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The universal slz invariant of string links has a universality property for the colored
Jones polynomial of links, and takes values in the h-adic completed tensor powers of
the quantized enveloping algebra of sla. In this paper, we exhibit explicit relationships
between the universal slo invariant and Milnor invariants, which are classical invariants
generalizing the linking number, providing some new topological insight into quantum
invariants. More precisely, we define a reduction of the universal sls invariant, and show
how it is captured by Milnor concordance invariants. We also show how a stronger
reduction corresponds to Milnor link-homotopy invariants. As a byproduct, we give
explicit criterions for invariance under concordance and link-homotopy of the universal
slo invariant, and in particular for sliceness. Our results also provide partial constructions
for the still-unknown weight system of the universal sl invariant.

Keywords: Quantum and finite type invariants; weight system; link concordance; link-
homotopy.

Mathematics Subject Classification 2010: 57M25, 57M27

1. Introduction

The theory of quantum invariants of knots and links emerged in the middle of the
1980s, after the fundamental work of V. F. R. Jones. Instead of the classical tools
of topology, such as algebraic topology, used until then, this new class of invariants
was derived from interactions of knot theory with other fields of mathematics, such
as operator algebras and representation of quantum groups, and revealed close rela-
tionships with theoretical physics. Although this gave rise to a whole new class of
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powerful tools in knot theory, we still lack a proper understanding of the topologi-
cal information carried by quantum invariants. One way to attack this fundamental
question is to exhibit explicit relationships with classical link invariants. The pur-
pose of this paper is to give such a relation, by showing how a certain reduction of
the universal sly invariant is captured by Milnor invariants.

Milnor invariants were originally defined by Milnor for links in S [23, 24]. Their
definition contains an intricate indeterminacy, which was shown by Habegger and
Lin to be equivalent to the indeterminacy in representing a link as the closure of a
string link, i.e. of a pure tangle without closed components [8]. Milnor invariants are
actually well-defined integer-valued invariants of framed string links, and the first
non-vanishing Milnor string link invariants can be assembled into a single Milnor
map pi. See Sec. 2 for a review of Milnor string link invariants.

Milnor invariants constitute an important family of classical (string) link invari-
ants, and as such, their connection with quantum invariants has already been the
subject of several works. The first attempt seems to be due to Rozansky, who
conjectured a formula relating Milnor invariants to the Jones polynomial [29]. An
important step was taken by Habegger and Masbaum, who showed explicitly in
[10] how Milnor invariants are related to the Kontsevich integral. More recently,
Yasuhara and the first author gave explicit formulas relating Milnor invariants to
the HOMFLYPT polynomial [22].

The universal sls invariant J(L) for an l-component framed string link L takes
values in the I-fold completed tensor power Uy (slz)®! of the quantized enveloping
algebra Uj(sl2) of sly, and has the universal property for the colored Jones poly-
nomial [17, 16, 25, 28]. See Sec. 3 for the definitions of Ux(slz) and the universal
slp invariant. The second author studied in [31-33] the universal slp invariant of
several classes of string links satisfying vanishing properties for Milnor invariants.®
In this paper, we further explore the relation with the universal sly invariant and
Milnor invariants.

Before we proceed with the description of our results, let us recall the relation-
ship between the Kontsevich integral, the universal slo invariant and the colored
Jones polynomial. The Kontsevich integral Z(L) for an [-component string links
L takes values in the completed space A(l) of Jacobi diagrams on the disjoint
union of [ intervals. For the closure link cl(L) of L, the colored Jones polyno-
mial Jy, v, (cl(L)), with a finite-dimensional representation V; of Uy (sl2) attached
to the ith component, takes values in Z[¢'/*, ¢~ /%] C Q[[A]], where ¢ = exph.
The Kontsevich integral has the universal property for finite type invariants, thus
for quantum invariants. This implies that there exists an algebra homomorphism
WU Im(Z) — Up(sl2)®!, the so-called weight system for the universal sly invari-
ant, such that WY o Z = J. (This is well-known, and follows from the fact that the
coeflicients of the universal invariant have a finite type property, in a strictly similar

aMore precisely, these results are for bottom tangles; but we can identify bottom tangles with
string links via a fixed one-to-one correspondence, see [12].
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way as in [26, Corollary 7.5].) However, no explicit formula for WY is known yet.
There is, however, a graded algebra homomorphism called the universal sls weight
system:

W 2 A(l) — Ul(sly)®'[R]],

where U (sly) is the universal enveloping algebra of sla. As a summary, we have the
following commutative diagram:

{l-comp. string links} <L {I-component links}

A(l) D Im(Z) == = > Up(sly)® ————— Q[[A]]
x tr,\,/l ..... \4
Ul(sl2)®'[[A]],

where try™"" and try""! are variants of the quantum trace map. See [13, Sec. 5]
for the commutativity of the upper right square and [18, Sec. 10] for the boundary
pentagon. Note that the composition tr)/1Vi o W = tr}{l’“"vl oWV is the weight
system for the colored Jones polynomial.

Note that the algebras Uy (sl2)®! and U(sly)®![[1]] are isomorphic theoretically,
but again, no explicit isomorphism is known, see [14]. In this paper, we will fix a

Q[[h])-linear isomorphism
p: Un(sla)® — U(slo)®'[[h]], (1.1)

with respect to the PBW basis (see Sec. 5.1), so that we can compare the two
different Q-linear maps po WY and W.

Now, as mentioned above, Habegger and Masbaum showed in [10] that, for an
[-component string link L with vanishing Milnor invariants of length < m, we have

ZYL) = 1+ ptm (L) + (terms of degree > m + 1) € A'(l), (1.2)

where Z! is the projection of the Kontsevich integral onto the so-called “tree part”
At(l) of A(l),> and where y,,(L) is the Milnor map of L regarded as an element
of AY(l). If we knew the weight system WY explicitly, we could easily deduce a
relation between Milnor invariants and the universal sls invariant by transferring
Habegger-Masbaum’s result (1.2) via WY; but, again, this is not the case. Actually,
our first main result, Theorem 5.1, implies that, when restricting to the image of
Milnor map, we can identify W and WY via the Q-linear isomorphism p. In other
words, we give a partial construction of WU

bThe “tree part” is well-defined in the space B(1) of labeled Jacobi diagrams, which is isomorphic
to A(l) as a Q-module via an analogue of the PBW isomorphism from S(sl2) to U(slz2). In this
paper, we will use B(l) rather than A(l), see Sec. 4.2 for details.
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Let us now state the first main result explicitly. The Milnor map ., actually
takes values in the space of tree Jacobi diagrams, i.e. connected and simply con-
nected Jacobi diagrams. The restriction of W to the space of tree Jacobi diagrams of
degree m takes values in (U(sl2)®"),,41h™, where (U (sl2)®!),, 41 is the subspace of
U(sl2)®" of homogeneous elements of degree m + 1 with respect to the length of the
words in sls in the PBW basis, see Lemma 5.1. Thus, if we consider the projection

wt U(slo)®' (1] — ] U (sl2)* ) msah™,
m>1
of Q-modules (see Sec. 5.2), then we can compare the maps W o p,, and J* :=
7t o poJ. We obtain the following result.

Theorem (Theorem 5.1). Let m > 1. If L is a string link with vanishing Milnor
invariants of length < m, then we have

JHL) = (W o pm)(L) (mod A™F1).

Here, and throughout the paper, we simply set (mod h*¥) = (mod hkU;?l) for
k > 1 and an appropriate [ > 1.
Theorem 5.1 implies a concordance-invariance property of Jt as follows.

Corollary (Corollary 5.1). Let L, L’ be two concordant string links with vanish-
ing Milnor invariants of length < m. Then we have

JUL')=JYL) (mod h™TY).
In particular, if L is concordant to the trivial string link, then J'(L) is trivial.

There is also a variant of Theorem 5.1, using another projection map 7t onto
a larger quotient of U,?l; see Remark 7.1. This provides another criterion for the
universal sls invariant, which applies in particular to slice, boundary or ribbon
string links as follows.

Theorem (Corollary 7.1). Let L be an [-component string link with vanishing
Milnor invariants. Then we have

p(J(L) € 1+ [] W(sla)®)/.
1<i<j

This result strongly supports [32, Conjecture 1.5], where the second author
suggests that the universal sly invariant of a bottom tangle with vanishing Milnor
invariants is contained in a certain subalgebra of Uh(sl2)®l.

As emphasized above, Theorem 5.1 is not a mere consequence of Habegger—
Masbaum’s work, and the proof will be given by comparing directly the definitions
of the Milnor map and the universal sly invariant. One of the main ingredients
for the proof is a version for Milnor link-homotopy invariants. Recall that link-
homotopy is the equivalence relation generated by self-crossing changes. Habegger
and Lin showed that Milnor invariants indexed by sequences with no repetition
form a complete set of link-homotopy invariants for string links [8]. We can thus
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consider the link-homotopy reduction ", of the Milnor map g, see Sec. 5.2. On
the other hand, we consider the projection of Q-modules

-1
7 U (sla) *'[B] — @D (sla)iy i

where <$lz>£7ll) o1 C (U(sl2)®")m+1 denotes the subspace spanned by tensor products
such that each tensorand is of degree < 1, that is, roughly speaking, tensor products
of 1’s and elements of sls.

