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ABSTRACT. Let ¥ be a compact oriented surface. We investigate the graded
Lie algebra of homology cylinders over ¥, as introduced by M. Goussarov and
K. Habiro. To analyze its torsion, we refine a strategy initiated by Y. Nozaki,
M. Suzuki, and the third author, which relies on the reduction modulo 1 of the
LMO functor and on clasper calculus. Specifically, we develop general tools for
studying, under the standard action of the symplectic group, the Sp-module
structure of the torsion in the odd-degree component of this Lie algebra. We
show that this torsion part surjects onto an 2-torsion Sp-module, which is
explicitly described in terms of Jacobi diagrams. As an application, we provide
an intrinsic description of the Sp-module given by the degree-three component
of the Lie algebra of homology cylinders. A further motivation is to understand
torsion phenomena in the associated graded of the lower central series of the
Torelli group of ¥: in this direction, we exhibit an explicit Sp-module onto
which the torsion of the Torelli Lie algebra surjects in degree three.

CONTENTS
1. Introduction
2. The surgery map
2.1. The Yi-equivalence relations
2.2.  The algebra of homology cylinders
2.3. The abelian group P
2.4. The module A<(P) of Jacobi diagrams
2.5.  The surgery map
2.6. Another description of A<(P)
3. The LMO homomorphism and the “delta” maps
3.1. The LMO homomorphism Z< and its mod 1 reduction ¢<
3.2, Symplectic expansions up to degree 2
3.3. The map 6<
3.4. Properties of the map §<
4. Order two torsion in odd degrees
4.1. The space of beaded rooted Jacobi diagrams
4.2.  Another surgery map
4.3. Relating the surgery maps
4.4. The map A
5. Loop filtrations and their associated graded modules
5.1. The loop filtration on A<(H)
5.2.  Structure of AS o(H) and AS 1 (H)
5.3. The s-loop filtration
5.4. The map GrrA
6. The mod 1 reduction of the symmetrized LMO homomorphism
6.1. The symmetrized LMO homomorphism Z
6.2. The modulo 1 reduction ¢ of Z
6.3. 'Trace homomorphisms
6.4. Congruence relations
6.5. Back to the modulo 1 reduction of Z<
7. The degree-one case
7.1. Description of the Sp(H)-module ZC/Y>
7.2. Extracting classical invariants from LMO
8. The degree-three case
8.1. Description of the Sp(H )-module Y3ZC/Ya
8.2. Extracting classical invariants from LMO
8.3.  The Torelli Lie algebra in degree 3
8.4. Proof of some lemmas
References

(Sl BN I V)

10

13
16
18
18
19
21
29
32
32
32
37
40
43
43
44
45
46
50
50
51
54
56
58
61
61
64
65
65
68
70
73
75



2 QUENTIN FAES, GWENAEL MASSUYEAU, AND MASATOSHI SATO

1. INTRODUCTION

Let ¥ be a compact, connected, oriented surface of genus g > 0. For simplicity,
we assume here that ¥ has exactly one boundary component. A homology cylin-
der over X is a compact, oriented 3-manifold M with “the same” boundary and
“the same” homology type as the unit cylinder U := ¥ x [—1,41]: to be more
specific, we assume that M comes with an orientation-preserving diffeomorphism
m : OU — OM (the boundary parametrization) and there exists an isomorphism
H.(U;Z) ~ H.(M;Z) compatible with the map m, induced by m in homology.
Two homology cylinders M and M’ are diffeomorphic if there is an orientation-
preserving diffeomorphism h : M — M’ such that m’ = h|sar o m.

Let ZC := ZC(X) be the set of diffeomorphism classes of homology cylinders
over X. It has a natural structure of a monoid, where the multiplication M’ o M of
two elements M, M’ € ZC is defined by gluing the bottom boundary m(X x {—1})
of M to the top boundary m’(X x {+1}) of M’; the unit element of ZC is the unit
cylinder U (with its obvious boundary parametrization).

The study of the monoid ZC by surgery techniques and finite-type invariants was
initiated by M. Goussarov and K. Habiro [Gou00, Hab00]. The reader is referred to
the survey paper [HM12] for an introduction to these topics and further references.
There are several reasons to be interested in the theory of finite-type invariants
for homology cylinders. First of all, when g = 0, the surface ¥ is a disk, and ZC
consists of homology 3-balls. In this case, ZC is essentially the monoid of homology
3-spheres: the class of 3-manifolds for which the theory of finite-type invariants has
been most thoroughly developed. In contrast, for g > 0, the monoid ZC provides an
archetypal class of homologically non-trivial 3-manifolds, revealing to what extent
the theory of finite-type invariants is sensitive to the homology type.

In addition, the monoid ZC offers a natural framework for applying 3-manifold
invariants to the study of the Torelli group Z := Z(X), which is the subgroup of the
mapping class group M := M(X) acting trivially on the homology H := Hy(%;Z).
Indeed, the “mapping cylinder” construction defines a monoid homomorphism

(1.1) c: 7T —1IC

which is injective, and whose image consists of the invertible elements of ZC. The
conjugation action of M on Z extends to an action of M on ZC: indeed, an f € M
acts on M € ZC by changing its boundary parametrization m to mo (f~1 xid)|sr .

An important tool in the study of the Torelli group Z is its lower central series
Z=T1Z DT%Z DT3Z O --- defined inductively by T'y11Z := [[Z,Z]. It is well
known that Z is residually nilpotent, i.e. (), [xZ = {1}. The Torelli Lie algebra
is the associated graded object -

I'.Z
1.2 Gr' 7 :=
(12) k6>91 I YA

of this filtration. It has the structure of a graded Lie Z-algebra and is endowed
with the action of the symplectic group Sp(H) ~ M/Z induced by the conjugation
action of M on Z. (Here the symplectic form is the intersection form w : Hx H — Z
of the surface.) The degree-one component of Gr' 7 is the abelianization Z,y, of Z,
which, as an Sp(H)-module, was computed by D. Johnson (in genus g > 3) in
one of his seminal works on the Torelli group [Joh85]. In particular, his result
revealed the presence of 2-torsion, detected by the Birman—Craggs homomorphism
(the 2-dimensional incarnation of the Rokhlin invariant for homology 3-spheres).
All torsion vanishes after tensoring with Q and, in his fundamental work [Hai97],
R. Hain obtained (in genus g > 4) an Sp(H ® Q)-presentation of the graded Lie
Q-algebra (GrF 7)®Q.

Of course, since it is not a group, the monoid ZC does not possess a lower central
series. Nevertheless, it carries a filtration by submonoids which plays a similar role:
this is the Y -filtration

(1.3) IC=Y1ICDYICDY3IC D ---
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which is defined by Y;ZC := {M € IC : M is Yi-equivalent to U } Here, the
Y. -equivalence relation is generated by a specific type of surgery along embedded
graphs in 3-manifolds, which are called graph clasper of degree k; the Yj;-equivalence
relation becomes finer and finer as k increases. (See [HMI12] and the references
therein for the precise definition; a brief overview is also given in §2.1.) Conjec-
turally, it is expected that two homology cylinders are diffeomorphic if and only if
they are Yi-equivalent for every k > 1, which would parallel the residual nilpotency
of Z. This conjecture is equivalent to asserting that finite-type invariants classify
homology cylinders up to diffeomorphism [Mas07].

Similarly to the Torelli Lie algebra Gr' Z with respect to the lower central series
of Z, the Lie algebra of homology cylinders is defined as the associated graded of
the Y-filtration of ZC:

Vi Zi
(1.4) Gr'IC =P+ ¢
>l Y1

It has the structure of a graded Z-Lie algebra, and it also carries a natural action of
Sp(H) via the canonical action of M on ZC. Since the mapping cylinder construc-
tion ¢ preserves the filtrations, it induces an Sp(H )-equivariant homomorphism

Gre:Gr'Z — GrYzC

of graded Z-Lie algebras. The degree-one component ZC /Y3 of Gr¥ ZC, as an Sp(H )-
module, has been determined in [MMO3]: it turns out to be isomorphic to Zay,
(in genus g > 3). Furthermore, a combinatorial description of the Q-Lie algebra
(GrYIC) ® Q, including its Sp(H ® Q)-action, was obtained in [HMO09] in terms of
Jacobi diagrams, and it was also related to Hain’s description of the rational Torelli
Lie algebra.

To be more specific about this diagrammatic description of the Lie algebra of
homology cylinders, let us recall that it needs the clasper calculus developed by
M. Goussarov and K. Habiro, and the LMO functor Z constructed in [CHMO8].
The construction of this TQFT-like invariant of cobordisms involves the choice of
a system of meridians and parallels (cv,...,aq,01,...,0) on the surface ¥

) ()

as well as the choice of a Drinfeld associator. Note that this system of based

curves induces a basis of 7 := (X, ), and a basis S = (a1,...,a4,b1,...,by) of
H = H,(%;Z). Thus, the representation
(1.6) ZY IC— AS)®Q

that is directly derived from the LMO functor for homology cylinders, turns out to
be highly dependent on these two choices; it takes values in the algebra of Jacobi
diagrams colored by the finite set S. To partly control this double dependency, it
is better to work with two variations of ZY, which are introduced in [HM09] by
post-composing ZY with appropriate isomorphisms:

e the LMO homomorphism Z=< : IC — A<(H)® Q with values in a diagram-
matic analogue of the Weyl algebra, where Jacobi diagrams are colored
by H and equipped with a certain order;

o the symmetrized LMO homomorphism Z : IC — A(H) ® Q with values in
a diagrammatic analogue of the Moyal-Weyl deformation of the symmetric
algebra, where Jacobi diagrams are only colored by H;

see §3.1 and §6.1 for a very brief review of those constructions. While Z< is well-
suited to clasper calculus, the homomorphism Z seems to be more adapted for
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comparison with classical invariants. Both homomorphisms are filtration preserv-
ing, and they induce Sp(H ® Q)-isomorphisms of Q-Lie algebras

(1.7) (Gr"IC) @ Q= A~ (H) @ Q~ A(H)®Q

9

at the graded level. (Here, the superscript “c” indicates modules of connected Jacobi
diagrams.) We observe that, as a consequence of the results of [KRW23, NW26],
the map (Gre)®Q : (Gr'' 7)®Q — (Gr¥ ZC)®Q is injective in the stable range; its
image corresponds to the Lie subalgebra of A°(H) ® Q generated by its degree-one
component A§(H) ® Q ~ A*H ® Q through the isomorphisms (1.7).

With integral coefficients, the principal unresolved issues regarding the Torelli
Lie algebra and the Lie algebra of homology cylinders can be formulated as follows,
in each degree k > 1:

(1) Describe both I'yZ/T';4+1Z and Y3, ZC/Yy11 as Sp(H)-modules.

(2) Decide whether the Sp(H )-homomorphism Gry, ¢ : T'vZ/T11Z — Y3 ZC/Yi 11
induced by (1.1) is injective, and determine its image.

As noted earlier, the degree k = 1 case is completely understood [Joh85, MMO03],
and the same holds in degree k = 2 [Mor91, Hai97, MM13, FMS26]. Observe,
moreover, that these two situations are markedly different: in degree 1 there is
2-torsion, whereas in degree 2 no torsion occurs.

Recently, the LMO functor Z has also been shown to be effective in detecting the
presence of previously unknown torsion in both Gr' Z and Gr¥ ZC, and thus deter-
mining the isomorphism type of the abelian group Y;,ZC/Y 11 for new low values
of k [NS5522a, NSS25]. In these works, the central tool is the group homomorphism

(1.8) (Z¥1 mod 1) : YiZC/Vip1 — AL, 1(S) ® Q/Z
and other variants induced by the “raw” LMO homomorphism (1.6). Thus, this

approach differs in two essential respects from the use of the functor Z in proving
the rational isomorphism (1.7): (i) the functor is not applied at the graded level
(but with the degree shifted by 1), and (ii) only the reduction modulo 1 of Z is
used. It turns out that the descriptions obtained in [NSS22a, NSS25] depend on

the choices inherent to the construction of Z.

In this article, we refine the approach of the aforementioned works by explicitly
incorporating the Sp(H)-actions. A principal aim is to derive intrinsic characteriza-
tions of the Sp(H)-modules I'yZ/T;4+1Z and Y,ZC/Y} 11, with particular emphasis
on their torsion submodules.

Thus, we begin by setting in §2 and §3 the general constructions to reach these
goals. First of all, we review in §2 the clasper surgery maps considered in [Hab00,
MNMO3, HMO09, HM12], which combine here into a surjective Lie map

Y ASY(P) — GrYIC

where P := H1(U(X);Z) is the first homology group of the unit tangent bundle
of X, and A<¢(P) is a refinement of the above-mentioned Z-Lie algebra A<°(H).
In fact, we give a more general treatment by considering the refinement A<(P) of
the entire Z-algebra A<(H), mapping it by clasper surgery to the larger algebra of
homology cylinders, which needed slight additions with respect to what can already
be found in the literature (see Theorems 2.11 and 2.13). Next, in place of the map
(1.8) which was the main tool of [NS522a], we consider in §3 the homomorphism

(19) <k<+1 = (Zk<+1 mod 1) : YkIC/Yk+1 — AEJFI(H) ® Q/Z
We introduce a degree 1 homomorphism 6< : A<(P) — A<(H) ® Q/Z (Propo-

sition 3.7) and, by combining its definition with the main result of [NSS22a], we
prove that ¢ k<+1 othy = 6 (Theorem 3.8): said equivalently, we compute the varia-
tion of ¢ k<+1 under arbitrary clasper surgery. We emphasize that, although explicit,
the definition of the map §< is nmot intrinsic, in that it involves the truncation to

degrees < 2 of an appropriate expansion 6 of 7 into the (degree-completed) tensor
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algebra T(H) ® Q: this truncation agrees with the corresponding truncation of the
symplectic expansion considered in [Mas12], which clarifies the manner in which
C,fﬂ depends on the two choices involved in the construction of Z. As an applica-
tion, we investigate structural properties of < and, in particular, control the lack
of Sp(H )-equivariance of {7, (Corollary 3.14).

Starting from §4, we mainly focus on the 2-torsion of the odd-degree component
of Gr¥ZC that is produced by surgery along graph claspers with order 2 symmetry.
For this purpose, we introduce a new module B< (P(2)) of Jacobi diagrams with
beads colored by P®?) := H,(U(X);Z/27Z): the “beads” on such a Jacobi diagram
are meant to be counted modulo 2, so that they encode a 2-fold cover of the Jacobi
diagram, which can thereafter be realized as a graph clasper in U. In this way, we
construct a new surgery map

Y2n+1IC)

W : B (P®) — Tors, (
2n+2

with values in the 2-torsion subgroup of Gr, 4+1ZC (see Theorem 4.3), which is
related to the “usual” surgery map v through an “expanding” homomorphism
E: B<( ) — Torsy (A2n+1(P)) (see Proposition 4.14). Then, as an application
of the constructions and results of §2-8§3, we deduce the following;:

Theorem A. (See Theorem 4.17 and Corollary 4.18.) Let n > 0. There is an ez-
plicit degree 1 homomorphism A which fits into the following commutative diagram
of Sp(H)-modules:

B (P?)

<
Torss (Y%HIC) Sons Torssy (A2<ﬁi2 (H)® Q/Z).

}/2n+2

In particular, the Sp(H)-module Torsy (YQnHIC/YQnH) surjects onto the Sp(H)-
submodule A(Byy (P®))) of A5, 4(H) ® Q/Z.

The problem of determining the structure of the Sp(H)-module A (B,f (P(Q))) seems
to be very challenging in general. However, the subsequent sections address this
issue by either establishing lower bounds on its size, or, by restricting attention to
small values of n.

Thus, we consider in §5 the loop filtration on modules of Jacobi diagrams (and
its variant, the s- loop filtration, for Jacobi diagrams with beads). We compute the
homomorphism Gr’’A induced by A at the graded level (Proposition 5.5), and ob-
tain the following lower bound.

Theorem B. (See Propositions 5.8, 5.9 and 5.10.) For every n > 0, we have
Yon1ZC
Torsz( ;H )’ E ti(n
2n+2 k>0

where ty(n) is the cardinality of the image of GrA on Gr,I; B (P(Z)), and is com-
puted in loop degrees k =0 and k = 1.

In §6, we study the symmetrized LMO homomorphism Z : ZC — A(H) ® Q
together with its “modulo 1”7 reduction ¢ : ZC — (A(H) ® Q) /R(H). Here, R(H)
denotes a suitable lattice in A(H) ® Q, for which we provide several equivalent
descriptions. In particular, we define inductively a family T (for r > 0) of trace
homomorphisms: defined on torsion-free quotients of A°(H), these maps may be
regarded as “multi-loop” analogues of Morita’s trace operators [Mor93a], taking
values in dyadic torsion abelian groups. We use those operators Tr(™ to charac-
terize the Sp(H)-submodule R(H) in A(H) ® Q (see Proposition 6.12), and this
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characterization has two types of applications. First, they yield congruence re-
lations among the loop-degree components of Z (Proposition 6.13). In low loop
degrees, we thus obtain congruence relations involving two classical invariants: the
Johnson homomorphisms 1, (for k > 1) and the non-commutative Reidemeister tor-
sion & introduced in [NSS23] (see Corollaries 6.14 and 6.16). Second, returning to
the odd-degree 2-torsion subgroup Torssy (Y2n+1IC / Y2n+2), we construct from the
loop-degree components of Z a sequence of homomorphisms Ré:l) 4o (for r > 0) which
compute (5, o on the associated graded of the loop filtration (Proposition 6.18).
For small values of 7, the homomorphisms Rg;b) 1o can be written explicitly in relation
with the above-mentioned classical invariants 7o, +2 and Q.42 (see Corollaries 6.20
and 6.21).

The low-degree cases provide testing grounds for the general framework devel-
oped in the paper. As recalled above from the literature, the Torelli Lie algebra
and the Lie algebra of homology cylinders are already thoroughly understood in
degree one. Nevertheless, we apply in §7 the methods of the preceding sections for
the study of Torss (an+1IC/Y2n+2) by considering the special case n := 0. This
yields the following description of Tors (ZC/Y>) in terms of P(?) = Hy(U(X); Z/2Z)

and H®?) := H,(%;Z/27):

Theorem C. (See Theorem 7.2.) There is an explicit degree 1 homomorphism A
fitting into the following commutative diagram of Sp(H )-modules:

S2p(2)/H(2)

Tors (%C) e AT ® Q/L
2 2

Moreover, U is an isomorphism, while (5 and A are injective.

Thus, the LMO homomorphism induces an isomorphism of Sp(H )-modules be-
tween Tors(ZC/Y>) and a copy of S2P)/H®) inside the module of Jacobi dia-
grams A5 °(H) ® Q/Z. The “classical” description of Tors(ZC/Yz) involves the
Birman—Craggs homomorphism (3, with values in the space of quadratic functions
on the space of spin structures of ¥ [MMO03]: this can be recovered from Theorem
C (see Proposition 7.5). From this perspective, the maps Rg) for r € {0,1,2}
introduced in §6 correspond precisely to the successive approximations of 8 de-
fined by formal differentiation (see Remark 7.7). Finally, a description of the full
Sp(H )-module ZC/Y> is obtained by additionally considering the degree 1 part of
the LMO homomorphism, or equivalently, in the “classical” framework, the first
Johnson homomorphism 7, (see Proposition 7.8).

In §3, we develop an analogous approach for the degree-three components of the
Torelli Lie algebra and of the Lie algebra of homology cylinders.

Theorem D. (See Theorem 8.6.) We have the commutative diagram of Sp(H)-
modules
(H® © A2P®) /A3 P)

Y4IC

Tors = ) = AT(H) @ Q/Z

4

in which ¥ is an isomorphism, and , A are injective.

Consequently, for n := 1, the torsion subgroup of Ya,,11Z/Ya,t2 is purely 2-torsion
and coincides with the Sp(H)-submodule A (B (P®?)) of A5%,(H) ® Q/Z sin-
gled out by Theorem A. Moreover, a description of the full Sp(H)-module Y3ZC/Yy
is obtained by incorporating the degree 3 component of the LMO homomorphism



ON THE SP-STRUCTURE OF THE LIE ALGEBRA OF HOMOLOGY CYLINDERS 7

(Corollary 8.7). By means of the maps Rff) for r € {0,1}, introduced in §6, we fur-
ther connect this description with classical invariants (Propositions 8.8 and 8.9). As
an application, we derive a criterion for the triviality of the Yj;-equivalence relation
in ZC: this criterion involves the variation of the Casson invariant, (a portion of)
the action of ZC on 7/T¢m, and (a portion of) the non-commutative Reidemeister
torsion truncated to degrees < 4 (see Corollary 8.10). We note that the isomor-
phism class of the underlying abelian group Y3ZC/Y; was already determined in
[NSS522a] using the “raw” LMO homomorphism (1.6); however, the Sp(H )-module
structure and the connection with classical invariants for the torsion subgroup were
not addressed there.

The article concludes with an application to the Torelli group. Using the above
description of Tors (Y3ZC/Yy), we establish the following statement.

Theorem E. (See Theorem 8.11.) Assume that g > 4. The mapping cylinder
construction induces, in degree 3, a surjective homomorphism

Grsc : Tors(I'sZ/T'4Z) — Tors(Y3ZC/Ya).

H® ¢ A2p?)

In particular, the Sp(H)-module Tors(T'sZ/T4T) surjects onto BpO)

We do not address here the injectivity of Grsc; nevertheless, we provide several
equivalent reformulations (Proposition 8.16). By analogy with the degree 1 sit-
uation, a further natural problem in degree 3 would be to relate the homomor-
phisms RA([) to the variations of an appropriate reduction of the degree 4 part of
the LMO invariant of integral homology 3-spheres or, equivalently, of the second
Ohtsuki invariant (in the same way the Birman—Craggs homomorphism is defined
by variations of the Rokhlin invariant).
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strategy of proof for Lemma &.14. The first author was supported by the FNRS
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Conventions. The equivalence class in a quotient set S/~ represented by an s € S
is denoted by {s}. The cyclic group of order r > 1 is denoted by Z, := Z/rZ.

If not specified, the ground ring for linear algebra and homological algebra is Z.
Thus, a “module” means a Z-module (i.e., an abelian group), and (co)homology
groups are taken with coefficients in Z.

The torsion submodule of a module M is denoted by Tors(M) and, for r > 1, its
r-torsion part is denoted by Tors,(M). We also denote by “M” the natural image
of M in M ® Q, which is canonically isomorphic to M/ Tors(M); thus, we have
M®Q/Z~(MeQ)/“M”. |

2. THE SURGERY MAP

In this section, we review the surgery map which approximates the Lie algebra
of homology cylinders in terms of Jacobi diagrams. We also extend the definition
of this map on a “larger” algebra.

2.1. The Yji-equivalence relations. The so-called “clasper calculus” has been
introduced independently by Goussarov [Gou00] and Habiro [Hab00]: we follow
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here the terminology and conventions of [[Tab00]. A brief overview specialized to
the setting of homology cylinders can be found in [FIM12, §5]. Let us simply recall
here a few definitions for the reader’s convenience.

A graph clasper G in a homology cylinder M is a compact surface in the interior
of M, which is decomposed into leaves (diffeomorphic to D! x S'), edges (diffeo-
morphic to D! x D) and nodes (diffeomorphic to D?): edges (viewed as 1-handles)
connect leaves and nodes, in such a way that every leaf is incident to a single edge,
and every node (viewed as a 0-handle) is incident to three half-edges.

The graph clasper G is said to be allowable if every connected component of G
has at least one node. A leaf of G is special if it is (—1)-framed and unknotted
in M.

The shape of a graph clasper G is the unitrivalent abstract graph that one obtains
by deleting the leaves and by collapsing edges and nodes (viewed as handles) to
their cores. The (internal) degree of G is defined as the number of nodes, i.e., the
number of trivalent vertices of its shape.

Example 2.1. A Y-graph is a Y-shaped graph clasper, and an H-graph is an H-
shaped graph clasper. For instance, the bottom figure of Example 2.10 shows a
graph clasper consisting of a Y-graph (with one special leaf) and an H-graph. W

A graph clasper G in M carries instructions for surgery: the result of the surgery
is denoted by Mg and, if G is allowable, then Mg is also a homology cylinder.
Conversely, any homology cylinder can be obtained from the unit cylinder U =
¥ x [~1,41] by surgery along an allowable graph clasper.

The Y} -equivalence is the relation on ZC generated by surgeries along connected
graph claspers of degree £ > 1. This definition is especially suited to analysis of
the Yi-equivalence via clasper calculus: see [HM12, §5] and references therein. It
turns out that two homology cylinders M and M’ are Yj-equivalent if, and only if,
there exists a compact, oriented, connected surface with one boundary component
S C M and an element s € T',Z(S) such that M’ is diffeomorphic to the homology
cylinder obtained from M by cutting along S and regluing with s.

2.2. The algebra of homology cylinders. As recalled in the introduction, the
Y-filtration (1.3) of ZC is defined by considering, for all £ > 1, the submonoid
Y1 ZC of homology cylinders that are Yj-equivalent to the unit cylinder U. Clasper
calculus shows that the quotient monoid ZC/Y41 is in fact a group for every k > 1,
and that the inclusion of commutators

(2].) [Y;'IC/Y]C+1, Y}'IC/Y]prl ] C }/i+jIC/Yk+1
holds in this group for all 4,5 > 1. Then, the associated graded

arze = @ 2EC
> Yiq1

of the Y-filtration has the structure of a graded Lie algebra over 7Z, and we call
it the Lie algebra of homology cylinders. Furthermore, the natural action of the
mapping class group M on ZC preserves the Y-filtration; as a consequence of (2.1),
this action factorizes through Sp(H) ~ M /T at the graded level: so Gr¥ ZC is an
Sp(H)-module.

Similarly, we can consider the monoid algebra Z[ZC] endowed with the Goussarov—
Habiro filtration

Z|IC) = FyZ|ZIC]) D FAZ[ZIC) D FRZ|ZIC] D - --
which is defined as follows: for every k > 0, the submodule F,Z[ZC] is generated
by the linear combinations of the form
MG = 3 (~DIEET g,
G'CG
for all M € ZC and any allowable graph clasper G in M of degree k, where the sum

is over all ways G’ of selecting some connected components of G and |G\ G'| is the
number of remaining components. Recall that an invariant I : ZC — A with values
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in an abelian group A is said to be of finite-type of degree at most d if Z[I] vanishes
on Fy1Z[ZC].

