Hamburger Beitrage
zur Angewandten Mathematik

Decompositions of Quaternions
and their Matrix Equivalents

Dedicated to the memory of Gene Golub

Drahoslava Janovska and Gerhard Opfer

Will be published in the Proceedings of the conference 2nd INTERNATIONAL
CONFERENCE ON MATRIX METHODS AND OPERATOR EQUATIONS,
July 23-27, 2007, Moscow, Russia, Eugene Tyrtyshnikov (ed.).

Nr. 2008-02
March 2008






DECOMPOSITIONS OF QUATERNIONS AND
THEIR MATRIX EQUIVALENTS

DRAHOSLAVA JANOVSKA* AND GERHARD OPFERf

Dedicated to the memory of Gene Golub

Abstract. Since quaternions have isomorphic representations in matrix form we investigate
various well known matrix decompositions for quaternions.
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1. Introduction. We will study various decompositions of quaternions where we
will employ the isomorphic matrix images of quaternions. The matrix decompositions
allow in many cases analogue decompositions of the underlying quaternion.

Let us denote the skew field of quaternions by H. It is well known that quaternions
have an isomorphic representation either by certain complex (2 x 2)-matrices or by
certain real (4 x 4)-matrices. Let a := (a1, as, as,as) € H. Then the two isomorphisms
j:H — C**? 11 : H— RY* are defined as follows:

(1.1) )(a) = (_% g) € C*?  a:=ay+ asi, B := as + a4i,
ay —a2 —a3 —a4

(1.2) n(a):= | % @ T4 98 opaxd
as a4 aq —a9

a4 —as az ai

There is another very similar, but nevertheless different mapping, 15 : H — R4 the
meaning of which will be explained immediately:

a; —a2 —az —a4

. as ai a4 —as 4x4

(1.3) 12(a) = . e R™™%.
3 a4 ai az
a4 az —az ai

In the first equation (1.1) the overlined quantities @, 3 denote the complex conjugates
of the non overlined quantities «, (3, respectively. Let b € H be another quaternion.
Then, the isomorphisms imply j(ab) = j(a)j(b), 11(ab) =11(a)11(b). The third map, 15,
has the interesting property that it reverses the order of the multiplication:

(1.4) 12(ab) = 12(b)12(a) for all a,b € H, 11(a)i2(b) =12(b)11(a) for all a,b € H.
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The mapping 15 plays a central role in the investigations of linear maps H — H.
There is a formal similarity to the Kronecker product of two arbitrary matrices. See
9, JANOVSKA & OPFER, 2007] for the mentioned linear maps and [4, HORN &
JOHNSON, 1991, Lemma 4.3.1] for the Kronecker product.

DEFINITION 1.1. A complex (2 x 2)-matrix of the form introduced in (1.1) will be
called a complex g-matriz. A real (4 x 4)-matrix of the form introduced in (1.2) will
be called a real g-matriz. A real (4 x 4)-matrix of the form introduced in (1.3) will be
called a real pseudo g-matriz. The set of all complex g-matrices will be denoted by
Hc. The set of all real g-matrices will be denoted by Hg. The set of all real pseudo
g-matrices will be denoted by Hp.

We introduce some common notation. Let C be a matrix of any size with real or
complex entries. By D := CT we denote the transposed matriz of C, where rows and
columns are interchanged. By E := C we denote the conjugate matriz of C where
all entries of C are changed to their complex conjugates. Finally, C* := (C)T. Let
a:= (a1, as,as,ays) € H. The first component, aq, is called the real part of a, denoted
by $a. The quaternion a, := (0, az, as, as) will be called vector part of a.

