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Abstract It is shown that Nichols algebras over alternating groups A, (m > 5) are infi-
nite dimensional. This proves that any complex finite dimensional pointed Hopf algebra
with group of group-likes isomorphic to A, is isomorphic to the group algebra. In a sim-
ilar fashion, it is shown that the Nichols algebras over the symmetric groups S,, are all
infinite-dimensional, except maybe those related to the transpositions considered in Fomin
and Kirillov (Progr Math 172:146-182, 1999), and the class of type (2, 3) in S5. We also
show that any simple rack X arising from a symmetric group, with the exception of a small
list, collapse, in the sense that the Nichols algebra %6 (X, q) is infinite dimensional, q an

arbitrary cocycle.
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226 N. Andruskiewitsch et al.

1 Introduction

1.1. In the early 90’s, S. Montgomery raised the question of finding a non-trivial finite-
dimensional complex pointed Hopf algebra H with non-abelian group G; here “non-trivial”
means that H is neither a group algebra, nor is cooked out of a pointed Hopf algebra with
abelian group by some kind of extension. This question was addressed by A. Milinski and
H.-J. Schneider around 1995, who produced two examples, one with G = S3, another with
G = S4. The main point was to check that a quadratic algebra B, built from the conjugacy
class of transpositions in S,, is finite-dimensional. They were able to do it for m = 3,4
using Grobner bases. These results were published later in [27]. Independently, S. Fomin
and K. N. Kirillov considered closely related quadratic algebras &,,, also constructed from
the transpositions in S;,, and they determined the dimensions of £3, £4 and €5 [14]. With
the introduction of the Lifting method, see [9], it became clear that %8, and &,, should be
Nichols algebras. This was indeed checked in [27] for m = 3,4 and by the third named
author form = 5[19].

1.2. In this paper, we work over the field C of complex numbers. If G denotes a finite group,
to classify all complex pointed Hopf algebras H with group of group-likes G(H) >~ G and
dim H < oo, we need to determine the irreducible Yetter-Drinfeld modules over CG such
that the dimension of the corresponding Nichols algebras is finite. In other words, recalling
that irreducible Yetter-Drinfeld modules are parameterized by pairs (O, p)—0O a conjugacy
classof G, o € O fixed, p an irreducible representation of the centralizer C¢ (o )—and denot-
ing by ®B(0, p) the associated Nichols algebra, we need to know for which pairs (O, p) is
dim B (0, p) < oco. Assume that G = S,;,. Then 9B,, and &, correspond to O = 0%, the con-
jugacy class of the transpositions, and p the one-dimensional representations of the centralizer
>~ Sp—2 X S2, p = € @ sgn or p = sgn @ sgn respectively. If m > 6, it is still open whether:
e ‘B, and &, are Nichols algebras,

e the dimensions of B,, and &,, are finite,

o the dimensions of B(OF, sgnj ®sgn), j = 1,2 are finite.

1.3. Recently, there was some progress on pointed Hopf algebras over S,,;:

e The classification of the finite-dimensional Nichols algebras over S3, respectively, S4, is
concluded in [7].

e The classification of finite-dimensional pointed Hopf algebras with group S3, respectively,
S4, is concluded in [7], resp. [20].

e Most of the Nichols algebras B (0, p) over S,, have infinite dimension, with the exception
of a short list of open possibilities [1,5].

Our first main result adjusts drastically the list given in [5, Th. 1]. See §4.1 for the unex-

plained notation.
Theorem 1.1 Letm > 5. Let o € Sy, be of type (11,22 ... m"m), let O be the conjugacy
class of o and let p = (p, V) € Cs,, (o). If dimB(O, p) < 0o, then the type of o and p are
in the following list:

@i (1",2), p1 =sgnore, py =sgn.

(i) (2,3)inSs, p2 = sgn, p3 = 0.
(i) 2% inSe, p2 = ﬁ ® € or ﬁ ® sgn.
Actually, the rack Oz in Sg is isomorphic to O,3, since any map in the class of the outer
automorphism of Sg applies (1 2) in (1 2)(3 4)(5 6) [26]. Thus, case (iii) is contained in (i).
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Finite-dimensional pointed Hopf algebras with alternating groups are trivial 227

The remaining cases can not be treated by consideration of Nichols algebras of subracks, see
Remark 4.2.

1.4. The main results in this paper are negative, in the sense that they do not provide any new
example of finite-dimensional pointed Hopf algebra. In fact, very few examples of finite-
dimensional non-trivial pointed Hopf algebras with non-abelian group are known, see [19];
at the present moment, it is not clear what is the class of non-abelian finite groups that may
afford finite-dimensional pointed Hopf algebras. Therefore, it is important to narrow down
as many examples as possible in order to have a feeling of what this class might be. Here is
our second main result.

Theorem 1.2 Let G = A, m > 5. If O is any conjugacy class of G,o € O is fixed and
p € Cg(0), then dim B (0, p) = oo.

In order to state the consequences of this result for pointed Hopf algebras, it is convenient
to introduce the following terminology.

Definition 1.3 We shall say that a finite group G collapses if for any finite-dimensional
pointed Hopf algebra H, with G(H) =~ G, necessarily H >~ CG.

Let G be a finite group. The category of Yetter-Drinfeld modules over the group alge-
bra CG is written ggw. The following result is a well-known consequence of the Lifting
Method [9]; we sketch a proof for the sake of the generic reader. See [9] for more details and
unexplained notation.

Lemma 1.4 The following statements are equivalent:

(1) If0#V eESYD, then dim B(V) = occ.
(2) IfV € E8YD is irreducible, then dim B (V) = occ.
(3) G collapses.

Proof (Sketch).(1) = (2)isclear;(2) = (1)because any finite-dimensional V € %gy@
contains an irreducible submodule. (3) = (1):If 0 # V € £¢YD has dim B(V) < oo,
then H := B(V)#CG is a finite-dimensional pointed Hopf algebra with G(H) >~ G but
H % CG.

(1) = (3): Let H be a pointed Hopf algebra with G(H) >~ G. Let gr H be the graded
Hopf algebra associated to the coradical filtration of H. It is known that gr H ~ R#CG,
where R = @,>0R" is a graded Hopf algebra in the braided category %g‘j@; that R® = C
and V = R! coincides with the space P(R) of primitive elements in R; and that the Nichols
algebra B(V) is isomorphic to the subalgebra of R generated by R'. Let n be the lowest
positive integer with R" # 0; clearly, R" C P(R). Hence, R # C implies V = R! # 0.
Now assume that H is finite-dimensional; then R and a fortiori 28 (V') are finite-dimensional.
Hence V = 0 by hypothesis, R = C by the preceding argument, and H ~gr H ~CG. 0O

We conclude from Theorem 1.2:
Theorem 1.5 Ifm > 5, then the alternating group A, collapses.

This result was known for the particular cases m = 5 and m = 7 [2,13]. We prove it
for m > 6. Since A3 is abelian, finite dimensional Nichols algebras over it are classified,
there are 25 of them; this can be deduced from [8, Th. 1.3], [10, Th. 1.8]. Nichols algebras
over A4 are infinite-dimensional except for four pairs corresponding to the classes of (1 2 3)
and (1 3 2) and the non-trivial characters of Z/3 [2, §2.2]. Actually, these four algebras are
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228 N. Andruskiewitsch et al.

connected to each other either by an outer automorphism of A4 or by the Galois group of
Q(£3)]Q (the cyclotomic extension by third roots of unity). Therefore, there is only one pair
to study for A4.