Clearly, we have F;Z[IC] - F;Z[ZC] C F;y;Z[IC] for all i,j > 0: hence the
associated graded
F,.Z|1C]

Grf'z(zC) = P Forr 2]

k>0

of the Goussarov—Habiro filtration is a graded (associative, unital) algebra, called
the algebra of homology cylinders. Furthermore, the canonical action of M on Z[ZC]
preserves the Goussarov—Habiro filtration, and it factorizes through Sp(H) ~ M /T
at the graded level (by the same arguments of clasper calculus that lead to (2.1)):
so Grf Z|ZC] is an Sp(H)-module.

The relationship between the algebra of homology cylinders and its Lie version
is given by the following result, which is essentially contained in [Mas07] and based
on a result of [Hab00].

Theorem 2.2. The map 1 : Gr"ZIC — G’ Z[IC] defined by
YiIC/Yii1 2 {M} v {M —U} € F,Z[ZIC)/F+1Z|IC]
induces an Sp(H)-equivariant algebra homomorphism
U(1) : U(Gr'ZC) — Gr" Z[ZC]
on the universal enveloping algebra. Furthermore, U(1) is surjective.

Proof. The map ¢ is linear since we have
{MN-U}={(M-U)N-U)+(M-U)+(N-U)}
={M-U}+{N-U} €IC/Yrsu
for any M, N € Y, ZC, and ¢ is a Lie map since we have
{MNM'N'"-U}
= {(M-U)N-UMN —(N-U)(M-UMN +NMM'N —-U}
{(M—-U)N-U)—(N-U)M-U)+NMM —U)N'+ (NN —U)}
— (M -TD)N-U) = (N=U)(M ~U)}  €TC/Yirsur
for any M, M’ € Y;ZC and for any N, N’ € Y;ZC such that M o M’ ~y, .., U
and N o N' ~y, .., U. Therefore, ¢ induces an algebra homomorphism U(¢) :
U (GrYIC) — Grf" Z[ZC). Clearly, ¢ is Sp(H )-equivariant, and so is U(s).
The map U(e) is surjective, because the Goussarov—Habiro filtration on the

monoid algebra Z[Z(] is induced by the Y-filtration on the monoid ZC, meaning
that

k
(2.2) RZIICl =Y >  (Y%IC-U)---(YiIC-U).
I=1 ky,eky>1
fon k=
This identity is due to Habiro in the analogous case of string-links [[Tab00, Prop.
6.10]: see [Mas07, Lemma 3.8]. O

Remark 2.3. The injectivity of the map U(t) does not seem to be known. Ac-
cording to [Mas07, §5.2] and as an analogue of Quillen’s result [Qui68], U(t ® F) is
an isomorphism if coefficients are taken in a field F instead of Z (provided the uni-
versal enveloping algebra functor U(—) is understood in the restricted sense when
the characteristic of IF is positive).

The injectivity of the map ¢ itself is equivalent to requiring that, for every k > 1,
we have Y,ZC = ZC N (U + F,Z[ZC)) in Z[ZC]. This is another way to state the
Goussarov-Habiro conjecture: for every d > 0, two homology cylinders are not
distinguished by finite-type invariants of degree at most d if, and only if, they are
Yi4+1-equivalent. |
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Recall that the monoid algebra Z[G] of a monoid G has a structure of cocom-
mutative bialgebra, whose coproduct A (resp. counit €) is given by A(g) = g® g
(resp. e(g) = 1) for every g € G. Besides, the universal enveloping algebra U(g) of
a Lie algebra g also has a structure of cocommutative bialgebra, whose coproduct
A (resp. counit ¢) is given by A(g) = g® 1+ 1® g (resp. e(g) = 0) for every g in
the image of g in U(g).

Corollary 2.4. The bialgebra structure on Z[ZC] induces a bialgebra structure on

Gr Z|ZC). Furthermore, U(1) : U(GrYIC) — Gr" Z[ZC] preserves the bialgebra
structures.

Proof. The counit € : Z[ZC] — Z is filtration-preserving, since we clearly have
e(FxZ|ZC]) = 0 for every k > 1. Moreover, the coproduct A : Z[ZC] — Z[ZC]QZ[ZC]
is filtration-preserving too, since we have

A(FZIIC)) ¢ €D FiZ[IC) ® F,Z[IC)
itj=k

for any k > 1, as can be deduced from (2.2) and the following fact:
(2.3) AM-U)=(M-U)U+U(M-U)+(M-U)®(M-U) for any M € IC.
Thus, Gr” Z[ZC] inherits from Z[ZC] a bialgebra structure.

The identity (2.3) shows that the image of ¢ : Gr*ZC — Gr Z[ZC] consists
of primitive elements. Since the algebra U (GrYIC) is generated by the image of
GrYZC, we deduce that the algebra map U(¢) is also a coalgebra map. (]

2.3. The abelian group P. We consider the oriented frame bundle p : F(U) — U
of the unit cylinder U = ¥ x [—1,+1], which is a principal GL4 (3;R)-bundle. As
a refinement of the surface homology group

H= Hl(Z) ~ Hl(U),
we shall need
P := H,(F(U))

in the next subsections. Denoting by s the generator of Hy(GL4(3;R)) ~ Zs, we
deduce the following from the Serre exact sequence in homology:

(2.4) 0 Zy s P2 H 0.
The next lemma reviews a few well-known facts about the abelian group P.

Lemma 2.5. (a) There is a group isomorphism
t: ({framed oriented knots in U}/ ~ ,§) — P

which adds to any framed oriented knot an extra (+1)-twist and takes the homology
class of its lift to the frame bundle; here, two oriented framed knots Ki and Ko
are ~-equivalent if (—K7) U Ko bounds a compact oriented surface with respect to
which the framings of K1 and Ky differ by an even integer.

(b) P is isomorphic to Zs X, H, which denotes the set Zo x H with the internal
law (z,h) - (2,0') = (2 4+ 2’ + (w(h, k') mod 2),h + h'); specifically, the group
extension (2.4) has a setwise section o : H — P whose associated 2-cocycle is the
mod 2 reduction of w: H x H — 7.

(¢) The canonical action of M on P factorizes through Sp(H).

Proof. (a) is proved in [MMO03, Lemma 2.7.b]. To prove (b), recall that there is a
notion of framing number Fr(K) for framed knots K in U (see, for instance, [MNM13,
§B]). Then, according to (a), there is a map o : H — P defined by

(2.5) o(h) :=t({Kp}) + Fr(Kp) s

where K}, is any framed oriented knot in U whose homology class is h € H;(U).
Clearly, o is a right section of (2.4). (Its mod 2 reduction H;(3;Zs) — H1(F(U); Zs)
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coincides with Johnson’s construction [Joh80].) Moreover, the associated 2-cocycle
H x H — Zs s of 0 maps any (h,h') to

o(h+h')—o(h)—o(h)
= t({KpiKp}) + Fr(KptKp ) s — t({Kn}) — Fr(Kr) s — t({ Kn'}) — Fr(Kp) s
= 2Lk(Kj,Kp)s = w(h,h')s.
(Here we used [MM13, Lemma B.4] and the notion of linking number Lk(—, —) in

U = ¥ x [-1,41].) Consequently, there is an isomorphism p : P — Za s X, H
defined by p(z) := (z — o(ps(2)), ps(2)).
We now prove (c). Let f € M inducing f, : P — P. For any h € H, we have
(2.6) fro(h) = fuit({Kn}) +Fr(Kp)s
= t({(f x id)(Kn)}) + Fr((f x id)(Kp)) s

t{Kr.m}) + Fr(Kp ) = ofu(h).
It follows that, for any = € P, we have

p(fu(x)) = (fulz) = o(pfulz p*f* (x))

(fu(2) = o (fips (@), fepi(@))

= (fulz —o(pula )))7f*p*( ) = (idxf)(p(x)).

This computation shows that the action of f on P corresponds to id X f, on Zosx H
via the isomorphism p: hence, the action of f on P only depends on f, € Sp(H). O

We call the quantity ¢({K}) € P, defined in Lemma 2.5.(a), the type of a framed
oriented knot K in U. For instance, for a simple oriented closed curve § C X
representing d € H, we deduce from (2.5) that the oriented knot D := ¢ x {0}
(with the surface framing) has type t({D}) = o(d).

Besides, observe from Lemma 2.5.(b) that the abelian group P has the primary
decomposition

(2.7) P=Zys®Zo(a1) P - - ®Zo(ag) ®ZLo(br1)®---BZo(by),

where (a1, ...,aq,b1,...,b,) is any symplectic basis of H (for instance, arising from
the choice of a system of curves as in (1.5)).

Remark 2.6. There is yet another description of P, which involves the set  :=
Spin(X) of spin structures on . This set can be identified to Spin(U), hence

Q= {ye H'(FU);Z2) : (y,s) # 0}.

Recall that Q is a Zy-affine space over the Zs-vector space H'(X;Zsy). Then, P
is isomorphic to the fibered product H X g Aff(2) where Aff(£2) is the space of
affine functions on Q and H® := H,(X;Z,); specifically, according to [MMO03,
Lemma 2.7.a], we have the pull-back diagram

s H®)
H mod 2 H

where e maps any x € P to the Kronecker evaluation (—,x): H(F(U);Zy) — Zo
at =, and x maps any element of Aff(2) to the corresponding Zs-linear form in
Hom(HY(X; Zy), Zo) ~ H®). [ |

2.4. The module A<(P) of Jacobi diagrams. We now define a module of Jacobi
diagrams, which simultaneously generalizes two earlier constructions and involves
the group P of the previous subsection.

Recall that a Jacobi diagram is a finite graph whose vertices are either univalent
(and called external), or trivalent (and called internal). Furthermore, every internal
vertex is oriented in that its incident half-edges are cyclically ordered. (When
Jacobi diagrams are drawn, the convention is that internal vertices are oriented
counterclockwise.) A Jacobi diagram is allowable if each connected component has
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at least one internal vertex. The (internal) degree of a Jacobi diagram is the number
of its internal vertices.

Example 2.7.
A Y -diagram is a Jacobi diagram which is Y-shaped (it has
Y >—< degree 1), and a H-diagram is a Jacobi diagram which is H-
shaped (it has degree 2). [ |

Then, we define the following module of Jacobi diagrams:

{ allowable Jacobi diagrams whose external }
vertices are P-colored and totally ordered

AS, THX, multilinearity, special, STU-like, slide

AS(P) =

Here the relations are

, W/Z—Y THX: I ) >_< ) %

multilinearity: ‘ = + ‘, special: \§/ —0.
STU-like: ‘ - V —wp(@)p) | ],
< J
el r<y< .- ey < T < -
slide: )\ = )\ — )\ 7
<8< <z << .- s < T <

where x,y € P are arbitrary and s € P is the special element defined by the fiber.

Remark 2.8. The defining relations of A<(P) have the following consequences:

e We have the extra relation stating that any Jacobi diagram containing a
looped edge must be zero:

self-loop : @ =0

For connected components with at least two internal vertices, this follows
from “IHX”, while for the remaining components it is a consequence of
“STU-like” with “AS”, “multilinearity”, and “slide”.

e The special and multilinear relations imply K/ = \§/

el <., ey <...
whenever p.(z) = p.«(y) € H. So, the relevance of P-coloring with respect
to H-coloring is only justified by the possibility of Y-diagram components.
o [t follows from the STU-like relation that the order of external vertices is
not relevant for s-colored vertices. |

Since all the relations are homogeneous with respect to the (internal) degree of
Jacobi diagrams, the module A<(P) is graded: for n > 1, the degree n submodule
is denoted by A< (P). Besides, let A5 ¢(P) be the submodule of A (P) generated
by connected Jacobi diagrams.

As explained in the next proposition, the module of Jacobi diagrams A<(P)
should be regarded as the synthesis of two earlier constructions:

(i) Asin [MMO3, §2], observing that “AS” is implied by the other relations in
degree 1, we define

Z{ Y-diagrams whose external vertices are P-colored }

Al(P) =

multilinearity, slide
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(ii) As in [[Tab00, §8.5] and [[IM09, §1.8], we define

{ allowable Jacobi diagrams whose external }
vertices are H-colored and totally ordered
AS, THX, multilinearity, STU-like, slide ’
where the first three relations are the same as before, and the last two re-
lations are written as follows:

AS(H) =

STU-like: |- S = U e,
\ ... DR
<TLYy < oo <y<z<oo-
slide: )\ =0 (zeH),
<<

Note that “slide” can be removed if one takes coefficients in Q, or, if one
restricts oneself to A5 ¢(H) with n > 2. Besides, A (H) can be identified

to A2H through the map PN — T AY Az
r<y<z

Proposition 2.9. We have the following Sp(H )-isomorphisms:
(i) The map A7 (P) = AT C(P) — Ay(P) that forgets the order of external
vertices is an isomorphism.
(ii) The map p. : A<(P) — A<(H) that applies p. : P — H to all external
vertices induces an isomorphism A<(P)® Q ~ A<(H) ® Q, as well as an
isomorphism A>¢(P) ~ A ¢(H) forn > 2.

Proof. Statements (i) and (ii) are easily checked from the definitions, and the above
observations on the defining relations of A<(P). O

Let us also mention some further structures on the module A<(P). On the one
hand, it is an Sp(H)-module thanks to the canonical action of Sp(H) on P (see
Lemma 2.5.(c)). On the other hand, A<(P) is a cocommutative bialgebra: the

<
product is given by the ordered disjoint union LI of diagrams, the unit is the empty
diagram @&, the coproduct A is defined on any diagram D by

AMD)= > DeD"
D=D'UD"
where the sum is over all the decompositions of D into two families of connected
components D', D" (their external vertices being ordered as they were in D), and
the counit ¢ is defined by (D) = 0p ».
Finally, we draw the reader’s attention to some upcoming abuses of notation
that will be used in handling Jacobi diagrams in A<(P) and in related modules:

Given x € P®? := H|(F(U);Zy) (resp., x € H® = H\(%;7Z5)),
(2.8) the choice of a lift to P (resp., to H) is denoted by the same sym-
bol x if the choice of this lift is irrelevant in our formula.

We color the external vertices of a Jacobi diagram indifferently
(2.9) with P or H if the diagram is connected of degree at least 2, or, if
we are working with rational coefficients (see Proposition 2.9).

2.5. The surgery map 1. By merging the constructions of [MMO03] (which deal
with the degree-one case) and those of [Hab00, HM09, HM12] (which deal with the
higher-degree connected case), we shall now define a surgery map

Y AS(P) — Grf Z[ZC).

For this, we describe a recipe to associate to every Jacobi diagram D among
the generators of A<(P), a graph clasper C(D) in U = ¥ x [—1,+41] which is a
“topological realization” of D. (In particular, C(D) has the same shape as D.)
This recipe is divided into two steps:
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Step 1: We thicken D to a compact oriented surface (using its vertex-orientation),
so that vertices of D are thickened to disks, and edges of D to bands. For
each disk produced in this way from an external vertex, we cut a smaller
disk in the interior, so as to produce an oriented compact surface S(D),
decomposed into disks, bands and annuli. The orientation of S(D) also
induces an orientation on the core of each annulus (namely, the orientation
parallel to the outer oriented boundary of the annulus).

Step 2: We embed S(D) into the interior of U in such a way that each annulus A
of S(D), viewed as a framed oriented knot A C U, has the type t(A) € P
specified by the color of the corresponding external vertex of D. Further-
more, the annuli of S(D) should be embedded in disjoint “horizontal slices”
of U, in such a way that their “vertical height” along [—1, +1] respect the
total ordering of the corresponding external vertices of D. The result is a
graph clasper C(D) in U.

Note that the surface S(D) produced in “Step 17 is univocal, and it does not
depend on the coloring nor on the ordering of the external vertices of D. On the
contrary, the graph clasper G(D) produced in “Step 2” depends on the coloring
and the ordering, and it is equivocal in the sense that one has to make choices for
the embedding of S(D) into U.

Example 2.10. The following is an example of a Jacobi diagram D of degree
3, together with the corresponding “abstract” surface S(D) and a graph clasper
C(D) C U realizing D:

e S

s < o(b2) < o(as) < olaz) < o(az) < o(a1) < o(b1)

Wl dd L b db db
& VS’ Sy L L) L) T
(Here we use the elements s, o(a;), o (b;) of a basis (2.7) of P.) |

The following is a natural generalization of [MMO03, Th. 2.11] (which deals with
the degree 1 case) and [HIM12, Th. 6.5] (which deals with the higher-degree con-
nected case).

Theorem 2.11. Using the above recipe, we define a graded homomorphism v :
A<(P) — Gr" Z[ZC] by setting

b(D) := {[U:C(D)]} € RZITC)/FiZIIC)

for any Jacobi diagram D € A<(P) of degree k. Furthermore, 1 is surjective,
Sp(H)-equivariant and it respects the bialgebra structures.

Proof. That 1 is well-defined and surjective is proved by combining the arguments
of [MMO03, §2.3] as well as [HMO09, §2.2] and [HM12, §6.2], which are based on
clasper calculus. In particular, note that the special relation is implied by [GGPO1,
Lemma 4.9], and the STU-like relation is verified following Remark 4.10 below.

The Sp(H )-equivariance of 1 is verified as follows. Let f € M inducing f. €
Sp(H) ~ M/Z. Using the canonical action of M on ZC, we obtain

U(fe- D) ={[Us (f x [-1,+1)(C(D)]} = {f - [U; C(D)]} = f.. - ¥(D).
That v preserves the bialgebra structures is easily checked from the definitions of
the product and coproduct. U
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Example 2.12. In genus g = 0 (i.e., for ¥ = D?), P = Zy s is the order 2 group
generated by s. Hence we have a canonical isomorphism of graded modules

(2.10) A(2) @ Z[Y]/(2Y) — A<(P)

where A(2) denotes the graded module of purely-trivalent Jacobi diagrams (modulo
“AS” and “IHX”), and Z[Y]/(2Y") is the quotient of the polynomial algebra by the
ideal generated by 2Y. This isomorphism maps the generator Y to the Y-diagram
with vertices colored by s. Then Theorem 2.11 specializes to [GGP01, Th. 4.13]. B

There is also a variant of Theorem 2.11 for the Lie version of the algebra of
homology cylinders. To state this, we consider the submodule A<¢(P) of A<(P)
generated by connected Jacobi diagrams. The commutator of the product in the
algebra A<(P) restricts to a Lie bracket on A<¢(P): specifically, for any two
connected Jacobi diagrams D and E, we have

(2.11) [D,E] = w(u,v) DUy, E,
u,v

where the sum is over all external vertices v and v of D and E, respectively, we
denote by w(u,v) the evaluation of w o (p, x ps) on the pair of colors of (u,v), and
D U,—, F is obtained by gluing D and F at u = v and by ordering the external
vertices as follows: first, the vertices of F lower than v (in their given order); second,
the vertices of D other than u (in their given order); third, the vertices of E upper
than v (in their given order).

Theorem 2.13. We define a surjective Sp(H)-equivariant graded homomorphism
Y ASC(P) — GrYIC of Lie algebras by setting

(D) := {UC(D)} € YiIC/Yi41

for any connected Jacobi diagram D € A;’C(P) of degree k > 1. Furthermore, we
have the following commutative diagram:

(2.12) A<e(P) Y a1

L

A<(P) —Y s &P zZjIC)

Proof. The well-definedness and surjectivity of v is justified by clasper calculus,
exactly as for the proof of Theorem 2.11, appealing to [MMO03, IIM09]. (Again, the
most noteworthy relation to verify is “STU-like”, which follows from Remark 4.10
below.) The Sp(H)-equivariance is also justified as in the proof of Theorem 2.11,
and the commutativity of (2.12) is obvious.

That 1 is a Lie map is also well-known in some analogous situations but, since
the argument does not seem to be detailed anywhere, we include it here. Let D €
AS¢(P) and E € A°(P) be connected Jacobi diagrams: then, [t (D), v (E)] €
Yi1ZC /Y141 is represented by

Uc(pyuc(eyuc(pyuvauc(eyur € ZC

where the graph claspers C(D),C(E),C(D),G,C(E)',H are located in disjoint
horizontal slices of U = ¥ x [—1,+1] in this order from bottom to top, C(D)’
differs from C(D) by a half-twist on an edge, G is a disjoint union of graph claspers
of degrees > k + 1 such that Uc(pryug is an inverse of Ug(py in ZC/Yy 4141, and
C(E)', H play similar roles with respect to E. By clasper calculus, we can swap
C(E) and C(D)’ at the price of surgeries along the graph claspers that realize [D, E]
in (2.11): since any of these graph claspers has degree k + [, they can be displaced
to the top slice up to Yj4;41-equivalence. Hence we have

[ (D), hi(E)] = {Uc(pyuepyucsucuceyu | © Yiri([D, E]) € ZC/Yiqi41;

since Ug(gy and Ug commute in ZC/Yy 141 (for E being of degree [ and G being
of degree > k + 1), we deduce that [¢x (D), ¥ (F)] = ¥g4i([D, E]). O
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We now recall how the surgery map ¥ of Theorem 2.13 relates to an approxima-
tion of the graded Lie algebra associated to the lower central series of the Torelli
group Z. The determination of the abelianized Torelli group Z,p, by Johnson [Joh&5]

)

is formulated in [MMO03] as a group isomorphism J : A;(P) — Z,p. This induces a
surjective Lie algebra homomorphism

J : Lie(A;(P)) — Gr' Z
from the Lie algebra freely generated by the module A; (P) to the associated graded
of the lower central series of Z. Then, it follows from [FMS26, Th. A] that J
factorizes in every degree k > 2 through p, : Liex(A;(P)) — Liex(A*H) to a
homomorphism

Ji : Liey (AH) — G}, T.
Besides, by Proposition 2.9, the map 1, can be viewed as a homomorphism

Uy, A °(H) — Gr), IC.

Proposition 2.14. For every k > 2, we have the commutative diagram

Licg (A*H) —25 Ty I /Tya T

BkJ{ JGI‘ICC

ASC(H) ——» VWIC/ Vi

where the left vertical map is induced by the isomorphism A>H ~ AT °(H) and the
right vertical map is given by the mapping cylinder construction (1.1).

Proof. We have the commutative triangle

Al(P) %Iab

Gric
N

1C/Ys,

which implies the commutative square of Lie algebras

Lie (A (P)) —L» G 7

-

ASE(P) ——» Gr'zC

where the left vertical map is induced by the isomorphism A; (P) ~ A ¢(P). The
proposition follows immediately. O

2.6. Another description of A<(P). We conclude this section with a simpler,
but non-intrinsic, description of A<(P). It depends on the choice of a symplectic
basis
S = (al,...,awbh...,bg)
of H. Let
7 { allowable Jacobi diagrams whose }
external vertices are S-colored
AS, THX, self-loop, swap

where “AS, “IHX” and “self-loop” are as before, and the last relation is

T T Y Y
swap: Y = Y for all z,y € S.
Y T

Remark 2.15. With rational coefficients, the self-loop and swap relations are
consequences of “AS”. Hence, A(S) ® Q corresponds to the space that is denoted
by AY (lg]* U [g]™) in [CHMOS]. [

(2.13) A(S) =
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Any Jacobi diagram D with S-colored external vertices defines a Jacobi diagram
D< with totally-ordered and P-colored vertices, by transforming every color u €
S C H to o(u) € P and declaring that all the vertices colored by {c(a1),...,0(ag)}
are lower than the vertices colored by {o(b1),...,0(bg)}. Then, the following propo-
sition generalizes (2.10) to the genus g > 0 case, and, given Remark 2.15, it is a
refinement of [CTIMOS, Lemma 8.4].

Proposition 2.16. The homomorphism ¢ : A(S) ® Z[Y]/{2Y) — A<(P) that is
defined, for every Jacobi diagram D and every k > 0, by

2.14)  eDeoYH =)@ .p<d AN 0.0 /N
s<s<s s<s<s

k times

is an isomorphism of graded abelian groups.

Proof. The right-hand side of (2.14) is well-defined in A<(P) as a consequence of
the STU-like relation. Hence we get a group homomorphism

llowable Jacobi diagrams
Z{ a } ZIY]/(2Y) — AS(P).
with S-colored external vertices 2 2[Y]/2Y) AS(P)

Clearly, this maps “AS”, “IHX”, “self-loop” and “swap” to “AS”, “IHX”, “self-
loop” and “slide”, respectively. So, we get a map ¢ : A(S) ® Z[Y]/{2Y) — A<(P).
It is easily checked from the STU-like, slide and special relations in A<(P) that
the map ¢ is surjective. To prove the injectivity, we shall construct a homomor-
phism p : AS(P) — A(S) ® Z[Y]/{2Y) such that po ¢ = id. Since P has the
primary decomposition (2.7), the abelian group A<(P) can be identified to

whose external vertices are S U {s}-colored
and S-colored vertices are totally ordered
AS, THX, special, STU-like, slide
where “AS”, “IHX” and “special” are as before, the STU-like relation involves only
the S-colored vertices:

‘ - X :w(x,y)U for z,y € S,

ez <y < .- e y< <
and the slide relation writes as follows:

slide: Fs = )\ = 5** forz e S.

L < << < - L <
(Note that “AS” and “slide” imply that any diagram with an s-colored vertex has
order 2 in A<(SU{s}).) Then, for every Jacobi diagram E among the generators
of A<(S U {s}). we define

sum of all ways of connecting
p(E) := (=1)X(E) . some a;-colored vertices of E’ ®Y*
to some lower b;-colored vertices & forget the order

{ allowable Jacobi diagrams }
Z

AS(Su{s}) :=

STU-like:

where E’ is the diagram without s-colored vertex obtained from E as follows: every
component of E of degree > 2 with an s-colored vertex is set to 0; any Y-diagram
component with all three vertices colored by s is erased from E, and we denote by
e the number of such components originally in F; every Y-diagram component of
E with one or two s-colored vertices is transformed as follows:

S

/\w/\,

LT <<y < << <y <
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/l\ R |

ekl <y < - el <y<y< -
S S
Y ~ PN
<< - < r<r<r <

It is straightforward to verify that each of the defining relations of A<(S U {s}) is
mapped by p to zero; hence we get a map p : AS(S U {s}) = A(S) ® Z[Y]/(2Y).
Since the computation of p on ¢(D®Y*) does not involve any connection of vertices,
it follows that p o p =id. O

Remark 2.17. As in [CTIMOS, §8], we define on A(S) a bialgebra structure, with
product x given by

(2.15) D F = < sum of all ways of connecting some b;-colored vertices of D >

to some a;-colored vertices of F, for alli € {1,...,¢g}

Combining this with the usual bialgebra structure on Z[Y]/(2Y), we obtain that
the map ¢ : A(S) ® Z[Y]/{(2Y) — A<(P) is a bialgebra map.

