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The Frobenius action on local cohomology modules
in mixed characteristic

Kazuma Shimomoto

ABSTRACT

Heitmann’s proof of the direct summand conjecture has opened a new approach to the
study of homological conjectures in mixed characteristic. Inspired by his work and by
the methods of almost ring theory, we discuss a normalized length for certain torsion
modules, which was introduced by Faltings. Using the normalized length and the Frobenius
map, we prove some results of local cohomology for local rings in mixed characteristic,
which has an immediate implication for the subject of splinters studied by Singh.

1. Introduction

In this paper, we apply the Frobenius map to prove some results on local cohomology modules of
local rings of mixed characteristic. These results were motivated by connections to the homological
conjectures, in particular the direct summand conjecture which states the following.

CONJECTURE. Let R be a regular local ring and let R — S be a module-finite extension. Then R
is a direct summand of S as an R-module.

Let (R,m) be a Noetherian local ring. Recall that an R-algebra T satisfying mT # T is a
(balanced) big Cohen—Macaulay R-algebra if every system of parameters of R is a regular sequence
on T. If T is a big Cohen—Macaulay algebra, then the local cohomology modules H. (T) are zero
for all i+ < dim R. The importance of the notion of such algebras is contained in the following
(see [HocT5)).

PROPOSITION 1.1. Let (R, m) be a complete local domain of arbitrary characteristic. If there exists
a big Cohen—Macaulay R-algebra, then the direct summand conjecture holds.

Let R™ be the integral closure of R in the algebraic closure of the field of fractions of R.
Then it is shown in [HH92] that R* is a big Cohen—Macaulay R-algebra if R has characteristic
p > 0. In the mixed characteristic case, the following result was recently established by Heitmann
(see [Hei02, Hei05]) to prove the direct summand conjecture in dimension 3.

THEOREM 1.2. Let (R,m) be a three-dimensional complete local domain of mixed characteristic
p>0. Then ¢¢ - H3(R") =0 for any ¢ € m and ¢ € Q, € > 0.

As a corollary, Hochster (see [Hoc02]) deduced the existence of big Cohen—Macaulay algebras.

THEOREM 1.3. Let (R, m) be as in Theorem 1.2. Then there exists a big Cohen—Macaulay R-algebra
in a weakly functorial sense.
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In connection with the above result, an interesting question is whether R™ is ‘almost’ Cohen—
Macaulay in higher dimension in the sense that the local cohomology modules Hi (R") are ‘v-almost
zero’ (we give a definition of this term using a valuation in Definition 2.7) for all i < dim R. In fact,
once this is answered positively, Heitmann’s idea works everywhere to prove the direct summand
conjecture in any dimension. We also remark that the direct summand conjecture is a theorem for
all equicharacteristic rings (see [Hoc73] for the proof), while it is an open question in dimension
greater than three in mixed characteristic. Now let (R, m) be a d-dimensional power series ring over
a complete discrete valuation ring V' of mixed characteristic p > 0 with perfect residue field. Let
R — S be a module-finite extension of local domains. By Cohen structure theorem, every complete
local ring is always module-finite over some power series ring. In particular, Rt = S*.

The structure of this paper is as follows. First we define a certain big ring R, that is obtained
as a flat colimit of R and then introduce a notion of normalized length Ao (M) € RU {oo} for an
m-torsion Ry-module M, which was introduced by Faltings in his method of almost étale extensions
(see [Fal02]). Then the aim of this paper is to investigate the following question.

Question 1. Let ® : H.(S) ®r Roo — HL(ST) be the map of local cohomology modules induced
by the natural map S ®g Roo — ST. Then is it true that Ao (Im(®)) = 0 for all i < d?

Faltings investigated this question when the localization map R[p~!] — S[p~!] is étale. Our
main result (see Theorem 3.6) gives a partial answer to this question without any assumptions
on the module-finite extension R — S. Question 1 is related to a notion of almost zero modules
(see [Gab03] for the definition). We shall define a notion of v-almost zero modules below, which
suffices for the study of local cohomology modules. The importance of Question 1 is contained in
the following.

ProroOSITION 1.4. If Question 1 has a positive answer for every module-finite extension R — S,
then R is almost Cohen—Macaulay. In particular, the direct summand conjecture holds.

The proof of this proposition follows from Proposition 2.15 together with Heitmann’s idea to
deduce the direct summand conjecture from the almost vanishing of local cohomology modules.
Proposition 2.15 is essential in studying v-almost zero modules. The main point in working with
St is that the Frobenius endomorphism on S*/pS™ is surjective. Hence, it induces a unique ring
isomorphism Fgi : St /p'/PS* ~ St /pS+ and

Hi(ST/p'/PST) =~ HE (ST /pST)F,

in which case the right-hand side is viewed as an R.,-module via the Frobenius map. Then one
applies Theorem 2.12 to study the above local cohomology map. To obtain non-trivial results, we
need to restrict our attention to the finite length cohomology HE(S) together with an additional
assumption that HE=1(S) is zero, in which case ® : HE(S) ®r Roo — HE(S™) is, at least, shown to
be not injective if H%(S) is non-zero.

