HOMOTOPY BRUNNIAN LINKS AND THE x<-INVARIANT

F. R. COHEN, R. KOMENDARCZYK, AND C. SHONKWILER

ABSTRACT. We provide an alternative proof that Koschorke’s k-invariant is
injective on the set of link homotopy classes of n-component homotopy Brun-
nian links BLM (n). The existing proof (by Koschorke [23]) is based on the
Pontryagin—Thom theory of framed cobordisms, whereas ours is closer in spirit
to techniques based on Habegger and Lin’s string links. We frame the result in
the language of Fox’s torus homotopy groups and the rational homotopy Lie
algebra 74 (QConf(n)) ® Q of the configuration space. It allows us to express
the relevant Milnor’s py—invariants as homotopy periods of Conf(n).

1. INTRODUCTION

The purpose of this paper is to develop methods to address a question of Koschorke
[23, p. 315] concerning classical smooth links in R?. Namely, Koschorke defines a
link invariant, called the k—invariant, by: (i) defining a map from the space of link
maps to the space of continuous maps of a torus to a configuration space, and (ii)
passing to the path-components. He conjectures that this invariant distinguishes
links up to link homotopy. The tools developed in this paper are a computation
of a so-called torus homotopy group which provides a framework for studying link
homotopy classes and Koschorke’s invariant. The group in question (denoted later
by TF(n)) is a natural subset of the pointed homotopy classes of maps of a torus
to the configuration space. The resulting group is described by generators and
relations as well as associated information. The relations are built up out of re-
lations which appear in a seemingly different context which first arose in work of
Kohno and Drinfel’d on a different subject arising from monodromy representations
from the KZ-equation, (see [2] for a comprehensive reference). In particular, it is
shown that the group obtained here for addressing Koschorke’s conjecture is gen-
erated by certain elements in a function space. Furthermore, the group generated
by these natural choices satisfies a group theoretic analogue of relations known as
the Yang—Baxter relations or horizontal 4T relations within knot theory.

1.1. Preliminaries. Let us fix n distinct points {z1,...,7,} in R and consider
the space of (based) n—component link maps, i.e. smooth maps,

L 3(51,51) ...y (Sl,sn) SN R3’
L(s;) = xi, Li(SY N L;i(SY) =0, i # ],
where each component has a basepoint s; mapped to a corresponding fixed point x;

in R3. Equivalently, we may consider the space of free link maps where the assump-
tion on the basepoints is dropped, however as there is a bijective correspondence

(1.1)
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between the pointed and basepoint free theory by a standard argument. Two link
maps L and L' are link homotopic if and only if there exists a smooth homotopy
H: (L' S') x I — R3 connecting L and L’ through link maps. Following [23],
we denote the set of equivalence classes of n—component link maps by LM (n). By
transversality, a link homotopy (as originally defined by Milnor [31]) of a link map
can be realized at the level of diagrams by a finite sequence of Reidemeister moves
and crossing changes [12]; in particular the link homotopy classification of links is
equivalent to the link homotopy classification of link maps.

In [31], Milnor classified 3-component links up to link homotopy by the set of
invariants built from the pairwise linking numbers fi(1;2), i(1;3), a(2;3) € Z and
a triple linking number fi(1,2;3) € Zgeagu(1;2),5(153),a(2;3)} - In particular he showed
that the collection of integer valued p—invariants {u(1,0(2), ..., o(n —1);n)(L)}s
indexed by permutations o € %(2,...,n — 1) separates homotopy Brunnian links
(following Milnor’s lead, we use p rather than & to indicate the lack of indeter-
minacy in the Brunnian case, see the end of Section 4 for detailed definitions).
Recall that an n-component link L is homotopy Brunnian [23] whenever all of its
(n — 1)-component sublinks are link-homotopically trivial; we denote the subset of
these links by BLM (n) C LM (n). It is well known [15,25] that the g-invariants are
insufficient to separate LM (n) for n > 4, though a refinement of these invariants
due to Levine [25] classifies links of four or fewer components. The question of clas-
sification has been effectively addressed in 1990 by Habegger and Lin [12] who gave
an effective procedure for distinguishing elements in LM (n) for all n. Nevertheless
it still remains an open problem whether a complete set of “numerical” link homo-
topy invariants for LM (n) can be defined. For instance, the authors of [16,26, 30]
address this question using, among other things, the perspective of Vassiliev finite-
type invariants. An alternative view, which is rarely cited in this context but which
we intend to advocate here, appears in the work on higher dimensional link maps
by Koschorke [20-24], Haefliger [13], Massey and Rolfsen [28], and more recently
by Munson [33] and Munson—-Goodwillie in [11].

Following [22,23], the x-invariant is defined for classical links (i.e., 1-dimensional
links in R3) as

k: LM(n) — [T", Conf(n)],

W(L) = [Fi],  Fo=Lyx-xLn, (12

where [T, Conf(n)] is the set of pointed homotopy classes of maps from the n-torus
T™ to the configuration space Conf(n) of n distinct points in R3:

Conf(n) = {(x1,...,7,) € (R®)™ | z; # z; for i # j}.
Again, we consider pointed maps in (1.2) purely for convenience. Koschorke [20-24]

introduced the following central question which is directly related to the problems
mentioned above and the x—-invariant.

Question 1.1 (Koschorke [23]). Is the k-invariant injective and therefore a com-
plete invariant of n-component classical links up to link homotopy?