Restricting to the submodules generated by connected diagrams, we obtain a Lie
algebra isomorphism ¢ : A°(S) ® Z3Y — A<°(P). The Lie bracket on the source
is given by the commutator of the product x, and is such that Y is central. |

3. THE LM O HOMOMORPHISM AND THE “DELTA” MAPS

After a very brief review of the LMO homomorphism [CHMO08, HM09, HM12],
and a study of symplectic expansions up to degree 2 [Mas12], we define the map
d< which is an alternative version of the map § introduced in [NS522a] to compute
the “mod 1 reduction” of the LMO homomorphism.

3.1. The LMO homomorphism Z< and its mod 1 reduction (<. The LMO
functor can be restricted to the setting of homology cylinders, thereby yielding a
monoid homomorphism

ZY IC— AS)®Q

called the LMO homomorphism. (Strictly speaking, AS actually takes values in
the degree-completion of A(S) ® @, but we shall keep the same notation for the
degree-completed modules.) We refer the reader to [CHMO8, HNO09, HMI12], and

recall that the construction of ZY involves two choices:

(i) a Drinfeld associator, used to define the Kontsevich integral of tangles, on
which the LMO functor is built via surgery presentations of cobordisms;

(ii) a system of curves (ai,...,ayq,01,...,04) as in (1.5), giving rise to the
symplectic basis S := (a1,...,a4,0b1,...,by) of H.

Remark 3.1. The target A(S) ® Q of ZY is denoted by AY(|g]* U |g]™) in
[CHIMO8], where rational coefficients are taken by default. |

To partly “control” how Z¥ depends on the above choices (i) and (i), we look
at the following compositions:

ZY Q
IC 2 A(S) © Q —2— A<(H) ® Q —» A<(H) ® Q/Z.
~ — Z< —

=<

~

-~ —

-

¢<:=(Z< mod 1)

In this diagram, ¢@ denotes the rational version of the map ¢ from Proposition 2.16;
more precisely, for any Jacobi diagram D among the generators of A(S), we have
©¥D) = (—~1)X(P) . D<, where D< € A<(H) is obtained by imposing an order
on the external vertices of D such that every vertex colored by some a; lies below
every vertex colored by some b;.
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Remark 3.2. This variant Z< of the LMO homomorphism is equal to the map
that is simply denoted by “LMO” in [HMO09, (2.3)]. |

For every k > 1, the degree k part Z{ of Z¥ is a finite-type invariant of

degree k, and [CHIMOS, Cor. 8.6] computes the induced homomorphism Z{ :
FrQZIC]/Fy+1Q[ZC] — Ax(S) ® Q in terms of clasper surgery. As a result, we
obtain the commutative diagram

¢ FLQIIC]
3.1 AS(H)®Q
( ) k ( ) FkJrlQ[IC]
\ l -
Af (H) ® Q.
Here, the map 9@ is the rationalization of the map 1 in Theorem 2.11; specifically,

we have ¢%(D) = {[U; C(D)]} for any Jacobi diagram D among the generators of
A<(H), where C(D) is a graph clasper in U “realizing” D by the same recipe as in
§2.5, except that we only have to care here about the homology classes of the leaves
of C(D) (instead of their types). As a consequence, Z; : Gry Q[ZC] — Ag(H)®Q
does not depend on the above choices (i) and (ii); moreover, it is Sp(H )-equivariant.

More recently, it has been shown that (Z,z;l mod 1) is itself a finite-type invariant

of degree k, and [NSS22a, Th. 1.1] describes the induced homomorphism
(ZY 1mod 1) : FyZ|ZC]/Fy 1 ZIZC) — Aj11(S) ® Q/Z
in terms of clasper surgery. The purpose of the rest of this section is to give an
alternative formulation of this result by explicitly computing the composition
P FkZ[IC] <k<+1

(3.2) AZ(P) BT

AS, L (H) @ Q/Z.

In particular, our calculation will make explicit to what extent the map Ck<+1 de-
pends on the above choices (i) and (ii), and will measure its failure to be Sp(H)-
equivariant.

Remark 3.3. Since p, : A<(P) — A<(H) is surjective and, moreover, yields an
isomorphism p, : AS(P) ® Q - A<(H) ® Q (see Proposition 2.9), it follows that
it also induces an isomorphism p, : A<(P) ® Q/Z — A<(H) @ Q/Z. [ ]

3.2. Symplectic expansions up to degree 2. In order to compute the composi-
tion (3.2), we need the notion of “symplectic expansions” and their “truncations”.
Let 7 := 71 (X, %) be the fundamental group of ¥ based at x € 9X. Recall from
[Mas12] that a symplectic expansion is a monoid map 6: m — f@, with group-like
values in the complete tensor algebra 79 .= f(H Q) generated by HY, satisfying:

e O(x) =1+ [x] + (deg > 2) for all € 7 representing [x] € H,

e 0(0%) = exp(—w) where w € A2H C H®? is the intersection form.
Sometimes, it is more convenient to work with the corresponding symplectic logan-
sion ¢ :=logof : m — )3@, where £Q = E(HQ) is the complete free Lie algebra
generated by HC.

The truncation (to degrees at most 2) of a symplectic expansion 6 is the map

Oo:m — TYYTS, ~ (Zo Ha H®?) 2 Q.
Observe that it is determined by the map 6, : 7 — H®? ® Q. We say that 6 is even
(up to degrees at most 2) if 2(m) C L H®? or, equivalently, if £3(7) C £€2(H).

Lemma 3.4. (a) The set of truncated symplectic expansions is a torsor over A3 H®.

Specifically, for any symplectic expansions 0 and 0, there is a unique
(3.3) d & Ker (Homg(H®, £9) ~ H g 2§ = ) ~ A*HC

such that 0<y(x) = O<o(z) 4 d([z]) for all z € 7.
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(b) For any symplectic expansion 6, the map 03 : 7 — H®2®Q induces a homomor-
phism 9 : H — H®? @ Q/Z. Equivalently, {5 : 7 — £o(H) ® Q induces a quadratic
map A : H— £5(H) @ Q/Z.

(c) The set of truncated even symplectic expansions is a torsor over %A?’H. More-
over, for any even symplectic expansion 6, we have
() vou' =u'ou € H*2®Q/Z, for allu € H, hence w(u',u") =0 € Q/Z,
(ii) w/,v)u" =w@ ,u)v" € H® Q/Z, for all u,v € H,
(iil) w(',u)u”" =u/2 € HRQ/Z, for allu € H,
where we use Sweedler’s notation ¥(h) =), hi @ h =:h' ® " for all h € H.

Proof. (a) That the set of truncated symplectic expansions is non-empty follows
from the existence of symplectic expansions. For any two symplectic expansions
6 and 6, there exists a unique automorphism v of the complete Hopf algebra f(@,
which induces the identity at the graded level and fixes w € £9(H), such that
0 =1o . Then, 6 := log1) is a (co-)derivation of fQ, which strictly increases
degrees and vanishes on w. Denoting by d the restriction of § to H?, truncated to
degrees < 2, we obtain

O(x) = (id+5+30%/2+---)(0(x))
= 0(x)+0(0(z)) + (deg > 3) = 0(x) + d([z]) + (deg > 3)
for every = € m. That d belongs to the kernel of the bracketing map written at (3.3)
follows from the condition §(w) = 0. This kernel is well-known to be isomorphic to
A®H@ by the map
(3.4) AH? — HU® £,(H9), aAbAc— a®[b,d+c®a,b]+b®|c al.
(b) For all z,y € m, we have

0(ry) = 0(x (1+ [2] + Oa2(x) + (deg = 3)) - (1 + [y] + O2(y) + (deg = 3))
=1+ H [yl + [#][y] + O2(z) + O2(y) + (deg > 3).

which shows that 0(xy) = 02(z) + 02(y) + [2][y]. Hence, 6 : 7 — H? ®g H®
induces a group homomorphism ¥ : H — (H® ®g H?)/(H ® H).

The previous computation also shows that £4(zy) = £4(x) + £5(y [ z], [y]] /2
for all 2,y € m. Thus, £§ : 7 — £o(H?) induces a map \ : H — £2( )/ o(H )
such that

[u, 0]
2
(¢) According to [Mas12, Ex. 2.19], for every choice of a basis (a, §) of 7 inducing
the basis (a,b) of H, there exists a symplectic expansion 6 such that

é(o‘i) =1+a;+ 1a2 é[ai,bi] + (deg > 3)’
o(ﬂz) =1+bi+ 1b2 [azabz] (deg > 3)-

(3.5) Alu+v) = Mu) + Av) + for all u,v € H.

Hence, the set of truncated even symplectic expansions is non-empty: it is easily
deduced from (a) that it is a torsor over A3H.
Let 6 be an even symplectic expansion. Since we have

(3.6) ¥([z]) = @ +06(z) € H*? @ Q/Z, for all x €,

and since (4(z) is in $£5(H), the condition (i) is clearly satisfied (using the fact
that the form w is alternate). We now prove (ii).
A straightforward computation on uw,v € {a1,...,a4,01,...,bs} shows that (ii)

is satisfied by the particular expansion 6 that has been mentioned above. Let
d € Hom(H?, £9) be given by the difference § — 0. Then J = ¥ + (d mod 1).
Thus, to deduce that 9 satisfies (ii) just as ¥ does, it suffices to prove that

(3.7 w(,v)i—w(i,v)t = w(0,u)d —w(®,u)d mod H, forall u,ve€ H,
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where we write here d(u) in Sweedler’s notation:

d(u) =Y [, ii;] =: [l = i @i — i@ 0 € H® ®g H?,
Since d(H) C 1£5(H), (3.7) can be equivalently written as
(3.8)  w(d,v)i +w(i,v)t + w0, u)d + w(@,u)d =0 mod H, for all u,v € H.
Since d is in the image of %A3H by the map (3.4), we can assume that there exist
a,b,c € H such that

1 1 1

(39) d= iw(aa _)[b7 C] + iw(ba —)[C, CL] + iw(ca —)[Cl, b]

Hence, (3.8) easily follows for any u,v € H.

To prove (iii), we first deduce from (ii) that the map y : H — H@/H defined
by y(u) := w(u,u)u” is linear. Then, a straightforward computation with v €
{a1,...,a4,b1,...,by} shows that (iii) is satisfied by the particular expansion 6.
Thus, as in the previous paragraph, letting d := 6 — 0, we are reduced to showing
that

(3.10) w(t,uw) it —w(i,u)w =0 mod H.

Again, we can assume without loss of generality that d is of the form (3.9), and

(3.10) easily follows. O

We shall also need the following technical lemma about symplectic expansions.
Let fr : P — Zs be the projection given by Lemma 2.5.(b), which is defined by the
identity

(3.11) fr(z)s =x — o(p«(x)) € P, forallxz e P.

(Thus, by (2.5), fr(¢(K)) is the mod 2 reduction of the framing number Fr(K) € Z
for any framed oriented knot K in U.) Besides, let w : £2(H) ® Q/Z — Q/Z be
the homomorphism defined by @ ([u,v]) := w(u,v) for all u,v € H?. In the sequel,
for any | = {L} € Zs3, we denote /2 := {L/2} € Q/Z.

Lemma 3.5. For any symplectic expansion 0, the map

f
U::§r+wo/\op*:P—>Q/Z

is a homomorphism. If 6 is even, then v is valued in (%Z) /7.

Proof. The second statement is obvious. To prove the first statement, let x,y € P
and set T := p.(x), 7 := p«(y) € H. Since the associated 2-cocycle of the section o
of p, : P — H is (w mod 2), it follows from (3.11) that

(3.12) fr(x +y) — fr(z) — fr(y) = w(Z,y) € Zo.
On the other hand, we deduce from (3.5) that

We conclude that v(z 4+ y) — v(z) — v(y) = 0. O

wA(Z +7) — wA(ZT) — wA(y) =

3.3. The map 6<. We shall define a degree 1 linear map
5~ =08y AS(P) — AS(P)®Q/Z

for every choice of an even symplectic expansion . (Recall from Remark 3.3 that
A<(P) ® Q/Z is isomorphic to A<(H) ® Q/Z: so, at the target of §<, considering
colors in P is equivalent to considering colors in H.)

Let n > 1 and let D be a Jacobi diagram among the generators of A5 (P). In
order to define 6<(D) € Ay, ,(P) ® Q/Z, we first introduce the following Jacobi
diagrams, constructed for each external vertex i of D with color ¢; € P:
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e For u,v € H, we obtain D!!(u,v) from D by duplicating the edge attached
to 7 and assigning colors as indicated:

- 1 - TTI =: D (u,v)
e < v e <u<v <

e We define DY from D by again doubling the edge incident to i , but this
time joining the two new external vertices by an additional edge:

D= S [ DY
e < e
With these preparations, we set

(3.13) 8i(D) == D' (ci, ) +v(e;) DY € A5, (P)®Q/Z

where 9(p.(¢;)) = ¢ @ ¢! € H®2 ® Q/Z is defined in Lemma 3.4.(b) and is written

here using Sweedler’s notation, and v(c¢;) € Q/Z is introduced in Lemma 3.5.
Besides, for any Y-diagram component C' of D, with external vertices colored by

x,y,z € P, we define d¢(D) € A5, (P)® Zy by “duplicating” C' in D as follows:

/Y\ - /’\ = 0e(D)

crlle < <ylly<o-<zlz-

or

b= /Q\ - //”
Y <<z .

calla<e<ylly<ioe<z]ze

0c(D)

Here, the expression on the right-hand side represents a sum of 23 Jacobi diagrams,
written according to the notational convention

(3.14) 1 = ] 480 eA P9

<clle< - el e<e<

Remark 3.6. This notation is inspired from an identity in clasper calculus, when
considering the surgery along a graph clasper with two parallel leaves of type c
in U. (See the last part of the proof of Proposition 4.14.) |

We now proceed with the construction of the map 6<. This map is a variation
(and a mild generalization) of the map ¢ introduced in [NS522a, §3], and it is better
suited for the analysis of certain properties.

Proposition 3.7. Let 0 be an even symplectic expansion of w. There is a well-
defined homomorphism of degree 1
< =65 : AS(P) — AS(P)®Q/Z

which maps every Jacobi diagram with a looped edge to zero, and maps any Jacobi
diagram D without looped edge to

(3.15) §5(D) =) _6i(D)+ > @,
i C

where the first sum ranges over external vertices i of D, and the second sum over
Y -diagram components C of D.

Before establishing the proposition, we further discuss formula (3.15):

e Since 0 is assumed to be even, the map §< actually lands in the 2-torsion
subgroup of A<(P)® Q/Z. More precisely, for any Jacobi diagram D, each
summand ¢;(D) and d¢(D)/2 appearing in (3.15) is an element of order 2;
furthermore, every term in the formula (3.13) for 6;(D) has order 2.
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e Assume that the Jacobi diagram D is connected and of degree n > 2. Then
we have

(3.16) 6<(D) = S DI (el el) € AL, (P) © Q/Z
i
where 9(p.(c;)) = c.@c! € H®?2 ®Q/Z, and the sum runs over all external
vertices i colored by ¢; € P. This simpler expression is a consequence of the
fact that any connected Jacobi diagram of degree > 3 containing a -~O--
subdiagram is divisible by 2 in A<(P):

o Ao - D L Q}

e For an arbitrary Jacobi diagram D, the term §;(D) appearing in (3.15) can
be rewritten as

(318) (D) = D! () + DA e) + S DY € A, (P) @ Q2

where A(p.(c;)) = [¢:,¢] € £2(H) @ Q/Z is defined in Lemma 3.4.(b) and
is written here in Sweedler’s notation, and, for any x,y € H, the diagram
D;&(aj, y) is obtained from D by the following local modification:

(3.19) - 1 . K7 — DX (z,y).

e < LT <y< .-

(Using the THX and STU-like relations, the identity (3.18) follows from
(3.6) which, in Sweedler’s notation, writes ¢; ® ¢/ = $¢; @ ¢; + [é;,¢).)

e It is immediate that the definition of d; depends only on the truncation
of # in degrees < 2. If 4 is another even symplectic expansion, we obtain a
corresponding map 5§<. In that case, 5§< — &, can be explicitly determined

from the element of %A?’H that encodes the change from 6 to 6.

Proof of Proposition 3.7. We need to check that §< is compatible with each of the
defining relations of A<(P). As already observed from the assumption on 6, every
term that occurs in the formulas for §<(D), for a Jacobi diagram D, has order 2 in
A<(P) ® Q/Z. Hence, in the computations that follow, we can disregard all sign
considerations.

We begin with the AS relation applied to a Jacobi diagram D. If this relation
occurs away from the external vertices, there is nothing to verify. Otherwise, we
have to examine the two contributions d;(D) and d¢ (D) appearing in the expression
(3.15) for 6<(D). The identity

{} %\ _ 4_} € AS(P)

el r<r<- Llr<r<- Llr<e < -

shows that the first summand of 6;(D) € A<(P) ® Q/Z in (3.18) respects the
AS relation. (The first equality is an application of “AS”, and the second arises
from “STU-like”.) The second and third summands of ¢;(D) in (3.18) are handled
analogously (by using the AS relation in the target). Moreover, from its definition,
it is immediate that the term d¢ (D) € A<(P) ® Z2 also respects the AS relation.

To check the IHX relation, we only have to consider the terms d6;(D) in the
formula (3.15) for §<(D). Note that we have

= e —(; .. € AS(P)®(Q/27)
Ll <r < <z <e < << <

by “pushing” the vertical edges to the right via the IHX relation and then applying
the STU-like relation to discard the other two terms modulo 2Z. This verifies that
the first term of 6;(D) in (3.18) is compatible with the THX relation in the Kirchhoff
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form of [CDM12, §5.2.7]. The second and third terms of §;(D) in (3.18) are treated
using “IHX” in the target and (3.17), respectively.

Next, we examine the multilinearity relation for a Jacobi diagram D(z) with
respect to a fixed external vertex i colored by x € P. Let ¢;,d; € P; our goal is to
prove that

(3.20) 0=(D(ci + di)) = 6=(D(ci)) + 6=(D(dy))-

Let C be a Y-diagram component of D: if i belongs to C, then by using the
multilinearity and STU-like relations, together with (3.12), we obtain

dc(D(ci + di)) = 6c(D(ci)) + 6c(D(d;)) € AS(P) ® Zo;

if ¢ does not lie in C, the same identity follows immediately from “multilinearity”
in A<(P) ® Zy. Now let j be an external vertex of D: if j # 4, then for the same
reason, we clearly have

6;(D(ci 4 di)) = 6;(D(ci)) + 0;(D(di)) € AS(P) ® Q/Z;

if instead j = i, the same equality holds true by (3.13) and the fact that both o
and v are homomorphisms. This establishes (3.20).

The compatibility of §< with the special relation follows directly from the expres-
sion of d; in (3.18) for an external vertex i using the observation (3.17), and from
the fact that d¢ leaves all components of degree > 2 unchanged for any Y-diagram
component C'.

We now address the STU-like relation. Let D be a Jacobi diagram with two
consecutive external vertices ¢ < j. Define E (respectively, G) to be the diagram
obtained by exchanging the order of ¢ and j (respectively, by gluing the vertices i
and 7). Our goal is to show that

(3.21) §<(D) = 6<(E) = w(ci,¢;) 5<(G)

where ¢; and c; are the colors of 7 and j, respectively. This equality holds immedi-
ately if D contains a looped edge, so from now on we assume that D has no looped
edge. First of all, we claim that

(3.22) 0:(D) = 0i(E) = 6;(D) — 6;(E).

The vertex i (respectively j) is connected to an internal vertex by an edge I (re-
spectively J). Let us assume that I NJ = &, since the case I NJ # & can be done
similarly. We can depict D in a neighborhood of I U J as follows:

- TY
< < e < e

In this local picture, we compute

0i(D) = 8:(B) = D (¢}, ) — Bl (¢}, cf)

/ 1" . / "L
e < ¢ e < ¢ < ¢

DN E PSS

<l < AH<C;’<.“

i

=w<c;,cj>5§”>’E +w<c;,cj>i}"E - w<>\<T;/

<l < o<l <
v B .4<c;’<.4.
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where the first identity follows from (3.13) using that DY = EY, and the fourth
identity uses Lemma 3.4.(c.i). In the same way, we obtain

170

5,(D) — ;(E) = w(c},ci)\<ETE>/E.

..<c’7/<...

Thus, claim (3.22) is deduced from Lemma 3.4.(c.ii). We now distinguish two cases:

(3.23)

(3.24)

(3.25)

(3.26)

o Assume that i, j do not belong to a same Y -diagram component of D. Hence

G has no looped edge neither. On the one hand, the STU-like relation in
the target implies that 0x(D) — 0x(E) = w(cs,¢j) 0x(G) for any external
vertex k of G. Then, (3.22) implies that

(6:(D) + 8;(D) + > 66(D) ) = (8(B) + ;(E) + > 6wl )
k k
= wlcic) Y 0(G) € AS(P)® Q/Z
k

where the sums are indexed by external vertices k of G. On the other
hand, for any Y-diagram component C' of D that contains neither i nor j,
we obtain

5c(D) — 6c(E) = w(cs, ¢;) 6c(G) € AS(P) @ Zs

by application of the STU-like relation; besides, if only one of ¢ or j belongs
to C, say i, then C' does not count anymore as a Y-diagram of G and we
get

oc(D) —dc(E) = jﬁ\!/ | - \t\f’{\

e < ¢ <cjeee e < 6 < Gt
:w(ci,cj) v} + = 0,
[
e < v ey < v

where the first identity is obtained by canceling the two terms involving
fr(c;), the second identity uses the STU-like relation, and the third one is
obtained by canceling pairwise the 2 - 22 = 8 terms arising from the other
two external vertices of C' (again, thanks to “STU-like”). Thus, (3.21) is
deduced from (3.23)—(3.25) using the formula (3.15).

Assume that i, j belong to a same Y -diagram component T of D, and denote
by t the third external vertex of T'. Hence G has a looped edge, so that the
identity (3.21) to be shown reduces to §<(D) = §<(F). For any external
vertex k of D\ T, we have 0,(D) = 6;x(F) by applying “STU-like” and
“self-loop”; similarly, for any Y-diagram component C' of D\ T, we have
0c(D) = 6c(E). So, using the formula (3.15), we deduce from (3.22) that

5<(D) = §<(E) = (5,(D) — 6,(E)) + M

Without loss of generality, we can assume that j < t so that, in a neigh-
borhood of T', we have

<< < <ep < e << < < e < e

€ A<(P) ® Q/Z.

Using (3.18) and, next, “STU-like” and “self-loop”, we get
65:(D) — 6¢(E)
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AN AN

<< << cgller < - << <<l < -
o wle, ) R .
= 72 ;
e < e <

similarly, we obtain

o7 (D) — o7(E)

m - //’

<o << <e < <eglley < - <y <cp << <

wleirey) ﬁ - wlenney) ﬁ

< << <ctller < < <o << ctlles < -

7~

< <ella <o

.

< etller < e

w(e, ¢j)
Therefore, we deduce from (3.26) that §<(D) = §<(E).

To conclude the proof of the proposition, and deal with the slide relation, we
consider a Jacobi diagram D with two consecutive external vertices i < j, with
colors s and x respectively, which are adjacent to the same internal vertex. Let F
be the same Jacobi diagram as D, but with the vertex 7 colored by z instead of s.
We need to show that 6<(D) = §<(F). (The other version of the slide relation with
1 > j can be proved in the same way, so that we shall omit it.) We can assume that
the connected component V of D containing ¢ and j is a Y-diagram since, otherwise,
the slide relation can be written as a combination of the special, IHX and STU-like
relations (which we have treated in the previous paragraphs). Furthermore, having
dealt with “STU-like” in the previous paragraph, we can assume that the third
external vertex k of V' (colored by y € P) is immediately next to j; in other words,

we have
p=p0 NN 0D" and E=D'0 TN 0D"

s<zx<y r<x<y
—— —
14 w

Of course, the slide relation in the target gives
(3.27)  6(D)=6§(F) € AS(P)®Q/Z and 6c(D)=0c(E) e AS(P)® Zs

for any external vertex [ of D' U D" and any Y-diagram component C' of D’ LI D”.
Using the special and STU-like relations, we obtain

SR AN AN

s<zr<y s<zr<y
vllz<ylly

and, using furthermore the slide relation, we get

fr(zx) + /AN o0 AN

vy |y s<z<y s<zx<y

D’Ifl( /Q\ +fr(y)fO\

r<x<y<y T < x

dw (W) =

therefore, we have

(3.28) ow(E) — 6y (D) =

>IjDN
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= Ei'(y,y) +fr(y) B € AS(P) ® L.
On the other hand, we deduce from (3.18) and the special relation that

1
0i(D) = 5D, (D) = 0(D) =0.
Furthermore, we deduce from (3.18) and the IHX relation that

1 fr
5u(B) = LBl o) + S Y

Moreover, a double application of (3.13) gives

§:(E) +6;(E) = (B/' (!, 2") + v(2)EY) + (B[ («/,2") + v(x) EY)

1
:Ei]](x',w”)—i—EJU(x’,ac”) = §D1U;

here, the second equality uses the facts that EY = EJU and v(z) € (%Z) /Z, while
the third equality is justified by “STU-like” and Lemma 3.4.(c¢). It follows from the
last three equalities that

(3.29) (0:(E) + 0;(E) + 6x(E)) — ((6:(D) + 6;(D) + 6x(D))
= 25w+ Ty c AP oo/
By combining (3.27)—(3.29), we conclude that §<(D) = §<(FE). O

The following theorem provides an alternative version and a mild generalization
of [NSS22a, Th. 1.1]. Throughout, we impose the standing assumption that the
associator chosen for the construction of the LMO functor is even. Recall moreover
that this construction requires the choice of an arbitrary system of meridians and
parallels on the surface ¥ (as described in (1.5)); such a choice determines a basis
(a, B8) of the fundamental group 7, and consequently induces a basis (a,b) of the
homology group H. Let 8 be an even symplectic expansion whose truncation up to
degree < 2 is given by

{G(ai) =1+a; + 2a? — La;, b;] + (deg > 3),

3.30
( ) 9(52) :1+bl+%b12— %[ai,bi]—l-(degz?)).

