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We prove that a differential operator in the usual sense is formally the
limit of quantum differential operators. For this purpose, we introduce
the notion of a twisted differential operator of infinite level and prove that,
formally, such an object is independent of the choice of the twist. Our
method provides explicit formulas.
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Introduction

Classically, the finite difference operator and the g-difference operator are given by
the formulas

fa+m)—f) 8,(f)(x) = f(QX)—f(X)’

An(f)@) = - pr—

and we can obtain the differentiation operator by passing to the limit
d(f) = lim Ay (f) = lim §,(f).
h—0 q—1

By using any of these operators, we may consider the notions of finite difference
systems, g-difference systems and differential systems. The confluence process
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consists in using the solutions of a difference (finite difference or g-difference)
system in order to approximate the solutions of a differential system.

In the late 19th century, C. Guichard [1887] solved the problem of integration
along a finite difference operator. In the early 20th century, in a couple of articles
in the Transactions of the AMS, Georges D. Birkhoff [1911] and R. D. Carmichael
[1911] gave reasonable conditions for solving linear finite difference systems.
Shortly after, Carmichael [1912] applied the same methods to linear g-difference
systems. This was later improved by C. Raymond Adams [1928/29]. There exists
an abundant literature on these questions and we would like to jump to the present
and mention the recent paper by Anne Duval and Julien Roques [2008] where
they study Fuchsian difference systems and their confluence. More generally, the
school of Jean-Pierre Ramis produced a lot of interesting material during the last
two decades (see [Di Vizio et al. 2003] for a survey). Among them, we mention in
particular the work of Jacques Sauloy on resolution, classification and confluence of
Fuchsian differential equations (see [Sauloy 2000] for example) and on the Galois
theory of these equations [Sauloy 2003].

While these works look at equations over the complex numbers, difference
systems have also been studied over p-adic fields by Lucia di Vizio [2004], for
example, and Andrea Pulita [2008; 2017]. Pulita showed that, over a p-adic field,
confluence is a very rigid process in the sense that we can approximate a linear
differential system by a g-difference system that has exactly the same (formal)
solutions. Finally, we want to mention the work of Charlotte Hardouin [2010]
who studies g-difference Galois theory over a field of positive characteristic in the
“exotic” case in which ¢ is a root of unity (which is also taken into account by
Pulita).

Our approach here is very general in the sense that we do not make any assump-
tion about the base field or the value of the parameter ¢ for example. Actually,
differential systems and difference systems may be seen as particular instances
of what we called rwisted differential systems in [Le Stum and Quirés 2015b]
(see also [André 2001] for a similar approach). Let us be more precise. If R is a
commutative ring, then a twisted R-algebra (or a difference R-algebra, if we name
them in the spirit of [Cohn 1965]) is a commutative R-algebra A endowed with
an R-linear ring endomorphism o. Actually, in [Le Stum and Quirds 2015b] we
allowed more generally families of endomorphisms satisfying some relations but
we will concentrate here on the one-dimensional case and we will use either one
endomorphism or a system of roots of this endomorphism. One may then consider
the o-derivations D of A, or more generally, the o-derivations D of an A-module
M: R-linear maps that satisfy the twisted Leibnitz rule

D(xs) =D(x)s +o(x)D(s).
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A o-differential module is then defined as an A-module M endowed with an action
by o-derivations of all the o-derivations of A. In the classical situation above, we
had o (x) = x, o(x) = gx or o(x) = x + h, giving rise to an action of 9, §, or
Ay, respectively. In our more general setting, the confluence question amounts to
comparing twisted differential systems for different twists.

Our method is original in the sense that it relies on a generalization of the classical
notion of a ring of differential operators. In order to do that, we may first fix what
we call a o-coordinate x € A, so that there exists a basis d, 4 for the o-derivations
of A such that 9, 4(x) = 1. We may then define the twisted Weyl algebra D, as the
Ore extension of A by o and 9, 4 (as in [Bourbaki 2012], Proposition 1.4). This is
the free A-module on the generators 9 for k € N that satisfies

Os0 f = 30,A(f)+a(f)aa

when f € A. A o-differential module is then the same thing as a D,-module. So
now, what we want to understand is the relation between D, and D; when 7 is
another R-linear endomorphism of A with the same twisted coordinate x. In the
end, we will be essentially interested in 7 (x) = x (the usual case where we simply
write D instead of D;) and o (x) = gx + h with g, h € R (the quantum case). Note
that the condition of ¢ being a root of unity in the quantum case below is analogous
to having a positive characteristic in the usual case and will require some care.

One may usually see a ring of differential operators as some dual of a ring
of formal functions (see the first section of [Grothendieck 1967] for example).
Doing this directly for D, would require understanding the notion of o-divided
powers on the function side. This is a very interesting question that we postpone to a
forthcoming article. Here, we will actually replace the twisted Weyl algebra D, with
a Grothendieck ring of differential operators D (so that the o-divided powers live
naturally on the differential operator side). It so happens that the classical construc-
tion works incredibly well for this particular generalization. It is actually sufficient to
replace the usual powers of an ideal with the twisted powers introduced in [Le Stum
and Quirds 2015a]. But now we are faced with two questions: the comparison be-
tween Déoo) and D&"O) on one hand and the comparison of D, with D((,OO) on the other.

We will show that, if we denote by DY the completion along the divided powers
of d,, then there always exists a natural isomorphism ﬁf,oo) ~ ﬁﬁ"‘” (the formal
deformation of Proposition 7.4) and we will be able to give very explicit formulas.
For example, in the case t(x) = x and o (x) = gx, we can write (over a field of
characteristic zero when ¢ is not a root of unity):

o (-9
80 = Z E(q - l)k_lxk_lak and 0= Z ka_lag.
k=1 k=1
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In the quantum situation, there exists a canonical map D, — D whose image is
exactly the ring D, of small (or naive) differential operators. Under some conditions
on g (R g-divisible and ¢ -char(R) = 0, see [Le Stum and Quirds 2015b]), then all
three rings Dy, D, and DY are actually equal. This happens for example in the
usual case when R is a Q-algebra and in the quantum case when ¢ belongs to a
subfield K of R and g is not a root of unity. When all these conditions are satisfied,
we easily derive from the formal deformation our first confluence Theorem 8.3:
there exists a map D, — D with dense image.

We will also consider the case where ¢ is a primitive p-th root of unity (but still R
a (D-algebra). It is then necessary to use a complete family g of p"-th roots of g. We
can define what we call a rooted Weyl algebra D, by taking the limit on all D, and
build a map D, — D with dense image. This is the second confluence Theorem 9.13.

It is interesting to notice that this last theorem puts together the ring D that sup-
ports the conjecture of Jacques Dixmier [1968] (whose higher version is equivalent
to the Jacobian conjecture [Belov-Kanel and Kontsevich 2007]) and an Azumaya
algebra where the Morita equivalence could be applied. Recall that the Jacobian
conjecture (or global inversion theorem) states that an endomorphism of the complex
affine space whose Jacobian is invertible is necessarily an isomorphism. Recall also
that Dixmier’s conjecture states that any endomorphism of a complex Weyl algebra
such as D is always an automorphism. This conjecture is not valid for D,. However,
this last ring is a lot easier to study because it is essentially a matrix algebra.

In a forthcoming paper, we will prove an ultrametric version of the results
presented here. More precisely, we will introduce the notion of twisted differential
operator of given radius on an affinoid algebra and show that this notion is essentially
independent of the choice of the twist. This will lead to an explicit equivalence
between differential systems and difference systems, generalizing a theorem of
Pulita [2008]. Recall that the first results in this direction were already obtained by
Yves André and Lucia Di Vizio [2004].

In a forthcoming joint paper with Michel Gros, we will introduce the notion of
quantum divided power and apply our methods in order to obtain a ring of quantum
differential operators of level zero. It happens to be isomorphic to the quantum
Weyl algebra. However, this new approach also provides the notion of quantum p-
curvature. We will then use some Frobenius action and obtain an Azumaya splitting
of the quantum Weyl algebra as well as a quantum Simpson’s correspondence much
as in [Gros and Le Stum 2014].

Both authors thank Michel Gros for all the fruitful conversations that we had all
together.

For us, a ring has an associative multiplication (not commutative in general)
and a two-sided unit. Morphisms of rings are always assumed to preserve the unit.
A module always means a left module. We will essentially consider 1-twisted
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rings from [Le Stum and Quirds 2015b] and simply call them twisted rings. More
precisely, throughout the paper, R will denote a commutative ring and A a twisted
commutative R-algebra: a commutative R-algebra endowed with an R-linear ring
endomorphism o4.

1. Twisted principal parts

We will introduce here the notion of twisted principal part (functions on twisted
infinitesimal neighborhoods of the diagonal).

We will begin by ignoring the endomorphism o4 and concentrating on the
commutative R-algebra A. The tensor product Py g := A ®r A has two A-algebra
structures, one coming from the action on the left and the other one coming from the
action on the right. Unless otherwise specified, we will use the left structure when
we see Py g as an A-module. However, when M is an A-module, the notation
P ®4 M will implicitly mean that we use the action of A on the right to build the
tensor product and that the resulting object will be seen as an A-module using the
action of A on the left.

In practice, we will write x :=x ® 1 € P4/ and X :=1Q®x € Py/g. In other
words, with these notations, the action on the left is multiplication by x and the
action on the right is multiplication by X. Any element of P4,r can be written as
a finite sum ) _ x;y;. At some point, we will call the embedding on the right the
Taylor map and denote it by

QA/RiA—>PA/R, X X.
We will then call X =64, g (x) the Taylor expansion of x € A (more on this vocabulary
later on).

We will also consider the canonical map corresponding to the projection that
forgets the middle term:

AQrAML AQRrAQRA, xQy—> x®1®)y.
It is a morphism of R-algebras that may also be seen as a map
Pa/r RIVN Pa/r®a Pasjr Xxy——>xQ®Y,
where A acts on the right on the first factor and on the left on the second one in the
tensor product.

Let I4,r be the kernel of the multiplication morphism

PA/R—>A, x}r—)xy
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(that corresponds to the diagonal embedding). The ideal 14, is generated by the
image of the linear map

d ~
AL Pyg, x——>Ei=%—x

(that corresponds to the difference between the projections). In practice, we will
usually drop the index A/R and simply write P, I, 6, 6 and d.
Since we will make regular use of linearization, we introduce it formally now:

Definition 1.1. Let M, N be two A-modules and u : M — N an R-linear map.
Then the A-linearization of u is the A-linear map

u

PRAM —=AQr M N

X®s ——— xu(s).

Recall that, in the tensor product, we use the action on the right on P. Therefore,
we have for all x, y € A, for all s € M,

uxy®s) =xu(ys).

As an example, we see that the multiplication map P — A is the A-linearization
of the identity of A, seen as an R-linear map.

For further use, we also mention the following result that follows immediately
from the definitions:

Lemma 1.2. If we are given two R-linear maps ¢ : M — N and v : L — M, then
the linearization of ¢ o W factors as

PR L2 Py P LMY P, M —25 N.
Now we make the endomorphism o4 enter the game. We will consider P :=
A ®p A as a twisted R-algebra by using o4 on the left and the identity the right: in
other words, we set op := 04 ®g Id4. Alternatively, this is the unique structure of
twisted R-algebra on P such that for all x € A,

op(x) =04(x) and op(x)=x.

In particular, we may also consider P as a twisted A-algebra, in the sense that P is
endowed with a o4-linear ring endomorphism op. We will often drop the indexes
A and P and simply write o for both maps (so that o (X) = X) when there is no
ambiguity.

