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1. Introduction.

A virtual string is a scheme of self-intersections of a generic oriented
closed curve on an oriented surface. More precisely, a virtual string of
rank m > 0 is an oriented circle with 2m distinguished points partitioned
into m ordered pairs. These m ordered pairs of points are called arrows
of the virtual string. An example of a virtual string of rank 3 is shown
on Figure 1 where the arrows are represented by geometric vectors.

A (generic oriented) closed curve on an oriented surface gives rise to
an “underlying” virtual string whose arrows correspond to the self-crossings

Keywords: Virtual strings — Virtual knots — Surfaces — Cobordism — Skew-symmetric
matrices — Lie cobracket.
Math. classification: 57M99.



2456 Vladimir TURAEV

Figure 1. A virtual string of rank 3

of the curve. The usual homotopy of curves on surfaces suggests a notion of
homotopy for strings. The homotopy of curves in 3-manifolds with boundary
suggests a notion of cobordism for strings. The main objective of the theory
of virtual strings is a study (and eventually classification) of their homotopy
classes and cobordism classes. To this end, we introduce algebraic invariants
of virtual strings, specifically, a one-variable polynomial u and a so-called
based matrix. We formulate obstructions to homotopy/cobordism of strings
in terms of these invariants. This leads us to a purely algebraic study of
analogues of homotopy and cobordism for skew-symmetric matrices.

As an instance of cobordism, we call a string slice if it can be realized
by a closed curve on the boundary of an orientable 3-manifold M that is
contractible in M. We formulate obstructions to the sliceness of a string in
terms of the polynomial u and the based matrix.

We introduce a natural Lie cobracket in the free abelian group
generated by the homotopy classes of strings. Dually, the abelian group of
Z-valued homotopy invariants of strings becomes a Lie algebra. This Lie
algebra is integrated into an infinite dimensional Lie group. This Lie group
gives rise to further algebraic objects including a Hopf algebra structure on
the (commutative) polynomial algebra generated by the homotopy classes
of strings.

Virtual strings are closely related to virtual knots introduced by
L. Kauffman [Ka]. In particular, the term “virtual knots” suggested to us
the term virtual strings. Virtual knots can be defined as equivalence classes
of arrow diagrams which are just virtual strings whose arrows are provided
with signs + or —. Forgetting these signs, we obtain a map from the set
of virtual knots into the set of homotopy classes of virtual strings. We give
a more elaborate construction which associates with each virtual knot a
polynomial expression in virtual strings with coefficients in the ring Q[z].

ANNALES DE L'INSTITUT FOURIER



VIRTUAL STRINGS 2457

This leads to an isomorphism between a “skein algebra” of virtual knots
and a polynomial algebra generated by the homotopy classes of strings.

We also study “open strings” which are schemes of self-intersections
of generic paths on surfaces.

As an application of this work, we obtain a new interesting relation
of cobordism for skew-symmetric matrices and a homeomorphism invariant
of knots in cylinders over oriented surfaces with values in the polynomial

ring Q[z, t].

A number of ideas and results of this paper have predecessors in
the literature. The homotopy for virtual strings can be defined in terms
of the stable equivalence of curves on surfaces introduced by J.S. Carter,
S. Kamada, and M. Saito [CSK]. These authors also defined the notions of
cobordism and sliceness for curves on surfaces which is essentially equivalent
to our cobordism and sliceness for strings. Carter [Ca2] showed that there
are closed curves on closed oriented surfaces that bound no singular disks
in 3-manifolds bounded by these surfaces. In our language this means that
there are non-slice strings (see also [HK]).

The main novelty of the present paper lies in the introduction of new
homotopy invariants of strings and new operations on the homotopy classes
of strings.

The organization of the paper should be clear from the contents above.

2. Generalities on virtual strings.

2.1. Definitions.

We give here a formal definition of a virtual string. For an
integer m > 0, a virtual string a of rankm (or briefly a string) is an oriented
circle, S, called the core circle of o, and a distinguished set of 2m distinct
points of S partitioned into m ordered pairs. We call these m ordered pairs
of points the arrows of a. The set of arrows of « is denoted arr(c). The
endpoints a,b € S of an arrow (a,b) € arr(a) are called its tail and head,
respectively. The 2m distinguished points of S are called the endpoints of a.

The string formed by an oriented circle and an empty set of arrows
is called a trivial virtual string. An example of a virtual string of rank 3 is
shown on Figure 1.

TOME 54 (2004), FASCICULE 7



2458 Vladimir TURAEV

By a homeomorphism of two virtual strings, we mean an orientation-
preserving homeomorphism of the core circles transforming the set of arrows
of the first string onto the set of arrows of the second string. Two virtual
strings are homeomorphic if they are related by a homeomorphism. Clearly,
homeomorphic strings have the same rank.

By abuse of language, the homeomorphism classes of virtual strings
will be also called virtual strings.

2.2. From curves to strings.

By a surface, we mean a smooth oriented 2-dimensional manifold. By
a closed curve on a surface ¥, we mean a generic smooth immersion w of an
oriented circle S into . Recall that a smooth map S — ¥ is an immersion
if its differential is non-zero at all points of S. An immersion w:S — ¥ is
generic if #(w™l(z)) < 2forall x € %, the set {x € T | #(w™(z)) = 2}
is finite, and all its points are transverse intersections of two branches. Here
and below the symbol #(A) denotes the cardinality of a set A. The points
x € ¥ such that #(w~!(z)) = 2 are called double points or crossings of w.

A closed curve w: S — X gives rise to an underlying virtual string a, .
The core circle of «, is S and the arrows of o, are all ordered pairs a,b € S
such that w(a) = w(b) and the pair (a positive tangent vector of w at a, a
positive tangent vector of w at b) is a positive basis in the tangent space
of w(a). For instance, the underlying string of a simple closed curve on ¥
is a trivial virtual string.

We say that a virtual string is realized by a closed curve w:S — X
if it is homeomorphic to a,,. As we shall see below, every virtual string can
be realized by a closed curve on a surface.

2.3. Homotopy of strings.

The usual homotopy of closed curves on a surface suggests to introduce
a relation of homotopy for virtual strings. Observe first that two homotopic
curves on a surface can be related by a finite sequence of the following
“elementary” moves (and the inverse moves):
(a) alocal move adding a small curl to the curve;
(b) a local move pushing a branch of the curve across another branch
and creating two new double points;
(c) alocal move pushing a branch of the curve across a double point;
(d) ambient isotopy in the surface.

ANNALES DE L’INSTITUT FOURIER



VIRTUAL STRINGS 2459

The move (a) has two forms (a)" and (a)~ depending on whether the
curl lies on the left or the right of the curve where the left and the right
are determined by the direction of the curve and the orientation of the
surface. Considered up to ambient isotopy, the move (b) has three forms
depending on the direction of the two branches. Similarly, considered up
to ambient isotopy, the move (c) has two forms ()t and (c)” depending
on the direction of the branches. Using the standard braid generators
01,02 on three strands we can encode this move as g10901 +— 020109
where the over/undercrossing information is forgotten. The moves (c)t
and (c)” are obtained by directing (before and after the move) the first
and third strands up and the second strand up or down, respectively. It is
easy to see that (c)*,(c)” can be obtained from each other using ambient
isotopy, moves (b), and inverses to (b). Similarly, the moves (a)™,(a)” can
be obtained from each other using ambient isotopy, moves (b), (c) ™, and
inverses to (b). Thus the moves (a)™, (b), (¢}~ generate all the other moves.

It is clear that ambient isotopy of a closed curve does not change
the underlying virtual string. We now describe the analogues for virtual
strings of the moves (a)~, (b), (¢)”. In this description and in the sequel,
by an arc on an oriented circle S we mean an embedded arc on S. The
orientation of S induces an orientation of all arcs on S. For two distinct
points a,b € S, we write ab for the unique oriented arc in S which begins
in a and terminates in b. Clearly, S = abU ba and ab N ba = {a, b}.

Let o be a virtual string with core circle S. Pick two distinct points
a,b € S such that the arc ab C S is disjoint from the set of endpoints of c.
The move (a);, where s stands for “string”, adds to « the pair (a,b). This
amounts to attaching a small arrow to S such that the arc in S leading from
its tail to its head is disjoint from the endpoints of «. The move (b)s acts
on « as follows. Pick two arcs on S disjoint from each other and from the
endpoints of . Let a,a’ be the endpoints of the first arc (in an arbitrary
order) and b, b’ be the endpoints of the second arc. The move (b); adds to «
two arrows (a,b) and (¥,a’). (This move has four forms depending on the
two possible choices for a and two possible choices for b. However, two of
these forms of (b), are equivalent.) The move (¢)s applies to @ when « has
three arrows (a*,b), (b*,c), (ct,a) where a,at,b,b",c,ct™ € S such that
the arcs aat, bb*, cct are disjoint from each other and from the other
endpoints of a. The move (c), replaces the arrows (a™,b), (b*,¢), (ct,a)
with the arrows (a,b%), (b,c"), (c,a™).

We say that two virtual strings are homotopic if they can be related
by a finite sequence of homeomorphisms, the homotopy moves (a)s, (b)s, (¢)s,
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2460 Vladimir TURAEV

and the inverse moves. A virtual string homotopic to a trivial virtual string
is said to be homotopically trivial. For instance, as it follows directly from
the definitions, all virtual strings of rank < 2 are homotopically trivial.

It is clear from what was said above that the underlying virtual strings
of homotopic closed curves on a surface are themselves homotopic.

2.4. Transformations of strings.

For a string o, we define the opposite string o~ to be a with opposite
orientation on the core circle. The inverse string & is obtained from «
by reversing all its arrows. On the level of closed curves on surfaces,
these two transformations correspond to traversing the same curve in the
opposite direction and to inverting the orientation of the ambient surface,
respectively. If two strings are homotopic, then their opposite (resp. inverse)
strings are homotopic.

One can raise a number of questions concerning the transformations
a+— o ,a— @&, a— a . For instance, one can ask whether there is a
string « that is not homotopic to @~ (resp. to @, @~ ). Below we will answer
this question in the positive.

A virtual string a with core circle S is a product of virtual strings
a1 and aq if there are disjoint arcs a;bi,azbe C S such that each arrow
of a has both endpoints on either a;b; or on asbs and the string formed
by S and the arrows of a with endpoints on a;b; is homeomorphic to «;
for ¢ = 1, 2. One can ask whether the product is a well-defined operation on
strings (at least up to homotopy) and whether it is commutative. Below we
will answer these questions in the negative.

2.5. Geometric invariants of strings.

We define three geometric characteristics of strings: the genus, the
homotopy genus, and the homotopy rank. The genus g(a) of a string « is
the minimal integer g > 0 such that « can be realized by a closed curve on a
surface of genus g. The homotopy genus hg(a) is the minimal integer g > 0
such that « is homotopic to a string of genus g. The homotopy rank hr(c) is
the minimal integer m > 0 such that « is homotopic to a string of rank m.
For example, if  is a trivial string, then g(a) = hg(a) = hr(a) = 0.
It is clear that the homotopy genus and the homotopy rank are homotopy
invariants of strings. Below we compute the genus explicitly and show that
it is not a homotopy invariant.

ANNALES DE L’INSTITUT FOURIER
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The numbers g(a), hg(a), hr(a) are preserved under the transforma-
tions o — a”,a — @.

2.6. Encoding of strings.

There are two simple methods allowing to encode virtual strings in
a compact way. Although we do not use these methods in this paper, we
briefly describe them for completeness.

1) Consider a finite set E consisting of m elements and its disjoint
copy ET = {27 | z € E}. Let y1,y2,...,Y2m be a sequence of elements
of the set E U ET in which every element appears exactly once. (Such
a sequence determines a total order in E U E* and vice versa.) The
sequence ¥, Ya, - - - , Yom defines a string of rank m whose underlying circle
is S = R U {oo} with right-handed orientation on R and whose m arrows
are the pairs (a,b) such that a,b € {1,2,...,2m} C S, y, € E, and
y» = y5 € ET. Any string can be encoded in this way. For instance, the
string drawn in Figure 1 is encoded by the sequence zt,y,2%,z,z,yT
where F = {z,y, z}.

2) By Section 2.2, virtual strings can be encoded by closed curves on
surfaces. This has an extension similar to Kauffman’s graphical encoding
of virtual knots in [Ka]. Namely, consider a (generic) closed curve on a
surface and suppose that some of its crossings are marked as “virtual”.
Take the string of this curve as in Section 2.2 and forget all its arrows
corresponding to virtual crossings. It is easy to see that every virtual string
can be obtained in this way from a closed curve in R? with virtual crossings.
This yields a graphical encoding of strings by plane curves with virtual
crossings. The relation of homotopy for strings has a simple description in
this language: it is generated by the moves shown in [Ka], Figure 2 (where
the over/undercrossing information should be forgotten).

2.7. Remarks.

1) We can point out certain classes of closed curves on surfaces whose
underlying virtual strings are homotopically trivial. Since all closed curves
on S? are contractible, their underlying strings are homotopically trivial.
Therefore the same is true for closed curves on any subsurface of 52, i.e., on
any surface of genus 0. In particular, all closed curves on an annulus have
homotopically trivial underlying strings. Since each closed curve on a torus
can be deformed into an annulus, its underlying string is homotopically
trivial. The same holds for closed curves on a torus with holes.

TOME 54 (2004), FASCICULE 7
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2) The move (a); has a version (a)} which is defined as (a), above but
adds the arrow (b, ) rather than (a, b). This move underlies the move (a)"
on closed curves. The move (a):' preserves the homotopy class of a string.
Indeed, it can be expressed as a composition of (b)s, (¢c)s, and an inverse
to (a)s.

3) The move (c); has a version (c)! which applies to a string
when it has three arrows (a,b), (a*,c), (b",ct) such that the arcs
aa®,bbT,cct are disjoint from each other and from the other endpoints
of the string. The move (c);1r replaces these three arrows with the arrows

(at,b%), (a,ct), (b, c). This move underlies the move (c)* on closed curves.
The move (c)] can be expressed as a composition of (c), and (b)s.

3. Polynomial u.

3.1. Invariants {uy }.

Let o be a virtual string with core circle S. Each arrow e = (a, b)
in arr(a) splits S into two arcs ab and ba. We say that an arrow f = (¢, d)
of a (distinct from e) links e if one of its endpoints lies on ab and the other
one lies on ba. More precisely, f = (¢, d) links e positively (resp. negatively)
if ¢ € ab, d € ba (respectively, if ¢ € ba,d € ab). If f does not link e, then e
and f are unlinked. Let n(e) € Z be the algebraic number of arrows of «
linking e, i.e., the number of arrows of a linking e positively minus the
number of arrows of « linking e negatively.

It is easy to trace the behaviour of n(e) under the homotopy moves
(a)s, (b)s, (¢)s on a. The move (a); adds an arrow eg with n(eg) = 0 and
keeps n(e) for all other arrows. The move (b)s; adds two arrows ey, e
with n(e;) = —n(ez) and keeps n(e) for all other arrows. Consider the
move (c)s and use the notation of Section 2.3. It is obvious that for all
arrows e preserved under the move, the number n(e) is also preserved. Each
arrow e = (a¥,b), (b, c),(ct,a) occuring before the move gives rise to
an arrow € = (a,b"), (b,c), (c,at), respectively, occuring after the move.
We claim that n(e) = n(e’). Consider for concreteness e = (at,b). Note
that the points ¢, ct lie either on ab or on ba. Suppose that c,ct € ab. Then
the arrows (b*,c) and (c*,a) contribute 1 and —1 to n(e), respectively,
while the corresponding arrows (b,c*) and (c,a™) contribute 0 to n(e’).
All other arrows contribute the same to n(e) and n(e’). Hence n(e) = n(e’).
If ¢,ct € ba, then the arrows (b*,c) and (ct,a) contribute 0 to n(e) while
the corresponding arrows (b, ¢t) and (c,a™) contribute —1 and 1 to n(e’),

ANNALES DE L’INSTITUT FOURIER
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respectively. All other arrows contribute the same to n(e) and n(e’).
Hence n(e) = n{e’).

For an integer k > 1, set
ur(a) = #{e € arr(a) | n(e) = k} — #{e € arr(a) | n(e) = -k} € Z.

It is clear from what was said above that ug(a) is preserved under the
moves (a)s, (b)s, (¢)s. In other words, ug(a) is a homotopy invariant of a.
Clearly, ug(a) = 0 for all k greater than or equal to the rank of a. If a is
homotopically trivial, then ug(a) = 0 for all k > 1.

3.2. Polynomial u(a).

We can combine the invariants wug of a virtual string a into a

polynomial
u(a) = Zuk (o)t
k>1

where t is a variable. The free term of this polynomial is always 0 and
its degree is bounded from above by m — 1 where m is the rank of a.
This polynomial is a homotopy invariant of a. If o is homotopically trivial,
then u(a) = 0. (The converse is not true, as we shall see below.) The

polynomial u(a) yields an estimate for the homotopy rank hr(a) of «
defined in Section 2.5:

(3.2.1) hr(a) > degu(a) + 1.

We can rewrite u(a) as follows:

(3.2.2) u(a) = Z sign(n(e))tm(e)I
ecarr(a)
n(e)#0
where sign(n) = 1 for positive n € Z and sign(n) = —1 for negative n € Z.
Therefore
Zkuk(a)tk_l =/(a) = Z n(e)t™eI-1 = Z n(e)t™I-1,
k>1 e€arr(a) e€arr(a)
n(e)#0

Substituting ¢t = 1, we obtain
Z kug(a) = u'(1) = Z n(e) = 0.
k>1 ecarr(a)

The last equality follows from the fact that if an arrow f links an arrow e
positively, then e links f negatively.

TOME 54 (2004), FASCICULE 7
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3.3. Examples.

1) For positive integers p,q, we define ay, 4 to be the lattice-looking
virtual string formed by a Euclidean circle in R? with counterclockwise
orientation, p disjoint vertical arrows e,...,e, directed upward and
numerated from left to right, and ¢ disjoint horizontal arrows epy1, ..., €ptq
crossing ey,..., e, from right to left and numerated from bottom to top.
(Here we identify arrows with geometric vectors in R? connecting two
points of the core circle; the numeration of the arrows is compatible with
the counterclockwise order of their tails.) Clearly, n(e;) = ¢ fori=1,...,p
and n(ep4;) = —pfor j =1,...,q. Hence u(ap q) = pt? — qtP. We conclude
that the strings {ap, q}pzq are pairwise non-homotopic and homotopically
non-trivial. The string o1 is homotopically trivial: it is obtained from a
trivial string by (b)s. For p > 2, we have u(ap,) = 0. However oy is
homotopically non-trivial as will be shown below.

It follows from the definitions that &, 4 = apq and (apq)” = 0g,p-
Thus the string oo = ap ¢ with p # ¢ is not homotopic to o™, & .

Formula (3.2.1) implies that the strings a,,; and o, with p > 2 have
minimal rank in their homotopy classes. We shall prove below that the
same holds for all o, 4 except oy 1.

2) A permutation o of the set {1,2,...,m} gives rise to a virtual
string o, of rank m as follows. Let S = {2 € C | |2| = 1} be the unit
circle with counterclockwise orientation. For ¢ = 1,...,m, let a; (resp. b;)

be the point of S* with real part (i — 1)/m and negative (resp. positive)
imaginary part. Then a, is formed by S* and the m arrows {(as, bo(;)) }72; -
For the i-th arrow e; = (a4, by (3)),

(3.3.1) n{e;) = o (i) — 1.

