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A Beilinson—Bernstein Theorem for Twisted
Arithmetic Differential Operators on the Formal

Flag Variety

par ANDRES SARRAZOLA-ALZATE

RESUME. Soit @, le corps des nombres p-adiques et G un schéma en groupes
réductif, connexe et déployé sur Z,. Nous introduirons un faisceau d’opéra-
teurs différentiels arithmétiques tordus sur la variété des drapeaux formelle
de G, associée a un caractere général. En particulier, nous généraliserons les
résultats de [21], concernant la Df-affinité de la variété des drapeaux formelle
lisse de G, de certains gerbes d’opérateurs différentiels arithmétiques tordus
p-adiquement complets, associés & un caracteére algébrique, et les résultats
de [24] concernant le calcul des sections globales.

ABSTRACT. Let Q, be the field of p-adic numbers and G a split connected
reductive group scheme over Z,. In this work we will introduce a sheaf of
twisted arithmetic differential operators on the formal flag variety of G, as-
sociated to a general character. In particular, we will generalize the results
of [21], concerning the Df-affinity of the smooth formal flag variety of G, of
certain sheaves of p-adically complete twisted arithmetic differential opera-
tors associated to an algebraic character, and the results of [24] concerning
the calculation of the global sections.

1. Introduction

An important theorem in group theory is the so-called Beilinson—
Bernstein localization theorem [2]. Let us briefly recall its statement. Let G
be a semi-simple complex algebraic group with Lie algebra gc := Lie(G).
Let tc C gc be a Cartan subalgebra and Z(U(gc)) C U(gce) the center of
the universal enveloping algebra U (gc) of gc. For every character A € { we
denote by my C Z(U(gc)) the corresponding maximal ideal determined by
the Harish—Chandra isomorphism. We put Uy := U(gc)/my. The theorem
states that if X is the flag variety associated to G and Dx ) is the sheaf
of A-twisted differential operators on X, then Modg.(Dx ) = Mod(U)),
provided that X is a dominant and regular character. Here Modg.(Dx »)
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denotes the category of Ox-quasi-coherent Dy y-modules. Moreover, un-
der this equivalence of categories, coherent Dy y-modules correspond to
finitely generated Uy-modules [2, Théoréme Principal].

The localization theorem has been proved independently by A. Beilinson
and J. Bernstein in [2], and by J.L. Brylinski and M. Kashiwara in [12].
This result is an essential tool in the proof of Kazhdan—Lusztig’s multiplic-
ity conjecture [27]. In mixed characteristic, an important progress has been
accomplished by C. Huyghe in [20, 21] and Huyghe—Schmidt in [24]. They
use Berthelot’s arithmetic differential operators, [5], to prove an arithmetic
version of the Beilinson—Bernstein localization theorem for the smooth for-
mal flag variety over a discrete valuation ring. They achieve this result
by working with algebraic characters. In this setting, the global sections
of these operators equal a crystalline version of the classical distribution
algebra Dist(G) of G.

Let Q, be the field of p-adic numbers. Throughout this paper G will
denote a split connected reductive group scheme over Z,, B C G a Borel
subgroup and T C B a split maximal torus of G. We will also denote by
X = G/B the smooth flag Z,-scheme associated to G. In this work, we in-
troduce sheaves of twisted differential operators on the formal flag scheme X
and we show an arithmetic Beilinson—Bernstein correspondence for general
characters of Lie(T). Here the twist is respect to a morphism of Z,-algebras
A @ Dist(T) — Z,, where Dist(T) denotes the distribution algebra in the
sense of [13]. Those sheaves are denoted by D;fe, - In particular, there exists

a basis S of X consisting of affine open subsets, such that for every 4 € S
we have

b ot
D \lu = Dy

In other words, locally we recover the sheaf of Berthelot’s differential op-
erators (of course, this clarifies why they are called twisted arithmetic dif-
ferential operators).

To calculate their global sections, we remark for the reader that we ac-
tually dispose of a description of the distribution algebra Dist(G) as an in-
ductive limit of filtered noetherian Z,-algebras Dist(G) = lim DM(G),
such that for every m € N we have

D(m) (G) ®Zp @p = Z/[(LIG(G) ®Zp Qp)

the universal enveloping algebra of Lie(G)®z,Qp. In particular, every homo-
morphism of Zy-algebras A : Dist(T) — Z, induces, taking tensor product
with @Q,, an infinitesimal central character x,. This last property allows
us to define D™ (G), as the p-adic completion of the central reduction
D™)(G) /(D™ (G) N ker(xayp)), where p is the Weyl character, and we
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denote by DT(G), the colimit of the system
D'"™(G)x ®z, @y — D)(G)x ®2, Qp-
In this work we show the following result.

Theorem. Let us suppose that X : Dist(T) — Z, is a homomorphism of
Zy-algebras, such that the character

()‘ ®Zp 1Qp)|Lie(’H‘)®Zpr +pe Home-mod(Lie(T) ®Zp Qpa Qp)

is dominant and reqular.® Then the global sections functor induces an equiv-
alence between the categories of coherent D;A-modules and finitely pre-

sented DT(G)-modules.

This theorem is based on a refined version for the sheaves of level m
twisted arithmetic differential operators Dgg\)@ (Definition 3.30). As in the
classical case, the inverse functor is determined by the localization functor

‘COCTX,)\(.) = D;,)\ ®piG), (®);

with a completely analogous definition for every m € N.

Let us explain the structure of this text. The first section is devoted
to fix some important arithmetic definitions. They are necessary to define
an arithmetic analogue of the usual sheaf of twisted differential operators
on the smooth flag variety Xq := X Xgpec(z,) Spec(Qp), associated to the
split connected reductive algebraic group Gg := G Xgpec(z,) Spec(Qp). One
of the most important is the algebra of distributions of level m, which is
denoted by D™ (G) and it is introduced in Section 2.4. This is a filtered
noetherian Z,-algebra which plays a fundamental roll in this text.

Inspired by the works [1, 8, 11], in the first part of the third section we
construct our level m twisted arithmetic differential operators on the formal
flag scheme X. To do this, we denote by t the commutative Z,-Lie algebra of
the maximal torus T and by tg := t®z, Qp. They are Cartan subalgebras of
g = Lie(G) and gq = Lie(G) ®z, Qp, respectively. Let N be the unipotent
radical subgroup of the Borel subgroup B and let us define

X:=G/N and X :=G/B,

the basic affine space and the flag scheme of G. These are smooth and
separated schemes over Z,, and X is endow with commuting (G, T)-actions
making the canonical projection & : X — X a T-torsor for the Zariski topol-
ogy on X (Definition 3.1, Notation 3.2 and Remark 3.3). Following [11], the

IWe have used the canonical isomorphism Dist(T) ®z, Qp = U(Lie(T) ®z, Qp), 26, Part 1,
7.10(1)].
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right T-action on X allows to define the level m relative enveloping algebra
of the torsor £ as the sheaf of T-invariants of &Dgn):

—_—

(1.1) Dm) .= (@D%’”)T.

As we will explain later, this is a sheaf of D™ (T)-modules and we will
show that over an affine open subset U C X that trivialises the torsor, the
sheaf (1.1) may be described as the tensor product Dgzn)hj ®z, Dm)(T)
(this is the arithmetic analogue of [11, p. 180]).

Two fundamental properties of the distribution algebra Dist(T) are: the
Q,-algebra of algebraic distributions Dist(T) ®z, Q, is a noetherian algebra
which is canonically isomorphic to the universal enveloping algebra U (tg),
and Dist(T) = lim D(™)(T). These properties allow us to introduce the
central reduction of the sheaves (1.1) as follows. First of all, we say that a
morphism of Zy-algebras X : Dist(T) — Z, is a character of Dist(T) (3.21).
By the properties just stated, it induces a character 2 of the Cartan subal-
gebra tg

(A=) (A®z, 1g,)ly : to — Ultg) = Dist(T) @z, Qp — Q.

Now, via A(™ : D(™)(T) — Dist(T) A Z, we may consider the ring Z,
as a D™ (T)-module, and define the sheaf of level m twisted arithmetic
differential operators on the flag scheme X by

(1.2) Dg(mi = Dm) & p(m) (1) A(m) Lp-

This is a sheaf of Z,-algebras satisfying (DE(’”A) ®z, Qp)lxg, = Pxg, (the
process of taking tensor product with Q, and restricting to the generic fiber
X — X is equal to the usual sheaf of twisted differential operators Dx,,

Q Q
in [11, p. 170]).

The second part of the third section is dedicated to explore some finite-
ness properties of the cohomology of coherent Dg(m))\—modules. Notably im-
portant is the case when the character A+ p € tg; is dominant and regular.

Under this assumption, the cohomology groups of every coherent Dgzn/i—

module have the nice property of being of finite p-torsion. This is a central
result in this work.

In Section 4, we will consider the p-adic completion of (1.2). It will be
denoted by DY) and DY) = DY) @z, Q, will be our sheaf of level m
twisted arithmetic differential operators on the formal flag scheme X.

Let Z(gg) be the center of the universal enveloping algebra U (gg). From
now on, we will always assume that A € Homgz,_14(Dist(T), Z,) is such that

2In order to soft the notation through this work we will always denote by A the character
(A ®z, 1@p)|¢@p of tg. This should not cause any confusion to the reader.
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A+p € t is dominant and regular, and denote by x : Z(gg) — Qp the cen-
tral character induced by A via the classical Harish—Chandra isomorphism.
In Section 4.3 we will show that if

Ker(xap)z, = D™ (G) N Ker(xxtp)

and D™ (G), denotes the formal p-adic completion of the central reduc-
tion D™ (G)y == D™ (G)/D™)(G) Ker(xx+p)z,, then we have a canonical
isomorphism of Q,-algebras

D) (G)r ®z, Q, =.go (%,ﬁgl)\)@) .

Still in Section 4.3, we will introduce the localization functor Locgsmg from

the category of finitely generated ﬁ(m)(G) A ®z, Qp-modules to the cate-

gory of coherent ﬁgem)\) Q—modules, as the sheaf associated to the presheaf

defined by

S(m)
UC X — Dyl o) ®ﬁ(m)(G),\®Zpr B,

where E is a finitely generated D™ (G), ®z, Qp-module. We will show

Theorem. Let us suppose that X : Dist(T) — Z, is a character of Dist(T)
such that A + p € t is a dominant and regular character of tg.

(i) The functors Eocgem/\) and H°(X, e) induce quasi-inverse equivalence
of categories between the abelian categories of finitely generated
(left) D™)(G)y ®z, Qp-modules and coherent Dg:@)\)’@-modules.

(ii) The functor L’ocggmg is an exact functor.

