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Abstract

A value function is a map like a valuation that can be defined on rings with zero di-
visors. In this paper, we deal with a new type of value function for finite-dimensional
semisimple algebras over valued fields called gauge. While a valuation on a field does
not always extend to a valuation on a quaternion division algebra, we show how to
construct explicitly a gauge in an arbitrary quaternion algebra. We also prove that
the associated graded algebra of the gauge constructed here is a graded quaternion
algebra.

Keywords Valuation theory, division rings, simple algebras, quaternion algebra,
graded algebras.

Resumo

Uma fungao de valor é uma aplicagdo, como uma valorizagao, que pode ser definida
em anéis com divisores de zero. Neste artigo, nés lidamos com um novo tipo de fungao
de valor para algebras semi-simples de dimensao finita sobre corpos valorizados,
chamada gauge. Enquanto uma valorizacgdo em um corpo nem sempre se estende
para uma valorizagdo em uma algebra de quatérnios de divisao, nés mostramos como
construir explicitamente uma gauge em uma algebra de quatérnios arbitraria. Além
disso, nés provamos que a algebra graduada associada a gauge construida aqui é uma
algebra de quatérnios graduada.

Palavras-chave Teoria de valorizacao, anéis de divisao, algebras simples, algebras
de quatérnios, dlgebras graduadas.

1 Introduction

Valuation theory on noncommutative division rings had a substantial development in the last
three decades. This theory has proved very useful in constructing counterexamples for open
problems in noncommutative ring theory, as noncrossed product division algebras and division
algebras with nontrivial SKj. See [10] for a complete review on this subject. On the other
hand, this rich theory has its limitations. Valuations on division rings do not behave well with
respect to extensions. Given a valuation v on a subring E of a division ring D, there is often
no valuation on D extending v (see Example 3.3). Also, valuations can not be defined on rings
with zero divisors. Even when one starts out with an F-division algebra D with a valuation,
very often one needs to consider a scaler extension D ®@p L for a field extension L of F. In
general, D ®p L is a simple algebra, but need not be a division algebra. This has led to efforts
to generalize valuations for more general structures like simple or semisimple algebras. Recently,
Tignol and Wadsworth introduced in [8] a new type of value function called gauge. For a value
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function « on an algebra A over a field F' with a valuation v, there is an associated graded
algebra gr,(A) over the graded field gr,(F'). Basically, the conditions for « to be a gauge are:
gro(A) is a semisimple graded algebra, and dimg, (r)gr,(A) = dimg(A).

A significant feature of gauges is that they have good extension property. See [3, Theorem 4.3]
for a proof of an existence theorem. But the proof given in [loc. cit.] is not constructive. So,
it is worthwhile to obtain methods to construct gauges explicitly on algebras with well-known
structure. In Theorem 3.2, we show how to construct a gauge in a quaternion algebra over
a valued field. We also show that the graded algebra associated to the gauge constructed in
Theorem 3.2 is a graded quaternion algebra. This result was motivated by the examples given
in [8, Example 1.16].

2 Value functions and graded algebras

For the convenience of the reader, in this section, we review basic properties of value functions
on finite-dimensional algebras from [8]. For a ring R, R* denotes the group of units of R, Z(R)
the center of R, J(R) the Jacobson radical of R, and My (R) the k x k matrix ring over R. We
fix a totally ordered additive abelian group I', which contains the values of all valuations and the
degrees of all gradings. Let oo be a symbol such that oo > v, and 0o = co4+00 = 00+ = v+ 00,
for all y € T

A ring A is called a graded ring if there is a direct sum decomposition A = @wer A, where

each A, is an abelian group and A, -As C A, 4, for all 7,6 € I'. The grade set of A is the subset
of
Fa={yel'|A, #{0}}.

The elements in Uwel“ A, are the homogeneous elements of A. Every nonzero element a € A, is

said to be homogeneous of degree «, and is denoted by v = deg(a). Every element a € A can
be written in a unique way a = nyer a, for a, € A, and a, is nonzero for a finite number of
v € I'. Each nonzero element a, on a decomposition of a is called a homogeneous component of

Let D be a division ring. A wvaluation on D is a map v : D — I'U{oco} such that for all
c,d e D

(i) v(d) = oo if and only if d = 0;

(il) v(ed) = v(c) + v(d);

(iii) v(c+ d) > min{v(c),v(d)}.
Associated to a valuation v on D, we have a subring of D

R, ={d € D|v(d) >0},

which is called invariant valuation ring, this is because it satisfies
(V1) ifd € D*, then d € R, or d™! € Ry;
(V2) dR,d~! = R, for all d € D*.