The second main theorem in this paper is to state a certain type of finiteness conditions under
which the local cohomology modules H (So) are v-almost zero for i < d for some big normal
domain S, of mixed characteristic that contains both S and R., and that satisfies the condition
that the Frobenius endomorphism

Fs. : Soo/PSec — Soo/PSs

is surjective. We use normalized length to produce such conditions (see Theorem 3.4). At this
point, as it is not clear as to the class of mixed characteristic rings on which the Frobenius map
is surjective after killing p, we leave this issue in this paper. Finally, we point out that the idea of
Faltings” work stems from an attempt to extend the classical Nagata—Zariski’s purity theorem to
its almost analogue.
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2. Normalized length

Throughout this article, (R, m, k) will be a complete regular local ring of mixed characteristic p > 0
V[[ZEQ, PN ,l‘d“

such that (V,pV, k) is a complete discrete valuation ring with perfect residue field k of characteristic
p > 0. Then we consider the direct system of regular local rings

R=Ry— Ry < - R, ---

where R, := V[pl/pﬁ][[xé/pe, . ,:c(li/pe]] with maximal ideal m., and we let Ry := (J oy Re. Then
the ring R possesses the following properties:
(i) R is a henselian quasilocal ring of dimension d with unique maximal ideal m.;
(ii) Roo is faithfully flat and integral over R;
(iii) the Frobenius endomorphism Fr__ : Roo/pRoc — Roo/PRoo is surjective.
To see this, note that the first two properties are stable under infinite ascending unions of rings,

while the third follows from the surjectivity: R.11/pR.,, = Re/pR, induced by the Frobenius map.
For more on henselian local rings, see [Nag62].

Let M denote the category of m-torsion R..-modules where m is the maximal ideal of R. An
Ro-module M is said to be m-torsion if every element of M is annihilated by some power of m.
Examples are local cohomology modules. Let us start with the definition of normalized length.

DEFINITION 2.1. We have the following.

(i) Let M € M be a finitely presented module. Then there is a finite presentation for M:

R&™ —Z > REMo — > N[ ). ()

For sufficiently large n € N, we have a;; € R,, with ¢ = (a;), and for some finite R,-module
M,, we have
REm £ REMo o M, —— ). (%)

Since R is flat over R, we may tensor R, with (xx) over R,, to obtain
Ré.éml _SD> Rgmo N Roo ®Rn ]\4n N 07
which is equivalent to the presentation (x), and thus M ~ R, ®pg, M,. Then define

Aoo(M) := —— - 4(M,,) € R.

pdn
p
(ii) Let M € M be a finitely generated module. Then define
Aoo(M) := ngfj'w)\oo(N) eR
where ‘inf’ is taken over all finitely presented modules N in M that map onto M.
(iii) Let M € M be an arbitrary module. Then define

Aoo(M) := sup Ao(N) € RU {00}
NCM
where ‘sup’ is taken over all finitely generated submodules N of M.

LEMMA 2.2. The normalized length Ao (M) is well-defined for M € M.
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Proof. Let M € M be a finitely presented module. Then one has to verify that A\ (M) is inde-
pendent of n in the definition. Let m > n. Then since R,, — R,, is flat and M,,, ~ R,, ®g, M,,
we have
1 1 1 1 1
Aso(M) = o (M) = i (M) = i A(Ry ®R,, Mp) = i (M),
which is the claim.

Next, one has to verify that Definition 2.1(ii) coincides with Definition 2.1(i) for finitely presented
M € M. Let N € M be a finitely presented module that maps onto M. Then it suffices to see
that Aoo(N) = Ao (M) since M maps onto itself. This will be seen by taking a finite presentation
N,, - M, for n > 0 and hence ¢(N,,) > {(M,).

Finally, one needs to verify that Definition 2.1(iii) coincides with Definition 2.1(ii) for finitely
generated M € M. Let N C M be any finitely generated submodule. Let us choose finite sets
of generators ¥ C N and ¥/ C M such that ¥ C Y. If N,, and M,, denote the R,-submodules
generated by ¥ and ¥, respectively, then ¢(N,,) < ¢(M,,) for all n € N. Hence, the desired claim
follows from Lemma 2.3 below. O

We used the following lemma in the proof of Lemma 2.2.