Before we do anything else, let us prove the following result, which is quite
elementary, but very useful:
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Lemma 1.3. Ifx € Aand & := X — x € Pyg, then
op(§)=&+y with y:=x—o04(x).
Proof. We have
c)=c(Xx—x)=0c(X)—oc(x)=x—ocx)=xX—x+x—ox)=&+y. O
Lemma 1.4. The kernel of the A-linearization
Pa/r SZN A, xy+—— x04(y)

of opisop(la/r).

Proof. Recall that o (/) denotes the ideal generated by the image of I. As a
consequence, since / is generated by the image of d, we see that ker& will be
generated by the image of

AG—Od>P, X —— X —o(x).

Now, we have forall x € A, 6 (X —o(x)) =0 (x) —o(x) =0, and it follows that
o (I) C kero. Conversely, by definition, we have for all x € A,

oc(x)=x modo(]).

Therefore, if f:=)_ x;y; € kerd, we have

f=) xo(y)=5(f)=0 modo(),
and we see that kero C o (I). O

Remarks. (1) It is sometimes convenient to use the bimodule language. An
A-sesquimodule M is an A-bimodule such that forall x € A, s € M,

oa(x)-s=s-x.

Note that we are using the reverse convention from André [2001] so that
forgetting the right action induces an equivalence (an isomorphism) between
A-sesquimodules and left A-modules (we will use this identification).

(2) The R-algebra P has a canonical A-bimodule structure which is completely
independent of the choice of o4. If we endow A with its sesquimodule structure,
then the linearization & of o4 is a morphism of A-bimodules: we always have
forallx,ye A, feP,

ox-f-y)=0&fy)=xc(flo(y)=x-6(f)-y.

It follows that ker 6 has a natural A-bimodule structure. Actually, since & is
a ring homomorphism, then ker ¢ is an ideal and therefore automatically an
A-bimodule.
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Recall from [Le Stum and Quirds 2015a] that the twisted powers of I are
1O=p, O=1 1P:=10), ..., 1":=Ic)---c" (),

where images and products of ideals are meant as ideals. We will write If";)g when
we want to make clear the dependence on o and A/R.

Definition 1.5. The A-module of twisted principal parts of order n € N (and infinite
level) of A is

Da
Par.m, = Pasr/I{7R "

The A-module of twisted principal parts of infinite order (and infinite level) of A is
the rwisted completion:
Pa/r.o '=1m Pa/R (), -
Note that these A-modules all have natural R-algebra structures and that the
definition also makes sense for n = —1 so that P4/ (—1), = 0. Again, we will often

drop the indexes A/R when we believe that there is no risk of confusion and simply
write P(,), and P,. We will also drop the index o when o4 = Id4.

Examples. (1) When A is trivially twisted, which means that o4 := Idy4, this
notion of principal parts coincides with the usual one (definition 16.3.1 of
[Grothendieck 1967]), and therefore many of the basic objects we will construct
are twisted versions of those in that work.

(2) When A = R[x], we have P = R[x, £] with £ =X — x and I = (§). Moreover,
o(§) =&+ y with y =x — o (x). It follows that

o"E)=E+(n)e(y) =& +x—0"(x),
with (n), := 1 +--- 4+ ¢"~!. Therefore, we have
Py = RIx, €1/ [ [ + (1o (3) = RIx, 1/ [ [ +x — 0" (x)).
i=0 i=0

(a) In the case o (x) = x, we get Py, = Rlx, £]/€"+1 as expected.
(b) More generally, if we assume that o (x) = x 4+ h with & € R, we obtain

Py = RIx, €1/ [ [ —ih).

i=0

(c) On the other hand, if we let o (x) = gx with ¢ € R, we find

Pay = RIx, §1/ [ [+ (1 —g)).

i=0
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When R — R’ is ahomomorphism of commutative rings, we endow A" := R'Qz A
with o4 :=Idg Qro4.

Proposition 1.6. Let R — R’ be a homomorphism of commutative rings and A’ :=
R ®g A. Then we have for all n € N,

A" ®a Pasr,(n), = Parr,(n), -

Proof. If we let P/ := Py /R'» then there exists a canonical isomorphism A'®y P~
R’ ®g P >~ P’. Moreover, if we denote by I’ the kernel of the multiplication
morphism on P’, we have A’ ®4 I >~ I'. And finally, Id4 ®40p corresponds to op:
under this isomorphism. Our assertion is therefore an immediate consequence of
right exactness of tensor product. (]

Recall from [Le Stum and Quirés 2015a] that a twisted A-algebra is an A-algebra
B endowed with a o 4-linear ring endomorphism o (which simply means that for

all feA,op(flp)=04(f)).

Proposition 1.7. If B is a twisted commutative A-algebra, then there exists a
canonical morphism of B-algebras

B ®a Pa/r.nys = PB/R.(n), -

When B is a quotient (resp. a localization) of A, this map is surjective (resp.
bijective).

Recall from Definition 1.7 of [Le Stum and Quirés 2015b] that we call such a B
a twisted quotient (resp. twisted localization) of A.

Proof. The morphism of twisted R-algebras A — B extends naturally to a morphism
of twisted R-algebras P4 — Pp. Since 14 is sent into /5, we see that, for all n € N,
o (14) is sent into 0" (1) and the first assertion formally follows. In the case of a
quotient map, all the maps involved are surjective.

Now, if B := S~ A is a twisted localization of A, then Pj is the localization of
P4 with respect to the monoid S’ generated by S and S, and we have I B=Pp®p,14.
It immediately follows that for all n € N, we have 6" (Ip) = Pp ®p, 0" (14), and
therefore 1 g‘) = Pp®p, IX’). Thus we see that

Pg (), = Pp/(Pp ®p, IXHD) = Pp®p, Pa,(ny =B Q4 Pa,n) Ra B.

We need to remove the B on the right-hand side and it is sufficient to show that X
is invertible in B ® 4 P4 () whenever x € S. But we have

[[G-c'en=]]c'G—x) ey,

i=0 i=0
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from which we derive that there exists f € P4 such that
n
fx= l_[ o'(x) mod IX’H).
i=0

Since B = S~ A, we must have o (S) C B* and it follows that [T oi(x) € BX.
Thus, we see fx is invertible in B ® 4 P4 () and it follows X is invertible too. [

As an illustration, we can give explicit formulas in the quantum situation. Recall
that we introduced in [Le Stum and Quirds 2015a] the notion of twisted powers of
an element in a twisted ring. In particular, for f € P, we will have

fOu=1, fD=f fO=fof), ... fOV=fa(f) --0"(f).

Recall also that the quantum binomial coefficients are defined by induction (see
[Le Stum and Quirds 2015a] for example) as

(1) =G ()

= q .

k), k—1), kJ,

Proposition 1.8. Assume o (x) = gx with q € R and let § = X — x. Then we have
foralln e N,

(M s<">=2<—1>f(”.) ¢TI
j=0 174

and for alln € N,

n
“n _ Y\ ic(m—i)
x_g (i>xé .
q

i=0

Proof. The first equality is essentially the quantum binomial formula (see proposition
2.14 in [Le Stum and Quirds 2015a]):

n

F-n®=3" (”) (—x) D 5=,

=0 /g
For the second one, we compute the right-hand side with the help of formula (1):

> (1) =2 (1) ¢ (X (") o )
1 q l J q

i=0 i=0 . j=0

n k . . .
— . (k=) (k—i—1
= E (E <n> (n l) (—1)k_lq( l)(z l ))xki”_k
o\ iy k—i q
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after rewriting i + j = k. Now, we have (using corollaries 2.7 and 2.8 in [Le Stum
and Quirds 2015a], for example)

k k
n n ke l (k—i)(k—i—1) _(n ki (k—i)(k—i—1)
2 () (i) = () B () v

But the quantum binomial formula again implies that for £ > 0, we have

k
Z()( D g —ﬂ(l—q)—
i=0

And it follows that
n
<n) XE() = g
i—0 l q

1=

(k— l)(k i—1)

as asserted. O

We will need a slightly stronger notion of coordinate than the one used in
[Le Stum and Quirds 2015b]:

Definition 1.9. Let x € Aand & :=X — x € Py/p.

(1) Then x is a twisted coordinate for the twisted R-algebra A or a o -coordinate for
the R-algebra A if for all n € N, P4 /g (n), is freely generated as an A-module
by the images of 1, &, £2, ... &M

(2) If x is a twisted coordinate such that o (x) = gx +h with g, h € R, then we will
call it a quantum coordinate or g-coordinate and call A a quantum R-algebra
or g-R-algebra.

Examples. (1) When o4 =1d4, a twisted coordinate will be called a usual coor-
dinate. In the case A/R is smooth (of pure relative dimension one), then a
usual coordinate is nothing but an étale coordinate: it means that the map

R[T]—- A, Trx
is étale.
(2) If A = R[x], then x is always a twisted coordinate, whatever o is.

Proposition 1.10. (1) If R — R’ is a homomorphism of commutative rings and x
is a twisted coordinate on A, then x becomes a twisted coordinate on A’ :=
R’ ®gr A (relatively to R).

(2) If B is a twisted localization of A and x is a twisted coordinate on A, then x
becomes a twisted coordinate on B.

Proof. Follows from propositions 1.6 and 1.7. U
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Remark. Assume A is a quantum R-algebra so that there exists a twisted coordinate
x on A and g, h € R such that o (x) = gx + h. Let us still denote by the same letter
x an indeterminate over R and by o again the endomorphism of R[x] given by the
same formula. Then A becomes an R[x]-twisted algebra and we have a canonical
isomorphism (free A-modules of the same rank with the same generators):

A QRix] Prix1/R, (00 = Pa/R,(n), -

In the next statement, we use the letter £ as an indeterminate over A so that A[£]
denotes the polynomial ring and A[£]<, the submodule of polynomial of degree at
most n. Ultimately, this should not create any confusion due to Corollary 1.12 below.

Proposition 1.11. Let x € A and y := x — o (x). We endow A[&] with the unique
o s-linear endomorphism such that o (§) = & +y. Then x is a twisted coordinate on
A if and only if the morphism of twisted algebras

¢:AlE] = Pajr, &> X—x
induces for all n € N an isomorphism of A-algebras A[£]/E" ) ~ Pa/R,(n), -

Proof. First of all, it follows from Lemma 1.3 that there exists such a morphism for
all n € N. On the other hand,

) gD =TI+ =o'
0

is a monic polynomial of degree n + 1. Then euclidean division tells us that the
composite map

Al€l<, — A[E] — A[g]/£0TD

is an isomorphism of A-modules. Therefore the condition on ¢ is equivalent to the
fact that the map

A[g]fn_)P(n)ga %_'_))E_x

is bijective. And this exactly means that P, is freely generated by the n 4- 1 first
powers of the images of X — x. U

When the polynomial ring A[£] is endowed with the structure of a o 4-algebra,
we will set

AllETly :=lim A[g]/6TD.

Corollary 1.12. With the same hypothesis, x is a twisted coordinate on A if and
only if there exists an isomorphism of A-algebras

Aléll, = ﬁA/R,o, Er— x —x.
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Corollary 1.13. Let x € A and & := X — x € P. Then the following conditions are
equivalent:

(1) x is a twisted coordinate on A;

(2) for all n € N, the A-module P, is freely generated by the images of 1, &,
)
5(2)’ o S(n);
(3) foralln e N, the A-module 1™ J1"+Y is free of rank one on the image of £ ™.

Corollary 1.14. If A is a twisted localization of R[x], then x is a twisted coordinate
on A.

