THE HURWITZ THEOREM ON SUMS OF SQUARES

KEITH CONRAD

1. INTRODUCTION

When multiplication is commutative, a product of two squares is a square: 2y = (zy)2.
A more profound identity is the one which expresses a sum of two squares times a sum of
two squares as another sum of two squares:

(1.1) (2% + 23) (1 + 93) = (2191 — 2212)? + (2192 + w201)?
There is also an identity like this for a sum of four squares:

(12) (ai+a3+a3+a))(Wi+vs+u3+vi) = (2151 — 222 — T3Y3 — Tays)’

)
(z1y2 + Toy1 + T3Ys — Tay3)
(T1y3 + T3y1 — Tays + Tay2)
(T1Ya + w291 + T2Yy3 — 3333/2)2~

[\

_'_
_|_
2+
These are polynomial identities, so they are valid when we substitute for the variables
elements of any field (or, for that matter, elements of any commutative ring).

In the 19th century, after the 4-square identity (1.2) was popularized by Hamilton in his
work on quaternions (it had been found by Euler in the 18th century but then forgotten),
Cayley discovered a similar 8-square identity. In all of these sum-of-squares identities, the
terms being squared in the product are all bilinear expressions in the x’s and y’s: each such
expression, like x1y2 4+ x2y; for sums of two squares, is a linear combination of the z’s when
the y’s are fixed and a linear combination of the y’s when the z’s are fixed.

It was natural for mathematicians to search for a similar 16-square identity next, but they
were unsuccessful. At the end of the 19th century Hurwitz [4] proved his famous “1,2,4,8
theorem,” which says that further identities of this kind are impossible.

Theorem 1.1 (Hurwitz, 1898). Let F be a field of characteristic not equal to 2. If
(1.3) @f 4 Fap) i+ ryn) =24+ 2

forall x1,...,xn,y1,...,Yyn in F, where each z is an F-bilinear function of the x’s and the
y’s, thenn=1,2,4 or 8.

Hurwitz’s original proof was stated for F' = C, but the field of scalars only needs to be of
characteristic not equal to 2 for his proof to work. Nothing would be lost if you take F' = C
in the rest of this discussion. (What if the field F' has characteristic 2?7 Then there is an
identity as in (1.3) for all n because a sum of squares in characteristic 2 is again a square.)

To prove Theorem 1.1, we first show in Section 2 that the existence of a bilinear formula
like (1.3) leads to a set of equations in n X n matrices over F. Then we show by two
different methods that the matrix equations can be solved only when n = 1, 2,4, or 8. The
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first method, in Section 3, will involve a linear independence property of certain matrix
products, and is a simplified version of Hurwitz’s original argument. Our treatement is
based on [6]. The second method, in Section 4, will use representation theory. This method
is due to Eckmann [2] (see also [3, pp. 141-144]). Sections 3 and 4 can be read independently
of each other. As an application of Hurwitz’s theorem, we show in Section 5 that the only
Euclidean spaces which can admit a multiplication resembling the usual vector cross product
are R (a degenerate case, it turns out), R?, and R".

While Hurwitz proved only the dimension constraints n = 1,2, 4, and 8, it is also the case
that, up to a linear change of variables, the only sum of squares identities in these dimen-
sions are the ones associated to multiplication in the four classical real division algebras of
dimensions 1, 2, 4, and 8: the real numbers, complex numbers, quaternions, and octonions.
For a proof of this more precise result, see [5, §7.6] or [6, Appendix, Chap. 1]. Readers
unfamiliar with algebra in the quaternions and octonions can look in [1].

2. THE HURWITZ MATRIX EQUATIONS

Lemma 2.1. Let V be a finite-dimensional vector space over F, where F does not have
characteristic 2. If there is a pair of invertible anti-commuting linear operators on V', then
dim V' s even.

