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Abstract: We construct a Topological Quantum Field Theory associated to the uni-
versal finite-type invariant of 3-dimensional manifolds, as a functor from a category of
3-dimensional manifolds with parametrized boundary, satisfying some additional condi-
tions, to an algebraic-combinatorial category. This is built together with its truncations
with respect to a natural grading, and we prove that these TQFTs are non-degenerate
and anomaly-free. The TQFT(s) induce(s) a (series of) representation(s) of a subgroup
L, of the Mapping Class Group that contains the Torelli group. The N = 1 truncation
is a TQFT for the Casson-Walker-Lescop invariant.

A TQFT for the LMO invariant was constructed by Murakami and Ohtsuki [21], but it
has complicated anomaly. One of the results of the present paper is to show that their
anomaly operator reflects only: 1) the way we define the gluing between two cobordisms,
i.e. if we regard #¢ (S % §2) or §3 as the simplest manifold(s), and 2) that they consider
the un-normalized invariant. Our construction of TQFT allows us to associate to the
LMO invariant an infinite-dimensional /inear representation of the Torelli group, in fact
of a larger Lagrangian subgroup of the Mapping Class Group.

The new results of this paper include an isomorphism (Proposition 2.2), reducing
the study of the LMO invariant of 3-dimensional manifolds with parametrized boun-
dary to that of finite-type invariants of string-links; the construction (from truncations;
Theorem 2.9) of a composition operation on chord diagrams to correspond to the gluing
of cobordisms; a limit property (Lemmas 3.7, 3.8); non-degeneracy of the TQFT. The
natural truncation induces a TQFT for the Walker-Lescop extension of the Casson inva-
riant, and we can identify Morita’s representation as its first non-trivial part. It remains,
however, to interpret our TQFT as some sort of “perturbative expansion around 0" of
the Reshetikhin-Turaev TQFT.

* The results of this article were obtained when the authors were at the Department of Mathematics, State
University of New York at Buffalo, Buffalo, NY 14260-2900, USA.
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This paper is organized as follows. In Sect. 1 we recall the topological categories
£, 3 introduced in [6], and the pertaining results that we will need subsequently in this
paper. The categories A and A=" of chord diagrams are explained in Sect. 2. We use a
simpler (then in [21]) definition of Z on elementary pseudo-quasi-tangles', and an even
associator instead of the Knizhnik-Zamolodchikov one. In Sect. 3 we formally construct
the anomaly-free (by [6]) truncated and full TQFTs. One of the results of that section
is showing that the completion of the algebraic image of cobordisms with one boun-
dary component of genus g is precisely the whole space A(1,) of chord diagrams on g
vertical lines. This means that the induced representation can (in principle) be used for
combinatorial calculations in addressing topological questions about three-dimensional
manifolds and the Mapping Class Group. We also finish the proof of Theorem 2.9 there.
Functoriality, and other results regarding the TQFT are gathered in Theorem 3.2. In
Sect. 4 we restrict to the case N = 1 to get a TQFT for the Casson-Walker-Lescop
invariant. Also there we describe (algebraically) the map that sends the invariant of a
manifold with parametrized boundary to the invariant of the closed manifold obtained
from the former by the natural procedure that we call below filling.

Let H, denote a fixed “standard” handlebody of genus g, and let H¢ denote 3 — H,.
The TQFT construction in [21] and the Reshetikhin-Turaev TQFT for quantum inva-
riants are based on the classical convention under which the identical gluing HoU; g H, =
#,(S !'x §2). However for invariants that are primarily of homology spheres this conven-
tion is not natural. The LMO invariant is very strong for Z- and Q-homology spheres,
but is much weaker if the Betti number is higher. In order to address this issue in the
present paper we will regard ¥, = 0H, = —0H$ C R3 c S3 as the standard surface
of genus g used to parametrize boundary components of cobordisms, and in order to
obtain the composition-cobordism M, Uy My we will always glue the “top” boundary
component of M7 to the “bottom” boundary component of M, along an orientation-
preserving homeomorphism f, as explained in Subsect. 1.1. Hence we shall always
have HS U;y Hy = 3 for all g, as opposed to Murakami-Ohtsuki’s and Reshetikhin-
Turaev’s Hy Uig Hy = #,(S' x §?).

Remarks. By fixing a homeomorphism between H$ and H,, one fixes a Heegaard
homeomorphism that Morita [20] calls tg. If one then takes, what we call below, the

filling (X X/I\go id), one obtains the manifold denoted by Morita W,,.

0.1. Chorddiagrams. (Fordetailssee[2,4].) Anopen chord diagramis a vertex-oriented
uni-trivalent graph, i.e. a graph with univalent and trivalent vertices together with a cyclic
order of the edges incident to the trivalent vertices. Self-loops and multiple edges are
allowed. A univalent vertex is also called a leg, and a trivalent vertex is also called an
internal vertex. In planar pictures, the orientation of the edges incident to a vertex is the
counterclockwise orientation, unless otherwise stated; the pictures can not be perfect
since not every graph is planar, therefore when reading pictures one should keep in mind
that four-valent vertices do not exist. The degree of an open chord diagram is half the
number of all vertices.

Suppose I' is a compact oriented 1-manifold (possibly with boundary) and X a finite
set of asterisks. A chord diagram with support I' U X is a vertex-oriented uni-trivalent
graph D together with a decomposition D = I' U E, where E is an open chord diagram

1 “pseudo” stands for the presence of 3-valent vertices.



A TQFT Associated to the LMO Invariant of Three-Dimensional Manifolds 603

with some legs labeled by elements of X, such that D is the result of gluing all non-
labeled legs of E to distinct interior points of I' (the 3-valent vertices resulted from
gluing, which will NOT have an associated cyclic order of adjacent edges, are called
external vertices). Repetition of labels is allowed and not all labels have to be used. The
degree of D is, by definition, the degree of E. I' is also called the skeleton of D, and
in pictures is represented by bold lines. Often the components of I", as well as different
asterisks in X, are distinguished in pictures by labels.

By a graph " we will mean a uni-trivalent graph, with all edges oriented, and with
a cyclic order of edges incident to trivalent vertices prescribed. Self-loops and multiple
edges are allowed. The connected components of the graph have to be always ordered
(and this order has to be preserved by a homeomorphism). Additionally we may label
(color) some subgraphs within each connected component. One should think of a graph
as a generalization of the notion of an oriented compact 1-manifold. One can repeat
the definition of the previous paragraph to obtain the notion of a chord diagram with
support a graph; the graph is then the skeleton of the chord diagram. In the definition
of the degree the vertices of the support are NOT counted. Examples of graphs I':

e the oriented manifold which is the union of g € N* copies of [0, 1], each copy
labeled (colored) by a distinct element of a finite abstract ordered set X of asterisks.
This special graph will be denoted 1 x, and in planar pictures will be represented by
vertical linesif *

g times

e the chain graph® suggestively denoted O"O" "O . The order of the edges
adjacent to each vertex is everywhere counterclockwise with respect to its standard
embedding in R? C R, the subgraphs O are labeled 1 through g from left to
right. Let us denote this special graph by I'§. Note that ' standardly embedded
in R? ¢ R? ¢ $° has a preferred (the blackboard) framing, indicated by a planar

surface with I'8 as core. For g = 1, set I'! = O, one oriented edge (loop), no
vertices.

e it is convenient to set '’ = one point as a chain graph. Chord diagrams on I'
automatically can have only internal vertices.

1. The Topological Category

Definition 1.1 (see also [6]). /) Two triplets (K, G, G) and (L, H{, H>), consisting
each of a framed oriented link and two disjoint embedded Framed chain graphs in S°,
are equivalent (notation =) if there is a PL-homeomorphism ¢ : S> — S> which sends
K to L, G to Hy, and Gy to Hy. Here () is also considered a framed oriented link in
S3. We call G the bottom, and G, the top of the triplet.

2) Let M be a compact oriented 3-manifold with boundary OM = (—S1) U >, and
suppose that parametrizations f; : g, — S; are fixed.? Such (M, f1, f>) will be called
a (parametrized) (2+1)-cobordism, S1 will be called its bottom, and S, — its top. The
cobordisms (M, f1, f») and (N, hy, hy) are equivalent (homeomorphic) if there is a
PL-homeomorphism F : M — N such that F o f; = h;,i =1, 2.

3) Let Hg be a fixed neighborhood of T'S in S3. Y, :=0H, C S3 is the standard

oriented surface of genus g. Denote H8 = S3 — Hy. Clearly 0H® = —X,. Always glue

2 We borrow this terminology from [21].

3 For simplicity restrict to 3-manifolds with < 2 boundary components, one “bottom”, and one “top”. Note,
however, that Propositions 1.2, 1.3 and 1.4 can be easily generalized.
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Fig. 1. a: The triplet We = @, G,G) represents the cobordism (Zg x [0, 11, p1, p2); b: The horizontal
lines (blue) of G’1 and G (The shaded boxes represent symbolically the rest of the triplets); ¢: The framed
tangle Tg C B(0,2) — B(0, 1).

cobordisms along orientation-preserving homeomorphisms of boundary components,
as specified by the parametrizations: (Ma, fa, f;) o (M, fi1, f{) = (M> Ufzo(fl/)—]
UMy, f1, f3)- When g = 0 we assume that I'8 is a point, and Hg is a ball (resp. for
H&). Given a parametrized cobordism (M, f1, f2), use the maps f; to glue the standard
handlebody Hg, to the bottom, and the standard anti-handlebody H#? to the top of
(M, fi1, f2), and call the result M := H% Uy, M Uy, Hy, the filling of (M, f1, f2).

Remarks. In classical notation our manifold M Ufzo(fl/)—l UMy is My U_p, (3 x

[0,1]) U1 (Zg x [0, 1]) U_(fl/)—l My, where we can fix a Morita’s ¢, by fixing a
8

homeomorphism between Hé and H,, and where the — signs respect the fact that the

“bottom” boundary component has orientation opposite to the one induced from the
3-manifold.

1.1. Surgery description of gluing cobordisms. Let & denote set of equivalence classes
of triplets (L, G1, G2) in §3. Let ¢ denote the set of equivalence classes of 3-cobordisms,
with connected non-empty bottom and top.

Proposition 1.2. [6] /) The map « : & — € that associates to every equivalence class
of triplets (L, G1, G2) the equivalence class of cobordisms (M, f1, f2), obtained by
doing surgery on L C S3, removing tubular neighborhoods Ny, N of each G1, Go,
and recording the parametrizations of the two obtained boundary components, is well-
defined and surjective. If one glues according to these parametrizations a standard
handlebody to —d N1 and a standard anti-handlebody to d N2, then one obtains Si.

2) Let a first Kirby move on a triplet be the cancellation / insertion of a OF!
separated by an S* from anything else, and an extended second Kirby move be a slide
over a link component of an arc, either from another link component or from a chain
graph. Then, if one factors & by the extended Kirby moves and changes of orientations
of link components, the induced map ¥ is a bijection. O

For example, to represent the identity cobordism (X x [0, 1], p1, p2), where p; :
Y= Xgx(i—1) C S3 are two copies of the standard embedding of X, in $3, Vg > 1,
we can choose the framed graph W, = (G, G’) shown in Fig. 1a.