1.5. Our ultimate goal, towards the classification of finite-dimensional pointed Hopf algebras,
is to answer the following question.

Question 1 For any finite group G and for any V € %gy@, determine if dim B (V) < oo.

Since the category %gy@ is semisimple, the question splits into two cases:

(i) V irreducible,
(i) 'V completely reducible, i.e. direct sum of (at least 2) irreducibles.

Case (i) was addressed in several recent papers for some groups and some conjugacy
classes [1-3,5,11,15,16]; case (ii) was considered in [7,24]. Of course, the Nichols algebras
of the simple submodules of a completely reducible V such that B (V) is finite-dimensional,
should be finite-dimensional too. But the interaction between the two cases goes also in the
other way. To explain this, we need to recall that Question 1 can be rephrased in terms of
racks. Indeed, the Nichols algebra of a Yetter-Drinfeld module depends only on its braiding,
which in the case of a group algebra is defined in terms of the conjugation. A rack is a set with
a binary operation satisfying the basic properties of the conjugation in a group (see Sect. 2.3
below). Then Question 1 is equivalent to the following one, see [6].

Question 2 For any finite rack X, for any n € N, and for any non-principal 2-cocycle q as
in page 231, determine if dim %5 (X, q) < oo.

In fact, the consideration of Question 2 is more economical than the consideration of
Question 1, since different Yetter-Drinfeld modules over different groups may give rise to
the same pair (X, q), X a rack and q a 2-cocycle. This point of view, advocated in [6, 18],
is analogous to the similar consideration of braided vector spaces of diagonal type in the
classification of finite-dimensional pointed Hopf algebras with abelian group.

The consideration of Question 2 has another advantage. A basic and useful property of Nic-
hols algebras says that, if W is abraided subspace of a braided vector space V, then the Nichols
algebra B(W) is contained in the Nichols algebra ®8(V). For instance, consider a simple V =
MO, p) € %gyD—say dim p = 1 for simplicity. If X is a proper subrack of O, then M (O, p)
has a braided subspace of the form W = (CX, ¢?), which is clearly not a Yetter-Drinfeld
submodule but can be realized as a Yetter-Drinfeld module over smaller groups, that could
be reducible if X is decomposable. If we know that dim B (X, ¢) = oo, say because we have
enough information on one of these smaller groups, then dim 5 (0, p) = oo too.

Both Questions have the common drawback that there is no structure theorem neither for
finite groups nor for finite racks. Therefore, and in order to collect evidence about what groups
or what racks might afford finite-dimensional Nichols algebras, it is necessary to attack dif-
ferent classes of groups or of racks. Prominent candidates are the finite simple groups and
the finite simple racks. Finite simple racks have been classified in [6, Th. 3.9, Th. 3.12] (see
also [25]); explicitly, any simple rack is isomorphic to one and only one of the following:

(i) |X|= paprime, X ~ F, a permutation rack, thatis x >y = y + 1.

(ii)) |X| = p',paprime, t € N, X >~ (F,’, T) is an affine crossed set where T is the
companion matrix of a monic irreducible polynomial of degree ¢, different from X
and X — 1.
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Finite-dimensional pointed Hopf algebras with alternating groups are trivial 229

(iii) |X] is divisible by at least two different primes, and X is twisted homogeneous. That
is, there exist a non-abelian simple group L, a positive integer ¢ and x € Aut(L"),
where x actsby x - (I1,...,1;) = (0(), 11, ...,l;—1) for some 8 € Aut(L), such that
X = O, (n) is an orbit of the action —, of N = L' onitself (n # m~lift =1andx
is inner, x(p) = mpm™"). Furthermore, L and ¢ are unique, and x only depends on its
conjugacy class in Out(L"). Here, the action —, is givenby p —, n = pn (x-p~1).

In particular, non-trivial conjugacy classes in finite simple groups, and conjugacy classes
in symmetric groups of elements not in the alternating subgroup are simple racks. Therefore,
it is natural to begin by families of simple groups.

1.6. To prove Theorems 1.1 and 1.2, we first establish Theorem 4.1, namely that
dimB(X, g) = oo for many conjugacy classes X in S,, or A, and any cocycle ¢. This
relies on a result on Nichols algebras of reducible Yetter-Drinfeld modules [24, Th. 8.6], this
paper being a sequel to, and based on the results of, [7]. Indeed, let us say (informally) that
a rack collapses if dim*B(X, g) = oo for any cocycle g; see the precise statement of this
notion in Def. 2.2. To translate one of the hypothesis of [24, Th.8.6] to rack-theoretical terms,
we introduce the notion of rack of type D. We deduce from [24, Th.8.6] our Th. 3.6, that says
that any rack of type D collapses. It is easy to see that if 7 : Z — X is an epimorphism of
racks and X is of type D, then so is Z. But any indecomposable rack Z has a simple quotient
X; this justifies further why we look at simple racks, starting with non-trivial conjugacy
classes in simple groups. This is one of the consequences of the study of Nichols algebras of
decomposable Yetter-Drinfeld modules in the analogous study of indecomposable ones. We
stress that the computation of a second rack-cohomology group is a difficult task. By [12], it
coincides with a first group-cohomology group, but this does not make the problem easier.
Two of us have developed a program for calculations with racks, that in particular computes
the rack-cohomology groups [21]. The point of view taken in this article allows to disregard
sometimes these considerations.

Actually, we give in Th. 4.1 a list of conjugacy classes in S, or A,, which are of type D;
hence, if X belongs to this list and 7 : Z — X is an epimorphism of racks, then the Nichols
algebra B(Z, ¢) has infinite-dimension for an arbitrary cocycle g.

To consider the cases left open in Th. 4.1 we use techniques of abelian subracks from our
previous papers—see Lemma 4.4.

The paper is organized as follows. After Sect. 2 with Preliminaries, we present our appli-
cations of [24, Th. 8.6] in Sect. 3. In Sect. 4 we prove Th. 4.1 and then complete the proofs
of Ths. 1.1 and 1.2.

1.7 Glossary

We have found useful to introduce several notations concerning racks and groups in relation
with the finite-dimensional Hopf algebras and Nichols algebras. We collect here these new
terms.

e A finite group G collapses' if for any finite-dimensional pointed Hopf algebra H, with
G(H) ~ G, necessarily H >~ CG. Equivalently, for any 0 # V € ggy@, dimB(V) =
oo. See Def. 1.3, p. 227.

e A finite rack X collapses if for any finite faithful cocycle q, the Nichols algebra B (X, q)
is infinite dimensional. See Def. 2.2, p. 232.

e A finite rack X is of type B if it satisfies condition (B) in Lemma 2.3, p. 232.

! This was referred to as of type B in [15].
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230 N. Andruskiewitsch et al.

e A finite rack X is of type D if it contains a decomposable subrack ¥ = R[] S such that
re (s> (res)) # s, forsomer € R, s € S.% See Def. 3.5, p. 234.

e A finite group G is of type D if all its non-trivial conjugacy classes are of type D.
See [4].