Finally, Section 5 of this work is devoted to treat the problem of passing
to the inductive limit. In fact, if m < m’ the sheaves Dgr;\)@ and D;HK)Q are

related via a natural map ﬁ;mA)Q — ﬁgf\l)(@ and we may define D;E , to be

the colimit. Similarly, we will denote by DT(G)y the colimit of the system
D™(G), ®z, Qp — D™)(G)y ®z, Qp. Introducing the localization functor
Eoc;€ , exactly as we have made before, we get an analogue of the previous

theorem for the sheaves D; A

The work developed by Huyghe in [20] and by D. Patel, T. Schmidt and
M. Strauch in [22, 33, 34], shows that the Beilinson—Bernstein theorem is an
important tool in the following localization theorem [22, Theorem 5.3.8]:
if X denotes the formal flag scheme of a split connected reductive group
G, then the theorem provides an equivalence of categories between the
category of admissible locally analytic G(Q,)-representations (with trivial
character!) [36] and a category of coadmissible equivariant arithmetic D-
modules (on the family of formal models of the rigid analytic flag variety
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of G). Our motivation is to study this localization in the twisted case. In
a recent work, [35], we have proved the affinity of an admissible formal
blow-up of X for the sheaf of twisted arithmetic differential operators with
a congruence level k. This is a fundamental result to achieve the previous
localization theorem in the twisted setting, [22].

The case of a finite extension L of @, seems to present several technical
problems (the reader can take a look to Proposition 3.21 to see one of this
obstacles). We will treat this case in a future work.

Notation. Throughout this work p will denote a prime number and Z,
the ring of p-adic integers. If X is an arbitrary noetherian scheme over Z,
and j € N, then we will denote by X; == X Xgpec(z,) Spec(Z,/p’ 1) the
reduction modulo p’*!, and by

X = lim X;
J

the formal completion of X along the special fiber. Moreover, if £ is a sheaf
of Zy,-modules on X then its p-adic completion &£ := l'glj E /P HLE will be

considered as a sheaf on X. Finally, the base change of a sheaf of Z,-modules
on X (resp. on X) to Q, will always be denoted by the subscript Q. For
instance, £g = & ®z, Qp (resp. &g = € ®z, Qp).

Acknowledgments. The present article contains a part of the author
Ph.D thesis written at the Universities of Strasbourg and Rennes 1 under
the supervision of Christine Huyghe and Tobias Schmidt. Both have always
been very patient and attentive supervisors. For this, I express my deep
gratitude to them. I am also grateful with the hospitality and support of
the Institut de Recherche Mathématique Avancée (IRMA) of the University
of Strasbourg and the Centre Henri Lebesque, Institut de Recherche Math-
ématique de Rennes (IRMAR) of the University of Rennes 1, where this
work has been accomplished. I am finally in debt with Matthias Strauch,
Daniel Caro and the anonymous referee for all their suggestions that helped
to improve this manuscript.

2. Arithmetic Definitions

In this section we will describe the arithmetic objects on which the defini-
tions and constructions of our work are based. We will give their functorial
constructions and we will enunciate their most remarkable properties. For
a more detailed approach, the reader is invited to take a look to the refer-
ences [5, 7, 20, 23].
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2.1. Partial Divided Power Structures of Level m. Let p € Z be a
prime number. In this subsection Z,) denotes the localization of Z with
respect to the prime ideal (p).

We start by recalling the following definition [7, Definition 3.1].

Definition 2.1. Let A be a commutative ring and I C A an ideal. By a
structure of divided powers on I we mean a collection of maps v; : I — A
for all integers ¢ > 0, such that
(i) Forall z € I, vo(z) =1, v1(z) = x and v;(x) € T if i > 2.
(i) For z,y € I and k > 1 we have v (z +y) = X, g vi(2)v; (v)-
(iii) For a € A and = € I we have y(az) = aFyg ().
(iv) For z € I we have v;(z)v;(x) = (i + )L (G) 1 yig (2).
(v) We have v, (74(2)) = Cp.gpg(), where Cp 4 == (pg)!(p!) 1 (q!)7P.
Throughout this paper we will use the terminology: (I,~) is a PD-ideal,
(A,I,v) is a PD-ring and v is a PD-structure on I. Moreover, we say
that ¢ : (A, I,v) — (B,J,d) is a PD-homomorphism if ¢ : A — B is a
homorphism of rings such that ¢(I) C J and 0 o ¢|r = ¢ o g, for every
k>0.

Example 2.2 ([7, §3, Example 3.2(3)]). Let L|Q, be a finite extension of
Qp, such that o is its valuation ring and @ is a uniformizing parameter. Let
us write p = uw®, with u a unit and e a positive integer (called the absolute
ramification index of o). Then 7x(x) = x¥/k! defines a PD-structure on
(w) if and only if e < p — 1. In particular, we dispose of a PD-structure on
(p) C Zp. We let zl¥ := ~;(z) and we denote by ((p),[]) this PD-ideal.

Let us fix a positive integer m € Z. For the next terminology we will
always suppose that (A, I,7v) is a Zp)-PD-algebra whose PD-structure is
compatible (in the sense of [5, §1.2]) with the PD-structure induced by
((p),[]) (we recall for the reader that the PD-structure ((p),[]) always
extends to a PD-structure on any Z,-algebra [7, Proposition 3.15]). We

will also denote by I*™) the ideal generated by z™, with = € I.

Definition 2.3. Let m be a positive integer. Let A be a Z,)-algebra and
I C A an ideal. We call an m-PD-structure on I a PD-ideal (J,7) C A such
that 1?°™) 4+ pI C J.

We will say that (I, J,~) is an m-PD-ideal of A. Moreover, we say that
o (AT J~y) = (A, I',J,4) is an m-PD-morphism if ¢ : A — A’ is a
ring morphism such that ¢(I) C I’, and such that ¢ : (4, J,v) — (A", J',+)
is a PD-morphism.

For every k € N we denote by k = p™q + r the Euclidean division of k
by p™, and for every z € I we define z{Ftem) = 2" (v4(zP™)). We remark
for the reader that the relation g!v,(z) = 27 (which is an easy consequence

of (i) and (iv) of Definition 2.1) implies that glz{Ftem = zk.
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On the other hand, the m-PD-structure (I, J,7) allows us to define an
increasing filtration (I{"}), cy on the ring A which is finer that the I-adic
filtration and called the m-PD-filtration. It is characterized by the following
conditions [6, 1.3]:

() 1% =4, 11 =1,
(ii) For every n > 1, z € It and k > 0 we have itk e r{kn}
(iii) For every n >0, (J + pA) NIt} is a PD-subideal of (J + pA).

Proposition 2.4 ([7, Proposition 1.4.1]). Let R be a Z)-algebra endowed
with an m-PD-structure (a,b,«). Let A be an R-algebra and I C A an
ideal. There exists an R-algebra Py, (I), an ideal I C Py, (I) endowed
with an m-PD-structure (I,[]) compatible with (b,a), and a homomor-
phism of rings ¢ : A — Py (I) such that ¢(I) C I. Moreover, the ob-
jects (P (1), I1, [],¢) satisfy the following universal property: for every
R-homomorphism f : A — A’ sending I to an ideal I' which is endowed
with an m-PD-structure (J',~") compatible with (b, «), there exists a unique
m-PD-morphism g : (P (1), 1, I,[]) = (A I',J',~) such that go ¢ = f.

Definition 2.5. Under the hypothesis of the preceding proposition, we call
the R-algebra P,,)(I), endowed with the m-PD-ideal (I,I,[]), the m-PD-
envelope of (A, ).

Finally, if we endow P, ) (1) = P (I)/ 7™ with the quotient m-PD-
structure [5, 1.3.4] we have tthe following result.

Corollary 2.6. [5, Corollary 1.4.2] Under the hypothesis of Proposition 2.4,
there exists an R- algebra P(;n)(l) endowed with an m-PD-structure (I, 1,]])

compatible with (b, «) and such that f{n+1} = 0. Moreover, there exists an

R-homomorphism ¢, : A — P(’;n) (I) such that ¢(I) C I, and universal for
the R-homomorphisms A — (A", I',J',~') sending I into an m-PD-ideal I'
compatible with (b, ) and such that I'""+1} = 0.

2.2. Arithmetic Differential Operators. Let us suppose that Z, is
endowed with the m-PD-structure defined in Example 2.2 (cf. [5, §1.3,
Example (i)]). Let X be a smooth Z,-scheme, and Z C Ox a quasi-coherent
ideal. The presheaves

UC X+ Pupy(D(U,T)) and UC X —s Pl (D(U,T))

are sheaves of quasi-coherent Ox-modules which we denote by P, (Z)
and 77(”m) (Z), respectively. In a completely analogous way, we can define

a canonical ideal T of P(,,(Z), a sub-PD-ideal (Z,[]) C Z, and the se-

quence of ideals (T{n})neN defining the m-PD-filtration. Those are also
quasi-coherent sheaves [5, §1.4].
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Now, let us consider the diagonal embedding A : X — X xz X and
let W C X xz, X be an open subset such that X C W is a closed subset,
defined by a quasi-coherent sheaf Z C Oy . For every n € N, the algebra
P}7(m) = me) (Z) is quasi-coherent and its support is contained in X. In
particular, it is independent of the open subset W [5, 2.1]. Moreover, by
Proposition 2.4 the projections py, p2 : X Xz, X — X induce two morphisms
di,ds : Ox — 'P;‘(’(m) endowing P;L(7(m) of a left and a right structure of

O x-algebra, respectively.

Definition 2.7. Let m,n be positive integers. The sheaf of differential
operators of level m and order less or equal to n on X is defined by

(2.1) DY) = Homo, (P () Ox)-

n
If n < n/ corollary 2.6 gives us a canonical surjection
Px,m) — Px,(m)

inducing the injection Dg{mgb — Dg??l,. The sheaf of differential operators of

level m is defined by

(2.2) Py = |J DY,
neN

We remark for the reader that by definition Dg(m) is endowed with a natural
filtration called the order filtration, and like the sheaves P (m)? the sheaves

Dg(mgl are endowed with two natural structures of O x-modules. Moreover,
the sheaf Dg(m) acts on Ox: if P € DEZLT)L, then this action is given by the
composition Ox d P (m) Lt Ox.

Finally, let us give a local description of D . Let U be a smooth open
affine subset of X endowed with a family of local coordinates x1,...,xxy.
Let dzq,...,dzn be a basis of Qx(U) and 0, ...,0z, the dual basis of
Tx(U) (as usual, Tx and Qx denote the tangent and cotangent sheaf on

X, respectively). Let & € NV, Let us denote by |k| = SN, k; and okl —

(]
Oy, /ki! for every 1 < ¢ < N. Then, using multi-index notation, we have
ok = 11V, 8Z[k’i] and 9% = qE!Q[E]. In this case, the sheaf Dg(m% has the
following description on U

(m)

(23) DY) = { > aa®

k|<n

ar € Ox(U) and k € NN}.

2.3. Symmetric Algebra of Finite Level. In this subsection we will
focus on introducing the constructions in [20]. Let X be a Zp,-scheme, £
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a locally free O x-module of finite rank, Sx (L) the symmetric algebra as-
sociated to £ and Z the ideal of homogeneous elements of degree 1. Using
the notation of Section 2.1 we define

Ux,m)(£) = Psy(o),m)(Z) and T (L) =T m ()/I{n+1}

Those algebras are graded [20, Proposition 1.3.3], and if )y, ..., ny is a local
basis of L, we have

%o (L) = @ Oxn'b.

l<n

As before ﬂ{l} =TIY, njli} and qi!m{li} = nli. We define by duality

Sym (™ U Homp (FX (Ev) OX> .
keN

By [20, Propositions 1.3.1, 1.3.3 and 1.3.6] we may conclude that

Sym @ Sym, m)
neN

is a commutative graded algebra with noetherian sections over any open
affine subset. Moreover, locally over a basis 71, ...,ny, we have

I;! .
Sym{" l@ (’)Xn where 'nfl i) = 7751.
l

Remark 2.8. By [7, A.10] we have that Sym(®)(£) equals the symmetric
algebra of L. This justifies the terminology.

