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INVARIANT SUBSPACES FOR PAIRS OF ROTATIONS
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ERNST DIETERICH (Uppsala)

Abstract. By a rotation in a Euclidean space V of even dimension we mean an
orthogonal linear operator on V' which is an orthogonal direct sum of rotations in 2-
dimensional linear subspaces of V by a common angle « € [0, 7]. We present a criterion
for the existence of a 2-dimensional subspace of V' which is invariant under a given pair
of rotations, in terms of the vanishing of a determinant associated with that pair. This
criterion is constructive, whenever it is satisfied. It is also used to prove that every pair
of rotations in V' has a 2-dimensional invariant subspace if and only if the dimension of V'
is congruent to 2 modulo 4.

1. Statement of the main result. We agree that 0 € N. For allm € N
we denote by R"™*"™ the set of all real m x m-matrices, and by I, € R"™*™
the identity matrix. For all @ € R and m € N we use moreover the matrix
notation

Ra
COS(x —SIno
Ro= | and I, ® Ry = € R2mx2m,
SN &« COS &
R,

Let V be a Euclidean space of even dimension. By a rotation in V we
mean an orthogonal linear operator ¢ € O(V) whose matrix in some or-
thonormal basis of V' is I,, ® R,, for some « € [0, 7]. Given any pair (o, 7) of
rotations in V, we call a linear subspace W C V invariant under (o, 7), or
briefly (o, 7)-invariant, if both inclusions o(W) C W and 7(W) C W hold.
In that case, o(W) = W and 7(W) = W. Moreover, (o,7) induces a pair
(ow, Tw) of linear operators on W. If {0, 7} ¢ {Iy, —Iy }, where I, denotes
the identity operator on V, then dim W is even and (ow, ) is a pair of
rotations in W.

In [2], it is asked whether every pair of rotations in a 6-dimensional Eu-
clidean space has a 2-dimensional invariant subspace. An affirmative answer
plays in fact a crucial role in the classification of the 8-dimensional absolute-
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valued algebras with a non-zero central idempotent or a one-sided unity.
Since these are (non-associative) real division algebras, their classification
contributes substantially to the problem of classifying all finite-dimensional
real division algebras, an old and hard problem which, originating from the
work of Hamilton, Graves and Cayley, to date is still only partially solved
and recently has attracted renewed interest (e.g. [3]-[9], [11]-[14]).

More than just establishing the desired affirmative answer to the above-
mentioned question about 6-dimensional Euclidean spaces, the main result
of the present article asserts the following.

THEOREM 1.1. Let V be a FEuclidean space of even dimension. Then
every pair of rotations in 'V has a 2-dimensional invariant subspace if and
only if the dimension of V is congruent to 2 modulo 4.

As an immediate consequence we obtain the following decomposability
criterion for pairs of orthogonal matrices.

COROLLARY 1.2. Let A, B € O(n) be real orthogonal n x n-matrices,
satisfying

n=2 (mod 4), S'AS=1,® R, and T'BT =1,,® Rg

for certain S, T € O(n) and o, 8 € [0,7]. Then there exists a real orthogonal
matriz U € O(n) such that

A B
Utau = | . utBU ="t
AQ B2

for certain A1, By € O(2) and Az, Bs € O(n — 2).

Proof. In terms of the notation introduced in Section 2, the hypothesis
on A and B means that A and B are rotations in E", where dimE"™ =
2 (mod 4). By Theorem 1.1 there exists a 2-dimensional subspace P C
E" which is invariant under (4, B). It follows that Pt also is invariant
under (A, B). Hence for every choice of orthonormal bases (u1,u3) in P and
(u3, ..., u,) in P, the matrix U € O(n) whose column series is (u, ..., uy)
will do. =

Corollary 1.2 can be reformulated in terms of modules over the free asso-
ciative algebra A = R(X,Y"), as follows. Every pair (¢, 7) of linear operators
on a real vector space V endows V with the structure of a left A-module
V =V(o,7), given by Xv =0(v) and Yv = 7(v) for all v € V.