Proof. Suppose L, L': V' — V are linear, invertible, and LL" = —L'L. Taking the determi-
nant of both sides, (det L)(det L') = (—1)4™V(det L')(det L). Since L and L’ have non-zero

determinants, 1 = (—1)@™V in F, so dim V is even since the characteristic of F' is not 2. [J
We return to (1.3). That zj is a bilinear functions of the z’s and y’s means
n
(2.1) Zk = Z aijkxiyj
ij=1
for some a;;, € F. For example, in the case n = 2 we see by (1.1) that we can use
(22) Z1 = T1Y1 — T2Y2, Z2 = T1y2 + T2y

We can collect the two equations in (2.2) as components of the equation
21 _ T1Y1 — X2Y2
Z2 T1Y2 + T2Y1
_ ry —T2 Y1
T2 T Y2
o 1 0 0 —1 Y1
- (o 1)) (0)
From (1.2), in the n = 4 case we can use

21 = T1Y1 — T2Y2 — X3Y3 — T4Y4,
T1Y2 + T2Y1 + T3Ys — Tays,
T1Y3 + T3Y1 — T2ys + T4Y2,
Z4 = T1Ys + TaY1 + T2Y3 — T3Y2,

22
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SO
21 1
] Y2
= (x1A1 + 2042 + 1343 + v4A )
23 (w141 242 343 1Ay) u3
<4 Ya
where Ay, As, Az, and A4 are 4 X 4 matrices with entries 0, 1, and —1. For example,
1 000 0 -1 0 0
0100 1 00 0
A=loo10]®2=lo 00 <1
00 01 0O 01 o0

The reader can work out Az and Aj.
Such matrix equations can be developed in the n x n case too. The scalar equation (2.1)

for k=1,...,n is the same as the single equation
2 > i Wi Ty
(2.3) : = :
Zn Zi,j AijnTiYj

25 (2205 aijiwi) yj

Zj (225 @ijni) yj
DT . Y Ginl Y1

Zi AiinTi - .. Zz Ainnd; Yn
The n x n matrix in the last expression can be expressed as a sum of n matrices, each one

containing only one x; which can then be pulled out as a coefficient:

aiilr ... QAinl anil ... Qapnl
T T +--txy
ailn  --- QAlnn nln --- Odnnn

This sum can be written as x1 A1 +- - -+, Ay, where A; is an n x n matrix with (j, k)-entry
Ak (Why the index reversal on the subscripts? That is in the nature of how matrix-vector
multiplication works: look at the n = 2 case to convince yourself in a concrete case that
this index reversal is not an error.) Now (2.3) reads as
z = (1'1141 +---+ wnAn)y = Ayy,
where we set Ax = 141 + -+ + 2, 4,.
With this notation, the right side of (1.3) is
Z% + P _|_ Z’r21 g 7 -7
= Ay - Axy
T
= (A Axy)-y
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The left side of (1.3) is

<Z~’U@2>Y'y= ((Zﬁ) Y> -y
AiAy) -y = ((Xa?)y) v

Comparing the two sides as y varies shows (since F' has more than 2 elements)

(2.4) AT Ay = (Z xf) L.

Expanding the left side of (2.4) using Ax = 141 + -+ + 2, A5, we have

Therefore

n

Alac=Y (AZTAi) Y (AiT A;+ A]TAZ») wit;,

i=1 1<i<j<n
o0 (2.4) is equivalent to the system of matrix equations
(2.5) Al Ai=1,, AlAj+A]A;=0 fori<j.

These are the Hurwitz matriz equations. (The actual entries in the A;’s won’t matter
anymore.) The rest of the proof of Theorem 1.1 is now devoted to showing these equations
in n X n matrices can exist only if n is 1, 2, 4, or 8. Without loss of generality we take
n > 2.

We normalize the matrices A; to make one of them the identity, as follows. By (2.5), A;
is an invertible matrix whose inverse is A, . Set

B; = A;A
Now (2.5) is easily seen to be equivalent to
(2.6) Bn=1I,, B/Bi=1I, B/Bj+B]B;=0 fori<j.

(We write ¢ # j rather than ¢ < j to make things more symmetric; it doesn’t change
anything.) Taking j = n in the third equation shows BiT = —B; for i # n. Therefore the
n — 1 matrices B, ..., B,_1 satisfy

(2.7) B! = -B;, B?=-1,, B;B;=—B;B; fori# j.

