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Abstract

The theme of this thesis is the study of moduli stacks of representations of an associative
algebra, with an eye toward continuous representations of profinite groups such as Galois
groups. The central object of study is the geometry of the map # from the moduli stack of
representations to the moduli scheme of pseudorepresentations. The first chapter culminates
in showing that 1) is very close to an adequate moduli space of Alper [AIp10]. In particular,
1 is universally closed. The second chapter refines the results of the first chapter. In
particular, certain projective subschemes of the fibers of v are identified, generalizing a
suggestion of Kisin [Kis09al, Remark 3.2.7]. The third chapter applies the results of the first
two chapters to moduli groupoids of continuous representations and pseudorepresentations
of profinite algebras. In this context, the moduli formal scheme of pseudorepresentations is
semi-local, with each component Spf Bp being the moduli of deformations of a given finite
field-valued pseudorepresentation D. Under a finiteness condition, it is shown that v is not
only formally finite type over Spf Bp, but arises as the completion of a finite type algebraic
stack over Spec Bp. Finally, the fourth chapter extends Kisin’s construction [KisO§| of loci
of coefficient spaces for p-adic local Galois representations cut out by conditions from p-adic
Hodge theory. The result is extended from the case that the coefficient ring is a complete
Noetherian local ring to the more general case that the coefficient space is a Noetherian
formal scheme.

Wersion 1.1 of May 17, 2013.
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CHAPTER 1

Pseudorepresentations and Representations

In this chapter, we develop the notion of a pseudorepresentation following Chenevier
[Chell], who calls them determinants. Essentially, a pseudorepresentation in the data of the
characteristic polynomials of a representation. We make it a goal in is to give a thorough
exposition of the theory of pseudorepresentations. We emphasize that much of this content
is due to Chenever; he, in turn, synthesizes and builds on work of Roby, Vaccarino, Donkin,
Zubkov, Procesi, and others. We will make these attributions clear. In particular, §§I.1/1.3]
are due in large part to Chenevier, and our presentation follows his, adding detail to the
sources he draws on. Our original contributions in these sections consist of the application
of polynomial identity ring theory, which we begin to discuss in §1.2.2

Starting in §1.4] we define and study moduli stacks of representations. A representation
induces a pseudorepresentation, so that there is a natural morphism from moduli stacks of
representations to the moduli scheme of pseudorepresentation. Our task is to study the ge-
ometry of this morphism, which we call ¢). Our main result in this chapter, Theorem [1.5.4.2]
is that 1 is very nearly an adequate moduli space. Adequate moduli spaces, a notion due
to Alper [Alp10} [Alp0g], are introduced in They are meant to generalize a situation
commonly arising in geometric invariant theory (GIT); they are basically “isomorphisms
minus representability,” having important properties of both proper morphisms and affine
morphisms (cf. Remark . Indeed, a more precise way of stating our result is that the
moduli space of pseudorepresentations differs by at most a finite universal homeomorphism
from the GIT quotient of the moduli scheme of framed representations by the natural action
of conjugation.

The controlling idea is that the moduli scheme of pseudorepresentations is a concrete
replacement for the GIT quotient of the moduli scheme of representations by the action
of conjugation. As pseudorepresentations have a sensible functorial definition, the moduli
problem of pseudorepresentations is representable by an affine scheme. This is what we mean
by “concrete.” On the other hand, the GIT quotient of a moduli scheme by a reductive group
of natural automorphisms has a priori a moduli-theoretic interpretation only for its functor
of geometric points, even though it is a scheme (cf. Theorem [1.5.1.42), Remarks and
. We lack a functor of points because the universal property of a quotient addresses
moprhisms out of the quotient instead of morphisms to the quotient. The moduli space of
pseudorepresentations is useful because it nearly attains both universal properties.

Later, in Chapter 2, we will improve Theorem [1.5.4.2] identifying certain loci in the base
over which 1 is an adequate moduli space. However, we expect that it is always an adequate
moduli space; Corollary will provide some evidence.

In this chapter, we also begin to see what the concreteness of the moduli problem of pseu-
dorepresentations affords to us. The main thing we achieve in this chapter is the demon-
stration of some finiteness properties of representations that are visible when one studies
moduli spaces of representations relative to the moduli space of pseudorepresentations. We



accomplish this by applying the notion of a Cayley-Hamilton pseudorepresentation and us-
ing results from polynomial identity ring theory to study the category of Cayley-Hamilton
representations (see . In particular, if a non-commutative algebra is finitely generated
over a commutative Noetherian ring, we show in Theorem|[I.4.3.1|that all of its d-dimensional
representations canonically factor through a single algebra that is finite as a module over
its center. This line of thought will be followed in Chapter 3, when we approach our main
goal of studying moduli spaces of representations and pseudorepresentations of profinite
groups and algebras in the category of formal schemes. In particular, we show that under a
suitable finiteness condition on a profinite algebra, its moduli stacks of representations are
algebraizable over the moduli space of pseudorepresentations (cf. Corollary [3.2.4.3).
Notation and Conventions. Throughout this chapter, we will consider representations
and pseudorepresentations of non-commutative algebras over commutative rings. All rings
and algebras are associative, and they are unital except in some discussion of nil-algebras
in §1.2.2] Generally, we will use A for a commutative base ring of coefficients, R as a A-
algebra whose representations we study, and B for a commutative A-algebra of coefficients.
When a fixed base is needed to study functors and groupoids of representations and pseu-
dorepresentations, we will use a commutative ring A, so that B are commutative A-algebras.
Sometimes, we will also assume that A is Noetherian and that R is finitely generated in
order that the schemes paramterizing the representation and pseudorepresentation functors
will be finite type over Spec A. We may also use S as a base coefficient scheme. We will
use I' for a group, often finitely generated, when we want to study group representations.
Except for some study of the moduli of group scheme valued representations in §1.4.4} we

study the representations of I' by studying the representations and pseudorepresentations of
R = A[l'].

1.1. Pseudorepresentations

In this section, we give an introduction to pseudorepresentations, our goal being to
provide a thorough exposition of background material on pseudorepresentations. All of
this material is due to Roby [Rob63, Rob80J] and Chenevier [Chelll §§1-2]. Chenevier
emphasizes that the main theorems (Theorem and Theorem “should not be
considered as original, as they could probably be deduced from earlier works of Procesi via
the relation between determinants and generic matrices established by Vaccarino, Donkin,
and Zubkov” [Chelll, p. 4]. We will give these attributions as they appear. We note that we
call “pseudorepresentation” what Chenevier calls a “determinant.”

1.1.1. Introduction to Pseudorepresentations. Let A be a commutative ring and
R be an A-algebra. We will give a preliminary (but accurate) definition of a pseudorepre-
sentation that we will provide more theoretical context for in the sequel.

DEFINITION 1.1.1.1. A d-dimensional pseudorepresentation D of R over A is the structure
of an A-algebra on R and an association to each commutative A-algebra B to the map

Dp:R®sB— B
satisfying the following conditions:

(1) Dp is multiplicative and unit-preserving (but not necessarily additive),

LA helpful summary of Roby’s work appears in [BO78, Appendix A].



(2) Dp is homogenous of degree d, i.e.
Vbe B,YzeR®,B,Dg(bx) = b'Dp(x),

(3) D is functorial on A-algebras, i.e. for any map B — B’ of commutative A-algebras,
the diagram

Ro,B2E - B

|

Dy
R®sB == B
commutes.

We write D : R — A for such data, although this data is much more than a map from R to
A.

Notation. If R is an A-algebra and B is a commutative A-algebra, we denote by
PsR%(B) the set of d-dimensional pseudorepresentations of R ®,4 B over B. We will soon
see that there is a natural structure of a functor on this map from A-algebras to sets.

The main interest in pseudorepresentations comes from their relation to representations
through the characteristic polynomial of a representation. Indeed, a d-dimensional represen-
tation p : R — My(A) of R over A induces a d-dimensional pseudorepresentation D of R
over A as follows. For any commutative A-algebra B, let Dg be the composition
(1.1.1.2) Dp: R®4 B4 My(A) @4 B 5 My(B) 2% B
of the representation itself with the determinant map. We observe that

(1) Dp is multiplicative, because p and det are multiplicative,

(2) Dp is homogenous of degree d because p is linear (homogenous of degree 1) and det
is homogenous of degree d, and

(3) one can check that the functionality condition (3) holds.

This map from representations to pseudorepresentations is a bit abstract until one con-
siders the characteristic polynomial associated to a pseudorepresentation. Of course, this
characteristic polynomial exists even if the pseudorepresentation does not come from a rep-
resentation.

DEFINITION 1.1.1.3. Given a d-dimensional pseudorepresentation D : R — A of R over
A, its characteristic polynomial function is
x(+,t) : R — A[t]
= Dagg(t —r) =7 = Ay (r)t"™" 4+ (= 1) Aa(r)
where A; are maps R — A. We will sometimes write these maps as A” when specificity is
required.

When we have a representation p : R — My(A) and the induced pseudorepresentation
D = D(p), a look at the definitions allows us to see that the characteristic polynomial of
r € R under the representation p, that is, the polynomial

det(t - Iyxq — p(r)) € Alt],

is identical to the characteristic polynomial of the pseudorepresentation D. Therefore, a
pseudorepresentation retains at least as much information as the characteristic polynomial
of a representation. Later, we will see that it has exactly this much information, i.e. a



pseudorepresentation is characterized by its characteristic polynomial coefficients A; (Corol-
lary . It is useful to think of a pseudorepresentation as the data of characteristic
polynomial coefficient functions {A;} on R satisfying the relations imposed by being the char-
acteristic polynomial of a representation. However, we never have need to these relations
explicit.

REMARK 1.1.1.4. The construction of works just as well when M (A) is replaced
by R, an Azumaya A-algebra of rank d? over its center A, and det is replaced by the reduced
norm R — A. This includes the case of the Azumaya algebra Enda (V') for a projective
rank d A-module V. These three notions of representation — a homomorphism into a d-by-d
matrix algebra, a linear action on a rank d projective module, and a homomorphism into
an Azumaya algebra — are defined in Definition and explored in §1.4] Note that each
notion of representation listed includes the previous notions in the list. Profinite topological
analogues of these representations are given in Definition |3.2.1.1f and studied in Chapter 2.

It is well known that a semisimple representation of an algebra over an algebraically
closed field is characterized up to isomorphism by its characteristic polynomial, and there-
fore also by its associated pseudorepresentation. This leads us to ask when we can reverse
the map from representations to pseudorepresentations, and make a representation from a
pseudorepresentation. In fact, we describe in Theorem a result of Chenevier: given
an algebraically closed A-field &, the induced map

{semisimple d-dimensional representations of R ®4 k}/ ~

+
PsR% (k)
is a bijection! This is an important fact, suggesting that “pseudorepresentations” deserve
their name: over an algebraically closed field, they are realizable as the determinant of a
representation.

Let us overview the content of this section. Pseudorepresentations are, in fact, partic-
ular cases of multiplicative polynomial laws, which is a notion due to Roby. Roby’s work
[Rob63] on polynomial laws is reviewed for several of the next paragraphs, and we discuss
his work on multiplicative polynomial laws starting in §1.1.6 Then, we follow Chenevier:
pseudorepresentations are defined in §1.1.7, and a universal pseudorepresentation and the
resulting moduli scheme are identified in Theorem Then, in §§1.1.81.1.9] we explore
properties of pseudorepresentations through their characteristic polynomials. In particular,
“Amitsur’s formula” shows that a pseudorepresentation is characterized by its characteris-
tic polynomial, and a certain “Cayley-Hamilton identity” holds for pseudorepresentations.
Work of Vaccarino [Vac08] critical for these identities is reviewed in §1.1.10} along with con-
tributions of Donkin and others that he build upon. The only original part of this section is
§1.1.11} where we give a direct sum operation on pseudorepresentations that decategorifies
the direct sum operation on representations. This makes the moduli space of pseudorepre-
sentations of all dimensions a “scheme in commutative monoids.” We conclude this section
in with a discussion of an alternate notion of pseudorepresentation which we call
“pseudocharacters” in order to indicate that they retain only the data of a trace function,
while a pseudorepresentation consists of the entire characteristic polynomial. This notion of
pseudorepresentation is due to Taylor [Tay91] following a definition of Wiles [Wil88].



1.1.2. Polynomial Laws. A d-dimensional determinant of R over A is a particular
case of a polynomial law that is homogenous of degree d and multiplicative. We will define
these terms and make a preliminary study of them. This content is originally due to Roby
[Rob63l [Rob80], and we are indebted to the exposition of Chenevier [Chelll §1]. The main
result, Theorem , is that the functor of d-dimensional pseudorepresentations PSR% on
A-algebras is representable. In particular, there exists a universal pseudorepresentation.

First we define a polynomial law.

DEFINITION 1.1.2.1 (JRob63) §1.2]). Let A be a commutative ring and let M, N be A-
modules. A polynomial law P : M — N is the association to each commutative A-algebra
B a set-theoretic map

Pg: M®sB— N x4 B
such that for any A-algebras B — B’, the diagram

(1.1.2.2) M®iB—2~No,B

l |

Py,
M@y B ——= N ®y B’
commutes. The set of polynomial laws from M to N is denoted P4(M, N).

REMARK 1.1.2.3. A more sophisticated way of saying this is that if M is the quasi-
coherent sheaf on the big Zariski site Sch/ Spec A associated to M, then a polynomial law
P : M — N is just a morphism (M )se; — (IV)ser of the underlying sheaves of sets.

ExamMPLE 1.1.2.4. Let M — N be a homomorphism of A-modules. Applying ® 4B
to this homomorphism for each A-algebra B defines a polynomial law. This is a linear
polynomial law. The set of linear polynomial laws in P4 (M, N) is the image of Hom 4 (M, N)
under the mapping we have just described.

It is possible to apply to polynomial laws many of the notions applicable to conventional
polynomial functions. For example, given A-modules M, N, P, we may compose pairs in
Pa(M,N) x Pa(N, P). Also, P4(M,N) is naturally an A-module: if P, P’ € P4(M,N),
then setting (P + P’)p to be Pg + P} for each A-algebra B defines a valid polynomial law.
Likewise, for a € A, P € P4(M, N), composing Pg with the action of a on N ® 4 B for each
A-algebra B gives an A-module structure on P(M, N).

Polynomials are sums of their homogenous components of each degree. In the same way,
we can assign a degree to a polynomial law and define homogenous polynomial laws.

DEFINITION 1.1.2.5. Let P € P4(M, N) be a polynomial law between A-modules M, N
and let d > 0. We call P homogenous of degree d if for all A-algebras B, all b € B, and all
reM®yB,

P(bx) = b*P(z).
We write P4(M, N) for the set of polynomial laws of degree d.

We observe that P4(M, N) is a sub-A-module of P4(M, N): if P, P’ € P4(M, N), then
their sum is homogenous of degree d, as is a scalar multiple. In fact, just as for conventional
polynomials, a polynomial law can be decomposed into its homogenous components of each
degree. Following [BOT8, §A4], take P € Ps(M, N) and consider for any A-algebra B the
map Ppy 1 M ®4 B[t] = N ®4 Blt]. For any © € M ® 4 B, define Pg(z) € N®4 B according

5



to the formula
Ppy(z®@t) =Y _ P*x)t'.
d>0

Since this is an element of N ®4 Bl[t], P¥(z) = 0 for sufficiently large d, i.e. this is a
“polynomial” in t. One can then check that the P# are functorial in B, so that they define
a P € P4(M,N). Then by using the functionality of P under the map B[t] — B, t + 1 for
each A-algebra B, we see that Pg(z) = Y o, Pa(z) for all A-algebras B and allz € M ®4 B.
This decomposition into homogenous components is locally finite, in the sense that for any
given element of M ®4 B, the result is a polynomial. However, as B and x vary, the
polynomial “degree” may grow.

REMARK 1.1.2.6. As noted in [BOTS8, Appendix A], there is a sort of analogy between
homogenous polynomial laws (of a given degree) and modular functions (of a given weight).

ExaMpLE 1.1.2.7 (JRob63, Proposition 1.5]). When P € P4(M, N) is homogenous of
degree 0, this is a “constant” polynomial law, and amounts to n € N such that Pg(z) =
nle NyuBforallz € M @4 B.

ExAaMPLE 1.1.2.8 ([Rob63| §1.4]). Any linear polynomial law is homogenous of degree 1.
Using the Yoneda Lemma, one can see that the map Homa (M, N) — P4(M, N) defines an
isomorphism of A-modules Homa (M, N) = PL(M, N).

ExAMPLE 1.1.2.9 (cf. [Rob63, §I1.3]). Let P € P3(M, N) be a homogenous degree 2
polynomial law. This gives rise to a bilinear form Bp : M & M — N by setting

Bp(m,m') = Pa(m +m') — Pa(m) — Ps(m’).
One can check that this is bilinear by observing that Bp is the t;ts-coefficient of
PA[tth}(ml & tl -+ Mo (%9 ng);

while this is just the standard association of a bilinear form to a quadratic form, see Definition
to set this in the context of polynomial laws. In fact, P is characterized by P4, and
is characterized by Bp if 2 is not a zero divisor in A. Conversely, if @ : M — N is a quadratic
map, i.e. Q(am) = a*Q(m) for all a € A,m € M, and if By constructed as above is bilinear,
then there exists a unique polynomial law Qe P%(M, N) such that Q4 = Q. This is proved
in [Rob63l, Proposition II.1].

The example above shows that a polynomial law of degree two P € P?(M, N) is actually
determined by P4y, i.e. P4 determines Pg for all A-algebras B, cf. [Rob63, Proposition II.1].
However, this is not necessarily the case in general, as the following example shows.

ExaMpLE 1.1.2.10 ([Chelll Example 1.2(iii)]). The Frobenius automorphism of the field
A = Ty of 2 elements can be used to find a polynomial law of degree 3 P € P3(M, N) not
determined by Ps. Let M be a two-dimensional A-vector space and let N = A. Choose
a basis {X,Y} of Homy(M, A). Then the A-polynomial law P : M — N defined by
XY? — X?Y is homogenous of degree ¢ + 1. Clearly P # 0, but P, is the zero map.

On the other hand, there are general conditions for a polynomial law to be determined
by its restriction P4 : M — N to M.

ProprosITION 1.1.2.11 ([Rob63), Proposition 1.8]). If the ring A is an infinite cardinality
domain and if for every 0 # x € N there exists some A-linear map  : N — A such that
B(x) # 0, then any P € Pa(M, N) is determined by Pg.

6



For example, any free A-module N satisfies the condition on N in the statement.
One can isolate a single “coefficient” of a polynomial through the following procedure.

DEFINITION 1.1.2.12. Let P € P4(M,N) and choose integers p > 1 and let a =

(aq,...,a,) be a p-tuple of non-negative integers. Then if A[ty,...,1,] is the free polynomial
algebra over A in p variables ti,...,t,, write Pld - M®P to N as the following function. For
(ma,...,m,) € MP, Pl(my, ... m,) is the coefficient of ¢{'t3%---#,” in

P
PA[tl,...,tp] (Z miti) .
i=1

Note that by applying the homogeneity condition, we may quickly see that if P &
P4(M,N), then Pl £0 = >7 «; =d.

REMARK 1.1.2.13 (cf. [Rob63, §11.2]). If P € P4(M, N) and p = d, i.e. if « is the d-tuple
(1,...,1), then P!l is a multilinear function M®¢ — N. Roby calls this the “complete
polarization” of a homogenous polynomial law. For d = 2, we have already seen this in
Example [I.1.2.9 above. We readily observe that this multilinear function is symmetric,
i.e. commutes with the action of S;. When d! is invertible in A, this defines a bijection

between homogenous polynomial laws of degree d and symmetric multilinear functions from
M®? to N. This means that when P4(M, —) is representable by Sym? M, which we note

is a quotient of M®?. The universal object (corresponding to Sym? M BN Sym? M ) is the
d-dimensional homogenous polynomial law

m—=me®---@m/p € PL(M,Sym? M).

However, since the main goal of introducing pseudorepresentations in place of pseudochar-
acterﬂ is to allow the characteristic of coefficient rings of representations to be arbitrary, we
want a theory without this weakness. In fact, there is a universal object for P4(M, —) for
arbitrary A and M, as we will see in the sequel.

We are interested in a simple, explicit set of functions that characterize a polynomial
law. These are the “coefficients” of the polynomial law.

DEFINITION 1.1.2.14. Let P € P4(M, N). Then for any choice of positive integer n > 1,
any choice of my,...,m, € M, and any ordered n-tuple of integers o« = («,...,®,), set
Pl M — N by

where t* 1= [[I_, t*.

DEFINITION 1.1.2.15. Let I? denote the set of tuples a = (ay,...,q,) of non-negative
integers such that their sum is d. We will use the notation 1% when the size n of the tuple
is clear from the context.

Often, we will use I¢ will refer to d-tuples, since at most d entries of an element of I¢ are
non-zero and the data, such as Pl labeled by a choice of an element of I? are completely
determined by the data labeled by elements of 9.

2In short, pseudocharacters keep track of the trace function of a representation, while pseudorepresentations
keep track of the entire characteristic polynomial. See §1.1.12] for a discussion of pseudocharacters and the
history of notions of pseudorepresentations.



The following proposition shows that the coefficients of a polynomial law share analogous
properties to the coefficients of a polynomial.

PROPOSITION 1.1.2.16 (cf. [Rob63, Theorem 1.1]). With P, o € I?, and P! as in the
definition above, then

(1) For any mq,...,m, € M", there are only finitely many n-tuples of non-negative
integers a such that P (my, ... m,) # 0.
(2) If my, ..., m, generates M, then P1°}(my, ..., m,) characterizes P, as a varies over

all n-tuples of non-negative integers.

(8) If P is homogenous of degree d > 0, then P is characterized by the degree d homoge-
nous functions {P | a € I3}, and Pl =0 if 3" a; # d.

(4) If P is homogenous of degree d, then P is characterized by the degree d homogenous
function Pay, . 10 R®a Alty, ... ta] = Alt1, ... ta].

.....

PROOF. Parts (1) and (2) are proved in [Rob63, Theorem I.1]. Part (4) clearly follows
from (2) and (3).

Let us prove (3). By part (2), it will suffice to show that if & € Iy where d # d
and P € P4(M,N), then Pl = 0. Say that we have a counterexample a € I’ so that
there exists some n-tuple (z1,...,2,) € M™ such that Pll(zy,... z,) # 0. Then if ¢ is an
indeterminant,

(1.1.2.17) = P(Zn: m;(tt;)
= Z_Z P[a](ml,...,mn) 'tD -t

D>0 €l
where we recall that ¢* stands for []I_, ¢;. Setting D = d’ and (my,...,m,) = (21,...,2,)
and a = «, and expanding the expression above in terms of monomials in the variables
t,ty,...,t,, we have that there is a nonzero term in the final line of (|1.1.2.17) where the
degree of t is not d. This violates the homogeneity expressed in the first line of (1.1.2.17). [

1.1.3. Representability. Now we assemble notions needed to specify the A-module
representing the functors N + P4 (M, N) and N + P4(M, N) for d > 0. Firstly we define
the divided power A-algebra I'4(M) of M along with its graded component A-modules
I'4 (M), and construct a degree d homogenous polynomial law

LY M — T4 (M).
This will turn out to be the representing A-module and universal object for P4 (M, —).

DEFINITION 1.1.3.1. Let M be an A-module. The commutative A-algebra I'4(M) is the
quotient algebra of the polynomial algebra generated by the symbols m[? where m € M and
1 > 0, subject to the relations

(1) ml% =1 form € M,
(2) (am)l = a'ml for a € A,m € M,i >0,
(3) mlilmb! = (i%j;)!m[”ﬂ for m € M,i,j > 0, and
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(4) (m _I_ m/)[l] — Zp+ . m[p]m/[q].

q=t
Assigning to ml! the degree i, we see that as the relations form a homogenous ideal, I' (M)
is a graded A-algebra under this grading, and we denote by I'4 (M) the dth graded piece, so

Ca(M) = @ ri(m).
d>0
DEFINITION 1.1.3.2. We define the universal degree d homogenous polynomial law L% €
PYM,T%(M)) by the maps
LY M@y B —Ty4(M)®4B=Tg(M®4B)
m @b mll @b = (bm)l.
The relations above show that this map is well-defined, functorial in B, and degree d ho-
MOgenous.
We think of the element ml! as “m’/i!,” even though 4! may not be invertible in A.

REMARK 1.1.3.3. This graded algebra is called the divided power algebra of M because
the ideal T{ (M) C T'4(M) of positive degree elements is a divided power ideal for T'4(M)
with divided power structure v = (v;) characterized by the property ~;(m!!) = ml! for all
m € M,i > 0 [BOT8, Theorem A9]. This algebra has a special universal property among
A-algebras with a divided power ideal [BOTS, Theorem 3.9].

The universality of L¢ among degree d homogenous polynomial laws out of M is sum-
marized by this theorem.

THEOREM 1.1.3.4 ([Rob63, Theorem IV.1]). Let M, N be two A-modules and let d > 0.
There is a canonical isomorphism
(1.1.3.5) Homy (T4 (M), N) — P4 (M, N)
given by sending f € Hom4 (T4 (M), N) to its composition f o Lq with the universal degree d
homogenous polynomial law Lg : M — T4 (M).

We can already see that the map (1.1.3.5) exists, by composing L? with a linear map
'Y (M) — N. In order to show it is a bijection as the theorem claims, we need to introduce
two notions: a natural functor that the A-algebra I'4(M) represents, and the notion of the
derivative of a polynomial law. In this we follow [BO78, Appendix A].

In order to prove Theorem [1.1.3.4] we introduce two tools. The first is the exp functor.

DEFINITION 1.1.3.6. Let B be a commutative A-algebra. Let exp(B) be the following
B-module, a subgroup of the abelian group of units f € B[t]* such that

(1) f(0) =1,
(2) f(ty +t2) = f(t1)f(t2) for free commutative variables t1, to,
with B-module structure given by (b- f)(t) = f(bt).

As remarked in [BOTS8| p. 1], the following property of I'4 is “in a way, a multiplicative
version of Sym,” as Sym, is the left-adjoint of the forgetful functor from commutative
A-algebras to A-modules.

ProrposiTION 1.1.3.7 ([BOT8|, Proposition Al], [Rob63, Theorem III.1]). For B a com-
mutative A-algebra, there is a canonical bijection

(1.1.3.8) Homag , (Ca(M), B) — Homa_mod(M, exp(B))
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given by the relation, for f € Homay, (Fa(M), B), g € Homa_mea(M,exp(B)), and m € M,

(1.1.3.9) g(m) =" f(mM"er,

.e. 'y is left-adjoint to exp.

PROOF. Write G 4(M) for the free polynomial algebra over A generated by the symbols
mll for m € M and i > 0 and I4(M) for the ideal of relations of conditions (1) to (4) of
Deﬁnition so that Ga(M)/Ta(M) = T 4(M).

Given any map of sets g : M — B]t], we have coefficient functions b, =b: M x N — B
so that g(m) = > "2 b(m,i)t". We observe that this defines a map b : G4(M) — B, and
that the associations ¢g — b, — b € Homu(G4(M), B) are bijective. All that we need to do
is to show that b(14(M)) = 0 if and only if the image of ¢ lies in exp(B) C B][t] and g is a
map of A-modules.

We will progress through the generators of I4(M) given by conditions (1) to (4) of
Definition [1.1.3.1] in sequence.

(1) We see that b kills (m,0) — 1 for all m € M if and only if the leading coefficient
of g(m) is 1 for all m € M, i.e. g(m)(0) = 1, which is condition (1) of Definition
that g(m) must satisfy in order that g(m) € exp(B) C B][t].

(2) We see that b kills (am,i) — a’(m,i) for all m € M,i > 0,a € A if and only if
g(m)(at) = g(am)(t); by the A-module structure on exp(B), this means that g

satisfies the a - g(m) = g(am) condition on morphisms of A-modules.
(3) We see that b kills

(m.)mo ) — AR i +)

for all m € M,i,5 > 0 if and only if

g(m)(tr +ts) = Y b(m, k)(tr +t5)"

i iZ (st L) ()

_ (Z b(m,z’)ti) (Z b(mi)%)

= g(m)(t1) - g(m)(t2),
which is condition (2) of Definition [1.1.3.6|for g(m) to lie in exp(B) C B][t].
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(4) We see that b kills (m +m', i) —>_ . _;(m,p)(m’, q) for all m,m’ € M, i > 0 if and

only if
g(m) - g(m') = (Z b(m,i)f) (Z b(?ﬂ@])”)
i=0 =0
= > blmi)b(m!, )t
k=0 i+j=k
= Z b(m +m', k
k=0
= g(m+m'),
as required for g : M — exp(B) to obey the property g(m +m') = g(m) + g(m’) of
A-module homomorphisms. O

The following corollaries will be very useful.

COROLLARY 1.1.3.10 ([BOTS8| Proposition A2], [Rob63, Theorems II1.3 and II1.4]). Let
A be a commutative ring.

(1) If B is a commutative A-algebra and M is an A-module, T y(M)®4B — T'g(M ®
B), by sending
m? @1 — (me 1)
(2) If M = ligl/\ M, is a colimit of A-modules, then
@FA(M,\) = I‘A(ligMA).
(8) If My, My are A-modules, then there is a canonical isomorphism

Ca(M; & Mg) S FA(]\/f1) ®A ['4(Ms)

ml,mg Z ml mQ
pa=i
such that the grading on the left corresponds to the “sum” of the bi-grading on the
right, i.e. there is an induced isomorphism of A-modules

T4(My @ My) = @D T4 (M) @4 T%(My)
di1+do=d

We supply a proof along the lines of [BOTS].

PrOOF. To show (1) we simply note that ([1.1.3.8)) can be composed with the standard
canonical isomorphisms

HomB—alg(FA(M) XA B, B) ;> HOIIlAlgA (FA(M), B),
Hom g mod(M, exp(B)) — Homp_mea(M @4 B, exp(B))

to establish (1).

Since we can state Proposition[1.1.3.7 by saying that I' 4 : A—mod — Alg , is left-adjoint

to exp : Alg, — A—mod and left-adjoint functors preserve colimits, we have (2).
As ® 4 is the coproduct in the category of commutative A-algebras and  is the coproduct

in the category of A-modules, we directly derive (3) from Proposition |1.1.3.7, The explicit
1.1.3.1

form of the map may be deduced from relation (4) of Definition O

11



Now we can concretely describe I'4 (M) in the case that M is a free A-module.

COROLLARY 1.1.3.11 ([BOT8|, Proposition A3|, compare [Rob63, Theorem IV.2]). If the
A-module M is free with basis {€;}icr, then for d >0, T4 (M) is free with basis {]];.; egki}
> ki = d}, where the k; are non-negative integers.

Proo¥r. Corollary [1.1.3.10[(2) allows us to confine ourselves to finitely generated A-
modules M. Corollary [1.1.3.10[(3) allows us to reduce to the case that M is free of rank
1! Finally, Corollary [1.1.3.10[(1) allows us to reduce to the case that A = Z. If we write {e}
for the basis of M, then the definition of the divided power algebra and its grading show
that el is a generator for I'4 (M). Therefore it will suffice to show that for all non-negative
integers a, a - el # 0.

Now clearly the Taylor expansion exp(t) € Q[t] of e’ lies in exp(Q). As M is free,
there exists a map M — exp(Q) sending = — exp(t). Then by Proposition [I.1.3.7 there
is a canonical map I'z(M) — Q sending el to the coefficient 1/d! of t¢ in exp(t). Clearly
a/d! # 0 when a # 0, so a - el # 0 as well. O

Now we add a second tool toward proving Theorem in addition to the exp functor:
the derivative operators.

DEFINITION/LEMMA 1.1.3.12. Let M, N be A-modules, let m € M, and i > 0. Then we
define the derivative operator 8! on Pa(M, N) as the A-module endomorphism of P4 (M, N)
given by following notions.

(1) For P € Po(M, N), a commutative A-algebra B, and an element z € M ®4 B, then
then Taylor expansion of P at x with respect to m is
Sm(P)p(x) = Ppy(m @t + x).

(2) We observe that the S,,(P)p are functorial in B, and thereby defines a polynomial
law
Sm(P) € Pa(M, N @4 Alt]).
(3) Decompose S,,(P) into coefficient polynomial laws 9!, (P) such that for all commu-
tative A-algebras B and all z € M ®,4 B,

Sm(P)p(2) = Z(?Z@(P)B(w)t"

(4) For m € M and i > 0, write 9, for the (A-linear) endomorphism of P4(M, N)
defined by the association P+ 9! (P), and write

S 1= i oLt
=0

for the resulting formal power series with coefficients in End4(P4(M, N)).
(5) The A-subalgebra D C Enda(Pa(M,N)) generated by {09!, | m € M,i > 0} is
commutative.
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PROOF. For (2) we observe that for any morphism of A-algebras B — B’, any x €
M ®4 B, the diagram

x Ppyy(m®@t+x)

|

T Xp 13/—>PB/[t](m®t+x®1)

commutes.

For (3) we observe that the composition of the polynomial law S,,(P) with the linear
polynomial law induced by the homomorphism of A-modules N ®4 A[t] — N, >, nit' — n;,
remains a polynomial law. This composition is the coefficient polynomial law 9!, (P).

For (4) we must show that 0! : P4(M, N) — P4(M, N) is A-linear. This is straightfor-
ward:

Sm(P + P)p(x) == (P+ Ppy(m@t+z) = Pgy(m @t +z) + Ppy(m @t + )

Sm(P)p(x) + Sm(P') 5 (),
)

and Sy, (a-P)=a- Sy,

(P) for a € A follows similarly.
The remaining claim i

(5 10) that the operators
{0, | m € M,i >0} C Enda(Pa(M, N))
commute. We deduce this by composing the operation 5, with itself, repeating the argument
of [BOTS]: for B € Algy, mi,mq € M,x € M ®4 B, and indeterminates t1, to,
Ppi, 1.1 (maty + mats + x) = Py, 4, (mats + maty + )
Sy (P) Blts] (Mata + x) = Sy (P) gy (mats + )
Sty (Smy (P))B(2) = Sy (S, (P)) B(),
so comparing terms of the polynomial coefficients in %1, t5, we find that
8;12 Gfmt’ tj 8{7118;1215] t

for all 7,5 € N. O

The key role that these derivatives will play in showing that 'Y (M) represents the functor
P4(M, —) starts to become apparent with this

LEMMA 1.1.3.13. The map S := Sy : M — D[t] defines an A-linear map
S M — exp(D).

PROOF. First we show that the image of Sy =", (9(1'_)ti lies in exp(D) C D[t]. Since
the coefficient of t° in S,,,(P)p(2) = Ppy(m®t+z) is given by 99, (P) g(x) = Pppy(z) = Pg(z)
for x € M ®4 B, we see that 9°,(P) = P, i.e. the coefficient is 1 € D as desired.

The remaining condition to verify in order to see that S,, € exp(D) C D[t] is that

Sim(t1 4 t2) = Sp(t1) - Sm(te) € D[t1, ta].

We now write S,,(¢;) in place of S, to specify the variable put in the place of ¢ in the original
definition of S. We check that the required identity is satisfied by calculating that for all
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meM,PePy(M,N),BeAlg,,x € MR, B, we have
Sm(t1 +12)(P)p(x) = Py i) (m @t + m @ty + )
= Sm(t1)(P) Bita) (M @ 12 + )
= (Sm(t1)Sm(t2)) (P)s(),

50 S (ty 4+ t2) = Spu(t1) - Si(t2) as desired.
It remains to show that S is a homomorphism of A-modules. This is a simple calcula-
tion: for my, mo € M and all P, B, and x as above,

Sy +ms (P)(T) = Ppyy (m @t+me®t+x)
= S, (P)pry(m2 @t + )
= Sm, (Smy (P))B(2).

This is commutative also, and we have Sy, 4m, = Sm, * Smy = Smy * Sm,. Finally, for
a € A,m € M, and P, B,z as above,

Sam(t)(P)(z) = Py(am @ t + x)
= Pp(m ® (at) + x)
= S a)(P)5 (),
SO Sam(t) = Sm(at) = a - S,,(t) as desired. 0

Now we prove Theorem [1.1.3.4] which we recall here. Given an A-module M and d > 0,
we have constructed the universal homogenous degree d polynomial law

LY M — T4 (M),
and want to prove that it deserves its name, i.e. for any A-module N, the natural map
d d : . ) Ao e
Hom(I'% (M), N) P4(M, N) given by composing with L* is bijective.

ProoF. (Theorem |1.1.3.4) To show the injectivity of (1.1.3.5), choose
f € Homa(T'4(M),N) and let P = f o L% This is a homogenous degree d polynomial
law P : M — N. For a € I¢ recall the coefficients Pl of P (Definition . For
ma,...,mq € M, we have, by definition of the P,

Pagy . ag(mi @t 4+ -+ mg ®@1tq) = Z P[a](ml, co, Mgt

.....

ae]j
On the other hand, because Fi[tl ..... 1 (M@aAty, ... t4]) = 4 (M)®@4A[ty, ..., t4) (Corol-
lary [1.1.3.10[(1)), we see that
L ag(mi @t + -+ mg®@ty) = (my @ty + -+ mg @ tg)"

= Z H mgai]t?i.

a€ld 1<i<d
Comparing coefficients, this shows that for each a € I4,
f(m[lm] .. .m([jad]) _ P[a](mh o ,md), v(mh o 7md) c M

As {TT¢ml | a € 19, (m;) € M4} spans T% (M) as a module by its construction (Definition
1.1.3.1)), this shows that P = f o L? determines f, i.e. (1.1.3.5) is injective.
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Now we show that (1.1.3.5)) is surjective. Let P € P4(M,N). We need to produce a
linear map f : 'Y (M) — N such that

d
I Hm[al — Pll(my, .. myg), Y(my;) € M® o e I4.

=1

For brevity we write m for (m;) = (my, ..., mq) and ml*! for T2, mgai].
We have S : M — exp(D) where D C Enda(Pa(M,N)) is a commutative subalgebra
(Definition/Lemma [1.1.3.12(5)), and therefore by Proposition [1.1.3.7, an induced homo-

morphism of commutative A-algebras S : I'a(M) — D. One can verify from the relation
([1.1.3.9) that just as S, = > o° 9i.#', so also S(ml!) = &¢,. Therefore, for any ml®) € T 4(M),
S(ml*) = o, =TT, 5.

Apply these constructions to P € P4(M, N) by “evaluating at zero” the derivative of P
by some 0 € D, so that for each such P we have an A-linear map

evp: D — N
9 — 9(P)a(0)
Composing evp with S, we have an A-linear map f:Ta(M) — N, mapping
f:m!® = 05, (P)a(0).

We find these quantities as coefficients of t* by expanding the definition of the Taylor series:
if we restrict a to have cardinality n, then for all B and x € M ®4 B,

Zaa t* = Ppy,,.., tn](m1®t1+"'+mn®tn+$)a

and specializing to x = 0 € M, we have

Z 8Z(P)A(O)t°‘ = Paj,,..., tn]<m1 Rt + -+ my ®ty).

The coefficient of t* is f(m!®!) € N in this series, but it is also equal to P*(my,...,m,) by
Definition [1.1.2.14, This is what we wanted to prove. U

We derive a useful corollary of Theorem [1.1.3.4] regarding the functorial behavior of I'%.

COROLLARY 1.1.3.14 ([BOT8, Corollary A6]). Let
M=M-—M —0

be an exact sequence of A-modules. For d > 1 and an A-module N, this induces an exact
sequence of modules of A-polynomial laws

0 — PL{(M",N) — PL(M,N) = P4(M',N),
and an ezxact sequence
I4(M") = T%(M) — Iy (M") — 0.
PRrROOF. For any commutative A-algebra B,
M @sB=M®sB— M"®4B—0

is also exact. This is what we need in order to see the first exact sequence. The second exact
sequence then follows from Theorem [1.1.3.4] O
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1.1.4. Symmetric Tensor Algebras. In the case that M is a free A-module, there
is an isomorphism of A-modules between the symmetric tensors of M of degree d and the
dth graded component of the divided power algebra for M. This will be helpful later in
understanding the multiplication law on the algebra representing the functor of pseudorep-
resentations.

First we define the A-algebra of symmetric tensors.

DEFINITION 1.1.4.1 ([Rob63] §I11.5]). Let TS% (M) be the submodule of M®? of elements
invariant under the natural action of the symmetric group Sy. Let TS (M) 1= @©g>TS% (M)
with the following structure of a graded algebra. For z € TS% (M), € TS% (M), let
D = d+d and consider z @ 2/ € M®i. Then z ® z’ is invariant under the subgroup
Sq X Sg < Sp, where the injections are defined by the ordering of the coordinates of z ® x’.

Let (o) be a set of representatives of the left cosets of S; x Sy. Define multiplication
k2 TSA(M) x TSA(M) — TS4(M) by extending the multiplication on monomials

(1.1.4.2) rxa = oz
This multiplication is clearly bilinear so factors through TS (M) ®4TS(M), but showing
that it is associative takes a bit more work. For a full presentation of the commutativity and
associativity, see [Rob63, §II1.5].
We observe that the map
M —s M®*

d
m=m®--@m=:m

is compatible with ® 4B for commutative A-algebras B and therefore defines a polynomial
law that is homogenous of degree d. Therefore, by Theorem [1.1.3.4] we have a canonical
map

(1.1.4.3) % (M) — TS%(M).

This map is characterized by the property that ml¥ — m® for all m € M [Rob63, Propo-
sition III.1]. Using this property, one can see that the relations of Definition defining
I 4(M) as a quotient of the free commutative algebra on mll (m € M,i > 0) are sent to
zero under the map from this free commutative algebra to TS(M) defined by ml1 — m®a,
so that we have a canonical map

(1.1.4.4) Ca(M) — TS4(M).

See [Rob63|, Proposition III.1] for further detail.
This map is often an isomorphism!

PROPOSITION 1.1.4.5 ([Rob63l, Proposition IV.5]). When M is either free or is projective
of finite rank as an A-module, then (1.1.4.4) is an isomorphism of A-modules, induced by an
isomorphism of graded A-algebras

Ca(M) — TSA(M).
PrRoOOF. When M is projective of finite rank, we reduce to the case that M is free, as all

of the arguments below commute with localization.
Let M be a free A-module and choose a basis (e;);c;. Choose a total ordering on the

index set I for the basis. Consider the set of simple monomials e;, ®...®e;, € M @ and the
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equivalence classes under the action of S;. The ordering gives us a unique representative of
each class with the property that

i <ip <o <.
Let K be the set of equivalence classes, and for K € K let ey represent the sum of the
elements of the equivalence class and let éx represent the unique representative specified
above of the class K. This representative éx may be uniquely written (with a new choice of
indices ¢; € I) in the form

i1

h
(1.1.4.6) tx=e2"® - ® efikh where i < i < -+ < i, ij =d.
j=1
We note that
kl'kﬁh‘ e = Z U(é[().
O'ESd

Choose some z € TS?(M), which may be uniquely written as

r = E )\il,‘,.,ideil ®...® €ig-

01,.yig €L
Because this is a symmetric tensor, for all ¢ € S; we have A Aiy..iy- This means

that we can write x uniquely as
r = Z A K€k,

where we can set Ax = \;, _;, for any (i1,...,44) such that ¢;, ® ..., ®e;, € K. This shows
that {ex }xex is a basis for TS%(M). Now we will show that this basis is the image of a
basis for I'%(M).

We recall from Corollary that T4 (M) is free with the set

o (1)rbo(d)

h
(1.1.4.7) {H ey;j] | conditions of (T.1.4.6)) on i;, k;} C T'% (M)
j=1

being a basis over A. This basis is in natural bijective correspondence with K. We will be
done if we can show that the map I'4 (M) — TS% (M) preserves the correspondence between

their respective bases and K. Because ml! — m®" for all m € M,i > 0, the image of
el eyzh} e T4 (M) is

11

BN B
i1 ih
Using ((1.1.4.2)), we find that this product is precisely the sum over the permutations of the
k.
orderings of factors e® ’, which is the basis element ey 0

]

1.1.5. Faithful Polynomial Laws. We introduce the notion of a kernel of a polynomial
law P : M — N, which is the kernel of the surjection from M onto the smallest quotient
A-module of M through which a polynomial law P € P4(M, N) factors.

DEFINITION 1.1.5.1 ([Chelll, §1.17]). Let P € P(M, N). Then ker(P) C M is the subset
of elements m € M such that

VB e Alg,,Vbe B)Vx € M ®4 B, P(m®b+x) = P(x),
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which we immediately observe is a A-submodule of M. By Proposition [1.1.2.16] m is in
ker(P) if and only if for all n > 1 and my,...,m, € M,

P(tm+t1m1+—|—tnmn) EN[t,tl,...,tn]

lies in N ®4 Altq,...,t,], i.e. it is independent of ¢.
When ker(P) = 0, we say that P is faithful.

This lemma shows that the kernel deserves its name.

LEMMA 1.1.5.2 ([Chelll Lemma 1.18]). Let P € Pa(M,N).

(1) ker(P) is the biggest A-submodule K C M such that P admits a factorization P =
P o where 7 is the canonical A-linear surjection M — M/K.

(2) P M/ker(P) — N is a faithful polynomial law, and if P is homogenous of degree
d, so is P.

(3) If B is a commutative A-algebra, then the image of

ker(P) RuB—M®®yB

is contained in ker(P ®4 B).

PRrROOF. Assertion (3) follows from transitivity of the tensor product — ®4 B ®p C
involved in the “restriction” of P to B-algebras C' through the morphism A — B.

Clearly if P factors through M — M/K for some A-submodule K of M, then K is in
the kernel of P by definition. Now we check the converse: say K C ker(P). We need to
factor P through a polynomial law P M/K — N.

For any commutative A-algebra B, set

KB = %(K@AB — M@A B)
Then ¢ : (M/K)®4 B = (M ®4 B)/Kp by the right-exactness of the tensor product
functor — ®4 B, and Kp C ker(P ®4 B) by part (3). Now, applying the assumption that
K C ker(P) and the definition of the kernel, we observe that the map Pp : M®4B — N®4B
satisfies Pg(k +m) = Pg(m) for any m € M ®4 B,k € Kp, so that Pg factors through
g : M®aB — (M®y B)/Kg. Composing this map with the isomorphism above, we have
a map which is well-defined by the relation

Pp: (M/K)®4B— N®4B

Ps(i™ o mp(M)) := Pg(m)
because (~* o wg is surjective onto (M/K) ®4 B. As all of the maps defining this relation
are functorial in B, we have defined an polynomial law P € P,(M/K,N).

Because of the relation ([1.1.5.3)), we see that ker(P) = ker(P)/K. This is the first part
of (2), and the second part of (2) also follows from examining ([1.1.5.3)). O

1.1.6. Multiplicative Polynomial Laws. Now we consider polynomial laws between
A-algebras. These are polynomial laws between the underlying A-modules with multiplica-
tivity imposed. It is possible to define these laws when A is neither associative nor unital.

(1.1.5.3)

1

DEFINITION 1.1.6.1. Let R, S have the structure of A-algebras (not necessarily commu-
tative) and P € P4(R,S). Then P is called multiplicative provided that

(1) P(1) =1, i.e. Pa(1g) = 1g, from which it follows that Pg(lgs,5) = lsg,p for all
commutative A-algebras B, and
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(2) Pp is multiplicative for all commutative A-algebras B, i.e. for all B and all z,y €
R®a B, Pp(zy) = Pp(z)Pp(y).

For d > 0, we denote by M% (R, S) C P4(R, S) the set of degree d homogenous multiplicative
polynomial laws from R to S over A.

REMARK 1.1.6.2. A multiplicative polynomial law of degree 0 must be constant, and so
must send every element to the multiplicative identity.

We now ask if there exists a universal object for the functor M% (R, —) on the category
of A-algebras. Of course, an element of M%(R,S) induces an element of P4(R,S) by the
forgetful functor from A-algebras to A-modules, so that P € M%(R, S) induces a morphism
of A-modules I'Y(R) — S. The composite

R—T%R)—S

is multiplicative. In fact, there exists a A-algebra structure on I'%4(R) such that the first
map of the composite is multiplicative, and the multiplicativity of the composite depends
on the multiplicativity of the second map. This reasoning, due to Roby [Rob80], makes the
first map a universal homogenous degree d multiplicative polynomial law. This is what we
will now explain.

Let M, N € A-mod, and for d > 0 write L4, for the universal homogenous degree
d polynomial law L4, : M — T%(M). By the universal property of the tensor product
of modules;, M ®4 N is universal for bilinear maps out of M x N. The universal map
M &N — M ®4 N is manifestly homogenous of degree 2 and compatible with — ®4 B for
commutative A-algebras B. Therefore we have a degree 2 homogenous polynomial law from
M & N to M ®4 N, which we will denote by By n € P3(M & N,M ®4 N).

The composition Lﬁ/@ ~ ©Bun defines a degree 2d polynomial law in P24(M & N, M ® 4
N), so that by Theorem there exists a canonical A-linear homomorphism

mn : TH(M @& N) — T4(M @4 N)
such that LYo v © Bun = N © L3fey 18 an equality of polynomial laws. Recall from
Corollary [1.1.3.10(2) that there is a canonical isomorphism
P M) @aIy(N) = TH(M o N),
p+q=2d
and we will also write ny n for its restriction to I') (M) ® 4 T% (N) for p+ ¢ = 2d, considered
as a submodule of T%'(M & N).

SUBLEMMA 1.1.6.3 ([Rob80, p. 869]). With M, N.,d, S n, and ny N as above, let

r

be representative elements of T (M) and T'%(N), respectively. Then

m,n (ml* @ nl®) Z H m; @ n;)l,

vij 1<i<r
1<5<s
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where a; = 3 iy and oy = 37, ;. In particular, nan kills T (M) @4 T%(N) C T5(M @4
N) ifp#q.

Now we replace M and N with an A-algebra R, and write ng (resp. Bgr) for nun
(resp. Bun). Let 6 : R®4 R — R be the linear multiplication structure map for R.
As I'4 is a functor, the data of  as a map of A-modules induces a morphism of A-algebras

F(@) : FA<R XA R) — FA(R),
which restricts to its graded components I'*(#). Now write 6, for the composition
d
0q: T%(R) @ T4 (R) % T4 (R @4 R) % T (R).
LeEMMA 1.1.6.4 ([Rob80, p. 870]). The A-linear map 0, defines the structure of an A-
algebra on T4 (R). If R is
(1) unital,
(2) associative, or
(8) commutative,
then for all d > 0, T'%(R) is as well.

Now we know that an associative unital A-algebra R gives rise to an associative unital
A-algebra T4 (R). We can also check that the universal polynomial law L% : R — 'Y (R) of
Theorem is multiplicative with respect to this structure. In fact, this the multiplica-
tive polynomial law L% is universal for multiplicative homogenous degree d polynomial laws
out of R.

THEOREM 1.1.6.5 ([Rob80l, Théorem]). For A-algebras R, S, there is a canonical bijection
M4 (R, S) — Homyyg, T%(R), S)
with universal object (L% : R — T4(R)) € M% (R, T4(R)).

Recall that the kernel of a polynomial law P € P4 (M, N) is kernel of the factor map to the
smallest quotient A-module of M through which P factors. Naturally, in the multiplicative
case, we would like this quotient to be a quotient ring and the kernel to be a two-sided ideal
of a multiplicative polynomial law P € M%(R,S). The following lemma proves this and
provides a simplification of the description of ker(P) for the multiplicative case relative to
the module-theoretic case.

LEMMA 1.1.6.6 ([Chelll Lemma 1.19]). Let R, S be a A-algebras and let P € M%(R,S).
Then
(1) The submodule ker(P) C R defined in Definition satisfies
ker(P)={r € R|VB,Vr' € R®a B, P(1+7rr") =1},
and the same equality holds on replacing the condition P(1 + rr’) = 1 with P(1 +
r'r) = 1.
(2) ker(P) C R is a two-sided ideal of R. It is proper if d > 0, and it is the biggest
two-sided ideal K C R such that P admits a factorization P = P om where 7 is the
standard surjection m: R — R/K and P € M%(R/K,S).

There is sometimes an even more concise description of the kernel, which we leave to

Lemma [I[.1.7.2] below.
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ProOF. Write J;(P) for the right and side of the equality in (1), and write Jo(P) for
the same set with the condition P(1 + 7'r) = 1 in place of P(1 + rr’) = 1. First, we
show that ker(P) C Jy(P). The same argument will show that ker(P) C Jy(P). Choose
r € ker(P), a commutative A-algebra B, and ' = 1+h € R® 4 B. It will suffice to show that
P(14+7r(1+th)) is the unit polynomial 1 in S® 4 B[t]; we can then deduce the desired identity
by specializing t to t = 1. Since this polynomial has degree at most d in t, it will suffice to
check that this holds in S®4 B[t]/(t¢™). Notice that 1+th is invertible in R® 4 B[t]/(t*1).
Applying multiplicativity and the definition of the kernel (Definition , we have

P(1+7r(1+th))=P((1+th)" +r)P(1 +th) = P((1+th) " )P(1 +th) = P(1) = 1.

Therefore, J;(P) C ker(P), and the analogous calculation with P(1 + (1 4 th)r) shows that
Jo(P) C ker(P).

A similar argument shows that ker(P) O Jy(P): choose B, r, and " = 1+ h as above.
Using the fact that r € J;(P), and calculating in S ®4 B[t]/(t?*1), we have

P(rt + (14 h)) = P((1+1t) + h) = P(L+ (14 7t) " h)P(1 + 1)

and the lack of dependence on ¢ shows that r € ker(P) by definition. The same argument
shows that ker(P) C Jy(P) as well.
By part (1), ker(P) is visibly a two-sided ideal of R. The rest of part (2) follows directly

from the calculations in the proof of Lemma|1.1.5.2 in particular ((1.1.5.3)). U

1.1.7. Definition of Pseudorepresentations and Representability of the Pseu-
dorepresentation Functor. With the background above in place, we can restate the def-
inition of pseudorepresentations in terms of polynomial laws, and immediately make sev-
eral conclusions based on the theory of multiplicative homogenous polynomial laws outlined
above.

DEFINITION 1.1.7.1 (Reprising Definition [1.1.1.1]). Let A be a commutative ring, let R
be an A-algebra, and let d > 0. A d-dimensional pseudorepresentation D of R over A is a
degree d homogenous multiplicative polynomial law

D:R— A.

The set of d-dimensional pseudorepresentations of R over A is denoted PsR%(A). When
B is a commutative A-algebra, we use PsRg(B) to denote the set of d-dimensional pseu-
dorepresentations of R®4 B over B, and we observe that PSRC}% is naturally a functor under
the tensor product. Following Remark we note that there is always a unique degree
0 pseudorepresentation sending everything to the multiplicative identity. We will formally
set this to be the determinant of the unique “zero-dimensional representation.”

We will freely use the notions associated to multiplicative polynomial laws to describe
pseudorepresentations. One particular notion that we will use heavily of is the kernel of a
pseudorepresentation D : R — A, written ker(D). This is a two-sided ideal of R, which
is the kernel of the surjection of A-algebras R — R/ker(D) with the special property that
this is the smallest quotient of R through which D factors (cf. Lemma [1.1.6.6). The fol-
lowing lemma is special to the case that a multiplicative A-polynomial law P : R — S is a
pseudorepresentation (i.e. S = A).
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LEMMA 1.1.7.2. Let A be an infinite cardinality commutative domain and let D : R — A
be a d-dimensional pseudorepresentation. Then

ker(D) ={r € R|Vr' € R,D(1 +rr') =1}.
Proor. Combine Proposition [1.1.2.11f and Lemma [1.1.6.6] U

REMARK 1.1.7.3. In order to call a homogenous multiplicative polynomial law a pseu-
dorepresentation of R over A, it is occasionally important to be precise about the stipulation
that the target is A and the source R is an A-algebra. It is common and reasonable to
depart from this precision in the following case: if B is a commutative A-algebra, a degree
d homogenous multiplicative A-polynomial law

R— B

is not, strictly speaking, a pseudorepresentation of R into B or over B (there is no such
thing because R is not a B-algebra). However, the distinction is not vast, because this data
induces a degree d homogenous multiplicative polynomial law

R®ysB— B

which is a d-dimensional pseudorepresentation of R ®4 B over B. By Corollary [1.1.3.10]
this induction of a pseudorepresentation from a multiplicative polynomial law is a bijection.
Therefore, we call the degree d homogenous multiplicative polynomial law R — B a d-
dimensional pseudorepresentation of R valued in B.

The results of Roby on homogenous multiplicative polynomial laws immediately imply
important facts about pseudorepresentations. To state these, we recall that the abelian-
ization R* of an algebra R is its quotient by its two-sided ideal generated by xy — yx for
x,y € R. Obviously this quotient has the universal property expected of the abelianization.

THEOREM 1.1.7.4 ([Chelll Proposition 1.6]). Let R be an A-algebra and d > 1. The
functor Pstf2 : Alg, — Set is representable by the commutative A-algebra

La(R)™,
with universal pseudorepresentation
D" : R — T4 (R)™
7l
Moreover, for any commutative A-algebra B,
(1) There is an isomorphism of functors on B-algebras
PsRR Xgpec a4 Spec B 5 PsRrg B,
corresponding to the canonical isomorphism of B-algebras
I (R)™ @4 B~ T%4%(R®4 B)™.

(2) When D : R — B is a homogenous multiplicative polynomial law (of unspecified
and possibly non-ezistent degree), the degree is constant on connected components
of Spec B. In particular, if Spec B is connected, then D is a pseudorepresentation
of some dimension.
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(3) If R is free as an A-module, then PsRg(—) is represented by the commutative A-
algebra TS%(R)* with universal pseudorepresentation

R — TS%(R)
s
(4) If R is the group algebra over A of the group (or monoid) I', then
PsRY, <> Spec(TSL(ZII))™ Xspee Spec A.

(5) If R is finite as an A-module, for example the group algebra of a finite group, then
4 (R)*" is finite as an A-module.
(6) A d-dimensional B-valued representation of R, i.e.

R®s B — €&,

where € is a rank d*> Azumaya B-algebra, induces a pseudorepresentation by com-
position with the reduced norm £ — B.

For the definition of an Azumaya algebra, see Definition [1.4.1.5

Before proving this theorem, which summarizes our knowledge up to this point, we note
the most glaringly missing basic fact about the pseudorepresentation functor: we do not know
if finite generation (or some other condition other than finiteness of R as an A-module) of
R over A implies finite generation of '} (R)**. This is true (it is Theorem [1.1.10.15)), but
will require the study of pseudorepresentations on freely generated (non-commutative) A-
algebras in §1.1.9] and the application of invariant theory.

REMARK 1.1.7.5. Recall that there is a unique 0-dimensional pseudorepresentation which
sends everything to the multiplicative identity. This corresponds to the fact that TY(R) = A,
i.e. PsRY% = Spec A.

PROOF. The main theorem statement follows closely from the representability statement
for homogenous multiplicative polynomial laws, Theorem [1.1.6.5] Indeed, we know that for
a commutative A-algebra B, the association

M4 (R, B) — Homyy,, (T4 (R), B)
is an isomorphism, and the right hand side is canonically isomorphic to Hom4(I'%(R)*, B)
since B is commutative. As the association
M4(R, B) =5 PsR%(B)
D—D®,4B
discussed in Remark [I.1.7.3] following Corollary [1.1.3.10] is bijective, we have the theorem.

In addition, part (1) follows directly from Corollary and the main theorem.

Forgetting the algebra structure on R and B, the polynomial law D induces a map of
modules "4 (R) — B by Theorem . By the proof of Theorem , the multiplica-
tivity of D implies that T'4(R) — B is multiplicative, where this multiplication operation is
not the multiplication of the divided power algebra, but the multiplication on each graded
component I'%4(R), d > 0. As B is commutative, this amounts to an A-algebra homomor-
phism

[[ra@®)™ — B.

d>0
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As B has no nontrivial idempotents, this map factors through one of the factors, say of degree
d, so that D is a homogenous multiplicative polynomial law of degree d. This establishes

(2).

Part (3) follows directly from Proposition Part (4) follows from part (3) and the
fact that a group algebra A[l'] is equal to Z[I'] ®z A. Part (5) is quickly checkable, say with
the explicit generators for I'%4 (R) given in Corollary , along with Corollary .

Let M, be the ring-scheme over SpecZ, the d-by-d matrix algebra. Each coefficient
of the characteristic polynomial defines a regular function My — Al which is equivariant
under the adjoint action of PGL; on My and the trivial action on A'. Each Azumaya
algebra &£ is a form of M, twisted by this action (cf. [Gro68, Corollary 5.11]); therefore,
the characteristic polynomial function descends from £ ®p, Oy = My(Oyp) to € over Ox
[Cro68, 5.13]. As PsR% is an étale sheaf (it is representable by a scheme), the formation of
a pseudorepresentation by taking the determinant of a representation into a matrix algebra
descends to the case of a representation into an Azumaya algebra. This establishes (6). O

REMARK 1.1.7.6. For any A-scheme X, we may extend the definition of a pseudorepre-
sentation to allow for a Ox-valued d-dimensional pseudorepresentation of R. This functor
is still represented by the affine A-scheme PSR%.

EXAMPLE 1.1.7.7. Let R = A[X]. Then R is free as an A-module, so by Theorem
1.1.7.4(4), PsR‘f% is represented by the d graded piece of the symmetric tensor algebra

TSi(A[X])ab = A[Xb ce aXd]Sd = A[Eb te Ed]a

where (3;) are the standard symmetric polynomials on d variables. The universal pseudorep-
resentation A[X] — A[Xy,...,24], X — 3, is realized as the associated pseudorepresenta-
tion of a d-dimensional representation: let A[X] act on the rank d free A[X, ..., X4]-module

ASy, L S[Y] (Y =S Y (1))

by X +— Y. The characteristic polynomial of X is the standard one, i.e. the generator of the
ideal in the line above.

ExXAMPLE 1.1.7.8. Let A =Z and let I' = Z. Letting X represent a generator of I', we
write R = A[X, X~ !]. Asin the previous example, the dth graded component of the symmet-
ric tensor algebra represents PSR?%. We observe that R®Z is a standard presentation of the
coordinate ring of the split rank d torus G¢ / SpecZ, and that its subring TS (Z[X, X 1) is
the subring of invariants of the action of the Weyl group. Via the Chevalley isomorphism, the
geometric points of Spec TS%(R) are in natural bijective correspondence with the semisimple
geometric points of GLg4, up to conjugation. This latter set is clearly in natural bijective
correspondence with d-dimensional semisimple representations of Z up to isomorphism.

