Chapter 2

The three-dimensional Euclidean
vector space

2.1 Let us recall that...

2.1.1 ...the Euclidean vector space R" is called the Euclidean vector plane if n = 2
and the three-dimensional Fuclidean vector space if n = 3. For reasons of tradition,
the vectors of the canonical basis Fy of R? will be denoted by (i, j) instead of (eq, e3):

i:(é) and jz((f).

Likewise, the vectors of the canonical basis Fs of R will be denoted, instead of by
(e1,ez,e3), by (i, j, k):

1 0 0
i=|o|, j=(1], k=]o (2.1)
0 0 1

The vector plane R? can be identified with the vector subspace of R® (Cf. para-
graph ??) generated by i, j:

R? =[i,j] = {u e R’ |u(3) = 0}.

With respect to the scalar product { ) defined respectively on R? and R3, the canon-
ical bases Fy and Ej3 are orthonormal, as already seen in general for the basis F,, of
R™, Cf. Example ??. In particular (Cf. Section 77?):

it =0k, j=ki, kt:=1[j
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Every vector u € R3 can therefore be written uniquely as:
W= (wi) it (wi)i+ (k) k = u(li+u(@)j+u(d)k

with i, j, k given by (2.1).

In general, if B := (by, by, bs) is an orthonormal basis, a vector u € R3 can
be decomposed uniquely along the directions [by], [be] and [bs] according to the
equality:

u = < u,b1>b1—|—< u,b2>b2+< u,b3)b3.

2.1.2 In the first part of this chapter one wishes to deal with the following problem.
Given two vectors u,v € R2, in which cases, and how, can a third vector w € R?
be decomposed as a linear combination of u and v? Similarly, given three vectors
u,v,w € R3, in which cases, and how, can a fourth vector be decomposed along
the directions determined by them? In Chapter ?7 this question has already been
answered in general, but only in the case in which the directions were orthogonal
(and hence using the scalar product).

The general answer to these questions is important, already in the case of R? and
R3, because they provide the occasion for the introduction of a fundamental tool of
linear algebra, called the determinant, which will be taken up again in a more general
and deeper way in Chapter ?7. One begins with the simplest case, the determinant
of a pair of vectors, on which the notion of area of a parallelogram is based.

2.2 Determinants of pairs of vectors
2.2.1 In what follows
() = () e ()
u= , V= , W= ,
(%) (%) Wa
will denote three arbitrary vectors of R2. The determinant of an ordered pair
(u,v) € R* x R?

is the scalar u A v defined by the equality!:

Uy v
Uz V2

uAv =: =: UjVy — UgV]. (2.2)

!'Naturally the same definition also applies if K = C. The general definition of determinant will
be given in Chapter 77.
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2.2.2 Linearity and antisymmetry. The determinant is linear with respect to
the first argument, that is:

Au+ puv) AW =X UAW+ - VAW, (2.3)

for every choice of A,z € R and every choice of u,v,w € R?. The verification is
done. .. by hand:

MA core?!]
NELL' ERA DigiTose
DEVO Awcorn FRRE (£
VERIFICHE A MANO _ g
2l -

— In the exam the use of any electronic device is not allowed —

Au+pv)Aw = ()\u1+uv1> A (wl) —

Ao + vo

(Auy + poy)we — (Aug + pvg)wy =
= )\(UllUQ — UQU]1> + M(Uﬂﬂg — Ugw1> =
= AuUAWH - VAW,

as desired. Moreover the determinant is antisymmetric, that is
VAuU=—-uAv, (2.4)
for every u,v € R?. Indeed
VAU = Uy — Uty = — (U3 — Ug1) = —U A V.

Equations (2.3) and (2.4) imply linearity with respect to the second argument:

uA(AV+pw) =AuAv+puAw. (2.5)
Indeed, for every choice of u,v,w € R? and ), x € R one has:
uN (Av+puw) = —(Av+puw) Au = (by (2.4))
= —A-vVAu—pu-wAu = (by (2.3))

= AUuAvVH+pu-uAw, (by (2.4))
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as desired. The determinant is therefore a bilinear function, in the sense that it is
linear both with respect to the first and to the second argument. Moreover, as is
easily checked,

inj=1.

It is not difficult to prove, as will be shown later and more generally, that the
determinant function

det : R2AR? — R
(w,v) +—— uAv,
is the unique form? bilinear antisymmetric such that i A j = 1.