2 Preliminaries
2.1 Notation

Let G be a group, 0 € G. We write |G|, respectively, |o|, for the order of G, respectively,
0;0, = Of for the conjugacy class of ¢ in G, with a superscript G if emphasis is needed.
Also, G is the set of isomorphism classes of irreducible representations of G. If X is a set,
CX is the vector space with a basis (ey)yex-

A braided vector space is a pair (V, ¢), where V is a vector space and ¢ € GL(V ® V) is
a solution of the braid equation: (¢ ® id)(id ®c)(c ® id) = (id ®c)(c ® id)(id ®c). If (V, ¢)
is a braided vector space, then B (V') denotes its Nichols algebra. See [9, p. 22].

2.2 Yetter-Drinfeld modules

Let G be a group. A Yetter-Drinfeld module over the group algebra CG is a G-module M
provided with a G-grading M = @4 M, suchthath - Mg = M1 forall g, h € G. The
category %gy D of Yetter-Drinfeld modules over the group algebra CG is a braided categorys;
in particular any M € %gy@ is a braided vector space with c € GL(M ® M) given by

cm®n)=g-nQ®m, forme My (geG), neM. (D)

The support of M € ggw issuppM ={g € G: My #0}.

Assume that G is finite. Then the category %gy@ is semisimple and its irreducible objects
are parameterized by pairs (O, p), where O is a conjugacy class of G, o € O fixed, p an
irreducible representation of the centralizer Cg (o) of o. If M (O, p) denotes the irreducible
Yetter-Drinfeld module corresponding to a pair (O, p) and V is the vector space affording
the representation p, then M (0O, p) is the induced module IndgG ) P with the grading given
by the identification IndZ_/ p = CG ®c,0) V ~ CO ®c V. If o € G and p € Cg(0),
then p (o) is a scalar denoted g, . The Nichols algebra of M (0O, p) is denoted B (0O, p).

Notice that M (0O, p) can be defined and is a Yetter-Drinfeld module for any representation
pof Cg(o).

2.3 Racks

We briefly recall the definition and main properties of racks; see [6] for details, more infor-
mation and bibliographical references.

A rack is a pair (X, >) where X is a non-empty set and > : X x X — X is an operation
such that

the map ¢, = x > __is invertible for any x € X, and 2)

x>(ypz)=@ey)>(x>z)foralx,y,z e X. 3)

2 Here D stands for decomposable, and B for the class that produces nothing.
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A morphism of racks is a map of the underlying sets f : X — Y such that f(x > y) =
fx) > f(y) for all x,y € X. Note that for any rack X, the map ¢ : X — Sy given by
X > @y as defined above, is a morphism of racks. Really, there is an hierarchy

{racks} D {quandles} D {crossed sets},

where a quandle is arack X such that x>x = x forall x € X; and a crossed set is a quandle X
such that x >y = y implies y>x = x, for any x, y € X. The permutation rack mentioned in
page 228, class (i) of the classification, is not a quandle. We are only interested in conjugacy
classes and their subracks, which are all crossed sets.

Here are some examples and basic notions of racks.

e A group G is arack (actually, a crossed set) with x>y = xyx~!, x, y € G. Furthermore,

if X C G is stable under conjugation by G, that is a union of conjugacy classes, then it
is a subrack of G; e. g., the support of any M € %gy@ is a subrack of G.

e If A is an abelian group and T € Aut(A), then A becomes a rack with x >y =
(1 = T)x + Ty. It will be denoted by (A, T') and called an affine rack.

e A rack X is decomposable iff there exist disjoint subracks Xi, X C X such that
Xi>X; =Xjforany 1l <i,j <2and X = X 11 X2. Otherwise, X is indecom-
posable.

e A decomposition of a rack X is a family (X;);cs of pairwise disjoint subracks of X such
that X = [[;; X; and X > X; = X; foralli € I.

e A rack X is said to be simple iff card X > 1 and for any surjective morphism of racks
m: X — Y, either  is a bijection or card Y = 1.

2.4 Cocycles

Let X be arack,n € N.Amapq : X x X — GL(n, C) is a principal 2-cocycle of degree
nif
qx,y>z9y,z = qx>y,xoz9x,25
for all x, y, z € X. Here is an equivalent formulation: let V = CX ® C" and consider the
linear isomorphismc¢? : VV - VRV,
clexv® eyw) = exl>yq,r,y(w) ® exv,

x,y € X,v,w € C". Then ¢ is a 2-cocycle iff ¢? is a solution of the braid equation. If this
is the case, then the Nichols algebra of (V, ¢?) is denoted B (X, ¢).

More generally, let (X;);c; be a decomposition of a rack X and let n = (n;);c; be a
family of natural numbers. Then a non-principal 2-cocycle of degree n, associated to the
decomposition (X;);cy,is a family q = (¢g;)ic; of maps ¢; : X x X; — GL(n;, C) such that

qi(x, y>2)qi(y,2) = qi(x > y, x > 2)gi (x, 2), 4

forallx,y € X,z € X;,i € I. Again, this notion is related to braided vector spaces. Given a

family q,let V = @;c;CX; ® C" and consider the linear isomorphismc¢? : VQV — VQV,
cl(exv ® eyw) = exnyqi(x, y)(w) ® exv,

x € Xj,ye X;,veCY, w e C". Then qis a 2-cocycle iff ¢4 is a solution of the braid
equation. If this is the case, then the Nichols algebra of (V, ¢9) is denoted B (X, q).

Let X be arack, q anon-principal 2-cocycle and V as above. Defineamap g : X — GL(V)
by
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232 N. Andruskiewitsch et al.

gx(eyw) = exnyqi(x, y)(w), xe€X,ye€ X;,i €l ©)

Note that g : X — GL(V) is a morphism of racks.

The next result shows why Nichols algebras associated to racks and cocycles are impor-
tant for the classification of pointed Hopf algebras. It says that Questions 1 and 2 in the
Introduction are indeed equivalent.

Theorem 2.1 [6, Th. 4.14]

(i) Let X be a finite rack, (X;)ic1 a decomposition of X,n € N and q a 2-cocycle as
above. If G C GL(V) is the subgroup generated by (gx)xex, then V € %gy@. If the
image of q; generates a finite subgroup of GL(n;, C) for alli € I, then G is finite.

(i) Conversely, if G is a finite group and V € %g%@, then there exist a rack X, a decom-
position X = [];c; Xi,n € N’ and non-principal 2-cocycle q such that V is given as
above and the braiding c € Aut(V ® V) in the category gg‘a‘D coincides with c4.

If X is indecomposable, then there is only one possible decomposition and only principal
2-cocycles arise. Conversely, the proof of [6, Th. 4.14] shows that if V € gg‘;ﬂ@ as in part
(ii) is irreducible, then the cocycle q is actually principal.

For an easy way of reference, we shall say that a cocycle q is finite if the image of g;
generates a finite subgroup of GL(n;, C) foralli € I.

Parallel to the approach to the classification of finite-dimensional pointed Hopf algebras
group-by-group, we envisage the approach to the classification of finite-dimensional Nichols
algebras rack-by-rack. It is then natural to introduce the following terminology.