In 1997 Koschorke showed that k is injective on BLM (n) [23, Theorem 6.1 and
Corollary 6.2]; i.e., it separates homotopy Brunnian links. More recently the above
question was answered in the affirmative when n = 3, [6,7]. The work of Munson
and Voli¢ (e.g. Proposition 3.10 [34]) gives a possibly stronger invariant of homotopy
string links than the Koschorke invariant, an as yet unsettled question. Although
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their methods apply primarily to links in dimensions greater than 3, these methods
also provide a potentially interesting setting for links in R3.

1.2. Statement of the main result. In order to frame the main theorem in
the language of the rational Lie algebra of QConf(n), the based loops on the con-
figuration space Conf(n), we first introduce the necessary background. It is well
known [5,8] that m.(QConf(n)) ® Q, which we denote further by £(Conf(n)), is a
graded Lie algebra with the bracket given by the Samelson product which is the
adjoint of the usual Whitehead product [38]. More precisely, for any space X the
Samelson product of @ € 7, (2X) and § € 7;(QX) is given by

[, B] = (=1)*10.[0; o, 0 Blw,
where 0, : mp11(X) — 7, (2X) is the adjoint homomorphism and [, ]w is the
Whitehead product. The generators of £(Conf(n)) are all in degree 1 and are
represented by maps B;; : S — QConf(n), 1 <i < j < n, defined as adjoints of
pointed versions of the spherical cycles
Aj;:S* =%8* — Conf(n), A=, ¢ .- +&...),  (1.3)
~— ~—~—
V’th §’th

where ¢ € S% and ¢ = (q1,...,qn) is fixed in Conf(n). We also have the following
vector space isomorphism [8, p. 22]:

vect. n-l n
L(Conf(n)) = @Pm (V... VS2)@Q=EDL(Bj1,...,Bj;-1), (14)
N—_——
Jj=1 7 times Jj=2

where the jth factor £(Bj1,..., Bjj—1) equals m.(Q(5% V...V 5?)) @ Q and is the
free Lie algebra generated by {Bj x}, k = 1...j—1. As a Lie algebra, £(Conf(n)) is
the quotient of the direct sum of the free Lie algebras £; by the 4T -relations [8, p.
20, [5,18]:

Bij = —Bji [Bo2),001) Boa),03)] =0, (for n > 4),

0,J
(1.5)
[Bo(2).001): Bo(3).01) + Bo(3).02)] = 0,
where ¢ is any permutation on {1,2,...,n}. We can now state the main result.

Main Theorem. The restriction of k to BLM (n) is injective. Moreover,
(i) the image k(BLM (n)) of BLM (n) is contained in a copy of m,(Conf(n)) =
Tn—1(QConf(n)) inside [T™, Conf(n)] and it is a free, rank (n — 2)!, Z—
module generated by

B(n,0) = [Bn1, Bno@) > Bnom-1), 0€3(2,...,n—1); (1.6)
where [Bp,1, Bp o(2)s - - Bn,o(n—1)] i5 a shorthand for the iterated Samelson
products

[- .. HBn,h Bn,a(?)]a Bn,o(3)]7 SERE) Bn,o’(n—l)]‘

(ii) for any representative link L € BLM (n) we have the following expansion
in the above basis:

sD= S w000~ 1);n)B(n,o),
ceX(2,...,n—1)

where u(l,0(2),...,0(n — 1);n) are Milnor’s pu—invariants of Brunnian
links.
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Recall [14,37] that the homotopy periods of a simply connected manifold M (with
finite Betti numbers) are integrals in the differential forms on M which detect all
nontrivial elements of m.(M) ® Q. It is well known that the homotopy periods
problem is completely solvable; see [14,37] and the recent work [36]. As a direct
consequence of (ii) we obtain

Corollary 1.2. Given any L € BLM (n), the associated p-invariants {p(1,0(2),
om—=1)n)(L)}s, 0 € X(2,...,n — 1) are fully determined by the homotopy
periods of the basis elements B(n, o).

The inspiration for the proof of the Main Theorem comes from the algebraic
techniques introduced by the first author in [4] and from the second proof in [6,
Section 5]. Moreover, Corollary 1.2 implies that the p-invariants of homotopy
Brunnian links can be computed by Chen’s iterated integrals [14], which in this light
appear as generalized Gauss integrals and hence as a possible source of invariants
for fluid flows [1, p. 176] (see also [19]).

Acknowledgments. We would like to thank the University of Rochester for hosting our
visit in July, 2010. The second and third authors are grateful to Dennis DeTurck, Herman
Gluck, Paul Melvin, Jim Stasheff, and David Shea Vela-Vick for inspirational weekly
meetings during 2006-2009. The first and second author are grateful for the hospitality of
The Kavli Institute for Theoretical Physics, supported in part by the NSF PHY11-25915,
and the organizers of the program Knotted Fields, 2012.

2. STRING LINKS

Following Habegger and Lin [12], let H(n) be the group of link homotopy classes
of ordered, oriented string links with n components. There is a split short exact
sequence of groups

1 — C(n;i) —— H(n) —2— H(ngi) — 1 (2.1)

where H(n;4) is the copy of H(n — 1) given by the map ¢; which deletes the ith
strand. The normal subgroup C(n;i) is isomorphic to RF(n — 1), the reduced
free group on the n — 1 generators shown in Figure 1. Recall that the reduced
free group RF(n — 1) is the quotient of the free group F(n — 1) on the (n — 1)
generators Ti,...,T,—1 obtained by adding the relations [r;,g7;97'] = 1 for all
je{l,...,.n—1}and all g € F(n—1).

TN

1 j i n

FIGURE 1. A generator 7;; of C(n;i) & RF(n —1).