2.2.3 Observations.

i) The equality uAu = 0 holds for every u € R?. Indeed, since antisymmetry (2.4)
holds for every pair of vectors (u,v), it holds in particular for the pair (u,u).
Hence:

uAu=—-uAu,

that is 2u A u = 0. Since® 2 # 0, it follows that u A u = 0.

ii) the determinant of the pair (u,v) is zero if at least one of the two vectors is
zero, as a consequence of bilinearity. Indeed:

OANv=(0-uyAv=0-uAv=0
where u is an arbitrary vector.

2.2.4 Proposition. Two vectors u,v € R? are collinear (see paragraph ?7) if and

only if
unAv=_0.

Proof.If u € [v] then u = Av whence
UAV=AVAV=AVAV)=0,

by Observation 2.2.3 i). Conversely, suppose that uAv = 0. If u = 0 there is nothing
to prove by 2.2.3ii). If u # 0, it has at least one nonzero component. Suppose, for
instance, that u; # 0. If A is the unique scalar such that v; = Auq, then:

2A bilinear form is a homogeneous polynomial expression of degree two in the components of
two vectors of K™, where K is a field.

3Unfortunately the condition 2 # 0 is no joke. There exist fields in which 141 = 0, the so-called
fields of characteristic 2. This is not the case, however, for R or C or for any field containing Q as
a subfield.
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O=uAv= [ "= (notation (2.2))
Uy Vg

= UV9 — UV = (definition (2.2) of determinant)

= wvy —us(Auy) = (hypothesis that v; = Auq)

= uy(vg — Aug) (u1 factored out).

hence vy = Aug, since uy # 0. Therefore v = Au and the two vectors are collinear. m

2.3 Linear systems of two equations in two un-
knowns.

2.3.1 Let
amr + by = ¢,
(2.6)
asr + by = co,

be a system of two first-degree equations in the unknowns = and y. Equality (2.6)
can be written equivalently in the form

mr+biy)  [a
arsr +by)  \c
ra+yb =c, (2.7)

a= (al), b = (b1> and c¢= <01>.
a9 bg Co

Equality (2.7) obviously implies:

that is, again,

where

(ra+yb)Ab=cADb

whence,
raAb+ybAb=cAb,

having used linearity (2.3) of the determinant with respect to the first argument.
Since b A b = 0, one finally gets:

zaAb=cADb.
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Similarly one obtains
aN(ra+yb)=aAc,
whence

y-aAb=aAc.

If the determinant of the coefficients of the equation is different from zero, the system
has a unique solution given by:

(Ly):(cAb a/\c>‘ 2.8)

aAb aAb

Equation (2.8) expresses the classical Cramer’s rule, which solves systems of two
linear equations in two unknowns, also called Cramer systems 2 x 2.

2.3.2 Exercise.

1) Show that if aAb = 0 and at least one among c A b and a A ¢ is different from
zero, then the system (2.6) admits no solutions;

2) Give an example of a, b, c such that aAb =aAc =cAb =0 for which the
system (2.6) has infinitely many solutions;

3) Give an example of a, b, c such that aAb =aAc =cAb =0 for which the
system (2.6) has no solutions.

2.3.3 Decomposition of vectors along two given directions. Let u and v
be non-collinear vectors. Then every w € R? can be decomposed as the sum of two
vectors wy + wy such that wy € [u] and wy € [v]. Indeed there exist A, 4 € R such
that

w = Au+ uv,

because, rewriting (2.8), it suffices to take

WAV ulAw
A= and W= ’
ulAv ulAv
so that:
_W/\V u/\w

uAv e uAv

In conclusion, if two vectors u and v are not collinear, then R? = [u, v], that is, u,v
are generators of R2. It will be seen that the vector plane R? can be embedded into
the vector space R? of columns of three real numbers.
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2.4 Collinearity and coplanarity in R’
It will be useful to consider, in what follows, for each 1 <7 < 3, the function
g :R* = R?

that “forgets” the i-th component:

= () ww- (1) ww-(2). e

where u is as in (2.11). The reader will verify as an exercise that ¢; is a linear map,
for every ¢ € {1,2, 3}, that is, it “respects” linear combinations in the following sense:

gAu+pv) =X q(a) + - q(v). (2.10)
2.4.1 Thus, as seen in general in R”, a nonzero column

Uy
u=[uy | €eR? (2.11)
Uus

generates a vector line of R®, denoted by [u], which is the set {\u|\ € R}, while
[0] = {0}. The set