From the above representations it is clear how to recover a quaternion from the
corresponding matrix. Thus, it is also possible to introduce inverse mappings

—1 . He — H, 11_1:HR—>H, 12_1:H[p>—>H,

where 71, 11_1 as well define isomorphisms. If we define a new algebra H where a

new multiplication, denoted by * is introduced by a x b := ba, then 15 is also an iso-
morphism between H and Hp. This particularly implies that 15(ab) = 12(b)12(a) € Hp
and 12(a™t) = 12(a) ™! = 12(a)T/|a|? € Hp for all a € H\{0}. Because of these isomor-
phisms it is possible to associate notions known from matrix theory with quaternions.
Simple examples are:

det(a) := det(j(a)) = |al?, det(11(a)) = det(12(a)) = |a|*,
tr(a) :=tr(j(a)) = 2a1, tr(11(a)) = tr(iz2(a) = 4aq,
7 cig(a) := eig(j(a)) = o4, 0],
eig(11(a)) = eig(iz(a)) = [o4,04+,0_,0_], where

(1.8) oy :a1+\/a§+a§+aﬁi:a1+\av\i, o_ =0y,
(1.9) la| = [h(a)ll2 = |u(a)ll2 = |h2(a)][2,
(1.10) cond(a) := cond(j(a)) = cond(11(a)) = cond(12(a)) = 1,
(1.11) i(a@) = j(a))(a)* = lal*)(1) = |af’I2,
(1.12) 11 (a@) = 11(a)11(a)” = 12(aa) = 12(a) M 12(a) = |a|*14,

where det, tr, eig, cond refer to determinant, trace, collection of eigenvalues, condition,
respectively. By Iy, 14 we denote the identity matrices of order 2 and 4, respectively.
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We note that a general theory for determinants of quaternion valued matrices is not
available. See [1, FAN, 2003]. We will review the classical matrix decompositions and
investigate the applicability to quaternions. For the classical theory we usually refer
to one of the books of HORN & JOHNSON, [3], [4].

In this connection it is useful to introduce another notion, namely that of equiva-
lence between two quaternions. Such an equivalence may already be regarded as one
of the important decompositions, namely the Schur decomposition, as we will see.

DEFINITION 1.2. Two quaternions a,b € H will be called equivalent, if there is
an h € H\{0} such that

b= h""ah.
Equivalent quaternions a,b will be denoted by a ~ b. The set
[a] :={s:s:=h"tah, h € H}

will be called equivalence class of a. It is the set of all quaternions which are equivalent
to a.

LEMMA 1.3. The above defined notion of equivalence defines an equivalence rela-
tion. Two quaternions a,b are equivalent if and only if

(1.13) Ra =Rb, |a| = 1|b|.

Furthermore, a € R < {a} = [a]. Let a € C. Then {a,a} C [a]. Let a =
(a1,a2,a3,a4) € H. Then

o ::a1+\/a%+a§—|—aﬁi€ [a].

Proof: [6]. O

The complex number o occurring in the last lemma will be called complex repre-
sentative of [a]. The equivalence a ~ b can be expressed also in the form ah —hb = 0,
with an h # 0. This is the homogeneous form of Sylvester’s equation. This equation
was investigated by JANOVSKA & OPFER[9]. It should be noted that algebraists refer
to equivalent elements usually as conjugate elements. See [10, v. D. WAERDEN, 1960,
p. 35].

2. Decompositions of quaternions. A matrix decomposition of the form
j(a) = 3(b)i(c) or j(a) = 3(b)j(c)i(d) with a,b,c,d € H and the same with 1; also
represents a direct decomposition of the involved quaternions, namely a = bc or
a = bed because of the isomorphy of the involved mappings j,1;. The same applies to
12, only the multiplication order has to be reversed. We will study the possibility of
decomposing quaternions with respect to various well known matrix decompositions.

A survey paper on decompositions of quaternionic matrices was given by [11, ZHANG,
1997].
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2.1. Schur decompositions. Let U be an arbitrary real or complex square
matrix. If UU* = I (identity matrix) then U will be called unitary. If U is real,
then, U* = UT. A real, unitary matrix will also be called orthogonal.