Let I, respectively T/, generically denote the bottom, respectively the top, of a triplet.
Call the union of the lower half-circles and the horizontal segments of I, the horizontal
line of I". Similarly, call the union of the upper half-circles and the horizontal segments
of I, the horizontal line of T'. (See Fig. 1b.)
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Proposition 1.3. [6] Let (M1, f1, f{) and (M3, f>, f;) be two 3-cobordisms with connec-
ted non-empty bottoms and tops, represented by triplets (L1, G1, G}) and (L2, G2, G%),
and suppose genus(G\) = genus(G2) = g. Remove a 3-ball neighborhood of the

horizontal line of G| C S3, and identify the remain with B(0, 1). Remove a 3-ball neigh-

borhood of the horizontal line of Gy C S°, and identify the remain with S — B(0, 2).
Glue the framed tangle T, C B(0,2) — B(0, 1) shown in Fig. Ic to the ends of the

remains of G’1 in B(0, 1) and G, in S3 — B(0, 2), strictly preserving the order of the
points, so that the composition of these framed tangles is a smooth framed oriented link
Loin §3 = (83 — B(0,2)) U (B(0,2) — B(0, 1)) U (B(0, 1)). Then

k(L1 ULoU Ly, G, Gy) = (M Upyoy-1 Mu, f1, f3), (1.1)

where the framed graphs G, G, in this formula are determined in the obvious way by the
original G1, G in the two copies of S3. Hence, any triplet representing (M UfQO(fl/)—l

My, f1, fy) is equivalent to (L1 U Lo U Ly, G, G}) by extended Kirby moves and
changes of orientations of link components.

Suppose G is an arbitrary embedding of the chain graph I'¢ in S3, then H;(S? —
G, Z) = 78, with free generators the meridians of the circle components.

Proposition 1.4. [6] Suppose M is a connected compact oriented 3-manifold with two
distinguished boundary components IM = (—S1) U S, let f1, fa be parametrizations
of these surfaces, and leti : 9M — M be the inclusion. The following conditions are
equivalent:

(1) Hi(M,F) =0,

(2) H\(M,F) =i, (Hi(8M,F)/(fi«Hi(Hg,, F) + fr Hi(H$, F))) .

They imply:

(3) 2-rank H{(M;F) = rank H{(0M; ).

O

This proposition holds true for F = Z, Qor Z,,. In condition (2) above, H (Hg, ) and
H\(Hé,IF) denote (by abuse of notation) the subspaces of H(X,, IF) generated by the
longitudes, resp. by the meridians. A 3-cobordism satisfying the equivalent conditions
(1), (2) of Proposition 1.4 will be called an F-cobordism. Note that in this definition we
allow one or both S; to be empty, although from the point of our TQFT the case of empty
top and/or bottom is undistinguished from the case when that component is S2.

1.2. Description of the categories Q D 3. Objects in each of these are natural num-
bers. The morphisms between g and g, are equivalence (homeomorphism) classes of
connected [F-cobordisms with bottom S of genus g and top S, of genus g, satisfying
the F-doubly-Lagrangian condition:

fisL® 2 fr L and fi.L” C fo L, (1.2)

where LY = ker(incly : Hi (g, F) — H(H,, [F)),and L? = ker(incl, : H{(Zg,F) —
Hi(HS8,F)), and F = Z (for 3) or Q (for ). The composition-morphism of two
cobordisms (M, f2, f3) and (M1, f1, f{) is the equivalence class of the 3-cobordism
(M2 Uy p1y-1t M1, f1, f3)-

In general condition (1.2) over Z is stronger than (1.2) over Q. It may hold with strict
inclusion. [6]
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Proposition 1.5. [6] The composition of two morphisms (say, class of M and class of
N) in category Q (respectively 3) is again a morphism in the category 2 (respectively

3).0

Let us restrict to 3-cobordisms M of the form (X, x [0, 1], f x 0, f’ x 1), with
f. f" € Aut(Xy), i.e. the parametrization of the top differs by that of the bottom by the
automorphism w = (f")~! o f. The equivalence classes of this cobordism depends only
on the isotopy class of w (i.e. we don’t need to specify both f, f’). The equivalence
classof M = (X; x [0, 1], f x 0, f’ x 1) is a Z-doubly-Lagrangian cobordism iff it
isa Q-doubb/-Lagrangian cobordism iff it satisfies L* = w,(L%) and Ll = w*(Lb). In
particular, M is always a Z-homology sphere. [6]

These cobordisms form a category, denoted by £. The composition of two cobordisms
(Bgx 1, f2x0, f3 x 1) = (X x I,wy x0,id x 1) and (¢ x I, f1 x 0, f] x 1) =
(g x I, wy x 0,id x 1) is the 3-cobordism (X, x I, f2 0 (fl’)_1 o fix0, fix1)=
ESex L (N Yo fro(fN Lo fix0,idx1)=(Zg x I, (wrowy) x0,id x 1).

Definition 1.6. [6] Call the Lagrangian subgroup of the Mapping Class Group, the
subgroup consisting of isotopy classes of elements w € Aut(Xg), such that wy(L%) =
L? and wy (L) = L? (over Q or over 7, is equivalent by the above). Denote it by L.

The TQFT of the LMO invariant (Sect. 3 below) induces a representation of L. This
subgroup of M CG(g) is big enough to be interesting, it contains the Torelli group. Its

image under the action on homology is the group of matrices of the form ( g ( A;) )1 )
where A € GL(g, Z).

2. The Algebraic-Combinatorial Category

Murakami and Ohtsuki have extended the Kontsevich integral to an invariant Z(G) of
oriented framed trivalent graphs G in S ([21, Theorem 1.4]). A framed graph G C §3 is
represented as a plane projection (with implicit blackboard framing), then decomposed
into elementary pseudo-quasi-tangles, and Z is defined for each piece (see [21], Fig. 2
for the exact definition of Z). It is easy to observe that in order to verify the independence
of Z of the decomposition into pseudo-quasi-tangles and the invariance under extended
Reidemeister moves for trivalent graphs, one is forced to introduce relations that “move”
(in the sense of Proposition 2.1) a box-diagram over a trivalent vertex to a box-diagram.
Hence the branching relations (Fig. 4 here, Fig. 1 in [21]). These relations are necessary
to impose regardless of the definition of Z for the neighborhood of a trivalent vertex,
and obviously regardless of what associator is used.

From the extended Z, Murakami and Ohtsuki [21] derived an invariant of oriented
3-manifolds with boundary, along the same lines the ZM© is constructed [17] from the
Kontsevich integral of framed links.

2.1. The modules of chord diagrams. Let I" be a graph; we will be mainly interested
in the cases I' = a 1-manifold and I" = a chain graph. Let A(I") be the formal series
completion with respect to the degree of the Q-vector space freely generated by the set
of homeomorphism classes of chord diagrams with support I", without self-loops and
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Fig. 3. The box-diagram

Fig. 4. The 8 branching relations (all but the vertical edge are bold): one for each possible orientation of the
3 bold edges

univalent vertices, modulo AS, IHX, STU and branching relations (which are homoge-
neous with respect to the degree).*

We will use the following box-diagram notation for the formal sum of chord diagrams,
as shown in Fig. 3a. There outside the drawn part the diagrams are identical, the vertical
edge is dashed, the horizontal edges are arbitrary. If the horizontal edge i is dashed, then
¢; = 1, if itis bold, then ¢; is as shown in Fig. 3b.% The branching relations, introduced
in [21, Fig. 1], are shown in Fig. 4 using this box-notation.

4 There are essentially two conventions in defining STU and AS relations, and drawing certain elements
of A(T"), as shown in Fig. 2. Note that in Convention 1, which is the one that we use (as well as [17, 21]), AS
relations refer only to internal vertices, and no cyclic order of edges adjacent to external trivalent vertices is
defined. In this convention, as a consequence, the LHS of STU-left is equal to minus the RHS of STU-left.
Using the second convention, the definition of a chord diagram has to be changed to account for the cyclic
order of edges adjacent to external trivalent vertices. The two A(I"), from the two conventions, are canonically
isomorphic; in fact only the meaning of some diagrams as elements of .A(I") is changed by adding a — sign.

5 For Convention 2 all coefficients ¢;j = 1. Then the box-diagrams in the two conventions correspond
precisely one to the other via the canonical isomorphism between the conventions.
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Fig. 5. a: The box-STU relation (each term in the RHS contains a double sum over the horizontal edges),
b: The box-AS relation

Fig. 6. Invariance over “elementary pseudo-tangles” (the dashed/bold type of horizontal edges is arbitrary,
the vertical edge is dashed)

Similarly, let A(9) denote the formal series completion with respect to the degree
of the Q-module freely generated by the set of homeomorphism classes of open chord
diagrams without self-loops and univalent vertices, modulo AS and IHX relations. For
a chord diagram D, denote [ D] the corresponding element of A(T"). A(T") and .A(%) are
co-algebras with respect to the decomposition of the dashed part of a diagram in connec-
ted components (the elements represented by diagrams that have non-empty connected
dashed part are defined to be primitive).® A(#) is an algebra with respect to disjoint
union, and together with (completed) comultiplication A forms a Hopf algebra. Note
that A(T") is an A(#)-module with respect to the disjoint union.

Proposition 2.1. (a) The box-STU and box-AS relations, schematically shown in Fig. 5
hold in A(T").

(b) The three relations in Fig. 6 hold in A(T).

(c) The box-STU and box-AS relations can be “moved” over any trivalent vertex of T',
using only branching relations (see Fig. 7 for an example).”

Proof. (a) Let x; denote the horizontal edges. Let [DY], [D!!], [D¥X] denote the three
terms of the box-STU relation. Note that the brackets are also part of the notation, DY
means the box-diagram, which is not a chord diagram. Let [D};] denote the element of

A(T") corresponding to the chord diagram obtained from DY by replacing the box with
a prolongation of the vertical edge until the edge x;. With similar notations [D;ilxj] and

[DX 1, note that for i #* 7], [D;I /,] = [Df/,x[]. Hence:

Xk X1 iX,

RHS = chicj[D){i’xj] - ch,-ci[Diixi]

X Xj Xj Xi

6 One can check (e.g. by induction on the number of internal vertices of chord diagrams) that this comul-
tiplication is well-defined (remember the presence of STU relations).

7 One can reformulate this statement: Every IHX (respectively AS) relation on-the-left-of-the-trivalent-
vertex is a consequence of branching relations and IHX (respectively AS) relations on-the-right-of-the-
trivalent-vertex.
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Fig. 7. “Moving” a box-STU relation over a trivalent vertex

—ZC[D AEDICTHIEN ZC[D 1- > cjalDY ]

i#]j i#j
=Zc [Dilxl] Zc [Dxlx’ Z([Di’x’] — [DM])—ZC, [DY 1= LHS,

where in the equality before the last we have used an IHX, STU, or Convention-1 form of
STU-left for each x;. The proof of the box-AS relation is elementary, using AS relations
and the definition of coefficients c;.

(b) Consider all dashed/bold possibilities for the edges. The relations then follow
from the AS, THX, STU and branching relations.

(c) Every box-diagram is a sum of box-diagrams with small boxes. For the later follow
the calculation shown in Fig. 7, for the box-STU case. The box-AS case is obvious. O

Note that this proposition for the case of I" being a 1-manifold is part of [24, Prop. 1.4].

The “formal series completion” (i.e. the topology is given by® distance(p, q) < % &
p — q has no terms of degree < n) is algebraically nothing else but the direct product
over i € N of the vector spaces generated by diagrams of a fixed order i. AS, IXH,
STU and branching relations are homogeneous with respect to the degree. For every i,
the degree i part A; is defined as D; /%R;, where D; is the Q-module freely generated
by the chord diagrams of degree i (without factoring through relations), and fR; is the
@-module freely generated by the relations involving only diagrams of order i. By the
universal property of the direct product A = [[;cny Ai = [Ljen Di/ [lien Ri = D/R,
i.e. factoring and taking completion commute. We will not use anywhere below the next
proposition that A = D/$R, our object is always A.