The exact sequence (2.1) is split by the map s; : H(n;i) — H(n) which just
adds one trivial strand to any element of H(n;#) as the ith strand. Thus, for each
i, we have the semidirect product decomposition

H(n) = H(ni) x C(n;i). (2.2)
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Given p € H(n), let
p=(0,h); = 0;h;, 0; € H(n;i) and h; € C(n;i), (2.3)

be the factorization of p with respect to the above decomposition. A partial conju-
gation of p by A € H(n) is obtained by p = (0, h); — (6, \hA™1);.

Theorem 2.1 (Habegger-Lin Markov-type theorem [12]). Denote the Markov clo-
sure operation by
“:H(n) ——— LM(n). (2.4)
Then
(a) * is surjective.
(b) p1 = p2 if and only if p1 and pa in H(n) are related by a sequence of
conjugations and partial conjugations (in fact, partial conjugations are suf-

ficient [17]).

We collect some known facts about H(n) below. Here and throughout the paper,
if G is a group then its kth lower central subgroup is defined inductively by G; =
G,Gy =[G, G],...,Gr = |G, Gr_1].

(1) H(n) is torsion-free and nilpotent of class n — 1,

(2) H(Tl)k = H(’Il, i)k X C(n;i)k,

(3) H(n)r—1/H(n)y is a free abelian group of rank (k — 2)!(7}).

In the following we will focus on the copy of C(n;n) 2 RF(n — 1) in H(n)
generated by (71,...,T,—1) where 7, := 7, 1, as given in Figure 1. From [4] we list
known and useful facts about RF'(n — 1) below.

(4) RF(n — 1) admits the presentation

<7’17...,7’n,1 | forall1<iy <...<ip <n,1<k<n:
(2.5)
[Tiys---,Ti,] =1, whenever 7, = 7;, for some s < r>,
where [7;,,...,7;,] denotes the simple k-fold commutator [- - - [[1i,, Ti,], Tisls
o Tip ) (cf.[27, p. 295]).
Denote by I = (i1, ...,4x) an ordered multiindex, where 1 <i; < ... <ir <n-—1,
1<k<n-—1,and let
T(I,0) = [Til,na(z) . ,Tig(k)], (2.6)

where ¢ is a permutation of {2,...,k}. Then
(5) RF(n—1), ={1} and

RF(n — l)k/RF(n “imz Pz
(k=D!(")
(6) Each RF(n — 1)k/RF(n — 1)1 is generated by {7(I,0)}, with |I| = k,
and elements z € RF(n — 1) have the normal form
Zz2=MAM2--An_1, where M\, = H H 7(I, a)e(l’”), (2.7)
L=k o€X(2,...k)

for some e(I,0) € Z.
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Consider the homomorphism

§:Hn) —— [[Hmi),  o=]]0, (2.8)
i=1 i=1
where §; is as defined in (2.1). Clearly,
kerd =C(n;1)NC(n;2)N...NC(n;n). (2.9)

Observe that elements of ker § have a natural geometric meaning: they are precisely
the string links which become trivial after removing any of their components. Fur-
ther we call them Brunnian string links and denote by BH(n). In the ensuing
lemma we choose to treat BH(n) as a subgroup of C(n;n) =2 RF(11,...,Th—1).

Lemma 2.2. BH(n) is a free abelian group of rank (n — 2)! generated by
T(n,0) = [T1,T52)s -+, To(n—1)] for o €X(2,...,n—1). (2.10)

Moreover,

(i) for each i:
BH(n) =C(n;i)p—1 ZHN)p—1 = RF(n — 1)p_1;
(ii) BH(n) C Z(H(n)).

Proof. The fact that H(n),—1 C Z(H(n)) follows immediately from nilpotency (i.e.
length n commutators are all trivial in H(n)). Thus (i) implies (ii).

Clearly BH(n) C kerd; = C(n;i), so any z € BH(n) can be written in the
normal form (2.7). We claim that z = A\,_;. Indeed, for each k¥ < n — 1 and any
I = (iy,...,ix), consider 7(I,0) given in (2.6). Pick j € {1,...,n — 1} such that
j # i, for all 4, € I, which is possible since k < n — 1. The map 6; : C(n;i) —
C(n;i) NC(n;4) which deletes the jth strand is given on generators as

d;(mi) = {1 oy =1, (2.11)
T; otherwise,

so we have 0;(7(I,0)) = 7(I,0). Therefore, §;(A;) # 1 for some j € {1,...,n—1},

contradicting the fact that z € BH(n) C kerd; for all j. Hence, the normal form

(2.7) implies z = A\,_1 and therefore (2.10) follows as well as the first part of (i).
The second identity in (i) is immediate: (2) implies that H(n),—1 = H(n;4)n_1X

C(n;4)n—1, but this is just C(n;i),—1 since H(n;i)p—1 = H(n — 1),—1 is trivial by

(1). O

The relation between Brunnian string links and Brunnian links is revealed in the
following result, which is a consequence of Lemma 2.2 and Theorem 2.1.

Proposition 2.3. The restriction of the Markov closure operation defined in (2.4)
to BH(n) is injective, and the image BH(n) equals BLM (n).

Proof. In order to see that ~ is injective on BH(n), let p € BH(n). Since BH(n) =
C(n;4)n—1, the factorization

p=(0,h); = 0;h;
is only valid if §; = 1. Since this holds for all ¢, partial conjugations of p are just
ordinary conjugations which, since BH(n) C Z(H(n)), act trivially on p. Thus,
Markov closure is injective on BH(n).
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In order to see lﬁ-{(\n) = BLM (n), observe that for any natural number m the

inverse image of the unlink in LM (m) under = : H(m) — LM (m) contains only

1 € H(m). Indeed, Theorem 2.1(b) tells us that any element of the inverse image of

the unlink under ~ has to be related to 1 by conjugations or partial conjugations.
Obviously, both of these operations act trivially on 1, which proves the claim.