This allows us to compute the polynomial u(a,) directly from o. This
example generalizes the previous one since oy 4 = a, for the permutation o
of the set {1,2,...,p+ ¢} given by

) i+q ifl1<i<p,
o(i) = 1. . .
i—p fp<i<p+gq.

3.4. Properties of u.

We point out a few simple properties of the polynomial u. For a
virtual string o, we have u(a) = u(@). This follows from the fact that if
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two arrows are linked positively (resp. negatively), then the reversed arrows
are also linked positively (resp. negatively). The transformation o — a~
transforms positively linked pairs of arrows into negatively linked pairs and
vice versa. Therefore u(a~) = —u(a). As an application, we observe that
if u(a) # 0, then « is not homotopic to o™, @~ .

It is obvious that if a string « is a product of strings a; and as, then
u(a) = ulo) + ulaz).

THEOREM 3.4.1. — An integral polynomial u(t) can be realized as the
u-polynomial of a virtual string if and only if u(0) = v/ (1) = 0.

Proof. — We need only to prove the sufficiency of the condition
1u(0) = ¥/(1) = 0. The proof goes by induction on the degree of u. If this
degree is < 1, then u = 0 is realized by a trivial virtual string. Assume
that our claim is true for polynomials of degree < m where m > 2.
Let u(t) be a polynomial of degree m with highest term at™ where a € Z
and a # 0. Then v(t) = u(t) — a(t™ — mt) is a polynomial of degree < m
with v(0) = v'(1) = 0. By the inductive assumption, v(¢) is realizable as
the u-polynomial of a string. By Example 3.3, the polynomial t™ — mit
is also realizable. Taking a product of strings we observe that the sum
of realizable polynomials is realizable. Hence for a > 0, the polynomial
u(t) = v(t) + a(t™ — mt) is realizable. If @ < 0, then this argument shows
that —u(t) is realizable by a string, . Then u(t) is realized by ™. O

3.5 Computation for curves.

We compute the polynomial u for the string o = «,, underlying a
closed curve w: S — X on a surface ¥. The computation goes in terms of
the homological intersection form B: H;(X) x H{(X) — Z determined by
the orientation of ¥. Here and below H1(X) = H,(Z;Z).

Let e = (a, b) be an arrow of a. Then w(a) = w(b) so that w transforms
the arcs ab,ba C S into loops w(ab),w(ba) in L. Set [e] = [w(ab)] € H1 (%)
and [e]* = [w(ba)] € H1(X) where the square brackets on the right-hand
side stand for the homology class of a loop. We compute the intersection
number B([e], [e]*) € Z. The loops w(ab),w(ba) intersect transversely except
at their common origin w(a) = w(b). Drawing a picture of w(ab),w(ba) in a
neighborhood of w(a) = w(b), one observes that a small deformation makes
these loops disjoint in this neighborhood. The transversal intersections
of w(ab),w(ba) bijectively correspond to the arrows of « linked with e,
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2466 Vladimir TURAEV

i.e., the arrows connecting an interior point of ab with an interior point
of ba. The intersection sign at such an intersection is +1 if the tail of the
corresponding arrow lies on ab and is —1 otherwise. Adding these signs, we
obtain that B([e],[e]*) = n(e). This formula can be rewritten in a more
convenient form. Set s = [w] = [w(S)] € H1(X). Observe that s = [e] + [e]*
and therefore

B(le], [e]*) = B(le], s — [e]) = B([el, s) — B([e], [e]) = B([e], s).
Thus
(3.5.1) n(e) = B([e], s).
Therefore for any & > 1,
= #{ecarr(a) | B([e],s) = k} — #{e € arr(a) | B(le], s) = -k}

and

ula) = Z sign(B([e], s)) t1Behl.
e€arr(a)
B([el,5)#0
Using the bijective correspondence between the set arr(a) and the set b<t(w)
of double points of w, we obtain

(3.5.2) ula)= Y sign(B([ws], s))t!Bwelo)l
zE>(w)
B([wz],s)#0
where for z € p<(w), we let w;:[0,1] — X be the loop beginning at z
and following along w until the first return to z and such that the pair
(a positive tangent vector of w; at 0, a positive tangent vector of w, at 1)
is a positive basis in the tangent space of z.

3.6. Coverings and higher polynomials.

The polynomial u gives rise to a family of polynomial invariants of
strings numerated by sequences of positive integers. Their construction is
based on the notion of a covering for strings. Let a be a string with core
circle S and 7 > 1 be an integer. Let a(”) be the string formed by S and
the arrows e € arr(a) such that n(e) € rZ. We call a(") the r-th covering
of a. If o underlies a closed curve w:S — ¥ on a surface ¥, then a(")
underlies a lift of a to the r-fold covering of ¥ induced by the cohomology
class in HY(X;Z/rZ) dual to [w] € H1(X). Note that oV = a.
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LemMa 3.6.1. — If strings o and 8 are homotopic, then o™ is
homotopic to ) for all r > 1.

Proof. — If o is obtained from 3 by the homotopy move (a)s,
then the additional arrow e verifies n(e) = 0 so that a(”) is obtained
from B by the move (a),. If o is obtained from 8 by the move (b)s,
then the additional arrows ei, ez verify n(e;) = —n(e2). If n(e1) € rZ,
then (" is obtained from B by (b),; otherwise ol = B(). Let a
be obtained from S by the move (c)s; replacing three arrows e, ez, e3
by €}, e, e5. It was shown above that n(e;) = n(e;) for ¢ = 1,2,3. It is
easy to check that n(e;) + n(e2) + n(es) = 0. Three cases may occur:
the numbers n(e1),n(e2),n(es) are divisible by r; one of these numbers
is divisible by r and the other two are not; neither of these numbers is
divisible by 7. In the first case a(") is obtained from 3 by (c),. In the
second and third cases a(”) = ("), This implies the claim of the lemma. O

Iterating the coverings, we can define for a string o and a finite
sequence of positive integers r1, ..., 7%, a string

alrirom) = (L (aryrs) | )e),

Set

uTTR (@) = u(a(m,...,rk)) = Z[t],

The results above imply that this polynomial is a homotopy invariant of a.

3.7. Exercises.

1) Verify that all virtual strings of rank 3 are either homotopically
trivial or homeomorphic to a1 2, a2, 1.

2) For an integer r > 1 and a virtual string «, define a virtual
string 7 - « as follows. Identifying the core circle of o with S* C C we can
present arrows of o by geometric vectors with endpoints on S*. Replace
each of these vectors, say e, by r disjoint parallel vectors eq, ..., e, running
closely to e and having endpoints on S'. This gives a virtual string r -
of rank rm where m is the rank of a. Check that u(r - a)(t) = ru(a)(t").
In particular, if u(a) # 0, then r - « is homotopically non-trivial.

3) Show that the rank 4 string o, with o = (1342) is homotopically
trivial. Hint: apply to «, the move ((c):)‘l as in Remark 2.7.3 where
a=as, at =as, b=a4, b =by,c=by, ct =b; € SL.
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4) Let o be a permutation of {1,2,...,m}. If o(m) = m and 7 is
the restriction of o to {1,2,...,m — 1}, then a, is homotopic to a..
Ifo(1) =m—1,0(2) =1, 0(3) =m, o(m) = 2, then a, is homotopic to a.,
where 7 is the permutation of {1,2,...,m — 2} defined by 7(1) = m — 2
and 7(¢) =o(i+1) — 1 for¢ > 1.

5) Let a string o be a product of the strings 13, 01,4, @21, @24,
a3 5, 04,3, 051, 52. Show that u(a) = 0 and a® is homotopic to ag 4.
Thus 4 (a) = u(a?) = 2t* — 442,

6) More generally, for any p, ¢, s, m > 1, if a string « is a product of the

StTings Qsymps Qp,sy Opymy As+m,qs Qg,sy Cgmy Xptqstms Osprqs Xmpta
then u(a) = 0. If p, s € rZ and g, m are prime to 7, then a(") = Qp,s-

4. Geometric realization of virtual strings.

4.1. Realization of strings.

We explain here that every virtual string admits a canonical realization
by a closed curve on a surface and moreover describe all its realizations.

Let a be a virtual string of rank m with core circle S. Identifying the
tail with the head for all arrows of a, we transform S into a 1-dimensional
CW-complex I' = I',. We thicken I" to a surface X, as follows. If m = 0,
then I' = S and we set ¥, = S x [—1,1]. Assume that m > 1. The
0O-cells (vertices) of T' have valency 4 and their number is equal to m.
A neighborhood of a vertex v € I embeds into a copy D,, of the unit 2-disk
{(z,y) € R? | 22 4+ y? < 1} as follows. Suppose that v is obtained from
an arrow (a,b) where a,b € S. Note that any point z € S splits its small
neighborhood in S into two oriented arcs, one of them being incoming
and the other one being outgoing with respect to z. A neighborhood of v
in T" consists of four arcs which can be identified with small incoming and
outgoing arcs of a,b on S. We embed this neighborhood into D,, so that v
goes to the origin and the incoming (resp. outgoing) arcs of a,b go to the
intervals [—1,0] x 0, 0 x [—1,0] (resp. [0,1] x 0, 0 x [0,1]), respectively.
In this way the vertices of I" can be thickened to (disjoint) copies of the
unit 2-disk endowed with counterclockwise orientation. Each 1-cell of T’
connects two (possibly coinciding) vertices and can be thickened to a
ribbon connecting the corresponding 2-disks. The thickening is uniquely
determined by the condition that the orientation of these 2-disks extends
to their union with the ribbon. Thickening in this way all the vertices and
1-cells of I we embed I into a surface X,,. By construction, ¥, is a compact
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connected oriented surface with non-void boundary and Euler characteristic
X(Za) = x(I') = —m. Composing the natural projection S — I' with the
inclusion I' — ¥, we obtain a closed curve wy,:S — X, realizing a.
The construction of 3, is well known, see [Fr], [Cal], [CW].

It is clear that for any surface ¥ and any (generic) closed curve
w: S — ¥ realizing «, a regular neighborhood of w(S) in ¥ is homeomorphic
to 3¥,. Moreover, the homeomorphism can be chosen to transform w
into we. In other words, w can be obtained as a composition of w, with an
orientation-preserving embedding ¥, — X. In particular, ¥, is a surface
of minimal genus containing a closed curve realizing «. Therefore the
genus g(a) of o defined in Section 2.5 is equal to the genus of 3,. It will
be explicitly computed in the next subsection. Note finally that a closed
surface of minimal genus containing a curve realizing « is obtained from ¥,
by gluing 2-disks to all components of 93,.

4.2. Homological computations.

Consider again a virtual string a of rank m with core circle S.
Let ' =Ty, ¥ = 3,, and w = wy:S — X, be the graph, the
surface, and the closed curve constructed in the previous subsection.
The orientation of ¥ determines a homological intersection pairing
B = By :Hi(¥) x Hi(¥) — Z. This bilinear pairing is skew-symmetric
and its rank is equal to twice the genus of . Thus

g(a) = % rank By,.

In particular, o can be realized by a closed curve on S? or R? if and only
if B, = 0.

Since I' is a deformation retract of X, the inclusion homomorphism
H,(T) — Hy(X) is an isomorphism. Since I' is a connected graph
with x(I') = —m, the group H;(I') = H;(X) is a free abelian group of
rank m + 1. We describe a canonical basis in H1(X). Set s = [w] € H1(%).
For an arrow e = (a,b) € arr(a), the map w transforms the arc ab C S,
leading from a to b in the positive direction, into a loop w(ab) in X.
Set [e] = [w(ab)] € Hy1(X). An easy induction on m shows that
s U {[e]}ecarr(a) is a basis of Hi(X). Our next aim is to compute the
matrix of B in this basis. Note for the record that B(z,y) = —B(y,z)
and B(z,z) = 0 for all elements x, y of this basis.

By Formula (3.5.1), B([e],s) = n(e) for any e € arr(a). To compute
the other values of B, we need more notation. Let a, b be distinct point of S.
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The interior of the arc ab C S is the set (ab)° = ab — {a, b}. For any arcs
ab,cd C S, we define ab - cd € Z to be the number of arrows of o with tail
in (ab)® and head in (cd)° minus the number of arrows of & with tail in (cd)®
and head in (ab)°. Note that the arrows with both endpoints in (ab)° N(cd)®
appear in this expression twice with opposite signs and therefore cancel
out. Clearly, ab - cd = —cd - ab. In particular, ab- ab = 0. If e = (a,bd) is an
arrow of «, then it follows from the definitions that n(e) = ab - ba.

LEMMA 4.2.1. — Let e = (a,b) and f = (¢,d) be two arrows of a.
Then B(le],[f]) = ab-cd + € where e = 0 if e and f are unlinked, ¢ = 1
if f links e positively, and € = —1 if f links e negatively.

Proof. — If e = f, then @ = ¢,b = d and all terms of the stated
equality are equal to 0. (Note that an arrow is unlinked with itself.) Assume
from now on that e # f so that a, b, ¢, d are pairwise distinct points of S.

Suppose first that e and f are unlinked. There are four cases to
consider depending on whether the endpoints of e, f lie on .S in the cyclic
order (i) a, b, ¢, d; or (ii) a,b,d, c; or (iii) a,¢,d, b; or (iv) a,d, ¢, b.

In the case (i), the arcs ab, cd C S are disjoint so that [e], [f] € H1(Z)
are represented by transversal loops w(ab),w(cd), respectively. Then
B(le], [f]) = ab - cd, cf. Section 3.5.

In the case (ii), the arcs ab,dc C S are disjoint so that [e],
[f]* = s — [f] € Hi1(X) are represented by transversal loops w(ab),w(dc),
respectively. Hence B([e], [f]*) = ab - dc and

B(lel, [f]) = B(lel, s - [f]") = B(lel, s) — B(le], [f]")
=n(e) —ab-dc=ab-cd.

In the case (iii), we have B([e], [f]) = —B([f],[e]) = —cd-ab=ab- cd
since the pair (f, e) satisfies the conditions of (ii).

In the case (iv), the arcs ba,dc C S are disjoint so that [e]* = s — [e],
[f]* = s —[f] € H1(X) are represented by transversal loops w(ba),w(dc),
respectively. Therefore

B(le],[f]) = B(le], s) + B(s,[f]) + B(s — [¢], s
= n(e) —n(f) + B([e]", [f]") = n(e)
It remains to observe that
ba - dc = —n(e) — ba - cd = —n(e) + cd - ba
= —n(e) +n(f) —cd-ab= —n(e) +n(f) + ab- cd.

~1f))
—n(f) + ba - de.
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Suppose that f links e positively. Then their endpoints lie on S in
the cyclic order a,c,b,d. The loops X = w(ab),Y = w(cd) representing
le],[f] € Hi(X) are not transversal since both contain w(cb). Pushing
Y slightly to its left in X, we obtain a loop, Y, transversal to
X. It is understood that the point w(c¢) = w(d) € Y is pushed to
a point lying between w(ac) and w(da) in a small neighborhood of
w(c) = w(d). Introducing coordinates (z,y) in this neighborhood we can
locally identify X,Y,Y ™ with the axis y = 0, the union of two half-lines
=0,y <0and y =0, z > 0, and the union of two half-lines r = —1,
y <landy =1,z > —1, respectively. To compute the intersection number
B(le],[f]) =X -Y = X - YT, we split the set X N Y™ into four disjoint
subsets. The first of them consists of a single point near w(c) = w(d),
given in the coordinates above by z = —1,y = 0. This point contributes 1
to X - Y*. The second subset of X N Y™ is w(ac) N Y™T; its points are
numerated by arrows of a with one endpoint in the interior of ac and the
other endpoint in the interior of c¢d. The contribution of these crossings
to X - Y is equal to ac-cd. The third subset of X NY'* is numerated by the
crossings of w(cb) with the part of Y+ obtained by pushing w(bd) C Y to
the left; they are numerated by arrows of & with one endpoint in the interior
of ¢b and the other endpoint in the interior of bd. The contribution of these
crossings to X - YT is ¢b - bd. The forth subset of X N Y+ is numerated by
the self-crossings of w(cb): each of them gives rise to two points of X N YT
with opposite intersection signs. Therefore this forth subset contributes 0
to X - Y. Summing up these contributions we obtain

B(lel,[f]) =1+ac-cd+chb-bd+0
=ac-cd+cb-cb+cb-bd+1
=ac-cd+cb-cd+1=ab-cd+ 1.

If f links e negatively, then e links f positively and by the results above,

B(lel,[f]) = =B([f],[e]) = —(cd-ab+1) = ab-cd — 1. O

4.3. Examples.

1) Consider the string o = ap4 with p,¢ > 1 introduced in
Section 3.3.1. Recall the arrows ey, ..., eptq of . We compute the matrix
of the bilinear form B = B, : H1(%,) x H1(X,) — Z with respect to the
basis s U {[e;]}?1?. By Formula (3.5.1), B([e;],s) = q for i = 1,...,p
and B(leps;],8) = —p for j = 1,...,q. Each pair of arrows e;,e;
with 4,4 = 1,...,p is unlinked and by Lemma 4.2.1, B([e;],[e]) = 0.
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Similarly, each pair of arrows ep4;,€pt;r with 7,7/ = 1,...,¢ is unlinked
and B([ep+j], [ep+j7]) = 0. The arrow ep,; links e; positively and by
Lemma4.2.1, B([e;], [ep+5]) = (p — 1) + (¢ — j) + 1. It is easy to compute
that the rank of B is equal to 2 if p = ¢ = 1, to 6 if min(p,q) > 3, and
to 4 in all the other cases. The genus g(a), as we know, is half of this rank.
In particular, g(a;,1) = 1 which shows that the genus is not a homotopy
invariant.

2) Consider the string a = a, defined in Section 3.3.2 for a
permutation o of the set {1,2,...,m}. Recall the arrows ey, . . ., €, of a. We
compute the matrix of the bilinear form B = B, : H1(X,) X H1(Z,) = Z
with respect to the basis s U {[e;]}7 ;. The number B([e;],s) = n(e;) is
computed by Formula (3.3.1). Pick two indices ¢,j with 1 <4 < j < m.
Lemma 4.2.1 implies that if o(¢) < o(j), then

B(led, lej]) = #{k |i <k < j, o(j) < o(k)}
—#{k|j<k<m, o(i) <o(k) <o(j)}.

If 0(j) < o(i), then

B([e], [e;]) = #{k | i <k <j, o(4) < o(k)}
+#{k|j<k<m, o(j) <olk)<o(i)}+1.

5. Cobordism of strings and the slice genus.

5.1. Cobordism of strings.

Two strings a and 3 are cobordant if there are an oriented 3-mani-
fold M and two disjoint closed curves on M realizing o and (3, respectively,
and homotopic to each other in M. Here two curves on a surface are disjoint
if their images are disjoint subsets of the surface. The involution 8 — 3 is
needed in the definition of cobordism to ensure the reflexivity, cf. the proof
of the next lemma.

In the definition of cobordism, we do not require M to be compact or
connected. However, replacing M by a regular neighborhood of a homotopy
relating the two curves in M we can always assume that M is compact and
connected.

LemMA 5.1.1. — Cobordism is an equivalence relation on the set of
(homeomorphism classes of ) strings. If strings a and (8 are cobordant,
then @& is cobordant to B and a~ is cobordant to 3.
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Proof. — To see that a string « is cobordant to itself, we realize «
by a closed curve w on a closed surface ¥ and take M = ¥ x [0,1] with
the orientation obtained as the product of the orientation in ¥ and the
right-handed orientation in [0, 1]. Then w x 1 and w x 0 are disjoint closed
curves on M = (X x 1) U (—X x 0) realizing respectively o and @&. These
curves are homotopic in M.

