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Abstract: Quaternions have an (over a century-old) extensive and quite complicated interaction with
special relativity. Since quaternions are intrinsically 4-dimensional, and do such a good job of handling
3-dimensional rotations, the hope has always been that the use of quaternions would simplify some
of the algebra of the Lorentz transformations. Herein we report a new and relatively nice result for
the relativistic combination of non-collinear 3-velocities. We work with the relativistic half-velocities
w defined by v = %, so thatw = Hﬁ = %+ O(v%), and promote them to quaternions using
w = w fi, where fi is a unit quaternion. We shall first show that the composition of relativistic
half-velocities is given by wizp = wi ® wy = (1 — wiwy) 1 (W + wy), and then show that this is
also equivalent to wygp = (w1 + wyp)(1 — wowy) ~1. Here as usual we adopt units where the speed of
light is set to unity. Note that all of the complicated angular dependence for relativistic combination of
non-collinear 3-velocities is now encoded in the quaternion multiplication of wy with wy. This result
can furthermore be extended to obtain novel elegant and compact formulae for both the associated
Wigner angle Q) and the direction of the combined velocities: e = e 0 - (1—wywy) (1 —wowy),
and Wiy = e/?2 % Finally, we use this formalism to investigate the conditions under which
the relativistic composition of 3-velocities is associative. Thus, we would argue, many key results
that are ultimately due to the non-commutativity of non-collinear boosts can be easily rephrased in

terms of the non-commutative algebra of quaternions.

Keywords: special relativity; combination of velocities; wigner angle; quaternions

1. Introduction

Hamilton first described the quaternions in the mid-1800s, primarily with a view to finding
algebraically simple ways to handle 3-dimensional rotations. With the advent of special relativity
in 1905, and noting the manifestly 4-dimensional nature of quaternions once one adds a real part,
multiple authors have tried to interpret special relativity in an intrinsically quaternionic fashion [1-9].

Despite technical success in applying quaternions to special relativity, the use of quaternions in
this subject has never really gained all that much traction in the physics community. Perhaps one
of the reasons for this is that there are a number of sub-optimal notational choices in Silberstein’s
original work [1-3], and the fact that there is no generally accepted way of using quaternions to
represent Lorentz transformations, with many different authors employing their own quite distinct
methods [1-9]. Even in more recent, post-millennial, articles on “quaternionic special relativity” there
is considerable disagreement on notational choices [10-13].

Below we shall introduce what we feel is a particularly simple and straightforward method
for combining relativistic 3-velocities using quaternions. In particular, we shall present some new
and compact formulae for computing the Wigner angle [14]. All of the interesting features due to
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non-commutativity properties of non-collinear boosts are implicitly and rather efficiently dealt with
by the non-commutative algebra of quaternions. The method is based on an extension of an analysis
by Giust, Vigoureux, and Lages [15,16], who (because they were working with the usual complex
numbers) were essentially limited to motion in 2-space; their formalism is not really well-adapted to
general motions in 3-space. Related constructions can also be found in [10,11].

Observe that there is a representation of pure quaternions in terms of a subset of 2 x 2 matrices,
specifically the anti-hermitian 2 x 2 matrices, essentially v/—1 x (Pauli matrices). (The factor of v/—1
is important.) However this does not mean that replacing quaternions by Pauli matrices in any way
simplifies our results below; it just complicates the formalism. Neither does this mean that any of our
results below are at all “well-known” in this alternate notation. We have carefully checked the relevant
literature, (roughly speaking, 2-spinor representations of the Lorentz group). There is much more than
pedagogy going on—the results reported in our article are (apart from a consistency check or two)
both novel and interesting (see also [13].)

2. Preliminaries

2.1. Lorentz Transformations

The set of all Lorentz transformations of space-time form a group called the Lorentz group.
Mathematically, the Lorentz group is isomorphic to O(1,3), the orthogonal group of one time and
three space dimensions that preserves the space-time interval

2= 2424y 422 (1)

Here and hereafter, as usual we adopt units where the speed of light is set to unity. It is clear from
this description that rotations of space-time are included in the Lorentz group, as well as the more
familiar pure Lorentz transformations (boosts). In fact, the pure Lorentz transformations do not even
form a subgroup of the Lorentz group as, in general, the composition of two boosts By and B, is not
another boost but in fact a boost and a rotation BijpR1p = B1Bp; while By1Ry; = B Bq. This rotation,
known as the Wigner rotation, was first discovered by Llewellyn Thomas in 1926 whilst trying to
describe the Zeeman effect from a relativistic view-point [17], and was more fully analyzed by Eugene
Wigner in 1939 [14]. (For more recent discussions see [18-22]).

