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HODGE-TYPE DECOMPOSITION IN THE HOMOLOGY OF LONG KNOTS

VICTOR TURCHIN

ABSTRACT. The paper describes a natural splitting in the rational homology and homotopy of
the spaces of long knots. This decomposition presumably arises from the cabling maps in the
same way as a natural decomposition in the homology of loop spaces arises from power maps.
The generating function for the Euler characteristics of the terms of this splitting is presented.
Based on this generating function it is shown that both the homology and homotopy ranks of
the spaces in question grow at least exponentially. Using natural graph-complexes one shows
that this splitting on the level of the bialgebra of chord diagrams is exactly the splitting defined
earlier by Dr. Bar-Natan. The Appendix presents tables of computer calculations of the Euler
characteristics. These computations give a certain optimism that the Vassiliev invariants of order
> 20 can distinguish knots from their inverses.
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PLAN OF THE PAPER. MAIN RESULTS

The paper is divided into 3 parts. The first part is introductive. It describes some general facts
and constructions about the knot spaces we study. We also define there a convenient terminology
for the sequel. The only new thing in this part is the definition of the Hodge decomposition
in the rational homology and homotopy of knot spaces. The second part introduces natural
graph-complexes computing the rational homology and homotopy of knot spaces together with
their Hodge splitting. This construction generalizes an earlier construction of Bar-Natan that
describes the primitives of the bialgebra of chord diagrams. To recall the latter bialgebra is
intimately related to the Vassiliev knot invariants, which are also called invariants of finite type.
The main result of this part is Theorem 8.2. We also formulate there Conjecture 12.1 that
gives one more motivation for the study of the Hodge decomposition. It says that the Hodge
decomposition of one-dimensional knots encodes information about the homology and homotopy
of higher dimensional knots. Part 3 is more computational. Its main result is Theorem 13.1
that describes the generating function of the Euler characteristics of the terms of the Hodge
splitting. Based on the formula for the generating function it is shown that the ranks of the
rational homology and homotopy of the spaces of long knots grow at least exponentially, see
Theorems 17.1, 17.2, 17.4. In the Appendix we present tables of the Euler characteristics of this
splitting in the rational homology and rational homotopy.

Part 1. Introduction
1. SPACES OF LONG KNOTS MODULO IMMERSIONS

Denote by Embgy, d > 3, the space of long knots, i.e. the space of smooth non-singular
embeddings R! < R? coinciding with a fixed linear embedding t (¢,0,0,...,0) outside a
compact subset of R'. Similarly I'mmy is the space of long immersions. The homotopy fiber of
the inclusion Embg — I'mmg will be denoted by Embg. This space Emby of long knots modulo
immersion and its rational homology and homotopy will be the object of our study. The homology
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H,.(Embg,Q), d > 4, is the Hochschild homology of the Poisson algebras operad [24, 39, 40]. On
the other hand Emb, is homotopy equivalent to the product [37, Proposition 5.17]:

Embg ~ Embg x Q29971
So, there is no much difference between the homology/homotopy of Emb, and of Emby.

Proposition 1.1. The spaces Emby, d > 3, are acted on by the operad Cy of little squares.

Sketch of the proof. Consider the space of framed long knots Embgmm“l. The points of this space

are long knots in R? endowed with a framing (trivialization of the normal bundle). The framed
long knot should coincide with the fixed framed linear embedding (endowed with a standard

constant framing) outside a compact subset of R'. Similarly one defines the space I mmﬁmmed of

framed long immersions. R. Budney constructed a model for the spaces Embgmm“l, d > 3, that

has a natural Cy-action [7]. His construction can be easily generalized to the space Imm! ™.

The inclusion Emb{icmmed — T mmﬁmmw turns out to be a map of Cs-algebras. But the homotopy

fiber of this inclusion is homotopy equivalent to Embg, which implies the result. O

In case d > 4, there is a different construction of such an action due to D. Sinha [37]. It is an
open question whether these two Cs-actions are equivalent.

Corollary 1.2. For any field of coefficients K the homology H.(Embg,K) is a graded bicommu-
tative bialgebra.

Corollary 1.3. Since the spaces Emby, d > 4, are connected, then for a field K of characteristics
zero the homology H.(Embg,K) is a graded polynomial bialgebra generated by m.(Emb,) @ K.

2. COSIMPLICIAL MODEL FOR Emby

For any d > 4, D. Sinha defined a cosimplicial model Cy®* = {Cy" |n > 0}, whose homotopy
totalization is weakly homotopy equivalent to Emby [36]. The n-th stage C;™ of this model is an
appropriate compactification of the configuration space of n distinct points labeled by 1,2,...,n
in I xR4~! = [0,1] x R, The space Cy" can also be viewed as (a compactification of) the space
of bipointed embeddings {0,1,...,n,n+1} < I xR% ! sending 0 to (0,0) and n+1 to (1,0). The
codegeneracy s;: Cy" — Cy"~ !, i =1...n, is the forgetting of the i-th point in configuration, the
coface d;: Cy™ — C4"*t, i =0...n+ 1, is the doubling of the i-th point in the direction of the
vector (1,0). To be precise d; sends Cy"™ into a stratum of the compactified configuration space
Cy"™! with points 4 and i + 1 collided. For more details, see [36].

The homology {H.(Cy",K), n > 0}, and homotopy {m.(Cyq") ® K, n > 0} form respectively a
cosimplicial coalgebra that will be denoted by A,4°:

Ad. = {Adn, n Z 0} = {H*(Cdn,K), n Z 0},
and a cosimplicial Lie algebra
Ls* ={Cy", n>0} = {m(Cy") @ K, n > 0}.

It will be usually assumed that K = Q.
The cosimplicial model Cy*® for Emby defines the Bousfield-Kan homology and homotopy spec-
tral sequences, whose first term in the homological case is

EL,,=HN"™(CP K) = NAPF,
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and in the homotopy case:

gL, =mNo(CP) @K = NL.

Where the normalized part HY"™(CyP, K) = NAG, N (Cy™) @ K = N LgP is the intersection
of kernels of degeneracies: [)_; ker s;s.

Theorem 2.1 ([1, 23, 24]). For a field K of characteristics zero and for d > 4, both the homology
and homotopy Bousfield-Kan spectral sequences associated with Cy* collapse at the second term:

E?, = E, = H.(Embg,K), 2, =EX = m(Emby) ® K.
This theorem means that rationally the homology and homotopy of Emb,; are computed by
the normalized complexes:
Tot Ay® = (EBnZ()S_nNAdn, d) R Tot Cy® = (@nzos_"NCd", d) R (2.1)

where the differential d is as usual the alternated sum of cofaces d = Z?:Jrol(—l)idi* and s™"
denote the n-fold desuspension.

3. HODGE DECOMPOSITION

As usual it is assumed that the main field of coefficients K is of characteristics zero. Gersten-
haber and Schack [16] defined a Hodge-type decomposition in the Hochschild (co)homology of
commutative algebras with coefficients in a symmetric bimodule M over A.

HH.(A,M) = &;HH (A, M),  HH*(A,M) = &;HH{;(A,M). (3.1)

The construction of Gerstenhaber and Schack [16] used the S,-action on the components of
Hochschild complexes:

(@nEOM ® A®nv 5)7 (®n20H0m(A®n7 M)v d)
They defined the families of orthogonal projectors egf) eK[S,],1<i<nifn>0and i =0 if
n = 0, satisfying the following conditions:

o cld.el) = (5,-je£f) (they are orthogonal projectors);

° Zeg) = 1 (the family of projectors eg), i=0...n, is complete); (3.2)
o del) = es)_lfl del) = e;’ild, 0=1...n.
In the above formula ei) = 0 if i is not in the range 1...n (in case n = 0 one has e((]i) =0 if

i # 0). These projectors are called Eulerian idempotents.

By the last property, the Hochschild complexes computing (3.1) split into a direct sum of
complexes with the i-th complex being the image of the projection e = Yoo egf). This split-
ting induces splitting in Hochschild (co)homology which is sometimes referred as “Hodge de-
composition”. Notice that the same construction works equally well in the differential graded
setting [8, 42].

Later on J.-L. Loday gave a more general set up for this splitting [29]. He noticed that it takes
place for any (co)simplicial complex that can be factored through the category I' (resp. I'P) of
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finite pointed sets. Recall that a simplicial (resp. cosimplicial) vector space is a functor from the
category A (resp. A) to the category of vector spaces:

Xo: A? — Vect, X*: A — Vect.

We will also consider cosimplicial dg-vector spaces. In that case the target category is the category
dg — Vect of differential graded vector spaces. The objects of AP are sets

[n] ={0,1,...,n+1}, n=0,1,2,...

The morphisms are the bipointed ordered maps [n] — [m] preserving the linear order.! By
“bipointed” one means maps sending 0 to 0, and n + 1 to m + 1. The morphisms are generated
by the so called face maps:

di:[n]—>[n—-1], i=0...n,

: Js if j <1

di(j) =" e

j—1, ifj>i
(the preimage d; ' (i) has two points i and i + 1), and degeneracies:

sit[n] = n+1], i=1...n+1,

: s if j <i

si(J) =197 e

J+1, itj >

(the preimage s; (i) is empty).
The simplicial and cosimplicial complexes are defined as follows:
(@nzosan, 8), (@nzos_an, d), (3.3)

where the differential 0 (respectively d) is the alternated sum of (co)faces d; plus (in the differential
graded case) the inner differential of each X,, (respectively X").
It is usually convenient to consider the normalized complexes:

Tot Xo = (Br>08"NX,,, 0), Tot X® = (Gp>0s "NX",d),
which are quasi-isomorphic to the initial ones (3.3). The normalized part is defined as follows
NX, =X, /+i—Ims;, NX" =N kers;.
The category I' has objects
n={x1,2...,n} n=0,1,2,... (3.4)

The morphisms Morp(m,n) are the pointed maps m — n (we consider each set (3.4) to be
pointed in *). One has a natural functor p: A’ — IT" induced by the set maps:

[n] - n,

. 1, 1<i<mn;
MOZ{

¥, 1=0orn+1.

IThis is the Joyal dual of the usual definition of A. As usual A°? is the category dual to A.
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By abuse of the language p(d;), p(s;) will still be denoted by d;, s; and called faces and degen-
eracies respectively. The morphisms of I" are generated by faces, degeneracies, and also by the
isomorphisms of each object n (that are given by the S,-group action).

Remark 3.1. Let I'; denote the subcategory of I', whose objects are the same and morphisms
are the pointed maps m — n preserving the cyclic order. It is easy to see, that I';, is isomorphic
to A via the functor p:

p: AP i) Pcycl'

J.-L. Loday noticed [29] that if a simplicial (resp. cosimplicial) differential graded vector space
X, (resp. X*®) can be factored through the category I' (resp. I'P):

A°P X, dg—Vect A dg—Vect (3.5)
Pl / PL /
r ror

then each X, (resp. X™) admits an S,-action, and moreover the projections egf ) ¢ K[S,,] satisfy
the properties (3.2), and therefore define the Hodge splitting

Tot Xo = Di>0 TOt(i) X, Tot X°® = ®i>0 Tot(i) X°.

