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Marco Maculan and Jérome Poineau

ABSTRACT

We investigate the relationship between affine and Stein varieties in the context of
rigid geometry. We show that the two concepts are much more closely related than in
complex geometry, e.g. they are equivalent for surfaces. This rests on the density of
algebraic functions in analytic functions. One key ingredient to prove such a density
statement is an extension result for Cartier divisors.

1. Introduction

1.1 Motivation

Let K be a complete non-trivially valued non-Archimedean field. A variety X over K, that is, a
separated K-scheme of finite type, is Stein if the K-analytic space X" attached to X admits a
closed K-analytic embedding in A" for some n € N; see §5.1. Needless to say, affine varieties
are Stein. The aim of the present note is to investigate to what extent the converse statement
holds true. The complex analytic version of the question is a classical problem, whose history
(recalled in the following) consists mainly of negative results. For instance, given an integer
d > 2, there is a d-dimensional smooth complex variety that is not affine but whose associated
complex manifold is Stein. In stark contrast, and breaking the persisting analogy with complex
geometry, we derive several general consequences of the Stein property for non-Archimedean
varieties summarized as follows (see Theorems 9.1, 9.2 and 9.3).

THEOREM 1.1. A Stein variety X is quasi-affine and, for any closed subscheme Y of a dimension
at most one, the restriction map I'(X, Ox) — I'(Y, Oy) is surjective. Furthermore, if the ring
I'(Xyed, Ox) is Noetherian or if the K-algebra I'(X, Ox) is finitely generated, then X is affine.

Recall that a variety X is quasi-affine if it admits an open embedding into an affine variety.
The K-algebra of regular functions on an algebraic group is finitely generated [DG70, I11.3.8].
Therefore, as a consequence we obtain a new proof of the following result previously proved in
[Mac22].

COROLLARY 1.2. An algebraic group is Stein if and only if it is affine.
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In addition, a result of Goodman and Landman (see [GL73, Proposition 3.13], or
Proposition 8.12) permits one to derive the equivalence in the case of surfaces (see Theorem 9.4).

COROLLARY 1.3. An algebraic surface is Stein if and only if it is affine.

1.2 Complex background

As we are about to recall, the complex analogue of the previous statements is false: excusing
the pun, the behaviour in non-Archimedean geometry is far more rigid. Let Myr(E) be the
moduli space of line bundles endowed with a connection on a complex elliptic curve E. The
line bundles in question are necessarily of degree 0, and forgetting the connection gives rise to a
surjective map of complex varieties 7: Myg(E) — Pic’(E) = E. Tensor product of line bundles
makes Myg(FE) an algebraic group and 7 a morphism of algebraic groups. Its kernel is identified
with the space of differential forms on FE:

0— V(I'(E, QL)) — Myr(E) — E — 0.

The algebraic group Myr(FE) is not affine: the quotient of an affine group by a subgroup is affine,
whereas the elliptic curve E is most certainly not. Actually, more is true: it is not even quasi-
affine since every algebraic function on Mygr(FE) is constant (see [Bri09, Proposition 2.3]). From
the transcendental perspective, Riemann and Hilbert’s correspondence sets up a biholomorphism
of Myr(E)* with the group of characters of the topological fundamental group of the elliptic
curve

Homz(m(E((C), 0), (CX) ~C* x C*.

In particular, Myg(E)* admits a closed holomorphic embedding in C3. Summing up, the com-
plex algebraic group Mggr(FE) is not affine, but the complex Lie group Mggr(E)*" is Stein. Since
it is of dimension 2, this shows that the analogues of both corollaries to Theorem 1.1 do not
hold over the complex numbers.!

As remarked by Neeman [Nee88], a complex quasi-affine variety X is affine if and only if X2"
is Stein and the C-algebra I'( X, Ox) is finitely generated. The equivalence has been strengthened
by Brenner [Bre02] (see Corollary 8.21), replacing the finite generation of I'(X, Ox) by being
Noetherian. Keeping the notation of the previous paragraph, let H be an ample line bundle on
E. Consider the G,,-principal bundle X on M := Mg (F) associated with the line bundle 7*H"
dual to the pull-back of H along n: M — E. Ampleness of H implies that X is quasi-affine.
Since M®" is Stein, the C*-bundle X" is also Stein [MM60]. However, the complex variety
X cannot be affine, as it would imply that M is. It follows that the ring I'(X, Ox) is not
Noetherian.?

1.3 Main results

Over the non-Archimedean field K the technical crux leading to Theorem 1.1 is as follows (see
Theorem 7.1).

THEOREM 1.4. Let F' be a semi-reflexive coherent sheaf on a variety X. Then I'(X, F) is dense
in D(X?, Fan).,

See §6.1 for the definition of the topology on I'( X, F'). What follows is a series of comments.

'Hartshorne attributes this example to Serre (see [Har70, Chapter VI, Example 3.2]), but it seems that such a
phenomenon was known earlier by Severi and Conforto.
2This can be proved by purely algebraic means [Bri09, Theorem 3.9].
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(1) Within the framework of Berkovich spaces, the topological space underlying the K-analytic
space X" is locally compact: when X is reduced, the topology on I'(X*", O%') is that of
uniform convergence on compact subsets; when X is not reduced, as in complex analysis,
the topology is finer.

(2) An Ox-module F' is semi-reflezive if the natural homomorphism F — FVV is injective.
Therefore Theorem 1.4 applies, in particular, to vector bundles and coherent sheaves of
ideals. However, we ignore whether it stays true for any coherent Ox-module.

(3) The techniques involved in the proof are fairly general and permit to carry on the proof when
K is replaced by an affinoid K-algebra A (in the sense of Berkovich) and X by a separated
A-scheme of finite type.

(4) Let X be a variety and F' a coherent Ox-module. If X is affine, then the density of I'(X, F')
in ['(X?", Fa") is rather easy to prove. When X is proper, the non-Archimedean GAGA
theorem implies that the natural map I'(X, F') — I'(X?", F'*") is an isomorphism. Therefore,
Theorem 1.4 is most interesting when X belongs to neither of these two classes, and especially
when X does not admit a proper morphism onto an affine variety.

(5) Theorem 1.4 has little to do with algebraic varieties: the only property we use is that
they can be ‘compactified’. The general statement concerns the complement of an effec-
tive Cartier divisor in a proper K-analytic space (see Theorem 6.13) or, even more generally,
holomorphically convex (see Theorem 6.3).

(6) The argument for deducing Theorem 1.1 from Theorem 1.4 is not exclusive to non-
Archimedean analysis and can be adapted over the complex numbers to yield the following
result: if X is a complex variety such that I'(X, Ox) is dense in I'(X*", O%') and X*" is
Stein, then it satisfies the conclusions of Theorem 1.1.

(7) Consider the moduli space Myr(E) of line bundles endowed with a connection on a com-
plex elliptic curve E. Then, all of the algebraic functions on Mygr(FE) are constant (see, for
instance, [Bri09, Proposition 2.3]), whereas Mgg (E) is biholomorphic to C* x C*. Therefore,
the complex analogue of Theorem 1.4 is false.

Theorem 1.4 marks quite a difference between complex and non-Archimedean analysis:
roughly speaking, there are fewer rigid analytic functions with essential singularities than holo-
morphic ones.® Mirroring this discrepancy, its proof has to rely on some technique unavailable
in the complex framework: with no originality, it is the involvement of models over the ring of
integers R of K. To state the result let € R~ {0} be a topological nilpotent element and for
an R-scheme S let S,, be the closed subscheme S X (R/w™R) of S. The density result lying at
the core of the method is as follows (see Theorem 4.3).

THEOREM 1.5. Let D be an effective divisor in a proper and flat R-scheme X. If D is flat over
R, then for any semi-reflexive coherent Ox-module F' the natural map

DX\ D, F) — lim (X~ Dy, F)
ne

is injective, and has a dense image.

Let us relate this to Theorem 1.4. Let U be the formal R-scheme obtained as formal comple-
tion of U = X ~ D along its special fibre and i: U < U the natural morphism of locally ringed
spaces. Then,

~

I(U,i*F) = lim T'(U,, F).

neN

3Resembling phenomena were observed by Cherry throughout his work in non-Archimedean Nevanlinna theory
[Che93, Che94, CY9T].
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Let Uk be the generic fibre of U and Fi the restriction of F' to Ug. With this notation, the
K-vector space F(ﬁ ,i*F) ®@p K is the space of global sections T’ (U},, F3) of the coherent sheaf
F#" on a certain compact subset Un of UY, called the Raynaud generic fibre of the admissible
formal R-scheme U. Theorem 1.5 states that any K-analytic section f EF(UU,F ™) can be
approximated globally on the compact subset [7,7 by algebraic sections g € I'(Uk, Fi).

Ezample 1.6. In general, Theorem 1.5 fails to be true when flatness of D is discarded. Suppose
for simplicity that R discretely valued and let k& be the residue field of R. Consider the blow-up
m: X — P}, along a k-rational point of the special fibre. Let D be the exceptional divisor. The
completion of the open subset U := X ~\ D along its special fibre is isomorphic to the completion
of the affine line A} along its special fibre. Thus,

}ngl\l LUy, Ox) = R{z}:= }ngll\l R/w"R|z],

where z is the coordinate function on A}%. However, the generic fibre of U is ]P’}( so by flat base
change I'(U, Ox) < I'(P, Op1 ) = K. In particular, the image of

R=T(U,0x) — hé% I'(U,,Ox)= R{z}
is not dense.

Most of the comments for Theorem 1.4 have their own counterpart for Theorem 1.5.

(1) The topology on lim,en I'(Uy, F') is prodiscrete.

(2) Technically speaking, it is the flatness of F' and of Fjp that is used during the proof
rather than the semi-reflexivity of F' and the flatness of D. However, in the deduction of
Theorem 1.4, we fail to see how to extend an arbitrary coherent sheaf on the generic fibre to
one on the model whose restriction to D is flat over R, whereas we manage to do this under
the semi-reflexivity assumption.

(3) The argument to prove Theorem 1.5 goes through when R is replaced by a flat R-algebra of
finite type.

(4) When U is affine, Theorem 1.5 follows at once from the surjectivity of the restriction map
I'U, F)—T(Uy, F), in turn implied by the vanishing of higher cohomology. A slight gener-
alization of the previous argument involving the formal GAGA theorem yields Theorem 1.5
when U admits a proper morphism onto an affine R-scheme of finite type. Therefore,
Theorem 1.5 is more interesting when U does not fall in the latter category.

(5) The natural setting for Theorem 1.5 is that of a proper formal R-scheme X together with
an effective Cartier divisor D C X. The result then states the density of sections over X ~\ D
having polar singularities along D among all the sections over X ~ D (see Theorem 4.3).

For Theorem 1.5 to be of any use, given a variety Ui over K, one has to be able to produce a
model U of Ui which is the complement of an effective Cartier divisor D flat over R in a proper
flat R-scheme X (see Theorem 2.2).

THEOREM 1.7. Let Dy be an effective Cartier divisor in a be a proper variety X . Then, there
are an effective Cartier divisor D in a proper flat R-scheme X and an isomorphism of K -schemes
X =2 X xXg K inducing an isomorphism Dg =2 D xp K.

In order to construct such an X and D, the first reflex is to take any proper flat model X
of X and the Zariski closure D of Dk in X. The closed subscheme D is without doubt flat
over R but may fail to be a Cartier divisor. To repair such an issue, one considers the blow-up
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X' of X along D. The inverse image D’ of D in X’ is thus Cartier, but will not be flat over R
anymore in general. Looking at the Zariski closure in X’ of the generic fibre of D’ brings us back
to square one. Not to be caught in a vicious circle, one has to choose carefully the blow-up of
X to perform. Namely, if I is the sheaf of ideals of Ox defining the closed subscheme D, then
we consider the blow-up 7: X’ — X of X along the ideal I + @"Ox, for some n € N big enough.
The strict transform D’ of D in X’ is shown to be the effective Cartier divisor 7*D — E, where
FE is the exceptional divisor and the minus sign stands for the difference of effective Cartier
divisors (cf. Lemma 2.4). Gabber communicated us an alternative proof of Theorem 1.7. The
same procedure allows to prove the following geometric variant, which might be of independent
interest (see Theorem 2.1).

THEOREM 1.8. Let D be a closed subscheme of a Noetherian scheme X. Let U C X be an open
subset such that:

(1) DNU is scheme-theoretically dense in D;
(2) DNU is an effective Cartier divisor in U.

Then there is a U-admissible blow-up w: X’ — X such that the strict transform of D in X' is
an effective Cartier divisor.

With Theorem 1.7 under the belt, the proof of Theorem 1.4 is achieved by arbitrarily enlarging
the compact subset obtained as Raynaud’s generic fibre (of the formal completion) of the model.
This is a routine operation (cf. Lemma 6.10), except for the extra care one has to employ not
to lose the flatness over R of the Cartier divisor in question (cf. Proposition 3.12).

2. Extending Cartier divisors: the algebraic case

2.1 Statements

We start by recalling some basic notions concerning Cartier divisors in a scheme X. For a closed
subscheme Z C X let Iz denote the kernel of the restriction map Ox — Oz. An effective Cartier
divisor D C X is a closed subscheme whose defining sheaf of ideals Ip is invertible. Let Ox (D)
denote the dual of Ip. The homomorphism sp: Ox — Ox (D) dual to the inclusion Ip — Ox
is called the canonical section associated with D. For effective Cartier divisors D, D’ C X, the
Cartier divisor D+ D’ is the closed subscheme with sheaf of ideals Ip ®o, Ip- whence the
identity Ox(D+ D')=0Ox (D) ®0, Ox(D"). If the closed immersion D — X factors through
D', then Ip C Ip and the sheaf of ideals Ip ®o, Ox (D) defines the Cartier divisor D' — D.
A closed subscheme Z of a scheme X is finitely presented if the closed immersion i: Z — X
is of finite presentation. Let U C X be an open subscheme. A morphism X’ — X is called a
U -admissible blow-up if there exists a finitely presented closed subscheme Z C X \ U such that
X' is isomorphic to the blow-up of X along Z.

THEOREM 2.1. Let D be a closed subscheme of a Noetherian scheme X. Let U C X be an open
subset such that:

(1) DNU is scheme-theoretically dense in D;
(2) DNU is an effective Cartier divisor in U.

Then there is a U-admissible blow-up w: X’ — X such that the strict transform of D in X' is
an effective Cartier divisor.
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Over the ring of integers R of a field K with a non-trivial non-Archimedean absolute value
we can get round of the Noetherian hypothesis and obtain the following generalization of
Theorem 1.7.

THEOREM 2.2. Let Y be a finitely presented affine R-scheme, fri: X —Y xp K a proper
morphism of K-schemes and Di C Xk an effective Cartier divisor.

Then, there are a flat R-scheme X, a proper morphism of R-schemes f: X —Y, an effective
Cartier divisor D C X flat over R, and an isomorphism X = X xr K of K-schemes through
which Dy is identified with D x g K and fx with f X idg.

One recovers Theorem 1.7 in the introduction by taking Y = Spec R. The hypothesis of Y
being finitely presented over R is easily met. Indeed, given a finitely generated K-algebra Ax and
a surjection ¢: Klt1,...,t,] = Ax of K-algebras, the ideal I:=Ker ¢ N RJt1,...,t,] is finitely
generated by Lemma 2.8. Thus, the R-algebra A:= R|[t1,...,t,]/I is flat, finitely presented, and
such that A ® g K is isomorphic to Ag.

2.2 Proofs

The remainder of this section is devoted to the proof of Theorem 2.1. We begin with the following
technical result.

LEMMA 2.3. Let X be a Noetherian scheme and ¢: F'— G a homomorphism of coherent
Ox-modules such that ¢y : Fjy — G|y is surjective on the complement U of an effective Cartier
divisor Z C X.

Then there is an integer N > 1 such that, for alln > N, the image of G — G(nZ) is contained
in the image of ¢ ® id: F(nZ) — G(nZ).

Proof. By quasi-compactness of X, one may suppose that X = Spec A is affine, and Z is a
principal Cartier divisor with equation a=0 for a non-zero divisor a € A. The A-modules
['(X,F), T'(X,G) are finitely generated and U is the principal open subset D(a)= Spec A,.
Let g1,...,gr be generators of I'(X,G). The hypothesis of ¢ : Fjy — G|y being surjective
implies that, for i =1,...,r there are non-negative integers n;,m; € N and f; € I'(X, F') such
that a™ (a" g — ¢(fi)) =0. The integer N =max{n; +my,...,n, +m,} does the job. O

The key result at the core of the method is as follows.
LEMMA 2.4. Let D be a finitely presented closed subscheme of a scheme X, Z C X an effective
Cartier divisor and U = X ~\ Z such that:

(1) DNU is scheme-theoretically dense in D;
(2) D is contained in an effective Cartier divisor Dy of X.

Assume there is an integer n > 1 such that the image of Ip — Ip(nZ) is contained in the image of
Ip,(nZ)— Ip(nZ). Let m: X' — X be the blow-up of X along the scheme-theoretic intersection
of Dy and nZ, and E C X' be the exceptional divisor.

Then, the strict transform of D in X' is the effective Cartier divisor 7—1(Dg) — E.

In particular, there is a U-admissible blow-up 7: X’ — X such that the strict transform of
D is an effective Cartier divisor.

Proof. The question is local on X, thus one may assume that X = Spec A is affine and that Dy,
Z are principal Cartier divisors. Let fy € A be a generator of the ideal of Dy, and let g € A be a
generator of the ideal of Z. Since D is finitely presented, there are fi, ..., f, such that fy,..., f-
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generate the ideal of D. With this notation, note that the hypothesis implies that the ideals fo A,
and foAg + - - -+ frAgy coincide. Moreover, the blow-up X’ is covered by the following affine open
subsets:

Xo=SpecAlfo/g"],  Alfo/g"] = (Alt]/(fo—tg"))/(g-torsion),
Xi=Spec Alg"/fol,  Alg"/fo] = (Alul/(g" — ufo))/(fo-torsion).
CrAM 2.5. The strict transform D’ of D in X’ does not meet X7 .

Proof of the claim. The strict transform of D is the scheme-theoretic closure of 771(D \ Z) in
X'. Now, the function g" is invertible on X] \ 771(Z). The equality g" = ufy on X| implies that
fo is also invertible on X| \ 7~1(Z). Therefore,

Y DN Z2)N X =7 Y(D)n(X]~771(2))=0.
It follows that D’ does not meet X7. O

CrLAIM 2.6. The strict transform D’, seen as closed subscheme of X}, is the Cartier divisor with
equation t = 0.

