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Abstract We study general properties of Hodge-type decompositions of cyclic and
Hochschild homology of universal enveloping algebras of (DG) Lie algebras. Our
construction generalizes the operadic construction of cyclic homology of Lie algebras
due to Getzler and Kapranov. We give a topological interpretation of such Lie Hodge
decompositions in terms of S'-equivariant homology of the free loop space of a simply
connected topological space. We prove that the canonical derived Poisson structure
on a universal enveloping algebra arising from a cyclic pairing on the Koszul dual
coalgebra preserves the Hodge filtration on cyclic homology. As an application, we
show that the Chas—Sullivan Lie algebra of any simply connected closed manifold
carries a natural Hodge filtration. We conjecture that the Chas—Sullivan Lie algebra is
actually graded, i.e. the string topology bracket preserves the Hodge decomposition.
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1 Introduction and main results

It is well known that the cyclic homology of any commutative (DG) algebra A has a
natural decomposition
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HC.(A) = @ HCP) (A), (1.1
p=1

which (in the case when A is smooth) arises from a Hodge-style truncation of the de
Rham complex of A. This decomposition is usually called the Hodge decomposition
of HC,(A), and it can indeed be linked to the classical Hodge theory in algebraic
geometry (see [7,19,29,36] or [28]).

In [2], we have found that a direct sum decomposition similar to (1.1) exists for the
universal enveloping algebra U/a of any (DG) Lie algebra a:

HC, Ua) = @) HC (a). (1.2)
p=1

The direct summands HCE” ) (a) of (1.2) appear in [2] as domains of certain (derived)
character maps Trg(a) : HCEP ) (@) — He(a, g) taking values in representation
homology of a in a finite-dimensional Lie algebra g; in terms of these maps, we
have given a new homological interpretation of the (strong) Macdonald Conjecture
for a reductive Lie algebra g (see [2], Section 9).

The purpose of this paper is two-fold. First, we study general properties of the
Hodge-type decomposition (1.2) for an arbitrary Lie algebra a. We extend the con-
struction of [2] to the Hochschild homology of ¢/a and show how the resulting
homology theories HCE” )(a) and HHS” )(a) generalize the operadic construction of
cyclic/Hochschild homology for Lie algebras due to Getzler—Kapranov [20]. Further-
more, we give a natural topological interpretation of the decomposition (1.2) in terms
of Frobenius operations on S!-equivariant homology Hf1 (LX, Q) of the free loop
space of a simply connected topological space X.

Our second goal is to clarify the relation of (1.2) to a canonical derived Poisson
structure on{a introduced in [1]. This Poisson structure comes from a cyclic pairing on
the Koszul dual coalgebra of a, and our main observation is that the corresponding Lie
bracket on cyclic homology of I/a preserves the Hodge filtration associated to (1.2).
The motivation for studying such cyclic Poisson structures comes from topology: it is
known that the Chas—Sullivan Lie algebra of a simply connected closed manifold M
is an example of a derived Poisson algebra associated with a natural cyclic pairing on
the Lambrechts—Stanley model of M (see [1], Section 5.5). Thus, our results imply
that the Chas—Sullivan Lie algebra of M carries a natural filtration. We actually expect
that the string topology bracket on M preserves the Hodge decomposition (1.2) (cf.
Conjecture 1 in Sect. 4).

We now proceed with a more detailed discussion of results of the paper. We begin
by reviewing the derived functor construction of the Hodge decomposition (1.2) given
in [2].

Let k be a field of characteristic 0. Given a Lie algebra a over k, we consider the
symmetric ad-invariant k-multilinear forms on a of a (fixed) degree p > 1. Every
such form is induced from the universal one: a x a x --- x a — A" (a), which
takes its values in the space A(P)(a) of coinvariants of the adjoint representation of
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a in Sym” (a) . The assignment a — 1P () defines a (non-additive) functor on the
category of Lie algebras that extends in a canonical way to the category of DG Lie
algebras:

AP DGLA; — Comg, a > Sym”(a)/[a, Sym” (a)]. (1.3)

The category DGL2A has a natural model structure (in the sense of Quillen [32]), with
weak equivalences being the quasi-isomorphisms of DG Lie algebras. The correspond-
ing homotopy (derived) category Ho(DGLAy) is obtained from DGL2; by localizing at
the class of weak equivalences, i.e. by formally inverting all the quasi-isomorphisms in
DGLAy. The functor (1.3), however, does not preserve quasi-isomorphisms and hence
does not descend to the homotopy category Ho(DGLA ). To remedy this problem, one
has to replace A(P) by its (left) derived functor

LA"P) : Ho(DGLA) — D(k), (1.4)

which takes its values in the derived category D(k) of k-complexes. We write HC£p ) (a)
for the homology of LAP)(a) and call it the Lie-Hodge homology of a.

For p = 1, the functor OB just abelianization of Lie algebras; in this case, the
existence of LAY follows from Quillen’s general theory (see [32, Chapter II, §5]),
and HC(.I) (a) coincides (up to shift in degree) with the classical Chevalley—Eilenberg
homology H,(a, k) of the Lie algebra a. For p = 2, the functor 2@ was introduced
by Drinfeld [13]; the existence of LA®) was established by Getzler and Kapranov
[20] who suggested that HC?) (a) should be viewed as an (operadic) version of cyclic
homology for Lie algebras. One of the key results of [20] is the existence of Connes’
type periodicity sequence for Lie cyclic homology, which (in the notation of [20], see
Sect. 2.3 below) reads

...— HA,_i(Lie,a) — HB,_i(Lie, a) — HC,_i(Lie, a)
— HA,_»(Lie, a) — ... (1.5)

Now, for an arbitrary p > 1, the existence of the derived functor L).P) was proven in
[2, Theorem 7.1], using some elementry homotopical arguments from [4] (cf. Sect. 2.1
below).

To construct the direct sum decomposition (1.2) we observe that each 1) comes
together with a natural transformation to the composite functor Uy = (-)jo U :
DGLA;y — DGAy/x — Comy, where (—); denotes the cyclic functor R
R/(k+[R, R]) on the category of (augmented) associative DG algebras. The natural
transformations A?) — U, are induced by the symmetrization maps

» 1
Sym (a)—>ua, X1X2 ... Xp > —' Z :bxg(1)~x(,(2)-...-xa(P), (1.6)

o€S),

which, by the Poincaré-Birkhoff—Witt Theorem, assemble to an isomorphism of DG
a-modules Symy (a) = Ua. From this, it follows that AP U, assemble to an
isomorphism of functors
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o0
Pr» =u. 1.7)
p=1

On the other hand, by a theorem of Feigin and Tsygan [18] (see also [4]), the functor
(—)g has a left derived functor L(—); : Ho(DGAg/x) — D(k) that computes the
reduced cyclic homology HC,(R) of an associative algebra R € DGA; /k- Since
U preserves quasi-isomorphisms and maps cofibrant DG Lie algebras to cofibrant
DG associative algebras, the isomorphism (1.7) induces an isomorphism of derived
functors from Ho(DGLAy) to D(k):

o0
@ LAY = L(-) 0 U. (1.8)
p=1

At the level of homology, (1.8) yields the direct decomposition (1.2) (c¢f. [2, Theo-
rem 7.2]). As explained in [2], the existence of (1.8) is related to the fact that U/a is
a cocommutative Hopf algebra, and in a sense, the Lie Hodge decomposition (1.2) is
Koszul dual to the classical Hodge decomposition (1.1) for commutative algebras.

In the present paper, we extend the above derived functor construction to the
Hochschild homology of Ua:

HH, Ua) = P HHY (a), (1.9)
p=0

and relate (1.9) to the Hodge decomposition (1.2) of the cyclic homology of ¢/a. More
precisely, we prove the following result (¢f. Theorem 2.2 and Theorem 2.3 in Sect. 2).

Theorem 1.1 For any (DG) Lie algebra a, the Connes periodicity sequence for Ua
decomposes into a natural direct sum of Hodge components, each of which is itself a
long exact sequence:

> HCP V(@) B HEP (@) & HCP (@) S HCPED (@) > .

For p = 1, the above exact sequence is precisely the Getzler—Kapranov exact sequence
(1.5).

Next, we explain a topological meaning of the decompositions (1.2) and (1.9).
Our starting point is a fundamental theorem of Quillen [33] that assigns to every 1-
connected topological space X a DG Lie algebra ay over Q, called a Lie model of
X. The Lie algebra ay determines the rational homotopy type of X and thus deter-
mines any homotopy invariant of X defined over Q. In particular, it is known [31]
that the universal enveloping algebra U{ay is quasi-isomorphic to the singular chain
algebra C, (22X, Q) of the based loop space 2X of X, while the Hochschild and cyclic
homology of Uax are isomorphic respectively to the rational homology and rational
S1-equivariant homology of the free loop space £X of X (see [22,23] and also [24]):

HH. Uay) = F.(LX, Q), HAC.Uax) =T (LX, Q). (1.10)
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In view of (1.10), itis natural to ask if the Hodge decompositions (1.2) and (1.9) for
ax can be interpreted in terms of homology of £X. To answer this question we recall
that the free loop space £X := Map(S!, X) carries a natural circle action (induced by
the action of S! on itself). Considering the n-fold covering of the circle: §' — S,
e > e we may define, for each n > 0, Q-linear graded endomorphisms on the
homology of £X called the Frobenius operations (see Sect. 4.1 for details):

o Ho(LX, Q) > Ho(LX,Q), & : B (£X,Q) — H (LX. Q).

—_ _ql
Now, let HEp ) (L£LX, Q) and Hf ' (f’ ) (LX, Q) denote the common eigenspaces of these
Frobenius operations (@, and @'}, respectively), corresponding to the eigenvalues
n? for all n > 0. Then, we have the following theorem (cf. Theorem 4.2 in Sect. 4),

which is our second main result in the paper.

Theorem 1.2 For each p > 0, there are natural isomorphisms of graded vector
spaces

J— — 1~ 5! -
A @0 2 A (X, @), A @ =1 77X, @

compatible with the isomorphisms (1.10).

We prove Theorem 1.2 by dualizing the classical Hodge decomposition (1.1) for
Sullivan’s commutative DG algebra model of X constructed in [8].

In Sect. 3, we turn to derived Poisson structures. This notion was introduced in [1]
as a natural homological extension of an Hy-Poisson structure proposed by Crawley-
Boevey [12]. Roughly speaking, a Poisson structure on an (augmented) DG algebra
A is a DG Lie algebra structure on the cyclic space Ay := A/(k + [A, A]) induced
by derivations of A (see Sect. 3.1 for a precise definition). We introduce a category
of Poisson DG algebras, DGPAy, together with an appropriate class of weak equiva-
lences. Ideally, one would like to make DGPA; a (closed) model category in order to
define a well-behaved homotopy category Ho(DGPAy) to deal with homotopy invari-
ant structures on DGP2;. Although we do not achieve this goal in the present paper,
we observe (see Proposition 3.1) that DGP2; has a weaker property of being a (sat-
urated) homotopical category in the sense of Dwyer—Hirschhorn—-Kan—Smith [15].
Thanks to general results of [15], this property still allows one to define a homo-
topy category Ho(DGPAy) that has good formal properties and supports a meaningful
theory of derived functors. Having defined the homotopy category Ho(DGPAy) of
Poisson DG algebras, we then define a derived Poisson algebra to be simply an
object! of Ho(DGPAy). The key result here is Proposition 3.3 which says that the
cyclic homology of any derived Poisson algebra A carries a well-defined bracket
{—,—} : HC4(A) x HC,(A) — HC,(A), making HC,(A) a (graded) Lie algebra.

In Sect. 3.1, following [1], we consider a particular class of derived Poisson struc-
tures on {/a that arise from a cyclic pairing on the Koszul dual coalgebra of a. We

! For technical reasons, we will also assume that the associative DG algebra A on which we put a Poisson
structure is cofibrant as an object of DGA /-
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call such derived Poisson structures cyclic. The following theorem clarifies the rela-
tion between cyclic Poisson structures and the Hodge decomposition (1.2) of Ua (cf.
Theorem 3.3 in Sect. 3).

