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ON THE STRUCTURE OF THE GRADED ALGEBRA
ASSOCIATED TO A VALUATION

M. S. BARNABE, J. NOVACOSKI, AND M. SPIVAKOVSKY

ABSTRACT. The main goal of this paper is to study the structure of the graded
algebra associated to a valuation. More specifically, we prove that the asso-
ciated graded algebra gr,(R) of a subring (R, m) of a valuation ring O,, for
which Kv := O, /m, = R/m, is isomorphic to Kv [t”(R>], where the multipli-
cation is given by a twisting. We show that this twisted multiplication can be
chosen to be the usual one in the cases where the value group is free or the
residue field is closed by radicals. We also present an example that shows that
the isomorphism (with the trivial twisting) does not have to exist.

1. INTRODUCTION

Let O, be the valuation ring of a valuation v on a field K. Let Kv = O, /m, be
the residue field and T, the value group of v. For a ring R C O, let v(R) denote
the image of R\ {0} in I';,, m := RN m, and consider the graded algebra

grv(R) = @ 7)“//7)::_7
v€v(R)
where
Py ={x € R|v(x) >~} and P = {z € R|v(zx) >~}.

Graded algebras play an important role to understand extensions of valuations
(see for instance, [2] and [6]). Graded algebras are also central objects in the
approach of Teissier for local uniformization (see [4] and [5]). Key polynomials are
defined to be elements whose natural images in the graded algebra are irreducible
and have some additional properties.

The semigroup ring Kv [t”(R)] is the set of finite formal sums

n
Zai -t7, with a; € Kv and v; € v(R),1 <i <mn,
i=1

where
n

n n
Zai 'tryi +sz 't% = Z(al +bl) 't’yi
i=1 i=1

i=1
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and
n m
<Z a; ‘t%> X ij AL = Zaib]’ ‘t’Yhij.
=1 j=1 i,

In [1], it is stated that gr, (R) is isomorphic to Kv [tU(R)] . This is not in general true,
as our Example 2.11 shows. However, the main result of this paper is that these
objects are isomorphic if we consider a twisted multiplication on Kv [¢*(®]. We will
call a choice function on v(R) any right inverse of v, i.e., a map € : v(R) — R
such that v(e(y)) = v for every v € v(R). We will always consider choice functions
for which €(0) = 1. For each choice function, we can define a map (which we will
call a twisting)

€:v(R) x v(R) — Kwv, by €(v,7) == (M) v

Then we can define a map
Xe: Ko [t”(R)} x Kv {t”(R)} — Kv {t”(R)} ,(a,b) = a X, b,

by setting t7 x. ¥ = €(v,v) - 77" and extending it to Kv [t”(R)] in the ob-
vious way. We prove that this map satisfies the multiplication axioms, making
Kv [t*™] into a commutative ring. This multiplication will be called the twisted
multiplication induced by € and we will denote this ring by Kv [t”(R)] .

Our first main theorem is the following.
Theorem 1.1. If Kv = R/m, then for every choice function ¢ we have that
gr,(R) ~ Kv [t“(R)} .

Then we study whether there exists a choice function e for which the twisted
multiplication is the usual one, i.e., such that ¢” x 7 =t for every 7,7 € v(R).
Observe that this is the same as saying that € = 1lv. We show the following.

Theorem 1.2. IfT', is a free group or Kv is closed by radicals, then there exists
a choice function € for which € = lv.

The condition of ', being a free group is satisfied for a large class of valuations.
For instance, it is satisfied when v is Abhyankar, i.e., when the equality holds in
the inequality

rat.rk(v) + tr.degp / Kv < dim R

(see Abhyankar’s Inequality [7, Appendix 5] for more details).

We observe that this problem is similar to the one addressed by Kaplansky in [3],
where the main goal is to understand maximal fields. There it is studied whether
the extension of a valued field to a maximal extension is unique. The concept of
power set appearing there is very similar to the twistings appearing here.

Acknowledgements. We would like to thank the anonymous referee for a
careful reading and for pointing out a few mistakes in an earlier version of this

paper.
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2. THE ISOMORPHISM

We start by presenting some easy remarks about a given choice function e.

Remark 2.1. (i) The map € is symmetric and €(0, a) = 1v, for every o € v(R).
(ii) Given three elements a, 8,7 € v(R), we have

(1) - (Zgz+ﬁ+7§>
(i) ()

€, B+ 7) - €(B,7).

We now show that the map x. induces a structure of commutative ring on
Ko [t(B)].
Proposition 2.2. For each choice function e, the set Kv [t”(R)} with the standard

sum and the multiplication given by X. is a commutative Ting.