EXAMPLE 1.1.7.9. As noted in the theorem, for a finite group I', TS%(Z[I]) is a finite
Z-module. We observe that Z[T']®* 2 Z[I'*] is generated (as a module, even) by elements of
finite multiplicative order, i.e. ¥* = id for some n > 1. Therefore its subquotient TS%(Z[I])*
consists of sums with coefficients in 7Z of elements of finite multiplicative order.

Now fix a d-dimensional complex representation of I'. By the discussion of §I.1.1]
we may associate to this representation a C-valued pseudorepresentation, and therefore a
map TS%(Z[T])*» — C. The property above shows that the image must be contained in
ligan[,un] C C, where pu, is a primitive nth root of unity. Since the image of the map is
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generated by characteristic polynomial coefficients of elements of I', we observe the well-
known fact that characteristic polynomial coefficients of a given representation generate a
cyclotomic integral extension of Z.

Such observations also may be used to observe the Brauer character theory of positive
characteristic representations of I'.

We now investigate the pseudorepresentations of a rank n? Azumaya algebra R over a
commutative ring A. This includes the case that R = M,,(A), as Azumaya algebras are étale
locally matrix algebras (see Definition . Since the representation theory of a matrix
algebra over a field consists of direct sums of the identity representations, we expect this to
be reflected in its pseudorepresentations. This is what we record in the following proposition,
due to Ziplies [Zip86].

PropOSITION 1.1.7.10 ([Zip86], see also [Chelll, Exercise 2.5]). Let R be an Azumaya A-
algebra of rank n%. Then the pseudorepresentations D : R — A consist precisely of powers of
the reduced norm detg : R — A. In other words, the reduced norm induces an isomorphism,
for each d > 0 divisible by n,

PG(R)™ 5 T (A) = 4,
and for nt d there are no d-dimensional pseudorepresentations of R.

REMARK 1.1.7.11. Proposition reflects the fact that the basic algebra corre-
sponding to e.g. My(C) is C, and that M;(C) and C are Morita equivalent. See Definition
for the notion of a basic algebra, see Definition for the notion of a basic al-
gebra associated to an algebra, and Theorem for the fact that their representation
categories are equivalent.

We record for future reference some important qualities of the functor ab sending A-
algebras to commutative A-algebras.

LEMMA 1.1.7.12 (cf. [Vac08, Lemma 5.14]). If f : R — S is a surjection of A-algebras,
then

(1) The induced homomorphism of commutative A-algebras f2* : R*® — S% s also
surjective, and
(2) ker f2* = ab(ker f), where aby : A — A® is the canonical homomorphism.

PROOF. Let I*P(A) be the kernel of abs. Then the lemma follows from the snake lemma
applied to the commutative diagram

[(A) —= [*(B) —=0

0 ker f A ! B 0
l aby ab g abp
fab
0 — ker f2b Adb B 0
0 0
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1.1.8. The Characteristic Polynomial. Let R be an A-algebra and A be a com-
mutative ring as usual, and fix for this subsection a d-dimensional pseudorepresentation
D : R — A. As described in the introduction D induces a characteristic polyno-
mial function x?(-,¢) : R — A[t] according to the following definition, repeated from the
introduction.

DEFINITION 1.1.8.1. Given a d-dimensional pseudorepresentation D : R —> A of R over
A, its characteristic polynomial function is

X7 (1) s R — Alf]
r = Dyt —7r) = th— Ay ()t 4 (1) YA (r)
where A; are maps R — A.

In fact, by taking B-valued pseudorepresentaitons of R for commutative A-algebras B,
the characteristic polynomial coefficients are homogenous polynomial laws extending the
functions A; : R — A described above.

DEFINITION/LEMMA 1.1.8.2. With D, R, A as above and a commutative A-algebra B
and ¢ > 0, let the function A; p: R®4 B — B be defined by the formula, for r € R ®4 B,
d
XP(r,t) := Dyt —r) =Y (=1)'Aip(r)t*".
i=0
is a homogenous A-polynomial law of degree ¢ from R to A. We also have characteristic
polynomial coefficient polynomial laws A;, where Ay = 1 and Ay = D are multiplicative, and
fori>d+ 1 weset A, =0. We call A; the trace.

We note that the data of the polynomial law A; is characterized by the A-linear map
R — A (cf. Example [1.1.2.8]).

PROOF. We must prove the implied claim that A; is a homogenous polynomial law of
degree i. First we observe that A; is a polynomial law, since the formula for A; 5 given a
commutative A-algebra B can be checked to be functorial in B. For b € B and r € R®4 B,
A; p(bz) is the coefficient of t%~* in Dppy(t — bx). If we write t = ¢; and let ¢, be an
indeterminant, then the functorality of polynomial laws shows that AP is the specialization
of Dy, 1) (t1 +t2(—1)) via Blty, ] = Blt],t; — t,t5 — b. By Proposition[1.1.2.16} the only
nonzero coeflicient of Dpy, 4,) where ¢; appears to the (d —4)th power also has ¢, to the ith
power. Therefore A; g(bx) = b" - A; () as desired. O

The characteristic polynomial coefficient polynomial laws allow for another description
of the kernel of D : R — A:

ker(D) ={r € R|VB,Vr' € R®4 B,Yi > 1,A; g(rr') =0}

One can, therefore, give a description of the kernel of D as the set of elements of R such
that any multiple of r in R ® 4 B for all B has the characteristic polynomial t*. When A is
an infinite domain, this criteria still works when applied only to R (see Lemma [1.1.7.2]).

EXAMPLE 1.1.8.3. Let T,(A) C M4(A) be the A-subalgebra of upper triangular matrices,
with the pseudorepresentation D : Ty(A) — A induced from the determinant on My(A).
Then ker(D) is the ideal of strictly upper triangular matrices, and D factors through the
diagonal subalgebra T,;(A)/ker(D) of My(A).
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Implicit in the example above is the Cayley-Hamilton theorem: When R is a matrix
algebra My(A) and D = det is induced by the standard determinant, this defines a degree d
polynomial law, and the characteristic polynomial y* is the same as the standard character-
istic polynomial. It is very important that each element r» € R satisfies its own characteristic
polynomial! That is, x(r,7) = 0. This is the Cayley-Hamilton theorem. For a general
A, R, D, this may not be the case, and the following polynomial laws measure this failure.

DEFINITION 1.1.8.4. With A, R, D, and x as above, let y : R — R be the homogenous

degree d A-polynomial law
x(r) = xP(r,r) =1 = Ay (r)r® 4 Ag(r)r2 4 - (= 1) AG(r).
For any n > 1 and « € I (the set of n-tuples of non-negative integers (aq, ..., a,) with sum
n), we recall that y[® of Definition [1.1.2.14| are the coefficient functions of , defined by the
relation
XRlt1,tn] (P11 o+ Tpty) = Z X (e, )t
acln

where t* = T[] .

We recall Proposition (3): because y is homogenous of degree d, x!* # 0 only
when n = d, and Y is characterized by the functions {x[* | a € I¢}. Therefore given
A, R, D,d as usual, every element r € R “satisfies its characteristic polynomial” if and only
if x = 0 as a polynomial law if and only if x®) = 0 for all a € I¢.

This equivalence results in the notion of a Cayley-Hamilton pseudorepresentation.

DEFINITION 1.1.8.5 (cf. [Chelll p. 17]). Let R be an A-algebra and let D be a d-
dimension pseudorepresentation. Let CH(D) C R be the two-sided ideal generated by
X (ry, ... 7q) as (r;) varies over all d-tuples in R and « varies over I¢. We say that D
is Cayley-Hamilton if CH(D) = 0. Equivalently, x = 0 as a polynomial law. We also say
that (R, D) is a Cayley-Hamilton A-algebra of degree d.

Of course, R/CH(D) is a Cayley-Hamilton A-algebra.
The following observation will be very important in the sequel (see e.g. Proposition

1213,

LEMMA 1.1.8.6. The Cayley-Hamilton property of a pseudorepresentation D : R — A s
stable under base changes @B, i.e. if (R, D) is a Cayley-Hamilton A-algebra, then (R ®4
B, D®4B) is as well. In particular, if D is an arbitrary d-dimensional pseudorepresentation,
then there is a natural isomorphism

(1.1.8.7) R/CH(D)®4 B — (R®4 B)/CH(D ®4 B).

PROOF. The Cayley-Hamilton property and the Cayley-Hamilton ideal CH(D) are func-
torial under base change because they are defined by the image of the A-polynomial law
X : R — R, and the functions yp as B varies over the category of commutative A-algebras
is functorial . Therefore, if (R, D) is Cayley-Hamilton, then y = x” is equal to 0
as an A-polynomial law; therefore xg, being simply a restriction of x from the category of
A-algebras to the category of B-algebras via the map A — B, is still 0. This proves the first
part of the statement of the lemma.

By the definition of CH(D) as the ideal of R generated by the images of an A-polynomial
law, we see that there exists a map

(1.1.8.8) CH(D) ®4 B — CH(D ®4 B) C R®4 B
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and that this map is an surjection. This proves that the A-homomorphism ((1.1.8.7)) exists and
is injective. Using the canonical isomorphism R/CH(D)®4 B = (R®4 B)/(CH(D) ®4 B),
we see that ([1.1.8.7)) is surjective, completing the proof. 0J

1.1.9. Universal Polynomial Identities. We remarked in the introduction that a
pseudorepresentation of an A-algebra R over A amounts to the data of a characteristic
polynomial for each element of r. We will substantiate this comment in Corollary [1.1.9.15]
showing that the characteristic polynomial coefficient functions A; characterize a pseudorep-
resentation. Conversely, given a characteristic polynomial function x(-,t) : R — Alt], one
would have to impose a great deal of identities upon this function in order to “call it a
pseudorepresentation.” While we will not find a complete list of identities, in this section
we will prove that the characteristic polynomial of a pseudorepresentation “satisfies all of
the identities that one would expect form the characteristic polynomials of a representation”
(see (L.1.9.5)), even though it may not be induced by an actual Azumaya/matrix algebra-
valued representation. After that, we will deduce a few particular, useful identities from this

collection (Proposition [1.1.9.11]).

DEFINITION 1.1.9.1. Given a set X, the d-dimensional generic matrices representation
involves the following data:

(1) The free Z-algebra Z{X} on the set X;

(2) The coefficient ring Fx(d) = Z[z;;], the free polynomial ring on generators z;; for
reXandl<i4,5 < d;

(3) The representation

pumv : Z{X} — Md(Fx(d))
z = (i5)ig

(4) We also define the subring Fx(d) C Fx(d) generated by characteristic polynomial
coefficients of p™V, i.e. by A;z(x) for # € Z{X} and for A,z : Z{X} — Fx(d) for
1 <4 < d the characteristic polynomial coefficient functions of the d-dimensional
pseudorepresentation det op"™V : Z{X} — Fx(d).

REMARK 1.1.9.2. It remains to be shown that the pseudorepresentation det op"™ factors
through Ex(d) < Fx(d). This will come along with the proof that a pseudorepresentation
is determined by its characteristic polynomial coefficient functions.

THEOREM 1.1.9.3 (Vaccarino [Vac08]). With notation as in Definition|1.1.9.1], the canon-
ical map TL(Z{X})* — Fx(d) associated to the d-dimensional pseudorepresentation
det op™" : Z{X} — Fx(d)
mduces a canonical isomorphism

(1.1.9.4) M(Z{X})*™ = Ex(d).

We postpone to §1.1.10the the discussion of the results of Donkin, Zubkov, and Vaccarino
that are summarized in Theorem [1.1.9.3 Here we discuss the implications of this theorem
for pseudorepresentations.

Let D : R — A be a d-dimensional pseudorepresentation of an A-algebra R. Let X be
a set of generators for R over Z, e.g. X = R, so that there exists a surjection 7 : Z{X} — R.
Theorem [[.1.9.3] along with the representability Theorem [I.1.6.5] shows that there is a
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unique ring homomorphism fx : Ex(d) — A such that

det Opuniv

Z{ X'} Ex(d)
R
R A

is a commutative diagram of homogenous polynomial laws over Z, where the horizontal maps
have degree d and the vertical maps have degree 1 (they are ring homomorphisms).

Using Ex(d) X, A —5 R where the second map is the structure map, we consider R as
an Ex(d)-algebra, so that D is a homogenous multiplicative Ex (d)-polynomial law of degree
d. Therefore we have a diagram of homogenous multiplicative Ex (d)-polynomial laws

(1.1.9.5) ZAXY @5 Ex(d) 22 My(Fy(d)) s Ex(d)

lm@fx fo
R = A
As the top row factors through a matrix algebra, we can use this diagram to show
that identities in a matrix algebra, for instance, the Cayley-Hamilton identity, give rise to

identities in arbitrary homogenous multiplicative polynomial laws. One of these identities,
Amitsur’s formula, requires some initial explanation.

DEFINITION 1.1.9.6. Let X be a totally ordered finite set (alphabet), and let X be the
monoid of words with letters in this set, with the induced total lexicographic ordering.

(1) A word w € X7 is called a Lyndon word if w is less than or equal to any of its
rotations, or, equivalently, if w = zw’, then w < w’. The set of Lyndon words of an
alphabet X is denoted L.

(2) By the Chen-Fox-Lyndon theorem |[CFL58, §1], any word w € X may be uniquely
factored into a Lyndon decomposition w = wy - - - w,, where wy; > wy > -+ > wy,
w; € Lx. We also present the Lyndon decomposition as

I, D2 ls

w=wwy - -ws, where w; > - > ws,w; € Lx.

(3) There is a unique map € : X+ — {41}, multiplicative on Lyndon words, given by
sending w to 1 if the length of its Lyndon decomposition is even, and —1 otherwise.
We can write e(w) = (—1)" or e(w) = []](—1)".

With the notion of Lyndon words, we can explain Amitsur’s formula.

DEFINITION 1.1.9.7. We say that characteristic polynomial functions A; 4 : R — A
satisfy Amitsur’s formula when for any finite subset X = {ry,...,r,} C R, totally ordered
by the indices, we have

(1.1.9.8) Aialri+-Fr) = Y e(w)A(w),
L(w)=1
where £ : X — N is the length of w in terms of the letters X, and
Aw) = Ay, (ws) - - - Mgy (w2) Ay, (w1).

Amitsur’s formula applies just as well to the polynomial laws A; : R — A associated
to a d-dimensional pseudorepresentation D : R — A by applying the condition to A; g :
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R®4 B — B for every commutative A-algebra B. This gives us a notion of when D satisfies
Amitsur’s formula.

DEFINITION 1.1.9.9 (cf. [Ami80]). For A, R, d as usual, let D : R — B be a homogenous
degree d polynomial law into a commutative A-algebra B. Let X = {r; ®1ty,...,r, ®1t,} C
R ®a Alty,...,t,] with the standard lexicographic ordering, and preserve the notation of
Definition [1.1.9.7] otherwise. We say that D satisfies Amitsur’s formula if

n d

(1.1.9.10) D(l — ertj) = 11 (Z(—miAi(w)) :

j=1 welyx \1=0
where the product is taken over Lyndon words with length bounded by d, ordered decreas-
ingly. Equivalently, the homogenous of degree ¢ component of this identity holds for all
1< <d:

Ai(riti 44 raty) = > e(w)A(w),
L(w)=1

where the letters in the words on the right hand side are now taken to be the n monomials
“T’iti.”

ProposITION 1.1.9.11 ([Chelll, Lemma 1.12]). For A, R,d as usual, let D : R — B be a
homogenous degree d polynomial law into a commutative A-algebra B. Let A;p: R — B be
the induced characteristic polynomial coefficient polynomial laws (homogenous of degree i),
and in case B = A, let xP : R — R be the degree d polynomial law given by evaluation of
the characteristic polynomial. Then the following identities hold.

(1) (commutativity of determinant) For all r,v’" € R,
D +rr')=D(1+1'r).

(2) (Amitsur’s formula) For all ry,...,r, € R, Amitsur’s relations on A; are
satisfied.

(3) (Pseudocharacter identity) The “trace function” Tr = Ay : R — B satisfies the
d-dimensional pseudocharacter identity .

(4) (Cayley-Hamilton identity) If B = A (in which case D is a pseudorepresentation,),
then for all € I¢, (ry,...,7q) € RY, andr € R,

D(1+ x(ry,... rg)-7) = 1.

Identity (1) is basic, reflecting the fact that the characteristic polynomial coefficients
are central functions. The remaining identities have a particular, prominent use. Amitsur’s
formula (2) often reduces the study of multiplicative polynomial laws to the study of their
characteristic polynomial coefficient functions. For example, we will use it to show that the
characteristic polynomial functions characterize a pseudorepresentation. The pseudocharac-
ter identity (3) on A; will allow us to compare pseudorepresentations to pseudocharacters.
And the Cayley-Hamilton identity (4) will be most prominent in the new material of this
thesis, and will play a prominent role in relating pseudorepresentations to representations.

PROOF. Our strategy is to use the relation between, on the one hand, the
universal d-dimensional pseudorepresentation induced by the determinant function D™ =
det op™V of the universal, generic matrices representation of the free algebra Z{X} with
X = R, and, on the other hand, the degree d homogenous polynomial law D : R — B. We
will show that these identities hold for the universal pseudorepresentation D"V because it
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is the determinant of a d-dimensional representation, and we will remark on any difficulties
in deducing the same identity for D.

We know that the characteristic polynomial functions of a representation are central
functions. Therefore, for r, 7" € Z{X} ®z Ex(d), xpuwiv(rr’,t) = xpui (r'r,t). Specializing
to t = —1, we deduce that D"™V(1 + rr’) = D" (1 4 r'r), proving (1).

Part (2) is precisely [Ami80, Theorem B]J: the relation is proved for the deter-
minant of an arbitrary matrix algebra-valued representation.

The pseudocharacter identity is given in (1.1.12.2]). The fact that the trace function on
the multiplicative monoid of a matrix algebra satisfies the identity is originally
due to Frobenius [Fro96, §3, 21]. For a modern source, see e.g. [Tay91, Theorem 1(1)].
Alternatively, taking Chenevier’s approach, the identity may be deduced as a particular
case of Amitsur’s formula: simply let the homogenous degree ¢ in the homogenous form
(1.1.9.8) of Amitsur’s formula be 1. We immediately observe that this is identical to the
pseudocharacter condition (1.1.12.2]).

To prove (4), we may replace R by R®4 Alty,...,tq] and recall Definition to see
that it will suffice to show that A;(x(r)r’) =0 for all ;7" € R, 1 < i < d. Applying this to
R := Z{X} ®z Ex(d), we see that p"™ o x(r) = 0 in My(Fx(d)) for all r € R', since x(r)
is the substitution of r into its own characteristic polynomial, which vanishes in My(Fx(d))
by the Cayley-Hamilton theorem. Now as A; factors through p", we have the result. [

REMARK 1.1.9.12 (cf. [Chelll Remark 1.13]). Proposition [1.1.9.11)2) (Amitsur’s for-
mula) may be proved for homogenous multiplicative polynomial laws into arbitrary associa-
tive A-algebras S in the place of commutative A-algebras B. That is, these identities in
the case of determinants of representations are due to Amitsur [Ami80], but they are are
particular instances of facts known to hold in more generality! In particular, an arbitrary
homogenous multiplicative polynomial law is determined by its “characteristic polynomial
coefficients.” These identities are established in this generality by Chenevier in [Chelll,
Lemma 1.12] (following [RS87]). Here, we have confined our proof to the case that B is
commutative. We refer to Chenevier for the general case.

REMARK 1.1.9.13. In contrast to the previous remark, the Cayley-Hamilton identity is
special not merely to the case that the target of a multiplicative polynomial law is commu-
tative, but actually only makes sense in the case of pseudorepresentations (i.e. B = A).

REMARK 1.1.9.14. In Proposition (3), we showed that certain functions Pl :
R — S characterize a polynomial law P € P4(R,S). It is quite convenient that when a
polynomial law is multiplicative, it can be characterized by what is apparently less data: the
d characteristic polynomial coefficient functions A; 4 : R — S on R alone. Amitsur’s formula
uses multiplicativity to express Pl in terms of Aia.

Now we use Amitsur’s formula to show that a pseudorepresentation D : R — A is
characterized by its characteristic polynomial functions on R, i.e. the function A; 4 : R — A
contained in the polynomial law A; : R — A. In fact, these notions (characteristic polynomial
coefficient polynomial laws A;, and Amitsur’s formula) make sense even when D : R — S

is a homogenous multiplicative A-polynomial law into a non-commutative A-algebra S (see
Remark [1.1.9.12 below), and we prove this fact in this generality.

COROLLARY 1.1.9.15 ([Chelll, Corollary 1.14]). Let A be a commutative ring, and let
R and S be possibly non-commutative A-algebras. Let D : R — S € M%(R,S) be a
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degree d homogenous multiplicative polynomial law. Then characteristic polynomial functions
A =N a: R— S of D characterize D. In particular, characteristic polynomial coefficient
functions characterize D when D is a pseudorepresentation (i.e. A= S).

PrROOF. We know from Proposition [1.1.2.16/(4) that the multiplicative polynomial law
D is characterized by the function

DA[tl,...,td} : R@A A[tl, . ,td] — S®A A[tl, . ,td].

We know from the discussion in Remark [1.1.9.12] regarding Chenevier’s proof of Amitsur’s
formula that D satisfies Amitsur’s formula. Now Amitsur’s formula ((1.1.9.10)) allows us to
express

Dap,y,.pg(rity +---41gq), (r1,...,71q) € R?
as a sum of monomials in A; 4(w) and ¢; with prescribed coefficients 1 and —1, where w is a
word in the letters 7, ..., 4. Therefore the characteristic polynomial functions A; 4 : R = S
characterize D, as desired. 0

Because of its importance, Corollary [1.1.9.15] has been stated succinctly and solitarily
above. However, there are other consequences of its proof (e.g. consequences of Amitsur’s
formula) which are significant. We list them here.

COROLLARY 1.1.9.16. Let A, R, S, D, and d be as in the previous corollary. Let C C S be
the sub-A-algebra of S generated by the coefficients A;(r) of x(w,t) for allr € R, 1 <i <d.

(1) Then D factors through a (unique) C-valued degree d multiplicative polynomial law
DA :R—CcCS.

(2) The S-valued d-dimensional pseudorepresentation D®a B : R® 4B — B induced by
D s induced by the C-valued d-dimensional pseudorepresentation Dy : RR,C — C
induced by Dy .

(3) If R is generated over A by some monoid I', i.e. R = A{T'}, and A; a(7) lie in a
sub-A-algebra C C B for ally € I',1 < i < d, then the conclusion of part (1) holds.

Proor. Part (1) follows from the comment in the proof above that the only factors in
the coeflicients other than A;(w) and t; are 1 and —1. Part (2) follows directly from the
proof above, along with the equivalence between multiplicative polynomial laws from R to
B and pseudorepresentations from R ® 4 B to B that follows from Corollary Part
(3) is a special case of part (1). O

1.1.10. Work of Vaccarino, Donkin, Zubkov, and Procesi. In this paragraph we
describe work leading up Vaccarino’s proof of Theorem We also deduce that if R is
a finitely generated A-algebra, then PSRdR is finite type as an affine A-scheme.

The fundamental idea behind the proof of Theorem [1.1.9.3 is the generalization of the
ring of symmetric functions A, where A is to the singleton set as generalizations of A are to
other sets. This idea goes at least back to [Don93].

First we review the theory of A, corresponding to a singleton set X. Then TS3(Z{X}) =
Z[%y, ..., 54 =: Ay is the ring of symmetric polynomials on d coefficients (cf. Example
. The ring of symmetric functions is A := M 4 A4, where the maps are given by

ld : Ad — Adfb (131, ce. ,;Cd) — (Q?l, C. ,xd,l).
One key fact about this limit presentation is its behavior under the filtration by homogenous

polynomial degree, which we will denote by n here. Let Al} denote gr"A4 for n > 0. Then
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for d > n, the composition of the I; for n+1 < i < d induces an isomorphism A% = A". For
example, the “trace” ¥y =x1+---+ 24 € A}i is a generator for Acli for all d > 1.

Now we generalize this construction of A, starting with a finite set X. Write X+ for
the associated monoid of words with letters in X. As Vaccarino proves these results for an
arbitrary commutative base ring A, we will replace Z above with A. We can assign each
element of X degree 1, which induces a degree, which we will index by n > 0, on TS%(A{X})
for any d. Write the nth graded piece as TS%(A{X}),. With the analogous maps of graded
(non-commutative) A-algebras g : TS%(A{X}) — TSE(A{X}), the inverse limit

TSA(A{X}) = ln TS}(A{X})

stabilizes on each graded piece, so that (cf. [Vac08, Corollary 5.5])
TSA(A{X}), = lﬂl Tsi(A{X})n = TS (A{X})n-
d

Therefore TS4(A{X}) is a graded A-algebra with each homogenous summand being finitely
generated as an A-module. Moreover, all of these objects are free A-modules with an explicit
basis that we do not require here [Vac08, Propostion 3.12]. It will be useful to have a set
of generators of TS%(A{X}) as a A-algebra, however. Recall the notation of the proof of
Proposition , in particular the basis element ex for TS%(A{X}), where K = K (w, 1)
is the equivalence class of tensors including

rctu) = w” @177 € TS{(A{X})
as its special representative for some w € X', i < d. For future reference, it will be helpful
to record that if e'? ) € TS%(A{X}), where we make the degree d of the basis element

K(w,i
explicit, then Iy : TS%(A{X}) — TS4H(A{X}) is given by the formula
(d-1) i d
1.1.10.1 L - (d) RN eK(w,i) e <a,
( ) d eK(w,z) { O lfl — d )

which is directly analogous to the maps in the theory of ring of symmetric functions. As an
A-algebra, TS%(A{X}) is generated by e, as i varies over positive integers less than d and
w varies over elements of X' that are “primitive,” i.e. not proper powers of another word
[Vac08, Theorem 4.10]. By the stabilization of the grading discussed above, these ey,
have a canonical preimage in TS4(A{X}), and these preimages generate the A-algebra as
f primitive and ¢ ranges over all positive integers. We summarize our knowledge in this
proposition

PROPOSITION 1.1.10.2. The graded A-algebra TSA(A{X?}) is free as an A-module and
generated as an A-algebra by ek (v, as w ranges over primitive words in X+ and i ranges
over positive integers.

All of these statements hold true after replacing each of these A-algebras with their
abelianizationsﬁ and although this is non-trivial, in fact even more is true: TS, (A{X})2P
is a polynomial ring over A! We record this result in Theorem [1.1.10.§| below, but first we

3Indeed, it is the freeness of T%(Z{X})?" as a Z-module that is the fundamental input from the work of
Vaccarino et. al. that Chenevier needs to establish the Cayley-Hamilton identity. But this comes part-and-
parcel with the rest of these results, cf. [Chelll Remark 1.16].

33



explain the proof, as we will accomplish our main task of proving Theorem [1.1.9.3along the
way.

Recall the generic matrices representations pi™ : A{X} — My(Fx(d)4) for each d > 1,
where Fx(d)4 denotes Fx(d) ®z A. The determinant of p3™" is a d-dimensional pseudorep-
resentation of A{X}, inducing a canonical ring homomorphism

(1.1.10.3) 6a: TSY(A{X}) — Fx(d)a,

using TS% (A{X?}) in place of I'4 (A{X}) in light of Proposition [1.1.4.5. He then observes in
[Vac08, Proposition 5.19] that

(1.1.10.4) Sa(€r(w) = Ni(p"™ (w))

for all primitive w and 1 < i < d, where A; : My(Fx(d)4) — Ex(d)4 is the ith coefficient
of the standard characteristic polynomial on the matrix algebra and, recall, Ex(d), is the
sub-A-algebra of Fx(d)4 generated by coefficients of characteristic polynomials of the image

univ

of pu™¥. As the ey, generate TS%(A{X}), this shows that the characteristic polynomial

coefficient functions generate the image of TS%(A{X}), i.e. the image of &, is precisely
Ex(d)a. Since the image of §; is a commutative algebra, we have a surjective induced map

(1.1.10.5) 63> TS (A{X))* — Ex(d) 4.

REMARK 1.1.10.6. The line of argument that we have just concluded is sufficient to prove

Corollary [1.1.9.15

Following [Vac08, §5.1.3], we extend this representation and the maps d, to the limit
as d — oo. First we filter Fx(d)4 and Ex(d)4 by degree denoted n, where the generators
xy; for v € X, 1 < 4,5 < d are given degree 1. With the notation of Definition [1.1.9.1] let
Wy - Fx(d)A —» FX(CZ— 1)A via

ij 0 ifi=dorj=d.
This induces a map (wg)g : Mag(Fx(d)a) = My(Fx(d — 1)4) such that

univ Pgr_uf Odfl x1
w @) = .
( d)d Pd (Ol xd—1 0 >

We observe that Agd) o (wg)g 0 pIY = Agdil) o py™¥ for d > 1, where the superscript on the
characteristic polynomial coefficient function indicates the dimension of the matrix algebra

on which it is defined. As a result, since the image of Al(d) o puY generates Ex(d)4, we have a
well-defined induced map wy : Fx(d)4 — Ex(d—14) on the A-subalgebra Ex(d)a C Fx(d)a.
Therefore the maps wy induce limits of graded A-algebras

FX,A :@Fx(d)A D) EX,A ZI&I}E}((LDA
d d
with the same stabilization properties for the filtration by degree as discussed above for

the limit defining TS4(A{X}). In particular, for any w € X, there is a well defined
characteristic polynomial coefficient A;(p™"(w)) € Ex.a, where A;(p™"(w)) has bounded

degree i - £(w) where £(w) is the length of w. Strictly speaking, A; o p™" := Hm, Al(.d) o puniv,
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Define ¢ : TS4(A{X}) - Ex.a by

= TS A{X}) - TS AL

f e

EX (d)A wq Wd—1

Ex(d—1)4 ——---
where the fact that § is a surjection must be deduced from the fact that each d,4 is a surjection
by definition, along with a study of the gradings ([Vac08, Lemma 5.22]). The generating set

ex(w,) for TS4(A{X}) of Proposition [1.1.10.2] and the calculation of ((1.1.10.4)) shows that
the characteristic polynomial coefficients A;(p™"(w)) generate Ex 4, where i varies over
positive integers and w € Xt vary over primitive words. Of course, ¢ factors through

TSA(A{X}) — TSA(A{X})™,

and our goal is to show that
6% TSA(A{X})*™ — Ex.a

is an isomorphism. This will follow from this result of Donkin:

THEOREM 1.1.10.7 ([Don93|, §3(10)]). The ring Ex 4 is a polynomial ring over A with free
generators N;(p™ (w)), where w varies over a set W representatives of equivalence classes
of primitive words, where the equivalence relation is cyclic permutation.

Now we can prove that ¢*" is an isomorphism.

THEOREM 1.1.10.8 ([Vac08, Theorem 5.23]). The map of graded A-algebras
6% TS4(A{X})*™ — Ex.

is an isomorphism, and, consequently, the commutative A-algebra TS,(A{X})*® is a poly-
nomial ring over A with generators ek s, where i > 1 and f varies over V.

PROOF. We know that 6" is a surjection. As Ex 4 is a free polynomial A-algebra, there
exists a section s : Ex 4 — TS4(A{X})* sending A;(p"™(w)) to the image of e, ;) in the
abelianization, where ¢ > 1 and w varies over the representatives of the equivalence classes
mentioned in Theorem . By [Vac08, Corollary 5.12], ey, w € ¥ are sufficient to
generate TS (A{X})?". Therefore s is surjective, and 62" is an isomorphism. O

Now, our goal is to deduce from Theorem that d¢ is an isomorphism as well.
Here, Vaccarino’s remaining work is to apply work of Procesi, Razmyslov, and Zubkov,
whose background we now explain.

The issue we must confront is the determination ideal of relations that the free generators
Ai(w) := Ay(p™V(w)) of Ex 4 satisfy when they are projected to Al(-d)(w) € Ex(d)a. Clearly
if ¢ > d, then A;(w) = 0 € Ex(d)a, and the Agd)(w) generate Fx(d)s. But are there
further relations? And are there more relations among Agd)(w) € Ex(d)a than among
exw,) € TSH(A{X})?

When A is an algebraically closed field of characteristic zero, this question was answered
by Procesi [Pro76, Theorem 4.6(a)] and Razmyslov [Raz74]: the kernel of Ex 4 — Ex(d)a
is generated as an ideal by Ay i(w) as w varies over representatives of equivalence classes
of primitive words. For an arbitrary infinite field A, it was shown by Zubkov [Zub96, Main
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Theorem]| that the kernel of Ex 4 — Ex(d)a is the ideal generated by
(1.1.10.9) {Ai(w) | i > d,w primitive}.

The answers to the analogous questions for TS (A{X}) — TS%(A{X}) are easier, and
A may be an arbitrary commutative ring: we know that TS,(A{X}) is a graded polynomial

algebra in the variables {ex () | w € ¥,i > 1}. By examining the explicit presentation of
the maps [, composing the limit defining A{X} in ((1.1.10.1)), we see that

0 — (e (ws : w primitive,i > d) — TSA(A{X}) — TS%4(A{X}) — 0

is exact. Applying Lemma [1.1.7.12] the sequence
(1.1.10.10) 0 — abrs(eg(w,) : w primitive,i > d) — TSA(A{X})*™ — TSG(A{X})*™ — 0
is still exact.

Therefore, when A is an infinite field, using Zubkov’s result in ((1.1.10.9) along with
(1.1.10.10) and the isomorphism of Theorem [1.1.10.8| we have that

TS4(A{X 1™ = Alew(wy 11 > 1,w € V]/abrg(€x(w,) : i > d, w primitive}
(1.1.10.11) = Ex a/(Ni(w) | i > d,w primitive)
> FEx(d) .

Vaccarino’s final task is to show that this isomorphism over infinite fields A implies that
the isomorphism holds in the case A = Z. To explain this last step, we introduce some more
background on the interest in these objects, culminating in a result over Z that we will need

to finish the proof of Theorem [1.1.9.3
Recall the universal representation

puniv _ pgniv : A{X} — Md(FX(d>A)

from Definition [I.1.9.1] The adjoint action of PGL4(A) on My(A) for all commutative rings
A induces an action of the group scheme PGL;/ SpecZ on Spec Fx(d) = Spec Fx(d)z, with
g € PGL4(A) sending z;; for v € X,1 < 4,j < d to the element of Fx(d)s appearing
in the (7, j)-coordinate after conjugation by g. Clearly Fx(d)a C FX(d)EGLd(A) for all A,
because characteristic polynomial coefficients are invariant under conjugation. Is this map
an isomorphism?

This question was first investigated for A an algebraically closed field of characteristic
zero, and then for positive characteristic algebraically closed fields and A = Z. The motivat-
ing question was to describe the invariant theory of n-tuples of d x d-matrices (my, ..., my,).
That is, what is the subring of regular functions on the affine variety M7} = My x -+ x My
invariant under the diagonal action of PGL,; by conjugation on My x --- x M;? M. Artin
conjecturedﬁ that the subring of conjugation-invariant regular functions were generated by
traces of products of these n matrices, i.e. for some finite word w in the alphabet {1,... ,n}
with letters w;, the regular function

Tr(mwl . 7"’1/11}2 ----- mwn)

on M}. In positive characteristic, one conjectures that such functions will generate the
invariant subring once other characteristic polynomial coefficients A;;1 < ¢ < d are also
allowed. In other words, the conjecture is that Ex(d) = Fx(d)?%%. This conjecture can
be extended over arbitrary bases. To be clear, over the base ring A, F’ X(d)iGLd denotes the

4For the attribution of this conjecture, see [Pro76, Introduction].
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co-invariants of the co-action of the coordinate ring of PGLg/4
Fx(d)A — Fx(d)A XA A[PGLd],

i.e. those f € Fx(d) such that its image is f ® 1. Also, set Fi(d)P% := Fy(d)y%".

This is the main result of Donkin [Don92), §3] over arbitrary algebraically closed fields
and over Z (depending on his integrality result [Don93]); this was also proved by Zubkov
[Zub94]. This followed a proof by Procesi [Pro67] and, independently, Sibirski [Sib67], of
Artin’s conjecture in the characteristic zero case. Here is the key result of Donkin’s work for
our purposes.

THEOREM 1.1.10.12 ([Don92, §3.1]). For A = Z and d > 1, the map Ex(d) —
Fx(d)PS% s an isomorphism, and, for every algebraically closed field k, induces an iso-
morphism

Ex(d) @z k = Fx(d); ™.

Vaccarino uses this theorem along with the following argument (cf. [Vac08, Theorem 6.1])
to complete the proof of Theorem [1.1.9.3]

PROOF. (Theorem [1.1.9.3) Let A be a commutative ring. By Corollary [1.1.3.10{(1),
we have an isomorphism TS%(A{X}) = TS%(Z{X}) ®z A. By the universal property of

abelianization, the map
abrs, ® 14 : TSHZ{X}) ®z A — TSL(Z{X})*™ @4 A

can be factored through the abelianization TS%(A{X}) — TS%(A{X1})*, making the com-
mutative diagram

(1.1.10.13) TS%(A{X}) ~ > TSHZ{X}) ®z A
TS (A{X}) TSE(Z{X})™ @z A

where the bottom horizontal arrow is surjective. Letting A = k, an algebraically closed field,
this bottom horizontal arrow is the top arrow in the commutative diagram

TS} (k{X})** —— TSLZ{X})™ @z k

l: laib@lk

(Fx(d)p)PO ———— Ex(d) @z k

where the composite map from the top left to the bottom right is known to be an isomorphism
by (1.1.10.11]) and the bottom horizontal arrow is known to be an isomorphism by Theorem
Since we know from that the top horizontal arrow is surjective, and
the right vertical arrow is surjective since it is obtained by ®zk from the surjective map §3°
of , all of the maps in the diagram are isomorphisms.

Therefore we have a surjective map of graded rings

(1.1.10.14) TSH(Z{X})™ — Ex(d)
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that becomes an isomorphism after tensoring by any algebraically closed field. Each graded
component TS%(Z{X})*, Ex(d), of each ring is a finite Z-module, and these finite Z-
modules are free because they are submodules of the polynomial algebra Ex, and there-
fore torsion-free. As these finite free Z-modules become isomorphic after tensoring by any
algebraically closed field, they must be of the same rank and therefore is an
isomorphism. 0

Now we discuss the finite generation of T'%(R)? over A. The invariant theoretic content
above will be very useful for this. We can now show the that ['4(Z{ X })*" is finitely generated
over Z when X is finite, from which we can deduce that PSRC}% is finitely type as an affine
A-scheme when R is a finitely generated A-algebra. We follow Chenevier, using the invariant
theoretic content above with the input of geometric invariant theory.

THEOREM 1.1.10.15 ([Chelll Proposition 2.38]). Let A be a commutative Noetherian
ring, let R be a finitely generated A-algebra, and let d > 0. Then 'Y (R)? is finitely generated
as an A-algebra.

PROOF. Let X be a finite set an let m = | X|. As R is finitely generated over A, there
exists a surjective A-algebra homomorphism

A{X} — R,

and therefore also a surjective A-algebra homomorphism 'Y (A{X})® — T'4 (R)*", where the
surjectivity follows from Corollary and Lemma [I.1.7.12] Therefore we are reduced
to the case that R = A{X}. As T%(A{X})*® 2 T'4(Z{X})* @z A by Corollary we
further reduce to the case A = Z.

Our main achievement of this section, Theorem [1.1.9.3] shows that the determinant of
p"™ is a pseudorepresentation inducing an isomorphism I'% (Z{ X })** = Ex(d). By Theorem
1.1.10.12) Ex(d) = Fx(d)?“". By the main theorems of geometric invariant theory (see for
example [Alp10, Main Theorem, (4)] or the original source [Ses77, Theorem 2]), the fact
that Fx(d) is finitely generated over Z implies that F'y(d)P¢ is finitely generated over Z
as well. U

REMARK 1.1.10.16. We will often assume the assumptions of Theorem [1.1.10.15| so that
PSR% is an affine Noetherian A-scheme. Later, we will see that these assumptions are also
necessary in order to know moduli spaces of representations and are finite type over Spec A.

1.1.11. A Direct Sum Operation on Pseudorepresentations. Given two repre-
sentations of an A-algebra R, one can form a representation out of their direct sum. In this
paragraph, we study the analogy of this construction for pseudorepresentations, and verify
that this operation behaves well with respect to dimension.

Let Ry, Ry be A-algebras, and let B be a commutative A-algebra. We know from Corol-

lary [1.1.3.10(3) along with Theorem [1.1.6.5 that we have an isomorphism of A-algebras
(1.1.11.1) T4(Ry x By)™ 5[] T4(R1)™ @aT%(Ry)™.
di1+do=d

By representability, this corresponds to a binary operation, associating two multiplicative
A-polynomial laws
D12R1—>A, D21R2—>A,
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which are homogenous of degree d; respectively, to their product, which is a multiplicative
A-polynomial law
Dy-Dy: Ry xRy — A
of degree d = dy + dy. One can check that the construction is
Di®Dy: Ry xRy — A
(r1,72) ¥ D1y(ry) - Do(r2),

which is compatible with ® 4 B, and thereby a polynomial law. One can also quickly see that
this polynomial law is multiplicative of degree d = d; + dy (cf. |[1.1.11.5)).

(1.1.11.2)

REMARK 1.1.11.3. It is important to notice that the case of degree 0 homogenous mul-
tiplicative polynomial laws play an important role in the isomorphisms above: for example,

in (1.1.11.1)), the d;, ds must vary over all non-negative integers such that dy + dy = d. We
also see the importance of zero-dimensional pseudorepresentations having constant value 1.

It is natural, since pseudorepresentations are sometimes constructed by taking determi-
nants, to think of this operation as a product. However, we will call it a sum, either by
analogy to the data of the trace function that a pseudorepresentation holds, or by observing
that if we have two representations

Rl — Md1 (A), RQ — Md2 (A),
then there is a direct sum representation
R1 X R2 — Mdl (A) X Md2 (A) — Md1+d2 (A)

which is compatible with the construction above by taking the pseudorepresentations induced
by the determinants of the three representations.

REMARK 1.1.11.4. We also choose to call this operation a sum & on pseudorepresenta-
tions because some preliminary calculations suggest that if R has the structure of a (cocom-
mutative) Hopf algebra, there is a (commutative) tensor product operation ® on pseudorep-
resentations which decategorifies the tensor product of representations of R.

We summarize our discussion about the sum in this proposition, also adding the basic
fact that the degree of a homogenous polynomial law into a commutative ring is locally
constant; then we know that we are not making any restriction by studying homogenous
multiplicative polynomial laws of a given degree.

ProrosiTION 1.1.11.5 (Following [Chelll Lemma 2.2]). With Ry, Ry being A-algebras,
let B be a commutative A-algebra and let D; : R; — B be a multiplicative A-polynomial laws.
If Spec B is connected, then

(1) Dy (resp. Dy) is homogenous of some degree d > 0.

(2) any degree d homogenous multiplicative A-polynomial law D : Ry X Ry — B is the
sum, D1® Ds, of two unique multiplicative homogenous polynomial laws D; - R; — A
of degree d;, with dy + dy = d.

Part (2) is also proved in [Chelll, Lemma 2.2(iii)].

PRrOOF. Part (1) is precisely Theorem |1.1.7.4)(2).
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To prove (2), simply observe that as Spec B is connected, its image in PSRdR xR, Must be
confined to one of the elements of the disjoint union

PsR%  p, — ]_[ PSR Xspec 4 PSR,
di+da=
induced by ((1.1.11.1)). O
Now we set Ry = Ry = R, so that the work above amounts to the analogue in the

category of pseudorepresentations of the construction of the R x R-module M & N out of
two R-modules M, N, where the first copy of R acts on N trivially and the second copy of R
acts on M trivially. To construct from this R x R module the direct sum R-module M & N,
we simply compose with the diagonal embedding

R-2sRxR.
This construction inspires the construction of the direct sum of pseudorepresentations.

DEFINITION 1.1.11.6. Let R be an A-algebra, and let D;, Dy be pseudorepresentations
of dimension dq, ds of R over A. Set d = di + d>. Then the direct sum pseudorepresentation
D := D; & D, of R over A is given by the d-dimensional homogenous polynomial law such
that for each commutative A-algebra B,

DB<$) :Dl,B(I)'DQ,B(ZE) V$€R®A B.
We take note of the basic properties of this operation.

LEMMA 1.1.11.7. Let R be an A-algebra, and let dy,ds, and d be non-negative integers
such that dy + dy = d. Then

(1) The operation
@ : PsSRY Xgpec 4 PSRE — PsR%,
1s a morphism in the category of affine A-schemes, corresponding to the homomor-
phism of commutative A-algebras

FdA(R)ab rd (A) Fd (R R)ab - Fdl (R)ab ®A Fig (Rg)ab.

(2) If Dy € PsRE(B) and PsRZ(B) are induced from d-dimensional B-valued repre-
sentations of R, p1 of dimension dy and py of dimension dy respectively, then the
det o(p1 ® pa) = D1 @ Dy. In other words, the direct sum operations on representa-
tions and pseudorepresentations commute with the map det from representations to
pseudorepresentations.

PRrooF. For (1), simply compose and A, and note that this is the same as the
direct sum given in Definition [1.1.11.6]

To prove (2), we note that the determinant of a direct sum of representations is equal to
the product of the determinants of the representations. [l

The structures above induce a commutative monoid structure on the functor of all pseu-
dorepresentations.

DEFINITION 1.1.11.8. Let R be an A-algebra. Then write PsR}, for the Spec A-scheme
in commutative monoids

PsRj, := [ [ PsR%.

d>0
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where the group operation is
® : PsR}, Xspec a PSR, — PsRE

and the identity section is
Spec A = PsRY — PsR}.

Later in Theorem |1.3.1.1} we will see that when A = k is an algebraically closed field,
the commutative monoid PsR}(k) will be the Grothendieck semigroup of the category of
representations of R.

1.1.12. Relation to Pseudocharacters. In this paragraph, we describe a previous
version of a pseudorepresentation, which is also commonly known as a pseudorepresenta-
tion. This is a pseudocharacter, which is a function on an algebra or multiplicative monoid
satisfying the identities one expects of the trace function of a matrix algebra.

DEFINITION 1.1.12.1 (cf. [Tay91, §1.1], [Nys96], Rou96]). Let I" be a monoid and let A
be a commutative ring. Let R be an A-algebra. A pseudocharacter of I' over A of dimension
d is the data of a function T": I' — A such that

(1) T(1) =d,
(2) T is central, i.e. T(7y172) = T'(y271) for all 41,72 € T, and
(3) the d-dimensional pseudocharacter identity holds:

(1.1.12.2) Z sgn(o) T, (v1y -y var1) forall v,... v41 €T,

UGSd+1
where Sy, is the symmetric group on d + 1 letters and T, is the function given by
T, : T 5 A

(’}/1, . ,"}/d+1) —> HT(’)/Zgg) e %Sf)?

j=1
where ¢ has cycle decomposition
(1 . (2 . (s (s
o= (zg).. z(l))(zg)...zg))...(zg)...z( ).

* ' Ts
The definition of a pseudocharacter for R is identical, using the multiplicative monoid of R,
except that we impose the additional condition that 7" be A-linear.

Taylor [Tay91] gave the definition of pseudorepresentation above, following on Wiles’
definition for two-dimensional representations [Wil88]. That the identity is satis-
fied by a trace function of a representation is due to Frobenius [Fro96], and Procesi [Pro76),
Theorem 1.2] showed that this is the only identity that a central function needs to satisfy
in order to correspond to an invariant (by the adjoint action) function on a space of repre-
sentations. Taylor used this result to show that pseudorepresentations over an algebraically
closed field of characteristic zero are in natural bijection with semisimple characteristic zero
representations up to isomorphism. Rouquier [Rou96] extended this to the case that the
characteristic of the field is either 0 or greater than the dimension of the pseudocharacter.
We will give Chenevier’s [Chell] extension of this theorem to arbitrary characteristic, which
is achieved by replacing pseudocharacters with pseudorepresentations, in Theorem

Carayol [Car94] showed that the deformations of an absolutely irreducible representation
over a field are determined by the induced deformation of its pseudocharacter, where this
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deformation is given by the trace function of the representation. Nyssen [Nys96, Theorem
1] and Rouquier [Rou96, Theorem 5.1] proved a converse, showing that deformations of a
pseudocharacter to a henselian local ring determine a unique (up to isomorphism) defor-
mation of its associated semisimple representation. Definition describes absolutely
irreducible pseudorepresentations, and we give Chenevier’'s an analogous result for pseu-
dorepresentations to the result of Cayayol, Nyssen, and Rouquier’s work in the in Theorem
2133

To what extent are pseudocharacters and pseudorepresentations comparable? This propo-
sition, due to Chenevier, gives the state of knowledge on this question.

ProrosITION 1.1.12.3 ([Chelll, Propositions 1.27 and 1.29]). Let A be a commutative
ring and let R be an A-algebra. To each d-dimensional pseudorepresentation D : R — A, we
associate to D its trace function function T = Ay 4 : R — A via Definition[1.1.8.9,

(1) T is a pseudocharacter of dimension d; in particular, it satisfies (1.1.12.2]).
(2) The association of determinants to pseudocharacters is injective.
(3) If (2d)! € A*, then the association is bijective.

PrOOF. The first part is precisely Proposition|1.1.9.11|(3). See |[Chelll Propositions 1.27
and 1.29] for parts (2) and (3). O

We will use the theory of pseudocharacters in in order to apply Bellaiche-Chenevier’s
definition of generalized matrix algebra. We propose a notion of generalized matrix algebra
with respect to pseudorepresentations instead of pseudocharacters in Remark [2.3.3.6, How-
ever, when we do this, we will restrict ourselves to the case that (2d)! is invertible in our
coefficient rings, so that we can join our theory of pseudorepresentations with the theory of
generalized matrix algebras. Proposition [1.1.12.3(3) shows that this is sensible.

1.2. Cayley-Hamilton Pseudorepresentations

Recall from Definition [1.1.8.5/ that a pseudorepresentation D : R — A is called Cayley-
Hamilton if the homogenous degree d pseudorepresentation

x=x":r—ri- Al(r)rd_l + Ag(r)rd_2 4+ (—l)dAd(r)

vanishes identically, i.e. every element of R satisfies its own characteristic polynomial, just
as if R were a matrix algebra. We also say that (R, D) is a Cayley-Hamilton A-algebra.
Cayley-Hamilton algebras have several special properties which we will explore here. We are
motivated by exploring to what extent R has similarities to matrix algebras. For example,
Procesi [Pro87] proved that in characteristic zero, a Cayley-Hamilton A-algebra admits an
embedding into a matrix algebra My(B) for some commutative A-algebra B.

While the material of this section is mostly due to Chenevier [Chell|], our main new
contribution is the application of polynomial invariant ring (PI ring) theory to show that
Cayley-Hamilton algebras are finite over their pseudorepresentation algebra OPst}? , and in
particular finite over their center. This allows us to strengthen one of Chenevier’s results.

1.2.1. Properties of Cayley-Hamilton Algebras. We freely use the notation of Def-
inition One of the most basic properties of the two-sided ideal CH(D) C R is the
following lemma, showing that any pseudorepresentation factors through a Cayley-Hamilton
algebra and that faithful pseudorepresentations are Cayley-Hamilton.

42



LeEmMA 1.2.1.1 ([Chelll, Lemma 1.21]). With A, R, D, and d as usual, ker(D) contains
CH(D). In particular, if D is faithful, then (R, D) is Cayley-Hamilton.

PrROOF. We have proved the “Cayley-Hamilton identity for pseudorepresentations” in
Proposition [1.1.9.11|(4), namely
D+ Xy, . rg) ) =1

for any a € 14, (r1,...,74) € R? and r € R. It remains to show that this holds true after
replacing r with an element of R ®4 B for B any commutative A-algebra. This follows

from the fact that, for a given «, the functions X[g] : (R®a B)? — R associated to the
pseudorepresentation D @4 B : R®4 B — B belong to the commutative diagram

R R

—_

XB

(R@AB)dﬁ-R(X)AB
0

ExamMpLE 1.2.1.2 ([Chelll, Example 1.20]). Consider a matrix algebra M,(A) over a
commutative ring A, with its standard d-dimensional pseudorepresentation det coming from
the determinant M,(A) — A. Of course, this pseudorepresentation is Cayley-Hamilton, as
every matrix satisfies its characteristic polynomial by the Cayley-Hamilton theorem. It is
also faithful, since for any 0 # r € My(A) there exists ' € My(A) such that the char-
acteristic polynomial of rr’ is not t?. Consider now the restriction D : Ty(A) — A of
det to the A-subalgebra Ty(A) C My(A) of upper triangular matrices. We see that D is
still Cayley-Hamilton, illustrating the general fact that the restriction of a Cayley-Hamilton
pseudorepresentation to a subalgebra remains Cayley-Hamilton. However, this example also
illustrates that the “faithful” property of a pseudorepresentation is not stable under restric-
tion to a subalgebra. For det is faithful, but the kernel of D is precisely the two-sided ideal
of strictly upper triangular matrices in Ty(A).

We record the following lemma on the decomposition of a pseudorepresentation by idem-
potents. Recall that an idempotent e € R induces a decomposition eRe & (1 — e)R(1 — e)
which is a A-subalgebra of R isomorphic to eRe x (1 —e)R(1 — e) via the natural map

(1.2.1.3) x> (ex, (1 —e)x).
Also recall that a set of idempotents is called orthogonal provided that the product of any

pair of distinct elements of the set is zero. Note that not all of this lemma depends on D
being Cayley-Hamilton.

LEMMA 1.2.1.4 ([Chelll Lemma 2.4]). Assume that Spec A is connected and let e € R
be an idempotent element. Let D : R — A be a d-dimensional pseudorepresentation.
(1) The polynomial law D, : eRe — A defined by r — D(r + 1 — e) is a pseudorepre-
sentation whose dimension r(e) satisfies r(e) < d.
(2) We have r(e) + r(1 — e) = d, and the restriction of D to the A-subalgebra eRe &

(1 —e)R(1 —e) is the direct sum pseudorepresentation D.D1_. of (1.1.11.2).

(3) If D is Cayley-Hamilton (resp. faithful), then so is D..

(4) Assume that D is Cayley-Hamilton. Thene =1 (resp. e = 0) if and only if D(e) = 1
(resp. r(e) =0). Let eq,...,es be a family of nonzero orthogonal idempotents of R.

43



Then s < d, and we have an inequality Y ;_ r(e;) < d, which is an equality if and
only if e +es+ -+ +e5=1.

PROOF. Write S; = eRe and Sy = (1 —e)R(1 —e). Let S be the A-subalgebra S =
S1 @ Sy C R. As noted above, induces an isomorphism with S; x S5. Now parts
(1) and (2) follow directly from Proposition [L.1.11.5

Assume that D is faithful. Note that for any commutative A-algebra B, the B-algebra
eRe ®4 B is naturally isomorphic to a direct summand e(R ®4 B)e of R ®4 B. Choose
r € ker(D,) C eRe C R. Using the characterization of the kernel in Lemma[1.1.6.6] we have
for any ' € R ®4 B that

D(1+r"y=D+erer’)=D(1 —e+e+erer’) = D.(e+erer) =1.

Therefore r € ker(D) so r = 0 by assumption.
Assume that D is Cayley-Hamilton. For r € R ®4 B, we have the Cayley-Hamilton
identity x”(r,r) = 0. From part (2), we know that

XP(r,t) = xPe(er,t)xP =< ((1 — e)r,t) € BJt].

For r € e(R®4 B)e, we apply the Cayley-Hamilton identity for x” to r (resp. r +1 —¢) to
find that

xPe(er,r)r® =0, resp. xPe(e(r+1—¢€),r+1—e)(r—1)2=0.

As the ideal of B[t] generated by t% and (t — 1)® is Blt], we get D.(r,7) = 0, showing that
D, is Cayley-Hamilton.

Let us show part (4). It is always the case that xP(e,e)— D(e) € Ae C R. If D is Cayley-
Hamilton and D(e) = 1, then e is a unit in A (see for this fact) and therefore e = 1.
If r(e) =0, then D.(-) = D(- +1 —e) is a determinant of degree 0 on eRe, and is therefore
constant and equal to 1. In particular, D(1 —e) = 1 so e = 0 by the argument above. For
the last claim of part (4), set es;.1 =1 — (e3 + -+ + e5). Note that 1 < r(e;) < d for each
e;, since e; # 0 and therefore r(e;) # 0 for each i. However, Zi“ r(e;) = d by applying part
(2) s times. This proves the last claim in (4). O

LEMMA 1.2.1.5 (|Chelll Lemma 2.6]). Let D : R — A be a 1-dimensional Cayley-
Hamilton pseudorepresentation. Then R = A and D is the identity map.

PRrOOF. For each r € R, x(r,t) =t — D(r). As r satisfies its characteristic polynomial
and D is A-linear, the lemma follows. U

1.2.2. Background in PI Ring Theory. Our main aim in this paragraph is to apply
the theory of polynomial identity rings to prove that a Cayley-Hamilton A-algebra (R, D)
is often finite as a module over A. One implication of this is that all representations of an
arbitrary finitely generated A-algebra R of a fixed dimension d simultaneously factor through
an algebra that is finite over its center.

We begin with a short review of the theory of polynomial invariant algebras over a
commutative ring A, following Procesi’s book [Pro73]. We will use the notation A{z,} to
denote the free (non-commutative) A-algebra on a set X.

DEFINITION 1.2.2.1. Let R be an A-algebra.

(1) Anideal I C A{z} is called a T-ideal if, for any endomorphism ¢ : A{z;} — A{z},
we have p(I) C I.
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(2) The set
I ={f(zs) € A{z} | f(rs) =0 for all ry € R}
is called the T-ideal of polynomial identities of R.
(3) A T-ideal I C A{x,} is called a proper T-ideal provided that it is not contained in
J{xs} for any ideal J # A of A.
(4) We call R a polynomial ideal algebra or Pl-algebra if the T-ideal I of polynomial
identities of R is proper.

Since every element of a degree d Cayley-Hamilton A-algebra satisfies its own degree d
characteristic polynomial, which is monic and degree d in A[t], it is a PI A-algebra because
of the following fact.

PROPOSITION 1.2.2.2 (|[Pro73, Proposition 3.22]). Let d be a positive integer. Then there
exists a proper polynomial identity such that for any commutative ring A and any A-algebra
R, R satisfies this polynomaial identity if every element of R is integral over A of degree
bounded by d. In particular, such an algebra R is a PI A-algebra.

Proor. We will specify this polynomial identity and leave it to the reader to complete the
proof or look up the reference. Let P, for n > 1 be the polynomial in the (noncommutative)
free algebra over Z generated by n indeterminates x4, ..., x, given by

Pn(xla s 7xn) = Z Sgn(0>xa(1)xa(2) “To(n)s
€Sy
where S,, is the symmetric group on n letters and sgn is the signature character sgn : S,, —
{#£1}. Define f(x,y) in the (noncommutative) free algebra over Z by

f(xa y) = Pd-i—l(ydx?yd_lxa yd_2x7 S YT, l’)
Then f is a proper polynomial identity whose existence is asserted in the statement of the
proposition. O

When A is Noetherian and R is finitely generated a A-algebra and Cayley-Hamilton, the
following fact will allow us to conclude immediately that R is finite as an A-module.

THEOREM 1.2.2.3 ([Pro73 Theorem 2.7]). Let R be a finitely generated PI algebra over
a commutative Noetherian ring A. Then if R is integral over A, it is also finite as a module
over A.

However, in some particular cases relevant to our investigation of Cayley-Hamilton al-
gebras, we will be able to establish module finiteness of R over A when R satisfies weaker
conditions than the conditions of Theorem E| In order to accomplish this, it will be
particularly important to show that if R is a nil algebra (i.e. every element is nilpotent; in
particular, a nil algebra does not have a unit) of bounded nil degree over a field k, then R
is finite dimensional as a k-vector space. The following theorems will be very useful to this
end.

The first important theorem is known as the Nagata-Higman theorem.

5The most important example will be Theorem Here we are working over a fixed pseudorepresentation
into a complete local ring, and the condition ®p is the finitude of the vector space of self-extensions of the
semisimple representation corresponding to the pseudorepresentation of the special fiber D. This shows that
the complete local ring can be taken to be Noetherian (Theorem, but finite generation of the algebra
over this base is not required. The condition on the self-extensions suffices.
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THEOREM 1.2.2.4 (Dubnov-Ivanov [DI43]). Let k be a field and let R be a nil k-algebra
such that there exists a positive integer d with the property that v = 0 for everyr € R. Then
if char(k) = 0 or char(k) > d, there exists some N < 2% — 1 such that RN = 0.

There exist examples showing that 2¢ — 1 is the best possible such bound.

REMARK 1.2.2.5. This theorem is known as the Nagata-Higman theorem, since it was
discovered in the western mathematical community by Nagata [Nagh2| in characteristic zero,
and then generalized to large enough positive characteristic by Higman [High6]. It was first
discovered Dubnov and Ivanov [DI43] but overlooked in the west. For a few further remarks
on the history and context of these works, see [For90).

The following theorem is more in the spirit of Shirshov’s height theorem [Sir57], and
fulfills Chenevier’s suspicion [Chelll, Remark 2.29] that there exists some such result which
will allow one to show the nilpotence of the kernel of a Cayley-Hamilton pseudorepresentation
over a field, even when the characteristic is too small to apply the Nagata-Higman theorem.
For further comments on Shirshov’s height theorem, see [Kem09).

THEOREM 1.2.2.6 (Samoilov [Sam09]). Let R be an associative PI algebra over a field k
of characteristic p > 0. If R is generated by a set X and every word in the elements of x is
nilpotent of degree not exceeding d, then R is a nilalgebra, i.e. there exists a positive integer
N such that RN = 0. Here N depends on p, the particular polynomial identity it satisfies,
and on d, but it does not depend on the cardinality of X.

