L'niversidad Autonoma
de Madnrid

Biblos-e Archevo

Ecposit_orio Institucional UAM

Repositorio Institucional de la Universidad Auténoma de Madrid
https://repositorio.uam.es

Esta es la version de autor del articulo publicado en:
This is an author produced version of a paper published in:

Journal of Number Theory 237 (2022): 285-331

DOI: https://doi.org/10.1016/j.jnt.2019.02.009

Copyright: © 2019 Elsevier Inc. This manuscript version is made available under the CC-BY-
NC-ND 4.0 licence http://creativecommons.org/licenses/by-nc-nd/4.0/

El acceso a la version del editor puede requerir la suscripcion del recurso
Access to the published version may require subscription


https://repositorio.uam.es/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jnt.2019.02.009

Twisted divided powers and applications

Michel Gros, Bernard Le Stum & Adolfo Quirds*

Version of February 7, 2019

Abstract

In order to give a formal treatment of differential equations in positive characteristic
p, it is necessary to use divided powers. One runs into an analog problem in the theory
of ¢-difference equations when ¢ is a pth root of unity. We introduce here a notion
of twisted divided powers (relative to ¢) and show that one can recover the twisted
Weyl algebra and obtain a twisted p-curvature map that describes the center of the
twisted Weyl algebra. We also build a divided p-Frobenius that will give, by duality,
a formal Azumaya splitting of the twisted Weyl algebra as well as a twisted Simpson
correspondence.
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Introduction

Motivation

The classical Simpson correspondence establishes an equivalence between certain local
systems and certain Higgs bundles (see [Sim92|). It is purely topological in nature. There
exists also a Simpson correspondence in positive characteristic (see [OV07]) that we recall
now (local form):

Theorem 0.1 (Ogus-Vologodsky). Let S be scheme of positive characteristic p and X a
smooth scheme over S. Then, if the relative Frobenius F : X — X' lifts modulo p?, it
induces an equivalence between the category of modules with a quasi-nilpotent integrable
connection on X and the category of quasi-nilpotent Higgs modules on X'.

In [GLQ10|, we generalized this theorem to higher level with a strategy of proof that was
different from the original one. We want to recall it here. Let us denote by Dg?) the
ring of differential operators of level zero (Berthelot’s sheaf of differential operators) of
X /S and by Tx the tangent sheaf on X’/S. Then, an Ox-module with a quasi-nilpotent
integrable connection is the same thing as a ﬁg?)—module, and a quasi-nilpotent Higgs
bundle on X’ is the same thing a ﬁxr-module (where S*® denotes the symmetric algebra
and completion is always meant with respect to the augmentation ideal). Moreover, there
exists an injective p-curvature map S*Tx — Dg?) whose image is exactly the center Zg?)
of Dg?) ; and the image of the linearized p-curvature map Ox ®o,, S*Txr — Dg?) is the

centralizer Z Og?) of Ox. Using a lifting of Frobenius, one can build an isomorphism

(0 A=)

/Dg() =~ gndég))(ZOX )

from which Simpson correspondence may be deduced through Morita equivalence. Actu-
ally, if 73)(?) denotes the ring of principal parts of level zero of X/S and %, is the sheaf of

differential forms on X’/S, then this isomorphism comes by duality from an isomorphism

Oxxx ®o, T i~ 77)(?) (1)
(where I'y denotes the divided power algebra).
The key of the construction consists in using a lifting £ of F' modulo p? in order to define
the divided Frobenius map,
[F*] := ;ﬁ' - 73)(?),
that can be extended in order to obtain the isomorphism . Let us also recall how the

p-curvature map may be obtained by duality. If Zx (resp. Zx/) denotes the ideal of the
diagonal of X /S (resp. X'/S), then one can use the divided power map

ool Ty PP
in order to define a morphism %, = Zy//7% — P)(?)/IXPQ).
isomorphism

In fact, we obtain an

Ox ®(9X, T. %(/ o Pg?)/IX'Pﬁg) (2)

and the linearized p-curvature is dual to the following composition

’P)(?) — P)(?)/pr(o) >~ OX ®(9X/ F' _1X"



Let us give an explicit description of these constructions. Locally, we may assume that
S = Spec(R) and X = Spec(A) are affine and that we are given a system of étale
coordinates on X. Actually, we will concentrate on the one dimensional case and call x the
coordinate. The pull back A’ of A along the Frobenius of R comes with an étale coordinate
2. We denote by F* : A’ — A the relative Frobenius of A so that F*(z') = 2P. We let
E=1Rrx—2®1 € ARQr A and denote by w € }4, the class of ¢ = 12’ —2'®1 e A/ RrA’.
If we write A(¢) and A{w) for the divided power polynomial rings, then the isomorphism
is the A-linear map

Awy ~ A€, WM glrhl, (3)
We can also describe the divided Frobenius map when we are given a lifting F* of
F* modulo p?.  To make it simpler, we assume that F*(2') = ZP. Then, from

F*(') =1® 2P — 2? ® 1 one easily derive

[F*](@) = D (p=1) - (p— i+ 1)aP ¢l (4)

e

=1

and the isomorphism is given by
(A[€]/€P)(wy = ACE), Wl o ([F*](w))F.

We will mimic this strategy in the twisted case and prove in the end (corollary below)
the following theorem (the vocabulary will be specified later on):

Theorem 0.2. Let R be a commutative ring and q € R such that R is g-divisible of
q-characteristic p > 0. Let (A,0) be a twisted R-algebra with twisted coordinate x such
that o(x) = qx. If F* is a p-Frobenius on A which is adapted to o, then it induces
an equivalence between A-modules endowed with a quasi-nilpotent o-derivation and A’-
modules endowed with a quasi-nilpotent Higgs field.

Let us make some comments. The condition that R is g-divisible of g-characteristic p > 0
is satisfied for example in the following situations:

1. ¢ =1 and Char(R) = p with p prime: this is Ogus-Vologodsky’s theorem,
2. ¢ # 1 and q is a pth root of unity with p prime,
3. g€ K c R, with K a field, is a primitive pth root of unity but p needs not be prime.

Then if we are given an R-algebra A, the existence (and uniqueness) of o and F* satisfying
the above properties, are guaranteed in the following situations:

1. A= R[z] or A= R[z,z7!] and q € R*,

2. R is p"-torsion with p prime (and the pth power map of R/p lifts to R) and z is an
étale coordinate on A.

In particular, we see that when R is p™V-torsion with p prime, theoremis a g-deformation
of theorem |0.1]in the sense of [Sch17].

Description

In the first section, we study the behavior under multiplication of twisted powers in a
polynomial ring. Roughly speaking, these twisted powers are the products that naturally



appear when one writes down a formal solution for a ¢-differential equation. They depend
on the constant ¢ but also on the variable x. Actually, for more flexibility, we use another
parameter y (which is y := (1 — ¢)z in practice). The point is to check that there is
enough divisibility in the sense of g-integers so that we can define the twisted divided
power polynomial ring in section two. We need these divided powers because we are
mainly interested in the case when ¢ is a primitive root of unity where (twisted) powers
are not sufficient.

Beware that there is no such thing as a general theory of twisted divided powers and we
are only able to do the twisted divided power polynomials. Nevertheless, we can define
the twisted divided p-power map by using different parameters ¢ and y on both sides, and
give an explicit description of the image. We will also show that, as in the classical case,
there exists a duality between polynomials and twisted divided power polynomials. In
the third section, we apply the previous constructions to the case where there exists an
endomorphism o that multiplies y by ¢. In this situation, there exists a general theory
of twisted powers and it is compatible with the previous one. We show that o extends
to twisted divided power polynomials and that it behaves nicely with respect to twisted
divided p-power map as well as duality.

In the fourth section, we introduce the twisted principal parts of level zero. This is the
ring where the formal solutions of a g-differential equation live, even when ¢ is a root of
unity. At this point, we really need a coordinate x and set y = = — o(x). Note that there
exists a theory of twisted principal parts of infinite level that is sufficient when ¢ is not
a root of unity. However, we need twisted divided powers in order to obtain the correct
object in general, exactly as what happens in positive characteristic for usual differential
equations. One can define formally the Taylor map and check that it is given by the
expected formula. Using this Taylor map, one can dualize the construction and define
in section five the notion of twisted differential operator of level zero. We show that, as
expected, the ring of twisted differential operators of level zero is isomorphic to the twisted
Weyl algebra. In section six, we concentrate on the primitive pth root of unity situation.
One can then define the twisted p-curvature map as the dual of the twisted divided p-power
map introduced earlier. We show that its image is exactly the center of the twisted Weyl
algebra.

Section seven is quite technical. We want to define the notion of divided p-Frobenius on
the twisted divided power polynomial rings (again, we need different flavors of the divided
powers on the source and the target). Actually, we were unable to give an explicit formula
and will rely on a generic argument in order to show the existence of the map. In the last
section, we concentrate again on the root of unity situation and we dualize the twisted
divided p-Frobenius map in order to obtain a formal Azumaya splitting of the twisted
Weyl algebra. It is then completely standard to derive by Morita equivalence a Simpson
correspondence for twisted differential modules.