Let X be a finite rack and q a 2-cocycle. First, we shall say that (X, q) is faithful if the
morphism of racks g : X — GL(V) defined in (5) is injective; if X is clear from the context,
we shall also say that q is faithful. Recall that a rack X is faithful if ¢ : X — Sy is injective
[6, Def. 1.11]; clearly, if X is faithful, then (X, q) is faithful for any q.

Definition 2.2 We shall say that a finite rack X collapses if for any finite faithful cocycle q
(associated to any decomposition of X and of any degree n), dim 8 (X, q) = oo.

Here is a useful reformulation of the preceding definition.
Lemma 2.3 Let X be a finite rack. Assume that

(B) For any finite group G and any M € %g%@ such that X is isomorphic to a subrack of
supp M, dimB(M) = oo.

Then X collapses. The converse is true if X is faithful.

Proof Assume (B). Let q be a finite faithful cocycle. By Th. 2.1 (i), the braided vector space
(V, c9) arises from a Yetter-Drinfeld module over a finite group I'; since q is faithful, X can
be identified with supp V.

Now assume that X is faithful and collapses. Let G, M as in (B). The rack Y constructed
in Th. 2.1 (i) is ¥ = [[;c; O;, where M = @®;¢; M; is a decomposition in irreducible sub-
modules and O; = supp M;. In general, supp M # Y, but there is an injective morphism
of racks supp M < Y, which induces an injective morphism of racks X < Y. Since X is
faithful, the restriction of the cocycle q on Y to X is a cocycle on X whence it is faithful.
Finally observe that B(X, q;x) can be embedded in B (M). O
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Finite-dimensional pointed Hopf algebras with alternating groups are trivial 233

3 Techniques

From now on, we shall consider any group G as a rack with the operation given by conjuga-
tion.

3.1 The technique of a suitable subgroup
If W is a braided subspace of a braided vector space V, then B(W) — B(V) [9, Cor. 2.3].
Let G be a group, M € %g‘d@. Here are two ways of getting braided subspaces of M:

e If Y is a subrack of supp M, then My := ®,cy M, is a braided subspace of M.
e Let H be a subgroup of G and let ¢ € H. If p is a representation of Cg (o), then
M(Of, plcy o)) 1s a braided subspace of M(Og, 0).

These ways are actually closely related by the following result.

Lemma 3.1 IfY is a subrack of supp M and K is the subgroup of G generated by Y, then
My is an object in gg‘d@.

Proof By construction, My is K-graded. Furthermore, ifk € K and y € Y, thenk - M, =
M.y C My since Y is closed under conjugation by K. O

Assume now that G is a finite group, and let o, p and H be as above. Then p|c, ) =
1@ @1, where t; € Cy(0),1 < j < s. Therefore, we have the following criterium.

Lemma 3.2 Keep the notation above.
() IfdimB(OH, 1) = coforall . € Cpy (o), then dim B(OC, p) = coforall p € Cg (o).
(i) Letoy,00 € O9NH. Let O; = (‘)g and assume that O1 # Oo. If dim B(M (01, 1) &
M(02, 22)) = 0o for all pairs A € Cr(a1), ra € Cri(02), then dim B(0C, p) = 0o
forall p € Cg(0).
3.2 The splitting technique

We begin by stating the following result of Heckenberger and Schneider, whose proof uses
the main Theorem of [7].

Theorem 3.3 [24, Th. 8.6 (1)] Let G be a finite group, M (0O, p), M(O’, p’) irreducible
objects in gg‘j@ such that dimB(M (O, p) ® M(O’, p')) < oo. Then forallr € O, s €
O, (rs)? = (sr)%.

We use the previous Theorem as in the following Proposition.

Proposition 3.4 Let G be a finite group and O a conjugacy class in G. Assume that there
exist o1, 03 in O such that (o 02)2 # (0207 )2. If there exists a subgroup H such that o1 and
oy are not conjugate in H, then %6(0, p) = oo.

Proof 1t follows by Theorem 3.3 and Lemma 3.2 (ii). O

We now aim to state a rack-theoretical version of Prop. 3.4. Let G be a group, r, s € G.
Then (rs)? = (sr)? < r> (s> (r>s)) = s. We next introduce a notion that is central in
our considerations.
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Definition 3.5 Let (X, >) be arack. We say that X is of type D if there exists a decomposable
subrack Y = R[] S of X such that

ro (s> (res)) #s, forsomer € R,s € S. (6)
Here D stands for ‘a rack with a decomposable subrack satisfying (6)’.
Theorem 3.6 If X is a finite rack of type D, then X collapses.

Proof We shall prove that X is, more generally, of type B asin Lemma2.3.LetY C X,Y =
R[] S a decomposition as in Definition 3.5. Let G be a finite group, M € %gy@ such that
X is isomorphic to a subrack of supp M. We identify X to this subrack, and then we can take
Mg and Mg, which are non trivial objects in %f‘gj@, K the subgroup of G generated by Y.
We may assume that Mg and My are irreducible; otherwise, we replace them by irreducible
submodules. Now, dim B(Mg @ Ms) = oo by Th. 3.3, and then dim B(M) = oc. O

Being of type D is an ubiquitous notion:

(i) IfY C X is a subrack of type D, then X is of type D.

(i1) If Z is a finite rack and admits a rack epimorphism 7 : Z — X, where X is of type D,
then Z is of type D. For, 7 YY) =7"YR) ]_[n’l (S) is a decomposable subrack of
Z satisfying (6).

Let now X be any finite rack. If some indecomposable component [6, Prop. 1.17] is of type
D, then X is of type D. Assume then that X is indecomposable; then it admits a projection
of racks w : X — Y with Y simple. Thus, it is of primary interest to solve the following
problem.

Question 3 Determine all simple racks of type D.

In this paper we consider simple racks arising as conjugacy classes of the alternating or
symmetric groups. In subsequent papers, we shall investigate other simple racks; our paper
[4] is devoted to conjugacy classes in sporadic groups.

Here are some useful observations to detect conjugacy classes of type D.

Lemma 3.7 (a). If X is of type D and Z is a quandle, then X x Z is of type D.

(b). Let K be a subgroup of a finite group G, t € K and k € Cg(K). We consider the map
Re : K — G, g — g := gk. Then the conjugacy class O of T computed in K can be
identified with a subrack of the conjugacy class 0 of T in G. Therefore, if O is of type
D, then O is of type D.

Proof (a).Ifr,s € X and z € Z, then (r, z) > (s, 7) = (r >, 7) because Z is a quandle. The
rest is straightforward. (b) follows because the map R, is a morphism of racks. O

We need the following definition to state our next result.

Definition 3.8 Let G be a finite group, O a conjugacy class in G, o € O. Classically,o € G
and O are real if o~ € . If o is conjugated to o/ # o for some j € N, then we say that &
and O are quasi-real of type j. Clearly, any real o, which is not an involution, is quasi-real
of type |o| — 1.

Proposition 3.9 Let G be a finite group and g = 1k € G, where T and k # e commute. Let
K =Cg(x) > 1, thenk € Cg(K). Hence, the conjugacy class O of v in K can be identified
with a subrack of the conjugacy class ) of g in G via the morphism R, as in the preceding
example. Assume that
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O and O are quasi-real of type j,

the orders N of T and M of k are coprime,

M does not divide j — 1,

there exist ro, so € O such that ro > (so > (ro > S0)) # So0-

Then O is of type D.