It turns out that the restriction of the slo weight system W to the space
of tree Jacobi diagrams with non-repeated labels takes values in this space
B (slo)  hm. Thus, similarly as before, we can compare W o i, and J" :=
7" o poJ, and obtain the following second main result.

Theorem (Theorem 5.2). Let m > 1. If L is a string link with vanishing Milnor
link-homotopy invariants of length < m, then we have

JML) = (Wopul)(L) (mod A1),

Note that Theorem 5.2 cannot in general be simply deduced from Theorem 5.1
by a mere link-homotopy reduction process. (This is simply because a string link
may in general have nonzero Milnor invariants of length m, yet vanishing Milnor
link-homotopy invariants of length m.) In order to prove Theorem 5.2, one of the key
results is Proposition 6.1, a link-homotopy invariance property for the map J". This
reduces the proof to an explicit computation for a link-homotopy representative,
given in terms of the lower central series of the pure braid group. In the process of
proving Proposition 6.1, we obtain, as in the case of Theorem 5.1 and Remark 7.1, a
variant of Theorem 5.2 using another projection map, giving an algebraic criterion
detecting link-homotopically trivial string links; see Remark 8.1 and Corollary 8.3.

It is worth mentioning here that the sl weight system W is not injective, and
thus we do not expect that the universal sls invariant detects Milnor invariants.
This follows from the fact that W takes values in the invariant part of S(slz)®![[R]]
and a simple argument comparing the dimensions of the domain and images. We
will further study properties of the universal sl weight system in a forthcoming
paper [20].

The rest of the paper is organized as follows. In Sec. 2, we review in detail the
definition of Milnor numbers and of the Milnor maps p, and recall some of their
properties. In Sec. 3, we recall the definitions of the quantized enveloping algebra
Un(sle) and the universal slo invariant, and recall how the framing and linking
numbers are simply contained in the latter. Section 4 provides the diagrammatic
settings for our paper; we review the definition of Jacobi diagrams, and their close
relationships with the material from the previous sections. This allows us to give the
precise statements of our main results in Sec. 5. Sections 6-8 are dedicated to the
proofs. Specifically, the link-homotopy version of our main result is shown in Sec. 6,
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while Sec. 7 contains the proof of the general case. Some of the key ingredients of
these proofs require the theory of claspers, which we postponed to Sec. 8.

2. Milnor Invariants

Throughout the paper, let [ > 1 be some fixed integer.

Let D? denote the standard 2-disk equipped with [ marked points p1,...,p; in
its interior as shown in Fig. 1. Fix also a point e on the boundary of the disk D?,
and for each i = 1,. .., 1, pick an oriented loop a; in D? based at this e and winding
around p; in the trigonometric direction. See Fig. 1.

An [-component string link is a proper embedding of [ disjoint copies of the unit
interval [0,1] in D? x [0, 1], such that for each i, the image L; of the ith copy of
[0,1] runs from (p;,1) to (p;,0). The arc L; is called the ith component of L. An
[-component string link is equipped with the downwards orientation induced by the
natural orientation of [0, 1].

In this paper, by a string link we will implicitly mean a framed string link, that
is, equipped with a trivialization of its normal tangent bundle. (Here, it is required
that this trivialization agrees with the positive real direction at the boundary
points.) In the various figures of this paper, we make use of the blackboard framing
convention.

The (0-framed) l-component string link {py,...,p;} x[0,1] in D?x [0, 1] is called
the trivial [-component string link and is denoted by 1;, or sometimes simply 1 when
the number of components is implicit.

Let SL(I) denote the set of isotopy classes of I-component string links fixing the
endpoints. The stacking product endows SL(I) with a structure of monoid, with
the trivial [-component string link 1; as unit element. In this paper, we use the
notation - for the stacking product, with the convention that the rightmost factor
is above. Note that the group of units of SL(l) is precisely the pure braid group on
I strands P(1) [9].

Fig. 1. The disk D? with | marked points p;, and the arcs oy; i = 1,...,1.
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2.1. Artin representation and the Milnor map pi for string links

In this subsection, we review Milnor invariants for string links, following [8, 9].

For an l-component string link L = L; U--- U L; in D? x [0, 1], denote by
Y = (D? x [0,1])\N(L) the exterior of an open tubular neighborhood N (L) of
L, and set Yy = (D? x {0})\N(L) and Y3 = (D? x {1})\N(L). For i = 0,1,
the fundamental group of Y; based at (e, i) identifies with the free group F; on
generators aq, ..., qq.

Recall that the lower central series of a group G is defined inductively by
I'G = G and Ty11G = [G,T1G]. By a theorem of Stallings [30], the inclusions
ti + Y; — Y induce isomorphisms (¢;)g @ m1(Y:)/Trr1m (Yy) — m(Y)/Tp1m (V)
for any positive integer k. Hence for each k, the string link L induces an auto-
morphism (Lo)gl o (11)g of Fi/Tk11F;. Actually, this assignment defines a monoid
homomorphism

Ak : SL(I) — Auto(Fl/Fk+1Fl),

called the kth Artin representation, where Autg(F;/Tx+1F;) denotes the group
of automorphisms of F;/T'y11F; sending each generator «; to a conjugate of
itself and preserving the product Hj aj. More precisely, for each component j,
consider the preferred jth longitude of L, which is a f;-framed parallel copy of
Lj;, where f; denotes the framing of component j. This defines an element ;
in m(Y)/Tri1m1(Y), and for any positive integer k, we set lf = ()" (1) €
F;/Tk41F;. Then we have that Ax(L) maps each generator «; to its conjugate
Ap(L) :aj = Do (IF)~1

(Here, we denoted the image of o in the lower central series quotient F;/T'y1F;
again by «;.)

Denote by SLi(l) the set of I-component string links whose longitudes are all
trivial in F; /T, F;. We have a descending filtration of monoids

SL(l) = SLi(1) D SLa(l) D -+ D SLg(l) D - -+

called the Milnor filtration, and we can consider the map

Fy I'.F;
:SL(1
e 2 SLi(l) = DoFy T By

for each k£ > 1, which maps L to the sum

1
(L) == oy @I,
i=j
called the degree k Milnor map.

2.2. Milnor numbers for string links

As mentioned in Sec. 1, Milnor invariants were originally defined as numerical
invariants. Let us briefly review their definition and connection to the Milnor map.
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Let Z{{X1,...,X;)) denote the ring of formal power series in the non-commu-
tative variables X7, ..., X;. The Magnus expansion E : F; — Z{{X1,...,X;)) is the
injective group homomorphism which maps each generator «; of F; to 1+ X; (and
thus maps each a; ' to 1 — X; + X7 — X7 4 --).

Since the Magnus expansion E maps I'yF; to terms of degree > k, the coefficient
Hiyig-winj (L) of X5, -+ X in the Magnus expansion E(Zf) is a well-defined invari-
ant of L for any m < k,° and it is called a Milnor p-invariant, or Milnor number,
of length m + 1. Milnor invariants are sometimes referred to as higher order linking
numbers, since p;;(L) is merely the linking number of components ¢ and j, while
wii (L) is just the framing of the ith component.

For each k > 1, the kth term SL;(l) of the Milnor filtration coincides with
the submonoid of SL() of string links with vanishing Milnor p-invariants of length
< k, and the Milnor map py, is strictly equivalent to the collection of all Milnor
p-invariants of length k + 1.

Recall that two I-component string links L and L’ are concordant if there is an
embedding

!
IR (U[O,l]Z) x I — (D*x1I)xI,

i=1

where [_|§:1 [0,1]; is the disjoint union of I copies of the unit interval [0, 1], such that

f(([_|i:1[0, 1];)x{0})=L x {0} and f((|_|§:1[0, 1];) x {1}) = L' x {1}, and such that
f(3(|_|i:1[0, 1];) x I) = (OL) x I. Tt is well-known that Milnor numbers, hence Mil-
nor maps, are not only isotopy invariants, but also concordance invariants: this is
for example shown by Casson in [4], although it is already implicit in Stallings’
paper [30].

2.3. Link-homotopy and the lower central series of the pure
braid group

Recall that the link-homotopy is an equivalence relation on knotted objects
generated by isotopies and self-crossing changes. Using the properties of Magnus
expansion, Milnor proved that, if I is a sequence with no repeated index, then the
corresponding invariant pg is a link-homotopy invariant, see [24, Theorem 8]. Habeg-
ger and Lin subsequently proved that string links are classified up to link-homotopy
by Milnor invariants with no repeated indices [8].