Notations

Throughout the article, R will denote a commutative ring (with unit) and ¢ will be a fixed
element of R. We need to recall here some vocabulary and notation from |[LQ15]. First of
all, the g-analog of a natural number m is:

(m)g:=1+q+--+qg" "



And when g € R*, the ¢g-analog of —m is:

(*m)qi=—<1+-~-+1n>.

q q
We will also call (m), (or (—m), when ¢ € R*) a g-integer of R.

We might use the attribute “twisted” in place of the prefix ¢ and say twisted analog or
twisted integer for example instead of g-analog or g-integer. The same remark applies to
all the forthcoming definitions.

The g-characteristic of R is the smallest positive integer p such that (p), = 0 if it exists,
and zero otherwise. We will then write g—char(R) := p. If ¢ # 1 and p > 0, then it means
that ¢ is a primitive pth root of unity. When ¢ = 1, then p is nothing than the usual
characteristic of R.

The ring R is said to be g-flat (resp. g-divisible) if (m), is always regular (resp. invertible)
in R unless (m), = 0. For example, when the g-characteristic p is a prime number, then R
is automatically g-divisible, and therefore also ¢g-flat. And of course, when R is a domain
(resp. a field), then R is automatically g-flat (resp. g¢-divisible). More generally, it is
sufficient to assume that ¢ belongs to a subdomain (resp. subfield) of R.

We also define the g-factorial of m € N as

and, by induction, the g-binomial coefficients

(@), =1 @) om0 () = G20) o ("),

when n, k € N. Note that we recover the twisted analog of m € N as a special occurrence
of a twisted binomial coefficient since

e (3.

There will appear a lot of formulas involving g-binomial coefficients. They can be proved
rather easily if one reduces to the case where ¢ —char(R) = 0 and R is ¢-divisible and uses
proposition 2.6 of [LQ15|.

The authors thank the referee for the careful reading of the manuscript.

1 Twisted powers

Recall that R denotes a commutative ring and ¢ € R. We assume in this section that A is
a commutative R-algebra (with unit) and we also fix some y € A.

We denote by A[£] the polynomial ring over A and by A[]<, the A-module of polynomials
of degree at most n. We set for all n e N|

n—1

M= TT €+ (Dqy) € Al¢]<n- (5)

1=0



If we want to make clear that these elements depend on ¢ and y, we might write £(™ay
but we will try to avoid as much as possible this clumsy notation. As we will see later,
notation is related to the twisted powers of [LQ15| but we do not need to know this
at the moment.

Note that, by definition, we have

€O =1, eWo¢ . Mot ty) - (E+n—-1)g),

We will also use the induction formula

€D = €M (et (n)gy). (6)
Lemma 1.1. The €™ s for n € N form a basis of the A-module A[€]. More precisely, the
M) s for m < n form a basis of A[€]<n.
In other words, the map " — £ defines an automorphism of A[¢] as filtered A-module
(by the degree).
Proof. This follows from the fact that each £ is monic of degree n. O
Lemma 1.2. In A[¢], we have for all m,n € N,

min (m,n)
i (s i) i¢(m+n—i
§Me = ), (D' @dda (m> (”) glmen=),
¢ q q

i=0 t

Proof. This is proved by induction on n. The formula is trivially true for n = 0 and we
will have

et = Mt (g + (n)gy) (7)

min (m,n)

S 0o () (7) e o6

1=0

Now, we know from proposition 1.3 of [LQ15] that for all 0 <7 < m + n, we have
(n)g = (m+n—i)g—q"(m—i.
Therefore, we see that

4+ (n)gy) = I (EH (n+m—i)gy — ¢ (m — i)gy)
§(m+n+1—i) N qn(m o i)qyg(m+n—i)'

We can replace in and get
gt — g4

with in (m.n)
min (m,n i i(i—1) (M n ic(m4n+1—i
S = Z (—1)"(i)qla™ 2 <> <>y§( M
i=0 "aN
and
min (m,n) i im0 m\ (n\ o, N e(mtn—i)
T=— Y Dgla 7 () () via"tm =iyt
i=0 "a\q



Changing i to i — 1, we obtain
i j ; iti-1) [ m n } .
T= Z (_1)an+1_z(i —Dglim+1—i)q 2 < ) < ) yZér(m-&-n—&-l—z)‘
i=1 71— 1 g \i— 1 q

Now we can compute for 1 < i < min (m,n),

<¢)q!<T)q<?>q T = gl (m — i+ ”q<z’ T1>q<i - 1>q
_ (i)q!<?>q<” Z+ 1);

and the assertion will follow once we have checked the side cases. For i = 0, this should be
clear and the case i = min(m, n)+ 1 has to be split in two. First, if m < n, then i =m+1
and (m—1i+1), = 0: there is no contribution as expected. Second, if m > n and i = n+1,

T () () () (21 .

Remarks 1. In the case m = 1, we find

g™ = €0 — (n) g™

which we can also directly derive from the induction formula @

2. The coefficients of y*¢(™+T7+%) are polynomials in ¢ with integer coefficients. Actually,
in order to prove the lemma, it would be sufficient to consider the case R = Z[t] and
g =t. Or even R = Q(t). However, this does not seem to make anything simpler at
this point.

3. In the case ¢ = 1, we will rather write w instead of ¢ for the extra variable. Then,
the multiplication formula simplifies a little bit to

min (m,n)
(m), (n) _ i [T () g (mAn—D)
w\™w i;o ( )z(l)<z>yw .
Lemma 1.3. Assume that ¢ = 1. Then, under the morphism of A-algebras

Alw] = Alw] ©4 Alw] (9)

WwH—— 1w+ w®l,

we have

§ () = i (?)wm—z‘) %,
=0

Proof. The formula is proved to be correct by induction on n. First of all, since ¢ is a ring
homomorphism, we have

S(wy = § (w(") (w+ ny)) = §(W™)s(w + ny).
Moreover, we can write for all ¢ = 0,...,n,

dw+ny) =10w4+w®l+ny =10 (w+iy)+ (w+ (n—1i)y) ® 1.



Thus, by induction, we will have

5(w(n+1)) _
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~
Il
o
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n

I
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Il
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2 Twisted divided powers

We let as before A be a commutative R-algebra with a distinguished element y.

We denote by A(¢) the free A-module on the (abstract) generators £[" with n e N. We will
set 1:= ¢l and ¢ := ¢[M. We will also denote by I the free A-submodule generated
by all ¢I%) with k& > n and

ALE) = lim A/ T,

We will soon turn A{{) into a commutative A-algebra that will depend on ¢ and y. If
necessary, we will then write

AlEqy, EMav, IMHT and AU,

The next result is elementary but fundamental.
Proposition 2.1. There exists a unique morphism of filtered A-modules

Af¢] AE) (10)

£ b (n)glg".

It is an isomorphism if all positive q-integers are invertible in R.

The last condition means that R is g-divisible of g-characteristic zero.

Proof. This follows from the facts that the £™’s form a basis of A[¢] thanks to lemma
and that the £["’s form a basis of A(¢) by definition. O

In the latest case, we will turn the bijection into an identification. In other words, we will
write

elnl _ £ EEty) - (E+ (n—1)gy)
()q! Lo (n—1)4(n)q



Proposition 2.2. The multiplication rule

min (m,n) .
m] ¢[n i b fm+mn—1 m i¢[mtn—i
YmmeN, e — Y (L1 ( )() dmn=i (1)
iz0 e Jq\t /g

defines a structure of commutative A-algebra on A{{) and the linear map s a
morphism of A-algebras. Moreover, for all n € N, It s an ideal in AE).

("))~ )0,

so that the formula is actually symmetric in m and n.

Note that we have

Proof. In order to show that these formulas define a ring structure, it is sufficient to
consider the case where R = Z[t], A = Z[t, Y] are polynomial rings with ¢ =t and y =Y.
But then, we can even assume that R = Q(¢) and A = Q(¢)[Y]. In particular, we are in
a situation where all positive g-integers are invertible in A. Then the map becomes
bijective. Moreover, using lemma [1.2) we see that that the multiplication on both sides
coincide because

(") (1) = onsa-aaaa(7) (7).

as one easily checks.

Finally, assume that n > k. Then, for i < min(m,n), we have i < m and therefore
m+n—i=n> k. It follows that &™¢l =0 mod ¥+ and 15+ is an ideal. O

Example 1. For all k£ € N, we have
¢lkle = (k + 1)q£[k+1] _ (k)qyﬁ[k].

2. We have
(621 = (2)2(3)g™ = (3)4(2)que!® + qy?¢P).

Definition 2.3. The free A-module A€ on the (abstract) generators €™ with n e N,
endowed with the multiplication rule of proposition [2.3, is the twisted divided power
polynomial ring over A.

Remark 1. It is important to remind that ¢ and y are built into this definition. As

already mentioned, if we want to make clear the dependence on the parameters, we
will write A(&)q,y-

2. The coefficients in the multiplication formula are polynomials in ¢. Actually
if we consider the map Z[t][Y] — A that sends ¢t to ¢ and Y to y, there exists an
isomorphism of A-algebras

A @zpay) Z[t)[YKE) ~ AL
3. The filtration of A(£) by the ideals 1"+ will be called the divided power filtration or

ideal filtration. Note that A{(¢)) inherits the structure of a commutative A-algebra.

