Generalized n-series and de Rham complexes

S. K. Devalapurkar and M. L. Misterka

ABSTRACT. The goal of this article is to study some basic algebraic and combi-
natorial properties of “generalized n-series” over a commutative ring R, which
are functions s : Z>¢ — R satisfying a mild condition. A special example of

generalized n-series is given by the g-integers q::ll € Z[g—1]. Given a gener-
alized n-series s, one can define s-analogues of factorials (via nls = [T} s(n))
and binomial coefficients. We prove that Pascal’s identity, the binomial iden-
tity, Lucas’ theorem, and the Vandermonde identity admit s-analogues; each
of these specialize to their appropriate g-analogue in the case of the g-integer
generalized n-series. We also study the growth rates of generalized n-series de-
fined over the integers. Finally, we define an s-analogue of the (g-)derivative,
and prove s-analogues of the Poincaré lemma and the Cartier isomorphism for
the affine line, as well as a pullback square due to Bhatt-Lurie.
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1. Introduction

1.1. Summary. Recent work of Bhatt, Drinfeld, Lurie, Morrow, Scholze, and
others (see, e.g., [BMS18|,[BS19, [Sch17|, Dri21), Dri22), BL22]) has shown that
g-deformations of classical number-theoretic and algebro-geometric concepts play
a central role in arithmetic geometry. The basic premise behind the theory of ¢-
deformations is the idea that the g-integers [n], = q;tll display many similarities
to the ordinary integers. This idea has a rich historyﬂ the basic ideas date back
at least to Euler (e.g., [Eul53]) and Jacobi and the study of basic hypergeometric
series. A g-analogue of the derivative originates with Jackson in 1909 (see [Jac09]).
We refer the reader to the book [KC02] for an exposition of g-deformed calculus.

The theory of formal group laws supplies a simultaneous generalization of both
ordinary integers and g¢-integers (see Recollection for a quick summary of
the basics of formal group laws, and [Haz78, [Rav86]| for a detailed treatment).
Namely, every formal group law F' over a ring R defines a sequence of power se-
ries (n) over R for every integer n € Z. In the case of the the additive formal
group law = + y, we have (n) = n; and in the case of the multiplicative formal
group law z + y + zy, one can identify (n) = [n],. The goal of this article is to
explore whether certain aspects of g-deformed mathematics (such as g-analogues of
basic combinatorial formulae, and properties of the g-de Rham complex of [Sch17])
admit generalizations to arbitrary formal group laws. One of the primary motiva-
tions behind our investigation is the unpublished observation of Arpon Raksit that
homotopy-theoretic methods naturally suggest studying “ F-analogues” of the g-de
Rham complexes arising in the aforementioned work of Bhatt-Morrow-Scholze, as
well as the calculation of [Dev23al Section 3.3]E|

Our primary observation is that one does not need the structure of a formal
group law to define and study these “F-analogues”. Instead, the following signifi-
cantly weaker structure suffices:

Definition (Definition [2.1.4). Fiz a ring R (always assumed commutative with
unit). A generalized n-series (GNS) over R is a function s : Z>o — R such that:
(1) s(0) =0,
(2) s(n) is not a zero-diwvisor for any n > 0,
(3) s(n—k)|s(n)—s(k) for alln >k > 0.

q" =1

defines a
qg—1

For instance, the map s : Z>¢y — Z[q — 1] sending n + [n], =
GNS.

In the body of this article, we show that this simple definition is sufficient for
proving several analogues of classical combinatorial identities, and is also enough
to study an “s-deformation” of the classical algebraic de Rham complex. The
results of this article do not rely on any sophisticated tools: rather, the purpose
is to demonstrate the efficiency of Definition 2.1.4] The work done in this article
seems closely related to Bhargava’s [Bha00], but we have not attempted to make
a comparison.

Ifn >0, let nly = [T_, s(k), and let (7) = e
the factorial and binomial coefficient, respectively. Our main combinatorial results

denote the s-analogues of

1Any source recounting the history of g-deformations would be most welcome to the authors!
2Since the actual homotopy theory does not play any role in this paper, we refer the interested
reader to Remark [4.3.25| below for more.
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are the following; for the full statement of some of these results, we refer the reader
to the body of the text.

Theorem A. Fix a GNS s over R. The following hold:
(1) Pascal’s identity (Proposition [2.1.3):

n\ _(n-1 +s(n)—s(k) n—1

k), \k—-1), s(n—k) k),
(2) An s-analogue of the binomial and q-binomial theorems; see Theorem.
(8) Lucas’ theorem (Proposition : suppose that s(1) =1 and

s(a+0b) =s(a)+s(b) (mod s(a)s(b))

for all a,b € Z~qo. Then, for any prime p and any nonnegative integers
ni, ng, k1, ko such that ng, kg < p, we have

(i) = ()G, o s

(4) An analogue of the Vandermonde and q- Vandermonde identities; see The-
orem[2.5.7)

In Section [3] we study the growth rate of generalized n-series over Z. For
instance, we show in Theorem that if s(n) is a strictly increasing generalized
n-series over Z which is not a scalar multiple of n +— [n], for any g € Z, then
s(n) = Qq(a™) for all @ > 0.

As one might expect given our motivation above, one important class of ex-
amples of generalized n-series arises via formal group laws. Recall (see Recollec-
tion that a formal group law over a commutative ring R is a two-variable
power series © +r y € R[z,y] such that (x +ry) +r 2z = ¢ +F7 (y +F 2) and
r+rpy=z+y (mod (z,y)?). If n > 0 is an integer, the n-series of F' is defined

via the formula .

npt)=t+rpt+pr---+rtctR]t].
Let (n)p = M Suppose (for simplicity) that R is torsionfree. Then, the
function Z>¢ — R[t] sending n — (n)r defines a GNS over R[t] (Proposition{d.3.4).
One can define the F-de Rham complex of the affine line A' = Spec R[z] as
the cochain complex

FOQOa: = (R[[t}] 2] Y5 R[1] [x]dx) , 2™ > (n) paLda.

This was first defined by Arpon Raksit in unpublished work. Many analytic prop-
erties of the usual (¢-)derivative continue to hold for the F-derivative: for instance,
we show (see Corollary that there is an explicit power series Flog(x) which
recovers the g-logarithm when F' is the g-integer GNS, and which satisfies the prop-
erty that Vp(Flog(z)) = 1/x.

Our main results regarding the F-de Rham complex can be summarized as
follows:

Theorem B (Theorem {4.3.21| and Theorem |4.5.10). Let R be a torsionfree (say)

commutative ring, and let F' be a formal group law over R.
(1) Let R[t)(x)F denote the ring R[t][x, % —]n>0. Then the Poincaré lemma

[n]F!
holds: the cohomology of the complexr FQn a1 @R[« R[t]{z)F is concen-
trated in degree zero, where it is isomorphic to R|[t].
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(2) The Cartier isomorphism holds: after setting (p)p = 0, the ith cohomology
of the complex FQq a1 is isomorphic to the ith term of a Frobenius twist
Of FQELAI .

(8) There is an analogue of the décalage isomorphism of [BOTS8|, [BS19| for
FQD’AI .

(4) Using the aforementioned F-analogue Flog(x) of the q-logarithm, we prove
a generalization of the Cartesian square of [BL22, Lemma 3.5.18].

Except for the final part, the above result in fact admits a generalization to
arbitary GNS (not just ones which arise from formal group laws), but the statement
is slightly more complicated; see Section As with the combinatorial results
above, Theorem is not technically involved; however, it is supposed to serve
as a blueprint for a more general program that we outline at the end of Section[4.3]
In particular, we state the (almost certainly false) Conjecture stating that
the assignment R[x1,...,x,] — (FQg a1)®#™ should extend to a functor from
the category of commutative R-algebras to the co-category of E.o-R[t]-algebras.

1.2. Table of commonly-used notation. This article will introduce some
notation which will be used heavily throughout. For the reader’s convenience, we
have summarized the commonly-used ones in the table below.

Symbol Definition Location in text
R[1/s] Rls(1)~"s(2)~7, -] 1
s(n)—s(k
ca(n. k) o=, 2
(x+y)? Characterized by specific conditions Definition [2.3.5|
Cs(n, k) W Notation |2.4.4|
(?m)g Zm<i1<i2<---<ij§m+n (Hi:1 cs(ieyie —k+j — f)) Definition [2.5.2
(n)p(t) M for a FGL F(x,y) Recollection [4.3.1
Lp(t), Ep(t) Logarithm and exponential of a FGL Recollection [4.3.1
Flog(x) ﬁlog(x) Corollary |4.3.16|
GLF “F-divided power hull” of zero section of G, Definition {4.5.5|

1.3. Acknowledgements. The first author is grateful to Ben Antieau, Dim-
itar Jetchev, and (especially) Arpon Raksit for discussions on this topic, as well as
Michael Kural for his help in proving the main result of Section in the case of
the multiplicative formal group law. The second author is grateful to Pavel Etingof
for suggesting that an s-analogue of the g-binomial theorem might exist. Finally,
both authors are grateful to the directors and organizers of PRIMES-USA for the
opportunity to collaborate, as well as for comments on this article!
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2. The s-Binomial Coefficients

2.1. A generalization of binomial coefficients. Recall that the binomial
coefficient (}}) is defined by
n\ n!
k) kl(n—k)

The g-factorial and g-binomial coefficients are defined by

=Bl (7) =

where [n], = (¢"—1)/(¢—1) € Z[g—1]. The similarity of these two definitions hints
that it might be interesting to study a simultaneous generalization of the usual and
g-binomial coefficients, where the sequence of elements n € Z and [n], € Z[q — 1]
are replaced by a sequence of elements in a commutative ring satisfying certain
conditions.

Definition 2.1.1. Let R be a ring, and let s : Z>9 — R be a function such that
s(0) = 0 and for all » > 0, s(n) is not a zero-divisor. For integers n > k > 0, we
define the s-factorial n!g by

0, =1, nly= H s(k),

and the s-binomial coefficient (Z)g by

n\ nlg
k), Okl (n =)

Remark 2.1.2. In general, this quotient is undefined in R; however, it is always
defined in the localization

(1) R[1/s] := R[s(1)7%,5(2)7*,s(3)7,...].

‘We will soon restrict to the case where the s-binomial coefficients are elements of
R.

The s-binomial coefficient need not satisfy any nice properties, since there are
no restrictions placed on s. Our first observation is the following.

Proposition 2.1.3. Let R be a ring and let s : Z>¢ — R be a function that satisfies
the following conditions:

(1) s(0) =0,
(2) s(n) is not a zero-divisor for any n > 0,
(3) s(n—k)|s(n)—s(k) for alln >k > 0.

Then, for all integers n > k > 0, the s-binomial coefficient (Z)S is an element of
R, and the s-binomial coefficients satisfy an “s-Pascal identity”: For allmn >k > 0,

(). 7 (20) S (),
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PROOF. Indeed, observe that in the localization R[1/s], we have:
s(n) — s(k) <n - 1) _ s(n)—s(k) (n—1)
s(n—k) k). s(n—k) Ksn—Fk-—1)
s(n) - (n =1L s(k)-(n—1)
kls(n — k)l kls(n —k)ls
B nly (n—1)l
T Eyn—k)s  (k—1Dl(n—k),

_(n n—1
() -G,
It remains to show that (Z)S € R for all n > k > 0. We will use induction on n.
The base case is clear, since (g)s =1 € R. For the inductive step, assume that
for some fixed n and for all k withn — 1>k >0, (”;1)8 € R. Let k be an integer
such that n > k > 0. If k = 0, then (}}) = 1 € R. Otherwise, we can apply the
s-Pascal identity:

(n) B <n - 1> N s(n) — s(k) (n - 1>

k). k—1), s(n—k) k),

By the inductive hypothesis, the two s-binomial coefficients on the right-hand side
are in R, and by condition (c) in the theorem statement, sm)=stk) o p Therefore,

s(n—k)
(:) ; € R. This completes the induction proof. O

Motivated by Proposition [2.1.3] we are led to the following:

Definition 2.1.4. Let R be a ring. A generalized n-series (GNS) over R is a
function s : Z>o — R such that the following conditions are true:

(1) s(0) =0,

(2) s(n) is not a zero-divisor for any n > 0,

(3) s(n—k)|s(n)—s(k) for all n >k > 0.
If s is a generalized n-series, we will define
s(n) — s(k)

s(n—k) ~

Example 2.1.5 (Integers). The inclusion s: Z>¢ — Z is clearly a GNS over Z.

(2) cs(n, k) =

Example 2.1.6 (g-integers). Consider the function s : Z>o — Z[q — 1] given by
s(n) = [n],. This defines a GNS: the first two conditions are satisfied, since [0], = 0,
[n]g # 0 for n > 0, and Z[q — 1] is an integral domain. For the third condition,
note that

-1 ¢ -1 ¢ ¢

[n]q*[k]q:q_l q_1, g—1

—k
R(4" -1 k
=4q (ql) =q¢"[n — kg
Therefore, s is a GNS over Z[qg— 1], and we can apply Proposition to conclude
that (Z)q € Z]g — 1] for all n > k > 0. The s-Pascal identity reduces to the well-
known g-Pascal identity:

(1) = (o) ().
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Remark 2.1.7. One can extend the definition of the s-binomial coefficients to
allow arbitrary integers k by defining (Z)S = 0 when k£ < 0 or k£ > n. Using this
extended definition, the s-Pascal identity remains true when k = 0:

n—1 s(n) —s(0) (n—1 n
=7 7 =0+1-1=1= .
() e (), o /.
This relies on the condition s(0) = 0. The fact that Pascal’s identity fails for £ = 0

if s(0) # 0 is one motivation for including condition (1) in the definition of GNS.

2.2. Number-theoretic properties of generalized n-series. In this sec-
tion, we prove some number-theoretic properties of generalized n-series, which will
be useful later in this article. The main result of this section is the following:

Theorem 2.2.1. Let s be a generalized n-series over a ring R. Then, for all
a, b, n e ZZ()f

(1) a|b = s(a) | s(b),

(2) a=b (mod n) = s(a) = s(b) (mod s(n)),

(3) the ideals (s(a),s(b)) and (s(ged(a,b))) are equal.
If s(1) is a unit in R, then for all a,n € Z>,

(4) a is a unit in Z/n = s(a) is a unit in R/s(n).
Remark 2.2.2. In the case R = Z, the equivalence of ideals in Theorem [2.2.1] is
equivalent to

ged(s(a), s(b)) = £s(ged(a, b)).

We will prove Theorem as a sequence of lemmas. Fix a generalized n-series
s over a ring R.

Lemma 2.2.3. Let a,b € Z>q. Then, a | b implies s(a) | s(b).

PrROOF. We will use induction. Base case: s(a) | s(0) because s(0) = 0. In-
ductive hypothesis: Let n € Z~¢, and assume that s(a) | s(a(n —1)). Then, by the
divisibility condition in the definition of generalized n-series,

s(a) | s(a(n — 1)) = s(an — a) | s(an) — s(a),
so s(a) | s(an). O
Lemma 2.2.4. Let a,b,n € Z>¢. Ifa=b (mod n) then
s(a) = 5(b) (mod s(n)).

