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Vector Products

Unlike for pairs of scalars, we did not define multiplication between
two vectors. For almost all positive integers n, the coordinate space
K" cannot be equipped with a second binary operation that behaves
like multiplication—a reasonable vector product would be nontrivial,
associative, and distributive. Nevertheless, we feature those special
cases for which there exists such a vector product.

2.0 Complex Numbers

HoWw 1S THE MULTIPLICATION OF VECTORS IN R? DEFINED? The

. . . —& +2¢@
complex numbers may viewed as the real coordinate plane R? with a atie

vector product. «

2.0.0 Theorem. The coordinate space R? together with the vector product
defined, for all a,b,c,d € R, by

(aéy+bér)(céy +deéy) = (ac—bd) &, + (ad + bc) é,, \

Figure 2.0: The vector product
forms a field of scalars called the complex numbers. (28 +8) = —&, + 28
Proof. Since Section 1.2 already demonstrates that vector addition
in R? satisfies the four properties for a field of scalars that only
involve addition, it suffices to verify the five properties that involve
multiplication. Let a,b,c,d, e, f € R denote arbitrary real numbers.
The commutativity, associativity, and distributivity of addition and
multiplication for real numbers give

(aé1+bé)(cé, +deé;) = (ac—bd) e, + (ad + be) &,
ca —db) e, + (da+cb) e

€
céy+dér)(ae+bey),

(

= (

= (
(a1 4+b&)(ce)+der))(eér + f&r) = ((ac — bd)e — (ad + be) f) & + ((ac — bd) f + (ad + be)e) &
= (a(ce —df) —b(cf +de)) & + (a(cf + de) + b(ce — df)) é&
= (
(
((
= (a€

)
aE1+582)((C€1 +dé2)(eél +f62))r

(ﬂE1+bEz)((C€1+dEz)+(€El+f82) a(c+e —b d+f)) ((d—l—f)—l—b(c—l—e))é’z
ac — bd) + (ae — bf)) € + ((ad + bc) + (af + be)) &,
(a g

+bez)(cel+d62) +béy)(eey + fer),
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which establishes the commutativity, associativity, and distributivity
for vector multiplication on IR?. For the existence of a multiplicative
identity, we observe that

(181 +08)(cé1+d &) = ((1)(c) — (0)(d)) &1 + (1)(d) + (0)(c)) & = c &, +d &>

Lastly, if a &) + b &, # 0, then we have a2 4 b # 0 and

L a . b . a>+ b\ —ab+ab\ L
(281 1b2) [(w) é- (w) 62] = (w) fut <z+bz> a=la+02,

so every nonzero vector in IR? has a multiplicative inverse. O

2.0.1 Notation. The complex numbers are denoted by C. Traditionally, Im
one renames the standard basis vectors &1, € RZas 1,i € C, so
a+bi:=aé + bé, and the multiplicative identity is 1 := 1¢é7 +0é.
With this notation, it is enough to remember the identity

2 = (041)(0+1) = ((0)(0) = (1)(1)) + ((0)(1) + (1)(0))i = —1.

When a single symbol z := a4 + bi represents a complex number, its < . Re

real part is the real number a := Re(z) and its imaginary part is the | 2 = Re(z)
real number b := Im(z). We identify R with the subset of complex Figure 2.1: Points in the complex plane

numbers whose the imaginary part is zero. correspond to complex numbers
2.0.2 Problem. Determine the square roots of —7 — 241i.

Solution. Suppose that the complex number a 4 bi, where a,b € R,
satisfies the equation —7 — 241 = (a + bi)? = (a® — b?) + 2abi. It
follows that a2 — b2 = —7 and 2ab = —24, so we have a = —12/b
and (—%)2 — b? = —7. Multiplying by b and gathering terms gives
0="0%—7b2 — 144 = (B2 —16)(b*> +9) = (b —4) (b +4)(b*> +9). Since
b € R, we deduce that b = +4 and a = F3, which means that the
square roots are 3 —4iand —3 +41i. 0

The methods used to find the square roots in the previous problem
generalizes to all complex numbers.

2.0.3 Proposition. For any z € C, there exists w € C such that w? = z.
Moreover, the additive inverse —w also satisfies this quadratic equation.

