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We prove that the killing rate of certain degree-lowering “recursion operators” on a polynomial algebra
over a finite field grows slower than linearly in the degree of the polynomial attacked. We also explain the
motivating application: obtaining a lower bound for the Krull dimension of a local component of a big
mod p Hecke algebra in the genus-zero case. We sketch the application for p = 2 and p = 3 in level one.
The case p = 2 was first established in by Nicolas and Serre in 2012 using different methods.
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1. Introduction

The main goal of this document is to prove the following nilpotence growth theorem, about the killing
rate of a recursion operator on a polynomial algebra over a finite field under repeated application:

Theorem A (nilpotence growth theorem; see also Theorem 1). Let | be a finite field of characteristic p,
and suppose that T : F[y] — F[y] is a degree-lowering F-linear operator satisfying the following condition:

The sequence {T (y™)}n of polynomials in F[y] satisfies a linear recursion over F[y] whose com-
panion polynomial X% +ay X4V +---+ay € F[y][X] has both total degree d and y-degree d.V

Then there exists a constant a < 1 so that the minimum power of T that kills y™ is O(n%).

MSC2010: primary 11T55; secondary 11B85, 11F03, 11F33.
Keywords: linear recurrences in characteristic p, modular forms modulo p, congruences between modular forms, mod p Hecke
algebras, p-regular sequences, base representation of numbers.

O The companion polynomial of a linear recurrence s, = a1S,—1 + - -+ + a45,_4 satisfied by a sequence {sp }, foralln > d
is x4 —ale_l —--+—agy. See Section 2D.

693


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2018.12-3
http://dx.doi.org/10.2140/ant.2018.12.693

694 Anna Medvedovsky

To prove this theorem, we reduce to the case where the companion polynomial of the recursion has
an “empty middle” in its degree-d homogeneous part: that is, when for some a € F it has the form
X4 +a yd + (terms of total degree < d). Then we prove this empty-middle case (see Theorem 4 below)
by constructing a function ¢ : F[y] = N U {—oo} that grows like (deg f)* and whose value is lowered by
every application of 7". In the special case where d is a power of p, the function ¢ takes y” to the integer
obtained by writing 7 in base d and then reading the expansion in some smaller base, so that the sequence
{c(¥™)}n is p-regular in the sense of Allouche and Shallit [1992]. The proof that ¢(T (™)) < c(3"), by
strong induction, uses higher-order recurrences depending on 7, so that n is compared to numbers whose
base-d expansion is not too different.

It is the author’s hope that ideas from p-automata theory can eventually be used to sharpen and
generalize the nilpotence growth theorem.

Motivating application of the nilpotence growth theorem. The motivating application for the nilpotence
growth theorem (Theorem A above) is the nilpotence method for establishing lower bounds on dimensions
of local components of Hecke algebras acting on mod p modular forms of tame level N. These Hecke
algebra components were first studied by Jochnowitz [1982] in the 1970s, but the first full structure
theorem did not appear until over thirty years later. In 2012 Nicolas and Serre used recurrences satisfied by
Hecke operators (see (5-1)) to describe the Hecke action on modular forms modulo 2 completely explicitly
[Nicolas and Serre 2012a], leading to a Hecke algebra structure result for p = 2 and N =1 [Nicolas and
Serre 2012b]. Unfortunately their explicit formulas appear not to generalize beyond p = 2. The structure
of mod p Hecke algebras for p > 5 was subsequently established by very different techniques by Bellaiche
and Khare [2015] for N = 1 and later generalized by Deo [2017] to all N. The Bellaiche—Khare method
deduces information about mod p Hecke algebra components from corresponding characteristic-zero
Hecke algebra components, which are known to be big by the Gouvéa—Mazur “infinite fern” construction
([Gouvéa and Mazur 1998]; see also [Emerton 2011, Corollary 2.28]). The nilpotence method is yet a
third technique, coming out of an idea of Bellaiche for tackling the case p = 3 and N =1 as outlined in
[Bellaiche and Khare 2015, Appendix], and implemented and developed in level one for p = 2,3,5,7,13
in the present author’s Ph.D. dissertation [Medvedovsky 2015]. Like the Nicolas—Serre approach, the
nilpotence method stays entirely in characteristic p and makes use of Hecke recurrences; but instead of
explicit Hecke action formulas, the nilpotence growth theorem now plays the crucial dimension-bounding
role. See Section 5 below for a taste of this method for p = 2, 3, which completes the determination
of the structure of the Hecke algebra for p = 3 begun in [Bellaiche and Khare 2015, Appendix] and
recovers the Nicolas—Serre result for p = 2. In fact, the nilpotence method via the nilpotence growth
theorem in its current form gives lower bounds on dimensions of mod p Hecke algebras of level N so
long as the genus of the modular curve Xo(Np) is zero; see [Medvedovsky 2015] and the forthcoming
[Medvedovsky > 2018] for details.

Structure of this document. After a few preliminary definitions in Section 2, we state and discuss a more
general version of the nilpotence growth theorem (NGT); see Theorem 1 in Section 3. In Section 4, we



Nilpotence order growth of recursion operators in characteristic p 695

prove a toy version of the NGT (Theorem 2). In Section 5, we use the toy version of NGT to prove
that the mod p level-one Hecke algebra for p = 2, 3 has the form F,[[x, y]. This section illustrates the
motivating application of the nilpotence growth theorem and is not required for the rest of the document.
This is a reasonable stopping point for a first reading.

In Section 6 the proof of the NGT begins in earnest. There is a short overview of the structure of the
proof in Section 6A. In Section 6B, we reduce to working over a finite field. In Section 6C, we reduce to
the empty-middle NGT (Theorem 4). In Section 6D, we give the inductive argument that reduces the
proof of the empty-middle NGT to finding a nilgrowth witness function satisfying certain properties. The
next three sections are combinatorial in nature, as we construct a nilgrowth witness. In Section 7, we
discuss base-b representation of numbers and introduce the content function. In Section 8, we prove a
number of technical inequalities about the content function. In Section 9 we finally construct a nilgrowth
witness out of the content function, finishing the proof of the empty-middle NGT, and hence of the NGT
in full. Finally in Section 10, we state a more precise version of the toy NGT and speculate on the
optimality of some bounds.

2. Preliminaries

This section contains a brief review of a few unconnected algebraic notions. All rings and algebras are
assumed to be commutative, with unity. We use the convention that the set of natural numbers starts with
zero: N={0,1,2,...}. Below, R is always a ring.

2A. Structure of finite rings. If R is finite, then R is artinian, hence a finite product of finite local
rings. If R is a finite local ring with maximal ideal m, then the residue field R/m is a finite field of
characteristic p. Moreover, the graded pieces m” /m”T! are finite R /m-vector spaces, so that R has
cardinality a power of p. Basic examples of finite local rings include [ ,[¢]/ (t%y and 7/ p¥ 7.

2B. Degree filtration on a polynomial algebra. 1f0# f =3 - c,y" is a polynomial in R[y], then its
y-degree, or just degree, is as usual defined to be deg f := max{n : ¢, # 0}. For f =0, setdeg f := —o0.

The degree function gives R[y] the structure of a filtered algebra. Let R[y], :={f € R[y]:deg f <n},
and then R[y] = (J,>¢ R[y]» and multiplication preserves the filtration as required.

2C. Local nilpotence and the nilpotence index. Let M be any R-module and 7" € Endg (M) an R-linear
endomorphism. (In applications to Hecke algebras, R will be a finite field, M an infinite-dimensional
R-algebra of modular forms, and 7" a Hecke operator.)

The operator T : M — M is locally nilpotent on M if every element of M is annihilated by some
power of 7. If T is locally nilpotent and f in M is nonzero, we define the nilpotence index of f with
respectto T as

Nr(f):=max{k > 0:T* 1 £ 0}.

Also set Ny (0) := —o0.
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Suppose R = K is a field, M = K[y], and T : M — M preserves the degree filtration; that is,
T(K[y]n) C K[y]n- Then T is locally nilpotent if and only if 7" strictly lowers degrees, in which case
we also have N7 (f) <deg f.

For example, T = ;'—y is locally nilpotent on K[y]. If K has characteristic zero, then N7 (f) = deg f;
otherwise N7 (f) <char K — 1.

2D. Linear recurrences and companion polynomials. Now suppose that M is an R-algebra, and M’
is an M -module (we will usually take M’ = M). A sequence s = {s,} € M’V satisfies an M -linear
recurrence of order d if there exist elements ag, ay,...,a; € M so that

aoSp = a1Sp—1 + -+ agSp—d forallnzd. (2'1)

Unlike some authors, we do not assume that @, is nonzero or not a zero divisor, but we do insist
that the recursion already hold for n = d. The companion polynomial of this linear recurrence is
P(X)=aoX%—a; X9 ' —...—ay € M[X]. If ag = 1, then the recurrence is said to be monic; we will
always assume below that our linear recurrences are monic unless stated otherwise.

Example. The sequence s = {0, 1, y, y2, y*, y*,...} € R[y]" satisfies an R[y]-linear recursion of min-
imal order 2; we have s, = ys,—1 for all n > 2, but not for » = 1. The companion polynomial of the
recurrence is therefore X2 — ypX.