Proof of the claim. Let A[fy/g"]4 denote the localization of A[fy/g"] with respect to g: via the
ring homomorphism A — A[fy/g"], it is isomorphic to the localization of A with respect to g.
The strict transform D’ is the scheme-theoretic closure of 7#~1(D \ Z) in X{. Therefore, the
ideal I C A[fo/g"] defining D' is

Ker(A[fo/g"] = Alfo/9"14/(fo))-

Proving the claim amounts to showing that Ip/ is generated by t. Of course, t belongs to Ip as
t=fo/9" in A[fo/g"]g- On the other hand, any element of A[fy/g"]| can be written as Z?:o a;t’ for
some non-negative integer d and ag, . . . , ag € A. Such an element belongs to the ideal generated
by t if and only if ag belongs to the ideal general by ¢. We are therefore led back to prove the
following: each a € A whose image in A[fy/g"]4/(fo) is 0 belongs to the ideal generated by ¢.
Since the homomorphism Ay, — A[fo/g"]y is an isomorphism, a is already 0 in Ay/(fo). The
hypothesis of DN U being scheme-theoretically dense in D is rephrased as the equality

Ker(A— Ay/(fo)) = foA+---+ frA.

(We used here that the ideals fy A, and foAgy + - - - + fr A4 coincide.) It follows that a belongs to
the ideal foA+ - .-+ frA. Thus, in order to conclude the proof, it suffices to express f; in terms
of t (i=1,...,r). By the choice of n, there are by, ...,b. € A such that f; =b;fy/g". Written
otherwise, for i =1, ..., r, the equality f; = b;t holds in A[fy/g"], which concludes the proof. [

The Cartier divisor m7=!(Dy) is given by the ideal fyOx . The exceptional divisor E is given
by the ideal g"A[fy/g"] on the affine chart X(), whereas it is given by the ideal fyA[g"/fo] on
the affine chart X/. It follows that the effective Cartier divisor 7=!(Dg) — F is given by the ideal
generated by fo/¢" =t on X{; and by the ideal generated by fo/fo =1 on X]. One concludes
the proof by comparing this with the description of the strict transform D’ given by the above
claims. O

PROPOSITION 2.7. Let D, Z be effective Cartier divisors in a scheme X whose intersection
DN (X N\ Z) is scheme-theoretically dense in D. Let w: X' — X be the blow-up of X along
DN Z and E C X' the exceptional divisor.

Then, the strict transform of D in X' is the effective Cartier divisor m~}(D) — E.

Proof. Apply Lemma 2.4 with D = Dy and n=1. O
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Proof of Theorem 2.1. Endow the closed subset Z:= X \ U with its reduced structure. The
blow-up m: X' — X of X along Z is U-admissible because Z is finitely presented. Up to replac-
ing Z by the Cartier divisor 771(Z), and D by 7~ (D), one may assume that Z is a Cartier
divisor. (Note that the composition of U-admissible blow-ups is a U-admissible blow-up [Stal9,
Lemma 080L].) Suppose Z is a Cartier divisor. The blow-up 7: X' — X of X along D is U-
admissible because D is finitely presented and, since D N U is supposed to be a Cartier divisor
in U, the induced map m: 7=1(U) — U is an isomorphism. The exceptional divisor D} := 7~ (D)
is an effective Cartier divisor, as well as the pre-image Z' =7(Z) of Z. Let D' be the scheme-
theoretic closure of D{j~\ Z' in X'. We may now apply Lemma 2.4 to X', D', D} and Z'.
Indeed, let U'= X'\ Z'. The closed immersion D' NU’— D{;NU’ is an isomorphism. On the
level of sheaves of ideals, this means that the natural inclusion Ip, i — Ip/y is an isomor-
phism. According to Lemma 2.3, there is a non-negative integer N with the following property:
given an integer n > N, the injective homomorphism Ip, (nZ’) = Ip/(nZ') is an isomorphism. In
particular, Lemma 2.4 can be applied with every such integer n. O

Let R the ring of integers of a field K endowed with a non-trivial non-Archimedean absolute
value. Recall that an R-module M is flat if and only if it is torsion-free [Stal9, Lemma 0539].

LEMMA 2.8. Let A be a flat R-algebra of finite type and M a finitely generated A-module flat
over R.

(1) The A-module M is of finite presentation.
(2) Let N C M be a submodule such that M /N is flat over R. Then, N is of finite presentation.

Proof.

(1) This is a particular case of [RG71, Theorem 3.4.6].

(2) The A-module M/N is finitely generated and flat over R thus finitely presented by (1).
Since M is finitely generated and M /N finitely presented, N is finitely generated [Stal9,
Lemma 0519 (5)]. The A-module N is finitely generated and flat over R, thus, again thanks
to part (1), it is finitely presented. O

Proof of Theorem 2.2. By Nagata’s compactification theorem (see [Liit93, Con07, Con09] or
[Tem11]), the morphism of K-analytic schemes ox: Xx —Y X K can be extended to a proper
morphism of R-schemes o: X — Y. Furthermore, up to replacing X by the scheme-theoretic
closure of Xg in X, one may suppose that X is flat over R. Let D be the scheme-theoretic
closure of Dk . Note that X and D are flat over R. If K is discretely valued, i.e. R is Noetherian,
then one can blithely apply Theorem 2.1 with Z being the special fibre of X. Note that the
so-obtained blow-up 7: X’ — X is such that X’ is flat over R. Moreover, the strict transform of
D is flat over R too, being the scheme-theoretic closure of 7= (D) in X'. In the general case,
some argument is needed in order to ensure the hypothesis of finite presentation of the strict
transform considered in the proof of Theorem 2.1.

Let w € R~ {0} be topologically nilpotent and let Z be the closed subscheme of X given by
the vanishing of . The open subset U = X \ Z is the generic fibre X of X. Let 7: X’ — X the
blow-up of X along the first Fitting ideal of Ip. Since D is flat and finitely presented over R by
Lemma 2.8, the ideal Ip is finitely presented by Lemma 2.8, hence Fit Ip is finitely presented
by [Stal9, Lemma 07ZA (4)] and Lemma 2.8. Lemma 2.9 states that 7—1(D) is an effective
Cartier divisor. Moreover, since D = D N U is an effective Cartier divisor, the induced morphism
of R-schemes m: 7~ 1(U) — U is an isomorphism. By combining these facts, one deduces that
n: X' — X is a U-admissible blow-up. Let D{, be the inverse image of D in X': it is an effective
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Cartier divisor. Let D’ be the Zariski of closure of 77 1(D) in X’. Again, thanks to Lemma 2.8,
the closed subscheme D’ is finitely presented and one can apply Lemma 2.4 to X', D, D’
and the closed subscheme Z’ of X’ defined by the vanishing of . As in the discretely valued
case, the blow-up ’: X” — X’ given by Lemma 2.4 is such that X" is flat over R as well as the
strict transform of D’ in X". O

In this proof we used the following fact.

LEMMA 2.9. Let X be a scheme, and D C X a closed subscheme whose ideal sheaf Ip is finitely
presented and whose complement X \. D is scheme-theoretically dense. Let w: X' — X be the
blow-up of X along the first Fitting ideal of Ip. Then 7~1(D) is an effective Cartier divisor in
X'

Proof. Set I:=Ip. By [Stal9, Lemma 07ZA (3)] the kth Fitting ideal of 7*I for k>0 is the
pull-back of that of I:
Fitk(ﬂ'*f) = Fitk(I)OXf.

Since X \ D is scheme-theoretically dense in X, the ideal Fito(/) vanishes altogether, thus
so does Fitg(n*I). On the other hand, by the defining property of the blow-up, the ideal sheaf
Fity(I)Ox- is invertible. It follows that the ideal J := Fity (7*) is invertible. Set M :=7*I and let
M' C M be the submodule annihilated by J. We claim that the natural morphism ¢: 7*I — Ox-
induces an isomorphism

M/M' = IO0x:.

This will conclude the proof, as the Ox/-module M /M’ is invertible [Stal9, Lemma 0F7M]. To
show the claim, first note that IOx is the image of ¢, so it suffices to prove M’ = Ker ¢. The
inclusion M’ C Ker ¢ is obvious because Oy has no torsion with respect to J, the latter ideal
being invertible. For the converse inclusion, 7 induces an isomorphism outside the exceptional
divisor F C X’ hence ¢ is injective outside E. The ideal defining E is J, hence any local section
of Ker ¢ is annihilated by some power of J. It follows from [Stal9, Lemma OF7M (2)] that Ker ¢
is actually annihilated by J, which concludes the proof. O

3. Extending Cartier divisors: the formal case

Let K be a complete non-trivially valued non-Archimedean field and R C K its ring of integers.

3.1 Preliminaries on formal schemes

Recall that a formal scheme over R is admissible if it is locally the formal spectrum of a flat
R-algebra which is topologically of finite presentation. To such a formal scheme X is attached
its (Raynaud) generic fibre X, seen as a K-analytic space in the sense of Berkovich. The generic
fibre of an affine formal scheme X = Spf A where A is flat topologically of finite type is the
Banach spectrum X, = M(A®pg K) of the affinoid K-algebra A®p K. Here we recall some
facts that are repeatedly used afterwards.

LEMMA 3.1. Let X be a quasi-compact formal R-scheme topologically of finite type. Then the
topological space underlying X is Noetherian.

Proof. Let k be the residue field of R. The topological space |X| underlying X coincides with
the topological space underlying the finite type k-scheme X, oq: in particular, | X| is a Noetherian
topological space. ]
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LEMMA 3.2. Let A be a flat R-algebra topologically of finite type and M a finitely generated
A-module flat over R.

(1) The A-module M is of finite presentation.
(2) If N C M is a submodule such that M /N is flat over R, then N is of finite presentation.
(3) The ring A is coherent.

Proof. Parts (1) and (2) are respectively Theorem 7.3.4 and Lemma 7.3.6 in [Bos14], and part
(3) follows from part (2). O

LEMMA 3.3. Let X be a quasi-compact formal R-scheme topologically of finite type and let F
be a sheaf of R-modules on X. The presheaf U — I'(U, F) ®p K on X is a sheaf.

Proof. Let U be an open subset of X. Since the topological space underlying X is Noetherian
(Lemma 3.1), the open subset U is quasi-compact. Let U = J;"_; U; a finite open cover of U. The
exact sequence

o—>F(U)i>ﬁF RN ﬁFUﬂU
=1 1,j=1

where 8 and §; are the usual coboundary operator of the Cech cochain complex, stays exact
after taking its tensor product with K (because K is a flat R-algebra):

0— F(U)0p K 2% <HF )@RKi> ( 11 F(UmUj)> ®r K.
ij=1

One concludes by noticing that tensor product commutes with finite products. O

DEFINITION 3.4. Let X be a quasi-compact formal R-scheme topologically of finite type and F
an Ox-module. We denote the sheaf U — I'(U, F) ®g K by Fk.

3.2 Admissible blow-ups

The central tool in this section is blowing-up in the context of admissible formal schemes. Let
us recall a few definitions. Let X be an admissible formal R-scheme, @ € R\ {0} topologically
nilpotent, I C Ox a coherent sheaf of ideals such that, locally on X, it contains a sheaf of ideals
of the form uQOx for some p € R~ {0}. Following [Bos14, 8.2, Definition 3], the formal R-scheme

X' = ng;n Proj ( ?2 I“®0, ((’)X/w"(’)x)>,
€

with structural morphism 7: X’ — X, is called the blow-up of X along I. The exceptional divisor
of 7 is the closed formal subscheme of X’ defined by the coherent sheaf of ideals IOy . The formal
scheme X’ is admissible by [Bos14, 8.2, Corollary 8].

LEmMA 3.5. With the previous notation, let Z C X be a closed admissible formal subscheme
defined by a coherent sheaf of ideals J C Ox. Then,

J = Ker(OX/ — OX’,K/JOX’,K)7
is a coherent sheaf of ideals of Ox.

Proof. The statement is local on X, therefore one may assume that X = Spf A is affine, where
A is a topologically finitely generated flat R-algebra. In order to simplify notation, identify [
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(respectively, J) with the finitely presented ideal T'(X, I) (respectively, I'(X, J )) Let fo,..., fr
be generators of I. The blow-up X' is covered by affine open subsets X/, i=0,...,r,

Xi=Spf A{f;/fi}jzi, ALfi) fitini = [Altij i/ (fi — tij fi)jil /( fz-torsion)~
By definition,

U(X;, J") =Ker(A{fj/ fi}jei = [ALUSj ) i} ji/ TALSi ) fi} ji) @R K.
According to Lemma 3.2, I'(X/, J') is a finitely presented ideal of A{f;/fi};i, which concludes
the proof. O

With the notation of Lemma 3.5, the formal closed subscheme Z’ C X’ associated with J' is
called the strict transform of Z.

3.3 Statements

We are now in position to state the main results of this section. To do this, note that the
concepts in §2.1 are translated verbatim when X is a formal R-scheme or a K-analytic space.
An effective Cartier divisor D on a quasi-compact admissible formal R-scheme X is admissible
if it is admissible as a formal R-scheme.

THEOREM 3.6. Let X be a quasi-compact admissible formal R-scheme and D C X an admissible
formal closed subscheme such that Ip i is an invertible Ox -module.

Then, there exists an admissible blow-up w: X' — X such that the strict transform of D in
X' is an admissible effective Cartier divisor.

THEOREM 3.7. Let Y be an admissible affine formal R-scheme, X a strict compact quasi-
separated K-analytic space, fx: Xk — Y, a proper morphism of K-analytic spaces and Dy an
effective Cartier divisor in X .

Then, there are a quasi-compact quasi-separated admissible formal R-scheme X, a proper
morphism f: X =Y, an admissible effective Cartier divisor D in X, and an isomorphism of
K-analytic space X = X, through which Dy is identified with D,, and fr with f,.

Note that the hypothesis of Y being an admissible formal R-scheme is easily achieved. Indeed
let Ag be a strictly affinoid K-algebra and ¢: K{t1,...,t,} — Ak a surjective homomorphism
of Banach K-algebras. According to Lemma 3.2, the ideal I :=Ker o N R{ty,...,t,} is finitely
generated. Thus, A:= R{t1,...,t,}/I is a flat, topologically finitely presented R-algebra and
ARp K= Ak.

3.4 Fitting ideals in formal geometry

In the proof of Theorem 2.2 we started by blowing up D so that we could suppose that it was
a Cartier divisor. Here it is not the correct operation, somewhat because a formal scheme does
not have a true generic fibre. As we will see, the correct transformation to perform is to blow-up
X along the first Fitting ideal of the coherent sheaf of ideals defining D. For lack of references
we recall here the definition of Fitting ideals. Let X be an admissible formal R-scheme and F' a
coherent O x-module.

LEMMA 3.8. For an integer r > 0 let Fit, F' be the sheafification of the presheaf associating to
an affine open subset U the rth Fitting ideal of I'(U, F'). Then Fit, F is a coherent sheaf of ideals
and, for an affine open subset U,

I'(U, Fit, F) = Fit, T(U, F).
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Proof. Let U = Spf(A) be an affine open subset, where A is a finitely presented flat R-algebra, and
M :=T(U, F). We claim that Fit,(F") coincides with the Ox-module associated with the finitely
generated ideal Fit, M. Indeed, for f € A, the following formula holds [Stal9, Lemma 07ZA (3)]:

Fitr(M XA A{f}) = (Fitr M)A{f}

On the other hand, Agp is flat* over A, thus the right-hand of the previous equality coincides
with (Fit, M) ®4 Asy. This concludes the proof. O

The sheaf Fit, F' is called the rth Fitting ideal of F'.

LEMMA 3.9. Let D C X be an admissible closed formal subscheme such that Ip f is an invertible
Ox, k-module.

(1) The ideal Fit; Ip locally contains a sheaf of the form wQOyx with w € R~ {0}.

(2) If m: X' — X is the blow-up of X along Fit; Ip, then IpOx. is an invertible Ox/-module
and 7~ 1(D) is an effective Cartier divisor.

(3) If D' be the strict transform of D in X', then IpOx: x =Ip k.

Proof. All statements are local on X, therefore one may assume X =Spf A, where A is a
topologically finitely presented flat R-algebra, and Ik :=T(X,I) ®g K is a principal ideal of
AK =A RRr K.

(1) We have Fity Ix = (Fit; I)Ax = (Fit; I) ® g K by [Stal9, Lemma 07ZA (3)] and flatness
of the A-algebra Ag. The ideal I is principal, thus Fit; Ix = Ax by [Stal9, Lemma 07ZD].
This implies that Fit; I contains some w € R~ {0}.

(2) The proof of Lemma 2.9 can be translated in the formal setting with no changes, and we
do not repeat it here.

(3) By definition, Ip =Ker(Ox — Ox' k/IpOx’ k) whence the statement. O

3.5 Proofs

After these preliminaries we can finally prove Theorems 3.6 and 3.7. The arguments in the proof
for Theorem 3.6 are a routine adaptation of those in the proofs of Theorems 2.1 and 2.2. For
an admissible formal R-scheme X, a coherent Ox-module F' flat over R and w € R~ {0}, let
%F denote the image of F' in Fi through the map f+— f/w. The proofs of the following three
statements are obtained mutatis mutandis from those of Lemmas 2.3, 2.4 and 2.7, respectively.

LEMMA 3.10. Let ¢: F'— G a homomorphism between coherent sheaves on a quasi-compact
admissible formal R-scheme X. If pi: Fx — G is surjective, then there is w € R~ {0} such
that Im(G — Gk) is contained in Im(ZF — G).

LEMMA 3.11. Let Dy be an effective Cartier divisor in an admissible formal R-scheme and
D C Dg an admissible formal closed subscheme. Assume that the image of Ip in Ip g is contained
in LIp, i for some w e R~ {0}. Let m: X’ — X be the blow-up along the ideal wOx + Ip, and
E C X' the exceptional divisor.

Then, the strict transform of D in X' is the effective Cartier divisor 7=(Do) — E.

ProrosiTION 3.12. Let D be an effective Cartier divisor in a quasi-compact admissible for-
mal R-scheme X, w e R~ {0}, m: X' — X the blow-up of X along Ip + wOx and E C X' the

“The ring Ay is the completion of Ay, therefore it is flat over Ay (see [Bosl4, 8.2, Lemma 2]). The ring A; is
flat over A, hence Agyy is flat over A.
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exceptional divisor. Then, w: X' — X is an admissible blow-up and the strict transform of D in
X' is the effective Cartier divisor 7=1(D) — E.

