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Algebraic Magnetism
Arnaud Mayeux

With an appendixz by Matthieu Romagny

ABSTRACT. For a diagonalizable monoid scheme A(M)g acting on an algebraic space X, we
introduce for any submonoid N of M an attractor space X~. We then investigate and study
various aspects of attractors associated to monoids.
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ARNAUD MAYEUX
1. Introduction

Let M be a finitely generated abelian group and let S be a base scheme. Let D(M)g be the
associated diagonalizable group scheme (i.e. if M = Z" x [[\_; Z/n;Z, then D(M)s = G, g x
[T tn,;,s s the product of a split torus with group schemes of roots of unity.) Algebraic actions
of diagonalizable group schemes appear systematically in many areas of mathematics. This article
is devoted to introduce a new tool in the general context of an arbitrary algebraic action of a
diagonalizable group scheme on a scheme or on an algebraic space. The style is foundational
and we in fact develop the theory for any diagonalizable monoid scheme (to be defined in this
article).

1.1 Definition of algebraic attractors

Let S be a scheme. Let M be an abelian monoid. Let Z[M] be the ring €, ,, ZX™ where the
multiplication is induced by the structure of monoid on M. Let A(M) be Spec(Z[M]), it is a
monoid scheme over Spec(Z). We consider the base change A(M)s = A(M) Xgpec(z) S, it is called
a diagonalizable monoid scheme over S (if M is moreover a group A(M)g is also denoted D(M)gs
and is a diagonalizable group scheme). For any submonoid N of M, A(M)g acts canonically on
A(N)g. Let X be an algebraic space over S with an action a of A(M)s. The main idea in this
paper is to introduce the following definition, for any submonoid N of M:

DEFINITION 1.1. Let X be the contravariant functor from schemes over S to Sets given by

(T = S) — Hom a2 M7 (A(N) 7, X7)
where Hom?(M)T(A(N)T,XT) is the set of A(M)r-equivariant T-morphisms from A(N)r to
X7 =X xgT. The functor XV is called the attractor associated to the submonoid N under the
action of A(M)g on X.

1.2 Magnets and attractors

We proceed with the notation from §1.1 and assume that X — S is separated. If N C L are
submonoids of M, then we have a canonical monomorphism X ¢ X, Moreover X identifies
with the fixed-points functor XAM)s and XM identifies with X. So for any submonoid N ¢ M,
we have monomorphisms X° ¢ X¥ C X. We now use the following terminology: a magnet for the
action a is a submonoid N of M. A magnet N C M is thought as something which algebraically
attracts the subspace X of X. For each attractor space X" there is a minimal magnet E such
that X~ = X¥ | E is called a pure magnet. We have a bijection between attractor spaces and the
set U(a) of pure magnets (cf. Theorem 15.3). Assume now moreover that X is finitely presented
over S, Theorem 15.4 says that the set of pure magnets U(a) is finite (cf. Theorem 15.4 for our
precise assumptions).

1.3 Faces

We proceed with the notation from §1.2 and assume for simplicity that M is a finitely generated
abelian groups. We fix a submonoid N C M. A face of N is by definition a submonoid F' of N
such that the canonical M-graded projection Z[N] — Z[F] is a morphism of rings. Equivalently,
F C N is a face if for any two elements z,y € N the following equivalence holds:

r+yeF<sxe FandyeF.
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Note that the only face of the group M is M itself, so faces matter only in the world of monoids.
Each face of N contains N*, the face of invertible elements in N. Now if ' C N is a face, we get
a canonical transformation of functor py r : X N 5 XF. Recall that on the other hand we have a
monomorphism X¥ — X~ The map p NF X N 5 X could be thought as a directional limit.
Now if Z € X¥ is a monomorphism, we put Xﬁz = XV x yr Z and we call it the attractor
associated to N with prescribed limit Z relatively to the face F, if F' = N* we also use the
notation X ]ZV . We have a canonical monomorphism X fpv ;=X N The concept of attractors with
prescribed limits allows to reduce the fixed-points parts of attractors.

1.4 Summary of results

This article studies intrinsically algebraic magnetism, i.e. the formalism of attractors associated
to magnets. Consequently, we prove in this paper a large number of results. We list here the
most significant ones as informal slogans, with precise references.

(i) Attractors are compatible with fiber products and base changes (cf. Proposition 3.7, Propo-
sition 3.8 and Proposition 3.9).
(ii) Attractors preserve monoid and group structures (cf. Proposition 3.14).
(iii) Attractors are compatible with equivariant actions in a natural sense (cf. Proposition 3.29).
(iv) Attractors are representable in many cases (cf. Theorems 3.19 and 8.3, Remark 8.4 and
Proposition 3.29 (iii)).
(v) In the affine case, attractors are representable by explicit closed subspaces and intersections

of attractors correspond to intersections of magnets (cf. Theorem 3.19 and Proposition
3.22).
(vi) Inclusions of monoids give (mono)morphisms on attractors and face inclusions provide re-
tractions (cf. Remark 3.5, Fact 3.6, Fact 3.10, Fact 3.15, Proposition 3.27, Corollary 3.28).
(vii) Equivariant morphisms of spaces induce morphisms on attractors; moreover closed immer-
sions give closed immersions, open immersions give open immersions, smooth morphisms
give smooth morphisms, étale morphisms give étale morphisms, unramified morphisms give
unramified morphisms, monomorphisms give monomorphisms, locally finitely presented
morphisms give locally finitely presented morphisms (cf. Fact 3.16, Corollary 11.2, Corol-
lary 11.6, Corollary 11.4, Fact 3.17, Lemma 3.24, Proposition 12.2, Fact 3.18). However, flat
morphisms do not give flat morphisms on attractors in general (cf. Remark 11.10).
(viii) Attractors of attractors make sense and correspond to intersections of magnets (cf. Remarks
3.11 and 3.12 and Proposition 3.30).
(ix) Attractors associated to subgroups correspond to fixed-points under diagonalizable group
schemes (cf. Proposition 3.32).
(x) Faces and attractors allow to obtain easily non trivial cartesian diagrams (cf. Remark 16.9
and Proposition 3.33).
(xi) Attractors preserve smoothness in two different senses (cf. Section 11, e.g. Corollaries 11.2
and 11.9).
(xii) The morphism X~ — X" induces a bijection on the sets of connected components (cf.
Proposition 12.1).
(xiii) Attractors commute with tangent spaces and Lie algebras (cf. Propositions 16.2 and 16.4).
(xiv) Attractors make sense for ind-spaces and behave as one can expect (cf. Proposition 14.4).

(xv) Attractors commute with dilatations (cf. Proposition 13.1).
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1.5 Examples
Let us discuss some examples. We refer to §16 and Example 15.10 for some other examples.

EXAMPLE 1.2. Assume that X = A% =:'V and A(M)g acts linearly so that the action induces
a direct sum decomposition in weight spaces V.= @, s Vin, then VN = D, cnVnCV.

EXAMPLE 1.3. (Magnetic point of view on reductive groups) Let G be a reductive group scheme
over S. Let T = D(M)s be a maximal split torus of G. Let a be the adjoint action of T
on G. The set of pure magnets is given by additively stable sets of roots. Algebraic attractors
associated to the action a give all the well-known classical objects of the theory of reductive groups
(Levi subgroups containing T', parabolic subgroups containing T, ”"groupes de type R a fibres
résolubles” [SGA3, Exp. XXII §5.6]). Moreover attractors with prescribed limits give unipotent
radicals of such objects, namely root groups and unipotent radicals of parabolic groups. We
refer to §16.4, Proposition 16.14 and [ALRR22, §6.3] for some precise statements. It is natural
to elaborate further on the relation of our formalism with the study of the structure of more
general algebraic groups.

1.6 Relation with other works

Let us list the main sources of inspiration for our work.

(i) Our work is of a completely different nature than logarithmic algebraic geometry. However
it has in common with logarithmic algebraic geometry to use schemes associated to monoids
as background and [Og, Part I were useful at some stages of the realization of our work
(cf. e.g. Proposition 2.8 and Fact 2.9).

(ii) If M = Z and N = N, then our attractors restrict to the well-known attractors associated
to G,-actions. As a consequence, our work was highly inspired by the following beautiful
works that include studies of G,,-actions

[Refg, ] == {[Bi73], [He80], [Jus5], [CGP10], [Dr15], [DG14], [Mar15], [Ri16], [HR21] }

We now provide some examples of relations between statements in our work and in [Refg, ]

(a) statement of Definition 3.1 was partly inspired by [Ril6, Definition 1.3], [Dr15, Definition
1.3.2], [He80, I1.4.1], etc,

(b) statement of Theorem 3.19 was partly inspired by [CGP10, Lemma 2.1.4], [Dr15, §1.3.4],
[Ril6, Lemma 1.9], etc,

(c) statement of Proposition 5.1 was partly inspired by [Ril6, Lemma 1.11],

(d) statements of Propositions 6.3 and 8.1 and Theorem A.1 were partly inspired by [Ril6,
Lemma 1.10], [Ril6, Theorem 1.8 (i)], [Drl5, Proposition 1.2.2.], etc,

(e) statement of Theorem 8.3 was partly inspired by [Ril6, Theorem 1.8], [Drl5, Theorem
1.4.2], etc

(f) statement of Proposition 12.1 was partly inspired by [Ril6, Corollary 1.12],

(g) statement of Corollary 11.2 was partly inspired by [Mar15, Theorem 1.1], [Ril6, Theorem
1.8 (iii)], [HR21, Lemma 2.2 (ii)],

(h) statement of Corollary 11.9 was partly inspired by [Drl5, Proposition 1.4.20],

(i) statement of Proposition 12.2 was partly inspired by [HR21, Corollary 2.3].

Similarly, some of our proofs are also partly inspired by the proofs in [Refg,,|. Our proof
of smoothness results (Corollaries 11.2 and 11.9) use formal smoothness (Propositions 11.1
and 11.7) and was partly inspired by [SGA3, Exp. XII Théoreme 9.7 (unpublished)]. We
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invite the interested reader to read [Refg,,] to form his own opinion. Of course, many
statements on attractors associated to monoids in our paper do not have analogs in [Refg,,]
cf. e.g. Proposition 3.24, Proposition 6.8, Fact 3.15, Proposition 3.22, Proposition 3.33,
Proposition 8.4, Proposition 13.1, Corollary 13.3, Theorem 15.3, Theorem 15.4, etc. We
note that Proposition 3.30 makes sense for G,,-actions (it says that (X )~ = (X )+ = X0)
but we did not come across it in [Refg,,]. Let us mention that [JS18] and [JS20] generalize
attractors associated to G,,-actions in an orthogonal direction to our.

(iii) Of course this work is written in the language of Grothendieck schemes [EGA] and Artin’s
algebraic spaces [Ar71], we mainly use [StP] as treatment for this theory in the present text.
We use algebraic spaces instead of schemes for the same reasons than [Drl5] and [Ril6]:
some actions of group schemes that we are interested in are not Zariski locally linearizable
but are étale locally linearizable by deep results of Alpher-Hall-Rydh [AHR21]. This leads
to use étaleness as local notion instead of openess and so to use algebraic spaces instead of
schemes.

(iv) Our work was inspired by [SGA3| for many technical aspects around group schemes.

1.7 Organization of the paper

1.7.1 Sections 2-16. Section 2 introduces diagonalizable monoid schemes and often relies on
[Og]. Section 3 introduces algebraic attractors associated to monoids and prove several results.
Section 4 introduces attractors with prescribed limits. Sections 5-6-7-8 take care of several results
used to prove the representability of attractors in non-affine cases, in particular the notion of
Z-FPR and strongly-FPR atlases are introduced. Sections 9-10-11 deal with formal smoothness
and formal étaleness results. Section 12 is about topology of attractors. Section 13 shows that
attractors are compatible with dilatations. Section 14 takes care of ind-spaces. Section 15 studies
pure magnets. Section 16 is mainly about examples.

1.7.2 Appendiz A. The important Appendix A, written by M. Romagny, is devoted to prove
the existence of Z-FPR atlases (cf. Theorem 6.8) using deep results of Alper-Hall-Rydh [AHR21].
Some important results of the paper are stated under the existence of Z-FPR atlases, cf. e.g
Theorem 8.3. One knows that such atlases exists for Sumihiro’s actions, but some actions are
not Sumihiro (cf. Section 7) and in this case one needs to know the existence of Z-FPR atlases
using other tools (this is also related to §1.6(iii)). This is why Appendix A is important. Appendix
A also contains interesting generalizations of some results stated in other sections (cf. Proposition
6.3, Proposition 8.1, and Theorem A.1).

1.8 Applications

We expect that our formalism and results could lead to applications, simplifications and con-
ceptual reformulations in most areas involving actions of diagonalizable group schemes. This
includes the following areas of mathematics: structure of algebraic groups, Bruhat-Tits theory,
representation theory, affine Grassmannians, geometric representation theory, geometric Satake
equivalence, Lie theory and physics, number theory, Langlands programs, etc. For example, the
reader is refered to [ALRR22, §6.3] for an application of an early version of the present work to
results on the structure of algebraic groups.

ACKNOWLEDGEMENT. I am grateful to P. Gille, T. Richarz, S. Riche and M. Romagny for in-
terest, support and help. I thank A.-M. Aubert, S. Brochard, D. Calaque, J. P. dos Santos,
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D. Gaitsgory, T. Haines, B. Loisel, J. Lourenco and P. Scholze for stimulating or useful dis-
cussions. This project has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant agreement No
101002592).

2. Rings associated to monoids and their spectra

2.1 Reference for the language of commutative monoids

We refer to [Og] for a detailed and beautiful introduction to monoids and related structures.
We recall in this section some basic definitions and facts that we frequently use in our work. In
this article, monoids and rings are always commutative. Readers unfamiliar with monoids should
read [Og, I.1]. Let us recall some very basic notations, again we refer to [Og, I] for a more general
and conceptual presentation. Let P be a monoid and N C P and L C P be two submonoids. Let
N+Lbe{n+le€Pne N,l €L} Then N + L is a submonoid of P. An arbitrary intersection
of submonoids is a submonoid. Let P be a monoid and let E be a subset of P, then we denote
by [E) the smallest submonoid of P containing F, this is the intersection of all monoids of P
containing E. Similarly if M is a group and F is a subset of M, we denote by (E) the subgroup
of M generated by E. Let M be an abelian group and let N be a submonoid of M. The subgroup
generated by N in M is denoted NP, in fact N8 = {x —y|z,y € N}. We have an obvious notion
of finitely generated monoids. The monoid (N>; x N) U (0,0) is not finitely generated and it is a
submonoid of the finitely generated abelian group Z x Z.

2.2 Diagonalizable monoid algebraic spaces

We fix in this section an arbitrary commutative monoid M. We will often work with submonoids
of M and will often use the symbols N, N’, L, Q or F to denote them.

DEFINITION 2.1. Let N be a commutative monoid. Let Z[N] be the ring whose underlying
abelian group is @,y ZX", where for any n the abelian group ZX" is a formal copy of Z, and
multiplication is induced by the operation of the monoid: X™ x X" = X" We write X° = 1.
The ring Z[N] is called the ring associated to the monoid N.

Fact 2.2. Let N be a commutative monoid. The ring Z|N] is a bialgebra over Z. The augmen-
tation is the map Z[N| — Z sending X" to 1 for every n € N. The comultiplication is the map
Z|N] — Z|N] ® Z[N] sending X™ to X" ® X" for n € N. Moreover, if N is a group, Z|N]| is a
Hopf algebra over 7Z, the antipode being the map Z|N| — Z[N] sending X" to X ™" for every
n &€ N.

DEFINITION 2.3. Let N be a commutative monoid. Let R be a ring. Let B be an algebraic space
over a scheme S. Let Og be the structure sheaf of S (cf. [StP, Tag 011J] and [StP, Tag 0091]).
Let Op be the structure sheaf of B in the sense of [StP, Tag 04KD].

(i) We put R[N] = Z[N] ®z R. Obviously, R[N] = @,y RX". The ring R[N] is canonically
a R-bialgebra.

(ii) Let Og[N] be the Og-algebra obtained by sheafification of the presheaf of algebras given by
Og(U)[N] for any open subset U C S, this is a sheaf of algebras (cf. [StP, Tag 00YR]). Note
that the underlying Og-module is called the free Og-module with basis V. In particular, as

Os-module, Og[N] is isomorphic to @, . Os. If U is a quasi-compact open subset of S,
then Og[N](U) = Og(U)[N] (cf. [StP, Tag 01AI]). The Og-algebra Og[N] is canonically an


https://stacks.math.columbia.edu/tag/01IJ
https://stacks.math.columbia.edu/tag/0091
https://stacks.math.columbia.edu/tag/04KD
https://stacks.math.columbia.edu/tag/00YR
https://stacks.math.columbia.edu/tag/01AI
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Og-bialgebra.

(iii) Let Op[N] be the Op-algebra obtained by sheafification of the presheaf of algebras given by
Op(T)[N] for any T' € Bgpqces étale (cf. [StP, Tag 03GO] for the notation Bypgces étale), this is
a sheaf of algebras (cf. [StP, Tag 00YR]). Note that the underlying Op-module is called the
free Op-module with basis N (cf. [StP, Tag 03DD]). In particular, as Og-module, O[N] is
isomorphic to @,y Op- If T € Bypaces,étale is quasi-compact, then Op[N](T') = Op(T)[N]
by [StP, Tag 0935]. The Op-algebra Op[N] is canonically an Op-bialgebra.

(iv) Assume that moreover N is a group, then R[N] (resp. Og[N], resp. Op[N]) is canonically
a Hopf algebra over R (resp. Og, resp. Op).

DEFINITION 2.4. (Diagonalizable monoid schemes and algebraic spaces) Let N be a commutative
monoid. Let S be a scheme and let B be an algebraic space over S.

(i) Let A(N) be the scheme Spec(Z[N]). This is a monoid scheme over Spec(Z).
) We put A(N)s = A(N) Xgpec(z) S, this is canonically a monoid scheme over S.
(iii) We put A(N)p = A(N)s xg B, this is canonically a monoid algebraic space over B.
) The objects A(N), A(N)s and A(N)p are called diagonalizable monoid schemes and alge-
braic spaces. If N = M is an abelian group, then A(M) is denoted D(M) and is a group

scheme over Spec(Z) called the diagonalizable group scheme associated to M. We define
similarly D(M)g and D(M)p.

REMARK 2.5. Let M be an abelian group and N be a monoid. The reference [SGA3| uses the
notation Dg(M) where we use D(M)g. Similarly, the notation Ag(N) can be used to denote
A(N)p. We like to use standard notation and see A(N)p and D(M)p as base change from
Spec(Z) to B of A(N) and D(M).

Fact 2.6. Let N be a commutative monoid. Let B be an algebraic space over a scheme S.

(i) The monoid scheme A(N)g is affine and flat over S, moreover its quasi-coherent Og-
bialgebra is Og[N] (cf. Definition 2.3).

(ii) The monoid algebraic space A(N)p is affine and flat over B, moreover its quasi-coherent
Op-bialgebra is O[N] (cf. Definition 2.3).

