DERIVATIVES WITH MCQ ALEXANDER PAIRS FOR
HANDLEBODY-KNOTS

ATSUSHI ISHII AND TOMO MURAO

ABSTRACT. In this paper, we introduce the f-derivative for multiple conjuga-
tion quandles with an MCQ Alexander pair f, where a multiple conjugation
quandle is an algebra whose axioms are motivated from handlebody-knot the-
ory, and an MCQ Alexander pair is a pair of maps related to a linear extension
of a multiple conjugation quandle. Using this, we define f-twisted Alexan-
der matrices for handlebody-knots equipped with their multiple conjugation
quandle representations. We show that this matrix produces strictly stronger
invariants than the (twisted) Alexander matrix for handlebody-knots.

1. INTRODUCTION

The (twisted) Alexander matrix of a knot group is obtained by using the free
derivative introduced by Fox [6]. Alexander [1] defined a classical knot invariant,
called the Alexander polynomial, which is a generator of the elementary ideal of
the Alexander matrix of the knot group. Lin [18] and Wada [22] generalized it to
the twisted Alexander polynomial of a knot equipped with a group representation.
Topological properties of knots, such as the genus, fiberedness, and so on, appear in
the Alexander polynomials, and the properties are extended to the twisted Alexan-
der polynomials [5, 8, 9, 10, etc.]. More generally, by using the free derivative, we
can obtain invariants of groups equipped with their group representations.

A quandle [17, 19] is an algebra whose axioms are motivated from knot theory.
Oshiro and the first author [16] introduced the f-derivative for quandles with a
pair of maps f called an Alexander pair. An Alexander pair is a dynamical cocy-
cle [2] corresponding to a linear extension of a quandle. They defined invariants
of quandles equipped with their quandle representations by using an f-derivative.
The (twisted) Alexander polynomial for knots can be obtained in their framework.

A multiple conjugation quandle (MCQ) [12] is an algebra whose axioms corre-
spond to the Reidemeister moves for handlebody-knots, where a handlebody-knot
is a handlebody embedded in the 3-sphere 52, which is a generalization of a knot
to higher genera. A handlebody-knot can be also regarded as a quotient struc-
ture of a spatial graph. The second author [20] introduced a pair of maps called
an MCQ Alexander pair, which is an MCQ version of an Alexander pair. The
first author [13] introduced the fundamental MCQ of a handlebody-knot, whose
representations correspond to MCQ colorings for the handlebody-knot. However,
it is not easy to distinguish two MCQs in general. Then counting the number of
MCQ representations of the fundamental MCQ of a handlebody-knot to an MCQ
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gives an elementary combinatorial invariant, called the MCQ coloring number. In
this paper, we introduce the f-derivative for MCQs with an MCQ Alexander pair
f and define the f-twisted Alexander matrix for handlebody-knots equipped with
their MCQ representations. Furthermore, we see that this matrix produces strictly
stronger invariants than the (twisted) Alexander matrix for handlebody-knots and
spatial graphs [15].

This paper is organized as follows. In Section 2, we recall the notions of a
quandle and a multiple conjugation quandle (MCQ). In Section 3, we review the
notion of an MCQ Alexander pair and give some examples of MC(Q Alexander pairs.
In Section 4, we recall the notions of an MCQ presentation and the fundamental
MCQ of a handlebody-knot. We see that two handlebody-knots equipped with their
MCQ representations are equivalent if and only if their fundamental MCQs with
the MCQ representations are related by a finite sequence of some transformations.
In Section 5, we introduce the f-derivative for MCQs with an MCQ Alexander
pair f. In Section 6, we introduce f-twisted Alexander matrices and handlebody-
knot invariants derived from the matrices with an MCQ Alexander pair f. In
Section 7, we show that the (twisted) Alexander matrix for handlebody-knots is
recoverable from an f-twisted Alexander matrix for some MCQ Alexander pair f.
In Section 8, calculating our invariants, we distinguish two handlebody-knots whose
complements have isomorphic fundamental groups. We emphasize that they can
not be distinguished by invariants derived from the (twisted) Alexander matrices
for handlebody-knots.

2. MULTIPLE CONJUGATION QUANDLES

A quandle [17, 19] is a non-empty set @ equipped with a binary operation < :
Q x Q — @Q satisfying the following axioms:

(Ql) Forany a € Q, a<a = a.

(Q2) For any a € @, the map <a : Q — Q defined by <a(z) = z < a is bijective.

(Q3) For any a,b,c € Q, (a<b)<c=(a<dc)<a(b<ac).

We denote the iterated map (<a)™ : Q — Q by <"a for n € Z. For quandles (Q1,<1)
and (Q2,<2), a quandle homomorphism f : Q1 — Q2 is defined to be a map from
Q1 to Q9 satisfying f(a <y b) = f(a) <2 f(b) for any a,b € Q1.

Let G be a group and n an integer. We define a binary operation < on G by
a<b="b""ab". Then, (G,<) is a quandle. We call it the n-fold conjugation quandle
of G and denote it by Conj,, G. The 1-fold conjugation quandle of G is called
the conjugation quandle of G and denoted by ConjG. We define another binary
operation < on G by a<b = ba~'b. Then, (G,<) is a quandle. We call it the
core quandle of G and denote it by Core G. For a positive integer n, we denote by
Z,, the cyclic group Z/nZ of order n. We define a binary operation < on Z, by
a<b=2b—a. Then, (Z,,<) is a quandle. We call it the dihedral quandle of order
n and denote it by R,,. Let Q be an R[t*!]-module for a commutative ring R. We
define a binary operation < on @ by a<b = ta + (1 — t)b. Then @ is a quandle,
called an Alexander quandle.

We define the type of a quandle @ by

type @ = min{n € Zso | z <" y = z for any z,y € Q},

where we set min () := oo for the empty set @), and Z~q denotes the set of positive

integers. We note that (@, <*) is also a quandle for any ¢ € Z, and any finite quandle
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is of finite type. For a quandle Q, an extension of Q is a quandle @ which has a
surjective homomorphism f : ¢ — @ such that the cardinalities of the inverse
images f~!(a) and f~!(b) coincide for any a,b € Q.

Let (Q,<) be a quandle and R a ring. The pair of maps f1,f2 : Q x @ — R is
Alexander pair [16] if f1 and fy satisfy the following conditions:

e For any a € Q, fi(a,a) + fa(a,a) = 1.
e For any a,b € Q, fi(a,b) is invertible.
e For any a,b,c € Q,

fl(aQb’C)fl(%b) :fl(aqc,bQC)fl(a,c)7
fila<b,c)fz(a,b) = fala<ec,b<c)fi(b,c),
fala<b,c) = fila<c,b<ac)fa(a,c) + fala<e,bac) fa(b, c).

An Alexander pair is a dynamical cocycle [2] corresponding to a linear extension of
a quandle. Many examples of Alexander pairs are given in [16].

Definition 2.1 ([12]). A multiple conjugation quandle (MCQ) X is a disjoint union
of groups G (A € A) with a binary operation < : X x X — X satisfying the following
axioms:

e For any a,b € Gy, a<b=b""ab.

e For any x € X and a,b € Gy, x<ey =z and z < (ab) = (x <a) <b, where
ey is the identity of G.

e For any z,y,z € X, (z<y)<z=(x<z)<(y<z2).

e Forany z € X and a,b € G, (ab) <z = (a<z)(b<x), where a<z, bz € G,
for some u € A.