Theorem 3.8. For every n > 1, we have the following commutative diagram:

A (P) v arf Zjze)
(331) §5< J{C7§+1
A1 (P)®Q/Z p—:*> A (H)®Q/Z

Proof. We shall deduce the commutativity of (3.31) from [NSS22a, Th. 1.1] by
relating our map 6< to the map that is denoted by § + Y in [NSS22a]. Let us first
recall the definition of the latter.

The module A(S) of Jacobi diagrams colored by S = {a1,...,a4,b1...,bs} is
defined at (2.13), and it corresponds to AY (|gt] U [g7]) in [CHMOS, NSS5224] (or,
to be exact, it corresponds to its quotient by the swap relation). We denote by
(x — *) the involution of S that exchanges aj, with by for every k € {1,...g}.
Then, following [NS522a], we consider the map § : A(S) — A(S) ® Zy defined by

§(D) =3 (DI"+ D)+ > DY
@ {i,7}
on every Jacobi diagram D. Here, the first sum ranges over external vertices i
of D with color ¢;, the second sum ranges over pairs {i,j} of external vertices

sharing the same color ¢; = ¢;, and we have used the following notations (which
are “argument-free” versions of some notations from §3.3):

o T ~ T_T ::DiH
ci Ci G
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As for the map Y : A(S) — A(S) ® Zs, it is defined in [NS522a] by transforming
any Jacobi diagram D to the sum of all ways of duplicating a Y-diagram in D. (In
fact, the swap relation is not considered in [NSS22a] but it is easily verified that ¢
and Y are compatible with this relation.)

First of all, we claim that, for every m > 1, the following diagram is commutative:

(3.32) A (S) ——F—— AS(P)

Ml Jﬁ

Ana(8) © o —3 A51(P) © Q/2

Here ¢ denotes the restriction of the map ¢ : A(S) ® Z[Y]/(2Y) — A<(P) given
by Proposition 2.16. Indeed, let D € A,,(S) be a Jacobi diagram: recall that
E := ¢(D) is obtained from D by transforming every color u € S to o(u) € P and
declaring that all the vertices colored by {o(a1),...,0(ay)} are lower than those
colored by {o(b1),...,0(by)}. The identity

3(HD) =5 D0clE) € 45 (P)a 0/

(where the sum ranges over the Y-diagram components C' of E) follows easily from
the definitions, using that fr : P — Zs vanishes on the color of any external vertex
of E. (Indeed, according to (3.11), we have fr(c(u)) = 0 for every u € S.) Hence,
according to (3.18), the commutativity of (3.32) is equivalent to the identity

1 L.
5 ZE{I(ci,ci) + ZE{K(Cz’,Ci)

1

(833) = 3 Z (D) +o(D) + 5 3 w(DY) € A5(P) & Q/Z.
{i.g}

Of course, in (3.33), every external vertex ¢ of D (colored by ¢; € S) corresponds to
an external vertex i of E' (colored by o(¢;) € P with projection p.(o(¢;)) = ¢; € H).
Clearly, we have
1 1
§E»H(ci,ci) = iw(D-”).
Besides, it follows from (3.30) and the STU-like relation that

Y .
S B (e ()") = 50(DA)+5 { ST S
i<ip(DY) ifei€{bi, ... by},

where we use the total order on the set of external vertices of E = ¢(D). Thus, we
have proved the commutativity of (3.32).

Since the map ¢ : A(S) ® Z[Y]/(2Y) — A<(P) is surjective, the commutativity
of (3.31) will follow from the identity
(3.34) (oD @Y ) =6%p(D e Y")

for any m, k > 0 with n = m+k and any D € A,,(S), where we have made implicit
the isomorphism p, between A<(P) ® Q/Z and A<(H) ® Q/Z. We compute the
left-hand side of (3.34): we obtain

ave(DeYF)

~sG(ai AN B N )

s<s<s s<s<s

Ef{(éuffi) =

+ Z3 1 (Yo(D) o (Ug —U)¥) mod 1
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= = deg. (n+1) part of (gpQZY(wgp(D)) 0 (@QZY(UG - U))k> mod 1

where G denotes a Y-graph with three special leaves, and the last identity uses
Remark 2.17. Note that Ug is the connected sum of U and the Poincaré 3-sphere,
hence

~ 1
QY _ — 4z
WQZY (Ug —U) = :t2@+(deg > 3).
So, we deduce from [CHMO08, Th. 7.11] and [NSS22a, Th. 1.1] that
if k> 2,
DG k=1,
Lo((6+Y)(D)) ifk=0.

0
(3.35) < vp(DeYF) = i%

In particular, since the above values in A<(P) ® Q belong to A<(P) ® 17, the
above sign ambiguities are not relevant, and we can remove them.
We now compute the right-hand side of (3.34), observing firstly that

1 1
3 /IN\ =30 €AP)OQL
slls < s s < s s

Hence, we obtain

Sp(DaYh) = 5<(¢(D)E AN 0.0 AN )

s<s<s s<s<s
0 ifk>2
(3.36) = lo(D) U @ if k=1
5<p(D) if k= 0.

By comparing (3.35) and (3.36) using (3.32), we obtain (3.34). O

Remark 3.9. The methods developed in [NSS22a], which are based on explicit
computations of the LMO functor, can be extended to determine

(o1 ((U;C) € A5y (H) @ Q/Z

for any graph clasper C C U. Using this strategy, one obtains a direct proof of
Theorem 3.8 and Proposition 3.7. In addition, this viewpoint makes the role of
the truncated even symplectic expansion (3.30) more transparent: this actually
coincides with the truncation of the symplectic expansion produced by the LMO
functor [Mas12], once an even associator has been fixed. (It is likely that a general
even symplectic expansion cannot always be expressed in the specific form (3.30)
for an appropriate choice of curves («, 3).) [ ]

3.4. Properties of the map §<. The first property of §< is easily deduced from
its definition:

Proposition 3.10. The map 6< is a derivation of the algebra A<(P) in the A<(P)-
module A<(P) ® Q/Z.

Proof. Let D, E € A<(P) be Jacobi diagrams. By Proposition 3.7, we have
< < dc(D 0 E)
SS(DOE)=Y 6(DUE S
CEREDSUCHRED B

<

where ¢ ranges over external vertices of D U E and C ranges over Y-components
<

of D U E. Clearly, we have

< o
6i(DIjE): (?)I_I ifie D,
DUG(E) ifieE,
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and, similarly, we have

so(D)OE if Cc D,

Sc(DOE) = 5
DU 6éc(E) ifC CE.

We deduce that (5<(DIfIE) =6<(D) IfIE+DIfI6<(E). O

Recall that the map §< = d; depends on the degree < 2 truncation of an even
symplectic expansion 6. Consequently, §< : A<(P) - A<(P)® Q/Z is not Sp(H)-
equivariant with respect to the natural action of Sp(H) on P (see Lemma 2.5.(c)).

Yet, we can control the defect of Sp(H )-equivariance in terms of the truncated sym-
plectic expansion. To state this second property of §<, we need a homomorphism

T=15: M — A*(H?) x Sp(H)

which depends on (the degree < 2 truncation of) 6 and encodes the action of the
mapping class group M = M(X) on the second nilpotent quotient 7 /T's7 of 7.

Indeed recall from [Masl2] that, using any symplectic expansion 6, one can
turn the Dehn—Nielsen representation of M (i.e., its canonical action on 7) into a
homomorphism

o’ i M — Aut, (£9)
with values in the group of automorphisms (which fix w € £9) of the degree-
completed free Lie algebra £2 = £(H®). Then, for any f € M, we set
7(f) 1= (fa. f.) € A(H®) % Sp(H)

where f, € Sp(H) is the action induced by f in homology, and fg is the degree 1
part of the symplectic derivation

log (¢’ (f) o f,!) € Der, (£9),
which is viewed as a trivector through the isomorphism (3.3).
Remark 3.11. The map 7 is a variant of Morita’s “extension of the Johnson

) —~0
homomorphism” [Mor93b], and it appears in [MS20] under the notation Ab;. The
restriction of 7 to Z is the first Johnson homomorphism 7 recalled at (6.3). |

In order to formulate the equivariance defect of §<, we also introduce the bilinear
map

1
G: §A3H x AS(H) — AS(H)® Q/Z ~ A<(P) ® Q/Z
defined, for arbitrary x,y,z € H and any Jacobi diagram D € A<(H), by
(Sarynz, D) =137 (w(@, i) DA(y. 2) + w(y, ci) D (z,2) + w(z,e) D (1))

where the sum ranges over all external vertices ¢ of D with color ¢; € H, and the
notation D{K is as in (3.19). (One verifies without difficulty that ¢ is well-defined.)

Lemma 3.12. Let 0 be an even symplectic expansion of w. Then, T takes values
in $A®H x Sp(H) and, for any f € M and D € A~(P), we have

(3.37) 0=(f«D) = f.0=(D) +<(fo, fupD)
where we have denoted 7(f) = (fe, f«)-
Proof. Let f € M: we view fg € ASH? as an element of Hom(H@,Qfg) via the

isomorphism (3.3). Then, by definition of fg, we have
("(N)f) (W) = ur + uz + fo(ur) + (deg > 3)

for any u € £2 (whose degree k part is denoted by uy). On the other hand, by
definition of o?(f), we have

(M) () = 7(f(2)) = [f ()] + £5(f(x)) + (deg > 3)

for all x € 7. Hence, taking u := f.£%(z) for any x € 7, we obtain

(
(3.38) Fly(2) + fo(ful2]) = 65(f(x)) € £5.
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Since ¢4(m) C 3£ by our assumption on 6, we obtain the first statement of the
lemma.

We now prove (3.37) for any f € M and D € AS(P). Using (3.15) and (3.18),
we get

6<(£.D) ~ f65(D) = S ((£D)Mewé) - £.(DA(E.6)))

K2

n Z fr(e;) ;fr(ci)f*(DlU) n ZC: ((50(]2“*D) B f*ég(D))

K3
The third sum ranges over Y-diagram components C of D (or, equivalently, of f.D)
and it is zero because of the Sp(H)-equivariance of fr. The second sum ranges over
external vertices ¢ of D (or, equivalently, of f,D) with color ¢; € P. We have set
e; := f«(c;) € P and, by the Sp(H)-equivariance of fr, the second sum is zero too.
We now look at the first sum: here, for every external vertex ¢ of D, we use as
before Sweedler’s notations:

Api(ci)) = [¢i, 6] € Lo@Q/Z,  AMpi(ei)) = [é5,€] € L2 0 Q/Z
But, (3.38) implies that f.([¢;,¢]) — [€4,6i] = —fe(p«(e;)). Thus the first sum is
equal to
SN D) i g vig)  where fo(pilen)) =3 [ui g, viy)
i g J
which proves property (3.37). O
Lemma 3.12 implies that an even symplectic expansion # induces a 1-cocycle

(3.39) Sp(H) ~ M/T — ($A°H) /N°H, {f} — {fe}-

Thus, we get an action of Sp(H) on the abelian group A<(P) & (A~(P) ® Q/Z)
defined by

(3.40) {f}-(D,E) = (fD, fE +<(fo, fup: D)),
for any f € M, D € A<(P) and E € A~(P) ® Q/Z.

Proposition 3.13. Let 0 be an even symplectic expansion. The homomorphism

(id,5<)

A<(P) A<(P) & (AS(P)®Q/Z)

is Sp(H)-equivariant with respect to the action defined by (3.40).
Proof. This follows easily from (3.37). O

We conclude this section with a direct consequence of Proposition 3.13. Recall
that “A<(H)” denotes the natural image of A<(H) in A<(H)®Q. It is easily seen
that (3.40) induces an action of Sp(H) on “A<(H)" & (A~(H)®Q/Z).

Corollary 3.14. Let 0 be an even symplectic expansion of the type (3.30). Then,
for any n > 1, the homomorphism
F,Z[ZIC) (Z5C41)
F,1Z[ZIC)

ASHY @ (Ar (H)Q/Z)

is Sp(H )-equivariant.

Proof. According to (3.1) and (3.31), we have the commutative diagram

P F,Z|ZC
A5 (P) e
o) J(Zs’ )

“AS(H) @ (Agy (H)2Q/Z),

where the isomorphism p, between A<(H) ® Q/Z and A<(P) ® Q/Z is implicit.
Thus, the result follows from Proposition 3.13 and the surjectivity of 1. O
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Remark 3.15. Proposition 3.10 for our map §< is the analogue of [NSS22a,
Prop. 3.3] for the map ¢ defined there. By contrast, an analogue of Proposition 3.13
seems to be difficult to obtain for d; this is one of the motivations for introducing
our map <. [ |

4. ORDER TWO TORSION IN ODD DEGREES

In this section, we consider the order 2 torsion in the Lie algebra of homology
cylinders Gr¥ZC arising from surgeries along symmetric graph claspers.

4.1. The space of beaded rooted Jacobi diagrams. A Jacobi diagram D is
beaded if it comes with a group homomorphism H;(D) — Zs. Graphically, the
homomorphism is encoded by decorating some edges of D with beads o representing
the generator of Zs: the value of the homomorphism on a cycle is the mod-2 sum
of the beads encountered along that cycle. A Jacobi diagram D is rooted if one
external vertex (the root) is distinguished from the others (the leaves): graphically,
the root is shown with a x on figures.

Example 4.1.

T In this beaded rooted Jacobi diagram D, the homomorphism

D := Hy(D) — Zs is trivial on the lower loop, and non-trivial on the
upper loop. |

Let P?) := P®Zy = H,(F(U); Z3). We consider the Zy-vector space

7 { beaded rooted connected Jacobi diagrams with }
P®)_colored external vertices and totally-ordered leaves

<(p®2)\ =
B ( ) AS, THX, multilinearity, self-loop, BSTU-like, group, fully-special

Here “AS”, “THX”, “multilinearity” and “self-loop” are as before (with the require-
ment that no bead should appear in the pictures defining locally those relations);
the BSTU like relation is the following variant of the STU-like relation:

] - K e (U )

Llr<y<- ey <e <

for any z,y € P(Q) ‘group” is the set of relations telling that beads encode a group
homomorphism in Zs:

Tk T

+ = | (for x € P?), + =

RS A RS A

(for r € P®?);

lastly, “fully-special” sets to zero any allowable Jacobi diagram that has its root or
all its leaves colored by the special element s € P(2).

Remark 4.2. By the fully-special relation, we can assume that the root of an
allowable Jacobi diagram is colored by H® (instead of P(*). |

4.2. Another surgery map. The following will be proved by clasper calculus.

Theorem 4.3. Let n > 0. There is an Sp(H)-equivariant homomorphism

B (P(Q)) — Torsy (M)
2n+2
Proof. We start by describing the procedure to construct order 2 elements in the
module Y2,41ZC/Yap 42 by surgery along symmetric graph claspers. Next, we will
analyze how the output surgery depends on the initial data of the procedure.
Let us assume the following initial data:
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e a connected rooted beaded Jacobi diagram D of degree n, with 14-¢ external
vertices numbered from 0 to ¢, the root corresponding to 0;

e 14/ framed oriented knots in U = ¥ x [-1, +1] denoted by Ky, K3, ..., K.
The homomorphism H; (D) — Zs defined by the beads induces a (possibly discon-
nected) 2-fold cover D of D. Thus, the deck transformation defines a symmetry
of D and every vertex of D corresponds to a pair of twin (i.e. symmetric) vertices
in D. We augment the Jacobi diagram D to D+ by gluing the twin root vertices
of D to two of the external vertices of a Y- dlagram besides, D+ is rooted at the
free external vertex of the Y-diagram. (That D+ is well-defined follows from the
symmetry of 5)

We consider now the abstract surface S (5+) associated to the Jacobi diagram 5+
following “Step 1” of the procedure described in §2.5. Then, we embed S(5+) into
the interior of U = ¥ x [—1,+1] in such a way that the annulus of S (5+) corre-
sponding to the root represents Ky and, for any i € {1,...,£}, the two twin annuli
of § (5+) corresponding to the i-th external vertex of D represent two parallel
copies K/ and K" of the framed oriented knot K;; furthermore, we assume that U
has been subdivided into 1 4 ¢ horizontal “slices” in which we see Ky, {K/, K1},

. { K, K}'} successively (from bottom to top). Thus, we have obtained a graph
clasper

C:(l)7 Ko, Kl, ey Kg)
in U =X x [—1,+1] of degree 2n + 1. Here is a schematic picture:

2 paralll. ;22— G(D; Ko, K, ..., Ky)
copies of K l‘\\ —D/__
Sx[-1L,1] F - - - - e -
cut into 2 parallel :
1 + [ slices copies of K7 '\
(4.1)
Of course, G(D; Ko, K1,...,Ky) is ambiguously defined, but the “edge-sliding”
lemma in clasper calculus (see, for example [MM13, Lemma A.1]) implies that
Yoni1ZC .
U(D; Ko, K1,...,K¢) = {Ug} € i/“ with G := G(D; Ko, K1, . .., K¢)
2n+2

only depends on the combinatorics of the beaded rooted Jacobi diagram D and
on Ko, Ki,...,K,. Furthermore, it is established below, in Lemma 4.4, that
U(D; Ko, K1,...,Ky) is an element of order 2.

We now prove that ¥ induces a well-defined homomorphism on the module
By (P®). The multilinearity relation with respect to a root is a standard fact
in clasper calculus (via the “leaf-splitting” lemma, as formulated for instance in
[MM13, Lemma A.3]); the multilinearity relation with respect to a leaf is proved
below in Lemma 4.5. Observe that the multilinearity relation, combined with
Lemma 2.5.(a), Habiro’s move 9, and Lemma 4.4, imply that U(D; Ko, K, ..., Ky)
depends only on the types of Ko, K1,...,K; in P, Equivalently, the datum of
these framed oriented knots is the same as a coloring of the external vertices of D
by elements of P(2).

The group relations are clearly satisfied, since they merely encode the ambiguity
arising in the description of a homomorphism H; (D) — Zs in terms of beads, which
is equivalent to the specification of the 2-fold cover D of D. The self-loop relation
is also satisfied, because surgery along a graph clasper of degree r > 1 that contains
at least one looped edge does not alter the Y, 1—equivalence class (as a consequence
of [GGPO1, Lemma 2.3]).
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Next, the AS, ITHX and BSTU-like relations are verified below in Lemmas 4.6,
4.7 and 4.8, respectively. To complete the proof of the theorem, it remains to
check the fully-special relation, for which we use the following fact: surgery along a
graph clasper of degree r > 2 that has at least one special leaf does not change the
Y, t1—equivalence class (see, for instance, [MM13, Lemma A.5]). Hence, if K is a
(—=1)—framed trivial knot, then we have ¥(D; Ky, K1, ..., K;) = 0 since the graph
clasper G(D; Ky, K1, ..., Ky) contains a special leaf. Furthermore, assume that all
Ki,...,K; are (—1)—framed trivial knots. Then, using the “leaf-splitting” lemma
together with Habiro’s move 2, we deduce from the above fact that

U(D; Ko, Ky, ..., K;) =¢(Dg) € %LJC

2n+2
where 9 denotes here the “usual” surgery map of Theorem 2.13, and D is ob-
tained from l~)+ by pairwise gluing all its twin external vertices, and by coloring its
root by t(Kp). It follows from “IHX” and “self-loop” that D = 0 € A5, (P).
Consequently, U(D; Ky, K1, ..., K;) vanishes in this case too. O

In the remainder of this subsection, we establish the auxiliary lemmas that we
required for the proof of Theorem 4.3. Throughout, we continue to use the no-
tation D and Ky, Kq,..., K, introduced there for the input to the construction
\I/(D, Ko, Kl, ey Kg)

}/2n+1IC

2n+2

Lemma 4.4 (2-torsion). The element V(D; Ky, K1, ..., Ky) has order2 in

Proof. By the usual AS relation in clasper calculus, and with reference to the picture
(4.1) representing G(D; Ko, K1, ..., Ky), we observe that

Yon+1ZIC
¢ Loni

_\IJ(D;K()aKla"WKE) Yonio
n+

is precisely the Ys,2-equivalence class of the surgery along the graph clasper

' &

2 parallel  ,-z= \\’T____
. S e >

copies of Ky !« _/\// -

2 parallel ,;:-'-\T—"‘ —--
copies of Kp ‘(v _ _ID/_’ 0T
RN ()
1
\\ _/

Besides, the same arguments as those used to establish the well-definedness of
U (D; Ky, K1, ...,Kp), which relied on the symmetry of the Jacobi diagram D,
show that this graph clasper can also be used in the role of G(D; Ky, K1, ..., Ky).
Consequently, U(D; Ky, K1, ..., K;) coincides with its additive inverse. ]

Lemma 4.5 (Multilinearity). Let i € {1,...,¢} and let K; be another choice of
the framed oriented knot K; in U (disjoint from K;). Then, we have
\I/(D;KOa"'vKi#Kia"'va)
= U(D;Ky,...,Ki,...,K))+¥(D;Ky,...,Ki,...,Ky).
Proof. We can assume without loss of generality that ¢ = 1. By using the “leaf-
splitting” lemma, we get

U(D; Ky, K\#K1,...,K;) —Y(D; Ky, Ky,...,K;) — ¥(D; Ko, Ky, ..., Ky;)



ON THE SP-STRUCTURE OF THE LIE ALGEBRA OF HOMOLOGY CYLINDERS 35

It follows from the symmetry of D that the - above sum is zero: indeed, the symmetry
swaps pairs of twin external vertices of D, and we conclude with the usual AS
relation in clasper calculus. O

Lemma 4.6 (AS). If E is a beaded rooted Jacobi diagram differing from D by the
orientation at an internal vertex, then

U(D; Ko, K1, ...,K) + V(E; Ko, K1,...,K) =0.

Proof. A double application of the usual AS relation in clasper calculus shows that
U(E; Ko, K1, ..., K;) = (-1 ¥(D; Ko, K1, ..., K))

and we conclude with Lemma 4.4. O

Lemma 4.7 (IHX). If D1 and Dy are beaded rooted Jacobi diagrams differing
from D as follows in a neighborhood of two adjacent internal vertices:

A
then we have

\I’(D;Ko,Kl, . .,Ke) = \If(Dl;Ko,Kl, . .,K() + \IJ(DQ;KmKl, .. .7Kg).

Proof. Depicting the claspers G(D1; Ko, K1,...,K;) and G(D2; Ko, K1, ..., Ky)
along which we do surgery, we write W(D1; Ko, K1,...,Kp)+V(Dsy; Ko, K1, ..., Ky)

locally as
— v

On the other hand, using twice the IHX relation in clasper calculus, we see that
U(D; Ko, K1, ..., Ky) writes locally as

\g/ \g/ :\</J\</J+\T>/\I>/+\I>/\</J+\</J\\T>/'
Once again, we can use the symmetry of D and the AS relation in clasper calculus
to deduce that the last two terms cancel out. O

Lemma 4.8 (BSTU-like). Leti € {1,...,¢—1}. If E (respectively, Eo) denotes the
beaded rooted Jacobi diagram obtained from D by gluing the pair of leaves {i,i+ 1}
(respectively, gluing {i,i + 1} and adding a bead at the gluing point), then we have

\I’(D;Ko,Kl,...,Ki,Ki+1,...7K£)—\I/(D;K()7K1,...7Ki+1,Ki7...,Kz)
= w(ki ki) (W(E; Ko, .., Kiy K1, -, Ke) + U(Eo; Koy oo, Koy Kot -, Ko))
where k. € H denotes the homology class of K.

Proof. The graph clasper G := G(D; Ko, K1,...,K;, K;+1,...,K) inside U can be
depicted as

two parallel !
copies of K

K
two parallel RS —---
copies of K; N _—/D/——— --
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in a neighborhood of the i-th and (i + 1)-st slices of U: here, we have denoted by
K}, K" (respectively K |, K| ;) the two leaves of G that are parallel copies of K;
(respectively, of K;, 1) The graph clasper G := G(D; Ko, K1, ..., Kit1,Ki, ..., Ky)
is depicted analogously, by interchanging the two pairs of parallel leaves. For any
r,s € {1,2}, we denote by G(r,s) (respectively, by G(r,s)) the graph clasper ob-
tained from G (respectively, from G) by removing the leaves Ki(r) and Ki(j_)l and
subsequently gluing together the resulting free ends of the incident edges. By doing
some clasper calculus, in a manner entirely analogous to the proof of Lemma 4.9

below, we obtain that
Yon11ZC
Uc — Ug = w(ki, kiy1) (Uge) + Use2) + Uaa) + Uaaay) € %

Similarly, by applying the usual STU-like relation in clasper calculus (see Lemma 4.9
below), we have

Yon11ZC
Us(2,1) = Ugz) + w(kis kiv1) Un € %
2n+2
and
Yon4+1ZC
Uc2,2) = Uga,2) + w(kis kiv1) Uy € %
2n+2

where H (respectively, .J) is obtained from G by deleting K}, K, K; ,, K’ | and
gluing the resulting extremities of edges as shown below:

But, by symmetry of D and the usual AS relation in clasper calculus, we have

Yon1ZC Yon+1ZC

Use,) = ~Usqi,2) € and Ug2) = —Uga €

Y72n+2 5/2”+2
Thus, we deduce from the above identities that
Yo,11ZC
Uc —Ug = w(ki, kit1)> (Un +Uy) = w(ki,kiz1) (Ug +Uy) € %
2n+2
where the second equality follows from Lemma 4.4, and we conclude by observing
that the claspers H and J can serve as G(E; Ko, Ky,...,K;, Ki11,...,K;) and
G(Eo; Koy K1,y ooy Kiy Ky, ..o Ko). U

We conclude this subsection by formulating a generalized version of the ST U-like
relation, which was employed in the proof of Lemma 4.8 and will be utilized again
in subsequent arguments. We use here the notions of linking number Lky(—, —)
for 2-component oriented links in U = ¥ x [—1,+1] as presented in [MM13, §B].

