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Abstract

In this paper, we discuss the (co)homology theory of biquandles, derived
biquandle cocycle invariants for oriented surface-links using broken surface dia-
grams and how to compute the biquandle cocycle invariants from marked graph
diagrams. We also develop the shadow (co)homology theory of biquandles and
construct the shadow biquandle cocycle invariants for oriented surface-links.

1 Introduction

In [9], D. Joyce introduced an algebraic structure known as a quandle, which is a
set X with a binary operation satisfying certain conditions coming from oriented
Reidemeister moves for oriented link diagrams (see also [18]). Quandles were gener-
alized to racks in [7] and racks were generalized to biracks in [8] and a (co)homology
theory for racks and biracks was introduced. In the quandle case, a subcomplex was
defined corresponding to Reidemeister moves of type I and this leads to the quandle
(co)homology theory and quandle cocycle invariants of links and surface-links in [5].
In [4], the shadow quandle cocycle invariants was also defined for links and surface-
links. These invariants are defined as the state-sums over all quandle colorings of
arcs and sheets and corresponding Boltzman weights that are the evaluations of a
given quandle 2 and 3-cocycle at the crossings and triple points in a link diagram
and broken surface diagram, respectively. In [10], S. Kamada, J. Kim and S. Y. Lee
developed an interpretation of the quandle and shadow quandle cocycle invariants
of surface-links in terms of marked graph diagram presentation of surface-links.
On the other hand, a generalization of quandles (called biquandles) is introduced
n [14]. A biquandle is an algebraic structure with two binary operations satisfying
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certain conditions which can be presented by semi-arcs of (virtual) links (or semi-
sheets of surface-links) as its generators modulo oriented Reidemeister moves (or
Roseman moves). In [6], J. S. Carter, M. Elhamdadi and M. Saito introduced
a (co)homology theory for the set-theoretic Yang-Baxter equations and cocycles
are used to define invariants via colorings of (virtual) link diagrams by biquandles
and a state-sum formulation. In [20], S. Nelson and J. Rosenfield introduced a
generalization of biquandle homology to the case of an involutory biquandle (also
known as a bikei), called bikei homology, and used bikei 2-cocycles to enhance the
bikei counting invariant for unoriented knots and links as well as unoriented and
non-orientable surface-links.

In this paper, we discuss the (co)homology theory of biquandles and develop
the biquandle cocycle invariants for oriented surface-links by using broken surface
diagrams generalizing quandle cocycle invariants. Then we show how to compute
the biquandle cocycle invariants from marked graph diagrams. Further, we develop
the shadow biquandle (co)homology theory and construct the shadow biquandle
cocycle invariants for oriented surface-links presented by broken surface diagrams
and also marked graph diagrams generalizing shadow quandle cocycle invariants.
We also discuss a method of computing the shadow biquandle cocycle invariants
from marked graph diagrams.

This paper is organized as follows. In Section 2, we review two presentations of
surface-links, broken surface diagrams and marked graph diagrams. In Section 3,
we recall the definition of a biquandle and examples. In Section 4, we review the
fundamental biquandles and discuss biquandle colorings for marked graph diagrams
and broken surface diagrams. In Section 5, we review the (co)homology groups
of biquandles. In Section 6, the biquandle cocycle invariants of oriented links and
surface-links presented by broken surface diagrams are introduced. In Section 7, we
introduce a method of computing biquandle 3-cocycle invariants from marked graph
diagrams. In Section 8 we develope the shadow (co)homology theory of biquandles
and construct the shadow biquandle cocycle invariants of oriented surface-links. In
Section 9, we introduce a method of computing shadow biquandle 3-cocycle invari-
ants from marked graph diagrams.

2 Presentations of surface-links

A surface-link is a closed surface smoothly (or piecewise linearly and locally flatly)
embedded in the Euclidian 4-dimensional space R*. Two surface-links £ and £’
are equivalent if they are ambient isotopic. That is, equivalently, there exists an
orientation preserving diffeomorphism (or PL homeomorphism) h : R* — R* such
that A(£) = £'. When £ and £’ are oriented, it is assumed that the restriction
hlz : L — L' is also an orientation preserving homeomorphism. Throughout this
paper a surface-link means an oriented surface-link unless otherwise stated.

Let f : F — R* be a smooth embedding of a closed surface F' in R* and let
p : R* = R3 be the orthogonal projection onto an affine subspace, identified with R3,
which does not intersect £ = f(F'). By deforming the map f slightly by an ambient
isotopy of R* if necessary, we may assume that the map po f: F — R3 is a generic
map. This means that for any y = p(f(z)) € R? there is a neighborhood N(y) C R?
and a diffeomorphism 1 : N(y) — R3 such that the image of p(f(F)) N N(y) under
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1) looks like the intersection of 1,2, 3 coordinate planes or the cone on a figure eight
(Whitney umbrella) as depicted in Fig. 1. In these cases, the point y is called a
non-singular point, a double point, a triple point, or a branch point, respectively. A
surface-link diagram, or simply a diagram, of a surface-link £ = f(F') is the image
p(L) equipped with “over/under” information on the multiple points with respect
to the direction of the projection p.

I EBE

Figure 1: The images of p(f(F)) N N(y) under ¢

A common way to indicate over/under information on a diagram is as follows.
Along the double point curves on p(L), one of the sheets (called the over-sheet)
lies farther than the other (called the under-sheet) with respect to the projection
direction. The under-sheets are coherently broken in the projection image, and
such a broken surface is called a broken surface diagram of L. We call the connected
components of over-sheets and under-sheets coherently broken along the double
point curves in the projection semi-sheets. Consequently any surface-link gives rise
to a broken surface diagram. On the other hand, for a given broken surface diagram,
an embedding of a closed surface in R* can be constructed. When the surface-link
is oriented, we take normal vectors 77 to the projection of the surface such that the
triple (¥y, U2, 1) matches the orientation of R, where (¥';, 72) defines the orientation
of the surface. Such normal vectors are defined on the projection at all points other
than the isolated branch points. For more details, see [3].

In [22], D. Roseman introduced local moves of seven types on broken surface
diagrams called Roseman moves as depicted in Fig. 2, where over /under information
is omitted for simplicity.

Theorem 2.1 ([22]). Let £ and £’ be two surface-links and let D and D’ be broken
surface diagrams of £ and L', respectively. Then £ and L' are equivalent if and
only if D and D’ are transformed into each other by a finite sequence of ambient
isotopies of R? and Roseman moves.

Now we review marked graph presentation of surface-links. A marked graph is a
spatial graph G in R3 satisfying that G is a finite graph with 4-valent vertices, say
V1, V2, ..., Un; €ach v; is a rigid vertex, that is, we fix a rectangular neighborhood
N; homeomorphic to {(z,y)] — 1 < x,y < 1}, where the vertex v; corresponds to
the origin and the edges incident to v; are represented by 22 = y?; each v; has a
marker, which is the line segment on N; represented by {(z,0)] —1 < x < 1}. In
this paper, a classical link in R? is regarded as a marked graph without marked
vertices. An orientation of a marked graph G is a choice of an orientation for each

edge of GG such that every vertex in G looks like }{or }{ A marked graph G
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iType 2

Type 7

Figure 2: Roseman moves on broken surface diagrams

is said to be orientable if it admits an orientation. Otherwise, it is said to be non-
orientable. As usual, a marked graph G in R? is described by a diagram (called a
marked graph diagram) D in R? which is a generic projection on R? with over /under
crossing information for each double point such that the restriction to a rectangular
neighborhood of each marked vertex is an embedding. Fig. 3 shows an oriented
marked graph diagram and a non-orientable marked graph diagram. Throughout
this paper, a marked graph (diagram) means an oriented marked graph (diagram),
unless otherwise stated.

A surface-link £ in R* can be described in terms of its cross-sections L£; =
LN (R? x {t}), t € R (motion pictures). Let p : R* — R be the projection given
by p(z1,z2,23,24) = x4, and we denote by pr : L — R the restriction of p to L. It
is known ([15],[17]) that any surface-link £ is equivalent to a surface-link £’ called
a hyperbolic splitting of L, such that the projection py : £ — R satisfies that all
critical points are non-degenerate, all the index 0 critical points (minimal points)
are in R3 x {—1}, all the index 1 critical points (saddle points) are in R? x {0}, and
all the index 2 critical points (maximal points) are in R3 x {1}.
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Figure 3: Marked graph diagrams

Let £ be a surface-link and let £’ be a hyperbolic splitting of £. The cross-
section £ = £/ N (R3 x {0}) at ¢ = 0 is a 4-valent graph G in R3 x {0}. We give
a marker at each 4-valent vertex (saddle point) that indicates how the saddle point
opens up above as illustrated in Fig. 4. We assume that the cross-section £{, has
the induced orientation as the boundary of the oriented surface £’ N (R3 x (—oo0, 0]).
The resulting oriented marked graph G is called a marked graph presenting L. A
diagram of G is called a marked graph diagram presenting L.