Proof. Suppose that z = a + bi where 4,b € R. Consider w = x 4+ yi
such that x,y € Rand (x? —y?) +2xyi= (x+yi)> = w? =z =a+bi.
It follows that x> — y?> = a and 2xy = b, so we have x = % and

(%)2 — y? = a. Multiplying by y? and gathering terms gives

4 2 b2 2 - 2+ 12 2 —a—+/a24+b?
0=y'+ay? = (§) = (v = (=f=F)) (v - (==F=))
Figure 2.2: Intersection of the

= (]/ — 4/ Zatkvar4bs W) (]/ 4 4/ Zatvat+b V2'12+bz) (yz + ﬂ+vgz+bz> , hyperbolas x> — y?> = a® and xy = b

when b > 0
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because Va2 + b2 > Va2 = |a| > a. Since y € R, we conclude that

-+ —a+Va*+ b? The signum function of a real number x
y= 2 ’ is defined to be
-1 ifx<0
2 2 = ’
= b sen(0)[b] 2 — +sgn(b) atva®+b sgn(¥) { 1 ifx>0.

2y 2 —a+ Va2 +b? 2

(S n(b)\/a+\/az+b2+\/—a+\/a2+bzi>
& 2 2 '

For all x € R, we have x = sgn(x) |x|.

and w = + O

Finding all of the roots of any quadratic polynomial with complex
coefficients requires only one more ingredient.

2.0.4 Problem. Solve the equation 2 + (—1+2i)t + (1 +5i) = 0.

Solution. Completing the square yields
0=+ (=142i)t+ (1+5i) = (B+2(i—1)t+(1—1)?) — (- 1)’ +(1+5i),

SOWGhaVE(f-F(l—*))Z:(—1—14—%)—51—1:4( 7 —241).
Problem 2.0.2 shows that the square roots of —7 — 24 i are (3 — 41i),
sot+ (i—3)=1(£3F4i)and t equals 2 —3ior —1+i. O

The existence of roots for polynomials over the complex numbers
turns out to be the quintessential trait for this field of scalars.

2.0.5 Theorem (Fundamental theorem of algebra). Every non-constant
polynomial in one variable with coefficients in the complex numbers has a
complex root. More explicitly, for any positive integer n and any complex
numbers zy, 21, .. .,2Zn—1 € C, there exists w € C such that

W4z w2y w4+ w29 =0.

Comment on the proof. Despite its name, there is no algebraic proof.
Any proof must use the "completeness" of the real numbers. O

Exercises

2.0.6 Problem. Determine which of the following statements are true.
If a statement is false, then provide a counterexample.
i. Each complex number corresponds to exactly one vector in R?.
ii. Real numbers are not complex numbers.
iii. The imaginary part of a complex number is a real number.
iv. The real number —1 has a unique square root in C.

2.0.7 Problem. Show that complex multiplication is compatible with
scalar multiplication; for all a,b,c € R, we have c¢(a+bi) = ac + bci.
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2.0.8 Problem. Determine every complex number such that its
multiplicative inverse equals its additive inverse.

2.0.9 Problem (Impossibility of order). Show that the following two

conditions cannot both be satisfied.

e For all z € C, one and only one of the relations z > 0,z = 0, and
—z > 0 is valid.

e Ifw>0andz >0, thenw+z > 0and wz > 0.

2.0.10 Problem (Properties of the complex conjugate). For any number
z =x+yic Cwithx,y € R, its complex conjugate is the number
z:=a—bi € C. Geometrically, the complex conjugate is the reflection
of the corresponding vector in the real axis. For all z, w € C, establish
the following properties of the complex conjugate.

Lztw=z+w
ii. ZW=2ZW
iii. Re(z) = }(z+2%) and Im(z) = % (z — 2)
iv. 2z = |z|*
v. z =z if and only if z is a real number.

2.0.11 Problem. Prove that the three numbers z1,z;,z3 € C with

. . . 23— 2
z1 # z are collinear if and only if B eR
Zy — 27

2.0.12 Problem. Prove that the four numbers z1, 25, z3,z4 € C with

71 # 24,2y # z3, and not all on the same line, lie on a circle if and
(z1 —22) (23 — z4) cR.
(z1 —z4)(22 — 23)

2.0.13 Problem. Find all w € C such that

only if

w? 4+ (=1 +5i)w + (=10 +5i) = 0.

Express your solution(s) in the form w = a + bi where a,b € Z.