Theorem 1.3 The Lie bracket on HC, (Ua) induced by a cyclic derived Poisson struc-
ture on Ua preserves the Hodge filtration:

FyHC.Ua) := P HCY (a),
r<p+2

thus making HC, (U a) a filtered Lie algebra. Moreover, in general, we have

{Hcﬁ‘)(a), Hcﬁf’)(a)} C HCYD(a) and {Hc@(a), HC£1’>(a)} C HCP (1), Vp=1.

In particular, HC?)(a) is a Lie subalgebra ofm. (Ua) and HC,(Ua) is a graded
Lie module over HCEz)(a).

We illustrate Theorem 1.3 in a number of explicit examples, which include abelian,
unimodular and necklace Lie algebras (see Sect. 3.5). In particular, in the case of
necklace Lie algebras, we show that the Lie bracket on HC, ((/a) induced by a cyclic
Poisson structure does not preserve the Hodge decomposition (1.2). Thus, the result
of Theorem 1.3 cannot be strengthened in the obvious way.

Finally, we apply the results of Theorem 1.2 and Theorem 1.3 to the string topology
Lie algebra of Chas and Sullivan [9]. We recall that Chas and Sullivan have shown

that the S'-equivariant homology ﬁfl (LM, Q) of the free loop space of any smooth
compact oriented manifold M carries a natural Lie algebra structure. Their construc-
tion uses the transversal intersection product of chains which is difficult to realize
algebraically in general (cf. [10]). However, if M is simply connected, a theorem of
Lambrechts and Stanley [27] provides a finite-dimensional commutative DG algebra
model for M, whose linear dual coalgebra is Koszul dual to Quillen’s Lie model ay;.
The Lambrechts—Stanley algebra comes with a natural cyclic pairing which yields a
cyclic pairing on the dual coalgebra. Now, it turns out that the associated cyclic Pois-
son structure on I{ay, induces a Lie bracket on HC, ({/ay/) that corresponds (under

the isomorphism (1.10)) precisely to the Chas—Sullivan bracket on ﬁfl (LM, Q). As
mentioned above, this fact was the main motivation for us to introduce and study
derived Poisson structures in general (see [1]).

Our last theorem in this Introduction gathers together some properties of the Chas—
Sullivan Lie algebras arising from results of the present paper. (cf. Theorem 4.3 in
Sect. 4).

Theorem 1.4 Let M be a simply connected smooth oriented closed manifold of dimen-
sion d. (i) The string topology Lie algebra of M is filtered as a Lie algebra, with Lie
bracket of degree 2 — d preserving the following Hodge filtration

FE M@ = @ B Cwm, .
q<p+1
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(i) The homology He (LM, Q) of the free loop space LM is filtered as a Lie module
over the string topology Lie algebra of M with respect to the following Hodge filtration

FH.(CM. Q) = @@ B LM, Q.
q=<p+2

(iii) The string topology Lie bracket restricts to the first Hodge component

gl =5!
A, "(LM, Q), making it a Lie algebra. Further, Hy (LM, Q) is a graded Lie

st

_Sl
H, (LM, Q).

module over H (LM, Q) with the grading given by the Hodge decomposition of

We believe that, unlike Theorem 1.3, Theorem 1.4 may be strengthened. In particu-
lar, we expect that the Chas—Sullivan Lie bracket of a closed d-dimensional manifold
preserves not only the Hodge filtration but actually the Hodge decomposition (1.2),
thus making the string topology Lie algebra a graded Lie algebra with respect to
p-degree:

¢l gl gl _
{Hf Pem, ). 7 cm, @)} c H "MVeM Q). Ypogz L.
This is part of a more general Conjecture 1 stated in Sect. 4.

Notation

Throughout this paper, we denote by DGAy /¢ (resp., DGCAg/x) the category of aug-
mented, non-negatively graded DG algebras (resp., commutative DG algebras). The
category of non-negatively graded co-augmented, conilpotent DG coalgebras (resp.,
cocommutative DG coalgebras) will be denoted by DGCy i (resp., DGCCy/k). The
category of non-negatively graded DG Lie algebras will be denoted by DGLA.

For R € DGAy/k, let Ry := R/(k + [R, R]). For an R-bimodule M, let M; :=
M/[R, M]. Let Q' R denote the kernel of the multiplication map R ® R — R (where
R ® R is equipped with the outer R-bimodule structure). The DG R-bimodule Q'R
represents the complex of derivations Der (R, M). In particular, the universal derivation
d:R— QRisgivenbyr —»r®@1—-1®r.

2 Hodge decomposition for universal enveloping algebras

In this section, we construct a Hodge decomposition of Hochschild homology for the
universal enveloping algebras of DG Lie algebras. The corresponding Hodge compo-
nents are defined in terms of derived functors, similar to the definition of the cyclic
Lie-Hodge homology given in [2]. The main results of this sections (Theorem 2.2 and
Theorem 2.3) explain the relation of our construction to the earlier work of Getzler
and Kapranov [20].
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2.1 Hodge decomposition of Hochschild homology

Let a be a DG Lie algebra, and let V be a right DG a-module. Using the action map
onV:

Va—V, v@xr— v-x,
we define acomplex of vector spaces, 6 (a, V), by factoring V ®a modulo the relations
v®[x,y]:vox®y—(—1)|xlly|v~y®x, YveV,Vx, yea

The action map V ® a — V then factors through 6(a, V), giving a canonical mor-
phism of complexes

By :0(a,V)—> V. 2.1

For example, if V = k is the trivial a-module, then 6(a, k) = a/[a, a], and (2.1) is
the zero map. On the other hand, for V = U/ a equipped with the (right) adjoint action
of a, the complex 6 (a, Ua) can be identified with Qlwu a)y , and the map (2.1) is given
by

Bu: Q' Ua)y, - Ua, [a @yl [a,y], (2.2)
where @ € Ua, y € a,and [ ® y] denotes the class of ¢ ® y in Q! Ua)y.
Now, fix an integer p > 0 and let V = Sym?” (a) be the p-th symmetric power of

a equipped with the right adjoint action. Write B,(a) : 6(a, Sym”(a)) — Sym?”(a)
for the corresponding map (2.1) and define

0(a,b)[1] ifp=0

() —
o) {Cone[ﬂp(a)] if p>1

Futhermore, define ¢ (a) to be the cone of the map (2.2) composed with the natural
projection:

¢(a) := Cone [Q‘(L{a)J P e — LTa]

Clearly, 9P and ¢ are functors on the category of DG Lie algebras; moreover,
since the functor A?) : DGLA; — Comy introduced in (1.3) is given by A(")(a) =
Coker[B)(a)], there is a natural transformation of functors

Z: ¢ — 0P, (2.3)

defined by the canonical map Cone[S,(a)] — Coker[B,(a)].
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Proposition 2.1 below shows that, although ¢?), ¢ : DGLA; — Comy are not left
Quillen functors,” they admit left derived functors in the sense of [32]. The proof of
this fact is similar to that of [2, Theorem 7.1]. For reader’s convenience, we provide
some more details. We begin with a simple description of homotopies in the category
of DG Lie algebras which may be of independent interest.>

Let Q := A(¢, dt) denote the de Rham algebra of the affine line A}( equipped with
homological grading (so that |df| = —1). Since 2 is a commutative DG algebra,
a ® 2 has a natural DG Lie algebra structure for any DG Lie algebra a, with Lie
bracket defined by [x @ , y ® n] = (=DP®l[x, y] ® (w A ) forx,y € a and
w,n € QIfh: L— a® Qisamorphism in DGLA;, we write i(a) : L — a for the
composition of & with the evaluation mapev, : a ® Q2 — a® k = a at t = a, which
is also a morphism in DGLAy for any a € A,l.

Lemma 2.1 If L is a cofibrant DG Lie algebra, then two morphisms f,g : L — a
are homotopic in DGLAy iff there is a morphism h : L — a ® Q in DGLAy such that
h(©) = fand h(1) = g.

Proof First, note that a ® 2 is a good path object in DGLA for any DG Lie algebra

. . . evy, ev
a, with path diagram being a — a ® 2 (0—1»2 a x a, where the first arrow

a - a® R, x — x ® 1, is a weak equivalence, because €2 is an acyclic DG
algebra, and the second arrow is a fibration in DGLA, because each evaluation map
ev, is surjective. Thus, by definition, the existence of & implies that the morphism
f is right homotopic to g, and therefore homotopic, since the domain is cofibrant.
Conversely, assume that f is homotopic to g in DGLA. Then, by [14, Lemma 4.15],

there is a very good path object a L of (m_,P%Z axa,withi :a —_— being an

acyclic cofibration, and there is a (right) homotopy 4’ : £ — a! such that po b’ = f
and p; ' = g. Since a ® Q is a good path object, by a lifting property for acyclic
cofibrations, there is a morphism 4” : a/ — a ® Q in DGLA such that the following
diagram commutes:

a - a® 2
il ¥ (evo, evy)
1 ......-"
————~axa
(po. p1)
Letting h := h" o h' : L — a ® Q, we get the required homotopy from f to g
passing through a ® Q. O

Proposition 2.1 The functors ¢'P) and ¢ have (total) left derived functors L¢P and
L¢ : Ho(DGLAR) — D(k).

Proof Observe that, for any commutative DG algebra B, there are natural morphisms
of complexes

2 These functors do not have right adjoints.

3 This should be compared to a well-known description of homotopies in the category of associative DG
algebras (see, e.g., [4, Proposition B.2]).
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¢P (@@ B) = ¢ () ®B, ¢(@a®B)— ¢(a)@B

induced by the canonical map of universal enveloping algebras U/ (a® B) — Ua® B.
If £ is a cofibrant DG Lie algebra and f, g : £ — a are homotopic, with & : L —
a ® 2 being a homotopy from f to g provided by Lemma 2.1, then we have the map
H: ¢(L) - ¢(a) ® Q given by the composition

o (L) 2o (AR Q) — ¢(a) ® Q.

A straightforward verification shows that H(0) = ¢ (f) and H(1) = ¢(g). Thus, if
f, g : L — aare homotopic and L is cofibrant, then ¢ () and ¢ (g) are homotopic
as morphisms of complexes in Comy.

Now, let f : L S L' be a weak equivalence between two cofibrant objects in
DGLA. By (an abstract version of) Whitehead’s Theorem (see [14, Lemma 4.24]),
there exists a map ¢ : £ — L, such that fg and gf are homotopic to the iden-
tities of £’ and L, respectively. It follows that ¢(fg) and ¢(gf) are homotopic
to the identities of ¢ (L) and ¢ (L), and therefore ¢(f) is a quasi-isomorphism.
Hence the functor ¢ takes weak equivalences between cofibrant objects to weak
equivalences. A similar argument shows that the functors ¢?) take weak equiv-
alences between cofibrant objects to weak equivalences. The existence of L¢
and L¢P follows now from a standard result in abstract homotopy theory (see
[14, Proposition 9.3]). m]

Now, with Proposition 2.1, we may define
HHY (a) := Ho[L$P ()], p =0,

and state the first result of this section:

Theorem 2.1 Forany DG Lie algebra a, there is a functorial direct sum decomposition

HH, Ua) = @HHHP (a). (2.4)
p=0

By the Poincaré—Birkhoff-Witt Theorem (see, e.g., [33], Appendix B, Theo-
rem 2.3), the symmetrization maps (1.6) give a natural isomorphism of right DG
a-modules @;ozo Sym?”(a) = Ua. This isomorphism induces an isomorphism of
functors @;O:O P = ¢, which, in turn, induces an isomorphism of the correspond-
ing derived functors from Ho(DGLA) to D(k):
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o0
PrLs?” =Lo.
p=0

To prove Theorem 2.1 it thus suffices to prove the following proposition.

~

Proposition 2.2 For any a € DGL2y, there is a natural isomorphism He[ L (a)]
HH, (UUa).