- XX
s
= ( X

Figure 4: Marking of a vertex

Let D be a marked graph diagram and Dy the singular link diagram obtained
from D by removing all markers. Let V(D) = {v1,v,.. vn} be the set of all
vertices of D. For each i (i =1,...,n), consider four pomts vl v2 03, and v} on D

in a neighborhood of v; as in Flg. 5 We define S
D= Do\ O (8 i vl)] U [0 (1ol e U of )],
which is called the positive resolution of D, and
D- = [Do\ 0 (0 fes,vf)] U [ (o U o)),

the negative resolution of D, where |v,w| is the line segment connecting v and w.
When both resolutions D_ and D, are diagrams of trivial links, we say that D is
admissible.

When D is admissible, we construct a surface-link as follows (cf. [15],[24]). Let
Ly be a spatial graph in R3 whose diagram is Dy. Let wg and w; be the points
on Ly such that m(w Z) = v} and 7w(w;) = v;, respectively, where 7 : R® — R?
is the projection (z,y,z) — (x,y). For each t € [0,1], let wg(t) be the point
(1 —t)w; + thj € R3.
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1,2 .3
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Figure 5: v and v}

For each t € [0,1], let L;” and L; be links in R? defined by

L = [0\ 0 (8 fuswl )] U [ 5 (et 0, w} 0] U e (0), w! )]

Ly = [20\ 0, (8 s ol @N] U [5 (ke 0w} (0] U e 0), w0

Put Ly = L] and L_ = L. Then L, and L_ have diagrams D, and D_,
respectively. Let Bf yeee ,B:[ be mutually disjoint 2-disks in R? with 8(Bf‘ U---U
B;LL) = Ly, and let B ,..., By be mutually disjoint 2-disks in R3 with o(B; U---U
By )= L_. Let F(D) be a surface-link in R* defined by

F(D)=(By U---UBy) x {2} UL_ x (=2,-1)
U (Uge-1,0 L7, X {t}) U Lo x {0} U (Use (o, L7 x {t})
ULy x (1,2) U (B U---UBF) x {2}.

We say that F(D) is a surface-link associated with D. It is uniquely determined
from D up to equivalence (see [15]). A surface-link £ is said to be presented by a
marked graph diagram D if £ is equivalent to the surface-link F'(D). Any surface-
link can be presented by an admissible marked graph diagram. Moreover, we have

Theorem 2.2 ([11],[13],[23]). Let £ and £’ be two surface-links and let D and
D’ be marked graph diagrams presenting £ and L', respectively. Then £ and £’
are equivalent if and only if D and D’ are transformed into each other by a finite
sequence of ambient isotopies of R? and Yoshikawa moves.

In [1], S. Ashihara introduced a method of constructing a broken surface diagram
of a surface-link from its marked graph diagram. For our use below, we review his
construction. In what follows, by D — D’ we mean that a link diagram D’ is
obtained from a link diagram D by a single Reidemeister move R;(1 < i < 3) shown
in Fig. 6 or an ambient isotopy of R?.

o] =0 YN -5 Bt

Figure 6: Reidemeister moves

Let D be an admissible marked graph diagram and let Dy and D_ be the positive
and the negative resolutions of D, respectively. Since D, is a diagram of a trivial
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link, there is a sequence of link diagrams from D, to a trivial link diagram O related
by ambient isotopies of R? and Reidemeister moves:

Dy=Dy—Dy—---—=D.=0.

Foreachi (i=1,...,7—1), let {ft(i)}tel be a 1-parameter family of homeomorphisms
from R? to R? that satisfies

0 =id, fPLD)) = L(Di),

where L(D;) denotes a link in R? whose diagram is D; (i = 1,...,7). Without loss
of generality, we may assume that L(D;) = L(D;) = L4 and the following two
conditions are satisfied.

e When the move D; — D;y; is an ambient isotopy of R2, let {h }tel be
an ambient isotopy of R? such that h(z)( D;) = D;y1. Then ft satisfies

(I (L(Dy))) = b (x(L(Dy))) = B(D;) for t € T,

e When the move D; — D;y1 is a Reiedemeister move, let B be a disk in
R? where the move is applied and let M(Z) be the subset of B x I C R3

determined by 7(M;) N (B x {t})) = 7T(ft (L(D;))) N Bgy for t € I. Then
M;) is as shown in Fig. 7, 8, or 9.

Figure 7: M; for Ry

X

Figure 8: M;) for Ry

Take real numbers t1,...,¢, with 1 <t <--- <t, <2 Foreachi (i=1,...,r—1),
we define a homeomorphism F® : R*(= R? x R) — R* by

(x,t) for t < t;;
FO(z,t) = (fq(f)t) (x),t) for t; <t < tiy1;
(H@),0)  fort =t

for all z € R? and ¢ € R, where ¢(t) = (t — t;)/(tit1 — ti)-
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> d
el
Figure 9: M;) for R

Similarly, consider a sequence of link diagrams from D_ to a trivial link diagram
O’ related by ambient isotopies of R? and Reidemeister moves:

D_=Dy—D)—--—=D.=0".

For each j (j = 1,...,s — 1), let {ggj)}tel be a l-parameter family of homeomor-
phisms from R? which satisfies

9 =id, g7 (L(D)) = L(Dj).
Without loss of generality, we may assume that L(D}) = L(D_) = L_ and the
following two conditions are satisfied.
e When the move D} — D’ ; is an ambient isotopy of R?, let {hg(j)}tel be
an ambient isotopy of R? such that h'l(j)(Dg-) = D’ 4. Then gt(j ) satisfies
w(g” (L(D}))) = WD (x(L(D}))) for t € 1.

e When the move D} — Dj, is a Reidemeister move, let B{; be a disk in

R? where the move is applied and let M('j) be the subset of sz) x I c R3
N (B, x {t})) = n(g;” (L(D}))) N B, for t € I. Then

: /
determined by (M ) )

M(’j) is as shown in Fig. 7, 8, or 9.

Take real numbers ¢},...,t, with —1 > ¢} > -+ > ¢/, > —2. For each j (j =
1,...,s — 1), we define a homeomorphism G) : R*(= R? x R) — R* by

(x,1) (t >t),
GO (a,1) = § (90 @) 1) (U <t <)),
(@ @), (<),

where (t) = (t; —t)/(t; — t%, ;). Let
F = (G(s—l) 0GEDo...oqW) o plr=1) o p(r=2) 5 ... o F(l))(F(D)).

Then F’ is equivalent to F(D).

Let By, ..., B, be mutually disjoint 2-disks in R? such that (B U---U B,,) =
L(O) and 7|p,u..uB, is an embedding. Let Bj,..., B\ be mutually disjoint 2-disks
in R? such that 9(Bj U--- U B}) = L(O') and 7| gju.upy 18 an embedding. Finally,
we define F' to be the surface constructed as follows:

F=(BiU---UBy) x {2} U(F' N(R®x (-2,2))) U(BU---UB,) x {2}.

It is in general position with respect to the projection ¢ : R* — R3 defined by
(z,y,2,t) = (x,y,t). The broken surface diagram of F' obtained from ¢(F’) is called
a broken surface diagram associated with the marked graph diagram D and denoted
by B(D).
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3 Quandles and biquandles
In this section we review the definitions and examples of quandles and biquandles.

Definition 3.1 ([9],[18]). A quandle is a nonempty set X with a binary operation
x: X x X — X satisfying that

(Ql) For any z € X, zxx = x.

(Q2) There exists a binary operation ¥ ! : X x X — X such that for any =,y € X,
(xy) * ly=rand (z+1y)*xy=2.

(Q3) For any z,y,z € X, (x*xy) xz = (xx 2) * (y * 2).
A rack is a set with a binary operation that satisfies (Q2) and (Q3).

Definition 3.2 ([8],[14]). A bigquandle is a nonempty set X with two binary oper-
ations>: X x X = X and b : X x X — X satisfying the following axioms:

(Bl) Foranyz € X, z>px=2b x.

“1571: X x X — X such that for any
y) 5 ly =z, (x> ly) ey = 2, and

(B2) There exist two binary operations
vy €X, (zpy ey =2 (
(x5 )by =

b
>

(B3) The map H : X x X — X x X defined by (x,y) — (y > x,x > y) is invertible.