The relation of cobordism is symmetric: if two disjoint closed curves
on OM realize strings «, (3, then the same curves on —9M = J(—M)
realize &, (3.

Suppose that a string a; is cobordant to a; and @y is cobordant
to az. Let M, M’ be disjoint oriented 3-manifolds such that «;, &2 are
realized by disjoint closed curves wi,ws on M homotopic in M and as, a3
are realized by disjoint closed curves wh,ws on M’ homotopic in M'.
Observe that a regular neighborhood, U, of we in M is homeomorphic
to a regular neighborhood, U’, of w) in &M’ via an orientation reversing
homeomorphism transforming wy into wh. Gluing M to M’ along U =~ U’
we obtain an oriented 3-manifold N. The curves w;,ws lie on ON and
realize o, @3, respectively. These curves are disjoint and homotopic in V.
Hence «; is cobordant to as.

The last claim of the lemma is obtained by inverting orientation on
the ambient 3-manifold (resp. on the circle). O

THEOREM 5.1.2. — Homotopic strings are cobordant.

Proof. — For strings a, 3, we write a ~ § if these strings can be
realized by homotopic (possibly intersecting) closed curves on the same
surface. The relation ~ is reflexive and symmetric but not transitive.
The following lemma, shows that the relation of homotopy is precisely the
equivalence relation generated by ~.

LeEMMA 5.1.3. — Two strings «,3 are homotopic if and only if there
is a sequence of strings a; = «, og,..., ap = [ such that a; ~ a;41
fori=1,...,n—1.

Proof. — As we know, the underlying virtual strings of homotopic
closed curves on a surface are themselves homotopic. Therefore if there
is a sequence of strings o1 = a,q9,...,0, = 0§ such that a; ~ o
for i = 1,...,n — 1, then « is homotopic to 3. To prove the converse,

TOME 54 (2004), FASCICULE 7



2474 Vladimir TURAEV

it suffices to show that if 3 is obtained from « by a homotopy move (a)s,
(b)s, or (c)s, then a ~ 3.

Let S be the core circle of a and w: .S — X be a curve realizing « on a
surface . Pick distinct points a,b € S such that the arc ab C S does not
contain endpoints of . Let 3 be obtained from a by the move (a), adding
the arrow (a, b). Attaching to w a small curl on the right of w(ab), we obtain
a closed curve w':S — ¥ realizing 8. Clearly, o’ is homotopic to w in X.
Hence a ~ .

Pick two arcs z,y on S disjoint from each other and from the
endpoints of . Let a,a’ be the endpoints of z (in an arbitrary order) and
b, b’ be the endpoints of y. Let 3 be obtained from a by the move (b)s
adding to o the arrows (a,b) and (¥,d’). Let Dy, D, C ¥ — w(S) be two
small closed disks lying near the arcs w(z),w(y), respectively. Removing
the interiors of these disks from ¥ and gluing the circles 0D,,8D, along
an orientation reversing homeomorphism, we obtain a new (oriented)
surface, ¥/, containing w(S). In ¥’ the arcs w(x) and w(y) are adjacent to
the component of ¥’ — w(S) containing 0D, = 0D,. We can push w(z)
across this component towards w(y) and eventually across w(y). This gives
a curve w’': § — ¥’ realizing 8 and homotopic to w:S — X'. Hence a ~ 3.
Note that the four possible forms of the move (b)s (depending on whether x
leads from a to @’ or from o' to a and similarly for y) are realized by
choosing D, Dy on the left or on the right of w(z), w(y).

Suppose that o has three arrows (a™,b), (b™,¢), (c*,a) where a,a™,
b,bt,c,ct € S such that the (positively oriented) arcs aa*t,bbt,cct are
disjoint from each other and from the other endpoints of «. Let 3 be
obtained from « by the move (c)s replacing the arrows (a™, b), (b, ¢), (c*, a)
with the arrows (a,b%), (b,c"), (c,a™). Consider the canonical realization
We: 8 — X4 of a. Observe that the arcs wq(aa™), wq(bbT), wq(cct) form
a simple closed curve in ¥, isotopic to a component of 8%,. Gluing
a 2-disk D to this component of 0¥, we embed X, into a bigger
surface, ¥. Pushing wy(aa™) across D C ¥ and then across the double
point w(b™) = w(c), we obtain a curve ' : S — ¥ realizing 3 and homotopic
to wy : S — X. Hence a ~ . O

We now accomplish the proof of Theorem 5.1.2. The obvious cylinder
construction shows that the underlying virtual strings of homotopic curves
on a surface are cobordant. Thus if we have strings «, § with a ~ 3, then «
is cobordant to 8. Lemmas 5.1.1 and 5.1.3 now imply the claim of the
theorem. O
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THEOREM 5.1.4. — The polynomial u is a cobordism invariant of
strings.

Proof. — We begin with a lemma.

LEmMMA 5.1.5. — Let F be a compact (oriented) surface whose
boundary is a union of r > 1 circles Sy, ... ,S, with the induced orientation.
Let M be an oriented 3-manifold and w:F — M be a map such that
w(OF) C OM, w(S;) Nw(S;) = 0 for all © # j, and the restriction of w to
each circle S; is a generic (closed) curve in OM for i = 1,...,r. Let a; be
the virtual string underlying the latter curve. If the genus of F is 0, then

T

(5.1.1) > u(os) =0.

=1

Proof. — We need a few general facts about maps F — M. A point
a € Int F is a simple branch point of a map w: F — M if there is a closed
3-ball D3 C Int M such that w(F) N D3 is the cone over a figure eight curve
in $? = OD? with cone point w(a) € Int D3. Here by a figure eight curve
in S? we mean a closed curve with one transversal self-intersection. The set
of simple branch points of w is denoted Br(w).

Set Ry = {r € R| r > 0}. We say that a map w: F — M is generic
if w1(OM) = OF and

(i) the restriction of w to F is an immersion into &M ; any point
of w(0F') has a neighborhood V' C M such that the pair (V,V Nw(F)) is
homeomorphic to either (R%,R x 0) x Ry or (RZ,Rx 0U0 x R) x Ry;

(ii) the restriction of w to Int F — Br(w) is an immersion into
Int M — w(Br(w)); any point of w(Int F — Br(w)) has a neighborhood
V C Int M such that the pair (V,V Nw(F)) is homeomorphic to either
(R3,R? x 0), or (R3,RZ x 0U0 x R?) or (R3,R? x 0U0 x RZURe x 0 x R).

Fix a generic map w: F — M. Set
T =Br(w)U{a€F | #w ' (w(a)) >2} C F.

It is clear from (i), (ii) that T consists of a finite number of immersed circles
in Int F' and immersed proper intervals in F. These circles and intervals
have only double transversal crossings. The set of these crossings ><(T)
is finite and consists precisely of the preimages of the triple points of w.

TOME 54 (2004), FASCICULE 7



2476 Vladimir TURAEV

The set 0T = T N OF is finite and consists precisely of the preimages of
the double points of w|gp: OF — OM. The set Br(w) C T is also finite and
disjoint from ><(T") and 07T

Let T be an abstract 1-dimensional manifold parametrizing T. The
projection p: T — T is 2-to-1 over ><(7T") and 1-to-1 over T — ><i(T). We
shall identify the points of T' — p<(T") with their preimages under p.

For any point a € T — (>(T) U Br(w)) there is exactly one other
point b € T' — (><(T') U Br(w)) such that w(a) = w(b). The correspondence
a < b extends by continuity to an involution 7 on T. The set of fixed points
of 7 is Br(w). It is clear that wpr = wp:T — M. For a € 8T = 8T, the
point 7(a) is the unique point b € 8T — {a} such that w(a) = w(b).

We define an involution p: 9T — 9T. For a € T = BT, let I, C T be
the interval adjacent to a and let u(a) € 8T be its endpoint distinct from a.
Clearly, u? = id. We claim that x4 commutes with 7|57. Indeed, if 7(1,) = I,
then 7 exchanges the endpoints of I, so that 7 = y on 8I,. (In this case 7
must have a unique fixed point on I, so that I, contains a unique branch
point of w.) If 7(I,) # I,, then 7(I,) has the endpoints 7(a), 7(u(a)) so
that p(7(a)) = 7(u(a)). Since 7|57 and x4 commute, p induces an involution
on T /T =p<(w|gr). The latter involution is denoted v.

Assume from now on that w maps the components Sy, ..., S, of OF
to disjoint subsets of M. Each crossing point € b<i(w|gr) of w|sF is then
a self-crossing of w(S) for a certain component S = S; of 9F. Consider the
loop w; in OM beginning at z and following along w(.S) until the first return
to z and such that the pair (a positive tangent vector of w, at 0, a positive
tangent vector of w, at 1) is a positive basis in the tangent space of z in OM.
Let [wy] € H1(0M) be the homology class of w, and in : H1 (M) — H; (M)
be the inclusion homomorphism. We have either v(z) = = or v(z) # =.
We prove that in the first case in([w;]) € w.(H1(F')) C H1(M) and in the
second case

in([wz] + [Wi(z)]) € wa(H1(F)) C Hi(M).

Let w=!(z) = {a,b} where a,b € SN AT and the corresponding arrow
is directed from a to b as in Section 2.2. Denote the positive arc ab C S by v,
and observe that w, = w(v;). Suppose that v(z) = z. Then p(a) € {a,b}.
Inspecting the orientations of the sheets of w(F') meeting along w(T'), we
observe that u:8T — OT transforms arrowtails into arrowheads and vice
versa (this was first pointed out in [Ca2]). Therefore u(a) = b. By the
definition of 7, we have 7(a) = b and 7(b) = a. Since 7 preserves the
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set 01, = {a, b}, we have 7(I,) = I,. Observe that the product of the path
vz = ab C S with the immersed interval p(I,) C F oriented from b to a
is a loop in F, say p. The loop w{p) in M is a product of w(v,;) = wy
with the loop wp|;,. The latter loop has the form §6—! where § is the
path in M obtained by restricting wp to the arc in I, leading from b
to the unique branch point of w on I,. This loop is contractible in M.
Hence in([ws]) = [w(p)] € wi(H1(F)).

Suppose that v(x) # z. Note that the path v,(;) begins at u(b)
and terminates at p(a). Consider the loop p = Y2p(Is)Vu(z)(P(12)) ™" in
F' beginning and ending at a. Here the intervals Iy, I, are oriented from
b to u(b) and from a to u(a), respectively. Then w(p) is the product of
the loop w, beginning and ending in z, the path wp(l,) beginning in z
and ending in v(z), the loop wy ;) beginning and ending in v(z), and the
path (wp(I,))! beginning in v(z) and ending in z. The paths wp(ly),
(wp(1,))~! are mutually inverse since I, = 7(I,) and wpT = wp. Hence

in((wa] + [wn(o)]) = [£(0)] € wa (HL(F)).

Denote by B the intersection form H;(OM) x H,(OM) — Z.
Set s; = [w(S;)] € Hi(OM) and s = s1 + s2+ -+ + s, € H1(OM).
By Section 3.5,

T

(5.1.2) Noul)=Y Y sign(B((wa], s)) Bl

i=1 i=1 zepa(w(S,))
B({we),8,)7#0

For z € >a(w(S;)), the loop w, lies on w($S;) and is disjoint from (J, 4, w(S;)-
Hence B(|wg), s) = B(|wg), ;). Note also that ><(w|sr) = U], >(w(S;)).
Therefore Formula (5.1.2) can be rewritten as

r

(5.1.3) Yuw)= Y sign(B(lws, ) el

=1 zEPA(w|HF)
B([wz],8)7#0

Assume that the genus of F' is zero. We shall show that each orbit
of the involution v on p><(w|sr) contributes 0 to the right hand side of
Formula (5.1.3). This will imply the claim of the lemma. It suffices to prove
that for any z € b<(w|gr) we have B([w;],s) = 0 in the case v(x) = z and
B([wz], ) = —B([wy(x)), 8) in the case v(x) # z. Set hy = [w;] € H1(OM)
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if v(z) = @ and hy = [w] + (W] € Hi(OM) if v(z) # z. As we
know, in(h;) € w.«(H1(F)). Since the genus of F is 0, the group H:(F)
is generated by the homology classes of the boundary components. Hence
there is an integral linear combination h = h(z) of s1,...,s, € H1(OM)
such that in(h;) = in(h). Then h, — h € K where K is the kernel of
in : H1(0M) — Hy(M). The sum s = s; + - - - + s, being represented by the
1-cycle dw(F') also lies in K. It is well known that B(K x K) = 0. Hence

B(hg — h,s) = 0. Since the curves w(S1),...,w(S,) are pairwise disjoint
and B is skew-symmetric, B(h, s) = 0. Therefore B(h;, s) = 0. This implies
our claim. O

We can now finish the proof of the theorem. Let a, 8 be cobordant
strings. By assumption, there is an oriented 3-manifold M and a homotopy
{wi: 8" — M}ycp,1) such that wo,w; are disjoint (generic) closed curves
on OM realizing a and (3, respectively. The homotopy {w:}: defines a
map w:S? x [0,1] — M. We provide S' x [0,1] with the orientation
obtained as the product of the counterclockwise orientation in S! and the
right-handed orientation in [0,1]. Applying Lemma 5.1.5 to w we obtain
that u{ag) + u(a1) = 0 where «; is the string underlying the restriction
of w to S! x i where the orientation of S' x i is induced by the one
in S' x [0,1]. This is the counterclockwise orientation on S' x 1 and
the opposite one on S' x 0. Therefore a; = 3 and ag = o~ . Hence

u(a) = —u(a™) = —uf{ag) = u(ar) = u(B) = u(f). O

COROLLARY 5.1.6. — The strings op 4,0, With p # q, D' # ¢’ are
cobordant if and only ifp=p' and g =¢ .

This follows from the previous theorem and the formula u(ap ) =
pt? — qtP. The strings a, , with p = ¢ are all cobordant to each other as
will be shown in the next subsection.

COROLLARY 5.1.7. — For any integers ry, ... ,ry > 1, the polynomial
u(r1-7) s a cobordism invariant of strings.

Proof. — It suffices to prove that if a string « is cobordant to a string 3,
then (™ is cobordant to 8(" for > 1. Let M be a compact oriented
3-manifolds such that «, § are realized by disjoint closed curves w,w’ on M
homotopic in M. Let f: S x[0,1] — M be a homotopy between w = f| g1
and w’ = f|g1x;. By the Poincaré duality, there is a unique y € H'(M;Z)
such that yN[M] = [f] € Ho(M,0M;Z). Let M — M be the r-fold covering
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determined by y(modr) € H'(M;Z/rZ). The mapping f lifts to M and
yields a homotopy between a(™) and (3)(") = g(). O

5.2. Slice strings.

A virtual string cobordant to a trivial string is slice. Clearly, a trivial
string is slice. Lemma 5.1.1 implies that strings cobordant to a slice string
are slice. By Theorem 5.1.2, a string homotopic to a slice string is slice. By
the proof of Corollary 5.1.7, all coverings of a slice string are slice.

Theorem 5.1.4 gives obstructions to the sliceness: the polynomial u
and the higher polynomials u("t»+"%) of a slice string are equal to 0. For
example, the strings a, , with p # ¢ are not slice.

It is easy to see that a string is slice if and only if it can be realized
on a closed surface ¥ by a closed curve contractible in an orientable 3-
manifold bounded by X. Using the gluing of 3-manifolds along 2-disks in
the boundary, we obtain that a string that is a product of slice strings is
itself slice. Similarly, using the gluing of 3-manifolds along (subsurfaces of)
their boundary we obtain the following cancellation: if a product of a string
a with a slice string is slice then « is slice.

We outline a construction of slice strings which mimics the well known
fact that a sum of a knot with its mirror image is slice. Namely, for any
virtual string «, its appropriate product with &~ is slice. Indeed, let S be
the core circle of a and let ab C S be an arc containing all the endpoints
of a. Let (o, 5,0’ C §') be a disjoint copy of the triple (o, S,ab).
Consider the circle 8" = (abU a'b')/a = a/,b = V' and provide it with the
orientation extending the one on ab. The arrows of « and &' are attached
to abU a'b’ and form in this way a virtual string, o', with core circle S”.
It is clear that o” is a product of a with @~. We claim that o' is slice.
To see this, represent o by a closed curve w:S — ¥ on a surface ¥. The
map w transforms S — ab onto an embedded arc in ¥ disjoint from the rest
of the curve. Let D C % be a 2-disk such that D Nw(S) = w(S — ab) and
dDNw(S) = {w(a),w(b)}. Consider the 3-manifold M = (X —1Int D) x [0, 1].
The four paths w(ab) x 0,w(ab) x 1,w(a) x [0, 1],w(b) x [0, 1] form a closed
curve on OM realizing o’ and contractible in M.

The analogy with knot theory suggests the following definition.
A string « is ribbon if its core circle has an orientation reversing involution j
such that for any arrow (a, b) of « the pair (j(b), j(a)) is also an arrow of a.
Note that such an involution j is topologically equivalent to the complex
conjugation on S! and, in particular, has two fixed points. The assumptions
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on « imply that these two points are not endpoints of a. For example, it is
obvious that the string o constructed in the previous paragraph is ribbon.
Another example: the string oy, , with p > 1 is ribbon. The ribbonness of a
string is not a homotopy property: a string obtained from a ribbon string
by homotopy moves may be non-ribbon.

The next lemma shows that all ribbon strings are slice.

LeEMMA 5.2.1. — Ribbon strings are slice.

Proof. — Let S be the core circle of a ribbon string o and let
j:8 — S be an orientation reversing involution transforming arrows of o
into arrows of a with opposite orientation. Recall the canonical realization
we:S — ¥, of a. The involution j induces an involution j' on the
graph T'y, = w,(3,). We extend j’ to the disks {D,}, used to construct X,
by D, — Dji(yy, (2,y) — (—y, —x) where v runs over the vertices of Iy,
and z,y are the canonical coordinates in these disks, cf. Section 4.1. The
resulting involution extends to the ribbons in the obvious way and yields
an orientation reversing involution J:%, — %, such that Jw, = waj.
The set Fix(J) of fixed points of J consists of two disjoint embedded
intervals in ¥, with endpoints on 0X,. Consider the cylinder X, x [0, 1]
and identify a x 0 = J{a) x 1 for all a € ¥, — Fix(J). For each a € Fix(J),
contract a x [0,1] C X, x [0,1] into a point. This transforms X, x [0, 1]
into an oriented 3-manifold M such that M D ¥, and w, is contractible
in M. O

Remark 5.2.2. — Not all slice strings are ribbon. To give an example,
consider the ribbon string o 1. Since a ; is slice, any string obtained as a
product of > 2 copies of a ; is slice. Some of such products are not ribbon.
For example, consider the permutation o = (12)(34) on the set {1,2,3,4}
permuting 1 with 2 and 3 with 4 and consider the rank 4 string o, defined
in Section 3.3.2. Drawing a picture, one observes that a, is a product of
two copies of a1 and is ribbon. Inverting orientation of any arrow of a,
we obtain a string which is also a product of two copies of a;,; but which
is not ribbon by obvious geometric reasons.

