Low-dimensional indecomposable
representations of the braid group B;

Eric C. Rowell and Yuze Ruan

Abstract In this note we give a complete classification of all indecomposable yet
reducible representations of B3 for dimensions 2 and 3 over an algebraically closed
field K with characteristic 0, up to equivalence. We illustrate their utility with an
example.

1 Introduction

The problem of classifying representations of the braid groups B, is unsurprisingly
difficult, as is typically the case for infinite non-abelian discrete groups. On the
other hand, even for small » and in low dimensions classifications can be invaluable
in applications to braided tensor categories [7], especially in questions relevant to
quantum computation [4, 8]. Indeed, the classification of irreducible B3 representa-
tions of dimension < 5 by Tuba and Wenzl [9] gave purchase on questions in loc.
cit.. In particular their classification shows that such irreducible representations are
determined, up to finite ambiguity, by the eigenvalues of the image of standard gen-
erators of B3, and conversely shows that irreducible representations always exist for
a given list of eigenvalues, provided certain polynomials are non-vanishing.

It is natural to consider indecomposable representations, which play a similar
role in non-semisimple settings, such as in the case of the small quantum groups
14s(,. Non-semisimple modular categories have been garnering significant interest
recently, for example in [5]. See also [1] for classification questions and [2] for
applications to quantum information.
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In this paper we give a complete classification of all indecomposable but not irre-
ducible representations (strictly indecomposable) of B3 for dimension up to 3 over
an algebraic closed field K of characteristic 0. We find that there are many more
forms a strictly indecomposable representation of B3 may take, which is more com-
plicated than the result of simple representations given by Wenzl and Tuba. More
precisely, let 61,0, be the generators of B3, and A is the linear endomorphism by
which o7 acts on some representation V. If V is simple with dimension less than
3, it is uniquely determined up to equivalence by the eigenvalues of A, whereas
for strictly indecomposable representations there may be further parameters and
choices. In particular, in some cases there are relations among the eigenvalues of
A, and there may be inequivalent indecomposable representations with the same A.
Our approach in this paper is computational and elementary: we first reduce A to
the Jordan normal form, then determine all possibilities for the common invariant
subspace, then compute the solutions, finally we verify all the solutions are indeed
inequivalent and indecomposable. In the last section of this paper, we will also dis-
cuss an application and outline ways to extend our results. The appendix contains
details of the computer calculations.
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2 Preliminaries

Definition 1. The Artin braid group B, is the group generated by o7, 03,...,0,—]
satisfying relations 0;0; = 0;0; if |i — j| > 2, and

0;0i+10; = 0410041, for 1 <i<n-—2.

The group B3 which is generated by two elements oy, 0, satisfying the relation
010201 = 02010),.

We refer to [3] for more details on the structures of the braid group.

Definition 2. (Direct sums and indecomposable representations) Let G be a
group. If (V, @) and (W, p) are both G-representations then:

(a) (Ve W,(¢,p))is a G-representation.

(b) if (V,0) = (W; ®Wa, (p1,p2)), and Wy #£ V. W, #£ 0, then (V, @) is decompos-
able. Otherwise, it is said to be indecomposable.

(¢) (V,9) is irreducible if the only ¢(G) invariant subspaces of V are 0 and V.

(d) We call a representation strictly indecomposable if it is indecomposable but
not irreducible.
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In what follows, for a B3 represenation (p,V) we set p(01) =A and p(0,) = B.
Since B3 is generated by o7, 0>, we have

Lemma 1. The representation (V,p) is reducible if and only if there exists a proper
non-zero subspace W C 'V which is an invariant subspace of both A and B, and
(V,p) is indecomposable iff there are no proper non-zero invariant subspaces W;
such that V. =W; & Ws.

The following is synthesized from [9], focusing on the 2 and 3 dimensional cases.