In this paper, we often omit parentheses. When doing so, we apply binary
operations from left on expressions, except for group operations, which we always
apply first. For example, we write a <y b<g cd <3 (e <y f <5 g) for ((a <y b) <z (ed)) <3
((e<y f) <5 g) simply, where each <; is a binary operation, and ¢ and d are elements
of the same group. For an MCQ X = [ ], , G, we denote by G, the group G
containing a € X, and we denote by e, the identity of G,.

We remark that an MCQ itself is a quandle. For two MCQs X; = | |y, G and
Xo = |—|M€M G, an MCQ homomorphism f : X1 — X3 is defined to be a map from
X1 to X satisfying f(z<y) = f(x) < f(y) for any z,y € X; and f(ab) = f(a)f(b)
for any A € A and a,b € Gy. An MCQ homomorphism p : X; — X» is also called
an MCQ representation of X; to Xo. We denote by Hom(X;, X2) the set of MCQ
homomorphisms from X; to X5. We call a bijective MCQ homomorphism an MCQ
isomorphism. When there exists an MCQ isomorphism from X; to X, we call that
X1 and X5 are isomorphic, denoted by X7 = X5. Let p1 : X1 - Y and po: Xo = Y
be MCQ representations. We say (X1, p1) and (Xa, p2) are isomorphic, denoted by
(X1,p1) & (Xa, p2), if there exists an MCQ isomorphism f : X; — X5 such that
p1 = pz o f. For an MCQ X = | |, G, an extension of X is an MCQ X which

has a surjective MCQ homomorphism f : X — X such that the cardinalities of the
inverse images f~1(x) and f~!(y) coincide for any x,y € X.

We recall the definition of a G-family of quandles. A G-family of quandles is an
algebraic system which yields an MCQ.



4 A. ISHII AND T. MURAO

Definition 2.2 ([14]). Let G be a group with identity element e. A G-family of
quandles is a non-empty set X with a family of binary operations <9 : X x X —
X (g € Q) satistying the following axioms:

e Foranyr e Xandge G, z<9x = .
e Forany 7,y € X and g,h € G, v <®y =z and z <" y = (z <9 y) <" y.
e Forany z,y,2 € X and g,h € G, (z <9 y) <" 2 = (x <" 2) h ik (y <" 2).

Let R be a ring and G a group with identity element e. Let X be a right R[G]-
module, where R[G] is the group ring of G over R. Then (X, {<9},c¢) is a G-family
of quandles, called a G-family of Alexander quandles, with z<9y = zg+y(e—g) [14].
Let (Q,<) be a quandle and put k := type Q. Then (Q,{<'};cz,) is a Zi-family of
quandles, where we put Z, := Z.

Let (X, {<9}4ec) be a G-family of quandles. Then X x G = ||, .x({z} x G) is
an MCQ with

(x,9) < (y,h) = (x <"y, k" gh), (z,9)(x,h) := (x, gh)

for any z,y € X and g,h € G [12]. We call it the associated MCQ of (X, {<9}4ec).
The associated MCQ X X G is an extension of G, where we regard G as an MCQ
with the conjugation operation.

3. MCQ ALEXANDER PAIRS

In this section, we recall the notion of MCQ Alexander pairs and give some
examples of them. Throughout this paper, we assume that every ring has the
multiplicative identity 1 # 0. For a ring R, we denote by R* the group of units of
R.

Definition 3.1 ([20]). Let X = [ ],., Gx be an MCQ and R a ring. The pair
(f1, f2) of maps f1, fo: X x X = R is an MCQ Alexzander pair if f; and fo satisfy
the following conditions:

e For any a,b € G,

fl((l, b) + f2(a7 b) = fl(a7 a_1b>‘ (1'1)

e For any a,b € G and z € X,
fl(a7x) = fl(bvz)v (2_1)
fa(ab,z) = fola,z) + fi(b<x,a™t az)folb, ). (2-ii)

e For any x € X and a,b € G,
fi(z,en) =1, (3-1)
fl(xa ab) = f1($ da, b)fl(xv a)7 (3_11)
fa(z,ab) = f1(z <a,b) fa(z,a). (3-iii)

e For any z,y,z € X,

fl(x<1y,2)f1(x,y) = fl(xqz,yqz)fl(x,z), (4'1)
fl(x<1y,z)f2(m7y)=f2(x<z,y<lz)f1(y,z), (4_11)

f2($(5<ly,2) = f1($<lz,y<1 Z)fg(l’,z) + fg(l‘ qzquz)fQ(yvz)' (4'iii)
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As same as an Alexander pair for a quandle, an MCQ Alexander pair corresponds
to a linear extension of an MCQ [20]. We note that an MCQ Alexander pair is an
Alexander pair. We call (1,0) the trivial MCQ Alexander pair, where 0 and 1
respectively denote the zero map and the constant map that sends all elements of
the domain to the multiplicative identity 1 of the ring.

We give some examples of MCQ Alexander pairs. In Section 7, we see that the
MCQ Alexander pairs in Examples 3.2 and 3.3 are related to the Alexander matrix
and the twisted Alexander matrix for handlebody-knots, respectively.

Let R be a ring. We denote by M (m,n; R) the set of m x n matrices over R
and by GL(n; R) the set of n x n invertible matrices over R. Let Gy be the abelian

group
<t1, ety

where ki,..., k. € Z>o, and [t;, ;] denotes the commutator of ¢; and ¢;. We remark
that the group ring R[Gy] can be identified with the quotient ring of the Laurent
polynomial ring R[tEY, ... tE1]/(t% —1,... thr —1).

ot ] (1<i < <),

Example 3.2. We set maps fi, f2 : Go x Gog — R[Go] by
fl(avb) = bila f2(aa b) =bla—b"".
Then the pair (f1, f2) is an MCQ Alexander pair.

Example 3.3. We set maps f1, fo : GL(k, R[Go]) x GL(k, R[Go]) — M (k, k; R[Go)])
by

fi(a,b) = bilv fa(a,b) = bla—b .
Then the pair (f1, f2) is an MCQ Alexander pair.

Example 3.4. Let X be an MCQ, R a ring and f : X — R* an MCQ homomor-
phism. We set maps f1, fo : X x X — R by

fx,y) = )~ falz,y) = fly) " (Fz) - 1).
Then the pair (f1, f2) is an MCQ Alexander pair.

By using the following proposition, we can construct MCQ Alexander pairs from
Alexander pairs.

Proposition 3.5. Let (Q,<) be a quandle and assume k := type Q < oco. Let R be
a ring and let (f1, f2) be an Alexander pair of maps f1, fa: Q X Q@ — R satisfying

k k
[[r@<t"yy) =1 and > h,z) =0
i=1 =1

for any z,y € Q. Let X := Q x Zj be the associated MCQ of a Zi-family of
quandles (Q, {<*}icz,.). We define maps f1,fa: X x X — R by

fl(‘r <]b_7; y7y)7

—.

Il
‘»—A

fil(z,a), (y,b) =

3

=

-1 a

f(@,a), (.0) = [ [ A< u,0) | D Az ay,zay) " folz,y),

1 j=1

i
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where for any | € 7, we denote by | the integer satisfying 1 < 1 < k and | =1
mod k. Then the pair (fl, fg) s an MCQ Alexander pair.