Proof Let C € DGCCy/k be a cocommutative coalgebra Koszul dual to a € DGLA.
Assume that C is concentrated in strictly positive homological degrees. Then R :=

Q(C) = Ua is a cofibrant resolution of U/a in DGAy/x and L := Rcomn(C) S oaisa
cofibrant resolution of a in DGLA. Since R & UL, we have 6(L, R) = Q! Ry. Now,
let B(L) denote the map (2.2), with a replaced by £ and composed with the natural
projection:

BL): Q'R, > R, a®vr> [a,v].
Then L¢(a) = Cone[B(L)] in the derived category D(k). Hence, Proposition 2.2 is

a consequence of the following more general assertion: if R > A be a semi-free
resolution of A in DGAy/«, then

HH,(A) = H,(Cone[B(R)]).
To prove this assertion, we will use the approach of [4, Section 5], which, in turn,
is based on Quillen’s results [34]. First, we notice that R is isomorphic to the tensor
algebra T'V of a graded vector space V; hence, there is an isomorphism of R-bimodules

I:RIVR — QR given by (see [34, Example 3.10] or [11, Section 2.3])

W1, 1) ®VU Q@ Wity -5 V) > (U1, - Vi1, ) @ (Vig1, ..., Uy)

- (vla ceey vi—l) ® (via vi-‘,—l’ ceey v}’l)'
The inverse map /~! induces an isomorphism of graded vector spaces
QR =ZR®V. (2.5)

Under (2.5), the map d:R— QIRU becomes®*

m
AL, ..y V) = Z(_l)(h’lH‘""Hvi\)(‘vﬂrl|+"'+|Um|)(vi+l’ e Un VLe e il]) @ Vi
i=1

(2.6)

4 _As explained in [5, Appendix A], this map may be called the cyclic de Rham differential. Its kernel is
[R, R] (see loc. cit.).
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Now, consider the first quadrant bicomplex
X+(R)::[0<—Rﬁ911euiéﬁ...] 2.7

which is a truncation of Quillen’s periodic X-complex of R (cf. [4, (5.21)]). The sub-
bicomplex of XT(R) obtained by replacing the first (nonzero) column of (2.7) by
Im(pB) has exact rows, hence its total complex is acyclic. It follows that the quotient
map Tot [XT(R)] — R; defined by the canonical projection from the first column is
a quasi-isomorphism; thus,

H, [Tot X" (R)] = HC.(A).

By the above identifications, the total complex Tot X;' (R) of the sub-bicomplex
X;’ (R) of XT(R) comprising of the first two columns is precisely Cone[B(R)].
On the other hand, by [4, (5.25)]),

H, [Tot X5 (R)] = HH,(A). (2.8)

This proves the desired proposition. O

2.2 Hodge decomposition of the Connes periodicity sequence

One of the fundamental properties of cyclic homology is the Connes periodicity exact
sequence (cf- [28, 2.2.13]).

3 HC,_1(A) B HH, (A) L HC,(A) 5 HC,»(A) — .... (29)

This sequence involves two important operations on cyclic homology: the period-
icity operator S and the Connes differential B.

Theorem 2.2 For any a € DGL2y, the Connes periodicity sequence of Ua decom-
poses into a direct sum of Hodge components: the summand of Hodge degree p is
given by the long exact sequence

S 1 B 1 S 1
.. % HC? V(@) = HHY (a) > HCY (a) > HC V(@) — ..., (2.10)
where the map [ is induced on homology by the natural transformation T
L¢P (a) — LAP)(a).

In the proof of Theorem 2.2, we will use the notation introduced in (the beginning of)
the proof of Proposition 2.2. Note that R := €(C) is freely generated by V := C[—1]
as a graded k-algebra, and it can be identified with the universal enveloping algebra
of the cofibrant DG Lie algebra £ := R¢omn(C). For notational brevity, we let R®
denote the image of Sym” (£) in R = U L under the symmetrization map (1.6). Under
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the isomorphism (2.5), the direct summand 0P (L) of Q! R, can then be identified
with R?P @ V.

Lemma 2.2 Forany p > 1, 9R®) € 0=V (L) and B[0P (L)] € RP).

Proof Theinclusiond R € P~ (L) follows immediately from Lemma 6.2 proved
in the “Appendix”. The inclusion B[6"(£)] € R? is a consequence of V C £ and
[Sym” (L), L] € Sym” (L) in U L (where we think of the symmetric powers of L as
subcomplexes of I/ L via the symmetrization map). O

We now proceed with

Proof of Theorem 2.2 Let X (R) (resp., X;(R)) be as in (2.7) (resp., (2.8)). Recall
from [4, Section 5] that there is an exact sequence of bicomplexes

0— X5 (R) —» XT(R) - Xt (R)[2,0] — 0. (2.11)

At the level of total complexes, this gives the exact sequence

0 — Tot X (R) L Tot X1 (R) 5 Tot XT(R)[2] — O, (2.12)

which induces the Connes periodicity sequence on homologies. As an immediate
consequence of Lemma 2.2, we get a direct sum decomposition of bicomplexes

X+(R) — @X'F-,(P)(a)’

p=0

where
X+,(P)(a) == [0 «— R fg_ Q(P)(ﬁ) 48_ R(P+D 43_ 9(P+1)(£) <a_ R(P+2) fg_ )

In particular, X5 (R) = Do X; “P)(q), where X ; “P)(q) is the sub-bicomplex of

X+ (a) comprising its first two columns. Note that
Tot X5 (a) = Lo (a)

in D(k), whence Hq[Tot X2+ P )(a)] = HH(.p )(a). Further, since the composite map
Tot X*(R) — Ry is a quasi-isomorphism, Tot X +P)(q) is quasi-isomorphic to
AP (L£). Tt follows that Hy[Tot X T+ (P) ()] is isomorphic to HCE” ) (a).

In addition, the exact sequence (2.11) decomposes as a direct sum of Hodge com-
ponents for p > 0, with the p-th Hodge component given by

0— X7 P (@ - x+P (@) - xHP*D(@)[2,0] - 0. (2.13)
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At the level of total complexes, this gives a Hodge decomposition of the exact
sequence (2.12), with the summand in Hodge degree p being

0 — Tot X3 (a) L ot x TP (@) 2 Tot xHPHD(@)2] — 0. (2.14)

The long exact sequence on homologies corresponding to (2.14) is (2.10). Finally, since
the projection Tot X (P (a) — A(P)(L) is a quasi-isomorphism, the natural transfor-
mation Z : L¢P (a) — LA(P)(a) is represented by the inclusion of complexes I
in (2.14). This proves the desired theorem. O

When p = 0, the column in degree 0 of X; (P )(a), namely R(”) vanishes while
the column of degree 1 is isomorphic to V = C [—1]. Thus, X; ’(O)(a) =~ C, whence
HHEO)(a) = H(a; k), except in degree 0 where it vanishes. Since HC () vanishes
and since HCﬁl)(a) = He+1(a; k), the long exact sequence (2.10) for p = 0 becomes:

. — H,(a; k) l‘i H,(a; k) — 0 — H,_1(a; k) Ij» ..

3]

with the B map being Id and the S and / maps vanishing.

2.3 Comparison to the Getzler—Kapranov Lie cyclic homology

We recall that for any cyclic operad P and any (DG) P-algebra A, Getzler and Kapra-
nov introduced the (operadic) P-cyclic homology HA, (P, A) as the homology of the
left derived functor of the universal invariant bilinear form on A (see [20, Section 4.7,
Section 5]). In addition, they introduced the homologies HB4(P, A) and HC4 (P, A)
that form the long exact sequence (see [20, Section 5.8])

...~ HA, (P, A) -» HB,(P,A) - HC,,(P, A) > HA,,_{(P,A) — ... (2.15)

which we call the Connes periodicity sequence for (operadic) P-cyclic homology.
It was shown in [20, Section 6.10] that

HB,_1(Lie,a) = H,(a;a), HC,_i(Lie;a) = H,qi(a;k).

Thus, HC,,_; (Lie; a) = HCS" (a). Recall from [20, Section 5] that HA,_; (Lie, a) =
HCEEZ) 1 (@). Our final result in this section is:

Theorem 2.3 For p = 1, the Hodge component (2.10) of the Connes periodicity
sequence coincides with the Connes periodicity sequence for (operadic) Lie cyclic
homology (see [20, Section 6.10]).

...— HA,_i(Lie,a) - HB,_;(Lie, a) — HC,_i(Lie, a)
— HA,_»(Lie, a) — ... (2.16)

Before proving Theorem 2.3, we develop some technical tools.
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2.3.1 Cyclic complex of a cocommutative coalgebra

Let C € DGCCyyx be a cocommutative DG coalgebra Koszul dual to the DG Lie
algebra a. Let CC(C) denote the (reduced) cyclic complex of C, which is defined by
formally reversing the arrows in the classical Connes’ construction. As observed in
[34], there is a natural identification of complexes (C); = CC(C)[—1], which gives
an isomorphism HC, (/a) = HC,(C). Under this isomorphism, HCﬁp )(a) is iden-
tified with the Hodge summand miﬁ__ll) (C) coming from the Hodge decomposition
of HC, (C) which exists due to cocommutativity of C (see [2, Proposition 7.4]).

In particular, for the rest of this section, let C be the Chevalley—Eilenberg coalgebra
C(a; k). The Hodge decomposition of HC,.(C) has an explicit description in terms of
the de Rham coalgebra of C (see [3, Section 2]). This description is dual to that
of the Hodge decomposition of the cyclic homology of a smooth commutative (in
fact, symmetric) (DG) algebra A in terms of the de Rham complex of A. Explicitly,
let DR®(C) denote the mixed de Rham complex of C (see [3, Section 2] for the
definition). The negative cyclic complex CC™[DR*(C)] has a Hodge decomposition
due to cocommutativity of C. Let CC™ (P)[DR*(C)] denote the component with Hodge
weight p. Then (see [3], Proposition 2.2 and Theorem 2.4)

Proposition 2.3 There are natural isomorphisms
HC.” (C) = Hu(CC™ DR (C))) = Hasp (Ker [d = @ > 207']),

where d Qg — Qg_l is the de Rham differential.

It is easy to see that Qg [—pland C(a; Sym?” (a)) are both isomorphic to Sym” (a) ®
Aa as graded vector spaces. Thus, DR®(C) is isomorphic to C(a; Sym(a)), which is
in turn isomorphic to the (reduced) de Rham algebra ngm( ) a8 graded vector spaces.
We complete this picture with the following

Lemma 2.3 Under the above isomorphism, the de Rham differential on DR®(C) is
identified with the de Rham differential on Q;ym( W/k and the differential on Qg[— pl
induced by the differential on C is identified with the Chevalley—Eilenberg differential
on C(a; Sym?” (a)).

Proof This lemma is formally dual to the following assertion: let A := C*®(a; k) be the
Chevalley—Eilenberg cochain complex of a (which is isomorphic as a graded algebra
to Sym(a*[1]). Then, QZ[—p] = C*(a; Sym?(a*)). For p = 1, this assertion fol-
lows from a direct computation (see [28, Section 5.4] for instance). For higher p, one
notices that the natural map SymZ(QL) — C*(a; Sym” (a*)) is compatible with dif-
ferentials (it induces the p-fold cup product) and is an isomorphism of graded k-vector
spaces. O

Thus the de Rham differential d on Q2sym(q),/« (anti)commutes with the Chevalley—
Eilenberg differential § on C(a; Sym(a)). This makes (Q;ym(a) Ik 8,d) a mixed
complex (since d has degree 1 while § has degree —1) isomorphic to DR*(C). As

a consequence of Proposition 2.3 and [2, Proposition 7.4],
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Corollary 2.1 There is a natural isomorphism:
HC (a) = H, [ker(d . C(a: SymP~ (@) — C(a: Symp_z(a))[—l])].
In particular, as shown in [20, Section 6.10],
HC® (a) = H,y [ker(d : C(a; a) — C(a; k)[—1])].
As a consequence of (1.2) and Corollary 2.1, we now obtain a different proof of the

following result originally due to Kassel [25] (see also [28, Theorem 3.3.7]).

Corollary 2.2 HC,(Ua) is isomorphic to the cyclic homology of the mixed complex
(ngm(a)v 87 d)

Proof We have natural isomorphisms

HCo (2ym(a)- 8- )

= H, [ 9810 /4@y 8]

12

@H. [coker(d . C(a; Sym? T (a)) — C(a; Sym/’(u))[—l])]

=
Il

D

Hott [ker(@ : C(a: Sym” ™! (@) — C(a: Sym"2(@)[~1))]

=
Il
-

HC'” (a) (by Corollary 2.1)

1
1P+

~

an

CoeUa) (by (1.2)).

where the first isomorphism is due to the fact that ngm( aQ is acyclic with respect
to the de Rham differential 4 and the third isomorphism is induced by the de Rham
differential. O

2.3.2 Proof of Theorem 2.3

Theorem 2.3 follows from the results of [20, Section 6.10] and the following propo-
sition.