We see immediately from (2.7) and Lemma 2.1 that n is even. Next we will prove that
(2.7) for even n > 2 forces n =4 or 8.

3. CONCLUSION VIA LINEAR ALGEBRA

We will use a lemma about linear independence of certain matrix products. Let m be
a positive even integer and C,...,C,, be matrices in some My(F') which are pairwise
anticommuting and each C’Z-2 is a non-zero scalar diagonal matrix. (For instance, in the
notation of (2.7), we can use By, Bo, ..., B,_2 in M, (F). We take out B,, = I, since it is
not anti-commuting with the other B;’s, and we then take out B,_1 because we need an
even number of anti-commuting matrices and n — 1 is odd.) While B? = —1I,, for all i, for
the purpose of what we are going to do for now with these C’s, we don’t need to assume
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C? is the same scalar for all i.) From the m matrices C1,...,Cp,, we get 2™ products of
different terms. Specifically, for an m-tuple § = (d1,...,0m) € {0,1}™, set

co=ch...con.
Note C; is 06 where ¢; = 1 and other J;’s are 0. The number of different d’s is 2.

Lemma 3.1. With notation as in the previous paragraph, the 2™ matrices 9 are linearly
independent in My(F). In particular, 2™ < d* when m is even.

In the course of the proof, the condition that m is even will only be needed at the very
end.

Proof. Suppose there is a non-trivial linear relation

(3.1) Y 6500 =0,
3

where the bg’s are in F' and are not all 0. Take such a relation with as few non-zero
coefficients as possible.
First we show that we can assume by # 0. Since the C;’s anti-commute and square to a

! !
non-zero scalar matrix, 05 05 is a non-zero scalar matrix for any §’. Moreover, as § varies
and &’ is fixed,

(C9¢9 . § € {0,11™) = {(non-zero scalar)C? : & € {0,1}™).

Therefore, picking 8’ such that b 5 7 0, multiplying (3.1) on the right by 9 gives a linear
relation with the same number of non-zero coefficients as in (3.1) but now the coefficient
of C% = I, is non-zero. We may henceforth impose this condition on the minimal relation
(3.1).

Now we use conjugations to show most terms in (3.1) are zero. By anti-commutativity,

coo_ G =i
B —C;, ifi#7].
Therefore
(3.2) .00t = +09.

What is the exact recipe for the + sign? It depends on how many coordinates in § equal
1. For 6 € {0,1}", let its weight w(d) be the number of ¢’s with §; = 1. For instance,
w(0) = 0. We get the more precise version of (3.2):

. i ST = £ . s
(3.3) C,c0c !t =e5,00
where

(—1)w@®, i §; =0,
3.4 ;=
(3.4) €5 {(_1)11;(5)—17 if 6, = 1.

For instance, €9 ; = 1 for all 1.
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Pick i from 1 to n and conjugate (3.1) by C;. By (3.3), we get

(3.5) Y e5.05C0 = 0.
)
Since €9; = 1, subtract (3.5) from (3.1) to get the linear relation
(3.6) Y (1 —e5.,0b5C0 = 0.
)

Here the coefficient of the term for § = 0 is 0, while we arranged for it to be non-zero
in (3.1). Therefore (3.6) is a linear relation with fewer non-zero terms than the non-zero
relation of minimal length. Hence all terms in (3.6) vanish. That is,

0#0,b5 #0=¢5,=1.

This holds for every i from 1 to n, so each § # 0 with a non-zero coefficient in (3.1) has e,
independent of ¢. Then §; is independent of ¢ by (3.4), so § = (1,1,...,1). Then w(§) = m7,
SO E§, = (—=1)™~1 = —1, since m is even. This is a contradiction since —1 # 1 in F. We
have shown bs = 0 for 6 # 0, but then the linear relation (3.1) has just one non-zero term,
which is impossible. O

Returning now to the setting of the proof of Theorem 1.1, apply Lemma 3.1 to the
matrices B, ..., B,_o in M, (F). (Recall n is even.) We conclude 2"~2 < n?. It is easy to
see this inequality, for even n > 2, holds only for n = 4,6, and 8. The possibility n = 6
in Theorem 1.1 will be eliminated by studying eigenspaces for B;. We will see that when
n >4, 5 is even, so n # 6.