Proposition 2.2. Denote [g] = (1,..., g}. Let ¢ e O"O"' "o g =1T%

be the embedding of 1, onto the upper half-circles of "o sending the

arrow labeled i to the i™ upper half-circle of T'8, preserving orientation. Then it extends
to an isomorphism of Q-vector spaces ¢ : A(1g) — A(TS).

Proof. Fix an arbitrary degree i of chord diagrams. Then ¢ induces a homomorphism of
vector spaces ¢y : D;(1,) — D;(I'#), under which R; (1) is sent exactly to the set of
AS, IHX and STU relations in I'® that involve only diagrams with support in ¢ (1 ). For
simplicity of notation, let us denote ¢ D; (1) by D; (1), and ¢, R; (1) by R; (14).

8 The only reason we choose zin instead of % is Lemma 3.7. See the remark after it.
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— -
[T |1

Fig. 8. Relation 9: the ambiguity of “moving” a dashed end off the horizontal line.

Replace each external trivalent vertex in I'§ — ¢ (1) of a chord diagram by a small
box (and add a sign to it, the coefficient ¢;), then “move”, using the branching relations,
one by one all boxes off I'S — ¢ (1). This assigns to an arbitrary chord diagram with
support in I'# a diagram with boxes (with a & sign) with support in ¢ (1,). It depends
on the choice of the sequence of trivalent vertices over which boxes are “moved” in I'.
Observe, however, that different such choices result in diagrams with boxes, representing
elements of D;(1,) that differ one from the other by a sum (with coefficients £1) of
relations depicted in Fig. 8. Let us call them Relations 9 as reference to Fig. 9 in [21]. By
linearity, this defines a homomorphism of Q-vector spaces « : D; (') — D;(14)/R9,
which when restricted to D; (1) — D;(1g)/R9 is the canonical quotient map. Here
R9 is the Q-vector subspace of D; (1) generated by the set of Relations 9.

Proposition 2.1(b) implies that Relations 9 are true in A4; (1), i.e. R9 C R;(1,). Let
B :Di(14)/R9 — Di(1,)/MRi (1) be the canonical projection. Let us observe that for
every branching relation R, ¢(R) = 0. Therefore (8 o a)(R) = 0, so if we denote by
B; the QQ-vector subspace of D; (I'8) generated by the set of branching relations, then
B; NDi(1g) C Ri(hg).

On the other hand, any IHX, AS, STU or branching relation on I'¢ is, by Proposition
2.1, a sum of IHX, AS and STU relations on ¢ (1), plus a sum of branching relations.
Indeed, an IHX or AS relation refers only to a neighborhood outside I' — ¢ (1), hence
the “moving” procedure can be applied simultaneously to all terms of the relation; while
a STU relation is, up to sign, a box-STU relation, therefore using Proposition 2.1(c)
can be “moved” to a box-STU relation with support in '8 — ¢ (1), the later being
a consequence of R; (1) by Proposition 2.1(a). The difference between the start and
the end of each step of a “moving” procedure is, of cause, an element of B;. Hence
R (T8) =R (1) +B,.

The two established relations imply R; (I'8) N D; (1,) C R, (1,). Since the opposite
inclusion is obvious, R; (I'8) N D; (1g) = NR;(1g). Then, by the second isomorphism
theorem for vector spaces, D;(1¢)/Ri (1) = D;(I'8)/NR;(I'8). Composing with ¢,
from the first paragraph, we obtain ¢, : A; (1) — A;(I'#), for every i > 0. Moreover
the induced ¢, : A(1,) — A(T'8) preserves the topology. 0O

Remarks. This proposition still holds if I" has two or more connected components, but
we can “eliminate” the horizontal line of only ONE component. If we “eliminate” more
than one horizontal line, the corresponding ¢ is still well-defined and surjective.

2.2. The algebra structure of A(1,). Let A.(1) be the Q-vector subspace of A(1,)
generated by formal series of diagrams on 1, with no components of the dashed graph
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Fig. 9. Two consecutive external vertices from connected components x” and y’ can be interchanged up to &
a diagram with dashed graph having one component less

disconnected from the support. Viewing each chord diagram as a union of the connected
components of the dashed graph that do not meet the support with the part that meets
the support, we get A(1,) = A(W) ®q Ac(1,). Let a(ty) be the Q-vector subspace of
Ac(1,) generated by formal series of diagrams on 1, with non-empty and connected
dashed graph (and connected to the support). a(fg) is precisely the set of primitive
elements of A.(1¢). A similar notation a(I') for any abstract graph I' is self-evident.
Ac(1,) is an algebra with respect to justaposition of the bold vertical arrows. Denote
this associative, generally (if g > 1) non-commutative operation e. In fact A.(1,) is a
co-commutative Hopf algebra [24, Prop. 1.5]. Recall the following “common know-
ledge”:

Proposition 2.3. 1) a(1,) is a Lie algebra over Q with respect to the operation (x, y)
Xey—yeux.
2) Let T be the topologlcal ideal of A-(1¢) generated by a(tg). Thenexp : T—1 + T

andlog : 1+1 — T, defined by exp(x) = > 500 %7 and log(1+x) = 302 (—1)"*1 2
where the product is the operation e, satisfy expolog = id; 7 and logoexp = id;. In
particular, exp and log are bijections.

3) exp is a bijection from a(1g) C T to the set of group-like elements in 1 + 1.

4)If a, B € a(ty), then exp(a) o exp(B) = exp(y) for some y € a(t,). Moreover,
y is given by the Campbell-Hausdorff formula.

5) I coincides with the set of formal series of chord diagrams of degree > 1.

Proof. 1) The statement is sufficient to prove for x, y = diagrams with connected dashed
graph. Using STU relations, as shown in Fig. 9, we can interchange two consecutive
external vertices, one from x, the other from y, on any bold arrow, up to % a diagram with
connected dashed graph. Therefore, iteratively we can interchange all external vertices
of x, with all external vertices of y, obtaining x ¢ y — y ¢ x = a sum of diagrams with
connected dashed graph.

2), 3) and 4) are classical statements. The proofs in [22, Theorem 7.2, Corollary
7.3 and Theorem 7.4] apply mot-a-mot. For 3) and 4) note that if y is primitive, then
y € a(ty).

5) Since the set of formal series of chord diagrams of degree > 1 is an ideal containing
a(tg), and is closed topologlcally, T certainly belongs to it. Conversely, pick an arbitrary
connected component y’ of the dashed graph of a chord diagram. Observe that using the
““trick”” in Fig. 9, up to = a sum of diagrams with the number of connected components
of the dashed graph less by 1, y’ can be assumed to have all external vertices below all the
other external vertices of the diagram. Hence an induction on the number of connected
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components of the dashed graph shows that any chord diagram of degree > 1 is a sum
of terms of type =71 @z ®... @ z;, k > 1, with z; a diagram in a(1,). We conclude that
the set of finite sums of chord diagrams of degree > 1 is contained in 1. Hence so s its
completion. 0O

This proposition also holds if we replace A.(1,) by A(1,), Q by A(#), and a(1,)
by a(tg) + a(®) - 1, where a(9) is the set of primitive elements of A(9).

2.3. The LMO invariant for closed manifolds and extending the maps t,. In [17] from
the Kontsevich integral an invariant of oriented framed links L was constructed, which
does not change under Kirby-1,2 moves and change of orientation of components of L.
We recall it here, together with the maps i,, necessary to extend it to an invariant of
unions of embedded framed chain graphs in S3.

Let A(#) be the formal series completion of the Q-vector space generated by the
homeomorphism classes of open chord diagrams without univalent vertices (but allo-
wing dashed self-loops - these are set of degree 0) modulo AS and IHX relations. Let
B(X) be the formal power series completion of the (Q-vector space generated by the
homeomorphism classes of open chord diagrams without dashed self-loops, with the
univalent vertices colored by elements of X, modulo AS and IHX relations.

Denote [m] o {1,...,m}, and let ' = I_ImS‘, where each component is colo-
red by a different element of [m]. Let B([m]) be the subspace of B([m] U {x}), ge-
nerated by the diagrams with one x-colored vertex, and f; : B([m]) — B([m]),
fi := average of the diagrams obtained by attaching the x —vertex near
all i —vertices. We can define amap ¢ : C(m) := ani([% — A), ¢ := average
of the diagrams obtained by attaching i-colored vertices to the i'" copy of S' in T, Vi.
(One checks that the definition on diagrams extends over relations to a map between
formal series completions.) This map is in fact an isomorphism of Q-modules (and co-
algebras). For details, please consult [17, 24]. (If ' = § 1 ¢(1) and A(S") are algebras,
but ¢ is not an algebra homomorphism.)

For every n > 0 define a map «,, : C(m) —A); k,(K) = 0, if 3i such that the
number of i-colored vertices is not 2n, x,(K) = sum of all ways of attaching

i — colored vertices in pairs, Vi, otherwise. Let O, be the ideal of A(#) generated

by O +2n. (A(@) is an algebra with respect to disjoint union.) It can be shown that
as modules (and even as algebras) A(@) /O, = A(). Now, let 1, = g, ok, 0@~ :
A() — C(m) - A@)— AW) /O, = A(#), where g, is the quotient map.

Let ks : B(X u{x}) — B(X) be defined as «,, but only involving *-colored vertices
(see [17, 24] for details). Let P, = Im(k,"). The map «,’ passes to the quotient from the
definition on C(m), and hence we get a submodule P, of C(m). The relations P, also

commute with ¢. Define the quotient map j, :A®) /O, —A@) /O,, P,+1 of graded
modules. It is isomorphism in degree < n, and is the main ingredient in showing that

deg<pln (Z (L)) is invariant under the second Kirby move [17, 24].
This construction can be extended for I' = I'¢! U (U, 1) L T'82, disjoint union of

two chain graphs and m copies of S', i.e. ¢, : A(U,S") = AW) /O, = A(¥) can be
extended (meaning that for gy = g» = 0, 7, acts exactly as ;) to a map:
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Tn=qnokyo¢ '+ AT® U (U,SHUTE) > AT LUTE) /O, = A8 LTS?),

(2.1)
where the corresponding homomorphism ¢! refers only to all present circle compo-
nents of '. Here, to define the preimage of ¢ : C(I'8!, [m], I'82) — A(I'81, U ST, I82)
we consider absolutely analogous chord diagrams with support the disjoint union of
two chain graphs '8!, I'82, and points indexed by elements of [m] (it is convenient
NOT to call these points vertices), &, is extended in the same manner, and g, is just
the quotient map. ¢ is an isomorphism with the proof of Sect. 2 of [17]. Moreover,
the similarly constructed map J, is an isomorphism in degree < n. Namely, and this
is exactly the statement of Lemma 2.3 of [21], if ' = '8! U (U SYH U 82, then

Jn  deg<n (A(TSIUTE) ZATS UTE) /O,) —> deg<, (AT LIT8) /Oy, Pys).
To check this fact it is enough to follow the proof of Lemma 3.3 in [17] or Proposition
4.4 in [24].