Given any sequence s in MY, the set of companion polynomials of (not necessarily monic) M -linear
recurrences satisfied by s forms an ideal of M[X]. We record this observation in the following form:

Fact. If a sequence s € M'N satisfies the recurrence defined by some monic P € M[X], then it also
satisfies the recurrence defined by PQ for any other monic Q € M[X].

In characteristic p we get the following corollary, of which we will make crucial use:

Corollary 2.1. If R has characteristic p and s € M'N satisfies the order-d recurrence
Sp = a1Sp—1 +asSp—o+ -+ ags,_qg foralln=>d,

then for every k > 0 the sequence s also satisfies the Order-dpk deeper recurrence

Pk A A k
Sn =AY Sp_pk a5 Sy_gpk ttay Sy_gpe  foralln=dp”. (2-2)
Proof Let P = X9 —a; X971 —...—a, be the companion polynomial of a recursion satisfied by s. By
the fact above, the sequence s also satisfies the recurrence whose companion polynomial is
K k k k_ ok k k_~»pk k
pr — xy9pr _a{’ x4 -r _aé’ x4 -2p _..._as ,
which is exactly what is expressed in (2-2). O

If M is a domain embedded into a field K, we have the following well-known characterization of
power sequences in K" satisfying a fixed M -linear recurrence:
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Fact. An element « in K is a root of monic P € M[X]if and only if the sequence {a"}, = {1, a, a?,.. .}
satisfies the linear recurrence with companion polynomial P.

If the companion polynomial of such an M -linear recurrence has no repeated roots in K, it follows
from the proposition that every solution to the recurrence is a linear combination of such power sequences
on the roots of the companion polynomial. One can further describe all K-sequences satisfying a general
M -linear recursion — see, for example, [Conrad 2016], particularly the historical references on page 2 —
but we will not need this below.

3. The nilpotence growth theorem (NGT)

3A. Statement of the NGT. We are now ready to state the most general version of the nilpotence growth
theorem (NGT). From now on, we will assume R to be a finite ring, and M = R[y].

Theorem 1 (nilpotence growth theorem). Let R be a finite ring, and suppose that T : R[y] — R[y] is an

R-linear operator satisfying the following two conditions:

(1) T lowers degrees: deg T(f) < deg f for every nonzero f in R[y].

(2) The sequence {T (y")}y satisfies a filtered linear recursion over R[y]: there existay,...,ag € R[y],

with dega; <1 foreachi, so that for alln > d,
TO" =a T )+ +agT("™).

Suppose further that

(3) the coefficient of yd in ag is invertible in R.
Then there exists a constant & < 1 so that N7 (y") < n®.

In other words, Theorem 1 implies that, under a mild technical assumption (condition (3)), the nilpotence
index of a degree-lowering operator defined by a filtered linear recursion grows slower than linearly in
the degree. The mild technical assumption is necessary in the theorem as stated; see the discussion in (4)
in Section 3B below.

3B. Discussion of the NGT. (1) Connection with Theorem A: If T : R[y]— R[y] satisfies the conditions
of Theorem 1, then the companion polynomial of the recursion satisfied by the sequence {T (y")}, is
Pr=X%—a, X% ' —...—a ;€ Ry, X)

The condition dega; < i from (2) guarantees that the total degree of Pr is exactly d. In particular, in
the case where R = [ is a finite field, condition (3) implies that deg, Py = degay = d. In other words,
Theorem 1 over a finite field reduces to Theorem A.

(2) Condition (1) guarantees that T is locally nilpotent: Moreover, Ny (y") < n, so that the function
n+ Np(y") apriori grows no faster than linearly.
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(3) Condition (2) and connection to recursion operators: The condition that the sequence {7 (")},
satisfies a linear recurrence is the definition of a recursion operator, a notion that will be explored in a
future paper. A natural source of filtered recursion operators (that is, satisfying additional degree bounds
as in condition (2) above) comes from the action of Hecke operators on algebras of modular forms of a
fixed level. Namely, if f is a modular form of weight k and level N and T is a Hecke operator acting
on the algebra M of forms of level N, then the sequence {T (")}, satisfies an M -linear recursion with
companion polynomial X 4+ a; X9\ + ...+ ay, where a; comes from weight ki.

See (5-1) and (5-2) below for examples over [ ,, [Medvedovsky 2015, chapter 6] for a proof in level
one when 7 is a prime Hecke operator, or [Medvedovsky > 2018] for more details.

The history of Hecke recurrences appears to be relatively brief. Hecke recurrences over [, were
crucially used by Nicolas and Serre to obtain the structure of the mod 2 Hecke algebra in level one
[Nicolas and Serre 2012a; 2012b]. Earlier, Al Hajj Shehadeh, Jaafar, and Khuri-Makdisi [2009] had
investigated two-dimensional Hecke recurrences over Q satisfied by the array {7y (E} E¢")}n,m; Buzzard
and Calegari [2005, p. 594] had used Hecke recurrences for U, acting on a power basis of overconvergent
2-adic modular functions in their study of slopes.

(4) Condition (3) is necessary as stated: Consider the operator T’ : R[y] — R[y] defined by T'(y") = sy,
where {s,} is the sequence {0, 1, y, y2,...} with companion polynomial X2 — y X from the example on
page 696. All conditions except (3) are satisfied, and it is easy to see that N7 (y") = n in this case.

For an example with a; # 0, consider the operator 7" with the defining companion polynomial
Pr = X? 4 yX + y and initial values [T(1), T'(y)] = [0, 1]. By induction, deg 7'(y") = n— 1. Therefore
Nr(y") =n.

Computationally, it appears that if R = F, and dega,; < d but there exists an i with 0 <i < d so that
dega; =i, then either N7 grows logarithmically or else it grows linearly. In that sense, it appears that
“fullness” of degree at the end of Pr (that is, the presence of a yd term) appears to be, at least generically,
necessary to compensate for “fullness” of degree in the middle (that is, the presence of a y' X d=1 term for
some 0 < i < d), if one wants the growth of N to be sublinear but not degenerate. But the phenomenon
is not well understood.

(5) The constant a: The power « depends on R and d only, and tends to 1 as d — co. More precisely,
the dependence on R is only through its maximal residue characteristic; the length of R as a module over
itself affects only the implicit constant of the growth condition Ny (»") < n%. If the inequality deg a; < i
is strict for every i <d (“empty middle” case) we can take « to be logx ( p*—1) for k satisfying d < p*.
See Theorems 2 or 4 below.

(6) Finite characteristic is necessary — a counterexample in characteristic zero: Consider the operator T
on Q[y] with P7 = X2 — yX — »? and degree-lowering initial terms [7°(1), 7'(y)] = [0, 1]. This satisfies
all three conditions of the NGT. It is easy to see that 7'(y") = F,y"~!, where F, is the n-th Fibonacci

number; the recursion is s, = ys,_; + y2S,_». Therefore

T*F()™) = FyFu_y -+ Fy_jp1 "%,
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so that N7 (y") = n. (Compare to characteristic p, where the operator defined by 7'(y") = F,y" ! on
Fply] satisfies T? 1 =0.) See also Proposition 10.1 for a family of examples in any degree.

Computationally, it appears that generic characteristic-zero examples that do not degenerate (to
log n growth) all exhibit linear growth. In contrast, over a finite field, one observes O(n%*) growth for
various o < 1.

(7) Finiteness of R is necessary as stated— a counterexample over Fp(t), due to Paul Monsky: Let
Pr = X2 —tyX — p? and start with [0, 1] again. Then 7' (y") = F,(¢)y" ! with F,(t) € F p[t] monic of
degree n — 1, so that N7 (y™) = n again. However, see the empty-middle case (Theorem 4) for a special
case that does hold for infinite rings of characteristic p.

4. A toy case of the NGT

Fix a prime p and take R = [, for simplicity (in fact any ring of characteristic p works here). We
prove the following special case of the NGT for recurrences with empty middle (i.e., whose companion
polynomials have no maximal-degree cross terms) and whose order is a power of p.

Theorem 2 (toy case of NGT). Let g = p* for some k > 1. Suppose T : Fply] = Fplyl is a degree-
lowering linear operator so that the sequence {T (y")}n satisfies an F [ y]-linear recursion with companion
polynomial

P = X9 + (terms of total degree < q) + ay? € F[y][X]

for some a € Fp. Then Nt (") < nlog(g—1)/logq
Most of the main features of the proof of the NGT (Theorem 1) are already present in the proof of this

toy case. We include the toy case here because the proof is technically much simpler; understanding it
may suffice for all but the most curious readers.

4A. The content function. For q = 3, following Bellaiche (see the appendix of [Bellaiche and Khare
2015]), we define a function ¢ : N — N depending on ¢ as follows. Given an integer n, we write it in
baseqasn=7) ;n iq" with 0 < n; < ¢, only finitely many of which are nonzero, and define the ¢-content
ofnasc(n):=cq(n) = ;ni(qg— 1)!. For example, since 71 = [24 1]5 in base 5, the 5-content of 71 is
2:42+4.4+1=49.
The following properties of the content function are easy to check. See also Section 7A, where the

content function and variations are discussed in detail.
Proposition 4.1. (1) ¢(n) < n'*%@=1,

() c(gkn) = (g —D*cn) forall k > 0.