Proof. We remark that

Hf1 - =1, especially fi(z,z)* =1,

Zfl(x,x)l'” =0
i=1

for any z,y € @ and [ € Z, and that li+15 =1 + Iy mod k for any lq,lo € Z. Since
(f1, f2) is an Alexander pair, we have the following equalities:

file<Cy,z<y)” (Hfl ) (Hfl )fl(my,wdy) ‘

(1)
¢ b
(H fillz < y) <« 2, Z)) (H filz <y, y))

(H fil(z )<z, y <€ z))
) (y<

Y hllzay) <z (@ay) €20 < fillzay) < 2, Z)>

Jj=1

=<Hf1((w<y)<1°"iz,Z)> > h@ay,zay) |, (4)
i=1

b
folzazy<z) | Y filyazyaz)™®

j=1

b j—b—1
:Z( H fi(( )<z yqz)) fg((xdb*jy)qayqz) (5)

j=1

for any a,b,c € Z and z,y,z € Q. By the above equalities (1)—(5), the axioms
(2-ii), (4-i), (4-ii) and (4-iii) in Definition 3.1 hold. It is easy to see that the axioms
(1-i), (2-i), (3-i), (3-ii) and (3-iii) in Definition 3.1 hold. Therefore (f1, f2) is an
MCQ Alexander pair. O

Example 3.6. Let @ be a quandle and assume k := type @ < co. Let R be a ring
and let (f1, f2) be an Alexander pair of maps fi, fo : Q@ x Q — R[tT]/(1+t+4---+
tF=1) defined by fi(a,b) =t and fa(a,b) = 1 —t. Let X := Q x Z, be the associated
MCQ of a Zg-family of quandles (Q, {<'};ez,). Then, by Proposition 3.5, we have
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the MCQ Alexander pair (f1, f2) of maps f1, f2 : X x X — R[] /(1+t+---+t+1)
defined by

J?l((x’a)’ (yab)) = tba ﬁ((wa a)7 (y7 b)) = tb(t_a - 1)7

which coincides with the case when we set f: X — R[t*]/(1+t+--- +t*~1) by
f(a,z) =t* in Example 3.4.

Example 3.7. Let @Q := Core G be the core quandle of a group G. Let R be a
ring and let (f1, f2) be an Alexander pair of maps fi, f2 : Q x @ — R[G] defined
by fi(a,b) = —ba~! and fa(a,b) = 1 + ba~!. Since type@ = 2, we have the
associated MCQ X := Q x Zy of a Zy-family of quandles (Q,{<’};cz,). Then, by
Proposition 3.5, we have the MCQ Alexander pair (fl, fg) of maps fl, f; X xX —
R[G] defined by

~ 1 ifb=0
) ) ab = ’
fil(z,a), (y,0)) {—yx_l otherwise,
0 ifa=0,
fo((z,a),(y,b)) =< -1 -2y~ ifa=1andb=0,

14+yz! ifa=1and b=1.

Example 3.8. Let Q be the conjugacy class of the symmetric group of order 4
consisting of cyclic permutations of length 4. We define a binary operation < on
Q by a<b = b~tab. Then (Q,<) is a quandle. We write the elements of @ by
g1 := (1234), g2 := (1423), g3 := (1324), g4 := (1432), g5 := (1324), g6 := (1243) and
define the map f : Q x Q — Zu[t*']/(t* — 1) by

)
(91,93), (91, 94), (92, 91), (92, 93), (92, 95), (93, 91),

t if(z,y) € (93,95), (93, 96), (94, 91), (95, 91), (95, 92), (95, 96), ¢

filany) = (96:91) (96 92), (96, 93), (96, 95)

2 if (z,y) € {(91,95), (95, 93) },

3 if (z,y) € {(g1,96), (93, 92) },
1 otherwise.

Then the pair (f1,0) is an Alexander pair, where 0 denotes the zero map. Since
type @ = 4, we have the associated MCQ X := @Q X Z4 of the Zy-family of quandles
(Q,{<'}iez,). Then, by Proposition 3.5, we have the MCQ Alexander pair (fl, 0),
where f; is the map fi : X x X — Zy[t=!]/(t* — 1) defined by f1((z,a), (y,b)) =

[T, filz <"y, y).

Remark 3.9. In general, a quandle 2-cocycle 6 : Q x @@ — A induces an Alexander
pair (fp,0), where Q and A denote a quandle and an abelian group, respectively,
and fp : Q@ x @ — R[A] is the map defined by fp(a,b) = 6(a,b) for a ring R.
The Alexander pair (f1,0) in Example 3.8 is obtained through this process from a
quandle 2-cocycle (refer to [4, Appendix]). Taniguchi [21] showed that, for classical
links, the 0-th elementary ideal of the f-twisted Alexander matrix [16] with an
Alexander pair f = (fy,0) can be realized from a quandle cocycle invariant [3] with
a quandle 2-cocycle 6.
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Proposition 3.10. Let p : X — Y be an MCQ representation. If (f1, f2) is an
MCQ Alexander pair of maps f1,fo:Y xY — R, then (f10(p x p), fao(p x p))
is also an MCQ Alexander pair.

Proof. This proposition can be verified by direct calculation. O

4. MCQ PRESENTATIONS AND THE FUNDAMENTAL MCQ OF A
HANDLEBODY-LINK

In this section, we review the notions of MCQ presentations and the fundamental
MCQ of a handlebody-link. For details see [13].

The free MCQ Fucq(Sa) over a given set of pairwise disjoint sets Sy = {Sx |\ €
A} is a free object in the category of MCQs. It consists of all MCQ words that can
be built from elements of €A S as described below. For k& > 0, we set

Wica(Sa30) == [ S,
AEA

Whcq(Sask +1)

=<4 qgft...qfn nZl, 513-“75716{071771}3 ala"'va’TLEWMCQ(SA;k)’

T ™ | ay,...,a, represent multiplicable elements of Fymcq(Sa)
U{z<y|z,y € Wuca(Sa; )},

where aj' ---aSr and x <y are symbols, and we put parentheses in appropriate
places. For example,

a<da,a<dbbaa,bab,a,a,at,b,b°, 07 aa,aa”t, a aa, bb~ 1, bbb 1
are elements of Wwucq({{a},{b}};1), and

(a<b)ab ™t aa<(a<b),(a<ab)<aa, bt <a(aab),(aab)’, (b=, (aab)(ab)
are elements of Wucq({{a}, {b}};2). We define Whucq(Sa) := Upeo Wuca(Sa; k)
and call its element MCQ word in Spn. Two MCQ words in Sy are multiplicable if
they represent multiplicable elements of Fucq(Sa)-

Lemma 4.1 ([13]). Let Sx = {Sx |\ € A} be a set of pairwise disjoint sets. For
wi, ws € Wueq(Sa), w1 and wy represent the same element in Fycq(Sa) if and
only if wy and wo are related by a finite sequence of the following local replacements

on MCQ words:
ab*b ¢  ab’c > ac,
a<b < b lab,
raa’ < 2, raab< (x<a)ab,
(x<ay)<z e (z<2)<(y<z),
ab<z + (a<z)(bax),

where € € {0,1,—1} and a,b,c,x,y,z2 € Wucq(Sa) such that a,b,c are multiplic-
able.