(B4) For any z,y,z € X,

@ey)e(zey)=(z22)2(y>2)
(rpy)>(z2y)= (2> 2)p(Yb2),
(zB>y) b (zby)=(xB2)> (yp> 2).

A birack is a nonempty set X with two binary operations >,5> : X x X — X that
satisfies the axioms (B2), (B3) and (B4) above.

We remind that the biquandle axioms come from the oriented Reidemeister
moves. We divide a knot or link diagram D at every crossing point (considered as
a 4-valence vertex) to obtain a collection of semi-arcs. We think of elements of a
biquandle X as labels for the semi-arcs in D with different operations at positive
and negative crossings as illustrated in the top of Fig. 10. The axioms are then
transcriptions of a minimal set of oriented Reidemeister moves which are sufficient
to generate any other oriented Reidemeister move (cf. [21]). The axiom (B1) comes
from the Reidemeister move of type I as illustrated in Fig. 10. The axioms (B2) and
(B3) come from the direct and reverse Reidemeister moves of type II respectively as
illustrated in Fig. 10. The axiom (B4) comes from the oriented Reidemeister move
of type III with all positive crossings as illustrated in Fig. 11.

Example 3.3. Let (X, *) be a quandle. Define x >y =z xy and x 5 y = x for all
x,y € X. Then X is a biquandle. Any group G is a biquandle with x > y =y "zy
and z >y = x as well as with x > y =2 and = & y = y "2y, where n € Z.



10 S. Kamada, A. Kawauchi, J. Kim & S. Y. Lee

a\< b>a b ab
¢(a,b) \ ¢(a,b)7!
b arb a b>a
<&Ea aca /
R a>a
aa - ava ¢(GN < )=
o( a)ga / A 45@ ; =aSa
b« #abd) __a bSa_ pap) b
< b <l bSa
an< bba =-—> a < b <>
a G,Eb
b dab)T e b olab)T avh

Figure 10: Reidemeister moves of Type I and II and biquandle axioms
a s (Bb)B(ard) a bsa  (Ba)s(bba)

\c> o(bba, c>a)
é(a,c) (bec)b(axc)

“e _ (b5a)>(c5a)
BN &

axc, bc)

>

¢ bee (avb)>(cb) ¢ e (apc)e(bee)

Figure 11: Reidemeister move of Type III and biquandle axioms

A binary operation * : X x X — X is trivial if a x b = a for each a,b € X. A
biquandle with trivial > (or ) is really a quandle, which we call a quandle biquandle.
Otherwise, it is called a non-quandle biquandle.

Example 3.4. Let X be a module over a commutative ring R. Let s and ¢ be
invertible elements of R. Define

xEy:t(;c—y)+s_1yandey:s_lx.

Then X is a biquandle. In particular, any module over the two-variable Laurent
polynomial ring R = Z[t*!, s*!] is a biquandle, which is called an Alexander biquan-
dle (see [12, 14)).

Let X = {z1,22,...,2,} be a finite biquandle. The matriz of X, denoted by
My, is defined to be the block matrix:

Mx=[ M'| M?],

where M1 = (milj)lgz‘,jgn and M2 = (m?j)lgi,jgn are n X n matrices with entries in
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X given by
mk x; > xj; for k=1,
U wi by for k=2

Example 3.5. The Alexander biquandle X = Z, = {0,1,2,3} in Example 3.4
modulo 4 with s = 3 and t = 1 is a non-quandle biquandle with the biquandle
matrix:

313 1|3 3 3 3
020 2[2 2 2 2
My=19 371 3/1111
202 0/0 000

Let X and Y be biquandles. A function f: X — Y is called a biquandle homo-
morphism if f(z b y) = f(z) b f(y) and f(z 5 y) = [(z) 5 f(y) for any 2,y € X.
We denote the set of all biquandle homomorphisms from X to Y by Hom(X,Y).
A bijective biquandle homomorphism is called a biquandle isomorphism. Two bi-
quandles X and Y are said to be isomorphic if there is a biquandle isomorphism
f: X =Y. In[19], S. Nelson and J. Vo classified biquandles of order 2, 3, and 4
up to biquandle isomorphism. There are 2 biquandles of order 2, 10 biquandles of
order 3, and 57 non-quandle biquandles of order 4.

4 Biquandle colorings of diagrams

Let D be a marked graph diagram and let C'(D) and V(D) denote the set of all
crossings and marked vertices of D, respectively. By a semi-arc of D we mean a
connected component of D\ (C(D)UV(D)). (At a crossing of D the under-arcs are
assumed to be cut.) Let S(D) denote the set of semi-arcs of D. Since D is oriented,
we assume that it is co-oriented: The co-orientation of a semi-arc of D satisfies that
the pair (orientation, co-orientation) matches the (right-handed) orientation of R2.
The co-orientation is also called the normal in this paper.

Note that at a crossing, if the pair of the co-orientation of the over-arc and that
of the under-arc matches the (right-handed) orientation of R?, then the crossing is
positive; otherwise it is negative. The crossing in (a) of Fig. 12 is positive and that
in (b) is negative.

Among the four quadrants around a crossing ¢, the unique quadrant from which
all co-orientations of the two arcs point outward is called the source region of c. The
regions labeled by R in (a) and (b) of Fig. 12 are source regions.

Definition 4.1. Let X be a biquandle and let D be a marked graph diagram.
A biquandle coloring of D by X, or simply biquandle X -coloring of D, is a map
C:S(D) — X satistying the following three conditions:

(1) For each positive crossing ¢, let s1,s92,s3 and s4 be the semi-arcs with co-
orientations as shown in (a) of Fig. 12. Then

C(s3) =C(s1) > C(s2) and C(s4) = C(s2) B> C(s1).

(2) For each negative crossing ¢, let s1, 2,83 and s4 be the semi-arcs with co-
orientations as shown in (b) of Fig. 12. Then

C(s3) = C(s1) > C(s2) and C(s4) = C(s2) > C(s1).

11
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(3) For each marked vertex v, let s1, 82, 83 and 54 be the Semi arcs of D as shown
) of Fig. 12. Then C(s1) = =

LA R R

Figure 12: Labels of semi-arcs

In cases (1) and (2), s; (or s3) is called the source semi-arc and s (or sy) is
called the target semi-arc at c. The biquandle element C(s;) is called a color of the
semi-arc s;. We denote by Col% (D) the set of all biquandle X-colorings of D.

Let D be a marked graph diagram and let D be the diagram obtained from
D by removing orientations of arcs and all crossings of D as depicted in Fig. 13.
(We do not remove marked vertices of D.) We label the connected components of
D as by,...,by. Let C(D) = {c1,...,cm} be the set of all crossings of D and let
€;(1 < i < m) be the sign of the crossing ¢;. For each crossing ¢; € C(D), if the
crossing ¢; has four adjacent connected components (they may not be distinct), say
biy s biy, biy, biy, we produce two relations rl (¢;) and 72 (¢;) depending on the crossing
sign €¢; = + or — as shown in Fig. 14.

Then the biquandle BQ(D) associated with D is defined by the biquandle with
a presentation:

Pp=<bi,....by | vl (c1),r2 (c1),...,rl (em) 2 (cm) > . (4.1)

It is noted that if D and D’ are two admissible marked graph diagrams presenting
the same surface-link £, then BQ(D) is isomorphic to BQ(D') and hence BQ(D)
is an invariant of the surface-link £. The biquandle BQ(D) with a presentation in
(4.1) is called the fundamental biquandle of £ and denoted by BQ(L) (cf. [1],[2]).
If D is a classical link diagram, then the biquandle BQ(D) with a presentation in
(4.1) is the fundamental biquandle of the classical link L in R? presented by D

Now let B be a broken surface diagram of a surface-link £ in R* and let S(B) be
the set of the semi-sheets in B. For a given finite biquandle X, we define a biquandle
coloring of B by X or a biquandle X -coloring of B to be a function C : S(B) — X
satisfying the following condition at each double point curve: At a double point
curve, two coordinate planes intersect locally and one is the under-sheet and the

NN NS
. /N /

D D D

Figure 13: Removing a crossing
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T}F(Cz’) : big = bil > big ’I"E(CZ') : big = bil > big

7“3_(02‘) : bi4 = biQ > bil T%(Ci) : bi4 = biQ > bi1
Figure 14: Relations at a crossing

other is the over-sheet. The under-sheet (resp. over-sheet) is broken into two semi-
sheets, say u; and wug (resp. o1 and 03). A normal of the under-sheet (resp. over-
sheet) points to one of the components, say 0a (resp. uz). If C(u;) = a and C(o1) = b,
then we require that C(uz) = a > b and C(03) = b5 a (see Fig. 15). The biquandle
element C(s) assigned to a semi-sheet s by a biquandle coloring is called a color of s.
Using biquandle axioms, it is easily checked that the above condition is compatible
at each triple point of B as illustrated in Fig. 15 (right). We denote by Col% (B) the
set of all biquandle colorings of B by X.