2.1 Complex Geometry

How CAN WE VISUALIZE MULTIPLICATION OF COMPLEX NUMBERS?
For any complex number z := a 4 bi where a,b € R, the absolute
value |z| := v/a? + b? is the magnitude of the underlying vector in
R2. The argument of z is the angle arg(z) that the vector in R?> makes
with the positive real axis. Because it is measured in radians, the ar-
gument arg(z) can be changed be any integer multiple of 27t without
changing the angle. The absolute value and argument determine a
complex number: a = |z| cos(arg(z)) and b = |z| sin(arg(z)).

2.1.0 Problem. Find the absolute value and argument of z := —1 +i.
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Figure 2.4: Polar form of z € C
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Solution. By definition, we have |z| = /(—1)2 + (1)2 = /2. Since

tan(arg(z)) = -, = —1 and Re(z) < 0, it follows that

T 31
arg(z) = arctan(—1) + 7t = L tr=E O > Re
Multiplication of complex numbers is especially slick when using Figure 2.5: Polar form of —1+i € C

this polar representation.

2.1.1 Proposition (Geometry of complex multiplication). For any two
complex numbers z and w, we have

|zw| = |z] |w| and arg(zw) = arg(z) + arg(w) .

Thus, multiplication by a complex number is a counterclockwise rotation by
the arqument and a rescaling by the absolute value.

Proof. Setting 0 := arg(z) and ¢ := arg(w) gives
z = |z| (cos(8) +sin(h)i) and w = |w| (cos(¢) + sin(¢)1).

Hence, the addition formula for trigonometric functions gives

Zw = [|z| (cos(0) + sin() 1)) [|w| (cos(¢) + sin(¢) 1)]
= |z| |w] [(cos(@) cos(¢) — sin(6) sin(¢)) + (cos(8) sin(¢) + sin(0) cos(¢)) i]
= |z| |w]| (cos(6 + ¢) + sin(6 + ¢) 1) . O

Examining the m-fold product of a complex number, as a special
case, is peculiarly worthwhile.

2.1.2 Corollary (De Moivre formula). For any nonnegative integer m and The lowercase "theta" 0 is the eighth
any complex number z := r(cos(8) + sin(0) i), it follows that |z™"| = |z|"™, letter in the Greek alphabet and is often

arg(z™) = marg(z), and 2" = 1™ (cos(mf) + sin(m#)i). used to denote an angle.

Inductive proof. When m = 0, we have 20 = 1,50 || = 1 = |z|” and
arg(z’) = 0 = Oarg(z). Thus, the base case of the induction holds.
Assume that z"~1 = r"~1(cos((m — 1)8) + sin((m — 1)0)i) for any
positive integer m. The geometry of complex multiplication and the
induction hypothesis imply that

27| = 22" 71| = Jz] |21 = Jef 2" = 2"
arg(z™) = arg(zz" 1) = arg(z) + arg(z" 1)
=arg(z) + (m — 1) arg(z) = marg(z). O

Next two problems hint at some of the beautiful applications of
the De Moirve formula.

2.1.3 Problem. Express cos(36) in terms of cos(#) and sin(6).
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Solution. De Moivre’s Formula for r =1 and m = 3 gives
cos(36) +sin(30) i = (cos(6) +sin() i)3 = c0s®(0) + 3 cos?(#) sin(8) i — 3 cos(#) sin?(8) —sin>(0) i,
so taking real parts gives cos(36) = cos®(#) — 3 cos(8) sin?(9). O
2.1.4 Problem. Find three solutions to the equation z° = 1.

Solution. Since 1 = 1(cos(27) + sin(27) 1), consider the complex
number z = cos(2”k) + 51n(2”k) i where 0 < k < 2. The De Moivre

formula shows that |z3| =1 and arg(z®) = 27k, so the solutions are 1,
—1+ i and -} — L. O

Figure 2.6: Third roots of unit
WHAT IS THE EXPONENTIAL OF A COMPLEX NUMBER? For all x € IR,

the exponential function exp(x) = e equals the power series

00 xj 2 x3
gf—km+§+§+

To extend this function to C, it would be natural to define e/, for
ally € ]R,tobel—i—%—i—(yz—il)z—i—% + - - -. To make this rigorous,
we would need to discuss convergence in C which we will not do.
Nevertheless, a slight rearrangement and recognizing the power
series for cos(y) and sin(y) yield

. 2 4 3 5
exp(yi) ="' =(1-5+5— )+ y—%+%&—-)i=cos(y)+sin(y)i.
This discussion can be strengthened to prove the next theorem.