Let Z(L) be the usual Kontsevich integral of the (oriented) framed link L, v =
Z(zero— framed unknot). Denote Z(L) = Z(L)®v!L, meaning we take the “connec-
ted sum” of Z(L) on each of its component with v. Like Z (L), VA (L) is also group-like of
the form 1 + (terms of degree > 1).2 Let o1 be the number of positive, resp. negative,
eigenvalues of the linking matrix of L. Denote o, resp. O~/ the unknot with +1, resp.
—1, framing, and Sz the 3-manifold obtained by surgery on the framed link L in S.
Recall the definition of the LMO invariant for oriented closed 3-manifolds M = Si:

Q,(53) = deg=y ( t(Z(L) ) 2.2)

1 (Z(OF))o+ - 1,(Z(0~1))°o-

and

Zmo (M) =" degy (M), (2.3)

n>0
and for Q-homology spheres also:

ZMMO (M) =" d(M) " deg, (M), 2.4)

n>0

where d(M) = |det (Ik(L))|, which is 0 if H1(S3,Q) # 0 and |H; (M, Z)| otherwise.
We use the convention |det (Ik(¥))| = 1. Then we have degan,,H(Si) =dM) -
©,(S3), hence we can write deg<, ZEM9 (M) = d(M)™"Q,(M). More precisely, the
following holds [24, Prop. 4.5]:

deg<nltn1 Z(L)] = (—D)der (Ik(L))deg<u[tn Z(L)], (2.5)

and therefore we can define:

9 It can be shown by induction that then for |L| = 1 the formal graded series log(element) is a primitive
element of A(US), and has no part of degree 0, hence it is a formal power series of chord diagrams with
connected dashed part. More precisely, a statement similar to Proposition 2.3 holds.
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ce = lim (—1)"deg=altnZ(O™)], (2.6)
= lim deg<p[taZ(O™ D). (2.7)
n—oo

These elements of A(f) are canonical constants in the theory of LMO invariant. Equa-
tion (2.5) implies

gy _ D 20
deg<NZ""" (M) = d0DN deng([N(C$+ca))' (2.8)

2.4. The definition of Z on elementary pseudo-quasi-tangles. Toextend 2,, (S 13) e A®)
to invariants Q, (L, G) € A("), where I is G as an abstract graph, we will extend now
Z(L) to Z(L U G). However we shall do this differently from Murakami and Ohtsuki
[21], see Fig. 1 there, who use the Knizhnik-Zamolodchikov associator. We will use the
even associator.

Let G be an embedded framed graph in S°. Fix a plane projection such that G is
given the blackboard framing. This projection of G can be decomposed into elementary

tangles!?: /K Y AN, X y and

We need only to specify the definition of Z on the first two, since on the others we know
it from the link case.

Let I" be an abstract (disjoint union of) chain graph(s), and €.I" be I with edge e
erased. Suppose €I is also a chain graph. A similar notation €,G for a framed graph G
is self-evident. Define the map €y : A(I') — A(e.I'), €(.)(D) = 0, if D has an external
vertex on the removed edge, and €y (D) = D, otherwise. To verify well-definedness
of € it is enough to check its invariance under branching relations of diagrams on I'.
There are 3 diagrams involved in a branching relation. Suppose v is a trivalent vertex
of T, and ey, e, e3 the edges adjacent to v. Edge e cannot be repeated twice among
e1, €2, e3, since then €,I" would not be a (union of) chain graph(s). Therefore we can
assume e = ey, e # ez, e # e3. It is easy to check that then one of the three diagrams
in the relation is sent to O by €, while the other two are sent to diagrams that form an
AS relation in A(e.I").

If e is an edge of G, denote by S.G the graph obtained from G by reversing the
orientation of the edge ¢ (without changing the framing). If I is the underlying abstract
graph of G, denote by S.I" the underlying abstract graph of S.G. Let S() : A(I') —
A(S.T") be the linear map which sends every diagram D in A(T") to the diagram obtained
from D by reversing the orientation of ¢, multiplied by (—1)", where m is the number
of vertices of D on the edge e.

We define Z for the elementary tangles )\ and \K to satisfy the following
two conditions (compare with [21, Prop. 1.5]):

(1) Z(S.G) = S)Z(G), forany embedded framed graph G and edge e.
(2) Z(e.G) =€) Z(G), for any (disjoint union of) embedded chain graph(s) G and
edge e, such that €, G is still a (disjoint union of) embedded chain graph(s).

10 The words quasi and pseudo are left out for simplicity of language.



A TQFT Associated to the LMO Invariant of Three-Dimensional Manifolds 615

@_ s

Moreover, we seek to define Z( Y ) of the form (for all possible

8 orientations). By Condition (2) above we must have a = b = ¢!, and hence also

Z\_)) = But Z(\_J) = v!/2, therefore we must requirea = b = ¢~ =

) &)
, 1.e. Z( Y ) = . Similarly Z( /K ) = (These

formulas are each for the 8 possible orientations.)

Theorem 2.4. ' Z(G) is an isotopy invariant of embedded framed chain graphs.

Proof. In large part, this is mostly a repetition of the proofs of the statements in [21,
Sect. 1], hence we only sketch here the details that are not identical. First, one shows
that Z(G) is invariant under isotopies of the plane. If such isotopies fix a neighborhood
of each trivalent vertex, the result is known from the link case. If isotopies move such
neighborhoods “as a whole”, the result follows using branching relations [21, Lemma

1.2.] Finally, it is sufficient to show Z(W) = Z( /K ) and Z(W) =

A

Secondly, one shows that Z(G) is invariant under extended Reidemeister moves. This
is also easily achieved from results known from the link case and the branching relations
[21, Lemma 1.4.]

To prove the two remaining relations, note that in [16, p. 8] it is proved (using an even

)
@ A(f)

associator) that Z ( ﬂ ) = A Therefore Z( W) = I@
v

11" This statement is considered known, but a complete proof was missing from the literature.
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G,

A(YV)
branching_relations_

— Y _
T &

Similarly Z(W):Z( )\ ). O

G

P g N

N

The above properties (1) and (2) we have now for granted (compare to [21, Prop. 1.5]).
It then follows directly from their definitions in Sect. 3.1 that 7 and t also enjoy
properties (1) and (2).

Conjecture 2.5. 12 If G is a chain graph, then this definition of Z(G) using an even
associator coincides with the definition in [21], which uses a KZ associator.

Remarks. If we use an even associator it is easy to see that Z\_A -+~ \_P =

bs( . ), where ¢, is the isomorphism from Proposition 2.2.

Definition 2.6 [21]. Forany LUG <> 83, let Z(L U G) = Z(L U G) ® (v®IL),

2.5. The composition * of chord diagrams. Denote A(I'8!,'82) = A('$! u I'82),
where the order (I'8!, I"82) is specified. '8! is the union of its horizontal line and the
upper half-circles, I'8? is the union of its horizontal line and lower half-circles. As
remarked after Proposition 2.2, every element of A(['8!, I'82) can be represented as a
formal series (with rational coefficients) of chord diagrams whose external vertices don’t
meet one horizontal line. For o € A(I'8!, T'82), B € A(I'82, I'$3) represented by single
chord diagrams x, respectively y, let « * B denote the element of A(T'81, Lig, S 1 183y,
represented by the diagram obtained by attaching ¢ 'y (the horizontal line of the first
graph removed) on top of ¢ Ix (the horizontal line of the second graph removed). For
g = 0 set * to be the disjoint union. Extend * by linearity to formal power series of
chord diagrams. Note that * is associative.

Every chord diagram D is adisjoint union DL D;, where every connected component
of D intersects the support, and every connected component of D, does not. Define
the vacuum degree vdeg (D) := deg(D;). Since all relations are vdeg-homogeneous,
the vacuum-degree N part vdegy (o) is well-defined VN € N, Vo € A(I'8!,'82),

12 The results of this paper are equally true for any associator for which Theorem 2.4 holds. We have been
able to obtain only partial results toward the proof of this conjecture with direct methods. It follows, however,
from results in [7].
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and is in general a series. For any N € N define AN (9) = A®)/(vdeg > N). Let
ANy — A=N (@) be the forgetful map. The sequence

o> AN @) S AV @) > > AW > AW =Q

has inverse limit A(¢). Similarly, let ASN(I'81, T'82) = A(T'¢',I'82)/(vdeg > N).
Then for any T, and VN, ASM(I') = A=N (@) ® A.(I'), hence A(T'8!, T'82) is the
inverse limit of the sequence:

.= ASNTLa rey s ASN (e T8y > ASI(T8, T2)
— A8, T82) = A (T8, T#2).

A=N (@) is an algebra, and A=Y (") is a A=V (#)-module: Vo € A=N (@), VB €
A=NT) or ASN@), - B = vdeg<n(a U B), where LI is the disjoint union of chord
diagrams. The multiplication e in A(1,) induces one on AN (¢ ¢)» making it an alge-
bra. A : AT') > A(TRA(), induced by summing over all ways of splitting chord
diagrams into connected components, preserves vacuum degree parts, hence induces a
co-multiplication A : AN (') — vdeg<y (AN (MRA=N () ¢ ASN)RA=N ().
But A is not an algebra homomorphism when I" =1,. Call an element of 8 € A=N(T)
primitive if AB = B®1+1® B. Calla € ASN(I") group-like if Ao = vdegEN(a®a).
Since A=N(1,) = AN () ®q Ac (1), Proposition 2.3 holds if we replace A(1,),
a(t,) and 1 by their vacuum degree < N truncations AN (1), a=N(1,) and =N,
provided we use the above notions of primitive and group-like. By Proposition 2.2, it
then also holds for A=N(I'8). Let:

Z(Ty) ® (v'/H)®2%

Zg = Cf . C‘i € A(Tga Tg)7 (29)
Z(T, 1/2y®2¢
2 = vdegSN( ( g)c? .(Eg ) )e A=V (g, 1), (2.10)

where Ty is the g-tangle from Fig. 1¢ with the non-associative structure (... (((ee)(ee))
(00))...), v = Z(0) € A(()) is the Kontsevich integral of the zero-framed unknot,
and ® means taking the connected sum of chord diagrams on each of the 2g components,
¢4, c_ have been defined in Sect. 2.3. Note that Z(7) ® (v1/2)®28 — vdego(Z(Ty) ®

(v1/2)®28) For g = 0 define zg = z(l)v =1.

Proposition 2.7. 1) Let * be the gluing operation defined above, let Ty : A8 U
(I_Izngl) LIs) — A8 uI83) be the A(9)-linear map defined by (2.1), which refers
exactly to all present circle components (in this case 2g>). Then'>

En(a, B) = vdeg<n ((—1)$"V Iy (a x 2}, x B)) (2.11)

defines a A=N@)-bilinear form A=N('81,T8) @ ASNT&, T8) — AN
(D81, T'83).
2) For any N and any respective elements o, B,y we have £y (Un(a, B),y) = LN

(@, En (B, ¥))-

13 For elements belonging to the space of chord diagrams on specific 2g arrows which connect 2g points
on a “bottom line” with 2¢ points on a “top line”, as is zg, one can similarly define *.
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Proof. 1)Leta € ASN(I'$1,T82),8 € ASN (%2, T8),2) € ASN(T#,T9). Ly (a, B)
is well-defined. Indeed, it can be calculated in two steps: first ¢~ (o * z(g],vz * (), then
apply Gy o Kn. Suppose & = 0 € A=N(I'81, I'82). Then, since ¢ is an isomorphism,
vdegSNgZ)_l (x *zi,\; x ) = 0 (i.e. if we factor in C(I"8!, [m], I"82) by the subspace span-
ned by diagrams with vacuum degree > N). Hence vdeg<nin
(a * Zi,\; * ,3) = 0 e ASN('8,T#), and similarly for g. A=V (#)-bilinearity of
(a, B) > vdeg<niy (a * Zh % ,3) is obvious.