6(a,b,c)
(bEa)Eﬁ(cfa) s
= (boe)>(arc) % 5a)5(b5a)

f T >a >
sal |y 1~ :(?zgl))[;é(agb)
a— | _|L1 ,L _

Patll I -11: g —: arb
M= — 1<
axc I I —— (axc)>(bec)
L = (apb)>(c>b)
¢ 7 \b &b

C(u1) = a, C(o1) =b, brc
C(ug) = apb, and C(02) = b>a.

Figure 15: Biquandle colors at a double point curve and a triple point

Theorem 4.2 ([2]). Let £ be a surface-link and let B and B’ be two broken surface
diagrams of £. Then for any finite biquandle X, there is a one-to-one correspondence
between Col% (B) and Col%(B').

Proof. By Theorem 2.2, it suffices to verify the assertion for the case that B’ is
obtained from B by a single Roseman move. Let E be an open 3-disk in R? where a
Roseman move under consideration is applied. Then BN (R? — E) = B'N (R3 — E).
Now let C be a biquandle X-coloring of B. Using biquandle axioms of Definition
3.2 and Fig. 15, for each Roseman move, it is seen that the restriction of C to
BN (R3 — E)(= B N (R®— E)) can be extended to a unique biquandle X-coloring



14 S. Kamada, A. Kawauchi, J. Kim & S. Y. Lee

C' of B’ and conversely the restriction of the unique biquandle X-coloring C’ to
B' N (R? — E) is extended to the biquandle X-coloring C of B. O

Theorem 4.3 ([1]). Let £ be a surface-link and let D and B be a marked graph
diagram and a broken surface diagram presenting L, respectively. Then there
is a one-to-one correspondence between Col% (D) and Col%(B). Consequently,

1Col% (D) = #ColZ(B).

Proof. Let D be a marked graph diagram presenting a surface-link £ in R*. It
is direct by definition that there is a one-to-one correspondence between Col% (D)
and Hom(BQ(D), X). By Theorem 4.2, we may assume that B is a broken surface
diagram B(D) associated with D defined in Section 2. Then by the same argument
as in [1] we see that there is a natural isomorphism from BQ(D) to the fundamen-
tal quandle BQ(B) of B. Since Col% (D) is identified with Hom(BQ(D), X) and
Col%(B) is identified with Hom(BQ(B), X), there is a bijection from Col% (D) to
ColZ(B). O

We call the cardinal number 4Col% (£) the biquandle X -coloring number of L (see
Example 7.3). In particular, if D is a classical link diagram, i.e., a marked graph
diagram without marked vertices, then the biquandle X-coloring number ﬁColg(D)
is an invariant of the link L in R? presented by D.

5 Biquandle (co)homology groups

Let X be a biquandle. For each positive integer n, let CBR(X) be the free abelian
group generated by n-tuples (z1, . .., x,) of elements of X. We assume that C2R(X) =
{0} for all n < 0. Define a homomorphism 3, : CBR(X) — CBR (X) by

n

On(w1, . n) = D (1) (@1, i1, Tig, o Tn)
1=1
— (1> @y @1 D Xy T D Ty Ty B X))
for n > 2 and 9, = 0 for n < 1. It is verified that for each integer n, 9,_10, = 0.
Therefore CPR(X) = {CBR(X),0,} is a chain complex.
Let CBP(X) be the subset of CBR(X) generated by n-tuples (x1,...,7,) with
7; = x4 for some i € {1,...,n — 1} if n > 2; otherwise, let CEP(X) = 0. Then
O, (CBP(X)) c CPP(X) and CPP(X) = {CBP(X),0,} is a subcomplex of CBR(X).
Put C2Y(X) = CBR(X)/CBP(X) and CPUX) = {CBU(X), 0, ).
For an abelian group A, we define the biquandle chain and cochain complexes
CV(X;4) =ClV(X)® A, 0=0wid,
O (X; A) = Hom(CWV(X), A), § = Hom(d,id)

in the usual way, where W = BR, BD, BQ.

Definition 5.1. The nth birack homology group and the nth birack cohomology
group of a birack (biquandle) X with coefficient group A are defined by

HR (X5 A) = Ho(CPM(X5 A)), HEg (X3 A) = H" (CBr(X; A)).
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The nth degeneration homology group and the nth degeneration cohomology group
of a biquandle X with coefficient group A are defined by

HyP(X; A) = Ha(CPP(X; A)), Hp (X; A) = H"(Cip(X; 4)).

The nth biquandle homology group and the nth biguandle cohomology group of a
biquandle X with coefficient group A are defined by

HpR(X; A) = Ho(CPV(X; A)), Hig (X3 A) = H™(Cig (X A)).

The n-cycle group and n-boundary group (resp. n-cocycle group and n-coboundary
group) are denoted by Zy%(X; A) and Br3(X; A) (resp. Zhq(X; A) and Bpo(X; A)).
Then

HPUX; A) = ZBUX; A)/BER(X; A), Ho (X5 A) = Z§o (X3 A)/Bg (X A).

We will omit the coefficient group A if A = Z as usual. The biquandle homology and
cohomology groups are also known as the Yang-Baxter homology and cohomology

groups (cf. [6]).

Lemma 5.2. A homomorphism ¢ : CPR(X) — A is a 2-cocycle of the biquandle
cochain complex C%Q (X; A) if and only if ¢ satisfies the following two conditions:

(i) ¢(a,a) =0 for all a € X.

(i) 9(b,c) + ¢(a,b) + b(a & b, b) = dlasc) + G(b5 a,c5 a)+dlae b c) for
all a,b,c € X.

Proof. 1t follows from the definition by a direct calculation. O

The two conditions (i) and (ii) are called the biquandle 2-cocycle condition. A
homomorphism ¢ : CPR(X) — A or amap ¢ : X x X — A satisfying the biquandle
2-cocycle condition is called a biquandle 2-cocycle.

Lemma 5.3. A homomorphism 6 : CP®(X) — A is a 3-cocycle of the biquandle
cochain complex C%Q (X; A) if and only if 0 satisfies the following two conditions:

(i) O(a,a,b) =0 and 6(a,b,b) =0 for all a,b € X.

(ii) O(b,c,d) +0(a,b,d) +60(a>b,cBbdBb)+6(a>d,br>d,cr>d) =0(a,cd) +
O(a,b,c) +0(b> a,cba,d>a)+0(a>c,b>e,dbc) for all a,b,c,d € X.

Proof. 1t follows from the definition by a direct calculation. O

The two conditions (i) and (ii) are called the biquandle 3-cocycle condition. A
homomorphism 6 : C:?R(X) — Aoramap 0 : X x X x X — A satisfying the
biquandle 3-cocycle condition is called a biquandle 3-cocycle.
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6 Biquandle cocycle invariants of surface-links

By using the cohomology theory of quandles, the quandle cocycle invariants are
defined for classical links and surface-links via link diagrams and broken surface
diagrams ([5]). These invariants are defined as state-sums over all quandle color-
ings of arcs and sheets by use of Boltzman weights that are evaluations of a fixed
cocycle at crossings and triple points in link diagrams and broken surface diagrams,
respectively. In [6], J. S. Carter, M. Elhamdadi and M. Saito introduced a homol-
ogy theory for the set-theoretic Yang-Baxter equations and used cocycles to define
invariants of (virtual) links via colorings of (virtual) link diagrams by biquandles
and a state-sum formulation. In this section, we first recall the biquandle cocycle
invariants of links and then develop biquandle cocycle invariants of surface-links
which is a generalization of quandle cocycle invariants of surface-links. We begin
with introducing biquandle cocycle invariants of links in the terminologies of this
paper.

Let X be a finite biquandle and let A be an abelian group written multiplica-
tively. Let ¢ be a biquandle 2-cocycle. Let D be a link diagram and let C be a
biquandle X-coloring of D. A (Boltzman) weight Wf(c,C) (associated with ¢) at
a crossing ¢ of D is defined as follows. Let u; (resp. o1) be the semi-arc in the
under-arc (resp. over-arc) that intersects with the source region of the crossing c.
Let a = C(u;) and b = C(01). Then we define Wf(c,C) = ¢(a,b)® € A, where
e(c) =1 or —1 if the sign of ¢ is positive or negative, respectively. The state-sum or
partition function of D (associated with ¢) is defined by the expression

of(D;A) = > [] wheo.