More precisely, Habegger and Lin showed that the set U'lm,:2{ wr| I €Z,} forms
a complete set of link-homotopy invariants for string links [8, 9], where for each
me {2,...,1},

1<) < <jm-a < jm1 <jm§l,}

Iy = {]7‘(1) o 'j‘r(m—Z)jmfljm res
m—2

“Note that the integer k can be chosen arbitrarily large, so this condition is not restrictive.
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In other words, Z,, is the set of all sequences ji - - - j,, of m non-repeating integers
from {1,...,1} such that j; < jm—1 < jm for all i <m — 2.

In this subsection, we use this result to give an explicit representative for the
link-homotopy class of any string link in terms of the lower central series of the
pure braid group.

Recall that the pure braid group on [ strands P(l) is generated by elements

2 1 -1 S
Ai’j:Ujfl-..mO'iJrl-Ji COig1 050 f0r1§2<j§l,

which may be represented geometrically as the pure braid where the ith string
overpasses the strings (i +1),...,(j — 1) and j, underpasses the jth string, then
goes back to the ith position by overpassing all strings. For convenience, we also
define A; ; for ¢ > j, by the convention A; ; := Aj;;.

Given a sequence J = jy - - ju, in Zyy,, we define the pure braid

By) = H o [[A.j17j27Aj27j3}7 Aj37j4}7 .. ‘]7 A.jvn—l;j'rn]? (2'1)

which lies in the (m — 1)th term I',,,_1 P(I) of the lower central series. We simply
write By = By) when there is no risk of confusion.

The pure braids By (J € Z,;,) can be used to construct an explicit representative
of the link-homotopy class of any string link as follows.

Lemma 2.1. Any I-component string link L is link-homotopic to b¥ - blL_l, where
{uJ(L) ifi=1,

ur(L) = pgbF - bE) ifi> 2.
(2.2)

b= TI Ba™®0,  where uy(bF) =
JEL; 11

Remark 2.1. This lemma is to be compared with [34, Theorem 4.3; 22, Theo-
rem 4.1], where similar results are given in terms of tree claspers — see Sec. 8.

Proof of Lemma 2.1. In view of the link-homotopy classification result of Habeg-
ger and Lin recalled above, the lemma simply follows from a computation of Milnor
invariants of the pure braids B, (J € Z,,). Specifically, using the additivity prop-
erty of Milnor string link invariants (see e.g. [21, Lemma 3.3]), it suffices to show
that, for any m and any two sequences J and J’' in Z,,, we have
1 ifJ=J,
pr(By) = , (2.3)
0 otherwise.
(See [22]). Fixing a sequence J = j1 -+ - jp in Iy, set
By, = H o [[Ajl,jzv Aj2,j3]7 Ajs,jz;]v .- '}7 Ajk_la.jk] € kalp(l)v

for all k = 2,...,m. (In particular, By = A;, ;,, while By = Bj.) Using the skein
formula for Milnor invariants due to Polyak [27], one can easily check that, for any

1650090-9
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k=3,...,m, we have

gy g1k (Bk) = Mgy (kal)'

It follows that ps(By) = pj,4,(Aj, 5,) = 1, as desired. The fact that pp(By) =0
for any J' # J in Z,, follows easily from similar arguments. |

The following notation will be useful in the next sections. Let SL" (1) be the set
of [-component string links with vanishing Milnor link-homotopy invariant of length
< m, that is, L € SL” (1) if and only if L is link-homotopic to bZb% -+ bl | as
in Lemma 2.1. Note that we have a descending filtration

SL(I) > SLE(1) > SLh(1) > -+~ D SLY(1) > --- D SLY(1).

3. The Universal sl, Invariant

In the rest of this paper, we use the following g-integer notation:

{ite = ¢ -1, {itgn ={iteli —1}q- - {i—n+1}e  {n}e! = {n}ten
o= e/ [l =Elln =gty [2] = e/ et

fori € Z,n > 0.

3.1. Quantized enveloping algebra Uy (sl2)

We first recall the definition of the quantized enveloping algebra Up(sl3), following
the notation in [13, 32].

We denote by Uy, = Up(sle) the h-adically complete Q[[h]]-algebra, topologically
generated by H, E, and F, defined by the relations

K- K1
HE — EH =2E, HF —FH =-2F, EF —FE=—7——7,
G2 —g1/2
where we set
hH
g=exph, K=q"? = exp 5
We equip Uy with a topological Z-graded algebra structure with deg F' = —1,

deg £ =1, and deg H = 0.
There is a unique complete ribbon Hopf algebra structure on Uy such that

AH(H):H®1+1®H7 €E(H):O, SE(H):_Ha
AE(E):E®1+K®E7 €E(E):O, SE(E):_K_lEy
AM(F)=F@K '4+1®F, ex(F)=0, Sp(F)=-FK.

1650090-10
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The universal R-matriz and its inverse are given by

; —1)"
R=D ann("—”uw QE" |, (3.1)
>0 [n]q-
R =Y (-1)"q? =" pu g g | p1 (3.2)
= [n]4! ’

where D = ¢iHOH — exp(2H®H) € U,f?z. For simplicity, we set R¥! = > n>0 atf®
BE with

an ® fn(=0oyf ® B7) =D (ﬁn(n%ﬂw ® En>
[n]q!
~wpr =D (g3l

Note that the right-hand sides above are sums of infinitely many tensors of the form
r ®y with 2,y € Uy, which we denote by o ® BT formally.

F"K"® K”E”) .

3.2. Unaversal sly invariant for string links

In this section, we recall the definition of the universal sls invariant of string links.
For an n-component string link L = Ly U---U Ly, we define the universal sl
invariant J(L) € US™ in three steps as follows. We follow the notation in [32].

Step 1. Choose a diagram. We choose a diagram L of L which is obtained by
pasting, horizontally and vertically, copies of the fundamental tangles depicted in
Fig. 2. We call such a diagram decomposable.

Step 2. Attach labels. We attach labels on the copies of the fundamental tangles
in the diagram, following the rule described in Fig. 3, where S}, should be replaced
with Sy if the string is oriented upward, and with the identity otherwise. We do
not attach any label to the other copies of fundamental tangles, i.e. to a straight
strand and to a local maximum or minimum oriented from right to left. See Fig. 5
for an (elementary) example.

Step 3. Read the labels. We define the ith tensorand of J(L) as the product
of the labels on the ith component of L, where the labels are read off along L;

,\\,/\/,\J,/\

Fig. 2. Fundamental tangles, where the orientations of the strands are arbitrary.
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(Sh ®Sp)(

Y\bum

(Sh @ Sh)
Fig. 3. How to place labels on the fundamental tangles.

(S, ® 53)(R)

y T S%(anVS%(ﬂn)
N ) N
X . sg(amXam

(Sp® SR
Fig. 4. How to read the labels on crossings.

N R

R
NN
(@ (b)

Fig. 5. (a) A diagram A of the string link A; (b) The label put on A.

reversing the orientation, and written from left to right. Here, the labels on the

crossings are read as in Fig. 4.

As is well-known [25], J(L) does not depend on the choice of the diagram, and

thus defines an isotopy invariant of string links.
For example, for the string link A shown in Fig. 5, we have

> B ® amfBn

m,n>0
m>0 [ ] n>0 n]q
m—+n
— D2 Z q%m(m—2)+%n(n—2)+m2 (q — 1) EMK™MET @ ™K M D
oo [m]g![n],!
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where the last identity follows from
D(1®z) = (K" @)D,

for x € Uj, an homogeneous element of degree |z|.
Note that

J(A)=1+ch (mod h?),
where ¢ denotes the symmetric element

1
c=sHOH+FRE+EQF. (3.4)

3.3. Unawversal slz invariant and linking number

We now recall how the linking number and framing can be simply derived from the
“coefficient” of h in the universal sl invariant. Before giving a precise statement
(Proposition 3.1), we need to introduce a few extra notation, which will be used
throughout the paper. A

For 1 < i < n, and for z € Uy, we define 2\ ¢ U2 by

l‘gl)=1®-~-®x®-~-®l,

where z is at the ¢th position. A
More generally, for 1 < ji,....jm <land y = > 11 @ -+ @ Y, € US™, we
O &l
define y;"..; € Uy" by

1 1 1
y =) )

For z € Ugl such that x =1 (mod h), set

—1 ~ o
coeff,(x) = ’ 7 € Ut hut,

i.e. we have = 1 + coeff;(z)h (mod h?).
Note that J(L) =1 (mod h) for any string link L, by definition.

Proposition 3.1. For L € SL(l) with linking matriz (mi;)1<: j<i, we have

1
coefln(J(L) = 5 Y mijel)
1<i,5<1
_ w1 R0
= Z MijCyj —|—§ Z MiCy -
1<i<j<l 1<i<i

Remark 3.1. This result is similar to the well-known formula expressing the degree
one part of the (framed) Kontsevich integral in terms of the linking matrix, which
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is generalized by Habegger and Masbaum [10, Theorem 6.1] with respect to Milnor
invariants, where the case n = 1 corresponds to the formula for the linking matrix:

ZYL) =1+ p1(L) + (terms of degree > 2) € A'(I), (3.5)

noting that Milnor numbers of length 2 are the coefficients of the linking matrix
(see Example 5.1). Our main result in this paper generalizes Proposition 3.1 with
respect to Milnor invariants, in a similar way to [10, Theorem 6.1].