Another way to state this lemma is that s induces a well-defined function from Z/n

to R/s(n).

PROOF. By the definition of congruence, n | a —b, so s(n) | s(a —b) by Lemma
[2:2.3] The definition of generalized n-series requires that

s(a =) [ s(a) — s(b),
so s(n) | s(a) — s(b), which means that s(a) = s(b) (mod s(n)). O

Lemma 2.2.5. Suppose that s(1) is a unit in R. If a,n € Zx( such that a is a
unit in Z/n, then s(a) is a unit in R/s(n).
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PRrROOF. Let b be the multiplicative inverse of a modulo n. Then, ab = 1

(mod n). By Lemmas and
s(a) | s(ab) = s(1) (mod s(n)).
So in the ring R/s(n), s(a) divides s(1), which is a unit (because it is a unit in R).
Therefore, s(a) is a unit in R/s(n). O
Lemma 2.2.6. Let a,b € Z>q. Then, we have the following equivalence of ideals:
(s(ged(a, b)) = (s(a), s(b)).

PrOOF. Let d = ged(a,b). By Lemma [2.2.3] s(d) | s(a) and s(d) | s(b), so

s(a),s(b) € (s(d)). This means that
(s(d)) 2 (s(a),s(b)).

For the other direction, we can use Bézout’s identity to write d = am + bn for some

m,n € Z. Taking this equation modulo a gives d = bn (mod a). By Lemma m
s(d) = s(bn) (mod s(a)). Therefore, Lemma implies that

s(d) € s(bn) + (s(a)) < (s(a), s(D)),
and hence (s(d)) C (s(a),s(b)). This shows that the two ideals are equal. O
2.3. The s-binomial theorem.

Recollection 2.3.1. The binomial theorem and the g-binomial theorem are the
following two identities:

n n -
((E + y)n _ Z <k)xn kyk7

k=0
n n - .
@+yr =3 <k) D2k
k=0 q
where (x + y)? is defined by
n—1
($+y)g = H(fﬂ +qky) =@+y)lz+qy) - (z _'_qn—ly).
k=0

Note that the x+y in the parentheses is part of the notation, and cannot be treated
as a sum; see [KC02| for this notation.

Remark 2.3.2. For readers who are familiar with the g-Pochhammer symbol,
(z +y)y =2"(~y/7;q)n, and (a;q)n = (1 + (—a))y-

We will now state and prove an analogue of the binomial theorem for the s-
binomial coefficients. We begin by defining an analogue of the symbol (z+y)7. To
motivate the definition, recall that the g-analogue (x—i—y)f; is the unique polynomial
in Z[q — 1][z, y] such that the following properties hold:

e The g-derivative with respect to x of (z + )7 is [n]q(x 4+ y)7~"'. This is
analogous to the fact that the classical derivative of (x + y)™ with respect
to xis n(z +y)" L.

o (z+y)) =1

o If y = —x, then (z +y)y is 0 for all n > 0.



10 S. K. DEVALAPURKAR AND M. L. MISTERKA

To define an s-analogue (z + y)j in a similar way, we need an s-derivative; we will
greatly expand on this notion in Section [

Definition 2.3.3. Let s : Z>¢o — R be a GNS. The s-derivative is the R-linear
map V : R[z] — R[z] given on monomials by V(2™) = s(n)a"1.

Remark 2.3.4. When n = 0, we have V4(z") = s(0)x~!. This is not defined
in R[x] unless s(0) = 0, which is always true when s is a GNS. Continuing Re-
mark[2.1.7] this observation is another reason for requiring s(0) = 0 in the definition
of GNS.

We can now define (x + y)7:

Definition 2.3.5. Let s be a GNS over R, so that R[1/s] = R[s(1)},s(2)71,...].
Define (x + y)? for n € Z>( to be the unique polynomial in R[1/s][z,y] such that
the following three conditions hold:

1) (x4 =1,

(2) (x+ (—2))? =0 for all n > 0,

(3) Vsa(z+y)t =s(n)(@+y)i™ "
Here, Vg, : R[1/s][z,y] — R[1/s][z,y] is the operator given by the “s-derivative
with respect to z”: it is simply the R[1/s][y]-linear extension of the s-derivative
Vs : Rlx] — R[z] to R[1/s][x,y].

Lemma 2.3.6. The symbol (z + y)? in Definition is well-defined: it exists

S
and is unique. Moreover, (x 4+ y)¥ is a homogeneous polynomial of degree n.

Proor. We will use induction on n. For the base case n = 0, observe that
(r +y)? = 1 by condition (1).

For the inductive step, fix n > 0, and suppose that for all k < n, (z+y)¥ is well-
defined and homogeneous of degree k. We can s-antidifferentiate s(n)(z + )21
using the R[1/s][y]-linear operator I, : R[1l/s][x,y] — R[1/s|[z,y] defined on
monomials by I, .(z%) = s(k + 1)"1a**1. By definition, this operator produces
polynomials with no term of z-degree 0. Although the s-antiderivative

Fla,y) = Lia(s(n)(z + )7 7"
is homogeneous of degree n (since the operator I, , increases z-degree by 1) and
satisfies condition (3), it might not equal (z + y)? because it does not have to
satisfy condition (2). Since f(z,y) is homogeneous of degree n, f(z, —z) is a scalar
multiple of 2™, say ax™. Then, the polynomial

9(z,y) = f(z,y) — a(=y)"
satisfies
Vswg(@y) = Ve f(a,y) = s(n)(z + )i
and
g(x,—2x) = f(z,—z) — a(—(—2))" = az" — az™ = 0.

It follows that (x + y)? exists, and one possible value for it is g(z,y), which is
homogeneous of degree n.

It remains to show that (z + y)? is unique. We know that any polynomial
h(z,y) that satisfies the conditions of (z+y)? must match g(x, y) in every term with
positive z-degree, because their s-derivatives with respect to x are both s(n)(z +

n—1

y)2~+. Therefore, h(z,y) — g(x,y) is a scalar multiple of y”, say by™. Setting



GENERALIZED n-SERIES AND DE RHAM COMPLEXES 11

y = —x gives b(—xz)" = h(x,—x) — g(x, —x), which is 0 by condition (2), so b = 0.
Therefore, h(z,y) = g(x,y). This proves that (z 4+ y)? is unique and is equal to

9(z,y). O
Recall from Section [2] that we originally defined the s-binomial coefficients as
elements of the ring R[1/s] = R[s(1)7!,s(2)71,...], and later proved (using the s-

Pascal identity) that if s is a GNS, then all the s-binomial coefficients are elements
of R. We will do something similar for (z+y)? below, and we will use the s-binomial
theorem as a lemma in the proof that (x + y)? € R[z,y|. Here is the s-binomial
theorem:

Theorem 2.3.7 (s-binomial theorem). Let s be a GNS over R. Then, as elements
of R[1/s][z,y], we have:

n

@ =3 () oo+ vk

k=0 S

Proor. We will use induction on n, and the inductive step will mainly consist
of applying the s-antidifferentiation operator I, , from the proof of Lemma to
both sides. For the base case, observe that if n = 0, both sides are 1.

For the inductive step, fix n > 0, and assume that the s-binomial theorem is
true for n — 1:

n—1
-1
@t =X (") o bk

k=0
Multiplying both sides by s(n), applying I ;, and using R[1/s][y]-linearity gives:

n—1

Fealstte + 02 =5 Y (") 1) Lol 00+ 1)

k=0

i, s(n) <n 1)
- n—k, k k
_y 2RO + 1),
= sin—k)\ k /,
Notice that

i ('3) i e = m = ().

This implies that

n—1
n— n n—
Latstmte + 07 = 3 (1) o k04 1k
k=0 s
The right-hand side almost looks like the right-hand side of the s-binomial theorem
that we are trying to prove, but the upper limit of the summation is n — 1 instead
of n. To fix this, add y™(0 + 1)? to both sides, giving
— n n - n n—
Fealo(m)a+ 90 49704 03 = 3 () 90+ D
k=0 s
We just have to show that the left-hand side is equal to (z + y)?.
Let g(z,y) be the left-hand side. The s-derivative with respect to x of g(x,y)
is s(n)(z + y)"~ !, because I, , is an s-antiderivative operator (a right inverse of
V) and y™(0+1)7 is constant with respect to . This is equal to the s-derivative
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of (z +y)7, so g(x,y) matches (z + y)7 in all terms with positive z-degree. Both
g(z,y) and (x + y)? are homogeneous of degree n, so the only terms with x-degree
0 are the y™ terms. The coefficient of y™ in g(z,y) is (0 + 1)7 because I, never
produces terms with z-degree 0. The y™ term of (x + y)? is (0 + y)”, which is
y™(0 + 1)” by homogeneity, so the coefficient of y™ in (z 4 y)? is also (0 4+ 1)”.
Therefore, g(z,y) = (v + y)?, so
n (0 kg k
x+ = T 0+1);.
=3 (1) o !

This is what we needed to show for the inductive step. (I

To complete this subsection, we will show that the coefficients of (x + y)? are
elements of R for all GNS s over R and all n € Z>(. This means that the s-binomial
theorem is really an equivalence of polynomials in R[x, y], and can be stated without
using the larger ring R[1/s][z,y].

Proposition 2.3.8. Let s be a GNS over a ring R. For all nonnegative integers
n, we have (x +y)? € Rlx,y].

ProOOF. It suffices to show that (0 + 1) € R for all nonnegative integers n,
because using the s-binomial theorem, we could conclude that

n

(@+yr=> (Z) 2" Fy*(0+1)% € Rz, y).

k=0
Setting x = —1 and y = 1 in the s-binomial theorem, we get
" /n
0=((— L= —1)n* §
(042 =3 (7) Corho
k=0 s
SO
n—1 n
3 0+1)" = —1)" P04 1)k
3 1= 3 (1) oo

This is a recurrence relation for (0 + 1)7.

To prove that (0+1)? € R, we will use induction on n. For the base case, note
that (0 + 1)¥ = 1 which is an element of R. For the inductive step, note that if
(0+1)* € R for all k < n, then by the recurrence relation (3)) and the fact that the
s-binomial coefficients are in R (Proposition ,

0+1)" = i (Z) ()" 10+ 1)k e R.

This completes the induction. (I

Remark 2.3.9. Using the recurrence relation , it can be shown that

n

(=1)"(0+ )7 S (-1
nl, =2 2 1;[1 ks | )

l=1 \ki+-+ke=n

where the inner sum is over all ordered ¢-tuples (k1, ko, ..., k¢) of positive integers
that sum to n. Combining the inner and outer sums, the right-hand side can be
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viewed as a sum over compositions (ordered partitions) of n. Isolating (0 + 1)%

gives
n
0+1)" = _1”—|W|< )
( ) Z ( ) T, 25 0oy Tm| )

7 composition of n

The summand is an s-multinomial coefficient, defined by

n _ nly
k17k27'~'7kn S_klls'kQ!s""'kn!s7
and |7| denotes the length of .

2.4. The s-Lucas theorem.

Recollection 2.4.1. Lucas’s theorem says that for all primes p and all integers
ni,no, k1, ko € ZZO such that ng, kg < p,

(prin) = (i) (i) ot
kip+ko/)  \ki) \ko b

There is a g-analogue of this identity, known as the ¢g-Lucas theorem:

() = (Y1) o

This identity is also true if p is composite, as long as we replace the modulus [p],
with the cyclotomic polynomial ®,(¢). Notice that the first binomial coefficient on
the right-hand side of the g-Lucas theorem is not a ¢g-binomial coefficient.

Here is an s-analogue of Lucas’s theorem:
Theorem 2.4.2 (s-Lucas theorem). Let s be a GNS over R such that s(1) = 1 and
(4) s(a+b) = s(a)+ s(b) (mod s(a)s(d))

foralla,b € Z~g. Then, for any prime p and any nonnegative integers ni, ng, k1, ko
such that ng, ko < p, we have

(o) = () (i), tmodt o

Remark 2.4.3. Define ®,,(s) =[], s(d)*/9)  where p denotes the Mdbius func-
tion. Note that M&bius inversion implies the identity s(n) = [, ®x(s). One can
prove a “composite version” of the s-Lucas theorem where s(p) is replaced by ®,,(s),
but the proof is more complicated.

For the rest of this section, we fix the GNS s over R. To simplify the statement
of the s-Lucas theorem, we will use the following:
Notation 2.4.4. For integers a,b € Z~(, we define
s(a+0b) —s(a) —

s(a)s(b)

The extra condition in Theorem is therefore equivalent to Cs(a,b) being
defined in R for all a,b € Z~.
Lemma 2.4.5. Suppose that Cs(a,b) is defined in R for all a,b € Z~q. Then, for
all integers m >0 and n > k > 0,

cs(mn,mk) =1 (mod s(m)).

Cy(a,b) = O) ¢ gys).
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PRrROOF. By definition,

cs(mn,mk) —1 = s(mn) — s(mk) — s(mn — mk)

s(mn —mk) = s(mk)Cs(mk, mn —mk).

By Lemma s(m) | s(mk), so the right-hand side is divisible by s(m). There-
fore, cs(mn,mk) —1 =0 (mod s(m)). O

Remark 2.4.6. A consequence of this lemma is the interesting fact that if we
define the “rescaled” GNS s,,(n) = s(mn) for each positive integer m, then Pascal’s
identity for the s,,-binomial coefficients is the same as the usual Pascal’s identity
when we reduce modulo s(m). This implies the following congruence:

Lemma 2.4.7. Suppose that Cs(a,b) is defined for all a,b € Z~q. For all integers

m>0and 0 <k <n,
n n
<k) 3 = (k) (mod s(m)).

PrOOF. We will use induction on n. For the base case, observe that if n = 0
then k£ = 0, so both sides are 1. For the inductive step, assume that the desired
claim is true when n is replaced by n — 1. Then:

-1 -1
(Z) = (Z ) +cs,, (n, k) (n & ) by the s-Pascal identity (Proposition [2.1.3)),

-1
+ cs(mn, mk) <n i > by definition of ¢;, ,

—1 —1
= (Z_ 1) + (n i ) by Lemma [2.4.5]

_ ]_ _ 1
= <Z -1 + <n k ) by inductive hypothesis,
= <Z> (mod s(m)) by Pascal’s identity.
Therefore, by induction, this is true for all m € Z~g. m

Theorem [2.4.2]is a consequence of a slight variant.

