(a)

= 3 (—aymlelHa D miabol (o ol 1D fal+m)+1a' o L1 b0 D4 m g/ 1] | @ 01 by, -+ b
(a),(a)

= ST ()l D mia ol bo 1 k) o' e Y b D HYIN by 1] | @ 017 br, - , by
(a),(a")

= ST (caymibmla e IV a1 ] g 61 by, - b
(a),(a")

The homotopy between (—1)™(1® e)o (0§ ® 1)(z ® y) and 6 o e(x ® y) is given by

G(z,y) = Z (—1)1" 1+’ lla"l+mla” [+ (11 [+ a” DAL [+la/ I+ ol 1ol +k) 17 (o bo by - b ]@a" L [Brsr, -+ b,

(1),(1)
0<k<n

The left HH, (A, A)-module condition (—1)™0oce = (e ®1)(1®#) actually holds
at the chain level. The only nontrivial case is when m = 0, otherwise both x e §(y)
and O(x e y) are zero. For x = a[ | we have,
(ex)(120)@sy) = (~1)™lz e ()
= Z (71)m|a|+\b6\(\b[’)’\+-~~+\bk\Jrk) (SC b bg[bla e 5bk]) ® b(/)[karla e 5bn]

(bo)
0<k<n
= Z (—1)mlal+la” a1+ 106 1 (G -1k 1+8) 0 B! [y v by] @ B[, - -+ -
(bo),(ao)

0<k<n
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On the other hand,
()™ (Boe)(w@y) = (~1)"0(x e y) = 0> (=1)" 1" la"abo by, -+ , b))
(a)
— 9(2(,1)m+\a’\\a”\+|bo\(m+\a\)b0a’/a’[b1, —)
(a)

= 3 ()l kol (e e’ Boa ) (1o a!) 1Bk ) (oo oY by, - by @ (boa”a) (B, -
= 3 (Il ol e a1 B o a8 b1 B ) 0/ [y - by © BBt bl
Z( 1)mlella”1+(bg 1+ bo ) (Ja” [+la D+ 1bg 1™ |+ a I+ 1bg |+ b+ +bkl+R) 07 0/ g [y .o by] @ by byt - -
= Z( 1)m+\a’\\a”\+(|b6’\+|bo\+|b6\)(\a”|+\a’|)+\b6|(lb6’|+\b1|+---+\bk|+k)a”a/bg[bh oo bk @0p[brra, b
-3 (- LymHla’ e mlalm)-+H B 1+ 4 o0 gyt gt @ BTy bl
— Z( 1)\(1 \\a”\+m\a\+|b{,\(\b[’)’|+\b1|+...+\bk|+k) " /b//[b ,bk] ® bé[bk-i-l, . ;bn]
g

6. SUSPENDED BV STRUCTURE ON THE RELATIVE HOCHSCHILD HOMOLOGY OF
COMMUTATIVE OPEN FROBENIUS ALGEBRAS

In this section we exhibit a BV structure on the relative Hochschild homology
of a commutative symmetric open Frobenius algebra. In particular we introduce
a product on the shifted relative Hochschild homology of symmetric commuta-
tive Frobenius algebras which should be an algebraic model for Goresky-Hingston
[GHO9b] product on H* (LM, M).

For a commutative DG-algebra A the relative Hochschild chains are defined to
be

Co(AA) = @1 A® A®",

equipped with the Hochschild differential. Since A is commutative, 5*(14,14) is
stable under the Hochschild differential and fits in the split short exact sequence of
complexes,

0——> (A, dy) — C.(A, A) —= C, (A, A) —=0

The homology of C, (A4, A) is denoted HH, (A, A) and is called the relative Hochschild
homology of A.

Theorem 6.1. The shifted relative Hochschild homology I?I/J*(A,A)[m —1] of a
degree m commutative symmetric open Frobenius algebra A is a BV algebra whose

BV-operator is the Connes operator and the product at the chain level on C, (A4, A)
(before the shift ) is given by

Txy = Z (— 1)l aoto) F((aobo) I Hlbol 1) ar 4 Flar £2) a0y ) [ay . . ., ap, (agbo)”, b, .. - , by
(aobo)
= Z 1)leol+(ag+1)(larl++lapl+p) o/ Hat, ... ap,albo, by, ... by

1 by, by |+|bo|+1 "
— E (m+ ao|+[bg|+ (165 [+[bo|+1)(Jas |+ +|%\+P)a0b0[a1,__.,ap’bo,bl,___7bq]

'5bn

' 5bn]
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for x = aglas,--- ,ap] and y = bolb1,--- ,b4] € Ci(A).