In the rest of this section, we prove Proposition 3.1 in an elementary way.

Proof of Proposition 3.1. Let L € SL(l), and choose a decomposable diagram
L= El u---u IN/Z such that each crossing has both strands oriented downwards.
Denote by C(L) the set of the crossings, and by M (L) the set of local maxima
and minima oriented from left to right. For a € C(L) U M (L), let J(a) € U be
the element obtained by reading only the labels on a, as indicated in Step 2 of the

definition of J(L). Note that J(a) =1 (mod h) for each a € C(L) U M (L), and

coeff,(J(L)) = Z coefl(J(a)). (3.6)
acC(L)UM(L)

Now, for 1 <i < j <1, let C;;(L) C C(L) be the subset of crossings between
L; and f/j. Set Ry = Rézl). Since we have

coefl,(R?) + coeff,(R5,) = ec,
for e = 1, it follows that

7 coeff(J(a)) = myel. (3.7)
aECi,j(E)

Similarly, for 1 <7 <, let C’i(i) C C’(E) be the subset of self-crossings of L;,

and M;(L) C M(L) the subset of local maxima and minima oriented from left to
right in L;. Let us consider J(a) for a € C;(L) U M;(L), for | =i = 1 for simplicity.
Notice that each crossing in Cy (E) is either left-connected or right-connected, where
a downward oriented crossing is called left-connected (respectively, right-connected)
if its left (respectively, right) outgoing strand is connected to the left (respectively,
right) ingoing strand in L. For a left-connected (respectively, right-connected) pos-
itive crossing a € C1(L), we have .J(a) = Rgll) (respectively, J(a) = (321)§11)), and
on a left-connected (respectively, right-connected) negative crossing b € C4 (f/), we
have J(b) = (R;ll)gll) (respectively, J(b) = (Rfl)gll)). Recall that we put K (respec-
tively, K ~') on a local maximum (respectively, minimum) oriented left to right. For
these labels we have

W) _ g

—W g
coeffh(Rgll)) = 5 “ar 4 ,

o coeffr((RY) = —H5
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(1) (1)
cy +H _ —cy — H
coeff((Ra1)y) = HT’ coeff((R51)1) = %,
H —-H
coeff(K) = ok coeffr (K1) = —

We consider the sum of these coefficients over all labels on Cy(L) U M;(L). Actu-
ally, if [ (respectively, r) denotes the number of left-connected (respectively, right-
connected) crossings in Cy (L), and if M (respectively, m) denotes the number of
local maximum (resp. minimum) in M (L), then it is not difficult to check that

l—r—M+m=0. (3.8)

(By [14, Theorem XII.2.2], and since | —r — M + m is clearly invariant under a
crossing change, it suffices to prove that this quantity is invariant under each of the
moves of [14, Figures 2.2-2.9]: this is easily checked by a case-by-case study of all
possible types of crossings involved in the moves.) This implies that

Y coeffp(J(a) + 3 coeffh(J(b)):%mncgp.

aceCy(L) be M, (L)

This, together with Eqgs. (3.7) and (3.6), implies the desired formula. O

4. Diagrammatic Approach
4.1. Jacobi diagrams

We mostly follow the notation in [10].

A Jacobi diagram is a finite uni-trivalent graph, such that each trivalent vertex
is equipped with a cyclic ordering of its three incident half-edges. In this paper
we require that each connected component of a Jacobi diagram has at least one
univalent vertex. The degree of a Jacobi diagram is half its number of vertices.

Let X be a compact oriented 1-manifold. A Jacobi diagram on X is a Jacobi
diagram whose univalent vertices are disjointly embedded in X. Let A(X) denote
the Q-vector space spanned by Jacobi diagrams on X, subject to the AS, THX and
STU relations depicted in Fig. 6. Here as usual [1], we use bold lines to depict the
1-manifold X and dashed ones to depict the Jacobi diagram, and the cyclic ordering
at a vertex is given by the counterclockwise orientation in the plane of the figure. We
denote by Ag(X) the subspace spanned by Jacobi diagrams of degree k. Abusing

N . ~
= - — M ' =
’ o2 I I
/ = \

\
O
,
-
’ A

+ 4 =0

AS IHX STU

Fig. 6. The relations AS, THX and STU.
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notation, we still denote by A(X) its completion with respect to the degree, i.e.
A(X) = szo A (X).
In this paper, we shall restrict our attention to the case X = Hé’:l I;, where

each I; is a copy of the interval I = [0, 1]. For simplicity, set A(l) = .A(]_[é.:l 1;).
Note that A(l) has an algebra structure with multiplication defined by stacking.

We denote by B(l) the completed Q-vector space spanned by Jacobi diagrams
whose univalent vertices are labeled by elements of the set {1,...,l}, subject to the
AS and IHX relations. Here completion is given by the degree as before. Note that
B(l) has an algebra structure with multiplication defined by disjoint union.

There is a natural graded Q-linear isomorphism [1]
X : B(l) — Al),

which maps a diagram to the average of all possible combinatorially distinct ways
of attaching its i-colored vertices to the ¢th interval, for ¢ = 1,...,[. Note that x is
not an algebra homomorphism.

In what follows, we focus only on the subspace A*(l) of A(l), which is the
graded quotient of A(l) by the space spanned by Jacobi diagrams containing non-
simply connected diagrams. It follows that Bf(l) = x~1(A!(l)) is the commutative
polynomial algebra on the subspace Ct(l) spanned by trees, that is, by connected
and simply connected Jacobi diagrams.

Let us also denote by A" (1) the graded quotient of A*(l) by the space spanned
by Jacobi diagrams containing a chord between the same components of H;:l 1;.
Similarly, denote B"(l) := x~(A"(1)). Then B"(l) is the commutative polynomial
algebra on the subspace C"(1) spanned by trees with distinct labels [1].

As above, we denote by C! (1) and C!(l) the respective subspaces of C!(l) and
C"(1) spanned by Jacobi diagrams of degree k.

For any sequence I = (i1,...,4n) of integers in {1,...,1}, let TIU) be the tree
Jacobi diagram of degree (m — 1) labeled by I as shown in Fig. 7.

It is not difficult to see, by the AS and IHX relations, that C!, (1) is spanned by
diagrams TIU) indexed by sequences I = (i1, ...,4y) of integers in {1,...,1}, while
Ch (1) is spanned by those with distinct integers.

4.2. Kontsevich integral and Milnor map

A tangle is a proper embedding in D? x [0,1] of a compact, oriented 1-manifold
X, whose boundary points are on the two parallel lines [—1,1] x {0} x {0} and

i2 i3 tm—1
° ° .
T = .
i1 - ------ L IR, ST o - --- e 'm

Fig. 7. The tree Jacobi diagram TI(Z) for I = (i1,...,%m).
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[-1,1] x {0} x {1}, where we use the parametrization D? = {(z,y) € R?|
Va2 +y? < 1}. We further require that a tangle is equipped with a framing and
with a g¢-structure, i.e. a consistent collection of parentheses on each of the two
sets of boundary points. In the case where T' is a string link, we assume that the
g-structure is the same on both sets of boundary points.4

The Kontsevich integral Z(T') of a framed ¢-tangle T lives in the space A(X) of
Jacobi diagrams on X [15]. We shall not review the definition here, but refer the
reader to [1, 5, 26] for surveys. In this paper, we use the combinatorial definition as
in [26, Section 6.4].° Although this invariant depends on the choice of an associator,
this choice will not be relevant in this paper.

A fundamental property of the Kontsevich integral is its universality, over @,
among finite type (or Vassiliev) invariants and among quantum invariants, in the
sense that any such invariant can be recovered from the Kontsevich integral by
post-composition with an appropriate map, called weight system.

Bar-Natan [2] and Lin [19] proved that Milnor invariants for string links are
finite type invariants, and thus can be recovered from the Kontsevich integral.
This connection was made completely explicit by Habegger and Masbaum, who
showed that Milnor invariants determine and are determined by the so-called tree-
part of the Kontsevich integral [10]. In order to state this result, we first need
the following diagrammatic formulation for the image of the Milnor map defined
in Sec. 2.1.