RP?* = {[u] |[u € R*\ {0}}
of all directions of R3 is called the real projective plane. The definition of collinearity
for two vectors of R? is the same as for vectors with two components. Two vectors u
and v are collinear if and only if v € [u] or u € [v]. Thus the zero vector is collinear
with any other vector of R3, since 0 = 0-u € [u]. If u and v are both nonzero,

the two conditions are equivalent, and both are equivalent to the equality [u] = [v].
Determinants of pairs of vectors provide the following criterion:

2.4.2 Proposition. Two vectors u,v € R® are collinear if and only if
g(u) Ng(v) =0 (2.12)

for every i € {1,2,3}.
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More explicitly:

)
Uy U
g A@(v) = |7 2l = upvy —uzve =0,
us vUs3
U v
p)Apv) = |1 T = wws —ugv; =0, (2.13)
us U3
U, v
g(u) Agz(v) = b= u1vy — ugvy = 0.
L U V9

Proof.Indeed, if u and v are collinear, all their corresponding components are pro-
portional and, therefore, all determinants (2.13) vanish. Conversely, suppose that
(2.12) holds for every i € {1,2,3}. If u = 0 there is nothing to prove. If u # 0 there
exists at least one index 1 < ¢ < 3 such that the i-th component u; of u is nonzero.
To fix ideas, suppose that uz # 0. Then the equation ¢;(u) A ¢1(v) = 0, the first
of (2.13), implies, by Proposition 2.2.4, the existence of A € K such that

{”2 = A, (2.14)

Vg = A us.
The second of (2.13), using the second of (2.14), gives:
0= U1V3 — U3V = )\U1U3 — U3V = u3(/\u1 — U1>,

whence, dividing the first and last member by us # 0, one obtains v; = X - uy,
sufficient to conclude that v = X - u, that is v € [u] as claimed. .

2.4.3 Let
[u,v] :={ u+puv|ApueR} (2.15)

be the set of all linear combinations of u and v with real coefficients. If v = 0, then
[u, 0] = [u].
If u and v are both nonzero and collinear, one has the equality:
[w,v] = [u] = [v].

If [u] # [v], the set (2.15) is called the vector plane generated by u and v.
If [u, v] is a vector plane, any pair of vectors (u’, v’) such that

[u,v] = [u, V]

is called a basis of the vector plane [u,v]. In particular (u,v) is a basis of [u, v].
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2.4.4 Three vectors u,v,w € R3 are said to be coplanar if they belong to the same
vector plane, that is, if at least one of them is a linear combination of the other two.
If [u] = [v] = [w], then u,v,w are obviously coplanar. If instead, say, [u] # [v],*
then u, v, w are coplanar if and only if w belongs to the vector plane [u, v] generated
by u and v. If three vectors u, v, w, pairwise non-collinear, are coplanar, then

W= [u,v]|=[u,w]|=[v,w].

and (u,v), (u,w) and (v, w) are three bases (but not the only ones) of W.

2.4.5 Exercise. Prove that if [u] # [v], then every w € [u, v] can be written as a
linear combination of u and v in a unique way.

2.4.6 Definition. Let u,v,w be three vectors of R® such that:
[u,v,w] =R?

(that is: such that every vector of R3 can be written as a linear combination of
u,v,w). In this case the ordered triple (u,v,w) is called a basis of R3.

2.4.7 Linear independence. If the ordered triple (u,v,w) is a basis of R® then
u,v,w are linearly independent vectors in the sense that the equality

A+ puv+rvw =0

implies A = u = v = 0. Indeed if, for example, A # 0, one would have

that is, u would belong to the vector subspace [v, w| and the vectors u, v, w would
be coplanar, contradicting the hypothesis of linear independence.

2.5 Determinants of triples of vectors
2.5.1 What follows presupposes the reading of paragraph 2.2, concerning the defi-

nition of determinant of a pair of columns of R?, as well as a review of the functions
¢; - R® — R?, which “forget” the i-th component of a column of R3- see 2.4.