Proof. Using the second part of Proposition 1.10, we may assume that A = R[x],
in which case this is a trivial consequence of Proposition 1.11. ([

2. Twisted differential forms

In this section, we study the module of twisted differential forms (of degree one)
and make the link with twisted derivations. We use the same notations as before.

Definition 2.1. The A-module of twisted differential forms on A/R is

1 . 2)s
QA/R,U = IA/R/IA/R'

Again, we will often drop the index A/R. Since we implicitly endow P with
the action of A on the left, we will also always see ©2! as an A-module through the
action on the left.

Examples. (1) When A is trivially twisted, then Q}, = I/I? is the usual module
of differential forms of A over R.

(2) If A = R[x] is endowed with any R-algebra endomorphism o, then 2! is free

of rank 1: with the notations of Lemma 1.3 (so that y =x — o (x)), we have

Q! ~&R[x, £1/6(E +y) ~ RIx, £]/(5 +y) = RIx].

Remarks. (1) Clearly, Q2 }7 has a natural A-bimodule structure as a quotient of two
ideals of P. It happens that this is identical to its A-sesquimodule structure: by
definition, if x € A, then X =0 (x) mod o (/) and it follows that for all f € I,

3) fx=fo(x) modlo(l).

(2) The Q! that appears in proposition 1.4.2.1 of [André 2001] is exactly the same
as ours (André calls kK what we call R).

(3) Formula (3) is exactly the first step of the braiding described by Max Karoubi
and Mariano Sudrez-Alvarez [2003].
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(4) One can define more generally the twisted de Rham complex 2;, of A as the
quotient of the noncommutative tensor algebra of / by the graded differential
ideal generated by /o (). We will not consider this complex here.

Proposition 2.2. There exists a split exact sequence
00— Q}A/R,J — PA/R,(I)U i) A — 0.

Proof. There exists such an exact sequence by definition of P(j), and Ql. The
A-module structure of P provides a section of 5. ([

Proposition 2.3. (1) If R — R’ is a homomorphism of commutative rings and
A’ := R' ®g A, then there exists an isomorphism

1 ~ Ol
A/ ®A QA/R,(T _QA//R/,O"

(2) If B is a twisted commutative A-algebra, then there exists a canonical B-linear

map

4) B ®4 Q}A/R,a —> Q}B/R,J‘
When B is a quotient (resp. a localization) of A this map is surjective (resp.
bijective).

Proof. Using Proposition 2.2, this follows from propositions 1.6 and 1.7. U

Remark. This last result does not hold however if we only require A — B to be an
étale map (and not a localization map) as the following example shows. Let R be any
field of characteristic different from 2, A := R[x] with o4 :=1d4 and B := R[x, x " !]
with o5 (x) := —x. Then the morphism x — x? is an étale twisted morphism but
the morphism (4) is the zero map. More precisely, if £ =x — x, we have

BRaQY,=)/E) and Qp,=(E)/E +2x8),
where the ideals are taken inside R[x, x !, £], and the morphism (4) is induced by
£ > E2 4 2xE.

Recall from [Le Stum and Quirds 2015b] that a twisted derivation of A is an
R-linear map into an A-module M that satisfies the twisted Leibnitz rule: for all
X,y€EA,

D(xy) =xD(y) +o(y)D(x).
They form an A-module Derg (A, M).

Proposition 2.4. The canonical map A — Qix /R induced by d is a twisted deriva-
tion. It provides us with a natural isomorphism

©)) Homy(Q) g 5- M) => Derg o (A, M), ur—> D:=uod

whenever M is an A-module.
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In the future, we will also denote by d : A — Q! this universal twisted derivation
when there is no risk of confusion.
Proof. Using formula (3), we see that, inside P, we have
yd(x)+o(x)d(y) =y(Xx —x)+ox)(y—y)
=yx—x)+x(y—y)
=Xy —xy
=d(xy) mod Io(I).

It follows that the induced map d : A — Q! is indeed a twisted derivation. This
also implies that the map in (5) is well defined. And it is clearly injective because
I is generated by the image of d.

We now show that it is surjective. If D is a twisted derivation of M, we can
consider its linearization

P2 M, x5 xD(y).
By definition, the ideal /o (1) is generated by elements of the form
=G =00 —-0()=Xy—xy—o(X+xo(y),
and we have
D(f)=D(xy) —xD(y) — o (y) D(x) + x0 () D(1) =0

because D is a twisted derivation (and in particular D(1) = 0). It follows that D
factors through P/Io(I) and we may consider the induced map u : Q. — M. It
only remains to notice that we have for all x € A,

u(d(x)) = D(d(x)) = D(X — x) = D(x) —xD(1) = D(x). a

Remark. There exists a very elegant proof of this last result through the theory of
bimodules. It is based on the fact (see proposition 17 in [Bourbaki 1970], Chapter
III, section 10) that 7 is universal for bimodule derivations: there exists a natural
isomorphism

Homy gim(I, M) = Derg(A, M), uvr— D:=uod,

where the right-hand side stands for bimodule derivations (see proposition 1.4.2.1
of [André 2001]).

As an immediate consequence of the proposition, writing T4 /g o :=Derg (A, A),
which we will often abbreviate to T,;, we obtain the following:

Corollary 2.5. The A-module Ty R » is the dual of le/R,a'
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Proposition 2.6. Assume that 9}4 /R, IS projective of finite rank. Then if M is an
A-module we have the following:

(1) If R — R’ is a base extension and A’ = R’ ®g A, then there exists a canonical
isomorphism

R' ®g Derg o (A, M) ~Derg (A, A’ @4 M).
(2) If B is a twisted A-algebra, there exists a canonical map
B ®4 Derg (A, M) < Derg (B, B®a M).

It is injective (resp. bijective) when B is a quotient (resp. a localization) of A.
Proof. Both assertions follow from Proposition 2.3. More precisely, in the first case,
R' ®g Derg o (A, M) ~ R’ ®g Homy (R /g ,» M) ~ Homa(Q) ¢ . A’ ®4 M)

because Qi‘ /R0 is projective of finite rank, and then
Homy(Q) 5. A’ ®4 M) >~ Homy (A’ ® Q) 5 o A’ @4 M)
~ Homa (R /g o A’ ®4 M) ~ Dergr o (A", A’ @4 M).

The proof of the second assertion follows exactly the same lines with the same
arguments. We have

B®uDerg o (A, M) ~ B®yHoma(Q) /. ,. M)
~ Homa () ¢ - B®s M)

~ Homp(B ®4 Q) g 5 B®s M) < Homa(Qp g, B®a M)

~ Derg ,(B',B®s M),

and the only map which is not always an isomorphism will be injective (resp.
bijective) when B is a quotient (resp. a localization) of A. (I

The following immediate consequence is worth stating:

Corollary 2.7. If Q}MR’O_ is projective of finite rank, then T » and Q}A/R’U are
dual to each other and we have

(1) If R — R’ is a base extension and A’ = R’ Qg A, then there exists a canonical
isomorphism

R QR TA/R,O' ~ TA’/R’,U’-
(2) If B is a twisted localization of A, then there exists a canonical isomorphism

B®4aTa/r0c ~Ta/Rro-
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Definition 2.8. A twisted connection on an A-module M is an R-linear map
VM M@k,
such that for all s € M, for all x € A,
Vixs)=s®dx) +o(x)V(s).

An A-linear map between two A-modules with twisted connections is said to be
horizontal if it is compatible with the connections.

Clearly, A-modules endowed with a connection and horizontal maps form a
category V,, -Mod.

Remark. This definition is compatible with definition 2.2.1 by André [2001]. In par-
ticular, all the tannakian formalism applies but this is not what we are interested in.

Recall from [Le Stum and Quirés 2015b] that if D is a twisted derivation of A,
then a twisted D-derivation of an A-module M is an R-linear endomorphism Dy,
of M that satisfies the twisted Leibnitz rule: for all x € A, for all s € M,

Dy(xs)=D(x)s +04(x)Dp(s).

One may then consider the notion of action by twisted derivations of Ty /g - on M:
it is an R-linear action such that whenever D € T4 /g », the map Dy :s+— D.sis a
D-derivation.

Proposition 2.9. There exists a functor from the category of A-modules endowed
with a twisted connection to the category of A-modules endowed with a linear
action of Ta/r by twisted derivations. It is an equivalence (an isomorphism) when
Qk /R0 is free of finite rank.

Proof. If M is endowed with a twisted connection V: M > M ®4 QL and D is a
twisted derivation of A, we may write uniquely D = u od with u : Q! — A and
consider the composite map Dy := (Idy ®u) oV : M — M. Then we will have

Dy (xs) = (Idy ®@u)(V(xs))
= (Idy ®u)(s ®d(x) + 0 (x)V(s))
=@od)(x)s +ox)Idy Qu)(V(s)) = D(x)s + o (x)Dp(s).

Conversely, assume that M is endowed with an action of 7, by twisted derivations.
Let Dy, ..., D, be abasis of T, and wy, ..., w, be the dual basis in Q}, Then we
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can define V(s) =) D; y(s) ® w; and check that

Vixs) = Z Dj y(xs) @ w;

= (X Diws +o0Diue)) @

=s®) Dix)w;+0(x) ) Diyu()®w; =s @A) +0(x)V(s).
Clearly, this is an inverse to the previous functor. U

Proposition 2.10. If x € A is a twisted coordinate on A, then Q) . , is free of
rank 1, generated by dx. Moreover, there exists a unique twisted derivation 9y , of
A such that 0 ,(x) = 1 and we have for all D € Ty o,

D = D(x)d,.,.

Proof. The first assertion is a particular case of Corollary 1.13. The second one
then follows from Corollary 2.5. U

In particular, we see that a twisted coordinate is also a coordinate in the sense of
[Le Stum and Quirds 2015b]. In order to lighten the notations, we will usually drop
the index x but we must not forget that d, depends on the choice of x. Also, we
would rather write d4 » than d,, when we want to make clear the dependence on A.

If x is a twisted coordinate on A, one may consider the twisted Weyl algebra
D4/R,0,0 (see [Le Stum and Quirds 2015b] for example), that we will usually denote
by D4/r,o and sometimes simply by D,,. This is the noncommutative polynomial
ring in one variable d, over A with the commutation rule for all z € A,

052 = aA,U(Z) +0a (Z)aa-
Moreover, there exists an equivalence (an isomorphism) of categories
DA/R,O' -Mod ~ 8A,a —MOd,

where the latter denotes the category of A-modules M endowed with a 94 4-
derivation.

Proposition 2.11. Assume that x is a twisted coordinate on A. Then there exists an
equivalence (an isomorphism) of categories

VGA -Mod ~ DA/R,O’ -Mod.

Proof. Follows from Proposition 2.9. U
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3. Twisted binomial coefficient theorem for principal parts

We prove here the main theorem that will allow us to recover twisted differential
operators from principal parts. We use the same notation as before.
In Section 1 we introduced the canonical map (it is a morphism of R-algebras)

) ~ ~
PA/RA—/R>PA/R®A PA/R9 XyF—>xQ®y.

We want to investigate the interaction between o4 and 84,r.
Recall that we also considered in Section 1 the maps

Pajg =5 Pajr,  x9 > 0a(x)7,

which is an R-linear ring homomorphism, and

which is only R-linear. As usual, we will drop the subscripts in order to lighten the
notation, hoping that the meaning will always be clear from the context.