For future reference, let us record a particular integer N = N(p, d).

DEFINITION 1.2.2.7. Let p be a prime number and let d be a positive integer. Let
N(p,d) be the integer determined by Theorem where, in the notation of the theorem
statement, p is the characteristic of the field k, d is the bound on the nil-degree of the
elements of X, and the polynomial identity is 2¢. Let N(d) be the integer specified in

Corollary [1.2.2.8 below.
For a fixed d, Theorems [1.2.2.4] and [1.2.2.6] combine to form the following result.

COROLLARY 1.2.2.8. There ezists an integer N(d) > 0 dependent only on d with the
following property: for any associative, non-unital algebra R over a characteristic p > 0 field
k such that every element of R satisfies the identity @ where d > 1, R is nilpotent of degree
no more than N(d), i.e. RN@ = 0. The integer N(d,p) also has this property over such
algebras R where k has characteristic p.

PROOF. Let N(d) be the maximum of the finite collection of integers
{N(p,d) : prime p < d}U{2? —1}.
Then by Theorems [1.2.2.4] and [1.2.2.6, RN(@ = 0. 0]

While we will prove stronger results later, let us now list some immediate corollaries,
applying the results from PI theory above to Cayley-Hamilton A-algebras.

COROLLARY 1.2.2.9. Let (R, D) be a finitely generated Cayley-Hamilton A-algebra of
degree d, where A is a commutative Noetherian ring. Then R is finite as a module over A.

PROOF. As (R, D) is a Cayey-Hamilton A-algebra, each element r € R satisfies its char-
acteristic polynomial, which is a degree d monic polynomial equation x(r,t) with coefficients
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in A. Proposition [1.2.2.2]implies that R is a PI A-algebra, and then Theorem [1.2.2.3]implies
that R is finite as a module over A. O

There are several more very useful consequences of this finiteness, which we now discuss.

COROLLARY 1.2.2.10. Let (R, D) be a d-dimensional finitely generated Cayley-Hamilton
A-algebra, where A is a commutative Noetherian ring.

(1) R is finite as an A-module; in particular, it is finite over its center and is a Noe-
therian ring.

(2) ker(D) C R is a nilpotent two-sided ideal.

(3) If Ais a Jacobson ring (e.g. a field), then R is a Jacobson ring as well, and J(R) =
N(R) is an equality of nilpotent ideals.

(4) If A is an Artinian ring, then R is as well.

PRrROOF. The first statement in (1) repeats Corollary When A is a commutative
Noetherian ring, then an A-algebra which is finite as an A-module via the structure map is
also Noetherian (see e.g. [MRO1, Lemma 1.1.3]). This proves (1).

Because (R, D) is Cayley-Hamilton, each element r € ker(D) satisfies its characteristic
polynomial x(r,t) = t¢. Therefore the kernel is a nil two-sided ideal. Since R is Noetherian,
the nilradical of R contains ker(D) and is nilpotent (see Remark below). Hence
ker(D) is nilpotent as well.

If A is a Jacobson ring, then R is a Jacobson ring as well, as it is finite as a module
over A [MRO1l, §9.1.3] (see also [MROI, Theorem 13.10.4(iii)]). Therefore its nilradical is
the same as its Jacobson radical. As R is Noetherian, both are nilpotent (see the Remark
immediately below). This proves (3).

Taking R as an A-module, it is the descending chain condition holds on sub-A-modules of
R because it is a finitely generated module over an Artinian ring. As ideals of R are certain
sub-A-modules of R, the descending chain condition also holds for ideals, proving (4). O

REMARK 1.2.2.11. There are several notions of nilradical which coincide for Noetherian
rings. Here are the notions for a general noncommutative ring R.

(1) The lower nilradical is the intersection of all prime ideals in a ring, where an ideal
I C R is prime if for any ideals A, B such that A- B C I, then either A C I or
BClI.

(2) The Levitsky radical is the largest locally nilpotent ideal, where an ideal is called
locally nilpotent if any finitely generated sub-ideal is nilpotent.

(3) The upper nilradical is the ideal generated by all nil ideals in R, where an ideal is
called nil if every element in it is nil. Note that the ideal generated by nilpotent
elements may not be nil in the noncommutative case; this definition of upper radical
is chosen so that it the upper radical is a nil ideal.

In general there is an inclusion
lower nilradical C Levitsky radical C upper nilradical,

but one can check that these definitions coincide when R is Noetherian, so that one can
speak of “the nilradical of R.” In particular, in the Noetherian case, its follows from this
equivalence that the nilradical is a nilpotent ideal.

The Jacobson radical always contains the (upper) nilradical, and is equal to the nilradical
when R is Jacobson and Noetherian. For more information see e.g. [GW04].
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1.2.3. The Jacobson Radical of a Cayley-Hamilton Algebra. We write J(R) for
the Jacobson radical of an algebra R.

The following lemma is a strengthening of a lemma of Chenevier [Chelll, Lemma 2.7-
2.8], beginning an exploration of the extent to which the kernel of a d-dimensional Cayley-
Hamilton pseudorepresentation behaves like a nilpotent subalgebra (without unit) of a matrix
algebra. The addition to and partial simplification of Chenevier’s arguments comes from PI
ring theory.

LeEmMA 1.2.3.1 (Following [Chelll, Lemma 2.7]). Let D : R — A be a Cayley-Hamilton
pseudorepresentation, where A is a commutative ring and R is an A-algebra.

(1) J(R) is the largest two-sided ideal J C R such that D(1+ J) C A*.

(2) For any r € ker(D), we have (rr')? =0 for allv' € R. In particular, ker(D) is a nil
ideal and 1s contained in the upper nilradical of R, and therefore also contained in
J(R).

Now assume that A is a field.

(3) r € R is nilpotent if and only if D(t —r) = t%. Moreover, J(R) consists of nilpotent
elements.

(4) ker(D) and J(R) are nilpotent ideals, with degree of nilpotence bounded by the integer
N(d) of Definition which depends only on the integer d. However, if d! is
invertible in A, then the bound 2% — 1 suffices.

(5) ker(D) = J(R).

(6) If I C R is a two-sided ideal such that I = 0 for some n > 1, then I C ker(D)
(here it is not necessary to assume that D is Cayley-Hamilton).

REMARK 1.2.3.2. This lemma and its proof is based on Chenevier’s lemma |[Chelll
Lemma 2.7]. It is due to him, except for (3), which comes from our use of PI ring theory.

Proor. Without applying a Cayley-Hamilton assumption, if » € R is invertible, then
D(r) is invertible since D is multiplicative and preserves units. Assuming the Cayley-
Hamilton property, the converse is true: if D(r) = a is invertible in A, then the multiplicative
inverse of r is given by manipulating its characteristic polynomial.

(1.2.3.3) (= A () ()T A (1) = —a

Since the Jacobson radical J(R) of R is the set of quasiregular elements, i.e. r € R such that
1 —r is a unit in R, we see that » € J(R) if and only if D(1 — r) is a unit, proving (1).

Now we will prove (2). If r € ker(D) and " € R, then A;(rr') =0 for 1 <i <d. Then r
must satisfy the characteristic polynomial x(r,t) = t¢. This shows that ker(D) is a nil ideal
of bounded nil-degree d. Therefore ker(D) C N(R).

Now let A be a field k. If r € R is nilpotent, then 1 + tr € R ®;, k[t] is invertible.
Therefore D(1 + tr) is invertible in k[t], hence D(1 + ¢r) is in k*. Using the homogenous
multiplicativity of D on B = A[t, '], we see that

. Dp(l —tr)= Dt —7r) = x(r, t_l),

so that x(r,t) =t and D(1 + tr) = 1. Therefore r¢ = 0, proving one direction of part (3).
For the converse, we simply use the Cayley-Hamilton property. Now choose z € J(R). For
all y € k[z], 1 + yz is invertible in k[z], so that D(1 + yx) € k*. Then, as in the proof
of part (1), we know that 1+ yx is invertible in k[z]. This means that x € J(k[z]). This
only happens when k[z] is finite dimensional as a k-vector space. Since any element of the
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Jacobson radical of a finite dimensional algebra over a field is nilpotent, we conclude that x
is nilpotent as desired. This concludes (3).

Parts (2) and (3) have shown that ker(D) and J(R) are nil-ideals of bounded nil-degree
d, i.e. all of their elements are nilpotent of degree d. Part (4) follows directly from this fact,
upon applying Corollary

To prove (5), let us first assume that k is an infinite field. We know from part (3) that
J(R) consists of nilpotent elements, and that D(1 +r) = 1 for all » € J(R). Since k is an
infinite domain and J(R) is a two-sided ideal, we may apply Lemma , which tells us
that

ker(D) ={r € R|Vr' € R,D(1+rr') =1}.

This shows that J(R) C ker(D). The opposite inclusion is part (2). It remains only to
reduce to the case that k is an infinite field; this is accomplished in Lemma below.
This completes our proof that J(R) = ker(D) when A is a field.

For part (6), let I be a nilpotent ideal of R and choose r € I. Then for any y €
R®4 Alty,- -+ ,m] for any m, ry is nilpotent. Therefore D(1 + try) is invertible, hence equal
to 1 by the logic above. Therefore r € ker(D) by definition. O

REMARK 1.2.3.4. The nilpotence of the nilradical of a finitely generated PI algebra over
a commutative Noetherian ring was first proved by Braun [Bra84]. We proved this more
simply because, in our case of concern, R is integral of bounded degree over A and therefore
finite as an A-module.

LEmMMA 1.2.3.5 ([Chelll Lemma 2.8]). Let k be a field and let D : R — k be a d-
dimensional pseudorepresentation. Then for any separable algebraic extension K/k, the nat-
ural injection R ® K induces isomorphisms

J(R)®r K — J(R@ K), ker(D)®;, K — ker(D @y, K).

This proof is due to Chenevier.

PrROOF. By Lemma [1.1.5.2] we have an injection
ker(D) ®y K — ker(D ®; K).

We need to show that this map is surjective. Enlarge K if necessary, so that K /k is normal
with Galois group I'. Consider the natural semilinear action of I' on R ®; K. By Hilbert’s
Theorem 90, each I'-stable K-subvector space of V of R ®;, K has the form VI @, K, where
VI C R is the k-vector space of fixed points. We claim that ker(D ®; K) is I-stable.
Observe that ' has a natural semilinear action on any K-algebra B. As the characteristic
polynomial coefficient functions of D ®; K are defined over k, we have for any K-algebra B,
any r € R ®; B, and any v € I" that D is ['-equivariant, i.e.

D(x(r)) = ~(D(r)).
The claim now follows upon examining the definition of the kernel: if r € ker(D ®j, K), then
D(1+rr") =1 for all K-algebras B and 7’ € R®;, B, and this will remain true after replacing
r with o(r). Now the desired surjectivity follows from the fact that ker(D @, K)'' C ker(D).
This also follows from the I'-equivariance of D. U
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1.2.4. The Universal Cayley-Hamilton Algebra. This paragraph discusses a trivial
generalization of [Chelll 1.22-1.23], introducing the category of “Cayley-Hamilton represen-
tations” of a given A-algebra R. We may think of this as a generalization of the universal
Azumaya-algebra valued representation of R discussed in below.

We start with the usual data of an algebra R over a commutative ring A. From Theorem
11.1.7.4] we have the universal pseudorepresentation

D*: R®,4 T4 (R)™ — T4 (R)™

of R over I'Y(R)*®. Now we apply the notion of a Cayley-Hamilton algebra to this universal
pseudorepresentation.

DEFINITION 1.2.4.1. Let R, A, and D" be as above. Let B a commutative A-algebra.

(1) A Cayley-Hamilton B-representation of R of dimension d over B is a triple
(B, (E, D), p)
where (E, D) is a Cayley-Hamilton A-algebra relative to the pseudorepresentation
D:F — B,and p: R®4 B — E is a homomorphism of B-algebras.
(2) The universal Cayley-Hamilton representation of R is
(Fi(R)ab’ (E(R7 d)7 Du|E)7 pu)a
where E(R,d) is the T'% (R)* -algebra
E(R,d) :== (R®4 I'%(R)**)/CH(D")
receiving the canonical quotient homomorphism p* : R®4 'Y (R)* — E(R,d), and
D% g : E(R,d) — T%(R)® is the factorization of D* through p“.

Of course, the factorization D¥|p exists, in view of Lemma|1.1.6.6/(2) and Lemma [1.2.1.1}

REMARK 1.2.4.2. Cayley-Hamilton representations are direct generalizations of the usual
notion of a representation. With R, A as usual, let R ®4 B — M,(B) be a B-valued d-
dimensional representation of R. Then

(Bv (Md(B>7 det)a p)

is a d-dimensional Cayley-Hamitlon representation of R over B, where det is the standard
determinant map det : My(B) — B.

We want to show that the “universal” d-dimensional Cayley-Hamilton representation of
R deserves its name, but first we must define the structure of a category CHg(R) where
this representation will be initial, following [Chelll, §1.22]. The objects are the data of the
definition above, and a morphism of Cayley-Hamilton representations of R

(B, (E1, D1), p1) — (Ba, (E2, D2), p2)

is a pair (f,g) where f : By — By and g : £} — Es are ring homomorphisms such that if
t; » Bi — FEj is the B;-algebra structure on Fj;, then the diagrams

B, -~ B, B -2 B
L2 D2
BQ*EQ EQ*BQ
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and
R®a By LN Ey

lid@f Lg
R®4 By, —2~E,
commute.

PrOPOSITION 1.2.4.3 ([Chelll, Proposition 1.23]). The universal d-dimensional Cayley-
Hamilton representation
(Fi(R)abv <E<R7 d)7 Du|E)7 pu)
is the initial object of CHq(R).

PROOF. Let (B, (S, D),n) be a d-dimensional Cayley-Hamilton representation of R. The
B-algebra homomorphism 1 : R®4 B — S induces a d-dimensional B-valued pseudorepre-
sentation of R, namely D on. This induces an A-algebra homomorphism f : I'4(R)* — B.
This in turn induces an A-algebra homomorphism

R, T4 (R)*™ — R®,B -5 S.

Since (S, D) is Cayley-Hamilton, Lemma |1.1.8.6| implies that this map factors through p* :
R®aT%(R)* — E(R,d), with quotient

g:E(R,d) — S.

We observe that foD"|p = Dog, and that (f, g) has the remaining properties of a morphism
in CHq(R), as desired. O

Now, assuming that A is Noetherian and R is finitely generated as an A-module, we have
a pleasant consequence of the PI theory of §1.2.2] This proposition will be applied in
to show that the representation theory of such an algebra R reduces to the representation
theory of a finite-over-center algebra, basically by exploring the consequences of Remark
L.2.4.2

PrRoOPOSITION 1.2.4.4. If A is Noetherian and R is finitely generated as an A-algebra,
then the universal d-dimensional Cayley-Hamilton algebra of degree d associated to R, namely
the T4 (R)*-algebra E(R,d), is finite as a T'4(R)*-module. In particular, E(R,d) is a
Noetherian ring and is finite as a module over its center.

ProoF. This is an instance of Corollary [1.2.2.10(1). O

1.3. Pseudorepresentations over Fields

In the current chapter, we are developing the theory of pseudorepresentations and then,
starting in studying the moduli space of pseudorepresentations relative to the moduli
space of representations. The main theorem of this chapter, Theorem[[.5.4.2] depends heavily
on the comparison of representations wtih pseudorepresentations over an algebraically closed
field. Indeed, it is fair to say that in Chapter 1 we prove what we can about this situation
by studying moduli functors through their geometric points, and in Chapter 2 we aim for a
closer, local-on-the-base study.

This is our motivation for studying pseudorepresentations over fields. We can find a close
relationship between semisimple representations and pseudorepresentations over fields. We
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will now give the main theorem. This is a critical property of this notion of pseudorepresen-
tation, developed by Chenevier, who calls it a “determinant.” Previous notions, which we
call “pseudocharacters” here, did not function well in the case that the dimension is greater

than or equal to the characteristic of the field (see §1.1.12)).

1.3.1. Main Theorem. As usual, let R is an A-algebra. We have seen that represen-
tations of R valued in an Azumaya algebra, and in particular a matrix algebra, induce a
pseudorepresentation (Theorem [1.1.7.4(6)). We have also seen that given a pseudorepre-
sentation D of R, the universal Cayley-Hamilton representations of R over D share some
similarities with representations of R valued in subalgebras of matrix algebras (cf. Corollary
1.2.2.10). Now we will show that over an algebraically closed field, pseudorepresentations
are in natural bijection with representations. Here is our main theorem, due to Chenevier.

THEOREM 1.3.1.1 ([Chelll, Theorem 2.12]). Let k be an algebraically closed A-field.
There 1s a bijection between conjugacy classes of semisimple d-dimensional representations
p of R over k and d-dimensional pseudorepresentations of R over k, given by sending
p: R4k — Myk) to detop. In fact, if D is a d-dimensional k- valued pseudorepre-
sentation of R, then the corresponding semisimple representation may be written as

R@ak — (R@ak)/ker(D) ~ [ [ My, (k)
where > d; = d.

We will also find an analogous result over arbitrary A-fields k. Indeed, Theorem [1.3.1.1
follows directly from this more general case. However, it will require that we establish some
notions and notation.

The following notion of an “exponent” describes the size of field extensions K/k in a
different way than the degree of an extension. Indeed, the exponent may be finite and
meaningful even when the degree of the extension is infinite. We also give “determinant”
maps from central simple algebras S/K to k C K when K/k has finite exponent, generalizing
the determinant on a matrix algebra.

DEFINITION 1.3.1.2. Let K/k be a field extension, and let £ C K be the maximal
separable subextension of K. Assume that k'/k is finite. If the characteristic p of k is
positive, let ¢ be the smallest power of p such that K9 C £/, and if p = 0 let ¢ = 1. Define
the exponent (f,q) € N* of K/k by f = [k’ : k] and q as above. It is possible for both or
either of the quantities in the exponent to be infinite.

Now assume that K /k has finite exponent (f, q), and let S be a central simple K-algebra
of rank n? over K with its reduced norm N : S — K. Let Ny + K — k be the norm map
on finite separable fields, and let F'?: K — k' be the g-power Frobenius map. Then there is
a natural determinant

dets S—=k
of k-homogenous degree ngf defined by dets = Ny, 0 F70 N.

We observe that in the case that the exponent of S is trivial (1, 1), detg is the standard

reduced norm of an Azumaya algebra, such a matrix algebra.

Now we can state the theorem describing pseudorepresentations of an algebra over an
arbitrary field

THEOREM 1.3.1.3 ([Chelll Theorem 2.16]). Let R be a k-algebra. Let D : R — k be a
d-dimensional pseudorepresentation.
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(1) Then there is an isomorphism of k-algebras
R/ker(D) — H S;
where S; is a simple k-algebra which is ofﬁmte dimension n? over its center k;, and

where k;/k is a with finite exponent (f;,q;). In particular, R/ ker(D) is semisimple.
(2) Moreover, under such an isomorphism, D is equal to the sum of determinants

D = édetgy, d= imini%’fia
i=1 i=1

where m; are certain uniquely determined integers.
(8) The pseudorepresentation D is realizable as the composition of the natural sum of
determinants dets, with the following product of the natural surjections R — S;,

namely
i=1 j=1
where the integers m; are as above.

(4) R/ ker(D) is finite-dimensional as a k-vector space and, equivalently, each k; is
finite-dimensional if any of the following conditions are satisfied, where p s the
characteristic of k.

(a) k is perfect,

(b) d <p,

(¢) p>0 and [k : k] < oo, or

(d) R is finitely generated as a k-algebra.

Let us deduce the algebraically closed case from this general case.

PrROOF. (Theorem [1.3.1.3) implies Theorem [I.3.1.1]) Beginning with the notation of
Theorem [1.3.1.1] we let k be an algebraically closed A field and replace R by R ®4 k and
think of R as a k algebra and let D be a d-dimensional pseudorepresentation D : R — k.

By definition of the exponent, every element of a field extension K /k of finite exponent
is algebraic over k. Since k is algebraically, closed this means that K = k when K/k has
finite exponent, i.e. the exponent is (1,1). Now Theorem implies that R/ ker(D)
is a product of central simple k-algebras, which are therefore matrix algebras because k is
algebraically closed. We write

R/ker(D) — HMd (k).

=1

If we write det; for the determinant function on My, (k), Theorem [1.3.1.3 tells us that
D = @ det™, where Z m;d; = d,
i=1 i=1
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and where @ refers to the direct sum of (1.1.11.2)). If V; a the d;-dimensional representation
of R corresponding to R — My, (k), then clearly the representation
S
D
1

i=1
realizes D as its determinant. Since, by the Brauer-Nesbitt theorem, a semisimple represen-
tation over an algebraically closed field is determined up to isomorphism by its character-
istic polynomials, this semisimple representation is unique up to isomorphism. Conversely,
a pseudorepresentation is determined by its characteristic polynomial functions (Corollary

1.1.9.15)). Therefore the correspondence is bijective. U
We will prove Theorem [1.3.1.3 in the next paragraph.

1.3.2. Semisimple k-algebras. Now we work toward proving Theorem [1.3.1.3] Firstly,
we will note that our existing knowledge allows us to conclude immediately that R/ ker(D)
is semisimple and track the number of orthogonal idempotents.

Recall that R is a k-algebra with a d-dimensional pseudorepresentation D : R — k. Let
p be the characteristic of k.

Because Lemma tells us that (R/ker(D), D) is a Cayley-Hamilton k-algebra, we
can apply our study of Cayley-Hamilton algebras from §1.2] Let us review the facts that we
can deduce directly from this study.

e Every element of R is integral (i.e. algebraic) of bounded degree d over k: each
element satisfies its own characteristic polynomial.

e By Proposition R is a Pl-k-algebra.

e By Lemma [1.2.3.15), ker(D) is the Jacobson radical J(R) of R, so R/ker(D) is
semisimple.

e By Lemmall.2.1.4] the largest possible cardinality of a family of pairwise orthogonal
idempotents of R/ker(D) is d.

Also, Corollary [1.2.2.9] if R is finitely generated as a k-algebra, R/ ker(D) is a finite dimen-
sional k-algebra. However, we are not currently assuming that R is finitely generated as a
k-algebra.

All that we need to do is to control the exponent of the centers of the simple fac-
tors (Lemma [1.3.2.1] below) and control the possible pseudorepresentations out of simple
k-algebras (Lemma [1.3.2.3| below).

The following lemma describes field extensions of k satisfying the first property of the
bullet list above; these are the possible fields that can appear as the center of a k-algebra
satisfying all of the properties of the bullet list.

LEMMA 1.3.2.1 ([Chelll Lemma 2.14]). If S is a k-algebra satisfying the properties in
the bullet list above, then

S
S = [ Ma (B
i=1
where F; is a division k-algebra, finite dimensional over its center k;, and s < d. In partic-
ular, S is semisimple. The center k; of F; is a finite separable extension of k, unless k has
positive characteristic p, in which case k[k{] is separable, where q is the greatest power of p
less then n. Moreover, S is finite dimensional over k if any of the following conditions are

satisfied:
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(1) k is perfect,

(2) p>d,

(3) p>0 and [k : k] < oo, or
(4) R is finitely generated over k.

We record some of the proof here for reference, following the proof of [Chelll Lemma
2.14].

PROOF. Let A be a commutative k-algebra satisfying the properties in the bullet list. If
p > 0, define ¢ as in the statement of the lemma, and set ¢ = 1 otherwise. The bound on
the number of idempotents implies that

AT A
i=1
where s < d, and where A; is an algebraic field extension of k. Since A;/k has bounded
algebraic degree d, its maximal separable subextension A¢' is finite dimensional over k. As
the center Z(S) of S has the properties of A, we have established the conditions of the last
part of the lemma are sufficient to imply that the center is finite dimensional over k.

Now we show that S is semisimple. Let M be a simple S-module, and let E be the
division algebra Endg(M). First, we claim that M is finite dimensional over E. Indeed,
Jacobson’s density theoremff| implies that either M is finite dimensional over E and S —
Endg(M) ~ My(E°P) is surjective, or for each j > 1 there is a k-subalgebra R; C S and a
surjective k-algebra homomorphism R; — M;(E°P), but the second option is not possible
since the elements of S are algebraic of bounded degree over k.

Now we claim that there are finitely many simple S-modules M, ..., M, up to isomor-
phism. This will complete the proof that S is semisimple, for in this case the fact that
J(S) = 0 implies that

(1.3.2.2) S — [[ M. (E®), where E; := Ends (M)
=1

is injective, and the fact that the M; are pairwise non-isomorphic implies that it is surjective.
It remains to check the claim. For this, we refer the reader to the remainder of the proof,
found in [Chelll Lemma 2.14]. O

Now we must describe the possible pseudorepresentations out of a simple k-algebra S
whose center K is a finite exponent extension of k. Let us first recall that we have already
given such a result in the case that the center of S is k, so that S is an Azumaya algebra
over k. This is Proposition , due to Ziplies [Zip86], which states that all of the
pseudorepresentations out of an Azumaya algebra are induced by integral powers of the
reduced norm.

Having described the Azumaya algebra case, we proceed to the general case.

LEMMA 1.3.2.3 ([Chelll Lemma 2.17]). Let K/k be a field extension with finite exponent
(f,q), and let S be a central simple finite dimensional K-algebra. Then any pseudorepresen-
tation D : S — k has the form dety for some unique integer m > 0.

6Jacobson’s density theorem states that for any simple left module N of a ring R, any Endg(N)-linear

transformation 1 of N, and any finite set of elements {z;} of N, there exists r € R such that n(z;) = r - a;
for all i. See e.g. [Her68, Theorem 2.1.2].
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PROOF. Let D : S — k be a d-dimensional pseudorepresentation, and define n? :=

dimg(S). Note that if D = det?’, then we must have d = fmngq since detg is homogenous
of degree fnq by definition; this shows that m is unique if it exists.

We will use the following fact below: if two d-dimensional pseudorepresentations Dy, D5 :
R — A are such that D; ® 4 B = Dy ®4 B for some commutative A-algebra B with A — B
injective, then Dy = D,. This follows directly from the representability of the moduli space
of pseudorepresentations, Theorem [1.1.7.4]

Assume for the moment that k is separably closed, so that K is as well. The Noether-
Jacobson theorem implies that S is isomorphic to some matrix algebra M, (K), n > 1. Set
A = K®y K, and denote by I the kernel of the natural split surjection A — K. We see that
I is generated as an A-module by elements of the form z ® 1 — 1 ® x, which are nilpotent of
index < ¢. In, particular, I is a nil ideal, and any finite type A-submodule of [ is nilpotent as
an ideal. Now Lemma [1.2.3.1)(6) implies that for any pseudorepresentation D : M,(A) — K,
D factors through 7 : M,,(A) - M,,(A/I) = M,,(K). Applying this to

D®, K:S®,K~M,/(K)®, K= M,,(A) — K,
we get a pseudorepresentation M, (K) — K, which is an integral power of the usual deter-
minant by Proposition , say D ®), K = dety, x)om and d = ns. Now recall that

the restriction of D ®; K to M,(K)® 1 C M,(A) must be valued in k, since D is valued
in [. This means that det®(M, (K)) C k. Therefore ¢ must divide s, and we observe that
det‘;/ "@LK =~ D ®; K. Now by the fact mentioned above, this implies that D = detg/ 1)
Now we reduce to the case that k is separably closed. We have
f
K @y kP = [ K,

i=1
where K; = K - k*P is a separable algebraic closure of K such that K C k*P for each i (g
is minimal for this property) and Gal(k*P/k) permutes transitively the K;. Recall that f is
the (finite) separable degree of K over k. Likewise,

f
S @ kP = S @ (K @ k) = ] S,
i=1

where S; = S ®k K; is central simple of rank n? over K;. By Proposition (2), each
D ®y k> is the product of determinants S; — M, (K;) — k°P, which have the form dety’
by the previous step above, and d = n(3>1_, m;). As D @, k%P is Gal(k*P /k)-equivariant,
this implies that m; is independent of i, i.e. m; = m for each i. Therefore, m = d/nf, and
we observe that D @ k%P = detq ®,k*P. Now by the fact mentioned above, this implies
that D = dety', as desired. O

Now we complete the proof of Theorem [1.3.1.3]

PROOF. (Theorem |1.3.1.3)) By Lemma[1.3.2.1, we know that R/ker(D) is isomorphic to

a product of s < d simple k-algebras S; whose centers k; are finite exponent extensions of k.
This is part (1). Write (f;, ¢;) for the exponent of k;.
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By Proposition [L.1.11.5(2), any pseudorepresentation out of R/ker(D) is the sunf] of
pseudorepresentations D;, one out of each S;. Indeed, Spec k is connected, so that the con-

ditions of Proposition [1.1.11.5] are satisfied. Lemma [1.3.2.3] implies that each D; is a power
det§’ of dets,. As Proposition tells us that the degree of a sum of pseudorepresen-
tations is the sum of the degrees, and detg, has degree n;g; f;, the formula for the degree
follows; this is part (2).

For part (3), we are simply combining part (1) with Lemma [1.1.6.6(2). Part (4) follows
directly from Lemma (1.3.2.1 O

COROLLARY 1.3.2.4. Let D : R — k be a d-dimensional pseudorepresentation of a k-
algebra R.

(1) There exists a field extension L/k such that D @y, L is realizable as the determinant
of a matriz algebra-valued representation

If R/k is finitely generated, then L/k may be chosen to be a finite extension.
(2) When the centers k;/k, 1 < i < s, of exponent (f;,q;), the simple factors S; of

R/ker(D) of Theorem are separable extensions, e.g. when k is perfect, then
there exists a finite separable extension K of degree bounded by []_, f; such that

R/ker(D) ®;, K

s a product of matrix algebras and the natural map from R @y K to this algebra is
a d-dimensional representation whose determinant induces D ®y, K.

PrRoOOF. We begin with the case that the integer s from Theorem [1.3.1.3|is 1, i.e. the
k-algebra R/ker(D) is a central simple n?-dimensional L-algebra S where L/k is a field
extension of finite exponent (f, q) such that d = n- f-¢. Its maximal separable subextension
L'/k has degree f. Because universal homeomorphisms such as inseparable extensions induce
equivalences of étale topoi and Brauer groups classify central simple algebras over a field,
the L’ algebra S ®y L’ is isomorphic to M,,(L). We then observe that the product L-algebra

H Il oMa(L)

=1 ocGal(L'/k)

is naturally embeddable in M,(L). The pseudorepresentation resulting from

R/ ker(D) ®) L —» H [I oMu(L) — My(L) =5 L
i=1 ceGal(L'/k)
is then equal to D ®; L, upon examining the “determinant” detg of S defined in Definition
[L.3.1.2] and the conclusion of Theorem [1.3.1.3
The general result (1) follows by applying this to each of the simple factors S; of
R/ ker(D), taking the sum of the resulting pseudorepresentations on the product of these

factors, and tensoring D by the composite field of the extensions L’ above of each factor.
The claim that the finite generation of R/k implies the finitude of L/k follows from

Theorem [1.3.1.3((4d).

Part (2) follows from part (1) and its proof when ¢; = 1 for each 1. O

"Recall that this sum is defined in (T.1.11.2).
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1.3.3. Finite-Dimensional Cayley-Hamilton Algebras. In this paragraph, we find
conditions under which a Cayley-Hamilton algebra (R, D) over a field k is finite-dimensional.
There are three basic ingredients. Results from PI ring theory from culminated in the
fact that the Jacobson radical of a Cayley-Hamilton algebra over a field is nilpotent, with
degree of nilpotence bounded in terms of the degree of the pseudorepresentation (Lemma
. The next ingredient is the conditions we have given above for the maximal semisim-
ple quotient of R to be finite-dimensional. Finally, we require some basic lemma, which we
now give. This translates the condition that ker(D)/ker(D)? is a finite dimensional vector
space, which is the last fact we require, into a condition on the deformations to k[e]/(g?) of
the semisimple representation p associated to D.

LEMMA 1.3.3.1. Let A be a commutative ring, R an A-algebra. Let I be a two-sided ideal
of R. There is a natural A-module isomorphism

Homp(I/1%, R/I) — Extyh(R/I,R/I).
PROOF. Apply Hompg(—, R/I) to the exact sequence of R-modules
0—1—R— R/I —0,
and use that ExthL(R, —) = 0. O

~ We continue to work with deformations of a fixed d-dimensional pseudorepresentation
D : R — k. Now let us restrict to the case that S := R/ker(D) is finite dimensional as a
k-vector space.

THEOREM 1.3.3.2. Let k be a field of characteristic p > 0 and let R be a k-algebra
equipped with a Cayley-Hamilton d-dimensional pseudorepresentation D : R — k. Assume
that S := R/ ker(D) is finite-dimensional over k. If Extp(S,S) is finite-dimensional as a k-
vector space, where S is treated as an R-module here, then R is finite-dimensional k-algebra.

Recall that sufficient conditions for S to be finite dimensional over k are given in Theorem

TETI).

Proor. Apply Lemma , so that the assumption that dimy Ext}z(S, S) < oo implies
that dimy, Homg(ker(D)/ker(D)? S) < oco. This means that ker(D)/ker(D)? is a finite
sum of simple representations of S, but this in turn implies that ker(D)/ker(D)? is finite-
dimensional as a k-vector space.

Because there are natural surjections

([/[2)®Z s In/[n+1
for any ideal I C R, this means that R/ker(D)?" is also finite dimensional over k for any
positive integer n. Since (R, D) is Cayley-Hamilton, Lemma|1.2.3.1(4) implies that ker(D) is
nilpotent of index bounded by N(d) (or by N(d,p)), where N(d) is the integer of Definition
1.2.2.7. This completes the proof. 0

1.3.4. Composition Factors of Field-Valued Pseudorepresentations. We con-
clude this section with some discussion of the simple factor algebras of R/ker(D), where
we continue to let R be a k-algebra where k is a field. Equivalently (almost), we discuss
the Jordan-Holder factors that appear in representations of R arising from pseudorepresen-
tations according to Theorem . We mostly follow Chenevier’s discussion of [Chelll,
§2], and introduce some notions — the Grothendieck group of R and dimension vectors of
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representations — that will be useful in These notions will be heavily used when we
discussion deformation theory of pseudorepresentations in Chapter 2.

DEFINITION/LEMMA 1.3.4.1 (|Chelll Defn.-Prop. 2.18]). Let D : R — k be a d-
dimensional pseudorepresentation over a field k. We call D absolutely irreducible provided
that one of the following equivalent conditions is true.

(1) The semisimple representation pp : R ®y, k — My(k) with determinant equal to the
pseudorepresentation D, which exists and is unique up to isomorphism by Theorem
[1.3.1.7] is irreducible,

) R/ker(D) is a central simple k-algebra of rank d?,

) R/CH(D) is a central simple k-algebra of rank d?

) for some (resp. all) subset X C R generating R as a k-vector space, there exists
T1,Ta,...,242 € X such that the abstract d* x d* matrix ((A;(z;z;));; belongs to
GLg2(k).

If they are satisfied, then CH(D) = ker(D) = {z € R,Vy € R, A;(xy) = 0}.

(2
(3
(4
(5

PROOF. Since we know from Proposition that any pseudorepresentation out of a
matrix algebra is a power of the determinant, and a pseudorepresentation factors through the
quotient by its kernel, (2) implies (1) since we know that D has dimension d. Conversely, if p :
R®yk — My(k) is as in (1), then Wedderburn’s theorem tells us that p is surjective. We see
that ker(p) C ker(D), since the pseudorepresentation det op is invariant under multiplication
by ker(p). Therefore (2) follows from Theorem [1.3.1.3] Also, (5) (for any subset X C R
satisfying the conditions above) follows from (1) or (2) by the nondegeneracy of the trace

pairing on My(k). Conversely, if X C R satisfies (5), then
dimj((R @y, k) / ker(D @4 k)) > d?,
and now (5) implies (2) by Theorem [1.3.1.3] since positive integers n;,1 < i < s, such that
>°1n; = d also satisfy Y n? = d? if and only if s =1 and d = n.
We have shown that (1), (2), and (5) are equivalent. Because the quotient R/CH(D)
commutes with arbitrary base changes (this is Lemma [1.1.8.6]), and a k-algebra R is central

simple of rank d? if and only if R ®j k is a rank d? matrix algebra, we see that (4) <=
(2). Now recall from Lemma [1.2.3.1| that the kernel of the natural surjection

R/CH(D) —s R/ker(D)

is nilpotent and equal to the Jacobson radical of R/CH(D). Clearly (4) implies (3), since
the kernel ker(D) is non-trivial by Lemma [1.1.6.6(2). To complete the proof, we show that
(3) implies (5). Since the kernel is stable under separable extensions by Lemma and
the central simple algebra R/ker(D) of finite rank is split by a finite separable extension
K'/k, we have that My(k') = R/ker(D) ®; k' = (R @y k') ker(D ®4 k'). We can choose
T1,...,xe in R to be lifts of a k-basis for R/ ker(D); as this k-basis is also a k’-basis for
(R®y k') ker(D @y k') = My(k') and (D @ k')(t —2; ® 1) = D(t — z;), (5) follows from the
nondegeneracy of the trace pairing on My(k'). O

We can derive from these equivalences the fact that the locus of absolutely irreducible
pseudorepresentations is open. First we give a definition.

59



DEFINITION 1.3.4.2. We write Pslir, C PsR% for the subfunctor of PsR% cut out by the
following condition: for B € Alg, and D € PsR%(B), we say that D € PsIrr provided that
for every B-field k, D ®p k : R ®p k — k is an absolutely irreducible pseudorepresentation.

COROLLARY 1.3.4.3 (cf. [Chelll Example 2.20]). The subfunctor Pslrt, C PsR% is
Zariski open and therefore representable.

PrOOF. We use condition (5) of Definition/Lemma |1.3.4.1} choose ry,...,rsz such that
(5) holds. This defines a morphism of affine Spec A-schemes

PsR%: — My
D = (Ai(ri75))i g,

and Definition/Lemma [1.3.4.1] tells us that the absolutely irreducible locus is the inverse
image of the open subscheme GLg C Mg, which is therefore an open subscheme. 0

As we will discuss in §2.1.3] the deformation theory of absolutely irreducible pseudorep-
resentations is especially nice. It amounts to deforming the absolutely irreducible represen-
tation associated to it by Theorem this is already suggested by Corollary

The next most tractable case for the deformation theory of pseudorepresentations (which
we will discuss in is the multiplicity free case, which we now define. While “multiplicity
free” is defined over any field k by using the base change to the algebraic closure, just like the
case for “absolutely irreducible,” we will sometimes require that the pseudorepresentation
be realizable as the determinant of a matrix algebra-valued representation over k. We define
the term split for this purpose.

DEFINITION/LEMMA 1.3.4.4 ([Chelll Definition 2.19]). Given a d-dimensional pseu-
dorepresentation D : R — k, we say that D : R — k is multiplicity free provided that
D ®;, k is the determinant of a direct sum of pairwise non-isomorphic irreducible k-linear
representations. In the notation of Theorem [1.3.1.3] it is equivalent to say that m; =¢; =1
for each 1.

Call D split provided that it is induced by the determinant of a representation R —
M,y(k). Equivalently, D is split if and only if R/ ker(D) is a finite product of matrix algebras
over k.

Proor. We will prove the equivalence of the definitions of “split.” If R/ker(D) is a
finite product of matrix algebras [[] M,, (k), then by Proposition|1.1.11.5(2) and Proposition
1.1.7.10, D is a product of powers of the determinants of each M, (k), say D = @ det}; r

where )" n;m; = d. If M; is the representation of R corresponding to R — M, (k), then we
can recover D as the determinant of the d-dimensional representation &M

Conversely, assume that R/ker(D) is not a finite product of matrix algebras. In this
case, R/ ker(D) is nonetheless semisimple with additional properties prescribed by Theorem
1.3.1.3} it is a product of simple k-algebras S;, each of which is of finite dimension n? over
its center k;, where k;/k has exponent (f;,¢;). The k-valued pseudorepresentations of S; are
described in Lemma Using Proposition [1.1.11.5(2) and Lemma in the same
way as above, D = @det S, for some non- negatlve 1ntegers my;, and d = Zl figim;n;. We
note that k; has separable degree f; over k, and inseparable degree at least ¢; over k. We
note that any representation of S; has dlmensmn at least f;qin; over k, and this is achieved
if and only if S; is a matrix algebra over k;. Since at least one S; is not a matrix algebra by
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assumption, we see that D cannot possibly be realized as the determinant of a d-dimensional
sum of representations of the S;. 0

Write Repg(k) for the abelian category of finite-dimensional representations of the k-
algebra R over k. To be precise, an object of this category is a finite-dimensional k-vector
space V with a k-linear action of R. We give the following definitions in the context of
representations of algebras; the second term comes from the theory of quiver representations.

DEFINITION 1.3.4.5. Let C be an abelian category.

e Grothendieck group of C, denote o(C), 1s the quotient of the free abelian

1) The Grothendieck fC,d d Ky(C), is th i f the f beli
group on the objects of C by the subgroup generated by exact sequences, i.e. by
[M'] — [M] + [M"] where

00— M —M-— M —0

is an exact sequence in C.

(2) Assuming that any object of C has a unique composition series, the Grothendieck
semi-group is the set of isomorphism classes of semisimple objects of C, with the
operation coming from the direct sum of objects.

(3) The dimension vector of an object of C is its image in the Grothendieck group
Ky(C).

(4) If any element p of C has a composition series, we consider the dimension vector f3,
to be a vector with respect to the basis of Ky(C) given by simple objects.

In the case that C is Repg(k), the finite-dimensional restriction shows that any object
has a composition series (the representation factors through a subalgebra of Endy(V'); apply
the Hopkins-Levitsky theorem). From this, we deduce that Ky(Repg(k)) is generated by the
simple finite-dimensional representations of R over k. We can think of the dimension vector
of a representation (or its semisimplification) as a vector with respect to this basis.

Using this basis for Ky(Repg(k)), one can say that a pseudorepresentation D : R — k
is absolutely irreducible when the associated element of Ko(Repp(k)) has a single non-
zero entry, which is 1. The pseudopresentation is multiplicity free when the corresponding

representation has dimension vector with coordinates consisting of 0 and 1.

1.4. Moduli Spaces of Representations

Let S be an affine Noetherian scheme and let R be a finitely generated, not necessarily
commutative quasi-coherent Og-algebra, which amounts to a finitely generated I'(Ogpec 5)-
algebra. We consider moduli spaces of representations of R over S-schemes. The Noetherian
hypothesis on S will allow for the moduli spaces of representations of R that we will de-
scribe below to be Noetherian as well (also ¢f. Remark [1.1.10.16). We will conclude this
section by drawing a morphism from these moduli spaces of representations to their induced
pseudorepresentation.

1.4.1. Moduli Schemes and Algebraic Stacks. The following definitions describe
the functors and groupoids of representations of R that we will study.

DEFINITION 1.4.1.1. With S and R as above and a positive integer d, define the following
S-functors and S-groupoids of d-dimensional representations over an S-scheme X.
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(1) Define the functor on S-schemes Repy® by
X — {Ox-algebra homomorphisms R ®p, Ox — My(X).
(2) Define the S-groupoid Rep%, by
ob Rep%(X) = {V/X rank d vector bundle,
Ox-algebra homomorphism R ®p, Ox — Endp, (V)}

(3) Define the S-groupoid R_ep;i% by

ob R_ede(X) = {€ arank d*Ox-Azumaya algebra,
Ox-algebra homomorphism R @0, Ox — £}

The functor Repg’d is of natural interest, but we will often be interested in studying rep-
resentations of R up to isomorphism, where isomorphisms come from conjugation. Explicitly,
we say that p, p’ € Repg’d(SpeC A) are equivalent when there exists some g € GL4(A) such
that p = g~!-p' - g. We fix this adjoint action of GL; or PGL, on Rep%d7 and we desire a
scheme that represents the functor of orbits of this action.

However, the functor sending Spec A to the set of such equivalence classes/orbits — we
could say that it is the functor sending an S-scheme X to a free module with an action
of R, up to isomorphism — is not representable in general. Projective modules must be
allowed in order to put equivalence classes of representations of R into families and still
retain representability by an algebraic object. There are two possible strategies that have
been explored most. One strategy is to find the S-scheme which does the best possible job,
by some standard, in representing the moduli problem up to isomorphism. This approach
of “geometric invariant theory” will be discussed in the next section §1.5l Here, we will
follow the other approach, which is to remember the data of the isomorphisms between
objects, resulting in groupoids fibered over the category of S-schemes that are representable
by algebraic stacks. As we will see below (Theorem , the groupoids described above
will naturally arise as the quotient stacks of the adjoint action.

There is a canonical 1-equivalence to the functor (better, S-setoid) Rep%d from the S-
groupoid whose fiber over an S-scheme X is the data of a free, rank d Ox-module, a basis,
and an Ox-linear action of R®p, Ox. Having drawn this equivalence, we observe that there
are canonical maps

(1.4.1.2) Repn? — Rep?, — Repi

where the first arrow is given by forgetting the basis and retaining the free rank d vector
bundle with its action, and the second arrow is given by forgetting the vector bundle and
retaining the homomorphism from R ®o, Ox into its bundle of endomorphisms. We note

that the Azumaya algebras in Rede are not taken up to equivalenc, so that they corespond
up to isomorphism with PGLg-torsors, not elements of the Brauer group. In other words, we
consider non-trivial but locally isotrivial (i.e. Zariski locally trivializable) Azumaya algebras.

THEOREM 1.4.1.3. Let S, R, and d be as above. Then the functor Rep%’d 15 representable
by an affine finite type S-scheme.

8Azumaya algebras Fq, F5 over A are called equivalent if there exist finite rank projective modules V7, V5 such
that there exists an isomorphism of A modules E; ® 4 Enda(V7) & Es @ 4 End4(V3). The Azumaya-Brauer
group classifies Azumaya A-algebras up to equivalence, cf. [Gro68|, §2].
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PROOF. Choose a set of generators rq,...,r, for R over A. Then we have a morphism

of functors o4

Repp® — M}
p = (p(r1), p(ra), ., p(rn)).

Let X be the finite set X = {z1,...,z,} and let F' be the non-commutative quasi-coherent
S-algebra freely generated by X. We observe that the map above induces an isomorphism
Repl‘];’d = M?. There is a canonical map F — X given by sending x; +— r; for each
1,1 < i < mn, and let J C F be its kernel, which is a two-sided ideal of F. For f € J,
consider it as a function f(z1,...,z,) of the free variables x;. There exists a morphism
Wt e Homg _schemes( M}, My) corresponding to f, given by sending an n-tuples of d x d-
dimensional matrices (mq,...,my,) to f(m,...,m,). Let Wl’; € I'(O(M})) be the regular
function obtained from composing W/ with the projection onto the (i, j)th coordinate of
d x d-matrices, and let I; be the ideal of I'(O(M})) generated by Wl]; as [ varies over
elements of J and 1 < 4,5 < d.

We claim that the closed subscheme V' (I;) C M} represents the functor Rep%’d is isomor-
phic to Repg’d under the map above. Clearly we have a monomorphism Rep%d — V(I;) C
M}, because each of the relations f € J are sent to zero under the representation. For
any affine S-scheme Spec A, the map of sets Repp®(A) — V(I,)(A) is surjective, since for
(m1,...,my) € V(I;)(A), the A-algebra homomorphism R ®po4) A — Mg(A) arising from
sending 7; to m; defines a representation which maps to (mq,...,m,). 0

We recall that GL; and PGL,; act on Rep%’d via the adjoint action, conjugating the
matrix coefficients of the representations.

THEOREM 1.4.1.4. The groupoids Rede and Rede are equivalent to algebraic stacks, in
particular the quotient algebraic stacks

Rep}, = [Rep%’d/ GL4), Repi = [Rep%’d/ PGLy).
The canonical smooth presentation maps of these quotient stacks
Rep%’d — [Rep™?/GLy] — [Repg’d/PGLd]
correspond to the natural maps of groupoids (|1.4.1.2)).
For the reader’s convenience, we recall some equivalent definitions of Azumaya algebras.

DEFINITION 1.4.1.5 ([Gro68| Theorem 5.1]). Let X be a scheme, and let £ be a coherent
Ox-module which has the structure of a Ox-algebra. Then we say that £ is an Azumaya
algebra if one of the following equivalent conditions are satisfied.

(1) & is locally free as a Ox-module, and for every z € X, the fiber £ ®o, k(z) is a
central simple algebra.

(2) € is locally free as a Ox-module, and the canonical homomorphism £ ®p, EP —
Endp, (€) is an isomorphism.

(3) There exists an étale covering U — X such that £ ®p, Oy = My(Oy) for some
d>1.

Now we prove Theorem [1.4.1.4]
PROOF. The quotient [Rep%d/ GL,4| parameterizes, by definition, a GLg-torsor G along

with a GLg-equivariant map G — Rep%’d. This is what we will create from the data of an
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Spec A-point of Rep%, i.e. the data (V/A,p : R ®p, A — Endu(V)), where V is a rank
d projective A-module. We create a GL4 torsor over Spec A corresponding to V', setting
its functor of points on Spec A-schemes X to be G(X) := Isomp, (V ®4 Ox, O%?). This
defines an equivalence of categories between GLg-torsors up to isomorphism and rank d
locally free sheaves up to isomorphism. The identity map in G(G) = Isomo, (V ®4 Og, OF%)
is a canonical isomorphism V ®4 Og — Ogd. This defines a Og-linear action of R ®opy Og
on the free vector bundle O?d with its canonical basis, so that we have a map G — Rep%d.
It remains to show that this map is GLg4-equivariant. The action of GL; on G on the right
comes from the standard action of GL4(X) on O%Y. This is effectively the basis change
action of GLy on the map R ®op, Ox — Mgy(X), which is the adjoint action. This is an
A-point of [Rep?/GLy], as desired.

For the inverse construction, we take an A-point of [Rep%’d /GLyg], i.e. a GLg-equivariant
map G — Repg’d, and create an object of Rep%(A). We use the equivalence of categories
between vector bundles and GL-torsors mentioned above to find a rank d projective A-
module such that G(X) = Isomoe, (V ®4 Ox, 0%%) for all A-schemes X. As V @, Og is a
rank d-free module with a canonical basis as discussed above, we can take our initial data
of R®p, Og — My(G) and compose it with the canonical map My(G) = Endo, (V @4 Og),
to obtain an action of R ®p, Og on V ®4 Og. We leave it as an exercise to show that the
GLg-equivariance of G — Repg’d is then exactly what we need in order to descend this map
to Spec A.

The proof that R_ep;; & [Rep%d/ PGLy| goes along the same lines. We choose a Spec A-

point of R_ede: amap R®ps A — F, where E is a rank d*> Azumaya A-algebra. We can then
create a PGLg-torsor G whose X-points for an A-scheme X are G(X) := Isomp, _a15(E ®4
Ox, My(X)), and the action of PGL4(X) on G(X) comes from its adjoint action on My(X).
Then the identity map id € G(G) corresponds to a canonical isomorphism E®4Og — My(G)
defining a morphism G — Rep%’d, and we observe that the adjoint action on both the source
and target make this map PGLg-equivariant, and therefore an A-point of [Rep%’d /PGLyg].

For the inverse construction, from an A-point G — Rep%’d of [Rep%’d /PGL,4| we construct
a rank d?> Azumaya A-algebra E so that there is a canonical isomorphism of coherent Og-
algebras E ®4 Og — My ® Og. Then the map R ®o, Og — M4(G) can be composed with
E(G) S My(G) to get a map R®p, Og — E®4 Og. The PGLg-equivariance of G — Rep
allows us to descend this map from G to Spec A.

The claim that the forgetful maps from Repg’d and the presentation maps commute with
the equivalences we have drawn follows from checking that the universal framed representa-
tion over Repg’d induces a map to Rep% (resp. R_ep;lz) compatible with the universal object
on the quotient stack via the correspondence that we have written out above. 0

1.4.2. Mapping Algebraic Stacks of Representations to the Moduli Scheme
of Pseudorepresentations. Let X be an S-scheme. Having defined these moduli spaces
of representations of the Og-algebra R, we know that the association of an X-valued repre-
sentation of R, that is, the data

(p: R®os Ox — My(Ox)) € Repp?(X)
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to an X-valued pseudorepresentation by taking the determinant (see Theorem(1.1.7.4(6) and

Remark

R ®0, Ox —2 My(0Ox) 2% Ox
defines a morphism of S-schemes
(1.4.2.1) Y~ Repp? — PsR%.
Think “3)” for pseudorepresentation.

We will now show that there is also a natural pseudorepresentation associated to objects
of Reph(X) and R_ede(X ) that is constant across isomorphism classes in the groupoid, so
that there are morphisms of algebraic stacks

¥ : Repk — PsR%, ¢ : Reps, — PsRY
which commute with the canonical maps . Then we will have a commutative diagram

1112 [11.2)——

(1.4.2.2) Rep%’dRep‘f%Rep‘;
yH \;{;‘\ l _

P

PsR%

All that we need to do is construct the vertical arrow v, sending, for X an S-scheme, an
Azumaya Ox-algebra-valued representation R ®o, Ox — E to an Ox-valued pseudorepre-
sentation. We will achieve this using the reduced norm map out of any Azumaya algebra,
and indeed, the rest of the characteristic polynomial coefficients. We construct these coeffi-
cient functions as follows. Each coefficient of the characteristic polynomial defines a regular
function My; — A! which is invariant under the adjoint action of PGL,;. Each Azumaya
algebra & is a form of M, twisted by this action (cf. [Gro68), Corollary 5.11}); therefore, the
characteristic polynomial function descends from £ ®p, Oy = My(Op) to € over Ox [Grob6g),
5.13].

Now there are at least two perspectives we could take on the pseudorepresentation asso-
ciated to an object p : R®p, Og — € of R_epiz(X ). We can compose this representation with
the reduced norm, which we continue to write as “det” as it is equal to det étale-locally:

R®0, Oy L € 2% 0y
is compatible with base change, making a pseudorepresentation. Alternatively, as PSR(}% is a
scheme, it is a sheaf on the étale site Sj,, so that we can choose an étale cover U of X and
descend the pseudorepresentation

R Koy OU p%; £ Koy OU = Md(OU) ﬂ) OU

to a pseudorepresentation over Oyx.
In any case, we have completed the construction of the diagram ((1.4.2.2]).

1.4.3. Representations Factor through the Universal Cayley-Hamilton Alge-
bra. In this paragraph, we will show that our basic assumptions — that R is a finitely gen-
erated algebra over an affine Noetherian base — are sufficient to show that the d-dimensional
universal representation of R factors through an algebra finite over its center. This is a con-
sequence of the theorem below, which shows that any representation of R factors through
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the universal d-dimensional Cayley-Hamilton representation associated to R,

Pt R, TY(R)™ — E(R,d)
Recall the definition of Cayley-Hamilton representations from §1.2.4} In particular, E(R,d)
is a ['4 (R)* -algebra, defined to be (R ®4 'Y (R)**)/CH(DY).

THEOREM 1.4.3.1. Any representation in Repp(B) (resp. Reph(B), resp. Repi(B)) of
R factors uniquely through the universal Cayley-Hamilton representation

pu ®FC‘ZA(R)ab B . R ®A B — E(R, d) ®FdA(R)ab B
This factorization induces canonical equivalences of PSR%—schemes (resp. algebraic stacks)

Od ~ O,d
Repp ’ RepE(R,d),Du

&’

Repcé ;> Rep%(R’d%Du

e

—d ~ —d
Repr — Repg g a),pu

&>
where the left hand side algebraic stacks are considered to be PsRﬁé-stacks through the map
Y (resp. 1, resp. P).

The implicit map I'%(R)* — B arises from the determinant (or reduced norm) of the
representation, along with the representability result Theorem [1.1.7.4]

REMARK 1.4.3.2. While the theorem has an especially nice consequence when A is as-
sumed to be Noetherian and R is assumed to be finite generated over A, the theorem is true
with or without these finiteness assumptions.

PROOF. Let Spec B be an affine PsR%-scheme (and therefore naturally an A-algebra) and

write ¢ : Spec B — PstR for the structure map, i.e. a choice of a B-valued d-dimensional
pseudorepresentation of R. Any object of the Spec A-groupoids Rep%’d(B), Rep%(B) induces

an Azumaya B-algebra-valued representation p: R®@,4 B — £ € Repc}l?(B) by the forgetful
maps (|1.4.1.2). The question of the factorization of a representation does not depend on the

forgotten data, so it will suffice to prove the result for p. So we choose p € Rep;l%(B), such
that

Spec B L Rep(;

\ P
PsR%,
commutes.
Recall Definition [I.2.4.1] which is the notion of a Cayley-Hamilton representation of R.
Following Remark we note that a the data of p induces a d-dimensional Cayley-
Hamilton representation of R over B, namely

(B, (€,det), p),

where det : £ — B represents the reduced norm map for the Azumaya B-algebra £.

Proposition [1.2.4.3] shows that the universal d-dimensional Cayley-Hamilton represen-
tation (I'%(R)*, (E(R,d), D*|g), p") is initial in the category CH%(R) of Cayley-Hamilton
representations of R. Thus there exists a canonical CH?(R)-morphism

(FdA(R)abv (E<R7 d)7 Du|E)’ pu) — (B’ (57 det)? p)'
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This includes the datum of a A-morphism I'4(R)*® — B, corresponding to the pseudorep-
resentation det op by representability and contravariantly equivalent to ¢. There is also a
canonical morphism

=d
E(R, d) ®F:14(R)ab B—€&c¢ RepE(R,d),D“ (B),

J>

factoring p through the canonical quotient map p*: R ®4 I'4(R)* — E(R,d).
We have therefore exhibited a PsR%-morphism Repf% — Rep?E( R,d), D
We can derive a quasi-inverse from p“. Define

77 . E(R, d) ®F?4(R)ab B —> g E R‘_epE(R,d),D”E(B)‘

2N

We get from 7 a representation of R, no (p* ® B) € Repi(B). O

When A and R satisfy appropriate finiteness conditions, we know that the universal
Cayley-Hamilton algebra, the T'% (R)*"-algebra F(R, d), is finite as a I'% (R) and is a Noether-
ian ring. Therefore we may show that the representation theory of a finitely generated algebra
over a commutative Noetherian ring reduces to the theory of Noetherian (non-commutative)
rings that are finite over their Noetherian center.

COROLLARY 1.4.3.3. Fix a positive integer d. If A is Noetherian and R is finitely gener-
ated as an A-algebra, all of the d-dimensional representations of R factor canonically through
an algebra which is finite as a module over its center and Noetherian, namely, each repre-
sentation factors uniquely through

P R, T4(R)™ — E(R,d).

PrOOF. This follows directly from Theorem along with Corollary

We recapitulate Theorem for clarity. A B-valued d-dimensional representation
of R amounts to some map p : R ®4 B — & where £ is a rank d? B-Azumaya algebra,
possibly with some extra data that we can discard. The induced pseudorepresentation v(p)
induces a map I'4(R)*® — B by the representability of PsR%. This gives us the B-valued
representation of R® 4% (R)*. Then Theorem Shows that this representation factors
through p" @ gy B.

The rest of the statements follow directly from Corollary [1.2.2.10f Since E(R,d) is
an T4 (R)*-algebra, the center of F(R,d) contains the image of T'%(R)* in E(R,d), and
E(R,d) is finite as a T'%(R)*-module, it must also be module-finite over its center. As
noted in Corollary [I.2.2.10] these facts along with the Noetherianness of A imply that R is
Noetherian as well. O

REMARK 1.4.3.4. We could prove a version of Corollary with A being a field and
demanding that a base pseudorepresentation D : R — A be fixed. Then the functor of all
representations lying over this pseudorepresentation via v would factor through the Cayley-
Hamilton quotient R/CH(D) of R relative to D, and Theorem gives conditions for
this quotient to be finite dimensional. We will use these ideas later, extending Corollary
to the case that R is a profinite algebra satisfying an appropriate finiteness condition

(see Theorem [3.2.3.2)).

1.4.4. Representations of Groups into Affine Group Schemes. In this paragraph
we restrict our attention to representations of group algebras as opposed to general asso-
ciative algebras, and then generalize this case to representations of a group valued in an
arbitrary group scheme.
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Let T" be a finitely generated group. Then R = Og[I'] is a finitely generated quasi-
coherent Og-algebra, and the formalism of the above can be repeated. We leave the reader
to verify the following basic equivalences, which amount to saying for a ring A that A-
valued d-dimensional representations p : I' — GL4(A) are equivalent to homomorphisms
Al — My(A).

PROPOSITION 1.4.4.1. Let R = Og[I'] and let X represent an S-scheme. Then

(1) Rep%’d is naturally equivalent to the functor
X —{I' — GL4(X)}.
(2) Rep%, is equivalent to the S-groupoid with objects over X being
{V/X a rank d vector bundle, T' — Auto, (V)(X)}.

and morphisms being isomorphisms of these data.
(3) Repi 18 naturally equivalent to the S-groupoid with objects over X being

{H/X an inner form of GL4;, I’ — H(X)}.
and morphisms being isomorphisms of these data.
PROOF. Omitted. 0

We also might be interested in representations of I' that fix certain tensors, for example,
representations valued in Sp; or SO,4. We will simply let G be an arbitrary finite type flat
affine S-group scheme and consider the moduli of representations of I' into G.

DEFINITION 1.4.4.2. For an abstract group I' and a finite type flat affine S-group scheme
G, we define the following functors and S-groupoids.

(1) Let Repp® denote the functor on S-schemes X
X +— {homomorphisms I' — G(X).
(2) Define the S-groupoid Rep§ by
obRep&(X) = {G a right G-torsor over X,
I — Aut$(G)(X)}.

Here Aut§(G) is the X-group scheme of automorphisms of G, where an automor-
phism of G over an X-scheme Y is an endomorphism of the Y-scheme G x x Y which
is equivariant for the right action of G xg Y.

(3) Define the S-groupoid R_epdG by
ob R_ep?(X) = {an inner form H of G over X,
' — H(X)}.
We observe that there are natural maps
(1.4.4.3) Repp® — RepS — R_epf
To construct the first map, choose a trivial G-torsor G over S so that
(1.4.4.4) Aut§(G) = G,

where the isomorphism follows from the fact that the maps G — G which are equivariant
for the right action of G on itself are precisely the left translations of GG on itself. Then the
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first map is given by sending (p: I' = G(X)) € RepE’G(X ) to the composition
I — G(X) = Aut(G)(X).