2) follows from the fact that x is associative, and Ty (I y (o * zi,vl * ) * Zg *y) =
In(a sz *IN(Bxzh, xy)) =In(@*z) * fxz) xy). O

Note that when g; = 0, £ becomes a A=N (@)-linear map:
Oy : ASN(FgZ) ® ASN(ng, Fg3) s ASN(F&)'

Hence every element in A=Y (82, I'83) defines a A=Y ()-linear map from A=V (I"82)
to A=N(I'$3), and the induced map €y : ASN (82, I'83) — A=N(T'82)* @ A=N(I'$3)
is A=N()-linear. Using the isomorphism ¢, : A=N(1,) — A(I'$)) we obtain an
A=N ()-linear map also denoted £ : ASN (81, T82) — AN (4,)* ® A=V (1,). In
fact the image of Iy lies in the space of continuous operators, since we will show in
Sect. 3 that the pairing ¢y is continuous.

Extend I'¢ — (I'$, %) to ASN(T8) — A=N(T$, ), and compose with £y to
obtain a A=Y (#)-linear map (£x)* : ASN(I'8) — A=N(I'8)* Namely (£5)*(B8) (o) =
In(a, B),Va, B € A=N(I'8). Similarly, thereisamap (£5)* : A=N (14) — AN (1)*.
The second part of the above proposition shows that Iy en(@B,y)) = ZN()/) oly B)
for any corresponding B, y, i.e. the following diagram is commutative:

ASN(FgI’ rs) @ ASN(ng’ ) ﬂ) ASN(FgI’ )
Ly ® Ly Iy
evaluation

ANy @ AN (r82) @ AN (082)* @ ASN (183) S ASN (P8 * @ ASN(183)

Remarks. 1f we were to use Knizhnik-Zamolodchikov or any other associator, in the
definition of £, between «, z, and 8, we would have to insert an element A (and its hori-
zontal reflection) from the space of chord diagrams on 2g arrows alternatively oriented
downward and upward, such that (d)*_ lz (u e U)) * A = v®8; and similarly
for B. For the even associator, A can be taken 1, i.e. it can be omitted. Conjecture 2.5
above claims that one can take A = 1 for any associator.

2.6. The categories AN and A. Let A=V be the category with objects A=V (1,) =
ASN(TO, 1¢), & = 0, and morphisms the set of A=N (#)-homomorphisms between
these modules. Similarly define the category .A. The isomorphism ¢, of Proposition 2.2
identifies A(I'y) and A(1g). The following two statements are proved in Sect. 3.

Proposition 2.8. Let €y be the bilinear form defined by the previous proposition, and £
be the induced map A=N (I'81,T82) — A=N(4,)* @ A=N (14,) = Hom(A=N (1)),
ASN(ng)). Denote wg := Z(W,) = vdeg<nZ(W,) € A=N(T8, T8), where W, is the



A TQFT Associated to the LMO Invariant of Three-Dimensional Manifolds 619

embedded framed graph in Fig. 1a, with the first 'S corresponding to the lower of the
two chain graphs in the picture, and the second - to the upper. For g = 0, set wg = 1.

Then ZN(wg) is the identity operator on ASN(Tg).

Theorem 2.9. 1) There is a (unique) A(9D)-bilinear form £ : A(I'81, '82) @ A(I"82, I'83)
— A([81,T'83), such that (vdeg<y) o £ = £n.

2) Let € be the induced map A(T'8', T'82) — A1) @A(Mg,) = Hom 4 (A(Tg,),
A(1g,)), and denote as before w, = Z(Wy) € A(I'8, I'8), where W, is shown in Fig. la.
Then E(wg) is the identity operator on A(1).

3. The TQFT

Now we construct the truncated (with respect to the vacuum degree'#) and full TQFTs.
We will show that they are non-degenerate and anomaly-free. All cobordisms in the
category L are connected, hence it does not make sense to require multiplicativity or
self-duality. A TQFT based on 9 has to satisfy four axioms [6], similar to those of
Atiyah [1]:

Naturality: Axiom (A1) in [6], or (III.1.4.1) in [23].

Functoriality: Axiom (A2) in [6], or (A4) in [21], or (IT.1.4.3) in [23].

Normalization: Axiom (A3) in [6], or (III.1.4.4) in [23].

pseudo-Hermitianity: Axiom (A4) in [6], or (A2) in [21], or (II1.5.2.2) in [23].
Assign to every oriented closed surface of genus g > 0 the A(¥)-vector space A(I'8) =
A(?1g), and, in the case of truncations, VN > 0, the A=N (@)-vector space A=N (r$) =
AN (4 ¢)- Naturality is therefore trivial. The other axioms, together with the non-

degeneracy property!> are stated in Theorem 3.2 below.

Let LUG <> S be an arbitrary embedding of a link and a (union of) chain graph(s)
in $3. Let o, o_ be the number of positive, respectively negative eigenvalues of Ik (L),
the linking matrix of L, let g be the number of circle components of G, and let I" be G
as an abstract graph. For every n € N define:

iW(Z(LUG))
1 (Z(O*1))% - 1, (Z(0~1))o-

Qu(L,G) = Udegfn( ) € ASH(F) c A).

Here Z (L U G) is an isotopy invariant (see [21, Theorem 1.4], where KZ associator is
used, or Sect. 2.4, where an even associator is used) of L U G C $3. Note that once
Z(L U G) has been shown well-defined, it does not matter which associator we use.

Proposition 3.1. 1) The following relation holds in A(T") for any'® chain graph G and
link L:

vdeg<n (Zn+1Z(L, G)) — (—1)Hlder (1k(L))vdegp (inZ(L, G)) NER)

14 Since the map 7, which we had to introduce if we want to have invariance under Kirby moves for chain
graphs, decreases the total degree of a diagram by 2g N, and since Iy must be applied every time we glue two
cobordisms, one does not expect the theory to truncate with respect to the total degree of chord diagrams.

15 We show (VN and non-truncated, and Vg) that the closure of the subspace spanned by the images of
cobordisms is all the respective space of chord diagrams.

16 possibly with several connected components
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and therefore:
vdeg<y Qi1 (L, G) =d(S}) - Qu(L, G).

2) d(S; Q. (L, G) is a group-like element of A<"(I') C A(T) of the form 1+ higher

order terms.

Proof. 1) Follow the proof of Proposition 4.5 in [24].

2) First note that Z of any elementary pseudo-quasi-tangle is group-like of the desired
form. Indeed, if one uses a KZ associator, the elements a, b in [21, p. 503] used in the
definition of Z for the vicinity of trivalent vertices are clearly so. If one uses an even
associator, then this follows from the fact that Av = v ®@ v and v = 1 + h.o.t. Hence
Z(L U G) is group-like of the form 1+ h.0.t. for any L U G < §* (compare with [17,
Subsect. 1.4]). That A commutes with i,, follows from the fact that A commutes with ¢,
and an explicit calculation of A o (g, o ky) and (g, o k) ® (g 0 k) o A for any diagram
with 2n legs of each color1,...,|L|,justasinthe case G = ( [24, 17]. Similarly it then
follows that Q, (L, G) has the form 1 + h.o.t. (compare with [17, Lemma 4.7]).

O

d(S3

Let (M, f1, f2) beanarbitrary Q-cobordism (in particular, amorphism in the category
£ between g1 and g). Let (L, Gy, G2) be such that (L, G, G3) = (M, f1, f2). By
Proposition 2.1 in [21], the ambiguity in this choice is a finite sequence of KI and
extended KII moves, and change of orientation of a link component. Define:

| i2(Z(LU G UG))
M. fi. ) = 2 e s vdegn | — 7
‘L’( fl f2) }; |det(lk(L))|” vaeg (Ln(Z(O+]))U+ . Ln(Z(OI))U_)

@5) (—pon iw(Z(L UGy U G»)) R
Z|det(lk(L))|n ”deg"( v O )eA(F , 82y,

+ 0o

(3.2)

where 7, refers to the circle components of chord diagrams, all coming here from the
components of the link L, c;, c— have been defined in Sect. 2.3, vdeg, means taking
the vacuum degree n part, and for simplicity we suppose that G, G as abstract graphs
are '8!, T"82. We use the convention det (Ik(¥)) = 1. Also, let:

N B (—1)%+N ZN(Z(L UG UGy)) <N
M, fi, ) = DY vdeg<1v( e )E ASN(r8r 182y,

+ " t-

(3.3)

where d(M) = |Hy(M,Z)|. Note that T (M, f1, f>) = vdeg<nT(M, f1, f2). The
same proof as in the case of closed manifolds (Sect. 3 in [17], or Sect. 4 in [24],
or [21, Prop. 2.4]), shows!’ that ©(M, f1, f2), being invariant under KI and exten-
ded KII moves, and change of orientation of a link component, is independent of the
choice of the triplet (L, G, G;) for (M, f1, f2). Hence t(M, f1, f») € A('$!, T'$2)
and TV (M, f1, f») € ASN (I8!, I'82) are invariants of Q-cobordisms (in particular of

17 looking at every (total) degree part
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morphisms in the category ). As we have seen in Sect. 2.5, ZN(rN(M, f1, f2)) is then
a A=N (#)-homomorphism from A=N (1,,) to AN (1,,).

It is obvious to similarly define (3.2) and (3.3) for cobordisms (M, @, f) with
only one connected and parametrized boundary component, as long as M is a

Q-homology sphere!®. Note that we think of the boundary as the zop of the 3-cobordism.
-1

[
We associate to (M, @, f) an element T (M, ¥, ) € A(I'¥) = A(1,), and an element

1

b5
t™NM, 0, f) e ASN(TE) = ASN(4,), VN.

Theorem 3.2. 1) Let A=N (4 ¢)» Tespectively A (1), be the Q-vector subspace of
ASN(Tg), respectively A(1g), generated by all ¢*_1TN(M, @, ), respectively by all
¢t (M, @, f), such that Misa Z-homology sphere. Then the completion of.A,SN(Tg)
is ASN(Tg), and the completion of A: (1) is A(Tg).

2)Let g, g €N, and let A?N(Fg, Fg/), respectively A (I'8, Fg,), be the Q-vector
subspace of ASN ('8, T'¢"), respectively A(T'8,T'8), generated by all T (M, f, f"),
respectively by all t(M, f, f), which belong to the category 3. Then the completion of
ASN(TS, 18"y is ASN(T8, T8, and the completion of A.('8, T8’ is A(T'8,T'¢).

3) Let (My, fi1, f{) and (M2, f>, f3) be two Q-cobordisms, such that their composi-
tion is also a Q-cobordism. Then, for any N € N, the following gluing formula without
anomaly holds:

N Mo U oyt M, f1s ) = enGN My, fi, (DT (Mo, o, ). (B4)

4) Let (My, f1, f]) and (M2, f2, f,) be two Q-cobordisms, such that their composi-
tion is also a Q-cobordism. Then the following gluing formula without anomaly holds:

T(M2 Ufzo(fl/)*1 Mlv flv f2/) = e(t(Mls fl’ fl/)f T(M2’ f27 fZ/)) (35)

5) Let (X x [0, 1], (2 x 0, p1), (£ x 1, p2)) be the identity 3-cobordism of genus g
(see Sect. 1.1), then the following holds:

N (S % [0, 11, (S % 0. p1). (S x 1 p)) = idaewqs reye - (3.6)
T(Eg X [Ov 1]’ (Eg X 09 pl)’ (Eg X 15 PZ)) = id_A(]“g’]"g). (37)

6) Forevery g, g’ € N, there exist antimorphisms (maps linear in 0-supergrading and
antilinear in 1-supergrading) - : A(I'8) — A(I'8) and - : A8, T8) — A, T,
such that for every cobordism M between g and g':

t(—M) =7(M) and tV(=M) =1tN(M). (3.8)

It is known [11, Prop. 13.1], that for every chord diagram & € A(1) of degree m,
with connected dashed graph, there exist string links L*, with Ik(LT) = (0), such that
Z(LT) =1+ & +o(m + 1). There is a very intuitive topological realization of L* from
Habiro’s calculus of claspers [14, 16].