5.3. Slice genus.

The slice genus sg(a) of a string o is the minimal integer £ > 0
satisfying the following condition: there are an oriented 3-manifold M,
a compact (oriented) surface F' of genus k bounded by a circle, and a
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proper map w:F — M such that wjgr:0F — OM is a (generic) closed
curve on OM realizing . (The word “proper” means that w(8F) C OM.)
Such k exists because any loop on a closed surface is homologically trivial
in a certain handlebody bounded by this surface. It is clear that sg(a) is a
cobordism invariant of . A string « is slice if and only if sg(a) = 0.

We similarly define a slice genus for tuples of strings. The slice genus

sg(ay,...,a.) of r > 1 strings ai,...,a, is the minimal integer £ > 0
satisfying the following condition: there are an oriented 3-manifold M, a
compact (oriented) surface F' of genus k& bounded by r circles Sy,..., Sy,
and a proper map w:F — M such that the maps w|g, :S8; — M with
i =1,...,r are disjoint (generic) closed curves on M realizing o, ..., &y,
respectively. The existence of such & can be obtained by realizing o, . .., o,

by curves on disjoint surfaces, taking the connected sum of these surfaces
and presenting the result as a boundary of an appropriate handlebody.
We do not require M or F to be connected although it is always possible
to achieve their connectedness by taking connected sum. Note that the
genus of a disconnected surface is by definition the sum of the genera of
its components.

Clearly sg(aq,...,a,) > 0. If sg(og,...,a,) = 0 then we call
the sequence aj,...,a, slice. The same argument as in the proof of
Corollary 5.1.7 shows that if ay, . .., o, is slice, then for any integer m > 1,
the sequence of the m-th coverings agm), ..., is slice. By Lemma 5.1.5,
if ay,...,o, is slice, then for any finite sequence of positive integers
ma,...,mg we have u(™1 ™) () 4 -+ - 4 u(miome) (@) = 0.

The number sg(aq,...,a,) does not depend on the order in the
tuple aq,...,a,. This number is preserved if we replace ag,...,qa, with
cobordant strings. If .. is slice, then sg(ay,...,a.) = sglag,...,qr—1).
Reversing orientations in 3-manifolds and/or surfaces F', we obtain

sg(@1,...,a,) =sglag,...,a, ) =sglag,...,ar).

Using the gluing as in the proof of Lemma 5.1.1, we obtain that for

any 0 < s < r and any strings o, o4, ..., Qr,

sglag,...,ar) <sglag,...,as,a) +5g(@7, Asq1,- .-, Q).
When « is a trivial string, this gives the obvious inequality sg(a1, ..., ar) <
sg(an, .., as) + 8g(Qst1,s - -+ Qr).

For » = 2, we can rewrite the slice genus in the equivalent form
sg'(a, B) = sg(a,B~) = sg(a™,B) for strings o, 8. The results of the
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previous paragraph imply that the number sg’(«, 3) depends only on the
cobordism classes of «,3 and defines a metric on the set of cobordism
classes of strings: sg’(e,8) = 0 if and only if o and S are cobordant
(cf. the end of the proof of Theorem 5.1.4), sg’(a,3) = sg’(8, @), and
sg’(a, B) < sg’(a,v) + sg’(7,8) for any strings a,/3,y. Note also that
sg(a) = sg’ (o, O) where O is a trivial string and sg’(«, 8) < sg(a) + sg(8).

5.4. Adams operations on strings.

We can define “Adams operations” {¢"},cz on the set of homotopy
classes of strings. Let « be a virtual string. Replacing « by a homeomorphic
string, we can identify its core circle with S = {z € C | |z| = 1}. Consider
acurve w: S' — ¥ realizing o on a surface ¥. The mapping S! — ¥ sending
z € 81 to w(z™) is homotopic to a generic curve S? — ¥. We define ¢™(a)
to be the homotopy class of its underlying string. Lemma 5.1.3 implies
that ¥™(a) depends neither on the choice of w nor on the choice of « in its
homotopy class. Clearly, ¥'(a) = a, ¥~ 1(a) = o™, and ¥p™" = ™ o Y™
for any m,n € Z. It is also clear that ¥™ transforms cobordant strings
into cobordant strings and induces thus an “Adams operation” on the
set of cobordism classes of strings. As an exercise, the reader may check
that u(y¥™(a)) = sign(n)n?u(a).

Remarks 5.5.

1) J.S. Carter [Ca2] first observed that there are closed curves on
surfaces that bound no singular disks in 3-manifolds bounded by these
surfaces. One of his results can be rephrased by saying that the string as 1
is not slice. Carter’s technique consists in studying certain partitions
(called filamentations) of the set of double points of a curve into pairs and
singletons. In the notation of the proof of Lemma 5.1.5 (where F should be
a disk), a filamentation is formed by the orbits of the involution u. Carter’s
obstruction to the sliceness is formulated in terms of intersection numbers
of the intervals of double points on the disk. Note also a relevant result
of [HK] (Theorem 4.10): if a closed curve on a surface has a filamentation
then any homotopic closed curve also has a filamentation.

2) The definition of cobordism for strings requires only the ezistence of
disjoint realizations homotopic in a 3-manifold. Note that any two disjoint
curves realizing cobordant strings on a closed surface are homotopic in a
certain oriented 3-manifold bounded by this surface. To see this, one needs
the following two observations.
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(i) For any disjoint realizations w;, wo of strings a;, a2 on a closed
surface X, there are realizations wj, w) of aj,as on disjoint closed
surfaces 31, ¥, and an oriented 3-manifold M with M = SU(—%1)U(-3,)
such that w; is homotopic to w} in M for ¢ = 1,2. This can be proven by
adding 2-handles along the simple closed curves in ¥ bounding a regular
neighborhood of w; in X.

(ii) For any realizations w, ' of the same string on closed surfaces X,
Y, there is an oriented 3-manifold M with M = X U (—X') such that w is
homotopic to w’ in M. This can be deduced from the fact that both w,w’
can be obtained from the canonical realization of the string on a closed
surface of minimal genus by adding 1-handles.

6. Based matrices of strings.

6.1. Based matrices.

Fix an abelian group H. A based skew-symmetric matriz over H or
shortly a based matriz is a triple (G, s,b:G?> = G x G — H) where G is a
finite set, s € G, and the mapping b is skew-symmetric in the sense that
b(g,h) = —b(h,g) for all g,h € G and b(g,g) =0 for all g € G.

We call an element ¢ € G — {s} annihilating (with respect to b)
if b(g,h) = 0 for all h € G. We call g € G — {s} a core element if
b(g,h) = b(s,h) for all h € G. We call two elements ¢1,92 € G — {s}
complementary if b(g1, h) + b(ge, h) = b(s, h) for all h € G. A based matrix
(G, s,b) is primitive if it has no annihilating elements, no core elements,
and no complementary pairs of elements. An example of a primitive based
matrix is provided by the trivial based matriz (G, s,b) where G consists of
only one element s and b(s,s) = 0.

We define three operations M, Ms, M3 on based matrices, called
elementary extensions. They add to a based matrix (G, s,b) an annihilating
element, a core element, and a pair of complementary elements, respectively.
More precisely, M; transforms (G,s,b) into the (unique) based matrix
(G = G1I{g},s,b) such that b:G x G — H extends b and b(g, h) = 0 for
all h € G. The move M, transforms (G, 5,b) into the (unique) based matrix
(G=G1 {9}, s b) such that b: G x G — H extends b and b(g, h) = b(s, h)
for all h € G. The move M;_transforms (G,s,b) into a based matrix
(G G11{g1,92},s,b) where b:GxG— His any skew-symmetric map
extending b and such that b(g:,h) + b(gz2, h) = b(s, h) for all h € G. It is
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clear that a based matrix is primitive if and only if it cannot be obtained
from another based matrix by an elementary extension.

Two based matrices (G, s,b) and (G', ¢/, b’) are isomorphic if there is
a bijection G — G’ sending s into s’ and transforming b into b’. To specify
the isomorphism class of a based matrix (G, s,b), it suffices to specify the
matrix (b(g, h))g,nec where it is understood that the first column and row
correspond to s. In this way every skew-symmetric square matrix over H
(with zeroes on the diagonal) determines a based matrix.

Two based matrices are homologous if one can be obtained from
the other by a finite sequence of elementary extensions M;, My, M3, the
inverse transformations, and isomorphisms. The homology is an equivalence
relation on the set of based matrices.

LEMMA 6.1.1. — Every based matrix is obtained from a primitive
based matrix by elementary extensions. Two homologous primitive based
matrices are isomorphic.

Proof. — The first claim is obvious: eliminating annihilating elements,
core elements, and complementary pairs of elements by the moves Mi_1
with ¢ = 1, 2,3 we can transform any based matrix T into a primitive based
matrix 7,. Then T is obtained from 7T, by elementary extensions.

To prove the second claim, we need the following assertion:

*) a move M; followed by M ! yields the same result as an isomorphism,
£1 ’ 1
or a move M, or a move M, " followed by M, with k,£ € {1,2,3}.

This assertion will imply the second claim of the lemma. Indeed,
suppose that two primitive based matrices T',T" are related by a finite
sequence of transformations Mlﬂ,MgEl,Mgil and isomorphisms. An
isomorphism of based matrices followed by Miil can be also obtained
as Miil followed by an isomorphism. Therefore all isomorphisms in our
sequence can be accumulated at the end. The claim (*) implies that T, T’
can be related by a finite sequence of moves consisting of several moves
of type Mi_1 followed by several moves of type M; and isomorphisms.
However, since T is primitive we cannot apply to it a move of type Mi_l.
Hence there are no such moves in our sequence. Similarly, since 7" (and
any isomorphic based matrix) is primitive, it cannot be obtained by an
application of M;. Therefore our sequence consists solely of isomorphisms
so that T is isomorphic to 7”.
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Let us now prove (*). We have to consider nine cases depending
oni,j€{1,2,3}.

For i,j € {1,2}, the move M; on a based matrix (G, s,b) adds one
element g and then M j_l removes one element ¢’ € G1I {g}. If ¢’ = g, then
M j_l o M; is the identity. If ¢’ # g, then ¢’ € G is annihilating (resp. core)
for j =1 (resp. j = 2). The transformation M j"l o M; can be achieved by
first applying M j_l that removes ¢’ and then applying M; that adds g.

Let 4 = 1, j = 3. The move M; on (G,s,b) adds an annihilating
element g and M j_l removes two complementary elements g1, g € G {g}.
If g1 # g and go # g, then g1, 92 € G and Mj_1 o M; can be achieved by first
removing g;, g and then adding g. If g1 = ¢, then g» is a core element of G
and M j_l o M; is the move M, ! removing g;. The case g; = g is similar.

Let i = 2, 7 = 3. The move M; on (G,s,b) adds a core element g
and M j"l removes two complementary elements g1,92 € GIL1 {g}. If g1 # ¢
and g3 # g, then M j‘l o M; can be achieved by first removing g¢;, g2 and
then adding g. If g; = g, then g € G is an annihilating element of G
and M j_l o M; is the move M ! removing g2. The case go = g is similar.

Let ¢ = 3, j = 1. The move M; on (G, s,b) adds two complementary
elements g1, g2 and M j_l removes an annihilating element g € G11{g1, g2}
If g # g1 and g # g2, then g € G and Mj_1 o M; can be achieved by first
removing g and then adding g¢i1,g2. If g = ¢1, then g2 is a core element
of GII {g2} and Mj—1 o M; = M. The case g = g, is similar.

Let i = 3, j = 2. The move M; on (G, s,b) adds two complementary
elements g;, g2 and M ]-_1 removes a core element g € GII{g1,92}. f g # o1
and g # g2, then g € G and M j_l o M; can be achieved by first removing g
and then adding g;,g2. If ¢ = g1, then ¢, is an annihilating element
of GII {g2} and Mj_1 o M; = M;. The case g = g, is similar.

Let ¢ = j = 3. The move M; on (G, s,b) adds two complementary
elements g1,92 and M j‘l removes two complementary elements gi, g5
in G {g1,92}. If these two pairs are disjoint, then Mj"'1 o M; can be
achieved by first removing g1, g5 € G and then adding ¢, g2. If these two
pairs coincide, then M j_l o M; is the identity. It remains to consider the case
where these pairs have one common element, say ¢i = g1, while g5 # go.
Then g5 € G and for all h € G,

b(ga, h) = b(s, h) — b(g1, h) = b(s, h) — (g1, k) = b(ga, k) = b(gh, h).
Therefore the move M j_l o M; gives a based matrix isomorphic to (G, s, b).
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The isomorphism G — (G — {g5}) U {g2} is the identity on G — {g}} and
sends g4 into go. O

Lemma 6.1.1 implies that each based matrix T = (G,s,b) is
homologous to a primitive based matrix T, = (G,,s,,b,) unique up to
isomorphism. This reduces classification of based matrices up to homology
to a classification of primitive based matrices up to isomorphism. Note that
we can choose T, in its isomorphism class so that G, C G and b, is the
restriction of b to G, x G,.

We define two more operations on based matrices. For a based matrix
T = (G, s,b), set =T = (G, s,—b) and T~ = (G, 5,b™ ) where

o b~ (s,h) = —b(s,h), b= (h,s) = —b(h,s) for all h € G and

e b~ (g,h) =b(g,h) — b(g,s) — b(s,h) for all g,h € G — {s}.
The transformations T' +— —T, T — T~ are commuting involutions on the
set of based matrices. It is easy to check that they are compatible with

homology and preserve the class of primitive based matrices. It follows from
the definitions that (-T), = =7, and (T~), = (T,)".

Remarks 6.1.2. — 1) The moves M;, My, M3 on based matrices are
not independent. It is easy to present M, as a composition of M3 with M, 1

2) Each isomorphism invariant v of primitive based matrices extends
to a homology invariant of based matrices by v(T) = v(T,). The most
important numerical invariant of a primitive based matrix (G, s,b) is the
number #(G). It is easy to define further invariants of primitive based
matrices. For instance, for k € H, we can set

Uk(Ga S, b) = #{g €G l b(g7 S) = k}
Similarly, for k¥ € H and a finite set A of elements of H endowed with
non-negative multiplicities, set

Uk,A(G,S,b) = #{g €eG | b(ga S) = k and {b(g7 h)}hEG—{s} = A},
where the latter equality is understood as an equality of sets with

multiplicities. Clearly, vk, = Y~ 4 Uk, 4.

3) If H C R is a subgroup of the additive group of real numbers, then
the 1-variable polynomial

w(T)(t) = Z sign (b(g, s)) ()]
geG
b(g,s)#0

is a homology invariant of a based matrix T' = (G, s, b).
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6.2. The based matrix of a string.

With each virtual string o we associate a based matrix T'(a) = (G, s, b)
over Z. Set G = G(a) = {s} L arr(a). To define b = b(a): G x G — Z,
we identify G with the basis s U {[e]}ccarr(a) Of H1(Xq), see Section4.2.
The map b is obtained by restricting the homological intersection pairing
Hi(Z,) x Hi(%,) — Z to G. It is clear that b is skew-symmetric.
We can compute b combinatorially using Formula (3.5.1) and Lemma4.2.1.
In particular, b(e, s) = n(e) for all e € arr(a).

The map b can be computed from any closed curve w realizing o
on a surface ¥. Indeed, such a curve is obtained from the canonical
realization of « in X, via an orientation-preserving embedding ¥, — X.
It remains to observe that such an embedding preserves interseetion
numbers and transforms the basis s U {[e]}ccarr(a) of H1(Xa) into the
subset [w], {[wz]}zera(w) of H1(X), cf. Section 3.5.

LeEMMA 6.2.1. — If two virtual strings are homotopic, then their based
matrices are homologous.

Proof. — By Lemma 5.1.3 it is enough to show that if two closed
curves w,w’ on a surface ¥ are homotopic, then the based matrices of
their underlying strings are homologous. By the discussion in Section 2.3,
it suffices to consider the case where w’ is obtained from w by one of the
local moves listed there.

If o' is obtained from w by adding a small curl, then <{w') =
>d(w) U {y} where y is a new crossing. Clearly [w,] = 0 € Hy(X) or
[wy] = [w'] = [w] € Hi(X) depending on whether the curl lies on the right
or on the left of w. Also [w] = [w,] for all z € b<i(w). Hence T'(3) is obtained

from T'(a) by M; or Ms.

Suppose that w’ is obtained from w by the move pushing a branch
of w across another branch and creating two new double points y, 2.
Clearly, [w)] = [we] for all z € pa(w) C pa(w’). It is easy to see
that [wy]+[w}] = [&'] = [w] € H1(X). Therefore T(() is obtained from T'(c)
by M. 3.

If &' is obtained from w by pushing a branch of w across a double
point, then the subsets [w], {{wz]}zesa(w) and (W], {[wi]}cepawr) of Hi(X)
coincide so that T'(«) is isomorphic to T'(5). O
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6.3. Invariants of strings from based matrices.

Every virtual string o gives rise to a primitive based matrix 7T, ()
over Z by T,(a) = (T(a)),. This is the only primitive based matrix (up
to isomorphism) homologous to T'(a). By Lemma 6.2.1, the based matrix
T.(a) = (G,,5.,b,) is a homotopy invariant of «. This based matrix
determines the polynomial u(a) introduced in Section 3: it follows from
Formulas (3.2.2) and (3.5.1) that u(a) = u(T(a)) = u(T.(a)). The number
p(a) = #(G,) — 1 is a useful homotopy invariant of o which may be
non-zero even when u(a) = 0, cf. the examples below. Note that if « is
homotopically trivial, then T, () is a trivial based matrix and p(a) = 0.

It follows from the definitions that T(a~) = (T(a))~ and therefore
T,(a”) = (T,())”. Similarly, T(@) = —(T())~ and T,(a) = —(T.(a))".

The based matrix T,(a) = (G,,s.,b,) can be used to estimate the
homotopy rank and the homotopy genus of «. Namely, hr(a) > p(a)
since any string homotopic to « must have at least p(a) arrows.
Similarly, hg(a) > %rank b, where rankb, is the rank of the integral
matrix (b.(g,h))g,rec,. Indeed, if o is a string homotopic to « and
T(a') = (G, 8',V), then g(a/) = & rankd > ] rankb, since the matrix

of ¥ contains the matrix of b, as a submatrix.

Combining the inequalities hr(a) > p(), hg(a) > 3 rankb, with
the obvious inequalities rank o > hr(a) and g(a) > hg(a), we obtain that
if T(a) is primitive, then hr(a) = rank o and hg(a) = g(a).

6.4. Applications.

1) The based matrix T'(a,q) of the string a4 with p,g > 1 was
computed in Section 4.3. It is easy to check that except in the case
p = ¢ = 1, this based matrix is primitive. Thus T,(apq) = T(ap,q),
hr(apqe) = ranka,q = p+ ¢ and hg(a,q) = g(apq) provided p # 1
or ¢ # 1. In particular, «, p is a homotopically non-trivial string with zero
u-polynomial for all p > 1.

2) The product of strings defined in Section 2.4 does not induce a
well-defined operation on the set of homotopy classes of strings. To see this,
we exhibit a homotopically non-trivial string which is a product of two
copies of a homotopically trivial string. Namely, the string o, considered
in Section 5.2.2 has the required properties. It is observed there that a, is
a product of two copies of the homotopically trivial string a 1. The based
matrix T'(a,) can be explicitly computed, cf. Section 4.3.2. It is determined
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by the following skew-symmetric matrix over Z:

0-1 1-1 1
1 0 1-1 1
-1-1 0-1 1
1 11 01
-1-1-1-1 0

It is easy to check that this based matrix is primitive. Hence o, is not
homotopically trivial. Moreover, it is not homotopic to a string with < 4
arrows.