Proof. Being affine and flat is stable by base change, so it is enough to prove that A(N) is affine
and flat over Spec(Z). It is obvious that A(N) is affine and flat over Spec(Z) and this proves
the first parts of both assertions. We claim that the Ogpeq(z)-bialgebra of A(N) is Ogpec(z)[IV]-
Let p = A(N) — Z. We know that p.O4n) = Z[N]. So by [StP, Tag 01ID], we have p.O 4(n) =

P

P, cnZ = @%NZ = Dren Ospec(z) = Ospec(z)[IN] and this finishes to prove the claim. Now
by [StP, Tag 01SA], we have that ¢.O q(nys = 7" (p+Oa(n)) where ¢ : A(N)s — Sandr: S — Z.
So by [StP, Tag 01AJ], we have ¢.O4(n), = Os[N]. The last assertion is proved similarly using
[StP, Tag 03M1], [StP, Tag 081V] and [StP, Tag 03DC]. O

Fact 2.7. We have a canonical identification A(N x L) = A(N) Xgpec(z) A(L) for any pair of
monoids N, L. If B is an algebraic space over a scheme S, then A(N x L)s = A(N)s xs A(L)s
and A(N X L)B = A(N)B XB A(L)B

Proof. 1t is enough to prove the first assertion. This follows from the identity

ZINx L= @ zx")=(zx") oz (PZX') =Z[N] @z Z|L).
(n,)eNxL neEN leL


https://stacks.math.columbia.edu/tag/03G0
https://stacks.math.columbia.edu/tag/00YR
https://stacks.math.columbia.edu/tag/03DD
https://stacks.math.columbia.edu/tag/0935
https://stacks.math.columbia.edu/tag/01ID
https://stacks.math.columbia.edu/tag/01SA
https://stacks.math.columbia.edu/tag/01AJ
https://stacks.math.columbia.edu/tag/03M1
https://stacks.math.columbia.edu/tag/081V
https://stacks.math.columbia.edu/tag/03DC
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O]

Recall that a monoid N is cancellative if for all z,y,2 € N, x +y = x + z implies y = z. In
[Og], the word ”integral” is used instead of ”cancellative”, cf. [Og, Definition 1.3.1]. A monoid
is cancellative if and only if it identifies with a submonoid of a group.

ProposITION 2.8. Let N be a cancellative commutative monoid. Let B be an algebraic space
over a scheme S.

(i) The morphism of rings Z[N] — Z[N x N], X™ s X(™") is flat.

(i) The multiplication m : A(N) Xgpec(z) A(N) = A(N) of the monoid scheme A(N) is flat.
(iii) The multiplication morphism m : A(N)g xs A(N)g — A(N)g is flat.

(iv) The multiplication morphism m : A(N)p xg A(N)p — A(N)p is flat.

Proof. The monoid N acts freely on N x N via n - (m,l) = (m + n,l +n). So the Z[N]-module

Z|N x N] is flat by [Og, Prop. 4.5.12 p.134], and so (i) holds. Now (ii) follows using Facts 2.2
and 2.7. Assertions (iii) and (iv) follow since flatness is preserved by base change. O

Fact 2.9. Let N be a finitely generated monoid. Let B be an algebraic space over a scheme S.

(i) The monoid N is finitely presented.

(ii) The Z-algebra Z[N] is finitely presented.
(iii) The structural morphism A(N) — Spec(Z) is finitely presented.
(v) The morphisms A(N)g — S and A(N)g xg A(N)s — A(N)g are finitely presented.

)
)
(iv) The multiplication morphism A(N) Xgpec(zy A(N) — A(N) is finitely presented.
)
(vi) The morphisms A(N)p — B and A(N)p xg A(N)p — A(N)p are finitely presented.

Proof. (i) This is [Og, Theorem 2.1.7].

(ii) This follows from (i).

(iii) This follows from (ii).

(iv) Since N is finitely generated, N x N is finitely generated and so A(N) Xgpec(z) A(N) is
finitely presented over Spec(Z). Now the assertion follows using [StP, Tag 02FV].

(v) This follows using previous assertions and [StP, Tag 01TS].

(vi) This follows using previous assertions and [StP, Tag 049M].
O

DEFINITION 2.10.

(i) Let ez be the trivial monoid scheme over Spec(Z), it is a group scheme over Spec(Z) equal
to Spec(Z) as scheme. Note that ez ~ A(0) where 0 is the trivial monoid.

(ii) Let S be a scheme. We put es = €7 Xgpec(z) S, this is the trivial monoid scheme over S.
(iii) Let B be an algebraic space over a scheme S. We put eg = eg xg B, this is the trivial
monoid algebraic space over B.
Fact 2.11. Let N be a submonoid of M. Let B be an algebraic space over S. Then we have an
algebraic action of A(M) on A(N) over Spec(Z) given by:
Z[N] — Z[N] ® Z|M]
X' X"@ X",


https://stacks.math.columbia.edu/tag/02FV
https://stacks.math.columbia.edu/tag/01TS
https://stacks.math.columbia.edu/tag/049M
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Equivalently, this action comes from the general Proposition 2.21 that we discuss below in this
section. Remark also that the action of A(M) on A(N) comes from the morphism of monoid
schemes A(M) — A(N). By base change, we obtain actions of A(M)s on A(N)g and of A(M)p
on A(N)p.

FacT 2.12. Let N’ € N be submonoids of M, let B be an algebraic space over S. Then we
have a canonical morphism of bialgebras over Z, Z[N'] — Z[N] (sending X" to X" for any
n’ € N'). This induces a canonical morphism A(N) — A(N’) of monoid schemes over Z, this

morphism is A(M)-equivariant. We obtain canonical equivariant morphisms of monoid objects
A(N)s — A(N')g and A(N)p — A(N')p.

Proof. The inclusion morphism preserves M-gradings on Z[N’] and Z[N]. O
DEFINITION 2.13. Let F' C N be submonoids of M. We say that F'is a face of N if the projection
map

Z[N] = Z[F], X" —0ifne N\ F and X" — X"ifne F
is a morphism of rings.
Facrt 2.14. If F is a face of a submonoid N of M, then the associated morphism of schemes

A(F) — A(N) is A(M)-equivariant. For any algebraic space B over any scheme S, A(F)s —
A(N)g is A(M)g-equivariant and A(F)p — A(N)p is A(M)p-equivariant.

Proof. The projection morphism preserves M-gradings on Z[F] and Z[N]. O
PropPOSITION 2.15. Let F' C N be submonoids of M. Then F is a face of N if and only if for all
r,y €N

r+yeF & axe FandyeF.
Proof. Let ¢ denote the projection and assume it is a morphism of rings. Let z,y € N. Then
r+y € F & (X)) = X = ¢(X*%)¢(XY) is not zero < both x and y are in F. Reciprocally

assume that for all x,y € N,z +y € FF & z € F and y € F, then we have ¢(X*XY) =
P(XT)p(XY). O

PROPOSITION 2.16. Let N be a monoid. Let N* = {z € N| 3y € N such that v +y = 0}, then
N* is a submonoid of N and a group, moreover N* is a face of N. The group N* is the largest
subgroup of N, called the face of invertible elements.

Proof. We apply Proposition 2.15 as follows. Take z,y € N. Assume x + y € N*, then there
exists z € N such that x + y + z = 0, this shows that x and y are in N*. O

Fact 2.17. Let F' be a face of a monoid N, then N* C F.
Proof. Let n € N*. Then n + (—n) = 0 belongs to F' and so n belongs to F. O

PROPOSITION 2.18. Let N C L C L' be submonoids of M. Assume that L is a face of L'. Then
N’ := L'\ (L\ N) is a submonoid of M and N is a face of N'; moreover for any scheme S,
A(N')g is the push-out, in the category of schemes, of

A(L)s

N

A(L")s A(N)s
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Proof. We have L'\ (L\ N) = (L’\ L)UN and it is clearly a submonoid of M. It is also clear that
N is a face of N'. Let us assume firstly that S = Spec(R) is affine. We have R[L'] X g(r) R[N] =
{(z,y) € R[L'| x R[N]|f(z) = g(y)} = R[N'], indeed an element = in R[L’] maps to an element in
R[N] under the projection R[L'| — R[L] if and only if 2 € R[(L’\ L)UN]. The map R[N'| — R[N]
is the projection morphism associated to the face inclusion N C N’. The map R[N'] — R[L'] is
the morphism associated to the inclusion N’ C L’. So by [StP, OETO] the scheme A(N')p is the
push-out, in the category of schemes, of the diagram

A(L)r

N

A(L)r A(N)r

Now let us prove the general case. Let S = U;crU; be an affine open covering and write U; =
Spec(R;). Let Y be a scheme and let A(L')s — Y and A(N)s — Y be two morphisms such that
the following diagram commutes

A(L N)s -
We then obtain, for any ¢ € I, a commutative diagram
A( )Ui '

Now since U; is affine, we obtain a unique morphism f; : A(N')y, — Y such that the following
diagram commutes

A(L)

/\
/

For i,j € I, we have U; x gU; = U;NU;. Let U;NU; = UgeqV, be an affine open covering. We have
fil agwry Wy = = filawry,, forall g € Q by the aﬂine case done before. So we have fi| 4.7 Yo,u; =
J

filavn s, by [GW, Prop 3.5]. Thus using [GW, Prop. 3.5] again, we obtain a unique morphism

10
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f:A(N")s — Y such that the following diagram commutes

This finishes the proof. O

The category of so-called G-Og-module introduced in [SGA3, §4.7] for a group scheme G
over S naturally extends to monoid schemes over S. In particular A(M)g-Og-modules are well-
defined. For the convenience of the reader we recall the definition here. Recall that if F is an
Og-module, then W (F) is defined as a functor on Sch/S by the formula W(F)(T) = (p*F)(T)
where p : T — S is the associated morphism. Then W (F) is an Og-module where Og is the ring
functor on Sch/S given by the formula Og(T) = O (T).

DEFINITION 2.19. An A(M)s-Og-module is an Og-module F such that

(i) for any S-scheme T', the monoid A(M)g(T) acts on W(F)(T) and h-(z+Ay) = h-z+A(h-y)
forall h € A(M)s(T), xz,y € W(F)(T) and X € Og(T),

(ii) for any S-morphism 7" — T” the actions of A(M)g(T) on W (F)(T) and of A(M)s(T") on
W (F)(T") are compatible with the morphisms A(M)g(T") — A(M)s(T) and W (F)(T") —
W(F)(T).

In other words, it is an Og-module F with an Og-linear action of the S-monoid A(M)g on W (F).

PROPOSITION 2.20. Let S be a scheme. The category of quasi-coherent A(M)g-Og-modules is
equivalent to the category of quasi-coherent M-graded Og-modules.

Proof. This is proved as [SGA3, Exp. I Proposition 4.7.3]. O

PRrROPOSITION 2.21. Let S be a scheme and let X be a scheme over S such that X — S is affine.
Actions of A(M)s on X correspond to M-gradings of the quasi-coherent Og-algebra of X.

Proof. This is proved as [SGA3, Exp. I Corollaire 4.7.3.1]. O

3. Algebraic attractors associated to magnets and properties

Let us fix a base scheme S. In this paper, an S-space is an algebraic space over S. Let us fix an
S-space X. Let us fix a commutative monoid M and let A(M)g be the associated diagonalizable
monoid scheme over S (cf. Definition 2.4). We assume that A(M)g acts on X, this means that
we have a morphism of S-spaces

A(M)s XsX action X

11
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such that the following diagrams of S-morphisms commute

A(M)S XsA(M)S ><5X Lm) A(M)S XSX

lld Xaction laction

A(M)S X g X action X

es Xg X eXxaction A(M)S XsX

lld x1Id laction

SxgX Id X

where ¢ is the unit, i.e. the unique morphism of S-monoids from eg to A(M)g. In this section,
a magnet NN is by definition a submonoid N C M, this terminology is specific to the purpose

of algebraic magnetism. For any magnet N C M, we consider A(NN)g with the canonical action
of A(M)g as in Fact 2.11. For any scheme T — S, Hom?(M)T(A(N)T,XT) denotes the set of
A(M)p-equivariant T-morphisms from A(N)p to X7 = X xgT. We now introduce the attractor

XN associated to a magnet N C M under the action of A(M)g on X.

DEFINITION 3.1. Let XV : (Sch/S) — Set be the contravariant functor that associates to an
object (T"— S) the set

Hom ™)™ (A(N)p, X7)
and that associates to the S-morphism 77 — T the map

Hom: ™" (A(N) 7, X7) — Homp "7 (A(N) v, Xov)

(f - AIN)p — X1) s (frr 2 AN xo0 T 28 X s 7).

PROPOSITION 3.2. The attractor X is an object in the topos Sh((Sch/S)pps), i.e. XV is a
sheaf on the site (Sch/S) fppf-

Proof. Let PSh((Sch/S)pps) be the category of all contravariant functors from (Sch/S) tpps to
Set. The functor X¥ is the equalizer, in the category PSh((Sch/S) sy, Set), of

Homg(A(N)s. X) =3 Homg(A(M)s x5 A(N)s. X)

where ®, U are defined by: for any 7'/S and any f € Homp(A(N)r, X), ®(f)(h,a) = f(h-a)
and ¥(f)(h,a) = h- f(a) for any T'/T and any h € A(M)p(T"),a € A(N)p(T"). The topos
Sh((Sch/S)sppy) is a full subcategory of PSh((Sch/S)pps, Set). The functor Homg(X', X) :
T/S — Homp (X7, X7) is an fppf sheaf for any pair of S-schemes X, X', so it belongs to the
topos Sh((Sch/S) ppr)- Equalizers in a category are unique when they exist. Equalizers exist in
any topos. The forgetful functor Sh((Sch/S)ppr) — PSh((Sch/S)sppy) is a right adjoint (cf.
[StP, Tag 00WH]) so it preserves limits and in particular equalizers. We conclude that X%V is
equal to the equalizer of (®, ¥) in the category Sh((Sch/S)fppf), in particular XV belongs to
Sh((SCh/S)fppf)'

O

REMARK 3.3. Definition 3.1 makes sense for an arbitrary S-functor endowed with an action of
A(M)g. We sometimes use this implicitly.

12
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REMARK 3.4. In the context of Definition 3.1, when we want to indicate that we take the attractor
XN relatively to the action of the monoid scheme A(M)g, we sometimes use the notation X V<,
REMARK 3.5. We have an identification X9 = XAM)s where XAM)s denotes the functor of
fixed-points (cf. Proposition 3.32 for an extension of this remark in the case where M is a finitely
generated group). This is tautological because A(0)g identifies with S endowed with the trivial
action. So the concept of attractors refines the concept of fixed-points.

FACT 3.6. We have an identification X = XM given as follows. Let T — S be a scheme. Let ¢
be in XM (T), we associate the morphism

T=er S AM)r S Xr € X(T)

where ¢ is the unit. Let ¢ be in X (T'), we associate the morphism

Idx e action

A(M)T = A(M)T XTT —_— A(M)T X XT —_— XT.

PROPOSITION 3.7. Let X, X9, X3 be S-spaces endowed with actions of A(M)g. Let X1 — Xo
and X3 — Xy be two A(M)g-equivariant morphisms of S-spaces. Let N C M be a magnet.

(i) We have a canonical action of A(M)gs on X; X x, X3, the canonical maps X x x, X3 — X1
and X1 xx, X3 — X3 are A(M)g-equivariant and moreover the following is a cartesian
square in the category of S-spaces endowed with action of A(M)g (morphisms in this
category are A(M)g-equivariant morphisms of S-spaces)

X1 ><X2 X34>X1

|

X3 —_— XQ.
(ii) We have an isomorphism of functors
(X1 X X Xg)N = XlN XXéV XgN.

Proof. (i) Let T be a scheme. Then A(M)s(T) acts on X1(T') X x, (1) X3(T') via g.(z1,3) =
(g.xl,g.xg) (recall that (X1 X X, Xg)(T) = Xl(T> X X5 (T) Xg(T) = {(.%‘1,.%'3) S XI(T) X
X3(T)|x1 = x3 in Xo(T)}). This proves the first assertion. The projection maps on X;
and X3 are A(M)g-equivariant by definition. Now let Y be an S-space with an action of
A(M)s. An A(M)g-equivariant morphism Y — X X x, X3 gives birth by composition with
projections to canonical A(M)g-equivariant morphisms Y — X7 and Y — X5. Reciprocally
let Y - X; and Y — X3 be A(M)g-equivariant. Then we get a morphism in the category
of S-spaces Y — X Xx, X3. This morphism is A(M)g-equivariant.

(ii) This is a direct consequence of the previous assertion.
O

ProproSITION 3.8. Let N C M be a magnet. Let Y and Z be two algebraic spaces over S
endowed with actions of A(M)g. Let A(M)g act componentwise on' Y xg Z. We have

(Y xg 2)N =YV xg 2"V,
Proof. This follows from Proposition 3.7. O

PROPOSITION 3.9. Let T' — S be an S-scheme. The T-space X7 = X xgT' is canonically endowed
with an action of A(M)r. Let N C M be a magnet. We have an identification of T-functors

XN xsT = (X7)V.

13
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Proof. Indeed, if T" — T is a T-scheme, we have identifications of sets
(XN x5 T)(T") = Homp(T', XN x5 T)
= Homg(T", X™)
= Hom ™™ (A(N) v, X1) and,
(X0)N(T") = Hom A" (A(N)gv, X x7 T')

= Homp ™™ (A(N) g, X1).

Fact 3.10. Let N C L be magnets of M. For T' — S, we have a morphism
Homs M7 (A(N) 7, X1) — Hom M (A(L) 7, X7)
obtained using the morphism A(L)p — A(N)rp (cf. Fact 2.12). This is functorial, so we get a

morphism of functors ., XN 5 XL,

REMARK 3.11. Let N C M be a magnet. We have an action of the monoid scheme A(M)g on
XN given as follows. For any S-scheme T, we have actions of A(M)(T) on X7 and A(N)r, in

particular for any t € A(M)(T), we have arrows Xp L X and A(N)rp N A(N)p. Now let
fexNT = Homﬁ(M)T (A(N)p, X7) and t € A(M)(T). The composition A(N)p ER Xr & X
equals the composition A(N)r Ly A(N)r EN X7 and is denoted ¢ - f. This defines an action of
A(M)g on XNV,

REMARK 3.12. We proceed with the notation from Remark 3.11. We have an action of the
monoid scheme A(N)g on X given as follows. Let f € XV (T) = Hom;(M)T (A(N)r, X7) and
t € A(N)(T). We define ¢ - f to be A(N)r 2 A(N)r L X7

REMARK 3.13. The action of Remark 3.11 can be obtained from the action of Remark 3.12 via the
canonical morphism of monoid schemes A(M)g — A(N)g. This follows from definitions and the
fact that the action of A(M)s on A(N)g comes from the canonical morphism of monoid schemes
A(M)g — A(N)g induced by the inclusion N C M. Let us mention a sanitary check. If L C M

is an other magnet, then under some working assumptions (XNCM)LCM — (x NCM)(NOL)CN
(e.g. use directly 3.29, 3.30, 3.19 or 8.3).

ProposiTION 3.14. Let N C M be a magnet.

(i) If X is a monoid algebraic space over S and the action of A(M)g is by monoid endomor-
phisms, then X" is a monoid functor.

(ii) If X is a group algebraic space over S and the action of A(M)g is by group automorphisms,
then XV is a group functor.