Proposition 2.4 Letd?) : C(a; Sym”(a)) — C(a; Sym”~!(a))[—1] be the de Rham
differential. Let I denote the map d‘P) thought of as a map from C(a; Sym?(a)) to
Im(dP). Then, for all p > 1, the homology long exact sequence arising from the
short exact sequence of complexes

0 — ker(d'") 8 C(a; Sym” (a)) L ker(d?~")[—1] — 0
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coincides with the exact sequence (2.10). In particular, we have
HH" (a) = H, (a; Sym”(a)), V p > 1. (2.17)

Proof The bicomplex X (R) for R = (C) is formally dual to Tsygan’s double com-
plex (in columns of strictly negative degree) for the augmentation ideal A of a smooth
commutative DGA A € DGCAy/y (with the latter given a bidegree shift of [—1, 1].
By [28, 1.4.5 and 2.2.16], the total complex of this bicomplex is canonically iso-
morphic to the total complex of Connes’ reduced (b, B)-bicomplex B~ (A)eq[—1, 0]
for the negative cyclic homology A. It is easy to see that this isomorphism is com-
patible with the corresponding S-1 short exact sequence of complexes for negative
cyclic homology. Dually, if C = C(a; k) (which is a symmetric coalgebra), X T (R) is
canonically isomorphic to Connes’ (b, B)-complex for C with a shift of [1, —1] (the
isomorphism being compatible with the /-S short exact sequence of total complexes.
By the dual to the Hochschild—Kostant—Rosenberg theorem and the fact that the de
Rham differential on €2¢. corresponds to the B differential under the dual HKR map,
there is a dual HKR quasi-isomorphism of bicomplexes

Bor(O)[1, =11 = B(C)real1, —11,

where
p d p+l d
Bor(C) = | @, QU—p] & @, 0 [-p] & ...
Note that there is a natural Hodge decomposition Bpr(C) = P » BI()"Q (C), where
d d
BR(©) = li-p) £ o2 =p1 £ ]

Besides being compatible with the 7-S short exact sequence of total complexes,
the (dual) HKR map is also compatible with Hodge decomposition. The exact
sequence (2.10) is thus induced by the short exact sequence of complexes

0— QL[—p] & Tot BLU(C) > Tot BL (0)[2] — o.

By Lemma 2.3, Q2 [—p] = C(a; Sym”(a)). Let (P : Tot B (C) — ker(d?~D)
[—1] be the map given by d” on Qg [— p] and vanishing on all other direct summands.
By acyclicity of 22, with respecttod, ¢'P) is a quasi-isomorphism. Thus, in the derived
category D(k) of complexes of k-vector spaces, there is a commutative diagram where
the rows are distinguished triangles and given vertical arrows are isomorphisms.

Tot 8L 111 B Q21— p1 Lo Tot BR(€) —3 Tot BLHD (0)12]
Idl (p(p)l

ker(@?) —5 Q21— p] L ker(@PD)[~1] — ker(@?)[1]
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It follows that there is an arrow in D(k) completing the above diagram into an
isomorphism of distinguished triangles. This proves the desired proposition. O

3 Derived Poisson structures

In this section, we study derived Poisson structures on (the universal enveloping algebra
of) a DG Lie algebra a. We focus on the case when the derived Poisson structure on
Ua arises from a cyclic pairing on a cocommutative DG coalgebra C that is Koszul
dual to a. Our main observation is that this derived Poisson structure is compatible
with Lie Hodge decomposition of U/a.

3.1 Derived Poisson algebras

We begin by reviewing the notion of a derived Poisson algebra introduced in [1].
This notion is a higher homological extension of the notion of an Hy-Poisson algebra
proposed by Crawley-Boevey [12].

3.1.1 Definitions

Let A be an (augmented) DG algebra. The space Der(A) of graded k-linear derivations
of A is naturally a DG Lie algebra with respect to the commutator bracket. Let Der(A)*
denote the subcomplex of Der(A) comprising derivations with image in k+[A, A] C
A . It is easy to see that @(A)t is a DG Lie ideal of Der(A), so that Der(A); :=
Der(A)/Der(A)" is a DG Lie algebra. The natural action of Der(A) on A induces a
Lie algebra action of Der(A); on the quotient space Ay := A/(k +[A, A]). We write
o : Der(A); — End(Ay) for the corresponding DG Lie algebra homomorphism.

Now, following [1], we define a Poisson structure on A to be a DG Lie algebra
structure on Ay such that the adjoint representation ad : A; — End(A;) factors
through ¢ : i. e., there is a morphism of DG Lie algebras « : Ay — Der(A)y such
that ad = g o« . Itis easy to see that if A is a commutative DG algebra, then a Poisson
structure on A is the same thing as a (graded) Poisson bracket on A. On the other hand,
if A is an ordinary k-algebra (viewed as a DG algebra), then a Poisson structure on A
is precisely an Hp-Poisson structure in the sense of [12].

Let A and B be two Poisson DG algebras, i.e. objects of DGA/x equipped with
Poisson structures. A morphism f : A — B of Poisson algebras is then a morphism
f A — BinDGAy such that fy : Ay — By is a morphism of DG Lie algebras.
With this notion of morphisms, the Poisson DG algebras form a category which we
denote DGP2. Note that DGPA comes with two natural functors: the forgetful functor
U : DGPA; — DGAy/ and the cyclic functor (—)y : DGPA; — DGLAy. We say that
amorphism f is a weak equivalence in DGPA if U f is a weak equivalence in DGAy /¢
and fj is a weak equivalence in DGLAy; in other words, a weak equivalence in DGPAy
is a quasi-isomorphism of DG algebras, f : A — B, such that the induced map
fi © Ay — By is a quasi-isomorphism of DG Lie algebras.

Although we do not know at the moment whether the category DGPA; carries a
Quillen model structure (with weak equivalences specified above), it has the weaker
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property of being a homotopical category in the sense of Dwyer—Hirschhorn—Kan—
Smith [15]. This still allows one to define a well-behaved homotopy category of
Poisson algebras and consider derived functors on DGPA.

3.1.2 Homotopical categories

Recall (cf. [15]) that a homotopical category is a category C equipped with a class of
morphisms W (called weak equivalences) that contains all identities of € and satisfies
the following 2-of-6 property: for every composable triple of morphisms f, g, & in
G, if gf and hg are in W, then so are f, g, h and hgf. The 2-of-6 property formally
implies, but is stronger than, the usual 2-of-3 property: for every composable pair
of morphisms f, g in C, if any two of f, g and gf are in W, so is the third. The
class of weak equivalences thus forms a subcategory which contains all objects and
all isomorphisms of €. The isomorphisms in any category satisfy the 2-of-6 property:
indeed, if f, g, h is a composable triple such that gf and hg are isomorphisms, then
g has the right inverse f(gf)~', which must also be a left inverse, since g is monic
(because hg is an isomorphism); hence g and therefore also f, h and hgf are iso-
morphisms. Thus, any category can be viewed as a homotopical category by taking
the weak equivalences to be the isomorphisms.®> Furthermore, any model category
is a homotopical category. This follows from the important property of model cate-
gories (see [32, Proposition 5.1]) that the class W of weak equivalences is saturated
in C: i.e. it comprises all the arrows of C that become isomorphisms in the localized
category C[W~!]. Since the isomorphisms in @[W~!] satisfy the 2-of-6 property, it
follows immediately that the weak equivalences in a saturated category satisfy the 2-
of-6 property. The category C[W™'] is called the homotopy category of € and usually
denoted Ho(C). It is a domain (and target) of homotopical functors and other homo-
topical structures that constitute the homotopy theory associated to a model category
C. Now, a key observation of [15] is that a well-behaved homotopy category, including
a meaningful notion of derived functors, can be defined for any homotopical category
in which the class of weak equivalences is saturated. Such categories are called in [15]
saturated homotopical categories.
After these preliminaries, we can state our proposition.

Proposition 3.1 DGP2y is a saturated homotopical category.

Proof 1t suffices to prove that the class of weak equivalences in DGP2 is saturated.
Let y : DGPA; — Ho(DGPAy) denote the (formal) localization of DGP2y, at the class
of weak equivalences (similarly, abusing notation, we will write y for the localizations
of DGA/x and DGLA.) Since both the forgetful functor U : DGPA; — DGAy/ i and the
cyclic functor (—)y; : DGPA; — DGLA; — preserve weak equivalences, by the uni-
versal property of localization, they factor through y, inducing yU : Ho(DGPAy) —
Ho(DGAg k) and y(—); : HO(DGPA;) — Ho(DGLA;) . Now, if f is a morphism in
DGP2y such that y f is an isomorphism in Ho(DGP2y), then y (U f) is an isomorphism
in Ho(DGAy,«) and y (fy) is an isomorphism in Ho(DGLAg ). Since both DGA/« and

5 In [15], these are called minimal homotopical categories.
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DGLAy are model categories, the classes of their weak equivalences are saturated. It
follows that Uf and f; are weak equivalences in DGAy/x and DGLA, respectively.
Then, by definition, f is a weak equivalence in DGP2y, so that the class of weak
equivalences DGP2y is saturated. O

3.1.3 The homotopy category of Poisson algebras

If € is a model category, there are two ways to define a homotopy category of C: first,
one can simply put Ho(C) := C[W~!], or alternatively, one can consider the full
subcategory C° of cofibrant/fibrant objects in € and then define Ho(C) := C°/~ to be
the quotient category of C° modulo an appropriate homotopy equivalence relation.’
By (an abstract version of) Whitehead’s Theorem, the two definitions are equivalent,
the equivalence Ho(C®) = Ho(C) being induced by the natural functor ¢ — € —
Ho(C). Each definition has its advantages: the first one is more natural (it gives a
characterization of Ho(C) in terms of a universal property and shows that Ho(C)
depends only on the class of weak equivalences in C); the second definition is more
concrete and accessible for computations (it implies, in particular, that Ho(C) is a
locally small category if so is C.)

Now, for the homotopical category DGPA, we can also define a homotopy category
in two ways. First, we can simply put

Ho(DGPA;) := DGPA; [W‘l] ,

where W is the class of weak equivalences specified in Sect. 3.1.1. Proposition 3.1
then ensures that Ho(DGPAy ) has properties similar to those of the homotopy category
of a model category (see [15, Sect. 33.8]).

Alternatively, following [1], we can mimic the definition of the classical homotopy
category of a model category and define’

Ho(DGPA}) := DGPA{/~ (3.1

The objects in this quotient category are the homotopy classes of Poisson algebras
A whose underlying DG algebras U (A) are cofibrant as objects in DGA/«. The equiv-
alence relation ~ is based on the notion of P-homotopy (‘polynomial homotopy’)
for Poisson algebras introduced in [1]. We recall that two morphisms f,g: A — B
in DGPAy are called P-homotopic if there is a morphism 4 : A — B ® 2 such that
h(0) = f and h(1) = g, where Q = Q(A,i) is the de Rham algebra of the affine
line and B ® 2 is given the structure of a Poisson DG algebra via the extension of
scalars from B (cf. [1], Sect. 3.1). It is easy to check that the P-homotopy defines an
equivalence relation on Hompgpa (A, B) for any objects A and B in DGPAy.

Now, as in the case of model categories, we have

6 The category Ho(C®) is often called the classical homotopy category of €.

7 This category was denoted Ho* (NCPoissy) in [1] and simply referred to as the homotopy category of
Poisson algebras.
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Proposition 3.2 There is a natural functor Ho(DGPAi) — Ho(DGPAy).

Proof Recall that, for B € DGPAy, a Poisson DG algebra structure on B ® €2 is given
by extension of scalars, using the natural isomorphism (B ® Q2); = B; ® Q (cf [1,
Section 3.1.1]). Then, the inclusioni : B — B ® Q2 is a weak equivalence of Poisson
algebras: indeed, Ui is a weak equivalence of DG algebras, since the de Rham algebra
Qis acyclic, and iy is a weak equivalence of DG Lie algebras, since iy, can be identified
with the inclusion By < By ® Q. Thus, if f,g : A — B are P-homotopic with a
homotopy # : A — B ® Q, then f = ¢ = i~! o h in Ho(DGPAy). This proves the
desired proposition. O

Definition By a derived Poisson algebra we mean a cofibrant associative DG algebra
A equipped with a Poisson structure (in the sense of Defintion 3.1.1), which is viewed
up to weak equivalence, i.e. as an object in Ho(DGP2Ay).