Proposition 2.4.8 (Another s-Lucas theorem). Let s be a GNS such that s(1) = 1.
Let p be prime and let nq,no, k1, ko € Z>o such that ng, ko < p. Then,

mp+ne\ _ [T ng
(klp"’ k0>s - (k1>sp <k_o)s (mod S(p))7

where sy, is the rescaled GNS from Remark [2.7.0,

PROOF OoF THEOREM [2.4.2] This is an immediate consequence of Proposi-
tion 2.4.8 and Lemma O

Remark 2.4.9. Proposition is just Theorem but with (Zi) replaced by

(Zi)s , and no requirement that Cy(a,b) be an element of R.
P

Before we prove Proposition [2:4.8] in full generality, we will prove the special
case where ng = kg = 0. Then, we will use this case as a lemma in the proof of the
general result.
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PROOF OF THEOREM [2.4.8| IN THE CASE ng = ko = 0. Writing out the defini-
tion of the s-binomial coefficient (ZZ) , we get
]

(pn) _ s(pn)s(pn —1)---s(pn — pk + 1)
pk/, s(pk)s(pk —1)---s(1) '

By Lemma|2.2.5 s(pn—j) is a unit modulo s(p) for all j not divisible by p. Together
with Lemma this implies that we can cancel s(pn — j) with s(pk — j) (since
they are congruent units modulo s(p)). After all of this cancellation, we are left

with
<pn) _ s(pn)s(p(n — 1)) ---s(p(n — k + 1))
pk), s(pk)s(p(k — 1)) -+ s(p) ’
which is just (}}) . This means that

()0,

P

Combining this with the congruence of (Z)S and (Z)7 we get
p

()2 i

which is the special case of Theorem where ng = kg = 0. (I

We will now extend this to any value of ng in the valid range 0 < ng < p.

PROOF OF THEOREM [2.4.8] IN THE CASE ko = 0. We proved Proposition [2.4§]
above for ng = 0, so let 0 < ng < p. Notice that the definition of s-binomial coeffi-
cients implies that

n nlg B n—1
stn—k) <k) Tk n—k-1) S(”)< k >
Therefore,

—1
s(p(m — k‘) —+ no) <pn1p2 nO) s — 5(pn1 + no) <pn1 ‘;ZO >S.

Since ng is a unit modulo p, we see that s(p(ny — k) + ng) is a unit modulo s(p).
But s(p(ny — k) 4+ ng) is congruent to s(pni + ng) by Lemma Since both are
units, this implies that

pny + no
pk s

A simple induction proof gives

pn1 + no
pk s
It follows that

(pnlp;; n0>s - (%)s = <7;1) - <7;1) <%O>S (mod s(p)),

which is exactly the s-Lucas theorem where kg = 0. O

<Im1 +mng—1

; ) (mod s(p).

(’;’;) (mod 5(p)).

Finally, we will extend this by induction to any value of ky between 0 and p—1.
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PRrROOF OF THEOREM [2.4.8] IN FULL GENERALITY. We will use induction on
ko. We already proved the base case ky = 0 above. Suppose we have shown that
the induction hypothesis

(p/ini o 1)3 = (Zi) (konf 1>S (mod s(p))

is true for some ko — 1 between 0 and p — 2 (or 0 < ko < p). We will show that it
is true with kg — 1 replaced by kq. Notice that for all integers 1 < k < n,

S<k)(Z>S = (kl)!t!(izk)!s ZS(n—k+1)<kn1>s7
png +no)

pk1 + ko
Reducing modulo s(p) gives

pny +no
k
S( O) (pkl + ko) s

pni + ng
2
s(ho) (p,ﬁ N ko)s

SO

3(pk1+k0)< —s(p(nl—k1)+no—ko+1)< pra o ) .

pk1 + ko — 1

S

pny + no
pkl —|—]€0 -1

s(no — ko + 1)( ) (mod s(p)).

So

pn1 +no
—ko+1
S(’I”Lo 0 )<pk1 + ko — 1>

- ()em e (,2,),

(), o

Since 0 < ko < p, s(ko) is a unit modulo s(p), so we can cancel it from both
sides, and we get the congruence we wanted. Therefore, the induction proof is
complete. O

When the ring R is Z, there is a version of the s-Lucas theorem which allows
p to be any natural number, not just a prime; see Theorem [3.4:4]

2.5. The s-Vandermonde identity.
Recollection 2.5.1. The classical Vandermonde identity states that

(")=202)0)

this admits a g-analogue, known as the the g-Vandermonde identity:

m+”) Z( m ) (”) J(m—k+)
= . ) q .
( ko /g j k=3)g\i/q

To state an s-analogue of the Vandermonde identity, we need a definition.

Definition 2.5.2. For m,n,k,j € Z with 0 < j <n and 0 < k — j < m, define
J

n|lm . .

().~ .2 <Hcsw’n_(k_]+£)))’

IC(m,m+n]NZ \l=1
where I = {i; < --- <i;}. We also set (?m)s =0for j <Oorj>n.

[I|=j
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Remark 2.5.3. For s(n) = n, the product inside the sum in Definition is 1,
so the sum is just the number of subsets of (m,m+n]NZ of size j, which is (;’) In
that sense, (?m)s is an s-analogue of the subset-counting definition of (?) which
depends on two extra parameters m and k. The other type of s-binomial coefficient
(?)S is an s-analogue of the algebraic definition of (7;)

Theorem 2.5.4 (s-Vandermonde identity). For all m,n,k € Z>o with k < m+n,

("), 2(2). .

where the sum is taken over all j € Z such that 0 < j<n and0<k—j <m.

Question 2.5.5. As explained in [Sas18]|, the ¢-Vandermonde identity for (m,':")q
can be understood as arising via a motivic cellular decomposition of the Grassman-
nian Grg(C™*"). Is there a motivic interpretation of Theorem m (A similar
question can also be asked for the s-analogues of the other combinatorial identities
proved elsewhere in this article.)

The proof of Theorem requires a preliminary lemma, which can be viewed
as an analogue of Pascal’s identity for (’;m)s

Lemma 2.5.6. For all m,n,k,j € Z such that 0 < k —j <m,
m n—1

iy (et +es(m+n,m+n—k) "
k), g k), ’ j—1lk—1),

Notice that this includes the cases 7 < 0 and j > n.

Proor. We will split up the sum in the definition of (’;W)S into two sums,
based on whether I contains m + n or not. If m +n ¢ I, then I ranges over all
j-element subsets of (m,m +n — 1] NZ. If m+ n € I, then we remove it, and we
get a (j — 1)-element subset of (m,m +n — 1] N Z. Then, we have to pull out the
£ = j term of the product, since i; = m 4+ n. So we have

J
(1) = 5 (Metei-o-i-0)
J s IC(m,m+n]NZ \{=1

713

IC(m,m+n]NZ \{=1 IC(m,m+n—1]NZ \{=1
[I]=j [T|=j
m+nel

IC(m,m+n—1]NZ

[Tl=j-1
(m + n k) n—1{ m n n—1\m
=cs(m+n,m+n— .
y ’ i—1lk—1/, i k),
Rearranging this completes the proof. (|

Proor oF THEOREM [2.5.4l We will prove this by induction on n. For the
base case, observe that if n = 0, then all j in the range of summation satisfy

Z cs(m+nm+n—(k—j7+7)) (ﬁcs(iz,ié—(k—j‘F@))"‘(
=1

n—1
J

> <Hcs(ie7ie—(k—j+£))>+ > (Hcs(ie,z‘e—(k—jM)))

k

).
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0 < j <0, so either the sum is empty (if K — 0 > m) or its only term is j = 0 (if
k —0 < m). The conditions of the theorem force k¥ < m + n = m, so the sum has

exactly one term:
Z m nim\ _ (m 0lm
~\k—j) \jlk/), \k),\O0|k),

J
We want to show that this is (7;)5 The definition of ( | ) gives the rather
degenerate identity

C))ZL)S:]C(Z (Hcsu,u—k+£> Yi=1,

C(m,m]NZ \f=1 ICO
|7]1=0
which completes the base case.
For the inductive step, suppose that the theorem is true with n replaced by
n—1. We will first apply a version of the s-Pascal identity to (m:”)s that has been

“flipped” using the identity (Z)S = (nfk)s:

m-+mn . m-+mn
k S_ m+n—Fkj,

m+n—1 m+n—1
B <m+nk1>S+cs(m+n’m+n_k)<m+nk)s
—1 —1
SR AR S

The inductive hypothesis gives:

(m+n—1> +cs(m+n,m+n—k)<

m+n—1
k S

k-1

) () et 2 ) (),
L)L) om0 (2) (1),
)

J
_Z m n—1\m Fes(m 4 n,m+n— k) n—1 m
_j k—3j), i k), ’ ji—1k-1).)"

By Lemma this is equal to

(7,0

J

m
k),

which completes the induction. O



GENERALIZED n-SERIES AND DE RHAM COMPLEXES 19

3. Generalized n-Series Over Z

3.1. Lexicographically small nonnegative integer generalized n-series.
When doing computations with generalized n-series, it is useful to have some ex-
amples over Z that are lexicographically small (close to 0 for small values of n).
We will restrict to integer GNS that are always nonnegative. We have already
seen some examples of relatively small integer generalized n-series: s(n) = n and
s(n) = [n],. Before looking at an algorithm for constructing lexicographically small
GNS, we need a definition:

Definition 3.1.1. Let R be aring, and let N € Z>. A partial generalized n-series
is a function s : {0,1,..., N} — R such that s(0) = 0, s(n) is not a zero-divisor for
0<n<N,and forall 0 <k <n <N, s(n—k)|s(n)—s(k). An extension of a
partial GNS s is a GNS which agrees with s on the domain of s.

Given a partial GNS
s:{0,1,...,N} = Z>g
we can use a greedy algorithm to construct the lexicographically smallest nonneg-
ative GNS 5 which is an extension of s.

Definition 3.1.2. Suppose we are given a partial GNS s : {0,1,..., N} — Zx.
Define a function S : Z>¢ — Z>¢ in the following way: s(n) = s(n) for 0 <n < N,
and for each n > N we define 5(n) in terms of the previous values of 5(k) to be the
smallest positive integer that makes the restriction 5|1, . ,} a partial GNS.

The fact that s is well-defined is nontrivial. We have to show that at each step
of the algorithm, s(n) exists. We will actually prove a stronger theorem:

Theorem 3.1.3. Consider the following recursive construction of an arbitrary non-
negative GNS over Z: Start with s(0) = 0, and for each N starting with 1 in in-
creasing order, choose s(N) to be an arbitrary integer such that s|fo1,.. N}y is @
partial GNS. No matter what choices are made, it is always possible to continue
(there are never any contradictions).

PROOF. Suppose we have a partial GNS s with domain {0,1,...,N — 1}, and
we want to choose s(N). We have to show that there exists s(N) such that for
all 0 < k < N, s(N — k) | s(N) — s(k). This is equivalent to s(N) = s(k)
(mod s(N — k)), so we really have a system of linear congruences. This system
has a solution by the generalized Chinese Remainder Theorem as long as no two
congruences contradict each other. We want to show that if we reduce two of the
congruences s(IN) = s(N —k) (mod s(k)) and s(N) = s(N —j) (mod s(j)) modulo
ged(s(k), s(4)), they become the same congruence. That is, we want to show that

s(N —k) =s(N —j) (mod ged(s(k),s(5)))-
By Lemma ged(s(k), s(4)) = £s(ged(k, j)). And since
N—-k=N=N-—j (mod ged(k,j)),
the desired congruence must be true by Lemma [2.2.4] O

We have seen that many number-theoretic properties of the positive integers
remain true for arbitrary GNS. However, there are some important differences be-
tween s(n) = n and other GNS. For example, if n = p/m with p { m, then n/p’

is a unit modulo p. This is generally false for other generalized n-series; using
Theorem [3.1.3] we can construct a counterexample.
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Example 3.1.4. Let s be an extension of the partial GNS with domain {0,1,...,6}
whose values are 0,1,2,3,10,11,12. One can check manually that this forms a
partial GNS. For this GNS,
s(6) 12 6
s(2) 2
3.2. An upper bound on lexicographically small nonnegative integer
GNS. In this section, we will write partial generalized n-series as lists of numbers,
where the first item in the list is s(0). For example:

0 (mod s(2)).

Example 3.2.1. Define a partial generalized n-series 0, 1,3 via the function s :
{0,1,2} — Z>¢ given by 0 — 0, 1 — 1, 2 — 3. If we apply the algorithm of
Definition to the partial generalized m-series 0,1,k where k € Z~q, we get a
generalized n-series 0,1, %,1,k, ..., where the n-th term is 0 if n =0, 1 if n is odd,
and k if n is even and nonzero. If we start with a longer partial generalized n-series
s, say 0,1,3,4, then the generalized n-series s starts with
0,1,3,4,9,19,552, 22081,
and the next few terms are
219440979, 2669857856653708, 6558922971496604200448626056129.

This seems to grow very fast when n increases, almost doubling the number of digits
each term. As we will see, s(n) is bounded by
s(n) < 122" n >4, and
3(n) = Qq(a™), Ya > 0.
The upper bound (a special case of Theorem [3.2.5|) is proved below, and the
lower bound (a special case of Theorem [3.3.1]) is proved in the next subsection.

Let us first show that s is strictly increasing.

Lemma 3.2.2. Let N >3, and let s : {0,1,..., N} — Z>¢ be a strictly increasing
partial generalized n-series. Then, S is also strictly increasing.

Remark 3.2.3. The condition N > 3 is important, because we already saw that
if s=0,1,3 (so N =2) then §=0,1,3,1,3,..., which is not strictly increasing.

PRrROOF. Notice that s(2) > s(1) > 1. Let n > N. We will show that 5(n) >
5(n —1). By Lemma [2.2.4] 5(n) = s(1) (mod s(n — 1)), so either 5(n) = s(1) or
$(n) > s(n—1). The first case cannot happen because s(n) = s(2) (mod s(n —2)),
and s(n — 2) > s(2) > s(1). Therefore, s(n) > s(n —1). O

Given the value of $(k) for all 1 < k < n, there is an upper bound on s(n), as
long as s is strictly increasing;:

Lemma 3.2.4. Lets: {0,1,..., N} — Z be a strictly increasing partial generalized
n-series with N > 3. Then, for alln > N,

3(n) <lem{s(k) | 0 < k <n}.

PROOF. Recall that the proof of the existence of § (Theorem constructs
3(n) from 5(k) for all 0 < k < n using the generalized Chinese Remainder Theorem.
The congruences are © = s5(n—k) (mod 5(k)) for each 0 < k < n, so the generalized
CRT proves the existence of a unique solution z modulo L = lem{s(k) | 0 < k < n}.
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Therefore, there exists a solution to the system of congruences with 0 < =z < L.
The smallest positive solution is 5(n) by Definition so $(n) < L. We just
have to show that s(n) # L.

Suppose for contradiction that s(n) = L. Then, by Lemma L =301)
(mod 5(n—1)). But by the definition of L, L is divisible by $(n — 1), so 3(1) is also
divisible by 5(n —1). Sincen —1> N —1 > 1, 3(1) < $(n — 1) by Lemma [3.2.2]
which is a contradiction. g

Using the fact that the LCM of a set is at most its product, we can prove the
following upper bound:

Theorem 3.2.5. Let s:{0,1,...,N} = Z be a strictly increasing partial general-
ized n-series with N > 3. Then, for alln > N,

F(n) <2 Y
where 11 = Hi\; s(k).