COROLLARY 1.3. For every pair (o,7) of rotations in a Euclidean space
V' of dimension n = 2 (mod 4), the left A-module V- =V (o, T) decomposes
orthogonally, V.= P & Pt into a 2-dimensional A-submodule P and its
associated (n — 2)-dimensional A-submodule P*. If in addition n > 6, then
the A-module V (o, T) is not indecomposable.
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If one instead considers pairs (o,7) of rotations in a Euclidean space
V of dimension n = 0 (mod 4), then the situation is more delicate. The
A-module V' = V(o,7) may or may not decompose as in Corollary 1.3.
Precise information about what happens is given in Proposition 2.3.

In representation theory, the free associative algebra A = R(X,Y) is
known as the most prominent example of a wild algebra. Here the term
“wild” signifies, among other phenomena, that for every finitely generated
real associative algebra I', the category mods I" of finite-dimensional left I'-
modules admits a full and faithful embedding mods I' < mod; A (see [1]).
Thus mod; A abounds with indecomposable objects. These are however far
from being classified, and constructive approaches to the decomposition of
objects in mody¢ A are very rare. Seen against this background and taking into
account that V (o, 7) forms an (n? —n+2)-parameter family of A-modules as
(o, 7) ranges through all pairs of rotations in V' (the dimension of the real
Lie group O(n) being (n? —n)/2), and that the decomposition statement
of Corollary 1.3 is constructive (cf. Section 2), Corollary 1.3 appears less
innocuous than it may seem.

Let us also mention that Corollary 1.3 reveals but a special instance of a
more general, yet presently poorly known and only little understood inter-
relation between the classification theory of (non-associative) real division
algebras and the module theory over certain real associative algebras. This
topic will be treated in greater generality in the forthcoming article [10].

Finally, it should be pointed out that Proposition 3.1 below is a state-
ment on the Lie algebra o(n) of the real Lie group O(n) which, to our
knowledge, was not previously known within that classical theory. The
present note thus comprises aspects of such diverse algebraic theories as
(non-associative) real division algebras, modules over wild real associative
algebras, and real Lie algebras. All of these aspects emerge naturally from
the originally posed problem on the 6-dimensional Euclidean space, and they
merge naturally into its solution, the proof of Theorem 1.1.

2. A determinant criterion for the existence of two-dimensional
invariant subspaces. For the remainder of this article, n = 2m is an
even natural number, V is any Euclidean space of dimension n, and E”
is the particular Euclidean space R" equipped with the standard scalar
product (v, w) = viw. Every matrix M € R™ " determines a linear operator
M :E" — E" M(v) = Mv. In our context, the matrix

0 -1
1 0
I:]Im@)Rﬂ-/z: € R™"
0 -1
1 0
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is of special importance. For brevity we set oo = I, ® R, for all a € [0, 7],

and ¢ = I = @,/. In this notation, the rotations in E™ are precisely the
linear operators of the form So,S~!, where S € O(n) and a € [0,7]. The
notation [a,b] = ab — ba is used for elements a, b in Homg (V, V') or in R™*™.
By sp(v, w) we mean the R-linear span of elements v, w € E".

If « € {0,7} then g, = £lgn, and hence every linear subspace of E" is
oq-invariant. In the generic situation where 0 < o < w, the 2-dimensional
invariant subspaces for single rotations in E™ are described in the following
lemma.

LEMMA 2.1. Let P C E™ be a 2-dimensional linear subspace.

(i) For each v € E™\ {0}, sp(v, Iv) is 2-dimensional and t-invariant.
Conwversely, if P is t-invariant, then P = sp(v,Iv) for each v €
P\ {0}.
(ii) For each o € 10, [, P is t-invariant if and only if P is pq-invariant.
(iii) For each a € |0, and S € O(n), P is po-invariant if and only if
S(P) is S 0o S~ -invariant.

Proof. (i) For each veE™\ {0}, the vectors v and Iv are non-proportional
since I has no real eigenvalue. Thus dimsp(v, Iv) = 2. Moreover, we note
that ¢(sp(v, Iv)) = sp({v, —v) = sp(v, [v). Conversely, if P is t-invariant and
v € P\ {0}, then sp(v, Iv) C P and dimsp(v, Iv) = 2, so sp(v, [v) = P.