Proof. Note that the identities above hold because A is an open Frobenius algebra.
Before the shift, the product is degree is a chain map and strictly associative of
degree m — 1, that is

DHoch(:E * y) = (_1)m71(DHoch($) * Y + (_1)|I|$ * DHoch(y))
and
(@xy)xz=(=1)" "V (@ (y* 2))

It is noteworthy to mention that commutativity is used in proving that * is a chain
map and associative, as it is shown below. For instance, the term corresponding to
first term of the external part of the Hochschild differential Dgoep (2 * y) is

Z(fl)\aé\ﬂlaﬁlﬂ)(lal\+~'+|ap\+p)+\a6\a6al[a27 oy ap,apbo, by, ... by =

(ao)

Z(,l)(\1”|+1)(|a1|+'--+‘“P‘+p)+m|a0|aol’al[ag, oy ap, b by, by =

(ao)

Z(il)(‘1”|+1)(|a2|+“.+‘ap‘+p71)+m‘a0‘+|al||1/‘+(|all+1)(|l”‘+1)a0a11/[a25 ey apv 1//b05 bl; . ,bq] =

(ao)

Z(il)(‘1”|+1)(|a2|+“.+‘ap‘+p71)+m(‘a0‘Jrlal|)+‘a1|+‘1”‘+1a0a11/[a25 . ,ap7 1//b05 bl; . ,bq] =

(ao)

Z(_l)((aoal)ulﬂ)(lw|+“‘+|a"‘+p—1)+|allH(aUal)”lH(aoal)l[a% ooy ap, (@0a1)"bo, b, ..., bg] =

(ao)

S (= 1) @000+ azktHaplp=1)HaslHao o +(awan) M) (gg0 Y as, ., g, (d001) Do, b, -, b] =

(ao)

(-ymt Z(_l)‘(aoal)/lﬂ‘(aoal)u|+1)(|a2|+M+|a”‘+p_1)+|a°|(aoal)l[a% -y ap, (aoa1)"bo, b, . .., by,
(ao)

This is precisely the term which corresponds to first terms corresponding to the
external part of the differential in Dy,cpx * y. The commutativity and cocommu-
tativity (or equivalently, commutativity and being symmetric) of A is required for
the associativity of x as well: We have

(x*xy)*z= (Z(—l)“I{’H(lang)(lI'*'a“Da’O[a1, ooy Qp,agbo, by, . by]) k2 =

E (,1)\a{;\+(|a6'|+1)(lmlflao\)+(M+1)\%HIC&H(ICB’IHCO\+1)(\z\*\ao\+|a6’|+\y\+1))

!/ " 11
aOCO[ala"' 7apaa0b05"' 5bq7005"' ;CT]'
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On the other hand
(=)= Dlely 4 (y % 2) = 2 (Z(_1)(m—1)|w|+(m+1)|bo\+|c6|+(\c6’\+|co\+1)(\y\+|bo|))

/ 1
bOCO[bla"' abqaCOa"' acr] =

Z(_l)(m—l)lwlﬂaél-ir(\aé'\+1)(\I\—\ao|)+(m+1)|bo\+|06\+(|06/|+\Co|+1)(|y|+\boI))

A " / 1/
(aglat, -+, ap,agbocy, b1 -+ by e, -+ ] =

Z(_1)(m—1)|w|+\66|Ibo\+|a6\+(|affH—l)(m—\ao\)+(m+1)\bol-HC(;\+(|06/\+|00|+1)(|y|+\bo\))

I "/ /!
(G’O[ala"' aa/paaOcObOa"' abqaCOa"' aCT] =

Z(_l)(m—l)lwlﬂ%llbo\+|(aoCo)/|+(\(aoCG)”\+|06|+1)(|w|—Iao\)+(m+1)\bo\+|06|+(\06'\+|00\+1)(\y\+|bo|))

(aOc/O)/[al’ T, Gp, (aOc/O)NbO, s 7bq7 06’, s 7Cr] =

Z(_1)(m—1)|w|+\06|Iao\+|06|Ibo\+|(06a0)'|+(\(66ao)”|+\06|+1)(|w|—|ao\)+(m+1)\bo|+\06|+(\06'\+|00\+1)(\y\+|bo\))

(06‘10)/[‘11’ T, Gp, (C(/)ao)”bOa te 7bQ7 06/, t 7Cr] =

E (_1)(mfl)|r|+\06|Iao\+7n\06\+|66\\bo|+\a6\+|66|+(\a6'\+|66\+1)(\1\*\ao|)+(m+1)|bo\+|66\+(|66’|+\00\+1)(\y\+|bo|))