Every MCQ has a presentation (S | R), where Sy = {S\|A € A} is a set of
pairwise disjoint sets, and R C Fmcq(Sa) X Fmcq(Sa). It is also denoted (Sy (A €
A) | R). We call Sy the generating set of (Sp | R) and an element of R a relator of
(Sa | R). A relator (a,b) is also written as a = b. For @ € [J,c, Sx, we use the same
symbol z for the element of (Sj | R) represented by x. A presentation (Sj | R) is
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called a finite presentation if | J,., Sx and R are finite. For a finitely presented
MCQ, we often write

<$1,1a ey Ty 3Ly -0 Tliny |T1a s 7T7n>
={zi1, i b AT @ ).
We define the MCQ isomorphisms
fria s (Sa[R) = (Sa| R, (z,2)) (z € Fuca(Sa)),
fT1—2 : <SA | R’ (a7 b)> — <SA ‘ Ra (CL, b)7 (b7 a’))a
fT1—3 : <SA | Ra (a7 b)a (b7 C)> - <SA ‘ Ra (av b)a (b7 C)a (a7 C)>7
le—4 : <SA | Ra (ala a2)7 (bl7b2)> - <SA | R7 (a17 a2)a (bla b2)a (a1<]b17a2<]b2)>7
fris @ (Sa| R, (a1,a2), (b1,b2)) — (Sa| R, (a1,a2), (b1,b2), (a1 ", asby )
(a; and b; are multiplicable),

Jr2: (Sa|R) = (Sa, {y} | R, (y,w)) (y & Fmc(Sa), w € Fucq(Sa)),
fra1: (Sa, Su, Su | R, (a®,8°)) — (SA, S, US| R, (a®,0°)) (a € S,u,besS,)

by
frii(z) =2 (i=1,...,5),
fT2(y) =Y
Jr31(2) = 2

for x,y € Uycp Sx and z € U, cp SAUS,US,, respectively, where in the transforma-
tions, (Sa, S1,..., S0 | R, 71, ..., ) stands for (SAU{S1,... S} | RU{r1,...,rm}).
We define the following transformations on presentations with MCQ representa-
tions:

(T1-1) ((Sa|R),p) > ({(Sa | R, (z,2)),p0 friy) (¢ € Fucq(Sh)),
(T1'2) (<SA | R, (a7 b))a P) A (< A ‘ R, (a7 b)’ (b7 a))a po f”Ell—Q)a
(T1—3) (<SA | R’ (CL, b)’ (bv C)>7 p) A (<SA ‘ Rv (CL, b)’ (b7 C), (a7 C)>7 po f’1:11_3)a
(T].—4) .§£‘<S1A |)R, (al, ag), (bl7 bg)>, p) < (<SA | R, ((117 a2), (bl, bg), (a1<1b1, a2<162)>, po
T1-4/>
(T1-5) ((Sa| R, (a1, a2), (b1,b2)), p) <+ ({Sa | R, (a1, az), (b1, b2), (a1by !, asby 1)), po
fris) (a; and b; are multiplicable),
|

(T2) (

beS,).

In this paper, we often use the same symbol p for po fT_ll_i, po fT_21 and po fr;?)l_l.
For finitely presented MCQs (Sa | R) and (S}, | R'), and MCQ representations p :
(SaA|Ry — X and p’ : (S}, | R") = X, we write ((Sa | R),p) ~r ((S\/ | R"),p') if
they are transformed into each other by a finite sequence of the transformations
(T1-1)—(T1-5), (T2) and (T3-1). Clearly, if ((Sa|R),p) ~r (S |R'),p’), then
((Sa | R), p) = ({Sp/ | RY), ).

In the following, we recall the fundamental MCQ of a handlebody-link and its
Wirtinger presentation. A handlebody-link [11] is a disjoint union of handlebodies
embedded in the 3-sphere S3. A handlebody-knot is a one component handlebody-
link. In this paper, we assume that every component of a handlebody-link is of
genus at least 1. Two handlebody-links are equivalent if there is an orientation-
preserving self-homeomorphism of $? which sends one to the other. A diagram of
a handlebody-link is a diagram of a spatial trivalent graph whose regular neigh-
borhood is the handlebody-link, where a spatial trivalent graph is a finite trivalent
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graph embedded in S3. In this paper, a trivalent graph may contain circle compo-
nents. Two handlebody-links are equivalent if and only if their diagrams are related
by a finite sequence of R1-R6 moves depicted in Figure 1 [11].

\ BRI j& \\ &L\
( <\ \W \\

FIGURE 1. The Reidemeister moves for handlebody-links.

Let D be a diagram of a handlebody-link. A Y-orientation of D is a collection
of orientations of all edges of D without sources and sinks with respect to the
orientation as shown in Figure 2, where an edge of D is a piece of a curve each
of whose endpoints is a vertex. In this paper, a circle component of D is also
regarded as an edge of D. We may represent an orientation of an edge by a normal
orientation, which is obtained by rotating a usual orientation counterclockwise by
m/2 on a diagram. A vertex of a Y-oriented diagram can be allocated a sign; the
vertex is said to have a sign +1 or —1. The standard convention of the signs is
shown in Figure 2. It is known that every diagram has a Y-orientation.

+1 -1

FIGURE 2. Y-orientations.

Let H be a handlebody-link represented by a Y-oriented diagram D. We denote
by C(D), V(D) and A(D) the sets of crossings, vertices and arcs of D, respectively.
For each ¢ € C(D), we denote by v, the over-arc of ¢, and we denote by u. and
w, the under-arcs of ¢ such that the normal orientation of v. points from wu. to
we as illustrated in the left of Figure 3. For each 7 € V(D), if 7 has a sign
+1 (resp. —1), we denote by w, the arc whose initial (resp. terminal) vertex
is 7, and we denote by u, and v, the arcs incident to 7 such that the normal
orientation of w, points from u, to v, as illustrated in the center and right of
Figure 3. We denote by A" (D) the quotient set of A(D) by the equivalence relation
generated by UTeV(D){uT,vT,wT}Q, that is, two arcs x,2’ € A(D) are equivalent
if there exist arcs x1,%32,...,2, € A(D) such that + = z1,2/ = xz,, and that
x; and x;41 have a common vertex of D for each i. For example, for the Y-
oriented diagram D of a handlebody-knot depicted in Figure 4, we have A (D) =
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{{z1, 22, 23}, {24, ..., 210}, {x11},. .., {x14}}. Then we define
MCQ(D) := (A“(D)|re,rr (c € C(D), 7 € V(D))), (6)

where 7. and r, denote the relators (u. <v.,w.) and (urv,,w,), respectively. The
isomorphism class of MCQ(D) does not depend on the choice of a diagram D of
H and its Y-orientation [13]. We then define MCQ(H) := MCQ(D) and call it the
fundamental MCQ of H. The presentation (6) is called the Wirtinger presentation
of MCQ(H) with respect to D. We obtain the presentation G(D) of the fundamental
group G(H) := m1(S3 — H) by replacing A" (D) by A(D), r. by v, 'u.v.w;t and r,
by u,v,w; ! in (6), which is called the Wirtinger presentation of G(H) with respect
to D.