Proof. Under addition, Kv [t”(R)] is an abelian additive group by definition. For
the multiplication, from the way that it is defined, it is enough to check the proper-
ties only for elements of the form f = f,t®. Take f = f,t% g = gg-t’ € Kv [t“(R)}.
Then

fxeg=(fagp) - t* Xetﬁ:(gﬂfa)'tﬂ Xet® =g X f.
Hence x is commutative. Also, for 1:= (1v) - t° € Kv [t*(®] we have
1 Xef:fag(oaa)'t0+a:fa'ta:fa

so Kv [t”(R)] has a unit element.

To prove that x. is distributive, we take h = hg - ¥ and observe that
fxe(g+h) = fo-t*xc(gs+hp) 17 = falgs + hg) -t x t°
= (fags) 4 Xt + (fahg) 12 x 7

= fXcg+[fxeh.

Lastly, in order to prove that Xx. is associative it is enough to prove it for elements
of the form f =1, g =1t% and h = t7. In this case, we have

(f Xeg) xeh = (ela, B) - t°TF) x 17 = €(a, B)e(ax + B,7) - toTFHY
D 2, B+7)EB, ) BT = E(B, ) - 1o x P+

fxe(gxeh).
This concludes the proof. [
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Definition 2.3. We will denote by Kv [t*(®)] _the ring (Kv [t")] |+, x,) and by
Kv [t”(R)] the ring (Kv [t”(R)] ,+, %), where x denotes the usual product.

For any element z € R with v(z) = 7, the natural image of z in P, /P is a
homogeneous element of gr, (R) of degree 7, which we will denote by in,(z). Note
that, for z,y € R, we have in,(z) = in,(y) if and only if v(z —y) > v(x).

For z € R\ {0} we define

P(iny (z)) = <D9(Cx)> v @),

where D = e ov. Extend ¢ to gr,(R) by setting

P (Z inv(xa)> = Z Y(iny (z4)) and 1(0) = 0,

a€A aEA

where A is a finite subset of v(R) and v(z,) = a.

Remark 2.4. Note that
@) 5 ) — (D(x)D(y)) )

for all z,y € K.
Theorem 1.1 will follow from the following proposition.

Proposition 2.5. The map ¢ is an injective ring homomorphism from gr,(R) to
Kv [t”(R)]E. Moreover, if (R,m) is a local ring dominated by O, such that R/m =
Kwv, then this map is an isomorphism.

Proof. We will prove first that 1 is injective and well-defined, i.e., that

2) in, (2) = iny(y) © B(ing()) = ¥(in, (1)),

for every x,y € R. For z,y € R we have in,(x) = in,(y) if and only if
v(z) =v(y) and v(x —y) > v(x).

Since v(z) = v(D(x)), this is equivalent to

w(z) = v(y) and v <Z(;)’> >0,

which is equivalent to

v(z) = v(y) and (73?9:1)/) v=0

This happens if and only if ¢ (in, (x)) = ¥(in, (y)).
To prove that 1 is an additive group homomorphism it is enough to show that
if v(x) = v(y), then

P(iny (z) +iny () = P(iny(2)) + ¢ (iny(y)).
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To verify this property we have to consider two possibilities: v(z 4+ y) > v(x) or
v(x +y) = v(z) = v(y). In the first case we have

(o) () =0 = (G512 ) 0 = wlin, () + wim, ()

In the second case,

Bl (o) +in() = vlinglo+) = (i o et

P(ing (2)) + (iny ()

To show that v is multiplicative, it is enough to show that for x,y € R we have

P(iny (2)ing (y)) = 1 (iny(2)) Xc 1 (iny (y))-

Since

D(zy)
tv(xy) — tv(z)Jrv(y) _ < > v - tv(:r) X, tv(y)
D(z)D(y) ‘

we have

Y (iny, (z)ing (y))

(iny (zy)) = (“f) v )

D(zy)

_ [y Dy e pw)
(D@cy)D(x)D(y)) b

() ()

= 1/)(1111; (x)) Xe lfj(iﬂv (y))
This proves that 1 is an injective ring homomorphism.
Assume now that R/m = Kv and take any element z - t* € Kv [t”(R)]. Choose
any 2z’ € R such that z’v = x. It is easy to verify that for z = ¢(a)2’ we have

P (ingz) = x - t*.
Therefore 1) is surjective. (]

Remark 2.6. We observe that the map v is graded ring homomorphism, i.e., for
every © € R we have deg(in,(z)) = deg(¢(in,(x))). Here, deg is the map that
associates each homogeneous element to the corresponding element in the grading
semigroup.