LEMMA 2.3. Let M € M be a finitely generated module and let ¥ be any system of generators
of M. Let M, denote the R,-module generated by ¥. Then M, ®p, R.. € M is a finitely presented
module that admits a surjection onto M, and

1
Moo (M) = lim Aog(M, ®p, Reo) = lim —— - ((M,,).

Proof. Let 3 and ¥ be finite sets of generators of the module M. We denote by M, and M]
the R,-modules generated by ¥ and Y’ respectively. Then it is easy to see that M, = M] for
sufficiently large n > 0. So ¢(M,,) = ¢(M),) for n > 0. By definition, it suffices to prove if N is a
finitely presented module in M that surjects onto M, then there exists some n € N such that the
Ro-module N admits a surjection onto M,, ®p, R~ as we would get

from which the conclusion easily follows.

Since N is finitely presented, there exists some n € N such that N ~ N, ®pg, R for some finite
R,-module N,,. Then define M,, to be image of the composite map N,, — N,, ®g, Reoc - M and
the module N obviously admits a surjection onto M,, ®p, Rc. O

The following lemma follows from Definition 2.1(iii) of the definition.
LEMMA 2.4. Let M € M and let N C M be its submodule. Then Ao (N) < Ao (M).

Remark 2.5. One can extend the class of rings for which the normalized length is well-defined as
follows. For the definition of the length, we only use the fact that R, — R.41 is flat and of the
constant rank p?. It is therefore natural to start with a family of flat extensions of Noetherian local
rings
R:=RyC---CR,CRu41 C--C Ry

such that the rank [R,41 : R,| stabilizes for n > 0 and \/m,R,,+1 = my41 for all n € N. Under
this set-up, one can define the normalized length as in the case R is a complete regular local ring.
We refer the reader to [Gab04] for more detail, where the normalized length is discussed for a more
general class of rings.
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Remark 2.6. From the definition, A\, (M) is finite for any finitely generated M € M. It is also true
that if M is finitely presented in M, then

Ao(M) =0 <= M =0,

which does not hold for finitely generated modules. For example, take Ry, /My € M, which is not
a finitely presented Ro.-module, and it is easy to see that Ao (Roo/Mso) = 0.

This remark suggests the following definition.

DEFINITION 2.7. Let M be an R,,-module in M, and let v be a valuation on R, that is positive
on the maximal ideal of R.,. Then we say that:

(i) M has almost finite length if for any rational number e > 0, there exists an element b € Ry,
such that Ao (b- M) < oo and v(b) < ¢;

(il) M is v-almost zero if for any m € M and rational number ¢ > 0, there exists an element
b € R such that b-m =0 and v(b) < e.

In Proposition 2.15, which is proved only for an m-adic valuation, we will relate the v-almost
zero modules to the vanishing of the normalized length. The normalized length behaves additively
on the short exact sequence of R.,-modules in M.

PROPOSITION 2.8. Let 0 — M’ — M — M" — 0 be an exact sequence of m-torsion R.,-modules.
Then

Aoo(M) = Moo (M) + Moo (M").

Proof. In the case where all relevant modules are either finitely presented or finitely generated, the
claim follows easily by the definition of the normalized length together with Lemma 2.3. So let us
consider the general case. Since the image of every finitely generated submodule of M in M” is
finitely generated, it suffices to consider the case in which both M and M” are finitely generated by
the definition of normalized length for arbitrary modules. Let us denote by M,, an R,-submodule
of M generated by any fixed generators of the Ro.-module M. Let M, := M’ N M,, and let M) be
the image of M,, in M". Then we have a short exact sequence: 0 — M, — M, — M, — 0.

For a finite set of elements of M’, the R,-submodule M,’L generated by them is contained in some
M, and satisfies that ¢(M!) < ¢(M!) for n > 0. Then since M and M" are finitely generated, it
follows from Lemma 2.3 that

Mool M') = Tim Timsup —¢(3T,) < lim —0(M%) = Ao(M) — Ao (M"),

which is equivalent to the inequality
Moo (M) — Moo (M) = Ao (M").

On the other hand, since M” = lim_,,, M}/ ®p, R, for any € > 0 there exists sufficiently large
n > 0 such that
Moo (M") = Aoo (M) @R, Rs) — €.

Let us consider the following commutative diagram with exact rows.
0 M?/l QR Rn-i'm — M, OR, Rn-i-m - MrlL/ R, Rn-i—m — 0

| | |

/ "
0—— M, Myym My,

m
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Since Coker(g) = 0, there is an epimorphism Ker(h) — Coker(f) = M),/ Rn+m-M),, which follows
from the snake lemma. Let v = ¢(Ker(h)). Then there follows that

Y= K(M,,l/ ®Rn Rn+m) - E(M” ) = pdm : E(MZ) - K(M;l/—i-m)

n-+m
It also follows by our assumption that

oM
)\oo(M”) Z % — €

We can put all inequalities obtained above together to obtain that

g " E(Malml—i-m)
Sy S Aeo(MT) = Gy Hese
On the other hand, since {Aoo(M].,, @R, Roc)}men is a decreasing sequence in Q, we get

the inequality Aoo(M") < Aeo(M/1,, ®R,.,, Reo) for all m € N. Now we have y < ¢ - pdntm),
This inequality together with an epimorphism Ker(h) — Coker(f) yields that