B3) If0<n<gq,thenc(n) =n.

@) Ifi is a digit base ¢ and n > i has no more than 2 digits base ¢, then c(n) —c(n —1i) is either i

ori—1.

5) Ifg<n<gq? thenc(n—q) =c(n)—q+ 1.
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4B. Setup of the proof. We now define the g-content of a polynomial f* € [ ,[y] through the g-content
of its degree. More precisely, if 0 # f =Y a,y", let ¢(f) := max{c(n) : a, # 0}. Also set ¢(0) := —oo.
For example, the 3-content of 2y° + y7 + 2 is max{c(9), c¢(7), c(2)} = 5.

Now let T : F,[y] — F[y] be a degree-lowering recursion operator whose companion polynomial

P=X%+a1(»)X9 "+ +aq(y) e Fply]X]

satisfies dega;(y) <i for 1 <i <g and degay(y) <gq.

To prove Theorem 2, we will show that T lowers the g-content of any f € [F,[y]; that is, that
c(Tf)<c(f). Since ¢(f) <O0onlyif f =0, the fact that T lowers g-content implies that N7 (f) <c(f).
Proposition 4.1(1) will then imply N7 (f) < (deg f)'°e@=1/1024 a5 desired.

It suffices to prove that ¢(Tf) < ¢(f) for f = y™. We will proceed by strong induction on 7, each time

. ko
k+1 corresponding to P9", with k chosen so that gkt1 <n < gk+2.

using a deeper recursion of order ¢
We learned this technique from Gerbelli-Gauthier’s proof [2016] of the key technical lemmas of Nicolas
and Serre [2012a]. Using deeper recurrences with induction allows us to compare n to n — i qk, which

has the same last k digits base ¢, rather than to n — i, whose base-g expansion may look very different.

4C. The induction. The base case is n < ¢, in which case being g-content-lowering is the same thing as
being degree-lowering (Proposition 4.1(3)).

For n > ¢, we must show that ¢(7' (")) < ¢(n) assuming that ¢(T(»")) < c(m) for all m < n. As
above, choose k > 0 with ¢g¥*! < n < ¢k*t2. By Corollary 2.1, the sequence {T(y")} satisfies the

k+1

OI’dCI’-C] recurrence

T(") =a1 ()7 TO" ) +ar ()T T 2) + o ag (T T,

Pick a term »" appearing in 7'(»") with nonzero coefficient; we want to show that ¢(m) < ¢(n). From
the recursion, y"" appears with nonzero coefficient in a;( y)qk T(y"! qk) for some 7. More precisely,
y™ appears in yjqk T(y”_iqk) for some y/ appearing in a;(y), so that either j <i ori = j = ¢. Then
ym=i q“ appears in T'(y" 4 k), and by induction we know that ¢(m — jgk) < ¢(n —ig¥). To conclude
that c(m) < c¢(n), it would suffice to show that

c(n)—c(m) = c(n—iq*)—cm— jq").
or, equivalently, that
c(n) —cn—ig“) = c(m)—cm— jq").

Since subtracting multiples of qk leaves the last k digits of n base ¢ untouched, we may replace n
and m by ¢k qukJ and gk Lqﬂ,J respectively, and then use Proposition 4.1(2) to cancel out a factor of

(g — 1)k. In other words, we must show that

cny—cn—i)>c(m)y—c(im-—j)
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for n, m, i and j satisfying i <n < ¢? and j <m < n and either j <i ori = j = q. But this is an
easy consequence of Proposition 4.1(4)—(5): For j < i, we know that c¢(n) —c(n —1i) is at least i — 1 and
c(m)—c(m—j)isatmost j <i—1. And for i = j = ¢ both sides equal g — 1.

This completes the proof of Theorem 2.

4D. Toy case versus general case. The proof of the full NGT (Theorem 1) proceeds by first reducing
to the empty-middle case over a finite field (Theorem 4 below), of which Theorem 2 is a special case
where the order of the recursion is a power of p. Apart from the reduction step, most of the difficulty
in generalizing from Theorem 2 to Theorem 4 comes from working with more general versions of the
content function to accommodate any recursion order. Namely, we will extend the content function to
rational numbers and prove sufficiently strong analogues of Proposition 4.1 for the induction to proceed,
see Sections 7-9.

5. Applications to mod p Hecke algebras

This section gives an indication of how the NGT can give information about lower bounds of mod p
Hecke algebras, the author’s main motivation for proving the theorem. More precisely, in this section
we will use Theorem 2 to complete the proof of Theorem 24 of [Bellaiche and Khare 2015, Appendix],
which establishes the structure of the mod 3 Hecke algebra of level one. (D Simultaneously and using
the same methods, we will give an alternate proof of the main result of Nicolas and Serre [2012b], the
structure of the mod 2 Hecke algebra in level one. See Theorem 3 below.

More generally, the NGT can be used to obtain lower bounds on Krull dimensions of local components
of big mod p Hecke algebras acting on forms of level N in the case where X, (N p) has genus zero, for
this is precisely the condition for the algebra of modular forms of level N mod p to be a polynomial
algebra over [ . For more details, see [Medvedovsky 2015] (for level one) or [Medvedovsky > 2018].
To generalize the nilpotence method to all (p, N'), one must generalize the NGT to all rings of S-integers
in characteristic- p global fields, with the max-pole-order filtration generalizing degree.

We work in level one with p € {2,3}. Let M = M (1,F,) C F[q] be the space of modular forms of
level one modulo p in the sense of Swinnerton-Dyer and Serre (that is, reductions of integral g-expansions).
For p = 2,3 Swinnerton-Dyer observes [1973] that M = [F ,[A], where A = []/_, (1 —¢")?* € Fp[q].
Standard dimension formulas show that M := [F ,[A]x, the polynomials in A of degree bounded by £,
coincides with the space of mod p reductions of g-expansions of forms of weight 12k, and hence is
Hecke invariant. Further, one can show that K := (A" : p t n)g, C M is the kernel of the operator U,
which implies that K and the finite-dimensional subspaces Kj := M} N K are all Hecke invariant.

Let Ay C Endg, (K}) be the algebra generated by the action of the Hecke operators 7, with £ prime
and £ # p. Since Ky <> Ky 11, we have Ag1 | —> Ag. Let A :=1lim, Ag. Then A is a profinite ring

(i) More precisely, we prove a weaker version of [Bellaiche and Khare 2015, Proposition 35]. In the notation of Section 7B
here, we show for /" € F3[A] that ¢3 5(T5 f) <c35(f)—1and 09’6(T7’f) <c9,6(f)— 3. This suffices to complete the proof of
[loc. cit., Theorem 24], but we do not prove the stronger claim that ¢3 » (T7’ ) Ze3a(f)-2
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embedding into End(K); it is the shallow Hecke algebra acting on forms of level one mod p. The standard
pairing A x K — [, given by (T, f) — a;(Tf') is nondegenerate on both sides and continuous in the
profinite topology on A. Therefore A4 is in continuous duality with K. By work of Tate [1994] and Serre
[1986, p. 710, Note 229.2] we know that A is the only Hecke eigenform in K ® F p.(iii) This implies
that A is a local [ ,-algebra with maximal ideal m and residue field [, generated by the modified Hecke
operators T, := Ty —ay(A), acting locally nilpotently on M = F,[A]. Using deformation theory of
Chenevier pseudorepresentations, one can deduce:
Proposition 5.1. There is a surjection F p[x, y] — A given by {x =Ty TS, l,fp =2

x=>T, y=>T, ifp=3.

For p = 2, the fact that A4 is generated by 73 and 7’5 was first proved without deformation theory
in [Nicolas and Serre 2012a]. For p = 3, Proposition 5.1 is stated [Bellaiche and Khare 2015, Appendix],
using deformation theory of reducible Rouquier pseudocharacters developed in [Bellaiche 2012]. See
[Medvedovsky 2015, Chapter 7] for detailed computations of tangent spaces to reducible local components
of mod p Hecke algebras in level one.

The main result of this section is the following:

Theorem 3. The surjection Fy[[x, y] — A of Proposition 5.1 is an isomorphism.

The key input will be Theorem 2, as well as the following observation: if T is any Hecke operator and f
is a modular form in a Hecke invariant algebra M, then the sequence {7'( ")}, satisfies an M -linear re-
cursion. For more details on the Hecke recursion, see [Medvedovsky 2015, Chapter 6] or [Medvedovsky >
2018], but here we will only need some special cases for f = A already given in [Nicolas and Serre 2012a;
Bellaiche and Khare 2015, Appendix]. For p = 2, we have, as in [Nicolas and Serre 2012a, (13)—(14)],

T3(A") = AT3(A" ) + A* T3 (A", n=3,

(5-1)
Ts(A") = A2 Ts(A"2) + A* Ts(A"™) + A Ts(A" ) + AS T (A%, n>6,

with companion polynomials P3 = X* 4+ AX + A% and Ps = X6+ A2X* + A*X2 + AX + AS. Note
that {Ts(A™)}, also satisfies the recursion defined by P¥ = Ps(X? 4+ A?) = X® + AX3 + A3 X + A%
And for p = 3, the recursions satisfied by {7>(A")} and {7;(A")} have companion polynomials

Py=X—AX+A? and Pi=X°—-AX’—A*X*+(A*—A) X2+ (A’ +AHX - A°. (5-2)
See Lemma 33 in [Bellaiche and Khare 2015, Appendix].(iv)

Proof of Theorem 3. Let T and S be the generators of A from Proposition 5.1. Then 7, S are filtered
and degree-lowering recursion operators on [ ,[A], each satisfying the conditions of Theorem 2. In other
words, there exists an a < 1 so that N(A") := Ny (A") + Ng(A") K n®*.