Consider the B;’s as linear operators on V' := F", where F is an algebraic closure of F.
Since ng = —I,, the eigenvalues of B; are +i = £+/—1.

Let (-,-) be the standard inner product on V: ((ai,...,an), (b1,...,by)) = > p_ arbg.
Since BjT = —Bj, we have

<ij’ w> = —(v, ij>
for any v and w in V. There is an eigenspace decomposition V = U & W for the action of
B, where
U={v:Bw=iw}, W={v:Bw=—i}.

Since Bj is injective and U and W are eigenspaces, B1(U) = U and B;(W) = W. Of
greater interest is that, for j = 2,3,...,n—1, B;(U) = W and B;(W) = U. To see this,
it will suffice to show B;(U) C W and Bj(W) C U. (Then, by injectivity of B;, we’d get
dimU < dimW and dimW < dim U, so these inequalities are equalities and B; maps U
onto W and W onto U by the rank-nullity theorem.)

Forv e U,

Bl(BjU) = —Bj(Blv) = —Bj(iv) = —’iBjU,
so Bjy € W. Thus, Bj(U) ¢ W. That B;(W) C U is analogous. It follows, as noted
already, that dimU = dim W = 3.

Although the maps B; (j > 1) send U to W and vice versa, we can get self-maps on one
of these subspaces by composition of each B; with, say, By. For j = 2,3,...,n — 1, the
composite Cj = Byo Bj is an invertible linear operator on U. For n > 4, a direct calculation
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shows that C3 and Cj are anti-commuting on U (as are C; and C}, for any different j, k > 2).
This forces dim U to be even by Lemma 2.1. Thus 2|5, so 4|n. This eliminates the choice
n = 6 and concludes the first proof of Hurwitz’s theorem.

4. CONCLUSION VIA REPRESENTATION THEORY

Assuming n > 2 is even, we will derive n = 4 or 8 from (2.7) using representation theory.
Consider the group of matrices generated by the B;’s. These consist of the matrix prod-
ucts
+B - 321—117
where a; = 0 or 1. Note —I,, # I,, since I’ doesn’t have characteristic 2.
Let G be a group generated by elements g1, ..., g,—1 such that

(4.1) @G =c#1, 2 =1, 9i9; = €9;9; for i # j.
(The Hurwitz matrix equations, or rather their consequence in (2.6), led us to an example
of such a group.) Every element of G has the form

aop a1 an—1
P

where a; = 0 or 1. Also, if G exists then the subgroup {gi,...,gm} for 2 <m < n — 2 has
the same formal properties (4.1) as G, but with fewer generators. Note £ commutes with
all the g;’s, so € € Z(G).
We now show the following four facts:

(a) #G =27,

(b) [G,G] ={1,¢},

(c) If g € Z(G), then the conjuagcy class of g is {g,2g},

(d) The evenness of n implies

Z(G) = {175791 rG9n—1,€91 " 9n—1}~
(a) Certainly #G < 2". We need to show that if
(42) gaog?l - 9?7,71711 — ]_7

then all a; are even (or simply equal 0 if we assume, as we can, that a; = 0 or 1).

Well, if n —1 = 2 and (4.2) holds with ay = 1 then g9 is in the group generated by e and
g1, hence in the group generated by g1 since €2 = g;. That implies go commutes with g1,
which is not the case. So ag = 0 and €™gy* = 1. Since g; has order 4, it doesn’t lie in the
2 element group generated by &, so a; = 0. Therefore ag = 0.