3) We prove that the involution o +— @& acts non-trivially on the set
of homotopy classes of strings. Consider the permutation o = (134)(2) on
the set {1,2,3,4} sending 1 to 3, 3 to 4, 4 to 1, and 2 to 2. Drawing the
string o, we obtain that &, = a, where 7 is the permutation (124)(3).
The based matrices T(a,, ) and T'(e,) can be explicitly computed. They are
determined by the following skew-symmetric matrices:

N = O =N

O = N W W
W oN MO
W= = O =

0
1
1
0
1

O =N W W

The based matrices T'(a;) and T'(a,) are not isomorphic; this is clear for
instance from the fact that the first matrix has a row with three zeros while
the second matrix does not have such a row. It is clear also that these
based matrices are primitive. By Lemma 6.1.1, they are not homologous.
Hence «, is not homotopic to o, = a,.

7. Genus and cobordism for based matrices.

Throughout this section the symbol R denotes a domain, i.e.,
a commutative ring with unit and with no zero-divisors. By a based
matrix over R, we mean a based matrix over the additive group of R.

7.1. Genus of based matrices.

We define a numerical invariant of a based matrix T = (G,s,b)
over R called its genus and denoted o(T). For subsets X,Y C G,
set B(X,Y) = 3 cxney 0(g,h) € R. Clearly, b(X,Y) = —b(Y, X) and
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b(X,X)=b0,X)=0forall X,)Y C G. A (simple) filling X of T is a finite
family {X;}; of disjoint (possibly empty) subsets of G such that | J, X; = G,
#(X;) < 2 for all 4, and one of X is the one-element set {s}. The matriz
of X = {X;}; is the matrix (b(X;, X;))i,;. This is a skew-symmetric square
matrix (with zero diagonal) over R. Its rank (the maximal size of a non-zero
minor) is an even non-negative integer; let o(X) denote half of this rank.
Set o(T") = miny o(X) where X runs over all fillings of T. Extending b by
linearity to the R-module A = RG freely generated by G and identifying a
subset X C G with the vector > .y g € A, we can interpret o(T') as half
the minimal rank of the restriction of b to the submodules of A arising from
fillings of T'.

Note that ¢(T) > 0 and o(T") = 0 if and only if T has a filling with
zero matrix. In the latter case we say that T is hyperbolic.

LemMMA 7.1.1. — The genus of a based matrix is a homology invariant.

Proof. — By Remark 6.1.2.1, it suffices to prove that o(T") = o(T”) for
any based matrix 77 = (G’, s, b’) obtained from a based matrix T = (G, s, b)
by a move M; with s = 1,3. The set G’ — G consists of one element if 1 = 1
and of two elements if ¢ = 3. Pick a filling X = {X;}; of T such that
o(T) = o(X). Consider the filling X' = (G’ — GYU {X;}; of T". Its matrix
is obtained from the one of X’ by adjoining a row and a column. For i = 1,
these row and column are zero so that o(X’) = o(X). For i = 3, we have
b(G'—G,Y)=0b({s},Y) forallY C G. Since one of the sets X; equals {s},
we again obtain o(X’) = o(X). Hence o(T") < o(X’) = o(X) = o(T).

To prove the opposite inequality, pick a filling X' = {X;}; of T”
such that o(7”) = o(X’). We shall construct a filling X of T such that
o(X) < o(X’). This would imply o(T) < o(X) < 0(X’) = o(T"). Consider
the case i = 1. One of the sets X; contains the l-element set G’ — G.
We replace this X; by X; — (' — G) and keep all the other X;. This
gives a filling X of T whose matrix coincides with the matrix of X”.
Hence o(X) = o(X’). Let now i = 3. If one of the sets X; is equal
to G’ — G = {g1, g2}, then removing this X; from X’ we obtain a filling X
of T. As in the previous paragraph, ¢(X) = o(X’). Suppose that the
elements g1, g2 of G’ — G belong to different subsets, say X3, X2, of the
filling X’. Then the sets X; with ¢ # 1,2 and X = (X1 U X2) — {91,92}
form a filling of T'. Let X be the term of the fillings X and X’ equal to {s}.
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Forany Y C G,

WX, Y)=V(X,Y)=b(X,Y)+ (X2, Y) = b(g1,Y) — b (g, Y)
= b,(Xl,Y) + b,(X2,Y) - b,(Xo,Y).

Applying this to ¥ = X; with ¢ # 1,2, we obtain that the skew-
symmetric bilinear form determined by the matrix of X is induced from
the skew-symmetric bilinear form determined by the matrix of X’ via
the linear map of the corresponding free R-modules sending the basis
vectors X and {X;}ix12 respectively to X; + Xy — Xo and {X;}iz1,2-
Hence o(X) < o(X'). |

CoroLLARY 7.1.2. — For any based matrix T over R, we have
o(T,) = o(T). A based matrix over R homologous to a hyperbolic based
matrix is itself hyperbolic.

7.2. Genus for tuples of based matrices.

The definition of the genus of a based matrix can be extended
to tuples of based matrices. Consider a tuple of r > 1 based matrices
T = (G, s1,b1),...,Tr = (Gy,Sr,by) over R. Replacing T3,...,T, by
isomorphic based matrices, we can assume that the sets Gi,...,G, are
disjoint. Let A = RG be the free R-module with basis G = U:=1 G:. Let A,
be the submodule of A generated by si,...,s.. We call a vector z € A short
ifreAsorz e g+ A; forsome g € G—{s1,...,8,}orz € g+ h+ A for
distinct g, h € G—{s1,...,8:}. A fillingof Ty, ..., T} is a finite family {X;};
of short vectors in A such that }°; A\ = 3° . g (mod A;) and one of ); is
equal to s1+s2+- - -+5,. Note that each element of G—{s1, ..., s} appears
in exactly one A; with non-zero coefficient; this coefficient is then +1. The
basis vectors si,..., s, may appear in several A\; with non-zero coefficients.

The maps {b; : Gy x Gy — R}, induce a skew-symmetric bilinear form
b=@,b:Ax A — R such that b(g,h) = b(g,h) for g,h € G; and
b(Gi,Gy) = 0 for t # ¢'. The matriz of a filling A = {\;}; of Th,..., T is
the matrix (b(X;, Aj))s,;. This is a skew-symmetric square matrix over R.
Let o(A) € Z be half of its rank. Set o(T1,...,T;) = miny o(A) where
X runs over all fillings of Ti,...,T,. Clearly o(Ti,...,T,) > 0 and
o(Ty,...,T,) = 0if and only if (T1,...,T,) has a filling with zero matrix.

In the latter case we call the sequence T4, ..., T, hyperbolic.
It is obvious that the genus o(T1,...,T,.) is preserved when
Ti,...,T, are permuted or replaced with isomorphic based matrices.
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Also o(-Th1,...,—T,) = o(Ty,...,T.). If T, is a trivial based matrix,
then o(Th,...,T) = o(T1,...,Tr—1) (because then the vector s, € A lies
in the annihilator of b).

For r = 1, the notion of a filling is slightly wider than the notion of
a simple filling in Section 7.1. However, they give the same genus and the
same set of hyperbolic based matrices.

Lemma 7.21. — For any 1 < t < r and any based matrices
TDyTl»"'vT’r‘v

O'(Tl, ,Tr) < O'(Tl, ,Tt,To) +U(—T0,T}+1,...,Tr).

Proof. — Consider for concreteness the case where ¢t = 1 and r = 2,
the general case is quite similar. We must prove that o(71,7%) < o(T1,Tp)+
o(=To,T3). Let T; = (G, 84,b;) for i = 0,1,2 and Tj = (Gy, s, bj) be a
copy of Tp where Gy = {¢’ | g € Go}, s = (s0)’, and b is defined
by by(g’,h’) = bo(g,h) for g,h € Go. We can assume that the sets
G1,Go, Gy, G2 are disjoint. Let Aj, Ag, Aj, A2 be free R-modules freely
generated by G1,Gg, Gy, G2, respectively, and let A = A1 & Ao @ A & Aa.
There is a unique skew-symmetric bilinear form B = b; @ by & (—bj) & b2
on A such that the sets G1,Go, Gy, G2 C A are mutually orthogonal and the
restrictions of B to these subsets are equal to by, by, —b{, ba, respectively.

Let ® be the submodule of Ag @ Aj generated by the vectors
{9+ 9'}gec,- Set L = Ay & ® ® A C A. Observe that the projection
p:L — Ay & Ay along ® transforms B into b @ by. Indeed, for
any g1, h1 € Gi1,9,h € Go, g2, h2 € G,

B(gr+g+9g +g2,h1 +h+h +hy)
= b1(g1, k1) + bo(g, h) + (=bg) (¢, h') + b2(g2, ha)
= b1(g1, h1) + b2(g2, ha).

Pick a filling {M}; C Ay & Ag of (T1,7p) whose matrix has
rank 20(7T1,Tp). This means that the restriction of B to the submodule
Vi C A1 ® Ag generated by {\;}; has rank 20(73,Tp). Similarly, pick a
filling {p;}; C A ® Ay of (—T3,T2) such that the restriction of B to
the submodule Vo C Aj @ A, generated by {p;}; has rank 20(-Tg, T>).
We claim that there is a finite set ¢ C (V3 +Va)NL such that p(¢)) C A1 @Az
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is a filling of (T1,T3). Denoting by V the submodule of A; @ Ay generated
by p(1), we obtain then the desired inequality:

1

o(T1, Ty) < o(p()) = 5 rank((bs & ba)jv) = 5 rank(B|,-(v))

IA

5 T

1 1

5 1ank(B|(vi1vp)ne) < 5 rank(B)y, 4v,)
% rank(B|y,) + % rank(B|y,)

= O'(Tl,T[)) + U(—To,Tg).

Here the second inequality follows from the inclusion p~ (V) C (V1 + Vo) N
L + Kerp C L and the fact that Kerp = @ lies in the annihilator of B .

To construct ¥, we modify {);}; as follows. Let A; be the vector of
this filling equal to s; + sg. Adding appropriate multiples of A\; to other \;
we can ensure that the basis vector sy € Gy appears in all {\;};21 with
coefficient 0. This transforms {);}; into a new filling of (77, Tp) which will
be from now on denoted A = {);};. This transformation does not change
the module V; generated by {);};. Similarly, we can assume that a vector ¢
of the filling ¢ = {y;}; is equal to s; + sz and the basis vector s, € G
appears in all {¢;},21 with coefficient 0,

The filling A gives rise to a 1-dimensional manifold I'y with boundary
(G1 U Go) — {s1,s0}. Each A; having the form g + h (mod Rs;) with
g,h € (G1UGqp) — {s1, 50} gives rise to a component of I'y homeomorphic
to [0,1] and connecting g with h. Each A; having the form g (mod Rs;)
with g € (G1 U Go) — {51,580} gives rise to a component of I') which
is a copy of [0,00) where O is identified with g. Other )\; and in
particular A\; do not contribute to I'y. The definition of a filling implies
that 'y = (G1 U Go) — {s1, s0}. Similarly, the filling ¢ gives rise to a
1-dimensional manifold I', with boundary (Gj U G2) — {sp, s2}. We can
assume that I'y and I'y, are disjoint. Gluing I'y to I', along the canonical
identification Go — {so} — Gj — {s(},9 — ¢, we obtain a 1-dimensional
manifold, I', with o' = (G1 — {s1}) U (G2 — {s2}). Each component K
of I is glued from several components of I'y II T',, associated with certain
vectors A; € V4 C A1 @ Ao C Aand/or g; € Vo CA{@ A2 C A Let g € A
be the sum of these vectors. Observe that ¢ x € (V4 + V2) N L; the inclusion
Y € L follows from two facts: (i) each point of K N (Gp — {so}) =
KN (Gj — {sy}) is adjacent to one component of I'y and to one component
of I', and (ii) sp does not show up in {A;};x1 and sy does not show up in
{pj}iz1-Set 1 = A\ +@1 = s1+8o+385+s2 € A. Clearly, ¢ € (Vi+V2)NL.
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Set ¢ = {1} U {¢k } k where K runs over the components of I" with non-
void boundary. Let us check that p(y) C Ay @ As is a filling of (T1,T3).
Observe that for a compact component K of I' with endpoints g, h € G1UG?3,
we have p(¢x) = g+ h (mod Rs; + Rs3). For a non-compact component K
of I with one endpoint g € G1 U Gg, we have p(¢k) = g (mod Rs; + Rs2).
Thus all vectors in the family v are short and their sum is equal to
EgealuGz g (mod Rs; + Rss). Also p(w1) = s1 + s2. This means that p(v))
is a filling of (T3, T%) so that 1) satisfies all the required conditions. O

7.3. Cobordism of based matrices.

Two based matrices T, T over R are cobordant if o(Ty, —T2) = 0.

THEOREM 7.3.1. — (i) Cobordism is an equivalence relation on the
set of isomorphism classes of based matrices.

(ii) Homologous based matrices are cobordant.
(iii) The genus of a tuple of based matrices is a cobordism invariant.

(iv) A based matrix is cobordant to a trivial based matrix if and only if
it is hyperbolic.

Proof. — (i) For a based matrix T = (G, s, b), the based matrix —T
is isomorphic to the triple (G’,s',b’) where G’ = {¢'|g € G} is a disjoint
copy of G and ¥ (¢',h’) = —b(g,h) for any g,h € G. Consider the filling
{9 + 9'}gec of the pair (T, —T). The matrix of this filling is 0. Therefore
o(T,—T) = 0 so that T is cobordant to itself. The symmetry of cobordism
follows from the equalities o(T%,-T1) = o(-T2,T1) = o(Th,-Ts).
The transitivity of cobordism follows from the inequalities

0< O'(Tl, —T3) < O'(Tl, —Tz) + J(Tz, —T3)

which is a special case of Lemma, 7.2.1.

(ii) Let a based matrix 7' be obtained from a based matrix
T = (G,s,b) by a move M; with ¢ = 1,2,3. We can assume that the
underlying set of T” is a union of a disjoint copy {h’ | h € G} of G and
one new element g in the case i = 1,2 or two new elements g;,gs in
the case ¢ = 3. For 1 = 1 (resp. i = 2, 3), the vectors {h + h'}recc and the
vector g (resp. g — §', g1 + g2 — §') form a filling of the pair (T, —T"). The
matrix of this filling is zero. Hence o (T, —T") = 0 so that T is cobordant
to T".
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(ili) We need to prove that (T3, ..., T;) is preserved when T3, ..., T}
are replaced with cobordant based matrices. By induction, it suffices
to prove that o(Ty,...,Tr_1,T}) = o(Th,...,Tr—1,T,) for any based

matrix T cobordant to 7. Lemma, 7.2.1 gives that

U(Tl, e ';TT‘—I’T’I‘) < U(Tl, e ,Tr_l,T;)—i-U(—T,,/.,TT) = U(Tl, .. .,Tr_l,T;).

Similarly, one has o(Th,...,Tr-1,T)) < o(Th,...,Tr-1,T). Hence
O'(Tl,...,Tr_l,TT/.):O'(Tl,...,TT_l,Tr).

(iv) If a based matrix T is cobordant to a trivial based matrix
To = ({s0}, $0,b = 0), then o(T") = 6(Tp) = 0 and therefore T is hyperbolic.
Conversely, if T = (G, s,b) is hyperbolic, then it has a filling with zero
matrix. Adding to this filling the vector s + sg, we obtain a filling of the
pair (T, Tp) with zero matrix. Hence T is cobordant to —Tp = Tp. |

CoOROLLARY 7.3.2. — For any based matrices T, ..., T, over R, we
have o((T1)., ... ,(T3)) = o(Th, ..., T;).

7.4. Exercises.

1) Verify that the definitions of the genus of a (single) based matrix
over R given in Sections 7.1 and 7.2 are equivalent.

2) Prove that the function (T3, T3) — o(T1, —T») defines a metric on
the set of cobordism classes of based matrices over R.

3) Prove that o(Ty,...,T,) = o(T1,...,T,) for any based matrices
Ty,..., T, over R.

4) Prove that for any 1 < ¢t < r and any based matrices T1,...,T,
Ti,...,T, withq > 1,

U(Tl,...,TT) SO’(Tl,...,Tt,T{,...,Té)
+o(-T4,...,— Ty, Tty1,..., T;) +q— 1.

5) Prove that u(T1)+- - - +u(T) = 0 for any hyperbolic tuple of based
matrices 11, ..., T; over R.
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8. Genus estimates and sliceness of strings.

8.1. Genus estimates for strings.

Setting R = Z, we can apply the definitions and results of Section 7
to the based matrices of strings. We begin with an estimate relating the
slice genus of strings to the genus of their based matrices.

LeEMmMA 8.1.1. — For any string «, we have
o(T.(a)) = 0(T(a)) < 2sg(a).

Proof. — Equality o(T,(a)) = o(T()) follows from Corollary 7.1.2.
We prove that o(T'(a)) < 2sg(a).

Consider an oriented 3-manifold M, a compact oriented surface F'
of genus k = sg(a) bounded by a circle S, and a proper map
w:F — M such that wjg:S — OM is a (generic) closed curve
on OM realizing . Let in : H1(OM) — H;(M) be the inclusion homo-
morphism and w,:Hi(F) — H;(M) be the homomorphism induced
by w. Set L = in~'(w.(Hi(F))) C H1(0M). Since the intersection
form B:H,(0M) x H1(0M) — Z annihilates the kernel of in and
rank w,(H1(F)) < rank H; (F) = 2k, we obtain that the rank of the bilinear
form B|p: L x L — Z is smaller than or equal to 4k.

Consider the based matrix T = T(«) = (G, s,b) of a. As in the
proof of Lemma 5.1.5, the map w gives rise to an involution v on the
set D(w(S)) = arr(a) = G — {s}. This defines a simple filling X of T
consisting of {s} and the orbits of v. The proof of Lemma 5.1.5 shows that
Y zexwz] € L for any orbit X of v. The homology class [w(S)] € H;(0M)
also lies in L because in([w(S)]) = 0. The matrix of X is obtained by
evaluating B on the vectors [w(S)] and {}__ . x[wz]}x Wwhere X runs over
the orbits of v. Therefore the rank of this matrix is smaller than or equal
to rank(B|) < 4k. Hence o(T') < 2k = 2sg(a). O

The following theorem provides an algebraic obstruction to the
sliceness of a string.

THEOREM 8.1.2. — For a slice string «, the based matrices T'(a)
and T,(«) are hyperbolic.
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This theorem is a direct consequence of the previous lemma and the
definitions. We complement this theorem with the following result whose
proof is postponed to Section 8.3.

THEOREM 8.1.3. — Based matrices of cobordant strings are cobordant.

8.2. Genus estimates for sequences of strings.

We generalize Lemma 8.1.1 to sequences of strings.

LEMMmaA 8.2.1. — For any strings o, . .. ,Qr,
o(T.(en), ..., Tu(ar)) = o(T(ea), ..., T(a)) < 2sg(az, ... o).