The above definition differs from that of [1], where the derived Poisson algebras
were simply defined to be the objects of Ho(DGPAY). Proposition 3.2 shows, however,
that any derived Poisson algebra in the sense of [1] gives naturally a derived Poisson
algebra in our current sense. The point is that all results of [1] established with the
use of explicit P-homotopies can be strengthened and reproved in a more natural way
with a weaker notion of equivalence. For example, we have

Proposition 3.3 The cyclic homology HC4(A) of any derived Poisson algebra A car-
ries a natural structure of a graded Lie algebra.

Proof By definition, the functor (-); : DGPA} <> DGPA; — DGLA; preserves
weak equivalences, and hence induces

(=)j : Ho(DGPA)® — Ho(DGLA) , 3.2)

where Ho(DGP2y )¢ denotes the full subcategory of the homotopy category Ho (DGPA)
whose objects are cofibrant DG algebras. Now, the image of A under (3.2) is a DG
Lie algebra A; whose underlying complex computes the (reduced) cyclic homology
of A. This is a consequence of [4], Theorem 3.1, (which is essentially due to Feigin
and Tsygan) that states that the functor () has a well-defined derived functor L(—)j
on the category of DG algebras whose homology agrees with cyclic homology. On
cofibrant DG algebras, the values of (—); and L(—)y are naturally isomorphic, hence
H,(A;) = HC,(A) for any cofibrant A. On the other hand, since Ay is a DG Lie alge-
bra, He(Ajy) carries a graded Lie algebra structure. Identifying Hq (Ay) with m.(A)
for a cofibrant A, we get a graded Lie algebra structure on HC,(A) claimed by the
proposition. O

Another important result of [1] that holds for the derived Poisson algebras in
Ho(DGP2y) and that motivates our study of these objects is the following

Theorem 3.1 (cf. [1], Theorem 2) If A is a derived Poisson DG algebra, then, for any
finite-dimensional vector space V, there is a unique graded Poisson bracket on the
representation homology He(A, V)S"YV) of A in V, such that the derived character
map Try(A), : HC.(A) — H.(A, V)GL(V) is a Lie algebra homomorphism.
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We will not reprove Theorem 3.1 here; instead, in Sect. 5, we will give a general-
ization of this result to representation homology of Lie algebras.

3.2 Cyclic pairings

We now describe our basic construction of derived Poisson structures associated with
cyclic coalgebras. Recall (cf. [20]) that a graded associative k-algebra is called n-cyclic
if it is equipped with a symmetric bilinear pairing (—,—) : A X A — k of degree n
such that

(a,bc) = +{ca,b), Va,b,c e A
the signs being determined by the Koszul sign rule. Dually, a graded coalgebra C is

called n-cyclic if it is equipped with a symmetric bilinear pairing (—,—) : C xC — k
of degree n such that

W, w =+, ww', Yv,w e C,

where v’ and v” are the components of the coproduct of v written in the Sweedler
notation. A DG coalgebra C is n-cyclic if it is n-cyclic as a graded coalgebra and

(du, v) £ (u,dv) =0,

for all homogeneous u, v € C,ie.if (—,-) : C[n] ® C[n] — k[n] is a map of
complexes. By convention, we say that C € DGCyy is n-cyclic if C is n-cyclic as a
non-counital DG coalgebra.

Assume that C € DGCy is equipped with a cyclic pairing of degree n and let R :=
(C) denote the (associative) cobar construction of C. Recall that R = T (C[—1])
as a graded k-algebra. For vy, ..., v, € C[—1], let (v1, ..., vy) denote the element
V1 ®...® v, of R. By [1, Theorem 15], the cyclic pairing on C of degree n induces
a double Poisson bracket of degree n + 2 (in the sense of [35])

f--}: ROR—> R®R
given by the formula
i, .. o), (Wi, wm) B
= Z Ui, Wi (Wi e, Wil Vidds ey Up) @ (V1y ey Vie 1y Wil - vy Wiy).
(3.3)

The above double bracket can be extended to R® R by setting {{r, 1}} = {1, r}} = 0.
Let {—, -} be the bracket associated to (3.3):

{—-t=pnof{—-}}) : R®R — R, (3.4)
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where w is the multiplication map on R. Letl] : R — Ry be the canonical projection
and let {—,-} : fo{—, -} : R® R — Ry. We recall that the bimodule R ® R (with
outer R-bimodule structure) has a double bracket (in the sense of [11, Defn. 3.5])
given by the formula

f—-} : Rx(R®R) - R®(R®R)® (R®R) ® R,
{r.p®qh:={rp)®q® DPIHp & {r g).

This double bracket restricts to a double bracket on the sub-bimodule Q! R of R® R
([11, Corollary 5.2]). Let {—,—} : R ® Q'R — Q! be the map u o {{—, —}}, where
w is the bimodule action map and let {—,—} : RQ Q'R — Q! R, denote the map
ﬂ o {_1 _}'

The bracket {—,—} : R ® R — Ry descends to a DG (n 4+ 2)-Poisson structure on
R. In particular, it descends to a (DG) Lie bracket {—, —}; : Ry ® R; — Ry on R; of
degree n + 2. This last bracket can be expressed in terms of cyclic derivatives, which,
in turn, can be expressed in terms of the coproduct on R (viewed as the universal
enveloping algebra of a free Lie algebra). To be precise, recall from [5, Appendix A]
that the cyclic derivative 9: R—> R®YV [see (2.6)] factors through [R, R], where
V := C[—1]. It follows from (3.3) that

{@, Bl = (3(@),d(B)), Ya,B € R,

where (-, —) : (R ® V)®2 — R denotes the composite map (R ® V)®2 5 R®2 g

y®2 —(—>> R, and the bar over (—, —) denotes the image in Ry under the canonical
projection.

The restriction of the bracket (3.4) to R induces a degree n + 2 DG Lie module
structure over R; on R and the bracket {—, -} : R ® Q'R — Q'R; induces a degree
n + 2 DG Lie module structure over Ry on Q! Ry (see [11, Proposition 3.11]). On the
homology level, we obtain (see [11, Theorem 1.1 and Theorem 1.2])

Theorem 3.2 Let A € DGAy/y be an augmented associative algebra Koszul dual to
C € DGCyy. Assume that C is n-cyclic. Then,

(i) HC,(A) has the structure of a graded Lie algebra (with Lie bracket of degree
n+2)

(ii) HH,(A) has a graded Lie module structure over HC4(A) of degree n + 2.

(iii) The maps S, B and I in the Connes periodicity sequence (2.9) are homomor-
phisms of degree n + 2 graded Lie modules over HCo(A).

The Lie bracket of degree n + 2 on HC,(A) that is induced by a (n + 2)-Poisson
structure on Ry as above is an example of a derived (n + 2)-Poisson structure on A.
Convention. Since we work with algebras that are Koszul dual to n-cyclic coalgebras,
all Lie algebras that we work with have Lie bracket of degree n 4 2. Similarly, all Lie
modules are degree n + 2 Lie modules. We therefore, drop the prefix “degree n +2” in
the sections that follow. Following this convention, we shall refer to (derived) (n +2)-
Poisson structures as (derived) Poisson structures.
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3.3 The Hodge filtration

Consider the filtration on (the graded vector space) HC, (U/a) given by

F,HC,(Ua) := @ HC!(a). (3.5)
r<p+2

Leta € DGLA; be Koszul dualto C € DGCCy g, where C is n-cyclic. The following
theorem is one of our main results.

Theorem 3.3 The derived Poisson bracket {—,—} on HCo,(Ua) respects the filtra-
tion (3.5).

Moreover,
(i) {HCV (), HCP (@)} € HCY V() for all p > 1. In particular, {(HCS" (a),
HC" (a)} = 0.

(i) (HCP (a), HC ()} € HCY (a) forall p > 1.

In particular, HC?)(a) is a Lie subalgebra of HC,(Ua) and HC,(Ua) is a Hodge
weight graded Lie module over HC£2) (a).

Recall that £ := Rcomm(C) gives a cofibrant resolution £ > aof a in DGLA; and
the (associative) cobar construction R := (C) gives a cofibrant resolution R = Ua
of Ua (with R = UL). By Theorem 3.2, the n-cyclic pairing on C induces a derived
Poisson structure on HC, (Ua). The proof of Theorem 3.3 is based on the following
proposition. For notational brevity, let V := C[—1].

Proposition 3.4 Let R(P) := Sym? (L) as in Sect. 2.2. Let {—, —} be defined as in (3.4).
@) {RD, R} € RP=D for any p > 1. In particular, {R"Y, RV} = 0.
(i) {RP, RP} < RP forany p > 1.
(iii) For p,q > 2, {RD, Ry P, _,,, » R

Proof Leta € R@ be homogeneous. By [35, Section 2.4], the map {c, -} : R —> R
is a derivation of degree ||+ n + 2. By Lemma 6.1, it suffices to show that {«, V} C
Sym?~1(L). Note that if w € V, then by (3.3),

n
{(vr, ..., v, w} = Z:l:(vi, WY(Vidlyons Uny ULy onny Vi),
i=1

It is easy to see that this coincides with the expression (E_)(vl, ..., Uy), w), where
(-,—) : R® V — R denotes the composite map

RV J®Idy

R ® IdV ® <_7 _)

RAV)®V - R®(V®YV) R.

B The unlabelled arrow in the above diagram swaps factors. Now, if o €, R,
d(a) € Sym?~1(£) ® V by Lemma 6.2. Thus, {o, V} € Sym?~! (L) as desired. O
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Corollary 3.1 Let {—,—}; be the DG Poisson bracket on Ry as in Sect. 3.2 above.
Then,

(i) {Ru(l), Ru(p)}u - Rép_l)for any p > 1. In particular, {Ru(l), Rél)}u =0.

@) (RP RPY, € R forany p > 1.

(iii) For p.q > 2, (R, R"). € @ Ry.

r=p+q—=2 "4
Corollary 3.1 follows immediately from Proposition 3.4. Theorem 3.3 follows
immediately from (1.2) and Corollary 3.1.

3.4 Hodge filtration on Poisson modules

Leta,C, R,V and L be as in Ect. 3.3, with C having a cyclic_pairing of degree n.
Recall that by Theorem 3.2, HH, (Z/{_a) is a Lie module over HC4({/a). In addition
to (3.5), we define the filtration on HH, (U/a)

FpHH,Ua) := @) HH{(a). (3.6)
r<p+2

and let {—, -} : HC,Ua) x HH,(U{a) — HH, (U a) denote the action map.

Theorem 3.4 HH, (U{q) is a filtered Lie module, with filtration given by (3.6). More-
over, for all p > 0,

() (HC" (@), HH (@)} € HHY V().

(i) {(HCY (@), HHY ()} € HH ().

In particular, HH, (Ua) is a Hodge weight graded Lie module over HCEz)(a).

The restrictions of the maps S, B and I of the Connes periodicity sequence to the
Hodge summand (2.10) give maps of graded vector spaces

S : HCP(a) — HC? 1V (a) (3.7)
B : HC*D(a) — HHY", (a) (3.8)
I : HH (a) — HC (a). (3.9)

If we equip HC, (/a) with filtration (3.5) and HH, (/a) with filtration (3.6), the
maps S, B and I become filtered maps; more precisely, we have:

S : F,HC,(Ua) = Fo41HC,_>(Ua) (3.10)
B : F,HC,(Ua) — F,HH, | (Ua) (3.11)
[ : F,HH,U{a) - F,HC,Ua). (3.12)

The first statement in the following theorem is a refinement of [11, Theorem 1.2].

Theorem 3.5 With definitions (3.10)—(3.12), the maps S, B and I become filtered Lie
module maps. Moreover, in the Hodge summand (2.10), these maps are module maps
over the Lie algebra HCEZ) Ua).
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Corollary 3.2 The space HA4(Lie, a) has the structure of a graded Lie algebra, and
HB,(Lie, a) and HC,(Lie, a) are graded Lie modules over HA4(Lie, a). Further,
the maps S, B and I in the Connes periodicity sequence for (operadic) Lie cyclic
homology (see Theorem 2.3) are maps of Lie modules.