(ii) follows immediately from the identities

cos &

— g + —
sin a sin o

(iii) Clearly, oo (P) = P if and only if Spo,S™1S(P) = S(P). =

Passing now to pairs of rotations, we begin with an easy necessary cri-
terion for the existence of a 2-dimensional invariant subspace.

0o = (cosa)lgn + (sina)t and = — Our

LEMMA 2.2. If a pair (o,7) of rotations in V has a 2-dimensional in-
variant subspace, then the linear operator o, 7| is not invertible.

Proof. Let P C V be a 2-dimensional (o, 7)-invariant subspace. Then
(o, 7) induces a pair (op, 7p) of rotations in P. Moreover, P being 2-dimen-
sional, op and 7p commute. Hence P C ker[o, 7], and so [0, 7] is not invert-
ible. m

From the previous two lemmas we now derive a necessary and sufficient
criterion for the existence of a 2-dimensional invariant subspace, in terms
of the vanishing of a determinant associated with the pair of rotations in
question.

PROPOSITION 2.3. For every pair (o,7) = (S0aS™!,TosT ™) of rota-
tions in E", with S,T € O(n) and 0 < a, 3 < 7, the following statements
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are equivalent:

(i) The pair (o,7) has a 2-dimensional invariant subspace.
(i) The identity det[I, S*TIT'S] = 0 holds true.

Proof. (i)=-(ii). Let P C E™ be a 2-dimensional (o, 7)-invariant sub-
space. Set U = S!T. Repeated application of Lemma 2.1 shows that S~ (P) is
(0a,UosU™1)-invariant, and thus even (¢, UtU ~1)-invariant. By Lemma 2.2,
the linear operator [¢, UtU ] = [I, UIU"] is not invertible. Equivalently, the
matrix [I, S'TIT"S] is not invertible.

(ii)=-(i). If we set U = S'T’, hypothesis (ii) states that det[I, UTU'] = 0.
On the other hand, the matrix identities

[[,UIUY = IUIU' —UIU'T + (UIUY? — I? = (UIU' + I)(UIU' — 1)
= (UI +IU)UYUI — IU)U!

hold true. Accordingly, det(UI + €IU) = 0 for some ¢ € {1,—1}. Hence
there exists a v € E™ \ {0} such that Ulv 4 elUv = 0. Setting w = Uv, we
obtain U (sp(v, [v)) = sp(Uv,UIv) = sp(Uv, IUv) = sp(w, Iw). Application
of Lemma 2.1 to the end terms of the latter chain of identities shows that
sp(w, Iw) is 2-dimensional and (ga,UggU ~!)-invariant. Hence

S(sp(w, Iw)) = sp(Tw, SIS'Tv)
is 2-dimensional and (§Qa§_1,Iggf_l)—invariant, i.e. (o, 7)-invariant. =

Note that the proof of Proposition 2.3 actually contains a method of con-
structing 2-dimensional invariant subspaces for pairs of rotations, provided
they exist. Indeed, if (o, 7) has a 2-dimensional invariant subspace, then the
matrix S*TT + eI S'T is not invertible for some € € {1, -1}, and for every
v € ker(S'T'I 4+ eIS'T) \ {0} the 2-dimensional subspace sp(Tv, STS'T) is
invariant under (o, 7).

COROLLARY 2.4. For any Fuclidean space V' of even dimension n, the
following statements are equivalent:

(i) Ewvery pair of rotations in V' has a 2-dimensional invariant subspace.
(ii) Ewvery pair of rotations in E" has a 2-dimensional invariant sub-

space.
(iii) The identity det[I,UIU'] =0 holds for all U € O(n).

Proof. (1)< (ii) holds because V and E™ are isomorphic Euclidean spaces.

(ii)=(iii). For every U € O(n), the linear operator UIU" is a rotation
in E”. By hypothesis (ii) and Lemma 2.2, the linear operator [I,UIUY| is
not invertible. Equivalently, the matrix [I, UIU'] is not invertible.