Proof. — The equality o(T,(a1),...,T.(ar)) = o(T(o1),...,T(ar))
follows from Corollary 7.3.2. The rest of the proof is similar to
the proof of Lemma 8.1.1. Consider an oriented 3-manifold M, a
compact (oriented) surface F of genus k& = sg(ai,...,a,) bounded by r
circles Si,...,S,, and a proper map w:F — M such that the maps
wis,: Sy — OM with t=1,...,r are disjoint (generic) closed curves
on OM realizing ay,...,a,, respectively. Let in : H1(OM) — H1(M) be
the inclusion homomorphism and w,:Hi(F) — H;(M) be the homo-
morphism induced by w. The group H;(F') is generated by the homology
classes of Si,...,8, C F and a subgroup H C H;(F) isomorphic
to Z%. Set L = in"*(w.«(H)) C Hy(0M). Since the intersection form
B:H(0M) x H,(OM) — Z annihilates the kernel of in, we obtain that

rank(B|p:L x L — Z) < 2rankw,(H) < 2rank H = 4k.

For t = 1,...,r, consider the based matrix Ty = (G, s, b) of
as;. Set G = |J,G¢. As in the proof of Lemma 5.1.5, the map w
gives rise to an involution v on the set b<(w(0F)) = G — {s1,..., 8-}
The proof of Lemma 5.1.5 shows that for any orbit X of v, we have
> sexlws] € inTHwi (Hi(F))). Adding to 3, x[wz] an appropriate linear
combination Y, nx¢[w(S;)] of the homology classes [w(S1)],.. ., [w(Sr)] in
Hi(OM) with nx,, € Z we obtain an element of L. Consider the vector
er x T+ >, x5 in the lattice ZG freely generated by G. These vectors
corresponding to all orbits X of v together with the vector s1+- - -+s, € ZG
form a filling of the tuple 771, ...,T;. The matrix of this filling is obtained
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by evaluating B on the homology classes {} ¢ x|ws] + >, nx ¢[w(St)] €
H1(0M)} x and [w(S1)]+- -+ [w(Sr)] € H1(OM). Since all these homology
classes belong to L, the rank of this matrix is smaller than or equal to 4k.
Thus o(T(a1), ..., T(er)) < 2k = 2sg(a,...,ar). O

THEOREM 8.2.2. — If a sequence of strings is slice, then the sequence
of their based matrices and the sequence of their primitive based matrices
are hyperbolic.

This theorem is a direct consequence of the previous lemma and the
definitions.

8.3. Proof of Theorem 8.1.3.

If strings a, B are cobordant, then sg(a,B_) = 0. By Lemma8.2.1,
o(T(a), T(B)) = 0. As we know, T(3 ) = -T(B). Thus,
o(T(a),—T(8)) = 0 so that T'(a) is cobordant to T'(3).

8.4. Secondary obstructions to sliceness.

We introduce invariants of strings which may give further obstructions
to sliceness (cf. Question 2 in Section 13). Consider a string o with core
circle S and canonical realization w:S — X, as in Section 4.1. Let X be
the closed oriented surface obtained by gluing 2-disks to all components
of 8%,,. Pick an integer p > 2 and set R = Z/pZ and H = H;(Z;R). The
R-module H is generated by the set s U {[e]}ccarr(a) Where the homology
classes of loops on ¥ are taken with coefficients in R and s = [w(S)] € H,
cf. Section 4.2. Consider the intersection form Br: H® H — R. For h € H,
consider the string ap formed by S and the arrows e € arr(a) such
that Bg([e],h) = 0. The invariants of aj can be viewed as invariants of «
parametrized by p and h. In particular, we can consider the 1-variable
polynomial u(ap,), the based matrix T'(ay), ete.

In the next lemma, a Lagrangian is a group L C H equal to its
annihilator Ann(L) = {g € H|Bgr(L,g) = 0}. If p is prime, then each
Lagrangian L C H is a direct summand of H and H/L =~ L.

LemMA 8.4.1. — If « is slice, then there is a Lagrangian L C H such
that s € L and the string «y, is slice for all h € L. Moreover, there is an
involution on the set arr(«) such that for any its orbit X, Y . x[e] € L.
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Proof. — If a is slice, then there are a compact oriented 3-manifold M’
and a realization w’: S — OM' of a contractible in M’. The pair (OM',w’)
can be obtained from w:.S — X of a by 1-surgeries on ¥ — w(.S). Attaching
the corresponding solid 1-handles to £ x 0 C ¥ x [0,1] we obtain an
oriented 3-manifold N such that 8N = (—9M’)UX and the curves w’, w are
homotopic in N. Gluing N to M’ along M’ we obtain a compact oriented
3-manifold M such that M = ¥ and w is contractible in M. Consider
the boundary homomorphism 8:Hs(M,0M;R) — H(OM;R) = H
and the inclusion homomorphism i: H = H,(OM;R) — H:,(M;R). Set
L = Im(8) = Ker(é). It is well known that L is a Lagrangian. For
completeness, we outline a proof. An element g € H belongs to Ann(L)
if and only if Bg(dz,9) = 0 for every z € Ho(M,0M;R). By the
Poincaré duality, there is a unique # € H!(M;R) = Hom(H;(M;R), R)
such that z = Z N [M]. Then Bgr(0z,g) = = - i(g) = Z(i(g)) where - is the
intersection pairing Ho(M, OM;R) x Hy(M;R) — R. Therefore g € Ann(L)
if and only if i(g) is annihilated by all homomorphisms H;(M;R) — R.
This holds if and only if i(g) = 0, that is if and only if g € L.

Pick h € L and pick any z in 87'(h) C H2(M,0M;R). The
cohomology class & € H'(M;R) defines a p-fold covering M — M. Since
w:S8 — ¥ = OM is contractible in M, it lifts to a loop @w:S5 — oM
contractible in M. By the equality #(i(g)) = Br(h,g) for g € H, the
underlying string of @ is «p,. Therefore o, is slice. Constructing an involution
on arr(a) as in the proof of Lemma 5.1.5 (where F is a 2-disk) we obtain
the last claim of the lemma. O

This lemma, implies that for all A € L, the based matrix T(ay,) is
hyperbolic and u(ay) = 0.

9. Lie cobracket for strings.

We introduce a Lie cobracket in the free module generated by
homotopy classes of strings. This induces a Lie bracket in the module
of homotopy invariants of strings and other related algebraic structures.

Throughout the section, we fix a commutative ring with unit R.

9.1. Lie coalgebras.

We recall here the notion of a Lie coalgebra dual to the one of a Lie
algebra. To this end, we first reformulate the notion of a Lie algebra. For an
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R-module L, denote by Permy, the permutation 2®y — y®z in L®? = L L
and by 71, the permutation zQy® 2z~ 2®2®y in I® = L® L ® L. Here
and below ® = ®pg. A Lie algebra over R is an R-module L endowed with an
R-homomorphism (the Lie bracket) §: L®? — L such that § o Perm; = —6
(antisymmetry) and

6o (idy ®F) o (idpss +1 +7¢) = 0 € Homp(L®3, L)

(the Jacobi identity). Dually, a Lie coalgebra over R is an R-module A
endowed with an R-homomorphism (the Lie cobracket) v: A — A®? such
that Perm 4 ov = —v and

(9.1.1) (idges +74 + 73) o (ida ®v) o v = 0 € Homp(A, A®3).

For a Lie coalgebra (A,v: A — A®?) over R and an integer n > 1, set
v = (idi(n_l) Qv)o---o(idg®v)ov: A — ABMF),

In particular, v(V) = v. Following [Tu2], Section 11, we call a Lie coalgebra
(A,v) over R spiral, if A is free as an R-module and the filtration
Kerv() c Kerv® C .- exhausts 4, i.e., A = J, 5, Kerv™.

A Lie coalgebra (A,v) gives rise to the dual Lie algebra A* =
Hompg(A, R) where the Lie bracket A* ® A* — A* is the homomorphism
dual to v. For u,v € A*, the value of [u,v] € A* on z € A is computed by

[u,v)(z) = > u(@V)v(z?) € R

%

for any (finite) expansion v(z) = ixgl) ® x$2) €EARA.

A homomorphism of Lie coalgebras (A,v) — (A’,v') is an R-linear
homomorphism 3 : A — A’ such that (¢ ® ¥)v(a) = v'¢(a) for alla € A. It
is clear that the dual homomorphism %*: (A’)* — A* is a homomorphism
of Lie algebras.

9.2. Lie coalgebra of strings.

Let S be the set of homotopy classes of virtual strings and let
Sg C S be its subset formed by the homotopically non-trivial classes.
Let Ao = Ao(R) be the free R-module freely generated by Sp. We shall
provide Ag with the structure of a Lie coalgebra.
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We begin with notation. For a string «, let (@) denote its class in Sg
if a is homotopically non-trivial and set {a) = 0 € Ay if & is homotopically
trivial. For an arrow e = (a,b) of a string «, denote by ! the string
obtained from « by removing all arrows except those with both endpoints
in the interior of the arc ab. (In particular, e is removed.) Similarly, denote
by o2 the string obtained from a by removing all arrows except those with
both endpoints in the interior of ba. Set

(9.2.1) v((@) = > (o) @(a2) - (a?) @ () € Ao ® Ao.

ecarr(a)

LEMMA 9.2.1. — The R-linear homomorphism v: Ay — Ag ® Ag given
on the generators of Ay by Formula (9.2.1) is a well-defined Lie cobracket.
The Lie coalgebra (Ag,v) is spiral.

Proof. — To show that v is well-defined we must verify that v({a))
does not change under the homotopy moves (a)s, (b)s, (c)s on a. The arrow
added by (a)s contributes 0 to the cobracket by the definition of (.). The
contribution of all the other arrows is preserved. Similarly, the two arrows
added by (b), contribute opposite terms to the cobracket which is therefore
preserved. Under (c),, all arrows contribute the same before and after the
move.

The equality Permy,ov = —v is obvious. We now verify For-
mula (9.1.1). Let o be a string with core circle S. We can expand
(id®v)(v{{e))) as a sum of expressions z(e, f) associated with ordered
pairs of unlinked arrows e, f € arr(a). Note that the endpoints of e, f
split S into four arcs meeting only at their endpoints. The endpoints of e
(resp. f) bound one of these arcs, say z (resp. y). The other two arcs form
S — (x Uy) and lie “between” e and f. Denote by 3 (resp. v, §) the string
obtained from o by removing all arrows except those with both endpoints
in the interior of = (resp. of y, of S — (z Uy)). Set ¢ = +1 if e and f are
co-oriented, i.e., if their tails bound a component of S — (z Uy). It is easy
to see that

2, f) =e((B) @ (8) @ (1) — (B) @ (7) & (9))-

A direct computation using this formula gives

(id gpen +74, + 75 (2(e, f) + 2(f,€)) = 0.
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Thus id4,es +74, + 75, annihilates (id®v)(v({(e))). Hence v is a
Lie cobracket. The spirality of (Ag,v) follows from the obvious fact
that v(™({a)) = 0 for any string a of rank < n. (Actually a stronger
assertion holds: v(™ ((a)) = 0 for any string o of rank < 4n + 2.) O

Let A = A(R) be the free R-module freely generated by S. Since
S = S U {0} where O € S is the homotopy class of a trivial string,
A = Ay ® RO. The Lie cobracket v in Ay extends to A by v(O) = 0.

The Lie cobrackets in Ay and A induce Lie brackets in Aj =
Hompg(Aop, R) and A* = Hompg(A, R). Examples below show that these
Lie cobrackets and Lie brackets are non-zero. Clearly, A* = Af & R where
the Lie bracket in R is zero. The elements of A* bijectively correspond to
maps S — R, i.e., to R-valued homotopy invariants of strings. Thus, such
invariants form a Lie algebra.

9.3. Examples.

1) If rank @ < 6, then v({«)) = 0. This follows from the fact that any
string of rank < 2 is homotopically trivial.

2) For any p,q > 1, we have v({ay,q)) = 0.

3) Consider the string a, of rank 7 where o is the permutation
(123)(4)(576) of the set {1,2,...,7}. It follows from the definitions that
v({ag)) = (a1,2) ® (a21) — (02,1) ® (@12). As we know, a1 and ag;
are homotopically non-trivial strings representing distinct generators of A.
Hence v({a)) # 0. This example can be used to show that the product
of strings is not commutative even up to homotopy: there are strings =, ¢
such that a product of 7, d is not homotopic to a product of §,7. Drawing
a picture of a,, one observes that a, is a product of § = az; with a
string, -y, of rank 4 obtained from o 2 by adding a “small” arrow. Since 7y
has a small arrow, it is easy to form a product of v with § also having a
small arrow. The resulting string, 3, is homotopic to a string of rank 6.
Hence v({3)) = 0. Therefore o, is not homotopic to 3.

4) In generalization of the previous example pick any integers
p,q,p',q > 1such that p+q > 3,p’ + ¢’ > 3. Consider the string o = a,
of rank m = p+ g+ 9 + ¢ + 1 where o is the permutation of the set
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{1,2,...,m} defined by
i+q if1<i<p,
i—p ifp<i<p+yg,
o(i) =<1 fi=p+q+1,
i+q ifptq+l<i<p+q+147p,
i—p ifptqtl+p <i<m.
It follows from the definitions that

V(<04>) = (ap,¢) ® (p,q) — (ap,q) ® {ap ')
Clearly, v({a)) # O unless p = p’ and ¢ = ¢'.
5) Consider the numerical invariants ui,uz,... € A* constructed in
Section 3.1. For p,p’ > 1, we compute the value of [up,uy] € A* on

the string @ = a(p,p’, q,¢) defined in the previous example. Assume for
concreteness that the numbers p, p’, ¢, ¢’ are pairwise distinct. Then

[up, upr] (@) = up( g )up (Qp,q) — Up(tp,q)upr (Qpr q7)
=0-(—9)(—¢') = —qq".
Hence [up,, up| # 0 for p # p'.

9.4. Filtration of Ag.

Assigning to a string its homotopy rang and homotopy genus (see
Section 2.5) we obtain two maps hr, hg : Sy — Z. For r,g > 0, set

Srg = {a € So | hg(a) <, hg(a) < g}.

This set is finite since there is only a finite number of strings of rank < r.
The set S, 4 generates a submodule of Ag denoted A, 4. This submodule is
a free R-module of rank #(S, ). Clearly,

(9.4.1) V(Arg) C @D Apg® Agg C Arg ® Arg.

p,q>0
ptq<r

Thus, each A,, a Lie coalgebra. The inclusions A,, — A, 4 for
r < r',g < ¢’ make the family {4, 4}, into a direct spectrum of Lie
coalgebras. The equality Ao = |, , Ar,g shows that Ao = injlim{A¢}.

The Lie cobracket in A, , induces a Lie bracket in A7 =
Hompg(A, 4, R). Formula (9.4.1) implies that this Lie algebra is nilpotent.
Restricting maps S¢ — R to S, 4 we obtain a Lie algebra homomorphism
A§ — Ay . Tt is clear that Aj = projim{A7  }.
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9.5. Relations with Lie coalgebras of curves.

Let ¥ be a connected surface and 7 be the set of homotopy classes
of closed curves on X. (It can be identified with the set of conjugacy
classes in m = 71(X).) There is a map ¢ :7 — S sending each homotopy
class of curves into the homotopy class of the underlying strings. Clearly,
P(7) = U, Sy g where g = g(X) is the genus of .. Observe that the mapping
class group of ¥ acts on 7 in the obvious way and ¢ factors through the
projection of T to the set of orbits of this action.

Let Z = Z(R) be the free R-module with basis 7. The map ¢ : 7 — S
induces an R-linear homomorphism Z — A whose image is equal to U,A, 4.
Composing this homomorphism with the projection A = Ag & RO — Ay
we obtain an R-linear homomorphism g : Z — Ag.

The author defined in [Tu2], Section 8 a structure of a spiral Lie
coalgebra in Z. (In fact Z is a Lie bialgebra, but we do not need it.)
A direct comparison of the definitions shows that the map ¥q:Z — Apis a
homomorphism of Lie coalgebras.

9.6. Associated algebraic structures.

In this section we suppose that R D Q. A spiral Lie coalgebra (4, v)
over R naturally gives rise to a group Exp A* and a Hopf algebra S(A)
over R, see [Tu2], Section 11. For completeness, we recall here these
constructions.

Observe first that the dual Lie algebra A* = Hompg(A, R) has
the following completeness property. Consider the lower central series
A* = A 5 A*@) 5 ... of A* where A*"FD = [A*(M) A*] for n > 1.
Let aj,aq,... € A* be an infinite sequence such that for any n > 1 all
terms of the sequence starting from a certain place belong to A*(™ . Clearly,
if z € Kerv™ and a € A*™*) | then a(z) = 0. Since A = J,, Kerv(™,
the sum a(z) = ai(z) + az(z) + --- contains only a finite number of
non-zero terms for every z € A. Therefore a(z) is a well-defined element
of R. The formula z — a(z): A — R defines an element of A* denoted
a1 + ag + - - - and called the (infinite) sum of a1, ag, ... A similar argument
shows that ), A*™) = 0 and the natural Lie algebra homomorphism
A* — projlim,, (A* /A*(™) is an isomorphism.

For a,b € A*, consider the sum
wa,b)=a+b+ Lot + o ((a,la,b] + b [bal]) + - € 4"
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where the right-hand side is the Campbell-Hausdorff series for log(e®e?),
see [Se]. The resulting mapping p: A* x A* — A* is a group multiplication
in A*. Here a=! = —a and 0 is the group unit. The group (A*,u) is
denoted Exp A*. Heuristically, this is the “Lie group” with Lie algebra A*.
The equality A* = projlim,(A*/A*™) implies that the group Exp A*
is pro-nilpotent.

Consider the symmetric (commutative and associative) algebra of A:

S=15(4) =P s"(4).

n>0

Here S°(A) = R, S1(A) = A, and S"(A) is the n-th symmetric tensor
power of A for n > 2. The unit 1 € R = S9(A) is the unit of S. The group
multiplication p: A* x A* — A* induces a comultiplication § — S ® S as
follows. Since A is a free R-module, the natural map A — (A*)* extends
to an embedding of S into the algebra of R-valued functions on A*. We
can identify S with the image of this embedding. Similarly, we can identify
S® S with an algebra of R-valued functions on A* x A*. It is easy to observe
that for any z € S, we have x o p € S ® S. Indeed, it suffices to prove this
for z € A. Then = € Ker v(™ for some n so that z annihilates all but finite
number of terms of the Campbell-Hausdorff series. Our claim follows then
from the duality between the Lie bracket in A* and the Lie cobracket v.
For example, if n = 3 and v @ (z) = ¥, o; ® B; ® 1; € A®?, then

1 1
xou=x®l+1®w+§l/($)+ﬁ (i ® Vi +v: @ s 3;).
i

The formula A(xz) = x o p defines a coassociative comultiplication in S.
It has a counit S — R defined as the projection to S°(A) = R. The antipode
S — S is the algebra homomorphism sending any = € A into —z € A.
A routine check shows that S is a (commutative) Hopf algebra. Heuristically,
it should be viewed as the Hopf algebra of R-valued functions on the group
Exp A* or as the Hopf dual of the universal enveloping algebra of A*.

The construction of Exp A* and S(A) can be generalized as follows.
Pick h € R and observe that the mapping hv: A — A® A is a Lie cobracket
in A. It induces the Lie bracket [, ], = h[,] in A* where [,] is the Lie bracket
induced by v. The corresponding multiplication yp in A* is given by

() = a b+ (a6 + (o, fo, 6] + [, byal]) + -
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This multiplication makes A* into a group denoted Exp, A*. As above,
up induces a comultiplication in the symmetric algebra S = S(A). This
makes S into a Hopf algebra over R denoted Sp,(A). For h = 1, we obtain
the same objects as in the previous paragraphs. Note for the record that for
any h € R, the formula a — ha: A* — A* defines a group homomorphism
Exp, A* — Exp A*. If h € R is a non-zero-divisor, this homomorphism
is injective.