Proof. (i) Let T be a scheme over S. Let A(N)p 2 Xp and A(N)p M Xr be two elements in
XN(T). Then we define gh as the composition

A(N)r — A(N)r xp A(N)r — X7 x7 X7 — X1

where the first morphism is the diagonal morphism, the second is g x h, and the third
is the multiplication morphism coming from the group structure on X. The two firsts are

14
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equivariant by definitions and the third is equivariant because A(M)g acts on Xg by monoid
endomorphisms. This defines a monoid law on XN.

(ii) By (i) we have a monoid law on X . This law is a group law.
U

Fact 3.15. Let F and N be magnets of M and assume that F' is a face of N. Then for all' T — S
the A(M)r-equivariant morphism A(F)r — A(N)r (cf. Fact 2.14) induces a morphism

Hom 2 M7 (A(N) 7, X7) = Hom M7 (A(F)7, X7).
So we obtain a morphism of functors X~ — X¥| that we denote p N,r. The morphism py
satisfies pn,p o tpny = Idyr.
Proof. Clear. O

Fact 3.16. If f : X — Y is an A(M)g-equivariant morphism of algebraic spaces, then for any
magnet N of M, we have a morphism of functors f~N : X~ — YV,

Proof. For any T' — S, send an equivariant arrow A(N)p — Xp to A(N)r — Xp — Yr. O

Fact 3.17. Let N C M be a magnet. Assume X — Y is an A(M)g-equivariant monomorphism
of S-spaces, then X — Y is a monomorphism.

Proof. Let T — S be a scheme. Let A(N)r . X7 be two equivariant S-morphisms and
g

assume the compositions A(N)p { Xr —— Yp are equal. Since X7 — Y7 is a monomor-
g
phism, we get f = g. O

Fact 3.18. Let N C M be a magnet. Assume f : X — Y is an A(M)g-equivariant morphism of
S-spaces. If f is locally of finite presentation, then f : XN — YV is locally of finite presentation.

Proof. This follows from the definitions and [StP, Tag 04AK]. O

THEOREM 3.19. Assume that X is affine over S. Let p : X — S be the structural morphism and
A = p.Ox so that X = Specg(A). Let N be a magnet of M. The functor X'V is representable
by a closed subscheme of X whose quasi-coherent ideal sheaf Jy is the ideal sheaf generated
{An|m € M \ N} where A,, is the component appearing in the direct sum decomposition
A=, ,crr Am coming from the action of A(M)s on X (cf. Proposition 2.21).

Proof. Since XV is a fppf sheaf by Proposition 3.2 and in particular a Zariski sheaf, the statement
is local on S using e.g. [StP, Tag 01JJ]. We assume S = Spec(B) and X = Spec(4), let A =
D, Am be the decomposition coming from the action. Let J be the ideal of A generated by
{A;Jm € M\ N}. Let B’ be a B-algebra. It is enough to define functorial maps © and ¥

S}
Homp(A/J, B’)%Hom]\g -eraded( 4 B'[N])

v

such that ©® o ¥ = Id and ¥V o © = Id. Take A/J L B’ on the left-hand-side and define a map
f = O(F) on the right-hand-side as

A=@mer Am L B'[N]
tm € Ap = F([am]) X™

15
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Let us check that this map © is well-defined. Since F([an,]) = 0 if m € M \ N, the element
F(Jam])X™ belongs to B'[N]. We have to explain that f is a morphism of B-algebras. This is a
consequence of the identity

Flamam') = F([amam]) X™™ = F(lam][am]) X" X™ = flam)f(am).

So © is well-defined. Now take A % B/ [N] on the right-hand-side. Then f(a,,) = 0 for all
am € Ay, for all m € M\ N, so f vanishes on J, i.e f factors through A — A/J ER B'[N]. Now

we define F' = ¥(f) as the composition A/.J ER B'[N] X221 B, this is a morphism of B-algebras.

Let us prove that ©® o ¥ = Id. Let f be a morphism on the right-hand-side. Let a,, € A, for
n € N, we have f(a,) = A\, X"™. We have

((©cW)(f))(an) = (OC¥()))(an) = (¥(f))([an]) - X" = (f(an))|xr=1- X" = X X" = f(an).
Now let a,, € M \ N, then

(@ W)(f))(am) = (O(T(f)))(am) = (¥(f)([am]) - X™ = 0 = f(am).

This proves that © o ¥ = Id. Let us prove that ¥ o © = Id. Let F' be a morphism on the left-
hand-side, and let us look at the image of [a,] for some a,, € A,, with n € N under (Yo O)(F) =
U(O(F)) :

417 29, BIN] & B

[an] = F([an]) X" = F(lan]).
This finishes the proof of Theorem 3.19. O

COROLLARY 3.20. Assume X is affine over S. If N C L are magnets of M, then XN — X' is a
closed immersion.

Proof. With the notation of Theorem 3.19, we have J;, C Jn. OJ
REMARK 3.21. Corollary 3.20 does not generalize outside the S-affine case.

PROPOSITION 3.22. Assume X is affine over S. Let {N;};c; be magnets of M. Then

(XN = XNiere = TTx XM,

i€l el
Here N means the scheme theoretic intersection as in [StP, Tag 0C4H] and infinite products of
affine morphisms make sense by [StP, Tag OCNI].

Proof. This follows from the description of affine attractors given in Theorem 3.19 and the
identity Y .c; In, = Jnie; N, that follows from the identity Ujer(M \ Ni) = M\ (NierN;). O

REMARK 3.23. The first equality in Proposition 3.22 does not make sense outside the S-affine
case in general. This is because X7 is not a closed subspace of X in general if X is not S-affine.
Moreover in many non-affine cases XV £ XV x v XT (e.g. cf. [Dr15, Remark 1.6.3]).

LEMMA 3.24. Let f : Z — 'Y be an A(M)g-equivariant closed immersion of S-affine schemes. Let

N be a magnet of M. Then the morphism ZN — YV is a closed immersion, and more precisely
ZN =Z xy YV,

Proof. This is local on S so we assume S = Spec(R) is affine, moreover we identify Z with a
closed subscheme of Y. Let A be the R-algebra of Y and I be the ideal of A defining Z. Let J
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be the ideal of A defining YV, cf. Proof of Theorem 3.19 . Then the ideal of A/I defining ZV
is I + J/I using Theorem 3.19. So the ideal of A defining ZV is I + .J. Now the isomorphism
A/l ®a AJJ = AJ(I + J) finishes the proof. O

REMARK 3.25. Proposition 12.2 extends Lemma 3.24 outside the S-affine case. Note that the
proof of Proposition 12.2 uses Lemma 3.24.

PROPOSITION 3.26. Let € be a quasi-coherent A(M)g-Og-module and let V(E) = Specg(Sym &)
be the associated quasi-coherent bundle defined by €. Then A(M)gs acts linearly on V(E). Let

N be a magnet of M. Then the attractor (V(S))N associated to N is canonically isomorphic
to V(EN) where EV is the N-graded component of £ relatively to the A(M)g-action on & (cf.
Proposition 2.20).

Proof. Let p: T — S be a scheme over S. We have V(€) xg T = V(p*E). The quasi-coherent
Or-module inherits a M-grading and we have (p*€)™ = p*(EV). The following identifications
finish the proof

A

HomT(M)T(A(N)T,V(p*S)) — HomM-#raded (Sym p*E, OT[ND

Op-alg
— Homl 5105578, Oy [N)
= Hom%ﬁﬁfﬁd (p*SN, (’)T[N])
= Homo, -mod (p*EN, OT)
= Hom@T_alg(Sym prEN, OT)
= V(EN)(D).
O

PROPOSITION 3.27. Assume that X is separated and let N C N’ be two magnets of M. Then

the map of functors XN — X' is a monomorphism, i.e. for any scheme T over S we have a
canonical inclusion X™(T) ¢ XN'(T).

Proof. Since N C N', by [StP, Tag 01R8], the scheme theoretic image of A(N')y — A(N)r is
A(N)r for any scheme T over S. Now let fi, fo be two elements in X~ (T") such that their images
in XV'(T") coincide. Consider the schematic kernel of the maps (f1, f2) : A(N)r — Xp. Since
Xr is separated, ker(fi, f2) is a closed subscheme of A(N)r (the proof of [GW, Def./Prop. 9.7]
works in this context). So since the scheme theoretic image of A(N')r — A(N)r is A(N)rp, we
have ker(f1, fo) = A(N)p and so fi = fo. O

COROLLARY 3.28. Assume that X is separated and let N be a magnet of M. Then the natural
map of functors XV — X is a monomorphism.

Proof. Combine Proposition 3.27 and Remark 3.6. O

PROPOSITION 3.29. Let Z be a monoid and let f : M — Z be a morphism of monoids. Let Y
be a magnet of Z and let N be f~Y(Y). Then N is a magnet of M. Assume that one of the
following conditions holds

(i) X is affine over S,
(i) M and Z are finitely generated groups,
(iii) M is cancellative, Z = M®P, N =Y and X is separated,
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add more as needed,

then in each case we have an identification of functors XN = XY, where on the left-hand-side X
is seen as an A(M)g-space and on the right-hand-side as an A(Z)g-space (via A(Z)s — A(M)s
dual to f : M — Z). In other words, with the notation of Remark 3.4, we have XN°M = XY 2,

Proof. (i) We reduce to the case where S and X = Spec(A) are affine. We have two compatible

(iii)

gradings on A, one given by Z and one given by M. For any y € Y, we have 4, =
Bnef-1(y)An- S0 B.eny Az = Spem\nAn. Then the ideal defining XN equals the ideal
defining XY, cf. Theorem 3.19.

Let T'— S be a scheme. We have a canonical map
6 : Homb ™" (A(N)r, Xr) = HomP A7 (A(Y)r, X1)

obtained by precomposition with A(Y)7r — A(N)p. Let us show that # is an isomorphism.
We construct the reciprocal map. Let f : A(Y)r — Xp be a D(Z)p-equivariant map. We
get a map f' : D(M)r xp A(Y)r — Xp given on points by (g,2) — g - f(z). Let K be
f(M) + Y®P, this is a subgroup of Z. We have a morphism of groups ¢ : f(M) x Y& —
f(M) + Y®P given by (f(m),y) — f(m) + y. The morphism ¢ induces a closed immersion
of group schemes D(f(M) + Y®&)p — D(f(M) x YEP)p = D(f(M))r x7 D(YEP)p. Let us
consider the action of D(f(M))r x7 D(Y®)p on D(M)p x7 A(Y )y given by (g,h)-(¢',x) =
(g-¢',h~!-x), remark that this action is free. So we obtain by composition a free action *
of D(K)r on D(M)r x7 A(Y)r. Let us consider the morphisms

£, & D(K)r x7 D(M)1 x7 A(Y)r — X7

where &, is given by (k,g,y) — f'(k*x (g,y)) and & is given by (k,g,y) — f'(g9,y). Let us
prove that & = £. Let us consider the canonical morphism

p: D(Z)T XT D(M)T XT A(Y)T — D(K)T XT D(M)T XT A(Y)T

induced by the inclusion K C Z. Then po & = po &, and so ker(¢,&,) = D(K)p X
D(M)r xp A(Y)r because the schematic image of p is D(K)p X7 D(M)r xp A(Y)p. This
finishes the proof of the claim & = &,. So we have f'(kx (g,z)) = f'((g,2)) for all T/ — T,
k€ DIK)r(T), g € D(M)p(T') and « € A(Y)p(T'). So the map f’ induces by fac-
torization a map (D(M)r x7 A(Y)r)/D(K)r — Xp where (D(M)r x17 A(Y)r)/D(K)r
is the fpqc quotient as in [SGA3, VIII Th. 5.1]. Now let A be the quasi-coherent alge-
bra of the T-affine scheme (D(M)r x7 A(Y)r). Consider the K-grading on A associated
to the action of D(K)r on (D(M)r xp A(Y)r). By [SGA3, VIII Th. 5.1], (D(M)r X1
A(Y)r)/D(K)r is affine with quasi-coherent algebra the degree zero part Ay in A. The
K-grading on A is given locally by deg(X(™¥) = f(m) —y € K. This implies that
Ay >~ OT[f_l(Y)] This identifies (D(M)T X1 A(Y)T)/D(K)T with A(N)T So the map
f induces a map A(N)r — Xp. This map is D(M)p-equivariant. The obtained map
Hom” A1 (A(Y )7, X7) = HomPMT(A(N)p, X7) is the reciprocal map of .

We have to show that for any 7'/, Homg(Mgp)T (A(N)p, X7) = Homﬁ(M)T(A(N)T,XT).
The inclusion D is clear. Reciprocally let ¢ : A(N)r — X7 be D(M®P)r-equivariant. We
use that X is separated and that the schematic image of

A(N)T XT D(Mgp)T — A(N)T XT A(M)T

is A(N)p xp A(M)7 to prove that ¢ is A(M)p-equivariant (cf. the proof of Proposition 3.27
for similar arguments).
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ProPOSITION 3.30. Let L and N be arbitrary submonoids of M. Assume that one of the following
conditions holds

(i) X is affine over S,

(ii) M is a finitely generated abelian group,

(iii) M is cancellative, M®P is finitely generated as abelian group, and X and X N are separated
algebraic spaces,

(iv) add more as needed,
then we have canonical identifications
(XN)L — XNﬁL
cf. 3.11 for the actions of A(M)g on X~ and X* that we used implicitely on the left-hand sides.

Proof. (i) We use the explicit description given in Theorem 3.19.
(ii) Let us use [SGA3, VIII Th. 5.1] as follows. We remark that
(XN)H(T) = Homp M PODT (A(NYp o A(L)r, Xr)

where D(M)r x7 D(M)r acts on X7 via (g,h) -2 =g-(h-z) and on A(N)r x7 A(L)r via
(g,h)-(a,b) = (g-a, h-b). Let us consider the action * of D(N& 4 L&) on A(N)p xp A(L)r
given by g (a,b) = (¢! - a,g-b). The action * is free because firstly the action of
D(N®&P x L&) on A(N x L)r given by (\,8) - (a,b) = (A-a,371-b) is free and sec-
ondly because the morphism of groups N&P x L8P — N8P 4+ [P given by (n,l) — n +
[ is surjective and so D(N®P + L&) is a closed subgroup scheme of D(N8&P x L&P)p.
Now let F € Hom2 M PODT (AN s A(L)p, X7), F : A(N)p x7 A(L)r — Xr.
Then F(g* (a,b)) = F((a,b)) for any T/ — T, g € D(N®& + L8)p(T") and (a,b) €
(A(N)r x7 A(L)7)(T"). So F induces a morphism f from the fpgc quotient, f : (A(N)p xr
A(L)r)/D(N® + L&)y — Xp. We have A(N)p xp A(L)p = Spec(Z[N x L]) xz T and the
degree zero part of Z[N x L] (relatively to the N8P 4 L8P-grading induced by the action x of
D(N#P+4L2P)) is Z[NNL]. So we have an identification (A(N)p xpA(L)r)/D(N&+LEP)p =
A(N N L)p. So F induces a natural morphism f : A(N N L)y — Xp, that is D(M)p-
equivariant. Now let f € XN"(T), f: A(N N L) — X7 and consider the composition

F: A(N)p x7 A(L)r — AN N L)y x7 AN A L)yp — AN N L)y & Xp

where the second morphism is the multiplication of A(NNL)p. Then F'is D(M)p X7 D(M)p-
equivariant. The previous maps F — f and f — F induce a canonical bijection between

Homy "D PO0T (A(NYp xp A(L)r, Xr)
and Hom?(M)T (A(NN L), X7).

(iii) Using three times Proposition 3.29 and one time (ii), we have

ii)
(XNCM)(LCM) _ (x NCMEPYLCMEP _ y (LON)CM® _ x (NOL)CM

O

Fact 3.31. Let {N;};c; C M be magnets such that X™N: = XNi for all i,j € I. Assume that X
is separated and that one of the following conditions holds
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(i) X is affine over S,
(ii) M is a finitely generated abelian group,

(iii) M is cancellative, M®P is finitely generated as abelian group, and X MiesN1 js g separated
algebraic spaces for any finite subset J C I,

(iv) add more as needed,
then, for all i € I,
XxNi — xMierNi

Proof. 1f X is affine, we use Proposition 3.22. Now we prove (ii) and (iii). The inclusion M;e;N; C
N; induces a canonical morphism X™er™ — XNi Since X is separated, this canonical morphism
is a monomorphism by Proposition 3.27. So for any scheme 7' — S, X™etNi(T) ¢ XNi(T). We
now prove the reverse inclusion. We write I as a directed colimit of finite sets J. Then, in the
category of sets, My N; = limjcr NiesV;. Furthermore, in the category of rings, Z[MicrV;] =
lim s Z[MesN;]. So A(MierNy)s = colimycrA(MesN;)s. By Proposition 3.30, XMiesNt = x N
for any finite subset J of I. We use these observations to obtain

XMerN (1) = Homy ™% (A(Me s Ni)r, Xr)
= Homjp ™S (colimsc 1 A(Mies Ni), X1)
[StP, Tag 002H] and equivariance is clear D ‘1]11?(} Homé(M)S(A(ﬂleJNl)T’ X7)
C
= lim XesNi(T)
JcI
= lim X™i(T)
JCI
= XN(T).

This finishes the proof.
O

PROPOSITION 3.32. Assume M is a finitely generated group. Let Z C M be a subgroup. Then
the attractor space X# for the action of D(M)s on X is identified with the fixed-points space
XPM/Z)s of X under the action of D(M/Z)s.

Proof. We have an exact sequence of abelian groups
0—-2Z—>M—M/Z—D0.
By [SGA3, Exp. VIII] we obtain an exact sequence of diagonalizable group schemes
1— D(M/Z)s - D(M)s — D(Z)s — 1.

Let T — S be a scheme and let us prove that XZ(T) = XP(M/2)s(T). Note that we have a
D(M)g-equivariant identification of S-scheme A(Z)g = D(Z)gs. We have

X?(T) = Hom2 ™7 (A(Z)p, X7)
= Homy """ (D(2)r, Xr)
= Homy "7 (D(M)r/D(M/Z)r, Xr)
= Homy M (D(M)r, (X7)PM/D)7).
Now Remark 3.6 finishes the proof. O
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PROPOSITION 3.33. Assume that M is an abelian group and that X is a scheme. Let N,N', L
and L' be magnets in M such that L C L', N' C L'’,N = LN N’ and L' = L + N'. Assume that
XF is representable by a scheme for all E € {N,N', L, L'}. Assume that L is a face of L'. Then
N is a face of N'. Assume that one of the following conditions holds

(i) we have an equality N' = L'\ (L \ N)

(ii) S = Spec(R) and X = Spec(A) are affine, AjA, = Ayy,y for alll € L\ N andn’ € N’ (as
usual A,, denote the m-graded part of A)

(iii) add more as needed,

then the following diagram is a cartesian square in the category of schemes

Proof. The monoid N is clearly a face of N'.