4. OPERADIC POINT OF VIEW. X-COSIMPLICIAL SPACES, AND COMMUTATIVE »-COSIMPLICIAL
SPACES

Notice that the Hodge splitting for Hochschild complexes was possible only for commutative
algebras with coefficients in a symmetric bimodule. Only in this case the symmetric group action
is “nicely” compatible with the differential which is built out of the product. This section defines
a natural formalism that generalizes this idea and will be helpful to detect I" and I'®’-modules.

Let O be any of the following three operads:

e non-Y operad of associative algebras ASSOC = {ASSOC(n), n > 0} with ASSOC(n) =
K for all n.

e operad of commutative algebras COMM = {COMM(n), n > 0} with COMM(n) =K
being the trivial representation of S,.

e operad of associative algebras ASSOC¥ = {ASSOC*(n), n > 0}, but in this S-case
ASSOC®(n) = K[S,]. The subscript ¥ is used to distinguish from the non-¥ case above.

Definition 4.1. A sequence of spaces M = {M(n),n > 0} is a weak bimodule over an operad O
if it is endowed with a series of composition maps:

G;i: On)@M(k) > M(n+k—1), i=1...n, (left action); (4.1)
0;: M(k)®@O(n) - M(k+mn—1), i=1...k, (right action), (4.2)

12
satisfying natural unity and associativity conditions (1)-(6) specified below, and, in the Y-case,

compatibility with the S,,-group action (in the Y-case it is assumed that M (n) are S,-modules.).>

2We say “weak” because the left action “is weak”. The usual left action is given by a series of maps O(k) ®
(M(k1) @ M(k2) @ ... M(kn)) = M(k1+ ...+ kn).
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Each element of O and of M is viewed as an object with some number of inputs and one
output. The composition is obtained by inserting an output in one of the inputs, see Figure A
below. The compatibility with the S,-group action is the same as in the definition of the operad:
no matter one permutes the inputs before or after taking the composition, the result will be the
same. For the other conditions (1)-(6), we mention that in particular (1), (3), and (4) imply that
a weak bimodule over an operad is always a right module.

The result of composition 3;(o,m), and o;(m,0), for o € O(n), and m € M (k), will be denoted
by 0 o; m, and m o; o.

Left action Right action

FIGURE A
We will also adopt notation using formal variables. For example, o0 o3 m from Figure A will be
denoted as o(x1,x2, m(x3, x4, x5),x6), and m og 0 as m(x1,0(xe, x3, x4, T5), T6).

Let 01 € O(i), 02 € O(j), and m € M (k). It will be also assumed that id € O(1) is the unit of
the operad O. One has the following axioms of the weak bimodule structure:

(1) Unity condition with respect to the left and right actions:
idoym=m=mopid, 1<p<Ek.
(2) Associativity of the left action:
(01 0p 02) Opig—1 M =010y (0204m), 1<p<i, 1<g<y.
3) Associativity of the right action:
y g
(mopo1) 0prg—102=mop(010402), 1<p<k, 1<qg<i.
(4) Commutativity of the right action on different inputs:
(mopo01)0gti-102 = (mogoz)op01, 1<p<qg<hk.
(5) Associativity between the left and right actions:
(010pm)opyg-102 =010, (Mmog02), 1<p<i, 1<qg<k.
(6) Compatibility between the bi-action and the operad composition:
(01 Op m) Oq 02 = (01 Oq 02) Op4q—1 11, I1<g<p<i

(01 0pm) 0gyp—102 = (010402) o, 1<p<q<i
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Lemma 4.2. The structure of a cosimplicial vector space is equivalent to the structure of a weak
non-% bimodule over ASSOC.

Lemma 4.3. The structure of a I'P-module is equivalent to the structure of a weak bimodule

over COMM.

The same is true in the differential graded case in which the acting operads ASSOC and
COMM are considered with trivial differential.

Proof of Lemmas 4.2, 4.3. Instead of giving a formal proof let us consider a few examples how
cosimplicial and T'°? structure maps correspond to the composition operations (4.1-4.2). Let
M = {M(n), n > 0} be a non-¥ weak bimodule over ASSOC. Let us pick m = 6, n = 3, and
some map « € Morpaor([6],[3]):

N
o

w
=

IN
N

[&)]
'i H
w

o
IN

By Remark 3.1 this morphism corresponds to the following morphism in Morr,, (6,3).

We define the map apr: M(3) — M (6) using the compositions (4.1), (4.2):
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Or equivalently
ay (m)(z1, T2, 23, T4, T5, T6) = T1m(@223, 1, T4X56).

By l, *, /l\, /+\, ... in the above picture one represents respectively 1 € ASSOC(0), x; €
ASSOC(1), xixe € ASSOC(2), x1x023 € ASSOC(3), . ... The idea is to denote the output of m

and of a(m) by #, and their inputs by 1,2,3,..., and then to see how the output and inputs of
apr(m) are connected to the output and inputs of M.

Similarly if M is a weak bimodule over COMM, then any morphism «: m — n defines a map
apr: M(n) — M(m). For example, the map a: 4 — 2:

=
o
*

2 q 5 1
30 a0 2
40

defines a map apr: M(2) — M(4) constructed as follows:

Equivalently ap(m)(z1,x2, 3, 24) = x123m(1, 2224).
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We have seen that weak bimodules over COMM and weak non-X bimodules over ASSOC have
a very natural interpretation. Actually weak bimodules over ASSOC> are also very common
objects. As example the Hochschild complex of any (not necessarily symmetric) algebra A with
coefficients in any A-bimodule has this structure. The category that encodes this structure is also
well-known to be the category of finite pointed non-commutative sets [34].

The following definition is not standard, but will be convenient for the language of the paper.

Definition 4.4. (a) A weak bimodule over ASSOC* will be called X-cosimplicial space.
(b) A weak bimodule over COMM or equivalently I'P-module will be called commutative
Y -cosimplicial space.

Roughly speaking >-cosimplicial spaces are cosimplicial spaces with S,, action on each compo-
nent, and commutative Y-cosimplicial spaces are Y-cosimplicial spaces for which this S,, action
is nicely compatible with the face maps.

4.1. In the category of topological spaces. Similar constructions (Lemmas 4.2-4.3, Defini-
tion 4.4) work well for any symmetric monoidal category with associative coproducts. Again
abusing the notation COMM = {COMM(n), n > 0} = {x, n > 0} will denote the topologi-
cal commutative operad and ASSOC, respectively ASSOC>, will denote non-3, respectively X,
associative operads:

non-% case: ASSOC = {ASSOC(n) = *, n > 0}.

¥ case: ASSOC* = {ASSOC*(n) = S, n > 0}.
4.2. Subcomplex of alternative multiderivations. There is one important case when the
Hochschild cohomology is easy to compute. This is when A is a smooth algebra, and M is a flat

symmetric A-bimodule. In this case the cohomology HH*(A, M) is described by the space of
alternative multiderivations.

Definition 4.5. Let Y* be a commutative YX-cosimplicial dg-vector space.
(a) An element y € Y* is called alternative if for any o € S,

Y Ty Tags s Tgy) = (=D (@1, 20, .. 2). (4.3)
(b) An element y € Y™ is called a multiderivation if for any ¢ = 1...n one has
(4.4) y(a:l, e s Lj—1y L Lj4-1y Li42y - - - ,:En+1) =
:L'Z'y(lltl, N ,ﬂj‘n+1) + y(:l?l, PN A ,ﬂj‘n+1)$i+1.

Let AM(Y™) denote the subspace of alternative multiderivations in Y.
Lemma 4.6. The space AM(Y™), n >0, is a subcomplex of TotY®.
Proof. Let y € AM(Y™). For any 1 <i <n one has
siy=y(x1,...,xi—1, L, x4 ...,Tn_1) =y(r1,.. ., i1, 1 - L,mj, ..., xp_q1) =
Ty(z, . oymim1, Lag, ooy @p1) +y(@, ooy @im1, 1, Xy oo Tppe1) - 1 = 28,y

Therefore s;y =0, 1 <i <n, and AM(Y") lies in the normalized part of Y.
On the other hand the external part of the differential, which is the alternative sum of cofaces
d;, takes any multiderivation to zero, which can be checked by similar computations. One has also
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that the internal part of the differential preserves the alternative and multiderivation properties
since it commutes with I'°P structure maps. O

The complex @,>0AM(Y™) will be also denoted by AM(Y*). The following definition is
inspired by the example from the beginning of the section.

Definition 4.7. A commutative Y-cosimplicial dg-vector space will be called smooth if the in-
clusion

AM(Y*) < Tot YV*

is a quasi—isomorphism.3

As example the Hochschild cochain complex HC®(A, M) of a smooth commutative algebra A
with coefficients in a flat symmetric A-bimodule is a smooth I'°P-module.

Remark 4.8. For a smooth commutative Y-cosimplicial dg-vectror space, the Hodge decompo-
sition in the homology can be easily understood:

HY(Tot Y*) = H,(AM(Y'?)).

This follows from the fact that AM (Y?) lies in the image of ez(-i) =1 Zaesi(—l)‘a‘a.

5. HODGE DECOMPOSITION IN THE HOMOLOGY AND HOMOTOPY OF LONG KNOTS

Let Top denote the category of simply connected topological spaces, and hoT'op denote the cat-
egory with the same objects Ob(hoTop) = Ob(Top), but with the morphisms being the homotopy
classes of maps. One has a forgetful functor:

Top SN hoT op. (5.1)

Proposition 5.1. The cosimplicial space Cy® (see Section 2) has the property that hoCy® factors
through T°°P:

A Ca Top —“~ hoTop (5.2)

DN

Ier

or in other words Cy® is a commutative Y-cosimplicial space in hoT op.

Proof. D. Sinha constructed another cosimplicial model for Embg, which is homotopy equivalent
to the one that was briefly described in Section 2. The n-th stage of this model is the n-th
component of some operad Kz which is homotopy equivalent to the operad of little d-cubes.
Using a natural inclusion

ASSOC* — K, (5.3)

K4 becomes a cosimplicial space (being a bimodule over ASSOC, see Lemma 4.2). Moreover,
according to our terminology it is a Y-cosimplicial space. But notice that all the components

3This definition is a weaker version of [33, Definition 4.3] given by Pirashvili. [33, Theorem 4.6] implies that
smooth I'-modules in the sense of Pirashvili are always smooth in our definition.
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K4(n), n > 0 are connected, therefore in the category hoTop the morphism (5.3) factors though
COMM:

ASSOC” — Ki (5.4)
COMM
As a consequence in hoTop the operad K4 is a weak bimodule over COMM, or equivalently is a
commutative Y-cosimplicial space. O

Corollary 5.2. Since the homology functor factors through hoTop, the homology A4* =
H.(Cy* K) is a commutative 3-cosimplicial graded space. For d > 3 the same is true for the
homotopy Lq* = m.(Cy*) @ K, since the underlying spaces are simply connected and therefore
there are no base-point issues.

There is another but similar way to see that A;° is a weak bimodule over COMM. The vector
spaces {A4", n > 0} form an operad, which is the homology operad of the little d-cubes. By [10]
it is the operad of (d — 1)-Poisson algebras: graded commutative algebras with a Lie bracket of
degree (d — 1) compatible with the product:

|x2\+(d—l)x2[x17x3]'

This operad contains COMM and therefore is a weak bimodule over it.