(i) Alternatively, one can use an observation of Serre to conclude that any Hecke eigenform in K ® F p 1s in fact defined over
[ p, reducing the eigenform search to a finite computation. See [Bellaiche and Khare 2015, Section 1.2 footnote].

(V)Lemma 33 in [Bellaiche and Khare 2015, Appendix] gives the degree-8 recurrence satisfied by {77 (A")},; the recurrence
satisfied by {A” + T (A™)}, has an extra factor of X — A.



Nilpotence order growth of recursion operators in characteristic p 703

We now claim that the Hilbert—Samuel function of A grows faster than linearly, so that the Krull
dimension of A is at least 2. Indeed, the Hilbert-Samuel function of A sends a positive integer k to

dimg, A/mk = dimg, K[m¥] > #{n: A" € K, mF A" = 0} = #{n prime to p: N(A") = k} > k'/®,

which is certainly faster than linear, since é > 1. Therefore it grows at least quadratically, and the Krull
dimension of A is at least 2. By the Hauptidealsatz, the kernel of the surjection F,[x, y] = 4 from
Proposition 5.1 is trivial. O

Using the more precise bounds on o from Theorem 4, we can conclude that, for p = 2 we have
o = max{log, 2,logg 4} = % and for p = 3 we have o = max{log; 2, logg 6} ~ 0.815. Compare to & = %
obtained for p = 2 by Nicolas and Serre [2012a, §4.1]. Computations suggest that @ = % also holds for

p = 3, but we have not been able to prove this.

6. The proof of the NGT begins

We now begin the proof of Theorem 1.

6A. Overview of the proof. The proof proceeds as follows.
(1) Reduce the NGT to the case where R is a finite field: See Section 6B below.

(2) Reduce to the empty-middle case: The NGT over a finite field is implied by a special empty-middle
case (Theorem 4), where the companion polynomial has no terms of maximal total degree except for X d
and y? (i.e., the highest-degree homogeneous part has an empty middle). Note that Theorem 4 holds over
any ring of characteristic p. See Section 6C below for the statement of Theorem 4 and the reduction step.

(3) Prove Theorem 4: The main idea of the proof is as follows. Given an operator 7" satisfying the
conditions of Theorem 4, we define a function ¢z : N — N that grows like n® for some o < 1. We extend
this function to polynomials in R[y] via the degree. Finally, we use strong induction to prove that applying
T strictly lowers the c-value of any polynomial in R[y]. Therefore, N (y™) is bounded by c7 (1) = n“.
The key features of this kind of proof are already present in the proof of Theorem 2 in Section 4.

6B. Reduction to the case where R is a finite field.
Proposition 6.1. If Theorem 1 is true whenever R is a finite field, then Theorem 1 is true.

Proof. First, suppose R is a finite artinian local ring with maximal ideal m and finite residue field . Let £
be the least positive integer so that mé =0.

Let T : R[y] = R[y] be the operator in the statement of the theorem, and write T : F[y] — F[y] for
the operator obtained by tensoring with the quotient map R — F. Theorem 1 for F guarantees that
Nz(y") < n” for some o < 1. Let

g(n) = max{NT(y”/) + 1} < n®%,
n'<n
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so that g is nondecreasing, integer-valued, and satisfies T’ g(deg f) f = 0 for every f in F[y]. Lifting

back to R, we get that 761 /) £ is in m[y] for all / € R[y].®Y) More generally, if f is in m‘[y], then
780eef) sends f to mT![y]. Since m¢ = 0, we have T¢81ef) f = 0 for every f € R[y], so that
Nr(y™) <Lg(n)—1 <K n®.

In the general case, R is a finite product of finite artinian local rings R;, and an R-linear operator
T : R[y] — R[y] decomposes as > T; where T; : R;[y] — R;[y] is the R;-linear restriction of T to R;.
From the paragraph above, we can choose «; < 1 so that N, (y") < n* for all n. Then o = max;{o; }
works for T. O

6C. Reduction to the empty-middle NGT. From now on we fix a prime p. Theorem 1 over a finite field
of characteristic p is implied by the following special case in which the shape of the recursion satisfied
by T is restricted. Note that the statement below has no finiteness restrictions on the base ring, and no
restriction on the coefficient of yd .

Theorem 4 (empty-middle NGT). Let R be a ring of characteristic p, and suppose that T is a degree-
lowering linear operator on R[y] so that the sequence {T (y")}, satisfies a linear recursion whose

companion polynomial has the shape
x4 4 ayd + (terms of total degree < d — D)

for some D > 1 and some constant a € R. Let b > d be a power of p, and suppose that either b —d <1

orthat D < %’ Then
log(b — D)

Nr(y") «n®  foro =
log b

The case d = b and D = 1 has already been established in Theorem 2; an analogous argument extends
tod =bandany D with1 <D <bH—1.
Proposition 6.2 (empty-middle NGT implies NGT). Theorem 4 implies Theorem 1.
Proof. By Proposition 6.1, we may assume that we are working over a finite field F. Let
P=X%4a, X9 4. 4ay cFy|X]

be the filtered recursion satisfied by the sequence {7 (")}, as in the setup of Theorem 1; recall that we
insist that dega,; = d. We will show that P divides a polynomial of the form

X¢ — p° + (terms of total degree < e)

for e = ¢"™(q — 1), where ¢ is a power of p and m > 0. Then the sequence {7 (")}, will also satisfy the
recursion associated to a polynomial whose shape fits the requirements of Theorem 4.

Let H be the degree-d homogeneous part of P, so that P = H + (terms of total degree < d). We
claim that there exists a homogeneous polynomial S € F[y, X] so that H - S = X¢ — ¢ for some positive

MIf a C R is an ideal, write a[y] C R[y] for the ideal of polynomials all of whose coefficients are in a.
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integer e of required form. Once we find such an S, we know that P - S will have the desired shape
X ¢ — y° 4 (terms of total degree < e).

To find S, we dehomogenize the problem by setting y = 1. Let #(X) := H(1, X) € F[X], a monic
polynomial of degree d and nonzero constant coefficient. Let ' be the splitting field of 4(X); under
our assumptions on a4, all the roots of 4(X) are nonzero. Let ¢ be the cardinality of [’. Every nonzero
element o € F’, and hence every root of /(X), satisfies a9~! = 1.

Finally, let ¢” be a power of ¢ not less than any multiplicity of any root of #(X). Since every root
of h satisfies the polynomial X9~! — 1, we know that /(X)) divides the polynomial (X9~ —1)4" =
X9"@=1_1. Sete =¢™(g—1), and let s(X) be the polynomial in F[X] satisfying /(X)s(X) = X¢—1.

Now we finally “rehomogenize” again; if S € F[y, X] is the homogenization of s(X), then Q- S =
X € — ¢, so that S is the homogeneous scaling factor for P that we seek. O

6D. The main induction for the proof the empty-middle NGT. From now on, having already fixed p,
we will always assume that R is a ring of characteristic p, not necessarily finite.

Definition. If 7' : R[y] — R[y] an R-linear operator, we will call T’ a (d, D)-NRO, for nilpotent recursion
operator, if T satisfies the conditions of Theorem 4; that is, 7" lowers degrees, and {T'(»")} satisfies an
R[y]-linear recursion with companion polynomial

x4+ ayd + (terms of total degree < d — D)

for some d > 1 and some D > 1. Note that any (d, D)-NRO is a (d, D')-NRO for any 1 < D’ < D.

The proof of Proposition 6.2 shows that, if R is a finite field, then any 7" satisfying the conditions of
Theorem 1 is in fact a (d, D)-NRO for some d and D.
On the other hand, we make the following definition, for any triple (b, d, D) withb >d > D > 1:

Definition. A function ¢ : Q>¢ — Qx>¢ is a (b, d, D)-nilgrowth witness if it satisfies the following
properties:

(1) Discreteness: c¢(N) is contained in a lattice of @ (that is, M € N with Mc¢(N) C N).

(2) Growth property: ¢(n) < n'ceb—D)/logh

(3) Base property: 0 =c(0) <c(1) <---<c(d—1) and c(d — D) < ¢(d).

as n — oQ.

(4) Step property: For any k > 0, and any pair (i, j) € {0, 1,...,d}? with either (i, j) = (d.,d) or
i — j > D, and any integers n, m satisfying db¥ <n < db**+! and jbk <m we have
c(n)—c(n— ibk) > c(m) —c(m— jbk).
In this section, we prove, using strong induction, that if » is a power of p, then the growth of the
nilpotence index of a (d, D)-NRO is bounded by the growth of a (b, d, D)-nilgrowth witness.