Proof of Theorem 3.6. Let m: X' — X be the blow-up along the first Fitting ideal Fit;(Ip) of
the coherent O x-module Ip. According to Lemma 3.9, the blow-up m: X’ — X is admissible and
Do =7"1(D) is an effective Cartier divisor in X’. Moreover, if D’ denotes the strict transform
of D in X', then Ip g+ = Ip, i+. Thanks to Lemma 3.10 one can apply Lemma 3.11 to X', D’
and Dj,. O

Let X be a quasi-compact admissible formal R-scheme and Zx C X, a closed analytic sub-
space. Then, there is a unique closed formal subscheme Z flat over R such that Z, = Zg.
We call Z the Zariski closure of Zy in analogy with the situation for schemes. When
X =Spf(A) is affine, Z is defined by the ideal TN A where I is the kernel of the eval-
uation morphism A®p K =I'(X,,Ox,) = I'(Zk,Ox,). Note that I is finitely presented by
Lemma 3.2.

LEMMA 3.13. Let X be a quasi-compact admissible formal R-scheme, D C X, an effective
Cartier divisor and D C X the Zariski closure of Dg. Then, the Ox g-module Ker(Ox — Op)k
is invertible.

Proof. One may suppose that X = Spf A is affine. The closed subscheme D is then defined by
an ideal I C A. We need to show that / ®g K is invertible knowing that D, C X, = M(A®g K)
is an effective Cartier divisor. This is a consequence of the faithful flatness of the morphism
M(A®R K) — Spec(A®gr K), see [Ber93, Theorem 2.1.4]. O

Proof of Theorem 3.7. Raynaud’s point of view on rigid analytic spaces relies upon the insight
that every (strict, paracompact and quasi-separated) K-analytic space, and morphisms between,
can be obtained as the generic fibre of an admissible formal R-scheme [Bosl4, 8.4, Lemma
4]. Let X be an admissible formal R-scheme with generic fibre X. Up to taking a suitable
formal admissible blow-up of X the morphism fx extends to a morphism of formal R-schemes
f: X =Y. The morphism f is proper by [Liit90, Theorem 3.1] in the discretely valued case and
[Tem00, Corollary 4.4] in the general case. According to Lemma 3.13, there is an admissible blow-
up 7: X’ — X and an admissible closed formal subscheme D’ in X" with generic fibre 7, (D)
and such that Ip/ g is an invertible Ox/ g-module. We conclude by applying Theorem 3.6 to X’
and D’. O

4. Approximating essential singularities by poles: the formal case

Let R be the ring of integers of a field K complete with respect to a non-trivial non-Archimedean
absolute value.

4.1 Functions with polar singularities

The main result of this section concerns the approximation of formal functions having essential
singularities at infinity by those having polar singularities. More precisely, let D be an effective

Cartier divisor on a scheme X. Given an Ox-module F, for d € N set F'(dD) := F ®0, Ox(dD)
and let
F(xD) := colim F'(dD),
deN

be the sheaf of sections of F with polar singularities along D, where the transition maps
are induced by the canonical section sp: Ox — Ox (D). The Ox-module F is D-torsion-free
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if idp ®sp: F— F(D) is injective. Let U=X D and let j: U— X be the open immer-
sion. The canonical section induces an isomorphism Oy %(’)X(D)‘U, hence an isomorphism
J*F = j*F(dD), for each d € N. By taking the injective limit of the homomorphisms F(dD) —
Jxj*F(dD) — j.j*F, the latter map being the inverse of previous isomorphism, one obtains a
homomorphism F(xD) — j.j*F that will be referred to as the restriction map.

LEMMA 4.1. Let D be an effective Cartier divisor in a quasi-compact scheme X and F a quasi-
coherent Ox-module. Then the restriction map induces an isomorphism

colimT'(X, F(dD)) ~>T(X \ D, F).
S

Moreover, if X is quasi-separated, then the map F(xD)— j.j*F given by restriction is an
isomorphism where j: X ~ D — X is the open immersion.

Proof. For an Ox-module E let I'(E,D):=&@,;yI'(X,E(dD)). With this notation
colimgen I'(X, F(dD)) is the homogeneous localization of the I'(Ox, D)-graded module I'(F, D)
with respect to the canonical section sp, which is a homogeneous element of degree 1. The state-
ment then follows from [EGA III, Proposition 1.4.5]. For the latter statement note that on a
quasi-compact scheme, every open cover may be refined by a finite open affine cover. Moreover, if
the scheme is quasi-separated, then the intersection of affine open subsets is a finite union of open
affine subsets, hence quasi-compact. Thus the natural map colimgen I'(V, F(dD)) — I'(V, F(xD))
is an isomorphism for any quasi-compact open subset V' C X by [Stal9, Lemma 009F (4)].
Applying statement (1) to V, the composite map

cglién I'(V,F(dD)) T (V,F(xD)) —T(VN(X\D),F)=T(V, j.j*F)

€

is an isomorphism. The result follows because quasi-compact open subsets form a basis for the
topology of X. O

LEMMA 4.2. Let D be an effective Cartier divisor in a separated quasi-compact formal R-scheme
X topologically of finite type. Then, for any sheaf of Ox-modules F, the maps F(dD) — F(xD)
induce an isomorphism

cgéién (X, F(dD)) = T(X, F(xD)).

Proof. Since the topological space underlying X is Noetherian (Lemma 3.1) the statement follows
from [Stal9, Lemma 009F (4)]. O

4.2 Statements

In order to state the main result of this section, say that an admissible formal R-scheme X is
proper over affine if there are an affine admissible formal R-scheme Y and a proper morphism
of formal R-schemes X — Y.

THEOREM 4.3. Let D be an effective Cartier divisor in an admissible formal R-scheme X which
is proper over affine. Let F' be a coherent sheaf on X, which is D-torsion-free, and such that I
and F|p are flat over R. Then, the natural map

I'X,F(xD)) —T(X\D,F)
is injective, and has a dense image.

Recall that the topology on the global section of a coherent sheaf F' on a quasi-compact
admissible formal R-scheme X is defined as follows. For any topologically nilpotent @ € R~ {0}
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we have

I(X, F) = lim T(X, F/w"F),

and the prodiscrete topology on the left-hand side is given by the discrete topology on each
['(X, F/w"F). See also [Stal9, Section 0AHY]. When X is affine and D is principal, Theorem 4.3
is rather elementary and boils down to approximating power series by polynomials. The strength
of Theorem 4.3 comes from the non-affine case, where the proof becomes more involved. We do
not know whether Theorem 4.3 holds without the assumption proper over affine. However, note
that the conclusion of Theorem 4.3 holds more generally when X can be compactified into a
proper admissible formal scheme over R, by applying Theorem 4.3 to the compactification. The
remainder of this section is devoted to the proof of Theorem 4.3.

4.3 Norms and modules

We begin by recalling some facts about the topology on an R-module M. Its completion is the
R-module M :=limueny M /™ M where w € R~ {0} is topologically nilpotent. Note that M does
not depend on the chosen w. The R-module M is said to be separated (respectively, complete)
if the natural map £: M — M is injective (respectively, bijective). Suppose M torsion-free and
identify M with Im(M — M @ K). For me M ®r K, let

lmllar:=inf{|w|:we K*,m/we M}.

This defines a semi-norm || - [|ar: M ®r K — Ry; it is a norm if and only if M is separated. The
R-module M is torsion-free and le(m)|| ;; = [lm||ar for each m € M. Moreover, € extends to a
homeomorphism between the completion of M with respect to the semi-norm || - |57 and M. The
construction of the semi-norm || - ||57 is functorial. Let f: M — M’ be a homomorphism between
separated torsion-free R-modules. Then ||f(m)|ar < ||m||ar for each m e M. If f is injective,
then Cokerf is torsion-free if and only if || f(m)|| s = ||m| s for each m e M.

LEMMA 4.4. Let X be an admissible formal R-scheme and F' a coherent Ox-module flat over
R. Then:

(1) the natural topology on I'(X, F') coincides with the w-adic one;
(2) I'(X, F) is complete.

Proof. We prove both statements at the same time. Let @ € R~ {0} be topologically nilpotent
and for n € N let X, be the closed subscheme of X defined by the equation @™ = 0. By definition,
NX,F)=1lmI'(X,, F).
neN

Flatness of F' over R implies that the sequence

0—w"F—F-—Fx, —0

is short exact. It follows that the natural map I'(X, F)/@"I'(X, F') — I'(X,, F') is injective,
because taking global sections is a left exact functor. Since the projective limit is also left-exact,
the natural map

lim P(X, F)/@"T (X, F) — lim D(X,,, F)

is injective. Therefore, the map I'(X, F) — lim,ey ['(X, F')/w"T'(X, F) is bijective. This proves
both statements. O
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4.4 Proof

Let S be an R-scheme, M a quasi-coherent O x-module, and w a non-zero topologically nilpotent
element of R. Then, the sequence of R/wR-modules

0— IS, M)/T(S,wM) —T'(S,M/wM) —T(S,M/wM)/T'(S, M) — 0,
is short exact. For a non-zero topologically nilpotent element @’ such that |@’| <|w| and a

homomorphism of Og-modules p: M — M’, the previous discussion, applied with S = S, yields
the following commutative and exact diagram of R-modules.

[(Swr, M) ['(Sx, M) \

0 [(Se, wM) I(s 1 M) [(Ser, M) 0
(Ser, M) ) (S, M)

0 T(Swr, ') F (S, M) T(Sw, M) ’

LEMMA 4.5. Let D be an effective Cartier divisor in an admissible formal R-scheme X with
canonical section s: Ox — Ox (D). Let F be a coherent Ox-module which is D-torsion-free and
such that F', F|p are flat over R. Then, for any i,d € N and any @w € R \ {0}:

(1) the map s*: I'( Xy, F(dD)) = T'(Xw, F((d +i)D)) is injective;
(2) given @’ € R~ {0} such that || <|w|, the map s’ induces an injection

D(Xe, F(dD)) | I(X, F((d+0)D))
[(Xo, F(dD))  T(Xn, F((d+i)D))’

Sii

Proof. Up to replacing F' by F(dD) one may assume d=0. Moreover, by induction on i one
reduces to the case i = 1.

(1) Since s: F'— F(D) is injective by assumption, the following sequence of coherent Ox-
modules is exact:

0— F - F(D) — F(D)p — 0. (4.1)

The coherent sheaf F' (D)‘ p is flat over R. Therefore, the previous short exact sequence stays
exact after taking its tensor product with any R-module M. In particular, taking M = R/@wR
yields the following short exact sequence of coherent Ox_-modules

0— Flx_ — F(D)x, — F(D)|p, — 0.

The statement follows by taking global sections.
(2) The short exact sequence of Ox-modules (4.1) yields the following commutative diagram.
F(Xw’aF) EEIN F(Xw’aF(D)) F(Dw’aF(D))
"Xy, @F) " I'(Xw, wF(D)) ['(Dy, @wF (D))

[ [ [

['(Xw, F) —*— (X, F(D)) — I(Da, F(D))

Here s: I'( X5, F') - I'(X4, F(D)) is injective because of statement (1), and the vertical arrows
are injective because of the discussion before the lemma. The statement then follows by diagram
chasing. [
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LEMMA 4.6. Let D be an effective Cartier divisor in a quasi-compact separated admissible
formal R-scheme X. Let F be a D-torsion-free coherent Ox-module such that F' and F|p are
flat over R. Let j: X ~ D — X be the open immersion. Then:

(1) the natural homomorphisms a: F'— F(xD), f: F — j.j*F are injective with cokernel flat
over R;

(2) the restriction homomorphism p: F(xD) — j,j*F is injective;

(3) the cokernel of p is a sheaf of K-vector spaces;

(4) the restriction map p: I'(X, F) - I'(X \ D, F) is an isometric embedding with respect to the
norms || - |[px,7y and || - [|[r(xp,F) defined in §4.3; in particular, p induces a homeomorphism
of I'(X, F) with a closed subset of I'(X \ D, F).

Proof. Statements (1), (2) and (3) are local on X, therefore we may suppose that X = Spf(A) is
affine, for a topologically finitely presented flat R-algebra A, and D is a principal Cartier divisor.
Let f € A be a generator of the ideal of D. Let M :=T'(X, F'). With this notation,

DX, F(«xD))=M[t]/(1—tf), T(UF)=M{t}/(1—-tf). (4.2)

We first prove statements (2) and (3) and then statement (1) under this additional assumption.
Finally, we prove statement (4) for general X.

(2) Let m(t) € M[t]. Write m(t) :Z?:o m;t" with m; € M. Suppose its image in T'(U, F)
vanishes. This means that there exists a power series n(t) € M{t} such that m(t) = (1 — ft)n(t).
Write n(t) = Y52, nit* with n; — 0 as i — co. By comparing Taylor expansions, for 4, j € N with
i=d, niyj= fin;. Let @ € R~ {0} be topologically nilpotent. By Lemma 4.4 the topology on
M coincides with the w-adic one. Therefore, because of convergence, there is I, € N such that,
for i > I,

n; =0 (mod wM).
On the other hand, because of Lemma 4.5(1), multiplication by f is injective on M /wM. One
concludes n; =0 for all ¢ > d. Therefore n(t) € M[t] and the image of m(t) in I'(X, F(xD)) is 0.
(3) If T denotes the cokernel of p, then the following exact sequence of A-modules is exact:
0—I(X,F(xD)) —TI'(U,F) —TI'(X,T) —0.
Indeed it suffices to show that the homomorphism I'(U, F') — I'(X, T) is surjective. By quasi-

compactness and (quasi-)separation of X,

HY(X, F(*D)) = colim HY(X, F(dD)).

For d € N, since X is affine and F(dD) coherent, the cohomology group H!(X, F(dD)) vanishes
for each d € N, whence the claimed surjectivity. Equation (4.2) can be rewritten as the following
commutative and exact diagram of A-modules.

1—ft

0 MIt] MJt] —— T(X, F(+D)) —— 0
0 —— M{ty % M{ty — T, F) ——— 0

Since taking global sections is left exact, statement (2) implies that the right-most vertical arrow
is injective. According to the previous claim, the snake lemma gives the following short exact
sequence:

0 — M{t}/M[] =L M it} /M[t] — D(X, T) — 0.
1991
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Let w e R~ {0} be topologically nilpotent. An R-module is a K-vector space if and only if
multiplication by w is bijective. Because of the previous short exact sequence, it suffices to show
that M{t}/M][t] is a K-vector space. In order to do so, for m(t) € M{t}, write m(t) = > o, m;t’
with m; € M such that m; — 0 as i — co.

(Injective.) Suppose wm(t) € M|t]. Let d € N be its degree. For i > d, one has wm; =0, thus
m; =0 because F is flat over R. In other words, m(t) € M]t].

(Surjective.) Because of the convergence of m(t), there is d such that, for ¢ > d, m, is divisible
by w. For i > d let m; :=m;/w and m(t) = .o, m;t'. Then,

m(t) =wm(t) (mod M]t]),
which concludes the proof.

(1) Because of statement (2), if « is injective, then 3 is. In order to prove that « in injective,
let m € M and n(t) € M[t] such that m = (1 — ft)n(t). Write n(t) = Z?:o n;t* with n; € M. By
comparing the Taylor expansions, one obtains m =ng, n; = fn;—1 fori=1,...,d and fng=0.
Since multiplication by f on M is injective, one obtains ng =0, thus m = 0. This proves that «
is injective.

Recall that an R-module is flat if and only if it is torsion-free. In view of this, since the
natural map Cokerav — Cokerf3 is injective by statement (2), it suffices to prove the statement
for 8. In order to do so, suppose there are m(t) € M{t} and w e R~ {0} such that wm(t)
belongs to (1 — ft)M{t} + M. Let n(t) € M{t} and p € M be such that wm(t) =p+ (1 — ft)n(t).
Write m(t) =Y o0, mit’ and n(t) =Y o0, nit" with m;, n; € M. By comparing Taylor expansions,
wmgo=p+ng and, for i > 1, wm; =n; — fn;_1. In other words, modulo wM, the following
congruences hold:

no=-p, frni-i=mn;, (i21).

Moreover, by convergence, there is ig € N such that n; is divisible by w. On the other hand,
because of Lemma 4.5(1), multiplication by f is injective on M /M. It follows that n; is divisible
by @ for all i €N, thus p is also divisible by w. Set p=p/w, i, =n;/w and A(t) =D oo, At'.
(Note that this makes sense because M is torsion-free.) Since the R-module M{t} is torsion-free,

m(t) =p+ (1 - ft)n(t),
that is, the image of m(t) in the cokernel of /3 is 0.
(4) Statement (3) implies |p(f)llrw,r) = Ifllrx,F) for each feT(X,F). According to
Lemma 4.4, p is an isometric embedding between complete metric spaces. It follows that the
image is closed. 0

Proof of Theorem 4.3. Let j: U — X be the open immersion of U in X. Note that the situation
here is no longer local, so X cannot be taken to be affine, contrarily to what done in the proof
of the previous lemma. In particular, one needs an argument finer than simply approximating
power series by polynomials. To do so, Lemma 4.6 implies that the natural map F'(xD) — j.j*F'is
injective. By taking global sections, one sees that the map p: I'(X, F/(xD)) — I'(U, F) is injective.
Let @ € R~ {0} be topologically nilpotent. For an R-scheme S, let S,, denote its base-change
to R/w™R. Let s: Ox — Ox (D) be the canonical section. In order to show that the image of p
is dense, one has to prove that given f € I'(U, F) and an integer n € N, there are a non-negative
integer d € N and g € I'(X, F'(dD)) such that fjy, =gy, Let f €'(U, F') and n € N. Because of
Lemma 4.5(1), for each d € N, the map oy : I'(X,, F(dD)) = I'(U,, F) is injective. Let d,, be
the smallest integer d such that there is a section g € I'(X,, F(dD)) mapping to fjy,, and let

1992

https://doi.org/10.1112/S0010437X25102467 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X25102467

AFFINE VERSUS STEIN IN RIGID GEOMETRY

fni= ognln( fiu,,). For non-negative integers m > n, the commutativity of the following diagram
implies d,, > d,.
D(Xom, F(dmD)) =" T(Up, F)

\L.‘Xn \L'\U“

[(X,, F(dyD)) —2" T(Uy, F)

The map s% 9 : I'(X,, F(d,D)) —T'(X,, F(d,D)) is seen to be injective by applying
Lemma 4.5 (1) with d =d,, and i =d,,, — d,. It follows that
Sdmidnfn = fm\Xn-

CrLamM 4.7. For feI'(U, F) and m,n € N with m > n, there is g, € I'(X,y,, F'(d,, D)) such that
gm|Xn = fn
Proof of the claim. Let i:=dy, —d,. Because of the equality f,x, =s'f,, the image of the
section s'f,, in ['(X,, F(dnD))/T (X, F(dyD)) is zero. However, by Lemma 4.5, the map

i, (X, F(dnD)) — T'(Xn, F(dmD))

" T(Xp, F(dn,D)) X, F(dnD))

is injective. Therefore, the image of f,, in I'(X,,, F(d,D))/T(Xm, F(d,D)) is also zero. In other
words, there is gn, € I'(Xy,, F((d, D)) such that g, x, = fn- O