18 Which is equivalent to the equivalence class of the cobordism (M — {a ball}, S2 — 3(theball), f) being
in the category
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Lemma 3.3. For everyn > 0 and every chord diagram & on 14, deg(§) < n, there exist

string links L1, . .., L, with zero linking matrix, and positive integers ay, . . ., ak, Such
k

that Z a; Z(Li))=&+o(n+1).

i=1

Proof. Induction on n. For n = 0, Z(trivial string link) = 1 € A(%g). Forn = 1, ¢
must have connected dashed graph, hence the claim follows from the mentioned result
of Habegger and Masbaum, because Z(trivial string link) = 1. For general n, suppose
& has degree m. We prove the statement first for m = n, then form =n —1,...,1
(m = 01is obvious). For arbitrary m, by the same argument as in the proof of Proposition
2.3.5) wecan assume § = »_ +&j o... @&, & have connected dashed graph and degree
> 1. If £k > 1, by the induction hypothesis there exist (x; € Z and string links L;,

such that 3° ; @}, Z(L%) = & +o(n), Vi. Therefore 3" al'-af - Z(Le.. . eLl) =

i1y

Moreover, since all Lljzi have zero linking matrix, so does L’I’ °o...0 LZ‘ Jdfk =1, by
the Habegger-Masbaum result, there is a string link L, such that Z(L) — Z (trivial string
link) = & + o(m + 1). Therefore the statement for m follows from the fact that it holds
for m + 1 (express in the later formula the degree m + 1 terms of o(m + 1)). If k = 1
and m = n, it is precisely the Habegger-Masbaum result. Note that all coefficients a;
appearing throughout the proof can be arranged positive or negative as we wish [14, 16],
hence the ones in the statement can be ensured positive. O

It is known [16 Theorem 4.5; see also 12] that for any connected trivalent graph D
of degree n there exist Z-homology 3-spheres M* such that ZEMO(M*) = 1+ D +
o(n+1) € A(®). (This is proved there for Ze butitis obviously then true for ZLMO )
Since ZLMO(§3) = 1 € A(W), with a proof absolutely similar to the one above, we
have:

Lemma 3.4. For any n > 0 and any chord diagram & € A(0), deg(&) < n, there exist

k
Z-homology spheres My, ..., My and positive integers by, . . ., by suchthat . b; zLmo

i=1
(M;) = E+o(n+1). Inparticular the set {Y_; b; ZEMO | M; Z-homology sphere, b; € N*}
is dense in A(%).

Proof of Theorem 3.2.1). Let |12, denote the graph with 2g edges oriented alternatively
down- and upward. Lemma 3.3 is clearly true for £ € A({12,) as well. Therefore for
every n > 0 and every f € A(]12,) there exist string links L; and ¢; € Q such
that > a; - Z(Lj) = Be (! ®v‘1)®g + o(n + 1). Using the operation * defined in
Sect. 2.5, attach Z( cee ) on top of, and Z(\_/ ...\_/) below each side of
this equality, to obtain the existence of embedded framed graphs G; and a; € Q, such that

Sai-Z(G) =z T - )*(,80(¢ ®v‘1)®g)*Z(U...\_/)+0(n+l)=
E+0(n+ 1), where (,8 — B) A2 — A(O"O"' "o ) is the map induced
by inclusion. The later is well-defined, since at the level of D({ 12,) AS, IHX and STU

relations are sent to the same type relations on .Itis clearly surjective
by Proposition 2.2. Therefore for every n > 0 and o € A(%,) there exist G; anda; € Q
such that D" a; - Z(G;) = ¢u(a) +o(n + 1).
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Let N = 0. Then by (3.3) we have t%(M, @, f) = ZOZ(L U G) whenever k (L, G) =
(M, @, f). Since iy refer only to link components, for every embedded framed graph
G we obtain tV (k (4, G)) = °(x (8, G)) = TOZ(G) = Z(G) = Z(G). Together with
the conclusion of the previous paragraph this shows that, for every n > 0, and every
o € Afo(Tg) = Ac(1,), there exist cobordisms (M;, @, f;) having M; = $3, and
a; € Q, such that

> ai VM. B, f) = pu(e) +0(n + 1), (3.9)

This proves the theorem for N = 0.
Let N > 1. Recall that AN (4 ¢) = A=N (@) ®@ Ac(1y). Therefore the statement

is enough to prove for & - o, & € A= (¥) and o € A(1,). By Lemma 3.4 there exist
Z-homology spheres M; and b; € N*, such that > biZ"MO(M;) = £ +0(N +1). Then,
by the previous paragraph, for every n > 0, there exist cobordisms (M, ¥, f;) having
A//I\j = §%,andg; € Q,suchthatvdeg<y (3, biZLMO(Mi))~(ZJ~ a;t"(M;, 9, fj)) =
& - ¢y(a) + o(n + 1). Therefore:
$ulE o) = & - pu(0) = D biajudegn Z"MO (M) -t (M;. 0. f;) +o(n + 1)
i,J
= > biajt" (M) (M}, 0, f})
iJ

von+ 1) = > bia; (V(53) @, G ) +on + 1)
i
= > biajeV (Szi#/c(@, G,-)) to(n+1),
i

where bia; € Q, M; = S} , (M}, 0, f;) = k(®,T;) and S} #c (@, G ;) = k(L; UG)),

whose filling is 513‘,- , aZ-homology sphere. This proves the theorem for arbitrary N. Since

for any cobordism (M, @, f) we have vdeg<nt(M, ¥, f) = ™V (M, @, ), by taking

N = n, we can see that, for every n > 0 and any o € A(%,), there exist ¢; € Q, and

(M;, ¥, f;) with M; Z-homology spheres, such that ¢, («) = >_ cjvdeg<,t(M;, @, fi)+
1

on+1) = Zcit(M,', @, fiy+om+1). O

Let (L, G, G') be a triplet and (M, f, f') = (L, G, G’). We can talk about linking
number between a link component K and a circle U of a chain graph, as well as between
two circles U and V of chain graphs: [k(K, U) = [k(U, K) is defined to be the linking
number between K, and the knot obtained from the graph by deleting all but the circle
component U, and similarly for [k(U, V). The linking matrix of a triplet is then:

lk(L) [k(L,G) lk(L,G") A BT cT
Ik(L,G,G"y=| Ik(G,L) Ik(G,G) Ik(G,G) | =B D ET |, (3.10)
Ik(G', L) Ik(G’, G) Ik(G’, G") CE F

where A, D, F are symmetric matrices. In [6] it has been shown that the doubly-
Lagrangian condition can be expressed:

D= BA'BT,
F=CA™'cT (3.11)
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(for Q-cobordisms this in particular means that the entries on the left-hand side, a priori

inZ [ﬁ],mustbe in Z), and for the case F = Q, additionally BA~!CT ¢ M x g, (Z).

In the case L = {J, the doubly-Lagrangian condition can be expressed:
D=F=0. (3.12)

Proof of Theorem 3.2.2). The proof of part 1) does not use the fact thatin Lemma 3.3 the
links L; have zero linking matrix, because for connected chain graphs the Lagrangian
condition is trivial. Since a Z-cobordism (M, f, f’) is doubly-Lagrangian iff any re-
presenting triplet satisfies condition (3.12), the same proof as in part 1) shows that, for
every n > 0, and every o € A ('8, I Fg,), there exist @; € Q, and doubly-Lagrangian
Z-cobordisms (M;, fi, f/) having M; = S°, such that >, a; - T°(M;, fi. f)) = a +
o(n+ 1), proving the theorem for N = 0. This identity replaces (3.9) in the proof of part
1), and the argument can be continued to prove part 2) for any N, and for non-truncated
T. O

Lemma 3.5. [6, Lemma 5] Let (M1, fi1, f{) and (M2, f>, f3) be two 3-cobordisms. Sup-
pose (M1, f1. f) = k(L1, G1, G), (M2, fa, f3) = (L2, G2, G3), and (MaU o 1)1
My, fi, f3) = k(L1 U Lo U Ly, G1, G), the later triplet obtained from the previous
two by the construction described in Proposition 1.3. Denote crl = signy(lk(Ly)),
af = signy(lk(L2)), oy = signy(lk(L1 U Ly U L»)), and let g be the genus of the

connected closed surface along which is this splitting. Then the integer s(M, M1, M>) =

crj + a+2 + g — oy is an invariant of the decomposition M = M, Ufzo(f{)" My), ie. it

does not depend on the choice of triplets representing the 3-cobordisms My and M3. O
Lemma 3.6. Let (M1, f1, f{) and (M2, f>, f3) be two Q-cobordisms, such that their
composition is also a Q — cobordism. Denote d = |H{ (M Ufzo(fl/)—l My, Z2)|, dy =

|H1(1\//I\1, Z)|, d» = |H; (11/4\2, Z)|. Suppose that these cobordisms are glued along a
surface of genus g. Then:

s J+1+of+g—a+ did> N

N N o _1\N et w1l

Ny Ml,fl,fz)—(( DNvdeg<y (c )) ( y )
Sro(fDH7!

AnE@N My, i, ) TN (Mo, B, 1)), (3.13)

where (—1)V - vdeg<n (cy+/c_) € A=N(@), the multiplication by scalars is thought in
the category A=V, and a+1 + a+2 + g — o4 is an integer.

Proof. Let (L1, G, G}), (L2, G2, G%,), and (L1 U Lo U L, Gy, G}) represent the 3-
cobordisms M1, M>, and M> o M, as in the previous lemma, and let (o4, 0_), (oj , ol),

respectively (crf, o2) be the signatures of [k(L1U LoyU L»),lk(L1), resp.lk(L3). Then,
locally abbreviating (when space requires) vdeg<y (c4) and vdeg<y(c—) to c; and c_:

Ny | MAL 8
fZO(f|/)71

(—=1o+N INZ(L1ULyULy UG UGY)
= -vdeg<n

=T o

a.
cy-c
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1, 2. .
_ (_1)NC_+ o, to +g—0y . d{\/dé\f '
c_ dav

INANZ(L1, G1, GY) % (Z(Tg) @ (v'/)®2%8) x Iy Z (Lo, G2, GY))

2 2
oy 0Z
5t cTre

x vdeg<p s
(=D N (= D)eEN (DN ald) - et e

1, 2. .
_ (_1)NC_+ o, to+g—0y . d{vdév '
c_ dav

ivZ(L1, Gy, G)) *Z(Tg)®(vl/2)®2g inZ(La, Ga, Gb)
(—1)EN 8 e

x vdeg<Nin 1 T ; e
0. — 0. —
(=DoeNaN el e~ (=DoNaN el e~

0+'+of+g—o+ N 3N
= ((—1)Nvdeg51v (C—)) -(dl % )wN(rN(Ml), ™ (My)),
C_

dN

where we have used that oy, + 0 = o + 0, +0) + 0, +2-g. Observe that in the
second equality, when “braking” Z into three, on each component of Lo a v!/? “goes”
to Z of G’l or G», and another vl/2 goes to zg. In fact, the two middle expressions are
written for the even associator. For any other associator we would insert between the *’s

the element A mentioned in the remark at the end of Sect. 2.5. 0O

Proof of Theorem 3.2.3). We use the notations of the previous lemma. Observe that
(3.11) implies:

A BT 0 0
BBAT'BT -1 0
0 —-I Dc'DTD|
0 0 pr

Ik(L1 U Lo U Ly) = (3.14)

where A = k(L) € M, 1x11,|(Z), C = lk(L2) € M1, x|1,|(Z), B = lk(G", L) €
Mex,|(Z), D = 1k(G2, Ly) € Mgx1,/(Z), BAT'BT ,DCTIDT € Myyo(Z). In
[6] it has been shown that the signature of this linking matrix is (o J} +crf +g, ol+o?+ 2),
where (ol, o), respectively (of, o2) is the signature of [k(L1), respectively [k(L»),
and that the following holds:

det(lk(L1 U Lo U Ly)) = (—1)8 - det(lk(L1)) - det(Ik(L2)). (3.15)
Substituting into (3.13), we obtain the functoriality of V. O

Lemma 3.7. Let B € A(I'82,183%), and let a,,,n € N be a sequence of elements of
A(T81, T'82), such that for every n, deg<, (aty) = deg<n(a), Ym > n. Then, both sides
of the following equality are well-defined, and the equality holds:
Ly(lim oy, B) = lim Ly (ay, B). (3.16)
n n

A similar property holds for the role of two arguments of £y reversed.
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Proof. The existence of @ := limw,, € A(I'81, I'82) follows directly from the fact that
n

we defined the topology on A(T"8!, I'82) such that dist(p, q) < % ifand only if p — ¢
has degree > n. Then, since deg- +¢n (@) does not contribute to deg<, €y (o, B), we
have:

lim deg<, ¢y (2, ) = lim degny (degrgne. B) = lim Ex (deg<nsgnat, B)
= lim (y (deg<pat, ) = Ly (im degopat, f) = Ly (@, ).