Example 1. In the case ¢ = 1 and y = 0, we fall back onto the usual divided power
polynomial ring.



2. When ¢ # 1 but still y = 0, it is possible to develop a general theory of ¢-divided
powers, and A(¢) will be the divided power polynomial ring for this theory. We do
not know how to achieve this in general.

3. Assume R = A = Fy, ¢ = 1 and y = 1. In this situation, we have £? = ¢ in A6
but there exists no non trivial idempotent of degree 1 in the usual divided power
polynomial ring. Thus we see that when ¢ = 1 but y # 0, the ring A{{) is not
necessarily isomorphic to the usual divided power polynomial ring.

Lemma 2.4. Assume R is q-divisible of q-characteristic p > 0. Then, the ideal generated
by & in AE) is the free A-module generated by all €1 with pt k.

Proof. The formulas
vkeN, €= (k+ 1) + (k)qyel” (12)

show that the ideal A(¢)¢ is contained in the A-module generated by all (k),£F)s. Since
(k)q = 0 when p | k, we see that A({)¢ is actually contained in the free A-module generated
by all ¢F1’s with p 1 k. Conversely, formula also tells us that

(k + 1),&F 1 = (k) ye™ mod ¢

for all k. Using the fact that we always have (kp+ 1), = (i)4, we see that for all k € N, we
have

5[kp+1] = (kp + 1)q§[kp+1] = (kp)qyg[kp] =0 mod ¢&.

Then, by induction on %, we get for 1 <1 < p,
(i)qg[kp—i—z’] = (i — 1)qy§[kp+i—1] =0 mod ¢

and we easily conclude since (i), € R* for 0 < i < p because R is ¢-divisible. O

Definition 2.5. Assume that g—char(R) = p > 0. Then the unique A-linear map

A<w>1,y7’ - A<5>q,y (13)
okl — o g[kp]

is the twisted divided p-power map.

Remark We will not need it but it should be noticed that when p is not the g¢-
characteristic of R, the definition has to be modified a little bit: the twisted divided power
map will be given by

Alw)gr yv AlEqy
whel o 1—[?:2 (g’:ll)g[kp].

Theorem 2.6. Assume that g—char(R) = p > 0. If R is q-flat, then the twisted divided
power map is a ring homomorphism. If R is q-divisible, then it induces an isomorphism
of A-algebras

Alw)rye = Aqy/(§)- (14)

Recall that the first condition means that ¢ is a primitive pth root of unity or that ¢ = 1
and R has positive characteristic p. Moreover, ¢-divisibility is satisfied if p is prime or if
q belongs to a subfield K of R for example.

10



Proof. By definition, if we denote by u the twisted divided power map , we have
u(wtkl)y = ¢lkrl,

Therefore, it follows from lemma that the map is an isomorphism of A-modules
when R is g-divisible. Thus, it only remains to show that u is a ring homomorphism when
R is ¢g-flat. In other words, we want to check that

Vi, leN, u(wFwll) = ywF)u(wll). (15)
Since (k)
e NN AW :
[k], 1] _ _1\e ip, [k+1—i]
wlew ;) (—1) < f >(Z>y w ,

the left hand side of equality is equal to

min (k,l) .
_1)¢ k+l=i\ (k) i [kp+ip—ip]
8 (-2

. i
=0
We can also compute the right hand side

min (kp,lp) B .
glhrl¢liv) — Z (_1)iq@ (kp +1lp— Z) (kp) iglph+pl—i]
=0 kp q t q

Our assertion therefore follows from the twisted Lucas theorem (proposition 2.13 of [LQ15])

thanks to lemma 2.7 below. O
Lemma 2.7. Assume that p := g—char(R) > 0 and, in case p is even, R is q-flat. Then

ip(ip—1)

(1P = -1y

Proof. If p is odd, then either i is even or ip is odd and we may therefore write

ip(ip—1) i(ip—1)

¢ = =) 7 =1
because ¢” = 1. Now one easily sees that (—1)? = ((=1)P)! = (—1)%.

If we assume that p is even so that p = 2k with k£ € N, then we know from proposition
1.11 of [LQ15] that, when R is g-flat, we have ¢* = —1 and the formula also holds. O
We want to consider now the paring of A-modules

<, >:A[f] x Alw)— A

given by
lifn=m

m [n] o _
vm,neN, <o w™ > {OOtherWise.

Strictly speaking, this is not a perfect pairing. However, it induces for each n € N, a
perfect pairing between the A-submodule (or quotient)

Alf]<n ~ A[0]/0"
of polynomials of degree at most n and the A-submodule (or quotient)
Alwyen = A/ T+

of twisted divided power polynomials of degree at most n. Alternatively, we can say that it
induces perfect parings between A[[#]] and A{w) as well as between A[f] and A{(w)).

11



Proposition 2.8. Assume that ¢ = 1. Then,
1. multiplication on A[0] is dual to the morphism of A-algebras

Alw) —2 = Aw) ® Alw) (16)

wld — o wlil @ wln=il,

2. multiplication on A{w) is dual to the morphism of A-algebras

Al0] Alf] ® A[f]
f—=1R0+0®1—yi®0.

Proof. We essentially use the fact that the #’s and the w!™’s become dual basis under
our pairing and that the dual to a matrix is its transpose.

Since multiplication on the polynomial ring A[#] is given by
gmen = pmtn — Z ek,
k=m+n
comultiplication on A{w) will be given by
RILI Z wlml @ il
m+n=~k

and changing indexes (k becomes n, m becomes i and therefore n = k—m has to be turned
into n — i) will give what we want.

We also have to show that this comultiplication map is a ring morphism. As usual, we
may assume that all the non zero integers are invertible. We may then refer to lemma [I.3
which identifies the morphism with the morphism @

We proceed in the same way for the second assertion. Multiplication on A{w) is given by

Wl =y (_1)i<:L><T>yiw[k]

k+i=m+n

and comultiplication will therefore be given by

On the other hand, we have

(1®6+0®1—yo®0) D (k> (‘7) 1@ (O 1Y (—yd®0)

.= 1
i<y<k J

2 <l;> <Z> (—1)'y'67 @ gF—I+

i<j<k

which is exactly the same as (up to the renaming of m into j). O

12



3 Twisted divided powers and twisted algebras

We assume now that A is a twisted commutative R-algebra (a commutative R-algebra
endowed with an R-linear ring endomorphism o 4) and that o4(y) = qy. We will investigate
the relation of o4 with twisted divided powers relative to ¢ and y.

We endow the polynomial ring A[¢] with the unique o4-linear endomorphism such
that

oay(§) =&+

In practice, we will usually write o instead of o4 or 04, in order to make the notations
lighter.
Proposition 3.1. We have in A[{],

neN, o) =&+ (). (18)

Actually, if o is bijective on A and q € R*, then o is bijective on A[£] and formula
holds for any n € 7Z.

Proof. By induction, we will have for all n € N,

o"(§) =o€+ (n—1)gy) = (§+y) + (n—1)gqy =+ (L+q(n—1)g)y
and we know that 1+ g(n — 1), = (n),.

Assume that o is bijective on A and ¢ € R*. Then, from o(y) = qy, we get o~ (y) = ¢~ .
If moreover, o is bijective on A[£], then we deduce from the equality o(£) = £ + y that

E=0l+y) =0 O+ Y =0 +qy
and it follows that
o) =¢—q My
Conversely, this formula can be used to define an inverse to o on A[{]. Finally, applying
this to ¢™ (and therefore replacing y by (n),y and ¢ by ¢"), we obtain as claimed:

o "&) =E&—q "(n)qy =&+ (—n)gy. O
Remark 1. As a consequence of the proposition, we see that if g—char(R) = p > 0,
then oP(£) = ¢ (and of course, also oP(y) = y).

2. As usual, most formulas will be polynomial in ¢, y and & More precisely, we may
usually reduce to the case R = Z[t] (and often to R = Q(¢)) and ¢ = ¢. In other
words, we would work in Z[t,Y, ] with o(t) = ¢, o(Y) =tY and o(§) =+ Y.

Recall that we defined in section 4 of [LQ15] the twisted powers of f € A[¢] with respect
to o as

f®7 = fo(f)---a"H(f).
Corollary 3.2. We have

(n—1) n—1
vn c N7 y(n)a =q 5 1 yn and é‘(n)a — é‘(’n)q,y = H(§ + (z)qy)
i=0
Proof. Immediately follows from the condition o(y) = qy and proposition O
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We will drop the index o when we believe that no confusion will arise (in particular, this
is consistent with the notations of the previous section). But we might also write y(™a
and £™av respectively if we want to insist on the choice of ¢ and .

We will need below the following formula:
Lemma 3.3. In A[¢], we have for alln € N,

Z:O q

Proof. By induction, we will have

o(€™) = o™ o (€)
= o(€™ ) (E+ (n)gy)
= £o(€™) + (n)gyo(cY)

= é’(n) 2 <TL—1> Zé-(n 1—14)
i=0 q

= (™4 Z(n)q(z - 1)(1!(7;:11) y'ien
q

=1

and the result follows from the identity

()i — 1),! Cl__ll)q — ()] <Z‘>q 0

Proposition 3.4. The unique o-linear endomorphism of A({) such that
VneN, o) = yieh,

is a Ting homomorphism. Moreover, the map 1s a morphism of twisted R-algebras.
Recall that a morphism of twisted rings (or algebras) is a morphism which commutes with

the given endomorphisms.