By hypothesis there are an affine admissible formal R-scheme Y and proper morphism
of formal R-schemes o: X —Y. Since o is proper and Y is affine, the projective system
(IN( X, F(dnD)))m>n satisfies the Mittlag-Leffler condition. In the discretely valued case, this is
one the key ingredients of the proof of the formal GAGA theorem in [EGA III, Corollaire 4.1.7]
(see also [FGIT05, 8.2.7, p. 191]); the general case can be found in [Abb10, Corollaire 2.11.7]
and [FK18, Proposition 1.11.3.3 and Lemma 0.8.8.5 (2)]. For m > n let

pm: T(Xom, F(dnD)) — (X, F(dnD))

be the restriction map. According to the claim, the set E,, = p,}(f,) is non-empty, so that the
projective limit of the projective system (Ep,)m>n is non-empty [Stal9, Lemma 0597]. In other
words, there is goo € limyen I'(Xy, F(d, D)) such that g, x, = fn. To conclude, let E be a flat
coherent Ox-module. The comparison theorem in formal geometry (see [EGA III, Corollaire
4.1.7] or [FGIT05, Theorem 8.2.6.1] in the Noetherian setting, or [FK18, Theorem 0.9.2.1] in the
general case) states that the natural map

vp: (X, E) — lim I'(X,,,, F)

m>n

is an isomorphism. One concludes the proof by taking g to be the preimage of g, under the
above isomorphism for E := F(d,D). O

5. A Remmert factorization theorem with boundary

Let K be a complete non-trivially valued non-Archimedean field. The analogue of Theorem 4.3 in
the context of analytic spaces is naturally stated for holomorphically convex spaces. In absence
of boundary these spaces have been characterized in [MP21, Theorem 6.1] as being proper over
boundaryless Stein spaces: this is what is called the Remmert factorization theorem in complex
analysis. However, affinoid spaces do have boundary and in order to include them we present
here a version of Remmert factorization for spaces with boundary.
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5.1 Reminder on Stein spaces

We begin with a reminder on Stein spaces in the non-Archimedean framework, see also [MP21].
Recall that a K-analytic space X is said to holomorphically separable if, for z, 2’ € X distinct,
there is f € I'(X, Ox) such that |f(z)| #|f(2’)|. It is said holomorphically convez if, for each
C C X compact, the holomorphically convex hull of C,

Cx :={z e X:|f(@)| <|fllc, f €T(X, Ox)},

is compact, where || f||c =sup,cc |f(z)|. An affinoid Stein exhaustion of X is a G-cover {X; }ien
of X made of affinoid domains such that, for i € N, X; is a Weierstrass domain in X;;;. Here
we say that X is Stein if it admits an affinoid Stein exhaustion. This is what is called being
W-exhausted by affinoid domains in [MP21]. A K-analytic space Stein X is holomorphically
separable and holomorphically convex by [MP21, Theorem 1.1]. Let X be a K-analytic space
admitting an affinoid Stein exhaustion {X;};en. Then, for each coherent Ox-module F:

(1) for all i € N, the restriction map I'(X, F') — I'(X;, F') has dense image;
(2) for all g > 1, the cohomology group H?(X, F') vanishes.

Given a K-affinoid space S, closed analytic subspaces of AR2™ xS are Stein. Conversely, let
X be a Stein K-analytic space without boundary such that

sup dimyy ) Qx .z R0y, H(r) < +o0.

zeX
Then, there exist n €N and a closed embedding X < A%*". In particular, for a K-scheme of
finite type X the K-analytic space X?" is Stein if and only if there is a closed embedding closed
embedding X" < A2"" for some n € N.

5.2 Statement

Let m: X —Y be a morphism of K-analytic spaces. A Remmert factorization of m is a triple
(S,0,7) made of a Stein K-analytic space S and morphisms o: X — S, 7: S —Y such that
m =7 oo with the following properties:

(RF1) the morphism o is proper, surjective, with geometrically connected fibres, and the
homomorphism of: Og — 0,0x induced by ¢ an isomorphism;

(RF2) given a K-analytic space T and a morphism of K-analytic spaces 7: X — T set-
theoretically constant on the fibres of o, there is a unique morphism of K-analytic spaces
7: 58— T such that r=7Too.

LEMMA 5.1. Let m: X =Y be a morphism of K-analytic spaces. Assume there is a Remmert
factorization (S, o, 7) of . Let T be a holomorphically separable K -analytic space, and 7: X — T
a morphism. Then, there exists a unique morphism 7: S — T such that T=7Too.

Proof. Let z, 2’ € X be such that o(z) =o(2’). In view of property (RF2), it suffices to prove
that 7(z) and 7(2’) coincide. Suppose, by contradiction, that this is not the case. Since T is
holomorphically separable, there is a K-analytic function f on T such that | f(7(x))| # | f(7(z"))]-
Because of the isomorphism Og — 0,Ox we have 7* f = ¢*g for some K-analytic function g on
S. Then |g(o(x))| # |g(c(x'))|, whereas o(x) = o(2’). Contradiction. O

As usual, if it exists, a Remmert factorization is unique up to a unique isomorphism.

THEOREM 5.2. Let w: X =Y be a morphism of K-analytic spaces where X is separated,
holomorphically convex and countable at infinity, Y is Stein, and 7 is without boundary:.
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Then, the Remmert factorization (S,o,7) of m exists and the morphism 7 is without
boundary.

As an immediate consequence of Theorem 5.2 one obtains the following result.

COROLLARY 5.3. Let m: X — S a morphism without boundary of K-analytic spaces with
X is separated and countable at infinity, and S Stein. Then X is Stein if and only if it is
holomorphically separable and holomorphically convex.

In the rest of this section is devoted to the proof of Theorem 5.2.

5.3 Proofs

The proof of Theorem 5.2 follows closely that of [MP21, Theorem 6.1], in turn inspired by the
proof of the complex Remmert factorization theorem. In order to control boundary, we need the
following.

LEMMA 5.4. Let w: X = 5 and f: X —Y be morphisms between K-analytic spaces, and let
VCX and W CY xg S be open subsets. Consider the morphism F = (m, f): X =Y xg S. If
X is separated and 7 is without boundary, then the induced morphism F: VN F~Y (W) — W is
without boundary.

Proof. This follows by using repeatedly [Ber90, Proposition 3.1.3 (iii)]. The morphism of K-
analytic spaces m xid: X XxgY — S xg Y is without boundary. Since X is separated the
graph (id, f): X - X xg Y is a closed immersion, hence without boundary. Thus, the com-
posite morphism F':= (7, f) = (7 x id) o (id, f): X — S xx Y is without boundary; hence so is
F: F~Y(W) — W. In particular, restriction of 7 to V N F~1(W) is without boundary too because
an open immersion is without boundary. O

We recall the statement of the Stein factorization theorem [Ber90, Proposition 3.3.7] with a
slight improvement. Let f: X — Y be a proper morphism of K-analytic spaces. Then, the sheaf
of Oy-algebras A := f,Ox is coherent. Moreover, there is a (unique up to a unique isomorphism)
K-analytic space Y together with a finite morphism 7: ¥ — Y, called the Stein factorization of
f, representing the functor associating to a morphism g: S — Y of K-analytic spaces the set of
morphisms of Og-algebras g*A — Og. Concretely, when Y = M(B) is affinoid, the K-analytic
space Y is the Banach spectrum of the finite B-algebra A =I'(X, Ox). Let f X =Y be the
morphism corresponding to the morphism f*f,Ox — Ox.

LEMMA 5.5. With the above notation, we have the following properties:

1) f

(2)

(3) the fibres of f are geometrically connected;

(4) given a morphism g: X — Z which is constant on the connected components of the fibres of
f, there is a unique morphism §: Y — Z such that g=go f;

(5) the construction of the Stein factorization is compatible with extension of scalars, thus given

a complete valued extension K' of K, the Stein factorization of X xx K' —Y xx K' is

YXKK,%YXKK/.

f is proper and surjective, 7 is finite and f=mo f;
the morphism Oy — f*O x is an isomorphism;

Proof. Properties (1), (2) and (4) are proved in [Ber90, Proposition 3.3.7]. In [Ber90, Proposition
3.3.7] fibres of f are only stated to be connected. We deduce property (3) from this and the
compatibility in property (5).
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To prove property (5), let K’ be a complete valued extension of K. Let X/, Y’ and Y’ be
the K'-analytic spaces obtained from X, Y and Y, respectively, extending scalars to K’, and
let f/: X' Y, 7:Y' =Y and f: X' —>Y’ the morphisms induced by f, 7 and f, respec-
tively. It suffices to show that the natural morphism ¢*f,Ox — f.Ox- is an isomorphism, where
q: Y=Y is the base-change morphism. This boils down to prove, when Y = M(B) is affi-
noid, that the natural homomorphism of Banach B’-algebras ¢: I'(X, Ox)®@pB’ —T'(X’, Ox/)
is an isomorphism, where B’ = B&g K'. This then follows on from the natural isomorphism
['(X',0x)~T(X,Ox)®k K, see, for instance, [MP21, Theorem A.5]. This concludes the proof
of property (5).

To prove property (3), pick a point y € Y and let K’ be the completion of an algebraic closure
of the completed residue field H(y) at y. The point y defines a natural K’-point 3’ of Y’. The
base-change to K’ of f_l(y) is the fibre f” at ¢/, thus we need to show that this is connected. By
property (5) the Stein factorization of f’ is 7/, thus the fibre of f’ at 3/ is connected by [Ber90,
Proposition 3.3.7]. O

We first prove Theorem 5.2 when the target is affinoid.

LEMMA 5.6. Let m: X — Y be a morphism of K-analytic spaces. Suppose that the K-analytic
space X is separated, holomorphically convex and countable at infinity, the K-analytic space Y
is affinoid, and the morphism 7 is without boundary. Then, the Remmert factorization (S, o, 7)
of m exists and the morphism 7 is without boundary.

Proof. Let {C;}i>0 be an exhaustion of X by compact subsets such that, for each i, C; is the
closure of its interior and C; is contained in the interior of Cj ;. Set

7”L71:0, Xfl :U71:W,1:®.

For ¢ > 0, we construct inductively an integer n; > 0, a relatively compact open subset U; of
X, a compact analytic domain X; of U;, an open subset W; of Ay"*" and K-analytic functions
fri_i+1,-- -, fn, on X such that:

(1) the morphism (fi,. .., fa,, m): X — AY"™ induces a proper morphism F;: U; — W;;
(2) Di:=D([|fille,u, s - - - Ifnlle,um, ) XK Y is contained in W;; and
(3) X;:=F, '(D;) NU; contains the holomorphically convex hull of C; UT;_1.

Set C!:=C; UU;_1 and consider a relatively compact open subset V; C X containing the
holomorphically convex hull of C! in X (which is compact since X is holomorphically convex).
Let dV; be the topological boundary of V; in X. Since 9V} is compact, there are K-analytic
functions fp, ,41,..., fn, on X such that, for all x € 9V},

£

Set Wi := A" N F;(0V;) and U; =V; N F; 1 (W;). Property (1) holds because the morphism
F;: Uy — W; induced by (f1,..., fn,,7): X = Ay is without boundary (Lemma 5.4) and F;
is topologically proper by construction, thus proper [Ber90, p. 50]. Properties (2) and (3) hold
by construction. Let X; denote D; Xy, U;. The morphism X; — D; induced by F; is proper. Let
Fi: S; — ID; be the Stein factorization of the proper morphism F; and o;: X; — S; the induced
morphism. The morphism S; is finite, hence S; is affinoid, thus Stein. It follows from Lemma 5.5
that (S;, oy, Z*:'z) is the Remmert factorization of F;. In particular, for each 7 € N, the Banach
K-algebra O(X;) is affinoid. Moreover, for i € N, the restriction map O(X;11) — O(X;) is a
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bounded homomorphism of K-affinoid algebras and it induces a morphism of K-affinoid spaces
E;: Sz — Sz'—i—l-

CrAaM 5.7. The map ¢; identifies S; with a Weierstrass domain of S; 1.

The proof of the claim is by any means analogous to the that of [MP21, Claim 6.3]
and we do not repeat it here. Consider the K-analytic space S =|J;cyS: and the morphism
o: X — 5 obtained by glueing the morphisms ¢;. The K-analytic space S is Stein by defi-
nition. Properties (RF;) and (RF3) are deduced from the properties of o;, for i € N. (Note
that, for each i € N, the preimage 0~1(5;) of S; is X;.) The morphism 7 is seen to be without
boundary because o is surjective and the morphism 7 is without boundary [Ber90, Proposition
3.1.3 (ii)]. O

Let Homg (Y, X) denote the set of morphisms between some K-analytic spaces X and Y. If
X and Y are countable at infinity, let Homg_,1,(O(X), O(Y')) be the set of K-algebra homomor-
phisms O(X) — O(Y) that are continuous with respect the natural Fréchet topologies on O(X)
and O(Y).

ProPOSITION 5.8. Let X and Y be K-analytic spaces countable at infinity with X Stein. Then
the following map is bijective:

Homp (Y, X) — Homp 1g(O(X), O(Y)), f:Y =X ff: O(X) = O(Y).

Proof. By the very definition of morphisms between K-analytic spaces, the statements holds
when X is a K-affinoid space.

(Injective.) Let f1, fo: Y — X be morphisms of K-analytic spaces. Let {Y; }ien be a G-cover
of Y by compact analytic domains such Y; C Y;41 for all i € N. Let {X;}ien be an affinoid Stein
exhaustion of X. Since Y; is compact for any i € N, we may replace {X,}ien by a subsequence
such that f,(Y;) C X; for any i € N and o =1, 2. The morphism f, then induces a morphism
fait Yi = X;. Suppose ff = f§ For i € N, the K-algebra O(X) is dense in the affinoid K-algebra
O(X;). Therefore, the continuous homomorphisms

fEi 550 O(X:) — O(Y7),

induced by f1; and fs; coincide. By the affinoid case, the morphisms f1; and fo; are the same.
Since 7 € N is are arbitrary, one deduces f; = fs.

(Surjective.) Let ¢: O(X) — O(Y) be a continuous K-algebra homomorphism. Let {Y; };en be
a G-cover of Y by compact analytic domains such Y; C Yy for alli € N. For i € N, let || - ||y;; be
a norm on the Banach K-algebra O(Y;) defining its topology. By the definition of the topology
on O(X) and O(Y) and the continuity of ¢, for each ¢ € N, there is a real number R; >0, a
compact analytic domain X; of X and a norm || - || x; defining the topology of O(X;) such that,
for all f e O(X),

lo()llv,i < Rill fllx .-

Arguing by induction and by possibly enlarging X;, we may assume that the collection {X;}ien
is an affinoid Stein exhaustion. By density of O(X) in O(Xj;), the homomorphism ¢ induces a
continuous homomorphism of Banach K-algebras ¢;: O(X;) — O(Y;). By the affinoid case, for
each ¢ € N, there is a unique morphism of K-analytic spaces f;: ¥; — X; such that the induced
homomorphism ff: O(X;) = O(Y;) is ¢. Moreover, by density of O(X) in O(X;) and O(X;+1),
the following diagram is commutative.
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Here the vertical arrows are the inclusions. Therefore, the morphisms f; glue to a morphism
f:Y — X such that ff=. O

LEMMA 5.9. Let m: X — Y be a morphism of K-analytic spaces with X Stein and Y affinoid.
Let Y' CY be a Weierstrass domain and X' :=7~(Y"). Then:

(1) the K-analytic space X' is Stein;
(2) for any affinoid Stein exhaustion {X|}ien of X', there is an affinoid Stein exhaustion {X; }ien
of X such that, for each i € N, X! is a Weierstrass domain of X;.

Proof. By definition of a Weierstrass domain there are fi,..., f, € ['(Y,Oy) and real num-
bers ri,...,r, >0 such that Y ={yeY:|f;(y)|<rj,j=1,...,n}. Given an affinoid Stein
exhaustion {W; }ien of X define, for i € N,

={zeW;:|fj(r(z))|<r;, j=1,...,n}

(1) The collection {W/};cn is an affinoid Stein exhaustion of X'

(2) Note that, for each i € N, the K-affinoid space W/ is a Weierstrass domain of W;. Let
{X/}ien be affinoid Stein exhaustion of X’. Then, there is an increasing function 7: N — N such
that, for each ¢ € N, X/ is a Weierstrass domain in W; ()" For the latter, note that it suffices
that X is contained in W/ (i) because the restriction map O(X') — O(X)) has a dense image,

thus a fortiori O(W/) — O(X]) has a dense image. In particular, the affinoid Stein exhaustion
{W+) }ien does the job. O

LEMMA 5.10. Under the hypotheses of Proposition 5.6 let (S, o, 7) be the Remmert factoriza-
tion of m and Y' CY a Weierstrass domain. Then (S xy Y, 0|xx,y", T|sx,y’) is the Remmert
factorization of T xy  y:-

Proof. By definition of Weierstrass domain, there are fi,..., f, € (Y, Oy) and 71, ...,7,>0
such that Y ={y €Y :|fi(y)| <r; for all i=1,...,r}. In particular,

X' =XxyY ={zeX:|fi(r(x))|<r; foralli=1,...,7}.

The K-analytic space X' is holomorphically convex. Indeed, given a compact subset of C'C X, !
it follows from the description that C'y is contained in X’. On on the other hand, Cyx is compact
because X is holomorphlcally convex and C '/ is closed in CX NX = CX, thus C 'x+ is compact.
The morphism 7’: X’ — Y is without boundary and Y is affinoid. Therefore, by Proposition 5.6,
the Remmert factorization (S’,0’,7’) of 7’ exists. By Lemma 5.1, there is a unique morphism
¢: §'— S such that o|x,=poo’. By the open mapping theorem of Fréchet spaces [Sch02,
Corollary 8.7] the continuous isomorphisms af : O(S xy Y') = O(X') and ¢’ : O(S") = O(X")
induced by the proper morphisms o)y, and o', respectively, are homeomorphisms. It follows
that the homomorphism ¢*: O(S xy Y’) — O(S’) induced by ¢ is an isomorphism of Fréchet
algebras. Since S xy Y’ and S" are Stein (Lemma 5.9), Proposition 5.8 implies that ¢ is an
isomorphism. O

Proof of Theorem 5.2. Let {Y;}ien be an affinoid Stein exhaustion of Y. For each i €N, set
X; :=71(Y;). By Proposition 5.6, the Remmert factorization (S;, oy, 7;) of m: X; — Y; exists.
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Moreover, by Proposition 5.10, the Remmert factorization (S;, o;, 7;) is canonically isomorphic
to (S, 0iy1|s, Tig1)s:), where S; := 7" 1(Y;41). In what follows, we identify S; with S! through
the preceding canonical isomorphism. Thanks to Lemma 5.9, construct by induction for each
i € N, a W-exhaustion by Weierstrass domain {S;;}jen of S; such that, for / <i and j € N, the
affinoid space Sy; is a Weierstrass domain in S;;. It follows that {Sj}ien is an affinoid Stein
exhaustion of the K-analytic space S =J,;cy Si- Properties (RF1) and (RF3) are deduced from
those of o;, for i € N. Analogously, the morphism 7 is seen to be without boundary. O

6. Approximating essential singularities by poles: the analytic case

Let R be the ring of integers of a field K complete with respect to a non-trivial non-Archimedean
absolute value.