ProoF. We will use strong induction. Suppose that n > N and for all & strictly
between N and n,

3(k) <12,
By Lemma [3:2.4] and the inductive hypothesis,
n—1
5(n) <lem{s(k) |0 <k <n} < H 5(k)
k=1

N n—1
< (Hs(k)> < I1 n?"'“””)
k=1 k=N+41

n—(N+2)
n—( )
—me ] ot =mon(ETE)
k=0
—1I. H27L7(N+1)_1 . H27L7(N+1)

This completes the induction. ([l

Remark 3.2.6. Another way to think about this theorem is that the recursively
defined sequence
) s(n) if0<n<N,
fn = Mi—iar ifn>N
is exactly equal to 12" for all n > N, and we know that 3(n) satisfies this
recurrence but with the equality replaced by < whenever n > N, so it should be
true that s(n) < a, for all n > N.

3.3. A lower bound on strictly increasing integer GNS. We proved
an upper bound on the lexicographically smallest extension of the partial GNS
0,1,3,4 in the previous section, but we also stated a lower bound. The purpose of
this subsection is to prove this lower bound by proving a more general result.

Theorem 3.3.1. Let s(n) be a strictly increasing generalized n-series over Z that
is not a scalar multiple of n +— [n]y for any q € Zso. Then, s(n) = Q4(a™) for all
a>0.
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In this theorem statement, we use the convention that [n]; = n. To prove
Theorem [3.3.1] we will use the following lemma:

Lemma 3.3.2. Let s satisfy the conditions of Theorem/|3.3.1], and fix a nonnegative
integer a. Then, for all sufficiently large n,

s(n+1) # as(n) + s(1).

PROOF. Let k € Z>( such that s(k + 1) # as(k) + s(1). Such a k must exist,
because otherwise s(n + 1) = as(n) + s(1) for all n € Z>¢. This would imply
by induction that s(n) = s(1)[n], with ¢ = a for all n, which contradicts our
assumption about s. Next, choose an integer N large enough so that

$(N — k) > max{s(k + 1), as(k) + s(1)}.

This is always possible, because s : Z>(, — Z is strictly increasing and therefore
unbounded.

To prove the lemma, we will show that for all n > N, we have s(n + 1) #
as(n) + s(1). Suppose for contradiction that there exists n > N with

s(n+1) =as(n) + s(1).
Taking this equation modulo s(n — k) and using Lemma gives
s(k+1) =as(k)+s(1) (mod s(n —k)).
But n > N, so
s(n —k) > s(N — k) > max{s(k +1),as(k) + s(1)},

so the modulus is greater than both sides of the congruence, which means that it
is an equality. This contradicts the fact that s(k 4+ 1) # as(k) + s(1). O

PRrROOF OF THEOREM [B.3.91 We want to show that s(n) = Q,(a™) for all a >
0. It suffices to prove this for a € Z>(. For each integer b with 0 < b < a, apply
Lemma with a replaced by b. This gives an integer NV, such that for all n > N,

s(n+1) # bs(n) + s(1).
Let
N =max{N, | 0 < b < a}.

We claim that for all n > N, we have s(n + 1) > as(n) + s(1).

To see this, let n > N. By Lemma

s(n+1)=5(1) (mod s(n)),

so s(n+ 1) =bs(n) + s(1) for some b € Z. Since s is strictly increasing, b must be
positive. We want to show that b > a. If b < a, then we defined N, above, and
n > N > Np. So s(n+1) # bs(n)+s(1), which is a contradiction. Therefore, b > a,
S0

s(n+1) > as(n) + s(1).

To complete the proof, notice that the claim implies (by induction) that for all
n >N, s(n) > a" Ns(N), which means that s(n) = Q,(a") as n — co. O
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3.4. A more general s-Lucas theorem. The s-Lucas theorem (Proposi-
tion [2.4.8)) is a congruence modulo s(p), where s is a GNS and p is prime. The
g-Lucas theorem has a more general form which allows p to be composite:

(o) = () (er) - omoa o,

In this subsection, we will state and prove an s-analogue of the more general ¢g-Lucas
theorem in the case ng = kg = 0.
Recall the s-analogue @, (s) of the cyclotomic polynomial from Remark

Theorem 3.4.1. If s is a GNS over Z, then ®,,(s) € Z for alln > 0.

We will prove that ®,,(s) € Z by showing that

B s(n)
Pn(s) = lem{s(n/p) | p prime factor of n}’

Here is a lemma:

Lemma 3.4.2. Let S be an arbitrary multiset of positive integers. Then,

lem(S) = H gcd(A)(*l)‘A‘fl.
multiset ACS
A#0
This lemma can be proved using the tools of elementary number theory. Notice
that when s is a two-element multiset {a,b}, this formula reduces to lem(a,b) =
ab/ ged(a, b).

ProoF oF LEMMA [3.4.21 We can decompose the right-hand side into its prime-
power factors. Let p be a prime, and let T be the multiset {v,(a) | a € S}, where
vp(a) is the exponent of p in the prime factorization of a. The exponent of p in the
right-hand side of the equality we are trying to prove is

S (<) min(B),
multiset BCT

B£0
because a GCD of powers of p is p to the power of the minimum exponent. We
want to show that this is equal to v,(lem(S)), which is max(T). Write T =
{ai,a2,...,a;}, where k = |T| and a1 < as < -+ < a,. We will count the
number of times each a; is counted in the sum. Since max(T) = a,, we have to
show that a,, is counted once and a; is counted 0 times for all 1 < j <n.

Let 1 <j<mnandlet 1 <k<n. We want to count how many subsets B C T
have minimum j and cardinality n. Such a subset must include a;, but can have
any combination of k — 1 elements a, with ¢ > j. There are (Z:{) choices for these
remaining elements. Therefore, the number of times a; is counted in the sum is

n . n—1 .
(T 2 _pE(T T
S (2] = (7
k=1 k=0
Since (";J) is zero for k > n — j, this is just the alternating sum of row n — j of
Pascal’s triangle, which is 0 if n —j > 0 and 1 if n — j = 0. Therefore, a; is counted
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0 times for j < n and 1 time for j = n in the sum

> (=) min(B),
i%

so the sum is equal to a,,. This means that the exponents of p in the left-hand and
right-hand sides of the equality in the theorem statement are both a,,. Combining
this fact for each prime p proves the lemma. |

Proor oF THEOREM [3.4.1l Let P be the set of prime factors of n, and let
r(n) = s(n) .
lem{s(n/p) | p € P}

Notice that r(n) € Z because Lemma implies that s(n/p) | s(n) for all prime
factors p of n. We want to show that ®,,(s) = r(n).
By the definition of r(n),

£ o (2) s}

By Lemma with S = {s(n/p) | p € P}, this is equal to

n (—plAi=t
chd{s()‘peA} .
ACP p

AZD

Lemma [2.:2.6] and the fact that s is nonnegative imply that s preserves GCDs, so
n n n
dds(2 Ab— o (gedd 2 | peal) s (2 ).
# {(p> "e } 8<gc {p re }> S(Icmm))

This implies that
(-plai
s(n) _ H s( n > .
r(n) o \lem(A)

AZ£D
Dividing both sides by s(n) and taking the reciprocal of both sides gives

- T ()

ACP

(On the right-hand side, we removed the condition A # () and multiplied the expo-
nent by —1.)

We have to count how many ways each divisor d of n can be written as lem(A)
for A C P. Since the elements of A are distinct primes, lem(A) is the product of
the elements of A. Therefore, d = lem(A) is square-free, and given d there is a
unique choice of A (the set of prime factors of d). So we get

n w(d)
=TI s(3)
d|n
d squalre—free

using the fact that p(d) is (—1)Ml if A is the set of prime factors of a square-free
number d. Since p(d) = 0 for d not square-free, we can remove the restriction that
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d is square-free:
(d)
r) =s(5)" = TLs@ ™ = ,05)
d|n d|n

This is what we wanted to show. O

Before proving the s-Lucas theorem for composite p, we will prove a lemma
about ®,,(s).

Lemma 3.4.3. Let s be a nonnegative integer GNS, let m € Zo, andlet a,b € Z>¢
such that
a=b#0 (modm).

Define

d = ged(a, m) = ged(b, m).
Then,

s(a s(b)
— = do,, .
)~ () (mod @, (s))
Additionally, both sides of this congruence are units modulo ®,,(s). Equivalently,
the function Z>o — Z>o defined by a — s(a)/s(ged(a,m)) induces a well-defined
function

~—

(Z/m)\{0} = (Z/Pm(s))"-
PROOF. By Lemma [2.2.4]
s(a) = s(b) (mod s(m)).
Since ged(s(m), s(d)) = s(d), this implies that

Notice that

s(m) _
sor of -
ng{ s(d) ’ d proper divisor o m} lem{s(d) | d proper divisor of m}

s(m)

s(m)

B lem{s(m/p) | p prime factor of m}
=d,,(s).

In the second step of this chain of equalities, we used the fact that for every proper
divisor d of m there exists a prime factor p of m such that d | m/p. We also used
Lemma We can conclude that ®,,(s) | s(m)/s(d) for all proper divisors d of
m. In particular, for d = ged(a, m) = ged(b, m), we have

s(a) _ s(b)
— = do,, .
)~ () (mod ®p,(s))
To complete the proof, we just have to show that s(a)/s(d) is a unit modulo
®,,,(s). This is true because P,,,(s) | s(m)/s(d) implies that

5(0)) | ged (S(m) s(a)) _ ged(s(m), s(a)) _ s(d) _ 1. 0O

wed (20 (5). 57 (@5 (@ (@)
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Theorem 3.4.4 (“Composite version” of the s-Lucas theorem). Let m € Z~q and

let n,k € Z>q. Then,
nm n
(km)s = (k) - (mod ®,,,(s)).

PROOF. By definition,

km

(nm) _ s(nm)s(nm — 1) - s(nm — km + 1) _ [T;2) s(nm — km + j)
b ) = St 1) 00 T

Our goal will be to cancel each s(nm —km+ j) with the corresponding s(j) modulo
®,,(s). The problem is that in general, these are not units modulo ®,,(s). To fix
this, we will divide s(nm — km + j) and s(j) by s(ged(j, m)):
<nm> T s(tnm — km + 5) /s(ged (5, m)

- km . . :

s [1;2: 5(5)/s(ged(5,m))

Since j = nm — km + j (mod m), we can apply Lemma for all j not divisible
by m, and we get that

km

stom—km i) s()
s(ged(j,m)) s(ged(j,m))
are congruent units modulo ®,,(s).

Therefore, we can cancel s(nm — km + j)/s(ged(j,m)) with s(j)/s(ged(f, m))
modulo @,,(s) for every j not divisible by m. We get

<nm> _ T2 s(nm — km + ) /s(ged (4, m)
s T2 s(3)/s(ged(j,m))
_ Il s((n—k + Om)/s(m)
T stem)/s(m)
_ T s(n—k+0m)

H?:l s(fm)

_ (Z) (mod @, (s)).

Sm

km

We changed product indices from j to £ = j/m, because the terms with m { j were
canceled in the second step. O

Remark 3.4.5. When m is prime, Theorem [3.4.4] reduces to the case ng = ko =0
of the s-Lucas theorem (Proposition [2.4.8]).
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4. Generalized n-Series and de Rham Complexes

4.1. Basic properties of the s-de Rham complex. In this subsection,
we will define the “s-de Rham complex” using the s-derivative of Definition [2.3.3
Recall that this is the R-linear map V, : R[x] — R[z] given on monomials by
V(™) = s(n)z" 1. Write A! = Spec R[z] to denote the affine line over R.

Definition 4.1.1. The s-de Rham complex for R[] is the 2-term complex
sQo.ar = (Rz] 4 R[z]da).
Here, the square indicates the dependence of 520 a1 on the choice of coordinate .

Remark 4.1.2. It is easy to generalize the s-de Rham complex to several variables
(e.g., by defining sQan to be sQ%’Xﬁ). Since proving multivariable analogues of the
results below is straightforward, we will only study the case of a single variable.

Example 4.1.3. Let s : Z>o — Z[q — 1] denote the g-integer GNS from Exam-
ple[2.1.6] Then Definition is precisely the ¢-de Rham complex of [Sch17].

The s-Pascal identity of Proposition [2.1.3| can be restated in terms of the s-
derivative:

Lemma 4.1.4. There is an equality of operators:

vk vh-1
[k'] ICER

PROOF. Let n > k > 0 be integers. Since V,(2") = s(n)z" !, we have
|
VE@@™) = s(n)s(n —1)---s(n —k+ 1)a"F = SRR

This implies that
vk:

o " = <Z> "k

The s-Pascal identity can therefore be stated as:

vlg " = V];il xnfl + vilscxnfl.

kls (k=1 kls
Rearranging gives

V]; " — mvlg xn—l — vlsc—l xn—l

klg kls (k=1

Recognizing the left side as a commutator of operators, this can be written as
25 n—1 __ Vlgil n—1
,T| T = ——"" "
kls (k=1
This implies the desired equality of operators. [l

Remark 4.1.5. One can similarly restate the s-Lucas theorem (Proposition
via the s-derivative: namely, if the hypotheses of Proposition are satisfied, then
for any prime p and any nonnegative integers ni, ng, k1, ko such that ng, kg < p, we
have

V’Sﬁp-‘rlfo

(klp + kO)!s

(am o) = S @) (@) (mod s(p)).
1- 0-s
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Proposition 4.1.6 (s-product rule). For a GNS s over R, define an R-bilinear
operator s : R[z] ® g R[x] — R[z] on monomials by
%% 2 = cyla+ b+ 1, a):z:“+b
for all a,b € Z>y. Then, for all f,g € R[z],
Vis(f9) = Vs(f)g + f*s Vs(9)-

PROOF. Since Vj is R-linear and %4 is R-bilinear, the theorem follows from the
case where f and g are monomials % and x°. In this case,

a)z® Lol 2% %, s(b)ab !
a)z® 7 4 s(b)es(a+ b, a)z 0!

— (S(G) +s(b) - s(a +sb()b)_ s(a)) Latb1

= (s(a) + s(a+b) - s(a)z* !
= s(a + b)zt0~!

= V(2. O

Vo(x?)a? + 1% %, V() = s

Example 4.1.7. Let s : Z>g — Z[q — 1] denote the g-integer GNS from Exam-
ple 2.1.6] Then
la+b+1]q — [a]g gttt —¢° a

s b+1,a)= = =q°,
cs(a+b+1,a) BT, s —) q

so that % x, ¥ = ¢?2%*? = (qx)%®. In particular,
f(@) *s Vs(g(x)) = f(qr)Ve(9(2)),
so that Proposition [I.1.6] reduces to the usual ¢g-Leibniz rule.