CeCol% (D) ceC(D)
where the value of the state-sum @g(D; A) is in the group ring Z[A].

Theorem 6.1 ([6]). Let D be a diagram of a link L in R3 and let ¢ be a biquandle
2-cocycle. The state-sum @f (D; A) of D (associated with ¢) is an invariant of L.

(It is denoted by @f(L; A).) O

The state-sum invariant @g(L; A) is also called the biquandle cocycle invariant

of L. We say that the state-sum invariant @f(L; A) of a knot or link L is said to be
trivial if it is an integer. In this case, the integer is equal to the number of biquandle
X-colorings of a diagram D of L, i.e., q)g(L; A) = Col (D).

The following proposition shows that the state-sum invariant @f (L; A) depends
on the cohomology class of a biquandle 2-cocycle ¢. It is verified by a similar
argument as in [5, Proposition 4.5] and we omit the proof.

Proposition 6.2. Let ¢,¢ € Z%Q(X;A) be biquandle 2-cocycles. If @f and @g
denote the state-sum invariants defined from cohomologous biquandle 2-cocycles ¢
and ¢’ (so that ¢ = ¢'0v for some biquandle 1-cochain 1)), then @g = @f, (so that
q)g(L; A) = @f, (L; A) for any oriented link L). In particular, the state-sum is trivial
if the 2-cocycle used for the Boltzman weight is a coboundary. O

Now let £ be a surface-link in R* and let B be a broken surface diagram of L.
Let 7 be a triple point of B intersecting three sheets that have relative positions
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top, middle, and bottom with respect to the projection direction of p : R* — R3.
The sign of the triple point 7 is defined to be positive if the normals of top, middle,
bottom sheets in this order match the orientation of the 3-space R3. Otherwise, the
sign of 7T is defined to be negative. We use the right-handed rule convention for the
orientation of R3.

Fix a finite biquandle X, an abelian group A written multiplicatively, and a
biquandle 3-cocycle 6. Let R be the source region of a triple point 7 in B, that is,
the octant from which all normal vectors of the three sheets point outwards. For a
given biquandle X-coloring C of B, let a,b and ¢ be the colors of the bottom, middle
and top sheets, respectively, that bound the source region R. Set ¢(7) = 1 or —1
according as T is positive or negative, respectively. The (Boltzman) weight WP (r,C)
at 7 with respect to C is defined by

WPE(r,C) = 0(a,b,c)) € A.
For example, see Fig. 15, where ¢(7) = 1.

Definition 6.3. Let B be a broken surface diagram of a surface-link and let 8 be a
biquandle 3-cocycle. The state-sum or partition function of B (associated with 6) is
defined to be the sum

ofB;A) = > [ Wi,

ceCol (B) TET(B)

where T(B) denotes the set of all triple points of B and the state-sum ®Z(B; A) is
an element of the group ring Z[A].

Theorem 6.4. Let £ be a surface-link and let B be a broken surface diagram of L.
For a given biquandle 3-cocycle 0, the state-sum ®F(B; A) is an invariant of £. (It
is denoted by ®F(L; A).)

Proof. Suppose that B’ is a broken surface diagram obtained from B by a single
Roseman move. For each biquandle X-coloring C of B, let C’ be the corresponding
biquandle X-coloring of B’ as in the proof of Theorem 4.2. By Theorems 2.1 and
4.2, it suffices to prove that [ <) WE(r,C) = rers WE(r,C'). From Fig. 2, it
is immediate that the Roseman moves of type 1, 2, 3 and 4 involve no triple points.
For the Roseman move of type 5, the product of weights differ by 6(z1,z1,x2)*!
or H(xl,xg,xg)ﬂ for some x1,z9 € X. But it follows from Lemma 5.3 (i) that
O(x1, x1,22)™ = O(x1,72,22)F" = 1 and hence the product of the weights are
unchanged. For the Roseman move of type 6, two triple points with the same
weights of opposite signs are involved and the product of the weights are canceled.
For the Roseman move of type 7, there are four involved triple points before and
after the move as illustrated in Figs. 16 and 17 in motion pictures (the tetrahedral
move). From Lemma 5.3 (ii), it is seen that the product of the weights are not
changed. O

In what follows we also call the state-sum invariant ®F(L; A) the biquandle
cocycle invariant of L. The following proposition shows that <I>(§ (B; A) depends on
the cohomology class of a biquandle 3-cocycle 6 and is proved by a similar argument
as in [5, Proposition 5.7].

17
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\()l(agb, b, d>b)
a b>a
d a>b
_ b

d a>d

Figure 16: The tetrahedral move and a biquandle 3-cocycle condition (ii), LHS

d
O(b>a, >a, d\Sa\l \/

d c>d

Figure 17: The tetrahedral move and a biquandle 3-cocycle condition (ii), RHS
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Proposition 6.5. Let B be a broken surface diagram of a surface-link £ and let
6 and € be two cohomologous biquandle 3-cocycles (so that 6 = 6'0¢ for some
biquandle 2-cochain ¢). Then ®F(B; A) = ®J}(B; A) and consequently ®F(L; A) =
L (L; A) for any surface-link £. In particular, if 6 is a coboundary, then ®F(L; A)
is trivial for all surface-link £, i.e., ®%(L; A) = §Col% (B). O

7 Biquandle cocycle invariants from marked graph dia-
grams

In this section we give an interpretation of the biquandle 3-cocycle invariants of
surface-links in terms of marked graph diagrams. Let D be a marked graph diagram
and let D be the positive resolution of D. Let Dy = Dy — Dy — --- — D, = O be
a sequence of link diagrams from D, to a trivial link diagram O related by ambient
isotopies of R? and Reidemeister moves. Let

I3 ={i| D; = D;y1 is a Reidemeister move Rs}.

For each i € I3, let B(i) be a 2-disk in R? where the move D; — D;1 is applied.
Similarly, let D_ be the negative resolution of D and let D_ = D] — D} — -+ —
D’ = O' be a sequence of link diagrams from D_ to a trivial link diagram O’ related
by ambient isotopies of R? and Reidemeister moves. Let

I3 = {j | D} — D;Jrl is a Reidemeister move R3}.

For each j € I, let BEJ') be a 2-disk in R? where the move D’ — D’ is applied.

Let i €1 i (resp., j € I?). We note that there exists a unique region in D; or
Djyq (resp., D; or D} 41) facing three semi-arcs (the bottom, middle, top semi-arcs)
such that all co-orientations of the semi-arcs point outward as depicted in Fig. 19
where the regions are shaded by the blue color. We call the (blue) region the source
region of the stage i (resp., j). We define two sign functions e, and ¢, from the
disjoint union I3 113 to {&1} as follows: Let i € I3 (or i € I3, resp.) and let ¢; be
the crossing between the top arc and the two middle arcs in D; N B (or Din Béi),
resp.) and let n, be the co-orientation of the bottom arc. Define ¢, (i) and €,()
for i € I_?’FHIE by

erm (1) = sign(c;), (7.2)
{1 if ny points from ¢;,

: . (7.3)
—1  otherwise. (cf. Fig. 18.)

ep(i) =

Let D be a marked graph diagram, let C : S(D) — X a biquandle X-coloring of
D, and let 0 be a biquandle 3-cocycle. Set ¢ € I_?; IT1I2. Let R be the source region
of the stage i. The (Boltzman) weight WP (i,C) at i with respect to C is defined by

Wy (i.C) = 9(3617x2,x3)5tm(i)6b(i)7

where x1,x2 and x3 are the colors of the bottom, middle and top semi-arcs facing
the source region R at the stage i, respectively, as depicted in Fig. 19.

19
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Gb(i) =1 eb(i) =—1

€tm (3) /%\ ¢, ~
=1 /ci \/_/_AL, =

em(i) | ST AN
=—1 ///C\\_\ \\4,\/

Figure 18: The sign functions €, and ¢,

Definition 7.1. Let D be a marked graph diagram of a surface-link £. For a given
biquandle 3-cocycle 6, the state-sum or partition function of D (associated with 6)
is defined by

DA = Y (H Wf(i,mﬂwfu,cw).

ceCol¥ (D) “ield je

Theorem 7.2. Let £ be a surface-link and let D be a marked graph diagram of L.
Then for any biquandle 3-cocycle 8, ®F(L; A) = ®F(D; A).

Proof. Let B = B(D) be a broken surface diagram associated with D defined in
Section 2. By Theorem 6.4, it is sufficient to prove that ®Z(D) = ®F(B). Since
there is a natural bijection between Col¥ (D) and Col%(B) (see Theorem 4.3), it
suffices to show the following claim.