Denote by H the abelianization F;/T'5F; of the free group F;, and denote by
L(H) = @, Li(H) the free Q-Lie algebra on H. Note that Ly(H) is isomorphic to
(TrF;/Tki1F) ® Q, so that py can be regarded as taking values in H @ Li(H). It
turns out that the Milnor map uy actually takes values in the kernel Dy (H) of the
Lie bracket map H ® Ly (H) — Ly+1(H), and that Dy (H) identifies with the space
Ci(1), as we now explain. Let T be a tree Jacobi diagram in Cf (I). To each univalent
vertex vy of T, we associate an element T, of Lx(H) as follows. For any univalent
vertex v # wp, label the incident edge of T' by ¢, = a; € F;, where j is the label
of v. Next, label all edges of T' by recursively assigning the label [a, b] to any edge
which meets an a-labeled and a b-labeled edge at a trivalent vertex (following the
cyclic ordering). The last step of this process assigns a label to the edge incident to
vo: this final label is the desired element T),, of Lj(H). Using this, we can define a
Q-linear isomorphism

Ci(l) — Dy(H) (4.1)

by sending a tree T" to the sum ZU ¢y ® Ty, where the sum ranges over the set of
all univalent vertices of T.

dAs we will see below, we only consider here the first non-vanishing term of Z(T) — 1, which does
not depend on this g-structure.
©Note in particular that what is denoted here by Z(T') is denoted by Z(T) in [26].
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Example 4.1. A single chord with vertices labeled ¢ and j is mapped to o; ® o +
a; @ o, which is an element of Dy (H) by antisymmetry. (Note in particular that
for i = j, the corresponding diagram is mapped to 2 - a; ® «;.)

Similarly, a Y-shaped diagram with univalent vertices labeled 4, j and k (fol-
lowing the cyclic ordering) is mapped to the sum o; ® [0y, ag] + 0 @ [, 4] + 0 @
[, o] clearly, this is an element of Dy(H) by the Jacobi identity.

In the rest of this paper, we implicitly identify the image of the Milnor map gy,
with Cj (1) via the isomorphism (4.1).

Now, Habegger—Masbaum’s result can be simply formulated as follows. Let L €
SL,,(l) be an l-component string link with vanishing Milnor invariants of length
up to m. The tree-part of the Kontsevich integral of L, which is defined as Z! =
ptox~toZ, where p' : B(l) — B(l) is the natural projection, is then given by

ZYL) = 1+ ptm (L) + terms of degree > m + 1,

where 1 denotes the empty Jacobi diagram. In particular, the leading term of Z%—1
does not depend on the choice of g-structure, and lives in the space C! (1) of degree
m tree Jacobi diagrams.
In [10], it is also proved that Z! is the universal finite type concordance invariant
over Q, which implies in particular that it determines Milnor invariants.
Furthermore, Habegger and Masbaum showed that, for L € SL” (1), we have

ZM(L) =1+ pl (L) + terms of degree > m + 1, (4.2)

where Z" is the Kontsevich integral Z composed with the projection B(I) — B"(I)
[10], and where p! is the link-homotopy reduction of the Milnor map pi,,, which is
defined as p", = p" o pu,,, with p" : C*(I) — C"(I) the natural projection. (Note in
particular that the leading term of Z" — 1 lives in C% (1).)

4.3. Weight system associated to sl

Recall that the Lie algebra sls is the three-dimensional Lie algebra over QQ generated
by h,e, and f with Lie bracket

[h,e] =2e, [h,f]==2f e, f]=h.

Let U = U(slz) denote the universal enveloping algebra of sla, and S = S(sl2)
the symmetric algebra of sls. There is a well-known commutative diagram [3]

A —— U]
[x [s
B(l) —— S®[n]),

where y is the isomorphism defined in Sec. 4.1, g is the Q-linear isomorphism
induced by the Poincaré-Birkhoff-Witt isomorphism S = U, sending a monomial
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v Uy €5 to Zaes(m) %vg(l) “Vg(m) € U, and where W is the weight system
associated to sls.

In this paper, we will make use of the map W defined on the space B(l) of
labeled Jacobi diagrams, and more precisely of its restriction to Bt(l), and thus
recall its definition below. More precisely, we first define a map w,, : Cf (1) — S®!,
and then define W : B(l) — S®![[h]] as the Q-algebra homomorphism such that
W (D) = wy, (D)™ for D € C!,(1).

For m = 1, we simply define w; by

wi(Dyj) = Cgé) e 5%l (4.3)

where D;; is a single chord with vertices labeled by ¢ and j (possibly ¢ = j), and
wheref

1
c:§h®h+f®e+e®f€sl§’2. (4.4)
Now let m > 2, and let D € C!, (I). Set

b= 3 (-Dlohees f)

ceB(3)
=hReRf+eR[Qh+[fRAhRe—hRfRe—fReR@Rh—eRhQ [
€ sI$3, (4.5)

where o acts by permutation of the tensorands. Consider a copy of b for each
trivalent vertex of D, where each tensorand of b is associated to one of the half-
edges incident to the trivalent vertex, following the cyclic ordering. Each internal
edge (i.e. each edge between two trivalent vertices) comprises a pair of half-edges,
and we contract the two corresponding copies of sly using the symmetric bilinear
form

(—, =) :sla®@sly —Q
defined by (a,b) = Tr(ab), that is given by
<h7h>:27 <€’f>:17 <h,€>:<h,f>:<€,€>=<f,f>:0.

Fix an arbitrary total order on the set of univalent vertices of D; we get in this way
an element > 21 ® -+ ® Ty, 11 of sI$™TL the ith tensorand corresponding to the
ith univalent vertex of D. We then define w,, (D) € S®! by

wn(D) =Y @@y, (4.6)

where y; is the product of all x; € sl such that the ith vertex is labeled by j.
It is known that w,, is well-defined, i.e. is invariant under AS and IHX relations;
see e.g. [6, Section 6.2].

f Abusing notation, we denote by the same letter ¢ the element of U;L@Q defined in (3.4) and the
corresponding element in sl? 2,
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4.4. Computing w,, on trees

There is another formulation of w, for tree Jacobi diagrams, which we will use
later. Recall that C! (1) is spanned by the trees Tl(l) indexed by sequences I of
(possibly repeating) integers in {1,...,[}, introduced in Sec. 4.1. For convenience,
we only give this alternative definition of w,, on the trees TI(I).

Recall the elements ¢ € sI5? and b € s15* defined in (4.4) and (4.5), respectively.
Let

5 sly — sl$?
be the Q-linear map defined by
s(a) = (ad © (@) = glah] ©h+ [0, fl D+ [o.c] o f
for a € sla, where ad(x ® y) = [z, y] for z,y € sla. On the basis elements, we have
s(e)=h®e—e®h, sh)=2exf-foe), s(fl=fh-haf
Set g =c¢€ sl?z. For m > 3, set

Gm=1"2@s) (1% P ®s) - (1®s)(c) € slS™. (4.7)

For example, one can easily check that ¢3 = b.

Proposition 4.1. For m > 1, we have

m—+1
W (T ) = St (48)
Proof. This is easily shown by induction on m > 1. For m = 1, we have

wl(T((f’)z)) = ¢ =g. Now let m > 2, and let X}, X, X; € sI$™ 2 such that
m=Xr0h+X.®e+ X f
= wmfl(T((ly??.,m))'
Then we have
Smt1 = (19" @ 8)(Gm—1)
=1 ') (Xp@h+Xc®e+ X; @ f)

=X, ®2ef—fRe)+ X ®(h®e—e )+ X;@(fQh—h® f)
= X0, ® (0 b)be @bs) + Xe @ (D (e, bh)0h @ 0}
+x;p0 (Yo (00 @ b)
T(erl)

= W (17,,.,m+1))7

where 35b1 ® 0o @ by = Y50} @ by @by = YIb) @by @ by =b.
Hence we have the assertion. O
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For an arbitrary sequence I = (i1,...,im+1) of indices in {1,...,1}, set

l l
§§) = (§m+1)£1),...7im+17

that is, if we write formally ¢,,41 = >, 21 ® -+ ® Xyp11, the jth tensorand of q}l)

is the product of all z, € U such that i, = j. Then by Proposition 4.1 and the
definition of w,, it immediately follows that

wo (T = IV € g%, (4.9)

5. Milnor Map and the Universal sl; Invariant

In this section, we give the main results of this paper, which relate Milnor invariants
to the universal slo invariant via the sl weight system W.

5.1. The quantized enveloping algebra U, and formal
power series S[[N]] over the symmetric algebra

The symmetric algebra S of sl has a graded structure S = @, ., Sm, where Sy, is
the Q-subspace spanned by elements of homogeneous degree m. Likewise, its [-fold
tensor product S =@, -, (5%!),, is graded, with

(S®l)m: @ Sm1®"'®SMz'

mi+-+mp=m
mi,...,m; >0.

Consider the Q-subspace (sl)'Y of (S®!),, defined by

()0 = P S @ © S

mi+--+mp=m
0<maq,...,m;<1

Roughly speaking, (sl2>%) is spanned by tensors in S®! with exactly m nontrivial

tensorands, each of which being of degree one. For example, the tensor ,, defined

in (4.7) is an element of <sl2>%).

By the definition of W given in Secs. 4.3 and 4.4, we immediately have the
following.

Lemma 5.1. For m > 1, we have
W(CL(1) C (S%)pirh™  and W(CH(1)) C (slo) ¥ nm.

