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A theorem of Paul Roberts ([21]) states that the integral closure of a regular local ring in a generically
abelian extension is Cohen-Macaulay, provided the characteristic of the residue field does not divide
the order of the Galois group. An example of Koh in [14] shows the conclusion is false in the modular
case. After a modification to the statement concerning ramification over p in codimension one, we
give an extension of Roberts’s theorem to the modular case for unramified regular local rings in mixed
characteristic when the p-torsion of the Galois group is annihilated by p.

1 Introduction

It is a classical question in commutative algebra and algebraic geometry to study the variety Spec(R)
in terms of the fibres of a finite morphism f : Spec(R) — Spec(S), where R is a normal domain and S
is regular. Such an S is available when R is a finitely generated algebra over a field or is complete. For
example, the purity of branch locus states that if f is unramified in codimension one, then f is étale, see
[23], [17], [18], and [2]. Generalizations and variants of this theorem have been studied extensively by
relaxing the hypothesis that S is regular and establishing whether good properties of S transfer to good
properties of R when there is no ramification in low codimension, see for example [8], [5], [6], [4], [12]. One
such property whose transfer has been studied is that of Cohen-Macaulayness. The work in this paper
fits in the framework of a related, but orthogonal question—are there good patterns of ramification in
codimension one that result in transfer of good properties (Cohen-Macaulayness) from (regular) S to R?
As far as we know, very little is known in this direction.

Our study is motivated by a theorem of Roberts in [21] that states that the integral closure of
a regular local ring in an abelian extension of its fraction field is Cohen-Macaulay, provided the
characteristic of the residue field does not divide the order of the Galois group. This result has seen
generalizations/applications to the theory of algebraic monoids, singularity theory and arithmetic
schemes with a tame action over an abelian group, see [3, 11, 20]. We explain by means of an alternate
proof of this statement (see 3.3) as to why we view this result as one about “good ramification” in
codimension one. Roberts’s theorem fails in the modular case, that is, when the characteristic of the
residue field divides the order of the Galois group. Koh in [14] gave an example of this phenomenon
in mixed characteristic. One way to explain this is to note that Roberts’s theorem relies on Maschke’s
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2 | D.Katzand P. Sridhar

theorem and there is no direct analog of such an argument in the modular case. But beyond this, not
much seems to be known in this regard; see [7] for comments. Guided by intuition from our alternate
proof of Roberts’s theorem, we ask if there exists some analog of this theorem in mixed characteristic.

Let ¥ : S — R be a map of commutative Noetherian rings and p € Z a prime integer. Say ¥ is p-
unramified if ¥ is étale in codimension one over p, that is, if Sp — Rp is étale for all height one primes
P C S containing p (2.4). Similarly, in direct analogue to the notion in algebraic number theory, ¥ is
tamely p-ramified if it is so in codimension one over p, see 2.6. If p € S is a unit, these conditions are
satisfied vacuously. It is reasonable to expect that in mixed characteristic p > 0, if S — R is generically
abelian with S regular, R normal and S — R p-unramified, then R is Cohen-Macaulay. Unfortunately,
this is not true either, as evidenced by Koh'’s example, see 5.2. Hence, to get an extension of Roberts'’s
theorem to mixed characteristic, we turn to Kummer theory. Let X be an indeterminate over S and
p € Z a prime integer. Then we say f € S is p-unramified (resp. tamely p-ramified) if for some root w
of the polynomial X? — f € S[X], S — S[w] is p-unramified (resp. tamely p-ramified), where ¥ denotes
normalization (2.7). Otherwise, we say f € S is p-ramified. The definitions are independent of the choice
of the root w if S possesses a primitive p-th root of unity. We characterize these properties in terms of
numerical conditions in codimension one using the function I'; (see 2.1 for the I'; notation):

Theorem 1.1 (4.1). Let S be a regular local ring such that char(Frac(S)) = 0. Assume S possesses
a primitive p-th root of unity for p € Z a prime integer. Then the following are equivalent:

(1) 0 # f € Sis p-unramified.
(2) 0 # f € Sis tamely p-ramified.
(3) either
(a) f € Sis a p-th power or
©) f ¢ Ugeasss;py Q @nd for all Q € Ass(S/(p))

p
p-1

Tos, () = [ (1/pH]ordq (p) =

i=0

ordq (p)
where I'gs, (f) is the largest power t of Q such that f admits a p-th root in S¢/Q'Sq.

Assume S has mixed characteristic p > 0 and that it possesses a primitive p-th root of unity. Given
a generically abelian extension S — R, with R normal, one has a canonical choice of elements and
codimension one primes (which we call canonical divisors) in S associated to it; this is explained in
Section 4. For instance, in the modular setup, if S — R is tamely p-ramified, then the canonical divisors
are precisely the codimension one primes in S away from p that ramify in R, see 4.9.If in additionto S — R
being tamely p-ramified, each canonical divisor in S is tamely p-ramified (the analogous requirement is
always satisfied in the non-modular setup), one obtains the following extension of Roberts’s theorem
for unramified regular local rings when the p-torsion of the Galois group is annihilated by p. In fact,
our result is a bit more general (see 4.10 and 4.12 for the definition of abelian extensions of tamely
p-ramified type):

Theorem 1.2 (5.1). Let S be an unramified regular local ring of mixed characteristic p > 0 with
quotient field L. Let K/L be a finite abelian extension with p-torsion annihilated by p and R
the integral closure of S in K. If K/L is of tamely p-ramified type over S, then R admits a small
Cohen-Macaulay algebra.

We discuss how our results apply to Koh's example, see 5.2; in particular, Koh's example admits a
small Cohen-Macaulay algebra. Finally, we observe in 6.1 that the p-ramified canonical divisors are in
some sense the obstruction to such an analog in full generality and present a calculation involving
the first p-ramified case showing the existence of a small Cohen-Macaulay module of rank at most
(p — DpPU-D+1 where d = dim(S).

The paper is organized as follows. Section 2 contains preliminary definitions and results that are used
later. Section 3 contains the alternate take on Roberts’s theorem. Section 4 consists of the numerical
characterization of the p-unramified property and the definitions of (quasi) p-unramified abelian
extensions. Section 5 presents the main result and includes a discussion on Koh's example. Finally,
section 6 comments on the p-ramified case.
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2 Preliminaries

In this section, we present some definitions and prove some preliminary results in preparation for the
sections that follow.

Convention 2.1.

(1) Rings are commutative and modules are finitely generated.

(2) For an integer n, ®,(x) € Z[x] will denote the n-th cyclotomic polynomial.

(3) A Noetherian ring R admits a small Cohen-Macaulay (CM) algebra T if there is an injective, module
finite map of rings R — T such that T is Cohen-Macaulay.

(4) Suppose SisaringandI C Sanideal. Form e Z, m > 0, let ¢, : S — S/I" denote the natural map.
Define

[1:SXZ— ZsoU{oo}

(f,m) = {sup{m} | {Jom(f) € S/I"}.

Here J/¢m(f) refers to any root of the polynomial X" — f € S/I™[X], where X is an indeterminate
over S/I™.

(5) ANoetherian ring R of prime characteristic p > 01is F-finite if the Frobenius endomorphism F: R — R
makes R into a module-finite R-algebra.

Recall the following:

Definition 2.2 ([1]). Let S be a ring and R an S-algebra. P € Spec(S) is unramified in R if for all
Q € Spec(R) lying over P, PRq = QRq and Sp/PSp — Rq/QRq is a finite separable field extension.
We say R is unramified over S if every P € SpecS is unramified in R. We say R is étale over S if
it is flat and unramified over S.

Remark 2.3 ([1]). LetS — Rbe a module finite extension of normal domains. Then R is unramified
over S if and only if R is étale over S.

We say a ring map S — R is étale over a € S in codimension one if Sp — Rp is étale for all height one
primes P C S containing a.