2.1.5 Theorem (Euler formula). For any complex number z = x + yi

where x,y € R, the complex exponential function satisfies
The equation e + 1 = 0 unites the

exp(z) = =e" (COS(]/) + Sin(]/) i) . five most important numbers and
the seven most important symbols in
In particular, we have |¢*| = e* = exp(Re(z)), and arg(e*) = y = Im(z). mathematics.

We summarize the main properties of the exponential function.

2.1.6 Proposition (Properties of complex exponential function).
i. The exponential function is multiplicative: for all z,w € C, we have
AW — pZpW,
ii. The exponential function is never zero: for all z € C, we have e* # 0.
iii. We have e* = 1 if and only if z = 2rtm i for some m € Z.

Proof.
i. The Euler formula and the multiplicative property of the real
exponential function give
|e*T| = exp(Re(z + w)) = exp(Re(z) +Re(w)) = |e*] [e*],
arg(e*™) = Im(z + w) = Im(z) + Im(w) = arg(e®) + arg(e?),
Z+w

so the geometry of multiplication shows that e*™* = e*e®.
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ii. Part (i) implies that e?e 2 = ¢*~% = ¢ = 1, so the complex
number e* has a multiplicative inverse and e* # 0.

iii. Suppose z = x 4+ yi where x,y € R. The equation ¢* = 1, together
with the Euler formula, implies that ¥ = 1 and x = 0. Hence,
we have 1 = e¥! = cos(y) + sin(y) i, so cos(y) = 1 and sin(y) = 0
which means that y = 27rm for some m € Z. O

Exercises

2.1.7 Problem. Determine which of the following statements are true.
If a statement is false, then provide a counterexample.
i. The absolute value of a complex number is a real number.
ii. The argument of a complex number is a real number.
iii. The argument of a sum of complex numbers equals the sum of
the arguments.
iv. The exponential function is periodic.

2.1.8 Problem. Compute (1 +i)'0%.

2.1.9 Problem. Given two complex numbers z := r(cos(6) + sin(6) i)
with 7,0 € R and w := s(cos(¢) + sin(¢) i) # 0 withs,¢ € R, show
that

% = g(cos(e —¢) +sin(0 — ) 1i).

(1-9)"(V3+i)°
(—1—+/3i)10

2.1.11 Problem. For z, w € C, show that

2.1.10 Problem. Simplify

2+ wl® + |z — w® = 2( |z + |w])?.

2.1.12 Problem. If z,w € C satisfy |z| = |w| = 1 and zw # —1, then
demonstrate that

z+w

1+zw

2.1.13 Problem. Find all z € C such that |z| =1 and

2.1.14 Problem. For 0 < 6 < 2, calculate the polar representation of
z =1+ cos(6) +sin(h) i.

2.1.15 Problem. Prove the following related identities.
i. Forall z,w € C, show that |zw| = |z| |w| by using complex
conjugates.
ii. Foralla,b,c,d € R, show that

(ac — bd)? + (ad + be)* = (a* + %) (c® + d?).

21
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2.1.16 Problem. Consider the complex numbers z := —3 — Vv/3iand
w:=—1+ \/gi.
i. Find zw and z/w. Give your answer in the form x + yi where
x,y €R.
ii. Putz and w into polar form re?! = r(cos(0) + sin(6) ). Find zw
and z/w using the polar form and verify that you get the same
answer as in part (a).

2.1.17 Problem. For any complex number z := r(cos(0) + sin(6) i)
where 7,0 € R, show that the n-th roots are

1/ (COS(€+27Ik> + Sin(é’—&-ink) i)
for k € N with k < n.

2.1.18 Problem. For all z € C, we define

) o ezi _efzi - ezi _i_efzi
sin(z) := — 5 and cos(z) := —
For z,w € C, prove the following identities.
i. sin?(z) 4+ cos?(z) = 1;
ii. sin(z 4+ w) = sin(z) cos(w) + cos(z) sin(w);
iii. cos(z 4+ w) = cos(z) cos(w) — sin(z) sin(w).