Lemma 4.9 (Generalized STU-like). Let G be a connected graph clasper of degree k
in U such that a slice L x [t—e, t+¢] of U contains precisely two of its leaves, denoted
K and L. Let G’ be a graph clasper that coincides with G except for the relative
positions of these two leaves: the leaf K' (corresponding to K) is now contained
in the upper slice X X [t,t + €], whereas the leaf L' (corresponding to L) is now
contained in the lower slice ¥ X [t — e,t]. Then we have

(42) Ug—Uqg = — Lk+(K, L) Uy € YkIC/Yk+1

where H is the graph clasper obtained from G by deleting K and L, and gluing the
free ends of the incident edges.



ON THE SP-STRUCTURE OF THE LIE ALGEBRA OF HOMOLOGY CYLINDERS 37

Proof. We consider a projection diagram of the oriented link (K, L) onto the surface
¥ x {t — €}: every mixed crossing in this diagram with K underneath L is an
obstruction to move K by isotopy into a neighborhood of ¥ x {t + €} in the knot
exterior (E X [t—e, t—i—s]) \ L. Actually, this crossing can be changed at the price of
a surgery along H, as follows from the “leaf/leaf” version of the “crossing-change”
lemma in clasper calculus (see, for instance, [Mei06, Lemma 2.6.(2.c)]). Thus, (4.2)
is deduced from the diagrammatic formula

Lk, (K, L) _ﬂy —u'\ﬂ

(see [MM13, Lemma B.2.(2)]) by a careful inspection of signs. d

Remark 4.10. The usual STU-like relation is recovered as follows: with the nota-
tions of Lemma 4.9, assume that K C ¥ x [t —¢,t] and L C X X [t,t 4+ ¢]. Then we
have Lk_ (K, L)=0 and, so, we get w([K],[L]) = —Lk4 (X, L) by [MM13, Lemma
B.2.(1)]. Thus (4.2) writes

(43) Ug—Ugqg = w([K], [LD Uy € YkIC/Yk+1. [}

4.3. Relating the surgery maps. In this subsection, we relate the surgery map
U BY (P(z)) — Y2,41ZC /Y3, 12 of Theorem 4.3 with the “usual” surgery map
P A2n+1( ) = Y2,41ZC /Yo, 12 of Theorem 2.13.

Remark 4.11. The case n = 0 is easily handled using the definitions. Indeed, we
have in this case By (P?)) ~ P(?) © P®) (via the identification zx —y — 2 ® y),
and, using Proposition 2.9.(i), we get the following commutative diagram:

(4.4) o—VY 3 B5 (P®) — ¥ Tors, (E)
Y,

| w

’ Y ! £ Tors; (A1 (P))
v |
Therefore, we assume in the sequel that n > 0. We shall define a homomorphism
E: By (P®) — Tors, (A5, (P))

by assigning to every rooted beaded Jacobi diagram D the linear combination

(4.5) Z (H fr(e; )

jeSs
Here the sum is over the subsets S of the set of leaves of D, the color of a vertex
j € S is denoted by c; € P®) | the Jacobi diagram 5+ is (as in the proof of
Theorem 4. %) the augmentation of the 2-fold cover D by a Y- dlagram and its S-
modification DS € A<¢(P) is defined as follows: the root of D is given the color
of the root of D (after lifting it arbitrarily from P to P) and is declared to be
“lower” than all other vertices; for every leaf i of D, the corresponding twin vertices
of 5+ are either glued together if i € S, or they inherit both the color ¢; (lifting this
arbitrarily from P(® to P) and the position of 4 in the ordering of D if i ¢ S. Note
that, for any S, the deck transformation of D extends to an isomorphism between
ZN)JSF and the same Jacobi diagram but with the opposite orientation on the internal
vertex of the extra Y-diagram: therefore, by the AS relation, 25?; =0¢e A~C(P):
it follows that the right-hand side of (4.5) is well-defined, and only depends on D,
i.e. it does not depend on the choices of the lifts from Zs to Z, and from P® to P.

Remark 4.12. Recall that Ay °(P) ~ Ay °(H) via p. for all k > 2. Consequently,
by identifying the target of the map F with Tors, (A;;il(H )), each summand Df_

appearing in (4.5) can be viewed as a Jacobi diagram colored by H @), |
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Example 4.13. We give below the values E(D) € A5°(P) for two instances of
D € Bs(P®). Each is written using the convention (2.8), and re-written as a
single diagram using the notation (3.14):

h<zrz<zr<y<y h < y<y
z < y N
E<V>: + fie(x)
hx
h<z<zz h
\
+ fr(y) + fr(z) fr(y)
h<zllz < ylly
T \i |
h<z<z<y<y h < y<y
r < y K
()57 =S
hx
h<zx <z h

\
+ fr(y) + fr(x) fr(y)

h<ale<yly

5

Proposition 4.14. Let n > 0. The homomorphism E is well-defined and Sp(H)-
equivariant. Furthermore, it fits into the following commutative diagram:

anﬂzc)

(4.6) B; (P) —— Tors; (=2
2n+2

Tors, (A2<r13-1 (H))

Proof. To prove that the homomorphism FE is well-defined, we need to check that
the quantity (4.5) written for a generator D of B> (P(z)) is compatible with each
of the defining relations of this module.

Clearly, E is compatible with the group relations, since they merely encode the
ambiguity arising in the description of a group homomorphism H;(D) — Zs in
terms of beads, which is equivalent to the specification of the 2-fold cover D of D.
The self-loop relation is also obviously respected, by using the first observation in
Remark 2.8. The homomorphism E also respects the AS relation, because of the
AS relation in A<°(H) and the fact that (4.5) is a 2-torsion element. To prove that
E is compatible with the IHX relation, we use the same combinatorial argument as
for Lemma 4.7 (using “IHX” in A<¢(H) and the symmetry of D).
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To deal with the BSTU-like relation, we consider two consecutive leaves in a
Jacobi diagram D € By (P?) with colors z,y € P®):

= ||
e<T<y< .-

The sum defining E(D), indexed by the subsets S of the set of leaves of D, splits into
4 sums, corresponding to whether or not each of the two leaves under consideration
belongs to S or not. Thus, each summand of F(D) can be depicted locally as one
of the following cases:

<< <y<y< -

ww /N ()| e )/

<< < ey <Yy < o

Therefore, we obtain

S

<<y < - e<y<zT <
S W
R AR AN VR
e r<r<y<y<--- ey <y<zrzr<r<---

= w(p«(2),p«(y))

= w(p«(2), p«(y)) £ U + LOJ

Here, the summations are taken over all subsets of the set of leaves of D that do
not contain the two leaves under consideration; the second equality follows from the
application of the STU-like relation (together with the AS relation) in A<¢(H),
combined with an analysis of the symmetries of the corresponding Jacobi diagrams.

Next, we prove that E is compatible with the multilinearity relation. At the
root of a Jacobi diagram D, this follows immediately from the definition of F(D)
using “multilinearity” in A<¢(H). At a leaf of a Jacobi diagram D(z + y) colored
by z +y € P®, we can write locally E(D(z + y)) — E(D(x)) — E(D(y)) in the
following way using the notation (3.14):

e<ztyllzty<-- <zl < <y lly< -
S e ) -
e <zrzty<zty<--- <z |lz< s <y lly< -
— | | + | | + w(z,y) U:O.
<<y < - ey < T < -

Here the second equality is obtained by “multilinearity” in A<¢(H) using (3.12);
as for the third equality, it follows from “STU-like” and “AS” in A<:°(H) using the
symmetry of the Jacobi diagrams.
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We now prove that F is compatible with the fully-special relation. If D €
By (P®) is a Jacobi diagram whose root is colored by s, then E(D) is obviously
trivial since the diagram in each summand of (4.5) has a vertex colored by 0 € H.
If now D € By (P(Q)) is a Jacobi diagram with all leaves colored by s, then the
formula (1.5) for E(D) reduces to a Jacobi diagram in A3;%,(H) with a single
external vertex: this is zero by “IHX” and “self-loop”. Thus, we have completed
the proof of the well-definedness of F.

To prove the commutativity of (1.6), let D be a generator of B (P(®). Choose
an oriented framed knot Ky whose type in P(® is the color of the root of D and,

for every i € {1,...,£}, choose an oriented framed knot K; whose type in P®) ig
the color of the i-th leaf of D. Then, the commutativity of (4.6) says that
Yon11ZC
(4.7) Y(ED)) ={Uc} € %
2n+2
where

G := G(D uncolored; Ko, K1, ..., K;)
is a graph clasper constructed as in the proof of Theorem 4.3. Recall that G is
a topological realization of the Jacobi diagram D, whose leaves are organized by
slices: the 0-th slice of U contains Ky and, for every i € {1,..., £}, the i-th slice of

U contains two parallel copies K/, K" of K;. We apply Lemma 4.9 for each pair of
leaves (K}, K|') of G, observing that

Lky (K], K]') = Lk(K], K!") = Fr(K,);

we deduce that {Ug} is in Ya,,11ZC/Yap 12 the sum of 2¢ elements, namely v (E(D)),
thus proving (4.7). O

4.4. The map A. We assume here that n > 0 (the special case n = 0 being fully
considered in §7). We define a homomorphism

A By (PP) — A5, (H) @ Q/Z

by assigning to every rooted beaded Jacobi diagram D the linear combination
1 = =S,
(4.8) AD) =335 (IIten) - (D5 +>D%).
s j€s igs

Here the sum is over the subsets S of the set of leaves of D, the inner sum is over
the leaves i of D such that ¢ € S, and the inner summands 545_1, 5_5[_ ., are defined
as follows:
. l~)+ is (as in the proof of Theorem 4.3) the augmentation of the 2-fold cover
D by a Y-diagram, and its (S, 1)-modification

DSZEAQn-s-z( ) © Zy ~ A55 5 (H) © Zo

is constructed as follows: the root of D+ is given the same color as the root
of D (lifting this from P®) to P) and is declared to be “lower” than all
other vertices; for every leaf v of D, the corresponding twin vertices of 5+
are either glued to a Y-diagram whose free vertex is colored by (a lift of) ¢;
and is ordered like ¢ in D if v = 4, or they both inherit the color ¢, (lifting
this from P®) to P) and the position of v in D if v ¢ S U {i}, or they are
glued together if v € S;

) D++ is the augmentation of D obtained by gluing the twin root vertices of
D to the “top” external vertices of a H-diagram, and its S-modification

Di+ 6A2n+2( )®Z2 A2n+2( )®Z2

is constructed as follows: the “bottom” vertices of the extra H-diagram
are given the same color as the root of D (lifting this from P to P) and
declared to be “lower” than all other vertices; for every leaf v of D, the
corresponding twin vertices of Dy are either glued together if v € S, or
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they both inherit the color ¢, (lifting this from P to P) and the position
ofvin Difv ¢ S.

Alternatively, we can write (4.8) as
1 = 1 =S,
(49) A0 =3 S (TI8e) - D5+ 3> S (] fen)) - DF
s jes i S%i ~  jes
where the second sum is indexed by leaves ¢ of D, and its inner sum is over subsets
S of the set of leaves of D not containing .

Example 4.15. Here are the values of A on the two Jacobi diagrams of Exam-
ple 4.13 using convention (2.8) and notation (3.14):

h <z < yly h<zl|z < y
z < h<h<m\|x\< ylly \
1 1 1
hx
h<h< z|lz<yly h <z <uyly h<zl|z < y

N 1 > 1 1 \
A ECAL

We now compare this new map A with the map §< introduced in Proposition 3.7
(which, let us recall, depends on the choice of an even symplectic expansion 8).

Lemma 4.16. Let n > 0. The homomorphism A is well-defined and Sp(H)-

equivariant. Furthermore, it fits into the following commutative diagram:

B (P®) —E—— Tors, (A5, (H))

T

Torsy (A3, (H) ® Q/Z)

Proof. Let D € B (P(z)) be a Jacobi diagram, and recall that F(D) is given by
the sum (4.5) indexed by subsets S of the set of leaves of D. To compute

§<(E(D)) = 5<(z (H fr(cj)) ‘5_{),
S jes

we need to determine §< (5§) for every S. Since 5§ is connected with degree > 2,

formula (3.16) gives
~ ~g\II
5<(Df_) = Z (Di)l (ch, el
i

where the sum ranges over external vertices ¢ of Ef_ and we use the notations of §3.3:
in particular, ¢; € H is the color of i and we have set ¥(c;) = ¢, ® ¢/ € H®? ® Q/Z
in Sweedler’s notation. Actually, each such vertex ¢ can be of two types:

o [If i is the root of Bf_, then we deduce from (3.6) — which, in Sweedler’s

notation, writes 9¥(¢;) = ¢, @ ¢/ = %ci ® ¢; + [¢;,¢;] — that

~o\II 1~
(D5)! (e, ér) = 5D

(2]
(Indeed, using the symmetry of D and the AS relation twice, we get

(D)1 (é,8) — (D) (@ é4) = 4_} _ 4_}

e G <G e e L Cyp <6y < e



42 QUENTIN FAES, GWENAEL MASSUYEAU, AND MASATOSHI SATO

55

G Gy e e <6 <6 <
- 4_} Q ,
Ve
G <G < e <6 <6 < -

which is zero by “STU-like” and (3.17).)
e If i is not the root of Di, then 7 has a twin j close to it, with the same

color ¢ 1= ¢; = ¢;:
W ;

e < <

thus, we obtain

(Bi)fl(clyc”) + (5_‘?_)]1.[(6/, C//)

e<d<d <e< - e<e<d < <

But, by the STU-like relation, the first term of the above sum is equal to

<c”<

<e<d <c”<

and the symmetry of D implies that the very last term here is

/ /!
<e<d <d < e<e<e <<

Hence, using Lemma 3.4.(c.iii), we obtain

(DS) ( /)_,_(55){1(0/70//)

w%ﬁ/ T\\tj/

—_

N s .
= = — _DY.
T e g
< e < -
We conclude that §<(E(D)) is equal to the right-hand side of (4.8), which shows
that the homomorphism A is well-defined and coincides with §< o E. O

The principal result of this section is presented below:

Theorem 4.17. For n > 0, we have the commutative triangle

(4.10) By (P?)

<
Torsy (Y%HIC) ans Tors, (A5, (H) ® Q/Z).

Y2n+2
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Proof. By Proposition 4.14 and Theorem 3.8, we have the commutative diagram

B (P®) B Torsy (A5, (H))

|

<
Torss (YQnHIC) S Torss (A;;fm (H)®Q/Z).

Y2n+2
Thus, we conclude with Lemma 4.16. [l

It follows from Theorem 4.17 that the restriction of the invariant (5, ,, to the
image of ¥ does not depend on the choices inherent to the construction of the LMO
functor. Here is another direct consequence of Theorem 4.17:

Corollary 4.18. For n > 0, the Sp(H)-module Torsy (Y2n11ZC/Yant2) surjects
onto the Sp(H )-module A(By (p(2))).

Due to the relative complexity of By (P®), it may be challenging to determine
the exact nature of the Sp(H)-module A(Bj (P(2))). However, in Section 5.4, by
foregoing the Sp(H)-action, we will obtain a result that is more manageable than
Corollary 4.18 to estimate the cardinality of Tors, (YQnHIC / Y2n+2).

5. LOOP FILTRATIONS AND THEIR ASSOCIATED GRADED MODULES

In this section, we study loop filtrations on modules of Jacobi diagrams and we
compute the map A of §4.4 on the associated graded modules.

5.1. The loop filtration on A<(H). The loop degree of a Jacobi diagram D is
defined as ¢(D) := —x(D) + 1: for instance, if D is connected, ¢(D) is the first
Betti number of D. The module A<(H) can be endowed with the loop filtration

AS(H) = Lo AS(H) > -+ > L1 A<(H) > LoA<(H) > LLAS(H) > -+

where, for every k > 0, the submodule Ly A<(H) is generated by Jacobi diagrams
of loop degree at least k.
To identify the associated graded Gr™ A<(H) of this loop filtration, we consider
the module
{ allowable Jacobi diagrams }
A(H) = with H -col.o.red e.xternal vertices ’
AS, THX, multilinearity, self-loop, slide
where the relation “slide” asserts the nullity of any Y-diagram showing two vertices
with the same color in H. This module has the bigrading A(H) = A, o(H) defined
by the pair (internal degree, loop degree).

Proposition 5.1. We have a canonical isomorphism Gri AS(H) ~ A, o(H).

Proof. Let r : A(H) — Gr“A<(H) be the homomorphism that maps every Ja-
cobi diagram D of loop degree k to the class of the same Jacobi diagram D< €
Gry AS(H) with an arbitrary order on the external vertices. We claim that 7 is an
isomorphism.

Indeed, let A’(S) be the module defined as in (2.13) but with the “swap” relation
replaced by the “slide” relation (which asserts the nullity of any Y-diagram showing
twice the same color in S). Similarly to [CHIMO08, Lemma 8.4] and Proposition 2.16,
we define an isomorphism

@: A(S) — AS(H), D +— (—1)X(P)D<,
with inverse map given by

sum of all ways of connecting
0 HE) == (—1)XB). some a;-colored vertices of F
to some lower b;-colored vertices & forget the order

for any Jacobi diagram E whose vertices are exclusively colored by S C H. Clearly,
¢ and ! both preserve the loop filtrations, so that the induced map Grt P :
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A'(S) = Gr* A'(S) — Gr A<(H) is an isomorphism. We clearly have Gr” ¢ = r
via the obvious isomorphism between A'(S) and A(H) mapping any Jacobi dia-
gram D to (—1)X(P)D: hence 7 is bijective. O

Besides, recall the isomorphism X : A(H) ® Q — A<(H) ® Q denoted by x in
[HMO09] and defined by

sum of all ways of ordering )
the external vertices of D

(5.1) X(D) = — (

e!

for any Jacobi diagram D with e external vertices. Thus, the filtered vector space
A<(H) ® Q identifies to its associated graded Gr” A<(H) ® Q through X~'.

5.2. Structure of AS ((H) and Ag ;(H). We review here some known results on
the algebraic structure of the tree part AS ((H) and 1-loop part AS;(H) of the
module A¢(H) = AS¢(H).

In order to investigate the module of tree Jacobi diagrams A ,(H), Levine
introduces in [Lev06] the free quasi-Lie algebra £'(H) generated by H (or, more
generally, by an arbitrary free abelian group). He proves that the canonical map
£ (H) — £,(H) is an isomorphism in any odd degree n, and satisfies

00— Lx(H)®Zy — £, (H) — Lop(H) ——0
r® 11— [z, 2]
in any even degree n = 2k. The kernels D,,(H) and D, (H) of the bracketing maps

H®Ly1(H) = Lhpo(H) and HR L), (H) — £, 5(H), respectively, fit into the
commutative triangle

(5.2) no(H) —— Dn(H)

for every n > 1; here, the vertical map is the canonical homomorphism, and 7
assigns to any tree Jacobi diagram 7" the sum

(5.3) n(T) := Z(color of v) ® (Lie bracket defined by T rooted at v)
v
indexed by the external vertices v of T'. Then, Levine proves that the following two
short sequences are exact for k > 1:
0 —— H® L1 (H)®@%Zy — Dy (H) —— Dagp1(H) —— 0

54 h®u®l%n(uYu)

h

(5.5) 0 ——— DYy (H) ——— Doy (H) —— i1 (H) @ Zy —— 0.

nuev—u)——u®l

N[

Furthermore, Conant, Schneiderman and Teichner prove in [CST12] that the map
n: Aj, o(H) — Dy, (H) is an isomorphism for every n > 1: thus, the short exact
sequences (5.4) and (5.5) relate the module of tree Jacobi diagrams to the free
abelian group D(H). In particular, it follows from (5.5) that we have an embedding
(5.6)

34540 (H)

Lev: L1 (H) ® Zo — =
! S0 (H)

510 (H) ©Q/Z, u@ 1 { Ju—u}.
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Remark 5.2. In complete analogy with (5.2) for n := 1, we have the following
commutative diagram:

A5 o(H) —— DY (H);

N*H ~ A o(H) —— Dy(H)

here, the module A(H) is defined like A(H) by omitting the slide relation, and the
isomorphisms 7 are given by the same expression as in (5.2), which also writes as
n (3.4). So, the short exact sequence (5.4) holds in the case k := 0 too [Lev06]. B

We now turn to the submodule A ; (H) of one-loop Jacobi diagrams. Let n > 2
and let D, be the dihedral group (of order 2n) generated by x,y with relations
2™, y?%, (zvy)?. Let (H®”)D2 be the coinvariant quotient of H®™ under the action
defined by !

x(h1®h2®®h’”) = h’rb®h1®"'®hn—1a
Yy (M @ha®---@hy) = (-1)"hyQ@hp_1®---®hy.

According to [NS522a, Prop. 5.1], we have an isomorphism:

h1h2 hn
BT (H®),, — A (H), @by @ @hy — \U .

Observe that (H ®") D,, CaN be viewed as the module of bracelets (also called
turnover necklaces) with n beads colored by H (taking the sign (—1)" during a
turnover): this allows for an explicit description of A5, | (H). Specifically, A5, | (H)
is torsion-free for n even, and there is an isomorphism

hi

(58) H®* ® Lo —> TOI'S.ASk_Ll(H), (h1 Qha®---® hk) X1+ hzﬁ}w
h1 hy

in any odd degree n = 2k — 1. Furthermore, we have

. B B, (29) if n is even,
rk( n,l(H)) - { B, (29) — (29)k if n =2k —1 is odd,

where, for every n > 2 and ¢ > 1, the number of bracelets with n beads on ¢ colors
is denoted by B(c), and can be derived from Pélya’s enumeration formula. (We
refer to [NSS522a, Prop. 5.2] for details.)

5.3. The s-loop filtration. In this subsection, we assume that n > 0 and we
study the behaviour of the map A : B (P®)) — A5 ,(H) ® Q/Z (defined in §1.1)
with respect to the loop filtrations.

The s-loop degree of a beaded rooted Jacobi diagram in B (P?)) is twice its
first Betti number plus the number of s-colored vertices. Then, for any n > 1, we
obtain the s-loop filtration

By (P?) = LoBy (P?) o L1B (P®) 5 LB (PP) o -

To describe the associated graded Gr” BS (P(Q)) = Gl Bs (P(Q)) of the s-loop
filtration, we consider the following module:

beaded rooted connected Jacobi diagrams
Z of internal degree n

i i (2
B, (H(Q); s) : with external vertices colored by H*) U {s}

B AS, THX, multilinearity, self-loop, group, fully-special
with grading B, (H(Q); s) =B (H(Q); s) defined by the s-loop degree.
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Example 5.3. The submodule B ; (H(z); s) is trivial in s-loop degree i > 2, since

both diagrams . .
Y and (;)

h* e

vanish by the fully-special relation. So, the module By (H?); s) decomposes as
Bi(H®;s) = Bio(H®;s) @ By (H®);5)

with respect to the s-loop degree, and we have canonical isomorphisms

H® @ &h(H?) = Bio(HP;s), h@[z,y]— ’ Y '
hx

H(2)®H(2)i)61,1(H(2);5)7 h®y%> SYy.
hx n

Lemma 5.4. We have a canonical isomorphism GrOL B (P(Q)) ~ Bnﬁo(H(Q); s).

Proof. Let r : Bnﬁo(H(z);s) — Grk B (P(Q)) be the homomorphism that maps
every Jacobi diagram D € B, (H(Q); s) to the class of the same Jacobi diagram
D< e Grﬁ B (P(2)) with an arbitrary order on the leaves and an arbitrary choice of
lift to P® for every H®-colored vertex. It is easily checked that r is well-defined,
and we claim it to be an isomorphism.

To prove this claim, we introduce the module

beaded rooted connected Jacobi diagrams
Zs { with external vertices colored by S U {s} }
< L and with totally-ordered leaves
BE(SU{sh) = AS, THX, self-loop, BSTU-like, group, fully-special -

The module B(S U {s}) is defined in a similar way, but without requiring an order
on leaves (and with no BSTU-like relation). It follows from (2.7) that the Za-vector
space P has the basis ¢(S) U {s}. Therefore, we can identify B<(S U {s}) and
B, (SU{s}) to B (P®) and B, (H®;s), respectively.

We now proceed in a way similar to [CHMO08, Lemma 8.4] and Proposition 2.16.
Let ¢ : B,(SU{s}) = Bs(SU{s}) be the homomorphism assigning to any dia-
gram D the same diagram D< where the leaves are ordered so that all the leaves
colored by {ai,...,a,} are lower than the leaves colored by {b1,...,b,}, and all
s-colored leaves are given an arbitrary position. Furthermore, we define a homo-
morphism p : BS(SU{s}) — B,(SU{s}) by assigning to any diagram F the linear
combination

(E) = (sum of all ways of connecting some a;-colored leaves of E)
P to some lower b;-colored leaves, inserting 0 or 1 bead & forget the order.

Clearly, p o ¢ is the identity of B, (S U {s}), and ¢ is surjective as a consequence
of “BSTU-like”: hence ¢ is an isomorphism with inverse p. Since both of them
preserve the s-loop filtrations, the induced map

Grf ¢ : B,(SU{s}) = Gr' B,(SU{s}) — Gr* B (S U {s})

is an isomorphism. Via the above-mentioned identifications, Gr’ ¢ corresponds to
the map r, which proves our claim. O

5.4. The map GrZA. In this subsection, we consider the map GrA induced by
the homomorphism A on the graded modules associated to the loop filtrations.

Proposition 5.5. Let n > 0. The map A : By (P®) — A3, (H) ® Q/Z sends
the s-loop filtration to the loop filtration, and the induced map at the graded level

Gry B (P@) S8, Grb 455, (H) © Q/2

Bk (H(Q)? 8) A, ok (H) @ Q/Z
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maps any diagram D € By, ;,(H®; s) to half the diagram 5:1+ € A5, 01 (H) ®Q/Z.
Here, 5i+ 18 built from the 2-fold cover D of D by, first, gluing the twin vertices
arising from s-colored leaves and, second, by gluing its twin root vertices to the “top”

external vertices of an H-diagram (assigning to the “bottom” external vertices of
the latter the color of the root of D).