Ve Ur Ur W+

Wy Ur Uy

FIGURE 3. Notations of arcs.

€T
1 ﬁg\
Ti11  T13
\
X2 €T
T3 \&

Ts

FIGURE 4. A Y-oriented diagram of a handlebody-knot.

Let D be a Y-oriented diagram of a handlebody-link H and let X be an MCQ.
An X-coloring of D is a map C : A(D) — X satisfying the conditions

C(ue) < C(ve) = Clwe) and C(ur)C(vr) = C(ws)

for each crossing ¢ € C(D) and vertex 7 € V(D). We denote by Colx (D) the set of
X-colorings of D. An X-coloring of D can be regarded as an MCQ representation
of MCQ(D) to X. We can then identify Coly (D) with Hom(MCQ(D), X). Hence
its cardinality gives an invariant for the handlebody-link, called the MCQ coloring
number.

Let D be a Y-oriented diagram of a handlebody-link H and D’ a Y-oriented
diagram of H obtained by changing the Y-orientation of D. We then obtain the
MCQ isomorphism f(p pry : MCQ(D) — MCQ(D') sending x into z¢®) for any
x € A(D), where e(x) = 1 if the Y-orientations of D and D’ coincide on z; otherwise
e(x) = —1. Moreover, let D" a Y-oriented diagram of H obtained by applying one
of Reidemeister moves preserving the Y-orientation to D once. We then obtain a
unique MCQ isomorphism f(p pry : MCQ(D) — MCQ(D") sending z into = for
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any x € A(DND"), where A(D N D") denotes the set of arcs in the outside of the
disk where the move is applied. Let H and H’' be handlebody-links represented
by Y-oriented diagrams D and D', respectively. Let p : MCQ(D) — X and p’ :
MCQ(D’) — X be MCQ representations. Then (H, p) and (H’, p’) are equivalent,
denoted by (H,p) = (H', p'), if there exists a sequence D = D1 <D, =D
of Reidemeister moves and Y-orientation changes such that p’ = po f 1311 Dy) 0t O

(
f(DnihD"). If H= H’, then for any MCQ representation p : MCQ(D) — X, there

exists a unique MCQ representation p’ : MCQ(D’) — X such that (H, p) = (H', p’).
Then we have the following lemma.

Lemma 4.2. Let H and H' be handlebody-links represented by Y-oriented diagrams
D and D', respectively. Let p: MCQ(D) — X and p' : MCQ(D') — X be MCQ rep-
resentations. If (H,p) = (H',p"), then it follows MCQ(D), p) ~r (MCQ(D"), p’).

Proof. Assume (H,p) =& (H',p’). By the definition, there exists a sequence D =
Dy - D, =Dof Reldemeister moves and Y-orientation changes such that

o =po f(*DlhDZ) .0 f(;n D) BY [13], each MCQ isomorphism f(p, p,.,)
can be realized as a composition of le 1o %11 5 and fT3 1- Then we have
(MCQ(D), p) ~r (MCQ(D"), p'). O

5. DERIVATIVES WITH MC(Q ALEXANDER PAIRS

Let Spa = {Sx\ | XA € A} be a finite set of pairwise disjoint finite sets and z1, ..., z,
the elements of | J,., Sx. Let X = (Sa|{r1,...,7m}) be a finitely presented MCQ.
Let Fmcq(Sa) be the free MCQ on Sy and pr : Fymcq(Sa) — X be the canonical
projection. We often omit “pr” to represent pr(xz) as x. Let f = (fi,f2) be
an MCQ Alexander pair of maps fi1,fo : X x X — R. We denote by G, each
direct summand of Fucq(Sa), where p is an element of an index set A, that is,

FMCQ(SA) = I—'pEK GH'

Definition 5.1. For j € {1,...,n}, the f-derivative with respect to x; is a map
aan7 : Fyucq(Sa) — R satisfying

A (way) = hiw, y>*;; (@) + o) (),
J J J

Oy _ O O

P (ab) = 833]( a) + fi(a,a™") o, (),

Oy

%j(%) = 0y

for any z,y € Fucq(Sa), a,b € G, and i € {1,...,n}, where §;; denotes the
Kronecker delta.

Theorem 5.2. For j € {1,...,n}, the f-derivative ﬁ : Fmcq(Sa) — R is well-
defined.



DERIVATIVES WITH MCQ ALEXANDER PAIRS FOR HANDLEBODY-KNOTS 13

Proof. We temporarily regard the f-derivative 3 as the map m, : Wucq(Sa) —
R defined by using the following equalities 1nduct1vely

Sy = ) @) + b)),

8IJ .
Of

Si-ab) = )+ a0,

for x,y,a,b € Wucq(Sa), where a and b are multiplicable. This map is well-defined
since for any a, b, ¢ € Wwcq(Sa) which are multiplicable, we have

(rivfj((ab)c) = 37’;_(@1)) + fa(ab, b‘la‘l)aaxfj(c)
_;;()Jrfl( )§$]()+f1(abb1—1)(ifj(c)
- 5@+ Alea™) L0+ filaa AR
- 862]( a) + fila, )aifj(bc)
22 (afoe)

For any x1, 22,1, Y2, a1, a2,b1,bs € Wucq(Sa) satisfying that a;,b; are multiplic-
able for i = 1,2, if
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Hence, by Lemma 4.1, the well-definedness of the f-derivative % : Fucq(Sa) = R
follows from the following equalities:

95 i

ep—ey — 4 (p0y —
j—f(cmlb) - aa—f(b_lab),
Lj €Lj
9F aay — 91
an (.’L‘<l(l ) a 6:63' (l’),
95 _ 9
oz, (x < (ab)) = axj((an)Qb),
(@ ay) 92) = (@) aly2)

8f B 8f
87J_((tzla) az) = 87j((am;)(qu)),

where ¢ € {0,1,—1} and a,b, ¢, z,y,z € Wucq(Sa) such that a, b, ¢ are multiplic-
able. We can see that these equalities hold by direct calculation, where the fourth
and sixth equalities follow from [20, Lemma 2.6]. This completes the proof. O

Proposition 5.3. Forany n € A, a € G, and j € {1,...,n}, we have

O _
ach(@u) =0,

O 1y _ Oy
S = ~hlea) g @)
Proof. The first equality follows from

95 _ 9 Ot oy 91 9r
awj (eueu) = 8xj (eu) + fl(ew eu)axj (eu) = afj (eu) + 8xj (eu)-

The second equality follows from

Oy O Op 1
873%(6”)787:@(& a)f%j(a Y+ fila a) 5~ (a).