4Which, by Proposition 2.4.2, is equivalent to ¢;(u) A g;(v) # 0, for at least one i € {1,2,3}.
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2.5.2 The determinant u A v A w of an ordered triple (u, v, w) of vectors of R? is
the scalar defined by:

UAVAW :=up - @ (V) Aq(W) —ug - a(V) A ga(W) +ug - g3(v) Ags(w).  (2.16)
More explicitly:

Uy vV W
UAVAW: = (U Uy Wal:=1Up
Uz Uz W3

Vg W
V3 w3

v W

V2 W2

[+

w1
V3 W3
= Ul(Ug’wg — vng) — UQ(Ul’U}:g — U3w1) + U,g(Ule — Ugwl) (217)

where, for every 1 < i < 3, u;, v;, w; denote the i-th components of the vectors u, v, w
respectively. The reader will verify, in particular, that:

injAk=1.

2.5.3 Linearity with respect to one argument. The determinant of three
vectors is linear with respect to the first argument:

Aty + P ) AVAW =X -y AVAWH - us AVAW, (2.18)
for every quadruple uy, up, v,w € R3. Indeed, applying definition (2.16):

(Aug + pug) AvAW =

= (Awy 4 p2)(1) - (V) Aqu(w) = (Awg 4 p2)(2) - 2(V) A g2(W)
+ (Aug + pug)(3) - g3(v) A gs(w) (2.19)

where for every 1 < i < 3, the expression (Auy + puuy)(7) denotes the i-th component
of the linear combination of u; and uy with coefficients A and p. Denoting by u;(%)
the i-th component of the vector u;, for j = 1,2, and invoking the definition of linear
combination of columns, expression (2.19) equals the sum:

(Awr (1) + puz(1) - (V) Aqu(w) = (Aw(2) + pua(2)) - ¢2(v) A g2(W) +
+  (Aui(3) + puz(3)) - g3(v) A gz(w

~—

which, through a rearrangement of the terms:

=Aw@) - a(v)Aqaw) — w(2) q(v) Agw)+ui(3) - g(v) Ag(w))
+pfu(l) - a(v) Aqr(w)  — u2(2) - @2(v) Aqa(w) +u2(3) - g3(v) A gs(w)] (2.20)
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=AWAVAWH - W AVAW,
as desired.

2.5.4 Observation. In the sum (2.20), what does the expression, for example:

u(l) - i (v) Aqu(v)

mean? the determinant ¢;(v) A ¢;(v) multiplied by u(1) or (u(1) - ¢1(v)) A ¢1(w)?
The two ways of understanding it are equivalent, thanks to the linearity of the
determinant with respect to the first argument, and therefore the writing is anything
but ambiguous!

2.5.5 Exercise. The reader will verify that the determinant uAv Aw changes sign
when exchanging u with v and u with w. It is enough to observe that by exchanging
w; with v; or u; with w; in (2.17), one obtains (2.17) with changed sign.

2.5.6 Linearity with respect to every argument. Antisymmetry once again
implies linearity of the determinant of three vectors with respect to every argument.
By way of example, let us verify it with respect to the third. One has:

UAVA (AW + uwy) = —(Awy + uwa) AVAU=
whence, applying (2.18), already verified, and again antisymmetry:
= A WAVAU— - WaoAVAU=A-UAVAW+ - UAV AW,

as was to be proved. Summing up, the determinant function R? AR3 AR? — R is a

tri-linear antisymmetric form such thatiNj Ak = 1.

2.5.7 Observation. As in the case of 2 x 2 determinants, linearity with respect
to each argument implies the vanishing of the determinant of three vectors of R3
whenever at least one column is zero. Similarly, antisymmetry implies the vanishing
of the determinant of three vectors whenever two columns coincide. The verifications
are carried out exactly as in 2.2.3 1) and in 2.2.3 ii), and the reader is invited to go
through them again in this case. In particular, for every u,v € R3, one has the
equations:

ur-q(u) A (v) — ug- @) Ag(v) + us-g(u)Ags(v) = 0
(2.21)
vi-q(u) Aq(v) — ve-@a)Ag@(v) + v-gu)Ag(v) = 0



12 CHAPTER 2. THE THREE-DIMENSIONAL EUCLIDEAN VECTOR SPACE

which are the expansion (2.16) of the identities:
uAuAv=_0 and vAuAv =0,

in which at least two arguments of the determinant are equal.

2.5.8 Proposition. Three vectors u,v,w € R? are coplanar if and only if
uAvAw=0.

Proof.If the three vectors are coplanar, at least one, say w, is of the form Au + uv
for suitable A, u € R. Then

UAVAW=UuAVAAu+pv)=A-uAvAu+pu-uAvAv=0
by 2.5.7. Conversely, suppose that
uAvAw=0.