Example 5.6. Using Proposition 5.5 and Example 5.3, we see that GrlA is de-
termined in degree n = 1 by the following values:

x y 1 s Y 1
arfa)( )=5 Gria)( )=5
@)Y ) =3 Cet (Y ) =5
hx hx
h h h h

(Recall that we are using the convention (2.8), so that x,y, h € H on the right-hand
sides of the above identities denote arbitrary lifts of a,y,h € H®).)

Moreover, to further illustrate Proposition 5.5, we present an example of the
computation of GrA in degree n = 3:

T% .

Proof of Proposition 5.5. Let D be a generator of B (P(Q)) with s-loop degree k.
Denote the first Betti number of D by b, and let Vi be the set of external s-colored
vertices of D. Then, Vs has cardinality & — 2b and we can assume that it does
not contain the root (since, otherwise, D would vanish in B (P(Q)) by the “fully-
special” relation).

The formula (4.9) for A(D) is given as a sum of two terms: say, A;(D) and
Ag(D). The first sum A;(D) is indexed by the subsets S of the set of leaves
of D. If S does not contain Vj, then its contribution to A;(D) is trivial since
lN)j‘i+ =0 € A5, (H) ® Q/Z by the fact that p.(s) = 0. If S strictly contains Vj,
then we have

UDS,) = —x(DS)+1 = —(2x(D)—1-18]) +1
= —(201-b)—1—-18])+1 = 20+ S| > k.

If we now have S = V;, then the contribution of S to Ay(D) is %Eir = %ELF

Thus, to conclude the proof, it remains to justify that Ay (D) is in the loop-filtration
module Ly, 11 of A5 ,(H) ® Q/Z.

Indeed, the second sum Ay (D) is indexed by leaves i of D, and subsets S of the
set of leaves of D not containing i. If S does not contain Vj, then its contribution
to Ag(D) is trivial since Di’i =0 € A5, (H) ® Q/Z. If S contains V;, then a
computation of Euler characteristics as above gives

(DY) =26+ 18| +1> 2+ [S| > k;
so, the contribution of S to Ay(D) in this case belongs to Ly41.A5,S o (H)®Q/Z. O

Remark 5.7. By the same arguments as in the proof of Proposition 5.5, we obtain
that E : B (P®) — A5, (H) is filtration-preserving. So, for every k > 0, it
induces a homomorphism GrrE : Bk (H(Q); s) — A5, 11 (H) with an explicit and
simple formula. For instance, the resulting homomorphism

Gr"E:H® £, (H) ® Zy = By o(H®;s) — A5, 1 o(H) ~ Db, 4 (H)
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at k := 0 factorizes to H ® £,,41(H) ® Zz, and we recover the injection in Levine’s
short exact sequence (5.4). Thus, the map E can be viewed as a far-reaching
generalization of Levine’s construction. |

Forgetting the Sp(H)-structure, we now obtain a lower bound on the size of the
2-torsion subgroup of Y2,11ZC/Y2p12.
Y2n+1IC

Tors, (
2n+2

Proposition 5.8. Forn > 0, we have

)‘ > [(Grh ) (B, (H®: )|

Proof. We endow Torsy (Y2,41ZC/Y2n12) with the pull-back by (5,5 of the loop
filtration on A2n+2( ) ® Q/Z. Since A is filtration-preserving (Proposition 5.5)
and satisfies A = (5, 0 ¥ (Theorem 4.17), the map ¥ is filtration-preserving too,
and we get the identity

Gr*A = (Gr" ¢ 4y) 0 (G 0)

at the graded level. The claimed inequality follows from that. [l
Next, the lower bound in Proposition 5.8 can be expressed more explicitly as
Yon1+1ZC
Torss ( 2ntl ) Ztk ,  where tg(n):= ’(GrLA)(B (H(Q); s))]-
Yv2n+2

k>0

In the remainder of this subsection, we determine the quantities to(n) and t1(n).
Proposition 5.9. Forn > 0, we have to(n) = 24m Snr2(H),

Recall that the graded dimension of the free Lie algebra £(H) is known by a classical
formula of Witt:

dim £ (H Zu k/d for k> 1,
d\k:

where p: N* — {—1,0,41} is Mobius’ function.

Proof of Proposztzon 5.9. We identify H ® £;, ,, (H) ® Zy with B, O(H(Q)' s) by the
map (h ® u — h|*). By Proposition 5.5, (Gr"A) : B o(H®);s) — A3, ., o(H) ®
Q/Z is given by the formula

(GrLA)(h®u):% >_< .
h h

Hence, it factorizes by Levine’s embedding (5.6) of £,,42(H) ® Zy. Therefore, we
obtain tg(n) = |Lev(L€ny2(H) ® Zs)|. O

Proposition 5.10. For n > 0, we have

tl (n) =

where r = r(n) € N is such that n + 1 = 2¢(2r + 1) for some £ € N.

\/5(29)"“-|r(2g)’"+1

)

Let m > 1. To prove Proposition 5.10, we shall consider the submodules
Agy 1 (H) and Ay, (H)” of AS,,, (H) that are generated by the symmetric dia-
grams

G AA1
Am
O(ala'~-aa/m7a‘m+17am7'"7a2) = .
as :
air as
and
Am Gm
O(a1,a2,...,QmyQmy ..., Q2,01) == ¢ R
a2 az

a; ai
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respectively. Let also
oma (H) o= Ag  (H) + A3, 3 (H)".

Recall from the proof of [NS522a, Prop. 5.2] that the rank of A3 |(H) can be
computed as follows:

(5.9)  tk ASS (H) = 2Bsy(29) — Nowm(29)
1 . (29)™+1 | (29)™
om > Fix(r) 5 T3
rE€D4am \Zom

Here, for n > 2 and ¢ > 1, the number of bracelets (respectively, necklaces) with n
beads on ¢ colors is denoted by By, (¢) (respectively, by N,,(¢)), and the first identity
follows by estimating the number of symmetric bracelets in terms of symmetric and
non-symmetric necklaces; the second identity is obtained by comparing Pdélya’s
enumeration formula for the cyclic group Zo,, acting on the set of (2g)-letter words
of length 2m, with the corresponding formula for the dihedral group Dy, acting
on the same set; the third identity is easily checked by determining the number of
fixed points Fix(r) of any reflection r € Dy, \ Zop, .
We shall refine (5.9) as follows.

Lemma 5.11. Decompose m = 2°(2r + 1) with £,7 € N. Then
rk Ay (H) = (29124 (29) /2,
e AS () = (202 + (2072

Proof. We shall use a few notions that have been introduced in [N5522b, §5]. Recall
that a necklace with arrow is a symmetric necklace (with 2m beads) colored by the
(2g)-element set S = {a;,b; | i = 1,...,¢9}, and endowed with an oriented axis
showing its symmetry (the arrow). The set N of necklaces with arrows splits into
two disjoint subsets N’ and N”, according to the type of the arrow: either the arrow
connects a bead to a bead, or it connects the midpoint of an arc to the midpoint
of an arc. Every element = € N has an exponent of periodicity e(x) € N, which is
defined as follows: the necklace with arrow obtained from z by rotating its arrow
through the angle 7/2* coincides with = for k = 0,1,...,e(z)—1, but it differs from
z for k = e(z) and is then denoted by t(z) € N. According to [NS522h, Lemma
5.4], ¢ is an involution of N (without fixed point). We denote by p: N — N /i the
canonical projection.

Let Nk be the subset of N that consists of necklaces with arrows having exponent
of periodicity at least k; observe that e(x) < ¢+ 1 for all z € N. Hence we have a
filtration

N=NyDN;D--DN;DNp1 D Nppo =2,

which restricts to filtrations of N’ and N”. The involution ¢ preserves each stratum
]\7]’C \Né+1 (resp., ]V,’C’ \ N,’C’H) of N’ (resp., N") for every k = 0,...,¢. However,
we have L(Né_H) = Nég_l. Clearly, we have |[N'| = (2¢)™*! and |N"| = (2¢9)™.

Moreover, we have \ﬁé+1| = |]\7£f’+1| = (2g)""!. Therefore, we have
7 1 m r r 1 m r
(NI = 5((29)™" = (29)""1) + (29) = 5((29)" " + (29)"),
\7 1 m r r 1 m r
(N = (29" = (29)™) + (29)"" = 5 (29)™ + (29)").

Besides, as observed in [NS522D, §5], the canonical map Z - (N /i) — Agy 1 (H) s
an isomorphism: indeed, it is obviously surjective onto a torsion-free abelian group,
and we have

rk ASS (H) ) [N j2 4 |N7|/2 = |N| /2 = | N /4.

Hence, the restriction of this map to Z 'p(]\_f’) is an isomorphism onto Ag;‘;)l(H)/,

from which we deduce the rank of A3 (H)'. Similarly, we obtain the rank of
om,1 (H)". .
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Proof of Proposition 5.10. The module H® ® (H(2))®n can be identified with
By 1 (H(Q); s) through the isomorphism

S
Un -
U ® (U1 ® - @up) —> .
ug*

We also identify A§n+2,1(H) with (H®(2n+2))D4 B
5.5, the map (GrPA) : Bml(H(Q); s) = AS, 01 (H) ® Q/Z is given by

by (5.7). Then, by Proposition

1
(GrLA)(u0®(u1®~--®un)):§{u0®u1®~-~®un®un®---®u1®uo}.

It follows that (GrXA) (Bn’l (H(Q); 8)) coincides with the image of Ag;f%l (H)'®Zo
in AS, 5, (H)®Q/Z. We conclude thanks to Lemma 5.11. O

By combining Proposition 5.9 with Proposition 5.10, we derive a lower bound
on the size of Tors, (Y2n+1IC / Y2n+2). It would be interesting, though considerably
more challenging, to refine this bound by explicitly computing t(n) for every k > 2.

6. THE MOD 1 REDUCTION OF THE SYMMETRIZED LMO HOMOMORPHISM

In this section, we consider the symmetrized version of the LMO homomorphism
introduced in [FIM09]: we analyze its “modulo 1 reduction” and prove some con-
gruence relations for its values.

6.1. The symmetrized LMO homomorphism Z. The symmetrized version of
the LMO homomorphism is defined in [HIM09] as

Z:=X10Z<:1IC — A(H)®Q,

where X : A(H) ® Q — A<(H) ® Q is the isomorphism defined by (5.1). Thus,
according to Proposition 5.1, the passage from Z< to Z consists in replacing the
target A<(H) ® Q of the latter by its associated graded with respect to the loop
filtration. _

Equivalently, we have Z = k o ZY where k is the isomorphism defined in terms
of the basis S = {a1,...,a4,b1...,b4} of H by

(6.1) k(D)= (—1)x() . (sum of all ways of (x1/2)-gluing some ai—colored)

vertices of D to some b;-colored vertices of D

for every Jacobi diagram D. Indeed, we have the commutative diagram

AS)®Q £ A<(H)®Q
(6.2) :TX

~

" AH)®Q
where @ denotes the rational version of the map ¢ from Proposition 2.16.

Remark 6.1. Recall from [[H)M09, §3.1] that A(H) ®Q has an Sp(H@)-equivariant
associative product * which corresponds to the multiplication (2.15) through .
Hence, Z : (ZC,0) — (A(H) ® Q,*) is a monoid map. |

While the version Z< of the LMO homomorphism is suitable to the study of
its variations under clasper surgery (see §3), this version Z is more convenient
for comparison with some classical invariants. In particular, the (leading terms
of the) tree reduction and one-loop reduction of Z have the following topological
interpretations:
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e Recall from §5.2 that Dy(H) is defined as the kernel of the bracketing
homomorphism H ® £i41(H) — L442(H) in the free Lie algebra £(H).
Let also ZC[k] be the submonoid of ZC acting trivially on the k-th nilpotent
quotient 7/T'y417 of 7; moreover, let

(6.3) T : ZClk] — Dy(H)

be the k-th Johnson homomorphism, encoding the action on the (k + 1)-st
nilpotent quotient 7/Txyom of m. It follows from [CHMOS8, Th. 8.19] that
the following diagram is commutative:

Zk

(6.4) IC[k] A(H)®Q

| |

Dy (H) —— Di(H) @ Q +—— A o (H) ® Q.

Since Dy (H) is torsion-free, we can also view the k-th Johnson homomor-
phism as a map 74, : ZC[k] — A ((H) ® Q: thus, (6.4) says that the map
Zy,0 + ICk] — Aj, o (H)®Q coincides with 74. In particular, when restricted
to the submonoid Y3 ZC of ZC[k], (6.1) shows that Zy o : Y,ZC — “Af o(H)”
(which coincides with the reduction of Z; : Y,ZC — “A;°(H)” modulo
“L1AD°(H)) is the same as 73, @ Y, ZC — © fo(H).

—

e Let Q[n] be the I-adic completion of the group algebra Q[r], and let

& : IC — K1(Qlx]) be the non-commutative version of the Reidemeister—
Turaev torsion that is introduced in [NSS23]. It is shown there that the

composition d&<y_1 of & with the canonical map K; (@[;]) — K, (@[\ﬂ]/:ﬂ“)
vanishes on Y;,ZC; hence we have a homomorphism

YiZC =5 Ker (K (Qlal/TH) — K (Qll/T¥) ) = (H), 0 @

(673

Let also py : (H®k)zk ® Q — Aj (H) ® Q be the canonical projection
k k
(H%),, ©Q — (H®Y),,
According to [NSS23, Th. 1.3], the following diagram is commutative:

L ©® Q composed with the isomorphism (5.7).

(6.5) YiIC — 225 5 AS(H)® Q

L

(H®k)Zk ®@ o AICC,I(H) ®Q
6.2. The modulo 1 reduction ¢ of Z. We consider now the following reduction
of the symmetrized LMO homomorphism:

A(H)®Q
R(H)

1€ —2— A(H) © Q where R(H) := X1 ( “A<(H)")

Note that ¢ corresponds to the mod 1 reduction (< of Z< (defined in §3.1) via an
isomorphism induced by X. Thus, with an abuse of terminology, we shall call  the
modulo 1 reduction of Z.

Remark 6.2. It follows from the definition that, for any & > 1, we have
(6.6) Ri(H) = k(“Ar(S)") = Z (FRZ[ZC)).

But, we emphasize that this lattice of the Q-vector space Ax(H) ® Q does not
coincide with “Ag(H)”. Thus, the target of ¢ is not the same as A(H) ® Q/Z. R
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The lattice R(H) can be described by generators as follows. Let A(H) be the
module defined as A<(H) in §2.4, but with the STU-like relation removed. We

consider the endomorphism w of A(H) ® Q defined by

sum of all ways of w-contracting >
an ordered pair of external vertices in D

(6.7) w(D) := (

on every Jacobi diagram D. For instance, we have

(NN = ete) (O e (O wlins) (O =l (O

rY<z<t r < t r < z

There is the projection f: A(H) ® Q — A(H) ® Q that forgets the total order on

vertices, and the projection m : A(H) ® Q — A<(H) ® Q that takes the quotient
modulo “STU-like”. It is shown in [HHM09, Prop. 3.1] that X ~tom = foexp,(w/2).
Thus, we immediately obtain the following;:

Lemma 6.3. The module Ry(H) is generated in Ap(H)® Q by the Q-linear com-

binations
(D) | w(w(D)) )

f(expo(w/Q)(D))Zf(D+w2 TRISE) N

where D € “;lv;c(H)” ranges over a system of generators for “As(H)

”

under m.

Example 6.4. In degree k := 2, the module Ry (H) is generated by

1
-1 _ /N A 2 _
X (&) =/N TN —|—4(w(a,b)w(c,d) w(a,c)w(b,d))e
et Oy _wloo)
2 ¢ d 2 b d
+ w((;, 9) af(}\b — w(bQ, 9) af()\c (for all a,b,ce,de H). N
The lattice R(H) can also be described by defining relations. To state this
description, we consider the symmetric bilinear pairing (—, —) : H x H — Z given

in terms of the basis S by (a;,a;) = (b;,b;) = 0 and (a,;,b;) = J;;. Let ¢ be the
endomorphism of A(H) ® Q transforming any Jacobi diagram D to

(6.8) (D) = (

For instance, we have

sum of all ways of ((—, —)/2)-contracting )
an unordered pair of external vertices in D /°

T t

() =m0 Oy +5i0 Oy ~ 500 Oy ~ 5000 (O

z x t Y t x z
Note that the map c increases the loop degree by one.

Lemma 6.5. An z € Ax(H) ® Q, which is decomposed as x = 3 o,y xr with
zr € Agr(H) ® Q, belongs to the lattice Ry (H) if, and only if, it satisfies
(69) $(1,k)+i = Z(—l)jJrl . C[j] ($(1,k)+i,j) mod “.Ak7(17k:)+i(H)”

j=1
for every i > 0. (Here clil = ¢7 /5! denotes the j-th divided power of c.)

Remark 6.6. It follows from Lemma 6.5 that the loop-degree r part x, of any
x € Ry (H) necessarily belongs to (1/2") “Ay .(H)”. [ |
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Example 6.7. Lemma 6.5 specializes as follows for k := 2. Recall that A§(H) is
torsion-free, so that AS(H) = “AS(H)”. Then, an x = z¢g + 1 + 22 € A5(H) @ Q
belongs to Ro(H) if, and only if, we have

20 =0 mod A$§ ,(H),
x1 = c(zg) mod A$ ; (H),
x2 = c(x1) — *(20)/2  mod A ,(H). -

Proof of Lemma 6.5. According to (6.6), we are asked to identify x(“Ax(S)”) as a
lattice in A (H) ® Q. We start by observing that, by the definition (6.1), we have

(6.10) k= (—1)X7) exp(e) o

where we denote by ¢ : A(S) ® Q — A(H) ® Q the obvious isomorphism defined by
the basis S of H.
Let v =3 o ;o in Ay (H) ® Q satisfying (6.9). Set & :=3_ o, ; &, with

i

Bl pgi =00 (Z(fl)jwﬁicm (xl_k+i_j)), for every i > 0.
§=0

The condition (6.9) on x implies that Z € “A;(S)”. Moreover, we have

[ 7 s

Z(_l)s+kc[i75] ((F1—prs)) = ZC[FS] (Z(_l)jc[j] (ﬂﬂl—k+s—j))
s=0 s=0 7=0
7’—’_] i+j—s
N P )
s=| 0] 0 J
: 1\ .
LR ()
t=0 j7=0
= Z(il)uft (:’)C[ ](931 ki u)
t=0 u=t
% u |
— et )
et t:O( ) (U*t)'t'c (.’1,‘1 k+1 u)
=3 (=114 (1) e (@1 kpiou) = T1pps-

u=0

Using (6.10), we deduce that x(Z) = x: therefore, 2 belongs to x(“Ak(S)”).
Conversely, let & € Ay (S) and set @ := #(Z). Decompose & = 3 -, ; @ and
T = ZTZPk x, with respect to the loop degree. For every ¢ > 0, (6.10) implies
i

(=D 21 g = Y (=1 (@ gy)

s=0
or, equivalently,
i—1
(— l)k“ (T1—kti) = T1—kpi — Z(—l)k—ksc[%s}b(jkkﬂ)'
s=0

Then, by performing an induction on ¢ > 0 with computations analogous to those
in the preceding paragraph, we obtain that

(— 1)’“rz (T1-kti) = Z(*l)j ‘C[j](xlkarifj)'

7=0

Since the left-hand side of this identity is in “A(H)”, = satisfies (6.9). O
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6.3. Trace homomorphisms. We present an alternative formulation (in Proposi-
tion 6.12 below) of the characterization of Ry (H) in Ay (H)®Q given in Lemma 6.5.
Since this will suffice for our subsequent applications, we restrict our attention to
connected Jacobi diagrams. Our tool is a sequence of “trace” homomorphisms

T P (H) — “Af, oy (H) 27 “AG L (H)

indexed by integers r > 0. The source of Tr" is the submodule
Py (H) € @D <AL (H)
j=0

of “Af(H)” defined inductively by Py (H) := “Af o(H)” and
r+1 T « ”
PO H) =PV (H) xoag |y 62,00 “Af i (H)

where the fibered product is taken over Tr") and the mod 27! reduction. Then, for
any y = i _oYj € P,gr)(H), we define Tr(") P,gr) (H) = “A§ 1 (H)” @Zgr1 by

(6.11) Tr(y) = { S (1) (200 <yr_j>}.

§=0
In a more explicit way, we can equivalently set
T
i f all ways of (—, —)-contracting
T (y) == —1)) ( N ’ :
T ) Z( ) (j + 1) pairs of external vertices of y,_;
7=0

The map Tr := Tr(® on “AL O (H)” = P,go)(H) is easily computed as follows. It
coincides with the “symmetric trace” Tr® considered in [Fac23] in degree k := 2.
Lemma 6.8. The map Tr: “Af ,(H)" — “Af | (H)"” ®Zz is given by
(6.12) Tr(f(9) = { fw(@)}
forally € “,Zlvi,,O(H)”, where the homomorphism w is defined by (6.7) and the map f
forgets the order of vertices. So, the homomorphism Tr is Sp(H)-equivariant.

Proof. The Sp(H )-equivariance is obvious from (6.12), and (6.12) follows from the
fact that (u,v) = w(u,v) mod 2 for all u,v € H. O

Remark 6.9. The Sp(H )-isomorphism types of the source and target of Tr are
deduced from §5.2:
e If k is even, then both Af ((H) and A ;(H) are torsion-free; so, Tr is in
degree k a homomorphism D (H) — (H®")p,, ® Zs.
e If K = 2n — 1 is odd, then both Aj ((H) and Aj ,(H) have 2-torsion,
as described in (5.4) and (5.8); so, Tr is in degree k a homomorphism
Di(H) = ((H®)p,, ©7Z5)/(H®" @ ). n

Lemma 6.8 admits the following generalization to arbitrary loop degree r > 0,
yielding an intrinsic formulation of the homomorphism T,

Lemma 6.10. The map Tr") : ’P,ET) (H) = “A§ .1 (H)” @Zgr+1 is given by

k,r+1
) r LA wri—t
6.13 T (Y ) = (%
(6.13) 0 (Sw) = 7 22 G )
where Zg € 44'%70(H)77} Z € “ﬁv,CCyl(H)”, s, 2 € “/T,CW(H)” are chosen recursively

so that we have
[ ] wi_j _ .
(6.14) yi=f ;2] m(zj) € A (H),
foralli € {0,1,...,r}. Consequently, the homomorphism T s Sp(H)-equivariant
(and it is independent of the choice S of a basis of H ).
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Example 6.11. Setting Tt := Tr) and Pj(H) = ,gl)(H), we deduce from
Lemma (.10 that the map Tv" : P(H) — “Af ,(H)” ®Z4 is given by

(6.15) T (f(§+w(@) +22)) == {f(w*(7)/2 + 2w(Z)) }

for any ¢ € “.Z;g,o(H)” and % € “.Zk,l(H)”. |

Proof of Lemma 6.10. We shall prove formula (6.13) by an induction on r > 0, the
case r = 0 being provided by Lemma 6.8.

To prove the induction step, we consider an arbitrary y = Z::o Y € ”P,Er)(H ).
Thus, 27—, ; belongs to P,ir_l) (H) and Te"~Y (32777 y;) is the class of y, modulo
2" “Ag .(H)”. By the induction hypothesis, we chose z; € © Nz’i(H)” satisfying
(6.14) for every i € {0,...,r — 1}. Besides, by the induction hypothesis on (6.13),

we have .
i wr—i g — T« gC »”

i=0
so that we can find a z,. € “Af (H)" satisfying

v=1 (Z e (2)) Lo,

=0
Then, choosing any lift z,. € “ZE’T(H)” of z,., we obtain (6.14) for all i € {0,...,r}.

In order to prove (6.13) for y =>""_y; € P,gr)(H), we now compute

) (y) L) {i(l)f‘@c)“*” <yr_j>}

§=0
_ S (HE iz
- 2.V Gy (%))}

Here we use the endomorphism ¢ of A(H) ® Q that is defined similarly to ¢ by

é(D) = (

note that we have foé = co f. Since w and ¢ commute, we next obtain

Tr(T) (y) — {f ﬁ i(fl)j <7‘ ;‘—]i; I Z> (26)j+1w7‘7i7j (51) }

i=0 j=0

_ {f (g (r<}»2111)' (wr—i-l—i —(w— 26)7.+1—i)(gi)> }

Setting 0(z) := w(x)/2 — é(x) € “Ap (H)” for every = € “.lek(H)”, we obtain

() (y) = {f (Z ﬁ (wrﬂ—i _ (25)r+1—z‘> (gﬁ) }

i=0
Similarly to ¢ and w, the operation § on Jacobi diagrams consists in taking the sum
of all ways of contracting an ordered pair of vertices with a given bilinear form,
namely the form (w(—,—) — (—, —))/2. Since this bilinear form takes values in Z,
we observe that

b

sum of all ways of ((—, —)/2)-contracting )
an ordered pair of external vertices in D

5r+1—1’ . —
m(m € “AL(H),

and we conclude that

T - i wr+1—i g w gcC 9

T (y) = {f(ZQ (7"4'1—1')!%)) } € “Aj 1 (H)” ®Zgrsa.
i=0

Finally, we verify the Sp(H )-equivariance of Tr(™ by considering an u € Sp(H)
actingony =>" y; € Plgr)(H). Choose some Zy, . . ., 2, satisfying (6.14). Letting
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yh = u-y; and Z] := u-z;, we deduce from the Sp(H )-invariance of w that zj, ...,z
satisfy (6.14) with respect to v, ...,y.. Hence, by the formula (6.13), we get

T ) wr—i—l—i o
T (u-y) = {f (Z 21(7"—1—1—1')!(%)) }

=0

u- g W z = - Tr™
{f (;2 (r+1_i)!(z)>} = u-Tr"(y). o

We now reformulate (in the connected case) the characterization of Ry (H) in
Ak (H) ® Q given by Lemma 6.5.