Theorem 1 ([9]). Any d =2 or d = 3 dimensional irreducible representation p of
B3 over K is equivalent to one of the form:

_ (M (2 0 B
A_<07Lz)’ B_(Azll) for d =2,

M 1113%271 +A A As 0 0
A=10 A ], B= —A Ao 0 for d =3.
0 0 A3 A —11132,2_1 - M

where A; € K*. Moreover, these representations are irreducible if and only if the A;
do not satisfy 112 —MA +7Lzz =0ford=2or (112 +7Lzl3)(2,22 +4143) (132 +AA) =
0 ford =3.

It will be useful to assume that A is in Jordan form, so that the standard basis
forms a basis of generalized eigenvectors. Since any A-invariant subspace is spanned
by generalized eigenvectors, we have:

Lemma 2 ([9]). If {e; }1<i<n is a basis of generalized eigenvectors of A then {b; }1<i<n
is a basis of generalized eigenvectors of B where b; = ABAe;.

Proof. This follows from the fact that B is obtained from conjugating A by ABA.

3 Strictly Indecomposable Representations

From now on, we assume (V, p) is a strictly indecomposable n-dimensional B3 rep-
resentation over an algebraically closed field K of characteristic 0 and W is an in-
variant space for A and B of minimal dimension.

Lemma 3. Suppose {ex}1<r<n is a basis of generalized eigenvectors of A. If W =
span{e;}icy for some I C {1,...,n} is an invariant subspace for A and B, then we
also have W = span{b; := ABAe; }ic|.

Proof. Since W is also invariant under ABA, and ABA is invertible, we have ABA(W) =
W. Thus by Lemma 2, we see b; € W for all i € I and they form a basis of W.
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Theorem 2. Ifdim(V') =2 then any strictly indecomposable representation is equiv-
alent to one of the following:

_ A0 _ Al _ +7i/3
(1)A<O AZ) B<O A,g)’ A= Ae

Al
2)A=B= (0 A).

Remark 1. Note that by Theorem 1 there are no irreducible 2-dimensional represen-
tations with eigenvalues as in (1). While the eigenvalues of (2) can appear in an
irreducible representation, this representation is clearly reducible.

Proof. In this case the minimal invariant subspace W has dim(W) = 1, so that A
and B both act on W by the same scalar A. We may assume that A is in Jordan form
which gives us two cases:

MO
0 A&
tors, so any 1-dimensional A, B invariant subspace is spanned by either e; or e;.
Thus, by Lemma 3, W = span{e;} = span{b;}, for either i = 1 or i = 2. With-
out loss of generality we may assume W = span{e;,b; }. Thus, since b; = ABAe,
we have that b; = 11361. Set by = y1e1 + Per. By indecomposability, 71 # 0, also
3
% # 0, by Lemma 3. Then by Lemma 2, ABA = (’101 7;1) Let M = (7(/)' (1))
¢)
Since A commutes with M, by conjugation with M we get an equivalent represen-
3
tation with ABA = ()Ll !
0%
tion ABA = BAB with three unknown variables: 95, 4;,4;. We find p» = QLZ3 where

1
A} — M2+ A% =0, and conclude B = </})1 1/11’12 > . Then conjugating by (M & 0) ,

Casel : If A = ( ) then the standard basis vectors ej,e; are eigenvec-

). Then by computation, we get B by solving the equa-

0 1
2
we obtain the equivalence class represented by (1).
3
Case2 : A= (?)' 71L>, then by similar argument, we get ABA = ()6 Q . In this

case we cannot conjugate any variables away, and we solve the braid equation with
three unknown variables ¥;,7»,A directly, obtaining the equivalence class repre-
sented by (2).

Clearly these classes are distinct since the Jordan normal forms of A are different
in these cases. They are also indecomposable, since for (1) the only way to write
V as a direct sum of proper invariant subspaces of A is Ke| & Ke;, but Ke; is not
invariant for B. It is also obvious for (2).

Next we aim to classify 3-dimensional strictly indecomposable representations
of B3. The strategy is similar to that of Theorem 2, which is outlined as follows:

Step 1 Reduce A to the Jordan normal form.
Step 2 Find the possible basis for W and write down ABA with some extra un-
known variables with certain conditions.
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Step 3 Compute B (which is easy since A~! has a very simple form) and by using
Maple [6] (see Appendix) we can solve the equation: ABA = BAB, which ensures
that we have a B3 representation, although they may fail to be strictly indecompos-
able.