Definition 2.4. Let ¥ : S — R be a map of Noetherian rings and p € Z a prime integer. We say ¥ is
p-unramified if W is étale in codimension one over p. Otherwise, we say W is p-ramified.

Definition 2.5. Alocal extension of DVRs (V1, 71, k1) — (V2, 2, ko) is tamely ramified if the induced
extension of residue fields is separable and ord,,v, (1) is coprime to char(k).

Definition 2.6. Let ¥ : S — R be a module finite map of normal domains and p € Z a prime integer.
We say W is tamely p-ramified, if for all height one primes Q € Spec(R) containing p, Sgns — Rq
is tamely ramified.

Definition 2.7. Let S be a Noetherian semi-local regular ring and X an indeterminate over S. Let
p € Z be a prime integer and n any integer. Then f € S is p-unramified over n if for some root
w of the polynomial X" — f € S[X], S — S[w] is p-unramified, where % denotes normalization.
Otherwise, f € S is p-ramified over n. If n = p, we just say f € S is p-unramified or p-ramified
respectively. A subset V C S is p-unramified over n if each element of V is so.

We say f €S is tamely p-ramified over n if for some root w of the polynomial X" — f € S[X], S — S[w]

is tamely p-ramified. If n = p, we just say f € S is tamely ramified.

Remark 2.8. In general, 2.7 is dependent on the choice of the n-th root. For instance, if S is an
unramified regular local ring of odd mixed characteristic p and f = h? is a p-th power in S,
then the extension corresponding to w = h is étale in codimension one over p, but the one
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corresponding to w = he for e a primitive n-th root of unity is not. However, when S possesses
a primitive n-th root of unity, any two distinct n-th roots define the same extension and hence
the definition is independent of the choice of n-th root.

Remark 2.9. With notation as in 2.7,if q | n and f € S is p-unramified over n, then f € Sis p-
unramified over q. Similarly, if f € Sis tamely p-ramified over n, then f € Sis tamely p-ramified
over q.

We need 4.1 to give interesting examples of 2.7, but 2.10 lists a few basic ones. On the flip side, once
we have 4.1, its explicit nature makes it easy to write down examples.

Example 2.10.

(1) If p € Sis a unit, then vacuously, every f € S is p-unramified.

(2) If S is a regular local ring of mixed characteristic p > 0, then p € S is p-ramified. More generally,
any f € Upeasssp P 18 p-ramified.

(3) If S is an unramified regular local ring of mixed characteristicp > 0 and f € S is not a p-th power
modulo pS, then f € S is p-ramified. To see this, note that since S/pS is integrally closed, X? — f is
irreducible modulo pS, so that p € S[w] is prime and the induced extension of residue fields from
S — S[w]p) is purely inseparable.

ForaringsS, an element x € Sis said to be square free if for all height one primesx € Q € S, QSq = xSq.
Throughout this paper, the notation /a for a € S, refers to any root of the polynomial X" — a € S[X] in
some extension of the total quotient ring of S (when there is no cause for confusion). We include the
following two results from [9] for convenience:

Proposition 2.11 ([9]). Let S be an integrally closed Noetherian domain and n € S a unit for some

positive integer n. Let a4,...,a, € S be square free elements such that no two of them are
contained in a single height one prime ideal. Then ay, ..., a, are square free in S[J/a;].

Proposition 2.12 ([9]). Let S be an integrally closed Noetherian domain and n € S a unit for some
positive integer n. Let a4,...,a, € S be square free elements such that no two of them are
contained in a single height one prime ideal. Then R = S[¥/ax, ..., &/a,] is integrally closed.

We record a motley collection of observations that we will need later. The proofs rely mostly upon
some standard facts, but we give details for the sake of completeness.

Proposition 2.13. Let S be an integrally closed domain such that char(Frac(S)) =0Oandp e Sisa
prime element for some prime integer p. Then @, (x) € Z[x] is irreducible over S.

Proof. The proof is essentially the same as the case S = Z, so we just provide a sketch. The point is
that Eisenstein’s criterion together with a change of variables still works in this setting. So, it suffices
to show that @, (x + 1) is irreducible over S. To see this, recall that if r > 1 then &, (x) = d>p(x¥’"1), thus,

Op(x+1) = ((x+ D P (x+DP P24 @+ D41

Foreachl <k <p-1, (pf) is divisible by p. It follows that @, (x + 1) is an Eisenstein polynomial in Z[x].
Since p is prime in S, @, (x + 1) is Eisenstein in S[x], and hence irreducible over S. |

Lemma 2.14. Let A be an integrally closed Noetherian domain with quotient field L and suppose
ai,-..,qs € A satisfy the following:

@) gq1,...,q € A are square-free non-units and g1, ..., qs are units.
(ii) For 1 <1 <, no height one prime of A contains two of the square free elements g, ..., q.
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Suppose further that A contains a primitive n-th root of unity and n is a unit in A. Let K denote
the quotient field of A[y/qx, ..., ¥Gs]. Then the degree of K over L is en!, where e divides n. In
particular, the degree of K over L is a unit in A.

Proof. Consider a single expression « := /g, an n-th root of q. If q is a square-free non-unit, then x" — q
is irreducible over A (and L), by [16], Theorem 9.1, and thus the degree of K over L equals n. Moreover,
since nis a unitin A, Afe] is integrally closed by 2.12. Now suppose ¢ is a unitin A. Set [K: L] = d. We
now note that a? € A, equivalently, a? € L. Let € € L denote a primitive nth root of unity and f(x) denote
the minimal polynomial of & over L. On the one hand, since « is a root of X" — q, f (%) divides X" —q in L[x].
On the other hand, X" — q = (x — @)(X — ae) --- (X — ae™ 1) in K[x]. Thus f(x) = (x — ae™t) - - (x — ae't), for
indices iy, ..., in. Therefore, the constant term of f(x), which belongs to L, is a%ef, where t = iy + - + 4,
Since €' € L, we have o’ € L, as required. It follows that d is the least positive integer with «? € L. Writing
n=dh+r, with0 <r <d—1, we have a" = ¢"a’, which implies a" € L. Thus, r = 0 and d divides n. Note
that Ale] is also integrally closed in this case.

For the general case, one proceeds by induction using the fact that A[/g:] is a normal domain, and
the hypotheses (i), (ii) are preserved in this ring (see 2.12). |

Lemma 2.15. Let S be a domain and for each 1 < i < n, let S — R; be module finite extension of
domains such that R1®s- - -®sRy is torsion free. Let V denote the join of the R; in a fixed algebraic
closure of Frac(S). Assume that deg(H}':1 Frac(R)) : Frac(S)) = H;‘:l deg(Frac(R)) : Frac(S)). Then
V ~ R ®s -+ ®s Ry as S-algebras.

Proof. Let ¥ : Ry ®s - - - ®s R, — V denote the natural surjection of S-algebras. Set L = Frac(S), K = Frac(V)
and K; = Frac(R;). By hypothesis, there exists an isomorphism of L-vector spaces K; ® -+ ®. K, — K.
Thus

idL@"II:L®S(R1®S"‘®SRH)_)L®SV

is a surjection of finite dimensional L-vector spaces of the same rank and hence an isomorphism. Since
L is S-flat, this implies Ker(¥) is torsion. Since R; ®s - - - ®s Ry is torsion free, this implies W is injective
and hence an isomorphism. |

Lemma 2.16. Let ¢ : S — R be a module finite homomorphism of rings. Suppose R admits a finite
module M such that M is S-free of rank n. Let N be any S-module. Then R admits a module C
such that C >~ N®" as S-modules.

Proof. Note that M defines a ring homomorphism ¢ : R — M« (S) such that ¢ (¥ (S)) consists of scalar
matrices. The map is injective if and only if M is faithful over R. Set C := My, (N) = Homs(S, N®"). Then
C clearly admits an R-module structure via ¢ and the claim holds. |

Lemma 2.17.