Proof. As we did several times in section [2, we can easily reduce to the case of R = Q(t)
and ¢ = t and we may therefore assume all g-integers are invertible in R. Then the map
becomes bijective. We may then use lemma and the equality

(n— i)q!(i)q!c)q = (n),. O

1

Again, if necessary, we will write 0,4, to make clear the dependence in ¢ and y.

Remark 1. The endomorphism o of A{{) is not continuous and does not extend to a
ring endomorphism of A{(E)).

2. We have to be careful that, in general, o” will not be the identity on A{{) even if it
is so on A[{]. For example, if ¢ = —1, we will have

o(€)=¢+y and o(lP) =€+ ye + 42

and therefore

o€ = o () —yo (&) + v? = € + ye + > —y(e +y) + 7 = €3 4+ 2

14



Actually, we can give a general formula for the powers of o on A(¢):
Proposition 3.5. We have

“op+i—1\ o
=0 q

Proof. By induction, we will have

oPTlelnly = U(

k=0
S k—1
= S ("TETY) et
k=0 q
_ i (p + : — 1> qkyk (712]6 ng[nk]]>
k=0 q Jj=0

Il
D=
~~
N
i)
+
I
—_
~_
2
<
B
~
wﬁ.
o
3

In order to get the formula, is is sufficient to notice that, by definition (and induction),

we have ‘
- kE—1 '
5 (7= 07, ;
k=0 q '/

The multiplication rule is quite involved in A{{) but the twisted multiplication is much
simpler:
Proposition 3.6. We have

n

q

Proof. We may assume that all g-integers are invertible in R and use assertion 1) of lemma
4.3 of [LQ15| which gives £ g (£(m)) = g(ntm) O

Given any natural number p, we have

a(y’) = a(y)’ = (qu)’ = ¢"y".

We may therefore also apply all the above considerations to the situation g € Rand y? € A,
and consider the twisted R-algebra A{w)g ,». In the particular case g—char(R) = p, we
fall onto A{w)1 yr. Recall that the twisted divided power map induces an isomorphism of
A-algebras

Alwpr g = ALE)qy/(§)-

when R is g-divisible of positive g-characteristic p.
Proposition 3.7. Assume R is q-divisible of q-characteristic p > 0. Then, the canonical
map

Al gy = ALE)qu/(§) ~ Alw)ryr (19)

18 a morphism of twisted A-algebras.
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Proof. If we denote by u the twisted divided p-power map , we need to check that
VkeN, (uoo)(w)=(cou) )  mode. (20)

From proposition [3.4] we know that

k
oWkl = Z yPwlh=il
i=0

and it follows that

k
(uo g)(w[k]) _ Z P elhp—in)
i=0

On the other hand, using proposition [3.4] again, we have

kp
(oo u)(w[’ﬂ]) — O—(g[kp]) _ Z yig[kp—i]
i=0

and we are done thanks to lemma 2.4] O
The next result is interesting mostly in the case ¢ = 1 and we will therefore use w instead

of &.
Proposition 3.8. We have

VfeAlf],Vge Aw), <(1—-yb)f,o(g) >=0(<f,g>)

Proof. By o-linearity, it is sufficient to compute for m,n € N,

n
<M — ygm-i-l’ Z yiw[n—i] =
1=0

< (1 —y0)o", o(w™) >

n n
_ Z yi < 9m7w[n7i] > _ Z yiJrl < 9m+1’w[n7i] -
=0 1=0
n
= < Hm,w["] > + Z Y < Gm,w[”_i] >
=1
n—1
- Z yi+1 < 9m+1’w[n—i] = _yn+1 < 9m+17 1> .
=0

The middle sums cancel each other and the last term is 0. O

Remark We may also wonder about the dual (for the above pairing) to the endomorphism
o of A(w) when o4 = Ids. We just transform

n

o(wl™) = Z yiwln=il = Z yiwl]

i=0 i+j=n
to its dual formula and get
. . w . . .
07— Z yzgn _ Z y192+3
n—i=j i=0
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which shows that we must introduce power series. More precisely, writing n instead of j,

we obtain
w . . w . .
0" s Z yzeern _ <Z y101> o,
=0 =0

In other words, we see that the dual to o on A{w) is exactly division by 1 —y6 € A[[0]]*:

A[[0]] —— A[[#]]

f(9)

f(0)—— -

This is not a surprise according to proposition Of course, in order to define this
map, we may as well work over the localized ring A[6, ﬁ] This map is not a ring
homomorphism.

4 Twisted principal parts of level zero

We still assume that A is a twisted commutative R-algebra but we also assume that there
exists a twisted coordinate (we recall below what it means) x € A such that o(z) = gz + h
with ¢,h € R. We set y := x — o(x).

In order to apply the results of the previous section, we need to check the following:
Lemma 4.1. In the ring A, we have o(y) = qy.

Proof. We have y = (1 — q)x — h and therefore

o(y) =(1—q)(gz +h) —h=q(l —q)x—qh = qy. O

As we did before, we will endow the polynomial ring A[¢] with the unique o-linear ring
endomorphism such that

o(§) =&+
We now review some material from [LQ18a). We endow P := A ®r A with the
endomorphism op := 04 ® Id4. We will always see P as an A-module via the action

on the left and simply write z := 2 ® 1 € P when z € A. By contrast, we set 2 := 1 ® z.
We will also write the morphism giving the right action as

O: A——>P

ZH—Z.

We denote by I < P the kernel of multiplication on A and consider the modules of twisted
(o0

principal parts of infinite level P(n))U = P/I(”H)U with
1™ — [o(I)--- o™ (I).

There exists a unique morphism of twisted R-algebras




We assumed above that x is a twisted coordinate on A: it means that the map (21)) induces
an isomorphism

Alg)/e D) ~ pr)

for all n € N (see proposition 1.11 of [LQ18a]). We may then see A[£] as a subring of the
ring 13((700) = mPEiS)U of twisted principal parts of infinite order. We might index all these
objects with A/R if we want to make clear the dependence on A and R.

Definition 4.2. The A-module of twisted principal parts of order at most n and level 0
of A is

P o = A1,

and the A-module of twisted principal parts of infinite order and level 0 of A is
5(0
P, = imPY) L (= AKO)).

In order to lighten the notations, we will sometimes drop the index A/R.

Remark 1. Unlike the infinite level analog, this notion depends on ¢ and x and not
only on o.

2. If we look at the case Z[t, s, X|/Z[t, s] with o(t) = t,0(s) = sand o(X) = tX +s, and
consider the map Z[t, s, X| — A given by t — ¢, s — h, X — x, then by construction,
using the fact that x is a twisted coordinate, we get a canonical A-linear isomorphism

of rings

(0) (0)
A®zt,s,x] PZ[t,s,X]/Z[t,s],(n) = PA/R( Yo

3. We might also have to consider the intermediate and completed ideals

K /741 apd 71 [£]

(%] .
I A/R , = lim IA/R,(n)J

A/R,(n)e "=
for k <n+1.

4. By definition, PE?L))U is the finite free A-module on the images of the £l for i < n

and [ ([:])U is the free A-module on the images of the &% for k < i < n. It follows that
p©

A/Ra (resp. fElk/]R) is the set of infinite sums 3. 2l with z; € A and i € N (resp.
and i = k).

5. Formula shows that Il"*1] is an ideal inside A(). It follows that the quotients
P j/)R (n)o have a natural structure of A-algebra and so does p©

Lemma 4.3. The map sends €M) inside I when m > n. In partzcular, it induces
a homomorphism

Alel/gmD > PR

This is even an isomorphism if all (m), are invertible in R for m < n.

Proof. Same arguments as for proposition O

Proposition 4.4. There are canonical homomorphisms

and P() —>13(0)

() (0)
Py - PA/R( Vo A/Ro A/Ro

A/R,(n)o

which are bijective when all (m)y are invertible (for m < n in the first case).
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Proof. Follows from proposition 2.1 and lemma [4.3] O

When this last condition is satisfied, we might identify both rings and drop the superscript,
writing simply P 4/g (n), OF Pa/Ro-
Definition 4.5. The twisted Taylor map of level zero is the composite homomorphism of

R-algebras
& ()

S) 5(0)
A =Pa/r i PA/R,U

T |

5(0)
PA/R,O'

Also, we will denote by
0.4 _, pO
6, A—>P, JR(n)s

n

the composition of the twisted Taylor map and the projection. When there is no risk of
confusion, we might simply write © for any of these Taylor maps.

We can give an explicit expression for the twisted Taylor map as we shall see shortly. First
of all, since x is a twisted coordinate on A, we know from proposition 2.10 of [LQ18a] that
there exists a unique R-linear endomorphism 0, 4 of A such that

Vzl, 29 € A, 50714(2’122) = 2’1007,4(22) + 0(22)507,4(2:1)

(a o-derivation) and 0y A(x) = 1. We will often simply write d,, but this endomorphism
should not be confused with the abstract generator of the twisted Weyl algebra that we
will denote later in the same way.