(iii)=(ii). Hypothesis (iii) ensures that n > 2. (Indeed, if n = 0, then
I =U = [I,UIU"] = Iy, the unique matrix in R%*Y. Since Iy corresponds
to the identity operator on RY = {0}, one defines detIy = 1.) Let (o,7) =
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(S00S7Y, TogT ™) be any pair of rotations in E™. If a € {0, 7} or 8 € {0, 7},
then (o, 7) clearly has a 2-dimensional invariant subspace. If 0 < o, 8 < T,
then Proposition 2.3 guarantees the existence of a 2-dimensional (o, 7)-
invariant subspace, because det[I, S'TTT®S] = 0 holds by hypothesis (iii). =

3. Proof of the main result. The following proposition tells us for
which even natural number n the identity det[, A] = 0 holds for all skew-
symmetric matrices A € R™™. Thus it is a statement on the Lie algebra
o(n) of the real Lie group O(n), which seems to be of independent interest.

PROPOSITION 3.1. Let n be an even natural number.

(i) If n =0 (mod 4), then there exists a permutation matrizx P € O(n)
such that det[I, PIP'] = 2™,

(ii) Ifn =2 (mod 4), then det[l, A] = 0 for all skew-symmetric matrices
A e R™™,

Proof. (i) Let n = 2m = 4¢, where ¢ € N. Set

1
-D
D= eR™™  J=J,= e R™*™,
. D

Calculation of 1J and JI respectively shows that

IJ=J,®E=—JI, where E:<_(1) ?)

Hence
det[I, J] = det(IJ — JI) = det(2IJ) = 2" (det I)(det J) = 2".

To accomplish the proof of (i), it suffices to exhibit for each ¢ € N a per-
mutation matrix Py € O(n) with P, IP} = J. We do this by induction on
ZeN.

If ¢ =0, then I = J = I, the unique matrix in R°*°. Hence Py = I
satisfies PoI Pt = J € ROV If ¢ = 1, then

Py

is a permutation matrix in O(4) such that P\ IP{ = J € R4 If £ > 1 and
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Py € O(n) is a permutation matrix with P,JP} = .J € R™*", then

0 0 0
0 0 1 0
Ppy = P,
0 0
1 0 0

is a permutation matrix in O(n-+4) such that Py 1P} = J € R(H4)x (n+4)

(ii) Let n = 2m = 4€ 4 2, where £ € N, set m = {1,...,m}, and let
A € R™"™ be skew-symmetric. Since I is skew-symmetric, so is B = [I, A].
We view B as an m X m-matrix of 2 x 2-blocks B,s. Denoting the entries
of A by a;;, we obtain for all (r,s) € m? the identities

B 0 —1)\ faor—12s—1 G2r-1,2s
s —
1 0/ \azr2s—1 azr2s
agr—12s—1 G2r—12s) (0 —1\ [—crs bys
- )
A2r.2s—1 A2r,2s 1 0 brs Crs
bys [ G2r—1,2s—1 — Q2r2s
Crs a2r—1,2s + A2r25—1

Since B is skew-symmetric and all B, are symmetric, we conclude that
B, = —By for all (r,s) € m2. Now we permute the columns of B by trans-
posing each subsequent pair of columns that forms a block-column. Thus we
arrive at

where

0 1
C=BP, whereP=1,® <1 0).

By construction, the 2 x 2-blocks of C' are

Cho = <brs _Crs> ,
Crs brs

and they satisfy Cy. = —C, for all (r,s) € m?. Therefore, the matrix C
admits the following complex interpretation.

Let Z € C™*™ be the complex matrix with entries z,.5 = b,s + ¢,s7. Then
Z is skew-symmetric and m = 2¢+ 1 is odd, so det Z = 0. Equivalently, the
C-linear map Z : C™ — C™, Z(z) = Zz, is not invertible. Viewed as an
R-linear map, Z is all the same non-invertible. Equivalently, the matrix M
of the R-linear map Z : C"™ — C™, Z(z) = Zz, in the standard basis of the
real vector space C™ is not invertible. Note, however, that M = C.
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Summarizing, we have found that [[,A] = B = BP? = CP = MP,
where M is not invertible. So det[I, A] = (det M)(det P) =0. =

Finally, our main result, Theorem 1.1, falls out as a trivial consequence
of Corollary 2.4 and Proposition 3.1.