Finally, let Z be the kernel of the comorphism A associated to the diago-
nal embedding A : X — X Xgpec(z,) X+ In [20, Proposition 1.3.7.3] Huyghe
shows that the graded algebra associated to the m-PD-adic filtration of
Px (m) it is identified with the graded m-PD-algebra

11X,(m) (I/IQ) = FX,(m) (Qﬁ()
More exactly, we have canonical isomorphisms
T ) = T% () (%) — &1 (P 1))
which, by definition, induce a graded isomorphism of algebras

(2.4) Sym™ (Tx) — gr, DT,
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2.4. Arithmetic Distribution Algebra of Finite Level. As in the in-
troduction, let us consider G a split connected reductive group scheme over
Zyp and m € N fixed. We propose to give a description of the algebra of
distributions of level m introduced in [23]. Let I denote the kernel of the
surjective morphism of Zy-algebras eg : Z,[G] — Z,, given by the iden-
tity element of G. We know that I/I? is a free Z, = Z,[G]/I-module of
finite rank. Let ¢1,...,t; € I such that modulo I?, these elements form
a basis of I/I2. The m-divided power enveloping of (Z,[G],I) (Proposi-
tion 2.4) denoted by P,,)(G), is a free Zj-module with basis the elements
ik} — tikl}...ti{kl}, where qi!t;{ki} = tfi, for every k; = p™q; + r; and
0 < r; < p™. These algebras are endowed with a decreasing filtration by
ideals T™ (Section 2.1), such that - B >n Zo tiE} The quotients

Pl (G) = Pun)(G)/T +1 are therefore Zp-modules generated by the ele-
ments t{&} with |k| < n [5, Proposition 1.5.3 (ii)]. Moreover, there exists an

isomorphism of Z,-modules

P, (G) = @ Zyp &}
|k|<n
Corollary 2.6 gives us for any two integers n, n’ such that n < n’ a canon-
ical surjection 7™ : P(’;,; ) (G) = P, )(G). Furthermore, for every m’ > m,
the universal property of the divided powers gives us a unique morphism
of filtered Zp-algebras ¢y, ;s : Py (G) — Py (G) which induces a ho-
momorphism of Zp-algebras ¢y, ./ : P(%,)(G) — P(T;n)(((}). The module of

distributions of level m and order n is D™ G) = Hom(P{;n)(G), Zp). The

algebra of distributions of level m is

D™ (G) = lim D™ (G),

where the limit is formed respect to the morphisms Homz, (7™, Z,). The
multiplication is defined as follows. By universal property (Corollary 2.6)
there exists a canonical map 6™" : P(’;nJS”/(G) — P(T;n)({}) ®z, P(’;;L)(G). If

(u,v) € D™ (G) x DT(?) (G), we define u.v as the composition

n—+n’ o n’ uey

Let us denote by g := Homg, (I/I?,7Z,) the Lie algebra of G. This is a free
Zp-module with basis 1, ...,& defined as the dual basis of the elements
t1,...,t;. Moreover, if for every multi-index k € N, |k| < n, we denote

by £ () the dual of the element {5 e Py (G), then D{™ (G) is a free Z,-

module of finite rank with a basis given by the elements &) with |k| < n [23,
Proposition 4.1.6].
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Remark 2.9. Let us exemplify the local situation when X = Spec(A)
with A a Zy-algebra [21, Section 1.3.1]. Let E be a free A-module of finite
rank with base (x1,...,2y) and let (y1,...,yn) be the dual base of EV :=
Hom4(E, A). As in the preceding subsection, let S(EY) be the symmetric
algebra and I(EY) the augmentation ideal. Let T'(,,)(EY) be the m-PD-

envelope of (S(EY), I(EY)). We put I', |(EY) =T (Ev)/f{n+1}. These
are free A-modules with base yfkl} . y}{\fN} with Y k; < n [20, 1.1.2]. Let

{g@}@gn be the dual base of Hom 4 (T'} )(EV), A). We have

(m

Sym(™(E) = U Hom 4 (F?m)(Ev),A>.
neN

This is a free A-module with a base given by all the z®. The inclusion
Sym™)(E) C Sym™(E) ®z, Q) gives the relation
. k!
b = K
qi-
Moreover, it also has a structure of algebra defined as follows. By [20,
Proposition 1.3.1] there exists a canonical map

A : TE(EY) — T (BY) @4 T, (EY),

(m) (m
which allows us to define the product of u € HomA(F?m)(EV), A) and v €
HomA(F?T;) (EVY), A) by the composition

(2.5)

/ An,nl ! ®
wo: TRV (EY) =5 T (BY) @4 T, (EY) A
This morphism endows Sym(™ (E) of a structure of a graded noetherian
Zp-algebra [20, Propositions 1.3.1, 1.3.3 and 1.3.6].

We have the following important properties [23, Proposition 4.1.15].
Proposition 2.10.

(i) We have a canonical isomorphism of graded Zy,-algebras
g1, (D™ (G)) = Sym™(g).
(i) The Z,-algebras gro(D™(G)) and D) (G) are noetherian.

2.5. The Infinitesimal Action. Throughout this paper g denotes the Lie
algebra of a connected reductive group scheme G and U(g) its universal
enveloping algebra. If gg denotes the Lie algebra of the algebraic group
Gg = G Xgpec(z,) Spec(Qp) and U(gg) its universal enveloping algebra,
then it is known that U(g) ®z, Qp = U(gg). Moreover, the algebra of
distributions of level m, introduced in the preceding subsection, it also
satisfies this property. In other words, D™ (G) ®z, Qp = U(g)-
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In the following discussion we will assume that X is a smooth Z,-scheme
endowed with a right G-action.

Proposition 2.11. The right G-action induces a canonical homomorphism
of filtered Zy,-algebras

o™ : pt(@) — HO(X,D{Y).

Proof. The reader can find the proof of this proposition in [23, Proposi-
tion 4.4.1(ii)], we will briefly discuss the construction of (™). The central
idea in the construction is that if p : X Xz, G — X denotes the action,

then the comorphism p?: Ox — Ox ®z, Zp|G] induces a morphism
P PRy — Ox ®2z, Py (G)

for every n € N. Those maps are compatible when varying n. Taking u €
D™ (G) we define ®™) (u) by

(n) .
O (u) : Py () 2 Ox @z, Pl (G) 24 Ox.

Again, those maps are compatible when varying n and we get the morphism
of the proposition. O

Remark 2.12.

(i) If X is endowed with a left G-action, then it turns out that &™) is
an anti-homomorphism.

(ii) In [23, Theorem 4.4.8.3] Huyghe and Schmidt have shown that if
X = G and we consider the right (resp. left) regular action, then
the morphism of the preceding proposition is in fact a canonical
filtered isomorphism (resp. an anti-isomorphism) between D) (G)
and HY(G, DU™)C, the Z,-submodule of (left) G-invariant global
sections (cf. Definition 3.5). This isomorphism induces a bijection
between D%m)(G) and HY(G, D(E;mrz)@, and it is compatible when
varying m. 7

Let us define Agzn) = Ox @z, D(™)(G), which is a priori considered as
a subsheaf of Z,-modules of the sheaf of Q,-vector spaces

U° = Ox, ®q, U(gg)

under the identification (Ag?l) ®z, Qp)lxy, = U°. We remark for the reader
that we can endow U° with the skew ring multiplication (see (2.7) below)
coming from the action of U(gg) on Ox, via a morphism of Q,-Lie alge-
bras 7 : gg = H%(Xgq, Tx,) (see (2.6) below). This multiplication defines
over U° a structure of a sheaf of associative (Q,-algebras, which preserves

the submodule Ag{n) and endows .Agzn) with an associative ring structure.
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In order to formalize this discussion, let us recall how the multiplicative
structure of the sheaf U° is defined (cf. [30, §2] or [33, §5.1]).

Differentiating the right action of Gg on Xg we get a morphism of Q,-Lie
algebras

(2.6) T: 90 — HO(XQ,TXQ).

This implies that gg acts on Ox, by derivations and we can endow U° with
the skew ring multiplication

(2.7) (fenlged)=Ffrnge+ fgen

for n € g1, ¢ € U(gg) and f,g9 € Ox,. With this product, the sheaf
U° becomes a sheaf of associative algebras and this multiplicative struc-

ture preserves the submodule Ag?@). We have the following result from [23,
Corollary 4.4.6].

Proposition 2.13.

(i) The sheaf Aggn) is a locally free Ox-module.
(ii) There exist a unique structure over qu(n) ofﬁltered Ox -rings and an
isomorphism ofgmded Ox- algebms gr(.A( ) =O0x®z, Sym(™(g).
(iii) The sheaf AX (resp. gr(AX )) is a coherent sheaf of Ox-rings
(resp. a coherent sheaf of Ox-algebras), with noetherian sections
over open affine subsets of X.

Remark 2.14. If we take the tensor product with QQ, in Proposition 2.11,
then by construction (proof of Proposition 2.11) we get the following com-
mutative diagram

H(m)
—

D™(G) HO(X, DY)

[

U(gg) — H*(Xqg, Dx,)

where Wy, is the morphism induced by (2.6) and it is called the operator-
representation [10].

3. Twisted Arithmetic Differential Operators

3.1. Torsors. Let us suppose that T is a smooth affine algebraic group
over Z, with Lie algebra denoted by t, and that X and X are smooth
separated schemes over Z,, such that X is endowed with a right T-action

c X XSpec(z,) T — X. We will also assume that T acts trivially on X (for
example if T C B is a split maximal torus contained in the Borel group
B and X = G/B is the flag Z,-scheme), and that there exists a faithfully
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flat and locally of finite type morphism ¢ : X —» X. We have the following
definition (cf. [31, III, §4]).

Definition 3.1. We say that X is locally trivial T-torsor for the Zariski
topology, if X can be covered by a family {U; };c of affine open subschemes,
such that for every i € I there exists a T-equivariant isomorphism

(5_1<UZ) 2) Ui XX.¢ Xv i> Ui X Spec(Zyp) T,

with T acting on U; Xgpec(z,) T by right translations on the second factor.
The covering {U, };cs is called a trvialisation.

Remark 3.2. In the next sections we will abuse of the notations and simple
say that £ : X — X is a locally trivial T-torsor.

Remark 3.3. In [11] the authors built the relative enveloping algebra for
any fibration X — Y and any algebraic group H. Under this generality, they
needed to consider the more general notion of torsor for the étale topology
or even for the fpgc topology. Although the constructions of Sections 3.2
and 3.3 are valid in this generality, we will only consider torsors which
admit trivialisations for the Zariski topology; this because in this work we
will always consider fibrations such as G — G/B, for the Borel subgroup
B C G, or G/N — G/B, for the split maximal torus T C B. Here IN denotes
the unipotent radical of B, [26, (1), 1.8. Chapter II]. It is known that these
fibrations admit trivializations for the Zariski topology (essentially, open
immersions of open cells; to see the argument right after Remark 3.17).