It is well-known that the composition of Lorentz transformations is non-commutative. That is,
applying two successive boosts B; and B, in different orders results in the same final boost, B, = By1,
but different rotations, Ri» # R»1. In the context of the combination of two velocities 7; and 5, this
means that the final speed is the same no matter the order we combine the velocities, ||7; @ 0,|| =
||0, @ 71|, but the final directions they point in are different 94,5 # 0241. Although not immediately
obvious, the angle between T1qp = U1 ® ¥p and Thg1 = Uy @ 71 is in fact the Wigner angle (),
see Reference [22]. The Lorentz group has very many different representations, one of which is
formulated by using the quaternions [1,2,4].

One could instead try to deal with the non-commutativity of the Lorentz transformations by
adapting the general formalism of the Baker-Campbell-Hausdorff theorem [23-27]. Unfortunately the
general BCH formalism applied to this problem very quickly becomes intractable, and we have found
that the specifics of the quaternion formalism yield much more useful and tractable results.

Since the full symmetry group of the Maxwell equations is the conformal extension of the
Poincare group, it is sometimes useful, (when looking at pure electromagnetic effects), to work with
this conformal extension. However physical observers, (physical clocks and physical rulers), break the
conformal invariance, and to even meaningfully define 3-velocities one needs to restrict attention to
the Poincare group. We shall go even further and take translation invariance (spatial and temporal
homogeneity) for granted, and focus more specifically on the Lorentz group.
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2.2. Quaternions

The quaternions are numbers that can be written in the forma+bi+cj +dk, wherea, b, c,and d
are real numbers, and i, j, and k are the quaternion units which satisfy the famous relation

i =j? =K*=ijk = -1 ()

They form a four-dimensional number system that is generally treated as an extension of the
complex numbers. We shall define the quaternion conjugate of the quaternion q =a +bi+cj+dk
tobe q* = a —bi— cj — dk, and define the norm of q to be qq* = |q|> = a*> + b? + % +d> € R™.
This allows us to evaluate the quaternion inverse as q~! = q*/|q|?.

Trying to define a “norm” as q*> = a? — b? — ¢? — d?, while superficially more “relativistic”,
violates the usual mathematical definition of “norm”, and furthermore is not useful when it comes to
evaluating the quaternion inverse q .

For current purposes we focus our attention on pure quaternions. That is, we consider quaternions
of the form ai + bj + ck. Many quaternion operations become much simpler when we are dealing
with pure quaternions. For example, the product of two pure quaternions p and q is given by
pqa=—-7-7+ (Fx4q)-(ij k), where, in general, we shall set v = 7- (i,j, k). From this, we obtain the
useful relations

[p.al =2(F x4)-(i,j k), and {pq}=-2p-7. ®)

A notable consequence of (3)is q> = —7-§ = —¢*> = —|q|?. There is a natural isomorphism
between the space of pure quaternions and R? given by

i—2% j—17 k—2 4)

where £, 7, and £ are the standard unit vectors in R3.

One of the most common uses for quaternions today (2020) is in the computer graphics
community, where they are used to compactly and efficiently generate rotations in 3-space. Indeed,
if @ = cos(#/2) + @isin(6/2) is an arbitrary unit quaternion and v is the image of a vector in R3 under
the isomorphism (4), then the mapping v + qvq~! rotates v through an angle 6 about the axis defined
by @. The mapping v — qvq~! is called quaternion conjugation by q.

3. Combining Two 3-Velocities

In the paper by Giust, Vigoureux, and Lages [15], see also Reference [16], (and the somewhat
related discussion in Reference [10]), a method is developed to compactly combine relativistic velocities
in two space dimensions, and by extension, coplanar relativistic velocities in 3 space dimensions. In the
following subsection, we first provide a short summary of their approach, and then in the next
subsection extend their method to general non-coplanar 3-velocities.

3.1. Velocities in the (x,y)-Plane

The success of this Giust, Vigoureux, and Lages approach relies on the angle addition formula for
the hyperbolic tangent function,

tanh ¢ + tanh ¢

tanh(¢1 +¢2) = 1+ tanh & tanh &' ?