Lemma 3.1. Foralli =0,...,n, we have in P @4 P forall x € A,
8(0"(d() =1®@0"([d(x)) +0" " (d(e" (1) @ 1.
Proof. We do the computations in A ® g A ®g A. The right-hand side is
1@(1@x—0' WD +0" (18 (X)) —0' @D ®1
=1®1Qx—1Qc'(X)®14+1®c'X)®1—0"(X)R1R1
=IQIQx—0c"xX)R1® 1.
If we develop the left-hand side, we obtain exactly the same thing:
8(0"(dx)=61@x—0d"XN)®N=101@x—-c"xX)®1IR1. O

We endow P ®4 P with the endomorphism op ®4 Idp (which is the same thing
as 04 Qrldys ®prIds on A Qr A ®p A).

Proposition 3.2. The map 6 : P — P Q4 P is a morphism of twisted R-algebras.

Proof. This is the case n = 1 and i = 0 of Lemma 3.1. More precisely, if x € A and
& =X —x, we have

§(0(€)=1Q&+0(§)®1=0(5(8)). U
Proposition 3.3. We have in P ®4 P foralln € N,

n
5(1(")) C Zl(i) ® 1",
i=0
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Proof. First of all, since [ is generated by the image of d, it follows from Lemma 3.1
that foralli =0, ..., n, we have

$(@"(N) CPRa'(I)+o" " (I)® P.

Using induction, we obtain

3D =513 () C Y UV @I" )P @ " (D) +0'(H® P)
i=0

n n
C Z(l(i) ® 10—ty +Z(1(i+l) ® 1)
i=0 i=0
n+1
cY 1D@ImH=h, O
i=0

Corollary 3.4. Forallm,n € N, we have in P ®4 P:
8(1(n+m+1)) CP R4 I(m—H) +I(n+1) Q4 P.
In other words, 8 induces a map
67! m,
Pitm), == Py, @4 Py, -

Proof. If 0 <i <m+n+ 1, we have either i > n and then 1D c 104D or else
i <nsothatm+n+1—i>m and then J"+"+1-)  n+D
Going to the limit, we obtain a canonical homomorphism of R-algebras

~ 5 A =

Pa—>Pa®AP(r’

where the right-hand side is, by definition, the inverse limit of all the P, ®4 Py, -
In other words, we obtain a comultiplication on P, that will allow us to turn its
“dual” into a ring (more on this later). U

We finish this section with the quantum binomial theorem for principal parts:

Theorem 3.5. let A be a twisted commutative R-algebra and x € A such that
o(x)=qgx+hwithq,h € R. Ifwe set & =X — x, then we have

n

BE™) =) (’:) s @0

i=0 q

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

3ETD) =86 Ma"(§)) = 850" (6))).



FORMAL CONFLUENCE OF QUANTUM DIFFERENTIAL OPERATORS 447

Using induction and Lemma 3.6 below, we get

8@("*”)—2( )(é(” D@ 1®d'E) +q'a"E)®1)

i=0 q
:an(n) (n— L)®é(l+l)+z( ) (n=i+1) @ £ 0
i=0 i=0 q
n+1
:Z( >§(n l+1)®§(l)+z< >q é-(n l+l)®§(1)
i=1 i=0 q
n+1
F() e
i=0 Yq
n+1
_ (n+ >%.(n+1 D @ED, 0
i=0
Lemma 3.6. Under the hypothesis of the proposition, we have for alli =0, ..., n,

3" ) =1800"¢) +q'c" ) 1.
Proof. We have

d(o(x) =0(x)—o(x) =qx +h—(gx +h) = (¥ —x) = g&.

The analogous result holds for the endomorphism o’. It follows that d(c’(x)) =¢'&
and we finish with Lemma 3.1. (]

4. Twisted differential operators of infinite level

We are now able to define the ring of twisted differential operators (of infinite level).
We keep the previous notation.

Definition 4.1. If M and N are two A-modules, then a twisted differential operator
@ : M — N of order at most n (and infinite level) is an R-linear map whose
A-linearization

1

P@M—>A®yM N
XQ8s ——— xp(s)

factors through P,y ®4 M.
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Note that the condition means that the restriction of ¢ to I”"*D ®, M is zero.
We might still write ¢ for the map induced on P(,), ®4 M when there is no risk of
confusion.

We denote by Diff,, (M, N) the set of all twisted differential operators of order
at most n. Thus, we have a canonical isomorphism

Diff, (M, N) >~ Homy (P¢,), ®4 M, N),

where P(,), is seen as an A-module for the action on the right with respect to ®4
and for the action on the /eft with respect to Homy. In particular, Diff, (M, N)
has the natural structure of a P,) -module given by xy - ¢ := x o ¢ o y, where
multiplication by y takes place in M while we multiply by x in N.

We will also denote by Diff, (M, N) the set of all twisted differential operators
of any order so that

Diff, (M, N) = lim Hom (P, ®4 M, N).

In particular, we see that Diff, (M, N) has the natural structure of a I/’\U-module.
In the case N = M, we will write Diff, (M) and Diff;(M). We also set
fol){ » = Diff; (A) and we will often drop the index A/R and simply write DY,

Definition 4.2. Let x be a twisted coordinate on A and & = X —x. Then the standard
basis of Diff, , (A) is the basis 8%! dual to the images of the £€® in P, . We call
8g‘] the standard twisted divided differential operator of order k associated to x.

In other words (we will come back to this in Section 7), the canonical basis is
characterized by the property that for all k, n € N,

ol ) = {1 e=n
0 otherwise,
where 8 denotes the A-linearization of the R-linear endomorphism 3Lkl of A.

Thus, when x is a twisted coordinate, any ¢ € D can be uniquely written as a
finite sum Y zka([,k] with z; € A (and conversely, any such sum is in Df,oo)).

The next proposition shows that the A-module of twisted differential operators
could have also been defined by induction on the order n (this is sometimes more
convenient and does not require one to work out the theory of principal parts).
Instead, it uses the notion of twisted bracket for all ¢ € Homz(M, N), forall x € A,

[p,x]ls =pox —o(x)og,

already used in [Le Stum and Quirés 2015b]. We will need this intermediate result:
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Lemma 4.3. Let M, N be two A-modules, ¢ € Homg(M, N) and x € A. If we set
Ox = [wv X]o, then

Gr=¢0(0(E)®aldy): PRuM — N.
Proof. We do the computations in A @ g M. Let y € A and s € M. Then
PeE)(Y®s)=9((1®x -0 (X)) D(y®s))
=@(yQ®xs) —@(o(x)y®s)
= y(xs) —o(x)yp(s)
= ypx(s) = 2 (y @ s). u

Proposition 4.4. Let M, N be two A-modules and ¢ € Homg(M, N). Then for all
n €N, we have

¢ € Diff, o (M, N) < forall x € A, [, x]gn € Diff,_1 o (M, N).

Note that we can start the induction process with Diffy , (M, N) =Homyg (M, N)
or with Diff_; , (M, N) =0 if we prefer.

Proof. For x € A, we set ¢, := [¢, x]o». Then we consider the linearizations
¢’ ¢x . P ®A M — N
of ¢ and ¢,, respectively, and apply Lemma 4.3 to 0" so that

¢x =¢o (0" (§) ®aldy).

Thus we see that g =0 on /"D @4 M = I™o"(I) ®4 M if and only if ¢, =0 on
1™ ®4 M for all x € A. In other words, ¢ factors through P,), ®4 M if and only
if all ¢, factor through P,—_1), @4 M. O

Corollary 4.5. A twisted differential operator of order at most n (and infinite level)
from M to N is an R-linear map ¢ : M — N such that for all x, ..., x, € A,

[[ . [[QDa -x}’l]ﬂ'"v xn—l]n"*I te ](7'7 XO] = 0

Remarks. (1) Be careful that, with the notation of Valery Lunts and Alexander L.
Rosenberg [1997], our Diff, (M, N) is different from their Diff(M, N?) which is
defined by the condition for all xg, ..., x, € A,

[[- - [le, Xnlo, Xn—1lo - - - 1o, X0l = 0.

They only coincide when n =0, 1.

(2) Our Diff, (M, N) should however coincide with some flavor of the Diffg (M, N)
of Lunts and Rosenberg. More precisely, in order to define this module, they need a
G-grading on A and a bilinear map 8 : G x G — R* (they use k and R for our R
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and A). In the simplest nontrivial case A = R[x] and B(m, n) =g~ ™", we believe
that their Dg(A) coincides with our DE\O/O,);,’(7 but their D, (A) is bigger (see [lyer
and McCune 2002] for example).

(3) Charlotte Hardouin [2010, Definition 2.4] introduces what she calls an iterative
q-difference ring or ID,-ring for short. She chooses some nonzero g € K where
K is a fixed algebraically closed field and endows the field A := K (x) of rational
functions on K with the automorphism o (x) = gx. Then if we look carefully
at her conditions, we see that an ID,-ring is a finitely generated A-algebra B
with a structure of Dgofl)(’g—module, denoted by (¢, y) — ¢(¥), such that the map
y = o (y) is an automorphism of the ring B and for all k e N, for all y, z € B,

(6) My =Y @ ).
i+j=k
Note that B becomes a twisted A-algebra, that is in fact inversive (which simply

means that o is bijective on B, a condition that is built into Hardouin’s definition),
and that condition (6) is automatic if the g-characteristic of B is zero.

Proposition 4.6. Composition of twisted differential operators gives a twisted
differential operator. Moreover, its order is at most the sum of the order of the
components.

Proof. Welet ¢ : M — N be a twisted differential operator of order n and ¢ : L — M
a twisted differential operator of order m and consider the factorization

P, L8 po, P LY po, M- s N

of Lemma 1.2. The map ¢ factors through P,  ®4 M and Id Qv factors through
P ®a Pn), ®a L. Therefore, their composite factors through P, ®4 Pgn)y, ®4 L and
it follows from Corollary 3.4 that the whole thing will factor through P4, & L.
Thus, ¢ o v is a twisted differential operator of order at most m + n. ([

It is sometimes useful to have a general formula for the commutation of twisted
differential operators with the twisted coordinate x:

Proposition 4.7. We have for all k € N\ {0},
0 o x = g F(x)alk! 4 glh—11,

Proof. In order to make the proof easier to understand, we will still write X =
1 ® x € P, but we will denote the multiplication maps by

ADS A y—xy and PSP o+ Fo.

Then it is easy to see that mj splits as

Idp ®amiy,

PspPpe,P P,
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where m, denotes the linearization of m,. It then follows from Lemma 1.2 that

8([,“ om, = a”‘] oms;.

On the other hand, we have
D =gMWot (&) =W (E 0" () = ¥E™ — 0" (0)E™,

from which we derive x&£™ = £®+D 4 57 (x)£ ™, Putting all these together, we get

—_~—

(o m) ™) = (3 oms) ¢™)

— o(es™) |
~ 1 if n=k—1,
= ol EmD L o)™y =L ok (x) if n=k,
0 otherwise.
In other words, we have
M om, = ok (x)alk 4 a1, O

Corollary 4.8. If x € A%, then for all k € N\ {0},
k

_ (=) i
WMox= 1=y~ 2 k=il
o gl—[tjzookj(x) o

Proof. Using for a moment the convention 8.~!! = 0, which makes Proposition 4.7
formally valid for k£ = 0, we compute

k i
) e A PO

. o
i=0 l_[’j:o ok=J(x)

k i
Z (=D (0" () k=1 4 glk—i=11y

izo 1[0 0"/ (x)
k ' k—1 ,
= ia“‘*il + Z ia[kfifl] K O
i— : o ; - p o
= [li=po* ) =0 [ 1o 07 ()

Proposition 4.9. Let M, N be two A-modules.