Example 4.1.8. One can check that the function s : Z>¢ — Z[q — 1] given by

1L ¢"=-2-9" B
S(n)_qflanr(Q—q)"EZ[[q 1]

defines a GNS; see Example It follows that

¢+ (2 -9
@ T (2= e+ 2 9
In particular, unlike for the ¢g-integer GNS, there is no simple expression for f(z)*s
9(x).

cs(a+b+1,a) =2¢"(2 —q)"

Corollary 4.1.9. Fiz a GNS s over R. Then the complex sQq a1 naturally admits
the structure of a (noncommutative) differential graded R-algebra.

PROOF. Define a left and right SQ% a1 = R[z]-module structure on SQE_AI as
follows: the right module structure is the obvious one, and the left module structure
is given by g(z)- f(z)dx = g, f(x)dz. Then the s-Leibniz rule of Proposition [4.1.6]
produces a sQY ,:-bimodule structure on sQ}; 5, such that the s-derivative satisfies
the Leibniz ru1e7; this is precisely the structure of a differential graded R-algebra. [
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4.2. s-analogues of the Poincaré lemma and Cartier isomorphism.
The Poincaré lemma says that over a field k of characteristic zero, the cohomology
of the de Rham complex is concentrated in degree zero (where it is isomorphic to
k). A version of this statement is also true over Z. Namely, if Z(x) = Z|x, %]nzo
denotes the divided power envelope of Z[x], then the cohomology of the complex
Q71112 ®z(2) L(x) is concentrated in degree zero (where it is isomorphic to Z). This
admits a straightforward generalization to the s-de Rham complex:

Proposition 4.2.1 (s-Poincaré lemma). Let s be a GNS over R, and let R{x)s

n

denote the ring Rz, =-|,>0. Then the cohomology of the complex sQn a1 ®pgiy]
R(x)s is concentrated in degree zero, where it is isomorphic to R.

ProoFr. We need to show that the R-linear map
R{z) AEN R(z)sdx

is surjective, and has kernel R. Surjectivity follows from the observation that

n n—1

Vs ;f—, = o this also implies that the kernel of V is precisely the R-submodule
of R(z), generated by the constants. O

Remark 4.2.2. Note that the ring R(z), is nonzero, since the elements nl; € R
are not zero-divisors; in fact, R{x)s is a subring of R[1/s][x].

The s-de Rham complex also satisfies an analogue of the Cartier isomorphism.

Recollection 4.2.3. The Cartier isomorphism says that if A is a smooth F,-
algebra, there is a canonical isomorphism Q' F, = H* (€25, /F,,)‘ If ¢ denotes the
Frobenius on R, this isomorphism is roughly given by “ﬁ”. When A = F,[z], one
can interpret the Cartier isomorphism as giving a canonical isomorphism

Operyz ©2 Fp = H (0,7 @z Fp)

sending d(z?) + [2P~'dz]. In [Sch17, Proposition 3.4], Scholze proves a g-analogue
of the Cartier isomorphism. Let Z[(,] denote the quotient Z[g — 1]/[plq, so that ¢,
denotes a primitive pth root of unity. Then there is a canonical isomorphism

Vpor)/z @z Z[G) = H (49,2 @z1e-1] Z[G)-
Both of these results admit an s-analogue.

Proposition 4.2.4. Let s be a GNS over R such that s(1) is a unit in R/s(p).
Then there is a canonical isomorphism

sQh a1 @r R/s(p) = H'(sQg,ar @R R/s(p))
sending ™ + ™ in degree zero and x"dx > [x"PzP " dx].

PROOF. Let us first compute H(sQg a1 ®r R/s(p)), i-e., the kernel of V.
Observe that if @ € R, then az™ +— as(n)z" ‘dx. If p | n, then s(p) | s(n),
so that Vg(az™) = 0 € Rz]/s(p). If p 1 n, it follows from Lemma that
Vi(az™) = 0 € R[z]/s(p) if and only if s(p) | a. This implies that HO(sQp a1 ®r
R/s(p)) = Rl[aP]/s(p).

To calculate H' (s a1 @r R/s(p)), i-e., the cokernel of V, we need to de-
termine the image of V. If ax™dzx is in the image of V, for some a € R, then
there must be some b € R such that bs(n + 1) = a. If p | n + 1, it follows that
a=0¢€ R/s(p);if ptn+1, then s(n+1) is a unit (by the preceding discussion), so
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that b = 7%= It follows that the image of V is precisely Dpini1 B/s(p){a"dx},
so that
coker(Vy) = @R/s(p){x"”fldx} & @R/s(p){xp("*l) aP .
n>1 n>1
This implies that H' (sQn a1 ®r R/s(p)) = R[z?]/s(p)d(xP), as desired. O

In fact, the classical and ¢-Cartier isomorphisms are special cases of a more
general result due to Berthelot and Ogus [BOT8|. Let us now review this statement;
we will then state and prove the analogue for generalized n-series.

Recollection 4.2.5. Let R be a ring, and let f € A be a non-zero-divisor. If M*®
is a cochain complex of R-modules which is termwise f-torsionfree, the décalage
ngM?® is the subcomplex of M*[1/f] defined via

(M) = {x € FM | dx € FHAY,
See [BMS18| Section 6] and [BOT8|. One basic property of the décalage con-
struction is the following. Let H®(M/f) denote the complex whose underlying
graded abelian group is €, H(M/f), and where the differential is given by the

f-Bockstein 8 : HY(M/f) — H*1(M/f). Then there is a natural isomorphism of
complexes

() np(M)/f = H*(M/f).

We will only need the case when M*® is termwise f-torsionfree; but let us mention
that 7y preserves quasi-isomorphisms, and one can extend 7y to a (non-exact)
functor Lns : D(R) — D(R) on the the derived category of R.

Let k& be a perfect field of characteristic p > 0. A very special case of a
result of Berthelot and Ogus (in [BOTS]|) says that if W (k) is the ring of Witt
vectors of k and A is a W (k)-algebra, there is a Frobeniusﬂ semilinear isomorphism
Qa = Ln,Q4. Suppose for simplicity that 24 is p-torsionfree; applying with
f = p then defines an isomorphism of complexes

(6) 1p(2a)/p = H*(Qa/p).

Note that if we write A9 = A/p, then Q4/p = Qy4 /. The Frobenius semilinear
isomorphism Q4 = Ln,Q4 gives a Frobenius semilinear equivalence 4, k =
7p(Q4,)/p. Comparing the left and right-hand sides of (6) recovers the Cartier
isomorphism for Ayg.

A similar result was proved in [BS19l Theorem 1.16(4)] for the g-de Rham
complex: namely, if A is a smooth Z,[(,]-algebra, then there is a Frobenius semi-
linear equivalence ¢Q24 — Lny;,q2a. As above, using with f = [p], recovers
the g-analogue of the Cartier isomorphism.

As one might expect, there is a décalage result for the s-de Rham complex, too:

Proposition 4.2.6. Fiz a GNS s over R such that:
s(np)

(1) there is a ring endomorphism ¢ : R — R which sends s(n) — FOR

(2) s(1) is a unit in R/s(p), and R is s(p)-adically complete.

3The existence of a Frobenius on A is not obvious in general, and depends on the existence
of crystalline cohomology.
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Write AY(P) = Spec R[z?], and define a map ® : sQ0 a1 — Q0 a1 via

R[z"] £ R[z], in degree 0,

©,d(zP)—s(p)zP~ dx

R[zP)d(x?) R[z]dz, in degree 1.

Then ® factors through a quasi-isomorphism ¢*sQn A1) = Ns(p)S20, A1 -

PROOF. Since sQm a1 is s(p)-torsionfree, we can directly compute the complex
ns(p)SQD,Al' If f(x) = ano anx" € R[x], then

Vsf(x) = Z ans(n)z" L.
n>0
Since s(p) | s(pj) for any j > 0, we see that V,f(z) € s(p)R[x] if and only if
s(p) | an for p4n. Therefore,
Naso.ar = (Rle?) + s(p) Rl] ~= s(p)Rlaldz)

The map ® clearly factors through the inclusion 74,5020, a1 € sQ0 a1 [t remains
to check that the map ¢*sQg a1.) — 7s(p)s§20,a1 induces an isomorphism on
cohomology. Observe that

HO(SQD,AL@)) ~ R,
H'(sQ0,a10) = @D R/s(n){(2”)""d(a")},
n>1

and similarly
HO(ny(»)5Q0.41) = R,
H' (1()5Q0,a1) = @ (s(p)/ (s(np)) {27~ dr} © @ (s(p))/ (s(m)s(p)) {a™ " da}.

n>1 pfm
The ring endomorphism ¢ of R sends s(n) Ss((r;f;), and s(p) is a non-zero-divisor
in R, we see that ¢ descends to an isomorphism

o (Rfs(m) = R/ =5 (s(p)/(s(np))

If p { m, then s(m) is a unit in R/s(p) by Lemma since R is s(p)-adically
complete, this implies that s(m) is a unit in R itself. It follows that 0 = R/s(m) —
(s(p))/(s(m)s(p)). Putting these together, we see that the map ¢*sQq a1 —
Ns(p)S€20,A1 is a quasi-isomorphism. , [l

In Proposition the condition that R be s(p)-adically complete is rather
powerful. For instance, one of the most basic tools in p-adic mathematics is the
Legendre formula; this admits an analogue for generalized n-series, too.

Proposition 4.2.7 (s-analogue of Legendre formula). Let s be a GNS over R
satisfying the hypotheses of Proposition[{.2.6. For any n > 0, we have

nle=u [ (s(o)) 7"

Jj=1

for some unit u € R*.
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PROOF. The argument is a straightforward adaptation of [BS19, Lemma 12.6].
Since R is s(p)-adically complete, we know that if p { m, then s(m) is a unit in R.
This implies that

(np)ls = UI:[l s(np) = Uﬁ (S(np) : S(p))

s(p)
= us(p)" H p(s(n)) = us(p)"p(nls),

where u = ngjgnpmfj s(j) is a unit in R. Using the above identity to inductively
strip powers of p off of n produces the desired claim. |

This implies the following analogue of [BS19l Lemma 12.5|, which gives a
criterion for admitting “s-divided powers”.

Corollary 4.2.8. Let s be a GNS over R satisfying the hypotheses of Proposi-
tz’on and suppose that for any n > 0, p(nls) is a non-zero-divisor in R/s(p).
Let A be an s(p)-completely flat R-algebra equipped with a R-linear multiplicative
map ¢ : ¢* A — A and an element x € A such that p(x) = 2P, and p(x) is divisible
by s(p). Then nly | z", i.e., L is well-defined in A.

PROOF. Because s(j) is a unit in R is p 1 j, it suffices to show: for any n > 0,
if nlg | ™, then (np)!s | ™. By (the proof of) Proposition it suffices to
show that p(nls)s(p)™ | ™. Because ¢(nly) is a non-zero-divisor in R/s(p) (by
assumption), it is also a non-zero-divisor in A/s(p) by flatness of A. It therefore
suffices to show that ¢(nls) and s(p)” each individually divide z"P. Since nl; | 2",
it is clear that p(nls) | ¢(a™) = ™. Since s(p) | 2P by assumption, we also see
that s(p)™ | ™, as desired. O

4.3. Formal group law n-series and the s-derivative. Some of the most
important (and accessible) examples of generalized n-series come from formal group
laws. Throughout this section, we will fix a base commutative ring R.

Recollection 4.3.1. A (1-dimensional) formal group law over a commutative
ring R is a two-variable power series F(z,y) € R[z,y] such that F(F(z,y),z) =
F(z,F(y,2)) and F(x,y) = z+y (mod (x,y)?). It will sometimes be convenient to
denote F(z,y) by  +r y. A morphism f : F — G of formal group laws is a power
series f(x) € R[z] such that f(F(x,y)) = G(f(x), f(y)); a morphism is called an
isomorphism if it admits a compositional inverse.

If n > 0 is an integer, the n-series of I is defined via the formula

[n]p(t) = F(t, F(t, F(t,...F(t,t)...))) =t +pt+p - +pt.

This can be extended to all integers n € Z by using the existence of inverses for
the formal group law. The n-series [n]p(t) is an element of R[t], and it is always
divisible by t. We will define (n)p(t) := [n]r(t)/t (where we agree that (0)p(t) = 0).
Sometimes, it will be notationally convenient to simply write these as [n]F and (n)p
(it being implicit that these are functions of ¢). If R is an F-algebra, then either

[p]r(t) = 0or [p|p(t) = AtP" +O(tP" 1) for some h > 0. If vj denotes the coefficient
of t*" in [p]r(t), then F is said to be of height > n if v; =0 for j <mn;ifv,isa
unit, then F' is said to be of height n.
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If Q C R, then every formal group law F(x,y) is isomorphic to the additive
formal group law via the logarithm. Let Fy(z,y) = 0,F(x,y); then, the logarithm

is given by the integral
Toodt
tp(z) = / _ar

We will write € p(x) to denote its compositional inverse, so that F(x,y) = Ep(lp(z)+
Lr(y)). Observe that [n]p(t) = Ep(nlp(t)) for any n € Z.

Example 4.3.2. Fix a base commutative ring R. The polynomial F(z,y) =z +y
is known as the additive formal group law, and (n)g(t) = n. The polynomial
F(z,y) = x4+ y + zy is known as the multiplicative formal group law, and

(n)p(t) = w c

RJt].
) [
Note that (n)r = [n],, where we set ¢ = ¢t + 1. The power series F'(z,y) =

T4y
1+zy
is known as the hyperbolic formal group law (since it describes the addition law for

tanh), and a simple induction on n shows that
1a+)"-01-9" 1 ¢"=2=-9"

N E (e I VT C i L

Remark 4.3.3. Given a formal group law F(z,y) over a (torsionfree, say) com-
mutative ring R, one can define a “rescaled” formal group law F(x,y) over R[t]
which is characterized by the property that F(z,y) = %F (zt,yt). Observe that

over the special fiber (i.e., t = 0), F'(z,y) degenerates to the additive formal group
law. Over (R®Q)[t], the logarithm ¢ (z) is given by +/p(tx); note that this power
series does not have polar terms in ¢, since x | £p(2) (and hence tz | £p(tx)).

We begin by showing that the map n — [n|r(¢) is a GNS over R][t], as long
as F' satisfies a mild condition. The existence of the power series ¢z is the main
reason that GNS arising via formal group laws are particularly well-behaved.

Proposition 4.3.4. Let F' be a formal group law over a ring R, and suppose that
[n]r(t) € R[t] is not a zero-divisor for any n > 0. Define s : Z>o — R[t] by s(n) =
[n]r(t). Then, s is a GNS over R[t]. Similarly, the function sp : Z>o — R][t]
sending sp(n) = (n)p(t) is a GNS over R]t].

PrOOF. It is easy to see that if s is a GNS, the same is true of sp. Let us now
show that s is a GNS by checking the conditions of Definition Condition (1)
is clear, since [0]p = 0. Condition (2) is already assumed in the theorem statement.

For condition (3), let G(z) € R[t][x] be the power series F(t,z). Then,

n+1lp — [k +1]r = G([n]r) — G([k]F).