M) < U(Rpgmn - M) + € - p2ntm™)

n—+m
and, therefore,
1 1
1 . /! . /
Aoo(M) — Aoo(M") < nh—{goﬁ A(M,) < ngnoo W ARy - M) + €
= Aoo(Roo - M) + € < Ao (M) + €.
Since € can be taken arbitrarily small, Aoo (M) — Ao (M") < Moo (M), and hence the claim follows. [

PROPOSITION 2.9. Let N be an R..-module that admits an injection into some finitely presented
module M € M. If \(o(N) =0, then N = 0.

Proof. As N =0 if and only if every finitely generated submodule of N is zero, we may harmlessly
assume N is finitely generated. Let us consider the exact sequence

0—-N—-M— M/N — 0.

Then the quotient module M/N is finitely presented with Ao (M) = Ao (M /N). However, since M
is finitely presented, there exists an R,-submodule M,, C M such that R ®p, M,, ~ M. Let M), be
the image of M,, under the surjection M — M/N. Then it can be shown that R ®pg, M) ~ M/N
by computing the finite presentation of M/N. Then we must have ¢(M,) = ¢(M]), which is the
case only when M,, = M/ and M = M/N. Hence N = 0, which is the desired result. O

DEFINITION 2.10. Let M be any Rs-module such that p - M = 0. Then MU denotes the
Roo-module which is isomorphic to M as an abelian group and has the module structure given
by a-m:=a’m =:m-a for a € Re and m € M),

Note that M +— MF] defines the identity functor on the underlying abelian groups and we give

the bimodule structure on the modules via the Frobenius map.

Example 2.11. One expects that it would be very useful if the Frobenius-like maps could be defined
for rings of mixed characteristic. We now give an example. Let M be an R,/ p'/P R -module that
admits a Frobenius map F' in the following sense: the map F' : M — M is a homomorphism of
abelian groups. As an R,,-module map, let F(am) = a?F(m) for a € Ro, m € M, and hence
F((a+b)m) = (a+ b)PF(m) = a’? F(m) + bPF(m). Now one has the following map:
M @p, REV - MF . m@a— F(m)a,

which is well-defined as p/P annihilates the module M by assumption and is called the relative
Frobenius map.
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We are now ready to prove the following ‘Frobenius pull-back formula’, the importance of which
is expressed by studying certain torsion modules, in particular local cohomology modules, that
admit a Frobenius action.

THEOREM 2.12. Let M be an m-torsion R, /pRoo-module. Then

1

)\oo(M[F]) = ﬁ ’ )‘oo(M)

Proof. Let us start with the case where M is finitely presented in M, and let
©

RE™M £ REmo . pp o

be the presentation for M such that ¢ is defined over R, for some n > 0. Since the functor
M — MW is exact and p- M = 0 by assumption, there follows the commutative diagram

(Roo/pl/pRoo)@mo - (-Roo/pl/p-ll:goo)@m1

Fmol/Z F’"lll

(Roo/pRog)H)®M0 —— (R /pR o)) ®™ MIF] 0

where the vertical maps are induced by the ring isomorphism
FRoo : ROO/pl/pRoo = (ROO/pROO)[F]

which is induced by the Frobenius map. Then, using the above diagram together with the ring
isomorphism R, 41/ pt/ PRut1 ~ (R,/ pRn)[F I induced by the Frobenius, we have the following exact
sequence

(Rni1 /PP Rpi1)™ — (Rpi1 /PP Ry)™ M 0

which in turn gives an R..-module isomorphism Ro ®g,, ., Mq[ﬂ ~ MF]. On the other hand, since
the residue class field of R is assumed to be perfect, we have

(M) = o(M,)

and, therefore,

1 11 Ao (M)
. (Fly = = .~ . — Zoo\ )
pdnt1) M) = pd  pin t(M) = ’

Aoo (MUY =

which completes the case of finitely presented modules.

Next let us assume that M is finitely generated in M. Let N be a finitely presented module in
M that admits a surjection N — M. Then this map factors as N — N/pN — M by assumption
and we deduce that

Aso(N) Z Aso(N/pN) 2 Aoo(M).
Therefore, we can replace N with N/pN to prove the theorem. Then since N [F] belongs to M and
is a finitely presented module that maps onto MU, we get Moo (V) = p - Moo (NF) > p? . Ao (M F))
and thus Ao (M) > p® - Moo (M.
Conversely, let N’ be a finitely presented module that maps onto MF]. Then there is an R,,-

module N] such that N' = Ry, ®p, N). Now take ui,...,us to be a set of generators of MU and
define the R,,_i-module