Proof Observe first that (k/x) > (k"y) = k" (x > ) for any x,y € K, j,h € Z. Let
R =R(0),S =R, (0); R and § are subracks of O by Lemma 3.7. For,

0] quasi-real ~

R (05) = 0K ; cof =

il = Y riki

) quael -real

S =R, 0)

We next claim that R and S are disjoint. Indeed, if z = kx = ij, where x,y € 0O,
then the order of k/~! = xy~! divides both N and M (note that x and y commute); hence
ki~! = ¢, a contradiction. Now r = krg € R, s = k’sy € S satisfy (6). ]

Remark 3.10 Theorem 3.6 generalizes [3, Cor. 4.12]. Indeed, if O is the octahedral rack and
9@ is a disjoint union of two copies of O, see [3], then OP is of type D. For the other
techniques in [3], see Example 3.18.

3.3 Some constructions of racks

We now present a general construction that might be of independent interest. Let X be a rack,
with operation x &y = ¢, (y), and let j an integer. Let X'/1 be a disjoint copy of X, with a
fixed bijection X — XUl x > xl/l, x € X. We define a multiplication > in X/ by

Xyl = (@l (y)l), x,y e X. )
Notice that XUkl ~ XUkl for j k e Z\{0}.

Lemma3.11 () XWYlisqa fack, called th¢ Jj-th power of X. ‘
(ii) The disjoint union X7V of X and X' with multiplication such that X and X' are
subracks, and

My

xo U = (s )], >y =@i(y), x,yeX, ®)

is a rack.

X715 a particular case of an amalgamated sum of racks. The rack X!~ will be called
the inverse rack of X and will be denoted X’; the corresponding bijection is denoted x — x’.
Note X” ~ X. The rack X:!1 will be denoted X @ in accordance with [3].

Proof We first show (i) for j = —1. The self-distributivity (3) holds iff p¢y, = @x.y@x
for all x,y € X, iff (pill (p;l = (p;lgou_l for all x,u € X (setting u = x > y); this is
in turn equivalent to the self dlstrlbutmty for X’. ‘We next show (i) for j € N. We check
inductively that (pxgoy = (pXMgox, (px(py (p[pi(y)gox Hence ¢} (py = ¢’ i ) ¢!, and we have

self-distributivity for X!/, Combining these two cases, we see that self-distributivity holds
for X1, for any j € Z\{0}. The proof of (ii) is straightforward. m}

Example 3.12 Let j € Z\{0}. Assume that X is a subrack of G such that the map n; : X —
G, x — xJis lHJCCthC Then the image X/ of n; j 18 also a subrack, isomorphic to the rack
XU If X N X/ = @, then the disjoint union X U X/ is a subrack of G isomorphic to X!/,
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3.4 Affine double racks

Let (A, T) be a finite affine rack, see page 231. We realize it as a conjugacy class in the
following way. Let d = |T'|. Consider the semidirect product G = A x (T'). The conjugation
in G gives

W, TN (w, T?) = (T"(w) + (d =T7)(v), TY). )
Let Qi!T = {(w, T/ :w e A}, j € Z/d, a subrack of G isomorphic to the affine

rack (A, T7). Let Q{7 be the disjoint union QY , UQ/, ;. j € Z/d; this is a rack with
multiplication (9); it is called an affine double rack. If j # 1, it can be identified with a
subrack of G.

Remark 3.13 1If (j)7 = Z,j:_ol T' is an isomorphism, then Qf; r (Qk T)m. Indeed, the

map (Q,]LLT)UJ — Q}{\,T’ , T) — (v, T) = ((j)rv, TY), is a rack isomorphism. Hence,

Q') is isomorphic to Q) M1, cf. Lemma 3.11.

Let AT = ker(id —T) be the subgroup of points fixed by 7.

Remark 3.14 Assume that AT = 0. Then Qa7 = QL s is indecomposable and it does not
contain any abelian subrack with more than one element.

For, assume that Q4 7 = R[] S is a decomposition, with (0, 7) € R. But then R >
(v, T)>(0,T) = ((id—T)(v), T) for any v € A; since id —T is bijective, Qa7 = R. The
second claim follows at once from (9).

Lemma 3.15 Let j € Z/d. The rack QH:%] is of type D, provided that
(d+T/TH3Gd =T) #£ 0. (10

Proof Let R = Q) ;.S = Q) ;.r = (0,T) € R. Then Q"} = R[] S. We check (6).
Pick v ¢ ker(id +7/*1)(id —=T) and s = (v, T/) € S. Then

re(se(res) =T =TT + T ), TY) #3,
since (id =T + T/ — Tit2)(v) £ 0. o

3.5 Applications of affine double racks

If X arack that contains a subrack isomorphic to 05‘1:;]’ for some affine rack satisfying (10),
then X is of type D (therefore it collapses). We now present a way to check this hypothesis.
Recall the notion of quasi-real element of a finite group, see Definition 3.8.

Proposition 3.16 Let G be a finite group, O C G a conjugacy class which is quasi-real of
type j € N. Let (A, T) be an affine rack, and let y : A — O be a monomorphism of racks.
Ifid =T/ is an isomorphism and id +T7+1 £ 0, then O is of type D.

Proof Since id —TJ = (d —T)(j)T, both Remarks 3.13 and 3.14 apply. If Y = ¥(Qa.7),
then Y NY/ = ¢. If not, pick y € Y N Y/, y = x/ for some x € Y. Then x = x/, because
Y does not contain any abelian subrack with more than one element. But this contradicts
the definition of quasi-real. Hence O contains a subrack isomorphic to Q}q’T U QQ’T by
Example 3.12, which is isomorphic to Q[Al:%] by Remark 3.13. Now the statement follows
from Lemma 3.15. O
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Assume for the rest of this Subsection that (A, T) is a simple affine rack; thatis, A = IFP’ , D
aprime, and T € GL(¢, F,) — {id} of order d, acting irreducibly.
In this context, Lemma 3.15 specializes as follows.

Lemma 3.17 If j € Z/d, then Q)] is of type D, provided that

d . .
4 5—1, ifpisodd, an
d—1, ifp=2.
Proof Since T # id is irreducible, (id +7/+1)(id —T) = 0 implies T/ ! = —id. If p = 2,
then j + 1 =d;if p > 2, then j + 1 is the unique element of order 2 in Z/d, thus d is even
and j = % — 1. In other words, (11) implies (10); hence Lemma 3.15 applies. O

Example 3.18 Let G be a finite group, O C G a conjugacy class which is quasi-real of
type j € N. Let (A, T) be an affine simple rack with |T| = d, andlety : A — O bea
monomorphism of racks. If j # % — 1 when pisodd, orif j #d — 1 when p =2, then O
is of type D. Notice that the first case in (11) always holds if d is odd or 2.

If A =7/p, paprime, and T has order 2, then Ql"T is called a dihedral rack and denoted

D in accordance with [3, Def. 2.2]; thus Q[AIZIT] is denoted nyz). Therefore, the splitting tech-
nique includes (without having to resort to look for cocycles) the case of quasi-real orbits
containing a dihedral subrack [3, Cor. 2.9].