Proposition 4.6. We have

a0
vze A, 60(z) = ) o (z)elM.
k=0

Proof. Recall from proposition 5.5 of [LQ18a] that there exists a family of endomorphisms
d[,k] of A such that

o0
Vzed, ©)(z) =) M (z)e®.
k=0

The proposition then follows from corollary 6.2 of [LQ18a] where we showed that
VkeN,Vze A, ¥(2) = (k) lolF(2). O
Example 1. We always have O(x) = z + &.
2. We have
O(2?) = 2% + ((1 + @)z + h))E + (1 + q)¢l.

3. If o(z) = qx with g€ R* and x € A*, one can show (see proposition 6.5 of [LQ18a]
for example) that

@(1)_i(_1>k(7€)‘1!5[k]_1_€+(1+q)5[2}_.._
T/ o q

KD o @ a? a3
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We will denote by
A0=0 ._ HgU(A) ={ze A, 0,(2)=0}

the subalgebra of horizontal sections of A.
Proposition 4.7. There exists a left exact sequence

can

S}

pY.

A%=0 A

Proof. We have ©(z) = Y. 0%(2)¢* and it follows that ©(z) = z if and only if d,(2) =
0. O

Proposition 4.8. There exists an epi-mono factorization

PA/R — A@Aagzo A — 13540/)&0.

When R is q-divisible of q-characteristic p > 0, there exists another epi-mono factorization

H(0) (0) H(0)
PAO?RJ - PAw/R,(p—l)g - PA/R,U'

As a consequence, when R is g¢-divisible of g-characteristic p > 0, we obtain an inclu-
sion

(o) ©)
A®poo=0 A — PAO(/DR,(pfl)o = PR, p-1)

Proof. If an element of P is sent to 0 € f>(0)7 then it is also sent to 0 in ngga = A and it
therefore belongs to I. Now an element of the form Z — z € I is sent to

e¢]
00 (z) -z = 2 ok (2)¢ e PO
k=1

and this is equal to 0 if and only if d,(z) = 0. Thus we see that the kernel of P — PO ig
the ideal J generated by the Z — z with z € A%~ and we have P/J = A ® 40,0 A.

When g—char(R) = p > 0, the image of £P) in A(¢) is (p)qlf[p] = 0. Therefore, there

exists an epi-mono factorization

Al€] - A[€]/6P) — AS)

inducing an isomorphism of A-modules

A[€]/€®) ~ A/ 1)

when R is g-divisible. The second assertion follows immediately. O

Remark If R were not g¢-divisible (but still g—char(R) = p > 0), we would still get a
decomposition

5(00) (o0) 5(0) (0)
PA/R,J - PA/R,(pA)o - PA/R,U - PA/R,(pfl)a
and an inclusion A ® 4o,—0 A — PS)/)R (p—1)o "
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5 Twisted differential operators of level zero

We assume again that A is a twisted commutative R-algebra with twisted coordinate x
such that o(z) = gz + h and we set y := z — o(x).

We develop here the level zero analog of the theory of twisted differential operators of level
infinity that was presented in [LQ18a]. We will systematically add a superscript oo in the
latter case in order to avoid confusion.

If M is an A-module, when we write P(SL)G ®'y M, we mean that we endow PESL))U with the
action given by the twisted Taylor map. In other words, we have

Vze A, se M, 5[’“] ® zs = @(z)ﬁ[k] ®' s.

(0)

In particular, on P(n)o & p

(m
(action on the right) and the twisted Taylor map for the right structure (action on the
left). Also, it will be convenient to set

), We use the natural action of A for the left structure

o

98B0 1 (P, @17 ).

This is the set of infinite sums Zi,jeN sz[i] ® €Ul with zi; € A (with Taylor switch on
coefficients).

Definition 5.1. If M and N are two A-modules, a twisted differential operator of level
0 and degree at most n from M to N is an A-linear map

PES})G &4 M — N.

In general, we will write

Diff?) (M, N) = Hom 4 (P")

(), @4 M. N)

and
Diff") (M, N) = lim Diff () (M, N).
In the case N = M, we will simply write Diffgg?,(M ) and Diff Q) (M). Moreover, we set
0 .
DY)p.y = Diff?)(A).
Definition 5.2. The comultiplication on P((TO) is the A-linear map

2 5(0 50) 57 50
3©. PO P&, PV
g —— N e el
We might also have to consider the partial comultiplication maps
0 . p) L pO) o p0)
Opim, P(m+n)a P(n)a ® P(m)a.

which are given by the same formulas. In practice, we should simply denote all these maps
by 6.
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Proposition 5.3. There exists a commutative diagram

AgpA——pP D@ PV

T

A®rA®r A—P &, P — P\ @, Py — PP @/, PV
where the first vertical map sends z1 ® 2o t0 21 ® 1 ® 2.

Proof. Follows from theorem 3.5 of [LQ18a]. O
Proposition 5.4. The comultiplication map 50) s g homomorphism of rings.

Of course, the same result holds for the partial comultiplications.

Proof. First, we may clearly assume that A = R[x] is the polynomial ring in the variable
x. We can then reduce to the case R = Z[t,s] with ¢ = ¢ and h = s and finally to the
case R = Q(t)[s]. In other words, we may assume that all g-integers are invertible in R.
Then the assertion follows from proposition 4.4]and theorem 3.5 of [LQ18a] since we know
that the comultiplication map is a ring morphism on 155,00). Actually, this last result itself
follows from the fact that comultiplication is already a ring morphism on P (it corresponds

to the projection that forgets the middle term). O
Definition 5.5. The composition of two twisted differential operators of level 0, ® :

PESL))U ®a M — N and Pg%o ®a L — M, is the twisted differential operator of level 0
s®Id 1d®!
bo :PD @ LESPY) P @, L—-Pl) @M-—"=N.  (22)

Proposition 5.6. Composition of twisted differential operators of level 0 is associative.

In particular, it turns DE4O/)RO' into a ring.

Proof. We can reduce again to the case where R = Q(t)[s], ¢ = t and h = s and
use the analogous result for twisted differential operators of infinite level, in which case
associativity is built-in and Proposition 4.6 of [LQ18a] provides the formula. O

Recall that we introduced in Definition 6.4 of [LQ18b| the twisted Weyl algebra D 4/g 4.0,
associated to the twisted differential algebra A: this is the Ore extension of A by ¢ and
0y as in proposition 1.4 of [Boul2|). Concretely, this is the free A-module on abstract
generators 0% with the commutation rule d, o z = 0(2)0y + 05 (2).

Proposition 5.7. There exists an isomorphism of filtered R-algebras D g/ .0, ~ DS)/)R o

In the future, we will identify these two rings and simply write D 4/ ;.

Proof. There exists an obvious isomorphism of filtered A-modules Dg/g,0, =~ DEE)RU

obtained by making the 0%’s dual to the ¢lkl's. We only need to show that this is a
morphism of rings and, as usual, we may assume that all ¢g-integers are invertible. But
then, it follows from proposition [£.4] that there exists an isomorphism of filtered rings

D(X% - D(X/)R -+ On the other hand, there exists also a canonical isomorphism of filtered
rings Dy/g g0, =~ DS?)RU as we saw in theorem 6.3 of |[LQ18a]. Our isomorphism is
obtained by composing them. O
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Remark 1. This last result might give the feeling that we have been working quite
hard for nothing: defining twisted divided powers required some energy. But this
is not true. The dual approach to the twisted Weyl R-algebra introduces new tools
that will prove to be quite profitable. Recall that it is also possible to define twisted
differential operators of infinite level inductively as operators on the ring of functions
and avoid the introduction of principal parts (and twisted powers). Again, this might
sound simpler but it is not the best way to do it.

2. The canonical map A[§] — A({) is essentially dual to the canonical map Dy/p s —

(e0)
DAO?R,U

generated by functions and twisted derivations inside Endg(A).
Proposition 5.8. Assume R is q-divisible and g—char(R) = p > 0. Then, there exists a

commutative diagram

whose image is the subring ﬁA/Rﬂ of small twisted differential operators

End 4o0,-0(A)~— EndRr(A)

Proof. This is obtained by duality from proposition [4.8] O

6 Twisted p-curvature

As before, A denotes a twisted commutative R-algebra with twisted coordinate x such
that o(x) = gz + h with ¢, h € R and we set y := x — o(z). We also assume in this section
that g—char(R) = p > 0.

Lemma 6.1. For all n € N, the diagram

A=—"==P() —— P /(©)

s commutative.

It means that, modulo &, both A-algebra structures coincide on P ))G.

Proof. If I denotes the ideal of the diagonal in P := A ®r A as usual, we may consider
the following commutative diagram

can

A P P/I=A

@ l l
can___(0) 0)
A=————=P), P, /¢

The upper left maps are given by left and right actions of A on P and it follows that the
upper line is commutative. And all the squares are commutative. Therefore, the second
line must be commutative too. O
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Proposition 6.2. For all m,n € N, the following diagram is commutative:

(0) 5 0 2/ 50
Plntmip)s P p)o AP (),

i i

P /() ——= PO (€)@ PO /()

! !