Proposition 6.3. Let T be a (d, D)-NRO, and b > d a power of p. If ¢ is a (b, d, D)-witness, then
Nr(y") = c(n).
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Before proving Proposition 6.3, we record a corollary using the growth property above.

Corollary 6.4. Suppose that T is a (d, D)-NRO, and let b = p!'°# @1, If there exists a (b, d. D)-witness,
then Ny (y") <« n'og(b—D)/logh

In other words, in this section we reduce the proof of Theorem 4 to establishing the existence of a
(pl°=» 41 4. D)-witness for the (d, D)-NRO T, provided that D is not too big.

Proof of Proposition 6.3. Given a (b, d, D)-witness ¢, we define a new function ¢ : R[y] - NU{—o0} via

E(Z a,,y”) :=max{c(n):a, #0} and ¢(0):= —o0.

We will show that T' lowers the ¢-value of polynomials in R[y]: that is, that for any nonzero f € R[y],
we have ¢(T'(f)) <c(f).

It suffices to show this for f = y”.

Write x,, for T(y"). We will use strong induction to show that ¢(x,) < c(n).

The base case is all n with 0 < n < d. Since deg x, < n, the statement ¢(x,) < c(n) forn < d is
implied by the statement that ¢ is strictly increasing on {0, 1, ..., d — 1}. This is the base property above.

For n > d, let k > 0 be the integer so that d -b¥ <n <d-b*¥*+1. Let P(X) € F[y][X] be the companion
polynomial of the given recursion satisfied by the sequence {x,}. Let

IT:={1,j):0=j<j+D=<i=<dyu{d,d)}.
By assumption, P has the form

P=x%4 Z ai,jijd_i
(i,))ez
for some a; j € R. By Corollary 2.1, the sequence {xy } also satisfies the order-d b* recursion corresponding
to PP~ namely, for all n > db* , we have

Xn =~ Z aiajyjbkxn—ibk'
(i,))ez
We will show that, if y" appears with nonzero coefficient in one of the terms on the right-hand side
above, then c(m) < c(n). Since ¢(x;) is equal to one of these c¢(m)s, this will imply our claim. So
suppose that y" appears with nonzero coefficient in the (i, j)-term on the right-hand side. That is, y™
appears in yjbk X,_;pk for some (i, j) € Z. That means that y”"jbk appears in x,_;p«. Note that i > D,

so that n — ib* < n, and the induction assumption applies; since y™~/ b appears in Xx,_;pk, We can
assume that c(m — jbX) < ¢(n —ib¥).

To show that c¢(m) < c¢(n), it therefore suffices to show that
c(n) —c(m) = c(n—ibk)y—c(m— jb¥),

since the latter is assumed to be strictly positive. But this, slightly rearranged, is just the step property
from the definition of a (b, d, D)-witness above. |
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We now aim to construct a (b, d, D)-witness if b—d <1 orif D < %. This will occupy the next three
sections. In Section 7 we investigate the properties of a content function, which writes numbers in one
base and reads them in another. In Section 8, we establish some inequalities about the content of rational
numbers. In Section 9, we use the content function to construct a (b, d, D)-nilgrowth witness, completing
the proof of Theorem 4.

7. The content function and its properties

In this section we will introduce a function ¢ : @>9 — (> that will serve as a nilgrowth witness in the
proof of Theorem 4. This type of function was first introduced in the appendix to [Bellaiche and Khare
2015], loosely inspired by the “code” of [Nicolas and Serre 2012a].

7A. Base-b representation of numbers. We fix an integer b > 2 to be the base.

Let D(b) =10, ...,b — 1} be the alphabet of digits base b, and D(bh)* the set of finite words on D(b),
including the empty word €. The number-of-letters function for a word x € D(b)* will be denoted by
£(x), for length.

Let R(b) be the set of all bi-infinite pointed words

X =...X2X1X90.X—1X—2 ...

on D(b) that start with °°0 (the digit 0 repeated infinitely to the left). The set of finite words D(b)*
naturally embeds into R(b) via x > (°°0)x.(0%°), where 0°° is the digit 0 repeated infinitely to the right.
More generally, any pointed right-infinite word will be viewed as an element of R(b) by appending *°0
on the left. For x € R(b), we can define the real number 73 (x) € R>( by reading it as a sequence of
digits base b, via mp(x) 1= ) ; x;b?. Since x; = 0 for i > 0, this sum converges. The map 7, is not
injective; indeed, Y ; (b — 1)b' = b, so that for any finite word w and digit x b — 1, and any radix
point placement, we have 75 (wx (b — 1)°°) = 7, (w(x + 1)0°°). But we can choose a section of 7 by
restricting the domain: Let R'(b) C R(b) the subset of those that do not end with (b — 1)°°. Then the
reading-base-b function 7, : R'(b) — R> is a bijection, and the inverse map pp : R>o — R’(b) takes a
nonnegative real number ¢ to its normal (that is, not ending in (b — 1)°°) base-b representation x = pp(q)
satisfying 75 (x) = ¢.

The base-b representation pp(q) is eventually periodic (that is, ends with z% for some finite word z)
if and only if ¢ € Qx¢. For ¢ € Qx, then, we know that

pp(q) = x.yz%°,

where x, y, z are in D(b). If we insist that x does not start with 0 and that first y and then z have minimal
length among such representations, then x, y, and z are defined uniquely. We will assume this minimality
from now on. Note that by construction x and y may be empty words, but z has length at least 1.
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We define, then, three constants associated to ¢ € Q>:

tq) = lp(q) == £(x) = max{0, [logy, ¢ ] + 1},
s(q) = sp(q) = £(y) = min{k > 0 : denominator of ¥ ¢ is prime to b},
t(q) = tp(q) :=£(z) = min{k > 1 : denominator of »*@gq divides b* —1}.

In particular, we know that, for ¢ € Q>¢, we have
m

u
g=n+ hs@ + bS@(pi@ _ 1)’ (7-1)

where n, u, and m are all integers with n = |¢q| = 7p(x), u = 7 (y), and m = 7wp(2).
We will need the following very simple lemma.

Lemma 7.1. Given q € Q> and a base b, if ¢’ € gN, then
(D) sp(q") = sp(q),
(2) 1(q’) divides t(q).
The proof follows from the fact that the denominator of ¢’ is a divisor of the denominator of g.

Alternatively, one can consider the effect of multiplication by integers on base-b expansions.

7B. The content function. Now let b, § > 2 be bases. Define the (b, §)-content of any ¢ in Rx¢ to be
the result of reading the normal base-b representation of ¢ in base f,
¢b,p(q) == g (5 (q)).
Note that 74 makes sense as a function R(b) — Rx>o; the series ) ;- x;b' always converges if the

X; are bounded.
Examples. (1) Since p5(196) = 1241, we have c5 3(196) = 1 3342.3244.341=58.

(2) We have ,07(;) = 0.(2)*. Therefore ¢7,5(n) =23 ;5,5 = 5

3) cg3(¢) =m3(0.129)®°) =3+ (F+33) Lizo3 =5+ 5

The following lemma, which will be used frequently, is an easy computation.

wl\o
D=

Lemma 7.2. For g € Qx¢, let s = sp(q) and t = tp(q). Then if g = n + as in (7-1)

above, we have

bs (b’ 1)

cp.p(u) cp,p(m)
<b,8(9) = cp,p(n) + bgs +ﬂs?§t_1)‘

We will also use the following growth estimate:

Lemma 7.3. We have cp g(n) < n'°e B More precisely, for n > 1, we have

p(b— ) logbﬂ
p—

,B_Inlogbﬂ <cpg(n) < ———
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Proof. Let £ = {p(n), so that for n > 1 we have £ =1 4 [log, n], or log, n < £ <1+ log n. Then, on
one hand, the (b, B)-content of 7 is bounded above by 74 of the infinite pointed word (b — DE.(b—1)°:

b—1 B(b—1) ogy 1 Bb—1) oz
cb’B(n)<k2<;(b_l)'Bk:,B—l'B£§ 51 lglg =ﬂnlg B

On the other hand, the (b, B)-content of 7 is at least g of the pointed word 1(0671).0%°:

cpp(n) = pEt > pinloen B, 0

In particular, if 8 < b, then ¢p, g grows slower than linearly in n.

Remarks. (1) If B < b, then ¢p, g is never monotonically increasing, even on the integers. Indeed,

b—1
.5 (bF 1) = g (B* - .

which is greater than cb,ﬂ(bk) = Bk as soon as Bk > g%é

(2) The sequence {cp g(n)}nen is b-regular in the sense of Allouche and Shallit [1992]. A sequence
{sn} € QV is said to be b-regular if there exists a @-vector space V, endomorphisms My, ..., My_; of
V., avector v € V, and a functional A : V' — Q so that s, (4,...ng) = A(My, - - - My,v). For the sequence
{cp,p(n)}, we can take V = Q2, M; = [(1) ;3], V= [(1)] and A = [(1)] Indeed, b-regularity appears to be

lurking in many places in this theory, but we have not yet been able to make use of it. (VD

Finally, we record a trivial scaling property of ¢ g:

Lemma 7.4. Forn € R>q, and any k € Z, we have cb,lg(bkn) = ,Bkcb,g(n).