3.2. T-Equivariant Sheaves and Sheaves of T-Invariant Sections.
Let us suppose for a moment that Y is a separated Z,-scheme endowed with
aright T-action o : Y xz, T — Y. Let us denote by mult : T'xgpe(z,)T — T
the group law of T and by

p1:Y X Spec(Zyp) T —Y, P12 Y X Spec(Zp) T X Spec(Zyp) T—Y X Spec(Zyp) T
the respective projections. We will also denote by
Ji, fo, f3:Y X Spec(Zyp) T X Spec(Zp) T—Y
the morphisms defined by
filz,ti,t2) =z, fo(z, ti,t2) = aty and  f3(z,t1,t2) = xtits.

Following [32, Chapter 0, §3], we say that a couple (M, ¥), consisting of
an Oy-modules and an isomorphism

(3.1) oM -5 prM,
is T-equivariant, if
(3.2) pioV o (0 xidy)¥ = (idy x mult)*W.

Cocycle condition [19, (9.10.10)]. We will need the following lemmas.



16 Andrés SARRAZOLA-ALZATE

Lemma 3.4. Let (L, V) be a T-equivariant locally free Oy -module of finite
rank. Then (LY, (¥~1)V) is also T-equivariant.

Proof. This is proved in [23, Proposition 3.3.2.1]. O

Let (M, ¥) be a T-equivariant quasi-coherent Qy-module. In light of
the Kiinneth formula [17, Theorem 6.7.8] we have a canonical isomorphism

H(Y xz, T,piM) = H(Y, M) @z, Z,[T).

By composing the previous isomorphism with the map

0
HO(Y, M) — HOY xg, T,0* M) "= BO(Y x5, T, pi M)

(the first one being induced via the canonical morphism M — o,0* M) we
obtain a morphism

A HOY, M) — HO(Y, M) 0, Z,[T],
defining a structure of T-comodule on H°(Y, M) [32, Chapter 1, §3, p. 32].

Definition 3.5. The T-invariant elements of H°(Y, M) are the elements
P € H°(Y, M) such that A(P) = P ® 1. This subspace will be denoted by
HO(Y, M)".

1. Sheaf of T-Invariant Sections. Let us suppose now that Y is a sep-
arated Zp-scheme endowed with a right T-action o : ¥ xz, T — Y, and
whose Zariski topology admits a basis Sy consisting of affine open subsets
which are invariant under the T-action. Let (M, ¥) be a T-equivariant Oy-
module. For every U € Sy the morphism o gives rise to a right T-action
oy : U Xz, T — UonU CY. By pulling back ¥ under the inclusion
Uxz, T =Y xz, T we get an isomorphism ¥y : of; M|y — pi M|y which
satisfies the respective cocycle condition (3.2), and, as before, we obtain a
comodule morphism

Ay : T(U, M) — T(U, M) &g, Z,[T].

As in Definition 3.5, we can define the Z,-submodule of T-invariant sections
on U by

(3.3) LU MY ={PeT(UM)|Ay(P)=P®1}.

Now, let us take V.U € Sy satisfying V' C U. By functoriality, we have
rest%}@idzpm o Ay = Ay o restg, and therefore the restriction map
rest, : T(U,M)T — T(V, M)T is well-defined. In order to prove that the
previous arguments define an Sy-sheaf we need to verify the glueing con-
dition, but this is clear because M is already a sheaf and the restriction
maps are T-equivariant. This construction induces a sheaf (M)T over Y.
As an application, let us point out that if £ : X -5 Xisa T-torsor,
then we dispose of a subsheaf of T-invariant sections of the direct image
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sheaf M, with M a T-equivariant O z-module. In fact, if S denotes the
collection of all affine open subsets that trivialises the torsor £, then for
every U € S we know that £71(U) is stable under the right T-action and,
as in (3.3), we can define

DU, &EM)T = {PecT(U&M) | Ay(P) =P o1}

As before, this process defines an S-sheaf and therefore we get a subsheaf
of T-invariant sections

(3.4) EM)T CeM.

Definition 3.6. Let Y be a smooth separated Z,-scheme endowed with a
right T-action, which admits a basis Sy for the Zariski topology consisting
of T-stable affine subschemes. For every T-equivariant Oy-module M, the
subsheaf (M)T is called the subsheaf of T-invariant sections of M.

For the rest of this subsection we will always suppose that & : X & X is
a T-torsor.

Lemma 3.7. If¢: X3 Xisa T-torsor, then & induces an isomorphism
T

¢ 0x = (&05) -

Proof. This is exactly as in [1, Lemma 4.3]. O

Lemma 3.8. Let € : X — X be a T-torsor and M be a T-equivariant
quasi-coherent O -module, then (&.M)T is a quasi-coherent O x-module.

Proof. By definition and the previous lemma, it is enough to show that the
T-action respects the £,0 -structure of & M. This can be proved locally
over an affine open subset U € S. In this case, we know that ¢~1(U) is
endowed with a T-action and therefore I'(U, £, M) T is a T'(U, £+0)-module
by [37, 1.4]. 0

3.3. Relative Enveloping Algebras of Finite Level. Let m € Z~q be
a positive integer. We start this section by giving a description of the sheaf
of level m arithmetic differential operators on a fiber product. We will use

these arguments to endow the sheaf D(),(Z”) with a T-equivariant structure,

which will allow us to consider the subsheaf
(m)\T (m)

of T-invariant sections. We will also use the following tools to give a local
description of this subsheaf (Proposition 3.14). The reader will find more
details of 1, here below, in [23, §2.2.2].

1. Tensor Product Filtration. Let A be a filtered sheaf of commutative
rings on a topological space Y [9, A: III. 2]. Let M and N be filtered A-
modules [9, A: IIL. 2.5]. The sheaf of A-modules M ® 4 N carries a natural
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filtration called the tensor product filtration and it is defined as follows. Let
n € N fix. For every U C Y we let Fy,(M(U) ® 41y N (U)) be the abelian
subgroup of M(U) ® 47y N (U) generated by elements of type z ® y with
r € MU), y € Ns(U), and such that [ + s < n. This process defines
a presheaf on Y and we let F,(M ®4 N) be its sheafification. The sheaf
M @4 N becomes therefore a filtered sheaf of A-modules

Fo M@ N)C-- CEMeaN)C-- CMagN.
Furthermore, for every open subset U C Y we have a canonical map
8re(M(U)) ®gr, (A)) 8Te(N (U)) — gro(M(U) ®@ 4@y N (U))

defined by () ® y(s) — (¥ @ Y)i14s, where x € EM(U)\ Fi_1M(U), y €
FENU)\ FsaN(U), zqy = =+ FyM(U) and y) = y + FsaN(U).
These morphisms are compatible under restrictions and we get a morphism
of graded sheaves

(35) gI’.(M) ®gr.(A) Ele (N) — gl, (M ®A N) )
which is surjective by [28, §I, 6.13].

1. Let n € N fix. Let Y7 and Y2 be smooth Z;, schemes and Z =Y; xz, Ya.
Let p; and pa be the projections. By [5, (2.1.4.3)] we have two canonical
O z-linear morphisms

@p1: PIPY; (m) = P my and d"pa s paPy, ) — P7m)-

For i € {1,2}, let J; be the m-PD-ideal of the m-PD-algebra Py, (m)-
We have canonical m-PD-morphisms

Si t Py my — P )/ D3 (Ti)-

Let us give a local description of the sheaves involved in the previous mor-
phisms. Let tgl), . ,tg\}l) and tgz), .. ,t% be local coordinates on Y7 and Y5,

respectively. Considering

i), i), p), PR
we get a coordinated system on Z.
On the other hando, if we denote by Ti(l) = 1®t§1)—t§1)®1 for1 <i < Ny,
and 72 =1 ® t§2) — t§2) ® 1 for 1 < i < Ny, we can locally identify

i

Py = D Ov(z)} withi e {1,2}, and

lvi|<n

Prom= D Ozpi(zW)hps((z®)leh).

v |+[ve|<n

(3.6)
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Under the previous identification we have that p}(J;) can be identified
with the Oz-submodule generated by the p*((7(M)){ah)ps((z(){2}) with
|vi| > 1, which shows that

[Vg(iy|<n

where (1) = 2 and 0(2) = 1. Therefore p; = s, o d"p; is an m-PD-
isomorphism, and we have a canonical section of d"p; defined by

(3.7) ¢ = p;t o So(i) * PZ m) — Pi PYi (m)
Now, for every n € N, the morphisms (3.7) induce two maps

Homo, (PP () O2) — Homo, (P} (). O2),

and (3.6) allows us to identify Homo, (pj Py, (), Oz) = p; D§, 7)1 Taking

co-limits we get two morphisms of 7Z, algebras pzD( mo_ D(Z ), which
induce a canonical morphism of graded Zy-algebras

(3.8) PP @o, psDIY — DY

The filtration on the left-hand side is the tensor product filtration (1).
Passing to local coordinates, as before, we see that (3.8) is in fact a filtered
isomorphism.

Let us go back to the situation in which we are interested where X and X
denote smooth separated Zy-schemes, T a smooth affine commutative group
Zy-scheme, and & : X — X is a T-torsor. Let P X XSpec(zp) T — X be
the projection. By [5, (2.4.3.1)] we have, for every n € N, an (9~XZ p-linear
morphism '

* PN n
do 1 a"P% (m) PXXZP']T (m)’
The T-equivariant structure of 73% is then defined by @?m) = ¢ od"o [23,
Proposition 3.4.1]. Definition 2.7 and Lemma 3.4 allow us to conclude that
for every n € N the sheaf D( ) is T-equivariant and the inclusions
D(~ ™ pl)
X,n X,n+1

are T-equivariant morphisms. In particular, by (2.2), the sheaf of level m
differential operators is T-equivariant.

Remark 3.9 (Notation as at the end of Section 2.3). Following the preced-
ing lines of reasoning we can also show that, for every n € N, there exists
an m-PD-morphism

n . n n
O UGy nl% (m)
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which is a section of the m-PD-morphism induced by p; [23, §2.2.2]. Let

m . %7 I'"'(@) rn qlln n
=05 T T 7 Fxurom)
where I'" (o) is the canonical m-PD-morphism induced by o. Then ®'" is a

T-equivariant structure for I )’ As before, this implies that Sym ™ (T3)

)

is T-equivariant.

Remark 3.10. Although it is well-known that the tangent sheaf 7} car-
ries a T-equivariant structure, we point out to the reader that since the
category of T-equivariant quasi-coherent sheaves is an abelian category [29,
Lemma 29.4], and also

0 _ - 1 _ - 1
PY o =0g and Pk —=Oge0k

m)

m)
then Lemma 3.4 gives us the T-equivariance of T)f(v. In particular, we dispose
of the sheaves (71)" and (& 7%)".

Let us recall the following discussion from [1, §4.4]. Let us suppose U € S
and 7 € T(§ ~1(U))T. This assumption in particular implies that 7 is a T-
invariant vector field on ¢71(U) and therefore a T-invariant endomorphism
of O%(&~'(U)). Hence it preserves Ox (¢ YU))T and by Lemma 3.7 it
induces a vector field v(7) € Tx(U). We get then a morphism of Ox-
modules

v (f*T)?)T — Tx.

On the other hand, differentiating the right T-action on X we obtain a
Zy-linear Lie homomorphism t — 7}(, which induces a morphism of Ox-
modules

toz, Ox — (6T%)

Both morphisms fit into a sequence of O x-modules
T 12
t®z, Ox — (5*7}) — Tx

which is functorial in X ([1, §4.4] or [11, p. 187]). The reader can find the
proof of the following lemma in [1, Lemma 4.4].