4 Simple racks from S,, and A,
4.1 Notations on symmetric groups

Leto € S,,. We say that o € S, is of type (1", 2"2, ... m") if the decomposition of o
as product of disjoint cycles contains n; cycles of length j, for every j,1 < j < m. Let
Aj = Ay --- A,l_,.,j be the product of the n; > 0 disjoint j-cycles Ay j, ..., A,,jyj of o.
Then

o=A1Ap; 12)

we shall omit A; when n; = 0. The even and the odd parts of o are

O, 1= HAj, 0p 1= H Aj. (13)

J even 1<j odd

Thus, 0 = Aj0.0, = 0,0,; we define o, in this way for simplicity of some statements and
proofs. We say also that o has type (1"1,2"2, ..., 0,), for brevity, to point out the number
of even cycles or fixed points, with arbitrary cycles of odd lengths. For instance, the type of
o is (2,42, 0,) means that o fixes no point, has exactly one cycle of length 2, exactly two
cycles of length 4 and any other cycle has odd length.

We now recall the notation on representations of the centralizer needed in the statement
of Theorem 1.1. See [5, Sect. 2.2] for more details. First, the centralizer S, = Cs,, (o) =
Ty x -+ x Ty, where

Tj=(A1js--sAn;j) X (B1js s Buy—1,j) = (Z/J)" % Sy, (14)
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1 < j < m. We describe the irreducible representations of the centralizers. If p = (p, V) €
Cs,, (0),then p = p; ® --- ® pyu, Where p; € T; has the form
(Z/j)" %S ;

50 @ ), (15)

i = Ind
& /)" xS,

with x; € (W!’ and u; € S,)l(j —see [28, Sect. 8.6]. Here Sf,(j’ is the isotropy subgroup

of x; under the induced action of Sn; on (Z%/WJL Actually, x; is of the form X(t1 oot} )0

where 0 <1t ;,..., In;j < j — 1 are such that
o
X(zl,j,...,z,,j__,-)(Al,j) = w;"’, 1<l<nj, (16)
2mi
with w; := e 7, where i denotes the imaginary unit. Assume that deg(p) = I; that is,
deg(p;) = 1, for all j. Then Szj’ = Sn/, Wj = € orsgn € S/,;, for all j. Hence, we have
thatt; =1 ; =--- = Injjs for every j, and p; = x; ® u;. In that case, we will denote

—
X] = X(l_,',...,tj) by th-

4.2 The collapse of simple racks from S, or A,

Let m > 5. In this Subsection, we show that many simple racks arising as conjugacy classes
in'S,, or A, collapse. We fix o € S, be of type (1",2"2, ..., m") and let

0= (a) the conjugacy classof o in'S,,, ifo ¢ A,
(b) the conjugacy class of o in 4,,, ifo € A,,.

Thus O is a simple rack. If ¢ is in A,,, then either 95 splits as a disjoint union of two

orbits in A,,, or else O(S,"’ = OJA”’. This last possibility arises when either n; > 0 for some i
even, or else n; > 1 for some i odd. In any case, if O?’" is of type D, then so is O(S,’"‘

Theorem 4.1 Ifthe type of o is NOT in the list below, then O is of type D, hence it collapses.
@ (2,3); (2%, (1",2).
(b) (3%); (2%,3); (1",3); 2%); (12,2%); (1,2%); (1, p). (p) with p prime.

Proof We proceed in several steps.

Step 1 (Reduction by juxtaposition) Letm = p +q, L €Sy, T € Sgando = L 1 €Sy,
the juxtaposition. IfOfi is of type D, then OF also is. In the same vein, if @ € A, and its
conjugacy class in A is of type D, and T € Ay, then the conjugacy classofoc = Lt € Ay,
is of type D.

This is so because the inclusion S, X S; < §,,, induces an inclusion of racks Oﬁ x 0 —
O2. With this inclusion, the result follows from Lemma 3.7.

This statement can be be rewritten as follows: Let u € Sp,, with p < m and p is of type
(1m2h o phey withh; <nj, 1 < j < p,andlet

o = the conjugacy class of in'S,, if u ¢ A,
| the conjugacy class of pwin A ,, if ueAp.

If O’ is of type D, then O is of type D.

Step 2 If the type of o is (m) with m > 6 not prime, then O is of type D.
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Leto = (1234---m). We study different cases.

(i) m > 6 is even.

Ifm =6,taket = (1 25 6 3 4). It is straightforward to check that o and t are not
conjugate in H = (o, t) and that (07)2 #* (to)2.

Ifm>6,taket=(13)>0=3214---m). Thentoto(l) =1landototr(l) =7.
Therefore, (07)% # (t0)2. Let H = (o, 7) be the subgroup of S,, generated by ¢ and .

Note that H = (0,7) = (0,10~ 1) = ((1 2---n), (1 3)(2 4)). It is easy to see that
the elements in H can be written as products (u X wr)ol, where u; € Si1,3,5,...m—1)»
12 € S,4.6,...,m) and the signs sgn(u1) = sgn(uz). Now, if x € Sy, issuch that x >0 =7,
thenx = (1 3)ai for some i, which does not belong to H. Hence, ¢ and 7 belong to different
conjugacy classes in H.

(i) m > 5 odd and divisible by a non-trivial square number. Let m = h2k, with h > 3.
Forl <i <hk,letr; = (i (hk+i) Qhk+1i)---((h—1)hk+1i)),and considert =ri>o.
Then o and t are conjugate in A,,, but they are not conjugate in H = (o, 7). To see this,
notice that or|” Io—1 = ry 1, and then, as in the proof of case (i),

H=(o,to7")=(o.rr;")

hk

Then H € G := (o, 11, ..., rpk). Actually, since o™ =riry - - - rpi, G is an extension

1= (rpy k) = (Z/m)™ - G — Z/hk — 1.

Any element in G can be written uniquely as a product ri‘ e r;lhk‘ ol, where 0 < j < hk.
We can consider then the homomorphism « : G — Z/h, given by a(ri‘ -~-r}'l’}{"oj) =
w12t Fik where w is a generator of Z/h. This homomorphism is well defined, since
a(ahk) =a(rirp--rpr) = " = 1. On the other hand, the centralizer of o in A,, is the
subgroup generated by o. Thus, for o and t to be conjugate in H, there should exist an
integer j such that rio’ € H.Butitis clear that H is in the kernel of o, while & (rj07) = w.

(iii) m > 9 odd and divisible by at least two primes.

Express 0 = t«, where © # e and k # e are powers of o, the orders N of t and M of
« are coprime and N > 3 is prime. Note that m = NM and the type of « is (M "), hence
K =Cy, (k) > (Z/M)N x Ay. Let 0= Oy™ and O = Of. It is known that O is quasi-real
of type 4.

We will prove that:

e (O is quasi-real of type 4,
e there exist ro, 5o € O such that ro > (sg > (rg > 50)) 7 50.

For the first item, we write T = (v, &) € (Z/M)N x Ay. Since |t| = N, (o¢)y(v) = 0,
where (@)y :=id+a+a?+---+a”¥"! and |e| = N,i.e.a N-cyclein Ay, because N is
prime. Let 8 € Ay such that B = *. We will show that there exists u € (Z/M)" such that
(u, B)>(v, @) = (v, Ol)4. The lastamounts to («)4sv—pBv = (id —a4)u forsomeu € (Z/M)N.
Notice that Im(id —a*) = ker((e*)y) = ker((a)n). Thus (a)4v — v € Im(id —a*) if and
only if (o) yBv = 0. But the last follows from (¢)n B = B(x)n-

For the second item, let ry := 7 = (v, ). Observe that 5o := (v + (id —a) (1), @) € O
forany u € (Z/M)N . Now

((id+e) () + (@ — D)), a?)’