6. f—TWISTED ALEXANDER MATRICES FOR HANDLEBODY-LINKS

Let R be a ring. We denote by M (m,n; R) the set of m x n matrices over R and
by GL(n; R) the set of n X n invertible matrices over R. We say that two matrices
Ay and A over R are equivalent, denoted by A; ~ As, if they are related by a
finite sequence of the following transformations:

e (a1,...,a;,...,a;,...,a,) <> (Q1,...,a; +a;r,...,a;,...,a,) (r € R),



DERIVATIVES WITH MCQ ALEXANDER PAIRS FOR HANDLEBODY-KNOTS 15

a; a;

a; a; +ra; 4 4

. . 0
o | |« : (r € R), 0A<—><0>, 0A<—>(0 1).

a; a;

a, a,

By the definitions, we have the following equivalences (for details see [16]):

o (a,...,a;,...,a5,....a,) ~ (Q1,...,G5,...,Q4,...,0p),
e (a1,...,04,...,a,) ~(a1,...,a;u,...,a,) (u € R™),
a a
a; a;
a; a; :
e | |~ ] o |a; | ~|ua;| (ueR¥).
a; a;
an an
a, an

Let R be a commutative ring, and let A € M (m,n; R). A k-minor of A is the
determinant of a k x k submatrix of A. For any d € Z>¢, the d-th elementary ideal
E4(A) of A is the ideal of R generated by all (n — d)-minors of Aif n—m < d < n,
and

Ey(A) = 0 ifd<n-—m,
AYTNR itn<d

Suppose that R is a GCD domain. Then the d-th Alexander invariant Ayz(A) of A
is the greatest common divisor of all (n — d)-minors of A if n —m < d < n, and

0 ifd<n-—m,
1 ifn<d.

Ay(A) = {

We remark that Ag(A) coincides with the greatest common divisor of generators
of E4(A) and is determined up to unit multiple. If A ~ B, then E4(A) = E4(B)
and Ay(A) = Ay(B), where “=” means “is equal to, up to multiplication by a
unit”. See [7] for more details.

Remark 6.1. Let R be a commutative ring. We can regard a matrix in M (m, n; M (k, k; R))
as a matrix in M (km, kn; R). We call such matrices flat matrices. We note that
equivalent matrices are equivalent as flat matrices.

For an MCQ representation p : X — Y and an MCQ Alexander pair f = (f1, f2)
of maps f1, f»: Y x Y — R, weset fo(px p) := (fio(px p), f20(px p)), which is
an MCQ Alexander pair by Proposition 3.10. For a relator r = (r1,r2), we define

9 y._ 91 Oy
8:cj (7“ T 8.’Ej (Tl) ij (r2).

Definition 6.2. Let X = (x|r) = (v1,...,Tk;---; T, T |T1,...,Tm) be a
finitely presented MCQ and p : X — Y an MCQ representation. Let f = (f1, f2)
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be an MCQ Alexander pair of maps f1, fo : Y x Y — R. The f-twisted Alexander
matriz of (X, p) (with respect to the presentation (x| 7)) is

7] o
fg(;lxp) (7“1) .. fg(;:p) (Tl)
A<X7P§f17f2): . :
a o 8 o
fa(;lxp) (rm) .. fa(;:p) (Tm)

The following proposition shows that the equivalence class of an f-twisted Alexan-

der matrix is invariant under the transformations (T1-1)—(T1-5), (T2) and (T3-1)
with MCQ representations.
Proposition 6.3. Let X = (x|r) and X' = (x| r') be finitely presented MCQs,
andlet p: X =Y and p' : X' =Y be MCQ representations. Let (f1, f2) be an
MCQ Alexander pair of maps f1,fo: Y XY — R. If (X,p) ~7 (X', p’), then we
have

A(Xap7 f17f2) ~ A(X/apl;flaf2)-
Especially, we have

Eq(A(X, p; f1, f2)) = Ea(A(X", 05 f1, f2))

if R is a commutative ring, and we have

Ad(A(X, p; f1, f2)) = Aa(AX, p's f1, f2))
if R is a GCD domain.

Proof. Put f := (f1, f2) and ff := fio(p x p) for each ¢ = 1,2, that is, f o
(p x p) = (f, f5). We show that the equivalence class of an f-twisted Alexander
matrix A(X, p, f1, f2) is invariant under the transformations (T1-1)-(T1-5), (T2)
and (T3-1). We remark again that the same symbol p is used for po f1.;, po fro
and p o frs, on the transformations. We set A := A((z|7),p; f1, f2) and A" =
A({x' |7}, p'; f1, f2). We denote by a; the i-th row vector of A, and we denote by
a; j (vesp. aj ;) the (i,7) entry of A (resp. A’).
At first, we check (T1-1)—(T1-5). For the presentations

(|r) =(T1,. Tk 3Tl ey T [ T2y ey i)
(@' |7y = (1, Ths oo 5Ty e Ty | T2y Ty = @) (2 € Fucq(T)),
we have Brotonon Do
o) e () A
A= ; - : ~ =A.
8f0(p><;.n) (rm) 6f0(px;a) (rm) (0>
Oz m Oy m

For the presentations

(x|r)y={(x1,. .., Tk} ;T Tp |1, ooy Tm,a = D),
(' |7y = {21, .., ks 5T T [Ty Ty a = by b= a),
we have
a; a a
A: . ~ ~ :A/
a ' A1 Q41
m+1 0 R
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For the presentations

(e|7r) =(T1, . T 3Ty T | T2y ey Ty 6 = b0 = ),
/ / . . — — —
(' |ry ={x1,. .., Tk X0 T | TLy ey Py a =0, D =c,a = ¢),
we have
a a
a
_ _ /
A_ a7n+1 ~ a/m+1 A
CLrn+1
a 5 am+2 am+2
m—+
0 am+1+am+2

For the presentations

(®|r) ={(T1, . Ty e oy Ty [ T2y e e oy Ty @1 = A2, b1 = ba),
<:L’/|'I"/> = (xl,...,ack;...;wl,...,xn|r1,...,7“m,a1 Zag,bl :bg,a1<lb1 = a2<1b2>,
we have
a
a a1 1
I O R : Y
A= Am+1 Q11 =A.
Q41
a 9 Am+2 A2
mr 0 fl(ar,b)am 1 + 5 (a1, b1)@m2

For the presentations
(e|r) =(T1, . Tk 3Ty T | T1y ooy T, @1 = G2,b1 = ba),

(@ | 7)) = (T1, ooy T oo Ty T | 1y Py @1 = G2, b1 = by, a1b] = agby t),

where a; and b; are multiplicable, we have

a; ai
a;
A — Apy1 | ™ A1
m
a ) Q2 am,—li-Q
mE 0 Qi1 — f{ (a1, a7 ") f{ (b1, b1)@mq2

Next, we check (T2). For the presentations

(£ |7) = (T1, o Tl T T [Ty ooy T )
(@ |7') = (x1, .. kT sy T Ty = w) (Y € Fucq(x), w € Fucq(x)),
we have
afcé(;:lxm (r1) - af?)(;:p) (r1)
. . A0 A 0 ,
A: . c. . ~ ~ w :A,
fg(af;:p) (rm) .. fg(zp:p) (Tm)

_ Ow _afO(pX;)) _afO(po)
where — 52 is the row vector ( e (w), ..., F e (w) ).
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Finally, we check (T3-1). For the presentations

<$|’I‘> - <x17"'7=Tk;"';xla"'vxl/;xl’+17"'7xn|rla"'7TM7aO = bo>7
(@ [ 7)) = (1, Ths Ty T | Py Ty @ = B0),
where a € {x;,...,2p} and b € {zp41,...,2,}, we have A = A’ easily.
This completes the proof. O

Let H be a handlebody-link represented by a Y-oriented diagram D. Let p :
MCQ(D) — X be an MCQ representation, which can be regarded as an X-coloring
of D. Let f = (f1, f2) be an MCQ Alexander pair of maps fi, fo : X x X — R.
Then we define the f-twisted Alexander matriz of (H,p) (with respect to D) by

A(H7pa f17f2) = A(MCQ(D)7p7 f17f2)'
We also define

Eq(H, p; f1, f2) == E«(AMCQ(D), p; f1, f2)),

Aa(H, p; f1, f2) == Aa(AMCQ(D), p; f1, [2))
if R is a commutative ring or a GCD domain, respectively.