(1) Let R be a ring with p € Z prime such that p € Ris a non-unit. Let p € I € R a proper ideal such that
R/Iis an F-finite ring. Then for all e € Z, e > 0, there exists a module finite R-algebra T such that
IrR,p%) > 1.

(2) With notation as in (1), assume (R, m, k) is a complete regular local ring with k F-finite. Suppose
thatIis generated by a1, ...,a, such that aq,...,a, can be completed to a minimal generating set
for m. Then T can be chosen to be regular local with a1, ...,a, part of a minimal generating set of
its maximal ideal.

Proof. Set R := R/I and let F denote the Frobenius map on R.

(1) By hypothesis, FeR is a finite R-module for all e. Taking T to be the R-algebra obtained be adjoining
p°-th roots of a set of lifts of generators of FéR as a R-module, we have the desired property.

(2) Complete a1, ..., a, to @ minimal system of generators for m, say s, ..., on, Xni1, ..., X4 and let x;
denote the image of X; in R. Since k is F-finite and R is complete, R is an F-finite regular local ring.

G20z aunr 9o uo 3senb Aq 6017251 8/€G LIeus/| |/GZ0Z/dI0IE/UII/WOD dNO"dlWapede//:sdiy Wol) papeojumoq



6 | D.Katzand P. Sridhar

Thus, R is obtained by adjoining to R, the p°-th roots of the x; and the p°-th roots of a basis of F¢k
over k. Take T to be the R-algebra obtained by adjoining the p®-th roots of the X; and the p-th roots
of a fixed set of lifts of a minimal generating set of F¢k over k. By part (1), I'ir(R, p?) > 1. Moreover, it
follows easily that T is regular local with maximal ideal generated by (e, ..., an, ¥Xit, - es /X3)
and residue field k¥7". |

We include the following for easy reference:

Lemma 2.18 ([13]). Let S be a ring and p € S a prime integer such that p is a non-unit in S. Let
p >3 and write p =2k + 1. For h € S\ pS and x an indeterminate over S, if

k
Ci=(x—hP — (P —hP) = Z(—l)”l(?) x-hy[xP~9 — -] (2.18.1)
Jj=1

C = (@px-h) ' -CandP:= (p,x —h)S[x], then C’ ¢ P.

Lemma 2.19 ([13]). Let S be a ring and p € S a prime integer such that p is a non-unit in S. Let
p > 3 and writep = 2k+ 1. For h € S\ pS and x an indeterminate over S, suppose C’ is as defined
in 2.18. Then C" = "~ mod (p, x — h)S[x].

3 Roberts’s Theorem Revisited

In this section we give an alternate proof of the main theorem in [21]. Our extension of this theorem to
mixed characteristic relies on the proof in this section. First a preparatory observation.

Proposition 3.1. Suppose S is a regular local ring and € is a primitive nth root of unity for some
integer n.

(i) If S is unramified, then Sle] is a regular semi-local ring, and thus a UFD. Moreover, if S is complete
and has mixed characteristic, then S[e] is a regular local ring.
(ii) If n is a unitin S, then S¢] is a regular semi-local ring.

Proof. For (i) we prove the mixed characteristic case, since the proof of the equi-characteristic case is
similar (and easier). So suppose S is an unramified regular local ring of mixed characteristic p > 0 and
n its maximal ideal. Write n = p'no, with p t np and € = e1e, where €, is a primitive p’-th root of unity
and e, a primitive no-th root of unity. By 2.13, S[e1] = S[x]/(®p (X)). Suppose M C S[x] is a maximal ideal
containing n and &, (X). Since the binomial coefficients (p;) for 1 <i<p"—1 are divisible by p, modulo
p, we have x¥' — 1 = (x — 1)'. Since p € M, it follows that x — 1 € M. Thus, M = (n, x — 1)S[x] is the unique
maximal ideal containing n and @, (X), so that (n,e; — 1)S[e1] is the unique maximal ideal in S[e;]. In
Zle1], p = u(e; — 1)¢®), where u € Z[e;] is a unit and ¢(—) is the Euler totient function (see [19, Lemma
10.1]). Thus, p is a redundant generator of (n,e; — 1)S[e1], so that S[e;] is a ramified regular local ring
(unless p = 2 and r = 1). Now set T := S[e1], so that S[e] = T[e,]. Let m denote the maximal ideal of T
and set k := T/m. Since T[e,] is an integral extension of T, it is semi-local and each of its maximal ideals
contracttomin T.

Now no # 0 1in k, so that the images of x™ — 1 and its derivative are relatively prime in k[x]. Thus,
the image of x™ — 1 factors into distinct irreducible factors. Thus, if we write g(x) for the minimal
polynomial of €, over the quotient field of T, then the image of g(x) in k[x], factors into a product of
distinct irreducible factors, say g(x) = q1(%)...q:(x) + m(x), where the images of the g;(x) in k[x] are
the distinct irreducible factors of the image of g(x) in k[x] and m(x) € m[X]. Since T[e,] = T[x]/(g(x)), it
follows that the maximal ideals of T[e,] are Q; := (m, qi(€))S[ez] for 1 < i < r. Then, in T[e;]q,, we have
q1(e2) = —(q2(€2) . . . Gr(€2))"*m(e), s0 that Q1 T[ez]q, = mT[ez]q,. Thus, Tlez]q, is a regular local ring. The

argumentis similar fori = 2,...,r. Therefore T[e,] is a regular semi-local ring. Since a semi-local domain
which is locally a UFD, is a UFD, we have that T[e;] = S[e] is a UFD.
Part (ii) follows in the same way as the ng case above. |

Remark 3.2. If (S,n,k) is a ramified regular local ring of mixed characteristic p, then for € a
primitive p-th root of unity, S[e] need not be regular. For instance, set S to be V[x,y]/(p — x*y?)
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localized at the ideal generated by the images of p, x, y where V is any DVR with uniformizing
parameter p. Then S is a ramified regular local ring. Let € be a primitive pth root of unity. Let m
be a maximal ideal in S[e]. Let the polynomial ring S[t] map onto S[e] in the obvious way. Then m
corresponds to a maximal ideal M € S[t] containing p and t? — 1, and hence M = (x,y,t— 1) and
thus m = (x,y, e—1)S[e] is the unique maximal ideal of S[e]. In S[e] we have x?y® = p = u(e—1)P71,
for u € Z[e] a unit. Thus, S[e] is not a regular local ring.

Theorem 3.3 (Roberts’s Theorem [21]). Let (S, n, k) be a regular local ring with quotient field L
and R the integral closure of Sin a finite abelian extension L € K. Assume the characteristic of
k does not divide [K : L]. Then R is Cohen-Macaulay.

Proof. Let n denote the order of the Galois group of K over L, so that nis a unitin S. Let € be a primitive
n-th root of unity. Then by 3.1, S[e] is a (possibly ramified) regular semi-local ring. Moreover, R[e] is the
integral closure of S[e] in K(e). To see this, it is enough to show that R[e] is integrally closed. Let Ry be
the integral closure of R in K(¢) and f(x) € R[x], the minimal polynomial of € over K. Since n is a unit
in R, x" — 1 has distinct roots and hence f(x) is a separable polynomial. Thus, f'(¢€)R1 < R[e]. Since R is
integrally closed, x" — 1 = f(x)g(x), with g(x) € R[x]. Thus, ne"~* = f'(¢)g(e), so that nRy < Re]. Since n is
a unit in Rle], we have R[e] = R;.

Suppose we could show that R[e] is Cohen-Macaulay. Since R[e] is free over R, Ris a summand of R[e],
and thus R is Cohen-Macaulay. Therefore, it remains to be seen that R[e] is Cohen-Macaulay. For this,
we use Kummer Theory. Now, it is straightforward to see that Gal(K(e)/L(¢)) is isomorphic to a subgroup
of Gal(K/L), and hence Gal(K(e)/L(¢)) is an abelian group. Let t denote the exponent of Gal(K(e)/L(¢)),
so that t is a unit in S[e], since t | n. By Kummer theory, there exist a4,...,ds € L(e) such that K(e) =
L(e, /a1, ...,4/0s). Clearing denominators, we may assume that each a; € S[e]. Thus, K(e) is the quotient
field of S[e][/ar, ..., /ds].