Conversely, if R is a subring of D satisfying (V1) and (V2), then there is a valuation v on D
such that R, = R. Moreover, M, = {d € D | v(d) > 0} is the unique maximal left (and maximal
right) ideal of R,. So, M, coincides with the Jacobson radical J(R,). The quotient R, /M, is
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also a division ring called the residue division ring of v, and is denoted by D. The value group
of v is the subgroup I', = v(D*) of I.

If D is a field, then D is also a field, which is called a residue field. In this case, R, is said just
to be a valuation ring, because the condition (V2) above holds trivially. The main references for
valuation theory on fields are the books [1] and [2]. For valuation theory on noncommutative
division rings see [10] and the references given there.

A valuation v on a division ring D defines a filtration: for each v € I, we set

D="={d€D|v(d) >}, D> ={deD|v(d) >~} and D,=D=7/D>".

Each D27 is an additive abelian group, and D>7 is a subgroup of D=7, Then there is an abelian

group
gr(D) = @ D,.
vyel’

The multiplication is defined on each component by

DVXD(; — DAH_(;
(c+D>7,d+ D> s cd+ D>,

and extended distributively for all elements of gr, (D), that makes gr,(D) into a graded ring
called the associated graded ring of v on D. In this case, the grade set I'y;(p) coincides with the

value group I'y, and Dy = D, which is a division ring. For each d € D*, write d’ for the image
of d in gr(D), ie., d = d+ D> ¢ Dygy- Since (d')~! = (d™1)', we have gr(D) is a graded
division ring, i.e., every nonzero homogeneous element has an inverse. If D is commutative,
then gr(D) is also commutative and is then called a graded field.

Example 2.1 Let F' be a field with a discrete valuation v, i.e., the value group I';, is isomorphic
to the additive group of integers. So, we can assume I';, = Z. Let t € F with v(¢t) = 1. For
each homogeneous element a € gr,(F') with deg(a) = n, we have a = (a(t')™"™)(t')* € Fy - (¢')",
where Fj is the residue field F=Y/F>". Hence, gr,(F) = @,z Fo - (t')", which is the Laurent

polynomial ring Fy[t/, (#)~]. To obtain a specific example, let p be a prime number, and let v,
be the p-adic valuation on the rational number field Q, which is defined as follows:

vp(0) =00 and vp(pk%) =k,

where a,b € Z\ {0} are not divisible by p. In this case, the valuation ring of v, is the localization
Zyy =1{% € Q| p1b}, with maximal ideal J(Z,)) = {7 € Q | p{ b and pla}. So, the residue
field Z,)/J(Zy)) is the finite field with p elements ). So, the graded field gr(Q) is the Laurent
polynomial ring over a finite field.

Let M be a left D-vector space. A v-value function on M is a map o : M — I' U {oo} such
that

(i) a(zr) = oo if and only if z = 0;
(ii) a(z +y) > min (a(z),a(y)) for z,y € M;
(ii) a(dzr) =v(d) + a(z) for all x € M and d € D.
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A wv-value function « is called a v-norm if M has finite dimension and contains a base (z;),
such that

7

af > d;x;) = Join. (v(di) + o)) for dy,...,dn € D.

Such a base (z;)}_, is called a splitting base of M for .
Given such an o on M, we can define an associated graded module: for each v € T', we set

M="={xeM|a(zx)>v}, M ={zecM|alx)>~}, and M, = M="/M>",

The associated graded structure
gy (M) = @ M“/
vyer

is a graded left gr(D)-module such that D, - Ms C M., 5. Since gr(D) is a graded division ring,
gr, (M) is a free module with a base of homogeneous elements. So, we call gr, (M) a graded
left gr(D)-vector space, and we write dimg,(p) gr, (M) for the rank of gr(M) as a gr(D)-module.
Every nonzero element z € M has an image 2’ in gr,, (M), defined by 2/ = z+M>*®) ¢ My(z)- A
D-base (x;)!"_; of M is a splitting base of M for « if and only if («}) , is a gr(D)-base of gr,, (M)
(see [7, Corollary 2.3]). Hence, a is a v-norm on M if and only if dimg,(py gr, (M) = dimp M.

Let F' be a field with a valuation v, and let A be an F-algebra. A v-value function a on A
is called surmultiplicative if

(i) a(1) =0;
(i) a(zy) > a(z) + a(y), for all z,y € A.