M, =R, qu1+ -+ R, _1us C M[F}
Then MT[LF} can be viewed as an R,-module via the Frobenius F' : R, /pR, — R,—1/pR

the module M,LLF] is finitely generated over R,,. Hence, we get the surjective map of R..-modules

n_1, and
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as follows
N’ = Ry ®p, N! - Roo @, MI1 - MIFI,
Now we claim that there is an R,.-module isomorphism:
Reo ®g, M ~ (Ry, @, M, 41)E).
For a proof, let
(Rn—l/pRn—l)eamO - (Rn—l/pRn—1)®ml — M, — 0

be the presentation of the R,,_i-module M,. Then the presentation of M, can be obtained by
replacing R,—1 by R, in the above presentation. Consider the following commutative diagram

R PR, ((Rn—l/pR7L—1)[F])®m0 — R QR,, ((Rn—l/pRnfl)[F])éBml — R XR,, M,[LF] —0

-] -] |

(Roo @R, (Rn/pR,)*"0 )] —— (Ro @R, (Ru/pR,)*™ )] —— (Roc @R, Mps1)!"1 —0

I i

(Roo/pRoc)®m0) ) (Roo/pRoo) &)

in which both &% and & are induced by the R,,-module map
®: Ry @R, (Rn_l/pRn_l)[F] — (Roo/pRoo)[F] s r@me—rPm
and (R,_1/pR,_1)¥) is viewed as an R,-module via the Frobenius F : R, /pR, — Rn_1/pR,_;.
Then & factors as
Roo @R, (Ru-1/pRy 1)) — Roo @, Ru /0" Ry — Roo /""" Rog — (Roo/pRoo)!"),
which is obviously an R..,-algebra isomorphism. Hence,
R R, MT[LF] = (Roo R, Mn+1)[F]'
Since the Ro-module N := R., ®g, Mp+1 gets mapped onto M and N is finitely presented, it
follows that
Moo (M) < Aao(N) = p? - Ao (NI < pd - Ao (N').

Therefore, we get the desired formula A\(M) = p®- \(MF]) for the case of finitely generated modules.

Finally, let M be an arbitrary module in M, and let N C M be any finitely generated submodule.
Then N is an R..-submodule of M1 and N is finitely generated over Ro since the residue
field of Ry is assumed to be perfect. We have

Aoo(N) = p?- )\OO(N[F}) <pt- )\oo(M[F}),

which gives Moo (M) < p% - Moo (M), Conversely, let N’ ¢ M) be a finitely generated submodule.
Then we can find a set of generators {v;};c; of M, a finite subset I’ C I, and an R..-module N

such that
[F]
MUFI — <Z Roovi> , N=> Ryv, and N' =N
icl el
Then we deduce that Aoo(M) > Aao(N) = p% - Ao (NF) = p? . Ao (N) and, hence, \oo(M) =
p? - Aoo (M [ ]), which completes the proof. O

In the following, we write

(') = [J (@""") Rec

neN
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for an element © € R, whenever 2P e R, for all n € N. Note that this is a flat Rs.-module
since it is an ascending union of principal ideals. As a corollary, one can prove the following.

COROLLARY 2.13. Let M € M such that p'/?" - M =0 for all n > 0. Then \oo(M) = 0.

Proof. By the definition, we easily reduce to the case in which M € M is finitely generated. Then
by assumption, we must have M ~ MU as the Frobenius map on Rs / (pl/ ) is a bijection.
Then we have Ao (M) = p? - Ao (M) = pd . A (M) and thus A\oo(M) = 0 since Aoo(M) is
finite. ]

Finally, we discuss the relation of v-almost zero modules to the vanishing of the normalized
length. Let us first recall the definition of an m-adic valuation on R.

DEFINITION 2.14. Let K be the field of fractions of R. An m-adic valuation on R is a discrete
valuation v : K\{0} — Z satisfying the property that for any non-zero b € R,v = v(b) is defined as
the integer such that b € m?, but b ¢ m**1,

If v denote the m-adic valuation on R, then since R is integral over R, it extends to a valuation
on R, with value group Q. We denote by v this extended valuation for simplicity.

PROPOSITION 2.15. Suppose that Ao (M) = 0 for M € M. Then M is v-almost zero.

Proof. 1t will suffice to consider the case in which M is a cyclic Roo-module. Then Ry, -z ~ M for
some z € M and there is an isomorphism R /Anng () ~ R - . Now assume that there exists
a non-zero k € 7 such that

inf{v(b) | b€ Anng_ (R -x)} =p "

Then for any n € N with n > k, we deduce that
d
Y e<pFandp "< Ei} = pdn=hk),

i=1

g(Rn . x) > #{pﬂx;z . ..xfid

where the middle term denotes the number of monomials pz5? - - - z§ € R, with specified condi-
tions. Now it follows easily from Lemma 2.3 that

n—00 pd” - W - 0’

which contradicts our assumption that Ao (M) = 0. Hence, the proposition follows. ]

Remark 2.16. We do not know whether the converse of the above proposition holds. It seems that the
answer to this question is yes even if the annihilator of the module is quite complicated. Obviously,
it suffices to consider the case where M is a cyclic module.