(i) Let T be a scheme and let T — X%, T'— X be two morphisms of schemes such that the
following diagram commutes

/\

This corresponds to a diagram

ALY N)r

/\
\/

where all arrows are D(M )-equivariant. By Lemma 2.18, we obtain a unique arrow A(N')p —
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X7 such that the following diagram commutes

It is enough to show that the arrow A(N')y — Xp is D(M)p-equivariant. Consider the

diagram
A(L)r xp D(M)p /—N
— — . N

A(L")p xp D(M) A(N)r X7 D(M)T AL )p A(N)r

A(N")p x1 D(M)T \Ajlj)T

L

X1 X7 D(M)T X

obtained by fiber product with D(M)r. We have
A(E)r X7 D(M)r = (A(E) Xspec(z) T) X1 D(M)7 = A(E) p(01)

for E € {N,N’', L, L'}, so the left diamond is a push-out by Proposition 2.18. Now we want
to show that the lower rectangle is commutative. Consider the upper right composition in
this rectangle and precompose it with the right part of the left diamond, denote this arrow
by a;. Consider the lower left composition in the rectangle and precompose it with the left
part of the left diamond, denote this arrow by as. Now using the commutative diagrams
coming from the D(M)r-equivariant morphisms on the right, we see that a; and ay are
both equal to the composition

A(L)T XT D(M)T — A(L)T — A(NI)T — XT.

T

Using the left push-out diamond, this now implies that the lower rectangle is commutative.
So the arrow A(N')y — Xp is D(M)r-equivariant. This finishes the proof.

(ii) Let z € XV'(R). Then x is a morphism A — R[N']. Now we have an equality of compositions
(A— R[N'] = R[L'] = R[L]) = (A — R[N'] = R[N'n L] — R[L]).

This shows that the diagram is commutative. Now let us prove that it is cartesian. Let
Y = Spec(B) be an affine R-scheme and let f : ¥ — XY and g : ¥ — X" be two
morphisms such that py, ;s o f = yog. So f is a morphism of graded algebras A — B[L/]
and ¢ is a morphism of graded algebras A — B[N]. Let m € L'’ = L 4+ N’ and let A,,
be the m-graded part of A. Let z € A,, and let A\, such that f(z) = A, X™. Then since
prrrof =N og, we obtain that A\, = 0 for all l € L\ (N'NL). So we get f(z) =0
for all x € A,, for all m € L'\ N’ (we use that A;A,y = Aj4, foralll € L\ (N'NL) and
n’ € N'). So we obtain a unique morphism A from Y to XV with the cartesian property.
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PROPOSITION 3.34. Assume that X is separated and locally of finite presentation over S. Let N
be a magnet of M. Write N = colim;c1IN; as a directed colimit of submonoids of N. Let T' — S
be a scheme, then

XN(T) = colime; XNi(T).
Proof. For any scheme T, we have A(N )7 = lim;c; A(N;)r by [StP, Tag 01YW]. So X (A(N)r) =
colimX (A(N;)r) by [StP, Tag 049J]. Let A(N)p — Xp be an A(M)p-equivariant morphism. By

the previous assertion this factorizes through a morphism A(N;)p i> X7. We want to show that
f is A(M)p-equivariant. Consider the diagram

A(M)p x A(Ni)7 Xr

A(M)T X A(N)T

where the horizontal arrows (f1, f2) correspond to (g,z) — f(gx) and (g,z) — g¢f(x). Since X
is separated, the kernel of (f1, f2) is a closed subscheme of A(M)r x A(N;)r (the proof of [GW,
Def. /Prop. 9.7] works in this context). Since the schematic image of the vertical morphism ¢ is
A(M)r x1 A(N;)r and because f; o ¢ = fo o ¢, we have an equality of schemes ker(f, fo) =
A(M)r x7 A(N;)r. So we have an equality of morphisms of schemes f; = fa, and so f is
equivariant. We deduce that X~ (T') = colim;c; X Vi (T)). O

4. Attractors with prescribed limits

We introduce in this section another functor. Let X be an algebraic space over a base scheme
S. Let M be a commutative monoid and let A(M)g be the associated diagonalizable monoid
scheme over S. Assume that A(M)g acts on X. Let N C M be a magnet. Let F be a face of N.
Let Z be an other S-functor with a monomorphism Z — X*. We now introduce the attractor
X }V , associated to the magnet N under the action of A(M)g on X with prescribed limit in Z

relatively to the face F. Recall that we have a canonical morphism X~ — X% (cf. Fact 3.15).
Since Z(T) € X¥(T) for any S-scheme T, the following definition makes sense.

DEFINITION 4.1. Let X fpv , be the contravariant functor
(Sch/S) — Set, (T — S) — {f € X™(T) | the image of f in X¥(T) belongs to Z(T)}.
If F = N*, we omit F' in the notation, i.e. we put X]]\\,T*’Z =: X]ZV.
PROPOSITION 4.2. We have a canonical isomorphism Xﬁz ~ XN xyr Z.
Proof. Clear since
XgZ(T) = {f € XN(T) | the image of f in X¥'(T) belongs in Z(T)}
={(f,.9) e X" (T)x Z(T) | f=gin X"(T)}
= XM(T) x xr(ry Z(T).
O]

FAcT 4.3. Assume that X is separated. Then we have a canonical monomorphism X fpv z =X N
of S-functors. In particular we have a canonical monomorphism X I{Y 7 — X of S-functors.
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Proof. Clear by Corollary 3.28. O

5. Base change of affine étale morphisms along faces

Let S be a scheme and let X be an S-algebraic space with an action of D(M)g for some finitely
generated abelian group M. Let N be a magnet of M.

PROPOSITION 5.1. Let Q be a face of N and let X — X© be the associated morphism on
attractors. Let U be an S-affine scheme. Let U — X be an étale, D(M )g-equivariant morphism
of algebraic spaces. Assume that one of the following conditions hold

(i) N is finitely generated as monoid,
(ii) X is separated,

then the natural map UN — XN x yq U@ is an isomorphism.

Proof. We need some terminologies on monoids. Recall that a monoid is fine if it is cancellative
and finitely generated. Recall also that a monoid L is sharp if L* = 0. See [Og, §I] for more
details on monoids.

(i) Firstly, we remark that it is enough to treat the case @ = N*. Indeed assume that Propo-
sition 5.1 is true for the face of invertible elements. Since Q* = N*, we have

XN x4 U? = XN xyo (X9 xyns UN) = XN x = UV = UV,

So we assume Q = N*. We now remark that we can assume N* = 0 and that N is fine and
sharp using the map M — M/N* and Proposition 3.29. So we now assume that @ = 0 and
N is fine and sharp and we adapt [Ril6, Lemma 1.11]. It is enough to construct the inverse
morphism X x yo U% — UN. For this let p: T'— S be an S-scheme and let

T = A(0)r —2 Uy

| |

A(N)T e XT

be a diagram corresponding to a T-point of X x yo U?. We want to find a diagonal filling
A(N)r — Ur. Let I be the kernel of O[N] — Or[0], i.e the ideal associated to N \ 0 in
Or|[N]. Let V(I*) = Specy(Or[N]/I¥) be the infinitesimal neighbourhoods of A(0)7 inside
A(N)p. Since Up — Xp is étale, it is smooth by [StP, Tag 04XX], and formally smooth
by [StP, Tag 02H6|, so by the infinitesimal lifting property the morphism fy : T — Up
lifts uniquely to a compatible family of morphisms f : V(I*) — Up. These liftings are
equivariant because the two maps D(M)r x V(I¥) — Ur, (g,z) — fr(gz) and (g,2) —
gfr(z) are common liftings of the map D(M)p x A(0)r — Ur, (g9,2) — fo(gz) = gfo(x)
hence by uniqueness they are equal. Writing U = Specg(.A) for a M-graded quasi-coherent
Og-algebra A, we have and U xg T = Specp(Ar) where Ar = p*A. Moreover we have a
family of M-graded morphisms A7 — Op[N]/I*. This means that (Ar),, goes to 0 when
m ¢ N and to (Or[N]/I*),, when m € N. The induced morphism to the completion
Ar — Or[[N]] has image in Or[N], yielding the desired lifting A(N)r — Ur (cf. [Og,
Chap. 1,§3 Prop. 3.6.1] for the local description of the completion Or[[N]]).

(ii) Let T'— S be a scheme. Write N = colim;c;N; as a colimit of finitely generated monoids.
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Using (i) and Proposition 3.34 we have
UN(T) = colime;UNi(T)
= colimier (X™(T) x xa(r) UY(T))
= colimier (XN (T)) x xo(r) U%(T)
= XN(T) XXQ(T) UQ(T)
= (XN xxo U9)(T).

6. Fixed-point-reflecting atlases

Let M be an abelian group. Let S be a scheme. Let X be a quasi-separated S-space endowed
with an action of D(M)g.

We discuss fixed-point-reflecting atlases in this section. Roughly, fixed-point-reflecting étale
atlases are atlases such that we can learn from the charts the fixed points of our space. This
concept makes sense for an action of an arbitrary group scheme and is well-studied. In this
section we introduce several related concepts and definitions, Z-FPR morphisms and strongly-
FPR morphisms, useful and motivated by algebraic magnetism (Z is a subgroup of M here).
A strongly-FPR atlas is Z-FPR for all subgroups Z C M. We formulate a theorem (Theorem
6.8) that provides the existence of Z-FPR atlases and a conjecture (Conjecture 6.9) about the
existence of strongly-FPR atlases. In this work, Z-FPR atlases are used to prove representability
results (Proposition 8.1 and Theorem 8.3) and strongly-FPR atlases are needed to study magnets
(Theorem 15.4). In the next section (Section 7), we will notice that Conjecture 6.9 is true in many
cases (namely for Zariski locally linearizable actions, e.g. Sumihiro’s actions 7.4) in particular
one has Z-FPR atlases in this case. Romagny’s appendix offers a proof of Theorem 6.8.

DEFINITION 6.1. Let f: U — X be a D(M)g-equivariant morphism of S-spaces.
(1) We say that f is fixed-point reflecting (FPR) if the canonical morphism of functors UP(M)s —
U xx XP(M)s ig an isomorphim.
(ii) We say that f is Z-FPR if it is fixed-point reflecting for the induced action of D(M/Z)g,
i.e. if the canonical morphism of functors UPM/2)s — 7 x x XPM/2)s ig an isomorphim.
(ili) We say that f is strongly-FPR if it is Z-FPR for all subgroups Z C M.

(iv) We say that f is an equivariant atlas if f is étale and surjective and U = [].., U; is
the disjoint union of D(M)g-stable S-affine schemes; moreover in this case we say that the
equivariant atlas f is S-affine if & may be chosen finite.

(v) We say that f is a Z-FPR atlas if f is a Z-FPR equivariant atlas.
(vi) We say that f is a strongly-FPR atlas if f is a strongly-FPR equivariant atlas.
REMARK 6.2. Since a finite disjoint union of S-affine schemes is S-affine, if an equivariant atlas

is S-affine then we can assume that 7 is a singleton. In other words an S-affine equivariant atlas
for X is a D(M)g-equivariant étale surjective morphism U — S where U is an S-affine scheme.

The following is an immediate generalization of [Ril6, Lemma 1.10].

PROPOSITION 6.3. Assume that M = 7 for some integer r and let U — X be an étale D(M)g-
equivariant morphism, then UPM)s — xXPM)s x U is an isomorphism. In other words, if M
is torsion-free, then every étale morphism is FPR.
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Proof. The proof of [Ri16, Lemma 1.10] works replacing "G,,” by " D(Z")”. O

REMARK 6.4. In his appendix, Romagny provides a generalization of Proposition 6.3 to arbi-
trary flat group schemes with connected fibers and in particular provides a detailled proof of
Proposition 6.3, cf. Theorem A.1 .

REMARK 6.5. If M is not torsion-free, and U — X is an étale D(M)g-equivariant morphism, then
UPM)s _, xPM)s » « U is obviously not an isomorphism in general. For example, take M =
ZJ2Z, S = Spec(Z), X = S endowed with the trivial action of D(M) and U = D(M) endowed
with the non-trivial action of itself by multiplication. Then the D(M )-equivariant morphism
U — S is smooth of relative dimension zero and so it is étale; but UPM) = ¢, XPM) — X and
therefore UP(M) £ xDIM) 5 [

REMARK 6.6. Let us provide an example of a space X endowed with an action of a diagonalizable
group D(M) and an FPR equivariant atlas U — X that is not strongly-FPR. Choose an exact
sequence of abelian groups 0 - Z — M — M/Z — 0 with Z # M. Then f : D(M) — D(Z)
is étale, surjective and D(M)-equivariant. Put U = D(M) and X = D(Z). Since UP(M) =
XD — ¢ fis FPR. Now f is not Z-FPR because UPM/Z) = () and XPM/2) = X

LEMMA 6.7. Let X, X’ be S-algebraic spaces endowed with actions of D(M)g. Let Z be a
subgroup of M. Let X' — X be a D(M)g-equivariant affine morphism of S-algebraic spaces. Let
U — X be a Z-FPR atlas of X. Then

(i) The canonical morphism U xx X' — X' is a Z-FPR atlas of X'.

(ii) If U — X is an S-affine Z-FPR atlas of X, then U x x X" — X' is an S-affine Z-FPR atlas
of X'.

Proof. (i) Since X’ — X is an affine morphism, U x x X’ — U is affine and so the composition
U xx X' — S is a disjoint union of S-affine schemes. The morphism U x x X’ — X’ is étale and
surjective because U — X is so. By Proposition 3.7, we have canonical identifications

(X' xx )2 =X"7 xx2U7 =X %2 (Uxx X7) = X7 xxU=X"7xx (X' xxU).
Assertion (ii) is now immediate. O

Theorem 6.8 was motivated by finding a generalization of Proposition 6.3 for general diago-
nalizable group schemes. Theorem 6.8 is essentially a theorem of Alper, Hall and Rydh [AHR21].
The present version of Theorem 6.8 was formulated by Mayeux. The proof of Theorem 6.8 could
be seen as a corollary of [AHR21]. Establishing Theorem 6.8 as a corollary of [AHR21] is due to

Romagny and is the topic of the appendix. Note that Theorem 6.8 is numbered as Theorem A.2
in the appendix.

THEOREM 6.8. Assume that M is finitely generated as abelian group. Let X be a quasi-separated
S-algebraic space locally of finite presentation endowed with an action of D(M)g. Let Z C M
be a subgroup and assume that one of the following assertions holds:

(i) X is separated over S,
(i) M/Z is torsion-free.

Then there exists a Z-FPR atlas U — X, which may be chosen quasi-compact (in particular
S-affine here) if X — S is quasi-compact.

Proof. The proof is given in the Appendix of this article, cf. Theorem A.2. O
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In fact the author expects that the following stronger assertions should be true. We will study
the correct generality in which this holds. We think that this is an interesting problem.

CONJECTURE 6.9. Assume that M is finitely generated as abelian group. Let S be an arbitrary
scheme. Let X be a separated S-algebraic space locally of finite presentation endowed with an
action of G = D(M)g. The following assertions hold.

(i) There exists a strongly-FPR atlas U — X.

(ii) If X/S is quasi-compact, there exists an S-affine strongly-FPR atlas U — X.

Note that §7 already ensures the existence of strongly-FPR atlases for Sumihiro actions.

7. Zariski locally linearizable actions

We proceed with the notation from §6. We recall the definition of Zariski locally linearizable
actions and explain that they have strongly-FPR atlases. We recall that some actions are far
from being locally linearizable; this gives a reason to use étale atlases (cf. § 6) and the theory of
algebraic spaces.

Fact 7.1. Let U — X be a D(M)g-equivariant open immersion, then for any subgroup Z C M,
yPWM/Z)s _, xDM/2)s . 17

is an isomorphism. In other words, every D(M )g-equivariant open immersion is Z-FPR for all
subgroups.

Proof. This works for any equivariant monomorphism. For any scheme T over S, U(T) x X(T)
XDPWM/2)s () = yPM/2)s(T), ]

DEFINITION 7.2. The action of D(M)g on X is Zariski locally linearizable if there are S-affine
open D(M)gs-stable subspaces of X covering X. We also refer to these actions as Sumihiro actions
or Sumihiro spaces.

Facrt 7.3. Let X be an S-space endowed with a Zariski locally linearizable action of D(M)g,
then there exists a strongly-FPR equivariant atlas.

Proof. Let U be the disjoint union of S-affine open D(M)g-stable subspaces of X covering X,
then U — X is as required by Fact 7.1. O

REMARK 7.4. Assume that M is finitely generated. The result [Su75, Corollary 3.11] shows that
if D(M)g is smooth over S and if X is a scheme and satisfies the condition (N) (e.g. X is normal,
cf. [Su75, 3.4, 3.5]), then the action of D(M)g on X is Zariski locally linearizable.

REMARK 7.5. There exists a simple example of an action of D(Z)g on a quasi-separated locally
finitely presented scheme X /S that is not Zariski locally linearizable (e.g. cf. [Ril6, §0.2]).

8. Representability and properties

Let M be an abelian group. Let .S be an arbitrary scheme. Let X be an S-algebraic space endowed
with an action of D(M)g. We prove that attractors are representable once we know the existence
of FPR atlases. Recall that Theorem 6.8 or Section 7 provide FPR atlases in great generality, so
that our representabilty results hold in great generality.
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PROPOSITION 8.1. Let Z C M be a subgroup. Assume that there exists a Z-FPR atlas for X
under the action of D(M)g (cf. Definition 6.1). Then the attractor space X% (which identifies
with the fixed space XPM/Z)s by Proposition 3.32) is representable by a closed subspace of X.

Proof. Let U be a Z-FPR atlas. We have a cartesian square

Uz —— X% .

|

U—X

By Proposition 3.20 the left vertical arrow is a closed immersion of schemes. The lower arrow is
surjective étale. So by [StP, Tag 03I2], X7 is an algebraic space and the right vertical arrow is a
closed immersion. We used that being a closed immersion is stable under base change, fppf-local
on the base and closed immersions satisfy fppf-descent. O

REMARK 8.2. Theorem A.1 of the appendix provides a result similar to Proposition 8.1 about
closedness.

THEOREM 8.3. Let N C M be a magnet, i.e. an arbitrary submonoid. Let N* C N be the face
of intertible elements of N. Assume that there exists a N*-FPR atlas for X under the action of
D(M)g (cf. Definition 6.1). Assume that one of the following conditions hold

(a) X is separated over S, or

(b) N is finitely generated as monoid,
then the attractor X is representable by an algebraic space over S. Moreover

(i) The morphism of algebraic spaces X — X" is affine.

) If X/S is quasi-separated, then X" /S is quasi-separated.

) If X/S is separated, then X" /S is separated.

(iv) If X/S is locally of finite presentation, then X~ /S is locally of finite presentation.
) If X/S is quasi-compact then X~ /S is quasi-compact.

) If X/S if of finite presentation, then XV /S is of finite presentation.

(vii) If X is a scheme then X is a scheme.

Proof. Let U — X be a N*-FPR atlas. Using Proposition 5.1, we obtain a diagram with cartesian
squares:

unN y UN” y U
| ]
XN XN* X.

The vertical maps are étale and surjective, and we know from Theorem 3.19 that UY is repre-
sentable by a disjoint sum of S-affine schemes. By Proposition 8.1, X" is an S-algebraic space.
It follows from [StP, Tag 0312] that X is representable.