Proof Indeed, by definition, HA,(Lie, a) = HCSZ)(a). The remaining statements
follow from Theorem 2.3 and by putting p = 1 in Theorem 3.3, Theorem 3.4 and
Theorem 3.5. O

3.4.1 Proof of Theorem 3.4

Recall from Sect. 2.2 that Q! R, = R® V and that there is a direct sum decomposition
(of complexes) Q' R, = D=0 6(P)(L). Further recall that the isomorphism Q' R, =
R ® V identifies 0P (£) with R?”) @ V, where R(??) := Sym”(L). Recall from
Sect. 3.2 that there is a bracket {—, -} : R x Q! R; — Q!R; inducing the structure of
a DG Lie module over R; on Q' R;.

Proposition 3.5 For any p > 0, the following inclusions hold:

@) {RV, R @ v} € RP~D ® V. In particular, (R, V} = 0.

(i) {RP,RP @ V} € RP) ® V. Thus, QlRu is a Hodge weight graded DG Lie
module over Ru(z).

(iii) Foranym > 2, {R™ RP) @ V} C @r§p+m_2 RO V.

Proof Letr € R™, g € R andv € V be homogeneous. By [11, Lemma 5.5],

{r,q®vlqig, = tol{r, g} v@1—{r, g}@v+(=H TN (g{r, v}@1—g&{r, V)],

(3.13)
where Q'R on the right hand side is realized as a sub-bimodule of R ® R equipped
with the outer bimodule structure and where § : Q'R — Q'R; is the canonical
projection. The first summand o ({r,q} - v ® 1 — {r, ¢} ® v) of (3.13) is equal to
{r, g} ® v (after the identification of Q! Ry with R ® V. The remaining (i.e. second)
summand of (3.13) may be written as § o [g - d{r, v}], whered : R — QLR is the
universal derivation.

If m = 1, Proposition 3.4 implies that {r, g} € R and that {r,v} € k. Thus,
in this case, the second sumand vanishes while the first summand is in R?~1) @ V.
This proves (i).

If m = 2, Proposition 3.4 implies that {r, g} € R and that {r,v} € L. Thus,
the first statement of (ii) will follow once we show that forany o € L, o [q -da] €
RP)®V .Note thatif jo[g-da] € RP'®V forallg € R'P) fora given homogeneous
a € L, then for any v € V homogeneous,

go(g-dv,al)=fo(q-dv-a—(—D"a.v))
=fo(q-[dv-a+v-da— (=)o v+a-dv))
=to ((_1)Ia\<lq|+|v\)[a .q-dv— (_l)lqllalq o - dv]
+1g-v— (=D . g]-da)
=fo ((—D!WH Dy g1 dv + g, v] - dav).
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Since [«, ¢] and [¢, v] are in R‘?), we have shown that fo (g -d[v, «]) isin RP QV
for all ¢. Thus, by induction on n, we show that i o (g - d[v, ,]) is in R?” ® V for
a, = [vg, [va, ... [vy—1, U] ...]] for homogeneous vy, ..., v, in V. This proves that
folg-da] € RV @V forallg € R foralla € £ as desired. The second statement
in (ii) follows from the first and the fact that the bracket on Q! R, descends to an DG
Lie module structure on §2! Ry over Ry (of which Ru(z) is a DG Lie subalgebra).

Finally, for m > 2, the first summand of (3.13), which can be identified with
{r,q} ® v, lies in @r§p+m_2 RN ®V, by Proposition 3.4. Also note that {r, v} €
R=D by Proposition 3.4. Thus, the second summand f o [g - d{r, v}] is of the form
qo[q -dpBl, where B € R™~D_ This last expression is a k-linear combination of
expressions of the form fo[g -y -da -¢] = tho[¢p-q -y -da], where o € L,
andy € RV and ¢ € RY) with i+ j = m — 2. Now, for any such expression,
$-q-v € By<pimo R .Thatfio[p-q -y -dalliesin@®,_,,,, » R @V now
follows from the computation we made while proving (ii). O

It follows from Proposition 3.4, Proposition 3.5 and [11, Theorem 5.3] that the

statement of Proposition 3.5 holds word for word with R?)®V replaced by Tot X ; P,
Theorem 3.4 then follows on homologies.

3.4.2 Proof of Theorem 3.5

Let F,XT(R) be given by €9r§p+2x+’(r) (a). By Proposition 3.4, Proposition 3.5
and [11, Theorem 5.3], there is an exact sequence of filtered DG Lie modules over R;

0 — F,Tot X5 (R) L F,Tot X (R) 5 wr1Tot XT(R)[2] — 0.

This implies (i) on homologies. Again by Proposition 3.4, Proposition 3.5 and [11,
Theorem 5.3], the short exact sequence of complexes (2.14) is an exact sequence of
DG Lie modules over R,(LZ). This gives (ii).

3.5 Examples

We illustrate the results of this section on several examples.

3.5.1 Abelian Lie algebras

Let a = V be an abelian Lie algebra in homological degree 0. Then, A := Ua =
Sym(V). The Koszul dual cocommutative coalgebra is C := Sym‘(V[1]). By [11,
Proposition 9.4], C has (upto scalars) aunique cyclic pairing (-, —) thatis of degree —n,
where n := dimy V. For abasis {vy, ..., v,} of V, this pairing is uniquely determined
by (1, v1 A ... A vy).

In this case, there is a Hochschild—Kostant—Rosenberg (HKR) isomorphism
HC,(4) & Q"(A) /dQ”_l(A). Further, there is an isomorphism of A-modules
v 0,(A) = Q"P(A) given by ©,(§) = 1z, where w is a fixed constant nonzero
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n-form and where (¢ is contraction by &. In this case, by [11, Corollary 9.6], the derived
Poisson structure (of degree 2 — n) on HC,(A) has a very explicit description after
identifying reduced cyclic homology with forms via the HKR as above:

{a, B} = (=)~ 1eI=D=IAD, g, where n := W~ (dB). (3.14)

Now, by [3, Section 2], HCEp )(a) is identified (via the HKR map) with
QP (A)/dQ 1 (PHD (A), where Q™ (P)(A) is the space of n-forms on A whose
polynomial coefficients are homogeneous of weight p, i,e, Sym” (V) @ A"(V). An
easy computation using (3.14) shows that {HCEP ) (a), HCEq)(a)} is actually contained
in HCE” +4-2) (a). Thus, in this case the derived Poisson Lie algebra from Theorem 3.3
becomes a graded (not just filtered) Lie algebra with respect to the Hodge decompo-
sition.

3.5.2 Necklace Lie algebras

Our next example is when a = LV, the free Lie algebra generated by an even dimen-
sional vector space (concentrated in homological degree 0) equipped with a symplectic
form (—,—) : V x V — k. Taking C := V[1] with 0 coproduct, we see that C is
Koszul dual to a. Further, the symplectic form on V can be viewed as a cyclic pairing
of degree —2 on C. The resulting derived Poisson bracket {—, -} equips R, := T Vi
with the structure of a Lie algebra. The Lie algebra (Ry, {—, —}) is isomorphic to the
necklace Lie algebra (see [6,21]) associated with a one vertex quiver having % dimg V
loops.

Theorem 3.3 implies that the necklace Lie bracket restricts to give a Lie bracket on
the direct summand HC(()Z) (a) = Sym(z)(L V)y of T; V. Further, the filtration defined
in Theorem 3.3 makes the necklace Lie algebra a filtered Lie algebra. This example
also shows that the filtered structure in Theorem 3.3 is the best that we can get in
general: for example, in the necklace Lie algebra generated by a two dimensional
symplectic vector space V with v, w € V such that (v, w) = 1, we have

{191 w1} = 9012w,

It is not difficult to verify that while the right hand side above is contained in
@r<4Sym’ (LV)y, it is not contained in Sym4(L V).

Further, let V,, = k%" with the standard symplectic form. The symplectic form
preserving inclusion V,, < V4 induces a homomorphism L, — L, of necklace
Lie algebras, where L, := ([T V,];, {—, —}). It is easily seen that these maps are
compatible with the filtration from Theorem 3.3. Thus, Ly := l'l)nn L, admits a

filtration as in Theorem 3.3. In particular, Lg}) :=lim Sym?(LV, )pisaLie subalgebra
of L. "

Let P be a cyclic Koszul operad and let W be a symplectic vector space with
symplectic form w. Let Fp W be the free P-algebra generated by W. Let Der(Fp W, w)
be the Lie algebra of P-algebra derivations of Fp W that preserve w (see [21, Section
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6] for example). We refer to Der(FpW, w) as the Lie algebra associated with (the
symplectic vector space) W for the operad P. It is not difficult to see that Sym2 (LVy)y
is the Lie algebra associated with V,, for the Lie operad while L, is the Lie algebra
associated with V,, for the associative operad. The Lie homology of L, is related
to the cohomology of coarse moduli spaces of algebraic curves of fixed genus and
fixed number of punctures while the homology of L(%) is related to spaces of outer
automorphisms of free groups with punctures (see [26]).

3.5.3 Unimodular Lie algebras

Let a be a Lie algebra of finite dimension n in homological degree 0. The Chevalley—
Eilenberg coalgebra C := C(a; k) is Koszul dual to a and isomorphic to Sym¢(a[1])
as graded vector spaces. For the pairing (—, —) from Sect. 3.5.1 to be compatible with
differentials, it is necessary and sufficient that a be unimodular i.e. that Tr(ad(x)) = 0
for all x € a. This is the case, for instance, if a is semisimple. Thus, for unimodular
a, m.(a) has a derived Poisson structure of degree 2 — n, to which Theorem 3.3
applies. Given that the graded (2 — n)-Lie structure on 2(C); is identical to that of
Sect. 3.5.1 (with the Chevalley—Eilenberg differential being the only new ingredient), it
is reasonable to expect that for any unimodular Lie algebra a, {HCEp ) (a), HCEq) ()} <
HCY ™2 (a) for all P, q-

4 Topological applications

In this section, we will give a topological interpretation of Lie Hodge decompositions.
This interpretation is based on Quillen’s famous theorem [33] assigning to each simply
connected topological space X a DG Lie algebra ax called a Lie model of X. The cyclic
homology of Uay can be identified with the S'-equivariant homology of the free loop
space LX of X, and our main observation is that the Hodge components HCEP ) (ax)
correspond precisely to eigenspaces of Frobenius maps under this identification. For
an application, we will look at the Chas—Sullivan Lie algebra of a simply connected
closed manifold and show that the corresponding Lie bracket respects the Hodge
filtration, thus making the string topology algebra a filtered Lie algebra.

Throughout this section, we assume that k = Q and all homology and cohomology
groups are taken with rational coefficients.

4.1 Hodge decomposition of S!-equivariant homology

Let X be a 1-connected topological space of finite rational type. Recall (cf. [16]) that
one can associate to X a commutative cochain DG algebra Ay, called a Sullivan
model of X, and a connected (chain) DG Lie algebra ay, called a Quillen model of
X. Each of these algebras is uniquely determined up to homotopy and each encodes
the rational homotopy type of X. The relation between them is given by a DG algebra
quasi-isomorphism

C*(ax; @ > Ay, @.1)
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where C*®(ay; Q) is the Chevalley—Filenberg cochain complex of ax.

Now, let £LX denote the free loop space of X, i.e. the space of all continuous maps
S! — X equipped with compact open topology. This space carries a natural S'-action
(induced by rotations of S!), and one can define the S!-equivariant homology of £X
via the Borel construction:

HS' (LX) := Ho(ES' x g LX, Q).
We will use a reduced version of equivariant homology, which is defined by
5 (LX) = Ker [Hfl(L‘X) T, H.(BSI)],
where the map m, comes from the natural homotopy fibration

LX - ES' xg £X 5 BS'. 4.2)

The following theorem is a well known result due to Goodwillie [22] and Jones
[23] (see also [24]).

Theorem 4.1 ([23]) There are natural isomorphisms of graded vector spaces

ay : OH.Uay) = H.(LX), By : HC.Uax) = H° (LX)

transforming the Connes periodicity sequence for Uax to the Gysin long exact
sequence for the S'-equivariant homology of LX.