In what follows, we will identify Ugl and U®![[h]] as Q[[h]]-modules via the
isomorphism

pi UL — USM([n]
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defined by

S1 t1 pur S t g
P E a’sl7~~~73l7t1;‘~:tl;u17~~~7ulF H"E" @ - @ F""H"E

8140381ttt U, u 20

_ s1pt1 Ul st pti ,ur
- §: a’sl7~~~73l7t1v~:tlau17~~~7'Uflf h*e™ ® ® forhte™,

81403815ttt U, u 20

for aa, ..o t1o iy € Q[[A]]. We also identify U2 and S®![[A]] as Q-modules
similarly.

5.2. Main results

We can now give the precise statements of our main results.
Set

Jt = 7Tt olJ: SL(I) — H (S®l)m+lhm7
m>1
where
mt U,?l — H (S®) gt ™
m>1

denotes the projection as Q-modules, that is,

t (4) s1 gt pul ... sttt g i
™ Z Z Z b51 ,,,,, SpHtiseee, tp,ug,., ulF HYE™ ® ®FUHUE K
m20120 \ oL s;4t;4u;=m

=2 > 00 et PR @@ [ | AT

m21 \ XL, sittitu;=m+1

(@)
for bsl7~~~73l7t1a~wtluu17~~~7ul € Q
The first main result in this paper is as follows.

Theorem 5.1. Let m > 1. If L € SL,, (1), then we have
JHL) = (W o ) (L) (mod A™*1).

Example 5.1. Let L be a string link with nonzero linking matrix (m;;)i<i j<i-
Then the ith longitude I} in F;/T2F;, defined in Sec. 2.1, reads I} = 22:1 Mo
(1 <1 <), so that the degree 1 Milnor map of L is given by

l
Zai &® lzl
i=1
= Z M0 @

1<i4,5<1

pa (L)
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= Z mij(ai®aj—|—aj®ai)+ Z mii(ai®ai)

1<i<j<l 1<i<t
1
= E mij + Do a; + E My - §Dai,a“
1<i<j<l 1<i<l

where Dy, o, denotes a single chord with vertices labeled «; and «a;, and where
the last equality uses isomorphism (4.1), see Example 4.1. Applying the sl weight
system W then yields

1
(Wom)(L)= Y myel) + 3 > i),
1<i<j<l 1<i<l
as predicted by Proposition 3.1.

Since Milnor maps are concordance invariants, we obtain the following topolog-
ical property for J? as an immediate consequence of Theorem 5.1.

Corollary 5.1. Let L, L' € SLy,(1) be two concordant string links. Then we have
JUL)=JYL) (mod h™TY).
In particular, if L is concordant to the trivial string link, then J'(L) is trivial.

Theorem 5.1 is proved in Sec. 7. The proof relies on the fact that Milnor concor-
dance invariants are related to Milnor link-homotopy invariants via some cabling
operation, so that Theorem 5.2 is actually used as a tool for proving Theorem 5.1.

In order to state the second main result in this paper, set

-1
Jhi=na"oJ:SL(l) — @(312>7(7l@)+1hm7

m=1

where 7" : Ugl — @i;i1<812>£7?+1hm is the projection as Q-modules.

We have the following.
Theorem 5.2. Let m > 1. If L € SL" (1), then we have
JMI) = (Wouh)(L) (mod h™Y),
where u is the link-homotopy reduction of the Milnor map fi,, defined in Sec. 4.2.

Theorem 5.2 is equivalent to the following theorem, formulated in terms of
Milnor numbers and the tensors g}l) defined in Sec. 4.4.

Theorem 5.3. For m > 1, if L € SL" (1), then we have

ML= | D wL) A (mod A,
I1€Tmt1

where the sum runs over the set I, y+1 defined in Sec. 2.
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Proof of equivalency of Theorems 5.2 and 5.3. We need to prove that
(w0 )(L) = > pr(L)sf. (5.1)
I1€lmt1

Recall from Lemma 2.1 that if L € SL”(I), then L is link-homotopic to
bk bl |, where the pure braids b are defined in (2.2). Actually, it follows
directly from Eq. (2.2) that if L € SL! (1), then we have u (L) = ph (bL). We
thus have that

[ (L) = pe, (b7

= | I @t
I€Tlym41

= | IT B
1€ 41

= > (L) ph(Br),

I€Tly41

where the last equality uses the additivity of the first non-vanishing Milnor string
link invariants. The result then follows from (4.9) and the fact that ul, (Br) =
Ty for I € Z,,41, which can be easily checked either by a direct computation or
using (4.2). m|

We prove Theorems 5.3 in the next section.

6. Proof of Theorem 5.3: The Link-Homotopy Case

We reduce Theorem 5.3 to the following two propositions. The first one shows that
the invariant J” is well-behaved with respect to link-homotopy.

Proposition 6.1. Let L, L’ € SL" (1) be two link-homotopic string links. Then we
have

JML)y=J"L) (mod A™TY).
In particular, if L is link-homotopic to the trivial string link, then J"(L) is trivial.

For the second proposition, recall from Sec. 2.3 that for each sequence J € 7,11
we defined a pure braid By) which lies in the mth term of the lower central series
of P(l).

Proposition 6.2. For any J € Zp,11, we have
JBMY =1+Prm  (mod A1),
where qL(,l) € was defined in Sec. 4.4.
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Proof of Theorem 5.3 assuming Propositions 6.1 and 6.2. We first note
that, as an immediate consequence of Proposition 6.2, for any J € Z,,+1 we have

JMBWYY =P (mod A, (6.1)
Now, let L € SL! (1), for some m > 1. We have
JNL) = JMbE bk b))
= J"(bL)

L
Jh H BIIJJ( )
I€Ty 41

> u(L) B (mod A7),
I€Tly41

where the first equality uses Lemma 2.1 and Proposition 6.1, while the last three
equalities follow from the definition of the pure braids b and from (6.1). Thus we
have the assertion. |

The proof of Proposition 6.1, which makes use of the theory of claspers, is
postponed to Sec. 8. Proposition 6.2 is proved by a direct computation, as shown
below.

Proof of Proposition 6.2. Set J = jij2 - - jm+1. The result is shown by induction

on m. For m = 1, then BJ(Z) is the pure braid AW

2 i1 ja» 8O by Proposition 3.1 we have

=1+ n

J1,J2

(1)
J(lejz)

=1+ h (mod h?),

J1J2
as desired.
For m > 1, by the induction hypothesis we have

JBYYy=a(B" AV )

Jidm? msJm

=BV, ), 74V ]

.jm ;.j7n+1

Rt Ut 1+ &) L RRURY

n 7.jm+1

S T O N LI ey /7

1 "'.jm ’ .jvn;.jvn«l»l

and on the other hand we have

@ RO | = ([em ® 1, Mt ])(Z)

[gjl"'j7n7 JmsJm+1 m,m~+11) g1 4

= (1" 2@ ad ® 1)(sm © )3V

Jidm4t

1650090-25



Int. J. Math. Downloaded from www.worldscientific.com
by UNIVERSITE JOSEPH FOURIER on 10/24/16. For personal use only.

J.-B. Meilhan € S. Suzuki

= (122 @ 5)(sm))Y

.jl "'.j7n+1
@

= (Smt 1)y

= gf]l) .

This completes the proof. O

7. Proof of Theorem 5.1: The General Case

In this section, we show how to deduce Theorem 5.1 from Theorem 5.2.
First, let us set some notation for the various projection maps that will be used
throughout this section. For 4,5 > 1, let
mh o SO[R]] — (S¥)H,
where (5®!); was defined in Sec. 5.1, and set also 7 := 7}, ; ;, so that 7' = [,5, 7.
Likewise, let

wh s SOUR]] — (slo) W,

and set m)' := 7l .

Next, recall that there are two (completed) coalgebra structures on S[[A]] as
follows. The first one is defined by A(z) = 2® 1+ 1® 2 and e(z) = 0 for = € sly
as algebra morphisms. The second one is induced by the coalgebra structure of Uy
defined in Sec. 3, via the Q-module isomorphism p : U, — S[[h]] seen in Sec. 5.1.
For A = Ay, A and p > 0, define

AP STIR)] — S©P((h])
by Al = ¢, Al =id, AR = A, and AlP! = (A ® 187-2) 0 AP! for p > 3. Abusing
notation, for [ > 0, we write A®) := (AP)®L . S![[1]] — S®P![[R]).

Since we have Ay (y) = A(y) (mod h) for any y € S, the restriction of 7/, 0 A(P)
to (S®);h is equal to that of x)"; o A%p) for any 1 <i,j < p, that is, we have

s 0 AP | gory = 75 0 AP (o1 1. (7.1)
Actually, the injectivity of these maps is one of the key points in this section.
Lemma 7.1. For any 1 <1i,j < p, the restriction to (S®');h7 of the Q-linear map

7T2j o AP) s injective.