Now, as an element of S[e], each g; is a unit times a product of primes. Let q4, ..., qx be the distinct
unit and prime factors appearing among da, ..., ds. Then no height one prime of S[e¢] contains any two
i, q;- Thus, by 2.12, T := S[e][(/q1, - - - ,/qn] 18 integrally closed. Set E to be the quotient field of T. Moreover,
K(e) C E,sothat R[e] € T.By 2.14, degree of E over L(¢) is a is a unit in R[e]. Therefore, the degree of E over
K(e)is a unitin R[e], and hence R[e] is a summand of T via the splitting given by restricting the field trace
map and dividing by the degree of E over K(e¢). But T is a free extension of S[e¢], so T is Cohen-Macaulay;,
and hence R[e] is Cohen-Macaulay, which completes the proof. |

4 Abelian Extensions and the Tamely p-Ramified Property

The goal of this section is twofold: firstly, to characterize the tamely p-ramified property in terms of a
certain numerical criterion in codimension one and secondly, to define tamely p-ramified generically
abelian extensions of an unramified regular local ring.

We will show

Theorem 4.1. Let S be a regular local ring such that char(Frac(S)) = 0. Assume S possesses a
primitive p-th root of unity for p € Z a prime integer. Then the following are equivalent:

(1) 0 # f € Sis p-unramified.
(2) 0 # f € Sis tamely p-ramified.
(3) either
(a) f € Sis a p-th power or
() f ¢ Uqeassis/y Q and for all Q € Ass(S/(p))

=S}

Tas, () = [D_(1/pH]ordq (p) =

=0

p
p—1

ordq (p).

Lemma 4.2. Let © be a Gorenstein Noetherian domain such that the prime integer p is a non-
unit in ©. Suppose that Ass(D/(p)) = {(«)} and let k be such that p € (&¥) \ (@**!). Let f € D be
such that f is not a p-th power and 1 < q := I'g)(f). Let w be a root of the monic polynomial
XP — f € D[X] in some algebraic closure of the fraction field of . Set r = min{q,k + 1}. For
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8 | D.Katz and P. Sridhar

any positive integer n satisfyingn < (p — 1)~'min{q, k} and h any p-th root of f modulo o', set
Jnn = (@ — h, a™P"1D[w]. Then

(1) Homg (o) Unn, D[@]) = (1,41, ..., Gp-1)o[e] Where g; : Jun — D[w] is the map given by multiplication
by o "(w — h)l.

(2) Jun is P-primary for P := (a, w — h), the unique associated prime of p® [w].

(3) Homgp (o) Unn, D[w]) is @ maximal Cohen-Macaulay ©-module.

. . X
Proof. Since f € D is not a p-th power, we have D [w] ~ (XDP[ })‘
Taking S =D in 2.18, let C' € D[X] be as in 2.18. We have

Write f = h? 4o - b for some h,b € ©.

XP—f=XP—h’—a'b
=X -hXP ...+ H—d'b
=X -W(X -1 +Cp —a'b
=X-h-X-=hP14+CpX-h) —a'b
=X-h- - X=hpt4a"0D.y 4.2.1)
for some y € D[X]. Thus XP — f € jy,,h = (X —~h,oz”)1H C ©~[X]. Since jn,h is a power of a complete
intersection ideal, it is unmixed. Moreover, it is P-primary for P := (X — h, ). Thus J, is P-primary and

(2) holds.
Jis the ideal of maximal minors of the p x (p — 1) matrix

X—h 0 0 0
n X—h 0 0
0 a”t X—h 0
‘bn,h: .
0 .
0 0 a" X -—h
0 0 0 a”t
Set
X-h 0 .. 0 0 —y
n X—h 0 0 0
0 an X—h 0 0
Wph = .
0 :
0 0 a" X -—h 0
0 0 0 [ -X-h)

By [15, Lemma 2.5], Homg [, Uy n, D[w]) ~ (}n,h);}[w] is generated as a ©[w]-module by the maps given by
multiplication by the elements {81.’11//1-,1»}151-3, where §; and v;; denote the images in D[w] of the i-th signed
minor of ®,; and the (i,i)-th cofactor of W, respectively. This is precisely the generating set claimed
in (1).

For (3), note that Homg ) Jnn, D)) ~ Gnh)g{w] is isomorphic to a 1-link of J, . Since ], , is height one
unmixed and D[w] is Gorenstein, D [w]/Jnx is Cohen-Macaulay if and only if D[w]/I is Cohen-Macaulay
for any 1-link I of J, (see [10][Proposition 2.5]). Moreover, I is a Cohen-Macaulay D [w]-module if and only
if ®[w]/I is a Cohen-Macaulay ring. Since D [w]/Jnn ~ D [X]/Jun is Cohen-Macaulay by the Hilbert-Burch
theorem, we are done. |

Lemma 4.3. Let S be a regular local ring such that char(Frac(S)) = 0. Assume S possesses a
primitive p-th root of unity for p € Z a prime integer. If 0 # f € S, f ¢ Uqgeass(s @y Q satisfies for
all Q € Ass(S/(p)), Tas, () =p-(p — 1)~tordq(p), then
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On Abelian Extensions in Mixed Characteristic | 9

(1) S — S|w] is étale over p in codimension one for some (equivalently every) root w of the polynomial
WP — f e S[W], where % denotes normalization and W is an indeterminate over S.

2) If p € S is not a unit, then for each prime divisor q of p, S|, is generated as a S[w]; module b
b p qorp @ 158 (@ y
{1,g7"(@—hy),..., q "~V (w — hy)P~1} for some hy € Sy and r = (p — 1)~tordy(p) € Z.

Proof. (1) holds vacuouslyifp e Sis a unit. Assume p € Sisnot a unit. Let w be any root of the polynomial
WP —f e S[W]in a fixed algebraic closure of Frac(S) and set R = S[w]. Let q be any prime divisor of p. By 2.3,
it suffices to show Sq — R, is unramified. Write f = h +q"b, for some hy, by € S andn = p/p—1-ordq (p).

w_n

Since we work locally, we drop the lower index “q". We have in A := S []:
q"-b=aP — NP
=@-hP+p-c-(w—h) (4.3.1)
where ¢’ € A is the image in A of the element C’' € S [W]in 2.18. Let € € S be a primitive p-th root of
unity. It is standard to see that p = —(c.)"*(e — 1)?~! where c, is the image in Z[e] of the corresponding
element C, € Z[W] from 2.18. Note that this implies € — 1 € qS and ordg(e — 1) - (p — 1) = ordy(p). We have

(@—hP — (D) NHNw-MEe-1PP—-gb=0. (4.3.2)

Let (¢ — 1) = - q" for some unit 4 € S, so that ordg(e — 1) =r. Setting U := (w —h) and V :=q', 4.3.2
looks like

UP — ()7L - P~ Huve—t — VP =0 (4.3.3)

for some b’ € A. Thus VU is integral over A
U/VYP — ()™t - wP~HUu/vy —b =0. (4.3.4)
We claim that B := A[U/V]isregular. Setting P := (q, w—h)A, maximal ideals in B correspond to height two
primes in A[X]/PA[X] containing the image of Ker(¢) where ¢ : A[X] — A[U/V]is the natural A-algebra

map. From, 2.19 we have

XP— ()7 P HX =B = XP — (hpw)P71X — b’ mod (PA[X]). (4.3.5)
By hypothesis, h € A is a unit and hence the image of 4.3.5 in (A/P)[X] is irreducible over A/P if and
only if the Artin-Schreier polynomial (X/hu)? — (X/hw) — b'/(hp)P is irreducible. If this polynomial is
irreducible, then since S, is universally catenary, it follows that there exists a unique maximal ideal Q

of B satisfying QBq = PBq = qBq. Moreover, the associated extension of residue fields is separable since
it is given by a Galois extension of order p. If the polynomial is reducible, then necessarily

v
XP— (@)t P HX - = H(X — B —ihw) mod (PA[X]) (4.3.6)

i=1
for some B € A. Therefore, there are exactly p maximal ideals in B, say Qu,...,Qp, satisfying Q;Bg =