[x1, xow3] = [x1, T2)w3 + (—1)

Corollary-Definition 5.3. The complexes Tot A;°, Tot Ly® admit Hodge splitting
Tot Ag® = ®; Tot™ Ag°. (5.5)
Tot Lg® = @; Tot™ Lg°. (5.6)

Since the above complexes compute the rational homology and homotopy of Emby, this gives the
Hodge decomposition in its homology and homotopy:

H.(BEmbg, Q) = &;H\"” (Emby, Q) := ®;H,(Tot® A,°), (5.7)
1 (Embg) ® Q = ;7 (Embg, Q) := &;H,(Tot® L,*). (5.8)
6. GEOMETRIC INTERPRETATION OF THE HODGE DECOMPOSITION. CABLING MAPS

Studying knot spaces is in many aspects similar to studying loop spaces. Recall that the real
cohomology of the loop space QM of a 1-connected manifold M is naturally isomorphic to the
Hochschild homology of the De Rham algebra Q*(M) (of differential forms on M) with trivial
coefficients:

H*(QM,R) ~ HH,.(Q*(M),R). (6.1)
Similarly the cohomology of the free loop space AM can be expressed as the Hochschild homology
of Q*(M) with coefficients in itself:

H*(AM,R) ~ HH,(Q* (M), 0" (M)). (6.2)

The differential algebra Q*(M) is graded commutative, and both bimodules R, and Q*(M) are
graded commutative over it. Hence it makes sense to consider the Hodge decomposition of (6.1-
6.2). Let ®,,, n € Z denote the power maps

oM 2 oM, AM 2 AM.
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induced by a degree n map of a circle into itself S' — S'. Tt was shown in [8] that the

Hodge decomposition in HH,(Q2*(M),R) (resp. HH.(Q*(M),Q*(M))) corresponds via isomor-
phisms (6.1), (6.2) to the decomposition into eigenspaces of the power maps in cohomology:

H*(QM,R) 2% H*(QM,R),  H*(AM,R) 2% H*(AM,R).
More precisely the HH. ii) term is always the eigenspace of ®* with eigenvalue n’.

We believe that a similar assertion holds for the homotopy and homology of Emb,;. But instead
of power maps one has to use cabling maps (abusing notation they will be denoted similarly):

®,,: Emby — Emby.

The construction of ®,, is similar to the proof of Proposition 1.1 and goes in two steps. First

one constructs such maps for the spaces of long framed embeddings Embﬁmmed and long framed
immersions [ mmgmmed:
29
Embi\;[famed Emb%[:’amed (63)
Imm[)i”ramed Pn Immé”ramed‘

Since the diagram (6.3) commutes, one obtains the induced “cabling” map ®,, on the homotopy

fiber of the inclusion EmbﬁmmEd I mmgmmed. But this homotopy fiber is exactly Emby.
Below it is shown how to construct an n-cabling of a framed long knot (for framed immersions

the construction works in the same way). One will be using a slightly different model for the

space of long knots. Namely, it will assumed that a long knot is an embedding
f:10.1) = [0,1)7,

coinciding with a fixed linear embedding in a neighborhood of the boundary points 0 and 1.
The image of the endpoints will be denoted by a = f(0) = (0, %, %,,%) and b = f(1) =

(1, %, %, ce %) A framed knot is a knot f together with an orthonormal trivialization of its
normal bundle e;(),...,eq—1(t). Moreover one has e;(t) = %_H, 1<i<d-—1,fort close to the
endpoints.

Let n > 0, define a string link

foe:[0,1] x {0,1,...,n— 1} = [0,1]¢,

fne(t i) = f(t) +icei(t).

For example for n = 2 one gets:
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The number ¢ depends on the knot f. It should be such that any &’-wave front of the knot,
with 0 < &’ < e, does not have self-intersections. This & can be chosen continuously on f. (For
an immersion this € can be chosen to be zero, but one should still make this choice in the way to
make the diagram (6.3) commute. )

Then one shrinks the string link into the cube [1, 2] Let a; = f,(0,1), b; = fn(1,7) be the
starting and ending point of the i-th component of the shrunk string link, 0 < ¢ < n. To finish
the construction one joins the points a with ag, b; with a;4+1, ¢ =0...n — 2, and b,—1 to b, by

embedded lines (on which one puts appropriate framing).

(en =am|

l7 §]d
1014
The 0-cabling is defined as a constant map ®q: Embgmmed — Embgmmed sending any knot
to the fixed linear embedding. The negative cablings ®_,, are defined similarly to ®,,. First one
constructs the string link f,, . which we shrink into the cube [%, %]d. Then one joins a with by, a;
with bj41,7=0...n—2, a,—1 with b. For example, (—1)-cabling of a knot is shown on Figure B.
Notice that for this construction only the first section e of the framing was used. This means
that instead of framed knots/immersions one can use long knots/immersions endowed with only
one non-trivial section of the normal bundle. A model for such space is the space of embed-

dings/immersions

In our construction the picture outside | does not depend on the initial knot f.

0,1] x [0,1] — [0,1]¢,
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o
U i

FIGURE B. (—1)-cabling.

that have a fixed behavior in a neighborhood of [0,1] x {0,1}. For such spaces cabling maps
can also be easily defined (moreover one can do it without caring about ¢). The construction of
cabling maps works also nicely if one uses Budney’s model for the space of framed long knots [7]
(the space denoted by EC(1, D?"1)), and its analogue for the space of framed immersions.

It is easy to see that for d > 4, one has that &, 0®,, is homotopy equivalent to ®,,,,, for any pair
of integers n and m. In particular it means that the induced maps in the homology/homotopy
commute. On the other hand, the totalization of any commutative ¥ cosimplicial space (I'°P-
module) is endowed with so called Adams operations ¥,,, n € Z, commuting with the differential,
see [16, 29, 31]. In each degree they are defined as a sum of shuffle permutations with appropriate
signs. The operation ¥,, acts by multiplication by n*! on the degree i component Tot® of the
totalization.

Conjecture 6.1. For d > 4, the maps induced in the rational homology and rational homotopy
by the cablings intertwine with the Adams operations in the homology of totalizations:

H,(Embg,Q) — H.(Tot Ag®) , m.(Embg) ® Q —— H.(Tot Ly*) (6.4)
q>n* \L ‘/ %‘Iln* q)n* l l %\I/n*
H*(Embd7 Q) — H*(TOt Ad.)v W*(Embd) & Q —— H*(TOt Ld.)7

This conjecture would imply that the degree i component H,EZ) (Embg, Q), 71,(]) (Embg, Q) of the
Hodge decomposition can be defined as the eigen space with eigen value n’ of any cabling map
D, n# +1 or 0.

One can try to prove this conjecture using (co)simplicial techniques. In this approach the main
technical difficulty would be to have an appropriate compactification of the configuration spaces.
Recently Munson and Volié¢ defined a cosimplical model for the space of string links [30]. One can
try to use their model to go through the first step of the cabling construction, where one defines a
string link from a given long knot. To define such a map between the cosimplicial models (of long
knots and of string links) one can double all points in the configuration in the direction different
to the coface maps. But unfortunately this “doubling of each point” map does not respect the
cosimplicial structure: it does not commute with the coface maps.
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7. RELATION BETWEEN THE HODGE DECOMPOSITION IN THE HOMOLOGY AND HOMOTOPY

The rational homotopy of Emb, is isomorphic to the primitive part of the rational homology,
see Corollary 1.3. By Theorem 2.1,
H.(Emby,Q) = H.(Tot Ag®),  mu(Embg) ® Q = H.(Tot Lg*).
Therefore the space of primitives of H,(Tot A;*) is isomorphic to H,(Tot Ly®):
Prim(H,(Tot Ay®)) ~ H,(Tot Ly*®) (7.1)
A pure algebraic proof for this isomorphism is given in [23].

Proposition 7.1. (i) The coproduct structure of Tot A® respects the Hodge degree:

k
ATot® Ag® € @ Tot™ Ag® @ Tot™=9) A4,
i=0
(ii) The isomorphism (7.1) respects the Hodge decomposition.

The above proposition means that the study of the Hodge decomposition in the homology or
in the homotopy are two equivalent problems, since the homology H.(Tot A4°) is a free graded
cocommutative coalgebra over Prim(H,(Tot A4°%)) ~ H,.(Tot Lg®).

Proof. The proof of (i) follows from the following lemma:

Lemma 7.2. Let B®* and C*® be two commutative X-cosimplicial spaces, then B® @ C*® is also a
commutative X-cosimplicial space and moreover the Eilenberg-Mac Lane map

Tot(B®* ® C*) — Tot B* ® Tot C*
respects the Hodge degree.

Proof. This fact is well known. For example, one can see it from the geometric approach of
F. Patras to describe Adams operations [31, 32] (see in particular Proposition 1.3 of [32] and the
remark that follows.) O

To prove (i) one can notice that the coproduct on Tot A;* is obtained as a composition of two

maps:
Tot Ag® ﬁ) Tot(Ag® ® Ag®) % Tot Ay* ® Tot Ag°.

The first map A® is induced by a degree-wise coproduct (in the homology of configuration spaces),
which is a morphism of commutative Y-cosimplicial spaces. The second one respects the Hodge
degree by Lemma 7.2.

(ii) Recall that the proof of (7.1) in [23] was given by the following sequence of quasi-
isomorphisms:

Tot Aga/(Tot Agy)? <5— L(Tot Aga) 5= Tot L(Age) <= Tot(Lau), (7.2)

where A4, is the simplicial graded commutative algebra dual to A;* (i.e. Ag, = H*(C4",Q)), and
L, is the simplicial graded Lie coalgebra dual to Ly® (i.e. Ly, = Mor(m.(Cy4"),Q)). The algebra
Tot A4, is polynomial, Tot Age/(Tot Age)? describes the quotient complex of indecomposables.
The homology of Tot Ag,/(Tot Age)? is Prim(H.(Tot Ag,)). The functor £(—) is the cobar
construction that assigns to any commutative dg-algebra a quasi-free dg-Lie coalgebra. The
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first, and the second quasi-isomorphisms, «, and EM/,, respect the Hodge decomposition by
Lemma 7.2. The last one is induced by a morphism of differential graded I'-modules and therefore
respects the Hodge degree. O

Part 2. Graph-complexes
8. BIALGEBRA OF CHORD DIAGRAMS. GENERALIZING A RESULT OF BAR-NATAN

The bialgebra of chord diagrams is a well-known object in Low Dimensional Topology which
encodes the so called Vassiliev invariants of knots. Bar-Natan has shown that this bialgebra is
isomorphic to the bialgebra of unitrivalent graphs attached to a line modulo STU, IHX, and
AS relations [6]. Theorem 8.6 of [23] generalizes and also gives another proof of this result using
graph-complexes. In this paper we will go a step further and will generalize the following result
of Bar-Natan:

Theorem 8.1 (Bar-Natan [6]). The vector space of primitive elements of the bialgebra of chord
diagrams is isomorphic to the space of connected unitrivalent graphs (with at least one univalent
vertex) modulo IHX , and AS relations.