2.2 The Cross Product

HOw CAN WE MULTIPLY VECTORS IN IR3? Although quite different
than multiplication of scalars, there is a useful vector product on R3.
Geometrically, we must associate a magnitude (or nonnegative real
number) and a direction (or unit vector) to any pair @, @ € R3.

e The associated magnitude is the area of the parallelogram formed
by the two vectors. If 0 < 6 < 7t denotes the angle between ¢ and
W, then the height of the parallelogram equals ||| sin(#) and the
area of the parallelogram equals ||7|| ||@|| sin(6).

o To visualize the associated direction, position the vectors ¥ and
W so that their tails coincide. Orient your right hand so that its
edge and all of your finger point in the same direction as . With
a flat hand, extend your thumb so that it is perpendicular to your
fingers. When curling your fingers through the angle 6, from ¢
to @, your thumb points in the direction of the unit vector #. By
construction, the vector 7 is perpendicular to the plane containing
¥ and w, and this right-hand rule chooses one side of the plane.

2.2.0 Definition. For any two vectors ¢ and @ in R3, the following two
definitions of the cross product & x @ € R are equivalent.

COPYRIGHT © 2021, GREGORY G. SMITH
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Figure 2.8: The right-hand rule: if 7
and 7 lie in the plane the page, then
#i points out of the page toward the
reader.
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(geometric) For any two vectors ¥ and @ that are not parallel, we set

—

# x @ := (|5 |®| sin(6))

where 0 < 0 < 7 is the angle between @ and @, and # is the unit
vector determined by the right-hand rule. For parallel vectors ¢
and @, we set 7 x @ := 0.

(algebraic) Given the two vectors ¥ := v1 €] + vp €, + v3 €3 and
W = w1 €1 + Wy € + w3 €3, we set

T X W = (w3 — v3wy) €1 + (v3wy — V1W3) €2 + (V1Ww2 — Vw1 ) €3

2.2.1 Problem. Compute é’]- x € foralll <j<k<3.

Geometric solution. Since the standard basis vectors €7, ;, €3 are
pairwise perpendicular unit vectors, the geometric definition of
the cross product gives

€ x & = ||é1]| ||&2]| sin(F)é3 = é3,
¢ x & = ||él]| |3 sin(F) (—&2) = —&2,
& x &3 = ||es]| \|E’3Hsin(%)€"1 =¢. O

Algebraic solution. The algebraic definition of the cross product yields

VECTOR PRODUCTS 23

The geometric definition was made
in 1878 by W.K. Clifford. The name
"cross product” and the notation were
introduced in 1881 by ]J.W. Gibbs.

oo+ +

\é' \E \é' e ¢
1 2 € €1 e
NOX X
U1 02 .}73 .}71 02
wl ‘wz’: ‘ws’: w1 Wy

Figure 2.9: The cross product is the sum
of the product along the solid diagonals
minus the sum of the produces along
the dotted diagonals. This mnemonic is
named after P.E. Sarrus.

& x 2 = ((0)(0) — (0)(1)) & + ((0)(0) — (1)(0)) & + (1)(1) — (0)(0)) & = &,
& x 8 = ((0)(1) ~ (0)(0)) & + ((0)(0) — (1)(1)) &2+ (1)(0) — (0)(0)) & = ~2,
& x & = ((1)(1) = (0)(0)) & + ((0)(0) = (0)(1)) & + ((0)(0) = (1)(0)) & = &1,
because €; has 1 in the j-th entry and zeros elsewhere. O

2.2.2 Proposition (Properties of the cross product). For any three vectors
ii, 3, and @ in R3 and any scalar ¢ € R, we have the following:

(anti-commutativity) TXw=—(wx7)
(compatibility with scalar multiplication) T X (cw)=c(Fx )= (cT) xw
(distributivity) UX (T+W)=uUXT+idXD

Geometric proof. For all ¥ € R®, we have ¥ x ¥ = 0 because 7 is
parallel to itself. The right-hand rule tells us that ¥ x @ and @ x ¥
point in opposite directions. Since the magnitudes of ¥ x @ and @ x ¥
both equal the area of the parallelogram formed by ¥ and @, we have
¥ X @ = — (@ x ¥) which proves anti-commutativity property.