Now fix a representative link L € BLM (n) and, by Theorem 2.1(a), let p € H(n)

—

be such that p = L. Since any (n — 1)-component sublink ;(p) of L is trivial,
the fact proven above implies that §;(p) = 1 for any 1 < ¢ < n, and therefore
p € ker 6 = BH(n). O

3. TORUS HOMOTOPY GROUPS

In this and the following sections all sets of homotopy classes [X, Y] are pointed
and * denotes a basepoint. Consider the group
T(n) := [ET" %, Conf(n)] = [T, QConf(n)] (3.1)

of homotopy classes of pointed maps from the (n — 1)-torus T"~* = (S1)"~1 to the
based loop space QConf(n) of the configuration space Conf(n). The product in T'(n)
comes from the loop multiplication or equivalently the coproduct of suspensions. In
the notation of Fox [9,10], who introduced torus homotopy groups, T'(n) is denoted
by 7,(Conf(n)) and equivalently defined as 7; (Maps(T”~!, Conf(n)), *), where the
basepoint * in the case of T'(n) is defined to be the constant map. In the following,
we will freely alternate between both ways of representing T'(n) given in (3.1).
Letting Pj, be the k-skeleton of T"~!, we have the filtration

{s}=PCP C...CP,,=T""1 *=8=1(S1,...,80-1)-
For each ordered multiindex I, observe that P, = J L=k S7, with notation
Sr={t=(t1,...,tn_1) €T |t; = s; fori ¢ I}.
ST =51/(S1 N Prp-1).
It implies a decreasing filtration of groups
T(n)>T(n;1) DD T(nyn—1) = {1},

where T'(n; k) := [(T""!, P); (2Conf(n), *)]. Some known facts about {T'(n;k)}
are summarized below (c.f. [38, p. 462]):

(7) {T(n;k)} is a central chain of T'(n).

(8) T'(n) is nilpotent of class n — 1.

(9)

(3.2)

T(n:k — 1) / Tik)= @  m(QConf(n)), (3.3)
I, [I|=k—1
where 77 (QConf(n)) := [ST, QConf(n)].
Each factor m;(QConf(n)) in the direct sum of (3.3) turns out to be a subgroup of
T'(n) via a monomorphism indexed by I = (i1,...,4), 1 <41 < ... <ip <n-—1
defined as follows (c.f. [9,38]):

i¥ : [ST, QConf(n)] ——— T(n),
]}%([f]):[fo.][]a jl”ﬂﬂnil*}Sl,

where j5 is the quotient projection.

(3.4)
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Remark 3.1. Another way to see (3.3) is via the homotopy equivalence X T~ ! =
izt vV, 1=k %.5%. Then each monomorphism j7 of (3.4) can be regarded as
induced from the restriction in the above bouquet to the Ith factor XS/l of ZT"~1.

We have the following lemma due to Fox [10, p. 498]:

Lemma 3.2. For every ordered multiindez I, jfé is a monomorphism. For I, J:
(i) Suppose INJ = @ and e = (—1)", where w is the number of instances

of it > j withi € I and j € J. Then for any o € w1 (Q2Conf(n)),s €
m7(QConf(n)), we have

i10s [ BY) = i} (@), 37 (8))°,
where [a, ] is the Samelson product of a and B, and [, | on the right hand
side denotes the commutator in T(n).

(i) If INJ #Q, then [ (a), 5% ()] = 1.

Consider the following elements of T'(n) obtained from the generators {Bj ;} of
L(Conf(n)) which are adjoints of the {Ay ;} defined in (1.3):

tri(0) == iy (Bri) € me)(QConf(n)), 1<i<k<n, 1<f<n—1, (35)

where (¢) is a length 1 multiindex. In view of the fact that {By ;} are free gener-
ators of m1(QConf(n)), the tj ;(¢) each have infinite order and {¢j,;(¢)} generates
a subgroup of T'(n) which we will denote by TF(n). The following lemma is a
consequence of Theorem 5.4 in [27] and we omit its technical proof.

Lemma 3.3. The lower central series {TF(n)i} of TF(n) has the following prop-
erties:
(10) TF(n) is nilpotent of class n — 1, and
(11) TF(n)r C T(n; k) for every k, and the last stage TF(n),—1 is generated by
length n — 1 commutators in {tx;(€)}.

Next, let us define and characterize the Brunnian part of TF(n), which we denote
by BTF(n). Consider the following projection map, which is defined by analogy
to the string link story as

Ly
Q) : QConf(n) — =2, TT QConf(n — 1),

n
obtained by looping ¢ = 11 X ... X 1, where ¢; : Conf(n) — Conf(n — 1) is
the projection ©; : (z1,...,Zi ..., &pn) — (T1,...24,...,2,) “deleting” the ith
coordinate. As in the case of string links, we say that ¢ € TF(n) is Brunnian
whenever ¢ belongs to the kernel of the homomorphism

U:TF(n) — H[T"‘l,QConf(n - 1),
n
induced from the product H?;ll ;. The following result should seem like déjd vu
of Lemma 2.2 from the previous section.