Step 4 Verify indecomposability and deduce inequivalence: First determine all the
forms of matrices that commute with A (when A’s characteristic polynomial equals
its minimal polynomial, such matrices are polynomials of A) and conjugate B by
them. Thus we can simplify these solutions to guarantee distinctness. Finally we
can deduce whether the representation is indecomposable or not by checking finite
possibilities of direct sum decomposition (see Appendix).

Theorem 3. when n =3, dim(W) = 1, every strictly indecomposable representation
has one of the following forms (up to equivalence), where A; are mutually different
and non-zero:

A 00
1HA=[10A4 0
0 0 A3
M1
(1.H)B=10A4 0 (A = }Llei”i/3, A3 = Aleq:mﬂ)
0 0 A3
A 01
(12)B=[0 A4, 1 (A = 1361”1/3 A= A3e$m/3)
0 0 A3
Ml
0 0 A3
(A -MM+A3)
M 1 W
_ —Af AEAF AT Y
A98=| 0 gy gy | MR
0 ! /12+/12
MA
AL 00 M 12 AII_;ZLZ
(2) A= 0 ),1 0 B = 0 pr—p 0 ()Ll :)Lze:tﬂ'i/:i)
0 O )uz 0 1 112
=12
A 00
B)A=[0 A1 1
0 0 A
M 01
GBGDHB=[0A 1 (A = ApetTil3)
00 A
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}, 1 AMt+A
A7 .
B2B=|02 o0 (Ay = A e7i/2)
0A &
M10
@ A=|0140
0 04
Ml+2E
@GhB=[0o a2 o0 (A = A ™13 B an arbitrary parameter.)
0 B A
M =20
@B=|0% 1 | A=-21)
0 LS
3 2
A10
5) A=B=[0241
00A

Remark 2. Notice that in all of the cases listed in (1) as well as (3.2) and (4.2) no
representation with these eigenvalues can be irreducible, as the polynomial (llz +
MA3) (A2 + A1 2A3) (A7 4 A1 A2) vanishes. Note also that in case (4.1) the equivalence
class of representations is not determined up to finite choices by the eigenvalues—
there is an additional parameter f3.

Proof. The proof splits into cases depending on the Jordan normal forms of A (Step
1).

Case 1 : A is a diagonal matrix with three distinct eigenvalues. By Lemma 3, we
113 Bimn

may assume W = span{e; } = span{b,},then ABA= | 0 [, v, | with ;,% not
0 B 7

equal to 0 simultaneously (by indecomposability). Using Maple, we get (1.1)-(1.4).

Case 2 : A is a diagonal matrix with two distinct eigenvalues. We may assume

W) = span{e;, e, } is a two-dimensional eigenspace for A with eigenvalue A;. Then

by Lemma 2, W, = span{b;,b;} is a two-dimensional eigenspace for B with eigen-

value A;. Since V is 3-dimensional, we have Wy = W) NW, # 0. If dim(W) = 2,

M0
then Be; = Aje;, which implies B= | 0 A; 9» | with y;,7% # 0. Then conju-
004
100
gating by M = | 0 %5 0 | we can assume ¥;,%» both to be 1. Solving the braid
001
equation to get the relation for eigenvalues, we find the equivalence class is rep-
A 01 110
resented by B= | 0 A; 1 |, However if we let M| = | 210 |, then we have