The second map is given by forgetting the G-torsor G over X inducing the inner form
H = Aut§(G)(X), where we see that this is an inner form by the isomorphism, for a trivial
G-torsor.

THEOREM 1.4.4.5. Let I', G be as above. Then the functor Rep?’G s representable by an
affine finite type S-scheme.

PROOF. Choose a set of generators 7, ..., 7, for I'. Then we have a morphism of functors
RepE’G — G"
P (p(r1)7p<r2>7 te 7:0<rn))
Any word w on the n letters 7,...,7, induces a map
fo:G"— G
(91, R 7gn) = w(.gh s 7gn)'

given by substituting g; for v;. We observe that G™ represents Rep%, where F), is the
free group on n letters. A representation of F), valued in A corresponding to a morphism
p : Spec A — G" induces a representation of I' if and only if, for every word w in the
letters (7;) such that w =id € T, f, o p = idg Xg Spec A, where idg is the identity section
idg : S — G of the S-group scheme G. Therefore RepE’G is precisely the intersection over
words w such that w = id € I of the closed subschemes G* of G™ given by the fiber product

GY —G"
"
s a
As S is Noetherian and G is finite type over S, so is G Noetherian and finite type over
S. O

Just as GLy (or PGLy) acts on group representations I' — GLg via the adjoint action,
so does the adjoint group of G, namely G/Z(G), act on itself by the adjoint action. This

gives an action of G and PG := G/Z(G) on Rep®. Also, like before, this is a natural
0

notion of equivalence for the points of Repp
representable. The following quotient stacks retain the equivariant geometry of RepE’G, and

are equivalent to the stacks of representations defined above.

’G, but the functor of equivalence classes is not

THEOREM 1.4.4.6. The groupoids Repg and Rep? are equivalent to algebraic stacks, in
particular the quotient algebraic stacks

Repf! = [Repy“/G],  Repy = [Rep/PG].
The canonical flat presentation maps of these quotient stacks
Rep?’G — [Rep™“/G] — [RepE’G/PG]
correspond to the natural maps of groupoids (|1.4.4.3)).

PROOF. Let G! be a right G-torsor over an S-scheme X, equipped with a group homo-
morphism I' — Aut$(G')(X), where we use the superscript to denote various copies of the
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same G-torsor. We wish to induce from this data a G-equivariant map G? — RepE’G. We
know that G2 — X trivializes G' via the map

Gxx G —G'xx§G°

(1.4.4.7) (g,%) = (zg,),

so we have a map
(1.4.4.8) I — Autl(G' xx G°)(G%) = Gg2(G%)

inducing a map G? — Rep?’G. Now we wish to show that (1.4.4.8)) is G-equivariant for the
standard right action of G on the left and the adjoint action of G on the right.
The right action of ¢’ € G on G? on the right side of ((1.4.4.7)) sends

7 1—1

(zg,2) = (zg,29') = (xg'9" g, z9"),
and therefore acts on the left side of (1.4.4.7) by

(9,2) = (9" g, 29").
so its action on Gg2 is the right action by multiplication on the left by the inverse. Now we
need to consider Gg: as a trivial right G-torsor and calculate the induced intertwining action
on the functor of automorphisms of Gg2 as a torsor. These automorphisms are precisely the
left translations by ¢” € G, g — ¢”g. The intertwining action of ¢’ € G on this map is then

1 /=1 _n _1—1

(9,2) = (g'g.29™") = (9"g'g,29") = (97 '9"9" g, 2),
which is the adjoint action, as desired.

For the inverse construction, we start with a G-equivariant map from a G-torsor G2 over
an S-scheme X with a G-equivariant map G* — Rep?’G. By definition of Rep?’G, there
exists a homomorphism

I — G(G?).
As G?/X is trivialized by G — X, we can fix an isomorphism Aut&(QQ xx GY) = Gg,, and
replace G with this expression in the homomorphism above. We leave it as an exercise to
check that the G-equivariance of G? — Rep? @ s exactly what we need in order to descend
the automorphisms of G? x x G! from G' to X. O

1.5. Geometric Invariant Theory of Representations

In the previous section, we defined the affine, finite type S-scheme Rep%’d of d-dimensional
representations of the quasi-coherent, finitely generated Og-algebra R. After making note of
the natural equivalence relation of conjugation, we defined the algebraic quotient S-stacks
arising from this action. These algebraic stacks have a clear, explicit description as an S-
groupoid. In this section, we will study an alternative approach, using geometric invariant
theory to find the “best possible” S-scheme to stand in for a quotient of Rep%d. Geometric
invariant theory (GIT) was originally developed by Mumford (see e.g. [Mum65]). We will first
describe Alper’s theory of adequate moduli spaces [Alp10], which summarizes and generalizes
the results of geometric invariant theory in a way that will be useful for our purposes, as
describes nicely the relationship between the quotient stack and the GIT quotient scheme

via the canonical projection morphism.

1.5.1. Alper’s Theory of Adequate Moduli Spaces. Say that an affine algebraic
group GG acts on a finite type affine scheme X = Spec A over a field k. The GIT quotient
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scheme, which we will denote X//G, is the spectrum of the invariant regular functions on
X. That is, X//G := Spec A%, where A% C A is the k-subalgebra of A of co-invariants of
the co-action A — O[G] ®; A. We have a natural map X — X//G. When G is reductive,
Mumford’s theory implies that X//G is finite type over Spec k and the map X — X//G has
appropriate universal properties of the quotient of a group action. The finite type property
of the quotient is not necessarily true when G is not reductive [Nag60]. Now we turn our
interest toward the relationship of the quotient stack [X/G] to the GIT quotient scheme
through the canonical morphism ¢ : [X/G] — X//G. We write X := [X/G] for short.
As Alper notes [Alp10;, p. 2|, ¢ can be checked to have the special properties

(1) For any surjection of quasi-coherent Ox-algebras A — B and section ¢t € I'(X, B),
there exists an integer N > 0 and a section s € I'(X, A) such that s — V.

(2) A — T'(Oy) is an isomorphism.
Slight extension of these properties to apply locally on non-affine spaces give the definitional
conditions for ¢ to be an adequate moduli space. As Alper puts it, “it turns out that
properties (1) and (2) capture the stack-intrinsic properties of such GIT quotient stacks
[X/G] and that these properties alone suffice to show that the quotient X//G inherits nice
geometric properties” [Alp10, p. 2].

DEeFINITION 1.5.1.1 ([Alp10]). A quasi-compact and quasi-separated morphism ¢ : X' —
Y from an algebraic stack to an algebraic space is an adequate moduli space if the following
two properties are satisfied:

(1) For every surjection of quasi-coherent O y-algebras A — B and every étale morphism
p: U = Spec A — Y and section t € I'(U, p*¢.B) there exists N > 0 and a section
s € (U, p*¢,A) such that s +— ¢V and

(2) Oy — ¢.Oy is an isomorphism.

The first property is called “adequately affine,” and indeed, any quasi-compact, quasi-
separated map of algebraic spaces that is adequately affine is affine [Alp10, Theorem 4.3.1],
generalizing Serre’s criterion for affineness (which is the same condition with N = 1). In
sum, we require the following notions of adequacy.

DEFINITION/LEMMA 1.5.1.2. Let A — B be a homomorphism of rings. Let X — Y be
a morphism of algebraic spaces.

(1) We call A — B adequate if for all b € B, there exists some N > 0 and a € A such
that a — b".

(2) We call A — B wuniversally adequate if for all A-algebras A’, A" — A" ®4 B is
adequate.

(3) We call X — Y an adequate homeomorphism if its is an integral, universal homeo-
morphism which is a local isomorphism at all points with a residue field of charac-
teristic zero. In particular, Spec B — Spec A is an adequate homeomorphism if and
only if

(a) ker(A — B) is locally nilpotent (i.e. every element is nilpotent),
(b) ker(A — B) ® Q = 0, and
(¢) A — B is universally adequate.

PRrOOF. The “if and only if” statement is [Alp10|, Proposition 3.3.5(2)]. O
We will be interested in adequate moduli spaces that arise from the conventional GIT

setting, where a reductive group scheme acts on a scheme.
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ExAMPLE 1.5.1.3 ([Alp10, Theorem 9.1.4]). Let S be an affine scheme and let X = Spec A
be an affine S-scheme. Let G be a reductive group S-scheme with an action on X. Then

¢ : [X/G] — Spec A®

is an adequate moduli space.
Here is Alper’s main theorem on adequate moduli spaces.

THEOREM 1.5.1.4 ([Alp10, Main Theorem]). Let ¢ : X — Y be an adequate moduli space.
Then

(1) ¢ is surjective, universally closed, and universally submersive.

(2) Two geometric points x,xo € X (k) are identified in Y if and only if their closures
{21} and {x5} in X xz k intersect.

(3) If Y — Y is any morphism of algebraic spaces, then X xy Y' — Y’ factors as
an adequate moduli spaces X Xy Y' — Y followed by an adequate homeomorphism
Y - Y.

(4) Suppose X is finite type over a Noetherian scheme S. Then'Y is finite type over S
and for every coherent Ox-module F, ¢.F is coherent.

(5) ¢ is universal for maps from X to algebraic spaces which are either locally separated
or Zariski-locally have affine diagonal.

REMARK 1.5.1.5. We note that adequate moduli spaces ¢ : X — Y share particular
similarities with both affine morphisms of schemes and proper morphisms of schemes. Indeed,
an adequate moduli space is adequately affine (part (1) of Deﬁnition, and as we noted
above, a quasi-compact, quasi-separated morphism of algebraic spaces is adequately affine if
and only if it is affine. On the other hand, ¢ is universally closed and ¢, preserves coherent
sheaves, which are characteristics of proper morphisms. Since a morphism of schemes that is
both affine and proper is finite, we expect ¢ to behave somewhat like a finite morphism and
moreover, by part (2) of the Definition , like an isomorphism! The obstruction to being
an isomorphism is the lack of representability and the accompanying lack of separatedness
(fact: a quotient stack of a separated scheme is separated if and only if all stabilizers are
finite). This “isomorphism up to lack of representability” property is encapsulated more
precisely in part (5) of the theorem (|1.5.1.4)).

REMARK 1.5.1.6. One important notion from geometric invariant theory that will be used
in the sequel is the following two facts about orbits (of geometric points) of the action of a
reductive group on a scheme. Working over an algebraically closed field, let a reductive group
G act on an variety X, which for simplicity we assume to be affine. Because X = Spec A
is affine, every orbit is semistable. The standard fact from geometric invariant theory is
that every semistable orbit contains a unique closed semistable orbit (one can get this by
combining Example and part (2) of the theorem above). Now, obviously an invariant
regular function on X must remain constant along an orbit. Moreover, it must remain
constant along an orbit’s closure, since regular functions are “continuous.” This means that
invariant regular functions cannot distinguish orbits whose closures overlap! It turns out that
the geometric points of X//G := Spec A“ are in bijective correspondence with the orbits of
G in X modulo the equivalence relation of overlapping closure. This is what part (5) of
Theorem [1.5.1.4] expresses.
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1.5.2. Geometric Invariant Theory on Rep”. Example [1.5.1.3) shows that in the
classical setting of geometric invariant theory, where a reductive group G acts on an affine
scheme X, the resulting morphism [X/G] — X//G is an adequate moduli space. By Theorem

1.4.1.4] the algebraic stacks Repcf% (resp. Repi) are quotient stacks for the adjoint action of
GL4 (resp. PGLy) on the finite type affine S-scheme Rep%’d. Therefore, as Rep%’d is an affine
scheme and Repy?//GLg = Repp? //PGLy, each of the morphisms

¢ : Reph, — Repp?//PGLy,
& : Repy, — Rep?//PGLy

are adequate moduli spaces. Therefore by the universality of the GIT quotient scheme
for maps to separated schemes (Theorem [1.5.1.4(5)) we can canonically factor the diagram

(11.4.2.2) to get a diagram

———d
(1.5.2.2) Rep%’d Rep% Repp

GIT

w\:‘
|

PsR%

(1.5.2.1)

S

where GIT stands in for the GIT quotient scheme Repr?//PGLy. To put these ideas in
words, the maps ¥", 1,9 of (1.4.2.2)) factor uniquely through the GIT quotient.

REMARK 1.5.2.3. One shortcoming of the GIT quotient is that despite the concrete
moduli problem that Rep%’d and the other moduli stacks solve, this does not lend us a
complete description of the GIT quotient in terms of a “functor of points.” Its one universal
property is that of Theorem (5), but this characterizes morphisms out of it instead
of its functor of points. However, we do know the “functor of geometric points” of the GIT
quotient, following Remark [I.5.1.6} geometric points of a GIT quotient of an affine scheme
correspond to closed orbits of geometric points. In the next paragraph, we will discover what
these closed orbits in Rep%’d are in terms of its moduli problem. But we emphasize that
this is a property of Rep%’d //PGL, and not a characterization, since the geometric points
of a scheme do not characterize it. For another, related shortcoming of GIT quotients, see

Remark [.5.4.4

As noted in the introduction, one of the main ideas behind pseudorepresentations is to
serve as a concrete (i.e. a moduli problem) replacement for the GIT quotient Repg’d //PGL4.
We will therefore be very interested in the map
(1.5.2.4) v : Repp?//PGLy — PsR%,

which we expect to be nearly an isomorphism (see Theorem [1.5.4.2)).

1.5.3. Work of Kraft, Richardson, et al. on Orbits of the Adjoint Action on
Representations. In this paragraph we describe the geometric points of the GIT quo-
tient scheme Rep%’d//PGLd of the adjoint action of PGL; on Rep%’d. As we noted in
Remark following Theorem [1.5.1.4(2), these geometric points correspond naturally
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and bijectively to closed orbits in Rep%’d, or, equivalently, closed geometric points in Repilz

(resp. Repz). So what are the closed geometric points in Rep%?
Kraft [Kra82] answered this question, proving the following

THEOREM 1.5.3.1 ([Kra82, §I1.4.5, Proposition]). As usual, let R be a finitely generated
quasi-coherent Og-algebra where S is an affine Noetherian scheme. For any algebraically
closed S-field k, the following equivalent statements are true.

(1) The closed orbits of PGLg(k) in Rep%"{(l%) are precisely the orbits of semisimple
d-dimensional representations of R @og k.

(2) The closed geometric points of Reph (resp. Rep;l;é ) are in natural bijective corre-
spondence with isomorphism classes of semisimple d-dimensional representations of
R ®po, k.

(3) The geometric points of the GIT quotient affine scheme Repy® //PCGLy are in natural

bijective correspondence with the semisimple d-dimensional representations of R®og
k.

This result uses the Hilbert-Mumford criterion.

REMARK 1.5.3.2. This theorem implies that the canonical map v : Rep%’d// PGL; —
PSRdR of (1.5.2.4) induces a bijection on geometric points! We will take up this point in
the following paragraph, spending this paragraph on the proof of Theorem [1.5.3.1| and its
analogue Theorem |1.5.3.7, which addresses RepE’G in place of Rep%’d.

PROOF. Part (1) is due to Kraft [Kra82 §II1.4.5, Proposition]. The equivalence of (1)
with (2) and (3) follows from Remark [1.5.1.6] O

Richardson [Ric88] answered this question in the case that R is a group algebra; in fact,
his proof addresses representations of a finitely generated group I' into a reductive group G
(see the setup for these representation moduli schemes/stacks in §1.4.4)), with G = GL, as
a special case. The techniques of his proof were improved by several people, with notable
contributions (for our purposes) of Serre [Ser05] (following [Ser98, Part II}) and Bate-Martin-
Rohrle [BMRO5]. These are the results that we now overview. They can be summarized in
brief by saying that the closed orbits of the adjoint action of G on Rep? @ over an algebraically

closed field (or, equivalently, the closed geometric points in Rep? or R_epg ) are in natural
bijective correspondence with “semisimple” representations. Of course, we must say what
semisimple means in G.

We work over an algebraically closed field k.

DEFINITION 1.5.3.3 ([Ser05]). A subgroup H C G(k) is called G-completely reducible
provided that whenever H is contained in some parabolic subgroup P of G, it is contained
in a Levi subgroup of P.

This generalizes the familiar case from GLg4: if H C GL(V), then V' is a semisimple
H-module if and only if H is GL(V)-completely reducible. By the same token, we give a
notion of semisimplicity for a reductive group-valued homomorphism.

DEFINITION 1.5.3.4. Let G be a reductive group over an algebraically closed field k, and

let I' be a group. We say that a homomorphism p : I' — G(k) is semisimple if p(G) is
G-completely reducible.
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One would hope that a result analogous to Theorem can be proved with G in
place of GL4. The basic problem is that in positive characteristic, a reductive subgroup of a
reductive group may not be semisimple. Richardson proved a result to this effect, overcoming
problems in positive characteristic, although it was originally proved with the notion of a
strongly reductive subgroup in place of a completely reducible subgroup.

DEFINITION 1.5.3.5 ([Ric88, Definition 16.1]). Let G be a reductive group over an al-
gebraically closed field. Let H be a closed subgroup of G and let S be a maximal torus of
Cq(H), the centralizer in G of H. We call H a strongly reductive subgroup of G provided
that H is not contained in any proper parabolic subgroup of Cg(.S).

Richardson’s definition is set up in order to apply geometric invariant theory — in partic-
ular, the Hilbert-Mumford numerical criterion — to show that the closed orbits of the adjoint
action on G (or PG) on Rep?’G correspond to strongly reductive subgroups. Here, the sub-
group in question is the closure of the image of the representation. It was more recently
proved that strong reductivity is the same as complete reducibility.

THEOREM 1.5.3.6 ([BMRO5, Theorem 3.1]). Let G be a reductive algebraic group over an
algebraically closed field k, and let H be a closed algebraic subgroup. Then H is G-completely
reducible if and only if H is strongly reductive in G.

From this, the desired result follows.

THEOREM 1.5.3.7. As usual, let I' be a finitely generated group and let G be a reductive
S-group scheme. For any algebraically closed S-field k, the following equivalent statements
are true.

(1) The closed orbits of G(k) (resp. PG(k)) in Repp© (k) are precisely the orbits of
semisimple representations I' — G(k).

(2) The closed geometric points of RepS (resp. Repf) are in natural bijective correspon-
dence with isomorphism classes of semisimple representations T' — G(k).
(3) The geometric points of the GIT quotient affine scheme RepE’G//fG are in natural

bijective correspondence with semisimple representations I' — G(k).

PRroOF. Richardson proved that the n-tuples of geometric points of G whose orbit under
the adjoint action of G or PG is closed are precisely those n-tuples whose generated subgroup
of G is strongly reductive [Ric88, Theorem 16.4]. This is equivalent to statement (1) by
Theorem [1.5.3.6l The equivalence of (1) with (2) and (3) is clearly, in light of Remark
[L5.1.6 O

1.5.4. The GIT quotient and PSR‘]j% are Almost Isomorphic. In this paragraph,
we will show that the canonical map v : Rep%d //PGLy4 — PsR% is a finite universal home-
omorphism. Another name for finite universal homeomorphisms is “almost isomorphisms,”
so we will be able to say that the two schemes are almost isomorphic. This reduces the
question of the difference between the GIT quotient and PSR% to a local question; will will
take up this question locally in Chapter 2.

From the previous paragraph, we know that the geometric points of the GIT quotient by
the adjoint action Rep%’d// PGL, are in natural bijective correspondence with isomorphism
classes of semisimple representations of R. This naturality of this bijection refers to the

canonical map ¢ : Rep} — Rep%’d//PGLd (resp. ¢ : Rep$h — Rep%’d//PGLd) of (1.5.2.1)), as
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each geometric fiber of ¢ (resp. ¢) has a unique closed geometric point (cf. Remark [1.5.1.6])
corresponding to a semisimple representation.

The map ¢ : Rep% — PsR% (resp. 1 : R_epé — PsR%) has a similar property: by
Theorem , the geometric points of PSRC;% are in natural bijective correspondence with
isomorphism classes of semisimple representations, meaning that there is a unique semisimple
point in each geometric fiber of 1 (resp. ¥). As 1) (resp. v) factors uniquely through v :
Rep},//PGLg in (1.5.2.2), v is an isomorphism on geometric points.

From this we know that v is finite type, radicial, and surjective. We recall this and a few
other useful basic definitions and properties.

DEFINITION 1.5.4.1 (|Gro60), Definition 3.5.4]). Let f : X — Y be a morphism of
schemes.

(1) We call f radicial or, equivalently, universally injective, if for all fields &, the induced
map of sets X (k) — Y'(k) is injective. As remarked in [Gro60, §3.5.5], it suffices to
verify this property on algebraically closed fields.

(2) We call f a universal homeomorphism if after any base change by Y’ — Y, fy/ is a
homeomorphism. By [Gro67, Corollary 18.12.11], f is a universal homeomorphism
if and only if it is integral, radicial, and surjective.

(3) We call f an almost isomorphism if f is a finite universal homeomorphism, or,
equivalently, if f is a finite type universal homeomorphism.

To verify that v is a universal homeomorphism, it remains to show that it is integral, or,
equivalently, finite. This is what we show in the following

THEOREM 1.5.4.2. Let S be an affine Noetherian scheme, and let R be a quasi-coherent
finitely generated Og-algebra. The map v : Rep%d//PGLd — PSR% induced by ¥ or ¥ is a
finite universal homeomorphism.

REMARK 1.5.4.3. We must remark that there are well known facts that can be im-
mediately applied to improve this theorem. Indeed, Chenevier has generalized in [Chelll,
Theorem 2.22(i)] (which we record below in Theorem a result of Nyssen |[Nys96] and
Rouquier [Rou96], showing that deforming an absolutely irreducible pseudorepresentation
(recall Defintiion/Lemma is equivalent to deforming the associated absolutely irre-
ducible representation. This shows that v is an isomorphism over this locus; this is already
visible in the study of the locus that we already did in §1.3.4] However, we are deferring
this local study of pseudorepresentations to Chapter 2. These results on absolutely irre-
ducible pseudorepresentations will be discussed in The full extent of what we prove,
which extends the result of Chenevier to the multiplicity free case, may be found in Theorem

2337

We thank Brian Conrad for comments leading to this remark.

REMARK 1.5.4.4. Let us remark on the basic difficulty in making Theorem [1.5.4.2| more
precise than it currently is. That is, why is v hard to control? One major issue is that
GIT quotients are not stable under base change. For example, if one could prove that v had

geometrically reduced fibers, then by [Gro67, Corollaire 18.12.6], v is a closed immersion.
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Therefore we might take a geometric fiber of v and 1 at a point D € PstR(E),

Rep%’d X psgd, SPec k Rep%’d
=—d . =—d
Repp Xpgre Speck Repp

Repp? //PGLy X pspd, Spec k — Repp” //PGLy

Spec k PsR%.

Then we would want to draw conclusions about this fiber of v by studying the fiber of ¢ or
™. We could study the invariants of the action of PGL, on the upper left entry. However,
non-flat base change of an adequate moduli space is no longer an adequate moduli space,
but may differ from an adequate moduli space by an adequate homeomorphism [Alp10],
Proposition 5.2.9(3)]. Adequate homeomorphisms are not necessarily reduced, so we are
unable to conclude anything about the fiber of v over D by considering the fiber of 1 or
Y)Y over D. In other words, the GIT quotient is not stable under base change, and the base
change of a GIT quotient may differ from the GIT quotient of a base change by an adequate
homeomorphism.

REMARK 1.5.4.5. We expect that it follows from Procesi’s solution of the “embedding
problem” for Cayley-Hamilton algebraﬂ in characteristic zero [Pro87| that we can show that
v is not only an finite universal homeomorphism, but an adequate homeomorphism. The
additional content required is that v is an isomorphism in characteristic zero.

PROOF. As noted above, Kraft’s result (Theorem implies that v is surjective and
radicial. It is also finite type, since the source and target of v are each finite type over the
Noetherian scheme S by Theorems (4) and respectively. Then by [Gro67,
Corollary 18.12.11], if in addition v is finite, then v is a finite universal homeomorphism.
We will actually check that v is universally closed in order to show that it is finite; this will
suffice because v is clearly affine.

To show that v is proper, we verify the valuative criterion for universal closedness. Using
our knowledge that this morphism is separated and finite type between Noetherian schemes,
[LMBOQ, Theorem 7.10] (see also [Gro61al, Remark 7.3.9(i)]) allows us to verify the following
valuative criterion on spectra of complete discrete valuation rings B with algebraically closed
residue fields: for every diagram

Spec K — Repp” //PGLy
Spec B PsR%

9The embedding problem for Cayley-Hamilton algebras (R, D) is the problem of finding an embedding p of
R into a matrix algebra M which is compatible with the native pseudorepresentation D, i.e. p induces a
morphism in CH4(R) over D, i.e. D = det op.
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where K is the fraction field of B, there exists a field extension Spec K’ — Spec K which is
the fraction field of a valuation ring B’ with a dominant map Spec B’ — Spec B such that
there exists a section

(1.5.4.6) Spec K’ — Spec K — Repp?//PGLy

i

Spec B —— Spec B PsR%

In fact, we will achieve this where K'/K is a finite field extension and B’ is the integral
closure of B in K'.

Let D denote the pseudorepresentation of R over K associated to the K-point of PSR?% in-
duced by the B-point induced above, and let Dg denote the underlying B-valued pseudorep-
resentation, so that D = Dp ®p K. Corollary [1.3.2.4(1) and its proof gives us a semisimple
representation p : R ®p, K’ — My(K') in Repy®(K’) where K'/K is a finite extension of
fields, and whose induced pseudorepresentation Dy := det op appears as the base change
from K to K’ of the pseudorepresentation D. Sending the K’-point p € Rep”,l%’D(K ") via ¢-
to an K’-point of Rep‘]iz’m//PGLd, this K’-point lies over the K-point D of Rep%m//PGLd
given in the data of the valuative criterion above. Taking B’ to be the integral closure of B
in K’, we now have all of the maps of except the desired diagonal section.

We claim that p is conjugate to the tensor by ® g K’ of a representation pp : R®p, B —
Endp/ (L), where L' is a rank d projective B’-module. The projection of this B’-point of
Repﬁl% to Repg’d //PGLy via ¢ is the desired section in . Therefore, proving the claim
will complete the proof of the theorem.

To prove the claim, first note that the Og-algebra homomorphism R — My(K') induced
by p factors through the Cayley-Hamilton algebra R — (R ®04, K)/CH(D) by Proposition
. Moreover, since D is induced by ®@pK from Dp € PsR%(B), it factors through
R — R®o, B/CH(Dp), i.e. this map lies in the composite

By Corollary the B-algebra (R ®o4 B)/CH(Dg) is finite as a B-module.

Choose a d-dimensional K’-vector space V' and choose a basis in order to draw an
isomorphism My(K') = Endg/(V'). Also choose a rank d B'-lattice L C V', where B’ is
the integral closure of B in the finite extension K’/K. Now let L’ be the B’-linear span of
the translates of L by R ®o4 B. Since this is a finite B-module, L' is a finite projective
B’-submodule of V', which is therefore rank d. Its action of R ®o, B’ induces p by applying
@pK'. Now R ®o, B' — Endp(L') is an object of Reph(B’) inducing p € Reph(K'),
completing the proof of the claim. O

Here is a nice result of our work: the maps ¢ and ¢ are adequate moduli spaces up to an
almost isomorphism. Some of the properties of an adequate moduli space still hold despite
this defect.

COROLLARY 1.5.4.7. With assumptions as in Theorem [1.5.4.9, the morphisms 4 and 1

have the properties (1), (2), and (4) proved of adequate moduli spaces in Theorem |1.5.1.}
as well as property (1) defining adequate moduli spaces in Definition|1.5.1.1. Namely, 1 and

Y are finite type, universally closed, push forward coherent sheaves to coherent sheaves, and
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two geometric points in Repcé(l;:) (resp. Rede(/%)) have overlapping closures if and only if
their images under 1 (resp. 1) are isomorphic.

PRrROOF. We have shown that v : Rep%’d //PGL4 — PsR% is a finite universal homeomor-
phism. Now we apply Theorem : because the canonical map ¢ from Rep to the GIT
quotient is finite type and has the geometric point closure property, the same is true of the
composition v o ¢ = 1; because it is universally closed, its composition with the finite and
therefore proper map v is still universally closed. Finally, since push forwards of coherent
sheaves are coherent under ¢ and under the finite morphism v, the same is true of ¢). This

all holds for 1) on R_ep;l_-{ as well. O
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CHAPTER 2

Local Study of Pseudorepresentations

In Chapter 1, we described moduli spaces of representations and pseudorepresentations
and proved that the maps 1/, ¢ sending algebraic stacks of representations to their associated
pseudorepresentations are very close to adequate moduli spaces. In particular, they are
universally closed. We accomplished this almost entirely through a study of the geometric
points of these moduli spaces, the only additional input being the verification that v satisfies
the valuative criterion for properness in Theorem |1.5.4.2, However, as we noted in Remark
1.5.4.4] the study of the defect v of ¢ (resp. ¢)) from being an adequate moduli space is
not visible through the fibers of ¢ (resp. ¥)). The challenge is that the GIT quotient, which
is the base of adequate moduli space, does not admit a good moduli interpretation — only
its geometric points have a satisfying moduli interpretation. However, as remarked at the
beginning of §1.5.4] we have reduced the study of the defect v to ) being an adequate moduli
space to a local question on the base. This is one reason why we will now study the moduli
space of pseudorepresentaitons locally. For example, in §2.3] we make progress in showing
that v is an isomorphism by adding more linear structure to representations whose induced
pseudorepresentation deforms a fixed multiplicity free psueodrepresentation. In this case, we
will be able to eliminate the defect v. This result is recorded in Theorem 2.3.3.7

Of course, there are other reasons to study pseudorepresentations locally. One reason
is to study their tangent spaces and deformation theory, which is what we begin with,
following Chenevier [Chell]. Our main result here is Proposition . This gives a
representation theoretic condition for the finitude of the dimension of the tangent space to a
field-valued pseudorepresentation. In this, we make an improvement on [Chelll Proposition
2.28] by eliminating the assumption that the characteristic of the field must be larger than
the dimension or must be 0. This follows from the application of PI ring theory described
in Chapter 1.

The other major goal in this chapter is to identify some projective subschemes of R_ep(j%,
locally on the base Pst{2 of ¥. To accomplish this fiber-wise is to apply one of the results
of King [Kin94] (Theorem here), which shows that these projective spaces exist
inside geometric fibers of ¥». Our additional contribution is the deformation of this ample
line bundle to henselian neighborhoods of a point, so that the projective subscheme can be
deformed to complete local neighborhoods (Theorem . To this end, our work here is
to carefully identify the ample line bundle implicit in King’s result.

Our motivating case of interest for this local study is the moduli of continuous pseudorep-
resentations and representations of a profinite group or algebra, with a certain finiteness
condition. In this case, the results above apply very well, as the moduli formal scheme of
continuous pseudorepresentations is semi-local (see Corollary . Each component is
the formal spectrum of a complete local Noetherian ring! We are preparing the results in
Chapter 2 with their application to profinite representation theory in Chapter 3 in mind.
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2.1. Pseudorepresentations over Local Rings

In this section, we will study pseudorepresentations of an algebra R over a commutative
local ring A. In practice, we will often fix a d-dimensional pseudorepresentation

D:R— A

and draw conclusions about D given some conditions about the data. We will begin with
deformation theory of a field-valued pseudorepresentation and then discuss the tangent space
of the pseudorepresentation functor at such a point. We will conclude with some facts about
Cayley-Hamilton algebras (R, A) over local rings.

2.1.1. Deformation Theory Setup. Our study of the deformations of pseudorepre-
sentations will follow Chenevier [Chell]. As usual, let A be a commutative ring and let R
be an A-algebra. We could consider a closed Spec A-subscheme X C Pstl% with its reduced
structure, and then study the completion of PSR% at X. However, our purposes do not
require this generality; in particular, our work in Chapter 1 shows that we can study the
morphism v locally on the base. Our setting for the study deformations will be a complete
Noetherian local base ring A with residue field F 4 of characteristic p > 0, along with a given
d-dimensional FF 4-valued pseudorepresentation of R, denoted

DZR@AFAHFA.

For example, in this setting, A may be the Cohen ring of F 4, which we denote by W.
We study deformations of D to the following rings, writing F for F 4.

DEFINITION 2.1.1.1. Let Ap be the category of Artinian local A-algebras with residue
field F, where morphisms are local A-algebra homomorphisms.

Let Ay be the category of Noetherian local A-algebras with residue field F, where mor-
phisms are local W-algebra homomorphisms. For B € Ap we write mp for its maximal
ideal.

The category Ap includes Ay as a full subcategory, and objects in Ap consist of limits
(filtered projective limits with surjective maps) in Ap.
We define the deformation functor PsRp as follows.

DEFINITION 2.1.1.2. With the data p, A, R, D,d and F as above, let PsRp be the covari-
ant functor on Ay associating to each B € ob Ap the set of d-dimensional pseudorepresenta-
tions

D:R®pB— B

such that D @3 F — F =2 D. We call such deformations of D pseudodeformations.

The representability of this deformation functor in the category A follows immedi-

ately from the representability for the usual pseudorepresentation moduli scheme Pst2 over
Spec A.

PROPOSITION 2.1.1.3. Given F, A, R,d, and D as above, let D also denote its associated
F-point of PSRC}%. Then the pseudodeformation functor is representable by the completion Bp
of the local ring OPSR%,D at its mazimal ideal mp, with the universal object D" ®rd (ryab Bp.

PRrROOF. By definition of pseudodeformation, any object of PsRp over B € /l,j corre-
sponds to a map Spec B — PstR factoring through the natural map Spec B — PSRC}%. 0

81



COROLLARY 2.1.1.4. If R s finitely generated as a A-algebra, Bp is Noetherian.

PROOF. In this case, PsR% is Noetherian and finitely generated over Spec A by Theorem
1.1.10.15] Then since Bp is the completion of a localization of a Noetherian ring, PsRp5 is
Noetherian. U

Since Bp is a complete local ring, there are several conditions on Bp equivalent to the
Noetherian condition.

LEMMA 2.1.1.5. Since Bp is a complete local A-algebra and A is a complete Noetherian
local ring, the Cohen structure theorem (see e.g. [MR10, Theorem 3.2.4]) implies that the
following properties are equivalent.

(1) There exists a surjection Wty,...,t,] = Bp for some n > 0.

(2) There exists a surjection Alty,...,t,] - Bp for some n > 0.

(3) Bp topologically finite typﬂ as a A-algebra.

(4) Bp is Noetherian.

(5) dimg(mp/m%) is finite.

(6) The tangent F-vector space PsRp(F[e]/(?)) is finite-dimensional.

This is our motivation to study the tangent space Tp := PsRp(F[e]/(c?)) of PsR% at D.
We will give a (co)homological condition for the finiteness of the tangent space in the next
paragraph.

2.1.2. Tangent Spaces of the Pseudorepresentation Functor. We now describe
and give a sufficient condition for the finiteness of the tangent space of the pseudorepresen-
tation functor (or pseudodeformation functor) at a point. We follow Chenevier [Chelll, 2.24-
2.29] here. We make an improvement on Chenevier’s results, generalizing [Chelll, Proposition
2.28] to arbitrary characteristic in Proposition [2.1.2.3; the improvement entirely rests on the
use of the reference [Sam09] (see Theorem nd its use in Lemma [[.2.3.1)), and we
follow Chenevier’s techniques otherwise.

This study is especially useful in preparation for giving sufficient conditions for the
Noetherianess of a complete local “pseudodeformation ring” of continuous deformations of
a field-valued pseudorepresentation of a profinite algebra (see Theorem .

As usual, we have a commutative ring A and an A-algebra R. Let D : R — A be a
d-dimensional pseudorepresentation. We will write Ale] for Ale]/(€?), i.e. €2 = 0. For any
A-module M, we write M|e|] for M ®4 Ale].

DEFINITION 2.1.2.1. Let D be a d-dimensional pseudorepresentation D : R — A. We
call a pseudorepresentation D : Rle] — Ale] a lift of D when D ®4;q A = D. Through the
canonical identification

MEG(R, Ale]) — PsRig(Ale)),
of Corollary [I.1.3.10, the set of lifts is canonically functorially isomorphic to the set of
multiplicative A-polynomial laws
P:R— Al¢

such that they map to D via composition with the A-algebra homomorphism 7 = 74 :
e—0

Ale] — A. We denote this set of multiplicative polynomial laws by T = Tp C M%(R, Ale]),
the tangent space at D.

IWhen we say that B is topologically finite type over A, we mean that it is (or admits a surjection from)
the completion of some finite type A-algebra with respect to the powers of some ideal of A.
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Another way of defining this tangent space is to say that Tp := (7*)~1(Dy), where
7 : Homy gy (T4 (R)™, Ale]) — Homy_ a1, (T4 (R)™, A)
frmof.

One can check that it has a natural A-module structure.
From now on, in our discussion of lifts of pseudorepresentations, we let A be a field F.

LEMMA 2.1.2.2 ([Chelll Lemma 2.26]). Let R be a F-algebra and let D : R — F be a
d-dimensional pseudorepresentation. Assume that there exists a positive integer N such that
ker(D)N c CH(D). Then T C P(R/ker(D)*N ).

PROOF. Let P € Tp and let D : R[e] — Fle] be the associated pseudorepresentation.
One can check that ker(P) = ker(D)NR. Therefore want to show that 2V such that satisfies
the relation ker(D)?" C ker(D).

Consider the Cayley-Hamilton Fle]-algebras S := R/CH(D) and S[e], which is canoni-
cally isomorphic to R[e]/CH(D) by Lemma [1.1.8.6l For r € ker(D)[e] C Rle], we have by
assumption A;(r) € €F for all 1 < i < d, and therefore s? € ¢ - F[s] for all s € J[e] C Sle].
Let J := ker(D)/CH(D) C S, so J = J[e]/eJe]. The assumption ker(D)Y C CH(D) implies
that (J[e]/eJ[e])Y = 0, and then J[e]*Y = 0. Consequently, ker(D)* ¢ CH(D) C ker(D),
where the latter inclusion is the content of Lemma [L.2.1.7] O

We continue to work with deformations of a fixed d-dimensional pseudorepresentation
D : R — F. Now let us restrict to the case that S := R/ker(D) is finite-dimensional as a [F-
vector space. By Theorem|[1.3.1.3] this condition will hold when F is perfect, p = char(F) > 0
and [F : F?] < oo, R/F is finitely generated, or d < p. This lemma improves [Chelll Lemmas
2.26).

PROPOSITION 2.1.2.3 (Following [Chelll, Proposition 2.28]). Let RF.D:R —TF, and
assume that S = R/ker(D) is finite-dimensional over F. Then if Exty(S,S) is finite-
dimensional over IF, where S is treated as a R-module here, then Tp is also finite-dimensional
over IF.

Compare this statement with Theorem [1.3.3.2} the methods of proof also correspond in
large part.

PRrOOF. Choose N such that ker(D) C CH(D). Such an N exists by Lemma [1.2.3.1{(4),
and is bounded by the integers N(d) and N(d,p) of Definition [1.2.2.7]
Now Lemma [[.3.3.1] tells us that

Homp(I/1%,S) = Homg(I /1%, S)
is also finite-dimensional as a [F-vector space. Since S is semisimple and the S-module S con-
tains all simple S-modules as submodules, the finiteness of the dimension of Homg (I /1%, S)
implies that I/I? is finite length as a S-module, and therefore also implies that dimg [ /12 <

00.
Because there are natural surjections

([/[2)®§ s In/[n+l
for any ideal / C R, this means that R/ker(D)*" is also finite-dimensional over F. Using
Lemma [2.1.2.2] we know that T C PE(R/ker(D)*" F). Finally, because the finitude of a

general A-module M implies the finitude of T'% (M) as an A-module for any d > 0, we apply
Theorem [[.1.3.4] to conclude. O
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We can apply Proposition [2.1.2.3|to give a criterion depending only on D for the Noethe-
rianness of the complete local deformation ring Bp defined in Proposition [2.1.1.3| using the
Noetherianness criteria of Lemma [2.1.1.5] For this statement, we resume the language of

§2.1.1], also setting R := R ®4 F4.

COROLLARY 2.1.2.4. Let A be a complete Noetherian local ring and let R be an A-algebra.
Fiz a d-dimensional pseudorepresentation D : R — F 4 such that if we take S := R/ ker(D)
as an R-module, Ext}%(S, S) is finite-dimensional as a Fq-vector space. Then the complete
local pseudodeformation ring Bp of Proposition 18 Noetherian.

Since we will be interested in this primarily in the profinite topological case, we will give
the proof for the profinite case in Theorem [3.1.5.3l A proof in this case would feature the
same techniques without the topological considerations.

2.1.3. Cayley-Hamilton Pseudorepresentations over Local Rings. As we have
remarked, a d-dimensional Cayley-Hamilton A-algebra (R, D) shares properties with alge-
bras appearing as subalgebras of d x d matrix algebras. For example, each element is integral
of degree d over A, and if A is a field, we have shown that the Jacobson radical is nilpotent
(see Lemma and Corollary for this and other properties of Cayley-Hamilton
algebras). When A is a henselian local ring and the semisimple representation correspond-
ing to the special fiber of D is absolutely irreducible and split over the residue field, this
correspondence with matrix algebras is exact. This is what we describe in this paragraph.

First we require a lemma on the Jacobson radical of Cayley-Hamilton algebras over local
rings. Recall that J(R) denotes the Jacobson radical of the ring R.

LeEMmMA 2.1.3.1 (Following [Chelll Lemma 2.10]). Let A be a local ring with mazimal ideal
ma and residue field F =F4. Let R be an A-algebra with a d-dimensional Cayley-Hamilton
pseudorepresentation D : R — A with residual pseudorepresentation D = D ® 4 F.

(1) The kernel of the canonical surjection R — (R ®4 F)/ker D is J(R).

(2) Ifms, =0 for s > 1 an integer, then J(R)N®* = 0, where N(d) is the integer of Def-
imition which depends only on d. The possibly lesser integer N(d,charF 4)
can be used in place of N(d).

Our use of polynomial identity ring theory improves Chenevier’s result in the case d >
charF 4.

PrROOF. Write I for the two-sided ideal named in statement (1). Let us first show that
I C J(R), which will follow from checking that 1 + I C R*. By Lemma [1.2.3.1)1), it
is equivalent to check that D(1 + I) C A*. But it is clear that D(1 + 1) C 1+ my by
assumption, so we have I C J(R). To show the reverse inclusion, we first observe that
my - R C I C J(R), so it will suffice to prove the reverse inclusion with A = F4. Now the
desired inclusion J(R) C [ is given by Lemma |1.2.3.1{(5).

Now we assume that m% = 0. It is clear that we may replace R by R/my - R, assume
that A = F4, and show that J(R)N@ = 0. This is precisely what we get from Lemma
T.2.3.1(4). 0

Recall this essential property of henselian rings. The idempotent lifting is what we require
in order to make a comparison with a matrix algebra over all of Spec A, and not just over
the closed point.
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LEMMA 2.1.3.2 (cf. [BLRI0, §2.3, Proposition 4]). Let A be a local ring with residue field
F4. Then A is Henselian if and only if for any finite A-algebra B, the canonical map on
1dempotents

Idem(B) — Idem(B ®4 F )

s an isomorphism.
Now we can give the main theorem of this paragraph.

THEOREM 2.1.3.3 ([Chelll, Theorem 2.22(i)]). Assume that D is Cayley-Hamilton and
that A is a henselian local ring with residue field F 5. If D is split and absolutely irreducible,
then there is an A-algebra isomorphism

such that D = det op.
PROOF. Omitted. O

Recall the representation theoretic moduli spaces of §1.4 The local result Theorem
2.1.3.3| is enough for us to show that the universal Cayley-Hamilton algebra is globally an
Azumaya algebra when restricted to the absolutely irreducible locus PsIrrC]l% C PSRC}%. We
also point out that ® is an isomorphism over this locus, which immediately implies that
the deformation functor of a chosen absolutely irreducible field-valued representation of R
is equivalent to the deformation functor of the representation. This is an improvement of
Chenevier of the results of Nyssen [Nys96] and Rouquier [Rou96], who showed that deform-
ing an absolutely irreducible pseudocharacter is equivalent to deforming the associated an
absolutely irreducible representation.

COROLLARY 2.1.3.4 (|Chelll Corollary 2.23]). Let A be a commutative ring and let R
be an A-algebra.

(1) Over the absolutely irreducible locus PsIrrs C PsR%, the restriction of the universal
Cayley-Hamilton algebra E(R,d) to Pslir} is an Azumaya Obpgnea -algebra of rank
d?.

(2) Over PsIrrd PSR%,_lE and v are isomorphisms.

(8) For each split point D € Pslir%, the mp-adic completion of Opgnd, p 15 canonically
1somorphic to the deformation ring for the representation

R — My(r(D)).

PROOF. Chose x € Pslrr, and let B be the strict henselization of Opgr, .- By Lemma

LT85, )
E(R,d)®o, , B— (R®a B)/CH(D"® A).

Theorem [2.1.3.3| now implies that the right hand side is isomorphic to Mg (B). Hence
E(R,d) ®o, , Opsga . is an Azumaya algebra of rank d? since Opgre , — B is faithfully
sR% ’ )

flat (cf. [Stal, Lemma 07QM]). Now we observe that E(R,d) is an Azumaya algebra, as the
definition of an Azumaya algebra may be given locally (see Definition [1.4.1.5{(1)). B
Parts (2) and (3) follow at once, as the Azumaya Opg,,4-algebra defines a section to ¢

over Pslrré,. U

REMARK 2.1.3.5. This generalizes results previously known for pseudocharacters when
the characteristic is larger than the dimension, e.g. [Nys96, Rou96l [Car94]. In particular,
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Carayol [Car94] showed that a deformation of an absolutely irreducible residual representa-
tion is characterized by its trace. Nyssen and Rouquier [Nys96l [Rou96] showed the “con-
verse,” that the deformation of a residual pseudocharacter arising as the trace of an absolutely
irreducible representation is realizable as the trace of a deformation of said representation.

We have succeeded in showing that 1 is an adequate moduli space over the absolutely
irreducible locus, but this is a trivial case since v is an isomorphism here. We will prove this
in a nontrivial case in Corollary [2.3.3.9,

2.2. Fibers of ¥

Recall Theorem |[1.4.3.1] where we show that schemes and stacks parameterizing d-
dimensional representations of an algebra R are equivalent to the analogous moduli space for
representations of the universal Cayley-Hamilton algebra E(R,d) over the universal pseu-
dorepresentation of R. This is a particularly useful result in the case that E(R,d) is finite
as a OPngg -module. We have shown that this is true when, for example, A is Noetherian
and R is finitely generated (Corollary [[.4.3.3).

Assuming that F(R,d) is finite, we study of the fibers of ¥ (resp. 1, resp. ¥). Fix a
residue field ' of PSR‘f{ and let D denote the associated pseudorepresentation

D = DU®F . E(R,d) ®F%(R)‘de — .

Recall that by Lemma|1.1.8.6, the formation of the Cayley-Hamilton quotient of R commutes
with base change over PsRS%. Therefore, when E(R,d) is finite over Opgry,, the study of the
fibers of ¢ amounts to the study of representations of a finite-dimensional algebra

E(R, d) ®FSIA(R)ab F

over the field IF, with the condition that the induced pseudorepresentation of these represen-
tations is precisely D.

Consider also the case where R is an algebra over a field F that is not finitely generated,
but where a pseudorepresentation D : R — I satisfies the conditions of Theorem [1.3.3.2] so
that the associated Cayley-Hamilton algebra E := R/CH(D) is finite-dimensional over F.
Then, using the universality of the Cayley-Hamilton algebra (Theorem , the repre-
sentations of R inducing D as a determinant amount to the representations of £ inducing
D|g as a determinant. Once again, we are reduced to the study of the representations of a
finite-dimensional algebra. We will also find ourselves remanded to this case when we study
representations of profinite topological algebras in Chapter 3, provided that an appropriate
finiteness condition is satisfied.

Therefore, for this section we will let £ be a finite-dimensional F-algebra with a given
Cayley-Hamilton d-dimensional pseudorepresentation

D:E —TF.
Certainly, this satisfies the conditions of Theorem [1.4.1.3] so that the scheme of framed

representations and the algebraic stacks of representations are finite type Spec F-schemes.
We will study the fiber of the representation spaces of E over D, i.e.

Rep%O =y YD) C Rep%d,

Repp :=¢~'(D)  C Repy,
—o0 1,7 =d
Repp := (D) C Repyg.
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Important point. This condition that a representation lie in the fiber of D is equivalent,
once D is split, to the condition that its Jordan-Holder factors match those of the semisimple
representation p3 associated to p via Theorem [[.3.1.1] Therefore, Repj, is a geometric real-
ization of the category (whose morphisms are isomorphisms) of representations of E with a
given semisimplification. Of course, semisimple representations of a finite-dimensional alge-
bra are naturally in bijective correspondence with functions from simple representations to
the non-negative integers. This description is known as a dimension vector. Therefore, once
FF is large enough so that E/ker(D) is split, we can speak of F-valued pseudorepresentations
as dimension vectors, and vice-versa. This lange will be particularly natural as we introduce
representations of quivers.

The main goal of our study is to show that there are projective subspaces of R_ep%
corresponding to certain notions of (semi)stability, formally analogous to the theory of vector
bundles over a curve. Basically, we are reviewing a result of A. D. King [Kin94]. Let us
begin with a brief summary of his result. We will freely use terminology from §1.3.4]

Given an integer-valued character 6 : Ko(Repg(F)) — Z of the Grothendieck group of
E, he develops a corresponding notion of semi-stability and stability for representations of
E. He then shows that semistability (resp. stability) of a representation p € Rep% C Rep%d
is equivalent to it lying in a semistable (resp. stable) orbit for a certain action of a certain
reductive group and a linearization of Rep% corresponding to §. Then the GIT quotient of the
semistable orbit locus is a projective space which is a coarse moduli space parameterizing -
semistable representations of £ up to S-equivalence. The notion of S-equivalence is analogous
to the notion of S-equivalence of vector bundles on curves due to Seshadri [Ses67]. The
equivalence relation is better on the stable locus within the GIT quotient: it is a coarse
moduli space for #-stable representations with respect to the usual notion of equivalence
between E-modules.

We will not pursue these generalities and the notion of S-equivalence. Rather, we will
focus on a particular case when we get a projective, fine moduli space out of this GIT
construction. This case is noted by King [Kin94, Remark 5.4]: # may be chosen (relative to
D) so that #-semistability implies -stability in Rep%, and such that the GIT quotient is a fine
moduli space. This will show that there are large projective subschemes of R_epoD(Q) C R_epoD
corresponding to #-(semi)stable representations of F.

REMARK 2.2.0.6. This observation generalizes and answers affirmatively a suspicion of
Kisin [Kis09al, Remark 3.2.7] on the existence of projective loci (relative to 1) inside moduli
spaces of representations, and adds many more instances to the cases that Kisin pointed out
(see Corollary . Of course, we must wait until Chapter 3 to see that the case of
extensions of continuous representations of a profinite group with finite field coefficients can
be reduced to the case that we now work with.

In terms of the intrinsic study of the special fiber of ¢, King’s result is all that we require,
and it would suffice to quote his result in order to show which families of representations of
E form projective spaces in R_epoD. However, we are also interested in showing that these
projective sub-moduli-spaces exist locally on the base in PsR%, or complete-locally in the
profinite case PsRp C PsR%. Of course, this will follow if we can show that an ample
line bundle for King’s projective space is the specialization of a locally well-defined line

bundle in Repé to PsR%. We will accomplish this over complete local rings, with our work

2The former condition is the more interesting one.
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culminating in Theorem [2.2.4.1] This will take some work, since King’s work uses the fact
that the category of modules for any finite-dimensional algebra is equivalent to the category
of modules for a a quotient algebra of a path algebra for a finite quiver. It is in the category
of representations of quivers that these projective spaces are most naturally constructed,
and our work is to follow the ample line bundle on a space of representations of a quiver
through several equivalences necessary to identify an ample line bundle on a certain space
of representations of E.

Assumption. We assume that F is algebraically closed. This assumption will be in
place only for this section.

REMARK 2.2.0.7. This assumption is used to ensure that R/ker(D), the semisimple
algebra associated to the pseudorepresentation, will be split in the sense of Definition [[.3.4.4]
It is also necessary in order to ensure that statements about points of a GIT quotient are
accurate, as GIT only has a good functor of geometric points (cf. Remark [1.5.1.6). The
former issue is more serious, as we will need to find as many idempotents as the dimension
of an algebra in order to draw comparisons with quivers. In many cases, including those
that we will be concerned with for profinite algebras in Chapter 3, this can be achieved with
a finite separable extension of a field F. Therefore an assumption that D is split over F will
be sufficient to apply the results of this section.

2.2.1. King’s Result on Quiver Representation Moduli. We give a brisk intro-
duction to quivers in order to state King’s result. For more background on quivers, see for
example [ASS06].

DEFINITION 2.2.1.1. A quiver @ is an oriented graph @ = (Qo, Q1), where @ is the set
of vertices, and () the set of oriented edges, also known as arrows. We define the head and
tail functions

h,t: Q1 — Qo
to be the maps sending an arrow a € ()1, to the head h(a) of the arrow and the tail t(a) of
the arrow. A quiver @) is called finite if )y and (), are finite.

DEFINITION 2.2.1.2. Let @) be a quiver.

(1) A representation of @) over a field F is a collection of F-vector spaces W, for each
v € Qo and a collection of F-linear maps ¢, : Wyq) — Wi(q) for each arrow a € Q.

(2) A morphism of such representations, (W, ¢,) — (U,,%,) is a collection of F-linear
maps f, : W, — U, such that fjq) 0 ¢a = 14 0 fya) for each a € Q.

(3) The dimension vector 3 € Z2° of a representation (W, ¢,) is the vector of integers
B, = dimg W, for each v € QQy. A representation is called finite-dimensional if W,
is finite-dimensional for all v and 8, = 0 for all but finitely many v € Q).

(4) Given a dimension vector 8 we use GL(f) to denote the group x,eq,GL(W,) of
linear automorphisms of (W,).

(5) A C GL(B) denotes the diagonal subgroup of scalars (¢,...,t) C GL(8), and
PGL(p) denotes the quotient.

Note that PGL(f) is not generally the product over v € QQy of PGL(W,).
Convention. We will work with finite quivers and finite-dimensional representations
from now on, without remarking on their finiteness.
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Once we define the path algebra FQ of ), we will see that under the equivalence of
between representations of () and representations of F(), dimension vectors correspond to
pseudorepresentations of F().

First, we note that framed moduli spaces of representations of quivers are affine spaces!
Indeed, the set of representations of F over a given dimension vector 3 € Z?° corresponding
to the set of vector spaces (W,),eq, 18

Repg(]F) = @ Homp(Wi(a), Wh(a))-
acQn

The group GL(3)(FF) acts naturally on this set, and one can check that two representations
in Repj (F) are isomorphic if and only if they lie in the same orbit of GL(3)(F).

We let Rep? represent the functor from Spec [F-schemes to the set of such representations;
explicitly, this functor sends a SpecF-scheme X to the Ox-module

@ Homo, (Wi ®F Ox, Wiy ®r Ox).
ac@Qq

Observe that there is a natural isomorphism

(2.2.1.3) Rep; — Spec Symj (@ Homp(Wy(q), Wh(a))A> :

acQ1

and that the algebraic group GL(J) acts naturally on Repg, with orbits consisting of iso-
morphism classes of representations. In addition, PGL(S) acts on Rep/%'; it acts on each
space Hom(Wt(a), Wh(ay) even though it does not have a sensible action on W, for v € Q.
In analogy to Definition [1.4.1.1] we define the following groupoids of representations.

DEFINITION 2.2.1.4. Let @) be a quiver. Define groupoids on Spec F-schemes by mapping
an Spec [F-scheme X to the following sets.

Repg := X + {For each v € Qp, a vector bundle W, /X of rank 3,
for each a € Q1, ¢ € Homo, (Wiay, Wia)) }-
The definition of R_epﬁ amounts to tracking the data of the the data of (W,, ¢,) modulo
simultaneous twists of (W) by a line bundle £ € Pic X §
R_epﬁ =X — {For v,w,x € Qp, a vector bundle H,,,/X of rank /3,5,
Ox-Azumaya algebra structure on &, := H,,,
Ox-module surjections ¢,y @ Hyw @0y Hys = Hyy,
and, for a € Q1, ¢a € Hya)na)}

such that the following conditions on ¢y, hold (following [BC09, §1.3.2]):

(UNIT) For all v,w € Qq, Copw : Ev @ Hywy — Hyy (re8p. Coww : How @ Eww — Hyw) 18
compatible with the Azumaya algebra structure on &,.

(ASSO) For all v,w,z,y € Qy, the two natural maps H,, ® Hy,, ® H,, — H,, coincide.

(COM) For all v,w € Qq, * € Hyw, ¥ € Hupwy Cown(T R Y) = Copw(y @ T).

3This corrects a small oversight in [Kin94] — he does not mention the twists of families of representations of
@ by a line bundle and the resulting lack of representability of Repg.
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In analogy to Theorem [1.4.1.4] one can check that there are natural equivalences of
Spec F-groupoids

(2.2.1.5) Reps; — [Repy /GL(8)], Repy — [Repj /PGL(S)].

Now choose € Z%9, which we call a character of Rep(Q). In fact, such a character
naturally determines a character of the Grothendieck group of Rep(Q) (cf. Definition[1.3.4.5).
Simple ()-representations over F are in natural bijective correspondence with @)y, sending
w € Qo to the representation (W,, ¢,), where we have

wW,=TF v=w
W“_{ W, ={0} v#w
and we have ¢, = idy, if h(a) = t(a) = v, and ¢, = 0 otherwise. This establishes a
natural equivalence between characters of Rep(Q) characters of the Grothendieck group
Ko(Repg(F)). We call a character of Rep(Q) indivisible if it is not the scalar multiple of
another character.

We will define two notions of §-semistability (resp. #-stability), one intrinsic to the rep-
resentation theory, and one being that of the GIT notion of semistability (resp. stability)
of a point in Repg for the xg-linearized action of GL(8), where xy is a character of GL(5)
associated to 6.

First we give the representation theoretic definition for a general F-algebra FE, which
makes sense for representations of a quiver () even though we have not yet realized the
representations of () as the representations of its path algebra. As King points out, this
definition makes sense for any abelian category; special cases of the notion include Mumford’s
notion of stability for vector bundles over a curve.

DEFINITION 2.2.1.6 ([Kin94, Definition 1.1]). With [F, E| and a character
0 : Ko(Repg) — Z
as above,

(1) a representation W € Repy is called 0-semistable if (M) = 0, and for every sub-
representation W’ C W, (W’) > 0.
(2) if W € Repy, is #-semistable, and if, additionally, it satisfies the property

W) =0 = W' =W or W =0
for all subrepresentations W’ C W, then we call W #-stable.

We call two #-semistable representations S-equivalent if they have identical composition
factors in the full abelian subcategory of 6-semistable representations; the stable represen-
tations are the simple objects in this subcategory. We will not focus here on S-equivalence
except when it coincides with the usual notion of equivalence.

In fact, as we pointed out in the introduction, we are mainly interested in families of
representations in which 6-semistability implies #-stability. As connected families of rep-
resentations of finite-dimensional algebras have constant residual pseudorepresentation (by
Theorem [1.1.7.4)(5), for example), this condition is dependent upon the semisimplification of
the representation. Semisimple representations amount to non-negative integer-valued linear
combinations of simple representations and simple representations are a basis for Ky(Repg).
We recall that this is the dimension vector (Definition of the representation. Note
that the condition #(1W) = 0 of semisimplicity depends only on its dimension vector #, and
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can be expressed in terms of the dot product of the dimension vector with 6, i.e.

(8,0) = 0.
Using this terminology, we will give a condition such that semistability will imply stability.
First, we require the following definition.

DEFINITION 2.2.1.7. A standard projection operator on characters of Ky(Repg) sends
0 € Ko(Repg) to its projection along the submodule spanned by a subset of the simple
representations of E. We say that a standard projection operator is non-trivial on the

support of 5 € Ko(Repy) provided that PS5 # f.

LEMMA 2.2.1.8. Let 6 be a character of the Grothendieck group Ko(Repg) of Repg, and
let B be a dimension vector such that (3,0) = 0. If for every standard projection P that
is non-trivial on the support of  we have a strict inequality (PB, PO) # 0, then for every
representation W € Repp with dimension vector 3, W is 0-semistable if and only if it s
0-stable.

DEFINITION 2.2.1.9. If 5 and 6 satisfy the conditions of Lemma [2.2.1.8] we say that [ is
stabilizing with respect to 6.

ExaAMPLE 2.2.1.10. Let py, ..., p, be simple representations of E, possibly with multi-
plicity except that we demand that p, % p; for 1 < i < n. Let 8 be the dimension vector
supported on the p;, with these multiplicities. Later in Example [2.2.3.1] we will study this
dimension vector relative to the character § on Ky(F) sending

" opn— —(n—1)

We see that [ is stabilizing with respect to . The only way to get a sum of zero out of
a projection to some subset of the isomorphism classes of the p; is to choose the identity
projection.

Now we give a character of GL() associated to 6.

DEFINITION 2.2.1.11. For each v € @), write det, for the determinant of the vth com-
ponent of GL(8) = X,eq,GL(W,). Then set x, to be the character

GL(B) — G,
(92) = ]I det(g0)-
vEQRo

This geometric notion of semistability (resp. stability) cuts out a subfunctor of Rep%',
which geometric invariant theory implies is open. We write

Repg’s(ﬁ) C Repg’ss(ﬁ) C Repy
for these open subschemes. Let
Rep™*(6) x L(n)

denote the total space of the trivial line bundle £ over Rep?’ss(ﬁ) with an action of GL(f)

extended to this space by acting on £ by n~! with the character y;, !. Then standard GIT
results give us that a quotient by GL(3) exists. This linearized GIT quotient space is

Repj //(GL(B), xo) := Projg (@ F[Rep**(0) x g(Xg)]Gum) 7

n>0
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and it is projective over the GIT quotient
Repg //GL(B) = SpecF.