Lemma 3.4. The group BTF(n) = ker VU is a free abelian group of rank (n — 2)!
generated by iterated commutators in TF(n) of the form

t(nv J) = [tn,l(l)’ tn,a(2)<0(2))7 cee ,tvL,a(n—l)(U(n - 1))]7 (36)
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where o € X(2,...,n — 1) is any permutation of {2,...,n — 1}. In particular, it
follows that
BTF(n) C TF(n)p—1 C mn(22Conf(n)), (3.7

where N = (1,2,...,n — 1) is the top ordered index in the notation of (3.4).
Proof. Observe that Q@ZJI# are defined on the generators {t; ;(¢)} of TF(n) as

1 fork=iorj=1

QW (b, (0)) = { (3.8)

tr,;(£) otherwise.

Each 1); is a fibration, with the fiber having the homotopy type of \/?:_11 S2, 15,8, p.
14] where each S? factor corresponds to a generator in {B;k, B}k, it follows
that {B; , By} generate ker . (2;), thus (3.5) implies (3.8).

Next, we show that every t € BT F(n) is a product of length n—1 commutators in
the ¢, ;(¢) which do not have repeated lower indices {k,4}. Similar to the situation in
the proof of Lemma 2.2, no nontrivial commutator [tx, 4, (¢1), - - ., t;,i; (¢;)] of length
< n—1 can be in BTF(n). Indeed, any such commutator has to be in the image
under jf&, with I = (¢1,...,4;), 1 < 4q1,...,¢; < n—1, of the iterated Samelson
product [By, i,,..., Bk, ,]. Thanks to the relations (1.5) and Lemma 3.2, all the
By, i, have to have a common first lower index k; thus, up to sign, [By, 4,, - - -, Bk, 4]
equals [Bg,, ..., By,]. Furthermore, if j < n — 1, then we can find r with 1 <
r <mn — 1 such that r ¢ {i1,...,4;}. Then it follows from (3.8) that

QUF ([t (1), -+« s, (6))]) # 1,

so this commutator cannot be in BTF(n). Likewise, no nontrivial commutator
[this (€1), . stk o (bn=1)], (Where (41, ..., £,_1) is a permutation of (1,...,n—1))
with repeated second lower indices (i.e., i, = 74 for some p # ¢) can be in BT F'(n).
Thus, we are left only with the possibility that ¢ € BT F(n) is the product of length
n — 1 commutators without repeated lower indices. Hence, (3.7) follows from (11)
of Lemma 3.3. It remains to observe that the ¢(n,o) defined in (3.6) generate
BTF(n) or, equivalently, that {B(n,0) = [By1, By,0(2),- s Bn,o(n—1)]} generate
ker 7, (] [, Q;). By abuse of notation we use BT F(n) to denote ker . (][, Qv;) as
well. Since we are only concerned with the free part of ker ¥ it suffices to work
rationally and show the following about the B(n,o)s:

(a) they span BTF(n) ® Q,

(b) they are linearly independent in £(Conf(n)) = m.(Q2Conf(n)) ® Q.
For (a), note that (by an argument analogous to [27, p. 295]) BTF(n) ® Q is
spanned by the simple (n — 1)-fold products [By, iy, Bn.iss - - - > Bn,i,_,] With no re-
peated B, ;.. Then a simple induction involving the Jacobi identity proves the
claim. Part (b) can be argued by considering £(Conf(n)) as a subalgebra of the
universal enveloping algebra U L(Conf(n)) and expanding B(n, o) in monomial basis
of UL(Conf(n)). Again an elementary induction argument leads to the claim. O

4. PROOF OF MAIN THEOREM

Let (0,...,0) be the basepoint of T™ and let each factor be parametrized by the
unit interval. Distinguish the following subsets of T":

Ay =T x {t}, S, :={(0,...,0)} x S*, (4.1)
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and define the maps
p : [2T"1, Conf(n)] — [T", Conf(n)], where
p:T" — T"/(AgV S,) = T L.

Lemma 4.1. Let N = (1,2,...,n—1) be the top ordered multiindex. Consider the
composition

(4.2)

S #
7 (QConf(n)) =X T(n) —2— [T, Conf(n)],

where jﬁ is defined in (3.4). Then p* Ojf, is injective.
This result follows from Satz 12, Satz 20 in [35] (see [23, p. 305]). Next, we turn
to the proof of the Main Theorem.

We will work with C(n;n), which is a copy of RF(n — 1) inside H(n), and begin
by constructing a homomorphism

¢:C(nyn) — TF(n) (4.3)
via the canonical homomorphism F(n — 1) — TF(n) defined on the generators
Ti,...,Tn—1 Of the free group by
¢ LT tn’z(l)

Observe, by Lemma 3.2(ii), that any commutator in {¢, ;(¢)} with repeats is triv-
ial. Therefore, as a direct consequence of the presentation in (4), we can pass to
the quotient and obtain a homomorphism ¢ : C(n;n) = RF(n — 1) — TF(n), as
required.
Fact: The following diagram commutes:

C(n;n) ¢ TF(n)
f . (4.4)
LM(n) = [T™, Conf(n)].

With this fact in hand consider the composition ¢or where ¢ : BH(n) — C(n;n) is
the inclusion monomorphism (see Lemma 2.2). The normal form of any z € BH(n)
is a product of terms 7(n, o) as defined in (2.10); thus, by the definition of ¢ and
(3.6), we immediately obtain

o(1(n,0)) = t(n,o).

Hence, Lemma 3.4 implies that ¢ o ¢ is a monomorphism with image equal to
BTF(n). Further, the Fact stated above yields the commutative diagram

BH(n) —22"» BTF(n) C mx(2Conf(n))
f o "
BLM (n) - [T™, Conf(n)].