(P,U/V — B — 1h)Bq, = (a)Bq,. Moreover, the associated extension of residue fields in each case is trivial
and in particular separable. Thus B is regular and (1) holds. The assertion (2) also follows from what we
have just showed. |

Proof of Theorem 4.1. Since S possesses a primitive p-th root of unity, if f € S is a p-th power, then
S[w] = S, so trivially the associated extension is p-unramified. The remainder of the implication (3) =
(1) is the content of 4.3(1). The implication (1) = (2) is trivial. We now prove the contrapositive of
(2) = (3).Let 0 # f € S and w any root of the polynomial WP — f € S[W] in a fixed algebraic closure

of L := Frac(S). Assume f € S is not a p-th power. Set R = S[w|. Suppose there exists a prime divisor
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10 | D.Katz and P. Sridhar

q € S of p such that I's,, (f) < ﬁordq(p). We will show that S — S[w] is not tamely ramified over p. If

Tgs,, () = 0, then Sy — S(g [w] induces a purely inseparable extension of residue fields. Hence S — Ry
is not tamely ramified over p. Now assume Iys, (f) =n > 1. Let € € S be a primitive p-th root of unity. It
is standard to see that p = —(c.)~!(e — 1)P~* where ¢, is the image in Z[¢] of the corresponding element
C. € Z[W] from 2.18. Note that this implies € — 1 € S and ordg(e — 1) - (p — 1) = ordy(p). Write f = h? +q"b
forsome b,h € Sg). Let (e — 1) = - q" for some unit pu € Sg), so that ordy(e — 1) = 1. As in the proof of 4.3
we have in A := S [w]:

(@—hP - () P Hw-hg PP —q'b=0. (4.3.7)

Write n = kp + s with 0 < s < p. Note that kp < n < pr implies k < r. Dividing by ¢ and setting
B=q"(@—Mh e L), wehave

B — ()¢ (ug P B —gh =0 (4.3.8)

an integral equation for g over A. Suppose s = 0. We claim that this implies I'ys,, (b) = 0. To see this, let
if possible b = uP +qu for some u, v € S). Then f = h? + g (WP +qu) = (h+q*w)P + v + pgue for some

o € Sig. Now, k+ordg(p) > k+ ®-1n =n/p+(p—"1n/p = n. This implies I'ys,, (f) = n+1, a contradiction.

Thus if s = 0, then I'gs, (b) = 0. Noting that the extension Sy — S(g[w] induces a trivial extension of
residue fields, one sees that if s = 0, then A[g] is local and the extension S — A[g] induces a purely
inseparable extension of residue fields. Thus, if s = 0, S; — Ryg is not tamely ramified over p. Now,
assume s > 1. From 4.3.8, one sees that in the local ring A[B], ¢° is an associate of gP. This continues

to hold after localization at each maximal ideal of S[w]. Thus p divides the order of ¢° at each maximal

ideal of S[w]. Since 0 < s < p — 1, this implies p divides the order of q at each maximal ideal of S[w]. Thus
S — Ry is not tamely ramified over p.
Finally, suppose f is divisible by some prime divisor q of p. We may assume that ordy(f) < p — 1.

It is then easily seen that Iys, (f) < p -1 < 5 E 1ordq(p), so that by what we have just shown
S — R(g is not tamely ramified over p. Thus the proof of the implication (2) = (3) and the theorem
is complete. |

We now proceed to define tamely p-ramified and tamely p-ramified type abelian extensions of an
unramified regular local ring of mixed characteristic p > 0. Let S denote a semi-local regular ring such
that L := Frac(S) has characteristic zero. Assume that S possesses a primitive n-th root of unity for an
integer n. Let K/L be a finite abelian extension of exponent n. By Kummer theory, K corresponds to a
unique subgroup U of L* containing L*" as a subgroup of index equal to [K : L]. Since S is a unique
factorization domain, each coset of U in turn corresponds to a unique element of the monoid S/S". For
each non trivial class in S/S", there is a unique element (up to multiplication by an element of (S*)")
in S representing it satisfying the condition that its order at each of its prime divisors is at most n. We
call such a representative in S corresponding to a coset U a canonical element for K/L in S. The canonical
divisors of K/L in S are the union of the prime divisors of each canonical element (possibly empty). (Our
usage of the term canonical divisor is specific to our setting and is not meant to suggest any connection
with its typical usage in algebraic geometry.)

Example 4.4. Suppose K/L above has order p for p € Z a prime integer. Then K = L(w) for w a root
of the irreducible polynomial W? — f € L[W], for W an indeterminate over L. Moreover, K = L(u)
for u a root of WP —g € L[W] if and only if g € Uﬁol . (L*)P. There is a unique element (up to

multiplication by an element of (S¥)?) g € (f - (L*)P) NS such that g = 1af’ ...a;", where » € Sis a

unit, a4, ...,a, € Sare primes and 0 < eq,...,e, <p—1. Then g is a canonical element for K/L in

S corresponding to the coset f - (L*)P and is unique up to multiplication by an element of (S*)?.

The canonical elements corresponding to the cosets f' - LP divide a sufficiently large power of

g for each 0 <1 < p — 1. Hence the canonical divisors of K/L in S are a, ..., d, (possibly empty).

Example 4.5. Now let K/L be a finite abelian extension with Galois group G := Z/pZ*" forpe Z a
prime integer. Let Ky, ..., K, denote the fixed fields of the n subgroups of G obtained by taking
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On Abelian Extensions in Mixed Characteristic | 11

the quotient by each copy of Z/pZ. The canonical divisors of K/L are the union of the divisors
of each K;/L.

Now let R be the integral closure of Sin K. Let X € Spec(S) be the ramification locus of the map S — R
and let Xy € X the subset of codimension one primes. Then V(X,) = X. To see this, note that a map of
rings A — Bis unramified if and only if it is of finite type and the module of Kiahler differentials Qp/4 = 0.
Since Qg4 commutes with localization, it follows that V(X,) € X. The reverse inclusion X € V(Xy) follows
from the purity of branch locus. For each prime integer divisor q of n, let X4 denote the prime divisors
of qin S, and X the union of all the X,.

Proposition 4.6. Let € denote the canonical divisors of K/L in S. We then have

X\XCE€CXoCCUX.

Proof. Consider a height one prime Q of S outside ¢UX. By Kummer theory and 2.12,Rq = Sq[/f1, . . ., V/fr]
where fi, ..., f; are the canonical elements of K/L in S. Since Q is coprime to the canonical divisors of K/L
in S and the prime divisors of n, it follows that the induced extensions of residue fields are all separable.
From 2.11, it then follows that S — Rq is unramified. This gives the inclusions Xo\X € € and Xy € €UX.
Now clearly if ¢ € € is a divisor of a canonical element f, then c ramifies in the extension S — S[/f] and
hence ramifies in S — R, that is, ¢ € Xo. This completes the proof. [ |

Remark 4.7. If S is local and n € S is a unit (in particular under the setup of 3.3), 4.6 is saying
¢ = Xp, that is, the canonical divisors of K/L in S are precisely the height one primes in S that
ramify along S — R.

Definition 4.8. Let S be a semi-local regular ring with L := Frac(S) having characteristic zero and
p € Z a prime integer. Assume S possesses a primitive n-th root of unity and let K/L be a finite
abelian extension whose Galois group has exponent n. Let R be the integral closure of Sin K. We
say K/L is tamely p-ramified over S if S — R is tamely p-ramified and either the set of canonical
divisors are empty or the canonical divisors are tamely p-ramified over n.