Lemma 3.11. If £ : X — X is a T-torsor, then the restriction of the
previous sequence to any U € S is split exact.

Remark 3.12. Lemma 3.11 shows that ({ﬂ})T is a locally free Ox-
module of finite rank. In particular Sym™ ((£,7%)T) is well-defined.
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Definition 3.13. Let ¢ : X — X be a T-torsor. We define the level m
relative enveloping algebra of the torsor to be the sheaf of T-invariants

sections of &, D (m),

Dim) = (&0 )

The preceding sheaf is endowed with a canonical filtration

(3.9) Fil, (Z/Dv ) (&7 )Tr

Proposition 3.14. For any U € S there exists an isomorphism of sheaves
of filtered Zy-algebras

/-\_/

|y s D un ®z, D™(T).

Proof. Let U € S and let 1 (U) 2 U XSpec(z,) I be a trivialization of §
over U. We obtain the following isomorphisms of filtered Z,-algebras

o " m ~ m
(£02)" ) = DL (¢ (U))T = DY x T
~ D(U) @z, H(T, DF™)" = DYV(U) @z, D™(T)

where the first isomorphism follows from the fact that U trivializes the
T-torsor &, the second isomorphism comes from (3.8) and the Kunneth for-
mula [17, Theorem 6.7.8]), and the third isomorphism is given by (ii) in
Remark 2.12. Since the previous isomorphisms are compatible with restric-
tions to open affine subsets contained in U, we obtain the desired isomor-
phism of sheaves of filtered Z,-algebras. O

Lemma 3.15. For every m € N, there exists a canonical isomorphism of
sheaves of graded Ox-algebras

st ((e7)7) * e (50 (7))

Proof. We start the proof by remarking for the reader that, by univer-
sal property of the symmetric algebra, the canonical map of Ox-modules
(f*T)?)T — (&S (7;?))T induces a canonical global morphism of graded
O x-algebras

(3.10) p: 8 ((&E)T> — (&8 (TEZ))T

We want to see that (3.10) induces the isomorphism stated in the lemma
for every m € N. The idea will be to locally construct the isomorphism and
then to globalise using (3.10). Let us take m € N arbitrary and U € S. We
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have a commutative diagram

U:=¢ %UXZT

\/

which tells us that (cf. [18, §II, Exercise 8.3])
(3.11) Ti=¢ToopTr =T o (05 @z, t) .
By Lemma 3.11, we have

T
o1y S ((e75)") @) =sym™ ((&730)))
= Sym™) (Ty:(U) @ (Op(U) @z, 1))
On the other hand, by (3.11) and [20, Proposition 1.3.5] we have the relation
Sym™ (T;) = Sym™ (€ T0) @0, Sym™ (0 @z, 1)
= & sym™ (Ty) @0 Sym™ (Op 0z, 1)

which implies, by the projection formula [18, Ch. II, §5, Exercise 5.1(d)],
that

(314) & Sym™(T5) = Sym™ (Ty) @0, & Sym™ (05 @z, t) .

Taking T-invariants and sections on U we get

(3.13)

T
(3.15) (& Sym™(T5)) (U)
= Sym™) (Ty(U)) @0, @) Sym™ (Oy(U) @z, 1).

By [20, Proposition 1.3.5], we have that (3.12) and (3.15) are canonically
isomorphic, so in order to globalize this map, which we denote by gogn), we

need to check that the following diagram is commutative

m(Ty(U) @
2

l ZILPU®Z,,1Q,,

) (Ou(U) @z, t) —— S (Tu(U)) ®o, S (Ov(U) @z, t) @z, Qp.
Here we have used the notation Sym™ = §™)_ Shrinking U if necessary,
we can suppose that U is endowed with a set of local coordinates x1, ..., zn,
in such a way that 7y (U) is generated as Oy (U)-module by the deriva-

tions 8951, ..., O0zy. Furthermore, if (1,...,(; denotes a Zy-basis of t, then
Sym™ (T(U) @ (Ou(U) @z, 1)) is generated (as Oy (U)-module) by all

(Ov(U) @z, ) ———— S (Tu(U) & (Ou(U) ®z, 1)) ®z, Qp
(m)
sem

S (Ty(U)) @0,
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the elements of the form 9% . ¢ ) (here we use the multi-index notation
introduced in sections 2.2 and 2.4.). In particular

(m) v E y v v
ol (a® - @) = e & @g, ¢* = ou @z, 1, (2% - (V).

This shows that the previous diagram is commutative and ends the proof
of the lemma. O

Proposition 3.16. If £ is a locally trivial T-torsor, then there exists a
canonical and graded isomorphism

Sym(™ <<§*T~) )igr. (555)

Proof. Applying &, to (2.4) and then taking T-invariant sections we get a
canonical isomorphism of graded O x-algebras

T o~ -
(5* Sym(™ (T~)) — gr, (D(m)> )
The proof follows from the previous lemma. O

3.4. Affine Algebraic Groups and Homogeneous Spaces. Let us
suppose that G is a split connected reductive group scheme over Z,, B C G
is a Borel subgroup and T C B is a split maximal torus in G, contained in
B. Let N be the unipotent radical of B, [26, (1), 1.8. Chapter II]. We put

X :=G/N and X :=G/B

for the corresponding quotients (the basic affine space and the flag scheme
of G [1, §4.7]). Since Z, is in particular a Dedekind domain, these are
smooth and separated schemes over Z,, [1, Lemma 4.7 (a)].

Remark 3.17. For technical reasons (cf. Proposition 2.11) in this work
we will suppose that the group G, and the schemes X and X are endowed
with the right regular G-action. This means that for any Z,-algebra A and
90,9 € G(A) we have

go®g=9 "g0, g0 N(A)eg=g g0 N(A) and go B(A) e g = g 'go B(A).

Under these actions, the canonical quotient maps G — X and G — X are
clearly G-equivariant.

Now, as T normalises IN we have
(9N (A)).t € gT(A)N(A),
for any Z,-algebra A, g € G(A) and t € T(A). This defines a right T-action
on X which clearly commutes with the right regular G-action. Moreover,

this right T-action makes the canonical map & : X — X a T-torsor. To see
this we recall first that the abstract Cartan group H := B/N is canonically
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isomorphic to T. Let us consider the covering of X given by the open
subschemes U, w € W := Ng(T)/T (the Weyl group) where

Uy = image of wN "B

under the quotient map G — X, [26, Part II, Chapter 1, 1.9(7)], and N1
is the opposite unipotent radical of B, [26, (1), 1.8. Chapter II]. For every
w € W we can find a morphism m, : U, — G splitting the canonical
map G — X [26, Part II, Chapter 1, 1.10(1) and (2)]. This map gives
Tw : Uy — X such that & o T, = idy,. The map (u,bN) — 7y (u)bN is

(a2

the required T-invariant isomorphism U,, x T SU,xHS —(Uy).

3.5. Relative Enveloping Algebras of Finite Level on Homoge-
neous Spaces. In this subsection we adopt the notation of the preceding
subsection. In particular, we recall for the reader that the set S, of all
affine open subsets of X that trivialise the torsor £ forms a base for the
Zariski topology of X. We also recall that gothic letters denote Lie algebras
which always correspond to the respective uppercase letter. For instance,
g := Lie(G) and t := Lie(T). Let us recall that by Proposition 2.11 and
Remark 3.17 the right regular G-action on X (introduced in Remark 3.17)
induces a homomorphism

o™ . D" (@) — H°(X, D)

which equals the operator-representation if we tensor with @, (notation at
the end of Section 2.5)

Uy :U(gg) — H'(Xg, Dy ).

Here D)?Q denotes the usual sheaf of differential operators on )ZQ. Let us

consider the base change Tg = T Xgpec(z,) Spec(Qp). We know by [26, Part
I, 2.10(3)] that

(3.16) H° (XQ,DXQ)T@ = H° (5(,7)%"))Tr 9z, Qp.

Given that the right regular G-action on X commutes with the right action
of the torus T, the vector fields by which gg acts on )Z'Q must be invari-
ant under the Tg-action [10, Lemma 4.5]. This means that the operator-
representation W %o satisfies

(317) g (o) € HY(Xo.Dg ) (= H(X.Dg ) .
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(m)

On the other hand, since the inclusion D)? — D5 0 is compatible with

the T-action, we have the relation
H(%.Dg ) 01 (X, D) = H(X,DL)

This property together with (3.17) tell us that ®(™ induces the filtered
morphism

(318) DM (©G) — HY(X, D) = HO(x.6DI) .

The reasoning given in Section 2.5 applies to define an O x-morphism of
sheaves of filtered Z,-algebras

(3.19) o . A —, Dlm),

The sheaf A\ m).— Oy ®z, D™ (G) of associative Z,-algebras has been

introduced in the Section 2.5. We remark that (.A()zn) ®z, Q)lx, = U°,
where U° := Ox, ®q, U(gg)-

—

To consider the central redaction of the sheaves D(™) introduced in the
Section 3.3 we need to take into account the classical distribution algebra
as in [13, Chapter II, 4.6.1]. To define it, we suppose that ¢ : Spec(Z,) — T
is the identity of T and we take J = {f € Z,[T] | f(¢) = 0}. Then
Zp|T) =Z, & J. We put

Dist,, (T) = (Zp[’]I‘]/J"“) = Homy, mod(Zy[T]/J" 1, Z,) C Z,[T*

the space of distributions of order n, and then Dist(T) := lim . Dist n(T).

Moreover, if At : Zy[T] — Z,[T| ®z, Z,|T]| denotes the coproduct of T, then
the product

wv : Zp[T] 25 Z,[T) @z, Z,[T] “B Z,  u,v € Z,[T]*

defines a structure of algebra on Z,[T]* and Dist(T) is a subalgebra with
Disty, (T). Disty,(T) C Disty,10(T) [26, Part I, 7.7]. Moreover, given that
Disty (T) = Lie(T), the canonical map Disty(T) — Dist(T) induces, by uni-
versal property, a morphism of Z,-algebras U (Lie(T)) — Dist(T) sending
the Z,-submodule U,,(Lie(T)), in the canonical filtration {Uy(Lie(T))}ken
of L{(Lle( )), to Disty,(T).

Proposition 3.18.
(i) [23, §4.1] The morphisms

Homz,, (Yo, ms Zp) : D™(T) — D(T),
With Yy, me as in Section 2.4, induce an isomorphism of filtered Zj,-
algebras lim D™(T) 5 Dist(T).
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(ii) [26, Part I, 7.10(1)] The Q,-algebra of distributions Dist(T) ®z, Qp
is canonically isomorphic to the universal enveloping algebra U(tg).

Remark 3.19. The canonical isomorphism stated in the second part of the
previous proposition comes after tensoring with @, the canonical morphism
of Z,-algebras U(t) — Dist(T). If A € t*, we get, by universal property, a
morphism of Zy-algebras U(\) : U(t) — Z,. We will abuse of the notation
and we will denote by U()\) ®z, 1g, the morphism of Q,-algebras resulting
from the composition

Dist(T) @z, @y — U(t) @z, Qp — Q.