The tanh function is a natural choice for combining relativistic velocities since it is limited to
the interval [—1,1]. Indeed, using the rapidity ¢ defined by v = tanh(¢), we can easily combine
collinear relativistic speeds using Equation (5). In order to use this for the combination of non-collinear
relativistic 2-velocities, we replace each 2-velocity @ by the complex number

V = tanh(&/2) e'?. (6)
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Here ¢ is the rapidity of the velocity 7, and ¢ gives the orientation of 7 according to some observer
in the plane defined by ¢ and @,. Giust, Vigoureux, and Lages then define the composition law & for
coplanar velocities 7, and @, by

Vi+V,  tanh %1 /%1 + tanh % elf2
1+VVi  1+tanh % e~ %2 tanh %1 eiv1’

¢

:nh—
Wta2

ez =V @V, = @)

where V is the standard complex conjugate of V. By using ¢/2 instead of ¢ in Equations (6) and (7),
we are actually dealing with the “relativistic half-velocities”, tanh({/2), (sometimes called the
“symmetric velocities”), where

2w

w = tanh(&/2); v =tanh({) = Tra2 (8)

That is:

w = tanh (; tanh—l(v)) )

v
14+ V1I—?
Using Equations (5) and (7) we can easily retrieve the real velocity from the half-velocity by using
the @ operator: v = tanh ¢ = tanh /2 @ tanh /2 = w @ w. In terms of the half velocities

wy el + w, el 2
1+ w1 Wy ei((fﬁ*?z) ’

iPran —

Wigo € (10)

The @ addition law is non-commutative, which is most easily seen by first setting 8 = ¢> — ¢1,
then () = @142 — @241, and finally observing that the ratio

oi02/2 _ 1+ tanh % tanh %eie 1+ wywye'?
1+ tanh & tanh e~ 1+ wywze ™

(11)

is not equal to unity for non-zero 6, meaning that O = @147 — @21 is non-zero.
The angle Q) = @142 — @241 is in fact the Wigner angle (), so an expression for this angle can be
obtained by taking the real and imaginary parts of Equation (11):

¢ Q tanh %1 tanh ':2—2 sin 6 wywy sin 0 (12)
an — = = )
2 1+4tanh§ tanh @ cosg 1+ wiwycosd

This expression does not explicitly appear in Reference [15] though something functionally
equivalent, in the form Q = 2 arg(1 + wywye™?), appears in Reference [16].
The @ law can be applied to any number of coplanar velocities by iteration:

W=((VieWn) eV, 1)dV,). (13)

Thus it would be desirable to cleanly extend this formalism to general three-dimensional velocities.
Note that the order of composition is important, as we shall see in more detail below, the & operation
is in general not associative.

3.2. General 3-Velocities

We now extend the result of Giust, Vigoureux, and Lages to arbitrary 3-velocities in
three dimensions.
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3.2.1. Algorithm

Suppose we have a velocity 7; in the (x,y)-plane, represented by the pure quaternion
w; = tanh({;/2)f; = tanh({;/2) (icos®; +jsin6;). Using the rules for quaternion multiplication,
we can write this as w; = tanh(&;/2) (cos6; + ksin6;)i. The term inside the brackets now looks
very similar to what would be a natural extension of the exponential function to the quaternions,
ek? = cos 6 + ksin 6. To formalise this, we define the exponential of a quaternion q by the power series

[eS) qk
el = ;;o R (14)

To calculate an explicit formula for Equation (14), we first consider the case of a pure quaternion u.
We know from Section 2.2 that for a pure quaternion we have u?> = —|uf?, and so we find
u?® = —|u/?u, u* = |u|*, and so on. Thus, we can compute

=x % (1— %\u|2+%|u\4—...) +% (|u\ —$|u\3+l\u|5—...> — cos|u| + @sin[ul.  (15)

Following the same procedure above, we find the exponential of a pure unit quaternion @ and
real number ¢ to be
e = cos¢ + @ sing. (16)

This nice result reflects the expression for the exponential of a complex number.