By Lemma 4.1 the composition p?* ojﬁoqﬁm is injective. Further, by Proposition 2.3
the Markov closure map ~ is a bijection on BH(n). Therefore, the injectivity of x
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follows, proving (i) of the Main Theorem modulo the above Fact. We also have the
set identity

K(BLM (n)) = p* o ji(BTF(n)),
which implies that x(BLM (n)) has the structure of a Lie Z-module with basis given
by the iterated Samelson products B(n, o) from (1.6).
It remains to prove the Fact stated above. Figure 2 shows the intuitive idea — which
originated in Section 5 of [6] — behind the formal argument we present below.
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FIGURE 2. The link 752751 before and after an isotopy. The point
indicated by e on the third component corresponds to the parameter
t1, while the basepoint of the third component is marked by x. The
isotopy moving e to the basepoint x makes it clear that the loop in?
m1(Maps(T™ !, Conf(n)), *) = T(n) corresponding to s(73.273.1) is ho-
motopic to the product of the loops corresponding to x(73.2) and x(73,1);
in other WOI‘dS7 that I{(Tg/,z-a1) = p#(t3,2(2) . t371(1)) = p#(¢(T3727’371)).

Proof of the Fact. As a first step, we show commutativity of (4.4) on the generators
{7} of C(n;n). Given a multi-index I, we adapt the notation S7 and S; from (3.2).
Because all strands of 7; except the nth and the ith can be collapsed to the basepoint
(see Figure 1), x(7;) factors, up to homotopy, through

T 20 G = S x Sy — S Conf(n).
Since the ith and nth strands of 7; link once, the restriction k(7;)|s,xs, has degree
1 after composing with the projection II;,, : Conf(n) — Conf(2) = S? onto

the ith and nth coordinates. Further, x(7;)|s,xs, factors through S; x S, EELEN

2S; i—% Conf(n), where the A, ; are defined in (1.3) (note that p; induces a

bijection p : [£S;, Conf(n)] — [S; x Sy, Conf(n)]). Using the definitions in (3.4),
(3.5) and (4.2) we have

R(7) = b (5 (Ana)) = ¥ (G (Bui)) = 9 (tai(), (4.6)
where the second equality is obtained by passing to adjoints. This shows that
Diagram 4.4 commutes on the generators. Now, let 7 € C(n;n) be a word of
length & in {7;}; specifically

T =TiTiy " Tig- (4.7)

2The basepoint * of 71 (Maps(T"~1, Conf(n)), *) can be taken (w.l.o.g.) as the null map ob-
tained from the restriction of the link to its trivial first n — 1 strands.
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Working with a braid representative of 7, we let 0 = tg < t1 < to < ... < tp_1
<t = 1 be such that the restriction of the ¢ parameter to [t;_1,;] parametrizes 7;
n (4.7). Recall from (4.1) the subsets A; := A;; and S,,, which are the (n—1)-torus
with fixed last coordinate ¢; and the nth coordinate circle, respectively. We have
the following cofibration diagram together with the induced exact sequence of sets
and groups:

h
(AfUAsU...UAL)US, = - T ~\/211‘"‘1
k

#
x 1 Conf(n) Pl [T™, Conf(n)] <h—

k
|_| A;, Conf(n)

i=1

\/ >t Conf(n)]
k

Since k(T) restricted to any A; is null and Conf(n) is simply-connected, there ex-
ists some z € [\/,, ST"~!, Conf(n)] such that h#(z) = x(7). Let r; : \/, ST" ! —

YT ! be the projection onto the jth factor and let z; = 'rf(z) Clearly z =

21 ...z where - is the coproduct in [XT"~!, Conf(n)]. Since we can choose the
representative of 7;, tobe 1-...-1-7;, -1....-1, repeating the above reasoning
yields

K(F) = k(Lo 1, Lo 1)) =hF(L oz 1) = h# (7 (2))) = p* (%),

where the last identity follows from the definitions of h, r;, and p. But then we
know from (4.6) that £(7;,) = p#(tn,, (i;)), so it follows that the adjoint of z; is
tn,,(i5). Since the adjoint of the coproduct is the loop product, we conclude that
the adjoint of z equals ¢(7), and

K(T) = h*(2) = p* ((7)). U

For (ii) of the Main Theorem, consider any [L] € BLM(n). Expanding in
{B(n,0)} we obtain

K(L) = Y. e(lo(2),...,0(n—1)B(n,0),

c€X(2,...,n—1)

where e(1,0(2),...,0(n — 1)) are integer coefficients. We want to show that
e(l,0(2),...,0(n—1)) = pu(1,0(2),...,0(n—1);n), (4.8)
where p(1,0(2),...,0(n — 1);n) are the Milnor invariants of L. In the next two

paragraphs we briefly recall Milnor’s [32] definition of these invariants.

For a fixed n-component link L in $3, the quotient G, := 71 (S3—L)/(m1(S*~L),)
is an isotopy invariant of L and is generated by n meridians my, ..., m,, one for each
component of L [3,32]. Letting wy, ..., w, be the words in G, representing untwisted
longitudes of the components of L, Milnor showed that G, has the presentation

<m17 .. '7mn|[m17wl]a ey [mn7w’n]7R>7

where R consists of all length ¢ commutators in the generators. If F(mq,...,m,) is
the free group generated by the m; and Z{(X1, ..., X,,)) is the ring of formal power
series in the non-commuting variables {Xj,..., X, }, then the homomorphism M :
F(my,...,my) = Z{{Xy,...,X,)) — called the Magnus expansion — is defined on
generators by

M(m)=1+X;, Mm; )=1-X;+X?-X}+....
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The Magnus expansion descends to G, and the image of the longitude w; is
M(w;) =1+ u(l;5)X1, (4.9)
I

where the summation extends over all I = (iy,...,%,,) where 1 < 4, < n and
X1 =X, -+ X, form > 0. The coefficient p(I;j) does not depend on g, if ¢ > m.
If A(I) is the greatest common divisor of the u(J;j) with J is a proper subset of
I (up to cyclic permutation), then Milnor showed that the residue class i(I;j) of
w(I; j) modulo A(T) is an invariant of the link L. If the indices of I are all distinct,
this is a link homotopy invariant; as alluded to above, A(I) = 0 when L is an
n-component homotopy Brunnian link and I is a length n — 1 multiindex with no
repeats, so there is no indeterminacy and p(I; j) is a link homotopy invariant of L.