Example 3.20. Let us suppose that T = G,,, = Spec(Z,[T,T~1]). In this
case J is generated by T—1, and the residue classes of 1, T—1,..., (T'—1)"
form a basis of Z,[T]/J" 1. Let &, € Dist(T) such that &,((T — 1)%) = &,
(the Kronecker delta). By [26, Part I, 7.8] all the d,, with n € N form a
basis of Dist(T) and they satisfy the relation

(320) nlo, :51(51 — 1)(51 —’I’L—|—1).

Therefore Dist(T) ®z, Q, = Q,[61]. Since t = (J/J?)*, we may conclude
that Dist(T) ®z, Qp = U(tg).

Proposition 3.21. Let T be a split maximal torus and t its Z,-Lie algebra.
There exists a canonical bijection between the characters of t and morphisms
of Zy-algebras Dist(T) — Zy:

Homy, mods (t Zp) —» Homyz, g (Dist(T), Z,)

(3.21)
A — (Z/{(/\) ®Zp IQP)

|Dist(T) :

Proof. We have remarked that there exists a canonical morphism of Z,-
algebras « : U(t) — Dist(T) which becomes an isomorphism after tensoriza-
tion with Q. This in particular implies that every morphism of Z,-algebras
B € Homgz, a14(Dist(T), Z,) induces a character (8o a)¢ of the Cartan sub-
algebra t C g. This correspondence is clearly injective. Let us proof that
this is surjective when the base ring is Z,,.

Let us first assume that T = G,,, = Spec(Z,[T, T~1]) is the multiplicative
group. From the previous example we know that the set of distributions
{0n}nen, where 6,((T — 1)) = 0 if i < n and §,((T — 1)) = 1, is a
basis for Dist(T). Moreover, Dist(T) ®z, Qp, = Qp[d1]. Now, let us take
A € t*. By universal property, this character induces a morphism of Z,-
algebras U(X\) : U(t) — Z,. Taking tensor product with Q, and using
the canonical isomorphism Dist(T)g = U(tg) we obtain a morphism of
Zy-algebras (U(X) ®z, 1g,)|pist(t) : Dist(T) — Qp (we use the notation
introduced in Remark 3.19). We want to see that its image is contained in
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Zy. To do that we only need to check that (U(\) ®z, 1q,)|Dist(T)(0n) € Zp.
By (3.20) we have that

UR) @2, 19, lpis(r)(0n) = UR) 92, 1o, pincr <<5>> ) (Wl)>

n n

lies in Z, because the binomial coefficients extend to continuous functions
from 7Z, to Z,, and 6; € t.

If T denotes a split maximal torus T = Gy Xgpec(z,) *** XSpec(z,) Gm
(n-times), the reader may follow the same reasoning using the canonical
isomorphism Dist(T) = Dist(G,)®z, - - -®z, Dist(Gy,) (n-times) [26, Part I,
7.9(3)]. O

Remark 3.22. Let A € t := Homgz, mods (t,Zp). From now on, we will
abuse of the notations and we will denote by A both the homomorphism
of Qp-algebras U(N) @z, 1o, : U(tg) — Qp, where U(N) : U(t) — Z,
denotes the morphism of Z,-algebras induced by universal property, and
the homomorphism of Zy-algebras (U(X) ®z, 1q,)|pist(r) : Dist(T) — Zp.
Furthermore, if A € Homg,_a1¢(Dist(T), Z,), then A DT — 7, will
denote the morphism of Z,-algebras coming from Proposition 3.18 (ii), and
again by A the morphisms of Q,-vector spaces

(A™ @z, Qpllig = (A ©z, 1g,)li : to — Q.

Remark 3.23. Let us consider the positive system AT C A € X(T) (X(T)
the group of algebraic characters) associated to the Borel subgroup scheme
B C G. The Weyl subgroup W = Ng(T)/T acts naturally on the space
tf = Homg, moa(t ®z, Qp, Qp), and via differentiation d : X(T) — t* we
may view X (T) as a subgroup of t* in such a way that X*(T) ®z, Qp = t§.
Let & be a coroot of a € A viewed as an element of tgp. An arbitrary weight
A € tf is called dominant if (&) > 0 for all o € A*. The weight X is called
regular if its stabilizer under the W-action is trivial.

We will always denote by p = %Zae A+ « the so-called Weyl character.

Definition 3.24. We say that a morphism of Z,-algebras A : Dist(T) — Z,
(resp. the induced morphism A\(™) : DU™)(T) — Z,) is a character of the dis-
tribution algebra Dist(T) (resp. a character of the level m distribution alge-
bra D(™)(T)). Moreover, taking into account the notation 3.22, we say that
a character X : Dist(T) — Z, (resp. a character A(™) : D")(T) — Z,) is a
dominant and regular character, if the Q,-linear map A : tg — Q,, induced
by the correspondence (3.21) and tensorization with Q,, is a dominant and
regular character of tg.

The reader can easily verify the following elementary lemma.
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Lemma 3.25. Let A be a Qp,-algebra and Ag C A be a Zy,-subalgebra such
that Ag ®z, Qp = A. If Z(A) denotes the center of A (resp. Z(Ag) denotes
the center of Ag), then Z(A) = Z(Ao) ®z, Qp.

Let us consider Dg@ the usual sheaf of differential operators [7, 16] on

Xg = X Xspee(z,) Spec(Qp). By [26, Part 1, 2.10(3)] we have

. Tg ~
H"(Xq, (€ Xz, 1dg,).Dg ) = H'(Xg, Dz )™
(3.22) ¢ ( ? .
_ g0y m
—H (X,D)? ) ®z, Qp.
On the other hand, we know by 2.11 that the right T-action on X induces
a canonical morphism of filtered Z,-algebras
(m) . y(m) 0(v plm)
of" - DI"(T) — HO(X, D).
Additionally, by [4, p. 7] we have that the morphism @grm) ®z, lg, fac-
tors through the center of H(Xq, (£ Xz, id@p)*D;(Q)TQ. By (3.22) and the

preceding lemma we get the following morphism

omey 1 - T
DI™(T) — U(tg) = Z(H*(X, DY) ) @z, Qp.
Following the same lines of reasoning given in page 25 (more specifically
(3.16) and (3.17)), and taking into account the previous lemma, we can

conclude that @%Tm) induces a morphism of filtered Z,-algebras

of") - DI(T) — HO(X, Z(D(m)).
Here Z(D(™)) is the center of D(™) and its filtration is the induced filtration
coming from (3.9).

Finally, let X : Dist(T) — Z, be a character of the distribution algebra of
T. We recall for the reader that we may consider the ring Z, as a D) (T)-
module via A(™ : DO")(T) — 7Z,.

The previous morphisms give rise to the following definition.

Definition 3.26. Let X : Dist(T) — Z, be a character. We define the sheaf
of level m twisted arithmetic differential operators Dgzn))\ on the flag scheme
X by

y | o=

DY =DM @ z

If we endow Z, with the trivial filtration as a D™ (T)-module, this is
0 =: F_1Z, and F,Z, = Z, for all i > 0, then using (3.9) we may view
Dg(m))\ as a sheaf of filtered Zp-algebras equipped with the tensor product
filtration.
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Proposition 3.27. Let U € §. Then Dg(mi\U is isomorphic to Dg(m)\U as
a sheaf of filtered Z,-algebras.

Proof. Let us recall that by Proposition 3.14 for every U € § we have an
isomorphism of filtered Z,-algebras

—

Dy =5 DYy @z, DU(T)
which induces an isomorphism D\ X, )\]U 5 D |U of filtered Z,-algebras. [

Remark 3.28. This proposition justifies the name of twisted arithmetic
differential operators.

Let us recall that, as X is a smooth Z,-scheme, the sheaf Dg;n) is a sheaf
of Ox-rings with noetherian sections over all open affine subsets of X [5,
Corollary 2.2.5]. The preceding proposition and the same reasoning given
in [25, Proposition 2.2.2(iii)] imply the following meaningful result.

Proposition 3.29. The sheaf Dg(m))\ is a sheaf of Ox-rings with noetherian
sections over all open affine subsets of X.

Definition 3.30. Let A : Dist(T) — Zyp be a character. We will denote by
(3.23) Dy = £_D P DY

(m)

the p-adic completion of DX 5 and we will consider it as a sheaf on X.

Following the notation given at the beginning of this work, the sheaf
Dge, /\),Q will denote our sheaf of level m twisted differential operators on the
formal flag scheme X.

Proposition 3.31.
(i) There exists a basis B of the topology of X, consisting of open affine
subsets, such that for every Y4 € B the ring 13;";\) (L) is two-sided

noetherian. R
(ii) The sheaf of rings Dgr;)@ s coherent.

Proof. To show (i) we can take an open affine subset U € S and to consider
3l its formal completion along the special fiber. We have

HO( YY) = HOU. DY) = HOW, DY) = HO(u, DY),

The 1st and 3rd isomorphism follow from [15, (07, 3.2.6)]. The 2nd one
arises from the preceding proposition. By [5, 3.2.3 (iv)] the ring H (4, ﬁggm))
is two-sided noetherian. Therefore, we can take B as the set of affine open

subsets of X contained in the p-adic completion of an affine open subset
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U € S. This proves (i). By [5, Proposition 3.3.4] we can conclude that (ii)
is an immediately consequence of (i) because

HO(U,D{Rg) = HW, DYY) €2, Q,
([5, (3.4.0.1)]). O
Using the morphism @g;n) defined in (3.19) and the canonical projection
from D(™) onto Dgzn; we may define a canonical map
(3.24) ¢ - AP — DY

Proposition 3.32.
(i) There exists a canonical isomorphism
Sym™(Tx) = gr, (D).
(ii) The canonical morphism @g(n))\ is surjective.
(iii) The sheaf Dg(m))\ is a coherent .Agzn)—module.

Proof. By (3.5) we have a canonical map

6 (7)) 2 (P82,

P

By Proposition 3.16 we know that gr,(D(™) = Sym(m)((ﬁ*Tkv)T). More-
over, by definition, we know that gr,(Z,) = Z, as a gr,(D™)(T))-module.
We obtain a morphism of sheaves of graded Z,-algebras

Sym(m) ((5*7‘)})“‘) Ogym(m) (¢) Ly — grq (Dg?,l))\)

(the structure of Sym(™ (t)-module is guaranteed by (3.12)). Using the
short exact sequence of Lemma 3.11 we see that

is an isomorphism and we get a canonical morphism of Z,-algebras
Y Sym(m)(TX) — gr, (Dg?f))\) .

By Proposition 3.27, we have a commutative diagram for any U € S

m(™) (v
Sy (v)®1 Sym(m)(TX)

Sym™ (T (U) = gr. (DY)
\ /

e (DYV(0)),
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here the left diagonal arrow is the isomorphism given by (2.4). As § is a
basis for the Zariski topology of X we can conclude that ¢ is an isomor-
phism.

For the second claim we can calculate gr,(q)g?a). By the first part of the
proof and Proposition 2.13 this morphism is identified with

Ox ®z, Sym(m) (g) — Sym(m)(Tx)
which is surjective by [21, Proposition 1.6.1]. Finally, item (iii) follows
from (ii) and Proposition 2.13(i). O
Remark 3.33.
(a) By construction (Dﬁ(mﬁ ®z, Qp)lxg = Dxg,x is the sheaf of usual A
twisted differential operators on the flag variety Xg [11, p. 170].
(b) The regular right action of G on X (Remark 3.17) induces a natural
map @) : U(gg) — H°(Xq, Dx,y,a)- This implies that if @g\m) de-

notes the canonical map induced by (I)g(n))\ by taking global sections,

then &™) @5 Q, = ®, [11, pp. 170 and 186].