In this case, the multiplication on A induces a multiplication on the graded gr(F')-vector space
gr,,(A) such that for all z,y € A

1 — Sa(z)taly) _ ) (2y) if a(zy) = afz) + aly),
vy =y +4 y_{ 0 if a(zy) > a(z) + aly

)

that makes gr,(A) into a graded gr(F')-algebra.

Simple or semisimple graded algebras can be defined analogously to the ungraded case. Let
A= 69761" A, be a graded algebra over a graded field F. A (left, right, or two-sided) ideal J of
A is said to be homogeneous if J = @«,er(J NA,), or equivalently, if a = Z«/er ay € J, then
each homogeneous component a, € J. The graded algebra A is said to be graded simple if the
only homogeneous two-sided ideals of A are {0} and A. We say A is graded semisimple if A is
a direct product of finitely many simple graded F-algebras. A good reference for the theory of
simple graded algebras is the paper [4].

Definition 2.2 Let F be a field with a valuation v, and let A be a finite-dimensional F-algebra.
A surmultiplicative v-value function o on A is called a v-gauge if a is a v-norm, i.e., dimg, () gr,(A) =

dimp(A), and gr,(A) is a semisimple graded gr(F')-algebra.
Remark 2.3 If A carries a gauge a then A must be semisimple because gr,(A) is graded

semisimple (see [8, Definition 1.4]). The degree zero part Ay of gr,(A) is also semisimple, even
when gr,, (A) is simple (see [8, Proposition 2.1]).
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Example 2.4 Let D be a finite-dimensional division algebra over its center Z(D) = F'. Suppose
D has a valuation w extending a valuation of the center v of F, i.e., w|p = v. It is clear from
the definition of valuation that w is a surmultiplicative v-value function. Since gr(D) is a graded
division algebra, it is graded simple, so semisimple. By [4, p. 79],

dimg, gy gr(D) = dimp D - [Ty, : Ty .

Hence, w is a v-gauge if and only if

dimp D = dimg D - [Ty, : T'y|. (1)

The equality (1) means the valuation w is defectless (see for instance [10, p. 393]). Therefore,
a valuation is not always a gauge, but every defectless valuation is a gauge. The equality (1)

holds whenever char(F) { [D : F] or v is a discrete valuation. Examples of division algebras with
defect valuation are given in [5].

Remark 2.5 The defectless condition on division algebras (1) has been generalized for finite-
dimensional semisimple algebras in [3, §1.b.]. Moreover, this is a necessary and sufficient condi-
tion for the existence of gauges (see [3, Proposition 1.9 and Theorem 4.3]).

3 Value functions on quaternion algebras

Let F be a field with char(F) # 2, and let a,b € F*. A quaternion algebra (a,b)r is the
F-algebra generated by {4, j}, such that

i’=a, j2=0b, and ij=—ji. (2)

Set k =1ij. It is easy to check that (a,b)r is a four-dimensional F-algebra with base {1,14,j,k}.
Moreover, it is well-known (see for instance [6, Lemma 1.6]) that (a,b)r is a simple F-algebra
with Z((a,b)r) = F. Conversely, every four dimensional simple F-algebra A with Z(A) = F' is
isomorphic to a quaternion algebra (see [6, Theorem 13.1]).

A graded quaternion algebra can be defined analogously to the ungraded case. Let F be a
graded field with char(Fg) # 2. Let a and b be nonzero homogeneous elements of F. Let (a,b)g'
be the F-algebra generated by i, j satisfying the relations (2). Set k = ij. We define a grading
on (a,b)§ by setting

1 1 1 1
deg(i) = §deg(a), deg(j) = §deg(b), and deg(k) = §deg(a) + §deg(b).
Hence, (a,b)§ is a graded F-algebra having {1,%, 7, k} as a base of homogeneous elements.
Proposition 3.1 (a,b)§ is a simple graded F-algebra with Z((a,b)§) = F.