3. Applications to local cohomology modules
In this section, we start with a finite extension of local domains R — S and introduce a notion of
a semi-perfect algebra S, over S.

DEFINITION 3.1. Let R — S be a ring extension of domains of mixed characteristic p > 0. Then an
algebra S, over S is called semi-perfect if:
(i) there exists a commutative square

Roo — S

N

R S
such that every map is a ring extension of domains;
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(ii) S is an integrally closed domain in its fraction field;

(iii) the Frobenius endomorphism Fs__ : Soo/pS. — Soo/PS,, 1s surjective.

In what follows, S, shall denote some fixed semi-perfect algebra for S. Such a ring is usually
obtained as a large ring extension of S.

Positive characteristic. Let S be a reduced ring of positive characteristic p > 0. Let S* be a filtered
direct limit of the system S < SYP < ... «— §UP" <, ... Then S is the minimal perfect
S-algebra. In fact, the Frobenius map on it is a bijection.

Mized characteristic. In this case, it is easy to see that the Frobenius map on R, /pR, is surjective.
However, since Ry /pRy, is not reduced, the Frobenius map is not injective. Let R* be the absolute
integral closure of R (see [Art71]); that is, it is the integral closure of R in the algebraic closure
of the field of fractions of R. Then R is obviously a semi-perfect ring over any domain S that is
integral over R. In the mixed characteristic case, the notion of semi-perfect rings is quite subtle
since there are not many known examples.

LEMMA 3.2. Let Sy be a semi-perfect S-algebra. Then there exists a ring isomorphism:
Fs_ : S0 /p"/PSe0 ~ Sao/PSy,
which is induced by the Frobenius endomorphism Fs_ : Seo/PSsy — Soo/PSs

Proof. Let K denote the algebraic closure of the fraction field of S... Then it is easy to see that
Fs. () =0 with x € Soo <= 2P = p- 0 for some 0 € . Taking the pth root of 27 = p- 0 in K,
we have z = pl/P . 0, where 6 is a root to the equation ¥ — 8 = 0. Hence, 6 € S [1/p], which gives
g e Soo, Since Soo is assumed integrally closed. This proves the desired claim. O

In what follows, we let v be a valuation on Ro, that extends an m-adic valuation of R, and let
d = dim R. A ring isomorphism Fs__ : Soo/ pl/ PSeo ™ Seo/PSso yields a well-defined homomorphism
on Cech complexes:

Fs v : C*(Sao/pPSs0) o C*(Suo/PSoc) !
and the induced map on local cohomology modules:
H;(Sm/pl/psm) = H\im(SOO/pSoo)[F}
for i € N. Now let us assume that the following condition holds. For ¢ € Q with ¢ > 0, there exists
an element r € R, such that
Moo (1 - HE (Ss0)) < 00 (% * %)
with v(r) < e for some i < d. Recall that the condition (x * %) simply says that the local cohomology

H&(SOO) has almost finite length with respect to the valuation v. In order to prove the main theorem,
we need the following lemma taken from [Gab04].

LEMMA 3.3. Let 0 — N’ — N — N” — 0 be a short exact sequence in the category M and let
a,b € Ro. Then the following hold:

(1) Aso(abN) < Aoo(aN') + Moo (BN");
(2) suppose that Aoo(N') = 0 (respectively, Aoo(N") = 0), then Ao (aN) = Aoo(aN") (respectively,
so(alN) = Aso(aN')).

Proof. (1) First of all, we note that there is a commutative diagram:

0——=bNNN' bN bN" 0
0——=bNN N’ bN bN" 0
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where the horizontal sequences are short exact. It is easy to show that there is a surjection bN" /L —
abN" where L denotes the image of the kernel of the multiplication map a : bN — bN under the
surjection bN — bN". Hence, there follows an exact sequence

0— a(bNNN') — abN — bN"/L — 0.
S0 Ao (abN) = Moo (a(BNN N')) + Ao (BN /L) < Moo (aN") + Ao (bN"). Hence, part (1) is proved.
(2) This follows easily from the short exact sequence
0 — aNNN'"— aN— aN” — 0 (respectively, 0 — aN' — aN — P — 0)
where P is a quotient of N”, and the fact that A\oo(aN N N’) = 0 (respectively, Ao (P) = 0). O

Now we are ready to prove the almost vanishing theorem for local cohomology modules. Let M be
amodule over aring A and let a € A. Then we use the following notation: M, := {m € M | am = 0}.