The existence of the third limit and the second equality follow from a standard Cauchy-
sequences argument. The fourth equality is true since lim commutes with *, (y and

m
vdeg<n. On the other hand £ (c,,, B) and £y («, B) agree in degree < n —2gN. Hence
lim £y (an, B) = limdeg<, ¢y (o, B). Putting the two together we obtain (3.16). O

Remark. If in the statement of this lemma we assume that lim «,, exists, which is the case

n
whenever the resultis used in this paper, then we can relax the topology: distance(p, q) <
% & p — g has no terms of degree < n.

Elementary remark. The signature of a symmetric 2g x 2g-matrix (_AI _01) with

integer, respectively real entries is (g, g). The determinant of such a matrix is (—1)$.

Proof of Proposition 2.8. Note that w, = (2, x [0, 1], (¥4 x 0, p1), (Zg x 1, p2)).
Using the gluing formula (3.13), for any Q-cobordism (M, fi, f>), tN((Zg x [0, 1])

Ul+03+ —0y N

Upotot Mo fiop) = ((=DNudegen ()77 7 (48)7 - ene®
(M, f1, f2), wg). If L is a link such that M = Sz, and the linking matrix of L is [k(L),

k(L) « 0 k(L) 0 0

then the linking matrix of the link L U L is * ok =1 ]| ~ 0 =x —J

0 -1 0 0 -1 0
Using the above remark, oy = a+1 +g,0_ = ol + g, af =02 =0, dy =1k®) =1,
dy = d. Observe that ((X, x [0, 1]) Up o(f)-! M, f1,p2) = (M, f1, f2). Hence
NN (M, fi, ), wg) = ™ (M, fi, f>). In particular, this holds if (M, fi, f) is a
Z-cobordism with bottom homeomorphic to $2, and hence also for any (M, #, f) such

that M is a Z-homology sphere. The statement now follows from Part 1) of Theorem
32and Lemma3.7. O

Proof of Theorem 2.9. 1) By construction, the inverse limits limN AN @) = A®W)
00<—
and limN ASN(I81 T82) = A(I'8', T'82). Let us show that the following diagram is
00<—
commutative for every N € N:

€8<N

d
ASN*L(8 182y @ ASN+L(ps2 pesy "B q<N(pai a2y @ ASN (82 183,
1 =N+ 1 en (3.17)

ASNH(Fg', Fg3) va’gsN ASN(Fgl, Fg3)7

where the horizontal arrows are the maps that forget the degrees N + 1 parts. Let
a = N (My), B = tN*1(M>) for some Q-cobordisms M and M, from category Q.
Then, as previously observed vdeg<ytV*' (M;) = TNV (M;), i = 1,2, i.e. vdeg<ya =
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™V (M), vdeg<y B = tV (M). By the gluing formula (3.4) we then have TV*! (M, U

M) = =N (q, B) and N (Mr U M) = fn(vdeg<no, vdeg<ypB). Now again,
using vdeg<yT=N*1(Mp U M) = V(M U M), we get vdeg=y ((=N*(a, B)) =
£y (vdeg<no, vdeg<y B). Hence the diagram (3.17) is commutative for «, B8 as above.
By Part 2) of Theorem 3.2 and Lemma 3.7, the diagram is then commutative for arbitrary
o, B.

Therefore there exists a well-defined A(#)-bilinear
map £ : A8, T8) Q@ A8, T'8) - AT, I'2)QA('82, T'8) — AT, T8,
such that when restricting to the vacuum degree < N parts, one obtains the map €.

2) By the proof of 1), E(wg) = OC1)1<I_nN ZN (wé,v). By Proposition 2.8 the operators

) N(wfg,v ) are identities, hence so is the limit. O

Proof of Theorem 3.2.4). Theorem 2.9.1) shows that £ are the vdeg<y-truncations of
£. The result then follows from (3.4). 0O

Proof of Theorem 3.2.5). Proposition 2.8 proves the first formula, the normalization of
the truncated TQFTs Q — A=Y and 3 — A=". Theorem 2.9.2) in particular implies
the second formula, the normalization of the non-truncated TQFTs Q — Aand 3 — A.
O

Lemma 3.8 (The continuity of £). Let 8 € A(I'82, I'83), and let a,,, n € N be a sequence
of elements of A(I'8!, I'82), such that for every n, deg<p(ay) = deg<p(am), Ym > n.
Then, both sides of the following equality are well-defined, and the equality holds:

¢(lim oy, B) = lim £(ap, B). (3.18)

A similar property holds for the role of two arguments of € reversed.

Proof. £y are the vdeg<y-truncations of £. Apply (3.16) and pass to the limit (keeping,
for example n = 2g+ 1)N). O

Proof of Theorem 3.2.6). The conjugation in A(f) can be extended to A(I'8) and
A(Fg,, I'8) as follows. For an arbitrary chord diagram D, define D = D, if vdeg(D) =
even,and D = — D, if vdeg(D) = odd. They induce maps also for vdeg < y -truncations.

Let (L, G) be the embedding of a link and (disjoint union of) chain graph(s) in $3,and

let (L, G) denote its mirror image. Then iy Z(L, G) = (—DIENTy Z(L, G) (compare
with [17, Prop. 5.2]). This is true for the Murakami-Ohtsuki extension of Z because a
and b from [21], and hence Z (vicinity of a trivalent vertex) are “mirrors” of themselves,
which is easy to check. For the extension of Z using an even associator (Sect. 2.4), this
property is obvious. In the proof of [17, Prop. 5.2] it is shown that c_ = ¢;. Hence for

any N e N:
1N in(Z(L, G))
‘[N(—M) — (—Udeg<N( = = 7
dN = (CE_,N])U+ . (C[_fN])U_
—1)o+N iNn(Z(L,G -
N %vdegw WEES) ) - a,

N o N o_
(M (=M

Therefore also T (—M) = t (M), for any Q-cobordism M. Using this formula and (3.5), it
follows that for « = 1(M), B = t(M>), where M; are 3-cobordisms in the category £,
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we have £(a, B) = £(t (M), T(M2)) = T (Mp 0 M) = t(—(Mz 0 My)) = T((—My) o
(—=M3)) = L(z(—Mp), t(—My)) = £(t (M), t(M})) = £(B, @). By Theorem 3.2.2)
and the continuity (3.18) of ¢, £(«, B) = £(B, @) holds for arbitrary «, 8. In particular,
it remains true if we add vdeg<y. The property is, therefore, verified for truncated and
non-truncated TQFTs. O

We have shown that 7 : Q — A, TV : Q — A=V are functors, and the TQFTs are
non-degenerate. The full TQFT induces a linear representation £, — G L 4 (A(I'%)).
The truncated TQFTs induce linear representations Lg — GL g=<n (A=N(T8)). Tt is
known [8] that any ZHS can be obtained as filling of a parametrized 3-cobordism (X, x
I, w, id) for some g > 0 and some w € 7, the Torelli group of genus g. Furthermore
[20], it even suffices to consider only w € Ky, the kernel of the Johnson homomorphism,
or topologically, the subgroup of 7, generated by Dehn twists on bounding simple closed
curves. Our TQFTSs, of course, induce linear representations of both these subgroups of
L. The group L, has not been studied before, no explicit set of generators, less so one
of relations, is known.

Note, that Theorem 3.2.1) and 2) address the so-called realization problem for
links, string links, three-dimensional manifolds, and chain graphs, by showing (see also
3.3, 3.4) that Z(links), 7 (closed 3-manifolds), Z(string links), and 7 (3-manifolds with
boundary), in the closyre, generate the corresponding combinatorial spaces of chord
diagrams: A(a . G, AW, A(1), and A(T'$!, I'$2). Without proving Theorem
3.2.1) and 2), even partial results of this sort were hard to obtain, as can be seen from
the following

Proposition 3.9. For every N = 0 and every Q-cobordism (M, f1, f2) from g to g,
In(TN (M, fi1, ) sends the A=N (@)-submodule of AfN(Tg) generated by exp(),
Va € vdeg<ya(1y), to itself.

Proof. By Proposition 3.1.3) ™V (M, fi, f») is group-like. Observe that A commutes
with %, and repeating the argument from the proof of 3.1.3) for Iy in the definition of
¢y, we can see that £y (tV (M, f1. f>)) takes a group-like element of A=Y (I'$1) of the
form 1 + h.o.t. to a group-like element of A=Y (I'82) of the form 1 + h.0.t. Now apply
Proposition 2.3.5) and 3) for the truncated case. Hence it sends the A=V (#)-submodule
of A=N (1) generated by exp(a), @ € vdeg<ya(t,) toitself. O

Remarks. 1) This construction of TQFT can be done also in the language of the Aarhus
integral.

2) A combinatorial formula for the pairing ¢ : A('$!,I'8?) @ A(82,8) —
A(T81, T'83) is given in [7].

In [17], Le, Murakami and Ohtsuki have introduced the chord-KII move to mirror
the second Kirby move for links, which then allowed them to define Z LMO However, it
is well-known that handle canceling can not be obtained solely by Kirby-2, and would
require in addition Kirby-1. But no corresponding chord-KI move exists, the invariance of
ZLMO ynder Kirby-1 is achieved via normalization. Therefore there is no a priori reason
to suspect that a chord-canceling-handle relation is true for arbitrary chord diagrams.

Proposition 3.10. (Chord-handle canceling) The chord-handle-canceling relation, sche-
matically depicted in Fig. 10 holds for arbitrary B € A(1,). (The upper part of each F;
should be read as Z (drawn tangle).)