Now let us prove the listed properties. We have a cartesian square

UN XN

L]

UV —— XNV
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As explained before, the lower horizontal arrow is étale and surjective. The left vertical arrow is
affine because U is S-affine and UY and UV are S-affine schemes by Theorem 3.19. Now, we
apply [StP, Tag 0312] to conclude that the right vertical arrow is affine. We used that being affine
is preserved under base change, fppf local on the base and satisfies descent for fppf coverings.
Assume that X is locally of finite presentation, i.e. commutes with colimits of affine schemes
in (Sch/S)gppt, then the functor XV commutes with colimits of affine schemes in (Sch/S)gppf,
i.e. X is locally of finite presentation. Assume that X is separated (resp. quasi-separated,
quasi-compact, resp. is a scheme). Then X N™ is separated (resp. quasi-separated, quasi-compact,
resp. is a scheme) because it is closed in X (cf. Proposition 8.1). Since XV — X¥" is affine,
in particular representable, quasi-compact and separated it follows that XV is separated (resp.
quasi-compact, resp. is a scheme). Note that by definition X is of finite presentation if it is locally
of finite presentation, quasi-compact and quasi-separated. O

REMARK 8.4. Note that Proposition 3.29 (iii) and Theorem 8.3 together show representability
of many attractors under actions of diagonalizable monoid schemes outside affine cases.

PROPOSITION 8.5. Assume that M is finitely generated as abelian group. Assume that X — S

is quasi-compact and separated. Then there exists a finitely generated submonoid N, of N such
that XN = XNe and N* = N.

Proof. Let k: N — N be a bijection. For any ¢ € N, let IN; be the submonoid of N generated by
{N*Uk(Ng;)}. Then N = N* and N; is finitely generated for any i € N, moreover (J;-q N; = N.
By Proposition 3.34 XN (T) = colimX?i(T). Let U — X be an S-affine N*-FPR atlas as in
Theorem 6.8. Using that U is an S-affine scheme of finite presentation over S, there exists an
integer ¢ such that UNe = UM for all i > ¢. To see this, write U as the spectrum of a graded
Og-algebra, consider degrees of a finite set of generators of this Og-algebra and use that gradings
of Og-algebras are preserved under equivariant morphisms of S-affine schemes. Let ¢ > ¢, and
consider the diagram

UNe —— xNe |

L]

UNi —— xNi
The horizontal arrows are étale and surjective using Proposition 5.1. Moreover, the left vertical
arrow is an isomorphism since ¢ > c¢. Furthermore, the diagram is a cartesian square because by
Proposition 5.1

UNi s ony XNe o (U7 s ene XNO) xony XN
o UNT x oy X Ne
~ e,
Using [StP, Tag 0312] for the property ”isomorphism”, we deduce that for all i > ¢, XVi = XN,
This implies that XV = XNe, O
9. Hochschild cohomology for diagonalizable monoids via formulas

Let S be a scheme and B be an algebraic space over S. Let Bgpqces, fpps be the small fppf site of
B (defined as in the case of schemes, e.g. cf. [Sc17]). In this section Op is the canonical sheaf of

rings on Bspaces, fppf-
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9.1 Affine morphisms and sheaves
ProPOSITION 9.1. Let f : X — B be an affine morphism of algebraic spaces. Let A be the
quasi-coherent Op-algebra of X. Let F be a quasi-coherent Op-module. Then

Proof. Let f*f.Ox — Ox be the canonical morphism coming from adjunction. It induces a
canonical morphism

[fF®oy f f:Ox — f*F.
Since A = f.Ox, we get obtain a canonical morphism f*F ®o, f*A — f*F. Now using [StP,
Tag 03EL], we obtain a canonical morphism

[ (F®oz A) = f*F.

By adjunction, we finally get a canonical morphism F ®¢p, A — fif*F. It remains to prove that
it is an isomorphism. For this, we reduce to the affine case and apply [StP, Tag 0118]. O

9.2 Fppf Hochschild monoid cohomology over algebraic spaces
Let H be a monoid algebraic space over B. Let Op be the sheaf of rings of B on Bgpaces, fppf-

DEFINITION 9.2. A H-Op-module over Bypgces, fppf is an Op-module F in the sense of [StP, Tag
03CW] such that H acts Op-linearly on F, i.e:

(i) For any T'— B € Bgpaces, fppf» H(T) acts on F(T'). Moreover for any g € H(T),xz,y € F(T)
and a € Op(T), we have g- (x+ay) =g-x +alg - y).
(i) If 7" — T is a morphism in Bgpaces, fppf, the action of H(T") on F(T") is compatible with
the action of H(T') on F(T).
REMARK 9.3. Note that Definition 9.2 is similar to Definition 2.19, but is different.

DEFINITION 9.4. Let F be a H-Opg-module over Bgygces, fppf- Let n > 0 be an integer. We put

C"(H,F)= Morp (H",F) = The set of natural transformations from H" to F,

spaces, fppf

where H" and F are seen as functors from Bgpaces, fpps to Sets. The set C™(H, F) is canonically
endowed with a structure of Op(B)-module via

for any ©,¥ € C"(H, F),a € O(B),T € Bgpaces,tppt; (O +a¥)(T) = O(T) +a |7¥(T).
We have a morphism of Op(B)-modules
d:C"(H,F) — C"\(H, F)

sending © to 90 where 90 is the transformation from H"*! to F such that for any T €
Bipaces, fppf, 09(T') is the map sending g1,...,gnt1 € H"Y(T) to

gl.<@(T) (gg, .. ,gn+1)>+2(—1)i@(T) (gl, s GiGir Ly 1) (=D f(gr, ,gn) e F(T).
i=1

We also have an internal version of C"(H, F) as follows.

DEFINITION 9.5. Let F be a H-Op-module. Let n > 0 be an integer. We put for any V €
B

spaces, fppf

C"(H,F)(V)=C"(H|v,Flv) = Mory,

- ' 7 spaces, fppf (

H" |y, Fly).
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The functor C™(H, F) is canonically endowed with a structure of Op-module. We have a mor-
phism of Op-modules 9 : C"(H, F) — C"*1(H, F) induced by 0.

REMARK 9.6. For any positive integer n the composition 0 o 9 is the zero map.

DEFINITION 9.7. Let F be a H-Op-module over Bgpuces, fppf- We put

monozd(H "r) ker(cn(H7 Jr) i Cn+1(H7 JT)) for any n 2 0
Bgnonozd(H ‘F) =0
B oid(H, F) = im(C"1(H, F) 9, C"(H,F) for any n > 1
n Z"(H,F
monozd(H "r) = m for any n > 0.
monozd(H "r) ker(cn(H’ Jr) % Cn+1(H7 F)) for any n = 0
Bmonozd(H7‘F) =0
Ronoia(H, F) = im(C" "L (H, F) % C"(H, F) for any n > 1
Z"(H,F)
monozd(H "r) @ for any n = 0.
We finish this subsection with the description of Z = .. and B .. forn=1.

REMARK 9.8. We have
Z%wnoid(li ]:) = {C S Cl(Ha f) | VT € Bspaces,fppfav%g/ € H(T)v C(gg/) = C(g) +g- C(g/)}'
Bmonozd(Haf) = {b S Cl(H,J_“) ‘ Jv € ‘F(B)7VT € BSowppf’vg € G(T)7b(g) =g-vr — UT}'

9.3 Modules under affine monoid algebraic spaces

Let M be a finitely generated cancellative monoid. The structural morphism A(M)p — B and
the multiplication morphism A(M)p xp A(M)p — A(M)p are surjective, finitely presented and
flat by Proposition 2.8 and Fact 2.9.

PROPOSITION 9.9. Let F,G be two Op-modules (over Bgpaces, tppf)- Assume G is quasi-coherent.
Let

X" = Specg(A') & X = Specg(A) I, B.
be affine morphisms of S-spaces. Assume m and f are flat and finitely presented. Then we have
a canonical identification

Homo, (F,G)(X) = Homo, (F,G Qo A).
Moreover the map
Home, (F,G)(X) = Homo, (F,G)(X)
associated to m corresponds to the map
Home, (F,G ®o, A) — Home, (F,G @0, A')
= (F 5 G0, A G oo, A)

where ¢, : A — A’ is dual to m via [StP, Tag 081V].
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Proof. Note that m and f are flat and finitely presented. The following identifications prove the
first assertion

Homo,(F,G)(X) = Home, (f*F, f*G)
= Homoy (F, £ f*G)
= Homo, (F,G ®o, A).
The second assertion also follows from these intermediate identifications. O

PROPOSITION 9.10. Let H = Specy(A) be a monoid algebraic space over B such that H — B
is affine, flat and finitely presented. An H-Opg-module structure (over Bgpaces, fppf) 01 & quasi-
coherent Opg-module F corresponds to an Og-comodule structure on JF, i.e a morphism of Og-

modules F 2 F ®o, A such that (6 @ Ida) od = (Idr ® Ay) o6 and (Idr ®eq)0d =1dr.

Proof. Let us first remark that the set of H-Opg-module structures on an Og-module F is a
subset of the set Morpg H,Homoy ;. (F,F)). Using Proposition 9.9 we get

(H,Homo,(F,F)) =Homo,(F,F)(H)
= Homo, (F, F ®o, A).
The condition that F is an H-module means that the transformations of functors

T :HxH2 H Homo, (F, F)

spaces, fppf (

Morpg

spaces, fppf

and
T,:Hx H LN Homo, (F,F) x Homo,(F,F) N Homo, (F,F)

are equal and that the composition
e — H Homo, (F,F)
is the identity. The transformations 77 and 75 correspond to elements in
Homop, (F,F @0, A®o, A),

namely T corresponds to (Idr® A 4)0¢ (cf. Proposition 9.9) and T3 corresponds to (d®1Id4)04d.
The composition

ep — H L Homo, (F,F)

corresponds to an element in Homo, (F, F ®0, Op), namely (Idr ® €4) o 6. This finishes the
proof. O

ProPOSITION 9.11. An A(M)p-Op-module (over Bspgces,fppf) Structure on a quasi-coherent
Op-module F corresponds to a collection (tm)menm € Home,, (F, F) such that for all m,k € M,

M © g = g ifk =m, o up =0 if k # m and Z tm = IdF.
meM
Proof. Proposition 9.10 shows that an A(M)p-Op-module corresponds to a morphism of Op-
comodule
p:F = F o, Op[M] = P F.
meM

Now p gives a collection (fm)menm with g, € Homoe, (F, F). Saying that p is a comodule is
equivalent to the conditions in the statement (cf. Fact. 2.2 and Def. 2.3 for the Op-coalgebra

structure on the quasi-coherent Op-algebra of the affine monoid algebraic space A(M)p, namely
Op[M]). o
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PROPOSITION 9.12. Let F be a quasi-coherent A(M)p-Op-module over Bgpaces. fppf- Let V€
Bipaces, fppf- We have

A PV = (@ FXT X))

(mlv--wmn)eMn

where for every m = (mqy,...,my) € M"™, FX"™ ... X™» = F™ js a formal copy of F. In
particular if V' is quasi-compact we have

CMAM)p, F)(V)= @ F™(V

meM™

Moreover for any n > 0, the linear map 0 : C™ — C"™t! is given on the component
FX™ ... X™n and on quasi-compact objects by the formula

fm1,...,mnXm1 e X Mn ,_>M<fm17~-wmn>Xm1 v X Mn
+Z fm1, ’m"XmlA(Xm’)an

+(— YL s e X X0
where A(X™i) = X™i XM,
Proof. Put p: A(M){, — V and Fy = Fly. The identifications
CAM) g, F)(V) = MOy, pees g (AM)y, Fy)
wpaces. fops A, Homo,, (Ov, Fv))
= Homo, (Ov, Fv)(A(M)y)
= Homo, (Ov, Fv ®@0o, Ov[M] ®o, - ®0o, Ov[M])

— (]—"V ®o, Ov[M] @0y - ®o, OV[M]>(V)
- (]—' R0, Op[M] ®oy, - o, OB[M])(V)

-( p  Fxmexm)W)

(m1,...,mp)EM™

= Mory,

prove the first assertion. The second assertion is now a consequence of Definition 9.5. O

PROPOSITION 9.13. Let F be a quasi-coherent A(M)p-Op-module over Bgpaces, fppf, then

Hrlnonoid(A(M)B7‘F) =0.
Proof. 1t is enough to prove that Z! —  (A(M)g,F) C BYA(M)p,F). Let U be a quasi-
compact object in Bypaces, fppf- Put F'=T'(U, F) and R =T'(U,Op). Let g = >, car fm X™ be

an element in I'(U, F ® Og[M]) = @,,cps FX™. Assume that () = 0, then
0=( 3 mlfmxtm) - (Z XY 4 (3 ux00).
(k,m)eM? neM

So uk(fo) = —fx for all k € M with k # 0 and uo(fo) = 0. Put ey := —fo € F =T'(U, F). We
have

oer) = (D mler) XF) —er X = 3 fxt 4 X0 =g
keM 0£keM
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So & belongs to the image of I'(U, F) N I'U, F ® Op[M]). Now let £ € I'(B, F ® Op[M]) and
assume (§) = 0,i.e. £ € Z} . (A(M)p,F). Let us consider the set {U; };c1 of all quasi-compact
objects in Bspaces, fppf, of course it provides an fppf covering of B. For each i € I, 9(§|y,) = 0,
so the above computation gives us elements e; € I'(U;, F) such that d(e;) = &|y,. These e; are
compatible and there exists an element e € I'(B, F) such that e|y, = ¢; for all i € I. We have
de)=¢ So&eBl . (A(M)p,F). This finishes the proof.

O]

REMARK 9.14. We conjecture that our method will lead to a proof that H . (A(M)g,F) =0
also for n > 2. Note that [SGA3, Exp I. Théoreme 5.3.3] proves that H"(D(M)g,F) =0 (n > 1)
under the assumption that S is affine and that F is quasi-coherent, using derived functors. Our
computational method, highly inspired by formulas given —and unexploited— in [SGA3], shows
that the assumption that S is affine is unnecessary in [SGA3, Exp. I Théoreme 5.3.3] (at least
in the case n = 1).

10. Equivariant infinitesimal deformations

Let S be a scheme. Let G be a group algebraic space over S.
PropoSITION 10.1. Let X, X', Y and Z be S-algebraic spaces endowed with S-actions of G. Let

XY

Ji lf

X' <5z
be a commutative diagram of G-equivariant S-morphisms where the left vertical morphism i is
a first order thickening, cf. [StP, Tag 05ZK]. Assume that Y — Z is formally smooth and

Hrlnonoid(G7p*H0mOX (a*QY/Z7CX/X’)) =0,

where pi t SI( X uces pps) — ST (Sspaces, fopf) (cf. [StP, Tag 00X6] for p., § 9.2 for HY (=)
and [StP, Tag 04CN] for Cx/x+). Then there exists a G-equivariant morphism ¢ : X' — 'Y filling
the diagram, i.e. such that ¢ oi =a and fo ¢ = .
Proof. For an object U’ of (X')spaces, fpps With U = X x x» U’, consider morphisms o’ : U’' =Y
such that

(1) @’ is a morphism over Z, and

(2) a’\U = a|U.
Then the arguments of [StP, Tag 061A] show that the rule U’ +— {a’ : U — Y’ such that
(1) and (2) hold.} defines a sheaf of sets P on (X')spaces,fppf- Note that the condition (3) in
[StP, 061A] is empty because Y = Y’ in our situation. By [StP, Tag 061C], there is an action
of the sheaf of abelian groups Homoy (a*Qy/z,Cx/x/) on the sheaf P. Moreover, the action of
Homoy (a*Qy/z,Cx/x) on P is simply transitive for any object U’ of (X')spaces, fpps Over which
the sheaf P has a section. Let p : X’ — S be the structural morphism. By [StP, Tag 00X6], p
induces a morphism of topoi p,

Prt SW( X paces fops) = ST(Sspaces. fps)
F = (T = 8) = F(X' xgT)).

The action of Homoy (a*Qy/z,Cx/x:)) on P induces an action of the sheaf of abelian groups
p*Hom@X(a*Qy/Z,CX/X/) on the sheaf p,P. We want to show that G acts on the sheaf of
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abelian groups p.Homo, (a*Qy/Z,CX/X/) and on the sheaf p,P, in a compatible way. Let T
be an algebraic space over S and let g € G(T). An element o’ € (p.P)(T) is by definition an
S-morphism X’ xg T — Y such that @’ is an S-morphism over Z and a' |xxs7= a |xxs7T-
In other words, an element o’ € (p.P)(T) is by definition a T-morphism X' xgT — Y xg T
such that @’ is a T-morphism over Z xg T and a’ |xxqr= @ |xxq7- Let g~ ! be the inverse of
g in G(T). As usual, X/, X7, Yp and Zr denote X' xg T, X xgT,Y xgT and Z xg T. The
element ¢—! gives us elements g;(; € Autp(X)) and g;(; € Autp(X7). The element g gives us
an element gy, € Auty(Yr) and an element g, € Auty(Zr). For any o’ € (p.P)(T), we put
g-a = gy, oa’og)_(}T, this is a T-morphism X/, — Y7. Let us check that g-a’ belongs to (pP)(T).

Since a is G' equivariant we have a = gy, oao g)_{;, this shows that g-a |x,= a |x,. Let us now
show that g -a’ is a T-morphism over Z xgT. Let fr and ¢r denote the base change from S to
T of f and ¢. We have

fTogyToa/og)_(}T =
because fr is equivariant = gz, o froa’ o g;(}
T
because a’ € (p«P)(T) = gz, o pr © g)_(}T

because @7 is equivariant = @7.

This finishes the verification that g - a’ € (p«P)(T). We now define the action of G on
pxHomoy (a*Qy/z,Cx)x1)

giving the action of g € G(T') on v € (p.Homoy (a*Qy/z,Cx/x:))(T). The diagram

gy-
YT *T> YT s

Jf T Jf T
9z

ZTHZT

whose horizontal arrows are isomorphisms, is commutative since fr is equivariant. So we obtain
an automorphism go, of Qy, /7., e.g. by [StP, Tag 04CX]. Note that go, o ha, = (hg)as,
e.g. by [StP, Tag 05Z7]. That induces similar automorphisms of a3y, /7. Similarly, us-
ing [StP, Tag 04CP] and [StP, Tag 04G2], we get for any g,h € G(T) automorphisms
ger of Cxp/x; such that ge, o hep = (hg)e,. Now let v € Homo, (a7Qy; 2, Cxpyxsr) =
(peHomoy (a*Qyyz,Cx/x/))(T) and g € G(T). We put g-v = gc_T1 o v o go,. The element g - v
belongs to (psHomoy (a*Qy/z,Cx/x/))(T). This defines a left action because

h-(g-v)= hETl oggT1 0v0gay oha, = (gep o hey) L ovoga, oha, = (hg)gj} ovohga, =hg-v.
Using [StP, Tag 0618], we obtain that the actions are compatible in the sense that
g-a+g-v=g-(d+v)forany g € G(T),ad" € (p.P)(T),v € (psHomoy (a*Qy)z,Cx/x))(T).
We now define an element ¢ in Z!

monoid(G7 (p*HomOX (G*QY/Z’ CX/X'))) Let us fix a’ € (p*P)(S)v
this is possible because Y — Z is formally smooth. For any 7' — S € Sqpaces, fppf> put (1) :
G(T) = (p«Homoy (a*Qy/z,Cx/x/))(T), g = g-ap —arp. Then c is indeed a cocycle because for
any T € Sspaces,fppf and g,¢" € G(T') we have

cg)+g-clg)=9g-ar—ar+g-(¢ ar—ay)=g9 -ap—ap=cgq).
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By assumption, H! . (G, (psHomo, (a*Qy7,Cx/x7))) = 0, so there is an element

v € (pHomoy (a*Qy)z,Cx/x1))(S)
such that ¢(g) = g -vr —vp for all T' € Sspaces, fpps and all g € G(T). So for any T' € Sspaces, fppf
and any g € G(T), we have g - a/, — a/p = g - v — v, so we have g - (afp — vp) = ap — vp. We
now put ¢ :=a’ —v € (p,P)(S) = P(X’). Then ¢ is a morphism from X' to Y satisfying all the
required properties, this finishes the proof.
O

REMARK 10.2. The structure of the proof of Proposition 10.1 is partly similar to the argument
sketched in [SGA3, Exp. XII proof of Lemma 9.4] (unpublished), though frameworks are different.