Proof: Let J be a nonzero homogeneous two-sided ideal of (a, b),g:r, and let u = x4+ yi+ 25 +wk
be a nonzero element of J. Then, at least one of x,y, z, w is nonzero. Suppose y # 0. The proof
of the other cases is analogous. Since J is a two-sided ideal,

(o Yi)ui = x4 yi — zj — wk € J.
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Hence, = + yi = 27 (u + (a~1i)ui) € J. Likewise,

O ') +yi)j=x—yiel,

which implies that yi € J. Hence, y = (a7'i)(yi) € J. Now let y., be a homogeneous component
of y. Since J is a homogeneous ideal, y, € J. But y, is a homogeneous element of F, which

is a graded field. So, 1 = yyy;' € J. It remains to check that Z((a,b){") = F. The inclusion

FC Z((a b)gr) is clear. For the reverse inclusion, let uw = x + yi + 25 + wk € Z((a, b)gr). Since
1w = ui, it follows that

i+ ay + zk + waj = xi + ay — zk — wayj.

Thus, z = w = 0, because char(Fp) # 2 and every graded field is a domain with the grading
forgotten. Likewise, it follows from ju = uj that xj — yk = xj + yk. Hence, y = 0. Therefore,
u € F. ]

The next theorem is the main result of this paper.

Theorem 3.2 Let F be a field with char(F) # 2. Let v be a valuation on F such that
char(F) #2. Let A = (a,b)rp be a quaternion F-algebra. Then o : A — T'U {0}, defined
by

oz + yi+ 2j + wk) = min (v(z), v(y) + %v(a),v(z) + %v(b),v(w) + %v(a) + %v(b)),

is a v-gauge on A. Moreover, the associated graded gr(F)-algebra gr,(A) is a graded quaternion
algebra.

Proof: By definition, « is a v-norm and {1,4,7, k} is a splitting base of A for a. We proceed
to show that « is surmultiplicative. Clearly, a(1) = 0. Note that

a(ij) = alk) = Jola) + 50(6) = ali) +alj) = alji). )

Likewise,

a(ik) = a(i) + a(k) = a(ki),  a(jk) = a(j) + a(k) = a(kj), @
a(i®) = 2a(i),  a(®) =2a(j), and  a(k?) = 2a(k).
To simplify notation, set uy = 1, ug =i, ug = j, and ug = k. By (3) and (4),

a(uju;) = a(u;) + auj) for 1<4,5<4.

Let x = Z?:l x;u; and y = Z?Zl yju; in A, with x;,y; € F. Then,

4
a(zy) = of JZ—:l TiYjuing) > énz‘,ijng (e(ziyjusu;))
— 131;&4(21(%) +v(y;) + a(u;) —|—oz(uj))
> 11;1@;1;4 (v(@;) + ouy)) + 121}24 (v(y;) + aluy))
= a(z) + ay).
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Hence, « is a surmultiplicative v-value function. Since {1,4, j, k} is a splitting base of A for «,
we have {1,477’ k'} is a graded gr(F)-base of gr, (A). It follows from formulas (3) and (4) that

(@)= =d, ()= =V, and j =k =-j7.

gr
] ) gr(F)’
tion 3.1. Therefore, « is a v-gauge. |

Hence, gr, (A) is the graded quaternion algebra (a’,b’) which is graded simple by Proposi-

Example 3.3 Consider the quaternion division algebra (—1,—c)g over the rational number
field Q with base {1,4,j, k}, for a positive integer c. We have Q(7) is a quadratic extension of
Qin (=1, —c)g. Since 5 = (2 —4)(2 + i) in Zs)[i], the 5-adic valuation v5 in Q has two distinct
extensions to Q(7). Hence, vs does not extend to a valuation on the quaternion algebra (—1, —c)g
by [9]. Suppose 51 c. We can apply Theorem 3.2 to construct a vs-gauge on (—1, —c)gp defined
by

oz + yi + zj + wk) = min (v(z), v(y), v(2), v(w)).

As in Example 2.1, gr(Q) is the Laurent polynomial ring Fs[t,¢~!], where F5 is the finite field
with five elements. Since deg(i) = deg(j) = deg(k) = 0, the degree zero part of gr, ((—1, —c)q) is
the quaternion algebra (—1, —¢)g,. But (—1, —¢)p, is isomorphic to the matrix algebra My (F5),
because —1 is a square in F5 or by Wedderburn’s Finite Division Algebra Theorem (see [6, p.
248]). Hence, gr,((—1,—c)q) is graded simple, but not a graded division algebra.

Remark 3.4 If there is a valuation on a division algebra extending a valuation of the center,
then it is the unique extension (see [9]). On the other hand, the gauge constructed in Theorem 3.2
is not the only gauge that can be constructed on a quaternion algebra. See [3, Example 5.1]

for an example of a quaternion algebra with infinitely many gauges extending a valuation of the
center.
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