By anti-commutativity, we may assume that ¢ > 0 by interchanging
¥ and  if necessary. Hence, the relation between magnitude and
scalar multiplication gives

]| ||| sin(6) = ¢ [@]| [|@]| sin(6) = [|7]| [|cw]| sin(6) ,

whence the compatibility with scalar multiplication follows.
We postpone the proof of distributivity until we have introduced
the triple product; see Problem 3.0.8. O
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Algebraic proof. The algebraic definition of the cross product gives
T X W = (vow3 — v3wy) €1 + (V3w — V1w3) € + (V1wp — Vywe) €3

= —((vswp — vow3) € + (viws — v3wy) & + (vowy — V1Wy) 33) —(@ x 7),
U X (cw) = (cvpws — cvzwy) €1 + (cvswy — cvyws) €2 + (cv1wy — cvpwy ) €3 = (¢ T) X W
((031()2 - ?)2603) e+ (?)1ZU3 — ?)37/()1) e + (UzZU1 — Ule) 63) (Z_f X Z?)) ,

il X (T+w) = (uz(v3 +wsz) — uz(va + wy)) & + (uz(v1 +wy) — uy(v3 +w3)) &
+(u1(v2 + wp) — up(v1 +w1)) &
= (U203 — u3v2) €1 + (uzv1 — U103) € + (U102 — Uz01) €3
+(ugw3 — uzwy) €1 + (uzwy — uyw3) € + (ugwy — upwy) €3 = U X T+ X W,

which establishes the three properties of the cross product. O

WHY DO THE TWO DEFINITIONS OF THE CROSS PRODUCT AGREE? For
any i € R3, the anti-commutativity of the cross product means that
ii x i = —(ii x i), which implies that 2(i x i) = 0 and # x # = 0.
For all ¥ := vy €1 + vy €y + v3€3 and @ := wy €1 + wy €x + ws €3, the
properties of cross product establish that

TX W = (018 + 026 +0383) X (wy € +wr & + W3 €3)

-

= 1w (0 )+ v1wy (€ X &) + vyws (e X €3) x| & & @&
—0w; (&1 X €) + Va1, (0 ) + vaws (&2 X &) ap b a s
- - - - 3 & | & 0 e
—v3w1 (&) X €3) — v3wy (€2 X &) + v3ws3(0 )- &l & -7 6
Hence, it suffices to know that geometric and algebraic definitions of Figure 2.10: Multiplication table for the

cross product of the standard basis

the cross products agree on €; x € where 1 < j < k < 3. Fortuitously, vectors

Problem 2.2.1 already does this.

Exercises

2.2.3 Problem. Determine which of the following statements are true.
If a statement is false, then provide a counterexample.
i. The cross product of two vectors in IR? is another vector in R3.
ii. The cross product is defined for any two vectors in R".
iii. The cross product of two vectors is zero if and only if one vector
is parallel to the other.
iv. The cross product is commutative.

2.2.4 Problem. For all vectors i, 7, @ € R®, simplify the following
expressions.

i. (0—w)x (F+)

ii. (+7+w)x (7+ )
2.2.5 Problem. Demonstrate that the cross product is not associative by
exhibiting three vectors #, ¥, and w in R3 such that

(U X T) X W #1x(TXW).
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2.2.6 Problem. Show that the cross product is not cancellative by
exhibiting three vectors #, ¥, and @ in R3 such that # # 0,7 # W,
and # X ¥ = i X .

2.2.7 Problem. Find the area of the triangle with edges corresponding
to the vectors ¥ :=2¢1 +¢é, —3¢€3, w:=¢€1 +3€é +2¢€3, and w — 0.

2.2.8 Problem. For the position vector 7 locating a particle, having
mass m and velocity @, relative to a fixed point, the angular momen-
tum £ of the particle relative to the fixed is defined to be £:=m(¥ x 7).
A 2 kg object has position vector ¥ = (2¢; +4 €, —3¢€3) m and veloc-
ity vector 7 = (—6¢&; + 3& + 3¢3) m-s~!. Determine the angular
momentum of the object about the origin.

2.2.9 Problem. When a force F is applied to a particle and 7 is the
position vector locating the particle relative to a fixed point, the
torque on the particle relative to the fixed point is defined to be

7 := 7 x F. A particle moves in R? while a force acts on it. When the
particle has the position vector ¥ = (2€; — 5€, + €3) m, the force is
given by F = (F; & +4& — 3&) N, and the torque about the origin is
T = (11€1 + 5, + 13€3) N- m. Find the scalars F; and 3.

2.2.10 Problem (Law of sines). If 4, b, and c are the lengths of the sides
in a triangle and «, B, and <y are the opposite angles, then prove that

sin(a) _ sin(B)  sin(7y)

a b ¢ Figure 2.11: The angles «, 8, v in the

using the cross pro duct. triangle are opposite to the sides a, b,

2.3 Quaternions*

4 ? :
How Is VECTOR MULTIPLICATION ON R* DEFINED? The quaternions The quaternions were introduced in

may viewed as R* with a vector product. 1843 by W.R. Hamilton.