Since x —y divides 27 — 17 for each j > 0, and G is a power series, x —y also divides
G(z) — G(y). In particular, s(n) — s(k) = [n]p — [k]F divides G([n]r) — G([k]F);
but G([n]r) — G([k]F) = [n+ 1]F — [k + 1]F is precisely s(n + 1) — s(k + 1), so
s(n)—s(k) divides s(n+1)—s(k+1). Inducting, we conclude that s(n)—s(k) divides
s(n+j)—s(k+j) for all n,k,j € Z>o. For k = 0, this gives s(n) | s(n+ j) — s(j)
for all n, j € Z>o. After relabeling the indices, this becomes s(n — k) | s(n) — s(k),
which proves condition (3). O
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Lemma 4.3.5. Let F' be a formal group law over a ring R. If n € Z~q is not a
zero-diwvisor in R (e.g., R is torsionfree), then [n|p and (n)p are not zero-divisors
in R[t].

PROOF. Suppose for the sake of contradiction that [n]r(t) is a zero-divisor for
some n (the same argument works for (n)r). Then there exists a power series
f(t) € R[] such that

f@t) - [n]p(t) = 0.
It follows that the product of the coefficients of the lowest-degree terms of f(¢) and
[n]F(t) must be 0. Since the lowest-degree term of [n]p(t) is nt, this implies that n

times the lowest-degree coefficient of f(t) is 0. In particular, n is a zero-divisor in
R. O

Remark 4.3.6. It follows from Proposition that if F is a formal group law
over a torsionfree ring R (for example), all of the results in the preceding section
regarding generalized n-series immediately transfer. For example, Proposition [2.4:§]
implies that if p is a prime number, ny,ng, k1, ko € Z>o are such that ng, ko < p,
and s : Z>o — R[t] is the GNS obtained from Proposition then one has the

Lucas theorem
nip+no ny no
= d t
(oo ko)s (k) (ko) (mod (p) (),

where s, is given by the composite

t—=[p]r(t)

sp: Zso > R[] R[t].

Definition 4.3.7. Let F be a formal group law over R such that [n|p(t) € R[] is
not a zero-divisor for any n > OE| Let F'Qo a1 denote the differential graded R[t]-
algebra given by the s-de Rham complex associated to the GNS s : Z>¢ — R][t]
sending n — (n)p. We will refer to FQn a1 as the F-de Rham complex of the
affine line A! = Spec R[z]; we will abusively also refer to the differential V as the
F-derivative.

Example 4.3.8.

e For the additive formal group law, (n) 7 = n; so the resulting F-de Rham
complex is simply the usual de Rham complex.

e For the multiplicative formal group law, (n)p = [n],; so the resulting
F-de Rham complex is simply the g-de Rham complex. Note that the
F-derivative can be defined directly on polynomials (instead of only on

monomials) via f(x) — %

sition [1.3.10} indeed,

Er(lr(t)z) =

. This can be seen directly from Propo-

(1+t)* -1 q¢*—1
t Cg-—1"

and the operator ¢*% sends f(z) — f(qzx).

4Many of the results below do not rely on this assumption; but we keep it nonetheless, since
Propositionallows to immediately transport many results about generalized n-series obtained
above. The interested reader should have no trouble removing this condition as necessary in the
results below.
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Remark 4.3.9. One can consider a slight variant of the F'-de Rham complex, given
by the complex

C* := (R[t][x] — R[t][z]dx), =™ ~ [n]pz" ‘dz.
This is the s-de Rham complex for the function s : Z>¢o — R sending n +— [n]p.
Then, there is a quasi-isomorphism FQg a1 ~ 7,C*.
When Q C R, there is a general formula for the F-derivative.

Proposition 4.3.10. Suppose that Q C R, and let F be a formal group law over
R. Then there is an equality of R[t]-linear operators on R[t][z]:

1
Vip=—Er(lp{t)xd,).
P = s Er(lr(t)a0,)
In particular, there is a canonical isomorphism FQn a1 = Qqq)/q @q R[t].
PrOOF. Let V. denote the expression on the right-hand side. By definition

of Vp, it suffices to check that V' (z™) = (m)z™"! for every m > 1. Write
Er(t) =, ant™; then

V™) = — 3 anle () (@0)" (o)
_ % S an(mlp(t)"a™

1
= EEF(TTLEF(@)I’"*1 = (m)z™,
as desired. O

Remark 4.3.11. Since every formal group law over a Q-algebra is isomorphic to
the additive formal group law, the final statement of Proposition is a special
case of the following more general observation: if F} and F5 are isomorphic formal
group laws, then the associated de Rham complexes are also isomorphic.

Example 4.3.12. Using Proposition [£.3.10] we can make the F-derivative explicit
for the hyperbolic formal group law. In this case, £ (t) = tanh(t), so that £ (t) =
tanh ™' (¢), and

€r(¢r(t)2) = tanh(z tanh ™' (1)) = 318:3

where ¢ — 1 = t. Since the operator ¢*% sends f(x) + f(qz), the F-derivative can
be expressed as

1L flgz) = f(2=9g)7)
(¢ =D flgz) + f((2 - q)z)
Example 4.3.13. Let Ry = F,[v,]. Then, there is a unique formal group law
(known as the Honda formal group law; see [Hon70|) over Ry which is characterized
by the property that its p-series is given by [p|r(t) = vpt?" . This implies that up
to a unit in Ry[t], we have [m]p(t) = vi” ™™ where vp(m) denotes the p-adic
valuation of m. The formal group law over Ry lifts to a formal group law over
R = Z,[v,] such that over R ® Q = Q,[vy,], its logarithm is given by

Ve f(x)—

in _q Jjn
p P

ZF(I) = zvnp”—l pT

>0
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For example, if n = 1 and we adjoin a (p — 1)st root 8 of vy, this is essentially the
logarithm of the Artin-Hasse exponential so that

=-3 Ly B g1 — (82)).
ptd

One can say something similar for general n. Recall that the polylogarithm is
defined by Lig(x) = ZJ>1 = so that Li; (z) = —log(1—=z). If 8 denotes a (p™ —1)st
root of v, then £r(z) can be understood as a “p"-typical” version of %Lil/n(ﬁx).

When n = 1, the resulting F-de Rham complex over F,[t] is closely related to
the mod p reduction of the g-de Rham complex: indeed, observe that the p-series of
the multiplicative formal group law is congruent to t» (mod p). The resulting lifted
formal group law over Z,[v1] is the p-typification of the multiplicative formal group
law (see [Rav86), Appendix 2]). For higher n, the resulting F-de Rham complex
behaves qualitatively similar to the case n = 1. For instance, we have

P p ()=
HY(FQg,a1) 2 Fpo [0][t], B (FQm,a1) 2 @D Fye[vn, ¢ |Jom 7T tp"““”{ i-1dgY.
§>1

Example 4.3.14. Let n > 1, let k be an algebraically closed field of character-
istic p > 0, and let R = W(k)[uq,--- ,un—1] denote the Lubin-Tate ring. Let F'
denote the formal group law associated to the universal deformation of a chosen
formal group law of height n over k. Then, the resulting F-de Rham complex spe-
cializes to the ¢g-de Rham complex when n = 1. For general n, this F-de Rham
complex is closely related to deep phenomena in chromatic homotopy theory (see

Remark 4.3.25|).

Lemma 4.3.15 (F-Taylor expansion). Let F be a formal group law over R such
that [n]p(t) € R[t] is not a zero-divisor for any n > 0. If f(z) € (R® Q)[t,z — 1],
there is a Taylor expansion

Zvn )| 1M.

n>0 nlp
Here, (x — 1)2 denotes the symbol from Deﬁnition with y = —1.

PROOF. This is the same argument as in [AL20, Proposition 4.4]. First, ob-
serve that if g(z) € (R® Q)[t,z — 1] is a function such that V% (g(z))|s=1 = 0 for
all n > 0, then g = 0. Indeed, since V is simply the usual derivative modulo ¢, we
see that g(z) is divisible by ¢. Write g(x) = tg1(z); then, Vi (g1(x))|e=1 = 0 for all
n >0, s0t | g1(x). Continuing, we see that g(x) is infinitely ¢-divisible, and hence
is zero (since ¢ is topologically nilpotent).

We can now apply the above observation to

Zvn )| 1M.

n!
n>0 F

By definition of (z —1)?, we know that Vg ((I 1) ) = (9(65_1)13;1, 50 VE(g(2))]z=1 =

0 for all n > 0, and hence g = 0, as desired. (]

Corollary 4.3.16 (F-logarithm). Let F be a formal group law over R such that
[n)r(t) € R[t] is not a zero-divisor for any n > 0. Consider the function Flog(x) €
(R® Q)[t,z — 1] given by ﬁlog(x}. Then, we have:
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(1) V p(Flog(x)) =
(2) Flog(zy) = Flog(z) + Flog(y).
(3) There is a series expansion

ot e (D F n
Flog(z) = Y e (z—1)"
n>1
PROOF. The first statement follows from Proposition Indeed, write
Er(y) = 3,51 any™; the condition that F(z,y) = z+y (mod (z,y)?) forces a; = 1.
Since -

8=

—~

(20,)(Flog()) = —— (20, )log(x) —

lp(t) Cr(t)’

we see that

PV (Flog(e)) = 1 3 antie (1) (20,)" (Flog(x))

n>1

t
lp(1)

= (e Dl ()" 50, (Flog(a))

n>2

The second sum vanishes, since (z0,)"(Flog(z)) = 0 for n > 2. The first term
cancels out to give 2V p(Flog(z)) = 1, as desired.
The second statement is clear. For the third statement, observe that

Vi(Flog(x)) = Vi ' (1/2) = (=n+ g (=1)pa™".
Evaluating at z = 1 and using Lemma [£.3.T5] gives the desired claim. O

Warning 4.3.17. The F-logarithm Flog(z) is not the same as the logarithm £z (x)
associated to the formal group law. This unfortunate terminology stems from at-
tempting to simultaneously emulate the standard terminology “g-logarithm” and
the “logarithm of the multiplicative formal group law”.

Remark 4.3.18. Corollary |4.3.16| implies that Flog(z) is a well-defined class in
the ring R[¢] {xil, M}; this is the ring of functions on an F-analogue of the

n'p
divided power completion of the identity section of (G)g[eq-

Remark 4.3.19. The formal series in Corollary[4.3.16|(3) can be written for arbitry
GNS s; when it exists and converges, its s-derivative will formally be 1/z. However,
we have chosen to state Corollary [£.3.16] only in the case of GNS arising via formal
group laws, since it is otherwise difficult to get a computational grip on the resulting
formal series.

Example 4.3.20. When F' is the multiplicative formal group law over Z, the
function Flog(x) can be identified with the ¢-logarithm

log,(7) = Z(_l)n+1q_(;) (z—1)(z—q)(z—q

o1 [nlq

nfl)

€Qg—1,z—1].

Indeed, this follows from Corollary [4.3.16{3) and the observation that (—j)p =
[—4lqg = —q¢77[j]q- See [AL20] Section 4] for more on the g-logarithm.

Let us summarize some of the results from the previous section upon special-
ization to the F-de Rham complex:
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Theorem 4.3.21. Let R be a commutative Ting, and let F be a formal group
law over R such that [n]p(t) € R[t] is not a zero-divisor for any n > 0. Let
G = Spf R[t] denote the formal group over R. Then:

(1) Let R[t]{x)r denote the ring R[t][z, #;,]nzo- Then the Poincaré lemma
holds: the cohomology of the complex FQpn a1 ® g[ee) R[t]{(z) F is concen-
trated in degree zero, where it is isomorphic to R[t].

(2) The Cartier isomorphism holds: there is a canonical isomorphism
FQQ pve @rpyg B[/ (p)r = H (FQ0 ar @rpey R[]/ (p)F)
sending (xP)™ — 2™ in degree zero and (xP)"d(xP) — [z"PxP~1dx]. Note
that Spf R[t]/[p|r = Gp].

(8) The décalage isomorphism holds: replace R[t] with its (p)p-adic comple-
tion. Let ¢ : R[t] — R[t] denote the R-algebra map sending t — [p]r (1),
i.e., the map induced on rings by the multiplication-by-p map G > G.
Then, there is a quasi-isomorphism ¢* FQn a1, = Ny F 0, A1-

(4) The hypotheses of Corollary are satisfied, so that there is a criterion
for admitting “F-divided powers”. Namely, replace R[t] by its (p, (p)r)-
adic completion, and suppose that for any n > 0, ¢(n!g) is a non-zero-
divisor in R[t]/(p)r. Let A be a (p) p-completely flat R[t]-algebra equipped
with a R[t]-linear multiplicative map ¢ : p*A — A. Ifx € A is an element
such that o(x) = aP and (p)r | p(x), then ﬁ—l € A.

PROOF. The first part is Proposition[f.2.1] The second part is Proposition[4.2.4]
where the hypothesis in the proposition holds because (1) = 1. The third (and
fourth) part is an application of Proposition Note that the first hypothesis
holds by construction of ¢ : R[t] — R[t]: indeed, ¢ sends

S(n) _ [H}F(t) . [n]F([p}F(t)) _ [np]F(t) _ S(np)
t [plr(t) plr(®) — slp)

The second hypothesis follows from the assumption on R[¢]. a

Remark 4.3.22. Using Remark one can upgrade Theorem to the
case when R (rather, Spec R) is replaced by the moduli stack of formal groups.

However, we will not discuss this further in this article.

Motivated by [Sch17), Conjecture 3.1], we propose the following conjecture. In
fact, considerations with ring stacks following [Dri22] strongly indicate that the
conjecture is false, but we have stated it nonetheless in the hopes that it might
spur investigation into these sort of questions. Arpon Raksit has informed the first
author that he is currently working on some variant of this conjecture.

Conjecture 4.3.23. Let Polyy denote the category of polynomial R-algebras and
R-algebra maps between them. Let F' be a formal group law over R such that
[n|r(t) € R[t] is not a zero-divisor for any n > 0. Then, there is a functor
Tpar(—) : Polyp — CAlg(R[t]) landing in the co-category of Eoo-R][t]-algebras
which sends Rlxy,- -+ ,xp] — FQO an E| Furthermore, each part of Theorem
admits a generalization to T'p_qr(—).

5In other words, the assignment R[z1,--- ,zn] = FQQ an is functorial in R-algebra maps of
polynomial R-algebras.
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Remark 4.3.24. If the preceding conjecture is true, then the construction F'Qn _
can be extended to all (animated) R-schemes by left Kan extension:

Trar(—)

Poly%? CAlg(R[t])°"
_ 7
l P ()
Sch

We expect that the resulting functor X — I'p_gr(X), if it exists, should be rather
interesting. When F is the multiplicative formal group law, Conjecture is
true, and the resulting assignment X +— I'p_gr(X) is the g-de Rham cohomology
of [BS19].

Let us end this section by discussing the motivation behind the construction
of the F-de Rham complex. We will necessarily be brief, since this is not the main
subject of the present article.