11. Formal étaleness, formal smoothness and formal unramifiedness

Let S be a scheme and let M be a finitely generated abelian group. Let X — Y be a D(M)g-
equivariant morphism of algebraic spaces over S. Let N C M be a submonoid.

PROPOSITION 11.1. Assume that f : X — Y is formally smooth and locally of finite presentation
(i.e. smooth by [StP, Tag 04AM]), then f~ : XV — YV is formally smooth as transformation
of functors (cf. e.g. [StP, Tag 049S]).

Proof. Let t7 : T — T be a first order thickening of affine schemes, over S. Let D:

T_ %, xN

bl
T—*,yN

be a commutative diagram of S-functors. We have to prove that there exists an S-morphism
¢ : T — X" such that the diagram

T2, xN

J/LV J{fN
T2 yN
commutes. The diagram D corresponds to the following data (i), (ii)
(i) ¢ is a D(M)p-equivariant T-morphism A(N)z — Xz
(ii) ¢ is a D(M)p-equivariant T-morphism A(N)pr — Yr

such that ¢|+ : A(N)7 — Y7 equals the map A(N)% LA X7 fi) Y. Let us now consider the
commutative diagram

A(N)g 2 X —— Xy

| s

AN —F—— Y7

The spaces A(N)7 and X7 are canonically endowed with actions of D(M )7, moreover all ar-
rows in the diagram are D(M )p-equivariant. By Propositions 10.1 and 9.13, we get a D(M)p-
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equivariant map ¢ : A(N)p — Xp such that the diagram

ANz -2 X —— X

| > s
AN)p —F——— ¥y

is commutative. The map ¢ corresponds to a morphism 7' — X and satisfies all the required
properties to make the diagram

T——XN
JLV lf]\]
T—25yN
commutative. O

COROLLARY 11.2. Assume that X — Y is smooth and that XV and YV are representable by
algebraic spaces. Then X — Y is smooth as algebraic spaces.

Proof. Trivial by Propositions 3.18 and 11.1, and [StP, Tag 060G]. O

PROPOSITION 11.3. Assume that f : X — Y is formally unramified, then fN : XV — YN js
formally unramified as transformation of functors (cf. e.g. [StP, Tag 049S]).

Proof. Let 17 : T — T be a first order thickening of affine schemes, over S. Let D:

T, xN

L
T—25yN

be a commutative diagram of S-functors. We have to prove that there exists a most one S-

morphism ¢ : T — X% such that the diagram

T — XN
J{LVlfN
T 2,yN

commutes. Let ¢4, ¢, be two such morphisms, we have to prove that ¢, = ¢,. The diagram D
corresponds to the following data (i), (ii)

(i) ¢ is a D(M)p-equivariant T-morphism A(N)z — X
(ii) ¢ is a D(M)p-equivariant T-morphism A(N)p — Yp

such that ¢|+ : A(N)7 — Y7 equals the map A(N)% LA X7 I, Y. Let us now consider the

commutative diagram
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The morphisms ¢, ¢p provide two diagonals of the diagram above. Now using that fr if formally
unramified, we have ¢, = ¢. O

COROLLARY 11.4. Assume that X — Y is formally unramified and that X" and YV are repre-
sentable by algebraic spaces. Then X — YV is formally unramified as morphism of algebraic
spaces.

Proof. Trivial by Proposition 11.3 and [StP, Tag 04G7]. O

PROPOSITION 11.5. Assume that f: X — Y is formally étale and locally of finite presentation
(i.e étale by [StP, Tag 0616]), then f~ : X — YN is formally étale as transformation of functors
(cf. e.g. [StP, Tag 049S]).

Proof. This follows from [StP, Tag 049S] and Propositions 11.3 and 11.1. O

COROLLARY 11.6. Assume that X — Y is étale and that X" and YN are representable by
algebraic spaces. Then XV — YN is étale as morphism of algebraic spaces.

Proof. Trivial by Proposition 11.5, [StP, Tag 04GC] and [StP, Tag 0616]. O

PROPOSITION 11.7. Assume that f : X — S is smooth, let F' be a face of N, then f™:f : XN —
XT is formally smooth as transformation of functors (cf. e.g. [StP, Tag 049S)).

Proof. Let vp : T — T be a first order thickening of affine schemes, over S. Let R and I C R
such that T = Spec(R) and T = Spec(R/I). Let D:

T, xN

J/LT JfN,F
T %, XxF

be a commutative diagram of S-functors. We have to prove that there exists an S-morphism
¢ : T — XN such that the diagram

commutes. The diagram D corresponds to the following data (i), (ii)
(i) ¢ is a D(M)p-equivariant T-morphism A(N)z — X
(ii) ¢ is a D(M)r-equivariant T-morphism A(F)r — X
such that ¢|x : A(F)7 — Y3 equals the map A(F)y — A(N)p LN X7. We need to prove the
following fact.

Fact 11.8. The push-out of the diagram A(F)p < A(F)7 — A(N )7, in the category of algebraic
spaces over T, exists and is denoted

AF)r I ANz
A(F)7

Moreover A(F)r HA(F)T A(N)7 is an affine scheme over T and is in fact a push-out of

A(F)r = A(F)7 = A(N)p
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in the category whose objects are algebraic spaces over T and whose morphisms are D(M)p-
equivariant morphisms of algebraic spaces over T.

Proof. By [StP, Tag OETO], the push-out of A(F)r < A(F)7 — A(N)7 exists in the category
of schemes and is given by

AF)r [ ANz :=Spec(PRX"® P (R/I).X").

A(F)g neF neN\F

Since D(M)p-equivariant morphisms of affine schemes correspond to M-graded morphisms, we
obtain that A(F)r HA(F)TA(N)T is endowed with an action of D(M)r and that

v A(F)pr — A(F HA

T

and

vy A(N)g — A(F)r [ AN

are D(M)r-equivariant. By [StP, Tag OETO0], the push-out of
D(M)T XT A(F)T — D(M)T XT A(F>T — D(M)T XT A(N)T
exists in the category of schemes and the explicit formula allows us to identify it canonically with

D(M)T XT H A

A(F)7
We now remark that push-outs in the category of schemes over T give push-outs in the full
category of algebraic spaces over T' by [StP, Tag 07SY]. Now let X be an algebraic space over

T with D(M)p-equivariant morphisms f; : A(F)7 — X and fo : A(N)7 — X such that the
diagram

commutes; we have to prove that the obtained morphism f;[] fo : A(F)r HA(F)TA(N)T - X
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is D(M)r-equivariant. For this consider the diagram

Idxi

D(M)T XT A(F)T D(M)T XT A(N)T

mA(F)T mA(N>T

Idx
Idx. f2

Idxas

D(M)r x A(F)r ) Jdx(nllfz)

x7 (A(F)7 Hacr), AN)7 D(M)r x7 X

mAF) A(F)7 ' A(N)7 mx

MA(F)p UA(F)T A(N)7

A1l f -

— S

f

1

where mgs denote the multiplication morphism for any D(M)p-space S. We have to show that

mx o (Id x (fi1l f2)) = (f1 11 f2) o ma(p), [y AN 7 Since, as we noted before, D(M)p X1
T

(A(F)r HA(F)TA(N)T) is the push-out of

Idxe Idx1i

D(M)T XT A(F)T — D(M)T XT A(F)T — D(M)T XT A(N)T,

it is enough to prove that

(1) mx o (Id X (fl HfQ)) ¢} (Id X al) = (f1 HfZ) omA(F)THA(F)TA(N)TO (Id X al)

(11) mx o (Id X (f1 Hfg)) o ([d X ag) = (fl Hfg) o mA(F)THA(F)TA(N)T o (Id X CLQ).

These identities are easy to check on the diagram using that ai,ao, f1, fo are equivariant and

that fi = (fi [ f2) c a1, fo = (fi L1 f2) c as. O
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We now continue the proof of Proposition 11.7. Let us consider the diagram

where

(i) @ is the map obtained from the universal property of pushout from ¢ and .
(ii) W is the map obtained from the universal property of pushout from the canonical morphisms
A(N)7 = A(N)r and A(F)r — A(N)r.

By Fact 11.8, i and ¢ are D(M )p-equivariant and so ¥ and ® are also D(M)p-equivariant. Now
we apply Propositions 10.1 and 9.13 to get a D(M )r-equivariant morphism ¢ : A(N)r — Xp
such that the right lower quadrigone commutes. The morphism ¢ satisfies all required properties
to make the diagram

i> XN

LV J/fN,F
¥ F

—— X

commutative. O]

N—HN

COROLLARY 11.9. Let F be a face of a magnet N. Assume that X — S is smooth and that XN
and XTI are representable by algebraic spaces. Then X~ — X' is smooth as algebraic spaces.

Proof. Clear by Proposition 11.7, and [StP, Tag 060G]. O

REMARK 11.10. If X — Y is flat, then X — Y is not flat in general (as we know that flatness
is not preserved by taking fixed-points, e.g. cf. Vistoli’s answer in Mathoverflow ”Under what
hypotheses are schematic fixed points of a flat deformation themselves flat?”).
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REMARK 11.11. If X is Cohen-Macaulay, then X*V is not Cohen-Macaulay in general (as we know
that being Cohen-Macaulay is not preserved by taking fixed-points, e.g. cf. Vistoli’s answer in
Mathoverflow ” Are schematic fixed-points of a Cohen-Macaulay scheme Cohen-Macaulay?”).

12. Topology of attractors

Let M be a finitely generated abelian group. Let X be an S-algebraic space locally of finite
presentation endowed with an action of D(M)g.

PropoSITION 12.1. Let N C M be a submonoid. Assume that N is finitely generated and that
there exists a N*-FPR atlas of X. Then the map X"V — X" (which is affine by Proposition 8.3)
has geometrically connected fibers and induces a bijection on the sets of connected components
7o(XN) ~ 7o(XN") of the underlying spaces.

Proof. We adapt [Ril6, Cor. 1.12]. Using Proposition 3.29 we can assume that N* = 0 and that
N is fine and sharp. Let K be a field, and let 2 : Spec(K) — X° be a point. Let X = XV X X0 4
Spec(K). We claim that its underlying topological space | XV | is connected. Let L be a field and
let 4 : Spec(L) — X2 be a point, and denote by z7, the composition Spec(L) — Spec(K) & X©.
Then z, and z define the same point of | X2|. Recall that we have a natural action of the monoid
scheme A(N)g on the attractor X™V. The A(N)[, orbit of y defines a map h : A(N), — X2 with
h(1) =y and h(0) = xr. Since N is sharp, L[N] is integral. So A(N)y, is connected. So z and y lie
in the connected set |h|(|A(N)L|). Since y was arbitrary, this shows that | X2V | is connected. So
the continous map | X| — | X9| has connected fibers, and the assertion on connected components
follows from the existence of a continous section |X°| c | XV O

PROPOSITION 12.2. Let N C M be a magnet. Let f : X — Y be a D(M )s-equivariant morphism
of S-algebraic spaces such that X~ and YV are representable by S-algebraic spaces. Let fV :
XN — YN be the canonical morphism obtained on attractors. The following assertions hold.

(i) If f is an open immersion, then fV is an open immersion.
(ii) If the following conditions hold

(a) f is a closed immersion,
(b) there exists a N*-FPR atlas of Y,
(¢) N is finitely generated or X is separated,

then fV is a closed immersion, moreover X~ =2 YN xy X.

Proof. (i) Since f is an open immersion, it is smooth and a monomorphism. By Corollary 11.2,
fY is smooth and in particular locally finitely presented and flat (cf. [StP, Tag 04TA]).
By Fact 3.17, fV is a monomorphism. Therefore, by [StP, Tag 05VH], f¥ is universally
injective and unramified. Consequently, by [StP, Tag 06LU], fV is étale. Finally, by [StP,
Tag 05W5], fV is an open immersion.

(ii) Assume f is a closed immersion. The canonical morphisms X~ — YV and XV — X
induces a canonical morphism i : XV — YV xy X. We are going to prove that i is an
isomorphism. Let U be a N*-FPR atlas of Y. By Proposition 6.7, the map U xy X — X is
a N*-FPR atlas of X. So by Proposition 5.1 the canonical map (U xy X)¥ — XV is étale
and surjective. The canonical map UV — Y/ (étale and surjective) induces an étale and
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surjective map (U xy X) xg UN = X xy UN = X xy YV, So we get a diagram

(U xy X)V XN

| |

(U xy X)xypUN = X xy UV —— X xy YV,

The left arrow is an isomorphism by Lemma 3.24 (write U as a disjoint union of stable
S-affine schemes U; and use that U; xy X — U; xy Y = Uj is affine for all 4). The horizontal
arrows are étale and surjective. The diagram is a cartesian square because

(X xy UN) xxypyn XV =UN xyn XN = (U xy X)N

by Proposition 3.7. So by [StP, Tag 03I2] we obtain XV = X xy YV,

13. Attractors and dilatations

Let S be a scheme and let S’ be a closed locally principal subscheme of S. Let X be an algebraic
space over S with a D(M)g-action where M is an abelian group. Put D = Xg. Let Y be a
closed subspace of Xg. Then by [Ma23] (or [MRR20] if X is a scheme), we get a space BIZX
called the dilatation of X with center Y along S’, and an affine morphism of spaces Bl)[/)X — X.
Let N be a submonoid in M. Assume that Y is stable under the action of D(M)g on Xg/. Then
by Proposition 12.2 Y~ — D¥ is a closed immersion. Moreover DV = (Xg)V = (X")g (cf.
Proposition 3.9) is a locally principal closed subscheme of X*V. So Bl?ﬁX N is well-defined.

PROPOSITION 13.1. Assume moreover that X — S, (BI?X)N — S and BlexXN — § are flat.
Then D(M)g acts naturally on BleX , moreover we get a canonical isomorphism

0 : (BIPX)N = BIZT XN,
REMARK 13.2. We refer to [MRR20, Prop. 2.16] for conditions ensuring flatness of dilatations.

Proof. Remark first that since D(M)g — S, X — S, BIZX — S are flat, D(M)g, X and BI¥ X
belong to Spacesg 9 (cf. [Ma23] for the definition of Spacesg %) moreover by flatness any

products of these objects in the category Spaces/S or Spacesgl'mg coincide. So to check that we

have an action of D(M)g on BIZ X it is enough to show that D(M)g(T) acts on BIZ X (T) func-
torially for any T' € Spacesgl_reg. Solet T e Spacesgl_reg. Let (g,2) € D(M)s(T) x BIZ(X)(T),
note that z corresponds to a morphism T' % X such that T|ss — Xg factors through Y. We
define g.x as the composition

action

T 95, p(M)g x X 2tn, .

Then g.x restricted to S’ factors through Y and so g.z € BIZ X (T). So D(M)g acts on BIZ(X).
We obtain the following two diagrams

BIZX)N - XN,
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(BIY X)N|sr = (BIP X |s)N XN g = (X]s)Y
By the universal property of dilatations, we obtain a morphism

0 : (BIZX)N = BI2y x V.

We now prove that it is an isomorphism. Again, let T' € Spacesgl_reg and let 7" be T'xgS’. Then
T" is a closed and locally principal subspace of T. Moreover, since A(N)r is flat over T, A(N)p
belongs to Spacesr‘; ", Since BIP?X — S is flat, by [Ma23, §3.6], we have (BI2X)p = BIXI/JTT,, Xr.
So, on the one hand
BI2X)N(T) = HomPM1(A(N) 7, (BIZX)7)

= HomP )7 (A(N)p, By X7)

— {A(N)r L5 Xo| f is D(M)p-equiv. and A(N)zlr 225 X|p factors through Yo},
moreover, on the other hand,
(BI2y XN)(T) = {T — X"| T|sr = XV|g factors through YN}
— [A(N)r L5 X| £ is D(M)7-equiv. and A(N)7|p 225 X|p factors through Yo},

Now since BI}QZX N and (BIZX)N are flat over S, they belong to Spacesg/reg. So by Yoneda
BIZY XN = (BI2X)N. This finishes the proof. O

COROLLARY 13.3. Let S be a scheme and let S’ be an effective Cartier divisor on S. Let X be
a smooth scheme over S with a D(M)g-action where M is an abelian group. Put D = Xg. Let
Y be a closed subscheme of Xg such that Y — S’ is smooth. Let BIZ? X be the dilatation of X
with center Y along S’. Let N be a submonoid in M. Assume that Y is stable under the action
of D(M)g on Xg. Then D(M)g: acts on BI¥ X and we get a canonical isomorphism
0 : (BIZX)N = BIZy XN,

Proof. Since X — S,D — S8’ and Y — S are smooth, by Corollary 11.2 X¥ — §, DV — §
and YN — S are smooth. So by [MRR20, Proposition 2.16], BI?X — S and BI}D,xXN — S are
smooth. So using Corollary 11.2 again, (BI2?X)Y — S is smooth. Now since smooth implies flat,
Corollary 13.3 follows from Proposition 13.1. O

REMARK 13.4. We note that the fact that dilatations commute with attractors may be used to
study valued root data as in Bruhat-Tits theory. Indeed by Section 16.5 root groups of reductive
groups are examples of attractors (cf. also Section 16.2) and dilatations allow to define filtrations.

14. Ind-algebraic spaces

Let S be a scheme and let (Aff/S) be the category of affine schemes over S. Its objects are
morphisms Spec(R) — S from affine schemes to S. We use [HR21] for the definition of ind-
algebraic spaces.
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DEFINITION 14.1. An ind-algebraic space (resp. ind-scheme) over S is a functor (Aff/S) — Set
which admits a presentation X = colim;c;X; as a filtered colimit of S-algebraic spaces (resp. S-
schemes) where all transition maps ¢;; : X; — X, ¢ < j are closed immersions. The category of
ind-algebraic spaces (resp. ind-schemes) over S is the full subcategory of functors (Aff/S) — Set
whose objects are ind-algebraic spaces (resp. ind-schemes) over S.

Any algebraic space (resp. scheme) over S is naturally an ind-algebraic space (resp an ind-
scheme) over S. Any ind-scheme over S is naturally an ind-algebraic space over S.

REMARK 14.2. [HR21, §1.5] If X = colim;X; and Y = colim;Y; are presentations of ind-algebraic
spaces (resp. ind-schemes) over S, and if each X; is quasi-compact, then as sets Hom(X,Y) =
lim; colimjHom(X;, Y;), because every map X; — Y factors over some Y; by quasi-compactness
of X;. The categories of ind-algebraic spaces and ind-schemes are closed under fiber product. If
P is a property of algebraic spaces (resp. schemes), then an S-ind-algebraic space (resp. S-ind-
scheme) X is said to have ind-P if there exists a presentation X = colim;X; where each X; has
property P. A map f : X — Y of S-ind-algebraic spaces (resp. S-ind-schemes) is said to have
property P if f is representable and for all schemes T" — Y, the pullback f xy T has property
P. Note that every representable quasi-compact map of S-ind-schemes is schematic.