As a first step to proving (4.8), let z € BH(n) be such that z = L. Thanks to
the normal form (2.7), the definition of ¢, and Diagram 4.5, we have

z= HT(n, g) (1o (nml)), (4.10)

Therefore, it suffices to confirm (4.8) for a link diagram obtained by closing up a
pure braid representative of z in the above normal form. The identity (4.8) will
follow from

(1, €(2), ... E(n— 1);n)(7(n, o)) = {(1) ig ; Z o (4.11)

w(iy,ig, ... ,ik;n)(Tm)) =0 for k<n-—1,
and the product formula [29, p. 7]

M(jlu e 7]%”)(@) = ;U/(jlv e 7.71)777‘)(21) +/"L(.717 .. qu7n)(/Z\2)

n—1

. . S . . (412)
+§ ity -5 i) E)p(rrts - -5 dpy ) (22),
k=1

where 21, 20 € H(n) and - denotes the product of string links. Indeed, any proper
sublink K of Z = L is link-homotopically trivial, meaning that any word w; repre-
senting a longitude in the link group m (S% — K)/m1 (S — K), is trivial. But then,
since removing a component doesn’t affect the p invariants not involving the index
of that component, this implies that all u(j1,...,jx;n)(L) with &k < n — 1 vanish.
Hence, (4.12) applied to (4.10) yields

(it Gnesn) () = 3 e(L,0(2), .., 0(n = D)uljrs - - s jnrin)(7(n, 0).

Substituting (j1,...,Jn-1) = (1,0(2),...,0(n—1)) and applying (4.11), we obtain
(4.8) and (ii) of the Main Theorem. One corollary is the fact, previously known to
Milnor [31], that the (n — 2)! higher linking numbers {u(1,0(2),...,0(n — 1);n)}
separate BLM (n).

It remains to prove (4.11). A longitude w,, of the nth component of 7(n, o) can
be read off directly from the braid diagram of Tm) as the following word in the
meridians {m,} of the other components:

Mg = [mla Mg(2)5--- 7ma(n—1)}~
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Formally, this word is simply obtained from 7(n, o) by replacing 7, ; with m;. It
is a general fact (see [27]) that the leading term in the Magnus expansion of any
commutator [m;, m;| is equal to the commutator [X;, X;] = X;X; — X, X, in the
ring Z((X1,...,Xy)) provided [X;, X;] # 0. Therefore, an inductive argument
implies that

M (wn) =14 [X1, Xo(2), -+ s Xo(n—1)] + (higher-order terms)

(notice that [ X1, X, (9), ..., Xo(m—1)] # 0since it involves distinct variables). Again,
an elementary induction on n shows that in the expansion of X, := [X}, Xo(2)s -
, Xa(n_l)] in monomials of degree n — 1, the monomial X1 X, (9) -+ X;(n—1) Occurs
only once and is a leading term in the expansion. Therefore, (4.11) follows from
(4.9). This completes the proof of the Main Theorem.

Corollary 1.2 is a direct consequence of the fact that the homotopy periods of the
Samelson products {B(n,0)} in m,_1(QConf(n)) can be obtained from the general
methodology of Sullivan’s minimal model theory [37], or approaches in [14], [36].
Consult [19] for a basic derivation of such an integral in the case of three component
links.

REFERENCES

[1] V. 1. Arnold and B. A. Khesin, Topological methods in hydrodynamics, Applied Mathematical
Sciences, vol. 125, Springer-Verlag, New York, 1998.
[2] V. Chari and A. Pressley, A guide to gquantum groups, Cambridge University Press, Cam-
bridge, 1994. MR 1300632 (95j:17010)
[3] K.-T. Chen, Isotopy invariants of links, Ann. of Math. (2) 56 (1952), 343-353. MR 0049557
(14,193g)
[4] F. R. Cohen, Combinatorial group theory in homotopy theory I, Preprint, 2005,
http://www.math.rochester.edu/people/faculty/cohf.
[5] F.R. Cohen, T. J. Lada, and J. P. May, The homology of iterated loop spaces, Springer-Verlag,
Berlin, 1976, Lecture Notes in Mathematics, Vol. 533.
[6] D. DeTurck, H. Gluck, R. Komendarczyk, P. Melvin, C. Shonkwiler, and D. S. Vela-Vick,
Triple linking numbers, ambiguous Hopf invariants and integral formulas for three-component
links, Mat. Contemp. 34 (2008), 251-283. MR MR2588614
, Generalized Gauss maps and integrals for three-component links: toward higher
helicities for magnetic fields and fluid flows, part 1, J. Math. Phys. 54 (2013), no. 1, 013515.

[8] E. R. Fadell and S. Y. Husseini, Geometry and topology of configuration spaces, Springer
Monographs in Mathematics, Springer-Verlag, Berlin, 2001.

[9] R. H. Fox, Torus homotopy groups, Proc. Natl. Acad. Sci. USA 31 (1945), 71-74.