Proposition 6.12. An z € A{(H)® Q, which is decomposed as x = Ejzo xj with
z; € Af ;(H) ® Q, belongs to the lattice Rx(H) if, and only if, we have

Z2jxj € Pkr) (H) for every r > 0.
j=0

Proof. By Lemma 6.5, an x = > ;5 q2; € Az (H) ® Q belongs to Ry(H) if, and
only if, we have
T = Z(—l)j+1 il (z;_;)  mod “Ay(H)” for every i >0
j=1

or, equivalently,

i—1

2y, = Z(fl)j - (2¢)+ (2i71*jmi_1_j) mod 2° “Ay;(H)” for every i > 0.

j=0
Note that, whenever Z;;E 27 j belongs to P,gi_l)(H ), the right-hand side of the
above congruence is exactly Tr(z_l)(zz;t 2Jx;): so, this congruence is equivalent
to the condition Z;:O 2z; € P,ii) (H). Thus, the proposition is proved by an
induction on r > 0. [l

6.4. Congruence relations. Assume that k£ > 2. The description of Ry (H) given
by Proposition 6.12 implies some congruence relations between the loop-degree
pieces Zy, , of the symmetrized LMO homomorphism.

Proposition 6.13. For every r > 0, we have a surjective homomorphism
T

. Y, ZIC "
6.16 @232, i — P, (H
( ) k.j Yk+1 k ( )

=0

which, for r > 1, decomposes into the following diagram of Sp(H)-modules:

27‘Z ” 49 C b
YiIC/Yis1 = i (H)
(617) @;;012-72&]}/ l mod 2"
r—1 p(r=1) « Ac 9 r o« pC )
PYTO(H) — B SAG (H) 2 “AL(H)

Proof. Let M € Y, ZC. Then, the element x := Z,(M) € A§(H) ® Q satisfies
r=X"1Z5(M) e XH“AS(H)") = R(H).

Hence, by Proposition 6.12, the sum Z;:o ijj belongs to P,gr)(H): this proves

that the homomorphism (6.16) is well-defined. To prove its surjectivity, let y =

Z;:o y; € P,gr)(H ): we can find by induction some elements

Yot € A5, (H),  yris € “Afo(H)", etc ...

such that Ej‘:o y; belongs to P,gs)(H) for every s > 0. It follows, by Proposi-
tion 6.12, that 2 := Y75 ,y;/2’ € A7 (H) ® Q belongs to Ri(H). Recall that, as
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a consequence of (3.1), the homomorphism Z;° : Y,ZC — “A;°(H)” is surjective.
Thus, there exists an N € Y, ZC such that Z;(N) = z. In particular, we get

(@szk’j>(N) = ZQij =Y.
j=0 j=0

The well-definedness of the map (6.16) at the next level (r+1) gives the commu-
tativity of the diagram (6.17). Since Z< is Sp(H)-equivariant at the graded level,
sois Z = X~1Z<. Hence, the top arrow and the left arrow in (6.17) are Sp(H)-
equivariant. The Sp(H )-equivariance of Te( =Y g given by Lemma 6.10. U

It is interesting to specialize Proposition 6.13 to the loop-degree cases r := 1 and
r := 2, for which we know topological interpretations of Zj ,_i.

Corollary 6.14. We have the following diagram of Sp(H )-modules:

YiZC/ Vi ARl “AS | (H)”
(618) TkJ, J{ mod 2
“AE)O(H)” 'I‘r LﬁAz,l(H)77 /2 LﬁAz,l(H)77 A

Therefore, the map Tr vanishes on 1i(TxZ).
Proof. The diagram (6.18) is the specialization of (6.17) at r := 1, since we have
Zro=T, and 27;1 = —pyoq

by (6.4) and (6.5), respectively. The second statement follows from the commuta-
tivity of (6.18), and the fact that &(Z) is contained in the natural image of H in

K1(Q[x]), as explained in [NS523, Remark 3.2]. O
Example 6.15. In degree k := 2, Corollary 6.14 says that
Tr(ro(M)) = (a(M) mod 2) € A5, (H) ® Zs

for every M € Y,ZIC. Here a(M) € S*(H) ~ A3, (H) is the quadratic part of the
relative Alexander polynomial considered in [MM13], which is &y = p4 o G in the
present notations. (See [FMS26, Th. 4.7] in this connection.) |

Corollary 6.16. We have the following diagram of Sp(H)-modules:

47y 2

YiZC/Yiss <AL (H)
(6.19) (le—p-f—dk)l mod 4
Tr' “« pc ” “ Ac ”
PL(H) —————— “A{o(H)" [4%AL ,(H)”.
Proof. The diagram (6.19) is the specialization of (6.17) at r:= 2. O

Example 6.17. In degree k := 2, Corollary 6.16 says that
(44" (M) mod 4) - & = T (ra2(M), —a(M)) € A5 ,(H) © Zs

for every M € Y5ZC. Here d”"(M) € (1/4)Z is the invariant defined in [MM13] as
the coefficient of the theta graph in Z; o(M): it is an alternative to Morita’s “core
of the Casson invariant”. (See also [FMS26, Th. 4.7] in this connection.) [ |

However, it should be recalled that there are currently no known topological
interpretations of the loop-degree r part Zj , for r > 2.
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6.5. Back to the modulo 1 reduction of Z<. We now focus on the module
YiZC/Yi+1 in odd degree k = 2n + 1 (with n > 0). To simplify our notation, its
2-torsion module is denoted by
Yo, 1T
T 1= Torsy (120026,
}/2n+2

We endow T with the filtration

(6.20) T =LoT DLiTDLTDLsT D+
that is the pull- back by (oo of the loop filtration on A3, ,(H) ® Q/Z, which has
been defined in §5.1. Thus, for every r > 0, we obtain an injective map

(621) GI‘ C2n+2 GI‘ T — GI‘ A2n+2( ) by Q/Z = A§n+2,r(H) ® Q/Z

The next two propositions compute (6.21) in terms of the loop-degree pieces of the
symmetrized LMO homomorphism.

We start with the case r := 0, which deserves a special treatment. Indeed, the
corresponding homomorphism on 7 = L7 appears in [CST16] for the study of
homology cylinders up to homology cobordisms.

Proposition 6.18. There is a group homomorphism
Ronso : Torsy(Yan1ZC/ Yani2) — Laya(H?), {M} — {man42(M)},

whose target is identified to Doy 4o (H) /DY, o (H) via the short exact sequence (5.5).
Furthermore, we have the following commutative diagram of Sp(H)-modules:

Ran
(6.22) Torsy (Yo 11ZC/ Yapi2) — s Ly yo (H®)

42 n+2l ‘/Lev

L0A2n+2 (H)®Q/Z .
LiAS S ,(H) @Q/Z = Sni0(H) ®Q/Z

Proof. Let {M} € Torsy(Y2,11ZC/Yan o). Since M? is Y, o-equivalent to the
unit cylinder U, we have

1
(6.23) Tont1(M) = §Tzn+1(M2) =0€ A3, 110(H)®Q

and we are allowed to consider 7o,42(M). Furthermore, for any M’ in the Y2, 1o-
equivalence class of M, there exists an N € Y3,,9ZC such that M’ is Y3, 3-
equivalent to M N: hence

Tont2(M') = Tony2(MN) = Topio(M) + Toni2(N) = Ton2(M) mod D, o(H).

This proves the well-definedness of the map Ropo.

We now prove the commutativity of (6.22). Observe that Z(M?) = Z(M)xZ (M)
by Remark 6.1; since Z (M) starts in degree 2n + 1 (with Z; (M) = 0 in any case),
we deduce that

1
(624) ZZn+2,i(M) = *Zgn+277;(M2) for every ) Z 0.
Thanks to (6.24) for i := 0, we conclude by applying (6.4) to M?2. O

For the sequel, it is convenient to set R2n 12 = LevoRy, o, viewing this homo-
morphism

2_1v4§n+2,0(H)

0
Rén)Jrz : LoT — 5 i O(H)

as the initial stage of the following sequence.

Proposition 6.19. For every r > 0, there is a homomorphism
2T ! “A2n+2 r( )”
or “A2n+2 7«( )aa

Rg72+2 (LT —
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with kernel Ly11T , which is defined by the formula

RO ,({M}) == —TY (Zopyoo(M),..., 2" Zopior 1 (M))
(6.25) +{2" Zap 2, (M)},
Furthermore, it fits into the following commutative diagram of Sp(H )-modules:
R(':l) 9r—= 1 “ Ac »”
(626) LrT 2n+2 2n+2, 7‘( )

g

2« §n+2,T(H)”
csml ‘

Ly A5 o(H) @ Q/Z .
L1 Ao (H)®QJZ - = Snto,r(H) ®Q/Z

Proof. We start by proving, thanks to an induction on r > 0, that the map
Ré:z)w is well-defined with values in the module “AS, ., (H)"/2" “AS, ., ,.(H)".
Let M € Y5,+1ZC whose Ya,,1o-class {M} belongs to L, T: we have to verify that
the quantity (6.25) makes sense in this module.

First of all, we prove that the first term in (6.25) is well-defined. Since {M}
belongs to L,_17T, we know from the induction hypothesis and the definition of the

trace homomorphisms that
(i) 2/ Zany2, (M) € “AS, o ;(H) forall j =0,...r -1,
(i) 327202 Zanva s (M) € P35 (H)
and, since we have {M} € L, T = Ker Rg’;;lg), we also know that 2"~ Zy,, 19,1 (M)

represents the class

T2 (Zopyo,o(M), ..., 2" 2 Zopior—a(M)) € “AS, g ,_1(H)" @Lyr-1.

In other words, we have Z;;(l) 29 Zopia,j(M) € 732(:;12)(11)’ so that the term

T (Zonia,0(M), ..., 2" Zanioro1 (M) € “AS,, 1y (H)” @Zor

n (6.25) is well-defined.
We now check that the second term in (6.25) is well-defined. By applying Propo-
sition 6.13 to M? € Yon4+2ZC, we obtain that

Te(r=Y (Zong2,0(M?), ..., 2" Zopio 1 (M?))
= 2 Zspio,(M?) mod 2" “AS, ., (H)".

But, (6.24) and the fact (i) above imply that 27 Zy, o ;(M?) € 2“A5, o ;(H)”
for every j = 0,...,7 — 1. So we have 2"Zy,15,(M?) € 2“A5, , (H), ie.
2" Zopyor (M) € “AS,, 15 ,.(H)". Consequently, the congruence class {27 Zonyo,r (M)}
in “AS, 5 ,.(H)" @Zar in (6.25) is well-defined.

Furthermore, Proposition 6.13 also implies that the quantity (6.25) assigned to
M does not change under Ya,,o-surgery: so (6.25) only depends on {M} € L,.T.
Therefore, the map Rg:z)—ﬂ D LT — “AS, 4o, (H)" @ Zyr is well-defined.

We now prove the commutativity of (6.26). Let {M} € L,T as before. Set
Yj =29 Zoy 40 j(M) for all j =0,...,r — 1. By the above discussion, we know that
Zg;é y;j € PQ(:LjrlQ)(H), hence, we can find some y; € “AS5,, ., ;(H)” for every j > r
such that E;:o Y; € 772(,51)+2(H) for every s > 0. Then, Proposition 6.12 implies
that >, y;/27 belongs to Ray42(H). Therefore, denoting by (LkAC(H))k>O the
loop filtration on A°¢(H), we get

r—1
Zonsa(M) = > /2 + Zonya (M) mod Lyy1A5, o(H) ®Q
7=0
—Yr + 2" Zopy2,(M)
27"

mod (Lr+1A§n+2 (H) & Q + R2n+2 (H)) .
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It follows that (6.20) commutes for {M} € L, T since (5, = (X © Zap42 mod 1)

and y, € “AS, .5, (H)” has been chosen so that its class modulo 2" “A5, ., ,.(H)"
represents Tr(’"*l)(yo7 ey Yr—1)-
The commutativity of (6.26) implies that Ré;) 4o is a homomorphism with kernel

L,1T. Finally, since L, 7 is a 2-torsion group, Rg:z o takes values in the 2-torsion
part of “AS, 5 . (H)" ®Za,. O

Proposition 6.19 admits the following specializations for r := 1 and r := 2,
thereby yielding (partial) topological interpretations of the homomorphism (6.21
in low loop degrees.

Corollary 6.20. The homomorphism Ry, = R§11)+2 is given by
Ry, o ({M}) = Tr(1on42(M)) + {p1aonta(M)},
and it fits into the following commutative diagram of Sp(H )-modules:

’
2n+2

R
(6.27) Ker(Ropt2) ———— A5, 101 (H) ® Zo

@1% l
2

LiA55(H) @ Q/Z
S H Z
L2-A2<77L(..|_2(H) ® Q/Z ~ 2n+2,1( ) ® Q/

Corollary 6.21. The homomorphism RY, = Réi)u is given by
Ry, o ({M}) := T (= Tony2(M), pyGany2(M)) + {422 122(M)},
and it fits into the following commutative diagram of Sp(H )-modules:

17
2n+42

R
(6.28) Ker(Ry,, o) ————2"A5,, 155 (H)” ©Z4

CSLJFZJ ‘/}1

Ly A3 o (H) @ Q/Z
s H Z
L3A2<T;C+2(H) 2Q/Z = Sni2.2(H) ®@Q/

Remark 6.22. Unlike Corollary 6.20, Corollary 6.21 is limited by our lack of
information (for arbitrary n) on the structure of the module A$, ., ,(H) and on
the topological meaning of Zay, 42 2. |

We end this section by determining the variation of Rérn) 1o under appropriate
clasper surgery. The statement is a mere consequence of Theorem 4.17; it involves
the map A, introduced in §4.4, whose action on the associated graded of the loop
filtration is given by Proposition 5.5.

Corollary 6.23. For everyn > 0 and r > 0, we have the following commutative
triangle of Sp(H )-modules:

(6.29) B (H®;s)
l arta
Gr v
F R,
LTT/LT-l-lT §n+2,r(H) Y Q/Z

Proof. By commutativity of the diagram (4.10) and by definition of the filtra-
tion (LkT)k>0, the map ¥ : B (P(2)) — T is filtration-preserving because A is.
Then, we conclude with Proposition 6.19. U
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7. THE DEGREE-ONE CASE

We illustrate our methodology for studying the torsion of Y3,+1ZC/Y2,42 by
considering firstly the special case n = 0. Although the Sp(H)-module ZC/Y>
was fully computed in [MMO03] in connection with Johnson’s computation of the
abelianized Torelli group [Joh85], we will show how the LMO functor can be used
as an alternative to the classical invariants that are considered in [MMO3].

7.1. Description of the Sp(H)-module ZC/Y>. We firstly determine the Sp(H )-
module Tors(ZC/Y3). According to the slide relation, the homomorphism from
P® @ P? = B (P(Q)) to Tors (A1 (P)) that was considered in (4.1) is given by

TRYr— yYy = yYs = sz (for all z,y € P?).

x

(Recall that we are using here the convention (2.8).) Hence, it factorizes to a
homomorphism E : S2P?) — Tors (Al(P)), and so does the surgery map W.
Furthermore, E (and so ¥) factorizes through S? P /H?)  where H®) is embedded
into S2P®) via the map (p*(:r) —T-x—- s) Hence, the commutative diagram
(4.4) can be rewritten as

T
(71) fru} 3 5P [ s Tors (7).
2

and the surgery map U is given by

U({z-y}) = (U surgered along B )

where the Y-graph has one special leaf and two arbitrary leaves with modulo 2
types z,y € P,

We now define a homomorphism A : S2P®?)/H®) — AS°(H) ® Q/Z by associ-
ating to every x -y € S2P?) the linear combination

s = 3 /RN 1 Oy

r<r<y<y r < Y
fr(x) /O\ fr(y) fr(x) - fr(y)
(7.2) +—5 +— - 5 &
y < Yy r < T

This is the analogue of the map A on B (P(Q)) defined in §4.4 for n > 0; indeed,
it is related to the homomorphism §< of Proposition 3.7 as follows:

Lemma 7.1. The homomorphism A is well-defined and Sp(H )-equivariant. Fur-
thermore, it fits into the following commutative diagram:

(7.3) 2P /H® —E . Tors (A (P))

x J‘“

ASC(H) @ Q/Z



62 QUENTIN FAES, GWENAEL MASSUYEAU, AND MASATOSHI SATO

Proof. Let x,y € P®. Using the definition (3.15) of the map <, the nota-
tion (3.14), and the facts that p.(s) = 0, fr(s) = 1, we obtain

SSE(x-y) = 6<< N )

r<y<s
_ ! f()\ +1 =
= 5 B //I\'\ )
r < Y
zllz < ylly < ss

which is the same as the right-hand side of (7.2). This shows that the map A is
well-defined and coincides with 0<F. O

We now give a description of the Sp(H)-module Tors (ZC/Y>).
Theorem 7.2. We have the commutative diagram

(7.4) S2p®2 /g

Tors (%c) e A () O Q/L
2 2

where ¥ is an Sp(H)-isomorphism, and (5 is an Sp(H)-embedding.

Note that, although it is derived from the LMO functor, the map (5 on Tors (ZC/Y>)
is independent of the choices inherent to the construction of the latter.

Proof of Theorem 7.2. According to (7.1) and Theorem 3.8, we have the commu-
tative diagram

2P /H® — s Tors (A (P))

%IC i

Tors (57 ) ———— A5 “(H) 9 Q/Z,
Y,
hence (7.3) implies (7.4). Thus, to prove the theorem, it suffices to show that ¥ is
surjective and that A is injective.
We prove the surjectivity of W. Let M € ZC such that {M} € ZC/Y> has finite
order. The surjectivity of ¢ : A;(P) — ZC/Y> implies the existence of a z € A;(P)
such that ¢(z) = {M}. Furthermore, the homomorphism

v IC .,  RZ[IC 7
Ya FZ[IC

AL(P) AT(H)® Q= A4 (P)2Q
is, according to (3.1), the rationalization map: so, z is a torsion element of A; (P).
But, the torsion submodule of A;(P) is easily derived from Proposition 2.16 (or,
alternatively, from [MMO03, Lemma 4.24)): it is generated by the elements

s s Yy Yy
Y and Y for all z,y € o({a;,b; | 4,7 =1,...,9}).

Clearly, all those elements are in the image of F : S2P() — A;(P): so {M} is in
the image of ¥ : S?2P?) — TC/Y5.

To prove now the injectivity of A, we consider on § := SzP(z)/H(Q) the filtration
(75) S=LyS D LS D LS D L3S= {0}
where LS is generated by the elements {s-z} for all z € P(?), and L,S is generated
by {s-s}. (This is the analogue of the s-loop filtration on By (P(?)) defined in §5.3
for n > 0.) Recall that A := A5 °(H) ® Q/Z is endowed with the loop filtration

(LiA)k>0, and observe in (7.2) that A is filtration-preserving. We claim that Gr’A
is injective: since the filtration (7.5) is finite, this will imply that A is injective.
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To prove our claim, we consider the following sequence of Sp(H )-modules:

s2p@
H(®)

(7.6) 0 PR AN2H®? ——0.
Here, the maps u and v are given by u(z) := {s-z} and v({z - y}) := p«(x) Ap«(y).
It follows from (2.7) that we can work in the Zs-vector space P(?) with the basis

(7.7) {s}U{o(a;),o(b;) |i=1,...,9}

it is easily checked in this way that (7.6) is exact. Since the image of u is [4 S, we
deduce that LoS/L1S ~ A2H® and that L;S/L2S ~ P /(Zys) ~ H®?). Then,

we conclude from (7.2) that the map Gr”A is given by

x Yy

1
A2H® ~ Gik S — Grh A~ AS (H) ® Q/Z, zAy+— - }—{
) 2y .

1
H® ~Gif S — Gif A~ A5, (H) ® Q/Z, T — o [O\
x x

Zys ~ Gry S — Grk A ~ ASo(H)®Q/Z, s+ %@

in degrees 0, 1 and 2, respectively; in particular, note that Gré A is Levine’s em-
bedding (5.6). Consequently, Gr”A is injective. O

As a consequence, we obtain a characterization of the Sp(H)-module ZC/Y> by
means of the LMO functor.

Corollary 7.3. We have the commutative diagram of Sp(H)-modules

(7.8) 0—— S2P@/H® £, A/ (P) 2y AS(H) ——0

| e

0 —— Tors(ZC/Ys) —— IC) Yy —— “Ay(H)” —— 0,
with exact rows and vertical isomorphisms. Furthermore, the map
(7.9) (Z5,G5)  TC/Ys — AT (H) & (A5 “(H) © Q/Z)
is an Sp(H )-embedding for the Sp(H)-action defined by (3.40).

Note that the component (5 of (7.9) on the entire group ZC/Y> does depend on
the choices inherent to the construction of the LMO functor. On the contrary,
according to (6.4), the component Z; of (7.9) coincides with the first Johnson
homomorphism 7: hence, the invariant Z; is intrinsic by nature.

Remark 7.4. That ¢: Ay (P) — ZC/Y> is an isomorphism of Sp(H )-modules has
already been established in [MMO03]; see §7.2 for a comparison of results. The
isomorphism type of ZC/Y> as an abelian group was announced in [Hab00]. |

Proof of Corollary 7.3. The commutativity of the diagram follows from (7.1) and
(3.1). Besides, it also follows from (3.1) that Z; : ZC/Yy — Ay (H) is rationally
an isomorphism: hence the second row of (7.8) is exact.

Since V¥ is an isomorphism (by Theorem 7.2), E is injective. We also observed
(in the proof of Theorem 7.2) that E is surjective onto Tors (A;(P)). Therefore, to
obtain the exactness of the first row of (7.8), it suffices to recall that A;(P) ® Q ~
AT (H) ® Q (see Proposition 2.9), so that the maximal torsion-free quotient of
Aj(P) is given by p, : A1 (P) — AT (H).

Since Z; : IC/Y, — Ay (H) is rationally an isomorphism, and since (5 :
Tors(ZC/Y2) — A5 *°(H) ® Q/Z is injective (by Theorem 7.2), the pair (Z7, () is
injective on the whole of ZC/Ys. Corollary 3.14 gives its Sp(H )-equivariance. O
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7.2. Extracting classical invariants from LMO. For the sake of completeness,
we shall relate Theorem 7.2 and Corollary 7.3 to the description of ZC/Y> found in
[MMO03]. The latter involves two classical invariants: the first Johnson homomor-
phism 71 mentioned at (6.3), and the Birman—Craggs homomorphism

B:IC — Cub(Q)

with values in the space of of cubic functions on the Zs-affine space 0 = Spin(X).

Firstly, we relate the two approaches (“quantum” vs “classical”) on the torsion
parts. Indeed, the main result of [MMO03] implies that 8 restricts to an isomorphism
between Tors (IC' / Yg) and the space Quad(Q)) of quadratic functions. To recover
this fact with the LMO functor, recall from Remark 2.6 the map e : P — Aff(Q),
which allows for an identification P(?) ~ Aff(€).

Proposition 7.5. The following diagram is commutative:

(7.10) Tors (I—C) 7 Quad(Q)

o]

A3 (H) © Q/Z +—— S*PP /H®)

where “‘mult” is defined by multiplication of affine functions, and the map B is an
isomorphism.

Proof. That the upper inner triangle is commutative follows from the variation
formula for the Rochlin invariant under Y-graph surgery [MMO03, Lemma 3.16].
The lower inner triangle is commutative by (7.4).

It is easily checked, working with the basis (7.7) of P(®), that “mult” is an
isomorphism: since ¥ is an isomorphism (by Theorem 7.2), /3 is an isomorphism. [J

Remark 7.6. By Proposition 7.5, Quad(f2) embeds into A5 *“(H) ® Q/Z in an
Sp(H)-equivariant way. Setting T := e(o(x)) € Aff(Q) for any z € H, and denoting
by 1 := e(s) € Aff(Q2) the non-zero constant function, we deduce from (7.2) that
the embedding is given by

**Hl/Q\JrlfO\
Ty 5 ) 5 :

r<r<y<y r < Y
1 fO\ 1 1
— 1 +— = .
3 ) ;O
r < x

Remark 7.7. Diagram (7.10) exists in the category of filtered Sp(H)-modules:
indeed, T := Tors(ZC/Y>3) has the filtration (6.20), S := S?P®)/H® has the
filtration (7.5), and A := A5°(H) ® Q/Z has the loop filtration. Furthermore,
by taking the complement to 2, the degree-filtration on Q := Quad(f2) becomes a
decreasing filtration whose associated graded is isomorphic to @izo A2"FH®) via
formal differentiation. Then, according to the results of §6.5, Gr (5" is given by the
homomorphisms

l

Ry: T — £(H®), {M}— {n(M)},
Ry : LT — S?2H® | (M} — Tr(mo(M)) + {a(M)},
Ry : LoT — 224, {M}+— Tt (—12(M),a(M)) + {4d" (M)},
where the invariants o : ZC — S?H and d” : IC[2] — LiZ are introduced in
[MM13] (and mentioned in Examples 6.15 & 6.17). It follows from (7.10) that

the homomorphisms Ry, R} and R} also describe Gr 3; this description generalizes
[MM13, Lemmas 3.18 & 3.19). |
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We now consider the entire groups. According to [MMO3], the pair (71, 3) in-
duces an isomorphism between ZC /Y5 and the fibered product A3 H x s g 2) Cub(Q),
where the homomorphism A*H — A®H®?) is the modulo 2 reduction and the map
Cub(Q) — A*H® is the formal third differentiation. We recover this with the
LMO functor as follows.

Proposition 7.8. The following diagram is commutative:

T -
70 A ABH X s 575 Cub(92)
2

N

(AT (H)2 Q) @ (AS°(H) © Q/Z) ‘WAl(P)

(7.11)

where “mult” is defined by multiplication of affine functions, and the map (71, f3) is
an isomorphism.

Proof. That the upper inner triangle is commutative follows from the variation
formula for 71 under Y-graph surgery [MMO03, Lemma 4.22] (and the analogous
formula for ). The lower inner triangle is commutative by (3.1) and (3.31). It is
proved, using the primary decomposition (2.7) of P, that (p., mult) is an isomor-
phism (see [MMO03, Lemma 4.24]). Since ¢ is an isomorphism (by Corollary 7.3),
we deduce that (71, 3) is an isomorphism too. O

Remark 7.9. The commutative diagrams (7.10) and (7.11) could also be deduced
from the results of [MM13, §5.2]. |
8. THE DEGREE-THREE CASE

In this last section, we apply the results of §4-8§6 to the case of degree 3. Specifi-
cally, we give an intrinsic description of the quotient Y3ZC /Y, as an Sp(H )-module,
and we derive several consequences.

8.1. Description of the Sp(H)-module Y3ZC/Y,. First of all, we make explicit
the surgery map ¥ introduced in §4.2, the map E introduced in §4.3, as well as the
map A of §4.4. These are the contents of the next two lemmas (where we use the
convention (2.8) to write formulas for those maps).