7C. Content and the carry-digit word. Even though the content function is not monotonic, it behaves
well under addition. For m,n € R>q, we define r, (m, n) € R(2) to be the word of carry digits when the
sum s = m + n is computed in base b. More precisely, let pp(m) = m, pp(n) = n, and pp(s) = s, and
let rp(m, n) ;= r satisfying

mi+n;+ri_; =s;+br; foralliinZ. (7-2)

Since m;, n;, and s; are all 0 for i > £ (s), and since r; € {0, 1}, the set of equations above defines r;
uniquely, inductively down from i = €5 (s).

Examples. (1) We compute r3(77, 11) starting with p3(77) =2212 and p3(11) = 102. When the addends
have finite base-b expansions, the carry digits appear as a byproduct of the base-b addition algorithm.

Below, we read off that r3(77,5) = 1101:
1101
2212

+102
10021.

Doy example, the Nicolas—Serre code sequence /(n) defined in [Nicolas and Serre 2012a, §4.1] is 2-regular, as are its
constituent parts n3(n) and ns(n).
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Note the shift one space to the right in our indexing the conventional carry digit notation.

(2) We compute rs(23, 2). We have ps(22) = 0.4(20)> and ps(35) = 0.10(3)®. Their sum is
167

150 = 75(1.02(40)°°). Comparing the base-5 expansions of the two addends with the expansion of the
sum allows us to compute the carry digits left to right.

100101010...
0.42020202...
+0.10333333...
1.02404040. ..
Therefore rs (%, %) =0.10(01)°°. In this case, we will get the same infinite carry-digit word if we take

the “limit” of the finite carry-digit words obtained by truncating the expansions of the two addends.

(3) Note that 7’10(%» %) = 0.1°°, even though any finite truncation of the decimal expansions of % and %
would yield no carry digits in the sum. If the addends are not in Z[%] but the sum is, one computes the
expansion of the sum before computing the carry-digit word.

The carry digit word exactly keeps track of the difference between values of ¢ g:
Lemma 7.5. For m,n in R>q, we have
cp,g(m) + cp p(n) = cp g(m+n) + (b — P)mp(rp(m,n)).

Proof. Let s = m + n, and let m, n, s be the corresponding base-b expansions and r the carry-digit word.
Scaling (7-2) by B’ and summing up over all i gives us

Yomif Y B+ i =) st +bYy rip’

or, equivalently,

cp,g(m) +cp g(n) + Brg(r) = cp p(m +n) + bmg(r). O

We will typically use Lemma 7.5 when comparing ¢, g(m) and cp_g(n) by analyzing ¢, g(m —n) and
rp(m—n,n).

Examples. (1) We have ¢3 »(77) = m2(2212) = 28, and ¢3 »(88) = m,(10021) = 21. The difference is
accounted for by

C3,2(88 — 77) = 71’2(102) =6 and JTz(}’3(77, 11)) = 7[2(1101) =13.

Since 28 + 6 = 21 + 13, we are consistent with Lemma 7.5.
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(2) Let (b, B) = (5, 3), and consider the 22 =5 34 100 example from above. Using Lemma 7.2, we find that

m3(4)  w3(20) 19
3 332-1) 12
10 3 1
¢s,3(Fo5) = 73(0.10(3)%) = 7T33(2 : * 3272(—)1) "2
02 40 25
es,3(10) = w3 (1.02040)%) = s (1) + 02 32722 —)1> T8
m3(10)  w3(01) 25
32 + 2@E2-1) 72

¢s5,3(22) = 73(0.4(20)®) =

m3(rs(23. &5)) = 73(0.10(01)°) =

As expected from Lemma 7.5, we have % + % =5=31t2%

(3) Finally, let b = 10 and return to the addition equation 3 Ly % = 1. For a € D(9), we have

7g(0.a>) = ﬂ . Therefore the two sides of the Lemma 7.5 equation agree:

(RHS) 61033(1)+(10—ﬂ)n5(r10(% %))_1+(10—ﬁ)nﬂ(o.1°°):ﬂi

8. Content of some proper fractions

In this section, we will prove inequalities about (b, b — D)-content of some proper fractions that we will
use in Section 9 to produce a (b, d, D)-nilgrowth witness.

8A. Unit fractions in base b. Let b > 2 be a base, and fix a denominator d with 1 < d < b. To motivate

the discussion, we note that

1 5 k—1p—k
g~ b—d Z(b d)y*—"b
B k=1

Therefore, the base-b expansion of 5 “wants” to be 0.1(b —d)(b —d)*>(b—d)? . ... Of course, unless
b —d < 1, this is not possible; (b — d)¥ is not a digit base b for k large enough. However, letting
pb () = 0.a1a2as . . ., we can say the following:

Lemma 8.1. Fork > 1, we have a; = (b—d)"~ fori =1,...,k ifand only if (b — d)* < d.
Proof. We will establish this claim by induction on k. The a; can be defined recursively via
bk k—1 i bk k—1 i
ak=L7—i=Zlaib J={7J—§aib . (8-1)

For k = 1, we have a; = L§J > 1. Therefore a; = 1 if and only if % < 2, which is equivalent to
(b—d)! <d. So the claim for k = 1 is true.
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Now suppose we already know that a; = (b —d)'~! for i < k. Then ay, = (b —d)*~! if and only if
pk k—1 .
1> (7 -3 aibk_’) —(b—d)k!
i=1
k
=== G+ (b - (b= d) TP+ (b —d)* T

bk bR —(p—d)F  (b—d)F
“d  b—(b-d)  d

as desired. O

The same argument also implies the immediate:
Corollary 8.2. Ifa; = (b—d)'~" fori <k, then ay = (b—d)*~' + | L (b —d)¥|.
We can now delineate what % must look like in base b.
Lemma 8.3. For d < b, the base-b expansion of % falls into one of five mutually exclusive cases.
(1) pb(%) =0.2% ... (in other words, ay > 2) if and only if d < %’
) pp(4) =0.13% ... (e ay =L and ay = 3) ifand only if § <d < 225 = b—3+ ;2.
3) pp(y) =0.124% ... (ie,a; =1,a, =2,and a3 = 4) if and only ifb > 6 and d = b —2.
(€))] pb(%) =0.1% ifand only if d = b — 1.
5 pb(%) =0.10% ifand only if d = b.
Proof Ifb—d= O orb—d =1,thena; = (b—d)'~! forall i (Lemma 8.1). Assume b —d > 2. If

d < 2, then :l > b’ so that @ > 2, as claimed. Otherwise, we must have (b —d)! < d, sothata; =1
and a2 > b —d. This means that a> > 3 unless both b —d =2 and (b — d)? < d, in which case we have
d > 4 (and hence b > 6), and a, > (b —d)? = 4. |

8B. The carry-digit word for a proper fraction in base b. Keeping the notation b and d, we additionally
fix a D with 1 < D < d and investigate ,ob(g) =:0.ejeze3 . ... The ¢y satisfy the same type of recursion

as the ay, namely,
k—1

k
ex Lb DJ Ze,bk i

i=1
In particular, e; = LDTbJ, and the following generalization of Lemma 8.1 and Corollary 8.2 holds:
Lemma 8.4. For k > 0, we have e; = D(b—d)'~! fori = 1,....k if and only if D(b — d)* < d.
Moreover, if D(b—d)* < d then exyy = D(b—d)* + | 1 D(b—d)<*1|.
In order to understand the relationship between the ay and the ey we define the carry-digit word

r = 0.ryrpr3 ... for the addition problem Zl_l 7= d (See Section 7C for definitions.) In other words,

set 1 := 0. r(') (’) (’) ci=rp(5, L) for 1 <i < D—1, and then set rj := Sl ;(l).
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Then 0 <r; < D —1 for every i; since % < 1, we have r; = 0. Putting together equations (7-2) applied
to Lll'_. + % for 1 <i < D gives us the precise relationship between the ay, ey, and ry:

ex = Day + gy —bryg. (8-2)
In fact, we have a closed formula for r:

Lemma 8.5. For k > 1 we have

k- k- k- k-
O bt ol B e et e |

Proof. The formula is true for k = 1 (in our case, all quantities are 0). For k£ > 1, we will establish the
formula for k 4 1, starting with (8-2):

Dbk k—1 i bk k—1 i
— — . —1 . -1
Fr+1 = ex — Day, +brk—LTJ—Ze,b —D\‘7J+D2a,b +bry

i=1 i=1
k—1

Dbk bk , Dbk bk
— LTJ —DLyJ + Zbk_’(bri —Vi+1) +brk = LTJ —D\‘FJ

i=1
Here we used (8-2) in the form —e; + Da; = br; —rj+1 for 1 <i < k to pass from the first line to the
second, and cancellation of a telescoping sum for the final equality. Finally, we note that

Dbk bk D(b— k _ Nk
DOZN _p| B2 | PO=" | | =)

d d d d
because the intervening terms J (D Yk (]f )b*~i(—d)') are integers, and hence can pass through the
greatest-integer function to cancel. O
Corollary 8.6. (1) If (b—d)* <d for some k >0, then for everyi <k-+1, we have r; = L%D(b—d)i_lj.
() If D(b—d)* < d for some k > 0, then for every i <k + 1, we have r; = 0.
8C. (b, B)-Content of proper fractions. We fix a triple (b, d, D) with 1 < D < d < b subject to the
conditions that » > 2, and further impose the condition that 8 := b — D > 2. Recall the content function
cp,p from Section 7B, and let cg PE Q> — Qx¢ be the function defined by

cg’ﬂ(n) = Cb,ﬂ(%)‘

Whenever the triple (b, d, D) is understood, we write ¢ = c,‘j B and let r = 0.rr, ... be the carry-digit
word for % 4.+ % e g as in Section 8B. Lemma 7.5 implies that

¢(D) = De(1) — Drg(r). (8-3)

In this section, we will establish some lower bounds on ¢(1) and ¢(D). First, we dispatch the cases
d = b and d = b — 1, which yield easy explicit formulas.