We can now extend this result to any arbitrary quaternion q = a + u by noting that the real
number a commutes with all the terms in u, thereby allowing us to write e = e”e", where e" has the
same form as Equation (15). Explicitly,

el = e(cos |u| + @ sin |u]). (17)

The exponential of a quaternion possesses many of the same properties as the exponential of a
complex number. Two particularly useful ones we use below are

~ * o Py
(e“"’) =e 9 =cos¢ —tising, and [e%| =1. (18)
Using these results, we are now justified in writing
= tanh(¢;/2) X0 i = w; e¥ i (19)

for our velocity in the (x, y)-plane.
Building on this result, we now find it appropriate to define the @ operator for general 3-velocities,
w1 = wifi; and wy = wyip, by the novel formula:

Wigz = W1 & wa = (1 —wiwz) ! (W +w). (20)
The usefulness of this novel definition is best understood by looking at a few examples.

3.2.2. Example: Parallel Velocities

We consider two parallel velocities 7} and 7, represented by the quaternions

51

=tanh = A and w, = tanh% fi, (21)
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respectively. Our composition law (20) then gives

-1
Wig2 = (1 + tanh %1 tanh %) (tanh %1 i 4+ tanh %2 ﬁ)
é’ x
tanh G ttanh F g )
1+tanh 3L tanh %2
= tanh (#) fi,

which is equivalent to
Wy +wy

23
1+ZU1HJ2 ( )

Wig2 =

and hence, also equivalent to the well-known result for the relativistic composition of two

parallel velocities,
U1 +02

24
1+ 0107 (24)

NPT, =

3.2.3. Example: Perpendicular Velocities in the x—y Plane

We now consider two perpendicular velocities in the x—y plane. By rotating around the z axis,
without loss of generality they can be taken to be given by

wi = wii, Wy =wyj, (25)

where we have written tanh(¢;/2) = wy and tanh(&,/2) = w; for brevity.
Our composition law then gives a combined velocity of

wi (1 — wh)i+ wy (1 +wi)j
14 w?w3

Wig2 = (1 — wleij)_l(wli + ij) = , (26)

which is definitely not commutative. In contrast the norm is symmetric:

2 222 | .2 2\2 2, .2 2 4, 2 4 2, .2
wi(l—wy)” +wy(1+wi)®  wi+w)+wjw, +wyw]  w]+w;

2
w = = = . 27
Wie| (1+ wiw3)? (1+ wiw?)? 1+ wiw} @7)
Here the w; are the “relativistic half—velocities” w; = tanh(¢;/2), so the full velocities are
4w?
2 2 i
v =w;ew;|c = ———, 28
and so give a final speed of
2 4 2 2.2
2 _ 4 (w] + w3) _ 4wt 4 w3) (1+ wiw)) 29
[Vien|” = T () (11 2)]2 ) (29)
w?+w w w
(1+ wiw?) {1 + le%wzg] 1 2
The non-quaternionic result for the composition of two perpendicular velocities is [22]
1162 1* = o + 03 — 0103, (30)
Thus, we find
[Fraal 2 = 4w? N dwi 16w?w3 _ 4(w? + w3)(1+ w%w%) 1)
(1+wh)?2  (14+ws)? (1+w?)?(1+wd)? [(1+w?)(1+ w%)]z
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And so our composition law @ gives the standard result for the composition of two perpendicular
velocities in the x—y plane.

3.2.4. Example: Perpendicular Velocities in General

For general perpendicular velocities 7} and @, the easiest way of proceeding is to simply rotate to
point 71 along the x-axis and 7, along the y-axis, and just copy the argument above. If one wishes to
be more direct then simply define

Wi = Wy W, Wy = W) W, W3 = Wi W). (32)

In view of the mutual orthogonality of the vectors @, W,, and @3, the unit quaternions
(W1, Wa, W3) obey exactly the same commutation relations as (i, j, k). Thence

w1 (1 — w})wi +wo (1 +w})wy

33
1+ wiw3 (33)

Wigy = (1 —wiwaWiws) ! (w1 Wi + wa W) =
This now leads to exactly the same results as above; there was no loss of generality inherent in
working in the x—y plane.