Proof of Theorem 1.1. Let V be a Euclidean space of even dimension n.

If every pair of rotations in V' has a 2-dimensional invariant subspace,
then Corollary 2.4 implies that det[I,UIU'| = 0 for all U € O(n). Proposi-
tion 3.1(i) implies further that n # 0 (mod 4). Hence n = 2 (mod 4).

Conversely, if n = 2 (mod 4), then det[I, A] = 0 holds for all skew-
symmetric matrices A € R™ " by Proposition 3.1(ii). In particular, the
identity det[/, UIU!] = 0 holds for all U € O(n). Hence every pair of rota-
tions in V has a 2-dimensional invariant subspace, by Corollary 2.4. m

REMARK. An alternative approach to Theorem 1.1 can be found in the
recent article [6].

Acknowledgements. This article has been written during a visit at
LACIM (Laboratoire de Combinatoire et d’Informatique Mathématique),
Université du Québec a Montréal, which was supported by the Swedish Re-
search Council (Vetenskapsradet). The author expresses his gratitude for the
generous hospitality and practical help offered to him by Francois Bergeron,
Lise Tourigny, André Lauzon, Amy Glen and Aaron Lauve.

REFERENCES

[1] S. Brenner, Decomposition properties of some small diagrams of modules, in: Sym-
pos. Math. 13, Academic Press, London, 1974, 127-141.

[2] J. A. Cuenca Mira, E. Darpé and E. Dieterich, Classification of the finite dimen-
sional absolute valued algebras having a non-zero central idempotent or a one-sided
unity, in preparation.

[3] J. A. Cuenca Mira, R. De Los Santos Villodres, A. Kaidi and A. Rochdi, Real
quadratic flexible division algebras, Linear Algebra Appl. 290 (1999), 1-22.

[4] E. Darpo, On the classification of the real flexible division algebras, Colloq. Math.
105 (2006), 1-17.

[5] —, Normal forms for the Ga-action on the real symmetric 7 X T-matrices by conju-
gation, J. Algebra 312 (2007), 668-688.
[6] —, Classification of pairs of rotations in finite-dimensional Fuclidean space, in:

Proc. Almeria Conference 2007, Algebr. Represent. Theory, to appear.

[7] E. Darpé and E. Dieterich, Real commutative division algebras, Algebr. Represent.
Theory 10 (2007), 179-196.

[8] E. Darpd, E. Dieterich and M. Herschend, In which dimensions does a division
algebra over a given ground field exist?, Enseign. Math. (2) 51 (2005), 255-263.

[9] E. Dieterich, Classification, automorphism groups and categorical structure of the
two-dimensional real division algebras, J. Algebra Appl. 4 (2005), 517-538.



TWO-DIMENSIONAL INVARIANT SUBSPACES 211

[10] E. Dieterich, Real division algebras, restricted quiver representations, and Euclidean
configurations, in preparation.

[11] E. Dieterich, K.-H. Fieseler and L. Lindberg, Liftings of dissident maps, J. Pure
Appl. Algebra 204 (2006), 133-154.

[12] E. Dieterich and J. Ohman, On the classification of 4-dimensional quadratic division
algebras over square-ordered fields, J. London Math. Soc. 65 (2002), 285-302.

[13] D. 7. Djokovié and K. Zhao, Real division algebras with large automorphism group,
J. Algebra 282 (2004), 758-796.

[14] M. Hibner and H. P. Petersson, Two-dimensional real division algebras revisited,
Beitrage Algebra Geom. 45 (2004), 29-36.

Uppsala universitet

Box 480

SE-751 06 Uppsala, Sweden

E-mail: Ernst.Dieterich@math.uu.se

Received 7 May 2008 (5043)