Lemma 8.7. Suppose thatd =bord =b—1,and0 <i <d. Thenc(i) = d—iD'



714 Anna Medvedovsky

Proof. Computation, see Lemma 8.3. Note that D < min{d, b —2} precludes the possibility thatd = D. [

Proposition 8.8. Ifd <b—2and b > 6, then c(1) > ﬂﬁ;ll)

Remark. Itis a simple exercise to check that the only exceptions for » < 6 are in fact (b, d, D) = (4, 2, 2),
(5,3,3), or (6,4, 4) by exhausting all cases.

Proof. We go through the first three cases of Lemma 8.3. Note that § = 2 implies that all of the inequalities
in2<b—d <b— D = f are equalities, so that d = D and d = b — 2. In particular, if § =2 and b > 6,
then we must be in the third case.

(D) If pp(5 ) starts with 0.2%, then ¢(1) > 74(0.2) = 2. Since B > 3, we have 2 >
c(l) = ﬂ(ﬁ 1), as desired.

(2) If pp (L) starts with 0.13%, then we have c(1) > pg(0.13) = % This last is no less than zE2E0s if
and only if B2 4+28 -3 = (B+3)(B—1) > (B + 1)B = B? + B. Therefore B > 3 again implies
c(l) > %, as desired.

(3) If pp () starts with 0.124T, then

)
\+

, so that

=)

—1

p2+26+4 _ B+l 264
B3 BB—1)  p4—p3
Since B > 2, our claim is established. O

Corollary 8.9. [fd <b—2and D <%, then c(1) > B

(1) > mp(0.124) =

Proof. For D < 5 we have B=b—D=>b— % = % > D. Therefore Proposition 8.8 establishes the
desired inequality, the exceptional cases (b, d, D) = (4,2,2), (5,3, 3), or (6,4, 4) being easy to check
explicitly. O

In the next proposition we will show that ¢ (D) is not too small, provided that d is not too big relative
to b, or, failing that, that D is not too big relative to b and d.

Proposition 8.10. Suppose D < d < b — 2 and at least one of the following conditions is satisfied:
b
(1) d=3.
) D<d(1-55).

D(B+1)
Then c(D) > BA=1) "
Remark. Computationally, it appears that the optimal statement is as follows. If D <d < b —2, then

c(D)> g((gfll)) if and only if at least one of the following is true: (1’) (b—d)?>>b—1or(2) D <d (1 _b+d)‘

Note that Condition (1) above implies condition (1), but this latter is strictly weaker. Here we only prove

Proposition 8.10 as stated.
Before proving Proposition 8.10, some preparatory lemmas.

Lemma 8.11. Under the assumption d > %, condition (2) from Proposition 8.10 is equivalent to the
inequality r, <b—d — 1.
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Proof. Apply Corollary 8.6 for k = 0 to deduce that r, = | 7 D(b—d)|. Then r, <b—d —1 if and only

if 26D —p g —1ifand only if D < 2C9=D which is condition (2), as desired. O

As before, let pb(%) =0.a1a; ...and pb(g) =0.e1e5...,and letr = 0.ryr, ... be the carry digits
as in Section 8B. Using (8-2) and the partial-sum cutoffs ¢(D) > ng(0.eq ...ex) = Zf;l ei B!, we get
the following partial-sum versions of (8-3):

Lemma 8.12. For any k > 1, the quantity c(D) satisfies the following inequality:

21—1(611 ri) ﬂk L ”k—l—l
ng
Corollary 8.13. Any of the following conditions are sufficient to guarantee c(D) >
(1) B=3anday = 2;
@ =35
(3) B=3anday, —ry > 3;

4) a—rp=2andrz = ng,

c(D) =

D(B+1).
B(B—1) *

5) p=3anday,—ry=2and az —r3z > 3.
Proof. We use Lemma 8.12 for each specified k. Recall that r; = 0.

(1) k =1, use estimate r, > 0. We have ¢(D) > Zé) > g((§+11)) since 2 > % for g = 3.

(2) k =1, use estimate a; > 1:
2D

D+r, PH37 DB+

B - B BB—1)
(3) k =2, use estimate a; > 1 and r3 > 0:
B(D +r3)+ (Day—bry) — D(B+az—ry)

p* - p* '

This last being greater than g((gjll)) is equivalent to (B+ay—r)(B—1)>B(B+1),0ray—ry > ﬂz__ﬂl
For B > 3, this is guaranteed by a, —rp > 3.

c(D)>

c(D) >

(4) k = 2, use estimate a; > 1:

(D) _Bta—r)+5 B+2+g7  p+1

D p? B p? CICER)
(5) k = 3, use estimate @7 > 1 and r4 > O:
c(D) _ PP+(ar—r)B+(as—ry) _p>+28+3 _ p+1 p-3
D B3 B B3 CBB-D  BB-1)

Proof of Proposition 8.10. Note that the assumptions D < d < b — 2 guarantee that § > 3.
If condition (1) holds, then a7 > 2 (Lemma 8.3(1)) so that Corollary 8.13(1) gives what we want. If
condition (1) fails, but condition (2) holds, then by Lemma 8.11, we have r, < b —d — 2. Moreover, from
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Lemma 8.4 for D =1 and k = 1, we know that a, > b —d. If either inequality is strict, Corollary 8.13(3)
gives us the desired inequality. Therefore it remains to consider the case 1, = b —d — 2 (so that
% <D< %) and as = b —d (so that (b —d)? < dVID),

We now estimate the third digits. By Corollary 8.6 and Lemma 8.4, we have r3 = L%D(b —d )ZJ and
as > (b —d)?. Condition (2) implies that r3 < %D(b —d)?> <(b—d)(b—d—1), so that

as—r3>b—d)?—0b-d)(b—d—-1)=b—d >3,

so that the desired inequality holds by Corollary 8.13(5). O

9. The nilgrowth witness: finishing the proof

Let b > d > D > 1 be integers subject to the conditions » > 2 and B := b — D > 2, as before. In this
section we exhibit a (b, d, D)-nilgrowth witness and complete the proof of Theorem 4.
Recall from Section 8C that cl‘f PE Q> — Qx> is the function defined by

cf g(n) == cp p(5).

Also define the integer constant Mfﬂ = g/ (pt(1/d) _ 1) Here cp,p is the (b, B)-content function,
first defined in Section 7B, and sp and 7, count the number of digits after the decimal point of the preperiod
and the period, respectively, of base-b expansions; see definition before (7-1).

The following theorem, combined with Corollary 6.4, will prove Theorem 4, completing in turn the
proof of Theorem 1.
Theorem 5. I[fb—d < 1,orif D < [%, then the function cl‘f p_p s a (b, d, D)-nilgrowth witness.

We begin the proof of Theorem 5. Recall from Section 6D that a (b, d, D)-nilgrowth witness must
satisfy four properties: discreteness, growth, base, and step. We establish the first two immediately.

Lemma 9.1 (discreteness property). For any n € N, we have M lf’ 8 CZ ﬂ(n) eN.

Proof. 1t suffices to see that gs»(/d)(gtr(1/d) _ 1)cp p(n) is an integer for n € %N. For n = % this
follows from Lemma 7.2, and for general n € %N from Lemmas 7.2 and 7.1. O

Lemma 9.2 (growth property). We have cl‘f 5(”) = nlogs B,
Proof. Lemma 7.3. O

It remains to establish the base property and the step property.
For m,n € Q>¢ with m > n, set

R(m,n) = Rg’ﬂ(m,n) = Dn/grb(m;n, %)

(vid) Incidentally this implies the failure of condition (1’), which should conjecturally replace condition (1) as noted in the
remark after the statement of Proposition 8.10.
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Here rp is the carry-digit word, as in Section 7C. We then have, for m, n as above
c(n)—c(m—m)=c(m)— R(n,m). 9-1)

This is just a restatement of Lemma 7.5, in the form in which we will use it below.
We now use the technical results of Section 8 to prove that our candidate nilgrowth witness satisfies
the base property and the step property.

Lemma 9.3 (base property). Suppose thatd =b ord =b—1o0r D < % Then we have:
(1) ¢(d—=D) =c(d);
2)0=c(0)<c(l)<---<c(d—1).

Remark. Part (1) is in fact true without the assumption D < %, but we do not need this greater gen-

erality. Part (2) above is not generally true if D > %’ For example, for (b,d, D) = (7,5, 5), we have

¢(2) = ¢(3) = 3; and for (b,d, D) = (11,9,7) we have c(4) = % > % = ¢(5). The condition

delineated here is certainly not optimal, however.