A 1 '
COa‘O[alﬂ e 5ap7a0b07 T 7bqa007 e ,CT] =
E (_1)(m*1)|m|+\66||’16\+|56||00|+m|56\+|56||b0\+|a(’)|+\06|+(\aff\+|56|+1)(|I|*|110|)+(m+1)|bo\+|56|+(\C{f|+\00\+1)(\y\+|50|))
1

/0 " o
aoco[ala"' 5ap7a0b07"' 7bqa007"' ,CT] -

After comparing the coefficient the associativity follows.
However the commutative holds only up to homotopy, and the homotopy is given
by

q
T(‘T’y) = Z Z(_l)#ibo[bla e abia a/05 ai, -+ ,Aap, a/O/a bi-‘rl; T ’bq]a
=0 (ao)

where ji; = ([bo|+[ba] - - [bi]+3) (m +ao| +la|+- - lap| +p) + |apl + (|af| +1) (Jas | +
-+ |ap| + p). By doing the computation we see that for ¢ = 0, the first term of the
external differential of DyocnT (z,y) is precisely z*y, and for ¢ = ¢ the last term of
the external differential DyoenT (z,y) is —(—1)1#I1¥1+m=1y 4 2 For the latter, one
has to use the commutativity and cocommutativity.

To prove that the 7-term relation holds, we adapt once again Chas-Sullivan’s [CS]
idea to a simplicial situation. First we define the Gerstenhaber bracket directly

{z,y} = T(a,y) + (1) HIT (Y, 2)
Next we prove that the bracket {—, —} is homotopic B(z *y) — (—=1)""Y(Bx xy +
(=1)I#lz % By). For that we decompose B(x * y) in two pieces:

q
Bl(l',y) = Z Z il[bj_H, ce bq, (aobo)/, ai,...,0ap, (aobo)//, bl, ceey bj],
J=1 (aobo)

P
Bg(l‘,y) = Z Z il[aj+1, <. Qp, (aobo)”, bl, ceey bq, (aobo)/, A1y..., aj],
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so that B = Bj+ By. The homotopy between T'(z,y) and By (x,y) — (—1)™ Iz
By is given by

H(x7y>: Z Z(il)Si,jl[bJ—+1a"' 7bi;a/05a15"' 7a’paa/0/7bi+1;"' 7bqab05"' 7bJ]
0<j<i<q (ao)

where ;5 = (bol + [br] - [bsl + )(m + lao| + la1| + -~ lay| + p) + lab| + (Jat] +
D(lax] + -+ lap| +p) + (1bo| + [b1] + -+ [bj| + i + 1) ([bj41] - - - [bs] +m + |ao| + |ax]-
|ap| + [bita| - [bg| +q—j+i+2)

The terms in DgocnH — (1)™H(Dpoch ® 1 + 1 ® Dpoen) corresponding to j =
0, j = i and i = ¢ are respectively, T(z,y), (—1)™"'*1lz « By and —B(z,v).
Similarly for (—1)~*+=lWIT(y, 2) and By(x - y) — (—1)""'Bx % y. Therefore we
have proved that on I?H*(A,A) the bracket {—, —} is the deviation of B from
being a derivation for .

Now proving the 7-term relation is equivalent to proving the Leibniz rule for the
bracket and the product x, i.e.

{z,y*z} = {z,y} * 2+ (=1) " HeDIWly 5 L2 21

It turns out that at the chain level T'(x, (y*z)) = T(z,y)xz4(—1)"H=DWly«T (2, 2)
and T((y * z),z) is homotopic to (—1)=II+m=D7(y 2) 5 » 4 (—1)mUl=lyD+lzly 4
T(z,z) using the homotopy

/ /! / 1!
Hs(z,y,z) = E taolar,...,ai, by, b1, ..., bp, by, Qig1 ..., Q5,C0,C1, .y CryCoy Gyt

Here z = ¢p[ci, . . ., ¢p]. This proves that the Leibniz rule holds up to homotopy. O

APPENDIX A. TEN COMMANDMENTS FOR SIGNS

(1) Morphism: A k-linear map f of degree | f| between differential k-modules
A and B is said to be a morphism of differential graded k-modules if

(A1) fda=(-1)/dpf

(2) Tensor product of morphisms: We use the following sign rule for the
tensor product of graded maps f € Homy (A®P, M) and g € Homy (A%, N)

(A.2)
(f®g)(a1®- - Rapq) = (_1)‘5”(‘&1‘+m+|%|)f(a1 ®:@ap) @g(aps1 @+ @ apiq)

So as a result the associativity condition p(p ® 1) = pu(1 ® p) for a binary
operator p : A®2 — A of degree m means that

(A.3) i(pla @ b) @ ¢)) = (=1)"*u(a, p(b @ c))

(3) Tensor product of algebra: If A and B are differential k-modules then
A ® B is also a differential k-module whose differential is give by d4 ® 1 +
l1®dp. If A and B are differential graded algebras then A ® B is also a
differential graded algebra whose product is defined by

(a@2)boy) = (~1)"lab® ay.