We will now study when we can choose € such that the multiplication X, is the
usual one, i.e., when the map € is constant and equal to 1. We start with the
following easy remark.
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Remark 2.7. The map € is constant and equal to 1 if and only if in, o € is a semi-
group homomorphism between v(R) and the multiplicative semigroup of gr,(R).
Indeed, for «, 8 € v(R) we have

ea,B)=1v — <m>v_lv@v<m—l>>o

= v(e(a)e(B) —ela+B)) > v(e(a+ B))
<~ inyoe(a+ f) = (in, oe(a)) - (in, o €(B))

We will prove the two parts of Theorem 1.2 — the case when T, is free and the
case when K, is closed by radicals — as two separate theorems.

Theorem 2.8. Assume that T, is a free group. Then there exists a choice function
e€: 'y, = K such that € = 1v.

Proof. Write T', = @’in for some ~; € I',. For each ~; we choose z; € K such
iel
that v(z;) = 7;. For each a € T, we write

(3) a=n1v, + - +ny, €'y, for some n; € Z.

Define

ni .. ZTLT

ela) := Zpteeezl

Since the expression in (3) is unique, this map is well-defined. Moreover, € is a
choice function because v(e(a)) = a, for every o € v(R).
Take «, 8 € T', and write (adding n;’s or m;’s equal to zero, if necessary)

a=mn7, +-+ny, and f=miy, + -+ me,.

Then
e(a)e(B) =zt e zlm 2t 2 = zZl+m1 .. -zZ:’*m" =e(a+ p).
Therefore,
_ 6(04)6(5))
€, B)=———— | v=1v,
@9 = (553
which is what we wanted to prove. ([

Remark 2.9. Observe that for every (R,m) as in Theorem 1.2, the map con-
structed above would induce a choice function on v(R) that satisfies the required
properties.

We will now prove the second part of Theorem 1.2.

Theorem 2.10. If Kv is closed by radicals, then there exists a choice function
e: Iy, = K such that € = 1v.
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Proof. Consider the set
P :={(P,es) | ® C T, is a subgroup and eg : & — K is a choice function with €3 = 1v}.
We define a partial order on P by setting
(P1,€0,) < (P2, €0,) < P C Py and €q, extends €g, .
For any fixed nonzero o € T';, let
(o) :={na|neZ}
be the subgroup of I', generated o. We pick z € K such that v(z) = o and define
€(ay ¢ (@) — K by €(oy(na) = 2".

It is easy to check that ({(a),€()) € P, so P is not empty.

Let @Q = {(®;, €a,) }icr be a totally ordered subset of P. Set &g := U ®,. For
each a € ® we choose i € I such that o € ®; and set eg, () = eq,il(zl). Since
Q@ is totally ordered, this map is well-defined. It is straightforward to check that
(®q,€a,) € P and that (®q,€s,) is an upper bound for Q. Hence, we can apply
Zorn’s Lemma to obtain a maximal element (P, eg) of P.

We will show that & = I';, and this will conclude our proof. Suppose, aiming for
contradiction, that ® # T, and take v € T',, \ ®. We have two possibilities:

(MN®=0or (v)yNd #Q.

In the first case we take z, € K with v(zy) = v and define ¥ := & + (v) and
ey : ¥ — K by

ep(a+ny) = ep(a) 27, for a € ® and n € Z.
Since ny ¢ ® for every n € Z, we have that for o, 8 € ® and n,m € Z
a+ny=p+my=a=p0and n=m.

Therefore, ey is well-defined and one can check that (U, eq) € P.
Now, if (y) N ® # 0, we define

ng = min{n > 2 | ny € ®}.

Let zg = ep(ngy) € K and choose z, € K such that v(z,) = . Since Kv is closed
by radicals, there exists a € K such that

0 (25) o=@

y

Every element in ¥ := ® + (v) is of the form « + ny, for a uniquely determined
a€ Pandn, 0 < n < ng. Indeed, if a+ny = +my, 0 <m < n < ng,
then (n —m)y = & —a € ®. Then, n = m and a = & and this gives us the
uniqueness. For the existence, every element in ¥ is of the form o’ + rv for some
r € Z. Using Euclidean division, we write r = ngl +n with 0 <n <ng and [ € Z.
Then « := o + ngy € ® which is what we needed.
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Define ey : ¥ — K by
e (o +ny) = eo() - (azy)",

where o +nvy € ¥, with a € ® and 0 < n < ng. Then ey is well-defined.

We will show that (U,ey) € P and since (®,e5) < (¥, ey) we obtain a con-
tradiction with the maximality of (P, es) in P. Let o+ nyy and 8 + nay be two
elements in ¥, where 0 < ni,n9 < ng. We will consider two cases.