If [v] = [w], the three vectors are certainly coplanar, since, for example, w € [u, v].
Let us then suppose that [v] # [w]. In expression (2.16) there then exists at least
one 1 < ¢ < 3 such that ¢;(v) A ¢;(w) # 0, otherwise v and w would be parallel. It
is no restriction to suppose that ¢ = 1. Let A, ux € R be the solutions of the linear
system

q1(u) = Aqi(v) + paqi(w) (2.22)
and let us prove that they imply

u = \v+ uw. (2.23)

Equation (2.22) is equivalent to uy = Avg + pwse and ug = Avs + pws, therefore to
prove (2.23) it is enough to prove that u; = Av; + pw;. The equation uAvAw =0
and (2.16) imply the equality:

ur - (V) A qi(w) = uz - ¢2(v) A g2(W) — us - g3(v) A gs(w) (2.24)
that is, using (2.22):
= (Av2 4 paws) - q2(v) A ga(W) — (Avs 4 paws) - g3(v) A gs(w) =
whence, factoring out A and pu:

= Mvg (V) Aqa(w) —v3 - q3(v) A gz(w)) +
+ p(wz - 2(V) A (W) —ws - g3(v) A gs(w)).
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Using again (2.21) one gets:

Avt - @i (V) A qi(W) + pawr - ¢ (V) A qr(w) =
= (v + pwr) - (v) A qu(w). (2.25)

And thus, from the equality of the left-hand side of (2.24) and the last member
of (2.25), one finally obtains:

ur- @ (V) Aqu(w) = (Avr + pn) - u(v) A gr(w),

which implies (2.23) in force of the hypothesis ¢;(v) A ¢1(w) # 0.
2.5.9 Esempio. The three vectors

0=
() ' () ' () ) (32O () e () () -

= (10—20) —2- (20 — 16) + 3 - (10 — 4) = —10 — 8 + 18 = 0.

Let the reader find as an exercise a way to express any one of the three vectors u,v,w as
a linear combination of the other two.

2.6 Cramer’s rule for 3 x 3 systems

2.6.1 Generalizing the situation described in 2.3, consider the system of three equa-
tions in three unknowns
UL + 1y + w2z = by,
U™ + VoY + Woz = bo, (2.26)
usx + v3y + w3z = bs.

The array
U v W
(u,v,w):= | us vo wo ]|,
Uz V3 W3
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is also called the coefficient matriz of system (2.26), which can be written equivalently
as
ru+yv+ zw = b, (2.27)

with (hopefully) obvious meaning of the symbols: b is the column of the “known
terms” and (x,y, z) are the unknowns. Equality (2.27) implies, obviously, the fol-
lowing three equalities:

(ru+yv+2w) AVAW = bAVAW
uAN(zu+yv+zw)Aw = uAbAw
uUAVA(zu+yv+2zw) = uAvADb

Applying trilinearity and the fact that the determinant of triples of vectors with two
equal arguments vanishes, one gets:

ITUAVAW = bAVAW
YyuAVAW = uAbAw (2.28)
ZUAVAW = uAvAD

If the determinant u A v Aw of the coefficient matrix is nonzero, the unique solution
of the system is:

w2 = (

bAvAW uAbAw uAvADb
UAVAW UAVAW UAVAW)/)’

which expresses Cramer’s rule® for the solution of systems of three linear equations
(that is, first-degree equations) in three unknowns. If u A v Aw = 0, the three
columns u, v, w are coplanar.

2.6.2 Consequence. An ordered triple B := (u,v,w) of vectors of R? is a basis
of R3 if and only if its determinant is different from zero. Indeed if the vectors of
B were linearly independent they would not be coplanar and the determinant would
not be zero. They would therefore generate R3, since every b € R? could be written
(uniquely) as a linear combination of u, v, w with coefficients equal to the (unique)
solutions of system (2.26). Conversely, if u Av Aw # 0, the linear system (2.26) has
a solution for every choice of the column b, that is every b € R? is a unique linear
combination of u, v, w.

5In honor of the Swiss mathematician Gabriel Cramer, (Geneva, 1704 — Bagnols-sur-Céze, 1752).
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2.6.3 Esempio. The vectors u,v,w of Example 2.5.9 are not a basis of R? because
they are coplanar. For example e; AuAv = —10 # 0. Therefore e1, u, v are not coplanar
and, consequently, e; cannot be expressed as a linear combination of u and v.

2.6.4 Definition. A basis (u,v,w) is said to be positively oriented if and only if
uAvAw >0

and negatively oriented if and only if
uAvAw<0.