DEFINITION 14.3. Let G be a group scheme over S and let X be an ind-algebraic space over S.

(i) A categorical action of G on X is an action of G on X seen as a functor. Equivalently by
Yoneda, a categorical action is a morphism in the category of ind-algebraic spaces over S
0:G xg X — X satisfying the usual axioms, i.e.

(a) oo(Idg x o) =00 (m x Idx) where m : G xg G — G is the group law of G,
(b) oo(exIdx)=1Idx where e: S — G is the identity section of G.

(ii) A collection of actions o; : G x g X; — X; such that for i < j we have ¢;;00; = oj0(Idg x ¢4j)
gives birth to a categorical action of G on X. Such categorical actions are called ind-actions.

Let M be a finitely generated abelian group.

PROPOSITION 14.4. Let X be an ind-algebraic space (resp. ind-scheme) over S. Assume that we
have a presentation X = colim; X; with X; quasi-separated and locally finitely presented over S.
Assume that D(M)g acts on X via an ind-action on the presentation X = colim; X;. Let N C M
be a monoid. Assume that N is finitely generated or that X is separated. Then the attractor
functor

(T — S) = HomPM7T(A(N)p, X7)

is representable by the ind-algebraic space (resp. ind-scheme) colimiXZ-N . Moreover the natural
morphism X~ — X is representable by algebraic spaces (resp. schemes). If N = Z is a group
the natural morphism X% — X is representable by a closed immersion.

Proof. The first assertion is a direct corollary of Proposition 12.2. To show that XV — X,
is representable by algebraic spaces, we notice that if T' is an affine scheme and T' — X is a
morphism, then there exists ¢ such that this morphism is induced by a morphism 7" — X;, and
then we have T xx XV = T x X; XN IfN=Zisa group, the last assertion follows from
Corollary 8.1. O
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15. Pure magnets

Let M be an abelian monoid. Let X be a separated algebraic space over S endowed with an
action a of A(M)g. Let m(a) be the set of magnets of a, i.e. the set of all submonoids of M. We
also use the notation m(M) to denote m(a).

PROPOSITION 15.1. Let N € m(a), the following conditions are equivalent.

(i) For any L € m(a), L C N = X ¢ XV,

(ii) For any L € m(a), XV = X! = N C L.
Proof. Let us prove (i) = (ii). So let L € m(M) and assume X~ = X, Then XV = XV by
Proposition 3.30. Since NN L C N, (i) implies that NN L = N. So N C L. Reciprocally assume
(ii) holds. Let L € m(a) such that L C N. By Proposition 3.27, we have X* c XV, It remains

to prove that X* # X% . This is clear, indeed otherwise (ii) implies that N C L and so N # N
which is absurd. O

DEFINITION 15.2. We use the following terminology.
(i) A pure magnet for the action a is a magnet N € m(a) satisfying the equivalent properties
of Proposition 15.1.
(ii) The set of all pure magnets of the action a is denoted U(a).

THEOREM 15.3. We have a canonical bijection between U(a) and the set
(XN c X|N e m(M)}

with the convention that we identify XV and X* if and only if XN (T) = X(T) c X(T) for all
T/S (cf. Proposition 3.28). The bijection sends a pure magnet N € U(a) to the attractor X,
The reciprocal bijection sends Y € {X~ C X|N € m(M)} to the pure magnet

E(Y):=({N emM) XN =1}

Proof. Let Y € {X C X|N € m(M)} and let E(Y) be the monoid defined in the statement, i.e.
E(Y)=N{N € m(M)| X" =Y}. By Proposition 3.31, we have Y = XEM) Let us prove that
E(Y) is a pure magnet. Let L € m(M) such that X% = XP() =Y by definition of E(Y), we
have E(Y) C L and so E(Y) is a pure magnet. It remains to prove that for all N € U(a) and all
Y € {XVN c X|N € m(M)}, we have E(XY) = N and Y = X0, So let us first take N € U(a).
It is obvious that £(X”~) C N. On an other hand, by Proposition 3.31, we have X~ = XBEEY)
and so N C E(X") because N is a pure magnet. Now let us take Y € {X¥ c X|N € m(M)},
Proposition 3.31 implies that ¥ = XZ(), O

THEOREM 15.4. Assume moreover that X is finitely presented over S. Assume additionally that
one of the following conditions is satisfied

(i) X is affine over S,

(ii) M is a group and there exists an S-affine strongly-FPR atlas for X (e.g. the action is Zariski
locally linearizable),

(iii) add more as needded,
then U(a) is a finite poset.

Proof. The set U(a) is a poset for the inclusion. It remains to show that U(a) is finite. Assume
(i) holds. Write X = Specg(.A), then we have an M-grading A = P, c5; Am- Because of X is
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finitely presented over S, there exists a finite subset £ C M such that A is generated locally
by homogeneous elements of degree in E. Now for any monoid N, we have X~ = XIVNE) This
implies that O(a) is finite. Case (ii) follows from case (i) and the following result:

PRrOPOSITION 15.5. Let U — X be an S-affine strongly-FPR atlas. Let ay denote the action of
D(M)g on U. Then for all submonoids N, L of M, we have UN = U* = X~ = X’; moreover

U(ax) C O(GU).

Proof. Note that X* is representable for any magnet P by Proposition 8.3. Let N, L be sub-
monoids of M and assume UYN = UL. By Proposition 3.30 or Proposition 3.22, we have U =
UNNL — UL So it is enough to prove that XNV = XT in other words we can change notation
and assume N C L. Let us remark that U — S is of finite presentation, indeed U — S being
affine, it is quasi-compact and quasi-separated and U — X — S is locally of finite presentation
as compositions of two such morphisms. The map UN — X% is étale and surjective. Indeed since
u is strongly-FPR, by Proposition 5.1 we get a diagram

oV —— UV —— U
L1
XN —— XN —— X
with Cartesian squares and U — X is étale and surjective. We get a commutative triangle
uN ! y XN
X / where f is surjective and étale, p is étale by Corollary 11.6 and ¢ is
Xt q

locally of finite presentation (e.g. by [StP, Tag 05WT] and Theorem 8.3). So ¢ is étale by [StP,
Tag 0AHE] and in particular unramified. Now since X is separated, ¢ is a monomorphism by
Proposition 3.27. Being an unramified monomorphism, ¢ is universally injective by [StP, Tag
05W6]. So ¢ being étale and universally injective, by [StP, Tag 05W5], it is an open immersion.
Now since p is surjective, we get that g is surjective. So g being a surjective open immersion,
it is an isomorphism. So we proved that XV = X’ Now let N € U(ax) and let us prove that
N € U(ay). So let L € m(M) such that UN = U%. We proved that XV = X% and so L ¢ N
because N € U(ay). This finishes the proof. O

O]

REMARK 15.6. Theorem 15.4 shows in particular that, under the same assumptions, the set
{XPWM/Z)s « X | Z € M is a subgroup of M} is finite. We did not know a reference for this
fact.

CONJECTURE 15.7. We conjecture that the conclusion of Theorem 15.4 remains true without
the additional assumption (1), (ii) or (iii).

REMARK 15.8. Conjecture 6.9 implies Conjecture 15.7.

If N is a monoid, we denote by gen(N) the set of all subsets of N that generate N as monoid.
The emptyset generates the zero monoid.

DEFINITION 15.9. The rank mk(N) (possibly infinite) of a monoid N is the cardinal defined by
mk(N) = min{#FE|E € gen(N)}.
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Understanding combinatorial aspects of U(a), including ranks of pure magnets, is a funda-
mental invariant of the action a.

ExaMpPLE 15.10.

(i) Let a be the trivial action of A(M) on a space X, then U(a) = {0}.
(ii) Let a be the action of D(Z") on itself by multiplication. Then U(a) = {0,Z"}.
Fact 15.11. We have mk(Z") = n + 1.

.....

generated by n elements fi,..., f,, then there exists pi,...,p, > 0 such that —(f1 +... +

fn) = p1fi + ...+ pufa, this implies (p1 + 1) fi + ...+ (P + 1) fa = 0. So fi,..., fy are
linked and can not generate Z" as group. This is absurd. So Z" can not be generated by
only n elements. O

(iii) Let a be the action of A(N) on itself by multiplication. Then U(a) = {0,N}, note that
mk(N) = 1.
(iv) Let a be the action of D(Z) on A(N) by multiplication. Then U(a) = {0, N}.
(v) Let a be the action of D(Z) on A(N) given by A-x = A?z. Then U(a) = {0, 2N}, note that
mk(2N) = 1.
(vi) Let a be the action of D(Z) on P!, then U(a) = {0,N, —N, Z}.
(vii) Let a be the action of D(Z?) on A(N?) by multiplication, then U(a) = {0 x 0,N x 0,0 x
N,N x N}.
(viii) Let a be the action of D(Z/6Z) on D(Z/6Z) x D(Z/6Z) x D(Z/6Z) given by
M- (z,y,2) = Oz, Ay, A32).
Then G(a) = {Z/67, 27,/67, 3Z./61, 6Z/6Z}.

(ix) Let a be the adjoint action of a maximal split torus T = D(M) on a given reductive group
scheme G. Then N — N N ® provides a bijection between U(a) and the set of subsets of
®(G,T) that are closed under addition. Pure magnets of rank 1 correspond to roots (cf.
§16.4 for more details about the example of reductive groups).

16. Complements and examples

16.1 Tangent spaces and attractors

Let S be a scheme. We denote by Is the scheme of dual numbers over S as in [SGA3, Exp. II
Définition 2.1]. For any scheme T over S, we have I = Ig x g T. Explicitly, Is = Spec(Z[e]) xz S

where Z|[e] = Z[T]/(T?). Let X be a functor over S. Let Tx be the tangent space of X as in
[SGA3, Exp. II Définition 3.1]. This is a functor from Schg to Set sending a scheme R over S to

HOII]R(IR, XR).
REMARK 16.1.

(i) For S-morphisms X — Y and Z — Y, we have Txy, 7z = Tx x1, T7.
(ii) If X — Y is a monomorphism, then Tx — Ty is a monomorphism.

(iii) We have a canonical identification Ts = S.
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Let M be an abelian group and assume that D(M)g acts on X. Then D(M)g acts naturally
on T'x using the definition of Tx. Let N be a submonoid in M.

PRrROPOSITION 16.2. We have a canonical isomorphism

(TX)N > Tyn.
Proof. It is enough to show that (T )N (S) = Ty~ (S') for any S-scheme S’. We have
(Tx)V(8') = Homg "' (A(N) g, Tx,,)
= Homs, ( (N)g xgr Isr, Xg/) where D(M)gs acts trivially on Ig/
D(M

Vg
= HOHIIS/ s (A(N)IS”XIS’)
= Homg (I, X2)
= (Txn~)(5).

This shows that we have a canonical isomorphism. ]

16.2 Lie algebras and attractors

Let G/S be a group functor over a scheme S. Recall that in this case T is a group functor over
S and we have two canonical morphisms of group functors G — Tg and Tz — G by [SGA3,
Exp. II]. Let eg be the trivial group over S, as S-scheme we have eg = S. The Lie algebra of G
is defined as the fiber product

Lie(G) =es X@g TG — TG
eg —— G

where eg — G is the canonical morphism of group functors from eg to G. As in the previous
section, let M be an abelian group and assume that D(M)g acts on G. We assume moreover
that this action is compatible with the group structure on G, i.e D(M)g acts by automorphisms
on G. Then the induced action of D(M)g on T is by group automorphisms. We thus obtain an
action of D(M)g on Lie(G) by group automorphisms.

REMARK 16.3.

(i) For S-group functors G, K, H with morphisms G — K,H — K, we have a canonical
isomorphism Lie(G' xx H) = Lie(G) Xk Lie(H).
(ii) If G — H is a monomorphism, then Lie(G) — Lie(H) is a monomorphism.

(iii) We have a canonical identification Lie(eg) = es.
PRrorPOSITION 16.4. We have a canonical isomorphism of group functors over S
(Lie(@))™ = Lie(G")
Proof. Using Proposition 3.7 and Proposition 16.2, we have
(Lie(G)™ = (S x¢ Ta)" 2 SN xgv TeN 22 S xon Tew = Lie(GV).
O

Let us fix now a group functor H over S and a monomorphism H — G preserving the
group structures. Recall that G% is the attractor with prescribed limit H as in Definition 4.1.
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PROPOSITION 16.5. We have a canonical isomorphism of group functors over S

) N -
(Lle(G))Lie(H) >~ Lie(GY).

Proof. Using Proposition 16.4 and Remark 16.3 we have
Lie(G)fie(a) = Lie(G)Y Xpjo(qn- Lie(H)
= Lie(GY) Xy (e Lie(H)
>~ Lie(GN xon+ H)
= Lie(GY)

This shows that we have the desired canonical isomorphism. ]

16.3 Relation to G,,-attractors

Let X be an S-algebraic space with and action of D(M)gs. Let N be a submonoid of the group
M. Then in some cases the attractor space XV can be obtained as a succession of attractors
under Gy, (cf. the introduction and [Ril6]) and fixed-points. Let us gives two examples.

(i) Let « € M and let us consider X [), Under mild assumptions, by Proposition 3.30 we
have X[® — (X (a))[a>. By Proposition 3.32 X (@ identifies with the fixed-points space
XDM/(@)s  So the operation X ~ X (@) can be realized as taking fixed-points. By Remarks
3.12 and 3.11, D((a))s and D(M)g act on X(® and using Proposition 3.29, we have
(X(O‘))[a>c(a) = (X(O‘))[a>CM (cf. Remark 3.4 for the notation XV<M). But ([o) C () =~
(N C Z), so the operation X(® ~ (X(O‘))[a) can be realized as taking attractor under
Gm=D(Z)s. So X ~ X [@) can be realized as fixed-points followed by taking the attractor
under an action of G,,.

(ii) Assume that M = Z x Z and that N = N x N. Using Propositions 3.30 and 3.29, we have
xN — (XNXZCZXZ)ZXNCZXZ _ (XNXOCZXO)OXNCOXZ.

This shows that X ~» X can be realized as two stages of G,,-attractors.
(iii) If M = Z" and N = N" then X ~» XV can be realized as r stages of G,-attractors.

16.4 Magnetic point of view on reductive groups

This section is devoted to the observation that parabolic and Levi subgroups of reductive group
schemes are easily described using attractors. We work with a split reductive group over a field
for simplicity and accessibility but similar results hold more generally (e.g. cf. Proposition 16.14
and [ALRR22, §6.3]). In fact, we expect attractors theory provide a natural framework to study
some aspects of the advanced theory of group schemes from the beginning, but this is not the
purpose of the present work. So let G be a split connected reductive group scheme over a field R.
Let T be a maximal split torus and choose a Borel B containing 7. Let ® = ®(G,T) C X*(T)
denote the set of roots associated to (G,T) and ®* = ®(B,T) the roots in B. Let B be the
basis of ® determined by ®*. For a € @, let U, be the associated unipotent root group and 1,
be the root group associated to « in the Lie algebra of G. We refer to [SGA3, Exp. XXII] for
the definition of U, and u,. Let U be the unipotent radical of B and let u C b C g be the Lie
algebras of U, B and G. Consider the adjoint action of 7" on G,U and u.

PROPOSITION 16.6. There exists a T-equivariant isomorphism of R-schemes u >~ U.

50



ALGEBRAIC MAGNETISM

Proof. This is a direct consequence of [SGA3, Exp. XXII Th. 1.1, Exp. XXVI Prop. 1.12], indeed
these results imply the following assertions. For each root o € ®%, we have a T-equivariant
isomorphism U, =~ u,. We have T-equivariant isomorphisms of schemes u = Il cgp+u, and
U =Il,cq¢+U,. This finishes the proof. O]

Let us now fix a € ®T. Recall that [a) C X*(T') is the submonoid generated by .

PROPOSITION 16.7. We have a canonical isomorphism 1, ~ ul®) (resp. Uy ~ UM), between root
group and |«)-attractor for the action of T' = Spec(R[X*(T')]) on u (resp. U).

Proof. By Proposition 16.6, we have a T-equivariant isomorphism u >~ U, so it is enough to prove
the statement for u. Since G is split, ® is reduced and Proposition 3.26 finishes the proof. O

Recall that we have a bijection between parabolic subgroups of G containing B and subsets
of B, cf e.g. [Col4, Page 35, lines 4-5] or [CGP10, 2.2.8]. If ¥ is a subset of X*(T"), we also use
the notation Ny, to denote [¥), the monoid generated by ¥ in X*(7T').

PROPOSITION 16.8. Let ( C B. Let © be (U —(. Let ¥ be BU —(.
(i) The attractor GNe is the Levi subgroup Lg such that ®(Lg,T) = Ng N ®.

(ii) The attractor GN® s the associated parabolic subgroup, moreover Lg is a Levi component

of P.
(iii) Let £ C (. Let I' = BU —¢. Let N be a submonoid of Ny, such that N N'¥ = I'. Then
GN = Ghr,

Proof. Let Ps be the parabolic corresponding to (. By [CGP10, 2.2.8, 2.2.9], there exists a
A € X (T) such that Py is the attractor associated to the monoid N relatively to the action of
Gm = D(Z)s on G via x.g = ady(;)g and such that A(3) > 0 for all 8 € X and A(8) = 0 for all
B € O. The Levi subgroup Lg corresponding to © is the fixed space in G under the action of A
by conjuguation, i.e Lo = GY. Now we prove the Proposition.

(1) Assume first that ¢ = B. Then Le = G and Ng = Ngg,1)- Using Prop. 16.7, we deduce that
the big cell Q = I cqp- Uy X T X I cqt Uy is in GVo. Now we have inclusions Q ¢ GNe ¢ G
with © dense in G and GMe closed in G. This implies GI¢ = G. Let us now prove the general
case, let ¢ C B. By Proposition 3.29, we have G/ = GO = Lg. We have © C f~10),
and so Ng C f~1(0), consequently GNe G7710). So we have proved that GNe C L and
let us now prove that this is an equality. We remark that No = Ng (1, 7). Now since L C G
and using the first case done before, we have L = LNere ) Gg . This finishes the proof.

(ii) Recall that A : G,, — T corresponds to the morphism of abelian groups f : X*(T) —
Z,x — (A Xx). Now we see G as a Gy,-scheme and as a T-scheme. By Proposition 3.29,
we have GN = G/ Since, for all B € %, f(8) = A(8) = 0, we have f(3) € N and so
¥ C f71(N), and so Ny C f~!(N). Consequently, Py = GN = G/ TN 5 GN= | Let us prove
that Py C GV, We have Ps = Lg x Ry(Px) where Ry (Ps) is the unipotent radical of Ps.
Using (i), we have Lg = Lg@ C ng C Lo, and so ng = Lg. Using Proposition 16.7, one
has (Ru(Ps))™® = Ry(Ps). So PY™® = Py, and so Py ¢ GN».