We write L
Repj (0) := Rep //(GL(B), xo)

for this projective Spec F-scheme, and standard GIT theory gives an open F-subscheme
Rep,(0) C Repy (0)

image of the yg-stable locus in Repj(f).
This theorem summarizes the GIT content of King’s paper.

THEOREM 2.2.1.12 (|Kin94, Propositions 3.1-3.2, Proposition 5.2-5.3]).

(1) A point in Repg corresponding to a representation W of Q) is xg-semistable, i.e. lies
in Rep?’ss(g) (resp. xq-stable, i.e. lies in Rep?’s(ﬁ)), if and only if W is 0-semistable
(resp. 0-stable).

wo 0-semistable representations correspond to points in Repg wi -
2) Two 6- tabl tati dt ts in Rep5*(#) with GL(8

orbits with overlapping Zariski closures in Repﬁ *(0) if and only if the representa-
tions are S-equivalent with respect to 6.

(3) R_ep;s(e) is a coarse moduli space for families of 0-semistable modules up to S-
equivalence

(4) When the dimension vector [ is indivisible, the stable quotient R_epZ(Q) is a fine
moduli space for families of 0-stable modules.

Much the content of King’s paper works toward proving Theorem [2.2.1.12]in the context
of representations of a finite-dimensional F-algebra, using an equivalence between quiver
representations with a fixed dimension vector on one hand, and representations of a finite-
dimensional F-algebra E with induced pseudorepresentation D on the other. However, we
need a more concrete realization of this equivalence than King provides. We are staying
within the context of quiver representations for the moment so that we can carefully iden-
tify an ample line bundle on R_ep;s(G). Our goal is to give an explicit translation between
representations of () and representations of F, also translating conditions of semistability,
etc., so that under the resulting closed immersion

Rep,p(6) < Repg,4(6),
we can identify the pullback of the ample line bundle to the left side in terms of the moduli
problem there. Therefore, let us conclude our overview of King’s results by identifying this

ample line bundle on the right side in terms of the moduli problem there.
An ample line bundle on the linearized GIT quotient

Repﬂ = Projg (@F Repg *20) x L(x )]GL(B)>

n>0

is the standard ample line bundle O%(1) of this Proj Constructionﬁ which consists of the
regular functions on RepD *(0) x L(xj) such that GL(8) acts by xy. By reviewing the
definition of yy and the explicit form of the coordinate ring for Repg in (2.2.1.3)), we observe

41t is not necessarily very ample.
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that this line bundle is the descent of the PGL()-equivariantly linearized line bundle
(2.2.1.13) O’(1) == Q) det (W)=

vEQo

on Repg to R_epzs(ﬁ). In saying that this bundle is PGL(f)-equivariantly linearized, we
are using the fact that the GL(8)-linearization of O%(1) descends to a PGL(f)-linearization
(cf. the comments on the action of PGL(f) on Rep? at (2.2.1.3))). This is the case because
xo(A) = {1}; indeed, this is a condition for (GIT) semistability, which, in the translation
between the representation theoretic and GIT notions of semistability for a representation
W, corresponds to the condition (W) = 0. Alternatively, we know that O%(1) will descend
to Repg by (2.2.1.5)), and one can check that in terms of the intrinsic definition of R_epﬁ,

v,WEQo

for appropriate integers n(v,w) dependent on § € Z? and 3. We derive these integers from
(2.2.1.13) by recalling that the natural association is H,, = Hom(W,, W,,), and

/\ﬁvava o~ (/\ﬁva)@)_ﬁw ® (/\/BwWw>®ﬁv
Indeed, the integers n(v,w) are specified by the following

LEMMA 2.2.1.15. Let B = (P1,...,0n) € Z™ be indivisible, and let 0 = (04,...,0,) € Z"
such that the dot product B -0 is zero. Then 0 is a Z-linear combination of the vectors e¥

for 1 <i<j<n, where eV = (e,...,€e¥) is given by
- +6; ifk=i
e = —Bi ifk=

0 otherwise

The integers n(v, w) are the coefficients of e in the expression for §. Of course, since
€uw = —€y, for any v,w € @y, we don’t lose anything by restricting to ¢ < j. Also, note
that we are assuming that 5, > 0 for each v € Q.

PrROOF. We write Z" for the Z-module of n-tuples of integers. The standard dot product
defines a perfect pairing Z" x Z" — Z, and pairing with § defines a Z-module morphism
w={,B):Z" — Z. The indivisibility of  is equivalent to the surjectivity of p. Therefore
if we let M represent the kernel of i, we have an exact sequence

0O— M —7" —7—=0

which admits a splitting. We observe that M must be free of rank n — 1 over Z. We want to
verify that the sub-Z-module of M generated by e;;,1 < ¢ < j < n, which we will denote by
N, is in fact equal to M. Let P denote the cokernel of N — M, so that we have an exact
sequence

0O—N-—M—P —0.

Since e;;,2 < j < n, are linearly independent over Q, N is free of rank n — 1 and P is finite
in cardinality. We will complete the proof by showing that P ®z F, = 0 for all rational
primes p, and we will do this by showing that e;; span M modulo p for each p.

Fix a prime p. Because f is indivisible, there exists some v € @)y such that 3, # 0
(mod p). Without loss of generality, assume v = 1. Then the n — 1 elements e;; are linearly
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independent modulo p. This shows that the image of N®zF, in M ®;[F, is n—1-dimensional,
and therefore is equal to M ®z F,,. 0

2.2.2. Finite Dimensional Algebras and Path Algebras. Now we prepare back-
ground material on finite-dimensional algebras to show that their representations can be
expressed as representations of quivers.

One step will be to show that given any algebra, its abelian category of representations
is equivalent to that of some basic algebra.

DEFINITION 2.2.2.1. Let F be a finite-dimensional F-algebra.

(1) We call E basic provided that it has a complete set {e1,...,e,} of primitive or-
thogonal idempotent such that Fe; and Fe; are not isomorphic as F-algebras for all
i 7.

(2) We call E connected provided that it cannot be written as a proper product of
algebras F = E; X Fs.

One can show (cf. [ASS06l Proposition 1.6.2]) that the simple representations of a basic
algebra are all one-dimensional, or, equivalently, that if E is basic, then

(2.2.2.2) E/J(E)=F" somen > 0.

If {e1,...,e,} are a complete set of primitive orthogonal idempotents for E, then each
simple representation into F is given by sending e; to 1 for a single ¢, and J(F) and the
remaining e;,j # 4, to 0. Therefore, pseudorepresentations of a basic algebra E are in
bijective correspondence with n-tuples of non-negative integers, where we have numbered a
complete set of n primitive idempotents correspondingly.

Next, we describe the path algebra F(Q) of a quiver (). This is a basic algebra whose abelian
category of representations is naturally equivalent to the abelian category of representations
of a given quiver (). We will describe this equivalence below.

DEFINITION 2.2.2.3. Let )y be a finite quiver.

(1) The path algebra FQ of @ is the quotient of the free algebra on the set Qy U @4
where we write ¢, for v € )y and «a, for a € @)1, subject to the relations

Ev€w = OvwEu, Evlla = Ouyt(a)Xas Xalv = 5h(a)vaa7

agap = 0 if h(a) # t(b),

(2) Let J(FQ) be the Jacobson radical of FQ), which one can check is generated by the
arrows. We call Z C FQ an admissible ideal provided that there exists m > 2 such
that J(Q)™ CZ C J(Q)>

We observe that FQ is a basic algebra.

REMARK 2.2.2.4. There is another sensible definition of FQ) when () is not finite, ex-
pressing FQ as ring graded by the lengths of paths. However, this definition does not have
a unit when @)y is infinite, and is equivalent to the definition given above when @) is finite.

Now we give a construction of a quiver from a connected basic algebra. This is an inverse
construction to the construction of the path algebra.
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DEFINITION 2.2.2.5 (cf. [ASS06, Definition I1.3.1]). Let E be a basic connected F-algebra.
Number off the complete set of primitive orthogonal idempotents {es,...,e,}. Now define
the (ordinary) quiver Qg = (Qo, Q1) of E by Qo = {v1,...,v,} in correspondence with the
idempotents, and each arrow @ in () consists of a head h(a) = v;, tail t(a) = v;, and an

element of a fixed F-basis of e;(J(E)/J(E)?)e,

The term “ordinary” is not standard notation, but we mention it as there are other
quivers associable to F such as its Auslander-Reiten quiver. We observe that if F is finite-
dimensional, then () is finite. One can check that ) does not depend on the choices made in
order to construct it. Also, given a primitive idempotent e € E, we will often simply write
v, for the vertex of () associated to e.

THEOREM 2.2.2.6 (cf. [ASS06, Theorem I1.3.7]). Let E be a basic connected F-algebra.
Then there exists a surjection of F-algebras from the path algebra of a connected quiver,
namely, from the path algebra of its ordinary quiver

IFQE — E'7
inducing an isomorphism of E with the quotient Qr/Z of FQg by an admissible ideal.

PROOF. Map the set Qg into FQg by sending v to €,. By definition, an arrow a € @,
such that ¢(a) = v and h(a) = w is an element of some basis for e, (J(E)/J(E)?*)e,. Choose
a lift of this basis element to J(E) and map the set @)1 to FQg according to the choices
above. This map is, in fact, surjective with admissible kernel [ASS06, Theorem I1.3.7], and
we can already see that the kernel is contained in J(FE)?. U

Let us explicitly describe an equivalence between representations of () = Qg and repre-
sentations of the path algebra FQ). We will give the construction a representation of FQ) out
of a representation of () in terms of the algebraic stacks

RepQ Jé] ;> RepFQ Dﬁ’

since we are interested in keeping track of the line bundle O%(1) of (2.2.1.14) on RepQ 5

after its pullback to Repgg or Repg. Here Djg denotes a pseudorepresentatlon of F() that
corresponds via Theorem [1.3.1.1] to the direct sum of representations

@ M’Saﬁv7

vEQo
where M, is the one-dimensional simple representation on which only e, acts as 1 and
ew,w # v and ()1 act as 0. This is the semisimple representation of F() associated to the
|Qol-tuple (ey)veq,, i-e. the direct sum with multiplicity (e,)peq, over the |Qo| simple (1-
dimensional) representations of FQ) corresponding to e,, cf. . For this construction
in the more usual framed setting (i.e. for elements of Repgﬂ), see e.g. [ASS06, Theorem
I11.1.6].

Let (Hyw, ¢a) € Repg(X) be a representation of @ over X € Schgyecr of dimension vector

[, as in Definition Define

(2.2.2.7) E=EWy 60) = €D How

v, WERQo

The structure maps ¢,y of Definition endow &£ with the structure of an Azumaya
Ox-algebra, where the Ox-algebra structure map induced by the sum over v € )y of the
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maps Oy — &, = H,,. One can readily check that the map of sets
Q=0QUQ —¢&
e, —id, €&, CE
Qg > Qg € Ht(a)h(a) C €.
extends to a homomorphism FQ ®@r Ox — & of Ox-algebras. Here &, and Hy)n(q) are being

considered as (Ox-module) summands of €. Let Dg : FQ — F be the pseudorepresentation
associated to the semisimplification F() — @ver &,, which one can check from the defini-

tions. We have constructed a map of Spec F-groupoids Repg, 5 — Repgq p 5> one can examine
the inverse construction (cf. [ASS06, Theorem I11.1.6]) to see that this is an equivalence, and
use e.g. [Kin94, Proposition 5.2] to show that the map is algebraic.

Now let E be a basic connected F-algebra. Choose a (non-canonical) surjection FQp — E
described in the proof of Theorem [2.2.2.6, Choose also a Cayley-Hamilton pseudorepresen-
tation Dg : E — IF, where we let 3 denote the dimension vector of @) corresponding to the
semisimple representation of F() induced by the semisimple representation ,ostﬂ. We have a
closed immersion

Rep% Dy Rep]?Q Dy AN Repgﬂ,
where the maps are equivariant for the natural action of PGL(). Therefore we have a closed
immersion of algebraic stacks

RGPE,DB — RGPFQ,DB = Repg s,

and we observe that the line bundle O?(1), expressed in terms of the data H,, on R_epQ g in
, pulls back via the association to a line bundle that can be constructed
out of appropriate sub-modules of the universal Azumaya algebra £ on R_ep?E p, receiving
the universal representation of £ with pseudorepresentation Dg.

Now, in the case of basic algebras, we have achieved our goal of identifying the line bundle
0%(1). Let us extend this to the general case of a finite-dimensional algebra E.

First we explain how to associate a basic algebra to a general F-algebra.

DEFINITION 2.2.2.8. Let E be a finite-dimensional F-algebra with a complete set of
primitive orthogonal idempotents {ey, ..., e,}. Partition these idempoents according to the
equivalence relation e; ~ e; if and only if there is a F-algebra isomorphism Ee; — Ee;, and
choose a representatives e;,, ..., e;,. Write eg for ey = le’ ej,- Then the F-subalgebra

E’ .= epFep

as a basic algebra associated to E.

This subalgebra E° of E is clearly not canonical, but one can show that the isomorphism
class of E® does not depend on the choices above. For the time being, we fix such choices
and the resulting F-subalgebra E° C E.

REMARK 2.2.2.9. For this association to work, we must have a complete set of orthogonal
idempotents as the definition above requires. When we apply this construction, we will
always work with finite-dimensional algebras E whose semisimple quotient F/J(F) by the
Jacobson radical is a product of matrix algebras. Such a set of idempotents clearly exists
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for a product of matrix algebras, and we then apply the well known fact that one can (non-
canonically) lift idempotents over a nilpotent ideal (the Jacobson radical of a finite dimension
algebra is nilpotent).

Here we see that we can reduce the study of representations of finite-dimensional algebras
to the study of the representations of basic algebras.

THEOREM 2.2.2.10 (cf. [ASS06, Corollary 1.6.10]). Let E be a finite-dimensional F-
algebra. Then E contains a basic F-subalgebra E° := egFer as above, and the natural
restriction functor

res : Repg(F) — Repg (F)
Vi=egV
s an equivalence of abelian categories with quasi-inverse — Qv Feg.

Now let us observe that this equivalence extends from representations with coefficients I
to functors of families of representations over Spec F-schemes. Fix a choice of idempotents to
produce ¢ : E* < E as above. We observe that the restriction functor res extends naturally
to families of representations over F-schemes X, via the natural transformations

res : Repp — Repps,
Vise EV,
p: E®rOx — Endo, (V) — (x— pleg)zpler)) o po (1 ® Ox).

of SpecF-scheme functors with a quasi-inverse as in the theorem above, so that it is an
isomorphism. The induced isomorphic functor Tes : Repy — Reppg is given by sending
p: E®rOx — & to

(2.2.2.11) tes(p) : E* @ Ox — eg€ep.
Now that we have given the association of representations, we are able to calculate the

line bundle O?(1) on Rep g.p in terms of data native to the moduli problem for Repy p we
summarize this calculation and the choices involved in this

PROPOSITION 2.2.2.12. Let E be a F-algebra. Fiz a choice of

(1) a set of primitive idempotents {e;, } indezed by a finite set Qo,v € Qo, representing
the isomorphism classes of Definition and the resulting idempotent e =
ZQO ej, and basic subalgebra E’=epFep CE,

(2) a F-basis for e;, (J(E®)/J(E®)?)e;,, which produces the F-algebra homomorphism
FQp» — E* — E of Theorem

(3) a Cayley-Hamilton pseudorepresentation D : E — T, the associated semisimple
representation p3 of E, the semisimple representation epp% of E®, and the resulting
dimension vector 8 for ) corresponding to the induced semisimple representation of

FQ via FQ — E°.
These choices define morphisms
Repg p = Repge p = Reprg,.p — Repg -

Let 0 : Ko(E) — Z. Under these maps with the choices above, the line bundle O%(1) pulls
back to

(22213) ® (/\/81);810 (ejvgejw)>n(v7w)7

URIISON
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where n(v,w) are a choice of integers as specified in (2.2.1.14)).

Recall that Lemma [2.2.1.15| shows that there exist integers n(v,w) with the properties
demanded by (|2.2.1.14]).

PROOF. On Repg 4, we recall from ([2.2.1.14)) that we have a natural isomorphism

0'(1) = R (NP H,,) o),
v, WEQo
. ~n _ . / /

We see in (2.2.2.7)) that H,,, pulls back to RepEDﬁ as a direct summand of £, namely €,£e,,,
where £’ is the universal Azumaya algebra on Repgg p 5 These idempotents e, € FQg

correspond to the chosen idempotents {e;, },eo, of E’ the homomorphism from FQg to &
factors through E°, so that the data of £ and ¢,&¢,, still make sense on the closed substack
Repp p, © Reprg p,- Finally, if we write £ for the universal Azumaya algebra on Repp p,

we see in (2.2.2.11) that & ~ eg€ep. So the pullback of H,, to Repgp p from Repg g, 18
expressible in terms of its universal Azumaya algebra £ as
ej,epepe;, = e; Ee;, . |

By combining King’s Theorem [2.2.1.12| with this calculation, we have the following de-
duction. Recall the notation of 6-(semi)stability of a representation of E from Definition
2.2.1.6l

COROLLARY 2.2.2.14. Let E be a F-algebra. Choose a character 0 : Ko(E) — Z and a
pseudorepresentation D : E — F with associated dimension vector fp € ZXoE) such that
(B,0) = 0. If Bp is indivisible and ($,0) = 0, then the 0-stable locus of representations
of E descends to a quasi-projective subscheme R_ep;D(H) of R_ep;,j. If, moreover, Bp is
stabilizing with respect to 0, then the R_ep;f)(ﬁ) is a projective subscheme of the algebraic
stack R_epoE,D, with ample line bundle given in terms of the universal Azumaya algebra on

Repg p by (2.2.2.13).

Note that while this subscheme is projective, it is not closed in Repg p in any non-
trivial case. The usual geometric situation is just like the standard construction of P" as
A"\ {0}/G,,, lying inside [A"*!/G,,].

Proor. By Theorem [2.2.1.12] the indivisibility of 4 implies that the 6-stable locus
RepSE, p(0) of the yp-linearized GIT quotient of Repg% is a fine moduli space. As a result,

we have an immersion Rep; p(0) — Repoﬂ p- When 5 is stabilizing with respect to 6, then

f-semistability of representations of E is equivalent to #-stability by Lemma [2.2.1.8] There-

fore Rep; p(0) is projective and a subscheme of RepOE’ 5. and Proposition [2.2.2.12] identifies
a line bundle on Repzﬂ’ p that is ample on RepSE’ p(0). O

2.2.3. Examples of Projective Moduli Spaces. We will give the motivating exam-
ple, suggested by Kisin, of a moduli space of representations that is projective relative to

the moduli space of pseudorepresentations below. First we give an example of the projective
spaces constructed above.

ExXAMPLE 2.2.3.1. Let R be a finitely generated algebra over a field F. Choose n simple
representations py, ..., p, of R of dimension d; < oo over F. We stipulate that p, % p; for
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1 <@ < n, but allow multiplicity among the p; otherwise. Let p represent the d-dimensional
direct sum @] p;. Let D, be the pseudorepresentation of R associated to p, i.e. D, := det op.
We will illustrate in this example that the moduli space of families of representations of R
whose semisimplification is p and whose unique simple quotient is p, is in fact projective
over the point D, € PsR}(F) with residue field Fp,.

Let E be the universal Cayley-Hamilton representation of R over D,, i.e. E := R/CH(D).
By abuse of notation, we will write D for the factorization of D through FE, and likewise
for the representations p;. It is visible that D, is split over F. We know that E is finite-
dimensional over F by Corollary [1.2.2.9, and we know from Theorem that

Repp p = Repg p-
Consider now a character 6 on Ky(E) sending

pi— 1 1<i1<n
pn—= —(n—1)

Write 5 = f3, for the dimension vector of p, which is essentially the image of p in Ky(E).

Now let us consider the projective Spec Fp -scheme Rep‘;; p(0). We want to show that the
conditions of Corollary [2.2.2.14] are satisfied. Here are the conditions:

e Since -3 =0, i.e. (p) = 0, it is possible for this space to be non-empty (the first
condition of semisimplicity in Definition is satisfied)

e (3 is indeed indivisible — this is guaranteed because p, appears with multiplicity 1
as a factor of p.

e It is also the case that [ is stabilizing with respect to 6 (see Definition [2.2.1.9)).

Simply see Example [2.2.1.10
With these conditions satisfied, Corollary [2.2.2.14] now tells us that

Repf‘_«?,D(e) = R_eIDSES,D(Q)

is a fine moduli space for #-semistable (equivalently, #-stable) representations of F lying over
D e PSR%, i.e. it is naturally a subscheme of Repy . We also know from Corollary [2.2.2.14

that the restriction of 9 : R_epcé — PsR% to Repiy; p(0) is projective.

Finally, we give a translation of the last bullet point above: a representation M with
dimension vector [ is #-semistable (equivalently, #-stable) if and only if its unique simple
quotient is p,. For if there exists some other simple quotient of M, then there exists a proper
subrepresentation M’ of M with p, as a Jordan-Holder factor, implying that #(M') < 0 and
that M is not #-semistable. Conversely, if M is not f-semistable, there must exist some
subrepresentation M’ C M such that 6(M’) < 0, which implies that p, is a Jordan-Hélder
factor of M’ and that M/M' (which must have some simple quotient) has a simple quotient
not isomorphic to p,.

We were motivated to investigate these projective spaces of representations by an example
and suggestion of Kisin [Kis09a), §3.2, esp. Remark 3.2.7]. Kisin gives his construction and
suggestion in the context of continuous representations of a profinite group, but we will see
later (e.g. Theorem that the continuous representations of a profinite algebra over
a fixed finite field-valued pseudorepresentation amounts to the representations of a certain
finite-dimensional algebra over the finite field. Therefore these constructions of projective
spaces apply to Kisin’s context. Then the next paragraph shows that deformations of
these projective spaces are projective, as he suggests.
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DEFINITION 2.2.3.2. Let E be a finite-dimensional algebra over F with pairwise non-
isomorphic simple representations p;, 1 <14 < n, each of dimension d;. Write p = @] p; and
let D, (resp. §,) be the corresponding pseudorepresentation (resp. dimension vector). Let
R_ep,Dp C R_epr be the full subgroupoid of families of representations ¥ ®r Ox — £ which
locally in the Zariski topology are of the form

p1 %
0 P2 *
2.2.3.3 &~
( ) p 0 0 .
0 0 0 p,

with the additional condition that follows. When we write
O=LpCcliC---CL,=M

for the filtration where L;/L;_1 ~ p;, we stipulate that the extension class of M/L;_; as an
extension of M/L; by p; is non-trivial

REMARK 2.2.3.4. As Kisin notes, this condition guarantees that such representations
have no non-trivial automorphisms, making the isomorphism (2.2.3.3]) unique. The unique-
ness only holds once one considers representations as maps into Azumaya algebras (an object
of Rep) instead of vector bundles with an action (an object of Rep). In the latter case, the
trivial (scalar) automorphisms are taken into account.

We immediately observe that this groupoid is a subgroupoid of the projective Fp,-
subscheme Repjip(&) of R_epDﬂ described in Example [2.2.3.1| above, where 6 is the character
of Ko(Repg) with 6 : p; — 1 for 1 < i <n and 0(p,) = —(n — 1). Indeed, p,, is the unique
simple quotient of any object of R_ep/Dp, and this condition defines R_eps,i (0) in R_epr. We

claim that ReplDP is a closed subscheme of Repsgp (), and is therefore projective over SpecFp,
as well.

PROOF. First we fix certain idempotents in £. We know from Lemma [1.2.3.1]| that the
representation p has kernel precisely the Jacobson radical J(F) of E, and draws a surjection

p: B [ Ma,(F).
i=1
Let e; represent a (non-canonical) lift to £ of the idempotent of E/J(E) corresponding to
the identity element of My, (F) via p (see Remark [2.2.2.9). One can quickly check that they
remain pairwise orthogonal.
Let £ be the universal Azumaya algebra over Rep; (6), receiving the universal rep-

resentation ™ from F ®p ORepss (9)- These idempotents NV (e;) along with the standard
P

reduced trace on £ correspond to the additional structure of a generalized matrix algebra
of type (di, ..., d,) on the Azumaya algebra £"; we will use the notation of Lemma
describing generalized matrix algebras to offer additional clarity to the following calcula-
tions without requiring any additional theory of generalized matrix algebras. We have an

L""Actuallly7 Kisin uses the dual condition that the extension L; of p; by L;_1 is non-trivial.
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isomorphism

Md1 (Al,l) Md1 ><d2 <A1,2> Tt Md1 an (Al,n)
guniv ~ Md?Xdl (A2:1) MdZ (A272) e Mngdn (AQ,n)
Mdnxdl (An,l) Md2 (-An,Q) e Mdn (An,n)

where the A;; are line bundles on Repj; (¢) (with a canonical trivialization for A; for each
i) and the algebra structure is determined by canonical isomorphisms

Mdid]’ (AZ]) :> eiR€j~
Consider a representation (n: FE ®py Ox — &) € ob Repsgp(g), so that n = n™" @

Repp, (0)
Ox. It inherits the structure of a generalized matrix algebra from ", which we denote
again with Ox-line bundles A4;;, abusing notation. The condition that n belongs to the
subgroupoid R_eple is equivalent to the triviality of the projection of the image of £ in &£ to
Mdid]‘ (.Azj) via
2 e -2 ley)

for all pairs (i,7) such that 1 < j < i < n. To illustrate this equivalence, notice that the
condition for the pair (n,n — 1) is equivalent to the condition (in the language of Definition
that the extension M/L,,_o of M/L, 1 by p,_1 is non-trivial; following this, the
condition that the extension M/L,,_3 of M /L, 5 by p,_o is non-trivial is expressed by the
pairs (n,n — 1), (n,n —2), (n — 1,n — 2); and so forth.

Notice in particular that the condition for pairs (n,j),1 < j < n, is what defines the
subscheme R_q%i (0) C R_epr; this shows that Rep’DP is contained in the #-semistable locus.

It remains to show that the locus cut out by the condition that

n(eilbej) C Mg,q,(Aij) is trivial for 1 < j <i < n.

Let Nijj C Mgy,q,(A;ij) be the Ox-submodule of Mg,q,(Ai;) generated by n(e;xe;) for x €
E. This submodule will be trivial over the locus of support for the quotient module
M,4;(Aij)/Nij, which is a closed subscheme.

Now we can apply these constructions to the universal representation n

univ

over Repsgp ().
The intersection of all of these support loci is therefore the closed subscheme ReplDP C
Repifp(ﬁ). Consequently, Repgjp is projective over SpecFp, . O

We summarize what we have shown in the following theorem, confirming Kisin’s expec-
tation [Kis09al Remark 3.2.7] that the space Rep'DP is projective.

THEOREM 2.2.3.5. Let p;;1 < ¢ < n be pairwise non-isomorphic simple representations
of E with sum p, and let 6 be a character of Ko(Repy) sending p;,1 < i < n to 1 and p,

to —(n—1) as in the example above. The subgroupoid Rep,Dp C Repp, defined by the condi-
tion (2.2.3.3)) us a closed sub-Spec Fp,-scheme of Rep?ﬂ(@), and is consequently a projective

subscheme of R_epr with ample line bundle O%(1).

2.2.4. Deformation of Ample Line Bundles. We conclude our discussion of the
fibers of ¢ by giving conditions such that the projective subspaces R_epSE p(0) C R_ep;; )
identified in the previous paragraph are the special fiber of a projective morphism to a local
neighborhood on the base moduli space of pseudorepresentations. The question of which
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condition we must impose has a fairly clear answer in light of the calculation of the ample
line bundle in Proposition [2.2.2.12; the idempotents on the fiber must be locally liftable to a

neighborhood. By Lemma[2.1.3.2] this is true precisely for henselian local rings. To deform
the projectivity condition, we require that A is Completeﬂ

THEOREM 2.2.4.1. Let A be a complete local Noetherian ring with residue field F 4 and
maximal ideal my. Let R be an A-algebra that is finite as an A-module, and write E for
R®4F4. Let R be equipped with a d-dimensional Cayley-Hamilton pseudorepresentation
D : R — A such that its special fiber D : E — F 4 is split. For any indivisible character 6 of
Ko(Repg), the line bundle O%(1) on the special fiber R_q);f, is the restriction to the special
fiber of a line bundle defined over all ofR_epR’D.

In particular, if D is stabilizing with respect to 0, the projective fine -stable moduli space
R_epjg’fb(@) of Corollary|2.2.2.14) is the special fiber of a projective subscheme R_ep;D(H) of
the moduli stack Repg p arising as the algebraization of the completion of R_epRD along
Repg p(0)-

PROOF. Firstly, we show that the ample line bundle ©%(1) is a specialization of an ample
line bundle that exists on all of Rep. This follows directly from the fact that we can lift
the idempotents defining ©%(1) according to from F®4F4 to E. We then use the
same formula.

Now we apply formal GAGA [Gro61bl Theorem 5.4.5] to draw the conclusion. O

We thank Mark Kisin for comments leading to the following remark.

REMARK 2.2.4.2. In fact, Theorem [2.2.4.1| can be extended to a henselian base. The line
bundle ample on the particular subspace certainly exists. Then, in place of the completion
of Repg p along Rep3;;(6), one can consider the henselization along this subscheme.

This theorem is especially significant in the context of continuous representations and
pseudorepresentations of a profinite algebra. Of course, it is necessary to show that we can
reduce the topological profinite case to the non-topological case under a finiteness condition
® 5, which we do in Chapter 3 (see e.g. Theorem . Then, firstly, the moduli space of
pseudorepresentations of a profinite algebra is a disjoint union of formal spectral of complete
local rings (Corollary [3.1.6.13). This allows Theorem to be applied over the whole
moduli space of pseudorepresentations! Each component Spf Bp arises from the complete
local ring Bp, which is Noetherian upon the finiteness assumption ® 5. These notions will
be defined and discussed in Chapter 3. For now we discuss the moduli of representations of
a Cayley-Hamilton Bp-algebra (R, D) where R is finite as a Bp-module.

This is the context in which Kisin proposed the projectivity of a moduli formal scheme
of representations of a profinite group with residually constant, split, multiplicity free pseu-
dorepresentation D, and a certain ordering of non-trivial residual extensions of the represen-
tation given in Definition [Kis09a, Remark 3.2.7]. We verified in Theorem that
the special fiber of ¢ in this space R_ep/E 5 1s projective and is a closed subspace of the larger
projective subscheme R_epgS 5(0) C Repg p. The ample line bundle OY(1) on R_epzf p(0) is

therefore also ample on Rep/E p- Since this line bundle deforms to Repg p, as discussed in

Theorem [2.2.4.1) formal GAGA implies that the formal completion of Rep;l p in Repgp

6See Remark
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is projective. In particular, it is algebraizable and is a projective Spec Bp-subscheme of
Repg p, which we denote by Rep;i p- This completes the confirmation of Kisin’s suggestion

that the space of representations with reduction in Rep/E’ p 1s projective. We summarize this
in the following

COROLLARY 2.2.4.3. Let p3 : E — My(F4) be chosen as in Theorem and
choose an ordering of its simple factors in order to define the subgroupoids Reppp C

Repg p, Rep'é,D C Repg p as above. Assume that the associated pseudorepresentation satis-

fies condition ® . The formal completion of Repp p along the projective subscheme RepE’D
of the special fiber of v is projective over Spf Bp with ample line bundle O%(1). Conse-
quently, this formal scheme is algebraizable with algebraization Repp p, a projective Spec B -
subscheme of Repp, p.

2.3. Multiplicity Free Pseudorepresentations

Chenevier showed that a Cayley-Hamilton algebra (R, D) over a henselian local ring A
which is residually split and absolutely irreducible is a matrix algebra (Theorem .
This corresponds to very tidy results in in the moduli theory of representations and pseu-
dorepresentations that locally satisfy these conditions: the deformations of representations
and pseudorepresentations are equivalent (Corollary .

Our goal in this section is to generalize these results to the case that a pseudorepresen-
tation is residually multiplicity free (see Definition . Here, the moduli of representa-
tions and pseudorepresentations are no longer equivalent. For example, over a multiplicity
free geometric point D of PsR%, non-trivial extensions of the Jordan-Holder factors M; of
pp may form positive dimensional families of representations lying over this single pseu-
dorepresentation; for example, this often happens if there exists M;, M;, @ # j, such that
dimy , Extp(M;, M;) > 2. What we want to show is that around multiplicity free points in
PSRdR7 1 (resp. v) is an adequate moduli space. This will mean that the multiplicity free
locus of pseudorepresentations is a universal scheme-theoretic quotient for representations of
R up to conjugation. This improves the results of GIT (Theorem , which only have
fine enough resolution to give a satisfactory theory for geometric points.

The main tool to accomplish this will be a generalized matrix algebra. The key result
generalizing Theorem [2.1.3.3]is Theorem [2.3.1.2] which shows that a Cayley-Hamilton alge-
bra (R, D) over a henselian local ring is a generalized matrix algebra. The linear structure
we can put on the moduli space of representations of a generalized matrix algebra, an “adap-
tation” of its representations, will allow us to show that the invariant functions on the space
of framed representations are exactly the coefficients of the universal pseudorepresentation,

as desired (Theorem [2.3.3.7)).

REMARK 2.3.0.4. Currently, the notion of generalized matrix algebra that we use is meant
to work with pseudocharacters as opposed to pseudorepresentations (see . Therefore,
we state our main result here in the case that (2d)! is invertible in A (i.e. charF, > 2d),
which is a sufficient condition for pseudocharacters to be equivalent to pseudorepresentations
according to Proposition (3) We expect to develop a theory of generalized matrix
algebras compatible with pseudorepresentations, which will allow us to remove the condition

on the characteristic (see Remark [2.3.3.6).
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2.3.1. Generalized Matrix Algebras. We define generalized matrix algebras.

DEFINITION 2.3.1.1 ([BCO9, Definition 1.3.1]). Let A be a commutative ring and R an
A-algebra. We say that R is a generalized matrix algebra (GMA) of type (di,...,d,) if R is
equipped with

(1) a family of orthogonal idempotents ey, ..., e, of sum 1
(2) for each i, an A-algebra isomorphism v; : e;Re; — Mgy, (A),
such that the trace map T': R — A defined by

T(x) = Z Tr(¢i(esve;)),

satisfies T'(xy) = T'(yx). The “data of idempotents” of the GMA is £ = {e;, ¢; }.

Here is the main result making possible our use of generalized matrix algebras to study
1 : Rep — PsR: given a henselian local ring A and a Cayley-Hamilton algebra (R, D) over
A, R must be a generalized matrix algebra.

THEOREM 2.3.1.2 ([Chell, Theorem 2.22(ii)]). Let D : R — A be a Cayley-Hamilton
pseudorepresentation over a henselian local ring A. If D is split and multiplicity free, then
(R,Tp) is a generalized matriz algebra.

We use the GMA structure on (R, &) to establish notation for elements of R analogous
to matrices with a single non-zero entry.

DEFINITION 2.3.1.3. Let Ef’l € e;Re; be the unique element mapping under 1; to the
matrix in My, (A) with 1 in the (k,1)" entry and 0 elsewhere. Write E; = E}'. For
1 <i4,5 <rset A, = ERE;. Forl <i,jk <r wehave A;;A;, C A;; so that the
product in R induces maps

Pijik t Aig ®a Ajr = Aig-

Bellaiche and Chenevier use these elementary matrix-like elements to exhibit a matrix-
like structure on any given GMA (R, E).

LEMMA 2.3.1.4 (Bellaiche-Chenevier, §1.3.2). There is a canonical isomorphism of A-
algebras

Md1 (Al,l) Mdl ><d2 (A1,2) e Mdl Xdp (ALT>
R ~ Mngdl (AQ,I) Mdg (A2,2) e Mngdr (AQ,T'>
Mdrxd1 (A’r‘,l) Mdz (AT,Q) T Mdr (Ar,r)

where the A-algebra structure is determined by canonical isomorphisms
Md,‘dj (Alj) :> eiRej.
In analogy to Definition we take note of the conditions that the maps ¢; ; , must
satisfy (cf. [BC09, Lemma 1.3.5]) as a result of the construction above. Here we implicitly use

a canonical morphism for each i, A;; — A, that arises from the trace T, i.e. A;; — R A

is an isomorphism.

(UNIT) For all 1, Ai,i = A and for all ’i,j, Qi - A®Ai7j — Ai,j (resp. Pijg - A@j@A — Ai,j)
is the A-module structure of A, ;.

(ASSO) For all 4, 7, k, 1, the two natural maps A; ; ® A;; ® A, — A;, coincide.
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(COM) For all 4,5 and for all x € A, j,y € Aj;, we have ¢, ;;(xr ® y) = ¢;,,(y @ x).
Bellaiche and Chenevier note that specifying the data of A-modules A4; ;, 1 <4,j7 <r with
maps ;j, as above satisfying (UNIT), (ASSO), and (COM), then R := My, q4,(A;;) is
uniquely a GMA of type (dy,...,d,) such that E,RE; = A;; for all 7,7. This completes a
satisfying structure theory for GMAs.

REMARK 2.3.1.5. Compare these conditions (UNIT), (ASSO), (COM) with the groupoid
of families of quiver representations in Definition [2.2.1.4]

2.3.2. Trace Representations and Adapted Representations. Now we define the
notion of an adapted representation of a GMA (R, ). Adapted representations have extra
linear structure that makes their moduli easier to handle than the general moduli problem
of representations.

DEFINITION 2.3.2.1 ([BC09, Definition 1.3.6]). Let B be a commutative A-algebra and
let (R,&) be a generalized matrix A-algebra. A representation p : R — My(B) is said to
be adapted to £ if its restriction to the A-subalgebra @;_, e;Re; is the composite of the
representation €;_, ¢; by the natural “diagonal” map

My (A) @@ My, (A) — My(B).

We define Repy(R, E) to be the functor associating an A-algebra B to the set of adapted
representations of (R, &) over B.

We also give a definition of a trace representation. This is nothing more than the ana-
logue, where pseudocharacters replace pseudorepresentations, of the functor of representa-
tions lying over a given pseudorepresentation.

DEFINITION 2.3.2.2 ([BC0Y, §1.3.3]). If R is an A-algebra equipped with a d-dimensional
pseudocharacter T': R — A and B is a commutative A-algebra, we will say that a map of
A-algebras p : R — My(B) is a trace representation if Tr o p(x) = T'(z)1p for any = € R.
We write Rep7 for the functor of trace representations on Alg,.

Of course, this definition can be applied to Azumaya algebra valued representations as
well, to get a groupoid Rep; analogous to the definition for pseudocharacters (Definition
[1.4.1.1). We will assume that (2d)! is a unit in A so that we can consider pseudocharacters
and pseudorepresentations to be the same object (cf. Proposition .

The key result is that a trace representation can be made into an adapted representation
after base change and conjugation. This is the key result we require in order to compare the
moduli problem for adapted representations with our usual moduli problem for representa-
tions.

LEMMA 2.3.2.3 ([BC0O9, Lemma 1.3.7]). Let B be a commutative A-algebra and p : R —
My(B) be a trace representation. Then there is a commutative ring C containing B and a
P € GL4(C) such that PpP™ : R — M4(C) is adapted to E. Moreover, if every finite type
projective B-module is free, then we can take C' = B.

We omit the proof, since we will give a proof more precisely tailored to the situation we
are required to address in order to prove Proposition [2.3.3.5| below.
Adapted representations have a very concrete moduli functor.

ProposITION 2.3.2.4 ([BCQ9, Propositions 1.3.9, 1.3.13]). When (R,E) is a GMA over
A, the functor Repy(R, &) : Alg, — Set associating a commutative A-algebra B to the set
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of homomorphisms R — My(B) adapted to & is representable by a faithful A-algebra B* with
an injective universal adapted homomorphism R — My(B").

PRrROOF. The proof shows that one can find a ring B* with inclusions A; ; — B* (where
A; j are from Lemma [2.3.1.4]above) such that the isomorphism in Lemma is precisely
the injection required. B* is constructed as a quotient of the symmetric power algebra on
@®,2;A; ;. For additional details, see [BC09). O

It follows from the existence of the universal adapted representation that the trace func-
tion on a GMA is Cayley-Hamilton (cf. [BCQO9, Corollary 1.3.16]), where Cayley-Hamilton
is defined for pseudocharacters in analogy with the definition for pseudorepresentations in
Definition (see [BCO9, §1.2.3]). We give this brief argument: the trace 7" of the
GMA data (R, E) is equal to the composition of the trace function Tr on M,;(B") with the
universal adapted representation R — My(B") given by Proposition [2.3.2.4] Since Tr is
Cayley-Hamilton and R — M,(B") is an algebra homomorphism, so is 7' Cayley-Hamilton.

2.3.3. Invariant Theory of Adapted Representations. In this paragraph, our goal
is to naturally identify the GIT quotient of Repiy(R,E) with the algebra of traces, which
is A. This will allow us to do for adapted representations what we have not yet done for
general representations: show that pseudorepresentations are an adequate moduli space for
representations. After completing this paragraph, we will use the comparison of adapted
representations with trace representations to show that ¢ (resp. ¢) is an adequate moduli
space over the multiplicity free locus of PSR%.

Let (R,&) be a d-dimensional generalized matrix algebra of type 8 = (dy,...,d,). We
set up the notation for the following group schemes; the group Z(f) is made to act naturally
on the affine scheme Repiy(R, &).

DEFINITION 2.3.3.1. In analogy with automorphism groups of quiver representations,
define GL(B) := GLg4, X - -+ x GLg, as a subgroup

GLd1 X X GLdT C GLd,

compatible with the maps v, : My, — My of Definition [2.3.2.1] Let Z(/3) denote the center
of GL(B). Likewise, let PGL(/3) denote the quotient of GL(3)/A of GL(f) by the diagonally
embedded central 1-dimentional torus A = G,,, and let PZ := Z(5)/A.

Because Z() commutes with @&,M,,, its adjoint action preserves the adaptation. There-
fore we have a natural action of Z(3) on Repry(R, &), inducing a natural action of PZ(S3).
There is a natural map

(2.3.3.2) Repia(R, €) = Rep*

given by forgetting the adaptation data. The map &;M,;, — M, induces a canonical injection
Z(B) — GLg4 (resp. PZ(B) — PGLy). In this lemma, we record the fact that is
equivariant for the action of Z(f3) (resp. PZ(/3)). We also calculate the GIT quotient of the
action of Z() on Repi4(R,&).

LEMMA 2.3.3.3. Given (R,E) a GMA over A of type 3. The map ([2.3.3.2)) is equivariant
for the action of Z(B) (resp. PZ(B)). The invariant reqular functions on Repyy (R, E) under
this action are precisely A C B".

PRrOOF. The first claim can be checked by each of the embeddings of functors and groups
set up above. For the claim on the invariant functions, as we mentioned in the proof of
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Proposition , B" is generated over A by A;; for i # j. As Z(G) ~ G}, acts on B*
(observe the form of the matrices in Lemma [2.3.1.4), it acts on each of A;; (i # j) by a
(distinct) non-trivial character, namely, through the roots of GL,. Since these modules A;;
generate the coordinate ring B* of Repy(R, £), we see that (B*)?(%) = A i.e.

Repaq(R, €)//Z(5) = Spec A
as desired. O

If as usual, we let (R, E) be a d-dimensional generalized matrix A-algebra of type [, the
lemma above shows that we have a morphism of stacks

[Repaa(R, E)/Z(8)] — Repg
[Repaa(R, E)/PZ ()] — R_GPR,T,

because of the equivariance of the adaptation-forgetting map with respect to the
embedding Z(5) < GLg4 (resp. PZ(5) — PGLy).

Now we will show that is an isomorphism when A is a henselian local ring! To
do this, we will find a quasi-inverse. We recall here that we are assuming that (2d)! is a
unit in A, so that pseudorepresentations and pseudocharacters are identical by Proposition
1.1.12.3] and we can apply our knowledge of pseudorepresentations to this problem.

(2.3.3.4)

PROPOSITION 2.3.3.5. Let A be a henselian local ring and let (R, D) be a d-dimensional
Cayley-Hamilton A-algebra, so that (R,E) is a generalized matriz A-algebra with trace func-
tionT. Then the natural induced maps of Spec A-algebraic stacks (2.3.3.4)) are isomorphisms.

REMARK 2.3.3.6. We record an alternative notion of generalized matrix algebra, replac-
ing the notion relative to pseudocharacters with one for pseudorepresentations. Using the
notation of Definitions [2.3.1.1] and [2.3.1.3] we replace the trace map T with a “determinant
map” D : R — A as follows: let the symmetric group Sgq act on the complete set of d
primitive orthogonal idempotents £/’ € R.

D(r):==> sen(o) [[ [] EVroE").

€Sy 1<i<r 1<j<d;

This determinant map is compatible with tensor products, and defines a d-dimensional pseu-
dorepresentation. We expect to extend the theory of generalized matrix algebras of [BC09]
to this case. This would eliminate the complications with the characteristic of coefficient
rings.

PRroOOF. (Proposition [2.3.3.5) Let X be a Spec A-scheme. Choose (p, Vx) € Repp(X).

The idempotents e; € R break Vx into a direct sum of projective sub-Ox-modules V; := e;Vp

of rank d;,
Vo=@
i=1

Each V; receives an A-linear action of e; Re; C R, and therefore a Ox-linear action of ¢; Re; ® 4
Ox. Using the GMA data v; : e;Re; — My (A), we see that Endp(V;) & My, (Ox). This
means that as a Ox-module, V; is isomorphic to a twist of a free rank d; vector bundle F;
by a line bundle £;.

Let G; := Isomp, (L;, Ox) be the G,,-torsor over X corresponding to £;. Then G :=
xI_,G; is naturally a Z(f)-torsor. Indeed, the base change of Vx to G from X is a free
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rank d Og-vector bundle with a canonical basis adapted to (R,&). This defines a map
G — Repiy(R, &), equivariant for the action of Z(3). We have therefore established a
morphism

Repr — [Repia(R, £)/Z(B)].
We observe that this provides a quasi-inverse to ([2.3.3.4)). O

We now replace pseudorepresentations with pseudocharacters, using the fact that they
are equivalent to each other; this is the case because we are assuming that (2d)! is invertible
in the base ring A (cf. Proposition [1.1.12.3).

We recall the notation of §1.5 S is an affine Noetherian scheme, and R is a quasi-coherent
finitely generated Og-algebra. The map v : Repg’d// PGL,; — PsR% measures the difference
between the GIT quotient of the space of framed d-dimensional representations Rep%’d by
the action of PGLy and the moduli scheme PSR‘}% of d-dimensional pseudorepresentations.
We showed in Theorem that v is a finite universal homeomorphism, or “almost
isomorphism.” We showed in Corollary 2.1.3.4] that v is an isomorphism in the neighborhood
of points corresponding to absolutely irreducible representations of R. Now we will extend
this result, showing that v is an isomorphism in the neighborhood of points corresponding
to multiplicity free pseudorepresentations.

THEOREM 2.3.3.7. Let A be a commutative Noetherian ring and let R be a finitely gen-
erated A-algebra. There exists a Zariski open subscheme U C PSRdR with the following two
properties:

(1) the set U contains all points of residue characteristic greater than 2d corresponding
to multiplicity free pseudorepresentations of R, and
(2) v is an isomorphism onto U.

PRrROOF. We will write X = Repp®//PGLy for convenience.

We already know that v is a finite universal homeomorphism of finite type Spec A-schemes
(Theorem ). Therefore v is étale in the neighborhood of some point D € PsR% if
and only if it is an isomorphism in that neighborhood.ﬂ Since being an isomorphism is a
local property on the base, in order to prove the theorem, it will suffice to show that v
is étale in a neighborhood of each of the specified points. Since v is finite type, it will
suffice to show that the induced maps on complete local rings are étale; we will simply show
that they are isomorphisms. We may have to make an étale base change in order that the
pseudorepresentation may be assumed to be split; this is not a problem, since we can descend
the étale property along this morphism.

We apply Theorem [1.4.3.1| to replace Rep%’d (resp. Repﬁé, resp. R_epé) with Repg’j)u
(resp. Rep} pu, resp. R_GIDC];DM) where E = FE(R,d). We will think of ¢ (resp. ¢) as a

morphism out of Repfé pu (resp. RePdE,Du)-

Let D be a point of PsRﬁi2 of residue characteristic greater than 2d, and write x =
v~1(D) € X for the corresponding point of X. We have a canonical map

Opere p — Oxa

In fact, any étale universal homeomorphism is an isomorphism.
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which we wish to show is an isomorphism. Write Up := Spec (’A)PSR?2 D V, := Spec @X@. Of
course, U p classifies the pseudodeformations of D to Artinian A-algebras with residue field
Fp and has a universal pseudodeformation D%, so we will just write PSRD% in place of Up.

Because X and PSR?% are Noetherian, the morphisms PSRD% — PSRdR, V, — X are flat.
By the Artin-Rees theorem and the finitude of v, they form a cartesian square

A

(2.3.3.8) v,

S

PsRp. —= PsR§.

Now [Alp10], Proposition 5.2.9(1)] says that the flatness of the completion maps along with

the fact that the maps ¢, ¢ of (1.5.2.2)) are adequate moduli spaces (Definition [1.5.1.1]) will
imply that the maps ¢, ¢ of

d d ’
Repg pu Xpere, PSRpy Repg pu Xx Vi

¢
w |V, PsR pu
PSRD% V;: P

=d ~ =d
RepE7Du XPSR% PSRDuD —— R‘epE,D“ Xx ‘/w

are also adequate moduli spaces. Since is cartesian, we get an identical picture by
replacing Rep} B.pu XX V, with Rep?, B,Dv X PsR, PSR py , as we have indicated with the horizontal
isomorphisms above.

Write pp for the prime ideal of T'%(R)*® corresponding to D € PsR%, and write Bp for
the pp-adic completion of ('Y (R)ab)p,. Now, unraveling definitions for the fiber product

RepdEpu X psRe, PSRDuD, using Lemma |1.1.8.6] and noting that the pp-adic completion ED

of E @pd (gyan (T%(R)™),,, is isomorphic to E ®rd (rye» Bp, we see that the fiber product is
isomorphic to
d
RepED’(Du®FBD)’
the groupoid of representations of the Cayley-Hamilton Bp-algebra (Ep, D" ® Bp) compat-

ible with its pseudorepresentation. The universal pseudorepresentation also is compatible
with these completions and base changes; we write D} : Ep — Bp in place of D" ® Bp. Of
course, the same things can be said with Rep in the place of Rep.

Because Bp is a henselian ring, we see that we are now in the situation of Proposition
2.3.3.5. Indeed, Theorem implies that (E 5, Th) is a generalized matrix algebra, where

we write T for the trace function A 3 associated to Dj,. Then Proposition [2.3.3.5 gives
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us isomorphisms of algebraic stacks
[Repaa(En,Tp)/Z(B)]  — Reppu,
[Repgd(EETD)/PZ(/B)] — R_epz)uD
Lemma 2.3.3.3 tells us that
[(O(Repry(R, €)))? = B
This means that ¢ (resp. ) is an adequate moduli space with source [Repry(R,&)/Z(f
(resp. [RepRy(R,E)/PZ(B)]), since this situation from GIT outlined in Example

is an example of an adequate moduli space. Theorem [1.5.1.4(5) implies that adequate
moduli spaces arising from a reductive group acting on an affine scheme have a unique base.

Therefore v induces an isomorphism V, — PSRD% as desired. U

COROLLARY 2.3.3.9. Ower the base locus defined in Theorem Y (resp. ) is an
adequate moduli space.

This means that the pseudorepresentation scheme consists precisely of the invariant func-
tions of the framed moduli scheme under the action of conjugation. This sort of statement
on invariants is made clearly in Lemma [2.3.3.3|
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CHAPTER 3

Representations and Pseudorepresentations of Profinite Algebras

In this chapter, we apply the results on moduli spaces of representations of representations
and pseudorepresentations to the study of the moduli theory of continuous representations
of profinite algebras R. Our approach is to develop the topological theory of pseudorep-
resentations and prove (see e.g. Corollary the representability of their moduli by
formal schemes that are disjoint unions of formal spectra PsRp = Spf Bp of complete local
deformation rings Bp of residual pseudorepresentations D (pseudodeformation rings). Up to
this point we will have been following Chenevier [Chell]. Then, we give conditions for the
Noetherianness of Bp, the most important being known as ® 5 (Definition [3.1.5.1]). Then we
study the moduli space of representations more simply by studying the connected component
over each pseudodeformation spectrum. However, we will hold short of developing moduli
formal schemes/algebraic stacks of representations directly. Instead, upon the assumption
of @5, we show that when the moduli problem of continuous representations is finitely pre-
sented over the moduli of pseudorepresentations. Then, the moduli formal scheme/stacks of
continuous representations on formal schemes arise, over Spf Bp, as completions of a natural
algebraic, finite type scheme/algebraic stack of representations.

We accomplish this by showing that under the condition ®p5, the universal Cayley-
Hamilton representation E(R, DY) of R over the universal deformation D% of D is finite as
a module over Bp. Then we simply observe that over coefficient rings that are separated
continuous Bp-algebras, all (non-topological) representations of Ep lying over D%|p are
automatically mp-adically continuous. Now, any representation of E(R, DY) is continuous,
and we can apply the theory of Chapters 1 and 2 directly to show that the functors of
continuous representations on formal schemes over Spf Bs are not only representable by
adic formal schemes, but are algebraizable over Spec Bp.

Not only can we apply representability results from the previous chapters, but the results
of Chapter 3 overviewed above will allow us to apply all of the results of Chapters 1 and 2
to this profinite topological case (assuming condition ®p5). We present these conclusions in

Theorem B.2.5.11

3.1. Pseudorepresentations of Profinite Algebras

In this section we introduce continuous pseudorepresentations, due to Chenevier [Chell],
and recall some basic topological facts about profinite rings and group algebras of profinite
groups. We assume that all topologies are Hausdorff. We will focus on working with profinite
rings, and then pro-discrete rings.

Let A be a commutative topological ring and let R be a topological (continuous) A-
algebra. We establish notions of continuity for pseudorepresentations of R.

DEFINITION 3.1.0.10. With A, R as above, a d-dimensional pseudorepresentation D :
R — A is said to be continuous provided that the following equivalent conditions hold.
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(1) for each n > 1,a € I,, the functions DI*) : R — A of Definition are
continuous.

(2) the characteristic polynomial functions A; = AZD :R— A,1 < i <d are continuous.

(3) For every commutative continuous A-algebra B, the function Dg: R®4 B — B is
continuous.

We will show that the notions of continuity in the definition are indeed equivalent.

PROOF. The equivalence of (1) and (2) is immediate from Amitsur’s formula (Proposition
LI0.02)).

Recalling that a pseudorepresentation D : R — A consists of a function Dg : R®,B — B
for every commutative A-algebra B, let us verify that (2) implies (3). When B is any
continuous topological A-algebra, this definition does indeed guarantee that each of the
induced homogenous functions

Dgp:R®sB— B
that make up the polynomial law are continuous. For we can write B as a continuous quotient
of a polynomial algebra C', where C' is given its natural topology as a free A-module. The
Dl are coefficient functions of D¢ by definitiion, and the functions Dy are the composition
of D¢ with the continuous quotient map from C' to B.

Conversely, using the case that B is a polynomial algebra B = Alty, ..., t,], we see that
(3) implies (1). A polynomial coefficient D! for o € I¢ is the composition of a continuous

map
R" — R®y A[tl,...,tn}

(TZ') — i Titi
=1

followed by Dy, ...+, followed by the continuous function from Alty, ..., t,) to A given by
taking the a'" coefficient. Therefore DI[® is continuous, as desired. O

3.1.1. Pro-discrete Topological Notions. We will be interested exclusively in either
discrete or pro-discrete topologies. We begin by recalling some basic notions on profinite
topologies on rings, with an eye toward group algebras of profinite groups. We note that
rings are unital and associative but not necessarily commutative unless stated.

LEMMA 3.1.1.1. Let R be a topological ring. The following conditions on R are equivalent.
(1) R is a profinite ring.
(2) R is Hausdorff and compact.
(3) R is Hausdorff, compact, and totally disconnected.
(4) R is compact and has a fundamental system of neighborhoods of zero consisting of
open ideals of R.
(5) There is an inverse system of finite discrete rings with surjective maps such that R
15 its limat.
Proor. This is [RZ10, Proposition 5.1.2]. O

We will often denote by I a general open ideal of R.
When A is a profinite (e.g. finite) commutative ring, we will be interested in the studying
continuous representations and pseudorepresentations of a profinite group I' with coefficients
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A

in A or in commutative A-algebras. The group algebra A[l'] is clearly not a profinite A-
algebra. Therefore we discuss its natural topology and its profinite completion.

A

The topology on A[l'] is defined by the fundamental system of neighborhoods of zero
given by the kernels of the canonical surjections

(3.1.1.2) Kk(I,U) := ker(A[l] — (A/I)[L/U))

where [ varies over open ideals of A and U varies over open normal subgroups of . Each of
these ideals have finite index in A[I']. We then define the complete group algebra to be the
completion of A[T'] with respect to this topology,

AL := lim(A/D)[T/U].
We see that this is a profinite ring, with open ideals
ker(A[[] — (A/T)[/U)),

where we abuse notation by writing (I, U) for these ideals of A[I'] as well. It is also possible
to express the complete group algebra as the limit

A[T] = lim A[T/U].

Here are some basic facts about this construction.

LEMMA 3.1.1.3. Let A be a commutative profinite ring and let ' be a profinite group.
(1) The intersection of all the ideals of the form is zero.
(2) A[L) is densely embedded in A[L).
(3) T +— A[L] behaves functorially in T.

Proor. This is [RZ10, Lemma 5.3.5]. O

One more notion that remains before discussing continuous pseudorepresentations of
profinite algebras is that of the topology on the tensor product of pro-discrete algebras.
Let us therefore be explicit in explaining this topology on these tensor products and their
completions in the primary setting that we will require.

DEFINITION 3.1.1.4. Let A be a profinite commutative ring. Let R be a profinite contin-
uous A-algebra with a fundamental system of finite index ideals (/). Let B be a continuous
linearly topologized commutative A—algebraﬂ with fundamental system of ideals (J,). Then
a neighborhood of ideals of 0 in R ® 4 B is given by the ideals

Image(ly ®4 J, — R®a B)

as Iy, J, vary over elements of the fundamental systems of ideals mentioned above. The
completed tensor product is the limit

R@AB = l'&lR/I)\ X4 B/Jn.
A

We observe that R 4B is profinite when R and B are profinite. The completed tensor
product is, of course, complete, even if B is not complete with respect to its topology. Also,
the natural map B — R&4B factors through the completion B. See [RZ10], §5.5] for some
further discussion in the profinite case.

ISee [Gro60} 0r, §7.1] for this definition.
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REMARK 3.1.1.5. As discussed in Definition and the proof the equivalence of the
definitions of continuity given theret, a continuous pseudorepresentation consists of continu-
ous functions Dp : R®4 B — B for every A-algebra B. Because all of the topological rings
involved are Hausdorff and the targets are complete, Dg will factor uniquely through the
completion map R ®4 B — R®4B. When we need to distinguish these two cases, we will
write Dp for the map out of R ®4 B and Dp for the map out of RQ4B5.

Now we would like to discuss continuous pseudorepresentations over profinite algebras.
First let us specify the data that we start with.

Conventions. Our general setup is the following: A is a commutative profinite ring,
and R is a profinite continuous A-algebra. It is important to note that if (;) are a set of
ideals of A forming a fundamental system of neighborhoods around 0 in A, then the induced
(1;)-adic topology on R is not necessarily equivalent to the profinite topology on R. We will
always use the native profinite topology on R unless otherwise noted.

We are interested in continuous representations of R. We will generally use B to represent
a topological A-algebra of coefficients for the representation, or X for a Spf(A)-formal scheme
of coefficients. For most of our discussion, we will let B be an admissible A-algebra] where
we write Adm 4 for the category of admissible A-algebras. Sometimes B will be restricted to
certain subcategories of admissible A-algebras, such as local Artinian A-algebra with a fixed
residue A-field. R

Any commutative profinite ring A is canonically a continuous Z := lgln Z./nZ-algebra.

Since Z = Hp Z, and the functors of representations over this base ring respect this de-
composition, we will assume that A is a continuous Z,-algebra for some rational prime p.
This means that p will be topologically nilpotent in the rings and algebras that we will be
concerned with.

3.1.2. Continuous Pseudorepresentations of Profinite Algebras. In this para-
graph, we provide more characterizations of continuous pseudorepresentations in the case
of profinite or prodiscrete topologies, and show that the Cayley-Hamilton ideal CH(D) of a
continuous pseudorepresentation is closed.

The following lemma, due to Chenevier, shows that the conventional notion that a ho-
momorphism from a profinite object to a discrete object is continuous if and only if it has
open kernel extends to the case of pseudorepresentations.

LEMMA 3.1.2.1 (Following [Chelll, Lemma 2.33)). Let A be a profinite commutative ring
and let R be a profinite A-algebra. Let B be a commutative continuous discrete A-algebra,
and choose a B-valued d-dimensional pseudorepresentation D of R. Let Pp denote the
corresponding degree d homogenous multiplicative A-polynomial law Pp € M% (R, B). Then
the following conditions are equivalent.

(1) D is continuous.

(2) Pp is continuous.

(3) ker(D) is open.

(4) ker(Pp) is open.

(5) D factors through a continuous discrete quotient ring of R4 B.
(6) Pp factors through a continuous finite quotient ring of R.

2See [Gro60l 01, §7] for this and other notions for the topological coefficient rings and formal schemes.
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PRrROOF. The equivalences (3) <= (5),(4) <= (6) are clear.

If ker(Pp) (resp. ker(D)) contains an open ideal, then it is continuous because the char-
acteristic polynomial coefficient functions factor through a discrete space and have target a
discrete space. Therefore (3) = (1), (4) = (2).

Assume that Pp is continuous; this means that each characteristic polynomial function
A; : R — B is continuous. Since B is discrete and the topology on R is given by finite
index ideals, each A; factors through R/I; for some open ideal I;. The intersection of these
ideals is open, so Pp factors continuously through a finite discrete quotient. We have shown
(2) = (4). The proof (1) == (3) is identical, except that the ideals topologizing R 4B
are not necessarily finite index.