((id +e?) (id +e) (v) + (id +a?) (@ — &?) (W), a*)
((d+0) (v) + (id —) (1), &2)

((id +a?)(id +a) (v) + (id +a?) (id —a) (), o*) .

(v, @) (v + (id —a) (), @))?

(v + (id —a) (u), @) (v, @))?
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Then (ros0)> = (soro)? iff (id +a?)(id —a)?(u) = 0. Now the order of « is the odd prime
N, hence there exists some u such that® (id +«?)(id —a)?(u) # 0; thus (rgs0)> # (s0r0)?,
that is ro > (so > (ro > $0)) # 0.

Assume that M > 3. Now, O is of type D by Proposition 3.9.

Assume that M = 3. We will see that there exists j such that j =2 mod 3 and ¢/ € O.
Let k be relative prime to m and Ay : Z/mZ — 7Z/mZ the map i mod m +— ki mod m.
We can think A as a permutation of S, in the obvious way. Then

Ao = ok, (17)
Indeed, forall i, 1 <i < m, we have

(> 0) (@) = oy () = o (k™'i mod m) = (ki +1 mod m)
=k(k7'i+1) modm=i+k modm=ok@).

Claim 1 The following are equivalent:
@o* €0, (b sgnOu) =1 (© Jk,m) =1,
where J (k, m) means the Jacobi symbol of k mod m.

Proof By (17) (a) is equivalent to Ay = ac’, for some o € A, andi € {0,...,m — 1}.
This condition amounts to A € A,,, which means that (b) holds. [29, Th. 1] says that (b) is
equivalent to (c). This last equivalence is Zolotarev’s Lemma when m > 2 is prime — see
[30]. O

Let k € Z such that k is not a quadratic residue modulo N it is well-known that there are
% of such k’s with 1 < k < N — 1. By Chinese Remainder Theorem there exists j, with
0 <j<m,suchthat j =2 mod3and j = k mod N.Thus J(j,3) = —1 = J(j, N),
and J(j,m)=J(j,3)J(j, N) = 1. Hence, j =2 mod 3 and o) € 0 as desired.

Now, 7/ = ((@) v, al) ¢ O because o/ ¢ Oﬁ”. So, if we identify o with the N-cycle
(12--- N)inAy and @ := (13)>a, then o/ and @ are conjugate in Ay and (a¢@)? # (@a)>.
Setrg=1,50 = W,@),R=0-k,8 = ij el = ij -k~ !. Then s¢ € ij, (roso)? #
(s0r0)%, R [ ]S is an indecomposable subrack of O and (rs)> #* (sr)2, withr = rok = o
and s = sok L. Therefore, O is of type D.

Step 3 The class of type (n, p) in Ay p is of type D if both n and p are odd, n > 3 and
p>5.

Wetakeoy = (12---n)n+1n+2---n+p),or=02)(n+1n+4+3)>o0y. Then
consider the subgroup H = (01, 02) € A, x Ap. Letm : A, x A, — S, be the projection
to the second component, and notice that 7 (01), 7 (02) belong to different conjugacy classes
in A . Then, (o} 02)? # (0201)? and they are not conjugate in H, since both statements hold
inmw(H).

Step 4 If the type of o is (12, j) with j > 5 odd, then O is of type D.

The class O?j splits as a union O1 [ [ Oz of 2 classes in A j; if R = O1 x {(j + D(j +2)},
S =0, x{(j+ 1) +2)},then Y = R[] S is a subrack of O and satisfies (6) since it
generates the subgroup A ;.

3 Here one may simply work in a vector space over some quotient field of Z/M.
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Table 1 Some classes of type D

from the literature Type Subrack Reference
(1,2,00), 0p # id DY (3. Ex. 3.9]
(23, 00), 00 #id DY 3, Ex. 3.12]
(4, 00), 00 # id O [5, Prop. 3.7]
%) 0@ [5, Proof of Prop. 3.5]

Step S Ifthe type of o is as in Table 1, then O is of type D.
This follows from previous works as explained in Table 1.
Step 6 If the type of o is (2, j), where j > 3 is odd, then O is of type D.

Choose 0 = (12)(3456 --- j +2).Set oy = 0,h = (35) and 0o = h > o. Then,
oy =(12)(5436 --- j 4+ 2). We claim
@) (0102)* # (0201)%.
(b) H = (01,07) =~ Z/2 X Aj.
(c) The conjugacy classes of o1 and 07 in H are distinct.

(a) follows since (0201)2(3) = 3, whereas (0102)2(3) = 4if j = 5 and (0102)%(3) =9
if j > 7. (b) follows because the j-cycles (3456 --- j+2)and (5436 --- j 4 2) generate

Ar, 1 =1{3,4,5,..., j+2}. (c) follows since the conjugacy class of one cycle of odd length
splits into two classes in A;.

Step 7 If the type of o is (2, 3%), then O is of type D.

The set formed by o7 = (123)(456)(78),00 = (163)(245)(78),03 = (164)(235)
(78) and o4 = (124)(356)(78), is the affine rack associated to the tetrahedron, i.e. Q]}Ezz T

with |T'| = 3. The Step follows from Ex. 3.18.
Step 8 Ifthe type of o is (1,4), then O is of type D.

The group H = Fs x FX >~ F5 x Z/4 acts on Fs by translations and dilations; if we
identify {1, ..., 5} with Fs, then the translation by 1 is the 5-cycle (1234 5), the dilation by
2 is 0 and H is isomorphic to a subgroup of S5. Thus O contains a subrack isomorphic to
Qg 7 with |T| = 4. The Step follows from Ex. 3.18.

Step 9 If the type of o is (2,4), then O is of type D.

Let H be the subgroup of Ag generated by (136), (245) and 0. Since (13 6) and (245)
span a subgroup isomorphic to IE‘%, o>(136) = (245)ando>(245) = (163), we conclude
that H is isomorphic to IF% x (T), where T? = — id. Thus O contains a subrack isomorphic
to Q%z  With |T| = 4. The Step follows from Ex. 3.18.

Step 10 If the type of o is as in Table 2, then O is of type D.

We list o1, 00 and H = (o1, 02) in Table 2; a straightforward computation shows that
(0102)2 #* (0201)2 and that the conjugacy classes of o1 and 07 in H are distinct.
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Table 2 Some classes of type D in A, or S,

O o1 o H = (o1,07)
(13,22 45)67) a2@7 Dg

(1,3%) Q234567 (125)(346) 7)1 X 7/3
3% (123)(456)(789) (124)356)(798) As x Z/3
2% (12)(34)(56)(78)(9 10) (13)(24)(57)(69)(8 10) Dg

1,23 23)45)(67) (16)(24)(35) Dg

Final Step. Assume now that O is not of type D; we apply systematically Step 1. By Step 2,
nj =0if j > 6 is not prime.

Assume that n4 # 0; then o is of type (1", 2"2, 4) by Step 5. But n; = 0 by Step 8 and
ny = 0 by Step 9; a contradiction since m = Zj jnj >5.Hence, ng =0.