Next, for each integer n > 0, we consider the n-fold covering of the circle:
W' s Sl sl et inf

and denote by ¢% ; £LX — LX the induced map on £X. While the maps ¢ are not
equivariant with respect to the S'-action on £LX, they fit into the commutative diagram

(cf [8D)

n

LX Px LX
(ES' xg1 LX)g x, (ES' xg1 LX)g (4.3)
e
(BSHg 2 (BSHg

where the columns arise from the rationalization (Bousfield localization at zero) of
the homotopy fibration (4.2). The maps ¢% and ¢ in (4.3) induce graded linear
endomorphisms

— — ~ ¢l ¢l
O Ho (LX) — Ho(LX), &% : T (LX) > H (LX),
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—_ ¢l
which are called the power or Frobenius operations on He (LX) and Hf (LX). We
write

— gl -
A (£X) = () Ker(@ —n?1d),  H, “cx) := (] Ker(® —n?1d)
n>0 n>0
4.4
for the common eigenspaces of these endomorphisms corresponding to the eigenvalues
d
n®.

Now, the main result of this section can be stated as follows.

Theorem 4.2 For each p > 0, there are natural isomorphisms

J— — J— —s! (p—
HAY (ay) =B (£x),  HC(ap =H, " cx)

given by restriction of the isomorphisms ax and Bx of Theorem 4.1.

To prove Theorem 4.2 we recall from [2] the construction of a Lie Hodge decomposi-
tion in terms of (dual) Adams operations on the cobar construction of a cocommutative
DG algebra. First, recall that by Adams operations on a commutative algebra A one
usually means a family {y/"},>¢ of algebra homomorphisms /" : A — A satisfying
the relations

yl=1d, y"oy™=y"". 4.5)

Dually, for a cocommutative coalgebra A, we define Adams operations to be a family
{¢Y"},>0 of coalgebra homomorphisms ¥" : A — A satisfying (4.5). Now, if A
is either a commutative or cocommutative Hopf algebra, there are natural Adams
operations on A defined by the formulas®

Yl=1d, ¥"=p,0A", n>2, (4.6)

where u, : A®" — A is the n-fold product and A" : A — A®" is the n-fold
coproduct on A.

Next, recall that, if a is a DG Lie algebra, its Koszul dual is a cocommutative
(conilpotent) DG coalgebra C. Associated to C are two cobar constructions: the clas-
sical (Adams) cobar construction 2(C), which gives a cofibrant resolution of U/a in
DGAy/k, and the Lie cobar construction comnm(C), which gives a cofibrant resolu-
tion of a in DGLA. The relation between these constructions is given by a canonical
isomorphism 2(C) = U[Rcomm(C)], which shows that £(C) has a natural structure
of a cocommutative DG Hopf algebra. Thus, 2(C) can be equipped with a family
{¢""},>0 of (coalgebra) Adams operations given by formulas (4.6). It is shown in [2]
(see op. cit., Section 7) that these operations on (C) induce Adams operations on
the (reduced) cyclic homology of U/a, and the construction of [2] can be extended to
define Adams operations on the Hochschild homology of /a. We denote these Adams
operations on HH, (M/a) and HC, (@) by W” and U", respectively. Proposition 7.3 of

8 For commutative Hopf algebras, these Adams operations are defined and studied in [28, Section 4.5],
while, for cocommutative Hopf algebras, they appear in [2, Section 7].
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[2] then implies that the ~Hodge components HH(.P ) (a) and HCﬁp ) (a) are the common
eigenspaces of W" and W” corresponding to the eigenvalues n?:

HH,” () = (] Ker(@" —n”1d),  HC.(a) = (1) Ker(¥" —n”1d). (4.7)

n=0 n=>0

Now, let W% and \IJ;’( denote the Adams operations on HH,(/ax) and HC, U ax)
coming from 2(C), where C = C,(ay; Q) is the Chevalley—Eilenberg chain complex
of ax. Theorem 4.2 follows immediately from (4.4), (4.7) and the next key proposition.

Proposition 4.1 For each n > 0, the isomorphism ax intertwines the Adams opera-
tion WY with the Frobenius operation ®%, and the isomorphism By intertwines Wy

with the n-th multiple of ®%, i.e.
ax o Wh = d% oay, PxoWy = nd%opx.

Proof We deduce Proposition 4.1 from results of the paper [8]. Theorem B of that
paper provides natural isomorphisms

ax : AA_.(Ay) 5> A (LX), by : HC_o(Ax) = Hy (LX),  (4.8)

relating the Hochschild and cyclic homology of a Sullivan model of X to the (reduced)
cohomology and S!-equivariant cohomology of £X. Since Ay is a commutative DG
algebra, its Hochschild and cyclic homology carry natural Adams operations which
we denote by W, and U, respectively. On the other hand, the cohomology and S'-
equivariant cohomology of £X carry Frobenius operations induced by ¢": we denote
these by @, : H (LX) — H (LX) and ®, : Hgi (LX) — Hg1 (LX). Now, part (2)
of [8, Theorem B] says that

1 - -
ayoV, =—®,o0ay, bx oV, = &, 0by. 4.9)
n

To relate the isomorphisms (4.8) to those of Theorem 4.1, we recall a theorem of
Quillen [34] identifying

ﬁQ(Z/{aX) = ﬁo [CO(U'X; Q)]s Eo(ua){) = mo—i—l [CO(U'X; Q)] (410)

Since X is assumed to be of finite rational type, its Lie and Sullivan models ax
and Ay are locally finite DG algebras, i.e. have finite-dimensional components in
each homological degree. Dualizing (4.1), we then have a quasi-isomorphism of DG
coalgebras A% = C*(ayx; Q)* = Cy(ay; Q). Combined with (4.8) and (4.10), this
quasi-isomorphism induces natural isomorphisms
—1y%

HH, Uax) = HHL[Co(ax: Q)] = HH_o(Ax)" 25 B (LX) = HL (LX),

(4.11)
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— — — byhH* !
HC. (Uax) = HCasi[Co(ax; Q)] = HC-o i (Ax)* % Hh(cx)* =B (LX),
(4.12)

where the star (—)* stands for graded linear duals. Since ay and by are functo-
rial and transform Connes’ exact sequence on homology to the Gysin sequence for
S!-equivariant cohomology, the isomorphisms (4.11) and (4.12) are functorial and
transform Connes’ sequence to the Gysin sequence on S'-equivariant homology. Thus
(4.11) and (4.12) coincide with the isomorphisms ax and By of Theorem 4.1. Now,

by [2, Proposition 7.4], the direct summand HC” (ax) of HC,@ay) is identified
with HC(p 1)(.,4)()* under the first two isomorphisms in (4.12), and by [8, Theo-
rem B], HC(_p,_l (Ax)* is the common eigenspace of the Adams operations \IJ* with

the eigenvalues n”~!. On the other hand, HCEP )(ax) is the common eigenspace of
the Adams operations W" with the eigenvalues n”. Hence the first two isomorphisms

of (4.12) intertwine I on HC, Uay) with n¥* on FAC". ) (Ax)*. Now, by (4.9),
the map (by "* intertwines \IJ* with <I>* and under the last 1som0rphlsm in (4.12),

the dual power operation CD* on H st (Lx)* corresponds to ®" on H ([ZX ). Thus, the
composite map (4.12) intertwines W” with n ®”. This proves the second equality of
Proposition 4.1. The proof of the first is similar. O

Theorem 4.2 together with Theorem 2.2 has the following important corollary.

Corollary 4.1 There are natural Hodge decompositions

Ho(cx) = PH (LX), 5 x) = @ﬁfl’ ) £x).

p=0 p=0
The Gysin sequence decomposes into a direct sum of Hodge components

D S (p)(ﬁX)—>H(p)(£X) S J(p— 1)(£X) s (p)()CX)_)“.

where D stands for the Gysin map.

Remark For a simply connected closed manifold X, a natural decomposition of the
homology of £X is constructed (by a different method) in [17]. Comparing the result
of [17, Proposition 3] with our Proposition 2.4 shows that in the case when X is a
simply connected closed manifold, our Hodge decomposition of H, (£X) agrees with
that of [17].

4.2 Hodge filtration on string topology

Let M be a simply connected closed oriented manifold of dimension d. A construction
of Lambrechts and Stanley (see [27], Theorem 1.1) provides a finite-dimensional
commutative DG algebra .4, which is a model for the singular cochain complex of M.
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This model comes equipped with a nondegenerate cyclic pairing of (cohomological)
degreen = —d. Thelinear dual of A gives a cocommutative coalgebra model C := A*
for the singular chain complex of M that has a cyclic pairing of (homological) degree
n = —d. It is known (and easy to check) that conn(C) is a Lie model of M; hence,
by Theorem 4.1, we have

AC.[Q(C) =T (cM), HHIR(C)] = W (LM),

and the cyclic pairing on C induces a derived Poisson structure on Hfl (LM) of degree
n + 2. The corresponding Lie bracket coincides with the Chas—Sullivan bracket [9],
and the resulting Lie algebra is called the string topology Lie algebra of M (cf. [10]).
Further, by Theorem 3.2, H,(£M) is a Lie module (of degree n + 2) over the string

topology Lie algebra of M, and the Gysin map D : H (LM) — H _»(LM)isalie
module homomorphism.

We may now apply in this situation the results of Sects. 3 and 4: as a consequence
of Theorem 3.3, Theorem 3.4, Theorem 3.5 and Theorem 4.2, we get

Theorem 4.3 (i) The string topology Lie algebra of a closed d-dimensional manifold
M is filtered as a Lie algebra with respect to the following Hodge filtration

—g! _ ¢l
FH, M) = @ H “wem).
qg=<p+1

(i) The homology of the free loop space Ho(LM) is filtered as a Lie module over the
string topology Lie algebra of M with respect to the following Hodge filtration

FH.(CM) = @ B (cm).
q<p+2

(iii) The Chas—Sullivan bracket restricts to the first Hodge component HSI’ W (LM),
making it a Lie algebra. Further, H (L:M) is a graded Lze module over H (1)(,CM)
with the grading given by the Hodge decomposmon of H (L'M ).

(iv) For each p > 0, the Gysm map D : HS (p)(EM) S (p+1)

SO e,

(LM) is a map
of graded Lie modules over H

The Lambrechts—Stanley Lie model 2¢copn(A*) and unimodular Lie algebras (in
particular, abelian Lie algebras) are Koszul dual to “Poincaré duality CDGC”, i.e.
cocommutative DG coalgebras that are graded linear duals of Poincaré duality CDGA’s
in the sense of [27]. This should be contrasted with necklace Lie algebras, in which
case the coproduct on the Koszul dual coalgebra and the cyclic pairing are unrelated.
Given the example of symmetric algebras in Sect. 3.5.1, where the Hodge filtration
actually becomes a Hodge decomposition, we expect the following conjecture to be
true.
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Conjecture 1 Let a € DGL2A; be Koszul dual to a connected finite-dimensional
C € DGCCyyk equipped with a Poincaré€ duality pairing of degree n. Then, the Hodge
filtrations on the derived Poisson structures on HC,(a) and HH,(a) become direct
Hodge decompositions, i.e. for all p, g > 0,

[HCY @), W (@) ] € HEPH D (@, {HCY (@), HHY (@] SHHYH 2 (@),

In particular, we expect that the Chas—Sullivan bracket of a closed d-dimensional
manifold satisfies

{ﬁsl,(m(ﬁM)’ —S1,<q)(£M)} g ﬁfl,(p+q—1>(£M).

5 Relation to derived representation schemes

In this section, we recall the construction of derived representation schemes of Lie
algebras from [2, Section 6, Section 7]. The main result of this section is Theorem 5.1,
the proof of which we outline. The full details will appear in [37].

5.1 Derived representation schemes and Drinfeld traces
Let g be a finite-dimensional Lie algebra. Consider the functor

()g : DGLA; — DGCAg/k, @ > dag
Symy (a ® g¥)
(@& (y® &) — (=DFIVI(y @ &).(x ® &) — [x, Y] ®E))’

where g* is the vector space dual to g and where & +— & A & is the map dual
to the Lie bracket on g. The augmentation on ag is the one induced by the map
taking the generators a ® g* to 0. Let g(—) : DGCA;/x — DGLA denote the functor
B+ g(B) := g®B.Itis shownin [2, Section 6.3] that the functors (-)g : DGLA; =
DGCA/k : g(-) form a (Quillen) adjoint pair.