-O- XD~

Ficure C. Examples of uni-trivalent graphs

The bialgebra of chord diagrams is naturally graded by complexity - number of chords. The
complexity of a unitrivalent graph is the Betti number of the graph obtained by gluing together
all univalent vertices, see Figure D.

@

FI1GURE D

From this theorem one can see that the space of primitives has another grading which is the
number of univalent vertices.

Section 8.1 defines graph-complexes AM (P;*), AM(D4®). The first graph-complex is spanned
by connected graphs whose vertices are either univalent or > 3-valent. The differential is the
sum of expansions of vertices. The above vector space of unitrivalent graphs modulo /H X and
AS relations is a subspace of the homology of AM (P;*) in the lowest non-trivial degree. The
I H X relations arise as a sum of 3 possible expansions of a quadrivalent vertex, i.e. these relations
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appear as the image of the differential. The AS relations are equivalent to the orientation relations
described in Section 8.1.

The complex AM(D;*) is similar to AM(P;*), except that it is spanned by graphs with any
number of connected components.

Theorem 8.2. The homotopy m«(Emby) ® Q, resp. the homology H.(Embg, Q) is computed by
the graph-complex AM (FPy®), resp. AM(Dy*) (that are defined below) of connected, resp. possibly
disconnected or empty uni-> 3-valent graphs. Moreover via this isomorphism the complexity
grading corresponds to the first Betti number of the graph obtained by gluing together all the
univalent vertices, and the Hodge degree corresponds to the number of univalent vertices.

This theorem is proved in Section 10.

8.1. Definition of AM(P;*), AM(D;®). Let us first define the complex AM(P;*). By a con-
nected uni-> 3-valent graph we mean an abstract connected graph with a non-empty set of
univalent vertices (which are called external) and some (possibly empty) set of vertices of valence
at least 3 (those vertices are called external). The graphs are allowed to have both multiple edges
and loops — edges connecting a vertex to itself:

-0 o< o

FiGURE E. Examples of connected uni-> 3-valent graphs.

Neither external, nor internal vertices are labeled. The orientation set of a graph is the set of its
external (univalent) vertices (those vertices are considered to have degree —1), its internal vertices
(which are considered to have degree —d), and its edges (considered to have degree (d —1)). The
total grading of a graph is the sum of gradings of its edges, and vertices. An orientation of a
graph is an ordering of its orientation set together with fixing of orientation of each edge. Two
graphs are considered to be equivalent if there is a bijection between their sets of vertices and
edges respecting the adjacency structure of the graphs, orientation of edges, and the order of
orientation sets.

Definition 8.3. The space of AM(F;*) is a graded vector space over K spanned by the above
connected uni-> 3-valent graphs modulo the orientation relations:
(1) If I'y and T'e differ only by an orientation of an edge, then

I = (—1)T,.
(2) If I’y and T’y differ only by a permutation of an orientation set, then
'y =471,

where the sign is the Koszul sign of permutation (taking into account the degrees of elements).
The differential in AM (P,*) is a sum of expansions of internal vertices, see example below.

(=)= )« () = ()
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The orientation of the graph in the boundary is defined as follows: the new edge and the new
vertex are added as the first and the second elements in the orientation set, and the edge is
oriented from the old vertex to the new one. There is a choice which of the vertices of the new
edge is considered as new and which as old, but regardless of this choice, the obtained orientation
is the same.

Together with the main grading which is the sum of gradings of edges and vertices, one will
consider two additional gradings. The first one, complexity, is defined as the first Betti number of
the graph obtained by gluing all univalent vertices together, see Figure D. The second one, Hodge
degree, is defined as the number of external vertices (we will later on see that indeed this grading
corresponds to to the Hodge degree of some Hochschild complex). The differential in AM (P;*)
preserves both the complexity and the Hodge degree, therefore the complex AM (P,;*) splits into
a direct sum of complexes:

AM (P;®) = @; ;AM;(Py'")
by complexity j, and Hodge degree 1.

Remark 8.4. Similar graph-complexes appear in the study of the homology of the outer
spaces [12, 13, 18, 20, 26]. The difference is that in our case the graphs have univalent ver-
tices.

The second complex AM(D;*) can be defined as a free differential graded cocommutative
coalgebra cogenerated by the complex AM (P;*). This complex can also be viewed as a graph-
complex of possibly empty or disconnected uni-> 3-valent graphs, each connected component

being from the space AM (P;*).

FIGURE F. Example of a graph from AM (D4*). It has 3 connected components
and has in total 6 external, and 3 internal vertices.

The notation AM(—) comes from “Alternative Multiderivations” (see Section 4.2). One will
see in Section 10 that they are indeed isomorphic to the complexes of alternative multiderivations
of the commutative X-cosimplicial dg-vector spaces P;°*, and D4°®, that will appear in the next
section.

9. OPERADIC GRAPH-COMPLEXES

Recall that the components of the cosimplicial space A4* = {A;", n > 0} = {H.(Cy4"), n > 0}
form the operad of (d— 1)-Poisson algebras, that will also be denoted by A4.* This section defines
a series of graph-complexes Dy = {Dy(n), n > 0}, that form an operad quasi-isomorphic to the
operad A,. Moreover the quasi-isomorphism is given by a natural inclusion. The construction of
D, takes roots in [22] and had a number of remakes [23, 25]. The difference of our construction
is that we obtain an operad, and not a cooperad like in [22, 23, 25]. So our construction is

In [24, 39, 40] this operad was denoted by Poissq—1. We switched the notation for a convenience of presentation.
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dual to the previous ones. Another difference is that we also allow more admissible graphs:
we permit graphs to have multiple edges (contrary to [22, 25|, but similarly to [23]), and loops
— edges connecting a vertex to itself (contrary to all previous versions). The n-th component
Dy(n) is spanned by admissible graphs that have n external vertices labeled by 1,2,...,n, and
some number of non-labeled internal vertices. The external vertices can be of any non-negative
valence, the internal ones should be of valence at least 3. The only condition we put on graphs —
each connected component should contain at least one external vertex (no pieces flying in air).

()
, A
1 2 3 4 1 2 3

F1eurRE G. Examples of graphs in Dg(4) and Dy(3).

The orientation set of such a graph is the union of the set of internal vertices (those elements
are considered to be of degree —d), and the set of edges (such elements are of degree (d — 1)).
Similarly to Section 8 one will say that a graph is oriented if one fixes orientation of all its edges,
and an ordering of its orientation set. The space Dy(n) is defined to be spanned by all oriented
admissible graphs (with n external vertices) modulo the orientation relations (1)-(2) similar to
those of Definition 8.3.

Remark 9.1. For even d the orientation relations kill the graphs with multiple edges, and for
odd d — the graphs with loops.

The differential is the sum of expansions of vertices (being dual to to the sum of contractions
of edges). It diminishes the total degree by 1. One should be a little bit careful with the external
vertices. An expansion of an external vertex produces one external vertex (with the same label)
and one internal one.

7, 7
a(ﬂ\z):ﬂilq\oi ii&ﬁg

20\

2 3 1 2 3
+ %

1 2 3

The orientation of the graph in the boundary is defined as follows: the new edge and the new
vertex are added as the first and the second elements in the orientation set, and the edge is
oriented from the old vertex to the new one. There is a choice which of the vertices of the new

edge is considered as new and which as old, but regardless of this choice, the obtained orientation
is the same.
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The operadic structure defined by compositions
0;: Dg(n) ® Dg(m) — Dg(n+m — 1)

is dual to the cooperadic structure in [25]. If T'; € Dgy(n), 'y € Dg(m) are two graphs, then I'y 0,
is the sum of graphs obtained by making I's very small and inserting it in the i-th external point
of I'y. The edges adjacent to the external vertex ¢ in I'y become adjacent to one of the vertices of
I'y. The sum is taken by all such insertions, see Figure H. The orientation set of each graph in
the sum is obtained by concatenation of the orientation sets of I'1 and I'y. With this definition
of orientation, all the signs in Figure H are positive.

N L TN
iof/\k ZENN

3 4

AL L T

FIGURE H. Examples of composition

Proposition 9.2. The assignment

T2 8, [z1,20] = {3,

where x1x9, [T1, 2] € Ag(2) are the product and the bracket of the operad Ay of (d — 1)-Poisson
algebras, defines an inclusion of operads

Ay == Dy (9.1)
that turns out to be a quasi-isomorphism (Ag is considered to have a zero differential).

Proof. This assertion is dual to [25, Theorem 9.1]. The graph-complexes used in [25] are slightly
different, but the proof is the same. O

Notice that the operad A, contains the operad COMM. Therefore the inclusion (9.1) can
be viewed as a morphism of weak bimodules over COMM. Denote by Dy* = {D;", n > 0} =
{D4(n), n > 0} the corresponding commutative 3-cosimplicial space.
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Corollary 9.3. Inclusion (9.1) defines a quasi-isomorphism of complexes
Tot Aq® & Tot D,*

that respects the Hodge splitting.

The complex Tot Dy® is a graph-complex spanned by admissible graphs whose external vertices
are of positive valence. The differential is the sum of expansions of vertices. An expansion of an
external vertex can produce either two external vertices, or one external vertex and one internal

one:
aToth’(ﬂ\}) = + /\, + /l\g + Q/Q\@
1 2 1 2 1 2 3

1 2 3

Corollary 9.4. The graph-complex Tot Dy® computes the rational homology of the space Emby
together with its Hodge splitting: for K = Q one has

H,(Tot® D;*) = H (Embg, Q).

The operad Dy is actually an operad in the category of graded cocommutative coalgebras.’?
The coalgebra structure in each component Dy(n) is given by a cosuperimposing:

A\ :EA\(goooﬂ:A\@of\oo
i 2 3 1 2 3 1 2 3 1 2 3
A ( ) =
1 2 3

imo®A\ +

o
1 2 3 1 2 3 1 2 3 1 2 3

Let P;" denote the primitive part of D" = Dg(n). The space Py" is spanned by the graphs
with n external vertices that become connected if one removes all the external vertices together
with their small vicinities.

The family of spaces Py® = {P;", n > 0} is preserved by the commutative X-cosimplicial
structure maps, simply because these maps respect the coalgebra structure of Dy", n > 0.

Proposition 9.5. The weak X-cosimplicial dg-vector spaces Lg® and Py® are quasi-isomorphic
(by a zig-zag of quasi-isomorphisms). As a consequence Tot P;® computes the rational homotopy
of Emby together with its Hodge splitting: for K = Q one has

H,(Tot® P,*) = 7\ (Emby, Q).

Proof. The proof of Theorem 9.4 in [23] gives the necessary zig-zag. O

®Moreover (9.1) is a morphism of such operads.
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10. D4* AND P;* ARE SMOOTH

Recall Definition 4.7 of a smooth commutative Y-cosimplicial dg-vector space.

Theorem 10.1. The commutative Y-cosimplicial spaces Dg* and P;®* are smooth. Moreover
their complezes of alternative multiderivations are isomorphic to the graph-complexes described
in Section 8.1. ©

An immediate corollary of this theorem (and of Corollary 9.4, and Proposition 9.5) is Theo-
rem 8.2.