Assume that n3 # 0; then o is of type (1”1, 2”2, 3"3) by Step 3, and either n; = 0 or else
ny = 0 by Step 5. In fact, if both n; > 0 and ny > 0, then O is of type D by the first line in
Table 1. If n; = 0, then n3 = 1 by Step 7 and np < 2 by Step 5; in other words, only types
(2, 3) and (22, 3) remain. If np = 0, then type (3%) remains, by Step 10. Also, if n1 # 0 and
ny = 0, then type (1", 3) remains, by Step 10.

Assume next that n3 = 0; then o is of type (1"!, 2"2, j"/) by Step 3, with j > 5 prime
and n; = 0 or 1. Furthermore, n; < 4 by Step 10.

If nj =0and ny # 0, then n; < 2 by Step 10; but n, = 2 implies ny < 2 by Step 10. In
other words, only types (23), (2%), (1, 2%), (12,2?) and (1", 2) remain.

If n; = 1, then either ny = O or else n, = 0 by Step 5. The possibility ny # 0 is excluded
by Step 6. Thus n, = 0, hence n; < 1 by Step 4; thus, only types (j) and (1, j), with j > 5
prime, remain. ]

Remark 4.2 The remaining conjugacy classes do not have enough bad subracks to arrive to
similar conclusions, except (p) and (1, p) where we do not have enough information yet, as
said. We list the proper subracks generated by two elements in these classes:

(a) The proper subracks of the class of type (1"=22) in S, are all of the form 0'2"‘ 1 Og”
11105 05 commutes with 057 if i # ;.

(b) The proper subracks generated by two elements of the class of type (17, 3) are either
abelian, or isomorphic to the racks of the vertices of a tetrahedron, or a cube, or a
dodecahedron. The same for the class of type (32).

(c) The proper subracks of the class of type (2, 3) are abelian with either one or two ele-
ments.

(d) The proper subracks of the class of type (1, 2%) are abelian racks and dihedral racks
with 3 and 5 elements.

(e) The proper subracks generated by two elements of the class of type (12, 22) are abelian
racks and dihedral racks with 3, 4 and 5 elements.

(f) The proper subracks generated by two elements of the class of type (2*) are abelian
racks and dihedral racks with 3 and 4 elements.

(2) The proper subracks generated by two elements of the class of type (22, 3) are either
abelian racks or indecomposable with 20 elements.
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Fig. 1 Generalized Dynkin )\1
diagram of the braided vector 9
space given in Lemma 4.3 h h*—2
pace g )\1 A 1
A1 A1
h
Al

We were not able to find out in general whether or not the classes (1, p), (p) with p
prime, are of type D. For instance, the classes (5), (7), (11) are not of type D, while the
classes (13), (17) and (31) are of type D.

Also, the classes (1, 5), (1, 11) are not of type D, while the class (1, 7) is of type D. More
generally, if p = 2" — 1 is a Mersenne prime, then (1, p) is of type D. For, set ¢ = 2"; then,
the group H =, x IFqX >~ [, x Z/p acts on [, by translations and dilations; if we identify
{1,...,q} with F,, then H is isomorphic to a subgroup of S;.

4.3 An abelian subrack with 3 elements

To deal with the remaining cases, we apply techniques of abelian subracks. We begin by
recording a result that is needed in Lemma 4.4.

Lemma 4.3 Let G be a finite group and O be the conjugacy class of o1 in G. Let 03 # 03 €
O —{o1}; let g1 = e, g2, g3 € G such that o; = g;o) gl._l,for all i. Assume that

olh = 0203 for an odd integer h,
8382 and g, g3 belong to Cg(o1), and
0;0j = 0,0j, 1< l,_] < 3.

Then dim B (0, p) = oo, for any p € Cg@).

Proof Since 0,0 = 00, there exist w € V\{0} and X; € C such that p(0;)(w) = A;w for
i=1,2,3.Forany 1 <i, j<3,wecally;; = g;la,-gj. It is easy to see that y;; € Cg (o)
and that

o1 03 02
h_—1
y=Wj)=|o02 o1 0,0,
o3 03}'01_] o1

Then, W = span{giw, gow, g3w} is a braided vector subspace of M (0O, p) of abelian type
with Dynkin diagram given by Fig. 1. Assume that dim B (0, p) is finite. Then A1 # 1; also
)L’l' # 1, for otherwise gow, g3w span a braided vector subspace of Cartan type with Dynkin
diagram A(ll). Thus, we should have A1 = —1 and & even, by [22, Table 2], but this is a
contradiction to the hypothesis that 4 is odd. O

Lemmad4.4 (i) Letr > 1beoddandlet G = Ay X Z/r, where Z/r is the cyclic group
of order r, generated by t. Let O be the conjugacy class of o = ((1 2)(3 4), 1) in G.
Then, dim B (0, p) = oo for every p € C/G—(;).
(i) Letm > 5andlet o € Ay, be of type (1", 2"2, 0,), O the conjugacy class of o in A,
and p = (p, V) € Cp, (o). Then dim %B(0, p) = oc.
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Proof For the first part, apply Lemma 4.3 with o1 = ((1 2)(34), 1), 00 = ((1 3)(2 4), 7),
o3=((14)23),1),g1=e¢,82=((132),1),g3= g{l andh =r + 2.

We prove now the second part. Notice that the result follows from [2, Th. 2.3] if n, = 0.
Otherwise, np = 2k is even and positive. Let r be the order of o,. We claim Ay x Z/r
embeds into A, in such a way that the class of ((1 2)(3 4), t) € A4 x Z/r is mapped into
the class of type (11, 2"2, ¢,)) in A,,. For this, just take o to be of type o,, acting on indices
{ni+2ny+1,... . m},andoa : Z/r — Ay, a(r) =0.Letd : Ay — (A4)k be the diagonal
map, and consider (As)¥ asa subgroup of A,, acting on indices {n1+1, ..., n1+2n2}. Then,
8 x oAy xZ/4— (A* X Ap—ny—2n, S Ay, is the claimed map. O

Remark 4.5 The case r = 1 of this Lemma is known (see for example [2, Prop. 2.4]) and it
is used to kill the conjugacy class of involutions in A4.

4.4 Proof of Theorem 1.1

Leto € A,;if O?’" is of type D, then O(S,’" is of type D. Then Th. 1.1 follows from Th. 4.1
and previous results:

(i) (p)inSp, (1, p) in Sy, (with p odd prime), (1", 3) in S;, 13, (3%) in S¢: discarded by
[11, Th. 1].
(i) (1,2%)inSs, (12,22) in S, (22, 3) in S7: discarded by [11, Th. 1].
(iii) (2%) in Sg: discarded by [1, Th. 1 (B) (i)].
(iv) The restrictions on the representations of the remaining classes have been explained
in [5].

4.5 Proof of Theorem 1.2

It follows from Theorem 4.1 and the following considerations:
(i) (p)inAp, (1, p) in A4, (with p odd prime), (1", 3) in A, 43, (3%) in Ag: discarded
by [2, Th. 2.3].
(i) (2%,3)in A7, (2% in Ag, (12,2%) in Ag, (1, 2%) in As: discarded by Lemma 4.4 (ii).
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