Proof. If d = b or d = b — 1, then both statements are immediate from the formula in Lemma 8.7. (Note
that ¢(d) is always 1.) Assume therefore that d < b —2.

(1) If d = D, then the inequality is trivial; so assume D < d. By (9-1), we have
c(d)—c(d—D)=c(D)—R(, D).

Certainly rp, (%, d_TD) can be no greater than 0.1°°. Therefore

R(d, D) = Drgry(2, =L < Drg(0.1%°) = %

On the other hand, by Proposition 8.10, we know that ¢(D) > % > %. Therefore ¢(d) > ¢(d — D)

(and in fact the inequality is strict).

(2) Tt suffices to show that, for 0 < i < d, we have ¢(i) > ¢(i — 1). By (9-1) this is equivalent to the
inequality ¢(1) > R(i, 1). Since i < d, we know that

R(i.1) = Drgrp(5t, 1) < Drp(0.01%°) = %
Now Corollary 8.9 completes the claim. O

Lemma 9.4 (step property). Supposed =bord =b—1o0r D < %. If (i, j) € Z, and n, m are integers
with dbk <n < db**' and jb* < m, then

c(n) —c(n—ib*) = c(m) —c(m— jb¥).

Here as before Z={(i, j):0< j < j + D <i <d}U{(d, d)} is the set of pairs (i, j) so that y/ X4~
can appear in the companion polynomial of the recursion in question; see proof of Proposition 6.3.
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Proof. We use Lemma 7.4 to divide each equation by ,Bk , and replace n and m by bil and me respectively.
We therefore seek to show that for n, m € Z[%]zo satisfying d <n < db and m > j, we have

cn)y—cm—1i)=c(m)—c@m-—j).
Using (9-1) twice and rearranging terms, the desired statement is equivalent to
c(i)—c(j) =z R(n,i) — R(m, j).
Since R(m, j) is nonnegative, it suffices to show that
c(i)—c(j) = R(n,i).

We now take two cases. If i = d, then R(n,i) = 0, so that it suffices to show that ¢(d) > ¢(j) for
(d, j) € L. For j =d, this is clear; and for j <i — D, this follows from both parts of Lemma 9.3 above.
If, on the other hand, i < d, then (9-1) gives us ¢(i) —c(j) = c(i — j) — R(i, j), which reduces the

desired statement to
c(i—j)>R(n, i)+ R(@, j). (9-2)

Ifd=bord=>b—1,then R(i, j) =0; since c(i — j) = a’;:{) > % (Lemma 8.7), it remains to
show that R(n,i) < %. If d = b, then at most one digit is carried, so that R(n,i) < Dmg(0.1) = %.
And if d = b — 1, then every digit may be carried, so that R(n,i) < Dmg(0.1%°) = %. In both cases,
the desired inequality holds.

On the other hand if d < b —2 (and so D < %), then we reason as follows. The left-hand side of

desired inequality (9-2) is bounded below by c¢(D), and the right-hand side is bounded above by

DB +1)
Dng(0.1%°) + Drg(0.01°) = ———,
g g BB—1D)
Therefore it suffices to show that ¢(D) > g((gfll)) which is established in Proposition 8.10. |

Lemmas 9.3 and 9.4 complete the proof of Theorem 5, which in turn completes the proof of Theorem 4,

and hence of Theorem 1.
10. Complements

10A. Refinement of Theorem 2. We state a refinement of the toy version of the NGT. One can also
obtain similar refinements of Theorem 4.

Theorem 6 (refined toy NGT). Let | be a field of characteristic p and let ¢ = pk . Suppose that
T : Fly] = Fly] is an F-linear operator satisfying the following two conditions:

(1) For f € F[y], we have deg T () < deg f — E for some E > 1.
(2) The sequence {T (y")}y satisfies a linear recursion whose companion polynomial has the shape
P=(X+ cy)d + (terms of total degree < d — D) € F[y][X]

for somed <q,D > 1,andc €F.
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Then (= D)(g—1)
q— q— log(g—D)/lo
N <= 77 7(d glq 29
r() = g p o et )
Remark. Since the total degree of the companion polynomial of the recursion is the same as the order, it

suffices to check the condition that deg T(f) <deg f —E on f =1, y,..., %! only.

Proof. The sequence {T'(y")}, also satisfies the linear recursion with companion polynomial
P'=(X +cy)?7 %P = X9+ ¢y? + (terms of total degree < g — D).

Let ¢ = ¢g4—p, define ¢ : F[y] — N U {—oo} from ¢ as in the proof of Theorem 2, and follow the
same inductive argument mutatis mutandis to show that ¢(7'f) < ¢(f) — E. (The main adjustment is in
Proposition 4.1(4); if i is a digit base ¢ and n > i has no more than 2 digits base ¢, then ¢(n) —c(n —i)
is either i or i — D; see Lemma 7.5 for a conceptual explanation.)

We have therefore shown that N7 (p") < % Lemma 7.3 completes the proof. O

10B. Comments on o in Theorem 4. How optimal is the order of growth of the nilpotence index o from
the empty-middle NGT?
To this end, if K is a field, and T : K[y] — K[y] a degree-lowering linear operator, let

log N7 (y"
a(T) :=limsup DT T\ ),
n—>00 logn
and let
ag(d. D)= sup {a(T)},
Telk(d,D)

where Lg (d, D) is the set of degree-lowering operators T : K[y] — K[y] with {T' (")}, satisfying a
recurrence with companion polynomial X 4 4 ¢y? 4 (terms of total degree < d — D) for some ¢ € K.
Since N7 (") < n, we know that ag(d, D) < 1. The following proposition clarifies that studying
ag (d, D) is only interesting in characteristic p.

Proposition 10.1. [f K has characteristic zero and D < d, then ag (d, D) = 1.

Proof. Fix d, and consider the recursion operator 7" : K[y] — K[y] defined by the companion polynomial
P =X%—yp? _y corresponding to the recurrence 7' (y") = (y¢ + y)T(y"~?), and initial values
{T(y")}921 ={0....,0,1}. We will show that Ny (y¥9+4=1) = | K- | 41, which will establish that
ar = 1.

Indeed, from the recurrence, we have T'(y") = 0 if n # —lmod d, and T (yk9+d=1y = (y4 4 y)k.
For f =) a,y™ € K[y], write e(f) for the set {n : a, # 0} of exponents appearing in . From above,
we see that

(TR =k k+(d—1),k+2(d—1),...,kd}.

More generally, we can show by induction that the set S, x := e(T"( ykd+d=1y) is an arithmetic progres-

sion of common difference d — 1, greatest term d(k — (m —1)(d — 1)), and length k — (m —1)(d — 1) + 1,

kd+d—1y _

solong as k > (m—1)(d —1); otherwise the set is empty and 7" (y 0. Indeed, from the explicit
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formulation of 7'(y™), we see that if S, x is as claimed, then the greatest element of Sy, 41 x = N —(d—1),
where N is the greatest element of Sy, x congruent to d — 1 modulo d. Since the maximum element of
Sim.k 1s congruent to 0 modulo d, and every successive smaller element is d — 1 less, we see that N is
the d-th greatest element of S, 5. In other words,

N =d(k—(m—1)(d—-1)—(d—1)2,

so that the greatest element of Sy, is N —(d — 1) = d(k —m(d — 1)), as desired. Since the
relevant coefficients are positive and we are in infinite characteristic, no cancellation of intermediate
terms is possible. Finally, since T (y*¥4+4=1) £ ( if and only if k > (m — 1)(d — 1), we have
Ny (ykd+d=1y — L%J + 1, as claimed. |

For [ a field of characteristic p, let us confine our inquiry to the case where d can be taken to be a
power of p, as in Theorem 6 above. Theorem 6 tells us that oe[p(pk, D) < log(pk — D)/log pk. How
optimal is this estimate? Computationally, it appears that for £ = 1 this inequality is optimal. A few
examples for D = 1:

Examples. (1) p = 3: The recursion operator 7 with companion polynomial X3 + yX — y3 and initial
values {0, 1, y} appears to achieve N7 (y") = c3,2(n) infinitely often.

(2) p = 5: The recursion operator 7" with companion polynomial
X3 +3yX3 42 X243 X +4)°
and initial values [0, 1, , y2, 3] appears to achieve Nz (") = ¢s,4(n) for “most” n; every counterexample
n has Os in its base-5 expansion.
(3) p = 7: The recursion operator 7" with companion polynomial
X432 x4+ 603 X3 +5p* X2+ 3)°X + 6y
appears to achieve N1 (") = c¢7,6(n) for most n. For n < 1000, there are only 36 counterexamples, and
¢7,6(n) — N7 (»™) < 3 for each one.
(4) p = 11. The recursion operator 7" with companion polynomial
Pr=X"46yX° +2y2X8+3)3 X7 +6p* X0 +8y°X* + »8 X2 +9)°x +10p!!
appears to achieve N1 (") = c11,10(n) for most n. For n < 1000, there are only 8 counterexamples, and
N7 (y") = c11,10(n) — 1 for each one.

The estimate appears not to be optimal as soon as k > 2.
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