Proof. Let us first show that the complexes from Section 8.1 are indeed isomorphic to AM (D4*),
AM (P;*). An element of D;* (resp. P;*) is a multiderivation if and only if it is a linear combi-
nation of graphs whose all external vertices are univalent. If the valence of the i-th vertex is 1,
then one has:

o o ° °
L T b i i+l i+l

which is exactly the equation (4.4). To see that the converse is true (i.e. that equation (4.4)
implies that the valence of the i-th vertex for all the graphs in the sum is one), we define a map
ri: D"t — Dy" that glues together the i-th and (i 4+ 1)-st external vertices:

T2
\19
1 2 3 1

It is easy to see that if the valence of the i-th external vertex of a graph I' € Dg" is j, then
rldl(l“) = 29T

60ne abused the notation: in Section 8.1 one denoted the defined complexes by AM (Dg*), AM(P;*). We did it
deliberately since they are naturally isomorphic to the complexes of alternative multiderivations that we consider
in this section.
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o
i+l i+l

d; _ T

—= . ) - —

"o o Y
i 0L i
+

J o
i+l i

i+1

But if y € D," satisfies (4.4), then r;d;y = 2y, which finally implies that any multiderivation
is a linear combination of graphs with univalent external vertices.

Denote by M (Dg*) = @, M (Dg"), and M (Py*) = @&, M (P;") the subcomplexes of multideriva-
tions of Tot D4°®, Tot P;*. As we have seen they are spanned by the graphs whose all external
vertices are univalent. It is easy to see that the complexes defined in Section 8.1 are isomorphic
to &M (P") ®s,, signg,, and @, M(D;")®s, sign,, where sign,, is the sign representation of S,,.
This follows from the fact that in Section 8.1 the univalent vertices of graphs were not labeled
and appear as elements of degree —1 of their orientetion sets. On the other hand, in characteristic
zero the invariants and coinvariants of a group action coincide, and one has:

OnM(Dg") ®s,, signn ~ &AM (Dg"),  ©nM(Py") ®s,, signn ~ Gn AM (Py").

Now let us show that D;®, P;* are indeed smooth. Consider the free commutative algebra
generated by x1,x2,...,x,. Let us take its normalized Hochschild complex with coefficients in
the trivial bimodule K. Let K, denote the subcomplex of this Hochschild complex spanned by
the elements of degree 1 in each variable z;, ¢ = 1...n. Notice that K, is finite-dimensional.
For example, K> is spanned by three elements: =1 ® x2, T2 ® z1, and z175. Let K,/ denote the
dual of K. In Tot P;*, Tot D4* (and also in their subcomplexes AM (P;*), AM(P;*)) consider
the filtration by the number of internal vertices. The differential dy of the associated spectral
sequence is the alternated sum of faces (external part of the differential in totalization). One
can eagsily see that the term FEjy of the associated spectral sequence is isomorphic as a complex
respectively to @,>0K, ®s, M(P;"), and ®,>0K,Y ®s, M(Dy"), where M(Py"), M(Dy") are
taken with zero differential. Below there are two examples illustrating how this isomorphism

works:
—
T @ Taw3 @ T4Ts @ /
1 2 3 4 5 1 2 3
To @14 Qa3 @ j / i : — 52 i
2 3 4 1 2 \03

1
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The idea of this isomorphism is that any graph in Tot Py* (resp. Tot D;*) can be obtained from
a graph with all external vertices of valence 1 by gluing together consecutive external vertices.
This correspondence is not unique that’s why one takes the tensor product over the symmetric
group Sy,.

The homology of K,/ is concentrated in the top degree and is isomorphic to the sign represen-
tation sign, of S,. One can define an explicit inclusion

S1gNy, — K,\L/

that sends the generator to % Y ooe Sn(—l)“"aza1 ® ... ® x4, and defines a quasi-isomorphism of
dg-Sp-modules. As a consequence the F; term is isomorphic to

©nM(Py") ®s,, 8ignn, O M(Dyg") ®g,, signy,.

respectively. But the above complexes are exactly AM (Dy*), AM(P;*). Therefore the inclusions
AM(P;*) < Tot P;*, AM(D4*) < Tot D4* induce an isomorphism of the spectral sequences
(associated with the above filtration) after the first term. Therefore these inclusions are quasi-
isomorphisms. O

Remark 10.2. Recall Remark 9.1 that the loops are possible only if d is even. But even in
this case if we quotient out P;* by the graphs with loops, then P;* is no more smooth only
in complexity 1. Indeed, the isomorphism Ey ~ @,>0K, ®g, M(P;") fails to be true only in

complexity 1, since there is only one graph {\2 in M(P;*) that can produce a loop by gluing
consecutive external vertices.

This remark will be used in the next section that studies AM (P;*) in small degrees.

11. AM(P;®) IN SMALL COMPLEXITIES

This section presents the results of computations of the homology of AM (P;*) for complexities
j=1,2 and 3.

Complexity j =1

Odd d. There is only one graph which is not canceled by the orientation relations:

/

It defines a rational homotopy class of Emb, of dimension d — 3. Its Hodge degree is 2.

(11.1)

Even d. Again one has only one non-trivial graph:

/Q (11.2)

that defines a rational homotopy class of dimension d — 3. Its Hodge degree is 1.

Complexity j =2
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Odd d. There are only 2 non-trivial graphs

/@/, (11.3)
/Z (11.4)

The first one has the degree 2d — 6 (its Hodge degree is 2), the second one has the degree 2d — 5
(its Hodge degree is 1).

and

Remark 11.1. The cycles (11.1), (11.2), and (11.4) are exactly those that arise from the rational
homotopy of the factor Q2591 in Emby = Emby x Q25%1.

Even d. Recall from Remark 10.2, that starting from complexity 2 one can consider a quasi-
isomorphic complex spanned by the graphs in AM (Degyen,®) without loops. In complexity 2 one

has only one such graph:
/K (11.5)

It defines a cycle of dimension 2d — 6. Its Hodge degree is 3.
Complexity j =3

Odd d. The case of odd d is harder because of the presence of multiple edges. In the Hodge
degrees 4 and 3 all the graphs are trivial modulo the orientation relations. In the Hodge degree
2 one has a complex spanned by 5 graphs:

The homology is one-dimensional and concentrated in the lowest degree 3d — 9. Its generator
is represented by any of the 3 graphs:

2 %% - ﬁ = (11.6)

One brings attention of the reader that pairing with the dual graph-complex (whose differential
is a sum of contractions of edges) is given by the following rule: if a non-trivial graph in the dual
graph complex is not isomorphic to a graph I" in AM (P,*) then the pairing is zero, otherwise it
is the order of the group of symmetries of I'. In particular a homology generator dual to (11.6)
is represented by the sum:
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oo P2

The order of the group of symmetries for the first graph is 8, for the second and the third ones
it is 4. Therefore the pairing between (11.6) and the above cycle is 8.

In Hodge degree 1, one has a complex spanned by 9 graphs:

— A

Fasy computations show that up to a non-zero multiple there is only one non-trivial homology
generator which lies in degree 3d — 8. It is given by any of 2 graphs:

(11.7)

The other 2 graphs in this degree lie in the boundary. The dual homology generator is the sum:

<
Even d. The case of even d is easier since the graphs are without multiple edges (and also without

loops due to Remark 10.2).
In Hodge degree 4 there are only 2 non-trivial graphs that cancel each other:

=X

In Hodge degree 3 there are no non-trivial graphs. In Hodge degree 2 there is only 1 graph:

J\% (11.8)

that defines a homology generator of degree 3d — 9.
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In Hodge degree 1 one has only 1 non-trivial graph:

(11.9)
It defines a generator of degree 3d — 8.

Remark 11.2. In complexity 3 the rational homotopy classes for both even and odd d are given

by the same graphs:
J\D— and %

Remark 11.3. The computations in this section are consistent with the computations of the
Euler characteristics of the Hodge splitting in rational homotopy, see Tables 1 and 3, and also
with the previous computation of the rational homotopy of Embg, see [38, 40].

12. HOMOTOPY GRAPH-COMPLEXES FOR SPACES OF HIGHER DIMENSIONAL LONG EMBEDDINGS

Theorem 8.1 seems unnatural since it forgets the natural “linear” topology of the real line
R!. From this point of view Theorem 8.2 seems to be even more strange and unbelievable. It
turns out that these complexes AM (P;*) are conjecturally related to the topology of embedding
spaces of higher dimensional affine spaces for which the complexes in question do seem naturally
appropriate.

Let Emb(R*F,R%) denote the space of smooth non-singular embeddings R* < R? with a fixed
linear behavior outside some compact subset of R¥. Similarly let Imm(RF, R%) denote the space
of immersions with the same behavior at infinity, and let Emb(R*, R%) denote the homotopy fiber
of the inclusion Emb(R*, R?) < Imm(RF, R%).

Let & 4 denote a graph-complex whose definition is the same as the one given for AM(P;*)
in Section 8.1 with the only exception that one assigns degree —k instead of —1 to the external
vertices of the uni-> 3-valent graphs. In particular £ 4 = AM(P;*). Up to a shift of gradings
&r.q depends on the parities of k, and d only.

Conjecture 12.1. The rational homotopy of Emb(Rk,]Rd), d > 2k + 2, is naturally tsomorphic
to the homology of & q:

T (Emb(RF RY)) @ Q =~ Ho ().

This conjecture would imply that up to a shift of gradings the rational homotopy and homology
of Emb(R*,R%), d > 2k + 2, depends on the parities of k& and d only. We stress again the fact
that surprisingly this biperiodicity starts already from k = 1!

The above conjecture is equivalent to a collapse at E? of a spectral sequence arising natu-
rally from the Goodwillie-Weiss embedding calculus and computing the rational homology of
Emb(R¥,R?). To be precise H. (& q) is exactly the primitive part of E2. The E? term itself is
isomorphic to the higher order Hochschild homology [33] of the I'P-module A4°:

B2~ HHM(A) ~ HHEF (D).
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The last isomorphism is due to the fact that D;® is quasi-isomorphic to A4* as a I'P-module.
Finally one can show that Dy® is smooth in the sense of Pirashvili [33, Definition 4.3] (the proof
is similar to that of Theorem 10.1) and therefore a generalization of the Hochschild-Kostant-
Rosenberg theorem [33, Theorem 4.6] can be applied. Which finally shows that Prim(E?) ~
H,(E,q). More details will be given in a future work of the author and G. Arone where we hope
to prove the above conjecture together with the collapse result.

One should mention that besides the long knots (Theorem 2.1) this rational homology collapse
result holds also for the spaces of embeddings modulo immersions Emb(M, Rd) of any compact
manifold into an affine space of a sufficiently high dimension d [2].