(1) Let R — R’ be any morphism of commutative rings and A’ == R’ Qg A,
endowed with Idg @ poa. Then we have

Diff,, (A’ ®4 M, A'®@4 N) =~ A’ ®4 Diff,, (M, N).
(2) If A — B is a twisted localization and M is finitely presented, then we have

Diff,,(B®4 M, B®4 N) ~ B ®4 Diff,, (M, N).
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Proof. Follows from propositions 1.6 and 1.7 and the fact that direct limits commute
with tensor product (and localization is flat). O

Remark. (1) As a particular case, we will have

(00) ~ (00) (00) (00)
Dy ko =A @Dy, and Dpp,~B®sDypg,.

(2) When A is a quantum R-algebra, we will always have (see the remark following
Proposition 1.10) a natural isomorphism of A-modules

(00) (00)
DA/R,O’ ~A ®R[X] DR[x]/R,U'

Note however that the ring structure (or equivalently the action on A) plays a
fundamental role.

Proposition 4.10. We have Diffy ,(A) = A and Diff) 5 (A) = A® T g.o-

Proof. The first assertion follows from the fact that P, = A and the second one
from Proposition 2.2. O

Recall that we introduced in [Le Stum and Quirds 2015b] the ring Dy /R0 Of
small twisted differential operators of A/R as the smallest subring of Endg(A)
containing both A and T4 /g ». Again, we will simply write D, when we believe
that there is no risk of confusion. Then we have the following:

Corollary 4.11. The ring of small twisted differential operators is contained inside
the ring of twisted differential operators of infinite level: we have

]SA/R,O‘ C Di}o;)])?,a'
When there exists a twisted coordinate, we can make the twisted Weyl algebra
enter the picture and we have:

Corollary 4.12. If x is a twisted coordinate on A, there exists an epi-mono factor-
ization
D D D)
A/Ro > Da/Ro = Dyp 5

Proof. There exists a natural map D, — D, that sends the parameter d, of Dy 5
to the corresponding endomorphism d4 » of A. And it is surjective since d4 o is a
generator of T, . O

None of the maps are in general bijective, even in characteristic zero. However,
as we will see in Theorem 6.3 below, there are some important cases where both
maps are bijective.

At some point, we will need to be able to compare twisted differential operators
with respect to o and twisted differential operators with respect to the powers (or
roots) of o.
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Proposition 4.13. Forallm > 0, if M, N are two A-modules, we have
Diffy» (M, N) C Diff, (M, N).
Proof. Since
1Mo = [o(I)-- o™ ) C Ie™ )™ (I) = 1M,
there exists an natural surjective map
Pomy, = Pinyon s
from which we derive an inclusion Diff,, ,» (M, N) C Diff,,, - (M, N). U

Recall from [Le Stum and Quirés 2015a] that a system of roots of o is a family
0 :={0n}nes, With § C N, of R-linear ring endomorphisms of A such that 0" = Gr:’,’,
whenever m/n =m’/n’ and 0! = 0. We will always assume that S is filtering for
division in the sense that if m, m’ € S, then there always exists m” € S such that
m|m” and m’ | m". We will call the pair (A, o) an S-twisted R-algebra.

Definition 4.14. Let o := {0, },<s be a system of roots of o. Then the ring of twisted
differential operators (of infinite level) Dfﬁe, o 1s the R-subalgebra of Endg(A)
generated by all o, -differential operators (of infinite level) for all n € S.

Proposition 4.13 then has the following consequence:

Corollary 4.15. If o is a system of roots of o, we have

(00)  _ (00)
DA/R,Q - UDA/RsUn'

Note that in section 3 of [Le Stum and Quirds 2015b] we defined in exactly the
same way the ring of small twisted differential operators D4 /R, for any family o
(not necessarily a root system), but we showed that the analogous statement is not
true in general.

5. Twisted Taylor series

We will develop here the formalism of twisted Taylor maps which describes the
formal solutions of twisted differential modules. Notations are as before.

LemmaSs.1. [fMisa D54071)e,n -module, then the canonical map Df407[)?,0 — Endg (M)
induces, for all n € N, a Pa /g (n), -linear map

Dift, ,(A) — Diff, , (M).
Hence, there exists a canonical ﬁ,-linear map

D7y — Diff, (M).
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Proof. Since the canonical map A : D — Endg (M) is a morphism of A-algebras,
it will commute with the action of P. More precisely, for all x, y € A and ¢ € D((Too),

we have (see Section 4 for the definition of the action of P on D((,oo))

Axy-@)=A(xopoy)=xo0i(p)oy=xy-Alp).

In particular, if ¢ is zero on "D, then ):(?;) will be zero on 1D @4 M. It means
that the image of Diff, ,(A) falls inside Diff,, , (M). ([l

We will usually denote by ¢, € Diff, (M) the image of ¢ € D). In other
words, for ¢ € D((,OO) and s € M, we will have ¢, (s) = ¢s.

Definition 5.2. A twisted Taylor structure (of infinite level) on an A-module M is
a compatible family of A-linear maps 6, : M — M ®, P, (called twisted Taylor
maps) with 6y = Id, making commutative all the diagrams

Om
M M Q4 P(m)“

l 9n+m j 9" ®Id
Id ®3n,m

M Q4 Pirim), M ®a Py, ®4 Py,

For example, the canonical twisted Taylor structure on A is defined by the family
of composite maps
6

A——P

RN

P,

where the upper map is the Taylor map x — X given by the action on the right (see
Section 1).

There exists an obvious notion of morphism of A-modules endowed with a
twisted Taylor structure and they form a category.

Proposition 5.3. Let M be an A-module endowed with a twisted Taylor structure
(6n)neN. Then there exists a unique structure of a DEL\O?;?, »-module on M such that,
forall n € N, we have

(1) Ou(s) =) _ sk ® fi = forall  €Diff, , (A), o (s) = Y G(fi)si.

This is functorial in M in the sense that any morphism of A-modules M — N which
is compatible with some twisted Taylor structures on M and N will automatically
be DX’;DI)Q’ o -linear. Moreover, this is an equivalence (an isomorphism) of categories
if all Py, are finite projective (for the left A-module structure).

Note that the last condition is satisfied if there exists a twisted coordinate on A.
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Proof. First of all, there exists for all n € N a canonical morphism of A-modules
(8) M ®4 Py, — Homy (Homy (P, , A), M),
which is automatically P(,), -linear. Now, A-linear maps
9) O M — M Q4 Py,
correspond bijectively to P, -linear maps
€n: Puy, ®a M — M @4 P, ,

and we can compose with the map (8) in order to get

Py, ®4 M — Homs (Homa (P, , A), M),
or equivalently,

Homy (P, , A) — Homy (P, ®4 M, M).
In other words, we obtain P(,), -linear maps
(10) Diff, (A) — Diff, o (M), ¢+ ¢um.

Formula (7) follows directly from the construction. Compatibility for various n
in (10) follows from compatibility for various n in (9). We need to show that
the corresponding map D End(M) is a morphism of rings. To do that, one
can use the description of composition of twisted differential operators given in
Proposition 4.6: we need to verify that the maps (9) are compatible with § which is
exactly the condition in the definition of Taylor structure.

This construction is clearly functorial. Moreover, if P, is finite projective (for
the left A-module structure), then the map (8) is actually an isomorphism. And it
follows from Lemma 5.1 that a D -module structure on M will provide us with a
compatible family of maps as in (10). O

Definition 5.4. Let M be an A-module endowed with a twisted Taylor structure.
Then the twisted Taylor map of M is the map

é :1(&1(9,, M- M@ﬁg = LLHM@A Py, .
The twisted Taylor series of s € M is é(s) e M®, I/D:,.
There exists a commutative diagram
6

M M&, P,

lé Lé@ld
P,

—_~— d®3 — s~
M®y Py 2 M®s Ps®a Py

and the action of A on P, on the right is given by the Taylor map of A.
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In practice, we will only consider the case of finitely presented A-modules M,
and then the completed tensor product is the usual tensor product M ®4 P,.

We just showed in Proposition 5.3 that any D _module comes with a canonical
twisted Taylor structure. When there exists a twisted coordinate on A, we can
describe it explicitly as follows:

Proposition 5.5 (twisted Taylor formula). Assume that x is a twisted coordinate on
Aandleté =X —x. IfMisa Df,oo) -module, we have for alln € N,

n

On(s) =Y Ns) @ED € M @4 Py,
k=0

and
o0

i) =) )@Y e M@ P,.
k=0

Proof. This follows from equation (7): if we write

On() =Y sk ®EY,

k=0
we will have for all [ € N,
n
0 (s) = EW)se = s1. O
k=0

In particular, we see that, if z € A, then the image in i’:, of z=1®z € P is the

twisted Taylor series
() =) M )e®.
k

This explains why it is legitimate to call the map z + Z the Taylor map.

Examples. (1) If x is a twisted coordinate on A, we have é(x) =x-+&and
0(x*) =x"+ (x + 0 (x))E +&°.
(2) Assume that x € A is an invertible twisted coordinate on A and that o (x) =¢gx
with g € R*. Then we have
A1 ad . E® - e
()= =t e
k=0 qg > X 4 1

Remark. If A is a twisted localization of R[x], then there exists at most one R-
algebra homomorphism 6 : A — P, such that 6(x) = X. It means that the twisted
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Taylor map
n oo
AL P, 1 — Z M ()g®
k=0

is the unigue such map.

6. Quantum differential operators

In the quantum situation, we can be a lot more explicit as we shall see now. Thus,
we assume in this section that A is a quantum R-algebra: we are given a twisted
coordinate x such that o(x) = gx + h with g, h € R.

Proposition 6.1. We have for all k,l € N,
k+1
3k 6 Il — ( j ) ali+1,
q

Proof. It follows from Lemma 1.2 that

P

o9l — 31 6 1d @8l o 6.

Thus, using Theorem 3.5, we see that

@ o ol ™) = o ((Id ®5§1)<Z (") g0 ®s<">)>
i—0 \'/a
_ (") ol (500 @ alll (£ )
i—o N4
(), ifn=k+1,

W\~
_ (™) 5 gD ={
(l >q a ¢ ) 0 otherwise.

Recall from [Le Stum and Quirds 2015a] that if m € N, we write (m), := ("f)q =
1+---+¢™ ! and we define by induction (m),!:= (m),(m —1),!.

Corollary 6.2. We have for all k e N, for all 7 € A,
3 (2) = ()19 (2).
Proof. We proceed by induction on k and obtain

3 (2) = 858, (2)) = ()10 (85 (2))
= (k)4 '(8M35) (2)

=®¢CTU%“W@=&+W@WWU O
q
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The next result is important because it describes explicitly the relations between
the different rings of twisted differential operators introduced so far. Recall from
Corollary 4.12 that there exists an epi-mono factorization

Da/ro — Dajro < Dio/ol)g,g-

Recall from [Le Stum and Quirés 2015a] that the ring R is said to be g-flat
(resp. g-divisible) if (m), is never a zero-divisor (resp. is always invertible) unless
(m)4 = 0 and also that the g-characteristic of R is the smallest positive integer p
such that (p), =0, if it exists, and 0 otherwise.

Theorem 6.3. Assume R is q-divisible and let A be a q-R-algebra. Then:
(1) If g -char(A) = 0, we have

Da/ro=Duajro = D54071)e,a-

(2) If g -char(A) = p > 0, we have

Da/ro/0? ~Dasp.o Df/c’;)e,g/K[pJ

o
where K([,p Vis the free A-module generated by all 8([,]‘] fork > p.