2.3.0 Theorem (Quaternions). The coordinate space R*, together with the
vector multiplication defined by

oW = (0151 +vzéz+03€3+v4é’4)(w1€1 +w2é’2+w363+w464)
= (01w — VW) — V3W3 — V4wWy4) €1 + (VW2 + VW) + V3W4 — V4W3) €2

+(01W3 — UpWy + V3W1 + U4ﬂ)2) €3+ (01?U4 + Vw3 — V3w + v4w1) ey,

satisfies the defining properties a field of scalars, except that multiplication is
not commutative.

Proof. Since Section 1.2 already demonstrates that vector addition in
R* satisfies the four properties for a field of scalars that only involve

25
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addition, it suffices to verify the four of the properties that involve
vector multiplication. Let i, 7,% € R* be arbitrary vectors. The
associativity and distributivity of addition and multiplication on the
real numbers give

—

(0 +w) = (u1(v1 +wy) — up(vp + wy) — uz(v3 + w3) — ug(vs +wy)) €
+ (11 (v2 + w2) + ua (01 + w1 ) + uz(vs + wy) — ug(vs + ws))
+ (u1(v3 + w3) — U (vg + wy) + uz(v1 + w1) + us(v2 + wy))
+ (u1 (04 + w4) + uz(v3 + w3) — uz(vy + wy) + ug(vy + wy))
= ((u101 — ugvy — uzv3 — ugvy) + (U1W1 — UpWy — UZW3 — U4TWy,)) €1
+ ((uv2 + upv1 + U304 — ugv3) + (U1Ws + Upwq + UzWy — UgW3))
+((1/l103 — UpUy + U3V + M4Uz) + (M1ZU3 — UpWy + UzWT + M4ZU2))
+ (U104 + upv3 — U3y + ugv1) + (U1W4 + U W3 — UzW) + UgWT))

o)

2
3
4

LS

)

o

2
3
4

[

3

=7+ Uw,

5177 = (101 — 002 — 003 — 004) 51 + (102 + 0?]1 + 004 - 003) Ez
+(1vs — 0vg + 001 + 002) €3 + (1vg + Ovs — Ova + 0vy) €
=vé1+ve+uvyest+uvses =7,
(#0)W = ((u101 — Uy — Uzv3 — Ug0) Wy — (U102 + U1 + UV — U4D3) W)

— (1193 — Upv4 + U301 + UgVy)ws — (U104 + UV3 — U3V + u401)ZU4) ey
+ (1101 — upvp — uzv3 — Ugvs )Wy + (U102 + UpVY + U3V — ULV3 )WY
+ (1103 — tpvg + Uuzvy + Ugv)wy — (U104 + UpV3 — U3V + M4U])W3) &
+ (U101 — upvp — U303 — ugvy)ws — (U102 + UpV1 + U3V — ULV3 )Wy
+ (1103 — UV + U301 + UgV2) W1 + (U104 + U2V3 — U3y + U4V )W) €3
+ (101 — upvp — uzv3 — Ugvy)wy + (U1 + UxV] + U3Vy — ULV3)W3
— (113 — Upvy + U301 + ugvy)wo + (U104 + Upvz — Uzvy + u4vl)w1) ey
= (w1 (vw — vawy — V3W3 — V414) — Ux(V1W2 + V2w + V3Wy — V4W3)
—u3(v1w3 — VyWy + V3W1 + V4W2) — ug(V1Wy + VyW3 — V3W + V411 )) €
+ (u1 (V1w 4 V2w + V3Wy — VyW3) + Up (V1WT — VWY — V3W3 — V4Wy)
+uz(v1wy + vows — v3wo + vawr) — g (V1W3 — Vowy + VW] + v4w2)) e
+ (1/!1 (w3 — vaywy + V3w + vawy) — up(vV1Wy + Vaws — V3Wy + VW1 )
+uz(v1w1 — V2Wy — V3W3 — V4wy) + g (V12 + VW] + V3Wy — V4W3)) €3
+ (M] (?JlZU4 + VW3 — 03W7 + U4ZU1) + up (?JlZIJg — U2Wy + V3w + U4ZU2)
—uz(v1wy + vawy + v3wy — vaws) + ug(vVwy — VaWy — VW3 — U4w4)) ey