We can apply the constructions of this subsection to any h € R
and to the spiral Lie coalgebras Ag, A, A, 4, Z considered above. The
equality A = Ay ® R implies that Exp, A* = Exp, A5 x R where
R is the additive group of R. The group Exp,A;, and the Hopf
algebra Sy(A,,) are quotients of Exp, A5 and Sip(Ap), respectively.
The homomorphism g:Z — Ay extends by multiplicativity to a Hopf
algebra homomorphism Sy(Z) — Skr(Ag). Dualizing 1y, we obtain a
mapping A — Z* which is a Lie algebra homomorphism and at the
same time a group homomorphism Exp,, A5 — Exp;, Z*.

10. Virtual strings versus virtual knots.

Virtual knots were introduced by L. Kauffman [Ka] as a generalization
of classical knots. We relate them to virtual strings by showing that each
virtual knot gives rise to a polynomial on virtual strings with coefficients
in the ring Q[z]. As a technical tool, we introduce a skein algebra of virtual
knots and compute it in terms of strings.

10.1. Virtual knots.

We define virtual knots in terms of arrow diagrams following [GPV].
An arrow diagram is a virtual string whose arrows are endowed with signs +.
By the core circle and the endpoints of an arrow diagram, we mean the
core circle and the endpoints of the underlying virtual string. The sign
of an arrow e of an arrow diagram is denoted sign(e). Homeomorphisms
of arrow diagrams are defined as the homeomorphisms of the underlying
strings preserving the signs of all arrows. The homeomorphism classes of
arrow diagrams will be also called arrow diagrams.

We describe three moves (a)ad, (b)ad, (€)aq on arrow diagrams where
“ad” stands for “arrow diagram”. Let o be an arrow diagram with core circle
S. Pick two distinct points a,b € S such that the (positively oriented) arc
ab C S is disjoint from the set of endpoints of a. The move (a),q4 adds to o
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the arrow (a,b) with sign + or —. This move has two forms determined by
the sign 4. The move (b),q acts on « as follows. Pick two arcs on .S disjoint
from each other and from the endpoints of «. Let a,a’ be the endpoints of
the first arc (in an arbitrary order) and b, b’ be the endpoints of the second
arc. The move adds to a two arrows (a,b) and (¥, a’) with opposite signs.
This move has eight forms depending on the choice of the sign of (a,b),
two possible choices for a, and two possible choices for b. (This list of eight
forms of (b),q contains two equivalent pairs so that in fact the move (b)aq
has only six forms.) The move (c)aq applies to & when « has three arrows
with signs ((a™,b),+), ((bT,¢),+), ((cT,a),—) where a,a™,b,b",c,c™ € S
such that the arcs aa™, bbT, cct are disjoint from each other and from the
other endpoints of a. The move (c)aq replaces these three arrows with the
arrows ((a,b%),+), (b,¢T),+), ((¢,a™),—).

By definition, a virtual knot is an equivalence class of arrow diagrams
with respect to the equivalence relation generated by the moves (a)aq,
(b)ad, (¢)aq and homeomorphisms. Note that our set of moves is somewhat

different from the one in [GPV] but generates the same equivalence relation
(cf. below).

In the sequel the virtual knot represented by an arrow diagram D will
be denoted [D]. A trivial arrow diagram having no arrows represents the
trivial virtual knot.

Forgetting the signs of arrows, we can associate with any arrow
diagram D its underlying virtual string D. This induces a “forgetting”
map K — K from the set of virtual knots into the set of virtual strings.
This map is surjective bur not injective. The theory of virtual knots is
considerably reacher than the theory of virtual strings. For instance, the
fundamental group of a virtual knot [Ka] allows to distinguish virtual knots
with the same underlying strings.

Note finally that the definition of an r-th covering of a string in
Section 3.6 extends to virtual knots: one keeps only arrows e of an arrow
diagram such that n(e) € rZ and of course one keeps their signs.

10.2. From knots to virtual knots.

Arrow diagrams are closely related to the standard knot diagrams
on surfaces. An (oriented) knot diagram on an (oriented) surface ¥ is a
(generic oriented) closed curve on ¥ such that at each its double point one
of the branches of the curve passing through this point is distinguished.
The distinguished branch is called an overcrossing while the second branch
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passing through the same point is called an undercrossing. A knot diagram
on ¥ = ¥ x {0} determines an (oriented) knot in the cylinder ¥ x R by
pushing the overcrossings into ¥ x (0, 00).

Any knot diagram d gives rise to an arrow diagram D(d) as follows.
First of all, the closed curve underlying d gives rise to a virtual string,
see Section 2.2. We provide each arrow of this string with the sign of the
corresponding double point of d. This sign is + (resp. —) if the pair (a
positive tangent vector to the overcrossing branch, a positive tangent vector
to the undercrossing branch) is positive (resp. negative) with respect to
the orientation of ¥. Our definition of the arrow diagram associated with d
differs from the one in [GPV]: their arrow diagram is obtained from ours
by reversing all arrows with sign —.

There is a canonical mapping from the set of isotopy classes of
(oriented) knots in ¥ x R into the set of virtual knots. It assigns to a
knot K C ¥ x R the virtual knot [D(d)] where d is a knot diagram on £
presenting a knot in ¥ x R isotopic to K. The virtual knot [D(d)] does not
depend on the choice of d. This follows from the fact that two knot diagrams
on ¥ presenting isotopic knots in ¥ x R can be obtained from each other
by ambient isotopy in ¥ and the Reidemeister moves. Recall the standard
list of the Reidemeister moves: 1) a move adding a twist on the right (resp.
left) of a branch; 2) a move pushing a branch over another branch and
creating two crossings; 3) a move pushing a branch over a crossing. This
list is redundant. In particular, the left move of type 1) can be presented as
a composition of type 2) moves and the inverse to a right move of type 1).
One move of type 3) together with moves of type 2) is sufficient to generate
all moves of type 3) corresponding to various orientations on the branches
(see, for instance, [Tul], pp. 543-544). As the generating move of type 3) we
take the move (¢)~ described in Section 2.3. It remains to observe that the
moves (a)ad, (b)ad, (C)ad on arrow diagrams are exactly the moves induced
by the right Reidemeister moves of type 1), the Reidemeister moves of
type 2), and the move (c)™.

10.3. Skein algebra of virtual knots.

Let R = Q[z] be the ring of polynomials in one variable z with rational
coefficients. Consider the polynomial algebra R[K] generated by the set of
virtual knots K. This is a commutative associative algebra with unit whose
elements are polynomials in elements of X with coefficients in R. We now
introduce certain elements of R[K] called skein relations.
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Pick an arrow diagram D with core circle S and pick an arrow
e = (a,b) of D with sign + (here a,b € S). Let D] be the same arrow
diagram with the sign of e changed to —. Let D, be the arrow diagram
obtained from D by removing all arrows with at least one endpoint on the
arc ba C S. Let D! be the arrow diagram obtained from D by removing
all arrows with at least one endpoint on the arc ab C S. The skein relation
corresponding to (D, e) is [D] — [D.] — 2[D.][DY] € R[K].

The ideal of the algebra R[K] generated by the trivial virtual knot and
the skein relations (determined by all the pairs (D, e) as above) is called
the skein ideal. The quotient of R[K] by this ideal is called the skein algebra
of virtual knots and denoted €. The next theorem computes £ in terms of
strings. Recall the set Sy of non-trivial homotopy classes of virtual strings,
cf. Section 9.2.

THEOREM 10.3.1. — There is a canonical R-algebra isomorphism
V:& — R[Sy] where R[Sy] is the polynomial algebra generated by Sg.

This theorem allows us to associate with any virtual knot K a
polynomial V(K) € R[So]. It will be clear from the definitions that

V(K) = (K)+ Y 2" 'Vn(K)

n>2

where V,(K) is a homogeneous element of Q[Sy] of degree n which is non-
zero only for a finite set of n. Combining V with homotopy invariants of
strings we obtain invariants of virtual knots. For example, composing V with
the algebra homomorphism R[Sp] — R][t] sending the homotopy class of a
string « into the polynomial u(«)(t), we obtain an algebra homomorphism
€ — R[t] = Qlz,t]. This gives a 2-variable polynomial invariant of virtual
knots. Further polynomial invariants of virtual knots can be similarly
obtained from the higher u-polynomials defined in Section 3.6.

The constructions above can be applied to the virtual knot derived
from a geometric knot K C ¥ x R in Section 10.2. The resulting polynomial
V(K) € R[Sy] is invariant under the action on knots of orientation
preserving homeomorphisms ¥ x R — ¥ x R induced by orientation
preserving homeomorphisms ¥ — X. The polynomial V(K) is interesting
only in the case when the genus of ¥ is at least 2. This is due to the fact that
the strings realized by curves on a surface of genus 0 or 1 are homotopically
trivial.
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Theorem 10.3.1 will be proven in the next section. Here we give an
explicit expression for the value of V on the generator [D] € £ represented
by an arrow diagram D. We need a few definitions. The endpoints of
the arrows of D split the core circle of D into (oriented) arcs called the
edges of D. Denote the set of edges of D by edg(D). Each endpoint a of an
arrow of D is adjacent to two edges a—, ay € edg(D), respectively incoming
and outgoing with respect to a. For an integer n > 1, an n-labeling of D is a
map f:edg(D) — {1,2,...,n} satisfying the following condition: for any
arrow e = (a,b) of D, either

(i) flay) = fla-), f(by) = f(b-) or
(i) fat) = f(b-) # f(a-) = f(bs) and sign(f(a—) — f(a+)) = sign(e).

The arrows e as in (ii) are called f-cutting arrows. The number of
f-cutting arrows of D is denoted |f| and the number of f-cutting arrows
of D with sign = —1 is denoted |f|—. Note that the value of f on two
adjacent edges a_, a, € edg(D) may differ only when a is an endpoint of an
f-cutting arrow. Therefore | f| > #f(edg(D)) — 1. Fori=1,...,n, let D¢,
be the string obtained from D by removing all arrows except the arrows
(a,b) with f(ay) = f(a_) = f(by) = f(b-) = i (and forgetting the signs of
the arrows).

Let 1bl,(D) be the set of n-labelings f of D such that f(edg(D)) =
{1,...,n}, |f] =n—1, and the f-cutting arrows of D are pairwise unlinked
(in the sense of Section 3.1). Then

BN
(10.3.1) vion=>. > Sl [1(Dy.) € RISol.

!
n=1 f€lbl, (D) v i=1
The expression on the right-hand side is finite since 1bl,(D) = § for
n > #edg(D). The set 1bl; (D) consists of only one element f = 1 so that
the free term of V([D]) is (D).

11. Proof of Theorem 10.3.1.

The proof of Theorem 10.3.1 largely follows the proof of Theorems 9.2
and 13.2 in [Tu2]. We therefore expose only the main lines of the proof.
The key point behind Theorem 10.3.1 is the existence of a natural
comultiplication in £ and we define it first. Then we construct V and
prove that it is an isomorphism.
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11.1. Comultiplication in £.

We need to study more extensively the labelings of arrow diagrams
defined at the end of the previous section. Let D be an arrow diagram
with core circle S. Each n-labeling f of D gives rise to n monomials
D¢1,...,Dgp € € as follows. Identifying a = b for every f-cutting arrow
(a,b) of D, we transform S into a 4-valent graph, I'Y, with |f| vertices.
The projection S — I' maps the non- f-cutting arrows of D into “arrows”
on T/ ie., into ordered pairs of (distinct) generic points of I'f. The labeling
f induces a labeling of the edges of I'f by the numbers 1,2, ..., n. It follows
from the definition of a labeling that for each i = 1,..., n, the union of edges
of I'/ labeled with i is a disjoint union of r; = r;(f) > 0 circles Si,..., St .
The orientation of S induces an orientation of the edges of I'y and of these
circles. We transform each circle S} withj = 1,...,r; into an arrow diagram
by adding to it all the arrows of I'/ with both endpoints on S’Jz The signs of
these arrows are by definition the signs of the corresponding non- f-cutting
arrows of D. Set

Ta

Df,i = H[S;] eé.

i=1

For any n > 2, denote Lbl,, (D) the set of n-labelings f of D such that
the f-cutting arrows of D are pairwise unlinked. The latter condition can
be reformulated in terms of the numbers 71 (f), ..., r,(f) introduced above:
f € Lbl,(D) if and only if r1(f) + - - - + rn(f) = |f| + 1. For f € Lbl,(D),
set

A(D,f) — (_1)|f|—zlf|Df,1 ®Df2® - ®Dyp € £on

where £®™ is the tensor product over R of n copies of £.

By a comultiplication in £, we mean a coassociative algebra
homomorphism A : £ — ERE. (The coassociativity means that (id A)A =
(A ®id)A.) We claim that the formula

A(D) = > AD,f)eEE
fELDbI2(D)

extends by multiplicativity to a well-defined comultiplication in £. This can
be deduced from [Tu2], Theorem 9.2 or proven directly repeating the same
arguments. We explain how to deduce our claim from [Tu2]. Comparing
the definition of A([D]) with the comultiplication in the algebra of skein
classes of knots in (a surface)xR given in [Tu2], we observe that they
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correspond to each other provided D underlies a knot diagram on the
surface. (The variables h = hy, h = h_; used in [Tu2] should be replaced
with 0 and z, respectively. After the substitution h = 0, we can consider
only labelings satifying — in the notation of [Tu2] - the condition || f|| = —|f|
which translates here as the assumption that the f-cutting arrows of D
are pairwise unlinked.) The results of [Tu2] imply that if a move (a)ad,
(b)ad, (c)aa on D underlies a Reidemeister move on a knot diagram,
then A([D]) is preserved under this move. Since any arrow diagram D
underlies a knot diagram on a surface and any move (a)ad, (b)ad, (€)aa
on D can be induced by a Reidemeister move, we conclude that A([D]) is
invariant under the moves (a)ad, (b)ad, (€)aqa on D. Therefore the formula
[D] — A([D)) yields a well-defined mapping X — £®E. This mapping
uniquely extends to an algebra homomorphism R[] — £®E. The results
of [Tu2] imply that for an arrow diagram D underlying a knot diagram
on a surface and any arrow e of D with sign(e) = +, the skein relation
[D] — [D7] — z[DL}[DY] lies in the kernel of the latter homomorphism. The
condition that D underlies a knot diagram is verified for all D. Therefore
the homomorphism R[K] — £®E annihilates the skein ideal and induces
an algebra homomorphism A: & — £RQE. The coassociativity of A follows
from the easy formulas

(id®A)A = > AD,f)=(A®id)A([D))
fELbl3(D)

(cf. [Tu2], p.665). More generally, for any n > 2, the value on [D] € £ of
the iterated homomorphism

A™ = (id®™ D @A) o (id®™ D @A) o ... 0 (Id RA)A : £ — £8(HD)

is computed by

AM(D)) = Y A(MD,f).

fe€Lbl,1(D)

Note for the record that each arrow diagram D admits constant 2-labelings
f1, f2 taking values 1,2 on all edges, respectively. The corresponding
summands of A([D]) are A(D, f1) = [D]® 1 and A(D, f2) = 1® [D].

11.2. Homomorphism V: & — R[S

There are two obvious R-linear homomorphisms ¢:£ — R and
q:& — R[Sp]. The homomorphism ¢ sends 1 € £ into 1 € R and sends
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all virtual knots and their non-void products into 0. The homomorphism ¢
sends 1 and all products of > 2 virtual knots into 0 and sends a virtual
knot K into (K). Tensorizing g with itself, we obtain for all n > 1 a
homomorphism ¢®":E®" — R[Sp|®". Let s,: R[Sp]®" — R[So] be the
R-linear homomorphism sending a1 ® - - - ® a,, into (n!)~ta; - - an. Set

V=e+q+ ) s.¢®"AMD: £ — R[S

n>2

where A = A. It is clear that V is R-linear. The same argument
as in [Tu2], Lemma 13.4 shows that V is an algebra homomorphism.
Computing V on the skein class of an arrow diagram D, we obtain

V(D) =D sd® D AD,f)

n>1 FeLbl, (D)
Hq D).

¥ Z Ifl—zlfl

n>1 fELbl, (D)

Note that ¢(Dy ;) = 0 unless r;(f) = 1 in which case ¢(Dy;) = (Dy,;). For a
labeling f € Lbl, (D) the equalities r1(f) = --- = r,,(f) = 1 are equivalent
to the inclusion f € 1bl, (D). This yields Formula (10.3.1).

Observe that V([D]) is a sum of {D) and a polynomial in strings of
rank < rank D. An induction on the rank of strings shows that the image
of V contains all strings. Therefore V is surjective.

The proof of the injectivity of V is based on the following lemma.

LemMma 11.2.1. — There is a Q-valued function n on the set of
isomorphism classes of (finite) oriented trees such that the following holds:

(i) if T is a tree with one vertex and no edges, then n(T) = 1;

(ii} if an oriented tree T' (resp. U) is obtained from an oriented tree
T by reversing the orientation of an edge e (resp. by contracting e into
a point), then n(T) + n(T") + n(U) = 0;

(iii) if an oriented tree T' (resp. T"') is obtained from an oriented tree T
by replacing two distinct edges with common origin ab,ac by ab,bc (resp.
by ac,cb) and if U is obtained from T by identifying b with c and ab with ac,
then n(T) = n(T") +n(T") + n(U).
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In this lemma by an edge ab we mean an oriented edge directed
from a to b.

Lemma 11.2.1 was first established in [Tu2], Theorem 14.1 where it
is also shown that 7 is unique (we shall not need this). The construction
in [Tu2] is indirect and does not provide an explicit formula for . Such
a formula was pointed out by Frangois Jaeger {Ja]. The following proof of
Lemma 11.2.1 is a simplified version of the proof given by Jaeger [Ja).

Proof. — By a forest we shall mean a disjoint union of a finite
family of finite oriented trees. The set of vertices of a forest F' is denoted
V(F). For a forest F and an integer n > 1, denote by C,(F') the set of
surjective mappings f:V(F) — {1,...,n} such that for every edge ab of F’
we have f(a) < f(b). This set is empty for n > #(V(F)). Set

( 1n+1

(Cn(F)) € Q.

=

n>1

We claim that 7 satisfies all the conditions of the lemma. Condition (i)
is obvious. Condition (iii) is a direct corollary of the definitions.
Indeed for all n, the set C,(T) splits as a disjoint union of the sets
Cn(T"),Cn(T"), Cr(U). Hence #(Cn(T)) = #(Cn(T")) + #(Cn(T")) +
#(Cr(U)) and n(T) = n(T") + n(T") + n(U). It remains to verify (ii). Let
F be obtained from T by removing the interior of the edge e. For all n, the
set Cn(F) splits as a disjoint union of the sets C,(T),Cp(T"),Cp(U).
Hence #(Cn(F)) = #(Cn(T)) + #(Cn(T")) + #(Cn(U)) and n(F) =
n(T) + n(T") + n(U). Thus we need only to prove that n(F) = 0 for
every forest F' with two components 17, T5.