Proof. This simply follows from the fact that the map V® onl o AW is a scalar
map on (S®);77, where V() Ur;épl — Ugl is the tensor power of p-fold multipli-
cations, i.e. the map sending 21 ® - -- ® xp, € U,?pl 01 Ty @ - @Tp—1)41
Tpl € U;?l. O

Now, for p > 1, let D®) : SL(I) — SL(pl) be the cabling map, which sends a
string link L € SL(I) to the string link D®) (L) € SL(pl) obtained by replacing
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each component with p parallel copies. Recall from [10] that, for m > 1 and p > m,
we have that L € SL,, (1) if and only if D®)(L) € SL” (pl). We have the following.

Lemma 7.2. For 1 < m < p, the following diagram commutes

Wopm

SLn(1) (S®1), 1 A

D(p)l lﬂﬁloA(m
l m

SL(p) = ()

Proof. Denote by D®) : C! (1) — C!, (pl) the map defined by sending a tree Jacobi
diagram ¢ € C! (I) to the sum of all diagrams obtained from & by replacing each
label ¢ € {1,...,1} by one of (i—1)p+1,(i—1)p+2,...,ip. Then the lemma
follows from the following two commutative diagrams

SLn(l) >t (1) and Ct (1) —> (81, ™
D(p)l lphoD(P) phoDml lm’;m(m
SLL, (pl) —— Ch (p1), Ch (pl) = (sla) 21 .

The fact that the left-hand side diagram commutes is due to Habegger and Mas-

baum [10], while the commutativity of the right-hand side diagram is a direct
consequence of the definitions. |

The next technical lemma will be shown in Sec. 8.

Lemma 7.3. Let L € SL! (1), and 1 < j <i—2 < m. We have 7! .(J(L)) = 0.

,J
We use Lemma 7.3 to establish the following.

Lemma 7.4. For 1 < m < p, the following diagram commutes

T, 0J
SLm(l) ——= (S®)my 1 h™

h
D(p)j lﬂmoA(hp)

SLl (pl) ——= (sla) 2 .

m

Proof. The diagram in the statement decomposes as

t

SLin(l) —L J(SLyn (1)) — > (§),p 4 1 AT

D@ l Aép) l lWTZOAng)

SLE (pl) —5> J(SLi (pl)) —> (sla) 2, 0,
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where the left-hand side square commutes as a general property of the universal sl
invariant. In order to prove that the right-hand square commutes as well, we first
show that, given a string link L € SL,,(l), we have

JLyel+ @ (S%ihd + (8% marh™ + B TIUL (7.2)
1<i<j<m

In other words, we show that

(a) 7 (J(L)) =0 for 1 < j <m—1,

(b) 7 ;(J(L)) =0for 1 <j<i—2<m.
By Lemma 7.1, if 7} ;(J(L)) # 0 for 4, j > 1, then for p > 4, j, we have

!5 (J(DW(L)) = (xl; 0 A (I (L)) #0. (7.3)
However, as already recalled above, the fact that L € SL,,(l) implies that
J(D®W)(L)) is in SL" (pl). So (7.3) above can neither hold in case 1 < j =i —1 <
m — 1 by Theorem 5.3(ii), which implies (a), nor in case 1 < j < i —2 < m by
Lemma 7.3, which implies (b).

Let us now proceed with the proof that the right-hand square of the diagram
above is commutative. In view of (7.2), we only need to show the following two
claims:

(i) 7l o A;Lp)((S@)ihj) =0 for any 1 <i <j <m, and
(i) 7 o AW (EmH1yel) =0,

m

Claim (ii) is obvious, from the fact that Agp)(hiU;?l) C hiU,?pl for ¢ > 0. In order
to prove Claim (i), it is enough to show for 0 < ¢ < j that

A;Lp)((S@l)ihj) c H (S®pl)uhv.
0<u<v
Recall from [13] that for s,n,r > 0, Ap(F*H"E") is equal to
Z . . | Feipr i g preds @ i ST T2 B
0<j1<5,0<42<n,0<js<r LJ1]4 L2 4 \J3
Since K = exp 2 € [1;50 QH'H', the above formula implies
AP H'E") € [] (S%%)ssntrseh®.
0<t<k

Thus we have

INSEEOONIN | REEO NN | NCEOWS

0<t<k 0<u<v

This concludes the proof of Lemma 7.4. |

We can finally proceed with the proof of Theorem 5.1.
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Proof of Theorem 5.1. Let L € SL,,(l) for some m > 1. By (7.2), we have
JUL) € (S i1 ™ + R HUE,

and thus we only need to prove that «f, o J* = W o i1 1. By Lemma 7.1, it suffices
to show that this equality holds after post-composing with 7/ o A®) that is, it
suffices to prove that

ﬂfnoA(p)Oﬂ'inth:anOA(p)OWO,um_;_L

But according to the commutative diagrams of Lemmas 7.2 and 7.4, this is equiv-
alent to proving that

(0 J")DP (L)) = (), 0 W © 1) (DP (L)),

which follows immediately from Theorem 5.2. Thus we have the assertion. O

Remark 7.1. We have in particular shown that the universal sls invariant for a
string link L € SL,,(I) satisfies (7.2), and the proof of Theorem 5.1 given above
relies on the fact that, when applying the projection map 7* to the above equation,

we obtain that J¢(L) € (S®l)m+1hm+hm+1U§’l. So we could consider an alternative
version of the reduction J* of the universal sly invariant for the statement of our
main result, by setting
Jt:=7toJ,
where 7 denotes the quotient map as Q-modules
G0l )
ngigj(5®l)im

Clearly, it appears from the above proof, that Theorem 5.1 still holds when replacing
Jt with this alternative version J?.

at: (S¥)[[)]

The above observation gives the following, which in particular applies to slice
and boundary string links.

Corollary 7.1. Let L be an l-component string link with vanishing Milnor invari-
ants. Then we have

J(L)ye1+ [T (s®n.

1<i<y

8. Universal sl; Invariant and Clasper Surgery

This section contains the proof of Lemma 7.3 and Proposition 6.1. In order to prove
these results, we will make use of the theory of claspers, and more precisely we will
study the behavior of the universal sly invariant under clasper surgery.
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8.1. A quick review of clasper theory

We recall here only the definition and a few properties of claspers for string links,
and refer the reader to [11] for more details.

Let L be a string link. A clasper for L is an embedded surface in D? x [0, 1],
which decomposes into disks and bands, called edges, each of which connects two
distinct disks. The disks have either 1 or 3 incident edges, and are called leaves or
nodes, respectively, and the clasper intersects L transversely at a finite number of
points, which are all contained in the interiors of the leaves. A clasper is called a
tree clasper if it is connected and simply connected. In this paper, we make use of
the drawing convention of [11, Figure 7] for representing claspers.

The degree of a tree clasper is defined to the number of nodes plus 1, i.e. the
number of leaves minus 1.

Given a clasper G for a string link L, we can modify L using the local moves 1
and 2 of Fig. 8 as follows. If G contains one or several nodes, pick any leaf of G that
is connected to a node by an edge, and apply the local move 1. Keep applying this
first move at each node, until none remains: this produces a disjoint union of degree
1 claspers for the string link L (note indeed that erasing these degree 1 claspers
gives back the string link L). Now apply the local move 2 at each degree 1 clasper.
We say that the resulting string link Lg in D? x [0, 1] is obtained from L by surgery
along G. Note that the isotopy class of Lg does not depend on the order in which
the moves were performed.

The Cj-equivalence is the equivalence relation on string links generated by surg-
eries along tree claspers of degree k and isotopies.

A clasper for a string link L is called simple if each of its leaves intersects L at
one point. Habiro showed that two string links are Cj-equivalent if and only if they
are related by surgery along a disjoint union of simple degree k tree claspers.

In the following, we will implicitly assume that all tree claspers are simple.

A tree clasper G for a string link L is called repeated if more than one leaf of
G intersects the same component of L. An important property of repeated tree
claspers is the following, see for example [7].

Lemma 8.1. Surgery along a repeated tree clasper preserves the link-homotopy
class of (string) links.

We conclude this subsection with a couple of standard lemmas in clasper theory.
Proofs are omitted, since they involve the same techniques as in [11, Section 4],
where similar statements appear.

| < » S
A 1 I s

Fig. 8. Constructing the image of a string link under clasper surgery. Here, bold lines represent
a bunch of parallel strands from the string link.
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Lemma 8.2. Let C' be a union of tree claspers for a string link L, and let t be a
component of C which is a tree clasper of degree k. Let C' be obtained from C by
passing an edge of t across L or across another edge of C. Then we have

Le Cyir Lo (8.1)

Moreover, if t is repeated, then the Cyy1-equivalence in (8.1) is realized by surgery
along repeated tree claspers.