Claim: For each biquandle X-coloring C € Col¥ (D),

H WGB(Z7C) H WGB(jvc)il = H WGB(T7C~)7
)

i€l? jerd TeT(B
where C € Colg(B), which corresponds to the biquandle X-coloring C.

Proof of Claim. Let B;- = BN (R? x [t;,t:]) fori=1,...;rand j =1,....s.
Let ¢ : (R?, Do) — (R? x [t|,t1],B]) be the natural embedding at ¢t = 0 as shown,
for example, in Fig. 20. The vertices of Dy correspond to the saddle points in Bi
and the crossings of Dy correspond to the intersection of R? x {0} and the double

point curves in Bi. There are no triple points in Bj.
Let B; = BN (R? x [t;,t;41]) fori=1,...,r —1 and B; = BN (R? x ()41, t5]) for

r—1 s—1
j=1,...,5s — 1. Note that T'(B) = ( Y T(Bi)> U < Y T(B;)), where T'(-) stands
1= j=

for the set of triple points.

If the move D; — D; 1 is an ambient isotopy of R?, then D; x [t;, t;11] = B;, and
there are no triple points in 5;. Suppose that the move D; — D, is a Reidemeister
move. Since D; \ B(;) and Diyq \ B;) are identical, there are no triple points in
B;\ M(; and we have T'(B;) = T'(M;), where M; is a subset of B(;) x I determined
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/
/
p,
/

—

WQB(i7 C) = 6(x1,x2,23)"

Figure 19: Boltzman weight at ¢ € IE’; 3

by m(Mgy N (B x {t})) = w(ft(i) (L(D;))) N B for t € I and a homeomorphism
ft(i) : R? — R? satisfying féi) = id and fl(l) (L(D;)) = L(D;y1). If the move D; —
D;y1 is of type Ry or Rg, then there are no triple points in M;). See Figs. 7 and
8. If the move D; — D;yq is of type R3, then there is a triple point 7; in M(;) as in
Fig. 21 and T'(B;) = {7 }. Then U T( D) ={r|ie I3}

Similarly, suppose that the move D — D', i+1 18 a Reidemeister move and M, (’ )
is a subset of BE]) x I determined by (M (J) N (B () % {t})) ==(g IS )(L(D;))) ﬂBEj),

where g(]) R3 — R3 is a homeomorphism Satisfying g((]') = id and g%j)(L(D;)) =
L(D§+1) for ¢ € I. There is a triple point 7; € (J) for j € I?. We have that

jg1T(B;‘) = {Tj/ | j € I3}. Now we have

T(B)={r|ici}u{r|jel’}.

21
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¢

(L LD
o P

0

Do Bi

Figure 20: ¢ : (R?, Do) — (R? x [t},t1], B})

Let i € I3, ie., D; — D;;1 is a Reidemeister move of type R3 and let 7; be
the corresponding triple point in M;). Let ny, n,, and ny be the co-orientations of
the bottom, the middle and the top arcs of D; in By;), respectively. By an ambient
isotopy, we deform M;) in B(;) X I to the standard form of the neighborhood of the
triple point 7; as in Fig. 21. Let ny, 1y, and 1y be the normal vectors corresponding
to np, Ny, and ng, respectively. Without loss of generality, we may assume n; = ey,
T = €e9 and 7y, = €'e3 for some €,¢ € {1,—1}, where e; = (1,0,0), e3 = (0,1,0)
and e3 = (0,0, 1). See Fig. 21. Let ¢; be the crossing between the top and the middle
arcs in By;). It is clear from Fig. 21 that e = sign(c;). By (7.2), € = sign(c¢;) = € (7).
Hence i, = €4y, (i)e2. The sign ¢ depends on the co-orientation n; of the bottom
arc. If ny points from ¢;, then ¢ = 1. If ny, points toward ¢;, then ¢ = —1. So, by
(7.3), € = (i) and hence np = €p(i)es. On the other hand, by definition, the sign
e(;) of the triple point 7; is positive if the co-orientations of the top, the middle
and the bottom sheets in this order match the given (right-handed) orientation of
R3. Otherwise, the sign €(7;) is negative. This gives

1 if (fg, T, Tip) € A,
e(ti) = .
-1 if (g, i, 1p) € B,

where A = {(el, €9, eg), (el, —e9, —63)} and B = {(el, —e9, eg), (el, €9, —63)}. There-
fore, for each i € I3,

e(13) = em(i)ep(i). (7.4)

Let j € I?, ie., D’ — D’ is a Reidemeister move of type R3. Let 7; be the
corresponding triple point in M (,j)' Let ny, n,, and n; be the co-orientations of the
bottom, the middle and the top arcs of D; in BEJ.), respectively. By an ambient
isotopy, we deform M(’j) to the standard form of the neighborhood of the triple
point T]/». Let ny, Ny, and n; be the co-orientations corresponding to ng, n.,, and
ng, respectively. Without loss of generality, we may assume n; = ey, i, = €€
and 7, = €'e3 for some €, € {1,—1}. Let ¢; be the crossing between the top
and the middle arcs in Béj). It is easily seen that e = sign(c;) (cf. Fig. 21). By
(7.2), € = sign(c;) = €mn(j). Hence iy = €yn(j)es. The sign ¢ depends on the
co-orientation ny of the bottom arc. If n; points from ¢;, then ¢ = —1. If n;, points
toward ¢;, then ¢ = 1. So, by (7.3), € = —e,(j) and hence 1y, = —¢,(j)es. On the

other hand, by definition, 6(’7']/») = 1 if ny, Ny, and 71 in this order match the given
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+—29

(@1 > x3) > (@2 > a3) = (21 > x2) > (23 5 x2)

Figure 21: Reidemeister move R3 and corresponding triple point

(right-handed) orientation of R®. Otherwise, e(tj) = —1. This gives

, 1 if (g, i, Mp) € B,
e(tj) = e
-1 if (fg, T, M) € A.
Therefore, for each j € I3,
e(1j) = —eum(5)en())- (7.5)

Now we will show that for each i € I3, WP (i,C) = WP(r;,C) and that for
each j € I*, WP(j,C) = WP (r},C)"". Let i € I3 (resp. j € I*). Let R be
the source region of the stage i (resp. j) facing the bottom, middle, top semi-arcs
with colors x1,x9,x3, respectively, by the coloring C as depicted in Fig. 19. For
simplicity, we denote M; (resp. M(’j)) by M and [t;,t;41] (vesp. [tj,,t;]) by I
in this proof below. The top (the middle) sheet in M corresponds to the top (the
middle) arc times I. As shown, for example, in Fig. 21, R x I is divided into two
(3-dimensional) regions by the bottom sheet and one of them is the source region,
say R, of the corresponding triple point 7; (resp. TJ/- ). The colors x1, z9 and x5 of the
bottom, the middle and the top arc facing the source region R of the stage i (resp.
Jj) are the colors of the bottom, the middle and the top sheets facing R. From (7.4)
and (7.5), we have WP(i,C) = 0(z1, 2, 23)tmD0) = 0(z1, 29, 23)™) = WE(7,0)
and WP (4,C) = 0(xy1, 29, x3)m0)0l) = O(x1, 2o, 25) ) = WGB(TJ’»,C)_l. This
completes the proof of Claim, and therefore the proof of Theorem 7.2. O
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Example 7.3. Let 73(31) be the 3-twist-spun trefoil, which is presented by a marked
graph diagram Ds in Fig. 22.