Remark 4.3.25. Let A be an even-periodic E-ring equipped with a complex
orientation. Then, Quillen defined a canonical formal group law F(z,y) over
R := m(A), whose underlying formal group is Spf WO(A'LSI). Let 7>0A denote
the connective cover of A, and let F HP(7>0A[z]/7>0A) denote the even filtration
on the periodic cyclic homology of 7> A[z] (defined in [HRW22]). The assignment
A (150A) " is the homotopical analogue of the construction of the “rescaled” for-
mal group law from Remark in other words, Spf mo((7>0A)* 1) is the rescaled
analogue of the Quillen formal group Spf 7 (A" 1).

Unpublished work of Arpon Raksit shows that the F-de Rham complex F'{)q o1
arises as the zeroth associated graded piece grd HP(7>0A[z]/ TZOA)H In particular,
in this case, the F-de Rham complex admits the structure of an E-R[t]-algebra.
There are homotopical analogues of each part of Theorem {321} for example,
the décalage isomorphism of Theorem (3) is proved as [Dev23bl Proposition
3.5.3].

When A = KU is periodic complex K-theory (so 7>¢A = ku is connective com-
plex K-theory), the formal group law over my(A) is precisely the multiplicative one;
so the ¢g-de Rham complex arises as grd HP(ku[z]/ku). As explained in [DR23],
the p-completion of HP(ku[z]/ku) can be understood via the topological negative
cyclic homology of Z,[,][x]; this is a homotopical analogue of the Bhatt-Scholze
construction [BS19] of ¢-de Rham cohomology via prismatic cohomology.

When A = E,, is the Morava E-theory associated to the Lubin-Tate formal
group (see Example 4.3.14) and 7>9A = e, is its connective cover, the F-de Rham
complex of Example arises as grd HP(e,[z]/e,). The periodic cyclic homol-
ogy HP(e,[z]/e,) plays an important role in higher chromatic analogues of the
work of Bhatt-Morrow-Scholze [BMS19|, and will be explored in future work.

Although this does not quite fall into the above framework, the first author
hopes to show in future work that when A = L*(Z) is the symmetric L-theory of
the integers (see [HLN21]), the F-de Rham complex associated to the hyperbolic

6Using similar methods, one can also show that the variant of the F-de Rham complex from
Remark arises as the zeroth associated graded piece grd HC™ (A[z]/A) in the negative cyclic
homology of Alz].
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formal group law is closely related to grd HP(L*(Z)[x]/L*(Z)). This is a manifes-
tation of the observation (going back to the Hirzebruch signature theorem) that the
logarithm of the formal group law associated to the complex orientation on L*(Z)
is given by the hyperbolic tangent function tanh(z).

4.4. A variant of the Weyl algebra. It is well-known that the classical de
Rham complex over a base commutative ring R is Koszul dual to the usual Weyl
algebra of differential operators on the affine line:

Dar = R{z,0,)/([0n, 7] = 1).

The complex of Remark for the additive formal group is also Koszul dual
to a rescaled analogue R[t](x, D)/([D,z] = t) of this Weyl algebra; this rescaling
amounts to replacing 0, by t0,. This fact has an analogue for arbitrary formal
group laws, as we now explain. It turns out to be significantly more convenient to
study the Weyl algebra of G, instead, so we will restrict to that case. Some of the
discussion in this section appears briefly in [Dev23al Section 3.3]. As usual, fix a
base commutative ring R and a formal group law F(z,y) over R.

Definition 4.4.1. The F-Weyl algebra of G,, = Spec R[z*!] is defined to be the
associative R[t]-algebra given by

FDng,, = R[t](z*,y))/(yz = zF(y,1)).

Example 4.4.2. For the additive formal group law, the relation imposed in Defi-
nition is just yxr = x(y + t), or equivalently that [y, z] = tx. This defines an
isomorphism between F'Dp g,, and the rescaled Weyl algebra for G,,, by sending
y to the rescaled vector field tx0,.

Example 4.4.3. For the multiplicative formal group law, let us write g = 1+t¢. If
we define y = 1 + y, the relation imposed in Definition is just

-z ==z(qy — 1),
or equivalently that gz = qz7. Observe that 7 acts as the operator ¢*%¢, so
that we obtain an isomorphism between F'Dp g, and the completion of R[q —
1[(a®t, ¢%%%) ) (¢"%x = qwq™®=) at the ideal (¢*% — 1). This algebra is essentially
the g-Weyl algebra of G,,,, and is sometimes known as the “quantum torus”, as well
as the algebra of ¢-difference operators on the torus.

Lemma 4.4.4. The algebra R[t][z*'] is canonically a left D ,, -module, where
the action of y sends ™ — [n]pz™.

PROOF. Observe that
(y2)(2") = [n+ pa" ™ = aF([n]p, )" = xF(y, t)a",
so that the action prescribed above satisfies the relation in Definition [4.4.1 O

The following result describing the complex from Remark as Koszul dual
to the F-Weyl algebra is sketched in [Dev23al Proposition 3.3.9]. We will not need
this result below, so we only state it for completeness.

Proposition 4.4.5. The derived tensor product R[t][z*!] Qrvg o, Rt [z%1] can
be identified with the complex

C*® @R[y R[z*!] = (R[[tﬂ [z*1] — R[t] [;vﬂ}dlog(:c)) , " = [n]pa™dlog(x).
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Remark 4.4.6. In [Dev23al Section 3.3|, we show that if R is a complex-oriented
even-periodic E-ring and F'(z, ) is the formal group law over 7o (R), then F'Dp g,
arises as the loop-rotation equivariant homology ., (R[QT]*T*S:0)) where T is a
compact torus of rank 1 (i.e., a circle, not to be confused with the loop-rotation cir-
cle)ﬂ We also explained that, under the discussion of Remark the Koszul du-
ality of Propositionis a manifestation of the Koszul duality between R[QT]T*Srot)

and the negative cyclic homology R[LT,]"S% = HC™ (R[QT]/R).

Remark 4.4.7 (Mellin transform). Let A}ﬂ[t]] denote the affine line over R[t]
with coordinate y, so that Z acts on A}%M via the map y — F(y,t). It follows
from Definition and Morita theory that the category of FDp g, -modules
is equivalent to the category of quasicoherent sheaves on A}%[[t]] /Z which are y-
complete. In the case of the additive formal group law, this is a ¢-deformation of
the Mellin transform, which gives an equivalence between the category of Dg,, -
modules and quasicoherent sheaves on Al/Z (where Z acts by y — y + 1).

Let us now describe some special properties of the center of F' D g, -

Recollection 4.4.8. One property satisfied by the ordinary Weyl algebra in char-
acteristic p > 0 is that it has a large center: namely, if R is an Fp-algebra, there
is an isomorphism Z(Dgq,,) = R[z*P, xP0P] which identifies Z(Dg,,) with the ring
of functions on the cotangent bundle of the Frobenius twist (G,,)®). Note that
POl = (x0,)P — 20, (mod p). Under the Koszul duality between Dg,, and the de
Rham complex, this identification of Z(Dg,,) is in fact Koszul dual to the Cartier

isomorphism H*(Qam/R) = Qz((;m)(p)/R'

It is therefore natural to ask for a description of the center of FDg g, ; this
leads to the following result, which is Koszul dual to the Cartier isomorphism of

Theorem [4.3.21|b).

Theorem 4.4.9. The center of F'Dn q,, ®@gpg R[t]/(p)r can be identified as fol-
lows:

p—1

Z(FDog,, @rpq BRI/ 0)r) = BRIt |2, [[ (v +r UF) | /0)r.
j=0

PROOF. Observe that
yat = 2" F(y, [plr) = 2Py (mod (p)r),
so that x? is in the center of FDg q,, ®gpy R[t]/{p)r. Similarly, since H?;é (y+r
i7) = TTi=5(w +# [ilr) (mod (p)r), we have

[[w+rlilee = [J@+rle) =2 [+ blr) (mod (p)r),
7=0 j=1 =0

"In fact, the first author initially came across the F-Weyl algebra in this manner, and this
article was originally intended to be about this algebra. However, upon learning of the F-de Rham
complex from Arpon Raksit, it became clear that the F-de Rham complex was a much simpler
object to work with; hence the present form of the article.
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and hence H?;é (y+r[j]F) is in the center of D g, @reg R[t]/(p) - This defines

an inclusion

p—1
Rt |«*, [[w+r lilr) | /(0)r € Z(FDug,, ®rpg BRI/ (P)r),
§=0
which can be checked to be an isomorphism. O

Example 4.4.10. For the additive formal group law over Z (say), we have

p—1

[[w+it) =y -ty (mod p),
=0

so that upon identifying y = x9,, Theorem [£.4.9]implies the following isomorphism
for the rescaled Weyl algebra:

Z(FDo.q,, /p) = Fplt][a™?, (#0,)P — 27 20,].

Regarding the above algebra as a graded ring with both ¢ and x0d, in weight 1
allows us to replace ¢ by a polynomial generator (instead of a power series variable).
Inverting ¢ and taking G,-invariants (which is to be thought of as setting ¢t = 1)
then produces the ring F,[x*P t"P2POP| = Oregw-
Example 4.4.11. For the multiplicative formal group law over Z (say), if we define
7 =y + 1 as above (so that 7 = ¢®%), we have

I +r @ —1) = [[@F-1) =@ D2G 1) (mod [pl,).
=0 =0

Note that ¢?»=1/2 is 1 (mod [p],) for p > 2, but is —1 (mod [2],). In either case,
¢?(?=1/2 is a unit, so Theorem implies the following isomorphism:

Z(FDgg,,/Iple) = ZIG) (e, ¢7*%).

Remark 4.4.12. Since FDg ¢, can be recovered from the equivariant homology

w*(R[QT]h(TXSrlot)) for a compact torus T of rank 1 (see Remark, it is natural
to wonder whether there is an explanation of Theorem from the perspective
of the affine Grassmannian. In the case when R is ordinary (integral) homology
or K-theory, this has been answered in [Lonl7] — in fact, the methods there are
sufficiently geometric that they work even for more general R (and for T replaced
by a more general connected compact Lie group!), so we refer the reader to loc. cit.
for further discussion of this question.

4.5. An analogue of the Bhatt-Lurie Cartesian square. Throughout
this section, we will fix a p-completely flat Z,-algebra R and a formal group law
F(z,y) over R (so R is torsionfree). The symbol R[t] will always denote the
p-adic completion of the formal power series ring, and all constructions will be
done internal to the category of (p,t)-adically R[t]-schemes. (We have omitted the
completion from the notation for readability.) Let G denote the associated formal
group, so that its underlying formal scheme is Spf R[t].
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In [BL22| Lemma 3.5.18], Bhatt-Lurie showed that there is a Cartesian square
of group schemes over R:

(7) Gi, —%- G

\Laﬂ—ﬂexp(pw)

G - cW
M P me

Taking vertical quotients, we obtain an isomorphism between G, /G# and Gﬁ,? /Gt
one can identify G,,/G#, with the “de Rham stack” GIR of G,, (see, e.g., [Bha22]),
so that this isomorphism describes G{F in terms of the group scheme G#.

The proof of in loc. cit. used the relationship between the group schemes
appearing in the square and the ring scheme of Witt vectors. In this section,
we prove an F-analogue of this result (see Theorem ; in the case of the
additive formal group law, this reproves @ Let us state at the outset that in the
case when F' is the multiplicative formal group law, this result was obtained in a
discussion between the first author and Michael Kural. Moreover, the argument in
this section rests crucially on (12)), the g-analogue of which (Example was
proved by Michael Kural. Any errors below are solely the fault of the first author!

Deﬁnitign 4.5.1. Remark gives a formal group G, over Spf R[[t] whose loga-
rithm is {p(z) = $4p(tz). Let 2 denote the coordinate on Gy, so that its underlying
formal scheme is Spf R[t, z]. Let G} denote the Cartier dual Hom(G, (Gm)rpy) of
Gy; see [Dri2l] Section 3| for some generalities on Cartier duals of formal groups.
The element z € O, defines a homomorphism 7 : (A}z/ — (Ga) R

Observation 4.5.2. Over (R ® Q)[t], the rescaled logarithm (p of Remark m
defines an isomorphism (p : G; = (Ga)( raqy of formal groups. Therefore, the
canonical pairing G, X R[#] GY — (Gm) gy fits into a diagram

Gt X R[t] étv

pridi"‘ \
(Ga) o Xri G —5 (Gm)(roq)[-

Since R[t] is (p, t)-adically complete, the Cartier dual of (GG)RM can be identified
with the divided power completion (G) r[y- The pairing v is base-changed from
R[t] itself, where it is given by the formula
v:(z,y) — exp(zy).

It follows that the pairing p is given by

(@, y) = exp(lr(z)y).
This can be expanded as a power series in x:

pa,y) = Baly)a™.

n>0

Unwinding the definition of the Cartier dual, and using that R[t] is p-torsionfree
(using our assumption that R is a p-completely flat Z,-algebra), we see that the ring



44 S. K. DEVALAPURKAR AND M. L. MISTERKA

of functions on G} has underlying R[t]-module given by (the (p, t)-adic completion
of)
Ogy = RItHBn(Y) In>o-

Example 4.5.3. When F' is the multiplicative formal group law, the function p is
simply

w(x,y) = exp (q g 110g(1 +(q— 1)55)) =(1+(q— l)x)y/(qfl);

its power series expansion is given by

S w—ilg—1)
pa,y)=> p z".
n>0
This expression plays an important role in [Dri21].

Example 4.5.4. When F is the hyperbolic formal group law (so that {p(z) =
tanh™*(z) = log (1“")), the function y is

1—x

o = (i s (7)) - (W)yw |

The power series expansion of this function is somewhat complicated: one can show
that upon writing u(x,y) = ", <o Bn(y)2", we have By = 1, f1 =y, and there is a

recurrence
_ YBnni(y) +n(g = 1)?Bu(y)

5n+2 (y) n+2 .

Using a computer, one can compute that the first few terms of this expansion are

2 5, 2Dy +yP 5 8a— 1)+t
M(xay):1+y:r+%w2+ (g ;'y v s 8l Ly y
24(q — 1)y +20(q — 1)%y3 + 4
L 24— 5'(61 VY Y s

Observe that 8, (y) = -%: (mod 2), reflecting the fact that the base-change of the
hyperbolic formal group to F5 is isomorphic to the additive formal group.