By construction, the set of canonical divisors for K/L in S are uniquely determined, so the property
of being a tamely p-ramified abelian extension is intrinsic to the given extension.

Remark 4.9. Assume notation as in 4.8. Suppose S is local of mixed characteristic p and p | n.
Then if S — R is tamely p-ramified (in particular if K/L is tamely p-ramified over S), we have
¢ = Xo\V(p), that is, the canonical divisors of K/Lin S are precisely the codimension one primes
in S away from p that ramify in R. To see this, note thatin 4.6, X is nothing but the prime divisors
of pin S. Thus, Xo\V(p) € € by 4.6. Now let if possible q € € for q a prime divisor of pin S. Then
if q is a divisor of a canonical element f € S, one sees that S — S[{/f] is not tamely p-ramified.
Hence S — S[y/f] and S — R are not tamely p-ramified. This is a contradiction. Thus €NV (p) =
and we see from 4.6 that € € Xo\V(p).

Definition 4.10. Let S,L,K, and p be as in 4.8. We say K/L is of tamely p-ramified type over S if there
exists a module finite injective map of regular rings f : S — T such that

(1) f« : Spec(T) — Spec(S) is injective in codimension one on the fiber over V(p) and
(2) for all Q € V(p) < Spec(S), ordq(p) = ordf;l(Q) (p) and
(3) Frac(T)K/Frac(T) is tamely p-ramified over T.

Example 4.11. Let L = Q(X) for X an indeterminate over Q and K := L(w) for o a root of the
polynomial Y? — X — 4 € L[Y]. Consider the two dimensional regular local subring S C L defined
as S := Z[X]¢2,x). Then K/L is not tamely 2-ramified over S. To see this, note that S[w] is integrally
closed and that that S — S[w] is not étale in codimension one over 2. Consider the extension of
regular local rings S — T for T := Z[vX] , /x,- Then Q(vX)(»)/Q(vX) is tamely 2-ramified over
T by 4.1. Thus, K/L is of tamely 2-ramified type over S.
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12 | D.Katz and P. Sridhar

Note thatif Sis an unramified regular local ring of mixed characteristic p > 0, then S does not possess
a primitive p-th root of unity unless p = 2.

Definition 4.12. Let S be an unramified regular local ring with L := Frac(S) having characteristic
zero and p € Z a prime integer. Let K/L be a finite abelian extension with exponent n. Then K/L
is (resp. of tamely p-ramified type) tamely p-ramified over S if K(e)/L(e) is (resp. of tamely p-ramified
type) tamely p-ramified over S[e] for some (equivalently every) primitive n-th root of unity e.

Remark 4.13. Note that 4.12 is well defined due to 3.1 and the fact that if € and ¢’ are distinct
primitive n-th roots of unity in a fixed algebraic closure of L, then S[e] = S[€'].

Example 4.14. Assume notation as in 3.3. In addition, assume S is an unramified regular local
ring of mixed characteristic p > 0. Then K/L is tamely p-ramified over S. To see this, let n be
the exponent of Gal(K/L) and € a primitive n-th root of unity. Let the exponent of Gal(K(e)/L(¢))
be m. If R is the integral closure of S in K(e), then as in the proof of 3.3, one constructs a small
Cohen-Macaulay algebra R — T. By construction, it follows S[e] — T is tamely p-ramified,
hence, S[e] — R is tamely p-ramified. Moreover, if f € S[e] is a canonical divisor for K(e)/L(e)
and is not equal to €7 — 1, then S[¢][ ¥/f] is integrally closed by 2.12. Since m is coprime to p
it follows that S[e] — S[e][ ¥/f] is p-unramified (in particular tamely p-ramified). If €"? — 1is a
canonical divisor, then S[e, ¥/e/P — 1] = S[{/e"P — 1] is regular local and S[e] — S[V/e"/? — 1] is
tamely p-ramified.

5 Abelian Extensions With p-Torsion Annihilated by p

In this section, we prove 5.1, an extension of Roberts’s theorem to mixed characteristic. We work under
the hypothesis that the base regular ring is unramified. Our arguments use this assumption in an
essential way: for instance to preserve regularity upon adjunction of a primitive p-th root of unity,
see 3.2. Note that in this case, under the assumptions of 3.3 (i.e., the non-modular case), a generically
abelian extension is automatically tamely p-ramified and the p-torsion in the Galois group is annihilated
by p. The former follows from 4.14 and the latter is trivial, since there is no p-torsion in the Galois group.
Thus the following theorem is an extension of Roberts’s theorem to mixed characteristic p > 0. We also
illustrate our results by discussing how they apply to an example of Koh in [14] that exhibits the failure
of Roberts’s theorem in the modular case.

Theorem 5.1. Let S be an unramified regular local ring of mixed characteristic p > 0 with
quotient field L. Let K/L be a finite abelian extension with p-torsion of the Galois group Gal(K/L)
annihilated by p and R the integral closure of S in K. If K/L is of tamely p-ramified type over S, then
R admits a small Cohen-Macaulay algebra.

Proof. Letn denote the exponent of K/L. Fix an algebraic closure of L and let € be any primitive n-th root
of unity in it. Choose a map of regular rings S[e] — T satisfying the conditions of 4.10 (S[e] is regular
by 3.1). Set ¢ = €'VP. Note that ¥ — 1 is the unique prime divisor of p in S[y] and ordy_1(p) = p — 1.
Note that S[y/] — S[e] is étale. By purity of branch locus, it suffices to check this in codimension one.
Let F € S[y][X] be the minimal polynomial of € over L(y). Note that n/p is a unit in S[y]. Since F divides
X"P —1 e L[X] and the latter is separable modulo any height one prime of S[y], it follows that S[y] — S]e]
is étale in codimension one. Thus, ¥ — 1 is the unique prime divisor of p in S[e] and ordy, _1)sj(p) =p—1.
These continue to hold in T due to conditions (1) and (2) in 4.10.

Let R be the compositum of K and Frac(T). If m is the exponent of the Galois group of &/Frac(T), then
by Kummer theory, choose canonical elements gs, ..., gs € T such that & = Frac(T)(wn, . .., ws) where the
w; are m-th roots of the g;. Let 2R be the integral closure of T in K. It suffices to show that % admits
a small Cohen-Macaulay algebra. Let f,..., fr be the canonical divisors of &/Frac(T) in T (possibly an
empty list). There exist units s, ..., as € T such that the integral closure of T[¥/fy, ..., ¥/fr, ¥eq,.. ., Yas],
say ¥,1is a module finite extension of R. We will show that ¥ is Cohen-Macaulay, which would complete
the proof. Let :t* be the integral closure of T[{/f1, ..., V/fr, ¥/aq, .. ., #/as]. Note that each ¥/f; and each ya;
is square free in T[J’/ﬁ, ol {7}7 Yai, ..., ¥as) and hence in R*. Using 2.12, we then see that T is free over
?|*. Thus, it suffices to show that ;t* is Cohen-Macaulay.
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Since Ty-1) — Ry-1 Is tamely p-ramified, so is Tgy—1y — T-1[&Gi] for each 1 < i < s, where
Tw-1[¥gi] is the integral closure of T(,_1)[&Gi]. By 4.1, it follows that each Ty_1) — Tw-1)[&Fi] is
étale over p. Moreover, since T_1y) — R-1) is tamely p-ramified and p | n, it follows that ¢ — 1

is not among fi,...,fr. Now Tty — Ty [&/Gi Vf1, ..., ¢fr] factors through Ty—1y — Ty_1 Y.
Since Ty -1[¥9, ¢/f1,--.,V/fr] is integral over and birational to the join of the integral closures of
T[T, T ¥f1), -+, Ty—n[¢/fr], the former is the integral closure of the latter. For some subset
e1,...,e of the list g, f1,.. ., fr, the join of the integral closures of Tey—1)[#i], Tew—1[V/f1l, - -+ Tw—1 [V/fr]
is isomorphic to Ty 1)) [¥/&i] @1y, - ®Ty_y, Tw—1[¥/ek] by 2.15. Since fibre product of étale morphisms
are étale, it follows from 4.1 that Ty—1) = Ty—-1))[¥ei] ®1,,_, - - ®1,_1, Tew—1) [¥ek] 15 étale. Moreover, since
T[¥e) ®r - -- ®r T[¥/ex][1/p] is integrally closed by 2.12, it follows that T[¢/e;] ®r - - - @t T[¥/ex] is regular in
codimension one and hence integrally closed. Hence each «; is p-unramified.