[10] , Homotopy groups and torus homotopy groups, Ann. of Math. (2) 49 (1948), 471-510.
MR 0027143 (10,260f)

[11] T. G. Goodwillie and B. A. Munson, A stable range description of the space of link maps,
Algebr. Geom. Topol. 10 (2010), no. 3, 1305-1315. MR 2661528 (2011h:57034)

[12] N. Habegger and X.-S. Lin, The classification of links up to link-homotopy, J. Amer. Math.
Soc. 3 (1990), no. 2, 389-419.

[13] A. Haefliger, Differentiable links, Topology 1 (1962), 241-244. MR MR0148076 (26 #5585)

[14] R. Hain, Iterated integrals and homotopy periods, Mem. Amer. Math. Soc. 47 (1984), no. 291.
MR MR727818 (85d:55015)

[15] J. R. Hughes, Structured groups and link-homotopy, J. Knot Theory Ramifications 2 (1993),

no. 1, 37-63. MR 1209318 (94c:57008)

(7]

[16] , Finite type link homotopy invariants of k-trivial links, J. Knot Theory Ramifications
12 (2003), no. 3, 375-393. MR 1983093 (2004c:57022)
[17] , Partial conjugations suffice, Topology Appl. 148 (2005), no. 1-3, 55-62. MR 2118075

(2005m:57009)


http://www.math.rochester.edu/people/faculty/cohf

HOMOTOPY BRUNNIAN LINKS AND THE x-INVARIANT 15

[18] T. Kohno, Loop spaces of configuration spaces and finite type invariants, Invariants of knots
and 3-manifolds (Kyoto, 2001), Geom. Topol. Monogr., vol. 4, Geom. Topol. Publ., Coventry,
2002, pp. 143-160 (electronic).

[19] R. Komendarczyk, The third order helicity of magnetic fields via link maps. II, J. Math.
Phys. 51 (2010), no. 12, 122702.

[20] U. Koschorke, On link maps and their homotopy classification, Math. Ann. 286 (1990), no. 4,
753-782. MR 1045401 (91b:57031)

, Link homotopy, Proc. Nat. Acad. Sci. U.S.A. 88 (1991), no. 1, 268-270. MR 1084346

(92e:57036)

, Link homotopy with many components, Topology 30 (1991), no. 2, 267-281.

MR MR1098921 (92b:57033)

, A generalization of Milnor’s p-invariants to higher-dimensional link maps, Topology

36 (1997), no. 2, 301-324. MR MR1415590 (2000a:57063)

, Link maps in arbitrary manifolds and their homotopy invariants, J. Knot Theory
Ramifications 12 (2003), no. 1, 79-104. MR 1953625 (2003m:57016)

[25] J. P. Levine, An approach to homotopy classification of links, Trans. Amer. Math. Soc. 306
(1988), no. 1, 361-387.

[26] X.-S. Lin, Finite type link-homotopy invariants, Enseign. Math. (2) 47 (2001), no. 3-4, 315—
327.

[27] W. Magnus, A. Karrass, and D. Solitar, Combinatorial group theory, revised ed., Dover
Publications Inc., New York, 1976.

[28] W. S. Massey and D. Rolfsen, Homotopy classification of higher-dimensional links, Indiana
Univ. Math. J. 34 (1985), no. 2, 375-391.

[29] B. Mellor, Finite type link homotopy invariants. II. Milnor’s fi-invariants, J. Knot Theory
Ramifications 9 (2000), no. 6, 735-758. MR MR1775384 (2001i:57019)

[30] B. Mellor and D. Thurston, On the ezistence of finite type link homotopy invariants, J. Knot
Theory Ramifications 10 (2001), no. 7, 1025-1039. MR 1867107 (2002k:57015)

[31] J. Milnor, Link groups, Ann. of Math. (2) 59 (1954), 177-195. MR MR0071020 (17,70e)

[32] , Isotopy of links, Algebraic Geometry and Topology (R. Fox, ed.), Princeton Univer-
sity Press, 1957, pp. 280-306.

[33] B. A. Munson, Derwatives of the identity and generalizations of Milnor’s invariants, J.
Topol. 4 (2011), no. 2, 383-405. MR 2805996 (2012d:55016)

[34] B. A. Munson and I. Voli¢, Cosimplicial models for spaces of links, Journal of Homotopy and
Related Structures (2009), 1-36.

[35] D. Puppe, Homotopiemengen und ihre induzierten Abbildungen. I, Math. Z. 69 (1958), 299—
344. MR 0100265 (20 #6698)

[36] D. Sinha and B. Walter, Lie coalgebras and rational homotopy theory II: Hopf invariants,
Trans. Amer. Math. Soc. 365 (2013), no. 2, 861-883. MR 2995376

[37] D. Sullivan, Infinitesimal computations in topology, Inst. Hautes Etudes Sci. Publ. Math. 47
(1977), 269-331.

[38] G. W. Whitehead, Elements of homotopy theory, Graduate Texts in Mathematics, vol. 61,
Springer-Verlag, New York, 1978. MR MR516508 (80b:55001)

(21]

(22]

23]

24]

UNIVERSITY OF ROCHESTER, ROCHESTER, NEW YORK 14627
E-mail address: cohf@math.rochester.edu

TULANE UNIVERSITY, NEW ORLEANS, LOUISIANA 70118
E-mail address: rako@tulane.edu

UNIVERSITY OF GEORGIA, ATHENS, GEORGIA 30602
E-mail address: clayton@math.uga.edu



	1. Introduction
	1.1. Preliminaries
	1.2. Statement of the main result
	Acknowledgments

	2. String links
	3. Torus homotopy groups
	4. Proof of Main Theorem
	References