The relation given in (3.21) tells us that, as in the classical case (cf. [3,

—~—

T
10]), the sheaf D(m) = (&D%n)) can be regarded as a family of twisted
differential operators on X parametrized by t* := Homz, mods(t, Zp).
Remark 3.34. Before investigating the finiteness properties of the sheaves
introduced in Definition 3.30, let us study the particular case when A € t*
is an algebraic character. This means, )\ is obtained by differentiating a
character of T. As is shown in [26, Part I, Chapter 5, (5.8)], the charac-

ter A € Hom(T, G,,) induces an invertible sheaf £(A) on X and we may
consider the sheaf of arithmetic differential operators acting on L()\)

DY) = L(A) ®oy DY ®oy LIV
The (left) action of Dg;n)(/\) on L£(A) is defined by
(tePat')es:=(Pe(t! s)t (s,t € L(N), and t¥ € LN)Y).
Let us denote by ﬁgem)()\) its p-adic completion (considered as a sheaf

on X) and by D;()\) its inductive limit tensored with Q,. These sheaves
have been studied in [21, 24]. As before, we put ﬁgemé(/\) = ﬁgem) (N ®z, Qp.
For the next result, we will abuse of the notation and we will suppose that

A € Hom(T, G,,) is an algebraic character of t and that X' : Dist(T) — Z,
denotes the character of Dist(T) induced by (3.21).

Proposition 3.35. The sheaves ﬁgemé()\) and ﬁgr;\), @ are canonically iso-
morphic.
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Before starting the proof let us recall the following facts (these are de-
tailed in [21]). First of all, the order filtration of Dg(m) (Definition 2.7)
induces a filtration of Dg(m)()\) by

DY) = L) @0, DY) @0, LY, deN,
such that
g (DY) ) = 8ym™ (7).

It is easy to see that in order to achieve the preceding isomorphism we only
need to use (2.4) and the commutativity of the symmetric algebra. On the
other hand, by the work developed by Huyghe-Schmidt in [24] we have a
canonical morphism of filtered Z,-algebras

oM\ : AT = Ox ®z, D™(G) — DYV ()

which is surjective thanks to the previous isomorphism and the fact that
X is an homogeneous space (cf. [21, §1 6]). Moreover, by [18, Chapter II,

Excercise 1.19] we have 'D ®Qp = D )( A)®Qp, because their restriction
to Xq are canonically 1somorphlc by [2, Second example].

Proof of Proposition 8.35. By the preceding discussion and Proposition 3.32
we have two canonical surjective morphisms of filtered Z,-algebras

() AP — D) and @YY, AV — DY

Given that by Proposition 3.27 and [35, Proposition 3.3.6] both ’Dg(mA)

and Dg}n)()\) are torsion free, the results follows by a diagram chase of the
following commutative diagram:

y Dg{mA \
(m)
. %& /
D

3.6. Finiteness Properties. Let \ : Dist(T) — Z, be a character. In
this section we start the study of the cohomological properties of coherent

D ®©Q, = DY (\) © Q.

g

Dg?g-modules. We follow the arguments in [21] to show a technical impor-
tant finiteness property about the p-torsion of the cohomology groups of
coherent Dggl))\—modules, when the character A + p € tf; is dominant and
regular (Proposition 3.39 below). To start with, let us recall the twist by

the sheaf O(1). As X is a projective Z,-scheme, we may fix a very ample
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invertible sheaf O(1) on X [18, Chapter II, Remark 5.16.1]. Therefore, for
any arbitrary Ox-module £ we may consider the twist

E(r) =E®o, O(r),

where r € Z and O(r) means the r-th tensor product of O(1) with itself. We
recall for the reader that there exists ro € Z, depending of O(1), such that
for every k € Zwq and for every s > ro, H*(X,O(s)) = 0 [18, Chapter II,
Theorem 5.2 (b)].

We start the results of this section with the following proposition which
states three important properties of coherent Agzn)—modules. The reader
can find the proof of the following proposition in [23, Proposition A.2.6.1].

Proposition 3.36. Let £ be a coherent .Ag;n)—module.
(i) HY(X, Agzn)) = D™)(G) is a noetherian Z,-algebra.
(ii) There exists a surjection of .Ag?l)—modules (.Ag;n)(—r))
for suitable r € Z and a € N.
(iit) For any k > 0 the group H*(X, &) is a finitely generated D™ (G)-
module.

P e 50

The next two results will play an important role when considering formal
completions.

Lemma 3.37. For every coherent Ag?)—module E, there exists r =1r(E) €
Z such that H*(X,E(s)) = 0 for every s > r and k € Zo.

Proof. Let us fix rg € Z such that H*(X,O(s)) = 0 for every k > 0 and
s > rg. We have

H(X, A{Y(5)) = HY(X, O(s)) @2, D™ (G) = 0,

where the first equality follows from the fact that D™ (G) is, by definition,
a direct limit of free Z,-modules of finite rank. By the second part of Propo-
sition 3.36 there exist ag € N and sg € Z together with an epimorphism of

Agzn)-modules
€= (AP (s0)) ™ — £ —0.

If r > 79 — 5o we see that H*(X, E(r)) = 0. Now, we way use this relation
and the preceding proposition to follow word by word the reasoning given
in [21, Proposition 2.2.1] to conclude the lemma. O
Lemma 3.38. For every coherent ’Dg(m/z-module E, there exist r € 7, a

)

natural number a € N and an epimorphism of Dg(m)\—modules

(DE??(—T))EBG — & — 0.
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Proof. Using the epimorphism in Proposition 3.32 we can suppose that £

is also a coherent Ag?l)—module. In this case, by the second part of Propo-
sition 3.36, there exist r = r(£) € Z, a natural number ¢ € N and an

(m)

epimorphism of A%, ’-modules

(A@(—r))@“ — & — 0.

Taking the tensor product with Dg(m; we get the desired epimorphism of

Dg(n?))\—modules
m ®a __(m m Da
(Dg@)(—?“)) = D&A)@A(Xm) (.Ag( )(—7‘)) —>ng®A<m E~2E—0. O

We recall for the reader that the distribution algebra of level m, which
has been denoted by D™ (G) in Section 2.4, is a noetherian Z,-algebra.
This finiteness property is essential in the following proposition.

Proposition 3.39. Let A : Dist(T) — Z,, be a character and let us suppose
that A+ p € tgy is a dominant and regular character (Definition 3.24).

(i) Let us fix r € Z. There exists a positive integer n(r) € Z=g, such
that p"(" H* (X, Dgzn))\( )) = 0 for all k € Zso. In other words,

the cohomology groups H*(X, D(m)( )) have bounded p-torsion for
every k € Zsg.
(ii) For every coherent D\ /2 module €, the cohomology group H*(X, £)

has bounded p-torsion for all k> 0.

Proof. We recall that (Dg?g ®z, Qp)lxg = Dxg,n is the usual sheaf of
twisted differential operators on the flag variety Xg (Remark 3.33). From
this point and using the Proposition 3.32, the reader can follow word by
word the argument given in [22, Proposition 4.1.9(i)] to prove (i). The same
inductive arguments exhibited in [21, Corollary 2.2.2], or in [22, Proposi-
tion 4.1.19(ii)], apply in our case and show (ii). O

4. Passing to Formal Completions

Let us start by recalling the formal completion of the sheaves introduced
in the Section 3.5. Let A € Homg, _a1¢(Dist(T),Z,) be a character of the
distribution algebra of T. We recall for the reader that in this work we are
abusing of the notation and we are denoting by A the character (A®z,1q, )
of the Cartan subalgebra tg C go (Notation 3.22).

We have introduced the following sheaves of p-adically complete Z,-
algebras on the formal p-adic completion X of X

DYy = ]# m DY /p DY,

|’tQ
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The sheaf 75;71)@ is our sheaf of level m twisted differential operators on the
formal flag scheme X.

From now on, we will always assume that A € Homg, .s(Dist(T), Z,)
is a character of the distribution algebra of T, such that A + p € tj is a
dominant and regular character of tg (3.23).

4.1. Cohomological Properties. Our objective in this subsection is to
prove an analogue of Proposition 3.39 for coherent Dgri\)-modules and to
conclude that HY(X,e) is an exact functor over the category of coherent

ﬁggi\)’(@—modules.

Proposition 4.1. Let £ be a coherent Dggl))\—module and € = T&lj E/pHE
be its p-adic completion, which we consider as a sheaf on X.
(i) For all k > 0 one has H*(X,E) = l'&ny. H¥(X;,E/pHLE).
(ii) For all k > 0 one has H*(X,&) = H*(X, ).
(iii) The global section functor H°(X,e) satisfies
H(x,8) = lim H(X, &)/p" T HO(X, €).
J

Proof. Taking into account Propositions 3.29 and 3.39, the proof

follows word by word the cohomological arguments given in [20, Propo-
sition 3.2]. 0

Proposition 4.2. Let £ be a coherent ﬁg@\) -module.

(i) There exists ro = 1r9(E) € Z such that, for all r > ro there is a € Z
and an epimorphism of ﬁgg\)—modules
~ Da
(Dg?)(—r)) — & —0.
(ii) There exists r3 = r3(E) € Z such that, for all 7 > r3 we have
HY(X%,E(r)) =0, for alli € Zsy.

Proof. Taking lemmas 3.37 and 3.38 into account, the proof follows word
by word the arguments given in [22, Proposition 4.2.2]. O

The same inductive argument cited in the second part of Proposition 3.39
shows
Corollary 4.3. Let £ be a coherent ﬁge"?—module. There exists ¢(€) € N
such that for all k € Zwq the cohomology group H*(X,E) is annihilated
by pel&).

Now, we want to extend part (i) of Proposition 4.2 to the sheaves @gri\)@
We will need the following discussion.
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Let Coh(ﬁgem/\)) be the category of coherent ﬁgem)\)—modules and let us

consider Coh(Dy D" ))Q the category of coherent Dge /\) -modules up to isogeny.

This means that Coh(D gg )) has the same class of objects as Coh(D ge )\))
and, for any two objects M and N in Coh(Dy Dl ))Q one has

Hom (M, N) = Hom (m) (/\/l N) ®z, Qp.

M, n(DY)o Coh(D

Proposition 4.4. The functor M — M ®z, @p induces an equivalence of
categories between Coh(ﬁgrs\))Q and Coh(ﬁgg\) Q)

Proof. By definition, the sheaf ﬁ;n?(@ satisfies [5, Conditions 3.4.1] and
therefore [5, Proposition 3.4.5] allows to conclude the proposition. O

The proof of the next theorem follows exactly the same lines of reasoning
exhibited in [22, Theorem 4.2.8].

Theorem 4.5. Let £ be a coherent ﬁgﬁ\)(@—module.
(i) There is r(E) € Z such that, for every r > r(E) there exists a € N

and an epimorphism of ﬁgﬁ\)@—modules
~(m ®a
(D&A)’Q(—r)) — & — 0.
(ii) For all i € Zq one has H(X,£) = 0.