Now assume n—1 > 2 and a,,—1 = 1. Multiplying each side of (4.2) by ¢,—1 on the right,
we move g2_; = ¢ over to the € term (since ¢ € Z(G)) and get

5“6'9?1 . g27i*22 — ]_7
where a(, = 0 or 1 since ¢ has order 2. Since the group generated by €, g1, ..., gn—2 has the
same formal properties as GG, we see by induction that
aj :"':an_QZO.
Thus €%g,_1 =1, S0 gn_1 € {1,¢}, a contradiction.
(b) Since n — 1 > 2, (4.1) gives g1g29; ‘95" = ¢, s0 ¢ lies in [G, G]. Since € € Z(G), the
group G/{1,¢} is abelian by the defining properties of G, so [G, G| = {1,¢}.
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(c) This is obvious from b.
(d) An element g of G lies in the center if and only if gg; = g;¢ for all i. Write
g = angill e g:ll"i_ll’
where a; = 0 or 1. Then (using gigjgi_l = £g;)

an—1 _—1

99i = gig <= &g g = g™t - 9" g
a0+27;;} a;
= gaogtlll e gn_ll = J#i g‘lll e gZi_ll .
Since € has order 2, we see
n—1
g€ Z(G) = Zaj = 0 mod 2 for all i.

Jj=1
J#i

For i # k, we get

n—1 n—1
E a; = E a; mod 2,
=1 =1

i £k
so a; = ax mod 2. Thus a; =--- = anp—1, 80 g =€ or €°g; --- g,—1. Hence

g€ Z(G) < (n—2)a; =0 mod 2,

so Z(G) has the elements as indicated for n even. (That n is even was only used in the last
line. If instead n were odd, then Z(G) = {1,¢}.)

We now bring in representation theory. The original Hurwitz problem gave an n-
dimensional (faithful) representation of G over F', which we view as a representation over
the algebraic closure F. Which irreducible representations of G over F can occur in this n-
dimensional representation? Since F doesn’t have characteristic 2, the characteristic doesn’t
divide the order of G, so classical representation theory applies.

Since G/[G, G] has size 2"~!, G has 2"~! representations of degree 1. The number of
representations equals the number of conjugacy classes. We already computed the conjugacy
classes of G, so we can read off the number of conjugacy classes. Since n is even, G has

4+%(2”-4) =21 42
conjugacy classes. (If n were odd, there would be 2 + %(2” —2) = 2" 41 conjugacy
classes.) Thus, for even n, G has two irreducible representations of degree greater than 1.
Let fi be the degrees of the irreducible representations of G over F. Since #G = Y f? and
all f; divide #G (hence all f; are powers of 2), we see (since n — 1 > 1) that G has two
irreducible representations of degree 22! > 1 if n is even. (If n were odd, G would have

just one irreducible representation of degree 2" > 1.)

Our problem gave us an n-dimensional representation of G where ¢ is represented by
—1I,, hence by the negative of the identity map on any subspace. Since € € [G, G], it is sent
to 1 under all 1-dimensional representations. Therefore our n-dimensional representation
of G has no irreducible subrepresentations of degree 1. Thus, for even n > 2 we must have

22 n.
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Letting n = 2"s for » > 1 and s odd, we have % —1<r,so
2" <n<2r+2.
This implies n = 4 or 8.

5. VECTOR PRODUCTS

We use the Hurwitz theorem to explore the following question: does the cross product
on R? have an analogue on R" for any n > 3? After we specify what properties we want
such a product to satisfy, we will see the choices are quite limited.

The multiplication on R” should assign to any v and w in R™ a third vector in R", to
be denoted v x w. It is natural to insist that this product be R-bilinear in v and w:

(5.1) (1 +v2) Xw=v; Xw+vyXw, vxX(w+wy)=0vXw+vXuws,
and
(5.2) (cv) xw=c(vxXw), vx(cw)=clvxw),

where ¢ € R. One consequence of bilinearity is that multiplication by 0 is O:

(5.3) vx0=0, 0xw=0.
Let us also ask that the product be orthogonal to both factors: for all v and w in R",
(5.4) v-(vxw)=0, w-(vxw)=0.

This property is satisfied by the cross product on R3, thus motivating this condition. How-
ever, it is not satisfied by other kinds of products in linear algebra. For instance, matrix
multiplication on Mg(R) = R¥ is an R-bilincar product but (5.4) isn’t satisfied when v
and w are matrices, X means matrix multiplication, and - is the dot product on My(R)
given by (aij) - (bij) = >_; ; aijbij-

Lastly, we ask that the magnitude |[v x w|| be determined by the same formula which
works for the cross product in three dimensions:

(5:5) [[o 5 wl? = [[ol[?||w]* = (v - w)*.