/=

= i (Tw),
which establishes distributivity, the existence of a multiplicative
identity, and associativity for vector multiplication in R*. Lastly, if
7 # 0, then we have U% + 03 + v% + UZ # 0. Hence, commutativity of
multiplication in R yields

5(01 €] —Up€y) —U3€3 — Uy 54) = (U% + U% + U% + Uﬁ) e+ (—Z)l?)z + U201 — V3U4 + 0403) e
+(—0103 + 0204 + V301 — V402) €3(—V104 — VU3 + V3Vp — V41 ) €4

=0l +v5+v3+03)é,
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2.2 2 =1, = > > > 4.
so (v; +v5+0v5+v;) (118 — 18 —v3€3 —v4€s) € R*is the

multiplicative inverse of the vector . O

2.3.1 Notation. The quaternions are denoted by H. Traditionally, one 1 i

renames the standard basis vectors &, &,, €3, 84 € R? as 1,ij,k € H, 111 i j
soa+bi+cj+dk:=aé +bé +cé +dé, and the multiplicative b 711 1; -

. . il - - i
identity is 1. K|k j i -1

2.3.2 Problem. Show that quaternion units satisfy the relations Figure 2.12: The multiplication table for

the quaternion units

2= =k =ijk=—1.

Solution. The definition of the multiplication in IH implies that

i = ((0)(0) = (1)(1) = (0)(0) = (0)(0)) + ((0)(1) + (1)(0) + (0)(0) — (0)(0)) i
+((0)(0) — (1)(0) + (0)(0) 4 (0)(1))j + ((0)(0) + (1)(0) — (0)(1) + (0)(0)) k = —1,
i = ((0)(0) = (0)(0) = (1)(1) = (0)(0)) + ((0)(0) + (0)(0) + (1)(0) — (0)(1)) i
+((0)(1) = (0)(0) + (1)(0) 4 (0)(0))j + ((0)(0) + (0)(1) — (1)(0) + (0)(0)) k = -1,
K? = ((0)(0) = (0)(0) = (0)(0) = (1)(1)) + ((0)(0) + (0)(0) + (0)(1) — (1)(0)) i
+((0)(0) — (0)(1) + (0)(0) 4+ (1)(0))j + ((0)(1) + (0)(0) — (0)(0) + (1)(0)) k = -1,
ij = ((0)(0) — (1)(0) — (0)(1) — (0)(0)) + ((0)(0) + (1)(0) + (0)(0) — (0)(1)) i
+((0)(1) = (1)(0) + (0)(0) + (0)(0)) j+ ((0)(0) + (1)(1) — (0)(0) + (0)(0)) k =k,
andijk = k* = —1. O
Exercises

2.3.3 Problem. Determine which of the following statements are true.
If a statement is false, then provide a counterexample.

i. The quaternions form a field of scalars.

ii. The quaternion units satisfy ji = —ij.

2.3.4 Problem. From the basic relations i> = j2 =K = ijk = -1
deduce the following relations:

ii=—1, ij =k, ik=—j,
ji=—k, jj=—1, jk=1i,
ki= —j, Kj=—i, kk=—1.

2.3.5 Problem. For any numbers v1, vy, v3, w1, wp, w3 € R, consider the
quaternions p:=v1i+mj+vsk € Hand g:=wji+wyj+wzk € H,
and the corresponding vectors p := v1 & + 028 + v3€; € R® and

G := w1 & +wy & + w3 & € R3. How is the quaternion product pg
related to the cross product p x §?

2.3.6 Problem. Prove the following related identities.
i. For all p,q € H, show that |pg| = |p||g]-
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ii. For all vy, 00,03, 04, w1, wp, w3, wy € R, show that
2
(01 + 03 + 03 + 03) (W] + w5 + w3 + wj) = (VW1 — VWy — V3W3 — VyT0y)
+ (vywy + vowq + v3Wwy — v41w3)>
+ (721ZU3 — UyWy + v3w1 + v4w2)2
+ (V1104 + Vw3 — V3W) + Va107)? .

2.3.7 Problem. For any h € H, show that there exists 4,b € R such
that h2 = ah +b.

2.3.8 Problem. For any h :=ai+ bj+ck € H such thata,b,c € R and
a2 4+ b2+ % =1, then prove that K2 —1 = 0, which show that quadratic
polynomials may have infinitely many roots over JH.