By Lemma 4.2 and Proposition 6.3, we have the following theorem.
Theorem 6.4. Let H and H' be handlebody-links represented by Y-oriented dia-
grams D and D', respectively. Let p : MCQ(D) — X and p/ : MCQ(D') = X
be MCQ representations. Let (f1, f2) be an MCQ Alexander pair of maps f1, fa :
XxX—R. If(H,p) =2 (H,p), then we have
A(Ha P f17f2) ~ A(H/ap/;flan)-

FEspecially, we have

Ed(H’p;flafZ) :Ed(Hlvpl;flva)
if R is a commutative ring, and we have

Ag(H, p; f1, f2) = Da(H', p'; f1, fa)
if R is a GCD domain.

We calculate our invariants of the genus ¢ trivial handlebody-knot for any MCQ
Alexander pair f.

Proposition 6.5. Let Og4 be the trivial handlebody-knot of genus g. Let Dy be
the Y-oriented diagram of Oy illustrated in Figure 5. For any MCQ representation
p: MCQ(Dy) — X and MCQ Alexzander pair (f1, f2) of maps fi,fa: X x X — R,
we have

A(Og,p; f1, f2) ~ (0 --- 0) e M(1,g; R).

Especially, we have
0 ifd<y,
E 07 3 J1 = .
4(Og, p; f1, f2) {R ifa<d

if R is a commutative ring, and we have

0 ifd<yg,

Ad(ogap;flqu):{l ng<d

if R is a GCD domain.
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Proof. Assume that g > 2. The Wirtinger presentation MCQ(D,) is given by

<1‘1’ <.y T3g—3

We put a; := f1 0 (p x p)(z;,z; ') € R*. We then have
A(Ogap7 f17f2)

T1T2 = X1, T39—-3T3g—4 = T3g—3,
T3iT3i41 = T3i—1, T3iT3i41 = T3iq2 (1 <1< g—2)

0 al
0 -1 1 as
1 a3 -1 O
-1 1 Qg
— 1 Qg -1
-1 1 asg—6
0 1 a6 -1 0
a3g—3 0
~ (0 0) € M(1,g; R).
It is easy to see that A(Oq, p; f1, f2) ~ (O) € M(1,1; R). O

T3g—5 T3g—3

1 T4 xT7
‘ . Q . Q . xgg?xgg_éL

FIGURE 5. A Y-oriented diagram D, of the genus g trivial
handlebody-knot O,.

Remark 6.6. In the same way as proof of Proposition 6.5, we have the following
statement. Let Oy, . 4. be the m-component trivial handlebody-link the genera
of whose components are gi,..., gm, respectively. Let Dg, . 4 be a Y-oriented
diagram of Oy, .. g4.. Put g := g1 +--- 4 gm. For any MCQ representation p :
MCQ(Dy,....q.,) = X and MCQ Alexander pair (f1, f2) of maps fi, fa: X x X —
M (n,n; R), we have

A(O(]I,7f]m’p7f1)f2)N (0 0) EM(lvnng)v
where we regard A(Oy, .. 4., p; f1, f2) as a flat matrix. Especially, we have

0 if d < ng,

Ed(Ogh...,gmap;flaf?){R 1fng<d

if R is a commutative ring, and we have

0 if d < ng,

A( @ y P51 =
i( g1sGm s P fl f2) {1 ifnggd

if Ris a GCD domain.
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7. (TWISTED) ALEXANDER MATRICES FOR HANDLEBODY-LINKS

In this section, we recall the notion of the (twisted) Alexander matrix for handlebody-
links [15] and see that it can be realized as an f-twisted Alexander matrix for some
MCQ Alexander pair f.

Let H be a handlebody-link represented by a Y-oriented diagram D. We then
have the Wirtinger presentations

MCQ(D) = (T1, .y Zk5 o 3Ty e e oy T [ T2, ooy ),

G
G(D) = <x1,...,xk,...,xl,...,xn|r1rp,...,r5,[p>,

where

(u; <vj,w;) f1<i<m,
r, =
' (w05, w;) ifm' +1<i<m,

G
T‘VP: [

K3

v-*luiviwifl if1<i<m/,
uiviwfl ifm +1<i<m.

See Section 4. Let R be a commutative ring. Set G := GL(k; R). For a group
representation p : G(D) — G, we use the same symbol p for the induced MCQ
representation of MCQ(D) to G sending x; into p(z;), where we regard G as an
MCQ with the conjugation operation. Put S := {z1,...,2z,}, and let Fgp(S) be
the free group on S and Gy the abelian group

<t1,...,tr

where k1,...,k. € Z>o. The group ring R[Gy] can be identified with the quotient
ring of the Laurent polynomial ring R[tlil, e ,tfl}/(tlfl —1,...,tk" —1). The Fox
derivative [6] with respect to x; is the R-homomorphism

t?wwﬁﬁmiﬂﬂ§i<jgﬂ%

%re . A{Pop(S)] — RlFer()

6$]’
satisfying
aGrp aGrp aGrp aGrp
axj( q) axj(p)*’paxj(Q) an axj($) i

Let pr : Fgp(S) — G(D) be the canonical projection and a : G(D) — Gy an
surjective homomorphism. We denote the linear extensions of pr, o and p by
the same symbols pr : R[Fgp(S)] — R[G(D)], @ : R[G(D)] — R[Go] and p :
R[G(D)] — M (k,k; R), respectively. Then the R-homomorphism

p®a: R[G(D)] — M(k, k; R[Go))
is defined by
(p2a) (Yorig) = D rinlg)alg:) (ri € R.gi € G(D)).

The Alexander matriz of G(D) associated with o is the m x n matrix

((@or) @()))
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over R[Go]. The twisted Alexander matriz of G(D) associated with « and p is the
matrix

(weaem (G20em)).

which we regard as a km x kn matrix over R[Gy]. These matrices produce invariants
for handlebody-links by evaluating them with ideals and greatest common divisors
as we see in [15].

For the induced MCQ representations a : MCQ(D) — Gg and p : MCQ(D) — G,
we define the MCQ representation p -« : MCQ(D) — GL(k; R[Go]) by (p-a)(z) =
p(x)a(x). Under the following proposition, the (twisted) Alexander matrices for
handlebody-links can be obtained in our framework.

Proposition 7.1. (1) Let f = (f1, f2) be the MCQ Alexander pair in Ezam-
ple 3.2, that is, fi,f2 : Go x Go — R[Gy)] defined by fi(a,b) = b~ and
fa(a,b) = b7ta — bt Let a : G(D) — Gy be a surjective homomor-
phism. Then the f-twisted Alexander matriz A(H, «; f1, f2) coincides with
the Alexander matriz of G(D) associated with «.