2.6.5 Esempio. The canonical basis (e, ez, e3) of R? is positively oriented. Instead
(e1,u,v) with u, v as in Example 2.5.9 is negatively oriented. Then (e1, v, u) is positively
oriented (because when exchanging two arguments the determinant changes sign).

2.7 The cross product

2.7.1 Definition. The standard Euclidean cross product (or vector product, or
“cross product” from the English cross product) on R3 is the unique map

x : R3xR¥ — R?
(u,v) — uxv
linear with respect to the first argument, antisymmetric and such that:
ixj=k, jx k=i, k xi=j. (2.29)
2.7.2 Condition (2.29) is often summarized by the diagram:
i — ]

AN e
k

which suggests that the first of (2.29), in which the vectors appear in alphabetical
order, is sufficient to reconstruct the remaining ones, following the clockwise direc-
tion.

2.7.3 Linearity with respect to the first argument means the equality:

AU+ puv) X W=XA-UXW+ [ -VXW, Vu,v,w € R* and VA u€R (2.30)
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while antisymmetry means:
uXxv=-vxu, Vu,v € R%. (2.31)

The alert reader is already aware of the fact that (2.30), together with (2.31), imply
linearity with respect to the second argument, namely

UX (AWV+puw)=A-uXv+pu-uxw (2.32)
Indeed
ux (Av+puw) = —(Av+pw) xu = (using (2.31))
= —“A-VvXUu—[g-wXxu= (using (2.30))
= AuXv4pu-uxw. (using again (2.31))

Since (2.31) holds for every pair of vectors (u,v) € R* x R3, it holds in particular
for the pair (u,u), with u arbitrary, whence the equality:

uxXxu=-uxu <= 2-uxu=0
which, since 2 # 0 in the field of real numbers, implies:
uxu=0  YucR® (2.33)

2.7.4 We now come to writing an explicit expression for the vector product, by
explicitly listing its components. If u; and v; denote, as usual, the i-th component,
respectively, of two vectors u,v € R3, for every 1 < i < 3, one has:

u X v = (uii + ugj + usk) x (v1i 4 voj + v3k)
whence, invoking linearity with respect to the first argument:
u X v =ui X (v1i+ ve] + v3k) 4+ ugj X (v1i+ vej + v3k) + usk X (v1i + vaj + v3k)

Linearity with respect to the second argument and antisymmetry (in particular the
fact that i x i=j x j = k x k = 0), therefore imply:
UXV = uvl X i+ uvel X j+ uivsi X K+ ugv1j X 14+ ugvej X j+ ugvsj X k +
+ U3U1k X1+ U3U2k X j + U3U3k x k=
= (UQU3 — Ug?)g)j x k — (Ul’l)g — U3U1>k X i+ (U1U2 — Ug’Ul)i Xj

= (U2U3 — U3U2)i + (U3U1 — U,1U3)j + (U1U2 — U2U1)k (234)
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having used in the last equality the expressions (2.29). Equivalently, in a more
practical way:
UgV3 — U3V2
u X v=|ugv —uvs
U1V2 — U2V

2.7.5 One will notice that (2.34) can be rewritten using the function ¢; : R? — R?
that “forgets” the i-th component (see (2.9)):

ux v =q(u)Aq(v)i—g(u) Agv)j+g(u) Ag(v)k

which also suggests that the vector product can be computed by means of the ex-
pansion of a formal determinant:

i Uy U1
uxXv=\j uy wvs. (2.35)
k us Vs

In particular
(uxv,w) =q(u)Aq(V)wr—g(a) Ag(v)ws+g3(u) Ags(V)ws = uAvAw. (2.36)

The expression ( ux v, w) is known as the scalar triple product and in fact coincides
with the determinant of the three vectors u, v, w. Using the explicit expression (2.34)
or, alternatively, (2.35), one can prove the following properties:

2.7.6 Properties of the vector product. For every u,v,w € R3 and every
A\ 1 € R one has:

a) ux v =0 if and only if u and v are parallel;
b) u x v is a vector orthogonal both to u and to v;

c) One has the equality:

(uxv,w) =(u,vw); (2.37)

d) One has the formula:

(uxv)xw={(uw)v—{v,w)u. (2.38)
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Proof.If v = Au one has u x v = ux Au = Au x u = 0 and this proves a). To verify
that u x v is orthogonal to u and v it is enough to compute its scalar product with
u and v, obtaining:

(uxv,u) =uAvAu=0 and (uxv,v) =uAvAv=0

since the determinant of three vectors is zero if two arguments are equal. Let us now
come to c).