3.2.5. Example: Reduction to Giust-Vigoureux—Lages Result in the x—y Plane

It is important to note that our composition law @ reduces to the composition law of Giust,
Vigoureux, and Lages [15] when dealing with planar velocities in the x—y plane. As above, we define
general velocities in the (i,j)-plane by w; = tanh(&;/2)e*? i, and wy = tanh(&/2)ek?2 i, then,
using our composition law (20), we find

-1
Wign = (1 — tanh %ekq’li tanh %ek‘l’zi) (tanh %ek‘i’li + tanh gzzek‘i’zi) . (34)
But, noting that tanh(¢&,/2)eX?2i = tanh(&,/2)ie %2 and i> = —1, we can re-write this as
W — (1 &1 e g 2t ) 1 ki 62 kn ) 4
102 = + tanh > e %! tanh > e tanh > e*?1 4 tanh > e i. (35)

Now writing
Wig2 = tanh(@maz /2) ektion § (36)

we can cancel out the trailing i, to obtain

-1
tanh % ekPo2 — (1 + tanh %ek‘l’l tanh %e_k‘pz ) (tanh %ek"’l + tanh 522ek4>2> . (37)

This expression now only contains k, so everything commutes, and we can write

k k
kprap — _W1€ 1+ wy 2
14wy ek wy e k2

Wign € (38)

which is equivalent to the result of Giust, Vigoureux, and Lages [15].
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3.2.6. Example: Composition in General Directions

For general velocities 7 and 7 the easiest way of proceeding is to simply rotate to put 7; and 7,
in the the x—y plane, and just copy the Giust—Vigoureux—Lages argument [15] above. If one wishes to
be more direct then simply define

_ - _ Wi, W3
Wi = W1 Wy, W) = W3 Wp; W3 = M (39)
7

As long as wj is not parallel to w», then w3 is well defined and perpendicular to both wj and wy.
With these definitions one can now write

W3 = exp(¢W3) Wi. (40)
Then, following the discussion above, we see
Wigo = (14w wae” ™) (wy Wi + wa Wa) = (1 +wiwpe ")~ (wy + wp ™) Wy, (41)

From this we can extract

(w1 +wp e@"’)

Wiap e39102 = (1 4wy wp e ™) 7! (wy + wp e™?) = (1 + wy wp e ™39)°

(42)

Thence .
(w1 + wy e™?)

W3Prer )
(1 + wy wp e W3?)

(43)

Wig2 €

This finally is a fully explicit result for general velocities 7 and ¥, which is manifestly in
agreement with the Giust-Vigoureux-Lages results [15].

3.2.7. Uniqueness of the Composition Law

Finally, we might note that the expression for the composition law (20) is not unique. For example,
by considering the power-series of (1 — w;w;) !, we can re-write Equation (20) as

agk

Wiga = (1 —wiw) Hwy +wp) = Y (wywp)" (wy + wp). (44)

n=0

But, as w; and w; are pure quaternions, both w% and w% are real numbers, and so commute with
w1 and wy. Thus,

(e ) (o)

Wigz = ) (Wiwa)"wy + ) (wiwp)"wy = wy
n=0 n=0 n

(Waw1)" +wp ) (wowyq)". (45)
0 n=0

agk

Consequently we find that our composition law can also be written as

Wigo = (Wi +w2) Y (wawy)" = (wy +wa)(1— wowy) . (46)
n=0
Indeed, one could use either Equation (20) or Equation (45) as the definition of the composition
law @. Nonetheless, we will stick with the convention given in (20).
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3.3. Calculating the Wigner Angle

In this section we obtain an expression for the Wigner angle for general 3-velocities using our
composition law (20). Our calculations are obtained using the result that the Wigner angle is the angle
between the velocities wig, and wyq1. We first note

|w1fiy 4 wofiy |

_ 47
‘1-%01?02 ﬁlﬁz‘ ( )

(Wigo| = [Wazi| = |1 — wiwa| Hwy + wa| =

Thence, setting cos § = 7 - #i; we explicitly verify

2 2
wi + w5 + 2w w; cos 6
| 1®2| ‘ 2@1| \/1 + w%w% + 2?,()1’(/02 cosf ( )

Now note that because [w1qp| = |[Woe1 | it follows that (Wyap) (Woe1)  is a unit norm quaternion.
In fact it is related to the Wigner angle by

e = (Wig2) (Waa1) . (49)

Then 1
e = ((1 — wiwz) " (wy + Wz)) ((1 — wawy) " (wa + Wl)) (50)

But since for a product of quaternions (qiq2) ! = q, 1q; ! this reduces to

e = (1 —wiwyp) 11— wowy). (51)
Now
WiWy = —wywy cos b + (W1 X W) - (i, ], k). (52)
Let us define ~ ~
O = M,’ SO W1 X Wy =sinf Q. (53)
|@1 X Wy