00X 001
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A 0O
M 1AM1 =A, M/ 1BM1 =10 A 1 |, from which we conclude representation
004
is decomposable.
If dim(Wp) = 1 then there are scalars 1,7, k1, ky € K such that tye; + e = k1b; +
kaby. Without loss of generality, we may assume #; ## 0, and change the basis via

t1 00
(e1,e2) = (e1,e2) (;l (1)> . Replacing A and B by their conjugatesby M = [ 1, 1 0
2
001
A is unchanged and span{e;} is the common invariant space for A,B. Then by
B M B n
Lemma 3, we let W = span{e;} = span{b,}, we get ABA= | 0 B, %> | as usual
0 B3y

and this time 3 # 0 (B3 = 0 is the case that dim(Wp) = 2), and we can simplify the
form by taking B3 = 1, by conjugating by a diagonal matrix, we get (2).
Case 3 : A has one two-dimensional Jordon block, and two distinct eigenvalues,
without loss of generality, {e2,e3} corresponds to eigenvalue A, and e3 is a gener-
alized eigenvector. Here are two kinds of choices for W, one is W = span{e;} =
span{b, }, by same argument and computations we get (3.1), (3.2); the other choice
is W = span{es} = span{b,}, then we have (4.1), (4.2).
Case 4 : A has one two dimensional Jordon block with only one eigenvalue A, then
without loss of generality, W) = span{ej,e,} is the two dimensional eigenspace
for A with respect to A, Wo = span{b;,b,} is the two dimensional eigenspace with
respect to A for B, Let Wy = W) N'W,, then by similar argument in Case 2, when
A01
dim(Wy) = 2, we can reduce B to the form | 0 A v |, by easy computation, this
004
case is impossible. When dim(W,) = 1, we have a similar story with Case 2, except
the case when 1; = 0; when 1, # 0, we follow the trick and reduce it to the case that
W = span{e;,b,}, similarly we get a decomposable representation; when #; = 0,
o 0 n
again by Lemma 3, we know W = span{es, b}, then we get ABA= | ap A3 p» |,
oz 0 7
by solving the equation we get 1 = @ = a3 =0, then V = span{e; } @ span{ez,e3},
A, B are both invariant on each summand, which means it is decomposable as well.
Case 5 : A is a 3-dimensional Jordan block, the only choice for W is span{e;} =
span{b, }, again by using Maple we get (5).

When A is a scalar matrix, by conjugating M = ABA, we get B = A, which is
obviously decomposable.

Finally, we can easily verify all the solutions we get are distinct and indeed inde-
composable but not irreducible (see Appendix), which finishes the proof.

Theorem 4. when n = 3, dim(W) = 2, we have following results: (A; # 0 are dis-
tinct)



366 Eric C. Rowell and Yuze Ruan

5

A1 00 122+2L}2 1 1
MHA=[01 0 B= | M+aiai+rd) A (A H+MA3+A7)
0 0 (R TRBHAD T R
0 0 A3

(=% and =M +23#0)

X 0 A 0 BoiAkih

A2402
Or equivalently A= 0 A; 0 B=|_j A 2_+13
A )
004 0 0 As
M10 2 1 2tk
2)A=10 M0 B= AZZ 0 12 (}\'1 :}Lzeztm'/Z)
00 2 00 X
2,1 )ul 0 A1 0 1+%
Or equivalently A= 0 A; 0 B=|_q A 2
A1
00X 0 0 A&
A0 0 21 0
GA=[0A11 B= % ~& (A =—N)
0024 0 0 A
MA 1 A 0 =2
Or equivalently A= | 0 Ay —2 B=|-LA 4
00 A& 0 0 A&

Remark 3. Notice that in all cases the polynomial
(A2 + MaA3) (A3 + MAs) (A2 + A1 ko)

vanishes so that no 3-dimensional B3 representation with these eigenvalues can be
irreducible.

Proof. As usual, we first reduce A to the Jordan normal form. Observe that in each
of the cases Case 2, Case 4 and Case 5 there is a 1-dimensional invariant subspace,
contrary to the assumption dim(W) = 2. Therefore it suffices to consider the follow-
ing two cases:

Case 1 : A is a diagonal matrix with three different eigenvalues. In this case the 2-
dimensional invariant space for A can only be span{e;,e;} i,j € {1,2,3}. Without
loss of generality, we may assume W = span{ej,e,} is the common invariant sub-
o P
space of A,B. By Lemma 3, W = span{b,b,}, then we get ABA= [ B2 1o |,
00mp
with a;, B; #0,i € {1,2}, otherwise dim(W) = 1, and 3 # 0, by similar computation
we get (1).
Case 2 : A has one two-dimensional Jordon block, and two distinct eigenval-
ues, then the 2-dimensional invariant space for A can only be the generalized
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eigenspace or the direct sum of two 1-dimensional eigenspace, without loss of
generality, we let span{e;,e,} be the generalized eigenspace, then for one possi-
bility, W = span{ey,e2}, and W = span{b;,b,} (Lemma 3), therefore we get the
same form of ABA as in Case 1, except that ¢ or B; could be 0 this time, then by
computation, we get (2). For the other possibility of W, let W = span{e;,e3}, thus
W = span{b;,b3}, by suitably adjusting the basis, we obtain the same form of ABA
as in Case 1, finally we get (3).

It’s easy to verify the solutions are indecomposable and distinct since A satisfies
that its characteristic polynomial and minimal polynomial are equal.

4 Applications and Future Work

Analyzing the braid group representations associated with non-semisimple braided
categories is an immediate application to our classification. Another key area in
which indecomposable braid group representations appear is in the study of Yang-
Baxter operators.

Application. Consider the following two Yang-Baxter matrices, which are ho-
mogeneous versions of the R-matrices associated with the quantum groups Usl»
and U,gl(1|1). Here a,b are distinct nonzero complex numbers.

a 0 00 a 0 00

| 0a+b-b0 | 0a+b-b0
Ri=1o 4 oo0l"®=]0 a 00
00 0a 0 0 0b

These yield 8-dimensional representations for B3 by
10 10
Ai=pi(01)=Ri® <0 1) , Bi=pi(o1) = (0 1) ®R;
If a*> — ab+ b* # 0, and also, for i = 2,

(2a* —ab —a+b)((6b — 1)a* + (—8b* +b)a+4b*) (a* —ab—b*) #0

these representations are completely reducible, with the following irreducible de-
compositions:

A —asasamas (9 e (%) B —asasaman |’ a2
P amamanasiop) Y\op) P TATIRARAE 0 )Y\ —ba

aa aa b 0 b 0
masasons (29)5(22), m—asasvass(2,%)s(2,0)

When a, b satisfy a> —ab+b> =0 and, for i = 2, (126> —6b+1)(b*> +a—b—2ab) #
0, we have the following decomposition into indecomposables:
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a00 a00 alb—a alb—a
Al=a®a®|0a0]d[0a0], Bj=a®ad|[0a O ®[0a O
00b 00b 01 » 01 »
a00 b0O alb—a bla-—b
Ay=a®b® | 0a0]|(0b0], Bp=a®bd|[0a O @|10b O
00b 00a 01 » 01 a

The two distinct 3-dimensional indecomposable representations are both of the form
found in Theorem 3 (2).

Extensions It is natural to consider classifying indecomposable but not irre-
ducible representations in higher dimensions. One way is to simply extend our
method, which is feasible but much more complicated. The other way is to use
the result in paper [9] about irreducible representations we can always reduce A, B
to have the following form: A = (Aol 1:2) ,B= <%1 1;2
irreducible representation. Although we know their forms from [9], it is inefficient
to keep all the unknown variables and directly calculate the equations given by the
braid relation. Thus one needs to do some analysis for the forms of A, and B; to
simplify the calculations.

>, where (A1,B)) gives an

5 Appendix

Here we give more details of the proof of Theorem 3, 4. The key algorithm we use
in Maple is to find a Groebner basis. With a fixed Jordan form of A, we start with the
polynomial entries of ABA = BAB, which are in terms of the eigenvalues of A and
the undetermined parameters of ABA. We enforce non-vanishing of the eigenvalues
as well the requirement that they be distinct by means of a single polynomial with a
new variable k, e.g. A1 A2(A; — A2 )k — 1. We use an elimination order to find a set of
polynomial consequences that do not use the variable &, and then run the Groebner
basis algorithm again with a pure lexicographical order to simplify the equations,
which can be analyzed by hand.