For non-negative integers n, k1, k2, denote by Cy, (k1, k2) the set of pairs
(£1,£2) where for ¢ = 1,2, ¢; is an order-preserving injection from {1,...,k;}
into {1,...,n} and £1({1,...,k1}) Ul2({1,...,k2}) = {1,...,n}. Having
g1 € Cr,(Th), g2 € C,(Ty) and having (41,4) € Cp(ki,k2) we define
a mapping f = f(g1,92,41,42):V(F) — {1,...,n} by f(v) = lig1(v)
for v € V(T1) and f(v) = faga(v) for v € V(T3). Clearly, f € C,(F).
It is obvious that any f € C,(F) can be uniquely presented in the
form f = f(g1,92,%1,¢2) where g; € C,(T;) with k; = #(f(V(T3))) > 1
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for ¢ = 1, 2. Therefore

Z )”+1 ( Y Y #e kl,kz))>

n>1 k1>1 91€Ck1(T1)
k221 g,eCh, (Tn)

3 #(On) #(0 @) ¥ T (G 1),

k1>1 n>1
ka>1

Il

n(F)

Thus it is enough to prove that for all k&; > 1,k > 1, the numbers
cn(ki, ko) = #(Cr(kq, ko)) verify

(11.2.1) > E—_—ﬂcn(kl,kg) =0

n
n>1

Clearly, ¢,,(k1, ko) is the number of pairs (S;, S2) where S1, So are subsets
of {1, v ,n} such that Sl U 52 = {1,. . ,TL}, #(Sl) = k‘l, #(Sg) = kz. In
particular, ¢, (k1,k2) =0if k1 + ko <nork; >norks >n. Foranyn > 1
and commuting variables x,y,

@t+y+ay) = Y calky, ka)z™y*

k1,k2>0
Therefore
-1 n+1
log(1+z+y+ay) =Y (x +y+zy)"
n>1
n+1
= Z Z (K1, ko)
n>1 ky,k2>0
n+1
Z (Z k17 k2))

k1,k2>0 n>1
Since
log(1 + 2 + y + zy) = log((1 + z)(1 +y)) = log(1 + ) + log(1 +y),

the terms with k1 > 1,k2 > 1 in the above series must vanish. This gives
Formula (11.2.1). O
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11.3. The injectivity of V:£& — R[S).

We begin by associating with any virtual string o an element {(a) € £.
Let S be the core circle of a. A surgery along an arrow (a,b) € arr(a) consists
in picking two (positively oriented) arcs aa™t,bb™ C S and then quotienting
the complement of their interiors S — ((aa™)° U (bb*)°) by a = b+,b = a™.
It is understood that the arcs aat,bb™ are small enough not to contain
endpoints of a besides a, b, respectively. Such a surgery transforms S into
two disjoint oriented circles. We make each of them into a string by adding
all the arrows of @ with both endpoints on the arc a™b (resp. on ba™). (The
arrows of a with one endpoint on ab and the other one on ba disappear
under surgery.)

Let us call aset F' C arr(«) specialif the arrows of a belonging to F’ are
pairwise unlinked. Applying surgery inductively to all arrows of « belonging
to a special set F, we transform « into n = #(F) + 1 strings. Providing
all the arrows of these strings with sign +, we obtain n arrow diagrams
DF,...,DE. Note that they have together at most #(arr(a)) — #(F)
arrows. We now define an oriented graph I'r. The vertices of I'r are the
symbols vy, ..., v,. Two verices v;, v; are related by an oriented edge leading
from v; to v; if there is an arrow (a,b) € F such that the arcs aa™t,bbt C S
involved in the surgery along this arrow lie on the core circles of Df, Df ,

1
respectively. It is easy to see that I'r is a tree. Set

#(F)+1
e)= Y nCr)# I [Df1e€
FCarr(a) i=1

where F runs over all special subsets of arr(«). The summand corresponding
to F' = () is the string « itself with sign + on all arrows.

The key property of ((a) € £ is its invariance under the basic
homotopy moves on «. This follows from [Tu2], Lemma 15.1.1 in the
case where the moves are realized geometrically by homotopy of a curve
realizing a on a surface. Since the homotopy moves can be always realized
geometrically, the result follows. The mapping « — ((a) extends by
multiplicativity to an algebra homomorphism R[Sy} — £ denoted also (.

We can now prove the injectivity of V. For » > 0, denote by B,
the R-submodule of £ additively generated by monomials [D1][Dg] - - [Dy,]
such that the total number of arrows in the arrow diagrams D1, Ds, ..., D,
is less than or equal to r. Clearly, 0 = By C By C --- and |, B, = £. Pick
b = [D1][Ds) - - [Dy] € B,. Using the skein relation in £ it is easy to see

ANNALES DE L’INSTITUT FOURIER



VIRTUAL STRINGS 2517

that b (mod B,_1) € B,/B,_1 does not depend on the signs of the arrows
of Di,...,Dy,. This observation, Formula (10.3.1) and the definition of ¢
imply that ((V)(b) — b € B,_1. Therefore ((V —id)"(b) = 0. The inclusion
b € KerV would imply b = 0. Thus B, NKerV = 0. Since |, B, = &,
we obtain Ker V = 0.

11.4. Moreon £.

The comultiplication A defined in Section 11.1 makes £ into a Hopf
algebra over R. Its counit is the homomorphism £:£ — R used in the
definition of V. For an arrow diagram D, denote by D the same diagram
with opposite signs on all arrows. The transformation [D] — —[D] preserves
the skein relation and therefore induces an algebra automorphism of £. This
automorphism is an antipode for £. This follows from the corresponding
theorem for the skein algebras of curves on surfaces conjectured in [Tu2]
and proven in [CR] and independently in [Pr]. In the construction of the
Hopf algebra & instead of the ground ring R = Q[z] we can use Z[z]. It is
only to construct the homomorphisms V and ¢ that we need Q.

Consider the Hopf algebra S,(Ag) derived as in Section 9.6 from the
spiral Lie coalgebra 4, the ring R = Q[z] and the element h = z € R.
Note that S,(Ag) = R[Sp] as algebras.

THEOREM 11.4.1. — The homomorphism V:& — R[Sy] = S,(Ao) is
an isomorphism of Hopf algebras.

The proof of this theorem follows the lines of [Tu2], Section 12 and
Lemma 13.5; we omit the details.

12. Open strings.

12.1. Definitions.

Replacing the circle in the definition of a virtual string by an oriented
one-dimensional manifold X we obtain a virtual string with core manifold X .
The definition of homotopy extends to strings with core manifold X word
for word. Of special interest are strings with core manifold homeomorphic
to [0,1]; we call them open strings. In this context it is natural to call
virtual strings with core manifold homeomorphic to S* closed strings.

Open strings underlie (generic) paths on surfaces connecting distinct
points on the boundary. Gluing the endpoints of the core interval, we can
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transform any open string y into a closed string u°, its closure. Similarly to
paths, open strings can be multiplied via the gluing of their core intervals
along one endpoint. Repeating word for word the definitions of Section 3.6
we obtain for all 7 > 1 the notion of an r-th covering of an open string (this
is again an open string).

12.2. Polynomials of open strings.

For an open string p with core manifold [0,1], we can define two
polynomials u* (1) and u™(p). Observe that the set arr(u) of arrows of u
is a disjoint union arr*(u) U arr™(u) where arr™(u) (resp. arr™(u)) is the
set of arrows (a,b) € arr(u) with a,b € [0,1] such that a < b (resp. b < a).
For e € arr(u), set n(e) = n(e!) € Z where e is the corresponding arrow
of p°!. For k > 1, set

ui () = #{e € arr* (u) | n(e) = k} — #{e € arr™(u) | n(e) = —k} € Z.

This number and the polynomials u®(p) = Y 5, u,f(,u)tk are homotopy
invariants of . Clearly, u(u) = u* (i) + v~ (i) and u*(uv) = u*(u) +
u*(v) for any open strings u,v. Using u¥, it is easy to give examples of
non-homotopic open strings with homotopic closures. Using the coverings
as in Section 3.6, we can define for open strings “higher versions” of u®
parametrized by finite sequences of positive integers.

12.3. Cobordism of open strings.

An open string y is slice if its closure y® is a slice (closed) string.
Theorem 5.1.2 implies that the sliceness is a homotopy property of open
strings.

An open string p is ribbon if its core interval admits an orientation
reversing involution transforming arrows of y into arrows of y with opposite
orientation. The closure of a ribbon open string is a ribbon (closed) string.
Therefore ribbon open strings are slice.

We associate with every open string u an open string y' obtained
from p by reversing orientation on the core interval and on all arrows.
Clearly (1) = p and (pv)’ = vy for any open strings u, v.

We say that open strings u, v are cobordant and write p ~. v if uv/' is
slice. An open string is cobordant to a trivial open string (with no arrows)
if and only if it is slice.
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LemMMA 12.3.1. — (i) Cobordism is an equivalence relation on the set
of open strings.

(if) Homotopic open strings are cobordant.
(iii) If two open strings are cobordant, then their closures are cobordant.

(iv) If two open strings are cobordant, then their r-th coverings are
cobordant for all r > 1.

Proof. — For any open string p, the product pu' is ribbon and
therefore slice. Thus p ~¢ p. If gt ~ v, then (ur’)° is slice. The closed
string (v')® is obtained from (uv')? = ((vp/)")! by the involution a +— &~
Hence (vu')® is slice and v ~ .

To proceed we need the following property: if u, v, are open strings
whose product pvé is slice and if v is slice, then so is ud. Indeed, observe
that (uvé)® is homeomorphic to (véu)®. Since (véu)® is a product of
v and (6u)¢!, the cancellation property mentioned in Section 5.2 implies
that (6u)° is slice. Since (6u)°! is homeomorphic to (u6)<!, the Iatter string
is slice. Hence ud is slice.

We can now prove the transitivity of cobordism. If y ~. v, v ~ 6,
then v’ and vé’ are slice. Since products of slice closed strings are slice,
the products of slice open strings are slice. Thus, uv/vd’ is slice. Since v'v
is slice, so is pd’. Therefore p ~ 4.

If 1 is homotopic to v, then (ur’)® is homotopic to (v1/)°!. Therefore
(uv')? is slice so that u ~. v. This proves (ii). We leave (iii} and (iv) as an
exercise for the reader. O

Multiplication of open strings induces a multiplication in the set of
cobordism classes of open strings that makes this set into a group denoted O.
Using the formulas u*(y') = —u*(u) and Theorem 5.1.4 we obtain that
u(p®) = ut () + v~ (1) € Z[t] is an additive cobordism invariant of open
strings.

12.4. Graded based matrices.

A graded (skew-symmetric) based matriz over an abelian group H is
a based (skew-symmetric) matrix (G, s,b) over H endowed with a spltting
of G — {s} as a union of two disjoint subsets G* and G~. The underlying
based matriz of a graded based matrix (G, s, b) is obtained by forgetting the
splitting G — {s} = GT UG~ The negation —T of T = (G, s, b) is the triple
(G, s, —b) with the same splitting G — {s} = GTUG".
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We define annihilating elements, core elements, and complementary
elements of a graded based matrix T' = (G, s,b) as in Section 6.1 with the
following additional requirements: annihilating elements must lie in G¥,
core elements must lie in G~ and for any pair of complementary elements,
one of them lies in G* and the second one in G~. All other dfefinitions
and results of Section 6.1 extend to this setting with obvious changes. In
particular, we have a notion of homology for graded based matrices over H.

If H C R, then the two 1-variable polynomials

uE(T)(t) = Z tblgs) _ Z t—b(g:9)

geG* g€GTF
b(g,s)>0 b(g,s)<0

are homology invariants of a graded based matrix T' = (G, s, b).

For an open string p, the based matrix of its closure u¢' is graded via
the splitting arr(u®') = arr(u) = arr*(u) U arr~(p). This defines a graded
based matrix T'(u) over Z. The homology class of T(u) is an invariant
of the homotopy class of u. Clearly, u*(u) = u*(T(u)). Note also that

(W) =-T(p).

12.5. Addition of graded based matrices.

We define addition for graded based matrices which mimics the
product of strings. Let T; = (G}, s;,b;) be a graded based matrix over an
abelian group H where ¢ = 1,2. We define the sum T} & 1> = (G, s,b)
as follows. Set G* = GEI G and G = {s} I GT II G~. For
gEG—{s} =GTIUG ,sete, =1ifge Gt ande, =01if g € G.
The skew-symmetric mapping b:G x G — H is defined as follows: for
g € G; — {s;} with ¢ € {1,2}, set b(s,g9) = bi(si,9),b(g,5) = bi(g,s:);
for any g € G; — {s;},h € G; — {s;} with 4,5 € {1,2}, set

b, e
b(g, h) 2{ (o) =
egbj(sj, h) —enbi(si,g) ifi# 3.
The direct sum of graded based matrices is commutative and associative
(up to isomorphism).

Let R be a domain. A graded based matrix over R is hyperbolic if its
underlying based matrix is hyperbolic.

LEMMA 12.5.1. — For any graded based matrix over R, its direct sum
with its negation is hyperbolic. The direct sum of two hyperbolic graded
based matrices over R is hyperbolic.
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Proof. — Let T1 = {G1,s1,b1) be a graded based matrix over R.
Let Tz = (Ga2, s2,b2) be a copy of T1 where G = {¢'|g € G1}, s2 = (s1)’,
and by is defined by ba(¢',h') = b(g,h) for g,h € Gy. We verify that
the direct sum T = T7 @ (-T3) = (G, s,b) is hyperbolic. Consider the
subsets {s} and {g, ¢'}gcc,—{s1} Of G. These subsets form a simple filling
of G. The matrix of this filling is zero. Indeed, for g € Gy — {s1},

b(s,{g,9'}) = b(s,9) + b(s,9") = b1(s1,9) + (—b2)(s2,9")
=bi(s1,9) — ba((s1)',9') = 0.

For g,h € G; — {s1},

b({9,9'}. {h, h'}) = blg,h) + b(g, ") + b(g, h) + b(g', 1)
= bi(g, h) +eg(=b2)(s2,h) — enbr(s1,9)
+egbi(s1,h) — en(—b2)(s2,9") + (=b2)(¢', h')
= bi(g, h) — ggb1(s1,h) — enbi(s1,9)
+egb1(s1,h) +enbi(s1, g) — bi(g,h) = 0.

The second claim of the lemma is an exercise on the definitions; we leave it
to the reader. O

Quotienting the monoid of graded based matrices over R by hyperbolic
matrices, we obtain an abelian group G(R). We call it the group of
cobordisms of graded based matrices over R.

Assigning to an open string its graded based matrix we obtain
an additive homomorphism O — G(Z). The group G(Z) is non-trivial.
This is clear from the existence of non-trivial additive homomorphisms
ut:G(Z) — Z[t).

The notion of a graded based matrix over R and the addition of
such matrices may seem artificial from the algebraic viewpoint. Possibly, a
more satisfactory (although equivalent) language would describe a graded
based matrix over R as a free R-module V of finite rank endowed with a
vector in the dual module V* = Hompg(V, R), with a distinguished basis
partitioned into two disjoint subsets, and with a R-valued skew-symmetric
bilinear form V x V — R. To pass from the definition above to this one, we
associate with (G, s, b) the free R-module V with basis G —{s}, the element
of V* sending any g € G — {s} to b(s, g), the partition G — {s} = Gt UG,
and the skew-symmetric bilinear form V' x V' — R induced by b.
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12.6. The algebra of open strings.

Let R be a commutative ring with unit and ® = Q. A (left) module
over a Lie algebra (L,[,]: L®? — L) over R is an R-module M endowed
with an R-linear homomorphism p: L ® M — M such that

(12.6.1) p([,] ® idM) = p(idL ®P)(idL®L®M — Permp, ®idM):
LRILOIM — M

where Permy is the permutation z ® y — y ® z in L®2. (Formula
(12.6.1) is equivalent to the usual identity [z,y}m = z(ym) — y(zm) for
z,y € L,m € M.) Dually, a comodule over a Lie coalgebra (A4,v: A — A®?)
over R is an R-module M endowed with an R-linear homomorphism
p:M — A® M such that

(12.6.2) (I/® idM)p = (idA(g)A@M —-PeI'mA®idM)(idA ®p)p:
M—AQAR M.

Such M is automatically a module over the dual Lie algebra A* =
Hompg(M, R): an element a € A* acts on M by the endomorphism
YoM — M sending m € M to —(a ®idp)p(m) e R M = M.

A comodule (M,p) over a Lie coalgebra A is spriral if M =
U,>1 Ker p{™ where

p™ = (id5" "V @p) oo (ida®p) o p: M — AB"© M.

If R > Qand A, M are spiral, then the action of A* on M integrates into a
group action of the group Exp A* on M: an element a € Exp A* = A* acts
onm € M by

— ‘Pa @a)k
am =e¥*(m) =m+ }:
E>1

Note that for m € Ker p(™ the sum on the right-hand side has at most n
non-zero terms.

Let M = M(R) be the free R-module freely generated by the set of
homotopy classes of open virtual strings. We provide M with the structure
of a comodule over the Lie coalgebra of closed strings 4o. Let () be the
generator of M represented by an open string p. For an arrow e € arr(u), a
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surgery along e defined as in Section 11.3 transforms y into a disjoint union
of a closed string o, and an open string 3.. Set

Pl = D (a)@(B) = Y () ®(Be) € Ag® M.

e€arry (n) ecarr_ ()

A direct computation shows that this gives a well-defined R-linear
homomorphism p: M — Ay ® M satisfying Formula (12.6.2). Thus M
is a comodule over Ay. Combining p with the inclusion Ay C .A we obtain
that M is a comodule over A as well. It is easy to see that M is spiral. If
R D Q, then the construction above gives a group action of Exp .4* on M.

12.7. Exercises.

1) Multiplication of open strings makes M into an associative
algebra with unit. Check that the group Exp.4* acts on M by algebra
automorphisms.

2) Let cl: M — A be the R-linear homomorphism induced by
closing open strings. Check that for any open string u, we have

v((cl(p))) = (idaga — Perm 4)(id.a ®cl)p({))-

13. Questions.

1) Which primitive based matrices Ty can be realized as To(c) for a
string a? A necessary condition pointed out in Section 3.2 says that
(u(T,))'(1) = 0. Note that for the based matrix T(a) = (G, s,b), we have
|b(e, )] < #(G) — 2 for all e, f € G. This however yields no conditions on
the primitive based matrices of strings, since such a matrix Ty = (G, Se, be)
may arise from a string of a rank > #(G,).

2) Can one detect non-slice strings with hyperbolic based matrices
using the secondary obstructions of Section 8.47

3) Is it true that slice strings are stably ribbon, i.e., that for any
slice string « there is a ribbon string 3 such that a product of a and g is
homotopic to a ribbon string? Is it true for open strings? A positive answer
to the second question would imply a positive answer to the first question.

4) Classify all strings of small rank (say, < 6) up to homotopy and/or
up to cobordism.

5) Is it true that every string is homotopic to a string of type o, for
some permutation ¢? If not, is it true up to cobordism?
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6) It was recently shown by D.Silver and S. Williams (math.GT/
0409185) that multiplication of open strings is not commutative up to
homotopy. Is it commutative up to cobordism?

7) Compute the group O of cobordism classes of open strings.

8) Compute the group G(Z) of cobordism classes of graded based
matrices over Z.

9) Is there an invariant of virtual knots combining the skein in-
variant V with the Kontsevich universal finite type invariant of knots? This
might lead to mixed arrow-chord diagrams.

10) Study invariants of virtual strings that change in a controlled
way (say by constants) under the moves (a)s, (b)s, (c)s, cf. the theory of
Arnold’s invariants of plane curves.

11) Generalize the invariants of virtual knots introduced in this paper
to virtual links.
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