Then setting () = O - (i, j, k) so that @ = Q Q) we have:

WiWs = —wwa(cosf —sinf Q) = —w w, e 00, (54)

Consequently the Wigner angle satisfies

N AN —1 . 1 00
e = 00 = (1 + wiwy e*m) (1 + wiwo em> = w. (55)
14+ wiwy e~ 00
Equivalently,
. 602
Q02 _ 1 wiwae (56)
|1+ wyws et |
Taking the scalar and vectorial parts of Equation (55), we finally obtain
tan 2 w2 sinf |w1j<wzl , 57)

2 1+ wyw; cos 6 - 14w -wy

as an explicit expression for the Wigner angle ().

The simplicity of Equation (56) compared to existing formulae for () in the literature, shows how
the composition law (20) can lead to much tidier and simpler formulae than other methods allowed
for. This can be seen as the extension of the result (12) to more general velocities.
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We can write Equation (56) in a perhaps more familiar (though possibly more tedious) form by
first noting that from Equation (27) we have

_1_2 [ _
w'zl 1-o _ vl fri=1 Y7 1: UiYi (58)
' v; fy2 —1 7i+1 7i+1 Yi+1

1

tan 2 U102717y28in 6 . (59)
2 (14+71)A+72) + 01027172086

and so

We can check two interesting cases of Equation (56) for when 6 = 0 (parallel velocities) and when
8 = /2 (perpendicular velocities). We can see directly that, for parallel velocities, the associated
Wigner angle is given by tan()/2) = 0, so that Q) = n7t for n € Z; whilst for perpendicular velocities,
the associated Wigner angle is simply given by tan(Q)/2) = wqw,.

It is easiest to check our results against the literature using the somewhat messier Equation (58),
in which case parallel velocities again give tan(()/2) = 0, whilst perpendicular velocities give

N 01027172
an(Q/2) = G 1t 1) (©0)

which agrees with the results given in Reference [22].

4. Combining Three 3-Velocities

Let us now see what happens when we relativistically combine 3 half-velocities.
We shall calculate, compare, and contrast w1 4)q3 With Wig o43).-

4.1. Combining 3 Half-Velocities: W(14:)a3

Start from our key result
Wigy = Wi & Wy = (1 —wiws) (Wi +wa), (61)
and iterate it to yield
Wages = 11— (1 - wiwo) w4+ wo)ws} H (1 — wywy) T H(wy 4 wo) + ws ) (62)
It is now a matter of straightforward quaternionic algebra to check that

Waaes = {(1—wiwz) 11 —wiwy — (Wi +wy)ws)} !
x{(1—wiwa) Tt (wy +wy) + ws}

= (1 —wiwy — (w1 +w2)wz) (1 — wywa){(1 — wywa) (w1 + w2) + w3} (©9
= (1—wywy — (w1 +w2)ws) {(W1 +w2) + (1 — wiwz)ws}.
Ultimately we have the novel result
W(io2)a3 = {1 — Wiwa — wiws — wows} {wi + Wz + w3 — wiwows}. (64)
An alternative formulation starts from
Wigo = Wi @ wy = (wy + wa) (1 —wowy) !, (65)

which when iterated yields

W(ie2)as = { (W1 +w2)(1—wowy) ' + w3 {1 — ws(wy +wp)(1—wowy) '} 71 (66)
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Thence a little straightforward quaternionic algebra verifies that

Waaes = {(wWi+wy)+ws(l—wowy)}(l—wowy)™!

x {1 — ws(wy +w)(1—wowy) 1171 (67)
{(Wl —+ W2) —+ W3(1 — Wle)}{(l — W2W1) — W3(W1 + Wz)}_l

Ultimately we have the novel result
W(132)p3 = {W1 + Wy + w3 — W3W2W1}{1 — WoW| — W3W7| — W3W2}_1. (68)
So we have found two equivalent and novel formulae for W (1a2)03, Equations (63) and (67).