6.1 Statements

Given a coherent sheaf F' on a K-analytic space X the topology on its global sections is defined
as follows. If X = M(A) is the Banach spectrum of a K-affinoid algebra A, then the A-module
['(X, F) is finitely generated. The topology on I'( X, F') is induced via some surjective homomor-
phism A" — I'(X, F') of A-modules by the one on A. It does not depend on the choice of said
surjection. When X is arbitrary, the topology on I'(X, F) is the coarsest one for which, given an
affinoid domain V' C X, the restriction map I'(X, F') — I'(V, F) is continuous. If V is an affinoid
G-cover of X, the restriction map induces a homeomorphism

I'(X,F) =5 lim T(V, F),
vey

the target being endowed with the usual topology on the projective limit. If X is reduced
and F' = Ox, then the so-defined topology coincides with the topology of uniform convergence
over compact subsets of X. The main result of this section is the analogue of Theorem 4.3
in the context of analytic spaces. In order to state it, we need to construct the sheaf of func-
tions with polar singularities. We begin with the following general lemma, which will be used
repeatedly.

LEMMA 6.1. Let X be a compact analytic space and (F;, ;)i jer a directed system of sheaves
of sets for the G-topology on X. Then, the canonical map is bijective

colim I'(X, F;) — I'(X, colim F}).
iel el
Proof. Strictly speaking, one cannot apply directly [Stal9, Lemma 009F (4)] because the state-
ment there is for a honest topological space, instead of a mere site. However, the proof goes

through wverbatim replacing open subsets by compact analytic domains and open covers by
G-covers. O

We are now in position to define the sheaf of functions with polar singularities.
LEMMA 6.2. Let D be an effective Cartier divisor in a K-analytic space X and F a coherent

sheaf of Ox-modules. Let j: X ~. D — X be the open immersion.

(1) If X is compact, then the maps F(dD) — F(xD) induce an isomorphism

cgéién ['(X, F(dD)) —T(X, F(xD)).

(2) The restriction map F(xD) — j.j*F is injective.
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Proof. (1) This follows from Lemma 6.1. (2) The statement is local on X, thus we may sup-
pose X affinoid and Ip is principal. Let A=T(X,0Ox), f€ A a generator of I'(X, Ip), and
teT'(X, F(xD). According to (1) the section ¢ comes from one of F'(iD) for some i € N that we
denote again by t. Suppose that ¢ vanishes identically on U = X ~. D. Let Y be the support of
t, that is, the support of the coherent Ox-submodules tOx of F. If J is the annihilator ideal of
tOx, then Y = M(A/J). By assumption Y is set-theoretically contained in D, hence f vanishes
identically on Y. According to [Ber90, Proposition 2.1.4 (i)], there is a positive integer d > 1 such
that f? < .J. In other words, ¢ lies in the kernel of the map I'(X, F(iD)) — I'(X, F((i + d) D)),
s+ f%s. Therefore, the image of ¢ in I'(X, F(*D)) vanishes. O

We are now in position to state the main result. Recall that an Ox-module over a ringed
space X is said to be semi-reflerive if the homomorphism F — FVV is injective.

THEOREM 6.3. Let D be an effective Cartier divisor in a separated holomorphically convex K-
analytic space X. Assume there is a morphism without boundary X — S of K-analytic spaces
with S Stein. Then for any semi-reflexive coherent Ox-module F' the natural map

I'X,F(xD))—T(X D, F)
is injective, and has a dense image.

It is sometimes useful to combine Theorem 6.3 with the following non-density result. To
state it, say that an open subset U in a K-analytic space X is scheme-theoretically dense if the
homomorphism of Ox-modules Ox — 7.0y is injective, where j: U — X is the open immersion.
If this is the case, for any coherent O x-module F', the natural morphism FY — j,j*F" is injective.
In particular, if F' is semi-reflexive, then F'— j,j*F is injective.

PROPOSITION 6.4. Let Z be a closed analytic subspace of a Hausdorff K-analytic space X.
If X \ Z is scheme-theoretically dense, then for any semi-reflexive coherent Ox-module F' the
restriction map

p: (X, F)—T(X\NZF)

is a homeomorphism onto its image and its image is a closed subset.

The rest of this section is devoted to the proof of these results.

6.2 Extension of semi-reflexive modules

When X is proper Theorem 6.3 will be deduced from Theorem 4.3 by passing to the generic
fibre. However, to do so we need to extend modules from the generic fibre to the formal
scheme preserving the hypotheses needed to apply Theorem 4.3. To start with recall that
coherent sheaves can be extended from the generic fibre to the formal scheme. More precisely,
let X be a quasi-compact admissible formal R-scheme and Fj be a coherent Ox, -module.
Then there is a coherent Ox-module F' flat over R and an isomorphism F, = Fg. See [Liit90,
Lemma 2.2] in the discretely valued case and [BL93, Proposition 5.6], [Abbl0, Proposition
5.6] or [FK18, Corollary II.5.3.3] in the general case. Note that, for a coherent sheaf F' on a
X, the natural homomorphism I'(X, F') @ g K —I'(X,), F;)) is an isomorphism. The task here
is to preserve the semi-reflexivity and the flatness on the Cartier divisor. We start with the
following.

LEMMA 6.5. Let I be a coherent sheaf flat over R on an admissible formal R-scheme X. If F},
is semi-reflexive, then F' is semi-reflexive.
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Proof. The statement is local on X, thus one may suppose that X = Spf(A) is affine, where A is
a topologically finitely presented flat R-algebra. Let M :=T'(X, F'). With this notation, we have
['(Xy, Fy) =M @ K and T'(X,), F,V) = (M ®g K)"". Since M is finitely generated and K is flat
over R, the natural homomorphism M"Y @r K — (M ®g K)VV is an isomorphism. Consider the
following commutative diagram.

M—— MYV

[+ |

MopK <2 MY o K

The homomorphism « is injective because M is flat over R, whereas 3 is injective because F, is
semi-reflexive. It follows that M — MV is injective. O

LEMMA 6.6. Let X be a quasi-compact admissible formal R-scheme. Let D be an admissible
effective Cartier divisor in X. Let F' be a coherent Ox-module.
Then, FV is D-torsion-free, and FV and FI% are flat over R.

Proof. The statement is local on X. Therefore, one may assume that X = Spf(A) is affine, for
a topologically finitely presented flat R-algebra A, and the divisor D is given by the ideal fA
for some non-zero divisor f € A. Let M :=T'(X, F'). The A-module Hom (M, A) is D-torsion-
free because f is a non-zero divisor in A. In order to show that the A-modules Hom4 (M, A)
and Homg (M, A) ®4 A/ fA are flat, it suffices to show that they have no w-torsion, for any
w € R~ {0}. Let we R~ {0}. The A-module Hom4 (M, A) is w-torsion-free because w is a
non-zero divisor in A. Concerning Hom 4 (M, A) ® 4 A/ f A, given a homomorphism of A-modules
¢: M — A such that we = f1i) for some ) € Homy(M, A), one needs to show that there is
¢ € Homy (M, A) such that ¢ = f¢'. Let ¢: M/fM — A/ fA be the homomorphism induced by
o. If wp = fi) for some ¥ € Hom 4 (M, A), then wg is 0. However, multiplication by @ on A/fA
is injective because the Cartier divisor D is admissible. Therefore, the homomorphism ¢ is 0.
Since the multiplication by f on A is injective, this means that ¢ can be written as f¢’ for some
¢’ € Homy (M, A). O

LEMMA 6.7. Let D be an effective Cartier divisor in a quasi-compact admissible formal R-
scheme X. Let F' be a coherent O x-module which is D-torsion-free, flat over R, and such that
F\D is flat over R. Let E C F be a coherent Ox-submodule. Then, the coherent O x-module

Esat = Ker(F — [F(*D)/E(*D)]K)

is D-torsion-free, flat over R, Elsgt is flat over R, E,(xDy) = Ex*'(xDy) and E|x p), = EF&\D%.
Proof. The statement is local on X . Therefore, one may assume that X = Spf(A) is affine, where
A is a topologically finitely presented flat R-algebra, and D is a principal Cartier divisor whose
ideal is fA for a non-zero divisor f € A. Let M :=T(X, E), M":=T(X, E%") and N :=T[(X, F).
Let A := A®pg K. With this notation,

M'=Ker(N — (N/M) @4 Ak[1/f]).

The A-module N has no R-torsion, thus M’ has no R-torsion too. It follows that M’ is flat
over R. Analogously, the multiplication by f on N is injective, thus it is injective also on M’.
By definition, N/M' injects into (N/M) ®4 Ak[1/f], hence N/M’ is flat over R. It follows from
Lemma 3.2(2) that M’ is finitely generated. It remains to prove that M’/ fM’ is R-torsion-free.
Suppose there are m, m’ € M’ and @ € R~ {0} such that com = fm’. We want to show that there
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is m” € M’ such that m = fm”. Now, multiplication by @ on N/fN is injective, therefore there
is n € N such that m = fn. Since f is invertible in Ax[1/f], n=m/f belongs to M ®4 Ax[1/f].
Therefore, n belongs to M’, and m” =n does the job. The first isomorphism follows from the
equality M @4 Ag[1/f]=M'®4 Ak[1/f], which holds by definition of M’. To prove the second
isomorphism, one has to show that the homomorphism ix: M ®4 Ag{1/f} = M' @4 Ax{1/f}
is an isomorphism. The homomorphism i is injective because the A-algebra Ax{1/f} is flat.
Let m’ € M'. By definition of M’, there are w € R\ {0} and a non-negative integer n € N such
that @ f™m’ belongs to M. Since both @ and f are invertible in Ax{1/f}, one can consider the
element m:=wf"m' @1/(wf") of M @4 Ax{1/f}. Clearly, m maps to m’ via ix. This shows
that i is surjective. O

LEMMA 6.8. Let D be an admissible effective Cartier divisor in a quasi-compact admissible
formal R-scheme X and Fk a semi-reflexive coherent sheaf on X,,.

Then, there exist a coherent Ox-module F' flat over R and D-torsion-free such that Fip is
flat over R, and an injective homomorphism of Ox, -modules F — F}, inducing isomorphisms
FK(*Dn) = Fn(*Dn) and FK|Un = F’?lUn'
Proof. Let E be a coherent Ox-module flat over R such that F, = Fg. By Lemma 6.5 E is
semi-reflexive because so is Fi. By Lemma 6.6 the coherent Ox-module EVV is D-torsion-
free, flat over R, and Evg is flat over R. According to Lemma 6.7, the coherent Ox-module

F:=Ker(EVY — [EVV(xD)/E(xD)]k) does the job. O

6.3 Proof of Theorem 6.4

We begin with the proof of Theorem 6.4 which is somewhat easier and does not make use of
Theorem 4.3. To reduce to strict spaces we will use the following.

LEMMA 6.9. Let F' be a coherent sheaf on a K-analytic space X and K' a complete valued
extension of K. Then, the natural homomorphism I'(X, F) — T'(X’, F"), where X' and F' are
obtained from X and F' by extending scalars, is a homeomorphism onto its image and its image
is closed.

Proof. One may assume F = Oy replacing X by the total space p: V(F) — X of the dual of
F, i.e. the analytic space representing the functor associating to a morphism of K-analytic
spaces f: Y — X the set of morphisms F' — f,Oy of Ox-modules. Indeed, the universal property
applied to p yields a morphism F — p.Oyr) which identifies I'(X, F) with a closed subset of
L(V(F), Oy(r)). To see this last claim, consider the morphisms o, pry: Ay x V(F) = V(F) where
o is the natural action by homotheties on fibres and pr, the second projection. Then F' can be
identified with the kernel of the morphism f~ o*f — zpr3f, where z is the coordinate on the
affine line. Now, because of the definition of the topology on the global sections of a coherent
sheaf, by taking an affinoid G-cover one reduces to the case where X is affinoid. Once X is
supposed to be affinoid, by embedding it as a closed subspace of a closed disc, one reduces to
the case X =D(ry,...,ry,) for r1,...,r, € Ryg. The statement for the map

F(X, Ox) :K{tl/n, Ce ,tn/Tn} —)P(X/,O/X) :K/{tl/?“l, Ce ,tn/Tn},

is clearly true, the topology on both sides being defined by Gauss norm with respect to the radii
r1,...,7n. This concludes the proof. O

The following lemma permits us to enlarge our domain.

2002

https://doi.org/10.1112/S0010437X25102467 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X25102467

AFFINE VERSUS STEIN IN RIGID GEOMETRY

LEMMA 6.10. Let X be a quasi-compact admissible formal R-scheme. Let Z be a closed
admissible formal subscheme of X. Let C' be a compact subset of X, \ Z,.

Then there is € >0 such that every w € R~ {0} with |w| < ¢ has the following property: if
7m: X' — X denotes the admissible blow-up of X along wOx + I; and Z' the strict transform
of Z in X', then m, ' (C) C (X' \ Z),.

Proof. By taking a finite open affine covering of X, one reduces to the case where X = Spf(A)
is the formal spectrum of a flat topologically finitely presented R-algebra A. Let fi,..., f, be
generators of I :=1'(X, Iz). Given z € X,, \ Z,, there is at least one among f1, ..., f, which does
not vanish at z, thus by compactness of C' we have ¢ := mingec max{|fi(x)|,...,|fr(x)|} >0.
Let w e R~ {0} be such that |w|<e. Let 7: X’ — X be the admissible blow-up of X along
wOx + Iz. By writing fo = w the blow-up X’ is covered by the affine open subsets X/ = Spf A;
with

Aii= A{fj/ fi}jri = [A{tis} i/ (f5 = tij fi) j2il / (fi-torsion).
Let Z' be the strict transform of Z in X’.

CLAIM 6.11. The strict transform Z’ is contained in X|.

Proof of the claim. The intersection of Z' with X/ is the closed subscheme corresponding to
the ideal I; =Ker(A; — [A;/IA;]®r K). If i>1, then w belongs to I; because it can be
written as w =t;of; € I;. On the other hand, w is invertible in A; ®g K, thus 1 belongs to
I;. This means that Z’ does not meet X/ for all >1 and, consequently, Z’' is contained
in X. O

CrLAmM 6.12. The compact subset 7777_1(0) does not meet (X()y.

Proof of the claim. For = € (X{)),, one has |f;j(z)| < |w| <e for all i > 1. Instead, by the choice

of ¢, given a point = € 7r;1(C') there exists i € {1,...,n} such that |f;(x)| > €. O

From the previous claims one draws the following chain of inclusions:

T, (C) C(XTU---UX]), C (XN Z')y,

which proves the statement. O

Proof of Theorem 6.4. According to Lemma 6.9 one may suppose that the K-analytic space X
is strict. In this case the proof consists of three steps of increasing generality.

Step 1. Suppose that X is compact and Z is an effective Cartier divisor. In this step, write
Xk, Zix and Fg instead of X, Z and F. It suffices to prove the following: given a compact
analytic domain C' C X \ Zk, there is a compact analytic domain C' C Xi \ Zx containing
C such that the restriction map I'(Xg, Fx) — I'(C', Fi) is a homeomorphism onto its image.
Indeed, the image will be automatically closed because I'(X g, Fk) and I'(C’, F) are Banach
spaces. According to Theorem 3.7, there are a quasi-compact quasi-separated admissible formal
R-scheme X and an admissible effective Cartier divisor D in X whose generic fibres are X and
Zx, respectively. Up to replacing X by its blow-up along wOx + Ip for some w € R non-zero
and D by its strict transform, by Lemma 6.10 and Proposition 3.12 one may assume C = U,
where U = X ~ D. According to Proposition 6.8, there are a coherent Ox-module F' and an
injective homomorphism of Ox,-modules ¢: Fx — F, inducing an isomorphism of Oy, -modules
Fru, ~ Fyu,- Now we have I'(X g, Fy)) ='(X, F') ®g K and I'(Uy, F;;)) =T'(U, F') @ K because
X and U are quasi-compact and quasi-separated. Therefore, by Lemma 4.6(4), the restriction
homomorphism I'(X g, F;)) = I'(U,, F;,) is an isometric embedding. On the other hand, the exact

2003

https://doi.org/10.1112/S0010437X25102467 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X25102467

M. MACULAN AND J. POINEAU

sequence
00— F(XK, FK) — F(XK, F77) — F(XK, Cokeu)

shows that the image of v: I'(Xg, Fx) = I'(Xk, F))) is closed. Banach’s open mapping theorem
implies ¢« maps I'( Xk, F) into a closed subset of I'(Xg, F;)). This concludes the proof in this
case.

Step 2. Suppose X compact. Let 7: X’ — X be the blow-up of X along Z. Let 2’ =n~1(2),
and U' = X'\ Z’, so that the induced map 7: U’ — U is an isomorphism. The coherent Ox-
module 7* F' may fail to be semi-reflexive. Nonetheless, its image F” in (7*F)VV is semi-reflexive,
being a sub-Ox -module of a semi-reflexive one. The composite homomorphism of Ox-modules
p: F—mn*F — 7w, F' is injective. Indeed, let j: U — X, j': U’ — X’ be the open immersions.

Then the following diagram of O x-modules is commutative.

F— mF

! [

JJ*F ———= m . F'

Here the vertical arrows are injective because U (respectively, U’) is scheme-theoretically dense
in X (respectively, X') and F (respectively, F’) is semi-reflexive, and the lower horizontal arrow
is an isomorphism because 7: U’ — U is. It follows that F — m,F’ is injective. Taking global
sections, one obtains the following commutative diagram.

I'(X,F) — I(X', F")

[ [

I'(U,F) —~ (U, F)

Here the lower horizontal arrow is a homeomorphism and the rightmost vertical is a home-
omorphism onto its image which is closed in the target. To conclude, it suffices to show
that T'(X, F) = T'(X’, F’) is a homeomorphism onto its image and its image is closed. To
do so, remark that the Ox-module 7,F" is coherent because 7 is proper. From the exact
sequence

0—T(X,F)—T(X',F') — T'(X, Cokeryp),

one deduces that I'(X, F) —T'(X’, F’) is injective and has closed image. By Banach’s open
mapping theorem, it induces a homeomorphism of I'(X, F') with its image.