Note that with some extra conventions, assertions (1) and (2) could be combined.

Proof. We use the formula from Corollary 6.2.

In situation (1), all g-integers are invertible in A and the composite map sends the
canonical basis {afj}keN of D, bijectively onto a basis of D((,oo). The first assertion
follows.

In situation (2), we have (p), =0 in A and the element 8¢ € D, is therefore sent
to 0. But since R is g-divisible, we have (m), € R* for m < p, and the composite
map sends the family {9%}; - p» of D, bijectively onto a basis of D / K([,p ! (]

Remarks. (1) The hypothesis in (1) is satisfied in the classical cases of differential
equations, finite difference equations and g-difference equations.
More precisely, it is satisfied for example when
(a) ¢ =1 and R is a QQ-algebra, or
(b) g is not equal to zero, not a root of 1 and belongs to a subfield K of R.
The hypothesis in (2) is satisfied for differential equations and finite difference
equations in positive characteristic as well as in the classical quantum case.
More precisely, they are satisfied for example when
(a) g =1 and R is an [ ,-algebra, or
(b) g is a nontrivial p-th root of 1 (p not necessarily prime) and belongs to a
subfield K of R, or
(c) g is a nontrivial p-th root of 1 with p prime (but ¢ does not necessarily
belong to a subfield of R).
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(2) Since both Dy, and DX’?}){ , commute with extensions of R (although
Da/Rr,o does not), and D4 g, always commutes with extensions of A, we can
sometimes (see the remark following Proposition 1.10) reduce questions to
the generic case

(11) R=Q@)[s], A=R[x], g=t and h=sy,

and work as well over the latter. In this case, thanks to the theorem, we can
identify D/g,o with D5y .

(3) The same proof shows that if A is a twisted R-algebra which is only g-flat
(but not necessarily g-divisible), then
(a) if ¢ -char(A) =0, then Da g, = Da/r.0;
(b) if g -char(A) = p > 0, then D /g o /35 ~Da/ro-

The end of this section will be devoted to giving explicit formulas. They are
usually quite formal to prove in the ring of twisted differential operators of infinite
level and their analog in the twisted Weyl algebra is then easily obtained thanks to
Theorem 6.3.

(00)

Proposition 6.4. In D IR0 forall k > 0,
M ox =g"xal + (k) hdlM + 8l 1.
InDyRo, forall k >0,
o ox =g*xd% + (k) (hdF + 8571,
Proof. The first assertion is simply a reformulation of Proposition 4.7. For the
second one, after a base change, we may reduce to the generic case (11) and thus

assume that R is g-divisible and ¢ -char(R) = 0. And we may then replace D, with
D% in which case we fall back onto the first equality. ([

Note that in order to prove the second formula, we cannot use Corollary 6.2
directly: our equality takes place in the Weyl algebra and is not just an assertion
about endomorphisms of A.

We concentrate now on the case o (x) = gx.

Proposition 6.5. Assume h=0,q9 € R* and x € A*. Then in fof})e’g,for all ke N,

k
. (2k=i)E+1D) . .
B(Ek]ox_1=§ (=Dig= 2 x7i7lglil
i=0

InDyjgo,forallk € N,

k s

. (2k—i)(i+1) . .

hox =3 (—DigT 2 (k) (k=i x0T
i=0
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Proof. The first assertion is a particular case of Corollary 4.8 and the second one
follows by the standard generic argument. ([

Proposition 6.6. Assume that h = 0. Then in DYy . for all k,n € N,

k

. ~[(n . .

8([7](] ox" = 2 :q(n—z)(k—l) ( ) xn—zat[jk—t].

1
i=0 q

InDyjgo,forallk,n €N,
k k\ [n
Ok ox" = Zq(”_i)(k_i)(i)q!(_) () xR
i=0 tg\t/q

Proof. As usual, the second formula will follow from the first, which we prove
directly by induction on n. We have

k
. ~fn—1 . .
ac[jk] ox" = § :q(n—l—z)(k—l)( . ) xn—l—za([fk—l] ox
l
—0 q

k
. ~fn—1 . . . .
— § :q(n—l—t)(k—l)< ' )xn—l—l(qk—lxa([fk—l] +a(£k—l—l])
1
-0 q

k
_ Zq(n—l—i)(k—i) n—1 xn—l—iqk—ixa[k—i]
e A 7

n q(n—l—i)(k—i) (” _ 1) xn—l—iat[fk—i—l]
l
q

k
i=0

¢ 1
_ Zq(n—i)(k—i)(n n ) X1 glkil
/g

i=0

=~

—1

+ 57 gomite=ien (P 1Y i
i-1)

Il
o

i

k
_ Zq(n—i)(k—i) ((” - 1) L (” - 1) )xn—ia[k—i]
= Ly i—1),

k
_ Zq(n—i)(k—i)(’?) xn—ia([jk—i]. 0
i=0 '/

Corollary 6.7. When h =0, we have for alln € N,
=k ifn >k,

otherwise,

n

ok (x") = {(()k)qx
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and _
5 () — (n)g -+ (n—k+1Dyx"* ifn >k,
7 0 otherwise.
Proof. The first assertion follows from the proposition and the second one uses the
inclusion I_)A/R,g C Dixo;);e,a- O

Corollary 6.8. Assume that h = 0. Then we have for all n € N\ {0},
3o (x") = (n),x" .
If x € A* and q € R*, then the formula actually holds for all n € Z.
Proof. Only the second part needs a proof: if x is invertible, we have for n > 0
0=20,(1) =05 (x"x™")

=0, (x"xT"+o ("), (x7")

= (M)gx" X7 g )" (1) = (n)gx T g 9 (67T,
from which we derive, when g € R*,

0 (x ™) = —q " (n)gx " = (—n)gx " O

7. Formal deformations of twisted differential operators

In this section, we study the relation between twisted differential operators relative
to various endomorphisms of A. We are particularly interested in the comparison
of our twisted differential operators with usual differential operators. We assume
that there exists a twisted coordinate x, that we fix for the rest of the section, and
we write Y, :=x — o (x).

Recall that the ring DY of differential operators (of infinite level) comes with a
natural increasing filtration by A-submodules

D® = U>®_ Diff,, , (A),

which is called the order filtration. The choice of the twisted coordinate determines
a splitting of this filtration. To see this, we let for all m € N, K ([,’"] C Df,oo) be the
free A-module generated by all 8([,"] for k > m. Note that this is actually a filtration
by left ideals.

Definition 7.1. The decreasing filtration by the K™ is called the ideal filtration

on Df,oo). The module of twisted differential operators of infinite level and infinite
order on A is

N g +1

Dy/ro= lim D /K ",

We might again drop the index A/R and write D, The decreasing filtration of
DY by the closures K" of the K1 will also be called the ideal filtration.
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Remarks. (1) The ideal filtration is separated, which means that N, K"+ = {0}
and it follows that D ¢ D). Actually, any ¢ € DS can be uniquely
written as an infinite sum ) o° z; 9! with z; € A (and conversely). In other
words, we have the isomorphisms of A-modules

D =P A9 and DY =[] 48l
keN keN

(2) The ideal filtration defines a splitting of the order filtration in the sense that
D = Diff,, ,(A) ® K"t and D = Diff,, ,(A) ® K"+

as A-modules.

3) ﬁf,oo) is not a ring in general. More precisely, multiplication on Déoo) is not
continuous for the ideal filtration: we always have 9! — 0 when m — oo
but, if 0 (x) = gx and x € A* for example, we can see that for all m € N,

mox =8y =x™"1£0 mod k!,

If A is any ring and A[£] denotes the polynomial ring in one variable &, then the
natural filtration on Hom4 (A[£], A) is the decreasing filtration by the kernels of
the surjections

Homy (A[§], A) — Homa (A[§]<m, A),

where A[§]<,, denotes as before the A-module of polynomials of degree at most m.
The corresponding topology will be called the natural topology of Homy4 (A[§], A).
Note that Homy (A[£], A) is separated and complete for the natural topology:

lim Homy (A[§]<m, A) = Homa (lim A[§]<,n, A) = Homy (A[£], A).

Lemma 7.2 (formal density). The map

AlE]— Par, Er—>X—x
induces by duality an isomorphism of topological A-modules
(12) D7k, = Homu(A[£], A).
More precisely, the ideal filtration corresponds to the natural filtration.
Proof. 1t follows from Corollary 1.13 that the cokernel of the map

Al§l<m — Al] = P — Py,

is generated by £ for m < k < n. Moreover, this map is injective when m < n.
Dually, it means that the corresponding map

Diff,,  (A) = Hom (P, . A) — Hom(A[§] <, A)
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is surjective for m < n and that its kernel is exactly K"+ N Diff, ,(A) (it is
generated by 9!¥! for n > k > m). Taking direct limits on the left, we see that the
map

D¢ — Homy (A[€]<m, A)

is surjective with kernel exactly K!"*+!1 In other words, we get a canonical isomor-
phism of A-modules

D /K = Homa(A[E]<m, A).
Thus, taking inverse limits on both sides gives the result. ([

Remarks. (1) By construction, there exists a commutative diagram

DYy, EndI[(A)

Homyu (P, A)

|

DY¥x , — Homa(A[£], A)

(2) We will usually denote by ¢ € Hom4 (A[£], A) the image of ¢ € ﬁ;ofl)e - This
is compatible with the previous notation for linearization. In particular, we
have for all k, n e N,

s 1 ifk=n
gkl g my — ’
o ) 0 otherwise.
(3) When A = R[x], we actually get

DYYx o <> DYk , => Homa(A[£], A) => Homa (P, A) => Endg(A),

and /D\ZO/OI)M is a ring in this very special case.

(4) There exists a complex analytic analog of the density lemma (for usual differ-
ential operators) as explained by Zoghman Mebkhout and Luis Narvaez [1998]:
the ring of algebraic differential operators is dense in the ring of continuous
endomorphisms of the structural sheaf.

Although it is difficult to give an explicit description of the isomorphism (12),
we can at least show the following:

Lemma 7.3. We have for all n € N\ {0},
00 (6" = (0 (x) —x)" .
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More generally, if T is another R-algebra endomorphism of A, we have for all
n € N\ {0},

n—1
3o (5™ = J(ox) =" (),

i=1

where £ 1= ET(£)--- 1" 1) denotes the twisted power with respect to the
endomorphism 1.

Proof. By definition, 9, is the unique A-linear function on A[£] such that 9, (™) =
1 for n =1 and O otherwise. We consider now the unique A-linear function u# on
A[&] such that u(&") = (o (x) — x)"~! for n > 0 and u(1) = 0. We want to show
that u = 9,. The map u may be seen as the composition of division by & on A[§]
(after removing the constant term) and evaluation at o (x) — x. But we have

W =E0(8)- 0" (),

and we know that o (§) = £ + x — o (x). Therefore, it is clear that for n > 2, we
will get u(€™) = 0. Of course, for n = 0 we have £ = 1 and we also obtain 0.
Finally, for n = 1, we have £ = £ and we get 1.

The proof of the second formula follows the same lines. From the first part,
we can interpret 3, as the composition of division by £ on A[&] and evaluation
at o(x) —x. We want to apply this to £ = ]_[;1:_01 7/(¢) and we know that
T/ (§) = &£ + x — ' (x). Thus, we see that

n—1 n—1

b =]Jlo@ —x+x -7t =]]@@) —7'(x)). m

i=1 i=l

We can actually derive a remarkable consequence of the density lemma (recall
that when 7 is an endomorphism of the R-algebra A, we call any twisted coordinate
relative to T a t-coordinate):

Proposition 7.4 (formal deformation). If x is a also a T-coordinate for another
R-endomorphism t of A, then there exists a canonical isomorphism of topological
A-modules (that depends on x)

RN(©0) ~. RN()
DA/R’U = D

More precisely, it is compatible with the ideal filtrations.