THEOREM 2.1. (Schur 1) Let A be an arbitrary real or complex square matriz.
Then there exists a unitary matriz U of the same size as A such that

(2.1) D := U*AU

15 an upper triangular matrix and as such contains the eigenvalues of A on its diag-

onal.
Proof: See HORN & JOHNSONI[3, p. 79]. O

THEOREM 2.2. (Schur 2) Let A be an arbitrary real square matrix of order n.
Then there exists a real, orthogonal matriz 'V of order n such that

(2.2) H:=VTAV

1s an upper Hessenberg matriz with k < n block entries in the diagonal which are
either real (1 x 1) matrices or real (2 X 2) matrices which have a pair of non real

complex conjugate eigenvalues which are also eigenvalues of A.
Proof: See HORN & JOHNSONI3, p. 82]. O

The representation A = UDU* implied by (2.1) is usually referred to as complex
Schur decomposition of A, whereas A = VHV T implied by (2.2) is usually referred to
as real Schur decomposition of A. Let a be a quaternion, then we might ask whether
there is a Schur decomposition of the matrices j(a), 11(a), 12(a) in terms of quaternions.
The (affirmative) answer was already given by Janovska & Opfer[8, 2007].

THEOREM 2.3. Let a € H\R and o4 be the complex representative of [a]. There
exists h € H with |h| = 1 such that o, = h~'ah and

(2:3) g(a) = 5(h)s(o1)3(h™ "), m(a) = u(h)ulor)u(h™), n(a) = w(h™)n(or)n(h)

are the Schur decompositions of 7(a), 1 (a), 12(a), respectively, which includes that j(h),
n(h),2(h) are unitary and 3(h=1) = 7(h)*, 1 (h™1) = 5 (h)Y, 1 (h™1) = 2(h)T. The
first decomposition is complex, the other two are real.

Proof: The first two decompositions given in (2.3) follow immediately from
Lemma 1.3 and the fact that j,1; are isomorphisms. See [8]. The last equation can be
written as 12(h)1z(a) = 12(04)12(h). Applying (1.4) one obtains ah = ho; which coin-
cides with the equation for o given in the beginning of the theorem. Matrix j(oy) is
complex and diagonal: j(oy) = diag(o4,0_). The other matrices 11(0y),12(04) are
upper Hessenberg with two real (2 x 2) blocks each:

ap  —lay|] 0O 0 ay  —|ay 0 0
lay| a1 0 0 | el an 0 0
h(o) 0 0 ar —lay] 12(04) = 0 0 a1 ay| | -

0 0 la,| a1 0 0 —lay| a1
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If we have a look at the forms of 1; and 15, defined in (1.2), (1.3), respectively, we
see that an upper (and lower) triangular matrix reduces immediately to a multiple of
the identity matrix. This corresponds to the case where a is a real quaternion. Or in
other words, it is not possible to find a complex Schur decomposition of 1;(a),12(a) in
Hg, Hp, respectively, if a ¢ R. In the mentioned paper [8, Section 8] we can also find,
how to construct h which occurs in Theorem 2.3. One possibility is to put h := h/|h]|,
where

) (lay| + a2, |ay| + a2, a3 — aq, a3 + aq) if |as| + |ag| > 0,
(2.4) h:=< (1,0,0,0) if a3 = a4 =0 and ag > 0,
(0,1,0,0) if a3 = a4 = 0 and ay < 0.

Let 04 ~ a and multiply the defining equation o, = h~!ah from the left by
h, then ho, — ah = 0 is the homogeneous form of Sylvester’s equation and it was
shown ([9]) that under the condition stated in (1.13) the homogeneous equation has
a solution space (null space) which is a two dimensional subspace of H over R.