Step 3. Let V be an affinoid G-cover of X. Then {V \ Z}y ¢y is a G-cover by analytic domains

of X \ Z and
X, F)=lim I'(V, F),
Vey
NXNZ,F)=1lmI'(VNZF).
Vey
The statement follows by applying the preceding case. O

6.4 Proof of Theorem 6.3 in the compact case

We first prove Theorem 6.3 when the K-analytic space is compact. To do this it is convenient to
say that a K-analytic space X is proper over affinoid if there is a proper morphism of K-analytic
spaces X — Y with Y affinoid. Here we prove the following.
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THEOREM 6.13. Let D be an effective Cartier divisor in a K-analytic space X which is proper

over affinoid. Then, for any semi-reflexive coherent Ox-module F', the natural map
INX,F(xD)) —T(X D, F)

is injective, and has a dense image.

We reduce first of all to case where the K-analytic space in question is strict. For, consider
T1, ..., >0 linearly independent in the Q-vector space R~g/+/|K*|. Then the completion K,
of the K-algebra K[tf, ..., tF] with respect to the norm

Z Cqt®

aczZn

Ca|r?

= 1max
aczZm

r

is a field by [Ber90, p. 22| where t* =¢{* ---t%» and r® =r]* --- 2. For a K-analytic space X
let X, be the K,-analytic space obtained from X by extending scalars to K. Given a coherent
sheaf F on X let F, the coherent sheaf on X, deduced from F. Suppose X compact and let
| - lx be a norm defining the topology of I'(X, F). Then and I'(X,., F,) =T'(X, F)®x K, and a
norm || - ||x, defining the topology of I'(X,, F}.) is given by

> fat®

aczZn

o e 1 allxr.

To reduce to strict spaces we need to be able to descend density in global sections.

LEMMA 6.14. Let D be an effective Cartier divisor in a compact K-analytic space X and F a
coherent Ox-module. If the restriction I'(X,, F,.(xD,)) — T'(X, \ D,, F}) is injective and has a
dense image, then so does I'(X, F(xD)) - I'(X \ D, F).

Proof. Let U=X \ D, feI'(U, F) and C CU a compact analytic domain. For d € N let || - || x 4
and || - ||c be norms defining the topology respectively on I'(X, F'(dD)) and on I'(C, F'). Via the
isomorphism I'(C, F') =2 T'(C, F(dD)) one deduces a norm on I'(C, F(dD)) defining its topology:
with an abuse of notation, denote it again by | -|c. Let € >0. By hypotheses, there exists
g€ (X,, F,.(xDy)) such that || f — g||c, <e. Now g € I'(X,, F,.(dD,)) for some d € N because

I'(X,, F,(+D,)) = colimgey I'(X,, F(dD,))

by compactness of X, and Lemma 6.1. Write g =3 ;. gat® with sections g, € I'(X, F(dD))
such that ||g.| x,qr® — 0 as |a| = co. Since the restriction map I'(X, F'(dD)) — I'(C, F(dD)) is
continuous, there is a real number R > 0, such that ||g4||c < R||gal|x.q for all @ € Z". Thus, the
series ). czn gat® converges on C, and

i — i a .
15 =~ glle. = max {If =l laallor”)

In particular, ||f — g|lc, <e implies ||f — gol|c <e. This shows that I'(X, F(xD)) is dense in
(U, F). O

Proof of Theorem 6.13. Write X instead of X and similarly for D and F. Thanks to
Lemma 6.14, up to extending scalars, one may suppose that Xy admits a proper morphism
with strictly affinoid target. Let C C Xi \ Dk be a compact analytic domain. We want to
show that I'( Xk, Fx(*Dg)) is dense in I'(Xx \ D, Fi) with respect to a norm || - ||¢ defining
the topology of I'(C, F). According to Theorem 3.7 there are a proper over affine admissi-
ble formal R-scheme, an admissible effective Cartier divisor D in X and an isomorphism of
K-analytic spaces ¢: X; — X inducing an isomorphism D, = Dk . Let U = X \ D. Thanks to
Proposition 6.8, there are a coherent Ox-module I, flat over R, D-torsion-free and such that Fip
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is flat over R, and an injective homomorphism of Ox, -modules Fx — F}, inducing isomorphisms
Fi (xDy) = Fy(xDy) and Fgy, = Fyy, . For d € N, the natural homomorphisms

I'(X,F(dD)) ®r K — I'(Xk, Fx(dDk)), T'(U,F)®rK —T(U,, Fk),
are isomorphisms. In what follows, these identifications are understood.

CLAIM 6.15. Up to replacing X by its blow-up along wOx + Ip for some w € R ~\ {0}, one may
assume C'=U, and | - ||¢ to be the norm induced by the R-module I'(U, F).

Proof of the claim. According to Lemma 6.10, there is w € R\ {0} with the following property.
Let m: X’ — X be the admissible blow-up of X along wOx + Ip. Let D’ C X’ be the strict
transform of D and U’ = X'~ D’. Then =, '(C) is contained in U;. Since the restriction map
LU}, 7*Fg) = D(m, ' (C), 7 Fk) is continuous, one may suppose m, ' (C)=U,. Moreover, by
Proposition 3.12, the strict transform D’ of D in X’ in an admissible effective Cartier divi-
sor. Concerning the choice of the norm, density in I‘(U{Y, 7" F) only depends on its topology.
Therefore, it suffices to test density for a norm defining its topology: the norm induced by the

R-module T'(U’, 7* F') definitely falls into this category. O

Henceforth suppose C'=U,. The natural map I'(X, F(xD)) = T'(U, F) is injective and
has dense image (Theorem 4.3). By extending scalars to K, one deduces that the map
IN'NXk, Fk(xDg)) = I'(Ugk, Fr) is injective with dense image. This concludes the proof. O

6.5 Proof of Theorem 6.3 in the general case

We can now complete the proof of Theorem 6.3.

LEMMA 6.16. Let D be an effective Cartier divisor in a K-analytic space X. Then the restriction
homomorphism p: I'(X, F(xD)) — I'(X \ D, F) is injective for any semi-reflexive O x-module F'.

Proof. By taking an affinoid G-cover it suffices to prove the statement when X is compact.
In this case I'(X, F(xD)) = colimgen I'(X, F((dD)) by compactness of X and Lemma 6.1. For
d € N the Ox-module F(dD)=F ® Ox(dD) is semi-reflexive because F' is. The complementary
open subset U := X \ D is scheme-theoretically dense in X thus the restriction homomor-
phism py: I'(X, F(dD)) = T'(U, F(dD)) is injective. For an integer d’ > d, one has the following
commutative diagram.

I'(X,F(dD)) — T(X, F(d'D))

jpd [ew

(U, F(dD)) —~— T(U, F(d'D))

The lower horizontal arrow being an isomorphism. By taking the injective limit one sees that p
is injective. This concludes the proof. O

Proof of Theorem 6.3. The restriction homomorphism I'(X, F'(xD)) — I'(X \ D, F) is injective
by Lemma 6.16. Let U:=X \ D, seI'(U, F'), C CU a compact analytic domain, | -| a norm
on I'(C, F') defining its topology. In order to prove the statement, we have to show that for each
€ >0 there ared € Nand t € I'(X, F(dD)) such that ||s — t|| < e. According to Theorem 5.2, there
are a Stein K-analytic space S and a proper morphism o: X — S. Let {S;};en be an affinoid
Stein exhaustion of S. For ¢ € N set X; := X xg.5;. For i € N big enough, the analytic domain X;
contains C'. Therefore, we may suppose C = X;. The induced morphism o: X; — 5; is proper.
The closed analytic subspace D;:=D xx X; of X; is an effective Cartier divisor. This allows
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us to apply Theorem 6.13 to X;. It follows that there are d € N and t € I'(X;, F|(dD)) such that
It — s|| <e. In order to conclude, note that the Ox-module M := o, F(dD) is coherent because
the morphism o is proper. Then, as recalled previously, the restriction map

[(X, F(dD)) = (S, M) — [(S;, M) = T(X;, F(dD)),

has a dense image, because S is Stein. This concludes the proof. O

7. Approximating analytic functions by rational functions

Let K be a complete non-trivially valued non-Archimedean field.

7.1 Statements
In this section, we deduce density results of algebraic functions by using the results of the

previous sections. Let X be a separated finite-type scheme over an affinoid K-algebra A and F
a semi-reflexive coherent O x-module. The main result is as follows.

THEOREM 7.1. The subset I'(X, F') CT'(X?", F*") is dense.

COROLLARY 7.2. For a scheme-theoretically dense open subset U C X the following are
equivalent:

(1
(2
(3
(4

) I'(X, F) cT(U*, F?") is dense;

) (X3, F2) c (U, F?") is dense;

) F(X&Il Fan) — (Ual’l’ Fal’l),

) T(X, F) =T(U, F).

7.2 Scheme-theoretic closure and analytification

We need some results on the analytification of quasi-coherent sheaves. Throughout, let f: X —Y
be a separated morphism between A-schemes of finite type. For an Ox-module E define E?" as
the pull-back of E along the canonical morphism X®" — X of locally ringed spaces. In addition,
let

9E,f . (f* ) fanEan
be the canonical homomorphism of Oyan-modules.

LEMMA 7.3. Let {E;}icr be a directed system of Ox-modules and E = colim E;. If all transition
maps are injective and 0, s is injective for all i € I, then 0 ; is injective.

Proof. The homomorphism of Oyan-modules
0:= colim;er O, f: colim;er(fuF;)™ — colimyer fi" EI™

is injective. Since f is quasi-compact and quasi-separated, pushing-forward along f commutes
with injective limits [Stal9, Lemma 009E], thus

colimuer(f, )™ = (colimer foEi)™ = (f.E)™.

Here we used that M ~» M®" commutes with colimits because it is the pullback along a morphism
of locally ringed spaces, hence a left adjoint functor. On the other hand, 0g ;=1 o6 where
P colimer fEMEMM — f2"E is the canonical morphism. To conclude the proof it remains to
prove that 1 is injective. Since all transition maps are injective, for any ¢ € I the canonical
maps F; — E are injective. The morphism of locally ringed spaces X?" — X being faithfully flat
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[Ber93, Proposition 2.6.2], the induced morphism E?" — E?" is injective and, by left exactness of
the push-forward, so is f2"EM — f2"E?". Passing to the limit, one sees that v is injective. [

LEMMA 7.4. If E is quasi-coherent, then 0 s is injective.

Proof. The module E is the injective limit of its coherent Ox-submodules by [Stal9,
Lemma 01PG]. By Lemma 7.3 one may suppose E is coherent henceforth. When f is proper,
g, f is an isomorphism by the non-Archimedean GAGA theorem, see [K6p74], [Con06, Example
3.2.6] and [Poil0, Théoreme A.1l]. In the general case, by Nagata’s compactification theorem
(see [Liit93, Con07, Con09] or [Tem11]) there are an A-scheme X' of finite type together with a
proper morphism 7: X’ —Y and open immersion i: X — X’ such that f=mo4. Up to blowing
up, one may assume that X’ \ i(X) supports an effective Cartier divisor D. Let E’ be a coherent
sheaf on X' extending F (see [Stal9, Lemma 01PI]). Then i, E = colimgen E'(dD). Therefore,
(i+ F)™ = colimgen E'(dD)?" is the subsheaf of sections of E*" with polar singularities along D.
In particular, the natural map

0p;: (i.E)™ = colimgey E'(dD)* — i3"i*™ E'*" = 2" E*"
is injective by Lemma 6.2. According to the proper case, the natural map
Oi.Br: ([ B)™ = (myi B)™ — w3 (4, E)™
is injective. Since pushing forward is a left exact functor 73"0g; is injective, thus so is the
morphism 0 ; = 73"0g ;0 0; E x. l
LEMMA 7.5. For an Oy-module F' we have a natural isomorphism:

Ker(F — fo f*F)™ 5 Ker(Fa® — fan pans fpany

Proof. Let K :=Ker(F — f.f*F). The functor M ~~ M on Oy-modules is exact because the
morphism of locally ringed spaces Y?" — Y is surjective and flat by [Ber93, 2.6.2], thus we have
K* =Ker(F*" — (fof*F)*). This yields the following commutative diagram of Oya»-modules.

0 Kan Fal’l (f*f*F)aH
L o
0 K/ Fan 31’1fal’1*Fal’l

Here K’ :=Ker(F™" — f2" fan*F2") Since 0+ p ¢ is injective by Proposition 7.4, one concludes
by the snake lemma. O

COROLLARY 7.6. Let U be an open subset of an A-scheme of finite type X. Let F' be a quasi-

coherent Ox-module such that F'— j,j*F is injective where j: U — X is the open immersion.
If f € D(X™", F*") is such that f- € I'(U, F), then f € I'(X, F).

Proof. Let m: X®" — X be the canonical morphism of locally ringed spaces. For a sheaf of abelian
groups E on X let 7~ 'E be the pull-back of E as sheaf of abelian groups. For each x € X?",
Oxan g is a faithfully flat Ox r(,-algebra [Ber93, 2.6.2]. Thus, given an Ox-module E, the
natural homomorphism ¢g: 7' E — E® is injective. Let C be the cokernel of F' — j,j*F. Then
the following diagram of 7~!Ox-modules is commutative and exact.

0 —— 7 'F —= 7Y, j*F —— 771C —— 0

\[@F \[@j*j*F J}Pc

0 Fan (j*j*F)an Can 0
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The snake lemma implies that the homomorphism Cokerpr — Cokery; j-p is injective.
Proposition 7.4 applied to the quasi-coherent Opy-module j*F and to the morphism j
states the homomorphism (j,j*F)*" — 72772 " ig injective. In particular, the natural maps
Fan _>janjan*Fan
k 9
Cokergp — Coker(m 1, j* F — janjant pany,

are injective. This concludes the proof. O

7.3 Proofs

We begin with a result of extension of semi-reflexive sheaves.

LEMMA 7.7. Let D be a Cartier divisor in a Noetherian scheme X and U =X ~\ D. Let I be a
coherent O x-module such that F|y is semi-reflexive. Then the Ox-module

F* =Ker(FYY — (FY/F)y)
is D-torsion-free semi-reflexive and such that Fj; = Fl‘?}t

Proof. The statement is local on X, therefore one may assume that X = Spec A is affine and the
Cartier divisor D is given by the ideal fA for a non-zero divisor f € A. Let M :=T'(X, F') and
M':=T(X, F5%). Since f is a non-zero divisor in A, the A-module MV has no f-torsion and the
localization map M"Y — MV is injective. Since M is a submodule of M, the map M’ — M}
is injective. By flatness of the A-algebra Ay, one has M} =Ker(M}Y — M} /My) = My, the
last equality being true because Fy is semi-reflexive. Therefore, in the following commutative
diagram of A-modules the maps « and S are injective.

M/ MV\/

Fo
M}L—éM}/v

The injective map 3 o a coincide with the composite map M’ — M'VV — MYV — M}/V. It follows
that M’ — M'VV is injective. O

Proof of Theorem 7.1. To be coherent with the notation elsewhere in this paper, write U for
the A-scheme in the statement of Theorem 7.1. By Nagata’s compactification theorem there
is a proper A-scheme X containing U as a scheme-theoretically dense open subscheme. Up
to blowing-up the complement of U, one may suppose that D =X \ U is an effective Cartier
divisor. Let £ be a coherent Ox-module together with an isomorphism Ej;; >~ F'. According to
Lemma 7.7, the coherent Ox-module
E' =Xer(EYY — (EYY/E) ),

is semi-reflexive and E|’U is isomorphic to F. Theorem 6.13, applied to the analytification of
X and the coherent O3"-module induced by E, implies that I'(X?", E’*"(xD®")) is dense in
rua», Fa"). Since X" is compact, by Lemma 6.2, the natural map

CgliénF(Xan,Elan(dDan)) _)F(Xan,E/an(*Dan))’
€

is an isomorphism. On the other hand, for every d € N, the GAGA principle over affinoid algebras
(see [KopT74], [Con06, Example 3.2.6] and [Poil0, Théoreme A.1]) yields an isomorphism

['(X, E'(dD)) = T'(X*", E"*(dD™")).
Thus, I'(U, F) = colim I'(X, E'(dD)) — I'(U?", F*") has a dense image. O
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Proof of Corollary 7.2. (1) = (2) This is clear. (2) = (3) This comes from the fact that the
image of the restriction map I'(X?", Fa") — I'(U*", F*") is closed by Theorem 6.4. (3) = (4)
Let feT'(U, F). By hypothesis, f is the restriction of a section of F* on X?". Therefore,
according to Corollary 7.6, f comes by restriction from a section of F' on X. (4) = (1) By
Theorem 7.1, I'(U, F') is dense in I'(U*"*, Fa"). O

8. Algebraic holomorphic convexity and stable codimension

In this section, we first gather some results on the algebraic counter part of holomorphic con-
vexity. For schemes of finite type over a field, some of these appear in [GL73]. We next present
some results of Brenner [Bre(02] needed for the comparison between affine and Stein varieties.

8.1 Proper over affine schemes

For a scheme X we let ox: X — Spec O(X) be the canonical morphism.
LEMMA 8.1. Let U be an open subset of an affine scheme X. Then oy is an open immersion.

Proof. Write U as a union of principal open subsets Dx(f;) of X, for i € I and f; € O(X). For
each i € I, the homomorphism O(X)[1/f;] = O(U)[1/fi] induced by the restriction map is an
isomorphism. It follows that the morphism o; identifies U with the union of the principal open
subsets Dgpec o) (fi) C Spec O(U) for i € 1. O

LEMMA 8.2. For a scheme X the scheme-theoretic image of ox is Spec O(X).

Proof. Let Y be the scheme-theoretic image of ox, i: Y — Spec O(X) the closed immersion and
m: X =Y be the unique morphism such that ox =i ox. The composite map

Ospec O(X) — 1,0y = 0x+Ox
is injective, thus *: Ospec 0(x) —* 1Oy is injective and 7 an isomorphism. O

LEMMA 8.3. Let X be a scheme of finite type over a Noetherian affine scheme S. Then there is
a morphism of S-schemes p: Spec'(X,Ox)— T with T affine of finite type over S such that
oy (ox(x)) =g *(q(z)) for all € X where g=poox.

Proof. For h € O(X), consider the function hon X xg X defined as prih —prih, and the open
subset Up of X xg X on which h is invertible. The scheme X x g X is Noetherian thus the
open subset U := Uhe(’)( x) Un is quasi-compact. Therefore, there are hi,...,h, € O(X) such
that U is the union of the open subsets Uy, ..., Uy, . Let A be the O(S)-subalgebra of O(X)
generated by hi,...,hy,, T:=Spec A and p: Spec O(X)—T the morphism induced by the
inclusion A C O(X) and p=pooyx. In order to conclude the proof it suffices to prove that, for
x1,x2 € X, we have
ox (1) =0x(22) <= q(z1) =q(z2).