To illustrate we will give detailed proof for the case dim(W) =1 and A is a
diagonal matrix with three distinct eigenvalues (Theorem 3, Case 1). We begin with
the form

20 0 AP Bim
A=l0xn 0], aBA={0 B p
00 A3 0By

Case 1.1 : If 5 = 33 = 0, then by indecomposability and invertibility, all other
variables are nonzero, and we may assume f3; = ¥, = 1, by conjugating the matrix
100
0B; 0 |. We get a set of polynomials from equation ABA = BAB. Using the
00mn
Groebner basis algorithm in Maple we get the following set of new polynomials
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that must vanish:
2 2 3
M=M=z, po—13, y + A l3+A5, 3 — 1.

Solving them, we obtain:

A D T 1 0 0
My A2z 1
B=|0 A 0 |[.Conjugatingby [0z O [, wehave(l.1).

Case 1.2 : If p» £ 0, B; = B3 = 0, again by indecomposability and invertibility all
other variables are nonzero. Hence by a similar argument, one can assume ¥} = 9> =
1. Using Maple we get a similar set:

A=Az, Bty A3 — A +AL A3 — s

Solve them we get (1.2).
Case 1.3 : If » #0,B; # 0,83 =0, then 3 # 0. Using Maple we get the following
set:
M=o+, Bt 1, A3 — ks +43, Bru+2nm, A3 — 1.

We have y; # 0 from 15 +27173 = 0, hence we set 93 = B; = 1. Using the Groebner
command again (or directly plugging in the previous set), we get:

M=2+23, Bty B - +AL, p+2n, A — 1.

Solving them, we have (1.3).
Case 1.4 :If 1, B3 # 0, then we get a longer list of polynomials from the Groebner
basis command. The following are five of them:

B+ 15 N(AY +AoAs), Br(A +Aahs),
MBip+Anps+hny—ny, —MBip+lBy+Ap1s—Apiy.

Together with indecomposability ((11,B1) # (0,0)) implies A? + ;A3 = 0 and all
the variables are nonzero, moreover },12 + 7[22 # 0, since A # A3. Now we can set
B1 = B3 = 1, The Groebner basis command gives a shorter list, it turns out that the
following first five relations are enough to get the solution:

Bt 15, M AL M — A+ —An, 217 — 1, A — v+ n.
Solving them we have (1.4).

Since by permuting the basis e, and e3, one can switch the roles played by 7» and
B3, Case 1.2 and Case 1.3 give all the solutions for the cases when one of 9, B3, is
zero or non-zero hence Case 1.1-Case 1.4 give all the possible solutions when A is
a diagonal matrix with three distinct eigenvalues.

Moreover, only diagonal matrices commute with A, and conjugating B by a di-
agonal matrix won’t change the positions where the entries are zero or non-zero,
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therefore the distinctness follows easily. As for indecomposability, since the eigen-
values are all distinct, the only possible decompositions will be Ke; & K{e;,e; } for
distinct i, j,k and 1 < i, j,k < 3, which is impossible for B.

Now for Case 2 in Theorem 3, we begin with the following matrix

A 00 AP B
A=|0A4 0], ABA=[0 Bp
004 0 1mp

Case 2.1 : p» # 0, using the Groebner basis command with, in addition to ABA =
BAB, relation (A1 — A2)A1A2(B273 — 12)K — 1 added, we have the following first
several terms:

Bt 1, MBiys — v, MMM — Ay + Aoy, MAIBI —Bivs+ 1

From the third term, we have 3 # 0, which implies 3, # 0 from the first term.
Moreover, from the second term B, = 0 < v # 0, by indecomposability they are
both nonzero, hence we can assume f3; = 1. Update our set of relations and use the
Groebner basis command again, we have a list of relations, the following are the
first four terms:

Bt7s My — oy, MM+ —1, B +hnn —hn + .

This gives the solution:

1 A
M A7 M=%
B | o M MBA-i3)
=N (A —22)?
2’2
0 L A
M M=%

Our assumption % # 0 implies A2 — 414, + A3 # 0. Conjugating B by

1 1 0

AEAF-M M +A3)
0 N T P 0

0 0 1

(which commutes with A), we see the solution is decomposable. (Equivalently, it

A2(A2 A Aa A2
decomposes as Ke; & K{es + “Mf]l;z)es,es})

Case 2.2 : p» =0, similarly, we have several terms (part of the list):

B2+, /112—11124‘1227 323—737 LBy —An.