Since Pp factors through D along the natural continuous map R — R®4B, we have
(1) = (2). Now assume (3); we will prove (4). Since the contraction of ker(D) along this
continuous map is an open (equivalently, finite index) ideal and contained in ker(Pp), we see
that ker(Pp) is also finite index and therefore open. O

We prove this lemma in a more generality than the profinite case, although we only prove
the converse statement in the pro-discrete case.

LEMMA 3.1.2.2. Let D : R — A be a d-dimensional pseudorepresentation between topo-
logical rings. If D is continuous, then ker(D) C R is closed. If A, R are profinite as discussed
above and B € Admy, then the converse is also true.

PRrOOF. The closure ker(D) of the two-sided ideal ker(D) is a two-sided ideal. Because
the characteristic polynomial functions A; : R — A are constant on cosets of ker(D) in R
and are also continuous, they are also constant on the closure of cosets. This means that D
factors through R — R/ker(D). According to Lemma , ker(D) is the largest two-sided
ideal K C R such that D factors through R/K. Therefore ker(D) = ker(D).

Now we prove the converse statement, assuming that A, R are profinite and B € Adm4.
Present B as a limit of A-algebras B = Jim, By, where the system (B,) is composed of
finite discrete continuous A-algebras and the maps are surjective continuous A-algebra ho-
momorphisms. For each map m, : B — B,, let P, denote the induced polynomial law
Dy := 7, 0o D. Lemma tells us that ker(D,) C R ®4 B is open and closed, and
therefore ker(D) = (), ker(D,) is closed. O

In the non-topological case discussed in Chapters 1 and 2, the notion of a Cayley-
Hamilton pseudorepresentation D : R — A and a Cayley-Hamilton A-algebra (R, D) played
a large role. This will be especially true as we consider the moduli of representations of
profinite algebras. Therefore the following lemma will be useful, showing that in the case
of profinite coefficients, the Cayley-Hamilton ideal CH(D) is closed, so that the natural
surjection R — R/CH(D) is continuous.

LEMMA 3.1.2.3. Let A be a complete Noetherian local ring, with finite residue field T 4.
Let R be a profinite continuous A-algebra. Then CH(D) is a closed ideal. Consequently,
R/CH(D) is profinite, the natural map R — R/CH(D) is continuous, and is a continuous
A-algebra.

PROOF. Freely using the notation of Definition [1.1.8.5] we recall that CH(D) is the two-
sided ideal of R generated by the image of x®(ry,...,74) where a varies over I¢ and r; vary
over R. Let R4 have its standard set-theoretic meaning, i.e. the set of tuples of elements of
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R, each one corresponding to an element of I¢. Let R;, R, be copies of R distinguished for

d
notational purposes, and let (r%) denote an element of Rlld, and (r;) denotes an element of
R?. Now define a function
Ig d Ig
R x R*x R — R
[o]
(), (r2), (7)) Z i xp ((ra) -y

aGId

The image of this map is precisely the two-sided ideal generated by the image of the X[g},

i.e. CH(D).
Because R is profinite, it is compact Hausdorff. And every map in sight is continuous.
Therefore the image CH(D) of the map above is closed by the closed map lemma. 0

3.1.3. The ®, Finiteness Condition on Profinite Groups. When we consider the
case that R = A[I'], we will often want to impose a condition on I weaker than topological
finite generation, but strong enough to imply that the various functors of representations are

finite in the appropriate manner (e.g. finite type or Noetherian). This is the ®, condition,
developed by Mazur [Maz89].

DEFINITION 3.1.3.1. Let T be a profinite group and let p be a prime number. We say
that I' satisfies the @, finiteness condition when one of the following equivalent conditions
holds, for every finite index (and therefore open) subgroup H C I

(1) The maximal pro-p quotient of H is topologically finitely generated.

(2) For any finite dimensional F,-vector space M with a continuous F,-linear action of
H, the continuous cohomology group H}(H, M) is finite dimensional over F,,.

(3) There are only a finite number of continuous homomorphisms from H to the additive
group [F,.

EXAMPLE 3.1.3.2. When K/Qy is a finite field extension, I' = Gal(K/K) satisfies ®,
because I is topologically finitely generated.

ExAMPLE 3.1.3.3. When F'/Q is a finite field extension and S is a finite set of places

of F, let Fs denote the maximal extension of F' unramified outside S. Then by Hermite’s
theorem, Gal(Fg/F') satisfies ®,,.

Given a finite index subgroup H C I, there exists a maximal quotient T' of [ with the
property that the image of H in T is pro-p. If [ has property ®,, then one can check that
r (and of course the image of H in F) topologically is finitely generated. This quotient T is
called the p-completion of I relative to H. This notion will come up in the following sort of
example.

EXAMPLE 3.1.3.4 (cf. [Maz89, p. 389)). Let I' satisfy condition ®,, and let F be a finite

characteristic p field. Fix a continuous homomorphism p : I — GL4(F), where d > 0. Then
for any Artinian ring A with residue field F, the kernel of GL4(A) — GL4(F) is a pro-p

group. Therefore the action of I through any deformation of p from F to A factors through
the p-completion of T' relative to ker(p).
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3.1.4. Continuous Deformations of a Finite Field-Valued Pseudorepresenta-
tion. Let A be a Noetherian local commutative Z,-algebra with finite residue field [F4, and
let R be a profinite A-algebra. Let F be a finite A-field (of characteristic p) and let

D:Ro,F—TF

be a continuous d-dimensional determinant. We are interested in continuous deformations
of D.
It will be useful in the sequel to apply Theorem (I.3.1.1|and write p3; for a representative

D : R®AF — Md(F),
assuming that F is large enough so that D is split and therefore p} exists over .

REMARK 3.1.4.1. Applying Theorem [1.3.1.3| along with the fact that finite fields are
perfect, any finite field valued pseudorepresentation of R is automatically continuous, as is
p3, since the kernel of such D must be finite index in R.

Artinian A-algebras with residue field F are the natural context to study deformations
of an object, such as D, defined over F. We reprise Definition [2.1.1.1]

DEFINITION 3.1.4.2. Let Ap be the category of Artinian local A-algebras with residue
field F, where morphisms are local and continuous A-algebra homomorphisms. For B € Ap
we write mp for its maximal ideal and endow it with the discrete (mg-adic) topology.

Let Ay be the category of profinite local A-algebras with residue field F, where morphisms
are local continuous A-algebra homomorphisms. For B € Ar we write mp for its maximal
ideal and endow it with the mpg-adic topology.

The category Ap includes Ay as a full subcategory, and objects in Ap consist of limits
(filtered projective limits with surjective maps) in Ap.
We define the deformation functor PsRp as follows.

DEFINITION 3.1.4.3. With the data p, A, R, D,d and F as above, let PsRp be the co-
variant functor on AF associating to each B € ob AF the set of continuous d-dimensional
pseudorepresentations

D:R®sB — B
such that D®gF — F = D. We call such deformations of D pseudodeformations.

REMARK 3.1.4.4. Let us clarify the notation D& 4B where D : R — A is a continuous
pseudorepresentation from a profinite A-algebra R to a profinite commutative continuous
A-algebra B. Let D ® 4 B: R®4 B — B be the non-topological version of the base change
of D from A to B. The tensor product has a profinite topology defined by the ideals used in
its profinite completion, although it is not complete with respect to this topology. Since the
characteristic polynomial coefficient functions of D ® 4 B are continuous and B is complete,
they factor through the completion with respect to this topology — a full argument along
these lines (but addressing a slightly different question) may be found in the proof of Lemma
[3.1.6.40 We denote this pseudorepresentation by D&4B. We will extend this notion when
we allow B to be an admissible A-algebra.

We need to show that this definition of a functor is indeed functorial in Ay and respects
surjective projective limits. It will suffice to prove functorality on Ar and that it respects
surjective projective limits. This is due to Chenevier.
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LeEMMA 3.1.4.5 ([Chelll, Lemma 3.2]). The functor PsR% on Ap is compatible with sur-
jective projective limits.

PROOF. For a morphism (B — B') € Ay and D € PsR(B), we observe that D&pB’ €
PsRp(B').

If R is any A-algebra, the functor of degree d homogenous multiplicative (not necessarily
continuous) A-polynomial laws M4 (R, —) from A-algebras to sets is representable (Theorem
1.1.6.5)), and therefore commutes with projective limits. For finite continuous A-algebras
B;, a function R — 1'mi B; is continuous if and only if R — B; is continuous for every
7. Applying this to the characteristic polynomial coefficient functions and recalling the
definition of continuity of a pseudorepresentation, we see that the same equivalence applies
to pseudorepresentations. This completes the lemma. 0

Now we will show that the functor of continuous pseudodeformations of D : R@4F — F
is representable.

THEOREM 3.1.4.6 ([Chelll Proposition 3.3]). The functor PsRp : Ay — Sets is rep-
resentable, i.e. there exists a profinite local A-algebra Bp and a continuous d-dimensional
pseudorepresentation

D% : R&aBp — Bp
such that for any B € Ap and any D € PsRp(B), there exists a unique Ag-morphism
Bp — B such that D%@BDB =D.

ProoF. We will construct the representing algebra Bp as the profinite completion of the
representing object in the analogous non-topological case. By Theorem [1.1.6.5] there exists
a universal degree d multiplicative homogenous A-polynomial law

D*: R — I'%(R)™
inducing the universal d-dimensional pseudorepresentation of Theorem[1.1.7.4/upon applying
® a4 (R)™. _
Let ¢ : % (R)* — T be the A-algebra homomorphism corresponding to D. Call an ideal

I C T4(R)* open if I C ker(z), T4 (R)**/I is a finite local ring, and the induced degree d
multiplicative A-polynomial law (called Dy)

D" @pa (g TY(R)™ /T = Dy : R — T4 (R)™/1

is continuous. We must check that these ideals define a topology on I'4(R)*. We will call
this topology the D-adic topology on I'4 (R)".

As a union of ideals of I, I’ of this type is a union of translates of I NI’ it will suffice to
show that I N 1" is open. We consider the canonical A-homomorphism

(3.1.4.7) M4 (R)™/(INT) — T4 (R)™ /I x T4 (R)™/I'.

It will suffice to show that this map is a homeomorphism onto its image for the D-adic
topology. As this map is injective and induces the diagonal map F — F x [ after taking
the quotient of each of these three rings by their maximal ideals, we see that the properties
“finite” and “local” are preserved. It remains to show that the D; for J = I,I', I N I" are
topologically compatible with this map (we will specify what this means below).

Recall that the continuity of a multiplicative homogenous polynomial law is defined in
terms of its characteristic polynomial coefficients. Write A;/I for the reduction modulo I of
the universal characteristic polynomial functions A; : R — T'%(R)?. By assumption, A;/I
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and A; /I’ are continuous. Now consider the commutative diagram
Ai/IXAi/[/

L4 (R)™

LL(R)™/(INT) =z TA(R)™ /T x T4 (R)*/T'

3.1.4.7))

R A

As is a homeomorphism onto its image for the discrete topology, we have the
continuity of A;/(I N1"). The fact that is a homeomorphism onto its image for the
discrete topology implies that a quotient of its image will induce a continuous polynomial
law if and only if a quotient of A;/(I N I") will. Since, as we noted above, the same claim
will hold true for the properties “finite” and “local,” we have shown that induces a
homeomorphism onto its image for the topology on I'4(R)2> defined above, as desired.

Define B to be the completion of T'4 (R)®" with respect to this topology. This is a profi-
nite A-algebra, by definition of the topology. There is a universal continuous d-dimensional
pseudorepresentation which we will call D%,

D% : R&,Bp — Bp,

which we obtain from D* by the canonical map from I'4(R)? to its completion By. We
verify that this is an object of PsRp(Bp) by applying Lemma (3.1.4.5

PsRp(Bp) = Lim PsRp (% (R)™ /1),

and D; for each D-adically open ideal I defines a projective system of continuous I'% (R)*?/I-
valued homogenous degree d multiplicative A-polynomial laws whose limit is D¥%.

Having constructed D’, we now verify its universality. Let B € Ag and choose D €
PsRp(B). By Theorem , there exists a unique A-algebra map f : I'Y(R)*® — B such
that D = foD" and f (mod mp) = . Therefore ker(f) C ker(z)). Also, T4 (R)*/ ker(f) C

B is finite local. Finally, the continuity of D implies that ker(f) is open in the D-adic

topology on I'4 (R)*>. Therefore we have the universality of (Bp, DY) as a functor on Ap;

Lemma |3.1.4.5 implies that it is universal on Ap. 0

REMARK 3.1.4.8. In the case that the profinite A-algebra R arises as the complete group
ring R = A[I'] for some profinite group I', one can alternatively form Bp by replacing R
with A[l'] and completing T'% (R)*® with respect to the D-adic topology described above.

This is Chenevier’s approach [Chelll Proposition 3.3]. Because A[l'] is dense in A[I'], one
can check the functors and constructions amount to the same thing.

REMARK 3.1.4.9. We note that just as 'Y (R)*" is generated by AP"(r) for r € R and
1 <@ < d (this is the non-topological case), so is Bp topologically generated by Alp% (r) for
r € Rand 1 <i<d. This is a consequence of Amitsur’s formula (Proposition [I.1.9.11)2)).
This statement remains true when the choice of r € R is restricted to r in a dense subset
of R. For example, if I' C I'" is a dense subgroup of I', then a pseudodeformation of a
D : A[T]|&4F — F is determined by the characteristic polynomial coefficients of the universal
pseudodeformation of D evaluated at the elements of I
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REMARK 3.1.4.10. Following on Corollary [2.1.3.4] the continuous deformations of an ab-
solutely irreducible residual pseudorepresentation are equivalent to continuous deformations
of the associated absolutely irreducible representation. Compare [Nys96, Theorem 2] in the
case of pseudocharacters.

3.1.5. Finiteness Condition ®5. Having defined the universal continuous pseudode-
formation of a finite field-valued continuous pseudorepresentation of a profinite A-algebra
R, we are interested in finiteness properties of this functor. The main finiteness property of
interest for the complete local continuous A-algebra representing this deformation functor is
the Noetherian property.

We recall Lemma [2.1.1.5 which gives equivalent conditions under which a complete local
ring is Noetherian. As in Chapter 2, we will aim to show the finiteness of the tangent space
in order to show that the pseudodeformation ring is Noetherian. Our strategy is to show that
the tangent space is finite-dimensional if one assumes ®5 We have already developed the
non-topological notion of tangent spaces to a field-valued pseudorepresentation in §2.1.2] and
have given criteria for the finiteness of the dimension for this tangent space in Proposition
2.1.2.3] We will freely use the notation of §2.1.2] and aim to prove a topological version of
Proposition[2.1.2.3] As in §2.1.2] these are results of Chenevier, which we extend to arbitrary
characteristic.

If Dy denotes a d-dimensional (possibly non-continuous) pseudorepresentation D : R —
A, we recall that 7p, denotes the non-topological tangent space at Dy € PSR(}%(A). Assuming
now that Dy is continuous, denote by 75 the A-submodule of continuous lifts of Dy. We
can write this as a union of A-modules

(R I
Do — UTDO’
I

where I varies in the set of all open two-sided ideals of R such that ker(Do) 2 I, and T} is
defined to be the liftings P such that ker(P) D I.

Now assume that A is a finite field F and replace Dy with a continuous d-dimensional
pseudorepresentation D : R — F. Then Sp := R/ ker(D) is finite dimensional by Theorem

313

DEFINITION 3.1.5.1. With D : R —» F a continuous pseudorepresentation of a profinite
F-algebra R into a finite field [F, we say that D satisfies condition ® 5 or that ® 5 holds when
the set of continuous extensions Exty(Sp, Sp)¢ is finite dimensional as a F-vector space.

The finiteness condition ® 5 on continuous extension is the finiteness condition we require
to give a topological generalization of Proposition [2.1.2.3]

ProprosITION 3.1.5.2 (Following [Chelll Proposition 2.35]). Let R be a profinite F-
algebra where F is a finite field. Let D : R — F be a continuous d-dimensional pseudorepre-
sentation satisfying condition ®p. Then Tf is finite dimensional over FF.

PROOF. It will suffice to show that there exists a bound on the dimension of ’Té that

is independent of choice of finite index two-sided ideal I C R such that I C ker(D). Fix
such an ideal I. Also choose N such that ker(D) C CH(D); such an N exists by Lemma

1.2.3.1(4). By Lemma [2.1.2.2) we know that
T2 C PE(R/(ker(D)*N + I),T).
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Therefore, it will suffice to show that the right hand side has F-dimension bounded indepen-
dently of 1. B
Since I C ker(D), we have for each n > 1 the natural surjection

(ker(D)/(ker(D)? + 1)) — (ker(D)" + 1)/ (ker(D)"™ 4 1),
similar to the proof of Proposition [2.1.2.3| Because Sp is finite dimensional, it will be enough

to show that the F-dimension of ker(D)/(ker(D)? + I) is bounded independently of I.
Because Sp is a semisimple F-algebra, it will suffice to show that

dimp(Homp (ker(D)/(ker(D)* + 1), Sp))

is bounded independently of I. By noting that the action of R on ker(D)/(ker(D)? + I)
factors through R/I and applying Lemma (1.3.3.1, we have

Homp(ker(D)/(ker(D)* + I),Sp) — Ext}%/I(SD, Sp).

The right hand side is a sub-F-vector space of Exty(Sp, Sp)¢, i.e. the action of R on the
extension is continuous, since the action of R on any of these extensions factors through
the finite (cardinality) F-algebra R/I. Because of the assumption that the dimension of
Exty(Sp, Sp)¢ is constant (and clearly independent of I), we are done. O

Now we are ready to give some sufficient conditions on the continuous d-dimensional
pseudorepresentation D : R ®4 F — F to guarantee that the deformation functor is repre-
sented by a Noetherian ring. We recall that with D as specified above, p3 : RQ4F — My(F)
denotes a semi-simple representation associated to D by Theorem [1.3.1.1] which is continu-
ous because the continuity of D implies that ker(D) is closed (Lemma [3.1.2.2)). We will also
use Sp to denote Sp = (R ®4 F)/ker(D), which is finite dimensional over F by Theorem

313

THEOREM 3.1.5.3 (Following [Chelll Proposition 3.7]). Let A be a Noetherian complete
local Z,-algebra and let R be a profinite continuous A-algebra. Let D : RoF — F be a
continuous d-dimensional pseudorepresentation, where F is a finite continuous A-field. Then
the complete local profinite continuous A-algebra Bp is Noetherian if any of the following
conditions are true.

(1) R is topologically finitely generated as an A-algebra.
(2) D satisfies condition ®p.
(3) I is a profinite group, R = A[l'], and the continuous cohomology HU(T,ad(p%)) is

finite dimensional over F.
(4) T is a profinite group satisfying Mazur’s ®,-condition and R = A[T].

PrOOF. We will show that any of these conditions implies that the tangent space Tp
(Definition [2.1.2.1)) to Pstf2 at D is finite dimensional over . This tangent space is nat-
urally dual to mp/(m4, m%), which is therefore finite-dimensional. Since A is assumed to

be Noetherian, this finiteness in turn implies that mp/ mQD is finite-dimensional. Therefore,
PsRp is Noetherian by Lemma [2.1.1.5]
That condition (2) is sufficient to prove that Bp is Noetherian is immediate from Propo-

sition [3.1.5.2, Condition (3) is the same condition as (2) in the case that R = A[LT, after
tensoring by ®pF. Condition (4) is sufficient to imply condition (3), as discussed in Definition
B.131
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Assume condition (1). Let R’9 be a finitely generated dense sub-A-algebra of R. Then
PSR%fg is a finite type (hence Noetherian) A-scheme by Theorem [1.1.10.15 Upon observing
that PsRp is the formal scheme arising from PsR‘éfg by completion at the maximal ideal of
PSRdeg corresponding to D, we are done. O

3.1.6. Pseudorepresentations valued in Formal Schemes. So far we have dis-
cussed pseudorepresentations of a profinite A-algebra R, where A is a complete local Noe-
therian Z,-algebra with finite residue field F. We have found that the functor of deformations
of a given finite field valued pseudorepresentation is representable (Theorem , and
have given sufficient conditions for it to be Noetherian (Theorem[3.1.5.3). We have restricted
ourselves to profinite coefficient rings, in particular Artinian local commutative rings with
finite residue field. However, in order to discuss algebraic families of representations of a
profinite algebra, we will need to consider coefficient rings that are not profinite. For exam-
ple, a one-dimensional family of representations will be valued in a polynomial ring like F,[t].
Our goal in this paragraph is to investigate the families of continuous pseudorepresentations
that arise in these larger coefficient rings.

Our main result, Theorem [3.1.6.11] tells us that the study above is sufficient: even on
larger appropriately topologized rings, the universal pseudorepresentations are valued in a
complete local profinite ring. The first task must be to specify what exactly these larger
coefficient rings are.

EGA contains the basic facts and terminology to describe linearly topologized rings and
formal schemes. We will now freely use these terms, providing some references as we go. We
will introduce here, however, some terminology that we have not found universal agreement
upon, but which is an important distinction for our purposes.

DEFINITION 3.1.6.1. Let A be a commutative adic Noetherian ring with ideal of definition
I. Let B be a linearly topologized commutative ring which is a continuous A-algebra.

(1) If B is topologically isomorphic over A to an admissible completion of a finitely
generated A-algebra, then we say that B is topologically finitely generated as an
A-algebra.

(2) If B is topologically isomorphic over A to the [-adic completion of a finitely gener-
ated A-algebra, then we say that B is formally finitely generated as an A-algebra.
Equivalently, B is a (continuous) quotient of a restricted power series over A.

We use this terminology in consonance with terminology established in [Gro60), Oy, §7;
1, §10]. We are allow following the definition of “topologically finitely generated” used in
[Chelll §3.9]: a completion of a finite type algebra. In particular, here are the corresponding
definitions in the category of formal schemes.

DEFINITION 3.1.6.2 (|Gro60), §0;, §10.13]). Let ) be a locally Noetherian formal scheme
with ideal of definition IC. Let f : X — ) be a morphism of formal schemes. Then if any of
the following equivalent conditions are satisfied, we say that f is formally finite type.

(1) X is locally Noetherian, f is an adic morphism, and if we write J := f*(K)Ox, then
the morphism fy : (X,0x/J) — (9, Oy/K) induced by f is finite type.

(2) X is locally Noetherian and is the inductive adic limit X,, over the inductive limit
Y, := Spec(Oy/K") such that fy : Xy — Y is finite type.

(3) Every point of 9) is continued in an open formal affine Noetherian subschemes V' C 9)
such that f~!(V) is a finite union of open formal affine Noetherian subschemes U;,
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such that the adic Noetherian ring I'(U;, Oy) is formally finitely generated over
T(V, Oy).

When the context is clear, we say that such a morphism of formal schemes is simply
“finite type.”

With these definitions in place, we can now specify the category of topological rings on
which we will define the functor of pseudorepresentations, and later the functor and groupoids
of representations. We write Admy for the category of continuous admissible A-algebras.

DEFINITION 3.1.6.3. Let A be a commutative local complete Noetherian Z,-algebra with
finite residue field F and its adic topology. Let R be a profinite continuous A-algebra, which
we assume to be complete and separated as an A-module. Let PSR% denote the functor

PsR% : Admy — Sets
sending B to the set of continuous B-valued d-dimensional pseudorepresentations of R,
D:R®sB— B.

We will often use the equivalent formulation in terms of a continuous homogenous degree
d multiplicative A-polynomial law, which we will denote by P = Pp, i.e. Pp : R — B such
that the induced multiplicative polynomial law R® 4B — B is equal to D. Let us confirm
that these notions are indeed equivalent in this topological setting. We will write M%(R, B)®
for the set of continuous degree d homogenous multiplicative A-polynomial laws from R to
B.

LEMMA 3.1.6.4. With A, R, D,d as above and B € Adm,, the natural association
PsR%(B) — M4 (R, B)°

(D:R®4B— B) Do (R} Re, B)

s a bijection.
PROOF. Clearly the map exists. We will exhibit a two-sided inverse. For P € M4(R, B)®,
we have by e.g. Corollary [1.1.3.10(1) an induced determinant
DP 'R &4 B — B.

such that Dp(r ® b) = b®- Dp(r). The characteristic polynomial functions A, : R — B are
continuous by assumption. Recalling that the characteristic polynomial functions are in fact
polynomial laws A : R — B, we take the function associated to the A-algebra B,

Alg: R®4 B — B®a B,

which we concatenate with the A-algebra structure map B®4 B — B to get a characteristic
polynomial function. This function is continuous, and it is also identical to Af 4. This shows
that Dp is continuous. O

The equivalence of Lemma [3.1.6.4] makes it clear that PsR% is a covariant functor: for
a morphism (¢ : B — B') € Admy and P € M%(R, B), we have PsR%(1)(P) := 1o P €
PsR%(B).

REMARK 3.1.6.5. The equivalence P <+ Dp described in the lemma above shows that the

description of D& 4B in Remark [3.1.4.4] extends to the case that B an admissible A-algebra,
and also for X a Spf(A)-formal scheme since pseudorepresentations on X will be defined as
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a Zariski sheaf of algebra homomorphisms. The lemma above shows that one can simply
reduce to the underlying multiplicative A-polynomial law out of R in order to test continuity.

EXAMPLE 3.1.6.6. The main example of A, R that we will concern ourselves with is the
case that A =Z, and R = Z,[I'], where I is a profinite group.

LEMMA 3.1.6.7 (Following [Chelll, Lemma 3.10]). Let B € Admy, and let D : R4 B —
B be a continuous d-dimensional pseudorepresentation D € PsR%(B). Denote by C C B the
closure of the sub-A-algebra generated by the characteristic polynomial coefficients AP (r) for
r € R of the associated continuous homogenous multiplicative A-polynomial law P : R — B.

(1) C is an admissible profinite sub-A-algebra of B. In particular, it is a finite product
of local A-algebras with finite residue field.

(2) Assume that v : B — B’ is a morphism in Admy and let D' : R ®4 B' — B’
be the induced continuous d-dimensional pseudorepresentation. Let C' C B’ be the
sub-A-algebra associated to B' as above. Then v induces a continuous surjection

C—C.

PRrROOF. Assume that B is discrete, so that admissibility means that m’; - B = 0 for some
n > 1. Let P: R — B be the associated continuous multiplicative degree d A-polynomial
law associated to D as above. By Lemma [3.1.2.1] P factors through some finite index,
i.e. open two-sided ideal I C R containing m’j - R. In particular, we can consider P to
be a polynomial law over the finite cardinality ring A/m%. Now I'} /mg(R/ 1) is a finite
cardinality commutative ring, and therefore so is the ring C of the statement of the lemma,
since C is, by Amitsur’s relations (Proposition [1.1.9.11](2)), the image of the A-algebra map

% jmn (R/1) — B

canonically associated to P by Theorem [1.1.6.5]

Now we consider the general case. Since B is admissible as an A-algebra, there is a
topological A-algebra isomorphism B = lim By, where By is a discrete A-algebra and the
maps of the limit have nilpotent kernel. Write 7y : B — B, for the natural projection. Let
P : R — B denote the continuous homogenous degree d multiplicative A-polynomial law
associated to D. Write P, for m o P.

Let C' C B be the sub-A-algebra defined in the statement of the lemma. By the discrete
case above, the image C\, C By of C' C B in B, is of finite cardinality, and therefore

C = lim C'y
is a profinite admissible A-subalgebra. The Jacobson radical of a profinite admissible ring
must include all ideals of definition. Therefore C'/J(C') is finite, and part (1) follows.

For part (2), we simply note that the ring C' C B is simply the closure of the induced
canonical map '} (R) — B; this is functorial for + : B — B'. O

With this lemma controlling the characteristic polynomial coefficients of pseudorepre-
sentations of R in place, we are going to show that the functor PsR%(A) of all continuous
d-dimensional pseudorepresentations of R into admissible A-algebras is represented by the
disjoint union of deformation functors of finite field valued pseudorepresentations. We now
establish the notation necessary to describe this result.

DEFINITION 3.1.6.8. Denote by PsRf,(F ) the set of closed points of Spec(I'4 (R)**) with
finite residue field. We denote the associated pseudorepresentation by D and the point of
PSRdR by SpecFp.
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By Remark [3.1.4.1] such pseudorepresentations and their associated semisimple repre-
sentations are automatically continuous.

In the case that C'is a local ring instead of being merely semi-local, then we know that
the B-valued continuous pseudorepresentation D : R®4B — B induces a C/m¢-valued
pseudorepresentation. This pseudorepresentation corresponds via representability of the
(non-topological) pseudorepresentation functor to the canonical surjective map

FZ(R)ab - CO - Cg/mco = C/mc,
so C'/m¢ is canonically isomorphic to Fp for some D € PsRE(F4).
DEFINITION 3.1.6.9. Let A, R, B, D, and C C B be as in the statement of Lemma

3.1.6.7, If C is local, and C/m¢ is canonically isomorphic to Fp as I'4(R)*P-algebras as per
the discussion above, we call D residually constant, and say that it is residually equal to D.

Now we define subfunctors of PsR% on Adm, which are residually constant.

DEFINITION 3.1.6.10. Let D € PsR%(F4). Let PsRp be the subfunctor of PsR% on
Admy defined by the following relation. For each B € Admy, let PsRj(B) C PsR%(B) be
the subset of d-dimensional pseudorepresentations that are residually constant and residually
equal to D.

Lemma[3.1.6.7(2) shows that PsRp is indeed (covariantly) functorial in morphisms (B —
B/) € Admy4.

We have now defined two functors which we call PsRp. We will temporarily distinguish
these functors in order to show that they correspond in a natural way. Write PngdmA for the

As
functor of residually constant pseudorepresentations of Definition [3.1.6.10f Write PSRDFD
for the deformation functor of the residual pseudorepresentation D : R®4 Fp — Fj defined

in Definition B.1.4.3]

THEOREM 3.1.6.11 (Following [Chelll, Proposition 3.13]). Let A be a complete Noetherian
local Z,-algebra with finite residue field, and let R be a profinite continuous A-algebra. Let
D e Pst PAdm 4 (Fa). Then PsRAdmA is representable by a local admissible A-algebra Bp €
ob Adm 4 whose residue field is canomcally 1somorphic to Fp. Moreover,

(1) The W (Fp)-algebra Bp representing PngFD is canonically topologically isomorphic
to BD-

(2) If ® 5 holds, then By, is topologically finite type over A and Noetherian, and therefore
topologically finite type over Z, as well.

PROOF. Lemma implies that for any B € ob.Admy and any (P : R — B) €
PSR%AdmA (B), P is the composite of a continuous multiplicative polynomial law P': R — C
with C — B, where C' € Admy is semi-local. If P € PSR’gdmA (B), then by definition
of the subfunctor, C' is canonically a complete local A-algebra with residue field canonical
A-isomorphic to Fp, i.e. C'is canonically an object of AF[;' Consequently, P’ is naturally an

element of PngFD (@).

Now Theorem |3.1.4.6| gives rise to a canonical continuous A-algebra homomorphism
Bp — C corresponding to P’, and whose universal pseudodeformation of D induces P'.
Composing this map with C' — B, we have the representability result, as well as the canon-
ical isomorphism Bp — Bp.
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Part (1) following directly from the arguments above along with Theorem [3.1.5.3; (2)
follows directly from definitions. 0

It remains to address the representability of PSR%. This is best done over the category
FS4 of Spf(A)-formal schemes.

DEFINITION 3.1.6.12. Let PsR% = PsR%”®* denote the contravariant functor sending a
Spf(A)-formal scheme X to the set of continuous d-dimensional pseudorepresentations

R Qspf A O(%) — O(%)
Likewise, for any D € PsR4(F4), let PSRESA(%) C PsR%754(%) define a subfunctor cut out

by the condition on D € PSR%]ESA(%) that for any open affine U C X, the restriction of D
to PsREA™4(D(Oy)) belongs to PngdmA.

Clearly the restriction of PsRé’fSA to (Admy)°P coincides with the opposite functor of
PsREAM™4 | Note that the D € PsREA™4(B) belongs to PngdmA(B) if and only if, for any
affine covering Spf(B) = J,(U;), the image D; € PsR%754(V;) of D belongs to PngSA for
all 4; this follows directly from Lemma Now the same statement can be made of
PSRJESA: its restriction to (Adm,)° coincides with the opposite functor of PngdmA.

COROLLARY 3.1.6.13 ([Chelll, Corollary 3.14]). Assume that condition ® 5 holds for all
D e PSR(}%(FA). Then PSR%FSA 1s representable by the formal scheme

I set(Bs).

DE]FA
In particular, the functor PSR% of continuous d-dimensional pseudorepresentations is locally
Noetherian and semi-local with local Noetherian component decomposition

PsRy, = [] PsRp.
DEFA
As a result of the Theorem and Corollary, we will not bother to distinguish between

PSRgFD, PngdmA, and PSR][—ZSA, and will simply denote these by PsRp and make the source
of the functor clear. Generally, it will be the category of admissible continuous A-algebras
Admy or the category of Spf(A)-formal schemes FS4. We will also denote the object of
Admy4 representing PsRp by Bp, or by Spf(Bp) € ob FSa.

3.2. Moduli of Representations of a Profinite Algebra

In analogy to in the non-profinite case, we will introduce moduli spaces of topological
representations of the profinite A-algebra R. While we could proceed along the same lines as
defining functors and groupoids of representations fibered over the category of Spf(A)-
formal schemes, then proving representability, etc., we will follow a different strategy. Under
the assumption of ®p, we will show that the universal Cayley-Hamilton representation
E(R, D) of R over the universal pseudodeformation D% of D is finite as a module over Bp,
and that its native profinite topology is equivalent to its mp-adic topology. This will allow us
to deduce that the natural functor of continuous representations of R with constant residual
pseudorepresentation D over Spf(A)-formal schemes can be found as the mp-adic completion
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of a finite type Spec Bp-scheme/algebraic stack of (non a priori continuous) representations
of E(R,D}).

Throughout this section, A represents a complete Noetherian local ring with finite residue
field F 4 and maximal ideal m4. We write R for a profinite continuous A-algebra, not neces-
sarily commutative. Of course, the topology on R is not necessarily the m4-adic topology.

3.2.1. Groupoids of Representations. Here are the functors and groupoids of rep-
resentations of R that we will study on the category of Spf(A)-formal schemes FSj,.
DEFINITION 3.2.1.1. Let A and R be as specified above, and let d be a positive integer.
(1) Define the functor Repn? on FS, by
X — {continuous Ox-algebra homomorphisms R ®4 Ox — My(X)}.
(2) Define the groupoid Rep%, fibered over FSa, by
ob Reph(X) = {V/X rank d vector bundle,
continuous Ox-algebra homomorphism R ®4 Ox — Ende,(V)}
and morphisms being isomorphisms of this data.
(3) Define the groupoid R_ep?;, fibered over FSy, by
ob R_ede(%) = {€ arank d* Ox-Azumaya algebra, with a
continuous Ox-algebra homomorphism R ®4 Oy — £}
and morphisms being isomorphisms of this data.
The basic initial observations regarding these groupoids and the natural maps to PsR%

hold in direct analogy to the non-topological case discussed in §I.4] although we hold off on
discussing representability of these groupoids until §3.2.4] Namely, there are canonical maps

(3.2.1.2) Rep? — Reph —» Repy

in direct analogy to (1.4.1.2). Following §1.4.2) the reduced norm on Azumaya algebras,
which is étale locally the determinant of a matrix algebra, allows us to associate to any
object of these groupoids a d-dimensional continuous pseudorepresentation. We write these
maps as

Y Repg’d — PSR%,
— =
Y : Repy — PsR%, 1 : Repp — PsR%.
Indeed, a pseudorepresentation induced by a continuous representation of R is continuous
(see Deﬁmtlon 3.1.0.10]) because the characteristic polynomial coefficient functions A; : &€ —
B on an Azumaya B- algebra £ are continuous. This shows that the maps ", 1,1 are well

defined.
Just like (1.4.2.2)), the canonical maps above form a commutative diagram

ALE13

1.4.1.2]

(3.2.1.3) Repy e

Syl

PsR%
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This allows us to consider the Spf(A)-formal groupoids of representations as PSRC}%—formal
groupoids. Now we establish notation to decompose the representation groupoids into the
fiber of 17 (resp. v, resp. ¢) over each component PsRp C PsR%, D € PsR%(F4). Indeed, an
object of any of the representation groupoids over B € Adm induces a map Spf(B) — PsR%
via the appropriate ¥-map, and the condition that this map correspond to a residually
constant pseudorepresentation will define a PsR%-sub-fibered-groupoid, since we observe that
the residually constant condition is stable under pullbacks in the category of PsR%-formal

schemes (cf. Corollary [3.1.6.13)).

DEFINITION 3.2.1.4. For any D € PsR%(F4), we write Rep% (resp. Repp, resp. Repp)
for the fiber of )™ (resp. 1, resp. ¢) over the component PsRp C PsR&.

Our next goal is to show that Rep% is representable by a Spf(A)-formal scheme, and,
moreover, that condition ® 5 implies that Rep% is formally finite type over PsRp, i.e. that
Rep% is a formally finite type Spf(Bp)-formal scheme. While this may be shown rather
directly, we will deduce it from the finiteness result of the next paragraph.

3.2.2. Finiteness Results. In this paragraph, our goal is to prove Proposition [3.2.2.1}
This proposition gives us the module-finiteness of the universal Cayley-Hamilton algebra
associated to R, whose definition we will recall below. This module-finiteness is the key
result we require to prove the algebraizability of the representation functors on Admy.

PROPOSITION 3.2.2.1. Let B be a admissible A-algebra and let D : R®4 B — B be
a continuous d-dimensional residually constant pseudorepresentation D. Assume that D
satisfies ® 5. Then

(1) The B-algebra (R ®4 B)/CH(D) is finitely presented as a B-module.
(2) The native pro-discrete topology on (R®4 B)/CH(D) given by open ideals is equiv-
alent to the topology induced by a fundamental system of ideals for B.

First we require some lemmas.

LEMMA 3.2.2.2. Let F be a finite characteristic p field, let R be a profinite F-algebra,
and let D : R — F be a continuous d-dimensional pseudorepresentation satisfying ® 5. Then
R/CH(D) is finite dimensional as a F-vector space and, equivalently, CH(D) is open as a
two-sided ideal of R.

Proor. We first note that the equivalence of the conclusions is immediate from R having
the profinite topology.

Replace R with R/CH(D), so that (R, D) is a Cayley-Hamilton F-algebra. Let S :=
R/ ker(D), which we know from Theorem to be a finite dimensional semisimple F-
algebra. It is naturally a quotient of R by Lemma [1.2.1.1, The proof of Proposition [2.1.2.3
shows that the assumption ® 5 is sufficient to imply that R/ker(D)" is finite dimensional as
a [F-vector space for any n > 0. Now by Lemma ker(D) is nilpotent. This completes
the proof that R is finite dimensional. 0

REMARK 3.2.2.3. We emphasize that in the proof above, we do not assume that CH(D)
is a closed ideal of R, nor, equivalently, that the natural surjection R/CH(D) is continuous.
This fact is a consequence of the proof.
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LEMMA 3.2.2.4 (Infinite Nakayama Lemma). Let A be a complete Noetherian local ring
with mazimal ideal m 4 and residue field F 4 and let M be an A-module. Assume that M ism4-
adically separated, i.e. (\;somYy - M =0, and assume that M/my - M is finite dimensional as
a F 4-vector space. Then M is a finite A-module generated by any set of lifts for a generating
set for M/mu - M. In particular, one can apply the (standard) Nakayama Lemma to M.

PROOF. Choose a basis my, ..., m, for M/my - M, and let my,...,m, be a choice of
lifts to M for the basis. Choose 0 # = € M, and let k > 0 be the greatest integer such that
r € mk - M; write x, for z. Because (1m;) is a basis and the Noetherianness of A implies
that m¥%/m%" is finite dimensional over F, for all b, there exists an A-linear combination
> agm; such that a;, € m¥ and

n
(3.2.2.5) m— Y agm; €miT - M

i=1
Now set x41 to this difference, and choose a; ;1) € mi“, 1 < i < n such that (3.2.2.5))
is satisfied with k& + 1 in place of k; iterate this process for all j > k, generating z;, a;; for
i>k1<i<n.

Now set, for each 7,1 <i < n,

00
a; .= E aij € A,
Jj=k

where the sum is convergent because A is my-adically complete and a;; € mil for any j > k.
Observe that

x—Zaimi Gmil-M
i=1
for any j > k. Therefore, by the separation hypothesis on M, x = 3} a;m;. This shows
that (m;) is an A-basis for M, as desired. O

Now we can prove Proposition 3.2.2.1

PROOF. First, we will prove the result when B is discrete. We already know that CH(D)
is a two-sided ideal of R ® 4 B, so we must show that it is open.

By Lemma [3.1.6.7  and the definition of residual constancy of D (Defintion [3.1.6.10), D
factors through a finite cardinality Artinian local sub-A-algebra C' C B (C' is the image of

the canonical continuous homomorphism Bp — B) with residue field Fp, i.e. there exists a
continuous deformation
DC cR®y o=Ye
of D inducing D upon ®@¢B.
Consider the Cayley-Hamilton quotient (R ®4 C')/CH(D¢). Using the canonical surjec-
tion C — C/m¢c = Fp, we tensor Do by @cFp. Now Lemma implies that we have
an isomorphism

(R®4C)/CH(D¢) ®c Fp = (R®4 ]FD)/CH(D)

Applying our assumption that ® 5 holds, Lemma tells us that the right hand side is
a finite dimensional F-vector space. Since the C-algebra (R®4 C)/CH(D¢) is trivially me-
adically separated because C' is Artinian, the “infinite Nakayama lemma” (Lemma
implies that it is also finite as a C-module. Since all of the involved rings are profinite and
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the maps factor through profinite completions, we may apply Lemma/3.1.2.3|so that we know
that the factor map
(R®4C)— (R®4C)/CH(D¢)

is continuous and CH(D¢) is closed in R ® 4 C. The target is also finite cardinality, showing
that CH(D¢) is also an open ideal of R ®4 C'. We have now completed the proof in the case
that B is a finite Artinian ring.

Now we deduce the general discrete case over B from the local discrete case completed
for C' above. The natural map

(R®4 C)/CH(De) @ B — (R ®4 B)/CH(D)

exists and is an isomorphism by Lemma [1.1.8.6} it is continuous and CH(D) C (R ®4 B) is
open, as the natural topology on both sides is discrete, proving part (2). Since the left hand
side is finitely presented as a B-module by the arguments above, so is the right hand side
proving part (1). This completes the argument.

Now we no longer assume that B is discrete. We may write B as a limit of discrete
continuous A-algebras B = l'gl)\ B, where the maps are surjective with nilpotent kernel, and
write C'y C B, for the algebra C' in the discrete case above. Then C' = T&l)\ C) is a complete
local Noetherian sub-A-algebra of B with residue field Fp, since we are assuming condition
® ;5 and may apply Theorem [3.1.5.3] Write 7, : B — B, for the natural surjections. Write
D, for 7\ o D; it is a continuous d-dimensional pseudorepresentation

D)\ "R® A B A 7 B A
that satisfies the conditions of the discrete pseudorepresentation called “D” above. Likewise,
we write D¢, the pseudorepresentations called “D¢” above.
Consider the C)-algebra homomorphism
(R &A C)\)/CH(DC)\) — (R XA O)\/)/CH(ch\)

By Lemma(1.1.8.6] it becomes an isomorphism after applying ®¢, Cy to the left side. There-
fore, it is continuous and surjective; it has nilpotent kernel since the maps C'y — Cy do too.
By the same reasoning, for every A there is a canonical surjection

(R XA C)/CH(Dc) — (R XA C)J/CH(DCA)
Therefore, the image of the natural map
(3.2.2.6) (R®4 C)/CH(D¢) — (R&4C)/CH(D¢)

is dense, since the right hand side surjects onto each (R®4 Cy)/CH(Dc,) as well. The map
(3.2.2.6) is also injective, since CH(D¢) is dense in CH(D¢). We now aim to show that it is

an isomorphism.

We know that CH(D¢) € R®4C is closed by Lemma , so we have
(R&4C)/CH(D¢) = lm(R®4C)/CH(De, o).
A

Now [Gro60, Proposition 10.10.5] and the finiteness of (R®4C)/CH(Dg¢,) as Cy-modules
proved in the discrete case above, (R®4C)/CH(D¢) is a finitely generated C-module. Al-
ternatively, we can apply the infinite Nakayama lemma again. We note that the m¢g-adic
topology on (R&4C)/CH(D¢) is equivalent to its profinite topology arising from the com-
plete tensor product.
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Now we observe that is an isomorphism of finite C-modules. Indeed, the image
is a dense sub-C-module of a finite C-module. We have now completed the proof in the case
that B was a Noetherian complete local ring.

We now deduce the general case from what we have done. Lemma [1.1.8.6[ shows us that
we have a natural isomorphism

(3.2.2.7) (R®,C)/CH(D¢) ®c B — (R®4 B)/CH(D),
since D arises from D¢ by ®@cB. We conclude that the right hand side is finitely presented as
a B-module, since C' is Noetherian, proving (1). The compatibility of (3.2.2.7) with ®zBj,
yielding the isomorphism of discrete algebras

(R ®A C)\)/CH(DCA) ®C/\ B)\ — (R XA B)\)/CH(D)\),
shows us that (2) is true. O

3.2.3. Universality Results. Recall the (non-topological) notion of universal Cayley-
Hamilton representation of R (§1.2.4)). This is a 'Y (R)*P-algebra
E(R.d) = (R ®a T (R)™)/CH(D"),

with the data of the universal pseudorepresentation D* |gp: E(R,d) — I'4(R)* and the
canonical quotient map from R® 4% (R)*. We have shown in Theorem that moduli
spaces of d-dimensional representations of R are equivalent to their counterpart moduli
spaces of d-dimensional representations of E(R,d). Our goal in this paragraph is to prove
this result in the profinite topological setting of this chapter.

We will carry out this task over each component PsRp of PstR. There is no significant
loss of generality in doing this. Let us establish the notation for these universal Cayley-
Hamilton algebras.

DEFINITION 3.2.3.1. Let D € PsR4(F4). The universal Cayley-Hamilton representation
over PsRp, denoted E(R, DY), is the Bp-algebra

E(R, D) = (R®a Bp)/CH(D}),
often considered with its canonical factor map p% : R ®4 Bp — E(R, DY). We establish
notation for the completed case as well,

E(R, Dp) := (R&4Bp)/CH(D}),
with the canonical factor map g% : R&4Bp — E(R, [7“]—)).

Before proving the universality theorem for the Cayley-Hamilton algebra E(R, DY), we
point out the consequences of ®p5 for this algebra. This theorem follows directly from

Proposition [3.2.2.1] and the last part from Corollary [1.2.2.10]
THEOREM 3.2.3.2. Assume that D € PsR%&(F4) satisfies ®5. Then
(1) The natural profinite completion map
E(R,D%) — E(R,D%)
18 an isomorphism.
(2) E(R,D}) is finite as a Bp-module
(3) The native topology on E(D%) is equivalent to the its mp-adic topology as a Bp-

module.
(4) E(D}) is finite as a module over its center and is a Noetherian ring.
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Now we prove an analogous result in our profinite topological setting to the universality
of the Cayley-Hamilton algebra (Proposition |[1.2.4.3)) and the resulting equivalence of repre-
sentation categories between R and E(R,d) (Theorem [1.4.3.1)). The non-topological results
produce universal maps, and we check that they are continuous.

We require some notation. Following the convention that Rep% denotes the fiber of

7d 7Cl
Rep% over PsRp, denote by RepDD|E the fiber of RepE(R,D%) over PsRp|, C PSR‘WZE(RD%).

THEOREM 3.2.3.3. Let X be a Spf(A)-formal scheme. Any representation in the formal
groupoids Rep%(%), Repp(X), Repp(X) factors uniquely continuously through the universal
Cayley-Hamilton representation p% ®@p, O(X). This factorization induces equivalences of
PsR p-formal groupoids

g _~ o
Rep[—) — Rep[—)'E,
Repp — Repp),»

RepD = Rep[—)'E.

Proor. It will suffice to work formally Zariski-locally on X, so we may replace O with
an admissible A-algebra B. As in the proof of Theorem [1.4.3.1] it will suffice to work with
a continuous B-algebra homomorphism p : RQ4B — £ in Repp(B), since objects of the
other groupoids amount to additional data on top of the rank d? Azumaya B-algebra £ and
the map p.

Recall Definition [1.2.4.1] which is the notion of a Cayley-Hamilton representation of R.
Following Remark [1.2.4.2] we note that a the data of p induces a d-dimensional Cayley-
Hamilton representation of R over B, namely

(B, (€,det), p),

where det : £ — B represents the reduced norm map for the Azumaya B-algebra £.

Proposition [1.2.4.3] shows that the universal d-dimensional Cayley-Hamilton represen-
tation (I'%(R)*, (E(R,d), D% g), p") is initial in the category CH?(R) of Cayley-Hamilton
representations of R. Thus there exists a canonical CH%(R)-morphism

(T4(R)™, (E(R,d), D"|g), p") — (B, (£, det), p).

We know that the map ' (R)* — B included in this data is continuous with respect to the
topology on I'% (R)*" defined in Theorem [3.1.4.6|for the choice of D € PsR%(F,), since B has

residually constant pseudorepresentation D. The completion with respect to this topology
is Bp and B is complete, so that we have a map Bjp — B factoring I'%(R)*® — B.
Therefore the continuous B-algebra homomorphism F/(R, d) ®rd (ryer B — € which is part

of the data of the morphism in CH?(R) factors through E(R,d) ®rd gy Bp. Recalling that
E(R,d) := (R®4T%(R)*)/CH(D"), we have by Lemma a canonical isomorphism
E(R,d) @4 sy B~ (R @4 Bp)/CH(DY) = E(R, D),
so that we now have a canonical continuous map E(R, DY) ®p, B — & factoring p.
We have now exhibited a PsRp-groupoid morphism Repp — R_epé( RDY): We observe

that this lies in Repp,, because 'Y (R)*> — B factors through Bp. The map p}, : R&4Bp —
E(R, D}) induces an inverse morphism by composition. O
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Here is an interesting consequence of this universality. Once we show that the groupoids
are representable by formal algebraic stacks, this corollary says, essentially, that 1), 1,1 are
adic morphisms.

COROLLARY 3.2.3.4. As usual, let A be a commutative Noetherian local profinite ring, let
R be a profinite A-algebra, and choose D € PstR(IF‘A) satisfying ®p. Choose an admissible
A-algebra B along with a continuous d-dimensional representation p : R @4 B — & of
residually constant pseudorepresentation D. Then p is still continuous with respect to the
finer mp-adic topology on B.

PROOF. Let B, p be as in the statement of the corollary. Theorem implies that
we have a continuous map Bp — B and a canonical continuous factorization of p, and a
continuous Bp-algebra map Ep — &, through which R — £ factors. The fact that B — B
is continuous means that the mp-adic topology on B is (not necessarily strictly) stronger
than its native topology. Clearly if we topologize £ with respect to mp, the map Ep — &£
will remain continuous. l

3.2.4. Representability Results. Now we will work toward showing that the for-
mal groupoids Rep%, Repp, Repp are representable by PsRp = Spf(Bp)-formal schemes.
In fact, we will show much more, using the universality (Theorem and finiteness
(Theorem [3.2.3.2)) of the universal Cayley-Hamilton representation of R of residually con-
stant pseudorepresentation D. We will show that the d-dimensional representation groupoid

Repg’(‘i2 D) (resp. Rep%(R puys TESp. RepdE(R DuD)) for E(R, DY) is formally finite type over
"D 7D ’
PsRp and will prove this by showing that it is algebraizable with finite type algebraization

Repg’(ﬁimﬁ) (resp. RepdE(R,DuD), resp. RepdE(RﬁDuD)). This will show, by Theorem |3.2.3.3| that

the representation groupoids above are topologically finite type, Noetherian formal schemes
over Spf(A) that are formally finite type over PsRp = Spf(Bp).

In order to prove algebraization of the formal PsRp-groupoids of representations of
E(R, DY), we need to find algebraic groupoids of continuous representations. In fact, what
we will show is that, after applying a natural topology to groupoids of non-topological rep-
resentations such as RepdE(R, DY) this non-topological groupoid of representations consists
entirely of continuous representations. This result depends critically on the finiteness condi-
tion @5 and the work done in the previous paragraphs.

THEOREM 3.2.4.1. With A,R,d, D, and E(R, DY) as above, assume that ®p is true.
Then the restrictions to admissible Bp-algebras of the non-topological Spec Bp-groupoids of
representations Repg(R7DuD)7D%, RepE(R,D“D),D“Df and RepE(R,DuD),DuD of E(R,D%) lying over

PsRp are equivalent to their counterparts Rep%, Repp, and Repp.

PROOF. Because ®p is satisfied, Theorem [3.2.3.2| gives us that the Bp-algebra E(R, DY)

is module-finite and its native topology as a quotient of R® 4B is identical to its mp-adic
topology. Choose B € Alg B, that is an admissible Bp-algebra, and choose a non-topological

representation p € Rep(‘iE(R,D“D),D“D(B)‘ This is the data
p: E(R,D})®p, B— &

where £ is a rank d* B-Azumaya algebra and detop = (Bp — B) o D'. Rembering the
topology on B, we have a topology on both the source and the target of p, and we observe that
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p is a map of finitely presented B-modules, and is therefore continuous under the mp-adic

topology. Therefore p € Rep(:';(n ,;7 pu), D%(B).

Likewise, one can start with p € RepdE(R puy.pu (B), and observe that forgetting the
" D’"TD

topology gives us an object of RepdE( R,DY), DuD(B), providing a quasi-inverse morphism. [

REMARK 3.2.4.2. Let us note what may go wrong when ® 5 is not satisfied. The Cayley-
Hamilton ideal CH(DY,) C R ®4 Bp is still closed by Lemma , so that E(R, DY)
is a profinite Bp-algebra. However, E(R, D%)/mpE(R, D) = (R ®4 Fp)/CH(D) is not
necessarily a finite Fp-vector space, and does not necessarily carry the discrete topology.
The former fact suggests that a non-topological moduli space of representations may not be
finite type over Spec Bp, and the latter fact implies that a non-topological moduli space of
representations may not correspond to continuous representations.

Let (—)% denote mp-adic completion of a Bp-scheme. This is the formal completion of
a Bp-scheme X at the subscheme X° := X Xgpec5, SpecFp.

COROLLARY 3.2.4.3. Assume ®p5. The formal Spf(A)-groupoid of representations Rep%
(resp. Repp, resp. Repp) is naturally isomorphic over PsRp to the mp-adic completion of
Rep%‘E (resp. Repp),, resp. RepD|E). In particular, it 1s a formally finite type, Notherian
PsRp-formal scheme (resp. a formally finite type Notherian PsRp-formal algebraic stack).
Additionally, the map

Y : Repp — PsRp, (resp. 1 : Repp — PsRp)

pushes forward coherent sheaves to coherent sheaves and is universally closed.

REMARK 3.2.4.4. Note that once we know that the Rep groupoids are representable by
formal schemes/algebraic stacks, Corollary |3.2.3.4] can be used to deduce that they are adic
over Spf(Bp).

PROOF. The isomorphism between these formal groupoids follows directly from Theorem
B.241

For the rest of the proof, we recall Corollary [1.5.4.7] which describes the properties of
1 in the non-topological case. The properties in the statement of the corollary are stable
under adic completion. The finiteness of the pushforward of coherent sheaves involves a
bit of work. Modulo each power m’ of the maximal ideal of Bp, the map from R_epD|E X
Spec Bp/m’, to Spec Bp/m7, is an adequate moduli space following by a finite morphism
by [Alp10, Proposition 5.2.9(3)]. Therefore the pushforward of a coherent sheaf is coherent.
The pushforward of a coherent sheaf on the whole formal scheme consists of the inverse limit

at each of these finite levels, and this is a finite Bp module by e.g. Lemma |3.2.2.4] U

REMARK 3.2.4.5. The result on coherent sheaves would be more straightforward if we
knew that formal GAGA holds over adequate moduli spaces. It has been recently proved in
the slightly narrower case of good moduli spaces [GZB12].

3.2.5. Consequences of Algebraization. We conclude our work on pseudorepresen-
tations by applying our best results from Chapter 1 and Chapter 2 to the moduli of contin-
uous representations and pseudorepresentations of a profinite algebra R over a Noetherian
profinite local ring A. In particular, we find pleasant conclusions as corollaries of
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(1) the projective subspaces of f-stable representations in fibers of v, and complete
local projective deformations of these spaces (Theorem , and

(2) the adequacy of ¢ and v in the neighborhood of residually multiplicity free pseu-
dorepresentations (Corollary .

(3) the projectivity over complete local pseudodeformation rings of moduli spaces of
representations which have a certain ordering of extensions (Corollary , ver-
ifying a proposal of Kisin [Kis09al Remark 3.2.7].

THEOREM 3.2.5.1. Let A be a Noetherian profinite local ring with residue field Fa and
let R be a continuous A-algebra. Choose a residual pseudorepresentation D € PsRE(F4)
satisfying finiteness condition ®p. Then

(1) All continuous representations of R over admissible A-algebras factor uniquely con-
tinuously through the Cayley-Hamilton algebra E(R, D},), which is an algebra finite
as a module over the complete Notherian local A-algebra Bp.

(2) The Spf(A)-formal s@ne (resp. formal algebraic stacks) of representations Rep%
(resp. Repp, resp. Repp) are the mp-adic completion of the finite type, non-
topological Spec Bp-scheme (resp. algebraic stack) of representations Rep%‘E (resp.
Repp,,, resp. R_epD|E), which are also continuous representations when restricted to
admissible Bp-algebras. Consequently, Rep% (resp. Repp, resp. Repp) are finite
type over Spf Bp.

(3) If the residual pseudorepresentation D is split over F4 and is stabilizing relative to
a character 0 of the Grothendieck group of the abelian category of representations
of the finite dimensional F 4-algebra E(R, D}) ®@p, Fa, there is a PsRp-projective
subscheme R_epsD(Q) of Repp, parameterizing representations whose reduction modulo
mp is 0-stable.

(4) Assuming that D is split and multiplicity free over F4, given an ordering of the
non-isomorphic simple representations p;,1 < i < n of R over Fu such that D =
det o(®Yp;), there exists a PsRp-projective subscheme R_ep/[) C Repp of represen-
tations which are residually a certain ordering of extensions given in Definition
ZZI3 )

(5) If a d-dimensional residual representation D of R is split and multiplicity free and
of characteristic greater than 2d, then 1 (resp. v is an adequate moduli space. In
particular, this means that PsRp is precisely the GIT quotient of Rep% with respect
to the adjoint action.

Proor. Part (1) is Theorem [3.2.3.3] Part (2) is Corollary [3.2.4.3l For part (3), we

apply Theorem [2.2.4.1/to Repp, using the fact that the base Bp is complete. Part (4) is an
application of Corollary [2.2.4.3, Part (5) is Corollary 2.3.3.9, where we use the fact that Bp

is complete and therefore henselian. 0

In particular, this theorem can take A to be the universal deformation ring Bp of a
residual pseudorepresentation of R over F 4 satisfying ®p.
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CHAPTER 4

p-adic Hodge Theory in Group-Theoretic Families

This chapter is a generalization of Mark Kisin’s Potentially Semistable Deformation
Rings [KisO8, §§1-2]. We also provide some additional expository content as we do this.
There, the constructions start given a continuous representation of the absolute Galois group
['=T'x := Gal(K/K) of K, a finite extension of Q,, on a free module over a complete Noe-
therian local Z,-algebra A with finite residue field. Then loci of Spec A[1/p] such that the
associated Galois representation satisfies conditions from p-adic Hodge theory are deter-
mined. Our goal is to generalize the arguments and constructions of [KisO8| to the case that
A is formally finitely generated over a complete Noetherian local ring R with finite residue
field, i.e. the quotient of a restricted power series ring R(z1,. .., z,). We know from Corol-
lary that the moduli spaces of representations Repp of I' with a residually constant
d-dimensional pseudorepresentation D : ]F[[f’]] — F are formally finite type over the complete
local Noetherian pseudodeformation ring Rp with residue field F. Because the whole moduli
space of d-dimensional pseudorepresentations is semi-local with local components Spf Rp in
bijective correspondence with Fp—valued d-dimensional pseudorepresentations of r (Corollary
, the results of this chapter apply to the whole moduli space of representations of
. This means, for example, that given the condition “semistable with Hodge-Tate weights

in [0, h],” there exists a Zariski closed subspace of R_epdf[l /p] parameterizing precisely these
representations. See Theorem for the p-adic Hodge theoretic conditions for which we
prove such a result.

As a concrete example of the application of this theorem, consider two crystalline rep-
resentations pq, po of [ over Q,. It is well known that the subset of the vector space of
extensions of the form

pr o *
(0 m)

that are crystalline form a sub-vector space of Extq (p2, p1). Our results show that for
a much wider set of conditions — e.g. potentially semi-stable of a certain Galois type, and
prescribed Hodge type — the locus of extensions fulfilling this representation will be Zariski
closed. This is a proper generalization of the results of Kisin [Kis08], since there is not
necessarily one finite field valued representation of [ such that the entire family of extensions
reduces to it. An example of such a case is when the mod p reductions p; are absolutely
irreducible and dimp, Ext]Fp[f] (p2, p1) > 1.

We will not reference the moduli spaces and pseudorepresentations in what follows, but
will simply assume that A is a formally finite type R-algebra, where R is a complete Noe-
therian local Z,-algebra with finite residue field F and maximal ideal m. We will sometimes
use « for an Artinian ring R/m".
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4.1. Changes in Notation from [Kis08§]

For the reader familiar with the notation of [Kis0§|, we remark that we follow the notation
there with the following exceptions. For the most part, the changes come from generalizing
the coefficient ring of the representation, as described above.

(1) We use T for the Galois group denoted as G in [KisO8] and T'y, for Gk, .