Thus, ag is the commutative (DG) algebra corresponding to the (DG) scheme
Repg(a) parametrizing representations of a in g. Since the functor () is left Quillen,
it has a well behaved left derived functor

L(-)g : Ho(DGLA;) — Ho(DGCA k).

Like for any left derived functor, we have L(a)y = L4 in Ho(DGCAyx), where £ Sa
is any cofibrant resolution in DGLA;. We define

DRepg(a) := L(a)g in Ho(DGCAk/k), He(a, g) := Ho[L(a)g].

DRep, (a) is called the derived representation algebra for representations of a in g.
The homology He(a, g) is called the representation homology of a in g. It is not
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difficult to check that g acts naturally by derivations on the graded (commutative)
algebra H, (a, g). We denote the corresponding (graded) subalgebra of g-invariants by
Ha(a, )¢

Let £ = a be a cofibrant resolution. The unit of the adjunction (-)g : DGLA; &
DGCAy/x : g(-) is the universal representation

g+ L= g(Ly).

Let the functor A(”) be as in Sect. 2.3.1. There is a natural map A”[g(Lq)] —
Ly ® A(P)(g). For P € IP(g) := SymP(g*)*8, evaluation at P gives a linear
functional ev p on 1(P)(g). One thus has the composite map

A(P) (7Tg)

)»(p)(ﬁ) )L(P)[g(cg)] Y £g ®X(P)(g) MP, Eg

for P € I”(g). On homologies, this gives the map
Trg(P, a) : HCY) (a) — H.(a, g)*9,

which we call the Drinfeld trace map associated to P (see [2, Section 7] for further
details regarding this construction). If g is semisimple, the Killing form is a canonical
element of /2(g). We denote the associated Drinfeld trace by

Trg(a) : HC? (a) — Ha(a, 9)"°.

Let a € DGLA; be Koszul dual to C € DGCCy/k, where C is n-cyclic.

Theorem 5.1 There is a Poisson structure on Hy (a, )49 such that the Drinfeld trace
map Try(a) is a graded Lie algebra homomorphism.

Theorem 5.1 may thus be viewed as a generalization of [21, Theorem 6.7] for the
Lie operad (the latter result is proven only for free algebras over operads). It could
also be seen as an analog of [1, Theorem 2] in the Lie setting.

5.2 Proof of Theorem 5.1

Recall from [20, Section 4.5] that a cyclic pairing (—, —) on a (graded) Lie algebra a is
a symmetric pairing that is ad-invariant. Equivalently, the map (—,—) : a®@a — kisa
(graded) a-module homomorphism, where k is equipped with the trivial action. Dually,
a cyclic pairing on a (graded) Lie coalgebra & is a pairing (—,—) : ® ® & — k that
is a (graded) &-comodule homomorphism, with k equipped with the trivial coaction.
Explicitly, if (—,—) is a cyclic pairing of degree n on a Lie coalgebra &, then if
A(x) = x! ® x2, etc. in the Sweedler notation, we have

Ay £y £y yh) £ 03y =0,
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where the signs are determined by the Koszul sign rule. If & is differential graded, we
further demand that a cyclic pairing of degree n on & be compatible with differential,
ie. thatforall x,y € &, 8x,y) + (—DFH(x, 8y) = 0.

Further recall that for a DG Lie coalgebra &, one has the Chevalley—Eilenberg
algebra C°(®; k) which is the construction formally dual to the Chevalley—Eilenberg
coalgebra C(a; k) of a DG Lie algebra.

Lemma 5.1 If & € DGLCy is equipped with a cyclic pairing of degree n, then the
Chevalley—Eilenberg algebra C¢(®; k) acquires a DG Poisson structure.

Proof Note that as a graded commutative algebra, C°(&; k) = Sym(&[—1]). The
degree n-cyclic pairing on & gives a skew symmetric degree pairing on &[—1]. This
gives a graded Poisson structure on Sym(&[—1]). The compatibility of this structure
with respect to the differential on C°(®; k) follows from the fact that the pairing on &
is cyclic. O

Let a € DGLA; be Koszul dual to C € DGCCy/x where C is n-cyclic. If g is
semisimple, then the Killing form on g gives an isomorphism g = g*. Under this
isomorphism, the Killing form on g is identified with a cyclic pairing ¥ on g*. Note
that g*(C) := g* ® C has the structure of a DG Lie coalgebra. Tensoring x with
the pairing on C, we obtain a degree n-cyclic pairing on g*(C). By Lemma 5.1, this
gives a DG Poisson structure of degree on C“(g*(C); k), which represents DRepg (a)
in Ho(DGCAy/x) by [2, Theorem 6.5]. On homologies, we obtain a graded Poisson
structure on He(a, g). It can be shown that the above Poisson structure on He(a, g)
restricts to a Poisson structure on H, (a1, g)249.

On the other hand, the Killing form on g is an element of 7%(g). The associated
Drinfeld trace is a map of graded vector spaces Trg(a) : HCEZ) (a) = He(a, g)adg.
Note that by Theorem 3.3 (ii), HC£2) (a) acquires the structure of a graded Lie algebra,
namely, its derived Poisson structure. On the other hand, by Lemma 5.1, the pairing on
C induces a graded Poisson structure on Hq (a, g). We now study the relation between
these Poisson structures.

Let £ := Rcomn(C). Thus, by [2, Theorem 6.5], Ly = C¢(g*(C); k). By Propo-
sition 3.4 (i), A® (L) is a DG Lie algebra. In addition, by Lemma 5.1, £g has a DG
Poisson structure. Let Trg (£) be the Drinfeld trace 2@ (£) — Lg associated with the
Killing form on g. Let R := (C), which is isomorphic to U/ L as a DG algebra. By
Lemma 6.2 and [5, Lemma A.1], the map 9:R—> Q! Ry [see (2.6)] induces a map
9 : A9 > LV, where V := C[—1]. Note that the DG-module of Qlﬁg of

Kihler differentials on Ly is isomorphic to L5 ® g*(C)[—1] as a graded Lg-module.
Letd : L4 — Qlﬁg be the de Rham differential. The proof of the following lemma
will appear in [37].

Lemma 5.2 The following diagram commutes:

) Id
221 L rev B8N £ eaev

Trgbx , d 1=

1
g Qr,
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Here, the vertical isomorphism on the right identifies g with g* through the Killing
form.

It is not difficult to verify that the bracket on A% (£) is given by the composite map

can ® (—, —)

2021w 28 LeviereV) -~ LoV eV) 220,

where can : £ ® £ — A (L) is the canonical projection. By the construction of
Trg (L), the following diagram commutes.

Id Id _ _
covercey) TEWOmO -\ o @-1)® L, ®a@)-1)

l l

(LRLR(V V) (Lg®Ly) ® (g5(O)-11® g*(C)[—1])
can ® (-, —)l l,u ® (=)
2) Trg
AP (L) Lg

Here, in the first vertical arrow on the right, g is identified with g* via Killing form.
w is the product on Lg and the pairing on g* (C)[—1] is the one induced by the cyclic
pairing on g*(C). Composing the bottom arrow with the left vertical arrows composed
with & ® 9, we obtain Trg({—, -}) : AP (L) ® 2@ (L) — L. On the other hand, by
Lemma 5.2 composing the bottom arrow with the left vertical arrows composed with
9 ® d gives us the map

AL @1P(L) = Ly, (@, B) > (dTrg(a), dTrg(B)),

where the pairing (—, -) : Qlﬁg ® Qlﬁg — L is induced by the pairing on g*(C)[—1].
This map is easily seen to be {Trq(-), Trg(-)} : AP(L) @ AP (L) — Lg. Thus,

Trg({— ) = {Trg, Trg O} : 22(L) @ AP (L) — L.

It is not difficult to verify that the DG Poisson bracket on L restricts to a DG
Poisson bracket on ﬁgd 9. We thus obtain Theorem 5.1 on homologies.

6 Appendix: Free (Lie) algebras

Let V be a (homologically) graded k-vector space. Let R := T;V, the free graded
k-algebra generated by V. Let £ := LV, the free graded Lie algebra generated by V.
It is well known that R = U/ L. Thus, the direct sum of symmetrization maps gives an
isomorphism of graded £-modules

Sym(£) = @,Sym” (L) = R.
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In what follows, we shall view Sym” (L) as a graded subspace of R via the sym-
metrization map. For B1, ..., B, homogeneous in R, let s(B1, ..., Bp) denote the
symmetrization of By, ..., Bp, i.e. the sum

SBl, - Bp) = Y FBoty - Bop)s

o€s,

where - denotes the product on R and where the sign in front of each summand is the
sign determined by the Koszul sign rule.

Lemma 6.1 Let § : R — R be a homogeneous derivation. Suppose that §(V) C
Sym?(L).

(i) If g > 1, then §[Sym? (L)] C ®r§p+q—l Sym” (L) for any p > 1.

(ii) If ¢ < 1, then §[Sym?(£)] € Sym?*T4=1(L).

Proof First, note that if « € L is homogeneous and if §(o) € Sym?(L), then for
any homogeneous v € V,

S([er, v]) = 8(cx - v — (_1)|0t||v|v @)
=8(a) v+ (=DWly . §) — (=)l (v)
s — (=Dl s

= [8(a), v] + (= D*Pla, §(v)].

Since [£, Sym?(£)] = [Sym? (L), L] € Sym?(L) and V C L, the element «,, :=

[v1, [v2, ... [Un—1, vu]...]] satisfies 8(a;) € Sym?(L) for homogeneous vy, ..., v,
in V by induction on n. It follows that §(£) € Sym?(L). The desired lemma now
follows from the fact that for gy, ..., 8, € L,

p
8[s(B1, ... Bp)l = ZiS(ﬁl,--.,S(ﬂi), s Bp)-

i=1

Indeed, the symmetrization of p — 1 elements of £ with an element of Sym? (L) is
in @r§p+q_1 Sym’ (L) if ¢ > 1 and in SymP+t4~1(L)if g =0, 1. O

Identify Q' R, with R ® V asin (2.5). Letd : R — Q'R be as in (2.6).
Lemma 6.2 9[Sym”(£)] € Sym”~ (L) ® V.

Proof Letd’' : R — V ® R be the operator

n
W1, - va) o (=D DDy, @ vy, v, 01, ).

i=1
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Note that there is a right action of S, on V®". Explicitly, for & € S, and for
vi, ..., U, homogeneous, (v ...v,) 0 := £(Vo(1) - - - Vo (n)), Where the sign is deter-
mined by the Koszul sign rule. Let t be the n-cycle (12.. .. n). Then, the restriction of
8’ to V®" is given by the composite map

V®n (_) -N V®n > VR V®n—1

where N = Z?;ol ! and where the last arrow is the obvious isomorphism that per-
mutes no factors. Further note that the above right action of S,, on V®" is dual to the
left action of S,, on W®” used in [28, Section 4.5] (with W := V*).

Let Sy, , be the set of permutations in S, having p — 1 descents in the sense of [28,

Section 4.5.5]. Let [F := Y o and let e’ be the Eulerian idempotent

0 €Snp
n

(p) Py

€n :Zan lnv
j=l1

where the Stirling numbers a"/ are defined by the identity > =1 aldxp = (X _,{ .

By [30, Remark 2.10], the right action of the Eulerian idempotent e,(f’ ) on V& is
the projection from V®" to Sym”(£) N V®". Let S,_; be viewed as the subgroup of
Sy, fixing 1. By the proof of [28, Theorem 4.6.6] (more specifically, formula (4.6.6.2)
in loc. cit.), eflp)N = Ner(lp__ll). Hence, for any o € Sym?”(L£) N V&~

o-N= ((x . eﬁlp)) .N=u«o- (egp)N) —-o- (Ne,(,p__ll)) — (Ol . N) . e(p—l).

n—1
It follows that («- N) - e,(jzl = §; p—1a- N, where §; ; is the Kronecker delta. Thus,
' [Sym”(L)N V"] C V @ Sym” (L) nveEh.

The desired lemma follows once we observe that 9 is given by composing 3’ with the
isomorphism V ® R = R ® V that swaps factors. O
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