Recall that the hypothesis is always satisfied when A is a T-twisted localization
of R[x].

Proof. We may just compose the isomorphism of the formal density Lemma 7.2
with the inverse of the analogous isomorphism for 7. U
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When the coordinate x is fixed, we may (and will) identify these two topological
(or even, filtered) A-modules. It is worth mentioning a particular case of this
corollary that is of great interest (this is the case T = Id,4, in which case we say
usual coordinate instead of t-coordinate):

Corollary 7.5. Assume that x is not only a o -coordinate, but also a usual coordi-
nate on A. Then there exists a canonical isomorphism

RN(e0) ~. 13(00)
Dy ro = Dy/r-

Note that the hypothesis is always satisfied when A is a localization of R[x].
More generally, when A is smooth over R, a usual coordinate is the same thing as
an étale coordinate.

Remark. (1) In theorem 2 of the introduction to [Pulita 2017], Pulita shows that,
in the p-adic world, some differential modules have the natural structure of a o -
module. The main idea is to realize a formal solution of the differential module
as formal solution of some o-module. This is analogous to the way we derive
the formal deformation theorem from the formal density lemma. It seems that
the first result in this direction was obtained by André and Di Vizio [2004].

(2) In [Gros and Le Stum 2014], Michel Gros and Bernard Le Stum were able
to prove a quantum Simpson’s correspondence. Assume R = Z[q], where ¢
is a p-th root of unity with p prime, A is the polynomial ring and o (x) = gx.
Then the category of A-modules endowed with a quasinilpotent g-derivation is
equivalent to the category of A-modules endowed with an A-/inear quasinilpo-
tent endomorphism. This is derived from an isomorphism quite analogous to
(12) which reads

D, ~ Endy, (Z,A).

(3) We want to insist on the fact that the isomorphism of Corollary 7.5 is not an
isomorphism of rings. Actually, neither side of this isomorphism is a ring. In
order to achieve this goal, it would be necessary to refine the topology. After the
remarks following Corollary 7.7, we will give some elementary but nontrivial
examples over the complex numbers, and refer the reader to forthcoming
articles for a detailed study of the ultrametric and the g-characteristic zero cases.

We give now some explicit formulas in order to express the twisted derivation
from one world as a twisted differential operator in another world:

Proposition 7.6. Assume that t is some other R-endomorphism of A and x is also
a t-coordinate. Then we have

00 k—1
3y = Z(H(o(x) — ti(x))) 3Lk,

k=1 ~i=1
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Proof. This follows directly by duality from Lemma 7.3. U

Corollary 7.7. Assume that x is also a usual coordinate on A. Then

3y = Z(a(x) — x)k 1K

k=1
and
o0
o= Z(a(x) — x)kalkl,
k=0

Proof. The first assertion follows directly from the proposition and the other one is

deduced from the equality 0 =1 — y;9,. U
Remarks. (1) In the case o (x) = gx, the formulas read
x o0
(13) 0= (q— D5 19" and o= (g DfxFolt.
k=1 k=0
(2) In the case o (x) = x + h, the formulas read
x o0
(14) 0 =Y K19M and o= h o™
k=1 k=0
Examples. (1) Consider the differential equation
ds _
dz

over the complex numbers. If we use the second formula of (13), we see that
the corresponding g-difference equation is given by

s(gz) = 97 V().
If we use (14) instead, we obtain the difference equation
s(z+h)= ehs(z).
(2) Consider now the differential equation

ds _a,
dz =z

for some a € C. Then the g-difference equation will be given by
s(q2) = q"s(2),
and the difference equation is

s(z+h)= (ﬂ)as(z).

Z
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We may also go the other way and express the usual derivation in term of twisted
derivations. We only do the classical cases:

Corollary 7.8. Assume that x is also a usual coordinate on A. Then

(1) Ifo(x) = gx, we have

9= 2(1 — @) Nk — 1)l
k=1

) Ifo(x) =x + h, we have

o
9= Z(—l)k—lhk—‘ (k — )19k,
k=1

Proof. In the formula of Proposition 7.6 we replace T by o and o by Id respectively,
in order to obtain

oo k—1 oo k—1

=) [[er—d'mald=>"T]a—g)Hx*"al"

k=1 i=1 k=1 i=1
00 k—1 00

=2 (= '] 195 = 3 (1 =)tk — Dy "o
k=1 i=1 k=1

in the first case, and

oo k-1 00
0= T]=imal=> (—=n*"k -1
k=1 i=1 k=1
in the other one. U

We may also apply Proposition 7.6 in order to make more precise the statement
of Proposition 4.13.

Corollary 7.9. Assume that x is also a o™ -coordinate for A over R, then we have

m k—1

Jom = Z( [Je™e) - al’(x))) 3Lk,

k=1 Ni=1
One can give a more concrete formula in the quantum situation:

Corollary 7.10. Assume that x is also a o™-coordinate for A over R and that
o (x) = gx. Then we have

kD) k-1 k=1 o [k]
a(,m:zq 2 (g—D"m =1, (m—k+ 1D x""Tolk.
k=1
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Proof. We compute the coefficient of 31X for 1 <k < m:

k—1 . k—1 A k—1 .
[J@"x—q'x) = <H ql> ( [J@" - 1>)x"—1
i=1 i=1 i=1

~ k=1
=qk<k2 i (q—l)"‘l(l_[(m—i)q>xk_l. 0

i=1

Example. We have 9,2 = 3, +¢(q — 1)x3?..

8. Formal confluence

We explain here how one can use the quantum Weyl algebra in order to approximate
a usual differential operator. We assume that A is a quantum R-algebra which
means that we are given a twisted coordinate x on A with o (x) = gx + h with
q,h €R.

Recall from [Le Stum and Quirés 2015b] that the twisted Weyl R-algebra D,
has an increasing filtration by free A-modules of finite rank

Fil" D, = P Ad}
k<m
that is called the order filtration. But it also has a decreasing filtration by free
A-modules (of infinite rank)
Ky =@p Ao}
k>m

that we called the ideal filtration. We will consider the completion

D, =limD, /K !

that also comes with its ideal filtration and we have D, C ﬁg. Note that ﬁg is
the set of all infinite sums Zgo zk8§ with z; € A. In other words, there exists an
isomorphism of A-modules

D, = [ ] Ad}.

keN

The A-module D, is not a ring in general. However, the result holds in the finite
quantum characteristic case as we can check right now:

Proposition 8.1. If A is g-flat and g -char(A) = p > 0, then multiplication is
continuous for the ideal topology on D g o and turns Dy - into an R-algebra.

Proof. From the equality (see the remark following Theorem 6.3)

D, /3! ~D,,
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and the fact that D, is a ring, we deduce that the (left) ideal generated by 3/ is a
two-sided ideal. Since multiplication is automatically continuous for the 3/ -adic
filtration, it follows that it is also continuous for the ideal filtration (which is the
filtration by left ideals generated by the powers of 9, ). ([

Lemma 8.2. The composite map
Da/ro — Dajro < DSAO;)I)?,J
is compatible with the ideal filtrations. Moreover, if R is q-divisible and if
q -char(R) =0, then D s /.o ~ Dck .-
This applies in particular when R is a Q-algebra and o = Id.

Proof. The first assertion follows from Corollary 6.2 and the second follows from
Theorem 6.3. (]

We can now state our fist confluence theorem (recall that a usual coordinate is
the same thing as an étale coordinate when A is smooth over R):

Theorem 8.3 (formal quantum confluence 1). Let R be a Q-algebra, A a q-R-
algebra for some q € R. Assume that the quantum coordinate on A is also a usual
coordinate. Then there exists a canonical map of filtered A-modules

(15) Da/ro — ﬁA/R-
Moreover, if R is q-divisible, we have

(1) If g -char(A) = O, then the map (15) is injective and Dy o is dense in
Dya/r. Actually, the inclusion morphism Dyg s C Dayg is strict for the
ideal filtrations in the sense that Dy g o N K™ = K[ for all m € N.

(2) If g -char(A) = p > 0, then the map (15) induces an isomorphism
(Da/ro/? ~) Da/ro=Da/r/o".

Proof. The map (15) is simply the composite
D, — D < D® ~ D) ~ Dy g,

where the next to the last map is the formal deformation isomorphism of Corollary 7.5
and the last one comes from Lemma 8.2 applied to the case o = Id since R is a
Q-algebra.

If we assume that R is g-divisible and that ¢ -char(A) = 0, then Lemma 8.2
tells us that D, = Df,oo) as filtered rings (for the ideal filtrations) and we can use
Corollary 7.5 again.

Finally, when R is g-divisible but g -char(A) = p > 0, then (p), =0in A and
all (m), € R* for m < p. We can use the last assertion of Theorem 6.3 and the fact
that the isomorphism of Corollary 7.5 is strictly compatible with the filtrations. [J
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As in [Le Stum and Quirés 2015b], we denote by A[T ], the twisted polynomial
ring associated to o': this is the noncommutative polynomial ring in 7 over A with
the commutation rule 7x = o (x)T. Recall also that the twisted coordinate x is said
to be strong if x —o(x) € A™.

Corollary 8.4. If R is a g-divisible Q-algebra, q -char(A) = 0, x is strong and is
also a "-coordinate for all n € N, then the A-linear map

(16) A[Tlo > Dajg. T Y. %(a"(x) —x)kak

has dense image.

Proof. Compose the isomorphism of theorem 6.13 of [Le Stum and Quirés 2015b]
with the map of Theorem 8.3. The formula comes from Corollary 7.7. (]

Example. The theorem (and its corollary) applies in particular when ¢ is not a
root of unity in some field K of characteristic zero, R is an algebra containing K,
A=R[x,x Tando(x) = gx. In this situation, D := D g is the noncommutative
ring R[x, x~!, 3] with the commutation rule dx = xd 4 1 and we may see D (which
is not a ring) as the set of infinite sums R[x, x~1[a1. Also, D, := Da/r,o 1s the
noncommutative ring R[x, x~!, 8,] with the commutation rule d,x = qxo, + 1.
The map of the theorem satisfies

oo

1 .

D D ICE
k=1

and the map of the corollary is given by

oo
1
n n k_kak
T sz!(q Dk xkak.
k=0
In the next section, we will have to move between o and powers of o (or more
precisely, the other way around, between o and roots of o).

Proposition 8.5. Let m € N\ {0}. If (m),! € R*, then there exists a unique A-linear
ring homomorphism
m 1 k—1
lo,m m i k
Da/rom —>Da/Ros Oom > ; (k—)q!QJ(G (x)—o (X))) 0y
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Moreover, the diagram

(17) Dy/g,on —> Dyg on > Endg(A)

< T

Da/ro — D§op o & Endg(A)

is commutative.

Proof. We may assume (see the second remark following Theorem 6.3) that we are
in the generic situation

R=0Q@)[s], A=R[x], g=t and h=s.

But then the left horizontal arrows in diagram (17) are bijective. In other words,
we can identify the twisted Weyl R-algebras with the rings of twisted differential
operators of infinite level and use Corollary 7.9 and Corollary 6.2. ([

Remarks. (1) In the case & = 0, we have thanks to Corollary 7.10 the more
concrete formula:

m k=1 _
8m|—>2q 7 (q-D" (m—1 klgk
7 (k) k—=1)" 7

(2) Assume that R is g-divisible. If g -char(R) = p > 0, then the hypothesis is
satisfied if and only if m < p. Of course if g -char(R) = 0, then the hypothesis
is satisfied for any m € N.