Part 3. Euler characteristics of the Hodge splitting
13. GENERATING FUNCTION OF EULER CHARACTERISTICS
Recall that the rational homology of Emb, is computed by the complex
Tot Ag® = (®n>05 "N A", 0) = (©ns0s "HY™(C4",Q), D).
The homology of Cy" is concentrated in the gradings that are multiples of (d — 1):
«=j-(d—1), 0<j<n-—1.
For the normalized part one has the restrictions:
S<i<n-1

The lower bound happens for the so called “chord diagrams”, see [39]. The differential O preserves
this grading j that will be called complexity. Since O also preserves the Hodge degree, one has a
double splitting:

Tot Ag® = @, Tot ™) Ag* = & j(@ns el (HTT(Ca", Q)), ). (13.1)

n

Here egf ) is the i-th projector of the Hodge decomposition, see Section 3, s~ denotes the n-fold
desuspension.
Denote by 2l )(Embd,Q) = H,(Tot®™) A4,%). Let Xi,; denote the Euler characteristics in

bigrading (i, 7):

j(d-2)—1
Xig= Y (=1)"dim(H?) (Embg, Q)),
n=j(d—3)

and let Fj(z,u) be the corresponding generating function
Fy(x,u) = Z Xigr'ul.
.3

The variable z is responsible for the Hodge degree and the variable u is responsible for the
complexity. Since up to an (even) shift of gradings the complexes Tot A;* depend on the parity
of d only, one has that Fy(x,u) are the same for d’s of the same parity. The corresponding
generating functions will be denoted by Fy44(z,u), and Feyepn(z,u).

Let Ey(y) be the polynomial %Zdw w(d)yt/® (where pu(—) is the standard Mébius function),
and let I'(y) be the usual gamma function which is (y — 1)! for positive integers y.
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Theorem 13.1. (a)
D(E(y) — Be(2))
(gué)Ez(x)I’(Eg(%))7

Fodd(az, u) = H

>1

(13.2)

where each factor in the product is understood as the asymptotic expansion (see Definition 14.1)
of the underlying function when u — +0, and x is considered as a fixed parameter.

(b)
I'(—E(+) — Ei(2))

Feven(,u) = [ ()BT (—Ey(L)’

>1

(13.3)

where each factor in the product is understood as the asymptotic expansion of the underlying
function when u is complex and u* — —0. Again x is considered as a fized parameter.

The next section gives a better understanding of this formula. We warn the reader that the
series corresponding to each factor can be divergent depending on x. We mention that both
Fogia(x,u), Feyen(x,u) have the form ;;08 Pj(z)w!, for Pj(x), j = 0,1,2,..., being a sequence
of polynomials with integer coefficients. Each factor of (13.2)-(13.3) has a similar polynomial
asymptotic expansion, but the polynomials in their expansions have rational coefficients.” For

small complexities j one has
Foga(w,u) = 1+2?ut (a2 +2? —2)u? + (2% + 2 —2* + 22 —2)u® + (2® + 20— 2 + 32 - 303+ —z)u' +. . |

Feven(xau) =1—xu+ LE3U2 + (—1'4 — 1'2 + x)u?, + (1’6 + 1’3 — x2)u4 + ...,
see Tables 2 and 4.

14. UNDERSTANDING FORMULAE (13.2)-(13.3)

14.1. Looking at the first factor.

Definition 14.1. A function f(u) is said to have an asymptotic expansion Z;:g aju/ when
u — 40 if for any n > 0 one has

flu) = ajul + o(u™),
j=0

when u — +0.

Notice that the series Z;:g aju’ is considered as a formal series which is not necessary con-
vergent, or even if it is convergent it is not supposed to converge to f(u) for u # 0.

Now consider the first factor
I'(:—x)

u

FEen (14.1)

"The polynomials in these expansions belong to the class of polynomials that take integer values on integer
points. Which obviously does not guarantee that the coefficients are integer.



HODGE-TYPE DECOMPOSITION IN THE HOMOLOGY OF LONG KNOTS 31

of the product (13.2). The variable x is a parameter. Let x be a positive integer n. Applying the
identity I'(z + 1) = 2I'(z), one obtains:
I'(t—n) 1
ap(dy = Z (),
ul'(5) (I—=u)(l—2u)...(1 —nu)

(14.2)

where v;(n) = Elgilg...gijgn Q142 ... 15. It is easy to see that ’yj(n) is a polynomial function of n.
Now let x be a negative integer —n. Similarly one gets
I'(L+n)
———— =(14+u)(1+2u)...(1+(n—1u 7, 14.3

where 7;(n) = El§i1<...<z’j§n—1 i1 ...1; again are polynomials of n.

Lemma 14.2. The polynomials v;(x), ¥j(x), 7 = 0,1,2,..., are related to each other:
i (@) = (=)

Moreover the function (14.1) for any real parameter x has the asymptotic expansion

+o0 ‘
Z Vi (z)u?,
=0

when u — +0.

In the sequel the following definition will be used.

Definition 14.3. Let F(z,u) be a function of two variables that has an asymptotic expansion
Z;’io fj(x)uw) at u = 0 defined for any real . We will say that this expansion is polynomial if
each function f;(z) in the expansion is a polynomial of x.

The lemma above says that the function (14.1) has a polynomial expansion when u — +0.
If two functions F(z,u) and G(z,u) have a polynomial expansion, then in order to prove or
disprove that their expansions coincide it is sufficient to compare their expansions only for a
countable set of x’s. This advantage of having a polynomial expansion will be used in the proof
of Proposition 15.7.

Proof. 1t is sufficient to show that the function (14.1) has a polynomial asymptotic expansion.
Since a polynomial is uniquely determined by its values on the set of positive (resp. negative)
integers, the result will follow.

By the generalized Stirling formula [3, p. 24]

T(2) = V2rz"" 3¢ *7(), (14.4)

where v(z) has the asymptotic expansion at z — +oc:

—+oo 1
Zhjﬁ (14.5),
where h; = 2(—1)771(2j — 2)! 3% W = (—1)]'_1%, where B; are the Bernoulli

numbers:
By =1/6, By=1/30, Bs3=1/42, By=1/30, DBs;=5/66, etc.
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The formal series (14.5) is divergent for any complex z, since the coefficients h; has a faster then
exponential growth.
Applying (14.4), one gets

(i —
(14.6) u(xuri(;) =e-(1— ux)% (1= xu)_x_% Cera—o)—r(y) —

2
e(T_T+T_"') (1 - xu)‘x_% e =)

Both the first and the second factors of the second line have a polynomial asymptotic expansion.
The asymptotic expansion (14.5) of v(z) implies the following asymptotic expansion of v(L —z)—
1y.
w21

Zh 2;1 ZJ 231 Zyl_xugjl Zhu ,

which can be rewritten as ZJ o1 pj(z )uj for some polynomials p;(z). As a consequence

e’i=2)=v(3) has also a polynomial asymptotic expansion when u — +0. O

Notation 14.4. One will denote by

+o0o
w) =Y 5@ (14.7)
j=0

F(%—x)
uzF(%)

the asymptotic expansion of when u — 4-0.

Our next goal is to show that the series I'(z, u) does not have nice convergency properties when
z is not an integer.

Proposition 14.5. For any x € C\ Z the series I'(z,u) has zero radius of convergence in u.

This result is classical: it is mentioned in [15]. The argument below is a modification of an
argument given in [15], which is given for a completeness of exposition. Notice that the main

. . D(i-z). - . e
reason for it is that the function uilﬁ—(f)) is not holomorphic in a neighborhood of 0 if x is not an
integer. Indeed, this function has poles at u = ﬁ, n € N, concentrating at u = 0, and moreover

its Riemann surface has a ramification at ©w = 0 due to the factor «* in the denominator.

Proof. Consider the series

Inl(z,u) = f Sk(x)uk

k=1 k

It has zero radius of convergence if and only if I'(z,u) has zero radius of convergence. By
Lemma 14.2, Si(z) are polynomials in 2. One has to show that

lim {/Sk(z) = +oo (14.8)

k——+o00
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for any x € C/Z. It follows from (14.2) that for a positive integer = n, one has Sk(n) = Z;L:O "
for £ > 1, which in its turn implies:

+oo k (z+1)t _
Sk(x)t e 1
S(x,t) = g SR

k=0

When z is not integer the above function has poles at t = 4274, which means that the radius of
convergence of S(z,t) in ¢t = 0 is 27. Therefore

iy i
k—+400 k! 27

And equation (14.8) is proved. O

14.2. Understanding all factors of (13.2)-(13.3). It turns out that all the factors of (13.2)-
(13.3) can be easily expressed via the first one considered in the previous subsection. Consider
an arbitrary factor of (13.2). We are interested in its asymptotic expansion when v — +0. One
can rewrite it as follows:
D(Eo(y) = Eo(@) — D(Ee(y) = Be(z)) 1 (14.9)
Ty T\\— 1 :
(Cut) PO (E(p))  (Be(3) P OT(E(R) (el By (1))

The first factor has the asymptotic expansion I (Eg(:ﬂ), m> (see Notation 14.4). The second

factor is holomorphic in a neighborhood of u = 0 (for all complex z).
Let Fy(y) denote the polynomial

Fy(u) = tu’ By (1fu) = p(dyu’ =4 =1 — o~ — =0 gt
d|e

where p1, po are first two prime factors of /.
One can rewrite (13.2) and (13.3) as follows:

Lemma 14.6.

[T T (Eﬁ(x)’ EZ%%)> e T <E4($)’ Fi%i))
=

1 Fogalz,u) =
0 Foals ) = [Toa [Fo ()]

)

[>T <Ee(33)7 _Ez(l%)> _ [l T <Eg($>, _F{;ZZ)) |
IS [Fy(u)) ") [T [Fy ()] P

Proof. (i) follows from (14.9). (ii) is analogous — we only mention that we use that u‘ — —0

implies —@ — +0. O

(ii)  Fepen(x,u) =
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15. PROOF OF THEOREM 13.1

The proof of Theorem 13.1 is based on the character computations of the symmetric group
action on the homology of configuration spaces [27], and on the components of the Hodge decom-
position [17].

Recall that the Hodge splitting appear through the action of the symmetric group (13.1):

Tot") Ag* = @7, s el (HYTT(Ca", Q)), (15.1)
where e,(f), 0 < i < n, are the Eulerian idempotents of the symmetric group action. Define a
graded symmetric sequence x(—) corresponding to the Hodge decomposition:

X(n) = & gxi(n) = Bfgell) - K[Sy). (15.2)
One has
o9 (HY (o @) =~ Hom (xiln) . HYG3(Ca" Q)
Define the generating function
Sy(z,u,z) = Zdim Hom <Xz( ), HA(T‘”"m (Cq" ,Q)) aiud A=, (15.3)
2,7,
Since the complex Tot(#7) 4, for each i and 7 is finite dimensional, the generating function of
the Euler characteristics of the double splitting is
Fd(ﬂj‘, U) = q>d($7 U, _1)

To compute ®4(z,u, z) we will be using methods of the character computations for symmetric
sequences, which are outlined in the next subsection.

15.1. Character computations for symmetric sequences. The ground field, denoted by K,
is as usual of characteristic zero. This section introduces some standard notation which will be
used in the sequel.

For each permutation o € S,, define Z(o), the cycle indicator of o, by

H a]z(U 7

where jy(o) is the number of f-cycles of o and where aj, as, as, ... is an infinite family of
commuting variables.
Remark 15.1. Notice that Z(o”)

. . i) "
o' is conjugate to o. For o with Z(0) = [[,a,""’, there are exactly NRCa

Z(o) for o’ € Sy, 0 € Sy, if and only if n’ = n and moreover
elements o’ conjugate
to o.

Let p¥': S, — GL(V) be a representation of S,,. Define Zy (a1, as,...) the cycle index of V, by

Zy(ay,ag,...)= % Z trpY (o) - Z(0).