2.2. The polar decomposition. The aim is to generalize the polar representa-
tion of a complex number. Let z € C\{0} be a complex number. Then, z = |z|(2/|z|),
and this representation of z is unique in the class of all two factor representations
z = pu, where the first factor p is positive and the second, u, has modulus one. For
matrices A one could correspondingly ask for a representation of the form A = PU,
where the first factor P is positive semidefinite and the second, U, is unitary. This
is indeed possible, even for non square matrices A € C™*",m < n. Matrix P is al-
ways uniquely defined as P = (AA*)l/ 2 and U is uniquely defined if A has maximal
rank m. If A is square and non singular, then U = P! A. See HORN & JOHNSON|3,
Theorem 7.3.2 and Corollary 7.3.3, pp. 412/413].

Let a € H\{0} be a non vanishing quaternion a := (a1, as, as, as). The quantity
a, := (0,a9,as, ays) was called vector part of a as previously explained. The matrices
j(a),11(a),12(a) are non singular square matrices where the columns are orthogonal
to each other. See (1.11), (1.12) and its representation (in terms of quaternions) is
obviously

(2.5) a= |a\;.

The corresponding matrix representation in Hg, Hg, Hp, can be easily deduced by
using (1.1) to (1.3) and the properties listed in (1.11), (1.12). We obtain

(2.6) )(a) = diag(|al, |a|>3<§|>,
(2.7) 1 (a) = diag(|al, |al, |a], |a]) 11<|%:|>,
(2.8) 12(a) = diag(|al, |al, |a], |a]) 12( ).

lal
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In all cases the first factor is positive definite and the second is unitary, orthogonal,
respectively.

From a purely algebraic standpoint this representation of a is complete. However,
already the name polar representation means more. In the complex case we have

z
B =exp(ai), z#0
z

where a := argz is the angle between the x-axis and an arrow representing z em-

anating from the origin of the z-plane. As formula: a = arctan(S3z/Rz). In the
quaternionic case one finds (cf. [2, GIRARD, 2007, p. 11]

ﬂ = exp(au), a 7& 07
a

with u := ay/|ay|, @ := arctan(|a,|/a1), and exp is defined by its Taylor series using
2
u® = —1.

2.3. The singular value decomposition (SVD). We start with the following
well known theorem on a singular value decomposition of a given matrix A. We
restrict ourselves here to square matrices. The singular values of A are the square
roots of the (non negative) eigenvalues of the positive semidefinite matrix AA*.

THEOREM 2.4. Let A be an arbitrary square matriz with real or complex entries.
Then there are two unitary matrices U, V of the same size as A such that

D := UAV*

1 a diagonal matriz with the singular values of A in decreasing order on the diagonal.
And the number of positive diagonal entries is the rank of A.
Proof: See HORN & JOHNSON([3, 1991, p. 414]. O

Let a be a quaternion. The eigenvalues of j(a) are o4,0_, defined in (1.8) and

san@ = (15 0.

Thus, the singular values of j(a) are |a|,|a|. The wanted decomposition must be of

the form
la] 0 _ a B e
(5 o)=v(5 a)v

and the main question is whether U,V € H¢. In order to solve this problem, we write
it directly in terms of quaternions, namely

(2.9) la| = wav, |u|=|v|=1.



quaternionic decompositions 7

THEOREM 2.5. Let a € H\R. Choose u € H with |u| =1 and define v := ua/|al
or, equivalently, choose v with |v] = 1 and define u := va/|a|. Then (2.9) defines a
singular value decomposition of a and

)(lal) = 3(u)(a)y(v)”

defines a corresponding SVD in Hc. A SVD with uw = v is impossible. The corre-
sponding SVDs in Hg and in Hp are

n(la) = (@), 1(lal) =12(0) (@) (w).