The implication ‘=" is clear. For the converse assume ox (z1) # ox(z2). Up to swapping z; and
x2, then there is h € O(X) such that h(z1) =0 and h(x2) #0. In addition, we may assume that
x1 and x4 lie over the same point of S, the conclusion being trivial otherwise. Let £ be a point of
X x5 X such that pr;(€) =z; for i =1, 2. Then h(£) = prih(z1) — prih(zz) # 0. In other words,
the point & belongs to U. Therefore, there is g € A such that § does not vanish at £. In particular,
q(x1) # q(x2). This concludes the proof. O

The first result characterizes schemes X for which the morphism ox has proper fibres.
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PROPOSITION 8.4. Let X be a finite type and separated scheme over an affine Noetherian scheme
S. Then the following are equivalent.

(PQA4) For all x € X, the k(o x(x))-scheme oy (ox(x)) is proper.

(PQA2) For all s€ S and all x € X, closed, the r(s)-scheme o' (o x(z)) is proper.

(PQA3) There are an affine S-scheme of finite type g: Y — S, an open subset V CY and a
proper surjective morphism of S-schemes f: X — V such that f*: Oy — f,Ox induced
by f is an isomorphism. Moreover, for any x € X, we have

FHf (@) = 0% (ox(@)).

Proof. (PQA1) = (PQA2) This is clear.

(PQA2) = (PQA3) The argument here is inspired from [BC21, Proposition C.1.3]. According
to Lemma 8.3 there is an affine S-scheme of finite type Y and a morphism of S-schemes f: X - Y
such that, for each z € X, the set-theoretical identity o3 (ox(x)) = f~*(f(z)) holds. By Nagata’s
compactification (see [Liit93, Con07, Con09] or [Tem11]) there are a proper morphism f: X — Y
of S-schemes and a scheme-theoretically dense open immersion j: X — X such that foj=f.
The Stein factorization Y of f is finite over Y. Since S is Noetherian and Y is of finite type over S,
the scheme Y” is Noetherian. Therefore, up to replacing Y by Y’ we may assume Y = Spec O(X).
The notation is resumed in the following diagram.

X 25 Spec O(X

l\l

X—%Y

Here f =05 : X =Y =Spec O(X) is proper. Now, for each x € X, we have
o () =i(f (),

where y = f(z). Indeed, we have f~!(y) = o' (y) by construction, thus the x(y)-scheme f~(y) is
proper by hypothesis, where (y) is the residue field at y. Therefore, j(f~*(y)) is a clopen subset
of f~1(y). Since the x(y)-scheme f~!(y) is geometrically connected [Stal9, Theorem 03HO0] we
have the wanted identity. In particular, we have f(X) = f(X) \ f(X \ j(X)) because U;?l(f(m))
is empty for € X \ j(X). Note that f is proper by construction and has a dense image by
Lemma 8.2, thus is surjective. It follows that V := f(X) CY is open because j(X) C X is so,
and X = f~1(V) is proper over V.
(PQA3) = (PQA;) Consider the following commutative diagram.

X 255 Spec O(X)

fl I

V -2 Spec O(V)

The morphism oy is an open immersion by Lemma 8.1. For each x € X the fibre of ox at ox(z)
coincides with the fibre of f at f(x), thus it is proper. O

DEFINITION 8.5. Under the hypotheses of Proposition 8.4, the scheme X is proper over quasi-
affine if it satisfies one of the equivalent properties (PQA;)-(PQA3).

COROLLARY 8.6. Let X be a finite type and separated scheme over an affine Noetherian
scheme S. Then the following are equivalent:
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(1) the S-scheme X is quasi-affine, that is, there is an open embedding X — Y of S-schemes
with Y affine of finite type over S;
(2) the morphism o is injective.

Proof. (1) = (2) This is clear. (2) = (1) With the notation of Proposition 8.4 the morphism f
is finite, thus it identifies X with spectrum over V of the quasi-coherent Oy -algebra f,Ox. As
Oy — f.Ox is an isomorphism, f is also an isomorphism. O

PROPOSITION 8.7. Let S be an affine Noetherian scheme. Let g: Y — S be an affine S-scheme
of finite type, j: V —Y an open immersion and w: X — V a proper surjective morphism of S-
schemes such that the homomorphism 7 : Oy — 7,Ox induced by  is an isomorphism. Consider
the morphism f:=gojom: X — 5. Then, the following conditions are equivalent:

(N1) the morphism ox is surjective;

(Ng) the image of ox contains all the closed points of Spec I'( X, Ox).

Furthermore, if one of the equivalent preceding conditions holds, then the I'(S,Og)-algebra
I'(X, Ox) is finitely generated.

Proof. (N1) = (Ng) This is clear. (N3) = (N;) Consider the following commutative diagram of
S-schemes.

X -2, Spec O(X)

ol

V 22 Spec O(V)
Lemma 8.1 states that oy is an open immersion. Hypothesis (Ng) implies that the closed subset
Spec O(V) \ oy (V) does not contain any closed point, thus must be empty. It follows that oy
is an isomorphism. Since 7 is surjective, one concludes that oy is surjective too. It remains to
show that O(S)-algebra O(X) is of finite type. Since oy is an isomorphism and V' is of finite

type over S, the O(S5)-algebra O(V) is of finite type. In particular, the O(S)-algebra O(X) is of
finite type. O

DEFINITION 8.8. Under the hypotheses of Proposition 8.7, the morphism f: X — S is said to
satisfy Nullstellensatz if one of the equivalent conditions (N;) or (N2) holds.

PRrROPOSITION 8.9. Let f: X — S be a separated, finite type morphism of schemes with S affine
and Noetherian. Then the following are equivalent:

(PA;) there is a proper morphism of S-schemes 7: X — Z with Z affine and finite type over S;
(PAg) the morphism ox: X — SpecI'(X, Ox) is proper; and
(PAg3) the morphism f is proper over quasi-affine and satisfies Nullstellensatz.

Furthermore, if one of the equivalent preceding conditions holds, then the I'(S, Og)-algebra
I'(X, Ox) is finitely generated.

DEFINITION 8.10. Let S be an affine Noetherian scheme. A separated morphism of finite type
f: X — S is proper over affine if one of the equivalent conditions (PA;)—(PAs holds.

Proof. (PA1) = (PA2) Consider the following commutative diagram of S-schemes.
X -2 Spec O(X)

7Z —ZZ Spec O(Z)
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Here the rightmost vertical arrow is induced by the homomorphism O(Z) — O(X). Since 6z o7
is proper, the morphism ox is proper.

(PA3) = (PA3) Condition (PQA;) is satisfied because being proper is stable under base
change. Condition (Nj) is satisfied because X — Spec O(X) has a dense image; since by
hypothesis ox is proper, its image is also closed, whence the surjectivity.

(PA3) = (PA;) By property (PQAs3), there are an affine S-scheme of finite type Y, an open
immersion j: V — Y and a proper morphism of S-schemes 7: X — V such that the homomor-
phism 7f: Oy — 1,0 induced by 7 is an isomorphism. Consider the following commutative
diagram of S-schemes.

X n 1% J Y

b e

Spec O(X) —— Spec O(V) —— Spec O(Y)

According to Lemma 8.1, the morphism oy is an open immersion. By hypothesis ox is surjective,
thus oy is surjective too. It follows that oy is an isomorphism, therefore V is affine and X is
proper over affine. O

LEMMA 8.11. Let X be an integral Noetherian scheme and s € Spec O(X) non-generic. Then,
there is an integral closed subscheme Y C X such that s € ox(Y).

Proof. If s = ox (x) for some non-generic z € X, then Y = {z} will do. If s is not in the image of o,
let p C O(X) be the ideal corresponding to s and f € p . {0}. The locus Z := Vx (f) of X where f
vanishes is non-empty (otherwise f would be invertible, contradicting the fact that it belongs to a
prime ideal) and not the whole X (because f # 0 is non-zero, so it does not vanish at the generic
point of X). Let i: Z — X be the closed immersion. The morphism Spec O(Z) — Spec O(X)
induced by i*: O(X) — O(Z) factors through a morphism h: Spec O(Z) — Spec O(X)/fO(X).
Taking global sections of the short exact sequence 0— fOx — Ox — Oz — 0 shows that
O(X)/fO(X)— O(Z) is injective, thus h is dominant. Let n,...,n, be the generic points
of Z. Since oz is dominant the scheme Spec O(Z) is the closure of {oz(n1),...,0z(n;)}. The
point s is contained in the closed subset Spec O(X)/fO(X) because f belongs to p. Since the
map h is dominant, the point s is in the closure of {h(oz(n1)),...,h(cz(n))}. It follows that
there is i =1, ..., n such that s belongs to the closure of h(oz(7;)). Taking Y to be the closure
of n; does the job. O

ProOPOSITION 8.12. Let X be a finite type and separated scheme over an affine Noetherian
scheme S. Then the following are equivalent:

(1) X is affine;
(2) ox is injective and for each integral closed subscheme Y C X not an irreducible component
of X, the restriction map py: I'(X, Ox) — I'(Y, Oy) is integral.

Proof. The proof is a slight variation of the arguments in [BC21, Lemma C.2.11 and Proposition
C.2.12]. (1) = (2) Clear. (2) = (1). Since a scheme is affine if and only if its reduction is, we
may assume X reduced. Moreover, the scheme X can be assumed to be integral, as a Noetherian
scheme is affine if and only if every irreducible component is. To see this, let Y be the disjoint
of the irreducible components of X; then the natural morphism Y — X is finite and surjective,
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hence the conclusion follows from [Stal9, Lemma 01YQ)]. Property (2) being inherited by any
closed subscheme of X, by Noetherian induction we may assume that every closed subscheme of
X different from X is affine.

CLAIM 8.13. The scheme X is proper over affine.

Proof of the claim. According to Proposition 8.9, it suffices to show that f is proper over
quasi-affine and it satisfies Nullstellensatz. Since ox is injective, the morphism f satisfies
condition (PQA;) and it is therefore proper over quasi-affine. In order to see that ox is sur-
jective, let s be a point in Spec O(X). Since ox is dominant, the image of the generic point
of X is that of Spec O(X). Thus, if s is the generic point of Spec O(X) we are done. If
this is not the case, according to Lemma 8.11, there is an integral closed subscheme Y # X
such that s belongs to the closure of ox(Y). Consider the following commutative diagram of
S-schemes.

Y —2 Spec O(Y)

J{ lSpec Py

X 2 Spec O(X)

The upper horizontal arrow is an isomorphism because Y is affine by Noetherian induction.
By hypothesis, the restriction map py: I'(X, Ox) — I'(Y, Oy) is integral, thus the correspond-
ing morphism Spec py between spectra is closed. Since s belongs to the closure of ox(Y), it
belongs to the image of Spec py. The morphism oy being bijective, there is y € Y such that
s = Spec py (oy (y)), thus ox(y) = s. O

By Zariski’s main theorem, there is a finite morphism 7: Z — Spec O(X) and a scheme-
theoretically dense open immersion i: X — Z such that ox =moi¢ [Stal9, Lemma 05KO].
Consider the following commutative diagram.

X : Z B Spec O(X)

R

Spec O(X) —"— Spec O(Z) —=— Spec O(X)

Here h is the morphism induced by the ring homomorphism i*: O(Z) — O(X) induced by i.
Note that the scheme 7 is affine because the morphism 7 is finite. Since 7 o h is the identity, the
morphism A is a closed immersion. Therefore, ¢ = h o o x is proper because X is proper over affine,
hence an isomorphism because 4 is a scheme-theoretically dense open immersion. Therefore the
scheme X is affine because Z is affine. O

8.2 Stable codimension and affineness

Let X be a Noetherian scheme. The codimension codimy (z) of a point x € X is the dimension
of the local ring Ox .. Let Z be a closed subset of X. A generic point of Z is a generic point of
one of its irreducible components. The codimension of Z in X is supremum of the codimension
of the generic points:

codimy (Z) :=sup{codimx (x) : x € Z generic},

with the convention that it is —oco when Z is empty.
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DEFINITION 8.14. Let X be a Noetherian scheme and Z a closed subscheme of X.

(1) The stable codimension of Z in X is codim% (Z):=sup codimy/(7~%(Z)) the supremum
ranging on the morphisms 7: X’ — X with X’ Noetherian.

(2) The finite type stable codimension is codim%(Z) :=sup codimy. (7~'(Z)) the supremum
ranging on the finite type morphisms 7: X’ — X.

For affine Noetherian schemes in the literature the stable codimension (respectively, the finite-
type stable codimension) is called the super height of the ideal defining the closed subset (with
the reduced structure, say). Notwithstanding we lean for geometric-flavoured term codimension.
Given a closed subset Z of a Noetherian scheme X and a finite open cover X = J;; X; we have

codim (Z) = max codimy (ZNX;), *e{s,sft}.
Moreover, the stable codimension codim% (Z) of Z equals sup dim A the supremum ranging on
Noetherian complete local rings A with a morphism 7: Spec A — X such that 7=!(Z) is the
unique closed point of Spec A. Needless to say,

codimy (Z) < codim3}(Z) < codim%; (Z).

The first inequality is in general strict, as the example of a non-irreducible scheme X shows with
Z being one of the irreducible components. Instead, the key result is a theorem of Koh [Koh88,
Theorem 1] saying that the second is an equality for varieties over a field.

THEOREM 8.15. If X is of finite type over a field, then codim$®(Z) = codim% (Z).

Suppose X is Noetherian and let U C X be an open subset. The open immersion i: U — X
induces an open immersion Uyeq — X' := Speci.Op,., which is scheme-theoretically dense. We
have X'\ Upeq = 7 (X N\ U) where 7: X’ — X is the natural morphism.

PROPOSITION 8.16. Suppose X and X' are Noetherian. If i is not an affine morphism, then
codimx/ (X’ N\ Upeq) = 2. In particular, codim (X \U) > 2.

Proof. The argument is borrowed from [Bre02, Theorem 3.2]. One can clearly suppose that X,
hence U, are reduced. In addition, one may suppose X affine. Under this hypothesis, the scheme
X’ being Noetherian is equivalent to the ring A:=T(U, Oy) being Noetherian. Note also that
X'\ U is non-empty because U is not affine. Since U is dense in X', it contains all of its the
generic points. Let p=(f1,..., fn) be a prime ideal of height 1 of A. Suppose, by contradiction,
that p does not belong to U, that is, the open subset V := X'\ V(p) contains U. Let f € p be a
non-zero divisor: it exists because p is not contained in the union of the minimal primes of A.
The ring A, is local Noetherian of dimension 1, thus /fA, =pA,. Therefore, there is N € N
and, for each i=1,...,n, there are g; € A, h;,r; € A~ p such that ri(hifiN —¢gif)=0. Upon
setting h:=hy---h, and r=7ry - - - 7,, One can write

r(hfY —gif) =0, (8.1)
for some g} € A. Since f is a non-zero divisor, the homomorphism Ox: — Ox given by the mul-
tiplication by f is injective. In particular, for each ¢ =1, ..., n, the multiplication-by-f map on

I'(D(fi), Ox) is injective. Coupled with the equality (8.1), this shows that there is a unique
a; € T'(D(f;), Ox') such that fa; =rh. By uniqueness, the functions a; glue to give a function
a € T'(V,Ox/) such that af = rh. The restriction map A=T(X’, Ox/) —T'(V, Ox-) is an isomor-
phism because the restriction map T'(V, Ox:) — T'(U, Oy) is injective (by density of U in X”)
and the restriction map A=T(X',Ox,) —T'(U,Oy) = A is the identity. This implies that the
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function a belongs to A, thus rh =af belongs to p, contradicting the fact that r and h do not
belong to p. O

Let K be a non-trivially valued complete non-Archimedean field, X be a K-analytic space
and Z C X a closed analytic subset defined by a coherent sheaf of ideals I. The codimension
codimx(Z) of Z in X is

codimx (Z) = sup codimgpe. 1(p,0) (Spec I'(D, Ox)/T'(D, I)),
D

the supremum ranging on affinoid domains D of X.

DEFINITION 8.17. The stable codimension of Z is codim% (Z)=sup codimy (7~ 1(Z)) the
supremum ranging on the morphisms 7: X’ — X of K-analytic spaces.

PROPOSITION 8.18 [Bre02, Theorem 4.2, Nee88, Theorem 5.2]. Let X be a K-analytic space
equipped with a morphism without boundary X — M(A) with A an affinoid K-algebra. Let Z
be a closed analytic subset of X. If the open subset X \ Z is Stein, then codim’ (Z) < 1.

Proof. Suppose, by contradiction, that the stable codimension of Z is > 2. Then, there is a
morphism of K-analytic spaces 7: X’ — X such that the codimension of 771(Z) in X’ is at least
two. Since the codimension is just a local matter, one may assume X’ = M(B) for an affinoid
K-algebra B and 7~'(Z) non-empty and purely of codimension > 2. Moreover, the affinoid K-
algebra B may be assumed to be reduced, for the codimension only depends on the underlying
reduced space. Let X7],..., X/ denote the normalization of the irreducible components of X
The morphism | | ; X/ — X’ being finite, one may treat each irreducible component separately
and, finally, suppose X’ reduced, irreducible and normal, and 7~!(Z) non-empty and purely of
codimension > 2. The restriction map p: T'(X’, Ox/) = T'(X'\ 77 Y(Z), Ox-) is an isomorphism
by Hartogs’ phenomenon [Bar75]. Because of Theorem 6.4, it is actually a homeomorphism. On
the other hand, the open subset 771(X \ Z) = X’ x x (X \ Z) is a closed analytic subspace of the
product X’ x 4 (X \ Z). The product of Stein spaces being Stein, and closed analytic subspaces
of Stein spaces being Stein, the K-analytic space X’ \ 77 1(Z) is Stein. Since the restriction map
p is a homeomorphic isomorphism, Proposition 5.8 implies that X'\ 7=(Z) — X', contradicting
the non-vacuity of 771(2). O
PROPOSITION 8.19. Let Z be a closed subset of an A-scheme of finite type X. Then,
codim3}(Z) < codimSan (Z2) < codim® (Z).

Proof. The inequality codim5{(Z) < codim..(Z?") is clear, so that only the inequality
codim’.. (Z?") < codim’ (Z) is left to prove. Let m: X’ — X?" be a morphism of K-analytic
spaces. Let I be the coherent sheaf of ideals on X’ defining the closed analytic subspace 7~ !(Z")
with its reduced structure. By definition,

codimy (771 (Z%)) = sup codimgpe. r(v,04)(Spec T'(V, Ox) /T(D, 1)),
%4

the supremum ranging on affinoid domains V of X’. Since affinoid K-algebras are Noetherian
rings, the wanted inequality follows. OJ

Together with Theorem 8.15 the preceding result yields a non-Archimedean analogue of
[Bre02, Theorem 4.2].