THEOREM 3.4. Let R — S be a module-finite extension of domains and we fix k € N with0 < k < d.
Assume the following conditions:

(1) S is a semi-perfect algebra over S;

(2) Aoo(Hy ' (Sx)) = 0;

(3) HE(S.) has almost finite length.

Then the local cohomology module HE (Ss,) is v-almost zero.

Proof. Note that by assumption we have a well-defined R,.-isomorphism:
Fo H&(Sw/pl/psw) = H&(Soo/pSoo)[F].

Note that since S is a domain, H2(S) = 0. The following diagram of standard short exact
sequences:

1/
0 Soo P Soo Soo/pl/psoo—)o

zlﬁsm

Soo Soo/PSeg — 0

0 P

yields a diagram of local cohomology modules:

1/p
e H (S f019S1c) — H () - H(Sc) —

leSW
_ p
T H{fl Y(Soo/DSa0) — H{;(SOO) - H@(SOO) -

Let us fix a positive ¢ € Q. Then there exists r € Ry, with v(r) < e such that Ao (r- HE (S,.)) < 0.
From the above exact sequence there follows a surjection:

Hfl_l(Soo/pl/pSoo) —» HQ(SOO)pl/p (respectively, Hfl_l(Soo/pSoo) —» H@(Soo)p).
Then by the Frobenius pull-back formula, we deduce

_ _ 1 _
Ao (- Hyy ! (So0/p'1750)) = Moo (Hy ™! (So/PSoc))™) = =5 - Ao 17 - Hy ™ (S /PSoc)) < 00
which, together with Lemma 3.3(2), yields the equality:
1
Ao (T - Htlf‘l(soo)pl/P) = ]ﬁ oo (1P - HQ(SOO)p)- (1)
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To ease the notation, we set N := HE (S.). Let us consider the filtration of N, as follows:
Npl/p C sz/p Cc---C Npt/p C-- CNp.

Then since p(t_l)/prt/p - Npl/p, the multiplication map pt~—b/? . Npt/p — Npl/p induces an

injective map N/p /Np-1)/p < Ny and we have

Moo (Npe/w [ Npt=1)/p) < Aoo(Npi/p)- (2)
Let us next consider the short exact sequence
0 - Np(t_l)/p - Npt/p - Npt/p/Np(t_l)/p - 0
Then from Lemma 3.3 we have

)\OO(Tt(Npt/P)) < )\OO(Tt_l(Np(t—l)/P)) + )\OO(T(Npt/P/Np(t—l)/P))
for t =2,...,p. An induction on ¢ yields

Moo (P (Np)) < D Ao (r(Nyurn/Nye-1y0)), (3)
t=1

and it follows easily from (2) and (3) that
Aoo(TP(Np)) < p- )‘OO(T(Npl/p))’
We can now deduce from this inequality and (1):

Aoo (TP (I, Aoo (PP(NN,

(pcg P)) — )\oo(r(Npl/p)) 2 ( p( p))7
which is possible only when A (r(N,1/»)) = 0 (or, equivalently, Aoo(rP(Ny,)) = 0). For simplicity,
we denote 7P by r, so that Ao(r(NNp)) = 0. Now let € N. Since N is p-torsion, we have 1 € Ny»
for sufficiently large n € N. Then we may use the fact that p - N+ C N1, Lemma 3.3 together

with the following short exact sequence inductively

0 N, Ny —L-p- Ny ——=0
to deduce that

Aoo (1" (Npn)) = 0.
In light of Proposition 2.15, for € € Q as above, there exists an element s € R, such that (sr™)n =0
with v(sr™) = v(s) + v(r") < e + ne = ¢(n + 1). If we have chosen e sufficiently small, we can make
e(n + 1) also sufficiently small, as n € N depends on the choice of n € N. Hence, this proves the
desired claim. O

Remark 3.5. An Ryo-module M with Ao (M) = 0 is v-almost zero. However, it might be the case that
the annihilator of every element of M is very complicated and M is not finitely generated. It looks
reasonable to ask whether the local cohomology module of any semi-perfect ring is v-almost zero in
light of the above theorem. For some relevant results of the annihilator, see also [Rob76, Sch82].

Now we remind the reader that R, and d = dim R are defined as previously. Let R, — S, be a
module-finite extension of domains with p*/? € S,,. Let Soo be any semi-perfect algebra over S, and
let ¢ : HE(S,) — HE(Ss) be the map induced by the inclusion S,, — S.. Then define the map

®: HY(S,) ®R, Reo — HE(Ss)
by ®(a ®b) := ¢(a)b for a € HE(S,) and b € Ry,. We also denote by
® 1/t Hy (Sn) /o @R, Roo — Hp(Soo)p1/m
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the restriction map of ® to the submodule annihilated by p!/?. Alternatively, one may regard the
map ¢ to be induced by the natural map S, ®r, Re — Soo as R is flat over R,,.