4.2. Combining 3 Half-Velocities: Wyg (203

In contrast, the situation for wy,(243) is considerably more subtle. Start from the key result that
Woss = W2 © W3 = (1 — wows) ' (wa + ws), (69)

and iterate it to yield
Wi as) = {1— w1(1— waws) ! (wa + w3)} H{wy + (1 — wows) ' (wy + w3) ). (70)

The relevant quaternionic algebra is now a little trickier
Wigees) = {1-wi(l- wows) ! (wo 4+ w3) } (1 — wowg) !
x{(1 — wowsz)wy + (Wp +w3)}

= {(1—waw3)(1—wi(1—wowz) ! (wy +ws)} !

(71)
x{(1—wows)wy + (W2 + w3)}
= {1—wowz — (1 —wowz)wy (1 —wowsz) H(wy +w3)} !
x{wW1 + Wy + W3 — wowzwy }.
To proceed we note that
—1
-1 1—wow 1-wow
(1= wqws)wi(1—wawe) ™! = (g=my) wi (RS .

= 3702%\,3/2 W1 e+02$3/2.

Thence we have the novel result
Wig(es) = {1 — waws — (e~ 25/ 2wy 263/2) (wy + w3) } T {wy + wa + w3 — wowswi ). (73)

While structurally similar to the formulae (63) and (67) for W(132)33 the present result (72) for
Wig(23) 18 certainly different—the Wigner angle ()543 now makes an explicit appearance, also the
form of the triple-product wowswy is different.

4.3. Combining 3 Half-Velocities: (Non)-Associativity

From (63) and (67) for w(147)03, and (72) for wyg (a¢3), it is clear that relativistic composition
of velocities is in general not associative. (See for instance the discussion in References [28,29],
commenting on Reference [29].) A sufficient condition for associativity, W(1e0)03 = Wig2e3),

is to enforce
o P2a3/2 +og3/2

wie = wWy; and W{WOW3 = WroW3W1. (74)
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That is, a sufficient condition for associativity is
[Qoa3, Wi =0; and [w1, wows] = 0. (75)

But note Qg3 & [wp, w3] and wows = %{WQ,W3} + %[wz, ws]. Since {wy, w3} € R, we then
have [wy, wows] = 1[wy, [wp, w3]]. This now implies that these two sufficiency conditions are in fact
identical; so a sufficient condition for associativity is

[w1, [wa, w3]] = 0. (76)

This sufficient condition for associativity can also be written as the vanishing of the vector
triple product
T/TJl X (ZT)z X ZTJ3) =0. (77)

Equivalently
51 X (52 X ?73) =0. (78)

4.4. Specific Non-Coplanar Example

As a final example of the power of the quaternion formalism, let us consider a specific
intrinsically non-coplanar example. Let w; = wji, wy = w;j, and w3 = w3k be three mutually
perpendicular half-velocities. (So this configuration does automatically satisfy the associativity
condition discussed above.) Then we have already seen that:

w1 (1 —w3)i +wa(1+ wi)j 2 wi + w3
w1 O wy = ; Wigp = ——55- 79
e 1+ wiw} 19271+ wiwd @)
Furthermore, since wy ® wj is perpendicular to w3z, we have
wien (1 — w3)hyen + ws(1+ w?, )k
(Wl o Wz) O ws = 1@2( 3) 1@22 z( 1@2) , (80)
14wy ,ws
and 5 )
e Thent® witud s+ ofudd o
(e2)®8 =~ 1 4 w%l@Z)wg 14 w?w3 + waw3 + wiw?’
A little algebra now yields the manifestly non-commutative result
1—wy)(1—w3 1+wi)(1— w3 1+wi)(14 w3
(5w o0y = LB+ (D (1 —whwa (L ud) 4 udws
1+ wiws + wiws + wiw]
In this particular case we can also explicitly show that
(W1 ®wa) ®wz =wy @ (wy ®wg), (83)

though (as discussed above) associativity fails in general.

5. Conclusions

Herein we have provided a simple, elegant, and novel algebraic method for combining special
relativistic 3-velocities using quaternions:

Wiga = Wi B Wy = (1 — wywa) LWy +wa) = (w1 +wp)(1— wowy) L, (84)
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The construction also leads to a simple, elegant, and novel formula for the Wigner angle:

ef? = 002 — (1- wlwz)_l(l — Wowy), (85)
in terms of which
. qp Witwy A a2 Witw
Wimn = e —_ <. Woa] =€ —_— 86
192 |wq + wa] 20 |wy + wy| (86)

All of the non-commutativity associated with non-collinearity of 3-velocities is automatically and
rather efficiently dealt with by the quaternion algebra.
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