Lemma 8.3. Let t1 Uts be a disjoint union of a degree ki and a degree ko clasper
for a string link L. Let t} Uty be obtained from t; Uty by sliding a leaf of t1 across
a leaf of ta, as shown below:

t2 )t] lYZ t’]

£y Ll

Then we have
Lt]Utz Ck1+k?2 Lt/lut/2~ (8'2)

Moreover, if one of t1 and to is repeated, then the Ch, yr,-equivalence in (8.2) is
realized by surgery along repeated tree claspers.

8.2. Proofs of Lemma 7.3 and Proposition 6.1

In this section, we prove Lemma 7.3 and Proposition 6.1. The proofs rely on two
results (Corollary 8.1 and Lemma 8.5) which describe the behavior of the universal
slo invariant with respect to clasper surgery.

We need an additional technical notion to state these results. Recall from Sec. 2
that the trivial string link is defined as 1(= 1;) = {p1,...,p} x [0,1]. We assume
that the points p; are on the line {(z,y) € D?|y = 0}. A tree clasper T for the
trivial string link 1 is called overpassing, if all edges and nodes of T" are contained
in {(z,y) € D*|y < 0} x [0,1] € D? x [0,1]. In other words, T is overpassing if
there is a diagram of 1 UT" which restricts to the standard diagram of 1, where the
strands do not cross, and where the edges of T" overpass 1 at all crossings.

Lemma 8.4. Let L and Lo be two link-homotopic l-component string links. Then
for any m > 1, there exists n > 0 overpassing repeated tree claspers Ry, ..., R, of
degree < m for 1 such that

LCpy1Lo- ] 1r,.
9 =

Proof. By the definition of link-homotopy, L can be obtained from Ly a finite
sequence of self-crossing changes, i.e. by surgery along a disjoint union R of ny
repeated degree 1 tree claspers.
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Pick a connected component Ry of R. By a sequence of crossing changes and leaf
slides, we can “pull down” Ry in D? x [0, 1] so that it leaves in a small neighborhood
of D? x {0}, which is disjoint from R\ Ry and intersects Lg at n trivial arcs. Apply
further crossing changes to ensure that the image R of Ry under this deformation
is overpassing. By Lemmas 8.2 and 8.3, we have

c
L < (Lo)r\r, - 15,
and the Cs-equivalence is realized by surgery along repeated tree claspers of degree

2. Applying this procedure to each of the n; connected components of R succes-
sively, we eventually obtain that

L= LO . H ]-R )
1§i§n1 R(2)

where each R; is an overpassing tree clasper of degree 1, and R(?) is a disjoint union
of repeated tree claspers of degree 2.

Next, we apply the same “pull down” procedure to each connected component
of R®) successively. Using the same lemmas, we then have that

L=1|Lgy- H 11:2(.2) ,
) iz
1<iz<na R

where each R§2) is an overpassing repeated tree clasper of degree at most 2, and
R®) is a disjoint union of repeated tree claspers of degree > 3.
Iterating this procedure, we obtain that, for any integer m > 1, we have

L=|Lo- H 1&5;:) )

1<im <nm, R(m+1)

where ]%gm) is an overpassing repeated tree clasper of degree at most m, and R(™+1)
is a disjoint union of repeated tree claspers of degree > m + 1.
This completes the proof. O

Since the universal sl invariant modulo the ideal FFU ,?l is a finite type invariant
of degree < k, hence is an invariant of Cj-equivalence [11], the multiplicativity of
the universal sle invariant implies the following.

Corollary 8.1. Let L and Lg be two link-homotopic l-component string links. Then
for any m > 1, there exists n > 0 overpassing repeated tree claspers Ry, ..., R, of
degree < m for 1 such that

J(L)=J(Lo) - [[ 7(1r,) (mod A™*).
j=1

We will apply this result to the case where Lg is the explicit representative for
the link-homotopy class of L given in Lemma 2.1, whose universal slo invariant
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was studied in detail in Sec. 6. By Corollary 8.1, we are thus lead to studying
the universal slo invariant of string links obtained from 1 by surgery along an
overpassing repeated tree clasper: this is the subject of Lemma 8.5.

Forz = F"HME" @ F2H™E™? @ ---@ FS*H"E™ € S® set

supp(z) = {1 <i <1|s; +n; +r; # 0},
that is, roughly speaking, the number of nontrivial tensorands. We denote by

(S qupp<n the Q-submodule of S®' spanned by all monomials z such that
supp(z) < n.

Lemma 8.5. Let C be an overpassing repeated tree clasper for 1 € SL(l). We have

J(10) € 14 [ [ (5% supp<i -
j>1

Proof. Since C' is an overpassing repeated tree clasper for 1;, there exists an
[-component braid B such that

(L)e =B ((1x)er ® 1) - B7, (8.3)

where k denotes the number of strands of 1; intersecting C, and where C’ denotes
the image of C' under this isotopy. (Recall that ® denotes the horizontal juxtapo-
sition of string links.)

Let m denote the degree of C' (and C”). Since J((1x)c) =1 (mod h™) and k <
#{leaves of C} — 1 = m, we have

J((Ap)er) € 1+ [ 8%F0 c 1+ J] 5%,
jzm Jjzk

which implies that

J(k)or @ Lig) € 14 [ ] (S® ) supp<i -

Jjzk
So, by Eq. (8.3), in order to obtain the desired result it only remains to show

that ] j21(5®l)suPp§jhj is invariant under the braid group action. Here, the braid
group acts on Up ol by quantized permutation: the action of Artin generator o,
on an element x is given by Rnll n(ﬁn(x))(R_l)&er where 7, (x) denotes the
permutation of the nth and (n + 1)th tensorands of .

Hence it suffices to prove that, for any monomial z = (1 ® - - ® 2, @ 1917k
with x1,...,2p € 5, j >k, and any n € {1,...,l—1},wehave

(l) j
RnJrl n’ ( n+1 n € H bUPP<J 7
Jj=1

and

_ l 1
(RYHY 2R e TT(S® supp<il?.
j>1
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We prove the first inclusion. The second one is similar. This is clear when 1 < n <
k—1and k+1<n. When n =k, since R*' =1 (mod h), we have
Rgdk z-(R™ ﬁﬁlk—(xﬂg“'®fbﬂxk®1XR_UzH®1@_b4ﬁﬂ
S (.Il R Q@ 1®l_k)ﬁj + H (S®l)supp§k+1hi
i>j+1

C@ @ ezal® M+ T (S*)supp<isil.

i>j+1
This completes the proof. |
Corollary 8.2. If L € SL" (1), then we have
J(L) € 1+ (W o pl)(L) + (S )supp<, i + K™ FUE. (8.4)

Proof. Recall from Lemma 2.1 that L € SL!(I) is link-homotopic to b =
bLbE bl . By Proposition 6.2 we have

JO) =1+ > wL) ) A =14+ (Woul)(L) (mod A, (8.5)
JELm+41

where the second equality follows from Eq. (5.1). Since [] j(S®l)supp§jhj is closed
under multiplication, Corollary 8.1 and Lemma 8.5 imply that

J(L) € Jb) - | 1+ [[(S%)supp<it? | + H" UL

C L+ Wor)L))- [ 1+ (5% suppeit? | +Hm UL

C L+ (W o u)(L) + DS suppes b/ + BT
j=1
This completes the proof. O

We can now prove Lemma 7.3 and Proposition 6.1.

Proof of Lemma 7.3. Let L € SL” (I) and 1 < j <i — 2 < m. By Corollary 8.2,
we have

NZJ(J(L)) € 71'2}»7:] ( (W o :um + @ supp<khk hm+1U§l>
k=1

k=1

(Vo (L (@ )
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But the right-hand side is equal to 0 since we have
(W o 1) (L) € (sla) i 1,
and
®(S®l)suppﬁkhk m<3l2>£l)hj =10,
k=1
since for any monomial = € (sl2>§l) we have supp(z) =i > j + 2.

This completes the proof. O

Proof of Proposition 6.1. Let L, L’ € SL” (1) be two link-homotopic string links.
By Corollary 8.1 and Lemma 8.5, together with the fact that [T;(S®)supp< B’ is
closed under multiplication, we have

J(L) € JL) - | 1+ [[(S®)suppeit? | + H UL
J

Then Corollary 8.2 implies that J"(L) = J*(L') (mod A™*1), as desired. a

In a similar spirit as Remark 7.1, we have the following.

Remark 8.1. By Corollary 8.2, the universal sl invariant for a string link L in
SL (1) satisfies (8.4). So we have a variant of Theorem 5.2, using an alternative
version of the reduction J" of the universal sl, invariant .J, by setting

Jh = 7ho J,
where 7" denotes the quotient map as Q-modules
(SEO[[Al]
[1;(S®)supp<; P
Indeed, it follows immediately from Corollary 8.2 that if L € SL" (1), then
Jh(L) = (Wouh)(L) (mod ™),

at (SE[[]] —

In particular, we obtain the following.

Corollary 8.3. Let L be a link-homotopically trivial I-component string link. Then
we have

-1
J(L) € 1+ (S supp<i W’ + WU
j=1
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