THEOREM 3.6. Keeping the notation and hypothesis as above, assume that we have HE=1(S,,) = 0
and ((HE(S,)) < oo for 0 < k < d. Then
1
Ao (Im(®,1/,)) < G T O(HY(Sn)p1/p)-
In particular, ® is not injective if HY(S,) is non-zero.
Proof. First, we note that HE(S,) # 0 <= H]’;(Sn)pl/p # 0. Since S, is a domain, one has the
following short exact sequence:

0 S, 20

Sh Sp/bS, —=0

for any non-zero b € S,,. Then, by assumption, the associated long exact sequence

0——= HEY(S,,/bS,) —= HE(S,) ——= HE(S,) —= -
yields an isomorphism
HE(S,), ~ HEZL(S,/bS,). (1)

Let us consider the following commutative square of R.,-modules:

Sn/pl/psn ®Rn Roo - Soo/pl/psoo

anl Fsooll
(Sn/pS,, @R, ROO)[F} - (Soo/pSOO)[F}

in which both of the horizontal maps are induced by the natural map Sn/pl/pSn — Soo/pl/pSOo
(respectively, S, /pS, — Soo/PSx) and the vertical maps are induced by the Frobenius map. Then
by use of the isomorphism (1) together with the flatness of R, over R,, we have the induced map
on local cohomology modules:

LR
H\fm(sn)pl/p QR Roo & Hr];_l(soo/pl/psoo) (2,)
an*l F‘Soo*lz
o
(Hfm(sn)p QR ROO)[F} —— Hrlfl_l(SOO/pSoo)[F}

By assumption, the module H]’;(Sn)pl /» @R, Roo is finitely presented in M, and we get

1
)\OO(HI’]:I(SH)pl/p R, R) = W .K(H\]f‘l(sn)pl/p)

and similarly

1
Am(HQ(Sn)p QR ROO) = W 'E(Hrl;(sn)p)-

On the other hand, an easy calculation shows that ((HE(S,),) < p-E(Hr’fl(Sn)pl/p). Hence, it follows
from the diagram (2’) and the Frobenius pull-back formula that

~ - 1 . 1
Aoo(Im( ) < Koo (Im(2p))!7) = 5 - Ao (Im(®y)) < gy - L(Hun(Sn)y)
p 1
< pd(n-i-l) 'E(Hrlxi(sn)pl/p) = W : E(H]»I;(Sn)pl/p).
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Let jp : HE=1(Ss0/bSs) — HE(Ss)p denote the surjection map induced by the cohomology exact
sequence associated to

0 LA Soo/bSse —= 0

for any non-zero b € S. Then, by assumption, it is easy to see that ®, = jj o ib, from which
Ao (Im(@1/p)) 2 Aoo(Im(®,1/5)). Hence, the theorem follows easily from this inequality.
The non-injectivity of the map ® is due to the following equality:

1
Moo (HE(Sn) /0 R, Roo) = o O(HE(Sn)p1/p)- O

The next corollary is a weak version of Heitmann’s direct summand theorem.

COROLLARY 3.7. Let R, — S, be a module-finite extension of normal domains and pl/p € S, and
let d > 2. Then the map

® : H2 () ®R, Roo — HA(ST)
is not injective if H2(S,) is non-zero.
Proof. By Serre’s normality criterion, it follows that HL(S,) = 0 and ¢(H2(S,)) < oo by local
duality. Then the corollary follows from Theorem 3.6. U

There is another implication for splinters studied by Singh [Sin99]. Recall that a Noetherian
domain A is a splinter if A is a direct summand, as an A-module, of every module-finite extension
domain. It is easy to see that a splinter is a normal domain.

COROLLARY 3.8. In addition to the hypothesis of Theorem 3.6, assume that S ® gp R is a domain
and HE(S) is non-zero. Then there exists a flat module-finite extension S — T such that T is not
a splinter.

Proof. Since ® : HE(S) ®g Roo — HE(ST) is not injective and S @ Roo = Uns0S ®r Ry, the
map HE(S) ®p R, — HE(ST) is not injective for some n > 0. Now it is easy to see that
the domain T := S ®p R, is flat over S and is not a splinter. O

Finally, we end this section with an example of a normal domain that is not a splinter, due to
Singh (unpublished).
Ezample 3.9. Let
Ls|[z,y]]
(xF =yt —2m)
where Zs is the ring of 2-adic integers and (k,l,m) > (2,2,2). Then S is shown to be a normal

domain. Now take u := \/oF=2yl=2 ¢ S and v := 271 (z*~! —uy) ¢ S. Then u is integral over S
and it is easy to verify that v is subject to the following equation:

S =

v+ uyv — 2F22m 2 = 0.

Hence, S — T := S[u,v] is module-finite. Then since z¥~! = uy + v2, if S were a direct summand

of T', we would have that = € (y,2)T, while x ¢ (y,2)S = (y,2)T'N S, which is a contradiction.
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