Note that S[y] is local and S[y]/(¥ — 1) =~ S/pS, so that ¥ — 1 is a minimal generator of the maximal
ideal. Since S[y] — S[e] is an étale map, 3.1(1) implies that the order of ¥ —1 with respect to each maximal
ideal of S[e] is 1. Condition (2) of 4.10 implies that the order of ¥ — 1 with respect to each maximal ideal
of T is also 1. In particular, the localization at each maximal ideal of T/(y — 1)T is integrally closed and
hence T/(y — 1T is integrally closed. We relabel the list f1,...,fr,01,...,as tO f1,..., fr. Since the image
of each f; in the quotient field of T/(y — 1)T is a p-th power, it follows that each f; is a p-th power in
T/(y — DT. Write f; = hlp + (¢ — D)a; for some h;,a; € T. By 4.1, Ty _1y1,_,, (fi, ) = p. We have in Ty _y :

W+ ( — Day = (hyi/ho)? + bi/c) (@ — 1P

for some hy;, hys, by, ¢ € T, hyj, ¢ ¢ (v —1)T. This implies that (hihy ;)P fhﬁ’yi € (y—1Tandhencehh,;—h;; €
(¢ — DT. Thus, the above equation then implies that a;( — 1) € (¢ — 1DPT and thus a; € ( — 1)P~'T.
In particular, each f; = h? + (¢ — 1)Pd; for some d; € T. Set p; := {/f;. Using 4.2(i) and 4.3(ii), we see that
for Ji := (ui — hi, ¥ — DP~1 T[], we have Homyy, i, Tlwi]) p—1) = T[pi](y _1)- Note that by 2.12, T[u;][1/p] is
integrally closed. Hence by [13, Proposition 2.1(i)], Homry, (i, T[wi]) =~ T[w;]. By 4.2(ii), T[] is a maximal
Cohen-Macaulay T[ui]-module and hence is a Cohen-Macaulay ring. After discarding some of the y; if
necessary, we can assume that the Frac(T)(u;) satisfy the linear disjointness hypothesis over Frac(T) in
the statement of 2.15. Thus by 2.15, the join of the T[u;] is isomorphic as a T-algebra to T[u1]®t- - - @7 T ptr].
Since the former is birational to and integral over T[ua, ..., wr], the proof would be complete if we show
that the latter is integrally closed. Since it is free over T it satisfies (S;) as a T-module and hence as a
ring. Moreover, T[u1] ®- - - @1 T[ur][1/p] is integrally closed by 2.12. Since each T¢,—1) — Ty—1)[wi] is étale
and fibre product of étale morphisms are étale, T¢y_1) = Ty—1)[11] ®7,_,, -+ ®T_s) Tey—1)[1tr] is étale. In
particular, all height one primes containing p in T[u1] ®r - - - ®1 T[i,] are regular and hence it is regular in
codimension one. Thus T[u1] ®r - - - @1 T[,] is integrally closed, so :8* is Cohen-Macaulay and the proof
is complete. |

Example 5.2 (Koh’s example). In [14, Example 2.4], Koh gives an example showing that the main
theorem of [21] fails in the modular case. We will observe that this example is p-unramified,
thatis, étale in codimension one over p and show that our results yield a small Cohen-Macaulay
algebra over it.

Let S,L be asin 5.1. Assume p = 3 and dim(S) > 3. Let € be a primitive cube root of unity. Since
€ — 1 is a minimal generator of the maximal ideal of S[¢], it follows that i+/3 is also a minimal
generator of the maximal ideal. Let iv/3, x, y be part of a minimal generating set of the maximal
ideal of S[e]. Let a := xy* 4+ 27, b := x*y 4+ 27, f := ab” and ¢ = Jf in some fixed algebraic
closure of L. Let K = L(¢, ) and R the integral closure of S in K. [14, Example 2.4] shows that R is
not Cohen-Macaulay. We see that € — 1 is the unique prime divisor of p in S[e], ordc_1(p) =
2 and that [e_ys.,, () = 6 = p/(p — Dorde_1(p). By 4.1, f € S[e] is p-unramified, that is,
S[e] — R is étale in codimension one over p. The canonical divisors for K/L(e) in S[e] are {a, b}.
Note that ['e_1sfe]._,, (@) = 0 = T[], (b), s0 that K/L is not p-unramified in S. To see this,
suppose e 1)sje]._,, (@) > 1. Since S[e]/(e — 1) is integrally closed, it follows that I'c_1)(a) > 1.
Since S[e]/(e — 1) is regular local with the images of x,y part of a minimal generating set for
the maximal ideal, this is impossible. However, K/L(e) is a quasi-unramified abelian extension
over Sle]. Consider the injective map of regular local rings f : S[e] — T := S[e][v/X, &/¥]. Then
(e—1, /%, ¢/y) is part of a minimal generating set for the maximal ideal of T. Then f and T satisfy
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conditions (1) and (2) of 4.10. Since Gal(K(v/x, &/y)/L(e, /X, ¥¥)) = Z/3Z and a,b € T are prime,
the canonical divisors for K(v/x, &/y)/L(e, ¥/x, &) in T are {a, b}. Since T'e_1yr,_,, (@) > 6 > (p/p —
Dord._1(p), by 4.1 a € T is p-unramified. Similarly for b € T. Thus from the proof of 5.1, we see
that the integral closure of T[/a, v/b] is Cohen-Macaulay and hence a small Cohen-Macaulay
algebra for R. Indeed, by 4.3(2) and 4.2(1), T[/a]._;, = Homy 350, T[v/a])-1) for ] = (Ja —
V(YN e — D2T[Ja). Since T[Ja][1/p] is integrally closed by 2.12, we see by [13, Proposition
2.1(i)] that T[/a] ~ Homy( 3, T[v/a]). Moreover, by 4.2(3), T[/a] is Cohen-Macaulay. A similar
argument shows that T[vb] ~ Hom, 3 (I, TIVDB)]) for I := (Vb — YJ(Ix)*, € — 1)?T[Vb] and that

T[v/b] is Cohen-Macaulay. Let V be the join of T[a] and T[¢/b]. By 2.15, V ~ T[Ja] ®r T[VD]
as T-algebras. Since V is T-free, it satisfies S, as a ring. Moreover, by 2.12, V[1/p] is integrally

closed. By 4.1, T¢-1) — T[/a]_4, and T_1) — T[G/B](Fl) are étale and since fibre product of

étale morphisms are étale, Ty — T[V/a]_q) ®r,_, T[%](efl) is étale. In particular, all height
one primes containing p in V are regular and hence V is integrally closed. Thus V is the integral
closure of T[/a,+/b] and from what we have shown V is T-free and hence Cohen-Macaulay.
More explicitly, V is T-free with a basis given by

| Ya-VRY? Va-IxGpY?
' e—1 ' (e — 1)2 '

Vb— YR S-SRI VD= R (A= IR V- SR

e—1 ’ e—1 e—1 ' (e —1)2 e—1 '
Vb — LJION? Ja— Ix(YD* ) Vb — LFIOH? (YA - IxYNH? ) Vb — JyI0H? ]
(e —1)? ’ e—1 (e —1)? ’ (e —1)? (e —1)? ’

6 Comments on the p-Ramified Case

In this section we make a couple of observations concerning the p-ramified case. Let S be a regular
local ring of mixed characteristic p > 0 with quotient field L. Let K/L be a finite abelian extension with
p-torsion annihilated by p and R the integral closure of S in K. Let the exponent of Gal(K/L) be n and
assume S possesses a primitive n-th root of unity. Philosophically, if S — R is tamely p-ramified, then
the obstruction to an analog of Roberts’s theorem is the existence of p-ramified canonical divisors for
K/L in S. This is made concrete in 6.1. When S is complete with perfect residue field, we also exhibit
a calculation in the first p-ramified case and show that it admits a small Cohen-Macaulay algebra of
rank at most (p — 1)pP@-D+! where d = dim(S).