(iii) We have a canonical closed immersion GM ¢ GV. We have N N Ng = Ney—¢ and NN Neg
it is thus included in Np. By Proposition 3.22 we have GV = (GV=)N. By the previous
assertions we have GV® = GNe x R, (G"=). Now by 3.22 we have

(6™ x Ru(@¥9)) " = (G"®)Y x (Ru(GV=)Y = (et x Ry(GY)
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This implies that G’ > GV and finishes the proof.
O

REMARK 16.9. Proposition 16.8 implies that any parabolic or Levi subgroup of G containing
T can be obtained as an attractor under the conjuguation action of 7' on G. Moreover, assume
that B is a parabolic subgroup in a parabolic P and L is a Levi component of P. We assume
that B, P and L contain T. Let M be B N L, this is a parabolic subgroup in L. Then one has a
cartesian square

P/B\M
NP

This square can be obtained using Proposition 3.33. Indeed let L’ be the submonoid generated
by ®(P,T), let L be the submonoid generated by ®(L,T) and N be the submonoid generated
by ®(M, T'). Using Proposition 2.16, we deduce that L is a face of L’. Now let N' be L'\ (L\ N).
We have G = P,GN =M and G* = L. Using Proposition 16.8 we have GV = B.

For any root a € ® we denote by H, C G the semidirect product T x U,, this is a group
scheme whose unipotent radical equals U,,.

PROPOSITION 16.10. We have a canonical isomorphism H, ~ Gl®).

Proof. Since [a) C X+ and by Proposition 16.8, we have a closed immersion Gl*) ¢ B = G¥at
where B is the Borel subgroup. So by Lemma 3.24, we get a closed immersion GI* ¢ Bl® and
thus an equality G1* = Bl® Now we have a T-equivariant isomorphism of schemes B ~ T x U.
Using Proposition 16.7, we get

U, = U, (16.1)
It is obvious that

T =7l (16.2)
Now equations 16.1 and 16.2 and Proposition 3.7 (i) imply that B!® = H,. This finishes the
proof. O

COROLLARY 16.11.

(i) Let eq be the closed subscheme of G corresponding to the unit section. Then the attractors
G[eog with prescribed limit e equals Ul,.

(i) We have a canonical isomorphism U, = Ru(GM) where R, means the unipotent radical.

Proof. Clear from Proposition 16.10 and Section 4. O

16.5 Root groups

Let S be a scheme, let G be a group scheme over S. Let M be an abelian group. Assume that
D(M)g acts on G by group automorphisms. Then we get an action of D(M)g on Lie(G)g by
group automorphisms. Let N be a submonoid of M. Let Gé\g be the attractor associated to NV
with prescribed limit the trivial subgroup eg/S relatively to the face N*.
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DEFINITION 16.12. Let o« € M. We call Ge°;> the root group associated to a under the action of
D(M)g on G. We call GI* the non prescribed root group associated to a.

PROPOSITION 16.13. Let v € M.
(i) If G is affine over S, we have closed immersions of group schemes over S

Gl c gl ca.

S
(ii) If G/S is smooth, then Ge(? and G1* are smooth over S.
(iii) We have canonical isomorphisms Lie(G[e(?) = (Lie(G))[eo;> and Lie(Gl*) = Lie(G)[).

Proof. (i) We know that GI* is a closed subgroup of G by Theorem 3.19. We have G[e(? =

G® % o0 eg and so Gg? is a closed subgroup of G

(ii) By Corollary 11.9, GI* — S and G* — G are smooth, this implies the claim.

(iii) These are special cases of Propositions 16.5 and 16.4.

O]

We observe that our definition is compatible with the definition given by Conrad and SGA3.

ProproSITION 16.14. Let G — S be a reductive group scheme over a non-empty scheme S,
T = Dg(M) a split maximal torus, and a € M a root. Let exp,(W(ga)) C G be the a-root
group for (G, T, M) considered by B. Conrad in [Col4, Theorem 4.1.4], then

oxp(W(ga)) = GLY

S
expa(W(ga)) xs T = GI*.

Proof. We remark that we have (W(gy) xg T)l% = W(ga) x5 T. By [Col4, Theorem 4.1.4]
we have a closed immersion W(g,) xg T — G. So Lemma 3.24 gives us a closed immersion
f:Wi(gs) xg T — G, We now prove that f is an open immersion. Since f is of finite pre-
sentation by [StP, Tag 02FV], using [GW, Proposition 14.18] it is enough to prove that f is
flat. Since W(gy) xg T — S is flat, it is enough to prove that for any s € S, the morphism
fs: (W(ga) xsT), — (G[a>)s is flat (cf. [GW, Proposition 14.25]). Since all involved construc-
tions are compatible by base change, fs is an isomorphism (in particular flat) for any s € S by
Corollary 16.11. Now f is an open and closed immersion that gives isomorphisms on fibers. This
implies that f is an isomorphism and proves the second equality. Now the first equality is clear
because [a)* =0, G° = T and so
Gl = G x o eg = (expo (W (ga)) x5 T) X7 €5 = expo (W (ga))-

S

O

REMARK 16.15. Let us remark that, GI* = (GD(M/(CV))S)[QK(O‘) (e.g. by §16.3). So Gl® can be

obtained as a first stage of fixed-points followed by a stage of Gy,-attractor. Similarly G[ea> =

(Gg?; ))[e? where Ty, is defined in [Col4, Lemma 4.1.3] or [SGA3], this explains why [Col4] works
with small semisimple groups of rank one as a first stage in order to build root groups using
Gm-attractors. Note that [SGA3] also uses semisimple groups of rank one as a first stage [SGA3,
Exp. XX] before defining root groups in the general case [SGA3, Exp. XXII].
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16.6 Monoschemes and toric schemes

Let M be an abelian group and let NV and L be submonoids of M. Let us consider the attractors
A(N)! associated to the monoid L under the action of D(M) on A(N). By Theorem 3.19 A(N)*
equals Spec(Z[N]/(X™[n € N\ (NNL))). The ideal T := (X"|n € N \ (N N L)) of Z[N] equals
P,c; ZX" where I is the ideal of N generated by N \ (N N L). If I is a prime ideal of N (cf.
[Og]) then N \ I is a submonoid of N (and necessarily a face) and Z[N]/Z = Z[N \ I]. In this
case, A(N)! is also a scheme associated to a submonoid of M. For example if N N L is a face of
N, then N\ I=NnNLand A(N)! = A(NNL). In general I is not a prime ideal and so N \ I
is not a submonoid of N (e.g. take M = Z? N = [(1,1),(1,—-1),(1,0)) and L = [(1,0)), then
N\I= {(07 0), (1, 0)})

More generally, let N be a toric monoscheme whose associated finitely generated abelian
group I' is M (cf. [Og, II §1.9]). Let A(N) be the scheme asssociated to N (cf. [Og, II Prop.
1.9.1]), this is a toric scheme. Let {spec(N;)}rc4 be an open affine covering of N' (N, C M for
all 7). Then {A(N;)}re4 is an open affine covering of A(N). Then []_A(N;) — A(N) gives an
FPR atlas of A(N) (recall that a D(M)-equivariant open immersion is Z-FPR for any subgroup
Z C M). Let L be a submonoid of M, then we obtain that {A(N,)"} is an affine open covering
of AN,

Appendix A. Fixed-point-reflecting morphisms, after Drinfeld and
Alper-Hall-Rydh.
by Matthieu Romagny

Let U — X be an equivariant morphism of S-algebraic spaces endowed with actions of an affine
S-group scheme G whose function algebra is free over Og (e.g. a diagonalizable S-group scheme).
It is classical that if U/S is separated then the fixed point functor is a closed subspace U — U
([SGA3, Exp. VIII, §6]). By étale descent, if U — X is étale, surjective and reflects the fixed
points, then the same conclusion follows for X — X. This need not always hold: if X is the
affine line with doubled origin over the field of complex numbers, and V,W C X are the two
glued copies of the affine line, then the action of Z /27 that permutes V and W induces an action
on X whose fixed point scheme is the complement of the two origins.

Thus there is a close relationship between the existence of FPR atlases and the closedness of
fixed points. In this appendix we present two situations where these properties occur. The first is
a useful generalization of an argument of Drinfeld, who in [Dr15, Prop. 1.2.2] considers the case
where S is the spectrum of a field and G is the multiplicative group G, (cf. also [Ril6, Lemma
1.10] and Propositions 8.1 and 6.3).

THEOREM A.l. Let G be a flat, finitely presented S-group scheme with connected fibres. Let
X,Y be locally finitely presented S-algebraic spaces endowed with G-actions. Assume either

(i) S is locally noetherian, or
(ii) X,Y are quasi-separated.
Then X¢ — X, Y® — Y are closed immersions of finite presentation and all étale equivariant

morphisms X — Y are fixed point reflecting.

Interestingly this gives a case where closedness of X — X is ensured by an assumption on
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the group (connectedness) rather than on the space (separation). The second result, Theorem
A.2, is essentially a corollary of results of Alper, Hall and Rydh [AHR21] and the present version
was formulated by Mayeux (cf. Theorem 6.8).

THEOREM A.2. Let X be a quasi-separated S-algebraic space locally of finite presentation en-
dowed with an action of a finitely presented diagonalizable group scheme G = D(M)g. Let
H = D(M/Z) be a subgroup scheme and assume that one of the following assertions holds:

(i) X is separated over S,
(ii) H has connected fibres.

Then there exists a Z-FPR atlas U — X (cf. Definition 6.1), which may be chosen quasi-compact
if X = S is.

Let us get the proofs started. We start with Drinfeld’s result on the closedness of fixed
points. We shall prepare the discussion with three preliminary lemmas. Let F' = (F,e: S — F)
be a pointed S-algebraic space. An action of F on X is a morphism of S-algebraic spaces
FxX — X, (f,x) — fx through which the section e acts trivially. Examples are the projection
pry : F x X — X, called the trivial action, and the action induced when F' is a subscheme of
an S-group scheme G acting on X in the usual sense. To any action is associated its stabilizer,
the pointed sub-X-algebraic space of F' x X defined by pulling back the map F' x X — X x X,
(f,z) — (z, fx) along the diagonal:

Stab —2 3 Fx X

| |

X 2 . XxX.

LEMMA A.3. Let F' = (F,e) be a finite locally free, infinitesimal pointed S-algebraic space acting
on the S-algebraic space X. Then the functor of F-fixed points, whose values over an S-algebraic
space I' are the F-equivariant maps u : T — X where T' is endowed with the trivial action, is
representable by a closed subspace X c X.

Proof. Note that XT is the Weil restriction of ¢ : Stab — F x X along the projection pry :
F x X — X. In particular, its representability by an algebraic space is standard, for all I finite
locally free (see e.g. [Ry11, Th. 3.7]). To prove the closed immersion property in the infinitesimal
case, we argue as follows. Because the stabilizer is sandwiched as

X < Stab— FFx X

between two finite infinitesimal X-spaces, then also Stab — X is finite infinitesimal and ¢ is
a closed immersion. Let A be the Ox-algebra of functions of F' x X and Z C A the defining
ideal sheaf of . Let uw : T'— X be a morphism. Saying that F' acts trivially on T" means that ¢
restricts to an isomorphism above I’ x T'. The latter assertion means that after the base change
uf : Ox — u,Or, the map T — A becomes the zero map. The Ox-algebra A being finite locally
free, the formation of its linear dual commutes with base change; hence it is equivalent to say
that Z® AY — Ox becomes the zero map. Equivalently the Ox-ideal J := im(Z @ AV — Ox)
is contained in ker(uf). This shows that the functor of fixed points is representable by the closed
subscheme V(J) C X. ]

LEMMA A.4. Let R — A be a ring map and x1,...,xq elements of A. Let I,, be the ideal of A
generated by the powers (x1)",..., (zq)", for each n > 1. If A/I; is finite over R, then A/I, is
finite over R for all n > 1.
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Proof. Let (I1)™ be the powers of the ideal I1. By induction, using that (I;)"/(I;)"*! is a finite
A/I;-module hence finite over R, we see that A/(I;)" is finite over R for all n. The containments
(1)) =D+ < I, c (I;)" show that the sequences of ideals {I,},,>1 and {(I;)"},>1 are cofinal,
and the claim follows. O]

LEMMA A.5. Let G be a flat, finitely presented S-group scheme with connected fibres. Then
for each point s € S there is an étale neighbourhood S’ — S and a sequence of finite locally
free infinitesimal neighbourhoods of the unit section of G x g S’ which is cofinal to the canonical
sequence of n-th order thickenings.

Proof. Let e = e(s) be the unit section of the fibre Gs. Since the local ring Og, . is Cohen-
Macaulay ([SGA3, Exp. VIIp, Corollaire 5.5.1]), it admits a regular sequence T = (Z1,...,Zq)
of length d = dim(Og, ). Let U be an open subscheme of G over which the germs z; extend to
local functions z; belonging to the augmentation ideal ker(ef : Oy — Og). Because G — S is
flat and the sequence Z is regular, the closed subscheme F' C U cut out by x1,...,x4 is flat and
quasi-finite over S at the point e. Thus shrinking U is necessary, we may assume that F — S
is flat and quasi-finite; it is furthermore finitely presented. By [EGA, IV, Th. 18.12.1] there is
an étale extension S’ — S and an open neighbourhood V'’ of ¢/ = e(s') in G xg S’ such that
F' .= (F xg 8")NV'is finite over S’, and therefore locally free. For each n > 1, the sequence
(x1)™, ..., (xq)™ is again regular and it now follows from Lemma A.4 that its vanishing locus F},
in V' is also finite locally free over S’. O

REMARK A.6. If G — S is smooth, the n-th order thickenings of the unit section are finite locally
free, hence they fit the bill.

We are ready to prove that “X¢ — X is closed when G is connected”.

Proof of Theorem A.1. We start with the statement about X¢ — X. The assumptions and
conclusion being local over S, we may assume that S is affine. Because G — S is flat and finitely
presented, the orbit in X of an open quasi-compact subspace W C X is open and quasi-compact.
We may replace X by one such orbit and hence assume that X is quasi-compact. In the case when
X is assumed quasi-separated, it is then of finite presentation. By standard results on limits (as
in [StP, Tag 07SJ]), the space X and the G-action then come from a finitely presented algebraic
space Xo — Sg with Gp-action by a base change S — Sy where Sy is of finite type over Z. Thus
in all cases we may assume that S is noetherian and X is locally noetherian.

The claims about X¢ — X are étale-local over S so using Lemma A.5 we can assume that
there exists a sequence {F,} of finite locally free infinitesimal neighbourhoods of the unit section
of G which is cofinal to the canonical sequence of n-th order thickenings. By Lemma A.3 the
fixed points X are closed subspaces of X. Let X be the closed subspace of X equal to their
intersection. From the obvious inclusions X¢ ¢ X follows that X¢ C Xj. In order to prove
the opposite inclusion and conclude, it is enough to prove that the top map g in the pullback
diagram

Staby —2» G x X
| |

Stab —2 3 G x X

is an isomorphism. We view ¢g as a map of Xg-group schemes. Note that g is of finite pre-
sentation. We claim that ¢q is formally étale along the unit section. Since the target is locally
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noetherian, argueing as in [EGA, IV, Prop. 17.14.2] it is enough to prove that each diagram

Staby —2>— G x X,

X
B
.
.
.
.
.
.
.

Spec(A) —— Spec(A4’)

can be filled as indicated, where Spec(A) — Spec(A’) is a square-zero thickening of artinian
local schemes. Base-changing along Spec(A’) — Xy we reduce to the case where Xy is local
artinian, in which case the group schemes involved are separated ([SGA3, Exp. VI4, §0.3]) and
Spec(A’) — G x X is a closed immersion. Since Spec(A’) is artinian, it is included in one of the
F,, x Xg, and then the lifting result follows from the definition of Xj.

This proves that the maximal open subscheme U C Staby where g is étale contains the
unit section. Clearly U is stable by multiplication by local sections of U, and also by inversion.
Hence U is an open subgroup scheme of Stabg and also (because ¢q;; is étale) of G x Xo. Since
G — S has connected fibres, its only open subgroup scheme is itself, whence U = G = Stabg and
the conclusion.

We now consider the statement about étale equivariant morphisms X — Y. Proceeding as
before we reduce to the situation where we have a family {F,} with equalities X¢ = N, X"
and Y& = N,V . Since the intersections commute with pullback along X — Y, it is enough
to prove that the natural map Xf» — X xy Y¥" is an isomorphism. For this it is enough to prove
that the action of F}, on the subspace Xy := X xy Y of X is trivial. Consider the diagram:

xid
Xog —=< % F, x Xo

-
-
-
-~
-
-
_-

X"T>X><YX.

Here the right vertical map is (f, z) — (2, fz) and the bottom arrow is the diagonal. The diagram
is commutative by the very definition of Xy. The top arrow is a homeomorphism and the diagonal
is an open immersion, since X — Y is étale. Therefore we obtain a diagonal filling as indicated.
This proves our claim. O

REMARK A.7. If G — S is infinitesimal (understood, finite locally free) then as in the proof of
Lemma A.3 we see that the stabilizer of the action is finite infinitesimal over X. Then there is a
quotient algebraic space ¢ : X — Y = X/G such that ¢ is affine ([Ry13, Th. 5.3]). Let V' — Y be
an étale surjective map whose source is a disjoint sum of affine schemes; then U =V xy X — X
has the same properties. Moreover U is endowed with a G-action such that U — X is equivariant,
and from the known affine case we see that U® < U is closed. Since U® ~ X x x U, it follows
that X¢ < X is closed. Note that this proof may seem simpler than the one given above, but it
uses the existence of quotients.

Finally we provide the proof of the existence of FPR-atlases.

Proof of Theorem A.2. Proceeding as in the beginning of the proof of Theorem A.1, we reduce to
the case where S is affine and .S, X are of finite type over Z. In particular, the set of closed points
| X C | X] is dense. It will thus be enough to find an affine, G-equivariant étale neighbourhood
U(x) — X of each closed point z € |X°!| and to eventually consider U := e xeU(z).

For such a closed point x with image s € S, the residue field extension x(x)/k(s) is finite.
By [AHR21], Corollary 20.2 there exists an affine pointed scheme (Uy = Spec(A),up) and an
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étale, G-equivariant morphism (Up, ug) — (X, x) which induces an isomorphism of residue fields
k() =~ k(up) and an isomorphism of stabilizers Gy, ~ G,. Write

H=DM/Z)=Tx F

as the product of a split torus with a finite diagonalizable group scheme. In case (ii) where H
has connected fibres (which means that F' is infinitesimal), it follows from Theorem A.1 that
UOH — X x x Up is an isomorphism, in other words U(z) := Uy is the desired Z-FPR atlas at z.
It remains to consider the case (i) where X is separated. In this case the stabilizer of the action
of F is finite over X hence there is a quotient X — X/F which is a finite morphism (see [Ry13,
Th. 5.3 and Prop. 4.7]). Of course, the same is true for the stabilizer of the action of F' on Uy
so there exists also a quotient Uy — Up/F. Let Uy := Up/F X x/p X and uy := (ug,z) € Uy. The
following properties are seen to hold:

« the scheme Uj is a disjoint sum of affine S-schemes (because this is true for Up/F and its
pullback along the affine map X — X/F),
« the group G/F acts on Up/F and on X/F, so G acts on the fibred product U; diagonally
on the factors,
« the map of point stabilizers G,,, — G, is an isomorphism,
« the map U1F — XF xx Uy is an isomorphism.
Moreover, by Theorem A.1 the morphism UlT — X7 xx U is an isomorphism. Since UlH =
Ul nUf and X7 = X7 N X' we conclude that U(z) := U; is a Z-FPR atlas at z.

The final claim that U — X can be chosen quasi-compact if X — S is quasi-compact is
obvious. O
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