Proof. We remark for the reader that X is a noetherian topological space.

The previous proposition gives us a coherent Dg&: /\) -module F such that
Fo = &. The first part of the theorem follows from Proposition 4.2. The
second part follows from [5, (3.4.0.1)] and corollary 4.3. O

4.2. Calculation of GGlobal Sections. In this subsection we propose to
calculate the global sections of the sheaf ﬁggf\)@inspired in the arguments
exhibited in [24].

Let us identify the universal enveloping algebra U(tg) of the Cartan
subalgebra tgp with the symmetric algebra S(tg), and let Z(gg) denote
the center of the universal enveloping algebra U(gg) of ggp. The classical
Harish-Chandra isomorphism Z(gg) = S(tg)" (the subalgebra of Weyl
invariants) [14, Theorem 7.4.5] allows us to define for every linear form
A € tg a central character ([14, 7.4.6]) Xa+p : Z(9g) — Qp which induces
the central reduction U(gg)x = U(80) @z (gy),x»+» Q-

If Ker(xatp)z, = D™)(G) N Ker(xatp), we may consider the central
redaction

D™(G), = D"™(G)/D"(G) Ker(xry,)z,
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and its p-adic completion D™ (G)x. It is clear that

D™(G) ®z, Q, = U(gg)-.

Theorem 4.6. The homomorphism of Zy-algebras
o™ : DI™(G) — H°(X, DY),

defined by taking global sections in (3.24), induces an isomorphism of Q-
algebras

D™ (G)x Xz, Qp i H° (.’{,ﬁgﬂ7(@) .

Proof. The key point in the proof of the theorem is the following commu-
tative diagram, which is an immediate consequence of Remark 3.33

DM(@) —— HO(X, DY)

| [

®
U(gg) —— H(Xqg, Dxyn)-

By the classical Beilinson—Bernstein theorem [2] and the preceding com-

mutative diagram, we have that @g\m) factors through the morphism

e(m), : DU(G)y — H(X, DY)

which becomes an isomorphism after tensoring with Q,,. Lemma 3.3 of [24]
and Proposition 4.1 imply that

o —

o(m) ®z, 1o, : ﬁ(m)(G),\ ®z, Qp = 70 (%, ﬁg;\)@)
is the desired isomorphism. O

4.3. The Arithmetic Beilinson—Bernstein Theorem. In this section
we will introduce the localization functor and we will prove the main result
of this paper. Let F be a finitely generated D™ (G) g-module. We define

£ocg€mA)(E) as the associated sheaf to the presheaf on X defined by
»m)
UCX— DY o) BDBm(@)y.0 B
By Proposition 3.31, it is clear that L’,ocgem)? is a functor from the category of

finitely generated D(m) (G)xg-modules to the category of coherent ﬁ(xn;\)@_

modules.

Proposition 4.7. If £ is a coherent ﬁgﬂf\)(@—module, then & is generated by

its global sections as ﬁge"i\)(@-module. Furthermore, every coherent ﬁge"i\)(@'

module admits a resolution by finite free ﬁgen&)@—modules.
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Proof. Theorem 4.5, Proposition 3.36 and Theorem 4.6 allow us to follow
the same reasoning given in [22, Proposition 4.3.1]. O

Theorem 4.8 (Principal Theorem). Let A : Dist(T) — Z,, be a character
of Dist(T) such that A+ p € ty is a dominant and regular character of tg.

(i) The functors L’ocggz? and H°(X,e) are quasi-inverse equivalence of
categories between the abelian categories of finitely generated (left)

ﬁ(m)(G)A ®z, Qp-modules and coherent ﬁ;?7Q—modules.
(ii) The functor Eocggqi\) is an exact functor.
Proof. Taking into account Proposition 4.7, Theorem 4.5(ii) and Theo-
rem 4.6, we may follow word by word the reasoning given in [20, Proposi-
tion 5.2.1] in order to obtain (i). The second assertion follows from the fact
that any equivalence between abelian categories is exact. O

5. Sheaves of Twisted Differential Operators of Infinite Order

Throughout this section we will continue adopting the notation fixed in
Section 3.5. For instance, A : Dist(T) — Z, will always denote a character
of Dist(T), such that A+ p € tf is a dominant and regular character of tq.
We recall for the reader that in this text we are abusing of the notation and
denoting again by A the character (A ®z, 1g,)|t, of the Cartan subalgebra
tg C go (Notation 3.22).

In this section we will study the problem of passing to the inductive limit
when m varies.

|’tQ

5.1. The Sheaves D;,)‘. Let us recall that ¢ : X :== G/N — X := G/B
is a T-torsor. For every couple of positive integers m < m’ there exists a
canonical homomorphism of sheaves of filtered rings [5, (2.2.1.5)]

. p(m) (m”)
(5.1) Pm! m - D)? — D)»(v .
Let us fix a character A : Dist(T) — Z,. By Proposition 3.18 we have a
commutative diagram

A(m)

q

(5.2) D™(T) «—— D)(T)*—— 7,

Moreover, by [5, (1.4.7.1)] we have a canonical morphism P¢ () P%

J(m)”
In Section 3.3 we have defined a T-equivariant structure
n . * n * n



A Beilinson—Bernstein Theorem for Twisted Arithmetic Differential Operators 39

on P% (m) (we recall for the reader that o denotes the right action of T on X

and p; the first projection). By universal property of 73% the preceding

(m)

T-equivariant structures fit into a commutative diagram

This implies that the morphisms P% — P are T-equivariant and
X, (m) X,(m)

therefore by Lemma 3.4, we can conclude that the canonical maps in (5.1)

—~—

are T-equivariant. In this way, we have morphisms D) — D) The
diagram (5.2) implies that we also have maps Dg(m; — Dg?f)\) and therefore
an inductive system

(5.3) &P )T - DY — DY)
Definition 5.1. We will denote by D;E y the limit of the inductive sys-
tem (5.3) tensored with Q,

D;,A = (h—H§ Dg\)) ®z, Qp.

Remark 5.2. Let us suppose that A\ € Hom(T, G,,) is an algebraic charac-
ter and let us denote by X : Dist(T) — Z,, the character of Dist(T) induced

by the correspondence (3.21). Let us denote by D;rs()\) the inductive limit
of the sheaves defined in 3.34. By Proposition 3.35 we have D;()\) = D; \-

5.2. The Infinite Order Localization Functor and the Arithmetic
Beilinson—Bernstein Theorem. In this subsection we will extend the
Beilinson—Bernstein theorem for the sheaf of rings D;} \- We start by com-
puting the global section of the sheaf D}; , and defining the infinite order
localization functor.

Let us recall that in the Section 4.2 we have shown that there exists a
canonical isomorphism of Q,-algebras

D™ (G)rg — H(X, DY ).

Taking inductive limits we may conclude that if DT(G), := @mﬁ(m) (G)r 0,
then we also have a canonical isomorphism of Q,-algebras

(5.4) DNG)y = HO(x,D} ).
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On the other hand, in a completely analogous way as we have done in
the Section 4.3, we may define the localization functor ﬁOCTx’ y from the
category of D'(G)y-modules to the category of D; y-modules. This is, if &/

denotes a finitely presented DT(G)y-module, then ,COCT%,)\(E) denotes the
associated sheaf to the presheaf on X defined by

§C X — DL, () ®pige, E.

By Proposition 5.5 below, we see that Eoc;€ y induces a functor from the

category of finitely presented DT(G)y-modules to the category of coherent
D;’ y-modules.

Theorem 5.3. Let us suppose that A : Dist(T) — Z, is a character of
Dist(T) such that A + p € t, is a dominant and regular character of tg.

(i) The functors ,COCTX)\ and H°(X,e) are quasi-inverse equivalence of
categories between the abelian categories of finitely presented (left)
DY(G)x-modules and coherent D;)\—modules.

(ii) The functor Eoc;)\ is an ezxact functor.

In order to prove this theorem we will adapt our situation to the one
studied in [21]. We will need the following.

Remark 5.4.

(i) Let us recall that in Remark 2.12 we have stated that D) (T)

is isomorphic to the subspace of T-invariants H O(T,Dq(rm))T. The
isomorphism is in fact induced by the action of T on itself by right
translations, [23, Theorem 4.4.8.3], and it is compatible with m
variable. This means that if Q,, and @, denote those isomorphisms
for m < m/, then we have a commutative diagram

Do (1) —2y (T, DU

l%,,m l(wm/,mﬂ

D) () 2 o(T, DI)T,

where the morphisms ¢, ,, are obtained by dualizing the canoni-
cal morphisms ),/ », of Section 2.4 and the morphisms v, ,, are
defined in (5.1).

(ii) Again by Remark 2.12 the isomorphism of Proposition 3.27 are
compatible for varying m.

Proposition 5.5. The sheaf of rings D;r“ is coherent.
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Proof. By Proposition 3.31 and [5, Proposition 3.6.1] we only need to show

—

that the morphisms &(pm/,m)TQ are flat. Given that this is a local property
we may take U € S and to verify this property over its formal completion
3. In this case, Remark 5.4 and the argument used in the proof of the first
part of Proposition 3.31 give us, by functoriality, the following commutative
diagram

o —

. o))
DY) () —— s DI (4

i !

~ ;)\m/,m,(@(u) -~ /

DgW) DYy ().
Theorem [5, Theorem 3.5.3] states that the lower morphism is flat and so
is the morphism on the top. O

Lemma 5.6. For every coherent D;r“\-module E there exists m > 0, a
coherent ﬁggﬁ(@—module Em and an isomorphism of D;rgj)\—modules

i ~
T:Dyy @am)y Em — E&.
XA Dx,)\,@g m

Moreover, if (m', &, 7') is another such triple, then there exists | € N and

)

an isomorphism of ﬁg A\ Q—modules

. AW = A0
T D%,/\,Q ®§§€m)\)(@ gm 'va)\’(@ ®§§€m)\/)(@ Em/
such that 7’ o (id t ®Tl) =T.
D%,A

Proof. This is [5, Proposition 3.6.2 (ii)]. We remark that X is quasi-compact
and separated, and the sheaf ﬁgemA)Q satisfies the conditions in [5, 3.4.1]. O

Proposition 5.7. 3 Let £ be a coherent D;)\—module.

(i) There exists an integer r(E) such that, for all r > (&) there is
a € N and an epimorphism of D;A—modules

ba
(DL“—T)) — & —0.
(ii) For alli > 0 one has H(X,&) = 0.

Proof. Taking into account the previous lemma, the results follow from the

respective analogues for the sheaves ﬁgem/\) Q (Theorem 4.5), and the fact that
on a noetherian space the cohomology commutes with direct limits. O

3This is exactly as in [22, Theorem 4.2.8]
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Proposition 5.8. 4 Let £ be a coherent D;re y-module. Then & is generated

by
fre
Pr
tio

Proof of Theorem 5.5. All in all, we may follow the same arguments of [21,

its global sections as D;rg y-module. Moreover, £ has a resolution by finite
e D;rg \-modules and H°(X,£) is a D(G)x-module of finite presentation.

oof. The proposition is an easy consequence of Lemma 5.6, Proposi-

ns 4.7 and 5.7 (ii), and (5.4). O

Corollary 2.3.7]. The relation with the category of finitely presented
D'(G))-modules follows from (5.4). O
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