Proof: It is easy to see that (2.9) is valid if we choose u, v according to the given
rules. If u = v then a = |a| € R follows, which was excluded. O

One very easy realization of (2.9) is to choose v := 1 and v := a/|a| or to choose
v:=1and u:=a/|al.
EXAMPLE 2.6. Let a:= (1,2,2,4). Then the three SVDs are:

<5 0)_(1 O)<1+2i 2+4i)<1—2i —2—4i>/5

0 5 0 1)\ —244i 1-2i)\2—-4i 1+2i)/”

500 0 100 0\ /1 -2 -2 —4 1 2 2 4

0500 [0o10o0][2 1 -4 2 —2 14 =2
005 0 00 10])2 4 1 =2 -2 -4 1 2|/
0005 0001/ \4 -2 2 1 —4 2 -2 1

500 0 1 2 2 4 1 —2 —2 —4\ /1 0 0 0
00500 -2 1 -4 2|2 1 4 =29/0100
005 0 —2 4 1 =2 2 —4 1 2]l0 0 1 0
0005 -4 -2 2 1 4 2 -2 1/ \o 0 0 1

2.4. The Jordan decomposition. Let a := (a1, a2, as,a4) € H\R. Since the
two eigenvalues o1 of j(a), defined in (1.8), are different there will be an s € H\{0}
such that a = s~1o, s which implies

i(a) =3(s7 1)y (o))(s).
And this representation is the Jordan decomposition of j(a) and J := j(oy) =
<00+ UO ) is the Jordan canonical form of j(a) ([3, HORN & JOHNSON, p. 126]). In
this context this representation is almost the same as the Schur decomposition, only
we do not require that |s| = 1. For the computation of s, we could use formula (2.4).
In Hg, Hp this decomposition reads
1n(a) =u(s Hulopu(s), 12(a) =1a(sha(oy)ra(s™),

where the explicit forms of 11(04),12(04) are given in the proof of Theorem 2.3.
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2.5. The QR decomposition. Let A be an arbitrary complex square matrix.
Then there is a unitary matrix U and an upper triangular matrix R of the same size
as A such that

A =UR.

This well known theorem can be found in ([3, HORN & JOHNSON, p. 112]). And this
decomposition is referred to as QR-decomposition of A. All triangular matrices in
Hc, in Hg, and in Hp reduce to diagonal matrices. Therefore, the QR-decompositions
of a quaternion a # 0 have the trivial form

“ Y 1a(lal),

a a
| lal

a
a=—lal < )(a) = (=) 1(al), ula) =n (=) ulal), 12(a) =1

|a| <|a|) (|a ) (
which is identical with the polar decomposition (2.5).

2.6. The LU decomposition. Let A € C"*" be given with entries aj, j,k =
1,2,...,n. Define the n submatrices A, := (ajx), j,k = 1,2,...,4,0 = 1,2,...,n.
Then, following HORN & JOHNSON[3, p. 160] there is a lower triangular matrix L and
an upper triangular matrix U such that

A=LU

if and only if all n submatrices Ay, £ = 1,2,...,n are non singular. The above
representation is called LU-decomposition of A. Since triangular matrices in Hg,
in Hg, and in Hp reduce to diagonal matrices and since a product of two diagonal
matrices is again diagonal an LU-decomposition of a quaternion a will in general not
exist since j(a),11(a),12(a) are in general not diagonal. So we may ask for the ordinary
LU-decomposion of j(a),11(a),12(a). In order that such a decomposition exist we must
require that the mentioned submatrices are not singular. Let a = (a1, a2, as, as). Then
the two mentioned submatrices of j(a) are non singular if and only if the first (1 x 1)
submatrix a := a1 + aqi # 0, since this implies that also the second (2 x 2) submatrix
which is j(a) is non singular because its determinant is |a|? = |a|? + a2 + a2 > 0.
THEOREM 2.7. Let a = (a1, as2,as,a4) € H. Put a := a1 + asi and § := az + a4i.
An LU decomposition of j(a) exists if and only if « # 0. If this condition is valid,

then
_ a B\ (1 0 a B
=5 2)=(m 1) )
where _
l _ /8
21 = ——,
«
_ a2+ 182 _ Jaf?
Ug9 = = .
«Q Q