Corollary 6.1. Let S and L be as in 5.1. Let K/L be a finite Abelian extension with p-torsion
annihilated by p and R the integral closure of S in K. Assume S — R is tamely p-ramified.
Let ga,...,0s be the canonical divisors of K(e)/L(e) in S[e] where € is a primitive n-th root of
unity for n the exponent of Gal(K/L). Let a1, ..., be units in S[e] such that each canonical
element is of the form «; - b for b a monomial in gy, ..., gs. Let g7 (resp. g¥) and & (resp. of)
denote the p-unramified (p-ramified) elements among the g; and «;. Then the integral closure
of S[e][¥/T1, ..., V/Gs, Yo, ..., Jor) admits a small Cohen-Macaulay algebra (module) if and only

if the integral closure of S[e}[{ﬁ}i, {\T/thR}i}] admits one.

Proof. The forward implication is obvious. Let R denote the integral closure of S[e][{ﬁ}l, {@}i}].
Assume R’ admits a small Cohen-Macaulay module. We will show that the integral closure of
Slellva1, ..., Vs, Yo, ..., Jar| is free over R'. By 2.16 the proof would then be complete. Since
Sle]@nr—1y = Rwr_1y is tamely p-ramified and p | n, it follows that ¥ — 1 is not among g, ..., gs.
Thus each ¢/g; and each y/&; is square free in T[¢/91, .. ., YGs, Yo, ..., ;] and hence square free in its
integral closure 9R. Using 2.12, we then see that the integral closure of S[e][v/q1, ..., ¥/Gs, Yo, ..., Jor]
is free over M. Hence it suffices to show that R is free over R'. Let ]R" denote the integral closure
of S[e][{@}i, {\P/E}i}]. We will show that the join V of )Y and 91" is integrally closed, that is, V = .
Discarding some elements if necessary, we may assume that the fraction fields of %" and R are linearly
disjoint over L(e). From the proof of 5.1, ;" is S-free and hence a projective S[e] module. Since S[e] is
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semi-local and the rank of the localization of " at each of its maximal ideals is constant, " is S[e]-free.
Hence R ®g) R" is torsion-free. By 2.15, V ~ R’ ®gq R*. Clearly, R’ ®s| R satisfies (S;). Moreover,
by 2.12, (R" ®sje) R*)[1/p] is integrally closed. Therefore R' ®sj) R is integrally closed if and only if all
height one primes containing p are regular. Since S[e].-1) — R{._4, is étale and a base change of an
étale morphism is étale, we see that R{,_;, - R{,_1, Qsjc]_, R(c_1, is étale. In particular, all height one
primes containing p in R’ ®g 93" are regular and hence it is integrally closed. Since " is S[e]-free it
follows that R is free over SR" and the proof is complete. |

Remark 6.2. Assume notation as in 6.1. If all the g; are p-ramified, then S[e][y/gq, .. ., /gs) need
not be Cohen-Macaulay, see [22, Example 4.8].

Let S be a complete unramified regular local ring of mixed characteristic p > 0 with perfect residue
field k and fraction field L. Let € be a primitive p-th root of unity in a fixed algebraic closure of L. We
now exhibit a construction of a small Cohen-Macaulay algebra in the case of a degree p extension of
L(e) with the property that some canonical elementin T := S[e] is square free and p-ramified (and hence
not tamely p-ramified by 4.1). We hope that this indicates a path to understanding the p-ramified case
in general.

Suppose K/L(e€) is a degree p extension such that some canonical element f e T for K/L(e) is square-
free and p-ramified. Then K = L(¢, w) for w = \Pff .Let R be the integral closure of T in K, that is, the integral
closure of T[w]. The result we seek is clear if dim(S) < 2. Therefore assume d := dim(S) > 3. Complete
€ — 1 to a minimal generating set (e — 1,X, ..., Xq) for the maximal ideal of T.If f is not divisible by e — 1
or any of the x;’s, set g := f; if f is divisible by either e — 1 or any of the x;’s set g to be the quotient of f by
such factors. Choose a strict sequence of regular local rings as constructed in the proof of 2.17(2) (adjoin
iterated p-th roots of the x;), T := Tp € T1 € --- € T, so that g = (WP + Zf:tl " (e — DY) mod(e — 1PT, for
some h, h, ..., hp—1 € Tpand 1 <t < p— 1. Let « be a p-th root of ¢ — 1 in the algebraic closure of L(e).
Then © := %,[«] is a regular local ring with « a minimal generator of its maximal ideal. Then g € ® is
square freeby 2.11 and g = (W + 37, W (@) mod (& ). Let u denote a p-th Toot of g; it suffices to show
that the integral closure of ©[u] admits a small Cohen-Macaulay algebra. Note that ord,(p) = p(p — 1).
If hy = heps = -+ = hy_1 = 0 then proceeding as in the proof of 4.3(1) and applying 4.2(3), one sees that
the integral closure of ®[u] is Cohen-Macaulay and R admits a small Cohen-Macaulay algebra. Now
without loss of generality assume thath; # 0 and h; ¢ «®. Since p € D is an associate of «??~V, it follows
that I'yo (9) > p(p — 1) +t. In particular, we may write g = 1P + oP?~D* .y for some 1,y € D,y ¢ a®.
Choose an integer 1 <1 < p — 1 such that It = 1mod(pZ). Consider the extension ® € D; := D[J/«]. Then
D, is a regular local ring with /o a minimal generator of the maximal ideal. Moreover, by 2.11, g € ®;is
square free. Denote the unique height one prime ideal containing p in ©[u] by P := (&, u — 7). We have
in A= 9u]

(\y&)lp(p—l)ﬂl y= Mp _yp
=(u-1nP+p-c-(u=1) (6.2.1)

where ¢’ € A is the image in A of the element C' € ®;[W] in 2.18. Recall that p = —(c})" (e — 1)P~ where
c, is the image in Z[e] of the corresponding element C, € Z[W] from 2.18. We have

(=P = ()" —NWa)PP — (JoyPP=DHly = 0. (6.2.2)

Write Ip(p — 1) + tl = pq + 1 for an integer q. Note that Ip > q. Dividing the above equation by (J/a)"1
and setting ¢ := (Ja) "% (n — 1), we see that ¢ is a root of the polynomial in A[X]

XP— ()7L W) PO X Yoy, (6.2.3)

Since @) is universally catenary, it follows that A[¢] has a unique height one prime containing p and
is generated locally by (Vo, n —1,¢). However, ¢ - (Ja)? = u — r and Equation 6.2.3 shows that (/o is a
multiple of ¢ locally. So, the unique height one prime containing p in A[¢] is regular and by 2.11, A[¢] is
regular in codimension one. Note that (p — 1)q < pq+ 1 < T y5(9) and (p — Dq < (p — Dpl = ord 7 (p).
Therefore, setting] := (u—T, a9 A, we see from 4.2(1) that}/}1 = A[¢]. Thus A[¢] satisfies (S;) and is hence
integrally closed. In particular, A[¢] is a module finite algebra extension of R. Moreover, by 4.2(3), A[¢] is
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Cohen-Macaulay so thatitis a small Cohen-Macaulay algebra for R. Finally, it follows from construction
that R admits a small Cohen-Macaulay module of rank at most (p — 1)pP@-D+1,
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