’ CTGSTL
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Similarly for a symmetric sequence W = {W(n),n > 0} — sequence of S,-modules W (n),
n=20,1,2,..., one defines its cycle index sum Zy by

Zw(al,ag, .o ) = Z ZW(n)(CLl,CLQ, .. )

Definition 15.2. The external tensor product of two symmetric sequences V', and W is a sym-
metric sequence VW given by

n

VoW (n @Inds s, V() @W(n—i) =@V (i) @ W(n—i)) ®,xs,_, K[Sh).
=0

Proposition 15.3. For any finite symmetric sequences (finite-dimensional in each component)
V and W, one has:

ZV®W(CL1,CL2, .. ) = Zv(al,ag, .. ) . Zw(al,ag, .. )

Proof. This result is standard, the idea is that if IV is a subgroup of S,,, and V is a representation

of N, then
Sn
trp¥'( tr p" N (o) Z (),
P2 i
see [14]. The right hand-side is exactly Z; ;5. (a1,as2;...). O
N

Another important property is given by the following lemma:
Lemma 15.4. Let V and W be two S,,-modules, then
dim Hom(V,W)*" = (Zv (as + 8/9ay, £ € N) Zy (ay - Lay, £ € N))

ap=0,"
£eN

In the above formula Zy (ay < lay, £ € N) is a polynomial obtained from Zy (ai,as,...) by
replacing each variable a; by fay. The expression Zy (ag < 0/0ay, £ € N) is a differential operator
obtained from the polynomial Zy (aj,as,...) by replacing each a, by 9/0a;. The differential
operator is applied to the polynomial and at the end one takes all the variables ay, £ € N, to be
ZETOo.

Proof. This follows from the formula

dim Hom(V,W)¢ Ztrp ) -trpW(g™h),
gEG

that holds for any finite group G and any its finite-dimensional representations V, W.

81t is easy to see that by a linear change of variables the right-hand side of the above formula is equal to

(Zv(ag — éa/aaz, JAS N) Zw(al,az, .. ))

ay=0,’
LeN

or more symmetrically to

(Zv(ae — \/28/8(157 le N) Zw(ae — \/Zub le N)) ap=0,"
£eN
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Since in the symmetric group any element is conjugate to its inverse, one has

1
dim Hom(V, W) = ot g trpY (o) - trp" (o).
n!
O'ESn

The rest follows by a direct computation that uses Remark 15.1. O

In case V = @;Vi, W = @;W; are graded S,-modules, and dim Hom(V,W)%» is the graded

dimension:
dim Hom(V, W)*» = Z dim Hom (V;, W) 29 =%,
1,JEL
and Zy, Zw are graded cycle indices:
Zv(Z; ai,ag, .. ) = Z Zvl.(al, as, .. .)Zi,
€L
Zw(z;a1,a9,...) = Z Zw, (a1, az, .. )2t
€L
Then
dim Hom(V, W) = Zy(1/z;a4 < 8/day, £ € N) Zy (z; a0 < lay, £ € N)

ap=0,"
£eN

Corollary 15.5. Let V ={V(n),n > 0}, W = {W(n),n > 0} be a pair of symmetric sequences
of graded S,,-modules. Then
(15.4)  dim Hom(V, W) = dim (&, Hom(V (n), W (n))*") =

=Zy(1/z;ap < 0/0ay, L € N) Zyw (z;a0 + Lag, L € N)

ap=0,"
leN

Later on we will also consider bigraded symmetric sequences. Similarly in our computations
we will add one more variable z or u responsible for the second grading.

15.2. Symmetric sequences A;*, NA;*. The symmetric group action on the homology of
configuration spaces Cy(n) = F(n,RY) is well studied [11, 27, 28].
Proposition 15.6. The graded cycle index sum for the symmetric sequence
Ag* ={A"|n >0} = {H.(Cy(n),K)|n > 0}
s given by the following formula:

+00 _1)E 1
Zapq(zia1,a9,...) = H (1 + (—1)d(—z)(d_1)fag)( : e((fz)dil) , (15.5)
=1

ales

where Ey(y) = %Zd\f pu(d)ya.

Proof. Tt is an easy consequence of [27, Theorem B] and Remark 15.1. 0
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The author failed to find this formula in the literature, however one can find similar formulae
in the study of S,-modules closely related to the homology of configuration spaces [9, 17].

Let us add another variable u that will be responsible for the complexity, which is the homology
degree divided by (d — 1). The u-degree is the z-degree divided by (d — 1):

+oo _1)d 1
ZAd' (z,u; a1, as, . . ) — H (1 + (—1)d((—2)(d_1)u)£a5>( 1) EZ((*z)d71u> )

(=1

Consider the symmetric sequence NAy®* = {NA"|n > 0} = {HN™(Cy(n),K)|n > 0}. It is
easy to see that

n
(15.6) A"~ @PIndd g NAJ,
1=0

Where the S;-module N A’ is considered as an S; x S,,_;-module being acted on trivially by the
second factor S,,_;.
According to Definition 15.2 formula (15.6) means that

Ay~ NASSI,

where I = {I(n),n > 0} is a sequence of trivial 1-dimensional representations. Using Remark 15.1
it is easy to check that

ag
Z](al,ag,...): e,
£>1

It follows from Proposition 15.3

T ow Vl)dEl(%)
(157) ZNAd°(Z7U§ CLl,CLQ,...) = He_T (1 + (—1)d((—2’)(d_1)u)éa5> (=2) u )
/=1

15.3. Symmetric sequence of the Hodge decomposition. Recall that by x(—) = {x(n)|n >
0} one denotes the graded (by ¢) symmetric sequence corresponding to the Hodge decomposition:

x(n) = @e® - K[S,). (15.8)

It was shown by Hanlon [17, equation (6.1)] that the graded cycle index sum of x(—) is given by
the following formula:

Zyy =+ (=) ag)~ 5™, (15.9)
14

where the variable x is responsible for the Hodge degree i, and Ey(z) = %Zd‘ o u(d)z/. Notice
that this cycle index sum is actually very similar to (15.5).
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15.4. Proof of Theorem 13.1. First notice that Corollary 15.5 together with the formu-
lae (15.7), and (15.9) produce the following formula for the generating function ®4(x,u,z) of
the dimensions of the complex computing H,.(Embg, Q), d > 4:

(15.10) P4z, u,z) =

_d 1
( o2 (14(=1/2)0/8ag) P H,;C’;’e*az(1+(—1)d5((—z)<d71>u)lal)( Y Ee((z)fllu))

ap=0
LeN

d
oo ((1—1—(—1/,2)[8/80,5)Ez(x)e“l(l—l—(—l)dﬁ((—z)(dl)u)lag)(1) E‘(w)‘l“u))

ap=0

In the above formula one has (1 + (—1/2)‘d/day) instead of (1+ (—1)‘0/8ay) because of the
desuspensions s~" in the definition of the totalized complex (2.1).
Since Fy(x,u) = ®4(z,u, —1) one gets

Fy(w,u) = ﬁo ((1 +0/8a) " Ee®) o (1 + (—1)%%) (‘”dEf(i)>

(=1

a=0

Notice that in the above formula we replaced ay by a. One could do so because each factor uses
only one variable a, which is anyway taken to be zero.
Theorem 13.1 follows immediately from the following proposition:

Proposition 15.7.

(15.11) ((1 +8/0a)"Pe(@) o (1 n (_1)d€uea><—1>dEe(%)>

a=0

(DB - Bw)
(=0 eut) T (1) B (L))

where the right-hand side is understood as the asymptotic expansion of the underlying function
when (—1)% 1 uf — +0.

Proof. For simplicity consider the case of odd d, and £ = 1. Other cases are absolutely analogous.
In this situation the left-hand side becomes

((1 +9/0a) " e (1 —ua)‘%) N (15.12)
the right-hand side is
L@ -a
—4 = =T . 15.13
ey =) (15.13)

Notice that both (15.12), and (15.13) have a polynomial asymptotic expansion. Indeed, (15.12)
has such expansion because the normalized complex Tot A;® is finite in each complexity j, the
expression (15.13) has this form by Lemma 14.2. We conclude that it suffices to check the equality
when z is any negative integer number: x = —n. In this case

T(—n,u) = (1+u)(l+2u)...(1+ (n—1)u).
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One can also prove by induction over n that

(1+9/0a)" e (1 — ua)_% =T'(—n,u) e *(1— ua)_%_".
Taking a = 0 implies the result. O
15.5. Alternative proof of Proposition 15.7. There is another proof which makes more nat-

ural the appearance of the gamma function. The proof is more technical, so we give only its idea.
It uses the following lemma:

Lemma 15.8. Let X be a complex number with a positive real part, and f(a) be any polynomial,

then

0
(1+0/00) ¥ J(@)],y = Ty | (-0 e F ) da?

To prove the lemma we notice that for f(a) = a™ both sides are equal to (—1)" X (X +1)(X +
2)...(X+n-1).
Now we apply the above lemma for X = FEy(z) and taking instead of f(a) the generating

: (L1yd-1pg, (L
function of a sequence of polynomials }_; f;(a)u’ = e (1— (-1 Leuta) = Ee(“):

<<1 +0/0a) P e (1 (1) eu'a) ‘“”“E«(i))
a=0

F(Ei(x)) /_0 (—a)Be(@)-1 (1 - (—1)d‘1€ufa>_(_1)d1m(i) da. (15.14)

Assuming that u is a small complex number such that (—1)%'u’ is real positive one makes a
change of variables

(_1)d—1 t
lut 11—t
that gives that the above expression is equal to the following:

1
((—1)d—1€u5)zf(w) T(Ey(x)) /0 £E) =1 (1 =)D E() B gy —
1 o L(Ee(@) - T(— DI Ey(3) — Eu(x))
((—1)d=10u) @) T (Ey(2)) D((—1)41Ey(3))
L((=1)""Ey(}) — Eo(@))
((_1)d—1guz)Ee(x)r((_l)d—lEé(%))'
However the proof has a serious analytical gap since the series ) ; fj(a)u? does not converge to

(1)1, (L
e (1—(—1)%uta) (0 E(y) when |a| >
(—1)d—1

the integral (15.14) as a sum f__oo tut +f0(,1)d—1. It is easy to see that the first integral has
- ouf

a=—

| euf\ To make this proof work one needs to split

9This formula was obtained by using Fourier transform which permitted to rewrite the differential operator
(1+8/8a)~* as an integral operator.
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zero asymptotic expansion with respect to u when (—1)d_1u£ — +0. The second integral can
now be replaced by a series of integrals, whose expansion in u has to be studied.

16. RESULTS OF COMPUTATIONS

In the Appendix the results of computations of the Euler characteristics are presented. These
computations were produced using Maple. Let h;;, denote the rank of the (4, j)-component of
Hy,(Embg, Q). Similarly let i, denote the rank of the (4, j)-component of (Embg) ® Q. The
homotopy Euler characteristics will be denoted by x7:

X =D (1) mijh.

k

The following lemma describes how the homotopy Euler characteristics can be obtained from
the homology Euler characteristics.

Lemma 16.1.