(uxv,w) = uUAVAW= (last equality (2.36) for the scalar triple product)

= —VAuUAWwW= (antisymmetry of the determinant,
after exchanging u and v)

= VAwWAuU= (exchange of w and u in the determinant
with consequent change of sign)

= (vxwu) = (again (2.36))

= (u,vxw) (by symmetry (?7?)-(bsl) of the
scalar product)

and c) is also proved. As for d), there are two methods: a direct one and an indirect
one. The direct one consists in computing separately the left-hand side and the
right-hand side and verifying that they are equal. The second consists in observing
that it is enough to verify the proposition for

(uxv)xu
where u and v are any two distinct vectors of the canonical basis. .

2.7.7 Exercise. Prove that the vector product is not associative, that is, that
there exists at least one triple of vectors u, v, w such that

(uxVv)Xw#ux(vxw).

2.7.8 Solution of 2.7.7. It is enough to take u =1, v=1, w =j.
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2.7.9 Observation (important). The vector space R3, with respect to the vector
product “x”, is a Lie algebra ®. This means that x is bilinear, antisymmetric and
satisfies the Jacobi identity "

(UuXV)xw+ (Vxw)xu+(wxu)xv=0, (2.39)

for every choice of u, v, w. The reader is invited to prove this identity in at least one
of the many possible ways, for example using (2.38).

2.7.10 Let u,v € R® The sine of the angle between (u,v) is defined by the
equality:
lu x v| = |u||v|sin(u, v).

It is undefined if at least one of the two vectors u or v is zero.

2.7.11 Volume. The Euclidean volume of three vectors in R? is by definition
Vol(u,v,w) = [{uxv,w)|. (2.40)

Imagining the vectors as arrows, the volume intuitively corresponds to the volume of
the parallelepiped having edges of lengths |ul, |v|],|w|. For example, if u, v, w were
pairwise orthogonal, one would have:

2.7.12 Solved Exercise. Prove formula (77?).
Solution. If at least one of the three vectors u, v, w is zero, the equality is trivial.
Instead, if they are all nonzero, they form a basis of R? and, therefore, the volume is
certainly different from zero. First of all, w has the same direction as u x v, since it is
orthogonal to the vector plane [u,v]. In this case, as follows from Schwarz’s inequality,
one has:

(v, w)| = [uxv]-|w

One must then evaluate the modulus |u x v| when ( u,v) = 0, that is, when they are

orthogonal. To this end it is enough

2.7.13 The area of a parallelogram can be regarded as the volume of a paral-
lelepiped of height 1 having the given parallelogram as base. If one of the two
vectors is zero or the two vectors are collinear, the area is obviously zero.

Area(u,v) = <u XV, uxy > = |u x v|, (2.41)

6Named after the great Norwegian mathematician Sophus Lie (17 December 1842 - 18 February
1899).

"named after the great German mathematician Carl Gustav Jacob Jacobi (Potsdam, 10 Decem-
ber 1804 — Berlin, 18 February 1851).



20 CHAPTER 2. THE THREE-DIMENSIONAL EUCLIDEAN VECTOR SPACE

which is precisely the volume of the parallelepiped (u,v,w) with w of modulus 1
and orthogonal to [u, v] (it is enough to take, as was done, the vector product u x v
and divide by its modulus).
A trivial manipulation of (2.41), based on the properties of the scalar product,
gives:
(uxv,uxv) lu x v|?

A g == = ><
rea(u, v) V] ax V] lu x v/,

as was to be verified.

2.7.14 Esempio. Let the vectors

be given. Then

— N

2 1
Area(u,v)uxv()x (1)(1)@
1 —3

2.7.15 Concluding observation. The definition 2.7.1 chosen for the vector prod-
uct has the undoubted advantage of being ready for use; however, it is not the one
preferred by the author. Indeed the vector product of u,v € R? can be elegantly
and intrinsically defined as the unique vector of R3 such that

(uxv,w) =uAvVAw.