(2) For the portions of [KisO8] where A represents an Artinian local ring with residue
field F, and V) is a free A-module with an A-linear continuous action of I'y,, we let
A be a finitely generated over an Artinian local ring a. Here «a stands in for R/m™
for some n > 0. The topology on A is the discrete (m,-adic) topology. In particular,
this means that A is finite type over Z. We let V4 be a projective rank d A-module
with anA-linear action of I'», with open kernel.

(3) When in [KisO8] A represents a complete Noetherian local ring with finite residue
field F, in the analogous sections of our work A will represent a formally finite type
R-algebra, i.e. a quotient of a finitely generated restricted power series ring over
R. The ring R is a complete Noetherian local ring with finite residue field . This
makes A a topologically finite type Z,-algebra, where the topology on A is mp - A-
adic. We then use V4 to denote a projective rank d A-module with an action of
.

(4) When [KisOg§| changes notation and uses A° in place of A, and then A = A°[1/p], we
do the same. We also require that A° be p-torsion free along with this transition,
i.e. A°is a flat continuous topologically of finite type Z,-algebra.

4.2. Background for Representations of Bounded E-height (§§4.3-4.5)

Let k be a finite field of characteristic p > 0 and W := W (k) its ring of p-typical Witt
vectors. W is the ring of integers of a finite unramified extension K, := W (k)[1/p] of Q,.
Let K/Kj be a totally ramified extension of degree e. Fix an algebraic closure K of K, and
a completion C, of K and let T' := I'x = Gal(K/K).

Our entire aim is to study the moduli of representations of I with p-adic Hodge theoretic
properties. We recall the definitions of some p-adic period rings.

Let O be the ring of integers of K and Oc, the ring of integers of C,. Let R = 1£1 Ox/p,
where each transition map is the Frobenius endomorphism of the characteristic p ring O /p.
This is a complete valuation ring which is perfect of characteristic p and whose residue field
is k and is also canonically a k-algebra [FOl Proposition 4.6]. The fraction field FrR of R is a
complete nonarchimedean algebraically closed characteristic p field. The elements x of R are
in natural bijection with sequences of elements (z(,))n>0 of Oc, such that xfn 1) = T for
all n > 0. A canonical valuation on R is given by taking the valuation v on C, normalized
so that v(p) = 1 and setting vr((x(m))n>0) = v(r()). Frobenius ¢ acts on R by the pth
power map also, or, equivalently, a single shift in the limit defining R or, in terms of the
presentation @ = (2(n))n0, P(z) = ((,))n>0-

Consider the ring W (R), and write an element of W(R) as (zo, Z1,...,Zp,...). There is
a unique continuous surjective W-algebra map

0 : W(R) — O(cp

(€0, 1, ) = > D T )
n=0
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lifting the projection to the first factor R — Og/p onto the 0th truncation Wy(R) of the
limit of truncated Witt vectors defining W (R) (cf. [FOL Remark 5.10]). There is a Frobenius
action on the perfect, characteristic p ring R, and therefore also a Frobenius map ¢ on W(R)
which sends (zg, x1,...) to (zf,27,...).

We fix the notation & := Wu], the power series ring in the variable u. We equip &
with a Frobenius map denoted ¢, which acts by the usual Frobenius map on W and sends u
to uP. We think of these as the functions bounded by 1 on the open analytic unit disk over
Ky, and S[1/p] as the ring of bounded functions on the open unit disk. Fix a uniformizer
m € K, and elements mﬂ for n > 0 such that 7y = 7 and 7} |, = m,. Write E(u) € W/u] for
the minimal, Eisenstein polynomial of 7. We note that ¢"(F(u)) is a minimal, Eisenstein
polynomial for 7, for n > 0.

Write m := (7, )n>0 € R, and let [x] € W(R) be its Teichmiiller lift (z, 0,0, ...). Because
the R is canonically a k-algebra, we have a canonical embedding W — W (k) — W(R).
We consider W(R) as a W u]-algebra by sending u to [x]. Since §([x]) = 7, this embedding
extends to an embedding of & into W (R) (cf. the formulation of W(R) in [FOL §5.2.1]), and
we will consider W (R) and rings derived from W (R) as G-algebras via this map from now
on. From the discussion above, this map is visibly ¢-equivariant.

We define another important element [¢] € W(R). Firstly define a sequence of p"th roots
of unity

(4.2.1) go=1,e1#1, and e, =¢, Vn>0.

This sequence defines an element £ in R. Let [g] € W(R) be its Teichmiilller lift. Notice
that 6([e] — 1) = 0.

Let Og be the p-adic completion of &[1/u]. Then Og is a discrete valuation ring
with residue field k((u)) and maximal ideal generated by p. Write &€ for its fraction field
FrO¢ = O¢[1/p]. The inclusion & — W(R) extends to an inclusion Og — W (FrR), since
m € FrR and W(FrR) is p-adically complete. Let & C W(FrR)[1/p] denote the maximal
unramified extension of £ contained in W (FrR)[1/p], and Ogu its ring of integers. Since FrR
is algebraically closed, the residue field Ogu /pOgur is a separable closure of k((u)). If Og is
the p-adic completion of Ogur, or, equivalently, the closure of Ogur in W (FrR) with respect
to its p-adic topology, set 6" := Oz N W (R) C W(FrR). All of these rings are subrings of
W (FrR)[1/p], and are equipped with a Frobenius operator coming from W (FrR)[1/p].

Forn > 0let K, 41 := K(m,), and let Ko, = U,>0K, and [ = Gal(K/K,,). Clearly the
action of ', on W (R) fixes the subring &, since it fixes both W and 7, Vn > 0. Therefore
foo has an action on G" and &™.

The discussion above provides the needed background and definitions for §§4.3}{4.5] where
“representations of E-height < h” are discussed. Background and definitions for the rest of

the chapter are given in §4.6|

4.3. Families of Etale p-modules

In this section, let A denote an algebra of finite type over an Artinian local ring o with
finite residue field F of characteristic p. Let V4 be a finite projective constant rank A-module
with an A-linear action of I'y, with open kernel, i.e. an object of the additive exact tensor

category
Repy_(A).

"n the notation above, these would be T(n)-
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Write Mody_ (A) for the category of finitely generated A-modules with an action of I'y, with
open kernel.

Let Og 4 denote O¢ ®z, A, with an A-linear extension ¢ of the Frobenius on Og. We
note that this is a Noetherian ring, as Og is Noetherian and A is finitely generated over Z,.
Write ®,(A) for the category of Og 4-modules M with an isomorphism ¢*(M) = M, and
write ®p/(A) for the full subcategory of projective constant rank modules. These are known
as étale p-modules over A. This is also a additive exact rigid tensor category.

Much of p-adic Hodge theory has to do with equivalences between categories of Galois
representations and categories of linear algebraic data. We wish to prove an equivalence of
this sort between the categories above.

In the case that A = a = Z,, this is due to Fontaine [Fon90, A.1.2.6], who proved that
the following functors are quasi-inverse and therefore define an equivalence of categories:

M : Modgy_(Zy,) — ®,(Zy)
Vz, = (Ogw @z, V5 )T
V&, (Z,) — Mod ([, A)

MZp — (Ogur ®OS MZP>S&:1
By adding A-structure for A Artinian with residue field F (say A = «), it is immediate
that M,V extend to mutually quasi-inverse functors on the analogous abelian categories
with A-linear structure, Mody (A) and ®),(A). It is shown in [Kis09¢, Lemma 1.2.7(4)]
that this equivalence of categories restricts to an equivalence of the respective additive exact
subcategories of projective, finite, constant rank objects, Repp_ = ®(A).

Our goal in this section is to extend this theorem to the case that A is finite type over a.

We make the following definitions in order to accomplish this, also reviewing the definitions
we made at the beginning of this section.

DEFINITION 4.3.1. Let A be a finite type a-algebra, where « is a local Artinian ring with
residue field F.

(1) Let Mod;_(A) be the category of finite A-modules with a A-linear action of I, with
open kernel. Let Repono be the full subcategory whose objects are finite, projective,
and constant rank as A-modules.

(2) Let @,(A) be the category of finite Og 4-modules M equipped with an A-linear
isomorphism ¢*(M) = M. Let ®,;(A) be the full subcategory whose objects are

finite, projective, and constant rank as Og 4-modules.
(3) Let M be the functor

M : Mody,_(A) —s @),(A)
VA —> (Ogur ®Zp VX)FOO

(4) Let ®,$%1(A) be the essential image of M4 in ®,(A), and let ®§2(A) be the essential
image of M in ®,,(A).
(5) Let V' be the functor

V@A) — Mod;_(A)
My — (Ogur Ko, MA)SOZI.
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Of course, it remains to be confirmed that the definition above is valid, e.g. that M (V)
is finite as a Og 4-module when V, € obMod;_(A)

We note that V' makes sense on all of ®,(A), but we only confirm after restricting it to
the full subcategory ®,¢*(A) of @,,(A) that it yields an object of Modp_(A). There, we
confirm that it defines a quasi-inverse to M, making M fully faithful and exact. Therefore
it will define equivalences of categories

Mod;,_(A) = @,7%(A),
Repy_(A) — F7(A).
In summary, this is what we want to prove.

PROPOSITION 4.3.2 (Generalizing [Kis09¢, Lemma 1.2.7]).
(1) The functor M : Mody_ (A) — ®),(A) is exact and fully faithful, and is an equiva-
lence onto the full subcategory @;\?al(A) with quasi-inverse V.
(2) If A’ is a finite A-algebra, then there is a functor ®§(A) — G (A) induced by
—®4 A
(3) Fo(f)?/v a finite A-module and V4 € Repy_(A), there is a natural isomorphism
MVa@Aa W)= M(\Vy) @4 W.
(4) M restricts to an equivalence of categories
M : Repp  — dFA(A).
In particular, this means that
(a) if Va is projective as an A-module of constant rank d, then M, is a projective

Og.a-module of constant rank d, equipped with an isomorphism @*Ms — My.
(b) if V4 is free as an A-module with rank d, then M, is a free rank d Og _a-module.

REMARK 4.3.3. In the proof of this proposition, we will see that the obstruction to
proving that M and V are mutually quasi-inverse on all of ®,(A) is that there may not be a
filtration of M4 € @,(A) into finite a-submodules M; such that the structure o*(M4) — My
is the limit of such maps on M;. The analogous filtration always exists in Mody_ (A) because

we demand that the action of I's, factors through a finite quotient.

First we assemble these facts on limits. We will append (—)* to various categories to
indicate that the A-module finiteness condition has been dropped; however, it is important
that we do not drop the condition that the action of I',, has open kernel.

Fact 4.3.4. In a category of modules, tensor products commute with direct limits, since
tensor product operations are left-adjoint functors and therefore commute with colimits.

LEMMA 4.3.5. If the maps of a filtered direct limit of finite modules in Mod () (resp. in

() are all injective, then the functor (=)' (resp. (—=)¢=') commutes with this direct
limat.

LEMMA 4.3.6. With A as specified above, both A and Og s are commutative Jacobson
Noetherian rings.

PrROOF. We know that A is a Noetherian ring because it is finitely generated over an
Artinian ring « with a finite residue field, and it is Jacobson because it is finitely generated
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as a Z-algebra. We observe that if p’ = 0 in A, then

Oc,a = (W(k)/pPW(E))[u][1/u] ®z, A.
Since the left factor of the tensor product is a Noetherian ring and the right factor is finitely
generated over Z,, Og¢ 4 is Noetherian.

A commutative Noetherian ring B is Jacobson if and only if there are no primes p such
that B/p is 1-dimensional and semi-local (see Sublemma [£.5.8). Let p be a 1-dimensional
prime of O¢ 4. The factor map to Og 4/ factors through the quotient ring k((v)) ®z, A. This
induces a prime p° of A by contraction along the map A — k((u)) ®r, A/pA, and we observe
that since Og 4/p is 1-dimensional, so is A/p°. Since A/p° is not semi-local and injects into
O¢ 4/p, neither is Og 4/p semi-local. d

We also record this fact, which will be of use later.

FAcT 4.3.7. Inverse limits in Modp_ (a) (resp. ®),(«)) commute with the invariant func-

tor (—)F= (resp. (—)¥=!), since an invariant functor is a right-adjoint functor and therefore
commutes with limits.

In order to prove the proposition above, our basic strategy will be to forget the A-linear
structure and write the objects of the categories above as direct limits of finite a-submodules
with the respective additional structure of ¢ or a group action.

PROOF (PROPOSITION 4.3.2). Let V4 € obMody_(A). Because the action of I'» has

A

a finite index kernel, we have a canonical isomorphism as «[I'w]-modules of V4 with lim, V;,

~

where (V;)ic; € obMod;_(a) are the a-module-finite a[I's]-submodules of V4. We note that
the functor M (resp. V') commutes with injective direct limits in Mody_(a) (resp. ®,(«)),
using the fact and lemma above and the fact that the tensor product ®z, Ogu (resp. ®o, Ogur)
preserve injective maps.

Therefore there are canonical isomorphisms of colimits of objects of &, («),

M(V) = M(lim V;) = limg M(V)),

and the fact that M is an equivalence of categories out of Mody_ () commuting with the
necessary colimits implies that there is a canonical isomorphism respecting all structures

(438) VA ®Zp Ogur M(VA) ®OS Ogur

Ogllr,a,roo,lp

The A-linear structure on the left hand side then provides a canonical A-linear structure on
the right hand side, commuting with the action of Ogur, f‘oo, and .

Let H be the open kernel of the action of ['.o on V4. Since H acts trivially on V4, the
canonical isomorphism above induces a canonical isomorphism

(4.3.9) Vi @z, (Ogar)! == M(Va) ®0, (Ogur)".

Since I'so/H is finite and (Ogu)'> = Of, we know that (Ogu ) is finite as a Og-module.
Therefore the left hand side is finite as a Og 4-module, so that the right hand side is as well.
As M(V4) is a Og _s-submodule of the right hand side and Og 4 is a Noetherian ring, M (Vy)
is finite as a Og 4-module. This confirms that the target of M can be taken to be ®},(A).
Since V' commutes with the same limits as M does, we observe that V' defines a quasi-inverse
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on the essential image ®,5%(A) of M. This establishes (1). In particular, M is exact, since
lim over a direct limit with injective maps is an exact functor on a category of modules.

Part (2) is clear from the fact that (2) holds when A is replaced by « (cf. [Kis09¢, Lemma
1.2.7(2)]), along with the compatibility of tensor products with direct limits of modules.

For part (3), observe that this is clear for free A-modules W and then use the exactness
of M on a presentation for a general finite module W'.

For part (4), first observe that the exactness of M implies that M (V) is flat over Og 4
if and only if V4 is flat over A. As these modules are finite over Noetherian rings, they
are projective. Therefore, it remains only to verify that the ranks are constant, as claimed.
Since both V4 and M (Vy) are flat, the rank function is locally constant. At a maximal ideal
m, we know that the ranks dima/m Va ®4 A/m and ko, ,, M(Va ®4 A/m) are the same
since, by (2),

M(Vi) @4 A/m = M(Vy®4 A/m)

and since A/m is a finite field, [Fon90, A.1.2.4(i)] tells us that the Og 4/m-rank of M (V,/m)
is constant and is the same as the A/m-dimension of V. Any maximal ideal I of Og 4
contains the kernel of the factor map Og 4 — Og a/m for some maximal ideal m of A.
Therefore the rank of M(Vy) is constant and equal to the A-rank of V, at all maximal
ideals. Since Og 4 is Jacobson and Noetherian by Lemma [4.3.6] this means that maximal
ideals are dense in Spec Og¢ 4 and M (V4) has constant rank. We conclude that M (V) is a
finite, projective, constant rank Og 4-module with rank equal to rk4(Va).

We conclude by proving (4b): M(Vy,) is free when Vj is free. The isomorphism (4.3.9)
shows that both V4 ®z, (Ogu)” and M (V) ®o, (Ogur)™ are free (Ogur 4)"-modules. But
Spec(Ogur 4) — Spec Og 4 is a finite surjective étale morphism. Because vector bundles
are locally isotrivial (i.e. Hilbert theorem 90, or GL, is special in the sense of Serre [Ser58|,
Exposé 1]), M (V) must be free. O

4.4. Functors of Lattices and Affine Grassmanians

We recall that A denotes a discrete commutative ring, finitely generated over an Artinian
commutative ring o with finite residue field F. Also, V4 denotes a rank d projective A-module
with an A-linear action of I with open kernel.

In the previous section, we established an equivalence between representations V), of
['., over A and certain Og a-modules M (V,) with a Frobenius semi-linear endomorphism.
Since p is nilpotent in A (say p' = 0 in A), Oga = (Z/p'Z)[[u]][1/u] ®z, A. Therefore
Sa[l/u] = O¢ 4, and we may consider & 4-lattices within M (V) with a Frobenius semi-linear
endomorphism inducing that on M (Vy). The functor of such & g-sublattices of M (V4)®4 B,
for B a commutative A-algebra, is represented by an affine Grassmannian, as we will see
below. An affine Grassmannian is an Ind-projective scheme, but a condition called “finite F-
height,” which we will describe below, cuts out a closed subscheme that turns out to be finite
type over A. It will turn out that the condition “FE-height < h” corresponds to the condition
“Hodge-Tate weights in [0, h]” for representations of I'. These lattices are generalizations of
the functor of finite flat group scheme models for V4 in the case that A = 1. This was the
case studied initially in [Kis09¢].

Recall that when R is a complete local ring and B is an R-algebra, Rp denotes the
mpg-adic completion of the tensor product R ®z, B (so this completion will be discrete in
this section). Note also that the assumptions on A imply that A is a finitely generated
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Z,-algebra. This implies that if R (for example R = &) is Noetherian and B is a finitely
generai:ed A algebra, then Rp is Noetherian as well. In particular, &, is Noetherian. We
write G for the u-adic completion of &g, which is also Noetherian.

DEFINITION 4.4.1. Where R — S is an injection of rings, we mean by a R-sublattice
of a projective rank d S-module M a R-submodule N of M that is projective rank d as an
R-module and spans M, i.e. the natural map N ®r S — M is surjective.

Affine Grassmannians for inner forms of GLy are functors of sublattices of projective
constant rank modules. The local affine Grassmanian parameterizes these vector bundles
over the formal one-dimensional disk D which are trivialized on the punctured disk. The
global affine Grassmanian parameterizes these vector bundles over the affine line A which
are trivialized on the punctured line.

DEFINITION 4.4.2. Let M be a projective rank d A-module. Then the affine Grassmani-
ans are the following functors.

(1) The local affine Grassmanian Grlé’f(VA) for GL(V4) is the functor associating to a
A-algebra B the set of pairs (Pp,n) where Pp is a projective rank d B[t]-module
and 7 is an isomorphism

Pp ®ppy B((t) — M @4 B((1).

(2) The global affine Grassmannian Gr‘élﬁlsz) for GL(V4) is the functor assigning to an
A-algebra B the set of pairs (Py1,n), where Py is a projective rank d Blt|-module
and 7 is an isomorphism

Py ®ppy Blt][1/t] — M @4 B[t][1/t].
We observe that there is a natural functor

lob oc
(4.4.3) Griv,y — Grét vy

given by restriction from a line to the disc. Remarkably,
THEOREM 4.4.4 (Beauville-Laszlo [BL93]). The functor (4.4.3) is an isomorphism.

Therefore we can call the Ind-projective scheme which represents these functors “the”
affine Grassmanian. Let us overview this Ind-projective structure, and namely its canonical
ample line bundle, using the local affine Grassmanian for a free module.

Recalling the definition of the local affine Grassmannian, its B-points when V4 is the free
module A% amounts to the set of projective rank d B[t]-submodules L of B((t))®* which
are sublattices. For any such L, there exists some n > 0 such that

(4.4.5) t" - B[t]* c L ct ™. B[]*.

We call these lattices t* for short. Now let L be the image of L in the finite free rank 2dn B-
module ¢~ /t". Therefore L defines a point in some (conventional) projective Grassmannian
parameterizing submodules of ¢~" /t"™:

2dn

L e [ PGr(k,t™/t")(B),

where we write PGr(k,t™"/t") for the Grassmannian PGr(k,2dn) of rank k projective sub-
modules of a free rank 2dn B-module, identifying the lattice =" /t" that the Grassmannian
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is constructed from. The sublattice L is a t-stable submodule, i.e. it is closed under the
natural action of ¢. The t-stability condition is a Zariski closed condition in this disjoint
union of Grassmannians; we denote the resulting projective Spec A-scheme by

(4.4.6) PGr(t™" /t")stable,

It turns out that any t-stable submodule L of ¢t~ /t" lifts to a well-defined sublattice L C
B((t)), so that we can canonically identify PGr(t="/t")**#Pl¢ as a subfunctor of the local affine
Grassmannian for A®?. That is, we have for each n a canonical embedding

PGr(t™"/t")**"' — Gréf o) = Grér,.
There are also natural closed immersions
(4.4.7) PGr(t"/tm)stable <y IP’Gr(t_”//t",)smb1e
for all n’ > n. Since, as we noted above, any L € Grlé’i(A@d) belongs to one of these

PGr(t="/t")Ple we have written the local affine Grassmannian as an Ind-projective A-
scheme.
There is a canonical line bundle on Grgi( aedy Which is very ample on every one of the pro-

jective subschemes PGr(t~" /t")**"', and this is the determinant line bundle A% ( Grloc)( L) =
det L of the universal lattice L. Strictly speaking, the canonical line bundle is the quotient
of the determinant by the determinant of the standard lattice which is, in the construc-
tion above, for any A-algebra B, the lattice B[t]** ¢ B((t)®’. One can check that this
line bundle is compatible with the maps , and that its restriction of det L to each
of the conventional Grassmannians PGr(k,¢="/t")5*P is canonically isomorphic to the the
restriction of the standard very ample line bundle on PGr(k, 2dn) to the t-stable locus.

As a result of the overview above, we can identify Ind-projective scheme Grgr,v,) and
the canonical very ample line bundle on Grgr,v,) even when Vy is merely finite projective
and not free. Of course, this could be done directly, but we will accomplish this by gluing.
We may choose a Zariski cover of Spec A trivializing V4 and then follow the construction of
the Ind-projective scheme representing the affine Grassmannian for GL(V,4) on this cover,
along with its very ample line bundle. Since the very ample line bundle is canonical, it can
be glued together along with the Ind-scheme. Projectivity of a morphism is local on the base
when the base is locally Noetherian and the very ample line bundle is considered to be part
of the data of a projective morphism. This fact, and a discussion of notions of projectivity
of morphisms, are discussed in Appendix A.

We summarize our discussion in the following

THEOREM 4.4.8. Let S be a locally Noetherian scheme, and let' V' be a projective, coherent,
constant rank Og-module. Then the affine Grassmannian Grgryy is an Ind-projective S-
scheme with a canonical very ample invertible sheaf arising from the determinant of the
universal lattice.

REMARK 4.4.9. For a discussion of the universal very ample determinant line bundle for
the affine Grassmannian for SLg, see [Fal03, p. 42]).

In preparation to apply the Beauville-Laszlo theorem and the affine Grassmannian to the
functor of & s-sublattices of M(Vy), we give the following proposition, which says that the
functors of sublattices that arise in our study are sandwiched between the global and local
affine Grassmanians via , and therefore are all isomorphic to the affine Grassmanian.
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Some of these functors will not arise in the study below, but this proposition shows that
considering those functors would amount to the same thing.

PROPOSITION 4.4.10. If Vy is an object of Repp_(A), projective of rank d, and M, :=

M(Va) is the corresponding Og a-module in ®G(A), then there exist equivalences between
the following functors on A-algebras.

(1) The global affine Grassmanian Grlg:{lgfw/zp aLvy Jor Reswyz, GL(Va)/A.

(2) The functor associating to a finitely generated A-algebra B the & g-sublattices of
MB = MA XA B R

(8) The functor associating to a finitely generated A-algebra B the & 4 ® 4 B-sublattices
of (Ms ®s, G4) ®4 B. A

(4) The functor associating to a finitely generated A-algebra B the Spg-sublattices of
MB = MB ®GB éB.

(5) The local affine Grassmanian Resy,z, Grgi(VA) for Resyz, GL(Va)/A.

REMARK 4.4.11. We will see in the proof that the equivalence between the affine Grass-
mannians and the functors (2), (3), (4) is not canonical. This is not a new phenomenon that
arises when A is no longer Artinian as it was in [Kis08|. There, both V4 and M4 were free
modules whenever they were projective of constant rank since their respective base rings
A and Og 4 were semi-local, and the isomorphism between the functor of lattices of My
and the affine Grassmannian for GL, rested on choosing non-canonical isomorphisms with a
standard free module, e.g. V4 = A9?,

PROOF. First let us assume that V) is free of rank d, so that M4 is as well, by Proposition
4.3.2(4). For simplicity we assume that W = Z,. Let B be a finitely generated A-algebra.
Since p is nilpotent in A (say p' = 0) we observe that Og g = Z/p'Z[[u]][1/u] ®z, B and

Blu][1/u] C Osp C O.p ®s, (64 @4 B) C O¢ g R, S C Bl[u]][1/u).
Likewise, we observe that
Blu] c 65 C 6,404 BC S5 C Blu]],

and that each member of the row above is obtained by adjoining [%] to the corresponding
member of the row below.

Let M4 be a free Afu][1/u]-module and choose an isomorphism M, ® Aplit/u] Ot a 5
M 4. The functor associating to a finitely generated A-algebra B the set of B[ul-sublattices
of M4 ®4 B is naturally equivalent to the global affine Grassmannian G'r%lﬁz. The local
affine Grassmannian is naturally equivalent to the functor (4). The natural transformations
between the functors (1) to (4) by tensoring factor the usual natural transformation from
the global affine Grassmannian to the local affine Grassmanian. Since this transformation
is known to be an equivalence by Theorem [£.4.4] all of the functors are equivalent. We note
that the choice of basis makes the equivalence between the affine Grassmannian and the
functors of lattices non-canonical.

In the case that V4 is a projective, rank d Og s-module trivialized by a Zariski cover
Spec A — Spec A, then Proposition M(Zl) implies that the same cover trivializes M 4.
Then one can apply descent (gluing) to the equivalences above to produce an Ind-projective
scheme parameterizing these lattices. Since finite étale morphisms induce equivalences of
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categories of locally free coherent sheaves (Hilbert Theorem 90), the isomorphism (4.3.9))
shows that this Ind-projective scheme is isomorphic to Grgrv,). 0

The functor of G-lattices of E-height at most h for V, is defined on the category of
A-algebras as follows. Recall that M, := M (Vy).

DEFINITION 4.4.12. For B an A-algebra, let Mg = M, ® 4 B; Mp admits an extension of

© by linearity. Choose a positive integer h. A & pg-lattice of E-height < h is a & g-submodule
Mp C Mp such that

(1) Mp is a finite projective &p-module of rank d which generates Mp as a Og p-
module, i.e. it is a sublattice.
(2) My is stable by ¢ and the cokernel of ¢*(Mp) — Mp is killed by E(u)".

We write E%(B) for the set of Gp-lattices of E-height at most h in My = M (V).

PRrOPOSITION 4.4.13 (Following [Kis09¢, Proposition 2.1.7]). The functor L% sending a
commutative B algebra to the set of Gp-lattices of Mp of E-height at most h is represented
by a projective A-scheme E% If A — A’ is a finite map and Vi = Vi @4 A, then there
15 a canonical 1somorphism E% @4 A S E‘S/Z Moreover /L% 15 equipped with a canonical

(functorial in A) very ample line bundle.

The proof is just the same as [Kis09d, Proposition 2.1.7], except that we need Proposition
4.4.10] to see that the set of &pg-sublattices of 9Mp C Mp is parameterized by the affine
Grassmannian for Resyz, GL(M,) over A.

PrOOF. To show that L‘S/: is represented by an Ind-projective Spec A-scheme, we note
that it is naturally, by Proposition , a subfunctor of Grres,, , Gr(vs). The &p-sublattice
Mp C Mp is an object listed under (2) in Proposition , and therefore these sublattices
define points of the affine Grassmannian. The affine Grassmannian is an Ind-projective
Spec A-scheme by Theorem One can check that this subfunctor is Zariski closed, the
condition coming from the finite E-height, and therefore L‘% is a Ind-projective scheme. It
remains to show that this scheme is in fact finite type over A.

Choose a & 4-sublattice My C My (with no @-structure). In direct analogy with the
construction of the Ind-projective model for Grlé’id out of projective subschemes , the
condition

unt CMp C U_nt
(which is analogous to (4.4.5)) is a projective subscheme of Grges,, /2, GL(Va)- We will complete
the proof by showing that there exists an n such that all 91z of E-height < h satisfy this
condition.

In this we follow the proof of [Kis09¢, Proposition 2.1.7] directly. The only modification
we need to make is to remark that we can reduce to the case that V4 and M, are free by
replacing Spec A with a Zariski cover. This reduction is possible because the affine Grass-
mannian can be canonical glued together, cf. the discussion immediately before Theorem
. Let B be a finitely generated commutative A-algebra and choose Mg € L‘S/:L(B). Let
r be the least integer such that

uNp C (1R¢@)p*(Np) Cu™,

and let i be the least integer such that Mz C v *BMp. Consider a matrix which transforms
a Gp-basis of Mg into a Gp-basis of Mp. From this we see that, as p(u) = uP, the least
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integer j such that

(4.4.14) (1®p)p"(Mp) Cu (1@ ¢)p"(Mp)
is equal to ip. Therefore we have inclusions
(4.4.15) (1® @) (M) Cu"™Ng Cu """ Mp = E(u)"u""(E(u)"Mg).

Recall that e denotes the degree of E' and let s be the least integer such that p® = 0 in A.
Now because E(u) = u® + pf(u) for some f(u) € Wu] of degree e — 1,

1 u©
Euflz _ :ufel_pufefu (=1 sflufe(sfl)fusfl.
()7 = s = e = (= () e (<) W)
Therefore E(u)™ - N C u=*"*N for any S-lattice N. We also know that E(u)" - Mp C
(1® ¢)p*(Mp) because Mp has E-height < h, by definition. Therefore (4.4.15]) extends to
an inclusion
(4.4.15) , :
1®@)e"(Mp) T E(w)"u™ 7 (E(w)"Mp) Cu™ "1 @ p)¢p" (Mp).
Combining this inclusion with the fact that ip is the least integer satisfying (4.4.14]) means
that
ehs +r
p—1"
On the other hand, if 7 is the least integer such that Mz C v (1 ® @)p*(MNp), then

(1 X QD)QD*(mB) CMp C u’i‘ﬁB C uiiiT(l (029 <p)g0*(’ﬁ3),

by definition of . Then since ip is the least integer satisfying , we have
r
p—1

To summarize, we first showed that if we set n = Lezs_—T’J, then u")p C Mp. Then
we showed that n is large enough so that Mz C v "MNp, and in fact the lesser number
|7/(p — 1)] would work in place of n. Therefore n has the desired property that for any
lattice Mp of E-height < h in Mg, u"Np C Mp C v Np. This shows that £§£ is finite
type and projective, as desired.

To get the equivalence E% @4 A S E%, firstly we recall Proposition m(2—3), which
implies that M(V @4 A’) = M(V4) ®4 A’. Then the fact that the affine Grassmannian is
compatible with base change, i.e. Grgr(v,) Xspeca Spec A’ 5 GraoLvaeaar), completes the
proof.

Finally, the canonical very ample line bundle on E‘S/f arises by restriction from the canon-
ical very ample line bundle on the affine Grassmannian, cf. Theorem [4.4.8/and the discussion
preceding it. O

ip<ehs+i+r ie i<

wp<i+r le 1<

Write © 4 for the projective map © 4 : E% — Spec A. Write 2t for the universal sheaf of

©% (6 4)-modules on E‘Sff and O for its u-adic completion.
Now we prove a generalization of [KisO8, Lemma 1.4.1], showing that the global sections

of the universal & 4-lattice in M4, with its Frobenius semi-linear structure, can recover Vy, in
a similar fashion to the correspondence between V4 and M4 = M (Vy) in Proposition |4.3.2]
but without simply recovering M, from its G-sublattice and using Proposition
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LEMMA 4.4.16 (Following [KisOS, Lemma 1.4.1]). Set A := O4+(Op<n). There is a

Va
canonical A-linear T o -equivariant isomorphism

(4.4.17) Vi=Vi®1 A" Homs  ,(©4.(2), 8Y).

In the case that A is Artinian, this was proved in [KisO8, Lemma 1.4.1]. An important
input to this argument is the result of Fontaine [Fon90, B.1.8.4], showing that if 91 is a finite
G-module with a Frobenius semi-linear isomorphism of bounded E-height, then the natural

~

Z,|I's]-linear map
(4.4.18) Homg ,(M, ") — Homg ,(N, Ogur).

induced by the inclusion &" < Ogur is an isomorphism. When 91 has A-linear structure
then taking A-linear maps induces a canonical A[l'y]-linear isomorphism

(4.4.19) Homsg, »,(M, &%) — Home , , (I, Ogur 4).
When A is Artinian with finite residue field and 91 is finite as a &4 module, then 1 is finite

as a G-module. Our contribution is to generalize the argument of [Kis08, Lemma 1.4.1] when
this is not the case.

PROOF. Let M} denote the Og a-dual of My = M(Vy4), equipped with the induced
structure of an object of ®§#(A). Using the canonical isomorphism

Homo, ; (M3, Ogw 5) = Mj ®o, ; Ogu 4
and applying (—)?=! to the canonical isomorphism , we have a canonical isomorphism.
(4.4.20) Vi = (M} ®o, ; Ogu 3)°~ = Homo, ; o(Mz, Ogu 3)
We want to show that the rightmost factor of and the rightmost factor of

~

are canonically I'y-equivariantly isomorphic. 3
Note that © 4,(90) is a finite ©4,0%(64) = E®4 A-module, and the p-semi-linear O ,<n-

Va

linear endomorphism of 9t descends to © 4,(9) with E-height < h: for upon applying © 4.
to a linear endomorphism ¢*(90) — MM we have a S 4-linear map

O (¢" (M) — O (M).

By pre-composing this map with the natural map ¢*(04.(9)) — Oa.(p*(IM)) (which is
an isomorphism because ¢ is finite and flat as a morphism Spec & — Spec &), we have the
required structure

P (©4:(WM) — Oa(¢" (W) — O (WM).
By the projection formula, we have

©.4.(2) B O > O, (O4(Ma)) = Ma 04 A = M;

The & 4-linear map O 4,(9M) — My, z — = ® 1 is injective because it is the global sections
of the canonical injection 9T — M4 ® 4 chh.
Va

Choose now some V; C V;, an a[l']-submodule, finite as an a-module (i.e. an object of

Mody_(a)), such that the natural map V; ®, A — V; is an surjection. Clearly such a V;

exists, since V) is finitely generated as an A-module and the action of [ factors through
a finite quotient. Let M; = M(V;) C M(V;) = Mj; be the corresponding Og¢ ,-submodule,
an object of ®,9%(a); by Proposition this is naturally a submodule and the canonical
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@G (A)-morphism M; ®q A — M  1s surjective. Let 91 be the intersection
N .= @A*(%) NM, C MA?

which we observe is a G,-submodule of M ;. We have the natural surjection 9N ®, A -
Now the result of Fontaine (4.4.18]) discussed above makes for the isomorphism (4.4.19)),
which we repeat here:

H0m6a7¢(m, Ggr) L) H0m6a7¢(m7 Ogurpl).

Thinking of A as an a-module for a moment, applying QoA to this isomorphism induces an
isomorphism
Homg, (N, &) — Home, (N, Opur 5)-

Then tensor-Hom adjunction results in an isomorphism
Homg , (N ®q A, SY) SRR Homg ; (M ®q A, Ocur 1)

Finally, because the map &5 — O ; inducing this isomorphism may be checked to be
an injection, an element of the left hand side factors through the quotient © 4,(9) if and
only if its image on the right hand side factors through © 4.(2%). As all of the maps in
this construction were canonical, this completes the construction of the desired canonical
A[' s ]-linear isomorphism

Home ; ,(©.4.(N), &) SN HomoS,A’Q(MA, OgurA). O

Now, extending the results of [KisO8, §1.5] where A is taken to be a complete local ring
with finite residue field, we extend the above situation to mg-adic limits. Let A be a finite
type (in the sense of formal schemes) R-algebra, compatibly with the representation V4 and
its induced determinant. This means that A is complete and separated with respect to the
mpA-adic topology. As in [KisO8|, for any Z,-algebra R we denote by R4 for the mg-adic
completion of R ®y, A.

The functor M generalizes to this setting naturally from the above, since

(4.4.21) My = (g, Vi)™ 5 lim(Opur @7, Vi ©4 A/ (mpA))F=

by Fact [£.3.7 This isomorphism follows from the fact that inverse limits commute with
invariant functors, and the ideal (p@A)+(Ogw @mpA) (with which the left side is completed)
is equal to Ogur&z, mpA (with which the right side is completed). This means that M, is a
projective Og 4-module of rank d as expected.

For B an A-algebra such that m%, - B = 0 for some ¢ > 1, set L‘S/:L(B) = L3" (B).

VA/(mRA)i

COROLLARY 4.4.22. The functor L‘S/: on A-algebras B such that m'y - B = 0 for some
: . . <h
i > 1 is represented by a projective A-scheme L.

PRrOOF. By Proposition [1.4.13] this functor is represented by a projective formal scheme
with a very ample line bundle compatible with its limit structure. By applying formal GAGA

(perhaps locally and gluing) we conclude that L‘S,Z is the mp-adic completion of a projective
A-scheme. O

It will be useful later to know that &4 is Noetherian. This is the main technical use of
the condition that A is finite type (in the sense of formal schemes) over R.
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LEMMA 4.4.23. The formal scheme Spf(& ) is Noetherian.

ProoOF. Firstly, we claim that &g is Noetherian. This is the case because of two facts:
the standard complete tensor product —®Zp— is the tensor product in the category of com-
plete Noetherian local rings with finite residue fields. Therefore (‘5®ZPR is Noetherian (see
e.g. |Gro64, Ory, Lemme 19.7.1.2]). It is also isomorphic as a ring (though not necessarily as
a topological ring) to &g, the mg-adic completion of & ®z, R, because the residue fields of
both & and R are finite, and therefore G is Noetherian.

Now note that &4, defined to be the mg-adic completion of & ®z, A, is isomorphic to
S r®rA, where this completed tensor product is taken in the category of adic R-algebras,
i.e. this is the categorical dual of the fiber product of formal Spf(R) schemes. Because
Spf(A)/ Spf(R) is finite type and Spf(G&g) is Noetherian, |Gro60, Proposition 10.13.5(ii)]
implies that Spf(S4) is Noetherian. O

4.5. Universality of 9t in Characteristic 0

We now study the image of the map ©4 : E%h — Spec A in characteristic 0, i.e. after
inverting p, following [KisO8, §1.6]. We will study these properties through their points in
finite local W (F)[1/p]-algebras B, and therefore will need to study &-modules or Og-modules
with coefficients in such rings B. Therefore very little new is needed in addition to [KisO§]
to accomplish this. The main new content is Lemma [4.5.6, which is needed in order to draw
conclusions about ©4[1/p| by its behavior on finite W (IF)[1/p]-algebras alone.

REMARK 4.5.1. We are venturing outside the realm of linearly topologized rings in con-
sidering W (F)[1/p]-algebras. For example, there is no filtered set of ideals giving a basis of
the p-adic topology on Q,, around 0 since all ideals are trivial!

However, even big rings like A[l/p] are still Noetherian. For A is the quotient of
Zplt1, - .. ta]{z1,. .., 2) for some a,b > 0 by the Cohen structure theorem (see e.g. [MR10,
Theorem 3.2.4]), and this ring is Noetherian since is is the (p, 1, ..., t,)-adic completion of
Zlty, ..., ta,21,...,2). Then A[1/p] is Noetherian by the Hilbert basis theorem.

The preparatory Lemmas [4.5.2} [4.5.3] and [4.5.4] require no modification from [Kis08].

LeMMA 4.5.2 ([KisO8, Lemma 1.6.1]). Let B be a finite Q,-algebra, and Mg a finite
Sp = 6 ®z, B-module, which is flat over &[1/p] and equipped with a map ¢*(Mp) — Mz
whose cokernel is killed by FE(u)". Suppose that € ®e[1/p Mp 1s finite free over £ Rq, B.
Then Mp is a finite projective S g-module.

The statement proof is identical to that of [KisO8|, so we have omitted the proof. The
same is true of the next two results.

LeMMA 4.5.3 ([KisO8, Lemma 1.6.2]). Let B be a finite Q,-algebra, and J C Ko[u]p =
Ko[u] ®q, B be an ideal such that ¢(J)Ko[ulp = J, where ¢ acts B-linearly. Then J is
induced by an ideal of B.

COROLLARY 4.5.4 ([Kis08, Corollary 1.6.3]). Let A be a finite flat Z,-algebra, and V4 a
finite free A-module equipped with a continuous action of [w. Set My := <Ogur®ZpVX)foo.
Suppose that Vy, considered as a Zp[foo]—module, 1s of E-height < h, and let 9Ny C My be
the unique S-lattice of E-height < h.

Then M4 is a & g-submodule of My, and My @z, Q, is finite projective over S4[1/p].
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In the following proposition, we we work in characteristic zero, translating the uniqueness
of &-lattices of E-height < h into a statement about ©4 (part (1)) and showing that the
scheme theoretic image of © 4 has the property we expect (part (2)).

ProposiTION 4.5.5 (Following [KisO8, Proposition 1.6.4]). Let A and V4 be as specified
above. Then
(1) The map O 4 : E‘S/f — Spec A is a closed immersion after inverting p.
(2) If ASh is the quotient of A corresponding to the scheme-theoretic image of © 4, then
for any finite W (F)[1/pl-algebra B, a continuous A — B factors through AS" if and
only if Vg = V4 ®4 B is of E-height < h.

PROOF. Omitted. All of the elements of the proof of Proposition are entirely local,
but depend on the fact that A[1/p] is Jacobson with residue fields of closed points finite over
Qp, and that the image of A lies in the ring of integers of the residue fields. This property
of S[1/p] when S is a complete Noetherian local Z,-algebra, and this is what is used in
[Kis08]. Lemma will show that A[1/p] has this property even though A is no longer
local. Otherwise the proof requires no modification from that of [KisO§|, so we omit it. [

The following lemma is the main new content needed to generalize [Kis08, Proposition
1.6.4] to Proposition [4.5.5, It is well-known, and quoted and deduced from [Gro66l, §§10.4-
10.5] in what follows.

LEMMA 4.5.6. Let A be a finite type (in the sense of formal schemes) R-algebra, where
R is a complete Noetherian local Z,-algebra. Then
(1) A[l/p] is Jacobson and Noetherian,
(2) all residue fields of maximal ideals are finite extension of Q,, and
(8) the image of A in any such residue field is contained in its ring of integers.

We develop some notation that will be used in the proof of Lemma [4.5.6| and record a
few basic facts about these notions in Sublemma [£.5.8

DEFINITION 4.5.7. Let R be a commutative ring.
(1) If R is a domain, we call it a Goldman domain if its fraction field is finitely generated
over itself.
(2) A primeideal p C R is called a Goldman prime ideal provided that R/p is a Goldman
domain, i.e. provided that the residue field x(p) of p is finitely generated over R/p.
(3) We call R a Hilbert ring provided that every Goldman prime ideal is maximal.

The following facts will be useful in proving Lemma 4.5.6

SUBLEMMA 4.5.8. Let R be a commutative ring.

(1) R is Jacobson if and only if R is Hilbert.

(2) A Noetherian Goldman domain that is not a field must be of height 1 and have
finitely many prime ideals.

(8) The fraction field of a Goldman domain R can be generated by one element over R.

PRrOOF. Parts (1), (2), and (3) are proved in [Gro66, Proposition 10.4.5], [Gro66, Propo-

sition 10.5.1], and [Gro66l Proposition 10.4.4] respectively. O
ProOF. (Lemma [4.5.6) Invoking the Cohen structure theorem, we can write R as a
continuous quotient of Z,[t1, .. .,t,]. Then, as A is finite type over R, we can find a surjection
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from Z,[t1, ..., ta] (21, ..., 2z) to A. We will replace A with Z,[t1,...,t.](z1, ..., z) and show
that it has the desired property.

First we show that all residue fields of all maximal ideals are finite extensions of Q,. Let
B = [ty,...,t,] C A. First we address the case that A = Z,[ti,...,¢,]. Choose a maximal
ideal m C A[1/p], and let F' = A[1/p]/m be the residue field with w representing the quotient
map. Since A is complete with respect to the I-adic topology where I = (p,t1,...,t,), the
maximal ideals of A are contractions of the maximal ideals of A/ = F,lz,...,2)]. In
particular, these maximal ideals have finite, characteristic p residue fields. But since F
has characteristic zero, the image of w(A) C F must not be a field and the canonical map
Z, — w(A) is injective. This means that I’ is generated by 1/p over w(A), so that w(A) is a
Goldman domain by definition. Therefore, by Sublemmal[4.5.8(2), w(A) is a Krull dimension
one Noetherian domain containing Z, and having finitely many primes. This domain is also
complete with respect to w(/). As w([) is not (0) and w(A) has dimension 1, its radical
r(w(I)) must be maximal. Therefore w(A) is a r(w([l))-adically complete local Noetherian
domain of dimension 1. By Noether’s normalization lemma for complete Noetherian mixed-
characteristic local rings [MR10, Theorem 3.2.4], w(A) is finite as a module over a subring
isomorphic to Z,[s1,...,sq — 1] where d = dimw(A). Therefore w(A) is finite over Z, and
is the ring of integers of F, a finite extension of Q,. This proves parts (2) and (3) of the
lemma.

Now we show that A[1/p] is Jacobson and Noetherian. Indeed, A[l/p] is Noetherian
(cf. Remark . Now, because p is in the Jacobson radical of A and A is Noetherian, we
may directly apply [Gro66, Corollaire 10.5.8] to say that A[1/p] is Jacobson. OJ

Now we replicate [Kis08, Corollary 1.7]. Much of the work in [Kis08] goes through in the
same way, except the construction of M 4<n.

PropPOSITION 4.5.9 (Following [KisO8, Corollary 1.7]). There exists a finite & g4<n-module
M 4<n such that

(1) M y<n is equipped with a map *(Ma<n) — Ma<n whose cokernel is killed by FE(u)h.

(2) My<n ®z, Qp is a projective & p<u[1/p]-module.

(3) For any finite W (F)[1/pl]-algebra B, any map h : AS" — B and any C € Intp
through which h factors, there is a canonical, o-compatible isomorphism of & ®z, B-
modules

M pg<n @u<n B 5 Me ®c B.

(4) There is a canonical isomorphism

Vasn ®@z, Qp = Home _, (1/p],0 (Masn @z, Qp, SYci [1/p]).

ProoOF. Recall that &, is the mp-adic completion of & ®z, A and is Noetherian by

Lemma (4.4.23| Let EA% be the mg-adic completion of E‘S/f. Then

O+ L5 Xgpra SPE S 4 — Spt G4

is a projective morphism of Spf(A)-formal schemes over a Noetherian formal scheme. The
mp-adic completion 9t of 9 may be regarded as a formal coherent (further, locally free)
sheaf on E‘S,Z Xgpf 49pf S 4. Applying formal GAGA to ©g, (which requires that &4 be Noe-

therian), M is the completion of a coherent (further, locally free) sheaf 9t on the projective
S 4-scheme

Og, : Spec E% X spec A Spec &4 — Spec G 4.
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The scheme theoretic image of Og, is & 4<n. We set
mAgh = @GA*(%)

With this work done, the proofs of part (1), (2), (3) and (4) may be repeated from [Kis08,
Corollary 1.7].

Part (1) results from the fact that 9t has the desired map ¢* (9 4<n) — M 4<n, and that,
as ¢ is a flat map on &, ¢* commutes with direct images. Part (2) follows from the fact
that © 4 is the identity operator after p is inverted, and 9 is a locally free coherent sheaf on
L5" Xspec 4 Spec & 4. Part (3) builds on Proposition M(Z) and its proof. The statement
of Proposition {4.5.5(2) tells us that Vo = Vi ®4 C is of E-height < h, which means that
Mo = M(Ve) contains a unique S-lattice of E-height < h, M. Now consider the image
of My<n ®4<n C in Me: this is a torsion free, p-stable Go-submodule of M such that the
cokernel of ¢*(M) — M, is killed by E(u)". Following the proof of Proposition [4.5.5/2),
this implies that Og ®g M, N M [1/p] is a S-lattice of E-height < h in M, and therefore
is equal to M. This shows that M ®c C[1/p] = Me @¢ C[1/p], from which the statement
of part (3) follows.

For part (4), we use Lemma [4.4.16; Let A := Og,,,(O

canonical isomorphism

s<r). We observe that there is a
Va

VA —) HOH’IG w(@m*(ﬂﬁ) 61”)

by combining Lemma [4.4.16, which implies this statement for A replaced by fl/miR, and
the theorem on formal functions. Applying formal GAGA, inverting p, and noting that
Proposition implies that AS"[1/p] = A[1/p], we get a canonical isomorphism

Vazn @z, Qp = Vi @z, Qp = Home o (My<n @z, Qp, &5 [1/p]).

Since the map AS" — A has p-torsion kernel and cokernel, the same is true of S — 65
and & <» — & 4, completing the proof. D

4.6. Background for Families of Filtered (¢, N)-modules (§§4.7-4.12)

Following [KisO8, §2], we change notation, now denoting with A° the adic R-algebra A
from above. We now assume that A° is p-torsion free, i.e. flat over Z,, and write A for
A°[1/p], which (Lemma [4.5.6)) is Jacobson with residue fields of maximal ideals finite over

Q,

For R a Z,-algebra we write R4 := Ra-[1/p|, where we recall that R4- is the mpA-adic
completion of R ®z, A°. We extend ¢ to an A-linear endomorphism of & 4. We will use the
canonical isomorphism &4/uG4 = Wa = W[1/p] ®q, A.

Let O := @n(W[u,u”/pﬂ[l/p]), which we may think of as the ring of rigid analytic
functions on the open disk of radius 1, including &[1/p] the dense subring of bounded
functions. The Frobenius endomorphism ¢ has a unique continuous extension from &[1/p)
to each ring Wu,u™/p][1/p], and therefore to O as well.

Let ¢ = E(0) be the constant coefficient of the Eisenstein polynomial for 7, and set

A= H (p /C(] €O
Denote by & the completion of Kyu] at the ideal (E(u)).
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In order to study families over A of p-modules over O, we need to define the correct
notion of the ring of coefficients. In fact, two candidate definitions end up being the same:

O = YW [u,u" /pl, ) = Ysn(W g [ " ] [1/)

While it is clear that these rings are isomorphic when A° is local, we prove the isomorphism
here in the general case.

LEMMA 4.6.1. The natural inclusions
Wiu, u"/p] 4 = Wao[u,u"/p][1/p]

mduce an isomorphism

O 1= (W[, w" /p] ) < Yin(W e, " /p][1/p)

Proor. Write B, := Wu,u"/p] 4 and C,, := Wse[u, u"/p][1/p], with the canonical map
B, — C, that we get from considering an element of B,, as a power series in u. Since the
maps making up these limits are injective, it will suffice to show for f € (5, that its image
in (', under the inclusions making up the limit lies in the image of B, in C,,. With f € Cy,
chosen, write it as

um
= Z fmlm
m>0

where f,, € p7VA° C A for some fixed N > 0. This expression also denotes the natural
image of f in C, under inclusion. We rewrite it as

_ m/n]—{m/2n] _U"

>0 p m/n]

We want to show that f lies in the image of B, in C),. This is the case because the coefficient
frplm/mi=tm/2n] of 47 /plm/n] Jies in mi&?) where lim,,_,, « i(n) = 400; this is the case because
p E on . |:|

We observe that G4 < O, and we extend ¢ to an A-linear endomorphism of Oy as it
was for O above. Write &g 4 for the completion of Kyu] ®q, A at the ideal (E(u)).

Now, following [Kis08|, §2.3], we consider period rings over the base A. Firstly, we recall
the period rings themselves (the basic case A° = Z,). Let A be the p-adic completion of the
divided power envelope of W (R) (see with respect to ker(6), and let BY,, = Auis[1/p].
The action of ¢ on W (R) extends to an action on Ag;s [FOL §6.1.2]. The map &S[1/p] — B,
extends uniquely to an continuous inclusion O < Bl | because &[1/p] is dense in O, and
the eth power of the image [x] of w in W(R) is in the divided power ideal (ker 6, p) for Acs

[FOL Proposition 6.5] (for more detail on the radius of rigid analytic functions appearing in

B, see Lemma [4.6.6)).

cris?

Define BJ; to be the ker(f)-adic completion of W (R)[1/p], where 6 is extended to a map
6 : W(R)[1/p] - C,, and let Bgr be its fraction field. This is a discrete valuation ring
with residue field C, and maximal ideal ker 6 and Bqg is its valuation field, but the topology
of B, as a (complete) discrete valuation ring does not agree with its topology induced by
the constructions we have made so far, and we use the latter topology. General theory of
characteristic zero complete local rings implies that 6 has a section, but there is no choice of
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section that is T'- equivariant, nor is there a section which is continuous. The rings Aeys, B
are canonically subrings of BJ;.

Recall from §4.2] the deﬁnition of [x], the image of u in W(R , and [g] of (4.2.1)). The
“logarithms” of these elements are important elements of Bjg, which we now define.

Write ¢, € BdR for
(-1t ([a] -7\’
— 1 T '

This series converges in Bl because 0([x] — 1) = 7 — 7 = 0, and Bj is by definition
the ker f-adic completion of W (R)[1/p]. Because 6([g] — 1) = 0 and Bjy is the ker(#)-adic
completion of W(R)[1/p], the series

cris

NE

l, =log[r] ==

o 1 (g] - 1)
t = logle] == S~y LD
ol = o1
converges to an element in BJ,, which we call ¢. In fact, because the denominators in this
series are sufficiently bounded in terms of the powers of ([g] — 1), one can show that ¢ € Aeps
and tP~! € pAgis [FO| Proposition 6.6].
Using ¢, and t, we can define several more period rings: B := Bl [1/t] C Bar,

B} = Bl [t C BdR, and By := Begis|ly], which we can think of as a polynomial ring
because £, is transcendental over the fraction field of B [FO, Proposition 6.11]. As both
¢, and t are “logarithms,” it is not hard to see that ¢(¢,) = pf,, and p(t) = pt, so we extend
© to these rings according to those rules.

Equip B with an endomorphism N, by formal differentiation of the variable ¢, with
coefficients in B, | i.e. so that N(BI,) = 0. Extend ¢ to B} as well, with ¢(¢,) = pl,.
We note that ¢ and N define endomorphisms of the polynomial subring K;[¢,] C BZ, with
N again acting by formal differentiation with respect to the variable ¢,. We observe that
ppN = Ny on By. Neither ¢ nor N extend continuously to an action of Bj; (cf. [FO,
Remark 5.18(3)]); only the filtrations that we will now describe come from B

There is an exhaustive, decreasing filtration on each of A, B, written
Fil' Aus, Fil' B
where Fil Aqis = Aeis (vesp. Fil° BY = Bt

Cris Cris

Bi;. The filtration on Bj; is given by
Fil' BI; = (ker6)', i>0.

In fact, t € Fil' B and t ¢ Fil? Bix [FO7 Proposition 5.19], so also ¢ € Fil' A., and ¢ is
a generator for the maximal ideal of Bj;. We note that the associated graded ring of Bz
may be represented as C,[t], and, when we naturally extend the filtration to Bqr = Bi;[1/ t]
grBar = C,[t, 1/t]. We also note that

(4 6. 2) Fllz Acris : Fll] Acris g FﬂH—J ACriS7

and similarly for B

cris?

) induced by their inclusion in the filtered ring

cris*
Now we discuss the action of I' on these period rings. The action arises from the action

of I on O /p, and extends from there to continuous actions on R, W(R), and all of the
subrings of Bgr defined above. That B is stable under I" follows from Lemma below,

where we calculate the action of I on ., finding that for o € [ that o(¢,) differs from £, by
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a product of an element of Z, and ¢. It will also be useful to know the action of [ on t: we
see that
o(en) = X,

where x,, : r — Z/p"Z is the reduction modulo p™ of the p-adic cyclotomic character
Z,(1) = x : I' = Z,. We find that o(g) = ¢¥(®), and a calculation with the “logarithm”
defining ¢t = log [¢] tells us that
(4.6.3) o(t) = x(o) - t.

Now we calculate the Galois action on £,. For o € I, define 5(0) € BY_ as

B(o) :=a(ly) — Ly.

LEMMA 4.6.4. The map B is a 1-cocycle with respect to the cyclotomic character, belong-
ing to the cohomology class associated to m by Kummer theory. When (o) # 0, it generates
the mazimal ideal of Bi.

PROOF. For o € I' and n > 1, define n,(0) € Z/p"Z by the relation
o(m) =™ . m,.
Aswh, =m, and e = en, we see that 1,1(0) = n,(0) (mod p™) and we have a well
defined map n : I' — Z,. We observe that n is a cocycle for the cyclotomic character
x:I'—= Z), because

(o) Xn (7)1 (o) N (T)
n(re) — ro(m,) T -m,)  en et X (T (@) (7).

Tn T Tn

A change in the choice of roots of unity (£,) amounts to a change in 7 by a coboundary for
X; the same is true for a new choice of p"th roots (m,) of w. This 7 is the definition of the

“Kummer cocycle” in H' (I, Z,(1)) induced by 7 under the map
KX /(KX = H,Z,/p"Z, (1)), n>1

coming from the long exact sequence in Galois cohomology, which is an isomorphism by
Hilbert’s Theorem 90.

We now see that o(7) = z-
that even though ¢, = log[x],
identity

(9) . Therefore o([x]) = [z]-[g]"”, and one can quickly verify

g"
t = log [g] are not standard logs, we still have the expected

o(log [z]) = log [z] + n(o) - log [z].
Now [ is given in terms of 7:
B(o) = o(ly) — Ly =log x| +n(o) - log [x] — log [x] = (o) - &.
It is also clear that f(o) = 0 if and only if o0 € f‘oo. Therefore we see that because t € A, We

have for any o € I that 5(0) € Ay, and when (o) # 0, then S(c0) generates the maximal
ideal ker § of Bj; because t is a generator and ker 6/ (ker 0)? = C, as a Z,-module. O

As this maximal ideal generates the filtration on By, if 5 (o) # 0 then
(4.6.5) B(o) € Fil' B, A(0) ¢ Fil* B,,.

Having completed our summary of the period rings we will need, we now explain the
construction of period rings with coefficients in A.
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Define B:;is’ 4 = Acisa0[1/p], where Aes a0 is, as usual, the mpA°-adic completion of

Aais ®z, A°. For any A-algebra B, we write B;iS’B for B;&A ®a B. Set BSJ{’A = B;S,A[fu]
and BS';B = BSJ;A ®4 B. The map ¢ extends to each of these rings B-linearly, with N
again acting as formal differentiation with respect to £, here. In particular, N(B}, 5) =
0. Analogous notation is used for the elements of the filtration on these rings: denote
by Fil’ Aciis, 4> the mpA°-adic completion of Fil' A ®z, A°, and for any A-algebra B let
Fil’ Bl 5= Fil® Acris, 4> ® 40 B. Basic properties over Z,, mainly (faithful) flatness of both
period rings and graded pieces of their filtrations, are extended to these period rings and
filtrations with coefficients in Lemmas [4.8.1] and [4.8.2]

It will be important to know in the construction of that there is a canonical
inclusion Oy — Bcti& 4 extending the map O < Bl discussed above, and also a map

S — Bl 4 By Lemma m it will suffice to show that for large enough n,
W[[”? un/p]]Ao — Acris,AO .

In order to construct the map, it will suffice to draw, for sufficiently large n, maps
Wu, u"/p] ®z, A°/(mpA°) < Auis @z, A°/(mpA°)’
for each 7 > 1. We will get such maps if we show, for large enough n, the existence of maps
Wlu,u"/p] = Acpis-

Then Lemma implies that this map will remain injective after tensoring with A° and
completing with respect to the mgzA°-adic topology. This same construction gives us a
canonical map &Y — B;i& A

In fact we will show much more than this, which will be useful later (e.g. the proof of

Lemma (4.9.9)).

LEMMA 4.6.6. Forr € (0,1) let O, denote the coordinate ring of the open rigid analytic
disk over Ko with radius r. Then for any r > (e(p — 1)), O — B} .. factors through O,.
In particular, W{u,u™/p] < Aens for n > e(p —1).

PROOF. Recall that u is sent to [r] in Auis, and Aqys is the p-adic completion of the
divided power envelope of W(R) with respect to kerd. In fact, the kernel of #, which is
defined as the composition

Acris i> O(Cp - O(Cp/p>
is also a divided power ideal of A [FO, Proposition 6.5]. Recall that §(|x]) = 7 and that
7 is the uniformizer of an extension K of Q, with ramification degree e, so that [x]° is in
the divided power ideal. Since denominators m! may accompany the image of powers of u
as small as u", and the p-adic valuation of m! satisfies v,(m!) ~ m/(p — 1) as m — +o0,
we see that A is a W]u, u®/p®]-algebra whenever a/b > e(p — 1). O

4.7. Families of (¢, N)-modules over the Open Unit Disk

Following the conclusion of §4.5] we assume that we are given a finite projective & 4-
module M4 of constant rank d with a ¢-semilinear, A-linear endomorphism ¢ : M4 — Ny
such that the induced & 4-linear ¢*(9M4) — M4 has cokernel killed by E(u)". We write

My =My ®e, Oa, Dai= Ma/uMy,

each of which have a natural induced action of .
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LEMMA 4.7.1 ([KisO8], Lemma 2.2). There is a unique, p-compatible, W a-linear map
& Dy — My, whose reduction modulo u is the identity on D 4.
The induced map Dy Qw, O4 — Ma has cokernel killed by \*, and the image of the

map Dy Qw, éo,A — My ®o, éO,A 1s equal to that of
© (My) ®o, Goa — My R0, G a.

The proofs of [KisO8, Lemma 2.2 and Lemma 2.2.1] go through verbatim. None of
it depends on A° being local. They are a generalization of [Kis06, Lemma 1.2.6], where
A° =17,.