A< >/In+m+1 A< >/In+1 ®4 A< >/Im+1

The upper map ¢ comes from definition and the bottom one is the comultiplication
map that we met in proposition 2.8/ The bottom vertical maps are induced by the twisted

divided p-power map .

Proof. By definition, all horizontal arrows are given by compatible formulas on the
generators. However, the upper right tensor product is obtained by using the Taylor map
on the right factor although the down right tensor product uses the canonical structure
on both side. But this does not matter thanks to lemma [6.1] O

Proposition 6.3. Assume that R is q-divisible. Then, there exists a (unique) A-linear
homomorphism of R-algebras

A[e] - DA/R,O' (23)

0 —— 0P.

It induces an isomorphism between A[0] and the centralizer ZA g, of A in Dyjg, and
an isomorphism between A%=°[0] and the center Za/ro of Da/Ro-

Proof. We know from the first part of proposition that the bottom map of proposition
is dual to multiplication on the polynomial ring A[f]. And by definition, the top map
is dual to multiplication on D /g ,. Moreover, since we assume that R is g-divisible, it
follows from theorem [2.6] that the bottom vertical maps of proposition [6.2] are bijective.
Therefore, by duality, the top vertical maps corresponds to an injective morphism of
R-algebras A[0] — Dy/r, that sends 6 to 05. Since A[f] is a commutative ring, its
image is contained into the centralizer ZA, g, of A in Dy/g,. Conversely, since R is
g-flat, it follows from the first part of lemma below that the image of A[f] is exactly
ZA /R, The assertion about Z, g, is then a consequence of the last assertion of the
same lemma. O

Lemma 6.4. We denote by A[0R] (resp. A%=O[dP]) the A-submodule (resp. A% =0-
submodule) of D o/p , generated by ﬁgk with k € N. Then,

1. if A is q-flat, we have ZAy/p , < A[0%],
2. we always have A[05] N Z /g, = = A%=0[oP] n ZAN R

Be careful that, in this lemma, A[0P] and A%=9[02] denote the A-submodules generated
by the powers of d¥ which are a priori different from the R-subalgebra generated by A
and 0P (as long as this last ring is not known to be commutative for example).
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Proof. If ¢ := Y, 2,0% € D g /R 5, We can use proposition 6.4 from [LQ18a] and write

pr = Yz = > 2(0"(2)0% + (k)0 )
= ZU () 2,08 + Z qzkak 1 2 (Uk(a:)zk + (k + 1)qzk+1> 5§.

Therefore, if ¢ commutes with z, we will have

vk

V

0, o*(@)z + (k+1)g2k41 = 225

Since o*(z) = ¢*z + (k),h, we see that for p | k we have o*(x) = 2, and therefore zj,1 = 0.
If k is a positive integer such that z;_; = 0, we must have (k),2; = 0. If we assume that
A is ¢g-flat, we must have (k), = 0 or z;, = 0. Since g—char(R) = p > 0, this exactly means
that p € A[P].

We now prove the second assertion. We pick-up some
=Y 2,08 € A[F] N LA,

Then, we have ¢ € Z 4/ if and only if pd, = dy¢ which means that

D2k =Y 020 = Y 0(2) 0T + 0p (24) 08P

Thus we see that the condition is equivalent to
VEeN, zp=o0(z) and 0J,(z) =0.

The second condition gives A[0h] N Zy /g, < A%=0[gP] n ZA A/R,o- Moreover, since it
follows from proposition 7.4 of [LQ18b], for example, that the first condition is implied by
the second, we also get the reverse inclusion. O

Definition 6.5. The map is the twisted p-curvature map.

7 Divided Frobenius

In this section, the ring R is endowed with an endomorphism F;, A denotes a commutative
R-algebra and z is any element of A. We set y := (1 — ¢)z. We also fix a p € N\{0} and
at some point, we will use ¢’ := ¢” and ' := (p)qv-

We will frequently need the twisted binomial formula (see proposition 2.14 of [LQ15] for
example) that we recall now:

n—1 n

. k(k 1)

Vz1,20 € A,¥Yn €N, H(qzzl + 29) Z < > fzg_k (24)
i=0 k=0 q

Recall also that we write for all n e N,

n—1 n—1 n—1
€M =M = [T+ @) = [[(€+Q=d)2) =[] (z+€—d'z).
i=0 i=0 =0

25



Lemma 7.1. We have for all m € N,

wrom =3 (") el (25)

1=0

Proof. We have for all i € N, £0+1) = ¢0)(z + ¢ — ¢’z) and it follows that £ (z + &) =
€0+ 4 ¢7z£@) | Therefore, if the formula holds for some m, we will have

(x+§)m+1 _ S <m> xm—lé‘(l)(x+£)
q

7

2 I

_ (m> xm_i(f(i+l)+qi$f(i))
q

]

1 m
m m—i+1 (i) M\ i m41—ig(i)
() e g (1) g

1 q

1(( m ) +qi(m> )xm+l—i§(i)
0 =1/ i /g

1
<m+1> FmH=ie)
0 L /g

I
=}

i

I3 IpaE

I
3

)

Definition 7.2. A p-Frobenius on A (with respect to Fj and x) is a morphism of R-
algebras 7y p - A'=R_~®rA— A such that FX/R(l ®x) = 2P.
R

Example 1. If R is a ring of prime characteristic p > 0 endowed with the pth power
map, then the usual relative Frobenius is a p-Frobenius on A.

2. If R is a ring of p/V-torsion with p prime, F* a lifting of the pth power map on R/p
and = an étale coordinate on A, then there exists a unique p-Frobenius on A.

3. If A= R[z] or A= R[z,x"!], then there exists a unique p-Frobenius on A.
Definition 7.3. If FX/R is a p-Frobenius on A, then the p-Frobenius Fj[ﬂ/R on A[¢] is
the FZ/R—linear morphism of R-algebras

Fieyr - A'LE] Af¢]
E———> (x+ &P — aP.

Remark 1. The p-Frobenius on A[£] is both a p-Frobenius with respect to x and to
z+&.

2. When R is g-flat and has g¢-characteristic p > 0, it follows from lemma 7.1 and
proposition 2.12 of [LQ15] that (x + )P — aP = £®).

3. There exists a commutative diagram

A'TE] = A[€]

| |

A @p A —8 | AoR A

where the vertical maps are respectively A’ and A-linear on the left and send £ to

1®x—z®1.
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Now, we become also interested in the Frobenius version of the twisted powers. Recall
that we write ¢’ := ¢ and y’ := (p),y and we have therefore

n—1 n—1 n—1
VneN, My = &+ (i)gr(p)qy) = H (& + (pi)qy) H (z+&—¢"z). (26)
i=0 i=0 i=0

Definition 7.4. The p-Frobenius coefficients are the polynomials

A= D1 22 (M) () ey
7=0 Y AN

Remark We will show later that A, ; = 0 unless n < i < pn but we may observe right
now that A, ,, = 1 and that A, ; = 0 for i > pn.

From now on, we will often omit the index in the p-Frobenius maps and simply write
.
Proposition 7.5. If F'* is a p-Frobenius on A, then we have

Vn e N, F*(f Z An " 1€
=0

where the A, ; are the p-Frobenius coefficients.

Proof. Using the twisted binomial formula in the case z; = —2P and 25 = ({ + z)P
(with ¢ instead of ¢) and the last equality of (26, we have

P = Tl(orer i) -

n . .
j 7’7("7”({““” (n) 2P =) (g 4 €)PI
— ] qp

- 3

7=0

Using lemma we obtain

n pJ
F*(é-(n)quy/) _ Z n j p(n—j)(n—j—1) J)(n i—1) (j) (n—j5) Z <p.7> 2PI— @5
= qp

=

g(é)(—l)”_'qp(n g 1)< > < ) )xp” i¢a

As a particular case of the proposition, we have the following;:
Corollary 7.6. If F* is a p-Frobenius on A, then we have

G (f) 7@, O
q

i=1

O

As a preparation for the next statement, we prove now the following exchange lemma:
Lemma 7.7. We have for all m,n € N,
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It means in particular that the right hand side is zero unless m > n.

Proof. Using the twisted binomial formula for z; = 1 and 29 = —¢"", we get

31

k=0

Lemma 7.8. Given n,i €N,

i(i—1)

gz (1—-

Proof. We will compute

k(k 1) o
(k) 70
q

0)' " (1)q!Ani = (p)g (n)grlg” 2

n—1

[ 1" —a™

k=0

n—1 n—1
[[¢]]a

k=0 k=0

l—q ﬁ

(1 - a)"()g '(Zj)q. m

< pn in which case

mflc)

n(n 1)

q

n(n 1)

q

we have A, ; = 0 unless n <1

n(n—1)

i—
Z (_1)i—n+lq@

i(i—1)
LHS :=q =

(1= a)"(9)q!An,i-

In order to do that, we use lemma [7.7| twice (with ¢? instead of ¢ the second time):

i(z’—l)

LHS q 2

I Ihe

s

[e=]

since 1 — ¢” = (1 — q)(p)g-

(n—k)(n—k—1
n—k; P )(2 )

i kg pn=k)(n—k=1) <k> (pk>

3 (o)

)
(), )

-l )

(1= g 3 1y (l)( ).