SV, S . o

i xiul)

Proof. By Proposition 7.1 one has

h; 'kxiujzk = 14 2hul 2F )ik — ahud R )ik
j

ij k Zojdd k even
Taking z = —1, one obtains that the left-hand side is F(z,u) = Zij xijz'u’, and the right-hand
side is

H(l—xuj’“?’“ H 1—xuj’”f’“—1;[ﬁ-

) X
ij xlud )N
k odd k even

O

The formula (16.1) was used to fill the Tables 1 and 3 in the Appendix. The column “total”
in the tables states for the sum of absolute values of x7; for a fixed complexity j:

total = Z X3l
i

It gives a lower bound estimate for the rank of rational homotopy in a given complexity j. We did
not make this column for the homology tables since a better lower bound estimate of the homology
rank in a given complexity can be obtained using the Hodge decomposition in homotopy.

It is interesting to compare the first table with the table of primitive elements in the bialgebra
of chord diagrams [19] which is copied below:
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tk;; |i=2]i=4]i=6]i=8]i=10]i=12] total
Jj=1 1 1
j=2 1 1
j=3 1 1
j=4 1 1 2
j=5 2 1 3
j=06 2 2 1 5
j=71 3 3 2 8
j=8 | 4 4 3 1 12
j=91 5 6 5 2 18
j=10] 6 8 8 4 1 27
j=11] 8 10 11 8 39
j=12] 9 13 15 12 5 1 55

Recall that Bar-Natan [6] described the space of primitives of the bialgebra of chord diagrams
as the space of uni-trivalent graphs modulo STU and I HX relations (Theorem 8.1). The latter
space has a natural double grading. The first grading complexity j — for any graph it is the first
Betti number of the graph obtained by gluing all the univalent vertices together — this grading
corresponds to the number of chords in chord diagrams. The second grading is the number ¢ of
univalent vertices. It turns out that the last grading is exactly our Hodge degree, see Theorem 8.2.
In our terms the above table describes the rank of the j(d — 3)-dimensional rational homotopy

W§Z(gz3) (Embg, Q) (d being odd) in complexity j and Hodge degree i. Notice that there is no non-
trivial generators in odd Hodge degree. From the point of view of knot theory this means that
up to the order 12 Vassiliev invariants are orientation insensitive.'” It rises the question whether
Vassiliev invariants can distinguish a knot from its inverse. More generally looking at Table 1 one
can ask whether even cycles are all in even Hodge degrees and all odd cycles are all in odd Hodge
degrees? Comparing the above table with Table 1 one can see that there must be at least one
odd cycle in complexity 10 and of Hodge degree 2. Indeed, in this bigrading one has x3,9 = 5,
but the rank of the primitives of the bialgebra of chord diagrams is 6. Even more dramatically it
turns out that the sign of Xi; can be different from (—1)’. The first counter example appears in
complexity 20:
XTz20 =12>0,

see Table 1.

It would be interesting to understand the geometrical reason for this phenomenon of sign
alternation for small complexities. Notice that this happens only when d is odd (in other Tables 3-
4 the signs of entries look rather random). One should also try to compute the Table 1 for higher
complexities j to check wether this almost alternation of signs keeps take place or completely
disappears. (Using Maple we could do it only up to j = 23). As a conclusion one should say that

10Recall that a cycle is of a Hodge degree i if it is an eigen vector with eigen value n’ with respect to any cabling
®,,. In particular for a (—1)-cabling the eigen value is (—1)°. For the dimension 3 one should be more careful,
because the definition of cabling maps is not unique up to homotopy, but still cablings produce uniquely defined
maps on the level of the bialgebra of chord diagrams — the dual to the graded quotient of the space of finite type
invariants. Obviously, the (—1)-cabling on the level of the isotopy classes of knots is the change of orientation,
see Figure B. Notice also that any rational knot invariant is a sum of an orientation insensitive invariant and an
invariant that changes its sign when orientation changes. Therefore existence of odd Hodge degree elements in the
bialgebra of chord diagrams is equivalent to existence of orientation sensitive Vassiliev invariants.
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these results give some optimism for finding Vassiliev invariants that can distinguish orientation
of a knot. Personally I would try with the complexity 22 and Hodge degree 5!

17. EXPONENTIAL GROWTH OF THE HOMOLOGY AND HOMOTOPY OF Emb; OR TAKING
F(£1,u)

One can get a lower bound estimation for the rank of the homology groups in a given complexity
j by taking x = +1 in the formula for F(x,u) = Z” Xijz'u’. We notice first that

1, ife=1 (-1)¢, iff=1o0r2
(1) {0, (> 92 «(=1) {0, (>3
This means that for z = 1 only the first factor of the product (13.2)-(13.3) can be different
from 1; and for x = —1 only the first two factors can differ from 1.
Easy computations show that
1 1
Foaa(l,u) = —— Foga(—1,u) = ———.
oda(1,u) = 7——, odd(~1,u) = 75
1 1
Feven(1,u) = 1+—u7 Feven(—1,u) = m

From the above formulas one will derive the following result.

Theorem 17.1. The rank of the rational homology of Emby in a given complexity j grows at
least exponentially with j.

Proof. Consider first the case when d is odd. The formula F,4;(—1,u) = 1—u1—2u2 =0 +u)%1—2u) =
1/3 2/3

Tra T 123, implies at least exponential growth ~ %2j of the rank of the homology groups in
complexity j in this case.
1 1

Similarly in the case of even d one has Feyen(—1,u) = o = IR = A e =

. J+1
>_jaju’ with aj = %Im (H\F) . Using Baker’s theorem [4, 5] one can get that a; has also

exponential growth,'' more precisely for some C; > 0 and Cy > 0 one has

L+ vV=T /¢ 2i/2
2 /]2201j02.

|aj| > 01

Indeed, Baker’s theorem can be formulated as follows [4, III].

Theorem. (A. Baker [4, ITI]) If o, a, ..., ayp, and By, P1, Po, ..., Bn are algebraic of degree
at most D and heights at most A and B (assuming that B > 2) respectively, then

AN=pByg+ pPrlogar + ...+ Bnlogay,
has A =0 or |A| > B~ where C is a constant depending only on n, D, and A.

To recall the height of an algebraic number is the maximum of the absolute values of the
relatively prime integer coefficients in the minimal defining polynomial.

One will need this theorem only when n = 2 (and also when n = 3 for the proof of Theo-
rem 17.2).

Uy am gratefull to C. Pinner for the argument that follows.
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Take oy = 1;\}?’ = ¢ where 0 < 6 < %, and ap = —1 = €. So one has loga; = inb,
log aiy = iw. One has

SN ES] '
o] = %Im (”;‘ﬁ) _ %\/i”l\sm(w(jﬂ)e)y _

2 +1 . 2 +12
V27 sinal( 4+ ol 2 V2T 2|+ DR

where ||z|| denote the distance to the nearest integer. Let n = [(j +1)8] or [(j + 1)8]| 4+ 1 be this
nearest integer. Obviously, n < j + 1 since 6 < % The right-hand side is

4 j+1 ‘ 4 i+1, 4 +1, . _
ﬁ\/iﬁ [m((7 +1)8 —n)| = ﬁ\/iﬁ |(j + 1) log a1 — nlogas| > ﬁ\@ﬁ G+1)7¢

The last inequality uses Baker’s theorem. The only thing one needs to check is that (j+1)0 # n,
or in other words that «y is not a root of unity. But «y is not even an algebraic integer since its

minimal polynomial is
14T 4.3
zt | —— =z 4+ -z + 1.

A similar result holds for the rational homotopy of these spaces.

Theorem 17.2. The rank of the rational homotopy of Embg in a given complexity j grows at
least exponentially with j.

The proof is based on a few observations. Let
Xi= D X X=X
i i

denote the Euler characteristic of the homology, resp. homotopy of Emb, in complexity j. One

has )
(1,u) Zx g(l_uj)xj
The last equality is a consequence of Lemma 16.1. For the proof of Theorem 17.2 one will need

the following lemma.

Lemma 17.3 (Scannell, Sinha [38]). The Euler characteristic of the rational homotopy of Emby
in complexity 7 for odd d is
r L ifj=1
Xj =

0, 722

for even d is

)0, =1 o0r2;
YTl s
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Proof. The first assertion is true since

1 1
Fodd(17u): 1—u = (1_u)1'

The second one is true since

1 1 1
Feven(Lu) = 377 = I—u) 1 (1I-u)l

O

Proof of Theorem 17.2. Denote by XE,j» T€SP- X0 the sum of Euler characteristics over even,

resp. odd Hodge degrees:
X = Z Xijo X0, = Z Xij-

7 even 1 odd
It follows from Lemma 16.1 that
(14 ul) X0.i

(1 —w)XEs

Fy(-1,u) =[]

i
Since X% ; + X5 ; = X; = 0 for j > 2 in case of odd d (and for 7 > 3 in case of even d, see
Lemma 17.3), one has:

1 1+uj XE,j 1 1
Foga(—1,u) = : = - '
odd( 7u) 1_uj1;£<1—’u,3> 1—u— 2u? (1—|—u)(1—2u)

(We used that Xz =1and x5 ; =0, see the first row of Table 1.) Or, equivalently,

14w\ ¥Ed 1
H(l—uj> C1-2u

j=1

Applying logarithmic derivative, and multiplying each side by u, one has:

o u? 2u
2 20\ T ) = T

j=1

Therefore,

Using Mo6bius transformation one obtains:

o1 ik Loi 1 ik
X = g; ; uk) Pt = 22 4 o ; p(k)2/F,
k odd k> 1 odd
The above formula implies that, in case of odd d, XE.j has asymptotics 27 /2j. Indeed, since the
number of divisors is always less than the number itself, the absolute value of the right summand
is less than %Zj /2 which is infinitely small compared to 2/ /2j. Since the rank of rational homotopy

in complexity j is greater than X7 ;, one gets the result of the theorem for odd d.
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The case of even d is obtained in a similar way. One has

1+u (14u?)? 1+ w\¥Fi 1
even(—11) = — 1 ]133 1—w 1—u+t2u2

(see the first and the second rows of Table 3.). Equivalently,

H 1—|—U‘7 X"Er"’j_ 1—|—u2
= 1—w T (M u)(1—u At 2u?)

Taking logarithmic derivative and multiplying each side by u, one obtains:

! 2u? U u — 4du? .
2' T . — _ — A ].
;]XE’]<1—UQJ> 1+ u? 1+U+1—u+2u2 EJ: jU

Using an argument similar to the proof of Theorem 17.1, one can show that the sequence |A;]|
starting from some j is bounded by

C12j/ 2
ja
for some positive constants C7, C, a. Using M&bius transformation, one has

n 1 1 1

klj k|j
k odd k > 1 odd

< |Aj| < 022j/2 (17.1)

Using the lower bound of (17.1) for the first summand, and the upper bound of (17.1) to estimate
the second one, we see that Xp ; in case of even d again has an exponential growth. O

An immediate consequence of Theorems 17.1, 17.2 is the following.

Theorem 17.4. The cumulative ranks of the rational homology and of rational homotopy
rank(H<, (Embg, Q)), rank(m<,(Embg) @ Q)

grow at least exponentially with n.

Proof. The idea is that the homology/homotopy in complexity j has the total degree less than
j(d —2), see Section 13. Therefore for a given n the cumulative homology /homotopy is sure to
contain the whole homology/homotopy of complexity [ ;%5 ]. O
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