An important case is when B = A°. The differential A ® A°P-modules
are precisely differential A-bimodules.



(4)

(A4)
(9)

(A.5)

ON THE HOCHSCHILD HOMOLOGY OF OPEN FROBENIUS ALGEBRAS 25

Differential of the dual: The dual k-module AY = homy(A, k) is neg-
atively graded i.e. AY, = Homy(A;,k) and equipped with the differential
d¥ which is defined by dav(a)(x) = —(=1)I*la(da(z)) = (=1)1*la(da(z)),
a € AV, and also of degree one. Our choice of sign makes the evaluation
map ev: A® AY — k a chain map of degree zero. We apply the same rule
for a general A-bimodule M. That is MY, = homy (M;, k) is equipped with
the differential dp;v¢ = (—1)1¢1p o dyy.
Transpose of morphisms: If f : A — B is a homogeneous morphism of
differential graded k-modules then the induced map fV on the k-duals is
defined by
(@)= (=)Wifog

Using the previous sign conventions fV is also a (homogeneous) mor-
phism of differential graded k-module of degree | f|.

Module structure of the dual: There is a natural A right and left
A-module structure on AV give by z.a : y — a(yr) and ax : y —
(—1)l*la(xy). The maps (z,a) — z.a and (2, ) — a.z are chain maps.

We apply the same rule for a general A-bimodule M. That is MV is
equipped with the A-bimodule structure (z.a)(y) := a(yx) and (c.2)(y) =
(—1)I*la(zy), where a € MV.

Dual of tensor product: For each pair of right A-module M and left A-
module N, note that M ® N is an A-bimodule, so is (M @ N)V. There is a
natural inclusion of A-bimodules the inclusion iy . NY @MY < (M QN)Y
given by ¢1 @ ¢ — (—1)1#111921p5 @ ¢

Transpose and tensor product: If f: A% — A®F is graded (homoge-
nous) morphism of degree | f| then then adjoint map fV : (AV)®F — (AV)®!
is defines by

(1@ @) = (,1>(|¢1\+~~+|¢k|)|f\(¢1 ®---®@¢y)o f.

Shift of Grading : The shift of the degree by m to the right is denoted
by sm : A = A and deg(s,,(a)) = deg(a) + m, or in other words A[m], =
Ag—_m. Using the shift operation one can pullback other operations, for
instance a product 1 : A® A — A is pulled back to

= Sp(B) = Smopo (S;Ll ® S:nl)v
or more explicitly pim (8m(a), sm (b)) = (=1)™%ls,, u(a, b).

So if p is of degree m then p,, is of degree zero and p,, is associative (of
degree zero) product on A[m] if p is associative (of degree m) i.e.

plp@1) =p(l e p)

:U/(:U’(a’v b)C) = (_1)m\a\+mu(a, :U’(bv C))
The commutativity condition for y’ is equivalent to u = (—1)™u o 7 where
t:A® A= A® Ais given by 7(z @ y) = (—1)*I¥ly @ 2.
Similarly the coassociativity rule for coprodcut § of degree m is obtained
by writing down the usual associative rules of the the degree zero coproduct
8" = (5_m @ S_m)ds_ 1, which translates to

6 ®1)8 = (—1)™(1 ® d)o.
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[Cos07]
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[Hat02]
[Jon87]

[Kau07]
[Kau08]
[Kos85]

[KS09]

[LS08]
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Using the same argument the equations defining a degree m (right and
left) counit for § are id =~ o(n ® 1)§’ =~ o(1 ® n)d’ where ~ stands for
the natural isomorphisms A ®x k ~ A and k ®, A ~ A. Said explicitly

&= Y (=)™ ()2 = 32 ) (1) In(a" ).
The cocommutativity condition for ¢’ becomes § = (—1)™74.

Grading shift and derivations A degree |D| derivation D : A — A for
a degree m bilinear map u : A ® A — is k-linear map which satisfies the
identity

Dp=(-)PHDeo1+1® D)

After a shift of degree to the right, D is a still derivation of degree |D| on
Alm] with respect to the degree zero binary operation p,,. In particular if
|ID| = 1, D? = 0 and p is associative then (A[m], pm, D) is a differential
graded associative algebra.
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