(3) Just to give an idea of the geometric intuition, the geometric counterpart of the
twisted localization hypothesis should be the requirement to work on a Zariski
open subset of “the quantum line”.

Proposition 8.6. Let m,n € N\ {0}. If (mn),! is invertible, then

lo,mn = lom n Ologm-

Proof. After a base change, we may assume that all g-integers are invertible and
identify twisted Weyl R-algebras with rings of twisted differential operators of
infinite level. The assertion then becomes a triviality. ([

Proposition 8.7. If (m),! is invertible in R, then the following diagram commutes:

T A[T]om —=Da/r,om, T 1+ (0" (x)—x)0pm

TR

™ A[T]e —— Dayr.o, T'— 14 (o0(x) —x)s
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Proof. Again, we may assume that all g-integers are invertible in R and use the
second remark following Theorem 6.13 of [Le Stum and Quirds 2015b]. O

9. Formal confluence in positive quantum characteristic

In this section, we extend the formal confluence theorem to the case of positive
quantum characteristic. In order to do that, it is necessary to use the S-twisted
theory, where S is a filtering (for division) set of positive integers. Thus, we assume
here that A is an S-twisted R-algebra in the sense of [Le Stum and Quirés 2015b]
(it is endowed with a compatible system of n-th roots o, of o for all n € §).

We recall from [Le Stum and Quirds 2015a] that a system of roots of g € R is a
compatible family g := {g, }scs of n-th roots of g. We call the system g admissible
ifforalln e S, B B

(I’l)qn € R™.

This is a natural condition in order to define the g-rational number (r), for any
r € N(1/S). More precisely, if r =m/n with m € N and n € S, then

(r)q = _((Zl/l)):n

only depends on r and not on the choice of m and n. It is convenient to introduce
the following terminology:

Definition 9.1. Let {g, },cs be a system of roots of ¢ in R. Then R is said to be
g-divisible if R is g,-divisible for all n € §.

When the system is admissible, there exists a nice equivalent definition:

Lemma9.2. Let {gn}nes be an admissible system of roots of q. Then R is q-divisible
if and only if for all r € N(1/5),

(r)g € R*U{0}.

Proof. If r =m/n withm € N and n € S, we have (r), = (m)y,/(n),. It follows

that (r), € R* (resp. = 0) if and only if (m),, € R* (resp. = 0). O

Remarks. (1) If 1 —¢g € R*, then ¢ is admissible. In particular, if ¢ € K where
K is a subfield of R and g # 0, then g is admissible.

(2) If ¢ C K where K is a subfield of R, then R is g-divisible.
Lemma 9.3. For a system q := {qn}nes of roots of q, the following are equivalent:

(1) g is admissible and for all r € N(1/S) N[0, 1], we have (r), € R™.
(2) Foralln € S, we have (n),,! € R*.
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Proof. First of all, the second condition also implies that ¢ is admissible and we
may therefore make this assumption. If r = m/n with m e Nand n € S, we know
that (r), € R* if and only if (m),, € R*. Also, we have r < 1 if and only m < n.
Thus, the second condition, which means that (m),, € R* whenever m < n, is
equivalent to the requirement that (r), € R* for r < 1. ]

Definition 9.4. Such a system of roots will be called strongly admissible.

Lemma 9.5. If q is an admissible (resp. a strongly admissible) system of roots, and
we write for all n € S, p, := q, -char(R), then we have foralln € S,

pnin (resp. p, >n) or p,=0.
When R is cz—divisible, the converse is true.

Proof. By definition, g, is admissible (resp. strongly admissible) if and only if
(n)g, € R* (resp. (n),,! € R™). By definition also, we have p, # 0 and p, | n
(resp. p, < n) if and only if (n),, = 0 (resp. (n),,! = 0). We see that these two
conditions are mutually exclusive in general and that they are exhaustive when R is
gn-divisible. O

There usually exist strongly admissible systems as the next result shows:

Proposition 9.6. Assume that R is q-divisible and that q -char(R) = p > 0. Then
if q is a system of p"-th root of q, it is strongly admissible.

Proof. Tt follows from Proposition 1.16 of [Le Stum and Quirds 2015a] that for all
n € S, we have g, -char(R) = p"*t1 > p" and we can apply Lemma 9.5. ([

Definition 9.7. An x € A is called an S-twisted coordinate, or rooted twisted
coordinate, (resp. an S-quantum coordinate, or rooted quantum coordinate,) if
x is a twisted (resp. quantum) coordinate for all (A, 0,). We call it strong if
x—o,(x)e A* foralln e S.

Thus, by definition, x is an S-quantum coordinate if and only if for all n € §,
(18) 0,(x) =qnx +h, with g¢,, h, € R.

When this is the case, we might also say g-coordinate and call A a rooted quantum
R-algebra, an S-quantum R-algebra or a q-R-algebra. We call it strong when x is
strong.

Lemma 9.8. Assume that x is simultaneously a twisted coordinate and a rooted
quantum coordinate on A so that (18) holds. Then x is a quantum coordinate on A
and if we write o (x) = gx +h with q, h € R, then q := {q, }nes is a system of roots
of q. If this system is admissible, we have for all neN,

h, = (l) h
n’q
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Proof. If we are given m e N and n € S, we know that o, only depends onr :=m/n
and so does 0, (x) = g, x + (m),, h,. It immediately follows that g is a system
of roots. Moreover, the case m = n implies that o (x) = gx +h with q =q, and
h = (n)gnh, from which we derive the other assertions. O

Examples. (1) If we are given a system q of roots in R, we can endow A := R[x]
or A= R[x, x~'] with, foralln € S,
On(X) = gnx.

In the later case, x is a strong g-coordinate if and only if 1 —g € R* (and then
q is also admissible).

(2) More generally, if we are given an admissible system q of roots of g € R and
some i € R, we can endow R[x] with, foralln € S,

o,(x) =qnx + (%)qh.

Definition 9.9. Assume that x is a g-coordinate on A with ¢ strongly admissible.
A rooted twisted differential A-module is an A-module M endowed with a family
of 94,4, -derivations 9y, for all n € S such that whenever n, n’ € S with n | n’, we
have for all s € M,

n'/n k—1

1
Ot n(5) = Z © (]‘[(w(x) —0 ,<x))>a§4 w(5).
qn'* i=1

They form a category that we will denote by 4, -Mod™°.

Definition 9.10. If A is a g-R-algebra with g strongly admissible, then the rooted
twisted Weyl algebra of A is

Da/r.o :=1imDy/R s,
with transition maps (from Proposition 8.5) for n, n’ € S, with n | n’ given by
n'/n k—1
Lo 1n " In

1
Da/ro, ——> Da/Ro,s 0o, Z() (H(Un(x) o, (X)))
G-

Proposition 9.11. Assume that A is a q-R-algebra with q strongly admissible. Then
the rooted twisted differential A-modules form an abelian category with sufficiently
many injective and projective objects. Actually, if M is a Dy ,g o-module, then the
maps

)
M= M, s ——> Oy
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turn M into a rooted twisted differential A-module and we obtain an equivalence
(an isomorphism) of categories

D4/Rr,s -Mod >~ 34 , -Mod™*" .
Proof. This is a consequence of proposition 5.6 of [Le Stum and Quirés 2015b]. [J

Recall from the same work that A[T/$ ] denotes the noncommutative Puiseux
polynomial ring with the commutation rule for all m € N, for all n € S,

Ty = o (x)T™m™",

One can also consider the notion of ¢ 4-module: this is an A-module endowed
with a compatible family of o4 ,-linear endomorphisms o, ,. There exists an
equivalence (an isomorphism) between the category of A[T!/5 lo-modules and the
category of o 4-modules.

Proposition 9.12. Assume that x is a q-coordinate on A with q strongly admissible.
Then there exists a unique A-linear homomorphism of rings

(19) AITPly > Dajrg,  TY" > 14 (00(x) = x) 05,
inducing a functor
(20) 04,0 -Mod — g 4 -Mod.

If x is a strong q-coordinate, then the map (19) is an isomorphism and the functor
(20) is an equivalence.

Proof. This will follow from Theorem 6.13 of [Le Stum and Quirés 2015b] once we
know that the various maps for the different n are all compatible. More precisely,
we have to check that the differential operators 1 4 (0, (x) — x)d,, form a system
of roots in D,. But this follows from Proposition 8.7. O

Theorem 9.13 (formal quantum confluence 2). Let R be a Q-algebra, q a strongly
admissible system of roots in R and A a q-R-algebra. Then there exists a canonical
A-linear map

DA/R,g —> ﬁA/R-
If R is q-divisible and q is infinite, then the map (16) has dense image.

Proof. First of all, the map (16) is obtained by taking the direct limit of the maps
(15) for all the o,,. Now, we set p, := g, -char(R) for all n € S and we apply the
confluence Theorem 8.3 to o;,. If p,, =0, we are done. Otherwise, the theorem tells
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us that the bottom map in the following commutative diagram is surjective:

D, D
D,, —= D/a""

And we proved in Lemma 9.5 that for all n € S, we have p, > n. Since ¢ is infinite,
we have p, — oo and we see that the image of the upper map is dense. (]

Corollary 9.14. Assume moreover that x is a strong q-coordinate on A. Then the
following A-linear map has dense image:

o
~ 1
A[T"51, — Dajr, T"" 1+ § :E(U,T(x) —x)ko*
k=0

Proof. The formula comes from Corollary 7.7. ([

Example. Theorem 9.13 (and its corollary) applies in particular when ¢ is a primi-
tive p-th root of unity in some algebraically closed field K of characteristic zero, ¢
is a system of p”-th roots of ¢ in K, R is an algebra containing K, A = R|[x, x 1]
and 0, (x) = g,x (we should actually write o» and g,» but we will try to make the
notation easier to use).

As we already saw, in this situation, D := Dy g is the noncommutative ring
R[x, x~ !, 3] with the commutation rule dx = xd + 1 and we may see D (which is
not aring) as R[x, x~1[8]. We also want to understand the left-hand side and see
that D, :=Dy/R,s, is the noncommutative ring R[x, x~1, 9,] with the commutation
rule d,x = g,x9, + 1. The transition maps are given by the rather tricky formulas

’ k(k—1)

n —n

p 2 k—1 I—
, ;) — 1 n n __ 1
— (k)q, k=1 ),

and the map of the theorem satisfies

o

1

Oy > Z E(q" — l)k_lxk_lak.
k=1 """

Also, if we set g™/" := q,', the map of the corollary is given by
=1
r r k. kqk
T I—)ZE(Q —1)*x"0".
k=1

Remark. Alexei Belov-Kanel and Maxim Kontsevich [2007] proved that the Jaco-
bian conjecture is stably equivalent to the Dixmier conjecture [1968]. According to
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the latter, any endomorphism of a Weyl algebra over C is an automorphism. And this
is still a conjecture even in dimension one. On the other hand, when ¢ is a primitive
p-th root of unity, then the quantum Weyl algebra D, does not satisfy the Dixmier
conjecture but it is an Azumaya algebra. In particular, checking that an endomor-
phism is an automorphism can be done on the center. As explained by Backelin
[2011], it is appealing to attack the Dixmier conjecture through quantum Weyl
algebras and one can hope that Theorem 9.13 might provide a tool for this quest.
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