Lemma 8.1. We have the commutative diagram

(8.1) H® @ A2P® ¥ Tors

|

Tors (A5 °(H))

().

where, for all h € H® and for all z,y € P®, we have

h<z|xz<Y|Y h < z<x<l¥Y<y

tP<y AR
E(h®@zy) = tw = Liw +fr(y) h\d/ +fr(x) h\é/y

and

U(hezAy) = (U surgered along
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(Here the graph clasper has 38 layers of leaves: there is one leaf realizing h € H(?)
in the lower slice of U, two parallel leaves realizing x € P®) in the middle slice,
and two parallel leaves realizing y € P?) in the upper slice.)

Proof. Specializing Proposition 4.14 to the case n := 1, we obtain the commutative
diagram
Y3ZC
(8.2) By (P®?) — Y Tors ( 2 )
4

| <

Tors (A3(H))
where (using Remark 4.2) the map F is given by

T <y h<zlz<¥|Y

(8.3) E( Y ):

hx

for all h € H® and x,y € P, Tt easily seen that (8.3) is zero when z = y (as a
consequence of “IHX” and “AS”). Hence, the map E in (8.2) factorizes through
H® @ A2P?) and so does the surgery map ¥. U

Lemma 8.2. We have the commutative diagram
H® @ A2P® —E; Tors (AT(H))
Twe
AT(H) ® Q/Z
where the Sp(H)-equivariant map A is given by

h<h<wz|z<ylly h<z<yly h<z|z<y
N l
1 1 1

for allh e H® and z,y € P®.

Proof. This is obtained by specializing Lemma 4.16 and formula (4.9) atn:=1. O

Furthermore, we will need the next two lemmas, whose proofs are postponed to
the end of this section.

Lemma 8.3. The map E : H® @ A2P(?) — Tors (A;c(H)) is an isomorphism of
Sp(H)-modules.

Lemma 8.4. The linear map C : A3P®?) — H®) @ A2P?) defined by
C(x,y,2) = pu(2) @ (Y A 2) +puly) @ (2 A ) + pa(2) @ (T A Y)
is injective, and ¥ : H® @ A2P?) — Tors(Y3ZC/Y,) vanishes on Im(C) ~ A3P(?),

Remark 8.5. The composite map E o C' : AP®?) — AT°(H) is a refinement
of some constructions appearing in [CST16, Def. 40] and [NSS22a, Def. 3.4] for
arbitrary degrees. |

With the above lemmas, we are now able to prove the following description of
the Sp(H)-module Tors (Y3ZC/Y,).
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Theorem 8.6. We have the commutative diagram

(8.5) (H® @ A2P@) /A3 P>
xpl \
Y3IC <
Tors( = ) - AS(H) © Q/Z

where U is an Sp(H )-isomorphism, and (5 is an Sp(H )-embedding.

Note that, although it comes from the LMO functor, the map ¢~ on Tors (YZ;IC / Y4)
is independent of the choices inherent to the construction of the latter.

Proof of Theorem 8.0. By Lemma 8.4, the homomorphism ¥ factorizes through
(H® @ A2P@) /AP Thus, the diagram (8.5) follows directly from Theo-
rem 4.17 specialized to n := 1.

Since 9 : A5 °(H) — Y3ZC/Y; is surjective and is rationally an isomorphism, its
restriction 1 : Tors (.A;C(H)) — Tors (Y3ZC/Yy) is surjective too. Since E is an
isomorphism (by Lemma 8.3), we deduce from (8.1) that ¥ is surjective. Therefore,
we are reduced to show that A is injective.

The s-loop filtration on B (P(Q)) defined in §5.3 for n := 1 induces a filtration

S=LoS D LiSD LS = {0}
on its quotient S := (H(Q) ® AQP(Q))/A3P(2): here L;S denotes the submodule
generated by the elements {h @ (s A y)} for all h € H? and y € P®). We also
endow A := A;°(H) ® Q/Z with the loop filtration (Li.A)x>0, and we know from
Proposition 5.5 that A : § — A is filtration-preserving. To prove that A is injective,
it suffices to prove that GrXA is injective.

For this purpose, we claim the exactness of following sequence:

w H® o A2Pp@) |
(8.6) 0— S2H® 2, % — £3 (H(Q)) — 0.

Here, w is defined by w(h-p.(y)) := {h®(sAy)} and z is defined by z({h@zAy}) :=
[h, [p«(2), ps ()], for any h € H® and 2,y € P?). The surjectivity of z and the
inclusion of Im(w) in Ker(z) are obvious. Furthermore, we deduce from (8.4) that

h h
(8.7) (A(w(h-y)) mod LyA) = % H €Crl A~ Ai1(H)®Q/Z
) Y

1 4
= S{hhyy} e (H) 5, ©Q/Z
for any h,y € H® using the identification (5.7). It follows that w is injective.
Hence, using that (H(Q) ® A2H(2))/A3H(2) ~ £3 (H(Q)), we deduce that
|S2H®)| = |Im(w)] < |Ker(z)|
|(H® @ A2PP) /A3PP| — |(H® @ A2HP)) /A HP)|
= \H(Z) ® (A2p(2)/A2H(2))| _ |A3P(2)/A3H(2)|
- \H(Q) ®H(2)| _ |A2H(2)| - |S2H(2)|;
hence we have Im(w) = Ker(z), which proves the above claim.

Since the image of w is L1 S, the sequence (8.6) shows that LoS/L1S ~ £3 (H(z))
and that L;S/LyS ~ S2H®). In addition, another application of (8.4) shows that

h
T = Lol el € ALy ()52,

where we use Levine’s embedding (5.6). So, to sum up, we have proved that GrZA
is given by

Ly(HP) ~ Grls — Grl A~ Al o(H)®Q/Z, [h,[z,y]] = Lev([h,[z,y]])

(8.8) A({h@zAy}) =

DN | =
> o8 o«
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h
1
SPH® = Grf S — Gl A= A5 (H) 2 Q/Z, hey— 3 H
Yy

in degrees 0 and 1, respectively. We conclude that GrXA is injective. O
As a consequence, we obtain a characterization of the Sp(H )-module Y3ZC/Y};.
Corollary 8.7. We have the commutative diagram of Sp(H )-modules

H® @ A°P® 5 AF“(H) A3 (H)
A3P®) E(A3P®@) " Tors Ay “(H)

| |,

0 —— Tors(Y3ZC/Yy) — Y3IC) Yy ——— “A3°(H)” ——— 0,

(89) 0

with exact rows and vertical isomorphisms. Furthermore, the map
(8.10) (Z5,C5) : Y3IC/Yy — “ATC(H) & (AT (H) @ Q/Z)
is an Sp(H)-embedding for the Sp(H)-action defined by (3.40).

Proof. The commutativity of the diagram follows from (8.1) and (3.1). The ex-
actness of the first row is a consequence of Lemma 8.3, while the exactness of the
second row follows from (3.1). The third vertical arrow is induced by the canonical
map A;°(H) — A5 °(H) ® Q, so that it is obviously an isomorphism. Since W is
an isomorphism (by Theorem 8.6), so is ).

Since Z35 : Y3IC/Yy — “A5°(H)” is rationally an isomorphism, and since (f :
Tors(Y3ZC/Ys) — A °(H) ® Q/Z is injective (by Theorem 8.6), the map (8.10) is
injective. It is also Sp(H)-equivariant by Corollary 3.14. O

8.2. Extracting classical invariants from LMO. We start by analyzing the
component Z5 of (8.10). For this, we consider the following classical invariants:

e the third Johnson homomorphism 73 with values in D3(H) >~ “A§ o(H)";
e the degree 3 part pidas of the non-commutative Reidemeister— Turaev tor-
sion, whose target “A§ | (H)” is identified with A®H through the canonical

isomorphism y
x z
\d/ — T AYNz.

According to (6.4) and (6.5), they correspond respectively to the 0-loop part Zs o
and 1-loop part Z3 1 of Z3 = X 1o Z5:

(8.11) YaIC/Yy — > Dy(H) YoIC/Y, — 5% A3

A8 o(H)" A5, (H)”

wo

To express their mutual dependency, let Tr : D3(H) — A2H?) be the map given
by Lemma 6.8 via the above mentioned isomorphisms: specifically, we have

w Ty
Tr( +_1_+) = wv,2)wAzAy+wv,y)wATAz
v z

tww,z)vAz Ay +w(w,y)v Az A z.
Let also D3(H) X y3 ) A>H be the fibered product over Tr and the mod 2 reduction
APH — APH®),
Proposition 8.8. We have the short exact sequence of Sp(H)-modules

(T3, p408a3)

0 — Tors(Y3IC/Yy) — Y5IC/ Y, Ds(H) X ys przy ASH —— 0.
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Proof. This is deduced by specializing Proposition 6.13 at r := 1 and k£ := 3, as in
Corollary 6.14. O

We now analyze the component (5 of (3.10). Since the maximal torsion-free
quotient of Y3ZC/Y, is characterized in Proposition 8.8, we restrict ourselves to
Tors(Y3ZC/Yy) and use the results of §6.5. Specifically, we need the homomorphisms

Ry : Tors(Y3IC/Ys) — L3(H®)), {M} — {ra(M)},
and
Ry : Ker(Ry) — A§ | (H) ® Zy, {M} — Tr(r4(M)) + {p+cu(M)}
given by Proposition 6.18 and Corollary 6.20, respectively. Recall that Ry = Rflo)
and R = Ri ) determine, respectively, the degree 0 part and degree 1 part of
Crh ¢5 2 Gk Tors(Y3ZC/Yy) — Grl AT (H) © Q/Z ~ AS(H) © Q/7Z
where the module Tors(Y3ZC/Y;) is endowed with the filtration (6.20).

Proposition 8.9. We have the following diagram of Sp(H )-modules

H® 2 A2P?)
00— S2H?) © C4(H®) — 0

ASP®)
(8.12) J‘““’ lq” H

0 — Ker(Ry) — Tors(Y3IC/Ys) —2s £5(H®) —— 0

with exact rows and vertical isomorphisms, where the maps w and z are given by

w(h-pi(y)) ={h® (s Ay)} and z({h @ x Ay}) = [h, [p(), p«(y)]], respectively.
Furthermore, we have the following commutative triangle:

(8.13) h-y € S2H?) —>Ker
€ Af(H) ® Zo
y Y

Proof. The first exact row in (8.12) already appeared in (8.6), and ¥ is an isomor-
phism by Theorem 8.6. Therefore, the first claim of the proposition reduces to the
commutativity of the right-hand square. This follows from (8.5), which shows that
(s oW =A, from (6.22), which connects Ry with Gro (s, and from (8.8), where A
was computed at the tree level.

As for the commutativity of (8.13), this follows from (6.27), which relates R}
to Grr ¢5, from diagram (8.5), which gives ¢ o ¥ = A, and from (8.7), which
computes A o w. (|

We conclude this subsection with a characterization by classical invariants of
the Yy-triviality for homology cylinders. Recall firstly from [MM13, Th. A] that
an M € ZC is Yz-equivalent to the unit cylinder U if, and only if, the following
conditions are satisfied:

e 71(M) =0 € Di(H) and, furthermore, 72(M) =0 € Do(H);

e a(M) =0 € S%H, where « is the quadratic part of the relative Alexander
polynomial (which is &o = piés in the present notations);

e M\(M) =0 € Z, where A denotes the variation of the Casson invariant for a
fixed Heegaard embedding of ¥ in S3.

Then, the following is deduced from Proposition 8.8 and Proposition 8.9.

Corollary 8.10. An M € ZIC is Yy-equivalent to the unit cylinder U if, and only
if, we have A\(M) = 0 and the following conditions are successively satisfied:

e (M) =0, 2(M) =0 and 73(M) =0, i.e. M acts trivially on w/Ts7;
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e ay(M) =0 and az(M) =0, i.e. the I*-reduction of & is trivial;
o Ry(M) =0, ie. 74(M) isin D} (H) C D4(H);
[ ] R&(M) = 0, i.€e. TI'(T4(M)) :p+(5t4(M)> S Ail(H) ®Z2

8.3. The Torelli Lie algebra in degree 3. Recall that the mapping cylinder
construction (1.1) induces a Lie algebra map Grec : Gr' 7 — Gr¥zC.

Theorem 8.11. The homomorphism Grs c restricted to the torsion subgroups
Grsc: Tors(I'sZ/T'4yZ) — Tors(YsZC/Yy)

is surjective in genus g > 4. Therefore, the Sp(H )-module Tors(I'sZ/T'4T) surjects

onto (H(Q) ® A2P(2))/A3P(2).

The proof of Theorem 8.11 is based on the following three lemmas, where we use
the notation 7 := o(x) € P for every x € H and the basis (7.7) of P().

Lemma 8.12. The Sp(H)-module (H(Q) ®A2P(2))/A3P(2) is generated by the
class of ay ® by Aaz, in genus g > 3.

Proof. We claim that the Sp(H )-module H® @ A2P(?) is generated by the elements
T:=a; ®by Nay and y := as ® a; A by. Moreover, we observe that

y=x+b ®a3 Aaz, mod A PO,

and that b; ® a; A as can be obtained from x via the symplectic transformation
sending (a1,b1) to (—by,a1). (Here, and below, we define elements of Sp(H) by
specifying only the elements of the basis S that are modified; besides, we use
the description (2.6) of the Sp(H)-action on P®).) We deduce that the quotient
(H(z) ® A2P(2))/A3P(2) is Sp(H)-generated by the single element x.

We now prove the above claim. As an abelian group, H® ® A2P®?) is generated
by the elements ©w ® v A w for all w € S and v,w € S U {s}. Firstly, using the
symplectic transformation that exchanges (a;, b;) with (a;,b;) for every i # j, and
the symplectic transformation that maps (a;,b;) to (—b;,a;) for every i, we easily
see that the Sp(H)-module H® © A2P®?) is generated by the following elements:

a1 ®@a1 Aby, a1 @a1 Aby, T, y, a1 @ads Ads, a1 @ SAby, a1 ®sAda, a1 ®@8Ad;.

Next, it remains to show that the above six elements (other than x and y) belong
to the Sp(H)-submodule V of H?) ® A2P(2) generated by = and y:
(i) The element of Sp(H) mapping a; to a; +b; transforms x to x+ by ®51 Aas;
hence we have b; ®51 ANao € V and, so, a1 @ ax /\52 evV.

(ii) The element of Sp(H) mapping (as2,b1) to (a1 + ag,b; — ba) transforms y
to al ®51 /\El — ax ®51 /\32 + Yy —as ®51 /\52. Clearly, a2 ®61 /\52 is in
the Sp(H)-orbit of , hence we deduce from (i) that a; ® a; A by € V.

(iii) The element of Sp(H) mapping (b1, b3) to (b1 + as, bz +a1) transforms z to
T + a1 ® as A as; therefore, we have a1 ® as Aaz € V.

(iv) The element of Sp(H) mapping as to as + by maps z to  + aq ®El /\52 +
ay ®51 A s. Since a; ®Z1 /\32 is in the Sp(H)-orbit of x, we deduce that
a1 ® s /\51 evV.

(v) The element of Sp(H) mapping a; to a; + by transforms y to y+as ® s /\E;
hence, we have as ® s /\51 €V and, so, a1 ®sAay €V.

(vi) The element of Sp(H) mapping (ag,b1) to (a1 + as,b; — be) transforms
a1 @ sNas to a; ® s ANas +ay ® s Aay hence, by (v), a1 ® s Aay isin V.

This concludes the proof of the lemma. O

Lemma 8.13. In genus g > 4, the Jacobi diagram

a1 < a2<a2<by <by

E(aﬂ%ﬁé/\li)z L( — } ETors(A;C(H))

belongs to the image of the bracketing map By : Lies(A*H) — A3 °(H).
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Proof. The Lie algebra isomorphism ¢ : A°(S) @ Zy - Y — A<°(P) given in Re-
mark 2.17 maps
a1 < a2<02<b;<by

bi A by
—J
re- oo W7 )
a2 az

Hence, it suffices to show that 7" decomposes into Lie brackets of length 3 in the
Lie subalgebra A°(S). We compute

bl b4 a4 b3 a3 b4 a4 b1 b3 as b1
el A H
al az as bl as bl as as az a2
Note that T7 + T = T. Moreover, we have
by a1 by ai asz aq
5 QS i B RS
= —+ + a2 a4
GQ/kbg ’ as a4 | | | | ’
a2 a4 bs as
so that (using “IHX” again) we get
b1 b1 ai
Tl = /kb ) /kb ’ /k
a2 4 a2 3 as Qaq
Moreover, we have
[ b as b aq
as us by 1 a as us by 1
bs as asz by by a4 asz b1
(HH)(HH
asz b1 a4 by asz b1 a4 by
by a4 bs as
_ | _ | |
| | |
az b1 az b1
so that we obtain
[ b b as b aa
;= /k ’ /t ) /kb - /L ) /kb
af a2 az aqa by 1 az a4 by 1
L O

Lemma 8.14. In genus g > 3, 3 Q : (I'sZ/T'4T) @ Q — D3(H) @ Q is injective.

This result is well-known to specialists, but we could not locate a formulation that
explicitly states the genus and applies to the particular surface ¥ in question (which
has a single boundary component). For this reason, we provide a proof.

Proof of Lemma &.1/. Since we will make extensive use of Hain’s results, we shall
largely adopt his notation. For any g,n,r > 0, denote by t; . the Malcev Lie algebra
of the Torelli group 7}, associated with a compact oriented surface of genus g hav-
ing r boundary components and n interior marked points. By [[Hai97, Th. 1.4], the
Lie algebra t7 . carries for g > 3 a Q-mixed Hodge structure whose weight filtration
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agrees with its (completed) lower central series. Consequently, tj; . is isomorphic to
the (degree-completion of) its associated graded Lie algebra Gr tg . Moreover, this
graded Lie algebra is canonically identified with the associated graded (Gr" T;,)2Q
of the lower central series of 7', , after tensoring with Q.

In our current setting, we focus on Ty := Ty, (which corresponds to Z in our
notation) and on ty; := t) | (whose associated graded object is (Gr" 7) ® Q in our
notation). We also work with the Johnson filtration

TgJ = Tg71[1] IDEREND] Tg’l[k] D) Tg71[k+ 1} DRERR

which is defined as the sequence of kernels of the actions of Tj;; on the successive
nilpotent quotients of the fundamental group (X3, 1, *), where the base point x
lies in 0%, ;. Its associated graded (with rational coefficients) is denoted by my 1.
Thus, the lemma requires us to show that the canonical map Grt,; — mg; is
injective in degree 3 for g > 3.

For this purpose, we also introduce the Johnson filtration on T, ql, defined in the
same way as for Ty 1, by looking at the action on m;(X,, %), where x denotes the
marked point of Z}]. The Johnson filtration on T, is then defined as the image of the
latter under the canonical projection T, gl — Tg4. Denote by m; and mg, respectively,
the associated graded objects (with rational coefficients) of these two filtrations.

Following Morita, Sakasai and Suzuki [MSS20, Prop. 3.1], we claim that the
maps Grt, 1 — my; and Grt; — m, have kernels that are naturally isomorphic.
Their proof relies on the commutative diagram

(8.14) 0 —— Grpg1 —— Grig Grt, 0
OHGI‘pg,l — My my

Here, pgy,1 denotes the Malcev Lie algebra of the fundamental group of the unit
tangent bundle of ¥,. This Lie algebra carries a mixed Hodge structure whose
weight filtration is given by its lower central series [Hai97, Prop. 4.4]. The top row
of (8.14) is obtained by applying the functor Gr(—) to the short exact sequence
from [[1ai97, Prop. 3.6] in the category of Lie algebras endowed with mixed Hodge
structures (as carried out at the bottom of [[1ai97, p. 628]); in particular, the
top row is exact. The exactness of the bottom row of (8.14) requires additional
explanation. By [AKS87, Prop. 2], there is a short exact sequence

1
g9

0 —— Grp, m my 0,

where p; is the Malcev Lie algebra of the fundamental group of ¥,. Moreover, in
answer to a question posed by Asada and Nakamura [AN95], Hain [[Hai97, §14.4]
established the exactness of

0——Q(1) —— my; ——m) ——0.

All these statements are valid under the assumption g > 3. Thus, with this hypoth-
esis, we have established the exactness of the bottom row of (8.14), which completes
the proof of the preceding claim.

To conclude the proof of the lemma, it remains to justify that the canonical map
Grty — my is injective in degree 3 for g > 3. This is implied by the last statement
of [Hail5, Cor. 7.6] for g > 4, combined with [Hail5, Prop. 9.3] for g = 3. O

Remark 8.15. Although this result is not required here, we note the recent
preprint [NW26], in which Naef and Willwacher show the injectivity of 7, ® Q :
(TrZ/Tk41Z) @ Q = D (H) ® Q for any k > 3 provided that g > 3k. [ |
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Proof of Theorem 8.11. By Lemma 8.13, there exists an element ¢ € Liez(A3H)
such that B3(£) = E(a1 ®as A bl). Proposition 2.14 gives the commutative diagram

(8.15) Lieg (ASH) —Z T5T/T4T

B3l lGrgC

A3C(H) T Y3IC/Ya,

from which we deduce that
(Grze)(J3(0)) = Y (E(ar @ az Aby)) = U(ay @ @z Aby).
So, since ¥ is an Sp(H )-isomorphism (by Theorem 8.6), we deduce from Lemma 8.12
that the Sp(H)-module Tors (Y3ZC/Y,) is generated by (Grsc)(J3(()).
Moreover, the homomorphism
(Grsc)®Q: (I3Z/TYyI) @ Q — (Y3IC/Y,) @ Q

is injective, because the map 73 ® Q from Lemma 8.14 factors through (Grsc) ® Q.
Consequently, J3(¢) lies in the torsion subgroup of I'sZ/T'yZ. We conclude that the
map Grzc : Tors(I'sZ/T4Z) — Tors(Y3ZC/Y,) is surjective. The second assertion
then follows from Theorem &.6. O

Theorem 8.11 does not address whether Grs ¢ : Tors(I'3Z/T'4Z) — Tors(Y3ZC/Yy)
is injective. (As shown in [MMO03] and [FMS26], the map Gry, ¢ is injective for k = 1
and k = 2, respectively.) We conclude with a characterization of this injectivity.
Proposition 8.16. In genus g > 4, the following assertions are equivalent:
(i) TsZ/T4Z embeds into Y3ZC/Yy by Grsc.
(ii) Tors(T'sZ/T4Z) is isomorphic to Tors(Y3ZC/Yy) by Grsc.
(iti) We have T4T = {f € I'sT : 73(f) = 0,74(f) € D4(H), Tr(ra(f)) = 0}.
(iv) By '(Ker(3)) C Ker(Js).
Proof. According to Theorem 8.11, statement (ii) is equivalent to
(i1°) Tors(T'sZ/T'4T) embeds into Tors(YsZC/Yy) via Grsc.
In the proof of Theorem 8.11, we noted that (Grsc) ® Q is injective; hence (ii’)

is also equivalent to (i). Moreover, the commutative diagram (8.15) implies that
(1) is equivalent to (iv). Finally, since &(Z) lies in the natural image of H inside

K1(Q[r]), Corollary 8.10 yields that (i) is equivalent to (iii) as well. O
8.4. Proof of some lemmas.

Proof of Lemma 8.3. By [CHMO08, Lemma 8.4] (see also Proposition 2.16), we have
the following isomorphisms of abelian groups:

A3 C(H) = AS(S) = AS(H) = AS o(H) @ A5, (H)
Besides, it follows from (5.4) that
Tors A3 o(H) ~ H® @ AN2H®)
and it follows from (5.8) that
Tors A5, (H) ~ H? @ H®.

Therefore, the finite abelian groups Tors A3 (H) and H® @ A2P(?) have the same
cardinality. Thus, it is enough to prove the injectivity of E.
To prove that E is injective, we start with the commutative diagram

HO @A2P® —F AS(H)
idA2p, l
Lo A3 "(H)

H® o A2H®) ~ §,0(H)

Ly A“(H)
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where, as observed in Remark 5.7, the bottom arrow coincides with the injection in
Levine’s short exact sequence (5.4). We deduce that the kernel of E is included in

Ker (id ®A2p*) = H® @ Ker (Azp*) = Im(k)
where k is the homomorphism
k:H?D@H® — HD 9 A2P®, heyr— he (sna(y)).

But, according to (8.3) and still using the convention (2.8), we have

h i Y <
Ll.A “(H c
(E(k(h®y)) mod Ly) = \O/ € LgAjfchi ~ A3, (H).

Thus, using the isomorphism (5.7), we obtain that the homomorphism
Eok:H® @ H® — A5 (H) =~ (H®®) 5, hoy— {hyy}
is injective. We conclude that E is injective. O

Proof of Lemma 8./. Let T be the Zs-vector subspace of P() generated by the
elements of o(5) for a choice of symplectic basis S = (a1,...,aq4,b1,...,by) of H.
Then, we have P?) =T @ Zy s and T ~ H®? via p,. Thus, we have the decompo-
sitions

APP® = AT @ (s AAT) and A2PP) = A’T @ (sAT).
Moreover, the map C is the direct sum of the homomorphism
NT — HO QAT ~TRANT, s Ayhz—zQyAz+yQ@zAc+2Q0z Ay
with the homomorphism
AT ~ (s/\AQT) —)H(2)®(S/\T) ~TQRT, yhzr—yRz+2Q4y.

Since those two components are injective, the map C' is injective.

We now prove that U(C(x Ay A z)) = 0 for any z,y,2 € P using clasper
calculus. From the proof of [NSS522a, Lemma 6.11 (2)], we get the following identity
in the abelian group Y3ZC/Y, (denoted here multiplicatively):

; T s -1
G O ( >
:E z M .'m z‘:

Note that the left-hand side corresponds through ¥ to the term p.(y) ® (z A z) in
C(z,y, z). We get the other two terms similarly by turning around z, y, z cyclically:
thus, U(C(z,y, z)) is written as a product of six terms, which turn out to cancel
by pairs. For example, the first term of the right-hand side of the above identity
cancels with the term

N

Y -1
(-' T z :-)

arising from p.(z) ® (x A y); indeed, we have the local move

i
T

which follows from a double application of [Mei06, Lemma 2.3]. O
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