When n = 1, a product on R™ = R satisfying (5.5) must be identically zero. Indeed, the
dot product on R is the ordinary product, so (5.5) becomes |z x y|?> = 2%y? — (zy)? =0, so
x X y = 0. So we only care about the case n > 1.

The assumption (5.5) looks more complicated than the earlier assumptions. The following
result expresses (5.5) in simpler terms, but it is in the form (5.5) that we will actually use
the assumption.

Theorem 5.1. Let x be a product on R™ which satisfies (5.1), (5.2), and (5.4). Then (5.5)
is equivalent to the following two conditions together:

(1) forallve R, vxv=0,

(2) if ||v]| = 1, ||w|| =1, and v L w, then ||v x w|| = 1.

Proof. Tt is easy to see that (5.5) implies the two conditions in the theorem. Now we assume
the two conditions and derive (5.5).

First suppose v and w are linearly dependent, say w = cv for some ¢ € R. Then
1°

[lv x w||2 = |Jv x (cv) 202Hv X sz =0
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and
1ol [PJw]* = (v w)? = (o]t = (v v)? = E[l|* = o] = 0,
so the two sides of (5.5) both equal 0.
Now suppose v and w are linearly independent. Let v = v — ;“*w, so u-w = 0.
Then u/||u|| and w/||w|| are perpendicular unit vectors, so by assumption the product
(u/||u|]) x (w/||w]||) is a unit vector. By bilinearity, the unit length of this product implies

(5.6) [ > wl] = [Jul|[fuw]]-
Since w X w = 0, u X w = v X w by bilinearity and (5.3). Squaring both sides of (5.6),
(5.7) 1o x wl][* = |Jul *]w]|”
From the definition of w,
Wl = wew
( v-w ) ( v-w )
= (v— w)-(v— w
w - w w - w

(v-w)? | (v-w)?

= v-v—2
w - w w - w
Y
o (v-w)
w - w
ol -
v||* — .
[|w]|?
Substituting this into (5.7) gives
[lo % wl[* = [[o]*[[w]* — (v - w)*.

O

Theorem 5.2. For n > 1, assume there is a multiplication x: R™ x R" — R" satisfying
(5.1), (5.2), (5.4), and (5.5). Thenn =1, 3, or 7.

We have seen the n = 1 case is quite dull, so the only interesting cases in Theorem 5.2
are 3 and 7.

Proof. We use the multiplication x on R™ to define a product, say ®, on R"*!. Write
vectors in R™"! in the form (z,v), where z € R and v € R™. Note that the dot product of
such vectors can be expressed in terms of dot products of the components:

(z,v) - (y,w) = zy + v - w.
For (z,v) and (y,w) in R"*!, define
(5.8) (z,v) ® (y,w) = (zy — v - w, 2w + yv + v X W).
This formula makes sense (even if it seems a bit mysterious) since zy — v - w € R and
zw+yv+v x w € R". While (1,0) is a 2-sided identity for ®, we won’t be using this
explicitly.
This product ® on R"*! has two key properties. The first is that it is a bilinear function

of (x,v) and (y,w). That is, fixing one of these vector pairs in R"*!, the right side of (5.8)
is a linear function of the other pair.
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The second key property of ® is that it is multiplicative for lengths:

(5.9) (2, 0) © (y,w)|I* = [(z, 0)|*[|(y, w)|]*.
We verify this by writing the left side as a dot product and expanding;:
[(z,v) ® (y,w)||*> = (zy—v -w,zw+yv+vxw)- (zy—v- - w,zw+yv+v X W)
= (zy—v-w)?+ (zw+yv+v xw)- (zw+yv+v X w)
By (5.4), v x w is orthogonal to zw + yv. Therefore (xw + yv +v X w) - (zw + yv + v X w)
equals

(2w + yv) - (2w + yo) + (v x w) - (v x w) = 2?|Jw]]* + 2wy (v - w) + y?[v]|* + [Jv > w]?.