When i < n, the right hand side is zero. Since A, ; is a

n

polynomial in ¢, it has to be zero too. Otherwise, we obtain the expected equality by

moving (1 — ¢)" to the left hand side.

O]

Remark In particular, we have

()g!Ann = (p)g (n)grlq™™
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Proposition 7.9. Given n,i€ N, there exists a unique polynomial By, ; € Z[q] such that

(Z)q'An,z = (n)qp ! (p)an7i7

where A, ; denote the p-Frobenius coefficients. We have B, ; = 0 unless n < i < pn with
extreme values

n
(p—1)n(n—1)
B,n=q 2 and anpn—llllkp—z
k=1i=1

Proof. In the polynomial ring Z[q], any non zero g-integer or ¢P-integer is prime to both
1 — ¢ and ¢. The first assertion therefore follows from lemma The precise values in
the case i = n and ¢ = pn are obtained from the remark before the proposition and from
the fact that A, ,, = 1 since

n p—1
(pn)g! = H (kp —i)q
k=1 1i=0
n n p—1
= JJGp) [T] [kp i)
k=1 k=1i=1
n p—1
= My [Tk —i)
k=11=1
because (kp)y = (k)qv(p)q for each k. O

Example 1. We have By =1, Bio = (p—1)4, Bog =¢" !, B33 = @1,

2. When R is ¢-flat of positive g-characteristic p and 1 < n < p, we have, using lemma
2.12 (and proposition 1.11 if p is even) from [LQ15],

(1= g "By = (1" (p

n

For example, if we write j = _1%*/?3, we obtain (1 — j)B23(j) = —3 and therefore
Definition 7.10. Let F'* be a p-Frobenius on A. Then,

1. the divided p-Frobenius coefficients are the polynomials B,, ; of proposition

2. the divided p-Frobenius map is the unique F*-linear map A'{w)qp y — A{E)q,y such
that

VneN, [F* Z By, R 25
i=n
Remark 1. As a particular case of this definition, we have

P

[Fw) =Y. (p—1)g-- (p— i + 1)gz? ¢l

i=1

p—l) ]

In more fancy terms, the ith coefficient is (i — 1)(1!(2‘71 .

2. The divided p-Frobenius map is continuous. More precisely, it is compatible with
the ideal filtration and induces F*-linear maps

A/ I — Adey 1Y,
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3. We may extend the divided Frobenius map by linearity and obtain an A-linear map

A<W>q1’,(1—q)mp - A<£>q7y

given by the same formula (we have F*(y) = (1 — q)zP).
Lemma 7.11. Let F* be a p-Frobenius on A. Then, under the canonical map A[¢] —
A(E)qy, we have for all n e N,
F* (™) i (n) gl (p) [ F*] (wlMam0).

Proof. This is a direct consequence of the definitions. More precisely, since A, ; = 0 for

i <n, we have F*(¢MWaw) = S A, xP—i¢(ay and this is sent to
pn . 5 pn . 5
2 An g (i)gleler = 3 (n)gp (p)g B g e
i=n i=n

= (Mg (p);[F](@Mry). O
Proposition 7.12. If F* is a p-Frobenius on A, then the divided Frobenius map
[F*] + Awgry — Al qy

is a homomorphism of rings.

Proof. We want to check that for all m,n € N, we have
[F*)(wlma vl ) = [F]* (@™l v) [F*] @l y). (27)

Note that it is sufficient to do the case R = Z[t], t = ¢ and A = R[x], and then specialize
our variables. In particular, we may assume that g—char(R) = 0 in which case we will
identify A[{] with A({)s,. Then, this essentially follows from the fact that F* itself is
a ring homomorphism. But we need to be careful. By F*-linearity, the left hand side of

is equal to

min (m,n) .
oopii=1) (M + 1N —1 m A .
_ 1\, 1 — o)igPi[F* [mAn—i]ep,
R e (T 0 IR e L )

From proposition [7.11], we see that, for all i < m + n, we have

() gr! <m j n) (p)fZF* (em+n=Dayy — (m + n)qp!(p)ngm[F*](w[m*"—i]qP,y)
qp

and it follows that
(m+n)p!(p)y ""LHS =

min (m,n) .
; piizl) m-+n—1 m m-+n i i i i) .
2, (1" (Z)q”!< > () ( . ) (p)y(1 —q)'a? F*(£m =)
qP qP qP

- m 1 1
=0

On the other hand, if we denote the right hand side of by RHS, we have
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n

(m +n)g!(p)""RHS = (m
_ (m

_ (m

(m +n)g!(p)" " RHS =

min (m,n)
m+n il pi(i—1) ['m n ; P
( ) D (D) ()glg ( > <> (p)i(1 — q)'a? F* (€ =a),
qP qP qP

n 20 1 (4

> , (m)gr!(p)g' [F]* (wlmaw) () gp! (p)g [F]* (wlMer.v)

n

> F*(é(m)ql’y/)F*(S(n)q/’y,)
qp

n

S £ 03 ;03 4

) F* (é—(m)q/,ylé‘(n)q/’yl)
pq

and finally

Now, we may identify both sides because

<m—|—n—i> <m—|—n) _(m+n> <n> O
m o i - n o \1 qp'

Proposition 7.13. If R has positive q-characteristic p and F* is a p-Frobenius on A,
then [F*] induces a homomorphism of A-algebras

(A[€1/€P20)wd1 (1 gyar =~ A[E)/EP Ty @ 40 Al w1y — AlEDqy

When R is q-divisible, this is an isomorphism.

Proof. There exists such a map because £) is sent to (p)gé [p] = 0. Moreover, when R is
g-divisible, this map induces a bijection between basis on both sides as we can easily check.
More precisely, one may define a notion of degree on both sides by setting deg(& [”]) =n
on the right hand side and deg(gkw[”]) = k + pn when k < p on the left hand side. By
definition, this homomorphism preserves the degrees and it is therefore sufficient to prove

that it induces a bijection on the associated graded modules. But then, Ekw[”] is sent to
(k) ¢! Bppn€P" ¥l and one has

Byupn = ((p—1)g)" € R*
since R is g-divisible. O

Remark 1. This homomorphism is continuous. Actually, it preserves the ideal filtra-
tions. Note however that it is not an isomorphism of filtered modules when R is
g-divisible: the filtration on the left hand side is usually strictly smaller that the
filtration on the right hand side.

2. It is tempting to introduce a variant of the p-Frobenius coefficients by setting
Ch,i = By i/Bnpn € Qlq]. When R is g-divisible, C,, ; is well defined and satisfies

(’L>q‘An,z = (pn)q!C’m.

Then, if we replace B’s with C’s in the definition of [F*], the modified version
would send monic to monic (this was our approach in |[GLQ10]). If moreover, we
assume that g—char(R) = p, then the modified version of [F*] would still be a ring
homomorphism (but this is not true anymore in general: this is why we had to be
careful in the proof of proposition .
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3. There exists an intermediate alternative for the coefficients that is only defined when
R is g-divisible but which is always a ring homomorphism and coincides with the C’s
when the g-characteristic is p. This is obtained by dividing out By, ; by ((p —1)4!)™.

8 Twisted Simpson correspondence

We let A be a twisted R-algebra with twisted coordinate x such that o(z) = gz. We fix
an endomorphism Fj; of R and let F* be a p-Frobenius on A with respect to F}; and x
for some p € N\{0}. We are mostly interested in the case where R is ¢-divisible of positive
g-characteristic p.
Proposition 8.1. Assume that R is q-divisible of q-characteristic p. Then, the divided
p-Frobenius provides an A-linear map
Pa/r:Daro = ZAa/Ro © Da/Ro-

More precisely, we have for all n € N,

n

®(0)) = ). B bk (28)

k=0

where the By, denote the divided p-Frobenius coefficients.

Proof. The linearized divided p-Frobenius maps A<w>/[£n+1] — AE/I £[n+1] coming from
section [7] provide by duality a compatible system of morphisms

DIft(?), (4) — A[f] <.

We may then use proposition in order to identify A[f] with the centralizer ZA, g ,
of Ain Dy/p,. By duality, the coefficient of ok in ®(07) is the coefficient of €™ in
[F*](w!*) which is exactly By ,zPF~". O

Remark 1. The morphism @,/ is not a ring homomorphism (as we already knew
from the case ¢ = 1).

2. If we do not assume that R is g-divisible of g-characteristic p, then we still get a
map D 4/p , — A[f] given by an analogous formula but we cannot identify the target
with ZAA/R,U'

3. In formula , the sum actually starts with the smallest integer k > n/p.
Example 1. We have ®(0,) = 2P~ '0P.

2. We have ®(02) = (p — 1),2P 7208 + gP~1a?=202P,

3. When g—char(R) = p = 3, we have

O(63) = (¢ + 1)33 + (¢° — 1)a®35 + 2563

It follows from proposition 4.7 that F*(A’) = A%=0 if and only if the diagram

can 5(0)

Ps
©

A4
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commutes. Under this hypothesis, [F*] will induce, for all n € N, an F*-linear morphism
of R-algebras

n n 0 0
[F*] : A/<w>qp7y/IU[J : ®ar A/<w>qp’y/ja[f I - Pgn))a ®£4 Pgn))o'

Proposition 8.2. If 0, o F* = 0, then the diagram

n [F*] 0
Awgp /18 P,
é ld
n n F*
A/<w>qp,y/lc[u ] ®ar A/<W>qp7y/IU[J ] g) PESL))G ®4 sz))a'

15 commutative.