Such a definition, using the bilinearity properties of the scalar product and the tri-
linearity and antisymmetry of the determinant, immediately shows that the function
R?® x R* — R? defined by (u,v) — u x v is bilinear, antisymmetric and such that
i X j = k. Moreover the equality:

uxv=(uxv,i)i+{uxv,jij+{uxv, k)k
immediately gives

(uxv,i) = u/\V/\i:U2U3—U3U2
(uxv,j) = UAVAJ=uzv —uvs

(uxv, k) = uAvAk=uvy—u
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in agreement with expression (2.34). The more direct way 2.7.1 adopted for defining
the vector product nevertheless has its own interesting content. It is based, in fact, on
the procedure by which one defines an algebra by means of the structure constants,
which are exactly the coefficients of i,j,k in the expression of u x v as a linear
combination of i, j, k, when u, v are any two vectors of the canonical basis (i, j, k).

2.8 Exercises
2.8.1 Consider the vectors

u:=f—j’—|—3]§, Vin—QE, W::35—6f—3/;.

1. Compute
uxv, VX W, and W X u

Those who know how to use the software MATLAB® may check the results using
the instruction

Cross

which, for an ordered pair (u,v) of vectors, returns

cross(u,v) =u x v.

2. Find the volume of the parallelepiped generated by u, v, w;

3. Compute
(uxv)xw and ux(vxw).

Do the results coincide?
4. Compute (3u—4v —w,u x v).
5. Determine the locus of vectors x 1= 7 + xgj'—l— 1‘3E orthogonal to w.
6. Compute the norms of each vector u, v, w;

7. Prove that w is collinear with u x v.

Soluzione: |7, Exercise 1.8.1].
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2.8.2 Given the vectors of R3
wi=i—2j+3k  v:=2—4j+5k  w:=4i—2j+5k
compute:
1. uAv Aw:=det(u,v,w);
2. Qu—v)A(u+5w) A (u+v+w);
3. iAjAK.

Soluzione: 7, 1.8.2].
2.8.3 Consider the vectors

ui=2i—j+k, V::?+j—212.
1. Compute the cosine cos(u, v) and the sine sin(u, v). Verify that

sin?(u,v) + cos?(u,v) = 1
2. Compute the area of the parallelogram determined by u and v;

3. Compute the orthogonal projection of the vector u along the direction of v and
the orthogonal projection of the vector v along the direction of u.

Soluzione: |7, 1.8.3].
2.8.4 Prove by direct verification that

(uxv)xw={(uw)v—(v,w)u.

Exhibit a counterexample proving that the vector product is not associative. Verify
the equality:
(uxv)xw+ (vxw)xu+(wxu)xv=0
called the Jacobt identity.
Soluzione: [?7, 1.8.4].

2.8.5
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i) Find the area of the parallelogram determined by the vectors

e () i v ().

ii) Let wy := (g), Wy 1= (;l), W3 = <_21) Determine x,y € R such that

ru+ yv = w;
fori=1,2,3.
Soluzione: |7, 1.8.5]

2.8.6 Compute the volume of the parallelepiped generated by the vectors u,v,w
where

2 1 3
lLL.u=|1}|,v=|3], w=|4];
3 ) 8
1 0 0
22.u= (1), v=[2 |, w=]|0];
1 75 3
1
.u=1[1],v=13], w=uxv;
3 5)

Soluzione: It is a matter of evaluating determinants. 1) The volume is 0. What does

this mean geometrically?; 2) The volume is 6. One does it mentally; 3) The volume
is 75.

2.8.7 Let the vectors be given:

-1 0 0

bi=| 0 |, be=| % |, by=|%
0 _ V2 V2

2 2

1. Verify that each b; (1 < i < 3) has norm one and that by, bs, bs are pairwise
orthogonal. One says that they form an orthonormal basis.
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2. Decompose the vector

along the vectors by, by, bs. What are the components of u with respect to the
system (by, bs, b3)?

3. Find the components of by, by and bz with respect to the system (b, by, bs)
(also called “basis”).
Soluzione: [?, 3.5.1]

2.8.8 Let the vectors

3 2
b1 = 1 s bQ = 6
4 -3

be given.

1. Prove that [b;] L [by] (recall that [u] is the direction of u, that is {Au |\ € R})

2. Find two vectors of norm 1 having the same orientation as b; and bs;
3. Find a vector w of norm 1 orthogonal to b; and by;

4. Decompose the vector

along the orthonormal triple
(® w7
IR TR
b1 [by]
5. Find the orthogonal projection of u along the direction [u].

Soluzione: [?, 3.5.2]

1 3
2.8.9 Find the locus of vectors w orthogonal tou:= [ 1| and v:= | 1
3 2

Soluzione: [?7, 1.8.14].
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