Definition 4.5.5. Let G%F denote the formal scheme over Spf R[t] given by (the
(p, t)-adic completion of)

_1)n

G'B;LF _ SprIIt]] [yil’ (y ' )S:| )

nF n>0
This can be viewed as the “ F-divided power hull” of the identity section of (G) g[e-
Equip G%F with the structure of a group scheme where the coproduct sends y
y ®y. It is not immediate that this is well-defined, but we will prove this below in
Corollary There is a canonical homomorphism can : GEF — (G,,) R[t]-

Note that Remark |4.3.18| implies that Flog(y) defines an element of the coor-

dinate ring of G&F' | ie., it defines a map Flog : GEF" — (Ga)rpy- This is in fact a
homomorphism, since Flog(y1y2) = Flog(y1) + Flog(ya).
Proposition 4.5.6. Work over the base (RQQ)[t]. Then, the iterated F-derivative
of u(z, Flog(y)) with respect to the variable y is given by

(8) Vi ute, Flog(y)) = S e el e ot Dell)

p(z, Flog(y)).
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PROOF. Observe that:

(@, Flog(y)) = 3 Bu(Flog(y))a" = exp(Flog(y)lr ()
n>0

= exp (&f(t)bg(y) . tr (ttx)) = exp (log(y) KZF(E;)> — yeleI:(f:ﬁ) :

the third equality used the definition of Flog(y) via Corollary 4.3.16| and the def-

inition of ¢, r(z) via Remark One can deduce from this; let us illustrate
ZF(tI)

this rather inefficiently. Let us write a = 0

for notational simplicity, so that

po o tem )
m>0

a—1

and 9yy? = ay
We can now inductively compute the iterated F-derivative using Proposition
We begin with the base case n = 1. Note that (yd,)y® = ay®, so that

9) (y9,)"y"* = a™y"

by an easy induction on m. Write Ep(2) = Y, ~ bmz™; then using @, we have:

1 1
Vi yi(z, Flog(y)) = i > ble ()™ (ydy) "y = o D bulp(t) ™y

m>0 m>0
y® y® tx
= — bmﬁptmm:—ﬁpfptx :7.ya
i 2 batr(ta)” = et (i) =

r ., =
= —y" = —p(z, Flog(y)),
” y( )

as desired.
The proof of the iterated F-derivative is similar. Indeed, note that @ implies
that for any j > 0, we have:
(10)
m /JJU,FIOgy m, a—j \m, a—j mﬂl';FlOgy
(9y) ( ( m ( ))) = (y0y)"y" 7 = (a— )"y = (a—j) (yj())

Assume that (8) holds for n; then:

Vit (@, Flog(y)) = Viy Vi, u(z, Flog(y))

(11) — (@ +p (~1)p(t) - (@+p (—n+ D)p(t) Ve, (WCFIOg(”‘J))) .

yn
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The derivative on the right—hand side can be calculated as follows:

Vi (MBS - L5 oy (MRS

yj m>0 yj
Le(tr) ™ pla, Flog(y)
= Xt ( 1)
_ ("“;1;)‘3(?/)); S an(Cr(te) — jle(t)™
m>0
p(z, Flog(y)) 1

= TﬁgF(gF(tx) _ng(t))'

Since
lp(tz) — jlr(t) = Lp(tz) + Lr([—jlr () = Lr(te +F [=4]F (1)),

this becomes

- (u(w,Flog(y))> _ pz, Flog(y)) %eF@F(m +r [~5]r(2))

Yy Yy
_ plx, Flog(y)) = +5 (=) r(?)
Y Y
Plugging this into , we get that
Vit (o, Flog(y)) = w(a+5(—1)p(8) -+ (5= + 1) p(0) (- 5 {—n) p(£)) E
as desired. O

Corollary 4.5.7. There is a dotted map (which is a homomorphism over R[t])
filling in the following diagram:

GLF /—>(Ga R[¢]-

y— Flog(y)

PRrROOF. In the notation of Observation[4.5.2) we need to show that /5, (Flog(y)) €
Ogs,r for every n > 0. To prove this, let us work over (R ® Q) [t], and expand

u(x, Flog(y)) as a power series in % using Lemma [4.3.15| Evaluating in

Proposition 4.5.6] at y = 1, we obtain

Fyht(T, Flog(y))ly=1 = z(z +5 (-1)p(t)) - (z +5 (—n+ 1) r(1)).
It follows from Lemma [£.3.15] that

Y Bu(Flog(y))z" = p(x, Flog(y))

n>0

(12) =3 @+ (~Dr®) - (@+5 (—n+1)p(t))

n>0

(y— 13
n!F '

Taking the coefficient of 2™ on the right-hand side expresses [, (Flog(y)) as an
(R ® Q)[t]-linear combination of the divided powers % but since no rational
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denominators appear, this in fact expresses 5, (Flog(y)) as an R[t]-linear combi-
(y=1)z

—=as desired. ([l
nlp

nation of the divided powers

Example 4.5.8. When F' is the multiplicative formal group law, reduces to
the following identity:

3 log, (y)(log,(y) — (g —1)) -~ (log,(y) — (n = 1)(¢ = 1)) ,

n!

n>0

13 =Y o ®ae—[1) @) LMY= D W

>0 [n]q!

Indeed, we have

qg"—-1
qg—1

The identity was communicated to the first author by Michael Kural, and was

motivation for the more general .

T+p[-nlg=2+ + (@ " =Dz =q "z +[-nl;=q "(z—[n]y).

Corollary 4.5.9. The group structure on G5 is well defined.

PRrROOF. Suppose that y; and y, both admit F-divided powers (y;;):; we

need to show that the same is true of the product y1y2. Since Flog(yiy2) =
Flog(y1) + Flog(ys2), one can express 3, (Flog(y1ys2)) in terms of 5, (Flog(y;)) and

Bn(Flog(yz)). Using the identity in the proof of Corollary shows that
y1y2 must also admit F-divided powers, as desired. [l

The main result of this section is the following, which recovers @ when F
is the additive formal group law. Using Remark one can in fact refine
Theorem to remain true when the base R[t] (or rather G = Spf R[t]) is
replaced by the universal formal group G over the moduli stack of formal groups
over p-nilpotent rings.

Theorem 4.5.10. There is a Cartesian square of group schemes over R[t]:

GHF y— Flog(y) va

can l l (p)”

(Gm>R[[t]] ﬁ? (G%)>R[[t]]-

(14)

The right-vertical map is Cartier dual to the homomorphism pZ — ét sending
p = (p)r(t). In particular, there is an extension

0= (p)rpy — GEI flog, GY —0.

m

Proor. To check that the diagram commutes, we need to check that there is
an equality of elements of O r:

y? = (p)* (Flog(y))-

Since R is p-completely flat over Z,, there is an injection R[t] C (R ® Q)[t]; so it
suffices to check the desired identity in (R ® Q)[t]{5x(y)}n>0. By the discussion
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in Observation [4.5.2] (p)* can be expressed as

(p)*(2) = exp(2lp((p)p(t))) = exp <Z€F(75<pt>F(t))>
(15) ~ exp (JF([piF(f))> - (peFt(t) Z) |

Note that this is also exp (Mz). It follows that

Lp(t) Lp(t)
t

(0)* (Flog(y)) = exp (p

as desired.

To check that the square is Cartesian, first note that the horizontal maps are
surjective. This is clear for the Frobenius on (Gy,)gpg. For the map Flog, de-
fine Fexp(z) := exp(eFt(t)z), so that Fexp(z) = >_,50Bn(2). There is a ho-
momorphism éz/ — (Gm)rpy sending z — Fexp(z) = exp(eFt(t) z), and z =
Flog(F exp(z)). Using with y = Fexp(z), one sees that F exp lands in G&F,

i.e., that M is well-defined in Og. This implies that Flog is surjective.
n g Gt

It remains to show that the kernel of Flog : GEF — GY is isomorphic to
(ttp)rpyy- Observe that Flog(y) = 0 implies that log(y) = 0, which happens (by the
Cartesian square ) if and only if y? = 1. Conversely, if y? = 1, then

p - Flog(y) = Flog(y") =0,
which implies that Flog(y) = 0. O

Example 4.5.11. It follows from Theorem that G5F is an extension of G
by (up)rp- In the case of the multiplicative formal group law over R = Z,, this
was studied in [Dri21]. Namely, in [Dri21) Section 5.3.1], it is shown that there is
an extension éQ of (Gpg_1)" by (tp)z,[q—1]> given by the functor

C~¥Q R {(¢g,z,u) € R* x W(R) x R | ¢ — 1 is nilpotent, 1 + ®,([¢])z = [v"]}.

Here, W(R) denotes the ring of p-typical Witt vectors of R. Drinfeld shows that the
group scheme G is isomorphic over Z,[q— 1] to G%F (as extensions of (G, q-1)Y

by (1p)z, 1g-11):
As shown in [Dri21l Appendix D] (see also [Dev23bl, Remark C.3] and Ex-

ample |4.5.3), the Cartier dual (G,, ,_1)" can be identified with
[T (v — (e — 1))]
n>0

n!

(Gong1)" = Spf Zy[q — 1] [y

By (15), the homomorphism (p)* corresponds to the invertible element
1
<p>*(z) = exp (pog(ql)z> — qu/(q—l);
q —

this element plays an important role in [Dri21]. Note that this can alternatively
be written as
. 15 —dla=1) [z —ilg—1)
P)(z)=> ~ - bl =Y - :
n>0 n>0

Flog(@/)) = exp (p ; EF(t)log(y)> = exp(plog(y)) = ¥*,
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In this case, Theorem [.5.10] therefore specializes to give a Cartesian square over
Z,lg 11

~ o y—log, (y) ~

Go GLF Gy

m,q—1

canl \Lz'—}qu/(ql)

(Gm)Zp[[q—l]] — (G%))Zp lg—1]-

y—=yP

Remark 4.5.12. In [Dri21], Section 5] (in particular, [Dri21l Remark 5.7.5]), it is
shown that (G, ,_1)" is isomorphic to the group scheme Wz, 1q—1[F'—(1+[g]+- -+
[q]P~1)], where Wz 4_1] is the Witt scheme over Z,[q — 1] and [¢] € W (Z,[q — 1])

is the Teichmiiller lift of q. For a more general formal group G, the methods of
this section might give a Witt vector model for the Cartier dual G}, but we have
not explored this direction.

Example 4.5.13. If F is the hyperbolic formal group law, then £z (t) = %log (%)
Setting t = ¢ — 1, says that

. log(5%,) g \P*/*ab
(p)"(2) = exp <p2(q—1)z> = (2_(1) .

The denominator of 2 appearing in the exponent implies that the cases p > 2 and
p = 2 behave markedly differently. Since %q = 1+(q71)~2—2q, one can alternatively
write

n—1

o (pz —2j(g—1 n "o (2= 2j(g—1 n

n! 2—q nl2m (2 —q)rr’

n>0 n>0

Write Gh,q—1 to denote the formal group over Z,[¢ — 1] corresponding to the
rescaled hyperbolic formal group law. In this case, Theorem [£.5.10] specializes to
give a Cartesian square over Z,[q — 1]:

y— Flog(y)

o ~
Ggr’z Gx,q—l

canl izH(qu)pz/Q(ql)

1
(Gm)z,lg-11 557 (G)z, 14 1)-

Y

Example 4.5.14. Let F' be the formal group law over Z, given by specializing
the formal group law of Example to v, = 1. Let G = Spf Z,[t] denote
the associated formal group, and let G; denote the rescaled formal group over
Z,[t]. Then, says that (p)*(z) is a “p"-typical” version of exp (p%z) If
we write E,(t) to denote the Artin-Hasse exponential, then (p)*(z) can be made
explicit when n = 1:

()" () = By(ty*/* = T[]0 — o) "
ptm
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Then Theorem [4.5.10|in this case specializes to give a Cartesian square over Z,[t]:

y—Flog(y

GY
canl \LZH(M (2)
W)z

(Gm)z, 1 4>(

When n = 1, this can be viewed as a p-typical version of Example [£.5.11]
We can compute the Cartier dual of the rescaled formal group G; associated

gn_q gpi™

pi
and [p]p(x) = t?" ~'aP". Therefore, if f : G; — G, is a homomorphism, and we
write f(z) =Y B;27, we have

F@" 1) = f(plr () = f(@),

so that equating coefficients, we get @-t(pn*l)j = ﬁ;’n,lj. Moreover, we claim

to F', upon setting p = 0. Namely, the rescaled logarithm Z(z) is Zj>0 tP

that the element 3; in the Cartier dual of G, is decomposable if j is not a power
of p. Write j = ap® with a # 0,1 (mod p). Taking the coefficient of :Cj_pbypb
in the identity f(x +zy) = f(z)f(y), and working modulo fy,---, 51, we see
that (j;bpb)ﬁj = 0. But this implies 5; = 0 (mod f1,---,5j-1), since (j;fb) #0
(mod p). It follows that G} over F,[t] is isomorphic to

G = Spf Fy[t1{Bys }/ (Bt ™"~ = 87,

Remark 4.5.15. The canonical homomorphism can : G5 — (G,y,) gy of group
schemes defines a quotient group stack GER := (G,,) gy /G5 over R[t]. One can
prove by direct calculation that the derived global sections of the structure sheaf
of the stack GEI®R calculates the F-de Rham complex FQn a,, = FQoat @ry
R[t][y*']. The main point (we omit the argument here) is that there is a quasi-
isomorphism of R[t]-coalgebras

(16)

+1 +1 4141 (Y1 —y2)y

Rty 1®rag o, BRI T~ R[] |yiys ~0

nlp <0 GE Xspt R G ®
n_

where the tensor product on the left-hand side is derived, and both sides are
implicitly (p,t)-adically completed. The final equivalence follows by noting that
(y1 — ¥2)7 = ya(y1ys ' — 1)7, so adjoining % is equivalent to adjoining the
F-divided powers M

In the case of the addltlve formal group law, (16)) boils down to the p-complete
equivalence

+ + ~
Zy [y @Ry, o), Zoly™ ] = ARy iy g i) = Zpla o Jn = 12) = O o

which arises via [Bhal2| Proposition 8.5]. In the case of the multiplicative formal
group law, was shown in [Pril19].
Given this, Theorem [£.5.10] can be rephrased as the following two statements:

(1) The canonical map (G,)grpy — GELI® factors through the Frobenius
(Gum)rpg — (GW)rpg.
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(2) The map (G%))R[[t]] — GFAR jg surjective, and its kernel is isomorphic to
the Cartier dual of the rescaled formal group G;. Here, the map (A}tv —

(Gﬁ,{))R[{ﬂ] is Cartier dual to the homomorphism pZ — G, sending p —
(p)r(t). In particular, there is an isomorphism
G~ (GL))rp /G

over Spf R[t].
In the case of the multiplicative formal group law, this picture has been discussed
in great detail in [Dri21]. As we hope to explain in future work, the above two
statements are natural consequences of the homotopy-theoretic perspective on the
F-de Rham complex (see Remark @ . We also hope that Theorem might
be useful in understanding Conjecture [£.3.23] and, in particular, in understanding
a “stacky approach” to F-de Rham cohomology (following [BL22), Dril18|, [Dri22]
Bha22]). Indeed, the F-divided power scheme G%F is a priori rather difficult to
access algebro-geometrically, but Theorem says that it can be understood
concretely in terms of (G, )g[q and the Cartier dual of the rescaled formal group

G:.

Let us end by noting that the following is an immediate consequence of Theo-

rem [L5T0

Corollary 4.5.16. Let (GHF)Y denote the Cartier dual of GEF. Then, there is a
pushout square over R[t]:

p—=(P)r(t) A

ZLZR[[t]] Gy

|

Zpp — (GEF)Y.
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