PROOF. Let sg: Dy — M4 be any W x-linear section of the projection M, — D 4. Our
candidate for the map £ is the sum

s = Sp+ Z(¢i+1 0500 Tt — iosg o).
i=0
We claim that s converges to a well-defined W -linear map from D4 to M 4. Accepting this,
we see immediately that s is equivalent to the identity modulo v and that ¢ o s = so ¢, as
desired.
Let D§ C Dy4 be a finitely generated Wy4o-submodule which spans D,4. Similarly, we
choose a finitely generated & so-submodule 9 C 94 which spans 4. We may choose
% so that
posgop L —sg: Dy — uMy

takes D9 into udNS. Acting on this map by ¢, we find that

90”1 08p0 go_i_l — gpi 0 8p0 gp_i Dy — upiDﬁA
as well. Choose j > 0 with the property that ¢ induces a map 9% — p79MS and ¢!
induces a map D% — p~?D4. Then for each i > 0, we have

Pl osgop i —plosgo Tt DY — p U MS,.

Because the exponential outraces the polynomial, for arbitrarily large n > 0 this series
converges to a well defined map

D,Oq — SD/IZ ®6Ao WAOW[[UJ U’pn/p]]A7
and therefore to a map £ : Dy — M.

To see the uniqueness of £, we argue following [Kis06, Lemma 1.2.6]. Given another
map &' satisfying the stipulations of the statement of the lemma, we consider the image
X = (§—=&)(Da) of (£ —¢'). The image lies in uM 4 because both maps are sections of the
projection onto D 4. Then because ¢ is an automorphism of D4, X C ¢/(uMy) C u”’ M
for all j > 0. Therefore X = 0 as desired.

Note that & reduces to the identity modulo v and that its determinant, being an element
of O4, may be safely said to belong to W{u/p] ,. As a result, Lemma tells us that for
sufficiently large n > 0, £ induces an isomorphism
(4.7.2) Dy @w, Wlu/p"] , — Ma @0, Wu/p"] 4
Denote by & the map

D4 ®w, W[[ups/pn]]A — M4 ®o, W[[ups/pn]]A'
induced by &.
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Consider the commutative diagram

3
0" (Da ®@w, Oa) Z o My

S

Da®w, Ox M
Let r be the least integer such that e < p"/n. Applying ®o, W [u,u?" /p"] , to the diagram
above for s = 0,...,r — 1 yields a diagram where the right vertical arrow is an isomorphism,

because 7 € K* lies outside the radius of convergence of some of the elements of W [u, u?* /p"]
when e > p®/n, and the cokernel of this map is supported at 7. Using the fact that the
vertical arrows send u to uP and £ is p-equivariant, we see that if we tensor the top row by
Wur" /p"] , to get &, we may tensor the lower row by W[[u”s+1/p”]]A to get &41:

&s

(4.7.3) Dy @w, Wur" [p"] 4 Ma ®o, Wu?" /p"] 4

. -
Da ®w, W[ /p"] 2 Mo ®o, W™ /p],

We now have a visible argument by induction with base case that &, is an isomor-
phism for s =0,1,...,r — 1.

Now consider the case for s = r — 1, where the radius of convergence will contain 7 but
not 7'/?. Now the top row of will be an isomorphism, but the right side vertical
arrow will may have non-trivial cokernel killed by E(u)". We also see the final claim of the
lemma, which is that the image of the right vertical arrow coincides with the image of the
lower horizontal arrow formally locally around 7.

Repeating the argument as above shows, for any s > 0, that the cokernel of &, is killed
by 15, ¢*"((E(u)/co)"). Therefore, recalling the definition of O4, we see that A" kills the
cokernel of £ @y, Oa. ]

LEMMA 4.7.4 ([KisO8, Lemma 2.2.1)). Let I C Wu] be a finitely generated ideal such
that IW [u/p] ,/uW [u/p] , is the unit ideal. Then for n sufficiently large, IW u/p"] , is the
unit ideal.

PROOF. Suppose first that [ is principal, equal to (f) for f € W[u/p] ,. The assumptions
imply that the image of f in Wu/p] ,/ulWu/p], = W4 is a unit. Because there is a natural
injection Wy — W{u/p] 4, f may be multiplied by a unit in W]u/p], so that its image in
Wiu/p]/uWu/p] 4, = Wa is 1. In particular, f € 1+ uW{[u/p],. There exists some j > 0
such that f € 1+ p W {u/p] since Wu/p] , = Wu] 4o[1/p] by definition. Therefore f has
an inverse in Wu/p’*1] .. This is the desired n of the statement of the lemma.

In general, write I = (fi,..., f,) for fi,...,f. € W[u/p],. Write f; for the image of
fi in Wlu/p),/uW[u/p],. Then 1 = >0 g f; for some g; € Wlu/p],/u. Choose lifts
gi € Wu/p], of the g;. Then by the first part, >.;_, ¢;f; is a unit in W]u/p"] for some
sufficiently large n. O
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4.8. Period Rings in Families

We will now record some lemmata to ensure that the large rings B, Auis, and so forth

behave well in families. This will allow us to show later that, for example, (¢, N)-modules

in families behave as one would expect (cf. Theorem |4.10.9)).

LeEmMMA 4.8.1 ([KisO§], Lemma 2.3.1). For any A°-module M, denote by M its mg-adic
completion. If M is a flat A°-module, then

(1) For any finite A°-module N, the natural map
N®a M= N@w M

18 an isomorphism.
(2) M is flat over A°. If M is faithfully flat over A°, then so is M.
(3) The functor M — M preserves short exact sequences of flat A°-modules.

For completeness, we elaborate on the proof in [Kis08].

PrOOF. First we claim that the functor on finite A°-modules N N@M is exact.
Say that we have an exact sequence of finite A°-modules

0—> Ny - Ny — N3 — 0.

The Artin-Rees Lemma implies that the filtrations (mrA°)" - N; have bounded difference,
i.e. there exists k such that for all n > k,

(mRAO)" . N1 g ((mRAO)" . NQ) N N1 g (mRAO)"_kNl,

and the filtrations on Ny and N3 are easily seen to be equal. This implies that the na-
tive mzA°-adic topologies on N; and N3 are equivalent to the topologies induced by the
mpA°-adic topology on N,. Therefore completion with respect to these topologies maintains
exactness (AM Cor. 10.3). We claim that since M is flat, tensoring this exact sequence
and these adic filtrations by M preserves the bounded difference of the filtrations. Indeed,
because M is flat, for any ideal I of A° and A°-module N, (I - N) ®40 M =1 - (N ®40 M).
Therefore the composition of the — ® 4o M-functor with the (mgA°)-adic completion functor
is exact as desired.

To see (1), let N be a finite A° module and observe that (1) is obvious when N is free.
For N a general finite A°~-module, we take a presentation by free modules F,, <— Fj3 and find

Fo@ae M —— F3 @40 M —> N @40 M —0

| ; L

00— Fy @0 M — Fy @00 M — N ®40 M —0

The five-lemma shows that N ® 4 M5 Nng\M as desired.

The first part of (2) follows from the fact that the injectivity of the map I ® 40 M — M
is preserved under mgA°-adic completion. For the second part, if M is faithfully flat over
A° if and only if My, # 0 for all maximal ideals of the (formal scheme corresponding to) A°.
This property is clearly preserved under completion.

(3) follows from the same considerations on filtrations discussed above. If Ny C Ny are
flat A°-modules, then the native mpA°-adic filtration on /Ny and the filtration induced from
the native filtration on N, are equal. O
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LEMMA 4.8.2 (Following [KisO8, Lemma 2.3.2]).

(1) Fori >0, the i{deal Fil’ Acris,ae 0f Acrisae s a faithfully flat A°-module.

(2) For i > 0, Fil' Aeis ae is a faithfully flat A°-module, which is isomorphic to the
mp-adic completion of (Fil' Agys/ Fil'™™ A ®z, A°.

(3) For any A-algebra B, i > 1, and 0 € T, Bl /(B(0)B + Fil' BY, ;

B-module. If B(c) € Fil' B} ., then B(o) & Fil' BT

cris’ cris,B”
(4) Let B° be a finite continuous A°-algebra with ideal of definition I. Then the I-adic
completion of A.is @z, B° is canonically isomorphic to Acpig a0 @40 B°.
(5) The map

) is a flat

Acris,AO — H Acris,AO/q

is injective, where q runs over ideals of A° such that A°/q is a finite flat Z,-algebra.
(6) If 0 # f € Acpis, then f is not a zero divisor in Acps ae.

PROOF. For part (1), since Fil' Ay is a faithfully flat Z,-module, Fil" A ®z, A° is a
faithfully flat A°~-module. Then Lemma (2) implies that Fil’ Acris, a0 1s a faithfully flat
A°-module.

To demonstrate part (2), take the exact sequence of faithfully flat Z,-modules

0 — Fil'™ Ay — Fil' Agge — Fil’ Agye/ Fil't Ay — 0,

apply the exact functor ®z, Aeis, and the mgA°-adic completion functor. The latter functor
is exact by Lemma [1.8.13) and preserves the condition “fully faithful” by [£.8.1(3). The
desired result is then visible in the resulting exact sequence of faithfully flat A°-modules.

To prove part (3), first consider the case 5(0) = 0. Using the logic of part (2) and applying
it by induction on i to A.is/ Fil' Aoy, thinking of it as an extension of A / Fil'™! A, by
Fil' ™! A / Fil° A.ys, we find that Acris, A0/ Fil’ Agis a0 is a flat A°-module. We may then
apply ® 40 B for any A-algebra B to the exact sequence

0 — Fil’ Acris,AO — Acris,A° — Acris,AO/ Fil’ Acris,AO — 0

to get the result. '
Now allow (o) # 0. Let j be the largest integer such that 3(0)/p’ € Awis/ Fil' Acyis C
(Aeis/ Fil' Aeis)[1/p] = BY,/Fil' BY,.. Then Auis/(B8(0)/p’ - Z, + Fil' Awys) will be Z,-flat

(cf. the argument after (4.12.4])). We then apply the reasoning of the proof of part (2) and
the first case of (3) found above to the exact sequence of flat Z,-modules

02, "W ATl A — A/ (B(0) /17 - Z,, + Fill Auys) — 0

in order to conclude that BJ z/(8(c) - B + Fil’ Bl p) is a flat B-module.

It remains to prove the final statement in part (3). Because tensor products and direct
limits commute, we may assume that B is a finitely generated A-algebra. Then there exists
a map B — B’, where B’ is a finite W(IF)[1/p]-algebra. We show the contrapositive: If
B(o) € Fil' BY, g, then (o) € Fil' Bf, 5 as well, which implies that 5(c) € Fil' B},
(because B’ is trivially a flat Q,-algebra).

For part (4), the fact that f : A° — B° is finite and continuous implies that f is adic,
i.e. that f(mgA°) - B°, like the ideal I of B°,, is an ideal of definition for B°. So we simply
take I to be f(mgrA) - B°. Then because B° is a finite A°-algebra, the mgA°-adic topology

on Agis,ac ®40 B° is equivalent to its [-adic topology by the Artin-Rees lemma. Now we

161



apply Lemma [£.8.1|(1) to conclude that the natural map
ACriS,AO ®A° Bo — @(Acris ®A° BO) ®B° BO/In

is an isomorphism as desired.

Now we prove (5). Let M be the set of maximal ideals of Spf(A°) as a Spf(Z,)-formal
scheme, corresponding to maximal ideals of A°/mpA°. For m € M, let Agis ae denote the
completion of Aus ®z, A% at 1 @ m. First, we will reduce to the case that A° is a complete
local Noetherian ring by showing that the natural map

(483) Acris,AO — H Acris,A?“
meM
is injective. Therefore we may assume that the connected components of Spec A°/mzA° are
positive-dimensional.
The map

(4.8.4) A= 1] 4%

meM
is injective and flat, since A° is Noetherian and A°/mpzA° is Jacobson since it is finitely
generated over Z. Since A is a flat Z,-module, Lemma M(Z) implies that that the map

1401‘13,14O — 1401‘is,AO & 40 H A;
meM
is injective. To complete the proof that the map is injective, we will show that for
any 0 # f € Agisac, there exists a finite subset My C M such that the image of f in
Hmer Acris,Aﬁ, is not 0.
Having chosen a nonzero f € Agyis 40, there exists some n > 1 such that the image of f,
call it f, in Aeris ®z, A° is not 0. Write out f in tensor form as

fzzgj@’}_lj
j

where §; € Acris/P" Acxis (r€SD. l_zj € A°/(mrA°)") are Z,-linearly independent in Acyis/p™ Aeris
(resp. h; € A°/(mrA°)"), i.e. such that this tensor product cannot be reduced. Let H C
A°/(mpA°)" be the Z,-linear span of {h;}. Because is injective and we are assuming
that the connected components of Spec A°/mgA° are positive dimensional, for each nonzero
h € H, there exist infinitely many m € M such that there exists a power k = k(m, k) of
m such that the image of h in Aeys ®z, A° /((mgA)"™ + mk(mvh)) is not zero. Since there are
only finitely many h;, this means that there are finitely many powers of maximal ideals
m™ such that the images of {h;} in A ®z, A°/((MrA°)" + Nm*") remain Z,-linearly
independent. We set M to be this finite set of maximal ideals. Since A is p-adically
complete, the corresponding statement for the g; is trivial: we need only make sure that
p"~! remains nonzero, which we can do by increasing each ky to at least n. Now we have
shown that the reduced tensor form of f in Aeis ®z, A°/((mrA)" +NmF") remains reduced,
so that it cannot vanish. Therefore the image of f in [] My Acris, o, has nonzero image in

k . .
I1 M, Acris, A3,/ (MAgris, 42 )™, and is nonzero as desired.

Now we prove (5) in the case that A° is a complete local Noetherian Z,-algebra with
maximal ideal m and finite residue field, simply adding more detail to the proof in [Kis08],
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Lemma 2.3.2. First we deduce that for any n > 1, there exists ¢ C A° such that A°/q is
a finite flat Z,-algebra and q C m™. For since A°[1/p] is Jacobson with maximal ideals a
and residue fields K, being finite extensions of (Q, with rings of integers O,, there exists an
injective map

A°—]]o.

such that the kernel consists of nilpotents (recall the standing assumption that A° is a flat
as a Zy-algebra). Let 9 be the nilradical of A°. Choose a finite set S of maximal ideals of
A°[1/p] such that the induced map

(A°/) — [[ 0.
acs
is injective after tensoring with (A°/91)/((m™+91)/M). Such an S exists because of the finite
length of (A°/M)/((m™ 4 1)/N). Now choose representatives in A° of the finite cardinality
set 91/(M Nm"). Then there exists a finite set of powers a* of maximal ideals a of A°[1/p]
such that the image of these representatives in [], A°[1/p]/ak* does not vanish. Now we
observe that

A° — HAO/(AO N ake)

aesS
is injective after tensoring with A°/m”  showing that the ideal
q:=A°nN ﬂ ake

acsS
of A° satisfies the desired condition: the quotient A°/q is a finite flat Z,-algebra, and ¢ C m"™.

Now choose 0 # f € Agisac. Then there exists n > 1 such that the image of f in
Acris gz, A° /m™ is not zero. Using the ideal q constructed above, we see that the image of
[ in Agis ®z, A°/m™ is nonzero as desired.

To show (6), we use (5) to reduce to the case that A° is a finite flat Z,-algebra. Then
Acris, a0 = Acris ®z, A° because both rings have the p-adic topology. Now (6) follows from the
flatness of A° over Z,, considering that the injective map from A to itself by multiplication
by 0 # f € A.is remains injective after tensoring with A°. O

LEMMA 4.8.5 (Generalization of [KisO8, Lemma 2.3.3]). Let M be an A°-module and
x € Acpisae Qa0 M. The set of A°-submodules N C M such that © € Acpis,ac ©®ao N has a
smallest element N(x).

Here we cannot repeat the proof of [KisO§|, for that proof only covers the case that A°
is local.

PROOF. Assume that m% - M = 0 for some n > 1. Therefore there is a natural isomor-
phism of A°-modules
Acris,R @R M :> Acris,AO & 40 M.
Applying [KisO8, Lemma 2.3.3] to the right hand side, there exists a smallest R-submodule
P of M such that x € Ay g ®r P. We claim that the image N of the natural map

P QR A°—> M
is the smallest A°-submodule of M with the required property. Clearly it contains z. If there
were a A° submodule N’ with the property, then N’ D P since N’ is also a R-module with
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the property. But then N’ must contain N, which is the A°-span of P. This shows that N
is the smallest A°-submodule of M with the property.

Now we allow M to be any finite A°~-module. Now the proof may be completed according
to [KisO8, Lemma 2.3.3]. The same is true for the generalization to an arbitrary A° module

M. U

4.9. Period Maps

Following [Kis08, §2.4], recall our situation: A° is an adic and finite type R-algebra,
where the structure map is compatible with the action of [ on a projective, rank d A°-
module V.. Suppose that (A4°)S" = A°. Write M40 for the finite projective & 4o-module
of given by Proposition , with a map ©*(M4e) — Mo with cokernel killed by E(u)".
Also set My 1= Myo ®z, Q,. Write Vy 1= Vyo @40 A, so that Proposition m(4) provides

a canonical, I' -equivariant isomorphism
(4.9.1) t: Vy = Homg, (M4, SY).

We will follow [Kis08, §2.4] in deducing a period map from the data above. This gives us
a ['.o-equivariant comparison with coefficient ring A between the Galois representation V),
and the periods of M 4. We will then discuss additional data needed in order to extend this
to a f—equivariant map, although this additional data ends up simply being a restriction
(Proposition . In what follows, B is an arbitrary A-algebra.

We deduce from the map ¢ a & 4-linear, p-equivariant map
(4.9.2) My — Homy(Va, 8Y); m— (v = (m,(v))).

Tensoring this map by ®g,O4 and using the map ¢ : Dy — M, from Lemma we
have a p-equivariant map

(4.9.3) Dy < My — Homy(Va, 6Y) ®, O — Homa(Va, By, ).

Tensoring the composition of these maps by ® 4B for B our chosen A-algebra, there is a

+
B, p-linear map

(494) DB ®WB BCI‘]S B — HomA(VA7 Bcrls A) ®A B= HOHIB(VB, Bcrls B)

We see that the right hand side has an action of I, and the left hand side has an action of
I through the action on B This map is r so-équivariant because [ acts equivariantly

on the inclusions & < O < B, and that ¢ above is ['s-equivariant. In order to extend

the action of I's on the left hand side of (4.9.4) to an action of I, we suppose that there is
a Wp-linear map

cris,B*

N DB — DB
which satisfies the identity ppo N = N¢. Then the action of [ on Dp ®w, B, B I8

(4.9.5) o(d®b) = (Z W) o(b) =exp(N ® (o)) - d® o(b)

7!
i=0
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for o € T'. Then we observe that such an action of I' commutes with o, using the fact that
¢(B(0)) = pB(c). Here is the calculation:

op(d®b) = exp(N & B(0))e(d) @ 0(90(6))

= gpa(d ®b).
Now we set up a theory for semistable representations, recalling that we adjoin ¢, to
to get By p = B 5 @k KO [€ |, naturally extending the actions of ¢ and N to the

cris, B

B;‘IS B
tensor product, with N acting as 7~ on Ky[/,]. Consider the composite of the isomorphisms

(4.9.6) Dp ®x, Koltu] = (DB R, Kollu])" ™" @, Kollu] paiie

where the first map is the inverse to the natural isomorphism
(Dp @iy Kollu])¥™° @1, Kollu] = D @i Ko[g ]

induced by polynomial multiplication in Ky[¢,|. Tensoring (4.9.6]) by B:;ls
tensoring (4.9.4) by Ky[l,] over Ky, we obtain the composite map

Dp @k, Ko[ly)

g over Wp and

(4.9.7) Di ®w, BSt » 82 Dy ew, B, B Homp(Vs, B) 05 B .

We claim that is [-equivariant if and only if (4.9.7) is equivariant when [ is
regarded as acting trivially on Dpg. A key observation is that the an inverse to the bijection

(D @5, K[€,)V=0 22 D is given by d — exp(—N ® £,) - d. We give the calculations in the
form of this lemma.

LEMMA 4.9.8. The map
DB ®WB B:;,B — DB ®WB Bs—t,B

given by tensoring (4.9.6) by @wp Baris.p 5 T-equivariant, when T is given the trivial action
on Dg on the left side and the action of 4.9.5)) on the right.

Proor. We write f, g for the isomorphisms
g: D — (D ®g, Ko[t.))V=°
d— exp(—N ®£1,) - d.
f: (D®k, K[t,)"=" — D
l,— 0
To see that g is an inverse to f note that any element of (D @, K[(,])¥=° has the form
> dil,,  where id; + N(d;-) =0V i>1,

i>0
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so that it is determined by the coefficient dy, i.e. f is an injection. Now observe that

g(do) _ Z (_1)JNZ(d0)€gL’

i
>0 J:

which certainly has the correct form with constant coefficient, so that f and ¢ are inverse.

Now we wish to show that g ®x, BSJE, 5 is T-equivariant with T-actions defined in the
statement of the lemma. Since this map is clearly equivariant on elements of BSJ; g, it will
suffice to show for dy € D (letting B = Q, for simplicity) that

goo(dy) =0 og(do),
where o acts according to (4.9.5))on the left side and with the ¢rivial action on the right side.
First we calculate the left hand side. We will use the fact that that N(8(o)) = 0 for all
o €I, since §(0) € B,,. Or one can use the chain rule: since N commutes with the action
of f,

N((o(tu) = £u))) = i(o(ls) — )" (o(N (L) = N(£u)) =0

since N(£,) = 1. Now here is the calculation:

goo(dy) =g (Z Ni(dy) ® 5(0)7,)

1!
>0

_ g (CONIN) © flo)E

il

i,§>0
which is sent by f to dy, since f kills ¢, and (o) = o(¥,) — £,. We observe that this result,
namely f o goo(dy) = dp, is exactly the same as f oo o g(dy), where o is given the trivial
action in this second expression. Since f and g are mutually inverse, we have completed the
proof. O

LEMMA 4.9.9 (Following [Kis08, Lemma 2.4.6]). For each A-algebra B, the maps (4.9.4))
and (4.9.7) are injective, and their cokernels are flat B-modules.

As usual our proof follows the proof in [Kis08], adding some additional exposition and
making the points of generalization clear.

PRroOOF. First we note that it suffices to prove the assertions only for (4.9.4)), and for
B = A. For if there is an exact sequence of A-modules 0 - N’ — N — N” — 0 and N” is
flat, then this sequence remains exact after applying — ®4 B for any A-algebra B. It also
suffices to prove the statement for alone, since is an isomorphism.

Recall Lemma [4.8.2(5), which states that

Acris,AO — H Acris,AO/q
q

is injective, where q varies over ideals of A° such that A°/q is a finite flat Z,-algebra. Applying
this lemma, we may confine ourselves to the case that A° is a finite flat Z,-algebra.

We are remanded to the case that A° is local, so we can repeat the proof of injectivity
from [KisO8, Lemma 2.4.6]. Recall that as defined in (4.9.3)): it is the composition of
the map £ constructed in Lemma with the map , tensored up through the maps
Gy — OA and OA — Bt

cris, A"
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Consider the commutative diagram

6% ®GA gﬁA HOIHA(VA, 6%)

| |

Ogur’AO []./p] ®GA 9JTA HomA(VA’ Og,rAO [1/p])

where the top map is obtained from (4.9.2). From , we know that the bottom row
is an isomorphism. The left arrow is injective, because the finiteness of A° over Z, gives us
that this arrow is obtained by applying —®gM 4 to the canonical inclusion " — Ogur, and
M, is flat as a G-module. This means that the top map must be injective. Furthermore,
it is an injective map of finite free G'-modules of equal rank and remains injective after
tensoring by — ®gu BY... Therefore the map

MA ®OA BCI‘]SA _> EUIA ®6A B

obtained from (4.9.2)) by tensoring up to B, is injective.
It remains to address the map & : Dy — My, which induces the first factor in (4.9.4)).
From the first part of Lemma [4.7.1, we know that the determinant of

(4.9.10) D ®w, B 25 My ®0, B

is a divisor of \* for some positive integer s. However, the image in B of each of the factors
©"(E(u)/co, n > 1 of \ are units in B, because the p-adic radius of convergence of these
functions with respect to u is (e(p — 1))~ (Lemma [£.6.6). Since the zeros of ©"(E(u)/co)
have p-adic valuation (ep™)~!, they lie outside this radius of convergence for n > 1. Therefore
the determinant of is supported at the ideal (E([x])) is a divisor of E([x])*. Now as
E([x]) is not a zero divisor in Aey, neither is it a zero divisor in BJ; 4. This completes our
proof of the injectivity statement.

It remains to show that the cokernel of (4.9.4)), appearing in the exact sequence

A - HomA(VA’ Bcrls A)

CI'lS

cris, A cris, A

CHSA ! Homy (Va, CHSA) — coker — 0,

is flat as an A-module. Because an A-module M is flat if and only if Tor{'(A/I, M) = 0
for all ideals I of A and Torf(A/I, Hom4(Vy, Bli.4)) = 0 for all finitely generated ideals
I C A because Homx(Vya, B, ) is flat, the cokernel will be flat if and only if (4.9.4)) remains

0_>DA®WA

cris, A

injective after tensoring with A/ I for any finitely generated ideal I of A. This is what we
will now prove.

If we had started our proof with A/I in the place of A, we would still have the injectivity
statement for A/I, just as we proved it for A above. This almost completes our proof, for
we want to show that

D ®w, Biyoa @a A/T B2 Hom (v, B ) 04 AT
is injective, and we know that
Dajr @w,,, Bas A/I HomA/I(VA/Ia B
is injective.
One can check that there is a natural isomorphism Dy ®4 A/I 5 Dy /1, with an implicit
choice of I° C A° such that A°/I°[1/p] = A/I needed to draw the map. It remains to show

167



that that natural map B 4 ®4 A/I — Bl ,/, is an isomorphism. This is precisely what
Lemma [4.8.2)(4) tells us, completing the proof. O

PrOPOSITION 4.9.11 (Following [KisO8, Proposition 2.4.7]). The functor which to an A-
algebra B assigns the collection of Wg-linear maps N : Dp — Dp which satisfy ppN = N
and such that (4.9.4) is compatible with the action of T is representable by a quotient AS* of
A.

This proof requires very little modification from that of [Kis08].

PROOF. Since we will require a basis for V4, we replace A with the coordinate ring of a
trivialization of V if necessary, and note that the constructions to produce A% can be glued
together.

We consider the functor sending an A-algebra B to the set of Wg-linear maps

NiDB—>DB

satisfying ppN = N¢. This is a closed condition on the representable functor B —
Endg(Ds ®4 B). Write AV for the representing A-algebra, which is of finite presentation
over A.

Write 15 for the map of (4.9.4). Let B = AN with the universal map N : Dy~ — Dyn,
and let I act on Dyv Qw, Bt according to (4.9.5). For any d € Dy~ and o € T, let

cris, AN

d,(d) measure the failure of 14~ to commute with the action of I as follows:

0o (d) := Y an(o(d)) — o(pan(d)).
Then i,(d) € Q = HOmAN(VAN,B:;iS ). Fix a B:;is v-basis for @, and let zy,...,z,
denote the coordinates of d,(d) with fespect to this basis. Applying Lemma with
M = AN and x = x; for i = 1,...,r, we obtain A° submodules N(z;) C AN. Let I, 4 C AN
be the ideal generated by the N(x;), so that I, 4 is the smallest ideal I C AN such that

ds(d) € IQ. We take
At = AN/ " g,
o,d

where d runs over all elements of D~ and o over I. Clearly if B = A% with the induced N
from AV, then 1) 4« is Galois -equivariant. We must show that this property holds functorially
on A-algebras.

If B is an A-algebra, then a map A — B factors through A% if and only if the kernel K
contains 1, 4 for each o € [',d € Da~. Since Q is faithfully flat over AV by Lemma (2),
it is the same to ask that for all o,d that I, 4Q C K@, or equivalently that d,(d) € KQ for
all o,d. As noted above, this last condition amounts to saying that g is compatible with the
action of I'. Hence A% represents the functor as claimed in the statement of the proposition.
Now we must show that Spec A% is a closed subscheme of Spec A, which we will accomplish
by showing that it is a proper monomorphism. This remaining work is no different than
what was done in [Kis08, Proposition 2.4.7], so we include it only for convenience.

To show that Spec A% — Spec A is a monomorphism, we show, given two maps N, N’ :
Dp — Dp satisfying the conditions of the proposition, that they are equal. Since Lemma
provides a canonical injection into a Galois module, the Galois action on Dg®yy, B

cris, B

induced by N in (4.9.5) is identical to that of N’. Thus for o € I',d € Dy, we have an equality
d=exp(N ® B(0)) - exp(—N'® B(0)) = exp((N — N') ® B(0))d
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of elements of Dp ®w, B p- Recall from [#.6.5) that 3(c) € Fil' Bl s
the multiplicativity of the filtration (4.6.2)), we see that

(N — N’)(d)ﬁ( ) 2 0 modulo Fil*> B},

cris,B*

Then by and the second part of Lemma [4.8.2) 3(c) ¢ Fil> B Bl 5 Whenever o ¢ [,
so N = N’ as desired.

Now we will check the valuative criterion of properness. Suppose that the A-algebra
B is a discrete valuation ring with uniformizer np. Let N : Dpp/xy — Dpp/xp be an
endomorphism satisfying the conditions of the proposition. Let o € I' be such that (o) #0.
If d € Dg, then

(4912) exp(N & ﬁ(a)) -d e DB ®WB B;ISB[l/WB] N HOIIlB(VB, BCI‘ISB)

using ) to consider both Dp ®w,, B, pll/7p] and HomB(VB,BcnsB) as a subset of
HOITIB[1/WB}(VB[1/WB] B;SB[I/WB]) Since the cokernel of (| is flat over B by Lemma
4.9.9| it has no mg-torsion so that the intersection in 4.9.12 is the isomorphic image of

Recalling also

DB ®WB B;I_‘IS B
Therefore, modulo the ideal Fil* B, 5 C Bl

d— eXp(N ® B(0>)d = _N< ) ® B(U) € DB ®WB cris B/ F112 CI‘lSB

The first part of Lemma m(?)) may be used to show that N(d) € Dg as follows: in

this diagram, (where we use Fil* as an abbreviation for Fil* B, , or Fil* B

cris, cris,B[1/mp ]

appropriate, write F' = B[1/7p], and we assume o ¢ I's.)

0 0
Dg Dp
Blo) B(o)
DB ®WB Bcrls B/ F112 DF ®WF BCI‘IS F/ F112

Dp ®w, Bjris,B/(ﬁ(U) - B+Fil*) — Dg Owp B:;i&p/(ﬁ(a) - F + Fil?)

0 0

where both columns are exact and all of the horizontal maps are injective, with Lemma
4.8.2(3) being used to show that the lowest horizontal map is injective. Now we know that
N(d) ® (o) lies in the image of the middle horizontal map. Since all of the horizontal maps
are injective, N(d) € Dg. Therefore we see that N induces a map N : Dg — Dp as desired.
This endomorphism will satisfy the conditions of the proposition because it does so after
extending scalars to F' = B[1/7p]. O
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4.10. Moduli Space of Semistable Representations

Because this section deals entirely with coefficient rings being finite Q,-algebras, there is
no fundamentally new content. We simply reprise [Kis08|, §2.5].

Our goal here is to show that A% is the maximal quotient of A over which the represen-
tation Vy is semistable with Hodge-Tate weights in [0, k], in the sense that for any A-algebra
B which is finite as a Q,-algebra, the representation V4 ®4 B is semi-stable if and only if
A — B factors through A%, In order to prove this, we recall the following relations between
weakly admissible filtered (¢, N)-modules and &-lattices of finite E-height, due to Kisin
[Kis06].

THEOREM 4.10.1 ([Kis06], e.g. Corollary 1.3.15). Let D be a weakly admissible filtered
(¢, N)-module with Fil° D = D and Fil"™ D = 0. Then there is a finite free &[1/p]-module
M and a map ©*(M) — M whose cokernel is killed by E(u)" such that

(1) There is a canonical p-equivariant isomorphism MM /udN = D.
(2) If M := M e[ /p O, then M admits a unique logarithmic connection
V:iM = M®e Qp[l/u)
such that V oo = ¢ oV and induces a differential operator
d
Ny : M —cM, mw— (V(m), —u)\d—>
u

such that Ny|,—o = N.
(8) M admits a lattice, i.e. there exists a finite free &-module IM° which spans M and
such that the cokernel of 1 @ o : *(IM°) — M° is killed by E(u)".

There is also a foo-equivariant isomorphism
(4.10.2) Home1 /), (M, 6" [1/p]) — Hompp n(D, BY)

which is constructed using some maps that have already appeared in this text (see [KisO8|,
p. 18] for the recipe). There is also an isomorphism

(4103) Hochtis,Fil,Lp(D ®K0 B+ B+ ) ;> HOHlFiLQp(D, B+ ) ;> HomFil,cp,N(Da Bs—it_)

cris? *~cris cris

and an isomorphism

(4104) Homg[l/p},w(fm, 6ur[1/p]) ;> HomFil,cp(Da B+ )

cris
constructed as in [KisO8, p. 18].
We now show that the candidate A% of Proposition 4.9.11| for the moduli space of semi-

simple representations satisfies this property.

ProOPOSITION 4.10.5 ([Kis08, Proposition 2.5.4]). Assume that A° = (A°)S". Let B be
a finite Qp-algebra, ¢ : A — B a map of Qp-algebras, and Vg := V4 ®4 B. Then (¢ factors
through A if and only if Vi is semistable as a representation of I' over Q,.

PROOF. Suppose that ¢ factors through A%*. Then Proposition 4.9.11|implies that ([4.9.7))

is a ['-equivariant map
Dp ®q, By = Dp ®w, By g — V5 © By p = Vp ®q, B
which is injective according to Lemma [£.9.9) We get an injection of Galois invariants
DB — (VB ®Qp B:t_)r
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so that the dimension of the right side as a Ko-vector space is at least as much as that of the
left side. But dimg, Dp = dimg, V. Therefore dimg, Vs > dimg, (Vs ®q, BT, so that Vp
is semistable.

Now suppose that Vg is semistable. Let

Dg := Hom (Vi B, ©q, B)

be the weakly admissible filtered (p, IV)-module associated to V5. Denote by smB the S[1/p]-

module attached to Dy according to the discussion at the beglnnlng of § . Let Mp =
M4 R4 B as usual, where M 4o was produced in Proposition and SﬁA = zm Ao @40 A.
Composing the map ¢t ' ®4 B of with and taking B—linear maps, we find that

(4106) HOIH@B’LP(QJIB, Gg) :) VB :> HomB,Fil,gO,N<DB7 B:‘;,B) :> H0m637¢(93137 GE)

Because G-lattices of height < h are unique in Mp = (6/"Tlr ®q, Vg)f by [Kis06, Propo-
sition 2.1.12], we may identify 9tp and 9Mp. Using this identification and the maps in

(4.10.6)), Theorem [4.10.1] allows us to identify Dy with Dy = Mp/uMp (Wpe-linearly and
p-equivariantly), and then endow Dp with an operator N coming from the operator on Dp.

We then have a commutative diagram, where the top right horizontal arrow comes from
(4.10.4]).

(4.10.7)
Vi~ Home , (M5, S§[1/p]) Homps g o(Ds @wy Bl p: Baie)

| ~ |

Ve — HomGB#P(DﬁB? 6%[1/29]) I—IOInBJr Fll,ga(DB Qwp BCI‘IS B BC+I'IS B)

cris, B’

~

The maps in the top horizontal row are f‘—equivariant. Observing the diagram, it follows
that the same holds for the maps in the bottom row. The composite of the bottom row maps
induces a I'-equivariant map

(4108) DB ®WB Bcrle — HomB(VB7Bcrls B)
We claim that this map is identical to that of (4.9.4]). Since (4.9.4)) is f‘—equivariant, it follows
by Proposition [4.9.11] that ¢ factors through ASt O

THEOREM 4.10.9. As is standard in this section, let A° be an algebra formally finitely
generated over R, with a continuous action of I' on a projective rank d A° module Vao. If h
is a non-negative integer, then there exists a quotient A" of A such that

(1) If B is a finite Q,-algebra, and ( : A — B a map of Q,-algebras, then ¢ factors
through ASY" if an only if Vg = Va4 ®4 B is semistable with Hodge-Tate weights in
[0, A.

(2) There is a projective W gse.n-module D gsen of rank d equipped with a Frobenius semi-
linear automorphism @ and with a W gsn-linear automorphism N such that for all
¢ : A — B factoring through AS“", there is a canonical isomorphism

DB == _DAst,h ®Ast,h B ;> HOmB[f\}(VB, B;; ®Qp B)
respecting the action of ¢ and N.
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PROOF. Assume that Vg is semistable with Hodge-Tate weights in [0, h]. Then Vg is
of E-height < h: for we call Vg of E-height < h when the cokernel associated map of &pg-
modules ¢*(Mp) — My of Proposition [4.5.9(1) is killed by E(u)". The proof of Proposition
m identifies this &-module with another one, denoted 9513, created from the (@, N)
module associated to V. Now [Kis06, Lemma 1.2.2] associates the Hodge-Tate weights of
the (p, N)-module with the cokernel in the way that we require.

Because Vg is of E-height < h, we know that A — B factors through (A°)="[1/p].
Therefore we may replace A° by the quotient (A°)<" defined in Proposition . Let AsHh
be the ring A% of Proposition and set D st := My /udM s @4 A%, If Vi is semistable
then ( factors through A** by Proposition [4.10.5]

Conversely, if ¢ factors through A* then Proposition implies that Vg is semistable
of B-height < h. If Dy := (V4®q, Bs;)" and M is the &[1/p]-module associated to D as in
the proof of Proposition , then the uniqueness of G-lattices of finite E-height [KisO0,
Proposition 2.1.12] implies that My has E-height < h, and the claim about Hodge-Tate
weights once more follows from [Kis06, Lemma 1.2.2].

To see (2), concatenate the I'-equivariant isomorphisms

(410.10)  Vp —> Homps (Dp ®w, B 5 B

cris,B» “cris,B

5.Filp ) — HomB,Fiw,N(DBv BSJ’;,B)7

where the first isomorphism appears on the top line of (4.10.7) and is deduced from in
(4.10.3) by taking B-linear maps. Now (2) follows from applying HomBm(—, BS';B) and the
fact that this functor is inverse to Homp i v (—, By p)- O

4.11. Hodge Type

In this section we follow [KisO8, §2.6] and the erratum [Kis09b, §A.4] to construct a
quotient of AS“" corresponding to semistable representations with a specified p-adic Hodge
type. First we recall the notion of p-adic Hodge type. For this, we fix an finite extension
field E of Q, and suppose that A admits the structure of an E-algebra.

DEFINITION 4.11.1. Suppose we are given a finite dimensional E-vector space Dg with
a filtration of Dg i := D ®q, K by E ®q, K-submodules such that the associated graded

is concentrated in degrees [0,h]. Let v := {Dp, Fil' D x,i =0,...,h}.

If B is a finite E-algebra and Vg € Rep{‘i(B) such that Vg is a de Rham representation,
then we say that Vg is of p-adic Hodge type v if the Hodge filtration on the associated
filtered (¢, N)-module has the same graded degrees as v. That is, Vp has all its Hodge-Tate
weights in [0, h] and for ¢ = 0,...,h there is an isomorphism of B ®g, K-modules

gr’ HomBm(VB, Bar ®q, B) — gr'Dp x @ B.
THEOREM 4.11.2 ([KisO8, Corollary 2.6.2]). With v as above, there exists a quotient
AV of AU corresponding to a union of connected components of Spec A% with the following

property. If B is a finite E-algebra and ( : A — B is a map of E-algebras, then ¢ factors
through AV if and only if Vg = V4 @4 B is semistable of p-adic Hodge type v.

PrROOF. To begin with, we establish some notation. Let
(4.11.3) Fil' o*(M4) = (1@ o) (E(u)'9M4) C 0" (My).
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The second part of Lemma identifies Dp ®w, Op and ¢*(Mp ®e, Op in a formal
neighborhood of the ideal (E(u)) C Op. In particular, we have a p-compatible identification

DB ®K0 K ;> QO*(MB)/E(U)()O*(&T{B>
From here we equip Dp ®k, K with a filtration, setting
(4.11.4) Fil'(Dg ®k, K) := Fil' o*(9M4) /(E(u)e*(MM4) N Fil' p*(M4)) @4 B.

Next we check that this filtration on Dp ®g, K coincides with the one induced by the
isomorphism of Theorem [4.10.9(2), namely

Write Dp for Dg equipped with the filtration from Theorem (2) This is the standard
weakly admissible (¢, N) module over B attached to V5. Now let 0tg be the &[1/p|-module
attached to Dp as summarized in Theorem . The uniqueness of lattices of E-height
< h implies that 9z may be identified with 94 ® 4 B. We conclude the proof by recalling
[Kis06l 1.2.6-1.2.7], which reconstructs the filtration on f)B Rk, K from 9513 as the preimage
filtration on Dp ®yw,, Op the filtration defined in (4.11.3) (with My in the place of M)
under the map ¢ of Lemma [4.7.1] specialized at Op/E(u)Op. This is precisely the same as
the filtration of (4.11.4)), as desired.

Notice that we have identified Fil’ o* (9 4)/(E(u)p* (M) NFil’ o* (M 4)) @4 B, which was
originally used to define the filtration on Dp ®g, K, with the a priori projective Wp @, K-
module Fil'(Dp @, K). Since this is valid for all finite local F-algebras B, this implies that
Fil' o* (M) /(B (u)@* (9M4)NFil* o*(M4)) is a projective A-module. Moreover, the discussion
above shows that, over A-algebras B that are finite E-algebras, the graded components
of these modules determine the Hodge type of the associated Galois representation Vg =
Va4 ®4 B. Since projective modules have locally constant rank, this shows that the points of
Spec A corresponding to a given hodge type v form a union of connected components, whose
coordinate ring we will denote by AY. Namely, these are points p of Spec A such that for

i=0,1,...,h, there is an isomorphism of W, ®g, K-modules
Fil’' o* (M) /(E(u)p*(9Ma) NFil’ o*(M4)) @4 Ay — Fil' D x @5 A,.
Let A%tV = Asth @, AV, O

4.12. Galois Type

In this section we further stipulate that B is local with residue field F, so that it is a
finite, local E-algebra with residue field E. Let Vg € Repg(B). Following [Fon94], set

D;st(VB> = hﬂHomB[f‘Kﬂ(VB7 By ®Qp B)7
K/

where K_’ runs over finite field extensions of K. R X
Let Ky C K denote the maximal unramified extension of K, and let I'y C I' be the inertia

group of I'. Then D:(Vg) is a B ®q, Ky-module with a Frobenius semi-linear Frobenius

automorphism ¢, a nilpotent endomorphsm N such that ppN = Ny, and a B ®q, Ky-linear
action of I'y which has open kernel and commutes with w and N.

We claim that Dj (V) is finite and free as a B ®q, Ko-module. We will show this using
the fact that ¢ is an automorphism and following the line of reasoning of [Kis09¢, Lemma

1.2.2(4)]. Firstly, we know that this module is finite and flat over B ®q, Ko by definition
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of the functor. To check that D7 (Vp) is free, we need only check that the fibers over the
residue fields, i.e. the points of Spec I/ ®q, Ky, are of constant rank. This module arises by

®x; Ko from a free, rank d (o, N)-module D over E®gq, K, where K'/K is a finite extension

making Vz semistable as a representation of I'x/. Since an unramified base change cannot
make “potentially semistable” into “semistable,” we may assume that K; = K. For any
unramified extension Lg/ Ky, now let K| (resp. L) denote Ko N E (resp. Ly N E), and also
let £y be the maximal subfield of E unramified over QQ,. We observe that ¢ permutes the
factors labeled by p of the decomposition

E &g, Lo = || E ®q, Ko,
n

where o runs over the set of embeddings {u : Ey — Lj fixing K{}. This shows that ¢ will
permute the factors of D ®x, Lo under this decomposition by {x}, and each of these factors

is free of rank d. Therefore Dy (V) is free of rank d as a B ®q, Ko-module, as desired.

Since the action of Ty commutes with the action v, the traces of elements of [y are
contained in B, and Dy descends to a representation of [y on a finite free B-module Pg.
Because characteristic zero representations of finite groups are rigid, i.e. the deformations
of an action of a finite group on a vector space over a characteristic zero field E to artinian
FE-algebras arise by extension of scalars, this representation must be an extension of scalars
from a representation Pp of [y over E.

We have associated to a potentially semistable d-dimensional representation Vg of I over
B a representation of the inertia group of K over E which reflects the failure of Vg to be
semistable. We will call this the “Galois type” of Vg, as follows.

Fix an algebraic closure Q, of Q,.

DEFINITION 4.12.1. Let T : [y — GL4(Q,) be a representation with open kernel. We
say that Vg is potetially semistable of type T provided that Pp defined above is isomorphic
toT.

Because we are working over a characteristic 0 field, it is equivalent to say that for any
v € Iy, the trace of T'(7) is equal to the trace of v on D (Vp).

Our goal is to find a moduli space for Galois representations that are both potentially
semistable and have Galois type T'. Before we give a supporting lemma, we recall that the
element ¢ € A C Big, which generates the maximal ideal of BJ, is used in the definitions
By, = B [1/t] and By a = By 4[1/1] (see §4.6)).

LEMMA 4.12.2 (Following [KisO8, Lemma 2.7.1]). For i > 0 there is an isomorphism

induced Aby multiplication by p~" for r; a positive integer defined below, where A(i) denotes
A with T acting via the ith power of the p-adic cyclotomic character x. In particular, if
Bgt,a = B 4[1/t], then BY , = Wa.

This proof was done for local A° in [KisO§|, based on the well known case when A° is a

finite flat Z,-algebra. The general case requires additional notions, much along the lines of
Lemma {4.8.2(5).

PROOF. First we will show, following [KisO§|, that any element = € BSJ; 4 such that I

rsa- We may represent z as x = Y., a;{’, where a; € B, . As

. Z . .
acts on z via x" lies in B 4. eris A
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the lemma is well known for A° finite over Z,, one can apply Lemma m(5) to conclude
that a; = 0 for ¢ > 0. Therefore, replacing  with a multiple of itself by a power of p, we see
that it suffices to prove that x € A5 40 such that [ acts on it via x* lies in
(4123) I/VAO : ]% C Acris,Aoa
where r; is the largest non-negative integer such that t'/p" € B, lies in A

In the case that A° is a complete local Noetherian Z,-algebra with finite residue field, this
Lemma was proved in [Kis08]. We will reduce the proof to this case, and then recapitulate
the proof from [KisO8| afterwards.

First we note that if r; is the integer defined for , then the cokernel of the map
of Z,-modules

W — Acris

(4.12.4) i
o AN A -

pri

is torsion-free, and therefore also flat as a Z,-module. Since r; is chosen to saturate the
sub-Z,-module W - t! C A, this is clear enough: choose a representative y € A of a
nonzero element of the cokernel of this map. If y is a torsion element of the cokernel, then
there exists some positive integer n such that p" -y = x - ptT for some x € W but p"~!.y

does not lie in W - pt—; But since A is a flat Z,-module, this would imply that z is a unit
in W, and without loss of generality = 1. But then p"~ly = pé:l € Agis, a contradiction.

Secondly, we note that the image of lies in the submodule Agis ®z, A° of Acis ac.
Recall that since Acyjs is p-adically complete, the natural map Acis ®z, A° — Aeis a0 is indeed
an inclusion. Also observe that the natural map W ®z, A° — W 4o is an isomorphism: since
W/Z, is finite, W @z, A° is mpA-adically complete. Therefore we can factor the inclusion
(4.12.3]) as the composition of natural inclusions

w ®Zp A% — Acris ®Zp A°

(4.12.5) tt
TRQY+— T - 1? XYy

followed by the inclusion
Acris ®Zp A® — Acris,AO-
Recall from the proof of Lemma [£.8.2(5) the following notions: let M be the set of
maximal ideals of Spf(A°) as a Spf(Z,)-formal scheme, corresponding to maximal ideals of
A°/mpA°. In the proof, we showed that the natural maps

(4.12.6) A= I] A Acisae = [ ] Acisag,
meM meM
are injective. Of course, everything in the discussion about (4.12.5) applies to A, in the
place of A° so that for each m € M there are maps
(4127) %74 ®ZP A; — Acris ®Zp A:)n

factoring Wag = W ®z, Ay, < Acis,ag,. Therefore, assuming the result of this lemma when
A° is a complete local ring with finite residue field, we can deduce the general case (i.e.
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A° not necessarily local) from the truth of the result over complete local rings A, of A° as
follows.
Consider the inclusions

w ®ZP A® —— HmEM W ®ZP ASU

j4.12.5 L4.12.7

Acris ®Zp A° HmEM Acris ®Zp Afn
We will be done if we can show that the image of W ®z, A° in the bottom right is the
intersection of the images of and . Using the fact that the cokernel of
(4.12.4)) (and therefore the cokernel of the vertical maps as well) is flat, we apply Lemma
to draw this conclusion and finish the proof.

We have finished the deduction of the proof of the lemma in the general case from the
proof in the case that A° is local. It remains to prove the case that A° is local, reprising
[Kis0g].

Let A° be a complete local Noetherian Z,-algebra with finite residue field F and maximal
ideal m. Let z € B;g’ 4 such that [ acts on it by x*. The beginning of this proof has reduced
our remaining work to the case that x € Agis4-; we must show that z is in the image of

(£.12.3).

Let g1 D g2 D -+ be a decreasing sequence of ideals of A such that N%2,q; = {0} and
A/q; is a finite W (IF)[1/p]-algebra. Let q := A° N q;. Then for each m > 0, it follows that
we have q; C mf, for large enough j. Since A° is m-adically complete, A° = @j A°/q5.
Moreover, (q;’) is a sequence of ideals of definition for the topology on A°. Therefore

Acris a0 — @Acris,AO/qg‘
J
The same is true with W in place of Agys.

Using the integer r; defined for , then for all j > 1, the image of x in Agys a0 Ja2
is contained in the image of W 4o - p% in Aeis, 0 /a2 because the lemma is known for A° finite
over Z,. This property is stable under taking the inverse limit indexed by j, so that we
conclude that x € Wyo - sz as desired. OJ

LEMMA 4.12.8. Let R be a commutative ring and let M, N, S, and T be flat R-modules.
Fiz injective maps M — N, S — T such that M is a pure submodule of N, i.e. the cokernel
of the inclusion is flat. Consider N ®r S, M QrT, and M ®r S as submodules of N @ T
under the natural inclusion maps. Then

NRrSNM@rT=M®gS.
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PROOF. Let L be the cokernel of M — N, which is a flat R-module. Let U be the
cokernel of S < T'. Then we have the following diagram of exact sequences:

0 0

0— MRprS—MIRT —— MU —0

0—= N®RrS—NRIrT ——>N®RXrU—0

00— LR®rS——LRrT—L@rU——0

0 0 0

Let  be an element of N ®z S which is in the intersection described in the statement of
the lemma. Then the image of x in L ®g T is 0, so that the image of z in L ®g S is also 0.
Therefore x is in the image of M ®z S in N ®pi S, as desired. [l

Now we show that the theory of (¢, N)-modules with coefficients functions as expected.

PROPOSITION 4.12.9 (Following [Kis08, Proposition 2.7.2]). Suppose that A = A%
Then the map

(41210) Dy Qw, Bst,A — HOIIlA(VA, Bst,A)
induced from (4.9.7) by setting B = A and tensoring by ®BtABSt’A is an isomorphism. In

particular,
(4.12.11) D4 — Hom 41 (Vaa, Byt a)-

This proof requires small modifications from that of [Kis08].

PROOF. Lemma tells us that (4.12.10)) is an injection. Furthermore, because A =
Asth - Theorem [4.10.9| tells us that the right hand side and left hand side of (4.12.10) are

finite free By 4-modules of the same rank. Therefore it will suffice to show that this map
induces an isomorphism on top exterior powers, and we freely restrict ourselves to the case
that Vo is free of rank 1 over A°. We note that in either of these cases, V4o arises by
extension of scalars from a complete local Noetherian ring. This is the case because the
universal moduli space of 1-dimension representations of [ is semi-local, and in particular,
the underlying scheme is the disjoint union of spectra of finite fields. Therefore, once we
show that is stable under extension of coefficients in a sense we will define in a
moment, we can resort with no concern to the arguments of [KisO8], which are working in
the case that A° is a complete Noetherian local ring with finite residue field.

We will now show that the property that is an isomorphism is preserved by
extension of coefficients which are adic R-algebras, in a sense we now define. This extends
an observation made at the beginning of the proof of [Kis08, Proposition 2.7.2]. Let A° — A"
be a map in the category of adic R-algebras, and write A’ := A°[1/p| as usual. We claim
that the map for V4, i.e. the representation arising by extension of scalars from
Vo := V4o ®40 A’°, is obtained from by extending scalars by ®p,, , Bst,ar. To see
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this, we observe that each of the factors of the map (namely , , which arises from
Proposition , and the map & of Lemma are compatible with the scalar extension
process.

1-dimensional semistable representations are crystalline and crystalline characters are the
product of an unramified character and a Lubin-Tate Charactelﬂ determined by the Hodge
filtration. Therefore, VA|fO is locally constant on Spec A because, according to Theorem
[4.11.2] the Hodge type is constant on connected components of Spec A. Replacing Spec A
with one of its connected components, we may assume that Valp ~ 0z , where 6 is the
product of conjugates of Lubin-Tate characters. It will suffice to prove the proposition in
two cases, V4 ~ 0 and V4 an unramified character. This is the case because we may tensor
the factors in for V4 ~ 6 with the factors for V4 unramified to derive the general
case.

If Vo ~ 0, then V, arises by extension of scalars from a representation valued in the
ring of integers of a finite extension of Q,. The observation about extension of scalars given
above now allows us to assume that A° is such a ring of integers. Therefore this case follows
directly from Theorem [£.10.9(2), as A is finite as a Q,-algebra.

Now for the unramified case, the filtration on Dy is trivial so h = 0. Let k be the residue
field of K. As a result (cf. [FO, §7.2.2]), the slope of D, is zero so that arises by

extension of scalars ® ABCJ;is’ 4 from an isomorphism
and therefore is an isomorphism as well.

~Now we come to the second statement of the proposition. Lemma gives us that
Bsrt’ 4 = Wy, so that the usual regular G-ring formalism (e.g. [FO, §2]) will apply, and allow

us to conclude that
Dy — HomA[f](VA, Bst,A)-

As elements of the image of D4 under (4.12.10) have image in B;VA C DBg.a, (4.12.11))
follows. 0

Recall that we have fixed E as a finite extension of @, such that A admits the structure
of a F-algebra. Let v be a p-adic Hodge type as in Definition [4.11.1, We fix a representation

T:Ty — Endg(Dg) = GLy(E).
THEOREM 4.12.12 ([KisO8, Theorem 2.7.6]). There exists a quotient AT of A such that

for any finite E-algebra B, a map of E-algebras ( : A — B factors through AT if and only
if VB = V4 ®4 B is potentially semistable of Galois type T and p-adic Hodge type v.

PROOF. Let L/K be a finite Galois extension such that the inertia subgroup I C Ig
is contained in ker T. The group change map along with Theorem give us a quotient
APV of A such that ¢ factors through APS%V if and only if VB|fL is semistable of p-adic
Hodge type v. Assume A = AP%V from now on.

Let W} denote the ring of integers of Ly, the maximal unramified subfield of L. Set
Wy 4 = (WL)a. Proposition gives us an isomorphism of finite free Wi, 4-modules

Dy — Hom . ,(Va, B 4)

2See e.g. [Ser68| II1.A 4] for a discussion of Lubin-Tate characters.
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that is compatible with the natural action of ¢. The Galois group Gal(L/K) acts Ly-semi-
linearly on HomA[fL](VA,B;g’A), and the inertia group Ik C Gal(L/K) acts Ly-linearly
(cf. [EQL Prop. 6.58]). Since the action of Gal(L/K) commutes with ¢, if 0 € Iy, then the
trace Tr(o) is in (W 4)?=' = A. Because characteristic 0 representations of finite groups
are rigid, Tr(o) is a locally constant function on Spec A. Denote by AT the quotient of
A corresponding to the union of components of Spec A where Tr(o) = Tr(T(0)) for all
o€ Fo. O

COROLLARY 4.12.13 ([Kis08, Corollary 2.7.7]). There exists a quotient ALY of A such
that for any finite E-algebra B, a map of E-algebras ¢ : A — B factors through ALY if and
only if Vg = Va4 ®4 B is potentially crystalline of Galois type T and p-adic Hodge type v.

PROOF. Theorem [4.10.9| provides for us a finite projective Wz v-module D 47rv equipped
with a linear endomorphism N. We know that Vg is potentially crystalline if and only if the
specialization of N by ¢ to B vanishes. Therefore we may take AV to be the quotient of

ATV defined by the relation N = 0. O

4.13. Final Remarks

Combining the results of Chapter 3 (see Theorem with Chapter 4, we have
several the following results. Let [ is the absolute Galois group of a finite field extension
K of Q,, and choose a residual pseudorepresentation D. Recall that PsRp = Spf Bj is the
deformation space of D, which is Noetherian since I is finitely generated. Also recall that
Repp denotes the groupoid of Azumaya algebra-valued continuous representations of [ with
constant residual pseudorepresentation D. The natural map

Y : Repp — PsRp
is universally closed, formally of finite type, and is the algebraization of a finite type Spec Bp-
algebraic stack Reppg, DY), where E(R, D}) is the universal Cayley-Hamilton Bp-algebra
E(R, D}y) := (Z,[['] ®2, Bp)/CH(D}),
which is finitely generated as a Bp-module.
Here are a few observations regarding the implications of what we have proved.

OBSERVATION 4.13.1. Combining the algebraicity of Repp over PsRy with the projec-
tivity of the moduli of Kisin modules £=" over Repy, the moduli of Kisin modules is alge-
braizable over PsR; and universally closed, with projective PsRp-subschemes.

OBSERVATION 4.13.2. Let A° denote the admissible coefficient Z,-algebra of a continuous
A°-Azumaya algebra-valued representation

p Zp[[f]] ®Zp A — &

of [ with constant residual pseudorepresentation D, which we can assume to be formally
finitely generated over Bp (i.e. the quotient of a restricted power series over Bp in finitely
many indeterminates). For example, one can think of A° as the universal coefficient sheaf
of rings Ogg; . Chapter 4 constructs closed subspaces X cond — Spec(A°[1/p]) /1" of the
Noetherian Jacobson scheme X := Spec A°[1/p], which are precisely the loci of specializations
of p to A-algebras, finite as QQ,-algebras, satisfying certain conditions from p-adic Hodge
theory. Now consider the algebraization statement over PsRp. It implies that there exists
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a universal finite type Spec Bp-algebraic stack Repgg, DY),D such that p arises from the

universal representation of E(R, DY) over Rep B(R,DY),D by pullback along some morphism

(We have set R := Z,[R].) Therefore there is a finitely generated Bp-subalgebra A9 of A°
with a (Bp-typically) continuous representation

p’9: E(R, D) ®p, AT9 — E79

such that p ~ p/9 @45, A°. We can now consider the closed subscheme of Spec A79[1/p]
corresponding to the condition “cond” from p-adic Hodge theory: it is cut out by the ideal
that is the quotient of the composite map

AL /p] — A°[L/p] — A°[1/p] /1.

This is an example of finite type Spec Bp[l/p|-schemes which are universal moduli spaces
for representations of the module finite Bp[1/p]-algebra E(R, DY;)[1/p] which are required
to satisfy a p-adic Hodge theoretic condition.

OBSERVATION 4.13.3. One can make sense of the notion of a K-valued pseudorepresen-
tation D of I satisfying or not satisfying certain conditions from p-adic Hodge theory, where
K is a finite field extension of Q,. After a finite extension of K, D is realizable as the
determinant of a semisimple K-valued representation pj;. Then one can say that D has a
p-adic Hodge theoretic property if pj; does. Of course, this does not imply that all represen-
tations of I with semisimplification p3; (i.e. representations in the fiber of ¢ over D) have
this property.

OBSERVATION 4.13.4. Since ¢ is universally closed, the constructions above give a closed
subspace of PsRp[1/p] corresponding to certain p-adic Hodge theory conditions, say cut out
by an ideal I8 C Bp[1/p]. As a result, one can construct a quotient

E(R, D)™ := E(R, D})[1/p] ©p,01/ Bpl1/pl/ 5%
through which all representations satisfying this condition must factor. Conversely, it seems
that its semisimple, p-adic field-valued representations must satisfying the condition, as long
as they induce pseudorepresentations parameterized by Spec Bp[1/p]. This construction may
even be able to be refined if representations satisfying this condition are shown to cut out
appropriately linear subspaces of the projective spaces of extensions described in In

this case, there should exist a quotient algebra of E(R, D%)Cond whose representations (given
that they are parameterized by Spec Bp[l/p]) are precisely those satisfying the condition.

We are curious if there is any useful application of these observations.

180



APPENDIX A

A Remark on Projective Morphisms

There are several notions of projectivity of a morphism of schemes. We will use the
following terminology.

DEFINITION A.1 ([Sta, Definition 01W8]). Let f : X — S be a morphism of schemes.

(1) We say f is projective if X is isomorphic as an S-scheme to a closed subscheme of
a projective bundle P(E) for some quasi-coherent finite type Og-module £.

(2) We say that f is H-projective if there exists an integer n and a closed immersion
X — P%over S.

(3) We say that f is locally projective if there exists an open cover of S such that the
restriction of f to each element of the cover is projective.

ExXAMPLE A.2. A finite morphism is always projective, but is not always H-projective.

Local projectiveness and local H-projectiveness are equivalent. Though H-projectivity is
preserved under composition using the Segre embedding ([Sta, Lemma 01WE]), this property
of projectivity requires quasi-compactness of the base [Vak12 Exercise 18.3.B|. Projectivity
is not a local property on the base. However, given a (very) ample line bundle for a projective
morphism, one can check projectivity locally when the base is locally Noetherian [Vak12),
Exercise 18.3.G].

We will use “projective” morphisms so that we can prove projectivity of a morphism
locally on the base (as long as we can glue together the ample line bundle).
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