(axb)>(arb)

(axc)>(arc)

Figure 22: A marked graph diagram D3 of the 3-twist-spun trefoil

Let X ={1,2,3,4} be a non-quandle biquandle in [19] with the matrix:

1 4 2 3|11 11
2 31 4|3 3 3 3
Mx=13 9 4 1|4 444
41 3 2|2 2 2 2

It follows from Fig. 22 that Colf}(Dg) is identified with the set C of quadruples
(a,b,c,d) with a,b,c,d € X, where C = {(1,1,1,1),(1,2,3,4), (1, 3,4,2), (1,4,2,3),
(2,1,4,3), (2,2,2,2),(2,3,1,4),(2,4,3,1),(3,1,2,4),(3,2,4,1), (3,3, 3,3), (3,4,1,2),
(4,1,3,2),(4,2,1,3),(4,3,2,1), (4,4,4,4)}. This gives #ColZ(73(31)) = 16. Let
0 = X(1,4,1)X(1,4,3) X (2,4,1) X(2,4,3) X(3,2,1) X (3,2,3) X(4,2,1) X (4,2,3) » where X(a,b,c)(x’y’ z) is
defined to be ¢ if (z,y,2) = (a,b,c) and 1 otherwise. Then it is seen that 6 is a
biquandle 3-cocycle with the coefficients in Zy =<t | t? =1 >.
To compute ®F(73(31); Zs), we consider two sequences L (Ds) = Dy — Dy —
- — Dy = O%and L_(D3) = D} — Dy — .-+ — D = O* depicted in Fig. 23.
From the sequences, B(D3) has 9 triple points. Let 41, 4,2 and i, 3 be the triple
points corresponding to the Reidemeister move R3 between the upper parts, lower
left parts, and lower right parts of D, and Dg41 for a = 2,4, respectively. Let j31,
J3,2 and j3 3 be the triple points corresponding to the Reidemeister move 3 between
the upper parts, lower left parts, and lower right parts of Df and DJ, respectively,
as indicated in Flg 23. Then Ijir = {2‘271, 2‘2’2, 2‘2’3, Z'471, Z'472, Z'473}, Ii = {j3717j3727j373}.
For the biquandle coloring C corresponding to (a,b,c,d), the (Boltzman) weights
are given by

WE(iz1,C) = 0(a,a,b), WpPl(iz9,C)=0(a,a,c), WPl(iz3,C)=0(a,a,d),
WQB(Z‘4,17C) - 0(0’7 ¢, a)7 WGB (Z.4,27C) = 6(@, d7 a)7 WGB(Z.473,C) = 6(@, b7 a)7
WeB(j?),l,C) = H(C,(Z,C), WgB(j3,2aC) = e(da a, d)a W@B(j3,3ac) = H(ba a, b)



Biquandle cohomology and state-sum invariants of links and surface-links

Figure 23: A sequence of link diagrams for two resolutions of D3

25
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Therefore
W) = wf B0z = Y (T[wPeo I wid.or)
CeCol% (D3) “ield jeI?
= Z (H(a, a,b)0(a,a,c)f(a,a,d)(a,c,a)f(a,d,a)
(a,b,c,d)eC
0(a,b,a)0(c,a,c)"10(d, a,d)"10(b, a, b)_l)
= 4+ 12t € Z[Z).

8 Shadow biquandle cocycle invariants of surface-links

In [4], J. S. Carter, S. Kamada and M. Saito introduced the shadow quandle cocycle
invariants for classical links and surface-links (including more general cases) by using
the shadow cohomology theory of quandles, which are generalizations of quandle
cocycle invariants. These invariants for links and surface-links are defined as state-
sums over all quandle colorings of arcs and sheets together with particularly designed
region colorings by use of Boltzman weights that are evaluations of a fixed cocycle at
crossings of link diagrams and triple points of broken surface diagrams, respectively.
In [16], S. Y. Lee introduced state-sum invariants for certain equivalence classes of
cobordism surfaces in R* between links by using the shadow cohomology theory of
biquandles, which give shadow biquandle cocycle invariants for links as a special
case.

In this section we construct shadow biquandle cocycle invariants for surface-links.
We begin with reviewing the shadow biquandle (co)homology groups. Let X be a
biquandle. The associated group Gx of X is the group with a group presentation:

(aeX|a-(b>ba)=0b-(arb) fora,be X).

An X-set is a nonempty set Y with a right action of the associated group Gx. We
denote by y > g the image of an element y € Y by the action of ¢ € Gx. Let
CBR(X)y be the free abelian group generated by (n + 1)-tuples (y,x1,...,z,) for
n >0, where y € Y and z1,...,2, € X. For n < 0, we assume that C2®(X)y = 0.
Define a homomorphism 9, : CB®(X)y — CBR (X)y by

n
On(y, 1, xy) = Z(—l)’[(y,xl, ey L1y Ty e -5 Tp)
i=1

— (YD T, @1 > Ty Tl D T, T 1 B Ty, Ty B Ty)] (8.6)

for n > 2 and 9, = 0 for n < 1. Then we see that CPR(X)y = {CBR(X)y,0,} is a
chain complex.

Let OBP(X)y be the subset of CBR(X)y generated by (y,x1,...,2,) with 2; =
xiyq for some i € {1,...,n — 1} if n > 2; otherwise, let CBP(X)y = 0. If X is a
biquandle, then 9,(CEP(X)y) c CBP(X)y and CEP(X)y = {CBP(X)y,0,} is a
subcomplex of CBR(X)y. Put CF%(X)y = CBR(X)y /CBP(X)y and CEUX)y =
{CPX)y, 0}

For an abelian group A, we define the chain and cochain complexes



Biquandle cohomology and state-sum invariants of links and surface-links 27

CV(X; Ay =CV(X)y @ A, 0=0®id,
Cyw(X; Ay = Hom(CYV (X)y, A), § = Hom(8, id)

in the usual way, where W = BR, BD, BQ.

Definition 8.1. The nth shadow birack homology group and the nth shadow birack
cohomology group of a birack/biquandle X with coefficient group A are defined by

HPR(X; A)y = Ho(CPR(X; A)y), HRg(X; A)y = H™(Chr(X; A)y).

The nth shadow degeneration homology group and the nth shadow degeneration
cohomology group of a biquandle X with coefficient group A are defined by

HP(X; A)y = Ho(CPP(X5 A)y), Hip (X5 A)y = H™(Cgp(X; A)y).

The nth shadow biquandle homology group and the nth shadow biquandle cohomology
group of a biquandle X with coefficient group A are defined by

HEQ(X; A)y = Ho(CPUX; Ay ), Hio (X3 A) = H"(Cho(X; A)y).

The shadow n-cycle and n-boundary groups (resp. the shadow n-cocycle and n-
coboundary groups) are denoted by ZY (X; A)y and B\ (X; A)y (resp. Z&(X; A)y
and B, (X; A)y), so that

HV(X; Ay = ZV(X; Ay /BY(X; Ay,
H\T}LV(X7 A)y = Z{}V(X, A)y/BvGV(X, A)y,

where W is one of BR, BD,BQ. We will omit the coefficient group A if A = Z.

Lemma 8.2. Let X be a finite biquandle and let Y be a nonempty X-set. A
homomorphism 6 : CPR(X)y — A is a 3-cocycle of the shadow biquandle cochain
complex C%Q (X; A)y if and only if 0 satisfies the following two conditions:

(i) O(y,a,a,b) =0 and O(y,a,b,b) =0 for all y € Y and a,b € X.

(ii) O(y,b,c,d)+6(y,a,b,d)+0(y > b,arb,c5b,d5b)+0(y>dardb>dcrd)
=0(y,a,c,d)+0(y,a,b,c)+0(y>a,b>a,c>a,dba)+0(y>c,a>e,b>e,d>c)
forall y € Y and a,b,¢,d € X.

Proof. Suppose that § € Z%Q(X; A)y. Then (CPP(X)y) = 0 and §(0) = 600, = 0.
Since (y,a,a,b), (y,a,b,b) € CPP(X)y for all y € Y and a,b € X, we obtain the

condition (i). For every y € Y and a,b,¢,d € X, (y,a,b,¢,d) € CPR(X)y and hence
(0 004)((y,a,b,c,d)) =0. From (8.6), we have

84(y7a7 b7 c, d) - (y7b7 c, d) - (%%Ca d) + (y7a7 b7 d) - (y7a7 b7 C)
—(yra,bba,cba,dba)+ (y>ba>bec>bd>b) (8.7)
—(yrcavcebre,dbe)+(y>da>db>dc>d).

By takng 6 on both sides of (8.7), we have the condition (ii).
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Conversely, suppose that a homomorphism 6 : C?R(X )y — A satisfies the two
conditions (i) and (ii). Since CPP(X)y is generated by the elements (y,a,a,b)
and (y,a,b,b) for y € Y and a,b € X, it is direct from the condition (i) that
O(CEP(X)y) = 0. Now for every (y,a,b,c,d) € Y x X%, it is easily seen from
(8.7) and the condition (ii) that (0 o 94)((y,a,b,¢,d)) = 0. Since CPR(X)y is
generated by the elements (y,a,b,c,d) € Y x X*, we see that §(0)(CER(X)y) =
(60 04)(CPR(X)y) =0, ie., §(0) = 0. This implies that § € Z3,(X; A)y. O

The two conditions (i) and (i) in Lemma 8.2 are called the shadow biquandle
3-cocycle condition. A homomorphism 6 : CPR(X)y — Aoramap 6 :Y x X3 — A
satisfying the shadow biquandle 3-cocycle condition is called a shadow biquandle
3-cocycle.