Proof. We want to prove that we always have
S([F*] (™) = [F¥)(8(w!™)).

We can compute the left hand side

pn pn
S([F*)(wlM) = 6 (Z Bn,kx”"’“ﬁ[’“]> = Y Buga?" Fo (M)

k=n k=n
pn k
- Z By, 2Pk (Z g[k—j] ® g[j]) )
k=n 7=0
We can also compute the right hand side

n

[F¥)(3(wl")) = [F*] (2 A @w[ﬂ) — VP & [Fr(wl)
k=0

k=0
Our assertion therefore follows from lemma below. O

Lemma 8.3. We have
pn
D B F (
k=n

- p0) & 50)
n PA/R®APA/R‘

k n
3 ¢lh-il gf 5[]‘]) = Y [P M) & [F*](w!)
— k=0

7=0

Proof. Since it is a generic question, we may assume that all g-integers are invertible in R
and also, if we wish, that A = R[z] is simply the polynomial ring. Using proposition
and remark [3) after definition as well as lemma, and the definition of B, j given
in proposition it is therefore sufficient to check the equality

pn k n
A, kxpn—k (Z <k> g(k—j) ®/§(j)> _ Z <n> F*(g(nfk)q/’y/) Q F*(f(k)q/’y')
’ = \J k) pa
k=n j=0 q k=0 P
in PR/ P=A®r AR®r A. This follows from theorem 3.5 of [LQ18a] applied both to o
and oP since F* is a ring homomorphism. O
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Lemma 8.4. Assume that R is q-divisible of q-characteristic p. If 0, o F* = 0, then we
have

1. A®pog=0 A ~ szojl)g(: A[f]/f(p)) and

2. A®yo0=0 A is a direct factor in ARy A.

Proof. First of all, the condition &, o F* = 0 implies that there exists a natural surjection
AR®py A — A@Aagzo A.

(o)

On the other hand, proposition provides a canonical injection A ® 4o,-=0 A — P(p_l)a.

Let us consider now the following commutative diagram

A/[é—] H14/ ®R A/ A/

Alf] —= A®@rA—— AR A.

The upper line sends ¢ to 0 and it follows that the bottom line sends £®) = F*(¢) to 0.
In the end, we obtain the commutative diagram

A@u A— A® o-0 A (29)

|

~ (OO)
A[g]/g(p) - P(p_l)g

from which both assertions follow. O
Definition 8.5. We say that F* is adapted to o if F* finite flat or rank p and 0,0 F* = 0.

Example If R has g-characteristic p and A is a localization of the polynomial ring R[x],
then F™* is always adapted.

Proposition 8.6. Assume that R is q-divisible of q-characteristic p. If F'* is adapted to
o, we can make the identifications

P, = Algl/E®.

A®A’ A = A@Aagzo A = P(;O_)l

(p—1)o

Proof. Only the first equality needs a proof. We know from the second part of lemma
that A® 40,-0 A is a direct factor in A®4s A. But the first part of the lemma tells us that
A ® go,-0 A is free of rank p over A’ and our assumption implies that A ® 4+ A is locally
free of the same rank p over A’. Therefore, they must be equal. ]

Remark By duality, lemma tells us that, when 0, o F* = 0, we have BA/RJ =
End 4o0,-0(A) and that this is a direct factor in End 4/(A). Moreover, the proposition says
that when F™* is adapted to o, then all three rings are equal. As a consequence, F* will
actually induce an isomorphism of rings A’ ~ A% =0,

We denote by ZA/RJ, Z/:4A/R,U and ISA/RJ the completions with respect to o2 (or 0, for
the last one: it gives the same thing). Recalling that we introduced in proposition an
A-linear map

Pa/r:Da/ro = ZAA/Ro>

we may now state our Azumaya splitting result:
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Theorem 8.7. Assume that R is q-divisible of positive q-characteristic p. If F'™* is adapted
to o, then ® 5 p provides an A-linear ring homomorphism

Da/ro — Endz, . (ZAa/ro) (30)

that induces an isomorphism

DA/R,U ™~ EndzA/R (ZAA/R,G)' (31)

,o

Proof. We deduce from propositions[7.13]and 8.6 that there exists a canonical isomorphism
of A-algebras
(A®a A) ®ar Aw) ~ ALE).

Moreover, it follows from proposition that this morphism is compatible with the
comultiplication maps. Therefore, it produces by duality (and base change) an A-linear
homomorphism (in fact an isomorphism) of rings:

Du/po — Enda(A) ® 4 Zajp, — Endy o (ZAA/Ro)-

,o

Actually, since the twisted divided p-Frobenius is continuous, this map is defined before
completion. ]

Remark 1. The first assertion of the theorem means that ® 4/ turns ZA, g, into a
D 4/r,--module via
ok 2oPt = ®(0k o z)oP,

g

2. As a consequence of the theorem, we see that ® 4/ induces an endomorphism of the
A-algebra Z 4 /g 5, and that it gives rise to an automorphism of the topological ring

ZA/R,O"

3. Since the bijectivity of a morphism of free modules of finite rank can be checked
after completion, we therefore have an isomorphism

ZA/Ro 6"OZap, Da/ro ~ Endz, p (ZAN/R o)

Example Since 0, 0 z = 0,(2) + 0(2)0, for all z € A, we have for all n € N,
Oy 0™ = (n)gz" ! + ¢"2"d,. 1t follows that

Oy -1 =®(0y) = 2P 108,
and for n > 1,
O 2" = B(2y 02") = (M)ga™ " + "2 = ((n)g + ¢"2PE) "L,

In other words, the matrix of d, will be

[ 0 qaP2+1 0O - 0
0 .
: : . . 0
0 0 o 0 PPl + (p— 1),
_ag 0 0 |

Note that this is slightly different from the formulas of proposition 4.1 of [GL14] because
we use here Ogus-Vologodsky divided Frobenius (the coefficients B and not the coefficients
C).
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Corollary 8.8. Assume that R is q-divisible of positive q-characteristic p and that F is
adapted to o. Then, ® 4/ induces an equivalence between the category of D o/g 5-modules

and the category of QA/RJ—modules.

Proof. This is Morita equivalence which follows formally from the Azumaya splitting (see
lemma 5.6 of [GLQ10]). O

In order to state the twisted Simpson correspondence, we need to recall some vocabulary.
An endomorphism ujys of an abelian group M is said to be quasi-nilpotent if

Vs e M,3IN e N,ul;(s) = 0.

The category of abelian groups M endowed with a quasi-nilpotent endomorphism is
isomorphic to the category of discrete Z[[t]]-modules (meaning that the ¢-adic topology
on M is discrete). Given an A’-module H, we will call a quasi-nilpotent A’-linear
endomorphism uy of H a Higgs field. Finally, a o-derivation on an A-module M is
an R-linear map 0, ar : M — M that satisfies the twisted Leibniz rule

Vze AVs € M, 050 (28) = 05, (2)s + 0(2)06,m(5).

We can now reformulate the previous corollary in more down-to-earth terms:

Corollary 8.9 (Twisted Simpson correspondence). Assume that R is q-divisible of positive
q-characteristic p and F' is adapted to 0. Then, the category of A-modules M endowed with
a quasi-nilpotent o-derivation dy a1 is equivalent to the category of A'-modules H endowed
with a Higgs field uy.

Proof. The first category is isomorphic to the category of discrete D A/R,o-modules, the
second to the category of discrete Z A/R,o-modules. Discrete D A/R,o-modules correspond

under the Morita equivalence to discrete Z4,p ,-modules. O

Remark 1. The equivalence is explicit and, as in proposition 5.7 of |[GLQ10], shown
to be given by

Mw— H:=M®"' and H— M:=AQ®u H.
More precisely,

ML= {s e M,Vk e N, &(dk /) (s) = aj;M(s)}

(which is not easy to compute) will be endowed with the action of 0¥ ), and A® 4 H
will be endowed with the unique o-derivation such that

dom(1®s) = P '® up(s).
Morita equivalence also provides an isomorphism
0o
RIHodge (H) := [H = H] ~ [M =% M] =: Rl 4r o (M).

(see |Sch17], Prop. 3.4 (iii) for an example).

2. Twisted Simpson correspondence holds for example in the following situations:
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(a) R a ring of prime characteristic p and z is an étale coordinate on A (Ogus-

Vologodsky).

(b) R contains a field K, g € K is a primitive pth root of unity and A = R[x] or

R[z,z71].

(c) R is p"-torsion with p prime, the pth power map of R/p lifts to R, ¢ is a

non trivial pth root of unity and z is an étale coordinate on A (we intend to
investigate in the future this particular situation).
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