This implies ¥, 73, B1, B2 are all nonzero, again we assume f; = 1. Then solve a
short list of equations, we have (2), its indecomposability will be discussed later.

There are two types of W in Case 3 of Theorem 3, First one gives the following
representation:
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A0 0 AP Bin
A=|om 1], aBA=|0 B p
00 A 0By

Case 3.1 : 33 = 0, using the Groebner basis command, we directly get b; = 0 and
QLIZ —MA+ 322 = 0, then (3.1) is obtained by simple calculations.

Case 3.2 : f3 # 0, using the Groebner basis command, the following is a subset of
the terms we obtain:

NAL+A3), BuAT +23), =By + A Bsn — Pifs.

The second and third terms together with the indecomposability imply 7L]2 + 122 =0.
The last term together with the indecomposability implies 8; # 0, hence we assume
B1 = 1. Now we simply the set of relations and we obtain the following subset,

B2+’y37 A’lz+2227 l]l%—%ﬁg,—k’}@, A’zzﬁ3—ﬁ372—7327
MnpB+rr =B, nBi — i —Bs.

This is enough to get the solution:

Tk hn
p=lon s
0 112 ZQ—F%
Conjugating by
1
w50 O
1772
00 1

(which commutes with A), we have (3.2).
Case 3.3 : The second type of W gives the following representation:

210 AP Bin
A= 0/’{,10 , ABA = Oﬁz’}/z
00 A 0By

We first assume 9 # 0, and up to equivalence, we may assume % = 1. Applying the
Groebner basis command, we obtain the following short list of relations,

N+, Bt+n 3% =B 3nn+B, Bis+Bin, A3 +2,

which gives the solution
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Inbh—1 —ypih-1
_12 Y122 Y132

1‘2
B=| o % 3
30 p)
0 -=Z -7
Conjugating by
1 _7112%»1 0
AN
0 = 0
Ay
0 0 1,

we obtain (4.1).

Case 3.4 : 7y, =0, this implies y; # 0, otherwise Ke3 will be a 1-dimensional com-
mon invariant subspace, which is the W of the first type in Case 3 (see Case 3.1,
Case 3.2). Therefore, we assume y; = 1. Applying the Groebner basis command,
we have the following subset:

Bo+1s A — A+ AL A3 — 1, MBiys — B+ AaBs 437

_ B 1
A,] 2+ //le v

Solving these equations gives the solution: B= | 0 A 0 |.Bysimply
23
0 347 —Bih _Elz
2_
changing the basis &3 := A; Aze3 and setting f§ := %, we obtain (4.2).

Other cases in Theorem 3, 4 are less complicated and follow similar procedures,
so we will now turn to proving our solutions are distinct and indecomposable.

Distinctness: First note that the representations in Theorem 3 and Theorem 4 are
inequivalent, and that different Jordan forms of A give inequivalent representations.
Moreover, except (4.1), all other representations depend only on eigenvalues and
relations among them. Hence only (3.1) and (4.1) need to be analyzed.

In (3.1), eigenvectors corresponding to two eigenvalues are two 1-dimensional
common invariant subspaces, which is not the case in (4.1). Moreover different 8
give different representations, in fact, all the matrices commuting with A in (4.1) are

ab0

of the form: M = [ 0 a 0 | . Direct calculation shows the 8 term is invariant under
00c

conjugating B by M.

Indecomposability: Except from (2) in Theorem 3, the invariant subspaces
decomposition of A in all other cases have only finitely many choices, since
all eigenspaces are one dimensional. It is not hard to see they are indecompos-
able. For (2), since by construction, Ke; is a common invariant subspace and
K{ei,ez} is not, we cannot have any other one-dimensional common invariant sub-
spaces. Therefore if the representation is decomposable, it can only decompose as
Key @ K{ae| + bey,e3} for some b # 0, which is impossible for B.
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