(2) Set G :== GL(k;R). Let f = (f1, f2) be the MCQ Alexzander pair in Ez-
ample 3.3, that is, f1, f2 : GL(k, R[Go]) x GL(k, R[Go]) — M(k, k; R[Go))
defined by fi(a,b) = b=t and fa(a,b) = b=ta —b~1. Let a : G(D) — Gy
be a surjective homomorphism and p : G(D) — G a group representation.
Then the f-twisted Alexander matriz A(H, p - «; f1, f2) coincides with the
twisted Alexander matriz of G(D) associated with o and p.

Proof. We prove (2). Put ff"“ := fio(p-a x p-a) for each i = 1,2, that is,

folp-axp-a)=(f"f5Y. We remark again that we often omit “pr” to

represent pr(z) as x. We note that gi"f (u;), g‘;’? (v;) and %(wl) are equal to 0 or
J J J

1 for each i and j. For 1 < i < m/, we have

_ aGr _ aGr _ aGr _ _ 8Gr
_ 1 P/ ~1 P/, -1, Pl — oy Loy )01 P o).
= (lpma)omr) (o G220+ 0 52 ) 4 0 BB ) = o v 2 )

a(;rp aGrp N aGrp )
6xj 813]‘ (UZ) 89@ (wl)

0 0 0
_ gpag,, .\ Dfelpaxpa) pag N Yfo(paxpa), Yfo(paxpa),
T (ug, ;) ox; (ui) + 5% (ui, vi) oz, (vi) oz, (w;)

= ((p® &) opr)(v; )5 P (ui) + ((p @ a) o pr)(v; "us — v ")

_ Fo(paxpa)

axj (UZ Qu; = ’LUZ)
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For m’ +1 < i < m, we have

= (lpa) opr) (522 )+ 1 G2 01) — v G2 )

= B ) ((p .0) ) ) 22 1) — 22w

= a‘fo(g;;p'a) (wi) + f1 (s, ui_l)afo(g;;p.a) (vi) — 8fo(g;;<p-a) (w;)
_ rolpaxpe) °<g;;f"“> (uiv; = wy).

Therefore the f-twisted Alexander matrix A(H,p - «; f1, f2) coincides with the
twisted Alexander matrix of G(D) associated with « and p.
In the same way, we can prove (1). O

8. f—TWISTED ALEXANDER MATRICES AND HANDLEBODY-KNOT COMPLEMENTS

In this section, calculating our invariants, we distinguish two handlebody-knots
whose complements have isomorphic fundamental groups, which can not be dis-
tinguished by invariants derived from the (twisted) Alexander matrices. That is,
f-twisted Alexander matrices produce strictly stronger invariants than (twisted)
Alexander matrices for handlebody-knots.

Example 8.1. Let H; and Hy be the handlebody-knots represented by the Y-
oriented diagrams D; and Dy depicted in Figure 6, respectively. We note that
H, and H; have complements whose fundamental groups are isomorphic. The
Wirtinger presentations MCQ(D;) and MCQ(D3) are given by

T1,L10, T11; L7, g, T19; T14T¢ = T2, T2 AX7 = T3, 3 4T5 = T4, T4 4T3 = Ts,
:1;2-;1:"954-’50 jx ":1: " | x5 <424 = 26, T T2 = X7, T34 T11 = Tg, Tg <T12 = T10,
P T 0 Y 211 4ZT9 = X12, T111 = T10, T12T7 = T8
and
T1,T10, L11; L7, L, T19: T14%g = X2, X2 4T7 =23, T4<dT5 = T3, T5 ILg = T4,
Jj‘g’ﬂ?g’,‘$4'7$5'7$6"$9 " | e <T4 =75, T T2 = X7, T8 4T = Ty, Tg <T12 = T10, )
T e 211 4ZT9 = T12, T1T11 = T10, T12T7 = T8

respectively. Let X and (]?1,0) be the MCQ and the MCQ Alexander pair of
maps f1,0 : X x X — Zy[t*']/(t* — 1) in Example 3.8, respectively. Putting

al == f1 0 (p x p)(ue,,ve,) for each MCQ representation p : MCQ(D;) — X and
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each crossing ¢; of Dy, we have

al -1
ab -1
a -1 O
ai -1
_ af -1
A (H,p: f10) = a1
O ar; —1
af -1
ah —1
1 -1 1
1 -1 1

~ (afababafalafalal afafal —1) € M(1,2;Zs[t*]/(t* - 1)).

On the other hand, putting b7 := fl o(p % p)(ue,,ve,) for each MCQ representation
p: MCQ(D2) — X and each crossing ¢; of Dy, we have

o1
¥ -1
1o 0
1w
. -1 ¥
A(Hz,p;fl,()): v, —1
O e —p1
b, -1
W1
1 -1 1
1 -1 1

~ (bLDEbE — DEVGDELS  bEVEE — 1) € M(1,2; Z4[t]/(¢* — 1)).
Evaluating these matrices for each MCQ representation p, we obtain the multisets
7 ~ | 0 (96 times),t+ 3 (384 times),
{Al (H17K77 fla O) ’p € HOI’H(MCQ(Dl),X)} - { t2 +3 (768 times)
and

{A1 (Hg,p; i, o) ’ pe Hom(MCQ(Dg),X)} — {0 (864 times), ¢ + 3 (384 times)} .

Therefore Hy and Hs are not equivalent by Theorem 6.4.

Remark 8.2. We emphasize again that, in Example 8.1, H; and H, have com-
plements whose fundamental groups are isomorphic. This implies that f-twisted
Alexander matrices yield strictly stronger invariants than (twisted) Alexander ma-
trices for handlebody-knots. In particular, it also indicates that the fundamental
MCQ distinguishes handlebody-knots whose complements have isomorphic funda-
mental groups. Then it is natural to consider the following problem.

Problem 8.3. Does the fundamental MCQ distinguish handlebody-knots whose
complements are homeomorphic? In particular, do our invariants distinguish them?
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zi1 | z1 O\ A N\ /
Zo T10 1 5
/ Ce C3 T4
VAL s s
T12 Co C4
zg | x7 ANz AN
D,
zin | ¢\ A {
Zo T10 1 4
Ty
/ Ce Cs I5
/67 Co Cg Z9
Z12 Co 3
|z SN2/

S

FIGURE 6. Y-oriented diagrams of two handlebody-knots whose

complements have isomorphic fundamental groups.

We can easily see that the fundamental MCQ distinguishes handlebody- “links”
(not handlebody-“knots”) whose complements are homeomorphic.
H;, be the 2-component handlebody-links represented by the Y-oriented diagrams
D, and D, depicted in Figure 7, respectively.

homeomorphic complements. Set

M := (ai;) =

O TN W
= OOy =N W

and Qu = {1,2,3,4,5,6}. We define a binary operation < on Qar by i <j = a;;.
Then (Qu,<) is a quandle, called the quandle QS6;. Since type Q@ = 2, we have
the associated MCQ X := Qs X Zg of the Zo-family of quandles (Qar, {<*}icz,)-

Then we obtain

#Hom(MCQ(D,), X) =192 and

where #S denotes the cardinality of the set S. Hence we have MCQ(D;) 2
MCQ(D3), which implies that H; and Hs are not equivalent.

TUO = W N

We note that H; and Hs have

N~ = W oy Ot
LW UL = O N
DD W N U s =
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#Hom(MCQ(D,), X) = 168,

Let H; and
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FIGURE 7. Y-oriented diagrams of two handlebody-links whose
complements are homeomorphic.
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