Proof. For arbitrary 8, F; differs from F> by a chord-KII move. (An argument similar
to the one in [17, Prop. 3.2] works.) Butnow F2 = £(8, wg) = 8 = F3. O
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Fig. 10. Chord-handle-canceling relation F| = F3
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4. A TQFT for the Casson-Walker-Lescop Invariant

The term of degree one of ZXM© of a 3-manifold is (—l)h'(M)@G, where by (M) is
the first Betti number, A (M) is the Casson invariant (in Walker-Lescop extension), and 6
is the (only) open chord diagram of degree 1, which looks like the symbol 6 [17]. Recall
the definition and basic properties of the Casson invariant. Let K be a knot in an oriented
Z-homology 3-sphere M, and Ak (t) = ap+a (t+t~D+ar (12 +172)+... be its Alexander
polynomial normalized such that Ag (1) = 1. Denote A/ (K) = %A”(l) = > n’a,.

n

Theorem 4.1 (Casson). There is an integer-valued invariant ) for oriented integer
homology 3-spheres such that:

(1) A mod 2 is the Rohlin invariant,

(2) M(M) = 0 for any homotopy 3-sphere,

(3) AM(=M) =—-1(M),

@) AMM#M>) = AM(My) + A(M2),

(5) If K is a knot in an oriented integer homology 3-sphere M, and M (K, %) de-
notes the integer homology 3-sphere obtained from M by a %-surgery on K, then

MM(K, L)) = a(M) +n)/ (K).

Property (5) from this theorem, for n = %1, and normalization A(S 3) = 0 determine
X uniquely, since any integer homology 3-sphere can be obtained from S° by a succession
of £1-surgeries on knots. A was extended to rational homology 3-spheres by Walker,
and corresponding properties (4) and (5) were given by Lescop [18]:

@) MM #M>) = |Hi(Ma, Z)|M(M1) + |H (M, Z)| (M),
\Hy (ML, BE ... D) 2]

’ pi PILIyy — 9IL| s PiL|
(5) )"(M(La fil"""ﬂLl))_ [H\(M,Z)| )‘(M)"'fM(La ‘11"""1|L\)’
where M (L, %, ey %) is the manifold obtained from M by performing rational sur-
gery with indicated coefficients on the components of the link L, and Fj; (L, 2 PILLy

q1’ "7 qr
is a certain function on the set of surgery presentations in M, in fact a function of the

linking matrix, homology, and Alexander polynomial [18].

4.1. The vacuum-degree N < 1 truncation. of the TQFT defined in Sect. 3 is a TQFT
for the Casson-Walker-Lescop invariant. Indeed, let R = AS'(@) = ({r + sO|r,s €
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, | < 1]-multiplication) = = r,s € . serve ,that ¢, =
@}, [= 1)-multiplication) = Q[01/(6*) = {{ o ) I, s € Q}. Observe [17], th
1 — 1% +hot,c_. =1+ % + h.o.t., hence c;c— = l+terms of degree > 2, and

1/2\®2,
therefore z}, = (—1)$vdeg= (%ﬁ_”) = (=1)8Z(Ty) ® W88 If o €

A=HT81, T82) and B € ASH(82, I'823), then:

01 B) = vdegzy (T2l + ). @.1)

If g = 0, £ is the disjoint union. A formula for Z(77) and Z(W) is given for example
in [9]. Using an even associator it is easy to write down z% and wj explicitly in low
degrees.

Let (L, G1, G2) = (M, f1, f2). Then, keeping in mind that cyc_— = l+terms of
degree > 2, denote

O+

(M. fi, ) =T (M. fi, fo) = (d(M)

vdeg< (T(Z(L,G1.G2)),  (42)

where d(M) = |H, (1\7, Z)| and o4y = signy(L), is an invariant of 3-cobordisms
of category Q. In particular, for cobordisms between S? and S2, ¢(M, idg,idgy) =

(;(%+ vdegfl(f](Z(L))) = vdegleLMO(M) =1+ @9, where we have identi-

fied A1, 1'% = R = A=!(#). The filling of the composition of two 3-cobordisms
between S2 and SZ is the connected sum of the fillings. Hence c(M> U My, s2 S2) =
c(My, §2, S2)C(M2, s2, 52) implies property (4') of the Casson invariant (the generali-
zed version). By results of Sect. 3, the following axioms of TQFT hold:

C(MZ Ufzo(fl’)*l Ml’ flv f2/) = Z1(6(1‘411 fl’ fl/)v C(M27 f27 f2/))’ (43)
C(Eg X [O, ]], Pl p2) = l.dAgl(l"g), (44)
(=M, —fo, —fi) = c(M, f1, f2), 4.5

where the notations are obvious. R, A=!(I'?, I'¢), and A=! ('8!, I'82) are Z,-graded by
the vacuum degree. In particular (4.5) implies property (3) of the CWL invariant.
Unfortunately, explicit calculations for c(M, f1, f>), as expected, are hard to do. We
show below that the induced representation L, — GLg (A=1(I'¢)) descends to Morita’s
homomorphism A* : ICg — Z. (1* extends to Lg, but fails to be a homomorphism there.)

Proposition 4.2. /) Let B be the completion of the Q-vector subspace of A(I'8! LI
(U SYHYUT82) generated by finite sums of chord diagrams which intersect T'81 LT'82,
Then p : A(T8 U (U, SHUTE) — AU, SY), the natural map “erase I'8' and T'#2
from a chord diagram”, if it does not intersect I'$! U I'82, and set = 0, otherwise,
is well-defined, and the following sequence is short exact:

0— B — AT U, SHUuT2) L AU,S"H — 0.

We will denote also by p the induced maps on the vacuum degree < N parts. They
have the same property.
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2) Denote by r the maps similar to p from 1), corresponding to the case m = 0. Then
the following diagram is commutative:

AT U (U, SHUTE) D A@s G2y — A=V (s o)
4 Lr br

AunSH XL A@) — AN@)

3) For every embedding L UG <> S3, such that G as an abstract graph is T8 LiT82,
pZ(LUG) = Z(L).

4) For every embedding L UG — S3, such that G as an abstract graph is T'8' LiIT'82,
and every N > 1, p(t"V (k(L U G) = degSNZLMO(K(f—\UG)). In particular

(if N = 1), p(c(M, fi, f2)) = 1+ 2300,
5) If§01,§02 c ICg, then p(c(zg X 17 @ o @1, ld)) = p(C(Eg X I, @1, ld))P(C(Eg X
1, ¢2,id)).

Proof. 1) The following argument works for every fixed degree, and since all relations are
homogeneous, we can use the universality property of the direct product as mentioned
after Proposition 2.1 to obtain the result. Consider the corresponding diagram before
introducing relations:

0— B — DT U U,SHur?) % pu,st) - o.

The terms of any relation for diagrams on I'S! LI (U, S 1y 1 182, either all intersect
'8 L I'82, or none does. Hence, if we denote by R; the Q-vector space generated by
relations of the first type, by R; - the space generated by relation of the second type, and
by R - the one generated by all relations, then R/R; = R;. All in all we get a diagram:

0—> R — R — R —0

\A \A \:
0= B = DIE U (UySY) UTE) B DL, S — 0
N \ |
0— B 5 AT UWULSHLUTE) B AULS") — 0

where all columns and the first two rows are short exact. The arrows i and p in the third
row are then induced and make the diagram commutative. They clearly are the maps
described in the statement. The exactness in the third row follows from the exactness in
the second.

2) Let « € A" U (U, SV U T82) and B be such that $(8) = «. Recall that
v = g oky o¢~ L. A chord diagram x from the expression of 8 connects to '8 LiT'82,
if and only if its image via ¢ is a sum y of chord diagrams expressing «, all connected
to I'81 L1 I'82. Again, using the fact that the terms in any relation either all connect, or
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all do not, p(y) = 0 implies (in fact <) that gy o K (x) connects to '8! LI 82 i.e.
r(gn oKy 0§71 (y)) = r(gy o Ky (x)) = 0.

Now, if we decompose 8 = B + B2 such that all terms in 81 connect to '8! LI ['82,
and all terms in B, do not, the result follows: (r o ty) (o) = r((B1) + ¢ (B2)) = r(gn o
KN (x1) +qN 0 KN (x2)) = g o kN (x2) = tn (9(B2)) = tn (9(p(B))) = in(p(p(B))) =
(v o p)(a).

3) Decompose L U G into elementary pseudo-quasi-tangles. Observe that for every

one, except ‘ / ‘ ’s and ‘\‘ ’s, possibly with multiple strands, Z either returns

diagrams, which are either all in B, or all have no intersection between the dashed graph
and '8! LI 82, Thus, suppressing G for these elementary tangles corresponds precisely
to applying p.

The remaining cases. Observe, first, that one can “lift L above G”, leaving only
some “fingers” from L attached to G. To see this, from a generic plane projection of
L UG on R? ¢ R3 obtain an isotopic embedding of G U L in R?, such that G is in
an e-neighborhood of the plane {z = 0} € R3, and L, except for some fingers that
correspond to intersections between G and L in the original plane projection, lies in an
e-neighborhood of the plane {z = 1} € R?. Hence, by “opening the two-page book”,
we can find such a tangle decomposition, that all occurring associator-tangles are of one
of the following three types:

(A) refer only to G or only to L;

(B) a single middle strand, which comes from L, the left-most strand (with “big”
multiplicity) comes from G, the right-most strand (also with “big” multiplicity) comes
from L. Moreover, if such an associator-tangle occurs, its inverse (on the same strands)
will occur “soon’;

(C) one of the left-most two strands is a single strand coming from L, all other strands
come from G.

We will assume that he associator @ is horizontal, i.e. it is a formal series in two non-
commuting variables r7, 23, which correspond to a dashed line joining these indicated
strands [17].

(A) If all strands are from G or none are from G, then all terms of ®*! = Z (tangle),
connect, respectively do not connect, to I'8! Ly ['82,

(C) If two of the three stands come from G, ®* = Z (tangle) will have all terms
connected to '8! LI I'82. Then, eliminating G corresponds precisely to replacing this
tangle-associator by the single strand from L, i.e. corresponds to applying p in this case.

(B) If exactly one (multiple) strand comes from G, this corresponds to setting one
of the two non-commutative variables 717, r23 zero. But, as mentioned, such tangles
occur in pairs with their opposite. Hence, both ® and ®32! = &~ occur. Setting one
of r12, a3 zero in this case leaves a series, and its inverse (elementary exercise). Thus,
eliminating G corresponds again to applying p.

4) Recall the definitions of 7V (3.3) and ZLM© (2.2). Apply p and use the result of
part 3). Then, use the commutativity of the diagram from part 2) to obtain the desired
relation.

5) Applying p to (4.3), p(c(Zg x I, g2 0¢1,id)) = p(L1(c(Zg X I, @1, id), c(Zg x
1,42, id))). Using part 4), p(c(Sg x I, g2 0 g1, id)) = 1+ 202200 (s, x

Lgnid) = 1+2520 and p(c(S, x 1, g2, id)) = 1+ 22220 where W, =

(S X gy id). But 1+ 20520 = (14 20522) (14 25220) in R, because 3" :

Ky = Z, X" (@) := A(W,,) satisfies A*(¢2 0 ¢1) = A(¢1) + A(p2) by [20]. O
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Remarks. Using expression (4.1) for £, and observing that p commutes with (7, and
with vdeg< by Proposition 4.2.2), we can re-write p(£1(c(Zg X I, ¢1,id), c(Xg X
I, ¢2,id))) as vdeg<1(1(p(c(Zy x I, @1,id) * zé * c(Xg x I, ¢,1d))). Expressing
c(Zy x I, ¢;,id) by (4.2), and keeping in mind the definition of p and properties of

(1, we get to having to apply p on (Z(Ll, G1,G)) * z;, * Z(L», Go, G’z)), respecti-
vely to apply p on (Z(Li, G, G;)), i = 1,2. On the other hand, it is possible to
show directly that (1 p (Z(Ll, Gy, G’l) * zé * Z(Lz, G», /2)) =p (Z(Ll, Gy, G’l)) .

p (2 (L2, G, ’2)), for suitably chosen L; in the triplets. This gives another proof of

Proposition 4.2.5). Thus the fact that A* : K, — Z is a homomorphism follows from
the Kontsevich integral.
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