Proof: The if and only part follows from the general theory. The above formula is
easy to check. O
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THEOREM 2.8. Let a = (a1,as2,as,a4) € H. The four submatrices A; of 11(a)
and of 15(a) are non singular if and only if ay # 0. If this condition is valid, then

ay —Qa2 —ag3 —a4 1 0 0 0 aq —a —a3 —ag

(a) = a2 ap —as a3z | _[lon 1 0 O 0 w2 u23 ug
) = —as | T |l I3z 1 0 0 0

as Gy ai a3z 31 (32 U3z  Us4

as —as as ax lar la2 lyz 1 0 0 0 ugs

where [results for 1z(a) are in parentheses]

lij1 :=aj/a1,j =2,3,4, (no change foris(a)),

lso = (a1a4 + agaz) /(a3 +a3), (Is2 := (—a1a4 + azaz)/(a? + a3) for 12(a)),
lyg == (agay — araz)/(a? +a2), (la := (agay + aya3)/(a? + a3) for1z(a)),
Ugp := (a] +a3)/a1, (no change for 13(a)),

usz = (—ajaq + asasz)/ay, (us3 := (a1aq4 + asas)/ay foriz(a)),

ugq := (a1a3 + agsaq)/ay, (ugq := (—ajas + asaq)/ay foriz(a)),

ussg = a1 + lz1az — l3ou23, (no change for1z(a)),

layg := (a2 + la1ag — lagugs) /uss, (lag := (—a2 + ly1a3 — lyouas)/usz for12(a)),
Uz4 = —ag + 3104 — [32U04, (u34 = ag + l31a4 — l32u24 for 12(a)),

Ugq := a1 + ly104 — laguog — laguss, (no change for1z(a)).

A Cholesky decomposition cannot be achieved since all three matrices j(a),11(a),12(a)
are missing symmetry.

Acknowledgment. The authors acknowledge with pleasure the support of the
Grant Agency of the Czech Republic (grant No. 201/06/0356). The work is a part
of the research project MSM 6046137306 financed by MSMT, Ministry of Education,
Youth and Sports, Czech Republic.



10

o o o w =

D

D

Drahoslava Janovskd & Gerhard Opfer

REFERENCES

. FAN, Determinants and multiplicative functionals on quaternionic matrices, Linear Algebra

Appl. 369 (2003), 193—-201.

R. GIRARD, Quaternions, Clifford Algebras and Relativistic Physics, Birkh&user, Basel,

Boston, Berlin, 2007, 179 p.

. A. HOrRN & C. R. JOHNSON, Matrix Analysis, Cambridge University Press, Cambridge, New
York, 1992, 561 p.

. A. HorN & C. R. JOHNSON, Topics in Matrix Analysis, Cambridge University Press, Cam-
bridge, New York, 1991, 607 p.

. JANOVSKA & G. OPFER, Givens’ transformation applied to quaternion valued vectors, BIT
43 (2003), Suppl., 991-1002.

. JANOVSKA & G. OPFER, Fast Givens Transformation for Quaternionic Valued Matrices
Applied to Hessenberg Reductions, ETNA 20 (2005), 1-26.

. JANOVSKA & G. OPFER, Linear equations in quaternions, In Numerical Mathematics and
Advanced Applications, Proceedings of ENUMATH 2005, A. B. de Castro, D. Gdmez, P.
Quintela, and P. Salgado, eds., Springer, Berlin, Heidelberg, New York, 2006, pp. 945-953.

. JANOVSKA & G. OPFER, Computing quaternionic roots by Newton’s method, ETNA 26 (2007),
pp- 82-102.

. JANOVSKA & G. OPFER, On one linear equation in one quaternionic unknown, submitted
2007 to LAA.

[10] B. L. vAN DER WAERDEN, Algebra I, 5th ed., Springer, Berlin, Gottingen, Heidelberg, 1960,

292 p.

[11] F. ZHANG, Quaternions and matrices of quaternions, Linear Algebra Appl. 251 (1997), 21-57.