Adding this to (zy — v - w)? = 2%y? — 2xy(v - w) + (v - w)? gives
(2, 0) © (y,w)|]” = 2%y* + (v w)* + 2?||w][* + y?[Jo]]* + [[o x w]*.
By (5.5), this simplifies to
I(@,0) © (g,w)l[* = &®y* + 2?|[wl]* + y?[[o]]* + [Jo] ][]
= (@ +[[lP)(* + [lw]?)
= [z, )Py, w)|*,
so we have established (5.9).

Now we show the connection between ® and Hurwitz’s theorem. Pick two vectors
(1,...,2ns1) and (Y1, .., Yns1) in R*TL Their ® product is a third vector (z1,. .., 2n11),
where the components are computed according to (5.8). Writing (5.9) with the terms moved
to opposite sides,

(5.10) @+ ap )W+ Fup) =+ 2

This identity holds for all values of the variables, so it is a formal algebraic identity as well.
From the first key property of ®, the z;’s are bilinear functions of the x;’s and y;’s. Thus,
(5.10) and Hurwitz’s theorem tell us n+11is 1, 2, 4, or 8, so n is 0, 1, 3, or 7. The case
n = 0 is discarded. O

Up to a linear change of variables, it can be shown that the only product on R3 satisfying
the conditions of Theorem 5.2 is the usual cross product. A product on R” satisfying the
conditions of Theorem 5.2 can be constructed, but the details are somewhat tedious. See
[1, pp. 278-279].

APPENDIX A. LEMMA 3.1 REVISITED

The linear independence conclusion of Lemma 3.1 continues to hold under a weaker
assumption than the C;’s having scalar squares: invertibility is sufficient. However, the
proof becomes a little more involved, since we can’t reduce immediately to the case when
bo # 0. Here is the general result along these lines.

Theorem A.1l. Let F be a field not of characteristic 2 and A be an associative F'-algebra.
Suppose a1, . ..,a, are m pairwise anticommuting units in A, where m is even. For § €
{0,1}™, set

0 _ & Sm
a” =ay Q.
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The 2™ products ad are linearly independent over F'.

Proof. Let w(d) be the number of i’s with §; = 1. Then

o fas, ifi=j
aiajail—{ I ’

—aj, ifi#j,
S0
(A.1) aia(sai_l = eéyiad,
where

(—1)@@ 5 =0,
€5 . =
0, (_1)111(5)—1’ if 51‘ =1.
Since w(d), by definition, is the number of i’s such that §; = 1, we get a global constraint
linking the signs e5,...,€5,,.:

(A.2) [Ies.= (—1)mw(®)(_1yw(d) — (_1)w(d),
i=1
The last equality uses the evenness of m.

Suppose there is a nontrivial linear dependence relation among the aa’s, say

(A.3) Y bgad =0,
o

for some coefficients bg € F not all zero. Pick such a nontrivial relation with a minimal
number of nonzero coefficients. Fixing i between 1 and n, conjugate (A.3) by a;. By (A.1),

we get
Z s Z.b(sa(s = 0.
)
Adding and subtracting this from (A.3) gives
(A.4) S (1 —e5. 0500 =0, S (1 +e5,)b5a =0.
) )

Pick a &' such that bsw # 0. Since 5 . is &1, one of the linear relations in (A.4) has no
d’-term, so it has fewer nonzero terms than the minimal nontrivial relation (A.3). Thus all
terms in the shorter relation have coefficient 0. That is, any § where bg # 0 has 1+¢5, =0
if ey ;=1 and 1 —¢gg, =0 if ey ;=1L In other words,

55750:661.:6511,

for all . Multiplying these equation over all ¢ and using (A.2) tells us (—1)“’(6) = (—1)“’(5/)
for all § where bg # 0.

This implies, when bg # 0, that

(A.5) 5 =0=e5, = (~1)"@.
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Since £ ; = e84 when bg # 0, we can rewrite (A.5) as
_ _ w(d’
bi=0=cy . =(-1) @)

when b5 # 0. Thus, when bg # 0,
51‘ =0= 5; =0.

Similarly,

i =1=6.=1,
so in fact § = &’. That is, the minimal nontrivial linear relation among the a9’s has just
one non-zero term. But then it reads b 5/a6 = 0, which is impossible. O

For a further discussion of results of this kind, see [6, p. 37].
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