Let X be a finite biquandle and let Y be a nonempty X-set. Let B be a broken
surface diagram and let R(B) be the set of the complementary regions of B in R3.
For a biquandle X-coloring C : S(B) — X of B, a shadow biquandle coloring of B
(extending a given biquandle coloring C) by (X,Y’) or simply a shadow biquandle
(X,Y)-coloring of B is a map C : S(B) U R(B) — X UY satisfying the conditions:

e C(S(B)) € X and C(R(B)) C Y.
e The restriction of C to S(B) is a given biquandle X-coloring C.

e If two adjacent regions fi and f; are separated by a semi-sheet e and the co-
orientation of e points from f; to fa, then C(f2) = C(f1) > C(e) (see Fig. 24).

We denote by Col?)}?y)(l?) the set of all shadow biquandle (X, Y')-colorings of B.
o(x’a,b’c)

D

Thal bba :I = (axpa)>(bl
le T : IECE)D)B(bEa)
p | Ve (c5b b
(

|
I T e ] I

~| _Leid - L owh |= (o)
L - L = ((22a)
>

T N (aoe(ie)

Loy - apb)>(c>b)
S NS0
bgc/ \b = (apb)>(cbb)

Figure 24: Shadow colors at a double point curve and a triple point

Theorem 8.3. Let £ be a surface-link and let B and B’ be two broken surface
diagrams of £. Then for any finite biquandle X and a nonempty X-set Y, there is
a one-to-one correspondence between Col%)]?’y) (B) and Col?)%y) (B'). Consequently,

the cardinal number ﬁCol?)lay)(B) is an invariant of L.

Proof. By Theorem 2.1, it suffices to prove the assertion for the case that B’ is
obtained from B by a single Roseman move. Let E be an open 3-disk in R? where a
Roseman move under consideration is applied. Then BN (R? — E) = B'N(R3 - E).
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Now let C be a shadow biquandle (X, Y )-coloring of B. Using biquandle axioms of
Definition 3.2, the definition of an X-set and Fig. 24, it is seen that for each Roseman
move, the restriction of C to BN (R — E)(= B'N(R3— E)) can be uniquely extended
to a biquandle (X, Y)-coloring C’ of B’, and conversely the restriction of the unique
biquandle (X,Y)-coloring C’ to B’ N (R? — E) is extended to the biquandle (X,Y)-
coloring C. U

We call the cardinal number ﬁCol%)]?’Y) (B) the shadow biquandle (X,Y)-coloring
number of £ and denote it by ﬁCol%)]?’Y) (L).

Let 6 be a shadow biquandle 3-cocycle and let C be a shadow biquandle (X,Y)-
coloring of a broken surface diagram B. Let R be the source region of a triple point
7 of B. If x is the color of the source region R and a,b and c¢ are the colors of
the bottom, middle and top semi-arcs facing R, respectively, as depicted in Fig. 24.
Then we define the shadow Boltzman weight WGSB(T, é) at 7 with respect to C by

WSB(r,C) = 0(x,a,b, )",

Definition 8.4. Let 6 be a shadow biquandle 3-cocycle. The shadow state-sum
or shadow partition function (associated with 6) of a broken surface diagram B is

defined by

BB A= > [ WiR.0) ezlA]
CeColSB(B)y TET(B)

Theorem 8.5. Let £ be a surface-link and let B be a broken surface diagram of L.

For any given shadow biquandle 3-cocycle @, the shadow state-sum <I>§B (B; A) is an
invariant of £. (It is denoted by ®55(L; A).)

Proof. Suppose that B’ is a broken surface diagram obtained from B by a single
Roseman move. For each shadow biquandle (XY )-coloring C of B, let C' be the
corresponding shadow biquandle (X,Y)-coloring of B’ as in the proof of Theorem
8.3. It suffices to verify that [] 7z WSB(r,C) = [Lrers WB(7,C"). Tt is direct
from Fig. 2 that the Roseman moves of type 1, 2, 3 and 4 involve no triple points.
For the Roseman move of type 5, the product of weights differ by ¢(y, x1,z1, 22)™!
or ¢(y,x1,x,22)" for some y € Y and z1,22 € X and it is immediate from
Lemma 8.2 (i) that ¢(y,z1,21,22)* = ¢(y, x1,22,22)T" = 1. Hence the product
of the weights are not changed. For the Roseman move of type 6, two triple points
with the same weights of opposite signs are involved and the product of the weights
are cancelled. For the Roseman move of type 7, there are four involved triple points
before and after the move as illustrated in Figs. 25 and 26 in motion pictures (the
tetrahedral move). From Lemma 8.2 (ii), we see that the product of the weights are
unchanged. O

By a similar argument as in the proof of [5, Proposition 5.7], it is verified that
if <I>§’B and <I>§’,B are the shadow state-sum invariants defined from cohomologous
shadow biquandle cocycles 8 and 6" (so that § = 0'd¢ for some shadow 2-cochain
¢), then ®3B(L) = ®3B(L) for any surface-link £. In particular, if 6 is a shadow

coboundary, then ®3B(L£) is trivial for all surface-link L.
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LHS

0(y>c, axc, bc, cfcl/
cBa\ \

?\

ya(’d

H(yga b>a, c>a, dba\l \/

d c>d

Figure 26: The tetrahedral move and shadow biquandle 3-cocycle condition (ii),
RHS
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9 Shadow biquandle cocycle invariants from marked graph
diagrams

In this section we introduce a method of computing shadow biquandle 3-cocycle
invariants of surface-links from marked graph diagrams.

Definition 9.1. Let X be a finite biquandle and let Y be a nonempty X-set.
Let D be a marked graph diagram in R? with co-orientation, R(D) the set of the
complementary regions of D in R?, and let C be a biquandle X-coloring of D. A
shadow biquandle coloring of D by (X,Y) or a shadow biquandle (X,Y")-coloring
of D (extending C) is a map C : S(D) U R(D) — X UY satisfying the following
conditions (1), (2), and (3):

(1) C(S(D)) ¢ X and C(R(D)) C Y.
(2) The restriction of C to S(D) is a given biquandle X-coloring C.

(3) If two adjacent regions f; and fo are separated by a semi-arc e and the co-
orientation of e points from f1 to fa, then C(f2) = C(f1) > C(e) (see Fig. 27).

fi 1 f2 T5a T5a

Figure 27: Colorings of regions

We denote by Col?)%y)(D) the set of all shadow biquandle (X, Y')-colorings of
D.

Theorem 9.2. Let £ be a surface-link and let D and B be a marked graph di-
agram and a broken surface diagram presenting L, respectively. Then there is a
one-to-one correspondence between Col{(s)]?’y) (D) and Col%)]?’y) (B). Consequently,

ﬁCol(XY( )—j:tCol(Xy)( )

Proof. By Theorem 8.3, we may assume that B is a broken surface diagram B(D)
associated with D defined in Section 2. Let C be a shadow biquandle (X,Y)-
coloring of B. Then the 0-level cross-section with colors inherited from C is a shadow
biquandle (X, Y")-coloring of D. This gives a map from Col?)%y) (B) to Col(X y)(D).
Conversely, using the same argument as in [1], we obtain the inverse map from

ColfR yy(D) to Coly ) (B). O

Let D be a marked graph diagram and let Dy and D_ be the positive and
negative resolution of D, respectively. Let Dy = Dy — Dy — -+ — D, = O and
D_ =D} — D) — --- — D. = O’ be sequences of link diagrams from D and D_
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to trivial link diagrams O and O’, respectively, related by ambient isotopies of R?
and Reidemeister moves. Let I3, I, ey, (i) and €,(i) be the same as in Section 7.
Let C: S(D)UR(D) — X UY be a shadow biquandle (X,Y)-coloring of D and let
0 be a shadow biquandle 3-cocycle. Let i € I _?; IT1 I3 and let R be the source region
of the stage i. The shadow (Boltzman) weight W5B(i,C) at i with respect to C is
defined by

WGSB(i7 é) = 6(y7 Iy, x2, w3)5tm(i)5b(i)a

where y is the color of the source region R and x1, x5 and x3 are the colors of the
bottom, middle and top semi-arcs facing R at the stage ¢, respectively, as illustrated
in Fig. 28.

WeSB(@@ = 0(y, x1, x2, 23) !

Figure 28: Shadow Boltzman weight at ¢ € If_ 2

Definition 9.3. Let D be a marked graph diagram. The shadow state-sum or
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shadow partition function of D (associated with ) is defined by

CeCol(R (D) il jEI?

Theorem 9.4. Let £ be a surface-link and let D be a marked graph diagram of L.
Then for any shadow biquandle 3-cocycle 6, QSB(E; A) = @SB(D; A).

Proof. By the same argument as the proof of Theorem 7.2, the assertion follows. [
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