COROLLARY 8.20. Let Z be a closed subset of a K-scheme of finite type X. Then

codim$¥(Z) = codimSu. (Z27) = codim’; (Z).
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COROLLARY 8.21. Let U be an open subset of a K-scheme of finite type X such that U®" is
Stein. Then codim’ (X \ U) < 1. Moreover, if X is affine and the ring I'(U,eq, Oy ) is Noetherian,
then U is affine.

9. Stein versus affine varieties

Let K be a complete non-Archimedean field and A a strictly affinoid K-algebra.

9.1 Statements

We finally arrive at the original theme of this paper. The main results of this section concern
the comparison between affine and Stein varieties. More precisely, for a separated A-scheme of
finite type X we have the following.

THEOREM 9.1. The A-scheme X is quasi-affine if and only if X®" is holomorphically separable.

Recall that by Corollary 8.6 the A-scheme X is quasi-affine as an A-scheme if there is an
open embedding X < Y of A-schemes with Y affine of finite type.

THEOREM 9.2. Suppose X" is Stein and (at least) one of the following:

(1) the A-algebra I'(X, Ox) is of finite type;
(2) A=K and the ring T'(X,eq, Ox) is Noetherian.

Then X is affine.

Under hypothesis (2), Theorem 9.2 is the conjunction of Theorem 9.1 and Corollary 8.21. It
is plausible that Theorem 8.15 holds for excellent rings and Corollary 8.21 holds over affinoid
K-algebras [Duc09, Théoreme 2.13]. However, in the case of an arbitrary affinoid K-algebra,
we prefer not to go down this road and content ourselves with the finite generation hypothesis,
sticking to techniques much closer to those already present in this article. As just recalled, an
affinoid K-algebra A is an excellent ring thus is universally catenary (so that we can speak about
the Krull dimension of A-algebras of finite type) and universally Japanese [Stal9, Lemma 07QV,
Proposition 0334].

THEOREM 9.3. If X" is Stein, then the restriction map I'(X, Ox) — I'(Y, Oy) is surjective for
all closed subscheme Y C X dimension < 1.

Combined with Proposition 8.12 this yields the following.

COROLLARY 9.4. If X" is Stein and dim X < 2, then is X is affine. In particular, an algebraic
surface S over K is affine if and only if S*" is Stein.

The rest of this section is devoted to the proof of Theorems 9.1, 9.2, 9.3 and 9.4. But before
that, a last remark on the strictness assumption for A. Faithful flatness of scalar extension
[Ber93, Lemma 2.1.2] and fpqc descent [Stal9, Lemma 0417Z], permits the proof of Theorem 9.2
when A is not necessarily strict. However, in the non-strict case, the difference between
Krull and analytic dimension prevents from proving Theorems 9.3 and 9.4 with the current
techniques.

9.2 Proof of Theorem 9.1

The implication (1) = (2) is clear, thus only the converse one needs to be proved. According to
Corollary 8.6 it suffices to show that the morphism ox: X — Spec O(X) is injective. Suppose
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by contradiction that ox is not injective. Then trivially ox is not universally injective, therefore
the diagonal morphism

A X —Z7=X XSpeCO(X)XCX XSX

is not surjective by [Stal9, Lemma 0154]. Let z € Z \. ImA be a closed point and consider its pro-
jection x; = pr;(z) € X for i =1, 2. The closed points z1, z9 € X are distinct and they correspond
to distinct rigid points of X®" by [Ducl8, Lemma 2.7.1]. Let I C Ox be the sheaf of func-
tions vanishing at x;. Since X®" is holomorphically separated there is f € I'( X", [*") such that
f(x2) #0, see [MP21, Lemma 3.2]. The subset of I'(X?" I*") made of functions not vanishing
at xo is open, thus there is g € I'(X, I) such that g(x2) # 0 by density of I'(X, I) C T'(X?", [?").
Note that I is semi-reflexive, thus Theorem 7.1 can be applied. In particular ox (1) # ox(z2),
thus the point z cannot lie in Z. Contradiction. O

9.3 Proof of Theorem 9.2

The statement is a consequence of Theorem 9.1 and the maximality property of Stein spaces
explained in the following two results.

LEMMA 9.5. Let Z be a closed subspace of a strict, Hausdorff and countable at infinity K-
analytic space X with a morphism X — M(A) without boundary. If X \ Z is Stein and scheme-
theoretically dense in X, and T'(X, Ox) — T['(X \ Z, Ox) is surjective, then Z = ).

Proof. Suppose Z # () by contradiction. Let x € Z be a rigid point and U := X \. Z. Then there
is a sequence of rigid points S = {u;};cny whose limit is 2. To see this, one can either argue that
rigid points have a countable basis of neighbourhoods or apply [Poil3, Théoréeme 5.3] using that
rigid points in U are dense because U is strict. Up to extracting a subsequence, we may suppose
that S is discrete in U. For, let {U;}ien be an increasing G-cover of U by compact analytic
domains with wug € Uy. Since z € U up to passing to a subsequence of the points u; and the
domains U; we may assume that u; € U; and u; 1 € U; for all i € N. Such a subsequence will do.
Now S C U is a closed analytic subset. For each i € N, let \; € K be such that |\;| > i. Since U
is Stein, the restriction homomorphism O(U) — O(S) is surjective, thus there is f € O(U) such
that f(u;) = A;. Such a f cannot extend to X because lim;_,~ | f(u;)| = +o0. d

LEMMA 9.6. Let U be a scheme-theoretically dense open subset of a separated A-scheme X of
finite type. If U*" is Stein and I'(X, Ox) — I'(U, Ox) is surjective, then U = X.

Proof. The open subset U™ C X?" is scheme-theoretically dense by Corollary 7.5. Therefore the
image of the restriction map O(X?") — O(U?") is closed by Theorem 6.4 and O(U) C O(U*") is
dense by Theorem 7.1. The hypothesis then implies that O(X?") — O(U®") is surjective. Since
U?" is Stein, this implies that X" \ U?" is empty by Lemma 9.5. O

Proof of Theorem 9.2. Assuming (2) Theorem 9.2 follows from Theorem 9.1 and Corollary 8.21.
Suppose that O(X) is a finitely generated A-algebra. The A-scheme X is quasi-affine by
Theorem 9.1, thus ox: X =Y :=Spec O(X) is a scheme-theoretically dense open immersion
(Lemmas 8.1 and 8.2). The restriction map O(Y) — O(X) is an isomorphism by construction.
Since X" is Stein we have X =Y by Proposition 9.6. O

9.4 Proof of Theorem 9.3

First we need the following simple consequence of the Stein property and Theorem 7.1.
2018

https://doi.org/10.1112/S0010437X25102467 Published online by Cambridge University Press


https://stacks.math.columbia.edu/tag/01S4
https://doi.org/10.1112/S0010437X25102467

AFFINE VERSUS STEIN IN RIGID GEOMETRY

LEMMA 9.7. Let Y be a closed subscheme of a separated A-scheme X of finite type and F' a
semi-reflexive coherent Ox-module. If X®" is Stein, then

Im(T'(X, F)—=T(Y,F)) CcT(Y?*, F*")
is dense.

Proof. Let f € T'(Y?", F#"). The statement boils down to approximating f by elements of I'( X, F')
on any compact analytic domain of Y2". Since X®" is Stein and Y®" is a closed subspace, there
is g € ['(X*", F*") such that gy« = f. Moreover, it suffices to approximate g by elements of

I'(X, F) on any compact analytic domain D of X?". To do so, let || - || be a norm defining the
topology of F(D) and £ > 0. Then by density of F(X) in F(X?") there is h € F(X) such that
lg —hll <e. 0

The following simple fact about curves hides the fact that closed points in a Dedekind scheme
are Cartier divisors.

LEMMA 9.8. Let U be an non-empty open subset in an affine Noetherian integral scheme X of
dimension 1. Let S CT'(U, Oy) a subring containing I'(X, Ox). If X is integrally closed in U,
then the morphism i: Spec S — X is an open immersion.

Proof. The closed subset X \ U is made of finitely many closed points because dim X =1. It
follows that the image of i is an open subset V C X.

Cramm 9.9. For all y €Y =Spec S we have Oy, = Ox ;(,)-

Proof of the claim. Note first that the induced morphism j: U — Y :=Spec S is an open immer-
sion. Therefore, it suffices to prove the claim only for y € Y \ j(U). Now X is integrally closed
in U, thus the local ring Ox , is normal, hence a discrete valuation ring for all z € X \ U. Set
z=1i(y) and let 7 € Ox, be a uniformizer. Every Ox j,-submodule of F'=Frac(Ox ;) is of the
form 7Oy, for some n € Z. Since Oy, C I is a ring, there are only two possibilities: either
Ox = Oy, or Oy, = F. The second possibility cannot happen, otherwise y would be the generic
point. O

Now the morphism ¢ is injective on points. Indeed, if y, 1y’ € Y have image x under 7, then we
have Oy, = Ox = Oy, by the claim. Let p,p’ C S be the prime ideals corresponding to y, v/,
respectively. Then p =p’ =mnN S where m C Ox , is the maximal ideal, thus y =y’. On the other
hand, by the claim we have

T(V,0x)= () Oxa= [ Ovy=5.
zeV yey

This concludes the proof. ]

In the proofs that follow we repeatedly use the following.

Remark 9.10. Let f: X =Y and ¢g: Y — Z be morphisms of schemes where f is quasi-compact
and has a scheme-theoretically dense image, and g o f is an immersion. Then, f is an immersion
by [Stal9, Lemma 07RK] which is actually an open immersion because f has scheme-theoretically
dense image [Stal9, Lemma 01QV]. In practice, we use this when X is a Noetherian scheme,
hence the quasi-compactness of f will be automatic.

The key to reach Theorem 9.3 is that on curves there are no proper dense subrings. More
precisely, we have the following.
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LEMMA 9.11. Let X be an affine A-scheme of finite type of dimension <1 and S C O(X) an
A-subalgebra. Suppose that S C O(X*") is dense and that there is a finitely generated
A-subalgebra T C S such that the induced morphism X — SpecT is an open immersion. Then

S=0(X).

Proof. Step 1. Suppose X is integral. If X is a singleton, then O(X) is a finite extension of
K and S =0O(X?") by density. Suppose dim X = 1. By hypothesis, there is a finitely generated
A-subalgebra T' C S such that the morphism j: X — Y :=SpecT is a scheme-theoretically dense
open immersion. The scheme X is excellent of dimension 1, thus so is Y. Let Y =Spec T be
the normalization of Y in X (see [Stal9, Section 0BAK]) and S =1Im(S ®7 T — O(X)). The
morphism Spec S — Y induced by the inclusion T C S is an open immersion by Lemma 9.8. Now
S C O(X?) is dense because it contains S and is finite over S because T is a finitely generated
T-module. Corollary 7.2 implies S = O(X) thus O(X) is a finitely generated S-module. Now
the morphism X — Spec S is at the same time an open immersion (the composite morphism
X — Spec S — Spec T is so thus we can apply Remark 9.10), is finite and has a connected target.
Thus, it is an isomorphism.

Step 2. Suppose X is reduced. It suffices to prove that each irreducible component of X
is closed in Spec S. If we do so, then the image of j: X — Spec S is open and closed. Since
X is scheme-theoretically dense in Spec S, it must be the whole Spec S concluding the proof
when X is reduced. Now an irreducible component X’ of X endowed with its reduced structure
is affine because X is affine and X’ is closed in X. Since X’ is affine, in order to prove the
statement it suffices to show that the restriction homomorphism S — O(X’) is surjective. Let
S’" be the image of S in O(X'). Since X is affine, the K-analytic space X?" is Stein. Therefore,
the restriction homomorphism O(X?") — O(X'*") is surjective. By hypothesis, S C O(X?") is
dense, thus the image S’ of S'in O(X’) is dense in O(X'*") thanks to Proposition 9.7. The image
T of T in S’ is such that X’ — SpecT” is an open embedding, because the composite morphism
X — Spec T’ — Spec T is an immersion and we can apply Remark 9.10. Step 1 implies 8" = O(X")
because X' is irreducible, thus X’ is closed in Spec S.

Step 3. In the general case let N C O(X) be the nilpotent radical. Let » € N be index of
nilpotency of X, that is, the unique integer such that N" # 0 and N"*t! = 0. Let us prove that we
have O(X) =S by induction on r. If r = 0, then X is reduced and the statement follows from the
preceding case. Suppose r > 2 and the statement true for A-schemes of finite type of dimension
<1 whose index of nilpotency is <7 — 1. Let X’ be the closed subscheme of X defined by the
ideal N". Let S’ be the image of S in O(X’). The following diagram is exact and commutative.

0 —— SNN" S S’ 0
| | l
0 N7 OX) — O(X') —— 0

Since O(X?") — O(X'™) is surjective, S’ is dense in O(X'®"). Moreover, as previously, the
image T” of T in S’ is such that X’ — SpecT” is an open embedding. The index of nilpotency
of X" is <r—1, hence §'=0O(X’) by inductive hypothesis. On the other hand, N" has a
natural structure of O(X)/N-module, and it is finitely generated as such. In particular, since
S"'=0(X'), N" is a finitely generated S’-module. The lower line in the previous commutative
and exact diagram implies that O(X) is a finite S-module. Therefore, the morphism X — Spec S
is both a scheme-theoretically dense open immersion and finite, thus is an isomorphism. O

LEMMA 9.12. Let X be an A-scheme of finite type of dimension < 1. Then, the following are
equivalent:
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(1) the scheme X is affine;
(2) for s € Spec A, the k(s)-scheme of finite type X does not contain positive-dimensional closed
subschemes that are proper over k().

Proof. Let m: X — Spec A be the structural morphism.

(1) = (2) If X is affine, then all the fibres of 7 are affine. The statement follows because
proper affine schemes are finite.

(2) = (1) One reduces to the situation where the affinoid K-algebra A is integral, normal and
of dimension < 1, the scheme X is integral of dimension 1 and the morphism 7 is dominant. This
is because of three facts. First, a point is affine, which covers the case of zero-dimensional X.
Second, a Noetherian scheme is affine if and only if each of its irreducible components (endowed
with its reduced structure) is: this permits us to reduce to the case where A and X are integral.
Third, the normalization of Spec A is a finite morphism because A is a Japanese ring. The second
and third reduction steps use [Stal9, Lemma 01YQ]. Under the above additional hypotheses, one
distinguishes two cases. If dim A =0, then the affinoid K-algebra A is a field and the statement
is equivalent to the well-known fact that curves over a field with no projective component are
affine. Suppose dim A = 1. The ring A is normal, Noetherian and of dimension 1, thus a Dedekind
ring [Stal9, Lemma 034X]. Being dominant, the morphism 7 is flat. In particular, the fibres of
7 are all zero-dimensional, that is, the morphism 7 is quasi-finite. By Zariski’s main theorem
[Stal9, Lemma 05K0], there is a finite morphism v: Spec B — Spec A and an open immersion
i: X — Spec B such that m = v o 4. Up to replacing Spec B by the scheme-theoretic closure of the
image of ¢, one may assume B to be integral. Therefore, the affinoid K-algebra B is of dimension
1. In order to show that X is affine, we may suppose that B is normal because the normalization
is a finite morphism (B is a Japanese ring); see [Stal9, Lemma 01YQ]. One concludes because
every open subset in an affine Dedeking scheme is affine. O

LEMMA 9.13. Let X be an A-scheme of finite type such that X" is Stein. Then, for any
point s € Spec A, the k(s)-scheme of finite type X4 does not contain positive-dimensional closed
subschemes that are proper over k(s).

Proof. Let S :=Spec A so that S = M(A). Let s € S. According to [Ber93, Proposition 2.1.1],
there is a point s*" € S®" whose image in S via the canonical morphism S — .S is s. In
order to prove the statement, up to extending scalars to the complete residue field K’ at s*",
one may assume that s is K-rational. Indeed, consider the affinoid K’-algebra A’ := AQxK’,
the scheme S’=Spec A’ and the S’-scheme of finite type X'=X xgS5’. Let n': X' — &’
be the morphism deduced from 7 by base-change. The K’-point s*" of S®" defines a K'-
point s of S’#*  which corresponds with a closed point s’ of S’. Let F=5" xg Spec K’
be the fibre of the morphism S’ — S induced by the inclusion A — A’ at the K’-point of
S defined by s*". The point s’ defines a K’-point of the K’-scheme F and induces a sec-
tion of the projection X7 := X' x5 F — X X5y K'. The situation is resumed in the following
diagram.

X! X/

i

\l
q Xs o) K e ‘ :
/ /

Spec K’ —— Spec k(s) ——— §

\
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Via the closed immersion X X5 K’ — XJ, the K'-scheme X, is identified with X x5 K'.
The K’-analytic space X’" associated with X’ is the K’-analytic space obtained from X?" by
extending scalars to K’. The K’-analytic space X’ is Stein because the property of being
Stein is compatible with scalar extensions. Since being proper is compatible with base-change,
it suffices to show that the K’-scheme X Xp(s) K " does not contain positive-dimensional closed
subschemes that are proper over K'. By identifying X x w(s) K "with X!, one reduces to the case
where s is K-rational. Henceforth, suppose that s is K-rational. Let Y be a closed subscheme
of X which is proper over K. Therefore, the K-algebra I'(Y, Oy) is finite and, by GAGA over
a non-Archimedean field [Ber90, Corollary 3.4.10], coincides with the K-algebra I'(Y*", O§") of
analytic functions on Y#". Now, since the point s is K-rational, the subscheme X is closed in X,
thus Y is a closed subscheme of X. It follows that the K-analytic space Y" is Stein because it
is a closed subspace of the Stein space X?". By compactness of Y*" an affinoid Stein exhaustion
of Y#" is eventually stationary, showing that the K-analytic space Y?" is affinoid. Moreover, the
K-algebra I'(Y?", O§") being finite, the K-analytic space Y*" is finite over K. Therefore, the
K-scheme Y is finite [Ber90, Proposition 3.4.7 (4)]. O

Proof of Theorem 9.3. The K-analytic space X" is Stein, thus holomorphically separable. It
follows from Corollary 8.6 and Theorem 9.1 that there is a finitely generated A-algebra B C O(X)
such that X — Spec B is an open embedding. The K-analytic space Y" is a closed subspace
of the Stein analytic space X" thus Stein. Thus, the scheme Y is affine by Lemmas 9.12 and
9.13. According to Proposition 9.7 the A-algebra S=Im(O(X)— O(Y)) is dense in O(Y?").
Moreover, the image T of B in S is such that Y — Spec T is an open embedding because the
composite morphism Y — SpecT — Spec B is an immersion, so Remark 9.10 gives the claim.
Therefore, we can apply Lemma 9.11 and obtain S = O(Y). O
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