Case 1: If n; + ny < ng, then

ey(a+n17y) ey (B + nﬂ))
eg(a+ B+ (n1 +n2)y)

_ (ecp(a) (az,)™ €o(8) (amv)%) )

ep(a+ B) (axy)mrtne

6@(05 +ﬁ) (ax,y)n1+n2

p(a+n1y,6+n2y) = (

=¢€o(,B) - 1lv=1v
Case 2: If ny + ny > ng, then ng < ny +ng < 2ng and
(@ +n1y) + (B + n2y) = (a+ B+ noy) + (n1 + n2 — no)y-
Since 0 < nq + ngy — ng < ng, we have
ew((a+n17) + (B +n27)) = ea(a+ B +no7) - (az,)" 27"
Then

ey(a+n17y, B+ nay) < ev(a +n1y) ey (B + n2y) >U

v ((a+n17) + (8 +n2v))
< ea(a) (az,)™ eo(5) ()" )

ep(o+ B +n07) (azy)mrtna=ro

(S

Since (6((1)(”()):0)> v = 1v, we multiply on the right side of the above equation by it
az,

to obtain

o)), (@),

ep(a+ B+ ngy) (azy)mo

<€<I>(O‘)€‘I>(6)€q>(n07)) v=1v
6@(0& + ﬁ + no/}/) .

This completes the proof. (Il

€p(a+n1y,B+nyy) = (

We now present an example where we have to use a non-trivial twisting to obtain
the isomorphism in our main theorem.
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Example 2.11. Consider P C N the set of all prime numbers and Q = {z,, | p € P}
a set of independent variables. Consider

K :=Q(zp | zp € Q) andF::ZEZCQ.
peP

We will construct a valuation v : K* — T'. Start by defining v(z,) := 1/p for
every p € P and v(a) = 0 for every a € Q. This defines v on every monomial
aQ’ € K, because

v(0@) =vla [T 2| = 3 @) +Apu() = %
A(p)#

A(p)#0 A(p)#0 0

We extend v to K monomialy, i.e., by setting

n
0 | = mi QN
(3om@) < (w0}
in Q[z, |z, € Q] and v(P/Q) = v(P) —v(Q) in K.
Definition 2.12. For any polynomial
P = ZaiQ’\i S Q[.Tp|$p c Q]
i=1
we define the initial part of P with respect to v by
ip,(P) := Z a; QM.
v(a; Q)= (P)
A polynomial P is said to be initial if ip, (P) = P.

Remark 2.13. It is easy to verify that for P,Q € Q[z, | z, € Q] we have

(i): in, (ip,(P)) = in, (P); and
(ii): in,(P) = in,(Q) < ip,(P) = ip,(®). In particular, if P and @Q are initial
polynomials, then

in,(P) =1in,(Q) <= P = Q.

Definition 2.14. We will say that the choice function € : I' — K is initial, if for
every a € T, e(a) = g where both P and @ are initial.

Claim 2.15. If e is a choice function such that € = lv, then there exists an initial
choice function € such that € = 1v.

Proof. For each a € I' we write (o) = IQD—“ € K. Set €(a) := %. Then

o = vfe(@) = v (P) = 0(Pa) — 0(Qa) = v(ipy (Pa)) — v(ipy (Qa)) = v( (@),
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hence € is a right inverse for v. Moreover, by Remark 2.7,

€a,B)=1v < in,(e(a)) - in, (e(8)) = in, (e(a + )

() (1) - (6:2)
< 1y | — | -1n — | =1n
‘ <Qa ! QB ! QaJrﬁ
ip, (Pa . ip, (P, . ip, (Pa
o (AP (AP, (o))
ip, (Qa) ip, (@s) ip, (Qats)
= (a,B)=1lu.
O
In view of Claim 2.15, we can assume that € is an initial choice function.
Claim 2.16. For an initial choice function e : T' — K, if € = 1v, then e(na) =
e(a)™ for everyn € N and o € T,
Proof. Take arbitrary a € I' and n € N. Set
P /
e(a) == and e(na)=—.
(@) 0 (na) o]
: e(a)” N
Our assumption guarantees that v = lv. This gives us
e(na)
n n )/ ney n p/
0<o(S ) (B9, (e enety
e(na) Q"P’ QP!
Hence
v(P"Q —Q"P') >v(Q"P).
By Remark 2.13 (ii), we have P"Q’ = Q™ P’ and consequently
P7l P/
ela)” = = — =¢€(na).
() o (na)
O

As a consequence of Claim 2.16, we obtain
1 1\”
(5) e(l)=€e(p=-) =€e( - foreverypeP.
p p
For an element R = P/Q € K we set deg(R) := max{degq(P),degq(Q)}. Then
deg(R") = ndeg(R) for every R € K and n € N. From (5), we have
p | deg(e(1)) for every p € P.

This implies that deg(e(1)) = 0 and consequently €(1) € Q. Hence v(e(1)) = 0,
which is a contradiction to our assumption that € is a right inverse for v.
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